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Abstract

Lactic acid enantiomers, both L- and D-, are markers that often need to be con-
trolled in such areas as medicine, food industry and related microbiological 
research. Besides the enzymatic methods for highly selective and stereospe-
cific lactate determination, simpler alternatives with lower selectivity have been 
proposed. The spectrophotometric method involving ferric, i. e. iron(III), ions 
forming complexes with lactate has recently become popular for measurement 
of lactic acid in complex biological samples, although it has never been tested 
for selectivity under various conditions. Here we estimated the influence of 
some other common metabolites on readout of the method and showed that 
identical concentrations of some carboxylic acids, such as pyruvate and citrate, 
produce very similar color reactions as lactate. Although amino acids demon-
strated lower interference, their combined influence in biological fluids can also 
have a substantial effect on this analytical reaction. This method is often used 
for the study of microbiological culture media, and it returned higher lactate 
estimates specifically at low lactate concentrations in LB growth medium due 
to one of its components, yeast extract. Thus, this method for lactate measure-
ment requires some a priori knowledge about the amounts of interfering sub-
stances in the tested biological mixtures for its correct application.
Keywords: growth medium, FeCl3, ferric ions, lactate, lactic acidosis.

Introduction

Lactic acid is a chiral hydroxycarboxylic acid, existing as two enantiomers 
(L(+)‑lactic acid and D(–)‑lactic acid) or their racemic mixture (DL-lactic acid). 
L‑lactate is metabolically produced by the overwhelming majority of multicel‑
lular organisms and microorganisms during glucose breakdown and is largely 
accumulated specifically under anaerobic conditions (Rabinowitz and Enerbäck, 
2020). However, some microorganisms also possess D-lactate dehydrogenases be‑
sides common L-lactate dehydrogenase and are able to both metabolically oxidize 
these enantiomers to pyruvate or reduce them from pyruvate (Pohanka, 2020; 
Biryukova, Arinbasarova, and Medentsev, 2022). This is particularly relevant for 
mammalian intestinal microbial communities, which can produce significant 
amounts of D-lactate and are the main source of D-lactate in the organism of 
humans and livestock (Pohanka, 2020).

Both L-lactate and D-lactate are widely used as important markers in medical 
diagnostics, food production and in the other fields. In particular, lactic acidosis 
in human or animal bloodstream can be caused by either L- or D-enantiomer in 
a variety of medical conditions, including carbon monoxide poisoning, anemia, 
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severe trauma, progressive heart failure, liver diseases, 
short bowel syndrome, sepsis and cancer (Ewaschuk, 
Naylor, and Zello, 2005; Kraut and Madias, 2014; Kowlgi 
and Chhabra, 2015; Nath, Kubendiran, Mukherjee, and 
Kundu, 2023). Lactate concentrations are also widely 
monitored in the food industry and related microbio‑
logical research in food preservation and production of 
wine and fermented milk products (Pundir, Narwal, and 
Batra, 2016). Specifically L-lactate is used as a marker 
of organismal stress in seafood farming (Rassaei et al., 
2014) and in environmental research on aquatic ani‑
mals (Sokolova et al., 2012; Vereshchagina et al., 2021). 
Therefore, all these industries have an urgent need for a 
reliable, fast and cost-effective method of lactate mea‑
surement.

Lactic acid concentration, both combined and in‑
dividual enantiomers, can be measured by different 
methods, which fall into two main groups: non-enzy‑
matic and enzymatic. The enzymatic methods are based 
on high specificity of lactate dehydrogenase (Hohorst, 
1965) or lactate oxidase (Rosenstein, Tennent-Brown, 
and Hughes, 2018; Vereshchagina et al., 2021) towards 
lactate enantiomers and use spectrophotometry or 
spectrofluorometry for monitoring of lactate oxidation 
derivatives. Non-enzymatic methods often use various 
colored chemical reactions with lactic acid for further 
colorimetric analysis of obtained derivatives (Barker 
and Summerson, 1941; Ewaschuk, Zello, Naylor, and 
Brocks, 2002). Other non-enzymatic methods of lactate 
detection include the voltammetric method (Schmitt, 
Molitor, and Wu, 2012), proton nuclear magnetic reso‑
nance (Nishijima, Nishina, and Fujiwara, 1997) and gas 
chromatography or high-performance liquid chroma‑
tography (Omole et al., 1999; Ewaschuk, Zello, Naylor, 
and Brocks, 2002; Pundir, Narwal, and Batra, 2016). 
The merits of non-enzymatic colorimetric methods are 
relative simplicity and low cost of the analysis, which is 
usually accompanied by low specificity. On the contrary, 
enzymatic methods are sufficiently specific (including 
stereospecificity) and sensitive to be used for accurate 
lactate determination in multicomponent biological flu‑
ids, but are relatively complicated and expensive (Pun‑
dir, Narwal, and Batra, 2016).

Recently a non-enzymatic colorimetric method was 
suggested, which, according to the authors, is applicable 
for measurements of lactic acid levels in complex biologi
cal mixtures such as culture liquids and fermented dairy 
products (Borshchevskaya, Gordeeva, Kalinina, and Si‑
neokii, 2016), and therefore became popular. As of 4th of 
June 2024, the numbers of citations of this method on 
major platforms such as Web of Science, CrossRef, and 
Scopus were 120, 122 and 136, respectively. The proto‑
col has been widely used to measure lactic acid concen‑
tration in microbiological culture media (Msuya et al., 
2018; Di Sotto et al., 2018; Vijayakumar and MuhilVan‑

nan, 2021; Afzaal et al., 2019; Tak et al., 2019; Guo et al., 
2019; Bijle, Ekambaram, Lo, and Yiu, 2020; Karnaouri et 
al., 2020; Ismailov et al., 2020; Ong et al., 2020; Erkaya 
et al., 2020; Chasoy, Chairez, and Durán-Páramo, 2020; 
Thi Minh Thu, Thi Thanh Vinh, Anh Dung, and Hoang 
Khue Tu, 2021; Chang et al., 2021; Lovato et al., 2021; 
Ngouénam et al., 2021; Taser et al., 2021; Gandhi, 2021; 
Khumukcham et al., 2022; Sudhakar and Dharani, 2022; 
Vignesh Kumar et al., 2022; Chavarria et al., 2022; Ama‑
raweera, Senevirathna, and Singhalage, 2022; Jamnik et 
al., 2022; Chawla and Goyal, 2022; Nguyen et al., 2022; 
Uwamahoro et al., 2022; Fentie et al., 2022; Tefara, Be‑
gna Jiru, and Bairu, 2022), as well as in waste fermenta‑
tion products (Tan, Abbasiliasi, Lee, and Phapugrang‑
kul, 2020; Islam, Mumtaz, and Hossen, 2020; Karnaouri 
et al., 2021; López-Salas et al., 2022), silage (Arreola et 
al., 2019; Kaewpila et al., 2020; Besharati, Palangi, Ni‑
azifar, and Nemati, 2020; Araiza-Rosales et al., 2021; 
Castellón-Zelaya and González-Martínez, 2021; Sarwo‑
no et al., 2022), yogurt (Ranjbar, Bolandi, and Moham‑
madi Nafchi, 2021), blood plasma (Mato Mofo, Essop, 
and Owira, 2020), saliva (Shtumpf et al., 2021), sweat 
(Kuswandi, Irsyad, and Puspaningtyas, 2023) and even 
brain samples (Krishnaswamy, Alugoju, and Periyasamy, 
2020; Mocanu et al., 2022).

