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Abstract

This study adapted and validated an HPLC-DAD method for the simultaneous quantification of eight organic acids
in artisanal goat coalho cheese. The sample preparation used ion-exchange resin that ensures high selectivity
for the complex protein matrices. The optimized method demonstrated excellent linearity (R*> > 0.998), precision
(RSD < 4.5%), and recoveries ranging from 70% to 107%. The method was successfully applied to monitor the
organic acid profiles in cheeses matured for 1, 20, 40, or 60 days, made with raw or pasteurized milk, with or without
the addition of Limosilactobacillus mucosae CNPC007. Lactic acid was the predominant metabolite, negatively
correlated with moisture, while acetic acid was inversely correlated with yield. These correlations reflect biochemical
and technological transformations influenced by autochthonous culture. Overall, the validated method proved to
be a robust, practical, and cost-effective tool for quality control and biochemical understanding of artisanal cheeses,
broadening the possibilities for goat dairy products evaluation.

Keywords: Method validation; Chromatographic analysis; Low-molecular-weight metabolites; Fermented dairy foods;
Food quality control; Ripening process.

Highlights

¢ Organic acids are an important parameter for the production and maturation of cheeses

 Simultaneous identification of organic compounds by HPLC.

« Efficiency in the analysis by HPLC of organic compounds in cheese

* Validation of the organic acids method for goat coalho cheese

» Reduction of interferers in the analysis method using ion exchange resin.
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1 Introduction

The expansion of goat farming for the production of meat, milk, and their derivatives has been gaining traction worldwide,
including in Brazil (Miller & Lu, 2019; Instituto Brasileiro de Geografia e Estatistica, 2017). Among the derivatives,
goat coalho cheese is the most commonly produced. Typically, small producers manufacture goat coalho cheeses on a
limited scale and in an artisanal manner (Miller & Lu, 2019; Delgado-Junior et al., 2020; Brasil, 2019; Queiroga et al.,
2013; Dias et al., 2019). Artisanal cheeses are produced using traditional methods, influenced by regional culture, and
valued for their connection to local communities (Brasil, 2019; Penna et al., 2021). Among the cheeses produced in the
Northeast of Brazil, coalho cheese is among the most consumed due to its cultural significance and economic importance
(Queiroga et al., 2013; Silva & Damasceno, 2021).

The variety and distinctive flavors of cheese are largely influenced by the type of milk used and the specific cultures of
microorganisms involved in its production. Cheese made from raw milk retains the intrinsic characteristics of its natural
microbiota, which provide unique compounds formed through various metabolic processes, particularly during maturation.
In contrast, when milk is pasteurized and supplemented with starter or autochthonous cultures, fermentation is guided in
a controlled manner, resulting in specific biochemical profiles in the final product (Olson, 1990; Perry, 2004; Bruno &
Carvalho, 2009; Widyastuti et al., 2014; Aqeel et al., 2021).

Microbial cultures associated with milk enzymes initiate a series of complex biochemical reactions during ripening,
converting lactose into lactic acid and other organic acids, which, in turn, influence sensory characteristics of the cheeses
(Coelho et al., 2022; Widyastuti et al., 2014).

Due to their natural abundance of lipids, proteins, and minerals, cheeses present significant challenges for
the analysis of organic acids. Effective strategies for sample preparation, such as filtration, dilution, or protein
precipitation, are therefore required to eliminate interferents and preserve the analytes of interest (Costa et al., 2016).
The use of techniques such as ion-exchange resin becomes indispensable, acting as a selective “clean-up” step that
removes unwanted components and enables analytical methods to more accurately reveal the profile of organic acids
(Pochet et al., 2018).

In food analysis, choosing an appropriate method is a strategic decision that must balance accuracy, detection
capability, and, most importantly, accessibility and cost-effectiveness. While advanced techniques such as
chromatography coupled with mass spectrometry (GC-MS or LC-MS/MS) offer exceptional sensitivity and specificity
for detecting trace and complex compounds, their high acquisition, maintenance, and operational costs often pose a
substantial barrier for many laboratories, particularly in regions with limited resources (Tolentino Junior et al., 2021;
Brasil, 2017).

Within this scenario, High-Performance Liquid Chromatography (HPLC), particularly when coupled with diode array
detection (DAD), is a robust and widely accessible alternative for the quantification of compounds such as organic acids
in complex matrices like cheese, as it offers precision, accuracy, and selectivity at a considerably lower cost (Costa et al.,
2016). This accessibility makes HPLC-DAD an essential tool for quality control, research, and development activities
across a broader range of laboratories, helping to democratize access to biochemical analyses that are fundamental for food
safety and product characterization (Costa et al., 2016).

