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Outer-surface charge modulation of photothermal diffusion
voltage enables ultrasensitive sensing in nanofluidic membranes

Yihan Ma,™ Xinyi Yang,™ Bingquan Qj,° Xiaoping Yang,? Zhengxu He,® Ning Feng,? Li Dai,  Aiqing
Zhang,? Yu Huang,*® and Fan Xia®

Precise ionic transport regulation is central to nanofluidic sensing, yet quantitative readout at ultratrace analyte levels
remains challenging because conventional externally biased measurements primarily transduce target binding through
resistance changes. When trace analytes induce negligible steric variation, the system resistance is essentially unchanged,
yielding insufficient ionic current contrast. Here we develop an outer-surface charge-modulated, photothermal diffusion
voltage-driven strategy in a MXene nanofluidic membrane. Under 808 nm illumination, the strong photothermal conversion
of TisC,Tx establishes a stable transmembrane temperature gradient across K*-permselective lamellar nanochannels,
generating a tunable photothermal diffusion voltage (Vgi). Trace-level binding events markedly modulate the outer-surface
charge density, thereby altering the K* transference number and amplifying minute charge variations into pronounced
changes in Vg and the zero-bias ionic current, even when steric hindrance and resistance remain nearly constant. Using
microcystin-LR (MC-LR) as a model toxin, this strategy enables ultratrace detection down to 1 x 1077 pg/L, delivering a 10°-
fold sensitivity enhancement over conventional external voltage-driven readout while maintaining high selectivity against
structural analogues and reliable quantification in real water matrices. This work establishes a light-addressable route to
actively regulate nanofluidic voltages via outer-surface charge, opening opportunities for photoresponsive nanofluidic

sensors and iontronic circuitry.

Introduction

In biological systems, protein nanopores precisely regulate
transmembrane ionic currents, enabling selective transport of
molecules and maintaining essential physiological functions
such as nerve signal transmission, muscle contraction, and
osmotic homeostasis.»® These natural channels represent
highly optimized systems that couple structural dynamics with
functional specificity, utilizing subtle variations in charge
distribution, steric hindrance, and membrane composition to
achieve selective and efficient ion transport.*® The remarkable
performance of biological nanopores has inspired extensive
efforts to develop artificial solid-state nanochannels that mimic
their selective transport behavior.”?® Under conventional
external voltage-driven sensing strategies, target-specific
recognition probes are integrated onto the surfaces of solid-
state nanochannels so that molecular binding events are
transduced into measurable ionic current changes through
alterations in interfacial properties such as wettability, steric
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hindrance, and surface charge.l?* This biomimetic approach
has enabled the detection of a wide range of targets, from small
ions and biomolecules to pathogens,'>18 as demonstrated by
advances in electrochemical aptamer-based biosensors,’®2°
responsive bio-inspired  smart

nanochannels.?324 |In these systems, ionic currents are typically

nanochannels,???  and
recorded at a fixed external voltage (Vext) and therefore follow
Ohm’s law (/ = V/R), so the sensing signal mainly arises from
target-induced changes in the effective channel resistance R.
However, at ultratrace analyte concentrations, the variations in
wettability, steric hindrance, and surface charge induced within
the nanochannels are extremely subtle, leading to negligible
changes in R and insufficient ionic-current contrast. As a result,
the detection sensitivity of current solid-state nanochannel
sensors still lags far behind that of biological protein nanopores,
which can reach single-molecule precision.2527 To enhance
these modest resistance changes within the fixed-voltage
framework, most external voltage-driven nanochannel sensors
exploit steric hindrance, where target binding triggers
conformational changes of recognition probes that slightly alter
the effective pore size and thus modulate ionic transport.28-30 A
variety of signal-amplification schemes, such as super-sandwich
assays,3132 rolling circle amplification,3334 and cyclic detection
strategies,3>3¢ have been integrated to magnify this steric
effect. Nevertheless,
intrinsically limited by the structures of recognition probes,

the extent of steric modulation is

many of which cannot be readily engineered to generate
sufficiently large geometric changes, thereby constraining
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further improvements in sensitivity and generality within the
conventional external voltage-driven strategy.

This situation motivates re-examination of biological protein
nanopores, where many systems, such as the bacterial porin
OmpF, possess charged vestibules that act as electrostatic gates
to preconcentrate counter-ions or repel co-ions, thereby
strongly influencing ionic transport.3’:3® These observations
suggest that modulation of surface charge, rather than steric
hindrance alone, plays a decisive role in regulating ion transport
and provides a promising direction for constructing highly
nanochannel Inspired by the
structures of biological protein nanopores, we have previously
demonstrated that selective functionalization of the outer
surface alone is sufficient to modulate transmembrane ion
transport, achieved by precisely constructing nanochannels
with spatially resolved inner and outer surface chemistries.3?
Compared with the geometrically confined inner surface, the
outer surface lies in an open and accessible environment,
enabling efficient probe immobilization, direct physicochemical
characterization, and highly effective interaction with target
analytes.?%42 Subsequent studies further established that
tuning outer-surface charge provides a powerful means of
regulating ion transport and amplifying sensing responsiveness
in nanochannel systems.*3>0 Building on this concept, we
recently introduced partitioned-interface nanochannels,
revealing that variations in outer-surface charge density
dominate ion transport behavior, outweighing steric hindrance
effects.>® However, translating these subtle changes in outer-
surface charge density into robust and quantitative readout

sensitive, universal sensors.

