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Enzymatic coagulation of milk by immobilized proteases, and their
potential application to cheese manufacture, is reviewed. Particular
emphasis is given to the immobilized prot~ase catalyst and to the
reactor design for coagulation of milk. Pepsin and chymotrypsin
retained more activity and greater stability than the other immobilized
proteolytic enzymes. Porous glass beads, several anion exchange resins,
and the copolymer ethylene-maleic anhydride gave best results among
the support materials that were evaluated. Covalent attachment of
enzyme to support is preferable to adsorption techniques but may be
too costly. Perhaps the best catalyst is one using a lengthy procedure for
covalent immobilization of enzyme on glass beads but good results were
also obtained with simpler adsorption techniques. Catalysts varied
greatly in initial activity but all lost activity upon exposure to milk.
Stirred tank, packed bed, and fluidized bed reactor designs were used.
Continued research is required to make enzymic milk coagulation with
immobilized proteases economically feasible.

A relatively new field, immobilized enzymes
encompass surface and biological chemsitry,providing an
interface for imaginative applications, be they theoretical
or practical. Since about 1960 (70), immobilized enzymes
have been discussed in over 1,500 research papers, many
TABLE 1. Soluble versus immobilized enzymes in food processing:
Advantages and disadvantages 1

Disadvantages of soluble enzyme
1. Large amount of enzyme can remain in product to participate in
further (undesirable) reaction.
2. Re-use of enzyme precluded.
3. Extent of reaction limited by product inhibition.
4. Precise control difficult.
5. If necessary, enzymatic reaction generally stopped by heating,
which can be detrimental to the food as well as add another processing step.
6. Largely a batch process.
Advantages of' immobilized enzyme
1. Enzyme reusable.
2. Reaction easily terminated by separating substrate from enzyme.
3. More precise control.
4. Less product inhibition.
5. Greater pH and temperature stability.
6. Can use enzymes presently unusable for various reasons.
7. Potential operation over greater pH range by modifying charge
characteristics of support.
8. Continuous or batch use.
9. Greater reactor design flexibility.
Disadvan .. ages of immobilized enzyme
1. Lower specific activity.
2. Inactivation with continued operation.
3. Cost of support and immobilization procedure.
'Advantages ofthe soluble enzyme are not listed. The soluble enzyme is
the presently used form and thus implicitly has advantages.

