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Qaining significant attention as

a non-invasive method to acC®ss many electrolyte, molecule, and
protein analytes found in"#ood [1]. Such attention builds on
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1. Introduction compared to other non-invasive biofluids [5-9]. Interest in sweat
biosensing has also been inspired by numerous technological
demonstrations of small and ergonomic tattoos, bands, and
patches which can continuously monitor electrolytes and metab-

olites in sweat [5,7,10-12]. However, despite the increasing

Eccrine sweat has recen

established commercial use of sweat for cystic fibrosis testing [2]
and testing for metabolites of drugs of abuse [3,4]. The recent surge
of interest in sweat biosensing has been caused by a demand for
wearable technology that can continuously measure chemical
analytes, and because sweat has several inherent advantages
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interest, rationale, and device demonstrations, there is a major
unresolved confounding issue: sweat access is limited and
unpredictable for individuals at rest. Although on-demand sweat
stimulation using iontophoresis does exist [2,13], it has been
limited primarily to acetylcholine and pilocarpine, which produces
a localized sweating response of only several minutes or ~90 min,
respectively. Similarly, recent demonstrations of integrated sweat
stimulation and sensing have also been limited to about an hour or
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less [14,15]. These hour-long stimulations are useful for point-of-
care testing, and are used extensively for cystic fibrosis testing [2],
but are inadequate for continuous sensing for 24 h or more.

Reported here is a prolonged and localized sweat stimulation by
iontophoretic delivery of the slowly-metabolized agent carbachol.
In most subjects, in-vivo testing reveals that carbachol stimulation
surpasses a major goal of 24-h generation of sweat. This result is
more than an order of magnitude longer duration than that
achieved with commonly-used pilocarpine stimulation. Also
demonstrated are iontophoretic dosages that are dramatically
lower (up to 100-1000X) than other medical uses of carbachol.
Furthermore, using these lower dosages, feasibility of repeated
stimulation at the same stimulation site is shown. The results of
this work are only important from an applied perspective, if
natural sweating events are too infrequent or too low in sweat
generation rate. Therefore, detailed measurements of natural
baseline sweat rates are presented across multiple days, confirm-
ing a clear need for localized sweat stimulation. Lastly, this work
provides demonstration and rationale for improved yet simple
methods of accurately quantifying sweat generation rates (nL/min/
gland). This work is not only significant for wearable sweat
biosensing technology, but could also have broader impact for
those studying topical skin products, antiperspirants, textiles and
medical adhesives, nerve disorders, the effects of perspiration on
skin-health, skin related diseases such as idiopathic pure
sudomotor failure and hyperhidrosis, and other skin and perspira-
tion related applications.

2. Rational for choice of carbachol and for dosages

Acetylcholine (ACh), a naturally produced sweat stimula
rapidly hydrolyzed in milliseconds via its complementary
tiQwPis

acetylcholinesterase (Table 1) [16]. In the body, a shor
advantageous as rapid switching from sweating %, n8g-sweating

states is required. However, in a sweat stimulafg e, large
amounts of ACh sweat stimulant would need to tin®ally dos
to produce a sustained sweating respon: eat ana

devices, frequently repeated or continuo ) ion is digadva
tageous because it can potentia inNakin da e by
electroporation [17] or with poggftiefice ##n, pH dam, |
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Cholinomimetic, carbamic acid esters such as carbachol and
bethanechol are more resistant to acetylcholinesterase (AChE)
hydrolysis, on the order of 107 slower than their acetyl counter-
parts like ACh [19]. For carbachol and bethanechol, resistance to
AChE hydrolysis is achieved by replacing the methyl tail group on
ACh with a primary amine group. This allows such molecules to
remain and interact at the ACh receptors at the base of the sweat
gland and therefore produce sweat for extended periods (hours or
more). It should be noted that pilocarpine, an alkaloid muscarinic
cholinergic agonist, is also weakly hydrolyzed by AChE but is
shorter-acting than carbachol. Pilocarpine is likely metabolized by
other mechanisms [20]. Due to their hydrophilicity, choline esters
also have poor absorption and distribution within the central
nervous system [16,21].

Being slowly metabolized is not the only consideration that may
matter for sweat stimulation. For example, although bethanechol

or methacholine are slowly metabolized, the 3-methyl group of
such molecules restricts nicotinic activity, p @" ing a lesser
nicotinic-induced sweating response (Tabl . Waegfiore, the full
receptor capability of the eccrine gland W(@t be utilized (i.e.

ini uscarinic choli ptors). Details of
cholinergic rmacology and sweating

response can d else\xher@( 3]. With this consider-
ation, in it was hyp ed¥that carbachol could be an
exgell ®onged swe, O&u ant because (a) it is not
S %e 0o ACh i s both high nicotinic (c) and
m rimc recpt ®flaving nicotinic activity is also
benefi®al in a w evice, because it can facilitate co-

ation of sweat sens

&ure, including by iontophoresis, intradermal/intracuta-
ginjections and for intravenous infusion. For iontophoretic
plications, reports of iontophoretic dosages of 300 mC or
600 g carbachol (1 mA for 5min) have been reported [24-27].
These values are ~4-40x larger than those utilized here (Table 2).
Comparatively, reported dosages from two papers via intradermal
[28] and intracutaneous [29] injections tallied approximately
15 g and 0.01 g, respectively. Furthermore, two studies [30,31]
have reported use of 3 pg/kg of carbachol over 25 min via a venous
catheter with one subject out of 12 experiencing side effects
(dizziness) at infusions of 2 pg/kg [30] and 9 of 12 healthy patients
experienced headaches at infusions of 3 wg/kg [31]. Furthermore,
most subjects exhibited headaches at 3 p.g/kg and more severe side
effects (urges to void) at 4 pg/kg [30]. Carbachol is also prescribed
for post-operative patients to relieve intraocular pressure by
injection of 0.5mL 0.01% solution (50 ug) into the anterior
chamber [32], and to relieve urinary retention by oral dosing at
2mg [33]. Lastly, for glaucoma, 2 drops of a 0.75-3% carbachol
solution can be administered up to 4 times daily which is 0.75-
3 mg total daily [34].

