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Abstract: Human exposure to hazardous chemicals can have
adverse short- and long-term health effects. In this Communi-
cation, we have developed a single-use wearable hazard badge
that dosimetrically detects diethylchlorophosphate (DCP),
a model organophosphorous cholinesterase inhibitor simulant.
Improved chemically actuated resonant devices (CARDs) are
fabricated in a single step and unambiguously relate changes in
chemiresistance to a wireless readout. To provide selective and
readily manufacturable sensor elements for this platform, we
developed an ionic-liquid-mediated single walled carbon
nanotube based chemidosimetric scheme with DCP limits of
detection of 28 ppb. As a practical demonstration, an 8 h
workday time weighted average equivalent exposure of 10 ppb
DCP effects an irreversible change in smartphone readout.

H uman exposure to hazardous chemicals in the environ-
ment, in the workplace, or in military contexts remains
a critical human health concern. Furthermore, recent and
continued human exposure to hazardous chemicals in “every-
day” environments has prompted heightened interest in
chemical monitoring by citizens.l'"?) Most toxic gases are not
visually detectable and can be harmful at persistent exposures
below the human olfaction threshold. The ability to quantify
a chemical hazard dose in a temporally correlated fashion
would enable real-time personalized risk assessment (Fig-
ure 1a).

Real-time, personalized situational awareness remains
impractical for all but the most specialized applications:
existing technological solutions are largely limited to colori-
metric reagent tests such as Driger tubes,””! various electronic
nose technologies,” and scaled-down spectroscopy-based
methods.”! The principal limitations of these techniques are
either cost, reliability, sensitivity, ease-of-use, physical size,
power requirements, or all of the above. As a result, personal
chemical dosimeters have not been broadly implemented. To
address this need, we have developed a low-cost, user-
friendly, passive, reliable chemical hazard badge that collects
actionable health risk data that can be transmitted wirelessly
to cloud data storage.

Our concept was to create wearable, battery-free, single-
use chemical hazard badges that cost less than $1, are
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Figure 1. a) A wearable, passive, disposable chemical dosimeter
hazard badge can be scanned periodically throughout the day. A fresh
tag would be peeled off from a pack at the beginning of each time
period. b) Quantification of the “dose” of the hazardous chemical
using a smartphone enables facile information collection to a central-
ized database, by means of cloud data transfer/storage. Standardized
decisions can be informed by predefined protective action criteria
(PAC) levels associated with equivalent exposure time weighted
average hazardous chemical concentration.

combustible or recyclable and therefore environmentally
friendly, and are smartphone-communicable (Figure 1b).
Passive radio frequency communication devices, such as
near field communication (NFC) tags, meet these require-
ments. )

We targeted diethyl chlorophosphate (DCP) in our
development of a prototype chemical hazard dosimeter.
DCP has been studied as a target analyte for chemical
sensors mainly as a chemical warfare nerve agent (NA)
simulant.”! It is also a chemical analogue of cholinesterase
inhibiting organophosphate pesticides.’! For chemical haz-
ards like DCP, time-weighted-average (TWA) permissible
exposure limits are the most relevant parameter in dictating
the necessity and type of protective actions to be taken.

Ideal chemical hazard dosimeters enable the instanta-
neous assessment of a TWA exposure based on temporally
correlated chemical dose information. For instance, the US
Department of Energy has established “protective action
criteria” levels (PAC) for over 3000 hazardous substances,
including DCP" Accordingly, hazard badges could be
designed to activate at dosage levels that induce mild,
transient health effects (PAC-1), irreversible or other serious
health effects that could inhibit the ability to further protect
oneself (PAC-2), or life threatening health effects (PAC-3).
Furthermore, personal exposure information could be
synchronized with a cloud database!® to expose spatiotem-
poral trends"” and enable emergency decision making by
a second party in the case of incapacitation of the hazard
badge wearer.

We have previously demonstrated that two-step conver-
sion of NFC tags into chemically actuated resonant devices
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(CARDs) can enable semiquantitative, selective detection of
chemical gases with a smartphone.'!! However, ultra-trace
(less than part-per-million) sensing and dosimetric detection
remain challenging with our initial designs."” To address
these challenges we report herein key improvements to both
the circuit design as well as new single walled carbon
nanotube (SWCNT)-based chemiresistive dosimetric materi-
als.