This method relies on the ability of lactic acid to 
form complexes with ferric, i. e. iron(III), ions with 
change in the solution color. However, according to the 
previously published data, iron(III) ions are capable of 
forming complexes not only with lactate, but also with 
other carboxylic acids, including the metabolites of 
glycolysis, the citric acid cycle and some amino acids 
(Hamm, Shul, and Grant, 1951; Hazell and Johnson, 
1987; Abrahamson et al., 1994; Salovaara, Sandberg, 
and Andlid, 2002; 2003). Since these metabolites are 
common in biological samples, these data question the 
selectivity of the lactate determination with ferric ions 
and applicability of this method for lactate measure‑
ment in certain cases. So, in this study we tested the 
influence of these potentially interfering metabolites 
on the colorimetric method readout and compared its 
selectivity with the common enzymatic alternative for 
lactate determination in the media that are widely used 
for microbial cultivation.

Materials and methods

Reagents and equipment

In this study we used ~90 % L-lactic acid solution (Ap‑
pliChem, Germany), sodium D-lactate ≥ 99 % (Sigma-
Aldrich, USA); pyruvic acid sodium salt ≥ 99 % (Acros 
organics, USA); sodium chloride USP grade ≥ 99.5 % 
(Helicon, Russia), fermented peptone (DIA-M, Rus‑
sia); yeast extract without salt, type D 95.2 % (DIA-M, 
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Russia); purum amino acids: threonine, valine, glu‑
tamic acid, leucine, isoleucine, alanine, methionine, 
glutamine, glycine, phenylalanine, arginine, lysine (“AO 
REACHIM”, Russia); iron(III) chloride hexahydrate pu‑
rified, and ddH2O. In addition, we used a commercial 
kit “Lactate-Vital” (L-lactate oxidase 200  units/L; per‑
oxidase 2000 units/L; tris-HCl 50 mM; 4-chlorophenol 
6  mM; 4-aminoantipyrine 0.4  mM and bovine serum 
albumin 0.4 %) for L-lactic acid measurement (“VI‑
TAL DEVELOPMENT CORPORATION” JSC, Russia). 
Spectrophotometric studies were performed using a cu‑
vette spectrophotometer Cary 50 (Varian, USA) and a 
microplate reader CLARIOstarplus (BMG Labtech, Ger‑
many).

Measurement of L-lactic acid concentration using 
the enzymatic spectrophotometric method

The enantiomer-specific lactate oxidase-based lactate 
determination (LOx-LD) was performed using the com‑
mercial kit according to the manufacturer’s protocol with 
slight modifications. Spectrophotometric measurement 
was performed using the microplate reader. Thus, the 
experimental samples were added to the microplate well 
in a volume of 1 μl and diluted with prepared solution 
consisting of 200 units/L L-lactate oxidase; 2000 units/L 
peroxidase; 50  mM tris-HCl; 6  mM 4-chlorophenol; 
0.4 mM 4-aminoantipyrine and 0.4 % (weight/volume) 
bovine serum albumin in a volume of 100 μl. Then the 
mix was stirred and incubated for 5 minutes. After the 
incubation, absorbance measurements were conducted 
at the wavelength of 505 nm.

Measurement of lactic acid using  
the non‑ enzymatic spectrophotometric method 
with iron(III) ions

The lactic acid (D- and L-enantiomers) concentration was 
measured using the ferric ions-based lactate determination 
(FI-LD) method (Borshchevskaya, Gordeeva, Kalinina, 
and Sineokii, 2016). For this experiment, we added 100 µl 
of iron (III) chloride hexahydrate solution (22.2 mM) and 
100 µl of the experimental sample to a plastic 96-well plate 
(impermeable to ultraviolet). The plate was then incubat‑
ed for 5 minutes at 25 °C, following the proposed protocol 
(Borshchevskaya, Gordeeva, Kalinina, and Sineokii, 2016). 
After incubation, the absorbance at 390 nm was measured 
using the microplate reader CLARIOstarplus.

To construct the calibration curve, 100  µl of 
22.2  mM aqueous iron(III) chloride hexahydrate so‑
lution and 100 µl of 1 to 14 mM aqueous L-lactic acid 
solution in 1 mM increments were added to the micro‑
plate well. The blank sample contained 100 µl of iron(III) 
chloride hexahydrate solution and 100  µl of deionized 
water (Fig. 1B). In addition, the applied nominal con‑
centrations of lactic acid solutions were verified using 
the LOx-LD approach, which confirmed the high accu‑
racy of the prepared concentrations (Fig. 1A).

Experiments to evaluate the selectivity of  
the FI‑LD method

Spectral analysis of 22.2  mM aqueous iron(III) chlo‑
ride hexahydrate solution and 0.2–20 mM pyruvic and 
D-lactic acids was performed. Blank measurement was 

Fig. 1. Calibration of the FI-LD method. (A) Comparison of the nominal L-lactic acid concentrations and measurements by the enzymatic LOx-
LD method. The orange dashed line indicates the theoretical ideal coincidence between the nominal and measured concentrations. (B) The 
calibration curve for the FI-LD method. The gray lines and lighter gray shades represent linear regressions and their confidence intervals; the 
dots are analytical replicates.
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achieved as follows: 500 µl of iron(III) chloride hexahy‑
drate solution and 500 µl of deionized water were added 
to a quartz cuvette and the baseline was recorded. Ex‑
perimental measurements were performed by mixing 
500  µl of iron(III) chloride hexahydrate solution and 
500 µl of an experimental sample that contained either 
pyruvic acid or lactic acid of known concentration. 
Spectral analysis was conducted using a quartz cuvette 
with a Cary 50  cuvette spectrophotometer within the 
wavelength range of 700 to 190 nm.

The effect of lysogeny broth (LB) as well as its com‑
ponents sodium chloride (2.5  g/L; in case of LB 5  g/L 
was used), yeast extract (2.5 g/L; in case of LB 5 g/L was 
used), fermented peptone (5 g/L; in case of LB 10 g/L 
was used) on the measured L-lactic acid concentration 
was evaluated. Before analysis, all solutions were auto‑
claved. Then, the LB medium or its components were 
mixed with lactic acid of known concentration (from 
0  to 14  mM). The resulting mixes were used to mea‑
sure the lactic acid concentration using the FI-LD and 
LOx‑LD methods described above.

Data analysis

Data analysis was conducted in the R v4.2.2 program‑
ming environment (R Core Team, 2022). For data vi‑
sualization, we utilized several packages including “gg‑
plot2” (Wickham, 2016), “xlsx” (Dragulescu and Ar‑
endt, 2020), “tidyr” (Wickham, Vaughan, and Girlich, 
2023), “ggpubr” (Kassambara, 2023), “ggmisc” (Aphalo, 

2023), “jpeg” (Urbanek, 2022), “patchwork” (Pedersen, 
2023), “grid” (R Core Team, 2023), and “cowplot” (Wil‑
ke, 2020). To perform linear regression, we utilized the 
built-in lm function. The code utilized for generating the 
graphs can be accessed on GitHub (https://github.com/
MutinAndrei/Plots-for-the-article-Fe).

Results and discussion

Interaction of other metabolites with ferric ions

Lactate is a direct derivative of pyruvate in the metabolic 
process of glucose breakdown, so the two substances are 
usually present together in fluids of biological origin. 
Therefore, as pyruvic acid is structurally and metaboli‑
cally very close to lactic acid, it makes distinguishing 
them very important during any lactate measurements. 
Thus, we started from testing the potential interference 
of pyruvate with ferric ions-based lactate determination.

