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Abstract

Biomedical research in areas such as metabolic disorders, neuromodulatory, and
immunomaodulatory conditions involves lipid metabolism and demands a reliable and inexpensive
method for quantification of short chain fatty acids (SCFAs). We report a GC-MS method for
analysis of all straight-chain and branched-chain SCFAs using pentafluorobenzyl bromide
(PFBBF) as derivatization reagent. We optimized the derivatization and GC-MS conditions using a
mixture containing all eight SCFA standards, i.e., five straight-chain and three branched-chain
SCFAs. The optimal derivatization conditions were derivatization time 90 min, temperature 60 "C,
pH 7, and (CH3),CO:H,0 ratio 2:1 (v.). Comparing the performance of different GC column
configurations, a 30 m DB-225ms hyphenated with a 30 m DB-5ms column in tandem showed the
best separation of SCFAs. Using the optimized experiment conditions, we simultaneously detected
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all SCFAs with much improved detection limit, 0.244 - 0.977 uM. We further applied the
developed method to measure the SCFAs in mouse feces and all SCFAs were successfully
quantified. The recovery rates of the eight SCFAs ranged from 55.7% to 97.9%.
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1. INTRODUCTION

Short chain fatty acids (SCFAS) are saturated aliphatic fatty acids with less than six carbon
atoms. While five straight-chain SCFAs (formic acid, acetic acid, propionic acid, butyric
acid, and valeric acid) are predominantly the end products of fermentation of dietary fibers
by the anaerobic intestinal microbiota [1], the three branched-chain SCFAs (isobutyric acid,
2-methylbutyric acid, and isovaleric acid) are mainly derived from the catabolism of
branched-chain amino acids such as valine, leucine, and isoleucine [2]. SCFAs play an
important role in homeostasis due to their metabolic, neuromodulatory, and
immunomodulatory actions. They can influence the growth and composition of gut
microbiota, and thereby further affect the health of the host. While SCFAs are the main
source of energy for the cells in colon, excess SCFAs can have other functions such as
providing daily calorie needs and being involved in the metabolism of important nutrients
such as carbohydrates and fats.

Emerging evidence indicates that SCFASs are associated with multiple metabolic diseases
such as obesity, hypertension, and diabetes [3-5]. In fact, SCFAs stimulate leptin expression
and inhibit lipolysis in adipocytes through G-coupled protein receptors. They also activate 5'
adenosine monophosphate-activated protein kinase (AMPK) that acts as a major cellular fuel
switch and a master regulator of metabolic homeostasis [6]. SCFAs also function in the
synthesis of other metabolites. For instance, propionic acid may inhibit the synthesis of
cholesterol in the liver [7]. Gastrointestinal disease could result in increased proteinous
material in the colon and may increase the products of branched-chain amino acids [8].
Branched-chain amino acids are associated with the development of diabetes [9]. The
oxidation of branched-chain amino acids provides energy for muscles, kidney, and other
organs. As the derivatives of branched-chain amino acids, branched-chain fatty acids may
become a signal for metabolic diseases.

Other than metabolic diseases, a reduction in SCFAs might induce alterations in the enteric
nervous system and can contribute to gastrointestinal dysmotility in Parkinson's disease [10].
Butyric acid has a regulatory role in the skin immune system via increasing the gene
expression of Treg-specific transcription factor foxp3 and I1L-10 and expansion of Treg cells
[11]. Butyric acid, as a gut product of dietary fiber by microflora, is also believed to play a
critical role in cellular epigenetic function that promote the immune system by increasing
Treg cells in the gut and extraenteric organs [12].

The measurement of SCFAs in biological samples receives considerable attention because of
their important roles in physiological and pathological processes [13-15]. Different chemical
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derivatization reagents and extraction solvents were developed for analysis of SCFAs by gas
chromatography (GC) coupled with a flame ionization detector (FID) or a mass
spectrometer [16-21]. SCFAs were also analyzed by HPLC equipped with an
electrochemical detector (ECD), a UV detector, or a mass spectrometer [22-24]. Some of the
analytical methods for analysis SCFAs were summarized in a review paper [25].

While multiple analytical methods have been developed for analysis of SCFAs as described
above, these methods are not able to simultaneously detect all SCFAs, especially formic acid
and branched-chain SCFAs. However, formic acid and branched-chain SCFAs are pivotal in
biological studies. For instance, formic acid has important regulatory role, and a low level of
urinary formic acid correlates with increased blood pressure [26]. To analyze all these
SCFAs, pentafluorobenzyl bromide (PFBBr) reagent was used as a derivatization reagent for
GC-MS quantification of SCFAs in whole blood and urine from humans and mice [27, 28].
PFBBr was also used to derivatize the five straight-chain SCFAs in an isotopomer
enrichment assay [29]. To this point, there has not been any report to simultaneously
quantify all eight straight-chain and branched-chain SCFAs from biologic samples.

