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A smart mask for exhaled breath condensate
harvesting and analysis
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Recent respiratory outbreaks have garnered substantial attention, yet most respiratory monitoring
remains confined to physical signals. Exhaled breath condensate (EBC) harbors rich molecular
information that could unveil diverse insights into an individual’s health. Unfortunately, challenges
related to sample collection and the lack of on-site analytical tools impede the widespread adoption
of EBC analysis. Here, we introduce EBCare, a mask-based device for real-time in situ monitoring
of EBC biomarkers. Using a tandem cooling strategy, automated microfluidics, highly selective
electrochemical biosensors, and a wireless reading circuit, EBCare enables continuous multimodal
monitoring of EBC analytes across real-life indoor and outdoor activities. We validated EBCare’s usability
in assessing metabolic conditions and respiratory airway inflammation in healthy participants,
patients with chronic obstructive pulmonary disease or asthma, and patients after COVID-19 infection.

R
espiratory epidemics and pandemics
have emphasized the urgent and critical
need for comprehensive research on the
respiratory system. A number of clin-
ically meaningful molecular analytes

such as volatile organic compounds (VOCs,
e.g., acetone and alkanes), inorganic substances
(e.g., nitric oxide and ammonia), cytokines,
and pathogens (e.g., severe acute respiratory
syndrome coronavirus 2) are exhaled in the
form of gases, aerosols, or droplets (1–3). The
real-time and continuous analysis of exhaled
breath biomarkers could theoretically provide
immense potential for offering valuable in-
sights into the early diagnosis, monitoring,
and management of a variety of respiratory
and metabolic health conditions, including
asthma (4), chronic obstructive pulmonary
disease (COPD) (5), COVID-19 (6), lung cancer
(7), tuberculosis (8), and beyond (3). Despite
this promise, however, the tools available for
studying human breath remain severely re-
stricted. Existing methods of real-time and
wireless monitoring of exhaled breath molec-
ular biomarkers are primarily limited to breath
alcohol tests, and “electronic noses” based on
gas sensors, although actively researched, are
limited by inadequate selectivity for practical
exhaled breath analysis (9–11).
Exhaled breath condensate (EBC) is a highly

promising noninvasive aqueous matrix in
which soluble gaseous and nonvolatile bio-

markers can be measured selectively for per-
sonalized health care (Fig. 1A) (2, 12). Clinically,
EBC is collected using a commercial condens-
er (13) or specialized condensation instru-
ments (12, 14, 15) and subsequently analyzed
in laboratory settings by means of mass spec-
trometry or photometric assays to assess air-
way inflammation and substance metabolism
(fig. S1) (16–18). The implementation of these
approaches for at-home remote sensing is
hindered by challenges related to labor, time,
money, and energy costs. Furthermore, issues
such as the degradation of reactive substances
[e.g., nitrite (NO2

−) and hydrogen peroxide
(H2O2)] during the sampling process and
storage, interference of oral ingredients, and
the absence of continuous dynamic informa-
tion impede the practical and widespread
application of EBC testing (2). The recent de-
velopment of wearable biosensors has ushered
in a new era of telehealth, enabling continu-
ous and wireless molecular monitoring of bio-
markers in sweat, saliva, and interstitial fluid
(19–21). The exploration of wearable EBC
analysis has been limited, however, primarily
because of the challenges in condensing ex-
haled breath, EBC sampling, and in situ
analysis during an individual’s daily activities
(22). Face masks are an ideal wearable plat-
form for personal protection (6, 23, 24) and
breath sampling (25, 26). Recent advances in
exhaled breath aerosol (EBA) devices based on
masks have shown some promise in point-of-
care analysis, but their reliance on external
media for sample extraction has introduced
challenges in terms of stability and reproduci-
bility, which limits their suitability for contin-
uous monitoring (fig. S1 and table S1) (27–29).
Here, we introduce a mechanically soft mi-

