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The quantification of protein biomarkers in blood at picomolar-level
sensitivity requires [abour-intensive incubation and washing steps. Sensing
proteinsin sweat, which would allow for point-of-care monitoring, is
hindered by the typically large interpersonal and intrapersonal variations in
its composition. Here we report the design and performance of awearable

and wireless patch for the real-time electrochemical detection of the
inflammatory biomarker C-reactive (CRP) proteinin sweat. The device
integrates iontophoretic sweat extraction, microfluidic channels for sweat
sampling and for reagent routing and replacement, and a graphene-based
sensor array for quantifying CRP (via an electrode functionalized with
anti-CRP capture antibodies-conjugated gold nanoparticles), ionic strength,
pH and temperature for the real-time calibration of the CRP sensor. In
patients with chronic obstructive pulmonary disease, with active or past
infections or who had heart failure, the elevated concentrations of CRP
measured via the patch correlated well with the protein’s levels in serum.
Wearable biosensors for the real-time sensitive analysis of inflammatory
proteins in sweat may facilitate the management of chronic diseases.

Inflammatory processes and immune responses are associated witha
broad spectrum of physical and mental disorders that contribute sub-
stantially to modern morbidity and mortality globally. The top-three
leading causes of death worldwide, namely, ischaemic heart disease,
stroke and chronic obstructive pulmonary disease (COPD), are each
characterized by chronicinflammation'. Although the acute inflam-
matory responseisacritical survival mechanism, chronicinflammation
contributes tolong-termsilent progression of disease through irrevers-
ible tissue damage*°.In addition, delayed diagnosis and treatment of
chronic diseases impose heavy financial burdens on patients and the
healthcare systems**. A readily available means of monitoring inflam-
matory biomarkers athome could improve patient outcomes and lower

cost factors by monitoring disease progression and prompting the
initiation of early treatment and intervention’.

Although there is no canonical standard biomarker for the
measurement and prediction of systemic chronic inflammation®,
C-reactive protein (CRP), an acute-phase protein synthesized by
hepatocytes in response to a wide range of both acute and chronic
stimuli, has a close association with chronic inflammation and with
mortality risk in several disease states (Fig. 1a)* . The stable nature
of CRP in plasma, the absence of circadian variation and its insen-
sitivity to common medications, such as corticosteroids, render it
extremely attractive to clinicians asahandy means to assess a patient’s
physiological inflammatory state®. There is also a growing interest in
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Fig.1| Wearable electrochemical biosensor for the automatic, non-invasive
and wireless monitoring of inflammation. a, Circulating CRP, released
frominflammatory responses, is closely related to various chronic and acute
health conditions and could be secreted via the sweat gland. b, Schematic

of the skin-interfaced wearable biosensor that contains aniontophoretic
module for localized sweat extraction on-demand, a microfluidic module for
automated sweat sampling and reagent routing and a flexible LEG sensor array
for multiplexed sensing of sweat CRP, pH, temperature and ionic strength. c,d,

Optical images of a disposable microfluidic graphene sensor patch (c) and a
vertical stack assembly of the fully integrated wireless wearable system (d). Scale
bars, 0.5 cm. e, The mechanism of in situ microfluidic sweat CRP analysis that
involves fully automatic sweat sampling, reagent routing and detection. Yellow
arrows represent the flow direction of reconstituted sweat-reagent mixture.

Red boxes highlight the locations in the microfluidic module which the cross-
sectional schematics (1) and (2) represent. Carbagel, carbachol hydrogel; IP,
iontophoresis; LTH, leuco-thionine; M-tape, medical tape.

exploring the effectiveness of serial CRP measurements for therapeutic
decision-making'".

Atpresent, circulating CRPlevels are clinically assessed in specific
laboratories that rely on invasive blood draws from patients (Sup-
plementary Table1). Commercial point-of-care CRP monitors are still
bulky insize and cannot reach picomolar-level sensitivity to assess CRP
levels in non-invasively accessible alternative biofluids, such as sweat
and saliva (Supplementary Table 2). A faster, sensitive, non-invasive
and user-friendly approach, accessible to clinicians, patients and car-
egivers, could unleash the full potential of inflammatory biomarker
monitoring for clinical management beyond hospital settings.

Recent advances in flexible electronics and digital health have
transformed conventional laboratory tests into remote wearable
molecular sensing that enables real-time monitoring of physiologi-
cal biomarkers'®?*. Sweat contains abundant biochemical molecules,
ranging from electrolytes and metabolites to large proteins®?¢, and,
importantly, sweat is readily accessible by non-invasive techniques
(Fig.1a). However, currently reported wearable biosensors are largely
restricted to the detection of a limited selection of biomarkers, such
as electrolytes and metabolites, at micromolar or greater concentra-
tions viaion-selective and enzymatic sensors or viadirect redox reac-
tions'*****°, The majority of clinically relevant protein biomarkers
including CRP are present at nanomolar to picomolar levels in blood,
whereas the anticipated levels of proteins in sweat are expected to be

much lower than those in blood?. Despite recent efforts in the devel-
opment of wearable bioaffinity biosensors for trace-level biomarkers,
suchas cortisol, the accurate and in situ detection of protein biomark-
ers in sweat remains a major challenge owing to their extremely low
concentrations (picomolar levels) and the large interpersonal and
intrapersonal variations in sweat composition***. The detection of
protein biomarkers usually requires integrating bioaffinity recep-
tors, such as antibodies and aptamers****. However, such techniques
typically require lengthy target incubation, labour-intensive washing
steps and the addition of redox solutions for signal transduction. Thus,
thereis astrongdesire forawearable biosensing technology that allows
automaticin situ monitoring of ultralow levels of circulating proteins
athome and in community settings.

Here we report a wireless wearable biosensor, InflaStat, for
non-invasive personalized monitoring ofinflammatorystatus (Fig.1b-e).
The InflaStat consists of an autonomous iontophoresis module for
on-demand and controlled sweat extraction; a sweat-gland-powered,
skin-interfaced microfluidic module that capitalizes on sweat flow to
achieve fully automated protein and detector antibody (dAb) captur-
ing, subsequent washing and picomolar-level electrochemical detec-
tion on the skin; and a flexible nanoengineered multiplexed sensor
array for in situ sweat inflammatory biomarker analysis. The use of
gold nanoparticle (AuNP)-decorated, mass-producible laser-engraved
graphene (LEG) enables highly sensitive and efficient electrochemical
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detectionof trace-level sweat CRPinsitu on the skin. AUNPs conjugated
with electroactive redox molecule thionine (TH) and dAb enable effi-
cientelectrochemical signal transduction (signal ON) and further signal
amplification. Theintegrated graphene sensors for measuring pH, tem-
perature andionicstrength enablereal-time, personalized CRP datacal-
ibration to mitigate the interpersonal sample matrix variation-induced
sensing errors, and provide a more comprehensive assessment of the
inflammatory status*®*’. We confirmed the presence of CRP inhuman
sweat from healthy participants, and identified elevated sweat CRP
levels in patients with chronic and acute inflammations associated
with COPD, heart failure (HF), and active and past infections (such as
coronavirus disease 2019 (COVID-19)). A strong correlation between
sweat and serum CRP levels was obtained in both healthy and patient
populations, indicating the utility of this technology for non-invasive
disease classification, monitoring and management.

