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Abstract: Due to the strong polarity and volatility of organic acids, there is often a lack of
effective quantitative methods for organic acids in vivo or in vitro. This study introduced a
robust and scientifically validated LC-MS methodology for quantitatively analyzing six
organic acids, encompassing five short-chain fatty acids and lactate, observed in in vitro
fermentation and human fecal samples. This method was able to achieve precise quantifi-
cation through the monitoring of mass-to-charge (m/z) ratios of the deprotonated negative
ions. After optimization, a 2:1 (v/v) dichloromethane/acetonitrile mixture was utilized to
extract the crude acid mix from fermentation or fecal samples. Subsequently, the organic
acids were isolated using 3 mL of 3.5 M ammonium hydroxide solution from mixtures. The
calibration curves for six organic acids demonstrated linearity with R2 > 0.991 across the
concentration ranges of 0.01–5.0 or 0.01–20 mM. The coefficient of variation and accuracy
were 2–13% and 95–128%, respectively, which exhibited good precision and sensitivity.
Accurate quantification of organic acids would aid in metabolic analysis in bacterial culture
supernatants and human fecal matter.

Keywords: organic acids; extraction; LC-MS; quantification; in vitro; in vivo

1. Introduction
In recent years, the significance of intestinal health has been increasingly recognized

due to its association with various chronic and infectious diseases in both humans and
animals [1]. The gastrointestinal tract harbors a diverse array of bacterial species, whose
activities and compositions are profoundly influenced by diet-derived substrates that resist
digestion in the small intestine. The intestinal breakdown of these substrates, including
indigestible carbohydrates, proteins, and other prebiotics, leads to the generation of signifi-
cant quantities of organic acids, including short-chain fatty acids (SCFA) and lactic acid.
These acids are predominantly absorbed throughout the digestive tract and play pivotal
roles in host-microbiota interactions [2].

The production of organic acids is crucial for the energy acquisition of microbiota in
the large intestine and for the host’s physiological functions, such as maintaining gut pH
balance and supplying energy to colonic cells [3]. Specific acids like acetate are known to
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stimulate lipogenesis [4], while propionate is known to inhibit hepatic cholesterol synthe-
sis [5] and modulate the metabolic functions of enterocytes, thereby influencing intestinal
fat transport [6]. Butyrate, a preferred energy source for colonocytes, possesses anti-
proliferative properties, influences gene expression, and modulates immune responses [7].
The content and regional differences of total SCFA in the intestinal tract generally affect the
health state of the colon and are important factors in cancer development and gastrointesti-
nal disorders, which often occur under low SCFA concentrations. In addition, the levels
of lactic acid might influence the modulation of diarrhea in individuals with ulcerative
colitis [8]. The concentrations of organic acids in feces are associated with various condi-
tions, including diarrhea, cancer, inflammatory bowel disease, irritable bowel syndrome,
and cardiovascular diseases [9–11]. Human studies of plasma acid levels also indicate that
intestinal organic acids released from the gut can be taken up by the normal and cirrhotic
liver [12]. There is mounting evidence suggesting that a majority of organic acids are crucial
for sustaining the health of humans and animals.

