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olecule dispersion on single-
atom anchoring sites for high-selectivity in vivo
detection†

Jing Huang, Shiting Gu, Xue Zhou, Yibin Liu and Zhonghai Zhang *

Traditional aptasensors struggle to distinguish molecules with highly similar chemical structures due to the

inherent flexibility of aptamers, which form ‘nano-bushes’ causing non-specific adsorption and reducing

sensor specificity. To address this, we propose a novel strategy of anchoring aptamers at the single-

molecule level onto atomic anchoring sites. We have designed a gold single-atom/titanium dioxide (Au

SA/TiO2) photoelectrode to immobilize a dopamine (DA)-selective aptamer, enabling the fabrication of

a photoelectrochemical single-molecule aptamer sensor (PEC-sm-aptasensor). This sensor can

selectively detect DA in vivo in different brain regions of living mice. This advancement has

revolutionized our understanding of DA variation in the prefrontal cortex of Parkinson's disease (PD)

mice. In contrast to previous beliefs, we have discovered a new neurotransmitter dynamic pattern: while

the total concentration of neurotransmitters decreases, the concentration of DA remains constant, thus

not affecting cognitive levels. This finding is crucial for a more targeted understanding of PD and opens

avenues for more effective treatments and diagnostic methods.
Introduction

Molecular recognition units are essential for the specicity of
biosensors. Unlike traditional biorecognition elements such as
enzymes and antibodies, which are derived from living organ-
isms, aptamers are unique functional nucleic acids that can be
articially synthesized. They are created through a process
known as Systematic Evolution of Ligands by Exponential
Enrichment (SELEX), offering a versatile and adaptable alter-
native for biosensor development.1–3 Aptamers achieve target
binding through non-covalent interactions such as van der
Waals forces and hydrogen bonds, which confer unique spatial
conformations and result in exceptional stability and custom-
izable selectivity.4,5 Through successful screening, numerous
aptamers have been integrated into diverse biosensor designs,
contributing to the advancement and broad application of
biosensing technologies. In particular, electrochemical apta-
sensors have gained signicant acclaim for their high sensi-
tivity, swi response times, and compatibility with portable
device integration, making them highly effective for a wide array
of detection applications.6–9 Kevin Plaxco and Netzahualcoyotl
Arroyo-Curras have pioneered aptamer-based electronic sensors
(E-AB sensors), advancing aptasensor technology by integrating
stry and Chemical Processes, School of
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tion (ESI) available. See DOI:

729
target molecule recognition with signal transduction, thereby
enhancing real-world application efficiency.10–14 Anne M.
Andrews has made pivotal contributions to molecular detection
by enabling receptor-functionalized eld-effect transistor
surfaces to bind with aptamers for signal detection in high ionic
strength solutions and by developing neuro-probes for sero-
tonin release determination in the brain.15,16

Despite signicant progress, electrochemical aptasensors
still encounter a substantial challenge in the selective identi-
cation of molecules with highly similar chemical structures. A
prime example is the differentiation among monoamine
neurotransmitters—dopamine (DA), norepinephrine (NE),
epinephrine (EP), and 5-hydroxytryptamine (5-HT)—which are
crucial for the nervous system's function and are implicated in
various neurological disorders.17,18 The subtle differences in
their molecular structures make their discrimination a complex
analytical task for conventional electrochemical aptasensors.
The primary obstacle in achieving this selectivity lies in the
post-SELEX adaptation of aptamers onto electrode surfaces.
Aptamers are highly exible single-stranded DNA or RNA
molecules, which tend to form “nano-bushes” when immobi-
lized on the electrode surface, leading to non-specic adsorp-
tion and a consequent reduction in sensor specicity. This issue
undermines the ability of electrochemical aptasensors to
accurately distinguish between closely related molecules, thus
limiting their effectiveness in complex biological environ-
ments.19 Beyond further optimization of aptamer sequences to
enhance target selectivity,20,21 future efforts should focus on
immobilizing aptamers on substrates with a single-molecule
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of DA aptamer bonded to Au NPs and Au
SA for specific recognition of DA and other neurotransmitters.
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level distribution. Utilizing individual atoms as anchoring
points is an ideal strategy for dispersing aptamers at this level,
ensuring a more precise and effective detection mechanism.

Herein, we introduce an atomic-level dispersion anchoring
strategy designed to bind aptamers at individual atomic sites,
thereby facilitating a single-molecule level distribution of
aptamers. This innovative approach is aimed at enhancing the
selectivity and specicity of electrochemical aptasensors. To
validate the advantages of our proposed strategy, we have
embarked on a challenging endeavour: distinguishing DA from
its structurally similar analogues, including NE, EP, and 5-HT,
within the in vivo rodent brain environment. Despite the fact
that detection methods based on metal–organic frameworks
(MOFs), covalent organic frameworks (COFs), or uorescence
sensors have achieved good detection results for dopamine,
DA,22–25 photoelectrochemical (PEC) detection has not yet ob-
tained very good selectivity. We have engineered TiO2 with
oxygen vacancies and decorated with gold single-atoms to
fabricate the Au SA/TiO2 photoelectrode. The single atomic sites
ensure the secure immobilization of DA-selective mono-
molecular aptamers through the unique Au–S bond, enabling
highly selective PEC sensing directly within the in vivo milieu.
The preference for PEC detection modalities, as opposed to
conventional electrochemical techniques, stems from their
innate capacity to elicit analytical signals in the absence of
extrinsic bias, an attribute of paramount importance for non-
disruptive interrogation of neuronal circuits.26,27 This method-
ology not only circumvents the potential for perturbing the
endogenous electrophysiological milieu but also amplies the
delity and selectivity of detection, offering an unparalleled
analytical scaffold for the precise delineation of neurochemical
dynamics. The rationally designed PEC-single molecular
aptamer sensor (PEC-sm-aptasensor) is implanted into different
brain regions of living mice for long-term in vivo detection of
DA. Leveraging the exceptional selectivity of the PEC-sm-apta-
sensor for DA, we have observed a novel pattern of neuro-
transmitter dynamics that starkly contrasts with previous
conclusions. In Parkinson's disease (PD) models, it was tradi-
tionally believed that DA levels in the cortex decrease sharply.28