Indeed, the transmission spectra of aqueous solu‑
tions of iron(III) ions mixed with the same amount of 
either lactic acid or pyruvic acid were found to be very 
similar (Fig. 2). It is worth noting that these spectra are 
not identical, which makes the method potentially suit‑
able for simultaneous measurements of lactate and py‑
ruvate in complex mixtures on two conditions: (i) a pri-
ori known absence of other interfering metabolites and 
(ii)  multi-wavelength analysis of the obtained spectra. 
However, robust distinguishing lactate and pyruvate 
with FI-LD using only one wavelength is not possible.

Fig. 2. Comparison of spectra of aqueous FeCl3  solution mixed with D-lactate and pyruvate (from 0.2 to 
20 mM). The concentration of 0 mM (black dash-dotted line) indicates the transmission of pure FeCl3 solution.
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Next, we compared the optical density (OD) of 
the FeCl3 solution mixed with other metabolically rel‑
evant carboxylic and amino acids specifically at 390 nm 
as suggested by (Borshchevskaya, Gordeeva, Kalinina, 
and Sineokii, 2016). We chose 12  amino acids taking 
into account their relatively high concentrations in hu‑
man blood (Table 1; Psychogios et al., 2011) and rep‑

resenting distinct groups, including aliphatic (Gly, Ala, 
Val, Leu, Ile), aromatic (Phe), uncharged (Thr, Gln), 
negatively charged (Glu), positively charged (Lys, Arg), 
and sulfur-containing (Met) categories. Besides 5  mM 
pyruvate, citrate solution also had a high OD that was 
comparable with the OD of lactate solution at the same 
concentration of 5 mM (Fig. 3). Water solutions of suc‑

Table 1. Composition of human blood and cow milk according to (Psychogios et al., 2011; Foroutan et al., 2019;  
Klein et al., 2012; O’Callaghan et al., 2018; Amer et al., 2013; Schlimme, Martin, and Meisel, 2000).  
Top 30 compounds are shown and ordered by their maximal concentrations

Blood Milk

Compound Concentration, µM Compound Concentration, µM

Urea 4000–9000 Lactose 98357–153216

D-glucose 4700–6100 Citrate 3692–7435

L-lactate 740–2400 D-galactose 86–1960

L-glutamine 502–670 Glycerophosphocholine 291–1217

Glycerol 27–431.6 Urea 119–1174

L-alanine 259–427.2 Orotate 208–1002

Citrate 30–400 O-phosphocholine 0–941

Glycine 178–325.4 L-glutamate 111–740

L-valine 190–276 Creatine 312–543

Pyruvate 22–258 Acetone 9–497

L-proline 198.3–239.0 Choline 152–479

L-lysine 178.6–183.0 D-glucose 246–478

L-threonine 107–173 N-acetylglucosamine 127–371

Acetone 35–170 Hippurate 79–267

L-serine 137.0–159.8 Glucose-1-phosphate 0–216

L-glutamic acid 21.0–150.0 L-lactate 0–167

L-leucine 98–148 Ethanolamine 56–166

L-tyrosine 54.5–147 Cis-aconitate 21–157

L-tryptophan 48.7–54.5 2-oxoglutarate 37–156

Betaine 20–144 Malate 55–151

L-arginine 82.2–140.9 Creatinine 36–125

L-histidine 72–131.2 3-hydroxybutyrate 12–121

Formate 32.8–121.7 Betaine 33–115

L-Cystine 62.9–109 Acetate (C2:0) 13–113

Creatinine 74.1–86.6 L-carnitine 57–103

Acetoacetate 0.0–86.0 Creatine-1-phosphate 0–102

Isopropyl alcohol 83.3 L-alanine 18–78

L-asparagine 41–82.4 L-acetylcarnitine 37–65

2-Hydroxybutyric acid 8–80 Dimethyl sulfone 10–59

L-carnitine 26–79 Butyrate (C4:0) 20–57
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cinate (5 mM) and 12 tested amino acids (1 mM; chosen 
to be comparable to their combined minimal concentra‑
tions in human blood of ~1.8 mM, Table 1) were shown 
to have a substantially lower absorbance at 390  nm in 
comparison to lactate (Fig. 3), but their combined influ‑
ence also may cause a significant error in the readout of 
FI‑LD. Taking into account other biological examples, 
cow milk generally contains a much higher amount of 
citrate than lactate (Table  1; Foroutan et al., 2019). In 
case of human blood, lactate concentration is relatively 
high but variable, and combined effects of citrate and 
amino acids within their physiological concentrations 
(Table 1; Psychogios et al., 2011) may indeed shift the 
output of FI-LD in some cases. Thus, since all the tested 
substances are common in multicellular organisms, pre‑
cise lactate measurement with ferric ions is clearly not 

feasible in biological tissues without some a priori infor‑
mation about their chemical composition.

Interaction of culture media with ferric ions

Microbiological media for culturing various bacteria and 
yeast can have very diverse composition, and some of 
them may contain substances complexing with ferric ions 
in negligible amounts. Since FI-LD is very popular for 
lactate measurements specifically in liquid growth media 
(Bijle, Ekambaram, Lo, and Yiu, 2020; Khumukcham et 
al., 2022; Lovato et al., 2021), we further compared the 
readouts of FI-LD and control LOx-LD methods for LB 
(lysogeny broth), which is a widely used medium for the 
cultivation of microorganisms and has been chosen as an 
example of a standard microbiological medium.

Fig. 3. Optical density (OD) of water solutions of common metabolites in complex with iron(III) ions mea-
sured at 390 nm. (A) Optical density with 5 mM carboxylic acids. (B) Optical density with 1 mM amino acids 
(from left to right: threonine, valine, glutamic acid, leucine, isoleucine, alanine, methionine, glutamine, gly-
cine, phenylalanine, arginine, and lysine).
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As expected from the previous results, a substantial 

discrepancy between the readouts of FI-LD and LOx-LD 
for LB was revealed specifically at low lactate concentra‑
tions (Fig. 4). This observation is supported by the sta‑
tistically significant difference of the intercept from zero 
suggested by the linear regression (Fig. 4A); i. e., FI‑LD 
indicated about 3-4  mM lactate concentration in the 
solution where the control enzymatic LOx-LD method 
showed absence of the metabolite.

To identify the component that contributes most to 
the increase in optical density of the LB after interaction 
with ferric ions at 390  nm, we separately tested three 
components of the culture medium: sodium chloride, 
peptone and yeast extract (Fig.  4B–4D). Statistically 
significant difference of the intercept from zero was re‑
vealed only for yeast extract, despite its tested concen‑

tration being twice lower than in LB. Therefore, yeast 
extract is indeed the main source of complexes of or‑
ganic compounds with ferric ions as it is rich in various 
carboxylic and amino acids in different concentrations. 
It is worth noting that composition of yeast extract is 
variable and may depend on the batch and manufactur‑
er. Importantly, yeast extract is often used (sometimes in 
combination with separately added carboxylic acids) in 
the media for culturing lactate-producing microorgan‑
isms (Vignesh Kumar et al., 2022; Guo et al., 2019; Tak 
et al., 2019), which highlights the necessity to carefully 
check the applicability of FI-LD for certain tasks of mi‑
crobiological research. In general, measurements of lac‑
tate with concentrations lower than ~10 mM in complex 
liquids or in combination with high amounts of struc‑
turally similar carboxylic acids should be avoided.