Various methodologies, such as centrifugation [13,14] with filtration [15–17], lipid
extraction [18], and solid-phase extraction [19], have been employed to isolate organic acids
from intricate matrices. These straightforward and rapid techniques are often paired with
chromatography. Typically, the quantification of organic acids in intestinal or fecal cultures
is performed using gas chromatography (GC) with either flame-ionization detection [20–22]
or mass spectrometric detection [23–25], after steam distillation, vacuum distillation, or ul-
trafiltration. However, the GC derivatization process is intricate and time-intensive, usually
resulting in inadequate separation of smaller compounds from the solvent peak and poor
recovery rates [26], which limits the number of acids quantifiable. High-performance liquid
chromatography (HPLC) has been widely utilized for decades to analyze organic acids in
diverse matrices, including beverages, food products, and biological fluids [18–21,27]. Al-
though the analysis by GC, HPLC, or capillary electrophoresis seems straightforward [26],
the extreme complexity and variability in concentration and composition of extracts from
bacterial fermentation cultures or feces present significant challenges in detecting all com-
ponents. Mass spectrometry (MS) has the great advantage of enhancing the selectivity and
sensitivity of detection for unresolved components and concurrently providing structural
information. The sensitivity is notably amplified in LC-MS studies through the use of
atmospheric pressure chemical ionization, particularly in analyzing fatty acids [28]. The
LC-MS technique surpasses LC-UV in sensitivity, especially for LC-MS/MS methodology
employing selected ion monitoring with greater sensitivity [29]. Porous graphitic carbon
is a versatile stationary phase [30,31], known for its sensitivity and structure discernment
in LC-MS, which can be applied to the analysis of carbohydrates [32–35], peptides [36],
nucleosides [37], drugs [38–41], and pesticides [42].

This study aims to refine the LC-MS methodology using a graphite column for the
sensitive, precise, and rapid quantification of six targeted organic acids in bacterial fermen-
tation cultures and human fecal samples. It emphasizes a straightforward, cost-effective
sample preparation procedure with a less time-consuming analysis (≤5 min), laying a
foundation for efficient quantification of organic acids.

2. Materials and Methods
2.1. Reagents

Ammonium hydroxide, dichloromethane (HPLC grade), and standards of acetic
acid, propionic acid, butyric acid, valeric acid, hexanoic acid, and lactic acid were ob-
tained from Sigma-Aldrich (St. Louis, MO, USA). Hydrochloric acid was purchased from
EM Science/MERCK (Darmstadt, Germany). Acetonitrile (Optima) was obtained from
Fisher Scientific (Fair Lawn, NJ, USA). Peptone, yeast extract, NaCl, K2HPO4, KH2PO4,
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MgSO4·7H2O, CaCl2·6H2O, NaHCO3, L-cysteine, bile salts, Tween 80, and glucose were
offered by Macklin Biochemical Technology Co., Ltd. (Shanghai, China). Resazurin solution
was from Thermo Fisher Scientific (Oxoid Ltd., Waltham, MA, USA). Milli-Q deionized
water was used in this study.

2.2. Organic Acid Extraction

All procedures were conducted at 4 ◦C. Acid standards were added to 5 mL aliquots
of medium in glass tubes, mixed, and equilibrated for 5 min. A total of 100 µL concentrated
HCl was added into the tubes and mixed for 15 s (pH 1–2). A total of 1.25 mL specific solvent
of dichloromethane/methanol, dichloromethane/acetonitrile, or dichloromethane/hexane
was added and vigorously mixed using a vortex for 20 min. After the phases spontaneously
separated for 20–30 min, the extraction solvent that would be optimized for acid extraction
was decanted using a Teflon plunger syringe (Hamilton, Reno, NV, USA) into another glass
tube. The acid solution was washed 3 times with an additional 1.25 mL aliquots of solvent,
resulting in a 5 mL total extract. A 3.5 mol/L solution of NH4OH was added to the 5 mL
extract and agitated by using a vortex for 10 min. After the phases spontaneously separated
for 20–30 min, the aqueous solution containing the acid standards was decanted using
a syringe. The 5 mL extraction solution was re-extracted with NH4OH three times. The
resultant ammonical solution was transferred and collected in an autosampler vial.

After extraction, the sample was subjected to LC-MS analysis without further sample
cleanup. The stability of the six acids at different concentrations was also evaluated in the
resultant solution on both the first day and the second day at 4 ◦C.

