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bstract

In the present work, we assessed the suitability of sodium and potassium physiologically present in sweat, as internal reference allowing to
e-calculate the corresponding volume of sweat collected on a PharmChekTM Patch. A method using capillary electrophoresis with indirect ultra-
iolet detection was developed for the determination of sodium and potassium in sweat. The concentrations determined in specimens collected
rom 12 females and 10 males, using a home-made system composed of polypropylene copolymer bag, were 1039 ± 89 mg/L and 711 ± 45 mg/L
or sodium, and 489 ± 293 mg/L and 474 ± 196 mg/L for potassium, respectively. In parallel, for seven females and eight males, the comparison

f the volume of sweat collected in the same way to the re-calculated volume of sweat accumulated in a patch using sodium as internal standard,
ave an average agreement of 98.4 ± 15.0%. Results demonstrated the usefulness of sodium as internal standard to determine the volume of sweat
ccumulated in a patch, and confirm the suitability of PharmChekTM patch for the collection and determination of cations in sweat.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Sweat is produced by the sweat glands in order to regu-
ate the temperature of the body and to hydrate and protect
he skin. It is composed at 99% of water and ions such as
hloride, sodium and potassium, and in lesser extent calcium,
agnesium, lactate, and other minor electrolytes. Since the

eginning of the past century, one knows that it may also contain
enobiotics excreted in the sweat following their consumption
1]. However, the use of sweat as a matrix for toxicologi-
al analyses was hampered by the lack of adapted way for
ts collection. In 1995, PharmChemTM laboratories proposed

normalized solution for sweat collection, by commercializ-
ng a sweat patch technology approved by the American “Food
nd Drug Administration”. A patch is composed of a cellulose

bsorbent pad where non-volatile substances from sweat may
ccumulate, covered by an adhesive semi-permeable membrane,
hich prevents from external contamination and allows water

∗ Corresponding author. Tel.: +352 46 66 44 6727; fax: +352 22 13 31.
E-mail address: brice.appenzeller@lns.etat.lu (B.M.R. Appenzeller).
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o evaporate, maintaining the skin sound during the period of
pplication.

From this time, many xenobiotics such as cocaine [2–4],
enzodiazepines [5], opioids [6–8], phenobarbital [9], metham-
hetamine [10,11], nicotine [12], and cannabinoids [13] have
een detected in sweat collected using such patch. The use
f sweat for toxicological analyses presents the advantage of
non-invasive collection, allowing repeated sampling, avoid-

ng discomfort for weaker people such as neonates or older
atients, and severely decreases the risk of contamination in
ase of people suffering of infectious diseases. Moreover, a patch
ay reveal the consumption for an extended period, by staying

pplied on the skin up to 10 days. Nevertheless, a patch gives
nly access to partial information, since the amount of sweat
orresponding to xenobiotics measured after extraction remains
nknown. Results may then only be expressed as amount of
enobiotic per patch and not as concentration in sweat.

To go further and give access to quantitative response,

e assessed the suitability of sodium and potassium physi-
logically present in sweat, as internal reference allowing to
e-calculate the corresponding volume of sweat collected on a
atch. We first developed a method for the determination of

mailto:brice.appenzeller@lns.etat.lu
dx.doi.org/10.1016/j.jchromb.2007.01.037
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odium and potassium concentration in sweat, using capillary
one electrophoresis. Second, we evaluated their inter-individual
ariability by analyzing sweat from 22 volunteers. We finally
ested the suitability of patch for the collection and analysis
f sodium by comparing analyses performed on patch extracts
o analyses performed on sweat gathered using a home-made
ystem composed of polypropylene copolymer bag allowing to
btain native (not evaporated) sweat.

. Experimental

.1. Reagents and solutions

All chemicals used were of analytical grade, and purchased
y Merck (Darmstadt, Germany). All solutions, electrolytes and
tandards were prepared using water purified with a Vivendi
ater System 8000 E/14, with conductivity below 0.04 �S/cm

nd sodium and potassium concentrations below the limit of
etection. In order to avoid cations exchange with glass material,
ll solutions were prepared in vessel made of polypropylene
BRAND, Plastibrand, Germany). Alkaline solutions used for
apillary washing were 1 M and 0.1 M LiOH in water. Sodium
nd potassium stock solutions were prepared by dissolving KCl
nd NaCl in water. Calibration standards were then prepared by
iluting stock solutions to the following concentrations: 1, 2, 8,
0, 20, 50, 80 and 100 mg/L. The background electrolyte was
onstituted of imidazole, added with citric acid to adjust pH.
arious conditions were tested in order to optimize resolution
nd migration time: pH of 3.6, 4.4, 5.3, 6.3, 9.4, and imidazole
oncentration of 0.5 mM, 2.5 mM, 5 mM, 10 mM and 50 mM.