Several studies have employed high-performance liquid chromatography (HPLC) to quantify organic acids in plant-
based matrices such as coffee, fruits, and beverages (Rodrigues et al., 2007; Divi§ et al., 2019; Bressani et al., 2020;
Santiago et al., 2020). However, the accurate analysis of these metabolites in fermented dairy products, such as cheese,
remains challenging due to the complexity of the matrix. Previous studies on cheese, such as the study by Akalin et al. (2002),
presented chromatographic methods but reported limitations in sensitivity, with high detection ranges (e.g., 200 pg/mL
for pyruvic acid), which motivated the development of more sensitive approaches in this work. Although Gambaro et al.
(2017) investigated variations in the organic acid profiles of cheeses, the lack of formal validation weakens the robustness
of their results. More recently, Olonimoyo et al. (2025) developed an efficient and cost-effective HPLC-PDA method for
the analysis of organic acids; however, its validation was limited to fermentation broths, restricting its direct applicability
to solid and complex food matrices.

Given this gap, the present study aimed to adapt and validate an HPLC-DAD method combined with sample preparation
using ion-exchange resin for the simultaneous quantification of eight organic acids in artisanal goat’s milk cheese produced
under different technological treatments and maturation times. The method was based on established validation criteria
to ensure greater selectivity, improved recoveries, and lower detection limits in a matrix as complex as cheese. In doing
so, the study seeks to provide a robust, cost-effective analytical tool suitable for routine quality control and biochemical
monitoring of regional fermented dairy products.
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2 Material and methods

2.1 Material

2.1.1 Solvents, reagents, and standards

All reagents were of HPLC or analytical grade. Analytical standards for acetic, citric, formic, lactic, malic, propionic,
succinic, and tartaric acids (Sigma-Aldrich, Darmstadt, Germany) and Dowex® 1x4, 100 mesh strong anion exchange
resin (Sigma-Aldrich, Darmstadt, Germany) were used to analyze the organic acids. The autochthonous culture
Limosilactobacillus mucosae CNPC007 was obtained from the microorganism collection of Embrapa (Empresa Brasileira
de Pesquisa Agropecuaria, Brazil).

2.1.2 Raw material

The analytical method was validated using real samples of goat coalho cheese produced with raw milk (RC) or pasteurized
milk (PC), with or without the addition of the autochthonous culture Limosilactobacillus mucosae CNPC007 (LM), after
60 days of ripening. Cheeses were evaluated at 1, 20, 40, and 60 days of maturation, resulting in 16 treatments in total.
Figure 1 illustrates the experimental design and classification of samples (e.g., RCLM, PCLM), according to milk treatment,
culture addition, and ripening time.
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Figure 1. Experimental design of goat coalho cheeses under different processing factors and treatments.

2.2 Methods

2.2.1 Sample extraction, cleaning, and preparation

The optimal mass for analysis was defined as 0.50 g of freeze-dried sample. Quintuplicate cheese samples were then
fortified with a standard solution containing the eight target organic acids (acetic, citric, formic, lactic, malic, propionic,
succinic, and tartaric acids) at concentrations of 2 mg.g!, 3 mg.g!, 6 mg.g!, or 10 mg.g"'. To minimize potential interference,
various extraction conditions were tested by adjusting the column eluent and the amount of ion exchange resin. For
optimization, an ion exchange column was paired with Dowex®-1x4 resin. The procedure involved activating the resin
with 20 mL of 0.1 M NaOH (aq), followed by sequential elutions with 20 mL of H,O, 20 mL of 0.5 M H,PO (aq), another
20 mL of 0.1 M NaOH (aq), and 60 mL of H,O. The extract was then eluted with 25 mL of H,O, 25 mL of acetonitrile, and
60 mL of 0.5 M H,PO,(aq) solution.
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The tests carried out were based on the methods described by Bressani et al. (2020), Divi§ et al. (2019), and
Khamitova et al. (2020), as shown in Figure 2. After eluting the samples through an ion exchange column, the solution was
filtered through a 0.45 pm PVDF membrane and then injected into a high-performance liquid chromatography (HPLC)
system, with a diode array detector (DAD) and the conditions described below.

‘ FREEZE DRIED GOAT COALHO CHEESE ‘

l

( ALIQ OF 0.5G OF CHEESE HOMOGENIZED ‘

IN 10ML OF PURIFIED WATER

l

‘ ULTRASOUND (10 MINUTES AT 25°C) ‘

l

‘ CENTRIFUGATION (4800x g/10MINUTES AT 25°C)

WATER

l

‘ ELUTION IN THE COLUMN ‘

l

DETERMINATION OF ORGANIC ACIDS IN HPLC J

Figure 2. Extraction process and identification of organic acids in the goat coalho cheese matrix.

