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Abstract: The aim of this study was to characterize the properties of lactoferrin (LF) obtained
in a process developed for its isolation from acid whey derived from the production of fresh
curd cheese, using a unique technology of ion-exchange chromatography on CIM® monolithic
columns. The freeze-dried lactoferrin samples produced on the pilot plant (capacity 1 m®) were
examined for the purity, iron-binding capacity, antibacterial activity, and pH- and temperature-stability.
Apo-LF inhibited several tested strains (enterobacteria, Staphylococcus, Streptococcus salivarius) except
clostridia, lactic acid bacteria, and bifidobacteria. Sample of LF intentionally saturated with Fe** lost
its antibacterial activity, indicating the involvement of mechanisms based on depriving bacteria of an
iron source. All samples, regardless of the iron-saturation level, exhibited stability in pH range 4.0 to
11.0. LF with higher iron content (A-value = 41.9%) showed better thermal stability. Heat treatment
up to 72 °C/3 s did not reduce antimicrobial activity against E. coli O157: H7 tox-. Higher purity
(above 91%), higher iron-binding capacity and higher inhibitory activity against E. coli O157: H7 tox-
compared to some similar products from the market was observed. These results demonstrate a high
potential of monolithic ion-exchange chromatography for industrial processing of acid whey as a
source of LF that can be used in new products with high-added value. The upscaling of the process is
ongoing on a demonstration plant (10-30 m3/day capacity).

Keywords: lactoferrin; acid whey; monolithic ion-exchange chromatography; E. coli O157:H7

1. Introduction

Acid whey is a by-product in the manufacture of fermented dairy products such as cottage cheese,
fresh curd cheese, granulated cheeses, and Greek yoghurt [1]. While the sweet whey derived from the
rennet cheeses production can be after appropriate treatment relatively easily used in a wide range
of products, such as food with added concentrated whey or whey fractions, dietary supplements,
products for sports nutrition, infants’ formula, bioplastics etc., or processed further to separate organic
acids, lactose, minerals or enzymes, the use of acid whey is considerably more limited [2,3]. Low pH,
high mineral, and lactic acid content makes it difficult to dry, therefore, the majority of acid whey
still ends as a waste product that represents the environmental burden and presents certain cost for
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the producer [4]. The possibility to create whey-based beverages that has been reviewed recently by
Baruk¢ic et al. [5], has not been sufficiently exploited so far but still, only a part of acid whey could be
processed this way. Acid whey, however, contains high-bioavailable proteins, which can be extracted
by advanced technological processes and used in various functional foods or dietary supplements [2,6].

Lactoferrin (LF) is an 80 kDa large glycoprotein found in milk, whey, and colostrum. LF can
respond to various physiological and environmental changes and thus represent a key player in
the first host defense line. Its structural characteristics allow different effects in the body, such as:
(I) regulating Fe3* transport, which is common to all transferrins, (II) high antimicrobial activity
against a broad spectrum of bacteria, fungi, yeasts, viruses, and parasites, (IlI) protection against
inflammatory and neuronal diseases, cancer, metabolic disorders, and (IV) several other enzymatic
functions [7,8]. The promising results of clinical studies addressing the beneficial effects of bovine
LF on children’s health, through protection against pathogens, improved nutrient absorption, and
support for the development of the immune system raises the potential for the involvement of LF
in children’s formulae [9]. Furthermore, research is also focused on obtaining scientific evidence for
positive effects in the treatment of dermatological disorders (inhibition of acne and dandruff agents,
inhibition of oxidative skin changes), promising for the development of cosmetic products [10].

The isolation of LF from whey at the industrial scale is challenging because of its minor proportion
in this medium. Various technological approaches are used nowadays for the isolation of individual
proteins from milk and by-products of milk processing including whey: (I) paramagnetic particles bound
to heparin ligands [11], (II) Cationic surfactants [12], (Il) different chromatographic techniques, such
as cation exchange or affinity chromatography [13-16], and (IV) other techniques, such as hydrophobic
ionic liquids extractions [17]. Chromatographic techniques, mainly ion-exchange chromatography,
represent an efficient and robust approach for LF isolation. Most commonly, strong cationic exchangers
are used, in the form of particle resins, membranes, or CIM® (CIM—Convective Interaction Media,
trademark of the BIA Separations company) monolithic columns [18-21]. The separation of whey
proteins is carried out in these cases on the basis of differences in isoelectric points (IEP) which are in
the pH range from 4.5 to 9.5. The chromatography with monolithic CIM® columns provides some
advantages in comparison with other types of columns, such as: (I) high resolution, which does not
depend on the flow rate, (II) a simple transition from small to larger chromatographic units without
affecting the resolution, and (III) low pressure drop allowing the column to operate at high flow rates,
resulting in a reduced separation time [22]. While monolithic ion-exchange chromatography has been
increasingly used in the pharmaceutical industry, it has not been used in the industrial production of
food and food supplements so far.

After completing the chromatographic separation of the individual proteins, the eluate should be
desalted, concentrated and the LF concentrate dried by lyophilisation or spray drying. LF, aimed to
be used in food supplements and in various food products, needs to be well-characterized (purity,
stability) and should exert claimed biological activity.

