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bstract

The authors have developed a new passive flux sampler (PFS), which was a simple device to determine emission fluxes of potential biomarkers
uch as acetaldehyde and acetone emanating from the surface of the human skin. The sampler was placed on the skin surface to create a headspace.
ithin the space, gases emanating from skin moved toward the trapping filter (DNPH impregnated filter) by molecular diffusion and the trapped
arbonyls were subsequently determined by HPLC. The PFS was practically applied to volunteers. The emission flux varies with sampling positions,
robably depending on the different emanation routes. Personal emission flux also showed great variations between individuals.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Trace gases emanating from human skin has invited consider-
ble attention during recent years as a mosquito attractant [1,2],
specific odour of aged people [3], a potential non-invasive

iomarker of individual physical or physiological status [4–7]
nd in relation to indoor air quality of living environments.
he gaseous substances are mostly synthesized by internal
etabolism or bacterial activity on the surface of skin. The reac-

ion products of metabolism generally rise to the skin surface
ith perspiration and/or travel directly from blood through the

kin, because there is a network of blood capillaries under the
kin [4].

However, determination of emissions of such volatile
rganic/inorganic compounds has been rarely reported due to
ifficulty of sampling and their very low concentrations. There-
ore, previous studies required complicated instruments for

ampling, pre-concentration and highly sensitive analysis, which
hould be operated by professionals. According to Naitoh et al.
4], a homemade sampling probe with a continuous nitrogen
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as flow was directly attached to the skin of a forearm. The
arrier gas was then introduced either to a cold trap system
or the determination of acetone by gas chromatography with
ame ionization detector (GC-FID) or to an aluminum bag for
nalysis of hydrogen by GC. Nose et al. [5] used a polyfluo-
ovinyl bag for covering hand under a continuous helium flow
nd introduced the carrier gas to a cold trap system coupled with
C-FID for the determination of methane, ethylene and ethane.
real time trace gas sensing method was reported by Moeskops

t al. [8]. A small quartz cuvette was placed on the skin sur-
ace to create headspace from which a carrier gas transports the
kin emissions to a laser-based photoacoustic detection system
nd proton-transfer reaction mass spectrometry for determina-
ions of ethylene, propanal and acetaldehyde. Semi-quantitative
nalysis was also demonstrated by Zhang et al. [7] for character-
zing the emanations from human arm skin. A sampling jar with
itrogen gas flow system, into which a hand of volunteer was
nserted, was used for sampling device. The emanations were
rapped by a solid phase micro-extraction (SPME) technique
nd then detected by GC–mass spectrometry (GC–MS).

From the above, it is clear that although work is needed to

ore closely identify metabolic sources of medically useful skin

ases, and that the determination of skin gas has many technical
roblems, the prize of easily and cheaply being able to screen
arge numbers of people for various disorders is potentially

mailto:sekine@keyaki.cc.u-tokai.ac.jp
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ery great indeed. Good examples of target substances might
e acetaldehyde and acetone. Acetaldehyde is well known as
etabolite of alcohol and its concentration in breath has been

sed as a biomarker of drinking and alcoholism. Acetone is a
ember of ketone bodies which are products of the metabolic

eaction of fatty acids when there is low blood glucose. Acetone
n breath has attracted much attention, because it is markedly
nfluenced by the period of fasting, starvation or even type of
iet [9]. Moreover, elevated acetone concentration in breath is
roduced in patients with uncontrolled diabetes mellitus [10].
owever, the acetone-like smell also comes from skin. Naitoh

t al. found the acetone concentration in breath had a significant
orrelation with acetone content in the human skin gas [4].
herefore, measurement of acetone from skin could be very

mportant in the diagnosis and treatment of diabetes [11].
In this study, the aim is to demonstrate the application of a

ovel sampler to skin gas determinations of medically signifi-
ant species—acetaldehyde and acetone. We have developed a
ew type of passive diffusion sampler, which is a simple device
o determine the emission flux of volatile carbonyl compounds
manating from the surface of the human skin, based on the con-
ept of passive flux sampler (PFS) [12–15]. The new sampler
as then applied to in vivo sampling of human skin gases of
olunteers, and the emission fluxes of acetaldehyde and acetone
ere determined using high performance liquid chromatography

HPLC).

. Experimental

.1. Reagents

Reagent grade acetaldehyde, acetone, 2,4-dinitrophenyl-
ydrazine (DNPH), and phosphoric acid; and HPLC grade
cetonitrile were obtained from Kanto chemicals. 16-
ldehydes-DNPH mixture standard solution (10 �g mL−1 in

cetonitrile) was purchased from Wako Pure Chemical Indus-
ries and used as the analytical standard.