2.2.2 Analyte determination and quantification

To quantify the analytes, a Shimadzu high-pressure liquid chromatography system (Shimadzu Corporation, Tokyo,
Japan) was used. This system consists of a quaternary pump (model LC-20AT), an automatic injector (model SIL-20A)
with a 20 pL injection capacity, a column oven (model CTO-20A) at a temperature of 30 °C, and a diode array detector
(model CTO-20A). The wavelength used to detect the acids was 210 nm. The chromatographic column used was a C18
Zorbax SB column (4.6 x 250 mm, 5 pm, Agilent, Santa Clara, United States), with an Eclipse Plus C18 pre-column (2.1 x
5 mm, 1.8 pm, Agilent, Santa Clara, United States). To separate the compounds, a mobile phase gradient was applied at a
flow rate of 1.0 mL/min as follows: mobile phase (MP) A: 0.1 M K2HPO4 at pH 2.5 with acetonitrile (99:1) and mobile
phase (MP) B: acetonitrile (40:60). MP A was used at 100% from 1 to 25 minutes, followed by MP B at 100% from
25 to 40 minutes, and ending with MP A at 100% from 40 to 50 minutes. Analytes were quantified using the external
standardization method, involving the construction of an analytical curve.

Although advanced techniques such as LC-MS and NMR provide high sensitivity and excellent resolution for complex
matrices, their high acquisition, operation, and maintenance costs often limit their routine use in food research laboratories.
In this context, HPLC-DAD combined with ion-exchange resin represents a practical and cost-effective alternative for the
quantification of organic acids in artisanal cheeses. This approach offers robust selectivity and reliability, while maintaining
analytical quality comparable to more sophisticated methods, ensuring accessibility for laboratories with limited resources.

To validate the method, the following analytical criteria were considered: selectivity, linearity, precision, accuracy,
limit of detection, and limit of quantification (Codex Alimentarius Commission, 1997; Instituto Nacional de Metrologia
Qualidade e Tecnologia, 2020).

2.2.3 Selectivity

Selectivity was assessed based on retention time and peak purity in the chromatogram, evaluating the method’s ability
to accurately identify and quantify the target analytes in the presence of potential matrix interferents (Brasil, 2017).
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2.2.4 Linearity

Linearity was assessed by constructing an analytical calibration curve for each organic acid. The calibration was
performed at five concentration levels: 25, 50, 75, 100, and 200 ppm for each acid, with all solutions diluted in purified
water. Linearity was then calculated as follows (Equation 1):

t, :|r|— V(=2 (1)

l—r2

Where r represents each of the test results; n is the number of variables, and 12 is the regression coefficient.

2.2.5 Precision and accuracy

Precision was assessed through analyses of repeatability and precision intermediate, along with analyte recovery from
each assay, expressed as a percentage relative to the applied concentrations. For precision intermediate, samples were
analyzed on the same day in quintuplicate for each concentration level (2 mg.g™!, 3 mg.g™!, 6 mg.g”!, and 10 mg.g™! of
cheese), totaling twenty independent determinations for each organic acid. These concentrations were selected to encompass
the lowest detection limits of the assay (5 ppm, 10 ppm, and 20 ppm - were analyzed in triplicate). Detection was carried
out at a wavelength of 210 nm to measure peak areas.

Accuracy was determined using Equations 2 and 3, based on the average recovery and the coefficient of variation.

V. (%)= '2(1—*0.510gC) )

Where CV studied concentration expressed as a power of 10 (ex. 1 mg.1000 g (ppm) = 10, CV =24 = 16%).

MAX?

tea = |100— X |
CValn

Where X= average recovery; CV = coefficient of variation; Jn= square root of the number of analyses.

)

2.2.6 Limit of Detection and Quantification (LoD and LoQ)

The limits of detection (LoD) and limits of quantification (LoQ) were estimated using a supplementary calibration
curve with concentrations below the lowest concentration of the analytical curve, being 5 ppm, 10 ppm, and 20 ppm, also
analyzed in triplicate. The LoD and LoQ were calculated following Equations 4 and 5:

Ybl +3Sbll

bn

Detection limit =

“4)

Ybl =+ 10Sbll

bIn

Where Y, is the linear coefficient obtained from the concentration/area curve equation; S, is the linear coefficient obtained from
the concentration/s curve equation; b is the angular coefficient of the analytical curve; and s is the standard deviation estimate.

