
R

S
m

M
N
a

b

c

d

e

a

A
R
R
A
A

K
W
B
S
S
I
M
N

C

V

h
1

Nano Today 30 (2020) 100828

Contents lists available at ScienceDirect

Nano  Today

jou rn al h om epa ge: www.elsev ier .com/ locate /nanotoday

eview

kin  in  the  diagnostics  game:  Wearable  biosensor  nano-  and
icrosystems  for  medical  diagnostics

uamer  Dervisevica,b,  Maria  Albaa,b,∗,  Beatriz  Prieto-Simona,b,c,
icolas  H.  Voelckera,b,d,e,∗

Drug Delivery, Disposition and Dynamics, Monash Institute of Pharmaceutical Sciences, Monash University, Parkville, Victoria 3052, Australia
Commonwealth Scientific and Industrial Research Organisation (CSIRO) Manufacturing, Clayton, Victoria 3168, Australia
Department of Electronic Engineering, Universitat Rovira i Virgili, 43007 Tarragona, Spain
Melbourne Centre for Nanofabrication, Victorian Node of the Australian National Fabrication Facility, Clayton, Victoria 3168, Australia
Materials Science and Engineering, Monash University, Clayton, Victoria 3168, Australia

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 1 June 2019
eceived in revised form 1 October 2019
ccepted 9 December 2019
vailable online 20 December 2019

eywords:

a  b  s  t  r  a  c  t

The  skin,  as  the  largest  and  most  accessible  organ  in  the  human  body,  contains  biofluids  rich in biomark-
ers  useful  not  only  in  diagnosis  and monitoring  of  diseases,  but  also  in  profiling  an  individual’s  wellbeing.
Advancements  in micro-  and  nanotechnology  research  have  underpinned  the  development  of  multifunc-
tional  wearable  sensing  devices.  Those  sensors  may  allow  monitoring  of  physiological  parameters  from
different  skin  sections  such  as  epidermis,  dermis  and  hypodermis  by sampling  various  bodily  fluids. Our
review  summarizes  current  advances  in  wearable  biosensors  for  on-skin  analysis  of  sweat,  transdermal
monitoring  of interstitial  fluid  and  analysis  of  subcutaneous  fluids  via  implanted  devices.  The  review
earable
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kin
weat
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is  divided  into  three  main  parts  describing  biosensors  acting  on  the  different  skin  sections.  Each  part
focuses  on  recent  scientific  and  technological  advancements  in  the  wearable  biosensing  field  by  high-
lighting  critical  challenges  as  well  as  providing  information  on  how  these  barriers  are  being  addressed
by  the research  community.
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anotechnology
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Wearable biosensing devices are arguably the potential next
rontier of wearable technologies for fitness as well as individ-
al and public health monitoring [1–5]. Today, a wide range of
earable devices are commercially available to track heart rate,

leep or physical activity. However, the development of wear-
ble devices able to provide information at the molecular level
s still at its infancy. The potential affordability and accessibil-
ty of such technologies raise interest in personalized medicine
ot just from the perspective of patients and physicians but also

rom healthy individuals. Fast growing research on wearable tech-
ologies brings us a step closer towards revolutionizing medical
ractice and healthcare systems to be more proactive rather than

ust reactive. The main aim of on-body monitoring is to pro-
ide continuous information associated with the physiological
tate of the individual by detecting specific biomarkers of phys-
ology, pathology, or even the effect or effectiveness of therapy.

 biomarker is a substance that can be found in body fluids, and
hose presence or variation in concentration influences or pre-
icts the incidence or outcome of disease. Biomarkers can range
rom electrolytes (K+, Ca2+), to metabolites (glucose, lactate, creati-
ine), to hormones (cortisol), proteins (interleukins, cytokines) or
ligonucleotides (microRNA). Their presence or concentration level
ay  be related to various health conditions, including diabetes

glucose), cystic fibrosis (Cl−), stress (cortisol), cancer (cytokines)
r inflammation (microRNA). For nearly every disease marker,
pecific diagnostic methods are available but, unfortunately, they
re predominantly based on invasive body fluid sampling and
nalysis through standard laboratory assay techniques [2]. Poly-
erase chain reaction (PCR), enzyme-linked immunosorbent assay

ELISA), flow cytometry, mass spectrometry, radioimmunoassays,
nd immunohistochemistry are some of the conventional meth-
ds employed to analyze bodily fluids in pathological labs. These
ethods have enabled the accurate diagnosis of a range of diseases

t earlier stages, lowering healthcare costs and providing better
ealth outcomes. They are also routinely used as tools to monitor
fficacy of therapies and manage health conditions. Among these
echniques, ELISA as immunoassay and PCR as molecular diagnostic
ool should be considered the gold standards. Indeed, their devel-
pment has importantly contributed to the improved screening,
etection, monitoring and treatment of, for example, cancers, infec-
ious diseases, and genetic and hormonal disorders. Despite the
eliable detection, they remain to be costly and time-consuming,
equiring specialized personnel and sophisticated, bulky instru-
ents. This confronts us with the challenge of replacing these

onventional diagnostic methods by wearable devices and translat-
ng them into clinical practice. First, highly selective and sensitive
iosensors need to be integrated on wearable platforms to contin-
ously measure the levels of specific biomarkers. Following this,
he large amount of data generated by these biosensors will need
o be properly processed and analyzed to produce a baseline of
ealth state of the user or even a population. The combination of
ata collection and analytics will enable individualized monitoring
f developing health conditions, guidance of therapeutic decisions,
anagement of chronic diseases, and assistance to physicians to

redict and prevent diseases [1].
Over the last two decades, strong efforts have been devoted to

xploiting the opportunities that the skin offers in the diagnostics
ame in both academic and industrial settings. Although being of
igh complexity, the skin is the most accessible organ and an impor-
ant source of biomarkers that could be related to different health

onditions. These biomarkers may  be found in different biofluids
ccessible from the skin, such as sweat, interstitial fluid (ISF) and
lood. The potential is enormous. But the realization of wearable
iosensing devices that enable the selective, accurate detection
al. / Nano Today 30 (2020) 100828

of molecular markers in bodily fluids is still very limited. Today,
developed wearable biosensing technology is mostly monopolized
by continuous glucose monitoring devices. Some of these devices
have recently entered a market that already exceeded US$1 billion
in value [5]. Spurred by the large and growing demand for glucose
monitoring by diabetic patients, several other continuous glucose
monitoring systems are in the development pipeline and rapidly
progressing towards marketed products. These devices have been
conceptualized as noninvasive, minimally invasive or implantable
systems. For example, Glucotrack (Integrity Applications), which
was approved by European Union (EU) in 2016, is a noninvasive
glucose device in the form of an ear clip. This device measures
glucose levels in the earlobe tissue and can be used for up to 6
months with working range from 3.9–27.8 mM at a cost of ∼US$100
per ear clip. Furthermore, a few other devices based on minimally
invasive approaches have been approved in recent years by the
U.S. Food and Drug Administration (FDA). Dexcom G6 CGM (Dex-
com) and FreeStyle Libre (Abbott) are two  examples. Both wearable
platforms are transdermal patches that target ISF glucose and rely
on electrochemical transduction mechanisms. Dexcom and Abbott
patches measure glucose continuously for up to 10 days with work-
ing range from 2.22 to 22.2 mM and 14 days from 2 to 27.8 mM,
respectively. The current cost of these patches ranges from US$90
to US$110 per patch. In addition, some patches like the Dexcom
one requires self-calibration two  times a day. Very recently (June
2019), the FDA granted approval to the first continuous glucose
monitoring system based on optical methods. Eversense (Senseon-
ics) relies on fluorescence mechanisms to measure ISF glucose for
up to 90 days providing glucose readings between 2.22–22.2 mM.
The device comes in the form of a small stick implant. The Eversense
implant costs ∼US$99 excluding insertion and removal or replen-
ishing the implant. Sweat wearable biosensing promises to enable
more cost-efficient, less invasive glucose monitoring, but the tech-
nology is still in an earlier phase of development [6]. However,
commercialization of these sensors can certainly be expected in
near future. Despite the medium- to long-term monitoring ability
in a minimally-invasive manner, most of these wearable devices
still require large scale validation studies and development of man-
ufacturing technologies to decrease the cost. In addition, except
for glucose, currently there is no reliable sensor for the long-term
detection of any other analyte.

Micro- and nanotechnologies are playing a central role in
advancing the wearables field [6]. Their potential to address
some of the sensitivity, miniaturization, and cost-effectiveness
challenges is promising. Micro- and nanoscale materials display
attractive physicochemical properties derived from their small size.
The high surface area to volume ratio allows amplified signals,
improved catalytic properties and higher electrical conductivity,
which may  result in enhanced biosensing sensitivity [7]. Nanoma-
terials also show exceptional optical properties. These have been
exploited in the realization of highly sensitive fluorescence and
surface-enhanced Raman scattering (SERS) biosensors. Metallic
nanoparticles, silicon nanowires or carbon nanomaterials are some
examples of nanomaterials that have been actively investigated
for their application in biosensing. Micro- and nanotechnologies
also make miniaturization an attainable task. Biosensing transduc-
ers can be designed at the nanoscale. But even if they need to be
designed at a larger scale, micro-sized (or even macro-sized) com-
ponents can also incorporate nanostructured surfaces or materials
within multi-scale platforms. Due to their small size, micro- and
nano-biosensing systems also have the potential to reduce for-
eign body and immune responses, leading to longer sensor working

lives. Nanostructured materials are used to provide large active sur-
face area and, in some cases, to boost the electrical conductivity,
thereby enhancing the sensitivity of the biosensing system [8].
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Fig. 1. Schematic illustration of skin layers 

In this review, we summarize the current advances on the
evelopment of skin-interfaced biosensors for the determination
f physiological biomarkers from epidermal, dermal and subder-
al  fluids (Fig. 1). Wearable sensors that measure body signals

uch as heart rate and pressure or wearable motions accelerome-
ers have been extensively reviewed elsewhere and are not covered
ere [9]. This review is divided into three major parts describing
n-body measurements at different skin sections, namely epider-
is, dermis and hypodermis. The first part summarizes progress

n wearable sweat-based biosensors; the second one compiles the
dvances in transdermal monitoring; and the last part covers sub-
utaneously implanted biosensors. Every part of this review focuses
n recent scientific and technological advancements in the field
f wearable biosensing micro- and nanosystems by highlighting
ritical challenges as well as providing information on how these
hallenges are being addressed by the research community. In each
ection, representative examples are provided in order to illustrate
he sensing components and working principles of the biosensors.
dditionally, their limitations and unique features are highlighted
nd critically discussed. Lastly, a concluding section summarizes
he barriers and opportunities in the field and anticipates future
esearch directions. However, before discussing the latest advances
n wearable biosensors and in order to better understand the bio-
ogical and technological context, a brief insight into skin anatomy
nd the challenges associated with skin biosensing is given.

kin anatomy and accessible fluids for wearable biosensing

The skin is the largest and most accessible organ in the human
ody. The biofluids contained in skin are a rich source of biomarkers
hich are of value not only in diagnosis and monitoring of diseases,

ut also in profiling an individual’s well-being. Nonetheless, the
kin is a very complex organ and, in order to better exploit this

issue for salient biosensing opportunities, understanding of the
hysiology and the microanatomy of the skin is necessary.

The skin is essential to protect the underlying tissue from exter-
al biological, chemical and physical aggressions. It also prevents
fferent wearable devices their applications.

the loss of body fluids, helps to regulate the body temperature,
serves as sensory organ for the surrounding environment, and
plays an essential role in the production of antimicrobial peptides
and vitamin D [10]. This organ is composed of three main lay-
ers: epidermis, dermis, and hypodermis (Fig. 1). The epidermis,
with an average thickness of 150 �m [11], is a stratified epithe-
lium located in the outermost layer of the skin which continuously
renews itself [12]. The outermost layer of the epidermis is the stra-
tum corneum (SC) and is primarily composed of anucleate cells
(corneocytes), which mainly provide a hydrophobic barrier to envi-
ronmental pathogens [13]. The second skin layer is the dermis,
located between the epidermis and the subcutaneous tissue or
hypodermis. The dermis layer is divided into two regions, the pap-
illary dermis region which is adjacent to the epidermis layer and
an underlying thicker region, the reticular dermis [14]. The thick-
ness of the dermis ranges from 500 to 2000 �m depending on its
location on the body [11]. The boundary located between the epi-
dermal and dermal layers is called dermoepidermal junction where
epidermal basal cells are attached to the basement membrane. This
porous membrane provides a space for nutrients and exchange of
fluids [10] and acts as a reservoir for molecules required for vari-
ous biological purposes such as immunity and wound healing [13].
Beneath the dermis and above the muscle is the hypodermis, mostly
composed of adipocytes or fat cells, which contains a network of
fibrous septa made of blood vessels, lymphatic vessels and colla-
gen. Vascular and nerve structures can be found in the hypodermis
and in deeper parts of the dermis layer where blood vessels are
supplied by branches of musculocutaneous and cutaneous arteries
coming through the hypodermis whereas nerves course through
the dermis in nerve bundles [10]. The space outside the parenchy-
mal  cells, blood and lymphatic vessels is called the interstitial space,
or interstitium and is filled with ISF.

