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In recent years, the importance of structure-function
relationship in LF molecule and factors that could
enhance its antimicrobial activity have been reported
(7-10). The highly cationic nature of the N-terminus
region of LF (11) and the role of protein surface charge to
facilitate LF binding to glycosaminoglycans 
and microbial surfaces have been elucidated (12,13).
Subsequently, Naidu and co-workers have identified,
isolated and characterized LF-binding microbial targets 
in a variety of Gram-positive and Gram-negative bacteria
(9,14-17). Specific high-affinity interaction of LF 
with pore-forming outer membrane proteins (OMPs) 
of Escherichia coli, in particular, has unraveled 
a molecular mechanism for antimicrobial activity,
which seems to be well conserved in Gram-negative
enterics (18-20).
These findings together with the LF-mediated outer

membrane (OM) damage in Gram-negative bacteria
reported by Ellison et al. (21) has provided explanation to
certain antimicrobial effects such as antibiotic
potentiation (10), release of lipopolysaccharides (LPS) and
alterations in microbial OM permeation.
The following observations on structure-function

relationship of LF with bacterial pathogens helped in
unraveling the enigma behind dysfunctional LF and led to
a novel approach for ‘molecular activation’ of LF,
accordingly:
• Citrate:bicarbonate ratio and basic pH of the milieu

exert a specific influence on LF activity.
• LF could block microbial attachment factors such as

fimbriae and other adhesins
(putative receptors).
• Neutralization of cationic activity

with sodium chloride could
facilitate specific interactions of LF
with microbial surface.

• Immobilization of LF to
mucosal surfaces containing
sulfated glycans such as
heparan sulfate or its closely
related analogs including
galactose-rich polysaccharide
(a water-soluble fraction from
agar) and carrageenans via
cationic N-terminus region of
LF could enhance the
microbial blocking activity.

INTRODUCTION

Lactoferrin (LF) is an iron-binding glycoprotein present in
milk and many exocrine secretions that bathe the mucosal
surface. The term ‘LF’ though implies an iron-binding
component in milk, this molecule co-ordinately binds to
various metal ions and occurs in divergent biological milieu
including saliva, tears, seminal fluids, mucins, and the
secondary granules of neutrophils. LF has a multifunctional
role in a variety of physiological pathways and is considered
a major component of the innate defense in mammals (1).
The ability of LF to bind two Fe+3 ions with high affinity in
co-operation with two HCO3

− ions is an essential
characteristic that contributes to its major structure-
functional properties including antimicrobial activity (2).

LACTOFERRIN – ENIGMA AND 
MIND BENDERS

LF co-exists with an array of molecules in different mucosal
secretions with varying milieu conditions. These substrates
and/or physio-chemical conditions exert a specific effect on
the structural reorganization of LF molecule and thereby
define its multifunctional properties.
Although antimicrobial activity of LF against mucosal

pathogens has been widely reported
in milk, saliva and other exocrine
secretions, a significant volume of
research has also elucidated
dysfunctional forms of LF during the
pathogenesis of several infections. The
aggregation of LF complexes in milk
during mastitis in cows (3) and
formation of dimeric and tetrameric LF
forms during chronic recurrent
parotitis in humans (4) indicate the
functional impact of
citrate/bicarbonate ratios and elevated
calcium levels in milieu, respectively.
These altered physico-chemical
conditions lead to LF dysfunctionality,
and subsequent diminished
antimicrobial activity (5,6).

Activated Lactoferrin (ALF) is a novel
formulation of commercial (normal)
lactoferrin for enhancing antimicrobial
function by using a specific molecular-milieu
optimization process. This all-natural ALF
formulation acts as a powerful deterrent 
to pathogenic bacteria that may be present 
in a biofilm. ALF is the first intervention
technology with ‘microbial blocking action”
that detaches or prevents attachment 
of microorganisms to bio-surfaces and also
inhibits growth multiplication of pathogens
in a variety of applications. ALF technology 
is currently under commercialization.
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8.0 h and caused a
stasis of 4.5 h. Under
similar conditions, ALF
elicited a total
bacteriostasis of
>42.4 h, i.e. the E. coli
showed no cell proliferation, and an IDT value was not
recorded over a 48-h incubation.
The comparative stasis effects of LF and ALF

formulations at 1% concentrations against a variety of
Gram-negative and Gram-positive bacterial pathogens
is shown in Table I. Evidently, ALF demonstrated an
enhanced bacteriostasis effect against all the test
strains compared to the normal LF.

ALF – MICROBIAL ADHESION-BLOCKING EFFECTS

Specific binding of ALF to OMPs of Gram-negative
bacteria could cause an instant collapse of bacterial
outer membrane barrier function. This leads to the
inhibition of various cellular functions and de-regulation
of adhesin and fimbrial synthesis on bacterial surface.
ALF-OMP interaction also cures out plasmids by outer
membrane diffusion resulting in loss of colonization
factor antigens and certain enterotoxins in E. coli.
Binding to tissue matrix components such as collagens,

mucins and fibronectin is a pivotal anchor mechanism for
many bacteria. ALF also binds to the same anchor sites on
tissue surfaces with a higher affinity than bacteria. Thus,
ALF could block tissue interaction of bacteria by
competitive binding-inhibition. In binding-displacement
studies ALF at low molar concentration could detach tissue
bound bacteria either dead (debris) or alive (23). These
two mechanisms of adhesion-blockade activity, when
combined, make, ALF a potent microbial blocking agent.
Adhesion-blocking experiments were performed

to elucidate the enhanced functionality of ALF on
biosurfaces. Accordingly, the bacterial interactions
were monitored and visualized on collagen
matrices in the presence of LF and ALF
preparations. E. coli O157:H7 (ATCC43895) strain
isolated from a raw hamburger implicated in
hemolytic colitis outbreak, known to produce
shiga-like toxin (SLT)-I and SLT-II was made
competent and transformed with a pGLO plasmid
DNA. The green-florescent E. coli (pGLO) cells
grown in Luria-Bertani broth containing arabinose
(6 mg/mL) and ampicillin (50 µg/mL) were tested
for attachment to collagen surface using Cell
Environments™ 24-well plates. Collagen wells

ACTIVATED LACTOFERRIN (ALF) – MICROBIAL
BLOCKING ACTIVITY

Microbial attachment to epithelial mucosa or biosurfaces is
the initial step in the pathogenesis of many infections as
well as in food contamination. Bio-interactions involving
ligands/adhesins with specific receptors, and non-specific
binding mechanisms (electrostatic, hydrophobic, and van
der Waals forces) contribute to the adhesion/colonization of
microorganisms. Several mucosal pathogens harbor specific
cell surface appendages such as fimbria and/or adhesins
that facilitate anchorage to host tissue matrix components
(i.e fibronectin, collagens and mucins) (1). Any possible
blockade of pathogen-host tissue interaction could
potentially lead to the prevention (prophylactic) or
reduction (therapeutic) of microbial pathogenesis.
ALF represents the true definition of a “Microbial Blocking

Agent (MBA)” that interferes in adhesion-colonization,
detaches microorganisms from biological surfaces and
inhibits microbial growth/multiplication.

ALF – MICROBIAL GROWTH-BLOCKING (STASIS)
EFFECTS

The ability of iron to alternate between two valency states
Fe+2↔Fe+3, is the most important biological property,
evident in many pathways of bio-energy synthesis,
including the electron transport system that forms ATP by
phosphorylation. Thus, iron-deprivation leads to cellular
conservation of energy and inhibition of cell
multiplication. Accordingly, various iron-binding proteins
have evolved in the animal physiological system to
sequester iron from the milieu.
The reversible transistion of LF between iron-deficient

(apo-form) to iron-sufficient (holo-form) states is the key
mechanism for microbial growth-blocking activity.
Furthermore, the pathogenesis of bovine mastitis, the
udder disease in the LF rich milk environment, emphasizes
the critical role for citrate/bicarbonate ratios in limiting
apo/holo transistion of LF (22). The LF binding to
microbial surface results in increased microbial growth-
blocking activity (9). This interaction could be enhanced
by reduction or neutralization of the net surface charge
(milieu near pI) on the LF molecule. The above function
limiting factors, milieu and molecular; inhibitory and
augmentory; are controlled in the ALF formulation to
optimize microbial growth-blocking activity.
Studies were performed to validate the enhanced stasis

activity of ALF compared to its counterpart, the normal LF.
Bacteriostasis experiments were performed using a
Bactometer® Microbial Monitoring System Model-128
(bioMerieux Vitek, Hazelwood, Mo.). Microbial metabolism
causes electrical charge alterations in cultivation media due to
breakdown of nutrients. Based on this principle, Bactometer®

was used to monitor bacterial growth in the presence of LF
and ALF by measuring impedance signals in the cultivation
media. Sterile tryptic soy broth (1 mL) was inoculated with a
4-log density of bacteria and the growth curves were
graphically plotted as percent changes of impedance signals
versus incubation time (37ºC for 48 hours). The amount of
time required to cause a series of significant deviation from
baseline impedance value was defined as the ‘impedance
detection time’ (IDT). Difference in IDT values between
growth control and LF or ALF test samples was considered as
the ‘stasis’ (growth-blocking) time.
A typical growth curve of E. coli O157:H7 with an IDT

reading at 3.5 h is depicted in Figure 1. The presence of
normal LF (1% final concentration) extended the IDT to
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Figure 1 - Growth curves were plotted
as per cent impedance change with
untreated (control) and LF or ALF
treated E. coli O157:H7.
Crossed circles on each of the growth
curves denote the IDT value



established between DMV International, a division of
the Campina, Holland, and National Beef, a division of
the Farmland USA, to commercialize the ALF
formulation.
ALF invention specifically caters to applications that

demand microbial detachment or stasis benefits. ALF falls
under the obvious technical category of potential agents for
biofilm control. Biofilm control is critical for a wide range of
human health applications including:
• Food protection – reduction of pathogens (food safety)

and prevention of spoilage organisms
(shelf life and keeping quality);
• Oral health care – plaque control with

dentifrices, mourth rinses, oral films,
denture cleansing, mouth fresheners
etc.;

• Wound Care – wound closure, wound
management, moist healing and
biological dressings;

• Supplements – mouth fresheners for
oral hygiene and halitosis (gums,
chews); tablets or chews for intestinal
health and/or treatment of GI disorders;

• Diary applications – nutraceuticals,
sports drinks and other consumer
health products.

In conclusion, ALF is an all-natural
broad-spectrum antimicrobial
formulation. Its enhanced
antimicrobial activity when taken into
consideration its impressive list of
multifunctional benefits undoubtedly
makes ALF as one of the rapidly
emerging nutraceutical technologies.
ALF applications in various areas of
health and nutrition industry will be
discussed in the second part of the
article.