(5)

Limit of quantification =

2.3 Statistical analysis

The statistical analyses were performed using STATISTICA v14.0.0.15 (TIBCO® Software, CA, USA). The analyses
were performed in triplicate for real cheese samples, considering three independent biological replicates per treatment and
ripening time. For method validation, the samples were evaluated in quintuplicate. Data normality and homoscedasticity
were verified using the Shapiro—Wilk and Levene tests prior to ANOVA, respectively. Data from real cheese samples
were subjected to one-way Analysis of Variance (ANOVA), and differences among means were assessed by Tukey’s
test at a significance level of p < 0.05. Linear regression was applied to evaluate the relationship between treatments and
responses. Principal Component Analysis (PCA) was used to explore the effects of treatments on variations in organic acid
concentrations during ripening. Pearson’s correlation coefficient was employed to determine the association between lactic
and acetic acids and physicochemical parameters (moisture and yield). Results were visualized as a heat map generated
with Python’s Seaborn library, enabling the identification of significant linear relationships between fermentation activity
and the physicochemical changes occurring throughout cheese maturation.
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3 Results and discussion

3.1 Selection of conditions using reference standards

Preliminary tests defined the optimal extraction, purification, and chromatographic parameters, confirming method
recovery, selectivity, precision, and linearity. The chromatogram (Figure 3) showed well-resolved peaks for all target acids,
with retention times ranging from 2.9 min (tartaric) to 8.9 min (propionic). This indicates efficient gradient separation even
in the complex cheese matrix. However, an unidentified peak appeared after the peak for succinic acid.
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Figure 3. Chromatogram of organic acids in goat coalho cheese, with their respective retention times and detection at
210 nm. Peak 2 was identified as tartaric acid and the last peak as propionic acid.

3.2 Selectivity

Selectivity was assessed using pasteurized goat coalho cheese (1 day maturation) compared with fortified and blank
samples. No coelutions or interferences were observed, and all peaks showed high spectral purity (0.999-1.000), confirming
unequivocal identification (Table 1). Chromatograms of fortified samples (2—10 mg.g!") maintained resolution across acids
(Figure 4), demonstrating the method’s ability to discriminate eight organic acids in the complex cheese matrix.

Table 1. Retention time and purity of target organic acid peaks within the goat coalho cheese matrix.

Retention time Peak purity

Tartaric acid 2.908 +0.02 NID
Formic acid 3.149+0.02 NID
Malic acid 3.427+0.05 NID
Lactic acid 4.030+0.05 NID
Acetic acid 4278 +0.07 NID
Citric acid 4.863 +0.20 NID
Succinic acid 5.681+0.20 NID
Propionic acid 8.942 +0.30 NID

NID — No impurity detected.

3.3 Linearity

All calibration curves obtained for each organic acid exhibited a linear regression coefficient (r) equal to or greater than
0.99 (Figure 5a-h), indicating excellent linear correlation between analyte concentration and detector response within the
evaluated range (25-200 ppm). These values meet or exceed the minimum threshold of 0.99 recommended for analytical
validation by Codex Alimentarius Commission and INMETRO guidelines, confirming the statistical robustness of the
generated curves.
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Figure 4. Chromatographic profile of the goat coalho cheese sample, (a) sample fortified with 3 mg of all evaluated
organic acids and (b) sample without fortification, detected at 210 nm.
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Figure 5. Calibration curve of each organic acid evaluated in the goat coalho cheese matrix by HPLC-DAD.

Deviations from linearity were assessed using the linear regression equation, comparing the calculated t-value to the
tabulated #-value at a 95% confidence level and (n-1) degrees of freedom. The calculated z-values for the acids evaluated
were as follows: 99.98 for tartaric; 173.20 for formic; 57.71 for lactic; 49.97 for citric; 54.74 for acetic; 122.46 for malic;
86.59 for succinic, and 39.70 for propionic. As all calculated t-values exceeded the tabulated value of 2.78, the results had
adequate linearity across the established concentration range for all compounds.

3.4 Precision

The precision of the method was evaluated based on four independent measurements and assessed using the Horwitz
equation (Horwitz, 1982), expressed as the coefficient of variation (CV). According to the equation, the maximum
acceptable CV for the evaluated concentration range lies between 4% and 5%, while the observed values were all below
0.5%. Specifically, CVs were 0.02% for tartaric, formic, and citric acids; 0.04% for acetic and succinic acids; 0.10% for
propionic acid; and 0.21% for lactic acid, demonstrating excellent repeatability of the method. However, malic acid could
not be evaluated, as it was absent in the samples analyzed.
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3.4.1 Precision intermediate

The intermediate fortification level of 3 mg.g! of organic acid standards was selected to evaluate the intermediate
precision. Table 2 presents the intermediate precision results, based on analyses carried out by the same analyst over five
consecutive days (interday), to assess the consistency of the method over time.