.2. Passive flux sampler (PFS)

Passive sampling device for collecting human skin gases was
eveloped based on the concept of the PFS. This type of pas-
ive sampler was originally developed for the determination
f emission flux of hazardous chemicals from building materi-
ls: volatile organic compounds (VOCs) from interior finishing
aterials [12], phthalates from plastic materials [10], formalde-

yde from plywood [11] and hydrogen chloride from damaged
olyvinylchloride [12]. The device simply consisted of Petri dish
ade of stainless steel, trapping filter, polytetrafluoroethylene

PTFE) O-ring and backup plate (Fig. 1). The passive sampler
as placed on the skin surface to create a headspace. Through

he open face of the sampler, gases emanating from skin move
oward the trapping filter within the headspace by molecular

iffusion and the gas molecules were then collected on the fil-
er. The trapping filter was prepared by dipping a commercially
vailable cellulose filter paper (Advantec, Tokyo, Japan, No.
1A, Ø36 mm, 0.18 mm t) into 0.2% DNPH–1% phosphoric

t

H
w

Fig. 1. Schematic view of the passive flux sampler for human skin gas.

cid in acetonitrile solution and subsequently drying in a vac-
um desiccator. Before use, the open end of the sampler was
overed with a cap of the stainless steel Petri dish, sealed by a
iece of ParafilmTM, enveloped in an aluminum bag and stored
n a refrigerator.

Since the PFS employs molecular diffusion process and hence
oes not require power supply and other services, the volunteers
asily handle the simple device by themselves. This is a great
dvantage when simultaneous and multiple sampling of human
kin gas is carried out.

.3. Sampling and HPLC analysis

The passive sampler was softly fixed on the surface of
orearm and/or palm (Fig. 2) using an elastic band. The car-
onyl compounds emanating from skin surface were collected
s DNPH derivatives and subsequently determined by HPLC
fter extraction with 10 mL of acetonitrile. In recent years, this
NPH-HPLC method has been established as the most widely
sed standard procedure for the determination of aldehydes and
etones in air sample [16–18]. Sampling was conducted for 1 h
n a given atmosphere (indoor environmental conditions such as
emperature, humidity and air stream were not controlled). At
he same time, the sampler was put on the Petri dish for 1 h at
oom temperature, to collect carbonyl compounds in the internal
pace of the PFS as background. The emission flux of carbonyl
ompounds, E (mg cm−2 h−1) was obtained by

= W

St
(1)

here W (ng) is a collection amount of analyte by the PFS, S
cm2) a cross-section of the exposed human skin (7.79 cm2) and

(h) is a sampling duration.

The HPLC system consists of Hitachi L-2130 pump with
itachi L-2400 UV–vis detector. The following condition
as used: column, 4.6 mm × 150 mm, 5 �m, Inertsil ODS-80A
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sex, and condition on the day, was also administered at the same
time.

After sampling, the passive samplers were analyzed
described above and emission fluxes were obtained by Eq. (1).
ig. 2. Sampling of human skin gas from palm (upper) and forearm (lower).

GL Sciences); eluent, acetonitrile:distilled water in the ratio
f 1:1 (v/v) at 1.0 mL min−1 (isocratic); detection, 360 nm;
njection volume, 20 �L; injection mode, manual. Dilution
eries of DNPH-carbonyl compounds in acetonitrile solu-
ion, 0.01, 0.025, 0.05 and 0.1 �g mL−1, were prepared from
6-Aldehydes-DNPH mixture standard solution and used for
alibration.

.4. Sampler performance

Recovery rates of the trapped carbonyl compounds were
etermined by the preparation of spiked filters. An aqueous
olution comprising 0.10 mL of 10 �g mL−1 of acetaldehyde
nd 0.010 mL of 10 �g mL−1 acetone was dropped and spread
n the DNPH impregnated filter. Then, the PFS was capped
mmediately and stood for 1 h to allow reaction of the carbonyl
ompounds with the DNPH. The filters were subsequently ana-
yzed as described above. The administrated PFSs were also
tored in refrigerator (4 ◦C) for 24 and 48 h and change of the
ecovery rate was examined. Three parallel experiments were
one (n = 3).

Reproducibility of the passive sampling method was assessed
y simultaneous exposure of five samplers to a vapour of
cetaldehyde and acetone. The PFSs were placed on a Petri dish
here 0.10 mL of 1000 �g mL−1 aqueous solution of acetalde-
yde and acetone was dropped. The samplings were made for
h. The filters were then analyzed as described above.
.5. Measurement of carbonyl compounds from human skin

Measurement of dermal emission fluxes of carbonyl com-
ounds were carried out using the newly developed PFS, to
nvestigate:

F
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) effect of diffusion length on the dermal emission flux;
) variation of the emission flux by sampling position;
) distributions of personal emission fluxes of acetaldehyde and

acetone of volunteers.

