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(ABSTRACT)

.„ The percent in·vitro digestibility of proteins in human milk was determined by three

different methods and compared with the in-vitro digestibility of proteins in Enfamil,

Similac and lsomil. In·vitro digestibility was determined by sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE), pH drop and a simultaneous dialysis

method. Significant differences (P<0.05) were observed in the in-vitro protein

digestibility of human milk and the three infant formulas. Estimated percent in-vitro

protein digestibility of each of the samples was also found to be significantly affectedI
by the method of determination. The in-vitro protein digestibility of all four samples

_ estimated by simultaneous dialysis was lower than results obtained by SDS-PAGE

and pH drop methods. Except for lsomil, results obtained by the pH drop method

were lower than those determined by SDS-PAGE. The in-vitro protein digestibility of
Enfamil and Similac was found to be greater than that of human milk by all three

methods. Except for results obtained by SDS—PAGE, the in-vitro digestibility of

proteins in lsomil was found to be greater than for the proteins in human milk. These

results indicate that the proteins in human milk are not as extensively hydrolyzed

in-vitro as the proteins in powdered infant formulas.
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1.0 Introduction

The neonatal period of life represents one of the most rapid stages of growth and

development. Thus there is a great demand for all of the essential nutrients,
I

including protein, which are usually supplied by a single food source. The Committee

on Nutrition of the American Academy of Pediatrics (1978) strongly recommends

breast feeding for full term infants, except in cases instances where specific

contraindications exist. Most alternatives to human milk used for full and preterm

infants are based on bovine milk proteins (Fomon, 1975). Since the nutritional needs

of infants are often based on the composition of human breast milk, most proprietary

milks are made to resemble many of the nutritional and physiological characteristics 1
of human milk. These substitutes can only be "humanized” to a certain extent, I

especially if they are based on the milk of another species or protein source. Since D
human milk is regarded as the ideal food for infants, it is important to have accurate I

data on the composition and utilization of humanmilk.1

One objective of this study is to compare the in—vitro protein digestibility of human
D

D
milk and various types of infant formulas. Initial studies of in-vivo and in·vitro 1

1
rnemamson 1 I

1
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digestibility of milk proteins concluded the superiority of human milk based upon the
differences in the sizes and tension of (casein) curds formed in the infant stomach.

Unfortunately, these measurements have not been identified as being of any

nutritional significance. The high pH of the infants stomach and immature digestive
system may retard initial protein digestion (Wolman, 1946). Recent evidence
suggests that some protein fractions of human milk may remain unhydrolyzed or be

limited in their digestiblity (Jakobsson et al. 1982, Spik et al., 1982). lf this is true, it

would have important implications regarding protein utilization by human infants.

More information is also needed concerning differences in digestibility of various milk

protein sources. This information is important because protein digestibility helps to

determine subsequent amounts of nitrogen available to the infant and thus lnfluences

the protein requirements for this stage of life. lf significant amounts of nitrogen or
essential amino acids are not absorbed from the gastrointestinal tract, the nutritional
quality of that protein may be impaired.

Protein digestion is a complicated process. Along with the fundamental physiological

processes, protein digestion is also dependent on the quality and quantity of protein

itself. The biochemical differences between human and bovine milk are well

documented. The significance of these differences is yet to be understood and its

relevance to protein digestibility has yet to be determined.

A number of in—vitro methods have been proposed to evaluate protein digestibility.

Methods using animal bioassay are most commonly used for measuring the nutritive

quality of proteins and measurement of true digestibility involves determination of

fecal and endogenous nitrogen. ln recent years there has been considerable interest

in developing alternative in-vitro methods. Most of the present in-vitro methods for

Introduction 2



determining protein digestibility yield results that are difficult to interpret or have
other Iimitations. This study will evaluate a modified sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE) system for estimating protein

digestiblity and compare it with two existing methods. The use of this SDS-PAGE
system offers several advantages. Proteins and peptides are resolved over a wide

range of molecular weights; yielding a tangible gel that visually depicts the hydrolysis

of proteins during the digestive process. This SDS·PAGE system can also be used
to estimate the molecular weights of resolved proteins as a means of identifying the
hydrolyzed and unhydrolyzed protein fractions.
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i 2.0 Review of Literature

2.1 Milk Proteins

Nutrition plays a major role in the maintenance of human health, atiall ages. The

neonatal period is perhaps the most critical stage of life with respect to nutrition.

During the first year of life, humans grow and develop more rapidly than at any other

time. lnfants usually double their birthweight in the first five months, gaining five to

eight ounces per week, along with increasing their birth length by ten inches in the

first year. The infant adds about 3.5 grams of protein daily during the first four months

and about 3.1 grams per day for the rest of the first year (Robinson and Lawler, 1977).

Thus there is a great demand for protein as well as all essential nutrients during this

stage of rapid development. Most of these nutrients, especially in the first six months
of life, are supplied by a single food source such as human milk or an infant formula.

Until quite recently, breast feeding was the primary mode of infant feeding. There

were few alternatives and few lnfants survived unless breast fed. During the latter

Review of Literature 4
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half of the twentieth century substitutes were developed for human milk. Several
commercial products are now available which attempt to simulate human milk and its

nutritlonal benefits. Due to the relative merits of human milk, the American Academy

of Pediatrics recommends the practice of breast feeding whenever possible
(Committee on Nutrition, 1976, 1978).

Nature has provided that the milk composition of each species is adapted to the

particular needs and circumstances of its young. ln defining the various components

of human milk it is important to recognize that it is not a ”standard entity” but varies
with the stage of lactation as well as with time during a given feeding. During
lactation, three main stages of human milk can be identified: colostrum, transitional

milk and mature milk.

Colostrum, secreted postpartum during the first week, consists of a viscous yellow
fluid. The yellow color comes from a high ß·carotene concentration. Colostrum has
a higher protein content than milk from the two later stages of lactation. The

increased protein content of colostrum is primarily due to increases in the whey
proteins rather than the caseins. Colostrum contains about 2.3 g/100 ml protein,

(range 1.5 to 6.8), whereas the transitional milk contains about 1.6 gm/100 ml (range

1.3 to 1.9). Human colostrum is also very rich in antibodies, which may provide

protection against bacteria and viruses associated with the birthing process and

human contact. The major antibodies: IgA, lgG and IgM are highest with the initial

postpartum secretions and fall drastically after lactation is initiated and continued
(Bezkorovainy, 1977).

The transitional phase of lactation is considered to start seven to ten days

postpartum, and end after the second week when the mature milk phase begins.

Review ofLiterature5
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During the transitional milk stage the total protein concentration decreases, due Iikely

to a drop in immunoglobulin levels. During this time, human milk is highly variable

in composition. The change in the composition of milk is most rapid prior to the

eighth day of Iactation and progressively less thereafter. These variations take place

until the onset of the mature milk phase, when the human milk has a relatively stable

composition (Lawrence, 1985).

Most important alternatives to human milk continue to be formulas based on bovine

milk. (Throughout this paper bovine milk will refer to the milk of dairy cows.) Most

formulas used today for full and preterm infants are based on bovine milk proteins

(Fomon, 1975). The proximate composition of mature human milk and bovine milk

can be found in Table 1.

The average protein content of human milk is 1.1 to 1.2 gm/100 ml (Fomon, 1974,

Bezkorovainy, 1977). This value is derived by Kjeldahl analysis using the total

nitrogen content, multiplied by a factor of either 6.25 or 6.38. This assumes that all

the nitrogen in the milk is of protein origin. Recent analysis has reported that human

milk is very high in nonprotein nitrogen, (Lonnerdal et al., 1976) thus Kjeldahl analysis

may overestimate the protein content. Hambraeus (1977) reported that the protein

content of mature milk from well nourished mothers is about 0.8-0.9 gm/100 ml. The

content of the non-protein nitrogen is about 20 to 25 percent in human milk, but only

about 5 or 6 percent of the total nitrogen content in bovine milk. This would mean

that for human milk the Kjeldahl conversion factor should be adjusted to 5.17

(Hambraeus, 1977; Blanc, 1981; Hambreaus, 1984). The major protein and non-protein

nitrogen components of human and bovine milk are given in Table 2. Hambraeus

Review of Literature 6
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Table 1. Proxlmate Compositlon ol Mature Human Mllk and Bovlne Mllk.

COMPOSTION HUMAN MILK COW’S MILK
I

WATER (ml/100 ml) 87.1 87.2
ENERGY (kcal/100 ML) 75.0 66.0

TOTAL SOLIDS (g/100 ml) 12.9 12.8

PROTEIN (g/100 ml) 1.1 3.5

FAT (Q/100 ml) 3.8 3.7

LACTOSE (g/100 ml) 6.8 4.9
ASH (g/100 ml) 0.2 0.7

PROTEINS (% OF TOTAL)
CASEIN 40.0 82.0
WHEY 60.0 18.0

NON PROTEIN NITROGEN
(% OF TOTAL) 15.0 6.0

(FOMON, 1974)

Review of Literature 7
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Table 2. Prote_in and Non Protein Nitrogen Compositlon or Human Milk and Cow’s Mllk.

HUMAN MILK COW’S MILK
(gm N per liter)

Total Nitrogen 1.93 5.31

Protein Nitrogen 1.43 5.03

Nonprotein Nitrogen 0.50 0.28

Urea Nitrogen 0.25 0.13

Creatine Nitrogen 0.037 0.009

Creatinine Nitrogen 0.035 0.003

Uric Acid Nitrogen 0.005 0.008

Glucosamlne 0.047 7

a-Amino Nitrogen 0.13 0.048

Ammonia Nitrogen
T

0.002 0.006

Other Nitrogenous Components 7 0.074

(Hambraeus, 1977)
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(1977) also reported that non-protein nitrogen in human milk can be utilized by
infants.

The proteins of human milk differ from the proteins in bovine milk, in both quantity

and composition. Bovine milk contains about three times the amount of protein that

human milk does. This is due Iargely to the high casein content of bovine milk.
Casein is the protein fraction of milk that precipitates out by curd formation with the

addition of acid (pH 4.6) or rennin. Whey contains a mixture of different proteins

which remain in the liquid after the casein has been removed. Human milk is
composed of about 60% whey and 40% casein proteins. ln bovine milk the

relationship is reversed. Bovine milk is about 82% casein and 18% whey protein.

Caseins are a group of milk proteins that are chlaracterized by serine ester·bound

phosphates, a high proline content, low sulphur amino acid content and few cystine

residues. Caseins are present in milk in the form of complex particles called

micelles. lt is assumed that the primary function of caseins is nutritional. Caseins are

readily attacked by proteases and serve as a source of amino acids as well as a

source of calcium and inorganic phoshorous for the newborn (Jenness, 1979).

The casein concentration of human milk is 0.25 g/100 ml, accounting for about 19%

of the total nitrogen content (Hambraeus, 1977). The casein level present in bovine

milk accounts for approximately 80% of the total proteins. There is also a difference
in the sizes ofthe micelles found in human and bovine milk. The casein micelles of

_ human milk are smaller than those of bovine milk. The micelles of bovine milk range

in size from 30 to 300 nm, averaging about 120 nm in diameter. Human milk casein

micelles are smaller with an average diameter of about 42 nm (Knoop und Wortmann,

1960).

Review ofLiterature9



Caseins can be fractionated into three principal components: oz, ß and 1c—casein. Of

the three major milk fractions, bovine milk contains about 45% ot-s-casein whereas

human milk contains little or none of this fraction. About 50% of human milk consists
of a ß -casein fraction which has a molecular weight of about 25,000 daltons. lt is

similar in size, composition and electrophoretic mobility to bovine ß-casein (Groves

and Gordon, 1970). The rc-casein fraction appears to serve as a micelle stabilizing

agent in both types of milk (Packard, 1982).

These differences in human and bovine caseins are of physiological importance due
i

to curd formation by precipitated casein, which in turn affects gastric emptying and

intestinal transport time. A coagulum commonly referred to as curds forms in the

stomach of all mammals after milk ingestion. The curds that are formed by the two

milks differ in density, size and form. Unmodified bovine milk forms tough rubbery,

curds that are difficult for the infant to digest, due to high curd tension (Blanc, 1961).

The poor absorption of bulterfat in bovine milk may also interfere with protein

digestion. Protein utilization from bovine milk may be improved by heat treatment,

dilution to lower curd tension and replacement of the butterfat with a better absorbed

vegetable oil (Bond et al., 1981). Human milk forms softer more flocculent curds with

zero tension in the stomach of the infant, enabling the gastric enzymes to start

protein digestion. Visible differences ln acid coagulation of human and bovine milks

are observed at pH 5 under the electronic microscope (BIanc,1981). The finer curd

formation of human milk may be partially explained by the smaller diameter of the

casein micelles of human milk (Knoop und Wortmann, 1960) which may facilitate

enzymatic digestion of milk proteins. Another difference which might have

physiological importance is the ease of precipitation of the two types of milks. HumanReview er Literature 10



casein is not as easily precipitated at acidic pH as bovine casein (Jelliffe and Jelliffe,
{

1979).

The composition of the whey portion of human and cows milk is also quite different.

Whey proteins represent more than 70% of the total proteins in human milk but only

20% in bovine milk. The major whey proteins in human and bovine milk are listed

in Table 3. a·Lactalbumin and lactoferrin are the major whey proteins in human milk.

ß·Lactoglobulin is the most abundant whey protein in bovine milk but is absent or ‘

In
present in minute concentrations in human milk.