Table 2. Recovery of fortified organic acids at a concentration of 3 mg.g™! for intermediate precision for goat coalho cheese matrix.

% Recovery

Acids organics (3 mg.g") (Day)
; 2 3 : (%) Medium SD CV %

Tartaric acid 105 102.6 100.5 106 109 105 +3 3
Formic acid 86 92 82 90.5 90 38 +4 5

Malic acid 93 87.6 86 83 84 87 +4 5

Latic acid 73 83 76 70 81 76.5 +55 7

Acetic acid 93 85 93 87 88 89 +3 4

Citric acid 113 118 122 116 108.5 115.5 +5 4
Succinic acid 86 78 68 69 71.5 74 +7 10
Propionic acid 102 92.5 98 100 96 98 +4 4

SD — Standard deviation.

Results were evaluated using the coefficient of variation (CV). The average interday recovery percentage ranged from
74% to 115.5% across the different analytes, with the lowest recovery observed for succinic acid and the highest for citric
acid. CV values for organic acids were 3% for tartaric, 5% for formic, 5% for malic, 7% for lactic, 4% for acetic, 4% for
citric, 10% for succinic, and 4% propionic acids.

The greatest variation was observed for lactic (7%) and succinic (10%) acids, which may be attributed to the matrix
effects. Nevertheless, all values remained within acceptable limits for analytical validation, indicating that the method
demonstrated good intermediate precision under the tested conditions.

3.5 Accuracy

Accuracy was determined based on the recovery values of standards in samples fortified with organic acids at four
concentration levels (2 mg.g!, 3 mg.g”!, 6 mg.g"!, and 10 mg.g!) (Table 3). The results revealed average recovery rates
ranging from 70% to 107%, demonstrating the suitability of the method for quantifying analytes within the tested
concentration ranges.

Table 3. Fortification levels and recovery of organic acids evaluated for the goat coalho cheese matrix.

. .. Fortification Average Fortification Average Fortification Average Fortification Average
Organic acids

level recovery % level recovery % level recovery % level recovery %

Tartaric acid 106.5 107 102.5 70

Formic acid 101 82 83 98.5

Malic acid 102 97.5 90 106.5
Latic acid 90 93.5 84 97
Accticacid e 81 Fmee! 100 omee! 83.5 10 me e’ 96
Citric acid 77 93 85.5 88
Succinic acid 83 76 80 85
Propionic acid 106 96 90 90
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Tartaric and malic acids showed the highest recoveries, with values ranging from 102.5% to 107% in the intermediate
concentration levels. Lactic acid presented average recovery rates between 84% and 97%, while citric, acetic, and succinic
acids ranged from 76% to 100%. These recovery percentages indicate that the detection limits were acceptable for the
evaluated concentrations, in accordance with the criteria established by Ribani et al. (2004) and the European Commission
(2002), which recommend recovery rates between 70% and 120% for validated methods in food analysis.

Previous studies have also reported satisfactory recovery rates for organic acids in dairy products. In a validation study
using isocratic HPLC analysis to quantify organic acids in yogurt, Fernandez-Garcia & McGregor (1994) compared two
extraction methods (acetonitrile and water, and H,SO,) and obtained average recoveries above 70% for citric, lactic, acetic,
and propionic acids. Similarly, Zeppa et al. (2001) validated an HPLC method for sugars and organic acids in cheeses and
reported high recoveries (> ~85%), supporting the upper accuracy range observed in cheese matrices, which is slightly
higher than that obtained in the present study.

3.6 Limit of detection (LoD) and limit of quantification (LoQ)

The limits of detection (LoD) and quantification (LoQ) were determined using supplementary analytical curves
constructed with concentrations below the lowest level of the main curve (5 ppm, 10 ppm, and 20 ppm), in accordance
with analytical validation guidelines. The estimated LoD values were 15.1 mcg.g! for tartaric, 9.8 mcg.g"! for formic,
52.4 mecg.g! for malic, 26.7 mcg.g"! for lactic, 24.8 mcg.g"! for acetic, 30.5 mcg.g"! for citric, 50.0 mcg.g"' for succinic,
and 90.1 mcg.g"! for propionic acids. The LoQ parameter values were 51.4 mcg.g™! for tartaric, 44.7 mcg.g™! for formic,
137.6 meg.g! for malic, 57.6 mcg.g! for lactic, 80.4 mcg.g! for acetic, 98.8 mcg.g™! for citric, 120.6 mcg.g! for succinic,
and 232.2 mcg.g"! for propionic acids.

