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bstract

A method based on hollow fiber supported liquid membrane extraction coupled with a gas chromatograph equipped with flame ionization detector
GC-FID) was developed for the determination of six short-chain fatty acids including acetic acid, propionic acid, i-butyric acid, n-butyric acid,
-valeric acid and n-valeric acid in serum. Hollow fiber supported liquid membrane extraction was employed for preconcentration and clean-up of
he samples. The fatty acids were extracted from the acidic donor (diluted serum) into a liquid membrane formed in the wall of the hollow fiber with
0% tri-n-octylphoshphine oxide (TOPO) in di-n-hexyl ether, and then extracted back into a basic acceptor solution filled in the lumen of the hollow
ber. After being acidified with HCl, the acceptor was directly analyzed by GC-FID. The acceptor concentration, donor pH, membrane liquid and

xtracting time were optimized giving an enrichment factor up to 155 times. The good linearity (r2 > 0.980), reasonable recovery (87.2–121%),
nd satisfactory intra-assay (8.2–11.5%) and inter-assay (6.1–11.6%) precision illustrated the good performance of the present method. Limits of
etection (LOD) ranged from 0.04 to 0.24 �M and limits of quantification (LOQ) varied from 0.13 to 0.80 �M.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Short-chain fatty acids (SCFAs) are mainly produced from
ndigestible carbohydrates in the human colon by bacterial fer-

entation [1,2]. The growing interest in the formation of SCFAs
n the recent years is related to increasing evidence of positive
hysiological effects of some of these acids [3]. The main SCFAs
f the large bowel are acetic acid, propionic acid and butyric acid.
UT is the preferred energy substrate for the mucosal cells and

t has been suggested that this acid plays a role in the preven-
ion and treatment of colonic diseases [4]. SCFAs that escape

etabolism in the colonocytes enter the hepatic portal blood.

cetic acid acts as a precursor for lipogenesis but also stim-
lates gluconeogenesis, while propionic acid has been shown
o inhibit gluconeogenesis and hepatic synthesis of cholesterol
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rom acetic acid [5,6]. It is generally believed that most of the
utyric acid is efficiently metabolized by the colonic epithelium,
ut recent studies on catheterised pigs have shown that the con-
entration of butyric acid in the portal and jugular vein increased
ith the production rate in the colon [7]. In this connection, it

hould be noted that butyric acid has also been shown to influ-
nce the lipid-metabolism in caco-2 cells [8,9]. Since the level
nd pattern of SCFAs formed are dependent on the type of car-
ohydrate reaching the colon it may be possible to regulate these
arameters by the diet. Thus, determination of SCFAs in blood
lays an important role in screening, diagnosis and monitoring
ffects of dietary fiber and other dietary carbohydrates reach-
ng colon when designing foods with specific health effects.
owever, compared with feces, whole blood, plasma or serum

ontains small concentrations of SCFAs and highly sensitive
echniques are required for this measurement.
The usual methods for SCFA determination include cap-
llary gas chromatography (GC) with or without mass spec-
rometry after solvent extraction, ion exchange, vacuum distil-
ation, solid phase microextraction or derivatization [10–17].

mailto:E_Margareta.Nyman@inl.lth.se
dx.doi.org/10.1016/j.jchromb.2006.09.027
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ther routine techniques for analyzing SCFAs in blood include
igh-performance liquid chromatography (HPLC) [18], stable
sotope tracer technique [19–20] and capillary electrophoresis
21].

Although SCFAs including acetic acid (ACE), propionic acid
PRO), i-butyric acid (IBUT), n-butyric acid (BUT), i-valeric
cid (IVAL) and n-valeric acid (VAL) were found in blood
12,13,15], only ACE, PRO and BUT can be identified and
uantified by most of the above-mentioned analytical methods,
hile IBUT, IVAL and VAL cannot be quantified as they are

lmost always present in trace amounts in various blood samples.
urther, these methods always require at least 400 �l of blood
ample that could sometimes be a limiting experimental factor,
articularly in case of studies on small animal models, such as
ats [22]. Therefore, the development of a method for precon-
entration and clean-up of these analytes from small amounts of
amples is of great importance.