Our assays have unveiled a signicant reduction in the levels of
monoamine neurotransmitters (DA, NE, EP, and 5-HT) in the
cortex of the PDmice compared to that in normal rodents, while
the concentration of DA remains essentially unchanged. This
revelation is a direct consequence of enhanced capability to
selectively identify DA in an in vivomilieu, which, in turn, serves
as a compelling testament to the efficacy and utility of our
strategic approach.

Results and discussion

The design and manufacture of the PEC-sm-aptasensor are
detailed in the Experimental section in the ESI.† In brief, TiO2

photoelectrodes were created via a two-step anodization process
on thin Ti wire.29 Au single-atoms (Au SA) were deposited on
TiO2 using cryo-electrochemical deposition, while Au nano-
particle–TiO2 (Au NP/TiO2) photoelectrodes were prepared by
sputtering Au nanoparticles onto TiO2. The DA aptamer
© 2025 The Author(s). Published by the Royal Society of Chemistry
(oligonucleotide sequences are in the Experimental section in
the ESI†) binds to both Au SA/TiO2 and Au NP/TiO2 through Au–
S linkages (Fig. S1 in the ESI†).

As shown in Fig. 1, traditional aptamer–Au NP/TiO2 and
novel aptamer–Au SA/TiO2 photoelectrodes were compared for
their specic recognition capabilities in selective in vivo PEC
detection of DA in the brains of living mice. The Au NPs/TiO2

photoelectrode allows multiple aptamers to connect on the Au
NP surface, forming a nano-bush structure that increases non-
specic binding and reduces selectivity. In contrast, the Au SA/
TiO2 photoelectrode has isolated gold atoms forming a single
Au–S bond with one aptamer, preventing cross-linking and non-
specic interactions, and ensuring high selectivity.

The micro-PEC-sm-aptasensor, fabricated on thin Ti wire
with a conical structure (top diameter: 10 mm, Fig. 2a), enhances
tissue implantation and reduces damage. SEM imaging (Fig. 2b)
reveals patterned optical-nanostructures with highly ordered
periodic top-nanoring, enabling effective photon localization
and efficient near-infrared photon acquisition in vivo (optical
absorption activity is illustrated in Fig. S2 in the ESI†). HRTEM
imaging (Fig. 2c) shows well-resolved lattice fringes (interplanar
distance: 0.346 nm) with slight disorder and dislocation at
crystal edges, indicating oxygen vacancy-based defects.30 EPR
spectra (Fig. S3 in the ESI†) provide evidence of oxygen vacan-
cies with a sharp signal at g = 2.003.31

AC HAADF-STEM imaging (Fig. 2d) identies isolated bright
spots (highlighted by red circles) as Au single-atoms (SAs) due to
their high atomic weight. No Au clusters or nanoparticles were
detected in the observation range or via X-ray diffraction (Fig. S4
in the ESI†). Line scan spectrogram analysis of the AC HAADF-
STEM image (Fig. 2e) shows Ti and Au metallic atoms, with Au
presenting higher contrast due to its atomic weight. A 3D colour
heatmap (Fig. 2f) visually represents isolated Au atoms on the
TiO2 substrate.

XANES and EXAFS analyses further investigate the Au SA
structure. XANES spectra (Fig. 2g) show higher white line
intensity for Au SA/TiO2 compared to Au foil, indicating a high
valence state of Au. FT-EXAFS spectra (Fig. 2h) display a main
peak at 1.57 Å (Au–O path) with no Au–Au coordination peaks
(at 2.51 Å),32 conrming atomic Au dispersion. The wavelet
transform (WT) of EXAFS oscillations validates atomic Au
dispersion, showing distinct intensity contributions for Au–Au
(Au foil, Fig. 2i) and Au–O (Au SA sample, Fig. 2j). EXAFS tting
(Fig. S5 and Table S1 in the ESI†) reveals that each Au atom is
coordinated with two O and two Ti atoms.
Chem. Sci., 2025, 16, 9720–9729 | 9721
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Fig. 2 (a) Overall morphology of the Ti wire-based photoelectrode,
the scale bar is 100 mm; (b) top-view SEM image of Au SA/TiO2, the
scale bar is 200 nm; (c) HRTEM image of Au SA/TiO2, the scale bar is 5
nm; (d) AC HAADF-STEM image of Au SA/TiO2, the scale bar is 5 nm; (e)
line profiles of AC HAADF-STEM image and structural model of a single
Au site; (f) 3D heatmap of the brightness of the enlarged AC HAADF-
STEM image of Au SA; (g) L3-edge XANES spectra of Au SA/TiO2 with
Au foil as the reference; (h) Fourier-transformed k3-weighted EXAFS
spectra of Au SA/TiO2 and Au foil; wavelet transform for k3-weighted
EXAFS spectra of (i) Au foil and (j) Au SA/TiO2.
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XPS analysis (Fig. S6 in the ESI†) shows a negative shi in O
1s binding energy for Au SA/TiO2 compared to TiO2 and Au NP/
TiO2, suggesting electron transfer between Au SA and O in TiO2.
Valence band XPS spectra (Fig. S7 in the ESI†) show band edges
at 2.89 eV (TiO2) and 2.65 eV (Au SA/TiO2), and band tails at 1.85
eV (TiO2) and 1.35 eV (Au SA/TiO2). These values illustrate the
energy band structures (Fig. S8 in the ESI†), with Au SA/TiO2

