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1 | INTRODUCTION

Blood, as the central conduit of the systemic circulation,
serves as the carrier of overall physiological and pathologi-
cal information. Changes in its physicochemical properties
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Abstract

The dynamic changes in blood physicochemical properties are regarded as the
most direct and immediate window into the physiological state of the body,
which cannot be captured by conventional intermittent blood sampling and
analysis. The emergence of implantable electrochemical sensors offers a
transformative solution, enabling blood to be monitored directly, in situ, and
continuously, thereby potentially shifting medical diagnosis from a stan-
dardized model based on population averages toward an era of dynamic,
individualized analysis. Recent developments have focused on material design
and sensing technologies, through which continuous monitoring of multiple
key analytes in blood has been achieved. This review systematically examines
this rapidly advancing field. The unique properties of blood and their influ-
ence on sensing strategies and device design requirements are analyzed.
Subsequently, newly developed materials and advanced fabrication technolo-
gies that address these challenges are surveyed. Furthermore, recent progress
in two key application scenarios, real-time intraoperative physicochemical
monitoring and long-term pharmacokinetic studies, is highlighted. Finally, the
core challenges for clinical translation are discussed, and future research di-
rections are outlined, aiming to provide a clear roadmap for interdisciplinary
collaboration and to accelerate the translation of this technology from the
laboratory to the clinic.

KEYWORDS
blood monitoring, clinical translation, electrochemical sensor, implantable sensor, precision
medicine

are direct and immediate reflections of physiological
regulation and pathological processes.”” Modern medicine
has established a comprehensive diagnostic system based
on blood indicators. For instance, blood glucose is the
undisputed gold standard for diagnosing and managing
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diabetes.® Critical care and major surgeries rely on the
precise tracking of blood electrolytes (K", Ca®>") and gases
(pH, pO,) as fundamental vital signs.* In pharmacology,
therapeutic drug monitoring via plasma concentration is
essential for dosing potent medications with narrow ther-
apeutic windows, such as antibiotics,’ anticoagulants,6
and chemotherapeutics.7’8 Furthermore, blood harbors
pivotal biomarkers® for conditions ranging from heart
failure (troponin'®) to cancer (circulating tumor DNA'").
All of these achievements are founded on a paradigm of
blood sampling, followed by centralized laboratory anal-
ysis. The paradigm offers high accuracy, established stan-
dardization, and the ability to simultaneously analyze a
broad panel of biomarkers, remaining the gold standard for
diagnostic confirmation. However, it suffers from inherent
limitations of intermittence, accompanied by critical blind
spots and delays. It misses rapid physiological transitions
(e.g., sudden hyperkalemia'?), and fails to capture the rich,
dynamic patterns inherent in human physiology, which
are essential for precision medicine. Furthermore, since
the volume of blood collected is minimal compared to the
total blood volume in the human body, sampling bias may
occur for trace circulating biomarkers."? Specifically,
insufficient sample volume may lead to ineffective capture
of the target biomarkers, thereby introducing analytical
errors and ultimately affecting the diagnostic results.
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To overcome these constraints, implantable electro-
chemical sensors have been developed,'*'® which enable
direct and continuous access to the bloodstream (Figure 1).
By residing within the blood vessels, the sensors capture
transient physiological events and rich dynamic chemical
information through electrochemical transduction, essen-
tial for precision medicine, while eliminating sampling
bias. Rather than replacing conventional blood testing,
implantable sensors are poised to complement it by
addressing gaps that conventional methods cannot fill.
Significant progress has been made in recent years. Re-
searchers have demonstrated two primary implantable
device paradigms: Standalone sensors for intravascular
implantation and sensors integrated with existing intra-
vascular medical devices (e.g., venous catheters). Contin-
uous monitoring of diverse chemical species in blood has
thus been achieved, from critical biomarkers to therapeutic
drugs in animal models.

It is thus necessary while remains unavailable to
comprehensively review this exciting field of implantable
electrochemical sensors for continuous blood monitoring.
In this review, we first analyze how the unique properties
of blood shape sensing strategies and design requirements.
We then review the recent progress of new materials and
fabrication technologies for the generation of these blood
sensors, and highlight their applications in real-time intra-
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« Immediate analysis
« Early waming capability
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Continuous blood monitoring

FIGURE 1 Schematic illustration of conventional intermittent blood sampling and continuous blood monitoring using implantable

electrochemical sensors.
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operative surveillance and drug metabolism monitoring.
Finally, we discuss the outstanding challenges for clinical
translation and outline promising directions. By system-
atically outlining recent advances and highlighting future
directions, we seek to illuminate the pathway toward
clinical translation and call for collaborative efforts across
relevant disciplines.

2 | PRINCIPLES FOR
ELECTROCHEMICAL SENSING IN
BLOOD

Successful electrochemical sensing in blood hinges on a
fundamental understanding of its unique physicochem-
ical environment. Consequently, in this section, we first
analyze the unique electrochemical properties of blood as
an electrolyte. Building on this foundation, we then
discuss sensing mechanisms specifically adapted to this
medium, and finally establish a set of performance met-
rics for evaluating electrochemical sensors designed for
blood monitoring.

2.1 | Blood: The unique electrochemical
environment

For implantable electrochemical sensors, blood presents
a uniquely challenging environment that extends far
beyond its role as a mere electrolyte. It is a dynamic,
complex, and highly reactive physiological system whose
chemical composition, biological responses, and physical
properties collectively impose fundamental constraints
on sensor design and sensing performance.

2.1.1 | Direct interference from the chemical
environment

As an aqueous electrolyte containing approximately
91 wt% water, blood maintains a high ionic strength typi-
cally ranging from 140 to 160 mM,'® dominated by Na™,
Cl~, KT, Ca*", etc. The higher ionic strength compresses
the thickness of the double layer (the thickness of the
double layer is inversely proportional to the square root of
the ionic strength). Consequently, the available potential
window for sensing becomes constrained, and even minor
potential variations induce substantial non-Faradaic
capacitive currents that can significantly mask the signal.

Meanwhile, the blood contains abundant endoge-
nous electroactive substances, such as ascorbic acid
(40-100 uM),"” uric acid (150-450 uM),"® catecholamines,
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etc. These molecules react under relatively low oxidation
potentials (typically < +0.6 V vs. Ag/AgCl),'**° generating
considerable background Faradaic currents at specific
voltages and thereby interfering with target detection.

2.1.2 | Biofouling and interface passivation
In addition to small molecules, the blood also contains
large protein molecules (~7 wt%) such as albumin, fibrin-
ogen, and y-globulin, as well as numerous non-adherent
cells, including red blood cells (4.2-6.2 10° mL™"), white
blood cells (4.5-11 10° mL™"), and platelets (1.5-4.0
10° mL™").?! The above components play a core role in
triggering a series of biological reactions when foreign
materials are exposed to the blood, which not only de-
grades the sensing performance but also raises significant
biocompatibility concerns.**

To be specific, the reaction starts with the rapid (milli-
seconds) non-specific adsorption of plasma proteins on
the sensor surface,”® forming a “protein halo.” This layer
impedes the electron transfer kinetics and alters the
interface properties, including dielectric constant, charge
distribution, and hydrophobicity, leading to unpredict-
able drift in the double-layer capacitance and charge
transfer resistance. The adsorbed proteins also represent
the initial “foreign body” recognition by the host, which
undergoes conformational remodeling to facilitate blood
cell adhesion as well as activate coagulation and com-
plement cascades.’* As a result, a fibrin network inter-
twined with platelet emboli is formed, which captures red
blood cells and white blood cells to gradually stabilize the
thrombus. The resulting thrombus acts as a dense phys-
ical barrier, severely limiting analyte diffusion to the
active surface and leading to rapid signal loss. The local
thrombosis also poses risks of vessel occlusion and, if
embolized, distal infarction.?® It also initiates an acute
inflammatory response,”® damaging surrounding tissues.

If injuries are caused by sensor implantation, a
chronic foreign-body response ensues. Macrophages
recognize the sensor as a persistent insult and release
inflammatory cytokines®’ (e.g., tumor necrosis factor-a,
interleukin-6), followed by fibroblast activation and
collagen deposition, forming an avascular fibrous capsule
in the long term. This dense, stable capsule creates a
persistent diffusion barrier, causing irreversible signal
attenuation and functional failure. It also represents
chronic inflammation, replacement of healthy tissue with
scar tissue, and a risk of infection, all of which undermine
the long-term safety and acceptance of the implant.
Conclusively, the biological response to an implanted
sensor follows a clear trajectory: from instant interfacial
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fouling, to acute physical blockage, and finally to chronic
fibrous isolation.

2.1.3 | Physicomechanical and geometric
constraints

In addition to the chemical components of blood, we also
need to consider the influence of the biophysics and me-
chanical properties of blood on electrochemical sensing.
As a typical non-Newtonian fluid,” blood exhibits shear-
dependent viscosity. This property becomes relevant in
the context of varying blood flow velocities (ranging from
0 to 60 cm s~ ' in different vessels), where the uneven
surface of an implanted sensor may create local low-shear
zones. Consequently, local blood viscosity increases, lead-
ing to heterogeneous mass transport between different
regions of the sensor surface, which in turn compromises
signal uniformity and stability. Moreover, continuous
blood flushing and shearing pose severe challenges to the
adhesion of the active layer on the sensor, and it is neces-
sary to avoid the detachment of the active layer that leads to
signal attenuation.

Finally, blood flows through the blood vessels. There-
fore, we also need to consider the requirements of the
vessel size for the shape and size of the sensor. Vessels are
one-dimensional tubular structures, and their sizes vary
depending on the type of vessel.”® The wall thickness/
lumen diameter of the largest vena cava is typically
1.5/30 mm. For veins and venules, this figure is usually
0.5/5 mm and 30/30 um, while the lumen diameter of
capillaries is even only 6 pum. Therefore, the electro-
chemical sensors implanted in the blood vessels should be
as small as possible to avoid damaging the vascular tissue
and blocking the flow of blood in the vessels.

214 |
design

Summary: Implications for sensor

The above analysis reveals that the blood environment
imposes multifaceted constraints and challenges on
implantable electrochemical sensors, which collectively
dictate several key design principles. First, to mitigate
chemical interference, including high ionic strength and
abundant endogenous electroactive species, sensing stra-
tegies must prioritize high selectivity, achieved through
the use of specific recognition elements or detection
methodologies that effectively discriminate target signals
from background noise. Second, to address biofouling and
the ensuing foreign-body response, the sensor interface

must incorporate antifouling strategies to resist protein
adsorption, thrombosis, and fibrous encapsulation, ther-
eby preserving signal fidelity and long-term biocompati-
bility. Third, the geometric and mechanical characteristics
of the vasculature require sensors to be miniaturized and
preferably flexible to accommodate the tubular structure of
blood vessels, minimize hemodynamic disturbance, and
maintain stable interfacial contact under dynamic physi-
ological conditions. These design imperatives are not
mutually exclusive but rather must be integrated syner-
gistically. The following sections will elaborate on the
materials and device architectures developed to meet these
interconnected requirements.

2.2 | Sensing mechanisms adapted for
blood monitoring

Based on the understanding of the electrochemical
properties of blood, the electrochemical sensing mecha-
nisms used for blood monitoring are discussed. Accord-
ing to the types of signals output, four of the most
common sensing mechanisms are analyzed, including
potentiometry, amperometry, voltammetry, and impedi-
metry, and their working principles and the limitations
they face in blood monitoring are explained (Table 1).

2.2.1 | Potentiometry

Potentiometry quantifies analytes by measuring the
equilibrium potential between a working electrode and a
reference electrode under near-zero current flow,*
namely an open-circuit condition. The measured poten-
tial conforms to the Nernst equation, meaning that the
potential change is linearly related to the logarithm of the
analyte concentration.® Two primary implementations
are employed in blood monitoring. One is direct ion
sensing based on ion-selective membranes modified on
the working electrode,” where target ions induce a
membrane-potential shift. The other is indirect enzy-
matic sensing, which transduces local ion-concentration
changes (e.g., H") resulting from enzyme-catalyzed re-
actions into measurable signals.>* Potentiometry offers
non-destructive detections, high temporal resolution
(second-level), low power consumption, and relatively
straightforward data interpretation. Nevertheless, the
complex blood environment brings numerous factors
contributing to potential fluctuations, including protein
adsorption, hemodynamic variations, pH fluctuations,
temperature shifts, and the hydration layer between the
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TABLE 1 Comparison of electrochemical sensing mechanisms for blood monitoring.