The objective of this work was to develop a method for simultaneous identification and
quantification of all straight-chain and branched-chain SCFAs in a biological sample. We
used PFBBr reagent to derivatize SCFAs and a GC-lon Trap MS instrument to measure the
derivatized SCFAs. To achieve high sensitivity in detecting the low abundance and
branched-chain SCFAs, we optimized the experiment conditions of PFBBr derivatization
and the selection of GC columns. The optimized experiment conditions were then used to
simultaneously identify and quantify straight-chain and branched-chain SCFAs in mouse
feces.

2. METHODS

2.1 Chemicals and reagents

Eight SCFA standards (sodium formate, sodium acetate, sodium propionate, sodium butyrate
isobutyric acid, sodium pentanoate, 2-methylbutyric acid, and isovaleric acid) and 2, 3, 4, 5,
6-pentafluorobenzyl bromide (PFBBr) were purchased from Sigma-Aldrich Corp. (St.

Louis, MO, USA).

2.2 Preparation of SCFA standards

Thirteen solutions were prepared for each of the eight SCFA standards in following
concentrations: 0.977 pM, 1.95 uM, 3.91 uM, 7.81 pM, 15.63 uM, 31.3 pM, 62.5 pM, 125
UM, 250 uM, 500 pM, 1 mM, 2.5 mM, and 5 mM. These solutions were used for PFBBr
derivatization. The derivatized standards were then used to optimize the experiment
conditions and to construct calibration curves for SCFA quantification.

2.3 Animal and biological sample preparation

Eight-week-old male C57BL/6J mice were purchased from The Jackson Laboratory (Bar
Harbor, ME). Mice were housed in a pathogen-free barrier facility accredited by the
Association for Assessment and Accreditation of Laboratory Animal Care. Food and tap
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water were allowed ad libitum. The procedures of animal care were approved by the
University of Louisville Institutional Animal Care and Use Committee. Two groups of
C57BL/6J mice fed different diets. One group fed an isocaloric maltose dextrin solution
(Groupl, n = 5) while the other group fed with Lieber DeCarli liquid diet containing 5%
alcohol (Group 2, n = 9). After 24-day dietary intervention, mice were anesthetized with
ketamine/xylazine (100/15 mg/kg i.m.) and feces were collected directly from the mouse
colon. All fecal samples were frozen immediately in liquid nitrogen and stored in 1.5mL
eppendorf tube at —80 °C freezer.

All fecal sample processing were performed at 4 °C to minimize the loss of volatile SCFAs,
unless stated otherwise. For each sample, about 30 mg of mouse feces was weighed and
ground in a 1.5 mL eppendorf tube. After adding water at a ratio of 100 mg feces/mL water,
the mixture was sonicated for 20 min and then centrifuged at 4 °C and 12,000 rpm for 20
min. The supernatant was collected for SCFAs detection and recovery determination.

2.4 PFBBr derivatization

A 50 L of standard solution or 150 pL of supernatant collected from a biological sample
was used for derivatization. 100 mM PFBBr in acetone, 0.5 M phosphate buffer (PBS, pH
7), and a sample were mixed at a ratio of 14:2:5 (v:v:) to make the acetone:water 14:7 (v:v)
in a 2 mL glass tube. After 1 min of vigorous vortex mixing, the mixture was incubated in a
water bath at 60 °C for 1.5 h. 200 uL or 150 pL of hexane was added after the mixture of
standard or sample cooled down to room temperature. The sample was then vortexed for 3
min followed by centrifugation for 5 min in a speedvac. 100 pL of supernatant (hexane
phase) was then transferred to a 200 uL GC vial for GC-MS analysis. A blank sample
prepared using Distilled Milli-Q water was also derivatized as a reference for quality control
purposes.