Fig. 4. The readouts of the FI-LD and LOx-LD methods for LB culture medium and its components with various added lactate 
concentrations (0-15 mM). The orange dotted lines indicate the theoretical ideal coincidence between the tested FI-LD and the 
standard LOx-LD. The gray line and light gray shades represent linear regression and its confidence intervals. The dots repre-
sent the average between the analytical replicates of the L-lactic acid concentration, and the whiskers indicate the standard 
deviation. Asterisk indicates statistically significant difference of the intercept in built linear regression from zero.
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Conclusions

Our experimental results corroborate the literature data 
on the ability of iron(III) to form complexes with a vari‑
ety of organic compounds, the presence of which are ex‑
pected in biologically derived media. The data obtained 
strongly suggest that lactate measurement using ferric 
ions is not a selective method and, as a consequence, 
should be applied with caution to complex mixtures 
with unknown composition. Still, in certain applications 
the method can indeed be very useful such as lactate de‑
termination in solutions with low amounts of interfer‑
ing substances or with high lactate concentration. This 
can especially be the case for synthetic microbiological 
media with controlled formulation. Another theoretical 
application found in our study is potential simultaneous 
determination of lactate and pyruvate (or other metabo‑
lites with distinct absorption spectra) in solution with 
multi-wavelength spectrophotometry. However, since 
iron(III) ions are not selective to lactate, each applica‑
tion of the method strictly requires a priori information 
about the ratio between the expected lactate concentra‑
tion and amounts of interfering substances in the tested 
samples.

References

Abrahamson, H. B., Rezvani, A. B., and Brushmiller,  J. G. 
1994. Photochemical and spectroscopic studies of 
complexes, of iron (III) with citric acid and other car-
boxylic acids. Inorganica Chimica Acta 226(1-2):117–127. 
https://www.sciencedirect.com/science/article/abs/
pii/002016939404077X

Afzaal, S., Hameed, U., Ahmad, N., Rashid, N., and Haider, M. 
2019. A molecular identification and characterization of 
lactic acid producing bacterial strains isolated from raw 
and traditionally processed foods of Punjab, Pakistan. 
Pakistan Journal of Zoology 51:1145–1153. https://doi.
org/10.17582/journal.pjz/2019.51.3.1145.1153

Amaraweera, A., Senevirathna, M., and Singhalage, I. D. 2022. 
Extraction of lactic acid from corn kernels by Streptococ-
cus thermophilus fermentation. Vingnanam Journal of 
Science 17(1):1–7. https://doi.org/10.4038/vingnanam.
v17i1.4192 

Amer, B., Nebel, C., Bertram, H. C., Mortensen, G., Herman-
sen, K., and Dalsgaard, T. K. 2013. Novel method for 
quantification of individual free fatty acids in milk us-
ing an in-solution derivatisation approach and gas 
chromatography-mass spectrometry. International 
Dairy Journal 32(2):199–203. https://doi.org/10.1016/j.
idairyj.2013.05.016 

Aphalo, P. 2023. _ggpmisc: Miscellaneous Extensions to ‘gg-
plot2’_. R package version 0.5.4-1. https://CRAN. R-proj-
ect.org/package=ggpmisc

Araiza-Rosales, E., González-Arreola, A., Pámanes-Carras-
co,  G., Murillo-Ortiz, M., Jiménez-Ocampo, R., Herre-
ra-Torres, E., Araiza-Rosales, E., González-Arreola, A., 
Pámanes-Carrasco, G., Murillo-Ortiz, M., Jiménez-Ocam-
po, R., and Herrera-Torres, E. 2021. Fermentative quality 
and methane production in corn stubble silage with fer-
mented and unfermented nopal cactus. Abanico Veteri-
nario 11:1–13. https://doi.org/10.21929/abavet2021.24

Arreola, A. G., Ortiz, M. M., Carrasco, G. P., Saucedo, F. R., and 
Torres, E. H. 2019. Prickly pear cladodes. Journal of Ani-
mal and Plant Sciences 40(1):6544–6553.

Barker, S. B. and Summerson, W. H. 1941. The colorimetric 
determination of lactic acid in biological material. Jour-
nal of Biological Chemistry 138(2):535–554. https://doi.
org/10.1016/S0021-9258(18)51379-X

Besharati, M., Palangi, V., Niazifar, M., and Nemati, Z. 2020. 
Comparison study of flaxseed, cinnamon and lemon 
seed essential oils additives on quality and fermenta-
tion characteristics of lucerne silage. Acta Agriculturae 
Slovenica 115(2):455–462. https://doi.org/10.14720/
aas.2020.115.2.1483

Bijle, M. N., Ekambaram, M., Lo, E. C. M., and Yiu, C. K. Y. 
2020. Antibacterial and mechanical properties of ar-
ginine-containing glass ionomer cements. Dental Ma-
terials 36(9):1226–1240. https://doi.org/10.1016/j.den-
tal.2020.05.012

Biryukova, E. N., Arinbasarova, A. Yu., and Medentsev, A. G. 
2022. L-Lactate oxidase systems of microorganisms. 
Microbiology 91(2):124–132. https://doi.org/10.1134/
S0026261722020035

Borshchevskaya, L. N., Gordeeva, T. L., Kalinina, A. N., and Si-
neokii, S. P. 2016. Spectrophotometric determination of 
lactic acid. Journal of Analytical Chemistry 71(8):755–758. 
https://doi.org/10.1134/S1061934816080037

Castellón-Zelaya, M. F. and González-Martínez, S. 2021. Si-
lage of the organic fraction of municipal solid waste 
to improve methane production. Water Science and 
Technology 83(10):2536–2548. https://doi.org/10.2166/
wst.2021.148

Chang, H. M., Foo, H. L., Loh, T. C., Lim, E. T. C., and Abdul Mu-
talib, N. E. 2021. Comparative studies of inhibitory and 
antioxidant activities, and organic acids compositions 
of postbiotics produced by probiotic Lactiplantibacil-
lus plantarum strains isolated from Malaysian foods. 
Frontiers in Veterinary Science 7. https://doi.org/10.3389/
fvets.2020.602280 

Chasoy, G. R., Chairez, I., and Durán-Páramo, E. 2020. Carbon/
nitrogen ratio and initial pH effects on the optimization 
of lactic acid production by Lactobacillus casei subsp. ca-
sei NRRL-441. Carbon 27(10):37–59. 

Chavarria, V., Ortiz-Islas, E., Salazar, A., Pérez-de La Cruz, V., 
Espinosa-Bonilla, A., Figueroa, R., Ortíz-Plata, A., So-
telo,  J., Sánchez-García, F. J., and Pineda, B. 2022. Lac-
tate-loaded nanoparticles induce glioma cytotoxicity 
and increase the survival of rats bearing malignant gli-
oma brain tumor. Pharmaceutics 14(2):327. https://doi.
org/10.3390/pharmaceutics14020327

Chawla, S. K. and Goyal, D. 2022. optimization of pre-treat-
ment using RSM on wheat straw and production of lactic 
acid using thermotolerant, inhibitor tolerant and xylose 
utilizing Bacillus sonorenesis strain DGS15. https://doi.
org/10.21203/rs.3.rs-1204425/v1 

Di Sotto, A., Di Giacomo, S., Amatore, D., Locatelli, M., Vital-
one, A., Toniolo, C., Rotino, G. L., Lo Scalzo, R., Palama-
ra, A. T., Marcocci, M. E., and Nencioni, L. 2018. A poly-
phenol rich extract from Solanum melongena L. DR2 peel 
exhibits antioxidant properties and anti-herpes simplex 
virus type 1 activity in vitro. Molecules 23(8):2066. https://
doi.org/10.3390/molecules23082066

Dragulescu, A. and Arendt, C. 2020. _xlsx: Read, Write, For-
mat Excel 2007 and Excel 97/2000/XP/2003 Files_. 
R  package version 0.6.5, <https://CRAN.R-project.org/
package=xlsx>.

