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Abstract — A rapid analytical method was developed to quantify very long-chain fatty acids (VLCFAs, C22:0,
C24:0, C26:0) in human plasma with good sensitivity and specificity using fert-butyldimethylsilyl (TBDMS)
derivatization and stable isotope GC-MS selective ion monitoring (GC-MS/SIM). Two-hundred and fifty pL of
plasma was fortified with deuterated stable isotope internal standards (d3-C22:0, d3-C24:0, d3-C26:0) and stan-
dard mixtures of chloroform and methanol, and then extracted with hexane and acetonitrile. To upper layer of
liquid-liquid-extraction, N-(t-Butyldimethylsilyl)-N-methyltrifluoroacetamide was added and then heated to 60
°C for 30 min to produce the TBDMS derivatives. Derivatives of VLCFAs were analyzed by GC-MS/SIM.
Calibration curves showed a linear relationship for the target compounds in the concentration range of 10 ~ 2x
103 pg/mL with the correlation coefficient ranging from 0.996 to 0.999. The limit of quantification for the plasma
was 10* ~2x10* ug/mL (S/N=3). When applied to the plasma specimens of patients with peroxisomal disorder,
X-linked adrenoleucodystropy (ALD, Mckusick 202370), the method clearly differentiated normal subjects from
ALD patients. The C24:0/C22:0 and C26:0/C22:0 ratios were significantly elevated in the plasma of patients with
X-linked ALD compared to normal subjects. The new developed method might be useful for a rapid and sensitive
diagnosis of X-linked ALD and other peroxisomal disorders.
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INTRODUCTION

The peroxisome is a cellular organelle with diverse meta-
bolic function, usually contains one or more enzymes. A major
role of peroxisome is break down the peroxisomal fatty acid
molecules by oxidation process. The enzyme deficiencies are
related to the accumulation of very long-chain fatty acids
(VLCFAS) (with 22 or more carbon atoms) in tissues and body
fluids (Harris et al., 1990, Martinez et al., 1992, Hommes et al.,
1991). The VLCFAs accumulation can be used as a marker for
most peroxisomal disorders, especially X-linked adrenoleukod-
ystrophy (X-ALD). ALD is one of a group of rare, genetic dis-
orders called the leukodystrophies that cause damage to the
myelin sheath, an insulating membrane that surrounds nerve
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cells in the brain (Rizzo et al., 1989, Kaplan et al., 1993).
Patients with ALD accumulate high levels of saturated,
VLCFAs in the brain and adrenal cortex because they do not
produce the enzyme that breaks down these fatty acids in the
normal manner. Diagnosis of X-ALD is mainly based on clini-
cal features (abnormal withdrawal or aggression, poor memory,
and poor school performance ) and biochemical abnormality of
elevation of the plasma concentration of hexacosanoic acid
(C26:0) as well as the ratios of hexacosanoic, and lignoceric
acid (C24:0), relative to behenic acid (C22:0), which are bio-
chemical markers for X-ALD. Usually their concentration of
tissues and body fluids in ALD patients are higher than those of
normal subjects (Aveldano et al., 1996, Moser ef al., 1983 and
1987). Therefore, measurement of VLCFAs in body fluid func-
tion is one of the most important diagnostic criteria for the
demonstration of an abnormal function of peroxisome (Mar-
tinez et al., 1992, Caruso ef al., 1991). There are reports on the
analysis of FAs by chromatographic methods, such as LC, GC,
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GC-MS (Onkenhout ef al., 2005). Gas chromatography—mass
spectrometry (GC— MS) is a technique widely used for the
identification of FAs in biological mixtures, usually as their
methyl, benzyl and trimethylsilyl (TMS) esters (Onkenhout et
al., 1989, Hintze ef al., 1973, Kuksis et al., 1976, Welz et al.,
1990, Caruso et al., 1991). These derivatives, however, are not
considered satisfactory for unequivocal identification or sensi-
tive detection purposes. The mass spectra obtained are typically
dominated by intense ions at the lower mass, characteristic of
the ester moiety rather than the structure of the acid itself, and
the abundance of the high mass such as molecular ions,
decreases with increasing the chain length of the acids.

Methyl derivatives do not differentiate it from endogenous
methylester found in the body. Silyl-derivatives easily break
down when exposed to moisture. Trimethylsilyl derivatives of
fatty acids do not always give quantitative yield. These disad-
vantages can be somewhat overcome the moisture sensitivity of
silyl-derivatives and allows the quantitative derivatization by
using tert-butyldimethylsilyl (TBDMS) derivatives.