exhibiting a narrowed band gap and lied valence band posi-
tion for efficient PEC performance. ICP-OES evaluates Au SA
amount, which can be modulated during cryo-electrodeposition
(Fig. S9a in the ESI†), while Au NP amount is controlled by
sputtering time (Fig. S9b in the ESI†).

The specic aptamers of DA were modied with thiol groups
at their 50 ends, allowing them to be immobilized on the Au SA
and Au NP surface through Au–S bonds. To characterize the
9722 | Chem. Sci., 2025, 16, 9720–9729
successful modication of the aptamers, HAADF-STEM images
and the corresponding energy dispersive X-ray spectroscopy
(EDS) elemental mapping images of aptamer/Au SA/TiO2 and
aptamer/Au NP/TiO2 are presented in Fig. S10a and b in the ESI†
respectively. Different from aptamer/Au NP/TiO2, where distinct
Au NPs can be detected, the aptamer/Au NP/TiO2 did not show
any aggregated nanoparticles except the TiO2 nanotube struc-
ture. Notably, the straightforward representation of aptamers
was depicted through S elemental mapping images. The pre-
sented results suggested that the aptamers on Au SA indicated
a single molecular dispersion. In contrast, on the Au NPs, the Au
and S elements exhibited an exactly consistent spatial distri-
bution, indicating that the aggregation of Au NPs induced the
aggregation of the aptamers (Fig. S11 in the ESI†). Meanwhile,
density functional theory (DFT) calculations were conducted to
verify the connection between Au and S atoms. As depicted in
Fig. S12a in the ESI,† the TiO2 substrate with an Au single atom
and a thiol chain exhibited an adsorption energy of −2.4734 eV.
However, when the second thiol group was introduced, as
shown in Fig. S12b in the ESI,† the adsorption energy increased
signicantly with the value of 2.3232 eV. This shi from nega-
tive to positive adsorption has proved that a gold single atom on
the TiO2 substrate can only connect one thiol group. Conse-
quently, an aptamer can attach to only one gold atom, con-
rming the specicity of the interaction between the gold atom
and the thiol group.

The aptamer/Au SA/TiO2 and aptamer/Au NP/TiO2 were
utilized as PEC aptasensors for evaluation of selectivity for DA
detection. Catecholamines, NE, EP, and 5-HT, with similar
chemical structures to DA, were selected as interferences.
Besides catecholamines, analogues such as tyrosine (Tyr),
levodopa (L-DOPA), 3,4-dihydroxyphenylacetic acid (DOPAC)
and carbidopa, and other neurotransmitters such as glutamic
acid (Glu), g-aminobutyric acid (GABA) and acetyl choline (Ach)
were also taken as interferences. As presented in Fig. 3a,
aptamer/Au SA/TiO2 showed a distinctively high selectivity for
DA response, while aptamer/Au NP/TiO2 (Fig. 3b) did not exhibit
selective response characteristics towards DA, as multiple
structurally similar molecules elicited distinct response signals
on aptamer/Au NP/TiO2, indicating its poor selectivity for DA,
which can be attributed to the recognition failure of intermo-
lecular forces caused by the bush-like structure formed by the
reciprocal cross-linking of aptamers on Au NPs. Therefore, the
single molecular distribution of the aptamer on the Au single
atom site contributed high selectivity for DA detection. The
corresponding selectivity of DA with different gold contents is
shown in Fig. S13 in the ESI† with the photocurrent response
charge ratios of DA/NE. It is worth nothing that we have also
optimized the aptamer binding density for aptamer/Au NP/TiO2

