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Abstract: Short-chain fatty acids (SCFAs) in feces are inextricably linked to intestinal homeostasis
and can be used as potential markers for metabolic diseases. In this study, an efficient and simple
method was developed for the purification of SCFAs without the need for derivatization of the
samples. The SCFAs (acetic, propionic, isobutyric, butyric, isovaleric, valeric, and hexanoic acid) were
extracted from a small amount (50 mg) of fecal and intestinal samples using acetone combined with
solid phase extraction column (Bond Elut Plexa) enrichment. Quantitative analysis was performed
using gas chromatography with a flame ionization detector. The developed method has shown
very good limits of detection (LOD, 0.11-0.36 uM) and limits of quantification (LOQ, 0.38-1.21 uM)
with excellent linearity (RZ > 0.9998), good recovery (98.34-137.83%), and high reproducibility (RSD
< 1.30). The applicability of this method was also demonstrated by testing the fecal and cecum
contents of different species from mammals (mice, pigs) to insects (honeybees). The technique is
highly suitable for analyzing complex, small amounts of intestinal and fecal SCFAs.

Keywords: short-chain fatty acids; solid phase extraction; feces and intestinal contents; gas
chromatography-flame ionization detector

1. Introduction

Short-chain fatty acids (SCFAs; consisting of 1-6 carbon atoms) are primarily produced
by breaking undigested carbohydrates in the small intestine via colonic microorganisms [1].
The Bacteroidetes and Firmicutes found in the gut progressively degrade carbohydrates
into monosaccharides, lactic acid, succinic acid, and ethanol via glycolysis and pentose
phosphate pathways, before SCFAs are formed. SCFAs are now considered essential for
assessing dietary patterns, the composition of the gut microbiota, and overall health and
physiologic function [2]. Therefore, there is an urgent need to develop convenient, fast, and
reliable methods for detecting SCFAs.

To date, there are several chromatographic methods utilized for the analysis of SCFAs
such as high-performance liquid chromatography (HPLC)-ultraviolet detection (UV) [3],
HPLC-electrochemical detection (ECD) [4], HPLC-mass spectrometry (MS) [5], capillary
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electrophoresis (CE) [6], and nuclear magnetic resonance (NMR) [7]. Furthermore, due to
the high volatility of SCFAs, gas chromatography (GC)-flame ionization detection (FID) [8],
GC-MS [1], and solid-phase microextraction (SPME), combined with GC-MS [9], are widely
used. As feces are very complex biological material, specific care should be taken during the
preparation and extraction of SCFAs before the instrumental analysis. Otherwise, excessive
impurities can cause a system overload of the detection instrument and damage to the
column [2].

Several target compounds can be enriched by solid-phase extractions (SPEs) using
different fillers [10]. The adsorbent media were added as stationary phases in small
polypropylene open syringe cartridges. Therefore, the sample solution passes through the
stationary phase by gravity, at which point the analyte interacts strongly and reversibly
with the stationary phase (van der Waals forces), and the target compounds are eventually
collected by elution [11]. The most commonly used fillers in studies are reversed phase
(C18, C8), normal phase (silica, alumina), ion exchange, ion exchange combined with
reversed phase (polymer mixing modes), functionalized resins, molecularly imprinted
polymers, and immunosorbents materials [12]. SPE is time-saving and environmentally
friendly because it reduces sample pretreatment time and the use of harmful reagents [13].
Some of the current literature has reported using SPE to separate and purify SCFAs from
feces [14,15]. Studies by McKay et al. [14] and Wang et al. [15] both derivatized samples
before using SPE for further extraction of SCFAs. Therefore, this study aimed to develop
and evaluate an SPE pretreatment method that does not require derivatization of samples,
which can be used to extract SCFAs from intestinal and fecal content, combined with
GC-FID quantification.

2. Materials and Methods
2.1. Samples and Reagents

The SCFAs standards, including acetic acid (>99.5%), propionic acid (>99.5%), isobu-
tyric acid (99.5%), butyric acid (>99%), isovaleric acid (>99%), valeric acid (>99%),
and hexanoic acid (>99%), were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Chromatography-grade acetone (>99%), methanol (>99%), and acetonitrile (>>99%) were
purchased from Sigma-Aldrich (Beijing, China). The extraction column (Bond Elut Plexa,
30mg, 1 mL, 12109301; Bond Elut-PPL, 50 mg, 1 mL, 12105002; Bond Elut HLB, 30 mg, 1 mL,
5610-2144) was purchased from Agilent (Agilent Technologies, Santa Clara, CA, USA).

