



Assessing The Differential Effects of Bovine Lactoferrin on The Growth of Various Bacterial Species
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ABSTRACT

	Background: Lactoferrin is an iron-binding glycoprotein found in secretions like milk, saliva, and tears that plays a key role in innate immunity. It inhibits bacterial growth by sequestering iron and also helps modulate immune responses, making the environment less favorable for microbes.
Aims:
This study aimed to evaluate the effects of bovine lactoferrin on bacterial growth and determine whether the effect varies among species.

Study design:
A factorial experimental laboratory study was conducted using a comparative growth assay, employing agar media plates treated with three varying concentrations of lactoferrin alongside a control group

Place and Duration of Study:
The study was performed at the Department of Biology at Eastern University over a single academic semester.

Methodology:
Four bacterial species (Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, and S. epidermidis) were cultured on nutrient agar media. Plates were supplemented with increasing concentrations of bovine lactoferrin, and colony diameter was used as a proxy for bacterial growth. Measurements were compared across treatments and control to evaluate differential responses.

Results:
Bovine lactoferrin significantly affected bacterial colony diameter (P < .001), with colony growth generally reduced in lactoferrin-treated media compared to controls. Colony size also differed significantly among bacterial species, with the largest colonies observed in P. aeruginosa and E. coli, followed by S. aureus and S. epidermidis, and a significant treatment × species interaction (P < .001) indicated species-specific responses to lactoferrin exposure.

Conclusion:
It is concluded that bovine lactoferrin treatment inhibited bacterial growth in a concentration-dependent manner, though effectiveness is species-specific. These findings suggest that antimicrobial properties of lactoferrin may be context-dependent, with variation in susceptibility likely influenced by intrinsic bacterial characteristics, necessitating further research into the underlying mechanisms.



Keywords Bovine lactoferrin; antimicrobial activity; bacterial growth inhibition; species-specific effects; comparative microbiology




1. INTRODUCTION

At all spatial scales, organismal growth and population expansion are limited by the amount of resources available in a habitat. These resources can be in the form of abiotic factors, such as carbon dioxide and trace elements, but it can be due to biotic resources (Gomez et al., 2020; Atolia et al., 2020). In many cases, abiotic factors interact with biological factors, and this is because organisms must live in habitats and ecosystems, be they natural or artificial environments. Microorganisms, including bacteria, can use whole organisms as hosts, and it is possible that the resources required for these microbes can be limited by the biology of its host. For example, these environments could consist of mammalian guts or leaf litter in soil periodically providing nutrients to bacteria (Atolia et al., 2020). 
Each of these physical and biological variables can influence both the rate of colony growth and extent of microbial spread (Atolia et al., 2020). However, these environmental effects are not consistent across all contexts because surfaces can be heterogeneous, and other organisms can coexist in these microbiomes. Instead, the expansion of bacterial colonies often depends on the physical and chemical nature of the substrate on which the bacteria are growing (Khudayarova et al., 2026). In nutrient-rich environments, bacterial populations may expand rapidly due to increased metabolic support and efficient resource uptake, leading to larger and denser colonies. In contrast, environments with limited nutrients or the presence of inhibitory comounds can restrict growth, slow division rates, and reduce spatial expansion (Khudayarova et al., 2026; Kannan et al., 2025). Physical structures also matter, as solid surfaces constrain movement and create spatially organized growth patterns rather than uniform dispersal. These interacting factors highlight the complexity of microbial responses and emphasize that bacterial growth cannot be fully understood by examining single environmental variables in isolation. Instead, integrated studies that consider multiple interacting drivers are necessary to accurately interpret patterns of colonization, competition, and colony development across different environmental conditions (Harshey, 2003; Porter et al., 2025).