trade journal articles, numerous reviews (1,50,61,65, 73,
74, 77,78,86-89,95), several books (40,57,68,100), and
various patents. Immobilized enzymes can offer certain
advantages over soluble enzymes in areas such as the
study of enzymes, analytical biochemistry, preparative
pharmacology, and industrial processing - including
food processing (fable 1). For example, in industrial
processing, immobilized enzymes are reusable, generally
more stable and more suited to continuous processing
design than soluble enzymes. Specific uses of
immobilized enzymes illustrating their wide variety of
applications include a cobalamin binding study (84),
elucidation of the casein micelle structure (4, 15), steroid
transformation (60), leukemia therapy (21), urea-selective
electrode (39), chill-proofing of beer (96), producing
lactose-free milk (25,98), and reduction of nitrate and
nitrate in waste treatment (58). Although immobilized
enzymes have gained usage in a few commercial
operations, there is considerable work remaining to
fulfill their potential applications.
An immobilized enzyme requires a support material, a
method of immobilization, and an enzyme. A variety of
enzymes have been immobilized (100)_ Support materials
for enzyme immobilization are quite diverse (73, 74)
including: (a) polymers (51) such as polystyrene (9, 33),
nylon (30,37,44,59,81), ethylene-maleic anhydride
copolymer (52), and Teflon (34); (b) inorganic substances
(10,56,92) such as alumina (13), glass (72,83,90,93,94,
97), stainless steel (12,13,41), and sand (47,83); (c)
natural products such as cellulose (49), collagen
(22,35,45), and chitin (79,80); and (d) modified materials
such as DEAE-cellulose (99,100) and DEAE-Sephadex
(99,100). The physical form of these supports is also quite
diverse: they can exist as powders, particles, granules,
sponges, gels, spheres, fibers, and membranes.
Several immobilization methods are available which
may be placed in three categories: (a) adsorption, enzyme
physically adsorbed to a water insoluble matrix; (b)
covalent attachment, chemical bond formed between
enzyme and support material; and (c) entrapment,
chemical and/or physical localization of enzyme in water
insoluble matrix. Examples from each category include
physical adsorption of phosphatase on hydrophobic
derivatives of cellulose (II), lactase covalently coupled to
porous glass (97), and invertase entrapped in fibers (53).
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immobilized enzymes in a continous process in the world
and is still the largest. Many other potential food
processing applications of immobilized enzymes have
been studied or proposed but none have become
commercially viable (57,65).
COAGULATION OF MILK WITH
IMMOBILIZED PROTEASES
Clotting milk with immobilized proteases may find
application in cheesemaking (48,66,67, 71). Current
research in the cheese industry is attempting to make the
traditional, labor-intensive, batch process more efficient
and ultimately continous (48,54,85). Retaining the batch
process, the industry has advanced through using larger
batch units (48), thereby achieving an economy of scale.
Mechanization (64,85)--and even automation (63)--of
the various batch steps has also improved efficiency. New
enzymes have been used to supplant the dwindling
supply of rennet (62). Direct acidification has been
researched as a way to avoid use of starter cultures (69).
A fully continuous cheesemaking system is still in the
developmental stage. A continous process for making
cottage cheese has been reported but is not being used
08). However, several commercial units are available
that make individual batch steps continuous. For
instance, equipment for continuous cheddaring and
salting have been developed (19,23,24,63). A continuous
coagulator using soluble milk clotting enzyme in a cold
renneting step has also been reported (48).
Enzymatic milk coagulation, a two-phase process,
involves first the enzymatic cleaving of a phenylalanylmethionine bond in k-casein; this splits off negatively
charged peptides and thus destabilizes the casein micelle
09). The secondary phase is physical aggregation of
micelles to form a coagulum. The large temperature
coefficient (Q 1o) of the secondary phase but low Q 10 of the
primary phase permits separation of the two phases by
lowering the temperature. Thus, the immobilized enzyme
retains sufficient activity at lower temperatures to
complete the primary enzymatic phase but clotting
would not occur until after milk is removed from the
immobilized enzyme and warmed.
Enzymatic coagulation of milk with immobilized
proteases has been reviewed (65, 66,67, 70, 71). This review
is concerned with the potential application to
cheesemaking of the coagulation of milk with the
immobilized proteases reported in the literature. Thus,
the following information about each previous research
study is important and wiii be discussed: (a) enzyme
used, (b) support used, (c) method of immobilization, (d)
activity of resulting catalyst, (e) inactivation rate of
catalyst, (f) reactor design, and (g) contact time and flow
rate.
The various results reported in the literature are
difficult to compare since they were obtained and
reported in different ways. Most papers did not give
enough information on which to compare activity on the
basis of milligrams of bound enzyme. Furthermore, some
researchers coagulated milk at its normal pH, some
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Immobilized enzymes allow greater flexibility in
reactor design than do soluble enzymes, which may be
their most significant advantage. Common reactor
designs for using immobilized enzymes are packed bed,
fluidized bed, and stirred tank reactors (5,8,27,50,89).
These reactors permit either batch or continuous
processing but continuous processing is inherently more
efficient than batch. Continuous operation would be the
ideal usage of immobilized enzymes, particularly in food
processing.
Many elegant covalent attachment and polymeric
entrapment procedures using expensive, functionalized
support materials have been published. Food processing
with immobilized enzymes, however, probably will
require simple immobilization procedures and inexpensive support materials for the foreseeable future. Unless
exceptional performance is obtained with the more costly
catalysts, the added expense of immobilization cannot be
justified in a food processing system. Both commercially
successful food processes (see below) using immobilized
enzymes employ adsorption (a simple immobilization
procedure) on inexpensive DEAE-modified matrices
(3, 7,55, 75, 77).
Thus, the ideal food processing application of
immobilized enzymes will apparently require an
inexpensive support, a simple preparation, and a reactor
design permitting good substrate-enzyme contact in a
continuous, free-flowing operation. Ultimately, use of
immobilized enzymes will be an economic decision,
based as much on catalyst cost and performance as on
processing changes.
Examples of food processes that currently use
immobilized enzymes are limited (57,65, 77.91). However,
immobilized enzymes are used as an integral part of two
commercial food processing systems. The resolution of
L-amino acids by immobilized L-amino acid acylase is a
commercial process in Japan (75, 77). The immobilized
enzyme selectively removes the acetyl group from the
optically active L-isomer of a racemic mixture of the
acetylated amino acid. The resulting free L-form is easily
separated from the acetylated D-form, which is then
racemized chemically to regenerate more L-amino acid.
Converting to this continous process from the previous
batch operation reduced costs about 40%.
Glucose isomerase, one of the more important soluble
enzymes in the food industry, is used in the other
commercial immobilized enzyme system. Clinton Corn
Processing Company received the 1975 1FT Food
Technology Industrial Achievement Award for developing a process to produce high fructose corn syrup using
immobilized glucose isomerase (55). Other companiesNovo Enzyme Corporation, Penick and Ford
Corporation, and Corning Glass Works-have developed
similar systems. The enzymatically converted cornstarch
costs less than does invert sugar produced from sucrose,
and has comparable sweetness. The commercial process
involves liquefying raw cornstarch, saccharifying to
dextrose, isomerizing to fructose, and refining (3, 7, 77).
This is the first large scale commercial application of
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acidified milk before enzyme contact. and others
acidified milk after enzyme contact. Both phases of
enzymatic milk coagulation are pH dependent-and the
secondary phase is highly pH dependent-making
results from these different pH values difficult to
interpret. Reactor design, contact times, and flow rates
varied but a reasonable idea of the immobilized protease
activity and the milk clotting system was obtained from
each paper and compared to the others.

