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Wearable skin biosensors have important applications in health monitoring, medical treatment and
theranostics. There has been a rapid growth in the development of novel biosensing and bioanalytical
techniques in recent years, much of it underpinned by recent advancements in nanotechnology. As the
two related disciplines continue to co-evolve, we take a timely look at some notable developments in
skin biosensing/bioanalysis, scan the horizon for emerging nanotechnologies, and discuss how they
may influence the future of biosensing/bioanalysis in the skin.
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Purpose and Rationale

The human skin is the body’s largest organ
offering a convenient conduit both for
delivering therapeutic agents into the body, and
also for gathering information on homeostasis
(e.g., cardiovascular activity, muscular activity
and brain function through electrocardiograms.
electromyograms and electroencephalograms).
Furthermore, many diseases manifest as visible
and sensual changes in the skin, such as altered
skin colour, skin tone, emergence of lesions,
bleeding or pain. Skin cancers, for example, are
usually associated with visible skin lesions, and
clinical diagnosis starts with physical
examination of suspicious skin lesions.
Importantly, such manifestation of signs and
symptoms is not limited to local skin disorders
but may offer information to physiological
aberrations elsewhere in the body. A classic
example is skin yellowing associated with
jaundice, which may indicate a compromised
liver function.

Our ability to detect changes in the skin,
however, is limited by our natural senses, such
as sight, touch, and the ability to sense pain. For
instance, we have no intrinsic ability to detect—
let alone accurately measure—molecular
species or processes that underlie disease
progression in a way that enables accurate
diagnosis and timely treatment. Such an ability
would obviously be beneficial because early
and rapid diagnosis usually lead to therapeutic
success, but it is often too late by the time more
apparent signs such as bleeding emerge. In
relation, the field of skin biosensing research
has taken flight in the last couple of decades.
The result is an array of skin biosensing
technologies that augment our ability to detect
and measure less apparent changes in the skin.
Here, we outline some of those potentially
disruptive technologies that may revolutionize
biosensing and bioanalysis in the skin.
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Introduction and Discussion

Emerging technologies and future
prospects

There are two notable developments in
wearable biosensing/bioanalytical techniques
in the skin: microneedle devices and needleless
devices containing skin surface electrodes.

Microneedles are microscopic needles,
typically hundreds of microns long that are
either solid or hollow. Such devices have a long
history of development stretching back a few
decades, especially in glucose monitoring.
Most are designed to be a wearable skin patch
where the protruding microneedles penetrate
the skin barrier and insert into the superficial
skin tissue. The technique is hailed minimally
invasive because, although it results in physical
disruption of the skin barrier, microneedle
administration is typically painless and well-
tolerated. Most are based on interstitial fluid
extraction through microfluidic circuits,
coupled with enzymatic reactions (e.g., glucose
oxidase) and real-time monitoring [1, 2]. Non-
enzymatic glucose biosensors have also been
developed [3]. Some microneedle devices
incorporate a closed feedback loop to release
therapeutic agents such as insulin on demand
for self-actuated glucose control. Recently,
microneedle biosensors have been developed
for multiplex protein detection in the skin,
including antibodies and cytokines [4, 5]. Such
devices employ antibody-antigen interactions
to recognise specific target proteins in the
interstitial  fluid without extracting the
interstitial fluid itself. Analyte detection is
typically by established electrochemical,
fluorescence or colorimetric techniques. Here,
innovative paper-based analytical techniques
provide economical alternatives suited for low-
resource settings [5, 6].

On the other hand, skin surface electrodes are
completely non-invasive, as they do not
puncture the skin. They’ve been developed for
sensing a range of physiological parameters,
including glucose, pulse rate, pH, and
temperature. For instance, Lipani et al. [7]
recently described a pixel array biosensor for
non-invasive transdermal glucose monitoring.
The device uses iontophoresis to extract
glucose from interstitial fluids in the skin
through  hair  follicles, followed by
electrochemical detection with a graphene-
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based  electrode. = Another  interesting
development is a submicron-thick graphene-
based biosensor designed to be laminated on the
skin non-invasively like a temporary transfer
tattoo [8]. The biosensor is transparent,
stretchable and conforms well to the contours
of the skin. The device successfully measures
electrocardiograms,  electroencephalograms,
electromyograms, as well as skin temperature
and hydration sensing. A wearable biosensor
comprising a skin surface electrode for glucose
monitoring in sweat, coupled with a
microneedle-assisted ~ metformin  delivery
system for blood glucose control has also been
reported [9]. Such circuits may also be self-
powered by incorporating an internal power
source [10-12].

