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Abstract: A solid-phase extraction (SPE) process, followed by an HPLC-DAD method, was developed
and validated to quantify short-chain fatty acids (SCFAs) and applied to analyze chicken feces samples.
This study aimed to report the use of the STRATATM-X-A 96 Well Plate SPE cartridge method as
the first step in quantifying SCFAs. A stationary reverse-phase Luna Omega C18 column kept at
40 ◦C was used, with a gradient elution mobile phase (H2SO4 and Acetonitrile, 98:2), a flow rate
of 1.2 mL/min, and detection at 210 nm. A mixture of acetic, propionic, and butyric acid was
used as thestandard. The method showed a linear relationship, with a coefficient of determination
of R2 = 0.9987, R2 = 0.9985, and R2 = 0.9966 for acetic, propionic, and butyric acid, respectively.
Concerning sensitivity, an LOD and LOQ of 0.14, 0.14, 0.14 mg/mL and 0.44, 0.45, 0.43 mg/mL
were obtained for acetic, propionic, and butyric acid, respectively. According to the sample analysis,
the accuracy was 76.05, 95.60, and 81.56% for acetic, propionic, and butyric acid, respectively. The
developed method is simple, fast, linear, sensitive, accurate, precise, and robust for the quantification
of SCFAs. This could serve as an alternative to conventional methodologies for the determination of
these critical components in the intestinal health of chicken feces.

Keywords: HPLC-DAD; solid phase extraction; SCFAs; chicken feces; validation

1. Introduction

SCFAs are final products and metabolites of the anaerobic microbial fermentation of
dietary fiber in the cecum of chickens, and almost all mammals [1]. SCFAs are compounds
of less than six carbons, chemically composed of hydrocarbon chains. The most important
compounds are acetic (AA), propionic (PA), and butyric (BA) acid, with two, three, and
four carbons, respectively (Figure 1) [2]. These three compounds comprise 95% of the total
SCFAs, and are mainly found in a proportion of 60/20/20, with acetic acid as the most
abundant [3]. Although, during fermentation, the microorganisms produce a wide variety
of components, SCFAs have gained in importance due to their positive effects on health.
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Figure 1. Short-chain fatty acids, (a) acetic acid (AA), (b) propionic acid (PA), and (c) butyric acid 
(BA). 

SCFAs are used as indicators of good health because their levels are related to the 
pathological conditions or potential health benefits of the organism [4]. Many studies have 
shown the significant role of SCFAs in the regulation of intestinal health, strengthening 
the immune system, metabolism homeostasis, inhibiting intestinal inflammation, and 
avoiding pathogen adhesion in chickens. However, it is known that the main function of 
SCFAs is energy production through their absorption by enterocytes from the intestine 
[5]. SCFAs are considered important biomarkers to monitor intestinal health in chickens, 
where a good balance is fundamental to health and growth performance in chickens. It is 
important to note that, after the production of SCFAs, these are rapidly and efficiently 
absorbed, meaning that less of the 10% of SCFAs would be excreted in the feces [1]. This 
means that the sample pre-treatment and quantification accuracy must be as efficient as 
possible. 