Consider the 100%, 50%, 25% and 12.5% dosages used here where
the percentage is in comparison to the commercial Wescor
Nanoduct iontophoretic pilocarpine dosage (Table 2). Assume a
wearable device that requires a 1 cm? collection area for a practical
sweat sampling and sensing (~100 active glands, Fig. 2, total sweat
sampling rate of 0.1 to 1 wL/min). The total daily dosages at 100%
and 12.5% Wescor NanoDuct dosage would only be ~80 and
~10 g for this 1cm? stimulation area. Even the triple repeated
dosing experiments conducted here at 12.5% dosage would not
exceed ~30 wg/day. Further assume a minimum requirement of 10
active eccrine glands for a viable sweat biosensing device (~1 mm?,
~10-100 nL/min sampling rate), the required dosages could be as
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Percentages used in this work for carbachol dosing, in comparison to the commercial Wescor Nanoduct dosage for pilocarpine. Each stimulation pad (Fig. 1) had an area of
0.88 cm? with two stimulation pads being used per user for a total stimulation area of 1.76 cm?.

Carbachol Dose Current (mA/cm?) Time (s) Charge (mC/cm?) Carbachol Delivered (p.g/cm?)?
12.5% 0.28 18.75 5.25 <9.94

25% 0.28 375 10.5 <19.88

50% 0.28 75 21 <39.76

100% 0.28 150 42 <79.53

2 Theoretical maximum amount. Realistically less than 30% of the total delivered is actually delivered (see Section 3.3).

little as ~8 g per day. Lastly, as noted at the end of Section 3.3, the
efficiency of the delivery of carbachol into the skin is likely less
than 30% of the total iontophoretic dose [35]. This reduction in
delivered carbachol is due to reduced iontophoresis efficiency from
the competition with other mobile ions that are present. Therefore,
the actual required dosages could be even lower (perhaps even less
than 2.4 p.g/mm?).

In summary, although our delivery method and direct
proximity to blood circulation are different than existing medical
applications, we are generally encouraged, given the lower dosages
demonstrated here and the potential for small stimulation areas.
Reduced dosage should help alleviate possible side-effects and
reduce interactions that carbachol may have with other drugs [16].

-

3. Materials and methods
3.1. IRB protocol

Human subjects testing was performed under the guidance of
the University of Cincinnati’s (UC) Human Res Protection
Program (ID# 2016-0015 approved by the UC Ins oflal Review
Board).

3.2. Reagents and

CarbachQls89

A5 51-83-) w hased from Professional
pnters of Ame A, Houston, TX), 99.9%

(a) Components for stimulation and gravimetric testing

gravimetric testing apparatus

elastic arm
band

weighing
disks

iontophoretic
sweat stimulation
apparatus

gels with
sweat
stimulants

electrical lead
for each gel =

disks
underneath
acrylic pillars

Fig. 1. (a) Components for stimulation and gravimetric testing; (b) on skin gravimetric test.
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agarose (A9539) and bromophenol blue (B0126) were purchased
from Sigma Aldrich (St. Louis, MO). Pure 5000 cST and 1000 c¢ST
cosmetic-grade polydimethylsiloxane (PDMS) was purchased from
ClearCo Products (Willow Grove, PA). 0.25” and 0.06” thick acrylic
was purchased from McMaster-Carr (Aurora, OH). Weld-On #3
Acrylic Adhesive was purchased from IPS Corporation (Gardena,
CA). Carbon Kapton Film (Kapton 200RS100, 105 {)/square) was
purchased from Dupont (Wilmington, DE).

3.3. Gels for iontophoretic stimulation of sweat

Pilocarpine gel discs were purchased from Wescor, Inc. (South
Logan, Utah) and cut down to a smaller size of 0.635 cm thickness
and 1.06 cm diameter (~0.88 cm? each). Carbachol gel discs of the
same dimensions were fabricated using 1% carbachol and 3%
agarose, by weight, in deionized water. The carbachol and agar
solution was first heated to 150°C and stirred for 30 min. The
aqueous solution of carbachol remains stable even when heated
[36]. Next, deionized water lost due to evaporation during the
heating/stirring process was added back to the solution and this
solution was then again heated at 80°C for 30 min to ensure the
added water was evenly distributed. The carbachol/agarose
solution was then cast in an acrylic mold which provided an
array of discs of the same dimension as the pilocarpine gel discs.
The mold was then placed into a refrigerator at 8 °C where the discs
were allowed to solidify. Finally, the carbachol discs were removed

(b) Baseline sites

from the mold and stored at 8°C in a plastic bag containing 1%
carbachol in deionized water.

Preliminary calculations were done to estimate the amount of
charged drug that would be iontophoretically delivered to the
subject. The dose of the charged drug delivered was estimated as
the product of the current (mA or mC/s) and the duration of
iontophoresis (s), which provides the delivered charge (mC). From
this the charge can be used to calculate the moles of electrons
utilizing Faraday’s constant (96,485C/mol). Since the drugs
delivered are monovalent, an estimation of the mass delivered
can be made with no adjustment for valence (Table 2). Importantly,
based on previous work [35] we estimate that ~30% of the charge
delivered in Table 2 are associated with the stimulant while the
remaining ~70% are mainly other smaller ionic species including
Cl~ from beneath the skin. These competing ions, as well as drug
deterioration could cause lower amounts of stimulant to be
delivered. To ensure precision in the iontophoretic dosing, the gel
discs were all fabricated at the same time and t was cleaned
prior to stimulation (Section 3.5).

metric testing

The stim
AutoCAl

. and gr%il\@
k San Rafae " T¥e full dimensions for these
hglde @vided as \ es in online Supplementary
&o i i
la and ep i

ers were designed in

slayers for the holders were then
eld-on #3 acrylic adhesive. An

Fig. 2. Example experimental result in sweat pore imaging for both the (a) stimulated and (b) baseline sites.
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additional carbon-coated Kapton film (<105ohm/square) was
epoxied to the stimulation apparatus to provide a driving electrode
for iontophoresis of the sweat stimulant. The completed apparatus
for sweat stimulation and for gravimetric testing is shown in Fig. 1.

3.5. lontophoresis stimulation

Iontophoresis was performed utilizing a commercial iontopho-
resis unit with current and dosage controls (ActivaDose II,
ActivaTek, Gilroy, CA). Before stimulation, subjects first had the
volar surface of their dominate forearm cleaned with isopropanol
(IPA) and deionized water to remove potential contaminants. Then
the acrylic stimulation holder and the selected stimulant gel of
pilocarpine or carbachol (Fig. 1) were placed on the clean location.
Areturn electrode of the same gel disk was also placed on the clean
surface. lontophoresis was then performed at the carbachol doses
listed in Table 2, or at a dose of ~90.65 pg/cm? for pilocarpine. The
carbachol doses presented in Table 2 are listed as a percent of the
standard iontophoretic dose (42 mC/cm?) used in the commercial
Wescor Nanoduct sweat stimulation device.