signals for trace-level analyte detection remains g.formidable
challenge. DOI: 10.1039/D55C10110G

Here, we develop a photothermal diffusion voltage-driven
sensing strategy as an alternative to conventional external
voltage-driven approaches to enable ultratrace-level detection
in nanochannels. A stacked MXene nanofluidic membrane is
employed as the device platform, in which outer-surface charge
is transduced through a photothermal diffusion voltage (Vi)
rather than relying solely on resistance changes, as illustrated in
Scheme 1. By exploiting the near-infrared (NIR) photothermal
response of MXene, a stable transmembrane temperature
gradient (AT) is established across K*-permselective lamellar
interlayer nanochannels within the membrane, creating a non-
isothermal mode in which the ionic response is governed by
outer-surface charge-dependent ion permselectivity. Direct
comparison with the conventional external voltage-driven
mode under a fixed external bias (Vext) on the same membrane
device decouples the contributions of steric hindrance and
outer-surface charge, revealing that the latter dominates the
ionic response to ultratrace microcystin-LR (MC-LR). Combined
experiments and numerical simulations further clarify how
aptamer-mediated modulation of outer-surface charge
reshapes ion transport characteristics and yields substantial
signal gain. Consequently, this strategy enables quantitative
detection of MC-LR down to 1 x 107 pg/L with sensitivity
enhanced by more than 10°-fold compared with conventional
external voltage-driven measurements, establishing outer-
surface-charge-modulated photothermal diffusion voltage as a
general route for actively regulating ionic transport in solid-
state nanochannels.

Conventional External Voltage-Driven
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Scheme 1 Schematic of ionic transport control in MXene nanofluidic membrane at trace MC-LR levels under two driving modes. At 107-103
ug/L, steric hindrance remains essentially constant, whereas outer-surface charge increases with MC-LR concentration. Because the steric
hindrance-dominated resistance (R) baseline remains nearly invariant, the ionic current exhibits negligible changes, rendering external
voltage-driven readout insensitive to trace levels of MC-LR. In contrast, in the photothermal diffusion voltage-driven mode, near-infrared
(NIR) illumination generates a temperature gradient (AT) and a photothermal diffusion voltage (Vqif) that is sensitively regulated by the outer-
surface charge. Binding of MC-LR to outer-surface aptamers modulates K* transference number and thereby amplifies minute charge
variations into substantial changes in V4ifr, enabling ultrasensitive detection of trace MC-LR.
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Results and discussion The TisC,Tx MXene nanosheets were initially obtained by in situ
etching of the MAX phase (TisAIC;) with an etchant composed

Fabrication and characterization of outer-surface functionalized of HCl and LiF, as previously reported.52 This process selectively