ACKNOWLEDGEMENT
Authors thank Joe Tulpinski, Khristine
Gustilo, Carlos Martinez, Jules Chen,
Ryan Galasso, Dr. James Knowles, Peter
Tips and Dr. Bijay Pal for stimulating
discussions and technical support.

were treated with 2% solutions of LF or ALF for
1 h at room temperature and aspirated. The
treated surfaces were inoculated with a 4-log
density of green-florescent E. coli (pGLO) and
incubated at 37ºC for 18 h. Bacterial growth
(E. coli total cell mass) was microscopically
measured as cellular intensity of green florescence.
After growth measurements, wells were aspirated,
washed twice with 0.9% saline, and
microscopically re-examined for bacterial
attachment (E. coli adherent cell mass). Captured
images were analyzed using the SigmaScan Pro
version 5.0 (SPSS, Woking, UK).
As shown in Figure 2, E. coli growth in the

absence of LF (control) showed a thick biofilm
formation on the collagen surface, revealed as a
dense green fluorescence (91% fluorescence
density/cm2). In the presence of normal LF, the
E. coli attachment was read as 70% fluorescence
density/cm2, indicating a 23% adhesion-blockade
compared to control. Finally, ALF elicited a 99%
blockade of E. coli attachment to collagen matrices
(1% fluorescence density/cm2) compared to
control, suggesting a potent microbial blocking activity.

ALF – PATENT AND SCOPE 
OF APPLICATIONS

ALF technology is patent protected [Naidu. A.S.
(Inventor) Immobilized Lactoferrin Antimicrobial
Agents and the Use Thereof”, US Patent
6,172,040 B1]. In 2001, a joint venture has been
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Figure 2 - Fluorescent E. coli O157:H7 (pGLO/GFP construct) glowing on the agar plate
are used in the experiments (Top-left).
Biofilm formation by fluorescent E. coli on collagen matrices either untreated or treated
with LF or ALF are visualized under fluorescent microscopy (Right-vertical).
Attachment of E. coli (measured as per cent florescence per cm2) was depicted in the bar
diagram (Bottom-left)

Table I - Comparative stasis effects of LF and ALF against Gram-
negative and Gram-positive bacterial pathogens



La
ct

of
er

ri
n

M
ay

/J
un

e 
20

03
  ■

 
A

G
R

O
Fo

od
 in

du
st

ry
 h

i-t
ec

h

6

Natural antimicrobial 
for food safety

applications. Dry blend was reconstituted in de-ionized
water (with low content of iron and divalent cations) to
make a 2% ALF formulation. The reconstituted ALF
formulation was confirmed for enhanced antimicrobial
activity against E.coli O157:H7 (Q/A criteria: 0.5% ALF
should elicit >48-h total stasis of 4-log inoculum in tryptic
soy broth). ALF formulation after passing the Q/A protocol
was kept refrigerated until used.
Efficacy of ALF formulation to inhibit pathogen attachment

to beef was performed by using 3H-thymidine labeled E.coli
O157:H7. Beef surface sprayed with 2% ALF formulation
was challenged with (3H-thymidine)-E. coli O157:H7 on a
contained tissue surface using a sterile bactainer (an open

stainless-steel hollow with a sharp-edged square end of 1-
in2) and incubated for 2-h at room temperature. Beef
without ALF treatment served as control. The inoculum was
aspirated from the bactainer-contained meat surface and
gently washed with 5-mL phosphate buffered saline. The
bactainer-contained tissue area was excised into six pieces
(about 0.5 g), placed into scintillation vials and each piece
was digested with 4-mL of tissue homogenizer

(Scintigest™, Fisher) overnight at
55ºC in a shaking water bath. A
10-mL aliquot of scintillation
cocktail (ScintiSafe™ Gel, Fisher)
was added to the homogenate
and the radioactivity
(disintegrations per min, DPM)
was measured using a liquid
scintillation analyzer (Tri-Carb
2100 TR, Packard Inc.). Efficiency
of 3H-thymidine uptake by E.coli
O157:H7 was estimated at 1
dpm per 64 bacterial cells. Based
on an average of three
experimental runs, about 65 x104

E.coli cells/in2 were found
attached to the beef tissue
surface. After rinsing with saline
about 39 x 103 bacteria/in2

remained on beef tissue causing
a 1.2-log pathogen reduction
compared to the control.
Following an ALF rinse the beef
surface showed no residual
radioactivity (<64 bacterial cells
based on the sensitivity of
isotope label/detection)
suggesting >2.8-log pathogen
reduction compared to the saline-

INTRODUCTION

Each year in the United States, microbial pathogens cause
as many as 76 million cases of food-borne illnesses,
resulting in 325,000 hospitalizations and 5,200 deaths.
Five major bacterial pathogens Campylobacter (all
serotypes), Salmonella (non-typhoidal serotypes only), E.
coli O157:H7, E. coli non-O157:H7 (STEC), and Listeria
monocytogenes are implicated as the causative agents of
these illnesses. In 2001, according to the
Economic Resource Service, USDA, the economic
costs associated with these five pathogens
alone was estimated at a staggering $6.9
billion.
The economic impact of food-borne illness and

the less than desired shelf life of vacuum-
packaged refrigerated products call for
development of effective antimicrobial
interventions. Currently used antimicrobial
interventions by food processors are cidal
systems that kill microorganisms and leave
behind an array of harmful toxic debris.
Furthermore, post-processing protection, i.e. to
prevent pathogen attachment and microbial
proliferation is critical to ensure food safety at
the retailer and consumer level. Any new
intervention to fulfill these unmet demands
should therefore address bacterial adherence to
food matrix and the mechanism(s) of microbial
detachment. Such interventions aimed at detachment
should also prevent microbial multiplication and eliminate
any cellular appendages that anchor pathogen
attachment to a meat surface.
Microbial blocking agents are naturally occurring bio-

active molecules that inhibit growth-multiplication and
adhesion-colonization of microorganisms, as well as
effectively neutralize and detach
pathogens and their toxic debris
from bio-surfaces (24, 25). Activated
lactoferrin (ALF) is a novel
formulation of commercial
lactoferrin for enhancing
antimicrobial function by using a
specific molecular-milieu
optimization process (26). ALF is an
effective inhibitor of microbial
colonization factors such as fimbria
on E.coli cell surface and thereby
blocking its attachment to a bio-
surface such as meat tissue (Figure
1). Thus, ALF is the first all-natural
antimicrobial intervention
technology with ‘microbial blocking
activity’.

ALF – CONTROL 
OF PATHOGENS 
AND FOOD-SPOILAGE
ORGANISMS

ALF dry blend (powder-form)
prepared according to the patented
ingredient specifications (27) was
evaluated for food antimicrobial

Activated lactoferrin (ALF) is a
functionally enhanced form of isolated
lactoferrin that acts as a powerful
microbial blocking agent against
pathogenic bacteria that may be present
on a food surface. ALF is an effective
intervention to control adherent
Escherichia coli O157:H7 on a beef tissue,
tightly bound Salmonella Typhimurium or
Campylobacter jejuni on a poultry broiler
skin or proliferation of Listeria
monocytogenes in ready-to-eat foods.
Considered generally recognized as safe
by the Food and Drug Administration and
approved by the U.S. Department of
Agriculture for use on fresh beef, ALF can
be sprayed onto carcasses to prevent
bacterial contamination during
processing or can be applied to a
subprimal or finished beef surface prior
to final packaging to inhibit bacterial
growth and extend shelf life. This article
discusses the science supporting the ALF
technology and its potential applications
in beef, poultry, ready-to-eat meats and
other food products.

ABSTRACT

Figure 1 - ALF, a potent microbial blocking agent (Left: schematic diagram). Electron
microscopy depicting ALF inhibition of fimbrial expression on E.coli cell surface (Right).
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ALF - FOOD SAFETY
APPLICATIONS

1) Control of E.coli
O157:H7 in multi-
hurdle beef processing
A combination of
interventions such as acid
rinses, hot/cold water washes,
and steam pasteurization are
currently used as
antimicrobial hurdles in beef
processing. A meat
processing simulation (MPS)
system designed to mimic in-
plant beef processing, was
used to test the efficacy of
current interventions with or
without ALF spray to
decontaminate E. coli
O157:H7 from beef.
MPS consists of a programmable
conveyor line that carries meat
through 12 processing chambers,
i.e. 6 spray chambers, 5 pause
chambers, and 1 meat-loading
chamber. The spray chambers are
connected to individual 2-gal
delivery tanks via digitally
controlled pumps with adjustable
spray and pause time. The 6 spray
chambers are hosed into
individual fluid collectors.
A sterile stainless-steel
meat-loading frame was
placed in a beta-ray-shielded
acrylic box, and a 4-in2 beef
sample was hooked in the
center of the frame. A sterile

bactainer was firmly pressed into the beef surface and the
bactainer-contained area was inoculated with (3H-
thymidine)-E. coli O157:H7 as described above. Once the
bactainer was removed; loading frame with E. coli-infected
meat was removed from the acrylic box and mounted on
meat-loading chamber of the MPS. Samples were
subjected to a sanitizing treatment typical of commercial
beef processing consisting of five spray-wash steps, i.e.
cold water (10-sec), 2% lactic acid (10-seconds), hot water
(180ºF for 30-seconds), cold water (10-seconds), and 2%
lactic acid (10-seconds). Samples were also treated using
an additional 1% ALF (10-seconds) wash step between

wash (Figure 2a).
Antimicrobial protection of ALF-

treated beefsteaks was tested by
challenge studies with E.coli
O157:H7 transformed with p-GLO
plasmid to produce green
fluorescent protein (gfp). The (gfp)-
E.coli grown in Luria-Bertani broth
containing arabinose (6 mg/mL)
and ampicillin (50 µg/mL) were
harvested and used for the
challenge. A pre-marked 1-in2 meat
surface treated with 2% ALF was
inoculated with ~4-log (gfp)-E. coli
and the meat was either abused at
room temperature for 18-h or was
vacuum packaged and abused at
room temperature for 48-h.
Similarly challenged meat samples
with no ALF treatment served as
controls. Following the indicated
abuse times, pre-marked tissue
portions were excised, stomached,
appropriately diluted, plated on
tryptic soy agar (containing
arabinose/ampicillin) and incubated
at 37ºC. After 24-h incubation, the
(gfp)-E.coli were visualized against
UV light as green fluorescent
colonies and enumerated. ALF spray
reduced the growth of (gfp)-E.coli
O157:H7 on beef by ~2 logs (99%)
and ~3 logs (99.9%), when abused
at room temperature directly for
18-h, and in the vacuum-pack for
48-h, respectively (Figure 2b).
The efficacy of ALF-treatment to

prevent proliferation of the meat
spoilage organism, Pseudomonas
fluorescens was tested. Beef surface was treated with
0.5-mL solutions of 2% ALF or saline (growth control)
and a non-inoculated meat surface without treatment
served as background (fluorescence) control. Samples
were abused at room temperature for 24-h and excess
bacterial inoculum was aspirated. The challenged tissue
area was excised, placed on a platform and measured for
fluorescence by an epi-UV light source equipped with a
520LP filter using a Fluor-S Imaging system (Bio-Rad).
Pseudomonad growth on beef was measured as
fluorescent pixel density per mm2 area. ALF
demonstrated a 92% pseudomonad inhibition when
compared against control (Figure 3) Finally, ALF
demonstrated a potent antimicrobial spectrum against
several major food pathogens, including, Escherichia coli
O157:H7, Listeria monocytogenes, Salmonella spp.,
Campylobacter spp., Vibrio spp., Aeromonas hydrophila,
and Staphylococcus aureus; and common food spoilers
such as Bacillus spp., Pseudomonas spp., and Klebsiella
spp. ALF has also shown efficacy against multi-drug-
resistant Salmonella typhimurium DT104, vancomycin-
resistant Enterococcus faecium, and methicillin-resistant
Staphylococcus aureus. Furthermore, ALF strongly
inhibited radiation-resistant bacteria such as Brochothrix
thermospacta, Deinococcus radiopugnans, Deinococcus
radiodurans, Acinetobacter radioresistens, and
Methylobacterium radiotolerans. These antimicrobial
attributes make ALF a potential intervention for beef,
poultry, ready-to-eat meats and other food processing
applications.