2.5 GC-MS analysis

A Thermo Scientific ITQ™ 1100 GC-lon Trap MS instrument was coupled with a
TRACE™ 1310 gas chromatography system and a 1310 autosampler (Thermo Fisher
Scientific, Waltham, MS, USA). Two GC columns, DB-225ms (30 m x 0.25 mm 1dc x 0.25
um 1dp, (50%-cyanopropylphenyl)-methylpolysiloxane) and DB-5ms (30 m x 0.25 mm 1dc
x 0.25 um 1dp, (5%-phenyl)-methylpolysiloxane), were used for SCFA separation. These
columns were obtained from Agilent Technologies J&W (Santa Clara, CA, USA). The
helium carrier gas (99.999% purity) flow rate was set to 1.5 mL/min for DB-225ms and
DB-5ms columns, respectively. The flow rate was reduced to 1.0 mL/min when DB-225ms
column and DB-5ms column were hyphenated together by a column connector purchased
from Restek Corporation (Bellefonte, PA, USA), where DB-225ms was the first column and
DB-5ms was the second column. The temperatures of inlet, ion source and transfer line were
all set to 220 °C. The column temperature was programmed with an initial temperature of
80 °C for 0.5 min, then ramped to 158 °C at a rate of 10 °C/min, to 160 °C at 3 °C/min, to
220 °C at 20 °C/min, and then maintained at 220 °C for 8 min. The hyphenated column was
ramped as follows: initial temperature, 80 °C for 0.5 min; 10 °C/min to 170 °C for 0.5 min;
5 °C/min to 220 °C, hold for 5 min. The energy of electron ionization (EI) was set to 70 eV.
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One microliter of PFBBr derivatives was injected into GC-MS in splitless mode with a
splitless time of 1.0 min. Solvent delay time was set to 6.1 min for the DB-225ms column,
5.38 min for the DB-5ms column, and 8.86 min for hyphenated columns, respectively. The
mass spectral data were collected in a SIM mode (Table 1). All biological samples were
analyzed on hyphenated columns. In addition, an aliquot of r+alkane series was also injected
under each ramp condition for retention index calculation and quality control.

2.6 Dataprocessing

Thermo Scientifc Xcalibur instrument control software Quan (2.2 SP1.48) was used to
process the GC-MS data for peak picking, standard curve construction, and SCFA
quantification. The signal-to-noise ratio (S/\) was set to S/V= 3. The concentration of each
SCFA in a biological sample was calculated using the calibration curve constructed from the
GC-MS data of a corresponding SCFA standard.

3. RESULTS AND DISCUSSION

We first optimized the derivatization and GC-MS experiment conditions using a mixture
containing the eight SCFA standards, i.e., sodium formate, sodium acetate, sodium
propionate, sodium butyrate, isobutyric acid, sodium pentanoate, 2-methylbutyric acid, and
isovaleric acid. The derivatization time, pH, ratio of acetone to water (CH3),CO:H,0, and
temperature were individually optimized. Each optimization experiment was prepared in
triplicate and the average peak area of the monitoring ion was used for comparison. To find
the best GC column configuration, the SCFA standards were analyzed on DB-225ms,
DB-5ms, and hyphenated DB-225ms and DB-5ms columns, respectively. The SCFAs
extracted from mouse feces were then analyzed by GC-MS under the optimized experiment
conditions.

3.1 Optimization of PFBBr derivatization

These experiments were executed on the DB-225ms column. The derivatization was carried
out by mixing 100 mM PFBBEr in acetone and water, where acetone served as a solvent for
the derivatizing reagent PFBBr and aided in precipitation of proteins. To optimize the
volume ratio of acetone and water, 100 mM PFBBr-acetone solution was mixed with 50 pL
SCFA standards and 20 uL PBS buffer mixture in following (CH3),CO:H,0 ratios, 1:2, 1:1,
2:1,4:1 and 6:1 (v:V). The concentration of each SCFA in the solution of SCFA standards
was 1 mM. Figure 1 shows that the PFBBr derivatives of butyric acid, 2-methylbutyric acid,
isovaleric acid, and valeric acid had much higher intensity than those of PFBBr derivatized
formic acid, acetic acid, propionic acid, and isobutyric acid. This was mainly caused by the
different types of ions used to quantify these compounds. Parents ions were used to quantify
the PFBBTr derivatives of formic acid, acetic acid, propionic acid, and isobutyric acid, while
fragment ion m/z = 181 was used to quantify the PFBBr derivatives of the remaining SCFAs.

Figure 1A shows that the intensity of PFBBr derivatives of all SCFAs increased with the
increase of (CH3),CO:H,0 ratio. The PFBBr derivative of formic acid had its highest
intensity at the (CH3),CO:H,O0 ratio of 4:1, while the remaining SCFAs reached their
maxima at 2:1 ratio. The intensity difference for the PFBBr derivative of formic acid was
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35.7% between the selection of (CH3),CO:H,0 ratio 2:1 and 4:1, while the difference of
intensity for the other SCFAs was less than 10%. For these reasons, we chose the
(CH3),CO:H-0 ratio of 2:1 as the optimal ratio to make sure majority of SCFAs have the
maximum intensity even though this selection was not the best for measurement of PFBBr
derivatized formic acid. Choosing the (CH3),CO:H,0 ratio of 2:1 also avoided consuming
additional PFBBr and acetone.

We also optimized the temperature of PFBBr derivatization reaction. Figure 1B shows that
the intensity of PFBBr derivatized SCFAs increased with the increase of temperature. With
the exception of the PFBBr derivatives of propionic acid and isobutyric acid, the PFBBr
derivatives of other SCFAs reached their highest intensity at 80 °C. However, proteins could
denature at 80 “C if biological samples were to be analyzed. The denatured proteins would
affect the extraction of PFBBr derivatives. Therefore, 60 “C was chosen as the optimal
derivatization temperature.