Results
Design of the wearable microfluidic LEG-AuNPs biosensor
Key components of the wearable sensor are a skin-interfaced, flexible,
disposable, multiplexed microfluidic biosensor patch fabricatedona
polyimide (PI) substrate via CO, laser engraving and a flexible printed
circuit board (FPCB) for iontophoretic sweat induction, sensor data
acquisition and wireless communication (Fig. 1b and Supplementary
Fig.1). Thesensor array consists of anelectrodeposited AuNP-decorated
LEG working electrode immobilized with anti-CRP capture antibod-
ies (cAbs), a Ag/AgClreference electrode, an LEG counter electrode
for sweat CRP capturing and electrochemical analysis, an LEG-based
impedimetricionic strength sensor, an LEG-polyaniline-based poten-
tiometric sweat pH sensor and a strain-insensitive resistive graphene
temperature sensor (Supplementary Fig. 2). Considering that the
potential users of this technology include patients who are sedentary
and immobile, aniontophoresis module (based on a pair of LEG elec-
trodes) isincorporated for on-demand delivery of cholinergic agonist
carbachol fromthe carbachol hydrogel for autonomous sweat stimula-
tionthroughout daily activities without the need for vigorous exercise.
A cost-effective and flexible microfluidic module is assembled by stack-
ing laser-cut medical adhesives and polyethylene terephthalate (PET)
for efficient sweat sampling (Fig. 1c). The miniaturized FPCB interfaces
compactly ontop of the microfluidic sensor patch to formthe fully inte-
grated wearable system (Fig. 1d). Powered by asmall onboard lithium
battery, the wearable system s able to wirelessly communicate witha
user interface via Bluetooth Low Energy (BLE; Supplementary Fig. 3).
To realize automatic wearable CRP detection in situ, the micro-
fluidic module comprises a reagent reservoir for the storage of the
labelled anti-CRP dAb-conjugated AuNPs, a serpentine mixing channel
for mixing of dAb with sweat CRP, and a detection reservoir for the
capture and quantification of sweat CRP (Fig. 1e and Supplementary
Video 1). The redox molecule, TH, is used to label the nanoparticle
conjugates to achieve direct electrochemical sensing. As the autono-
mously induced sweat flows into the microfluidics, the deposited
dAb-conjugated AuNPs are reconstituted within the reagent reservoir
((1)inFig.1e) and routed along with sweat through aserpentine passive
mixer to facilitate the dynamic binding between sweat CRP and dAb
((2) in Fig. 1e). As the mixture enters the detection reservoir, it slowly
fillsthe chamber before exiting via the outlet; the detection reservoir
has an optimized size to allow sufficient time for the CRP dAb to bind
with the anti-CRP cAb-functionalized LEG-AuNPs working electrode
((3)inFig.1e).Subsequently, a fresh sweat stream continues to refresh
the microfluidics to achieve passive label removal ((4) in Fig. 1e). Square
wave voltammetry (SWV) is used to measure the amount of TH bound
to the working electrode surface. As TH molecules are directly conju-
gated to CRP dAb-immobilized AuNPs, theiramount bound is directly
correlated to the amount of CRP ‘sandwiched’ between cAbs at the
electrode surface and dAb-immobilized AuNPs and, consequently,
theinitial concentration of CRP in solution.

Materials and electrochemical characterizations of the LEG-
AuNPs immunosensor

The functionalization process for the preparation of the CRP immu-
nosensor is illustrated in Fig. 2a and Supplementary Fig. 4. AUNPs
are electrodeposited on the LEG surface followed by subsequent
thiol monolayer assembly with mercaptoundecanoic acid (MUA)
and mercaptohexanol (MCH). As the formation of the self-assembled
monolayer (SAM) relies on specific gold-sulfur bonding, immer-
sion of the sensor patch in alkanethiol solution has negligible influ-
ence on other graphene-based electrodes (Supplementary Fig. 5).
Pulsed potential-deposited AuNPs evenly distribute throughout the
mesoporous graphene structure, possess superior electrocatalysis
capability and form a large number of binding sites on the surface
of the particles for biomolecule immobilization (Fig. 2b,c and Sup-
plementary Fig. 2b). This substantially improves the sensitivity of
the CRP sensor with little non-specific adsorption (Supplementary
Fig. 6). The formation of the LEG-AuNPs composite is confirmed
through the increased ratio of the intensity of D and G bands in the
Raman spectra due to the presence of AuNPs (Fig. 2d)*%. The indi-
vidual sensor-modification steps on the LEG electrodes are char-
acterized with X-ray photoelectron spectroscopy (XPS; Fig. 2e and
Supplementary Fig. 7). The intensity of Au4fincreases substantially
after the deposition of AuUNPs, while N1sincreases only after the cAb
immobilization step, indicating successful electrode preparation
(Fig. 2e). Differential pulse voltammetry (DPV) and electrochemical
impedance spectroscopy were used to further characterize the LEG
surface electrochemically after each modification step (Fig. 2f and
Supplementary Fig. 8). The decrease in peak current height in DPV
voltammograms and increased resistance in Nyquist plots after SAM
and cAb protein immobilization indicate that SAM and cAb impede
the electron transfer at the interface. This is due to the increase in
surface coverage by non-conductive species. Moreover, the nega-
tively charged carboxylate functional groupsin the SAMresultinthe
repulsion of the negatively charged redox indicator, ferricyanide, and
further reduces the electron transfer rate. Subsequent modification
of the SAM with N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
(EDC)-N-hydroxysuccinimide (NHS) chemistry replaces the nega-
tively charged carboxylate groups with neutral NHS-ester groups.
This is empirically observed as an increase in peak current height.
Suchelectrode fabrication processes show high batch-to-batch repro-
ducibility as the main processes, including laser engraving, electro-
chemical deposition and solution process, are all mass-producible
(Supplementary Fig. 9).

To realize trace-level sweat CRP analysis, PEGylated AuNPs that
possess a large surface area-to-volume ratio are functionalized with
polystreptavidinR (PS-R) toincrease the loading of biotinylated dAbs
and subsequently enhance the sensitivity (Supplementary Figs.10 and
11). One-step direct electrochemical detection is enabled by crosslink-
ing theredoxlabel TH onto the carboxylate residues on the dAb-loaded
AuNPs. Asthe TH-labelled, dAb-loaded AuNPs bind to the mesoporous
grapheneelectrode upon CRP recognition, the THlocated onthe exter-
nal sites of the proteinsis in close proximity to the graphene surface
in each mesopore for electron transfer. Increases in hydrodynamic
sizes (Fig. 2g) and the shifts of ultraviolet-visible (UV-vis) absorbance
(Supplementary Fig. 12) of the AuNPs conjugate after each modifica-
tion step, along with the transmission electron microscope image of
the dispersed AUNP-dAb conjugates (Fig. 2h), confirm the successful
immobilization of the dAbs.

The performance of the CRP sensor was evaluated with SWV in
CRP-spiked phosphate-buffered saline (PBS) solutions (Fig. 2i). The
increasesin peak current height of THreductionshowalinearrelation-
shipwithincreased target concentrations (Fig. 2j). The sensor showed
anultralow limit of detection of 8 pM and good batch-to-batch repro-
ducibility (Supplementary Fig.13), and the sensing accuracy can be fur-
ther enhanced by automating the sensor preparation and modification
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Fig.2|Materials and electrochemical characterizations of the LEG-AuNPs
CRP sensor. a, Schematic of the one-step electrochemical sandwich CRP
immunosensor. b, Scanning electron microscope image of the mesoporous
LEG electrode. Scale bar,100 pm. ¢, Transmission electron microscopy image
of AuNP-decorated graphene flakes. Scale bar, 50 nm. d, Raman spectra of
LEG electrode and AuNP-decorated LEG electrode. e, X-ray photoelectron
spectraof the LEG after the deposition of AuNPs, thiol-based SAM and cAb
immobilization. f, DPV voltammograms of a sensing electrodein a 0.1 MKCI
solution containing 5.0 mM K,Fe(CN)4-K;Fe(CN), (1:1) after each surface-
modification step: bare LEG, deposition of AuNPs, SAM modification, carboxylic
acid group activation with EDC-sulfo-NHS and cAb immobilization followed
by BSA blocking. g, Hydrodynamic sizes of the PEGylated AuNPs after each

CRP by sensor (ng ml™)

[CRP] (ng ml™)

conjugation step by dynamic light scattering: PS-Rimmobilization, biotinylated
dAb binding and redox molecule TH conjugation followed by BSA deactivation.
h, Transmission electron microscopy image of the dispersed dAb-loaded AuNPs
with protein corona shells. Scale bar, 10 nm. i,j, SWV voltammograms (i) and

the corresponding calibration plot (j) of the CRP sensorsin 1x PBS (pH 7.4) with
0-20 ng ml™ CRP and 1% BSA. Error bars represent the s.d. of the mean from three
sensors. k, Selectivity of the CRP sensor to potential interferences in sweat. Error
barsrepresent thes.d. of the mean from three sensors.1, Validation of the CRP
sensor in human sweat samples (n =13 biological replicates) and saliva samples
(n=6Dbiological replicates) with ELISA. Pearson correlation coefficient was
acquired through linear regression.

process (that is, via automated fluid dispensing or inkjet printing*).