In this study, several LF samples obtained on a pilot plant (Arhel, Ljubljana, Slovenia; capacity
1 m3) using ion-exchange chromatography on CIM® monolithic columns (BIA Separations, Ajdoviina,
Slovenia) were characterized and compared to some products available on the market.

2. Materials and Methods

2.1. Pilot System for the Processing of Acid Whey—Isolation of LF

Figure 1 shows the flowchart of the process developed for the LF isolation on the pilot system.
Prior to the isolation of LF on the chromatographic column, about 1100 L of acid whey obtained from
the production of fresh curd cheese in Celeia dairy plant, was filtered using ceramic multi-channel
alumina/zirconia asymmetric membranes for microfiltration with a pore diameter <0.8 um in tangential
filtration system—TFF (JIUWU HI-TECH, Pukou, Nanjing, Jiangsu, China). The filtered whey (1000 L)
was then loaded on 8 L CIM® monolithic column (BIA Separations, Ajdovscina, Slovenia), which
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was pre-conditioned using an appropriate buffer. The LF, adsorbed on the column, was eluted using
combinations of suitable buffer solutions. The eluate was subsequently concentrated and desalted using
a smaller TFF system with a pore diameter <50 kDa. After drying the LF concentrate by lyophilisation
or spray drying, the dried LF was stored at refrigeration temperatures and tested. The entire process is
described in more detail in the patent application [23].

Adsorption to Desalting &
P 5 CIM® monolithic J Dry lactoferrin
Microfiltration . concentration of
ion exchange product
eluat
column

Figure 1. Schematic presentation of the process of lactoferrin isolation from the acid whey.
2.2. Determination of Lactoferrin Content in Acid Whey by HPLC

Acid whey samples were analyzed by cation exchange chromatography on a Shimadzu HPLC
system (Shimadzu USA Manufacturing, Candy, OR, USA) with a diode array detector using the 0.1 mL
analytical column CIMac™ COOH-0.1 (BIA Separations, Ajdovs¢ina, Slovenia). The column was
equilibrated for 2 min in mobile phase A (25 mM sodium phosphate, pH 7.5). Then 15 or 25 pL of
undiluted acid whey, filtered through a 0.22 um CA Minisart NML Hydrophilic filter (Sartorius Stedim
Biotech, Goettingen, Germany), was loaded using the auto sampler. Unbound material was removed
by washing the column for 0.5 min with mobile phase A and then the retained proteins were eluted
with a linear gradient of 0-62.5% of mobile phase B (2 M sodium chloride, 25 mM sodium phosphate,
pH 7.5) in 2.5 min. The column was then washed with a linear gradient of mobile phase B from 62.5%
to 100% in 0.5 min and then for 1 min with 100% mobile phase B. A linear gradient from 100% B to
100% A in 0.5 min followed and then the column was re-equilibrated in mobile phase A for 2 min
before the next sample injection. The flow throughout the analysis was 1 mL min~!. Absorbance was
measured at 226 nm. Chromatograms were analyzed by using the Postrun program (LabSolutions
LC/GC 5.32 SP1; Shimadzu Corporation, Nakagyo-Ku, Kyoto, Japan). Peaks with retention times,
corresponding to the retention time of the LF standard (Sigma-Aldrich, St. Louis, MO, USA), were
integrated and the concentration of LF was determined by using a calibration curve, prepared with a
two-fold dilution series of the LF standard with final concentrations from 0.011 to 0.166 mg mL~! with
known amounts of the LF standard.

2.3. SDS-PAGE Analysis of Protein Composition of Dried Lactoferrin

We determined the protein composition of whey and at different stages of the process by using
SDS-PAGE (Bio-Rad Laboratories, Hercules, CA, USA) as described by Laemmli (1970). Samples were
dissolved in a non-reducing loading buffer, mixed by vortexing, incubated at 95 °C for 5 min and
cooled before application. The samples (25 pL of LF per well) were then loaded onto 4-20% precast
polyacrylamide gels (Bio-Rad Laboratories, Hercules, CA, USA) and separated at 25 mA per gel.
The proteins were visualized by staining with 0.25% Coomasie Brilliant Blue R250 (Merck, Darmstadt,
Germany) in 30% ethanol/10% acetic acid and the background was de-stained with the same solution
without the dye.

The purity of the final product was determined similarly, using reducing (2-mercaptoethanol)
loading buffer and home-made polyacrylamide gel composed of 4% stacking and 12.5% separating gel.

2.4. C-Value and A-Value Determination

The LF potential for Fe3* binding (C-value) and the ratio of already bound Fe’* (A-value) were
determined using two commonly used colorimetric methods provided by kit manufacturer NRL
Pharma (Takatsu-ku Kanagawa Science Park, Takatsu-ku, Kawasaki, Kanagawa, Japan) in the form of
kits. The detailed principle was published in slightly modified form by Ito et al. [24].



Processes 2020, 8, 804 4 0f 19

2.5. pH and Temperature Stability Using Fluorescence and UV-VIS Spectrophotometry

Dried LF samples with low iron saturation (A-value 3.4%, 4.6%, 5.1%, 5.2%) and iron-rich LF
(A-value 41.9%) were produced in this study (Arhel company). Aqueous buffer solutions used for
spectrophotometric measurements were 10 mM glycine/HCI (pH 4.0) and 10 mM Tris/HCl (pH 7.0).