crofluidic smart mask system, which we call

EBCare (exhaled breath condensate analysis
and respiratory evaluation), designed for con-
tinuous exhaled breath condensation, auto-
matic EBC capturing and transport, and
real-time in situ EBC biomarker analysis (Fig. 1,
A to C; fig. S2; and table S2). Compared to
bulky traditional EBC collection devices that
rely heavily on ice buckets or refrigeration,
EBCare is capable of effective condensation
of breath vapor in both indoor and outdoor
environments through tandem passive cool-
ing technologies that integrate hydrogel
evaporative cooling, metamaterial radiative
cooling, and a device framework with high
thermal conductivity. A bioinspired micro-
fluidic module substantially enhances EBC
harvesting and transport efficiency by lever-
aging the capillary action driven by surface
hydrophilicity and a microengineered graded
pillar array (Fig. 1, B and C, and fig. S3). EBCare
supports high-temporal-resolution EBC har-
vesting and transport, making it ideal for
real-time continuous in situ analysis (table
S1). The EBCare system enables highly sensi-
tive, selective, and continuous EBC biomarker
analysis, facilitated by a nanoengineered elec-
trochemical sensor array coupled with a flex-
ible printed circuit board (FPCB) for signal
processing and wireless communication (Fig. 1,
D and E). The post-analysis EBC efflux is ab-
sorbed by a cooling hydrogel, ensuring a con-
tinuous water replenishment for sustainable
evaporative cooling.

The tandem cooling strategy for exhaled
breath condensation

EBC harvesting plays a foundational role in
achieving real-time and continuous EBC bio-
marker analysis with high temporal resolu-
tion. To efficiently cool down the condensing
surface temperature to the dew point of the
exhaled breath in diverse real-life indoor and
outdoor scenarios, EBCare uses a tandem pas-
sive cooling strategy combining hydrogel evap-
oration and radiative cooling (Fig. 2, A and B).
The main structural framework of EBCare
uses a ceramic alumina-polymer hybrid meta-
material with high thermal conductivity and
ideal radiative cooling properties (Fig. 2C), com-
prisingmicrometer-sized aluminumoxide (Al2O3)
spheres distributed evenly in a polymeric ma-
trix containing polydimethylsiloxane (PDMS)
and copolymer PDMS-block-polyethylene gly-
col (PDMS-b-PEG) (figs. S4 and S5) (30, 31).
During operation in ambient conditions,

the natural evaporation of water from the
agarose hydrogel absorbs surrounding heat,
substantially reducing the temperature of the
hydrogel (32). The addition of Ag nanopar-
ticles into the hydrogel both introduced a high
antibiotic effect and enhanced EBCare’s bio-
compatibility during long-term on-body use
(fig. S6). Simulating the heat from breath with
a heating source (fig. S7A) demonstrated that
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hydrogel evaporation effectively reduces the
surface temperature by 4° to 14°C under varied
relative humidity (RH) and ambient tempera-
ture (Fig. 2D). In a standard indoor environ-
ment (23°C and 50% RH), the temperature
of the heating source was controlled to be
similar to the temperature of human breath,
and hydrogel evaporation induced a temper-
ature drop of ∼8°C, well below the dew point
of the exhaled breath (~5°C below breath tem-
perature under 75% RH) (Fig. 2D). However,
without continuous liquid replenishment, the

evaporative cooling function of the hydrogel
diminished substantially after 2 to 3 hours
(figs. S7B and S8A and movie S1). Introducing
a condensate circulation system that trans-
ports the continuously harvested EBC to the
hydrogel ensured sustainable and stable evap-
orative cooling for at least 7 hours (figs. S7, C
and D, and S8).
On sunny days, under strong solar radia-

tion, the potential elevation of EBCare temper-
ature as a result of the hydrogel absorbing
sunlight could compromise breath condensa-

tion during outdoor wearing (33). To address
this issue, a tandem radiative cooling function
was integrated into the device design using
metamaterial PDMS:PDMS-b-PEG/Al2O3 as
the main EBCare framework and sunshield
layer. Owing to the Mie scattering of spheri-
cal alumina microparticles under solar spec-
trum and the strong emission properties of
polymeric matrix in the mid-infrared (MIR)
region, the hybrid polymeric metamaterial
achieved ~95% solar reflectivity and ~95%MIR
thermal emissivity (Fig. 2C and fig. S9). Such