Figure 2 - Effects of 2% ALF formulation on beef surfaces
challenged with E.coli O157:H7. (A) 3H-thymidine-E.coli
bound to beef (control: 65 x104 cells/in2) were effectively
detached by ALF. (B) ALF-treated beef when challenged
with 4-log (gfp)-E.coli at room temperature, was protected
both in direct abuse on tabletop (18-h) or in vacuum-
package (48-h).

A

B

Figure 3 - ALF inhibits proliferation of meat spoilage organism,
Pseudomonas fluorescens on beef surface
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time points of challenge, and the
activity extended up to 6 weeks of
post-ALF application, compared to the
controls.

2) Post-processed beef
applications 
Sensory and shelf life studies were
performed on fresh, case-ready beef strip
loin steaks with 2% ALF treatment and
their paired controls i.e. ALF non-treated
(NT), were vacuum-packaged and
allowed to age under refrigeration below
38ºF for 14, 21, 28, or 35 days. Each
strip loin was then fabricated into 1-inch
thick steaks, and random samples were
re-treated with ALF. Each sample was
sealed under optimal modified-
atmosphere packaging (MAP) (80% O2
and 20% CO2) and kept in commercial
display cases for 14 days under cool-
white fluorescent light at 32-36ºF.
Panelist scores as measured by

cold water and lactic acid washes. After treatment, the
loading frame was dismounted and the bactainer-
contained tissue area was excised and measured for
radioactivity (DPM) as described above.
Regular sanitizing assembly averaged 72.2% of E. coli

detachment per inch2 of beef tissue. The sanitizing
assembly combined with the 2% ALF spray demonstrated
almost 100% efficacy – an average 99.9% E. coli
detachment/g of beef tissue – in three experimental runs
(Figure 4). Acid rinses and hot water washes seemed to
reduce E. coli O157:H7 to a significant level, but scanning
electron microscopy of the processed beef revealed that
most of the bacterial debris remained firmly attached to
the tissue. An additional 10-sec spray/rinse with 2% ALF
effectively sanitized the contaminated beef surface by
removing debris and residual bacteria (Figure 5).
ALF was also evaluated directly on beef carcass as an

antimicrobial intervention step on a kill floor process
line, using an electrostatic spraying system (ESS). This
spray system has been designed to deliver a thin
uniform coating of ALF on a target surface. ALF
solution was applied in 2-second bursts, using 16 ESS
nozzles that delivered ~50-mL of ALF onto a beef
carcass. After the ALF spray, the carcass passed
through an organic acid rinse and then was placed in
the “hot box” for a period of 18-h.
Beef tissue samples for application coverage were

collected immediately after ESS and also after the
organic acid rinse step to measure residual ALF on the
beef carcass. Exogenous (ALF application) and
endogenous (tissue-borne LF) levels were measured by
solid-phase immuno-blotting and ELISA techniques,
respectively, using a polyclonal anti-bovine LF antibody
for capture and detection. Approximately 8.7 µg/in2 of
exogenous ALF on carcass and 0.2 µg/gm beef tissue
of endogenous LF were detected. Seven random
carcass sites excised and assayed for ALF, suggested a
uniform distribution of this antimicrobial formulation by
ESS. Beef sprayed with ALF, when subjected to a 4-log
E.coli O157:H7 challenge and abused for 24-h at room
temperature, showed a potent stasis effect, thus ~2-log
(~99%) reduction in pathogen proliferation compared
to the untreated beef (control). The ALF-treated beef
also effectively blocked the attachment of E.coli
O157:H7 to its tissue surface, when tested at different

Figure 4 - Pathogen reduction on beef surface by ALF spray in a pilot-scale Meat
Processing Simulation (MPS) system 

Figure 5 - Scanning electron microscopy of beef surface
challenged with E.coli O157:H7 after wash steps in sanitizing
assembly alone (Top) and with an additional ALF spray (Bottom).
A schematic diagram of electrostatic spray of ALF (Centre).



3) Control of
salmonella and
campylobacter
in poultry
The role of ALF application in
the control of salmonella
contamination in poultry
processing was investigated.
Effects of ALF to inhibit
biofilm formation by (gfp)-
Salmonella Typhimurium
NTRL0120 on Matrigel®
surface was studied by
fluorescent imaging
techniques in vitro. ALF
elicited >95% inhibition of
salmonella growth and
blocked bacterial attachment
as well as biofilm formation
by 99% on Matrigel®
surface. Based on the in vitro
data, experiments were
designed to directly measure
efficacy of ALF on broiler skin
surface (BSS). ALF
formulation was sprayed on
BSS to obtain a
concentration of 10 µg per
cm2 surface coating,
followed by a challenge with
4-log salmonella. Salmonella
growth was measured 
as an increase in the (gfp)
fluorescence density 
at different time intervals

compared to controls (surface without ALF treatment).
Poultry isolates of salmonellae (n=20) were labeled 
with 3H-thymidine and tested for interactions with BSS
using a radio-adhesion assay. Binding-inhibition studies
showed that pretreatment of BSS with ALF formulation
effectively blocked attachment of salmonella isolates 
to BSS. Studies on BSS colonized by salmonella isolates
indicated that ALF spray effectively detached 
the adherent bacteria from the BSS. Efficacy studies
indicated that ALF formulation has effectively inhibited 
the proliferation of poultry isolates of Campylobacter jejuni
(n=20) in brain heart infusion broth in vitro.
These data suggests that ALF could be a potential

antimicrobial intervention for campylobacter and
salmonella control in poultry processing.

lean and fat discoloration indicated
that a single ALF application
maintained overall shelf life
acceptability of beef strip steaks
longer than NT control steaks
(Figure 6). Steaks receiving only
subprimal ALF application had less
lean discoloration than remaining
treatment groups and controls.
Microbial loads, as measured by
total plate counts (TPC), increased
as postmortem storage time
increased due to longer exponential
and stationary growth phases.
Control (NT/NT) samples
consistently had numerically higher
TPC than ALF treated samples
following a 14-day display period
under MAP conditions. Strip loin
steaks from subprimals aged for 28
days, which received the ALF/NT
treatment application, displayed
significantly lower TPC than did
steaks from non-treated
subprimals. Regardless of
postmortem storage time, steaks
treated with a single application of
ALF (i.e., NT/ALF or ALF/NT)
remained brighter and
consequently received higher, more
desirable lean color ratings as
compared to the remaining
treatment groups (i.e., NT/NT or
ALF/ALF). No consistent sensory
results were evident to suspect
adverse effects of ALF on cooked beef tenderness,
juiciness, flavor intensity or overall acceptability.
Sensory results confirmed that organoleptic
properties of beef strip loin steaks were
unaffected by the application and antimicrobial
activity of ALF.
It became evident that as retail display time increased,

so did the formation of oxidative end products. This was
constant regardless of ALF treatment in that
thiobarbituric acid reactive substances (TBARS)
between the various treatments were statistically the
same. The results indicated that ALF treatment could
extend the retail display life by 1.7 to 2.5 days for case-
ready packaged steaks compared to non-treated steaks
in conventional packages (Figure 7). As a result of
improved shelf life and fewer discarded/discounted
packages, economic assessment revealed a 3.6¢ per kg
advantage for ALF treated samples.
ALF was applied either directly into the Cryovac® bag

or was sprayed onto a subprimal and then placed into
the Cryovac® bag for vacuum packaging. This
technique has facilitated ALF solution to wick across
the meat surface by vacuum force to provide an
extended coverage on subprimal surface. Quantitative
ELISA revealed that ALF could effectively diffuse into
the meat during subsequent storage and transport.
Accordingly, ALF-treated vacuum packaged subprimals
have demonstrated extended shelf life. ALF-treatment
also added a continuing protection to subprimals
intended for export market for up to and beyond 45-
days. Furthermore, weeks after vacuum packaging, the
ALF-treated meat surface, still elicited bacteriostasis
and blocked attachment of E.coli O157:H7 in challenge
studies.
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Figure 6 - ALF effects on shelf life of beef steaks displayed
under MAP conditions. Top: Schematic representation 
of microbial growth on unprotected and protected 
(ALF-treated) meat. Bottom: A visual appearance 
of the above corresponding beef steaks in MAP.

Figure 7 - ALF could extend retail display life for case-ready packaged
steaks by 1.7 to 2.5 days compared to ALF non-treated steaks 



La
ct

of
er

ri
n

M
ay

/J
un

e 
20

03
  ■

 
A

G
R

O
Fo

od
 in

du
st

ry
 h

i-t
ec

h

10

REFERENCES
1. A.S. Naidu; "Lactoferrin" in: Natural Food Antimicrobial Systems,

A.S. Naidu Ed.; CRC Press, Boca Raton, 1996, pp.17 -102
2. P.L. Masson, J.F. Heremans; Eur J Biochem. 6 579-584 (1968)
3. J.G. Bishop, F.L. Schanbacher, L.C. Ferguson, K.L. Smith; Infect.

Immun. 14 911-918 (1978)
4. L. Tabak, I.D. Mandel, M. Herrera, H. Baurmash; J. Oral Path. 1

97-99 (1978)
5. A. Hekman; Biochim. Biophys. Acta 251 380-387 (1971)
6. M.A. Paulsson, U. Svensson, A.R. Kishore, A.S. Naidu; J. Dairy

Sci. 76 3711-3720 (1993)
7. C. Dalamastri, P. Valenti, P. Visca, P. Vittorioso, N. Orsi;

Microbiologica 11 225-230 (1988)
8. I. Gado, J. Erdei, V.G. Laszlo, J. Paszti, E. Czirok, T. Kontrohr, I.