The skin therefore offers non-invasive access to three different

biofluids namely sweat, ISF and blood. These fluids may  be very
different in nature, but all three comprise a wealth of biochemical
information that may  provide indication of an individual’s health
state.
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Easy access and sampling of sweat makes it very convenient
or wearable sensing. Sweat plays an important physiological role
n thermoregulation, moisturization, immune defense, and elec-
rolyte and pH balance [15]. It is secreted by eccrine glands after
eurotransmitter stimulation and conducted to the skin surface
hrough dermal ducts [1,15]. Acetylcholine is the main neuro-
ransmitter responsible for sweat stimulation, causing release of
a2+ which in turn causes water, Na+ and Cl− ions to flow into
he lumen and induce the generation of sweat. Apart from water,
a+ and Cl− ions, the secreted sweat also contains metabolites,
ormones, proteins and peptides [16]. Although the partitioning
echanisms at play are yet poorly understood, it has been hypoth-

sized that analytes contained in sweat passively or actively diffuse
rom neighboring blood or ISF at levels ranging from mM (urea, lac-
ate) to �M (glucose) to nM or pM traces (proteins) [1]. In addition,
t is worth noting that a variation in sweat composition profile may
e expected depending on the mechanism of stimulation, whether
eat, exercise, stress or a chemical stimulus is responsible for its
eneration [17,18].

ISF is another source of valuable biomarkers but it has been
raditionally difficult to sample from the human body. This fluid
urrounds parenchymal cells, blood and lymphatic vessels, and it is
ormed by extravasation of plasma from capillaries. ISF constitutes
5 % of the volume fraction of the human skin and it can be seen as

 combination of serum and cellular materials. The ISF plays impor-
ant roles in the transport of signaling molecules between cells and
lso in carrying antigens and cytokines to local draining lymph
odes for immune regulation. It is furthermore involved in the
ransport of nutrients and waste between blood capillaries and cells
19]. ISF is not just a passive conduit for the flux of solute and fluids,
t actually functions as highly dynamic and complex structure hav-
ng profound influences on fluid exchange [20]. The fluid exchange
etween the vascular and interstitial compartments is regulated by
ydrostatic and oncotic (protein-induced osmotic) forces operating
ithin the extracellular matrix (ECM) and lymphatics, and across
icrovascular walls [20]. Impelling forces of fluid flux through the

nterstitial space are essential for protein transport from blood to
nterstitial cells, because proteins are too large to diffuse through
he crosslinked ECM [20]. Tran and co-workers study on proteomics
haracterization of dermal ISF demonstrated that the protein com-
osition in ISF matches approximately 93 % with that found in
erum and plasma [13]. However, it has also been reported that
he concentration of proteins and ions are about one-third lower in
SF than in blood. The concentration of glucose in ISF is, however,
dentical to that in blood in steady-state conditions, but there may
e a lag time immediately after glucose intake due to the kinetics
f diffusion [21].

Blood is the most commonly sampled fluid for clinical diag-
osis and its proteome has been well studied [22,23]. However,
ccess to blood has been traditionally limited by the requirement
or trained healthcare professionals when drawing venous blood or
y the patient’s apprehension when collecting finger-prick blood
amples. Although blood contributes to only 5 % of the skin volume
raction, it can be non-invasively collected from the skin. The der-

is  is a highly vascularized region and here is where the majority
f the blood vessels are located. These vessels supply blood and
utrients to the other layers of the skin through small capillaries.
ignificant differences have been found between systemic and cap-
llary blood in the levels of total proteins, bilirubin and certain ions
Ca2+, Na+, Cl−), whereas the concentrations of other analytes such
s glucose, urea and K+ are practically identical [24].

As illustrative examples, Table 1 shows a list of selected

iomarkers representing ions, metabolites, hormones and proteins
lasses. They are listed together with the concentration found
n blood, ISF and sweat found of healthy individuals. For most
iomarkers of low molecular weight (i.e. < 400 Da) such as ions,
al. / Nano Today 30 (2020) 100828

metabolites and hormones, their ISF concentration is very simi-
lar to blood. This is due to rapid diffusion through the capillary
walls. However, for higher molecular weight species, capillary walls
have a filtering effect [5]. As the molecular weight increases, the
diffusion rate from blood into ISF decreases. A conversion factor
may  be required to determine the diluted concentration of these
high molecular weight proteins in the ISF [5,25]. The ratio between
biomarker concentration in sweat and blood/ISF may  be much more
complicated to correlate. As mentioned before, analyte concen-
tration in sweat greatly depends on the sweat secretion rate and
dilution effect. Some studies have suggested that the molecular
weight of the analyte, as well as its lipophilicity, play a strong role
in partitioning mechanisms in sweat [5]. For example, hydrophilic
glucose (180 Da) is found in sweat at about 1 % concentration of
that in blood. But concentration of hydrophobic cortisol (362 Da)
in sweat shows a good correlation with blood levels. Protein con-
centration in sweat can be as high as tens of �M for those actively
secreted. But passively transported proteins are typically found in
sweat at concentration levels below 0.1 % of those in blood [5].

Challenges for wearable biosensing

The translation of wearable biosensors into routine technology
that offers comprehensive information about the physical activ-
ity and health state of an individual is imminent. This foreseeable
achievement is arguably spurred by the accurate and robust quan-
tification of biomarkers present in skin biofluids. However, for
the successful development of wearable biosensors, multiple chal-
lenges and technological gaps still need to be addressed. Some
of these critical barriers relate to data acquisition and processing,
communications, power supply, wearability (stretchability, bend-
ability), and security, and those are not reviewed here. We  refer the
reader to several excellent reviews which focus on these topics in
detail [41–45]. We  will instead emphasize on the key challenges
that this field is still facing in terms of biosensor design, that is, the
physical and chemical aspects of its elements, and its consequential
sensing attributes.

The ability of the biosensing platform to interface with the
skin causing minimal disruption of the tissue and its microen-
vironment whilst remaining fully functional is one of the most
important challenges in the development of wearable biosensors.
This is intrinsically linked to its biocompatibility as well as its anti-
fouling characteristics. These features will ultimately govern the
biosensor stability and, subsequently, its lifetime for long-term
applications. Depending on the nature of the wearable device and
the analyte of interest, desirable lifetimes range from a few min-
utes to several months. For example, disposable sweat biosensors
for the detection of illicit drugs may  need to be used for only a
few minutes. Implantable devices, however, should remain func-
tional for at least few weeks (e.g. Dexcom G6), and ideally several
months (e.g. Eversense) or even years. The degree of biocompati-
bility will depend on many factors including biosensor geometry,
size and water content. Most importantly, it will be greatly influ-
enced by the bulk and surface chemical properties of the material.
The material should be selected to not cause inflammation and to
minimize biofouling. The effect that the accumulation of chemi-
cal and biological species has on the biosensor performance may
be critical. Hydrophilic, flexible materials such as polymeric chains
(e.g. polyurethane [46], polyethylene glycol (PEG) [47], zwitteri-
onic polymers [48]) have been extensively investigated as coating
layers because of their non-inflammatory, non-toxic as well as
anti-fouling properties. Additionally, from a practical perspective,

attention should be paid to minimizing the need for calibration and
to render operation by the end user as simple as possible. Usually,
continuous monitoring of biomarkers requires an initial calibra-
tion, and in many occasions, also a recalibration at regular time
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Table  1
Comparison of several analytes’ concentrations found in blood, ISF and sweat.

Blood ISF Sweat

Ions

Na+ 135−145 mM* 10−90 mM [26,27]
K+* 3.5–5.5 mM* Similar to 2−10 mM [27]
Cl  95−110 mM* plasma 14−48 mM [28]
Ca2+ >2.6 mM* 0.37 mM [29]

Metabolites

Glucose* 3.6-6.0 mM* 36-60 �M [32]
Lactate 0.5−10 mM Similar to 5.0−20 mM [33]
Urea* 3.0–7.5 mM* plasma 13−24 mM [34]
Cholesterol* <3.5 mM*
Uric acid 0.12-0.45 mM [30] 25-36 �M [34]
Ascorbic acid 30-80 �M [31] 10-50 �M [35,36]

Hormones
Cortisol  Morning 193–773 nM [37] Similar to 20-500 nM [38]

Afternoon 55–496.6 nM plasma
Cytokines pM to nM 80 % of plasma <0.1 % of plasma
Antibodies e.g. IgA 0.4 −16 mg/mL 15-25 % of plasma
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∼262 mg/mL

* values obtained from Melbourne Pathology biochemical analysis test.

ntervals. Hence, researchers have focused their efforts in develop-
ng one-point calibration biosensors considering a zero baseline
49,50]. Reduced biofouling will facilitate the use of biosensors
or continuous monitoring and, ultimately, minimize calibration
equirements.

The application of transdermal and subdermal devices
nevitably involves certain damage to the tissue and therefore those
evices must meet the highest requirements in biocompatibility.
urthermore, in the long-term applications based on transdermal
r implantable systems, a foreign body response will ensue after
he device is inserted. This response may  result in drastic change in
he microenvironment and in macrophage and lymphocyte attack
51], which will most likely affect the biosensor signal. Modera-
ion of the foreign body response may  be achieved by using active
ayers for reduction of reactive oxygen species [52] or by intro-
ucing nano-topographical modifications on the biosensor surface
53]. Attempts have been made in terms of incorporating anti-
nflammatory agents such as dexamethasone into hydrogel-based
ensors to control inflammation at the biosensor application site
54]. Surface modifications employed in the biosensor design will
ot only improve the biocompatibility but also the bioreceptor sta-
ility, and ultimately the response reliability and the lifetime of the
evice. Stable biosensors have been successfully built by coupling
he biorecognition element with various nanomaterials (e.g. quan-
um dots, carbon nanotubes) [55], hydrogels (e.g. chitosan, gelatin)
56,57] or others through a range of chemical and physical immobi-
ization protocols [58]. We  are still not at the point of being able to
dial in’ material and surface modification approaches, and hence
hose parameters should only be chosen after initial in vitro and
deally in vivo tests.

The selectivity of the biosensor will determine the preferen-
ial detection of the target analyte versus other interfering species.
ffinity-based biosensors and catalytic biosensors, where a biore-
eptor specifically interacts or reacts with a target analyte, are
egarded as highly selective and specific, and this is this princi-
le that many biosensors rely on. Among the catalytic biosensors,
nzyme sensors have continued to be forerunners in the devel-
pment of wearable sensors due to their excellent selectivity and
bility to provide continuous measurements without the need to
egenerate their surface [17,59]. The biological response induced
y the enzymatic reaction with the analyte can be translated into
easurable signals that have allowed qualitative and quantitative

nalysis of a range of clinical biomarkers. One intrinsic problem of
nzymatic systems is that enzymes are proteins sensitive to their

icroenvironment and factors such as oxygen level, pH, temper-

ture and ionic strength can affect their structure and thus their
ctivity, and subsequently the sensor’s response [60]. In addition,
0.1−10 ng/mL [40]

enzyme activity often diminishes over time [61]. Affinity-based
biosensors, such as immunosensors, DNA sensors or aptamer-
based sensors display high target affinity and specificity based
on precise three-dimensional complementarity. Nevertheless, high
affinity systems are difficult to implement into continuous moni-
toring devices mainly due to their limited reusability. The main
reason for this is that the in situ regeneration of the biorecognition
element, particularly in wearables or implantables, is extremely
difficult to realize. In recent times, important research efforts
have been devoted to engineering bioreceptors, not only to create
new libraries of novel synthetic and semi-synthetic bioreceptors,
but also to manipulate their binding affinity. Engineering of anti-
body and DNA aptamer structures has enabled the possibility to
control their binding properties [62], so that a biosensor can be
potentially regenerated and reused. Biosensors can also be regen-
erated by overcoming the attractive forces between bioreceptor
and its cognate analyte via various treatments including chemical,
thermal and electrochemical regeneration [63]. In this regard, syn-
thetic bioreceptors such as DNA aptamers [64] have showed higher
reversibility over a number of bind-release cycles than antibodies
[65]. Despite the substantial challenges presented by affinity-based
wearable biosensors, there is a considerable interest in developing
this technology due to the plethora of clinically validated targets
that can be detected by these assays [66].

Efforts should also be devoted towards improving the biosen-
sor sensitivity. The physiological levels of many key biomarkers
are usually precisely regulated and their presence in skin biofluids
occurs over defined concentration ranges. Thus, it is a requirement
that the wearable biosensor responds acutely to small but rele-
vant changes in bioanalyte levels. This may  not be a priority in
applications that seek binary information, such as the detection of
illicit drugs, but it is of special importance in continuous monitor-
ing applications where tracking the change of the concentration
profiles of biomarkers is critical. Likewise, the biosensor should
present a limit of detection (LOD) relevant to physiological con-
ditions. For example, a biosensor that monitors glucose from ISF
should be able to detect amounts as low as 3.6 mM (see Table 1). But
for clinically relevant glucose detection in sweat, biosensors need
to be designed to improve the LOD by two  orders of magnitude.
This is, they need to be able to detect amounts as low as 0.036 mM.
The incorporation of nanomaterials such as carbon nanotubes,
metallic particles or quantum dots can significantly amplify the
biosensor’s response signal and therefore improve the sensitivity
as well as lower the LOD [67,68]. Engineering of the bioreceptor

immobilization can also lead to increased sensitivities. Oriented
antibody immobilization strategies have been demonstrated to
maximize the biosensor sensitivity [69,70]. Moreover, engineered
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ioreceptors such as antibody fragments or nanobodies® have been
hown to overperform compared with natural antibodies [71].
onetheless, certain biomarkers are present in extremely low con-
entrations in body fluids. For example, cytokines can be found in
SF in nanomolar concentrations, but their concentration in sweat
ies in the sub-picomolar range. Although low-picomolar detection
f cytokines have been achieved in lab settings [72], the transla-
ion of these highly sensitive methods into wearable devices is still
nder development.

