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Abstract. The purpose of this research is to evaluate the inhibitory effect produced by the presence of lanthanide ions 

(Ln3+) at different concentrations on the biochemical process of lactic acid fermentation. Assays were carried out in 

reconstituted skim milk media with different contents of solids non-fat (SNF) by inoculation with Streptococcus 

thermophilus from commercially available freeze-dried, single-strain starter culture in Costa Rica, currently used in the 

manufacture of commercial cheese, yogurt, and other dairy products. Lanthanide elements find their main applications as 

structural components of electronic devices widely used in modern information and communication technologies (ICTs), 

among which cell phones, flat-screen televisions, hearing aids, desk computers, laptops, household appliances, and 

energy-saving fluorescent bulbs can be mentioned. In addition, they also play an important role in the manufacture of 

electric cars and wind turbines contributing to the development of alternative clean energies. Nevertheless, little progress 

has been made in developing recycling processes for the corresponding electronic waste containing these elements, which 

are being currently recognized as potential emerging pollutants in the environment. In this study, it was found 

significative inhibitory effects on the lactic acidification rate in the presence of lanthanides concentrations as low as 10-4 

mol/L, at different incubation temperatures, incubation periods, and solid non-fat contents (SNF %), which might affect 

the quality and safety of some agro-industrial products of importance for the economy of the country, as well as some 

common biological processes such as the natural decomposition of organic matter and silage. 

INTRODUCTION 

Lanthanides are those chemical elements belonging to the first block f of the periodic table that includes 

lanthanum (La), cerium (Ce), praseodymium (Pr), neodymium (Nd), promethium (Pm), samarium (Sm), europium 

(Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm) ytterbium (Yb) 

and lutetium (Lu) [1], which together with the elements scandium (Sc) and yttrium (Y) constitute a group of 

chemically similar metals usually recognized by the International Union of Pure and Applied Chemistry (IUPAC) 

under the name of rare earth elements (REE) [2]. Incomplete 4f orbitals give these elements unique properties 

related to magnetic susceptibility, radiant energy absorption, and luminescence [3–4]. During the last three decades, 

these elements have become essential for the development of clean energies and devices for the new information and 
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communication technologies (ICTs), including cell phones, computers, flat-screen televisions, fluorescent tubes, and 

energy-saving light bulbs [5–6]. 

With an increasing demand for green and sustainable products for energy, military, and manufacturing use, 

China has become the global supplier of more than 90 % of rare earth elements [7]. However, in present times, 

lifecycles of technological devices are becoming noticeably shorter, and ideally, electrical and electronic waste 

should be recycled in order to recover some of the most common lanthanide elements used, such as cerium (Ce), 

lanthanum (La), neodymium (Nd), praseodymium (Pr), samarium (Sm), gadolinium (Gd) and dysprosium (Dy) [8]. 

Nevertheless, due to the current low market prices and the need for high purity of the elements to be reusable in 

their various applications, global recovery rates are in most cases lower than 12% [9] and usually, less than 1 % of 

these elements have been effectively recycled; hence, the rest of them have entered the environment with an 

unknown final destination [10–11]. Recycling lanthanide metals is a technically complex task due to the difficulty of 

recovering these elements from the structural matrices in which they are occluded [12]. More often than not, current 

methodologies tend to generate potentially dangerous emissions of secondary and tertiary chemical wastes [13–14]. 

On the other hand, the global research to date related to the mechanisms by which lanthanide ions (Ln3+) might 

affect natural living organisms, food industrial processes and human health is comparatively scarce [15]. Therefore, 

a better knowledge of the physicochemical and biological behavior of Ln3+ ions when interacting with the different 

agricultural, food, and environmental chains is of great interest and concern for many countries [16]. Several 

investigations have shown that REE at low concentrations and under certain environmental conditions, can cause a 

strong inhibition to the growth of some algae [15, 17–18], some bacteria [19–20] and some fungi [21–23] and many 

of these groups of microorganisms are key for agricultural and industrial production of alcoholic beverages, 

fermented vegetables or meat and dairy products, among others [24]. These elements in an ionic state can efficiently 

displace calcium ions in cell metabolism and their effect on microbiological processes carried out by lactic acid 

bacteria (LAB) under different conditions are unpredictable in most cases [5,25]. The European Agency for Safety 

and Health at Work [26] has declared that at present their disposition as electronic waste represents a serious 

toxicological threat to the health of workers involved in their use. Therefore, REEs must be recognized as new 

emerging pollutants with multiple forms of entry into the environment, for example, in wastewater from hospitals 

and in industrial effluents in soil [27]. Lanthanum and a few other rare earth elements have a specific interest as 

main pollutants in industrial effluents [28–29]. Some studies have also noticed an increase in the concentration of 