This study was undertaken to investigate clinical application
of the developed method and its practical use. We report a sen-
sitive, efficient and rapid analytical method for the determina-
tion of VLCFAs following TBDMS derivatization by stable
isotope GC- MS for diagnosis and follow-up monitoring of
inherited metabolic disorders, X-ALD.

MATERIALS AND METHODS

Materials

Very long-chain fatty acids standards [docosanoic (behenic,
C22:0), tetracosanoic (lignoceric, C24:0), and hexacosanoic
(C26:0) acids]] were purchased from Sigma-Aldrich (MA,
USA). Deuterium labeled stable isotope (d4-C22:0, d4-C24:0,
and d4-C26:0) as an internal standards (I.S.) were purchased
from Cambridge Isotope Laboratories, Inc (MA, USA).
Acetonitrile, hexane, chloroform, methanol and all chemicals
and solvents for GC-MS analyses were of analytical-reagent
grade and purchased from Sigma-Aldrich (MA, USA) or
Merck (Darmstadt, Germany). N-Methyl-N-(z-butyldimethylsi-
lyl) trifluoroacetamide(MMTBSTFA) as silylating reagent was
purchased from Sigma-Aldrich (MA, USA).

Distilled water was prepared by Millipore-Milli Q™ (Tokyo,
Japan). Thermo vap (Pierce model 18780, USA) was used for
evaporation and derivatisation. A shaker (TAITEC, Tokyo,
Japan) was used for both mixing specimen and derivative reac-
tions.

Preparation of standards solution

Stock solutions of each docosanoic (C22:0), tetracosanoic
(C24:0), and hexacosanoic (C26:0) acids studied were prepared
by dissolving 10 mg of target compound in 10 mL of chloro-
form (CHCl;)-methanol (CH;OH) (2:1, v/v) mixture (final
1,000 pg/mL). These stock solutions were further diluted with
the same organic solvent to prepare working solutions of vary-
ing concentrations from 10 to 100 pg/mL. The internal stan-
dard solution was dissolved at a concentration of 1 mg/mL in
chloroform — methanol (2:1, v/v) mixture.

Subjects and sample collection

Plasma specimens were obtained from healthy volunteers (6-
18 years of age) without remarkable medical histories and three
patients (8-19 years of age) with confirmed X-ALD by clinical
presentation, MRI findings and biochemical assay. All patient
and control subjects in this study underwent the same diagnos-
tic procedure in the same facilities. Patient groups received no
treatment before plasma samples were obtained. The plasma
specimens were collected in polyethylene bottles and immedi-
ately stored at -20°C until analysis.

Gas chromatography - mass spectrometry

Analyses were carried out on a Hewlett-Packard 6890 Series
II GC-MS system (PA, USA) consisting of a Model 6890 gas
chromatograph, a Model 5973 mass-selective detector, a HP
Hewlett-Packard 3365 MSD Chemstation, and a Model 6890
series injector. For separation of VLCFAs, a HP Ultra-2 (25 m
x0.25 mm LD., cross-linked 5% phenyl-methyl silicone, 0.25
um d;film thickness) fused-silica capillary column was used.
The column head pressure of helium as a carrier gas was set to
130 kPa (flow-rate of 0.8 mL/min), and split ratio was 1:10.
The GC oven temperature was programmed from 200°C (5 min
hold) to 300°C at a rate of 8°C /min (5 min hold ). The temper-
atures of the interface and injector were 300°C and 280C,
respectively. The mass spectrometer was operated at 70 eV in
the electron impact (EI) mode, and the SIM mode was used for
quantifying VLCFAs in human plasma. A dwell time of 100
ms and a relative EM voltage of 400 V higher than that in the
scanning mode were chosen for each ion monitored.

Two pL of the final derivatized aliquots was injected into the
GC-MSD. The mass fragment and the chromatogram of the
derivatives were confirmed by obtaining the data in full scan
mode with a scan range from m/z 50 to 550 (Fig. 1). Table I
shows the ions used for quantification (QI) and confirmation
ions (CI).
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Fig. 1. Reaction scheme for TBDMS derivatives of very long-
chain fatty acids.