On solid substrates, such as agar media, bacterial growth occurs in a spatially structured manner that is different from growth in liquid culture (Warren et al., 2019; Pipe & Grimson, 2008). Instead of uniform dispersal, bacteria divide and spread outward from an initial inoculation point, forming visible colonies. These colonies emerge as cells multiply and extend into surrounding media, which can be visible as circular or irregular growth depending on the species and environmental conditions. Agar provides both a physical surface for attachment and a controlled nutrient environment, making it a standard medium for observing colony morphology and measuring growth features such as colony diameter. This spatial constraint also creates nutrient and waste diffusion gradients that can influence local growth rates and lead to heterogeneous colony structure (Jeanson et al., 2015; Kannan et al., 2025). As colonies expand, edge dynamics often become more important than central cell activity, affecting overall colony geometry and expansion rate (Porter et al., 2025). In addition, interspecies variation in motility and surface-associated growth behaviors can lead to distinctly different colony morphologies even under similar conditions (Harshey, 2003). These features make agar-based systems especially useful for comparing microbial responses and chemical treatments under controlled laboratory conditions (Munshi, 2013; Atolia et al., 2020).

Several factors can influence the diameter of bacterial colonies growing on agar. Nutrient concentration in the media plays a key role as higher resource availability can promote faster radial expansion (Kannan et al., 2025). Moisture levels within the agar can also affect the diffusion of nutrients and waste products, which can influence growth rates (Jeanson et al., 2015). In addition, temperature can affect metabolic activity, with optimal temperatures leading to more rapid colony expansion (Munshi, 2013). Other factors, such as bacterial species traits (e.g., motility) and competition with neighbor colonies, can further modify growth patterns (Harshey, 2003; Porter et al., 2025). Altogether, these variables determine the final size and structure of bacterial colonies that can be observed on solid laboratory media. In this brief study, an experiment on growth response of bacterial colonies on agar media treated with lactoferrin, which is a protein that can interact with iron in most organisms. 

Iron is a vital nutrient required for organismal development. Bacteria survive by acquiring iron for ATP production and other metabolic processes. Under conditions of iron starvation, bacteria must utilize all available iron sources in their environment (Krewulak & Vogel, 2008). These iron sources are often found within other hemoproteins such as hemoglobin. Alternatively, microorganisms develop strategies to withstand competition for iron. For example, bacteria may secrete exotoxins such as hemolysin to lyse host cells, resulting in the release of heme-bound iron, which can then be reabsorbed for bacterial use (Sheldon et al. 2016). As an additional defense, Gram-negative bacteria possess an outer membrane that acts as a permeability barrier, allowing passive diffusion only of small solutes (typically less than 600 Da). This molecular weight cutoff provides protection against the entry of many antibiotics into the cytoplasm. However, other host proteins, such as lactoferrin, exist in the environment that can inhibit bacterial activity (Krewulak & Vogel, 2008).

Lactoferrin is a three-dimensional glycoprotein with multiple functions found in various mammalian secretions such as milk, saliva, tears, and other exocrine fluids (Alkan et al. 2026). Lactoferrin is one of several iron-binding proteins that may be present in the bacterial environment (Canbolat et al. 2026. In dentistry, patients with advanced periodontitis, for example, exhibit excessive bacterial accumulation in the oral environment. As a result, increased levels of lactoferrin are secreted in saliva to combat bacterial overgrowth compared to healthy patients (Ramenzoni et al., 2021). Higher concentrations of lactoferrin are commonly derived from milk and colostrum in mammals and are important for nutritional and pharmaceutical applications (Alkan et al. 2026). The two-lobed structure contains amino acid residues and a bicarbonate ion at its binding sites. Specifically, each lobe contains a tyrosine residue that contributes to the iron-binding site’s closing mechanism (Krewulak & Vogel, 2008). Iron is held in place through coordination with multiple amino acid residues. Consequently, lactoferrin exhibits a higher affinity for iron compared to hemoglobin (Krewulak & Vogel, 2008). This creates an iron-deficient environment for bacteria to metabolize and grow.

Lactoferrin’s antimicrobial function is enabled by its high iron affinity (Canbolat et al. 2026). Microorganisms rely on free iron for growth and use iron-chelating mechanisms to acquire it. Bacterial inhibition occurs because lactoferrin creates an iron-deficient environment by sequestering iron. This results in lactoferrin outcompeting nearby microorganisms in the competition for iron (Krewulak & Vogel, 2008). Additionally, lactoferrin can indirectly affect bacterial growth by modulating components of the immune system in both innate and adaptive immunity. Specifically, immune responses may be enhanced through lactoferrin interactions with cell surfaces, triggering signaling pathways and modulating gene expression in the nucleus (Drago-Serrano et al., 2017).