REEs in drinking water in large urban settlements [14, 30–32]. On the other hand, recently synthesized nanoparticles 

of cerium oxide and neodymium oxide have shown inhibitory activity on microbial growth of Staphylococcus 

aureus, Salmonella sp., Pseudomonas aeruginosa, Listeria monocytogenes, Escherichia coli, and Candida albicans, 

among others [33]. Results of an investigation to determine the effect and degree of accumulation of scandium (Sc), 

yttrium (Y), lanthanum (La), erbium (Er), and lutetium (Lu) in in vitro in 69 species of microorganisms, including 

22 species of bacteria, 20 species of actinomycetes, 18 species of fungi and 16 species of yeasts have been presented 

[19]. It was also found that gram-positive bacteria, such as Streptococcus thermophilus, accumulate higher 

concentrations of these elements, particularly samarium (Sm). Soil fungi as Trichoderma and others showed great 

tolerance to the presence of significant concentrations of REE in culture media, although they were inhibited by 

concentrations higher than 100 mmol/L. 

Several other food products owe their production and nutritional characteristics to the biochemical activity of 

lactic acid bacteria, such as fermented cheeses, pickles, and fermented sausages [34]. In the same way, products 

such as sourdough bread [35], olives [36], sauerkraut [37], as well as natural processes associated with grass silage 

for animal feeding [38–40] depend upon this biochemical process. Composting of lignocellulosic biomass residues 

occur largely by means of lactic acid fermentation and lactic acid can also be used to produce polylactic acid 

polymers, a biodegradable material gaining high popularity recently [41] and for the post-harvest treatment of agro-

industrial biomass waste such as those generated in the production of potatoes [42]. Lactic acid fermentation at room 

temperature is important for the industrial processing of coffee beans [43] and cocoa [44] because during this phase 

their precursors of the aroma and flavor are developed. 

This research, is intended to understand what is the effect of the presence of several Ln3+ ions at various 

concentrations on the lactic fermentation process carried out by Streptococcus thermophilus, a model lactic acid 

bacteria widely used in Costa Rican dairy food industry. The freeze-dried culture is commercialized in Costa Rica as 

an STI-14 culture from CHR-Hansen and is currently used for the elaboration of fermented milk and some cheeses. 
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MATERIALS AND METHODS 

Lanthanide ions (La3+, Ce3+, Pr3+, Nd3+, Sm3+, Eu3+, Gd3+, Tb3+, Dy3+, Ho3+, Er3+, Tm3+, Yb3+, Lu3+) were tested 

at three different concentrations in reconstituted skim milk culture media inoculated with Streptococcus 

thermophilus. For the general assays, an equimolar mixed stock solution (1.0 mol/L) containing all the elements was 

also prepared and diluted as necessary. Because of its radioactive nature [45], promethium (Pm) was excluded from 

this research. For the preparation of Streptococcus thermophilus starter culture, a 500 mL-Erlenmeyer flask with 

15.0% reconstituted skim milk was pasteurized at 63 ± 2°C for 30 min (LTLT), cooled to 25°C, inoculated with 0.10 

g freeze-dried culture powder and incubated 6 h at 40°C [46].  

Inhibitory Effect as a Function of Solids Non-Fat Content (SNF) 

An equimolar mixture of 14 Ln3+ ions was added to a final concentration of 0.10 mmol/L; 1.0 mmol/L and 10 

mmol/L to pasteurized, reconstituted skim milk culture media, inoculated with 3.0 % of the starter culture and with 

the following SNF contents: 5%, 7.5%, 10%, 12.5%, 15%, 27.5% and 20% (w/w). Culture media were incubated for 

6 h at 40°C and sampled every two hours for the potentiometric determination of titratable acidity. 

Inhibitory Effect as a Function of Incubation Temperature 

An equimolar mixture of 14 Ln3+ ions was added to a final concentration of 0.10 mmol/L; 1.0 mmol/L and 10 

mmol/L to pasteurized, reconstituted skim milk culture media (SNF 15%), inoculated with 3% of the starter culture 

and incubated at 25°C, 35°C, 45°C, 55°C and 65°C for 6 h. A control test was kept at 5°C.  