To investigate the effect of derivatization time, the PFBBr derivatization reaction was
performed at 60 “C for 15, 30, 60, and 90 min, respectively. Figure 1C shows the relation of
the intensity of the PFBBr derivatized SCFASs to the derivatization time. Except for PFBBr
derivatized formic acid, the intensities of the other PFBBr derivatized SCFAs reached a
plateau at 60 min and were stable up to 90 min. Therefore, 90 min was chosen as the optimal
derivatization time.

The PFBBr derivatization reaction was also carried out at five pH values, including 4, 6, 7,
8, and 9. Figure 1D shows the relation between pH values and the intensity of the PFBBr
derivatives. While the PFBBr derivative of formic acid had its highest intensity at pH 6, the
PFBBr derivatives of other SCFAs had low intensity under acidic conditions. The PFBBr
derivatized propionic acid, butyric acid, isovaleric acid, and valeric acid had their highest
intensity in alkaline conditions. The PFBBr derivatized acetic acid, isobutyric acid, and 2-
methylbutyric acid had their highest intensity in neutral condition. However, the intensity
difference of all PFBBr derivatized SCFAs was less than 10% between neutral and alkaline
conditions. For this reason, pH 7 was selected as the optimal condition for derivatization.

Collectively, we chose the optimal PFBBr derivatization condition as: the volume ratio of
PFBBr acetone solution and SCFA solution 2:1, pH 7, derivatization time 90 mins, and
temperature 60 "C. This optimal condition for analysis of all eight SCFAs agrees with the
literature reported results, where PFBBTr derivatization of five straight-chain fatty acids were
optimized [29]. The differences are that the optimal derivatization time was 60 min and the
optimal pH was 9.0 reported in reference 27.

3.2 Separation of SCFAs by GC-MS equipped with a DB-225ms column

To simultaneously quantify straight-chain and branched-chain SCFAs, the PFBBr derivatives
of eight SCFA standards were first analyzed respectively by GC-MS to get the retention time
and mass spectrum for each PFBBr derivatized SCFA. The PFBBr derivatives of propionic
acid and isobutyric acid overlapped with a solvent peak eluted at f = 7.67 min (Fig. S1A). It
is impossible to quantify these two co-eluting SCFASs by integrating the total ion current
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(TIC) from the GC-MS data. Therefore, the SIM mode was used in GC-MS to measure the
PFBBr derivatives of SCFASs.

The most abundant fragment ions in the EI mass spectra of the three overlapping compounds
(PFBBr derivatized propionic acid and isobutyric acid, and the compound given rise the
solvent peak) had the same m/z value (m/z =181), resulting that the most abundant fragment
ion (m/z = 181) cannot be used to quantify propionic acid and isobutyric acid. For this
reason, their parent ions were chosen for quantification (Table 1). The PFBBr derivatives of
formic acid and acetic acid did not overlap with any chromatographic peaks, and the
fragment ion with m/z = 181 was the most abundant ion in their EI mass spectra. Ideally, the
most abundant fragment ion should be used for quantification of these two SCFAs to achieve
high sensitivity. However, the baseline of selected ion chromatogram was dramatically
decreased during the elution time of PFBBr derivatized propionic acid and isobutyric acid
(7.20-7.92 min), resulting that the data processing software, Quan software, could not
calculate the intensity of their fragment ion (Figure S2). For these reasons, the parent ions of
PFBBr derivatized formic acid, acetic acid, propionic acid, and isobutyric acid were used to
detect the abundance of these SCFAs eluted from DB-225ms column (Table 1). The PFBBr
derivatives of the remaining SCFAs (butyric acid, 2-methylbutyric acid, isovaleric acid, and
valeric acid) were separated from each other on the DB-225ms column and the fragment ion
with m/z = 181 was the most intense ion in their El mass spectra. Therefore, this m/z value
was chosen to monitor the PFBBTr derivatives of these SCFAs (Table 1).

Figure 2 depicts two typical selected ion chromatograms acquired on GC-MS equipped with
a DB-225ms column, one for a blank and other for PFBBr derivatives of a mixture of
SCFAs. The significant chromatographic profile change at retention time f = 7.95 min in
Figure 2A was caused by monitoring different ions in the SIM mode. When blank samples
were monitored for m/z = 181 in the retention time range between 7.95 and 22.0 min, one
significant peak eluted at Zp = 9.57 min (Figure 2A) was consistently present in the
chromatogram. Figure 2B shows the selected ion chromatogram of PFBBr derivatized
SCFAs. Though other SCFAs were separated from each other very well, the
chromatographic peaks of propionic acid and isobutyric acid were overlapped, and affected
the quantification accuracy of these two SCFAs.