2.3. LC-MS

An Agilent HPLC 1100 series system in tandem with a single-quadrupole Agilent
MSD mass spectrometer equipped with an electrospray ion source was controlled by
ChemStation (Agilent Technologies, Santa Clara, CA, USA). Chromatographic resolution
was achieved on a stationary phase consisting of a 3 µm porous graphitic carbon column
(100 × 2.1 mm i.d., Thermo Fisher Scientific) at ambient temperature with a mobile phase
of 10% acetonitrile in 0.01% (v/v) NaOH at a 0.5 mL/min flow rate and a 5 min run time.

2.4. Standard Curves

An internal standard method was used in our study to determine the standard curves
of six organic acids. Different concentrations of standards were added to the media contain-
ing bacterial fermentation products. Then, the samples underwent the extraction procedure.
The acid concentration in products was subtracted from the total measured amount to give
the incremental increase that could be attributed to the added standard. The peak area
(Y) for each organic acid was regressed against the nominal concentration of the test acid
(X, mmol/L) with a weighting of the reciprocal concentration (1/X) to create each standard
curve. Its closeness of fit was calculated as the regression coefficient R2.

2.5. Accuracy and Precision

To determine the accuracy of this method, standard mixtures of acetic acid, propi-
onic acid, butyric acid, valeric acid, hexanoic acid, and lactic acid were analyzed five
times individually at 0.1, 0.5, 1.0, and 2.5 mmol/L concentrations, respectively. The peak
area of each standard acid dissolved in diluted NH4OH was expressed as A1. The pri-
mary stock solution of the six standard acids was mixed in a blank culture medium and
subjected to the same extraction protocol, in which the area of peaks was shown as A2.
Recoverya = A1/A2 × 100%.

Moreover, 0.5, 1.0, and 2.5 mmol/L of six mixed acids were added into bacterial
fermentation medium, respectively, to measure the efficiency of recoveryb for the extraction
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protocol. The increase in acid concentration after extraction from the fermentation medium
was divided by the value of the added standards and multiplied by 100, which was the
percentage recoveryb. These experiments were repeated three times.

The precision, expressed as CV, was also calculated in both blank culture medium and
bacterial fermentation cultures.

2.6. Fermentation Medium

The culture medium (per liter) contained 5 g peptone, 5 g yeast extract, 0.4 g NaCl,
0.04 g K2HPO4, 0.04 g KH2PO4, 0.0192 g MgSO4·7H2O, 0.008 g CaCl2·6H2O, 0.4 g NaHCO3,
1.0 g L-cysteine, 1.0 g bile salts, 0.2 mL Tween 80, and 0.8 mL 0.025% resazurin solution.

The strain used in this study was Lactobacillus acidophilus, which was incubated in the
culture medium with 10 g/L glucose for 36 h at 37 ◦C. Then, the bacterial cells were isolated,
washed, and re-suspended in the culture medium with 2 g/L xylo-oligosaccharides [43] as
the carbohydrate source and incubated at 37 ◦C for 48 h. The fermentation medium, after
centrifugation and filtration, was stored in sealed glass tubes at 4 ◦C until analysis.

2.7. Measuring Individual Variation

Four cultured bacteria for measuring individual variation were Bifidobacteria longum,
Lactobacillus acidophilus, Campylobacter jejuni, and Escherichia coli, which were incubated at
37 ◦C in an anaerobic chamber, respectively. The culture media were fermented for 48 h
with 2 g/L final xylo-oligosaccharides (XOS) as the sole carbon source. The fermentation
samples were centrifuged at 10,000× g for 10 min at 4 ◦C. The supernatant was passed
through a 0.22-µm syringe filter, and the filter was sealed and immediately placed into a
4 ◦C autosampler for organic acids analysis. Each group consisted of five replicates, and
each experiment was repeated three times.

Fresh fecal samples were collected from four healthy persons who had not received
antibiotics or pre/probiotics and had no recent history of gastrointestinal disorders. Each
sample was prepared as a 22.5 mg/mL slurry of feces in pre-reduced phosphate-buffered
saline (PBS; pH 7.2; Oxoid Ltd., Basingstoke, UK). An aliquot of the slurry was centrifuged
at 10,000× g for 10 min at 4 ◦C, weighted in 6 parallels, and analyzed for organic acid
content. Analysis was initiated within 2 h of initial sample collection to ensure that
the organic acids were representative of fresh stools, which were taken to represent the
colonic microbiota.