MXene nanofluidic membrane
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Fig. 1 Characterization of as-prepared MXene nanofluidic membrane and the outer-surface aptamer-functionalized membrane
(APT@MXene). (A) Dispersion of MXene nanosheets exhibiting the characteristic Tyndall effect. (B) Photograph of freestanding
MXene membrane. (C)TEM, (D) AFM images of MXene nanosheets and (E) the corresponding height profile of the analyzed area.
(F) Top-view and (G) cross-section view of SEM images of MXene membrane. (H) XRD pattern of MXene membrane. Interlayer
spacing: d(002) = 14.22 A. (1) Depth distribution of functional elements in APT@MXene, characterized by ToF-SIMS. The inset shows
the corresponding 3D reconstruction based on the ToF-SIMS intensity distribution. (J) XPS survey spectra and high-resolution (K)
N1s and (L) P2p XPS spectra of MXene, APT@MXene, and APT@MXene after Ar* sputtering (target depth: ~¥30 nm). These results
confirmed the successful construction of the MXene nanofluidic membrane with aptamers exclusively immobilized on the outer
surface.
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removed the Al layer while simultaneously increasing the
interlayer spacing (Fig. S1). As illustrated in Fig. 1A, the resulting
colloidal suspension of exfoliated MXene nanosheets displayed
a distinct Tyndall effect, signifying high dispersibility.
Transmission electron microscopy (TEM) image revealed nearly
transparent MXene nanosheets with pristine surfaces and large
dimensions, which are suitable for constructing lamellar
interlayer nanochannels in a nanofluidic membrane (Fig. 1C).
Atomic force microscopy (AFM) analyses further determined
the lateral dimensions of the MXene nanosheets ranged from
200 to 500 nm, with an average thickness of approximately 2
nm (Fig. 1D,E). Subsequently, the nanosheets were restacked
into a flexible, black-gray membrane through vacuum-assisted
filtration (Fig. S2, Fig. 1B). Despite its hydrophilic nature, the
free-standing MXene membrane remained stable in water for
up to one week under dark conditions, demonstrating
mechanical robustness for biosensor applications (Fig. S3A). In
addition, XRD characterization after immersion for 1, 2, and 7
days showed a well-defined (002) reflection without a
noticeable shift toward lower 20, suggesting no evident
irreversible interlayer expansion or structural degradation (Fig.
S3B). Consistently, the ionic current responses under both
external voltage-driven and photothermal diffusion voltage-
driven operation remained stable over 7 days, supporting
operational integrity under the sensing conditions (Fig. S3C,D).
Scanning electron microscopy (SEM) observations confirmed
that the MXene membrane consisted of stacked nanosheet
layers, resulting in a characteristic lamellar microstructure (Fig.
1F,G). The slit-like gaps formed between nanosheets serve as
subnanometer-scale fluidic nanochannels. Additionally, a
distinct (002) diffraction peak at 6.22° was observed in the X-ray
diffraction (XRD) pattern, corresponding to an interlayer
spacing d(002) of 14.22 A according to Bragg’s law (Fig. 1H).
Considering the theoretical thickness of a single MXene layer
(~9.8 A), the effective interlayer spacing (ion diffusion space)
within the MXene nanochannels was calculated to be
approximately 4.42 A, supporting efficient ion transport under
confinement. To selectively modify the aptamer on the outer
surface of the nanochannels (APT@MXene), a gold layer was
deposited onto one side of the membrane using physical vapor
deposition, as described in our previous work.3® The aptamer
for MC-LR, functionalized with sulfhydryl groups, serves as a
probe and is subsequently immobilized on the outer surface of
the MXene membrane via Au-S bonding. Time of flight
secondary ion mass spectrometry (ToF-SIMS) was employed to
determine the distribution of aptamer along the APT@MXene.
A threshold of 5% peak normalized intensity (indicated by the
black dashed line) was applied to define the presence of
elements. The Au region was measured at approximately 10

View Article Online
DOI: 10.1039/D5SC10110G

nm, consistent with the deposition thickness (Fig. 1l). In
contrast, ToF-SIMS analysis revealed negligible aptamer
penetration (effectively 0 nm) from the outermost membrane,
confirming their predominant localization on the Au-deposited
outer surface. X-ray photoelectron spectroscopy (XPS), coupled
with argon ion sputtering, was employed to confirm the
successful fabrication of APT@MXene. Spectra were acquired
before and after a single Ar-ion sputtering step to a target depth
of ~¥30 nm. As depicted in Fig. 1J, the inherent O and C elements
corresponded to the original MXene structure and its terminal
functional groups. Following aptamer grafting, newly observed
N1s (399.8 eV) and P2p (133.9 eV) peaks were ascribed to the
incorporation of aptamer. After argon ion sputtering, the N1s
and P2p signals disappeared, while Ti2p and Fls signals
appeared, further confirming that aptamer was immobilized on
the outer surface of the MXene and subsequently removed by
sputtering. Detailed changes in the N1s and P2p signals under
different conditions were also clearly illustrated in Fig. 1K and
1L. Taken together, the ToF-SIMS depth profile and the XPS
sputtering results consistently indicate that the aptamer is
predominantly localized on the Au-deposited outer surface.
Additionally, LSCM analysis confirmed successful surface
functionalization using DCFH-labeled aptamer. Strong green
fluorescence was observed only after immobilization (Fig. S4).
The limited fluorescence penetration depth (~2.8 um),
compared to the membrane thickness (~20 um), further verified
that the aptamer was primarily localized on the outer surface.
Furthermore, confocal fluorescence images collected from four
randomly selected locations on the same membrane showed
spatially homogeneous signals, and RuHex chronocoulometry
yielded consistent aptamer surface coverage across the
membrane (Fig. S5). Together, these results establish an outer-
surface-functionalized nanochannel platform (APT@MXene)
for subsequent comparisons between conventional external
voltage-driven and photothermal diffusion voltage-driven
modes.

Constraints of the conventional external voltage-driven mode for
outer-surface charge modulation

To establish a baseline and delineate the limits of conventional
external voltage-driven transduction based on outer-surface
functionalization, APT@MXene was first evaluated in the
conventional external voltage-driven mode within the trace-
concentration regime of MC-LR (Fig. 2A), where both steric
hindrance and outer-surface-charge variations are expected to
be subtle. Interlayer spacing (XRD, Fig. S6) and surface
wettability (static contact angle) were quantified over a broad
concentration range encompassing this regime and remained
invariant within experimental uncertainty (Fig. 2B,C), indicating