( According to some authors, the most abundant whey protein in human milk is

o¤—Iactalbumin. oz-Lactalbumin accounts for approximately 30% of the total protein in

human milk and only about 3 to 4% of the proteins in bovine milk. Human and bovine

ot-Iactalbumin have a similar molecular weight of about 14,350 daltons, but different

amino acid compositions (Blanc, 1981). In addition to providing essential amino

acids, cx-lactalbumin functions as an important element of the enzyme system Iactose

synthetase that biosynthesizes Iactose. Presumably the amount of a·lactalbumin

present controls the rate of Iactose biosythesis. Human milk contains a high

concentration of both a·lactaIbumin and Iactose when compared to milk of other

species (Bezkorovainy, 1977). lt should be noted that oz-lactalbumin is not the same

thing as "lactalbumin". Lactalbumin is a term used in the literature to denote a

mixture of whey proteins from bovine milk containing a high amount of

ß·lactoglobulin (Hambraeus, 1977).
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Table 3. Main Components ol Whey Proteins ln Human Milk and Cow's Milk._

HUMAN MILK COW’S MILK
(gm N per liter)

Total Nitrogen 1.93 5.31

Protein Nitrogen 1.43 5.03

Casein Nitrogen 0.40 4.37

Whey Protein Nitrogen 1.03 0.93

a—Lacta|bumin 0.42 0.17

Lactoferrin 0.27 traces

ß·Lactog|obulln ·- 0.58

Lysozyme 0.08 traces

Serum Albumin 0.08 0.07

lg A 0.16 0.005

lg G 0.005 0.096

lg M 0.003 0.005

(Hambraeus, 1977)
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Lactoferrin is the second most abundant whey protein in human milk. lt is a

glycoprotein which inhibits the growth of a number of bacteria by making iron

unavailable for bacterial growth. Human milk contains up to 100 times the amount

of Iactoferrin of bovine milk, depending on the stage of Iactation. Lactoferrin is a_

large, single chain glycoprotein capable of binding two atoms of ferric iron. The

molecular weight of human milk Iactoferrin is about 76,000 daltons and about

86,000-93,000 daltons for bovine milk (Blanc, 1981). When Iactoferrin binds iron it
assumes a pink, salmon color which explains why it has been termed the ”red

protein". When Iactoferrin is bound to iron it losses it bacteriostactic properties
i

(Bezkorovainy, 1977). Lactoferrin in human milk is saturated to a very low extent,

approximately 3-5% of the total iron binding capacity (Fransson and Lonnerdal, 1980).

Recent evidence suggests that Iactoferrin may resist hydrolysis and remain intact

during passage through the neonatal gastrointestinal tract. Davidson and Lonnerdal

(1987) extracted and analyzed fecal samples collected from infants exclusively fed

human milk. Lactoferrin and secretory lgA made up a significant proportion of the

protein excreted by the infant. During the first two weeks postpartum, nearly 70% of

the excreted protein was Iactoferrin and secretory lgA. The excreted Iactoferrin and

secretory lgA were demonstrated to be intact (unhydrolyzed) by gel filtration

chromatography. The percent of Iactoferrin which was excreted by the infant

decreased with age but fecal Iactoferrin was detected throughout the 22 week study.

Spik et al. (1982) demonstrated the presence of Iactoferrin in the fecal extracts of

breast fed and bottle fed infants after the addition of human or bovine Iactoferrin to

the diet. Significant differences were observed in the amounts excreted depending

on the source and degree of iron saturation. More bovine copro-Iactoferrin was found

Review urLiteratureI3



E
in the stools of infants fed on a bovine milk formula supplemented with bovine

Iactoferrin than human Iactoferrin. Also, the iron saturated forms of human and

bovine Iactoferrin appeared to be more resistant to proteolysis.

Lysozyme is another interesting component of whey, present in up to 5000 times

greater concentration in human milk than in cows milk. It is the most abundant

enzyme of human milk, if oz-Iactalbumin is excluded. Human milk contains a higher

concentration of lysozyme than milk of most other species (Bezkorovainy, 1977).

Lysozyme ls a basic, single chain polypeptide with a molecular weight of about 14,400

daltons (Blanc, 1981) Lysozyme is another fraction of human milk reportedly resistant

to digestive enzymes and not destroyed in the intestines. Lysozyme has been found

excreted in the feces of infants fed human milk (Lonnerdal et al., 1987). When added

to bovine milk it yields a softer curd formation associated with greater digestibility

(Cavalieri, 1957).

Lysozyme functions as an anti-infective substance that is bacteriolytic against

enterobacteriacae and gram positive and negative bacteria. It may also play a role in

protection against some viruses (Jelliffe and Jelliffe, 1979). The lysozyme of human

and cows milk are only slightly different when compared to those in other species.

The basic differences between human and bovine lysozymes are in their antigenic

and seriological properties (Packard,1982).l

The major immunoglobulins of human milk are IgG, IgM, and secretory IgA, along

with small amounts of lgD and lgE. The most abundant immunoglobulin in human Q
milk is IgA, while the immunoglobulins in bovine milk are predominantly of the

lgGclass.lgA is very stable and resistant to proteolytic enzymes. lt functions to provide E

protection from enteric infection and prevents the passage of various foreignproteinsReview

of Literature 14



and bacteria from the intestinal tract into the circulation. The immunoglobulins are
large molecules with molecular weights in the range of 150,000 to 1,000,000 daltons

(Blanc, 1981). Most of the IgA immunoglobulins are found immunologically intact in

the feces (Bezkorovainy, 1977). Davidson and Lonnerdal (1987) reported large

amounts of intact secretory lgA excreted in the feces of infants exclusively fed human

milk. Fecal excretion of secretory lgA appears to decrease during the course of

lactation but enhanced degradation does not appear to occur with maturation of the
infant’s gastrointestinal tract.

2.2 infant Formulas

Today a number of proprietary milks are available. Many of these utilize bovine milk,

soy, protein hydrolysates or meat as protein sources. Table 4 identifies different

types of infant formulas available commercially. The composition of these formulas

can vary but must be within prescribed limits. Generally formulas that serve as a

complete substitute for human milk provide 7-16% of calories from protein of an

appropriate biological quality, plus 30-54% of the calories from fat, with Iinoleic acid

at 2-3% and the remaining calories from carbohydrate (NAS/NRC, 1980). The

quantitative differences in the composition of human milk and bovine milk are

obvious. Even though infant formulas are developed to provide many of the same

nutritional and physiological characteristics of human milk, there are still differences

between the two. Within the past two decades manufacturers have made changes in

the composition of infant formulas in response to new knowledge about neonatal

nutritional requirements. Specific recommendations and standards for infant

Review urLiteratureis
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Table 4. Types of Commerclally Available Formulas for Normal Full-Term lnfants.

TYPE NUTRIENT SOURCE G/100 KCAL % KCAL
MILK- Protein Nonfat 2.2-2.3 9
BASED Cows Milk
(CONVENTIONAL) Fat Vegetable 5.4-5.5 48-50

Oil
Carbo- Lactose 10.5-10.8 41-43
hydrate

WHEY Protein Nonfat 2.2 9
ADJUSTED Cows Milk +

Demineral-
(HUMANIZED) ized Whey

Fat Vegetable 5.4 48
And Oleo
Oils

Carbo- Lactose 10.8 43
hydrate

SOY Protein Soy ‘ 2.7-3.2 12-13
ISOLATES lsolate
(MILK-FREE) Fat Vegetable 5.1-5.64 45-51

Oils
Carbo- Corn Syrup 9.9-10.2 39-40
hydrate Solids And

Or Sucrose
CASEIN Protein Casein 2.8-3.3 11-13
HYDROLYSATE Hydrolysate

Fat Corn Oil 3.9-4.0 35
Or Corn Oil
+ Medium Chain
Triglycerides

Carbo- Tapioca 13.1-13.6 52-54
hydrate Starch And

Glucose,Sucrose,Or
Corn Syrup

Solids
(Anderson et al., 1982)
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formulas have been developed in order to supply most, or all, of the nutrients
required for the first month of life (Committee on Nutrition, 1976, Anderson et al.,

1982).

2.2.1 Milk·Based Formulas

2.2.2 Bovine Milk

Due to differences in their composition early attempts to substitute unmodified bovine
milk for human milk in infant, feeding were unsatisfactory . Unmodified bovine milk

does not meet the nutritional requirements of young infants. Bovine milk has greater

protein and mineral concentratlons than human milk. Bovine milk also contains less

lactose than human milk and fat which is poorly absorbed by infants. Cow’s milk may
be better tolerated by infants following acid or heat treatment and dilution. Iron
deficiency anemia, occult bleeding from the gastrointestinal tract, high renal solute
load and unvalidated association with allergies have all been associated with early
introduction of bovine milk (Committee on Nutrition, 1983). Untreated, whole bovine

milk should not be used at least for the first six months of life.

The principle protein source of milk-based infant formulas is the fat-free solids of

bovine milk. Three specific alterations are necessary if bovine milk is to be used as

a base for an infant formula. Since bovine milk is higher in protein than human milk

its protein content must be reduced without a loss in protein quality. Other

modiflcations that must be made include Iowering the mineral content, raising the

carbohydrate content and altering the fat composition.
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Milk based formulas generally contain about 1.5 g of protein/100 ml providing
1

approximately ten percent of the calories from protein. Milk based products consist

of either fluid or dry ingredients with vegetable oils and lactose or com syrup solids

as the carbohydrate source. Most formulas fed to infants in the United States during
the first six months of life are commercially prepared milk·based formulas (Fomon,

1975).

Products containing bovine milk proteins have been reported to be as effective as

human milk in promoting nitrogen retention in infants (Barness et al. 1957, Fomon and
May, 1958, Fomon, 1960, Fomon and Owens, 1962, and Fomon and Filer, 1967).

infants receiving 6-7% of calories from bovine milk products reportedly have growth

rates similar to infants receiving human milk (Fomon, 1960, Fomon and Filer, 1967,

Fomon et al., 1969).

2.2.3 Whey Adjusted Infant Formula

A second type of milk·based formula is prepared by adding demineralized whey to

nonfat cows milk. ln this process the substantial amounts of minerals normally

present in whey are removed by electrodialysis, ultafiltration or ion exchange.

Minerals can then be added in desirable amounts to achieve similar concentrations

to those present in human milk. The addition of demineralized whey makes it

possible to approximate the casein to whey protein ratio found in human milk (40:60).

This ratio differs considerably from the ratio of unmodified cows milk, in which casein

accounts for about 80% and whey about 20% of the protein. The high casein

composition of bovine milk is believed to be responsible for the large, relatively poor
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digested mass of curds formed in the infant stomach (Fomon, 1974). Infantformulaswhich

contain a 40:60 casein to whey protein ratio are often termed ”humanized”, as
l

the product is developed to closely approximate the true composition of human milk

(Anderson et al., 1982).

Humanized infant formulas have not been demonstrated to be nutritionally superior

to the other milk·based formulas. The protein concentrations of the different types
of infant formulas are given in Table 5. infant formulas using a casein and whey

protein base are of greater biological value for rats than bovine milk proteins
(Tomarelli and Bernlhart, 1962). Thus a smaller amount of the milk protein is able to

f

serve the infant’s protein needs. The exact amount of protein in each formula is

determined by the quality of the protein source (Packard, 1982). Term infants exhibit

different responses to human milk and infant formulas. infants fed whey predominant

or casein predominant formulas have elevated plasma amino acid and blood urea

nitrogen as compared to infants exclusively fed human milk (Jarvenpaa et al., 1982a,

Jarvenpaa et al., 1982b, and Janas et al.1985).

2.2.4 Soy Formulas

The most common milk free formulas are those prepared from a soy base. About
15% of infants in the United States receive lactose free formulas that have a soy

protein isolate protein base (Fomon, 1975). Presently these formulas contain a water

soluble soy isolate, with a protein content of at least 90 percent. Previously soy flours

were used as a major ingredient in infant formulas, but they contained nondigestible

carbohydrates which led to loose, malodorous stools (Anderson et al., 1982). lt is ‘
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Table 5. Protein Concentration of Human Milk and Various Infant Formulas.

Source Protein
(gm/100 Kcal)

Human Milk 1.6
Whole Cow's Milk 5.0
Commercial Infant Formulas

Milk-Based 2.2-2.7

I Soy Isolate Based 2.7-3.3

(Fomon, 1974)
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common practice to add L·or DL-methionine independently to soy infant formulas.

This addition makes the essential amino acid composition similar to that of the other

infant formulas. Soy protein isolate based infant formulas are nutritionaliy complete

when the protein concentration is between 1.8 to 2.5 g/100 ml (Packard, 1982).

Nitrogen retention and growth rate (weight, length and head circumference) of term

infants exclusively receiving soy protein formulas have been reported to be

comparable to infants receiving human milk (Fomon, 1959, Fomon et al., 1973) or a

bovine milk based formula (Steichen and Tsang, 1987).

2.3 Protein and Amino Acid Requirements of infants

During the first four months of life, infants grow rapidly and have protein

requirements that are higher per unit body weight than any other time in infancy or

childhood. The recommendation for protein intake during infancy is based on the

amount of protein in breast milk which provides a satisfactory rate of growth. Human

milk supplies approximately 7% of the calories as protein or about 1.7 gm/100 kcal.

The estimated protein requirement for the first month is approximately 2 to 2.4

gm/kg/day which decreases to about 1.5 gm/kg/day at six months (FAO/WHO, 1973).

The Recommended Dietary Allowance (RDA) of the protein requirements for infants

remained unchanged for the 1980 revisions. The RDA of protein for infants is derived

from estimated intakes of breast fed infants, with an additional safety factor added for
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less certain situations of infants fed on bovine milk formulas. The RDA for protein is
1.8 to 2.2 gm/kg for the first six months and 1.8 gm/kg from 6 to 12 months.

The Committee on Nutrition of the American Academy of Pediatrics (1976)
recommends that milk formulas for healthy term infants provide a minimum of 1.8 gm

protein/100 kcal of a protein. The protein source must be of a quality nutritionally
equivalent to that of casein (100% Protein Efficiency Ratio) and proteins less than
70% of the PER of casein are unsatisfactory. The Committee also proposed a

maximum level of 4.5 gm/100 kcal but protein levels in excess of the minimum 1.8
gm/100 kcal do not suggest any nutritional advantages. Formulas made with minimal

protein can provide about 1.8 gm to 2.0 gm/kg/day. Formulas composed with 1.5

gm/100 ml provide 2.25 to 3.0 gm/kg/day.

Protein quality varies with the distribution of amino acids, digestibility and
absorbability. Human milk is considered to be of high biological value, equalled by
few other sources. The minimal protein requirements determined from non~breast

milk sources is approximately 1.6 gm/kg/day during the first year of life. Protein
z

intake greater than 5 gm/kg/day may lead to dehydration and non·protein nitrogen

retention (Alfin·Slatter and JeIiffe,1977). Human milk contains a calorie to nitrogen

ratio of 200:1, whereas most infant formulas contain a ratio of 100 to 150:1. The ratio

for infant formulas is based on the assumption that their protein quality is somewhat

less than that of human milk.

lnfants are incapable of synthesizing nine amino acids, which therefore must be

supplied in their diet: histidine, isoleucine, Ieucine, lysine, methionine,

phenylalanine, threonine, tryptophan and valine. Recent evidence suggests that

cystine and taurine may also be essential, especially for premature infants.
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(Alfin-Slater and Jelliffe, 1977). Histidine is listed as an essential amino acid only for ·I
infants, as no quantitative requirement has been established for adult man I

(Snyderman et al., 1963).