 

Inhibitory Effect and Fermentation Rates as a Function of Incubation Time 

An equimolar mixture of 14 Ln3+ ions was added to a final concentration of 0.10 mmol/L; 1.0 mmol/L and 10 

mmol/L to pasteurized, reconstituted skim milk culture media (SNF 15%), inoculated with 3% of the starter culture 

and incubated 12 h at 40°C. Samples were taken every 2 hours and analyzed for pH and titratable acidity. 

Inhibitory Effect as a Function of The Lanthanide Element 

Forty-seven labeled 250 mL Erlenmeyer flasks were placed in a dry oven, covered with aluminum foil, and 

sterilized by heating at 180°C. Using a micropipette, 1.00 mL of each of the 14 Ln3+ ion solutions at three different 

concentrations (1.0 mol/L; 0.10 mol/L and 0.010 mol/L) was added for final concentrations of 10 mmol/L, 1.0 

mmol/L and 0.10 mmol/L, respectively). Five Erlenmeyer flasks containing no lanthanide ions were used as control. 

Ninety-nine milliliters of reconstituted skim milk media (15%) inoculated with Streptococcus thermophilus starter 

culture was added to each Erlenmeyer flask and mixed thoroughly. Incubation took place at 40°C for 10 h. 

Analytical Methods 

The contents of each test tube were poured into a 250 mL beaker, weighed, dispersed with 100 mL of deionized 

water, and titrated potentiometrically to a pH of 8.00 ± 0.02 at 22 ± 2°C, using NaOH 0.1004 mol/L. pH was 

measured with a pH-metro HACH HQ440D Multi. All samples were refrigerated at 5 ± 1°C prior to their analysis in 

order to stop the fermentation process.  The acidity value could be calculated and the value was  expressed as lactic 

acid, according to the following formula: 
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Titratable Acidity (%)=
VNaOH ×MNaOH×90.08

1000 ×mS
 ×100                 (1) 

 

VNaOH : Volume of titrating solution (mL) 

MNaOH : Molarity of the titrating solution (0.1004 mol/L) 

ms :   Mass of the sample (g) 

Fermentation rates were calculated according to:  

Fermentation Rate=
ATn-ATn-1

tn-tn-1
×1000              (2) 

𝐴𝑇𝑛 y 𝐴𝑇𝑛−1 : The titratable acidity for two consecutive hours (tn y tn-1) 

The inhibitory effect was expressed as a percentage, as follows: 

 

Inhibition (%)=
AT0t-ATxt

A0t
×100               (3) 

𝐴0𝑡 : The titratable acidity of a non supplemented blank expressed as lactic acid 

 𝐴𝑥𝑡  : The titratable acidity of samples supplemented with lanthanide ions (x) at different concentrations (0; 0.10; 1.0 and 10 

mmol/L), incubated under the same experimental conditions (SNF: 15.0 %, 40°C and incubation time (t): 0 , 2 , 4 , 6 , 8, 

10 and 12 h). 

RESULTS AND DISCUSSION 

Inhibitory Effect of Lanthanide Ions as a Function of Non-Fat Solids Content 

The most abundant metal ions in milk include potassium (K), sodium (Na), calcium (Ca), and magnesium (Mg), 

and in lower amounts iron (Fe), copper (Cu), zinc (Zn), manganese (Mn), iodine (I), boron (B), fluorine (F), silicon 

(Si), bromine (Br), nickel (Ni), molybdenum (Mo) and cobalt (Co), in addition to traces of barium, aluminum, 

titanium, vanadium, rubidium, lithium, strontium, chromium, silver and tin [47]. Therefore, the eventual presence of 

Ln3+ ions is not considered normal in milk and can be originated exclusively by processes of exogenous 

contamination. 

Figure 1a shows the effect of Solids Non-Fat contents (SNF%) on the pH of culture media supplemented with an 

equimolar mixture of lanthanide ions (Ln3+) at concentrations of 0 mmol/L, 0.1 mmol/L, 1.0 mmol/L, and 10 

mmol/L. and incubated for 6 h at 40°C. The corresponding titratable acidity values are shown in Figure 1b. In a 

previous test, it was found that a concentration of 50 mmol/L was completely inhibitory of the lactic fermentation 

process, so the value of 10 mmol/L Ln3+ value was fixed as the highest experimental concentration for this research. 