Mechanism  Principle Advantages Limitations
Potentiometry Measures equilibrium 1. Non-destructive 1. Drift-prone
potential 2. High temporal resolution 2. Sensitive to environmental changes
under near-zero current 3. Low power consumption
4. Simple data interpretation
Amperometry Measures faradaic current 1. Rapid response 1. High background current
from 2. Easy miniaturization 2. Susceptible to electroactive interferents
redox reaction at constant 3. Simple instrumentation 3. Analyte depletion
potential 4. Simple data interpretation
Voltammetry  Scans potential and 1. Abundant kinetic information (CV) 1. Complex signal processing
records 2. High sensitivity (DPV) 2. Higher power consumption
current-potential curves 3. Effective background subtraction (SWV) 3. Limited temporal resolution
Impedimetry  Applies a small AC 1. Non-destructive 1. Complex data interpretation
potential perturbation 2. Rich interfacial information 2. Sensitive to environmental changes

and measures impedance
response

3. Limited temporal resolution

Abbreviations: CV, cyclic voltammetry; DPV, differential pulse voltammetry; SWV, square wave voltammetry.

ion-selective membrane® and the electrode, etc. There-
fore, the accuracy and stability of the test results in the
blood by potentiometry need to be carefully evaluated.

2.2.2 | Amperometry

The method of monitoring the Faraday current generated
by oxidation or reduction reactions occurring on the
working electrode surface under a constant potential, and
thereby achieving quantitative measurement of the target
analyte, is called amperometry. The change of current sig-
nal is thus proportional to the analyte concentration. The
core advantage of amperometry lies in its rapid response
speed and ease of miniaturized integration, requiring esse-
ntially only a potentiostat. However, its application in
blood is significantly constrained by several factors. First,
non-faradaic currents exert a pronounced influence. The
high ionic strength of blood increases the double-layer
capacitance; even minute fluctuations in electrode poten-
tial (caused by solution convection or ionic thermal mo-
tion) can generate substantial non-faradaic currents (LA),
which can mask the much weaker faradaic signal. Further-
more, once the potential is applied, the redox reaction of
the target molecule proceeds continuously at the electrode
surface. Consequently, the current tends to decay as the
analyte is depleted locally.** Finally, the presence of high
concentrations of endogenous electroactive species in
blood gives rise to a persistent background current under
the operating potential, further interfering with the
extraction of the specific target signal.

2.2.3 | Voltammetry
This method realizes the detection and analysis of target
information by scanning the working potential and
recording the current-potential curve. According to the
different ways of scanning potential, voltammetry can be
subdivided into various types. Cyclic voltammetry (CV)
applies a cyclic triangular wave potential to the working
electrode to measure the current response as a function of
potential. Although CV offers only modest sensitivity and
often requires slower scan rates to reveal detailed elec-
trochemical features, it remains an exceptionally power-
ful tool for probing electrode reaction mechanisms.>
Thus, it is particularly well-suited for preliminary in-
vestigations of interfacial processes between the electrode
and electrolyte prior to formal analytical measurements.
Differential pulse voltammetry (DPV) applies a ramp-
ing baseline potential to the working electrode and su-
perimposes a fixed-amplitude, short-duration potential
pulse at each potential step. The current is measured
immediately before (I;) and shortly before the end (I,) of
each pulse, and the difference (AI =1, — I) isrecorded. The
underlying principle relies on the distinct temporal re-
sponses of faradaic and non-faradaic currents: non-
faradaic currents dominated by double-layer charging
decay almost completely within milliseconds after the
pulse is applied, whereas faradaic currents, governed by
the diffusion and interfacial kinetics of the target mole-
cules, evolve on a slower timescale.** By sampling
the current difference across the pulse, the rapidly decay-
ing non-faradaic contribution is effectively subtracted,
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allowing the subtle faradaic signal of redox reactions to be
clearly resolved. Consequently, DPV is exceptionally well-
suited for detecting trace-level analytes.

Unlike DPV, square wave voltammetry (SWV) su-
perimposes a symmetric square wave onto the ramping
baseline potential. This waveform enables the simulta-
neous exploitation of both the symmetry and the rapid
decay of capacitive currents in the forward and reverse
potential halves, leading to even more effective back-
ground subtraction and thus higher sensitivity than
differential-pulse methods. Furthermore, SWV offers the
distinct advantages of rapid scanning® (yielding high
temporal resolution) and the ability to extract multiple
parameters (such as forward/reverse current compo-
nents) from a single scan, providing richer kinetic in-
formation about the electrode process.

It is important to note that while voltammetry exhibits
substantial advantages, its deployment in long-term,
continuous blood monitoring imposes distinct engineering
demands on the signal acquisition and processing pipeline.
To ensure data consistency and comparability, standard-
ized data processing protocols must be established. These
include automated baseline correction, feature peak
identification, and integration for serially acquired vol-
tammograms, which pose significant demands on the real-
time storage capacity and computational power con-
sumption of embedded systems.

2.2.4 | Impedimetry

Electrochemical impedance spectroscopy provides unique
interfacial characterization capabilities for continuous
monitoring in blood by applying a small-amplitude alter-
nating potential perturbation and measuring the system's
impedance response.*® The core strengths of this method
lie in its non-destructive nature and rich depth of interfa-
cial information, enabling real-time discrimination be-
tween changes in the electrical double layer, charge-
transfer processes, and mass-diffusion behavior. Yet this
very feature acts as a double-edged sword: because the
signal encapsulates a broad spectrum of interfacial events,
it is highly susceptible to interference from various factors
in blood, such as nonspecific adsorption, making it difficult
to extract the target-specific information accurately and to
derive physiologically meaningful interpretations.

2.3 | Performance metrics for blood
sensing

Following the discussion of the unique blood environment
and the corresponding sensing mechanisms, establishing a

set of key performance metrics for quantitative validation
is essential. Together, they form a comprehensive evalua-
tion framework for assessing both the technological
maturity and clinical applicability of the sensors. This
section systematically elaborates the core performance
indicators for evaluating implantable electrochemical
blood sensors, including sensitivity, selectivity, response
time, signal stability, and biocompatibility. These metrics
not only reflect the fundamental analytical capabilities of
the sensors but also carry specific implications within the
context of the blood environment.

2.3.1 | Sensitivity

In the context of blood monitoring, sensitivity is specif-
ically defined as the ratio of the repeatable and distin-
guishable change in the output signal of an electroch-
emical sensor to the variation in target analyte concen-
tration within the complex blood matrix. High sensitivity is
the fundamental prerequisite for a sensor to capture subtle,
dynamic changes in analyte concentration with a high
signal-to-noise ratio amidst the high-background-noise
blood environment. Under comparable levels of environ-
mental noise, higher sensitivity generally corresponds to a
lower practical limit of detection, allowing the sensor to
probe lower trace-level and even ultra-trace analytes. To
achieve enhanced sensitivity, a multi-level co-design
strategy can be applied. At the material level, the design of
highly responsive sensing materials, such as catalysts with
superior activity, can be employed. At the methodology
level, adopting detection principles with intrinsically high
signal-to-noise ratios (such as the square-wave voltam-
metry discussed earlier) can effectively amplify the target
signal. At the device-architecture level, for ultra-low-
concentration (below picomolar level) analytes, sensors
can be constructed by leveraging signal-amplification
mechanisms (e.g., the transconductance amplification of
organic electrochemical transistors***°) to enable ultra-
high-sensitivity detection.

2.3.2 | Selectivity

Selectivity evaluates the core capability of an electro-
chemical sensor to specifically recognize and respond to
the target analyte while minimizing signal interference
from other coexisting substances. Blood contains numer-
ous molecules that share close structural and electro-
chemical similarities, such as families of amino acids and
catecholamines,*** which differ subtly, even by a single
functional group. Thus, high selectivity is the cornerstone
for ensuring highly accurate and reliable detection results
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in blood monitoring. It directly determines whether the
data provided by the sensor possesses clinical validity and
decision-guiding value. To achieve outstanding selectivity,
designing materials with highly specific recognition sites is
crucial. Furthermore, leveraging advanced data-proces-
sing algorithms (e.g., machine-learning-driven pattern
recognition) to extract the target information from the
mixed signals is also a promising method.****

2.3.3 | Stability

In blood monitoring, the stability of a sensor refers to its
ability to maintain long-term consistency and reliability in
output signals during continuous operation or repeated
use. Specifically, during continuous monitoring, the sensor
exhibits minimal baseline drift and no significant degra-
dation in sensing performance.** High stability serves as
the foundation for ensuring coherent and dependable
sensing data, while also reducing the need for frequent
calibration,*® extending service life, and thereby lowering
medical consumable costs and operational burdens.
Maintaining high stability in implantable electrochemical
sensors during blood monitoring is extremely difficult and
remains a key focus of current research. There are nume-
rous factors in the blood environment that affect sensor
stability. Environmental interference, such as fluctuations
in body temperature, pH, and ion concentration, can alter
the kinetics of electrochemical reactions and exacerbate
signal drift. Additionally, the sensing active material itself
may undergo chemical or structural changes over time,
leading to performance degradation. Finally, biofouling,
such as the nonspecific adsorption of proteins, lipids, and
cells onto the electrode surface, can cause electrode
passivation, resulting in baseline drift or even sensor
failure.

To achieve highly stable sensing, improvements can be
pursued on three levels: materials, device design, and
signal processing. At the material level, anti-biofouling
interfaces can be designed, and intrinsically stable active
sensing materials can be selected. In terms of device
design, a reference sensing electrode can be incorpo-
rated.*’ This electrode shares a similar structure with the
working sensing electrode but does not respond to the
target analyte, allowing common-mode interference to be
subtracted through differential output. However, in prac-
tice, fabricating an entirely ideal reference sensing elec-
trode remains highly challenging. Thus, the method of
differentiating the high-frequency and low-frequency sig-
nals in SWV was proposed to suppress the drift.* Regar-
ding signal processing, baseline correction algorithms can
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be employed to compensate for environmental interfer-
ence through modeling. In addition, the stability of the
reference electrode itself represents an important yet
overlooked challenge. In the complex blood environment,
maintaining a stable reference potential is critical for ac-
curate measurements, as any drift in the reference elec-
trode directly translates into apparent signal changes that
are indistinguishable from true variations in analyte con-
centration. Although solid-state reference electrodes (e.g.,
using polyvinyl butyral membranes or other ion-blocking
layers) have been developed to improve stability, achie-
ving long-term reliability under continuous blood expo-
sure remains challenging. Developing truly stable and
biocompatible reference electrodes for long-term in vivo
use requires concerted attention and breakthrough efforts
from the research community.

2.3.4 | Response time

Response time refers to the total delay from when a sensor
encounters a concentration change to when it outputs a
stable signal. Here, we advocate for greater emphasis on
evaluating the actual response time of sensors in the blood
environment, rather than relying solely on ideal response
times measured in simulated solutions, like phosphate-
buffered saline. In blood, it is jointly determined by three
phases: mass-transport diffusion, interfacial reaction, and
signal stabilization, and ultimately reflects the system's
ability to track real-time dynamic concentrations in blood.
Achieving an optimal response time is not about pursuing
absolute speed, but requires a strategic trade-off between
response time and other performance metrics based on the
intended application scenario. For real-time critical-care
alerts (requiring second-level speed, e.g., hyperkalemia
detection), thinner mass-transport barriers and sensing
mechanisms with high temporal resolution may be
employed, albeit potentially at the cost of long-term sta-
bility. In contrast, for relatively long-term pharmacoki-
netic monitoring, an acceptable minute-level delay can be
traded for extended service life and improved anti-
interference capability. In summary, we stress that, un-
der the premise of precisely matching the time scale of the
target physiological process, sensor performance is opti-
mized to best suit the specific clinical scenario.

2.3.5 | Hemocompatibility

Apart from sensing performance, hemocompatibility is
another critical evaluation metric for implantable
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electrochemical sensors. Hemocompatibility refers to the
ability of a material or medical device to maintain the
normal physiological state of blood without inducing
harmful reactions upon contact. Specifically, after sensor
implantation, it must prevent adverse effects such as
thrombosis, hemolysis, and systemic inflammatory acti-
vation. At the vascular level, the sensor should avoid
causing endothelial injury, significantly disturbing local
hemodynamics, inducing turbulent flow, or leading to
luminal stenosis. Hemocompatibility directly determines
the clinical safety risk of the sensor. Therefore, to ensure its
biosafety, the subsequent development and application of
sensors must strictly adhere to standardized hemo-
compatibility testing systems (ISO 10993-4).*° These sys-
tems cover multiple key evaluation criteria, including
thrombosis tendency, coagulation function impact, and
platelet activation, and require systematic assessment of
how compatibility changes over time. For short-term im-
plantation applications, the sensor should demonstrate no
significant risk within hours to days. For long-term im-
plantation scenarios, such as indwelling venous catheters,
stable compatibility must be maintained for over 3 months.
To achieve clinically required hemocompatibility, a dual-
strategy approach should be adopted: on one hand, inter-
face materials with properties such as anticoagulation and
anti-biofouling must be developed; on the other hand,
flexible and miniaturized structural designs for the sensor
are essential to reduce mechanical stimulation to blood
vessels, minimize hemodynamic disturbance, and thereby
enhance long-term stability and biosafety in the blood
environment.

3 | MATERIALS AND SYSTEM DESIGN
STRATEGIES FOR BLOOD MONITORING

Building on the understanding of the unique electro-
chemical environment of blood, the development of
advanced materials and innovative system architectures
is essential to meet the stringent demands and perfor-
mance criteria for blood sensing. Below, we explore how
the design of sensing materials enables high-performance
detection of target analytes in blood. At the device level,
we further examine how miniaturization, flexibility, and
intelligent integration ensure that sensors not only ach-
ieve accurate measurements but also seamlessly adapt to
the dynamic vascular environment.