Toth, A. Forsgren, A.S. Naidu; Antimicrob. Agents Chemother.
35 2538-2543 (1991)

9. S.S. Naidu, U. Svensson, A.R. Kishore, A.S. Naidu; Antimicrob.
Agents Chemother. 37 240-245 (1993)

10. A.S. Naidu, R.R. Arnold; "Influence of lactoferrin on host-
microbe interactions" in: Lactoferrin - Interactions and Biological
Functions, T.W. Hutchens, B. Lonnerdal, Eds.; Humana Press,
Totowa, NJ, 1997, pp.259-275

11. W. Bellamy, M. Takase, K. Yamauchi, H. Wakabayashi, K.
Kawase, M. Tomita; Biochim. Biophys. Acta 1121 130-136
(1992)

12. D. Gerlach, C. Schalen, Z. Tigyi, B. Nilsson, A. Forsgren, A.S.
Naidu; Curr. Microbiol. 28 331-338 (1994)

13. H.F. Wu, D.M. Monroe, F.C. Church; Arch. Biochem. Biophys.
317 85-92 (1995)

14. A.S. Naidu, J. Miedzobrodzki, M. Andersson, L.E. Nilsson, A.
Forsgren, J.L. Watts; J. Clin. Microbiol. 28 2312-2319 (1990)

15. A.S. Naidu, J. Miedzobrodzki, J.M. Musser, V.T. Rosdahl, S.A.
Hedstrom, A. Forsgren; J. Med. Microbiol. 34 323-328 (1991)

16. S.S. Naidu, J. Erdei, E. Czirok, S. Kalfas, I. Gado, A. Thoren, A.
Forsgren, A.S. Naidu. APMIS. 99 1142-1150 (1991)

17. A.S. Naidu, M. Andersson, A. Forsgren; J. Med. Microbiol. 36
177-183 (1992)

18. Z. Tigyi, A.R. Kishore, J.A. Maeland, A. Forsgren, A.S. Naidu;
Infect Immun. 60 2619-2626 (1992)

19. J. Erdei, A. Forsgren, A.S. Naidu; Infect. Immun. 62 1236-1240
(1994)

20. A.S. Naidu, R.R. Arnold; Diagn. Microbiol. Infect. Dis. 20 69-75
(1994)

21. R.T. Ellison, T.J. Giehl, F.M. LaForce; Infect. Immun. 56 2774-2781
(1988)

22. B.J. Nonnecke, K.L. Smith; J. Dairy Sci. 67 2863-2872 (1984)
23. A.S. Naidu; Food Technol. 56 40-45 (2002)
24. A.S. Naidu, W.R. Bidlack. Environ. Nutr. Interact. 2 35-50 (1998)
25. A.S. Naidu. Food Technol. 56 40-45 (2002)
26. A.S. Naidu, R. Nimmagudda. AGROFood industry hi-tech

March/April (2003) 
27. A.S. Naidu. 2001. US Patent 6,172,040 B1 

ALF – REGULATORY AND 
COMMERCIAL STATUS

Milk-derived ALF is considered GRAS (generally recognized
as safe) by the Food and Drug Administration [21
CFR.170.36(f)]. It is permitted at levels of 65.2 mg/kg of
beef, according to the FDA directive of October 23, 2001.
The U.S. Department of Agriculture approved use of ALF on
fresh beef in December 2001. For other countries, the
status of ALF will need to be confirmed.
ALF will be marketed by aLF Ventures, LLC, a US-based

partnership between Farmland National Beef Packing Co.,
Kansas City, and DMV International Nutritionals, the world-
wide exclusive producer of ALF.

ALF – BRINGING NATURAL PROTECTION 
TO FOODS

Most antimicrobial interventions currently in use are
cidal systems that kill microorganisms and leave
debris as well as potent toxins on processed foods. In
contrast, ALF is an extremely powerful microbial
blocking system that prevents proliferation and
attachment of pathogens to bio-surfaces such as
beef or poultry tissue. The ability to detach the
leftover microbial debris and to inactivate the
surface-splattered endotoxins makes ALF a highly
effective intervention all by itself or as an additional
step in current multi-hurdle sanitizing systems in
food processing.
In the ever-competitive food market, where consumer

demand is steadily increasing for minimally processed
foods that sustain functionality of naturally occurring
bioactive ingredients, ALF clearly stands out as a potent
natural antimicrobial system as an impressive microbial
blocking agent that fulfills the unmet need for food
safety applications.
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ctivated lactoferrin (ALF) is a new form of a naturally occur-
ring protein from milk that acts as a powerful deterrent to
pathogenic bacteria that may be present on a meat surface.

Considered generally recognized as safe (GRAS) by the Food and Drug
Administration and recently approved by the U.S. Dept. of Agriculture
for use on fresh beef, ALF can be sprayed onto carcasses to help prevent
bacterial contamination during processing or can be applied to a
subprimal or finished beef surface prior to final packaging to inhibit
bacterial growth and extend shelf life. This article discusses the science
behind the patented technology and its potential applications.

Lactoferrin
The occurrence of natural antimicrobial agents in milk, eggs, plants,

probiotics, salts, and acids has been well recognized for centuries, but the
structure–function relationship of such bioactive compounds has been
scientifically proven only in recent years.

One such antimicrobial agent is lactoferrin (Fig. 1), a major bioactive
glycoprotein in milk, saliva, tears, seminal fluids, mucins, and the second-
ary granules of neutrophils. Its ability to bind two Fe+3 ions with high af-
finity, in cooperation with two HCO3

– ions, contributes to its major struc-
ture–functional properties, including antimicrobial activity. It plays an
important regulatory role in various physiological pathways (Table 1) and
is considered a major component of the preimmune innate defense in
mammals (Naidu, 2000). These multifunctional attributes make LF a po-
tent nutraceutical and an effective natural food antimicrobial system.

Activated Lactoferrin
—A New Approach
to Meat Safety
Activated form of natural antimicrobial improves safety of beef and poultry
by preventing attachment and growth of bacteria.

The author, a Professional Member of IFT, is Director,
N-terminus Research Laboratory, 981 Corporate Center
Dr., #110, Pomona, CA 91768.
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The antimicrobial functionality of LF
is dependent on its protein conforma-
tion and milieu conditions (Naidu and
Arnold, 1997). Bacteriostasic effect is
enhanced when LF binds to a microbial
cell surface (Dalamastri et al., 1988;
Naidu et al., 1993). Accordingly, specific
LF-binding microbial targets exist in a
variety of Gram-positive and Gram-
negative bacteria (Naidu et al., 1991,
1992, 1993). The high-affinity interac-
tion of LF with pore-forming outer-
membrane proteins (OMPs) of Gram-
negative enterics, including Escherichia
coli, is critical for the antimicrobial out-
come of LF (Gado et al., 1991; Tigyi et
al., 1992; Erdei et al., 1993; Naidu and
Arnold, 1997). LF-mediated outer-
membrane damage in Gram-negative
bacteria (Ellison et al., 1988) and the
LF-induced antibiotic potentiation by
causing altered permeation (Naidu and
Arnold, 1994) are examples of such an-
timicrobial outcomes.

The interaction of LF with microbial
surfaces—OMPs of Gram-negative bac-
teria in particular—has led to other an-
timicrobial mechanisms, such as the in-
hibition of microbial attachment to sub-
epithelial matrix proteins and detach-
ment of bacteria from mucosal surfaces.
Intracellular events, such as blocking of
microbial attachment factors such as
fimbriae (hairlike structures) and other
adhesins (putative receptors), have been
observed (Naidu and Bidlack, 1998).
Furthermore, the immobilization of LF

to mucosal surfaces containing sulfated
glycans such as heparan sulfate or its
closely related analogs, including galac-
tose-rich polysaccharide (a water-solu-
ble fraction from agar) and carrageen-
ans, were found to enhance the antimi-
crobial spectrum of LF multi-fold.

Though credited with an impressive
list of nutraceutical benefits, certain fac-
tors limit the functionality of LF after
isolation from milk. Protein separation
conditions always pose the risk of dena-
turation or structural alteration of the
LF molecule. The isolation process may
even generate cationic peptides as deg-
radation products. These cationic pep-
tides can also be generated by enzymatic
activity (Tomita et al., 1994). The highly
cationic N-terminus region of LF could
facilitate charge-induced protein aggre-
gation and inactivate the molecule. Also,
the isolated LF is highly susceptible to
conformational changes, thermal un-
coiling, and proteolysis. Furthermore,
milieu conditions such as pH, ionic en-
vironment with elevated calcium or
phosphates, iron excess, and improper
citrate/bicarbonate ratios could mark-
edly diminish the antimicrobial activity
of LF. Therefore, development of a tech-
nology to overcome these limitations is
critical.

Activated Lactoferrin
Exocrine secretions, including milk,

deliver LF in a free form, and this mole-
cule interacts with an array of substrates

on epithelial milieu such as glycosami-
noglycans (heparan sulfate in mucins),
specific receptors on intestinal brush
borders, and DNA on crypt cells
(Davidson and Lönnerdal, 1988; Nichols
et al., 1990; Wu et al., 1995). The multi-
functional pathways of LF are triggered
following a specific immobilization
(binding) of this protein molecule to
various cellular targets, including neu-
trophils, phagocytes, and platelets. This
immobilization-mediated activation of
LF with eukaryotic cell cascade is
achieved via the N-terminus region of
the protein.

Immobilization of LF via its N-ter-
minus region, neutralization of cationic
peptides by salt, optimization of milieu
by adjusting pH and citrate/bicarbonate
ratio, and establishing an equilibrium
between bound (immobilized) vs un-
bound LF formed the basis for in-vitro
activation of LF. Accordingly, a patented
technology (Naidu, 2001) was devel-
oped to produce ALF.

In this process, milk LF is immobi-
lized on a food-grade glycosaminogly-
can such as galactose-rich polysaccha-
ride or carrageenan, solubilized in a
precalibrated citrate/bicarbonate buffer
system containing sodium chloride and
an excess of unbound LF. The result is a
true microbial blocking agent that inter-
feres with adhesion/colonization, de-
taches live or dead microorganisms
from biological surfaces, inhibits micro-
bial growth/multiplication, and neutral-

Fig. 1. Three-dimensional ribbon structure of the lactoferrin molecule. The N-terminus is the straight blue line
between the blue coil and the green coil at lower left. The gray sphere just above the green coil is iron.

Table 1—Multifunctionality of
lactoferrin. Adapted from Naidu
(2000).
Intestinal iron absorption
Enterocyte proliferation/gut maturation
Antioxidant activity
Acute phase response
Amplification of inflammatory response
Opsonic activity
Complement activation
Inhibition of antibody-mediated cytotoxicity
Specific growth stimulation of lymphocytes
Down-regulation of myelopoiesis
Up-regulation of thymocyte maturation
Up-regulation of monocyte cytotoxicity
Regulation of cytokine release
Regulation of antibody production
Regulation of collagenase activity
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izes the activity of endotoxins.
• Microbial Adhesion Blocking. Mi-

crobial attachment to epithelial mucosa
or biosurfaces is the initial step in the
pathogenesis of many infections as well
as spoilage of foods. Biointeractions in-
volving ligands/adhesins with specific
receptors and nonspecific binding
mechanisms (electrostatic, hydrophobic,
and van der Waals forces) contribute to
the adhesion/colonization of microor-
ganisms to biosurfaces. Enteric bacteria,
E. coli in particular, harbor various fim-
bria on their cell surface to promote
bacterial adhesion and colonization on
the mucosal surface (Parry and Rooke,
1985). For example, enterohemorrhagic
E. coli O157:H7 adheres tightly to epi-
thelial surfaces (Louie et al., 1993) and
to collagens on beef tissue (Fig. 2). Sev-
eral other foodborne enteropathogens
possess specific cell-surface appendages
such as fimbria or colonization factor
antigens that facilitate their anchoring
to host-tissue-matrix components such
as fibronectin, collagens, and mucins

in the animal physiological system to se-
quester iron from the milieu.