It is important to note that the two stimulation sites (medial
and lateral of the dominant forearm) were delivered individually
so that the current dosages for each would be as accurate as
possible. Performing iontophoresis on both sites simultaneously
could cause errors in current dosage if one site had a different
electrical resistance of skin than the other. To perform these
stimulations individually, the sweat stimulation holder in Fig. 1
was held in a random fixed location against the forearm, and
medial and lateral iontophoretic stimulations were performed
serially (one after the other). Once stimulation occurred
additional stimulation was performed for at least 24 i
exception of the results shown in Fig. 10, which were perfor‘&
on the same location once the sweat rate was determi )
below 1nL/min/gland. Following stimulation, ilﬁxof he

a

stimulation site were taken to monitor for potep

stimulation sites and allow alignment wi
used (Sections 3.6-3.8).

3.6. Basis peak watch and Gamry

A Basis Peak™ fitness monitoring %vatch was afgched to the
volar surface of the dominate wrist of three suby location
that was not iontophoretically stimulated. Cortéi data were
obtained from this source which include kin response
(GSR), activity (steps/motion detectom, art® rate, and skin
temperature. It should be noted that asis¥eak watch product
is no longer available, but other GS uring devices can be
substituted to perform such mea ts, as discussed below.

A Gamry potentiosta v@ 0™ (Gamry Instruments,
Warminster, PA) was al gdgfo obtain a GSR signal. This
benchtop testing system was Wtilized on three subjects 3-4 times a
day for three days (unlike a ch, continuous data collection is not
practical). The built-in single frequency EIS measuring mode was
used with the following settings: 2 kHz monitoring frequency,
353 mV AC voltage, 0.6 s repeat time for 1.02 min, 0.636 cm? testing
area (with gold plated electrodes). From this the electric
conductance was obtained and averaged over each minute.

3.7. Gravimetric testing method

Gravimetric collector disks were laser cut (1.06 cm diameter)
out of TechniCloth™ nonwoven wipes (TX609, Texwipe, Kerners-
ville, NC). Gravimetric testing occurred in a temperature (70°F)
and humidity (50%) controlled room. Additionally, subjects

remained seated (resting) during the test. These cloth collection
disks were pre-weighed by an analytical balance and then placed
on both stimulation and baseline sites of the volar surface of the
dominant forearm. Baseline sites were placed roughly two or more
inches distally from the stimulation sites. Next, the gravimetric
testing apparatus was placed on top of the collector disks (Fig. 1b).
The acrylic posts on the gravimetric testing apparatus were
0.635 cm thick and 1.06 cm in diameter. The purpose of these posts
is to hold the cloth collector disks in intimate contact with the
stimulation and baseline sites, while also allowing evaporation
from surrounding areas of skin. This allows capture of the sweat
generated directly under the collector disks, eliminating evapora-
tion at these sites, and reduces otherwise unpredictable amounts
of sweat collection from neighboring areas. This is important for
accurate sweat rate measurement, as will become apparent in the
next paragraph. Collector disks were left on the skin for 10 to

30 min depending on previous sweat rates and the need for an
adequate sample volume (initial gravimetric test1 r 10 min).
Following each test the samples were remov skin and

wight (Aw) was
mine the total
of nL/min:

immediately weighed again. The difference
then entered in t gllowing equatio
sweat rate in

Q(nL/min) 3

e
106(n14g))@1) ‘The total sweat rate
@ d by the avi \r er of active sweat glands

were th e
(se jon to obtain t@: generation rate in nL/min/
gla waat generatigfl rate i etric reported throughout this
Raper.

T

Before this prefe chnique was utilized, an inferior
ique was attempted where the disks were held in place by
g, they forearm with Saran™ wrap. While it was

llector disks from areas outside the collector disk. This
a an unpredictable collection area, and motivated the
plementation of use of posts as described above and illustrated
Fig. 1.

3.8. Sweat pore imaging

Sweat pore imaging was performed to count the number of
activated sweat glands due to iontophoretic stimulation of sweat.
Sweat pores were imaged following the first gravimetric testing of
sweat generation rate, and periodically through the rest of the
testing for each subject. For each photograph, a suspension of
bromophenol blue dye in cosmetic-grade silicone oil was placed on
the arm for one minute while sitting (resting) in the temperature
and humidity controlled room as detailed above. Images were then
taken and Image] was used to count the number of pores. This oil/
dye technique has been previously utilized and reported by our
group [37] and by others [38]. The oil/dye mixture used here
consisted of pure 5000 cSt and 100 cSt cosmetic grade PDMS oil
which was mixed in a 1:3.5 ratio. For mixing, bromophenol blue
dye (powder form) was added to obtain a final concentration of 7%
(w/w) in the oil and dispersed with a vortex mixer and
ultrasonication (the dye does not dissolve in the oil).

With the oil/dye approach, the oil prevents evaporation and the
pH-sensitive dye partitions from the oil into the sweat emerging
from the sweat ducts and stains the sweat blue. The result is that
only locations of sweat are stained dark blue (the oil remains fairly
clear). A photograph of the represented sweat pore result is shown
in Fig. 2. Experimental results for observed active gland densities
for all tests are provided in Tables 3-4 in the online Supplementary
material.
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3.9. Statistical analysis

Eight subjects participated in this study. Three of the
participants were female with ages ranging between 21 and 47.
The remaining five subjects were male with ages between 23 and
41. The right arm was the dominant arm and the testing arm for all
subjects. All of the subjects besides one female (Asian) were
Caucasian.

Unless otherwise specified, sweat rates were obtained on two
sites per subject (medial and lateral sites, Fig. 1). This procedure
limited the total iontophoretic dose (both sites combined) to be
less than or equal to the commercial Wescor Nanoduct sweat
stimulation product. The data from medial and lateral sites were
analyzed using Welch's t-test to determine for significant
difference (p <0.05). Since there was no significant difference
(p <0.05) between the two-sample location (15 of 15 compar-
isons), the data from the two sites was combined for further
analysis. Consequently, the data reported are the average of the
medial and lateral sampling sites.

The initial sweat generation magnitude and duration (above 1
and 0.1 nL/min/gland) of sweating responses were obtained from
two repeat experiments per case, and were analyzed separately
using ANOVA to determine if the charge-dose means were
different (p <0.05). There was deemed significant differences in

(a1) BASIS watch baseline
-1

means in 3 of the 3 comparisons (p < 0.05). Since this is true, a
Tukey two-sample t-test, assuming unequal variance and differ-
ences deemed significant for p < 0.05, could be ran. Initial sweat
generation magnitude showed 1 of 10 comparisons were
significantly different, while 6 of 10 comparisons for duration
above 1 nL/min/gland and 4 of 10 comparisons for duration above
0.1 nL/min/gland were deemed significantly different (p <0.05).
These significant differences are detailed in Figs. 4-6.

