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Interstitial fluid (ISF), a biological fluid rich in diverse biomarkers and analytes and similar to blood
composition, has garnered significant attention as a valuable source of clinically relevant information.
Consequently, ISF-based wearable biosensors are emerging as powerful tools for non-invasive and
minimally invasive disease diagnosis, personalized medicine, and other healthcare and biomedical
applications. This review provides a comprehensive overview of recent advancements in ISF-based
biosensors, with a particular focus on wearable ISF sensors. We first offer insights into ISF biomarkers
and sampling techniques and discuss recent ISF sensing strategies that encompass materials,
fabrication methods, and sensing mechanisms. Then, we present a comprehensive overview of their
applications. Finally, we address the challenges faced in this field and offer a forward-looking

perspective on promising future directions.

Interstitial fluid (ISF), which exists in extracellular spaces and directly dif-
fuses from blood vessels holds great potential for healthcare and biomedical
applications. It is one of the epidermally accessible biofluids and has a
similar composition to blood'. Various target biomarkers are present in ISF
and can be detected by ISF-based wearable biosensors to provide vital
information critical to both clinicians and patients’™. Thus, ISF and ISF
sensors can offer insights into disease diagnosis, progression, and even
holistic health conditions.

While blood or blood serum remains the primary biofluid and has
often been considered the gold standard for detecting numerous bio-
markers, its collection involves invasive hypodermic needles, necessitating
professional expertise for safe retrieval™. This approach restricts frequent
blood sampling and biochemical assessments outside clinical settings,
except for specific techniques such as finger-pricking for blood glucose
monitoring. Over the years, researchers have earnestly pursued alternative
methods that maintain accuracy while reducing invasiveness and
complexity.

These explorations center on identifying a biofluid that is similar to
blood, easily accessible with minimal invasiveness, to serve as a transfor-
mative game-changer in diagnostic procedures. These easily accessible

biofluids which include ISF**, tears*’, saliva'*"', and sweat'>"’ were pro-

posed and studied to evaluate both small (e.g. glucose, lactate, and amino
acids') and large molecules (e.g. drugs", proteins'®, and hormones'’) bio-
markers. Among these biofluids, ISF shows advantages both in large
amounts, low bio-interference, and high clinical relevance. To fully utilize
ISF sensors for facilitating healthcare applications, extensive research has
been conducted to withdraw information from ISF reliably, simply, and
minimally invasively. It not only involves sampling or accessing ISF through
microneedles'* ™, reverse iontophoresis (RI)*'**, and micro-dialysis™, but
also includes measuring ISF biomarkers’* such as metabolic species and
drugs to provide diagnosis and management of diseases.

In this review, we report recent progress made in ISF sensors for
healthcare applications (Fig. 1). We first introduce the ISF bioenvironment,
biomarker compositions, and sampling techniques. Second, we summarize
the ISF sensing technologies for small molecules or macromolecule mon-
itoring. We then discussed ISF-based biochemical sensors for healthcare
applications such as disease diagnosis and drug assessment. While outlining
recent advancements in this field, we will also delve into some of the
challenges and suggest forthcoming innovations and directions for the
future.

"Department of Biomedical Engineering, National University of Singapore, Singapore, Singapore. ?Institute of Medical Equipment Science and Engineering,
Huazhong University of Science and Technology, Wuhan, China. ®Department of Physics, City University of Hong Kong, Hong Kong SAR, China. “Institute for
Health Innovation and Technology (iHealthtech), National University of Singapore, Singapore, Singapore. *Mechanobiology Institute, National University of
Singapore, Singapore, Singapore. ®These authors contributed equally: Zixiong Wu, Zheng Qiao.”These authors jointly supervised this work: Shuwen Chen, Chwee

Teck Lim. e-mail: shuwenchen@hust.edu.cn; ctlim@nus.edu.sg

Communications Materials | (2024)5:33


http://crossmark.crossref.org/dialog/?doi=10.1038/s43246-024-00468-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43246-024-00468-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43246-024-00468-6&domain=pdf
http://orcid.org/0009-0008-9469-2736
http://orcid.org/0009-0008-9469-2736
http://orcid.org/0009-0008-9469-2736
http://orcid.org/0009-0008-9469-2736
http://orcid.org/0009-0008-9469-2736
http://orcid.org/0000-0003-4019-9782
http://orcid.org/0000-0003-4019-9782
http://orcid.org/0000-0003-4019-9782
http://orcid.org/0000-0003-4019-9782
http://orcid.org/0000-0003-4019-9782
mailto:shuwenchen@hust.edu.cn
mailto:ctlim@nus.edu.sg

https://doi.org/10.1038/s43246-024-00468-6

Review article

prugs Monitoring

!

xons
&

i Qrenoxymethylpeniciyj,

S S P . " \!v"

%&ﬁ Drug molecule o e
¥ Levodopa < Lactate
inISF

Glucose
Uric acid...

R
Gverse lontophoresis

Fig. 1 | Overview of ISF-based wearable biosensors for healthcare. a Small
molecule sensing mechanisms, reproduced with permission from ref. '**, copyright
2023, American Chemical Society. b Ions sensing mechanisms. ¢ Large molecule
sensing mechanisms”’. Reproduced under the CC BY-NC 4.0 license.

d Microneedle-based sampling methods to access ISF. Reproduced with permission
from ref. *, copyright 2022, Springer Nature Limited. e Reverse lontophoresis-based
sampling methods to withdraw ISF. Reproduced with permission from ref. '*’,
copyright 2020, MDPL. f Microdialysis mechanism'*'. Reproduced under the CC

BY-NC 4.0 license. g Continuous glucose monitoring by accessing ISF for diabetes
management. Reproduced with permission from ref. °, copyright 2023, American
Chemical Society. h Nutrient monitoring using ISF. Reproduced with permission
from ref. ', copyright 2023, American Chemical Society. i Cytokine and protein
measurements. Reproduced with permission from ref. '*', copyright 2021, Springer
Nature Limited. j Drug monitoring using microneedle-based technologies".
Reproduced under the CC BY-NC 4.0 license.