Gram-negative bacteria have an outer membrane containing lipopolysaccharides (LPS). These LPS structures are stabilized by negatively charged ions such as calcium, magnesium, and iron. Lactoferrin can bind to and displace LPS-associated ions, resulting in reduced membrane stability and increased permeability, making bacteria more susceptible to antibiotics. This effect is further enhanced when lactoferrin is in its iron-free form (Ellison et al., 2000). 

This experiment was conducted to determine how bacteria would behave in an agar environment treated with lactoferrin. Specifically, the potential effect of bovine lactoferrin on bacterial colony size on LB agar treatments was tested; this study focused on non-pathogenic subcultures of Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, and Staphylococcus epidermidis. Differences in colony diameter in three lactoferrin treatments (low, medium, and high concentrations) that were applied to agar plates were compared to the control. Colony diameters was also measured and tested among species to determine potential differences in growth responses between bacteria species under lactoferrin treatment. 

To frame this study, two hypotheses were formulated. Hypothesis 1 was postulated to test if bovine lactoferrin treatment would influence bacterial colony diameter, with a concentration-dependent effect on growth. Although lactoferrin is primarily recognized for its antimicrobial activity through iron sequestration, some bacterial species may utilize lactoferrin or its components under certain conditions. Given this dual functionality, a non-uniform response across concentrations was anticipated. Second, Hypothesis 2 was postulated to test if colony diameter would differ among bacterial species. This expectation is based on known differences in bacterial physiology, iron acquisition mechanisms, and sensitivity to iron limitation (Krewulak & Vogel, 2007; Vega-Bautista et al., 2019). Accordingly, species-specific variation in growth response to bovine lactoferrin was expected under identical experimental conditions.

2. material and methods 
Four bacterial species, Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, and Staphylococcus epidermidis, were selected for this study. These species were chosen based on prior laboratory observations indicating that they can grow concurrently on agar plates while forming morphologically distinct colonies with minimal to no swarming behavior, allowing for accurate measurement of colony diameter without overlap (LaBauve & Wargo, 2012; Missiakas & Schneewind, 2013; Skovdal et al., 2022; Tuttle et al., 2021). All isolates were obtained from existing subcultures of non-pathogenic laboratory strains derived from commercially available cultures (Carolina Biological Supply, Burlington, NC, USA). These strains were maintained under standard laboratory conditions prior to experimentation.
Luria-Bertani (LB) agar media were prepared by dissolving 30 g of LB agar powder per liter of distilled water, followed by autoclaving under standard sterilization conditions. Sterile media were poured into Petri dishes and allowed to solidify. Each plate was marked on the underside with a permanent marker to create a 4 × 4 grid system, consisting of four grid lanes and 16 sub-grids, to standardize inoculation placement and spatial organization. Each bacterial species was assigned to a designated grid lane to prevent cross-contamination and ensure spatial separation of colonies. Bacterial cultures were then inoculated onto the agar surface and incubated under controlled laboratory conditions to allow for colony development. Species identity was confirmed based on original strain source designation and colony morphology consistent with established descriptions in the literature.
A stock solution of bovine lactoferrin powder (lactoferrin.co) was prepared by dissolving 0.5 g of lactoferrin powder in 25 ml of 70% phosphate-buffered saline (PBS), resulting in a concentration of 20 mg/ml. This concentration was selected based on Chilton et al. (2016) and served as the high-concentration treatment. A medium concentration (10 mg/ml) was prepared by performing a 1:1 dilution of the high-concentration stock with 70% PBS buffer. A low concentration (5 mg/ml) was subsequently prepared by repeating the same dilution step using the medium solution. Thus, three lactoferrin treatment levels were established: 20 mg/ml (High), 10 mg/ml (Medium), and 5 mg/ml (Low). A control treatment consisting of 70% PBS buffer without lactoferrin was included for comparison. These solutions were applied to agar media to assess concentration-dependent effects on bacterial colony growth.
For each plate, we pipetted and spread 1 ml of treatment or control solutions on the agar media under sterile conditions. To ensure that the lactoferrin and control solutions absorbed onto the agar surface, and to make sure that there is no excess moisture on the agar media, we let the treatment solutions cure for at least 30 min. on the surface of the media. Further, after 30 minutes of curing, we inverted the media plates on a sterile desiccator for 24 hours to remove any excess moisture that can affect inoculation and/or colony growth. We inoculated bacteria on the treated agar Petri dishes by using a 10 μl pipette tip to scrape bacterial inoculant from the subculture plate and lightly dotting them into their sub-grid. The Petri dishes were then placed back into the desiccator, and covered by a dark plastic bag to emulate a dark environment at room temperature for growth. We incubated the plates in a desiccator to minimize condensation. We measured bacterial colony diameter after a four-day incubation period. For each species, we inoculated one colony per sub-grid and four replicate colonies per grid lane. We inoculated and successfully cultured a total of 16 plates and measured 256 colonies for all four species. To measure each colony’s diameter, we used digital micrometers and measured colony diameter to the nearest 0.01 mm.