Numerous methodologies and pre-treatments allow for the quantification of SCFAs; 
however, these tend to be complex, laborious, and poorly accessible due to the cost and 
availability of the equipment used for this determination. SCFAs can be analyzed by dif-
ferent analytical methods, such as gas–liquid chromatography (GC), high-performance 
liquid chromatography (HPLC), nuclear magnetic resonance (NMR), capillary electropho-
resis, and enzymatic detection [4]. The most-used technique is GC, as it is the most precise 
and quickly developed method. Nevertheless, GC analysis can cause structural modifica-
tion to the acids due to the thermic degradation that occurs during the process, ending in 
total destruction of the sample in some cases. This technique also requires some sample 
pretreatments, such as filtration, centrifugation, and acidification, which may affect the 
structural and actual quantification of the sample [6–8]. These pre-treatments may carry 
some impurities, be time-consuming, or cause the loss of acid due to evaporation, which 
complicates the quantification of the three acids. This generates the need to develop a 
simple, economically effective, and robust SCFAs method for routine quantification. 
When discussing HPLC, the reverse phase is the most common stationary phase, along 
with a hydrophilic mobile phase, usually water, a buffer, or a polar solvent. This technique 
does not require high temperatures to separate the compounds compared to GC, which 
allows for the determination of thermally labile compounds [9]. However, it also requires 
samply pre-treatment and the optimization of running conditions for a more accurate 
analysis to enhance UV detection. The most common sample pretreatments for HPLC 
analysis include derivatization, centrifugation and acidification, with the latter being the 
most common [10–12]. However, according to the literature, the detection limits of SCFAs 
using HPLC highly depend on the sensitivity of the applied detector [4]. Different types 
of detectors have been used to quantify SCFAs by HPLC (UV, variable-length detectors, 

Figure 1. Short-chain fatty acids, (a) acetic acid (AA), (b) propionic acid (PA), and (c) butyric acid (BA).

SCFAs are used as indicators of good health because their levels are related to the
pathological conditions or potential health benefits of the organism [4]. Many studies have
shown the significant role of SCFAs in the regulation of intestinal health, strengthening the
immune system, metabolism homeostasis, inhibiting intestinal inflammation, and avoiding
pathogen adhesion in chickens. However, it is known that the main function of SCFAs is
energy production through their absorption by enterocytes from the intestine [5]. SCFAs
are considered important biomarkers to monitor intestinal health in chickens, where a good
balance is fundamental to health and growth performance in chickens. It is important
to note that, after the production of SCFAs, these are rapidly and efficiently absorbed,
meaning that less of the 10% of SCFAs would be excreted in the feces [1]. This means that
the sample pre-treatment and quantification accuracy must be as efficient as possible.

Numerous methodologies and pre-treatments allow for the quantification of SCFAs;
however, these tend to be complex, laborious, and poorly accessible due to the cost and
availability of the equipment used for this determination. SCFAs can be analyzed by differ-
ent analytical methods, such as gas–liquid chromatography (GC), high-performance liquid
chromatography (HPLC), nuclear magnetic resonance (NMR), capillary electrophoresis,
and enzymatic detection [4]. The most-used technique is GC, as it is the most precise and
quickly developed method. Nevertheless, GC analysis can cause structural modification
to the acids due to the thermic degradation that occurs during the process, ending in
total destruction of the sample in some cases. This technique also requires some sample
pretreatments, such as filtration, centrifugation, and acidification, which may affect the
structural and actual quantification of the sample [6–8]. These pre-treatments may carry
some impurities, be time-consuming, or cause the loss of acid due to evaporation, which
complicates the quantification of the three acids. This generates the need to develop a
simple, economically effective, and robust SCFAs method for routine quantification. When
discussing HPLC, the reverse phase is the most common stationary phase, along with
a hydrophilic mobile phase, usually water, a buffer, or a polar solvent. This technique
does not require high temperatures to separate the compounds compared to GC, which
allows for the determination of thermally labile compounds [9]. However, it also requires
samply pre-treatment and the optimization of running conditions for a more accurate
analysis to enhance UV detection. The most common sample pretreatments for HPLC
analysis include derivatization, centrifugation and acidification, with the latter being the
most common [10–12]. However, according to the literature, the detection limits of SCFAs
using HPLC highly depend on the sensitivity of the applied detector [4]. Different types
of detectors have been used to quantify SCFAs by HPLC (UV, variable-length detectors,
electrochemical, conductivity, and refractive index detectors) [13–16]. However, these
detectors are not as accessible, require additional sample preparation, or are specific to
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certain types of compounds. Among these detectors, the diode array detector (DAD) stands
out, belonging to the group of variable-length detectors, where the absorption is monitored
at different wavelengths, allowing for the simultaneous detection of one or several ana-
lytes [17]. This makes it a very versatile detector for HPLC in experiments where the goal
is to identify and quantify several compounds of interest.