.2. Instrumentation and procedure

Cations measurements were carried out using capillary zone
lectrophoresis (Beckman CoulterTM, P/ACE MDQ) with PDA
etector set for indirect detection at 214 nm, and cartridge
emperature adjusted to 25 ◦C. Fused-silica capillaries were pur-
hased from Composite Metal Services LTD., UK, had a total
ength of 60.2 cm (50 cm to the detector) and an inner diam-
ter of 50 �m. Prior to the first use, capillary was washed
ith 1 M LiOH (20 min, 20 psi), and rinsed with water (20 min,
0 psi). Afterwards, capillary was washed with LiOH (10 min,
0 psi), rinsed with water (10 min, 20 psi), and conditioned with
he background electrolyte (10 min, 20 psi) at the beginning of
ach day. Run consisted of washing with 0.1 M LiOH (2.5 min,
0 psi), rinsing with water (0.5 min, 20 psi) and conditioning
ith background electrolyte (3 min, 20 psi). Injection was in
ydrodynamic mode (0.5 psi, 5 s), and consumed 5 nl of sample
determined by the Beckman CE Expert software). The voltage
pplied for separation was 30 kV.

.3. Specimen collection
Sweat patch (PharmChekTM, PharmChem Inc.) consists of
transparent, water-resistant adhesive backing securing a cel-

ulose absorption pad to the surface of the skin. Two different
ersions of the sweat patch were used in this study. “Old patches”

c
t
t
s

ig. 1. Schematic representation of the native sweat collecting system (NSCS).

ad a pad covering the skin surface 14.1 cm2, and were used for
ubjects W, X and Y. “New patches” had a pad covering the
kin surface 14.8 cm2 and were used for the all other subjects.
atches were applied to the lower back of subjects after gen-

ly washing the skin once with de-ionized water and once with
sopropanol. Patches were removed according to patch manu-
acturer’s instructions. After collection, pads from patches were
nclosed in polyethylene tubes and 7 mL of de-ionized water was
dded. Extraction was then performed under agitation (30 min,
50 rpm), and the extract was collected for analysis.

In order to obtain sweat of composition which was not modi-
ed by evaporation, a “native” sweat collecting system (NSCS)
as brought up from polypropylene copolymer (PPC) bag and

dhesive rubber (Leukoplast®, BSNmedical) as described in
ig. 1. The NSCS included a window covering a skin surface of
50 cm2, and a “bag part” allowing sweat to accumulate. The
SCS was airtight and watertight and all components of the
SCS had no influence on sweat composition for the period
f use. After gently washing the skin with de-ionized water and
sopropanol, the NSCS was applied to the lower back of subjects
efore physical activity. Afterwards, sweat was collected from
SCS and stored in polyethylene tubes at 4 ◦C before analysis.
uring this study, the volume of sweat collected with NSCS
aried from 0.45 to 3.80 mL. Before analysis, sweat was diluted
ith water to reach a concentration compatible with the calibra-

ion curve, 1/10 for men’s sweat and 1/20 for women’s sweat,
espectively.

.4. Subjects

Subjects were volunteers recruited from the laboratory per-
onnel. They declared to be healthy and denied to take any
edical treatment at the time of experiment. Thirteen females

A to L, plus W) (age 28 ± 9 years; body mass 64 ± 9 kg; BMI
1.92 ± 3.16 kg/m2) and 12 males (M to V, plus X and Y) (28 ± 9
ears; body mass 70 ± 11 kg; BMI 23.98 ± 2.52 kg/m2) were
ncluded in the study. Description according to age, size and
eight is detailed in Table 1. After applying NSCS or NSCS

nd patch, subjects were submitted to physical activity which

onsisted of 0.5 h jogging at a speed of 8–12 km/h, according
o subject’s ability, at temperature of 28 ± 3 ◦C. From applying
ime to collection, patches were in place for less than 3 h. The
tudy neither required consumption of any substance for par-
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Table 1
Sodium and potassium concentration in sweat of males and females

Subjects Concentration in sweat (mg/L)

Age (years) High (cm) Weight (kg) Sodium Potassium

Females
A 26 168 54 1089 856
B 23 172 73 1040 874
C 23 183 70 1051 321
D 51 165 83 1125 795
E 26 168 58 1095 752
F 23 165 61 1058 273
G 29 166 65 1076 797
H 32 173 62 880 344
I 24 178 65 1153 272
J 23 177 65 944 168
K 24 169 55 882 258
L 23 164 54 1069 162

Total females 27 171 64 1039 ± 89 489 ± 293

Males
M 24 173 73 629 551
N 56 169 70 671 498
O 23 178 72 724 902
P 23 182 95 669 304
Q 23 180 70 690 691
R 32 186 82 770 344
S 32 188 77 728 324
T 19 180 80 762 457
U 27 178 86 733 310
V

T
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24 182

otal males 28 180

icipants nor invasive sampling. All participants were informed
bout the procedure and gave an informed consent agreement.