ISF biomarkers

Skin is the largest organ of the human body, comprising three primary
layers, epidermis, dermis, and hypodermis” (Fig. 2a). The dermis contains
the largest amount of ISF. Due to its rich capillary network facilitating real-
time nutrient exchange with ISF, the dermis is regarded as the ideal location
for extracting ISF. ISF is the predominant extracellular fluid within the
human body, surpassing blood plasma in volume by nearly three times™. It
plays a vital role in nutrient transport, waste removal, and signal transport
with blood. The ISF is endowed with biomarkers that exhibit an analogous
compositional profile to that of blood plasma, thereby making it suitable as a
target for biomarker detection, and yet is free from pain and clot formation
as seen in traditional blood sampling techniques. However, despite the
relatively easy access to ISF, the concentration of some of its biomarkers may
deviate from that of the blood plasma, due to the blood having to pass
through both size and charge barriers before entering the ISF compartment.
During biomarker translocation from blood plasma to ISF, species endowed
with charge or large molecular dimensions, such as proteins, will encounter
impediments that may prevent them from passing through the intervening
barriers. Consequently, this phenomenon results in the difference in bio-
marker concentrations between ISF and blood plasma. The regulation of
biomarker permeability, particularly concerning variations in size,

predominantly relies on the integrity and function of inter-endothelial
junctions (IEJs), which encompass cadherin junctions and tight junctions™.

The relationships between biomarker concentrations in ISF and blood
plasma are depicted in Table 1 and Fig. 2d. Small molecules with a molecular
weight below 3 kDa, such as ions, glucose, and urea, can passively diffuse
across the cellular capillary wall'. Consequently, these biomarkers exhibit
almost similar concentrations in the ISF as that in the blood plasma. In the
context of biomarkers falling within the size range of larger than 3 kDa and
yet less than 70 kDa like insulin, cytokines, and albumins, it is discernible
that size-related impediments partially constrict their transportation. In this
scenario, a collaborative interplay between paracellular and transcellular
transportation mechanisms regulates the transit of these biomarkers. Tak-
ing albumins as an example, studies show that the concentration of albu-
mins in the ISF is observed to be reduced by approximately 52% in
comparison to their counterparts in the blood plasma in the human leg”. In
the case of biomarkers with a molecular weight exceeding 70 kDa, their
concentration in the ISF is significantly reduced. This is due to passive
diffusion ceasing to be an effective means of transportation for biomarkers
of such size, and transcytosis dominates the transportation of these
biomarkers’. However, this balance can be disrupted in the presence of
inflammation in the superficial subcutaneous tissue”. The subsequent
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Fig. 2 | ISF biomarker, size, and bioenvironment. a Schematic illustration of skin
structure, ISF bioenvironment, and common ISF accessing approaches. b Schematic
illustration of reverse iontophoresis-based ISF sampling approach and

bioenvironment. ¢ Schematic illustration of microneedle accessing or sampling
approach and bioenvironment. d Transport pathways of biomarkers between blood
and ISF.

immune response may impair the size selection of biomarkers, resulting in a
disorderly concentration of biomarkers in the ISF.

The size of the target biomarkers also plays a crucial role in deter-
mining the appropriate methods for extracting ISF. For instance, certain
techniques such as the suction blister method, micropores, and suction
method may inflict tissue damage, thereby inducing inflammatory
responses. This, in turn, has the potential to introduce distortions in
the concentration of larger molecule biomarkers, such as proteins. A
number of ISF sampling methods have been integrated with biosensors
to realize minimally invasive healthcare applications, such as
reverse iontophoresis™* (Fig. 2b), microneedles”” ™ (Fig. 2c) and
microdialysis™. Furthermore, it’s worth noting that the reverse ionto-
phoresis method and microdialysis and ultrafiltration methods have
inherent limitations when it comes to detecting biomarkers, particularly
those of larger size. These techniques can lead to a dilution of biomarker
concentration, an effect that is particularly pronounced for biomarkers

with substantial molecular dimensions®**.

Sampling techniques

The analysis of ISF holds significant clinical importance due to its minimally
invasive nature, alleviating concerns related to clotting and interference
from blood cells. While ISF harbors valuable biomarkers with significant
clinical potential, it is challenging to sample or access for effective detection.
To address this, numerous sampling methods have been proposed,
including microneedles, reverse iontophoresis, and microdialysis. These
techniques either extract ISF from the human body for external analysis or
employ in-body sensors positioned within the tissue for in-situ real-time
analysis.

Microneedle
Microneedle-based sampling methods utilize arrays of microneedles to
breach the skin, establishing fluid pathways for the extraction of ISF.

Microneedles can be classified into solid, hollow, porous, and hydrogel
microneedles according to their materials and structures.