The feces consist of a mixture of many components produced during the gastrointesti-
nal process by the intestinal microbiota, which makes it a difficult sample to quantify. It is
for this reason that sample pre-treatment is a crucial step in the detection of SCFAs. Different
efforts have been developed to quantify SCFAs using HPLC. Some of these pre-treatments
may be fast, have good purity, and require a low-temperature processes. However, some
disadvantages of these methods include column overload, loss of SCFAs, time consumption,
and unspecific results [4]. SCFAs are partially hydrophilic, which makes their quantitative
extraction in hydrophobic organic solvents difficult. However, acidification is often applied
to keep acids protonated in the sample, facilitating better extraction [18]. Knowing this,
it is important to develop a method for the better determination of the SCFAs. One of
these possible paths is SPE, a green and simple technique for the pre-treatment of samples.
This serves to concentrate the analyte due to the capacity to retain the compounds of
interest through interaction with the solid phase. The complexity of the samples and the
physicochemical characteristics of SPE establishes a powerful tool to remove interferences.
SPE proved to be a very effective technique for cleaning up samples with a good extraction
capacity and allows for enrichment of the analyte, which improves its selectivity [19]. SPE
is based on the polarity of the solid phase and the target analyte, which is key to analyte
attachment and other compounds’ discard [20]. SPE is a low organic solvent-consumption
technique, where the adsorbent material is the most important factor when cleaning up the
sample, benefitting the lifespand of the column and equipment.

The aim of this study is to develop an accurate SPE method for the retention and
posterior quantification of SCFAs from chicken feces’ samples using HPLC-DAD. This will
allow for the development of a rapid, simple, rentable, and validated method to determine
the presence of acetic, propionic, and butyric acid in chicken feces.

2. Materials and Methods
2.1. Chemicals and Reagents

Sulfuric acid, acetic acid, propionic acid, butyric acid, and monobasic potassium
phosphate were supplied by Sigma-Aldrich (St. Louis, MO, USA). Acetonitrile, methanol,
and water of analytical grade for HPLC were purchased from JT Baker (Radnor, PA, USA).

2.2. Sample Collection

For studies with chicken feces, these were donated by local farms in the city of
Guadalajara, Jalisco, Mexico. Samples were collected directly from the chicken cloaca and
were homogenized before being used for analysis.

2.3. Instrumentation and Chromatographic Conditions

The chromatographic analysis was performed on an HPLC (Agilent 1260 Infinity,
Santa Clara, CA, USA). It consisted of a solvent cabinet, quaternary pump, autosampler,
a thermostated column compartment, and a diode array detector. A Luna Omega Polar
C18 (150 × 4.6 mm, 5 µm) (Phenomenex, Torrance, CA, USA) column at 40 ◦C was used as
the stationary phase, with a gradient elution program for the mobile phase and flow rate,
as shown in Table 1. An injection volume of 20 µL was used in a 15 min run, and the UV
absorbance was measured at 210 nm using a DAD detector.



Separations 2023, 10, 308 4 of 13

Table 1. Gradient elution program of the developed HPLC-DAD method.

Time (min) Flow (mL/min) Sulfuric Acid (5 mM) Acetonitrile

0.00 1.0 100 0
4.00 1.0 100 0
4.20 1.2 98 2
11.90 1.2 98 2
15.00 1.2 100 0

2.4. Preparation of Standard Stock Solution

A solution composed of a mixture of 50 µL of acetic acid, propionic acid, and bu-
tyric acid with 850 µL of water (HPLC grade) was used as the standard stock solution
(50 mg/mL). Then, 500 µL of the standard stock solution with 500 µL of water was used as
the intermediate standard solution (25 mg/mL). The latter was used for linearity analysis.