3.1 | Sensing materials for blood
monitoring

3.1.1 | Biological recognition materials

The recognition element lies at the core of blood sensing
(Table 2). Inspired by the fact that living organisms thems-
elves constitute complex systems composed of countless
high-precision sensors, where specific molecular recogni-
tion, such as neurotransmitter-receptor bindingSO and
immune system pathogen identification,”" occurs routin-
ely throughout biological processes. Researchers thus
initially turned to nature for guidance by harnessing bio-
logical recognition elements to develop sensors. Today, the
most commonly used biological recognition elements in

TABLE 2 Comparison of recognition materials for in vivo blood monitoring.

Biological recognition materials

Material type Enzymes Aptamers

Synthetic recognition materials

MIPs Nanozymes

Recognition Specific catalytic reaction with Conformational change Synthetic recognition sites Nanomaterials with
mechanism substrate upon target binding complementary to the target  enzyme-like catalytic
activity
Representative  Small molecules Small-molecule drugs, = Small molecules, proteins, cells Small molecules
applications proteins, ions
Advantages 1. High specificity 1. Broad target 1. High physicochemical 1. High physicochemical
2. High sensitivity applicability stability stability
3. Well-established 2. Easy for chemical 2. Highly tunable 2. Scalable synthesis
technology design performance 3. Tunable activity
3. Better stability than 3. Cost-effective
proteins 4. Easy to prepare
Limitations 1. Susceptible to proteolysis 1. Susceptible to 1. Slow binding kinetics 1. Lack of selectivity
and immune response nuclease degradation 2. Potential template leakage 2. Restricted to the small
2. Limited lifetime (days) 2. Slow binding kinetics 3. Biocom-patibility concerns molecules

3. Restricted to endogenous
metabolites

Abbreviation: MIPs, molecularly imprinted polymers.
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implantable electrochemical sensors for blood monitoring
are enzymes and aptamers.

Enzyme-based sensing relies on the specific catalytic
reaction of enzymes toward their substrates. This reaction
is typically a continuous and reversible chemical process,
whose rate reflects real-time changes in substrate con-
centration. By immobilizing enzymes on the electrode
surface, continuous and real-time electrochemical re-
sponses to target analyte concentrations can be achieved.”*
The sensor based on glucose oxidase for glucose moni-
toring is a classic example of this technology (Figure 2A).
After more than 60 years of development, continuous
glucose monitoring systems based on glucose sensors have
been successfully commercialized and have become a
standard tool in diabetes management.’>>® Furthermore,
researchers have utilized uricase for monitoring blood uric
acid, as well as a cascade reaction involving creatinine
amidohydrolase, creatine amidohydrolase, and sarcosine
oxidase to catalyze the breakdown of creatinine, ultimately
generating electroactive species such as H,0, that can be
detected by the electrode,”” thereby enabling creatinine
monitoring. The natural high specificity of enzymes to-
ward their substrates provides sensors with excellent
selectivity. However, enzymes are intrinsically proteins
and are susceptible to degradation by proteases and im-
mune responses when implanted long-term in vivo, lead-
ing to deactivation and significantly limiting the sensor's
operational lifetime, typically to just a few days. Moreover,
the variety of enzymes suitable for electrochemical sensing
in nature is limited, making it difficult to extend this
approach to the detection of non-physiological small
molecules or macromolecular biomarkers.

Aptamers are DNA or RNA sequences obtained thro-
ugh in vitro screening, capable of folding into specific
three-dimensional structures that bind to targets with high
affinity and specificity. Upon binding, conformational
changes typically alter the electron transfer efficiency at
the electrode interface,”® thereby modulating the current
(Figure 2B). Since the binding between aptamers and their
targets is a reversible dynamic equilibrium process, rever-
sible conformational changes enable continuous electro-
chemical responses to variations in target concentration.
The established in vitro Systematic Evolution of Ligands by
Exponential Enrichment (SELEX) technology is employed
to screen specific DNA/RNA aptamers from nucleic acid
libraries that bind to the target with high specificity and
affinity. This technique allows for the directed screening of
aptamers against diverse molecular targets, including drug
molecules, proteins, and ions, ensuring both high speci-
ficity and affinity.

By attaching redox reporter molecules (e.g., methylene
blue) to aptamers, continuous monitoring of various small-
molecule drugs has been achieved (Figure 2C) by
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leveraging changes in electron transfer efficiency induced
by conformational shifts in the presence or absence of
target molecules. Examples include the anticancer chem-
otherapeutic agent doxorubicin, as well as aminoglycoside
antibiotics such as kanamycin, gentamicin, and tobramy-
cin,” covering commonly used therapeutic drugs in clin-
ical practice. Developing sensors based on aptamers offers
several advantages. First, aptamers have a broad target
applicability. SELEX technology can be used to screen
aptamers for almost any target, including non-endogenous
molecules that traditional enzymes cannot recognize.
Additionally, aptamers can be chemically synthesized in
bulk and conveniently modified with reporter groups
(e.g., fluorescent or electrochemical tags), facilitating
miniaturization and array integration. As nucleic acids,
aptamers exhibit better stability than protein-based en-
zymes. However, nucleases present in the blood can still
degrade aptamers, compromising their stability. Further-
more, high-affinity aptamers often exhibit slower binding
kinetics, which may affect response times.

In addition, the specific binding between antibodies
and antigens can also be utilized to recognize target mol-
ecules in the blood. However, antibody-antigen binding is
typically an irreversible, high-affinity interaction that often
requires the addition of secondary antibodies or washing
steps to remove adsorbed antigens.*>>* For in vivo im-
plantation, such irreversible binding can lead to rapid
saturation of the sensor surface, rendering continuous
monitoring unfeasible. Similar challenges exist with other
recognition elements, such as lectins®® and epitopes.®*

3.1.2 | Synthetic recognition materials
Although significant progress has been made in implant-
able sensors based on enzymes and aptamers, their
inherent biological limitations, particularly their suscep-
tibility to biodegradation within the body, constrain their
long-term in vivo application. This limitation has shifted
research focus toward synthetic recognition elements.
These materials are artificially designed to combine
biomimetic recognition capabilities with the physico-
chemical stability of synthetic systems, offering the po-
tential to overcome the lifespan constraints of biological
components.

Among these synthetic alternatives, molecularly
imprinted polymers (MIPs) stand out as a prime example of
biomimetic design. Often termed “artificial antibodies,”
MIPs are engineered to mimic the exquisite specificity of
biological recognition while being composed entirely of
robust synthetic polymers.”” During its preparation,
the template molecules and functional monomers first
undergo pre-assembly via non-covalent interactions,
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FIGURE 2 Schematics and performance of the recognition materials. (A) Schematic illustration of the evolution of glucose oxidase-
based electrochemical glucose sensors.>® Copyright 2018, John Wiley and Sons. (B) Schematic illustration of the aptamer-based sensing

principle. Copyright 2017, National Academy of Sciences. (C) Continuous monitoring of drug concentration in blood following successive

administration via high- and low-frequency square-wave voltammetry.*® Copyright 2017, National Academy of Sciences. (D) Schematic
illustration of the MIPs-based sensing principle. Copyright 2024, American Chemical Society. (E) Comparison of the selectivity of sensors
with and without MIPs modification. Copyright 2024, American Chemical Society. (F) Long-term stability of selectivity for MIPs-based
sensors.*’ Copyright 2024, American Chemical Society. (G) Schematic illustration of glucose nanozyme sensing principle and

corresponding scanning electron microscope images. Copyright 2025, American Chemical Society. (H) Calibration curve of the nanozyme-
based glucose electrochemical sensor.* Copyright 2025, American Chemical Society.
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followed by polymerization in the presence of a cross-
linking agent. Finally, the template molecules are remo-
ved through physical or chemical methods,*® leaving
behind highly specific recognition sites on the polymer
membrane that match the template molecules in both
physical and chemical environments.® When multiple
chemical substances are present, only the target molecules
can bind to the recognition sites, thereby significantly enh-
ancing the selectivity of the sensing system (Figure 2D).
For instance, with the incorporation of MIPs, the sensor's
response to the target molecule is more than 12.6 times
greater than its response to interfering substances, even
when the interfering substance differs from the target by
only a single functional group.*’ In contrast, electrodes
without MIPs modification exhibit almost no selectivity
(Figure 2E).

The design of sensors based on MIPs is highly flexible
and can be categorized, based on their principles, into
direct detection and indirect monitoring types.** Direct
monitoring is typically suitable for electroactive mole-
cules or molecules that can undergo catalytic reactions.
Here, the MIP serves as a selective layer, and after the
target molecules adsorb onto the MIP, subsequent elec-
trochemical reactions generate specific redox currents for
monitoring. Indirect monitoring is generally used for
non-electroactive molecules. In this approach, a redox
reporter, such as Prussian blue, is introduced between the
MIP and the electrode. The adsorption of target mole-
cules onto the MIP reduces the contact between the redox
reporter and the solution, thereby decreasing the redox
current to achieve monitoring. By incorporating multiple
template molecules during preparation, simultaneous
monitoring of multiple analytes can even be achieved.
Furthermore, for the adsorption of target molecules onto
MIPs, electrochemical methods can be employed to
regenerate the recognition sites,> for instance, by
applying a potential to drive consumption reactions or
electrostatic repulsion, thereby enabling continuous in
vivo monitoring.

Due to their nature as synthetic polymers, MIPs exhibit
excellent physicochemical stability, with a theoretical
lifespan far exceeding that of biological components
(Figure 2F). Additionally, MIPs hold significant cost ad-
vantages over biological elements, and their synthesis
process is relatively simple, enabling easy large-scale pro-
duction. Notably, sensors prepared via electrochemical
polymerization demonstrate good batch-to-batch repro-
ducibility. Moreover, MIPs offer broad applicability, as
they can theoretically be customized for any target, from
small molecules to proteins, and even cells. Despite these
advantages, MIPs still face certain limitations in practical
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use. Firstly, their binding kinetics are relatively slow,
requiring a certain amount of time from the adsorption of
target molecules to the establishment of equilibrium and
the generation of a stable electrochemical response, which
constrains the sensor's response time. The elution of tem-
plate molecules poses another difficulty, as incomplete
removal leads to high background signals. Lastly, their
biocompatibility is generally inferior to that of biological
recognition elements, necessitating the careful selection of
biocompatible monomers and cross-linking agents or
surface biofunctionalization modifications.

In addition to MIPs, nanozymes represent another
promising class of biomimetic catalytic materials. Nano-
zymes typically refer to nanomaterials possessing catalytic
functions similar to those of natural enzymes.®®®” Levera-
ging the size effects, surface properties, and tunable cata-
lytic active sites of nanomaterials,®®*® they mimic the
ability of enzymes to efficiently catalyze substrate reactions
under specific conditions, thereby generating detectable
signals. A representative example is the carbon nano-
channel array directly constructed on a gold electrode
surface (Figure 2G). Through precise nanoconfinement
effects and electrochemical pulse modulation, this struc-
ture creates a localized high-pH alkaline microenviron-
ment at the channel bottom, effectively simulating the
catalytic function of glucose oxidase under alkaline con-
ditions.>* This nanoconfined catalysis strategy enables
efficient glucose catalysis in whole blood under enzyme-
free conditions, achieving a sensitivity of 40 mA M™*
(Figure 2H). The main advantages of nanozymes lie in
their excellent physicochemical stability, scalability in
synthesis, low cost, and tunable catalytic activity. Compa-
red to natural enzymes, they are less prone to denat-
uration and inactivation, making them more suitable for
long-term, continuous monitoring in harsh environments.
However, limitation exists in their insufficient selectivity
toward small molecules with similar structures and activ-
ities, as catalytic sites may act on multiple substrates
simultaneously, leading to susceptibility to interference in
complex biological samples. A feasible strategy is to inte-
grate nanozymes with the aforementioned MIPs. By con-
structing a selective MIPs layer on or around the surface of
ananozyme, the high-specificity recognition sites provided
by MIPs prescreen target molecules, enabling them to
preferentially access the catalytically active centers of the
nanozyme. In this way, MIPs contribute high selectivity,
while nanozymes provide stable and efficient catalytic
function. By combining their complementary strengths, it
is possible to develop a next-generation biomimetic
sensing platform that integrates high selectivity, high sta-
bility, and rapid response.

85U8017 SUOWILIOD BAIIID 3|cedldde 8y Aq peusenob are saoiie YO ‘8sn JO S3|nJ oy Areiq1T 8UlIUO 4|1 UO (SUORIPUOO-pUe-SWLBY/LICO" A3 1M AReIq e |UO//SdNY) SUORIPUOD Pue SWis | 81 88S *[9202/50/20] Uo AriqiTauliuo A(Im * AiseAun Builuen - Bueyza A Aq 88002 2w 13/Z00T OT/I0pAW0D A8 |ImAeIq Bl UO//SANY WOy pepeojumod ‘0 ‘90T69E8Z



| WILEY-FleXMat

ZOU ET AL.

