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Abstract

A simple and sensitive high-performance liquid chromatographic (HPLC) method with fluo-
rescence detection and mass spectrometric identification has been developed for analysis of
30 long-chain and short-chain free fatty acids (FFAs). The fatty acids were derivatized to
their esters with 1-[2-(p-toluenesulfonate)ethyl]-2-phenylimidazole-[4,5-f-2,10-phenanthrene
(TSPP) in N,N-dimethylformamide (DMF) at 90 °C with anhydrous KoCO3 as catalyst. A
mixture of C;—Csp fatty acids was completely separated within 60 min by gradient elution on
a reversed-phase Cg column. Quadlitative identification of the acids was performed by
atmospheric-pressure chemical ionization mass spectrometry (APCI-MS) in positive-ion
mode. The fluorescence excitation and emission wavelengths were 260 and 380 nm,
respectively. Quantitative determination of the 30 acids in two Tibetan medicines Gentiana
straminea and G. dahurica was performed. The results indicated that the medicines con-
tained many FFAs. Linear correlation coefficients for the FFA derivatives were >0.9991.
Relative standard deviations (RSDs, n = é) for the fatty acid derivatives were <3%. Detection
limits (at a signal-to-noise ratio of 3:1) were 3.1-38 fmol. When the fatty acid derivatives
were defermined in the two real samples results were satisfactory and the sensitivity and
reproducibility of the method were good.
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Introduction

Free fatty acids (FFAs) occur widely in
living organisms and are important in
the regulation of a variety of physio-
logical and Dbiological functions [1].
Although most fatty acids neither fluo-
resce nor absorb light in the ultraviolet
or visible regions of the spectrum, they
are readily derivatized and analysis of
the methyl esters, for example, has been
performed by gas chromatography
(GCO) [2] and supercritical-fluid chroma-
tography [3]. Compared with GC, high-
performance liquid chromatography
(HPLC) of FFAs can be performed with
many more derivatives [4-9]. Derivati-
zation can be used to overcome prob-
lems such as peak-tailing by formation
of less polar compounds which can be
analyzed easily by HPLC [10]. Low
detection sensitivity can be overcome by
derivatization of the FFAs with a fluo-
rescence-labeling reagent then quantita-
tive analysis by HPLC with fluorescence
detection. This technique, which is more
sensitive and selective than GC, has been
widely adopted and used for quantitative
determination of FFAs with high sensi-
tivity in a variety of biological samples.
Precolumn derivatization is currently a
popular method. A variety of fluorescent
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reagents, including 3-bromoacetyl-6,7-
methylenedioxycoumarin [11], have been
used for labeling of FFAs; FFAs have
also been derivatized with diazomethane
to furnish the methyl esters [12]. Al-
though these compounds react with
carboxyl groups under mild conditions
at room temperature, without the need
for catalysts, shortcomings of the re-
agents have been reported, for example
the need to use short detection wave-
lengths, poor stability of the reagents,
and serious interferences in analysis of
real samples. Lu et al. [13] used NOE-
PES sulfonic acid to determine FFAs;
the derivatization procedure is, however,
performed in benzene or methylbenzene,
in the presence of KOH, with a crown
ether as catalyst, and the derivatization
solution must be pretreated before
HPLC separation.

In this study a new fluorescence
reagent, 1-[2-(p-toluenesulfonate)ethyl]-
2-phenylimidazole-[4,5-f]-9,10-phenan-
threne (TSPP), in the presence of K,CO;3
as catalyst, at 90 °C in N,N-dimethylfor-
mamide (DMF) as solvent has been used
for pre-column derivatization. The solu-
tion after derivatization can be injected
directly. The main merits of the method
are the simple derivatization procedure
and that it is unnecessary to remove
excess reagent or solvents after derivati-
zation. Complete and reproducible sepa-
ration of a multi-component mixture
(C1—C3) of fatty acid derivatives has
been achieved by use of gradient elution.

Gentiana  straminea Maxim. and
G. dahurica Fischer. (Gentianaceae), two
famous traditional Tibetan medicines,
are perennial herbs distributed in the
high mountains and alpine environment
of the Qinghai-Tibet Plateau at altitudes
from 2,000 to 5,000 m [14]. They have
traditionally been wused as medicinal
plants to treat cuts, bacteriosis, neuras-
thenia, dephlogistication, and rheuma-
tism, and to relieve wounds and
sores [15, 16]. The dried root is the part
most commonly used in medicine; the
bioactive constituents of the root are
mainly iridoid glycosides which have the
properties of cleansing the blood and
kidneys and relieving indigestion, and
can be used to treat jaundice and rheu-
matism [17, 18]. In recent years studies
of these two species, especially the root
extracts, have focused on determination
of their active constituents and assess-
ment of their pharmacological effective-
ness [16, 19-22]. Although studies have
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recently been conducted on the associa-
tion of physiology and reproductive
biology with trace levels of minerals in
G. straminea and G. dahurica [23-28],
there have been very few reports of
studies of other nutritious substances,
for example FFAs, in the plants. Inves-
tigation of the composition and concen-
tration of FFAs in G. straminea and G.
dahurica is therefore important. The
FFA content of the plants could be used
to characterize and evaluate the quality
and effectiveness of a medicine, and
quantitative determination of FFAs may
reveal other beneficial aspects of herbal
medicines, and enable these to be
exploited [2]. The objective of this work
was to use the new fluorescence reagent
TSPP to label 30 long-chain and short-
chain fatty acids to obtain more basic
quantitative and qualitative information
about G. straminea and G. dahurica.