Solid microneedles. The solid microneedles are typically constructed in
the shape of pyramids or cones, featuring a sharp tip. Solid microneedles
are relatively simpler to fabricate, possess more robust mechanical
properties, and are more cost-effective compared to other microneedle
types”. Microneedles, when pressed onto and then removed from the
skin, can create microchannels for ISF sampling or extraction. The ISF
can be directly transported to these microchannels through osmotically
driven flow, utilizing a concentration gradient to propel ISF into the
channels. Sensors placed near these channels can then directly analyze
the ISF components™. Additionally, negative pressure-driven convec-
tion, which creates a pressure differential between the dermal layer and
the skin surface, can also be used to facilitate ISF movement to the
microneedle-created microchannels for subsequent analysis’. Mean-
while, RI was also reported to promote the movement of ISF to the
micropores for subsequent analysis™. Moreover, solid microneedles tai-
lored with functional materials can be indwelled in dermis layer for in situ
biomarker detection™. In this case, microneedle tips are directly meta-
lized with electrode materials and subsequently functionalized with
sensing elements to capture specific biomarkers and transduce signals for
further processing. Owing to the capabilities to directly serve as sensors,
they can be seamlessly integrated with other electronics and data col-
lection systems for biomarker monitoring purposes. Corrie et al. were
pioneers in introducing the concept of functionalized microneedle pat-
ches for specific biomarkers detection (Fig. 3a)*. This approach has been
developed to detect clinically significant biomarkers such as glucose*,
drug”, and even multiple biomarkers™. Although it can choose the target
biomarkers by modifying microneedles, this method typically involves an
additional step to elute captured biomarkers on microneedles for further
in vitro analysis.
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Hollow microneedles. Hollow microneedles typically share the same
morphological characteristics and fabrication materials as their solid
counterpart. The hollow lumen of these microneedles serves a dual
purpose, forming microchannels for ISF extraction and serving as a
conduit for drug delivery. This method utilizes capillary flow to extract
ISF from the dermis, inducing rapid convection within the lumen and
establishing a concentration gradient that facilitates the extraction of ISF
from the dermis for further analysis’. Ribet et al. put forward an inte-
grated microneedle patch designed for ISF collection, characterized by its
compatibility with clinical translation (Fig. 3b)*. This technology enables
the concurrent monitoring of multiple analytes, spanning small mole-
cules, antibodies, and proteins. The lumen can also be customized for
direct biomarker detection within the dermis by inserting functional
materials into the cavity. For instance, Gout et al. introduced a micro-
needle array in which the microneedles are coated with diverse carbon
pastes, enabling both enzymatic and nonenzymatic monitoring of
Levodopa (L-Dopa)*. A large number of studies have been focused on
developing sensing technologies based on hollow microneedles®™. A
significant concern associated with the use of hollow microneedles is their
susceptibility to blockage, primarily due to the cutting of dermal tissue
during the insertion process®.

Porous microneedles. Porous microneedles, characterized by numer-
ous capillary channels, are typically constructed using polymer, metal,
and inorganic materials”. These microneedles, when integrated with
iontophoresis, can enable the extraction of ISF from the dermis to the
sensing chamber for subsequent analysis23 . For instance, Kusama et al.
integrated iontophoresis with ion-conductive porous microneedles,
further modifying them with charged hydrogels, resulting in a significant
enhancement of extraction efficiency”. Apart from integrating with
iontophoresis, porous microneedles can directly utilize capillary-driven
channels to extract ISF for diagnosis. For example, Lee et al. proposed a
system that seamlessly integrated porous microneedles with a glucose
sensor, demonstrating commendable performance in both sample
extraction and glucose measurement (Fig. 3c)’'. Additionally, porous
microneedle electrodes, owing to their microporous structure, exhibit a
larger specific surface area, thereby providing more active sites for target
detection™”.

Hydrogel microneedles. Hydrogel microneedles represent a novel
category of microneedles that remain rigid in dry conditions and undergo
swelling upon penetration into the dermis. The microneedle can be made
of hydrogel or coated with it” . Hydrogel microneedles offer several
distinct advantages when compared to their counterparts. Firstly, the
stiffness of hydrogel microneedles can be readily adjusted by controlling
the polymer crosslinking ratio, which is difficult for conventional
microneedles™. Secondly, due to their swelling ability, hydrogel micro-
needles can extract a larger amount of ISF from the skin, and achieve a
higher loading capacity with a significant volume change upon
insertion®. Thirdly, hydrogel microneedles can readily incorporate
functional materials to realize specific functions. For instance, Ghava-
miNejad et al. introduced a continuous glucose monitoring system based
on hydrogel microneedles, where they incorporate conductive polymers
and nanoparticles to form conductive networks, functioning as working
electrodes (Fig. 3d)”. Mandal et al. reported a hydrogel microneedle
loaded with adjuvants and antigens to monitor skin-resident immunity™.
Fourthly, adding osmolytes into hydrogel microneedles can further
enhance their collection efficiency, attributed to the osmotically driven
flow”. Lastly, hydrogel microneedles can also serve as reservoirs,
necessitating additional procedures to extract the collected ISF from the
microneedles™.

Reverse iontophoresis
The RI method employs an electric voltage to propel positively charged ions
through the epidermis, inducing an electroosmotic flow that moves
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substances out of the skin. In contrast to microneedles used for ISF
extraction, the RI method does not require epidermal penetration to access
ISF, rendering it entirely non-invasive. The commercially utilized Gluco-
Watch employed RI for continuous glucose monitoring in real-time.
However, it was eventually withdrawn from the market due to reported
issues of irritation resulting from excessive current application. Bandodkar
et al. introduced a tattoo-based glucose sensor that also utilized RI for ISF
sampling, addressing the previous concerns by employing a significantly
lower current density(Fig. 3e). They implemented glucose oxidase modified
Prussian Blue transducer for selective amperometric biosensing that
requires lower working potential®’. However, it collects biomarkers in a
considerably diluted manner, resulting in the extraction of a lower level of
biomarkers'.

Microdialysis

Microdialysis is a relatively invasive method for ISF collection, requiring the
insertion of a microdialysis catheter equipped with a semipermeable
membrane into the skin. Small analytes in the ISF undergo exchange with
the fluid contained within the semipermeable membrane, after which the
fluid is transported outside of the skin for subsequent analysis. The
microdialysis device can be implanted in vivo for extended durations, from

hours to days or even weeks, depending on the specific application
requirements. Nightingale et al. combined the microdialysis method with a
microfluidic device to enable in situ glucose detection using wet-chemical
assays (Fig. 3f)**. However, ISF collected through microdialysis typically
exhibits a dilution factor of 5-10 times compared to the actual ISF
composition”. This characteristic renders it less practical for biosensing
applications when compared to alternative methods.