This study has received animal ethics approvals from the Institute of Subtropical
Agroecology, Chinese Academy of Sciences (IACUC#201302, healthy growing male pigs
[Duroc x (Landrace x Yorkshire)]) for the use of pig cecum contents (PCC, 6) and pig
feces (PF, 7), and from the Institute of Apicultural Research of the Chinese Academy of
Agricultural Sciences (AECNO:20210115, healthy male mice ICR strains) for use of mouse
cecum content (MCC, 7), mouse feces (MFE, 8), and healthy honeybee (Apis mellifera)
intestinal contents (HIC, 12 samples). High-temperature-dried and ground PF powder,
and low-temperature-preserved PCC and PF, as well as MCC, MF, and HIC, have been
previously described [16,17].

2.2. SCFAs’ Standard Preparation and GC Analysis

The stock standard of SCFAs was prepared by dissolving acetic, propionic, isobutyric,
butyric, isovaleric, valeric, and hexanoic acids (60 uL, respectively) in acetone up to 10 mL
(Table S1). Further dilutions of SCFA standard were also performed and their respective
concentrations are represented in Table 1.

The analysis of samples was performed using a 7820A GC-FID (Agilent Technologies,
Santa Clara, CA, USA). Briefly, 1 uL of the sample was injected into a DB-FFAP column
(30 m, 0.25 mm x 0.25 um, Agilent Technologies, Santa Clara, CA, USA). The N, was
used as the carrier gas (1 mL/min), the inlet temperature was 280 °C, and the detector
temperature was 250 °C. The H; and air flow rates were set at 40 mL/min and 300 mL/min,
respectively. The initial temperature of the column was 50 °C and held for 1 min, then
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increased to 120 °C at 15 °C/min and held for 0 min, followed by ramping up to 200 °C at
6 °C/min and holding for 0 min for a total of 19 min. Finally, the after-running temperature
was increased to 235 °C for 3 min. High purity water and acetone were used as cleaning
solvents for the injection needle between injections.

Table 1. The concentrations of different gradient SCFA standards.

L*1 (uM) L2 (uM) L3 (uM) L4 (uM) L5 (uM) L6 (uM)
SCFA Standards
H*1 (uM) H2 (uM) H3 (uM) H4 (uM) H5 (uM)

Acetic acid 1074.07 537.03 107.41 53.70 10.74 1.07
Propionic acid 803.19 401.59 80.32 40.16 8.03 0.80
Isobutyric acid 631.07 315.53 63.11 31.55 6.31 0.63

Butyric acid 649.23 324.61 64.92 32.46 6.49 0.65
Isovaleric acid 535.58 267.79 53.56 26.78 5.36 0.54

Valeric acid 543.41 271.71 54.34 2717 543 0.54
Hexanoic acid 458.86 229.43 45.89 22.94 459 0.46

* L: Concentrations of different substances after gradient dilution of SCFA mixed standards. H: in the recov-
ery assay and reproducibility experiment, the final concentration of SCFA mixed standards after addition to
the sample.

Each level of SCFA standard solution was measured in triplicates. The retention time
was determined for each SCFA standard, and an external linear calibration curve was
developed and used for the quantification of SCFAs. The limit of detection (LOD) and
limit of quantification (LOQ) were calculated based on signal/noise (S/N). LOD = 3S/N,
LOQ =10S/N.

2.3. Optimization of Extraction Method of SCFA from Samples

The SCFAs were extracted from pig fecal powder using acetone. Samples were cen-
trifuged at 8000 r/min for 10 min, and the supernatant was discarded before drying the
fecal matrix that was used for method optimization.

The fecal sample matrix (50 mg) was weighed out (Figure 1), followed by the addition
of L1 SCFA standard (100 uL) and extraction solvent (300 pL; acetone or methanol or
acetonitrile). The samples were ground using an electric hand-held tissue grinder (Tiangen
Biochemical Technology Beijing Co., Ltd., Beijing, China). Another 600 pL of extraction
solvent was added to the samples, followed by vigorous vortex mixing. The samples were
centrifuged at 4 °C 10,000 r/min for 10 min.