2.8. Statistical Analysis

Data and charts were processed using GraphPad Prism 8.0 (GraphPad Software,
San Diego, CA, USA) and Microsoft Office 2010. The statistical significance of differences
was assessed by a two-way analysis of variance that incorporates a posttest Bonferroni
correction for multiple comparisons. Differences with p-values equal to or lower than 0.05
were considered significant.

3. Results and Discussion
3.1. Optimization of Organic Acid Extraction

The test of organic acids from cultures containing salts and other fermentation byprod-
ucts is obstructed in LC-MS due to their polarity and volatility. If the inorganic salt from
the injection solution builds up in the instrument, it can deteriorate the performance of
a mass spectrometer. Moreover, the determination of organic acids in cultures requires
minimal extraction steps to allow high-throughput routine analysis of large numbers of
samples. To balance these opposing considerations, reaction conditions were optimized
first for rapid and complete extraction with minimal reagent usage in this study.
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Recovery yields of lactic acid (LA) extraction in a blank culture medium by a 2:1 (v:v)
ratio of dichloromethane/methanol (D/M) partition, dichloromethane/acetonitrile (D/A),
and dichloromethane/hexane (D/H) as extraction solvent, respectively, were compared
with 2 mL of 3.5 mol/L NH4OH for further extraction (Figure 1A). The highest recovery
yield of LA was 57 ± 4% by the D/A partition, while it was 28 ± 3% by D/M (p < 0.0001)
and 19 ± 3% by D/H (p < 0.0001).

Processes 2025, 13, x FOR PEER REVIEW  6  of  13 
 

 

 

Figure 1. Optimization of the extraction protocol for organic acids at an initial concentration of 2.5 

mM. Mean ± SD, n = 5. D/M, dichloromethane/methanol; D/A, dichloromethane/acetonitrile; D/H, 

dichloromethane/hexane. (A) Optimization of three sets of extraction solvents. **** p < 0.0001, one-

way analysis of variance (ANOVA). (B) Optimization of the relative ratios of dichloromethane and 

acetonitrile. (C) Optimization of the volume usage of 3.5 mol/L NH4OH. 

3.2. Stability of Organic Acid Extraction 

In previous studies on organic acid detection methods, only LOD, LOQ, linearity of 

standards, recoveries, and reproducibility were considered [44,45], without a systematic 

investigation of the extraction rate and stability of short-chain fatty acids. Apart from lac-

tic acids, the other five organic acids in our study are short-chain fatty acids that are vol-

atile. After ammonium hydroxide extraction, it is necessary to evaluate the stability of the 

organic acids in LC-MS quantification. Concentrations of 0.1, 0.5, 1.0, 1.5, 2.0, and 2.5 mM 

organic acids were dissolved in the NH4OH solution, respectively, and detected on the 

first day and the second day at 4 °C (Figure 2). Six tested concentrations of the six organic 

acids were all closer to the theoretical concentrations on both days. The five short-chain 

fatty acids and lactic acid in different concentrations were relatively stable in the time to 

be measured, although the stability of the data slightly decreased over time. Overall, the 

standard deviation of the six acids on the second day was higher than on the first day. 

Loading acid samples into an autosampler or storing them at 4 °C between preparation 

and analysis in two days did not interfere with accurate quantification. Hence, it is recom-

mended to complete the detection of the six organic acids within 24 h after extraction. 