. Results and discussion

.1. Capillary electrophoresis dosage of cations in sweat

Optimal conditions according to resolution and migration
ime were obtained with background electrolyte concentration

f 5 mM and pH set at 4.4 (Fig. 2). Sodium and potassium deter-
ination was performed within a 13 min run. For the following

oncentrations: 1, 2, 8, 10, 20, 50, 80 and 100 mg/L, the cal-
bration curves equations were y = 0.00755x (r2 = 0.9949) and

ig. 2. Electrophoregram of sweat analysis, displaying peaks of potassium and
odium present in sweat, and lithium residual due to capillary washing with
iOH.
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68 734 358

77 711 ± 45 474 ± 196

= 0.00288x (r2 = 0.9978) for potassium and sodium, respec-
ively. The inter-day (n = 6) and intra-day (n = 6) repeatability,
xpressed as coefficient of variation, and determined for two
ifferent concentrations (15 mg/L and 70 mg/L) were 9.26%
nd 4.53% for potassium and 8.27% and 3.75% for sodium,
espectively. The limit of detection (LOD) and lower limit of
uantification (LLOQ) were 0.54 mg/L and 1.78 mg/L, respec-
ively for potassium, and 0.25 mg/L and 0.83 mg/L, respectively
or sodium. No interference due to matrix effect was observed.

The method of sodium and potassium determination
n sweat/patch extract using capillary zone electrophoresis
escribed here appears to be well adapted for the determina-
ion of a reference substance in sweat. The analyses displayed
ood repeatability, sufficient sensitivity, and required a short
ime. Moreover, the reduced volume necessary for one analy-
is (5 nL), makes merely the whole sample available for further
nalysis of xenobiotics.

.2. Sodium and potassium concentration in sweat

The average sodium concentration in sweat was
039 ± 89 mg/L (CI0.95 = [982; 1095]) for females and
11 ± 45 mg/L (CI0.95 = [679; 743]) for males (Table 1). The

oncentration was statistically different between males and
emales (Mann–Whitney test: p < 0.0001) but displayed few
ariability within groups since variation coefficients were 8.6%
nd 6.3% for females and males, respectively. The average
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otassium concentration was 489 ± 293 mg/L (CI0.95 = [303;
76]) for females and 474 ± 196 mg/L (CI0.95 = [334; 614]) for
ales (Table 1). The concentration was not statistically different

etween males and females (Mann–Whitney test: p = 0.5529)
ut was highly variable within both females and males (varia-
ion coefficients: 60% and 41%, respectively). The sweat rate
calculated as volume of sweat produced per skin surface unit
er time unit) ranged from 8.0 to 50.7 �L cm−2 h−1 in females
nd was not correlated to the sodium (r = 0.021, p = 0.9644)
nd to the potassium (r = 0.1464, p = 0.7541) concentration.
he sweat rate ranged from 6.0 to 38.6 �L cm−2 h−1 in males,
as slightly correlated to the potassium concentration in sweat

r = 0.7280, p = 0.0406), but not to the sodium concentration
r = 0.2944, p = 0.4090). In both females and males, age was
either correlated to the sodium concentration (r = 0.1904,
= 0.5533 and r = −0.1903, p = 0.5984, respectively) nor to the
otassium concentration in sweat (r = 0.4080, p = 0.1880 and
= −0.1261, p = 0.7285, respectively).

Although the average [K+] in sweat was quite similar for
ales and females, the high inter-individual variability observed

ere makes potassium unsuitable as a reference substance. At
he opposite, although [Na+] was different between males and
emales, it displayed very low variability within groups. To our
nowledge, the gender difference in sweat sodium concentration
bserved in the current investigation was not previously docu-
ented. This difference was not due to sweat rate, since this

arameter was not correlated to the cations concentration. Com-
aring cations concentrations observed here to the values from
ther studies must take into account the skin region where sweat
as collected (lower back in this study), since this parameter

as reported to influence the sweat composition [14]. The [Na+]
bserved in males of our study (30.9 ± 1.9 mM) was close to val-
es previously reported for lower back sweat (26.2 ± 19.4 mM)
n healthy men [14], but with lower inter-individual variability.

i
c
c
a

able 2
omparison of sodium and sweat collected with NSCS vs. PharmChekTM patches

ubjects NSCS Patches

Sweat volume
collected (�L)

Sweat per skin
surface (�L/cm2)

