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A  novel  approach  for  diagnosis  of cystic  fibrosis  is presented.  A simple  and  fast  procedure  to  obtain
sweat  sample  was  developed.  It  consists  of  repeatedly  wiping  the  skin  of the  forearm  with  deionized
water  moisturized  cotton  swab  and extraction  in  1 mL  of deionized  water.  Double  opposite  end injection
capillary  electrophoresis  with  contactless  conductometric  detection  is  used  for the  analysis  of  the  extract.
Chloride,  sodium  and  potassium  as  the three  target  ions  that participate  in the  ion  transfer  across  the
cellular  membranes,  and  are  affected  by  CF, are  simultaneously  determined  in  approximately  3  min  in a
apillary electrophoresis
ontactless conductivity detection

ons
ystic fibrosis
rincipal component analysis

background  electrolyte  containing  20 mM  2-(N-morpholino)ethanesulfonic  acid,  20  mM  l-histidine  and
2 mM  18-crown-6.  By  using  the target  ion ratios  rather  than  the  concentrations  of  each  individual  ion
combined  with  principal  component  analysis,  the  diagnosis  of  CF  can  be  made  more  accurately  and  greatly
reduce the  number  of  false  positive  or negative  results  as is often  the case  when  single  ion (chloride)  is
analyzed.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Cystic fibrosis (CF) is a relatively rare, but serious genetic dis-
ase, affecting 1 in approximately 2500 Caucasians [1,2]. CF is
aused by a mutation in transmembrane conductance regulator
ene (CFTR) and results in defective ion transfer through the
pithelial cellular membranes [3]. The defect in ion transfer causes
ormation of sticky mucus in the lungs, pancreas and other organs
hat is manifested by chronic lung infections, excessive inflam-

atory response to pathogens or gastrointestinal tract problems
4]. Early diagnosis of CF is of high significance—when CF is diag-
osed at an early age, its symptoms can be treated and patient
rognosis improves significantly. Kulich et al. [5] evaluated a retro-
pective cohort study of 31,012 subjects and found that the survival
ates of patients with cystic fibrosis have improved remarkably
etween 1985 and 2007, but most of the improvement was lim-

ted to patients from 2 to 15 years old. For instance, the average life

xpectancy has increased from 25 years of age in 1985 to nearly
0 years of age in 2007 [6], which can be also attributed to the

∗ Corresponding author. Tel.: +420 532290201; fax: +420 541212113.
E-mail address: petr.kuban@ceitec.muni.cz (P. Kubáň).

ttp://dx.doi.org/10.1016/j.chroma.2014.06.091
021-9673/© 2014 Elsevier B.V. All rights reserved.
newborn screening programs adopted in many countries all around
the world [7].

In diagnosis of CF, sweat analysis of chloride is the golden stan-
dard [8,9]. The conventional sweat analysis method relies on rather
lengthy and uncomfortable sampling procedure, in which pilo-
carpine is applied to a defined skin area, followed by an application
of the electric current (iontophoresis) and collection of the induced
sweat. The collection procedure takes typically no less than 30 min.
Two collection methods are commonly applied—a Gibson–Cook
procedure [10] that uses a filter paper to collect the sweat with
subsequent elution from the paper with DI water or a system with
microconduit (Macroduct, Wescor, Logan, UT,  USA) that is able to
collect small amounts of pure sweat (approx 15–30 �L). The sam-
ple collection is followed by analysis, typically by colorimetry [11],
coulometry [12] or ion selective electrodes (ISE) [13]. Alternative
on skin test with ISE has been developed [14] but has not been
accepted in clinical practice, due to too many errors associated with
the measurements.

When sweat sample is applied in CF diagnosis, the increased
concentration of chloride is often used as single indicator, but other

ions participate in the ion transfer mechanism as well [15]. Sodium
has been also found elevated in CF patients [16] and sometimes the
ratio of Cl−/Na+ is elevated in CF patients compared to healthy con-
trols [17]. In a paper by Reddy and Quinton [18], K+ is suggested as a

dx.doi.org/10.1016/j.chroma.2014.06.091
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2014.06.091&domain=pdf
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ossible CF diagnostic ion. None of these alternative markers have
owever been used in clinical diagnosis. Capillary electrophore-
is (CE) is one of the best high performance separation techniques
ble to cope with minute sample volumes and volumes as low as

