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C anchoring group greatly
improves the signal stability of electrochemical
aptamer-based sensors for in vivo measurements

Wanxue Zhang,a Bandar Alsuwayni,bc Jiamei Liu,a Qingqing Wu, b Ziyin Mei,a

Songjun Hou,b Zishuo Zhang,a Xuewei Du,a Suyan Yi,a Shaoguang Li, *a

Colin Lambert, *b Hui Li *a and Fan Xia

The ability tomonitor drug pharmacokinetics in real time and directly in vivo is critical to achieve therapeutic

efficacy and personalized medicine. Electrochemical aptamer-based (EAB) sensors have emerged as

a promising platform for this purpose, yet their long-term stability is compromised by the degradation of

the conventional Au–S bond-based bioelectronic interface under continuous interrogation. To address

this fundamental limitation, we introduced an approach based on an Au–C^C anchoring group to

create a significantly more robust sensing interface. This stable configuration enabled our sensors to

retain 92% signal integrity over 72 hours (>6000 scans) in whole blood. Leveraging this exceptional

stability, we successfully achieved real-time tracking of drug concentrations in live rats, demonstrating

a significant advance toward continuous pharmacokinetic monitoring.
Introduction

Medical devices that enable continuous, in vivo monitoring, as
an emerging technology capable of tracking specic target
substances in a real-time fashion are being developed, thus
providing great opportunities for clinical use.1–4 However,
current biomedical devices for in vivo measurement of, for
example, oxygen,5 glucose,6 or lactate,7,8 are limited in scope, as
they predominantly rely on highly specic enzyme-based reac-
tions. Such inherent limitation creates a signicant gap in
addressing the broader spectrum of unmet monitoring needs.
EAB sensors are promising candidates for lling this role. They
utilize aptamers as recognition probes, which possess several
merits including low cost, high stability, and ease of chemical
modication.9–11 EAB sensors utilize the conformational
changes of such aptamers upon recognition of target analytes,
thereby generating easily measurable electrochemical signals
and are applicable for a great variety of analytes.12,13 When EAB
sensors undergo continuous, real-time monitoring, particularly
in complex media, they suffer from signal decay which does not
reect the target concentration accurately. Such decay stems
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from multiple factors, including nuclease degradation of the
DNA probe, electrode surface biofouling, instability of
anchoring chemistry, etc.14,15

Recent studies have indeed been complicated by signaling
decay challenges.16 For example, Leung et al. demonstrated the
use of articial nucleic acids as a probe instead of the natural
ones to greatly improve the nuclease-resistant ability, thus
achieving an enhanced signal stability for their EAB sensors in
vivo.17 Relevantly, our group developed a pH-stable redox
reporter as a stable indicator for EAB sensors deployed in
bladder in living rats.18 From the aspect of biofouling, our
previous work demonstrated that protective hydrogels and
immobilized self-assembled monolayers (SAMs) can also reduce
biofouling and thus current dri.19,20 Soh and colleagues
developed a biomimetic multicomponent biosensor coated with
polymers to prevent fouling, which enables continuous
measurement of specic target molecules in vivo.21 Com-
plementing these approaches, recent studies have introduced
polymer brushes as robust antifouling layers to extend sensor
lifetimes in complex media,22 while zwitterionic SAMs have
been shown to effectively resist nonspecic adsorption and
improve discrimination against chemical analogues.23 In
parallel, there are many studies, including those from our
group, on the development of a calibration-free algorithm to
reduce the electrochemical sensing signals with optimized
performance in complex matrices.24–28

The above-described efforts signicantly improve the signal
stability, while they don't tackle the problem of probe detach-
ment, which will ultimately cause the sensor to fail. Accord-
ingly, many studies explored new anchoring chemistry by
Chem. Sci.
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Fig. 1 Aptamers are anchored to the electrode surface through alkyne-based anchoring to form Au–C^C-based EAB sensors with excellent
stability. (a) Schematic illustration of the stability of traditional Au–SH-based EAB sensors and (b) Au–C^CH-based sensors exhibiting better
stability. (c) Implantation of the high-performance Au–C^CH-based EAB sensors in vivo enables more stable real-time drug monitoring. (d)
Wettability of the sensor surface before and after blood treatment. (e) The antifouling properties of sensors using confocal fluorescence
microscopy studies. (f) Electrochemical impedance spectra of the sensors.
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replacing the mostly conventional Au–S anchoring groups,
including Au–N, Au–Se, C–C, C–N, etc.29–32 because thiol SAMs
can be replaced by biological thiols in complex physiological
environments,33 which causes signal decay for these sensors.15,34