immobilization (14,16,18). Perhaps this is due to the
negatively charged supports to which it has been
attached and which effectively put pepsin in a lower
microenvironmental pH. Rennet was found to be more
active but less stable than pepsin (16). It has been
reported that chymotrypsin was used with some success
(99). The .Mucor miehei proteases, papain, and trypsin
were not as effective as other milk-clotting enzymes used

Enzyme used
Use of immobilized instead of soluble enzymes for
milk coagulation offers some advantages from the
stand point of the enzyme itself. First, there is a
worldwide shortage of veal rennet, prompting use of
other suitable proteases in traditional cheesemaking
systems. However, the substitutes have some limitations
(62). Shortage of milk-clotting enzymes may be eased by
employing immobilized enzymes which can be re-used.
Second, since the immobilized enzyme does not
contaminate cheese, other proteases could be used that
are not suitable in the soluble form because of excessive
proteolysis. In addition, lack of contamination of cheese
with milk-clotting enzymes would allow more controlled,
longer ripening times. Greater storage stability would be
advantageous with high-moisture cheeses since greater
amounts of these types could be manufactured during
peak milk production and held until seasonal slumps in
production. In these types and other cheese varieties
controlled amounts and types of proteases can be added
to obtain the desired rate of proteolysis. Proteases can be
selected for their beneficial effects on cheese ripening
rather than a compromise between milk-clotting and
cheese ripening capabilities. It may be possible also to
infuse these proteases into cheese curd and eliminate
their loss into cheese whey. While use of immobilized
milk-clotting enzymes appears promising, yield, flavor,
and texture of cheese made with immobilized clotting
enzymes need to be researched.
Several proteolytic enzymes have been immobilized for
use in milk coagulation (Table 2). Direct comparison of

Supports used
For coagulation of milk with immobilized proteases to
be commercially feasible, the support material must be
evaluated for cost, physical characteristics suitable for
particular processing conditions, extent of enzymesubstrate contact, toxicity, and flow characteristics. A
variety of support materials have been used to
immobilize proteases for milk coagulation (Table 3).
Milk-clotting enzymes have been adsorbed or covalently
bound to several anion exchange resins (38.39). Three
polymers-agarose, ethylene-maleic anhydride (EMA),
and polyacrylamide--were used with EMA being most
satisfactory (20,36,38). Porous glass beads were also used
successfully (16,17,32,43); coating of the glass with
zirconium oxide improved performance (18).