In almost all cases, pH values after 6 h incubation were higher as the concentration of Ln3+ increased in each 

culture media. The only exception was observed in culture media with higher concentrations of solids non-fat 

(SNF%) when pH reached in the presence of 0.10 mmol of Ln3+ was compared to the pH value reached by the blank. 

This was probably due to a hormetic response of Ln3+ on lactic acid bacteria at very low concentrations since similar 

behavior has been reported for other biochemical processes, especially in relation to the growth of plant cells [48]. 

In more concentrated media, a higher tendency to syneresis could be also observed in the presence of Ln3+, even 

at concentrations as low as 0.1 mmol/L, so the spontaneous whey separation resulting from the contraction of the 

milk curd was probably enhanced by the presence of highly charged Ln3+ ions without the participation of other 

external forces such as centrifugation [49]. 
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 (a) (b) 

FIGURE 1. (a) pH and (b) titratable acidity in culture media supplemented with lanthanide ions (0 mmol/L, 0.10 

mmol/L, 1.0 mmol/L, and 10 mmol/L), as a function of Solids Non-Fat (%), incubated 6 h at 40°C. 

 

 

 

FIGURE 2.  Lactic acid ratio as a function of SNF (%), in the presence of Ln3+ ions. 
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11.3%, noticeable differences in the productivity of lactic acid from the available lactose was observed as the 

concentration of Ln3+ ions in the culture media increased from 0 to 10 mmol/L. 

Under these experimental conditions, inhibitory effects might be a consequence both of higher osmotic pressure 

of the culture media and of the presence of a higher concentration of Ln3+ ions. These effects have been observed on 

other microorganisms under different laboratory conditions [23]. In some cases, the addition of 0.1 mmol/L had no 

apparent effect, specifically in the concentration range between 7.5 % and 12.5 % SNF. However, in all cases, the 

presence of 1.0 mmol/L had a significant effect under these conditions. 

Figure 2 shows how much of available lactose is transformed into lactic acid, as a function of the concentration 

of solids non-fat (SNF) contents, from which lactose represents around 56.5% (w/w). 

In culture media with an addition of Ln3+ ions up to 0.10 mmol/L, a significant decrease in the acidity/lactose 

ratio could be observed as the concentration of lactose increased, decreasing from 10.5% to values around 8.0%. In 

culture media with concentrations higher than 1.0 mmol/L of Ln3+, the effect becomes less noticeable, showing the 

highest transformation ratio (⁓9%) between 7.5% to 10.0% SNF content and the lowest transformation ratio (⁓7%) 

as SNF% in the culture media increases up to 20.0%. In culture media supplemented with 10 mmol/L of Ln3+, the 

lactose transformation ratio in lactic acid was rather low, oscillating between 5.0 to 5.5%. High carbohydrate 

contents in culture media tend to reduce the rate of lactic acid fermentation due to a decrease in the entry rate of 

fermentable carbohydrates into the bacterial cell since they may become saturated with the excessive availability of 

substrate [50]. 

Figure 3 shows the inhibitory effect (%) produced by the Ln3+ ions on the fermentation rate as a function of the 

concentration of solids non-fat (SNF%). 

 

 

FIGURE 3. Fermentation rate inhibition in the presence of Ln3+ as a function of SNF (%). 

It is evident that the inhibition was significantly higher as the concentration of Ln3+ increased in the culture 

media. However, the highest inhibitory effect did not take place at the same Ln3+ concentration in all media. The 
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carbohydrates could be related to the increased osmotic pressure of the media [50]. In comparison, it has been 

reported that the growth of other common lactic acid bacteria is completely inhibited when the osmotic pressure 

reaches 2416 mOsm/kg, due to the continuous accumulation of several metabolites in the culture media [51]. 

