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Abstract

The level of short-chain fatty acids (SCFAs) is related to health benefits. In this study, a static headspace (HS) gas chroma-
tography method was developed and validated for analyzing SCFAs in fecal samples. SCFAs were injected onto a column
through an HS injector through an HS procedure and salting-out technology. The limits of detection and quantification
(LOQ) of this method are 0.02—-0.08 pug L™! (0.4-1.6 pg g~ ' sample) and 0.005-0.020 pg L™' (0.1-0.4 ug g~ ! sample),
respectively. The calibration curves show good linearity over the range (LOQ-200 ug L™! or LOQ—4000 ug g~ ! sample) of
these compounds, and the correlation coefficient is > 0.99. The recovery of the method is between 80 and 105%, and matrix
effects were not observed. The proposed method was successfully applied to analyze SCFAs in fecal samples from rats.
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Introduction

Short-chain fatty acids (SCFAs), also known as volatile
fatty acids, are composed of one to six carbon atoms in
organic fatty acid [1]. The bacterial fermentation of undi-
gested carbohydrates and dietary fiber in colon results in the
production of SCFAs, primarily acetic, propionic, butyric,
and valeric acid in animals and humans [2]. SCFAs differ
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in terms of type, quantity, and role in the intestinal tract
because of the influence of factors, such as fermentation
substrates and bacterial species [3]. Approximately 95% of
the produced SCFAs are rapidly absorbed by colonocytes,
and residues are excreted in feces [4—6]. SCFAs participate
in the metabolism performed by different organs in the
human body and exhibit specific properties. Acetic acid is
absorbed by bacteria to provide the main source of energy
for the host [5], yielding 10% of the total daily energy for
the human body [6]. Propionic acid, which is absorbed in the
blood and catabolized in the liver, participates in pyruvate
inverse transformation of glucose while possibly inhibiting
fat synthesis [6]. Butyric acid is used mainly by epithelial
cells as their main energy source [4]. In the last few decades,
these compounds have gained increasing interest due to their
key role in prevention and treatment of metabolic syndrome,
bowel disorders, and certain types of cancer [7]. Develop-
ing rapid, selective, and inexpensive analytical methods for
SCFA identification and quantification in complex biological
matrices, such as feces, is important due to the biological
relevance and potential health effects of SCFAs [8].

Many different instrumental techniques have been used to
determine SCFAs in biological matrices; these techniques
include gas chromatography (GC) [9], gas chromatogra-
phy—mass spectrometer (GC-MS) [10], liquid chromato-
graph (LC) [11], capillary electrophoresis (CE) [12], ion-
exchange high-performance liquid chromatography (IC) [13]
and nuclear magnetic resonance (NMR) [14] Pretreatment
prior to direct determination of biological samples leads to
high accuracy and sensitivity of the analysis. The distinct
sensitivity is probably due to the different sample prepara-
tion techniques and analytical conditions. LC, CE, and IC
involve rapid sample pretreatment but exhibit poor sensi-
tivity, resolution, and recovery [11-13]. Directly injecting
the supernatant extracted from aqueous fecal suspensions
into GC is harmful for GC instruments. In GC, different
sample preparation techniques have been proposed, such
as extraction with organic solvents, distillation, ultra fil-
tration, and solid-phase microextraction (SPME) [8—10].
These technologies have resulted in a good cleanup effect
and high response rates, but they are relatively time consum-
ing and expensive, reduce recovery, and affect the accuracy
and repeatability of the method. Moreover, organic solvents
used in pretreatments are hazardous to the health of staff
performing the experiment and the environment. Directly
injecting the supernatant extracted from aqueous fecal sus-
pensions into GC is harmful for GC instruments. Headspace
(HS) sampling method has been applied to analyze volatile
compounds in tissues and yields inspiring results [14]. This
method has been increasingly applied because of easy prepa-
ration of samples under water [15, 16]. Different salting-out
technologies are also used to improve the volatile efficiency
of analytes by increasing the concentration of non-polar
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analytes in HS during HS sampling [8, 17]. The addition of
salting-out agent increases the ionic strength of the solution
and decreases the solubility of SFCAs. The application of
bivalent salts will further decrease SFCA solubility because
they increase the ionic strength more than monovalent ions
do [8].