Thus, the reversible transition of LF
between iron-deficient (apo-form) to
iron-sufficient (holo-form) states is the
key mechanism for antimicrobial activi-
ty. Also, the pathogenesis of bovine mas-
titis, the udder disease in LF-rich milk
environment, emphasized the critical
role of citrate/bicarbonate ratios (Non-
necke and Smith, 1984). Furthermore,
LF binding to the microbial surface re-
sults in increased antimicrobial activity
(Dalamastri et al., 1988; Naidu et al.,
1993). This interaction could be en-
hanced by reduction or neutralization
of the net surface charge (milieu near
pI) on the LF molecule.

All the above function-limiting fac-
tors, both molecular and milieu, aug-
mentory as well as inhibitory, are con-
trolled in the compositional design of
the ALF. Accordingly, the citrate/bicar-
bonate ratios are calibrated in the ALF
formulation to facilitate optimal apo/
holo transition. Salts and pH are adjust-
ed in ALF to reduce cationic charge in-
teractions. And an immobilization step
is included to stabilize LF by reorganiz-
ing its molecular epitopes, thereby aug-
menting the MBA function, a structure-
related activity. ALF is also markedly re-
sistant to proteolytic degradation and
thermal uncoiling of its polypeptide
chain.

 Various growth-inhibition activities,
individual and synergistic, reported for
LF, are also exhibited by ALF, but with a
multi-fold potentiation over the original
effect. Accordingly, the minimal inhibi-
tory concentrations required for ALF are
significantly lower than those for LF. In
contrast to LF, ALF demonstrates a po-

tor antigens and certain enterotoxins in
E. coli.

• Bacterial Detachment. Binding to
tissue-matrix components such as col-
lagens, mucins, and fibronectin is a piv-
otal anchor mechanism for many bacte-
ria. ALF also binds to the same anchor
sites on tissue surfaces with a greater af-
finity. Therefore, ALF could block tissue
interaction of bacteria by competitive
binding-inhibition. In binding-displace-
ment studies, ALF at low molar concen-
tration was shown to detach tissue-
bound bacteria, either viable or dead
(debris).

• Microbial Growth Inhibition. The
ability of iron to alternate between two
valence states, Fe+2 and Fe+3, is the most
important biological property, evident
in many pathways of bioenergy synthe-
sis, including the electron transport sys-
tem that forms ATP by phosphorylation.
Thus, iron deprivation leads to conser-
vation of bioenergy and inhibition of
cellular multiplication. Accordingly, var-
ious iron-binding proteins have evolved

Fig. 2. Attachment of E. coli O157:H7 to collagen fibrils in beef tissue.

(Höök et al., 1989).
Specific binding

of ALF to OMPs of
Gram-negative bac-
teria leads to inhibi-
tion of various cel-
lular functions and
deregulation of ad-
hesin/fimbrial syn-
thesis on the bacte-
rial surface (Fig. 3).
Furthermore, ALF–
OMP interaction
can also cure plas-
mids by diffusion,
resulting in the loss
of colonization-fac-

Fig. 3. Expression of colonization factor antigen-I (CFA-I) fimbria on the cell surface of enterotoxigenic E. coli before (left) and after (right) 2-hr exposure to LF.
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tent antimicrobial activity in iron-rich
milieu such as meats and biological flu-
ids. ALF also shows synergism with bac-
teriocins (from probiotics), colicins
(from E. coli), and salivary histatins.

• Antiviral Activity. ALF also exhibits
broad-spectrum activity against both
DNA and RNA viruses. Its ability to in-
teract with nucleic acids and its capacity
to bind eukaryotic cells and prevent vi-
ral adhesion seem to be the possible an-
tiviral mechanisms. Ongoing studies
also indicate the effectiveness of ALF in
the control of biofilms on nonbiological
surfaces such as food processing equip-
ment.

Efficacy Testing
The antimicrobial activity of ALF

against E. coli O157:H7 has been tested
and compared to that of LF. Studies
were performed independently at a state
university in California, a national food
research institute in the United King-
dom, and the Center of Expertise for
Nutrition, DMV International,
Wageningen, the Netherlands.

The efficacy of ALF and LF to de-
tach collagen-bound E. coli O157:H7
was measured by an in-vitro adhesion-
blocking assay, which showed a potent
adhesion-blocking effect against col-
lagen-bound E. coli O157:H7. The bac-
terial detachment efficacy was 2.7 log
higher than the LF treatment.

Efficacy of ALF and LF on the
growth inhibition of E. coli O157:H7
was tested by measuring impedence
change in typticase soy broth (TSB) us-
ing a microbial monitoring system
(Bactometer, bioMerieux, Hazelwood,
Mo.). Stasis was also monitored as the
turbidity change in TSB (optical densi-
ty reading at 600 nm) using a micro-
plate reader (VersaMax, Molecular De-
vices, Sunnyvale, Calif.). ALF caused a
17.4-hr greater stasis effect than LF
against E. coli. The optical density data
indicated that the minimal inhibitory
concentrations (24-hr stasis) for 1% LF
and 1% ALF against a 4-log inoculum
of E. coli O157:H7 were >1,000  mg/mL
and 62  mg/mL, respectively.

Efficacy studies on growth inhibi-
tion were also performed on beefsteaks
sprayed with 1% LF or 1% ALF. A pre-
marked 1-in2 meat surface was inocu-
lated with about 4-log cells of E. coli
O157:H7, and the samples were left at
room temperature for 24 hr. The ALF
spray demonstrated a 2.5-log greater
efficacy in causing stasis of E. coli

O157:H7 compared to the LF spray.
Combinations of interventions such

as acid rinses, hot/cold water washes,
and steam pasteurization are currently
used as safety hurdles in beef process-
ing. A digitally simulated spray (DSS)
system was designed to test the efficacy
of current interventions with or with-
out ALF spray to decontaminate E. coli
O157:H7 from beef.

The DSS system consists of a pro-
grammable conveyor line that carries
meat through 12 processing cham-
bers—6 spray chambers, 5 pause cham-
bers, and 1 meat-loading chamber. The
spray chambers are connected to indi-
vidual 2-gal delivery tanks via digitally
controlled pumps with adjustable spray
and pause time. The 6 spray chambers
are hosed into individual fluid collec-
tors. A sterile stainless-steel meat-load-
ing frame is placed in a beta-ray-
shielded acrylic box, and a beef sample
(about 4 in2) is hooked in the center of
the frame. A sterile bactainer (an open
stainless-steel hollow with a sharp-
edged end 1-in square) is firmly
pressed into the meat.

The meat surface exposed inside the
bactainer was inoculated with 5 mL of
3H-thymidine-labeled E. coli O157:H7
(~ 5 x 107 cells) and kept for 2 hr at
room temperature. The bactainer was
then removed, and the loading frame
with E. coli-infected meat was removed
from the acrylic box and mounted on
the meat-loading chamber of the DSS.
Samples were subjected to a sanitizing
treatment typical of commercial beef
processing. The treatment consisted of
five spray-wash steps: cold water (10
sec), 2% lactic acid (10 sec), hot water
(180ºF for 30 sec), cold water (10 sec),
and 2% lactic acid (10 sec). Samples
were also treated using an additional
10-sec wash step with 1% ALF.

After treatment, the loading frame
was dismounted and placed in the
beta-ray-shielded acrylic box. Six ran-
dom samples (about 0.5 g) were excised
from the tissue inoculated with E. coli.
Samples were digested with 4 mL of tis-
sue homogenizer overnight at 55ºC in a
waterbath-shaker. Then 10 mL of scin-
tillation cocktail was added to the ho-
mogenate, and the radioactivity (disin-
tegrations/min, DPM) was measured in
a scintillation counter.

The regular sanitizing assembly av-
eraged 72.2% of E. coli detachment/g of
beef tissue. The sanitizing assembly
combined with the 1% ALF spray dem-

onstrated almost 100% efficacy—an
average 99.9% E. coli detachment/g of
beef tissue—in three experimental
runs. Acid rinses and hot water washes
seemed to reduce E. coli O157:H7 to a
significant level, but scanning electron
microscopy of the processed beef re-
vealed that most of the bacterial debris
remained firmly attached to the tissue
(Fig. 4A). An additional 10-sec spray/
rinse with 1% ALF effectively sanitized
the contaminated beef surface by re-
moving debris and residual bacteria
(Fig. 4B).

Sensory Testing
Sensory studies were conducted at

Oklahoma State University, Stillwater.
Strip loin samples with ALF treatment
and their paired controls without any
treatment were vacuum packaged and
allowed to age at refrigeration tempera-
ture below 38ºF for 14, 21, 28, or 35
days. Then each strip loin was fabricat-
ed into 1-in-thick steaks, and random
samples were again treated with ALF.
Each sample was sealed in optimal
modified-atmosphere packaging (80%
O2 and 20% CO2) and kept in commer-
cial display cases for 14 days under
cool-white fluorescent light at 32–36ºF.

Samples were tested twice daily by a
trained panel for lean color, fat color,
percentage discoloration, and overall
appearance. Trained panelists conduct-
ed palatability and sensory analysis, in-
cluding tenderness (Warner-Bratzler
shear force test), juiciness, cooked beef
flavor, and overall acceptability of steak
samples. Lipid oxidation on the meat
surface was estimated by the TBA test.
Finally, total plate counts were per-
formed to determine microbiological
keeping quality.

The results indicated that ALF treat-
ment could extend the retail display life
by 1.7–2.5 days for case-ready packaged
steaks compared to non-treated steaks
in conventional packages. ALF-treated
and control samples showed no differ-
ences in tenderness, juiciness, or off-
flavor of cooked beef, and the panelists
preferred the flavor of the ALF-treated
samples. Subprimals stored for 21 days
following ALF application exhibited a
5-fold reduction in total microbial
plate counts compared to non-treated
steaks.

Regulatory and Commercial Status
LF occurs naturally in milk, milk-

derived ingredients and products, and,
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to a lesser extent, in beef tissue. Thus,
persons who consume milk or milk-de-
rived ingredients or beef already con-
sume LF. Milk-derived ALF is consid-
ered GRAS by the Food and Drug Ad-
ministration [21 CFR.170.36(f)]. It is
permitted at levels of 65.2 mg/kg of
beef, according to FDA’s directive of
October 23, 2001. The U.S. Dept. of Ag-
riculture approved use of ALF on fresh
beef in December 2001. For other
countries, the status of ALF will need
to be confirmed, but the following is
the regulatory status of LF.

Currently, the European Union does
not have a specific regulation for LF.