Erkaya, S., Arslan, N. P., Orak, T., Esim, N., and Taskin, M. 2020. 
Evaluation of tyrosol and farnesol as inducer in pig-
ment production by Monascus purpureus ATCC16365. 

https://doi.org/10.17582/journal.pjz/2019.51.3.1145.1153
https://doi.org/10.17582/journal.pjz/2019.51.3.1145.1153
https://doi.org/10.4038/vingnanam.v17i1.4192
https://doi.org/10.4038/vingnanam.v17i1.4192
https://doi.org/10.1016/j.idairyj.2013.05.016
https://doi.org/10.1016/j.idairyj.2013.05.016
https://doi.org/10.21929/abavet2021.24
https://doi.org/10.1016/S0021-9258(18)51379-X
https://doi.org/10.1016/S0021-9258(18)51379-X
https://doi.org/10.14720/aas.2020.115.2.1483
https://doi.org/10.14720/aas.2020.115.2.1483
https://doi.org/10.1016/j.dental.2020.05.012
https://doi.org/10.1016/j.dental.2020.05.012
https://doi.org/10.1134/S0026261722020035
https://doi.org/10.1134/S0026261722020035
https://doi.org/10.1134/S1061934816080037
https://doi.org/10.1134/S1061934816080037
https://doi.org/10.2166/wst.2021.148
https://doi.org/10.2166/wst.2021.148
https://doi.org/10.3389/fvets.2020.602280
https://doi.org/10.3389/fvets.2020.602280
https://doi.org/10.3390/pharmaceutics14020327
https://doi.org/10.3390/pharmaceutics14020327
https://doi.org/10.21203/rs.3.rs-1204425/v1
https://doi.org/10.21203/rs.3.rs-1204425/v1
https://doi.org/10.3390/molecules23082066
https://doi.org/10.3390/molecules23082066


BIOLOGICAL COMMUNICATIONS, vol. 69, issue 4, October–December, 2024 | https://doi.org/10.21638/spbu03.2024.401	 211

BI
O

CH
EM

IS
TR

Y

Journal of Basic Microbiology 60(8):669–678. https://doi.
org/10.1002/jobm.202000037

Ewaschuk, J. B., Naylor, J. M., and Zello, G. A. 2005. D-Lactate 
in human and ruminant metabolism. The Journal of 
Nutrition 135(7):1619–1625. https://doi.org/10.1093/
jn/135.7.1619

Ewaschuk, J. B., Zello, G. A., Naylor, J. M., and Brocks, D. R. 
2002. Metabolic acidosis: separation methods and bio-
logical relevance of organic acids and lactic acid enan-
tiomers. Journal of Chromatography B 781(1–2):39–56. 
https://doi.org/10.1016/S1570-0232(02)00500-7

Fentie, E. G., Jeong, M., Emire, S. A., Demsash, H. D., Kim, M.‑C., 
Lim, K., and Shin, J.-H. 2022. Development of mixed 
starter culture for the fermentation of Ethiopian hon-
ey wine, Tej. Scientific Reports 12(1):13431. https://doi.
org/10.1038/s41598-022-17594-1

Foroutan, A., Guo, A. C., Vazquez-Fresno, R., Lipfert, M., 
Zhang, L., Zheng, J., Badran, H., Budinski, Z., Mandal, R., 
Ametaj, B. N., and Wishart, D. S. 2019. Chemical com-
position of commercial cow’s milk. Journal of Agricul-
tural and Food Chemistry 67(17):4897–4914. https://doi.
org/10.1021/acs.jafc.9b00204

Gandhi, P. R. 2021. Enriching Lactobacilli from fermented 
pulse dal flour-analyzing its efficacy in utilizing carbohy-
drates and production of α-galactosidase enzyme dur-
ing pigeon pea fermentation. Journal of Pure and Applied 
Microbiology 15(4):2003–2018. https://doi.org/10.22207/
JPAM.15.4.22

Guo, Z., Wang, X., Wang, H., Hu, B., Lei, Z., Kobayashi, M., 
Adachi, Y., Shimizu, K., and Zhang, Z. 2019. Effects of 
nanobubble water on the growth of Lactobacillus aci-
dophilus 1028 and its lactic acid production. RSC Ad-
vances 9(53):30760–30767. https://doi.org/10.1039/
C9RA05868K 

Hamm, R., Shul, C., and Grant, D. 1951. Citrate complexes with 
iron(II) and iron(III). Journal of the American Chemical Soci-
ety 76:2111–2114. https://doi.org/10.1021/ja01637a021 

Hazell, T. and Johnson, I. T. 1987. Effects of food processing 
and fruit juices on in-vitro estimated iron availability 
from cereals, vegetables and fruits. Journal of the Sci-
ence of Food and Agriculture 38(1):73–82. https://doi.
org/10.1002/jsfa.2740380112

Hohorst, H.-J. 1965. L-(+)-lactate: determination with lactic de-
hydrogenase and DPN; pp. 266–277 in: Methods of enzy-
matic analysis. Elsevier.

Islam, S., Mumtaz, T., and Hossen, F. 2020. Anaerobic diges-
tion of kitchen waste generated from Atomic Energy 
Research Establishment (AERE) cafeteria for lactic acid 
production. Asian-Australasian Journal of Bioscience and 
Biotechnology 5(3):88–99. https://doi.org/10.3329/aajbb.
v5i3.53871

Ismailov, A. A., Timchenko, L. D., Bondareva, N. I., Avane-
syan,  S. S., and Amlieva, A. Z. 2020. Effect of ozone on 
antagonistic activity of Lactobacilli. Journal of Global 
Pharma Technology 12(2):761–767.

Jamnik, P., Mahnič, N., Mrak, A., Pogačnik, L., Jeršek, B., Nic-
colai, A., Masten Rutar, J., Ogrinc, N., Dušak, L., and 
Ferjančič, B. 2022. Fermented biomass of Arthrospira 
platensis as a potential food ingredient. Antioxidants 
11(2):216. https://doi.org/10.3390/antiox11020216 

Kaewpila, C., Khota, W., Gunun, P., Kesorn, P., and 
Cherdthong, A. 2020. Strategic addition of different ad-
ditives to improve silage fermentation, aerobic stability 
and in vitro digestibility of napier grasses at late maturity 
stage. Agriculture 10(7):262. https://doi.org/10.3390/agri-
culture10070262

Karnaouri, A., Asimakopoulou, G., Kalogiannis, K. G., Lap-
pas, A. A., and Topakas, E. 2021. Efficient production of nu-

traceuticals and lactic acid from lignocellulosic biomass 
by combining organosolv fractionation with enzymatic/
fermentative routes. Bioresource Technology 341:125846. 
https://doi.org/10.1016/j.biortech.2021.125846

Karnaouri, A., Asimakopoulou, G., Kalogiannis, K. G., Lap-
pas, A., and Topakas, E. 2020. Efficient d-lactic acid pro-
duction by Lactobacillus delbrueckii subsp. bulgaricus 
through conversion of organosolv pretreated lignocel-
lulosic biomass. Biomass and Bioenergy 140:105672. 
https://doi.org/10.1016/j.biombioe.2020.105672