2.5. Solid-Phase Extraction (SPE)

SPE extraction of SCFAs was carried out using a polymeric strong anion STRATATM-
X-A (Phenomenex, Torrance, CA, USA) 96-well cartridge connected to a vacuum manifold.
For sample treatment, 100 mg of chicken feces was weighed in an Eppendorf tube and
mixed with 1 mL of phosphate of potassium solution(K2HPO4) 100 mM pH 2.0. The
sample was homogenized for 5 min, and then centrifugated for 10 min at 10,000 rpm; the
supernatant was recovered for SPE. For cartridge pre-treatment, each well was conditioned
with 500 µL of methanol, then equilibrated with 500 µL of HPLC water, followed by sample
loading of the previously obtained supernatant. Then, 500 µL of K2HPO4 20 mM pH 2.0 was
added to the cartridge and dried for 5 min to obtain the first sample elution. Finally, 500 µL
of methanol was added until dried to collect the second sample elution in HPLC vials.

2.6. Validation Method

The analytical method for the determination was validated to demonstrate that the
method is suitable for its intended purpose. The method was validated following the
instructions of CCAYAC-P-058 for the validation of physicochemical methods, a document
authorized by Secretaría de Salud of México. The subsequent performance parameters
were evaluated according to this guideline. High-purity AA, PA, and BA were used as
standards for method development and validation.

2.6.1. Linearity and Range

To verify the linearity and range parameters of the method, analyses were carried
out in triplicate for each prepared solution in five different concentrations (1.0, 1.25, 1.5,
1.75, and 2.0 mg/mL). For linearity, results were plotted (mAU vs. concentration) and a
regression analysis was conducted; results were expressed as determination coefficient (R2).
In the case of the range, this was determined by plotting the concentration obtained vs.
added concentration, obtaining the slope (m) and correlation coefficient (R).

2.6.2. Limit of Detection (LOD) and Limit of Quantification (LOQ)

LOD and LOQ were evaluated with five concentrations (1.0, 1.25, 1.5, 1.75, and
2.0 mg/mL) in triplicate. Based on this, the slope (m), and standard deviation of the origin
ordinate (sb0) of the analytical response vs. added concentration were calculated. To
determine the limits, the following formulas were used:

LOD =
3.3∗sb0

m

LOQ =
10∗sb0

m
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2.6.3. Accuracy Study

The accuracy of the method was evaluated at five levels (1.0, 1.25, 1.50, 1.75, and
2.0 mg/mL) in triplicate. This was calculated as the percentage of recovered concentration
for each level of added concentration.

2.6.4. Precision Study
Repeatability

To demonstrate the closeness between individual analytical results for repeatability,
three concentration levels (1.0, 1.5, and 2.0 mg/mL) of the calibration curve were evaluated
in triplicate by the same analyst, using the same equipment on two different days. Results
were expressed as recovery (%), and mean; standard deviation and RSD % of recovery were
calculated for each level.

Reproducibility

To demonstrate the reproducibility of the method, three concentration levels (1.0,
1.5, and 2.0 mg/mL) of the calibration curve were evaluated in triplicate, using the same
equipment, on three different days; they were evaluated by a second analyst on the third
day. Results were expressed as recovery (%), and mean; standard deviation and RSD % of
recovery were calculated for each level.

2.6.5. Robustness

Changes in the chromatographic conditions were made to test the robustness of the
developed method. Table 2 presents these variations in the method for the quantification of
SCFAs. Each modification was evaluated independently, and each analysis was performed
in duplicate according to the validation guide. A medium concentration of 1.5 mg/mL of
each acid was used as a reference standard.

Table 2. Robustness parameters of the developed HPLC-DAD method.

Operational Parameter Low Optimal High

Wavelength (nm) 205 210 215
Mobile phase H2SO4 concentration (mM) 2 5 8

Column temperature (◦C) 30 40 50
H2SO4 % change time on gradient (min) 3.7 4.2 4.7

2.6.6. Recovery

Recovery of SCFAs from the sample was evaluated in duplicate with feces samples
spiked with a concentration of 1.5 mg/mL of each acid and a standard solution mixture
at the same concentration. Both were processed by the previously described SPE method
and the percentage recovery was calculated for each SCFA compared to the processed
standard solution.