 �L can be used for repeated injections and quantitation. It should
hus be one of the most suitable analytical techniques for analy-
is of biological samples [19]. CE with indirect UV or contactless
onductivity detection (C4D) is easily amenable for ion analysis in
ery short time. Surprisingly, CE has not attained significant inter-
st in sweat analysis and the reports are scarce. Hirokawa et al. [20]
eported the analysis of inorganic cations, amines and amino acids
n human sweat by CE with indirect UV absorbance. Recently, de

acedo et al. [21] analyzed strong anions (chloride, sulfate, sulfite)
n biological samples including urine, plasma and sweat. Jin et al.
22] have analyzed pyruvate in induced sweat samples by CE with
mperometric detection. Naruse et al. [23] have attempted to use
E for analysis of chloride in sweat, but conclude later that micro

SE electrode provides reasonable sensitivity and signal output.
nlike other separation techniques, CE offers a unique possibility

o analyze anions and cations simultaneously in a single run. This
s accomplished by injecting the sample from both capillary ends,

 technique pioneered independently by Kubáň and Karlberg [24]
nd Padarauskas et al. [25] in 1997. After the double-opposite-end
njection (DOEI, acronym used first by Durkin and Foley in 2000
26]) cations and anions migrate in the opposite direction towards
he detector placed in an optimized position along the separation
apillary.

In this work, we propose a novel approach for CF diagnosis,
n which chloride, sodium and potassium are analyzed simulta-
eously by DOEI-CE with C4D and that allows fast (∼3 min) and
eliable analysis of ionic content of sweat. A simple, fast and inex-
ensive “skin wipe” technique was developed for sampling of the
weat from patient’s forearm that only takes several seconds and
ight be suitable as a surrogate to conventional sweat sampling.
e demonstrate that by simultaneously quantifying all three ions

nd applying principal component analysis (PCA) to the concentra-
ion ratios of the ions, more relevant information can be obtained
nd be used to diagnose CF.

. Experimental

.1. Materials and methods

.1.1. Electrophoretic system
A purpose-built CE instrument was employed for all elec-

rophoretic separations. The separation voltage of +15 kV was
rovided by a high voltage power supply unit (DX250, EMCO high
oltages, Sutter Creek, CA, USA). The separation capillaries used
ere fused-silica (FS) capillaries (50 �m ID, 375 �m OD, 50 cm

otal length, Microquartz GmbH, Munich, Germany). Prior to the
rst use, the separation capillary was preconditioned by flushing
ith 0.1 M NaOH for 30 min, deionized (DI) water for 10 min  and

ackground electrolyte (BGE) solution for 10 min. Between two
uccessive injections, the capillary was flushed with BGE solution
or 1 min. At the end of a working day, the capillary was washed
ith DI water for 10 min, followed by applying a vacuum for 5 min

o remove any liquid from inside and stored dry overnight. All CE
xperiments were performed at ambient temperature.

.1.2. Double opposite end injection
Injection of standard solutions and sweat samples was  carried
ut hydrodynamically in the following sequence: For the injec-
ion of standard solution, the cationic standard containing selected
oncentrations of NH4

+, K+, Na+, Ca2+, Mg2+ was first introduced
ydrodynamically into the anodic capillary end (20 s injection at
 A 1358 (2014) 293–298

10 cm)  followed by the injection of BGE (20 s injection at 10 cm).
Then the anionic standard containing selected concentrations of
Cl−, NO2

−, NO3
−, SO4

2− was  introduced from the cathodic capillary
end (20 s injection at 10 cm), resulting in two  sample plugs of equal
volume being injected into the opposite capillary ends. For sweat
and skin wipe samples, exactly the same procedure was applied,
except that the same sample was  injected from both anodic and
cathodic sides.

2.1.3. Detection system
A C4D was  used for the detection of the separated analytes. It

consisted of an external function generator (GW Instek GFG-8219A,
New Taipei City, Taiwan) providing a sinusoidal excitation signal
(frequency: 300 kHz, amplitude: 20 V peak-to-peak) to an in-house
built detector cell [27] with a pre-amplifier (OPA655, Burr Brown,
TX, USA). The amplified cell current was led to an external detec-
tor circuitry for further processing. Data were collected using Orca
2800 AD converter (ECOM s.r.o., Prague, Czech Republic).

2.2. Chemicals

2.2.1. Reagents, standards, electrolytes
All chemicals were of reagent grade and DI water (Purite,

Neptune, Watrex, Prague, Czech Republic) was used for stock
solution preparation and dilutions. 10 mM stock solutions of
inorganic anions were prepared from their sodium salts (chlo-
ride, nitrate, nitrite, sulfate all from Pliva-Lachema, Brno, Czech
Republic). 10 mM stock solutions of inorganic cations were pre-
pared from their chloride salts (potassium, sodium, calcium,
magnesium) except for ammonium that was  prepared from
ammonium fluoride (all from Pliva-Lachema, Brno, Czech Repub-
lic). The standard sample solutions used in the analysis were
prepared separately for anions and cations by diluting the respec-
tive standard solutions to the required concentrations with DI
water. BGE for CE measurements was  prepared daily by diluting
100 mM stock solutions of l-histidine (HIS, Sigma-Aldrich) and 2-
(N-morpholino)ethanesulfonic acid (MES, Sigma-Aldrich) to the
required concentration. 18-crown-6 was prepared as 100 mM stock
solution and was  added to the BGE to yield the final concentration
of 2 mM.