The LEG-AuNPs CRPimmunosensor demonstrates high selectivity over
other potential interference proteins and hormones attributed to the
sandwichassay format (Fig. 2k and Supplementary Fig.14). Consider-
ing interpersonal variations during the human study, the influence
of sweat pH, ionic strength, temperature, and sample volume on the
antibody-antigen binding kinetics and redox probe electron transfer
rate on CRP sensing accuracy wasinvestigated (Supplementary Fig. 15)
and mitigated by introducing suitable calibration mechanisms. The
potential variations of the Ag/AgCl pseudo-reference electrodein the
presence of varying CI” concentration in the physiologically relevant
rangeresultinasmall shiftin the peak potential, butitsinfluence onthe
overall peak current density (and thus CRP quantification) is negligible
(Supplementary Fig. 16). The accuracy of the CRP sensor for biofluid
analysis was validated by the laboratory gold-standard enzyme-linked
immunosorbent assay (ELISA) using human sweat and saliva samples
(Fig. 21). The disposable CRP sensors also maintained stable sensor
performance over al0 day period whenstored in PBSin the refrigerator
at4°C (Supplementary Fig.17).

Evaluation of sweat CRP for the non-invasive monitoring of
systemic inflammation

Despite the high potential of non-invasive CRP monitoring, the pres-
ence and levels of CRP in sweat are extremely underexplored in the
literature™. To affirm the presence of CRP in sweat generated by ion-
tophoresis and by vigorous exercise, we first conducted a proteomic
characterization of different types of sweat samples using bottom-up
proteomic analysis, as illustrated in Fig. 3a. Using a recombinant CRP
protein standard as the reference, we identified CRP in both exercise
and iontophoretic sweat sample from participants (Fig. 3b, Supple-
mentary Fig. 18 and Supplementary Table 3). In this regard, we further
evaluated the use of our LEG-AuNPs CRP sensors for the assessment of
sweat CRP as a universal, cost-effective and non-invasive approach to
monitor systemic inflammation in various disease states (Fig. 3c and
Supplementary Tables 4-6).

Weinvestigated healthy participants grouped according to smok-
ing status (current, former and never smokers), where CRP levels in
both serum and sweat were greater in current smokers compared with
former and never smokers (Fig. 3d), consistent with previous reports
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Fig. 3 | Evaluation of sweat CRP for the non-invasive monitoring of systemic
inflammation in healthy and patient populations. a, Schematic of proteomic
analysis of human sweat using LC-MS/MS. b, Chromatograms of the recombinant
CRP reference peptide GYSIFSYATKR and iontophoresis-extracted and

exercise sweat samples from the participants. ¢, Schematic of the non-invasive
inflammation monitoring in various health conditions with the LEG-AuNPs CRP
sensor. d, Box-and-whisker plot of CRP levels iniontophoresis-extracted sweat
and serum samples from the patients with COPD (n = 10 biological replicates)
and without COPD (n = 24 biological replicates). The participants are classified
into five subgroups: current smokers with COPD (n = 6 biological replicates)

or without COPD (n =10 biological replicates), former smokers with COPD
(n=4Dbiological replicates) and without COPD (n = 9 biological replicates) and

Sweat CRP (ng ml™)

never smokers without COPD (n = 5biological replicates). e, Box-and-whisker
plot of CRP levels in sweat and serum samples from healthy participants (n=7
biological replicates), patients with HF with reduced ejection fraction (HFrEF;
n=7biological replicates) and patients with HF with preserved ejection fraction
(HFpEF; n=9biological replicates). f, Box-and-whisker plot of CRP levels in sweat
and serum samples from three patients with active infection on two consequent
days (n=3biological replicates). The dashed lines represent the mean values

of the sweat and serum CRP levels for healthy participants. g, Correlation of
serum and sweat CRP levels. The correlation coefficient r was acquired through
Pearson’s correlation analysis (n = 80, P < 0.00001). In panels d-f, the bottom
whisker represents the minimum, the top whisker represents the maximum and
the square in the box represents the mean.

on the effect of current smoking on serum CRP*'. However, among
patients with COPD, serum and sweat CRP values were greater in for-
mer smokers than current smokers, consistent with irreversible tissue
damage and chronic inflammation in patients with COPD even after
smoking cessation®’. Monitoring sweat CRP in patients with COPD may
therefore be useful for following disease progression and/or predicting
exacerbation in this patient population®,

Chronic systemic inflammation is also related to increased risks
of cardiovascular events®. In a preliminary study with patients with
HF, our sensor results show that serum and sweat CRP values were
substantially elevated in patients with HF with preserved ejection frac-
tionbut notin patients with HF with reduced ejection fraction (Fig. 3e),

consistent with past studies® . The investigation of the dynamics of
sweat CRP using our technology could have high value in predicting
HF with preserved ejection fraction disease progression and clinical
outcomes™.

Inaddition to chronicinfections in COPD and HF, itis well known
thatacuteinfections (such as COVID-19) could lead to severe inflamma-
tory responses'. In apilot study, we evaluated our sensor on hospital-
ized patients with active infections for two consecutive days (Fig. 3f).
A substantial increase (over tenfold on average) in both serum and
sweat CRP was identified in patients with active infection compared
with healthy participants, indicating the presence of highly elevated
sweat CRPin acute inflammation.
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By analysing the samples from healthy participants and patient
populations with various inflammatory conditions using our sensor,
a high correlation coefficient (r) of 0.844 (n=80) between sweat and
serum CRP concentrations was obtained (Fig. 3g). Such a correlation
appearsto be higher than that obtained fromsalivaand urine samples
(Supplementary Fig.19), suggesting the great potential of using sweat
CRP for the non-invasive monitoring of systemic inflammation towards
the management of a variety of chronic and acute health conditions.

Characterization of the multiplexed microfluidic patch for
automaticimmunosensing