Recognizing and sensing mechanisms for ISF analytes
ISF small molecular sensing

Small molecule sensing in ISF majorly relies on electrochemical or optical
analysis that transduces concentration information to quantifiable signals
through biological or artificial recognition elements. The signals are further
processed to withdraw concentration information. Depending on the
categories of molecules, different strategies are implemented to maximize
transducing efficiency and therefore achieve better sensitivities.

Small molecules. Small molecules can be detected by enzymatic and
nonenzymatic methods. Some of the metabolic molecules, such aslactate,
glucose, and uric acids, have various enzymes derived from bacteria that
can catalyze redox reactions through either flavin adenine dinucleotide
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(FAD) or nicotinamide adenine dinucleotide (NADH) redox couple®".
Either through detecting byproducts of the enzymatic reactions or
through a redox mediator that facilitates electron transfer between the
enzyme’s redox cores and electrodes, chemical concentration is corre-
lated with the electron density on the surface of the electrode (Fig. 4a).
Commonly used enzymes are oxidases, such as glucose/lactate/alcohol
oxidase, which oxidize target molecules and produce hydrogen peroxide
(H,0,) as byproducts. If H,O, is quantified, platinum nanoparticle®>*,
Prussian blue”’, and horseradish peroxidase® are used to improve the
efficiency of H,0, decomposition to achieve better sensitivity. If the
redox mediator is used, ferrocene®®®” and other transition metal-based
complexes® can be included to accept electrons coming from enzymes.
Both methods record current change by applying a suitable potential to
the electrodes. Though enzymatic reactions are reversible and specific,
realizing the long-term stability of both enzyme and redox mediators is
challenging and requires careful engineering of functional layers,
including film composition, thickness, and homogeneity.

Another category of small metabolic molecules, such as uric acid” and
dopamine”, can be detected nonenzymatically through direct electro-
chemical reactions. In this case, voltammetry techniques (Fig. 4b), such as
cyclic voltammetry (CV), square wave voltammetry (SWV), and differential
pulse voltammetry (DPV), are utilized to quantify the concentrations via
current peak height, which is directly related to the faradic current generated
by electrochemical reaction near the electrode’s surface”’. Though such
techniques are reagentless and recyclable, their specificity and detection
limits are relatively poor when pristine electrodes are used. Electrode surface
modification or coupling with low dimensional materials such as
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graphene™” and carbon nanotube™ can be implemented to increase the
surface area and facilitate electron exchange between target species and
electrodes.

Alternatively, optical methods that use target-responsive materials,
majorly functional hydrogels”” or polymer matrix with responsive
elements™”®, can be implemented to semi-quantify the concentration.
Fluorescence change in terms of intensity or wavelength shift is measured
upon binding of targets (Fig. 4c). However, the fluorescence method usually
suffers from poor resolution in quantifying low-concentration molecules
and specificity. Instead, surface-enhanced Raman spectroscopy (SERS) can
be used to improve the sensitivity and the selectivity over large amounts of
interference can be eliminated”’.

Other small molecules, such as amino acids, cortisol, and neuro-
transmitters, are relatively difficult to sense due to the lack of suitable bio-
logical recognition elements, inherent reactivity, and their scarcity of ISF.
However, some artificial receptors, such as molecular imprinted polymers
(MIP)"*"*” (Fig. 4d) and DNA/RNA oligomers'>'*** (Fig. 4e), are devel-
oped to specifically capture those molecules. Usually, a redox-activable label
is incorporated into the receptors to transduce the signal. Once the targeted
species enter the binding site of these receptors, conformational changes are
induced. Such changes are subsequently reflected in the alteration of peaks
in redox mediator signals during voltammetry scans. Owing to the high
binding affinity between the receptors and targets, ultrahigh-resolution can
be achieved (down to pM level) but the signals are usually logarithmically
increased, which hinders its sensitivity at large concentrations. Nonetheless,
most of the binding is irreversible, which hinders its applications in long-
term and continuous monitoring.
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lons and electrolytes. Along with metabolic species, ions and electro-
lytes are also crucial biomarkers for disease diagnosis (chloride ions for
cystic fibrosis) and bacterial infection screening (pH). Most of the ions
are measured using open circuit potential (Fig. 4f) with the help of ion-
selective membranes, such as sodium ionophore X'*'**' and ammonium
ionophore I*’. Potential versus an external reference electrode is eval-
uated and the signals depend on the ion concentration. For pH sensors,
polyaniline (PANi)* and Iridium oxides (IrOx)** are widely used as both
substances appear in different chemical states under different hydrogen
ion concentrations, therefore causing a change in charge density. Most of
the pH sensors have a sensitivity of around 59 mV/pH, governed by the
Nernst equation®, which predicts the theoretical potential change in a
chemical reaction.

ISF macromolecular sensing

Molecules with large molecular weights, such as proteins and poly-
saccharides, are usually complicated and possess higher dimension
structures, preventing any form of direct analysis. Traditional methods
of recognizing and sensing mostly rely on antigen-antibody interactions
that provide both sensitivities and specificity. Enzyme-linked immu-
nosorbent assay (ELISA) is the most used approach to quantify
protein concentrations. Optical signals, like wavelength shift™,
chemiluminescence”, and fluorescence intensity changes®, are linked
with the presence of molecules. Some amplifying methods such as
localized surface plasmonic resonance® that uses noble metal colloids
(nanorods, nanoparticles) are implemented to improve the sensitivity up
to the femtomole level. However, owing to the complicated preparation
steps that involve multiple solutions and the harsh requirements of
imaging systems, the application of this method on ISF-based mon-
itoring is limited. Some alternative approaches that involve electro-
chemical transducing are developed to better fit into the existing
electronic technologies. Redox-activable antibody'® and aptamer™-
based methods are reported to quantify C-active proteins and cytokines.