Also, Ln3+ ions are capable of joining active sites that are normally linked with Fe3+ ions of transferrin and 

ferritin, Mn2+ ions of pyruvate kinase (EC 2.7 .1.40) and glutamine synthetase (EC 6.3.1.2) or ions Mg2+ in pyruvate 

0.0%

10.0%

20.0%

30.0%

40.0%

50.0%

60.0%

70.0%

80.0%

5.0 7.5 10.0 12.5 15.0 17.5 20.0

F
er

m
en

ta
ti

o
n

 R
a
te

 I
n

h
ib

it
io

n
 (

%
)

Solids Non-Fat Content (SNF %)

0.1 mmol/L 1.0 mmol/L 10 mmol/L    [Ln]

050034-6

D
ow

nloaded from
 http://pubs.aip.org/aip/acp/article-pdf/doi/10.1063/5.0144195/17962882/050034_1_5.0144195.pdf



kinase and alkaline phosphatase [52]. Furthermore, the ionic radius of hexacoordinated Ca2+ ions is reported to be 

1.00 Å, while the average ionic radius of all Ln3+ ions in chemical environments with coordination numbers of 6, 7, 

8 and 9 is about 1.02 ± 0.02. This indicates that the size of Ln3+ ions is virtually the same as that of Ca2+ ions under 

normal physiological conditions. Therefore, Ln3+ can partially compete with Ca2+ ions and other elements such as 

Mg, Fe, Mn, and Zn for active sites in functional biomolecules and then inhibit biochemical processes such as active 

transport, cellular respiration, oxidation of cytochromes, and permeability of acetyl coenzyme A, among others [53]. 

On the other hand, the similarity of Ln3+ ion spectra united to certain enzymes suggests that the ion charge rather 

than the ionic radius, could be the factor that most favors the configuration of the active sites and the structural 

stability of the complexes formed when protein and enzymes bind with Ln3+ ions [54].  

Inhibitory Effect of Lanthanide Ions as a Function of Incubation Temperature 

Figure 4 shows the effect of the incubation temperature (15.0% SNF, 6 hours, 100 mL) in the production rate of 

lactic acid (mg/h), in the presence of 0.10, 1.0, and 10 mmol/L of an equimolar mixture of 14 Ln3+ ions.  

Between 25°C and 65°C, the addition of Ln3+ to the culture media showed an inhibitory effect on the 

fermentation rate. At 35°C, the production of lactic acid dropped from 0.660% to 0.442%, which is 33.1% less in the 

presence of 10 mmol/L of Ln3+ ions. At 45°C, the fermentation rate dropped from 0.858% to 0.647%, that is, 24.6% 

less with the same Ln3+ addition.  Finally, at 55°C, the percentage in which the fermentation rate decreased 22.9%, 

falling from 0.776% to 0.598%. This indicates that around the optimal growth temperature zone of Streptococcus 

thermophilus (35°C–55°C), the inhibitory effect caused by the addition of Ln3+ tended to be very high. 

 

 

 

FIGURE 4. Fermentation kinetics based on the incubation temperature in the presence of Ln3+  

(15.0 % SNF, 6 h). 
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especially remarkable at samples with a pH close to 4.6, the isoelectric point of milk [46]. From these results and 

taking into account the tendency to syneresis at temperatures above 45°C, the temperature of 40°C was chosen for 

subsequent inhibition tests in the present study. 

Effect of Lanthanide Ions on Lactic Acid Fermentation Rates 

Figure 5 shows the change of pH and the titratable acidity of a culture media with 15.0% SNF, incubated 12 

hours at 40°C in the presence of 0.1 ; 1.0 and 10.0 mmol/L of an equimolar mixture of Ln3+ ions. As can be seen, pH 

curves tend to reach a limit approaching a minimum pH value of around 4.50. 

Under these conditions, low pH values of culture media due to high concentrations of non-dissociated lactic acid 

constitute the most inhibitory component of the growth of lactic acid bacteria and analysis can be done using 

mathematical models similar to those that describe the lag phase, the exponential growth phase, the stationary phase 

and the exponential death phase. However, due to the complexity of biological phenomena, the use of non-linear 

mathematical models is required to identify some changes in processes caused by the presence of inhibitory or 

stimulating agents [55]. Figure 6 presents an approximation of the bacterial activity by calculating the derivative of 

the acidity produced (dA/dt) as a descriptive parameter for the fermentation process. As the substrate required for 

the production of lactic acid decreases in time, a reduction of the fermentation rate occurs and is intensified by the 

gradual increase in the concentration of lactic acid in the culture media. 

 
 

FIGURE 5. Time variation of a) pH and b) titratable acidity in inoculated media with Streptococcus thermophilus in the 

presence of Ln3+ ions (12 h, 40°C, 15.0 % SNF). 