1
The approximate daily amino acid requirements (RDA) for infants are listed in Table 1
6 and the amino acid profiles of human milk and infant formulas are listed in Table 7

(Ross Laboratories, 1985, Ross Laboratories, 1986).

2.4 Protein Digestion

Digestion is the process by which ingested food is broken down into simpler

chemical compounds that can be absorbed into the lymph and blood systems. The

normal processes for protein digestion and metabolism for infants and adults are the

same. The amount and type of food that an infant can digest and absorb at any point

in time is dependent on the state of maturation of its digestive system. During

infancy, various organs involved in digestion may be limited in development and may

not function to the same degree as in adults (Lebenthal and Lee, 1985).

Protein digestion begins in the stomach. Pepsin is required to initiate the hydrolysis

of protein, and is activated by the acidic pH of the stomach contents. The main

physiologlc role of pepsln is to split large proteins into smaller peptides and small

amounts of oligiopeptides plus amino acids. The resulting hydrolyzed proteins are

commonly termed peptones which in turn stimulate the gastrointestinal hormones.
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Table 6. Proteln and Amlno Acld Requirements for Infants.

Amino · Estimated Estimated Estimated
Acid Daily Daily Daily

· Requirement Reqirement Requirement(mo/ko) (mg/ko) (mg/ks)
0-2 months 2-5 months 6-12 months

Hlstidine 16-34 16-34 16-34
Isoleucine 79-110 79-110 50-75
Leuclne 76-150 76-150 76-150
Lyslne 90-120 90-120 90-120

Methionine ’

20-45 20-45 20-45
Phenylalanine 47-90 47-90 25-47
Threonine 45-87 45-87 45-87
Valine 65-105 65-105 50-80

Protein 1.8-2.2 1.8-2.0 1.8(9/ko)

1 More methionine is required in the absence of cyst(e)ine
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Table Z. Amino Acid Profile er Human Milk and Various Intant Formulas.

Amino Acid Human Similac Humanized lsomil
Milk Formula

(mg/dl)

Histidina 24 31 30 45
lsoleucine 58 73 81 80
Leucine 100 141 152 143
Lysine 71 107 122 106

Methionina 22 42 38 36
Phanylalanine 48 73 50 94

Threonine 48 64 90 64
Tryptophan 18 19 18 18

Valina 66 . 81 84 82 ‘
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Full term infants are born with the ability to secrete pepsin and hydrochloric acid. lt
is questionable, however, whether the quantities of the two are adequate in infants

to initiate a significant amount of protein breakdown (Hadorn, 1981). This low

acid-volume secretion also lnfluences the initial stages of protein digestion. The pH
of an infant's stomach is significantly higher, or less acidic, than that of an adult

(Wolman, 1946). This higher pH hampers protein digestion by inhibiting the

conversion of pepsinogen to pepsin. The pH of the stomach contents of breast fed

infants averages approximately 3.7 (range of 2.5 to 5.5) at the height of digestion and

slightly higher for infants fed cows milk. The optimal pH for pepsin hydrolysis of

casein is reported to be 1.4 (Agunod et al., 1969). Pepsin secretion by infants is well

below adult levels and HCI secretion is lower or slightly below adult levels until about

four months of age and does not reach adult levels to about two years of age (Agunod

et al., 1969). Less than maximal acid and pepsin output may be advantageous for

infants fed human milk since it would allow for some of the proteins ingested to

survive passage thorough the stomach (Gaull, 1985). Regardless, healthy infants are

able to digest and absorb high quality protein as effectively as adults, thus

emphasizing the importance of the pancreatic enzymes (Hadorn, 1981).

There are a number of proteolytic enzymes which are secreted into the small

intestines bythe pancreas. Each of these enzymes differ in their specificity. Trypsin,

chymotrypsin and elastase are endopeptidases and the different carboxypeptidases

are exopepidases. The pancrease secretes tryspsin and chymotrypsin which

selectively split different large polypeptides into small ones, and also

carboxypeptidases which split off terminal amino acids. The mucosa of the small

intestines provide enterokinase and aminopeptidases and dipeptidases which
complete the breakdown into amino acids. The pancreas of infants has been shown
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to secrete reasonable amounts of trypsin, chymotrypsin and carboxypeptidase B
(Lebenthal and Lee, 1985). Optimally their sequential action on dietary proteins

yields about 30% basic and neutral amino acids and 70% small peptides, that must

be handled by the intestlnal cell (Gray and Cooper, 1971).

Protein digestion contlnues in the lntestine at both the brush border membrane and
intracellularly. There appear to be two mechanisms for protein digestion and
absorption in the intestlnal mucosa. Selective transport mechanisms exist, each

specific for a type of amino acid and type of transit mode into the cell for intracelluar
hydrolysis. Amino acids from di and tripeptides have been reported to be frequently
taken up by the intestines at a more rapid rate than the free amino acids (Matthews

and Adibi, 1976). The second mechanism is the hydrolysis of peptides at the brush
border, followed by transport of released smaller peptides or amino acids into the

cell. Brush border peptidases have been reported to be able to hydrolyze up to

octapeptides. lt also appears that the amino acid transport systems are well
developed and more active during the perinatal period of life than at any other time

_ (Auricchio, 1981, Lebenthal, 1985).

2.5 Digestibility Studies

When milk comes in contact with the hydrochloric acid in the stomach, it precipitates

and forms what is commonly referred to as a curd. This curd is primarily due to the

precipitation of the casein fraction of the milk. There is a difference in the digestibility
of human milk and cows milk (Platt, 1961, Mellander, 1947). The small size curd
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formation of human milk has been recognized as an important factor in facilitating
protein digestibility.

Human milk, relatively low in casein, forms a soft flocculant curd in the stomach. On

the other hand, unmodified bovine milk, with a high casein content, forms large
rubbery curds in the infant’s stomach. Knoop und Wortman (1960) hypothesize that
the finer floculation of human milk might be in part due to smaller casein micelles in

human milk than bovine milk. lt is believed that the finer curd of human milk may

facilitate the action of digestive juices on the curd surface and provide for easier

enzyme penetration, facilitating protein digestion (Fomon, 1974, Hambreaus, 1977).

Results from early pioneer experiments have led to processing steps in the

manufacture of bovine milk based formulas which result in the reduction of the

firmness of gastric milk clots. In early experiments differences in curd sizes were

observed in a healthy adult subject who could voluntarily regurgitate various

treatments of bovine milk samples (Brennemann, 1913). Some of the curds formed

from raw bovine milk measured four or five inches in length, whereas others were

apparently too large to pass through the throat until further digestion had reduced

their size. Finer curds with decreased curd tensions resulted from boiled and

evaporated mllks, as well as with milk precipitated with acid, rennin, pancreatin, lime

water, magnesia or diluted with barley water (Brennemann, 1929, Hess et al., 1926,

Wallen-Lawrence and Koch, 1930).

Other investigators have studied the different characteristlcs of milk curds. Hill (1923)

proposed a test for determlning a curd tension value as an index for infant feeding.

Milks from different bovine species were identified that yielded the softest curds.

Espe and Dye (1932) reported that softer curd bovine milk leaves the stomach of dogs
l

Review of Literature 28E



quicker than hard curd bovine milk. The gastric emptying time of human milk in
infants is also reportedly faster than that of infant formula (Caveli, 1981).

Case studies and clinical observations have also identified soft curd milks which

result in less vomiting, regurgitation and undigested proteins in infant stools. Hill
(1928) noted almost without exception, milk with a low curd tension was more readily
digested by infants than milk of high curd tension.

The curd tension and digestlve characteristics of various modified bovine milks and
human milk have been extensively reviewed (Doan, 1938; Council on Foods, 1937).

Unfortunately, even a quantitative measurement of the curd tensions of bovine and

human milk has not been proven to be of any nutritional significance.

Kennedy, et al. (1955) reported that the curd tension of human milk, cows milk and

various milk·based infant formulas was not an important factor in determining the rate
of protein hydrolysis. In this study the extent of protein digestion was measured by
a TCA precipitation method, reported after a one hour peptic digestion and‘
subsequent one·half hour tryptic digestion using unpurified human digestion

secretions. Human milk was reported to have the least rapid peptic and tryptic

hydrolysis and the lowest percent in·vitro protein digestibility as compared to all of
the bovine milk samples tested. The final percent in-vitro digestibility of the proteins
from a pooled human milk sample was 73% as compared to six different bovine milk

samples which ranged from 81 to 91%.

The physical differences in milk curds may be of little importance to the digestlve

activities which take place in the normal infant’s stomach. ln one in-vivo study, both

hard and soft curd bovine milks were found to coagulate, stimulate gastric secretions
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and empty the stomach at a similar rate (Wolman, 1946). Only a minimal amount of
milk proteolysis, apart from coagulation may take place in the stomach. The pH

conditions of an infant's stomach are less than optimal to promote enzymatic activity.
Also it appears that much ofthe milk does not remain in the stomach for a long period
of time.

lt appears that protein digestibility in infants is dependent on the maturation of the

digestive system. Hirata et al. (1965) reported an increased ability to digest and

absorb casein with age. Intestinal juice collected from the ileum was analyzed for

casein after feeding infants formulas with varying amount of bovine protein. The
protein nitrogen content in the ileocecal contents of infants fed whole cows milk was

more than three times that of breast fed infants, but was similar to infants fed a bovine

milk formula with a nitrogen content similar to the nitrogen content of human milk.

Qualitative analysis of the protein remaining in the ileocecum revealed that no casein

was detected in the human milk or bovine milk formula fed infants. The amount or

percent of milk protein completely digested and adsorbed increased with age,

ranging from approximately 1.95 gm/kg/day at 10 days, to approximately 3.75

gm/kg/day at 6 months.

The type of protein present in infant formulas and human milk may be important in

protein digestion. Jakobsson et al. (1982) examined the in-vitro hydrolysis of three

milk proteins: bovine a—lacta|bumin, ß-lactoglobulin and casein by duodenal juices

collected from infants less than 1 year of age with normal exocrine function. The

authors reported that ¢x—lactaIbumin and ß—lactoglobulin hydrolysis occurred at a

considerably slower rates than the casein samples either as part of the milk or in

purified forms.
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Britton and Koldovsky (1987) evaluated luminal digestion of human milk proteins
exposed to luminal fluids washed from small intestines of developing rats. Protein
profiles by 10% SDS-PAGE indicated that the luminal fluid contained extensively

degraded ß·casein, lactalbumin, Iysozyme, and lactoferrin with little detected
degradation of immunolglobulins. lsoelectric focusing and two demensional

electrophoresis experiments indicate that human milk contains a complex mixture of
proteins, including many proteins that are unidentified (Gaull and Wright, 1986). The
same techniques revealed far fewer proteins present in infant formulas with very
different physical properties than those observed in human milk.

Relatively little data exist in the literature regarding the digestibility of infant formulas.

The few reported studies have focused on changes in the nutritional and functional
properties of infant formulas that occur during thermal processing. Mitchell and
Grunde! (1986) studied the in-vitro digestibility of four different infant formulas using
a pH drop method with trypsin, L·chymotrypsin and protease and the intestinal

enzyme leucine amino peptidase. Whey adjusted formulas, a non·fat dry (bovine)
milk based, and two soy protein isolate formulas with different fat and carbohydrate

sources were examined. The percent in-vitro protein digestibility of all four types
of formula were quite similar; reported to be 88, 85, 88, and 89% respectively. The
values obtained by the pH drop method were considered to be an underestimation

of protein digestibility when compared to in-vivo results determined from feeding the

various diets to weanling rats. The data indicated that the digestibilities of the

formulas were quite high from a nutritional standpoint regardless of the method

used. Similar results to those of Mitchell and Grundell of the percent in·vitro protein

digestibility were reported by Pompei et al., (1987). The percent in—vitro protein E
digestibility determined by the pH drop method of 13 different powdered andliquidReview

erLimemure3l



l

milk based infant formulas with a whey to casein protein ratio from 0.34 to 1.55 ranged

from 85.0 to 90.5%.

Continued evaluation of the extent of protein digestibility remains essential from both

a nutritional and physiological point of view. Increasing evidence indicates that milk

proteins may vary in their individual digestibility or susceptibility to hydrolysis. The
relatively high pH of the infant's stomach may retard initial protein digestion.
Lactoferrin, lgA and Iysozyme in human milk are reported to be resistant to

hydrolysis (Davidson and Lonnerdal, 1987, Spik et al., 1982, Lonnerdal et al., 1987,

Bezorkovainy, 1977). Although cow’s milk formulas have been improved by a number

of_modifications the type of protein and the casein to whey ratio are important factors

affecting digestibility. More information ls still needed regarding the differences in

protein digestibility of human milk and infant formulas.

2.6 Justification Of Methodologies

2.6.1 In-Vitro Protein Digestibility Using Sodium Dodecyl Sulfate

Polyacrylamide Gel Electrophoresis

Electrophoresis can be a useful tool for the separation of polypeptides and peptides

derived from in-vitro protein hydrolysis. Electrophoresis is based on the principle

that charged molecules will separate on the basis of their net charge under the

influence of an electric field. ln an applied electric field, positive charged molecules
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migrate toward the cathode; whereas, negatlvely charged molecules migrate toward

the anode.

During the past two decades, advances in electrophoretic techniques have yielded
an increased number of different separation methods that provide a wide variety of
resolving abilities, each with advantages and disadvantages. Polyacrylamide gel

electrophoresls (PAGE) with the application of an anionic detergent such as sodium

dodecyl sulfate (SDS), will separate protein molecules based upon their relative sizes
and not just by their net charge. This method has been proven to be a useful tool for
determining the molecular weight and subunit composition of proteins (Anderson et

al., 1983, Laskey, 1978, Weber and Osborn, 1969, Fling and Gregerson, 1986).

