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CONSPECTUS: Physiological sensors in a wearable form have rapidly emerged on the market
due to technological breakthroughs and have become nearly ubiquitous with the Apple Watch,
FitBit, and other wearable devices. While these wearables mostly monitor simple biometric
signatures, new devices that can report on the human readiness level through sensing molecular
biomarkers are critical to optimizing the human factor in both commercial sectors and the
Department of Defense. The military is particularly interested in real-time, wearable, minimally
invasive monitoring of fatigue and human performance to improve the readiness and performance
of the war fighter. However, very few devices have ventured into the realm of reporting directly on
biomarkers of interest. Primarily this is because of the difficulties of sampling biological fluids in
real-time and providing accurate readouts using highly selective and sensitive sensors. When
additional restrictions to only use sweat, an excretory fluid, are enforced to minimize invasiveness,
the demands on sensors becomes even greater due to the dilution of the biomarkers of interest, as
well as variability in salinity, pH, and other physicochemical variables which directly impact the
read-out of real-time biosensors.
This Account will provide a synopsis not only on exemplary demonstrations and technological achievements toward implementation of real-
time, wearable sweat sensors but also on defining problems that still remain toward implementation in wearable devices that can detect
molecular biomarkers for real world applications. First, the authors describe the composition of minimally invasive biofluids and then identify
what biomarkers are of interest as biophysical indicators. This Account then reviews demonstrated techniques for extracting biofluids from the
site of generation and transport to the sensor developed by the authors. Included in this discussion is a detailed description on biosensing
recognition elements and transducers developed by the authors to enable generation of selective electrochemical sensing platforms. The
authors also discuss ongoing efforts to identify biorecognition elements and the chemistries necessary to enable high affinity, selective
biorecognition elements. Finally, this Account presents the requirements for wearable, real-time sensors to be (1) highly stable, (2) portable,
(3) reagentless, (4) continuous, and (5) responsive in real-time, before delving into specific methodologies to sense classes of biomarkers that
have been explored by academia, government laboratories, and industry. Each platform has its areas of greatest utility, but also come with
corresponding weaknesses: (1) ion selective electrodes are robust and have been demonstrated in wearables but are limited to detection of
ions, (2) enzymatic sensors enable indirect detection of metabolites and have been demonstrated in wearables, but the compounds that can
be detected are limited to a subset of small molecules and the sensors are sensitive to flow, (3) impedance-based sensors can detect a wide
range of compounds but require further research and development for deployment in wearables. In conclusion, while substantial progress has
been made toward wearable molecular biosensors, substantial barriers remain and need to be solved to enable deployment of minimally
invasive, wearable biomarker monitoring devices that can accurately report on psychophysiological status.

■ BIOMARKERS INMINIMALLY INVASIVE BIOFLUIDS
FOR WEARABLE SENSORS

Performing minimally invasive biomarker sampling is crucial for
building wearables that monitor physiological events that impact
human performance (i.e., dehydration, fatigue, and disease) in
real time. The authors are interested in detecting biomarkers
that are predictors of performance, including identification of
fatigued personnel. Biomarkers for human performance have

been identified in blood. For example, elevations in creatine
kinase, insulin-like growth factor 1, and urea have been
associated with fatigue in competitive athletes.1 Most studies
to-date have monitored biomarkers in blood; it is hypothesized
that changes in biomarker levels, with some time delay, will
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eventually be observed in minimally invasive biofluids, such as
eccrine sweat.2 Eccrine sweat is preferred among minimally
invasive biofluids since it contains few interfering agents and can
be collected without contact with mucosal layers, minimizing
discomfort.
Simultaneously, eccrine sweat (sweat) has multiple challenges