Page 4 of 13
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that nanochannel geometry and wetting do not appreciably
affect ionic transport under these conditions. Molecular
docking predicted that MC-LR binding induced a conformational
transition of the aptamer from an extended chain to a hairpin-
like structure, stabilized by groove-binding noncovalent
interactions (Fig. 2D). Consistent with this prediction, CD
spectra at high concentrations (= 1 pg/L) showed decreased
ellipticity at 209 nm and a red shift near 272 nm (Fig. 2E), and
UV absorption exhibited hypochromicity at 260 nm (Fig. 2F),
both hallmark signatures of DNA-aptamer folding. Importantly,
these spectral signatures were absent within the trace-

A Conventional External Voltage-Driven

Chemical Science

concentration window, suggesting that target-indyced steric
modulation was negligible in the regim@@flintEIRSRSSvFake
ionic accessibility was further probed by electrochemical
impedance spectroscopy (EIS) using the [Fe(CN)s]3/[Fe(CN)e]*
couple.>® Under these conditions, the charge-transfer
resistance (R:c) served as a proxy for the ease with which the
anionic probe reached electron-active sites on the MXene
surface, integrating steric accessibility and local electrostatics.
A discernible decrease in Ric emerged only at high
concentrations, consistent with  substantial aptamer
conformational rearrangements that reduced steric hindrance,

Steric Hindrance = Constant

¢ ¢ € TopView < < L=l
C<C<C < < 172
= :
@ < ' :ﬁ‘r <
> 3 D O a S - MXene
e 242 I @ 222 il
T = I o il W —_— _— I , A Aptamer
3] | - ) 2
i b , ® MC-LR
\ T o .
= = lonic Signal
B - Ciso D
s
5 —
o w1204 s gt T Y
s 2
a8 1 Z 904
w -—
: . A A
& 5
E Q 304
c
0 . . . : 0 ; \ — r
0 104 100 109 0 10 102 107
Concentration of MC-LR  {ug/L) Concentration of MC-LR  (pg/L)
5
E 0 pgil MC-LR F 0 ug/l MC-LR G 144 @ 0pg/L MC-LR
4] 10" pgiL MC-LR 10" pgil MC-LR 10 pgil MC-LR
10° ug/l MC-LR 10° ugiL MC-LR 129 & 107 pg/l MC-LR
= 2 —— 10" ug/L MC-LR | —— 10 pgil MC-LR 104 @ 10" pg/L MC-LR
b \/-\\’_‘_(/\ = p— = p
E 0 ’ e = -':«"”"“‘& gs o ® 4
O 24 < = h - o @
= 41 @ »
; P
y 2|3 3 2
6 ; . , . . , = ol ‘ ; ’i”f -
200 220 240 260 280 300 240 260 280 300 0 5 0 15 20 25
H Wavelength (nm) | Wavelength (nm) J Z' (kQ)
0 : 4
& T Opgl MCLR Conventional External Voltage-Driven
= 10 pgiL MC-LR}
2 10°% pgil MG-LR
O-1 —~2] ke } -
= q::‘_ I < 2
= 5 ] =
2.3 I 3 i ]
S I £ | £
o &2 ! Oy
m I
= I
©w-2 1
= e
o 4 ! 5
o 10° 10° T 0 1 2 0 10% 102
Concentration of MC-LR  (ug/L) Voltage (V) Concentration of MC-LR  (ug/L)

Fig. 2 lonic transport characteristics of APT@MXene under the conventional external voltage-driven mode. (A) Schematic
illustration of steric hindrance arising from aptamer-MC-LR binding in the trace-concentration regime, where steric hindrance
changes were minimal and the ionic current remained essentially unchanged. (B) Interlayer spacing measured by XRD and (C)
surface wettability characterized by static contact angle over a wide MC-LR concentration range. (D) Molecular docking prediction
of the aptamer transition from an extended chain to a hairpin-like conformation. (E) CD spectra and (F) UV absorption spectra of
the aptamer at different MC-LR concentrations. (G) Electrochemical impedance spectroscopy (EIS) of APT@MXene at different
MC-LR concentrations. (H) Chronocoulometry-derived outer-surface charge densities of APT@MXene at different MC-LR
concentrations. (I) Representative /-V curves of APT@MXene under an external bias and (J) ionic currents recorded at -2 V for
different MC-LR concentrations. Error bars represent standard deviations from three independent measurements. Overall, these
results indicate that, under an applied voltage, ionic readout is constrained by an essentially unchanged steric hindrance-
dominated resistance, such that small variations in outer-surface charge do not translate into a detectable change in current.

This journal is © The Royal Society of Chemistry 20xx

J. Name., 2013, 00, 1-3 | 5


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc10110g

Open Access Article. Published on 25 February 2026. Downloaded on 2/26/2026 5:28:43 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Chemicat Science

while no meaningful change was detected in the trace-
concentration window (Fig. 2G). In contrast, chronocoulometry
demonstrated that the outer-surface charge density became
progressively more negative with increasing MC-LR
concentration, with values of -1.38, -1.95, and -2.34 uC/cm?,
and the effect was detectable even at 10* pg/L (Fig. 2H).
Despite this measurable increase in outer-surface charge
density, the [-V characteristics remained essentially
indistinguishable across conditions (Fig. 21), and at a fixed bias
of -2 V the ionic current readout (/ = Vexx / R) showed no
statistically significant difference (Fig. 2J). Taken together, these
observations indicated that, in the trace-concentration regime,
ionic readout in the conventional external voltage-driven mode
was constrained by an effectively unchanged steric-hindrance-
dominated resistance baseline, such that small variations in
outer-surface charge were insufficient to produce a measurable
change in current.

