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While wearable chemical sensors often rely on electrochemical
techniques, optical chemical sensors coupled with a smartphone
or a miniaturized camera represent an attractive approach to the
monitoring of sweat composition. In this paper, we modify real
sports fabrics such as polyester—spandex fabrics with rational
combinations of sensing chemicals including a pH indicator, an ion
exchanger, and an ionophore via one-step inkjet printing. Highly
selective and fully reversible pH optodes as well as Na*- and K*-
selective optodes are obtained only when the most hydrophobic
sensing chemicals are used (e.g., sodium ionophore VIl vs. sodium
ionophore VI). These sensors exhibit large color-based responses
that can be readily identified by naked eye or analyzed via an
iPhone app. Their dynamic ranges well cover the physiological
sweat concentrations of the analytes. Compared to most other
sensors created on garments, our fabric-based optodes are cost-
effective, mass-reproducible by the digital printing technology
currently used in the textile industry, and do not significantly com-
promise the essential properties of fabrics such as flexibility,
stretchability, wickability, and breathability.

Wearable sensing technology has experienced incredible
growth over the past years. While there are many wearable
devices currently on the market, they are largely limited to
monitoring mobility and vital signs. Wearable chemical
sensors are an emerging technology that provides real-time
and non-invasive metabolic and physiological information at
molecular levels via biofluids such as sweat.'™ Electrolytes
and pH are among the most popular analytes of wearable
chemical sensors as their abnormalities are associated with a
wide range of disorders.>* Because ion-selective electrodes
(ISEs) are the gold standard technique for measuring ionic
species in blood/serum/plasma/urine in clinical and hospital
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settings, current wearable sensors predominantly rely on ISEs
for electrolyte and pH monitoring. However, several limitations
hinder the application of ISEs in decentralized settings. First,
individual calibration is performed right before the first use of
an ISE because the standard electric potential varies among
ISEs that are identically manufactured.>® Second, ISEs suffer
from drifts in electric potential during intermittent or continu-
ous measurements, thereby necessitating frequent calibration
and correction to maintain accuracy.>’ Third, conditioning
(soaking) of the dry-stored ISEs for 0.5-48 h is required to
stabilize the sensors before they can be used for multiple
>%8% The recently proposed calibration-free or
conditioning-free ISEs are still in their early stages of research
and not yet adopted in wearable devices.” Therefore, there is a
considerable demand for maintenance-free electrolyte/pH
sensors suited for decentralized sweat chemical monitoring.

measurements.

As the optical counterpart of ISEs, ion-selective optodes
(ISOs) are another type of highly selective sensor for pH and
electrolytes.” ™" Instead of measuring the electromotive force
of a two-electrode potentiometric system, absorbance or fluo-
rescence of an indicator dye is used to determine the concen-
tration of the ionic analyte in the sample. In classical I1SOs, a
lipophilic pH indicator (also known as a chromoionophore)
along with an ionophore and an ion exchanger are impreg-
nated into a plasticized polymer phase to detect electrolytes
such as Na*, K*, Ca®", Mg”", and CI™ in the sample. Similar
optodes without the ionophore allow for the detection of pH.
We recently discovered that these hydrophobic sensing chemi-
cals readily adsorb on hydrophilic substrates such as cellulose
paper, enabling ion sensing in the absence of a plasticized
polymer matrix.">"* The optode cocktail without the plasti-
cized polymer becomes inkjet-printable because of its ideal
viscosity and surface tension. As a result, ISOs can be fabri-
cated in an unprecedentedly precise and reproducible fashion,
making batch calibration possible.'> The elimination of the
plasticized polymer (typically PVC) also dramatically reduces
the hydrophobicity of the sensor and facilitates spreading of
the aqueous sample.™* These features make the inkjet-printed
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plasticizer-free optodes highly suited for wearable sensing
applications compared to traditional ion optodes.