3.3 Detection of SCFAs by GC-MS equipped with a DB-5ms column

A DB-5ms column was used to explore the performance of a nonpolar column in separation
of PFBBr derivatized SCFAs. The PFBBr derivatized formic acid co-eluted with the solvent
peak at /p = 5.48 min, while the PFBBr derivatives of the other SCFAs were separated from
each other (Fig. S1B). Therefore, the parent ion of PFBBr derivatized formic acid was used
to monitor formic acid, and the fragment ion with m/z = 181 was used to monitor the PFBBr
derivatives of other seven SCFAs. Figure 3 depicts the selected ion chromatograms of a
blank and the PFBBr derivatized SCFAs. Comparing the separation of PFBBr derivatives on
the DB-225ms column, the PFBBr derivatives of propionic acid and isobutyric acid achieved
a better separation on the DB-5ms column. However, the intensity of PFBBr derivatized
formic acid was decreased. The chromatographic peak of PFBBr derivatized formic acid on
the DB-5ms column was also broader with significant right-side peak tailing compared to
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those on the DB-225ms column. Furthermore, there were four peaks in the selected ion
chromatogram of the blank. Three of those co-eluted with the PFBBr derivatives of
propionic acid, isovaleric acid and valeric acid at #5 = 6.66 min, = 7.64 min and 7.94 min,
respectively. The intensities of the fragment ion (m/z = 181) of these three peaks in the blank
affect the quantification accuracy of the PFBBr derivatized propionic acid, isovaleric acid
and valeric acid.

3.4 Quantification of SCFAs by GC-MS equipped with two hyphenated columns

In order to separate the solvent peaks with propionic acid and isobutyric acid, the DB-225ms
column was hyphenated with the DB-5ms column in GC-MS, where DB-225ms was the first
column and DB-5ms was the second column. Figure S1C depicts the total ion chromatogram
using the hyphenated columns. Three solvent peaks (SP1 at ¢ = 7.37 min, SP2 at ¢ = 8.60
min, and SP3 at f7 = 10.38 min) were detected. The two major solvent peaks (SP1 and SP2)
eluted much earlier than the eight SCFA peaks, while the solvent peak SP3 and the eight
SCFAs peaks were completely separated from each other. Therefore, the two major solvent
peaks can be cut by solvent delay and the most abundant fragment ion with m/z = 181 can be
therefore used to quantify each SCFA to achieve the best sensitivity. Figure 4 shows two
typical selected ion chromatograms of a blank and the PFBBTr derivatized SCFAs. When the
blank was monitored for m/z = 181 in the retention time range between 8.86 and 24.0 min, a
peak was observed at ¢ = 10.36 min (Figure 4A), which was the solvent peak SP3 in Figure
S1C. This solvent peak did not co-elute with any of the SCFA peaks (Figure 4B).

To determine the limit of detection (LOD) and the limit of quantification (LOQ) of GC-MS
equipped with the hyphenated columns, 13 calibration solutions were prepared for each
PFBBr derivatized SCFA standard, including 0.244 uM, 0.488 pM, 0.977 uM, 1.953 pM,
3.906 pM, 7.813 uM, 15.625 pM, 31.25 pM, 62.5 uM, 125 uM, 250 uM, 500 pM, and 1250
UM. Each calibrant was analyzed three times by GC-MS.

The criterion for determining the LOD of a SCFA was that the PFBBr derivative of that
SCFA must be detected in at least two injections at a particular concentration. In other
words, a detection of PFBBTr derivative of a SCFA was considered as random if the PFBBr
derivative of a SCFA was detected only in one injection. An iterative approach was used to
determine the linear range of a calibration curve as follows. A narrow concentration range
was initially selected for linear fitting. The linear range was then extended to both the high
concentration and low concentration directions. To decide whether the linear range would be
extended to a concentration, the difference between the experimentally measured intensity
and the calculated intensity of the PFBBr derivatized SCFA at the concentration of interest
was calculated. If the intensity difference was less than 20% of the experimentally measured
value, the linear range was extended to that concentration. The intensity and concentration
information of all data in the newly extended linear range were used to recalculate the linear
fitting function. This process was repeated until the intensity difference was larger than 20%
at a concentration.

Figure S3 depicts the calibration curves of the PFBBr derivatized SCFAs separated on the
tandem columns. The solid line represents the calibration curve and the two dotted lines are
the upper and low boundaries of 95% fitting confidence. Table 2 summarizes the information
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of the calibration curve of each SCFA including calibration equation, linear range, LOD, and
LOQ. The calibration curve of formic acid was constructed using the data of its parent ion
(m/z=226), while the calibration curves of the remaining SCFAs were respectively
constructed using the data of their fragment ion with m/z = 181. The accuracy and reliability
of these calibration curves were further evaluated by another person. Six mixtures of SCFA
standards with known concentrations were prepared. Each of these mixtures was analyzed in
the same manner using the optimized derivatization protocol and GC-MS method. The
concentration of each SCFA was then determined using a corresponding calibration curve.
The results showed that the calculated concentrations agreed with the true values within a
20% variation (Table S1).