Furthermore, despite the fact that the skin is the most accessible
rgan in the human body, the non-invasive collection of skin bioflu-
ds remains a challenge. Skin biofluids in large enough amounts
ave been typically sampled using complex, time-consuming pro-
edures (i.e. microdialysis, microperfusion, and iontophoresis) that
sually involve discomfort, risk of infection, specialized equipment
nd trained professionals. Currently, the minimally-invasive collec-
ion of several microliters of skin biofluids that allow the reliable,
ccurate detection of analytes in their physiological range is still
nder development. Skin patches have typically relied on diffu-
ion, capillary action, osmosis and pressure-driven convection for
he collection of bodily fluids [73]. The use of adsorbing mate-
ials such as woven textiles [74] or porous hydrogels [17] has
een widely explored in wearable settings due to their ability to
apture and store bodily fluids, although these materials do not
llow precise control over the collected and stored volume. Sweat
ampling faces additional challenges such as flow rate variations,
weat dilution, sample evaporation and external contamination
75]. Integration of sweat biosensing devices with microfluidics
76,77] or micro-iontophoretic systems [18] are some of the current
pproaches employed to gain control over sweat storage, sweat rate
nd biodegradation or evaporation.

Micro- and nano-technologies have given rise to opportuni-
ies in developing miniaturized wearable biosensors that allow
peration with low volumes of samples and integrate several func-
ions into a single device. Microfluidics, micro-/nano-patterning
echniques and thin film deposition methods are some of the tech-
ologies that have allowed the creation of devices measuring only

 few millimeters. The design of transducers has greatly benefited
rom the advances on these miniaturized technologies. Today, elec-
rochemical and optical transducers can be easily miniaturized to
he micro-or nano-scale. But to complete the biosensing function,
hese transducers require usually bulky readout systems. In this
ontext, certain technologies may  be placed in an advanced position
ith respect to others. For instance, electrochemical biosensors

equire reduced volume of sample and simple electronics. This has
llowed the realization of several portable electrochemical biosen-
ors, where the best example is the glucometer. Optical biosensing,
n addition to a readout system, requires an external light source to
nduce a measurable optical response, which makes miniaturiza-
ion a more challenging task. To address this limitation, in recent
imes researchers have proposed to integrate readout systems into
martphones to reduce overall size and enable portability [78,79].
martphones not only have LED flashes that may  be used as illu-
ination sources, but CMOS-based cameras can also be used as

ignal detectors. They can also process signals and have connectiv-
ty, which may  promote their application into wearable biosensing.

n-skin biosensors

Sweat is the skin fluid easiest accessed and therefore suitable
or on-skin monitoring devices. This medium can provide a wealth

f information related to the body’s physiological state and even-
ually about the health of the patient. For this reason, sweat is
ne of the most targeted biofluids for the development of non-
nvasive wearable biosensors. Up to date, various sweat biosensors
al. / Nano Today 30 (2020) 100828

for monitoring of analytes such as Na+, Cl−, K+, Ca2+ [80], Zn2+, Cd2+,
Pb2+, Cu2+, Hg+ [81], glucose [82], lactate [33], uric acid and ascor-
bic acid [36], ethanol [83], cortisol [84] etc. have been reported.
Although sweat is rich in different types of metabolites and elec-
trolytes which are potential disease markers, extensive effort is still
required to tackle the problems involved in its use. These prob-
lems are mostly associated to the low rates of sweat production
at resting heart rate. Sample evaporation at body temperature,
dependence of biomarker concentration on sweat production rate
and mechanism, and cross-contamination with molecules already
on the skin surface, such as those contained in cosmetics, cause
additional problems. In this section, advances in wearable sweat
biosensors will be discussed based on the approaches employed to
generate this fluid. We  can distinguish between naturally occur-
ring (i.e. through physical exercise, thermal heating or stress) and
stimulated (i.e. iontophoresis) sweat secretion. The way  the fluid is
generated will shape the biosensor design in its sampling, sensing
and device technology.

Sweat biosensors

As mentioned before wearable skin-interfaced biosensors
provide a non-invasive alternative to conventional diagnostics
methods that require blood sampling. Acquiring a blood sam-
ple through invasive methods has the potential to cause physical
trauma and infection, and usually requires the assistance of a
trained healthcare professional [85]. Early investigations on sweat
biosensors focused on developing skin-interfaced platforms able
to capture sweat during exercise and detect a single bioana-
lyte. First, tattoo-like approaches were established; later, these
were integrated with microfluidics. In recent years, the sweat
biosensing proof-of-concept has been extensively validated and
numerous skin-interfaced biosensors have been developed based
on various detection mechanisms, substrates, nanomaterials, and
target analytes [17,81,82,86,87]. Among different types of wear-
able devices that can analyze sweat directly [17,82,84,86–90] or
via their integration with microfluidics [33,38,77,91], various trans-
duction mechanisms have been utilized including electrochemical
and optical ones. Today, some of these wearable biosensors can
provide multiplexed information, not only for the simultaneous
quantification of multiple biomarkers [17], but also for maximiz-
ing accuracy by tracking other parameters such as temperature,
humidity and/or pH [82]. On the other hand, recent develop-
ments have combined sensing and drug delivery features via
closed-loop systems, which feature self-triggered drug release
mechanisms when certain levels of targeted analyte are reached.
For example, glucose monitoring may  lead to an automatically
determined insulin delivery [82]. Regarding the targeting analytes,
although sweat contains numerous ions, metabolites and even
small amounts of large biomolecules, glucose has been the most
commonly studied biomarker in sweat technology and we will
therefore extensively review the advances on glucose sweat sens-
ing devices [17,82,86,87,89,92].

Electrochemical sensing is the most common method used in
wearable sweat analysis due to its high sensitivity and simplicity.
Recently Lee et al. reported an electrochemical multilayer wearable
biosensor for glucose monitoring with multistage transdermal drug
delivery for management of diabetes mellitus [82]. The wearable
biosensing patch (Fig. 2a-c) is composed of an ultrathin and stretch-
able substrate that accommodates various sensors for glucose,
humidity, pH, and temperature, and an integrated microneedle

array for controlled drug delivery. Glucose monitoring starts with
sweat uptake in a porous layer where the humidity sensor is used
to measure the critical amount of sweat. When sufficient amount
of sweat is present in the sweat-uptake layer, detection of glucose
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Fig. 2. Wearable skin-interfaced biosensors for sweat monitoring. a) Schematic illustration and b) optical image of a sweat analysis biosensor array with glucose, pH, and
humidity electrodes, c) wearable patch attached on subject’s forearm while using cycle ergometer, adapted from Ref. [82] Copyright (2017) American Association for the
Advancement of Science, d) schematic illustration of a sensor array device for glucose, lactate, Na+, K+ and temperature sensing, e) optical image of a flexible electrode array
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nd,  f) wearable device applied on human wrist for glucose, lactate, K+ and Na+ d
chematic illustration of pH and glucose sensing device and working principle of th
ith  permission from Ref. [86] Copyright (2018) American Chemical Society.

nd measurement of pH levels occur. Glucose detection was  per-
ormed on an electrodeposited nanoporous Au working electrode

odified with a mix  of glucose oxidase enzyme (GOx), chitosan-
raphene and bovine serum albumin. The Au nanoporous structure
rovided a large electroactive surface area and enhanced H2O2 cat-
lytic activity, enabling glucose detection in the range of 10 �M to

 mM which covers typical glucose concentrations in sweat from
ypoglycemic to hyperglycemic states [32,82]. Metformin drug was

oaded into temperature-sensitive nanoparticles incorporated into
n array of hyaluronic acid hydrogel microneedles. Two  types of
emperature-sensitive nanoparticles were used with melting tem-
eratures of 40 ◦C and 45 ◦C, respectively, which makes them ideal
or temperature-dependent stepwise drug delivery. Integration of
he microneedle array with heaters afforded controlled thermal
ctuation and multistep and triggered drug release through the
icroneedles in response to an individual’s glucose levels. The

xternal part of the wearable device was covered with an elas-
omeric silicone patch to protect it from the ambient humidity
nd prevent delamination during skin deformation. The wearable
lucose device was applied on human subjects and was  able to
etect glucose and measure the skin temperature simultaneously
Fig. 2c). Unique features of this sensing platform are combina-
ion of different sensors for accuracy improvement, incorporation

f nanomaterials for improvement of sensitivity and providing
uitable environment to the enzyme, as well as combination of
onitoring system with drug delivery for diabetes management.
on, adapted with permission from Ref. [17] Copyright (2016) Springer Nature, g)
ensor, h) SEM image of an In2O3 nanoribbon device for glucose detection, adapted

Only limitation to this work is lack of wireless system which would
drastically ease real application experiments.

In addition to flexible substrates, wearable biosensors need flex-
ible printed circuit electronics which can be easily integrated into
the plastic substrates to facilitate adhesion to different parts of
the body without affecting the signal quality because of possible
deformation in the substrate [93]. Example of such flexible printed
circuit was  recently reported by Gao et al. [17]. Fig. 2d–f illustrates
a mechanically flexible wearable device based on an integrated
sensor array for in situ multiplexed perspiration analysis with a
flexible circuit board for complex signal processing. The device
has the ability to selectively and simultaneously screen targeted
metabolites (glucose, lactose) and electrolytes (K+, Na+). Multi-
plexing biosensors on a single wearable device can collect more
detailed information about the patient’s physiological state. The
described flexible electrode sensor array enables amperometric
enzyme-based sensing of glucose and lactate, and potentiomet-
ric sensing of K+ and Na+ via ion-selective electrodes. Enzymatic
sensors for glucose and lactate detection were prepared by drop-
casting a mixture of enzyme (GOx or lactate oxidase, LOx), chitosan
and single-walled carbon nanotubes (SWCNT) onto Prussian Blue
(PB)-modified Au electrodes. The thickness of the PB film is key
to tune the sensitivity and linear response range, while SWCNTs

contribute to enhance the mediated electron transfer. SWCNTs
have excellent electrical conductivity and large surface area which
make them popular as an electrode or surface integrated active
nanomaterial [94] for enhancing the sensitivity of wearable biosen-
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ors. Incorporation of temperature sensors made of Cr/Au metal
icrowires provided real-time calibration of the glucose and lac-

ate sensor readings. While worn on the wrist (Fig. 2h) and forehead
f a human subject exercising on a cycle ergometer, the sensor
rray was able to measure changes in analyte concentration for
ifferent sweat rates [95]. Distinctive characteristic of this work is
exible printed circuit electronics which enables signal processing
f two measurement techniques, amperometry and potentiome-
ry, in multiplexing. Through this system, once more is illustrated
hat additional sensors for accuracy improving is very important
n sweat sensing same as incorporation of nanomaterials which
ot just increases conductivity and surface area but also enhances
ediated electron transfer.
Field-effect transistor (FET)-based devices stand out in biosen-

or research due to their attractive properties such as low cost
anufacturing, mass production capability and sensitivity [96]. FET

evices are three-terminal semiconductor devices which are com-
osed of source, drain, and gate electrodes. The working principle
f FET biosensors is that the electrical conductance of the sensing
omponent between the source and the drain changes with the spe-
ific binding of biomolecules or chemicals onto the surface [97]. For
nstance, enzyme-based FET biosensors work on the principle that
he enzymatic reaction affects the charge at the gate surface and
roduces a signal change that scales with substrate concentration
97]. Liu et al. recently [86] proposed a FET-based wearable device
ased on a flexible In2O3 nanoribbon (Fig. 2g and h) fabricated
y sputtering ∼20 nm thick In2O3 on 5 �m flexible polyethylene
erephthalate (PET) substrate, after which Au was sputtered to coat
ource, drain, and side gates. A SonoPlot printer deposited a mix-
ure of chitosan, GOx and SWCNT on the source and drain pads.
ntegrating two side gate electrodes coated with Au between four
n2O3 nanoribbons afforded a FET device with an Ag/AgCl reference
lectrode positioned in the middle of the device. The additional
ide gate also coated with Au served to monitor changes in the
evice potential. The performance of the FET glucose biosensor
as tested using human body fluids such as sweat and tears. The

ensor showed a LOD of 10 nM being able to distinguish between
lucose levels in real human sweat before and after a meal. From
his example it can be clearly seen how important nanofabrication
s for device miniaturization which is required in wearable sensing
echnology. Although, the sensor has impressive working range in
lucose detection of 1 nM to 1 mM,  it still has to be incorporated in
earable flexible electrical circuit which could be challenging due

o the size of the electrodes.
The aforementioned studies were able to overcome several

mportant challenges faced when developing devices for direct
weat analysis. Thanks to the incorporation of additional sensors
elf-calibration increased the reliability of the sensor when ambi-
nt conditions such as pH and temperature changed. On the other
and, flexible substrates and electronics overcame the mechanical
tress caused by body movement that can lead to device delamina-
ion and loss/damage of immobilized bioreceptors due to friction
93]. Nevertheless, flexible sweat biosensors coupled to the skin
till do not address the problems related to sample evaporation and
weat rate effects. In order to address these issues, microfluidic sys-
ems have been integrated into skin-interfaced biosensors. These
earable devices work on the principle of ensuring adhesion to the

kin surface, while collecting sweat from naturally occurring pores
nd routing the sample towards the biosensing area using micro-
hannels and/or reservoirs [16]. These flexible microfluidic devices
nable the collection and storage of sweat, and allow the analysis
f multiple analytes by using different detection techniques that

ainly include colorimetric and electrochemical approaches.
Recently, Wang’s team introduced the first soft microfluidic

latform for epidermal electrochemical sensing of sweat metabo-
ites glucose and lactate [77]. The platform is composed of two soft
al. / Nano Today 30 (2020) 100828