It is worth noting that alkanethiol SAMs themselves can remain
stable under carefully controlled, narrow electrochemical
potential windows.15 However, for applications requiring wider
potential windows or prolonged interrogation, the inherent
instability of the Au–S bond itself becomes a limiting factor. A
very recent study introduced a gold–alkyne immobilization
Chem. Sci.
chemistry for DNA probe into EAB sensors,35 while the majority
of the self-assembled monolayer (SAM) remained composed of
conventional thiolated backllers (e.g., 6-mercaptohexanol). As
we and others have demonstrated, the long-term stability of
EAB sensors is critically dependent on the integrity of both the
probe and SAM. Our work here introduces a complete alkyne-
based interfacial architecture, wherein both the aptamer probe
and the SAM-forming diluent are anchored via Au–C^C bonds
(Fig. 1a and b). This holistic strategy eliminates the vulnerability
associated with residual Au–S linkages, resulting in
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 A summary of the stability performance of EAB sensors (note: signal retention = i/i0 × 100%)

72 h

Buffer

8 h

Blood

In vivo6000 scans Signal retention 6000 scans Signal retention

Supramolecular electro-chemical
aptamer39

No No — Yes — 77% No

Alkanethiol monolayer end groups40 No — — No No — No
Agarose hydrogel protective layer19 No No — Yes — 95% No
AuNPs@MXene nanocomposite41 No — — No No — No
Xenonucleic acids17 No — — No No — Yes
Carboxylate-terminated electrode42 No — — Yes — 50% No
Surface-conned DNA monolayers43 No — — No No — No
8-Mercapto-1-octanol and zwitterionic
polybetaine hydrogel44

Yes Yes 81% No No — No

Soware approach for redox peak
tracking45

Yes No 80% No No — No

Biomimetic phosphatidylcholine-
terminated monolayer46

No — — Yes — 90% Yes

This work: Au–C^C anchoring group Yes Yes 92% Yes Yes 94% Yes
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substantially enhanced stability compared to partial replace-
ment approaches. Ultimately, we can achieve real-time and
stable molecular monitoring in complex samples and even in
vivo environments, with the evidenced use of the Au–C^C
anchor for constructing conductive molecular layers and
a highly ordered monolayer onto the surface.36–38

We summarize here the stability performance of various EAB
sensors with the above-described strategies when they are
deployed in buffer, whole blood, and even in vivo conditions
(Table 1). The sensor developed in this work, which utilizes the
Au–C^C anchoring group, distinguishes itself by maintaining
>90% signal retention in both whole blood and in vivo envi-
ronments over 72 hours, representing the only technology
demonstrating high stability under all tested conditions.
Results and discussion

We hypothesized that the Au–C^C bond, formed by alkyne
anchoring groups, would confer superior stability to EAB
sensors compared to conventional Au–S bonds, owing to its
higher binding strength (Fig. 1). To evaluate this, we fabricated
sensors using both alkyne- and thiol-anchored DNA probes
along with the corresponding self-assembled monolayers
(SAMs). We selected 5-heptyne-1-ol (HYO) as the alkyne-
anchored analogue to the traditional thiol-based monolayer 6-
mercapto-1-hexanol (MCH). This pairing ensured that the two
SAMs differed only in their anchoring chemistry (alkyne vs.
thiol), while being matched in the terminal functional group
and alkyl chain length. The alkyne-anchored group not only
substantially enhanced the operational stability of the EAB
sensors under continuous measurement in both in vitro and in
vivo settings but also yielded improved sensitivity and reliability
of the sensing devices.

Both Au–C^C and Au–S interfaces differ in the surface
properties, including contact angles, antifouling properties and
electrochemical impedance spectra. First, the HYO-based
surface exhibited a similar contact angle to MCH, as both
© 2026 The Author(s). Published by the Royal Society of Chemistry
molecules possess the same –OH terminal group. HYO exhibi-
ted a lower amount of absorbed protein (i.e., higher antifouling
capability) than the MCHmonolayer (surface coverage values of
40.2% versus 50.6%, respectively). Electrochemical impedance
spectroscopy (EIS) determined the surface coverage associated
with monolayer structural integrity.47,48 We observed a 10-fold
higher resistance value for the HYO-based surface than MCH-
based ones (10 701.3 U vs. 1109.2 U). We observed that the
resistance value and surface coverage of alkyne-based mole-
cules were both higher than those of MCH, which might be
related to the surface adsorption of the molecules. This is
consistent with the previous work reporting that the electrode
surfaces anchored with gold–alkyne molecules exhibited the
highest adsorption coverage compared to those from gold–
sulfur and gold–selenium bonds36 (Table S1).

Model compounds for the demonstration of stability

To comparatively evaluate the interfacial stability of Au–C^C
and Au–S anchors under electrochemical interrogation, we
synthesized model compounds MB–C^CH and MB–SH and
fabricated redox-active SAMs to simulate sensor operation
(Fig. 2, S1–S5). We assessed the stability of these SAMs using
complementary techniques: long-term electrochemical cycling
quantied the retention of the redox signal, X-ray photoelectron
spectroscopy (XPS) monitored the chemical integrity of the
interface at critical intervals, and confocal laser scanning
microscopy visualized the spatial distribution and retention of
the molecular layer over time.