Experimental
Chemicals and Materials

G. straminea and G. dahurica were col-
lected in September 2004 at five different
locations at an altitude of 2,300-4,500 m.
At each sampling site the two plants were
harvested from different positions more
than 1 m apart, and at least 20 individual
plants were collected randomly to ensure
representative sampling. Botany depart-
ment voucher specimens were authenti-
cated by Professor Guichen Chen and
deposited in Northwest Institute of Pla-
teau Biology, Chinese Academy of Sci-
ences (Xining, China).

HPLC-grade acetonitrile (spectro-
scopically pure) was purchased from
Merck (Germany). Water was purified
with a Milli-Q system (Millipore, Bed-
ford, MA, USA). Chloroform, DMF,
and HCOONHy,, were analytical grade.

Standards of the 30 FFAs were pur-
chased from Shanghai Chemical Reagent
(China). Individual stock solutions of the
FFAs (5.0 x 10> mol L™") were pre-
pared in 1:1 (v/v) acetonitrile-DMF.
Mixed 1.0 x 10 mol L™'  standard
solutions of the fatty acids for HPLC
analysis were prepared from the stock
solutions by dilution with the same sol-
vent mixture. All solutions were stored at
4 °C under refrigeration.

TSPP was synthesized in our labora-
tory as described below.
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Synthesis of the Labeling Reagent TSPP

TSPP was synthesized, as described be-
low, by use of a literature method [29].

Synthesis of phenylimidazole-[4,5-f]-
9,10-phenanthrene: phenylimidazole-[4,5-
11-9,10-phenanthrene was synthesized by
a modification of a method described
elsewhere [30].  9,10-Phenanthraquinone
(16 g), benzaldehyde (10 mL), and ammo-
nium acetate (120 g) were well mixed in
a 500-mL round-bottomed flask. Glacial
acetic acid (300 mL) was added and the
contents of the flask were then rapidly
heated to 80-90 °C, with stirring, and
maintained at this temperature for 3 h.
After cooling, the pH of the solution
was adjusted to 7-8 by addition of
aqueous ammonia. The precipitated so-
lid was recovered by filtration, washed
with water, and dried at room tempera-
ture for 48 h. The crude product was
recrystallized twice from 5:1 (v/v) aceto-
nitrile-DMF to afford slightly yellow
crystals, yield 92%.

Synthesis of 1-(2-hydroxyethyl)-2-pheny-
limidazole-[4,5-{]-9,10-phenanthrene (EPP):
EPP was conveniently synthesized by a
modification of a method described
elsewhere [31].  Phenylimidazole-[4,5-1]-
9,10-phenanthrene (12 g), ethylene car-
bonate (4.5 g), a trace amount of KOH
(0.2 g), and DMF (120 mL) were mixed
in a 500-mL round-bottomed flask and
rapidly heated to reflux for 6 h with vig-
orous stirring. After cooling, the contents
were poured into 300 mL water. The
precipitated solid was recovered by fil-
tration and washed successively with
water and 3:2 (v/v) ethanol-water. The
crude product was dried at room tem-
perature for 48 h and recrystallized twice
from 5:1 (v/v) acetonitrile-DMF to afford
a white acicular crystals, yield 90%,
m.p. 274.5-275.8 °C. Found, C 81.60,
H 534, N 8.30; calculated, C 81.63,
H 5.36, N 8.28; IR (KBr), 3,193.13 (-
OH); 1,603.5 (Ph—-C=N-); 1,559.6,
1,525.5, 1,496.8 (Ph); 1,448.7; 1,397.6,
1,362.8 (C-H); 1,063.3 (C-0), 1,031.1,
770.9, 749.3, 7224, 731.1. mjz
[M + H]", 339.0.

Synthesis of 1-[2-(p-toluenesulfonate)
ethyl]-2-phenylimidazole-[4,5-f]-9,10-phen-
anthrene (TSPP): a mixture of 1-(2-hy-
droxyethyl)-2-phenylimidazole-[4,5-f]-9,
10-phenanthrene (1.5 g) and pyridine
(10 mL) was added dropwise within
30 min, with vigorous stirring, at 0 °C, to
a solution of p-toluenesulfonyl chloride
(2.53 g) in pyridine (40 mL) in a 100-mL
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round-bottomed flask. After stirring at
0 °C for 4 h the contents were kept at
ambient temperature for another 4 h,
with vigorous stirring. The contents were
then poured into 100 mL ice water and
stirred vigorously for 0.5 h. The precipi-
tated solid was recovered by filtration,
washed with water, and dried at ambient
temperature for 48 h. The crude product
was recrystallized twice from acetonitrile
to give white crystals 1.76 g, yield 80.5%,
m.p. 173.7-174.6 °C. Found, C 73.13,

H 490, N 571, S6.52; calculated,
C 73.15, H491, N 569, S6.51. IR
(KBr), 3,114.7 (Ph-N-CH,-); 1,625.3,
1,609.4 (Ph-N=N-), 1,545.3, 1,509.6
(Ph), 1,444.9, 1,399.2, 1,378.7
(C-H), 1,355.7 (-C-SO»-); 1,190.2,

1,176.9 (Ph-S-), 1,094.4, 1,014.2, 908.8,
781.3, 754.3, 705.2. mjz [M + H]",
493.0.

TSPP solution (1.0 x 107> mol L™})
was prepared by dissolving 4.92 mg
TSPP in 10 mL anhydrous acetonitrile
prepared by distilling HPLC-grade ace-
tonitrile from P,Os.