sensors by adjusting the concentration of DA aptamers (Fig. S14
in the ESI†). Unfortunately, neither increasing nor decreasing
the aptamer incubation concentration (from 0.1 to 3.0 mM)
improved the selectivity effectively. The Au single atom with
a weight ratio of 0.24% on TiO2 showed the highest selectivity.
Additionally, we quantitatively validated the electrodes' capa-
bility to detect 10 nM DA under physiologically relevant condi-
tions (200 mM ascorbic acid, AA), demonstrating robust
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Selective PEC detection of DA (100 nM) on (a) aptamer/Au SA/
TiO2 and (b) aptamer/Au NP/TiO2 with interferences of NE, EP and 5-
HT with the concentration of 100 nM, L-DOPA, DOPAC, carbidopa,
Tyr, Glu, GABA, AA and Ach with the concentration of 1 mM; aptamer/
Au SA/TiO2 PEC plots (c) and its linear calibration curve (d) for DA
detection in PBS; Raman spectra of (e) aptamer/Au SA/TiO2 and (f)
aptamer/Au NP/TiO2 without/with DA, NE, EP, and 5-HT exposure;
fluorescence–concentration curves for the Kd constant of DA on (g)
aptamer/Au SA/TiO2 and (h) aptamer/Au NP/TiO2.
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selectivity even in this challenging interference-rich environ-
ment (Fig. S15 in the ESI†). As depicted in Fig. 3c, the aptamer/
Au SA/TiO2 reached a linearity from 2 nM to 3 mM of DA with
a low detection limit of 0.25 nM (Fig. 3d) in PBS. A similar
experiment was also performed in aCSF (Fig. S16 in the ESI†).
Meanwhile, the photoelectrode showed excellent reproductivity
and repeatability (Fig. S17 in the ESI†). We have conducted
a comparative analysis of the performance of our aptamer/Au
SA/TiO2 electrode with other highly selective DA sensors re-
ported in the literature (Table S2 in the ESI†). This comparison
© 2025 The Author(s). Published by the Royal Society of Chemistry
includes metrics such as selectivity, sensitivity, and in vivo
stability. The table highlights how our aptamer/Au SA/TiO2

electrode performs relative to other state-of-the-art sensors in
terms of these critical parameters.

To experimentally validate the selective capture property of
the aptamer on Au SA and Au NPs, Raman spectra were
employed to characterize the unique absorptions of DA and its
analogues. As shown in Fig. 3e, for aptamer/Au SA/TiO2, no
obvious Raman peak can be detected, while aer exposing the
aptasensor to DA solution, featured Raman peaks can be
detected. However, on exposing the aptasensor to NE, EP, and 5-
HT, no distinct Raman peaks were observed. These results
indicated that the aptamer on Au SA just adsorbed DA and thus
achieved excellent selectivity, which was unlike aptamer/Au NP/
TiO2 as exposing to solutions of DA, NE, EP, and 5-HT, each
chemical exhibited specic Raman peaks (Fig. 3f), indicating
that the abovemolecules were adsorbed by aptamers on Au NPs,
and thus resulted in poor selectivity. Furthermore, uorescence
assays were used as well to numerically characterize aptamer–
target dissociation constants (Kd) to further validate the cause of
selectivity difference in terms of molecular forces. The Kd was
determined by employing nonlinear least-squares tting to the
Hill equation (eqn (1)), with the Hill coefficients (n) designated
as a variable.33

S ¼ Si þ
�
Sf � Si

� ½T �n
½Kd�n þ ½T �n (1)

where S represents the uorescence signal as a function of [T].
The terms Si and Sf refer to the initial and nal signals,
respectively. Kd signies the effective dissociation constant of
the complex of interest. Following the completion of titration
experiments, the intensities of uorescence were subjected to
a t according to the Hill equation. The aptamer–competitor
strategy was used to extract Kd. In short, a DNA competitor
(capture) complementary to the aptamer (sensor) could be dis-
placed by DA (target). Au nanoparticles with the size of 13 nm
were used and their UV-vis spectra are shown in Fig. S18 in the
ESI.†Notably, the sensor was modied with uorescein at the 50

ends and the capture was modied with dabcyl at their 30 ends.
Kd,1 (eqn (2)) represents the equilibrium between the sensor and
competitor. Since Förster resonance energy transfer occurred
between the sensor and capture, uorescence was gradually
quenched with the addition of the capture. As the DA target
displaced the capture strand from the sensor, the strand rean-
nealed, facilitating DA binding to the sensor and resulting in
increased uorescence, which was dened as the equilibrium
(eqn (3)). Based on Kd,1 and Kd,2 values, the overall process of Kd

could be calculated (eqn (4)) with values of 0.22 nM (Fig. 3g) and
4.13 nM (Fig. 3h) for aptamer/Au SA/TiO2 and aptamer/Au NP/
TiO2 respectively. The relatively smaller Kd values on aptamer/
Au SA/TiO2 indicated that, compared to Au NPs, Au SA anchored
single-molecule aptamers indeed exhibited better selectivity
for DA.

Kd;1 ¼ ½Sensor�½Capture�
½Sensor�Capture complex� (2)
Chem. Sci., 2025, 16, 9720–9729 | 9723
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Kd;2 ¼ ½Capture�½Sensor�Target complex�
½Sensor�Capture complex�½Sensor� (3)

Kd ¼ ½Sensor�½Target�
½Sensor�Target complex� ¼

Kd;1

Kd;2

(4)

Though the aptamer/Au SA/TiO2 aptasensor showed better
selectivity for DA detection than the aptamer/Au NP/TiO2 apta-
sensor, the impact of photoelectron transfer by single-molecule-
level dispersed aptamers as opposed to interlinked aptamer
nano-bushes was further investigated in detail, thereby
ensuring that the aptasensors not only achieved highly selective
detection but also had excellent detection sensitivity. The
photocurrent responses on Au SA/TiO2 and Au NP/TiO2 and
corresponding aptasensors were evaluated and are presented in
Fig. 4a and b respectively. For Au SA/TiO2, aer bonding with
the aptamer, the photocurrent further increased, which indi-
cated that the single molecular dispersed aptamer provided
a simple charge transfer channel, and thus facilitated the
charge separation. However, for Au NP/TiO2, aer bonding with
aptamers, the photocurrent signicantly decreased, which
implied that the interlinked aptamers induced complex charge
Fig. 4 Photocurrent responses on (a) TiO2, Au SA/TiO2, and aptamer/
Au SA/TiO2, and (b) TiO2, Au NP/TiO2, and aptamer/Au NP/TiO2

photoelectrodes under illumination of NIR light; fs-TAS kinetics curves
of (c) Au SA/TiO2, (d) Au NP/TiO2, (e) aptamer/Au SA/TiO2, and (f)
aptamer/Au NP/TiO2; (g) schematic representation of the proposed
charge trapping model on aptamer/Au NP/TiO2 and aptamer/Au SA/
TiO2.