3. Results

Different mobile phases, flow rates, and column temperatures were tested to improve
the detection and resolution and decrease the retention time of the three acids in a single
run. Firstly, during the development of the method, acids were tested separately to monitor
their behavior and find their retention times. Then, a mixed solution with the same acid
concentration was used for posterior studies to optimize the chromatographic run. The use
of low pH values was essential during the chromatographic process, mainly for the SPE. In
the same way, the increase in temperature column improved peaks’ symmetry, where a
reversed-phase C18 column was the suitable stationary phase. At the end of the method’s
development, three SCFA standards were efficiently separated and quantified: acetic acid
(retention time = 2.62 min), propionic acid (rt = 4.88 min), and butyric acid (rt = 9.90 min).
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3.1. Solid-Phase Extraction Process

For the SPE process, different elution solutions, concentrations, solvents, and pH
variations were tested to find the best conditions for cartridge and sample preparation.
Finally, the best conditions consisted of the use of a solution of K2HPO4 100 mM pH 2.0
for sample pre-treatment. For the elution, K2HPO4 20 mM pH 2.0 for the first elution and
methanol for the second elution resulted in the best SCFAs quantification process. The use
of cartridges served as an efficient solid-phase extraction process to partially purify the
acids and make their quantification possible.

3.2. Validation Method

The quantification method of HPLC-DAD was validated to determine AA, PA, and
BA in chicken feces. The corresponding values of these parameters are shown in Table 3.

Table 3. Parameters obtained for the three acids using the developed HPLC-DAD method.

Parameters Acetic Acid Propionic Acid Butyric Acid

Linearity (R2) 0.9987 0.9985 0.9966
Range (R, m) 1 0.9993, 0.9987 0.9992, 0.9985 0.9983, 0.9966
LOD (mg/mL) 0.14 0.14 0.14
LOQ (mg/mL) 0.44 0.45 0.43
Accuracy (%) 99.98 ± 1.58% 99.98 ± 1.27% 99.98 ± 1.40%

1 R2: coefficient of determination, R: correlation coefficient, m: slope, LOD: limit of detection, LOQ: limit
of quantification.

3.2.1. Linearity and Range

The linearity and range of the method were determined based on five different con-
centrations (1, 1.25, 1.5, 1.75, and 2 mg/mL) of AA, PA, and BA, tested in triplicate. The
method showed a linear relationship in a range of 1–2 mg/mL (Figure 2), with a coeffi-
cient of determination of R2 = 0.9987, 0.9985, and 0.9966 for AA, PA, and BA, respectively.
Figure 3 shows the chromatographs of the mobile phase blank (a), while the bottom of the
figure shows the standard curve (b) used for method validation.

Separations 2023, 10, x FOR PEER REVIEW 7 of 14 
 

 

 
Figure 2. Lineal regression of acetic acid, propionic acid, and butyric acid at five different concen-
trations (1.0, 1.25, 1.5, 1.75, and 2.0 mg/mL). 

3.2.2. LOD and LOQ 
The range of concentrations used could satisfactorily determine these two parame-

ters, with an LOD as low as 0.1456, 0.1496, and 0.1428 mg/mL for AA, PA, and BA, respec-
tively. For LOQ determination, the obtained values were 0.4412, 0.4533, and 0.4327 mg/mL 
for AA, PA, and BA, respectively. These results represent the lowest amount of compound 
used, which can be reliably detected and quantified. 

3.2.3. Accuracy 
In terms of accuracy, the concentration percentages were 99.98 ± 1.58%, 99.98 ± 1.27%, 

and 99.98 ± 1.40% for AA, PA, and BA, respectively. These results represent the average 
recovery of each acid at all concentrations over the three days of analysis and the three 
daily curves. 

Figure 2. Lineal regression of acetic acid, propionic acid, and butyric acid at five different concentra-
tions (1.0, 1.25, 1.5, 1.75, and 2.0 mg/mL).