In our first generation CARD platform (series-CARD, or
s-CARD), the chemiresistor (R,) is incorporated in series with
the NFC integrated circuit (IC) in a two-step method. This
method involves the disruption and recompletion of the
circuit (Figure 2a). The raw chemical information that the
chemiresistor collects is converted and wirelessly transmitted,
mainly in the form of device resonant frequency (f})
amplitude, or gain (in dB).
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Figure 2. a) Single-step nondisruptive conversion of a commercial
NFC tag to a p-CARD and comparison to our first-generation design.
To create an s-CARD, a hole is punched removing some of the
aluminum lead material and disrupting the circuit, which is recon-
nected by the chemiresistor. To create a p-CARD, the material is
deposited on the aluminum leads connecting the IC. Note that the
p-CARD photograph has opposite contrast (aluminum metal is bright)
to reveal the deposited chemiresistor. b) Resonance-frequency traces
for s-CARD (i) and p-CARD (ii) with varying R,. Respective gain values
measured for each R, (insets in (i) and (ii)).

Although the s-CARD proved successful in selectively
detecting chemically diverse analytes at parts-per-million
(ppm) levels, we noticed that its circuit structure could
introduce physical constraints to the response magnitude
corresponding to a certain change in the sensor resistance
(AGain/AR,). We have systematically examined the gain
readout of a series of s-CARDs with fixed resistors (R,) in
place of chemiresistors. These resistors ranged from 100 Q to
100 k€2, which encompassed the typical dynamic range of our
CNT-based chemiresistors (1 kQ to 100 kQ). As shown in
Figure 2b (part (i)), the device resonated in all cases, and
a non-monotonic change in the gain readout was observed as
R, increased (Figure 2b, inset in part (i)). This resulted in
a minimal gain difference observed between R,=1k< and
10 kQ. More importantly, the non-monotonicity leads to
ambiguous results when the device is operating within a large
dynamic gain range.
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We hypothesized that incorporation of the chemiresistor
in parallel with the integrated circuit would serve to overcome
the drawbacks associated with s-CARDs. Such a modification
process produced a new type of CARD platform: parallel-
CARD, or p-CARD. For a proof of concept, parallel fixed
resistors ranging from 100  to 100 kR were used to construct
a series of p-CARDs. Their gain readouts were measured. As
shown in Figure 2b (part (ii)), as R, increased, the device
underwent a monotonic decrease in gain and proceeded from
nonresonant to resonant. The gain-logR, relationship was
linear from 1kQ through 100k (Figure 2b, inset in
part (ii)).

The importance of practicability in the fabrication proce-
dure of a new device structure should not be understated. In
this regard, the p-CARD design is advantageous; it does not
require disruption of the existing radio frequency ID (RFID)
circuit and can be fabricated in a single step. The p-CARD is
created by simple deposition of chemiresistive material
between the leads connecting the IC (Figure2a). This
nondisruptive modification method not only results in more
consistent device performance but also makes p-CARDs
amenable to inkjet printing and roll-to-roll manufacturing
processes.!"!

With the p-CARD platform in hand, we turned our
attention to the development of a DCP-responsive dosimetric
SWCNT chemiresistor!* based on the irreversible hydrolysis
of DCP™ To enhance the response by accelerating hydrol-
ysis, we targeted SWCNTs in ionic liquids."”! In addition to
creating solution-phase reactivity at the SWCNT surface,
ionic liquids (IL) have been shown to partially debundle
SWCNTs when the two components are ground together in
the solid state or when a mixture of SWCNTs and an IL are
sonicated together in the presence of cosolvents."”! Despite
these advantages, SWCNT/ILs are not an established chem-
iresistor platform.®

We initially tested the response of p-CARDs fabricated
with SWCNT/IL composites to DCP in nitrogen (N,). We
found that a combination of SWCNT and 1-butyl-3-methyl-
imidazolium chloride (BMIMCI) showed a good, irreversible
response. Previous work in our laboratory has shown that
small-molecule selectors incorporated into chemiresistor
formulations can selectively enhance the resistive response
to gas analytes.'”) By incorporating 2-(2-hydroxy-1,1,1,3,3,3-
hexafluoropropyl)-1-naphthol (HFIPN) as a hydrogen-bond-
ing chelator/catalyst”®” into the mixture, a 3.3-times improve-
ment in response to DCP was realized (Figure 3a).