9724 | Chem. Sci., 2025, 16, 9720–9729
transport channels, and thus hampered efficient charge
transfer.

Similar PEC responses on Au SA/TiO2 and Au NP/TiO2 apta-
sensors were recorded from incident-photon-current-conver-
sion efficiency (IPCE) spectra (Fig. S19 in the ESI†),
electrochemical impedance spectra (Fig. S20 in the ESI†), Mott–
Schottky plots (Fig. S21 in the ESI†), and open circuit photo-
voltage decay curves (Fig. S22 in the ESI†). Compared with Au
SA/TiO2, aer bonding with the aptamer, the aptamer/Au SA/
TiO2 presented higher PEC response in the NIR light region,
lower impedance, higher carrier density, and longer charge
lifetime. However, the aptamer/Au NP/TiO2 system presented
diametrically opposite consequences.

To further investigate the intrinsic mechanism of electron
transfer aer bonding the aptamer on Au SA and Au NPs,
a powerful time-resolved technique of femtosecond transient
absorption spectroscopy (fs-TAS) for tracking of photogenerated
carrier charge transfer dynamics was employed with a pumping
laser of 350 nm and probing wavelength of 540 nm. As shown in
Fig. 4c–f, the transient absorption spectra of four samples of Au
SA/TiO2, Au NP/TiO2, aptamer/Au SA/TiO2, and aptamer/Au NP/
TiO2 were well tted by a tri-exponential function with corre-
sponding recovery kinetics.34,35 These three-decay kinetics were
respectively attributed to electron transfer to a shallow trapping
state (s1), to Au SA or Au NPs (s2), to recombine with holes (s3)
(Fig. 4g). For Au SA/TiO2, aer binding with the aptamer, both s2
and s3 values decreased, which indicated that the simple elec-
tron-transfer channel between Au SA and single molecular
aptamer further accelerated electron movement, while for Au
NP/TiO2, aer binding with aptamers, both s2 and s3 values
increased, which revealed that the complex electron-transfer
channel between Au NPs and aptamers lowered the electron
mobility. To further comprehend the intrinsic meaning of s2,
namely the electron transfer between Au SA and Au NPs, DFT
calculations were carried out. The yellow part symbolizes the
local electron accumulation area and the cyan part symbolizes
the local electron depletion area respectively. By comparing the
local charge density difference of Au SA/TiO2 (Fig. S23 in the
ESI†) and Au NP/TiO2 (Fig. S24a in the ESI†), aer bonding with
one thiol bond, stronger charge transfer activity between Au SA
and TiO2 sites was observed. On this basis, the other thiol bond
was introduced to the Au NPs/TiO2 (Fig. S24b in the ESI†). It was
pretty obvious that the greater charge between Au NPs/TiO2 by
adding –SH resulted in a lesser charge accumulation region
located in Au and TiO2. That means, in the presence of Au NPs,
the more thiol bonds the system had, the more difficult the
charge transfer from TiO2 to Au NPs, which explained the
reason for the change of s2 from another aspect.

For practical in vivo DA detection, the PEC aptasensor was
further modied with an anti-biofouling hydrogel layer to block
the biological contamination, such as proteins, tissues, and
cells (Fig. S25 in the ESI†). The anti-biofouling performance of
Gel/aptasensor was evaluated from SEM images (Fig. S26 in the
ESI†), contamination degree of uorescein isothiocyanate-
labelled protein (Fig. S27 in the ESI†), static water contact angle
measurements (Fig. S28 in the ESI†), and electrochemical
characterization (Fig. S29 in the ESI†). The hydrogel layer with
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Schematic illustration of the aptamer/Au SA/TiO2 micro-
photoelectrode for in vivo DA detection in the striatum; PEC response
of the aptamer/Au SA/TiO2 micro-photoelectrode in the striatum of
mice subjected to anesthesia stimulated by the injection of (b) nomi-
fensine (20 mg kg−1, i. p.) and (c) aMPT (250 mg kg−1, i. p.); (d)
immunofluorescence analysis of the brain sections in Str, stained with
anti-DAT antibody in the blank sample, and after injection of nomi-
fensine and aMPT samples, the scale bar is 20 mm; (e) immunohisto-
chemical staining of TH in the SN of normal (left) and PD (right) mice,
and corresponding quantitative analysis of normal and PDmice (f) (n=
4mice, ***p < 0.001); (g) open field test for typical motion tracks of the
normal (left) and the PD (right) mice in 5 min in an empty arena and (h)
relative total distance, the significance was determined by two-tailed
unpaired Student's t-test (n = 4 mice, ***p < 0.001); (i) schematic
illustration of aptamer/Au SA/TiO2 micro-photoelectrodes in three
brain regions for simultaneously monitoring DA; (j) normalized plots
for variations of the DA concentration in the striatum, hippocampus,
and prefrontal cortex of (j) normal and (k) PD mice brains after 100 mg
kg−1 dose of L-Dopa injection for long time monitoring. The above-
mentioned data are all presented as mean ± S.D. Error bars: S.D (n = 4
mice).
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high hydrophilicity and suitable nanoporous structures
demonstrated excellent anti-biofouling properties, but did not
have any impact on the detection of small molecules of DA
(Fig. S30 in the ESI†) and the linear range (Fig. S31 in the ESI†).
The photocurrent response of Gel/aptasensor is remarkably
rapid, achieving equilibrium within 4.7 seconds (Fig. S32 in the
ESI†), and it exhibits negligible change aer immersing in
articial cerebrospinal uid (aCSF) containing 20 mg mL−1