PDMS:PDMS-b-PEG/Al2O3

Agarose/Ag nanoparticles
PDMS:PDMS-b-PEG/Al2O3

Biosensors/PET
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Fig. 1. A smart EBCare (exhaled breath condensate analysis and respiratory
evaluation) mask for efficient harvesting and continuous analysis of
exhaled breath condensate. (A) EBCare is capable of exhaled breath
condensation, EBC harvesting and transport, and continuous analysis of biomarkers
from the human respiratory tract. Alc, alcohol. (B and C) Exploded-view
schematic illustration (B) and cross-sectional optical images (C) of the main

components of an EBCare device. Scale bar, 4 mm. PDMS, polydimethylsi-
loxane; PEG, polyethylene glycol; PET, polyethylene terephthalate.
(D) Schematic showing the expanded and inner views of the smart mask
integrated with an EBCare device. FPCB, flexible printed circuit board.
(E) Photograph of a fully integrated wireless smart mask worn by a
participant. Scale bar, 3 cm.
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optical properties effectively reduce the solar
radiation absorption and radiate heat through
the MIR range in the atmospheric window to
outer space, ensuring the high efficiency of the
condensation process even under strong sun-
light exposure in outdoor environments.
EBCare’s tandem cooling effects were eval-

uated in both indoor and outdoor environ-
ments during the day and at night and were
compared with normal fabric mask material
without a cooling function and materials with
only one type of cooling method (stand-alone

exposed hydrogel and PDMS:PDMS-b-PEG/
Al2O3 framework) (Fig. 2E, fig. S10, and movie
S2). The EBCare device demonstrated a tem-
perature ∼7°C lower than radiative cooling
material alone and ~10°C lower than non-
radiative cooling mask material throughout
the indoor and outdoor tests at night. The
cooling effect was more substantial under
1 sun (~1 kW m−2) radiation, with a temper-
ature ~5°C lower than the exposed hydrogel
and ~15° and ~20°C below those of the radia-
tive cooling layer and nonradiative cooling

mask layer, respectively (fig. S11). The cooling
system design of EBCare was further validated
by comparing EBC collection results of these
materials fromhealthy participants under daily
indoor and outdoor environments (Fig. 2F, fig.
S12, and table S3). EBCare’s collection rate
was five times greater than that without cool-
ing under indoor conditions and twice as great
as exposed hydrogel cooling alone under out-
door conditions. Even under 1 sun flux, the
device still captured EBC at a high rate of
around 4 ml min−1, indicating highly efficient,

W/o replenish
4 hours

W/ replenish
8 hours

A B C

D

FE G

Fig. 2. Characterization of EBCare’s tandem cooling design for breath
condensation. (A) Schematic of an EBCare device with simultaneous indoor
and outdoor cooling capabilities for efficient breath condensation. UV,
ultraviolet; NIR, near infrared; MIR, mid infrared. (B) Photographs of an
EBCare device in indoor, sunny outdoor, and outdoor night settings. Scale bar,
5 mm. (C) Spectral emissivity of a polymeric metamaterial film (0.5 mm
thick). Red and blue colors represent AM 1.5 solar spectrum and the
atmospheric window, respectively. (D) Cooling capacity of the hydrogel under

varied ambient RH and temperature. DT, surface temperature drops in the
presence of hydrogel. (E) Surface temperature of different cooling strategies
under indoor and outdoor (at night and in sunlight) environments. (F) EBC
harvesting performance of different cooling strategies from a healthy
participant. (G) Hydrogel lifetime for the EBCare device with and without
EBC refreshing. Insets show the hydration state of the hydrogel on EBCare
with and without EBC refreshing. Scale bars, 1 cm. All error bars in the
figure represent standard deviations of the mean.
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continuous, and long-term EBC condensation
through the tandem passive cooling strategy
(Fig. 2, F and G).