Torealize accurate and automaticimmunosensing insitu, the flexible
sensor patch was designed to have alaser-engraved microfluidic mod-
ule (consisting of areagent reservoir, amixing channeland adetection
reservoir) and a multiplexed LEG sensor array (consisting of a CRP
immunosensor, an ionic strength sensor and a pH sensor) (Fig. 4a).
As the microfluidic module passively routes sweat on the skin, the
impedimetric ionic strength sensor automatically captures the state
ofthe detection reservoir (reagent flow and refreshment); the measured
admittance signals show a log-linear response with the electrolyte
concentrations (Fig. 4b,c). As large interpersonal variations in elec-
trolyte and pH levels were observed in both exercise and chemically
induced sweat samples (Supplementary Fig. 20), high-level buffering
salts were deposited with the dAbs in the reagent reservoir to mitigate
potential binding environment changes caused by sweat composi-
tion variations (Supplementary Fig. 21). As such, this introduces an
electrolyte gradient between the detection reagent of reconstituted
sweat (mixture) and the fresh sweat that subsequently enters the detec-
tion reservoir. According to the numerical simulation, the routing
of sweat and detection reagents can be summarized into four steps:
(1) reconstitution, (2) incubation, (3) refreshment and (4) detection
(Fig. 4d,e and Supplementary Note 1). Based on the microfluidic flow
testusingartificial sweat (0.2x PBS) under amean physiological sweat
rate (1.5 pl min™), the admittance signal is initially close to zero when
no fluid enters the chamber during the reconstitution stage; asrecon-
stituted, high-salt-loaded detection reagents flow into the detection
chamber, admittancereachesits peak value and gradually decreases as
high-salt-loaded reagents are flushed out of the detection chamber by
newly secreted sweat (Fig. 4f). As electrolyte content iniontophoresis
sweat remains relatively stable for the same individual®®, the admittance
response plateaus after all reagents have been refreshed by natural
sweat, indicating the working electrode is ready for electrochemical
CRP detection. Further experimental flow testing using fluorescent
proteins (fluoresceinisothiocyanate (FITC)-albumin as CRP surrogate
and peridinin chlorophyll protein as detection reagent) shows asimilar
trend in incubation and refreshment process as the simulation and
electrolyte flow test (Fig. 4g and Supplementary Video 2). Based on
sweatrate information collected from 24 current and former smokers
with and without COPD (Supplementary Fig. 22), flow tests with flow
rates varying from 0.5 pl min™to 3.5 pl min™ show similar admittance
patterns with plateaus after various refreshing processes (Fig. 4h).
Thegradient of admittance at different flow rates convergesto zero as
pre-loaded salts and dye are refreshed from the detection reservoir. The
mean sweat volume routed during this process before sensor readings
were taken was estimated to be 21 pl based on flow rate and admittance
measurements (Fig. 4h).

The performance of CRP sensors based on this automated elec-
trolyte monitoring mechanism was evaluated in multiple microfluidic
flow tests. SWV electrochemical measurements were initiated during
the admittance plateaus (Fig. 4i). An increased concentration (from
1ng ml™ to 5ng ml™) led to an increased SWV peak current height
while no substantial difference in CRP sensor response was observed
for the same concentration under physiologically relevant flow rates
(1 pImin™, 1.5 plmin™, 2.5 pl min™and 3.5 pl min™) (Fig. 4i,j and Sup-
plementary Fig. 23). Although a higher flow rate could also result in

a faster refreshment of the detection chamber and a thus shorter
incubation time for the detection antibody and CRP, the increment
in CRP signals under varying incubation times corresponding to the
physiologically relevant sweat rates (between 5 min and 20 min) is
relatively small (Supplementary Fig. 15). Although the binding condi-
tion is pre-adjusted with deposited salts, the flow test with different
initial electrolyte concentrations (0.1x and 0.2x PBS were chosen as
artificial sweat to simulateinterpersonal variations in sweat electrolyte
concentrations) shows slightly decreased SWV signals at the lower
electrolyte concentration due to the influence of electrolyte levels on
therate of THreduction (Fig. 4k,I). Similar toin vitro selectivity results,
no major interferences on the CRP detection signal were observed
in the flow test (Supplementary Fig. 24). Moreover, flow tests using
artificial sweat with different pH levels led to varied SWV signals (Sup-
plementary Fig. 25). These results indicate that sweat rate calibration
is not necessary while additional in situ signal calibrations with sweat
pHandelectrolyte levels are needed to mitigate the interpersonal vari-
ations on CRP detection accuracy. Compared to previously reported
passive wearable microfluidic sensors which rely on vigorous exercise
toinduce sweat and cannot reach sensitivities below millimolar levels
(Supplementary Table 7), our technology offers an attractive, fully
automated microfluidic sweatinduction, collectionand high-accuracy
quantitative analysis solution, ideally suitable for at-home monitoring
of clinically relevant trace-level biomarkers.

Systemintegration and on-body evaluation of the wearable
biosensor
The fully integrated, wearable inflammation monitoring system,
InflaStat, is designed based on a vertical stack assembly of a flexible
microfluidic sensor patch and FPCB, and can be worn comfortably by
the participants (Fig. 5a). As illustrated in the electronic circuit block
diagram and schematicin Fig. 5b and Supplementary Fig. 26, the FPCB
isable to perform current-controlled iontophoresis, multiplexed elec-
trochemical measurements (including voltammetry, impedimetry and
potentiometry), signal processing and wireless communication. The
integrated system could also accurately obtain the dynamic responses
of the integrated LEG-based pH, ionic strength and skin temperature
sensors for real-time CRP sensor calibration (Fig. 5c-fand Supple-
mentary Fig. 27). The InflaStat is designed to have good mechanical
flexibility and stability towards practical usage during various physi-
cal activities. Each individual sensor shows relatively small variations
under amoderate radius of bending curvature (5 cm; Supplementary
Fig.28). More strain-insensitive sensor designs can be included when
necessary™®. During on-body operation, the InflaStat can adhere con-
formally to the skin through medical adhesive with insitu CRP sensing
performed in the microfluidics without direct sensor-skin contact.
Clinical on-body evaluation of the wearable system was performed
on healthy participants (involving both never smokers and current
smokers), patients with COPD and participants who had recovered
from COVID-19 (Fig. 5g-1 and Supplementary Figs. 29-31). During
the on-body trials, the wearable system laminates conformally on
the participant’s arm, chemically induces and analyses sweat (Sup-
plementary Video 3 and Supplementary Fig. 32) and acquires inflam-
matory biomarker information non-invasively and wirelessly (Fig. 5g).
The obtained sensor data can be displayed on a custom-developed
mobile app in real-time (Fig. 5h). In situ pH, temperature and CRP
sensor readings are acquired after the ionic strength sensor indicate
full refreshment of the detection reservoir (Fig. 5h-1). It should be
noted that the TH reduction peak for the CRP sensor appears at a
slightly shifted potential given the variationsin sweat pH (Supplemen-
tary Fig. 33). The CRP concentration was converted in the mobile app
based on the obtained SWV voltammogram and the corresponding
real-time-obtainedionic strength, pH and temperature values (Supple-
mentary Fig. 34 and Supplementary Note 2). As expected, an elevated
CRP level was observed from the current smokers compared with the
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(1-4) of the automatic CRP sensing processin alaboratory flow test using
artificial sweat (0.2x PBS) at a flow rate of 1.5 pl min™. Yellow FITC-albumin
fluorescent label was used to imitate the flow of sweat CRP and red PerCP was
used in place of dAb-loaded AuNPs. Scale bar, 200 pum. h, Admittance responses
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from 0.5 pl min™t0 3.5 pl min™. i-1, Influence of the flow rates (i,j) and ionic
strengths (k,1) on microfluidic automatic CRP sensing. The solid and dashed lines
represent tests performedin1ng mi™and 5 ng mI™ CRP, respectively. iandjare
impedance signals (i) and SWV signals (j) obtained from flow tests conducted in
5-fold diluted phosphate buffered saline (0.2x PBS). k and l are impedance signals
(k) and SWV signals (I) obtained from flow tests conducted at a flow rate of

1.5 plmin™,

never smokers in healthy participants. The CRP levels in the patients
with COPD and participants post-COVID-19 were substantially greater
than those of healthy participants who were not smokers, suggesting
the promise of using the InflaStat in practical, non-invasive systemic
inflammation monitoring and disease management applications.
Invitro analysis of sweat and serum from participants recovered from
COVID-19 corroborate the on-body observation that individuals who
experienced moderate symptoms during COVID-19 may still present
alow-grade inflammation post-COVID-19 episode, as indicated by the

slightly elevated CRP levels (Supplementary Fig. 35and Supplementary
Table 8). It should be noted that, similarly to serum, sweat CRP levels
remained stable during the test period (Supplementary Fig. 36) and
no substantial variations were observed for chemically induced sweat
samples at different body locations (Supplementary Fig. 37).

