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Objectives: Microparticle-enhanced nephelometric immunoassays
for six human milk proteins (b-casein, k-casein, a-lactalbumin,
serum albumin, lactoferrin, and lysozyme) and conventional immu-
nonephelometry assays for immunoglobulin A, C3, and C4 comple-
ment proteins were developed and characterized.
Design and methods: Microparticle-enhanced nephelometric im-
munoassays are competitive assays based on the nephelometric
quantification of the inhibition of microparticle-protein conjugates
immunoagglutination by the proteins to be assayed.
Results: High precision (CVs ranged from 1% to 14% in within- and
between-assays) and recovery (linear recovery in dilution-overload-
ing assay) ensure a reliable determination of the main human milk
proteins by single-step homogeneous nephelometric immunoas-
says, accurate over wide ranges of concentration. These immuno-
assays were easily applied to a large number of mature human milk
samples (between 373 and 503 according to the proteins tested).
Conclusions: The immunoassays developed could be applied to
the fast determination of human milk protein profile usable for
nursery milk bank and fortification. Copyright © 2000 The Canadian
Society of Clinical Chemists
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Introduction

B
reast milk contains various components required
by the neonate for its growth and development

(1). Among these components, milk-specific and
plasma proteins, such as beta-casein (b-CN), kappa-
casein (k-CN), alpha-lactalbumin (a-LA), serum al-
bumin (SA), lactoferrin (LF), lysozyme (LZ), immu-
noglobulins A (IgA), C3, and C4 complement
fractions have important nutritious and immunolog-
ical functions. Numerous methods, such as fast
protein liquid chromatography (2,3), polyacrylamide
gel electrophoresis (4,5), ion-exchange chromatogra-
phy (6), enzyme activity measurement (7), and var-

ious types of immunoassays (8–14), have been re-
ported to assay these proteins in human milk. Most
of these techniques lack sensitivity and moreover
require sample pretreatment or long incubation pe-
riods. Their diversity often impedes an easy compar-
ison of the results published by different authors.

Conventional immunonephelometry, based on the
nephelometric quantification of the light scattered
by antigen-antibody complexes formed during liq-
uid-phase immunoprecipitation, is routinely used
for the determination of human serum proteins,
including IgA, C3, and C4 complement fractions (15).
Our group had developed and published a series of
microparticle-enhanced nephelometric immunoas-
says specially designed for the determination of
b-CN (16), k-CN (17), a-LA (18), SA, LF (19), and LZ
(20) and applied conventional immunonephelometry
to the assay of IgA, C3, and C4 (21) in human milk.
Here we report a comparative description and anal-
ysis of these assays, demonstrating the feasability of
a rapid and reliable determination of the concentra-
tion of the nine main proteins of human milk. This
technically homogeneous approach leads to the as-
sessment of a protein profile of mature human milk.

Methods

REAGENTS

Purified human milk proteins (whole CN contain-
ing 71 and 13% of b- and k-CN, respectively, a-LA,
LZ, and LF) and SA, used for microparticle coating
in the preparation of microparticle-protein conju-
gates and as standard in microparticle-enhanced
nephelometric immunoassays were from Sigma
Chemical Co. (St Louis, MO, USA). Purified immu-
noglobulin fractions of rabbit antihuman a-LA, an-
tihuman LF, and antihuman LZ antisera were ob-
tained from Dako (Glostrup, Denmark). Anti-human
SA, anti-human IgA (a-chains), and antihuman C3
(C3c) and C4 rabbit antisera, as well as human IgA,
C3, and C4 standard were purchased from Behring
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(Marburg, Germany). The specificity of these anti-
sera was assessed by their manufacturers and in
some cases verified as previously reported (18,19).
Anti-b-CN and anti-k-CN antisera were antibovine
CN. Their obtention, specificity, and reactivity
against human CN have been previously described
and debated (16,17).