Bioinspired microfluidics for EBC sampling,
transport, and refreshing

The continuous respiratory monitoring capa-
bility of the EBCaremask systemhinges on the
self-directed flow of EBC within an integrated
bioinspired microfluidic system. The natural
conveyance of water and chemicals in plants
primarily relies on the capillary phenomenon
(fig. S13). In plants, water transpires from the
stomata of leaves, transforming into water
vapor. This process induces a reduction of
water content inside the leaves, creating nega-
tive pressure inside the plant’s diminutive hy-
drophilic xylem vessels. Consequently, water

is drawn upward from the ground through
the capillary forces to meet the plant’s water
needs (34). Inspired by this biological pro-
cess, EBCare’s microfluidic module incorpo-
rates micropillars with structural gradients,
hydrophilic microfluidic channels, and evap-
orative cooling hydrogels, serving as the graded
capillary pumps for gravity-independent EBC
sampling, transport, and refreshing (Fig. 3A).
The hydrophilic interface of the EBCare de-

vice’s inner surface, which is similar to xylem
vessels, is crucial for enabling the automatic
circulation of harvested EBC through micro-
fluidics. In our study, increasing the doping
ratio of the copolymer PDMS-b-PEG to 1% in
EBCare’s main framework material (PDMS:
PDMS-b-PEG/Al2O3) substantially enhanced
hydrophilicity, achieving a low contact angle

of 15.5° owing to an increased C-O bond sur-
face distribution (Fig. 3B and figs. S14 and S15)
(35). Unlike plasma-treated pristine PDMS,
which can lose its hydrophilicity within hours,
the hybrid polymer PDMS:PDMS-b-PEG/Al2O3

was able tomaintain high hydrophilicity over
a 1-month period (fig. S16). This hydrophilic
nature, in contrast to hydrophobic surfaces,
offers advantages in terms of EBC nucleation,
cohesion, and collection (fig. S17) (36). Such a
hybrid material also exhibits excellent bio-
logical anti-adhesive and nonfouling prop-
erties, making it ideal for EBC sampling and
subsequent in situ bioanalysis with high ac-
curacy (fig. S18) (37).
The spontaneous and highly efficient direc-

tional transport of EBC to the sensing res-
ervoir, after EBC capture at the hydrophilic
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Fig. 3. Characterization of the microfluidic design of the EBCare device for
EBC sampling, transport, and refreshing. (A) Schematic of the microfluidic design
of the EBCare device for EBC sampling, transport, and refreshing. (B) Contact
angle of PDMS:PDMS-b-PEG/Al2O3 with varied mass fractions of the PDMS-b-PEG
copolymer. (C) Comparison of the unidirectional liquid transport capacity of the
prewetted micropillar array designs with varied gradient factors (density and height).
(D) Scanning electron microscopy (SEM) image (left) of the micropillar structure
at the inner surface of EBCare, and schematic and top-down–view snapshots (right) of
liquid transport on the inner surface of EBCare. Gravity perpendicular to surface

and inward. Scale bars, 1 mm (left) and 3 mm (right). (E) Height of capillary water
transport for hydrogel refreshing on the outer surface of EBCare. Insets show
microchannel cross-sectional schematic (top left), SEM image (bottom left), and
capillary pumping schematic (top right) of the outer surface structure. Scale bar,
1 mm. (F and G) Impedance between a pair of electrodes in the sensing reservoir
obtained using EBCare devices with varied inner surface properties (hydrophilicity,
with or without microstructures) for participants under upright (F) and supine (G)
conditions for verifying the presence of EBC in the sensing chamber. All error bars in
the figure represent standard deviations of the mean.
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inner surface of EBCare device, was facili-
tated by the graded capillary forces resulting
from an array of micropillars with both height
and density gradients (Fig. 3, C and D; figs. S19
to S21; and movies S3 and S4). The stabilized
EBC continuously flows through the sensing
reservoir, where it is analyzed by the built-in
electrochemical sensors. Subsequently, driven
by strong capillary forces from hydrogel-covered
microchannels on EBCare’s outer surface, EBC
is automatically transferred to the device’s outer
surface through efflux columns between the
inner and outer interfaces and transports effec-
tively against gravity via microfluidic channels
(Fig. 3E). EBC is then absorbed by the hydro-
gel along with the hydrogel evaporation, pro-
viding a continuous water source for hydrogel
evaporative cooling.
The in vitro assessment of the fully assem-