Discussion
We developed a fully integrated, wearable biosensor patch for the
real-time, non-invasive monitoring of CRP through automatic in situ
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microfluidic analysis. The wearable sensor performs autonomous
sweat extraction, collection, biomarker analysis and wireless data
transmission on-demand across daily human activities in individuals
who are sedentary. In contrast with previous wearable technologies
for the monitoring of biomarkers and with our previously reported
LEG-based sensors, which typically detect metabolites at micromo-
lar (or higher) levels”, this technology realizes the highly sensitive
detection of ultralow levels of inflammatory proteins in situ with a
six-orders-of-magnitude (picomolar level) improvementin sensitivity
through a holistic combination of (1) a nanoengineered immunosen-
sor highly sensitive and selective for CRP analysis; (2) a microfluidic

module for automatic sweat extraction, sampling reagent routing and
refreshing; and (3) amultiplexed graphene sensor array for real-time
data acquisition and sensor calibration. The operation principle can
bereadily adapted tosurvey abroad array of inflammatory biomarkers
(such as cytokines).

We assessed the elevation of sweat CRPin healthy participants and
in patients with various health conditions (COPD, HF, and active and past
infections) for the monitoring of chronic and acute systemicinflamma-
tion, and have found a strong correlation between CRP levels in sweat
and serum. In practice, the spot checking of CRP every several hours
is sufficient to monitor active infections and immune responses. The
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disposable point-of-care CRP sensor patch design with areusable wear-
able electronic system serves the purpose ofimmediate, non-invasive,
on-the-skinassessment of circulating CRP at any given time. When nec-
essary, dynamic and automatic wearable CRP sensing could be realized
by incorporating capillary bursting valves®® and CRP sensor arrays into
asingle disposable sensor patch. It is also worth noting that, although
the clinical use cases that we have shownin thiswork do not conformto
current clinical practices, the reason behind this disparity is the lack of
such specific, immediate and non-invasive inflammation-assessment
tools, rather than the lack of needs. The current turnaround time (1
day) of the clinical high-sensitivity CRP test (hsCRP) does not meet
this need for frequent assessments. In addition to hospitalized cases,
whichrequire the close monitoring ofinflammatory state, many chronic
diseases, suchas COPD and inflammatory bowel disease, could benefit
from the at-home, daily or frequent, fully automatic and non-invasive
assessment of CRP for disease management.

Outlook

Owingtothe accessibility of sweat as a biofluid, the wearable technol-
ogy here reported enables the acquisition of quantitative, personal-
ized inflammatory information, and may address the unmet needs of
patients and caregiversinthe context of chronicinflammatory diseases,
especially associety progresses towards decentralized medicine. The
technology currently enables the interrogation of the dynamicity of
CRP, providing clinical insights. Further investigation of the meta-
bolic timeline of CRPin sweatin response to inflammatory stimuliand
therapy initiation may provide further insights into the utility of the
biomarker in clinical diagnosis and decision-making. This wearable
approach canin principle be adapted for the on-demand assessment
of other trace-level and disease-relevant protein biomarkers.

Methods

Materials and reagents

Silver nitrate, iron(lll) chloride and hydrogen tetrachloroaurate(lll)
hydrate were purchased from Alfa Aesar. Sodium thiosulfate pentahy-
drate, sodium bisulfite, 2-(N-morpholino)ethanesulfonic acid (MES)
hydrate, MUA, MCH, EDC, N-hydroxysulfosuccinimide sodium salt
(sulfo-NHS), bovine serum albumin (BSA), hydroquinone, hydrocor-
tisone, human immunoglobulin G (IgG), TH acetate salt, FITC-albu-
min conjugate, 1H-pyrrole-1-propionic acid (PPA), 1-pyrenebutyric
acid (PBA), Tween 20, chloroacetamide (CAA), 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), calcium chloride, 3 kDa Ami-
conUltra-0.5 centrifugalfilter unit and urea were purchased from Sigma
Aldrich. Potassium ferricyanide(lll) and potassium ferrocyanide(IV)
were purchased from Acros Organics. Potassium chloride, 96-well
Nunc MaxiSorp flat-bottom plates, Pierce Protein Concentrators PES,
100,000 molecular weight cut-off (MWCO), 0.5 ml, lyophilized human
tumour necrosis factor o (TNFa), trypsin, and Pierce C18 spin columns
were purchased from Thermo Fisher Scientific. Agarose, sulfuricacid,
hydrochloric acid, sodium carbonate anhydrous, sodium bicarbo-
nate, sodium chloride, sodium dihydrogen phosphate, potassium
hydrogen phosphate, potassium chloride, hydrogen peroxide (30%
(w/v)), dimethylformamide (DMF), liquid chromatography-mass
spectrometry (LC-MS)-grade acetonitrile (ACN), HPLC-grade water,
folicacid, trifluoroaceticacid (TFA) and 10x PBS were purchased from
Fisher Scientific. Twenty nanometre carboxyl (carboxyl-PEG3000-SH)
AuNPs were purchased from Cytodiagnostics. CRP cAbs and bioti-
nylated dAbs were from the ELISA kit purchased from R&D systems
(Human CRP DuoSet ELISA, DY1707). Recombinant human CRP protein
standard was purchased from Abcam (ab167710). Medical adhesives
were purchased from 3M and Adhesives Research. PIfilms (75 pm thick)
were purchased from DuPont. PET films (50 um thick) were purchased
from McMaster-Carr. SureLight Peridinin-Chlorophyll Protein Com-
plex (PerCP) was purchased from Assaybio. Lysyl endopeptidase was
purchased from FUJIFILM Wako Chemicals.

Fabrication of the multiplexed microfluidic sensor patch

A PI film was raster-engraved at focus height (8% power, 15% speed
and 1,000 points perinch (PPI)) to fabricate LEG-based iontophoresis
electrodes; connection leads; and impedance, CRP working, counter
andreferenceelectrodesusinga 50 W CO, laser cutter (Universal Laser
System). The pH electrode and temperature sensor were engraved
using vector mode with 1% and 3% power, respectively (15% speed
and 1,000 PPI). The working electrode of the pH sensor was prepared
by electrochemically cleaning the LEG electrode in 1 M HClI via cyclic
voltammetry from-0.2Vto1.2Vat 0.1V s™for 10 cycles, followed by
electrodeposition of polyaniline pH-sensing membrane via cyclic vol-
tammetry from-0.2Vto1.2Vat 0.1V s™for10 cycles. The shared Ag/
AgClreferenceelectrode was fabricated by electrodeposition of Agon
the LEG electrode in a solution containing silver nitrate, sodium thio-
sulfate and sodium bisulfite (250 mM, 750 mM and 500 mM, respec-
tively) using multi-current steps (30 sat-1pA,30 sat-5pA, 30 sat-10
HA,30sat-50 pA, 30 sat —0.1mA and 30 s at -0.2 mA), followed by
drop-castingal0 plaliquot of 0.1 Miron(lll) chloride for1 min. AuUNPs
were electrodeposited on the LEG CRP working electrode via pulse
deposition (two 0.5 s pulses at —0.2 V separated by a 0.5 s pulse at O V)
for 40 cycles in the presence of 0.1 mM gold(lll) chloride trihydrate
and 10 mM sulfuric acid.

The iontophoresis hydrogels containing cholinergic agent car-
bachol (placed on the iontophoresis electrodes) were prepared by
dissolving agarose (3% w/w) in deionized water using amicrowave oven.
After the agarose was fully dissolved, the mixture was cooled down to
165 °C and 1% carbachol for the anode (or 1% KCl for the cathode) was
added to the above mixture and stirred to homogeneity. The cooled
mixture was casted into cylindrical moulds or assembled microfluidic
patchand solidified at room temperature. The hydrogels were stored
at4 °Cuntil use.