Keeping all factors under control (40°C, 15.0% SNF), the only factor responsible for the difference of the curves 

observed in Figure 6 was the presence of the Ln3+ in the culture media. As can be observed in Figure 5, the 

inhibitory effect caused by the addition of 0.10 mmol/L of Ln3+ was quite slight but detectable in relation to the 

development of acidity in the culture medium that did not contain Ln3+ ions. However, in terms of lactic acid 

production rate shown in Figure 6, both curves were practically indistinguishable throughout the entire test. 

Nevertheless, by increasing the concentration of Ln3+ ions to 1.0 mmol/L, the effect on fermentation rates became 

much more pronounced. 

On the other hand, the presence of 10.0 mmol/L of Ln3+ showed a very remarkable effect on both the intensity of 

the inhibition and the shape of the curves. An important characteristic of the curve with 10.0 mmol/L of Ln3+ was 
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that it did not show the symmetry of the curves with lower Ln3+ concentrations, suggesting that the maximum 

production rate of lactic acid had shifted slightly to the right, which could be due to a longer delay in the lag phase 

of Streptococcus thermophilus. After 6 hours incubation all curves tended to be similar and the fermentation process 

practically stopped after 12 h in all culture media.  

 

 
 

FIGURE 6. Lactic Fermentation of Streptococcus thermophilus in the presence of Ln3+ (12 h, 40°C, 15.0 % SNF). 

In those cases in which it is required to optimize the generation of lactic acid for industrial purposes, such as for 

the production of polylactic acid to be used as a biodegradable polyester [56, 57], it is recommended to control pH 

by using buffered systems and supplement culture media with carbon and nitrogen sources, since lactic acid bacteria 

are unable to use the compounds released by lysis of dead cells [55]. 

The inhibition of the formation of lactic acid is due to the solubility of non-dissociated acid and the insolubility 

of dissociated lactate ions within the cytoplasmic membrane, causing acidification and failure of the proton motor 

forces [58]. This phenomenon affects the transmembrane pH gradient and decreases the amount of energy available 

for cell growth. In the industrial field, to avoid the inhibition of the fermentative process, extractive recovery 

techniques can be applied such as the addition of calcium hydroxide that neutralizes the acid produced precipitating 

the respective insoluble calcium salts [59].  It is important to note that Ln3+ ions form complexes in which three or 

four carboxylate groups bind to each Ln3+ ion, as the concentration of the lactic acid in the media increases, so their 

ability to interact and inhibit lactic acid bacteria decreases at lower pH values [52]. 

Individual Effect of Lanthanide Ions on Lactic Acid Fermentation 

Figure 7 shows the individual effect of Ln3+ ions (La3+, Ce3+, Pr3+, Nd3+, Sm3+, Eu3+, Gd3+, Tb3+, Dy3+, Ho3+, Er3+, 

Tm3+, Yb3+, Lu3+) at different concentrations (0.10 mmol/L, 1.0 mmol/L and 10 mmol/L) on the titratable acidity of 

culture media inoculated with Streptococcus thermophilus incubated at 40°C during 10 h.   

As can be seen, without exception, all the Ln3+ ions inhibited the fermentation process to a certain degree, what 

was more remarkable as their concentration increased from 0.10 mmol/L to 10 mmol/L. The average acidity 

developed in culture media supplemented with 0 mmol/L, 0.1 mmol/L, 1.0 mmol/L and 10 mmol/L were 1.17 (± 

0.01) %; 1.13 (± 0.02%, 1.07 (± 0.02) % and 0.72 (± 0.06) % at a 95 % confidence level (α = 0.05). 
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Unexpectedly, no important correlation was found between the intensity of the inhibitory effect of each 

lanthanide ion and the atomic number of the corresponding element. Pearson correlation coefficients between the 

results of titratable acidity in the media with 0.10 mmol/L, 1.0 mmol/L, and 10.0 mmol/L Ln3+ ions and their atomic 

number were +0.484, +0.795, and -0015, respectively.  

 

The physiological properties of the lanthanide elements can be explained based on adsorption mechanisms on the 

surface of the cells through the phosphate groups in the lipid membrane, resulting in alterations in the cellular 

transport of transmembrane metal ions, although it is said that only the 7% of phosphate groups in lipid bilayer 

interacts with Ln3+ ions. This effect is especially important in the case of Ce3+ and La3+ in which cellular walls act as 

barriers for these ions [52]. 