Beef Packing Co., L.P., Kansas City,
Mo., and DMV International Nutri-
tionals, one of the largest producers of
LF worldwide. Farmland, the fourth-
largest beef packing company in the
U.S., expects to be the first company to
utilize ALF commercially, once final
application systems development and
testing are completed.

ALF is manufactured from bovine
LF extracted from cheese whey or skim
milk. Other ingredients in the formula-
tion—sodium bicarbonate, citric acid,
sodium chloride, and carrageenan—are
commercially available food-grade
chemicals. The aqueous ALF formula-

Fig. 4. Scanning electron micrograph of E. coli O157:H7–infected beef surface after acid rinses and hot water washes in a regular sanitizing assembly (Fig. 4A, left) and
after an additional 1% activated lactoferrin spray/rinse (Fig. 4B, right). Note the biomass of bacterial debris and intact E. coli cells on the beef surface in Fig. 4A and
their absence in Fig. 4B.

tion is constituted in deionized water at
concentrations ranging from 1 to 4%,
depending on the application require-
ment.

ALF has been shown to be effective
when applied to beef carcasses as an ad-
ditional intervention step or to the
subprimal at fabrication, using the sys-
tem shown in Fig. 5. ALF is delivered
onto the meat surface as a fine mist, us-
ing electrostatic or high-pressure liquid
spray nozzles. The flow pattern and
spray time are digitally monitored by a
programmable logic controller (PLC)
for uniform coverage of ALF on the
meat surface at optimum functional

Fig. 5. Commercial system for spraying ALF onto beef carcasses.

The EU has a directive 83/417/
EEC for the use of protein derived
from milk, but LF could be includ-
ed in this directive when it attains
regulated status. LF is considered a
milk protein (provision 79/112/
EEC allows all types of milk pro-
tein to be labeled as milk protein)
and hence would be allowed in
foods.

In Japan, LF is specified in the
List of Existing Food Additives,
which is a list of the permitted
natural additives. In South Korea,
LF concentrates are also listed as
authorized natural additives. In
Taiwan, LF may be used in special
nutritional foods under the condi-
tion “only for supplementing
foods with an insufficient nutri-
tional content and may be used in
appropriate amounts according to
actual requirements.”

ALF will be commercially pro-
duced and marketed by aLF Ven-
tures, LLC, a U.S.-based partner-
ship between Farmland National

concentration. A solid-phase im-
munoassay based on a fluorescent-
labeled LF-antibody has been de-
veloped to verify the coverage and
quantify ALF-coating on the meat
surface.

Future Possibilities
ALF has demonstrated microbi-

al blocking activity against a vari-
ety of foodborne pathogens, in-
cluding E. coli O157:H7, Listeria
monocytogenes, Salmonella spp.,
Campylobacter spp., Vibrio spp.,
Aeromonas hydrophila, and Staphy-
lococcus aureus, as well as the food
spoilage microorganisms Bacillus
spp., Pseudomonas spp., and Kleb-
siella spp. ALF also inhibits yeast
and molds, as well as DNA and
RNA viruses. These functional at-
tributes make ALF a potential mi-
crobial intervention for poultry,
pork, fish/seafood, and produce
processing applications.

ALF is also effective in the de-
tachment of multi-drug-resistant
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Salmonella Typhimurium DT104, van-
comycin-resistant Enterococcus faecium,
and methicillin-resistant Staphylococcus
aureus from biosurfaces. Furthermore,
ALF could inhibit radiation-resistant
bacteria such as Brochothrix thermo-
spacta, Deinococcus radiopugnans,
Deinococcus radiodurans, Acinetobacter
radioresistens, and Methylobacterium
radiotolerans. Studies are underway to
evaluate the antimicrobial efficacy of
ALF incorporated into edible food
packaging materials and sausage cas-
ings. Finally, the synergism with anti-
biofilm treatments makes ALF a power-
ful sanitizing agent in food processing.

A Potent Antimicrobial System
Most antimicrobials in use today kill

microorganisms and leave debris as
well as potent toxins on processed
foods. In contrast, ALF is an extremely
powerful antimicrobial intervention
that prevents microbial proliferation
and attachment on biosurfaces such as
beef or poultry tissue. The ability to
detach the leftover microbial debris
and to inactivate the surface-splattered
endotoxins makes ALF a highly effec-
tive intervention all by itself or as an
additional step in current multi-hurdle
sanitizing systems.

In the ever-competitive food mar-
ket, where consumer demand is steadily
increasing for minimally processed
foods that sustain functionality of nat-
urally occurring bioactive ingredients,

ALF clearly stands out as a potent nat-
ural antimicrobial system with an im-
pressive list of well-documented multi-
functional properties and nutraceutical
benefits.
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ABSTRACT 

Heat-induced enthalpy changes in 
different forms of bovine lactoferrin in 
water were examined by differential 
scanning calorimetry. Two thermal tran- 
sitions with varying enthalpies were ob- 
served, depending on the iron-binding 
status of the protein. Iron-saturated lac- 
toferrin was more resistant to heat- 
induced changes than was the apolac- 
toferrin. Native lactoferrin had two tran- 
sitional peaks, and pasteurization af- 
fected only the low temperature 
transition. Iron-saturated lactoferrin re- 
vealed a single transitional peak that was 
resistant to pasteurization. However, 
both protein forms were completely 
denatured by UHT. The effect of pas- 
teurization and UHT on the protein inter- 
action capacity with bacteria was exam- 
ined in a 1251-labeled lactoferrin binding- 
inhibition assay. The ability of native 
and iron-saturated lactoferrins to bind 
various bacterial species was unaffected 
by pasteurization. However, UHT treat- 
ment decreased this interaction capacity. 
Native lactoferrins, both unheated and 
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pasteurized, showed similar antibacterial 
properties and moderately inhibited Es- 
cherichia coli. However, this inhibitory 
capacity was lost after UHT treatment. 
Finally, iron-saturated lactoferrin did not 
inhibit bacterial growth; neither pasteuri- 
zation nor UHT could change this prop- 
erty. Thus, UHT seems to affect struc- 
tural as well as certain biological 
properties of both native and iron- 
saturated bovine lactoferrins, and pas- 
teurization seems to be a treatment of 
choice for products containing this pro- 
tein. 
(Key words: antibacterial activity, lac- 
toferrin, heat treatment, calorimetry) 

Abbreviation key: apo-bLf = bovine apolac- 
toferrin (iron-free), bLf = native bovine lac- 
tofemn, DSC = differential scanning calorime- 
try, Fe-bLf = iron-saturated bLf, A H 4  = 
calorimetric enthalpy, Lf = lactofenin, SPYE 
= special peptone-yeast extract. 

INTRODUCTION 

Milk inhibits the growth of various intesti- 
nal pathogenic bacteria and protects children 
against gastroenteritis (7). Lactoferrin (Lf) is 
one of the potent antimicrobial agents in milk 
(23). This iron-binding protein is also present 
at a high concentration in exocrine secretions 
that bathe the mucosal surface and in the 
specific granules of polymorphonuclear leuko- 
cytes (18). A role for Lf has been suggested in 
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the regulation of intestinal iron absorption (9) 
and tissue protection during inflammatory 
reactions (27). Furthermore, the involvement of 
Lf has been proposed in various physiological 
pathways, such as myelopoiesis, antigen 
processing, and antibody production (6). Dur- 
ing many such processes, Lf binds to specific 
receptors on pertinent eucaryotic cells. 

Lactofemn could elicit an enhanced an- 
timicrobial effect by adsorbing to the bacterial 
surface (3, 10, 11). Such interaction seems to 
be specific to Escherichia coli and other mem- 
bers of the Enterobacteriaceae family (13, 14, 
20, 26). The Lf-binding components of these 
bacteria were recently identified as a special 
class of pore-forming outer membrane pro- 
teins. The carbohydrate moiety in lipopolysac- 
charide may shield porins and protect certain 
bacteria from Lf interaction (12). The ac- 
cumulating evidence on the role of Lf in 
preimmune host defense has encouraged vari- 
ous laboratories to explore a possible usage of 
this milk protein in infant foods and phar- 
maceutical products. 

Bovine milk is a common and frequently 
available reservoir for Lf. Bovine Lf (bLf) 
occurs in the range of .1 of .3 mg/ml in normal 
milk and 2 to 5 mg/ml in colostrum (29). This 
83-kDa glycoprotein is composed of a single 
polypeptide chain with 17 disulfide bridges 
(22). The three-dimensional structural arrange- 
ment divides bLf in two lobes of equal size, 
each with a capacity to bind reversibly one 
Fe3+ ion with high affinity in cooperation with 
a HCO3- ion (2, 17). 

Ruegg et al. (24) studied the thermal be- 
havior of bLf in simulated milk ultrafiltrate at 
pH 6.7, by differential scanning calorimetry 
(DSC), and reported a single peak of denatura- 
tion for iron-free, bovine apolactofenin (apo- 
bLf) and two peaks of denaturation for iron- 
saturated bLf (Fe-bLf). Abe et al. (1) suggested 
that bLf was thermostable under acidic condi- 
tions, at pH 4.0 in particular. Saito et al. (25) 
reported an increased antimicrobial activity of 
bLf after heat treatment at 120°C for 15 min, at 
pH 2.0, and claimed that an active peptide 
from bLf was responsible for this effect. 

In this study, we have aimed to measure by 
DSC the enthalpy changes in different forms 
of bLf heated at various temperatures in water. 
Furthermore, the capacity of UHT-treated and 
pasteurized bLf to bind to bacterial cells and to 
inhibit bacterial growth was investigated. 
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MATERIALS AND METHODS 

bLf Preparations 

The bLf was isolated from milk serum by 
an industrial-scale process (8). Purity of the 
protein was determined by ion-exchange 
(Mono-Q column; Pharmacia AB, Uppsala, 
Sweden) and molecular sieve (TSKG4000SW; 
LKB Produkter AB, Bromma, Sweden) HPLC. 
The elemental analysis for iron was performed 
using an atomic absorption spectrophotomer 
(Model 560; Perkin-Elmer Corp., Norwalk, 
0. The unmodified bLf isolated from whey 
(8) contained 252 pg of irodg of dry weight 
and was named the native form. To obtain an 
apo-bLf form, bLf was mixed with .1 M citric 
acid until pH 2.4 was obtained and kept at 5'C 
for 24 h. The free iron was removed by gel 
filtration using a Sephadex G-25 column (Phar- 
macia), and elution was performed with Milli- 
Q@ water (Millipore AB, Vastra Frolunda, 
Sweden). Further, a crossflow diafiltration 
against Milli-Q@ water was followed using a 
UF filter (cutoff: 10-kDa; Millipore AB). After 
pH readjustment to 5.4, the solution was filter- 
sterilized (cutoff: .22 pM Millipore AB) and 
freeze-dried. The degree of iron saturation of 
apo-bLf was estimated to be 3.5% from deter- 
mination of iron of 43 pg/g of dry weight. 
Finally, for the preparation of Fe-bLf, a solu- 
tion of 10 mM NaHCO3 was mixed with .1 g/ 
ml of bLf, and the pH was adjusted to 7.8 with 
NaOH. To this solution, FeC13 was added un- 
der continuous stirring to a final concentration 
of 1 mM, and the mixture was kept at 5°C 
overnight. Free iron was removed by filtration 
steps as described, and, after readjustment of 
pH to 7.2, the protein solution was filter- 
sterilized. This Fe-bLf preparation contained 
1058 pg of irodg of dry weight (87% satura- 
tion). 