Table 1. Comparison of TBDMS and methyl derivatization regard-
ing major parameters of selected ions for analyses of VLCFAs

methyl derivative
FW. M+ RT RRT QI CI
behenic acid (C22:0) 340 354 13.7 1.003 354.6 311.5
lignoceric acid (C24:0) 368 382 15.7 1.002 382.5 339.6
cerotic acid (C26:0) 396 410 17.5 1.001 410.6 367.6
TBDMS derivative
behenic acid (C22:0) 340 354 13.7 1.002 397.4 439.5
lignoceric acid (C24:0) 368 382 15.7 1.002 425.5 467.5
cerotic acid (C26:0) 396 410 17.5 1.003 453.5 495.6

Compounds

Sample preparation and derivatisation

For the extraction and methylation of VLCFAs in plasma
samples, a previously reported method (Paik ef al., 1999) was
modified. To a 250 pL aliquot of plasma was added 50 pL (10
pg/mL) of LS. mixture (d4-C22:0, d4-C24:0, and d4-C26:0)
and cooled for 1.5 h in the refrigerater.

The method of Lepage and Roy (Lepage ef al., 1984) modi-
fied by Cohen et al. (Cohen et al., 1988) was used using deute-
rium labeled VLCFAs as an internal standards. For methyl
derivatives, to a plasma with LS. mixture was added 1 mL of
methanol and methylene chloride (3:1, v/v) mixture solution, a
200 uL. of acetyl chloride and potassium carbonate. The
mixture was vortexed for 2 min at room temperature. Then
VLCFAs were transferred to the methylene chloride phase by
centrifugation for 3 min at 3000 rpm. After cooling with ice
bath, 4 mL of hexane was added. The hexane phase was
transferred into another glass vial and 2 mL of acetonitrile was
added. The supernatant hexane phase obtained by centrifugation
at 3,000 rpm for 3 min was evaporated to dryness in a vacuum
evaporator under a gentle stream of nitrogen. The dry residue

c22

3

3
°
g 2
22 ° y = 06626x + 01389
5 R? = 09955
a1
2
[0
@

1

0

0 05 1 15 2 25 3 35 4 45

Amount Ratio

C24

y = 04187x + 0069
R? = 09984

Response Ratio

05 1 15 2 25 3 35 4 45
Amount Ratio

C26

y = 05543x + 00141
1 R? = 09986

Response Ratio

0 05 1 15 2 25 3 35 4 45
Amount Ratio

Fig. 2. Linear dynamic range of VLCFAs under GC/MS-SIM
analyses.

was dissolved with 50 puL of hexane.

For silyl (TBDMS) derivatives, the supernatant hexane
phase from the above procedure was dried in a vacuum
evaporator under a gentle stream of nitrogen. To the residue,
Tert-butyldimethylsilyl( TBDMS) derivatives of VLCFAs (C22:0,
C24:0, and C26:0) was performed by adding 50 uL. of methyl
tert-butyldimethylsilyl trifluoroacetamide (MTBSTFA), triethyl-
amine and acetonitrile and then reacted at 60°C for 30 min. The
completed TBDMS derivatives were cooled for 5 min and
transferred to a GC auto-sampler vial and directly analyzed by
GC-MS.

The standard samples containing 0.1-1.0 ng each of the
VLCFAs was prepared to determine detection limits. Determi-
nation of the signal-to-noise (S/N=3) ratio is performed by
comparing measured signals from samples with known low
concentrations of analyte with those of water blank as their
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TBDMS derivatives.

Calibration

Calibration curves of each VLCFAs were set up over a
concentration range of 0.05-100.0 pg/mL and are shown in Fig.
2. For the standard curve of C22:0, C24:0, and C26:0, 0, 5, 25,
50, and 100 pL of the working mixture solution (100 pg/mL)
and 50 pL (10 pg/mL) of internal standards (d4-C22:0, d4-
C24:0, and d4-C26:0) was added to 250 pL of blank plasma.
The concentrations of C22:0, C24:0, and C26:0 ranged from
0.5 to 10.0 pg/mL. After the addition of 0.5 ug of the internal
standard, each sample was extracted and derivatized according
to the method as described above for the plasma sample.

For the quantitative analyses, relative peak area ratios of
VLCFAs standard over internal standard were calculated and
plotted in the calibration range of each VLCFAs.

RESULTS AND DISCUSSION

Fig. 1 shows one-step TBDMS derivatisation reaction scheme
of very long- chain fatty acids, e.g., behenic acid. As a result of
reaction the carboxylic functional group of behenic acid was
silylated to TBDMS ester with MTBSTFA, triethylamine in
acetonitrile at 60C for 30 min. To find the optimal reaction time
of TBDMS derivatives for VLCFAs, the reaction was
performed for various time (10, 20, 30, 40, 50, and 60 min) at
60°C. In this study, the reaction time for 30 min at 60°C showed
the highest reaction efficiency and least interference peak.