bled microfluidic system demonstrated effi-
cient liquid harvesting, transport, effluxion,
and evaporation, paving the way for sustain-
able wearable EBC analysis (figs. S22 and S23
and movies S5 and S6). By incorporating an
impedimetric sensor into the sensing reser-
voir, we evaluated the EBC sampling capa-
bilities of EBCare in healthy participants by
considering different inner surface materials
and structures (Fig. 3, F and G). The results
revealed that the device made of pristine
PDMS was not capable of sampling EBC into
the sensing reservoir under both upright and
supine conditions owing to the hydrophobic
surface. The device with planar hydrophilic
PDMS:PDMS-b-PEG/Al2O3 was only able to
access EBC under upright conditions, where
gravity served as the driving force. In con-
trast, the EBCare device, constructed from
hydrophilic PDMS:PDMS-b-PEG/Al2O3 with
graded microstructures, demonstrated the
ability to harvest and transport EBC into the
sensing reservoir within 5 min even in supine
postures. Stable and continuous wearable EBC
analysis is possible under various real-life con-
ditions, including gravity-defying supine posi-
tions, where graded capillary forces acted as
the primary driving force (fig. S24 andmovie
S7). On the basis of the optimized design,
EBCare’s start-up time for in situ EBC analysis
is estimated at only 3 min when in an upright
posture (fig. S25). Our tests further indicated
that the EBCare device can efficiently harvest
EBC fromhuman participants at rates as high
as ~5 ml min−1 (fig. S26). This rate is sufficient
for high-temporal-resolution EBC analysis,
given the small volume of the sensing reser-
voir (~5 ml) (fig. S27). Additionally, EBCare can
be easily integrated into various types of face
masks for efficient EBC sampling (fig. S26),
thanks to its high mechanical flexibility and
stretchability (fig. S28). It should be noted
that placing EBCare above the upper lip when
integrated with a face mask effectively miti-
gates saliva contamination in EBC sampling,

as confirmed by saliva amylase tests on col-
lected EBCs (fig. S29). In cases of transient or
long-term coughing, saliva contamination ef-
fects on EBC analyte concentration can be
eliminated within a few minutes through mi-
crofluidic refreshing, as demonstrated in sim-
ulations and on-body test results (fig. S30).

Wireless electrochemical biosensor array for
multiplexed EBC analysis

To demonstrate the wearable applications of
EBCare, we integrated an electrochemical sen-
sor array into the smart mask for simulta-
neous and multiplexed in situ EBC analysis.
The mechanically flexible and disposable
sensor array included amperometric nitrite
(NO2

−) and alcohol sensors, potentiometric
ion-selective pH and NH4

+ sensors, and a
resistive temperature sensor (Fig. 4A). The
electrochemical sensor can be mass-produced
at low cost through inkjet printing on a flex-
ible substrate such as polyethylene terephtha-
late (PET). EBC is characterized as a highly
diluted solution with low ionic strength with
NH4

+ dominating the EBC cation composi-
tion, reflecting its electrical conductivity (fig.
S31) (38). We have designed our sensors in
such a way as to optimize their performance
for EBC analysis. This includes ensuring a
linear range that accommodates physiologi-
cal concentrations and maintaining stability
in matrices with low ionic strength (figs. S32
to S34). The target analytes were selected on
the basis of their clinical significance, with
alcohol detection facilitated by an alcohol
oxidase–modified Pt-decorated Au electrode,
nitrite quantification based on selective oxida-
tion under the applied redox potential (0.75 V)
on the inkjet-printed carbon nanoparticle elec-
trode (outperforming commercially available
screen-printed and glassy carbon electrodes,
as illustrated in fig. S33), and pH and NH4

+

sensing based on pH-responsive polyaniline
film and NH4

+-selective membrane-modified
electrodes, respectively.
Electrochemical characterization of each