Add 600 uL
acetone and
vorlex mixing

=18

Grind

| Add 400 uL
acetone and

Obltain samples

Revitalized
Calumns

——

GC detection

() Polar substance
¢ Non-polar substance

Activated Add sample
extration columns  separate SCFA

___________________________

Figure 1. Flow chart and theory of extracting SCFA from fecal samples.
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The solid phase extraction (Bond Elut Plexa or Bond Elut-PP or Bond Elut HLB) for
polar compounds was activated with 1 mL of extraction solvent. The solvent remaining
in the column was blown dry before adding the supernatant and the flow-down extract
containing SCFAs was collected. The detection and quantification of SCFAs were performed
using the GC-FID. The extraction efficiencies were calculated for different solvents and
solid-phase extraction using additive recovery.

Recovery, % = (A — B)/C x 100%

A, Actual concentration of sample matrix supplemented with SCFAs standards;
B, Concentration of sample matrix;
C, Theoretical concentration of sample matrix supplemented with SCFAs standards.

2.4. Recovery Assay and Reproducibility

Acetone was used as the extraction solvent and Bond Elut Plexa as the solid phase
extraction. A selection of different concentrations of mixed standards were added to 50 mg
of the sample matrix (Table 1) that were extracted and analyzed following the above-
mentioned procedures. Repeatability, intra-day, and inter-day stability were measured
using mixed standard L3. Precision was expressed as the relative standard deviation
(RSD, %) of the L3 peak area.

2.5. SCFA Extraction from Fecal and Intestinal Content Samples

The sample containing fecal matrix (50 mg) and acetone (400 L) was homogenized
with an electric hand-held tissue grinder followed by the additional acetone (600 puL) and
vortex (3 min). The samples were centrifuged at 4 °C 10,000 r/min for 10 min. At this point,
the SPE column was activated with 1 mL of acetone, ensuring that all residual acetone was
dried. The entire supernatant of the centrifuged sample was loaded on the SPE column
and dropped by gravity into a clean 10 mL centrifuge tube. The collected extract was
transferred to the injection vial and detected using GC-FID.

2.6. Statistical Analysis

All data are presented as mean =+ standard deviation. Principal component analysis
(PCA) was analyzed and graphed using SIMCA 14.1 (Multivariate Data Analysis Software,
Sartorius AG, Gottingen, Germany. Bar graphs were plotted using GraphPad Prism 8.0
(GraphPad Software, San Diego, CA, USA). Statistical analysis was performed using SPSS
26 (Chicago, IL, USA). Differences between groups were analyzed by one-way ANOVA
followed by Duncan’s post hoc test (p < 0.05).

3. Results and Discussion
3.1. Chromatography and Standard Curves

The identification of SCFA standards was based on the retention times (Figure 2)
and showed good separation at 7-13 min. The chromatogram had narrow peak widths
and sharp peak shapes. The linearity of the standard curve (Table S2) was very high
(R? > 0.9998), and this was reproducible for all standards used in fecal and intestinal
content samples. For the different SCFA standards, our results show the LOD values
ranged from 0.11 to 0.36 uM, and the LOQ values ranged from 0.38 to 1.21 pM (Table S2).
Indeed, lower LOD values can be obtained using derivatization to extract SCFA, followed
by GC-MS [1] and HPLC-MS [14] detection. However, this process is time consuming
with the use of several harmful reagents. The previous study utilized an in vitro digestion
model, and SCFA products were detected using SPME-GC-MS with the LOD values of
69-1210 uM (7-72 mg/mL) [18]. Another study used acidified water extraction combined
with GC-FID and reported fecal SCFA with the LOD of 0.72-9.04 uM [19]. The LOD values
obtained from acetone SCFA extraction in our study were lower than those reported in
both methods. In a study by Scortichini et al. [8], the acidification of feces was performed
using sulfuric acid followed by SCFA extraction with ether and analyzed using GC-FID,
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and the reported LOD values were in a range between 0.04 and 0.64 uM. These data were
similar to our results, however, sulfuric acid and ether are both classified as bad biosafety
and public health reagents [20].

PA 18 |
Isobutyric acid X X
16 o ] Isovaleric acid
‘ Propionic acid | Bytyric acid Valeric acid o
| ’ | Hexanoic acid
14 | ‘ ‘ [
|
12 . o ‘ ‘
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Figure 2. Chromatogram of mixed standards at L3 concentration (representing the average physio-
logical concentration of SCFAs in the fecal and intestinal samples). Acetic acid, 107.41 pM; Propionic
acid, 80.32 uM; Isobutyric acid, 63.11 uM; Butyric acid 64.92 uM; Isovaleric acid, 53.56 uM; Valeric
acid, 54.34 uM; Hexanoic acid, 45.89 uM.