Separations 2023, 10, 308 7 of 13Separations 2023, 10, x FOR PEER REVIEW 8 of 14 
 

 

 
Figure 3. Chromatograms of (a) mobile phase blank and (b) standard curve (1–2 mg/mL) of (1) acetic 
acid, (2) propionic acid, and (3) butyric acid. 

3.2.4. Precision 
According to CCAYAC-P-058, this parameter denotes repeatability (intraday) and 

reproducibility (interday). These results are shown in Table 4, where it is possible to ap-
preciate the recovery, RSD, and SD of each acid at three concentration levels (1.0, 1.5, 2.0 
mg/mL). Accuracy in all cases is between 99 and 100%, while RSD % values are below 
1.63%. 
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3.2.2. LOD and LOQ

The range of concentrations used could satisfactorily determine these two parameters,
with an LOD as low as 0.1456, 0.1496, and 0.1428 mg/mL for AA, PA, and BA, respectively.
For LOQ determination, the obtained values were 0.4412, 0.4533, and 0.4327 mg/mL for
AA, PA, and BA, respectively. These results represent the lowest amount of compound
used, which can be reliably detected and quantified.

3.2.3. Accuracy

In terms of accuracy, the concentration percentages were 99.98 ± 1.58%, 99.98 ± 1.27%,
and 99.98 ± 1.40% for AA, PA, and BA, respectively. These results represent the average
recovery of each acid at all concentrations over the three days of analysis and the three
daily curves.
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3.2.4. Precision

According to CCAYAC-P-058, this parameter denotes repeatability (intraday) and
reproducibility (interday). These results are shown in Table 4, where it is possible to
appreciate the recovery, RSD, and SD of each acid at three concentration levels (1.0, 1.5,
2.0 mg/mL). Accuracy in all cases is between 99 and 100%, while RSD % values are
below 1.63%.

Table 4. Results obtained for the three acids for precision parameters.

Acid Acetic Propionic Butyricid

Concentration (mg/mL) 1.0 1.5 2.0 1.0 1.5 2.0 1.0 1.5 2.0
Intraday (n = 6)

Recovery (%) 99.42 100.0 99.67 99.46 99.95 99.71 99.49 99.93 99.72
RSD 1 (%) 1.11 1.05 0.69 1.44 1.45 0.95 1.62 1.30 1.16

SD 2 1.10 1.05 0.69 1.43 1.45 0.95 1.61 1.30 1.15
Interday (n = 9)

Recovery (%) 99.26 100.2 99.61 99.32 100.1 99.66 99.3 100.1 99.68
RSD 1 (%) 1.44 1.74 1.63 1.38 1.27 1.53 1.35 1.44 1.62

SD 2 1.43 1.74 1.62 1.37 1.27 1.53 1.34 1.44 1.61
1 RSD: relative standard deviation. 2 SD: standard deviation.

3.2.5. Robustness

Four conditions of the developed method were modified to determine its effect on
the quantification of the SCFAs. According to the robustness results shown in Table 5, the
wavelength factor resulted in a significant difference in the accuracy percentage of the
acids, while other modified conditions remained constant. With respect to retention time,
an increase in column temperature (50 ◦C) decreased the retention time of the three acids
with respect to normal conditions, affecting the peak shapes.

Table 5. Robustness results of the developed HPLC-DAD method.