The effectiveness of SDS-PAGE depends on the ability ofSDS to bind with protein and
polypeptide molecules. Application of the anionic detergent, SDS,

CH, — (CH,),„ — CH,OSO, — Na+ , results in SDS binding to the hydrophobic regions of

the proteins thus eliminating differences in their net charges. Proteins treated this

way yield randomly coiled, rod shaped SDS-polypeptide complexes, all with net

negative charges which facilitates their separation by electrophoresls (Melvin, 1987).

Acrylamide provides an excellent supporting medium for SDS·PAGE. One of its

advantages is that it does not have any lonisable groups so the adsorptlon of proteins

by the acrylamide is negligible. The concentration of the polyacrylamide can also be

varied to influence the mechanical properties of the gel and its separation properties.

Since SDS-protein complexes all have nearly identical charge to size ratlos, they tend

to migrate in an SDS-PAGE gel based upon differences in size and shape.

SDS-protein complexes with large radii tend to be held back, whereas, smaller ones
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pass through the gel more readily. The rate of migration of the complexes depends :
on the acrylamide-bisacrylamide concentration of the gel. More concentrated gels

have smaller gel pore sizes with slower migration rates. A gradient SDS-PAGE gel

(where the acrylamide concentration is varied from the top to bottom) is a particularly

useful tool for determining the molecular weights of polypeptides.

Fling and Gregerson, (1986) and Anderson et al., (1983) among others have attempted

to modify SDS-PAGE systems to allow for the resolution and detection of polypeptides

and peptides in the molecular weight range from 1,000 to 90,000 daltons. Both of

these systems use a discontinuous, SDS-polyacrylamide gel with a linear

concentration gradient, and may be able to separate and resolve some of the

peptides obtained following protein hydrolysis by pepsin and pancreatic enzymes.

Enzymes in the brush border of the intestinal wall reportedly have been found to

hydrolyze hexapeptides, although carriers for absorption from the intestinal lumen

seem to exist only for di or tripeptides (Matthews and Adibi, 1976). Detection of

peptides by SDS-PAGE in the molecular weight range of 1,000 daltons would

approximate the size of a hexapeptide or that of the largest peptide that can likely be

absorbed from the brush borders of the gastrointestinal tract into the blood stream.

Following their separation by SDS·PAGE, a quantitative estimation of the remaining

unhydrolyzed proteins and peptides, can be obtained from densitometer scans. A

densitometer can be used to estimate the color intensity of the different stained

bands on the SDS-PAGE gels. Assuming equal uptake of R250 Coomassie brilliant

blue dye, color intensity is proportional to the amount of protein present in the

individual stained bands on the SDS-PAGE gels. When used with an electronic

integrator, the densitometer expresses each band in terms of a peak, the area under
l
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each peak being proportional to the gel band intensity. Densitometer measurements i

then provide a means of quantifying the relative amounts of proteins and peptides

present in each sample.

ln determining the percent in-vitro digestibility of different proteins using this method,

peptides and amino acids with a molecular weight less than 1,000 daltons are not

considered. The SDS-polyacrylamide gel is unable to resolve and detect proteins

below the molecular weight of 1,000 daltons so their respective peak areas are not

included in this calculation. The use of this SDS-PAGE method for determining the

in·vitro digestibility of proteins is based on the assumption that in-vivo peptides and

amino acids with a molecular weight less than 1,000, that are normally released into

the gastrointestinal tract as a result of protein digestion, are entirely absorbed into

the bloodstream.

2.6.2 In-Vitro Protein Digestibility Measured By pH Drop

The in-vitro digestibility of proteins may also be determined by measuring the drop

in pH that occurs as proteolytic enzymes cleave peptide bonds and release free

carboxyl groups. This method requires a sensitive pH electrode that is capable of

accurately reading to within 0.01 of a pH unit. Hsu et al., (1977) developed a rapid and

sensitive multi-enzyme system consisting of trypsin, chymotrypsin and peptidase for

estimating in·vitro protein digestibility. The pH (drop) reported for a protein

suspension at ten minutes following the addition of the proteolytic enzymes was

highly correlated with an apparent in-vivo digestibility in rats. This technique can be

used to determine the Computed Protein Efficiency Ratio or C-PER (Hsu et al., 1978).
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The C-PER assay utilizes in-vitro protein digestibility data along with the essential

amino acid profile of a sample to predict protein nutrltional quality. Satterlee et al.

(1979) modified the in-vitro protein digestibility technique in C-PER to include the

digestive enzymes: porcine trypsin, bovine chymotrypsin, porcine peptidase and

bacterial protease with a sodium caseinate sample used as a control. This technique

was adopted as an official method by AOAC (Satterlee et al., 1982).

Several investigators have questioned if the pH drop method is a valid indicator of the

extent of protein hydrolysis (Mozersky and Panettieri, 1983). The in-vitro protein

digestibility of infant formulas obtained by the pH drop were found to be an

underestimation of the extent of protein digestibility as compared to in-vivo results

with weanling rats. Marshall et al. (1979) examined the protein digestibility of 33

different foods with the pH drop method using pancreatins from human, swine and

rats. The digestion of animal proteins was significantly different than from plant or

plant-animal proteins regardless of the source of the pancreatin used.

2.6.3 In-Vitro Protein Digestibility Using A Simultaneous Dialysis

Method

Gauthier et al. (1982) developed an in-vitro method for determining protein

digestibility based on simultaneous dialysis of the products of protein hydrolysis.

Protein digestion is performed inside a dialysis tubing that allows for the exit of

peptides and amino acids with molecular weights below 1,000 daltons into a

replaceable buffer. The authors noted that protein digestibility was affected by how
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often the buffer was replaced and continuous buffer replacement produced the best
results when compared to infrequent buffer changes.

With infrequent buffer replacement (6 changes per 24 hours), the in-vitro digestibility
of casein and soy protein isolate never exceeded 50%, with the soy protein isolate ‘

sample having a slightly greater percent digestibility than casein. With continuous
dialysis, both samples had a higher degree of digestibility (between 70-80%) with the

percent digestibility of casein surpassing the soy protein isolate. The authors

claimed that the differences were due to inhibition of dialysis by low molecular weight
digestion products accumulating in the medium.

Using a similar techique, Mauron et al. (1955) reported the inactivation and
destruction of various amino acids associated with manufacturing processes of milk.

Desrosier and Savoie (1987) reported concentration of released cysteine and
methionine was 32% and 25% lower in concentrated liquid infant formulas than in
powdered formulas. ·
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3.0 Objectives

The objectives of this study were:

1. to compare the in-vitro digestibility of the proteins in human milk, with the

proteins in three powdered infant formulas. , .

2. to estimate the in·vitro digestibility of proteins from densitometer scans of protein

hydrolyzate fractions resolved on 8 to 25% gradient sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) gels.

3. to evaluate this SDS-PAGE methodology as a viable method for estimating in-vitro
digestibility of proteins.
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4.0 Methods And Materials

4.1 Collection Of Human Milk

Thirty-eight participants agreed to supply two separate milk samples for this study in

exchange for eligibility in a lottery for a $50.00 gift certificate redeemable at a local

restaurant. The mothers were instructed verbally as well as in writing (Appendices

A, B & C) concerning the guidelines governing their participation. Two fore milk

samples, of approximately two ounces, were collected on two separate occasions:

one sample from a morning feeding and one sample from an evening feeding. Milk

was expressed either manually or by use of an Evenflo Natural Mother ® Breast

Pump Kit. Each participant was provided with four polyethylene storage tubes, which

held approximately 30 ml, and was asked to fill two tubes approximately 3/4 full for

each expression and refrigerate them immediately afterwards. The milk samples

were collected by University personnel within 24 to 48 hours after expression. Human

milk samples from different stages of Iactation were pooled together and frozen.

Each fresh milk sample was immediately pooled with the milk prevlously collected
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and frozen. lnitially the human milk samples collected for this study were pooled and
frozen together in large plastic bottles to form 20 composites, each with equal

proportions of the collected milk samples. The amount that each milk contributed to

the total composite was recorded. Samples were stored at —20°C until prepared for
freeze drying. After all the human milk samples were collected, the composite was

brought to approximately 20°C mixed until homogeneous, transfered to smaller

containers, refrozen and freeze dried.

4.2 Infant Formulas

Three commercially available powdered infant formulas-Enfamil, Similac and Isomil

were also analyzed in this study. The infant formulas chosen for this study included

a humanized, a conventlonal and a milk-free type of formula commonly fed to normal

full term infants. The ingredients and nutrient information given on the labels of the

three infant formulas are listed in Tables 8 and 9.

4.3 Nitrogen Determination

Total nitrogen and protein content of the three powdered infant formulas and the

freeze dried human milk were determined by the Kjeldahl method (AOAC, 1984). The

total protein content was obtained by multiplying nitrogen values by the appropriate
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Table 8. Powdered lnfant Formula lngredlents.

- ENFAMIL (Mead Johnson)

Reduced Minerals Whey, Nonfat Milk, Coconut Oil, Corn Oil, Lactose, Vitamins
(Vitamin A Palmitate, Vitamin D3, DL-cx-Tocopheryl Acetate, Phytoadione,
Thiamine Hydrochloride, Pyridoxine Hydrochloride, Vitamin B‘* Niacinamide, Folic
Acid, Calcium Pantothenate, Biotin, Sodium Ascorbate, and Inositol), Minerals
(Calcium Chloride, Ferrous Sulfate, Zinc Sulfate, Manganese Sulfate, Cupric
Sulfate, Sodium Citrate, Potassium Citrate, and Potassium Hydroxide), and
Taurine (38 mg/qt normal dilution).

2.2 gm protein! 100 cal
100 cal = 5fl oz
8.3 gm = 2 fl oz

SIMILAC (Ross Laboratories)

U-D Nonfat Milk, Lactose, Corn Oil, Coconut Oil, Vitamins (Ascorbic Acid, Choline
Chloride, M-lnositol, oz -Tocopheryl Acetate, Niacinamide, Calcium Pantothenate,
Vitamin A Palmitate, Thiamine Chloride Hydrochloride, Pyridoxine Hydrochloride,
Riboflavin, Folic Acid, Phylloquinone, Biotin, Vitamin D3, Cyanocobalamin), Minerals
(Zinc Sulfate, Ferrous Sulfate, Cupric Sulfate, Manganese Sulfate), and Taurine.

2.2 gm protein! 100 cal
100 cal = 5fl oz
8.7 gm = 2 fl oz

ISOMIL (Ross Laboratories)

(Pareve, U) 30.7% Corn Syrup Solids, 20.5% Sucrose, 16.1% Soy Protein lsolate,
14.0% Corn Oil, 14.0% Coconut Oil, Minerals (1.6% Calcium Phosphate Tribasic,
0.9% Potassium Citrate, 0.3% Potassium Chloride, 0.3% Magnesium Chloride,
0.2% Sodium Chloride, Calcium Carbonate, Ferrous Sulfate, Zinc Sulfate, Cupric
Sulfate, Manganese Sulfate, Potassium Iodide), Vitamins (Ascorbic Acid, Choline
Chloride, m—lnositol, oz-Tocopheryl Acetate, Niacinamide, Calcium Pantothenate,
Vitamin A Palmitate, Thiamine Chloride Hydrochloride, Riboflavin, Pyridoxine
Hydrochloride, Phylloquinone, Folic Acid, Biotin, Vitamin D3, Cyanocobalamin),
L-Methione, Taurine and L-Carnitine.

2.66 gm protein! 100 cal
100 cal = 5fl oz
8.7 gm = 2 fl oz
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. Table 9. Nutrient Composltlon ol lnfant Formulas.

Nutrients
’

Enfamil Isomi) Similac
(Normal Dilution) Per 100 calories (5 fl oz)

Protein, g 2.2 2.66 2.22
Fat, g 5.6 5.46 5.37
Carbohydrate, g 10.3 10.1 10.7
Water, g 134.0 133.0 133.0
Linoleic acid, mg 1300.0 1300.0 1300.0
Vitamin A, IU 310.0 300.0 300.0
Vitamin D, IU 62.0 60.0 60.0
Vitamin K, mcg 3.1 2.5 2.5
Thiamine, mcg 78.0 60.0 60.0
(Vitamin B')
Riboflavin, mcg 156.0 90.0 90.0
(Vitamin B*)
Vitamin B°, mcg 62.0 60.0 60.0
Vitamin B'*,mcg 0.23 0.45 0.25
Niacin, mcg 1250.0 1350.0 1050.0
Folic acid, mcg 15.6 15.0 15.0
(Folic acid)
Pantothenic acid, mcg 470.0 750.0 450.0
Biotin, mcg 2.3 4.5 4.4
Vitamin C, mg 8.1 9.0 9.0
(Ascorbic acid)
Choline, mg 15.6 8.0 16.0
lnositol, mg 4.7 5.0 4.7
Calcium, mg 69.0 105.0 75.0
Phosphorous, mg 47.0 75.0 58.0
Magnesium, mg 7.8 7.5 6.0
Iron, mg*

0.16* 1.8 0.22*
Zinc, mg 0.78 0.75 0.75
Manganese, mcg 15.6 30.0 5.0
Copper, mcg 94.0 75.0 90.0
iodine, mcg 10.2 15.0 15.0
Sodium, mg 27.0 47.0 32.0
Potassium, mg 108.0 115.0 120.0
Chloride,mg 62.0 88.0 75.0

1 As given on the labels of each powdered formula.
2 Addition of iron to infant formula recommended by American Acedemy of

Pediatrics.
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conversion factors of 6.38 % for the milk based samples and 5.71 % for the soy based
infant formula (AOAC, 1984). Kjeldahl analyses were conducted in triplicate for all

four samples to obtain a mean protein content. The mean protein content of the

samples was used to prepare samples of equalivant protein concentration for

determination of in-vitro digestibllity.