Polyfunctional hydrophilic microparticles of 300 6
12 nm in diameter, synthesized as previously reported
(22), and the nephelometry buffer used for the most
immunonephelometric assays (0.05 mol/L borate
buffer, pH 8 containing 0.1 mol/L NaCl, 1.5mmol/L
Na2-EDTA, 30 mmol/L NaN3, 2 g/L Triton X-100 and
30 g/L polyethylene glycol 6000) were supplied by
Sanofi-Diagnostics-Pasteur (Marnes, France). For mi-
croparticle-enhanced nephelometric immunoassays,
polyfunctional microparticles were covalently coated
with whole CN, a-LA, SA, LF, and LZ through the
formation of imine bonds between the aldehyde groups
on the microparticles and the primary amino groups of
the proteins as reported (23).

Human mature milk samples (n 5 503) used for
evaluation studies were collected at home from 18
voluntary lactating mothers from days 15 to 225 post-
partum. All these mothers appeared healthy without
known disorders, which may affect the milk composi-
tion. Milk had been sampled approximately midway
through a single feeding, frozen immediately after
collection and stored at 220 °C until use. They were
thawed at 40 °C in a water bath and vigorously
homogeneized, immediately before their analysis.

PROCEDURES FOR DETERMINATION OF HUMAN MILK

PROTEINS

Microparticle-enhanced nephelometric immuno-
assays were specifically developed for the determi-

nation of b-CN, k-CN, a-LA, SA, LF, and LZ in
human milk. Microparticle-enhanced nephelometric
immunoassays were performed in a one-step reac-
tion as described in details in Table 1. Unknown
diluted whole milk or appropriate serial dilutions of
protein standard, microparticle-protein conjugate,
and diluted specific antiserum were mixed in a
reaction microcuvette (Nephelia microcuvette;
Sanofi-Diagnostics-Pasteur) with nephelometry
buffer to give a final volume of 300 mL. All predilu-
tions were performed in the nephelometry buffer
with an automated dilutor (Hamilton, Bonaduz,
Switzerland). The scattered light was measured
with a specially designed nephelometer (Nephelia
N600, Sanofi-Diagnostics-Pasteur) (24) equipped
with an helium-neon laser (wavelength, 632.8 nm).
Cubic spline-smoothed calibration curves and un-
known sample concentrations were calculated with
a microcomputer (MBC 885, Sanyo Electric Co.,
Tokyo, Japan).

IgA, C3, and C4 determinations were performed
by conventional immunonephelometric assays, rou-
tinely used in human serum (15) and applied here in
milk samples (Table 1). Milk samples were preclari-
fied with 1,1,2-trichlorotrifluoroethane (25) before
their dilution. Diluted milk sample or standard,
specific antiserum and diluent were mixed together
in reaction microcuvette and the scattered light was
measured with the Nephelia N600 nephelometer.
Samples with high protein concentrations needed to
be tested again at higher dilution than indicated in
Table 1.

EVALUATION STUDY

Repeatability of the calibration curves was esti-
mated by measuring light scattering for one inter-

TABLE 1
Procedures for Determination of Human Milk Beta-Casein (b-CN), Kappa-casein (k-CN), Alpha-lactalbumin (a-LA),

Serum Albumin (SA), Lactoferrin (LF), Lysozyme (LZ), Immunoglobulins A (IgA), C3, and C4 Complement Fractions

Protein b-CN k-CN a-LA SA LF LZ IgA C3 C4

Milk sample
Dilution 1/600 1/600 1/15000 1/600 1/300 1/600 1/100a 1/10a 1/10a

Volume (mL) 30 30 30 30 30 30 100 100 100
Antiserum

Dilution 1/150 1/80 1/650 1/125 1/130 1/90 1/1 1/1 1/1
Volume (mL) 30 30 30 30 30 30 40 40 40