Amplification of outer-surface charge modulation in the

photothermal diffusion voltage-driven mode

Building on the observation that ionic readout in the conventional
external voltage-driven mode was insensitive to minor variations in
outer-surface charge due to the invariant channel resistance, we
implemented a photothermal diffusion voltage-driven strategy to
investigate whether the ionic signal could be actively regulated in the
trace-concentration regime. The MXene nanofluidic membrane
bridged a two-compartment electrochemical cell filled with identical
KCl solutions and Ag/AgCl electrodes, and no external bias was
applied. lonic current was generated and recorded by asymmetrically
irradiating one side of the membrane with 808 nm NIR light, thereby
creating a temperature gradient (AT) across the lamellar
nanochannels and establishing the photothermal diffusion voltage-
driven mode. Throughout this work, the irradiated side is defined as
the hot side and the opposite side as the cold side, with AT = Tt -
Teold- Upon NIR illumination, the membrane produced a rapid
photocurrent strictly confined to the light-on periods. Repeated
on/off cycling yielded stable and reproducible switching between
high- and low-current states (Fig. 3B). Owing to the intrinsic
photothermal response of MXene, both the ionic current and the
nanochannel temperature gradient AT scaled approximately linearly
with the incident irradiance (Fig. 3C). In contrast to the conventional
external voltage-driven case, where the ionic current was invariant,
the photothermal diffusion voltage-driven ionic current, measured at
zero bias under fixed 808 nm illumination, increased with MC-LR
concentration, rising from 15.4 nA (0 pg/L) to 25.3 nA at 10 pg/L
and 27.9 nA at 103 pg/L (Fig. 3D,E). These results indicated that
photothermal diffusion voltage-driven mode effectively amplifies
subtle outer-surface charge variations into measurable ionic current
changes on the same APT@MXene device.

View Article Online
DOI: 10.1039/D5SC10110G

Mechanistically, previous studies have established that
asymmetric light stimulation of photoresponsive MXene-based
nanofluidic system creates a temperature gradient across the
membrane, which facilitates selective cation transport.>#>> This
permselectivity is governed by surface charge, particularly at low
electrolyte concentrations, due to the formation of electric double
layers (EDLs) at the charged nanochannels interfaces. The resulting
selective cation flux gives rise to a directional photothermal diffusion
voltage (Vqirr) under the imposed temperature gradient AT. When the
nanochannels are connected to symmetric Ag/AgCl electrodes, this
diffusion voltage, together with the temperature-dependent redox
voltages of the electrodes, manifests experimentally as an open-
circuit photovoltage (Voc).°®°” Under non-isothermal conditions, the
magnitude of Vgirr and Ve both increase with enhanced cationic
permselectivity. Therefore, we hypothesize that MC-LR binding
modulates outer-surface charge, thereby altering cationic
permselectivity and tuning Vgt to induce a detectable change in ionic
current.

To substantiate this framework in our system, we measured the
transmembrane ionic conductance of MXene nanofluidic membrane
across a wide range of KCl concentrations. As shown in Fig. S8,
conductance increased linearly at higher concentrations (102 to 1M)
but deviated from bulk scaling and approached saturation at lower
concentrations (1073 to 106 M). This behavior reflected competition
between bulk conduction and surface charge governed transport,
influenced by the Debye length (Ap), which inversely correlates with
electrolyte concentration and determines ion selectivity according to
Poisson-Boltzmann theory.>8-%0 Within this regime, we examined the
photothermal diffusion voltage-driven ionic-current response of
APT@MXene to 1073 ug/L MC-LR across a range of KCl concentrations
(101 M to 10 M). The largest ionic current change was observed at
10% M KCI (Fig. S10), whereas the conventional external voltage-
driven system remained essentially unchanged across
concentrations (Fig. S11). Having identified this optimal condition,
we conducted a quantitative analysis to link the observed current
modulation to changes in ionic selectivity. According to the non-
isothermal ion-transport theory, the diffusion voltage Vyis(T) and the
experimentally measured open-circuit photovoltage Voc(T) can be
expressed: 57

Var(D) = 25 —1) ’;Aﬂnc )

R
V. (D) =-2¢ ;ATlnc (2)

Here, Vg is the photothermal diffusion voltage across the
nanochannels under AT, and V, is the measured open-circuit voltage
between the two Ag/AgCl electrodes. t. represents the fraction of
the total electric current carried by cation. R represents the universal
gas constant, and F is the Faraday constant. AT is the instantaneous
temperature difference between the two reservoirs adjacent to the