In all cases the sampling was simultaneous and lasted for 1 h.
The emission flux was determined by changing the diffusion

ength which is a distance between the skin surface and trapping
lter within the PFS. The test volunteer was a female (22 years
ld), and a pair of samplers was simultaneously exposed to the
eft forearm. The diffusion lengths of the two samplers were set
t 0.45 and 0.75 cm.

To examine variation of the dermal emission flux by sam-
ling position and distribution of personal emission fluxes, three
ets of experiments were carried out involving (a) four sam-
lers deployed on the left palm, left forearm, right palm and
ight forearm of one volunteer (female, 22 years old). Diffusion
ength was set at 0.75 cm. The measurements were conducted
nce a day for 5 days (n = 5). (b) Additional measurements were
onducted on six volunteers, consisting of two males (age 21)
nd four females (age 21–23). The sampling positions were set
t left forearm, left palm, left upper part of arm, chest, midriff,
eft calf, back and left bottom of foot. The six samplers were
imultaneously deployed at each sampling position (single sam-
ler at one position). (c) Measurements were conducted on 60
olunteers to assess the distribution of personal emission fluxes
f acetaldehyde and acetone. Subjects were students of Tokai
niversity (46 males and 14 females). Their ages ranged from
9 to 23 years old (average 20.9 years old). The sampling was
arried out 13:30–14:30, 15 December 2004. One sampler was
ut on the surface of the forearm which in each case was not the
olunteer’s dominant side. A simple questionnaire, asking age,
ig. 3. Typical HPLC chromatograms of (A) standard solution (1 �g mL−1 of
arbonyls-DNPH) and (B) emanations from skin surface collected at forearm.
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Table 1
Collection amount of acetaldehyde at the forearm of one volunteer by the PFS
setting the diffusion length at 0.45 and 0.75 cm

W0.45 (�g) W0.75 (�g) W0.45/W0.75

1 0.010 0.010 1.0
2 0.021 0.018 1.2
3
4

3

b
f
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d
f
l
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v
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c
o
t
tion amount of acetaldehyde from human skin at each diffusion
length. Acetone from this volunteer was mostly below LOD.
As can be seen, the collection amount of acetaldehyde did not

Table 2
Emission fluxes of acetaldehyde and acetone from palms and forearms of one
volunteer (ng cm−2 h−1)

Left
palm

Left
forearm

Right
palm

Right
forearm

Acetaldehyde
1 17 5.8 9.6 5.4
2 13 ND 8.1 ND
3 13 ND ND ND
4 6.2 ND ND ND
5 9.6 ND 11 ND
Mean 12 5.8 9.6 5.4
S.D. 4.0 – 1.5 –
Median 13 ND 8.1 ND

Acetone
1 4.4 2.9 ND 7.9
2 1.2 2.8 3.0 2.7
3 ND 2.6 ND 2.0
4 ND 1.5 ND ND
5 ND ND ND ND
Mean 2.8 2.4 3.0 4.2
04 Y. Sekine et al. / J. Chrom

This study was conducted under approval of Ethics Commit-
ee on Human Studies, Tokai University.

. Results and discussion

.1. Sampler performance

HPLC analysis of the DNPH impregnated filter yields the
umber of moles of DNPH-carbonyl derivatives and hence
he number of moles of carbonyl compounds collected on
he trapping filter. In the typical HPLC chromatograms of a
tandard solution and sample as shown in Fig. 3, peaks of
NPH-carbonyl derivatives were well separated. Acetaldehyde

eacts with DNPH and gives possible two geometric isomers
f hydrazone: E and Z. However, only one peak was found
s a sum of both isomers under this analytical condition. Rel-
tive standard deviations (R.S.D.) of peak areas for repeated
njections of 0.1 �g mL−1 of standard solution were 4.3% for
cetaldehyde and 3.4% for acetone (n = 5). R.S.D. of reten-
ion times were 0.67% for acetaldehyde and 0.64% for acetone
n = 5).

Significant contamination was detected in the blank filters
f the PFS, mostly due to contamination from the labo-
atory air, impregnation process of the DNPH solution to
he cellulose filter, and drying process of the dipped fil-
er and contamination in the cellulose filter. To avoid them,
he trapping filter was prepared by dipping method instead
f pipetting the DNPH solution into the cellulose filter, in
separate room without any uses of carbonyl compounds

nd dried in a vacuum desiccator by removing desiccant
silica gel) which was a possible source of carbonyls. As

result, the blank level was reduced to 0.10 ± 0.002 �g
f acetaldehyde and 0.011 ± 0.0006 �g of acetone (n = 3).
he blank readings were subtracted from sample readings
f HPLC chromatogram, because of the small R.S.D.s of
he blank reading (2.2% for acetaldehyde and 5.3% for ace-
one).