For measuring of pH stability of LF, the pH titration experiments were performed at 20 °C. LF was
prepared in distilled water (0.2 mg mL"). For titration, different concentrations (0.0039-4.0 M) of HCI
or NaOH were used. pH was measured by using a pH meter equipped with a microelectrode (Mettler
Toledo, Greifensee, Switzerland), and fluorescence spectra were recorded with spectrofluorimeter
(Varian Cary Eclipse Spectrofluorimeter; Varian Australia, Mulgrave, Victoria, Australia), using a 1 cm
path length quartz cuvette. Intrinsic fluorescence emission spectra of LF were recorded from 300 to
400 nm at different pH values. An excitation wavelength of 293 nm was used to follow tryptophan
fluorescence. The wavelengths at maximum emission intensity, Amax, and the fluorescence intensity at
330 nm and 350 nm were determined and plotted as a ratio of fluorescence intensity Fls3o/FI350.

The evaluation of the thermal stability of LF samples at pH 4.0 and 7.0 was performed using
UV-VIS spectrophotometer (Cary 100 Bio UV-VIS spectrophotometer; Varian Australia, Mulgrave,
Victoria, Australia) using a 1 cm path length quartz cuvette. The concentration of LF was 0.5 mg mL™*
and spectra were recorded at 280 nm over a temperature range from 25 °C to 95 °C with 1 °C
increment per minute. Each cuvette was sealed with a Teflon stopper to prevent evaporation during the
experiment. Measurements were made in triplicate. From UV melting curve, the apparent denaturation
temperature (Tm) was determined by using the first derivative plot of absorbance [25].

2.6. Qualitative Assessment of Antimicrobial Activity of LF by Agar Diffusion Assay

LF samples were prepared by dissolving 100 mg of dried LF sample in 1 mL of microfiltered water
(miliQ) and by microfiltration of the solution (0.2 pm). Indicator strains were grown in liquid growth
media suitable for their growth (MRS for lactobacilli and bifidobacteria, RCM for clostridia, and BHI
for all others). All the media were purchased from Merck (Merck, Darmstadt, Germany). A total of
100 pL of overnight bacterial cultures were spread evenly over the appropriate solid medium (MRS,
M17, RCM, BHA). A total of 5 puL of each sample of LF was applied on the surface and allowed to
dry. This step was repeated twice. After incubation, we examined visually whether a zone of growth
inhibition was visible at the LF application site.

2.7. Determination of Antimicrobial Activity (MIC) of LF by Microdilution Assay

Minimal inhibitory concentration (MIC) of LF was assessed by microdilution test in 96-well plates
(Brand GmbH, Germany), using E. coli O157: H7 tox- indicator strain. A stock solution of LF at a
concentration of 200 mg mL~! was prepared in MilliQ water. Commercially available LF products in
the form of capsules (LF 28-30) contained also other ingredients such as cellulose, silica, and stearic
acid, therefore, the samples were appropriately diluted in accordance with the labelled composition, to
obtain the final LF concentration 200 mg mL~!. The solutions were centrifuged at 25,000 g for 5 min to
remove insoluble ingredients and eventually present microorganisms. Each line in the microtiter plate
contained a series of increasing LF concentration (5, 10, 20, 30, 40, 50, 60, and 70 mg mL‘l) and bacteria
resuspended in BHI. The first and last row contained positive (LF concentration = 0 mg mL™!, bacteria
in BHI) and negative (BHI medium) controls. The bacterial suspension was prepared by resuspension
of colonies grown on the surface of brain-heart agar (Merck, Darmstadt, Germany) at 37 °C for 18 h, in
zl; strength Ringer solution (Merck, Darmstadt, Germany) to reach turbidity according to McFarland 1
(ODgpg 0.123 + 0.005). The suspension was diluted 250-times in two-fold BHA medium supplemented
with Antifoam SE-15 (Sigma) to prevent bubble formation and applied (50 pL) into each well which
already contained 50 uL of diluted LE. After 6 h incubation at 37 °C, OD was measured at 630 nm
(BIO-TEK EL 808; BioTek Instruments, Winooski, VT, USA). The OD of the medium with diluted
lactoferrin was subtracted from the measured ODgj3g values for each individual lactoferrin sample.
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MIC was defined as the minimal concentration that caused at least 50% of inhibition. All assays were
performed in duplicate, and the tests were repeated three times.

2.8. Statistical Evaluation

The differences in composition and LF content in different whey fractions (income whey, filtered
whey, flow-through fraction) were evaluated by Mann-Whitney U test in Sigmaplot 11.0 (Systat
Software, San Jose, CA, USA). Differences were considered significant at p < 0.05. Eleven batches
were included in the analyses, and each sample was analyzed in duplicate. Measurements of thermal
stability and pH were performed in triplicates.

Microbiological determinations of the inhibitory activity and stability in microtiter plates were
carried in triplicates. The error bars represent standard errors of the mean, calculated with Microsoft
Excel 2013 (Microsoft Corporation, Redmond, WA, USA).