Kassambara, A. 2023. _ggpubr: ‘ggplot2’ Based Publication 
Ready Plots_. R package version 0.6.0. https://CRAN.R-
project.org/package=ggpubr

Khumukcham, S. S., Penugurti, V., Soni, A., Uppala, V., Hari, K., 
Jolly, M. K., Dwivedi, A., Salam P. K., A., Padala, C., Muk-
ta,  S., Bhopal, T., and Manavathi, B. 2022. A reciprocal 
feedback loop between HIF-1α and HPIP controls phe-
notypic plasticity in breast cancer cells. Cancer Letters 
526:12–28. https://doi.org/10.1016/j.canlet.2021.11.002

Klein, M. S., Buttchereit, N., Miemczyk, S. P., Immervoll, A.‑K., 
Louis,  C., Wiedemann, S., Junge, W., Thaller, G., Oef-
ner,  P. J., and Gronwald, W. 2012. NMR metabolomic 
analysis of dairy cows reveals milk glycerophosphocho-
line to phosphocholine ratio as prognostic biomarker for 
risk of ketosis. Journal of Proteome Research 11(2):1373–
1381. https://doi.org/10.1021/pr201017n 

Kowlgi, N. G. and Chhabra, L. 2015. D-Lactic acidosis: An un-
derrecognized complication of short bowel syndrome. 
Gastroenterology Research and Practice 2015:1–8. https://
doi.org/10.1155/2015/476215

Kraut, J. A. and Madias, N. E. 2014. Lactic acidosis. New Eng-
land Journal of Medicine 371(24):2309–2319. https://doi.
org/10.1056/NEJMra1309483

Krishnaswamy, V. K. D., Alugoju, P., and Periyasamy, L. 2020. 
Effect of short-term oral supplementation of crocin on 
age-related oxidative stress, cholinergic, and mitochon-
drial dysfunction in rat cerebral cortex. Life Sciences 
263:118545. https://doi.org/10.1016/j.lfs.2020.118545

Kuswandi, B., Irsyad, L. H., and Puspaningtyas, A. R. 2023. 
Cloth-based microfluidic devices integrated onto the 
patch as wearable colorimetric sensors for simultane-
ous sweat analysis. BioImpacts 13(4):347–353. https://
doi.org/10.34172/bi.2023.24195 

López-Salas, D., Oney-Montalvo, J. E., Ramírez-Rivera, E., 
Ramírez-Sucre, M. O., and Rodríguez-Buenfil, I. M. 2022. 
Fermentation of habanero pepper by two lactic acid 
bacteria and its effect on the production of volatile com-
pounds. Fermentation 8(5):219. https://doi.org/10.3390/
fermentation8050219

Lovato, G., Augusto, I. M. G., Ferraz Júnior, A. D. N., Albanez, R., 
Ratusznei, S. M., Etchebehere, C., Zaiat, M., and Ro-
drigues, J. A. D. 2021. Reactor start-up strategy as key 
for high and stable hydrogen production from cheese 
whey thermophilic dark fermentation. International Jour-
nal of Hydrogen Energy 46(54):27364–27379. https://doi.
org/10.1016/j.ijhydene.2021.06.010

Mato Mofo, E. P., Essop, M. F., and Owira, P. M. O. 2020. Cit-
rus fruit-derived flavonoid naringenin and the expres-
sion of hepatic organic cation transporter 1 protein in 
diabetic rats treated with metformin. Basic and Clinical 
Pharmacology and Toxicology 127(3):211–220. https://
doi.org/10.1111/bcpt.13407

Mocanu, G.-D., Nistor, O.-V., Constantin, O. E., Andr-
onoiu, D. G., Barbu, V. V., and Botez, E. 2022. The Effect 
of sodium total substitution on the quality characteris-
tics of green pickled tomatoes (Solanum lycopersicum L.). 
Molecules 27(5):1609. https://doi.org/10.3390/mole-
cules27051609

https://doi.org/10.1093/jn/135.7.1619
https://doi.org/10.1093/jn/135.7.1619
https://doi.org/10.1016/S1570-0232(02)00500-7
https://doi.org/10.1016/S1570-0232(02)00500-7
https://doi.org/10.1038/s41598-022-17594-1
https://doi.org/10.1038/s41598-022-17594-1
https://doi.org/10.1021/acs.jafc.9b00204
https://doi.org/10.1021/acs.jafc.9b00204
 https://doi.org/10.22207/JPAM.15.4.22
 https://doi.org/10.22207/JPAM.15.4.22
https://doi.org/10.1039/C9RA05868K
https://doi.org/10.1039/C9RA05868K
https://doi.org/10.1021/ja01637a021
https://doi.org/10.1002/jsfa.2740380112
https://doi.org/10.1002/jsfa.2740380112
https://doi.org/10.3329/aajbb.v5i3.53871
https://doi.org/10.3329/aajbb.v5i3.53871
https://doi.org/10.3390/antiox11020216
https://doi.org/10.3390/agriculture10070262
https://doi.org/10.3390/agriculture10070262
https://doi.org/10.1016/j.biortech.2021.125846
https://doi.org/10.1016/j.biortech.2021.125846
https://doi.org/10.1016/j.biombioe.2020.105672
https://doi.org/10.1016/j.biombioe.2020.105672
https://doi.org/10.1016/j.canlet.2021.11.002
https://doi.org/10.1021/pr201017n
https://doi.org/10.1155/2015/476215
https://doi.org/10.1155/2015/476215
https://doi.org/10.1056/NEJMra1309483
https://doi.org/10.1056/NEJMra1309483
https://doi.org/10.1016/j.lfs.2020.118545
https://doi.org/10.34172/bi.2023.24195
https://doi.org/10.34172/bi.2023.24195
https://doi.org/10.3390/fermentation8050219
https://doi.org/10.3390/fermentation8050219
https://doi.org/10.1016/j.ijhydene.2021.06.010
https://doi.org/10.1016/j.ijhydene.2021.06.010
https://doi.org/10.1111/bcpt.13407
https://doi.org/10.1111/bcpt.13407
https://doi.org/10.3390/molecules27051609
https://doi.org/10.3390/molecules27051609


212	 BIOLOGICAL COMMUNICATIONS, vol. 69, issue 4, October–December, 2024 | https://doi.org/10.21638/spbu03.2024.401

Msuya, N., Minja, R., Katima, J., Masanja, E., and Temu, A. 
2018. Separation and purification of lactic acid from sisal 
wastes. American Journal of Chemistry 8(1):13–18 https://
doi.org/10.5923/j.chemistry.20180801.03 

Nath, S., Kubendiran, H., Mukherjee, A., and Kundu, R. 2023. 
Iron oxide-silver-curcumin nanocomposite acts against 
HPV16 positive cervical cancer cell siha by triggering 
crosstalk between autophagy and apoptosis primar-
ily via breach in cellular redox equilibrium. Process 
Biochemistry 130:174–190. https://doi.org/10.1016/j.
procbio.2023.04.011

Ngouénam, J. R., Momo Kenfack, C. H., Foko Kouam, E. M., 
Kaktcham, P. M., Maharjan, R., and Ngoufack, F. Z. 2021. 
Lactic acid production ability of Lactobacillus sp. from 
four tropical fruits using their by-products as carbon 
source. Heliyon 7(5):e07079. https://doi.org/10.1016/j.
heliyon.2021.e07079