Finally, sex dependency on the initial sweat generation
magnitude and duration (above 1 and 0.1nL/min/gland) of
sweating responses was analyzed using a Welch's t-test to
determine if there was a significant difference (p <0.05). Initial
sweat generation magnitude and duration above 1 nL/min/gland
showed 4 of 5 comparisons were significantly different, while 2 of
5 comparisons for duration above 0.1 nL/min/gland were deemed
significantly different (p <0.05). These results are detailed in
Figs. 7-9.

4. Results
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4.1. Baseline-only data (natural sweating events)

Continuous monitoring of baseline (natural) sweating is
presented for three subjects in Fig. 3. The subjects were measured
during normal work week which included primarily non-manual
labour in an air-conditioned environment. In this data set, the Basis
Peak watch captures a galvanic skin response (GSR) signal which is
measured as relative changes in skin conductance (o). The skin
conductance is plotted logarithmically along with the heart rate of
the subject (beats/min). Additionally, for each subject skin
impedance was also measured using a benchtop Gamry potentio-
stat system. The Gamry skin impedance is more sensitive
measurement and is quantitative (c=mS), but is not wearable or
easily portable, so less data was gathered. Gravimetric sweat
generation rate data was also gathered using cloth collector disks
as described previously in Section 3.7. As will be discussed in
greater detail in Section 5, these results show that natural sweat
events are very low, intermittent, and therefore unreliable for
sweat sampling for non-athletes and non-manual labourers in a
controlled environment (air-conditioning).

4.2. Stimulated sweat results

To ensure that the stimulated results reported here were not
due to natural sweating events, natural baseline sweat generation
rate measurements were also taken for all subjects. The raw data
showing both natural baseline and stimulated sweat generation
rates can be found in the online Supplementary file (see Fig. 8). In
addition, to enable more accurate calculation of sweat generation
rates the number of active sweat glands for all subjects w.

photographed and analysed (see online Supplementary fi
Tables 3-4). &

Figs. 4 and 7 show the bar and whisker graphs of th I
initial sweating responses for all subjects due to stim® @ng
pilocarpine (100%) and carbachol (100-12.5%), in te se vs.

Qs eat rate

initial sweat rate (nL/min/gland). Statistically all T
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Sweat Generation Rate (nL/min/gland)
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12.5% 100%
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Fig. 4. Bar and whisker graph of the initial sweat generation rates for all subjects at
specific doses. Scatter plot for the average initial sweat rate subject is to the right of
the bar and whisker for each dose. Symbols indicate individual subject’s medial and
lateral average values. * Indicates significant difference of means of that dose to
100% carbachol (p <0.05).
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duration between medial and later locations for each subject is to the right of the
bar and whisker for each dose. Symbols indicate individual subject’s medial and
lateral average values. ** Indicates significant difference of means of that dose to
100% carbachol and pilocarpine (p <0.05). * Indicates significant difference of
means of that dose to 100% carbachol (p <0.05).

medians were consistent in Fig. 4 for all doses besides 12.5%
carbachol which, was only slightly lower than the other doses. The
differences in the initial sweat rate depending on gender in Fig. 7
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were all statistically different in m fethales for all doses
besides 25% carbachol.

Figs. 5-6 and Figs. 8-9 showghe

sweat generation durations g

Figs. 5 and 6 show all te d @ all combined study participants

while Figs. 8 and 9 com Resflurations of stimulation for male
5 shows the duration of stimulation

and female participants. FI
above 1 nL/min/gland, e all doses have statistically the same

significant decrease in stimulation duration. The online Supple-
mentary files provide plots for individual subject sweating
responses in terms of sweat generation rate (nL/min/gland vs.
time).

Following testing of the single-dose experiments discussed
above, repeated stimulation experiments were performed utilizing
the lowest dose of carbachol (12.5%). The repeated simulation was
performed at the same locations three times for each of three

d whisker graphs of the
0.1 nL/min/gland cutoffs.

medians besides the duration stimulated by 100% carbachol. Fig. 6
shows the duration of stimulation greater than 0.1 nL/min/gland,
where all doses have statistically the same medians besides the
duration stimulated by 100% carbachol (much larger) and 100%
pilocarpine (much smaller). The differences in the duration of
sweat stimulation depending on gender with a 1nL/min/gland
cutoff are shown in Fig. 8, and statistically details that females have
alesser response to all doses of carbachol than males. With a cutoff
of 0.1 nL/min/gland (Fig. 9) the only doses that showed a decrease
in sweat stimulation duration between male and female subjects
were 100% and 25% carbachol with all other doses showing no

different subjects. Once the subject’s sweat generation rate
decreased to below 1nL/min/gland another stimulation was
implemented until a total of three stimulations had been delivered.
The results from this test are presented in Fig. 10. The total
(cumulative) durations achieved for each subject was 32.47, 18.78,
and 17.82h.

5. Discussion

In this discussion section, we will first review the general
importance of this type of study, and then discuss the data such
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that it can be appreciated in the appropriate context. Lastly, we will
discuss the feasibility of possible alternate methods for achieving
prolonged sweat stimulation.

5.1. Fundamental and applied importance

From a fundamental perspective, this study provides insights
into the long duration and inter-subject variability for sweating
induced by a cholinergenic agent that is weakly or not susceptible
to metabolism by AChE. In particular, this study shows sustained
sweating following a single iontophoretic dose of carbachol that is
much longer than commonly observed for pilocarpine. To the best

stimulations three times for subjects a, b, and d. Stimulations were performed at time=0 and as noted by the arrow points.

of our knowledge, no previous study has reported durations for
sweat stimulation lasting greater than 24h, including even
previous carbachol studies [24-27].

From an applied perspective, the duration and magnitude of the
sweating responses achieved here are important for enabling
wearable sweat biosensing for individuals at rest [1,14]. Carbachol
now presents a potential option for applications where it is desired
to measure analytes in sweat continuously for 24 h or more.

The results in this study are also clinically useful in at least three
ways. First, sweat rate is typically reported in the literature as a
relative measure, and this study provides improved methods for
inexpensively, ergonomically, and accurately quantifying sweat
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generation rate. Second, when working on clinical discovery and
correlation of the many analytes in sweat [39], small sample
volumes can be an issue. Therefore, the results of the present study
are important because they allow greater volumes of sweat sample
with less stress on the subject (e.g. no need for a prolonged thermal
load). Third, larger molecular weight and hydrophilic analytes
undergo dilution that depends on sweat generation rate [1].
Therefore, the results of the present study delineate collection
windows where the sweat generation rate can be fairly stable and
therefore analyte dilution can be predicted.