4.4 Sample Preparation and ln-Vitro Digestion

Appropriate amounts of freeze dried human milk and powdered infant formulas were

weighed equivalent in each case to 250 mg of protein. The four milk samples were

subjected to a two hour in—vitro pepsin digestion followed by a six hour in-vitro

pancreatin digestion. For the pepsin digest the samples were reconstituted with 0.025

N HCl and distilled deionized water to reach a final pH of 3.9. The samples were

incubated at 37°C in a continuous shaking water bath, and digestion was initiated by

the addition of porcine pepsin (EC 3.4.23.2, Cat. No. P—6887, Sigma Chemical

Company, St Louis, MO). The crystalline enzyme was added to each of the four

samples to give a 1:100 enzyme to protein ratio. After exactly two hours, the pH of

each of the samples was adjusted to 8.0. The pH was adjusted initially to 7.0 with
granulated sodium hydroxide and carefully raised to pH 8.0 using a

carbonate—bicarbonate buffer (55 mg carbonate combined with 45 mg bicarbonate

mixture). A mixture of porcine pancreatic enzymes; Pancreatin, (Cat. No. P·1750,

grade VI, Sigma Chemical Company, St. Louis, MO) was added to each digest to give

a 1:100 enzyme to protein ratio.
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Aliquots of 1.0 ml were removed from each sample digest at specific time intervals

during the digestion process. Aliquots were removed from each milk or formula

sample prior to initiating digestion to obtain an unhydrolyzed sample. Additional

aliquots were removed at two, three, four and eight hour intervals after the digestion

process was initiated. Each of the five aliquots removed from the milk or formula

sample digest were combined with the SDS sample buffer in a 1:5 sample to buffer

ratio. Formulations of the buffer solutions are given in Appendix D. The buffered
samples were refrigerated at 20°C until loaded onto a SDS-polyacrylamide gel.

4.5 Sodium Dodecyl Sulfate Polyacrylamide Gel

EIectrophoresis

A modified SDS-PAGE system of Fling and Gregerson, (1986) was used in this study

to resolve polypeptides and peptides from protein hydrolyzates in the molecular
weight range of approximately 1,000 to 90,000 daltons. The SDS-PAGE method of

Fling and Gregerson was modifed to include a step for fixing small molecular weight

peptides onto SDS-PAGE gels prior to staining and destaining.

4.5.1 Gel Preparation and Electrophoresis

Following the eight hour pepsin/pancreatin digestion, the hydrolyzate milk and

formula samples were analyzed by SDS-PAGE, using a modified method of Fling and
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Gregerson (1986). A resolving gel with an 8% to 25% linear polyacrylamide 1

concentration gradient was used in a discontinuous buffer system. Acrylamide

solutions for the resolving and stacking gels were prepared from stock solutions (See

Appendix D). The 8% and 25% acrylamide solutions were prepared and degassed

with a Cenco Megavac (Central Scientific Co., Chicago, IL) for 8 minutes each. The

solutions were allowed to come to room temperature (approximately 25°C ) prior to

casting the gel.

Ammonium persulfate and tetramethyl ethyl enediamine (TEMED) were added as

polymerization Initiator and catalyst respectlvely prior to pouring the gel. Using a

Hoefer gradient former, the 8% and 25% solutions were pumped by a peristaltic

pump (lsco Wiz Pump! Dlluter) into a vertical gel sandwich (SE 600 Series Vertical

Slab Gel Unit, Hoefer Scientific Instruments, San Francisco, CA). At approximately

2.5 ml per minute, both gradients were pumped into a level cast to a total of 2.5 cm

from the top edge of the plates, without entrapment of air bubbles. The exposed layer

of the gel was covered with a layer of 1% SDS. The gel was allowed to polymerize

undisturbed overnight, at a room temperature of approximately 25°C.

A 5% acrylamide stacking gel was prepared the following day according to the

formulation in Appendix D. The 1% SDS layer was poured off of the resolving gel and

the top of the plates were dried with a paper towel. A 20 Iane comb was inserted to

form two centimeter depth wells for sample injection. Ammonium persulfate and

TEMED were added to the stacking gel solution and swirled gently to mix. The

stacking gel was transfered to the top of the casting plate with a Pasteur plpet. The°gel

was allowed to polymerize for two hours prior to removal of the slotformer.Maxlmus
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After the stacking gel had polymerized, the entire gel was carefully removed from the
casting stand and connected to the buffer chamber apparatus. Fresh running buffer,

chilled to approximately 15°C, was poured into the top buffer chamber and the

system was checked for Ieaks. Formulations of the buffer solutions are given in _

Appendix D. The unit was placed into the lower buffer reservoir and filled with
running buffer. The electrophoresis unit (EC 400, EC Apparatus Corporation, St.

Petersburg, FL) was connected to a circulating water bath (Brinkman MGU LAUDA

RM6 Refrigerating Circulator, Sybon Corp., Westbury, NY) which had been

equilibrated to 12°C. _

Fifteen microliter aliquots of ten digest samples plus the four molecular weight

reference protein markers were loaded into the sample wells with a Hamilton syringe.

Since each gel contained the five digest samples of two different milks or formulas,

two different SDS-PAGE gels were prepared for analyses of all four samples.

Separate digests of each sample were analyzed in triplicate using SDS-PAGE.

Electrophoresis was initiated at 15 milliamps constant current while the samples

migrated through the stacking gel. When the samples entered the resolving gel the
current was increased to 25 milliamps för the duration of the run. The
electrophoresis was terminated when the dye front migrated to the bottom of the
plate. An average electrophoretic run required 8 to 12 hours.

The gels were placed in an initial peptide fixing solution (20% glacial acetic acid,

1.4% picric acid, 1.25% gluteraldehyde) for one hour duration, immediately after

completion of electrophoresis. The gels were fixed overnight in a second fixing

solution (10% glacial acetic acid, 40% methanol) to prevent the loss of the smaller

molecular weight proteins on the gel. Vibration of the fixing solutions by suspending
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the gels on a tray perturbed by the shaker of an unheated water bath retarded stain
distortion.The

gels were stained for 24 hours (10% glacial acetic acid, 10% methanol, 0.025%

Coomassie R-250 Brilliant Blue), and shaken to prevent pooling of the stain onto the
gel. The stainlng solutions were prepared fresh for each stain, and were filtered to
eliminate any impurities.

The gels were destained for 48 hours (10% glacial acetic acid, 10% methanol). The
destaining solutions were changed after the initial twelve hours. Use of a charcoal

filter and circulating destaining chamber reduced the time of destaining to under 8

hours. After complete destaining the gels were stored in a 10% glacial acetic acid

solution.

4.5.2 Molecular Weight Markets

Since electrophoretic mobility is influenced by the composition and running

conditions of each SDS-polyacrylamlde gel, 16 standard protein markers with

reference molecular weights were included in one of four Ianes on each SDS-PAGE

gel. The standard proteins represented a range of molecular weights from 97,400 to

1,046 daltons. Four different vials of the markers were prepared by adding 1 mg of
each respective protein marker to 1 ml sample buffer. One mg of the reducing agent

dithioeythritol was added to each vial. The marker protein samples were repeatedly

used for SDS~PAGE and were stored refrigerated at 20°C until injected. Aliquots of

15 microliters from each of the four vials were injected onto each SDS-PAGE gel. The

molecular weights of the protein markers used in SDS-PAGE are listed in Table 10.
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Table 10. Standard Protein Markers and Thelr Respective Molecular Weights.

Standard Protein Markers Molecular Weight

Vial A

Phosphorolase B 97,400
Bovine Serum Albumin 66,000
Ovalbumin 45,000
Glyceraldhyde 3-Phosphate Dehydrogenase 36,000
Carbonic Anhydrase 29,000
Soy Trypsin Inhibitor 20,100

Vial B
MW·SDS-17 Sigma

Myoglobin (polypeptide backbone) 16,950
Myoglobin (fragement I + II) 14,400
Myoglobin (fragment I) 8,160
Myoglobin (fragment ll) 6,210_ Myoglobin (fragment Ill) 2,510

Vial C

Bacitracin 1,500
Angiotensin I 1,296
Angiotensin II 1,046

Vial D

Insulin B Chain (SIGMA) 3,400
Insulin A Chain (SIGMA) 2,350
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4.5.3 Densitometer Scans

Quantification of the Coomassie R-250 Brilliant Blue stained bands was accomplished
by optical density scanning. SDS·poIyacrylamide gels were scanned using an lsco
Gel Scanner (Model 1312, lsco Model 228 Absorbance Detector, Lincoln, NE)

connected to a Hewlett Packard 3390-A Electronic Reporting lntegrator (Hewlett
Packard, Palo Alto, CA). The total relative band intensities were used to calculate the

percent in-vitro digestibility of each sample digest. Wet scanning conditions were as

followsz

attenuation 9
chart speed 1.5
peak width 0.6
threshold 7
scan speed 1 cm/min
Automatic Color Stain Setting

Densitometer scans of the intact and hydrolyzed (2-8 hour) digest samples for each

milk and formula were overlaid for direct comparison using a Shimadzo C-R4A

Chromatopac computer program.

4.5.4 Determination of Percent In-Vitro Protein Digestibility by

SDS-PAGE

The percent in-vitro protein digestibility of each sample was determined from the

peak areas obtained from the densitometer scans using the following formula.
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% In-Vitro Protein Digestibility =

total peak area of undigested sample — total area of same digested sample X 100total peak areas of the undigested sample

4.6 In-Vitro Protein Digestibility by the pH Drop Method

The percent in-vitro protein digestibilities of human milk and the infant formulas were
estimated using a rapid multi-enzyme method adapted from Satterlee et al. (1982) and

Hsu et al. (1978). Determination of the protein digestibility was based on the

measurement of the drop in pH that occurs as various proteolytic enzymes cleave

peptide bonds and additional free carboxyl groups. Following a 20 minute digest,

using trypsin, oz-chymotrypsin, peptidase and protease, the pH drop from an initial pH

of 8.00 for each sample and a oasein control was recorded to calculate the percent

in·vitro protein digestibility.

4.6.1 Sample Preparation

According to calculations listed in Appendix E appropriate amounts of the human

milk, infant formulas and enzymes were weighed into separate labeled vials

containing a magnetic stir bar. Two vials of enzymes, one containing protease and

the other containing a multi-enzyme combination of trypsin, a·chymotrypsin and

peptidase were prepared and stored in a — 20°C freezer. Two vials containing 0.690
gm oasein were prepared and used as an internal standard to verify that the enzymes
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were functioning properly. Ten ml of distilled deionized water was added to each l
sample and control vial to reconstitute the samples. The samples were vortexed for
two minutes and stored at 5°C for one hour to allow for complete hydration. The

samples were then removed from refrigeration and placed in a 37°C water bath for ten
minutes. Using a Pasteur pipet the pH of the samples were adjusted to pH 8.0 ;l; 0.03

with acid (0.001, 0.01, 0.1 N HCI) and/or alkali solutions (0.05 and 0.1 N NaOH). The

pH was measured by an Accumet 925 pH meter (Fisher Scientific, Pittsburg, PA)

calibrated with standard pH 7.0 and pH 4.0 buffers at 37°C. After the pH ofthe samples
was adjusted the pre·weighed enzymes were removed from the freezer and

reconstituted with 10 ml distilled deionized water. The pH of the enzyme solutions
was qulckly adjusted to pH 8.00 i 0.03, at 37°C, using the same acid and alkali

solutions and stored in an ice water bath.

4.6.2 pH Drop Determination

After the pH of all the samples was equilibrated to pH 8.00 ;l; 0.03, the digestion

process was initiated. A one ml aliquot of the multi—enzyme solution was added to

the caseln control samples, and to the remaining samples at two minute intervals.

A one ml aliquot of the protease was added at the appropriate time intervals, exactly
10 minutes after the multi—enzyme solution was added. Upon the addition of the

protease enzyme, the samples were transferred from the 37°C water bath to a 55°C

water bath. After a total of 19 minutes, the samples were returned to a 37°C circulating

water bath and the pH of the solution was read and recorded at exactly 20 minutes

after the digestion process was initiated.
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4.6.3 Determination of Percent ln-Vitro Protein Digestibility Using pH

Drop Method

The pH drop method requires two control samples of sodium caseinate run in the first
and last positions. The pH drop for both of the sodium caseinate control samples
following the 20 minute period should be from 8.00 to 6.42 ;|; 0.05. The pH drop of the

sodium caseinate controls were within the acceptable limits for each of the three trial

runs. The percent in-vitro digestibllity of proteins in human milk and the infant

formulas was calculated from the pH drop using the following equation (Satterlee et

al., 1982).

% ln·Vitro Protein Digestibility = 234.84 - 22.56 ( X )
Where (X) is the pH recorded at 20 minutes.

4.7 Assessment of In-Vitro Protein Digestibility Using A

Simultaneous Dialysis Method _

The percent in-vitro protein digestibilities of human milk and the infant formulas were

determined using a modification of the enzymatic hydrolysis and simultaneous

dialysis method of Gauthier et al. (1982). Quantification of the protein digestibility was

based on Kjeldahl nitrogen determinations of the hydrolyzed sample contained within

a dialysis tubing with a 1,000 dalton molecular weight cutoff or of the accumulated

dialysate products that were eliminated from the dialysis tubing during the digestion

process.
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4.7.1 Sample Preparation and Digestion

Appropriate amounts of freeze dried milk and powdered infant formulas were

weighed, equivalent in each case to 100 mg N. The weighed samples were

suspended in a total volume of 25 ml using distilled deionized water and 1 N HCI

added to reach a final pH of 3.9. The solutions were transferred to an Erlymeyer flask

and placed into a 37°C, temperature controlled, continuous shaking water bath for 30

minutes. A pepsin solution (EC 3.4.23.1, from porcine stomach mucosa, Cat. No.

P—6887, Sigma Chemical Company, St. Louis, MO), was prepared (5 mg/ml) with a

pH adjusted to 3.9 with 0.025 N HCI. After the samples reached a temperature of

37°C, five ml of the pepsin solution was added to the protein suspensions. The pepsin

digestion was allowed to proceed for 30 minutes before the pH was adjusted to 8.0

by the addition of 5 ml of 1N NaOH and distilled deionized water. After the pH was

adjusted, 0.4 gm sodium azide was added to each sample to retard bacterial growth

during the 24 hour digest.