The linearity of calibration curves for all SCFAs were excellent among the validated
concentration range (R? = 0.997). The LOD of low abundance SCFAs (such as formic acid,
2-methylbutyric acid, isovaleric acid, and valeric acid) reached 0.244 pM. The lowered LOD
and wide range of these calibration curves allow for the analysis of SCFAs in samples with
very different levels. The present method was more sensitive than the literature reported
results. For instance, Zhao et al. showed the LOD for SCFAs was in a range of 10 uM, while
the LOQ was below 31 uM [17]. Though Schwiertz et al. lowered the LOD about 10 times
to about 1 uM in standard water solution [30]. However, these methods cannot
simultaneously detect formic acid with other SCFAs. The method developed in this study
not only offers better sensitivity but also can quantify formic acid together with other SCFAs
in one injection.

3.5 Quantification of SCFAs in biological samples

To demonstrate the utility of this method for analysis of SCFASs in biological samples, feces
were collected from C57BL/6J mice of two different feeding groups were analyzed to
determinate the influence of alcohol on SCFAs in colon. The ratio of feces weight to water
volume affects the numbers of metabolites extracted from feces (wy/vs), and it was reported
that a maxima of metabolites was extracted from rat feces at the ratio of Wi/vg =% [31]. We
decreased Wjy/vg to 1/10 owing to the concentrations of acetic acid, propionic acid, and
butyric acid beyond the linear range of these molecules.

Figure 5 shows the selected ion chromatograms acquired from the blank and fecal samples.
All eight SCFAs were identified and quantified in the fecal samples (Figure 5B). The
concentrations of three SCFAs (acetic acid, propionic acid, and butyric acid) were
predominant in feces samples. Acetic acid had the highest concentration (23.81 umol/g
feces), followed by butyric acid (8.93 pmol/g feces), and propionic acid (7.17 pmol/g feces).
The concentrations of formic acid and valeric acid were 0.12 pmol/g feces and 0.48 umol/g
feces, respectively. The concentrations of three branched-chain SCFAs (isobutyric acid, 2-
methylbutyric acid, and isovaleric acid) were 0.13, 0.18, and 0.12 umol/g feces, respectively.
However, the concentrations of all SCFASs in alcohol fed mice were significantly decreased
except for 2-methylbutyric acid (Table 3). This result suggests that alcohol might
significantly influence the function of the colon.

For recovery studies, two standard mixtures (2.50 and 5 pmol/g feces) were spiked into fecal
supernatant, respectively. The recovery rate was calculated as the ratio of the measured
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concentration of an added SCFA standard divided by the spiked concentration of that
standard. Because the high concentration of acetic acid in fecal samples, the fecal
supernatant was first diluted 10 times before the adding of standard mixtures. Table 4 lists
the recovery rates for all SCFAs. The recovery rates were 55.7% and 57.3% for formic acid
and isobutyric acid, while they were much higher for the remaining SCFAs ranging from
75.1% to 97.9%.

In this study, we coupled a 30 m DB-225ms column and a 30 m DB-5ms column together
for quantification of SCFAs by SIM GC-MS. Such a column configuration enables not only
the separation of the PFBBr derivatized SCFA peaks from each other but also the separation
of very large solvent peaks from those peaks of PFBBr derivatized SCFAs. Lowering the
start temperature of oven program to 40 °C can better focus the sample on the column head
and therefore, results in further separation of formic acid from the solvent peak. Separating
the large solvent peaks from the SCFA peaks made it possible to use the most abundant
fragment ion (m/z = 181) for quantification of SCFAs (except formic acid) and therefore
increased the sensitivity and accuracy of quantifying these SCFAs. It should be noted that
we corrected the concentration of each SCFA after calculating them from the calibration
curve to corrected the mismatch in the volume of standard and sample water volume. This
approach may introduce a certain level of variations in the calculated concentration of each
SCFA. Furthermore, adding internal standards to the sample before SCFA extraction and
then use their results to normalize the results of SCFAs can further improve the accuracy of
quantifying SCFAs.

To our knowledge, this work is the first study that could simultaneously detect and quantify
all straight-chain and branch-chain SCFAs even though there were numerous reports in
literature for SCFA quantification. For instance, Zheng et al. developed a method for
quantification of SCFAs and branch-chain amino acids using propyl chloroformate (PCF) as
derivatization reagent [19]. However, their method could not quantify formic acid. Most
recently, Jiang and co-workers did an excellent job on fatty acid quantification by LC-MS
[24]. But their method still could not detect and quantify formic acid. Furthermore, the linear
quantification ranges for other SCFAs were smaller than those reported in this study. For
instance, the linear quantification ranges for acetic acid, propionic acid, and butyric acid in
reference 23 were 0.1 uM to 100 uM, 0.2 uM to 100 uM, and 0.1 uM to 40 UM, respectively.
The corresponding linear quantification ranges for these three acids in this study were 0.977
pUM to 1.25 mM, 7.8 uM to 0.625 mM, and 1.95 pM to 1.25 mM, which are large enough for
the direct quantification of these three SCFAs in fecal samples. Direct quantification of these
SCFAs in biological samples eliminated the dilution process and therefore, reduced the
technical variations.