PDMS layers, the first containing the three electrode system (work-
ing, counter and Ag/AgCl) and the second one with the microfluidic
channels and the detection reservoir. The device interfaces with
sweat glands across the skin to fill the microfluidic device with
sweat (Fig. 3a). Photo-lithography was  used to pattern sensors
and interconnect layers after which those patterns were coated by
nanolayers depositing 10 nm Ti, 550 nm Cu, 20 nm Ti and 200 nm
of Au using e-beam evaporator. Later on, these nanolayer Au based
connectors were screen-printed with Prussian blue-modified car-
bon ink for working and counter electrodes, and for reference
Ag/AgCl ink was used. The working electrode was modified with
entrapped LOx or GOx for lactate and glucose sensing, respec-
tively. This study demonstrates the successful combination of mico-
and nanofabrication technologies with printed electronics. The
microfluidic device was tested on human subjects where on-body
electrochemical flow detection capabilities of lactate and glucose
were successfully demonstrated (Fig. 3b). However, interfaces of
microfluidic device with sweat glands across the skin should be
investigated in more details since the dynamics of the skin can
drastically vary from patient to patient.

Koh et al. [91] reported a wearable multifunctional microfluidic
device for capture, storage and colorimetric sensing of pH, glu-
cose, lactate, and Cl−. The device consists of a multilayer stack of
three subsystems (Fig. 3c); a skin compatible adhesive layer with
integrated micro-machined opening for sweat collection, a sealed
collection of microfluidic channels and four reservoirs with inte-
grated color-responsive chemicals for colorimetric detection, and
a near field communication (NFC) electronics for wireless com-
munication with an external device. Their channel design avoids
backpressure and allows free fluid flow. Commercially available
colorimetric d-lactate and Cl− kits, and pH indicator solution were
used for colorimetric sensing. The glucose sensor was  prepared
with a mixture of GOx, horseradish peroxidase (HRP), trehalose and
potassium iodide. A smartphone interface (Fig. 3d) extracting RGB
color information from the sensory parts of the device was used to
interpret the analytes concentration. The soft wearable microfluidic
device was  successfully used to monitor targeted sweat analytes
on human subjects during intense physical activities. Since it is
only tested on subjects during exercise, limitation of this sensing
platform is that it does not address problem regarding low and
inconsistent sweat volume rate. Before commercialization of such
colorimetric wearable sweat devices sweat rate volume would be
one of the main problems to address.

Despite the great progress recently made in the development of
skin-interfaced biosensors for sweat generated through exercise or
local heating, the limitations associated with the low and inconsis-
tent volume rate, together with the poorly understood relationship
between secretion rate and partitioning profile, have encouraged
investigations in alternative processes to stimulate sweat gener-
ation. In this context, iontophoretic stimulation has emerged as
a preferred method to overcome challenges related to the non-
continuous production of sweat. In the following section, wearable
devices that use iontophoresis to induce sweat secretion, followed
by electrochemical sensing of the analyte in the secreted sweat will
be discussed. Additionally, ISF can also be extracted to the outer skin
surface through a similar mechanism, the so-called reverse ion-
tophoresis. Wearable biosensing platforms based on this approach
will be also reviewed.

Iontophoresis-based biosensors

Secretion of sweat during exercise is approximately 20 nL per

gland per min  [16], varies between individuals and is related
to the intensity of physical activity, fitness and hydration level
[1]. While sweat sourced during physical exercise is appropri-
ate for fitness monitoring, the lack of its continuous secretion in
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Fig. 3. a) Schematic illustration of an electrochemical microfluidic device for glucose and lactate detection, b) optical image of the microfluidic device integrated with
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lectronic board for wireless transfer of data, adapted with permission from Ref. [77
weat  device and its NFC system for colorimetric detection of pH, glucose, lactate an
ith  permission from Ref. [91] Copyright (2016) American Association for the Adva

lderly patients or during less active physical states makes sweat
nsufficient for continuous medical monitoring. This issue can be
ddressed by iontophoresis. By applying a mild electric current
cross the skin, iontophoresis facilitates the release of sweat-
nducing small molecular drugs into the dermis, where sweat
lands are located. Acetylcholine, methacholine and pilocarpine
re examples of sweat-inducing drugs used in iontophoresis, each
roviding a specific sweat secretion profile. Iontophoresis devices
equire additional two electrodes, anode and cathode, for current
pplication. These electrodes are typically modified with hydrogels,
here anode’s hydrogel contains the sweat-inducing drug. Electri-

al current flow from anode to cathode triggers the movement of
rug molecules from hydrogel under the skin, following current
ow, through epidermal layer and into the dermis where stimu-

ation of sweat glands occurs (see Fig. 4a). Thus, sweat is secreted
egardless of the physical activity status [1].

Conversely, in reverse iontophoresis, a mild current is applied
etween the anode and cathode to facilitate ionic migration across
he skin epidermal and dermal layers towards the cathode. This
echnique has been employed to enrich the content of biomarker

olecules in sweat [98,99]. The negative charge of the skin at neu-
ral pH is responsible for its permselectivity to cations. This forces
n electro-osmotic flow of ISF from the dermis layer towards the
utermost epidermal layer that causes electrophoretic transporta-

ion of neutral molecules such as glucose to the skin surface [99]
Fig. 4a). Iontophoresis-based techniques have been used in com-
ination with electrochemical sensing for the monitoring of cystic
right (2017) American Chemical Society. c) Schematic illustration of a microfluidic
d) demonstration of NFC between device and smartphone launch software, adapted
ent of Science.

fibrosis [18], alcohol [56], lactate [17], glucose [17,98–101], and
urea [102,103] from sweat.

Emaminejad et al. recently reported an integrated wearable
platform that combines autonomous sweat production via ion-
tophoresis and detection of glucose, Na+ and Cl− levels, controlled
by a wireless flexible printed circuit board (Fig. 4b) [18]. Healthy
subjects and cystic fibrosis patients showed significant differences
in their Na+ and Cl− levels (26.7 and 21.2 mM for the healthy indi-
viduals, and 82.3 and 95.7 mM for CF patients, respectively). Those
results were consistent with tests performed ex situ using collected
sweat samples. Unique quality of this work is autonomous sweat
production via iontophoresis using wireless flexible printed elec-
tronics. Although, working range for glucose detection can easily
analyze glucose concertation in healthy individuals (see Table 1)
further improvements in working range should be extended if glu-
cose is to be detected in diabetic patients.

A commercial example of reverse iontophoresis in a wearable
device for semi-continuous electrochemical glucose monitoring is
the GlucoWatch by Cygnus Inc. [104,105]. Its commercialization
was discontinued upon consumers complaints about skin burns
caused as a result of repeated high current applications. This prob-
lem was overcome by Chen et al. in their recent report on the
application of reverse iontophoresis for electrochemical glucose
monitoring [100] with an ultrathin skin-like based sensor powered

by a paper battery. The paper battery is used to power reverse ion-
tophoresis by generating a mild current flow through the dermis
layer, from the anode to the cathode. During this process high-
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Fig. 4. a) Schematic illustration of the iontophoresis and reverse iontophoresis processes. b) Autonomous sweat extraction, Na+ and Cl− sensing platform composed of a
wireless flexible printed circuit board and an electrode array, adapted from Ref. [18], c) schematic illustration of a wearable paper battery-powered device for non-invasive
electrochemical monitoring of glucose from ISF, d) schematic of the multiple layers of an electrochemical skin-like glucose biosensor, adapted from Ref. [100] Copyright (2017)
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electrodes: 1 and 4 used for glucose extraction, 1, 2, and 3 for glucose detection), f
ef.  [106] Copyright (2018) Springer Nature.

ensity positively charged hyaluronic acid (HA) located underneath
he anode is repelled into the ISF. As a result, the ISF osmotic
ressure rises, affecting the equilibrium between ISF filtration and
eabsorption, and thus contributing to an increase in the intravas-
ular blood glucose extracted from the vessel and driven to the skin
urface. The high glucose concentration in ISF speeds the flux of
he reverse iontophoresis up, and thus low applied currents suf-
ce, minimising the risk of skin irritation and pain for the user
Fig. 4c). The skin-like biosensor suitably conformed to the skin and
ccurately measured the glucose driven to the skin surface thanks
o a multilayered structure consisting of a 80 nm PMMA  layer, a
.6 �m polyimide layer, a 100 nm nanostructured Au film, and a
1.8 nm PB layer on which GOx was entrapped in a 1 �m chitosan
embrane (Fig. 4d). The nanostructured pattern of the Au layer

ransferred to the electrocatalytic and enzymatic layers provided a
arge surface area to perform both enzymatic and electrocatalytic
eactions, contributing to the high sensitivity (130.4 �A/mM)  and
ow LOD (5 �M)  achieved. In vivo obtained data using the skin-like
iosensor correlated well with measurements performed by a con-
entional finger-prick glucometer. Results in vivo confirmed there
ere no signs of irritation, inflammation or pain using this reverse

ontophoresis-based glucose biosensor.
In order to increase consistency of analyte extraction via reverse

ontophoresis, a path-selective graphene-based glucose monitor-
ng platform was recently developed by Lipani et al. [106]. This
latform consists of GOx hydrogel reservoirs into which ISF is
rawn via electroosmosis and the systemic glucose there is quan-

ified by an electrochemical biosensor made of a graphene-based
lm decorated with Pt nanoparticles (Fig. 4e). The graphene-Pt
anocomposite enhances the sensitivity due to its high con-
sing-patch utilizing graphene-Pt nanoparticles pixel arrays for glucose monitoring
le and fully integrated graphene-based pixel array, adapted with permission from

ductivity and large surface area, and is suitable for integrating
high-resolution patterns into wearable devices using standard
microfabrication techniques. The nanocomposite-based glucose
biosensor provided a sensitivity of 37 �A/mM/cm2 and low LOD
of 0.76 �M.  The patch consists of an array of small electrodes
(Fig. 4f) having sizes suitable for extraction of ISF from single hair
follicles which decreases resistance and improves reproducibil-
ity of ISF extraction. In vivo tests of the device demonstrated
continuous measurements of glucose concentration for six hours.
However, further optimizations are required prior to commercial-
ization. Those include the operation lifetime of the sensor which
can be addressed by improving stability and catalytic activity of
materials nanostructures, and increasing the detection range of
the sensors. Normal glucose level in sweat ranges from 36 to 60
�M (see Table 1) where proposed device operates from 8 to 25
�M range. Furthermore, long-term reliable operation of the sensor
can be improved by shielding the sensor surface by filters, selec-
tive or durable solid membranes, and cleaning or renewing sensing
elements or membranes [107].

Whilst both iontophoresis and reverse iontophoresis
[18,56,98,102,106,108–111] have demonstrated strong poten-
tial for non-invasive monitoring of small molecules such as
glucose [18,98,106,108,112], urea [102,112], alcohol [56,108], Na+

and Cl− [18], they are limited by several drawbacks that have yet
to be resolved. First, the need to repeatedly apply current and
the associated risk to cause skin discomfort and pain. Second,
the long (e.g. 20 min) pre-measurement time [100] that is not

conducive to continuous monitoring. Third, this one being specific
to iontophoresis, the need to incorporate sweat-inducing agents
that could lead to adverse effects for long term usage.
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Table 2
Examples of the most recently developed wearable sweat and iontophoresis based biosensors.

Biosensing electrodes materials Targeted analyte DM Detection limit (M)  Detection range (M)  Ref.