bovine serum albumin (BSA) (Fig. S33 in the ESI†). Similarly, the
PEC performances of Gel/aptasensor before and aer the in vivo
experiment showed little change (Fig. S34 in the ESI†). The
photocurrent signal with Gel/aptasensor in the striatum of mice
aer injecting with saline (0.9%) for 30 minutes was quite stable
and presented insignicant changes (Fig. S35 in the ESI†).

The practical applicability of the aptamer/Au SA/TiO2 micro-
photoelectrode for detecting DA levels in the brains of living
mice has been evaluated, as schematically presented in Fig. 5a.
In a representative experiment, the micro-photoelectrode was
implanted in the striatum, a brain area replete with DA vesicles,
of a C57BL/6 mice brain subjected to anesthesia. Nomifensine,
a selective DA reuptake inhibitor that elevates DA levels, was
rst injected intraperitoneally (Fig. 5b).36 Following this, a-
methyl-DL-tyrosine methyl ester hydrochloride (aMPT), which
lowers extracellular DA levels by inhibiting its synthesis,37 was
infused intraperitoneally once the DA levels stabilized (Fig. 5c).
The micro-photoelectrodes adeptly detected the signals corre-
sponding to the DA level changes induced by both agents. To
validate the PEC ndings, immunouorescence analysis was
performed (Fig. 5d), revealing an increase in uorescence
intensity post-nomifensine injection and a subsequent decrease
aer aMPT infusion, aligning with the anticipated results.

To further verify the practicability of the aptamer/Au SA/TiO2

micro-photoelectrode, a typical acute Parkinson's disease (PD)
model was created through administering 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) with the dose of 20 mg kg−1

for four times.38,39 PD is a neurodegenerative disorder charac-
terized by the degeneration of nigrostriatal DA neurons and
striatal DA depletion, with primary symptoms including bra-
dykinesia, akinesia, and rigidity.28,40,41 We compared the
immunohistochemical staining of tyrosine hydroxylase (TH)
positive density between normal and PD mice to verify the PD
model (Fig. 5e). As the rate-limiting enzyme for the synthesis of
DA precursors, the TH-positive density in the substantia nigra
(SN) of the PD mice section (Fig. 5f) was lower than that of the
normal mice, indicating a reduction of dopaminergic neurons
in the PDmodel. In addition, the typical open eld test was then
conducted to verify the PD model's motor ability (Fig. 5g). The
motion tracks clearly demonstrated that the PD mouse was less
active compared to the normal ones (Fig. 5h). Therefore, both
physiological and behavioural experimental results conrmed
the successful establishment of the PD model. Furthermore,
high-K+ stimulation was employed as a model system to eval-
uate the performance of DA release from the striatum of living
mice brains. The photocurrent response following high-K+

stimulation demonstrated that the response in PD mice was
signicantly diminished compared to that of normal mice
© 2025 The Author(s). Published by the Royal Society of Chemistry
(Fig. S36 in the ESI†), further substantiating the decit in
dopaminergic neurons.

Furthermore, the aptamer/Au SA/TiO2 micro-photoelectrode
was utilized for monitoring across multiple brain regions. As
illustrated in Fig. 5i, three working electrodes were respectively
implanted into the striatum (Str), hippocampus (Hip), and
prefrontal cortex (PFC). Following this, we compared the
changes between normal (Fig. 5j) and PD (Fig. 5k) mice aer
administering L-DOPA. L-DOPA, a precursor to DA, can elevate
DA levels and is thus widely used in PD treatment. Aer
implanting the micro-photoelectrodes for 10 minutes, L-DOPA
was injected. It was evident that both normal and PD mice
Chem. Sci., 2025, 16, 9720–9729 | 9725
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Fig. 6 (a) Schematic illustration of aptamer/Au SA/TiO2 micro-pho-
toelectrodes in four multiple brain regions of Cg, Str, Hip, and PFC;
photocurrent signals on aptamer/Au SA/TiO2 and aptamer/AuNP/TiO2