Supported liquid membrane extraction has been utilized as a
elective cleanup and pre-enrichment step for various analytes
n biological fluids [23,24] including small amounts of car-
oxylic acids in various matrices [25–27]. In this work, a hollow
ber supported liquid membrane approach has been developed
or extraction/pre-enrichment of SCFAs from serum before GC
nalysis. The present method was aimed to provide high enrich-
ent enough to quantify all of the above-mentioned SCFAs in
very restricted volume (100 �l) of serum sample.

. Experimental

.1. Apparatus

Chromatographic analysis was carried out using an Agilent
890 N GC system equipped with a flame ionization detector
FID) and an N10149 automatic liquid sampler (Agilent, USA).

fused-silica capillary column with Free Fatty Acid Phase
DB-FFAP 125–3237, J&W Scientific, Agilent Technologies
nc., USA) of 30 m × 0.53 mm I.D. coated with 0.50 �m film
hickness was used. Data handling was carried out with a HP
hemStation Plus software (A.09.xx, Agilent).

The polypropylene hollow fiber tube (50 �m wall thick-
ess, 280 �m inner diameter, 0.1 �m pore size, model 50/280
ccurel PP) was obtained from Membrana GmbH (Wuppertal
ermany). BD Micro-Fine Syringes (with a needle of 0.30 mm
uter diameter, 8 cm length, 0.5 ml holding volume and prepared
or U-100 insulin injection) were obtained from BD Consumer
ealthcare (via a local pharmacy), and used to fill the acceptor

nto the lumen of the hollow fiber for extraction and to flush out
he acceptor from the lumen of the hollow fiber into a 100 �l
ulled point conical glass vial (Agilent, USA).

.2. Materials

High purity SCFAs were used to prepare the standard

olutions. ACE (100%) and VAL (99%) were obtained from

erck (Darmstadt, Germany). PRO (100%) was purchased from
anssen Chimica (Belgium), while IBUT (99%), BUT (99%) and
VAL (99%) were purchased from Sigma (St. Louis, MO, USA).
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t
e
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-Ethylbutyric acid, used as internal standard, was obtained from
igma–Aldrich (Chemie GmbH, Steinheim, Germany).

An aqueous stock standard solution was prepared for each
cid with a concentration of 25 mM for ACE, 1 mM for PRO,
UT and IBUT, 3 mM for VAL and 0.5 mM for IVAL. A working

tandard solution containing the six target analytes was prepared
y mixing appropriate volumes of the individual standard stock
olution and diluting it with water. An internal standard stock
olution containing 2-ethylbutyric acid with 12% formic acid
as also prepared. All the stock standard and working solutions
ere stored at −20 ◦C until used.
Tri-n-octylphosphine oxide (TOPO) and dihexyl-ether

DHE) were obtained from Sigma (St. Louis, MO, USA). The
rganic membrane liquid was prepared by dissolving appropri-
te amounts of TOPO in DHE. Analytical-grade HCl (30%)
nd formic acid (98–100%) were used. The donor was acidified
sing 12 M HCl and 12% (v/v) formic acid was used to clean the
C column. Analytical-grade NaOH from Merck (Darmstadt,
ermany) and its water solution (0.1–0.3 M) was used as basic

cceptor. All water used was purified using a Milli-Q® reagent
ater system (Millipore, Molsheim, France).

.3. Sample preparation

Frozen human serum supplied by Lund University Hospi-
al (Sweden) was used for method development and validation.
or method application, human serum from four healthy sub-

ects and portal serum samples from nine Sprague–Dawley rats
ere included. The Ethics Committee for Human and Animal
tudies at Lund University approved the experiments. Among

he rat samples, two portal blood samples were taken from rats
ed with a diet containing 8% inulin (w/w calculated on dry
eight basis, dwb) for 13 days, and the other seven samples
ere taken from rats fed a diet containing 12% blueberry husk

w/w, dwb) and 1 ml probiotics/day (L. gasseri, L. crispatus, L.
lantarum, B. infantis) for 13 days. The portal blood from the
ats was transferred to serum tubes and centrifuged for 15 min
2500 × g, 19 ◦C) and stored at −20 ◦C before sample prepara-
ion and analysis.