Many of these same benefits discussed above are also useful for
idiopathic pure sudomotor failure and hyperhidrosis (see next
subsection) as well as other types of studies including skin topicals,
cosmetics, antiperspirants, adhesives, textiles, etc. Again, not only
is the convenience to the test subject potentially improved, but it is
possible that data can be more consistently collected. Lastly, as
utilized here, prolonged localized stimulation has the advantage
that on the same body region, any sort of testing can be performed
with a control experiment nearby where sweating is not occurring.

5.2. Disease diagnostic improvements

The methods detailed in this work improve upon the current
quantifiable systems used to diagnose idiopathic pure sudomotor
failure, which include a semi-quantitative sudomotor axon reflex
test (sweat rate). As mentioned previously, the stimulation
methods we report here can resist rapid decomposition by AChE
hydrolysis providing a longer and less temporally dependent test
(QSART acethylcholine [40], Table 1). The results here can also

nL/min/gland data).

Another disease worthy of discussion is hyperhidrosi&
hidrosis is commonly diagnosed in a semi-quantifia d
similar to the gravimetric method described hefe , tiough
evaporimetry [42], or by qualitative assess eating
through a starch-iodine test [43]. The gravime
used for hyperhidrosis diagnosis use a
Saran™ wrap method described in thj
inaccurate because sweat can wi
neighboring areas to the collecig
positive by going above the
improved gravimetric testing tec
issue. Additionally, the sweat pore¥maging teciMyique described
here can provide more information than th tive starch-
iodine test that just shows sweating areas %t sweat pore
densities. Furthermore, because carba e potential to
maximally stimulate the sweat glan an dlow hyperhidrosis
testing to measure the percent of, % t generation or pore
activation per individual. This ig i rtant because it allows the
hyperhidrosis testing to corr aefObic conditioning and other
person-to-person varignce eat generation [44].

5.3. Achieving >24h of% generation

Our primary objective was to achieve a localized sweat
stimulation response greater than 24 h in duration. Figs. 4-6 show
a wide range of sweat rates for the different stimulation dosages
and across different subjects. The lower doses had shorter
durations (Figs. 5 and 6) and slightly reduced initial sweat
generation rates (Fig. 4). This raises the question as to whether or
not the 100% dose used here is adequate to occupy all the receptor
sites of the sweat gland for sweat stimulation. For example, if the
data for 50% and 100% stimulation were nearly identical, it would
have suggested that all the receptor sites were occupied for these

dosages. Such a trend is not seen in the data, and it could be that
even higher dosages than 100% could produce even longer

more accurately quantify the sweat responses (actual quantit@

durations of sweat generation and greater initial sweat generation
rates. One could also speculate that the data should not be
interpreted solely in terms of receptor site occupation, because the
increased duration for the larger doses could also represent a
“reservoir effect” with additional carbachol being in the epidermis
and slowly diffusing to receptor sites over time. With no
information on carbachol drug clearance it is difficult to assess
this potential effect. However, we speculate, that given the very
long durations of sweating, a strong effect due to diffusion of
carbachol is unlikely, especially since the receptor sites are in the
dermis and interstitial fluid is refreshed quickly in the dermis
(~<30min) [45]. Furthermore, the capillary density around sweat
glands is larger than that found across most of the dermis, and
therefore the local refresh rate for introduction of new interstitial
fluid could be even faster near the receptor sites. Although half of
the subjects exhibited >24 h of sweating at >1 nL/min/gland with a
single 100% dose, several subjects fell well short ofthis target. Four
of the subjects exhibited sweating response and three
subjects exhibited sweating responses that 48 h (online
Supplementary file, Fig. 10). We found a > @veating response
to be surprising equally surprisi yést how short the
response was of the other jec

5.4. Repe@ ‘\@

&r I1sing a ore encouraging from an applied
perpectve are t stimulation results. The triple
repeat®d 12.5% dos lation data shown in Fig. 10 represent

ossible technologi solution to achieving >24h localized

imulation even for the subjects who had short stimulation
responses. tiamlar, examining the single dosage experiments,

2t M00% dosage (Fig. 5). Therefore, it is possible (but not
) that all subjects in this study could achieve >24h sweat

and sweat sampling areas could be utilized to offset the increased
dose of carbachol due to repeated dosing. It could also be that
subjects with a shorter duration of sweating response to carbachol
may have a greater systematic tolerance to carbachol, potentially
alleviating possible concerns of sweating response to carbachol
may have a greater systematic tolerance to carbachol, potentially
alleviating possible concerns of repeated dosing.

Repeated stimulations could show a weaker response after each
subsequent dosage. However, the limited set of results of Fig. 7 are
not adequate to determine if there is a localized reduction of sweat
generation rate following each stimulation. Simply, the subject
could locally or systemically develop increased tolerance to
carbachol. In addition, reduced sweat generation with repeated
iontophoresis utilizing only tap water has been reported elsewhere
[46].

Lastly, we note that technology reported elsewhere [14] can
allow side-by-side integration of stimulant and sensors, making
such repeated stimulation and sensing at least theoretically
possible within a single wearable device.

5.5. Gender & other factors

As seenin Figs. 7-9 there is a wide difference of sweating results
for the different stimulations between male and female subjects
with the women of this study experiencing shorter durations and
reduced initial sweat generation rates compared to male counter-
parts. Differences between sweating events in male and female
have been previously studied [44,47]| with men having a sweat
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generation rate up to two times greater than females. However,
Notley et al. shows that the main significant factor in sweating
response differences is not due to gender specific variability (5%)
but is due to mass-specific surface area (10-48%) [47]. Figs. 7-9 are
generally consistent with these previous findings. Additionally,
Figs. 7-9 show the differences in the sweat generate rates and
duration of sweat stimulation between the two stimulants for male
and female. While males show a large fluctuation between the two
stimulants, females response is not as strong. For instance, Figs. 8
and 9 show on average a 18 to 23 times increase in duration
between a 100% pilocarpine and 100% carbachol stimulations for
males while females show only 3 to 4 times increase.

Potentially more influential on the data is a measure of an
individual subject’s aerobic capacity as subjects with greater
aerobic capacity show greater sweating responses [44]. However,
in our study we did not record individual subjects’ aerobic capacity.
Therefore, further understanding of the nature of the causes in
variances of sweat responses is not possible with the data
presented herein. Future studies are suggested that compare
thermally stimulated sweat generation rates to those generated by
carbachol and other stimulants. In particular, attention could be
paid to stimulants that target both or mainly just one of the
muscarinic or nicotinic receptor sites. Such studies could also
examine the same subjects in a state where they have reduced
aerobic capacity (sedentary lifestyle) and for the same subject after
a lifestyle period of regular aerobic conditioning [13].