Under continuous electrochemical scanning over 72 hours
(∼1200 scans), the signal of MB–C^CH functionalized elec-
trodes remain quite stable with less than 10% of uctuations,
while MB–SH exhibited a signicant loss (ca. ∼60%) of its
original peak current (Fig. 2c). To probe the degradation
mechanism, we analyzed both electrodes at selected intervals (t
= 0, 24, 48, 72 h) using XPS and confocal microscopy, tracking
the temporal evolution of chemical composition and spatial
distribution of both SAMs.
Chem. Sci.
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Fig. 2 The Au–C^C bond enhances the stability of immobilized molecules on the electrode surface. (a) We first used model compounds to
fabricate their respective MB–C^CH (left panel) and MB–SH (right panel) to demonstrate the stability of these two SAMs. (b) Baseline-subtracted
square-wave voltammograms of MB–C^CH and MB–SH, respectively. (c) MB–C^CH supports longer continuous electrochemical interro-
gation in PBS buffer compared to MB–SH. (d) X-ray photoelectron spectra (XPS) of the MB–C^CH peak of C 1s after electrochemical inter-
rogation at 0, 24, 48, and 72 h in PBS buffer. (e) XPS spectra of theMB–SH peak of S 2p after electrochemical interrogation at 0, 24, 48, and 72 h in
PBS buffer. (f and g) Confocal microscopy images and the respective surface coverage of MB–C^CH– andMB-SH–based surfaces. (h) Summary
of temporal variations in fluorescence surface coverage, SWV signal change, and XPS results.

Chem. Sci. © 2026 The Author(s). Published by the Royal Society of Chemistry
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XPS results demonstrate that such decrease of the MB signal
is due to the loss of SAMs over time. Specically, the MB–C^CH
SAMs revealed two distinct peaks in the C 1s spectrum at 281.4
eV and 282.8 eV (Fig. S6), which are assigned to the Au–C bond
(C 1s, sp3 carbon) and the terminal C^C bond (C 1s, sp carbon),
respectively, according to the previous literature.36,49,50 Critically,
the intensity of the 282.8 eV peak remained stable throughout
electrochemical interrogation (Fig. 2d), demonstrating the
robust chemical integrity of the Au–C^C anchoring bond.
Conversely, the MB–SH SAMs showed the characteristic double
peak in the S 2p region (Fig. 2e), with the S 2p3/2 component at
160.0 eV corresponding to the Au–S bond51 (Fig. S6). We
observed a signicant, time-dependent decrease in the inte-
grated area of this S 2p3/2 peak during sensor operation. This
indicates progressive desorption of thiol-anchored molecules
from the gold surface. This marked contrast to the invariant C
1s signal intensity of the MB–C^CH SAMs provides direct
spectroscopic evidence of the superior interfacial stability
conferred by the alkyne anchoring chemistry.

Leveraging the intrinsic uorescence of methylene blue
(MB), we employed confocal laser scanning microscopy to
comparatively assess the interfacial stability of both MB–C^CH
and MB–SH SAMs at selected intervals (t = 0, 24, 48, 72 h)
(Fig. 2f and S7). Quantitative analysis of the integrated uo-
rescence area revealed the remaining MB molecules on the
interface. The MB–C^CH SAMs demonstrated exceptional
stability with over 90% of MB molecules remaining on the
surface during electrochemical interrogation over 72 hours
(Fig. 2g and S8). In sharp contrast, the MB–SH-modied surface
exhibited signicant time-dependent uorescence loss, with
∼50% of MB molecules remaining on the surface over the same
period.

Collective evidence from electrochemical, XPS spectroscopic,
and confocal microscopy analyses consistently demonstrates
the superior stability of alkyne-anchored (MB–C^CH) SAMs
over conventional thiol-based (MB–SH) monolayers under sus-
tained electrochemical interrogation. These results provide
direct visual and quantitative evidence that gold–alkyne bonds
confer superior resistance to electrochemical perturbation,
effectively minimizing probe detachment compared to
conventional gold–thiol bonds.
The stability of Au–C^C anchored EAB
sensors

Following the stability studies that demonstrated the superi-
ority of Au–C^C anchoring groups over thiol counterparts in
the model compound (Fig. 2 and S9), we then fabricated EAB
sensors using vancomycin (VAN)-binding aptamers as the rst
test bed (Fig. 3a and b). Similar to the model compound, here
we also selected the 72 hour time point to assess the intrinsic
stability of the sensing interface in a simple buffer solution over
an extended period without the confounding factor of sample
degradation. As expected, VAN–C^CH-functionalized sensors
exhibited <10% peak current attenuation under continuous
electrochemical interrogation in PBS (72 h, >6000 cycles),
© 2026 The Author(s). Published by the Royal Society of Chemistry
whereas thiol-anchored sensors underwent signicant signal
loss similar to the interrogation and complete signal loss (i.e.,
current drop to zero) aer 55 h (Fig. 3c). Of note, the alkyne-
anchored EAB sensor exhibited a packing density (1.20 × 1011

molecules per cm2) that is one order of magnitude lower than
that of thiol-anchored ones (1.38 × 1012 molecules per cm2),
which reproduces the results reported in a recent study.35