The protein hydrolyzates were then transferred into a dialysis bag with a molecular

weight cutoff of 1,000 daltons (Spectra/Por 6 Wet Cellulose Dialysis Tubing, Spectrum

Medical Industries Inc., Los Angeles, CA). The dialysis bags were suspended in

contoured glass bottles filled with 170 ml of pre-warmed (37°C), pH 8.0, 0.1 M sodium

phosphate buffer. The 0.1 M phosphate buffer was prepared with 0.02% sodium

azide. A five ml aliquot of pancreatin (Pancreatin, Cat. No. P-1759, grade VI, from

porcine pancreas, Sigma Chemical Company, St. Louis, MO) solution (5 mg/ml) in 0.1

M phosphate buffer, pH 8.0, was added to each digest prior to sealing the dialysis

bags.
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I4.7.2 Dialysis

The pancreatic digestion was allowed to continue in the 37°C continuous shaking
water bath for a total of 24 hours. The dialyzate/buffer solution surrounding the
dialysis bag was removed every four hours and replaced with 170 ml fresh

pre·warmed (37°C) 0.1 M phosphate buffer. The phosphate buffer that was removed

was transferred to plastic cups and immediately frozen to —20°C. At the end of the 24

hour digestion the contents of the dialysis bags, as well as the surrounding
dialyzate/buffer solutions were removed, Iabeled and frozen. For each digestion set,

performed in triplicate, an enzyme blank without a protein source was also incubated
under the described conditions.

4.7.3 Determination of Percent In-Vitro Protein Digestibility Using

Dialysis Method

The percent in·vitro protein digestibility of human milk, Enfamil and Similac was ‘

determined by measuring the Kjeldahl nitrogen contents (AOAC, 1984) of the sample

contents within the dialysate bag following the digestion process. The percent

in—vitro protein digestibility of the Isomil was determined by Kjeldahl analysis of the

sodium phosphate buffer dialysate. The percent in-vitro protein digestibility of the

hydrolyzed samples was determined using the following formulaz

% In-Vitro Protein Digestibility =
100 mg N - (mg N retained after digestion · mg N in blank) X 100
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5.0 Results and Discussion

5.1 Human Milk Composite

Thirty eight healthy, Caucasian, lactating females, 22 to 42 years of age (mean: 31.14

i 4.67 years) supplied human milk samples for this study. The women lived in or

within a 35 mile radius of the town of Blacksburg, Virginia. Each participant was
asked to collect human milk samples on two separate occasions: one sample from

a morning feeding and one sample from an evening feeding. A total of 74 different

milk samples were collected; 43 expressed during the A.M. and 31 expressed during

the P.M., yielding a total volume of approximately 3.1 liters. The human milk samples

were from different stages of lactation ranging from 18 to 879 days past parturitlon
(mean: 170 gi; 151.77). All of the human milk samples used in this study were pooled

together to form a composite. The samples were collected between September and

December, 1987 and were frozen with previously collected milk immediately upon

collection. The amount of human milk collected from each participant, the time of

expression, stage of lactation and the mother’s age are listed in Appendix F. After
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all the samples were collected, the human milk composite was freeze dried and

stored in plastic containers in a desicator at room temperature.

5.2 Nitrogen and Protein Content of Samples

The mean nitrogen and protein concentration of the human milk composite and three
l powdered infant formulas expressed both on a dry weight and reconstltuted basis are

presented in Table 11. The nitrogen content was obtained by Kjeldahl analysis of the

freeze dried human milk and the infant formulas in their powdered form. The dry

weight nitrogen content of the four samples was multiplied by an appropriate

conversion factor to determine their protein content. A conversion factor of 6.38 was

used to calculate the protein content of the Human Milk, Enfamil and Similac, and a

conversion factor of 5.71 was used for the soy based formula Isomil. The protein

content of the reconstltuted infant formulas was calculated using label information for

the correct formula preparation. The protein content of the human milk (on a wet

weight basis) was calculated from the average moisture loss (88.25%) that occurred

during the freeze drying process.

The mean nitrogen and protein content (dry and "wet”) of the human milk was the

lowest of the four samples, followed by Enfamil, Similac and Isomil. The dry weight

protein content of Enfamil, 11.50%; Similac, 11.56%; and lsomil, 12.23% determined

by Kjeldahl analysis was slightly higher than the values (10.6%, 10.2% and 12.2%,

respectively) calculated from information supplied on the product labels. The protein
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Table 11. Mean Values for Nltrogen and Protein Content of Human Mllk and Infant Formulas.

Sample Nltrogen Protein Protein
(number) mg/gm %/gm * gm/dl

Human Milk 13.87 8.85 1.00(¤ = 9)
Enfamil 18.03 11.50 1.61(¤ = 7)
Similac 18.12 11.5 1.70in = 7)
Isomll 21.41 12.23 1.80(¤ = 7)

X Protein = mg Nltrogen x Conversion Factor X 100 ,
1000 mg/g

A conversion factor of 6.38 was used for Human Milk, Enfamil and Similac.
A conversion factor of 5.71 was used for Isomil.
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content of human milk, 1.0 gm protein/dl, was slightly lower than 1.1 g/dl reported by

Lonnerdal et al. (1987).

5.3 ln-Vitro Protein Digestibility SDS-PAGE Results

For the peptic digestion the pH of the sample was adjusted to pH of 3.9 by adding a

measured quantity of 0.025N HCI before adjusting the final volume of each sample to

25 ml. The four samples appear to have a different buffering capacity. Human milk

required an average of 9 ml of 0.025N HCI to adjust the pH to 3.9 whereas Isomil

required an average of 11 ml, Enfamil 11.6 ml, and Similac 11.7 ml to obtain the same

pH. Isomil appeared to precipitate slightly upon pH adjustment whereas the other

three samples did not.

A number of factors affected the resolution of the hydrolyzed milk samples by

SDS-PAGE. Best results were obtalned when gels were prepared from fresh Biorad

reagents (no more than three weeks old). Pouring the acrylamide and allowing the

gel to polymerize undisturbed under temperature controlled (20°C) conditions

appeared to eliminate air bubble formation. The ratio of sample combined with the

sample buffer also appeared to affect SDS—PAGE resolution. Initial SDS-PAGE trlals

prepared with a sample to sample buffer ratio of 1:1 yielded smeared gels with no

detectable bands. Changing the sample to sample buffer ratio to 1:5 overcame this

problem. The high salt concentration in the milks may require a higher buffer

concentration to optimize SDS—PAGE resolution. Distortion of the bands during the
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run can be reduced by running the gel at a Iowered current (25 amps),

with continuous cooling of the running buffer to 12°C during the electrophoresis.

A modified SDS·PAGE system of Fling and Gregerson (1986) was used in this study

to resolved polypeptides and peptides on an 8% to 25% linear polyacrylamide
concentration gradient. Representative SDS·PAGE gels of human milk and Enfamil

are depicted in Figure 1 and of lsomil and Similac in Figure 2. Each gel contains four
lanes of standard reference marker proteins plus five lanes for each sample. The five

lanes include the sample in an unhydrolyzed form plus four lanes representing 2, 3,

4 and 8 hour hydrolyzed samples.

Densitometer scans of the SDS-PAGE gels were used in order to quantify the relative

amounts of the different protein fractions remaining after enzyme hydrolysis. (See

Figures 3 and 4.) The areas determined by the densitometer scans were used to
estimate the percent in·vitro protein digestibility of the four samples. The percent

in-vitro digestibility of proteins ln human milk, Enfamil, Similac and lsomil obtained
by SDS-PAGE is given in Table 12.

The in-vitro protein digestibility of the four samples ranged from 66 to 96 percent. The

mean in-vitro protein digestibility of lsomil was the lowest (66.19%), followed by

human milk (83.19%), Enfamil (94.49%) and Similac (96.25%). The estimated in-vitro

protein digestibility of lsomil was significantly different (p< 0.05) from that of Enfamil

and Similac but not from human milk.

Unlike the other samples, lsomil was poorly resolved on SDS-PAGE gels. Poor

resolution may have led to errors in calculating the percent in·vitro protein
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Figure 3. Densltometer Scans of Human Mllk and Enfamll SDS-PAGE Gels.
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FIgure 4. Densltometer Scans of Slmllac and Isomil SDS-PAGE Gels.
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Table 12. Percent ln~Vltro Protein Digestlbillty of Human Milk and lnfant Formulas Obtalned by
SDS-PAGE.

% /N·VlTRO DIGESTIBILITY
SAM PLE 2 3 4 8

HOURS DIGESTED
HUMAN MILK 42.87 57.28 60.99 79.68

18.67 55.20 61.76 77.35
47.80 66.62 79.83 87.42
41.13 72.90 87.67 88.31

Y= 37.62 63.00 72.56 83.19'*
$12.94 $ 8.26 $13.31 $5.49

ENFAMIL 44.72 77.62 81.90 94.17
34.44 73.05 79.95 94.19
56.60 73.34 84.95 95.10

Y= 45.25 74.67 82.27 94.49*
$11.09 $2.56 $ 2.52 $ 0.54

SIMILAC 79.89 94.38 96.61 96.63
56.44 95.76 95.87 97.03
81.64 92.13 92.34 95.09

Y= 72.66 94.09 94.93 96.25*
$14.07 $ 1.83 $ 2.28 $ 1.02

ISOMIL " 4.12 47.68 63.82
* 23.43 33.69 51.92
* 0.94 69.50 82.82

Y = * 9.50 50.29 66.19°
$12.17 $18.05 $15.58

Y = Mean Value $ Standard Deviation

ab i
Means with same superscript are not significantly different (P< 0.05).
* Area to calcuiate percent in-vitro protein digestibility of hydrolyzed sample
greater than area of unhydrolyzed sample.
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digestibility for this sample. For the lsomil sample the densitometer scan failed to

return to the base line between peaks, thus increasing the area of the sample which

was used to calculate percent digestibility. In fact, the total area of the bands

recorded after the two hours peptic digestion was greater than the area recorded for

the unhydrolyzed sample. Similar results have been observed in SDS-PAGE gels of

heat treated soy flours (Kim, unpublished data). The increased area may be

explained by a limitation of this system for products that are not clearly resolved onto

the SDS-PAGE gels. Another possible limitation of this SDS-PAGE system is that high

molecular weight proteins (> 100,000 daltons) present in unhydrolyzed or hydrolyzed

samples are not detected on SDS-PAGE gels. This could also lead to considerable

error in calculating percent in-vitro protein digestibility from densitometer scans of

SDS-PAGE gels.

The percent in·vitro protein digestibility determined at specific times during the 8

hour digestion reveals some interesting differences in the four samples. The proteins

in lsomil appear to be hydrolyzed more slowly than those in human milk, Enfamil or

Similac. Similac was the only sample that appeared to be appreciably hydrolyzed

(> 50%) during the 2 hour pepsin digest. Unlike the other three samples, the majority

of the Similac (94.09%) had been hydrolyzed after the first hour of the pancreatin

digestion (by the end of three hours). For human milk, and Enfamil the greatest

amount of protein hydrolysis occurred during the pancreatin digestion phase (hours

3-8) with fastest hydrolysis occurring in the first hour following peptic digestion. For

lsomil, the fastest protein hydrolysis occurred between the third and fourth hours of

the pancreatin digestion phase. The rate of protein hydrolysis for all four samples

appeared to slow down between the fourth and eighth hour of the digestion.
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The molecular weights of polypeptides resolved on the SDS-PAGE gels can be

estimated by comparing their relative electrophoretic mobility to the standard

reference marker proteins. A plot of log molecular weight of reference proteins and

peptides versus the relative electrophoretic mobility of the markers on the SDS-PAGE

gels is shown in Figure 5. There appears to be a linear correlation (r = -0.998)

between relative mobility and log molecular weight with an inflection point at a

relative mobility of 6.8 or below molecular weight of 10,000 (r = -0.350). Similar

results have been reported by Fling and Gregerson (1986).

The ability of the system to resolved protein fractions in the molecular weight range

of approximately 1,046 to 97,400 daltons enables one to use this SDS-PAGE

methodology as a useful tool to estimate percent in-vitro protein digestibility. This

SDS-PAGE system did appear to successfully resolve the small peptides. Although

the smaller molecular weight reference protein markers were not readily visible on

some SDS-PAGE gels, the densitometer was sensitive enough to detect them.

An advantage of using this SDS-PAGE method is that the intermediate and final

products of protein digestion are represented together, visually stained on the

SDS-PAGE gels. Hydrolyzed protein fractions for each of the four samples were

accompanied by the appearance of several discrete peptides of lower molecular

weight which in turn disappeared as the digestion progressed. One of the

advantages of using this SDS-PAGE method is that the molecular weights of the

polypeptides remaining after protein hydrolysis can be estimated by comparing their

relative mobility on SDS-PAGE gels to that of standard protein markers. From

evaluation of SDS-PAGE gels, the human milk samples appeared to retain protein

fractions of greater molecular weight than any of the other samples after eight hours
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Figure 5. SDS·PAGE Molecular Weight Calibratlon Curve.
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A) Phosphorolase B : 97,400, B) Bovine Serum Albumin : 66,000, C) Ovalbumin :
45,000, D) Glyceraldhyde 3-Phosphate Dehydrogenase : 36,000, E) Carbonic
Anhydrase : 29,000, F) Soy Trypsin Inhibitor : 20,100, G) Myoglobin (polypeptide
backbone) : 16,950, H) Myoglobin (fragement I + II) : 14,400, J) Myoglobin (fragment
I) : 8,160, J) Myoglobin (fragment II) : 6,210, K) Nlyoglobin (fragment III) : 2,510, L)
Insulin A Chain (SIGMA) : 2,350, M) Insulin B Chain (SIGMA) : 3,400, N) Bacitracin ) :
1,500, O) Angiotensin I ) : 1,296, P) Angiotensin II ) : 1,046.
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digestion. With Enfamil and Similac only small peptides were visible on the
SDS—PAGE gels after 8 hours, and a faint smear representing polypeptides with a

molecular weight less than 18,000 daltons was visible on the lsomil gel.

The relative quantity of protelns present in samples before and after digestlon can
be estimated from the densitometer scans. The major protein from the unhydrolyzed
samples of human milk, Enfamil and Similac that were resolved on SDS-PAGE gels
are summarized in Table 13. The percent that each protein contributed to the total

(unhydrolyzed) area, its approximate molecular weight as determined by relative
mobility and the percent that remained unhydrolyzed after eight hour digestlon are
also estimated. No clear or consistent densitometer values were obtained for the

lsomil sample due to poor gel resolution.

lt may be possible to ldentify the protein fractions resolved on the SDS—PAGE gels
with the protein constituents normally present in human and bovine milk from their

estimated molecular weight and relative quantity. Care must be taken in interpreting

these results as sharply resolved peptide and protein bands are necessary for
accuracy (Fling and Gregerson, 1986). There are also some difficulties in assigning

precise molecular weights by SDS—PAGE since the size and charge of the

SDS·peptide complex may depend on the amino acid content (Anderson et al., 1983).