3. Results and Discussion

3.1. Composition of Incoming Acid Whey and Whey Fractions after Processing

Samples of acid whey derived from the production of fresh curd cheese were obtained from Celeia
dairy (Arja vas, Slovenia). The process of whey proteins extraction, especially LF, was established
on the pilot plant (Arhel, Ajdovs¢ina, Slovenia) where approximately 1 m? of income acid whey
was processed in each batch. Eleven production batches were processed in the Arhel pilot system.
The chemical composition, pH and LF content in the income acid whey, microfiltered whey, and
flow-through fraction are presented in Table 1.

Table 1. The composition and pH of the acid whey derived from the production of fresh curd cheese
(Celeia dairy plant), before (incoming whey) and after processing on the pilot system (microfiltered
whey, flow-through whey after loading on CIM® cation-exchange columns). Average values and
standard errors of the mean (SEM) are presented.

AW Incoming Acid PW FT

Parameter Whey—Celeia Microfiltered Flow-through

n=9) Whey (n =9) Whey (n=9)
Average SEM Average SEM Average SEM
Fat (g 100 g™1) 0.032 0.007 0.005 0.001 0.005? 0.001
Proteins (g 100 g71) 0.892 0.005 0.82° 0.028 0.80"° 0.031
Lactose (g 100 g71) 4202 0027  4.04+0253% 0.073 4.035" 0.063
Dry matter (g 100 g™) 6.532 0.036 6.21° 0.133 6.20° 0.120
Ash(g kg™ 7.46 0.05 7.16 0.14 7.18 0.14
Ca(gkg™) 1.37 0.11 1.31 0.11 1.31 0.11
Fe (mg kg™) 1.61 0.10 1.42 0.10 1.52 0.15
P (mg kg™") 747 4 8.18 726.8 13.47 721.5 11.91
K (gkg™) 1.86 0.03 1.77 0.04 1.77 0.04
pH 4.66 0.02 4.68 0.02 4.68 0.01
Lactoferrin (mg L) 131.06 2 7.07 121.852 11.68 20.79 b 7.98

abab different letters indicate statistically significant differences (p < 0.05).

The composition of the income acid whey did not deviate from the values common for the acid
whey [1,3]. The filtration significantly reduced the concentration of fat (p = 0.019), of proteins (p = 0.003),
and of dry matter (p = 0.002), which shows that a part of these components ended up in the retentate.
The chromatography step did not significantly affect the composition of major whey components and
minerals. The content of lactose only differed significantly between incoming whey and flow-through
whey (p = 0.02). The flow-through whey samples still contained 94-97% of initial proteins, 95-100%
of initial dry matter and 95-100% of initial lactose. This observation met the expectations as under
the conditions applied, only a small part of whey proteins, first of all LE, selectively bound to the
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cation-exchange column due to its basic nature, while other molecules were mostly retained in the
flow-through fraction.

A typical result of SDS-PAGE analysis of acid whey and the flow-through fraction is presented
in Figure 2. The predominant whey proteins (3-lactoglobulin (3-LG), «-lactalbumin («-LA), bovine
serum albumin (BSA), and IgG representing about 50-55%, 20-25%, 5-10%, and 10-15% of the whey
protein fraction, respectively, as well as LF (LE, 80 kDa, 1-2%) were detected in the acid whey samples.
The comparison of the protein composition of incoming whey and flow-through whey (Figure 2) clearly
demonstrated that most of LF effectively bound to the column as the band representing LF was very
weak in the sample of flow-through whey.

M AW FT
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150 | TEm wm— e <IgG
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100 | ==
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Figure 2. The results of SDS-PAGE analysis (4-20% polyacrylamide gel) of protein composition of
acid whey (AW) and flow-through whey (FT) after loading on the cation-exchange CIM® monolithic
columns. M, protein weight marker (kDa).

Whey proteins have a wide range of isoelectric points (pl), and this characteristic enables
their separation by ion-exchange chromatography. Three major components among whey proteins,
-lactoglobulin (3-LG), a-lactalbumin (a-LA), and bovine serum albumin (BSA) are acidic proteins, with
isoelectric points 5.4, 4.4, and 5.1, respectively [6]. Bovine milk lactoperoxidase (LPO), however, is like LF
a positively charged protein, both having isoelectric pH above 8 (9.6 and 8.0-8.5, respectively) [8,26,27],
which makes their separation more difficult. In a process developed in this study, LF and lactoperoxidase,
and partially Ig G (isoelectric pH 6, 4-9) were selectively bound on the monolith column. In the elution
step, however, LF was selectively eluted from the column. As can be seen on the HPLC chromatogram
(Figure 3), the concentrated eluate contained a high proportion of LF, in comparison with incoming
whey, microfiltered whey and flow-through fractions where other proteins predominated.

The product obtained after further processing of the eluate (desalting, concentrating, and drying)
was characterized by a high content of LF and low content of other proteins (Figure 4, Table 2).
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Figure 3. Representative chromatogram of acid whey (AW) and fractions obtained during processing
on a pilot plant. Pink line, lactoperoxidase standard; black line, concentrated eluate containing LF; blue

lines, incoming whey (two batches); brown line, microfiltered whey; green line, flow-through fraction.