Limit of detection (LOD) of the sampler was defined as three-
old standard deviation of multiple blank samplers and obtained
rom Eq. (1) for 1 h sampling duration following the analyti-
al procedure described above. The LOD of emission flux of
cetaldehyde resulted in 0.85 ng cm−2 h−1 and that of acetone
as 0.48 ng cm−2 h−1.
Recovery rate of the trapped carbonyl compounds were inves-

igated by administrating known amount of carbonyl compounds
o the DNPH impregnated filters. The recovery rates resulted
n 101 ± 0.50% for acetaldehyde and 98 ± 0.15% for acetone
n = 3). No significant differences in the recovery rates were
ound in the samples stored in refrigerator for 24 and 48 h.
eproducibility of the passive sampling method was assessed by

imultaneous exposure of five samplers to vapours of acetalde-
yde and acetone generated from standard solutions. R.S.D.
f the collected amounts of carbonyl compounds were 8.3%

or 0.27 �g of acetaldehyde and 13% for 0.38 �g of ace-
one. Based on the excellent recovery rate and repeatability,
e then applied the PFS to passive sampling of human skin
as.

M
d

0.094 0.086 1.1
0.115 0.113 1.0

.2. Effect of diffusion length on the dermal emission flux

Sampling rate of the human skin gas is potentially affected by
oth mass transfer from bulk skin to air phase and molecular dif-
usion of gas inside the air layer (boundary layer) of the sampler.
he slower of the two determines the overall sampling rate [13].
he rate-determining step can be distinguished by changing the
iffusion length which is a distance between human skin sur-
ace and trapping filter. When the molecular diffusion in the air
ayer is a rate-determining step, the emission flux (or collected
mounts of the filter) changes with the diffusion length accord-
ng to Fick’s law. On the other hand, the thickness of boundary
ayer of materials in indoor environment without mechanical
entilation is 1.4–1.6 cm under 0.08 m s−1 of wind speed [19].
hen we set the diffusion length shorter than the thickness, the
ass transfer rate dominates the overall flux.
Then, the emission flux from a forearm was determined by

hanging the diffusion length of the PFS. The diffusion lengths
f the two samplers were set at 0.45 and 0.75 cm, much shorter
han the thickness of boundary layer. Table 1 shows the collec-
S.D. 2.2 0.6 – 3.2
Median ND 2.6 ND 2.0

ean and standard deviation (S.D.) were calculated on the basis of measured
ata only. ND: not detected.
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Fig. 4. Comparison of detection percentage (line graph) and emission fluxes of
acetaldehyde and acetone (bar) between sampling positions. Samplings were
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percentages were found at upper part of arm (33%) and
chest (17%), where blood capillaries were distributed under
muscles or bones. On the other hand, differences between
emission flux levels by sampling position were not clear for
onducted simultaneously for six volunteers. Bars show mean concentrations
ith standard deviations of emission fluxes of acetaldehyde and acetone and

ine graphs show detection percentage.

hange by the difference of the diffusion length of the PFS.
herefore, the mass transfer rate of the skin gas was a rate-
etermining process when the diffusion length of PFS was up to
.75 cm, and Eq. (1) can be practically used for determining the
ermal emission flux.

The headspace, created by setting the diffusion length at
.75 cm, was also useful to avoid direct contact of skin to the
rapping filter. Therefore, the PFS can be easily handled by
on-trained personnel.

.3. Variation of the dermal emission flux by sampling
osition

The effect of sampling position on the dermal emission fluxes
f carbonyl compounds was investigated in a series of experi-
ents by deploying PFSs on:

a) The palms and forearms of one volunteer. Table 2 shows the
dermal emission fluxes of acetaldehyde and acetone at each
sampling position. The backgrounds in the internal space
of the PFS were not detected in any cases. Acetaldehyde
was detectable in most cases from the palms. However, the
emission fluxes from the forearms were mostly not detected

by the PFS method. On the other hand, acetone was more
detectable from the forearms rather than the palms. This was
probably because of different emission routes of these dif-
ferent carbonyl compounds. Acetaldehyde is well known as

