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A  rapid,  sensitive  and  specific  hydrophilic  interaction  liquid  chromatography  coupled  to tandem  mass
spectrometric  (HILIC–MS/MS)  method  for the simultaneous  determination  of  pyroglutamic  acid,  cis-  and
trans-urocanic  acid in  human  skin  stratum  corneum  (SC)  were  developed  and  validated.  This  method  was
carried  out  without  derivatization  or addition  of  ion-pair  additives  in  mobile  phase.  The  analytes  were
extracted  by  PBS  buffer  solution  and analyzed  using  an electrospray  positive  ionization  mass  spectrome-
try  in  the multiple  reaction  monitoring  (MRM)  mode.  Chromatographic  separation  was  performed  on  an
AQUITY  UPLC  amide  column  using  gradient  elution  with  the  mobile  phase  of  water  and  acetonitrile.  The
uman stratum corneum
atural moisturizing factor (NMF)
ILIC–MS/MS

standard curves  were  linear  over  the concentration  range  of 1.0–250  ng/mL  with  a  correlation  coefficient
higher  than  0.999  with  an LLOQ  of 0.5  ng/mL.  The  lower  limits  of  detection  (LLOD)  of  these  analytes  were
lower  than  0.2  ng/mL.  The  intra-  and  inter-day  precisions  were  measured  to be  below  7.7%  and  accura-
cies were  within  the  range  of 94.3–102.6%.  The  validated  method  was successfully  applied  to determine
the  level  of pyroglutamic  acid  and  cis-/trans-urocanic  acid  in the  SC  samples  from  forearm  and  forehead
region  of 19  human  volunteers.
. Introduction

Water in skin stratum corneum (SC) is essential to the mainte-
ance of mechanical integrity of the skin [1].  Natural moisturizing

actor (NMF) which has high hygroscopicity and water-retaining
apability is critical in preserving water in SC. NMF  is mainly
omposed of free amino acids and their metabolites such as pyrog-
utamic acid (PGA) and urocanic acid (UCA) [2].  Abnormally low
evel of NMF  is frequently observed in the dry and scaly skins [3],
topic dermatitis and psoriasis [4].  Accordingly, the measurement
f amino acids and their metabolites in human SC can give impor-
ant information on the health of skin.

PGA and UCA are the major components of NMF and commonly
sed as indicators of NMF  level in SC since they are the termi-

al metabolites of amino acids. PGA is a metabolite of glutamine
5] and UCA is an imidazole-acrylic acid derivative that is pro-
uced from histidine [6].  Recently, additional biological roles of

∗ Corresponding author. Tel.: +82 31 280 5904; fax: +82 31 281 8390.
E-mail address: kimlim@amorepacific.com (K.-M. Lim).

570-0232/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jchromb.2012.04.008
© 2012 Elsevier B.V. All rights reserved.

PGA and UCA have been enlightened that include the suppression
of microorganism, UV-blockade and immune-suppression. Espe-
cially, on exposure to UV, trans- to cis-photoisomerization of UCA
occurs [7].  Each UCA isomer has distinct biological activities [8],
raising the need for a sensitive analytical method for the respective
UCA isomers.

Bioanalytical methods for amino acids and amino acid deriva-
tives have been extensively investigated such as HPLC-UV, fluo-
rescence detection or coulometric detection, gas chromatography
(GC) [10], thin-layer chromatography [10], capillary electrophore-
sis [9],  GC–MS [10,11] and LC–MS [12]. However, in order to apply
to biological matrices, these methods require time-consuming and
laborious pre- or post-column derivatization. In addition, some
derivatives are unstable and they are inapplicable to PGA since
derivatizing reagents do not react with tertiary amines. Recently,
ion-pair reagents such as trifluoroacetic acid, tetrabutylammonium
hydroxide, heptafluorobutyric acid and pentadecafluorooctanoic

acid (PDFOA) have been tried for LC–MS/MS-based amino acid anal-
ysis [13]. Addition of volatile ion-pair reagents to mobile phase
improves separation of underivatized amino acids on a reverse-
phase silica-based C8 or C18 columns. They also increase the MS

dx.doi.org/10.1016/j.jchromb.2012.04.008
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:kimlim@amorepacific.com
dx.doi.org/10.1016/j.jchromb.2012.04.008
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Table 1
Gradient condition of mobile phase.