micro-photoelectrodes in (b) Str, (c) Hip, and (d) PFC of normal and PD
mice (n= 4 electrodes); (e) immunohistochemical staining of TH in the
brain regions and corresponding quantitative analysis in (f) Str, (g) Hip,
and (h) PFC, the scale bar is 50 mm (n = 4 mice); (i) co-immunoreac-
tivity analysis of the brain sections from the normal and the PDmice by
immunofluorescence, stained with anti-DAT antibody (red), anti-NET
antibody (green), and anti-5-HITT antibody (yellow), the scale bars are
20 mm; the corresponding quantitative analysis of relative fluorescence
intensity in the region of (j) Str, (k) Hip, and (l) PFC; (m) immunofluo-
rescence analysis of the brain sections in Str, Hip, and PFC, stainedwith
GFAP antibody (green) and asyn antibody (red), the scale bars are 100
mm, and the corresponding quantitative results expressed as the
relative fluorescence intensity of (n) GFAP and (o) aSyn (n = 4 mice).
The data are all expressed as mean ± SD. Significance was determined
by two-tailed unpaired Student's t-test (*p < 0.05, **p < 0.01, ***p <
0.001).
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exhibited a gradual increase in DA levels, reaching a peak within
the next 30 minutes. From the normalized data, it was observed
that PD mice appeared more responsive to L-DOPA than normal
mice. This increased sensitivity in PDmice was attributed to the
severe depletion of DA, necessitating a greater amount of L-
DOPA to produce supplementary DA. In contrast, the injection
of L-DOPA in normal mice only marginally increased DA levels
above the baseline. Our ndings conrmed that the photo-
electrodes could support a period of time monitoring across
multiple brain regions.

To further demonstrate the superior selectivity of aptamer/
Au SA/TiO2 micro-photoelectrodes and to implement quantita-
tive DA in vivo detection, four micro-photoelectrodes were
implanted into cingulum (Cg), Str, Hip, and PFC, respectively
(schematics in Fig. 6a). The Cg, a brain region without DA,42,43

was used as a referenced in vivo environment for calibration
with the in vitromeasurements (Fig. S37 in the ESI†), facilitating
dynamic monitoring of DA uctuations rather than absolute
quantication by leveraging the stable background (i.e., AA) to
detect transient DA changes induced by physiological stimuli.
The quantitative in vivo DA detection in Str, Hip, and PFC of
normal and PD mice is plotted in Fig. 6b, c and d, respectively.
In all three brain regions, the aptamer/Au NP/TiO2 showed
stronger photocurrent intensity than aptamer/Au SA/TiO2 both
for normal and PD mice, which indicated that the aptamer/Au
NP/TiO2 not only captured DA, but also trapped analogue
neurotransmitters, such as NE, EP, and 5-HT. By comparing the
selective DA responses on aptamer/Au SA/TiO2 in three brain
regions between PD and normal mice, we revealed that the
onset of PD caused by MPTP appeared to be solely related to the
depletion of DA in Str, while having little effect on DA in Hip
and PFC. Notably, compared with normal mice, the signal
intensity in PFC showed a distinct decrease on aptamer/Au NP/
TiO2 for PD mice, while the signal was maintained in a steady
state on aptamer/Au SA/TiO2, which revealed a conclusion
different from the previously reported results.44,45 During the
occurrence of PD, in the PFC region, the concentration of DA
did not show a signicant decrease, while, the obvious signal
decline on aptamer/Au NP/TiO2 should be attributed to the
reduction of other neurotransmitters. That is, the high DA
selectivity on aptamer/Au SA/TiO2 uncovered the subdivided
functions of neurotransmitters, which are further validated in
the following biochemical analysis.

To verify the conclusion drawn from PEC detection,
histology causes were rst investigated. Hematoxylin–eosin
(HE) staining of the Hip and PFC in both normal and PDmice is
shown in Fig. S38 in the ESI.† The Hip region appeared well-
organized with healthy cell statuses and distinct boundaries,
and the neurons in the PFC region of normal mice were densely
arranged, exhibiting uniform cell morphology with clear
nucleoli. Conversely, PD neurons displayed irregular shapes
and smaller neuronal cell bodies. Subsequently, immunohis-
tochemistry was employed to assess tyrosine hydroxylase (TH)
levels in the Str, Hip, and PFC (Fig. 6e). TH, being the rate-
limiting enzyme for dopamine (DA) and norepinephrine (NE),
reected the levels of DA and NE.46–48 It was observed that, post-
PD, TH levels in the Str signicantly decreased (Fig. 6f), which
9726 | Chem. Sci., 2025, 16, 9720–9729
was a hallmark of PD. Conversely, TH levels in the Hip remained
largely unchanged (Fig. 6g). Notably, a slight reduction occurred
in the PFC (Fig. 6h), potentially associated with decreased NE
levels.49

The distribution of various neurotransmitters, identied by
their respective translocators, was discernible through
combined immunouorescence. Results are shown in Fig. 6i,
with corresponding quantitative analysis of relative uores-
cence intensity in Fig. 6j–l. The differences between normal and
PD conditions aligned well with the PEC results, indicating
a sharp decline in the Str and minimal changes in the PFC and
Hip. Meanwhile, all three translocators exhibited declines in
the Str of PD mice, with no variations in the Hip. Interestingly,
the expressions of both norepinephrine transporter (NET) and
serotonin transporter (5-HITT) in the PFC decreased in PD, but
© 2025 The Author(s). Published by the Royal Society of Chemistry
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5-HITT showed a more pronounced reduction. These ndings
indicated that the differential PEC responses between Au SA
and Au NPs in the PFC primarily resulted from decreases in NE
and serotonin (5-HT), while Au NPs' low selectivity caused
simultaneous capture of DA analogues, consequently resulting
in amarked change in Au NP responses between normal and PD
mice.