compared to sampling more invasive biofluids. Sweat, being an
excretory fluid, varies in salinity (10−100 mM) and pH (4.5−
7.0).3 Previous work has demonstrated the impact of both
salinity and pH on sensor outputs and how they impact sensor
measurements.4 Therefore, the wearable device must contain a
suite of sensors that measure and account for variations in the
physiological biofluid and the subsequent impact on sensor
output. Additionally, sweat typically contains lower concen-
trations of biomarkers of interest than blood or interstitial fluid
(ISF) due to filtration. Cortisol, a hormone known to be
implicated in acute and chronic stress, has been reported to have
an order of magnitude difference in total concentration between
blood and sweat5 but a similar concentration of the free analyte
(unbound to transcortin). Glucose concentrations are ∼100×
lower in sweat (Table 1); other biomarkers of interest that are
typically found at picomolar concentrations in blood have not
been quantitated in sweat but are likely to be diluted by 100× or
more in sweat due to filtration by the tight junctions in the
extracellular matrix (ECM) (Table 1).6,7 Only very small polar
molecules, such as ammonia or water, or small lipophilic
molecules, such as steroids, will readily pass through the cellular
membrane lining the sweat gland, while small charged ions will
be isotonically secreted through the ECM before being
reabsorbed in the reabsorptive duct. Small metabolites, such
as lactate, in some instances, will be produced locally by the cells
during metabolism and therefore will not correspond to blood
levels.2 However, most other charged or larger (>1000 Da)
biomarkers will have to move extracellularly through the ECM
into sweat. The tight junctions in the ECM effectively act as an
analyte filter, explaining the reduced concentrations of
biomarkers found in sweat.6 Since the filtering effect should be
constant at constant sweat rates, sweat levels of analytes should
also be indicative of serum levels. The reduced concentration of
biomarkers in sweat causes real-time sensors to work near their
limit of detection or requires analyte extraction or concentration
within the device to increase analyte levels to be more
compatible with biosensors.

■ FLUIDIC INTERFACE BETWEEN BIOFLUIDS AND
BIOSENSORS

The rate of sweat production varies, even within an individual,
dependent upon hydration level, heat stress, and exertion, thus
confounding analyte measurement. Human skin contains 10s to
100s of sweat glands per square centimeter. Assuming a rate of 1
nL/gland/min for prolonged sweating, sweat is produced at 10s
to 100s of nanoliters of sweat per minute per square centimeter.3

The authors have discovered that under normal conditions,
sweat rates are too unpredictable for continuous sampling.
Currently, sweat is chemically stimulated using pilocarpine,8

which activates the muscarinic receptors within the sweat
through topical application and delivery using iontophoresis.
However, pilocarpine is rapidly metabolized and produces a
localized sweating response for∼90min. TheHeikenfeld lab has
demonstrated that carbachol,9 an acetylcholine mimic, activates
the sweat response for a prolonged period (half-life of 4−8 h).
The prolonged sweat response can be ascribed to the enhanced
stability of the carbamate bond in carbachol versus the ester in T
ab
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acetylcholine, preventing hydrolysis by acetylcholine esterase.
Questions remain about the chemical composition of chemically
induced sweat versus heat-induced sweat, and no publications to
date have characterized analyte variations between the two
methodologies. It is our working hypothesis that most analytes
enter through a sweat-rate independent pathway, and thus the
mechanism of sweating should not matter7 and only analyte
dilution is caused by increased sweating. Therefore, the authors
believe that it is critical to either calculate the dilution of analytes
between the ISF and the sweat or determine the ratio of
biomarkers to report on the physiological state; the authors
prefer the later approach.
The low concentration of analytes in sweat provides

challenges for real-time sensors. Reverse iontophoresis7 has
been used to enhance analyte extraction from the analyte rich
ISF to sweat by promoting electroosmotic flow, similar to an
approach demonstrated by the Glucowatch.10 In short, reverse
iontophoresis occurs upon application of a DC current between
two electrodes on the skin, causing the flow of anions toward the
electrochemical cathode and the flow of cations toward the
electrochemical anode. Since the ECM contains negatively
charged glycosamingoglycans within a narrow channel, creating
a high ratio of surface charge to volume, a capacitive double layer
exists between the glycans and the sodium ions, enabling
electroosmosis. The net effect of electroosmosis is analyte
extraction, as uncharged analytes migrate toward the electro-
chemical cathode (Figure 1A).
However, the amount of energy (0.5 mA/cm2) required to

extract even low concentrations of small biomolecules such as
glucose is incompatible with low power, wearable devices. In
order to enhance analyte flux while minimizing energy