Analysis of covariance (ANCOVA) was used to evaluate the effect of lactoferrin on bacterial colony size. In addition to lactoferrin treatment, species was included as a factor in the analysis. Plate and grid position were also included in the model to account for variation in colony size potentially arising from spatial heterogeneity within the desiccator environment and from positional effects on the agar plates. The following ANCOVA model was applied: colony diameter = treatment + plate + grid position + species + treatment × species. The analysis was conducted using base R functions, and results were visualized using box plots generated in the ggplot2 package (Wickham, 2016; R Core Team, 2024).

3. results and discussion

It was initially suggested in this study that lactoferrin may act as a nutrient source for some bacterial species. This possibility was evaluated by measuring colony size, in particular colony diameter, across treatments and among four species. Specifically, LB agar plates were surfaced-treated with different concentrations of lactoferrin, and then inoculated with four species of bacteria. In summary, colony diameters of E. coli, P. aeruginosa, S. aureus and S. epidermidis were found to be affected by lactoferrin treatment (Hypothesis 1). It was also revealed by the experimental data that taxonomic differences based on species identity was a factor that influenced colony size (Hypothesis 2). However, previous studies have also demonstrated that lactoferrin often inhibits bacterial growth through iron-binding mechanisms (Orsi, 2004; Vega-Bautista et al., 2019).
The data from this experiment showed that colony diameter was significantly affected by bovine lactoferrin (P < .001; Fig. 1a). In the absence of lactoferrin, the largest colonies were observed in the control treatment, while smaller colonies were observed in all lactoferrin treatments. This pattern suggests that colony growth was reduced by lactoferrin, which does not support the hypothesis of nutrient provisioning. A possible explanation of this reduction of colony size in the presence of supplemental lactoferrin is that iron sequestration occurred in the LB agar media; however, this was not directly tested. 
Colony size also differed significantly among species (P < .001; Fig. 1b). The largest colonies were observed in E. coli and P. aeruginosa, followed by S. aureus and S. epidermidis. In E. coli and P. aeruginosa, colony size was reduced on lactoferrin-treated plates compared to control plates (Fig. 1c). In contrast, S. epidermidis consistently produced small colonies, with the largest colony sizes occurring at higher lactoferrin concentrations. These results indicate that bacterial growth is affected by lactoferrin; however, responses are species-dependent. This variation may be explained by differences in physiological traits such as cell structure or iron acquisition mechanisms (Krewulak & Vogel, 2007; Vega-Bautista et al., 2019). 
A significant treatment × species interaction (P < .001, Fig. 1c) indicated that the effects of lactoferrin on colony growth differed among bacterial species. Colony diameter generally declined with increasing lactoferrin exposure, although the magnitude of this response varied by species. These results suggest that bacterial responses to lactoferrin are species-dependent and may reflect differences in physiological or iron-acquisition traits.
S. aureus showed an inverse relationship with lactoferrin exposure (Figure 1c). This pattern of growth is consistent with reduced bacterial growth under increased iron sequestration (Drago-Serrano et al., 2017; Orsi, 2004). Lactoferrin limits the availability of free iron required for bacterial metabolism, and can thereby constrain growth in bacteria such as S. aureus (Krewulak & Vogel, 2007). Lactoferrin has also been shown to interfere with staphylococcal biofilm-associated processes and surface interactions that contribute to persistence (Quintieri et al., 2020; Vega-Bautista et al., 2019). These mechanisms are consistent with reduced S. aureus growth under lactoferrin-mediated iron limitation.