Since the majority of the peptides and proteins of human milk, Enfamil and Similac
were resolved in just a few bands, each band may include a variety of different

peptides and proteins with similar molecular weights.

Unlike Enfamil and Similac, some proteins in human milk remained extensively

unhydrolyzed after eight hours digestion. Over 90% of the unhydrolyzed human milk

protelns were resolved into four major bands. The first band representing a human
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Table 13. Identification of Malor Resoved Bands for Human Milk, Enfamll and Slmilac by
SDS-PAGE.

HUMAN MILK
1

Peak % of Relative . Molecular % Unhydrolyzed
No. total Mobility Weight After 8 Hours
1 17.8 0.17 80,000 17.1
2 11.6 0.21 68,000 22.5
3 36.8 0.47 30,000 5.1
4 25.2 0.73 13,000 < 1.0

ENFAMIL
Peak % of Relative Molecular % Unhydrolyzed
No. total Mobility Weight After 8 Hours

1 3.0 0.19 75,000 4.0
2 22.2 0.43 35,000 < 1.0
3 18.3 0.47 30,000 < 1.0
4 8.2 0.51 25,000 < 1.0
5 32.1 0.64 18,500 < 1.0
6 9.8 0.72 14,000 < 1.0

SIM ILAC
Peak % of Relative Molecular % Unhydrolyzed
No. total Mobility Weight After 8 Hours
1 37.5 0.42 36,000 < 1.0
2 31.2 0.46 30,000 < 1.0
3 11.5 0.49 27,500 < 1.0
4 11.9 0.61 19,000 < 1.0
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milk protein with an estimated molecular weight of 80,000 daltons remained
approximately 17 percent unhydrolyzed after eight hours. This first major band had

a molecular weight of approximately 80,000 daltons which is similar in size to

lactoferrin. Lactoferrin, the major iron binding protein found in significant quantities

in human milk, has a molecular weight in the range of 75,000 to 78,000 daltons (Blanc,
1981). It is reportedly one of the protein fraction of human milk that is resistant to

complete hydrolysis with significant amounts found in the faeces of breast fed infants

(Spik et al., 1982, Davidson and Lonnerdal, 1987). Dlrectly below this band was a

minor group of proteins with an estimated molecular weight of 68,000 daltons; in

which 23% remained unhydrolyzed after 8 hours digestion. This band corresponds

in size to serum albumin which has a molecular weight of approximately 69,000

daltons (Blanc, 1981). The majority (36.8%) ofthe unhydrolyzed human milk proteins

had a molecular weight of approximately 30,000 daltons. Most of this fraction was

completely hydrolyzed with only 5.1% of the initial quantity remaining unhydrolyzed

after 8 hours digestion. This band might include ß-casein which has a molecular

weight of 23,750 daltons (Blanc, 1981). Another major resolved protein fraction that

was extensively hydrolyzed had an estimated molecular weight of 13,000 daltons

which is similar in size to o:—lactaIbumin, a major human milk whey protein (14,300

daltons) as well as Iysozyme (= 15,000 daltons) (Blanc, 1981).

Over 90% of the unhydrolyzed Enfamil milk proteins were contained in six bands

ranging in molecular weight from approximately 75,000 to 14,000 daltons. Except for

a minor protein fraction representing 3% of the total (unhydrolyzed) proteins, almost

all of the six bands were completely hydrolyzed after 8 hours digestion. The only

protein fraction that appeared resistant to complete hydrolysis was a minor protein

Rcsuixs and Discussion 70



that remained approximately 4% unhydrolyzed after 8 hours digestion. lt had a

molecular weight of approximately 75,000 daltons which corresponds in size to

transferrin (77,000 daltons) and possibly serum albumin (69,000 daltons) (Blanc, 1981).

Two of the bands resolved in the unhydrolyzed Enfamil sample had the same

approximate molecular weights as those resolved in the unhydrolyzed human milk
' sample. These similar protein fractions had an approximate molecular weight of

30,000 and 13,500 daltons. Both of these fractions appeared to be completely

hydrolyzed after 8 hours digestion in the Enfamil sample but not in the human milk.

A relatively small amount of protein of approximately 25,000 daltons was also

resolved. Bovine ß~casein has a molecular weight of 23,982 daltons (Blanc, 1981) and

one would expect this protein fraction to be a greater percent of the total protein in

the milk based infant formulas. The Enfamil sample also exhibited a resolved protein

fraction with an estimated molecular weight of 18,500 daltons, which was missing in

the human milk sample. This fraction may contain ß·lactoglobulin as well as

lysozyme which has a molecular weight of 14,000 daltons and may include bovine cx-

lactalbumin which is in the range of 14,146 to 14,174 daltons (Blanc, 1981).

The majority of the unhydrolyzed proteins ofSimilac were found in four stalned bands

ranging in molecular weight from approximately 36,000 to 19,000 daltons. After 8

hours digestion all of these protein fractions appeared to be extensively hydrolyzed.

A protein band of approximately 30,000 daltons was resolved in the unhydrolyzed

sample of Similac. A similar sized protein fraction was also resolved ln both the

unhydrolyzed human milk and Enfamil samples.

The densitometer scans of the lsomil sample did not identify any clear patterns of

hydrolyzed or unhydrolyzed proteins. The majority of the unhydrolyzed proteins did
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appear to be resolved between the molecular weight range of 35,000 to 1,000 daltons.

The progression of the hydrolysis with time was apparent with the protein bands

(apparent as a smear) becoming concentrated in the smaller molecular weight ranges

of the SDS-PAGE gel. The proteins resolved after 8 hours digestion appeared to be
within the molecular weight range of 12,000 to 1,000 daltons.

5.4 Results of the pH Drop Method

The percent in-vitro protein digestibility of the freeze dried human milk and powdered
infant formulas was also estimated using a rapid multi-enzyme technique adapted

from Satterlee et al. (1982) and Hsu et al. (1978). Determination of the protein

digestibility was based on the measurement of the drop in pH that occurs as various
proteolytic enzymes cleave peptide bands and free additional carboxyl groups.

Following a 20 minute digest using trypsin, oc-chymotrypsin, peptidase and protease

enzymes, the pH drop that occurred from an initial pH of 8.00 was recorded in order

to calculate the percent in-vitro protein digestibility for each sample and a sodium

caseinate control.

The percent in-vitro protein digestibility of the human milk and three infant formulas
estimated by the pH drop method are shown in Table 14. The pH drop recorded for

the sodium caseinate control was within the acceptable values for each trial. ln each

of the three trials human milk had the lowest percent in·vitro protein digestibility,

followed by Similac. Except for trial 2 in which Enfamil had the highest percent
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Table 14. Mean Values of Percent In-Vitro Dlgestlbllity Values of Human Mllk and Infant Formulas

Obtained by pH Drop.

TRIALS MEAN
SAMPLE 1 2 3 j; STD DEV.

HUMAN MILK 74.62 75.63 75.23 75.16•
i 0.51

ENFAMIL 83.89 84.34 83.55 83.93***
j; 0.40

SIM ILAC 83.83 83.28 81.34 82.82°
;|; 1.31

ISOMIL 85.09 84.30 84.07 84.49**
j; 0.54

abc
Means with the same superscript are not significantly different (p< 0.05).
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in·vitro protein digestibility; Isomil had the highest percent in·vitro· protein

digestibility of the four samples. The mean percent in·vitro protein digestibility of the

four samples as determined by pH drop ranged from 75.16% to 84.49%. The mean

percent in·vitro protein digestibility of human milk (75.16%) was the lowest ofthe four

samples, followed by Similac (82.65%) and Enfamil (83.93%). Isomil had the highest

mean percent in-vitro protein digestibility (84.49%).

There were significant differences between the mean values of the four samples as

determined by Duncans Multiple Range Test (p<0.05), (SAS, Cary, North Carolina).

The mean percent in-vitro protein digestibility of human milk was significantly lower

than each of the three infant formulas. The mean percent in-vitro protein digestibility

of Similac was significantly different from Isomil but not significantly different from

Enfamil. _

The mean percent in-vitro protein digestibility of the three infant formulas as

determined by pH drop in this study was slightly lower than results reported by others

(Mitchell and Grundell, 1986; Pompei et al. 1987). Mitchell and Grundell reported that

the in-vitro protein digestibility of a whey adjusted milk based formula was slightly

higher than the milk based infant formula (88% vs 85%), with no significant

differences between the samples. ln this study the same trend appeared, with the

percent in-vitro protein digestibility of Enfamil (whey adjusted formula) being slightly

higher but not significantly different than that of Similac. Pompeii et al. (1987)

reported a range of in-vitro protein digestibilities between 85 to 87.3% for six milk

based powdered infant formulas of varying whey to casein ratios, with no significant

differences between the samples. Mitchell and Grundell (1986) also reported the

percent in·vitro protein digestibility of a soy based infant formula with a similar
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ingredient composition to Isomil to be 88% not signlficantly different from milk based
l

formulas. The lower results reported in this study for the three infant formulas may

be in part due to the use of different types of enzymes used for the pH drop method.

Mitchell and Grundell (1986) used trypsin, L-chymotrypsin, protease and the intestinal

enzyme leucine amino peptidase whereas Pompeii et al. (1987) used porcine trypsin,

bovine chymotrypsin and porcine intestinal peptidase and reported the pH drop after

10 minutes.

The pH drop method is an established method to estimate percent in·vitro protein

digestibility. The advantage of this technique is that it is a quick procedure, once

thepropertechnique has been established. There is the possibility of denaturing the

proteins if the initial adjustment of pH is done too rapidly. The major disadvantage

is that it is quite difficult to make any adjustments in the conditions of the digestion

such as were done with the other two techniques. ·1

1

1
5.5 Results of the Simultaneous Dialysis Method 1

1

I
The percent in-vitro protein digestibility of the freeze dried human milk and the three 1

powdered infant formulas was also determined using a modification of the enzymatic 1

hydrolysis and simultaneous dialysis method of Gauthier et al. (1982). Protein Z

digestion within a dialysis bag with a molecular weight cut off of 1,000 daltons allows 1

for the continuous elimination of digested products into a replaceable

sodiumphosphatebuffer. The products eliminated from the dialysis bag into the

bufferResultsand Discussion 75 1



l
represent hydrolyzed peptides assumed to be in the same molecular weight as those l

adsorbed by the gastrointestinal tract.

The percent in-vitro protein digestibility of human milk, Enfamil, Similac and lsomil

as determined by simultaneous dialysis are shown in Table 15. The digestibility

values expressed for human milk, Enfamil and Similac were derived from Kjeldahl

nitrogen determinations of the hydrolyzed milk product that remained within the

dialysis bag after the 24 hour digestion process. Since the lsomil sample was lost

during the Kjeldahl digestion process, the percent in-vitro protein digestibility of this

sample was determined from Kjeldahl nitrogen determination of thedialysate(sodium

phosphate buffer solution that surrounded the dialysis bag, during the

digestionprocess).The

mean values for percent in-vitro protein digestibility ranged from 52.72% to

73.23%. Human milk had the lowest percent in-vitro protein digestibility of the four

g samples after the 24 hour peptic! pancreatin digestion. The average percent in-vitro

protein digestibility of human milk, 52.72%, was significantly different than the mean

values obtained for the three infant formulas, as determined by Duncans Multiple

Range Test (p< 0.05). There were no significant differences in the mean values of the

percent in-vitro protein digestibility for Similac (69.58%) and Enfamil (73.23%). There

was also no significant difference in the mean percent in-vitro digestibility of the

lsomil (63.50%) and the other two infant formulas,

In each of the three trials human milk had the lowest percent digestibility, but there

was no clear trend in the ranking of the other formulas, As was the case in the peptic

digestion during the SDS·PAGE digestion, lsomil appeared to alter in consistency.
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Table 15. Percent In-Vltro Protein Digestibility of Human Milk and lnlant Formulas Obtalned by
Slmultaneous Dialysis.

TRIALS MEAN
:1: STD.DEV.

SAMPLE 1 2 3 4

HUMAN 43.58 63.76 50.82 n/a 52.72*
MILK ;);10.22
ENFAM IL 72.29 74.56 72.85 n/a 73.23*

;i; 1.18
SIMILAC 66.03 67.45 75.27 n/a 69.58*

;l; 4.98
ISOMIL ‘

57.90 69.10 62.50 64.50 63.50*
j; 4.64

ab
Means with the same superscript are not significantly different (p< 0.05).

1 Values given for Isomil indicate the protein content of the buffer solution versus
the protein remaining in the dialysis tubing following digestion.

I
III
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during enzymatic hydrolysis. lsomil appeared to form a fine precipitate within the

dialysis bag during the pancreatic digestion whereas the other samples did not.

The average percent in-vitro protein digestibility of the four samples as determined

by simultaneous dialysis appears to be quite low. The percent in·vitro protein

digestibility of the four samples may be an underestimate of the true extent of

hydrolysis. Gauthier et al. (1982) reported similarly low values for casein and soy

protein isolate using six replacements of the sodium phosphate buffer during a 24

hour digestion. The total extent of digestion of the casein was under 40% and the

soybean was under 50%. Digestibility of soy protein isolate was slightly greater than

the casein protein after 24 hours. The authors identified the frequency of sodium

phosphate buffer replacement as a major factor affecting the rate of protein

hydrolysis. The degree of proteolysis of the casein and soy protein isolate increased

as the frequency of the buffer replacement was increased. In-vitro protein

digestibility was highest using a continuous buffer replacement, (both samples

exceeding 70%), with casein significantly greater than the soy protein isolate.

A number of problems can be identified when using this method to estimate percent

in-vitro protein digestibility. The relatively high fat content of the milk products

retained in the dialysis bag after digestion appear to affect the Kjeldahl digestion

process. Errors may be introduced in determining the Kjeldahl nitrogen content of

the samples due to excessive foaming and bubbling of sample during the digestion

and distillation steps. Additional problems exist in performing Kjeldahl analysis of

the collected sodium phosphate buffer. Performing numerous Kjeldahl nitrogen

determinations on the excessive quantity of buffer collected may also lead to

increased errors. A 20% error was observed when the total nitrogen content of
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human milk was estimated from the nitrogen content remaining in the dialysis bag

after 24 hours plus the nitrogen content of the dialysate (sodium phosphate buffer).