3.2. Optimization of Extraction Conditions

The composition of feces is very complex as it contains food residues, some intestinal
flora, and gut secretion fluids. The extraction and detection of high-temperature dried pig
fecal powder using our method still showed a large amount of SCFAs in the chromatogram
(Figure S1, curve a). Therefore, it is not possible to use high-temperature dried fecal powder
as the sample matrix for SCFA standard addition and recovery experiments. We extracted
SCFAs from the fecal powder using acetone after overnight storage. This was followed by
centrifugation at 8000 r/min for 10 min, the supernatant was discarded, leaving the fecal
precipitate to be dried at a high temperature, and used as the sample matrix. Apparently,
the fecal powder treated with acetone did not show SCFA peaks in the chromatogram
(Figure S1, curve b). Therefore, high-temperature drying combined with acetone extraction
treatment of feces resulted in a matrix with a low background interference.

The SPE columns Bond Elut Plexa, Bond Elut-PPL, and Bond Elut HLB contain
hydrophilic-lipophilic equilibrium porous polymeric adsorbent packing [12]. These three
SPEs contribute to the retention of polar compounds in the sample and reduce matrix ef-
fects. The SPE packings have been successfully used to enrich and purify polar compounds,
showing good reproducibility and recovery, for instance in the separation and purification
of SCFAs in feces [14,15], the analysis of multi-residue pesticides in river water [21], and
biomarkers in urine [22]. Table S3 shows the recoveries of fecal matrices containing SCFA
standards extracted through the use of different organic reagents (acetone, methanol, and
acetonitrile) and different SPE columns (A: Bond Elut Plexa; B: Bond Elut-PPL; C: Bond
Elut HLB). Acetone extraction provided higher SCFAs recovery compared to methanol and
acetonitrile. The recovery of SCFAs using SPE column Bond Elut Plexa was higher than
Bond Elut-PPL and Bond Elut HLB (all p’s < 0.05). Extraction of SCFAs from fecal matrices
with acetone and Bond Elut Plexa did not result in increased resistance on the inner wall
of the injection needle, and the formation of black residue in the inlet liner was rare. The
chromatogram has a smooth baseline with fewer impurities.

3.3. Recovery and Reproducibility

The recoveries of SCFA standards added to the fecal matrix at different concentrations
ranged from 79.25% to 137.83% (Table S4). These findings were similar to the previous
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literature for ether (80.8-108.8%) [8], MTBE (76.2-107.6%) [23], butanol (63.2-97.4%) [24],
and derivatization (81.27-128.42%) [1] pre-treatments, as well as for GC-MS, SPME-GC-MS
(97.7-122.4%) [17], and HPLC-MS (85.4-99.7%) [25] assays. There was a variation in the
recovery of the added acetic and propionic acids at different concentrations, and more
stable results were observed for other SCFAs analyzed (Table S4). In particular, the additive
recovery of SCFA at low concentrations was higher than at high concentrations. These
results are also consistent with those reported in the previous literature, where high levels
of additive recoveries are more likely to be obtained at lower concentrations [24]. The
main SCFAs in biological manure are acetic, propionic, and butyric acids [26]. In our
novel method, the recoveries of these three SCFAs at H4 and H5 addition concentrations
were higher compared to isobutyric, isovaleric, valeric, and capric acids (Table S4). The
repeatability corresponded to the RSDs (Table S5) of peak areas of 0.36-0.85, intra-day
stability of 1.04-1.30, and inter-day stability of 0.88-1.23, which were comparable to the
results obtained by others [1,27]. Furthermore, the stability of the seven SCFAs was
better at different time intervals when samples were stored at —20 °C. Therefore, the
method developed in this study showed good reliability for detecting SCFAs in feces and
intestinal contents.

3.4. Quantitative Analysis of SCEA in Fecal and Intestinal Content Samples

To test the applicability of the newly developed method, we selected the feces and
cecum contents of mice and pigs, and the intestinal contents of bees. The GC-FID chro-
matogram representing the SCFA levels of the various species and sampling sites examined
is depicted in Figure 3A and Table S6. Each species had different SCFA concentrations
due to their diverse diets, types and amounts of intestinal flora, and social behaviors [28].
Typically, mouse and pig feces are hard and granular, while the contents of the cecum have
a highwater component, which is also the case for the intestinal contents of bees. To avoid
incomplete SCFA extraction, each sample had to be ground and homogenized [29]. All
five samples exhibited significant peaks in acetic acid, propionic acid, and butyric acid (all
p’s < 0.05), with low impurity interferences and smooth baselines. To keep the column
clean and to minimize the interference between samples injected on the GC-FID system, a
high-temperature post-run at 235 °C for 3 min was set.