Microparticle conjugate
(30 mL)
Concentration (g/L) 3.3 3.3 1.4 2.8 1.4 2.8

Diluent
Composition NBb NB NB NB NB NB Sc NB NB
Volume (mL) 210 210 210 210 210 210 160 160 160

Incubation time (min) 60 30 60 60 30 60 30 30 30
Calibration range (g/L) 0.6–18.3 0.1–4.6 0.5–16.9 0.2–3.0 0.7–21.6 0.1–1.5 0.2–6.2 0.01–0.37 0.01–0.29
Repeatability of

calibration (%)
1.1–3.0 1.8–2.7 2.0–6.3 1.7–5.8 1.6–3.5 1.9–4.0 3.9 4.7 4.1

aSkimmed sample.
bNephelometry buffer (0.05 mol/L borate buffer, pH 8, containing 0.1 mol/L NaCl, 1.5 mmol/L Na2-EDTA, 30 mmol/L

NaN3, 2 g/L Triton X-100, and 30 g/L polyethylene glycol 6000).
cSaline (0.14 mol/L NaCl).
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mediate dilution or for each dilution of standard in
ten successive assays. The precision of the assays
was assessed by measuring human milk samples
with intermediate, low, and high concentrations 10,
12, or 30 times during the same assay (within-run
precision), and on 10 successive assays (between-run
precision). Repeatability of the calibrations and pre-
cision of the assays were expressed as the coefficient
of variation (CV %).

Recovery studies were carried out in dilution-
overloading assays. The dilution assays were per-
formed on serial dilutions of several milk samples
with high protein concentrations. In the overloading
experiments, increasing volumes of high concen-
trated samples (C3 and C4) or increasing amounts of
purified proteins (for all others proteins) were added
to several milk samples with low protein concentra-
tions. Diluted and overloaded samples were assayed
as unknown milk samples. Mean recovery was cal-
culated for each protein and the results of the 133
dilution-overloading assays thus performed were
subjected to linear regression analysis (measured 5
b 1 a theoretical). For each protein, the null hypoth-
esis H0 (intercept b 5 0 and slope a 5 1) vs the
alternative hypothesis H1 (intercept b Þ 0 and slope
a Þ 1) was tested by Fisher (F) and Student’s t tests,
respectively.

PROTEIN DETERMINATIONS IN HUMAN MATURE MILK

Applicability of the microparticle-enhanced neph-
elometric immunoassays developed for b-CN, k-CN,
a-LA, SA, LF, and LZ was tested on at least 495
mature milk samples. Conventional immunoneph-
elometry was used to measure IgA, C3, and C4
complement fractions in 373 to 495 samples, accord-
ing to proteins. All these nephelometric immunoas-
says were performed following the procedures de-
scribed in Table 1. Version 2.0 of the computer
program Prism (Graphpad Software Inc., San Diego,
CA) was used for all data analysis and statistics.

Results

CALIBRATION RANGES

Decreasing sigmoidal curves were obtained for
b-CN, k-CN, a-LA, SA, LF, and LZ determinations,
performed by microparticle-enhanced nephelometric
immunoassays, and increasing calibration curves
were observed in uncompetitive conventional immu-
nonephelometry for the measurement of IgA, C3,
and C4 complement fractions. Calibrations ranges
and repeatability of the standardizations are given
Table 1. The lower limits of each calibration range
corresponded to protein concentrations giving light
scattering intensity significantly different (3 SD at
least) from the light scattered observed in the ab-
sence of protein to be measured. The upper limits
were protein concentrations giving light scattered
significantly different (3 SD at least) from the light
scattered by dispersed microparticle-protein conju-

gate alone (microparticle-enhanced nephelometric
immunoassays), or from the light scattered observed
at the equivalence zone (conventional immunoneph-
elometric assays).

EVALUATION STUDY

Table 2 shows the within-run and between-run
precision results. The coefficients of variation calcu-
lated for large distributions of milk protein concen-
tration ranged between 1.0% and 10.9% for the
within-run and between 0.9% and 13.8% for the
between-run studies. In 32 cases from these 48
coefficients of variation obtained, they were lower
than 5%.