To prepare the microfluidic module, an assembly of thin PET film
(50 pm) sandwiched between double-sided medical adhesives (180 pm
top layer and 260 pm bottom layer with a 50 pm PET backing) was
attached to a substrate and cut through to make the channels and
reagentreservoirs using the laser cutter at 2.7% power, 1.8% speed and
1,000 PPl vector mode. Next 4% power, 10% speed and 1,000 PPI vec-
tor mode was used to cut a circular outline through only the top layer
of medical adhesive (180 pm). The circular top layer was peeled off to
make the detectionreservoir. A sweataccumulation layer was prepared
by cutting through a 130 um adhesive. The labelled dAb AuNPs were
drop-casted and dried in the reagent reservoir and stored in dry state
at4 °Cbefore assembly with the sensor patch.

LEG-AuNPs CRP working electrode functionalization
LEG-AuNPs working electrodes were immersed in 0.5 mM MUA and
1mM MCH in proof 200 ethanol overnight for SAM formation. After
rinsing with ethanol followed by deionized water and drying under
airflow, electrodes were incubated with 10 pl of a mixture solution con-
taining 0.4 MEDC and 0.1 M sulfo-NHS in 25 mM MES buffer, pH 5.0, for
35 minatroomtemperature inahumid chamber. Covalent attachment
of CRP cAbs was carried out by drop-casting 10 pl of anti-CRP solution
(250 pg ml™in PBS, pH 7.4) and incubated at room temperature for
2.5 h, followed by a1 h blocking step with 1.0% BSA prepared in PBS.
Electrodes were stored in1% BSA in PBS until use.

CRP dAb conjugation

Twenty nanometre carboxylic acid-functionalized, PEGylated gold
AuNPs were activated with EDC-sulfo-NHS mix solution (30 mg ml™
and 36 mg ml™, respectively) in10 mM MES buffer (pH 5.5) for 30 min.
The conjugates were washed with 1x PBS containing 0.1% Tween 20
(PBST) and centrifuged at 6,500 relative centrifugal force (RCF) for
30 min. After supernatant removal, 50 pg ml™ PS-R was added and
allowed to crosslink for 1 h at room temperature. Following centrifu-
gation at 3,500 RCF for 30 min and supernatant removal, 5 pug ml™
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biotinylated anti-CRP dAb in 1% BSA prepared in 1x PBS (pH 7.4) was
incubated for 1 hatroomtemperature. After another round of washing
(centrifugation at 2,000 RCF), the carboxyl groups of PS-Rand dAbon
AuNP were activated with EDC-sulfo-NHS mix solution (30 mg mi™*
and 36 mg ml”, respectively) in 10 mM MES buffer (pH 5.5) for 30 min.
After the washing step using centrifugation at 1,500 RCF, 100 pM TH
was incubated for1h. The final conjugate was washed with PBST, cen-
trifuged at 1,250 RCF, reconstituted in 1% BSA and filtered through a
0.2 pm syringe filter to remove all aggregates.

For direct redox probe conjugation to antibodies, 100 pg ml™
dAb was buffer-exchanged by concentrating with a100,000 MWCO
protein concentrator and reconstituted in10 mM MES buffer (pH 5.5).
The carboxyl groups of the dAb were activated with EDC-sulfo-NHS
mix solution (30 mg ml™ and 36 mg ml™, respectively) in 10 mM MES
buffer (pH 5.5) for 30 min in column. Following buffer exchange with
1xPBS (pH 7.4),100 uM TH was incubated for 1 h. The final conjugate
was buffer-exchanged with PBS, reconstituted in 1% BSA and filtered
througha 0.2 um syringe filter to remove all aggregates.

Characterization of the biosensing method

The morphology and material properties of the LEG-based CRP sensing
electrodes before and after surface modification were characterized
by focused ion beam-scanning electron microscopy (FEI Nova 600
NanoLab), transmission electron microscopy (TecnaiTF-20), Raman
spectroscopy, XPS (Kratos Ultra XPS) and UV-vis spectroscopy. Raman
spectraofthe electrodes were recorded using a532.8 nmlaser with an
inVia Reflex (Renishaw). Dynamic light scattering datawere collected
using aMalvern Dynamic Light Scattering Zetasizer. UV-vis absorbance
datawere collected using a BioTek Synergy HTX multi-mode reader.

In vitro electrochemical characterizations were carried out on
a CHI660e electrochemical workstation with a commercial Ag/AgCl
electrode asthereference electrode.

Specifically, to characterize surface modification after each step
electrochemically, DPV and open circuit potential-electrochemical
impedance spectroscopy readings were obtained in 0.1 MKClI, contain-
ing 5.0 mM of K,Fe(CN)-K;Fe(CN), (1:1) under the following conditions:
potentialrange,—-0.2 Vt0 0.6 V; pulse width, 0.2 s;incremental potential,
4 mV;amplitude, 50 mV; frequency range, 0.1-10° Hz; amplitude, 5 mV.

Comparison of sensing performance with bare graphene-modified
sensors was conducted following protocols published previously***',
Briefly, the LEG electrodes were electrodeposited with poly(propionic
acid) (PPA) via cyclic voltammetry or modified with PBA viat-Tt stack-
ing by immersing the electrodesin5 mM PBA prepared in DMF for 2 h.
LEGwas electrochemically oxidized in PBS (1x, pH 3) at +1.75 Vfor45 s to
produce graphene oxide. Next the LEG electrodes were activated with
EDC-sulfo-NHS and incubated with cAbs (250 pg mI™in PBS, pH 7.4) for
2.5 h. Tocomparethe electrochemical performance, the cAb-modified
electrodes were incubated in 0 ng ml™ or 10 ng mI™ CRP in 1% BSA for
15 min, followed by 15 min incubation in 1 pg ml™ horseradish peroxi-
dase (HRP)-conjugated anti-CRP dAbs. Amperometric readings were
recorded at 0 Vin 50 mMsodium phosphate buffer (pH 6.0) containing
2.0 mM hydroquinone and 10 mM H,O0,.

Electrochemical detection of CRP inbuffer and biofluids was per-
formed by mixing 4.5 plaliquots of CRP standards (or raw biofluids to
be analysed) with 0.5 pl dAb-loaded AuNPs (1:10 dilution prepared in
10%BSAin1x PBS, pH 7.4) and drop-casting onto the working electrode,
allowing CRP and dAb binding to take place for 15 min before rinsing
with PBS. SWVwas used to record the CRP signalin1x PBS, pH 7.4. SWV
conditions were as follows: potential range, 0 to -0.6 V; increment
potential, 10 mV;amplitude, 50 mV; frequency, 25 Hz. The performance
of the CRP sensors subjected to different incubation and detection
conditions was evaluated from pH 6 topH10 and from 0.1x to 2x PBS. A
selectivity test was conductedin the presence of amixture of solutions
0of1:100 dAb-loaded AuNPs (final concentration) and 5 ng ml™ cortisol,
IgG, TNFa and CRP in the presence of 5 ng mI™ CRP.

The influence of mechanical deformation on the sensor perfor-
mance was investigated by incubating the sensor patch in CRP stand-
ards for 15 min or Mcllvaine buffers for pH sensors under mechanical
deformation (with radii of bending curvature 2.5 cmand 3.5 cm). The
temperature sensor readings were recorded by placing the patchinan
oven under mechanical deformation.

Evaluation of the microfluidic module
The microfluidic module was evaluated with both numerical simulation
and experimental flow tests.

Numerical simulation. Simulation of the CRP-antibody bonding reac-
tion and mass transport process were conducted using the commer-
cial software COMSOL Multiphysics through finite element analysis.
Tetrahedral elements with refined meshes allowed modelling of the
source diffusion in three-dimensional space with testified accuracy.
The chemical reaction rate is described by law of mass action

— kf
r=K Ccrp X Cantibody - krccomplex

where r, k%, K", Ccrps Cantibody N Ceomplex d€NOtE reaction rate, forward
reaction coefficient, reverse reaction coefficient, concentration of
CRP, concentration of antibody and concentration of CRP-antibody
complex, respectively. The forward and reverse reaction coefficients
are assumed to be 5.96 x 10*M™"s™ and 2.48 x 107 s}, respectively®.
The concentration of CRP insweat is assumed tobe 1 ng ml™.