TABLE 2.
coagulation

entrapment procedure has been published since this
method is applicable only to small molecular weight
substates able to diffuse in and out of the entrapping
material.
The method of immobilization is quite important in
analyzing applicability of catalyst to commercial milk
coagulation. Questions to be answered include: (a) Is the
method simple and inexpensive? (b) Does the method
prevent desorption of enzyme? (c) How much enzyme is
bound? (d) What is the specific activity? (e) Will the
method be approved for food use? Physical adsorption is
the simplest, least expensive method but generally allows
desorption of enzyme. Green and Cruthchfield (38)
adsorbed rennin to DEAE-cellulose but found all of the
resulting activity due to leached, soluble enzyme.
However, Yanushauskaite et al. (99) adsorbed
chymotrypsin first to a chlorotriazine dye and then to

used

in

immobilized

enzyme

References

16,26.38,99
16
20,46
16,17,18.32,36,43
16.38
16.17
36

catalyst performance on the basis of enzyme immobilized
is unfair since the support material and immobilization
method have a great effect on catalyst activity. But,
taking that into consideration, pepsin appears to be the
best immobilized protease for coagulation of milk that is
reported in the literature. Pepsin, an enzyme with a low
pH optimum and not particularly active nor stable at the
normal pH of milk, is quite active and stable upon

Methods of immobilization
Covalent attachment and physical adsorption are the
two major methods reported in the literature for
immobilizing milk clotting proteases (Table 3). No
TABLE 3. Support materials and immobilization methods of
immobilized
used in the coagularion of milk
Support

Agarose
EMAresin
CM-cellulose
Polyacrylamide
Porous glass
ZrO,-coa ted porous glass
DEAE-cellulose
Amberlite GC 400 I
DEAE-Sephadex
(Enzyme polymer)

Met.hod of immobilization

Covalent
Covalent
Covalent
Covalent
Covalent
Covalent
Adsorption
Adsorption
Adsorption
Glutaraldehyde

References

38
36
20,38
20
16.17,32,43
18
38,99
99
99
46
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Enzyme

Chymotrypsin
l\1ucor miehei proteases
Papain
Pepsin
Rennin
Rennet

enzymes

(16,20,36).
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Cata{vst activity
Catalyst performance depends upon both activity and
stability. A catalyst with high initial activity and a slow
rate of inactivation is preferred. Comparison of catalyst
activities reported in the literature is difficult since
activity was determined in different ways. Activity
depends on temperature of reaction, amount of enzyme
used, pH of milk, contact time, etc., and these
parameters varied among papers. However, initial
activities varied greatly, suggesting real differences in the
catalysts and not just in experimentation. For instance,
Green and Crutchfield treated 5 ml of milk at 30 C with
1.7 mg of bound enzyme and observed clotting in 115
min. This low activity required a long contact time (flow
rate of240 ml/3 days) in their packed bed reactor. Cooke
and Caygill (20) also reported low activity with a packed
bed reactor, containing 15 mg of bound enzyme,
operating at 4 C and a milk flow rate of 3-4 mllh.
Effluent milk clotted in 5 min after warming to 37 C.
Yanushauskaite et al. (99) obtained somewhat better
results. Milk (5 ml) treated for 15 min at 3 C with 20 mg
of bound chymotrypsin clotted in 30 sec upon warming to
37 c.
Cheryan et al. (14, 16-18) obtained high activity
with pepsin covalently coupled to porous glass beads.
Milk of normal pH and at 10 C was passed through a
fluidized bed reactor containing about 5 mg of bound
enzyme. A contact time of only 1 min resulted in
immediate clot formation after adjusting the milk to
pH 6.1 and 30 C.
Inactivation rate
All previous reports indicated a decline in milk
clotting activity of the immobilized enzyme during
continuous exposure to milk. Although details of