Sampling and Extraction
of FFAs

After transport to the laboratory the
roots were cut from the plants, mixed,
rinsed gently, to protect the fragile sur-
face, with tap water then deionized water,
and dried at 50 °C until constant weight.
All samples were then ground in a stain-
less-steel mill. Dried and pulverized
G. straminea and G. dahurica plant root
was then extracted with chloroform by
use of two different techniques.

Ultrasound-Assisted Extraction

A sample (0.2 g) of the pulverized plant
material and chloroform (5.0 mL) were
placed in a 10-mL round-bottomed
flask. The flask was immersed in an
ultrasonic water-bath (Kunshan Instru-
mental, Kunshan, Zhejiang Province,
China) and sonicated for 20 min. Two
samples were each extracted three times
and the extracts were combined.

Extraction by Shaking

Plant samples (0.2 g) were extracted three
times, each time for 20 min, with chlo-
roform (5.0 mL), by use of a mechanical
shaker, and the extracts were combined.
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Fig. 1. Schematic diagram of the derivatization of FFAs with TSPP

Derivatization of Standards
and Samples

Standards

DMF (200 pL), 50 pL of the mixed
solution of the free fatty acids
(1.0 x 107* mol L™"), 150 pL derivatiza-
tion reagent (TSPP) solution, and 10 mg
anhydrous K,COj; catalyst were placed
in a vial. The vial was sealed and
placed in a water-bath at 90 °C for
30 min with shaking every 5 min. When
reaction was complete the mixture was
left to cool to room temperature.
Aqueous acetonitrile solution [1:1 (v/v),
100 pL] was added to dilute the deriv-
atization solution and the diluted solu-
tion (10 pL) was injected directly into
the chromatograph. The derivatization
procedure is shown schematically in
Fig. 1.

Samples

Pyridine (1.5 mL) was added to the
combined extracts and the mixture was
ultrasonicated for 20s to transform
FFAs into their organic salts. The solvent
was then evaporated under a stream of
nitrogen gas. The residue was dissolved in
500 uL. HPLC-grade DMF and derivati-
zation of the extract solution was per-
formed as described above.

Chromatography and Mass
Spectrometry

Chromatography was performed with an
Agilent 1100 series chromatograph
equipped with a quaternary pump (model
G1311A), a vacuum degasser (model
G1322A), a fluorescence detector (FLD
model G1321A), an autosampler (model
G1329A), a thermostatically controlled
column compartment (model G1316A),
and a diode-array detector (DAD model
G1315A). The injection volume was
10 pL. Reversed-phase chromatography
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Table 1. Program used for gradient elution
from the Eclipse XDB-Cg column

Time (min) A (%) B (%) C (%) D (%)
0 95 0 5 0
4 95 0 5 0
42 0 95 5 0
8 0 95 5 0
8.5 0 75 25 0
15 0 50 50 0
40 0 0 100 0
48 0 0 0 100
65 0 0 0 100

Mobile phase components: A, 1:1 (v/v)
CH;CN-water; B, 1:1 (v/v) CH;CN-water
containing 0.2 mol L~ HCOONH, buffer; C,
100:2 (v/v) CH3CN-DMF, D, 100:30 (v/v)
CH;CN-DMF

of the 30 FFA derivatives was performed
at 30 °C on a 4.6 mm X 150 mm, 5 pm
particle, Eclipse XDB-Cg column (Agilent)
with a quaternary gradient prepared from
1:1 (v/v) CH3;CN-water (component A),
1:1 (v/v) CH;CN-water containing
0.2 mol L™' HCOONH, buffer (compo-
nent B), 100:2 (v/v) CH3;CN-DMF
(component C), and 100:30 (v/v) CH;CN-
DMF (component D). The gradient
elution program is presented in Table 1;
the flow-rate was 1.0 mL min~'. The flu-
orescence excitation (Adex) and emission
wavelengths (1e,) were 260 and 380 nm,
respectively. The HPLC system was
controlled by use of HP Chemstation
software.

Mass spectrometry was performed
with an 1100 series LC-MSD Trap-SL
(ion trap) from Bruker Daltonik (Bre-
men, Germany) equipped with atmo-
spheric-pressure  chemical ionization
(APCI). The APCI source was operated
with a nebulizer pressure of 60 psi, a dry-
gas temperature of 350 °C, and a dry gas
flow of 5.0 Lmin~'. The APCI Vap
temperature was 450 °C, the corona cur-
rent 4,000 nA (positive), and the capillary
potential 3,500 V. The mass spectrometer
was controlled by use of Esquire-LC NT
software, version 4.1.
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Fig. 2. a Chromatogram obtained from long-chain and short-chain fatty acid derivatives (amount
injected 50 pmol). b Chromatogram obtained from FFAs in Gentiana straminea root. ¢
Chromatogram obtained from FFAs in G. dahurica root. Eclipse XDB-Cg column
(4.6 mm x 150 mm, 5 pm particles); flow rate 1.0 mL min~!; column temperature 30 °C; Aex
260 nm, A, 380 nm. Peaks: 1 = formic acid; 2 = acetic acid; 3 = propionic acid; 4 = butyric
acid; 5 = valeric acid; 6 = hexanoic acid; 7 = heptanoic acid; 8 = octanoic acid; 9 = pelargonic
acid; 10 = decanoic acid; 11 = undecanoic acid; 12 = dodecanoic acid; 13 = tridecanoic acid;
14 = tetradecanoic acid; 15 = pentadecanoic acid; 16 = hexadecanoic acid; 17 = heptadecanoic
acid; 18 = octadecanoic acid; 19 = nonadecanoic acid; 20 = eicosanoic acid; 21 = heneicosa-
noic acid; 22 = docosanoic acid; 23 = tricosanoic acid; 24 = tetracosanoic acid; 25 = pentaco-
sanoic acid; 26 = hexacosanoic acid; 27 = heptacosanoic acid; 28 = octacosanoic acid;
29 = nonacosanoic acid; 30 = dotriacontanoic acid; A = 1-(2-hydroxyethyl)-2-phenylimida-
zole-[4,5-f]-9,10-phenanthrene (EPP); B = 2-phenylimidazole-[4,5-/]-9,10-phenanthrene; C = re-
agent peak; D = impurity peak

Quantitative Analysis in G. straminea and G. dahurica plant
roots were quantified by use of the
external standard method with fluores-
cence detection as described above.