consumption, the Heikenfeld lab has found that iontophoretic
delivery of a chelating agent can reversibly break apart the tight
junctions through sequestration of calcium, causing endocytosis
of calmodulin proteins into early endosomes (Figure 1A). The
same electric field is used to produce reverse iontophoresis at the
anode, causing electroosmosis. The net result is a substantial
increase in the flux of analytes due to reduced filtration by the
ECM at a power usage 1/10th of the Glucowatch (0.04 mA/
cm2)7 (Figure 1B). It is speculated that other larger analytes,
such as proteins, can be similarly enhanced in concentration,
thereby enriching analyte concentrations in sweat without
piercing the dermal barrier.
The Heikenfeld lab is simultaneously exploring complemen-

tary methodologies to concentrate samples using membrane
based concentration techniques that rely on water flux due to an
osmotic gradient.11 In short, an ion impermeable forward
osmosis membrane from Fluid Technology Solutions (FTS
Rainstick) is placed between the sample and the osmotic draw,
causing water flux to the draw solution until the sample and draw
solution are isotonic (Figure 1C). This mechanism enables the
extent of concentration to be controlled, but at the expense of
concentrating interfering salt ions simultaneously, practically
limiting analyte concentration to∼10× at appropriate flow rates
(Figure 1D). However, if only the ratio of biomarkers is
important, then a salt permeable membrane can be used,
enabling continual concentration, and thus the potential for
100× or more concentration of analytes. Through proper design
of the membrane, channel length, and osmotic draw solution
composition, the system can be optimized for the desired
application. The system can also be tuned to balance the
inherent trade-off between time-resolution and analyte concen-

Figure 1. Methods for increasing analyte concentrations in sweat: (A) Reverse iontophoresis in the sweat gland triggers electroosmosis due to
negatively charged glycans. Addition of chelating agents causes reversible endocytosis of the ECM, enabling enhanced analyte flux. (B) Approximately
30 min of reverse iontophoresis in the presence of chelating agents causes 5−10× increase in glucose flux compared to iontophoresis alone. (C)
Osmotic preconcentration devices use a water permeable membrane and a draw solution to cause controllable concentration until the sample is
isosmotic to the draw solution. (D) Biofluid flow rate influences the degree of concentration. Reproduced with permission from refs 7 and 11.
Copyright 2018 and 2019 Public Library of Science.
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tration due to the increased fluid requirement for increasing
levels of preconcentration.
Sensing platforms are often placed either face-up on the skin

surface or behind a protective layer in order to reduce
electrochemical and mechanical noise, as well as to prevent
abrasion of the sensing elements. A fluidic interface is necessary
to control fluid flow and enable temporal resolution at a single-
point electrochemical sensor. Most commonly, paper fluidics
have been deployed in wearables because of their low cost, ease
of implementation, inherent flexibility, and wicking properties.
In one exemplary case of a wearable device, regenerated
cellulose (rayon) is used as a highly absorbent, thin pad for ion
sensing (Figure 2A).12 The sensor suite is placed off the skin but
fluidically connected through the rayon to enable highly
selective and robust detection of ions on the skin. The
Heikenfeld lab has shown three main obstacles with this
approach: (1) the configuration contains∼10 μL of fluidic dead
volume between the skin and the sensor, causing time delays
between sweat production and sensing, (2) regenerated
cellulose can act as a reservoir of analytes, causing errors in
measurements, and (3) over the time course of the measure-
ment, sample evaporation is likely to occur.13

To reduce the dead volume between the skin and the sensor,
the Heikenfeld group developed an open-faced, hexagonal wick
that operates at less than 100 nL/cm2, using a highly hydrophilic,
flexible platform. In short, the open microfluidic platform uses
capillary flow through open microfluidic channels to transport
liquids. The key to this platform is to use either high aspect ratio
channels, which are difficult to manufacture, or highly
hydrophilic channels. The Heikenfeld group used easy to
manufacture 10 μmwide, 15 μmdeep channels embedded into a
hexagonal pattern, which creates redundancy in the fluidic path