Therefore, a HS sampling method involving minor sam-
ple pretreatment and major sensitivity would be desirable
for analyzing SCFAs in biological samples. This work aims
to develop an HS-GC method for rapid identification and
quantification of SCFAs in rat feces. Results will provide
a reference for SCFA analysis in other biological samples.

Experimental
Chemicals and Reagents

Acetic acid (C,), propionic acid (C;), isobutyric acid (iC,),
butyric acid (C,), isovaleric acid (iCs), valeric acid (Cs), and
4-methyl valeric acid (internal standard, IS) were purchased
from Shanghai Aladdin Bio-Chem Technology Co., LTD
(Shanghai, China). NaH,PO,, (NH,),SO,, and H;PO, were
purchased from Tianjin chemical reagent factory (Tianjin,
China). All HPLC-grade water was obtained from a Mil-
lipore Milli-Q ultrapure water system (Millipore, USA).
All solvents used in gas chromatography were of chromato-
graphic reagent grade and other chemicals were of analytical
regent grade.

Fecal Samples

Rat fecal samples were randomly collected and used to
develop and validate the proposed method. Ten ileocecal
samples and 17 fecal samples were obtained from male rats
(weighing 160-200 g) and analyzed as actual samples to
test the application of the method. The fecal samples were
treated immediately and stored at — 20 °C after collection.

Sample Preparation Procedure

Each sample (about 100 mg) was weighted in a 20 mL screw
cap vial (Agilent Technologies, USA), to which 5 mL of
salt solution, which contains 882 g L™' of (NH,),SO,, and
238 g L™ ! of NaH,PO, [18], and 4-methyl valeric acid were
added as IS at a final concentration of 200 pg L™, The solu-
tion was then adjusted to a pH of 2.5 by H;PO,. The pre-
pared solutions were stored in —20 °C until analysis. The
solutions were placed in an HS injector for analysis in three
independent replicates per sample.
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HS Protocol

Samples were placed in the HS injector with the following
conditions: 14 psi vial pressure, sample shaker set to high
speed, two extractions per vial, 50 °C oven temperature,
30 min vial equilibration time, 0.1 min vial pressurization
time, 0.15 min loop fill time, 0.05 min loop equilibration
time, 1 min sample injection time, 75 °C loop temperature,
85 °C transfer line temperature, and 15 min GC cycle time.

GC Analysis

GC analysis was determined by Agilent 7890A gas chro-
matograph equipped with a G1888 HS injector and a flame
ionization detector (FID) (Agilent Technologies, USA). The
capillary chromatographic column used was an HP-inno-
wax capillary column with polyethylene glycol as station-
ary phase (30 mx0.32 mm i.d. X0.50 um film thickness;
Agilent Technologies, USA). Carrier gas was nitrogen at
constant pressure (50 °C, 33 cm s™1). The temperature of
the detector was 250 °C. The injection was performed in
splitless mode, and the injection port temperature was set to
200 °C. Oven temperature was initially at 150 °C, raised to
190 °C at 5 °C min~ !, and finally to 210 °C at 20 °C min~'
and held for 1 min. The total analysis time was 10 min. Data
acquisition and operation processing were conducted using
ChemStation software (version B.0403, Agilent Technolo-
gies). SCFA identification was based on the retention time
of standard compounds.

Linearity and Sensitivity

The standard solutions of SCFAs were prepared at gradient
concentrations of 1, 5, 10, 20, 50, and 200 ug L' accord-
ing to sample preparation, to which IS was added at a final
concentration of 200 ug L~! and then adjusted to pH 2.5
using H;PO,. The calibration graphs were built through the
internal standard curve method. The variability in pretreat-
ment procedure and instrument response was modified by
calibrating the peak area with that of IS.

The standard solution was gradually diluted and injected
into the GC. The limit of detection (LOD) and limit of quan-
tification (LOQ) of each individual SCFA were obtained
when the signal-to-noise ratio (S/N) is about 3 and 10,
respectively.

Recovery and Precision

Recovery was obtained by adding standards into the real
samples because finding fecal samples completely free of
SCFAs was impossible. The same fecal sample was divided
into four parts, one of which was treated according to sample
preparation. The others were dissolved using 10, 50, and

200 ug L~ 'of standard solutions instead of salt solution, as
described in sample preparation procedure. Three replicates
were performed. The recovery of each analyte during sample
preparation was calculated using the following formula. In
the equation, R recovery, %; Al area of SCFA in adding
standard into fecal sample; A2 area of SCFA in fecal sample;
A3 area of SCFA in standard solution.