Next, we further interrogated our sensors in a complex
matrix (e.g., whole blood). Specically, we interrogated our
sensors in the undiluted whole blood matrix for 8 hours, as it
extends beyond the typical maximum duration of in vivo elec-
trophysiological recordings (approximately 6 hours in anes-
thetized rat models), thereby allowing us to evaluate sensor
stability under physiologically relevant, complex matrix condi-
tions. Once again, the alkyne-anchored sensor (VAN–C^CH)
exhibited a more stable peak current in the voltammograms
compared to the thiol-anchored sensor (VAN–SH). Over
a monitoring period of 8 hours (>700 cycles), the peak current of
VAN–C^CH sensors only decreased by less than 15%, while
that of VAN–SH-based sensors dropped by approximately 90%.

To elucidate the mechanism underlying signal attenuation
in the whole blood environment, we implemented a urea wash
protocol to discriminate between biofouling-induced signal loss
and irreversible probe detachment. This experimental rationale
posits that signal recovery should occur post-wash if attenua-
tion stems primarily from nonspecic biomolecular adsorption.
Contrary to this expectation, thiol-anchored (VAN–SH) sensors
exhibited no signal regeneration following urea treatment. We
achieved a robust and repetitive titration curve aer the urea
wash in comparison to that prior to washing (Fig. S10). This
observation conclusively demonstrates that signal degradation
originates predominantly from permanent desorption of
aptamer probes from the electrode surface, rather than revers-
ible biofouling. Notably, alkyne-anchored EAB sensors main-
tained ∼85% signal integrity post-wash, and we observed no
signal recovery of thiol-anchored sensors, further validating
that the signal decrease is due to the loss of probe rather than
biofouling challenges.

As it is true for the two model compounds (MB–SH vs. MB–
C^CH), we performed XPS measurements to monitor interfa-
cial compositional evolution during electrochemical interroga-
tion at key timepoints (t = 0, 2, 4, 8 h). Likewise, the C 1s
spectrum at 286.2 eV of the VAN–C^CH surface can be
assigned to the terminal C^C bond (C 1s, sp carbon) (Fig. S11).
Critically, the intensity of this peak remained stable throughout
electrochemical interrogation (Fig. 3f), demonstrating the
robust chemical integrity of the Au–C^C anchoring bond.
Conversely, the VAN–SH SAMs exhibited a characteristic double
peak in the S 2p region (e.g., peaked at 162.9 eV), which
exhibited a signicant, time-dependent decrease in the inte-
grated area during sensor operation. Remarkably, we observed
that the decrease in magnitude matched well with the decay of
electrochemical signals. At t = 2, 4 and 8 h, both XPS and
electrochemical currents for thiol-based sensors exhibited
signal decreases of ∼70%, ∼80% and ∼90%, respectively. This
indicates progressive desorption of thiol-anchored molecules
from the gold surface.
Chem. Sci.
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Fig. 3 Au–C^C-based EAB sensors exhibit excellent electrochemical stability.We utilized vancomycin-modified EAB sensors to illustrate this effect. (a)
Schematic representation of the VAN–C^CH sensor and (b) the VAN–SH sensor during 8 h of electrochemical access in blood. (c) Au–C^C supports
longer continuous electrochemical interrogation in PBS buffer compared to Au–SH. (d) Baseline-subtracted square-wave voltammograms of VAN–
C^CH and (e) VAN–SHover 8 hours. (f)We investigatedwhether the observed signal decay in bloodwas due to aptamer detachment by exposing both
sensors to blood for 8 hours while performing electrochemical scans, followed bywashing the electrodeswith 9.5M urea, which only recovered a small
portion of the lost signal. (g) C 1s X-ray photoelectron spectroscopy of VAN–C^CH at 0, 2, 4, and 8 h and (h) S 2p X-ray photoelectron spectroscopy of
VAN–SH at 0, 2, 4, and 8 h in blood. (i) Summary of temporal variations in SWV signal change and the relative elemental content ratio. DFT simulation
results showing top and lateral views of adsorption structures on the Au surface: (j) Au–CC at the fcc hollow site and (k) Au–S at the bridge site. (l) The
corresponding charge density differencemaps for–C^C– and–S anchoredmolecules onAu surfaces^^ exhibited amore-dense charge distribution
at the bonding interfaces of HYO than that of MCH, highlighting its stronger electronic coupling.