To prepare the acidic donor, 100 �l serum sample was diluted
ith 1350 �l water. The pH of the diluted serum solution was

hen adjusted to 2 with 2 M HCl (about 11 �l needed) and the
olume of the diluted serum solution was made up to 1500 �l
y adding water.

.4. Extraction procedure

The extraction procedure was carried out as described by
iu et al. [28] with some modifications. Briefly, the lumen of
piece of hollow fiber (∼15 cm length) was flushed and filled
ith acceptor solution by using a BD Micro-Fine Syringe. Then

he fiber was dipped into the membrane liquid for a few seconds
o impregnate the pores of the hollow fiber wall, thus forming

he organic liquid membrane. After that, the lumen of the fiber
as slowly flushed and completely filled with the acceptor solu-

ion. To seal the fiber, the two ends of the fiber were folded and
nveloped with a piece of aluminum foil. The obtained extrac-



2 atogr. B 846 (2007) 202–208

t
t
e
1
t
o
h
a
1
e
o
t
t
e
a
N
w
p
t
b

2

1
k
a
b
(
t
w
a
r
1
o
c
a

3

3
e

W
w
p
e
s
t
h
e
q
i
o
C
u

Fig. 1. Sketch map of extraction SCFAs with hollow fiber supported liquid
membrane.

Table 1
Names, abbreviations, pKa and log P values of the six SCFAs

Full name Abbreviation pKa log Pa

Acetic acid ACE 4.76 −0.29
Propionic acid PRO 4.87 0.25
i-Butyric acid IBUT 4.86 0.59
n-Butyric acid BUT 4.83 0.78
i-Valeric acid IVAL 4.58 1.12
n-Valeric acid VAL 4.83 1.31
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the enrichment of the SCFAs (Fig. 2), which was explained by
the high pH of the acceptor (about 12) after extraction at the
lowest acceptor concentration (0.1 M). This is in agreement with
04 G. Zhao et al. / J. Chrom

ion device was immersed into water and shaken for about 1 min
o wash out surplus membrane liquid on the fiber surface. For
xtraction, the finished extraction device was immersed into the
.5 ml donor solution held in a 2 ml capped vial. It is impor-
ant to immerse the whole fiber fully in the donor solution and
btain an even distribution of the fiber in the vial. After the
ollow fiber has been installed in the vial, the vial was capped
nd shaken on a shaker (VXR, IKA®-Labortechnik, Sweden) for
6 h at 350 r/min to perform the extraction and enrichment. After
xtraction, the hollow fiber extraction device was harvested and
ne of the sealed ends was cut and the fiber was connected
o the needle of a BD Micro-Fine Syringe filled with air, then
he other sealed end was cut and the acceptor containing the
xtracted analytes was flushed from the fiber lumen into a clean
nd dry 100 �l pulled point conical glass vial (Agilent, USA).
ormally 8–10 �l of acceptor could be harvested, of which 8 �l
as transferred into another clean and dry 100 �l small pulled
oint conical glass vial (Agilent, USA) and 10 �l 1 M HCl con-
aining 1 mM internal standard was added. Then the vial could
e directly placed on the auto-sampler for GC analysis.

.5. Gas chromatographic analysis

Helium was supplied as the carrier gas at a flow rate of
4.4 ml/min. The initial oven temperature was 100 ◦C and was
ept there for 0.5 min, and then raised to 180 ◦C by 8 ◦C/min
nd held there for 1.0 min, then further increased to 200 ◦C
y 20 ◦C/min, and finally held at 200 ◦C for 5 min. Glass wool
Supelco) was inserted in the glass liner of the splitless injec-
ion port. The temperatures of the FID and the injection port
ere 240 and 200 ◦C, respectively. The flow rates of hydrogen,

ir and nitrogen as makeup gas were 30, 300 and 20 ml/min,
espectively. The injected sample volume for GC analysis was
�l, and the running time for each analysis was 17.5 min. In
rder to decrease the small ghosting peaks of SCFAs, the GC
olumn was cleaned with an injection of 1 �l 12% (v/v) formic
cid once every five sample injections.