Time (min) Flow rate
(mL/min)

A (%) B (%) Curve

0.0 0.3 20 80 6
0.5  0.3 20 80 6
1.5  0.3 60 40 6
3.5  0.3 60 40 6
6 K.-M. Joo et al. / J. Chro

ignal of amino acids and improve peak shape. However, ion-pair
eagents frequently affect assay durability [13] and the sensitivity
ecreases due to ion suppression.

Many attempts have been made to develop analytical method
o determine PGA [4,14] and UCA [9,15,16] in human SC. How-
ver, analytical method for PGA has not been fully validated to
ur best knowledge. For the analysis of UCA, ion-pair reagents like
odium heptasulfonate or derivatization with dabsyl chloride have
een tried but they entail difficulties like column stabilization and
ample preparation as described above. In addition, derivatization
eagent can react with other amino acids and amines in the bio-
ogical samples, demanding long chromatographic run times for
he proper separation of analytes. Most importantly, these meth-
ds have low specificity and poor sensitivity. With ion-pair reagent
ethod, LOD for cis-  and trans-UCA was 277 ng/mL and 485 ng/mL

15], respectively. With derivatization method, UCA was detectable
s low as 13.86 ng/mL [16]. With high performance capillary elec-
rophoresis, LOD was far higher ranging 69.3 ng/mL [9].

Here, we developed a versatile, highly sensitive and selective
C–MS/MS method for the analysis of PGA and cis-/trans-UCA in
he tape-stripped SC samples from human, using hydrophilic inter-
ction liquid chromatography (HILIC). HILIC is employed for the
nalysis of highly polar analytes that are hard to retain and sep-
rate with reversed-phase HPLC [17]. HILIC increases ionization
fficiency with the use of mobile phases containing a high pro-
ortion of organic solvents such as acetonitrile. The extraction
sing PBS buffer without derivatization or ion-pair reagents was
ufficient for the sample preparation. With this method, PGA and
is-/trans-UCA were quantified in the SC samples from forearm and
orehead region of 19 volunteers with LOD lower than 0.2 ng/mL.

e compared their levels with skin barrier function to assess the
pplicability of this analytical method for biological studies.

. Experimental

.1. Chemicals and reagents

Pyroglutamic acid (PGA), trans- and cis-urocanic acid (UCA)
ere purchased from Aldrich (St. Louis, MO). L-proline-13C5, 15N

IS) was purchased from Cambridge Isotope Laboratories (Andover,
A). HPLC grade acetonitrile was purchased from Fisher Scientific

Fair Lawn, NJ). Sodium dodecyl sulfate was obtained from Sigma
St. Louis, MO,  USA) and trifluoroacetic acid (TFA), heptafluorobu-
yric acid (HFBA) and propylene glycol were purchased from Fluka
Burchs, Switzerland). Protein assay kit was purchased from Pierce
Rockford, IL). The water used were ultra-pure deionized water
18.2 M� cm)  produced from Millipore Milli-Q Gradient system
Millipore, Bedford, MA). All other reagents used were of highest
rade available.

.2. Preparation of standards solution

Standard stock solutions of PGA, cis-  and trans-UCA were pre-
ared in water at concentration level of 1 mg/mL, respectively, and
tored at −20 ◦C. The mixed working standard solution contain-
ng PGA, cis-  and trans-UCA was serially diluted with phosphate
uffered saline (pH 7.4) containing 0.1% (w/v) sodium dodecyl sul-
ate/2% (w/v) propylene glycol and 30% water in acetonitrile (1:9)
o obtain concentrations for calibration curve standards (0.5, 1.0,
.5, 5.0, 10.0, 25.0, 50.0, 100, 250 ng/mL).