Parameter Modification Retention Time (min) Accuracy (%) RSD (%) DE

Optimal condition 1 - AA PA BA AA PA BA AA PA BA AA PA BA

2.62 4.88 9.90 97.19 98.04 97.83 0.00 0.03 0.16 0.00 0.03 0.15

Wavelength (nm) 205 2.62 4.88 9.89 105.9 102.3 98.60 0.08 0.12 0.47 0.09 0.13 0.46
215 2.62 4.88 9.87 78.49 82.35 84.32 0.02 0.00 0.06 0.02 0.00 0.05

Mobile phase H2SO4
concentration (mM)

2 2.62 4.87 9.66 97.06 98.13 97.90 0.01 0.01 0.03 0.01 0.01 0.03
8 2.61 4.85 9.66 96.91 97.65 96.74 0.02 0.04 0.15 0.02 0.04 0.14

Column temperature
(◦C)

30 2.73 5.23 10.6 96.39 97.23 96.26 0.02 0.01 0.06 0.02 0.01 0.06
50 2.53 4.55 9.06 97.14 n.q. n.q. 0.01 n.q. n.q. 0.01 n.q. n.q.

H2SO4 % change time
on gradient (min)

1.7 2.62 4.77 9.57 96.94 97.88 97.01 0.02 0.00 0.10 0.02 0.00 0.09
4.7 2.61 4.93 10.0 96.88 98.03 97.17 0.00 0.01 0.10 0.00 0.01 0.10

1 Optimal condition: wavelength 210 nm, mobile phase H2SO4 concentration 5 mM, column temperature 40 ◦C,
and H2SO4 % change time on gradient 4.2 min. AA: acetic acid, PA: propionic acid, and BA: butyric acid; n.q.
not quantified.

3.2.6. Recovery Analysis of Chicken Feces Samples

To evaluate the applicability of the validated HPLC-DAD method, fresh samples of
chicken feces were analyzed. The method was tested for an SPE of a standard mixture of
AA, PA, and BA compared to spiked feces samples at a concentration of 1.5 mg/mL. As
seen, the sample processed by the SPE method showed good recoveries of 76.05%, 95.60%,
and 81.56% for AA, PA, and BA, respectively, compared to those obtained by a standard
mixture of the acids. Figure 4a shows the chromatogram of the first elution obtained by
SPE, while chromatogram (b) shows the second elution obtained during the SPE.
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4. Discussion

Short-chain fatty acids represent valuable biomarkers of chicken intestinal health, and
their role in metabolism, immune processes, inflammation, and tumor proliferation has also
been demonstrated. Therefore, the monitoring of these molecules provides very important
information regarding the state of health, quality, and productivity in the poultry industry.
Different methods for the quantification of SCFAs in chicken using gas chromatography
have been developed [21–24]. However, their quantification represents a challenge, since
the sample pretreatment processes can be rough and time-consuming, and the equipment
and consumables are expensive, making this a technology with low accessibility.

An exploration of the quantification of SCFAs by HPLC was undertaken; however,
these methodologies are based on an analysis of these acids produced by the fermentation
of in vitro cultured bacteria [25,26]. In this study, a developed and validated HPLC-DAD
method was presented as an alternative to a simple, accurate, precise, and selective method-
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ology for the quantification of SCFAs in chicken feces. This method has advantages over
other developed methodologies, since it represents a simple SPE process for sample pre-
treatment, and a 15 min analysis runtime can quantify AA, PA, and BA, the three most
important acids for intestinal health, with the use of a single chromatographic run. The
developed method was efficiently validated, fulfilling all CCAYAC parameters. It proved
to be linear, with good quantification and detection limits, as well as efficient accuracy pro-
cesses, with repeatability and reproducibility. The validated method resulted in noticeable
robustness, with the results showing that these changes did not alter the quantification of
the acids except for the column temperature. When there is an increase in temperature,
the retention time of the three acids decreased significantly, causing the peaks, although
quantifiable, to change their retention time considerably. However, this can be explained
by an increase in the internal pressure of the column, which leads to an acceleration in the
elution of the compounds [27].