3.1.3 | Antifouling sensing interface
construction

When exposed to blood, the sensing interface is easily
fouled by the nonspecific adsorption of proteins and
blood cells, which on the one hand causes the formation
of biofilm on the sensor surface, leading to degradation of
the sensing performance; On the other hand, it may serve
as a site for the coagulation cascade to promote the for-
mation of thrombi in the long term. To resolve this issue,
antifouling interfaces have thus been constructed to
minimize biofouling and ensure accurate electrochemical
detection. Existing antifouling strategies can be catego-
rized into three classes according to their underlying
mechanisms: physical barrier strategies, surface chemical
modification strategies, and antifouling/sensing syner-
gistic strategies.

Physical barrier strategies: Physical barrier strategies
leverages size exclusion, allowing small-molecule targets
to pass through while blocking access of larger molecules
and cells in the blood. This is typically achieved by creating
a pore structure with specifically designed pore sizes. By
encapsulating an electrochemical aptamer sensor within a
biocompatible polysulfide membrane with 0.2 um pores,
blood cells can be prevented from reaching the sensor
surface without impeding the rapid transport of target
molecules.*® Furthermore, inspired by the microvillar
structure of the intestinal mucosa, researchers have
developed a three-dimensional bicontinuous nanoporous
gold substrate with pores as small as 17 nm (Figure 3A).
Coupled with a surface coating of hyperbranched poly-
ethylene glycol (PEG) that forms a dense polymer brush,”®
this structure can immobilize aptamers shorter than 10 nm
while effectively blocking the nonspecific adsorption of red
blood cells and larger plasma proteins (Figure 3B).

Surface chemical modification strategies: Although
physical barriers block macromolecules, they cannot
effectively prevent the adsorption of small-molecule pro-
teins or biofouling at the interface. Surface chemical
modification strategies address this by altering the physi-
cochemical properties of the interface to inhibit non-
specific interactions. PEG and zwitterionic hydrogels
have been extensively studied and are regarded as classical
antifouling materials and benchmarks.”* The numerous
ether bonds in PEG molecular chains form multiple
hydrogen bonds with water molecules, constructing a dy-
namic and dense hydration layer.”> This hydration layer
repels the approach of contaminants such as proteins and
cells. Zwitterionic hydrogel molecules,”*”” on the other
hand, contain equal amounts of positive and negative
charges (e.g., phosphorylcholine or sulfobetaine groups).
Through strong electrostatic interactions, they tightly bind
water molecules and resist influences from environmental

changes (e.g., ionic strength or pH), forming an ionic hy-
dration layer that is more stable than that of PEG.

Building upon this foundation, to develop more
advanced antifouling coatings, Chan et al. employed ma-
chine learning to conduct high-throughput screening of a
library of 172 binary copolymer hydrogels constructed
from 11 acrylamide-based monomers.”® They discovered
that a 50:50 copolymer of hydroxyethyl acrylamide and
diethylacrylamide exhibited the best performance, with a
platelet adhesion count of only 82.0 + 15 cells cm ™2, far
superior to that of PEG (4810 =+ 520 cells cm™?). Coating
this hydrogel onto the surface of an electrochemical sensor
significantly extended its functional lifespan to 5 days.
Additionally, combining physical size exclusion with sur-
face chemical interactions is also an effective strategy.”’ By
tailoring the mesh size of agarose hydrogels and leveraging
the abundant hydroxyl groups in agarose that form a dense
hydration layer via hydrogen bonding with water mole-
cules (Figure 3C), the diffusion of plasma proteins and
blood cells is significantly suppressed. Calculations based
on the Amsden model indicate that the diffusion coeffi-
cient of fibrinogen within the gel is merely 1.1 x 10~* of its
value in free solution, rendering it nearly incapable of
penetrating the gel barrier (Figure 3D).

Antifouling/sensing synergistic strategies: The afore-
mentioned antifouling coatings have been proven effec-
tive in suppressing nonspecific adsorption. However,
their incorporation often inevitably impedes the interac-
tion between recognition elements and target molecules,
thereby compromising sensing performance. This typi-
cally manifests as a significant attenuation in sensitivity
and an increase in response time. Antifouling/sensing
synergistic strategies aim to resolve this inherent trade-off
by combining antifouling properties with electrochemical
functionality.

A notable example is the development of a 3D matrix
composed of glutaraldehyde cross-linked bovine serum
albumin (BSA) interlaced with conductive gold nanowires
(Au NWs) (Figure 3E). This hybrid coating combines a
porous BSA hydrogel (with an average pore radius of
29 4+ 3 nm)with a hydrophilic interface that not only acts as
a physical barrier but also resists nonspecific protein
adsorption, maintaining 88% of the original signal after
1 month of exposure to unprocessed human plasma.”* In
the meantime, the incorporation of Au NWs establishes a
conductive network, which effectively enhances electron
transfer efficiency. This approach achieves antifouling
performance while maintaining 92% of the electro-
chemical performance of a bare gold electrode (Figure 3F),
thereby successfully balancing antifouling capability with
electrochemical functionality. The introduction of multi-
scale pore design further balances the requirements for
mass transport and antifouling. Using the emulsion
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FIGURE 3 Strategies for constructing anti-fouling interfaces. (A) Schematic illustration of nanoporous gold for blocking proteins and

blood cells. Copyright 2025, Springer Nature. (B) Scanning electron microscope images of the nanoporous gold against red blood cells and

plasma proteins.” Copyright 2025, Springer Nature. (C) Agarose hydrogel-based anti-fouling interface. Copyright 2023, American

Chemical Society. (D) Modeling the impact of agarose hydrogel on protein diffusion constants based on Amsden's theoretical framework
(Dg/D, represents the diffusion constant in gel relative to that in free solution).”" Copyright 2023, American Chemical Society. (E) A 3D
matrix composed of glutaraldehyde-crosslinked bovine serum albumin intertwined with conductive gold nanowires for simultaneous anti-

fouling and enhanced electron transport. Copyright 2019, Springer Nature. (F) Redox peak currents of nanocomposite-modified electrodes
in 5 mM ferri-/ferrocyanide solution (left) and extracted peak current versus the square root of scan rate (right).”> Copyright 2019, Springer

Nature. (G) An internally interconnected hierarchical pore system allowing for simultaneous anti-fouling and rapid diffusion of small

molecules. (H) Redox peak currents of different composite modified electrodes in a 5 mM ferri-/ferrocyanide solution post-3,3’,5,5'-

tetramethylbenzidine precipitation reaction (left) and after 1-month storage in serum (right).”®
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templating method, a micrometer-thick porous BSA/
AuNW coating was fabricated (Figure 3G). Its internally
interconnected micropores (~1.1 um) and nanopores
(~9.5 nm) form a hierarchical pore system, which not only
provides rapid diffusion pathways for small-molecule tar-
gets and electroactive species but also effectively blocks
larger foulant molecules.”> With a thickness of approxi-
mately 1 pum, this coating provides a robust antifouling
performance far exceeding that of a nanoscale coating
while maintaining electrochemical sensing capabilities
comparable to the thin coatings. As a result, sensors
fabricated with this coating exhibited stable peak currents
after 1 month of immersion in serum, significantly out-
performing both thin-film coatings and unmodified elec-
trodes (Figure 3H).

Summary: Three major categories of antifouling stra-
tegies have been developed to address the challenges posed
by the blood environment. Physical barrier strategies rely
on size exclusion to prevent macromolecules and cells
from reaching the electrode surface, offering a straight-
forward and effective means of blocking macroscopic
foulants, yet they fail to prevent the adsorption of small
proteins. Surface chemical modification strategies alter the
physicochemical properties of the sensor surface to create
hydration layers that resist nonspecific interactions at the
molecular level, providing broad protection but at the cost
of significantly compromised sensing performance. Anti-
fouling/sensing synergistic strategies aim to simulta-
neously achieve high electrochemical performance and
robust antifouling capability. By integrating conductive
networks with antifouling matrices or designing hierar-
chical pore structures, these approaches effectively miti-
gate the inherent trade-off between surface passivation and
signal transduction. With successful antifouling interface
design, long-term in vivo blood monitoring becomes
feasible.

3.2 | Sensor architectures for the
intravascular blood monitoring

Advancements in recognition elements and anti-fouling
interfaces have laid the foundation for high-performance
blood sensing. However, designing suitable carriers for
these sensing materials to form implantable devices,
thereby enabling them to function effectively in the
bloodstream, is equally crucial. This requires implantable
sensors to be highly compatible with the one-dimensional
and confined vascular environment. This section discusses
sensor architectures for intravascular blood monitoring
from the perspective of sensor carriers, which can be
classified into two categories: standalone sensors for

intravascular implantation and sensors integrated with
intravascular medical devices.

3.2.1 | Standalone sensors for intravascular
implantation

To align well with the geometry of blood vessels, sensors
for intravascular blood monitoring are expected to exhibit
a miniaturized and one-dimensional structure.””®' The
most straightforward approach involves utilizing the
excellent electrical conductivity and mechanical strength
of metal wires for sensing. A representative study con-
structed a three-electrode system based on metal wires, in
which functionalized gold, platinum, and silver wires
served as the working, counter, and reference electrodes,
respectively (Figure 4A). These wires were bundled and
secured using heat-shrink tubing, with the overall diam-
eter comparable to that of a 22 G catheter needle.*® After
surgically exposing the target blood vessel (such as the
femoral vein), this microwire probe could be directly inse-
rted and implanted into the vascular lumen (Figure 4B),
similar to a conventional guidewire. Although this design
achieves in vivo monitoring, its rigid nature may cause
friction against the vascular endothelium or elicit strong
foreign body reactions in surrounding soft tissues due to
mechanical mismatch, thereby limiting its long-term
application and patient comfort.®**°

To address the limitations of mechanical mismatch, the
development of flexible fiber electrodes has become an
urgent priority. A groundbreaking study, inspired by hi-
erarchical biological tissues such as muscles, developed a
carbon nanotube (CNT) fiber electrode with a hierarchical
oriented structure (Figure 4C). Due to this hierarchical
design, the CNT electrode achieves bending stiffness
(5.66 x 10~° nN m?) compatible with soft biological tissues
and about six orders of magnitude lower than metal
wires,®” allowing it to be easily wrapped around thin rods
(Figure 4D). At the same time, it retains the high conduc-
tivity (10* S cm™") and large electrochemically active sur-
face area (850 cm” g™!) inherent to CNT, making it an ideal
material for sensing electrodes.®® After functionalization,
the resulting flexible fiber sensor can be minimally inva-
sively implanted into a vessel via percutaneous venous
injection using a standard syringe (Figure 4E). The fiber
sensor also demonstrated excellent biocompatibility, form-
ing a compatible interface with vascular tissue (Figure 4F)
and showing no adverse effects on blood flow velocity after
4 weeks of implantation in a rat vein (Figure 4G).

Leveraging this innovation, a series of implantable
electrochemical fiber sensors has been developed, monito-
ring indicators including H,0,, prostate-specific antigens,
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calcium ions, pH, glucose, and homovanillic acid (HVA),
with high sensitivity and temporal resolution. Meanwhile,
the unique one-dimensional fibrous structure also enables
it to be integrated by spiral twisting for spatially distributed

Reference
electrode

SSFs for
different

and multi-functional sensing (Figure 4H). Following im-
plantation, the fiber end exposed on the skin can be con-
nected to a flexible chip, enabling real-time processing of
sensing signals and wireless transmission to mobile
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terminals (Figure 4I). This constitutes a complete contin-
uous monitoring system, demonstrating broad application
prospects in precision medicine and disease management.

3.2.2 | Sensors integrated with intravascular
medical devices

Compared with developing standalone sensors, the
design of directly integrating sensors with established
intravascular medical devices eliminates the need for
additional implantation procedures.®” Instead, it seam-
lessly embeds sensing functionality into existing clinical
workflows,*® equipping medical tools with in situ, real-
time monitoring capabilities while minimizing interfer-
ence with standard medical operations.®**°

As shown in Figure 5A, Guan et al. proposed an
iontronic tip-sensing guidewire, which integrates an
iontronic sensor at its tip. This sensor utilizes the electric
double layer formed at the interface between a metal tip
and a microstructured ionic gel layer to convert intra-
vascular pressure into a capacitance signal. Notably, it
leverages the ionic conductivity of human tissues and
blood as the signal transmission medium, eliminating the
need for additional embedded conductive leads. In
contrast to commercial pressure guidewires, which typi-
cally integrate optical or piezoresistive sensors and often
compromise torque transmission efficiency (i.e., maneu-
verability), this iontronic guidewire largely preserves the
core structure of the original guidewire. This enables it to
maintain an ideal torque ratio of 1:1 and excellent
torsional stiffness, significantly surpassing conventional
commercial pressure guidewires in terms of maneuver-
ability and pushability within tortuous vessels. The ion-
tronic tip-sensing guidewires were then used for in vivo
monitoring of distal pressure to measure the fractional
flow reserve (FFR) (Figure 5B), offering a highly prom-
ising alternative to traditional guidewires.