EBC biosensor in standard solutions contain-
ing analyte with physiologically relevant con-
centrations revealed linear responses between
the measured current signals and the target
concentrations for alcohol and NO2

− and be-
tween the measured voltage signals and the
logarithmic target concentrations for pH and
NH4

+ sensors (Fig. 4, B to E, and fig. S34). All
biosensors exhibited high selectivity in simu-
lated EBC against potential interference analytes
(fig. S35). While pH and NH4

+ concentration
in EBC provide clinically relevant information,
they can also act synergistically to calibrate the
alcohol and nitrite sensors (fig. S36). Addi-
tionally, real-time temperature information
from the integrated carbon-based resistive tem-
perature sensor contributes to further sensor
calibrationduringwearable device use (fig. S37).

With these calibrationmechanisms, the electro-
chemicalNH4

+ andNO2
− sensors demonstrated

high accuracy for human EBC analysis, val-
idated against commercial assay kits (Fig. 4F).
To realize wirelessmultiplexed wearable EBC

analysis, an FPCB was designed for multi-
modal electrochemical measurements (e.g.,
voltammetry, potentiometry, and impedime-
try), signal processing, and wireless commu-
nication (Fig. 4G, figs. S38 and S39, and table
S4). Real-time collected analyte information
can be transmitted to a user interface through
Bluetooth Low Energy (BLE) and displayed on
a custom-developedmobile app (movie S8). As
EBCare uses a multiplexed circuit for contin-
uous monitoring, the sampling rate can be
programmatically adjusted to any desired fre-
quency below 100 Hz. To balance the data
processing load and the time-varying nature
of the selected biomarkers, an analysis period
of 3.6 s was chosen for on-body tests (fig. S40).
EBCare features three operational modes to
optimize power consumption: running mode,
low-power mode, and lower-power intermit-
tent mode. These modes adjust the electro-
chemical measurement and data collection
processes, enabling efficient, long-term con-
tinuous sensing (table S4 and fig. S41). The
fully integrated EBCare accurately and simul-
taneously monitored dynamic responses of
the integrated NO2

−, alcohol, NH4
+, pH, and

temperature sensors; all biosensors exhibited
high stability during continuous microfluidic
sensing and high selectivity to other interfer-
ent molecules, showcasing great promise for
in situ wearable EBC analysis (Fig. 4H). For
the integrated EBCare system, the cost of the
reusable FPCB is ∼$40, and the disposable
sensor patch and microfluidic components
each cost around $0.60 (table S5).

Evaluation of EBCare in healthy and patient
participants for personalized medicine

To evaluate EBCare’s long-term usability for
continuous EBC sampling and analysis in daily-
life scenarios, we studied a healthy individual
over a time span of 14 hours, tracking activities
such as exercise, eating and drinking, office
work, and napping (Fig. 5A). After breakfast,
EBC NH4

+ concentration initially slightly de-
creased, then increased, and then rose more
substantially after lunch and dinner, both of
which involved a larger amount of protein in-
take. Associations between changes in EBC pH
and NH4

+ concentration were attributed to the
ammonium bicarbonate buffer matrix in the
EBC. Additionally, alcohol intake with meals
led to rapid elevation of EBC alcohol concen-
tration, consistent with the dynamics of alco-
holmetabolism. Throughout the day, EBCNO2

−

in the healthy individual remained relatively
stable at low levels.
Multiple human studies were performed

to demonstrate that the analyte information
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collected by EBCare from human participants
holds potential for a broad spectrum of per-
sonalized health care applications (Fig. 5B).
For example, nasal EBC alcohol concentration
analyzed using EBCare after alcohol consump-
tion exhibited strong correlation with blood
alcohol concentration (BAC)—the gold stan-

dard for monitoring alcohol metabolism or
assessing driving under the influence (Fig. 5C).
In contrast to the standardmouth blow–based
BAC tests, which provide discrete information
and are susceptible to contamination from
alcohol-containing salivary droplets in the oral
cavity, EBCare represents a solution for con-

tinuous, accurate, and real-time alcohol me-
tabolism monitoring (39).
Through a series of protein challenge studies

in healthy individuals using in situ real-time
analysis with EBCaremasks and in vitro analy-
sis with collected human EBC samples, we
identified elevated NH4