. Results and discussion

.1. Evaluation of the supported liquid membrane
xtraction conditions

Fig. 1 shows the principle of the extraction procedure [24].
hen the donor was adjusted to pH 3–2, the SCFAs in the donor
ere completely protonated because of the comparatively high
Ka values that varied from 4.5 to 4.9 [29] (Table 1). During
xtraction, undissociated SCFAs diffused from the bulk donor
olution to the surface of the hollow fiber and then they parti-
ioned into the membrane liquid. At the lumen surface of the
ollow fiber, these undissociated SCFAs were deprotonated and
xtracted into the acceptor, where they were ionized and conse-
uently could not be extracted back into the membrane liquid,

.e. they were trapped in the acceptor. These two processes
ccurred simultaneously with highly efficient overall extraction.
oncentrations of the disturbing neutral compounds remained
nchanged in donor and acceptor, which implied no enrichment.

F
a
(

a Calculated by the computer program ACD/Log P 3.00 (Advanced Chemical
evelopment Inc., Toronto, Canada).

urther, basic compounds in the donor were in their protonated
orm and could not be extracted. Therefore, the hollow fiber sup-
orted liquid membrane extraction in this study provided both
igh enrichment and high selectivity for the acidic compounds.
t was proved to be an effective sampling method for analysis of
mall amounts of SCFAs such as in blood samples. The enrich-
ent factor in this study is defined as the analyte concentration

n the acceptor after extraction divided by the original analyte
oncentration in the donor.

.1.1. Influence of acceptor concentration
Experiments showed that variation in concentration of the

aOH acceptor in the range of 0.1–0.3 M had little effect on
ig. 2. Enrichment factor as a function of acceptor concentration [ACE (acetic
cid), PRO (propionic acid), IBUT (i-butyric acid), BUT (n-butyric acid), IVAL
i-valeric acid) and VAL (n-valeric acid)].
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ig. 3. Enrichment factor as a function of the pH of the donor [ACE (acetic
cid), PRO (propionic acid), IBUT (i-butyric acid), BUT (n-butyric acid), IVAL
i-valeric acid) and VAL (n-valeric acid)].

tudies reported by Kou et al. [30]. It was also found that the pH
f the acceptor might drop if a donor with high concentration
f SCFAs was subjected to extraction. To increase the reservoir
apacity an acceptor with high NaOH concentration is preferable
uring such conditions. As previously reported, to ensure that
he fraction of SCFAs in the undissociated form is below 0.0005,
he pH of the acceptor must be at least 3.3 pH units higher than
he highest pKa value of the SCFAs [31], which is well met at
he actual conditions. However, the higher the concentration of
aOH, the more solid residues (NaCl) will be produced at the
C injection, which may result in contamination or block in the

nject port liner and GC column.

.1.2. Influence of donor pH
HCl (2 M) or NaOH (2 M) was added to the water sample to

djust its pH to a certain level. As shown in Fig. 3, the enrich-
ent factor was not changed much when the pH of the donor

ecreased from 5 to 3. However, a sharp increase in enrichment
as observed when the pH of the donor decreased from 3 to

. Thus, the higher the fractions of SCFAs in the undissoci-
ted form in the donor, the higher enrichment factor could be
chieved. For extraction of weak acids, the donor pH must be
t least 2 pH units lower than the pKa of the acid, to assure that