Quality control samples were prepared to 1.0, 50 and 200 ng/mL

ith PBS buffer solution and 30% water in acetonitrile (1:9).

 mg/mL  internal standard stock solution of L-proline-13C5, 15N was
repared in water and the working solution of IS was  diluted to
et a final concentration of 1 �g/mL in 30% water in acetonitrile.
5.0  0.3 20 80 1

A: deionized water; B: acetonitrile.

This solution was  added to standard working solutions to a final
concentration of 50 ng/mL.

2.3. Sample preparation

2.3.1. Tape stripping
To minimize the effect from temperature and humidity on

Trans-epidermal water loss (TEWL), the subjects (19 healthy
and young Koreans) were undergone a standardized wash-
ing procedure (soap washing) and retained in humidity- and
temperature-controlled room (24 ± 2 ◦C, 40 ± 2%) for 30 min  before
measuring TEWL and collecting SC samples. After measuring TEWL
with VapoMeter (Delfin, Finland) on inner forearm and forehead, SC
specimens were obtained with a D-squame standard tape (Cuderm,
Dallas, TX, diameter, 2.2 cm). Ten consecutive tapes were collected
from each volunteer (27–40 years old, 7 males and 12 females,
Asian). The tapes were stored at 4 ◦C until use.

2.3.2. Protein analysis of the tape strips
For protein quantification, 5 tapes were put in glass vials

containing 5 ml  of 0.1% (w/v) sodium dodecyl sulfate/2% (w/v)
propylene glycol in PBS buffer solution and then sonicated for
1 h to obtain soluble proteins. The solutions were centrifuged at
12,000 rpm for 10 min  at 4 ◦C. The supernatant was separated and
aliquots of solutions were used to quantify the amount of pro-
tein. The concentration of soluble protein was assayed with protein
assay kit (Pierce, Rockford, IL). The sample plates were incubated
for 30 min  at 37 ◦C after which the absorbance was  measured with
the Microplate Reader (Spectramax190, MDA) at 595 nm.

2.3.3. Preparation of PGA, UCA sample solutions
100 �L of the soluble protein extract obtained in the above pro-

cedure was  added to 50 �L of internal standard (1 �g/mL) and
850 �L of 30% water in acetonitrile into HPLC vial. The sample solu-
tions for PGA, UCA analysis were mixed and stored −20 ◦C until
analysis.

2.4. Liquid chromatography

The chromatographic separation was  carried out using ACQUITY
UPLC system (Waters Co., Milford, MA). The column was ACQUITY
UPLC BEH Amide column (1.7 �m,  2.1 mm × 100 mm).  The column
temperature and autosampler tray temperature were maintained
at 40 ◦C and 10 ◦C, respectively. The mobile phase consisted of
deionized water (solvent A) and acetonitrile (solvent B). Gradient
elution was  as follows: isocratic elution with 80% B for 0.5 min, fol-
lowed by a 1.5 min  gradient to 40% B, isocratic elution with 40% B
in 3.5 min, then returned to 80% B in 5 min  (Table 1). The flow rate
was 0.3 mL/min and injection volume was 5 �L.

2.5. Mass spectrometry
LC–MS analysis was  performed using Waters Micromass Quat-
tro Premier XE triple quadrupole mass spectrometer. The mass
spectrometer was  operated in the positive ESI mode with following
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Table 2
MRM  transition parameters for PGA, cis-, trans-UCA and internal standard (L-proline-13C5, 15N).

Analytes Precursor ion (m/z) Product ion (m/z) Capillary voltage (kV) Cone voltage (V) Collision energy (eV)

PGA 129.7 83.7 3.3 25 14
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the HILIC column is by partitioning and weak cation exchange
mechanism. Previously, weak anion-exchange amino column has
been successfully applied to the analysis of PGA in urine by
Bishop et al. [19] even though it was  not tested for UCA
cis-UCA 138.6  120.7 

trans-UCA 138.7 120.7 

L-proline-13C5, 15N 121.8 74.8 

peration conditions. Capillary voltage, 3.5 kV; ion source tempera-
ure, 120 ◦C; desolvation temperature, 350 ◦C; desolvation gas flow
ate, 750 L/h; cone gas flow rate, 50 L/h. The optimum cone voltages
or PGA, cis-, trans-UCA and L-proline-13C5, 15N (IS) were set to dif-
erent voltages according to m/z  (Table 2). The multiple reaction

onitoring mode (MRM)  was used for analysis with dwell time
.05 s per channel. We  controlled the data acquiring and process
ith MassLynx Version 4.1 (Waters Co.).