Figure 1. Optimization of the extraction protocol for organic acids at an initial concentration of
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To optimize the extraction effect of D/A, recovery yields of six organic acids by seven
relative ratios of D/A (3:2, 2:1, 3:1, 4:1, 6:1, 8:1, and 12:1; v:v) were compared (Figure 1B).
First, different acids showed their own trends in recovery yields. The recovery yields of
LA, propionic acid (PA), butyric acid (BA), and valeric acid (VA) decreased with increasing
D/A ratios, while acetic acid (AA) showed the opposite trend; meanwhile, no significant
effect was observed for hexanoic acid (HA) at different D/A ratios. Second, different acids
had the different highest extraction recovery yields. At a 3:2 (v:v) relative ratio of D/A,
LA, PA, BA, and VA all got the highest recovery yields, which were 57 ± 4%, 92 ± 4%,
83 ± 4%, and 86 ± 3%, respectively. Recovery yields of AA were similarly highest in 6:1,
8:1, and 12:1 ratios of D/A (87–89%), whereas HA recovery varied between 90% and 96%
across the seven D/A ratios. Third, among the six tested acids, HA achieved the highest
recovery yield of 96% at a 4:1 D/A ratio, while LA had the lowest recovery yield of 44% at
12:1 D/A. Considering the simplicity and operability of the extraction protocol for LC-MS
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quantitation and the stability of trend lines in Figure 1B, the final ratio of D/A for extracting
AA, LA, PA, BA, VA, and HA in a single injected sample was chosen as 2:1, with recovery
yields of 56 ± 3%, 57 ± 4%, 88 ± 4%, 84 ± 3%, 83 ± 3%, and 94 ± 5%, respectively.

In the last extraction step, the usage of NH4OH also impacted the extraction effect
and organic acid quantification. Figure 1C showed the recovery yields of six acids when
0.5, 1.0, 2.0, 3.0, and 4.0 mL of 3.5 mol/L NH4OH were added into the 5 mL initial
extract (pH = 9–10), respectively. Each acid achieved the highest recovery yield when the
amount of 3.5 mol/L NH4OH was 3 mL, which also resulted in a relatively lower standard
deviation (SD).

Accordingly, these extraction conditions of a 2:1 (v:v) ratio of D/A and a 3 mL volume
of 3.5 mol/L NH4OH were adopted in this study. The final extraction recovery yields of
AA, LA, PA, BA, VA, and HA were up to 67 ± 3%, 60 ± 8%, 89 ± 2%, 89 ± 2%, 93 ± 2%,
and 99 ± 3%, respectively. Hence, the target organic acids exhibited different levels of
derivation. The higher recovery yields under optimized conditions in this study facilitate
quantitative analysis of organic acids produced by bacterial fermentation both in vitro and
in vivo.

3.2. Stability of Organic Acid Extraction

In previous studies on organic acid detection methods, only LOD, LOQ, linearity of
standards, recoveries, and reproducibility were considered [44,45], without a systematic
investigation of the extraction rate and stability of short-chain fatty acids. Apart from lactic
acids, the other five organic acids in our study are short-chain fatty acids that are volatile.
After ammonium hydroxide extraction, it is necessary to evaluate the stability of the organic
acids in LC-MS quantification. Concentrations of 0.1, 0.5, 1.0, 1.5, 2.0, and 2.5 mM organic
acids were dissolved in the NH4OH solution, respectively, and detected on the first day and
the second day at 4 ◦C (Figure 2). Six tested concentrations of the six organic acids were
all closer to the theoretical concentrations on both days. The five short-chain fatty acids
and lactic acid in different concentrations were relatively stable in the time to be measured,
although the stability of the data slightly decreased over time. Overall, the standard
deviation of the six acids on the second day was higher than on the first day. Loading acid
samples into an autosampler or storing them at 4 ◦C between preparation and analysis
in two days did not interfere with accurate quantification. Hence, it is recommended to
complete the detection of the six organic acids within 24 h after extraction.
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Figure 2. Stability of six organic acids at different theoretical concentrations in NH4OH solution,
tested on the first day and the second day. n = 3, Mean ± SD. AA, acetic acid; PA, propionic acid; BA,
butyric acid; LA, lactic acid; VA, valeric acid; HA, hexanoic acid.
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3.3. Method Validation