+ concentration in EBC,
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Fig. 4. Design and characterization of the wireless electrochemical biosensor
array for in situ multiplexed EBC analysis. (A) Schematic and optical image
of an inkjet-printed electrochemical sensing array for simultaneous in situ
multiplexed monitoring of EBC NH4

+, pH, alcohol, NO2
−, and temperature. RE,

reference electrode; CE, counter electrode. (Inset) Photo of a flexible inkjet-
printed electrochemical sensor array. Scale bar, 5 mm. (B and C) Amperometric
responses of an enzymatic alcohol sensor (B) and a NO2

− sensor (C) in artificial
EBC (400 mM NH4HCO3) containing varied analyte concentrations. (Insets)
The corresponding calibration plots (top right) and schematic (bottom left) of the
alcohol and NO2

− sensors. J, current density; AOx, alcohol oxidase. (D and E) Open
circuit potential responses of an ion-selective NH4

+ sensor (D) and a polyaniline-

based pH sensor (E) in standard analyte solutions. (Insets) The corresponding
calibration plots (top right) and schematic (bottom left) of the NH4

+ and pH sensors.
ISM, ion-selective membrane; PANI, polyaniline. (F) Validation of the NH4

+ and
NO2

− sensors against commercial assay kits for analyzing collected EBC samples
from participants (n = 15 biological replicates from N = 5 healthy participants).
(G) Image and schematic diagram of the integrated electronic system and mobile
app for wireless EBC analysis. ADC, analog-to-digital converter; BLE, Bluetooth Low
Energy; DAC, digital-to-analog converter; INA, instrumentation amplifier; TIA, trans-
impedance amplifier; WE, working electrode. Scale bar, 3 mm. (H) System-level
multiplexed interference study of the electrochemical biosensor array in a microfluidic
test. All error bars in the figure represent standard deviations of the mean.
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alongside increased serum urea concentration
(Fig. 5D and figs. S42 to S44). Controlled low-
or high-protein diets in a healthy individual

over a 2-week period resulted in similar dy-
namic patterns between EBCNH4

+ and serum
urea concentrations (fig. S45). A linear corre-

lation between the EBC NH4
+ and serum urea

concentration was obtained with a correlation
coefficient (r) of 0.846 (Fig. 5E). These findings
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Fig. 5. On-body evaluation of EBCare for EBC analysis in healthy and
patient populations. (A) Full-day cross-activity in situ EBC analysis of a healthy
participant with EBCare monitoring. (B) Photograph of a COPD patient
wearing an EBCare mask during a clinical study. (C) Breath alcohol concentration
monitored by EBCare mask from a healthy participant versus BAC breath test
after consumption of different doses of alcohol. (D) Evaluation of EBCare during a
protein challenge: EBC NH4

+ and serum urea concentrations (n = 15 biological
replicates from N = 3 healthy participants) before and after consuming 120 g of
protein in a day. (E) The correlation between EBC NH4

+ and serum urea
concentration (n = 35 biological replicates from N = 5 healthy participants).
(F) EBC NO2

− concentration in participants with or potentially with airway

inflammation (n = 72 biological replicates from N = 31 healthy controls, N = 12
individuals newly recovered from COVID-19, N = 10 current smokers, N = 9
patients with COPD, and N = 10 patients with asthma). Statistical analysis of
EBC NO2

− concentration: one-way analysis of variance and Tukey’s post hoc
test. (G) The correlation between EBC NO2