Calibration plots for each TSPP FFA

Quantitative conversion of the FFAs in
extracts of G. straminea and G. dahurica
to their TSPP derivatives was guaran-
teed by use of excess TSPP. All FFAs
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derivative were obtained by linear
regression, by plotting peak area against
concentration.

Results and Discussion

Stability and Spectral
Characteristics of TSPP

TSPP was synthesized by condensation of
1-(2-hydroxyethyl)-2-phenylimidazole-[4,
5-f-9,10-phenanthrene and p-toluene-
sulfonyl chloride in pyridine and the
product was obtained by washing with
water and recrystallization from acetoni-
trile. The wavelength of maximum UV
absorption (Anax) of TSPP in acetonitrile
was 259 nm and the molar absorbance, e,
was 6.0 x 10* L mol™ cm™. The fluo-
rescence excitation (A.) and emission
(Jem) Wavelengths (in acetonitrile) were
260 and 380 nm, respectively.

Optimization of the Extraction

Two methods for extraction of FFAs
from G. straminea and G. dahurica were
evaluated by comparison of the detector
responses obtained from analysis of the
derivatized FFAs. The results indicated
the fatty acids were extracted most
efficiently from G.
G. dahurica samples by use of ultrasoni-
cation. Lower efficiency was usually ob-
served if extraction was performed by
shaking. In tests with different solvents
the efficiency of extraction was highest
when chloroform was used, possibly
because the FFAs are more soluble in
chloroform than in methanol or acetoni-
trile. In general, the solubility of the
FFAs in the solvents tested seemed
to decrease in the order chloro-
form > methanol > acetonitrile. All
subsequent experiments in this study were
therefore performed wusing ultrasonic
extraction with chloroform as solvent.

straminea and

LC Separation and Mass
Spectrometric (MS)
Identification

An Eclipse XDB-Cg column was used
with gradient elution. Several gradient
programs were investigated to ensure
satisfactory HPLC separation in the
shortest time. Gradient elution was per-
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formed as indicated in Table 1. Complete
baseline resolution of the 30 fatty acid
derivatives was achieved in 60 min
with short retention times and sharp
peaks. DMF was used in mobile phase
components C and D to promote elution
during HPLC separation, because DMF
increases the solubility of fatty acid
derivatives, enabling rapid separation
with sharp peaks; use of DMF also re-
sulted in a low, very stable baseline. To
achieve the optimum separation the
amount of CH3;CN added to mobile
phase component B was tested and use of
50% (v/v) CH3CN was found to enable
separation of the derivatized long-chain
fatty acids. A chromatogram showing
complete baseline resolution of all the
fatty acid derivatives is given in Fig. 2a.

Tonization and identification of the
isolated TSPP derivatives of the fatty
acids by mass spectrometry with APCI
detection in positive-ion detection mode
were studied. As expected, the TSPP-
fatty acid derivatives produced an in-
tense molecular-ion peak at m/z
[M + H]". In tandem mass spectrom-
etry (MS-MYS) analysis of the fatty acid
derivatives, collision-induced dissocia-
tion spectra of m/z [M + H]" pro-
duced specific fragment ions at m/z
[M’ + CH,CH,]" and m/z 295.1
(where M’ in the characteristic fragment
m/z [M” + CH,CH,]" is the molecular
mass of the fatty acid). The specific
fragment ion m/z 295.1 was from the
molecular core of the TSPP, and arose
from cleavage of the N-CH,CH,OCO
bond. Selected reaction monitoring
based on m/z [M + H]" — m/z
[M” + CH,CH,]* and the m/z 295.1
transition was specific for fatty acid
derivatives. No detectable signal for this
transition was obtained from a blank
water sample. Although other endoge-
nous acidic compounds present in nat-
ural  environmental samples were
presumably co-extracted and derivatized
by the TSPP, no interference was ob-
served, because of the highly specific
parent mass-to-charge ratio and the
characteristic product ions in the m/z
[M” + CH,CH,]" and m/z 295.1 tran-
sitions. HPLC with gradient elution
enabled efficient separation and analysis
of the derivatized fatty acids and
reduced disturbance from other, un-
known, components of the sample to a
minimum. With APCI in positive-ion
mode the intense ion-current signals for
the fatty acid derivatives could be
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Fig. 3. a The mode of cleavage. b Typical full-scan mass spectrum of the TSPP derivative of
tetracosanoic acid in the range 100-1,000 amu with APCI in positive-ion mode. ¢ Typical MS-MS
spectrum of the TSPP derivative of tetracosanoic acid in the range 100-850 amu with APCI in
positive-ion mode; the fragment ions were m/z 395.4 and m/z 295.1

attributed to introduction of the two
weakly basic nitrogen atoms in the
corresponding TSPP molecular core
structure, resulting in highly efficient
production of the mj/z 295.1 ion. The
mode of cleavage and results from
MS-MS analysis for a representative