One intriguing way to interface wearable sensors with the
human body is direct functionalization of garments such as
compression tops with sensor components. Thus, users do not
suffer from the discomfort of wearing extra gadgets to monitor
their sweat composition. Currently, most smart (sensing) gar-
ments rely on electrochemical sensors that are quite compli-
cated and hardly mass-produced.’® In this paper, we for the
first time fabricated colorimetric ion-selective optodes on
sports fabrics such as a Nike Dri-FIT shirt made of polyester-
spandex. Since digital printing has been widely used in the
textile industry for dyeing purposes, the simple replacement of
traditional dye inks with optode inks will create sensors onto
clothing. In contrast to previously reported Na'- and F~-selec-
tive optodes on cellulose paper for disposable
applications,'>"? the fabric-based pH, Na®, and K" optodes are
characterized with a focus on their reversibility and response
time. More hydrophobic ionophores are necessitated to attain
robust chemical adsorption on the fabric and therefore accep-
table reversibility in multiple measurements. We also demon-
strated that fabric properties such as surface charge, polarity,
and solvent compatibility play a role in the color and response
of the optodes.

To create wearable pH optodes, a dye that exhibits a very
low water solubility and strong adsorption on the substrate
should be employed. A variety of lipophilic Nile Blue deriva-
tives have been developed as pH indicators in ion-selective
optodes and are commercially available (Chromoionophores I,
II, III, and VII from Sigma). They exhibit different basicities
and allow for pH detection in different ranges.'” Preliminary
experiments revealed that Chromoionophore III with a pK, of
12.0 (determined in methanol)"” has the best sensitivity and
dynamic range for the determination of sweat pH (4.5-7.5).
Fig. 1 shows the colorimetric response of the
Chromoionophore II-based optodes on Whatman filter paper
(Grade 5), polyester-spandex cloth (88/12) from Testfabrics,
and Nike Dri-FIT cloth that also uses polyester-spandex (92/8).
The optodes change their color from bluish to orangish/brown-
ish due to the gradual deprotonation of Chromoionophore III
as pH increases. The color differs on different substrates prob-
ably due to the solvatochromic property of the Nile Blue
chromophore'® and the different polarities of the polymer
fibers. Unlike the raw fabric from Testfabrics, Nike Dri-FIT has
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Fig. 1 Photos of the Chromoionophore lll-based optodes after being
soaked in 40 mM Britton—Robinson universal buffers at different pH for
2.5 min. The optode ink consists of 1.6 mM chromoionophore dissolved
in cyclohexanone.
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additives such as whitening and wicking agents which may
also interact with the dye and affect the optode color. The hue
value of each photo was extracted via a color analysis app,
Color Mate, and used to construct calibration curves.
According to the images and the hue-based calibration curves
(Fig. S17), the dynamic range is shifted toward higher pH on
the fabrics compared to filter paper, which is ascribed to the
different densities of anionic sites of the fabrics and paper.
While cellulose has few carboxylate groups as an impurity,
polyester (polyethylene terephthalate) has a significant
number of terminal carboxylate groups. This is why the zeta
potential of the polyester fabric is much lower than that of the
filter paper (—60 vs. —35 mV at pH 6).">'® The anionic sites
possessed by polyester serve as cation exchangers to attract
protons to the sensing layer, thereby requiring more basic
solutions to deprotonate the Chromoionophore III and leading
to a dynamic range at higher pH.

Although Chromoionophore III has good sensitivity to pH
changes, we found that this dye is not a suitable indicator for
Na' and K" optodes because only very high concentrations of
Na' (>0.1 M) and K' (>0.01 M) can induce appreciable
responses. Instead, Chromoionophore I with a lower pK,
(10.6)"” enables the creation of optodes that respond to Na*
and K' at physiological sweat concentrations (see below).
Chromoionophore I can also be used to detect sweat pH when
combined with a hydrophobic cation exchanger, sodium tetra-
kis[3,5-bis(trifluoromethyl)phenyl Jborate (NaTFPB). In
addition, the cost of Chromoionophore I is much lower than
that of Chromoionophore III. Therefore, we used
Chromoionophore I to create all pH and electrolyte optodes on
fabrics for the remainder of the paper. Since Nike Dri-FIT
shirts are commonly used exercise garments, it was chosen as
the primary testing fabric. As shown in Fig. 2A, a dynamic
range of pH 4 to 11 and a linear range of pH 5 to 9 were
obtained on Nike Dri-FIT fabric modified with
Chromoionophore I and NaTFPB at a molar ratio of 4:1.
Using pH 6.0 to 7.0 as an example range, a pH change of 0.2
can be readily detected by this method (Fig. S21). The 90%
response time of the pH optode is less than 2.5 min for both
the increase and decrease of pH (Fig. 2B). Excellent reversibil-
ity between pH 4 and 8 was obtained in 10 rounds of tests,
which agrees with the fact that the protonation/deprotonation
process of the dye is fully reversible (Fig. 2C).