The dynamic range and linearity for the simultaneous quantification of the six organic
acids were evaluated through the use of a series of different fold dilutions as standard
curves (Table 1). The relationship between concentration and response for each standard
was linear within a certain concentration range. The lowest limit of quantification (signal-
to-noise ratio ≥ 1000) was 0.01 mM for each acid, which was more sensitive than other
methods [43]. The maximal detection concentrations of acetic acid, propionic acid, butyric
acid, lactic acid, valeric acid, and hexanoic acid were 10, 5, 10, 20, 5, and 5 mM, respectively.
The excellent linearity of the curve over the entire dynamic range was evident from the
coefficient of determination (R2) being more than 0.991 for all tested standards.

Table 1. Linearity of peak areas obtained for six organic acids in blank culture medium after extraction.

Organic Acids Regression Equations * Coefficient of
Determinations (R2)

Dynamic Ranges
(mM)

Acetic acid Y = 15,093X + 11,348 0.9993 0.01–10.0
Propionic acid Y = 288,086X + 60,179 0.9980 0.01–5.0

Butyric acid Y = 145,822X + 45,833 0.9993 0.01–10.0
Lactic acid Y = 3688X + 28,466 0.9913 0.01–20.0
Valeric acid Y = 62,334X + 17,018 0.9970 0.01–5.0

Hexanoic acid Y = 130,755X + 11,194 0.9993 0.01–5.0
* Y represents peak area, and X represents standard concentration (mM).

The precision and accuracy of this method were also tested at 0.1, 0.5, 1.0, and 2.5 mM
concentrations for each standard, as shown in Table 2. A known amount of each standard
was added individually into a blank culture medium, which was then extracted with
1.25 mL D/A (2:1) four times using 3 mL 3.5 mol/L NH4OH. The precision was expressed
as CV, and the accuracy was shown as recovery. The range of CVs for all standards was
2–11%. The recovery, showing the comparison between the actual and measured values,
ranged from 92% to 112% in this study. This extraction and detection method showed good
precision and accuracy.

Table 2. Precision (CV) and accuracy (recoverya) of organic acids added to blank culture medium.

Organic
Acids

0.1 mM 0.5 mM 1.0 mM 2.5 mM

Measured 1

(mM)
CV 2

(%)
Rec 3

(%)
Measured

(mM)
CV
(%)

Rec
(%)

Measured
(mM)

CV
(%)

Rec
(%)

Measured
(mM)

CV
(%)

Rec
(%)

Acetic acid 0.10 ± 0.01 10 99 0.55 ± 0.04 7 109 1.01 ± 0.09 8 101 2.66 ± 0.09 3 106
Propionic acid 0.09 ± 0.01 6 94 0.51 ± 0.03 6 102 0.97 ± 0.06 6 97 2.63 ± 0.14 5 105

Butyric acid 0.10 ± 0.01 11 97 0.54 ± 0.05 10 108 1.00 ± 0.05 5 100 2.52 ± 0.12 4 100
Lactic acid 0.09 ± 0.01 6 92 0.51 ± 0.04 8 102 1.02 ± 0.08 8 102 2.47 ± 0.13 5 99
Valeric acid 0.11 ± 0.01 5 107 0.50 ± 0.03 7 101 1.04 ± 0.05 4 104 2.57 ± 0.05 2 103

Hexanoic acid 0.10 ± 0.01 8 101 0.55 ± 0.02 5 111 1.06 ± 0.11 10 106 2.58 ± 0.08 3 103
1 Measured concentration was derived from peak area (mM). 2 CV (%) = SD/mean × 100%. 3 Rec (recoverya) is
accuracy (% of added standard). n = 3.