It is necessary to use a technique comprising both highly
selective and sensitive in order to determine the low concentra-
tion of VLCFAs accurately. However, previously used methylation
method for their determination has often been unsatisfactory
when used for fast, sensitive identification purposes, e.g., when
used to determine the abundance of high mass, the formation of
an intense molecular ion and a GC property. Moreover, the
method is weak to the moisture (Caruso et al., 1991). The
present derivatization with TBDMS was completed within 30
min at 60°C. All the carboxyl groups of VLCFAs were readily
converted to their corresponding TBDMS esters. In preliminary
work, TBDMS-VLCFAs resulted in an amendable work-up
process and, when stored in a derivatizing reagent, were more
stable than TMS derivatives. The TBDMS derivatives have
longer retention times than methyl one but, demonstrate good
GC properties with rich abundance of high mass ions, that are
suitable for the selected ion monitoring.

Table I presents information on VLCFAs for selected ion

monitoring mode including quantification and confirmation
ions, formula weight (FW), derivatized molecular peak (M*),
retention time (RT), and relative retention time (RRT). The
RRT was calculated from the retention time of each VLCFAs
versus each L.S. Quantification ion (QI) was chosen from the
ion that has a m/z > 100 on spectra and does not interfere with
other compounds on chromatogram, mostly [M-57]" ion.
Confirmation ion (CI) was chosen from the VLCFAs-TBDMS
molecular ions even if it shows low spectral intensity on spectra
(Table I). The identification of a compound was based on the
presence of the co-elution of two selected ion species, QI and
CL on the GC-MS chromatogram in plasma specimen. Two
ions were chosen for quantification and confirmation in order
to identify the target compounds from the possible co-eluting
interference peak. The ratio of their peak intensity (quantifica-
tion ion / confirmation ion) was another important parameter
used for accurate confirmation.

When compared TBDMS derivative ion with methyl
derivative ion as shown in Table I, much higher mass ions
(mostly > m/z 395) were chosen than methyl derivative. High
mass ions were selected for the sake of protection from the
possibility of interference in biological specimens (Table I).

In case of methyl derivative, most of the confirmation ions
chosen were [M-15]*, which indicates the loss of a methyl rad-
ical from the derivatized molecular ion (Table I).

Quantification of VLCFAs was achieved by adding deuterated
internal standards to a plasma sample and monitoring two
quantification and confirmation ion on the GC-MS instrument
from each of the VLCFAs and their quadrideuterated analogues
by selected ion monitoring experiments. Quantitative determi-
nation was performed by calculating the relative peak area of
the quantification ion of the VLCFAs versus internal standard.
The ratios C24:0/C22:0 and C26: 0/C22:0 were also determined in
order to make sure the diagnosis.

A six-point standard curve was constructed after analyzing
mixtures of the labeled and unlabelled VLCFAs over the range
found for plasma specimens. Fig. 2 shows regression line with
correlation coefficient of target VLCFAs-TBDMS derivatives.
The correlation coefficients for each VLCFAs gave an R? of
better than 0.996.

The calibration curves were linear in the concentration range
of 10 ~ 2x10° ug/mL for VLCFAs on plasma specimen (Fig.
2). The minimum concentration of VLCFAs determined by this
method was calculated by the method described by Perez-
Bendito and Silva (3S,;-criterion) (Perez-Bendito ef al., 1988).
The limits of quantitation (LOQ) was found to be 10 ~2x 10
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Table II. Linear dynamic range, LOD and LOQ of TBDMS
derivatives of VLCFAs

Compounds Linear range LOQ(S/N=3)
(unit ; pg/mL) methyl derivative
behenic acid (C22:0) 10 ~2x10° 102
lignoceric acid (C24:0)  10"* ~2x103 103
cerotic acid (C26:0) 10 ~2x10° 103
TBDMS derivative

behenic acid (C22:0) 10 ~2x10° 10* ~2x10*
lignoceric acid (C24:0) 10" ~2x103 104 ~2x10
cerotic acid (C26:0) 10 ~2x103 10+ ~2x10