.6. Method validation

.6.1. Matrix effect
The matrix effect was investigated by comparing the peak areas

f analytes spiked into five different blank tape extraction (post-
xtraction) solutions versus the peak areas of standard solution
t the same concentrations. Each samples were prepared at low
1 ng/mL) and high (200 ng/mL) concentrations. The matrix effect
as reported as the percentage values.

.6.2. Linearity, lower limit of quantification, accuracy and
recision

The method was validated by linearity, the lower limit of
etection (LLOD), the lower limit of quantification (LLOQ), intra-
nd inter-day accuracy and precision. The lower limit of detec-
ion (LLOD) was determined as the concentration when signal to
oise was 3. The lower limit of quantification was determined
s the lowest concentration point of standard curve when signal
o noise ratio was 10. To evaluate of linearity, five sets of cali-
ration standards ranging from 1.0 to 250 ng/mL were prepared
nd assayed. The calibration curves were constructed with lin-
ar or quadratic least-squares regression using weighting factor
1/x). The intra- and inter-day accuracy and precision were assayed
y determining 5 replicates of QC samples at three concentration

evels (1.0, 50, 100 ng/mL) in a single run for 3 days. Accuracy
as expressed by (measured concentration)/(spiked concentra-

ion) × 100 and precision was calculated by % RSD (relative standard
eviation). Acceptance criteria were within 15% both for precision
nd accuracy except at LLOQ (not exceed 20%).

The extraction recoveries of analytes were determined by com-
aring the peak area of obtained from QC samples that had been
piked with the analytes prior to extraction with those for recovery
tandards which were prepared by adding analytes to blank tape
xtracts.

. Results and discussion

.1. Method development

.1.1. Liquid chromatography
Using LC–MS/MS, we developed a method to determine three

mino acid metabolites, pyroglutamic acid (PGA) and cis/trans-
rocanic acid (UCA) in the skin stratum corneum, simultaneously
Fig. 1). Three LC modes were tested for the measurement of these

nalytes including reversed phase, ion-pairing and partitioning –
eak cation exchange modes.

PGA and UCA are small hydrophilic molecules with molec-
lar weights below 200 (Fig. 2). These hydrophilic compounds
3.3 20 12
3.3 30 16
3.3 25 15

were poorly retained on the C18 column. Volatile ion-pairing
reagents were added to improve the separation of hydrophilic com-
pounds. Perfluorinated carboxylic acids such as TFA and HFBA were
tested for the analyte separation on the ACQUITY BEH C18 column
(2.1 mm × 100 mm,  1.7 �m).  When 0.05% TFA was tested as mod-
ifier, PGA was not well retained on C18 column and UCA showed
a peak tailing although it was  well retained. To improve retention
time and peak shape, we  used a combination of 0.1% formic acid and
0.05% HFBA as modifier in the mobile phase. But PGA was  eluted
too quickly and the peak of UCA was broad (Fig. 3A) In addition,
higher concentrations of HFBA not only caused ion suppression on
ESI(+) MS,  but also induced peak tailing of UCA. Different C18 col-
umn  such as ACQUITY HSS T3 column (2.1 mm × 100 mm,  1.8 �m)
that promotes polar compound retention and aqueous mobile-
phase compatibility was  also tested with the same condition. In
case of using HSS T3 column, PGA and UCA were well retained, but
UCA was  split into two broad peaks (Fig. 3B) and interference was
observed from blank injections when analyzing UCA at the low pH
(below 3). Using 5 mM ammonium acetate/acetic acid buffer, the
pH of mobile phase was increased to 5.8. By increasing pH, the
contamination in the blank injections was  eliminated. However,
although the peak shapes of UCA and PGA were acceptable (Fig. 3C),
cis- and trans-isomer form was  not completely resolved (data not
shown).