To measure the effects of the acid matrix on the response factor (regression curve),
precision, and accuracy of acid extraction from medium, six acid standards at 0.5, 1.0, and
2.5 mM authentic concentrations were added to aliquots of bacterial fermentation medium
(Table 3). The recovery range of six acids was from 95% to 105%, indicating that this sample
pretreatment method could efficiently extract these organic acids. The CVs were all less
than 16%, verifying the higher ability of this extraction method to test organic acids in
bacterial fermentation products. Due to the limitation of the LC-MS detector, the precision
and accuracy of the data for 0.1 mM standard organic acids added to bacterial fermentation
medium were relatively low; hence, they were not shown in this table.
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Table 3. Precision (CV) and accuracy (recoveryb) of organic acids added to bacterial fermentation production.

Organic Acids
Native Organic Acid in Bacterial

Fermentation Medium
(Dilution, CV%)

Standard Organic Acid at Three Levels
[Native + Standards (CV%, Recoveryb%)] *

Recovery
Average

(%)0.5 mM 1.0 mM 2.5 mM

Acetic acid 0.3 ± 0.1 (1-fold, 15) 0.7 ± 0.2 (18, 90) 1.4 ± 0.3 (11, 108) 2.7 ± 0.4 (14, 96) 98
Propionic acid 1.1 ± 0.2 (1-fold, 13) 1.5 ± 0.1 (7, 94) 1.8 ± 0.2 (11, 87) 3.7 ± 0.5 (14, 104) 95

Butyric acid 9.0 ± 0.7 (10-fold, 8) 9.5 ± 0.4 (4, 100) 10.8 ± 0.6 (6, 108) 12.3 ± 0.8 (7,107) 105
Lactic acid 13.4 ± 0.9 (10-fold, 7) 14.1 ± 0.5 (4, 101) 15.0 ± 0.6 (4, 104) 15.5 ± 0.5 (3, 98) 101
Valeric acid 2.0 ± 0.1 (1-fold, 2) 2.4 ± 0.2 (8, 96) 3.1 ± 0.4 (12, 103) 3.9 ± 0.7 (18, 87) 95

Hexanoic acid 1.7 ± 0.2 (1-fold, 9) 2.4 ± 0.2 (8, 110) 2.6 ± 0.2 (8, 96) 3.8 ± 0.7 (18, 90) 99

* Recoveryb/% = (concentration in diluted bacterial fermentation medium with spiked organic acids − concentra-
tion in diluted bacterial fermentation medium)/concentration of spiked organic acids × 100%. n = 3.

Based on the results in Tables 1–3, the quantification of AA, PA, BA, LA, VA, and HA
from bacterial fermentation medium was scientifically feasible with an optimized extraction
process using the LC-MS method.

3.4. Ability to Determinate Natural Organic Acids

The fermentation concentrations of the target metabolites in vivo or in vitro vary
considerably, making appropriate quantification challenging. After optimization of
methods and experimental conditions, extraction using D/A (2:1, v/v) and NH4OH
(3 mL, 3.5 mol/L), resolution by porous graphitic carbon HPLC with a sodium hydrox-
ide/acetonitrile gradient, and detection by mass spectrometric specific ion monitoring, the
organic acid mixture could be quantified in this study. The recovery yields of acetic acid,
propionic acid, butyric acid, lactic acid, valeric acid, and hexanoic acid were 67%, 60%, 89%,
89%, 93%, and 99%, respectively, and were further used to calculate the natural organic
acids. The natural organic acids in bacterial fermentation cultures and human feces were
analyzed as shown in Figures 3 and 4, respectively.
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Probiotics and pathogenic bacteria play a role in inflammation, metabolites of in-
testinal flora, kidney function, and quality of life [46]. In our study, two representative
probiotics, Bifidobacteria longum and Lactobacillus acidophilus, and two pathogenic bacteria,
Campylobacter jejuni and Escherichia coli, were selected for the verification experiment on
fatty acid extraction efficiency. The results are shown in Figure 3. The concentration of
acetic acid was (0.015 ± 0.002) mM in B. longum fermentation, while the other three strains
hardly fermented to produce AA. Except for E. coli, the propionic acid could be produced
in B. longum, L. acidophilus, and C. jejuni fermentation at nearly the same concentration of
0.33 mM. The butyric acid contents produced by B. longum, L. acidophilus, C. jejuni, and
E. coli fermentation decreased sequentially, as well as lactic acid levels. The concentra-
tions of BA and LA were the highest, reaching (17.42 ± 1.69) and (51.68 ± 2.02) mM in
Bifidobacteria longum fermentation, respectively. L. acidophilus, also a predominant mutualist
of the human microbiota, produced the highest content of valeric acid and hexanoic acid,
measuring (0.32 ± 0.01) and (2.32 ± 0.10) mM, respectively. The concentrations of the six
tested organic acids were (70.29 ± 1.60), (30.17 ± 4.30), (13.09 ± 1.10), and (4.06 ± 1.00) mM
by B. longum, L. acidophilus, C. jejuni, and E. coli, respectively.