4. CONCLUSIONS

In order to simultaneously identify and quantify SCFAs, especially formic acid and
branched-chain SCFAs, pentafluorobenzyl bromide (PFBBr) reagent was used to derivatize
SCFAs and a GC-lon Trap MS instrument with EI source was used to measure the
derivatized SCFAs. Using rigorous optimization steps in sample preparation, we ensured
maximum derivatization efficiency and reduced solvent consumption. Comparing the
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

He et al. Page 11

performance of different GC column configurations, a 30 m DB-225ms hyphenated with a
30 m DB-5ms column in tandem showed the best separation of SCFAs. This column
configuration not only separated the three solvent peaks from the SCFAs but also allowed
using the most abundant fragment ion for SCFA quantification. Using the optimized
experiment conditions, the LOD of all SCFAs were improved to 0.244 - 0.977 uM.
Application of the developed method to analyze SCFAs in mouse feces showed that all eight
SCFAs were successfully quantified in the fecal samples, with the recovery rates of the eight
SCFAs ranged from 55.7% to 97.9%. These analysis results demonstrated that the developed
method can be used to analyze biological samples for simultaneous quantification of all
eight SCFAs.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
1. A method capable of simultaneous quantification of all SCFAs by GC-MS.

2. A DB225ms and a DB-5ms columns were connected in tandem for
separation.

3. None of the solvent peaks overlaps with the SCFA peaks.

4, The best LOD and LOQ were achieved for detecting all SCFAs from
biosamples.
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Figure 1.
PFBBr esters with short chain fatty acids formed under different reaction conditions,

including (A) different acetone/water ratios, (B) different reaction temperatures, (C)
different incubation times, and (D) different pH values of phosphate buffer.
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Figure 2.
Selected ion chromatograms of blank and a mixture of SCFAs on DB-225 ms column under

SIM mode. (A) is selected ion chromatogram of blank (i.e., 50 uL of distilled Milli-Q water,
pH 7). (B) is selected ion chromatogram of a mixture of eight SCFAs, where 1 is formic
acid; 2 is acetic acid; 3 is propionic acid; 4 is isobutyric acid; 5 is butyric acid; 6 is 2-
methylbutyric acid; 7 is isovaleric acid; and 8 is valeric acid. The corresponding m/z for
tracing those compounds were show in Table 1.
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Figure 3.
Selected ion chromatograms of a blank and a mixture PFBBr derivatized SCFAs. The GC-

MS was equipped with a DB-5 ms column and operated under SIM mode. (A) is the selected
ion chromatogram of blank, i.e., 50 pL of distilled Milli-Q water with pH = 7. (B) is the
selected ion chromatogram of PFBBr derivatized SCFAs where 1 is formic acid; 2 is acetic
acid; 3 is propionic acid; 4 is isobutyric acid; 5 is butyric acid; 6 is 2-methylbutyric acid; 7 is
isovaleric acid; and 8 is valeric acid. The corresponding m/z for tracing those compounds
were show in Table 1.
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Figure 4.

Selected ion chromatograms of a blank and a mixture PFBBr derivatized SCFAs. The GC-
MS was equipped with a combined column and operated under SIM mode. (A) is the

selected ion chromatogram of blank, i.e., 50 pL of distilled Milli-Q water with pH = 7. (B) is

the selected ion chromatogram of PFBBr derivatized SCFAs where 1 is formic acid; 2 is
acetic acid; 3 is propionic acid; 4 is isobutyric acid; 5 is butyric acid; 6 is 2-methylbutyric
acid; 7 is isovaleric acid; and 8 is valeric acid. The corresponding m/z for tracing those
compounds were show in Table 1.
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Figure 5.

Selected ion chromatograms of blank (A) and mouse fecal sample (B) obtained on GC-MS
with the combined column, XIC for formic acid was made by its parent ion (m/z = 226). 1.
Formic acid; 2. Acetic acid; 3 Propionic acid; 4. Isobutyric acid; 5. Butyric acid; 6. 2-
Methylbutyric acid; 7. Isovaleric acid; 8. Valeric acid. The corresponding m/z for tracing
those compounds were show in Table 1.
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lons monitored and corresponding retention time region for SCFA detection in SIM mode

Table 1.