Nguyen, V. T. H., Tung, Q. N., Lien, B. T., Trang, N. H., The, N. V., 
Loi, N. T. T., Ha, C. H., and Tien, P. Q. 2022. Efficacy of bio-
synthesizing folate, riboflavin and typical probiotic traits 
reveal the potential use of Lactobacillus plantarum LCN13 
as a feed additive for swine farming. Academia Journal 
of Biology 44(1):73–82. https://doi.org/10.15625/2615-
9023/16628

Nishijima, T., Nishina, M., and Fujiwara, K. 1997. Measure-
ment of lactate levels in serum and bile using proton 
nuclear magnetic resonance in patients with hepatobili-
ary diseases: its utility in detection of malignancies. Japa-
nese Journal of Clinical Oncology 27(1):13–17. https://doi.
org/10.1093/jjco/27.1.13 

O’Callaghan, T. F., Vázquez-Fresno, R., Serra-Cayuela, A., 
Dong, E., Mandal, R., Hennessy, D., McAuliffe, S., Dil-
lon, P., Wishart, D. S., Stanton, C., and Ross, R. P. 2018. 
Pasture feeding changes the bovine rumen and milk me-
tabolome. Metabolites 8(2):27. https://doi.org/10.3390/
metabo8020027

Omole, O. O., Brocks, D. R., Nappert, G., Naylor, J. M., and Zel-
lo, G. A. 1999. High-performance liquid chromatographic 
assay of (±)-lactic acid and its enantiomers in calf serum. 
Journal of Chromatography B: Biomedical Sciences and 
Applications 727(1–2):23–29. https://doi.org/10.1016/
S0378-4347(99)00072-9

Ong, B. N., Lam, T. D., Le, T. L., Nguyen, T. C., Tran Thi, B. H., 
and Phan, T. M. 2020. Isolation, identification and evalu-
ation of Lactic acid synthesis of bacteria in traditional 
fermented products in Vietnam. IOP Conference Series: 
Materials Science and Engineering 991(1):012059. https://
doi.org/10.1088/1757-899X/991/1/012059

Pedersen, T. 2023. _patchwork: The Composer of Plots_. 
R package version 1.1.3. https://CRAN.R-project.org/
package=patchwork.

Pohanka, M. 2020. D-Lactic acid as a metabolite: Toxicology, 
diagnosis, and detection. BioMed Research International 
2020:1–9. https://doi.org/10.1155/2020/3419034

Psychogios, N., Hau, D. D., Peng, J., Guo, A. C., Mandal, R., 
Bouatra, S., Sinelnikov, I., Krishnamurthy, R., Eisner, R., 
Gautam, B., Young, N., Xia, J., Knox, C., Dong, E., Huang, P., 
Hollander, Z., Pedersen, T. L., Smith, S. R., Bamforth, F., 
Greiner, R., McManus, B., Newman, J. W., Goodfriend, T., 
and Wishart, D. S. 2011. The human serum metabolome. 
PLoS ONE 6(2):e16957. https://doi.org/10.1371/journal.
pone.0016957

Pundir, C. S., Narwal, V., and Batra, B. 2016. Determination 
of lactic acid with special emphasis on biosensing meth-
ods: A review. Biosensors and Bioelectronics 86:777–790. 
https://doi.org/10.1016/j.bios.2016.07.07

R Core Team. 2022. R: A Language and Environment for Sta-
tistical Computing. R Foundation for Statistical Comput-

ing, Vienna, Austria. Available at: https://www.R-project.
org/.

Rabinowitz, J. D. and Enerbäck, S. 2020. Lactate: the ugly duck-
ling of energy metabolism. Nature Metabolism 2(7):566–
571. https://doi.org/10.1038/s42255-020-0243-4

Ranjbar, M., Bolandi, M., and Mohammadi Nafchi, A. 2021. Ef-
fect of manganese sulfate and vitamin B 12 on the prop-
erties of physicochemical, textural, sensory and bacteri-
al growth of set yogurt. Journal of Food Measurement and 
Characterization 15:1190–1200. https://doi.org/10.1007/
s11694-020-00720-w 

Rassaei, L., Olthuis, W., Tsujimura, S., Sudhölter, E. J. R., and 
van den Berg, A. 2014. Lactate biosensors: current sta-
tus and outlook. Analytical and Bioanalytical Chemistry 
406(1):123–137. https://doi.org/10.1007/s00216-013-
7307-1

Rosenstein, P. G., Tennent-Brown, B. S., and Hughes, D. 2018. 
Clinical use of plasma lactate concentration. Part  1: 
Physiology, pathophysiology, and measurement: Clini-
cal use of plasma lactate concentration part  1. Journal 
of Veterinary Emergency and Critical Care 28(2):85–105. 
https://doi.org/10.1111/vec.12708

Salovaara, S., Sandberg, A.-S., and Andlid, T. 2002. Organic 
acids influence iron uptake in the human epithelial cell 
line caco-2. Journal of Agricultural and Food Chemistry 
50(21):6233–6238. https://doi.org/10.1021/jf0203040

Salovaara, S., Sandberg, A.-S., and Andlid, T. 2003. Com-
bined impact of pH and organic acids on iron uptake by 
caco-2 cells. Journal of Agricultural and Food Chemistry 
51(26):7820–7824. https://doi.org/10.1021/jf030177n

Sarwono, K. A., Rohmatussolihat, R., Watman, M., Ratnako-
mala, S., Astuti, W. D., Fidriyanto, R., Ridwan, R., Widyas-
tuti,  Y., Sarwono, K. A., Rohmatussolihat, R., Wat-
man, M., Ratnakomala, S., Astuti, W. D., Fidriyanto, R., 
Ridwan, R., and Widyastuti, Y. 2022. Characteristics of 
fresh rice straw silage quality prepared with addition 
of lactic acid bacteria and crude cellulase. AIMS Agricul-
ture and Food 7(3):481–499. https://doi.org/10.3934/
agrfood.2022030

Schlimme, E., Martin, D., and Meisel, H. 2000. Nucleosides 
and nucleotides: Natural bioactive substances in milk 
and colostrum. British Journal of Nutrition 84(S1):59–68. 
https://doi.org/10.1017/S0007114500002269 

Schmitt, R. E., Molitor, H. R., and Wu, T. 2012. Voltammet-
ric method for the determination of lactic acid using a 
carbon paste electrode modified with cobalt phthalo-
cyanine. International Journal of Electrochemical Science 
7(11):10835–10841. https://doi.org/10.1016/S1452-
3981(23)16906-9

Shtumpf, L. Yu., Kolesnik, O. V., Stepanova, L. V., Kolenchu-
kova,  O. A., Fedotova, A. S., Kolomeytsev, A. V., Ma-
karov, A. V., and Kratasyuk, V. A. 2021. Bioluminescent 
sport horse saliva test: Prospects for use. Agricultural 
Biology 56(6):1199–1208. https://doi.org/10.15389/
agrobiology.2021.6.1199eng 

Sokolova, I. M., Frederich, M., Bagwe, R., Lannig, G., and Suk-
hotin, A. A. 2012. Energy homeostasis as an integrative 
tool for assessing limits of environmental stress toler-
ance in aquatic invertebrates. Marine Environmental 
Research 79:1–15. https://doi.org/10.1016/j.maren-
vres.2012.04.003 