Sensors and applications

Glucose monitoring

Integrations of sensors with different ISF sampling methods create various
platforms that can achieve real-time monitoring of endogenous molecules.
Among them, glucose is the most examined molecule as the acquired
information could help monitor the progression of diabetes, one of the most
prevalent chronic diseases, and offer proper management measures to
prevent its deterioration. Several microneedle and RI-based platforms are
proposed to serve as a minimally invasive approach to evaluate glucose
concentration. Most of them utilized glucose oxidase-based amperometry,
which relates concentration information with the change of current as a
detection mechanism. For instance, Dervisevic et al. recently proposed a
silicon-based high-density microneedle array that successfully detected
increasing glucose in mice, proving that the device can penetrate through the
skin barrier to assess ISF (Fig. 5a)’". Furthermore, Tehrani et al. integrated
Poly(methyl methacrylate (PMMA)-based glucose/lactate/alcohol sensors
with signal capturing and wireless transmission units in a coin-size wearable
device (Fig. 5b)*. Human pilot studies indicated that the sensors were able to
track events resulting in a rise and fall in glucose levels (e.g. during con-
sumption of meals and snacks) for more than 6 hours. Results correlate well
with that of the gold standard finger-prick test with a mean absolute relative
difference of 8.83%. Similar strategies were utilized by Yang et al., who
fabricated a Polyethylene Terephthalate (PET)-based microneedle glucose
sensor (Fig. 5¢) that can be inserted into the skin with the help of hollow
microneedles”. The whole device contains wireless transmission modules
and can serve as an alternative to commercialized continuous glucose
monitoring devices, such as Freestyle Libres by Abbott. Swellable micro-
needles are also used to transport sampled ISF to the sensing chamber for
further electrochemical measurements (Fig. 5d)°*”". In addition, if glucose-
responsive materials are used to fabricate needle tips, colorimetric”,
chemiluminescent™, and florescence™ signals can be recorded to semi-

quantify the glucose concentration. Such methodologies can also be applied
to other small molecules, such as uric acid and vitamin C*.

Though microneedle is an efficient and less invasive platform for
transdermal monitoring of ISF, its consistency on penetration depth and
sensor stability is hard to control. RI-based patch sensors, on the other hand,
only involve planar patterning of functional materials and the ISF sampling
rate and amount can be controlled by current density applied. The design of
the patch usually consists of a pair of electrodes serving as a direct current
(DC) source to induce current flow. Multiple platforms that combine sen-
sors and RI units have been developed. For instance, Pu et al. proposed an
all-inkjet-printing patch (Fig. 5e) that included a Na* ion differential cali-
bration and a thermal activation unit, which combined to eliminate sweat
and temperature interference”. To facilitate skin conformation and sensi-
tivity, Chen et al. utilized transfer printing techniques to fabricate an
ultrathin nanotextured device that is less than 50 pm and achieves excellent
sensitivity at micromole-level of glucose (Fig. 5f)*°. However, the DC must
be applied for several minutes before every single measurement, which
means the sampling rate is limited by the nature of the technology. To
mitigate this drawback, some researchers combined both microneedles and
RI to reduce the ISF collection time and improve the reliability of the
sampled ISF composition. Cheng et al. designed a system that consisted of a
touch-actuated microneedle RI platform for glucose monitoring, which
improved the glucose withdrawing flux by around 1.6 times™. Other than
solid microneedle, Li et al. utilized a porous microneedle instead to further
facilitate the flux of ISF into the sensing chamber, achieving three times than
the free diffusion”. Though various forms of sensors and devices were
developed aiming at continuously measuring glucose in a minimally inva-
sive way, few have conducted rigorous human trials to prove their accuracy.
Systematic clinical trials that compare the sensor’s readout with the gold
standard (YSI 2000 series) are needed to further determine their true
effectiveness.

Other metabolic molecules monitoring

Other metabolic biomarkers can also be detected using the above-
mentioned methods to help diagnose and monitor diseases such as gout”,
severe diabetes ketoacidosis™, and phenylketonuria®. Ketone bodies were
successfully measured in ISF using hollow microneedles that have sensing
materials on their cavities'” (Fig. 6a). A combination of f-hydroxybutyrate
dehydrogenase and nicotinamide adenine dinucleotide (NAD + ) was used
to sense the precursors of ketone bodies. Real-time and stable concentration
information is detected. Uric acids, biomarkers that are derived from purine
metabolisms, can accumulate in their crystal form in joints and cause gout.
Zhang et al.” reported a colorimetric microneedle sensor based on uricase
and a 3,3',5,5'-tetramethylbenzidine (TMB) system (Fig. 6b). H,O, gener-
ated by uricase reacted with TMB to create a change in color and the linear
detection range was determined as 200-1000 uM. Though successfully
demonstrated on porcine skin with different uric acid concentrations,
missing in vivo data weakens the significance of this work. Lactate was also
measured in ISF though most of the work focused on sweat lactate con-
centration detection. ISF lactate concentration is much more accurate than
that of sweat due to sweat’s dilution effect'”. Sensors had been proposed to
access ISF lactate concentration for monitoring anaerobic metabolism and
muscle conditions. The sampling methods as well as detection mechanisms
are similar to that of glucose sensors. Microneedle'”'”* and RI'* (Fig. 6¢)
were used to sample ISF, and lactate oxidase is the recognition element
utilizing similar sensing mechanisms as the glucose sensor. In vitro
experiments demonstrated the capability of dynamic monitoring but like its
counterpart glucose, systematic evaluations in humans regarding its accu-
racy are still at the early stage.