inactivation rates were given in only a few papers, it
appears that these rates varied. Inactivation rates are
very important for commercial operation; slow obviously
is desirable. Inactivation seems to be a characteristic of
all immobilized enzymes but is greatly accelerated when
the substrate contains protein. Cooke and Caygill (20)
found that repeated use of their immobilized papain led
to a gradual loss in activity. Yanushauskaite et al. (99)
observed that an initial flow rate of 3-4 ml/h produced a
clot in 5 min but only five column volumes of milk later
this flow had to be reduced to 1.5 ml!h to obtain the
same clotting time. Ferrier et al. (32) observed a slower
decline of milk-clotting activity of pepsin covalently
attached to glass beads that was dependent upon pepsin
source and temperature of milk being treated but
independent of flow rate. Using the same catalyst,
Cheryan et al. (14, 16. 17) obtained a slightly better
stability of the immobilized protease activity by using
milk of normal pH in a fluidized bed reactor rather than
a packed bed reactor. Subsequently, Cheryan et al. (18)
further improved stability of the immobilized protease
activity and reported a 40-70-h useful catalyst lifetime in
their system. They used a Zr0 2-coated controlled pore
glass support and glutaraldehyde as the coupling agent
to precoat the support with bovine serum albumin before
attaching pepsin. The labile imine bonds formed
between the proteins and glutaraldehyde during
immobilization were reduced with sodium borohydride.

Reactor design
One of the great advantages in using immobilized
proteases to coagulate milk is the flexibility in reactor
design. The reactor is that vehicle providing contact
between enzyme and milk (50). Three common
designs-fluidized bed, packed bed, and stirred
tank-which are applicable to continuous processing
have been reported in the literature (Table 4). It is imTABLE 4. Reactor designs used in the coagulation of milk with
immobilized proteases
Reactor

Packed bed
Stirred tank
Fluidized bed

References

20,32,38.43
26,36,38,99
16.17,18

portant that the reactor provide good enzyme-substrate
contact but also allow free flow. Reactor design and the
physical form of the catalyst must be complementary.
Both stirred tank and fluidized bed reactors appear
well suited to treat milk with immobilized proteases.
Shear forces in stirred tank reactors limit types of
catalysts to those having sufficient structural integrity.
The stirred tank can be used on a batch basis if the
enzyme is filtered out after the reaction has been
completed. The packed bed reactor, which has been
investigated in many applications of immobilized
enzymes, is limited by milk coagulating and plugging the
column. The fluidized bed reactor alleviates plugging of
the packed bed and can be used with supports that would
disintegrate in a stirred tank (8. 27).
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anion exchange resins and reported no desorption of
enzyme.
Covalent attachment of the milk-clotting enzyme to
the support material has been used in most research.
This procedure is preferable for iaboratory studies but
may be too complicated and costly for preparing
immobilized cheesemaking enzymes. Covalent bonding
usually eliminates desorption of enzymes; this problem
was reported in one study but was subsequently corrected
(18). Minimizing desorption of immobilized milk-clotting
enzyme is important to lessen catalyst inactivation and
control proteolysis in cheese curd during aging.
Although important for scale-up calculations, few
papers report enzyme bound on a unit basis. Specific
activity, also important, is inadequately reported. To
illustrate the range reported, Yanushauskaite et aL (99)
found retention of only 2-5 o/o of the specific activity of the
bound chymotrypsin compared to the soluble form
whereas Goldstein (36) observed 40 o/o retention of specific
activity of pepsin upon immobilization. The ideal is to
have a method producing a
with maximum
specific activity and activity per unit of support to
minimize the size of the reactor.
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Contact time and jlow rate
Contact time (with a known flow rate) determines
reactor size and amount of immobilized enzyme required
and influences the economics of a commercial
continuous coagula tor. A high flow rate and short
contact time is desirable so that a large quantity of milk
can be clotted by a small amount of catalyst in a small
reactor.
Reported contact times varied greatly (Table
The
extremely long contact times reported are not suitable for
cheesemaking.