F
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a product of the metabolic reaction of alcohol and a compo-
nent of sweat, and since there is a denser network of sweat
glands on the palm than the forearm, detection of acetalde-
hyde may be easier at the palms. Acetone on the other hand
is a product of the metabolic reaction of fatty acids which are
necessary to produce energy in case of low concentration of
glucose in the blood. The ketone in blood capillaries emerges
as a component of sweat and also rises directly to the skin
from the blood capillaries because of its highly volatility
[4], therefore, the emission flux of acetone may also depend
on the distribution of hypodermic blood capillaries.

b) The left forearm, left palm, left upper part of arm, chest,
midriff, left calf, back and left bottom of foot of six vol-
unteers. Fig. 4 shows the results. Mean concentrations and
standard deviations were calculated using measured data
only. Whilst higher detection percentages of acetaldehyde
was found at the bottom of foot (100%), palm (83%) and
forearm (83%), the lowest was found at upper part of arm
(33%), where sweat glands were sparsely distributed. Sim-
ilarly, higher detection rates were found at bottom of foot
(100%), palm (83%) and forearm (83%) for acetone. Lower
ig. 5. Distribution of emission flux of acetaldehyde from skin surface of 60
olunteers, measured by the PFS. (a) Histogram and accumulated frequency,
b) comparative plots based on the volunteer’s condition; A, all volunteers; B,
olunteers answered in good condition; C, volunteers who had lost asleep last
ight; D, volunteers who caught a slight cold on the day of the sampling.
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both compounds. ANOVA tests using these data sets could
not detect any significant effects of sampling positions on
the dermal emission fluxes of both compounds (P = 0.05),
probably due to great variations among volunteers. There-
fore, distribution of emission flux was investigated for 60
volunteers.

c) Forearms of 60 volunteers. Fig. 5a shows a histogram and
accumulated frequency of emission flux of acetaldehyde
from one forearm of 60 volunteers. The flux ranged widely
from below LOD to 17 ng cm−2 h−1 with 2.0 ng cm−2 h−1

at 50% of the accumulated frequency. Arithmetic
mean ± standard deviation was 3.8 ± 3.7 ng cm−2 h−1,
when a half of the LOD was used for the samples whose
readings were below LOD. Several higher values were found
in the volunteers who lost sleep the night before and had a
slight cold on the day of the sampling. Therefore, effects of
physical or physiological status on the emission flux should
be investigated by further well-designed clinical tests.

As above, Fig. 6a shows a histogram and accumulated

requency of emission flux of acetone from one forearm
f 60 volunteers. The flux ranged from below LOD to
.3 ng cm−2 h−1. Since the results on 63% of the volunteers
howed below LOD, the 50% of the accumulated frequency

ig. 6. Distribution of emission flux of acetone from skin surface of 60 vol-
nteers, measured by the PFS. (a) Histogram and accumulated frequency, (b)
omparative plots based on the volunteer’s condition; A, all volunteers; B, vol-
nteers answered in good condition; C, volunteers who had lost asleep last night;
, volunteers who caught a slight cold on the day of the sampling.
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esulted in below LOD. Arithmetic mean ± standard deviation
as 1.7 ± 4.7 ng cm−2 h−1, when a half of the LOD was used

or the samples whose readings were below LOD. In case of
emoving the below LOD, the arithmetic mean ± standard devi-
tion resulted in 4.3 ± 7.2 ng cm−2 h−1. This may be because
his survey was carried out just after lunch, as lower levels of
etones are found in plasmas when blood glucose levels are
igher (e.g. just after meals). Therefore, great variations of emis-
ion flux of acetone would be expected during the day. As with
cetaldehyde, relatively higher values were found in volunteers
ho had lost sleep the night before and seemed to have colds.

. Conclusions

A new type of passive sampler, PFS was developed for the
etermination of emission fluxes of acetaldehyde and acetone
manating from the surface of human skin. Excellent recovery
ate and repeatability were shown for the sampler. Collection
mount of analyte was shown to be independent of diffusion
ength within the sampler, at least up to 0.75 cm, for the cross-
ection of exposed human skin (7.79 cm2) and sampling time
1 h) employed.

The emission flux varied with sampling position, probably
ue to the different emanation routes of the gases for the dif-
erent parts of the body sampled. Personal emission fluxes of
cetaldehyde and acetone from the forearm of 60 volunteers
idely ranged from below LOD to 17 ng cm−2 h−1 and from
elow LOD to 6.3 ng cm−2 h−1, respectively.

The PFS was a simple device suitable for simultaneous and
ultiple sampling of human skin gas and quantitative demon-

trations. This type of non-invasive measurement may have the
ossibility to be a simple and efficient tool for diagnosis of
uman conditions, when clinical significance of measurements
f both compounds emanating from human skin is established.
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