Chromatographia 2007, 65, April (No. 7/8)

derivative, that of the C,4 acid, are
shown in Fig. 3a—c. All molecular ions
[M + H]" and the corresponding spe-
cific fragment ions for the 30 fatty acid
derivatives are shown in Table 2.
Although MS is not the most sensitive
detector for HPLC, it can provide suf-
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Table 2. MS data for the TSPP derivatives of the fatty acids ficient data to enable structure deter-

. ; i mination and quantification of the
FFA Molecular Characteristic Specific fragment ion,| S . .
jon [M + H]" fragment ion, molecular core amounts of the fatty acids in biological
m/z [M’ + CH,CH,]* structure samples. Use of MS coupled with liquid
chromatography has been widely used
G 367.1 - 295.1 for analysis of complex mixtures of
C, 381.2 - 295.1 . .
Cs 3951 B 295 1 compounds commonly found in biolog-
Cy 409.2 - 295.1 ical matrices. The MS data discussed
gs 3232 - 2(9)5‘1 above ensured correct identification of
6 37.2 - 295.1 :
c 4512 B 2951 the analytes both in standards and
Cs 465.2 - 295.1 samples.
Co 479.2 - 295.1
Cio 4933 - 295.1
g:; ggzg 071 ;gg:} Comparison of TSPP
Cis 535.4 241.2 295.1 and 9-(2-Hydroxyethyl)
Ciy 549.4 255.2 295.1 cqrbazole
Cis 563.4 269.2 295.1
Cis 577.4 283.3 295.1 . .
Cys 591.4 2972 295.1 Experiments have been performed in our
Cig 605.4 311.2 295.1 laboratory to compare the sensitivity of
89 ggg %3; %gg} detection after use of TSPP and 9-(2-hy-
C;) 6476 3533 205.1 droxyethyl)carbazole (HEC) for derivati-
Cas 661.6 367.4 295.1 zation [4]. C,y—Cso long-chain fatty acids
Cys 675.6 381.3 295.1 were derivatized under the respective
824 %22 431(9)33 %gg} optimum conditions and the same vol-
Ciz 176 4034 2951 ume of the derivatization solution was
Cyy 731.5 437.5 295.1 injected, using the respective detection
Cag 745.6 451.4 295.1 wavelength. It has been documented that
Cyo 759.5 465.4 295.1 . .
Ca 736 480.0 295.1 use of TSPP results in greater sensitivity
- than use of HEC; TSPP can therefore be

used as an effective fluorescence reagent

Table 3. Linear regression equations, correlation coefficients, detection limits, and repeatability of for derivatization of FFAs [32].
peak areas and retention times (n = 6)

FFA Y = AX + B Correlation  Detection Retention Peak area o ope .
coefficient  limit (fmol)  time RSD (%)  RSD (%) Reproducibility, Precision,
Calibration, and Detection
C, Y = 743.5X + 211.6 0.9993 3.1 0.33 0.20 Limits
C, Y = 173.4X + 49.36 0.9996 23 0.39 0.70
C; Y = 150.9X + 40.65 0.9995 11 0.43 0.63
Cy Y = 93.2X + 30.25 0.9995 15 0.19 0.39 A standard solution containing the
Cs Y = 1393X + 3325  0.9991 14 0.17 0.46 C,—Cso FFAs at 3.0 x 107 mol L™" was
Ce Y= 1143% + 30355 0.9998 13 0.18 0.78 used fo examine the repeatability of the
C, Y = 1333X + 3122 0.9998 16 0.30 0.61 p y ot th
Cy Y = 119.7X + 3536  0.9997 18 0.046 0.92 method (the amount of each fatty acid
Cy Y = 101.3X + 26.12  0.9999 28 0.088 0.22 injected was 50 pmol). RSDs of peak
Cio Y = 113.5X + 31.56  0.9996 23 0.067 0.43 areas and retention times were less than
Ci Y = 97.5X + 24.52 0.9997 31 0.081 0.37 043 d 2.76% velv. Si i
Ci, Y =1053X + 2825 09996 28 0.063 0.38 43 and 2.7670, respectively. Six repli-
Cis Y = 106.2X + 2734 0.9997 29 0.045 0.21 cate injections (n = 6) of 0.1, 1.0, and
Ciy Y = 113.6X + 30.64  0.9995 27 0.063 0.29 5.0 pmol L™ of the C,—Cyo fatty acids
Cis Y = 108.1X + 31.01 0.9995 26 0.055 0.47 . ;-
Cn. Y = 128.1X + 3535 0.9992 2 0.047 0.35 V\./ere performed to determine the preci
Cs Y = 103.7X + 30.11  0.9995 24 0.031 0.23 sion and accuracy of the method for low,
Cig Y = 106.5X + 30.59  0.9995 22 0.024 0.22 medium, and high concentrations. The
gl‘) ?Z }8;2))? i g%%i ggggg g; 88?1; g;g mean inter-day accuracy ranged from
20 = . J. . . . 0
Cy Y = 1053X + 3456 0.9992 2 0.083 103 88.6 to 106.8% and the largest mean CV
Caxn Y = 109.7X + 39.57  0.9993 23 0.11 1.11 was <7.2%. The mean inter-day preci-
Cas Y = 1143X + 31.75  0.9998 27 0.23 1.62 sion for all the standards was <6.2% of
Coy Y = 131.7X + 32.29 0.9995 22 0.22 1.43 ati :
Con Y = 217X + 2822 0.9997 20 0.30 153 the expected. concentration. Recove;nes
Cas Y = 1184X + 2212 0.9999 24 0.26 2.40 were determined from values obtained
Cyy Y = 1214X - 11.34 0.9993 25 0.20 1.37 after analysis of G. straminea and
Cag Y =1193X + 3578 09995 38 0.33 240 G. dahurica plants; amounts were calcu-
Coo Y= 1028% + 3376 0.9997 33 0.28 2.38 lated by use of calibration plots con-
Cso Y = 82.1X + 31.52  0.9996 34 0.21 2.76 you _calibra p :
structed after derivatization of fatty acid
X is the amount injected (pmol) and Y is the peak area standards. Known amounts of the 30
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Table 4. Amounts (ug g~') of the FFAs in the roots of Gentiana straminea and G. dahurica (mean + SEM, n = 3)