Glial brillary acidic protein (GFAP), a marker of astrocyte
activation, is linked to damage in the central nervous system,
making elevated GFAP levels in tissues a signature response to
such damage.50 Meanwhile, the accumulation of alpha-synu-
clein (aSyn) amyloid brils is a primary pathological indicator
of PD,51,52 thus increased aSyn expression is oen regarded as
a manifestation of oxidative stress in the PD brain (Fig. 6m). As
depicted in Fig. 6n, GFAP expression in the Str and PFC expe-
rienced a notable increase post-PD, while remaining unchanged
in the Hip. However, regarding aSyn, only the Str exhibited
a signicant upsurge aer PD onset, with minor elevations in
both Hip and PFC (Fig. 6o). This alteration in aSyn suggested
that MPTP scarcely inicted damage in the Hip, explaining why
neurotransmitter levels remain stable there. In contrast, MPTP
moderately affected the PFC, leading to modications in
neurotransmitters other than DA, given the absence of
substantial aSyn aggregation. Undeniably, increases in both
GFAP and aSyn in the Str can be attributed to the downturn in
all neurotransmitters. To further verify our neurotransmitter
dynamic pattern, high-performance liquid chromatography
with a uorescence detector (HPLC/FLD) was constructed to
measure dopamine concentration. As followed in Table S3 in
the ESI,† it was clear that aer the Parkinson's disease (PD), the
level of DA, especially in the striatum, dramatically decreased,
which could conrm the huge depletion of DA in PD. As
a contrast, there is only a slight decrease of the level of DA in the
other two brain regions, showing almost constant values. The
above results could conrm our conjecture from another aspect.

Meanwhile, behavioural experiments were conducted to
further verify the above results. Previous lesion studies have
highlighted the crucial role of the medial PFC in temporal order
recognition (TOR) memory.53 There was no signicant differ-
ence in the discrimination ratio between normal mice and PD
mice (Fig. S39 in the ESI†), suggesting that MPTP-induced PD
did not impair TOR memory and has no impact on the PFC's
recognition function. Concurrently, a new object recognition
(NOR) test was employed to assess Hip function. As demon-
strated in Fig. S40 in the ESI,† the discrimination ratio of NOR
remained virtually unchanged between normal and PD mice,
indicating that MPTP-induced PD did not affect NOR memory.

Conclusions

In this study, we introduced a novel photoelectrochemical
single molecular aptamer sensor (PEC-sm-aptasensor) based on
atomic-level dispersion of aptamers on gold single-atom/tita-
nium dioxide (Au SA/TiO2) photoelectrodes for highly selective
in vivo detection of DA in various brain regions of living mice.
Our ndings not only advance the eld of aptasensor tech-
nology but also provide new insights into the neurochemistry of
© 2025 The Author(s). Published by the Royal Society of Chemistry
PD. Our results signicantly contrast with previous studies that
suggested a decrease in cortical dopamine levels in PD models.
In contrast to these ndings, our PEC-sm-aptasensor revealed
that while the total concentration of neurotransmitters
decreases in PD, the concentration of DA in the prefrontal
cortex remains constant. This discovery aligns with recent
studies emphasizing the complexity of neurochemical changes
in PD and challenges the traditional view of a uniform decrease
in DA levels across brain regions. The high selectivity and
sensitivity of our PEC-sm-aptasensor allowed for this nuanced
understanding, highlighting the importance of advanced
detection technologies in neurochemical research. The
observed constancy of DA levels in the prefrontal cortex, despite
a decrease in other neurotransmitters, suggests that cognitive
functions may be less affected in early stages of PD than
previously thought. This nding could have signicant impli-
cations for the development of targeted therapies that aim to
preserve the cognitive function in PD patients. The PEC-sm-
aptasensor's ability to discern this pattern underscores the role
of single molecular-level dispersion in enhancing sensor spec-
icity, allowing for accurate detection in complex biological
environments. While our study provides ground-breaking
insights, it is not without limitations. The PEC-sm-aptasensor,
although highly selective, is designed specically for DA
detection. Expanding its application to other neurotransmitters
would require the development of aptamers with similar
selectivity. Additionally, the long-term stability of the sensor in
vivo and its potential for use in human studies remain to be
determined. These factors could inuence the broader appli-
cation and interpretation of our results. Future research should
focus on expanding the PEC-sm-aptasensor's capabilities to
detect a range of neurotransmitters simultaneously. This would
provide a more comprehensive picture of neurochemical
changes in PD and other neurological disorders. Additionally,
investigating the sensor's long-term stability and biocompati-
bility in vivo is crucial for its translational potential. Further-
more, exploring the mechanisms underlying the observed
neurochemical patterns could reveal new targets for therapeutic
intervention in PD. The development of the PEC-sm-aptasensor
has broad implications for the eld of neuroscience and
neurodegenerative disease research. By enabling highly selec-
tive and sensitive in vivo detection of neurotransmitters, our
work paves the way for more accurate diagnosis, monitoring,
and treatment of PD and potentially other neurological disor-
ders. The ability to track neurochemical changes in real-time
could also impact the development of personalized medicine
strategies, tailoring treatments to individual patients' neuro-
chemical proles. This study, therefore, not only contributes to
the advancement of aptasensor technology but also holds
promise for improving clinical outcomes in neurodegenerative
diseases.
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purchased from Shanghai SLAC Laboratory Animal Co. Ltd. And
all surgical procedures involving mice were conducted in
accordance with the Guidelines for the Care and use of Labo-
ratory Animals of ECNU.
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