The irreversible response and significant enhancement
associated with the BMIMCI/HFIPN-based chemiresistor was
consistent with observed hydrolysis kinetics of DCP in
solution (Scheme 1). We found that at room temperature,
DCP undergoes only minor hydrolysis after stirring in CD;CN
for 10 min, even in the presence of excess water (8 equiv) as
monitored by P NMR spectroscopy (Scheme 1, condi-
tions ii: for DCP 0~ 4.8 ppm). In contrast, when DCP was
added to a mixture of HFIPN and BMIMCI (a minimal
amount of CD;CN was added to obtain a liquid mixture) in
the absence of any additional water, instantaneous hydrolysis
occurred with the trace water present under an ambient
atmosphere (conditions i). Specifically, a significant portion
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Figure 3. a) When exposed to DCP (1 ppm) for 50 s, p-CARDs fabri-
cated with HFIPN (blue bar, left) had a 3.3-times larger magnitude of
response than those fabricated without HFIPN (red bar, right).

b) Magnitude of response (AGain) as a function of device “age”. Blue
squares represent different devices. The structures of the components
of the optimized system are shown (inset). c) SEM image of a typical
SWCNT-wrapped microcrystal. Scale bar=1 um.
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Scheme 1. *'P NMR spectroscopy kinetics study of DCP hydrolysis.

was hydrolyzed within a few seconds, indicated by the
emerging signal for diethylphosphoric acid at 8 ~ —0.5 ppm.
Nearly full conversion was observed within 10 min.

Upon a more thorough investigation, we observed that
there was a maturing process with the SWCNT/BMIMCI
system, accompanied by two coinciding observations: 1) the
p-CARD baseline (gain) drift was effectively zero and 2) the
magnitude of the response to DCP increased substantially as
a function of time, reaching a maximum after about 18 h
(Figure 3b). Visual inspection and optical microscopy con-
firm time-dependent crystallization of BMIMCI at the surface
of p-CARD (Figure S7). Scanning electron microscopy
(SEM) revealed the formation of SWCNT-wrapped micro-
crystal structures (Figure 3c). We hypothesized that such
structures could increase SWCNT surface area and thus lead
to an enhanced response. This is consistent with our
observation that p-CARDs fabricated with 1-butyl-3-methyl-
imidazolium type ILs that are liquids at room temperature
(anion = hexafluorophosphate, bromide, or iodide) did not
demonstrate this behavior. Recent reports suggest solid-
phase ILs hold promise as a tunable class of materials for
a broad array of applications.”"

With the optimized system in hand, we next evaluated its
performance toward various concentrations of DCP. We
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Figure 4. p-CARD DCP dosimeter performance with varying DCP
concentrations: a) Saturation plots. DCP exposure started at 100 s.
The results are the averages of multiple individual devices tested
(X=S5, except for [DCP]=28 ppb (inset) where X=3). Shaded areas
indicate standard deviations. b) Relative resistance changes per
minute. The upper inset shows the expanded portion for

[DCP] =28 ppb. The lower inset shows the exposure-dose-normalized
response determined for p-CARDs at each concentration tested.

fabricated a series of p-CARDs that incorporated the
BMIMCI/HFIPN/SWCNT-based chemiresistor. The individ-
ual device was exposed to a nitrogen flow for 100 s followed
by DCP vapor until its gain readout reached saturation. The
results are summarized in Figure 4 a.

Consistent magnitudes of saturation response were
observed (AGainx—1.9dB, or AR/R,~1400% ) when the
DCP concentration was greater than 100 parts-per-billion
(ppb), whereas a slightly diminished overall change in gain
was obtained with 28 ppb DCP (AGain~ —1.5 dB; see Fig-
ure 4 a, inset). From the linear region of the saturation plots,
we were able to extract the relative sensor resistance change
per minute as a benchmark for detection sensitivity evalua-
tion (Figure 4b). It was found that R, increased by over 60 %
after exposure to 2.4 ppm DCP for only 1 min. This high
sensitivity and fast response kinetics allowed the detection of
DCP at a concentration as low as 28 ppb and on a practical
time scale (0.4 % min').