5.6. Stability of sweat generation rate

Fig. 10 suggests that sweat generation rates can be fairly sta@

over periods of several hours, which is long enough to
multiple samples of sweat with potentially predictable
rates for large analytes [1]. .

N

5.7. Current dosage and iontphoretic stress on skg

As discussed in Section 2, dramati

potentially possible when using % alized at
stimulation. The reduced curren @ is importan

less iontophoresis stress is requirGg#po ially reduci n
concerns for repeated iontophoresis Q@ skin [17,18§ Furth re,
because of the long duration of the sweat resposeNghe need to
repeat the iontophoresis can be infrequent ang’'t WS more
time for the epidermis to recover followingggnt resis [48].

5.8. Potential alternate approaches &

A final question is wh
considered for prolonge mulation. One could alterna-
tively consider utilizing A ) itors such as neostigmine [49]
to prolong sweat generation f@lowing cholinergic activitation, but
generally this approach is I€Ss desirable for at least two reasons.
First, generation of sweat still requires release of AChE and
therefore sweat generation is not guaranteed. Furthermore, with
inhibitors the increase in sweat generation rate is only moderate at
best [49]. Second, such inhibitors would need to be continually
dosed since they would not be locally bound. This could be highly
undesirable due to continued stress on the skin for delivery of the
inhibitors. The inhibitors could also cause systemic side effects.
Carbachol stimulation is different than use of an inhibitor because
our results clearly demonstrate that it stimulates the eccrine sweat
gland for prolonged periods, such that continual dosing is not
required.

ive strategies could be

Conflicts of interest

Corresponding author Dr. Jason Heikenfeld has an equity
interest in Eccrine Systems, Inc., a company that may potentially
benefit from the research results, and also serves on the company’s
Board. The terms of this arrangement have been reviewed and
approved by the University of Cincinnati in accordance with its
conflict of interest policies. All other authors declare that there are
no conflicts of interest.

Acknowledgments

We wish to thank Andrew Jajack for helpful discussions. The
authors also would like to acknowledge support from the Air Force
Research Labs Award #FA8650-16-C-6760. This research was
supported in part by an appointment to the Student Research
Participation Program at the U.S. Air Force Resea Laboratory,
711th Human Performance Wing administered ak Ridge
Institute for Science and Education Thro #lteragency
agreement between the U.S. Department of Bnerg§ and USAFRL.

s article can be found, in
idermsci.2017.10.013.

. Heikenfeld, Non-invasi
allenges and outlook circa 2016, Electroanalysis 28 (2016) 1-9, doi:http://

dx.doi.org/104002/elan.201600018.

nhann, J. Hammer, M.H. Schoeni, ]. Barben, Nanoduct™

yte access and sensing through eccrine sweat:

id diagnosis in newborns, infants and children with cystic
fibrog . JQgediatr. 167 (2008) 299-304, doi:http://dx.doi.org/10.1007/

[3] N i, . De Fucci, The current status of sweat testing for drugs of abuse:

i Curr. Med. Chem. 20 (2013) 545-561.

. Midwell, J.C. Holland, S. Athanaselis, Testing for drugs of abuse in saliva
weat, . Chromatogr. 713 (1998) 111-135.

[6] AJ. Bandodkar, D. Molinnus, O. Mirza, T. Guinovart, J.R. Windmiller, G. Valdés-
Ramirez, FJ. Andrade, M.J. Schoning, ]. Wang, Epidermal tattoo potentiometric
sodium sensors with wireless signal transduction for continuous non-invasive
sweat monitoring, Biosens. Bioelectron. 54 (2014) 603-609, doi:http://dx.doi.
org/10.1016/j.bios.2013.11.039.

[7]1 AJ. Bandodkar, ]J. Wang, Non-invasive wearable electrochemical sensors: a
review, Trends Biotechnol. 32 (2014) 363-371, doi:http://dx.doi.org/10.1016/j.
tibtech.2014.04.005.

[8] T. Guinovart, AJ. Bandodkar, J.R. Windmiller, FEJ. Andrade, J. Wang, A
potentiometric tattoo sensor for monitoring ammonium in sweat, Analyst
138 (2013) 7031-7038, doi:http://dx.doi.org/10.1039/c3an01672b.

[9] W.Jia, AJ. Bandodkar, G. Valde-Ramirez, J.R. Windmiller, Z. Yang, ]. Ramirez, G.
Chan, J. Wang, Electrochemical tattoo biosensors for real-time noninvasive
lactate monitoring in human perspiration, Anal. Chem. 85 (2013) 6553-6560,
doi:http://dx.doi.org/10.1021/ac401573r.

[10] X.Huang, Y. Liu, K. Chen, W.-]. Shin, C.-]. Lu, G.-W. Kong, D. Patnaik, S.-H. Lee, ].F.
Cortes, J.A. Rogers, Stretchable, wireless sensors and functional substrates for
epidermal characterization of sweat, Small 10 (2014) 3083-3090, doi:http://
dx.doi.org/10.1002/sml1.201400483.

[11] W. Gao, S. Emaminejad, H.Y.Y. Nyein, S. Challa, K. Chen, A. Peck, H.M. Fahad, H.
Ota, H. Shiraki, D. Kiriya, D.-H. Lien, G.A. Brooks, R.W. Davis, A. Javey, Fully
integrated wearable sensor arrays for multiplexed in situ perspiration analysis,
Nature 529 (2016) 509-514, doi:http://dx.doi.org/10.1038/nature16521.

[12] H. Araki, J. Kim, S. Zhang, A. Banks, K.E. Crawford, X. Sheng, P. Gutruf, Y. Shi, R.
M. Pielak, J.A. Rogers, Materials and device designs for an epidermal UV
colorimetric dosimeter with near field communication capabilities, Adv.
Funct. Mater. 27 (2016) 1-9.

[13] M.J. Buono, C.S. White, K.P. Connolly, Cholinergic sensitivity of the eccrine
sweat gland in trained and untrained men, J. Dermatol. Sci. 4 (1992) 33-37
http://www.ncbi.nlm.nih.gov/pubmed/1390456 (Accessed February 23,
2017).

[14] Z.Sonner, E. Wilder, T. Gaillard, G. Kasting, ]. Heikenfeld, Integrated sudomotor
axon reflex sweat stimulation for continuous sweat analyte analysis with
individuals at rest, Lab Chip. 17 (2017) 2550-2560, doi:http://dx.doi.org/
10.1039/C7LCO0364A.