and thus removes the impact of defects in the pattern (Figure
2B). For channels generated with imperfect corners, a contact
angle below 35° must be maintained to enable capillary flow
through the channels and junctions.13 The key to obtaining this
contact angle was (1) deposition of gold on the channel followed
by (2) functionalization with a peptide containing multiple
thiols to form a highly stable coating on the gold substrate due to
avidity principles. The peptide also contained >0.5 carboxylic
acid moieties per residue to provide a high charge density at the
substrate−liquid interface. Unmodified peptides are generally
recognized as safe and thus can be in dermal contact.
Additionally, they are relatively inexpensive to synthesize
compared to alternative polythiol molecules. Both optical and
conductance measurements demonstrated nanoliter fluidic
transport (Figure 2C). Conductance measurements were
acquired through placement of a series of electrodes on the
hex wick and measuring the time needed to observe a change in
voltage potential, demonstrating primitive sensor integration as
well as fluid transport. Thus, by functionalizing an inorganic
material with a biological element, the properties could be
manipulated to enable small volume transfer necessary to enable
real-time sensing.

■ BIOSENSING RECOGNITION ELEMENTS AND
TRANSDUCERS

Real-time sensing requires specific recognition of the analyte of
interest. Ions are most readily detected using an ionophore
recognition element (RE). Ionophores are molecules that are
primarily hydrophobic but have a polar binding pocket whose
shape and charge density enables selectivity to the ion of interest
(Figure 3A). Commercially available ionophores have been
demonstrated to typically have at least 2 to 3 orders of

Figure 2. Mechanisms for fluidic transport: (A) Rayon transports liquids from skin along fiber walls to sensors. (B) Hex wick enables nanoliter
transport using hydrophilic substrates in patterned microchannels. (C) Attachment of the device to a sweating arm enabled measurement of the speed
of wicking as a function of time by relating time of observed potential change to linear distance in an array of electrodes. Reproduced with permission
from refs 12 and 13. Copyright 2018 Royal Society of Chemistry.
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magnitude selectivity toward the ion of interest versus other
ions14 upon proper formulation of a cocktail containing
poly(vinyl chloride) (PVC), detergents, ionophores, and
additional agents to minimize noise. Small molecules that are
part of the metabolic process are most readily detected using
protein biorecognition elements (PBREs). Enzymes are a
subclass of PBREs that in some instances directly or indirectly
producemolecules that can be detected through electrochemical
means. Enzymes typically work through a lock and key
mechanism where binding of the substrate causes a reversible
or irreversible catalytic conversion, followed by release of the

substrate. The inherent selectivity and production of a
measurable output make enzymes ideal biorecognition elements
(BREs) when available that can be implemented in current
wearable platforms.
Detection of large molecules, steroid hormones, and non-

steroid hormones are typically performed using either PBREs or
synthetic BREs (SBREs). PBREs, including the 150 kDa
antibody (Figure 3B), show strong affinity and selectivity to
the target analyte. However, their size and stability issues have
caused exploration of smaller fragments. Nanobodies, or single
domain antibodies, are subfragments of antibodies from the

Figure 3.Rationale behind REs: (A) Ionophores for cations contain ether and carboxyl groups in ion binding pocket. (B) Cartoon of standard BREs to
scale demonstrating differences in size. (C) Combined computation and experimental process for optimization of BREs to targets of interest. (D)
BREs containing diverse functional groups enable selectivity and sensitivity innately for peptides, or (E) using modified oligonucleotides for aptamers.
Reproduced with permission from ref 16, Copyright 2018 American Chemical Society, and ref 17, Copyright 2010 Public Library of Science.
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variable chain region15 that retain binding specificity with
improved stability. SBREs have been used in biosensors to
mimic the binding activity of naturally occurring biomolecules.
Peptides and oligonucleotide aptamers are appealing as they can
be selected for from large combinatorial libraries (>109 random
sequences), designed in silico (Figure 3C) and synthesized with
non-native nucleic acids or functional groups (Figure 3B).
Recently, Naik and co-workers used in silico approaches to
increase the binding affinity of a troponin-binding peptide (Kd =
0.23 nM) and then demonstrated its efficacy using localized
surface plasmon resonance (LSPR) and electrochemical
impedance spectroscopy (EIS) sensing platforms.16 Addition-
ally, screening of combinatorial libraries has revealed unique
target specific BREs against viruses, bacteria, and human
performance biomarkers.16 The synthetic short peptides have
advantages over other BREs with regards to prolonged stability,
while retaining binding specificity due to the diversity of
functional groups (particularly charged and hydrophobic) on
the side chains (Figure 3D). Complimentarily, aptamers with
modified functional groups that mimic PBREs (Figure 3E)17 can
also provide high selectivity and sensitivity toward analytes.
Novel carbon and 2D materials are promising sensing