A true test of a dosimeter is based on the response
behavior across all combinations of time and concentration.
Ideally the response of a dosimeter is proportional to the
exposure dose, the product of analyte concentration, and
exposure time ([analyte]-Ar). It was determined across three
orders of concentration magnitude that the exposure-dose-
normalized response (gain) of all p-CARDs tested fell within
a relatively narrow range (Figure 4b, lower inset), indicating
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concentration-independent dosimetry of our optimized
system. By taking the average exposure-dose-normalized
response, the ATT="tpl=0mm tpr=Omm tptxpt=4.8mm
tptxt=5.2mm tptxb=4.2mm" exposure-dose-dependent rela-
tionship to the change in gain of a p-CARD can be
empirically derived as:

AGain — A / (DCPdr (1)

Where A=—(2.54+12)x10*dBppb 'min~' and ¢ is mea-
sured in minutes. This key relationship thus enables unam-
biguous equivalent exposure assessments based on the
relative change in gain. Furthermore, when combined with
knowledge of the power threshold of binary p-CARDs,
preprogrammed p-CARDs that switch on and off after
passing a predefined equivalent exposure threshold can be
easily and predictably fabricated.

Next, the NA-simulant-triggered smartphone binary
switch of this system was demonstrated wherein a p-CARD
was repeatedly exposed to DCP vapor (2 ppm) for 50s
followed by 170 s N, (Figure 5). The device was designed to
switch on when it had exceeded a PAC-1 threshold. Initially,
the p-CARD was below the smartphone’s on/off threshold at
gain=—0.225dB, and thus was unreadable (“off” state,
indicated by green dots). The corresponding frequency-gain
plot of this device (=0 s) was nearly flat, demonstrating poor
device resonance within the working frequency region of the
NFC reader (see Figure S9 in the Supporting Information).

As the device was iteratively exposed to DCP: 1)a
consistent irreversible gain readout decrease (R increase) was
observed, as showcased by the staircase-shape plot; 2) the
resonance amplitude of the device increased, as indicated by
the increasing depth of the minima in the frequency-gain
plot; 3) After 3 cycles, corresponding to a PAC-1 TWA of
10 ppb, the device’s resonance amplitude exceeded the read-
ability threshold and became readable by the smartphone
(state “on”, indicated by red dots).”*?!
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Figure 5. p-CARD DCP PAC-1 dosimeter. A p-CARD's gain (left axis,
blue data points) was measured while it was iteratively exposed to
DCP (2 ppm in N,; shaded bars). The equivalent exposure TWA (right
axis, blue line) was calculated, and the p-CARD was read by a smart-
phone once per cycle. Below the PAC-1 threshold, the p-CARD is
unreadable (green dots). Above the PAC-1 threshold, the p-CARD
becomes readable (red dots).
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Figure 6. Selectivity of p-CARD DCP dosimeter towards interferents.
Change in p-CARD gain as a function of a) exposure time (min) and
b) exposure dose (min ppm).

When it comes to in-field chemical hazard dosimetry,
chemiresistor selectivity to the target analyte over commonly
encountered interferent chemicals is critical for minimizing
the occurrence of false alarms.”® Toward this end, a series of
potential interferent chemicals were evaluated. Overall, the
responses (AGain/At) of our p-CARD DCP dosimeter
toward NA simulants (DCP and diisopropyl fluorophos-
phates (DFP)) at ppb or low-ppm level were at least one order
of magnitude larger than those resulted from the highly
concentrated vapors (about 100-1000 ppm) of the interfer-
ents studied (Figure 6a). This good selectivity can be better
characterized by the exposure-dose-normalized responses
(Figure 6b). Among the interferents tested, ketone, ester, or
hydroxy functional group containing compounds afforded
a detectable sensor resistance increase, presumably through
hydrogen-bonding. Hydrocarbon/halogenated hydrocarbons
were essentially inert to the sensor.’¥! Dimethyl methyl-
phosphonate (DMMP), a hydrogen-bond-accepting NA sim-
ulant that does not react covalently under these conditions,
elicited a much smaller response than DCP and DFP at
comparable concentrations, which is consistent with the
irreversible hydrolysis proposed for the response to DCP
and DFP.™!

In conclusion, we have developed a highly sensitive and
selective disposable wireless dosimetric chemical hazard
badge that can reliably detect NA simulants down to
28 ppb. This was enabled by 1)the invention of a new
wirelessly addressable sensor platform, p-CARD, derived
from commercial NFC tags in a single step, and 2) the
identification of a SWOCNT/IL-based chemiresistor that
selectively responds to the target analyte through instanta-
neous irreversible reactions. This badge allows the quantifi-
cation of chemical hazard dose in a temporally correlated
fashion and transmission of that information wirelessly, which
has been demonstrated by the smartphone readability switch
upon repeated exposures. The consistent dosimetric behavior
of this system enables real-time hazard assessment that is
relevant to widely employed chemical hazard regulation
standards.
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