Nutrients, unlike metabolic molecules that have strong correlations
with diseases, can be used to prevent and manage nutritional imbalance.
One example is to use the most common vitamin, vitamin C, as the bio-
marker to track the daily balance of nutrient intake. Unlike the common
method that directly measures vitamin C through its oxidizing properties,
Sempionatto et al.'” designed a stretchable RI patch (Fig. 6e) that
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Fig. 5 | ISF glucose sensing. a Illustration of high-density microneedle-based glu-
cose sensor. Reproduced with permission from ref. *', copyright 2021, Wiley-VCH.
b Illustration of integrated PMMA-based microneedle electrochemical sensors.
Reproduced with permission from ref. **, copyright 2022, Springer Nature Limited.
¢ Schematic illustration of PET-based continuous glucose sensor for diabetes
management. Reproduced with permission from ref. **, copyright 2023, American

Chemical Society. d Schematic illustration of a swellable microneedle-based glucose
sensor. Reproduced with permission from ref. 7/, copyright 2021, Wiley-VCH.

e Optical and layer-by-layer illustration of RI-based patch glucose sensor”.
Reproduced under the CC BY-NC 4.0 license. f Optical image of RI-based ultrathin
glucose sensor”. Reproduced under the CC BY-NC 4.0 license.

immobilized ascorbate oxidase to enable continuous measurement with
high specificity. Human trials involving the intake of different doses of
vitamin C tablets were performed to validate the ability of the sensors to
reflect the instant change in vitamin C levels in the human body. A similar
approach was also adopted by Zhao et al.'* (Fig. 6d), who utilized similar
recognition mechanisms but integrated the sensor with a wireless system
and achieved long-term monitoring for more than a day. Other nutrients
such as amino acids'* and caffeine'”” offer useful information to track diets
and overall body conditions. However, all existing literatures focus on sweat
analysis with very few focusing on ISF.

pH and electrolyte monitoring

Electrolytes consist of various elemental ions, such as sodium (Na®),
potassium (K*), zinc (Zn*"), and chloride (Cl") ions, which exist in our body
to serve critical roles, such as maintaining the stable chemical condition of
biofluids, electrical potentials across the cell membranes, and even some

acting as biomarkers of diseases. Na* and K" can be not only viewed as
reference biomarkers for overall electrolyte concentration but also related to
hypertension and cardiovascular diseases. As such, devices have been
developed to assess their concentrations precisely and continuously. Since
the RI approach needs electrical stimulation, the composition of stimulated
ISF will be affected by the electroosmotic process’, resulting in an aggre-
gation of those species at cathodes. Therefore, microneedle-based methods
are commonly used to assess Na* and K* concentrations in ISF. A hollow
microneedle (Fig. 6f) that had K™ and Na™-sensitive electrodes inserted was
introduced to simultaneously measure the two ions'”. A porous micro-
needle coupled with flat screen printed sodium sensing electrode was also
reported with pilot human trials data to prove its feasibility as a monitoring
tool'”. One step further, a solid microneedle sensor array (Fig. 6g) that can
measure multiple ions (Na*, K, CI, lithium (Li"), calcium (Ca’*")) was
developed and validated in vivo'"’. All of them utilize the potentiometry
technique, which relies on the chemical potential shift of the ion-sensitive
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Fig. 6 | ISF sensors for the detection of other small molecules. a SEM image and
layer-by-layer illustration of ketone bodies sensor. Reproduced with permission

from ref. ', copyright 2020, American Chemical Society. b Colorimetric uric acid
sensor and its mechanism. Reproduced with permission from ref. **, copyright 2023,
Elsevier. ¢ Structural illustration of wearable lactate sensor that quantifies ISF lactate
concentration. Reproduced with permission from ref. '"', copyright 2023, Elsevier.
d Structure illustration and sensing mechanism of the wearable ascorbic acid sensor,
reproduced with permission from ref. ', copyright 2020, Wiley-VCH. e Structure
illustration of stretchable vitamin C sensor, reproduced with permission from ref. 105

copyright 2020, American Chemical Society. f Illustration of the device configura-
tion of Na™, K™ sensor inserted into the hollow microneedle, reproduced with
permission from ref. ', copyright 2020, American Chemical Society. g Optical and
illustration images of multiple ions microneedle-based sensor from ref. ', Repro-
duced under the CC BY 4.0 license. h Conformable pH sensors array with the ability
of mapping'"'. Reproduced under the CC BY-NC 4.0 license. i llustration of high-
density microneedle-based pH sensor. Reproduced with permission from ref. "%,
copyright 2023, Elsevier.

membrane on the electrodes when encountering different concentrations of
targets. Potential signals can then be transmitted to smartphones for analysis
and recording purposes. To facilitate wearability, stretchable microneedle
patches can be investigated.

pH is another important characteristic of human health. Abnormal pH
in biofluids and certain regions of bodies such as limbs usually indicates an
underlying disease. Since ISF is directly diffused from the blood circulation, its
ability to reflect a systematic change of chemical condition is better than sweat,
which is secreted by the eccrine glands. The absence of epidermal chemical
interferences and bacteria metabolites also makes ISF a better candidate for
withdrawing pH information over sweat. Various forms of pH sensors have
been developed. For instance, Lee et al. utilized a conformable microneedle
array to measure the regional pH level of limbs (Fig. 6h)""". pH mapping of
25 separate regions was achieved and successfully captured pH change in
regions affected by periphery artery diseases. Dervisevic et al. also reported a
high-density microneedle array with a higher sensitivity of 62.9 mV pH™" for
an enlarged detection area (Fig. 6i)''”. Though the change in ISF pH can be
detected through the aforementioned technologies, its in vivo long-term

monitoring is seldom reported. The possible reason can be the long-term
stability issues of pH sensors under biological environment'"”’. Moreover, the
lack of clinical explanation and proven relevance of the local ISF pH alteration
with the disease weaken the significance of long-term pH monitoring.

Hormones and proteins monitoring

Hormones, characterized by their diminutive molecular structures, exhibit
the capacity to permeate capillary walls and traverse into ISF'"*. Notably,
steroid hormones, such as cortisol, often tend to bind with albumin and
various protein carriers'”. As a result, the hormone monitoring shifts from
assessing the conventional total concentration to the unbound bioavailable
fractions. Generally, ISF-based sensors detect the unbound bioavailable
fraction of hormones instead of the total fraction. Cortisol, as a typical
hormone, can serve as a crucial indicator of the stress response and play a
regulatory role in the immune system. Thus, its detection has gained lots of
interest. For instance, Venugopal et al. introduced a real-time cortisol
monitoring device based on electrochemical impedance spectroscopy and,
for the first time, investigated the correlation of cortisol levels between ISF
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and plasma’ °. They extracted ISF through micropores created by a near-
infrared laser. Subsequently, electrode patches functionalized with dithiobis
were employed to detect cortisol in ISF, enabling continuous monitoring of
cortisol levels throughout an entire day, including during sleep.