Page 6 of 13


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc10110g

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 25 February 2026. Downloaded on 2/26/2026 5:28:43 AM.

s -Che

Journal Name

membrane, obtained simultaneously by infrared thermography from
two fixed regions of interest in the hot- and cold-side reservoirs,
respectively. ¢ denotes the concentration of the KCl solution in the
reservoirs. In the following analysis, we use the linear relationship
between Vo (T) and AT in Eq. (2) to extract t.. As illustrated in Fig. 3F,
under periodic 808 nm laser irradiation at 150 mW/cm?
APT@MXene exhibited a rapid, reversible thermal response. During
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ARTICLE

each 60-second ‘On’cycle, the photo-induced temperatyre gradient
(AT) quickly stabilized at approximately 188!'K0dRdofretaried te
baseline during ‘Off, consistently across all tested MC-LR
concentrations. The modest gradient had a negligible effect on the
aptamer, as the temperature on the non-illuminated side remained
at 295.15 K. Concomitantly, an open-circuit photovoltage (Voc) was
observed in all nanochannels under the same illumination (Fig. 3G),
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Fig. 3 lonic transport characteristics of APT@MXene under the photothermal diffusion voltage-driven mode. (A) Schematic illustration of
ionic transport in APT@MXene nanochannels at different MC-LR concentrations, showing that increasing outer-surface charge raises K*
transference number (t:), the photothermal diffusion voltage (Vairr), and the resulting ionic current in the photothermal diffusion voltage-
driven mode. (B) Representative photocurrent response of the MXene nanofluidic membrane under repeated 808 nm NIR (150 mW/cm?)
on-off cycles. (C) Dependence of photocurrent and temperature gradient (AT) on incident NIR power. (D) Time-resolved photocurrent of
APT@MXene at different MC-LR concentrations under 808 nm irradiation. (E) Photocurrent amplitudes of APT@MXene at varying MC-LR
concentration. (F) Periodic AT upon repeated NIR irradiation and (G) the corresponding open-circuit photovoltage (Voc) response. (H) Linear
correlation between Vo, and AT, used to extract the t. at different MC-LR concentrations. (I) Extracted t. values and outer-surface charge
density of APT@MXene at different MC-LR concentrations. (J) lonic current of MXene nanofluidic membrane modified with PEI and PAA
under photothermal diffusion voltage-driven mode. Error bars represent standard deviations of three independent experiments. Together,
these results substantiate photothermal diffusion voltage-driven amplification of outer-surface charge modulation, in which trace level
variations in outer-surface charge are translated into measurable changes in Vgir and consequently into readily detectable ionic current
responses, whereas the conventional external voltage-driven readout remains nearly invariant over the same trace concentration range.
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with five reproducible on-off cycles synchronized with AT. As the MC-
LR concentration increased (0, 104, 103 ug/L), the peak Vo, rose from
16.15 to 18.71 and 21.66 mV, respectively. To quantify the Voc-AT
relationship, we matched V,c and AT at the same time points during
illumination and performed a linear regression using five
representative pairs within AT = 3-15 K, which confirmed a linear
scaling (Fig. 3H). According to Eq. (2), with all other parameters held
constant, the K* transference number (t.) can be extracted from the

A B
NIR W
oY C¢

i

0 pglL

View Article Online
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slope of the fitted linear regression. The resulting t. values were 0.67
for APT@MXene, 0.76 for APT@MXene + 10 ug/L MC-LR and 0.91
for APT@MXene + 103 pg/L MC-LR, respectively, indicating
progressively enhanced K* ion permselectivity. These trends closely
track the increase in outer-surface charge density, implicating
surface charge as a primary determinant of cation selectivity (Fig. 3I).
Control experiments with ionic polyelectrolytes, including
poly(ethyleneimine) (PEI, highly cationic) and poly(acrylic acid) (PAA,
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Fig. 4 Numerical simulations of ion transport in the lamellar nanochannels under photothermal diffusion voltage-driven mode. (A-C)
Predictive modeling of ion transport for three cases: APT@MXene, APT@MXene + 10 pg/L MC-LR and APT@MXene + 1073 pg/L MC-LR,
highlighting the effect of outer-surface charge. (D-F) Net concentration variation along the axial direction for the three cases under a
temperature gradient of AT = 15 K. (G-1) Numerical simulations of ion concentration distributions for K* (Top) and CI- (bottom) at the
nanochannel-reservoir interface for the three cases under AT = 15 K. (J) Magnitude of experimental and simulated photothermal diffusion
voltages (| Vairr|) for the three cases, obtained from experimental t. and theoretical simulations, respectively. (K) Simulated and experimental

ionic currents in the photothermal diffusion voltage-driven mode for the three cases. The simulations show that making the outer surface

more negative strengthens cation-selective transport, deepens K* depletion at the illuminated orifice, and increases both Vg and the