Growth of E. coli decreased with lactoferrin exposure (Figure 1c), consistent with iron limitation effects on bacterial proliferation (Sekse et al., 2012; Vega-Bautista et al., 2019). Lactoferrin binds free iron with high affinity, reducing its availability for essential metabolic processes (Krewulak & Vogel, 2007; Orsi, 2004). Prior studies report dose-dependent inhibition of E. coli, ranging from growth suppression to bactericidal effects depending on exposure level (Sekse et al., 2012). These results align with established findings that iron availability is a primary determinant of bacterial growth in culture systems (Atolia et al., 2020; Hamad, 2012).
S. epidermidis exhibited generally low growth under lactoferrin exposure (Fig
ure 1c), consistent with sensitivity to iron-limited conditions (Skovdal et al., 2022). Lactoferrin-derived antimicrobial activity has been shown to inhibit staphylococcal growth and biofilm formation through iron sequestration and membrane-associated effects (Quintieri et al., 2020; Vega-Bautista et al., 2019). Reduced iron availability remains a key limiting factor for replication in such environments (Krewulak & Vogel, 2007). Overall, the observed pattern is consistent with reported susceptibility of S. epidermidis to lactoferrin-mediated inhibition (Drago-Serrano et al., 2017).
P. aeruginosa growth responses to lactoferrin reflected sensitivity to iron restriction (Figure 1c), consistent with reliance on iron acquisition systems for survival (LaBauve & Wargo, 2012; Krewulak & Vogel, 2007). Lactoferrin reduces available iron through high-affinity binding, limiting access to essential nutrients (Orsi, 2004). Studies have shown that lactoferrin and lactoferrin-based compounds reduce P. aeruginosa growth through iron limitation and associated antimicrobial effects (Zibaee et al., 2024). In addition, colony development in solid media is influenced by nutrient diffusion and spatial structure, which can shape observed growth patterns (Jeanson et al., 2015; Warren et al., 2019).
However, colony diameter represents a composite measure of growth, reflecting both growth rate and total biomass accumulation (Atolia et al., 2020). Therefore, it cannot be used to distinguish whether observed differences are due to variation in cell division rate, biomass production, or both. Additionally, the experiment did not directly measure iron availability or membrane disruption, so the specific mechanisms underlying lactoferrin-mediated inhibition could not be confirmed.
Lactoferrin is likely to act through multiple mechanisms. In addition to iron sequestration, direct interactions with bacterial membranes and increased membrane permeability may also occur, particularly in Gram-negative bacteria (Drago-Serrano et al., 2017). Because these mechanisms may operate simultaneously and vary among species, the observed effects are likely the result of multiple interacting processes rather than a single mechanism. Future studies incorporating direct biomass measurements and mechanistic assays are recommended to further elucidate the pathways through which lactoferrin influences bacterial growth. 
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Figure 1. Effects of lactoferrin on bacterial colony growth. a) Colony diameters of  across increasing concentrations of bovine lactoferrin b) Colony size variation among species (Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, and Staphylococcus epidermidis). c) Box plots showing colony diameter variation within each of the four bacteria species interaction with treatments. 
Gray diamonds in a) and c) indicate colony diameter means. Letters denote statistically distinct groups via pairwise Tukey HSD. (P ≤ 0.1†, P ≤ 0.05*, P ≤ 0.01**, P ≤ 0.001***, P ≤ 0.0001****)

4. Conclusion

This study shows experimental data that lactoferrin affected bacterial colony size. However, the effect of lactoferrin varied among the four species that was studied. Overall, the results suggest that bacterial responses to lactoferrin depend on intrinsic species traits rather than a single uniform mechanism. These findings support the idea that lactoferrin may function as a broad antimicrobial agent, although its effectiveness depends on bacterial species and physiological characteristics. 
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