Surface Na+

conc. (�g/cm2)
Na+ per
patch (�g

3750 25.0 26.5 484
3300 22.0 19.4 323

600 4.0 4.6 84
1500 10.0 9.4 169
1400 9.3 8.2 213
3800 25.3 27.1 408
2200 14.7 9.2 159
2895 19.3 12.9 238

600 4.0 2.7 46
2100 14.0 10.7 219
1300 8.7 6.3 134

450 3.0 2.2 30
3480 23.2 24.6 264

435 2.9 1.7 16
430 2.9 1.8 16

otal

a Calculated from “Na+ per patch” divided by the patch surface, and adjusted with
b Calculated from “surface Na+ concentration” divided by the average sodium conc
atogr. B 852 (2007) 333–337

ike in the study from Patterson et al. [14], the [Na+] did not
eem to be correlated to the sweat rate, unlike [K+], which is a
urther argument in favor of sodium as a reference substance.
n view of these observations, sodium was definitely more suit-
ble than potassium as a reference substance to determine the
olume of sweat collected by a patch. This implies taking into
ccount the gender of subjects, since sodium concentration was
uite different between males and females.

.3. Suitability of PharmCheckTM patches for sodium
ollection and determination

The recovery of cations from patch was tested in triplicate
ith six different cations amount ranging from 30 to 360 �g
er patch. The apparent recovery percent was 116 ± 11% and
01 ± 11% for sodium and potassium, respectively for new
atches, and 72 ± 12% and 55 ± 26% for sodium and potas-
ium, respectively for old patches. In view of the highly variable
oncentration of potassium in sweat between subjects, whatever
eing the gender, only sodium was taken into account in the
ssessment of patch suitability for sweat collection. Depend-
ng on subjects, the volume of sweat collected by NSCS ranged
rom 450 to 3800 �L. Divided by the skin surface covered by the
SCS, this corresponded to a volume of sweat excreted ranging

rom 3 to 25 �L per cm2 of skin. The analyses of patches dis-
layed that the amount of sodium accumulated was ranging from
6 to 484 �g per patch. Divided by the skin surface covered by a
atch and adjusted with the recovery percent, this corresponded
o a sodium excretion ranging from 1.57 to 28 �g per cm2 of
kin. Using the average sodium concentration determined above

n sweat from males and females, respectively (Table 1), the cal-
ulated volume of sweat excreted ranged from 3.1 to 27.0 �L per
m2 of skin. The average agreement between NSCS and patch
ccording to the volume of sweat produced was 98.4% (Table 2).

Sweat NSCS to sweat
patch match (%)

)
Surface Na+

conc. (�g/cm2)a
Calculated sweat per skin
surface (�L/cm2)b

28.0 27.0 92.6
18.7 18.0 122.3
4.9 4.7 85.0
9.8 9.4 106.2

12.4 11.9 78.4
23.7 22.8 111.2

9.2 12.9 113.4
13.8 19.4 99.6
2.7 3.8 105.9

12.7 17.9 78.4
7.8 10.9 79.2
1.7 2.4 123.6

26.1 25.1 92.4
1.57 3.1 94.6
1.57 3.1 93.8

98.4 ± 15.0

sodium apparent recovery (116% for F to V, and 72% for W, X and Y).
entration in sweat (Table 1).
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The good recovery from patch confirmed that patch mate-
ial does not interfere with cations measurement. This parameter
as previously tested for several xenobiotics in different studies,
hich also reported satisfactory recovery, ranging from 76% for
icotine [12] to values above 90% for cocaine, opiods, cannabi-
oids, benzodiazepines and phenobarbital [3–6,9,11,13]. The
ood match between the volume of sweat collected with NSCS
nd the re-calculated volume of sweat accumulated on patch
Table 2) clearly demonstrated that it was possible to determine
he volume of sweat produced, by determining the amount of
odium accumulated on a patch. These observations confirm the
uitability of patches for cations gathering and determination in
weat.

. Conclusions

The method of cations quantification by capillary zone
lectrophoresis developed in this study displayed satisfactory
ensitivity and repeatability, consumes a reduced volume of
ample and is hence well adapted to the analysis of sweat.

The low inter-individual variability in sodium concentration
bserved here makes sodium a suitable internal standard in order
o determine the volume of sweat accumulated on a patch, the

nly restrictions being the subject gender and the skin region
here sweat is collected. The volume of sweat accumulated in a
atch may then be assessed by determining the amount of sodium
resent in the patch. For this purpose, the PharmCheckTM Patch

[

[

atogr. B 852 (2007) 333–337 337

ppears to be well adapted, displaying satisfactory collection
nd recovery properties.

By combining analysis of xenobiotics classically performed
n sweat using patches to the sodium analysis developed in
his study, it will be possible to determine the concentration
f xenobiotics in sweat using patch as collecting way.
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