The blended fabric of polyester and spandex (>85% poly-
urethane) is one of the most popular materials used for high
performance activewear. While polyester is durable and resist-
ant to stretching and abrasion, spandex imparts excellent elas-
ticity to the cloth. Interestingly, the dye is more concentrated
in spandex according to the stacked confocal image (Fig. 2D).
Both polyethylene terephthalate and polyurethane are not fully
resistant to cyclohexanone, the organic solvent used in the
sensing ink. Therefore, the dye may not only reside on fiber
surfaces but also penetrate into these fibers with the aid of the
solvent. With only about 10 L of cyclohexanone used per sq.
cm of optode, fibers were clearly not dissolved according to
the confocal image and observations from the naked eye. We
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Fig. 2 Colorimetric response (A), response time (B), and reversibility (C)
of the fabric-based pH optode in Britton—Robinson universal buffer at
different pH. (D) Stacked confocal image of the optode under 633 nm
excitation. The pH optode ink consists of 1.6 mM Chromoionophore |
and 0.4 mM NaTFPB. Data points in the calibration curve are average +
s.d. for n = 3 sensors.

did not further study the dye distribution and the reason for
its higher affinity toward spandex. Nevertheless, the excellent
pH response shown in Fig. 2 suggests that most dyes are
readily accessible to analytes in the aqueous sample.

To create optodes for electrolyte cations, an ionophore
specific to the cationic analyte needs to be printed along with
the chromoionophore and the ion exchanger. According to the
well-established mechanism of ion-selective optodes,'® the
analyte cations transfer into the sensing phase and expel
protons into the aqueous phase, resulting in the deprotona-
tion of the pH-sensitive dye. A 100 mM Bis-Tris-HCI buffer at
pH 6.5 is used as the background of all calibration solutions,
which is close to the average sweat pH of 6.3. As shown in
Fig. 3, a dynamic range of 107> to 1 M and a linear range of
10™* to 107> M was obtained when the molar ratio of
Chromoionophore I, NaTFPB, and potassium ionophore III is
1:1:3. This well covers the physiologically relevant range of 2
to 10 mM K' in sweat. The K' response is at least 1000 times
more sensitive than those of other electrolytes including Na*,
Li*, and Ca*". This optode is also reversible and has a 90%
response time of <2.5 min. When a commonly used ionophore,
sodium ionophore VI,'»'* is printed along with
Chromoionophore 1 and KTFPB to create Na' optodes, the
reversibility is unsatisfactory (Fig. 4A). The gradually decreased
response is presumably attributed to the loss of ionophore.
Sodium ionophore VIII shares the same crown ether-based ion
binding moiety with sodium ionophore VI but bears one more
C12 chain. The enhanced hydrophobicity is supposed to sup-
press the leaching of ionophore and may improve optode rever-
sibility. As shown in Fig. 4B, the reversibility is indeed signifi-
cantly better with sodium ionophore VIII. The fabric-based
sensor using sodium ionophore VIII exhibits a linear range of
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Fig. 3 Colorimetric response (A), response time (B), and reversibility (C)
of the K* optode printed on Nike Dri-FIT fabric. The optode ink consists
of 3.2 mM Chromoionophore |, 3.8 mM NaTFPB, and 6.4 mM potassium
ionophore Il dissolved in cyclohexanone. All agqueous solutions were
prepared in 0.1 M Bis—Tris—HCL buffer at pH 6.5. Data points in the cali-
bration curve are average + s.d. for n = 3 sensors.
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Fig. 4 Reversibility (A and B), colorimetric response (C), and response
time (D) of the Na* optode printed on Nike Dri-FIT fabric. The optode
ink consists of 3.2 mM Chromoionophore |, 4.0 mM KTFPB, and 10 mM
sodium ionophore VI (A) or VIII (B, C and D) dissolved in cyclohexanone.
All agueous solutions were prepared in 0.1 M Bis—Tris—HCI buffer at pH
6.5. Data points in the calibration curve are average + s.d. for n = 3
sensors.