_Al-A2
T A3

R x 100

Results and Discussion
Optimization of Sample Preparation

The efficiency of volatile compound extraction from solution
was enhanced by adding a salting-out agent, which increases
the ionic strength of the solution and decreases the solubility
of these compounds in the solutions. The effect of various
salting-out agents is different. Some researchers recommend
(NH,),SO,/NaH,PO, (3.7/1, w/w) as salting-out agent for
analyzing fecal samples, demonstrating better salting-out
efficiency than others [8, 17]. Each sample was divided into
two parts, comprising with and without added salt. The sam-
ple analysis involved comparison of the peak area of two
samples. The addition of (NH,),SO,/NaH,PO, increased the
SCFA concentration in HS in aqueous fecal suspensions to
about 30% (Table 1). This result was consistent with that of
Fiorini [8].

Decreasing the loss of SCFA due to their easy volatility
must be considered. The real-time treatment procedure to
decrease loss from volatilization was adopted in this paper.
In previous research, samples were immediately stored in
— 20 °C after collection and then treated before analysis [9].
SCFA loss due to volatilization will occur during treatment
processing, including unfreezing and weighting. A sample
(100 mg) of feces was weighed and treated according to

Table 1 Effect of different operating conditions on extraction extent
in terms of peak area

Compound Adding salting-
out agent (%,

Immediate sample
preparation (%,

Stability (1=6)

n=>5) n=>5)
C, +28.7+2.1° +9.8+19 +1.15
C; +29.1+2.7 +8.6+1.6 +2.20
iCy +29.4+3.3 +7.1x£1.0 +1.03
C, +29.6+1.9 +72%1.1 +1.24
iCs +29.9+4.3 +2.7+0.6 +2.33
Cs +304+3.9 +25+04 +2.59

+, increase of extraction extent

*Average values + RSD
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Fig. 1 The chromatogram of standard mixture (a), rat ileocecal sample (b) and rat feces (c)

sample preparation procedure, and the remainder was stored
in a sealed centrifuge tube at —20 °C. After 1 month, the
remainder was taken out from —20 °C and a 100 mg sample
was obtained from it, which was treated. The two samples
were analyzed through GC. The results indicated that real-
time treatment was superior to post-treatment, as shown by
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an increasing in the relative area by 2.5-9.8% (Table 1). Li
also obtained high recovery by adopting the method of real-
time treatment to detect SCFA in plasma [19].

The six standard solutions at the same concentration
(50 pug L™1) were placed in the —20 °C refrigerator, and
a sample analysis was performed every other week to
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Table 2 Parameters for

Compound Calibration curve P LOQ (ugg™h LOD (ugg™h
proposed method
C, y=0.0038x+0.94221 0.9991 0.40 0.10
C, y=0.0041x+0.0436 0.9987 0.60 0.14
iCy y=0.0021x+0.0251 0.9990 1.00 0.20
C, y=0.0018x+0.1225 0.9983 1.20 0.30
iCs y=0.0024x+0.2471 0.9979 1.60 0.40
Cs y=0.0033x+0.1245 0.9986 1.60 0.40

investigate sample stability. The results showed that six
repeated injections of a mixture of standard solution at dif-
ferent time points within 5 weeks resulted in very low vari-
ability (Table 1). Thus, the SCFAs in saline solution were
stable at —20 °C, and the content changes was not significant
(RSD < 5%) for long-term storage (at least 5 weeks).

Optimization of HS Protocol and GC Analysis

The oven temperature and vial equilibration time of the
HS injector were selected as tuning objectives for optimal
SCFA volatilization from the aqueous standard mixtures.
Nine samples were treated according to sample preparation
procedure. The three oven temperatures 40, 50, and 60 °C
and the three vial equilibration times 15, 30, and 45 min
were selected as HS injector parameters for investigation.
The best result on volatilization was obtained at 50 °C for
30 min (results not shown).