DB-225ms column

DB-5ms column

DB-225ms and DB-5ms
column in tandem

monitored monitor monitored | monitor monitored | monitor
Compound Name ion m/z region (min) ion m/z region (min) ion m/z region (min)
Formic acid 226 6.10-6.60 226 5.38-5.91 181, 226 8.86-9.38
Acetic acid 240 6.60-7.40 181 5.91-18.00 181, 240 9.38-10.48
Propionic acid 254 7.40-7.64 181 5.91-18.00 181, 254 10.48-10.66
Isobutyric acid 268 7.64-7.95 181 5.91-18.00 181, 268 10.66-11.71
Butyric acid 181 7.95-22.00 181 5.91-18.00 181, 268 10.66-11.71
2-Methylbutyric acid 181 7.95-22.00 181 5.91-18.00 181, 282 11.71-24.00
Isovaleric acid 181 7.95-22.00 181 5.91-18.00 181, 282 11.71-24.00
Valeric acid 181 7.95-22.00 181 5.91-18.00 181, 282 11.71-24.00
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Table 2.

Linearity, LOD, LOQ of PFBBr derivatized SCFAs detected on GC-MS with DB-225ms and DB-5ms column
in tandem

LoDa LOQC
Compound Name (uM) | Calibration equationb (M) Linear rage r2d n€
Formic acid 0.244 | Y=2152.4+727.75*x 7.813 LOQ-1.25mM 0.9982 3
Acetic acid 0.977 | Y=4350.1+7528.6*x 0.977 LOQ-1.25mM 0.9992 | 3
Propionic acid 0.977 | Y=-44946+17672*x 7.813 | LOQ-0.625mM | 0.9998 | 3
Isobutyric acid 0.488 | Y=33959+17082*x 3.906 | LOQ-0.625mM | 0.9989 | 3
Butyric acid 0.244 | Y=-9229.2+17967*x 1.953 LOQ-1.25mM 09982 | 3
2-Methylbutyric acid | 0.244 | Y=23155+25256*x 3.906 LOQ-1.25mM 0.9990 | 3
Isovaleric acid 0.244 | Y=-1946+14068*x 3.906 LOQ-1.25mM 0.9996 | 3
Valeric acid 0.244 | Y=-995.52+11245*x 0.977 LOQ-1.25mM 0.9974 | 3

aLOD (uM) is the lowest calibration standard detected with a signal/noise ratio = 3.
bx: concentration (UM); Y: peak area.

LOQ (uM) is the limit of quantification determined by the linear range of a calibration curve, where the variation of calculated concentration and
the true concentration was less than 20%.

dRz: Regression coefficient.
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Table 3.

Quantitative analysis of SCFAs obtained from biological samples

Group 1 Group 2
lon used for (umol/g feces) | (umol/g feces)

Compound Name tr (Min) | quantitation (m/z) (n=5) (n=9)
Formic acid 9.06 226 0.12+0.02 0.08+0.00
Acetic acid 9.63 181 23.81£1.26 6.40+0.13
Propionic acid 10.61 181 7.17+0.39 0.75+0.03
Isobutyric acid 10.78 181 0.13+0.02 0.03+0.01
Butyric acid 11.62 181 8.93+1.54 0.48+0.03
2-Methylbutyric acid 11.88 181 0.18+0.02 0.21+0.02
Isovaleric acid 12.08 181 0.12+0.02 0.07+0.00
Valeric acid 12.91 181 0.48+0.03 0.08+0.01
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Recoveries of SCFAs in fecal samples

Table 4.

Detected SCFAs (umol/g

Compound ﬁld n(qnggSf%cFeAs; feces) Rec(c());)e) ries
Mean SD
Formic acid 0 3 0.043 0.003
2.5 3 1.525 0.019 59.27
5.0 3 2.654 0.023 52.21
Acetic acid 0 3 1.102 0.062
25 3 2.991 0.078 75.58
5.0 3 4.835 0.199 74.67
Propionic acid 0 3 2.520 0.095
25 3 4.967 0.144 97.9
5.0 3 - -
Isobutyric acid 0 3 0.064 0.004
25 3 1.629 0.071 62.58
5.0 3 2.666 0.068 54.96
Butyric acid 0 3 1.835 0.083
2.5 3 4.280 0.183 97.79
5.0 3 5.477 0.097 72.84
2-Methylbutyric acid 0 3 0.040 0.009
25 3 2.312 0.084 90.84
5.0 3 3.916 0.084 77.52
Isovaleric acid 0 3 0.195 0.045
25 3 2.481 0.103 91.43
5.0 3 3.989 0.101 75.87
Valeric acid 0 3 0.185 0.010
2.5 3 2.355 0.104 86.82
5.0 3 3.940 0.082 75.12

w11

in table means the concentration of SCFAs is out of the liner range of this compound.

SD: standard deviation.
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