Sweat biosensors

pAu-chitosan-graphene/GOx Glucose Amp. NR 10 x10-9 – 1x10-3 [82]
In2O3- Au/chitosan-SWCNT/GOx Glucose FET 10x10-9 10x10-9 – 1x10-3 [86]
Au-chitosan-CNT/GOx Glucose 0 – 200x10-6

Au-chitosan-CNT/LOx Lactate Amp. NR 2 – 30x10-3 [17]
ISE-K+ membrane K+ 2 – 16x10-3

ISE-Na+ membrane Na+ 20 – 120x10-3

LbL-CNT/AuNS/CoWO4/CNT Glucose Amp. 1.3x10-6 0 – 0.3x10-3 [87]
PANi-Nafion-OPH/PVA hydrogel DFP Poten. 10 x10-3 10 – 120x10-3 [88]
Au/rGO/Au-Pt NP/GOx/ Nafion Glucose Amp. 5x10-6 0 – 2.4x10-3 [92]
Urease/ZnO NW Urea 0.5x10-3 5 – 25x10-3

Uricase/ZnO NW Uric acid Piezo. 10x10-6 0.024 – 0.101x10-3 [89]
GOx/ZnO  NW Glucose 20x10-6 0.042 – 0.208x10-3

LOx/ZnO NW Lactate 0.1x10-3 0 – 20x10-3

Au-ZnO/AOx Alcohol
EIS

2.17x10-6 2.17x10-6 – 43.4 x10-3 [90]
Amp.

MoS2 nanosheet on flexible nanoporous membrane Cortisol EIS 2.76x10-9 27x10-9 – 1.38x10-6 [84]
Ascorbic acid 101x10-6 0.1 – 10x10-3

Textile-OECT/PEDOT:PSS ink Adrenaline FET 10x10-6 10 – 100x10-6 [113]
Dopamine 1x10-6 1 – 10x10-6

PFI-PB-GOx Glucose Amp. 1x10-6 1x10-6 – 1x10-3 [114]
C-PB  ink/Chitosan-BSA-LOx Lactate

Amp.
NR 4 – 20x10-3

[77]
C-PB  ink-GOx Glucose 50x10-6 2 – 10x10-3

MS-OECT Cortisol Amp. NR 0.01 – 10x10-6 [38]
Cl-  detection reagent Chloride ∼0 – 156x10-3

D-Lactate assay kit Lactate Col. 200x10-6 ∼1.5 – 100x10-3 [91]
Chromogenic reagents (GOx, HRP, trehalose, KI) Glucose ∼0 – 6.3x10-3

AuND-ISE Na+ Poten. 0.8x10-6 0 – 40x10-3 [115]
BSA-LOx/SPEES/PES Lactate Amp. NR 0 – 28x10-3 [33]

Glucose 0 – 200x10-6

Electrochemical fabric- Na+ Amp. NR 10 – 160x10-3 [116]
CNT  fabric substrate K+ 2 – 32x10-3

Ca2+ 0.5 – 2.53x10-3

WSNF Glucose CV 500x10-9 500x10-9 – 10 x10-3 [117]
Ag  chloranilate, pHEMA Cl- 25 – 100x10-3

Glucose colorimetric assay kit Glucose Col. NR 25 – 100x10-6 [118]
Dye-HRP-LOx Lactate 5 – 20x10-3

CCY-Fe2O3-Anti-Cmab Cortisol CV 1.38x10-17 2.75x10-15 – 2.75 x10-6 [119]

Iontophoresis-based
biosensors

Au/chitosan/CNT /PB /GOx Glucose
Amp. NR

0 – 100x10-6

Na+ - ISE Na+ 10 – 80x10-3 [18]
Cl-  - ISE Cl- 10 – 80x10-3

Carbon ink/chitosan/BSA/AOx/ PB Alcohol Amp. NR 0 – 36x10-3 [56]
PB  ink/ agarose/ chitosan/ GOx Glucose

Amp. NR
0 – 160x10-6

[108]
PB  ink/ agarose/ chitosan/ AOx Alcohol 0 – 40x10-3

Carbon ink/ CNT/ Nafion
Methyl

DPV 3x10-6 0 – 40x10-6 [109]
xanthine

Reverse-iontophoresis
based  biosensors

Flex. subs.-graphene-Pt/GOx Glucose Amp. 0.76x10-6 8 – 25x10-6 [106]
PB  ink/ chitosan/ BSA/ GOx Glucose Amp. 3x10-6 10 – 100x10-6 [98]
SPCE-PPy-Urease Urea Poten. 8x10-6 10x10-6 – 5x10-3 [102]

Abbreviations: DM-detection method, Amp-Amperometric, Poten-potentiometric, Piezo-piezoelectric, Col-colorimetric, Iont-iontophoresis, R.Iont-reverse iontophoresis, DPV-differential pulse voltammetry, pAu-porous Au,
GOx-glucose oxidase, LOx-lactate oxidase, T-temperature, NR-not reported, FET-field-effect transistor, CNT-carbon nanotube, SWCNT-single-walled CNT, ISE-ion selective electrode, C-carbon, PB-Prussian Blue, LbL-layer by
layer,  DFP-diisopropyl fluorophosphate, PANi-polyaniline, OPH-organophosphate hydrolase, EIS-electrochemical impedance spectroscopy, AOx-alcohol oxidase, MS-molecular selective, OECT-organic electrochemical tran-
sistors,  NW-  nanowires, AuND- Au nanodendrites, SPEES-sulphonated polyesther ether sulphone, PES-polyether sulphone, PEDOT-poly(3,4-ethylenedioxythiophene), SPCE-screen printed carbon electrode, PPy-polypyrrole,
PFI-perfluorosulfonated ionomer, WSNF-wrinkled, stretchable, nanohybrid fiber, CCY- conductive carbon yarn.
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Table 2 summarizes the most recent wearable devices applied
or the detection of single or multiple analytes in sweat, the
anomaterials used for sensor construction and their analytical
erformance. The main drawback of sweat is that not all the impor-
ant biomarkers are accessible in this type of biofluid (see Table 1).
n order to detect biomarkers which for example can facilitate early
revention or treatment of cancer or even increase life quality of
hronic patients, one needs to take a closer look in deeper layers
f the skin. And this can be achieved by means of transdermal or
ubcutaneous monitoring technology.

ransdermal biosensors

Transdermal monitoring most commonly targets the ISF
esiding in the dermis, although peripheral blood can also be trans-
ermally sampled from the deeper layers of the skin. Transdermal
lood sampling, however, may  cause damage to nerve bundles and
upturing of blood vessels. In recent years, the transdermal anal-
sis of the ISF environment has been used for the detection of
etabolites (e.g. glucose [100,120,121], lactic acid [120], alcohol

122], cortisol [123]) and biomarkers of various diseases, such as
ancer [124–129]. Collecting and sampling ISF for real-time mon-
toring content demands advanced methods that are minimally
nvasive, painless, rapid, sensitive, and easy to use by patients.
urrent methods used for collection of blood for analysis cause dis-
omfort and pain, especially for patients requiring testing on a daily
asis such as diabetic patients, and this is affecting patient compli-
nce [82]. In addition, those methods generate biohazard sharps
aste, and can lead to infection via the punctured and disrupted

kin. Research on developing an alternative approach for transder-
al  monitoring has attracted considerable attention. Microneedles

MNs) seem to be the most promising candidate with characteris-
ics to address most of the problems faced by current methods.

Ns  are a miniaturized form of conventional hypodermic needles
ith few hundreds of microns in height [11]. Their size grants

hem the unique characteristic of reaching the interstitium elud-
ng stimulation of dermal nerves or rupturing dermal blood vessels
130]. A variety of methods for microfabrication of microneedle
rrays (MNAs) from various materials with different shape, size,
orphological features and MN  density has been demonstrated.

urthermore, combinatorial approaches of microscale MNAs with
anomaterials to capitalize on the advantages of both micro- and
anosystems emerged a decade ago and have been increasing
teadily since then. MNAs have been primarily used in the phar-
aceutical field for drug and vaccine delivery across the skin

131,132]. The integration of MNAs with nano-sized materials such
s carbon nanomaterials, quantum dots, and metallic, polymeric
nd magnetic nanoparticles have demonstrated great success for
pplications in enhanced drug delivery and imaging for diagno-
is [133–136]. In parallel, there has been a surge in the studies of
NAs for transdermal biosensing and extraction of biological fluid

or further analysis [11,137]. Table 3 summarizes recent works on
SF and biomarker extractions and sample analysis methods used,
s well it compares various biosensors based on direct transdermal
onitoring.
The application of MNAs in biosensing research is arguably more

omplex than skin delivery, and many parameters concerning MN
evelopment and biosensor design have to be taken into consid-
ration. For example, the type of material from which MNAs are
roduced is of high importance for transdermal detection, as it
ill affect the biocompatibility, mechanical stability and long-term

erformance of the biosensor. Depending on the application area
nd the technological development, different material types have
een used to fabricate MNAs. Since their emergence in the 1990s,
igh precision micro- and nanotechnological tools have enabled
al. / Nano Today 30 (2020) 100828

the micro and sub-micron sized MNA  fabrication from Si, which
was the first material applied towards transdermal drug delivery
[138–140]. Its elastic modulus ranges from 50 to 180 GPa [141] and
is higher than that of metals used in orthopedic implants [130].
For transdermal monitoring applications, next to biocompatibil-
ity, one of the main challenges in designing MNAs is to avoid
fragility where individual MNs  might break and end up inside the
body, and can pose health concerns. The foreign body response
to the transiently inserted MNA  might be significantly different
from the one observed when MNs  break and potentially accu-
mulate inside the skin tissue. To overcome this problem, various
types of materials have been tested for the purpose of providing a
suitable mechanical strength while maintaining a favorable bio-
compatibility of MNAs. Additionally, the surface of MNs  has to
allow the incorporation of the functional groups required for the
immobilization of the biological recognition element, responsible
for providing selectivity to the analysis. Whilst most of the existing
MNA  transdermal biosensors are mainly based on microstructured
materials, the recent progress in nanotechnology may  provide new
opportunities for addressing many of the barriers that the field is
facing. Combinational approaches in which solid MNAs are coated
with nanomaterials such as Pt nanoparticles [142], Au nanorods
[143] and MWCNT [144] have been recently proposed for the
transdermal monitoring of metabolites and protein biomarkers.
These reports have successfully demonstrated superior biosens-
ing performance over the sensors not incorporating nanomaterials
due to an increased surface area, versatile surface chemistry and
good biocompatibility. However, the mechanical stability of these
nanoparticles when MNAs are inserted into the skin remains chal-
lenging. Other combinational micro-/nanostructural approaches
for MNA-based biosensing include hollow MNs  filled with func-
tional nanostructures [145,146] and hybrid nanocomposite MNs
integrating nanoparticles within a polymer matrix [147,148].

Here we  will discuss sensing methodologies where ISF is har-
vested via MNAs and analyzed offline, and where in vivo monitoring
is performed directly on skin using wearable MNAs, with a focus on
the biosensor design. Recent advances on MNA  fabrication tech-
niques, materials, design and mechanical testing’s have already
been reviewed in detail and we refer the interested reader to this
review [130].

Microfluidic ISF extraction and subsequent offline analysis

Various wearable optical and electrochemical sensing devices
have been developed by integrating hollow MNAs into microfluidic
systems. These systems are designed to facilitate painless collec-
tion of transdermal fluid which is directed to microchannels or
chambers where the analyte is selectively recognized by the biore-
ceptor, enabling final detection. This type of wearable devices can
support different detection strategies such as affinity interactions
where antibodies or DNA aptamers are immobilized at the inner
lumen of the MNAs or along microchannels capturing the tar-
get analyte, or catalytic reactions where enzymes are used as the
bioreceptor. As a particular case of a microfluidic device with inte-
grated hollow MNAs Ranamukhaarachchi et al. [149] reported an
optofluidic biosensor for vancomycin detection from artificial ISF,
where MNs  were used as microreactors. In this case, a peptide
with affinity for vancomycin was  immobilized at the inner lumen
of MNs, enabling vancomycin detection upon a competitive step
where vancomycin caused the displacement of a HRP-vancomycin
conjugate previously bound to the immobilized peptide (Fig. 5a).
Requiring sub-nanoliter volumes, the enzyme reaction occurred in

the 450 �m-MNA  lumen. The subsequent optical detection of the
product of the enzymatic reaction between the remaining HRP and
3,3′,5,5′-tetramethylbenzidine substrate took place in the detection
chamber of the optofluidic device that operated on the basis of total
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Table 3
List of reported transdermal monitoring biosensors.

Materials MN height Target analyte Sample Sample analysis method Ref.