The fluid behaviour is described by the Navier-Stokes equation
forincompressible flow

p(% +(u~V)u) =-Vp+puviu

Vv=0

where p, v, t, p and u denote liquid density, flow velocity, time, pres-
sure and viscosity, respectively. The sweat flow rate is 1.5 pg ml™. The
convection diffusionis described by

oc +v-Vc = DV3c
ot

where c and D denote the concentration and diffusion coefficient,
respectively. The diffusion coefficient of CRPis 5 x 10™ m™s™, and the
diffusion coefficient of the antibody and CRP-antibody complex are
setto be the same as AuNPs whichis1x10 2 m™2s™,

Experimental flow tests. The flow tests to evaluate the microfluidic
sensing system were done with a syringe pump (78-01001; Thermo
Fisher Scientific). For the fluorescence flow test, a flow patch was
pre-deposited with 0.5 pg PerCP and 200 pg BSA in the reagent res-
ervoir and dried before full patch assembly, and 0.25 pg ml™ FITC-
albumin in 1x PBS was injected into the patch placed on a blue-light
transilluminator (Accuris SmartBlue Mini) ata flow rate of 1.5 pl min™.
For the CRP sensor validation, 7 pl 2x PBS and 2 ul 10x dAb-loaded
AuNP were deposited in the reagent reservoir and dried before full
patchassembly, and artificial sweat (0.1x or 0.2x PBS) containing CRP
(1ng ml™ or 5 ng ml™) wasinjected into the patch at the specified flow
rate. For on-body flow testing, an assembled flow patch pre-deposited
withblack dyeinthe reagent reservoir was attached onto aparticipant’s
arm after sweat induction by iontophoresis.

Electronicsystem design and integration

A two-layer FPCB was designed using Eagle CAD and Fusion 360. The
FPCB outline was designed as arounded rectangle (31.7 mm x 25.5 mm)
the same size as the microfluidic sensor patch, such that the
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patch can be inserted directly underneath the FPCB via a cut-out
(10 mm x 3.8 mm). The electronic system is composed of a magnetic
reed switch (MK24-B-3; Standex-Meder Electronics) and a voltage
regulator (ADP162; Analog Devices) for power management; a boost
converter (TPS61096; Texas Instruments), BJT array (BCV62C; Nex-
peria) and analogue switch (DG468; Vishay Intertechnology) for ion-
tophoreticinduction; an electrochemical front-end (AD5941; Analog
Devices), an operational amplifier (LPV811; Texas Instruments) and a
voltage divider for sensor array interface; and a BLE module (CYBLE-
222014-01; Cypress Semiconductor) programmed via PSoC Creator
4.3 for system control and Bluetooth wireless communication. A BLE
dongle (CY5677; Cypress Semiconductor) programmed viaPSoC Crea-
tor4.3 or custom mobile application programmed via Flutter was used
toestablish aBLE connection with the wearable device and to wirelessly
acquire sensor data for calibration and voltammogram analysis. A
rechargeable 3.8 Vlithium button cell battery with capacity of 8 mAh
was used to power the electronic system. To reduce the existing noise
caused by motionartefacts, filtering and smoothing techniques were
used. Onthe hardwareside, the electrochemical AFE filters noise from
the ADCyviadigital filters. On the software side, smoothing algorithms
(moving average filter or median filter) are automatically applied in
real time.

Participants and procedures

The performance of the wearable sensor was evaluated in human sweat
and saliva samples from healthy participants and from participants
who had recently recovered from COVID-19 infection, in compliance
withthe protocols that were approved by the institutional review board
(IRB) (numbers19-0892,19-0894 and 21-1108) at the California Institute
of Technology (Caltech). The participants were recruited from the
Caltech campus and neighbouring communities through advertise-
ment by posted notices, word of mouth and email distribution. All
participants gave written, informed consent before participation in
the study.

Participants for the evaluation of the sweat CRP in COPD moni-
toring were recruited at The Lundquist Institute/Harbor-University
of California, Los Angeles (UCLA) Medical Center with the protocol
approved by theIRB at the Lundquist Institute (number 32051-01). Men
and women, current or former smokers with or without COPD were
recruited. Inclusion criteria were as follows: aged 40-80 years, BMI
between 18 kg m2and 40 kg m2and a >10 pack-year smoking history.
Additional inclusion criteria for patients with COPD were as follows:
forced expiratory volumein1s (FEV)) to forced vital capacity of <0.7,
FEV, <80%, modified Medical Research Council dyspnoea scale >2
and COPD assessment test >5. Exclusion criteria included: significant
chronic disease, other than COPD; severe and/or uncontrolled medi-
cal conditions that could interfere with the study; malignancy within
the previous 2 years; HIV infection; active tuberculosis; documented
cardiovascular disease or resting ECG abnormality; use of systemic
corticosteroids; COPD exacerbation within3 months; and those requir-
ing supplemental oxygen.

Adult patients with a diagnosis of HF were recruited from the UCLA
Ahmanson Cardiomyopathy Clinic, and the protocol was approved by
the UCLA IRB (number 19-000388). Exclusion criteriaincluded preg-
nancy, severe skin allergy, current need for inpatient hospitalization,
current use of beta-blocker medication therapy due to theoretical
interaction with pilocarpine, active inotropic medication infusion,
hypotension or hypertension, severe bradycardia or tachycardia or
significant cardiac conduction disorder.

Participants for the evaluation of the sweat CRP in infection
monitoring were recruited with a protocol approved by the IRB at
Cedars-Sinai Medical Center (number STUDY00001099). Enroled
patients were those admitted to the hospital at 218 years of age who
had an active infection (such as pneumonia, urinary tract infection
or cellulitis).

Sample collection for in vitro studies. Aniontophoresis session was
implemented using aModel 3700 Macroduct Sweat Collection System
for sweatinduction; the participants were asked to wear aMacroduct
collector overaperiod of 60 min for sweat collection. Participants were
asked torefrain from eating, drinking and chewing gum 30 min before
salivacollection. After rinsing mouth with water, volunteers deposited
salivain1.5 ml Eppendorftubes, which were subsequently centrifuged
at10,000 rpm for 10 min and analysed. Freshblood samples were col-
lected at the same periods of time as saliva and/or sweat, either using a
finger-prick approach or viavenous blood draw. Once the standardized
clotting procedure finished, serum was separated by centrifuging at
3,575 rpmfor 15 min, and instantly stored at -80 °C.

Human sample analysis with ELISA. ELISA tests for CRP were per-
formed in an accuSkan FC Filter-Based Microplate Photometer at a
detection wavelength of 450 nm, according to the manufacturer’s
instructions. Briefly, a 96-well Nunc MaxiSorp flat-bottom plate was
modified with anti-CRP antibodiesin 50 mM carbonate buffer (pH 9.6)
overnight at 4 °C. Standards or diluted biofluid samples prepared in
1% BSA were added to anti-CRP antibody-coated microtiter plate wells
andincubated for 2 hatroom temperature. After three washing steps
with washbuffer (PBST, pH 7.4), biotinylated detector antibodies were
added to each well and incubated for 2 h at room temperature. After
three washing steps, streptavidin-HRP was added and incubated for
20 min a room temperature. Following three washing steps, 100 pl
3,3’,5,5-tetramethylbenzidine (TMB) substrate was incubated for
15 min, and absorbance values were measured immediately after the
addition of 50 pl of 1M H,SO, to each well.