The HILIC (amide) approach was tried for UCA isomer sepa-
ration and PGA quantification since HILIC is known to provide
sufficient retention for very polar compounds [18]. Separation on
Fig. 1. Chemical structures of pyroglutamic acid (PGA), trans-urocanic acid (trans-
UCA), cis-urocanic acid (cis-UCA) and proline (IS).
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Fig. 2. Representative MS  spectrum: (A) pyroglut

somers. The use of the mobile phase containing a high organic
ortion leads to higher MS  sensitivity because of increased ion-

zation efficiency. In the gradient elution of acetonitrile with
cetic acid/5 mM ammonium acetate, peak-splitting and tail-

ng were observed. When the composition of mobile phase

as changed to acetonitrile–water, it showed a sufficient sep-
ration and good peak shapes of analytes on the BEH amide
olumn (2.1 mm × 100 mm,  1.7 �m).  In our method, a gradient
cid, (B) trans-urocanic acid, (C) cis-urocanic acid.

elution program was employed with 80% organic phase as the
initial concentration of gradient program (Table 1). With the
acetonitrile–water gradient program, proper separation and reten-
tion of the analytes and internal standard were achieved in a total

run time 5 min. The retention times were 1.1, 1.4, 1.8 and 1.9 min
for PGA, cis-, trans-UCA and proline (IS), respectively. Representa-
tive chromatograms for blank and standard at LOQ are shown in
Fig. 4.
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Fig. 3. MRM chromatograms of PGA, trans-UCA. Chromatographic conditions: (A) column: BEH C18 (2.1 mm × 50 mm,  1.7 �m), mobile phase A: 0.1% formic acid/0.05%
heptafluorobutyric acid in DW,  B: 0.1% formic acid/0.05% heptafluorobutyric acid in acetonitrile; (B) BEH HSS T3 (2.1 mm × 100 mm,  1.8 �m),  mobile phase A: 0.1% formic
acid/0.1% heptafluorobutyric acid in DW,  B: 0.1% formic acid/0.1% heptafluorobutyric acid in acetonitrile; (C) BEH HSS T3 (2.1 mm × 100 mm,  1.8 �m), mobile phase A: 5 mM
Ammonium acetate (pH 5.8), B: acetonitrile.

3

m
d
r
s
m

.1.2. Mass spectrometry
The mass spectrometric conditions were optimized to obtain the

aximum sensitivity of PGA, cis-, trans-UCA and proline (IS) using

irect infusion of 1 �g/mL in a 50:50 mobile phase mixture. The MS
esponses to ESI were evaluated by measuring the full scan mass
pectra in positive ion mode and negative ionization modes. The
aximum sensitivity of PGA, cis-, trans-UCA and proline (IS) was
showed in positive mode, where the analytes gave a protonated
molecular ion [M+H]+ at m/z 129.7, 138.6/138.7 and 121.8 for PGA,
cis-, trans-UCA (Fig. 2) and L-proline-13C5, 15N, respectively. Pro-

line was selected as internal standard because of its similarity in
chemical structure, retention time, ionization and extraction effi-
ciency. The most abundant fragment ions obtained by LC–MS/MS
are summarized in Table 2. They were used for MRM transitions.
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Linearity could be obtained from 1 to 250 ng/mL for PGA, cis-

and trans-UCA with a correlation coefficient (R2) value greater

Table 3
Matrix effect.

Analyte Analyte concentration
(ng/mL)

Matrix
effect (%)

Mean ± SD (%)
(N = 5)

PGA 1.0 97.5 102.0 ± 6.37
200.0  105.0
ig. 4. Representative MRM  chromatograms: (A) blank tape extract samples; (B) s
nd  IS at the lower limit of quantification (0.5 ng/mL).

.2. Method validation

.2.1. Matrix effect
Five sets of blank tape extractions were spiked with PGA, cis- and

rans-UCA and the variations due to matrix effects were calculated.
s shown in Table 3, there were no significant matrix effects for all
nalytes at 1 ng/mL and 200 ng/mL.