FFA Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Mean
Gentiana straminea roots

C, 0.587 + 0.033 1.080 + 0.073 0.602 + 0.048 0.348 + 0.056 0.222 + 0.043 0.568
C, 11.280 £ 0.042 5471 + 0.314 5.956 + 0.612 4.614 + 0.677 2913 £+ 0.521 6.047
C; 0 0 0 0 0 0

Cy 0.200 £+ 0.011 0.683 £+ 0.071 0.082 + 0.011 0.112 + 0.013 0.175 £+ 0.023 0.250
Cs 0 0 0 0 0 0

Ce 0 0 0 0 0 0

C, 0 0 0 0 0 0

Cg 0.088 + 0.009 0.019 £+ 0.007 0.014 + 0.006 0.006 + 0.001 0.175 £ 0.017 0.060
Co 0.102 £ 0.012 0.189 + 0.036 0.705 + 0.107 0.663 £+ 0.099 0.281 £ 0.046 0.388
Cio 0.005 + 0.001 0.018 £+ 0.006 1.415 + 0.528 3.548 + 0.876 0.596 + 0.095 1.116
(o 0 0 0 0 0 0

Cp 0.077 £+ 0.009 0.509 + 0.079 0.692 + 0.130 0.648 + 0.143 1.188 + 0.565 0.623
Ci3 0 0 0 0 0 0

Cia 0.740 £ 0.004 1.454 + 0.063 2.661 + 0.519 2.621 + 0.643 1.970 + 0.622 1.889
Cis 0.007 + 0.003 0.053 £ 0.011 0.389 + 0.093 1.287 + 0.272 0.154 + 0.038 0.378
Cis 13.883 + 0.133 22.748 + 0.837 53.011 + 6.771 70.605 + 4.337 40.476 + 6.334 40.145
Cyy 0.052 £ 0.008 0.014 £+ 0.004 1.643 £+ 0.698 0.897 + 0.114 0.471 £+ 0.081 0.615
Cig 1.774 + 0.043 3.896 + 0.089 5.064 + 1.306 4932 + 0.712 9.264 + 0.992 4.986
Cio 0.030 + 0.007 0.629 £ 0.103 0.363 + 0.111 0.009 + 0.001 1.646 £+ 0.553 0.535
Cyo 0.478 £ 0.047 3.253 + 0.318 2.190 + 0.736 2.574 + 0.374 5.423 + 0.986 2.784
Co 0.010 £+ 0.002 0.197 £+ 0.039 0.353 + 0.088 0.184 + 0.076 1.015 + 0.331 0.352
Cs 0 0 0 0 0 0

Co3 0.159 £ 0.029 2.611 + 0.082 2.776 £ 0911 2.295 + 0.412 4.648 + 0.876 2.498
Coy 4.672 + 0.118 30.692 + 2.319 49.331 + 2.374 43.090 + 1.331 35.727 + 2.839 32.702
Css 1.582 £ 0.085 12.851 + 1.107 21.034 + 2.556 13.883 + 3.111 13.368 + 2.476 12.544
Cys 16.753 £ 0.055 98.752 + 3.496 149.933 + 2.476 110.201 + 2.438 88.520 + 3.337 92.832
Cyy 1.551 + 0.032 8.106 + 1.039 9.504 + 2.334 6.178 + 1.998 6.195 + 0.728 6.307
Cog 6.974 + 0.111 33.960 + 2.314 33.656 + 3.876 21.618 + 2.316 27.598 £+ 1.106 24.761
Cyo 0 0 0 0 0 0

Cso 0.087 £ 0.019 0 1.042 + 0.088 0.984 + 0.114 1.405 + 0.371 0.704

Gentiana dahurica roots

C; 0.260 + 0.032 0.373 £+ 0.045 0.108 + 0.031 0.033 £ 0.012 0.157 £+ 0.043 0.186
C, 4.539 + 0.128 5.190 + 0.230 4.294 +0.537 4.442 + 0.356 3.528 + 0.312 4.399
Cs 0 0 0 0 0 0

Cy 0.249 + 0.043 0.354 £+ 0.068 0.131 + 0.037 0.125 + 0.079 0.043 £+ 0.011 0.180
Cs 0 0 0 0 0 0

Ce 0 0 0 0 0 0

C, 0 0 0 0 0 0

Cg 0.435 + 0.086 1.029 + 0.018 0.678 + 0.017 0.287 + 0.059 1.470 + 0.228 0.780
Co 0.420 £+ 0.079 0.764 £+ 0.092 1.162 + 0.234 0.371 + 0.072 0.549 + 0.076 0.653
Cio 0.614 + 0.089 1.034 + 0.068 0.776 + 0.081 2.136 + 0.151 0.701 £+ 0.092 1.052
Cn 0 0 0 0 0 0