Cytokines are small proteins responsible for regulating the activities and
functions of immune cells and blood cells. Monitoring cytokines in ISF can
be instrumental in detecting and understanding immune responses. At the
onset of an immune response, a substantial number of cytokines are released
within a brief timeframe, a phenomenon often referred to as a “cytokine
storm'"”.” To offer more comprehensive data for the prompt diagnosis and
treatment of patients with inflammation, recent studies have introduced
various methods for monitoring cytokines. Xu et al. proposed the first real-
time platform to capture and measure proteins in ISF (Fig. 7a)'". They
introduced functionalized carbon nanotubes to capture cytokines using
specific antibodies on the microneedles. Furthermore, rather than detecting
cytokines after the removal of microneedle patches, the platform facilitates
real-time electrochemical analysis of cytokines by combining cytokine
capture and analysis through the electrochemical method. Optical methods
are also extensively employed in the detection of cytokines due to their ease
of observation. Zhang et al. introduced an innovative approach for the
concurrent detection of multiple cytokines, integrating photonic crystal
(PhC) barcodes with microneedles (Fig. 7b)"'°. Upon skin penetration by the
microneedles, cytokines promptly adhere to the barcode-equipped micro-
needle tips. Then, they introduced fluorescent probes to form immuno-
complexes, enabling the assessment of the relative quantity of cytokines
based on the fluorescent intensity of the barcodes. Furthermore, distinct
cytokines can be differentiated based on variations in their reflection peaks.

Antibodies are substantial proteins produced by the immune system in
response to antigens. Assessing antibody levels is crucial in delivering
conclusive information for the early detection of diseases. The concentration
of antibodies in ISF is typically around 15-25% of that in the blood”. Bao et al
introduced a diagnostic platform comprising a porous microneedle patch
and immunochromatography, which allowed for the swift detection of anti-
SARS-CoV-2 IgM/IgG antibodies (Fig. 7¢)'*. In this study, ISF was collected
using a biodegradable porous microneedle patch. Thereafter, ISF was
transferred to a paper-based sensor comprising colloidal gold immunoassay
for analysis. The test results were then visualized through the color bands on

the sensor. Wang et al. performed the monitoring of both cytokines and
antibodies with a microneedle patch (Fig. 7d)'*'. The microneedles were
functionalized with antibodies to capture specific target biomarkers. Uti-
lizing the principles of ELISA, they implemented a fluorophore-linked
immunosorbent assay that notably elevated the detection sensitivity. This
innovation resulted in about 800-fold reduction in the detection limit when
compared to conventional methods, enabling the achievement of ultra-
sensitive and quantitative measurements of protein biomarkers.

Drugs monitoring

Non-invasive drug monitoring has been extensively explored for both
therapeutic drugs and recreational drugs, especially illicit addictive drugs. In
terms of therapeutic drugs such as levodopa, vancomycin, theophylline, and
others, different individuals may necessitate varying drug dosages to achieve
optimal therapeutic outcomes'”. Furthermore, the misuse of recreational
drugs, such as opioids and morphine, poses a severe threat to public health
and social order. As a result, lots of effort has been put into developing
technologies for real-time drug monitoring, ranging from tailoring drug
dosages to individual needs to enhancing therapeutic efficacy and control-
ling the abuse of drugs.

In the case of therapeutic drug monitoring, unlike the blood-based
method which usually detects the concentration of drugs that are bound to
proteins, ISF-based sensors possess the advantage of exclusively detecting
bioavailable drugs that are not bound to proteins and thus, provide a more
accurate reflection of the active drug level'”. Rawson et al. developed the
first-in-human, proof-of-concept microneedle-based ISF sensor for mon-
itoring the drug phenoxymethylpenicillin within a healthy human body
(Fig. 8a)'*". This sensor features a working electrode functionalized with
iridium oxide to measure changes in pH and a hydrogel layer containing -
lactamase to catalyze diffused phenoxymethylpenicillin into penicillate and
a proton. As the concentration of protons increases and pH drops, the
sensor gives varied open circuit potential output, which can reflect the
concentration of the phenoxymethylpenicillin, showing results in line with
the current gold standard microdialysis. To offer more comprehensive
information through drug monitoring, Goud et al. integrated tyrosinase-
based enzymatic-amperometry and nonenzymatic voltammetry to achieve
dual-sensing of L-dopa, ensuring the reliability of acquired concentration
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of protein in ISF. Reproduced with permission from ref. ''*, copyright 2023, Wiley-
VCH. b Encoded microneedle arrays for optical detection of multiple cytokines.
Reproduced with permission from ref. ', copyright 2019, Wiley-VCH. ¢ Porous

r/ y y
ISF ‘

Nanolabel ;

*

antibody
+*
Biomarker

2 - A% -

microneedle patch for swift detection of anti-SARS-CoV-2 IgM/IgG antibodies'*’.
Reproduced under the CC BY 4.0 license. d Microneedle patch for cytokine and
antibody detection. Reproduced with permission from ref. '*', copyright 2021,
Springer Nature Limited.

Communications Materials | (2024)5:33

10



https://doi.org/10.1038/s43246-024-00468-6

Review article

sensor for phenoxymethylpenicillin monitoring'**.