Figure 4. The results of SDS-PAGE analysis of protein composition of dried lactoferrin samples
obtained from acid whey (AW) using cation-exchange CIM® monolithic columns. M, protein weight

marker (kDa).
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The process was established on the pilot plant, where approximately 1 m? of income acid whey
was processed in each batch. The LF content in different batches of income acid whey varied between
74.9 to 163.3 mg L~!, with an average concentration of 131 mg L' (Table 1). The losses of LF during
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filtration were not significant (p = 0.718). Anyway, due retention in a retentate, the concentration of
LF in permeate was lower, which could be further improved by optimization of filtration conditions
or implementation of diafiltration process. On average 15% of the LF present in the permeate after
microfiltration, was found in the flow-through fraction after loading of the columns, while 85% was
adsorbed to the column and further eluted, desalted and concentrated by spray-drying or freeze-drying.
Using a pilot system, up to 90 g of high purity LF were obtained from 1000 L of acid whey, by
cation-exchange chromatography on 8 L CIM® monolithic column (results not shown).

Table 2. HPLC determination of concentration and purity of nine lactoferrin samples produced in this
study and of three commercial samples purchased on the market.

Parameters Determined by HPLC

Lactoferrin Sample LF Concentration (mg mL-1) * Purity **
LF Arhel 1 2.26 92.38
LF Arhel 2 2.26 95.42
LF Arhel 3 2.32 95.67
LF Arhel 4 2.22 95.79
LF Arhel 5 2.22 94.31
LF Arhel 6 2.10 90.98
LF Arhel 7 2.18 90.92
LF Arhel 8 2.30 91.14
LF Arhel 9 2.16 90.78

LF Producer A 2.13 83.3
LF Producer B 2.04 79
LF Producer C 3.26 87.4

* All dried samples were appropriately diluted in water to obtain approximately 2.22 mg mL~! of LF in the analyzed
samples, considering the labeled composition (three commercial samples); the values shown in the table are the
actual concentrations determined by HPLC, using the standard curve. ** Proportion (%) of HPLC peak area of LF, in
relation to the area of all peaks present on chromatogram.

3.2. Characterisation of Dried Lactoferrin Produced on a Pilot Plant

The concentration and purity of obtained LF was compared with some products containing LF
available on the market. The purity of nine batches of lactoferrin produced in this study, assessed on
the basis of LF chromatographic peak area (HPLC) proportion (%) in relation of all proteins, reached
the values 91.0-95.8%, while the purity of three products purchased on the market was below 88%
(Table 2, Figure 5).

Several protocols were developed at a lab-scale for the separation of minor and major whey
proteins, resulting in high purity of proteins obtained. Du et al. [28] for instance, reported recovery of
LF from whey with a purity of 88.5% using an expanded bed adsorption process with cation-exchanger.
Some other processes reported, such as serial cation-anion exchange chromatography or magnetic
affinity separation, leaded even to at least 95% pure LF [11,29]. The purity, however, remains a
challenge when the protocols are up-scaled. While fractionation of all major and minor whey proteins
with radial flow membrane adsorption chromatography at lab scale resulted in 97% pure LF, 89%
purity of LF could be achieved at pilot scale [30].

Another important quality parameter of LF is its potential for Fe3* binding (C-value, also UIBC)
and the ratio of already bound Fe®* (A-value). The iron, up to two iron atoms per molecule, can be
efficiently trapped by iron-free apo-LF [31] which presents a basic mechanism of LF inhibitory activity
against several G-bacteria. High C-value and low A-value of LF are, therefore, desirable. C-value of
the native LF is theoretically 100%. Contrary to some commercial LF samples on the market, whose C-
values did not exceed 57% (Table 3), the samples of LF produced in the pilot plant showed higher C
(70-74%). Only two commercial LF samples showed the A-value similar to those determined for the
samples from this study (24, 9). In addition, the overall bioactivity (A + C) were most favorable for LF
produced in this study, indicating low denaturation of the molecules.
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Table 3. Iron-binding capacity (C-value), iron saturation (A-value) and overall bioactivity of commercially available lactoferrin (sevenproducers and standard LF
Sigma) and LF produced in this study (LF Arhel). The sum of C- and A-values presents overall bioactivity of LF in the sample, i.e., the proportion of the active LF in

the sample.
Producer of Lactoferrin
Parameter Producer A Producer B * Producer C Producer D * Producer E Producer F Producer G Bovine LF Sigma >85%  Arhel (n =10)
C-value (%) 56.7 48.6 34.4 0.0 13.8 52.1 49.2 7.5 70.0-4.0
A-value (%) 7.0 11.7 4.6 41.6 3.3 7.7 9.0 58.5 2-4.9
Overall bioactivity (A + C) (%) 63.7 60.3 39.0 41.6 17.1 59.8 58.2 66.0 74.9-76

* These samples contained the ingredients other from LF also; the values refers to the pure LF in the samples.
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Figure 5. Chromatograms obtained by HPLC analysis of representative lactoferrin (LF) sample,
produced in this study (Arhel, 8 L CIM® monolithic column) and LF products purchased on the market
(three different producers). The analysis was performed on the HPLC system weak cation exchange
column CIMac™COQOH-0.1. Black line, lactoperoxidase standard; green line, LF (Arhel, this study);
pink line, LF of producer A; blue line, LF of producer B; brown line, LF of producer C.