Cp 1.542 + 0.231 3.305 + 0.030 2.898 + 0.402 2.717 + 0.442 2.311 + 0.201 2.555
Ci3 0 0 0 0 0 0

Cis 1.401 + 0.331 1.237 £ 0.219 1.377 £ 0.246 1.825 + 0.556 1.408 + 0.512 1.450
Cis 0.434 + 0.111 0.213 £+ 0.038 0.748 + 0.157 0.788 + 0.201 0.836 £+ 0.269 0.604
Cis 29.017 + 1.221 35.744 + 0.062 56.626 + 0.337 45.073 + 3.728 48.772 + 1.619 43.046
Ci7 0.201 + 0.029 0.356 £+ 0.050 0.478 + 0.078 0.575 £ 0.069 0.449 + 0.058 0.412
Cis 5.165 + 0.032 8.730 + 0.114 3.505 + 0.045 6.266 + 0.039 14.852 + 0.369 7.704
Cio 0.127 + 0.023 0.182 £ 0.037 1.179 + 0.061 0.033 + 0.010 1.957 £+ 0.079 0.696
Cyo 2.551 + 0.146 2.727 + 0.311 4.245 + 0.851 1.381 + 0.066 8.143 + 0.037 3.809
Cs 0.323 + 0.077 0.192 + 0.043 1.396 + 0.028 0.170 + 0.036 2.025 + 0.110 0.821
Cy 0 0 0 0 0 0

Co3 2.969 + 0.078 3.242 + 0.765 0.006 £+ 0.001 1.959 + 0.411 4.242 + 0.879 2.483
Coy 11.745 + 2.374 16.041 + 0.204 28.894 + 0.034 18.019 + 0.032 18.818 £+ 0.011 18.703
Css 4.182 + 0.984 7.256 + 0.037 13.484 + 0.220 6.027 + 0.018 7.137 £ 0.042 7.617
Cys 32.767 £ 0.059 56.649 + 0.028 119.992 + 0.234 59.378 + 0.076 47.955 + 0.040 63.348
Cyy 2.570 £+ 0.073 4.556 + 0.123 10.625 £+ 0.059 4276 + 0.013 2.733 £+ 0.010 4.952
Cog 16.790 £ 0.033 24.747 + 0.078 72.994 + 0.032 23.821 + 0.033 11.729 + 0.062 30.016
Cyo 0 0 0 0 0 0

Cso 2.048 + 0.063 2.384 £ 0.061 7.575 £ 0.048 1.444 + 0.028 0.848 + 0.055 2.860

fatty acids were added to two identical
G. straminea and G. dahurica plant sam-
ples. The samples were extracted in
accordance with the method described in
the experimental section, the FFAs were
derivatized with TSPP, and chromato-
graphic analysis was performed in dupli-
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cate. Recoveries were in the range 90.3—
103.5% (n = 3). The linearity of the
procedures was evaluated in the range
8.0 x 1072 to 20 pmol L™! after use of the
optimum derivatization conditions; the
injection volume was 10 uL and the
amount injected was from 200.0 pmol to
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24.4 fmol, i.e. a 8,197-fold range of con-
centrations. Calibration plots of peak
area (y) against fatty acid concentration
(x, pmol, amount injected) were estab-
lished. The linear regression equations
obtained are listed in Table 3. Excellent
linear responses were obtained for all the
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fatty acids in this range of concentra-
tions; correlation coefficients
>0.9991. At higher concentrations non-
linearity was observed. Detection limits
(signal-to-noise ratio 3:1) calculated after
injection of 1.0 pmol of each derivatized
fatty acid were from 3.1 to 38 fmol.

were

Sample Analysis

Typical chromatograms obtained from
analysis, with fluorescence detection, of
FFAs extracted from G. straminea and
G. dahurica are given in Fig. 2b and c,
respectively. Simultaneous determination
of 30 FFAs in these two plant medicines
was easily achieved by using TSPP as the
derivatization reagent. The FFAs were
identified by use of on-line post-column
mass spectrometric analysis. The method
was suitable for determination of these
components in the roots of two medicinal
plants and results were satisfactory. The
amounts of the 30 FFAs in these two
plants are listed in Table 4. Amounts of
long-chain FFAs with an even number of
carbon atoms are clearly much higher
than amounts of the adjacent FAAs with
odd numbers of carbon atoms; amounts
of Cig, Cas, Cog, and Cog are particularly
high. Amounts of FFAs in G. straminea
roots were much higher than in G. dahu-
rica roots, and amounts of the fatty acids
in plants of the same species from the five
different sampling locations were signifi-
cantly different. The geographical region
in which plants are collected has been
found to be an important factor in
determining the amounts of chemical
compounds in herbal medicines [33, 34].
It is probable that environmental condi-
tions, for example soil type and meteo-
rological factors, affect the amounts of
the fatty acids.

Conclusions

Simultaneous quantification by fluores-
cence detection and MS identification of
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30 FFAs in two medicinal plants, G.
straminea and G. dahurica, has been
accomplished successfully. Derivatization
of FFAs with TSPP is simple and inex-
pensive and results in sensitive detection.
Under the proposed conditions complete
derivatization of long chain (> C,g) fatty
acids can be achieved, and under the
HPLC conditions used the derivatives of
the C,—C3y FFAs were separated in
60 min by use of gradient elution. This
method can be used for analysis of car-
boxylic acids in medicinal plants. Further
studies on simultaneous identification
and quantification of unsaturated fatty
acids by use of this method are currently
in progress in our laboratory.