Chem. Sci. © 2026 The Author(s). Published by the Royal Society of Chemistry
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We further evaluated the signaling stability of aptamer–
monolayer complexes formed via different anchoring chemis-
tries. Specically, we compared co-assembled monolayers
employing vancomycin aptamers with either thiol (VAN–SH) or
terminal alkyne (VAN–C^CH) anchors, assembled alongside
hydroxyl-terminated alkanethiol (HYO) or mercaptohexanol
(MCH) diluents, respectively. The results revealed that the
conguration utilizing gold–alkyne anchor groups for both the
aptamer and SAM formation exhibited superior stability at the
electrode interface (Fig. S12). The conguration of Au–SH for
both components exhibited the lowest signals over the same
durations. The sensors with mixed anchoring components
(VAN–SH/HYO or VAN–C^CH/MCH) lied in between.

To further assess the generality of the alkyne-anchoring
strategy, we fabricated sensors using aptamers for kanamycin
(KAN) and doxorubicin (DOX). Consistent with our hypothesis,
the Au–C^C-anchored sensors for both targets exhibited
superior stability, sustaining less than 20% signal loss over 8
hours. In contrast, their Au–SH counterparts suffered
a substantial signal loss of 60–80% under identical conditions
(Fig. S12).
Theoretical study

In order to elucidate the above experimental observations,
density functional theory (DFT) calculations were performed
using the Vienna Ab initio Simulation Package (VASP)52 to
investigate both the geometric and electronic structures of the
system. A four-layer (3 × 3) Au (111) surface was modelled with
lateral dimensions of 8.85 Å × 8.85 Å, and a 4 × 4 × 1 k-point
mesh was employed for Brillouin zone sampling (see more
computational details in the Theoretical Methods section and
Fig. S13 of the supplementary information (SI)). Our simulation
results indicate that HYO exhibits a preference for fcc hollow
site adsorption over the bridge site and hcp hollow site ener-
getically (Fig. 3j) with an adsorption energy Eads of −3.66 eV.
Bader charge analysis53–56 reveals that HYO gains approximately
0.20 electrons upon adsorption (Fig. 3l, Table S2). Other
adsorption sites were systematically examined for both HYO
and MCH molecules (see Fig. S14–S16 for more details). MCH
exhibits a similar adsorption preference to HYO, favoring the
bridge site (Fig. 3k) with an adsorption energy of −2.32 eV. This
suggests that the –S anchor forms a weaker bonding with the Au
surface compared to the Au–C^C– anchor in HYO. Bader
charge analysis further shows that 0.08 electrons are transferred
to MCH electrons from gold substrates. To gain deeper insight
into the interfacial interactions, charge density difference
(CDD) properties were further investigated for the charge
distribution between the surface and the molecules (Fig. 3l).
The denser charge distribution at the molecule–substrate
interface for HYO highlights a stronger electronic coupling
compared to MCH. Collectively, the stronger adsorption energy
and larger charge transfer and denser CDD features collectively
indicate that Au–C^C-anchored sensors exhibit superior elec-
tronic coupling and are likely to perform more efficiently than
thiol-anchored counterparts.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Sensor performance

Based on the theoretical studies, we speculate that Au–C^C-
anchored sensors exhibit faster charge transfer rates than the
Au–SH-based ones. To investigate this, we used cyclic voltam-
metry (CV) to examine their electrochemical behavior (Fig. 4a,
b and S17). According to Laviron's theory, the relationship
between the anodic peak potential (Epa), cathodic peak potential
(Epc), and scan rate v under a diffusionless electron transfer (ET)
mechanism is given by eqn (1) (ref. 57):

DEp = 2.3RT/(1 − a)nF lg v + 2.3RT/(1 − a)nF lg((1 − a)nF/

(RTKs)) (1)

In eqn (1), DEp is the peak-to-peak separation of the redox
potential, a is the electron transfer coefficient, Ks is the electron
transfer rate constant, n is the number of electrons transferred
(n = 2 for the MB molecule in this study), F is Faraday's
constant, T is the temperature (Kelvin), and R is the gas
constant. The electron transfer coefficient a is calculated as
follows:

a = Sa/(Sa − Sc) (2)

where Sa and Sc are the slopes of the linear relationships Epa–
log v and Epc–log v, respectively.

The standard electron transfer rate constants (Ks) calculated
for the VAN–C^CH and VAN–SH sensors were determined to be
2.84 s−1 and 2.52 s−1, respectively. This conrms that the
alkyne-based anchoring strategy enhances the interfacial elec-
tron transfer kinetics. This nding is further corroborated by
frequency-dependent studies, where the peak charge transfer
frequency for the VAN–C^CH sensor exhibits a distinct shi
toward higher frequencies compared to the VAN–SH analogue
(160 Hz vs. 18 Hz) (Fig. 4c). The consistency between the
enhanced Ks values and the increased characteristic frequency
provides robust evidence for improved charge transfer effi-
ciency via the alkyne linkage. We further tested the kanamycin-
and doxorubicin-detecting sensors, achieving higher transfer
kinetics for alkyne sensors. For the former, we achieved the Ks

values calculated for the C^CH- and SH-anchored sensors as
3.22 s−1 and 2.64 s−1, respectively (Fig. S18). For the latter, we
observed an even higher Ks of 3.42 s−1 for alkyne-anchored
sensors, while a similar value for SH-anchored ones (2.60 s−1).
These results demonstrate that using Au–C^C bonding can
effectively enhance the signal transfer kinetics of EAB sensors.