In addition to guidewires, venous catheters also serve
as a broad platform for sensor integration.’* A recent study

utilized 4D multichannel printing technology to develop a
magnetically actuated multimodal bioelectronic catheter
(Figure 5C). Featuring a multichannel-sheath structure,
this catheter was fabricated in a single step by printing
liquid metal microchannels (for electrical conduction)
and a central hollow lumen (for drug delivery) within a
polydimethylsiloxane matrix doped with neodymium iron
boron magnetic particles. Sensing microelectrode arrays
are integrated at the ends of the liquid metal channels to
enable multimodal monitoring. Under an external mag-
netic field, the catheter can undergo large-angle bending,
achieving active magnetically controlled navigation
(Figure 5D). This capability allows the catheter to navigate
through various complex vascular phantoms, perform
multifunctional in situ blood biochemical monitoring
(Figure 5E), and simultaneously enable controlled drug or
contrast agent delivery via the central lumen, thereby
preliminarily realizing the integration of diagnosis and
therapy.

Integrating sensors with intravascular medical devices
represents a crucial step toward the clinical translation of
implantable blood monitoring technologies. This strategy
leverages the established operational workflows and im-
plantation pathways of existing devices, eliminating the
need for additional implantation procedures. As a result, it
offers higher clinical acceptance and a shorter translation
pathway while simultaneously empowering conventional
tools with intelligence. This approach provides a highly
promising solution for achieving precise and safe person-
alized surgical interventions.

There are also other device architectures for blood
monitoring, such as microneedle-based technologies that
indirectly monitor blood via interstitial fluid, point-of-
care microfluidic systems based on ex vivo blood sam-
pling, optical methods for non-invasive or minimally
invasive blood monitoring, and extravascular sensors
for blood pressure monitoring. These are not included in
the discussion of this section because they cannot be
implanted in blood vessels for direct blood contact and
continuous electrochemical monitoring.

FIGURE 4 Standalone sensors for intravascular implantation. (A) The intravenous probe based on metal wires. Copyright 2025,

Springer Nature. (B) The intravenous probe implanted into an exposed femoral vein.”® Copyright 2025, Springer Nature. (C) A

hierarchically aligned carbon nanotube fiber electrode inspired by multilayered muscle tissue.*> Copyright 2019, Springer Nature. (D) The
flexible fiber sensor wound around a glass rod.*’ Copyright 2024, American Chemical Society. (E) Intravenous implantation of the flexible
fiber sensor via syringe injection.®* Copyright 2019, Springer Nature. (F) Implantation of a flexible fiber sensor into the marginal ear vein of

a New Zealand rabbit.** Copyright 2018, John Wiley and Sons. The implanted fiber sensor forms a compatible interface with the
surrounding Vessel.*' Copyright 2024, American Chemical Society. (G) No significant effect of the implanted fiber sensor on blood flow
velocity.*' Copyright 2024, American Chemical Society. (H) The integration of fiber sensors via helical twisting for spatially resolved and
multifunctional sensing.®* Copyright 2019, Springer Nature. (I) Integration of the implanted fiber sensor with a flexible chip to construct a
blood monitoring system.*’ Copyright 2024, American Chemical Society.
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FIGURE 5 Electrochemical sensors integrated with intravascular medical devices. (A) Tip-integrated iontronic sensor on a guidewire.
Copyright 2025, Springer Nature. (B) The sensing guidewire advancing into a vascular stenosis for blood pressure monitoring.”" Copyright
2025, Springer Nature. (C) A 4D-printed multi-channel catheter with an integrated multifunctional microelectrode array on the tip.

Copyright 2025, Springer Nature. (D) Magnetically actuated deformation of the catheter. Copyright 2025, Springer Nature. (E) Magnetically

guided navigation of the catheter enabling deep tissue access for local blood monitoring.>’ Copyright 2025, Springer Nature.

4 | APPLICATION OF IMPLANTABLE
ELECTROCHEMICAL SENSOR IN BLOOD

4.1 | Physiochemical blood monitoring
for intraoperative care

The continuous blood monitoring capability of implant-
able electrochemical sensors is particularly critical in

time-sensitive and decision-intensive surgical settings. It
not only provides immediate data for real-time evaluation
of surgical outcomes but also enables in situ, real-time
sensing of the physiological and chemical state within
the local microenvironment of deep tissues. This advanc-
ement facilitates closed-loop control over the surgical
process, serving as a key driver for enhancing surgical
precision, success rates, and patient safety.
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Coronary artery intervention serves as a typical
application scenario. Coronary artery disease, affecting
tens of millions globally each year,”® is characterized by
the accumulation of plaque within the coronary arteries,
leading to vessel narrowing that severely restricts blood
supply to the heart muscle and ultimately triggers life-
threatening heart attacks. FFR measurement provides a
critical minimally invasive means to assess the physio-
logical significance of coronary stenoses.’* By integrating
an iontronic sensor at its tip, this smart guidewire enables
precise arterial pressure measurement distal to the ste-
nosis based on the electrochemical double-layer capaci-
tance variation. Once implanted, the guidewire captures
real-time, periodic blood pressure pulse waveforms. Re-
searchers simulated vessel stenosis and reperfusion in
pig models through balloon inflation and deflation
(Figure 6A). Experiments demonstrated that the guide-
wire successfully monitored a significant drop in distal
pressure upon balloon inflation (corresponding to a
decrease in FFR from 0.94 to 0.56) and subsequent
pressure recovery after deflation, validating its effective-
ness in functionally assessing stenosis severity. Further-
more, the guidewire exhibited high sensitivity and rapid
response to pharmacologically induced hemodynamic
changes. Following an initial injection of a small dose of
nitroglycerin (0.5 mL), the guidewire detected a subtle
pressure drop of approximately 1 mmHg. After a second
dose (1 mL), it identified significant hemodynamic shifts
within about 30 s (Figure 6B).

Beyond pressure monitoring, the smart guidewire also
features contact force sensing. Abnormal capacitance
signals are generated when the guidewire tip contacts the
vessel wall, providing immediate warning for the oper-
ator to adjust its orientation, thereby effectively reducing
the risk of vascular injury, dissection, or perforation.”” By
delivering real-time physiological data (pressure and
contact force), this sensor-integrated smart guidewire
significantly enhances the operator's real-time detection
capability and decision-making basis during coronary
procedures. It represents an innovative tool for improving
surgical precision and patient safety.

Besides hemodynamic signals, fluctuations in the
local biochemical environment during major surgeries
are also critical for assessing organ function and proce-
dural outcomes.”® For instance, in kidney trans-
plantation, the donor kidney is susceptible to ischemia-
reperfusion injury during procurement, perfusion, and
reimplantation.”””® Real-time changes in local metabo-
lites (e.g., creatinine, uric acid) and stress markers
(e.g., hydrogen peroxide, norepinephrine) directly reflect
graft viability and early functional recovery,” which
cannot be timely and accurately captured through sys-
temic blood sampling.”’

To meet this need, the magnetically actuated multi-
modal bioelectronic catheter offers a promising solution.
As shown in Figure 6C, this catheter can be actively
navigated via an external magnetic field to deep target
sites (e.g., the renal vein) and perform synchronous, real-
time, and continuous monitoring of multiple key in-
dicators (Figure 6D), including metabolites (creatinine,
uric acid, H,0,, norepinephrine) and electrolytes (K,
Na', Ca**, pH). This capability not only enables chemi-
cal dynamics of organ perfusion and metabolic status but
also provides objective, precise data to guide intra-
operative fluid management and immediate evaluation of
surgical efficacy. By delivering continuous, in situ, and
multidimensional data on the local microenvironment,
the medical devices integrated with sensors fundamen-
tally enhance the surgeon's real-time perception of
pathophysiology. Thereby, they facilitate a paradigm shift
from experience-based to data-driven decision-making in
the operating room.

4.2 | Blood pharmacokinetic monitoring
for precision dosing

In addition to short-term intraoperative monitoring,
implantable electrochemical sensors also demonstrate
critical application value in longer-term pharmacokinetic
monitoring of blood. Blood pharmacokinetic monitoring is
a critical measure for preventing drug toxicity and
ensuring patient safety.'’'°! This is especially pertinent
for drugs with a narrow therapeutic window, where the
effective concentration is very close to the toxic concen-
tration—a hallmark of many chemotherapeutic agents,
such as methotrexate,'°**%* paclitaxel,’*® and cisplatin.'®
If drug concentrations exceed the safe range, severe
adverse reactions like myelosuppression, hepatorenal inju-
ry, or neurotoxicity may occur. Conversely, subtherapeutic
concentrations can lead to treatment failure and inade-
quate suppression of tumor progression. Continuous mon-
itoring enables precise maintenance of drug levels within
the therapeutic window, thereby preventing toxicity from
accumulation or loss of efficacy from insufficient exposure.
Furthermore, significant interindividual variability in
drug absorption, distribution, metabolism, and excretion
arises due to factors such as age, hepatic or renal impair-
ment, and pregnancy.'®’'°° Pharmacokinetic monitoring
provides a reliable basis for scientifically adjusting dosage
regimens in these special populations, effectively miti-
gating the clinical risks associated with empirical dosing.

Traditional pharmacokinetic studies rely on discrete
blood sampling and offline analysis, offering low tem-
poral resolution, an inability to capture rapid dynamic
changes, and frequent sampling easily causing stress
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FIGURE 6 Application of the implantable electrochemical sensor in blood monitoring. (A) Schematic illustration of an in vivo
vascular stenosis model created by balloon inflation. Copyright 2025, Springer Nature. (B) Continuous blood pressure data from the sensing
guidewire under balloon inflation/deflation and post-nitroglycerin conditions.”® Copyright 2025, Springer Nature. (C) Magnetically guided
and multifunctional catheter for blood monitoring in the renal vein. Copyright 2025, Springer Nature. (D) Continuous monitoring of small-
molecule metabolites in the renal vein by the catheter.’” Copyright 2025, Springer Nature. (E) Schematic illustration of the metabolic
pathway of levodopa in vivo. Copyright 2024, American Chemical Society. (F) Continuous monitoring of HVA in blood and its correlation
with cerebral dopamine. Copyright 2024, American Chemical Society. (G) Behavioral changes in rats as indicated by continuous blood
HVA monitoring.** Copyright 2024, American Chemical Society. HVA, homovanillic acid.
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interference in animals. Through the development of
implantable electrochemical sensors, researchers can
perform continuous, real-time, and high-frequency drug
concentration monitoring in freely moving animals over
several days or even longer periods. Continuous blood
drug concentration monitoring has improved temporal
resolution by several orders of magnitude, thereby not
only enabling the precise capture of the entire process of
drug absorption, distribution, and metabolism in vivo for
the first time but also revealing individual differences
difficult to detect with conventional methods. For insta-
nce, research results indicate differences in pharmaco-
kinetics between different animals and between multiple
injections in the same animal following repeated admini-
stration of the antibiotic tobramycin.*® This high tem-
poral resolution continuous monitoring capability pro-
vides robust technical support for understanding the real-
time kinetics of drug action, optimizing dosing regimens,
and achieving personalized precision dosing.

Beyond direct monitoring of the drug itself, monitoring
drug metabolites is also of great significance. Levodopa is a
common therapeutic drug for neurological diseases,'"’
which is converted into the neurotransmitter dopamine in
the brain (Figure 6E). Dopamine itself cannot cross the
blood-brain barrier, but its primary metabolite, HVA, is
able to enter the peripheral bloodstream via the barrier.*'
By implanting a fiber sensor into the tail vein to monitor
HVA concentration in blood in real-time, changes in
dopaminergic neuronal activity within the central nervous
system can be indirectly reflected. Research shows that
after intrahippocampal injection of levodopa in rats, dopa-
mine concentration in the brain rapidly increases and
peaks, while the rise in blood HVA concentration shows a
delay of approximately 74 min (Figure 6F), and its trend
matches the excitatory behavior of the animals indicated
by the sensor (Figure 6G). This confirms a powerful
application: indirect, real-time inference of central neurot-
ransmitter dynamics via peripheral metabolite sensing,
offering a minimally invasive, long-term strategy for study-
ing neuropharmacology and disease mechanisms.

In summary, the use of implantable electrochemical
sensing for blood pharmacokinetic monitoring represents
a dual impact advancement. Clinically, it enables a
fundamental shift from a “one size fits all” dosing para-
digm based on population averages toward an individual-
ized, dynamically controllable treatment process guided by
continuous patient data. In research, it provides a powerful
in vivo tool for elucidating drug metabolism pathways,
interaction mechanisms, and sources of inter-individual
variability, thereby holding strong potential to accelerate
and refine the drug development pipeline.