107" to 1 M, covering the sweat Na* concentration of 10> to
10" M. The response is >10 times more sensitive than K" and
>1000 times more sensitive than Li* and Ca". To confirm that
K" will not interfere with the Na' detection, the Na* optode
was tested in 10 mM NaCl in the Bis-Tris-HCI buffer with
different concentrations of KCl. The hue increase is only 2.1°
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when K' increases from the lower end (1 mM) to the higher
end (10 mM) of its physiological concentration in sweat. The
90% response time of this sensor is <1 min (Fig. 4D), shorter
than that of the K" optode on the Nike Dri-FIT fabric. The
difference in response time may be attributed to the liquid
state of sodium ionophore VIII and the solid-state of potass-
ium ionophore III at room temperature.

Since the response time was obtained in bulk solutions
with gentle agitation, it may not accurately reflect the response
time in real perspiration analysis. Although Nike Dri-FIT fabric
is designed to reduce sweat absorption into fibers by wicking
away sweat, there may still be residual sweat that interferes
with new sweat in continuous monitoring applications.
Therefore, it is necessary to perform on-body tests in the
future to evaluate the temporal resolution of the fabric-based
optodes as wearable sensors for sweat analysis.

Fig. 5 shows the dynamic water contact angle results of the
unmodified and modified Nike Dri-FIT fabric. As expected, the
modification with hydrophobic sensing chemicals increases
the surface hydrophobicity. However, water completely spreads
on the pH and Na" optodes within 2 s, representing a negli-
gible reduction in the water wicking ability. The K" optode is
most hydrophobic probably due to the more rigid structure of
potassium ionophore III, but complete spreading can still be
achieved within 15-20 s, which is advantageous over the plasti-
cized PVC optodes that are highly water-repelling.'* Overall,
the fabric-based optodes still have a high degree of water wick-
ability desired for epidermal sensing. Stretchability is a chal-
lenge for many smart garments based on conducting
materials. In contrast, the adsorbed sensing chemicals on
fabrics are supposed to withstand stretching. Using pH
optodes as an example, 150% stretching of the sensing fabric
by 50 times does not cause any drift in the colorimetric
response (a hue value deviation of <2° for pH 4). An abrasion
test was performed on a sodium ionophore VIII-based Na"
optode printed on Nike Dri-FIT fabric. The optode was sub-
merged in a buffered 10 mM Nacl solution for 2.5 min to get
an initial hue value. The optode was then rubbed 10 times to
simulate friction between the user and wearable. After 10
times, the fabric was tested for hue value in the same solution.
This procedure was repeated for 5 trials. Hue value was con-
sistent over all 5 trials with a standard deviation of 0.7° in hue.
The K" and pH optodes also showed no signal drift in the
abrasion test.
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Fig. 5 Dynamic contact angles of water on original Nike Dri-FIT fabric
and optodes on the same fabric.
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Fig. 6 Different optode patterns printed on Nike Dri-FIT fabric using a
drop spacing setting of 10 or 20 pm in the Dimatix Material Printer.

An intriguing feature of the inkjet-printed sensors com-
pared to most other wearable sensors on cloth and other sub-
strates are that the shape, size, and shade of the printed
sensors are easy to tune. As shown in Fig. 6, sensors as small
as 2 x 2 mm? can be readily printed on the fabric. By adjusting
the drop spacing and/or printing layers, the density of chemi-
cals can be precisely controlled on the fabric.

In conclusion, we present for the first time a fully revers-
ible, plasticizer-free ISOs applied to fabric via inkjet printing.
Our pH, Na', and K* optodes have demonstrated excellent sen-
sitivity, response time, and reversibility. Due to the pH fluctu-
ation of sweat, chromoionophore-based electrolyte sensors can
be problematic with real sweat samples because of the pH
cross-sensitivity of the optodes. Calibration curves may need to
be constructed for each pH so that pH correction can be per-
formed with the aid of the pH sensor. A buffering system may
also be introduced to the electrolyte sensing areas to control
the local pH. Replacement of the pH-sensitive dye with a pH-
independent solvatochromic dye is another possible direc-
tion.”® We believe our method presents a strong step towards
fabricating smart garments using optical chemical sensors. In
future work, we will explore more sensing chemistries,
compare more polymer fabrics, extend the ionic analytes, and
initiate on-body tests.
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