The PCA is an unsupervised multivariate dimensionality reduction statistical method [30],
and each point (Figure 3B) represents a sample, while the position of the point reflects the level
of SCFA in different samples. The obtained results indicate that the five biological samples
had significant clustering and partitioning phenomena (p < 0.05). The percentage of the first
principal component was 51.7% and the percentage of the second principal component
was 25.2%. There was a small gap between SCFA levels in the feces and cecum contents
of rats. However, there was a large difference between SCFA concentrations in the feces
and cecum contents of pigs. Furthermore, the individual samples of rats, pigs, and bees,
respectively, were collected from the same group that were fed the same diet and provided
with the same living environment, and they produced similar concentrations of SCFA in
the same parts of the body. However, different parts of the same species produced distinct
concentrations of SCFA, inextricably linked to the type of intestinal flora and the metabolic
capacity of the enterocytes [31].

The predominant gut bacteria in pigs, mice, and bees are Firmicutes, Proteobacteria,
and Bacteroidetes at the phylum level [32-34]. The concentrations of SCFAs in mouse and
pig samples assayed in this experiment were similar to results reported in the previous
literature [35,36]. Few studies have reported SCFA detection and concentration in the
intestines of honeybees [37]. The acetic acid was higher than any other SCFAs measured
in both intestinal and fecal matrices, consistent with previously reported findings [29]. In
particular, the level of acetic acid in the intestinal contents of honeybees was significantly
higher than that in other species (Figure 3C). The diet of honeybees is distinctly different
from that of mice and pigs. Honeybees use nectar and pollen as their primary source of
carbohydrates and protein [34].
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Figure 3. (A) Gas chromatograms of standards and samples. (a) SCFA standards of L3 concentration;
(b) SCFA extract from mouse cecum contents; (c) SCFA extract from mouse feces; (d) SCFA extract
from pig cecum contents; (e) SCFA extract from pig feces; (f) SCFA extract from honeybees’ (Apis
mellifera) intestinal contents. Numbers 1—7 represent acetic, propionic, isobutyric, butyric, isovaleric,
valeric and hexanoic acid, respectively. (B) The PCA plots of the SCFA data in fecal and intestinal
content samples from different sources. MCC, mouse cecum contents; MF, mouse feces; PCC, pig
cecum contents; PF, pig feces; HIC, honeybee intestinal contents. (C) To compare the levels of acetic,
propionic, isobutyric, butyric, isovaleric, valeric, and hexanoic acids in different samples. Statistical
data are expressed as mean =+ standard deviation. The results corresponding to bars with different
letters were statistically significant (p < 0.05). On the contrary, the results corresponding to bars with
the same letter were not statistically significant.
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4. Conclusions

The findings of this study indicate that the main SCFAs, including acetic, propionic,
isobutyric, butyric, isovaleric, valeric, and hexanoic acids were rapidly extracted from
feces and intestinal contents at a low temperature using acetone as the extraction reagent
combined with a SPE column (Bond Elut Plexa). The reported method has a convenient
operation, relatively inexpensive reagents, good biosafety and public health, short pretreat-
ment time, and low pollution to GC and column. Meanwhile, it has low LOD (0.11-0.36 uM)
and LOQ (0.38-1.21 uM), excellent linearity of standards (RZ > 0.9998), high recoveries
(98.34-137.83%), and good reproducibility (RSD < 1.30). These findings further support
the suitability of the method for analyzing SCFAs in complex small amounts of feces and
intestinal contents.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/separations11090270/s1. Table S1: The composition of
SCFA stock standard solutions. Table S2: Analytical parameters for GC-FID analysis of SCFAs.
Table S3: Additive recovery of SCFA from feces, extracted with different solvents and solid phase.
Table S4: Recovery of different concentrations of SCFA standards was added. Table S5: Repeatability,
intra-day, and inter-day stability of the method for the measurement of concentrations of SCFAs.
Table S6: SCFA content of feces and cecum content of mice, pigs, and honeybees. Figure S1: SCFA
gas chromatograms.
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