Acknowledgments

This work was funded by grants from the
National Mid-West Fund of China (No.
2001BA901A47) and the Knowledge
Innovation Programs of the Chinese
Academy of Sciences (No. CXLY-2002-
08).

References

1. Chen SH, Chuang YJ (2002) Anal Chim
Acta 465:145-155

2. Seppidnen-Laakso T, Laakso I, Hiltunen R
(2002) Anal Chim Acta 465:39-62

3. Senorans FJ, Ibafiez E (2002) Anal Chim
Acta 465:131-144

4. You JM, Zhang WB, Zhang YK (2001)
Anal Chim Acta 436:163-172

5. Chen SH, Chen KW, Lien HM (1999)
J Chromatogr A 849:357-369

6. Li Y, Lander R, Manger W, Lee A (2004)
J Chromatogr B 804:353-358

7. Bravo B, Chavez G, Pifia N, Ysambertt F,
Marquez N, Caceres A (2004) Talanta
64:1329-1334

8. Peris-Vicente J, Gimeno-Adelantado JV,
Doménech-Carbé MT, Mateo-Castro R,
Bosch-Reig F (2005) J Chromatogr A
1076:44-50

9. Czauderna M, Kowalczyk J (2001)
J Chromatogr B 760:165-178

10. Rosenfeld JM (2001) Anal Chim Acta
465:93-100

Chromatographia 2007, 65, April (No. 7/8)

1.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

Takadate A, Masuda T, Murata C, Hara-
take C, Isobe A, Irikara M, Goya S (1992)
Anal Sci 8:695-698

. Yoshida T, Uetake A, Yamaguchi H,

Nimura N, Kinoshita T (1988) Anal Bio-
chem 173:70-74

. Lu CY, Wu HL, Chen SH, Kou HS (2000)

Chromatographia 51:315-321

. Ho TN, Liu SW (eds) (2001) A worldwide

monograph of Gentiana. Science Press,
Beijing, p 176

. Yang YC (ed) (1991) Tibetan medicines.

Xining, p 9

. Ji LJ, Sun HF, Ding JY, Fan SF, Hu BL

(1992) Acta Biol Plateau Sin 11:113-118

. Beith M (1995) Healing threads: tradi-

tional medicines of the highlands and is-
lands. Edinburgh, Scotland, pp 1-304

. Kumarasamy Y, Nahar L, Sarker SD

(2003) Fitoterapia 74:151-154

. Guo YJ, Lu YR (1983) Chin J Pharm Anal

3:268-271

Luo JP, Lou CZ (1985) Chin Tradit Herb
Drugs 5:7-10

Ji LJ, Liao ZX, Sun HF (2002) Acta Biol
Plateau Sin 15:243-250

Ji LJ, Ma YH, Chen GC, Zhou GY, Dai
DH, Sun HF (2004) Acta Bot Boreal
Occident Sin 24:292-295

Duan YW, He YP, Liu JQ (2005) Acta
Oecol 27:225-232

He YP, Liu JQ (2004) Acta Ecol Sin
24:215-220

Shi SB, Han F, Li HY (2001) Acta Phy-
tophysiol Sin 27:123-128

Shi SB, Zhu WY, Li HM, Zhou DW, Han
F, Zhao XQ, Tang YH (2004) Environ Exp
Bot 51:75-83

Sun J, Lin CQ, Wang HL, Suo YR, Chen
GC, Li TC (2004) Guangdong Weiliang
Yuansu Kexue 11:37-39

Wang HL, Lin CQ, Sun J, Chen GC, Suo
YR (2004) Guangdong Weiliang Yuansu
Kexue 11:45-47

Zhao XE, Sun J, Suo YR, Liu SJ, Chen
GC, Sun XJ, You JM (2006) J Instrum
Anal 5:1-6

Zhao XE, Suo YR, Ding CX, Zhu F, Sun
J, Zhao WC, Sun XJ, You JM (2006) Chin
J Chromatogr 24:456-461

YouJ, Shi Y, Ming Y, YuZ, YiY, LiuJ
(2004) Chromatographia 60:527-535
Kishikawa N, Wada M, Ohba Y, Naka-
shima K, Kuroda N (2004) J Chromatogr
A 1057:83-88

Munzuroglu O, Karatas F, Geckil H
(2003) Food Chem 83:205-212
Echeverrigaray S, Fracaro F, Santos ACA,
Paroul N, Wasum R, Serafini LA (2003)
Biochem Syst Ecol 31:467-475

Full Short Communication



	Determination of 30 Free Fatty Acids�in Two Famous Tibetan Medicines by HPLC�with Fluorescence Detection and Mass Spectrometric Identification
	Abstract
	Introduction
	Experimental
	Chemicals and Materials
	Synthesis of the Labeling Reagent TSPP
	Sampling and Extraction�of FFAs
	Ultrasound-Assisted Extraction
	Extraction by Shaking
	Derivatization of Standards and Samples
	Standards
	Samples
	Chromatography and Mass Spectrometry
	Fig1
	Tab1
	Quantitative Analysis
	Results and Discussion
	Stability and Spectral Characteristics of TSPP
	Optimization of the Extraction
	LC Separation and Mass Spectrometric \(MS\) Identification
	Fig2
	Fig3
	Comparison of TSPP �and 9-\(2-Hydroxyethyl\)�carbazole
	Reproducibility, Precision, Calibration, and Detection Limits
	Tab2
	Tab3
	Tab4
	Sample Analysis
	Conclusions
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