Compared to the HPLC method of Ahmed et al. (2023), which efficiently quantified organic acids in commercial
cheeses, the proposed method exhibits superior sensitivity. The use of Dowex® resin improved selectivity and precision
intermediate, while HPLC-DAD ensured practicality and low cost compared to LC-MS or NMR, making this approach
suitable for routine quality control and monitoring of artisanal cheeses.

3.7 Application of the proposed method to real samples

After validation, the method quantified eight organic acids in 16 cheese types differing in milk treatment, culture
addition, and ripening time (1, 20, 40, and 60 days). LoD and LoQ values were satisfactory, although tartaric, malic,
and propionic acids were often undetectable. Organic acid levels varied with ripening and treatment, consistent with
microbial activity and fermentation conditions reported by Gambaro et al. (2017). The application of the validated HPLC-
DAD method enabled detailed monitoring of organic acid kinetics and revealed that pasteurization strongly influenced
the initial acid composition. At Day 1 (T1), citric acid concentrations were consistently lower in pasteurized cheeses
(PC and PCLM) than in raw-milk cheeses (RC and RCLM) (Table 4), reflecting the impact of heat treatment on the
native microbiota responsible for early citrate consumption in raw milk. However, the addition of Limosilactobacillus
mucosae CNPC007 (PCLM) progressively reduced these differences during ripening, demonstrating the culture’s ability
to compensate for the reduced microbial diversity of pasteurized milk.

Lactic, acetic, formic, citric, and succinic acids were detected in all samples, while malic and propionic acids appeared
only in pasteurized cheeses without culture. Lactic acid predominated and served as the main reference for treatment and
ripening effects. Cheeses made from raw milk without culture showed higher lactic-acid levels, particularly at 20—40 days,
reflecting intense native microbiota activity, which declined at 60 days as microbial balance diversified. According to
Franco et al. (2001), cheeses aged briefly contain higher L-lactic acid than those stored longer, a phenomenon intensified
in bacteria-ripened cheeses. Pediococcus and Lactobacillus species exhibit racemizing activity that converts L-lactic
to D-lactic acid during ripening (Chou et al., 2003; Rajbhandari & Kindstedt, 2005; Franco et al., 2001), potentially
undesirable since D-lactic acid is toxic to humans, causing inflammatory and metabolic disorders (Agéncia Nacional de
Vigilancia Sanitaria, 2019; Ardasheva et al., 2017; Pohanka, 2020).

In pasteurized cheeses with added culture, lactic acid increased gradually throughout ripening, confirming its acidifying
effect (Moraes et al., 2017). After 60 days, levels became comparable to those in raw milk with culture and pasteurized
milk without culture, indicating modulation of acid synthesis. As expected, pasteurized cheeses without culture exhibited the
lowest organic-acid content, consistent with limited microbial activity (Figure 6). Formic acid decreased during ripening in
pasteurized cheeses, in line with its consumption by Lactobacillus bulgaricus and other Lactobacillales (Courtin & Rul, 2004),
although a natural increase was observed in raw-milk cheeses, as reported by Bulat & Topcu (2020). Malic acid appeared only
in pasteurized cheeses, showing slight variation at T20-T40, possibly due to enzymatic degradation. Citric acid declined over
60 days in most samples, reflecting decarboxylation or conversion to Krebs-cycle intermediates, while in pasteurized cheeses
with culture, its fluctuation was consistent with CO, fixation via pyruvate carboxylase (Bulat & Topcu, 2020). Tartaric acid
reduction, restricted to pasteurized cheeses, may also result from decarboxylation (Sarkar et al., 2020).
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Table 4. Evaluation of organic acids in samples of goat coalho cheese freeze-dried in different treatments.