resulting ionic current, consistent with the experimental observations.
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highly anionic), corroborated this conclusion. Upon outer-surface
modification of the MXene nanofluidic membrane, PEI@MXene
showed markedly reduced Voc and ionic current compared with bare
MXene, whereas PAA@MXene increased both responses (Fig. 3J),
indicating that increasing negative surface charge strengthens cation
permselectivity. Thus, we conclude that photothermal diffusion
voltage-driven amplification of outer-surface charge modulation is
realized in MXene nanofluidic membrane. In this mode, K*
permselectivity acts as a transducer, converting subtle variations in
outer-surface charge into substantial changes in the photothermal
diffusion voltage, and consequently, the ionic current. In contrast,
under conventional external voltage-driven mode, the channel
resistance remains essentially constant, and the same trace-level
charge variations produce no detectable current response.

To gain deeper insight into the mechanism underlying ionic signal
regulation, we performed a theoretical analysis of ion transport
under the photothermal diffusion voltage-driven mode based on the
Poisson-Nernst-Planck (PNP) framework and the Einstein-Stokes
equation. The model explicitly distinguishes the negatively charged
inner walls of the lamellar nanochannels (MXene nanosheets) from
the outer surface region associated with aptamer immobilization and
subsequent MC-LR treatment. The geometric design and
corresponding boundary conditions are detailed in Fig. $13 and Table
S5. From a thermodynamic perspective, directional ion transport in
a light-responsive MXene nanofluidic membrane under asymmetric
light stimulation can be rationalized by the dependence of Gibbs free
energy on temperature, expressed as follows:%’

dG=-5dT+ Wdp+ Zlyidni 3)
i=

Here, G, S, T, V, and p represent the Gibbs free energy, entropy,
temperature, volume, and pressure of the electrolyte solution, while
uiand n; denote the chemical potential and molar quantity of species
i, respectively. Upon 808 nm irradiation, the illuminated reservoir is
heated, establishing a transmembrane temperature gradient (AT)
across the nanochannels. This non-isothermal condition modulates
local electrochemical potentials and promotes directional ion
redistribution between the two reservoirs. In the absence of
illumination, electrostatic interactions in the negatively charged
nanochannels enriched K* and depleted CI, generating a
concentration polarization layer at the reservoir-nanochannel
interface. After applying AT, numerical simulations revealed
pronounced K* depletion at the nanochannel orifice, whereas the CI-
profile remained nearly unchanged (Fig. 4D-F). The extent of K*
depletion increased with rising MC-LR concentrations and correlated
with the experimentally derived outer-surface charge densities of -
1.38, -1.95, and -2.34 uC/cm?, respectively. Because the inner-wall
properties are identical across all simulations, these differences were
attributed to variations in outer-surface charge density arising from
aptamer-MC-LR interactions. A more negatively charged outer
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surface enhanced K* enrichment within the nanochannels, thereby
steepening the pre-existing concentration gradient. When this
concentration gradient aligned with the AT, it reinforced directional
K* diffusion toward the side and amplifies the depletion at the orifice.
Furthermore, Fig. 4G-I illustrated the simulated ion distributions for
APT@MXene, APT@MXene + 10 ug/L MC-LR and APT@MXene + 10°
3 ug/L MC-LR under a temperature difference of 15 K. In all cases, the
nanochannels were predominantly occupied by K*, supporting
directional cation transport. Importantly, the asymmetric
distribution of K* and CI- at the orifice induced localized electric-field
variations, giving rise to the diffusion voltage Vgis. As shown in Fig.
4], the magnitude of the simulated Vgt exhibited the same increasing
trend as the experimental values derived from t., validating the
diffusion voltage mechanism. Driven by this enhanced Vg, the
simulated ionic currents aligned well with the experimental
photothermal diffusion voltage-driven results (Fig. 4K). In contrast,
simulations performed under a fixed external voltage (Vext = -2 V)
exhibited minimal variation (< 10%) (Fig. S14), underscoring that the
channel resistance remained dominated by invariant steric
hindrance and confirming the insensitivity of the conventional
external voltage-driven mode. Collectively, these analyses
demonstrated ion transport in the MXene nanofluidic membrane
under the photothermal diffusion voltage-driven mode was
governed by outer-surface charge controlled cation permselectivity,
enabling minute charge changes to be amplified into measurable
ionic signals via the tunable diffusion voltage.