Table I11. Quantification of behenic, lignoceric and cerotic acid in

plasmas

Reference value C22:0 C24:0 C26:0 C24:0/C22:0 C26:0/C22:0
(unit;mM) <96 <914 <131 <1.39 <0.021

patient 1(ALD) 36.16 66.59 2.60 1.84 0.0720
patient 2(ALD) 22.87 37.54 1.34 1.64 0.0584
patient 3(ALD) 21.51 45.35 2.67 2.11 0.1243
healthy subject 1 25.41 26.44 0.19 1.04 0.0075
healthy subject 2 35.68 30.31 0.05 0.85 0.0013
healthy subject 3 54.51 49.81 0.18 0.91 0.0032
pooled plasma 1 18.35 16.49 0.00 0.00 0.0000
pooled plasma2 14.13 12.70  0.00 0.00 0.0000
pooled plasma 3 20.96 19.57 0.00 0.00 0.0000

pg/mL (S/N=3) (Table II). TBDMS derivative was more than
10 times superior to methyl derivative in terms of sensitivity.
No interference peak was in the quantification of standards
VLCFAs extracted from plasma after VLCFAs fortification
(Fig. 3). There were overlapping peaks for VLCFAs on the
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Fig. 3. Standards VLCFAs profiles following TBDMS
derivatives of docosanoic(C22:0), tetracosanoic(C24:0), and
hexacosanoic(C26:0) on GC-MS-SIM chromatogram.
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Fig. 4. Plasma VLCFAs profiles following TBDMS derivatives
of docosanoic(C22:0), tetracosanoic(C24:0), and hexacosanoic
(C26:0) on GC-MS-SIM chromatogram from healthy control.

chromatogram. Each compound was completely separated on
GC-MS selected ion monitoring mode. The result of
quantification showed an unequivocal separation and discrimina-
tion between healthy control subjects and patient with X-ALD.
SIM chromatograms of C22:0, C24:0 and C26:0 VLCFAs in
plasma were showed in Fig. 4 (healthy control subjects who
was volunteer and ruled out through basic health promotion
testing) and Fig. 5 (patient with X-ALD), respectively.

Table III lists VLCFAs C24:0, C26:0 and ratio of C24:0 /
C22:0, C26:0/ C22:0 as diagnostic markers for the diagnosis of
X-ALD. Relatively increased concentration of C26:0 and the
ratios of C26:0, C24:0 to C22:0 from plasma of X-ALD
patients was observed in comparison with healthy control
samples (Table III).

Individul normal healthy plasma proved by health promotion
testing was pooled in single large test tube and mixed well for
homogenous plasma mixture. The expiration date for pooled
plasma ranges up to 1 year, if kept refrigerated under -20°C.
C26:0, most critical marker for the diagnosis of ALD was not
detected in pooled plasmas and was within normal range in
healthy subjects whereas enormously elevated in plasma with
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Fig. 5. Plasma VLCFAs profiles following TBDMS derivatives
of docosanoic(C22:0), tetracosanoic(C24:0), and hexacosanoic
(C26:0) on GC-MS-SIM chromatogram from ALD patients.

ALD patient 1, 2 and 3. The ratios of C26:0/C22:0 and C24:0/
C22:0 obtained from the childrens’ plasma of both healthy
control group and X-ALD patients were consistent with those
obtained by Jakobs and colleagues (Caruso et al., 1993). The
ratio of C24:0/C22:0 does not differentiate X-ALD patients
from healthy control group meaning that the parameter is just
for reference. The ratio of C26:0/C22:0 was between 33% and
233% higher in plasma with X-ALD patients than in control
plasma.

Major advantage of the proposed method was VLCFAs-
TBDMS derivatives featuring that characteristic [M-57] * high
mass ions permitted highly selective detection of trace C26:0
VLCFAs even though in the presence of higher level of co-
extracted endogenous plasma interferences. In addition, TBDMS
derivative is more stable than methyl derivative when exposed
to moisture.

A simple, rapid, and resistant to contaminants and inexpen-
sive method for the determination of VLCFAs in plasma was
developed by GC-MS. The carboxyl group of VLCFAs was

silylated to TBDMS esters. In the present method, VLCFAs
analysis was satisfactorily performed without interfering with
the substance and the GC-MS system proved appropriate for
trace level determination of these compounds with TBDMS
derivatives. Therefore, the described method can be used for
routine analysis of VLCFAs in the diagnosis of X-ALD and
many peroxisomal disorders in plasma samples for clinical
application. This method also may be used the monitoring of
peroxisomal disorder patients on dietary therapy.
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