Flow rate
or

250 ml/3 days
3-4 mllh
lSmin
l.7min
1 min

Initial

Reactor

min
min
.Smin
1.7 min
immediate

4
4
3
36
10

References

115
5

38
20

99
26
16,17,18,32,43

CONCLUSIONS

A summary of the research literature concerning milk
dotting with immobilized proteases is presented in Table
6. Of the immobilized proteases cited, the best system
reported appears to be one using the catalyst and reactor
design described by Cheryan et al. (16, 18). This system
includes pepsin covalently attached to a zirconium oxide
coated porous glass bead, precoated with bovine serum
albumin. These beads are used in a fluidized bed reactor
at low temperature to separate the two phases of
enzymatic milk coagulation. Effluent milk is acidified
and warmed for coagulation. Short contact times and
with immobilized

Inactivation
rate

Immobilization
method

Enzyme

Chymotrypsin
and rennin

Agarose

Covalent

Poor

Rennin

DEAE-cellulose

Adsorption

Poor

Papain

None

Pepsin and
trypsin
Papain

EMAresin

Glutaraldehyde
cross-link
Good
Covalent

Chymotrypsin

CM-cellulose and
polyacrylamide
Amber lite and
DEAE-cellulose and
DEAE-Sephadex
CM-cellulose
Porous glass
Porous glass

Chymotrypsin
Pepsin
Rennin and
chymotrypsin
and Mucor
miehei
proteases
Porous glass
Pepsin
Porous glass
Rennet
Porous

Covalent

Poor

Adsorption

Poor

Covalent
Covalent
Covalent

Poor
Good
Poor

Covalent
Covalent

Very good
Excellent

Covalent

Excellent

Reactor

Contact
time

Long
bed
and stirred
tank
Packed bed and Long
stirred tank

References

38

38
46
36

Gradual
Rapid

Gradual

Gradual
Gradual but
faster than
pepsin
Slowest

Packed bed

Long

20

Stirred tank

Medium

99

Stirred tank
Packed bed
Fluidized bed

Long
Short
Sbort

26
32,43
16

Fluidized bed
Fluidized bed

Short
Short

16,17
16

Fluidized bed

Short

18
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TABLE 5. Conract times and .flow rates used in the coagulation of
milk with immobilized nrrm>c><P.<

high activity were observed. Inactivation of catalyst
resulted in an approximately SO-h useful catalyst life.
However, this system is far from the ideal, and
preliminary calculations show the system to be
economically infeasible at present. The glass support
material is costly, lacks sufficient density for optimum
fluidization, and the immobilization procedure is
lengthy. The clotting activity exceeds that of other
reported immobilized proteases, but a catalyst with
higher activity and a slower rate of inactivation would be
much more desirable. Further studies on cheaper, denser
supports and simpler immobilization procedures that
give catalysts with comparable or greater activity are
necessary to allow more favorable economic projections.
Milk is nearly an ideal food with which to study use of
immobilized enzymes. It is a fluid and enzymes are
already used in various milk processes (2, 48, 76).
However, the protein in milk appears to deposit on the
immobilized enzyme leading to a rapid decline in activity
of the enzyme catalyst. Regeneration of the catalyst
activity has been only partially successful (14, 16, 32).
Other immobilized enzymes have been studied for use
in milk (14, 48. 66, 67, 71, 76). These include
immobilized catalase to destroy hydrogen peroxide used
in cold pasteurization of milk (6), immobilized
peroxidases as antimicrobiai agents (66), immobilized
98), and immobilized
lactase to hydrolyze lactose
sulfhydryl oxidase to eiiminate cooked flavor from milk
sterilized by the Ultra-High Temperature process (77,
82). Perhaps use of immobilized proteases in a
continuous system will eventually be integrated into
commercial cheesemaking.
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