3.3. Temperature and pH Stability of the Produced Lactoferrin

In order to confirm that lactoferrin, that was exposed during the process of its isolation from
the acid whey to heat treatment and other stress factors, retained pH- and temperature-stability, we
investigated these features using fluorescence emission spectrophotometry and determination of UV
melting curve. In addition, we investigated the thermal stability of iron-saturated LF at acidic pH since
there is a limited information on this in the literature.

Figure 6 presents the fluorescence emission maxima (a—c) and fluorescence intensity ratio Flszp/FI359
(d—f) of three LF samples differing in the iron saturation level (3.4%, 5.2%, 41.9%). Two transitions at
pH 4.0 and pH 11.0 were observed, demonstrating good stability of LF in pH range from 4.0 to 11.0,
regardless of the degree of saturation. Higher fluorescence emission maxima and lower fluorescence
intensity ratios at pH 2.0 and pH 12.0, indication the unfolding of LF molecules, correlate with
exposing tyrosine residues to the polar aqueous environment. These observations are in agreement
with the previous studies [31,32]. The stability over a wide pH range good performance of LF during
fermentation and during the passage through the gastrointestinal tract, where it is exposed to acidic
pH values.

Thermal stability of four apo-LF samples (A-values 3.4%, 4.6%, 5.1%, 5.2%) and one LF with higher
iron saturation (A-value 41.9%) was studied at pH 4.0 (Figure 7a) and pH 7.0 (Figure 7b). At pH 7.0,
apo-LFs showed thermal stability up to about 53 °C, with denaturation temperature (Tm) of 58.6 °C
(1.2 °C), while LF with higher iron content remained unchanged up to approximately 80 °C, with Tm
87.8 °C (£0.7 °C). Such results were expected since it is already well-known from the previous studies
that apo-LF has more open conformation and is more prone to thermal denaturation than holo-LF,
which has more closed conformation [33-36]. There is, however, limited data about the thermal stability
of LF, in conjunction with iron saturation level, at acidic pH. At pH 4.0 all apo-LF samples from this
study were thermally stable to approximately 40 °C with the denaturation temperature (Tm) about
44.7 °C (£0.8 °C), while LF with higher iron content (A-value = 41.9%) showed thermal stability up to
approximately 70 °C, with Tm of 80.6 °C (+ 0.3 °C). Comparison with the results obtained at pH 7
showed that all LF samples tested were more prone to denaturation in acidic conditions. Similar was
reported by Abe et al. [37], whose observations based on HPLC pattern of heat-treated apo-LF, and
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Kawakami et al. [38] who observed the reduction (15-30%) of the iron-binding capacity of native LF
after heat-treatment (90 °C/10 min) in acidic conditions. The results on the thermal stability of LF in
acidic conditions, depending on the iron content, will be useful when developing of products (dairy,
non-dairy food, food supplements) containing LE, with the aim of preserving the bioactivity of this

heat-sensitive protein.
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Figure 6. Fluorescence emission maxima (Amax) and fluorescence intensity ratio FI330/FI350 of three

different lactoferrins, respectively. Lactoferrin with iron saturation 3.4% (a,d), lactoferrin with iron

saturation 5.2% (b,e), lactoferrin with iron saturation 41.9% (c,f). Excitation wavelenght was 293 nm

and fluorescence emission spectra were recorded from 300 to 400 nm. Lactoferrin ¢ = 0.2 mg mL™?,

T=20°C.
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Figure 7. Thermal stability of four lactoferrin samples with low iron saturation (A-value 3.4% to 5.2%)
and of an iron-rich sample (A-value 41.9%) measured by UV-VIS spectrophotometry at pH 4.0 (a)
and pH 7.0 (b). Lactoferrin concentration used was 0.5 mg mL~! and the absorbance was recorded at
280 nm with a 1 °C increment per minute.

3.4. Biological—Antimicrobial Activity of Lactoferrin Produced in a Pilot Plant

Antibacterial activity of seven LF samples produced on a pilot plant was tested against different
G+ and G- indicator bacteria strains including representatives of potentially pathogenic species
such as Escherichia coli, Staphylococcus aureus, Listeria monocytogenes, Salmonella enterica, Clostridium
difficile, Klebsiella oxytoca and Clostridium perfringens, and cheese spoiling Clostridium tyrobutyricum.
Bifidobacteria and lactobacilli tested comprised isolates from cheeses, from yoghurt and representatives
of probiotic cultures. All LF samples except sample 3 were apo-LFs, while sample 3 was intentionally
saturated with Fe3* (A-value 27.4%).