DSC 

Thermal denaturation of various bLf forms 
was studied by DSC (Perkin-Elmer DSC-2) 
equipped with hermetically sealed, aluminum- 
coated sample pans (DuPont, Boston, MA). 
The protein samples were studied in a temper- 
ature region of 25 to 100°C at a scanning rate 
of 10"C/min. The bLf preparations were dis- 
solved in distilled water to a concentration of 
36 or 3.6 mg/ml, and the pH was adjusted to 
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pH 7.2. A sample pan containing water served 
as reference. The volume of solvents in the 
sample and reference pans was 20 pl. The 
DSC was calibrated with water, indium, and 
gallium. An assumed baseline was fitted to a 
polynomial expression, and the transition en- 
thalpy (ma) was calculated by stepwise in- 
tegration of the area of the peak. The tempera- 
ture at the midpoint of unfolding trdsition was 
also determined. Values represent means of 
three to four independent determinations. 

Heat Treatment of bLf and Fe-bLf 

Protein samples were subjected to two types 
of heat treatment before DSC analyses. In the 
first treatment, samples were heated in the 
DSC to 60, 70, 80, 90, or 100'C at a heating 
rate of 10Wmin and held for 15 s. After a 
quick cooling to 25°C in the DSC, the samples 
were rescanned to 1 W C  by DSC. 

In the second type of treatment, samples 
were heated in a continuous flow system to 72 
or 135'C. Solutions (36 mg/ml) of bLf and Fe- 
bLf were pasteurized at 72'C for 15 s. The 
protein solution was diluted to 3.6 mg/ml for 
UHT treatment (135°C for 4 s) in order to 
prevent protein gelation in the tube during 
heating. Heat treatments were in a stainless 
steel tube (length, 100 mm; diameter, 2 mm; 
thickness, .5 mm), immersed in a temperature- 
controlled oil bath, and extended through an 
ice water bath. Samples were continuously 
pumped (type FFtl; Lewa, Herbert Ott GmbH, 
Leonberg, Germany) at 10 bar through this 
tube, and heating time was controlled by flow 
rate of the solution. The temperature was 
measured during heating and cooling processes 
by using thermoelements. The enthalpies of 
different heat-treated samples were compared 
with unheated samples, and a reduction in the 
enthalpy was considered as an indication of 
protein denaturation. 

1Sl-Labeled bLf Binding-Inhibition Assay 

The capacity of pasteurized and UHT- 
treated bLf and Fe-bLf to interact with bac- 
terial cells was examined in a 1251-labeled bLf 
binding-inhibition assay using previously 
characterized strains of bacteria (13, 14, 19, 20, 
26). The bLf was labeled with Na1251 (specific 
activity 629 GBq/mg) (DuPont Scandinavia 
AB, Stockholm, Sweden) using Iodobeads 
(Pierce Chemicals Co., Rockford, E,) (16). As- 

say was performed as described earlier by 
Naidu et al. (19, 20); in brief, increasing 
amounts (.l to 1.2 mg/ml) of unlabeled bLf or 
Fe-bLf diluted in .1 ml of .15 M phosphate- 
buffered saline were mixed with an equal vol- 
ume of the same buffer containing about 8 ng 
of 12'I-labeled bLf (specific activity, .16 MBq/ 
pg). In the binding assay, approximately lo9 
bacteria (cell density was optically adjusted at 
600 nm) grown in special peptone-yeast extract 
(SPYE) broth, pH 7.3 (Malthus Instruments 
Ltd., West Sussex, England), were added (final 
volume, .3 ml) and thoroughly mixed. After 1 
h of incubation at 37'C, the binding reaction 
was stopped by addition of 2 ml of ice-cold 
phosphate-buffered saline, pH 7.2 (containing 
.l% Tween-20). The suspension was cen- 
trifuged at 5300 x g for 15 min. and the 
supernate was aspirated. Radioactivity bound 
to the bacterial pellet was measured in a 
gamma counter (Clinigamma 1272; LKB Wal- 
lac, Turku, Finland). The binding of 1251- 
labeled bLf to bacteria in phosphate-buffered 
saline in the absence of unlabeled bLf was 
considered to be 100% (control), and, in the 
presence of unlabeled bLf, the binding was 
expressed in percentage relative to control. 

Antibacterial Assay 

The effect of bLf on bacterial growth was 
estimated by measuring changes in conduc- 
tance of the cultivation media using a Malthus 
AT system@ equipped with a built-in computer 
system (Malthus Instruments Ltd., West Sus- 
sex, England). The assay was performed in 
special glass tubes (10-ml volume) containing 
SPYE broth with or without bLf (1.6 to 5 mg/ 
ml). The tubes were inoculated with E. coli 
H10407[Lfl (1.4 x 104 bacteridml) from an 
overnight SPYE broth culture (final volume: 3 
ml) and sealed with special screw caps fitted 
with platinum electrodes and incubated at 
37'C. The substrate utilization and production 
of metabolites by the bacteria was continu- 
ously measured as the rate of change in con- 
ductance in microsiemens per hour of the cul- 
ture media. The change in conductance was 
referred to as metabolic activity. The following 
definitions were used for the data interpreta- 
tion: detection time (hours) was the time re- 
quired to initiate a detectable change in con- 
ductance (Le., the sensitivity of the assay); the 
inability of bacteria to cause a change in con- 
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ductance was considered as metabolic inhibi- 
tion; bacteriostasis was the difference in detec- 
tion times variance between bacterial growth 
in the absence and presence of bLf; and meta- 
bolic activity (microsiemens per hour) was the 
rate of change in the conductance measured 
from the slopes of the growth curves. 

RESULTS 

Thermal Behavior of Different 
Forms of bLf 

Thermal denaturation of bLf, apo-bLf, and 
Fe-bLf (dissolved in water, pH 7.2) was exam- 
ined by DSC (Figure 1). The DSC thermo- 
grams of bLf showed two transitions of vary- 
ing enthalpies, depending on the iron status of 
the protein (Table 1). Thermogram of the na- 
tive bLf showed two denaturation temperatures 
(Le., peak 1 at 65'C and peak 2 at 92'C). 
However, apo-bLf and Fe-bLf showed promi- 
nent thermal denaturation peaks at 71'C (cor- 
responding to peak 1 of bLf) and 93'C (cor- 
responding to peak 2 of bLf), respectively. 
None of the three forms of bLf showed any 
peaks after rescanning. 

Thermal Behavior of Preheated 
bLf and Fe-bLf 

The effect of preheating at various tempera- 
tures on bLf and Fe-bLf was examined (Figure 
2; Table 2). The DSC thermogram profile of 
bLf did not change after heating at 6o'C for 15 
s. However, heat treatment of bLf at 70 and 
80°C for 15 s has reduced the AH,-al of the 
peak 1 to 3.7 and 1.9 J/g, respectively, com- 
pared with the unheated bLf (14.2 J/g). Heat 
treatment slightly affected the enthalpy of peak 
2. Thus, preheating of bLf to 70 and 80'C 
caused a protein denaturation of 50 and 60%. 
respectively. Finally after heating to 90'C for 
15 s, bLf showed no transitional peaks and was 
completely denatured. However, heat treatment 
at 60'C slightly affected the thermal transition 
of Fe-bLf, and 70 and 8o'C treatments caused 
a 22 to 24% denaturation. Heat treatment at 
90°C denatured 85% of the Fe-bLf, and, at 
lOO"C, the proteins were completely uncoiled. 

Thermal Behavior of Pasteurized 
and UHT-Treated bLl and Fe-bLf 

Solutions (36 mg/ml) of bLf and Fe-bLf 
were pasteurized at 72'C for 15 s and then 
examined by DSC. In the pasteurized bLf, the 
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AHCd of peak 1 in the thermogram was 
reduced by 7 to 9 Jig (40 to 50% denaturation), 
and the AH,-al of peak 2 was slightly affected. 
In contrast, pasteurization did not affect the a of Fe-bLf. Solutions of bLf and Fe-bLf 
diluted to 3.6 mg/ml received UHT treatment 
(135'C for 4 s) and were examined by DSC. 
Both samples were completely denatured after 
UHT treatment, as the proteins aggregated and 
the solutions became opaque. 

Interaction of Heat-Treated bLf 
and Fe-bLf with Bacteria 

The ability of heat-treated forms of bLf to 
interact with bacteria was examined in a 

I 

I I I i 

2 0  4 0  60 8 0  100 

T e m p e r a t u r e  ("C) 
Figure 1. Differential scanning calorimetric thermo- 

grams of bovine apo-lactoferrin (bottom); native bovine 
lactoferrin (center); and iron-saturated bovine lactoferrin 
(top) in water at pH 7.2. Protein concentration was 36 mgl 
ml, and heating rate was 1o'Umin. AP = Differential heat 
flow. 
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1251-labeled bLf binding-inhibition assay, us- 
ing E. coli strain H10407[Lfl (Figure 3). Un- 
heated and pasteurized bLf demonstrated com- 
parable concentration-dependent, binding- 
inhibition curves. The UHT-treated bLf was 
less effective and required a twofold higher 

bLf Fe-bLf 

.50 t 

.25 t 100°C 

20 50 100 2 0  50 100 

Temperature ( " C )  

Figure 2. Differential scanning calorimetric thermo- 
grams of bovine lactofenin (bLf) and iron-saturated bLf 
pe-bLf) in water at pH 7.2. Protein concentration was 36 
mglml, and heating rate was 10'Umin. The samples were 
preheated to indicated temperatures and rescanned. AP = 
Differential heat flow. 

concentration (ca, .4 mg/ml) to elicit a 50% 
binding-inhibition compared to the unheated 
protein. The interaction of Fe-saturated bLf 
with bacteria was similar to native bLf and did 
not change after pasteurization. However, the 
UHT treatment markedly decreased the block- 
ing capacity of Fe-bLf, and a fourfold higher 
concentration (ca .8 mg/ml) was required to 
cause a 50% effect compared with unheated 
protein. 

Furthermore, the ability of heat-treated bLf 
preparations to interact with bacteria was ex- 
amined with one Gram-positive and four 
different species of Gram-negative bacteria 
(Table 3). Pasteurization did not change the 
blocking capacity of bLf and Fe-bLf in all five 
bacterial species tested. However, inhibition 
capacity of the UHT-treated bLf decreased 
(above twofold) in Salmonella typhimurium 
and Staphylococcus aureus, but slightly af- 
fected in Shigella jlexneri, Aeromonas 
hydrophila, and Yersinia enterocolitica. How- 
ever, the UHT-treated Fe-bLf had a reduced 
capacity to block the 1251-bLf binding to 
Staph. aureus (eightfold), Shig. jlexneri 
(threefold), and Sal. typhimurium (twofold); 
however, the protein could block the binding 
in A. hydrophila and Y. enterocolitica com- 
parable with the unheated Fe-bLf. 