a
l
b
O

able 2
ffect of different membrane liquids on the enrichment factor of SCFAs

embrane liquid Extracting time Enrichment factor

ACEa PRO

o liquid 8 h 17.8 ± 1.6 24.2 ± 1.2
16 h 25.8 ± 5.0 34.6 ± 3.6

HE 8 h 22.2 ± 0.8 61.6 ± 6.9
16 h 35.3 ± 3.8 49.0 ± 6.7

0% TOPO 8 h 6.59 ± 0.03 8.43 ± 1.37
16 h 5.91 ± 0.86 8.13 ± 1.11

5% TOPO 8 h 44.5 ± 1.2 36.7 ± 0.3
16 h 5.09 ± 0.33 7.72 ± 0.75

0% TOPO 8 h 126.2 ± 5.2 129.6 ± 6.8
16 h 143.6 ± 5.2 146.6 ± 6.2

% TOPO 8 h 58.1 ± 2.8 49.6 ± 2.2
16 h 77.8 ± 2.3 78.4 ± 3.1

a ACE (acetic acid), PRO (propionic acid), IBUT (i-butyric acid), BUT (n-butyric a
. B 846 (2007) 202–208 205

he fraction of SCFAs in the undissociated form in the donor is
eyond 0.99 [31].

.1.3. Influence of the type of membrane liquid
The effect of the membrane liquid on the enrichment factor

s shown in Table 2. A certain amount of SCFAs could also be
ransferred to the acceptor without any membrane liquid, which
s due to some type of membrane distillation of the SCFAs
32], transferring the acids in gas phase over the membrane.
n this type of extraction, the enrichment factor was decided
y the volatility of the SCFAs, and increased in the order;
CE < PRO < IBUT ≈ BUT < IVAL ≈ VAL. When pure DHE
as used as membrane liquid, the enrichment factor increased
ith the hydrophobicity or Log P of the SCFA. The presence of
OPO in DHE significantly changed the behavior of the mem-
rane liquid due to the hydrogen bonding between TOPO and the
CFAs [33]. With increased concentration of TOPO in the mem-
rane liquid from 5 to 10%, the enrichment factor was rapidly
levated. A further increment of TOPO in the membrane liquid
rom 15 to 20%, however, deteriorated the enrichment factor.
his was partly explained by the fact that TOPO is an effective
ydrogen-bonding reagent and the higher the concentration of
OPO in the membrane liquid the higher NaOH concentration

s required in the acceptor [30]. Therefore, 10% was chosen to
e the optimum TOPO concentration in the membrane liquid.
nother interesting phenomenon was that with 15 or 20% TOPO

n the membrane liquid, the enrichment factors for all SCFAs at
6 h extraction were lower than that of 8 h extraction. This was
lso in contrast to the results obtained with pure DHE, 5 and
0% TOPO as membrane liquid or when extraction was per-
ormed without any membrane liquid. These behaviors of the
embrane liquid with TOPO are not well understood. It was

lso found that the enrichment factor with 10% TOPO in DHE

s membrane liquid was comparatively higher for SCFAs with
ong hydrophobic chains than for SCFAs with short hydropho-
ic chains. Similar results were obtained by Shen et al. [26].
ther membrane liquids with TOPO such as in 6-undecanone

IBUT BUT IVAL VAL

29.3 ± 1.8 29.5 ± 2.3 30.7 ± 1.2 32.7 ± 0.7
39.7 ± 2.1 45.9 ± 4.2 41.3 ± 5.0 45.0 ± 11.9

73.7 ± 5.5 82.0 ± 5.5 80.2 ± 6.2 115.1 ± 6.4
48.0 ± 3.0 69.0 ± 7.5 66.3 ± 4.1 123.6 ± 7.8

4.65 ± 1.83 9.75 ± 3.44 5.38 ± 2.45 11.76 ± 6.75
2.61 ± 0.77 8.88 ± 2.35 2.76 ± 0.72 5.57 ± 1.77

28.9 ± 3.8 37.3 ± 4.2 29.7 ± 3.3 48.6 ± 6.2
2.28 ± 0.27 6.88 ± 0.36 1.93 ± 0.16 3.95 ± 0.72

125.1 ± 8.8 142.4 ± 9.6 125.6 ± 10.4 163.2 ± 13.6
150.8 ± 6.4 157.3 ± 11.6 153.3 ± 8.0 156.3 ± 12.5