For wearable biosensing devices that reside
on the skin for continuous monitoring, user
comfort is a prime consideration. This require
flexible or stretchable materials, such as
polyimide and polydimethylsiloxane with
embedded electronic circuits [13, 14]. There
have been earnest attempts to make skin
electronics similar in mechanical properties to
the epidermis, to enhance conformity to skin
contours, skin contact/adhesion, and user
comfort [10]. These innovations have
developed in tandem with an expanding
repertoire of novel materials, such as lead
zirconate titanate and semiconducting polymers
(e.g., polyaniline) [14], although conventional
approaches such as printed circuit board
technologies have also been adapted for
manufacturing stretchable electronic circuits
intended as wearables [15].

Other innovative approaches include
biosensing cells and 3-D printed biosensors.
For example, Tastanova et al. [16] reported a

cell-based biosensor for detecting
asymptomatic  cancers characterised by
persistent mild  hypercalcaemia.  Cells

engineered to express the human calcium-
sensing receptor were rewired to produce
melanin in response to elevated Ca’
concentrations. When implanted in the skin, the
biosensor cells accumulate melanin under
persistent hypercalcaemia, thus appearing
darker than adjacent cells (similar to a tattoo).
On the other hand, adaptive 3-D printing has
enabled electronic circuits and cells to be
printed directly on the skin, thus heralding a
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future of directly printed, personalised skin engineered to recognise molecular motifs, and

biosensors [17]. may in the future replace biological molecules

Nanotechnology has played an important role such as antibodies in biosensors [24, 25]. For
in these biosensing and bioanalytical enzymatic biosensors, protection of the enzyme
applications and has the potential to do more. A by nanoencapsulation [26] may preserve
range of electrochemical biosensors already enzymatic activity and extend shelf life.
utilise nanomaterials such as graphene, carbon Nanofibres, such as those produced by
nanotubes, metal nanoparticles, and nanowires electrospinning, can produce strong and
in their electrodes [18-22]. Combinations of flexible/stretchable materials suitable for
metallic nanowire networks and silk protein producing wearable skin biosensors [22, 27].
hydrogels are further improving biological Nanolithography is useful in precision
compatibility of skin sensors and devices [18]. engineering of nanostructures, which will aid
Moreover, quantum dots have been used to the miniaturisation and integration of
enhance target detection in immunoassays [23]. microelectronic/nanoelectronic ~ components
On the other hand, nanoneedles can measure including  batteries into self-powered
mechanical changes within single cells in the biosensing devices for on-board analysis [28,
skin beyond what microneedles can achieve 29]. However, traditional photolithography
[24], although as yet the technology is not processes are incompatible for patterning
wearable. Synthetic nano-complexes can be stretchable semiconductors.

Conclusions

The broad spectrum of exciting and emerging technologies in skin biosensing and bioanalysis,
including “nanoneedles,” sweat biosensors and sweat-stimulating sensors, are beginning to offer
unprecedented opportunities for personalised and precision medicine at multiple fronts, yet many
challenges still remain. Among the key determinants of success shared by many biosensing approaches
and applications are biomarker discovery and validation, miniaturisation and conversion of hard circuits
and transistor arrays to ultrathin flexible versions (e.g., stretchable electronics formed from liquid metal
alloys), device specificity, durability, sensitivity, gas-permeability and of course “wearability” to follow
the natural movement of the body. Safety issues also need addressing as sensors and devices should not
induce inflammation on prolonged contact with the skin and block sweat glands [19]. Fabrication
technologies should be scalable to drive eventual commercialisation of skin electronics and lab-on-skin
devices. Here etching processes and inkjet printing are beginning to thrive such innovations [20]. A
recent example is an intrinsically stretchable polymer transistor array with a device density of around
350 transistors per square centimetre [20]. Nevertheless, future developments in flexible, lightweight,
and stretchable electronics that could be worn directly on the skin could offer unprecedented
opportunities for monitoring of pathophysiological and vital sign signals during daily activity, exertion
and sleep as well as medical treatment (e.g., pain management).
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