ISF extraction and offline analysis

MNs/p-type S 350 �m Glucose Human Commercial blood glucose test strip [167]
TSMA/Pt-C/BSA-GOx 300 �m Glucose Human Electrochemical [150]
SSMA/SPE/GOx 325 �m Glucose Human Electrochemical [151]

MeHA-MN-CL5 patch 800 �m
Glucose

Mouse
Commercial quantitation
kits

[168]
Cholesterol

Eshell300-PC 1450 �m K+ NR Electrochemical [145]
32  G Ultrafine Nano pen needles NR ISF proteins Human LC-MS/MS [13]

PEG-Au/MNA
110  �m

NS1 protein Mouse ELISA [124]
260  �m

PLA-HMDA 1000 �m
(TNF)-�

Mouse ELISA [129]
IL-6, IL1-�

Hydrogel PVP, Stainless steel MNs  250 -750 �m Glucose, total protein content Human Commercial glucose assay kit and BCA protein assay kit [73]
Stainless steel 650 �m Vancomycin, anti-polio IgG Rat HPLC-MS/MS analysis [169]
MN-PSS-AuNRs 650 �m Rhodamine 6G Rat SERS [143]
BD  32 G Ultra-Fine Pen needles 1500 �m Exosomes Rat and Human Exosomes isolation kit (Invitrogen) and TEM [162]

Direct transdermal monitoring
using MNAs

Materials MN height Target Analyte Detection Limit (M) Linear Range (M)  Ref.
Au/Pt  black- Nafion 650 �m Glucose 50x10-6 50x10-6 - 36x10-3 [121]
Nafion  - Au/Pt black MNs  600 �m Glucose 23x10-6 1 - 40x10-3 [170]
Pt/Stainless steel-EDOT/GOx 680 �m Glucose NR 2 - 24x10-3 [171]
Pt/MWCNTs/MNs 380 �m Glucose NR 3 - 20x10-3 [144]
PtNps/PANi/MEA/GOx Glucose 260x10-6 2 – 12x10-3

PtNps/PANi/MEA/UOx 600 �m Uric acid 4x10-6 0.1 – 1.2x10-3 [142]
PtNps/PANi/MEA/ChOx Cholesterol 440x10-6 1 – 12x10-3

PEGDA 500 �m
Glucose 1x10-6 0 - 4x10-3

[120]
Lactate 1x10-6 0 - 1x10-3

E200acryl-filled CP-PEI-LOx 1500 �m Lactate 0.42x10-3 0 - 8x10-3 [172]
AuMN/AuMWCNT/MB 1000 �m Lactate 2.4x10-6 0.01 – 0.2x10-3 [166]
LCP/MNs-Pt wire 800 �m Alcohol NR 0 - 80x10-3 [122]
Au-ElectroNeedle 500 �m p-Cresol 1.8x10-6 1x10-6 -1x10-3 [173]
AuMNA- P(GMA-co-VFc) 292 �m Urea 2.8x10-6 50 - 2500x10-3 [174]
AuMN/pTCA-GOx 700 �m Glucose 19.4x10-6 0.05 – 20x10-3 [175]

E200acryl-BMAE 1174  �m
Glucose 0.1x10-3 0 -14x10-3

[146]
Glutamate 3x10-6 0 -140x10-6

E200acryl-CP/Catechol-agar 800 �m Tyrosinase (TYR) NR 0.1- 0.5 mgml-1 [163]
CP-OPH-Nafion/E200acryl 1500 �m OP-nerve agent 4x10-6 20 - 180x10-6 [176]
PCL/PD/PEDOT/Hemin 700 �m NO 1x10-6 1 - 16x10-6 [177]
Pt/REGO MNA  800 �m H2O2 NR 0.1 – 8x10-3 [148]
MNA-PLA/f-MWCNT 870 �m Ascorbic acid 180x10-6 0 – 1x10-3 [147]

Abbreviations; TSMA-tapered Si MNs, BSA- bovine serum albumin, GOx-glucose oxidase, SSMA-straight Si MNs, SPE-screen printed electrode, MeHA-methacrylated hyaluronic acid, CL5-UV exposure time for 5 min., PC-porous
carbon,  NR-not reported, LC–MS/MS- liquid chromatography mass spectrometry analysis, PEG-polyethylene glycol, PSS- poly-styrenesulfonate, AuNR- Au nanorods, SERS- surface enhanced Raman spectroscopy, PLA- polylactic
acid,  HMDA-hexamethylenediamine, (TNF)-�- human tumor necrosis factor, IL-6 interleukins and IL-1�- interleukins 1 �, PEGDA-poly(ethylene glycol) diacrylate, E200acryl- Eshell 200 acrylate based polymer, PANi-polyaniline,
CP-carbon paste, PEI- polyethyleneimine, LOx-lactate oxidase, EDOT- PEDOT poly (3,4-ethylenedioxythiophene), LCP-liquid crystal polymer, BMAE-bio-component microneedle array electrode, OPH-organophosphorus hydrolase,
OP-organophosphorus, PCL-polycaprolactone, PD-polydopamine, PLA-poly(lactic acid).
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Fig. 5. MNAs integrated into microfluidic systems. a) Illustration of the biosensing strategy that relies on a competitive assay, the analyte being vancomycin; b) cross-sectional
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chematic view of MN-based optofluidic biosensor, adapted from Ref. [149]. High d
-back side of the MNA  chip, 3- glucose biosensor, 4- glucose biosensor integrated w
o  the size of a typical insulin hypodermic needle, adapted with permission form Re

nternal reflection via an optical waveguide (Fig. 5b). The limitation
f this device is that displacement and/or labelled approaches are
ot suitable for monitoring purposes especially in wearable sensing
ue to the difficulty to regenerate the bioreceptor.

Electrochemical biosensor devices have also been reported
sing similar ISF extraction systems based on MNAs integrated

nto microfluidic platforms for the detection of glucose and K+

n an adjacent chamber where the electrochemical biosensor is
laced [145,150–152]. As a recent example, Strambini et al. [152]
escribed a MNA-based electrochemical glucose sensing device
omposed of a densely packed array of hollow silicon dioxide MNs
nd an integrated chamber with an enzymatic glucose sensor at the
ackside of the MNA  (Fig. 5c and d). The SEM micrograph shown

n Fig. 5e illustrates the size comparison of the MNA  with the tip
f a conventional hypodermic needle. The working electrode was a
arbon screen-printed electrode modified with GOx entrapped in a
arboxymethyl-cellulose hydrophilic polymer. The size and density
f the MNAs were selected to maximize their capillarity, affording
SF collection within a few seconds (1 �L/s). After filling the cham-
er with only 5 �L solution, accurate in vitro glucose measurements
ere carried out in artificial ISF. This device has the unique fea-

ure of acquiring small amount of ISF in very short time due to the
ize and density of hollow MNA. On the other hand, a limitation of
he device is that it cannot be used in continuous long-term glu-
ose monitoring with current design. Further modification such as
icrochamber for continuous flow of ISF or disposal of ISF should

e investigated.
Microfluidic devices based on collecting transdermal fluid for

ubsequent analysis have the potential to become an impor-
ant component of point-of-care diagnostics. However, continuous

onitoring would require constant flow of transdermal fluid
hrough the system which actually could increase the complex-
ty of the device to facilitate the required routes for the fluid to be

irected, such as in the hollow MNA  that rely on complex multi-
tep fabrication procedures [153–155]. To overcome these issues,
lternative approaches have been suggested, including selective
iomarker capture (see Table 1) first, followed by subsequent
 hollow silicon dioxide MNs for measurement of glucose in ISF; c) 1-front side and
NA  chip; d) optical images of chips placed on fingertip; e) SEM of MNAs compared

2] Copyright (2015) Elsevier.

analysis, and direct transdermal measurements. In the next parts,
progress on these methodologies will be discussed.

Transdermal biomarker capture and analysis via MNAs

Efficient selective biomarker capture and extraction from ISF
using MNA  modified with bioreceptors has been recently reported
[156–161]. Typically, an antibody-modified MNA  is first inserted
into the skin to allow specific binding of the biomarker present in
ISF. Then, the MNA  is removed from the skin to proceed with further
analysis. This approach is advantageous compared to MNA-based
strategies that extract whole ISF because the biological complexity
of ISF might introduce the requirement of additional sample pre-
treatment steps.

Bhargav et al. reported the optimization of a MNA-based plat-
form to efficiently capture a specific biomarker in the skin of live
mice and subsequently quantify its levels via an indirect ELISA
[156]. A COOH-PEG-HS compound was self-assembled on an Au-
coated Si MNA  followed by covalent coupling of ovalbumin (OVA).
Following the in vivo anti-OVA IgG extraction (Fig. 6a), ELISA results
confirmed that the MNA  capturing efficiency in vivo is lower than
in vitro most likely due to the poor mass transfer in transdermal
fluid (Fig. 6b). The authors also found that ∼20 % of the OVA immo-
bilized on the MNA  was released into the skin upon application,
which raises concerns for wearable device developers due to the
immune response that might be triggered. In order to increase
the amount of captured biomarker and thus improve diagnosis
sensitivity, Kendall et al. recently optimized MN size and density
(5000–30000 per cm2) in a MNA  patch to maximize influenza IgG
antibodies capture from skin in less than one minute. Subsequently
they quantified the amount of captured antibodies via indirect
ELISA (Fig. 6c) [157]. MNA  penetration experiments and ELISA anal-
ysis were performed on murine skin which is substantially thinner

than human skin (Fig. 6d and e). There are few problems with using
this approach. First, it is still not suitable for personal monitoring
purposes and solely relies on working protocols to ensure consis-
tency of the results. Second, OVA immobilized on the MNA  was
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Fig. 6. ISF analysis via affinity using receptor-modified MNAs. a) Schematic illustration of surface modification of MNAs and the detection strategy for the target biomarker,
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)  ELISA results illustrating in vivo and in vitro MNA  application for the detection of �
hemical Society. c) Schematic representation of selective protein capture and ex
ryoSEM  of MNA  penetration into mice skin, adapted with permission from Ref. [15

eleased into the skin upon application. This can give misleading
esults since it is very hard to determine the OVA concentration
emoved from the MNA  surface. Future work should focus on in vivo
pplication of MNA  and eventually translating this technology to
uman skin.

In conclusion, direct extraction and subsequent analysis of
iomarkers from transdermal fluid has the potential to lead to the
evelopment of point-of-care diagnostics and wearable devices for
iomarker detection. And biomarker analysis from ISF is not only
elevant for diagnostic purposes, but also for biomarker discov-
ry research [13,162]. The main disadvantage of this method is
he need for external analysis techniques, which is the additional
tep required to complete the analysis. However, the complexity
f ELISA-like methods could be overcome by the simplicity and
igh-throughput capabilities of biosensors.

irect transdermal monitoring using MNAs

Direct ISF analysis refers to the detection of a specific analyte in
SF without the need for sample extraction and external analysis.
he measurements are performed when the MNA  is applied on the
kin. Most of the strategies reported for the direct ISF analysis rely
n electrochemical detection, mainly using enzyme-based sensors,
s summarized in Table 3. Lee et al. reported an approach based
n a non-enzymatic sensor developed using a Pt black-modified
tainless steel MNA  for continuous monitoring of transdermal glu-
ose [121]. The MNA  was fabricated by wet chemical etching of
tainless steel using ferric chloride, followed by 90◦ bend of the
tched MNs  (Fig. 7a). A thin Au layer was electrodeposited on the
tainless steel MNAs surface, passivated using a parylene coating,

hen the tip of the MNs  was electroplated to form either a Pt black
ayer or an Ag/AgCl layer. The nanostructured Pt black-modified

N tips were then coated with a Nafion membrane to eliminate
nterference from other electroactive molecules. Deposited nanos-
-IgG antibody, adapted with permission from Ref. [156] Copyright (2012) American
on via MNAs and comparison to a syringe needle, d) SEM image of MNA, and e),
pyright (2018) Elsevier.

tructured Pt black drastically increased the active surface area of
the glucose sensor by 444 times when compared to bare Pt, and
served as a catalytic layer for glucose sensing. The sensor featuring
the 650 �m-long MNs  was  attached on the back of a rabbit (Fig. 7b),
and allowed in situ glucose detection from ISF with a linear range
from 2 to 36 mM and LOD of 50 �M.  Results were compared with
those obtained using a glucose analyzer for blood samples collected
simultaneously to MNA  analysis, and showed excellent correlation.
The sensor was stable over the first three days of in vivo measure-
ments but then failed to provide reliable results at day five, possibly
due to biofouling onto the MNs. The most important feature of this
work is the illustration of how the catalytic effect of nanomaterials
can be successfully used for transdermal monitoring. This is espe-
cially important since the activity of natural enzymes will decrease
with time, but catalytically active nanomaterials present long-term
stability, suitable for continuous monitoring.

The Wang group has recently reported a similar approach com-
bining a wearable bandage with a MNA-based electrochemical
sensor for melanoma screening [163]. The target in this case was
tyrosinase (TYR), which is involved in the synthesis of melanin and
can lead to skin melanoma if overexpressed and accumulating in
the skin [164,165]. The working principle of their wearable sensor
is based on the oxidation of catechol, entrapped on an agar layer
coating the MNA  surface, to benzoquinone (Bq), in the presence
of TYR. Bq is then reduced at a working potential of -0.25 V and
the generated current is amperometrically measured. The MNA
was designed to access TYR in the deeper parts of the dermis,
the reticular dermis (Fig.7c). The sensor is composed of polymeric
hollow MNs  with 800 �m length and 425 �m diameter. The hol-
low structure of the MN was filled up with either carbon paste

to prepare MN-based working and counter electrodes, or Ag/AgCl
ink for the reference electrode. The working electrode was then
coated with a catechol-agar solution. Furthermore, the MNA  patch
was integrated into a flexible printed electric board to support
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ig. 7. Examples of transdermal biosensors based on MNA. a) Schematic illustrati
pplied  to rabbit skin, adapted with permission from Ref. [121] Copyright (2016) Els
)  ex vivo screening of TYR biomarker in porcine skin model using MN  sensor, adap

mperometric measurements. It was also equipped with a wireless
lectronic interface to facilitate data transfer. This wearable sensor
evice was firstly assessed on a phantom gel loaded with different
YR concentrations after which ex vivo testing was  performed on
ork skin (Fig. 7d). This type of monitoring could minimize biopsies
nd thus decrease related delays in cancer diagnosis.