Antibacterial Activity of Heat-Treated 
bLf and Fe-bLf 

The effect of various heat-treated forms of 
bLf on the growth of E. coli H10407[Lfl was 
examined (Figure 4; Table 4). In SPYE media, 
strain H10407[Lfl grew at a metabolic rate of 
300 f 14 pS/h with a detection time of 3.5 f .4 
h (four experiments), and the cells could bind 
about 22% of the 1251-labeled bLf. The incor- 
poration of unheated or pasteurized bLf (4 mg/ 
ml) in SPYE media inhibited the metabolic 
rate by about 80% and prolonged the detection 
time, causing a bacteriostasis of about 3 h. The 
UHT-treated bLf slightly reduced the bacterial 
metabolic rate (34%); however, this protein did 
not cause any bacteriostasis. Addition of Fe- 
bLf-untreated, pasteurized, or UHT-did not 
affect the growth of strain H10407[Lfl in 
SPYE media. 

DISCUSSION 

The present DSC experiments indicated two 
transitional peaks of thermal denaturation for 
bLf. The transitions at low and high tempera- 
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70 - 

6 0 -  

50 - 

40 - 

30 - 

20 - 

TABLE I .  Denaturation temperature fl-) and enthalpy (AHd) of different forms of bovine lactofemn (bLf) in water at 
pH 7.2. 

- - 
X' SD X SD X SD X SD - - 

apo-bLf 71 .3 90 .3 12 .4 2 .5 
bLf 65 .5 92 .5 I4 .4 11 1.5 
Fe-bLF 65 .3 93 .3 2 1.2 37 1.3 

lapo-bLf = Bovine apolactofemn (iron-free), Fe-bLf = iron-saturated bLf. 
2Four replicates. 

tures corresponded to apo-bLf and Fe-bLf, 
respectively. In an earlier study, Paulsson and 
Visser (21) suggested that the heat-induced un- 
folding of the two lobes of native bLf are 
independent. The enthalpy of the transition 
increased at high temperature (92'C) when the 
iron content in the preparation increased. This 
transition indicates the unfolding of the iron- 
containing parts of bLf. The data taken to- 

gether indicate that the binding of iron stabi- 
lized the protein structure against heat treat- 
ment. A slightly higher ionic strength of apo- 
bLf solution might have caused a small eleva- 
tion in the denaturation temperature of peak 1 
compared with the corresponding peak of na- 
tive bLf. The thermal denaturation (protein un- 
folding to a random coil structure) of bLf, apo- 
bLf, and Fe-bLf seemed to be irreversible be- 

l o  1 
O ' I  ' I I I I 

1 

0 . 4  .a 1.2 

1 
1 I I I I I I 

0 . 4  . a  1.2 

Unlabeled bLf added ( m g / m l )  
Figure 3. Blockage of I2sI-labeled bovine lactofemn (bLf) interaction with Escherichia coli H10407[Lfl by unlabeled 

bLf and iron-saturated bLf (Fe-bLf). Increasing amounts of pasteurized (0) or UHT-treated (0) proteins were mixed with 
labeled ligand and incubated with bacterial cells. Untreated protein sample served as control (0). The bacterial interaction 
with labeled protein in phosphate-buffered saline (in the absence of unlabeled protein) was considered to be 100%. 
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TABLE 2. Degree of denaturation1 of bovine lactoferrin (bLf) and iron-saturated bLf (Fe-bLf) after preheat treatment at 
various ternperatws.2 

Denaturation of bLf Total 
denaturation 

Temperature Peak 1 Peak 2 Total of Fe-bLf 

('0 X SD X SD X SD X SD 
- - - - 

60 
70 
80 
90 

100 

4 2 7 1 6 1 10 2 
70 5 14 2 48 4 22 3 
85 3 21 2 60 3 24 2 

100 0 100 0 100 0 85 3 
100 0 100 0 100 0 100 0 

'Percentage denaturation was calculated by the following equation: [ l  - A H 4  of the preheated sampldAHd of the 

2Thermal denaturation of aqueous protein solutions @H 7.2) was studied by differential scanning calorimetry. 
control] x 100, where &d = denaturation enthalpy. 

Samples not preheated served as controls. Three replicates. 

cause the denatured bLf after cooling failed to 
demonstrate any peaks in the thermogram dur- 
ing DSC rescanning. Ruegg et al. (24) also 
reported a similar effect for Fe-bLf; however, 
the apo-bLf showed a reversible denaturation 
in simulated milk ultrafiltrate (40 to 50% 
renaturation) in their study. This observation 
was also reported by Baer et al. (5) using 
fluorimetric and immunological analyses. A 
lower denaturation of pasteurized bLf than the 

preheated bLf in DSC may possibly be due to 
the effect of rapid heat treatment in pasteuriza- 
tion process. 

We have recently shown that the native bLf 
dissolved in distilled water at pH 4 to 9 was 
more thermostable at basic pH and that the 
thermal denaturation was also dependent on 
ionic strength of the solution (21). However, at 
low pH (< pH 3.0). bLf showed no transition to 
indicate a total unfolding of the protein prior to 

TABLE 3. Effect of temperature of heat treatment of native and Fe-saturated bovine lactoferrins (Fe-bLf) on their 
interaction capacity with different bacteria 

Inhibition of 1251-labeled bLf binding1 

bLf Fe-bLf 

Bacterial strain Unheated Pasteurized UHT Unheated Pasteurized UHT 

- - - - - - 
X SD X SD X SD X SD X SD X SD 

Escherichia coli 

Salmonella typhimurium 

Shigella jlexneri 

Aeromonas hydrophila 

Yersinia enterocolitica 

Staphylococcus aureus 

H10407[LfJ 50 3 51 4 37 3 56 3 56 2 37 2 

R10 68 3 65 3 37 5 68 4 68 3 25 4 

SFL1070-15 30 2 29 1 23 4 26 2 26 3 9 1  

CCUG 1455 1 47 6 4 4 4  36 4 41 3 40 2 35 2 

Y162 71 4 67 5 63 2 67 2 68 4 6 0 3  

SA43 5 4 2  48 2 23 1 48 3 51 2 6 1  

IDifferently heat-treated solutions of bLf or Fe-bLf (in .1 ml of phosphate-buffered saline containing .1 mg of protein) 
were mixed with ca. 8 ng of 1251-labeled bLf and 109 bacterial cells. Assay was performed as described. Means were 
expressed as percentages, considering the inhibition of binding in phosphate-buffered saline (control) as zero. Three 
replicates. bLf = Bovine lactoferrin. 
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heating (21). Conversely, Abe et al. (1) reported 
a high thermostability of apo-bLf at pH 4.0. 
However, this group has monitored only the 
protein homogeneity by HPLC techniques after 
heat treatments and did not measure thermal 
transitions or unfolding of the protein. 

The adsorption of bLf to the microbial sur- 
face seems to be important to cause bacteri- 
ostatic, bactericidal, and opsonic effects (2, 10, 
15). Various microbial pathogens demonstrate 
specific Lf-binding components on their cell 
surface (12, 14, 19, 20, 26). Our binding- 
inhibition studies revealed that the interaction 
capacity of bLf and Fe-bLf with four different 
species of Gram-negative bacteria and a Gram- 
positive S. aureus was unaffected by pasteuri- 
zation and was reduced to different magnitudes 
by UHT treatment. Thus, the protein denatura- 
tion by UHT treatment might have altered the 

800 

- 2 400 

b) 
0 
c 
cd 

1 
-0 c 
0 
0 800 
c 
b) 
M 
!= 
cd 400 .c 

v 

Y 
0 0  

.- 

V 

n 

bLf 

J - 
1 
0 a 16 2 4  

Time (h )  
Figure 4. Growth of Escherichia coli H10407[Lfl in 

special peptone-yeast extract broth containing untreated 
(labeled l), pasteurized (labeled 2h and UHT-treated (la- 
beled 3) bovine lactoferrin (bLf) or iron-saturated bLf (Fe- 
bLf). Bacterial growth in media without lactoferrin served 
as control (labeled C). The bacterial metabolism at 37'C 
was measured for 24 h. as the change in conductance of 
growth media, using a Malthus-AT@ system (Malthus In- 
struments Ltd., West Sussex, England. 

TABLE 4. Effect of heat treatment on the antibacterial 
activity of native and iron-saturated bovine lactoferrin (Fe- 
bLf) on Escherichia coli Hl0407[Lfl.' 

Sample and Metabolic 
tnatmnt  Bacteriostasis2 activity3 

0 (%) 
control 0 100 
bLf 
Unheated 2.6 13 
Pasteurized 3.4 21 
UHT Treated4 0.2 66 

Unheated .4 100 
Pasteurized 0 86 
UHT Treated4 0 100 

Fe-bLf 

'Metabolism was measured as change in conductance 
in microsiemens of the bacterid growth media either in the 
absence (control) or presence of bovine lactofemn @LO (4 
mg/ml). Four replicates. 

2Difference in detection times between growth in me- 
dia with and without bLf. 

3Expressed in percentage relative to control (1W). 
4Protein concentration was 1.6 mg/ml in the samples. 

binding domains on the bLf, which would be 
consistent with earlier observations that the 
interaction was dependent on the protein con- 
formation because complexes of Lf and bac- 
terial outer membrane proteins were dissocia- 
ble by chaotropic agents such as potassium 
thiocyanate (26). 

The unheated and pasteurized bLf prepara- 
tions showed similar antibacterial properties 
and caused an effective metabolic inhibition 
with a moderate! bacteriostasis. The UHT- 
treated bLf caused only a slight reduction in 
the bacterial metabolism and failed to elicit 
bacteriostasis. Recent studies have suggested 
that a correlation exists between the degree of 
Lf binding to bacteria and antimicrobial ac- 
tivity (28). Therefore, loss in the antimicrobial 
activity of UHT-treated bLf could possibly be 
due to a reduced interaction capacity of the 
protein with the bacteria from heat-induced 
conformational changes. However, Fe-bLf (un- 
treated, pasteurized, or UHT treated) did not 
affect the bacterial growth, which might be due 
to the inability of these proteins to chelate iron 
(17). Finally, the protein conformation of the 
apo-bLf is important for the antibacterial effect 
(2, 4). 
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CONCLUSIONS 

In conclusion, we confirmed that the ther- 
mal denaturation of bLf in water was depen- 
dent on the iron status of the protein. The UHT 
treatment denatured the protein structure and 
also diminished the antibacterial properties of 
bLf. Pasteurization seems to be the method of 
choice because it did not alter either the bac- 
terial interaction capacity or the antibacterial 
activity of bLf. However, because Lf has been 
associated with several biological functions, 
the effect of heat treatment on these properties 
remains to be elucidated. 
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