Sample 3, which differed from the rest in terms of lower iron-binding capacity, inhibited only
listeria strains, but did not inhibit the other test bacteria strains (Table 4). All other LF samples inhibited
all tested strains (enterobacteria, Staphylococcus, Streptococcus salivarius) except clostridia, lactobacilli,
and bifidobacteria. Growth inhibition of various representatives of lactobacilli and bifidobacteria,
which are probiotic strains or isolates from cheeses or yoghurt, was not observed by agar diffusion assay
on a solid medium, which is in accordance with the previous studies [39]. Wide range of inhibitory
activity of apo-LFs against enterobacteria and some G+ bacteria was expected since it is typical for
this protein of human or animal origin [8]. The mechanism of antimicrobial activity of LF through the
removal of iron from the environment and thus depriving bacteria of an iron source is well known and
can explain the reduced activity of the sample saturated with iron [8,40,41]. There are three strains of
Listeria monocytogenes, which have been successfully inhibited by all LF samples, including those with
a lower iron-binding capacity, pointing to other mechanisms of action. It is well known that LF also
affects the bacterial wall of G+ and G- bacteria, so that it binds to lipid A lipopolysaccharide, resulting
in the release of this lipid and the injury of the external cell membrane [42,43].
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Table 4. Antibacterial activity of seven lactoferrin (LF) samples produced on a pilot plant (Arhel). 1,
lyophilised LF, C-value (iron-binding capacity) 60%, A-value (iron saturation) 18.4%; 2, spray-dried
LF (SDLF), C-value 66.8%, A-value 3.4%; 3, SDLF saturated with Fe3*, C-value 38%, A-value 27.4%;
4, SDLF, C-value 76%, A-value 4.6%; 5, SDLF, C-value 71.3%, A-value 3.7%; 6, SDLF, C-value 66.8%,
A-value 3.4%; 7, SDLEF, C value 68.8%, A-value 5.1%; +, partial inhibition (weaker growth); ++, complete
inhibition (clear zone without colonies.

Inhibition of Indicator Strains with

Indicator Strains Lactoferrin Samples (Arhel)
1 2 3 4 5 6 7
Escherichia coli ATCC 25922 + + - + + + +
Escherichia coli O157:H8, IM218 ++ 4+ - ++ o+ o+ 4+
Escherichia coli O157:H8 tox-, IM219 ++ 4+ - ++  ++ 4+
Escherichia coli O8 K88 ent™, IM226 ++  ++ - 4+ 4+ 4+ 4+
Staphylococcus aureus ATCC 25923 + + - + + + +
Staphylococcus aureus M41-02 + + - + + + +
Staphylococcus lugdunensis IM157 ++  ++ - ++ o+ 4+ 4+
Staphylococcus epidermidis IM206 ++  ++ - ++ o+ 4+
Staphylococcus aureus Rosenbach 1884 AL + + - + + + +
Staphylococcus epidermidis IM591 ++  ++ - ++ o+ 4+ 4+
Klebsiella oxytoca IM878 ++  ++ - ++ 4+ ++ ++
Streptococcus salivarius IM175 + + - + + + +
Corynebacterium amycolatum IM178 ++  ++ - ++  ++ ++ ++
Escherichia coli K12, IM409 + + - + + + +
Listeria monocytogenes IM223 + + + + + +
Listeria monocytogenes IM221 + + + + + +
Listeria monocytogenes IM222 + + + + + + +
Salmonella enterica subsp. enterica serovar Enteritidis IM186 + + - + + + +
Salmonella enterica subsp. enterica serovar Brandenburg, CecaLait (France) + + - + + + +
Salmonella enterica serovar Typhimurium ATCC 14028 + + - + + + +

Clostridium difficile IM63 - - - - - - -

Clostridium perfringens IM70 - - - - - - -
Clostridium difficile IM83 - - - - - - -

Clostridium tyrobutyricum IM104 - - - - - - -

Clostridium tyrobutyricum IM233 - - - - - - -

Lactobacillus acidophilus La 5 (Linex forte) - - - - - - -

Bifidobacterium animalis ssp. lactis BB 12 (Linex Forte) - - - - - - -
Lactobacillus reuteri DSM 17938 (BioGaia) - - - - - - -
Lactobacillus gasseri K7, IM105 (infant’s feces) - - - - - - -
Lactobacillus delbrueckii spp. bulgaricus ATCC 11842 - - - - - - -

Streptococcus thermophilus IM 410 (bolgarian yogurt) - - - - - - -

Lactobacillus plantarum IM 1008 (Emmental cheese) - - - - - - -

Lactobacillus paracasei IM 1073 (Gauda cheese) - - - - - - -
Lactobacillus acidophilus IM 1074 (Camembert cheese) - - - - - - -

Lactobacillus casei IM 1106 (Emmental cheese) - - - - - - -

In order to quantitatively evaluate the antimicrobial activity of LF, we developed a microdilution
assay, using the E. coli O157:H7 tox- (non-toxigenic mutant) strain as an indicator microorganism.
The minimal inhibitory concentration of 9 batches of LF produced in this study (MIC 5-10 mg mL™})
was comparable to the previous reports [39] and was found to be lower in comparison with 3 LF
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samples purchased on the marked (MIC 40-70) (Figure 8). The MIC of LF against E. coli O157:H7
reported by Conesa et al. [44] was lower (0.5 mg mL '), which could be explained by the differences
among assays in the medium (1% peptone broth) and in the strain of E. coli O157:H7 used. The same
authors also reported the absence of inhibition in TSB broth.

100 3 3 2 3 o ed WO 40 3 10 1o 1o

90
80 mO0mgmL-1
70 B5mgmL-1
60 ® 10 mg mL-1
50 20 mg mL-1
40 m 30 mg mL-1
30 ¥ 40 mg mL-1
20 50 mg mL-1
10 60 mg mL-1
0 70 mg mL-1

Figure 8. The growth inhibition of E. coli O157: H7 tox- by nine samples of LF produced in this study
(Arhel) and three LF products purchased on the market. The concentrations used in the assay apply
to the concentration of pure lactoferrin (commercial products may contain some other ingredients).
% of growth (measured as ODg) compared to the sample without added LF (100%) is shown. MIC
breakpoint was the concentration of LF that resulted in >50% inhibition). MIC values are indicated
above the bars (in red).

3.5. The Effect of Heat Treatment on Antibacterial Activity of Lactoferrin

In order to examine the effect of heat treatment on the biological activity of apo-LF produced
in this study, two aliquots of LF solution (200 mg mL™!) were prepared, one was adjusted to pH 4.0
and another one to pH 7.0. Four aliquots of each solution were subjected to different heat treatments:
(I) 15 min at 55 °C, (II) 15 min at 60 °C or (III) 3 s at 72 °C. After heat-treatment, the remaining
antibacterial activity was assessed by the microdilution method. In general, heat treatment did not
reduce antimicrobial activity against E. coli indicator strain, regardless of pH (Figure 9a,b). These results
are in accordance with the previous study of Sanchez et al. [34], which showed that the pasteurization
(72-74 °C, 15 s) had no significant effect on the structure of LF and on its immunoreactivity. Similarly,
Conesa et al. [44] have observed that the heat treatment at 62 °C for 30 min (low temperature long
time—LTLT pasteurization), at 72 °C for 15 s (high temperature short time—HTST pasteurization) and
at 72 °C for 10 min did not affect the antibacterial activity of LF (iron saturation 26%) against E. coli
0157:H7, but 85 °C for 10 min destroyed antimicrobial activity.

The HPLC analysis of the same LF samples showed a slight degradation of LF observed as the
lowering of the dual LF peak and the presence of an additional peak at higher salt concentration.
When the pH of LF samples was adjusted to pH 4.0, slight degradation was observed in all heat-treated
samples (55 °C/15 min, 60 °C/15 min, 72 °C/3 s), as well in the non-heated control (Figure 10).
Heat treatment at pH 7.0 led to similar chromatographic pattern at pasteurization temperature only
(Figure 11). The sample treated at 60 °C for 15 min at pH 7 could not be tested by HPLC or for
antimicrobial activity since it was completely solidified. Given that spectroscopy carried out in this
study showed slightly better thermal stability of apo-LF at pH 7 than at pH 4, these irreversible change
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might be a result of a combination of different factors such as high concentration of lactoferrin in
the sample (200 mg mL™!), longer treatment and particular ionic strength. Partial degradation of
some samples demonstrated by HPLC, however, did not result in the reduced antimicrobial activity,
indicating that the iron-binding activity was not affected.

a pH 4
100 -+
90 -
80 1 m 0 mg/ml
70 - 5 mg/ml
60 - B 10 mg/ml
50 - 20 mg/ml
40 B 30 mg/ml
30 - m 40 mg/ml
m 50 mg/ml
207 60 mg/ml
10 -~ I
. I
RT 55 °C/15 min 60 °C/15 min 72°C/3s
b pH 7
100 -
90 -
80 - m 0 mg/ml
70 - m 5 mg/ml
60 - m 10 mg/ml
50 - m 20 mg/ml
40 - m 30 mg/ml
30 - W40 mg/ml
20 - M 50 mg/ml
10 - 60 mg/ml
0 - = i T

RT 55 °C/15 min 72°C/3s

Figure 9. Antimicrobial activity of lactoferrin produced in a pilot plant after heat treatment (15 min at
55 °C, 15 min at 60 °C or 3 s at 72 °C). Two aliquots of the sample (200 mg mL™1) were adjusted before
the heat-treatment either to pH 7 (a) or to pH 4 (b). E. coli O157:H7 tox- was used as indicator strain.
% of growth (measured as ODgp) compared to the sample without added LF (100%) is shown.
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Figure 10. Chromatograms obtained by HPLC analysis of lactoferrin (LF) samples, thermally
treated at pH 4. The analysis was performed on the HPLC system weak cation exchange column
CIMac™COOH-0.1. Black line, control 1 (no thermal treatment, LF in buffer pH 7.5); pink line, control
2 (no thermal treatment, pH 4); blue line, 15 min at 55 °C, pH 4; brown line, 15 min at 60 °C, pH 4;
green line, 3s at 72 °C, pH 4.
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Figure 11. Chromatograms obtained by HPLC analysis of lactoferrin (LF) samples, thermally
treated at pH 7. The analysis was performed on the HPLC system weak cation exchange column
CIMac™COQOH-0.1. Black line, control LF (no thermal treatment); pink line, 15 min at 55 °C; blue line,
3sat72°C.

The observation that the short treatment at pasteurization temperature 72 °C did not negatively
affect the biological (antimicrobial) activity of LF from this study is particularly interesting from
application point of view, as it confirms that pasteurization temperatures are suitable for the treatment
of products containing LF produced in this pilot process.
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4. Conclusions

These results demonstrate a high potential of monolithic ion-exchange chromatography for
industrial processing of acid whey as a source of lactoferrin and possibly some other bioactive
proteins which can be used in the new products with high-added value. With the applied
procedure, predominately apo-LF was isolated, exhibiting high antimicrobial activity and high
purity. A comparison of the antimicrobial activity of different LFs on the market showed that the purity
of a protein product does not necessarily show its biological activity. The upscaling of the process is
ongoing on a demonstration plant (Arhel company, 10-30 m?/day capacity).
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