.2.2. Specificity, linearity, lower limit of quantification, accuracy
nd precision
The specificity of the method was demonstrated by comparing
RM  chromatograms of PGA, cis-, trans-UCA and the IS (L-proline-

3C5, 15N) for a blank sample (Fig. 4A) with a spiked standard
Fig. 4B). Both the analytes and internal standard could be detected
rd sample spiked with of pyroglutamic acid, trans-urocanic acid, cis-urocanic acid

on their own ion chromatograms without any significant interfer-
cis-UCA 1.0 93.5 95.8 ± 5.51
200.0  97.3

trans-UCA 1.0 106.5 101.7 ± 6.49
200.0  98.5
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Fig. 5. Representative MRM  chromato

han 0.999 as listed in Table 4. The linear regression of the ratio
f the areas of the analytes and IS vs. the concentration was
eighted by 1/x.  The LLOQs (lower limit of quantitation) were

stablished at 0.5 ng/mL of PGA, cis-  and trans-UCA with the accu-
acy and precision of 104.2, 104.4, 97.6 and 9.13, 5.15, 9.41%,
espectively. The lower limits of detection (LLOD) of these analytes
ere 0.1–0.2 ng/mL. Table 5 summarized the intra- and inter-day
recisions and accuracies of PGA, cis-  and trans-UCA at three con-
entration levels. As shown in Table 5, the intra- and inter-day
ccuracies of these analytes were within the range of 94.3–102.5%

nd 95.1–102.6%, respectively. The intra- and inter-day precision
as less than 7.7% for each QC samples. These data demonstrated

hat the method we developed has accurate and acceptable analyt-
cal performance.

able 4
inear range, LLOQ, LLOD for PGA, cis-  and trans-UCA.

Analytes Linear range
(ng/mL)

Linearity LLOQ
(ng/mL)

PGA 1.0–250 0.9994 0.5 

cis-UCA  1.0–250 0.9997 0.5 

trans-UCA  1.0–250 0.9991 0.5 

able 5
ccuracy and precision of PGA, cis-UCA and trans-UCA spiked in surrogate matrix (N = 5).

Spiked concentration (ng/mL) Intra-day 

Measured
concentration (ng/mL)

Accuracy (%) 

PGA
1.0 0.94 ± 0.06 94.3 

50.0  50.7 ± 2.5 99.2 

100.0  95.6 ± 6.21 95.6 

cis-UCA
1.0  0.94 ± 0.04 94.3 

50.0  50.8 ± 3.3 101.5 

100.0  95.2 ± 6.2 95.2 

trans-UCA
1.0  0.95 ± 0.05 99.3 

50.0  51.2 ± 3.4 102.5 

100.0  96.1 ± 5.5 96.1 
 of sample obtained by tape stripping.

The extraction recovery for three analytes was evaluated
by comparing the absolute peak areas of analytes-added pre-
extraction with those of post-extraction. The results showed that
the extraction recoveries for all analytes were more than 85% and
the mean recovery were 86.3%, 90.5% and 87% for PGA, cis- and
trans-UCA, respectively.

3.3. Application to the measurement of PGA and UCA in human
stratum corneum samples
With the developed method, levels of PGA, cis- and trans-UCA
were determined in SC samples of healthy volunteers to explore
the utility of this analytical method. A typical chromatogram in
the extracted sample is shown in Fig. 5. Disquame-tape stripped

LLOD
(ng/mL)

Curve fitting Weighting
factor

0.2 Linear 1/x
0.1 Quadratic 1/x
0.1 Quadratic 1/x

Inter-day

Precision
RSD (%)

Measured
concentration (ng/mL)

Accuracy (%) Precision
RSD (%)

6.0 0.95 ± 0.07 95.1 7.7
5.0 51.5 ± 3.1 102.6 6.0
6.5 95.3 ± 5.4 95.4 5.6

4.3 0.96 ± 0.07 96.1 7.4
6.5 50.8 ± 2.1 101.6 4.1
6.5 96.8 ± 5.1 96.8 5.3

7.0 0.95 ± 0.05 95.3 5.0
6.6 48.9 ± 2.0 97.9 4.2
5.7 95.6 ± 4.2 95.6 4.4
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Fig. 6. Determination of PGA, cis-  and trans-UCA in human stratum corneum of forehead and forearm region. (A) Trans-epidermal water loss (TEWL) of forehead and forearm
region. (B) Amounts of PGA, cis-  and trans-UCA in forearm area by skin depth (N = 19). (C) Amounts of PGA, cis-  and trans-UCA in forearm and forehead regions (tape strips
1–5).  * statistically different between forearm and forehead, Student’s t-test, P < 0.05.