However, it has recently been proven that a limited number of Ln3+ ions can go through the plasma membrane. 

Even so, the effect of the Ln3+ ions in the biochemical processes at intracellular level related to inhibitory and 

stimulatory effects (Hormesis) of the interactions is still uncertain [23] although it is known that in the case of 

cerium nanoparticles damage occurs due to disruption of the membrane and the release of free radicals that directly 

affect cellular DNA [14]. 

 

 

 

FIGURE 7. Acidity developed by Streptococcus thermophilus in the presence of individual 

Ln3+ (10 h, 40°C, 15.0 % SNF). 

According to the first observations of electronic microscopy, Ln3+ ions adhere passively to the cell surface, but 

they are not capable of penetrating the cytoplasm of the living cells belonging to bacteria, fungi or algae, because 

they have a high electron density, unless processes such as phagocytosis or pinocytosis or very prolonged incubation 

times are given [52].  

However, more recent studies have shown that they are capable of entering some cells and producing toxicity 

associated with mitochondria and cellular core [14]. Some authors have reported that doses between 1 x 10-4 and 1 x 

10-2 mol/L of Ln+ 3 ions are required to inhibit the growth of bacteria, fungi and yeast. On the other hand, 
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concentrations less than 1 x 10-5 have shown in some special cases stimulatory effects on cell growth. This 

phenomenon is known as hormesis [48]. 

 

FIGURE 8. Inhibitory effects of lanthanide ions on lactic acid fermentation at different Ln3+ 

concentrations (Streptococcus thermophilus, 10 h, 40°C, 15.0 % SNF). 

Keeping all factors under control (40°C, 15.0% SNF), the only factor responsible for the difference of the curves 

observed in Figure 6 was the presence of the Ln3+ in the culture media. As can be observed in Figure 5, the 

inhibitory effect caused by the addition of 0.10 mmol/L of Ln3+ was quite slight but detectable in relation to the 

development of acidity in the culture medium that did not contain Ln3+ ions. However, in terms of lactic acid 

production rate shown in Figure 6, both curves were practically indistinguishable throughout the entire test. 

Nevertheless, by increasing the concentration of Ln3+ ions to 1.0 mmol/L, the effect on fermentation rates became 

much more pronounced. 

On the other hand, the presence of 10.0 mmol/L of Ln3+ showed a very remarkable effect on both the intensity of 

the inhibition and the shape of the curves. An important characteristic of the curve with 10.0 mmol/L of Ln3+ was 

that it did not show the symmetry of the curves with lower Ln3+ concentrations, suggesting that the maximum 

production rate of lactic acid had shifted slightly to the right, which could be due to a longer delay in the lag phase 

of Streptococcus thermophilus. After 6 hours incubation all curves tended to be similar and the fermentation process 

practically stopped after 12 h in all culture media.  
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CONCLUSION 

The presence of the lanthanide elements (Ln) in an ionic form exerts an inhibitory effect in the biochemical 

process of lactic acid fermentation, in skim milk culture media with SNF contents in the range from 5% to 20%. The 

phenomenon was observed throughout the range of incubation temperatures from 5°C to 65°C, being more 

pronounced between 35°C and 55°C, presenting the highest inhibitory effect around 45°C with concentrations of 

Ln3+ ions between 0,10 mmol/L and 10 mmol/L. Under these experimental conditions, it could be verified that the 

inhibitory effect was detectable even with concentrations of Ln3+ ions in the order of 1 x 10-4 mol/L. At lower 

concentrations, it was not possible to measure any effect, but the possibility of hormesis cannot be ruled out unless 

more sensitive analytical methods are implemented. On the other hand, the inhibitory effect of each element was 

slightly different among them, having the elements praseodymium, ytterbium and gadolinium the strongest effect, 

and erbium, neodymium and thulium the weakest effect. It was not possible to verify any correlation between the 

atomic number of the element and the intensity of its inhibitory effect on lactic acid fermentation. 

In summary, it was verified that the agro-industrial processes related to lactic fermentation done with 

commercially available freeze-dried culture starter of Streptococcus thermophilus, which is relevant for the Costa 

Rican dairy food industry, might be affected by the presence of very low levels of these chemical elements in the 

environment, recently introduced as emerging pollutants through an inappropriate handling and disposition of e-

waste generated from modern electrical and electronic devices, widely used in the country. 
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