D. Rose, M. Ratterman, D. Griffin, L. Hou, N. Kelley-Loughnane, R. Naik, ]. Hagen,
d I. Papautsky, ]. Heikenfeld, Adhesive RFID sensor patch for monitoring of sweat
osagg electrolytes, IEEE TBME 62 (2015) 1457-1465.


http://doi.org/10.1016/j.jdermsci.2017.10.013
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0005
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0005
http://dx.doi.org/10.1002/elan.201600018
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0010
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0010
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0010
http://dx.doi.org/10.1007/s00431-007-0485-0
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0015
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0015
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0020
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0020
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0025
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0025
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0025
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0030
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0030
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0030
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0030
http://dx.doi.org/10.1016/j.bios.2013.11.039
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0035
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0035
http://dx.doi.org/10.1016/j.tibtech.2014.04.005
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0040
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0040
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0040
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0045
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0045
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0045
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0045
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0050
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0050
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0050
http://dx.doi.org/10.1002/smll.201400483
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0055
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0055
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0055
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0055
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0060
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0060
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0060
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0060
http://www.ncbi.nlm.nih.gov/pubmed/1390456
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0070
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0070
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0070
http://dx.doi.org/10.1039/C7LC00364A

P. Simmers et al./Journal of Dermatological Science 89 (2018) 40-51 51

[15] H. Lee, T.K. Choi, Y.B. Lee, H.R. Cho, R. Ghaffari, L. Wang, HJ. Choi, T.D. Chung, N.
Lu, T. Hyeon, S.H. Choi, D.-H. Kim, A graphene-based electrochemical device
with thermoresponsive microneedles for diabetes monitoring and therapy,
Nat. Nanotechnol. 11 (2016) 566-572, doi:http://dx.doi.org/10.1038/
nnano.2016.38.

[16] H.P.Rang, M.M. Dale, ].M. Ritter, RJ. Flower, Rang and Dale’s Pharmacology, 6th
ed., Churchill Livingstone, 2007.

[17] AK. Banga, Y.W. Chien, lontophoretic delivery of drugs: fundamentals,
developments and biomedical applications, J. Control. Release 7 (1988) 1-
24, doi:http://dx.doi.org/10.1016/0168-3659(88)90075-2.

[18] H. Molitor, L. Fernandez, Experimental Studies on the causes and prevention of
iontophoretic burns, Am. J. Med. Sci. 198 (1939) 778-785.

[19] J.M. Beale, S. Louis, J.H. Block, Organic Medicinal and Pharmaceutical
Chemistry, 12th ed., Wolters Kluwer Lippincott Williams & Wilkins,
Baltimore, 2011.

[20] C. Aromdee, J.P. Fawcett, M.M. Ferguson, R. Ledger, Serum pilocarpine esterase
activity and response to oral pilocarpine, Biochem. Mol. Med. 59 (1996) 57-61.

[21] B. Katzung, S. Masters, A. Trevor, Basic & Clinical Pharmacology, 12th ed.,
McGraw-Hill, 2012 http://file.zums.ac.ir/ebook/188-Basic and Clinical
Pharmacology 12th Edition=Bertram Katzung Susan Masters Anthony
Trevor=007.pdf..

[22] P.A. Low, P. Caskey, R. Tuck, R. Fealey, PJ. Dyck, Quantitative sudomotor axon
reflex test in normal and neuropathic subjects, Ann. Neurol. 14 (1983) 573-
580.

[23] PA. Low, TL. Opfer-Gehrking, M. Kihara, In vivo studies on receptor
pharmacology of the human eccrine sweat gland, Clin. Auton. Res. 2 (1992)
29-34.

[24] C. Braune, F. Erbguth, F. Birklein, Dose thresholds and duration of the local
anhidrotic effect of botulinum toxin injections: measured by sudometry, Br. J.
Dermatol. 144 (2001) 111-117 http://www.ncbi.nlm.nih.gov/pubmed/
11167691 (Accessed February 25, 2017).

[25] F. Birklein, R. Sittl, A. Spitzer, D. Claus, B. Neundoérfer, O.H. Handwerker,
Sudomotor function in sympathetic reflex dystrophy, Pain 69 (1997) 49-54,
doi:http://dx.doi.org/10.1016/S0304-3959(96)03242-3.

[26] E. Lang, A. Spitzer, D. Claus, B. Neundorfer, H.O. Handwerker, Stimulation of
sudomotor axon reflex mechanism by carbachol in healthy subjects and
patients suffering from diabetic polyneuropathy, Acta Neurol. Scand. 91 (1995)
251-254, doi:http://dx.doi.org/10.1111/j.1600-0404.1995.tb06999.x.

[27] B.Riedl, T. Beckmann, B. Neundorfer, H.O. Handwerker, F. Birklein, Auton
failure after stroke-is it indicative for pathophysiology of complex reg
pain syndrome? Acta Neurol. Scand. 103 (2001) 27-34.

[28] J. Buceta, C. Bradshaw, E. Szabadi, Hyper-responsiveness of eccrlt
glands to carbachol in anxiety neurosis: comparison of male
patients, Br. J. Clin. Pharmacol. 19 (1985) 817-822, doi:Ip:
10.1111/j.1365-2125.1985.tb02719.x.

[29] P. Quinton, L. Molyneux, W. Ip, A. Dupuis, J. Avolio, E.
Shamsuddin, P. Durie, T. Gonska, B-Adrenergic swea
test for cystic fibrosis, Am. J. Respir. Crit. Care M
http://dx.doi.org/10.1164/rccm.201205-09220C.

[30] H. Schytz, T. Wieneckey, P. Oturai, J. Olese imeti
agent carbachol induces headache in 2009)
258-268, doi:http://dx.doi.org/10.

[31] H.W. Schytz, Investigation of ca: of
migraine, Dan. Med. Bull. 57 (201

[32] S.H. Curry, Martindale The Extra Pha J.E.

F. Reynolds, J. Pharm. Pharmacol. 35 (1983) 546-548. 1
7158.1983.tb04835.x.

[33] Carbamylcholine | C6H15N202+ - PubChem, (n.d.). https://pubchem.ncbi.nlm.
nih.gov/compound/2551#section=Experimental-Properties (Accessed
February 25, 2017).

[34] LS. Goodman, A.G. Gilman, T.W. Rall, F. Murad (Eds.), Goodman and Gilman’s
The Pharmacological Basis of Therapeutics, 7th ed., Collier Macmillan, Oxford,
England, 1985.

[35] B. Mudry, P.-A. Carrupt, R.H. Guy, M.B. Delgado-Charro, Quantitative structure?
permeation relationship for iontophoretic transport across the skin, J. Control.
Release 122 (2007) 165-172, doi:http://dx.doi.org/10.1016/j.
jconrel.2007.07.004.

