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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 HCO

3
– 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.
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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%
O

2
 and 20% CO

2
) 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



FOODTECHNOLOGY 45VOL. 56, NO. 3 • MARCH 2002

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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