As mentioned above, the combination of MNA  and nanoma-
erials hold great promise for achieving a superior biosensing
erformance. Particularly, in electrochemical sensing, nanostruc-
ured electrodes have the potential to increase the electrical
onductivity and the electroactive surface area, resulting in
mproved sensitivity and lower LOD. Recently, Bollella et al. have
eported the first MNA-based biosensor for the continuous mon-
toring of lactate in ISF [166]. In a combinatorial approach, the
uthors engineered the initial gold MNA  surface by first elec-
rodepositing MWCNT, followed by the electropolymerization of a
edox mediator (methylene blue) to finally immobilize the catalytic
nzyme, LOx. The resulting micro-/nanostructured MNA consti-
utes a second-generation biosensor that was assessed for the
etection of lactate in vitro. Continuous monitoring was  demon-
trated in both artificial ISF and human serum spiked with lactate.
he authors reported a LOD of 2.4 �M and a sensitivity of
00 �A cm−2 mM−1 in ISF, whereas in human serum the LOD was
.2 �M and the sensitivity 180 �A cm−2 mM−1. These results evi-
ence that the biofouling effects have a strong impact in the
iosensing performance, which may  be further exacerbated in
earable settings for long-term applications.

Direct electrochemical ISF analysis of biomarkers using
ommercialization-ready MNA  devices still faces quite a few chal-
enges to be resolved before the long-awaited dream of patients
nd physicians can be realized. These challenges revolve around

iocompatibility of the required componentry for sensing and the
tability of the sensing layer in an in vivo environment over a
ime frame that is fit for a clinical purpose. Research towards solv-
ng of these challenges should be focused on fabrication of MNA
D MNA patch for non-enzymatic glucose sensing, b) testing of sensor after being
c) Illustration of transdermal TYR melanoma biomarker detection using MN sensor,
ith permission from Ref. [163] Copyright (2018) Wiley.

from biocompatible polymers or uniform application of biocom-
patible polymers coatings on MNA  surface. Furthermore, special
attention should be devoted to development of stable MNA  sur-
faces for immobilization of biological recognition elements such as
enzymes and applying protective layer on MNA  surface in order
to prevent delamination of sensing surface. During penetration of
MNA through the skin, sensing components like nanostructures
and enzymes could be easily removed from the MNA  surface due
to the compression and friction between skin tissue and MNA. For
these reason biocompatible and dissolvable protective polymeric
coatings are necessary for stable and long-term application trans-
dermal biosensors.

Subcutaneous biosensors

Subcutaneously implanted biosensors can provide more accu-
rate and reliable signals compared to less invasive sensing methods.
The main characteristic of these devices is their integration with
the local environment while providing full function. They can
potentially sustain continuous, accurate monitoring of biomark-
ers in subcutaneous fluids, and deliver valuable information about
the individual’s health state, particularly important for chronic
patients. These implanted systems have to meet the highest
standards regarding biocompatibility, accuracy, lifetime, and of
course, patient-acceptance. Subcutaneously implanted devices do
not require very invasive surgery for placement, making them
patient-compliant, but their long-term performance is still limited
by a number of factors. The implantation triggers a host response
when the object is inserted leading to a fibrous capsule forming
around the device following an initial acute inflammation [51].
This may affect the accuracy and calibration of the device, and

can potentially have life-threatening consequences if the sensor
reading informs treatment decisions.

The most recent advances in nanotechnology have led to the
development of novel nanomaterials that are emerging with the
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otential to underpin the implantable sensing field by allowing
mall, smart and energy efficient designs. Here we will review the
atest advances in subcutaneously implanted biosensor design and
abrication.

Glucose sensing using implantable devices is certainly in a very
dvanced position compared to other body analytes. Research and
evelopment in this area is driven by the high prevalence of dia-
etes and the large associated market [178]. Implanted glucose
ensor technology is nowadays solidly established in clinical prac-
ice and at the point of care. The technology has given diabetes
ufferers a new level of autonomy and quality of life. There are
even FDA approved and commercially available implantable glu-
ose sensors, six of which are based on electrochemical enzymatic
ensing [179]. The recently launched Eversense system (Senseon-
cs) is based on non-enzymatic fluorescent methods. These devices
re user-friendly and harness advanced communications to con-
ect the sensor transmitter with portable smart devices for glucose
oncentration tracking. However, several limitations have been
ssociated with implanted glucose sensors, including a short life-
ime and sensor calibration issues. Typically, due to the host
esponse mentioned above, these subcutaneous devices need to
e replaced every three to seven days and recalibrated every 12 h
180,181].

This host response may  be moderated by employing biocompat-
ble nanomaterials and/or engineered surface chemistries. Control
ver biofouling using PEG coating has been used to reduce tissue
nflammation and extend the sensor lifetime [182,183]. For exam-
le, Hui et al. developed a DNA electrochemical biosensor based on
EGylated PANi nanofibers with demonstrated antifouling proper-
ies for the detection of a breast cancer marker, the BRCA-1 gene
183]. Zwitterionic systems have also been popular due to their
bility to bind water molecules resulting in antifouling properties
184,185]. Nanostructured Pt-PANi electrodes were coated with
ltrathin zwitterionic sulfobetaine methacrylate to minimize the
iofouling impact on the performance of implantable biosensors.
he engineered surface chemistry was demonstrated to reduce over
9 % nonspecific protein adsorption and allowed maintained sen-
itivity at 94 % for 15 days [184]. Alginate hydrogel encapsulation
as also been broadly employed to improve implant biocompati-
ility and mitigate the host response. Abidian and Martin proposed

 multifunctional coating for enhancing biocompatibility while
reserving conductivity in implantable microelectrodes [186].
hese electrodes were first coated with electrospun nanofibers,
hen covered with an alginate hydrogel. Subsequently, a conduc-
ive polymer (PEDOT) was electropolymerized on the electrode
ide, which provided an increased conductivity. As an attempt
o minimize local inflammation and diminish the fibrous capsule
ormation anti-inflammatory agents such as dexamethasone have
een incorporated in hydrogel matrixes [187,188]. For instance,
H-sensitive molecularly imprinted polymer (MIP) nanospheres

oaded with dexamethasone have been demonstrated to minimize
he inflammation response of implanted biosensors for an extended
eriod of time of over six weeks. Promotion of tissue vasculariza-
ion by delivering vascular endothelial growth factors (VEGF) has
lso been proposed as a strategy for the attenuation of the host
esponse. Sung et al. combined the release of both dexametha-
one and VEGF in a sequential approach to control the immune
esponse of hydrogel-coated SWCNT-based implantable biosensors
54]. In vivo studies showed that combined dexamethasone/VEGF
elivery improves the vasculature around the implant and reduces

nflammation. Also, sequential delivery was proven to be a more
fficient strategy than simultaneous delivery, with an increased

herapeutic index (vasculature/inflammation ratio) of over 30 %.
O release can inhibit platelet activation and adhesion, motivat-

ng the development of a number of NO releasing platforms for
mplanted sensors [189]. For instance, S-nitrosothiols can act as NO
al. / Nano Today 30 (2020) 100828 17

donors and they have been incorporated in a number of implantable
sensors. Soto et al. have recently reported the modification of a
polyurethane membrane with nitrosothiol-doped silica nanoparti-
cles for the long-term sensing of glucose. Results showed a stable,
linear response to glucose at physiological levels in vitro for up to
two weeks [190]. To date, no strategy has yet achieved suppres-
sion of the foreign body response and this certainly remains an
obstacle for the further development of implanted devices. How-
ever, the combination of strategies to improve biocompatibility
together with the release of agents able to mitigate inflamma-
tion and improve vascularization promises to overcome long-term
implantation issues [188,191].

A common issue related to the mechanism of implanted GOx-
based sensors with electrochemical transduction is the significant
drift in the tissue oxygen. The formation of a cellular and protein
fouling film alters local blood supply and limits the permeabil-
ity of oxygen. Attempts to limit this phenomenon include the
incorporation of nanostructural features to stimulate microvascu-
larization [192] and the engineering of materials to balance oxygen
and glucose transport [193]. Gough et al. have addressed the oxy-
gen deficiency issue by regenerating in situ 50 % of the oxygen
consumed and establishing a glucose-sensing strategy based on
differential oxygen detection [194]. The approach enabled the long-
term monitoring of glucose by means of an electrochemical and
telemetric sensor that remained implanted in pigs for more than
one year. First, a two-step reaction was  catalyzed by two enzymes
immobilized in a PDMS membrane: GOx catalyzed the glucose reac-
tion to gluconic acid; and catalase, subsequently regenerated the
consumed oxygen. A second electrochemical non-enzymatic sen-
sor, monitored the background oxygen current. The difference in
the oxygen concentration between these two sensors is related
to the glucose concentration. The sensor was  tested in humans,
remaining implanted for up to 180 days. The glucose reading dis-
played a 10–12 min  delay between the actual blood concentration
and that displayed by the implanted system, which was attributed
to the glucose diffusion from capillaries through the interstitial
space to the sensor surface [195].

A range of optical methods such as fluorescence [196], SERS
[197,198] and surface plasmon resonance (SPR) [199] have been
exploited as transducing mechanisms in a number of nanos-
tructured implanted systems [200]. Although still at an early
development stage, these optical approaches appear to be a less
invasive alternative to electrochemical methods and offer the
advantage of a potentially longer life-span and less frequent cal-
ibration requirements [201]. Among implanted nanosensors with
optical transduction, those based on non-enzymatic strategies have
emerged as an alternative to overcome the limitations associated
with the use of enzymes in glucose sensing. A range of fluorescent
reporter probes have been employed for monitoring glucose levels,
including anthracene acid [202] and oxygen-sensitive nanoparti-
cles [203]. These probes are normally injected into subcutaneous
tissue and their fluorescence is measured with a portable device
outside of the body through the skin. However, their main draw-
back is that the injected probes are unlikely to remain in the specific
site for long. To overcome this issue, fluorescent probes are nor-
mally embedded into microstructured hydrogels [204] or coupled
with optical fibers using membranes such as cellulose [205], thus
prolonging their in vivo residence and also providing improved bio-
compatibility [204].

Optical sensing based on affinity relies on the fluores-
cence change generated from the interaction of glucose with
fluorescently-labelled glucose-binding moieties. The reversible

affinity reaction between boronic acid and glucose has been stud-
ied for more than a century [206], but it was not until 1994 that
the first fluorescent probe based on boronic acid was realized
[207,208]. The molecular combination of diboronic acid (saccharide
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Fig. 8. a) Schematic of the real-time optical monitoring of glucose levels using oxygen-responsive fluorescent Pdots, adapted with permission from Ref. [203] Copyright
(2018) American Chemical Society. b) Images of alginate-SWNT gel prior subcutaneous implantation and after at several time points throughout a 300-day test period (scale
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ar,  4 mm),  c) quantification of the SWNT fluorescence over a 300-day test, adapted
mplantation in mouse ear of injectable hydrogel glucose sensor and fluorescent im
Si  rugate filter through the mouse skin, f) photonic peaks of pSi rugate film being r

inding) and anthracene (fluorophore) allowed their use in opti-
al sensing of glucose via measurable changes in the fluorescence
ntensity [209]. However, the application in vivo of these glucose-
inding moieties in implanted systems had not been exploited
ntil their immobilization on solid supports (e.g. hydrogel matri-
es). The Takeuchi group established a fluorescent-based sensor by
ombining biocompatible injectable hydrogels microbeads with a
uorescent dye and boronic acid for glucose recognition (Fig. 8d)
202,210]. The hydrogel remained glucose responsive for up to 140
ays [202]. Zhang et al. developed a glucose-sensitive nanobiosen-
or based on the immobilization of a fluorescent poly(amido
mine) dendrimer into a glucose-sensitive copolymer microgels
ased on phenylboronic acid. The co-polymer microgel morphol-
gy was demonstrated to be tunable, from sub-100 nm particles
o flower-like nanostructures. This sensor showed better sta-
ility against photobleaching and lower toxicity compared to
onventional fluorescent dyes and quantum dots. Furthermore, the
ensor was used to measure transdermal glucose concentration
irelessly in vivo [211]. Implantable hydrogels and membrane-

oupled optical fibers containing fluorescent probes have also been
sed for continuous non-enzymatic glucose monitoring. Fibers
ere co-polymerized with poly(acrylamide-co-poly(ethylene gly-

ol) diacrylate) and phenylboronic acid. The complexation of the
henylboronic acid and cis-diol groups of glucose caused changes
n the physical and optical properties of the hydrogel, being sensi-
ive to glucose concentration [212]. ConA nano-formulations have
lso emerged in implantable glucose sensors. Typically, the sens-
ng mechanism is based on the competition between glucose and
ermission from Ref. [218] Copyright (203) Springer Nature. d) Optical image of the
 the mouse ear, adapted from Ref. [202], e) optical images illustrating reading of the
rough the skin, adapted with permission from Ref. [222] Copyright (2017) Elsevier.

a fluorescently labelled dextran for binding to ConA. Since glucose
has higher affinity to ConA compared to dextran, it displaces donor-
dye-bound dextran and disrupts the fluorescence energy transfer
(FRET) between the donor dye and the acceptor dye that is cova-
lently bound to ConA. In a report by McNichols et al., an optical
fiber of 175 �m in diameter was  inserted into a 210 �m diame-
ter cellulose acetate membrane [205]. The space in between was
filled with a fluorescent ConA-based assay suspension by aspira-
tion, after which it was sealed with cyanoacrylate. The cellulose
acetate membrane used to cover the optical fiber prevented leak-
age of fluorescent ConA-based assay suspension and at the same
time allowed glucose diffusion. This system was  implanted under
the skin of a rat with the distal ends exposed on skin surface and
used for optical fiber connection. The presence of glucose leads to an
increase in sensor fluorescence measured with optical fiber coupled
spectrometer.