5 | CHALLENGES AND OUTLOOK

Over the past few decades, advancements in materials
science and device engineering have significantly pro-
moted the development of implantable electrochemical
sensors for blood monitoring, from the design of high-
performance recognition elements to the construction
of anti-biofouling interfaces, and from the proposal of
fibrous chemical sensors to the integration of sensors
with various intravascular medical devices. Direct and
continuous blood monitoring holds irreplaceable value in
obtaining reliable, real-time physiological and biochem-
ical information. Whether it is the dynamic monitoring of
vital signs during surgery or the precise tracking of phar-
macokinetic processes, its unique clinical significance is
evident. Implantable electrochemical sensors have the
potential to revolutionize traditional disease management
paradigms, enabling a fundamental shift from intermit-
tent and delayed approaches to continuous and timely
ones. Despite remarkable progress, implantable electro-
chemical sensors for blood monitoring still face a series of
critical challenges on the path toward large-scale clinical
translation and application (Figure 7).

(1) Long-term biocompatibility and sensing stability. It
represents two fundamental hurdles to achieving
sustained monitoring and advancing its use in prac-
tical disease management. On one hand, long-term im-
plantation places stringent demands on the biocom-
patibility of sensor materials. They must minimize
non-specific adsorption of biological components in
the long term, while also being miniaturized to reduce
hemodynamic interference and avoid causing signifi-
cant discomfort to the user. The potential impact of
sensor implantation itself on the local microenviron-
ment and data validity should also be considered. The
presence of a foreign body within a blood vessel may
trigger local inflammatory responses, alter hemody-
namics, and even promote microthrombosis. These
disturbances can, in turn, affect the local concentra-
tions of metabolites, drugs, and other analytes, making
it difficult for the locally measured concentrations to
accurately reflect the systemic physiological state.
Therefore, systematic evaluation of these potential
interferences is essential for establishing the clinical
validity of data obtained from implantable sensors,
which requires targeted strategies at the sensor-tissue
interface. Furthermore, wound care at the implanta-
tion site should not be overlooked, as this area repre-
sents a vulnerable point for infection. On the other
hand, maintaining stable and accurate monitoring
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FIGURE 7 From translational challenges to future visions for implantable electrochemical sensors.
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performance over extended periods remains a signifi-
cant obstacle. This requires the sensing interface to
resist physical erosion and chemical degradation in the
complex biological environment, preventing irrevers-
ible structural or functional changes that could lead to
signal drift, sensitivity loss, and ultimately unreliable
long-term data.

Standardization and scalable manufacturing. Beyond
achieving excellent sensing performance and biocomp
atibility, equal attention must be paid to inter-batch
consistency and the scalable, reliable, and stable man-
ufacturing capacity of the sensors. These aspects
represent the critical practical bottlenecks that deter-
mine whether such devices can truly transition to
clinical application while ensuring clinical reliability
and cost-effectiveness. This demands a high degree of
uniformity and process control at every stage, from
sensing elements to electrode materials and encapsu-
lation processes. Future research should systemati-
cally focus on the co-design of material synthesis,
interface engineering, microfabrication processes, and
quality management systems to bridge the pathway
from laboratory prototypes to clinically viable
products.

Integration with back-end processing systems. A crit-
ical step toward the successful clinical translation of
this technology is the effective integration of the sensor
with back-end system components, including signal

processing and transmission modules, data storage
units, and power systems, to form a complete, stable,
and clinically viable monitoring solution. Currently,
most implantable electrochemical sensors adopt a
“semi-implantable” architecture, where the sensing
element resides in the body and is connected via
external leads to signal processing and power modules
outside the body. This design necessitates a strong
focus on ensuring long-term stability at the sensor-
module interface and secure external fixation to
minimize interference with in vivo monitoring. Look-
ing forward, advancing toward the development of
“fully implantable systems” will significantly enhance
long-term system stability and patient convenience,
representing a key direction for next-generation tech-
nological evolution. The key to realizing such systems
lies in overcoming challenges related to in vivo energy
supply and data transmission. For energy, wireless
power transfer (e.g., inductive coupling), implantable
energy harvesting, and storage devices (e.g., biofuel
cells, piezoelectric nanogenerators, metal-air batte-
ries) have been actively explored, although they
currently face limitations in energy efficiency and
long-term stability. For data transmission, radio-
frequency telemetry represents a highly promising
approach, while near-field communication and
optical methods offer alternative pathways with trade-
offs in bandwidth, tissue penetration, and power
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consumption. Addressing these challenges requires
integrated co-design of sensing, power, and commu-
nication modules, a frontier that will benefit from
advances in low-power electronics and miniaturized
energy storage technologies.

Building on the progress in addressing these chal-
lenges, several promising directions await further explo-
ration in this exciting field (Figure 7). The first lies in
developing high-performance sensing systems for newly
discovered blood biomarkers, which are closely linked to
the early diagnosis of major diseases such as neurodegen-
erative disorders, cancers, and acute cardiovascular events.
Combined with multi-functional integration, this could
lead to the creation of implantable blood-sensing chips
capable of large-scale, continuous health monitoring,
paving the way for earlier disease detection and manage-
ment. Secondly, the construction of closed-loop thera-
peutic systems based on continuous blood monitoring
feedback will enable real-time, automated intervention,
moving toward proactive and dynamic disease manage-
ment. Finally, artificial intelligence (AI), with its powerful
data-processing capabilities, offers a natural complement
to implantable sensors that generate vast amounts of
continuous data. By extracting deeper health insights and
establishing personalized diagnostic and early-warning
models, Al can help shift the medical paradigm from
“diagnosis after symptom onset” to “prediction and early
intervention,” truly realizing the goal of preventing disease
before it occurs.

To realize these visions and overcome the existing
challenges, deep convergence and collaborative innova-
tion across disciplines such as materials science, electron-
ic engineering, clinical medicine, and artificial intelligence
are indispensable. It is only through such interdisciplinary
synergy that implantable blood monitoring technology can
be accelerated from the laboratory to clinical application,
ultimately advancing the practical implementation of
precision medicine.

AUTHOR CONTRIBUTIONS

Kuangyi Zou: Conceptualization, investigation, writing—
original draft, writing—review and editing. Yuanzhen
Wang: Writing—review and editing. Haidong Wang:
Writing—review and editing. Ye Zhang: Conceptualiza-
tion, funding acquisition, writing—original draft, writing—
review and editing.

ACKNOWLEDGMENTS

This work was financially supported by the National Nat-
ural Science Foundation of China (52422310, 22175086),
the Natural Science Foundation of Jiangsu Province (BK20
240169), the China Postdoctoral Science Foundation (2023

M?731578), and the Jiangsu Funding Program for Excellent
Postdoctoral Talent (2023ZB789).

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT

All data supporting the conclusions of this review are
derived from previously published studies and are avail-
able in the cited references. No new data were generated
or analyzed.

ORCID
Ye Zhang ©© https://orcid.org/0000-0002-7376-6547
REFERENCES

1. S. Zhou, G. Park, K. Longardner, M. Lin, B. Qi, X. Yang, X.
Gao, H. Huang, X. Chen, Y. Bian, H. Hu, R. S. Wu, W. Yue,
M. Li, C. Lu, R. Wang, S. Qin, E. Tasali, T. Karrison, I.
Thomas, B. Smarr, E. B. Kistler, B. A. Khiami, I. Litvan, S.
Xu, Nat. Biomed. Eng. 2025, 9, 865.

. P. H. Levine, JAMA 1972, 220, 1734.

3. N. Ulug, S. Glasl, F. Gasparin, T. Yuan, H. He, D. Jiistel,
M. A. Pleitez, V. Ntziachristos, Nat. Metab. 2024, 6, 678.

4. X. Li, S. Liu, J. Mo, C. Yang, G. Li, M. Zhou, J. Ryu, M.
Morales, H. Fang, W. Ouyang, Nat. Biomed. Eng. 2026.

5. H. C. Ates, H. Mohsenin, C. Wenzel, R. T. Glatz, H. J.
Wagner, R. Bruch, N. Hoefflin, S. Spassov, L. Streicher, S.
Lozano-Zahonero, B. Flamm, R. Trittler, M. J. Hug, M. K6hn,
J. Schmidt, S. Schumann, G. A. Urban, W. Weber, C. Dincer,
Adv. Mater. 2022, 34, 2104555.

6. A. Opneja, D. Maji, P. Mohseni, M. A. Suster, E. X. Stavrou,
Blood 2018, 132, 988.

7. M. W. Dewhirst, T. W. Secomb, Nat. Rev. Cancer 2017,
17, 738.

8. S. Loder, M. Fakler, I. Jeremias, K.-M. Debatin, S. Fulda,
Blood 2009, 114, 3791.

9. E. Sohn, Nature 2017, 549, S16.

10. V. L. Aengevaeren, M. T. E. Hopman, P. D. Thompson, E. A.
Bakker, K. P. George, D. H. J. Thijssen, T. M. H. Eijsvogels,
Circulation 2019, 140, 804.

11. C. Martin-Alonso, S. Tabrizi, K. Xiong, T. Blewett, S. Sridhar,
A. Crnjac, S. Patel, Z. An, A. Bekdemir, D. Shea, S.-T. Wang,
S. Rodriguez-Aponte, C. A. Naranjo, J. Rhoades, J. D. Kirk-
patrick, H. E. Fleming, A. P. Amini, T. R. Golub, J. C. Love,
S. N. Bhatia, V. A. Adalsteinsson, Science 2024, 383, eadf2341.

12. A. H. Qavi, A. M. Minhas, F. Ilyas, Circulation 2020, 142,
A15474.

13. O. Vermesh, A. Aalipour, T. J. Ge, Y. Saenz, Y. Guo, L. S.
Alam, S.-m. Park, C. N. Adelson, Y. Mitsutake, J. Vilches-
Moure, E. Godoy, M. H. Bachmann, C. C. Ooi, J. K. Lyons,
K. Mueller, H. Arami, A. Green, E. I. Solomon, S. X. Wang,
S. S. Gambhir, Nat. Biomed. Eng. 2018, 2, 696.

14. Y. Zhang,J. Ding, B. Qi, W. Tao, J. Wang, C. Zhao, H. Peng, J.
Shi, Adv. Funct. Mater. 2019, 29, 1902834.

15. Q.Li, D.Li,J. Lu, K. Zou, L. Wang, Y. Jiao, M. Wang, R. Gao,
J.Song, Y. Li, F. Li, J. Ji, J. Wang, L. Li, T. Ye, E. He, H. Chen,

85U8017 SUOWILIOD BAIIID 3|cedldde 8y Aq peusenob are saoiie YO ‘8sn JO S3|nJ oy Areiq1T 8UlIUO 4|1 UO (SUORIPUOO-pUe-SWLBY/LICO" A3 1M AReIq e |UO//SdNY) SUORIPUOD Pue SWis | 81 88S *[9202/50/20] Uo AriqiTauliuo A(Im * AiseAun Builuen - Bueyza A Aq 88002 2w 13/Z00T OT/I0pAW0D A8 |ImAeIq Bl UO//SANY WOy pepeojumod ‘0 ‘90T69E8Z


https://orcid.org/0000-0002-7376-6547
https://orcid.org/0000-0002-7376-6547

ZOU ET AL.

16.

17.

18.

19.

20.
21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

Y. Wang, J. Ren, C. Bai, S. Yang, Y. Zhang, Adv. Mater. 2023,
36, 2307726.

H. Chen, Y. Wang, Y. Liu, Q. Zou, J. Yu, ACS Nano 2022, 16,
16281.

H. Bi, C. M. Duarte, M. Brito, V. Vilas-Boas, S. Cardoso, P.
Freitas, Biosens. Bioelectron. 2016, 85, 568.

J. Liu, X. Jiang, R. Zhang, Y. Zhang, L. Wu, W. Lu, J. Li, Y. Li,
H. Zhang, Adv. Funct. Mater. 2019, 29, 1807326.

C. Quan, L. Wen, M. Yang, B. Xu, Biosens. Bioelectron. 2026,
294, 118255.

D. Zhao, G. Yu, K. Tian, C. Xu, Biosens. Bioelectron. 2016, 82, 119.
S. Li, H. Zhang, M. Zhu, Z. Kuang, X. Li, F. Xu, S. Miao, Z.
Zhang, X. Lou, H. Li, F. Xia, Chem. Rev. 2023, 123, 7953.

D. C. Leslie, A. Waterhouse, J. B. Berthet, T. M. Valentin,
A. L. Watters, A. Jain, P. Kim, B. D. Hatton, A. Nedder, K.
Donovan, E. H. Super, C. Howell, C. P. Johnson, T. L. Vu,
D. E. Bolgen, S. Rifai, A. R. Hansen, M. Aizenberg, M. Super,
J. Aizenberg, D. E. Ingber, Nat. Biotechnol. 2014, 32, 1134.
P. Vadgama, Sensors 2020, 20, 3149.

H. Zhou, Y. Xu, S. Zhang, J. Fan, Q. Wei, C. Zhao, Bioact.
Mater. 2026, 56, 656.

R. Hata, T. Shimada, Y. Shima, K. Okabe, M. Ohya, K. Miura,
R. Murai, H. Amano, S. Kubo, T. Tada, H. Tanaka, Y. Fuku,
T. Goto, K. Kadota, Eur. Heart J. 2020, 41, ehaa946.1500.
M. Herklotz, J. Hanke, S. Hinsel, J. Drichel, M. Marx, M. F.
Maitz, C. Werner, Biomaterials 2016, 104, 258.