The major limitation of the simultaneous dialysis method appears to be the frequency

in which the surrounding sodium phosphate buffer is replaced. In this study it

appeared that the percent in-vitro protein digestibility as determined by simultaneous

dialysis was an underestimate of the true extent of protein hydrolysis.

5.6 Comparison of the Three Methods Used to Estimate

Percent In-Vitro Protein Digestibility

A comparison of the mean percent in-vitro protein digestibility for each of the four

samples as determined by SDS-PAGE, pH drop and simultaneous dialysis method is

shown in Figure 6. Except for Isomil, the average percent in-vitro protein digestibility

as determined by SDS-PAGE was greater than that determined by the pH drop and

simultaneous dialysis methods. The percent in-vitro protein digestibility of lsomil

was greater when determined by the pH drop method than by SDS-PAGE. With all

four samples the lowest percent in-vitro protein digestibility was determined using

the simultaneous dialysis method.

A significant difference was found in estimated in·vitro protein digestibility depending

on which of the three methods was used. For both Enfamil and Similac the mean
percent in-vitro protein digestibilities were significantly different for all three
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methods. For human milk the mean percent in-vitro protein digestibility as

determined by SDS-PAGE was significantly different from that determined by pH drop

but not by simultaneous dialysis method. For Isomil, the mean percent in-vitro

protein digestibility determined by SDS-PAGE and simultaneous dialysis were both

significantly different from that determined by pH drop.

The observed differences in the estimated protein digestibilities may be in part due

to the different digestive techniques used for each method. The three methods used

different proteolytic enzymes, different time periods for digestion and the pH drop

method used a different initial pH. One might question the reliability of the

simultaneous dialysis method for determining in·vitro protein digestibility. Estimated

protein digestibility would probably be much greater if the sodium phosphate buffer

solution was replaced more frequently or continuously.
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6.0 Summary andConclusionsThe

estimated percent in-vitro protein digestibility of human milk was lower

andsignificantlydifferent (P< 0.05) than the percent in·vitro protein digestibility oflsomil,Enfamil

and Similac using the pH drop and simultaneous dialysis methods.

Thepercentin-vitro protein digestibility of human milk was also lower but notsignificantlydifferent

from Enfamil and Similac using the SDS-PAGE method. The percentin·vitroprotein

digestibility of Isomil was lower than that for human milk whendeterminedby

SDS·PAGE. Although the results ofthis study may imply that the digestibility

oftheproteinsin human milk is lower than the Enfamil, Isomil and Similac; they shouldnotbe

interpreted to discourage mothers from breastfeeding.Human

milk should still be considered nutritionally superior and the ideal food

formostterm infants. One major advantage of human milk is that it is rich

inimmunoglobulins,which may to some extent provide passive immunologicalbenefitsto

the infant and developing gastrolntestinal tract. Human milk may containproteinsthat

would be dependent upon resistance to gastric acidity and proteolyticdlgestionSummary

and Conclusions 82



in order to fulfill their physiological or biological functions to benefit the feedingA
infant.

There were no significant differences in percent in-vitro protein digestibility of the

three infant formulas as determined by pH drop and simultaneous dialysis. The lower

percent in-vitro protein digestibility of Isomil as determined by SDS-PAGE was

significantly different from the other two formulas, but this may be an underestimate
due to the apparent Iimitation of the densltometer to evaluate the area of the poorly

resolved lsomil gel.

lt did appear that this SDS-PAGE system, capable of resolving proteins and

polypeptides within the molecular weight range of 1,046 to 97,400; is a viable method

for estimating percent in-vitro digestibility of proteins. This SDS-PAGE system

identifies protein fractions that are too large to be readily adsorbed by the

gastrointestinal tract. The peptides not resolved by the SDS-PAGE gels represent

nitrogenous materials including free amino acids and peptides up to ten amino acids

in length. Based on the assumption that peptides with molecular weights greater
S

than 1,000 daltons are not readily adsorbed, this SDS-PAGE method is a viable means

to estimate in-vitro protein digestibility.

Each of the three methods used in this study to estimate the percent in-vitro protein

digestibility offered distinct advantages as well as Iimitations. lt should be noted that

the methods used in this study examined in-vitro digestibility of the various products

and one can not assume that the same results would occur in-vivo.

One of the main advantages of using this SDS-PAGE system is that the intermediate

and final products of protein digestion are represented together, visually stained on

Summary and Conclusions 83



the SDS-PAGE gels. Also the molecular weights of the polypeptldes remaining after

protein digestion can be estimated from their relative mobility on SDS-PAGE gels

when compared to standard reference protein markers.
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7.0 Suggestions for Further Research

Future studies should include an in·vivo approach to determine the protein

digestlbilities of the various products commonly used for infant feeding. This would

allow for an independent evaluation of the different in-vitro methods and help to verify

whether this SDS-PAGE system is a viable method for estimating protein digestibility.

Amino acid analysis of the hydrolyzed protein samples should also be done. Another

area of infant digestion that needs further study is the effect of pH upon the

digestibility of infant formulas and human milk.

lt may be possible to make some improvements in the three in-vitro methods used

in this study. The resolution ofthe smaller molecular weight proteins markers on the

SDS-PAGE gels may be improved by preparing fresh applications for each

electorphoretic run. The markers may be prepared in advance and frozen in aliquots

required for a single application. This SDS-PAGE system requires improvements in

determining the digestibility of poorly resolved proteins such as those in lsomil.

Another area to further explore is the effect of the ratio of sample to sample buffer

on SDS-PAGE resolution. .
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Further studies lncorporating the simultaneous dialysis method may be improved

with a more frequent or continuous replacement of the sodium phosphate buffer.

Also the sample or buffer may be freeze dried prior'to determining Kjeldahl nitrogen.

Suggestions for Further Research 86
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Appendlx A.

PROTEIN DIGESTIBILITY OF BREAST MILK
GENERAL INFORMATION SHEET

1. Samples are to be collected on predetermined dates between the months of
September and November, 1987. Samples are to be taken on two (2) consecutive
days as follows. Only one sample will be collected each day.

Day 1- mid day or evening feeding I
Day 2- morning feeding

2. The fore milk or first milk obtained at the Initiation of feeding will be collected for
this study. This is the milk collected before the baby nurses.

3. Milk may be expressed manually or by the use of a breast pump. Instructions
are included with each kit.

4. Store collected milk in the large plastic tubes provided in the kit. Fill the tubes
only about 3/4 full. Store in the refrigerator immediately after collection. Label
and attach information regarding the date and time for each sample.

5. Time the collection of milk samples to coincide within 24 to 48 hours prior to an
agreed upon date of when the samples will be gathered.

6. Samples will be collected by University personnel within 24 to 48 hours after
collection from a convenient location such as the participants residence or at a
physicians office.

lf you have any questions or problems contact:
Dr. William Barbeau 961-6785

or 961-5549
Kathy Kaechele 951-3380
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Appendlx B

SUBJECT BACKGROUND INFORMATION

ESUBJECT’SNAME:ADDRESS:Pu-nous

N0.SUBJECTSAGE:
DATE OF DELIVERY: ·
TERM (WEEKS GESTATION):

NUMBER OF CHILDREN PREVIOUSLY BREASTFED:
EXCLUSIVELY BREASTFEEDING? OR...
OTHER FOODS YOUR BABY ISRECEIVING:EXPECTED

DURATION OF LACTATION:
‘ANYMEDICAL PROBLEMS: I
COMMENTS:

I
DATE: i
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Appendlx C

CONSENT OF PARTICIPATION FORM

During the first few months of life infants grow and develop more rapidly than any
other time of life, thus increasing their nutritional requirement. Protein, an essential
nutrient, is of extreme interest as it provides nitrogen and amino acids for normal
growth and maturation. The nutritional values of the proteins of various forms of
milks used in infant feedings therefore is of critical importance.

The purpose of this study is to:
1. obtain breast milk supplied by fifty healthy mothers of full term infants pooled

together as a representative sample for analysis.
2. analyse the differences in the macro nutrient composition of the pooled breast

milk, unmodified cows milk and an infant formula.
3. quantitatively compare the relative digestibility of the protein fractions of the

pooled human milk, unmodified cows milk, and infant formula after a simulated
digestion process using three biochemical methods.

I have received an explanation of the importance and purpose of the study to be
conducted at Virginia Tech in the Department of Human Nutrition and Foods. The
project will be directed by Dr. William E. Barbeau, faculty member, in the Department
of Human Nutrition and Foods. .
I understand that I will be asked to answer questions about my background (age,
health), and supply a sample of breast milk from two separate nursings.
The potential risks of this study have been explained to me, and I understand the
benefits of participating in this study. A free breast pump will be provided in
exchange for participating in this study.
I understand that I am free to withdraw consent or discontinue nursing at any time
during the study. I understand that all information will be considered private, will be
treated in a confidential manner, and will not be revealed as to identify the participant
or cause embarrassment. Dr. Barbeau or one of the other members of the research
staff will be free to answer any questions I may have regarding this study.
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Understanding the above, I agree to participate and supply two human milk samples
for the Nutrition Study to be conducted at Virginia Tech.

SIGNATURE OF SUBJECT
SOCIAL SECURITY NUMBER

Signature of Interviewer

Date
To be retained by primary investigator
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Appendix D.

Reagents for acrylamide and buffer solutions for SDS-PAGE.

8-25% Acrylamide Gradient Resolving Gel (18 ml each)
8% 25%

Acylamide/ Bis Stock Solution 2.94 ml 9.18 ml
Resolving Gel Buffer 4.60 ml 4.60 ml
dd H20 10.46 ml 4.22 ml
TEMED 6.0;;/ 6.0,u/
Ammonium Persulfate 0.4 ml 0.4 ml

1.6 (w/v)

Acrylamide! Bis Stock Solution (100 ml)

Acrylamide 50.0 gm
Bis-Acrylamide 1.35 gm

Resolving Gel Buffer (100 ml)
Tris 36.33 gm
SDS 0.4 gm

Adjust pH to 8.80 with concentrated HCI.

5% Acrylamide Stacking Gel (10 ml)

Acylamide/ Bis Stock Solution 1.0 ml
Stacking Gel Buffer 2.5 ml
dd H20 6.3 ml
TEMED 10.0p/
Ammonium Persulfate 0.2 ml

2.4% (w/v)

Stacking Gel Buffer (100 ml)

Tris 6.06 gm
SDS 0.4 gm

Adjust to pH 6.8 with concentrated HCI.APPENDICES 98



Sample Buffer (100 ml)

Tris 0.667 gm
SDS 2.0 gm( Urea 48.0 gm
DTT 0.15 gm
Pyronin Y 0.2 gm

Adjust to pH 6.8 with concentrated HCI.

Running Buffer (5 I)

Tris 30.28 gm
Glycine 71.31 gm
SDS 5.0 gm

Adjust to pH 8.3 if necessary with glycine.
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Appendix E

Calculations used to determine enzyme and sample weights used in pH drop
method.

Bacterlal Protease
X 019 Pl’¤t€‘8S@ = 65 total units
10 mg solution activity of protease (units/mg)

Trypsln
X mg trypsin _ 227,040 total units

10 mg solution
_

activity of trypsin (units/mg)

0z·Chymotrypsln
X 019 ¤'C0YV0¤tl'YP$ll1 = 0.520 total units

10 mg solution activity of oz-chymotrypsin (units/mg solid)

Pepüdase
X mg peptidase =__ 0.620 man units
10 mg solution activity of peptidase (units/g)

Sample weights
Calculation for determinig weights of human milk,
and three infant formulas needed for pH drop

I wt _ 6.25 mg of protein / ml >< 10 ml >< 100 1g
Samp 6 (Q) _

% protein of the sample X 1000 mg

Caseln Control
Two sodium caseinate samples served as controls for each
of the three trials to measure the percent in·vitro
protein digestibility as determined by the pH drop method.
A sample weight of 0.0690 g of caseinate was used.
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Appendix F.

Information and Amounts of Human Milk Collected.

Subject Subjects Amount Time Days Since
Number Age Collected Collected Parturition(ml)

1 31 42 P.M. 18
34 A.M. 19

2 31 28 A.M. 126
28 A.M. 142

3 32 36 P.M. 55
30 A.M. 56

4 31 50 P.M. 172
30 A.M. 174

5 33 54 P.M. 148
50 A.M. 150

6 31 56 P.M. 158
56 A.M. 159

7 22 48 P.M. 65
50 A.M. 66

8 42 ‘ 56 P.M. 264
52 A.M. 265

9 29 40 A.M. 92
36 P.M. 92

10 31 44 P.M. 306
52 A.M. 307

11 31 40 P.M. 92
44 ” A.M. 93

12 39 58 P.M. 156
58 A.M. 157

13 29 52 P.M. 60
40 A.M. 61

14 25 50 P.M. 640
52 A.M. 641

15 33 40 P.M. 131
50 A.M. 132

16 31 50 P.M. 147
46 A.M. 148

17 22 46 P.M. 41
44 A.M. 42

18 32 30 P.M. 20
40 A.M. 21

19 28 56 P.M. 60
56 A.M. 61
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Subject Subjects Amou nt Time Days Since
Number Age Collected Collected Parturition(ml)

_ 20 23 48 P.M. 56
50 A.M. 57

21 30 40 P.M. 168
« 28 A.M. 170

22 29 46 P.M. 197
46 P.M. 198

23 30 46 A.M. 25
T) 40 P.M. 25

24 27 40 A.M. 137
40 A.M. 138

25 26 52 P.M. 176
40 A.M. 177

26 32 50 P.M. 159
48 P.M. 168

27 38 17 A.M. 202
17 A.M. 204

I 28 34 54 P.M. 385
50 A.M. 386 ~

29 29 42 A.M. 174
44 _ P.M. 175

30 30 40 A.M. 199
52 A.M. 219

31 34 46 P.M. 82
24 A.M. 83
18 P.M. 83

32 24 24 A.M. 67
20 A.M. 68
24 A.M. 69
22 A.M. 70

33 34 46 P.M. 364
50 A.M. 366

34 31 28 A.M. 185
20 A.M. 198

35 34 34 A.M. 76
36 35 26 P.M. 510
37 38 46 A.M. 879
38 29 100 A.M. 198
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