[36] S. Budavari (Ed.), The Merck Index—Encyclopedia of Chemicals, Drugs and
Biologicals, Merck and Co., Inc., Rahway, NJ, 1989 p. 268.

[37] R. Peng, Z. Sonner, A. Hauke, E. Wilder, ]. Kasting, T. Gaillard, D. Swaille, F.
Sherman, X. Mao, J. Hagen, R. Murdock, ]J. Heikenfeld, A new oil/membrane
approach for integrated sweat sampling and sensing: sample volumes reduced
from L’s to nL’s and reduction of analyte contamination from skin, Lab Chip
16 (2016) 4415-4423, doi:http://dx.doi.org/10.1039/C6LCO1013].

[38] G. Tashiro, M. Wada, M. Sakurai, A bromophenol blue method for visualizing
sweat at the openingsof the sweat ducts, J. Invest. Dermatol. 36 (1961) 3-4,
doi:http://dx.doi.org/10.1038/jid.1961.2.

[39] Z. Sonner, E. Wilder, J. Heikenfeld, G. Kasting, F. Beyette, D. Swaile, F. Sherman,
J.Joyce, ]. Hagen, N. Kelley-Loughnane, R. Naik, The microfluidics of the eccrine
sweat gland, including biomarker partitioning, trans biosensing
implications, Biomicrofluidics 9 (2015) 31301, doi;
1.4921039.

[40] Y. Nakazato, N. Tamura, A. Ohkuma, K. Yoshi

idiopathic pure i i

Shimazu, QSART in
2005) 414-416, doi:

amm, Definition of axillary
> Dermatol. 138 (2002) 539-

$@ate versus palmar hyperhidrosis.
tol. 29 (1990) 368-370. http://www.

reWgew, Eur. J. Der! 712 ®002) 219-223. https://www.ncbi.nlm.nih.gov/
pubmed/11978559.
T. Ichinose-Kuwahara, Y- Inoue, Y. Iseki, S. Hara, Y. Ogura, N. Kondo, Sex
differences in the effects of physical training on sweat gland responses during
ise,@xp. Physiol. 95 (2010) 1026-1032, doi:http://dx.doi.org/

101.2010.053710.

V. Tamborlane, A tale of two compartments: interstitial versus
monitoring, Diabetes Technol. Ther. 11 (Suppl. 1) (2009) S11-
Wtp://dx.doi.org/10.1089/dia.2009.0002.
ereth, M. Dieterich, F. Birklein, Hyperhidrosis-causes and treatment of
anced sweating, Dtsch. Arztebl. Int. 106 (2009) 32-37, doi:http://dx.doi.
/10.3238/arztebl.2009.0032.

(! . Notley, J. Park, K. Tagami, N. Ohnishi, N. Taylor, Variations in Body
Morphology Explain Gender Differences in Thermoeffector Function During
Compensable Heat Stress, Exp. Physiol. (n.d.). 10.1113/EP086112.

[48] A.Jadoul,]. Bouwstra, V. Preata, Effects of iontophoresis and electroporation on
the stratum corneum Review of the biophysical studies, Adv. Drug Deliv. Rev.
35 (1999) 89-105.

[49] M. Shibasaki, C.G. Crandall, Effect of local acetylcholinesterase inhibition on
sweat rate in humans, J. Appl. Physiol. 90 (2001) 757-762 http://www.ncbi.
nlm.nih.gov/pubmed/11181580 (Accessed March 15, 2017).

[45] E.


http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0075
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0075
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0075
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0075
http://dx.doi.org/10.1038/nnano.2016.38
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0080
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0080
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0085
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0085
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0085
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0090
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0090
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0095
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0095
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0095
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0100
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0100
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0105
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0105
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0105
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0105
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0110
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0110
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0110
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0115
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0115
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0115
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0120
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0120
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0120
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0120
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0125
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0125
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0125
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0130
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0130
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0130
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0130
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0135
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0135
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0135
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0140
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0140
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0140
http://dx.doi.org/10.1111/j.1365-2125.1985.tb02719.x
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0145
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0145
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0145
http://dx.doi.org/10.1164/rccm.201205-0922OC
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0150
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0150
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0150
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0155
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0155
https://pubchem.ncbi.nlm.nih.gov/compound/2551#section=Experimental-Properties
https://pubchem.ncbi.nlm.nih.gov/compound/2551#section=Experimental-Properties
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0170
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0170
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0170
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0175
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0175
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0175
http://dx.doi.org/10.1016/j.jconrel.2007.07.004
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0180
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0180
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0185
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0185
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0185
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0185
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0185
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0190
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0190
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0190
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0195
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0195
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0195
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0195
http://dx.doi.org/10.1063/1.4921039
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0200
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0200
http://dx.doi.org/10.1007/s10286-005-0301-8
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0205
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0205
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0205
http://www.ncbi.nlm.nih.gov/pubmed/2361796
http://www.ncbi.nlm.nih.gov/pubmed/2361796
https://www.ncbi.nlm.nih.gov/pubmed/11978559
https://www.ncbi.nlm.nih.gov/pubmed/11978559
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0220
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0220
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0220
http://dx.doi.org/10.1113/expphysiol.2010.053710
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0225
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0225
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0225
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0230
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0230
http://dx.doi.org/10.3238/arztebl.2009.0032
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0240
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0240
http://refhub.elsevier.com/S0923-1811(17)30678-3/sbref0240
http://www.ncbi.nlm.nih.gov/pubmed/11181580
http://www.ncbi.nlm.nih.gov/pubmed/11181580

	Prolonged and localized sweat stimulation by iontophoretic delivery of the slowly-metabolized cholinergic agent carbachol
	1 Introduction
	2 Rational for choice of carbachol and for dosages
	3 Materials and methods
	3.1 IRB protocol
	3.2 Reagents and materials
	3.3 Gels for iontophoretic stimulation of sweat
	3.4 Apparatus for sweat stimulation and for gravimetric testing
	3.5 Iontophoresis stimulation
	3.6 Basis peak watch and Gamry potentiostat
	3.7 Gravimetric testing method
	3.8 Sweat pore imaging
	3.9 Statistical analysis

	4 Results
	4.1 Baseline-only data (natural sweating events)
	4.2 Stimulated sweat results

	5 Discussion
	5.1 Fundamental and applied importance
	5.2 Disease diagnostic improvements
	5.3 Achieving >24h of sweat generation
	5.4 Repeated stimulations
	5.5 Gender & other factors
	5.6 Stability of sweat generation rate
	5.7 Current dosage and iontphoretic stress on skin
	5.8 Potential alternate approaches

	Conflicts of interest
	Acknowledgments
	Appendix A Supplementary data
	References