The alkyne-anchored sensors also exhibited varied target
affinity in comparison to the conventional EAB sensors. For
example, the VAN–C^CH sensor demonstrated 4-fold lower
affinity against vancomycin in PBS buffer with a dissociation
constant (KD value) of 162 mM. In contrast, the VAN–SH sensor
exhibited a KD value of 40 mM (Fig. 4g and S20). To decouple the
effects of anchoring groups from those of probe density, we also
compared thiol-anchored sensors fabricated at similarly low
densities (via controlled backlling). These low-density thiol
sensors also exhibited rapid binding kinetics and affinities as
alkyne-anchored sensors with similar densities (Fig. S21).
Chem. Sci.
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Fig. 4 The Au–C^C anchor group accelerates the charge transfer between MB and the electrode surface. (a) Cyclic voltammograms (CVs)
recorded at VAN–C^CH and (b) VAN–SH electrodes in PBS buffer at scan rates ranging from 0.01 to 10 V s−1 (the zoomed-in view of plots of (a)
and (b) are shown in Fig. S17). (c) Function of charge transfer versus frequency. Relationship between the peak potential and the logarithm of scan
rate for (d) VAN–C^CH and (e) VAN–SH, respectively. (f) Comparison of charge transfer rates obtained using two different calculation methods.
Titration curves of the sensor in (g) PBS and (h) whole blood. (i) Specificity analysis of the sensors.
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Similarly, when deployed in blood, the alkyne-based sensors
exhibited slightly higher affinity than thiol-based ones (197 mM
vs. 261 mM) (Fig. 4h). Notably, both classes of sensors exhibited
good specicity against targets in comparison to the interferent
molecules. Likewise, KAN-detecting sensors exhibited compa-
rable target affinity for both anchoring chemistry in PBS buffer,
while when deployed in serum or blood thiol-based sensors
achieved higher affinities. DOX-detecting sensors exhibited
lower affinities (i.e., greater KD values) for C^CH in comparison
to SH-anchored ones (Fig. S22, Table S3).

We previously demonstrated that the terminal groups of
SAMs manipulated the sensor performance including stability,
affinity, specicity, etc.,20,24,58,59 particularly for sensors deployed
in the complex matrix. In order to expand the alkyne-anchoring
SAMs, here we prepared a series of alkyne monolayers with the
same alkyl segment and varied terminal groups bearing non-
charge or charge moieties (Fig. 5a), thus altering the wettability,
Chem. Sci.
antifouling property and ultimately sensor performance. These
included mono-charged molecules such as 5-heptynoic acid
(HA) and L-propargylglycine hydrochloride (HPGH), zwitterionic
derivatives such as 5-heptyne-1-phosphatidylcholine (HPC)
(Fig. S23 and 24) and 5-heptyne-1-amine hydrochloride (HYAH),
and non-charged molecules such as 1-heptyne (HY), 5-heptyne-
1-ol (HYO), and 1H-peruoro-1-octyne (PFOY).

Wettability characteristics of the as-prepared SAMs are
greatly dependent on their terminal groups (Fig. 5b, Table
S4).20,58,60 As expected, the uoro-substituted derivative PFOY
forms the most hydrophobic SAMs among all these derivatives
with a contact angle of 91.6°, followed by HPGH of 89.6°. The
methyl-terminated molecule HY exhibits a contact angle of
80.5°. SAMs fabricated from charged terminal group-based
derivatives have signicantly lower contact angles ranging from
65.4° to 74.3°. Similar to our previous observations,20,58 we also
demonstrated a signicant alteration of hydrophilicity when
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 We comprehensively evaluated the performance of EAB sensors constructed using seven different SAMs, all anchored via a stable Au–
C^C bond. (a) Schematic illustration of the vancomycin aptamer anchored via the Au–C^C bond and themolecular structures of various SAMs.
(b) Wettability study (top) and confocal fluorescence microscopy images (down) of electrodes prepared with different SAMs. (c) Impedance
spectra of electrodes. (d) The charge transfer study of sensors fabricated with various SAMs. (e) Signal stability of EAB sensors fabricated with
different SAMs in whole blood. (f) Titration curves of the sensors in whole blood. (g) Specificity analysis of the sensors. (h) Radar plots were used to
evaluate the overall performance of these SAMs and their corresponding sensors.
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immersing our electrodes with SAMs in blood, a real sample
matrix for target analysis. We observed greater CA changes for
hydrophobic surfaces than that for hydrophilic ones. For
instance, both hydrophilic SAMs from HYO and HPC achieved
a minimal decrease of CA value by 8.5°–10.7°. Membranes with
single charges (HA and HYAH) exhibited moderate decreases in
contact angle aer blood treatment, with changes of 25.3° and
© 2026 The Author(s). Published by the Royal Society of Chemistry
27.1°, respectively. Hydrophobic SAMs from HY, PFOY and
HPGH exhibited greatest decreases in CA value by 42.6°, 44.2°
and 53.2°, respectively.