A mixture of the SCFA standards was dissolved in salt
solution according to sample preparation procedure and
used to optimize the GC conditions. Figure 1a shows the
chromatogram of the standard mixture containing C,, Cs,
C,, iC,, Cs, iCs, and IS with retention times of 4.13, 4.795,
5.009, 5.615, 6.018, 6.802, and 7.248 min, respectively. As
displayed in Fig. 1a, the resolution factor between the peaks
was >2 and peak shape and symmetry were good. Moreo-
ver, the GC analysis time was only 10 min, which was faster
than that in previous studies using other methods; however,
the total run time (including HS time) was longer [8—10,
20]. The chromatograms of ileocecal sample and fecal sam-
ple from rats are illustrated in Fig. 1b, c, respectively. Fig-
ure 1 demonstrates that the SCFAs were well extracted and
separated from other compounds present in the matrix. The
retention times of SCFAs in fecal samples were determined
and compared with those of the standards.

Linearity and Sensitivity

The solutions containing SCFA mixture of standards were
prepared and analyzed to obtain a calibration curve ranging
from 1 to 200 pug L™, to which IS at a final concentration
of 200 ug L™! was added. Gradually, diluted standard solu-
tions were injected into the GC through the HS injector,

and the LOD and LOQ of individual SCFAs were achieved
by calculating the S/N. The LOQ was 0.02-0.08 ug L™ ! at
0.4—1.6 ug g~ 'sample, and the LOD was 0.005-0.020 ug L'
at 0.1-0.4 ug g~ 'sample. The calibration curve and range,
linearity, LOD, and LOQ of the compounds are summarized
in Table 2. The linearity of all calibration curves was good
in the detection range and the linear correlation coefficient
was all >0.99. This method was used to analyze SCFAs in
fecal samples with the compounds at a very wide range, as
exhibited by LOQ-200 or LOQ- 4000 ug g~ 'sample.

Recoveries

The added standard recoveries for each SCFA were 80-105%
(Table 3), indicating good recovery of these analytes from
rat fecal samples. The results were similar to previously
reported recoveries using different treatments [15—17]. In
conclusion, the proposed method was sensitive and precise
enough to quantify SCFA amounts in fecal samples.

Table 3 Adding standard recoveries of SCFAs in proposed method

Compounds Sample Adding Recovered  Recovery (%)
amount amount amount
(gl™)  ugl™)  (ugLl™h
C, 174 +5 10 182+8 80+9
50 21749 86+ 14
200 354+15 90+11
C; 65+3 10 74+4 94+5
50 116+5 102+4
200 274+8 105+6
iC, 33+1 10 43+2 97+5
50 84+4 101+2
200 209+19 88+6
C, 56+2 10 65+6 94+6
50 108+9 103+3
200 246+ 16 95+3
iCs 101 10 201 101+£2
50 62+4 104+3
200 206+11 98+6
Cs 54+2 10 63+5 94+5
50 1057 102+2
200 240+13 93+6
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Table 4 Concentration of the 1 1 . 1 1 ] ) )
Sampl C C C C C C

SCFAs in rat ileocecal and fecal amples 2 (g g ) 3(ugg) iCy(uge) sugg) iCs(ugeg™) s(ugg )

samples Tleocecum (n=10) 2480+132 1290+54 65+15 111038 20.7+7 10.7+4
Feces (n=17) 2745+129 283 +32 29+10 1247 +37 39+13 48+12

Method Application Ethical guidelines All applicable international, national, and/or institu-

The efficiency of the developed method was investigated by
analyzing the SCFAs in ileocecal and fecal samples from rat.
Ten ileocecal and 17 fecal samples were treated as described
above. Figure 1b, c illustrates the chromatograms of ileoce-
cal and fecal samples, respectively. All targets, including
six SCFAs and the IS, were detected and identified in the
samples. The concentrations of SCFAs in all analyzed sam-
ples were all within the linear range. The results are shown
in Table 4. The data demonstrate that the SCFA levels are
distinct in different parts in rat. The results were similar to
previous reports [1, 10, 18, 21].

Conclusions

In this study, a sensitive and specific HS-GC method, which
can accurately identify and quantify SCFAs in fecal samples,
has been developed and validated. Compared with existing
methodologies, this method utilizes HS as a pretreatment
method. This HS protocol is simple, safe as no solvent is
required, allows handling a large number of samples, and
requires very little manpower. The salting-out technology
improves the sensitivity of this method. Moreover, this
method is sensitive enough to detect 0.005-0.020 ug L™!
SCFAs or 0.1-0.4 ug g ' fecal sample and quantify
0.02-0.08 pg L™! SCFAs or 0.4-1.6 pg g~ fecal sample.
The total analysis took only 10 min. Good recovery and
repeatability and high sensitivity make this method suit-
able for the analysis of biological samples with low SCFA
concentration.
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