There is a high distinctness in concentrations of organic acids from the mammalian
gut microbiota anaerobic fermentation. The levels of short-chain fatty acids in feces are
closely related to personal dietary habits [47]. In our study, we also tested the differences
in natural organic acids among individual feces using this method. The results of organic
acid production from individuals of different genders and ages with varying eating habits
are shown in Figure 4. For four donors, they had obviously different AA, PA, BA, LA,
VA, and HA concentrations, which were (8.21–15.67), (0.23–1.50), (0.35–3.26), (35.51–88.31),
(2.04–13.66), and (0.11–3.23) mM, respectively. Total organic acid contents ranged from
(60.92 ± 8.00) to (104.87 ± 9.63) mM, showing remarkable variation among individuals. This
extraction method and LC-MS analytical technique can be successfully used to determine
individual differences in organic acids in vitro and in vivo and to further analyze their
biological correlates.
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In recent years, LC-MS with different derivatization methods has been used to quan-
tify organic acids. In plasma or serum, both Jaochico et al. [48] and Zeng et al. [49] used
O-benzylhydroxylamine as the derivatization reagent, and Wang et al. [45] selected 3-
nitrophenylhydrazine derivatization with LC-MS to quantify organic acids. Neither of
these methods was suitable for human feces analysis. In human feces, Zhou et al. [50] ap-
plied derivatization with 2-nirophenylhydrazine for determining organic acids, and Wang
et al. [51] validated derivatization with 3-nirophenylhydrazine and solid-phase extraction.

4. Conclusions
For the quantitative or qualitative analysis of organic compounds in natural products,

the first step should be to address the issue of extraction efficiency for organic compounds.
Then, on the basis of appropriate extraction methods, the detection methods for specific
substances should be considered. It is worth paying attention to the optimization of the
sample preparation procedure and LC-MS conditions for organic acid detection. In this
study, a general LC-MS method for the simultaneous quantification of short-chain fatty
acids (acetic acid, propionic acid, butyric acid, valeric acid, and hexanoic acid) and lactic
acid was developed and validated. After extraction by dichloromethane/acetonitrile and
ammonium hydroxide, respectively, the adsorption effect of six organic acids was good
on a porous graphitic carbon column that could be detected by MS. The conditions of
LC-MS with 90% of 0.01 (v/v) NaOH and 10% acetonitrile as the mobile phases A and B,
respectively, as described herein, were used to determine the organic acids. This technique
allowed high throughput and was suitable for routine analysis of large numbers of bacterial
fermentation cultures and fecal samples in a short runtime. The prebiotic effects of each
organic acid and the inherent complexity of the culture media matrix were also accurately
compared. This method, combined with solvent extraction and LC-MS analysis, proved to
be a simple, sensitive, and replicable diagnostic procedure for the quantification of organic
acids in a native mixture from bacterial fermentation and human feces.
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