The structural characteristics of SAMs signicantly inuence
their antifouling capabilities. Among the tested SAMs, HYAH
monolayers exhibited the highest adsorption of proteins, with
an area occupancy (Aroc) value of 70.9%, attributed to the
Chem. Sci.
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Fig. 6 Real-time monitoring of vancomycin and doxorubicin using an in vivo electrochemical aptamer sensor. (a–c) Gold electrodes undergo
electrochemical etching to form nanodendritic structures, enhancing the electroactive surface area and increasing the aptamer grafting density.
(d) Schematic of the implanted sensor structure, implantation site, and drug injection process. (e) Wemonitored the in vivo stability of the sensor
along with the monotonic increase in intravenous dosage. Stability of the (f) vancomycin sensor and (i) doxorubicin sensor after implantation. (g)
Plasma vancomycin concentration returns to baseline following first-order elimination kinetics after intravenous injection of 30 mg kg−1 van-
comycin. (j) Plasma doxorubicin concentration follows a similar trend after intravenous injection of 90 mg m−2 doxorubicin. Time-dependent
concentration profiles of (h) vancomycin and (k) doxorubicin.

Chem. Sci. © 2026 The Author(s). Published by the Royal Society of Chemistry
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electrostatic attraction between the charged SAMs and BSA
proteins with a net negative charge.58 In contrast, the negatively
charged molecular HA showed a signicantly reduced adsorp-
tion with an Aroc value of 38.3%. The zwitterionic HPC
demonstrated the lowest Aroc value of ∼27.0%, demonstrating
its best antifouling capability. Among non-charged molecules,
the most hydrophobic monolayer, PFOY, exhibited the highest
area occupancy ratio (e.g., 54.7%), followed by HPGH and HY,
with Aroc values of 47.9% and 45.3%, respectively.

Next, we employed electrochemical impedance spectroscopy
(EIS) using ferrocyanide as a redox probe to assess the surface
coverage and structural integrity.47,48 All the impedance plots
exhibit a low-frequency straight line and a very small semicircle
in the high-frequency region (Fig. 5c, Table S4), indicating
a diffusion-controlled process for the redox pair present on the
bare Au surface. The derivatives of our SAMs have the same
length of hydrophobic alkyl region but vary in the head group.
The greater head groups produced a higher Rct. HPC with
greatest head groups exhibited the maximum Rct value of 20 872
U, followed by HA with a Rct of 10 554 U. Next, PFOY exhibited
a Rct value of 7081 U. The HY-, HYAH- and HPGH-based SAMs
with smallest heading groups (–H) exhibited the lowest Rct value
in the range of 3000 to 4000 U.

We determined the electron transfer rate of sensors fabri-
cated from these monolayers by analyzing the square wave
voltammetry frequency at maximum charge transfer (Fig. 5d
and Table S5). Likewise, the structural characteristics of SAMs
signicantly inuence their electron transfer capabilities.
HYAH exhibited the fastest electron transfer rate of 354 s−1,
followed by HY and PFOY.61 The model compound HYO also
achieved a moderate electron transfer kinetic. Mono-charged
SAMs including HA and HPGH exhibited extremely slow elec-
tron transfer kinetics without a maximum over the range of 6–
1000 Hz. The zwitterionic HPC monolayer also exhibited no
maximum, probably due to the larger heading groups of
molecules which lower the electron transfer efficiency.

Upon validation of surface properties, we then tested our
sensors fabricated from alkyne-anchored SAMs in whole blood,
observing that sensor performance (e.g., stability, affinity and
specicity) is greatly dependent of the terminal structures.
Sensors fabricated from HA, HPGH, and HPC exhibited the
highest stability, with signal attenuation of less than 20% aer
a period of 8 hours, followed by HYAH-based sensors with
signal reductions of 21.8%, respectively. PFOY-based sensors
exhibited moderate stability, with a signal loss of approximately
36.7%, while HY exhibited the lowest signal attenuation at
∼62.6%. HY-based sensors exhibited the lowest target affinity
(Fig. 5f and S26 and Table S5), with a dissociation constant (KD)
of 416.7 mM, followed by HPC-based sensors with a KD value of
275.9, while all the other sensors exhibited a similar target
affinity with KD values in the range of 150–200 mM.

Specicity characteristics of the as-prepared sensors are
greatly dependent on the terminal groups of these alkyne SAMs.
The HA- and HY-based sensors exhibited the highest specicity
for vancomycin, with average of specicity factor (SEFave) values
of ∼59 and 55, respectively, indicating that the signal changes
caused by kanamycin and glucose were signicantly smaller
© 2026 The Author(s). Published by the Royal Society of Chemistry
than those caused by vancomycin. The SEFave values for HYO
and HPC were 55 and 35, respectively, while the remaining
sensors possessed SEFave values of <25.