Reproduced under the CC BY 4.0 license. b Dual-
sensing platform for L-dopa measurement. Repro-
duced with permission from ref. *, copyright 2019,
American Chemical Society. ¢ Microneedle
aptamer-based sensor for multi-target
measurement”. Reproduced under the CC BY-NC-
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information (Fig. 8b). This sensing platform offers effective real-time
feedback for the measurement of L-dopa, thereby enhancing the informa-
tional content available for diagnosis. Nonetheless, the detection based on
enzymatic conversion processes via oxidases or reductases, restricts the
range of target molecules, while aptamer-based sensors can largely widen
the detectable targets. For instance, Wu et al. introduced a microneedle
aptamer-based sensor for detecting cancer drugs and antibiotics (Fig. 8¢)*.
In their approach, single-stranded nucleic acid sequences were employed as
aptamers, which were selected through the process of Systematic Evolution
of Ligands by Exponential Enrichment (SELEX). Therapeutic drugs,
including irinotecan, doxorubicin, and tobramycin, were quantified both
in vitro and in vivo, showing good real-time sensitivity and compliance with
the pharmacokinetic model. These aptamers were engineered to exhibit
high-affinity binding to a wide array of target molecules, enabling multi-
target measurement with a single platform.

In addition to therapeutic drug monitoring, there is significant interest
in continuous monitoring of recreational drugs for abuse prevention. For
example, Mishra et al. proposed a microneedle-based ISF sensing platform
for the simultaneous measurement of fentanyl and organophosphates
(Fig. 8d)*. The sensor contains two working electrodes that were custo-
mized for the separate detection of fentanyl and organophosphates. This
design allowed for the differentiation of opioid overdose from nerve agent
poisoning, as both could exhibit similar effects.

Challenges and future direction

ISF sensors exhibit significant potential for diagnosis, managing disease, and
monitoring drugs by detecting vital and clinically relevant biomarkers or
drugs non-invasively or with minimal invasiveness. These advances may
facilitate personalized medicine and point-of-care applications. However,
some challenges still exist.

Firstly, longevity and long-term continuous monitoring pose sig-
nificant issues for many ISF sensors. Currently, small molecule sensors, such
as glucose and lactate sensors, have been reported to last for more than
24 hours. A representative example is glucose sensors utilizing robust and
selective glucose oxidase. Commercial products such as Abbott’s FreeStyle
Liber, Dexcom’s G4, G5, and G6 Medtronic’s Minimed Guardian have been
reported to last for more than 7 days. However, at present, only very limited
highly analyte-specific and robust enzymes are engineered or discovered for
certain targets. Numerous targets lack effective recycling recognizing ele-
ments, particularly for macromolecule targets such as proteins whose sen-
sing is based on bio-affinity sensing mechanisms. Bioaffinity sensing
involves the binding of targets with aptamers, antibodies, or engineered

receptors, whose detachment from recognizing elements is challenging,
especially for sensors with high selectivity and sensitivity. Generally, bonded
targets gradually accumulate on the sensing surface, leading to ineffective-
ness and inaccuracy. Possible solutions that utilized external stimulation to
regenerate sensing elements'” or designed releasing mechanisms were
developed, trying to solve the issue.

Secondly, accuracy and reliability also present significant challenges for
ISF sensors. In-situ monitoring faces issues such as the accumulation of
analytes and byproducts, and biofouling on the sensing sites, interfering
with the target recognition and response. Utilizing biocompatible outer
coating films'*’, zwitterionic membranes'”’, or hydrogels™ can significantly
reduce the biofouling problems and avoid perturbing the immune response
but will require careful molecule design. Non-in-situ monitoring involving
the frequent, continuous, and abundant extraction or transport of ISF to an
invitro location, causes localized repelling, and immune effects, and distorts
ISF components or concentration. This results in an unreliable correlation
between ISF and blood concentration which leads to inaccuracy. Possible
solutions involve the development of systems capable of controlling the
extracted amount of ISF, as well as the duration and frequency of extraction,
ensuring that the amount, duration, and frequency do not trigger significant
immune response or distort the target concentration. Additionally, sensitive
sensors that require minimal ISF amount can also be explored.

Thirdly, motion strain poses great challenges to the accuracy, relia-
bility, and longevity of wearable ISF sensors as well. While wearable and
flexible format brings opportunities for convenience and facile diagnosis, it
introduces significant mechanical strains on sensors during human activity.
Frequent large strains may cause detachment of the sensing component
from the skin and potential physical damage to the sensing components. A
flexible substrate that has an engineered strain-insensitive design can par-
tially mitigate this issue by minimizing the interference on the sensor
end”"**'"*. However, the rigid-soft interfaces and poor compatibility of the
silicon industry with the commonly used flexible substrates hinder the
advancement of the flexible sensor towards commercialization.

Fourthly, achieving ISF sensors with low lag time, fast response time,
high sensitivity, and wide sensing range are challenging. Lag time mainly
depends on the inherent process of the analytes to pass from blood into ISF
(5 - 10 min for small molecules such as glucose) and the time for targets to
diffuse from ISF to the electrode surface (1-5 min for glucose sensor with
limiting membrane)*'* To deal with the time-lag, artificial intelligence, and
algorithm-based prediction methods'*"'* may be used to compensate the lag
time for more precise measurements. Another possible strategy is to develop
a highly efficient membrane that can facilitate the transportation of analytes
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to the sensing core while keeping the linear response and biocompatibility
performance. Regarding sensitivity and sensing range, better sensing
mechanisms and optimized sensing components can be designed to refine
the recognition and sensing approaches between the electrodes and targets.

Future works can focus on long-term reliable and accurate sensing,
especially for the macromolecules, such as cytokines, cortisol, and proteins.
Advances in ISF-based sensing have the potential to revolutionize perso-
nalized diagnosis and medicine, particularly in immune system-related
diseases. Moreover, there is a need for more biochemical and physically
robust sensing membranes capable of withstanding complex biological
environments and human activity. Developing anti-biofouling and strain-
insensitive functional membranes is essential. Finally, further in vivo studies
comparing sensor-detected ISF concentrations to those in the blood are
needed to bolster confidence in the use of ISF for biosensing applications.
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