elements due to their conductive properties and band gaps
that can be exploited for molecular sensing. Carbon nanoma-
terials, including carbon nanotubes and graphene, are useful as
transduction elements in wearable electronic sensors. These
nanomaterials have robust electronic properties, as well as a high
surface-to-volume ratio, without any compromise on the
mechanical properties that wearable sensors require.18 However,
coupling BREs to carbon and 2D sensing transducers imposes
significant challenges, primarily due to their atomically thin and
nanometer sized dimensions. The authors have led the discovery
of BREs that bind directly to the sensing materials, including
carbon nanotubes,19,20 graphene,21 and MoS2

22 using phage
display, and further extended their research scope to develop the
tools for probing the biotic−abiotic interface. For example, the
authors revealed that the interactions between monolayer
graphene and peptides are (1) not influenced by their
underlying substrate, (2) affected by the transducing graphene
quality, and (3) not dependent on the number of graphene
layers.23 Overall, thorough understanding of the biotic−abiotic
interface is expected to open the path toward building
molecular-level controlled bio−nano hybrid biosensors, and
enable specific analyte sensing through functionalization with
BREs.

■ REAL-TIME SENSING TECHNOLOGIES FOR
BIOMARKER DETECTION IN WEARABLE DEVICES

Wearable sensors will enable real-time monitoring of bio-
markers; each sensing platform listed below works only for

specific classes of analytes, each with their unique challenges
toward implementation in real-time biosensing. For this
Account, we will refer to real-time monitoring as any
methodology that operates for at least 8 h and provides time-
resolved measurements at least every 15 min. Sensor platforms
to determine binding of two macromolecules for a real-time
wearable sensor are difficult, as they must be (1) highly stable
(i.e., operating in an unadultered biofluid), (2) portable, (3)
reagentless, (4) continuous, and (5) responsive in real time. We
have down-selected to those methodologies that we have
pursued and in many cases demonstrated through this
collaboration for detection of ions, small molecules, and proteins
and discuss exemplary results and remaining challenges.
Detection of ions has been pursued and demonstrated using

ion selective electrodes (ISEs). ISEs are formed by placing an
ion-selective membrane on top of a conducting electrode and
measuring the change in potential upon binding of the ion of
interest; the electronic potential varies as the ion of interest is
partitioned into and out of the hydrophobic phase through
binding to its ionophore, generating charge separation (Figure
4). This results in a potential that can be measured and
correlated to concentration using the Nernst equation.14,24 ISEs
have been used in wearable devices for measurement of
sodium,12,25 potassium,12 calcium,26 and pH.26 Minimizing
measurement drift is critical to accurate sensing through (1)
selection of mechanically and chemically robust materials, (2)
preconditioning of the ISE in a reference fluid to hydrate the
surface, and (3) accounting for residual drift during analysis.
Typically the Ag/AgCl reference electrode is used because of its
simplicity and in conjunction with the ISE used to report on
salinity; however, since it is by definition a chloride sensor, it is a
poor choice in sweat, as anions including chloride, lactate, and
carbonate27 are known to have order of magnitude changes and
not be covariant. Therefore, solid-state reference electrodes,
including those using ionic liquids are preferred; only one
exemplary device12 (Figure 2A) has deployed this critical
component.
Small molecule detection to date has been demonstratedmost

commonly using enzymatic sensing. Enzyme based sensing is
ubiquitous in the form-factor of the glucose test strip and relies
upon the enzyme to convert the analyte of interest directly or
indirectly into a molecule that can be sensed. In general, the
substrate embeds itself into the active site, causes a catalytic
conversion mediated by a redox cofactor, and then releases from
the binding pocket.28 In the most common enzymatic sensors,
NADH/FADH2 are produced as a byproduct of certain
enzymatic reactions (Figure 5A). These redox cofactors then
react with and reduce redox mediators (i.e., Prussian blue),
which can then be directly measured at the electrode surface by
application of an oxidation potential. Currently, wearable