T. Yin, Y. Li, Y. Ren, A. R. M. Fuad, F. Hu, R. Du, Y. Wang,
G. Wang, Y. Wang, J. Nanobiotechnol. 2021, 19, 121.

Y. Qiu, D. R. Myers, W. A. Lam, Nat. Rev. Mater. 2019, 4, 294.
E. Bakker, E. Pretsch, Angew. Chem., Int. Ed. 2007, 46, 5660.
L. Wang, J. Lu, Q. Li, L. Li, E. He, Y. Jiao, T. Ye, Y. Zhang,
Adv. Funct. Mater. 2022, 32, 2200922.

Y. Ishige, S. Klink, W. Schuhmann, Angew. Chem., Int. Ed.
2016, 55, 4831.

L. Wang, J. Chen, J. Wang, H. Li, C. Chen, J. Feng, Y. Guo, H.
Yu, X. Sun, H. Peng, Sci. China Chem. 2021, 64, 1763.

J. Wang, L. Wang, Y. Yang, H. Li, X. Huang, Z. Liu, S. Yu, C.
Tang, J. Chen, X. Shi, W. Li, P. Chen, Q. Tong, H. Yu, X. Sun,
H. Peng, Adv. Mater. 2024, 36, 2309862.

R. Li, H. Qi, Y. Ma, Y. Deng, S. Liu, Y. Jie, J. Jing, J. He, X.
Zhang, L. Wheatley, C. Huang, X. Sheng, M. Zhang, L. Yin,
Nat. Commun. 2020, 11, 3207.

N. Elgrishi, K. J. Rountree, B. D. McCarthy, E. S. Rountree,
T. T. Eisenhart, J. L. Dempsey, J. Chem. Educ. 2017, 95, 197.
J. Osteryoung, J. Chem. Educ. 1983, 60, 296.

H. Du, Y. Xie, J. Wang, TrAC, Trends Anal. Chem. 2021, 135,
116178.

H. Cao, F. Yu, Y. Zhao, N. Scianmarello, J. Lee, W. Dai, N.
Jen, T. Beebe, R. Li, R. Ebrahimi, D. S. Chang, F. V. Mody, J.
Pacella, Y.-C. Tai, T. Hsiai, Biosens. Bioelectron. 2014, 54, 610.
X.Ji, P. Zhou, L. Zhong, A. Xu, A. C. O. Tsang, P. K. L. Chan,
Adv. Sci. 2018, 5, 1701053.

Y. Fang, J. Feng, X. Shi, Y. Yang, J. Wang, X. Sun, W. Li, X.
Sun, H. Peng, Nano Res. 2023, 16, 11885.

K. Zou, Q. Li, D. Li, Y. Jiao, L. Wang, L. Li, J. Wang, Y. Li, R.
Gao, F. Li, E. He, T. Ye, W. Tang, J. Song, J. Lu, X. Li, H.
Zhang, X. Cao, Y. Zhang, ACS Nano 2024, 18, 7485.

M. Wang, Y. Yang, J. Min, Y. Song, J. Tu, D. Mukasa, C. Ye,
C. Xu, N. Heflin, J. S. McCune, T. K. Hsiai, Z. Li, W. Gao,
Nat. Biomed. Eng. 2022, 6, 1225.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

FleXMat-WiLEYy——2

P. Fan, Z. Cao, S. Zhang, Y. Wang, Y. Xiao, W. Jia, P. Zhang,
S. Huang, Nat. Commun. 2024, 15, 1969.

Z.1i,Y. Liu, O. Hossain, R. Paul, S. Yao, S. Wu, J. B. Ristaino,
Y. Zhu, Q. Wei, Matter 2021, 4, 2553.

Y. Luo, M. R. Abidian, J. H. Ahn, D. Akinwande, A. M.
Andrews, M. Antonietti, Z. Bao, M. Berggren, C. A. Berkey,
C. J. Bettinger, J. Chen, P. Chen, W. Cheng, X. Cheng, S. J.
Choi, A. Chortos, C. Dagdeviren, R. H. Dauskardt, C. A. Di,
M. D. Dickey, X. Duan, A. Facchetti, Z. Fan, Y. Fang, J. Feng, X.
Feng, H. Gao, W. Gao, X. Gong, C. F. Guo, X. Guo, M. C. Hartel,
Z. He, J. S. Ho, Y. Hu, Q. Huang, Y. Huang, F. Huo, M. M.
Hussain, A. Javey, U. Jeong, C. Jiang, X. Jiang, J. Kang, D.
Karnaushenko, A. Khademhosseini, D. H. Kim, I. D. Kim, D.
Kireev, L. Kong, C. Lee, N. E. Lee, P. S. Lee, T. W. Lee, F. Li, J.
Li, C. Liang, C. T. Lim, Y. Lin, D. J. Lipomi, J. Liu, K. Liu, N.
Liu, R. Liu, Y. Liu, Y. Liu, Z. Liu, Z. Liu, X. J. Loh, N. Lu, Z. Lv,
S. Magdassi, G. G. Malliaras, N. Matsuhisa, A. Nathan, S. Niu,
J. Pan, C. Pang, Q. Pei, H. Peng, D. Qi, H. Ren, J. A. Rogers, A.
Rowe, O. G. Schmidt, T. Sekitani, D. G. Seo, G. Shen, X. Sheng,
Q. Shi, T. Someya, Y. Song, E. Stavrinidou, M. Su, X. Sun, K.
Takei, X. M. Tao, B. C. K. Tee, A. V. Thean, T. Q. Trung, C.
Wan, H. Wang, J. Wang, M. Wang, S. Wang, T. Wang, Z. L.
Wang, P. S. Weiss, H. Wen, S. Xu, T. Xu, H. Yan, X. Yan, H.
Yang, L. Yang, S. Yang, L. Yin, C. Yu, G. Yu,J. Yu, S. H. Yu, X.
Yu, E. Zamburg, H. Zhang, X. Zhang, X. Zhang, X. Zhang, Y.
Zhang, Y. Zhang, S. Zhao, X. Zhao, Y. Zheng, Y. Q. Zheng, Z.
Zheng, T. Zhou, B. Zhu, M. Zhu, R. Zhu, Y. Zhu, Y. Zhu, G. Zou,
X. Chen, ACS Nano 2023, 17, 5211.

X. Xie, J. C. Doloff, V. Yesilyurt, A. Sadraei, J. J. McGarrigle,
M. Omami, O. Veiseh, S. Farah, D. Isa, S. Ghani, I. Joshi, A.
Vegas, J. Li, W. Wang, A. Bader, H. H. Tam, J. Tao, H.-J.
Chen, B. Yang, K. A. Williamson, J. Oberholzer, R. Langer,
D. G. Anderson, Nat. Biomed. Eng. 2018, 2, 894.

C. Zhao, J. Park, D. Maula, Y. Yuan, D. Zhong, W. Wang, Q.
Liu, C. Xu, Y. Zheng, R. K. Mow, Y. Jiang, C. Xu, H. Lyu, L.
Michalek, A. Berman, Y. Jiang, S. Wei, C. Zhu, C. Wu, A.
Abramson, E. Kim, X. Ji, Z. Yu, J. Shi, M. Khatib, B. Shi, Z.
Bao, Nat. Electron. 2025, 8, 981.

N. Arroyo-Curras, J. Somerson, P. A. Vieira, K. L. Ploense,
T. E. Kippin, K. W. Plaxco, Proc. Natl. Acad. Sci. U. S. A. 2017,
114, 645.

Y. Jiao, E. He, T. Ye, Y. Wang, H. Yin, Y. Zhang, Acc. Mater.
Res. 2025, 6, 221.

H. Nakajo, R. Cao, S. A. Mula, J. McKetney, N. J. Silva, K. H.
Li, R. J. Chalkley, L. K. Randolph, M. Shah, I. V. L. Rose, M.
Kampmann, D. L. Swaney, C. Kirst, A. V. Molofsky, Nat.
Neurosci. 2025, 29, 567.

R. M. Mayall, M. Renaud-Young, N. W. C. Chan, V. I. Birss,
Biosens. Bioelectron. 2017, 87, 794.

J. Wu, H. Liu, W. Chen, B. Ma, H. Ju, Nat. Rev. Bioeng. 2023,
1, 346.

H. Lee, Y. J. Hong, S. Baik, T. Hyeon, D.-H. Kim, Adv.
Healthcare Mater. 2018, 7, 1701150.

M. Dissanayake, S. V. Somerville, Y. Soda, Y. Yao, H. T. K.
Duong, R. D. Tilley, J. J. Gooding, ACS Sens. 2025, 10, 545.
T. Saha, R. Del Cafio, K. Mahato, E. De la Paz, C. Chen, S.
Ding, L. Yin, J. Wang, Chem. Rev. 2023, 123, 7854.

Y. Lu, D. Liu, Z. Liang, R. Liu, P. Chen, Y. Liu, J. Li, Z. Feng,
L. M. Li, B. Sheng, W. Jia, L. Chen, H. Li, Y. Wang, Natl. Sci.
Rev. 2025, 12, nwaf039.

85U8017 SUOWILIOD BAIIID 3|cedldde 8y Aq peusenob are saoiie YO ‘8sn JO S3|nJ oy Areiq1T 8UlIUO 4|1 UO (SUORIPUOO-pUe-SWLBY/LICO" A3 1M AReIq e |UO//SdNY) SUORIPUOD Pue SWis | 81 88S *[9202/50/20] Uo AriqiTauliuo A(Im * AiseAun Builuen - Bueyza A Aq 88002 2w 13/Z00T OT/I0pAW0D A8 |ImAeIq Bl UO//SANY WOy pepeojumod ‘0 ‘90T69E8Z



* | WILEY-FleXMat

57.

58.

59.
60.
61.

62.
63.

64.
65.
66.
67.
68.
69.
70.

71.

72.
73.
74.
75.
76.
77.

78.

79.
80.

81.

82.

ZOU ET AL.

J. Yang, Y. Zhang, Z. Liu, S. Huang, X. Huang, Y. Wang, M.
Li, S. Zheng, F. Chen, J. Liu, Y. Tao, T. Wu, L. Xu, H. Chen,
L. Jiang, X. Xie, Nat. Mater. 2025, 24, 2019.

C. Ye, H. Lukas, M. Wang, Y. Lee, W. Gao, Chem. Soc. Rev.
2024, 53, 7960.

J. Tu,J. Min, Y. Song, C. Xu, J. Li, J. Moore, J. Hanson, E. Hu,
T. Parimon, T.-Y. Wang, E. Davoodi, T.-F. Chou, P. Chen, J. J.
Hsu, H. B. Rossiter, W. Gao, Nat. Biomed. Eng. 2023, 7, 1293.
T. Bertok, L. Klukova, A. Sediva, P. Kasak, V. Semak, M.
Micusik, M. Omastova, L. Chovanova, M. Vi¢ek, R. Imrich,
A. Vikartovska, J. Tkac, Anal. Chem. 2013, 85, 7324.

R.J. White, H. M. Kallewaard, W. Hsieh, A. S. Patterson, J. B.
Kasehagen, K. J. Cash, T. Uzawa, H. T. Soh, K. W. Plaxco,
Anal. Chem. 2012, 84, 1098.

J. J. BelBruno, Chem. Rev. 2019, 119, 94.

M. Wang, C. Ye, Y. Yang, D. Mukasa, C. Wang, C. Xu, J. Min,
S. A. Solomon, J. Tu, G. Shen, S. Tang, T. K. Hsiai, Z. Li, J. S.
McCune, W. Gao, Nat. Mater. 2025, 24, 589.

X. Li, R. Ou, Z. Yuan, Y. Lin, FlexMat 2025, 2, 475.

N. Mintz Hemed, S. Leal-Ortiz, E. T. Zhao, N. A. Melosh,
ACS Nano 2023, 17, 5632.

C. Li, T. Hang, Y. Jin, Exploration 2023, 3, 20220151.

G. Ernis, Y. M. T. A. Putri, M. L. Syaugqi, P. K. Jiwanti, Y. W.
Hartati, T. Kondo, Q. K. Anjani, J. Gunlazuardi, J. Electro-
chem. 2025, 31, 2411291.

C. Yan, S. Jian, W. Si-Yu, C. Xiao-Tong, L. Zhong-Gang, G.
Zheng, J. Electrochem. 2025, 31, 2417001.

J. Wu, S. Zhang, Q. Gu, Q. Zhang, FlexMat 2024, 1, 160.

Y. Chen, K. X. Fu, R. Cotton, Z. Ou, J. W. Kwak, J.-C. Chien,
V. Kesler, H. Y. Y. Nyein, M. Eisenstein, H. Tom Soh, Nat.
Biomed. Eng. 2025, 9, 1517.