Ultratrace detection in the photothermal diffusion voltage-driven
mode

Having established the mechanistic basis of photothermal
diffusion voltage-driven amplification of outer-surface charge
modulation, we investigated its potential for ultrasensitive detection
of trace-level MC-LR. To quantify sensing performance, the target-
induced ionic current increase ratio was defined as f = (/apr@mxene + Mc-
(R - lapT@Mxene) / Inpt@mxene, Where lapr@mxene + mctr and lapr@mxene
represent the ionic current in the presence and absence of MC-LR
with specific concentrations, respectively. A threshold of f> 20% was
established as a reliable indicator of target recognition, whereas
lower ratios were attributed to experimental noise or nonspecific
adsorption. Upon exposure to increasing MC-LR concentrations,
APT@MXene exhibited a progressive enhancement in ionic current
under the photothermal diffusion voltage-driven mode (Fig. 5A). As
illustrated in Fig. 5B, fincreased markedly from 21.25% at 1x107 pg/L
to 81.13% at 1x1073 pg/L, following a linear relationship with the
logarithm of concentration: f= (0.15 x log[MC-LR] + 1.24) x 100% (R?
= 0.996). Based on the 20% threshold, the limit of detection (LOD)
was determined to be 1x107 pg/L, seven orders of magnitude below
the World Health Organization (WHO) guideline value, thereby
demonstrating the capacity for early-stage detection of trace MC-LR
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Fig. 5 Sensitivity and specificity of MXene nanofluidic aptasensor
under two readout modes. (A) Time-dependent ionic current
responses (I-T curves) of APT@MXene under periodic 808 nm NIR
illumination (150 mW/cm?, 60 s) at increasing MC-LR concentrations
(B) Ultra-sensitive quantification of MC-LR in the two modes. Sensing
specificity for MC-LR and its three analogous compounds in the (C)
photothermal diffusion voltage-driven mode and (D) conventional
external voltage-driven mode. Error bars represent standard
deviations from three independent measurements

contamination. Compared with the conventional external voltage-
driven mode, the photothermal diffusion voltage-driven strategy
afforded a 10°-fold improvement in sensitivity. Additionally, Table S4
compares the performance of our photothermal diffusion voltage-
driven strategy with other advanced techniques, highlighting its
superior detection limit across a broad dynamic range. To evaluate
the nanochannels’ selectivity for MC-LR, we analyzed the current
increase ratios induced by major microcystins analogs. The three
predominant MC variants found in surface and drinking water
sources, namely MC-RR, MC-YR, and MC-LY, were selected as
potential interference factors. As shown in Fig. 5C, exposure to 1x10
4 pg/L of these four analogues yielded corresponding current
increase ratios of 63.33%, 3.00%, 10.67%, and 4.67%, respectively.
Statistical analysis confirmed significant discrimination (p < 0.001),
underscoring the specificity of the photothermal diffusion voltage-
driven mode, in stark contrast to the negligible selectivity observed
in conventional external voltage-driven measurements (Fig. 5D).
Finally, the applicability of the platform was validated in tap, lake,
and mineral water samples using standard addition. Across spiking
concentrations from 1x10® to 1x103 ug/L, recoveries ranged from

96.76% to 109.30% with relative standard deviations (RSD) below 4.5%

(Table 1), indicating negligible matrix interference and robust
guantification accuracy. Collectively, these results demonstrate that
photothermal diffusion voltage-driven amplification of outer-surface
charge modulation enables precise and ultrasensitive control of ionic
transport in the MXene nanofluidic membrane, establishing a
reliable platform for early-stage environmental monitoring and food
safety assessment of MC-LR.

10 | J. Name., 2012, 00, 1-3

Table 1 Detection of MC-LR in real water samples.using
photothermal  diffusion  voltage-driven DONIXen@39/ anioflbidie
aptasensor (n = 3)

Page 10 of 13

samples Spiked Detected Recovery RSD
(ug/L) (ug/L) (%) (%)
Tap water 1x1073 1.045x103 104.50 1.59
1x10* 1.042x10* 104.20 0.84
1x10° 1.093x10° 109.30 1.16
1x10® 1.042x10% 104.20 4.50
Lake water 1x103 9.676x10* 96.76 3.08
1x10* 1.091x10* 109.10 3.52
1x10° 1.066x10° 106.60 3.68
1x10°® 9.939x107 99.39 2.99
Mineral water ~ 1x1073 1.064x103 106.40 1.36
1x104 9.947x10> 99.47 0.58
1x10° 1.061x10° 106.10 2.27
1x10% 1.019x10° 101.90 2.11

Conclusions

In this work, we have established an outer-surface charge-
modulated photothermal diffusion voltage-driven sensing
strategy in a MXene nanofluidic membrane for ultratrace
detection of MC-LR. Unlike conventional external voltage-
driven readout that mainly converts target binding into ionic-
current changes through resistance variation, our approach
leverages a light-induced transmembrane temperature
gradient to generate a diffusion voltage (Vai) whose magnitude
is governed by K* permselectivity and thus by outer-surface
charge. Consequently, trace-level charge modulations, which
produce little change in steric hindrance or the resistance
baseline, are transduced into pronounced variations in Vit and
the zero-bias ionic current. This mechanism enables MC-LR
quantification down to 1 x 1077 pug/L with high selectivity against
structural analogues and robust performance in real water
samples. More broadly, these results demonstrate that outer-
surface charge, rather than steric hindrance, can serve as a
dominant and addressable control parameter for ionic
transport in nanochannels, providing a general
framework for light-regulated nanofluidic sensors and iontronic
devices.
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