− and fractional exhaled nitric
oxide (FeNO) (n = 31 biological replicates from 31 independent participants).
ppb, parts per billion. (H to L) On-body multiplexed EBC analysis with real-time
sensor calibrations using the EBCare mask on a healthy participant (H), a
current smoker (I), an individual newly recovered from COVID-19 (J), a patient
with COPD (K), and a patient with asthma (L). All error bars in the figure
represent standard deviations of the mean.
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suggest that the EBC NH4
+ is derived from oral

saliva urea degradation and has the potential
to serve as a noninvasive alternative biomarker
for serum urea in renal disease management
and personalized protein metabolism moni-
toring (40, 41).
The clinical utility of the EBCare mask-

enabled EBC analysis was evaluated in patients
with respiratory diseases such as COPD and
asthma and after COVID-19 infection (Fig. 5F,
fig. S46, and tables S6 to S8). Given the com-
monality of airway inflammation in respiratory
diseases, we first investigated the concentra-
tion of EBC NO2

− using the EBCare mask in
individuals categorized by airway inflammation
type: healthy control (n = 31), smokers (n = 10),
participants newly recovered from COVID-19
(n = 12), patients with COPD (n = 9), and
patients with asthma (n = 10), where NO2

− is
a representative marker of reactive nitrogen
species (42). Elevated EBCNO2

− concentration
was observed in groups with airway inflamma-
tion, particularly asthma groups (P < 0.0001),
surpassing concentrations in the healthy con-
trol group (Fig. 5F and fig. S47), highlighting
the potential for EBC NO2

− in the diagnosis,
monitoring, andmanagement of patients with
respiratory airway inflammation (43, 44). Our
studies, which included physical experiments
(fig. S48) and patient questionnaires (table S9
and fig. S49), alsodemonstrated thehighbreath-
ability and comfort of the EBCare mask, even
for patients experiencing breathing difficulties.
To further demonstrate the clinical signifi-

cance of EBC NO2
− for asthma and other res-

piratory disease management, we validated
our sensors’ results against a clinically well-
recognized biomarker, fractional exhaled nitric
oxide (FeNO), often referred to as an “inflam-
mometer” (45). FeNO has demonstrated prom-
ise in identifying type 2 inflammation in asthma
and in the management of allergic asthma
(46–48), serving as a crucial indicator of lung
inflammation levels and the effectiveness of
inhaled steroid treatment (47, 49, 50). Our
study revealed a robust r of 0.795 betweenEBC
NO2

− and FeNO across a cohort of 31 human
subjects (Fig. 5G).
Multiplexed sensor data collected by the

EBCare mask from individuals with varying
health conditions revealed rich personalized
health information at the molecular level (Fig.
5, H to L, and figs. S50 to S52). Beyond in-
flammatory conditions reflected by EBCNO2

−,
elevated EBC NH4

+ in COPD patients poten-
tially indicates a higher serum urea, and a
lower EBC pH may be related to airway acid-
ification in asthma patients (2).

Conclusions

Unlike traditional time-consuming laboratory
EBC tests or wearable biosensors analyzing
sweat or saliva, EBCare enables continuous
collection of intricate molecular information

from exhaled breath with high selectivity and
temporal resolution. Incorporated seamlessly
into everyday facemasks, EBCare uses a pow-
erless tandem cooling strategy for stable and
continuous exhaled breath condensation, a
preprogrammed capillary force gradient de-
sign ensuring automatic sampling and refresh-
ing of EBC, and a disposable multiplexed
electrochemical biosensor array for in situ dy-
namic monitoring of exhaled breath biomark-
ers with high accuracy during daily activities.
EBCare introduces a dynamic, user-friendly,
and real-time detection platform that overcomes
complex challenges such as saliva contami-
nation, ongoing monitoring, wearable track-
ing, extended analysis periods, nasal breath
condensate collection, and cost-effective sur-
veillance in the traditional clinical EBC field.
Our pilot human trials involving healthy in-

dividuals and patients with diagnosed COPD,
asthma, or COVID-19 underscore the potential
of EBC and EBCare for personalized assess-
ment of metabolic and inflammatory condi-
tions. Moreover, EBCare’s adaptability allows
for the monitoring of various clinically rele-
vant molecules in the EBC through electro-
chemical analysis. The significance of EBCare
lies in its role as a versatile, convenient, effi-
cient, real-time research platform and solution
in various medical domains, providing a ro-
bust and effective tool for this kind of future-
advancing clinical and medical studies.
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