The enzymatic reaction of glucose in the presence of GOx can
also be employed in implanted sensors to trigger a measurable opti-
cal response. For instance, oxygen consumption induces a change
in the fluorescence intensity of metalloporphyrin-based hydrogels.
McShane et al. have shown that alginate hydrogel microparticles
responded in a linear fashion to physiologically relevant levels of
glucose for up to two weeks [204]. Sun et al. have reported an ultra-
sensitive optical glucose sensor based on fluorescent polymer-dots

(Pdots) and GOx that can be wirelessly monitored via a smartphone.
The Pdots with a diameter varying between 18–25 nm containing
oxygen-responsive palladium porphyrin complexes act as optical
transducers that allowed to differentiate between euglycaemia and
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yperglycemia (Fig. 8a). Semiconductive Pdots were selected due
o their distinctive properties of high luminescence, brightness and
tability, and biocompatibility. The authors also reported that their
alladium-based porphyrin complexes have 10 times longer life-
ime compared to their platinum-based counterparts [203].

Also, a wide variety of inorganic and hybrid nanomaterials such
s noble metal nanoparticles, carbon nanomaterials and semicon-
uctor quantum dots are currently emerging with the potential to
vercome the current drawbacks such as short lifetime, long term
ccuracy and requirement for sensor calibration in implanted sen-
ors [213]. Photoluminescent semiconductor quantum dots have
een explored in cell imaging and are now being applied in the

n vivo biosensing field. Indirect detection of glucose can be attained
y a light-induced electron transfer from glucose via GOx and oxy-
en to a CdSe/ZnS QD electrode with the generated photocurrent
eing dependent on the glucose concentration [214]. The abil-

ty of SWCNT to transmit signals in the near-infrared window,
here biological components exhibit minimum absorption and

uto-fluorescence, and respond to changes in the local environ-
ent can also be exploited for optical glucose detection [215].

he Strano group used this tunable emission in enzymatic and
on-enzymatic approaches for the near-infrared fluorescence sens-

ng of glucose [216,217]. They have also shown that SWCNT can
emain functional for 300 days after subcutaneous implantation
nto mice in a biocompatible alginate gel matrix (Fig. 8b-c) [218].
his approach demonstrated to be successful for the detection of
O, being selective thanks to the specificity provided by the PEGy-

ated DNA oligonucleotide sequence (ds(AAAT)7) wrapped around
he SWCNTs, and maintaining high in vivo stability, biocompati-
ility, and near-infrared fluorescence quantum yield. The authors
eported a LOD of 1 �M for NO, and with this performance the sen-
or can be used as a potential indicator of pathological nitrosative
nd oxidative stress. These systems do not photobleach, show
inimal fluorescent interference with biological media and a fast

eadout of the fluorescent signal during NO detection. One lim-
tation of these fluorescent-based systems is that they exhibit a
onlinear response to glucose concentration.

Silicon-based nanomaterials have also been reported for in vivo
iosensing. They offer numerous advantages including low toxicity,
ersatile surface chemistry, adjustable dimensions and low toxic-
ty. Silica nanospheres have been shown to be biocompatible and
ave been used to identify cancerous lesions [219]. Silica nanopar-
icles were labelled with 124I for positron emission tomography and
unctionalized with a peptide to target melanoma. Silica nanoparti-
les showed a preferential uptake and localization at the cancerous
issue. Porous silicon has also emerged as promising nanomate-
ial with exciting optical properties. Indeed, a number of studies
ave demonstrated its biocompatibility [220] and in vivo biosensing
apabilities [221]. Recently, Tong et al. demonstrated the stability
nd biocompatibility of implanted porous silicon optical rugate fil-
er without compromising their optical functionality (Fig. 8e and
) [222]. The nanomaterial initially proved to be cytotoxic, possibly
ue to the generation of reactive oxygen species, regardless of its
urface chemistry. However, incubating the developed porous sili-
on based transducer for 10 days in the cell culture medium used
uring in vitro studies rendered the sensing device biocompatible

n vivo.
Photoacoustics has also been applied in the development of

earable devices. Photoacoustics can be seen as another optical
echnique, with the notable exception that the output are ultrasonic
aves that occur as a response to a pulsating optical excitation.

he method relies on the pressure variations caused by interaction

etween a laser beam and tissues through thermal expansion. The

ncident laser beam generates heat which results in variations in the
coustic signals, which can be measured by a piezoelectric trans-
ucer. This technology contributed to the early development of
al. / Nano Today 30 (2020) 100828 19

continuous glucose monitoring devices. Glucose can be selectively
measured by targeting the molecule’s absorption bands. These
absorption bands range from UV to mid-infrared, therefore a vari-
ety of incident optical excitation wavelengths may be used. Glucon
Inc. (Boulder, CO) pioneered the use of this technology for continu-
ous glucose monitoring and implemented it in their product Aprise.
In 2007, they reported a pre-clinical study where they monitored
62 subjects [223]. The device presented a good correlation with
blood sugar levels, but showed poor reproducibility and low speci-
ficity. Although the reported results were promising, the device
never reached the market and has not been further investigated
in the peer-reviewed literature. Some of its limitations may  relate
to the non-specific interferences caused by other substances, and
its poor accuracy due to its sensitivity to environmental changes
(e.g. temperature, pressure, humidity). Despite commercialization
challenges, photoacoustics has continued to be subject of intensive
investigations for the non-invasive monitoring of glucose with the
aim to overcome some of these limitations [224,225]. For example,
Kottmann et al. proposed the use of a small photoacoustic cell inte-
grated with two lasers at fixed excitation wavelengths [224]. This
method allows to correct the laser power variation by alternatively
directing the lasers at the photoacoustic cell and a power meter,
thus improving long-term drifting. They also addressed the prob-
lem of varying humidity by introducing a N2 flow into the chamber.
However, this is not a feasible solution for a wearable device. Sim
et al. proposed to obtain microscopic spatial information prior to
the photoacoustic measurement to increase the reliability of the
method [225]. The excitation laser was  not only used to induce a
photoacoustic signal but also to microscopically scan the skin and
avoid physical and temporal homogeneities, such as sweat glands
and secretion products. This method may  enhance the accuracy
and repeatability of glucose measurements, but increases measure-
ment time. The combination of the dual-laser approach with the
microscopic position scanning may  overcome many of the limita-
tions of the current systems.

Conclusions and future perspectives

Today, sophisticated yet affordable, user-friendly fitness track-
ers and smart watches are everyday widgets used by millions of
people. While these devices are able to monitor a range of physi-
cal activity indicators (e.g. heart rate, sleep pattern, daily exercise),
a next generation of personalized health and activity trackers is
currently under development and promises to revolutionize the
field. Next generation of wearable devices will provide real-time
information about the user’s physiological state at a molecular
level, thus delivering relevant information to a wide variety of
applications ranging from healthcare to sports management. This
fast-developing technology comprises skin-interfaced biosensors
integrated into wearable and implantable systems.

Over the past decade, investigations in material science,
microfluidics, flexible electronics and communications have accel-
erated the development of this technology. In particular, the
integration of nanostructured materials has contributed to some of
the most significant advances in the field. For example, the incor-
poration of nanomaterials such as CNT, metallic nanoparticles or
semiconductor nanofilms greatly enhanced the biosensing perfor-
mance of electrochemical and optical devices. However, there are
several remaining challenges for their effective integration into
wearable devices. The long-term safety of nanomaterials contin-
ues to be under scrutiny. Therefore, long-term toxicity studies are

critical to demonstrate the biocompatibility and biosafety of these
nanostructured materials, especially for the more invasive appli-
cations here outlined. Because of the constant contact of wearable
devices with the skin, physiological impact (i.e. coagulation issues,
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nflammation and foreign body response from the body) has to
e studied a priori to avoid infection risks and detrimental sen-
or performance. Also, further effort has to be devoted to maintain
he stability and accuracy of the wearable biosensors to be used
n continuous long-term monitoring. Surface effects such as bio-
ouling alters the interface between the biosensor and the bodily
uids, leading to reduced sensitivity and lifetime. Investigations
o understand and control these effects, which are the main cause
f performance deterioration, are still necessary. The challenge is
urrently being addressed through novel use of nanomaterials, sur-
ace chemistry and device designs. The use of highly biocompatible
olymeric coatings has gained a prominent position as a strategy to

ower biofouling and reduce immune responses. Polymeric matri-
es may  also be used to entrap bioreceptors and thus minimize
heir intrinsic instability. Another strategy to improve stability and
xtend sensor lifetimes is the incorporation of anti-inflammatory
rugs for enhanced tissue integration. The more efficient use of
anomaterials into biosensor designs may  see a further reduction
f the size of these biosensors, which could potentially avoid, or at
east reduce, foreign body responses.

Compared to transdermal or implantable systems, on-skin
pproaches, such as sweat biosensors, produce a minimal immune
esponse and suffer reduced biofouling. But the low concentra-
ion of most clinically relevant analytes in sweat, currently limits
heir use to the detection of ions and a few small molecules (i.e.
lucose, lactate). In order to expand the opportunities for on-
kin biosensors to low concentration analytes such as hormones
r proteins, more sensitive and selective techniques need to be
eveloped. The incorporation of nanomaterials that increase sur-
ace area, amplify signals, and improve catalytic properties may  be
sed in the device design to boost sensitivity. Also, a new generation
f engineered bioreceptors (e.g. DNA aptamers, nanobodies) have
merged with the potential to increase sensitivity and specificity.
ome have already been implemented in extraordinarily sensitive
mmunosensors, reaching up to sub-picomolar detection limits.
owever, their application in continuous sensing continues to be
indered by the difficulties to regenerate them. To date, demonstra-
ions of continuous sensing are still monopolized by approaches
hat use enzymes as bioreceptors. To expand the continuous mon-
toring opportunities from catalytic to affinity-based biosensors,
he regeneration of bioreceptors is a major challenge to overcome.
egenerable electrochemical aptamers, which have been demon-
trated to reach suitable detection levels in blood, show potential
or their implementation in wearable biosensors.

The collection of bodily fluids from the skin still brings many
hallenges. Sweat has attracted the greatest attention as an ana-
ytical biofluid for wearable devices, mainly because it is easily
ccessible via non-invasive techniques. However, discontinuous
vailability and contamination from the skin surface have moti-
ated the search for methodologies to induce sweat secretion.
he well-established iontophoresis, although efficient, triggers skin
rritations that make these devices non-user-friendly. Develop-
ng alternative sweat collection approaches that combine sweat
timulation with microfluidics are required to enable continuous
onitoring. ISF has a substantial advantage over sweat as it may

nable the detection of protein biomarkers that are not present in
weat, or are present at very low concentrations. Further research
nto the nature and composition of ISF towards understanding the
orrelation between the changing levels of a biomarker with medi-
al conditions or sports performance is still necessary. Sampling of
SF via transdermal devices offers several advantages over subcuta-
eous devices, including minimal invasion, easy replacement and

ore efficient integration into devices. But subcutaneous devices

ould also be advantageous for long-term monitoring without
xternal devices attached to the body. The lifetime requirements
or the marketable success of each of these sensors is very differ-
al. / Nano Today 30 (2020) 100828

ent. On-skin sensors are amenable to short term use models (hours
or days), whereas transdermal devices should remain functional for
weeks and implanted for months, or even years.

We envisage that continuous monitoring of biomolecular pro-
files through wearable and implantable micro- and nanosystems
will provide valuable information about our bodies for personal-
ized and predictive healthcare in the near future. Great advances
have been made in academic and industrial laboratories in the last
few years. But for the successful translation of these systems from
benchtop to commercialization, there are still many challenges to
overcome. These challenges relate to safety, reliability, long-term
performance, accuracy, device integration, and wearability. We
expect micro- and nanotechnologies to be playing a central role in
the development of these devices, particularly in regards to minia-
turization, robustness and stability. Microfluidics will contribute
to fast, effective sample collection that provide reproducible and
accurate sensor responses. Prototyped devices will require exten-
sive validation via in vivo preclinical models and proven correlation
with blood-based tests. Other than scientific requirements, these
devices have to be simple and affordable, yet efficient and safe. The
integration of biosensors with smartphones is expected to enable
simple readouts and accelerate the development of these devices.
The considerations here presented offer many opportunities for
advancing the field. Overall, the achievements and challenges dis-
cussed throughout this review will assist the cross-disciplinary
teams of researchers to enable wearable biosensing technology
have a substantial impact in the diagnostics game.
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