Fig. 7. Comparison of skin physiology with the concentration of PGA, cis- and trans-UCA. (A) Correlation of individual TEWL value with amount of PGA in forearm area. (B)
Correlation of individual TEWL value with sum of PGA and UCA in forearm area (C). Comparison of cis- and trans-UCA in forearm and forehead regions (tape strips 1–5).
Correlation was  analyzed by Pearson’s correlation analysis. * statistically different, Student’s t-test, P < 0.05.
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Table 6
The levels of total urocanic acid (UCA) and pyroglutamic acid (PGA) obtained by
tape stripping normalized for protein amount by skin depth for different skin region
(N  = 19).

Skin depth Skin region

Forearm PGA/UCA sum
(nmol/mg protein)

Forehead PGA/UCA
sum (nmol/mg protein)

S
d
o
f
t
a
a
w
r

a
i
b
h
o
w
l
f
c
m
f
p
e

4

m
t
t

[

[

[

[

[

[
[

[17] B. Dejaegher, D. Mangelings, Y. Vander Heyden, J. Sep. Sci. 31 (2008) 1438–1448.
Tape 1–5 42.8 ± 33.4 19.7 ± 11.8
Tape 6–10 80.3 ± 46.7 51.4 ± 34.7

C samples can be easily obtained with minimally invasive proce-
ure. SC samples were obtained from forearm and forehead regions
f healthy human volunteers, the representative sites of body sur-
ace with high and low water holding properties [20] respectively
o compare the levels of PGA and UCA. As shown in Fig. 6A, fore-
rm showed significantly lower trans-epidermal water loss (TEWL),
n inverse index of skin barrier function, suggesting that a higher
ater holding capacity of forearm when compared to forehead

egion.
Repeated tape-stripping could result in larger amounts of PGA

nd UCA (Fig. 6B), indicating that PGA and UCA are more enriched
n the deeper layer of skin (Table 6). Comparison of PGA and UCA
etween forearm and forehead regions demonstrated that forearm
ad significantly larger amounts of PGA and UCA (Fig. 6C). Plotting
f TEWL against PGA, UCA or their sum demonstrated that TEWL
as significantly correlated with PGA and UCA (Pearson’s corre-

ation analysis, p < 0.05, Fig. 7A and B). UCA occurs as trans-form
rom the deamination of histidine but trans-UCA transforms into
is-isomer upon the exposure to UV light, i.e., undergoes photoiso-
erization. Comparison of cis-  and trans-UCA between forearm and

orehead regions showed that photoisomerization occurred more
revalently in forehead region. This agreed well with the every-day
xposure of facial region to UV light.

. Conclusion
In the present study, rapid and sensitive UPLC–ESI-MS/MS
ethod using HILIC column for the determination of PGA, cis- and

rans-UCA was developed and validated. This method was proved
o be selective, precise, accurate and reliable for the simultaneous

[
[

[

r. B 897 (2012) 55– 63 63

determination of PGA, cis- and trans-UCA within 5 min  of single
chromatographic run. The use of HILIC (amide) column for LC sep-
aration of three analytes and ESI-MS/MS with a simple single step
solvent extraction was sufficient without any cleaning procedure
or the use of ion-pair additives.

More importantly, this method was successfully applied to the
simultaneous measurement of PGA and cis-/trans-UCA in the tape-
stripped SC samples from human subjects and their levels were
significantly correlated with the skin barrier function, indicating
that this method can be practically applicable to the study of der-
matology and skin physiology.
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