All the analytical recovery results are reported in
Table 3. Mean recoveries were comprised between
92% to 104 % for all nine proteins. Statistical studies
of the parameters of the linear regression (mea-
sured 5 b 1 a theoretical), performed for each
protein over the large concentration range investi-
gated, indicated that the intercepts (b) and the
slopes (a) were never significantly different (p .
0.05) from 0 and 1, respectively.

APPLICATION TO HUMAN MATURE MILK

Protein concentrations measured in mature milk
samples are plotted in Figure 1 as boxes extending
from the 25th percentile to the 75th percentile, with
a horizontal line at the median, and whiskers ex-
tending down to the smallest value and up to the
largest.

Discussion

Conventional immunonephelometry is commonly
used to assay proteins in human serum (15). In our
work, it allows the measurement of IgA, C3, and C4
complement fractions in human mature milk with
precision and accuracy. However, conventional im-
munonephelometry has two drawbacks: its sensibil-
ity (1 mg/L) constrains to test milk samples at weak
dilution (1/300 for IgA and 1/30 for C3 and C4 in the
reaction mixture) and thus requires their clarifica-
tion by pretreatment; in other hand, as in all immu-
noassays based on an uncompetitive reaction, sam-
ples with high protein concentrations should be
reassayed at higher dilution to avoid a risk of
under-estimation by antigen excess.

Microparticle-enhanced nephelometric immuno-
assays are based on the nephelometric quantifica-
tion of the inhibition of microparticle-protein conju-
gates immunoagglutination by the free proteins to
be assayed (23). Such immunoassays have been
previously described as sensitive and accurate tech-
niques for the measurement of numerous human
serum proteins (26) and of the main proteins of
bovine milk (27). The microparticle-enhanced neph-
elometric immunoassays especially developed for
the measurement of b-CN, k-CN, a-LA, SA, LF, and
LZ in human milk preserves the advantages of
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conventional immunonephelometry but cancels
these drawbacks. Microparticle-enhanced nephelo-
metric immunoassay is an easy-to-perform method
and a rapid (30 to 60 min), fully automatable one
step assay, which is suitable for the measurement of
a great number of samples (360 per hour). It is a
highly sensitive assay (1 mg/L) allowing a great
dilution of milk samples (1/3000 to 1/150000 in the
reaction mixture). Such dilutions removes any inter-
ference due to milk sample turbidity and sample
clarification. Furthermore, underestimation of the

highest protein concentrations is avoided by the
inhibition mode used.

Calibration ranges obtained for the nine proteins
assayed in this work by conventional or micropar-
ticle-enhanced immunonephelometry allowed the
measurement of these proteins in human milk. The
good repeatability of calibration curves (between 1%
and 6%) could allow to consider the use of a single-
point control to recalibrate a late multi-point stan-
dard curve. Precision studies indicated that these
assay ranges were covered with reliability (CVs

TABLE 2
Precision of Protein Determinations

Proteina

Within-run precision Between-run precisionb

n Mean (g/L) SD (g/L) CV (%) Mean (g/L) SD (g/L) CV (%)

b-CN 30 0.83 0.09 10.9 1.13 0.14 12.2
30 3.85 0.22 5.6 4.50 0.22 5.0
30 10.26 0.35 3.4 11.04 0.56 5.1

k-CN 30 0.47 0.03 7.2 0.46 0.05 9.9
30 1.29 0.04 3.0 1.39 0.05 3.2
30 2.97 0.07 2.4 2.87 0.11 3.9

a-LA 30 1.52 0.07 4.6 1.36 0.09 6.7
30 3.45 0.04 1.0 4.09 0.12 2.8
30 9.74 0.20 2.0 12.08 0.26 2.2