Figure 4. Solid-state ISEs consist of plasticized PVC doped with ionophores deposited on an electrode. Binding of the ionophore to the ion creates a
charge separation, resulting in a measurable potential corresponding to analyte concentration.
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enzymatic sensors have been demonstrated using FADH2
cofactors for lactate,29 glucose,29,30 and ethanol31 (Figure 5A).
In a more recent study, pH, temperature, and humidity
corrections were applied, resulting in more accurate correlations
between sensor output and biochemical concentration.30 In
order to provide the first demonstration of a nontrivial, real-time
sensor directly correlated to the physiologic state in a wearable
device, the Heikenfeld lab integrated many of the components
listed in previous sections, primarily sweat stimulation using
carbachol, fluidic transport using a hexagonal wick, and an
alcohol oxidase BRE, into an integrated sensing device (Figure
5B,C). Chemically stimulated sweat was generated via
iontophoresis in order to maintain a near-constant flow rate
across the sensor for the duration of the experiment. Fumed
silica or silica in gelatin was used to couple the hex wick13 to the
enzymatic sensor; fumed silica was chosen due to its porous
nature that allows permeation of small molecules, such as
ethanol and water, through the matrix to the enzymatic sensor.
Through careful selection and integration of device compo-
nents, the first data was demonstrated that correlates sweat

ethanol to breath ethanol, with a measured lag time of 10s of
minutes according to sweat sensor measurements versus
breathalyzer measurements (Figure 5D). This for the first
time provided real-time data demonstrating the correlation of
sweat to other biofluids for an ingested compound, as well as the
time for an ingested analyte to enter sweat. More complex
sensors need to be developed to integrate into this platform, as
well as methodologies to enable detection of nontrivial
biomarkers. Regardless, this work served as the apex of over 5
years of collaborative efforts between the authors.
While these initial proof of concept tests are promising, to

date, no enzymatic sensor that compensates for all confounding
factors has been demonstrated in a wearable device. Correcting
for all physiological variability is imperative in excretory fluids
versus fluids in homeostasis and is discussed in detail in the
patent literature.32 In short, enzyme structure and function is
sensitive to changes in pH, resulting in changes in protonation
states of amino acids, modifying conformation or reactivity, thus
impacting enzyme activity. Enzymes by definition consume
target analytes and thus are sensitive to analyte flux. Therefore

Figure 5. Demonstration of an integrated real-time, enzymatic sensor for ethanol: (A) Enzymatic sensors measure NADH/FADH2 generated upon
enzymatic catalysis, converting cofactors NAD+/FAD to the reduced state. Electrochemical reduction of NADH/FADH2 to NAD+/FAD is then
measured using chronoamperometry. (B) Picture and (C) schematic of the integrated device: (1) agarose gel with carbachol (C4) for sweat
stimulation, (2) hex wick for fluid transport (B1), (3) alcohol oxidase immobilized in PDMS coupled via fumed silica to the hex wick (A3), and (4)
waste pump containing desiccant (A4). (D) Measurement of alcohol breath values in two subjects correlates with sweat values with an offset of 10s of
minutes, identifying the time for an ingested analyte to be observed in eccrine sweat. Reproduced with permission from ref 31. Copyright 2018 Royal
Society of Chemistry.
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changes in flow rate will accompany a change in sensor output;
an increase in flow rate results in higher enzyme/sensor output,
while a decrease in flow rate results in lower enzyme/sensor
output. Finally, changes in salinity will impact intermolecular
forces, thus modifying binding and release enzyme kinetics,
modifying the output. All of these factors must be accounted for,
using either a table or algorithms, to report accurate analyte
concentrations.
Most biomarkers of interest, including proteins and steroid