Although the developed methodology is challenging to validate, the behavior of
the conditions is very different when an analysis is performed with biological samples.
The main reason for the research was to use the developed method in the actual analy-
sis of chicken feces samples. A feces sample is a complex mix of biomolecules, organic
compounds, and microorganisms, presenting a challenge regarding the isolation and iden-
tification of several components using chromatographic methods [28]. A possible solution
to this issue is sample pre-treatment using an SPE cartridge, which is designed to clean
biological samples by removing interferences and concentrating the analyte, increasing the
chances of its quantification. The SPE STRATATM-X-A cartridge consists of a strong anion
exchange reverse phase of di-methyl butyl quaternary amine ligand. Thus, it can retain
weak acids with a pKa > 2, which indicates an affinity for this type of compound. This is
why it works for the retention of SCFAs, since AA, PA, and BA are weak acids with a pKa
of 4.76, 4.87, and 4.82, respectively, indicating that these compounds exist in their anionic
form [29]. This is shown by the similarity of the structures of the three acids, which share
the -CH2COOH termination [30]. However, when we look at the chromatograms obtained
from the HPLC analysis of the spiked sample, AA is revealed in the first elution, while
PA is revealed in both elutions and butyric acid is revealed in the second elution. This
can be explained by the structure of the molecule. Although sharing much of its structure,
BA has two additional carbons in its structure, which allows it to have a more stable and
stronger interaction with the quaternary amine in the solid phase of the cartridge. In the
case of PA, a partial retention can be observed in the cartridge; however, this interaction
is not strong enough, so it is necessary to quantify it in both elutions, which still yields
reliable and congruent results. Wang et al. [31] employed an SPE pretreatment to quantify
SCFAs in human feces, detecting up to 10 acids using an HPLC-UV-Vis. Nevertheless, they
performed a 3-nitrophenylhydrazine derivatization of the acids, developing a multi-step
SPE. However, the pretreatment included a segmented elution of the acids, requiring a
couple of gradient chromatographic runs of up to 50 min each per sample.

When a comparison was made of the treated standards and the spiked feces sample,
the recovery of the acids was very good, up to 95.60% for PA, and 81.56% for BA. However,
in the analysis of AA, a lower recovery of the acid can be observed (76.05%). This may be
because, when the sample is subjected to the SPE process, the acetic acid may be lost, as it
is considered one of the main volatile organic acids [32]. These results are comparable with
those obtained by other authors [26,31,33] for the analysis of SCFAs by HPLC; however,
these studies are focused on humans and a more complex and time-consuming sample
pre-treatment process. Dobrowolska-Iwanek et al. [33] reported the use of HPLC-DAD to
quantify SCFAs in neonatal meconium, with recovery rates higher than 90%. However,
the extraction process consisted of drying, ultrasound exposition, agitation, and filtration
of the sample, generating a pre-treatment of more than 2.5 h per sample. In addition to
risking the integrity of the acids due to their volatility, this method requires the use of two
different conditions to quantify all the acids in 35 min runs.
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A simple and fast method was validated and meets the ideal characteristics, with
the capacity to quantify three compounds in a single chromatographic run in a relatively
short time. The main contribution of this study was to capture the use of the cartridge
and overcome the long and multistep traditional process. In addition, few publications
focused on the direct quantification of SCFAs using HPLC-DAD in chicken feces, which, at
the final step, corresponds to monitoring the health of one of the most-consumed products
worldwide. These results open up the possibility of employing this method with another
matrix from other organisms to quantify the SCFAs. However, future studies need to
be made to adapt the methodology to the matrix that is to be analyzed and improve the
selection of the acids, allowing for a better and easier quantification of SCFAs.

5. Conclusions

The SCFAs of chicken feces samples can be quantified simultaneously in a single
HPLC-DAD run, supported by a pre-treatment with SPE. This validated method proved to
be lineal, accurate, precise, and robust. Is important to note that all parameters suggested
by CCAYAC-P-058 were achieved for the validation of the method. This methodology
represents a simple and fast process for the routine quantification of SCFAs of chicken feces
in HPLC, since the incorporation of an SPE cartridge can allow for the analysis of multiple
samples. Despite being a complex matrix, the good recoveries of SCFAs from chicken feces
demonstrated the utility and reliability of the developed method for extraction with SPE
and HPLC-DAD quantification of the acetic, propionic, and butyric acid.
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