To understand the factors governing these performance
differences, we examined the properties of each alkyne-
anchored SAM using the polygon area. While all share the same
Au–C^C anchoring chemistry, their terminal groups vary in
hydrophilicity, antifouling capability, and structural compact-
ness. Our analysis suggests that the overall sensor performance
is primarily driven by antifouling properties and hydrophilicity
under continuous electrochemical interrogation. Terminal
groups with moderate hydrophilicity (e.g., HYO and HA) effec-
tively reduce nonspecic adsorption and maintain stable
interfacial integrity under bias, yielding the highest overall
scores. In contrast, highly hydrophobic or bulky terminal
groups (e.g., HPGH and HYAH) compromise surface coverage
and baseline stability, while groups with insufficient antifouling
characteristics (e.g., PFOY) exhibit a greater signal dri in
complex media. Electron-transfer kinetics and target partition-
ing also contribute to sensitivity differences but play
a secondary role here, as all alkyne-based interfaces retain
sufficient conformational exibility for aptamer function. Given
the need to compare against the conventional benchmark SAM
MCH, we selected HYO for further investigation in subsequent
experiments.

Motivated by the in vitro stability, we then demonstrated the
ability of Au–C^C-based sensors for in vivo study in living
animals (Fig. 6). To enhance the electrochemical surface area,
the gold electrode surface was electrochemically etched to
create a roughened microstructure, as corroborated by the
scanning electron microscopy (SEM) images (Fig. 6a–c).
Specically, the sensors were placed in the external jugular vein
of anesthetized Sprague-Dawley rats, with drug injections
administered through the contralateral external jugular vein
(Fig. 6d–k and S27). While the SH-based sensors exhibited
severe baseline dri with signal losses of 70% and 36% for
vancomycin- and doxorubicin-detecting sensors, respectively
(Fig. 6f and i, blue traces). In contrast, both Au–C^C-based
sensors exhibitedmuch greater signal stability with a signal loss
of less than 20%. We then employed a non-compartmental
analysis mode to t the pharmacokinetics of vancomycin and
doxorubicin. Following intravenous administration of vanco-
mycin at a dose of 30 mg kg−1, plasma concentrations increased
rapidly, reaching a maximum concentration (Cmax) of 46.33 mM
and an elimination half-life (t1/2) of 0.07955 hours. Similarly,
intravenous administration of doxorubicin at a dose of 90 mg
m−2 resulted in a peak plasma concentration of 45.61 mM and
a terminal elimination half-life of 0.2719 hours. These results
demonstrate that both compounds exhibit rapid distribution
and elimination in vivo.

Conclusions

In this work, we present an electrochemical aptamer-based
(EAB) sensor utilizing an Au–C^C anchoring group, which
signicantly enhances operational stability and reduces base-
line dri in complex biological environments such as whole
Chem. Sci.
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blood. Compared to conventional thiol-based interfaces, the
Au–C^C-modied sensors maintain high temporal resolution,
low detection limits, and high accuracy while substantially
improving signal integrity. We demonstrated the general
applicability of such stable sensing platform through the
continuous detection of three small-molecule drugs—doxoru-
bicin, kanamycin, and vancomycin. Furthermore, the sensor
was successfully deployed for real-time, in situ monitoring of
doxorubicin and vancomycin in the jugular vein of living rats,
underscoring its capability for reliable pharmacokinetic
tracking in vivo. To elucidate the origin of the enhanced
stability, density functional theory (DFT) calculations were
performed, revealing a signicantly higher adsorption energy
for the Au–C^C bond compared to the classical Au–S bond.

Our Au–C^C anchoring strategy offers a versatile founda-
tion for advanced implantable sensing technologies. Within the
broader context of stable interfacial designs, alternative chem-
istries such as Au–Se-, Au–S-, and carbene-based anchors
represent promising avenues for future exploration. Building on
this stability of Au–C^C-anchored EAB sensors, three key
directions emerge for application-oriented development. First,
this interface supports the design of sensors capable of multi-
day to multi-month implantation for chronic conditions such as
diabetes or gout. Second, it provides a platform to investigate
and engineer interfacial interactions with evolving biological
microenvironments. For instance, through covalent passivation
or self-healing coatings, such sensor platform can maintain
long-term signal delity. Third, its robustness facilitates the
construction of multi-panel sensor arrays and expands the
range of target molecules beyond those compatible with
conventional Au–S chemistry. Beyond diagnostics, this
anchoring strategy can be integrated into closed-loop bi-
oelectronic therapeutics. For example, coupling Au–C^C-
anchored aptamer sensors with responsive polymer coatings or
drug-releasing modules could achieve smart implants that
autonomously regulate therapeutic delivery based on real-time
biomarker levels, thereby bridging the gap between continuous
monitoring and precision medicine.
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