2.3. Sample preparation

2.3.1. Sweat samples
Sweat samples were obtained with the patients’ informed con-

sent from the Department of Clinical Biochemistry, Children’s
Medical Center, Brno, Czech Republic. The Gibson-Cook procedure
was used to obtain the sweat samples. The filter paper was weighed
to calculate the amount of sweat induced and 3 mL  of DI water was
used to extract the ions from the filter paper. Prior to the analysis
the extract was  diluted 1:10 with DI water and analyzed by CE. Con-
ventional analysis method in the laboratory of clinical biochemistry
was coulometry.

2.3.2. Skin wipe samples
After obtaining an informed consent from the patients and

healthy volunteers, the skin wipe samples were obtained as fol-
lows: a cotton swab, purchased in local pharmacy, was thoroughly
rinsed with DI water to remove residual ion contamination, dried
with air and stored in an enclosed vial prior to sampling. Just before
the sampling, the cotton swab was wetted with a defined amount

of water (typically 200 �L) and a 2 cm × 4 cm skin on an upper side
of a forearm was repeatedly (3×)  wiped. The cotton swab was  then
immersed in 800 �L of DI water, let stand for 15 min to extract the
analytes and discarded. The extract was  then diluted 1:3 with DI
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Fig. 2. DOEI-CE separation of skin wipe of a person with dF508 and G551D muta-

ig. 1. DOEI-CE separation of 9 ion mixture (A) and a sweat sample (B). CE condi-
ions: Voltage 15 kV, C4D detection, HD injection of sample/BGE/sample: 20/20/20 s
rom the height of 10 cm.  Ion concentrations in mixture (A) 50 �M each.

ater and analyzed by CE. All samples were stored at −20 ◦C when
ot in use.

. Results and discussion

.1. Selection of separation electrolyte

In DOEI-CE, the separation electrolyte should allow migration
f both anions and cations injected into the opposite capillary ends
owards the detector placed approximately in the middle of the
eparation capillary. Typically, the EOF is suppressed or reversed
sing cationic surfactants to allow the analysis of both fast and
low migrating anions. In this work, for the purpose of CF diag-
osis, the analysis of slowly migrating anions from sweat sample
as not required. Thus the selection and optimization of the sepa-

ation electrolyte was very simple. We  have used a 20 mM MES/HIS
t pH 6, with 2 mM 18-crown-6 electrolyte without an EOF mod-
fier. In this electrolyte, the separation of anions (injected at the
athodic side) is counter-electroosmotic and allows only the anions
f strong acids to be separated and detected in reasonable time. On
ontrary, cations (injected at the anodic side) migrate in the direc-
ion of EOF and for their efficient separation, the capillary length

ust be sufficient. The position of the detector cell is important for
he apparent selectivity, as discussed by Macka et al. [28]. Thus, the
etector was placed 30 cm from the anodic end and 20 cm from the
nodic end. Four anions and 5 cations were separated in 3 min  and
he separation of a model solution of 9 ions is shown in Fig. 1A.

.2. Analytical parameters of the method

The analytical parameters of the developed CE method were
ssessed and are shown in Table 1. The data on repeatability are

ased on the above described, manual, hydrodynamic injection
rom both capillary ends. It is apparent that the repeatability of

igration times was excellent with RSD values less than 1% (n = 7).
lso the repeatability of the peak areas was very good (below
tion  before (A) and 14 days after (B) the treatment with Kalydeco. Trace (C) is a
comparison with skin wipe from a healthy volunteer. CE conditions: the same as in
Fig. 1.

6%) that is the value commonly encountered with manual HD
injection. Thus, the triple injection sequence does not induce any
additional error. The five point calibration graphs were constructed
by preparing the calibration solutions of all ions in DI water in
the concentration range between 0 and 100 �M and the corre-
sponding calibration parameters are also listed in Table 1. Limits
of detection were in the low micromolar range for all analyzed ions
(2.3–4.2 �M).  The values are higher than those obtained in carefully
optimized CE separation systems [29] or by using commercial C4D
detectors, but are sufficient for the current application. On the other
hand, the performance is better than what is achieved for small
inorganic ions by indirect absorption detection with commercial
UV–vis detectors.