Samples Tartaric_acid Formic f:lcid Malic a_cid Latic a_cid Acetic z}cid Citric a_cid Succinic_acid Propionic_ acid
(mg.g") (mg.g") (mg.g") (mg.g™) (mg.g") (mg.g™") (mg.g") (mg.g")
RCTI 1.21 £0.03*4 1.12£0.168 ND 3.61 £0.414 ND 2.03+0.01*® 0.68 +£0.11"® ND
RCT20  0.83+0.00° 0.37+0.00° ND 36.45+£0.11* 1.26+0.04** 1.43+0.02°* 0.72 £ 0.06 ND
RCT40  0.82+0.01°° 0.51 +0.00*¢ ND 28.79 £0.74** 0.81 £0.04® 0.54+0.06** 1.02+0.01°® ND
RCT60  0.86+0.00** 0.85+0.02 ND 24.11+0.18% 0.87+0.06%® 0.34+0.019 1.10 + 0.00*® ND
RCLMTI1 1.36+0.00°C 1.23 +0.04* ND 7.05+£0.01°® 1.36+£0.01°¢ 2.28+0.00"* 0.37+0.01< ND
RCLM T20 0.98+0.01** 0.66+0.00* 0.08 +£0.02* 17.87 +0.02*® 0.86+0.01*® 0.25+0.00°® 1.41+0.03** 0.10+0.02*
RCLM T40 0.86+0.00* 0.67+£0.01* ND 17.97 £0.08® 1.32+0.08"* 0.33+0.04"® 1.57+0.01** ND
RCLM T60 0.81+0.009 0.94+0.01% ND 18.46 £0.43* 1.37+0.18** 0.24+0.04*¢ 1.47+0.01* 0.06 +0.02°
PCTI ND 0.55+0.02* 0.25+0.01** 1.79+0.08® 0.92+0.02** 0.22+0.01°® 0.36 +0.02%C ND
PC T20 ND 0.44£0.00® 0.44£0.01** 13.99 +0.01° 0.88 +0.04*® 0.36+0.01°C 0.58+0.01*®  0.17 +0.02¢
PC T40 ND 0.47 £0.02°¢  0.33£0.02°* 15.45+0.01°C 0.79£0.00% 0.19+0.00¢® 0.53+£0.01* 0.27 £0.02°
PC T60 ND 0.524+0.01®¢ 0.24+0.01°* 19.01 £0.13*° 0.81 £0.02*8 0.46 +0.02*® 0.73 £0.18®¢ 0.57 £ 0.02*
PCLM Tl 1.36+0.00° 0.81=+0.00¢ ND 8.21+£0.10% 1.33+0.00 1.94+0.01°° 3.48+0.01* ND
PCLM T20 0.92+0.00°® 0.47 & 0.05% ND 14.01 £0.03<¢ 0.82+£0.02*® 1.25+£0.00"®® 0.73+0.01°¢  0.13 £0.02*
PCLM T40 0.81+0.01%¢ 0.38+0.01%8 ND 16.25+0.12°¢ 0.88 +0.01°®  0.57 +£0.05% 0.40 £ 0.14<¢ ND
PCLM T60 0.85+0.01 0.37+0.01°° ND 31.27+£0.03** 0.75+0.09®  0.97 £ 0.04** 0.52 £ 0.05>¢ ND

Formulations: PC — control cheese made with pasteurized goat milk; PCLM — pasteurized goat milk cheese inoculated with Limosilactobacillus mucosae
CNPCO007; RC — control cheese made with raw goat milk; RCLM — raw goat milk cheese inoculated with L. mucosae CNPC007. Abbreviations: ND: Not detect;
T1: 1 day; T20: 20 days; T40: 40 days; T60: 60 days of ripening. Lowercase letters indicate significant differences (P < 0.05) between ripening times; Uppercase
letters indicate significant differences (P < 0.05) between treatments according to Tukey’s test.
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Figure 6. Evaluation of organic acids in lyophilized goat coalho cheese samples under different treatments.

Acetic acid varied in cheeses with complex microbiota but remained stable in pasteurized cheeses without culture,
confirming that controlled flora yields more consistent acid profiles (Perry, 2004; Bulat & Topcu, 2020). Succinic acid
occurred at low levels overall, with higher values observed in PCLM at T1 and in RC at 60 days, likely associated with
NSLAB metabolism (Ocando et al., 1993; Bulat & Topcu, 2020). Propionic acid was mostly undetectable, suggesting
limited biosynthesis or early degradation.

These findings align with the physicochemical and technological parameters observed, such as increased syneresis and
reduced lactose content in cheeses with L. mucosae CNPCO007 at the end of ripening, indicating enhanced metabolic and

fermentative activity.
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3.7.1 Principal Component Analysis (PCA)

Principal Component Analysis (PCA) evaluated the correlation between organic acid profiles and treatments, considering
milk type, culture addition, and ripening time. Based on the data in Table 4 (Figure 7), PC1 and PC5 explained 99.99% of
the total variance (PC1 = 99.9%; PC5 = 0.09%), confirming the strong discrimination among treatments and the influence
of the starter culture Limosilactobacillus mucosae CNPCO007 on the overall organic acid profile.

: Loadi
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Figure 7. PCA evaluation of organic acids in real goat cheese samples under different treatments during a 60-day
maturation period.