33.2 ± 2.3 55.0 ± 3.7 47.8 ± 2.3 56.9 ± 4.5
55.6 ± 2.9 84.8 ± 3.9 60.6 ± 0.1 81.9 ± 2.2

cid), IVAL (i-valeric acid) and VAL (n-valeric acid).
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the high enrichment and high selectivity for the SCFAs. It should
be pointed out that a peak around 5.7 min always appeared in the
chromatograms of extracted standard solutions and serum sam-
ples with consistent peak area counts. This peak may be a result
ig. 4. Enrichment factor as a function of extracting time [ACE (acetic acid),
RO (propionic acid), IBUT (i-butyric acid), BUT (n-butyric acid), IVAL (i-
aleric acid) and VAL (n-valeric acid)].

r xylene could also be used for organic acid extraction, but
hese may have other characteristics [27].

.1.4. Influence of extraction time
As shown in Fig. 4, the enrichment factor successively

ncreased in the first 12 h of the extraction. After that, the enrich-
ent factor kept stable for the following 4 h investigated (i.e. to

6 h). Considering the actual application of the method, 16 h
as selected as the time of extracting of practical reasons, as the

xtraction then can be started at four o’clock in the afternoon and
e finished at eight o’clock the next day. Under these extraction
onditions, enrichment factors around 155 times were obtained
or all of the SCFAs. This corresponds nicely to the expected
nrichment factor calculated from the ratio of the donor and
cceptor volumes and shows that the extraction is essentially
omplete.

.1.5. Other conditions
Other conditions including environment temperature, shak-

ng rate, sample volume, concentration of analytes and viscosity
f the donor may also have an effect on the extraction. In this
tudy, the extraction was performed at an environment temper-
ture of about 25 ◦C and the shaking rate was set to 350 r/min
n a shaker. It was also found that the lower the temperature
nd shaking rate the lower was the enrichment factor. This is
ue to the fact that the diffusion coefficient of the SCFAs in
he donor increases with temperature and shaking rate. How-
ver, a comparatively high shaking rate resulted in a decreased
nrichment factor, which may be due to emulsification and leak-
ge of organic membrane liquid into the donor [34]. When the
ample volume and the concentration of SCFAs increased, the
nrichment factor first elevated and reached a maximum value
nd then decreased. This could be due to a decrease in pH when
he amount of analytes in acceptor increase. To keep the amount
f serum within a very restricted volume, 100 �l serum was
iluted up to 15 times to obtain a 1.5 ml sample volume, even
hough the enrichment factor was not at maximum during these
ircumstances. As for the viscosity, it was found that serum

ust be diluted up to more than 10 times to ensure a good per-

ormance of the extraction, since the solubility of the protein
n serum decreases when the donor is acidified. With whole
lood samples, the protein and the foam formed in preparing the

F
(
o
7

. B 846 (2007) 202–208

cidic donor made the extraction unrealizable. When plasma
as deproteinized, it was possible to extract the SCFAs but the

ecovery was unsatisfactory which probably is due to that the
enatured proteins can absorb the SCFAs.

.2. Evaluation of method performance

The chromatograms of direct injection of a standard solu-
ion, extracted standard solution and extracted human serum are
hown in Fig. 5. As can be seen, all of the peaks were very well
eparated by GC. Chromatograms of extracted serum reflected
ig. 5. Gas chromatograms of standard mixture (a), extracted standard solution
b), and extracted human serum (c). Peak identification: 1, acetic acid; 2, propi-
nic acid; 3, i-butyric acid; 4, n-butyric acid; 5, i-valeric acid; 6, n-valeric acid;
, 2-ethylbutyric acid.
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Table 3
Parameters for the regression equations (y = ax + b) of the SCFAs, where y is the
donor concentration (mM) and x is the peak area countsa

SCFA Slope a Intercept b R2b Linearity range (�M)