S. Li, J. Dai, M. Zhu, N. Arroyo-Currés, H. Li, Y. Wang, Q.
Wang, X. Lou, T. E. Kippin, S. Wang, K. W. Plaxco, H. Li, F.
Xia, ACS Nano 2023, 17, 18525.

J. Sabaté del Rio, O. Y. F. Henry, P. Jolly, D. E. Ingber, Nat.
Nanotechnol. 2019, 14, 1143.

J.-C. Lee, S. Y. Kim, J. Song, H. Jang, M. Kim, H. Kim, S. Q.
Choi, S. Kim, P. Jolly, T. Kang, S. Park, D. E. Ingber, Nat.
Commun. 2024, 15, 711.

J. J. Gooding, Nat. Nanotechnol. 2019, 14, 1089.

Q. Chen, S. Yu, D. Zhang, W. Zhang, H. Zhang, J. Zou, Z. Mao,
Y. Yuan, C. Gao, R. Liu, J. Am. Chem. Soc. 2019, 141, 16772.
A. L. Gui, E. Luais, J. R. Peterson, J. J. Gooding, ACS Appl.
Mater. Interfaces 2013, 5, 4827.

E. Zhang, Y. Shi, X. Han, H. Zhu, B. Song, C. Yang, Z. Cao,
Nat. Biomed. Eng. 2024, 8, 1197.

D. Chan, J.-C. Chien, E. Axpe, L. Blankemeier, S. W. Baker,
S. Swaminathan, V. A. Piunova, D. Y. Zubarev, C. L. Mai-
kawa, A. K. Grosskopf, J. L. Mann, H. T. Soh, E. A. Appel,
Adv. Mater. 2022, 34, 2109764.

Q. Li, W. Wang, H. Yin, K. Zou, Y. Jiao, Y. Zhang, Research
2024, 7, 0507.

C. Tang, S. Yu, W. Li, T. Huang, Y. Yang, S. Zhang, H. Peng,
X. Sun, Adv. Mater. 2025, n/a, €08190.

S. Nam, G. D. Cha, S.-H. Sunwoo, J. H. Jeong, H. Kang, O. K.
Park, K.-Y. Lee, S. Oh, T. Hyeon, S. H. Choi, S.-P. Lee, D.-H.
Kim, Adv. Mater. 2024, 36, 2404101.

L. Wang, S. Xie, Z. Wang, F. Liu, Y. Yang, C. Tang, X. Wu, P.
Liu, Y. Li, H. Saiyin, S. Zheng, X. Sun, F. Xu, H. Yu, H. Peng,
Nat. Biomed. Eng. 2020, 4, 159.

83.

84.

85.

86.
87.

88.
89.

90.

91.

92.

93.
94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

L. Wang, E. He, R. Gao, X. Wu, A. Zhou, J. Lu, T. Zhao, J. Li, Y.
Yun, L. Li, T. Ye, Y. Jiao, J. Wang, H. Chen, D. Li, X. Ning, D.
Wu, H. Peng, Y. Zhang, Adv. Funct. Mater. 2021, 31, 2107160.
R. Gao, L. Wang, D. Li, J. Song, Q. Li, J. Lu, L. Li, Y. Li, T. Ye,
J. Wang, Y. Jiao, F. Li, E. He, J. Ren, Y. Zhang, Sci. China
Mater. 2024, 67, 1320.

Y. Lin, Y. Huang, T. Wang, S. Cai, Y. Wu, L. Li, Z. Yang, J.
Chen, FlexMat 2025, 2, 365.

J. Feng, C. Chen, X. Sun, H. Peng, Acc. Mater. Res. 2021, 2, 138.
M. Veleti¢, E. H. Apu, M. Simi¢, J. Bergsland, I. Balasingham,
C. H. Contag, N. Ashammakhi, Chem. Rev. 2022, 122, 16329.
J. Park, B. Seo, Y. Jeong, I. Park, Adv. Sci. 2024, 11, 2307427.
S.Huang, X. Huang, Z. Liu, C. Yao, J. Liu, M. He, X. Xu, T. Zhang,
J. Wang, L. Jiang, H.-J. Chen, X. Xie, ACS Nano 2024, 18, 18129.
H. Wang, J. Liu, R. Nie, Q. Shi, Q. Huang, T. Fukuda,
SmartBot 2025, 1, e12007.

F. Guan, N. Bai, J. Song, N. Zhang, J. Li, Y. Jiang, Z. Han, H.
Wang, J. Shi, X. Xia, X. Chen, C. F. Guo, L. Wang, Nat.
Biomed. Eng. 2025.

A.Y. Tarman, S. Ahmed, M. O. Althumayri, M. Guy, D. C.
Lugo, F. S. Ligler, G. T. Ligler, R. Oklu, H. Kawahira, M. J.
McShane, J. Kameoka, J. Bova, H. Ceylan Koydemir, Adv.
Healthcare Mater. 2025, n/a, €03913.

K. Musunuru, S. Kathiresan, Cell 2019, 177, 132.

C. Collet, D. Capodanno, Y. Onuma, A. Banning, G. W.
Stone, D. P. Taggart, J. Sabik, P. W. Serruys, Nat. Rev. Cardiol.
2018, 15, 321.

Y. Peng, X. Liu, K. F. Chan, X. Song, L. Zhang, SmartBot
2025, 1, €120009.

J.Mu, C.L4i,Y.Shi, G. Liu, J. Zou, D.-Y. Zhang, C. Jiang, X. Wang,
L. He, P. Huang, Y. Yin, X. Chen, Nat. Commun. 2022, 13, 2513.
X. Jing, S. Han, Y. Yang, Y. Lai, W. Lin, Coord. Chem. Rev.
2025, 534, 216607.

J. Hunter, S. Hosgood, C. Moers, H. Leuvenink, T. J. Rabe-
link, R. Ploeg, on behalf of the COPE Consortium, Nat. Rev.
Nephrol. 2025, 21, 818.

R. X. Liu, N. Koyawala, H. R. Thiessen-Philbrook, M. D.
Doshi, P. P. Reese, 1. E. Hall, S. Mohan, C. R. Parikh, Kidney
Int. 2023, 103, 762.

Y. Zhou, J. Li, Z. Xu, Y. Zhao, S. Zhang, T. Liu, Y. Yao, L.
Fang, Y. Cai, X. Ye, B. Liang, Nat. Commun. 2025, 16, 10796.
E. Soyfer, J. Heidmann, X. Huang, V. Rangel, K. Tsai, L.
Wadley, B. Sworder, N. Pannunzio, A. Fleischman, Blood
2025, 146, 7268.

S. Nakhoda, F. Rizwan, R. Thomas, K. Ruth, Z. Frosch, M.
Messmer, 1. Sosa, N. Khan, Blood 2025, 146, 4401.

J. Nie, L. Huang, Y. Shen, H. Pan, S. Wang, H. Zhao, P. Gao,
J. Yang, X. Huang, S. Zeng, J. Miao, Drug Resistance Updates
2025, 81, 101225.

K. Fendler, J. Rauscher, P. Galanis, L. Wilde, M. Kasner, G.
Keiffer, C. Jeurkar, U. Martinez Outschoorn, O. Alpdogan, P.
Porcu, M. Wysota, B. Razzo, A. Binder, Blood 2025, 146, 521.
S. Gupta, N. Nair, R. W. Hawaldar, S. Joshi, S. Gulia, T. Shet,
R. Sarin, V. Parmar, S. Desai, J. Ghosh, T. Wadasadawala, V.
Vanmali, T. Panhale, P. Parab, A. Patil, G. Chitkara, S. Rath,
J. Bajpai, R. Pathak, P. Popat, M. Thakur, R. A. Badwe, J.
Clin. Oncol. 2025, 44, 9.

R. C. Grant, J. C. He, N. Liu, S. Podolsky, F. Notta, M.
Ghassemi, S. Gallinger, A. Knezevic, S. Latcha, E. Jaimes, A.
Kitchlu, K. Chan, JAMA Oncol. 2025, 11, 1179.

85U8017 SUOWILIOD BAIIID 3|cedldde 8y Aq peusenob are saoiie YO ‘8sn JO S3|nJ oy Areiq1T 8UlIUO 4|1 UO (SUORIPUOO-pUe-SWLBY/LICO" A3 1M AReIq e |UO//SdNY) SUORIPUOD Pue SWis | 81 88S *[9202/50/20] Uo AriqiTauliuo A(Im * AiseAun Builuen - Bueyza A Aq 88002 2w 13/Z00T OT/I0pAW0D A8 |ImAeIq Bl UO//SANY WOy pepeojumod ‘0 ‘90T69E8Z



ZOU ET AL.

107.

108.

109.

110.

C. Johannessen Landmark, S. I. Johannessen, T. Tomson,
Adv. Drug Delivery Rev. 2012, 64, 896.

T. Andrew Clayton, J. C. Lindon, O. Cloarec, H. Antti, C.
Charuel, G. Hanton, J.-P. Provost, J.-L. Le Net, D. Baker, R. J.
Walley, J. R. Everett, J. K. Nicholson, Nature 2006, 440, 1073.
M. W. Tibbitt, J. E. Dahlman, R. Langer, J. Am. Chem. Soc.
2016, 138, 704.

X. Wang, Y. Yin, H. Zhou, B. Chi, L. Guan, P. Li, J. Li, Y.
Wang, Exploration 2025, 5, 20240036.

AUTHOR BIOGRAPHIES

research interest focuses on implantable sensors.

=L Prof. Ye Zhang. She obtained her B.S.
ﬂ B degree in Macromolecular Materials
technic University in 2021. Her current research fo-
cuses on functional soft materials.

Kuangyi Zou is currently a Ph.D.
candidate at Nanjing University under
Prof. Ye Zhang. She received her B.S.
degree in Materials Physics from Nanj-
ing University in 2023. Her current

Yuanzhen Wang is currently a Ph.D.
m candidate at Nanjing University under

and Engineering from Dalian Poly-

Haidong Wang is currently a Ph.D.
candidate at Nanjing University under
Prof. Ye Zhang. He received his B.S.
degree in Biomedical Engineering from
Nanjing University in 2024. His current
research focuses on implantable in vivo batteries.

Ye Zhang is currently a professor at
College of Engineering and Applied
Sciences, Nanjing University. She
received her Ph.D. degree in Macro-
molecular Chemistry and Physics from
Fudan University in 2018 and then joined Harvard
Medical School as a postdoctoral research fellow. Her
research focuses on functional polymer materials and
their applications in the field of batteries, sensors, and
bioelectronic devices.

FleXMat-WiLEY——2

How to cite this article: K. Zou, Y. Wang, H.
Wang, Y. Zhang, FlexMat 2026, 1. https://doi.org/
10.1002/flm2.70088

85U8017 SUOWILIOD BAIIID 3|cedldde 8y Aq peusenob are saoiie YO ‘8sn JO S3|nJ oy Areiq1T 8UlIUO 4|1 UO (SUORIPUOO-pUe-SWLBY/LICO" A3 1M AReIq e |UO//SdNY) SUORIPUOD Pue SWis | 81 88S *[9202/50/20] Uo AriqiTauliuo A(Im * AiseAun Builuen - Bueyza A Aq 88002 2w 13/Z00T OT/I0pAW0D A8 |ImAeIq Bl UO//SANY WOy pepeojumod ‘0 ‘90T69E8Z


https://doi.org/10.1002/flm2.70088
https://doi.org/10.1002/flm2.70088

	Implantable electrochemical sensors for continuous blood monitoring
	1 | INTRODUCTION
	2 | PRINCIPLES FOR ELECTROCHEMICAL SENSING IN BLOOD
	2.1 | Blood: The unique electrochemical environment
	2.1.1 | Direct interference from the chemical environment
	2.1.2 | Biofouling and interface passivation
	2.1.3 | Physicomechanical and geometric constraints
	2.1.4 | Summary: Implications for sensor design

	2.2 | Sensing mechanisms adapted for blood monitoring
	2.2.1 | Potentiometry
	2.2.2 | Amperometry
	2.2.3 | Voltammetry
	2.2.4 | Impedimetry

	2.3 | Performance metrics for blood sensing
	2.3.1 | Sensitivity
	2.3.2 | Selectivity
	2.3.3 | Stability
	2.3.4 | Response time
	2.3.5 | Hemocompatibility


	3 | MATERIALS AND SYSTEM DESIGN STRATEGIES FOR BLOOD MONITORING
	3.1 | Sensing materials for blood monitoring
	3.1.1 | Biological recognition materials
	3.1.2 | Synthetic recognition materials
	3.1.3 | Antifouling sensing interface construction

	3.2 | Sensor architectures for the intravascular blood monitoring
	3.2.1 | Standalone sensors for intravascular implantation
	3.2.2 | Sensors integrated with intravascular medical devices


	4 | APPLICATION OF IMPLANTABLE ELECTROCHEMICAL SENSOR IN BLOOD
	4.1 | Physiochemical blood monitoring for intraoperative care
	4.2 | Blood pharmacokinetic monitoring for precision dosing

	5 | CHALLENGES AND OUTLOOK
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT


