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Nowadays, rotaviruses remain a major health burden, especially in developing countries, and strategies

complementary to vaccination are needed. In this view, dairy fractions have attracted great scientific inter-

est, due to their high content of bioactive compounds. The objective of this study was to evaluate the

antiviral activity of whey and buttermilk enriched in proteins from hyperimmune bovine colostrum (HBC)

against rotavirus. The enriched fractions were spray-dried and subsequently tested for their neutralizing

activity against the bovine rotavirus WC3 strain in vitro, using differentiated Caco-2/TC7 cells. The highest anti-

rotaviral activity was observed when whey and buttermilk were enriched in purified immunoglobulin G (IgG),

showing complete rotavirus neutralization at concentrations of 3 and 6 mg mL−1 for whey and buttermilk,

respectively. Additionally, the use of a crude immunoglobulin fraction also gave satisfactory results. The inhibi-

tory activities of all samples significantly decreased after the application of heat, except for the IgG-enriched

buttermilk which showed a slight increase of activity following the application of short-time treatments (75 or

85 °C for 20 s). This sample also showed a significant increase of activity (13%) after the application of low-

intensity high hydrostatic pressure treatment (400 MPa for 5 min). The maximum loss of bioactivity was

observed at 600 MPa for 10 min (31 and 20% for whey- and buttermilk-based formulas, respectively). This

study provides relevant information on the potential of whey, buttermilk, and HBC to be part of functional pro-

ducts as complementary strategies to combat rotavirus infections.

1. Introduction

Bovine milk represents an important source of nutrition, and
it is probably the most versatile food that is consumed either
as is or as processed dairy products. Although dairies are
major economic drivers in rural areas, they are responsible for
producing a significant volume of waste, mainly in the form of
whey and buttermilk.1 Whey is generated during the cheese-
making process, specifically during the coagulation stage of
milk caseins. It accounts for 85–95% of the total milk volume
and it can be differentiated into sweet whey (pH 6.2–6.4) and
acid whey (pH 4.6–5.0) depending on the process used for
casein coagulation.2 It is estimated that in the production of

1 kg of cheese, around 9 L of whey are obtained, which means
that the world dairy industry generates about 145 m tons of
this byproduct per year. Sweet whey is composed of lactose
(74%), proteins (10%), minerals (8%), minor components (7%)
and fat (1%).3 Because of the high lactose content in its dry
matter, whey has a high biochemical oxygen demand (BOD of
40–60 g L−1) and a high chemical oxygen demand (COD of
50–80 g L−1).4,5 Therefore, it has been estimated that the waste
load of whey is 100–175 times higher than that of a similar
volume of domestic wastewater.6,7

On the other hand, buttermilk is the aqueous phase
released during cream churning for butter production, con-
taining all the water-soluble components of skimmed milk,
such as protein, lactose and minerals.8 It is also rich in
materials derived from the milk fat globule membrane
(MFGM), which ruptures during the churning step and
migrates mainly to the released aqueous phase.9 Based on the
weight of dry matter, the main components of sweet butter-
milk are protein (31.5–33.1%), lactose (48.7–53.8%) and fat
(5.7–13.1%).10 Buttermilk was considered a low-valued bypro-
duct in the butter industry, mainly due to its low stability
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towards oxidation, and traditionally a part was used to be
dried for animal feed.11

In the past years, various strategies have been employed for
the revalorization of whey and buttermilk. Due to their compo-
sition, several successful attempts have been made for their
use as emulsifiers, stabilizers, aroma and flavor contributors,
and also as sources of bioactive ingredients.1,12 In recent years,
the reports that indicate that proteins and peptides from whey
and buttermilk have health promoting benefits beyond basic
infant nutrition have notably increased. Emerging findings
from in vitro, animal, and a limited number of human studies
suggest that the enrichment of infant formulas with whey iso-
lates and/or the MFGM from buttermilk gives rise to products
more similar to human milk.13–15

The composition of bovine milk varies greatly during lacta-
tion, from colostrum to mature milk.16 Colostrum, the
secretion of the mammary gland in the first few days after
calving, is responsible for supplying the newborn with nutri-
ents, immunological protection against pathogens, and growth
and development factors.17 Among its immunological and bio-
logically active components, the presence of several types of
immunoglobulins (Igs) has been well-documented.18,19 The
Igs present in bovine colostrum are IgG, IgA and IgM, with IgG
being the predominant type.20 In this context, it has been
found that vaccination of cows during gestation against
human pathogens results in the production of specific polyclo-
nal antibodies against them and their secretion into colos-
trum. This hyperimmune bovine colostrum (HBC) has been
previously applied as a treatment for various gastrointestinal
infections both in animal21,22 and human studies.23 In this
regard, Civra et al. (2019)24 demonstrated a protective effect of
HBC from cows vaccinated with bovine rotavirus (RV) against
different human RV genotypes. By vaccinating the cows with a
conventional veterinary vaccine against bovine RV rather than
a targeted pathogen, they generated HBC on a large scale that
could be used as a functional ingredient to prevent and treat
RV infections.24

RV is the worldwide leading etiologic agent of severe gastro-
enteritis in infants and children under 5 years of age25,26 and
the third leading pathogen associated with infant mortality as
estimated by the World Health Organization (WHO) and the
Centers for Disease Control and Prevention (CDC).27,28 So far,
vaccination against RV has undoubtedly marked a significant
improvement in combating the disease.29 However, logistical
and economic difficulties, and their limited availability, dimin-
ish their efficacy in developing countries.30 Therefore, the
search for alternative antirotaviral agents is a necessity. In this
context, the use of bioactive milk fractions and proteins rep-
resents a promising avenue for intervention.

In any case, for all products to be used in the food industry,
the hygienic quality must be ensured to minimize the risks
associated with biological contaminants.31 Currently, thermal
treatments, such as pasteurization and UHT sterilization, are
the main procedures to achieve microbial inactivation.
Nevertheless, there are several studies reporting that heat treat-
ments usually applied to milk and milk derivatives may lead to

an alteration of both the bioactive and organoleptic properties,
affecting primarily the protein fraction.32,33 In this sense, high
hydrostatic pressure (HHP) treatment has emerged as an
alternative technology to inactivate pathogens, while maintain-
ing most sensorial and nutritional properties, causing minor
degradation of proteins and vitamins relative to thermal treat-
ments.34 The process uniformity is one of the best character-
istics of HHP treatment that makes it globally acceptable.35

The objective of this study was to evaluate the activity of
whey and buttermilk enriched in Igs isolated from HBC to
inhibit the infection by bovine RV of Caco-2/TC7 cells differen-
tiated as enterocytes. Furthermore, the effect of industrial pres-
ervation technologies such as thermal pasteurization and HHP
treatment on the antiviral activity of those preparations was
investigated. This study will contribute to expanding the
current knowledge about the exploitation of dairy bioactive
components and fractions as complementary strategies for the
treatment of rotaviral diseases.

2. Materials and methods
2.1 Obtaining milk fractions

Raw bovine milk was provided by the dairy industry
Villacorona (El Burgo de Ebro, Zaragoza, Spain). The quality of
milk was verified after reception by evaluating the pH, acidity,
fat percentage, alkaline phosphatase and lactoperoxidase
activity, and afterwards it was processed at the Food Science
and Technology Pilot Plant of the University of Zaragoza. To
obtain whey, milk was initially heated at 50 °C and then
skimmed using an ARR-DES 125 model centrifuge (Suministros
Químicos Arroyo, Santander, Spain) to separate the fat fraction.
Next, caseins of the skimmed milk were precipitated by coagu-
lation for 45 min at 35 °C, by adding bovine rennet (Laboratorios
Abiasa, Pontevedra, Spain) and a 20% solution of calcium chlor-
ide (Laboratorios Arroyo, Santander, Spain) at final concen-
trations of 1 : 15 000 (v/v) and 1 : 8000 (v/v), respectively. Finally,
the whey was obtained by decantation and subsequent filtration
through cheesecloth and glass wool to eliminate the remaining
small curd grains. To obtain buttermilk, the cream previously iso-
lated, with a fat content of approximately 40% (v/v), was kept over-
night at 4 °C. Afterwards, it was subjected to mechanical stirring
with a Philips Cucina mixer (Amsterdam, the Netherlands) until
the formation of butter grains by agglomeration of the fat glo-
bules and liberation of buttermilk, which was filtered through
cheesecloth and glass wool to eliminate remaining butter grains.
Whey and buttermilk were stored at −20 °C either in liquid or
freeze-dried form until further use. In the case of freeze-drying,
the two fractions were first dialyzed against 25 mM ammonium
bicarbonate, pH 7.4, and then freeze dried using a Heto
PowerDry DW8 (Thermo Fisher Scientific, Rockford, IL, USA).

2.2 Isolation and purification of Igs from HBC

The isolation of IgG was carried out starting from a frozen
sample of HBC obtained from vaccinated dairy cattle and fol-
lowing the methodology proposed by Mainer et al. (1997),36
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with slight modifications. For this, HBC was skimmed by cen-
trifugation at 2500g for 15 min at 4 °C and then, bovine rennet
was added in a 1 : 15 000 (v/v) ratio to precipitate the caseins
and obtain the whey. Afterwards, ammonium sulfate was
added at a concentration of 60% (v/v) and incubated overnight
at 4 °C, to induce selective Ig precipitation. Then, the mixture
was centrifuged at 3000 rpm for 15 min at 4 °C, obtaining a
supernatant and a precipitate containing colostral Igs. The
supernatant was removed, and the precipitate was resus-
pended in distilled water, and dialyzed against 0.01 M potass-
ium phosphate buffer, pH 7.7, for 2 days. The fraction
obtained after dialysis was named the “immunoglobulin pre-
cipitate fraction (IPF)”. IgG was further purified by subjecting
the IPF to ion exchange chromatography using the ÄKTA™
start system from GE Healthcare (Uppsala, Sweden) with a
HiTrap™ DEAE FF column (5 mL) (GE Healthcare). Elution of
retained proteins was carried out with a stepwise gradient of
0.01, 0.02, and 0.06 M phosphate buffer, pH 7.4, 7.2, and 7.0,
respectively, eluting IgG in the third step. The fractions
obtained were characterized by SDS-PAGE, and those contain-
ing IgG were pooled and dialyzed against 25 mM ammonium
bicarbonate solution. Finally, they were freeze-dried and stored
at −20 °C until use.

2.3 Determination of the protein content

The bicinchoninic acid assay (BCA) method was used to deter-
mine the protein content of samples. The assay was carried
out using a commercial Pierce™ BCA protein assay kit
(Thermo Fisher Scientific, Rockford, USA) following the manu-
facturer’s instructions. In the case of purified IgG, the determi-
nation of the protein content was performed using a molar
extinction coefficient of 1.4 M−1 cm−1.37

2.4 Preparation of enriched dairy fractions

Whey and buttermilk in liquid form were both enriched with
Igs obtained from HBC in four different ways. Three samples
were prepared using IPF, at three different concentrations: 0.5,
1, and 2 mg of total IPF protein per mL of whey or buttermilk.
Moreover, an enriched solution was prepared with purified
IgG, at a concentration of 0.5 mg of protein per mL of whey or
buttermilk. The enriched preparations were subjected to spray
drying in a Mini Spray Dryer B-290 (BUCHI, Flawil,
Switzerland). The pumping speed was 35%, with an approxi-
mate flow of 12 mL min−1, an inlet temperature of 150 °C and
100% suction. The powders obtained were vacuum sealed in
polyethylene bags and stored at −20 °C until use. In the follow-
ing assays, the spray-dried enriched dairy preparations were
reconstituted in sterile phosphate-buffered saline buffer (PBS)
composed of 0.14 M NaCl, 2.6 mM KCl, 8.1 mM Na2HPO4, and
KH2PO4, pH 8.5, and the different concentrations were hence-
forth expressed in the weight of powder per mL of PBS.

2.5 Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE)

SDS-PAGE was carried out according to the procedure
described by Laemmli (1970).38 The samples to be character-

ized were diluted 1 : 1 with a 0.12 M Tris–HCl buffer, pH 6.8,
containing a final concentration of glycerol of 20% (v/v), 4%
(w/v) SDS and 0.02% (w/v) bromophenol blue. For the electro-
phoresis performed in reducing conditions,
β-mercaptoethanol was added to the buffer at a final concen-
tration of 10% (v/v). Subsequently, all samples were heated at
100 °C for 5 min. The electrophoresis process was carried out
on 4–20% polyacrylamide gels (Mini-Protean TGX, Bio-Rad
Laboratories, Hercules, CA, USA). The molecular weight
marker used was a PageRuler™ Prestained Protein Ladder,
from 10 to 180 kDa (Thermo Fisher Scientific). The electro-
phoresis was run at 180 mA for 35 min and the gels were
stained with Coomassie Brilliant Blue R-250 (Serva blue R,
Serva Feinbiochemica GmbH & Co., Heidelberg, Germany),
according to standard procedures.

2.6 Heat treatments

Aliquots (200 μL) of dairy samples were placed in glass capil-
lary tubes (1.55 × 70 mm) that were sealed by using a small gas
torch. Four replicates (n = 4) for each processing condition and
sample were analyzed. Next, the tubes were placed in a pre-
heated thermostatic bath (Unitronic 200, J. P. Selecta,
Barcelona, Spain) (±0.1 °C). Heat treatment was monitored by
controlling temperatures inside the water bath with a digital
thermometer. The treatments applied were 75 °C for 20 s or
10 min, and 85 °C for 20 s or 10 min. After the treatment, the
samples were immediately cooled in an ice bath and stored at
−20 °C until use. The concentrations in which the samples
were treated were 10.6, 27.2, 3.0 and 3.0 mg of powdered
product per mL of PBS for whey, buttermilk, IgG-enriched
whey and IgG-enriched buttermilk, respectively. For the sub-
sequent in vitro assays, several heat-treated samples were used
in a selected final concentration that showed neutralization
values >90% for each non-treated control. These concen-
trations corresponded to 5.3, 13.6, 1.5 and 1.5 mg of powdered
product per mL of PBS for whey, buttermilk, IgG-enriched
whey and IgG-enriched buttermilk, respectively.

2.7 HHP treatments

Spray-dried whey and buttermilk enriched in purified IgG were
reconstituted in PBS at a concentration of 6 mg mL−1. HHP
treatments were performed in a 55 L high-pressure unit WAVE
6000/55HT (Hiperbaric, Burgos, Spain). This system includes
accurate control of the vessel wall, plugs and inlet water temp-
eratures to ensure a constant temperature during the treat-
ment. Samples (1.5 mL) were packed in Eppendorf tubes and
isolated from pressurized water by vacuum packaging in poly-
ethylene bags. Three replicates (n = 3) for each processing con-
dition and sample were conducted. Untreated samples were
similarly prepared as the control. The pressure values applied
were 400, 500, and 600 MPa, with a pressure holding time of 5
and 10 min. The temperature of the inlet water was set for
each of the three pressures at 15 °C, 13 °C and 10 °C, respect-
ively, and therefore, the temperature of the samples under
pressure remained always below 27.5 °C,39,40 avoiding heat
induced side-effects on protein structures. The rate of pressure
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increase was about 3 MPa s−1 (∼170 MPa min−1), and the
pressure release was immediate (<2 s) at the end of the treat-
ment. After HHP treatments, the samples were stored refriger-
ated (4 °C ± 0.5 °C) for less than 24 h until use. The HHP
treated preparations were tested for RV neutralization activity
at a final concentration of 1.5 mg powder per mL.

2.8 Determination of IgG by ELISA

The quantification of IgG in the enriched formulas, before and
after spray drying, was performed by using the Calokit Bovino
(ZEULAB, Zaragoza, Spain). This is a sandwich ELISA assay
based on specific detection of bovine IgG in milk matrixes.
Briefly, 50 μL of appropriately diluted samples or standards
were added to each well of a microtiter 96-well plate previously
coated with specific antibodies against IgG. The plate was
incubated for 30 min at 25 °C and afterwards, it was washed
four times with 300 μL of distilled water. Next, the plate was
incubated at 25 °C for 30 min with 50 μL of conjugate solution.
The plate was then washed four times with distilled water and
50 μL of substrate solution was added and incubated at 25 °C
for 30 min. The enzymatic reaction was stopped by adding
50 μL of stop solution and the absorbance was immediately
read at 450 nm in a Labsystem Multiskan MS Original 352
plate reader.

2.9 Proteomic analysis

To assess the effect of the HHP treatment on the protein
profile of the tested samples, proteomic analysis was done at
the Proteomics Platform of CIBA (IACS-Universidad de
Zaragoza, Spain). Protein identification was performed by ana-
lyzing the peptide fingerprint (MS) and fragmentation spectra
(MS/MS) of the peptides generated after trypsin digestion of
polyacrylamide gel bands in an automatic digester (Intavis,
Bioanalytical Instruments, Cologne, Germany). Briefly, the
bands were washed with water, ammonium bicarbonate
(100 mM) and acetonitrile. Samples were then reduced by
incubation with DTT (10 mM) at 60 °C for 45 min and alkyl-
ated by incubation with iodoacetamide (50 mM) at room temp-
erature for 30 min in darkness. Finally, the proteins were
digested with trypsin overnight at 37 °C (5 μg mL−1, Trypsin
Gold, Promega, WI, USA). Digestion was stopped by adding
0.5% TFA (trifluoroacetic acid), and tryptic peptides were
extracted sequentially with an increase in concentrations of
ACN in water. Samples were evaporated in a concentrator and
resuspended in 2% ACN 0.1% formic acid (FA).

Proteins were identified on a hybrid triple quadrupole/
linear ion trap mass spectrometer (6500QTRAP+, Sciex, Foster
City, CA, USA) coupled to a nano/micro-HPLC (Eksigent
LC425, Sciex). Preconcentration and desalting of the samples
were performed online using a C18 precolumn (Luna® 0.3 mm
id, 20 mm, 5 μm particle size, Phenomenex, CA, USA) at 10 μL
min−1 for 5 min. Peptide separation was performed using a
C18 column (Luna Omega® 0.3 mm id, 150 mm, 3 μm particle
size, Phenomenex, CA, USA), at 5 μL min−1. The column was
kept at 40 °C. The elution gradient performed was 5 to 35%
ACN (0.1% FA) for 30 min. A mass spectrometer was interfaced

with an ESI (Turbo V™) source using a 25 µm ID hybrid elec-
trode, operated in the positive mode. The parameters of the
source are as follows: a collision energy of 10 eV, capillary
voltage of 5000 V, declustering potential of 85 V, and curtain
gas and ion source (nitrogen) of 10.42 kPa. Analyses were per-
formed using an information-dependent acquisition method
with the following steps: first a scan of enhanced single mass
spectra (EMS, 400–1400 m/z) from which the 5 most intense
peaks were subjected to enhanced product ion scanning [EPI
(MS/MS)].

The search engine used is MASCOT (MatrixScience, UK)
with public databases of protein sequences (Swiss-Prot, NCBI,
etc.) according to the taxonomy registered in the application.
The search parameters used were missed cleavages 2, fixed car-
bamidomethyl modification (cysteines) and a mass tolerance
of 0.5 Da peptides and fragments.

2.10 Cell culture and virus propagation

The human adenocarcinoma cell line Caco-2/TC7 (kindly
donated by the Department of Physiology at the Veterinary
Faculty of the University of Zaragoza) was cultured in DMEM
supplemented with 10% (v/v) foetal bovine serum (FBS), 1%
(v/v) L-glutamine 2 mM, 1% (v/v) non-essential amino acid
solution (NEAA), 1% (v/v) antibiotic solution (100 units mL−1

penicillin, 100 μg mL−1 streptomycin) and 1 μg mL−1 ampho-
tericin B. The rhesus monkey epithelial cell line MA104 (ATCC
CRL-2378) was cultured in MEM supplemented with 10% (v/v)
FBS, 1% (v/v) 2 mM L-glutamine, 1% (v/v) antibiotic solution
(100 units mL−1 penicillin, 100 μg mL−1 streptomycin) and
0.25 μg mL−1 amphotericin B. Both cell types were maintained
in 25 cm2 culture vessels at 37 °C in a Heraeus B5060 EK/CO2

thermostatic incubator with 5% CO2. All cell culture media
and supplements were purchased from Gibco (Life
Technologies Corporation, Paisley, UK).

The bovine RV WC3 strain (ATCC VR-2102) was propagated
on the MA104 cell line according to previously described pro-
cedures.41 Briefly, confluent 75 cm2 cell flasks were infected at
a multiplicity of infection (MOI, ratio virus per cell) of 0.1 with
an aliquot of a RV suspension. Once the cytopathic effect was
established, the RV was harvested by subjecting the lysate to
three cycles of freezing (−80 °C) and thawing (room tempera-
ture) and subsequent centrifugation at 300g for 15 min at 4 °C.
The supernatant, considered as the infective viral suspension,
was titrated according to the procedures described by Arnold,
Patton & McDonald (2009),42 aliquoted in cryovials and stored
at −80 °C until further use. The RV multiplicity of infection
that was used in the following in vitro assays was 0.02.

2.11 Cell viability assay

To evaluate the effect of dairy preparations on the viability of
Caco-2/TC7 cells, the CellTiter 96® AQueous One Solution Cell
Proliferation Assay kit (Promega, Madison, USA) was used. The
assay, based on a colorimetric reaction in which the tetra-
zolium compound MTS is bioreduced by metabolically active
cells, was performed as previously described by Graikini et al.
(2023).41
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2.12 RV neutralization assay

The RV neutralization capacity of the samples was tested using
the human cell line Caco-2/TC7, as it is considered an excel-
lent model of the human intestinal epithelium.43 Briefly, Caco-
2/TC7 cells were seeded in 96-well plates at a density of 1.4 ×
104 cells per cm2 and cultured for 15 days until the differen-
tiation stage, with a morphology similar to functional entero-
cytes.44 Before the assay, the cells were serum starved for 2 h
using basic DMEM, supplemented with 1% (v/v) L-glutamine
and 1% (v/v) NEAA, to avoid interference with FBS. Meanwhile,
appropriate dilutions of samples (in basic DMEM) were mixed
1 : 1 (v/v) with a trypsin-activated RV suspension and incubated
for 1 h at 37 °C. The basic DMEM was used as a negative
control and the activated RV suspension diluted 1 : 1 (v/v) with
basic DMEM was used as a positive control of infection. After
the incubation period, the samples were transferred into the
plate containing the previously serum-starved cells and incu-
bated at 37 °C for 1 h for RV adsorption. Next, plates were
added with 100 μL of DMEM per well containing 2 μg mL−1

trypsin and 6% (v/v) of FBS and incubated at 37 °C in 5% CO2

for 12 h under gentle rotation. Subsequently, virus-infected cells
were detected by indirect immunofluorescence (Section 2.14).

2.13 Cell receptor blocking assay

The interaction of purified IgG with Caco-2/TC7 cells was
additionally studied to evaluate the influence that it may have
on RV infection. Similar to the neutralization assay, Caco-2/
TC7 cells were seeded in 96-well plates and grown until differ-
entiation. Then, the culture medium was removed, and the
cells were incubated with serum-free medium for 2 h. Next,
50 μL of samples at different concentrations were added and
the plate was incubated for 1 h at 4 °C, to prevent the samples
from penetrating the cells by endocytosis. Afterwards, the wells
were washed three times with 120 μL per well of PBS and
infected with the suspension of bovine RV WC3 strain, incu-
bating for 1 h at 37 °C. After washing the wells with 120 μL per
well of PBS, 100 μL of DMEM supplemented with 6% (v/v) of
FBS and 2 μg mL−1 trypsin were added to each well, and the
plate was incubated at 37 °C for 12 h, subsequently proceeding
to the determination of cell infection with RV by indirect
immunofluorescence (Section 2.14).

2.14 Indirect immunofluorescence

After 12 h of infection, the cells were washed with 200 μL per
well of sterile PBS. Cell fixation was then carried out by adding
300 μL per well of a solution of acetone: methanol: formal-
dehyde (1 : 1 : 1, v/v/v) and incubating for 3 min at 4 °C. The
plate was then washed twice with sterile PBS and incubated
with 100 μL per well of antiserum anti-bovine RV obtained in
lamb, kindly donated by Dr Snodgrass from Moredun
Research Institute (Penicuik, UK), at 37 °C for 2 h under gentle
agitation. Next, the wells were washed three times with sterile
PBS and incubated with 100 μL per well of FITC-conjugated
donkey anti-sheep IgG antibody (Sigma-Aldrich, St. Louis, MO,
USA) for 1 h at 37 °C under gentle agitation. Finally, fluo-

rescent cells were revealed using an Eclipse E400 fluorescence
microscope with a Nikon FITC filter, and the Zen lite 2012
image processing software. The infectivity percentages were
determined by enumerating fluorescent foci (infected cells) in
each well in relation to the 100% infectivity obtained with the
positive control, which consisted of the virus suspension
without neutralizing/cell blocking agent.

2.15 Statistical analysis

Statistical analysis was conducted through the GraphPad
Prism v8.0.2 software (GraphPad Software, San Diego, CA, USA)
and the results are presented as the mean ± standard devi-
ation. The normality of the data was tested through the
Shapiro–Wilk test. Subsequently, for the variables character-
ized as normal, Student’s t-test or one-way analysis of variance
(ANOVA) followed by Dunnet’s multiple comparisons test was
performed. Variables that did not follow a normal distribution
were analyzed using the Mann–Whitney U-test or Kruskal–
Wallis non-parametric analysis followed by Dunn’s multiple
comparisons test. Differences with a p value ≤ 0.05 were con-
sidered statistically significant.

3. Results
3.1 Obtention of IgG and characterization of enriched dairy
preparations

3.1.1 Immunoglobulin G. In this study, the isolation of IgG
was performed by subjecting the IPF obtained after
ammonium sulfate precipitation of HBC to ion exchange
chromatography. The elution profile revealed three distinct
peaks corresponding to the three elution buffers (Fig. 1A). The
fractions of the third peak, from 50 to 98, were those corres-
ponding to IgG.

Accordingly, Fig. 1B shows the electrophoretic profile of the
different fractions obtained throughout the purification of
IgG. As can be observed, at the final step of purification (lane
5) the intensity of bands with molecular weights of around 55
and 25 kDa is increased. These bands correspond to the heavy
and light chains of IgG, respectively, which appear separated
since electrophoresis was performed under reducing con-
ditions. To visualize better the purification process, IPF
obtained after precipitation with ammonium sulfate and dialy-
sis against potassium phosphate buffer and purified IgG after
lyophilization were both subjected to SDS electrophoresis per-
formed under both reducing and non-reducing conditions
(Fig. 1C). As can be observed in lanes 4 and 5, the bands
corresponding to the molecular weights of purified IgG
(∼160 kDa in its monomeric form and 55 and 25 kDa for the
two chains in its reduced form) appear more intense and there
is absence of additional bands, in comparison with the IPF
profile (lanes 2 and 3). In these rows, apart from the typical
IgG bands, additional trace bands of other colostrum proteins
are displayed.

3.1.2 Enriched dairy preparations. The enrichment of whey
and buttermilk was performed using either IPF at three
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protein concentrations (0.5, 1, 2 mg mL−1) or IgG (0.5 mg
mL−1). Once prepared, the enriched fractions were subjected
to spray drying, and afterwards, the IgG content and the
protein profile of the resulting powders were determined by
ELISA and SDS-PAGE, respectively. Additionally, non-enriched
spray-dried and freeze-dried whey and buttermilk were
included as controls.

As seen in Table 1, the buttermilk samples demonstrated a
higher concentration of total IgG in comparison with the whey
samples. Within the same fraction, the non-enriched freeze-
dried and spray-dried powders had the same IgG content. As
expected, the enrichment of whey and buttermilk with 0.5 mg
mL−1 of either IPF or IgG resulted in an increased total IgG
content. This increase was similar independently of the type of
the enriching factor used, IPF or IgG, with values of 131.90
and 130.30 μg mL−1 for whey and 138.50 and 138.24 μg mL−1

for buttermilk, respectively. Nonetheless, these values did not
correspond to the theoretical pre-drying enrichment of the two

fractions (500 μg mL−1). Furthermore, enrichment with
increasing concentrations of IPF (0.5, 1 and 2 mg mL−1) did
not result in an increase of the IgG estimated by ELISA.

Accordingly, Fig. 2 shows the electrophoretic profiles of
enriched whey (A) and buttermilk (B) where bands of the typical
proteins contained in whey and buttermilk can be observed.
With regard to both matrixes, an overall increase of the intensity
of bands corresponding to the light and heavy chains of the
IgG, with molecular weights of 25 and 55 kDa, respectively, can
be depicted (lanes 4, 5, 6 and 7). In the case of buttermilk
(Fig. 2B), a greater intensity of the bands between 25 and
35 kDa is shown, which corresponds to caseins, proteose
peptone component 3 and the light chain of IgG.

3.2 Antirotaviral activity

The antiviral activity of the samples was tested in vitro against
the bovine RV WC3 strain. Prior to these assays, the potential
cytotoxic effect that the samples might have on differentiated
Caco-2/TC7 was investigated by using the MTS colorimetric
assay. No significant loss of cell viability was found for any of
the samples tested (see the ESI, Fig. S1 and S2†).

3.2.1 Whey, buttermilk and IgG. Firstly, the antirotaviral
activity of whey, buttermilk, and purified IgG was evaluated
separately. This was done in order to determine the range of
concentrations in which they were active against RV, prior to
the evaluation of their corresponding enriched fractions. In
the case of the purified IgG, the cell-receptor blocking activity
was additionally investigated.

As seen in Fig. 3, both whey and buttermilk were able to
neutralize RV in a dose–response manner with IC50 values of

Fig. 1 Isolation and characterization of IgG from HBC: (A) elution profile of the HiTrap™ DEAE FF chromatography of IPF for the isolation of IgG,
with a stepwise gradient of potassium phosphate buffer (0.01, 0.02 and 0.06 M). (B) SDS-PAGE on 4–20% polyacrylamide gel: lane 1: molecular
weight standard; lane 2: IPF; lane 3: fractions 2–6; lane 4: fractions 37–39; and lane 5: fractions 57–98. All samples were loaded at a concentration
of 0.2 mg mL−1 and tested under reducing conditions. (C) SDS-PAGE on 4–20% polyacrylamide gel: lane 1: molecular weight standard, lane 2: IPF
under non-reducing conditions (3 mg mL−1); lane 3: IPF under reducing conditions (3 mg mL−1); lane 4: purified IgG under non-reducing conditions
(1 mg mL−1); and lane 5: purified IgG under reducing conditions (1 mg mL−1).

Table 1 IgG content (μg mL−1) in whey (WH) and buttermilk (BM) prep-
arations (1 mg of powder in 1 mL of PBS) determined by ELISA. Fd:
freeze dried; sd: spray dried. The amounts of IPF (immunoglobulin pre-
cipitate fraction) and IgG are expressed in mg mL−1

Fraction IgG (μg mL−1) Fraction IgG (μg mL−1)

WH fd 61.78 BM fd 64.52
WH sd 61.78 BM sd 64.87
WH + 0.5 IPF 131.90 BM + 0.5 IPF 138.50
WH + 1 IPF 126.44 BM + 1 IPF 135.47
WH + 2 IPF 123.65 BM + 2 IPF 130.42
WH + 0.5 IgG 130.30 BM + 0.5 IgG 138.24
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0.58 and 1.33 mg mL−1, respectively. Whey presented a potent
activity already at a concentration of 0.4 mg mL−1 (45.5%)
while complete RV neutralization was observed at a concen-
tration of 14.3 mg mL−1. On the other hand, buttermilk at

0.4 mg mL−1 exerted 25.3% neutralization and its activity sur-
passed 99.8% neutralization at the two highest concentrations
tested (27.3 and 45.5 mg mL−1).

The purified IgG exerted an even stronger antirotaviral
activity (IC50 value of 3.55 μg mL−1). As can be seen in Fig. 4,
IgG neutralized the RV infection of Caco-2/TC7 cells in a dose–
response way with inhibition values over 95% at concen-
trations as low as 50 μg mL−1 and complete neutralization at
100 μg mL−1.

Since IgG presented such potent neutralization activity, we
sought to investigate the involvement of additional antirota-
viral mechanisms of this protein. For this, the neutralizing
concentrations of IgG were evaluated in a cell receptor block-
ing assay and the results obtained are shown in Table 2. The
inhibition of infection that occurred through cell blocking was
lower at all tested concentrations compared to that demon-
strated in the neutralization assay. Furthermore, we did not
observe a clear dose-effect pattern. This suggests that the anti-
rotaviral mechanism of action of IgG is mostly related to the
interaction between IgG and RV (virucidal effect) and less to
the interaction of these proteins with the cell receptors for RV
(protective effect).

3.2.2 Enriched dairy preparations. After establishing the
active concentrations of whey, buttermilk, and IgG, we pro-
ceeded to test the activity of the enriched formulas by the neu-
tralization assay, as it yielded the best results in the previous

Fig. 2 SDS-PAGE on 4–20% polyacrylamide gel carried out under reducing conditions. (A) Whey fractions: freeze-dried whey (WH fd); whey
enriched with 0.5 mg mL−1 IgG (WH + 0.5 IgG); whey enriched with 0.5 mg mL−1 IPF (WH + 0.5 IPF); whey enriched with 1 mg mL−1 IPF (WH + 1
IPF); and whey enriched with 2 mg mL−1 IPF (WH + 2 IPF). (B) Buttermilk fractions: freeze-dried buttermilk (BM fd); buttermilk enriched with 0.5 mg
mL−1 IgG (BM + 0.5 IgG); buttermilk enriched with 0.5 mg mL−1 IPF (BM + 0.5 IPF); buttermilk enriched with 1 mg mL−1 IPF (BM + 1 IPF); and butter-
milk enriched with 2 mg mL−1 IPF (BM + 2 IPF). Protein bands: α-lactalbumin (α-LA); β-lactoglobulin (β-LB); butyrophilin (BTN); immunoglobulin G
(IgG); lactadherin (LDH); lactoferrin (LF); mucins (MUCs); proteose-peptone component 3 (PP3); bovine serum albumin (BSA); and xanthine oxidase
(XOD).

Fig. 3 Dose–response of freeze-dried bovine whey (blue circles) and
buttermilk (orange triangles) on neutralizing activity against infection of
Caco-2/TC7 cells by bovine RV WC3. The results are shown as the mean
± standard deviation of duplicates from four independent experiments
(n = 8). Concentration is expressed as mg of powder per mL of culture
medium.
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tests. Spray-dried whey and buttermilk, and freeze-dried whey
and buttermilk (without enrichment) were also included as
controls of bioactivity and drying method, respectively.

Fig. 5 shows the percentages of neutralization of RV infec-
tion that the different whey-based enriched fractions pro-
duced. With regard to the two treatments used for drying, in
non-enriched whey, a lower neutralizing activity was observed
in the case of the freeze-dried sample in comparison with the
spray-dried one, although the differences between the two
drying treatments were only significant at a concentration of
3 mg mL−1. At this point, it is important to stress that the
initial whey used for freeze-drying was not from the same
batch as that used for spray drying; therefore, such differences
could be primarily attributed to the variability of protein com-
position rather than to the effect of the treatment itself.

With regard to the neutralization capacity of the different
enriched whey samples, statistically significant differences
were observed in almost all cases between the non-enriched
and the enriched fractions, for all the concentrations studied.
Exceptions were the enrichment with 0.5 mg of IPF, at the
lowest concentration (0.5 mg powder per mL) and the enrich-
ment with 2 mg of IPF at the highest concentration (3 mg
powder per mL). The highest neutralization was demonstrated
when whey was enriched with purified IgG at the highest con-

centrations (1.5 and 3 mg powder per mL). However, at the
lowest concentration tested (0.5 mg powder per mL), it was the
sample enriched with 2 mg mL−1 of IPF that showed the
highest activity, with 89% neutralization, compared to the 76
and 78% percentages shown by spray-dried whey without
enrichment and enriched with IgG, respectively.

The neutralization activity of the different buttermilk-based
enriched preparations is shown in Fig. 6. In this case, the com-
parison between the two drying methods did not result in sig-
nificant differences at any of the concentrations studied.
Overall, the best results were obtained with the fraction
enriched in purified IgG, although it should be noted that
enrichment with different concentrations of IPF protein
resulted in a statistically significant increase in the neutraliz-
ation activity compared with non-enriched buttermilk, when
tested at 1.5 mg powder per mL. However, this increase in
activity was not maintained in all cases at the highest concen-
trations (3 and 6 mg powder per mL).

Overall, the enrichment with purified IgG demonstrated the
best results, in both whey and buttermilk preparations, exceed-
ing 99% neutralization at concentrations of 3 and 6 mg
powder per mL, respectively. Furthermore, whey turned out to

Fig. 4 Neutralization activity of IgG from HBC against infection of
Caco-2/TC7 cells by bovine RV WC3. The results are shown as mean ±
standard deviation of duplicates from three independent experiments (n
= 6). Concentration is expressed as μg of protein per mL of culture
medium.

Table 2 Cell receptor blocking activity of IgG purified from HBC. The
values are expressed as a percentage of inhibition of RV infection. The
results are shown as mean ± standard deviation from duplicates of at
least three independent experiments (n ≥ 6)

IgG concentration (μg
mL−1)

Inhibition of infection
(%)

No of replicates
(n)

0.4 13.6 ± 4.40 7
2 8.81 ± 6.58 8
10 14.30 ± 9.82 7
50 13.28 ± 8.74 6
100 29.32 ± 2.34 6
250 27.13 ± 8.58 6

Fig. 5 Effect of whey-based preparations on the neutralization of the
infection of Caco-2/TC7 cells by bovine RV WC3. Freeze-dried whey
(WH fd); spray-dried whey (WH sd); whey enriched with 0.5 mg mL−1 IPF
(WH + 0.5 IPF); whey enriched with 1 mg mL−1 IPF (WH + 1 IPF); whey
enriched with 2 mg mL−1 IPF (WH + 2 IPF); and whey enriched with
0.5 mg mL−1 IgG (WH + 0.5 IgG). The neutralizing activity of prep-
arations was studied at three concentrations: 0.5, 1.5 and 3 mg of
powder per mL. The results are shown as the mean ± standard deviation
of duplicates from at least three independent experiments (n ≥ 6).
Statistical analysis was performed using the Student’s t-test in the case
that data followed normal distribution and the Mann–Whitney U-test in
the case that data did not follow normal distribution. # Indicates signifi-
cant differences (p < 0.05) between drying treatments. * Indicates sig-
nificant differences (*p < 0.05; **p < 0.01) of each preparation with
respect to the non-enriched whey.
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be a better enrichment medium than buttermilk, having a
higher percentage of neutralization at lower concentrations.

3.3 Effect of technological treatments on the bioactivity of
the enriched dairy fractions

3.3.1 Thermal treatments. The effect of heat treatments of
different intensities applied to whey, buttermilk and their
corresponding IgG-enriched preparations on their inhibitory

activity against bovine RV WC3 was determined and the results
are shown in Table 3. The IgG-enriched preparations were
selected among all dairy preparations for the following assays
as they were those that presented the highest antirotaviral
activity.

The results showed that pasteurization (75 °C for 20 s) had
a mild effect on the antiviral activity of the non-enriched whey
and buttermilk, causing a neutralization loss of 18.77 and
9.31%, respectively. However, this decrease in activity was not
significant in either of the cases. In contrast, the application
of intermediate and high intensity heat treatments (75 °C for
10 min, 85 °C for 20 s and 85 °C for 10 min), resulted in a sig-
nificant decrease in the neutralization effect for both fractions,
with minimum neutralization values at 1.67% and 17.00% for
whey and buttermilk, respectively, when the treatment applied
was of 75 °C for 10 min.

Slightly different results were observed, when assessing the
effect on enriched whey and buttermilk. Application of short-
time (20 s) treatments, regardless of the temperature, did not
significantly affect the antiviral activity of the fractions.
Interestingly, in the case of the enriched buttermilk, a slight
increase of the neutralization activity was shown in relation to
the non-treated preparation, for both short-time treatments.
Nevertheless, when the duration of the heat treatment
increased (10 min), a significant loss of neutralization activity
was observed. Enriched buttermilk appeared more resistant at
75 °C for 10 min as it marked 43.64% neutralization activity in
contrast to the enriched whey that lost all activity (3.39% neu-
tralization achieved). Finally, at the maximum intensity (85 °C
for 10 min) the neutralization activity of both enriched frac-
tions disappeared.

3.3.2 HHP treatments. HHP treatments of different intensi-
ties were applied to the IgG-enriched whey and buttermilk
preparations in order to evaluate the effect on their rotaviral
neutralizing capacity.

As can be observed in Fig. 7A, the loss of antirotaviral
activity of the enriched whey samples was proportional to the
intensity of the applied HHP treatment. Treatments at 400 and
500 MPa did not affect the antiviral activity of the preparations
at any of the times tested. A decrease in neutralization was
observed when samples were treated at 600 MPa for 5 min

Fig. 6 Effect of different buttermilk-based preparations on the neutral-
ization of the infection of differentiated Caco-2/TC7 cells by WC3 RV.
Freeze-dried buttermilk (BM fd); spray-dried buttermilk (BM sd); butter-
milk enriched with 0.5 mg mL−1 IPF (BM + 0.5 IPF); buttermilk enriched
with 1 mg mL−1 IPF (BM + 1 IPF); buttermilk enriched with 2 mg mL−1 IPF
(BM + 2 IPF); and buttermilk enriched with 0.5 mg mL−1 IgG (BM + 0.5
IgG). The neutralizing activity of preparations was studied at three con-
centrations: 1.5, 3 and 6 mg of powder per mL. The results are shown as
the mean ± standard deviation of duplicates from at least three indepen-
dent experiments (n ≥ 6). Statistical analysis was performed using
Student’s t-test in the case that data followed normal distribution and
the Mann–Whitney U-test in the case that data did not follow normal
distribution. * Indicates statistically significant differences (*p < 0.05; **p
< 0.01; ****p < 0.0001) of each preparation in relation to the non-
enriched fraction.

Table 3 Effect of heat treatments on the bovine RV WC3 neutralization activity of freeze-dried whey (WH fd) and buttermilk (BM fd) and IgG
enriched whey (WH + 0.5 IgG) and buttermilk (BM + 0.5 IgG) on Caco-2/TC7 cells. The values are expressed as percentages of neutralizing activity
of the corresponding non-treated dairy sample. The data represent the mean ± standard deviation from duplicates of three independent experi-
ments (n = 6). Statistical analysis was performed using one-way ANOVA followed by Dunnett’s multiple comparisons test

Treatment

Neutralization (%)

WH fd BM fd WH + 0.5 IgG BM + 0.5 IgG

75 °C for 20 s 81.23 ± 5.89 90.69 ± 7.67 92.17 ± 4.21 105.60 ± 4.23
75 °C for 10 min 1.67 ± 12.94a 17.00 ± 12.26a 3.39 ± 16.78a 43.64 ± 19.69a

85 °C for 20 s 29.93 ± 13.95a 30.43 ± 14.48a 96.47 ± 2.60 106.50 ± 4.04a

85 °C for 10 min 13.94 ± 13.94a 27.34 ± 21.13a 0.00 ± 13.82a 0.51 ± 20.39a

a Indicates significant differences (p < 0.0001) of heat-treated samples in relation to the corresponding non-treated control. The concentration of
IgG is expressed in mg mL−1.
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resulting in 17% loss of activity, while the same pressure for
10 min caused a significant 32% loss which was the maximum
decrease observed. SDS-PAGE analysis of HHP treated prep-
arations performed under non-reducing conditions (Fig. 7B,
lanes 1–7) revealed that the intensity of the IgG (∼160 kDa in
its monomeric form) decreased progressively as the treatment
intensity increased. The same effect was observed for the two
bands with molecular weights of about 78 and 80 kDa, corres-
ponding to lactoperoxidase and lactoferrin, respectively.
Furthermore, an additional band with a molecular weight of
around 32–34 kDa appeared in the profile of all treated
samples (lanes 2–7), which was absent in the control (lane 1).
Proteomic analysis of this band revealed the correspondence
to β-lactoglobulin. On the other hand, electrophoresis per-
formed under reducing conditions (Fig. 7B, lanes 9–15) did
not show any differences between the HHP treated and the
non-treated control.

With regard to the IgG-enriched buttermilk preparation, an
increase in the neutralization activity was observed when treat-
ments of lower and intermediate intensity were applied.
Specifically, treatment at 400 MPa for 5 min caused a signifi-
cant increase of 13% of antirotaviral activity. Treatments at 400
MPa for 10 min and 500 MPa for 5 min also increased the
activity at 8% in both cases, though not at a significant level.
Treatment at 500 MPa for 10 min did not impact the neutraliz-
ation activity. In contrast, application of pressure at 600 MPa

to the IgG-enriched buttermilk caused a loss of activity at 7
and 18% when treated for 5 and 10 min, respectively, the latter
being significant. Contrary to what was observed in the case of
enriched whey preparations, SDS-PAGE analysis of the
enriched buttermilk fractions did not show relevant changes
in the protein profile of HHP-treated preparations with respect
to the non-treated preparations (Fig. 8B). However, it should
be mentioned that the bands corresponding to caseins
(∼35 kDa) appeared more intense in the case of the HHP
treated samples in comparison with the control. On the other
hand, bands corresponding to α-lactalbumin and
β-lactoglobulin (14 and 18 kDa, respectively) appeared slightly
less intense when treated at the highest intensity (600 MPa for
10 min, lane 7), and it was evident only when SDS-PAGE was
performed under non-reducing conditions. SDS-PAGE per-
formed under reducing conditions did not reflect these differ-
ences in the electrophoretic pattern.

4. Discussion

Scientific evidence indicates that HBC is a promising nutraceu-
tical that could be used for the prevention or treatment of
several diseases in newborns and adults, in particular to
prevent gastrointestinal infections and alleviate their symp-
toms.45 Considering this, in the present study, a non-purified

Fig. 7 (A) Effect of HHP treatments on the bovine RV WC3 neutralization activity on Caco-2/TC7 cells of whey enriched in IgG (0.5 mg mL−1). The
results are expressed as a percentage of the neutralization activity as mean ± standard deviation of duplicates from at least three independent
experiments (n ≥ 6). Statistical analysis was performed using the Kruskal–Wallis test followed by Dunn’s multiple comparisons test. * Indicates stat-
istically significant differences (*p < 0.05) of the HHP treated samples in relation to the non-treated control (black bar). (B) SDS-PAGE on 4–20%
polyacrylamide gel performed under non-reducing (lanes 1–7) and reducing (lanes 9–15) conditions. The code letter corresponds to the letter in
brackets with regard to the HHP treatment. The framed band in lane 3 was subsequently identified by proteomic analysis.
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fraction of IgG (IPF) and a purified IgG fraction were obtained
from HBC against bovine RV and added to bovine whey and
buttermilk, to elaborate dairy preparations with enhanced
antirotaviral activity.

Initially, the active concentrations against RV of whey, but-
termilk and IgG were determined separately. It was found that
IgG from HBC exerted a direct neutralizing effect against the
bovine RV strain WC3 when tested in the Caco-2/TC7 human
enterocyte model. High inhibitory activity (82.5%) was
observed at 10 μg mL−1 and complete inhibition at 100 μg
mL−1, concentrations comparable to those previously shown
as active in the MA104 cell line.46,47 On the other hand, a pro-
tective effect of IgG against RV infection by blocking Caco-2/
TC7 cells was not clearly observed, although partial inhibition
was shown at high concentrations, suggesting that the antiro-
taviral mechanism of action of IgG, at least during the early
stages of infection, is more related to the interaction between
IgG and RV capsid proteins (virucidal effect) and less to the
interaction of these proteins with the cell receptors for RV
(protective effect). In this view, previous studies were con-
ducted in MA104 cells by our research group using reassortant
UK x RRV having different combinations of VP4 and VP7 to
determine which of the viral surface proteins was associated
with their inhibitory effect.47 It was shown that the main
mechanism of RV neutralization by milk components was

exerted at the level of binding to the cell surface and, more
specifically, that IgG interacts mainly with VP7. In the study
conducted by den Hartog et al. (2004), a similar neutralization
in vitro assay was utilized and it was found that IgG from com-
mercial bovine colostrum was shown to be effective in neutra-
lizing the human respiratory syncytial virus (RSV) on HEp2
cells through direct binding of the protein to renilla-GFP
RSV.48 Overall, the authors supported that IgG may contribute
to immune protection as it could bind to human RSV and
other human respiratory pathogens and induce effector func-
tions through binding to human FcγRII on phagocytes.

Additionally, the antirotaviral potential of whey and butter-
milk has been demonstrated. Whey exerted complete neutraliz-
ation of RV infection at a concentration of 14.3 mg powder per
mL and buttermilk reached similar levels of activity at about a
two-fold concentration (27.3 mg powder per mL). The antirota-
viral activity of bovine whey has been mainly attributed to its
protein fraction.49 Proteins with known antirotaviral activity in
bovine whey are lactoferrin,50 IgG51 and proteose peptone com-
ponent 3.52 These bioactive proteins are also found in butter-
milk at some level; however, the antirotaviral potential of this
fraction has been predominantly attributed to the proteins of
the MFGM complex.53 More specifically, the MFGM proteins
mucin 1,54 lactadherin,55 and xanthine oxidase52 have been
reported as important antirotaviral agents. In the present

Fig. 8 (A) Effect of HHP treatments on the WC3 bovine RV neutralization activity on Caco-2/TC7 cells of buttermilk enriched in IgG (0.5 mg mL−1).
The results are expressed as a percentage of RV neutralization, as mean ± standard deviation of duplicates from at least three independent experi-
ments (n ≥ 6). Statistical analysis was performed using one-way ANOVA followed by Dunnett’s multiple comparisons test. * Indicates statistically sig-
nificant differences of the HHP treated samples in relation to the non-treated control (*p < 0.05, ***p < 0.001). (B) SDS-PAGE on 4–20% polyacryl-
amide gel performed under non-reducing (lanes 1–7) and reducing (lanes 9–15) conditions. The code letter corresponds to the letter in brackets
with regard to the HHP treatment.
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study, all the above proteins were identified by SDS-PAGE in
the buttermilk preparations (Fig. 2). Finally, apart from the
protein fraction, it should be noted that there are more active
compounds present in whey and buttermilk that could have
contributed to the protective effect against RV, such as specific
oligosaccharides56 and lipid components associated with the
MFGM.57

It is important to stress that the results obtained on the
antirotaviral activity of the above cited molecules or fractions
are sometimes conflicting among different studies. These con-
troversial results can be due to differences in the experimental
conditions, such as the viral strain, the incubation times of the
virus/sample, and the purification protocols of the proteins.
Additionally, an important parameter is the cell line in which
the antirotaviral activity is evaluated. For example, the
response of MA104 cells after RV infection is very well charac-
terized since this cell line has been traditionally used in this
type of study due to its particularly high RV susceptibility.58,59

However, MA104 cells are considered a less physiologically
relevant model since they do not express the morphological
and functional characteristics of the intestinal cells. On the
other hand, Caco-2/TC7 cells, although being colonic epithelial
cells, when differentiated, resemble the mature enterocytes of
the human small intestinal epithelium.60 Accordingly, com-
parative studies have shown that the antirotaviral effect of milk
proteins or fractions is exerted differently on these two cell
lines.54,61 Furthermore, RV shows different infectivity depend-
ing on the cell line, with the murine RV strain EHP described
as neuraminidase (NA)-resistant when tested in the MA104 cell
line,62 while it behaved as NA-sensitive when tested in Caco-2
cells.63 The above observations indicate the importance of con-
sidering the methodological details when choosing a suitable
experimental design. Since RV particles principally infect the
upper villi of the mature enterocytes in the small intestine and
cause structural changes in the intestinal epithelium,64,65 the
use of Caco-2/TC7 as an in vitro model could represent one
step closer to physiological conditions. In any case, it should
be noted that cultured Caco-2 cells are more difficult to work
with as they must be treated with extreme caution to avoid
detachment of the monolayer during the washing and
immunostaining steps to detect RV.

After determining the range of active antiviral concen-
trations for whey and buttermilk in our study, the fractions
were enriched in IPF and IgG from HBC and spray dried. The
choice of spray drying was made as this is the most used pro-
cedure of drying at industrial level. Next, a sandwich ELISA
was used for the quantification of the IgG present in the PBS-
reconstituted powders. Interestingly, the IgG levels determined
by the immunoassay were very low compared to the theoretical
amount of total IgG added in the enrichment (approximately
seven times lower). One possible explanation could be the
interaction that the proteins of whey, buttermilk and HBC may
have established with the added IgG during spray drying,
which may have interfered with the binding of the antibody in
the ELISA.66 In a previous study, low detection of IgG was
reported by sandwich ELISA compared to radial immunodiffu-

sion in samples such as liquid milk, whey and skimmed milk
powders, however, the authors did not identify a specific com-
ponent responsible for IgG underestimation.67 An explanation
may be that the drying process may have caused a decrease in
the IgG immunoreactivity which ultimately resulted in a
weaker signal in the measurement. Nevertheless, as was
observed in the antirotaviral activity assays, the functionality of
our samples was retained after spray drying; therefore, in this
case, a loss of immunoreactivity did not result in a loss of
bioactivity, at least regarding the antiviral activity.

With regard to the antirotaviral activity of the enriched frac-
tions, it was observed that, overall, the whey preparations,
enriched either with IgG or IPF, were more active than the
corresponding buttermilk preparations, as higher neutraliz-
ation values were observed for lower whey concentrations. This
is in accordance with previous observations showing that the
antirotaviral activity exerted by bovine milk fractions was
mainly associated with the whey fraction of milk and colos-
trum, rather than with the cream derived fractions.47 In this
regard, the electrophoretic profile of the buttermilk samples
(Fig. 2B) revealed the predominance of bands corresponding
to caseins; although these are associated with some antirota-
viral activity,68 it is significantly lower than that of IgG and
lactoferrin. Furthermore, compared to the whey preparations,
the values for the neutralization activity of the buttermilk prep-
arations had greater deviations. In this sense, it must be taken
into account that there is a high percentage of bioactive pro-
teins present in buttermilk that are associated with the MFGM
and are distributed asymmetrically, with peripheral and inte-
gral proteins and with weak protein interactions with the
lipidic membrane itself.69 Since the structural organization of
the MFGM affects greatly its biological activity,70 this different
exposure of the proteins on the membrane could have resulted
in differences in the neutralization activity of the buttermilk
preparations between different assays.

The enrichment of both whey and buttermilk with the
different Ig fractions from HBC resulted in an increase in the
antirotaviral activity compared to the non-enriched fractions.
Similarly, a recent study investigated the antibacterial effect of
acid whey enriched in IgG and lactoferrin and it was found
that the enriched powdered formula had lower IC50 values
than a pure lactoferrin powder, indicating that there are syner-
gistic effects between the ingredients of the enriched whey
that could amplify its biofunctional outcome.71 In the present
study, enrichment with purified IgG resulted in the highest RV
neutralization, both for whey and buttermilk preparations,
with inhibition values above 99% at concentrations of 3 and
6 mg of powder per mL, respectively. However, significant neu-
tralization values were also observed when the enrichment of
the two fractions was performed with IPF. SDS-PAGE analysis
of this fraction showed that IgG was the dominant protein,
although other Igs such as IgA and IgM may also be present
(Fig. 1B and C). Specifically, ELISA analysis showed that 38.1%
of the total protein content of IPF corresponded to IgG. The
potent antirotaviral activity shown by IPF is a particularly
important finding as it underscores the possibility of exploita-
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tion of bioactive HBC components without the need for com-
plete specific antibody purification, which would require
higher expenses with regard to costs, resources and energy.
Accordingly, the study of Civra et al. (2019) demonstrated that
the conventional bovine RV vaccine was sufficient to enhance
the antihuman RV protective efficiency of bovine colostrum
due to a high titer of cross-reactive anti-human RV IgG.24

Taken together, these findings indicate a conservative and
feasible approach to produce HBC derived formulas that could
be exploited in the fight against RV infections in both devel-
oped and developing countries. Such preparations could be a
way of confronting the RV infections as a complementary strat-
egy, or as a way of prophylaxis by their addition to infant for-
mulas. In any case, the need for a safe product is required and
for this, the effect of industrial preservation treatments on the
bioactivity of the milk fractions needs to be assessed.

Four different thermal treatments of increasing intensity
were applied to whey and buttermilk and their corresponding
IgG-enriched preparations. It was observed that the inhibitory
activity of all samples was mildly affected by pasteurization,
but significantly decreased after the application of more
intense treatments. The exception was the enriched buttermilk
preparation, which showed an ∼6% activity increase after the
application of short-time treatments (75 or 85 °C for 20 s). In
this regard, the effect of heat treatments on the antirotaviral
activity of whey and buttermilk had been previously studied in
MA104 cells.46,52 In that study, a significant loss of neutraliz-
ation activity was also observed when whey and buttermilk
were tested after treatment at 85 °C for either 20 s or 10 min,
and the activity loss was equivalent to the values observed in
the present study. Contrary to our results, the above-cited
study showed that pasteurization had no effect on the activity
of whey but slightly affected that of buttermilk (23.3%
decrease). Finally, the response of preparations to mild heat
treatments (75 °C for 10 min) found in the present study,
revealed that the loss of activity is greater when evaluated in
Caco-2 cells in comparison with MA104 cells. In another study,
the thermal treatment at 85 °C for 10 min of a commercial
macromolecular whey protein (MMWP) at 0.5 mg mL−1

resulted in a 54% increase of RV infectivity in Caco-2 cells.51

Thermal treatments have been shown to cause a significant
reduction in the levels of rotaviral antibodies in bovine milk
and different products based on bovine milk and, in some
cases, they become undetectable.72,73 In this regard, we have
previously observed by western blot analysis that bovine lacto-
ferrin and IgG were also susceptible to heat denaturation at
85 °C for 10 min.46 On the other hand, bovine mucin 1 and
lactadherin were shown to have heat resistance,52 and thermal
treatments at 80 °C for up to 120 min did not affect their sec-
ondary structure, as shown in other studies.74 This could
explain the lower effect on the neutralization activity that was
observed in the case of buttermilk and enriched buttermilk
preparations, in comparison with those based on whey.
Furthermore, concerning the increase in the neutralization
activity that was observed for the enriched buttermilk, it can
be hypothesized that IgG could have been protected during

thermal treatment by the MFGM. In this regard, the possible
application of whole buttermilk as a novel encapsulating
material for the protection of bioactive compounds was pre-
viously explored,75 finding that high heat treatment in combi-
nation with an increased pH improved the performance of but-
termilk as an encapsulant for the manufacture of recombined
omega-3 spray-dried powders.

Finally, in the present study the effect of HHP on the neu-
tralization activity of IgG-enriched whey and buttermilk prep-
arations was investigated. Upon HHP treatments, the covalent
bonds of the proteins do not break, which allows the mainten-
ance of their primary structures.76 Therefore, some milk pro-
teins, such as α-lactalbumin and bovine serum albumin,
present stability under pressure treatment mainly due to the
high number of disulfide bonds, unlike β-lactoglobulin which
is considered pressure sensitive and tends to associate with
casein micelles.77–79 Lactoferrin and IgG have also been found
to be relatively more resistant to pressure than to heat
treatment.77,80 However, several factors such as the pressure
level and holding time, temperature and cycling conditions
affect the proteins differently.34 For pressures under 400 MPa,
IgG is fairly stable to HHP treatment for holding times under
10 min. However, for pressures above 500 MPa the immuno-
reactivity of IgG starts to decrease to eventually reaching a dra-
matic loss of immunoreactivity at 600 MPa.34,81 Accordingly, in
the present study, treatments at 600 MPa for 10 min caused
the maximum loss of antirotaviral activity, of 32% and 18% for
the IgG-enriched whey and buttermilk, respectively (Fig. 7A
and 8A). On the other hand, low-intensity HHP treatment (400
MPa for 5 min) of the enriched buttermilk resulted in a 13%
increase of its neutralization activity compared to the
untreated control (Fig. 8A). In this regard, it has been shown
that the presence of casein micelles in the medium has a pro-
tective effect against pressure denaturation of lactoferrin and
Igs. It is possible that lactoferrin can electrostatically bind to
caseins, resulting in increased lactoferrin stability under
pressure.34 Similarly, casein micelles had a protective effect
against pressure-induced denaturation of Igs (450–700 MPa for
0–30 min),82 but the exact mechanism is not known. Another
explanation for the increase of the antirotaviral activity, which
could also apply to the results obtained under heat treatments,
might be the unraveling of bioactive MFGM proteins, that
otherwise are partially or totally embedded in the phospholi-
pid membranes of milk fat globules. Hence, a low intensity
treatment could induce exposure of regions with bioactive pro-
perties, higher access to proteolytic enzymes in these regions
and an overall improvement of the bioavailability of bioactive
compounds against RV.

Several studies have indicated that HHP treatment at 600
MPa for 3 min83 or 5 min84 can be considered as a safe alterna-
tive to the pasteurization process for raw milk. Overall, as
reviewed by Silva (2023), HHP treatments at 400–600 MPa are
equivalent to thermal pasteurization treatments (5–8 logs of
bacterial reduction).85 However, the variability of the existing
data is high and there is a strong dependence on the bacterial
strain tested in each study.85 With regard to the effect of the
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tested treatments on the antirotaviral activity of the enriched
dairy preparations, the results of this study showed that HHP
conditions corresponding to those considered alternative to
thermal pasteurization have not caused significant reduction
in their RV neutralizing potential, in agreement with previous
observations.86 More specifically, we found that the neutraliz-
ation values resulting after thermal pasteurization (75 °C for
20 s) and HHP treatment (500 MPa for 10 min or 600 MPa for
5 min) were above 90% except for WH + 0.5 IgG (82.8%).
Therefore, HHP treatment could be considered safe with
regard to the preservation of high antirotaviral activity.

Currently, a number of food products processed by HHP
exist in the market; however, its application on dairy products
is still limited, mainly because the advantages of this techno-
logy in comparison with conventional thermal treatments have
not yet been completely demonstrated. There are several com-
parative studies between HHP and thermal technologies,
regarding microbial safety87 and the effect on protein dena-
turation and immunogenicity.78 Furthermore, some research
is being conducted to investigate the possible use of indigen-
ous milk enzymes (alkaline phosphatase,
γ-glutamyltransferase and phosphohexose isomerase) as
process indicators for HPP.88,89 Hence, there is a need for an
official agreement for the establishment of specific indicators
to ensure the safety of HHP treated dairy products.

5. Conclusions

The present study showed that whey and buttermilk together
with fractions sourced from HBC can be used for developing
new valuable functional products to combat viral infections.
Accordingly, they could play an important role in countries
where RV has a high prevalence. Valorization of dairy bypro-
ducts by incorporating them into novel products with relevant
nutritional and biological properties should be one of the
target points in developing future foods. Non-thermal treat-
ments such as HHP could be an alternative key method to pre-
serve their bioactivity; however, further in vivo trials should be
considered in order to ensure the efficacy of these products in
patients challenged with RV.
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