ACEc 0.00007 −0.0015 0.9904 3.72–120.43
PRO 0.00003 −0.0003 0.9840 0.10–2.50
IBUT 0.00002 −0.00005 0.9879 0.10–2.50
BUT 0.00002 −0.0002 0.9876 0.10–2.50
IVAL 0.00002 0.00003 0.9913 0.43–8.40
VAL 0.00002 −0.0002 0.9809 0.07–0.10

a The peak area counts refer to the area counts of the solution by mixing 8 �l
acceptor and 10 �l 1 M HCl containing 1 mM internal standard.

b Linearity was expressed as the square of correlation coefficient between
d

b

o
w
c
t
t

e
h
t
p
w

Table 4
Recovery values of SCFAs at three spiking levels in human seruma

ACEb PRO IBUT BUT IVAL VAL

Serum (�M) 181.0 8.20 11.99 11.64 66.38 4.87
Spiked (�M) 123.6 5.00 5.00 5.08 14.60 2.53
Recovery (%) 104.9 87.2 96.4 90.1 90.1 107.7
Spiked (�M) 247.7 10.0 10.0 10.2 29.2 5.01
Recovery (%) 118.4 93.3 112.7 100.8 97.8 113.9
Spiked (�M) 371.6 15.0 15.0 15.2 43.8 7.63
Recovery (%) 107.3 90.7 97.3 92.6 106.0 121.1

a To determine the recovery of SCFAs, the extraction parameters were set as
followed; donor pH 2, fiber length 15 cm, acceptor 0.1 M NaOH, extracting time
16 h, and membrane liquid 10% TOPO in DHE.
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m

onor concentration and peak area counts.
c ACE (acetic acid), PRO (propionic acid), IBUT (i-butyric acid), BUT (n-
utyric acid), IVAL (i-valeric acid) and VAL (n-valeric acid).

f an impurity in the DHE solution, because it also appeared
hen water was extracted with pure DHE. Apart from the peaks

orresponding to the identified SCFAs and the internal standard,
wo unknown peaks located at 3.45 and 4.97 min were found in
he chromatogram of the extracted serum.

As shown in Table 3, the linearity of the present method was
xcellent for all SCFAs, with square of correlation coefficients

igher than 0.980. For the linearity range, it is enough to cover
he possible concentration in various serum samples and the
resent conditions allow a dilution of the serum up to ten times
hen preparing the donor.

d
w
e

able 5
he intra-assay and inter-assay reproducibility of the method and instrument on serum

ACEa PROa

ntra-assay
Concentration (�M) (n = 10) 215.8 11.16
RSD (%) 8.2 11.5

nter-assay
Concentration (�M) (n = 15) 190.2 11.28
RSD (%) 6.4 10.8

a ACE (acetic acid), PRO (propionic acid), IBUT (i-butyric acid), BUT (n-butyric a

able 6
he concentration of SCFAs of actual samples in �M

amplea ACEb PRO IBUT

1 162.4 ± 6.9 14.4 ± 3.4 15.1 ± 0.
2 171.6 ± 6.7 11.0 ± 0.8 9.02 ± 0.
3 134.2 ± 1.5 13.6 ± 1.2 12.9 ± 0.
4 227.2 ± 9.7 13.4 ± 0.7 5.93 ± 0.
1 1449.4 ± 139.3 96.0 ± 7.0 6.42 ± 0.
2 1488.0 ± 19.9 82.0 ± 1.7 9.84 ± 0.
3 553.7 ± 23.0 7.15 ± 0.95 5.56 ± 0.
4 667.9 ± 37.4 6.36 ± 1.07 2.54 ± 0.
5 589.1 ± 27.4 11.9 ± 0.9 2.64 ± 0.
6 627.1 ± 78.1 7.01 ± 1.09 2.49 ± 0.
7 669.9 ± 71.2 10.8 ± 1.1 4.53 ± 0.
8 872.9 ± 52.5 20.7 ± 0.8 4.47 ± 0.
9 773.0 ± 22.9 13.8 ± 0.5 2.87 ± 0.

a H1–H4 human serum from four apparently healthy persons; R1–R2 rat serum from
ixture (L. gasseri, L. crispatus, L. plantarum, B. infantis) for 13 days; R3–R9 rat s
b ACE (acetic acid), PRO (propionic acid), IBUT (i-butyric acid), BUT (n-butyric a
b ACE (acetic acid), PRO (propionic acid), IBUT (i-butyric acid), BUT (n-
utyric acid), IVAL (i-valeric acid) and VAL (n-valeric acid).