The RCLM and PCLM groups were consistently segregated from the controls (RC and PC), particularly at intermediate
and late ripening stages (T20-T60), demonstrating that the autochthonous culture modulated the metabolic pathways and
generated a distinct acidic profile regardless of milk pasteurization. Acetic, formic, citric, malic, succinic, and propionic
acids clustered mainly in pasteurized cheeses, whereas lactic acid was positioned oppositely, prevailing in raw and culture-
added cheeses (Silva et al., 2012).

Samples RC T40, RC T60, and PCLM T60 were primarily influenced by lactic acid, as also confirmed by univariate
analysis. The quantification of succinic and propionic acids, particularly in RCLM and PCLM at T40, suggests that L. mucosae
CNPCO007 metabolism favors secondary heterofermentative pathways, leading to metabolites that contribute to flavor and
aroma complexity. Overall, the PCA reinforced univariate findings, indicating that raw milk cheese with the autochthonous
culture promoted greater lactic acid accumulation, whereas pasteurized cheeses exhibited higher acid diversity.

3.7.2 Correlation between organic acids and physicochemical parameters

Although eight organic acids were quantified, only lactic and acetic acids were included in the correlation analysis
because they are the main end-products of lactic and heterofermentative pathways and exhibited consistent distribution
and relevant concentrations across all samples. The remaining acids showed low variability or were detected in a few
samples, making them unsuitable for reliable statistical evaluation. Thus, focusing on lactic and acetic acids ensured
greater analytical robustness and technological relevance in interpreting the results.

Correlation analysis (Figure 8) revealed treatment-dependent patterns. Acetic acid showed a negative correlation with
yield, reflecting solids loss during fermentation (Bulat & Topcu, 2020). In raw milk cheeses without culture (RC), lactic
acid peaked at 20 days (36.45 mg.g") without significant moisture reduction, indicating spontaneous fermentation and
limited curd contraction. In RCLM cheeses, lactic acid strongly correlated with decreasing moisture (r =-0.78), evidencing
intensified syneresis and protein network compaction (Coelho et al., 2022). In pasteurized cheeses without culture (PC),
lactic acid accumulated more slowly, with moderate structural impact, suggesting residual microbiota activity. Conversely,
in PCLM cheeses, lactic acid increased to 31.27 mg. g! at 60 days, while moisture remained relatively stable (46-51%),
indicating balanced acidification and structural preservation typical of controlled fermentations (Coelho et al., 2022).
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Figure 8. Heat map correlating organic acids with the physicochemical analysis of the cheeses.

Lactic acid displayed a consistent negative correlation with moisture, reflecting the biochemical and technological
transformations that occur during ripening. As lactic acid production increased, reaching its maximum at day 20 in raw
milk and Limosilactobacillus mucosae CNPCO007 inoculated cheeses, a marked pH decrease was observed, promoting
greater whey release (syneresis), lower moisture, and firmer texture, attributes highly valued in artisanal cheeses (Bansal
& Veena, 2024; Sgarbi et al., 2013; Morais et al., 2022; Lunardi et al., 2021; Gobbetti et al., 2015).

In contrast, acetic acid exhibited a weaker inverse relationship with yield, suggesting that, although acetate contributes
to the overall acid profile, its impact on the main technological properties of the curd is less pronounced. These associations
align with the lactic and heterofermentative metabolic pathways described by Fox et al. (2017).

Beyond its analytical robustness, the validated method proved effective for elucidating such biochemical dynamics
during ripening, confirming its suitability for physicochemical and sensory monitoring of goat coalho cheeses. The
innovation lies in the adaptation of an ion-exchange HPLC-DAD method for the simultaneous quantification of
multiple organic acids, ensuring sensitivity, selectivity, and applicability for the technological control of artisanal
dairy products.

4 Conclusions

The HPLC-DAD method, combined with ion exchange resin sample preparation, has been successfully validated as
a robust, accurate, and accessible analytical tool for the simultaneous quantification of organic acids in artisanal goat’s
milk cheese. The protocol demonstrated high selectivity, sensitivity, and excellent performance in complex dairy matrices.
In addition to providing reliable analytical data, the method enabled precise monitoring of biochemical transformations
during cheese maturation and the influence of the autochthonous culture Limosilactobacillus mucosae CNPC007. The
observed correlations between organic acids and physicochemical parameters, such as moisture and yield, reinforce the
potential of the method not only for routine laboratory analyses but also as a strategic tool for quality control, product
development, and valorization of artisanal cheeses. This study advances chromatographic methodologies for challenging
food matrices and offers a robust and cost-effective alternative for research and technological monitoring in the production
of fermented dairy products.

Data Availability Statement

The datasets generated and analyzed during the current study are available from the corresponding author upon
reasonable request.
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