hormones, cannot be detected to date through enzymatic
sensors or ISEs. Therefore, the authors are pursuing sensors
using electrochemical techniques,16 including EIS and square
wave voltammetry (SWV), because of their promise as
reagentless detection techniques to enable real-time detection.
Two approaches have succeeded in making this technique
reagentless: (1) electrochemical aptamer-based sensors (E-AB)
(or derivatives thereof) formed by directly tethering a redox tag
to the BRE33,34 and (2) coupling of a redox tag to a SAM
containing BREs.35 The former approach relies on the BREs
undergoing a change in conformation or dynamics as a function
of analyte binding.When the redox tag is placed in an opportune
spot, the distance between the redox tag and the surface changes
upon binding, thus modifying the resistance to charge transfer
(RCT) (Figure 6A). To date, E-AB sensors have not been
demonstrated in a wearable device. However, the Plaxco group
measured kanamycin concentrations in an ambulatory rat for
hours usingmultifrequency SWV; sampling different time points
in the kinetic oxidation of methylene blue and reporting the ratio
enables correction for sensor drift and thus real-time measure-
ments of kanamycin ingestion and clearance (Figure 6B).36 The
alternative approach has been demonstrated to-date only on E.
coli,35 where binding of E. coli to maginin caused a decrease in
impedance as the tethered redox tag is constrained to the sensor
surface.
Physiological variability in sweat creates additional challenges

for EIS sensing modalities. Changes in pH impact the redox

potential of commonly used redox reporters that transfer
protons. In response, the authors have identified redox tags that
are pH-independent that operate at low voltages.37 Additionally,
sensor measurements and changes in RCT due to target detection
are often masked by nonspecific binding. To mitigate this, the
following strategies have been deployed: (1) filtration using a
polysulfone membrane (Figure 6A), (2) immobilization of the
E-AB in a collagen matrix,38 and (3) deposition of antifouling,
zwitterionic phosphocholine head groups on the sensor
surface.39 Both collagen and polysulfone membranes prevent
fouling by preventing proteins from physically approaching the
sensing element surface; however, this limits their use for
detection of small molecules. Zwitterionic antifouling coatings,
in contrast, use highly charged, inherently charge-balanced
surfaces to attract water to form a hydration shell that prevents
hydrophobic interactions. Limitations still exist to sensor
stability due to spontaneous oxidation of the gold−thiol bond;
the use of polythiols has been demonstrated to improve
longevity and resiliency to sample acquisition in sensors33 and
on gold surfaces.13 Finally, EIS-based sensors have the greatest
dynamic range when the BRE on the sensing element has a
dissociation constant (KD) close to the concentration of analyte
in the biofluid. However, BREs designed for low KD (sub-
picomolar) typically decrease off-rate kinetics and thus require
hours for complete dissociation, causing a time lag for real-time
monitoring. Local depletion of biomarkers at the sensor also
becomes problematic. For example, 1 μL of sample containing 1
nM analyte contains only 6.02 × 108 analytes; in contrast even a
1 mm2 probe contains ∼1012 BREs on the surface. Therefore,
larger samples of biofluids must be sampled, the flow rate must
be accounted for in sensor response, or the number of BREs
must be minimized.

■ CONCLUSIONS
Real-time biosensing in sweat is in many ways the “Holy Grail”
of health monitoring but presents multidisciplinary challenges

Figure 6. E-AB/Impedance based sensors for real-time measurement of analytes: (A) A conformation change upon binding causes the tethered redox
tag tomove closer to or further away from the surface, impacting the rate of charge transfer. Application of a polysulfonemembrane over sensor enabled
measurement of kanamycin in rats by reducing biofouling. (B)Measuring at multiple frequencies enables drift correction through reporting the ratio of
current. Reproduced with permission from ref 36. Copyright 2017 National Academy of Sciences.
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that require diverse solutions. Substantial improvements in
sweat handling and transport have enabled the first demon-
stration of a real-time sensor in conjunction with a predictable
biological event, demonstrating the ability for sweat biomonitor-
ing to be predictive of the physiologic state. However,
substantial research remains through collaborative efforts to
improve sensing technologies and capabilities to enable the end
goal of minimally invasive, real-time health monitoring that will
result in real-time monitoring of human performance using
biomarkers. More specifically, additional work is needed to
identify, validate, and quantitate biomarkers in sweat, to
optimize sweat generation, transport, and processing, to identify
BREs toward analytes of interest, and to develop highly robust
sensing platforms that can operate in the field. Only then can
human performance monitoring be realized, enabling mitigation
strategies to be implemented proactively, thus improving
outcomes for human health and performance.
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