A mixture of the six studied acids was added to a human
erum at three levels and the recovery of the acids (concentra-
ion found/concentration spiked) was calculated. The results are
resented in Table 4, showing that these recoveries varied from
7.2 to 121%. Due to the significant difference among the con-
entrations of the SCFAs in serum, the relatively wide range of
ecoveries is acceptable.
As shown in Table 5, the intra-assay relative standard
eviation (RSD) measured at 10 runs a day of a serum sample
as relatively low (8.2–11.5%), and the inter-assay precision

valuated on different days with a total of 15 runs provided RSD

sample

IBUTa BUTa IVALa VALa

11.89 11.87 60.73 5.33
9.8 10.4 9.0 8.4

10.92 10.83 58.93 6.11
6.1 11.6 6.9 7.9

cid), IVAL (i-valeric acid) and VAL (n-valeric acid).

BUT IVAL VAL

6 9.04 ± 0.04 88.7 ± 0.9 1.71 ± 0.25
05 14.5 ± 0.3 38.2 ± 0.6 1.48 ± 0.03
7 14.5 ± 0.3 69.9 ± 1.3 2.05 ± 0.17
21 16.5 ± 0.8 42.8 ± 2.4 1.66 ± 0.29
19 17.4 ± 1.0 15.2 ± 0.6 11.4 ± 0.6
73 15.3 ± 0.6 20.6 ± 1.4 8.29 ± 1.78
19 19.0 ± 0.9 17.5 ± 0.1 1.10 ± 0.14
26 10.9 ± 0.6 8.29 ± 0.64 1.45 ± 0.23
37 17.3 ± 0.3 10.2 ± 0.4 1.39 ± 0.24
00 11.5 ± 1.0 10.2 ± 0.5 0.81 ± 0.20
72 18.8 ± 3.1 15.0 ± 1.1 0.53 ± 0.34
22 32.5 ± 2.8 12.8 ± 0.6 2.71 ± 0.18
31 19.7 ± 2.7 10.4 ± 1.1 1.55 ± 0.02

Sprague–Dawley rats fed diet containing 12% blueberry husk and a probiotic
erum from Sprague–Dawley rats fed inulin 8% (w/w) for 13 days.
cid), IVAL (i-valeric acid) and VAL (n-valeric acid).
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alues in the range 6.1–11.6%. Consequently, the method had a
ery good repeatability and comparatively high reproducibility.

When calculated from the standard calibration curves by con-
idering the peak area corresponding to three and ten times of
he signal-to-noise ratio [35], limits of detection (LOD) and
uantification (LOQ) varied in the range 0.04–0.24 �M and
.13–0.80 �M, respectively. This implies a high sensitivity of
he present method.

.3. Application to serum samples

To demonstrate the applicability of the described technique,
our human serum and nine rat serum samples were analyzed
Table 6). In the human serum from healthy subjects, the concen-
rations of ACE, PRO and BUT were in the ranges 130–230 �M,
1–15 �M and 9–17 �M, respectively. This is significantly
igher than the data reported by Tollinger et al. [10], Schatowitz
t al. [13] and Vogt et al. [17]. Serum from rats was from the
ortal vein, while that from humans was venous blood. This
act most probably explains the higher concentration of ACE in
erum of rats than in serum from human beings.

. Conclusions

Hollow fiber supported membrane liquid extraction followed
y GC-FID analysis was developed as a technique for the quan-
ification of six SCFAs in serum. It is a simple and selective

ethod. Further, no derivatization is required and only 100 �l
erum sample is needed. The hollow fiber supported membrane
iquid device is inexpensive, easy to make, and only a few micro-
iters of organic membrane liquid per sample is needed. Finally,
his method showed excellent precision and stability in the actual
pplication.
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