3.3. Analysis of sweat and skin wipe samples

The suitability of the developed method was tested in analysis
of sweat and “skin wipe” samples. Fig. 1B shows an electro-
pherogram of the sweat sample, obtained from the patient with
diagnosed CF. The determined concentration of chloride by CE was
29.3 ± 0.6 mmol/L, which corresponds well to the values obtained
by coulometry in the clinical laboratory of Children’s Medical Cen-
ter (32.0 and 35.8 mmol/L obtained by Macroduct device and the
Gibson-Cook filter paper methods, respectively). It is apparent that
the developed DOEI-CE method is able to rapidly analyze the sweat
content and allows the quantitation of not only chloride but all
other ions of interest (Na+, K+). We  have noticed that in sweat sam-
ples, the ratio of Na+ and K+ in CF patients was significantly higher
than 1, as is also apparent from the peak heights in the electro-
pherogram in Fig. 1B.

Because the procedure of obtaining the sweat sample by con-

ventional methods is rather tedious, we have developed a simpler,
cheaper and faster method for sample collection. In this method,
a defined area of skin on the forearm was  swept by a moist cot-
ton swab as described in Section 2. Fig. 2 shows a result of skin
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Table 1
Analytical parameters of the method, n = 10.

RSD (tM)%a RSD (PA)%a LOD (�M) Linear regression equationb R2

Chloride 0.25 3.76 3.49 y = 1.4267x + 0.8486 0.9990
Nitrite 0.26 2.47 4.16 y = 1.4227x + 1.3149 0.9995
Nitrate 0.25 5.24 3.85 y = 1.2635x − 1.7235 0.9975
Sulfate 0.24 3.78 2.30 y = 2.6201x + 1.9442 0.9991
Ammonium 0.66 3.92 2.67 y = 0.6872x − 0.8943 0.9989
Potassium 0.68 5.32 3.67 y = 0.4921x − 0.0825 0.9990
Calcium 0.77 5.44 3.08 y = 0.7567x − 0.7352 0.9991
Sodium 0.76 6.02 4.17 y = 0.4757x − 0.1488 0.9991
Magnesium 0.76 4.85 3.21 y = 0.8279x − 1.5022 0.9977
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Fig. 3. The concentrations of chloride, sodium and potassium in a group of healthy
M, Migration time; PA, peak area.
a n = 7.
b Calibration range 0–100 �M.

ipe sampling of a person with diagnosed CF (trace A). This person
as a specific mutation (dF508/G551D) for which a new medica-
ion (Kalydeco, Vertex Pharmaceuticals Inc., USA [30]) has been
ecently made available. The trace B in Fig. 2 shows a skin wipe
f the same person analyzed 2 weeks after the Kalydeco therapy.
t is clearly evident that the concentration of all analyzed ions,
ut most notably chloride, sodium and potassium has significantly
ecreased. The measured decrease in chloride concentration was
.2-fold between the traces A and B, that correlates quite well with
he results obtained from sweat tests before and after the treat-

ent (the concentration of chloride using the sweat test decreased
.2–3.6 fold). What is also noticeable in Fig. 2 are the concentra-
ion ratios of Na+ and K+ that did not change significantly from the
race A and are higher than 1. Trace C in Fig. 2 shows the skin wipe
ample obtained from a healthy volunteer. Except that much lower
otal concentrations of all ions are observed, which is in accordance
o the normal ion transport through the sweat glands, the ratio of
a+/K+ is much closer to 1. The altered ion ratios, i.e. the ratio of
a+/K+ higher than 1 in CF patients and equal or lower than 1 in
ealthy subjects was subsequently found in all measured samples.
he measurement of all ions in sweat or skin wipe samples thus
ay  provide an alternative means for CF diagnosis and the ion ratios

for instance, the ratios of Na+/K+, Cl−/Na+ or Cl−/K+) could be used
or differential analysis rather than using chloride concentration
nly. Further, ion ratios are less prone to the sampling error and no
tandardization of the skin prior to sampling was required.