Human sample analysis with LC-MS/MS. A1 mlpooled sweat sample
was concentrated using Amicon centrifugal filters with an MWCO of
3 kDa to 15 pl final volume at a concentration factor of 67x. The con-
centrated samples were buffer-exchangedin 8 Mureain10 mM HEPES
buffer (pH 7.4), reduced with 3.7 mM tris(2-carboxyethyl)phosphine
(TCEP) for 20 minat 37 °C and alkylated with 10 mM CAA for 15 min at
37 °C.Proteins fromeach sample were digested at 37 °Clysyl endopepti-
daseatal:100ratiofor2 h. The samples were then diluted with 50 mM
HEPES buffer (pH 7.4) to afinal concentration of 2 M ureaand digested
withtrypsinatal:50ratioat37 °Cfor14 h. Digested peptides were acidi-
fied with 20% TFA and desalted with C18 spin columns using 50% ACN as
theactivationsolution, 0.5% TFAin 5% ACN as the equilibration solution
and wash solution, 2% TFA in 20% ACN as the sample buffer and 0.2%
formic acid (FA) in 70% ACN as the elution buffer. Desalted peptides
were freeze-dried and stored at —20 °C until use. Lyophilized peptide
wasreconstitutedin10 pl0.2% FA in 2% ACN. Allincubation procedures
were carried out with shaking at 750 rpm in the dark.

LC-MS/MS analysis was performed with a Vanquish Neo UHPLC
System (Thermo Fisher Scientific) coupled to an Orbitrap Eclipse
Tribrid mass spectrometer (Thermo Fisher Scientific). Peptides were
separated on an Aurora UHPLC Column (25 cm x 75 pm, 1.6 pm C18,
AUR2-25075C18A; lon Opticks) with a flow rate of 0.35 pl min™foratotal
duration of 75 min and ionized at 1.6 kV in the positive ion mode. The
gradient was composed of 6% solvent B (3.5 min), 6-25% B (41.5 min),
25-40% B (15 min), 40-98% B (1 min) and 98% B (14 min), where sol-
vent A was 0.1% FA in water, and solvent B was 80% ACN and 0.1% FA.
MSI1 scans were acquired at the resolution of 120,000 from 350 to
1,800 m/z, AGC target1 x 10° and maximum injection time 50 ms. The
charge states and intensity threshold of precursor ions for triggering
MS2wassetto2-7and 5 x 10%, respectively. For targeted CRP analysis,
the precursor ions from the inclusion list (Supplementary Table 1)
were selected for MS2 spectrum acquisition in the ion trap using fast
scan rate and quadrupole isolation mode (isolation window 1.2 m/z)
with higher-energy collisional dissociation (30%) activation type.
Dynamic exclusion was set to 30 s. The temperature of ion transfer
tube was 300 °C and the S-lens radio frequency level was set to 30.
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MS2 fragmentation spectra were searched with Proteome Discoverer
SEQUEST (v.2.5; Thermo Scientific) against in silico tryptic-digested
Uniprot Human database. The maximum missed cleavages was set
to two. Dynamic modifications were set to oxidation on methionine
(+15.995 Da), protein amino-terminal acetylation (+42.011 Da) and
Met loss (-131.040 Da). Carbamidomethylation on cysteine residues
(+57.021 Da) was set as a static modification. The maximum parental
mass error was set to 10 ppm, and the MS2 mass tolerance was set to
0.6 Da. The false discovery threshold was set strictly to 0.01 using
the Percolator node validated by g value. The relative abundance of
parental peptides was calculated by integration of the area under the
curve ofthe MS1 peaks using the Minora label-free quantification node.

On-body wearable evaluation. The participants’ arm was cleaned
with alcohol swabs and gauze before the wearable sensor patches
were placed on the body. A 5 min iontophoresis was applied to the
participant. During the on-body trial, the data from the sensor patches
were wirelessly sent to the user interface via Bluetooth. The sensor
system continuously acquired and transmitted impedance data from
theionicstrength sensors. When the impedance data plateaued after
an increase, the system would proceed with an SWV scan over the
CRP sensor followed by the acquisition of the readings of pH and skin
temperature sensors. After being real-time calibrated using simultane-
ously collected electrolyte and pHinformation, the acquired data were
converted to the concentration levels based on the calibration curve.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The maindatasupporting theresultsin this study are available within
the paper and its Supplementary Information. Source data for Figs. 3
and 5 are provided with this paper. All raw and analysed datasets gen-
erated during the study are available from the corresponding author
onrequest.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The main data supporting the results in this study are available within the paper and its Supplementary Information. Source data for Figs. 3 and 5 are provided with
this paper. All raw and analysed datasets generated during the study are available from the corresponding author on request.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size For the on-body evaluation of the wearable sensor, 10 participants were recruited (3 healthy, 3 with post-COVID infection, 3 as current
smokers, 1 with COPD). For the COPD study, 3 current smokers with COPD, 8 current smokers without COPD, 4 former smokers with COPD
and 5 former smokers without COPD, and 5 never-smokers without COPD were involved. Tor the heart-failure study, 7 healthy participants, 5
patients with heart failure with reduced ejection fraction, and 6 patients with heart failure with preserved ejection fraction were involved. For
the current-infection study, 3 patients with active infection were sampled on two consecutive days. For the past-infection (post-COVID) study,
3 participants with mild symptoms and 3 participants with moderate symptoms were involved. Sample sizes were chosen on the basis of
literature standards for proof-of-concept experiments.
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Data exclusions  No data were excluded.
Replication All attempts at replication were successful when following the device-fabrication process described in the paper.

Randomization  The device was fabricated with same process and was tested in all participants under the same conditions. Randomization was therefore not
relevant to the study.

Blinding Blinding was not relevant, because a blinding process wouldn't influence the sampling result.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
X] Antibodies X[ ] chip-seq
[ ] Eukaryotic cell lines X[ ] Flow cytometry
D Palaeontology and archaeology X] D MRI-based neuroimaging

[ ] Animals and other organisms
Human research participants
[ ] clinical data

D Dual use research of concern

MXOXX X[ s

Antibodies

Antibodies used Anti-CRP capture antibodies and Anti-CRP detector antibodies.

Validation Sandwich ELISA based on the supplier's information (https://www.rndsystems.com/products/human-c-reactive-protein-crp-duoset-
elisa_dy1707#product-datasheets).

Human research participants

Policy information about studies involving human research participants

0 Judy

Population characteristics Healthy participants and post-COVID participants with no active infection and skin allergies, male and female, current or
former smokers and with or without COPD were recruited.

0ct

The inclusion criteria were: ages 40-80 years; BMI, 18-40 kg m-2; >10 pack-year smoking history. Additional inclusion criteria
for the COPD patients were: forced expiratory volume in 1 second / forced vital capacity (FEV1/FVC) <0.7; FEV1 < 80%;
modified Medical Research Council (MMRC) dyspnea scale >2; COPD Assessment Test (CAT) >5.

The exclusion criteria included: significant chronic disease, other than COPD; severe and/or uncontrolled medical conditions




that could interfere with the study; malignancy within the previous 2 years; HIV infection; active tuberculosis; documented
cardiovascular disease or resting ECG abnormality; use of systemic corticosteroids; COPD exacerbation within 3 months;
those requiring supplemental oxygen. For adult patients with a diagnosis of heart failure, exclusion criteria included
pregnancy, severe skin allergy, current need for inpatient hospitalization, current use of beta-blocker medication therapy due
to theoretical interaction with pilocarpine, active inotropic medication infusion, hypotension or hypertension, severe
bradycardia or tachycardia, or significant cardiac conduction disorder, and patients admitted to the hospital 218 years of age
that had an active infection (such as pneumonia, UTI or cellulitis).

Recruitment The participants were recruited from the Caltech campus, The Lundquist Institute/Harbor-UCLA Medical Center, the
University of California, Los Angeles (UCLA) Ahmanson Cardiomyopathy Clinic, Cedars-Sinai Medical Center and the
neighbouring communities through advertisement by posted notices, word of mouth, and email distribution. There were no
self-selection biases or other biases.

Ethics oversight California Institute of Technology, the Lundquist Institute/Harbor-UCLA Medical Center, UCLA Ahmanson Cardiomyopathy
Clinic, and Cedars-Sinai Medical Center.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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