Sudhakar, M. P. and Dharani, G. 2022. Evaluation of seaweed 
for the production of lactic acid by fermentation using 
Lactobacillus plantarum. Bioresource Technology Reports 
17:100890. https://doi.org/10.1016/j.biteb.2021.100890

Tak, J. Y., Jang, W. J., Lee, J. M., Suraiya, S., and Kong, I.-S. 2019. 
Expression in Lactococcus lactis of a β-1,3-1,4-glucanase 
gene from Bacillus sp. SJ-10 isolated from fermented fish. 

https://doi.org/10.5923/j.chemistry.20180801.03
https://doi.org/10.5923/j.chemistry.20180801.03
https://doi.org/10.1016/j.procbio.2023.04.011
https://doi.org/10.1016/j.procbio.2023.04.011
https://doi.org/10.1016/j.heliyon.2021.e07079
https://doi.org/10.1016/j.heliyon.2021.e07079
https://doi.org/10.15625/2615-9023/16628
https://doi.org/10.15625/2615-9023/16628
https://doi.org/10.1093/jjco/27.1.13
https://doi.org/10.1093/jjco/27.1.13
https://doi.org/10.3390/metabo8020027
https://doi.org/10.3390/metabo8020027
https://doi.org/10.1016/S0378-4347(99)00072-9
https://doi.org/10.1016/S0378-4347(99)00072-9
https://doi.org/10.1088/1757-899X/991/1/012059
https://doi.org/10.1088/1757-899X/991/1/012059
https://doi.org/10.1155/2020/3419034
https://doi.org/10.1016/j.bios.2016.07.076
https://doi.org/10.1016/j.bios.2016.07.076
https://doi.org/10.1038/s42255-020-0243-4
https://doi.org/10.1007/s00216-013-7307-1
https://doi.org/10.1007/s00216-013-7307-1
https://doi.org/10.1111/vec.12708
https://doi.org/10.1111/vec.12708
https://doi.org/10.1021/jf0203040
https://doi.org/10.3934/agrfood.2022030
https://doi.org/10.3934/agrfood.2022030
https://doi.org/10.1016/S1452-3981(23)16906-9
https://doi.org/10.1016/S1452-3981(23)16906-9
https://doi.org/10.15389/agrobiology.2021.6.1199eng
https://doi.org/10.15389/agrobiology.2021.6.1199eng
https://doi.org/10.1016/j.marenvres.2012.04.003
https://doi.org/10.1016/j.marenvres.2012.04.003
https://doi.org/10.1016/j.biteb.2021.100890


BIOLOGICAL COMMUNICATIONS, vol. 69, issue 4, October–December, 2024 | https://doi.org/10.21638/spbu03.2024.401	 213

BI
O

CH
EM

IS
TR

Y

Protein Expression and Purification 162:18–23. https://doi.
org/10.1016/j.pep.2019.05.006

Tan, J. S., Abbasiliasi, S., Lee, C. K., and Phapugrangkul, P. 2020. 
Chitin extraction from shrimp wastes by single step 
fermentation with Lactobacillus acidophilus FTDC3871 
using response surface methodology. Journal of Food 
Processing and Preservation 44(11):e14895. https://doi.
org/10.1111/jfpp.14895

Taser, B., Ozkan, H., Adiguzel, A., Orak, T., Baltaci, M. O., 
and Taskin, M. 2021. Preparation of chitosan from 
waste shrimp shells fermented with Paenibacillus 
jamilae BAT1. International Journal of Biological Macro-
molecules 183:1191–1199. https://doi.org/10.1016/j.
ijbiomac.2021.05.062

Tefara, S. F., Begna Jiru, E., and Bairu, A. 2022. Optimization 
of fermentation condition for production of lactic acid 
from khat (“Catha edulis”) waste by using immobilized 
Lactobacillus plantarum. Biomass Conversion and Biore-
finery 14(2):6637–6647 https://doi.org/10.1007/s13399-
022-02797-3

Thi Minh Thu, T., Thi Thanh Vinh, D., Anh Dung, N., and Hoang 
Khue Tu, N. 2021. Effect of Lactic Acid produced by Lac-
tic acid bacteria on Prodigiosin production from Strepto-
myces coelicolor. Research Journal of Pharmacy and Tech-
nology 14(4):1953–1956. https://doi.org/10.52711/0974-
360X.2021.00345

Urbanek. S, 2022. _jpeg: Read and write JPEG images_. 
R  package version 0.1-10. https://CRAN.R-project.org/
package=jpeg

Uwamahoro, H. P., Li, F., Timilsina, A., Liu, B., Wang, X., and 
Tian, Y. 2022. An assessment of the lactic acid-produc-

ing potential of bacterial strains isolated from food 
waste. Microbiology Research 13(2):278–291. https://doi.
org/10.3390/microbiolres13020022

Vereshchagina, K., Kondrateva, E., Mutin, A., Jakob, L., Bedu-
lina,  D., Shchapova, E., Madyarova, E., Axenov-Grib-
anov,  D., Luckenbach, T., Pörtner, H.-O., Lucassen, M., 
and Timofeyev, M. 2021. Low annual temperature likely 
prevents the Holarctic amphipod Gammarus lacustris 
from invading Lake Baikal. Scientific Reports 11(1):10532. 
https://doi.org/10.1038/s41598-021-89581-x

Vignesh Kumar, B., Muthumari, B., Kavitha, M., John Praveen 
Kumar,  J. K., Thavamurugan, S., Arun, A., and Jothi 
Basu,  M. 2022. Studies on optimization of sustainable 
lactic Acid production by Bacillus amyloliquefaciens 
from sugarcane molasses through microbial fermenta-
tion. Sustainability 14(12):7400. https://doi.org/10.3390/
su14127400

Vijayakumar, K. and MuhilVannan, S. 2021. 3, 5-Di-tert-
butylphenol combat against Streptococcus mutans by 
impeding acidogenicity, acidurance and biofilm forma-
tion. World Journal of Microbiology and Biotechnology 
37(12):202. https://doi.org/10.1007/s11274-021-03165-5

Wickham, H. 2016. ggplot2: Elegant graphics for data analysis. 
Springer. https://doi.org/10.1007/978-3-319-24277-4

Wickham, H., Vaughan, D., and Girlich, M. 2023. _tidyr: Tidy 
Messy Data_. R package version 1.3.0. https://CRAN.R-
project.org/package=tidyr

Wilke, C. 2020. _cowplot: Streamlined Plot Theme and Plot An-
notations for ‘ggplot2’_. R package version 1.1.1. https://
CRAN.R-project.org/package=cowplot

https://doi.org/10.1016/j.pep.2019.05.006
https://doi.org/10.1016/j.pep.2019.05.006
https://doi.org/10.1111/jfpp.14895
https://doi.org/10.1111/jfpp.14895
https://doi.org/10.1016/j.ijbiomac.2021.05.062
https://doi.org/10.1016/j.ijbiomac.2021.05.062
 https://doi.org/10.1007/s13399-022-02797-3
 https://doi.org/10.1007/s13399-022-02797-3
 https://doi.org/10.52711/0974-360X.2021.00345
 https://doi.org/10.52711/0974-360X.2021.00345
https://doi.org/10.3390/microbiolres13020022
https://doi.org/10.3390/microbiolres13020022
https://doi.org/10.1038/s41598-021-89581-x
https://doi.org/10.1038/s41598-021-89581-x
https://doi.org/10.3390/su14127400
https://doi.org/10.3390/su14127400
https://doi.org/10.1007/s11274-021-03165-5
https://doi.org/10.1007/978-3-319-24277-4