.4. Comparison of skin wipe samples from CF patients and
ealthy volunteers

To confirm the hypothesis on the importance of ion ratios, we
ave obtained a “skin wipe” sample from 10 healthy volunteers and
0 patients diagnosed with CF. All skin wipe samples were obtained
s described in Section 2.3 with no prior cleaning/preparation of the
orearm’s skin and analyzed by DOEI-CE with C4D. Fig. 3 shows the
raph with the obtained concentrations of selected ions from the
roup of healthy individuals and patients with CF. The leftmost part
f Fig. 3 shows a comparison of chloride values of the healthy group
nd the patients with CF. It is clear that the average concentration
f chloride in CF group was much higher than in the healthy group.
owever, it is also apparent that the values of chloride alone can

ead to some false positive or false negative results. This is a com-
on  pitfall of sweat chloride analysis, as documented in several

apers [11,17]. The concentration of chloride in sweat is also age
ependent [31] and thus there are currently different border val-
es for Cl− in infants and adults to be used as CF diagnosis values

7]. Apparently, the absolute value of chloride may  not provide a
00% proof diagnostic method. The other ions (Na+, K+) alone have
ery little diagnostic value. This applies both for standardized sweat
ampling and the newly developed “skin wipe” sampling.
individuals (�, n = 10) and patients with cystic fibrosis (♦, n = 10). The horizontal
lines indicate the average concentration of the particular ion in each group. Samples
analyzed by DOEI-CE, CE conditions: the same as in Fig. 1.

However, when looking at Fig. 4, where the ion ratios rather than
the total concentrations of ions are plotted, apart from the fact that
the values of Cl−/Na+ do not provide any clue, it is clear that, espe-
cially the ratio of Cl−/K+ and also the ratio of Na+/K+ provide rather
clear distinction between the group of healthy and the group of CF
patients, regardless of the absolute concentrations of the relevant
ions. We  thus suggest that rather than using the value of chloride
alone, the ion ratios can be better used for CF diagnosis.

3.5. Principal component analysis (PCA) in CF diagnosis

Chemometric approaches, such as PCA, are known to simplify
the data when straightforward concentration data alone are not
sufficient for interpretation. That is why in the next step, we have
applied PCA to the measured data. In PCA, the matrix of mea-
sured data (here the concentrations or the peak areas of anions
and cations) is simplified by a mathematical procedure to pro-
vide a model, in which each sample is represented as a point in an
n-dimensional space. The n is the number of significant principal
components that are used to explain the variation in the data. Typ-
ically, 1–3 principal components (PCs) are the most significant and

explain most of the variance. As we have previously noticed that
peak ratios provide more distinction of the selected groups of indi-
viduals, peak areas ratios of the most important ions participating in
the ion transport (Cl−, Na+, K+) were subjected to PCA analysis. The
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esulting table consisted of 20 rows (samples of different individu-
ls) and 3 columns of corresponding ion peak area ratios. The table
as subjected to mean centered PCA procedure. The “leave-one-

ut” cross-validation procedure was used to determine the number
f significant principal components. This procedure revealed 2 sig-
ificant principal components that accounted for 99.61% of the
otal variance. In Fig. 5, the PCA plot demonstrates that when using

eak ratios, there is distinct cluster formation for the healthy and
F patients groups (marked in green and red). Thus the use of
eak area ratios in conjunction with PCA seems to be a robust, yet
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simple way of diagnosing CF and classifying the person’s sweat ionic
fingerprint. We  are currently performing a detailed study with large
number of CF patients, including those with low chloride values to
assess a full diagnostic potential of the newly developed method.
We  assume the extension to newborn screening program in which
this simple, 10 s skin wipe sampling, might replace the pilocarpine
iontophoresis tedious procedure. In this context, use of portable CE
instrumentation [32] for on-site sweat analysis would be clearly an
asset.

4. Conclusions

In this work, we have demonstrated that the developed DOEI-
CE method is a useful tool for analysis of target ions in sweat and
“skin wipe” samples for diagnosis and monitoring of CF. The method
allows simultaneous analysis of all ions that participate in the ion
transfer across the cellular membranes. In particular simple and
fast, “skin wipe” technique for sampling of sweat is of a high signifi-
cance, because it can considerably simplify the sampling procedure,
decrease the analysis time and provide a completely non-invasive
mode of sampling that can be for instance used in new-born screen-
ing programs. By combination of selected information obtained
from the electropherograms and PCA analysis, the diagnosis of CF
can be made more accurately and greatly reduce the number of
false positive or negative results as is often the case when sin-
gle ion (chloride) is analyzed. This is owing to the simultaneous
analysis of oppositely charged small ions using the unique DOEI
approach that shows a great potential of CE in real world analysis.
With a prospective use of portable CE instrumentation, the diag-
nosis results could be obtained in very short time which is another
asset of the developed method.

However, to employ the developed sampling and analysis
method in clinical practice, a detailed study with large cohort of
healthy individuals and CF patients, the assessment of normal and
elevated ranges of ions and ion ratios, repeatability, inter- and intra-
subject, variability, etc., needs to be performed. Such a study is
currently under way in cooperation with the University Hospital
in Brno.
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