SA 10 0.51 0.03 5.1 0.52 0.04 6.8
LF 30 1.82 0.09 4.8 1.29 0.08 5.9

30 3.07 0.10 3.3 3.00 0.11 3.8
30 6.69 0.25 3.8 7.10 0.25 3.5

LZ 30 0.24 0.01 2.4 0.24 0.01 4.8
30 0.34 0.01 3.1 0.35 0.02 4.5
30 0.65 0.01 1.4 0.62 0.01 0.9

IgA 10 0.39 0.03 6.9 0.41 0.03 8.5
10 3.08 0.09 2.9 3.11 0.12 3.8

C3 12 0.030 0.001 2.9 0.024 0.002 8.7
12 0.075 0.002 2.2 0.046 0.003 5.8
12 0.239 0.010 4.2 0.197 0.009 4.7

C4 12 0.030 0.001 3.7 0.016 0.002 13.8
12 0.077 0.002 2.1 0.072 0.003 3.9
12 0.181 0.007 3.7 0.160 0.006 4.0

aBeta-casein (b-CN), kappa-casein (k-CN), alpha-lactalbumin (a-LA), serum albumin (SA), lactoferrin (LF), lysozyme
(LZ), immunoglobulins A (IgA), C3 and C4 complement fractions; bn 5 10

TABLE 3
Analytical Recovery

Proteina
Range investigated

(g/L) n

Recovery (%)
Linear regression (measured 5 b

1 a theoretical)

Mean SD b (g/L) a r

b-CN 0.8–13.8 16 101 7 20.279b 1.098c 0.987
k-CN 0.6–4.4 12 99 8 20.130b 1.060c 0.996
a-LA 0.6–14.1 13 99 7 0.003b 0.990c 0.997
SA 0.2–2.7 13 104 7 0.021b 1.005c 0.999
LF 0.8–11.4 18 97 11 20.244b 1.097c 0.992
LZ 0.1–1.0 16 101 10 0.013b 0.960c 0.994
IgA 0.3–5.2 13 100 5 20.004b 1.013c 0.998
C3 0.021–0.335 16 99 4 20.001b 1.016c 0.998
C4 0.019–0.115 16 92 9 20.004b 1.021c 0.993

aBeta-casein (b-CN), kappa-casein (k-CN), alpha-lactalbumin (a-LA); serum albumin (SA), lactoferrin (LF), lysozyme
(LZ), immunoglobulins A (IgA), C3, and C4 complement fractions; bnot significantly different (p . 0.05) from 0 (F test for
b 5 0 vs b Þ 0); cnot significantly different (p . 0.05) from 1 (t-test for a 5 1 vs a Þ 1).
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often lower than 5%, in within- and between-run).
Recovery studies showed close agreement between
the theoretical and measured protein concentrations
in dilution-overloadind assays (linear recovery on
large ranges of concentrations with mean percent-
age very close to 100%). Results of the measure-
ments of nine proteins performed together in a great
number of human mature milk samples are, for the
most part, in good agreement with those previously
reported in past years (2–14), using different tech-
niques and, the most often, restricted to the deter-
mination of the one or another of these proteins.

Emergence of new analytical procedures in the
late years, such as conventional or microparticle-
enhanced immunonephelometry, today allows major
proteins of human milk to be analyzed with sensi-
tivity, easiness, and singleness of methodologies.
This technically homogeneous approach leads to the
assessment of a protein profile of mature human
milk such as shown Figure 1. Human milk protein
profiles could carry a better knowledge of the normal
lactogenesis and a re-evaluation of the nutritious
and immunological functions of human milk. They
could display the immaturity of preterm milks (28),
the increase of IgA, LZ, and LF in milk from mothers
with infections such as mastitis (29), and the
changes in milk proteins composition occuring in

metabolic disorders (30) or with some medications
and drugs such as nicotine that influence prolactine
or oxytocin levels (31,32). Human milk protein pro-
files could be also usable to better evaluate nursery
milk bank products and to improve individual forti-
fication.
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