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Enzymatic hydrolysis, extraction, and
guantitation of retinol and major
carotenoids in mature human milk

Y. Liu, M.J. Xu, and L.M. Canfield

The University Department of Biochemistry, University of Arizona, Tucson, AZ USA

An improved method for enzymatic hydrolysis, extraction, and high performance liquid chromatography (HPLC)
separation of major carotenoids and retinol of mature human milk is described. After pretreatment with bile salts
and protease, carotenoids and retinol are released by lipase treatment followed with brief chemical saponifica-
tion. The HPLC method provides enhanced peak resolution and improved elution profiles. The procedure is
nondestructive to provitamin-A carotenoids while effectively hydrolyzing retinyl esters. Using this method, we
were able to significantly increase the recovery of btbarotene and retinol from human milk over previously
published procedures. The method is sensitive to picomolar quantities of carotenoids and retinol. Retinol,
lutein/zeaxanthinB-cryptoxanthin, lycopeney-carotene, ang3-carotene are effectively recovered and quanti-
tated from a single 1-mL sample of milk(J. Nutr. Biochem. 9:178-183, 1998) Elsevier Science Inc. 1998
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Introduction were necessary for analysis of milk retinol and carotenoids,
and therefore both assay time and sample volume needed to
measure vitamin A equivalents (vitamin-A provitamin A
carotenoids) were doubled. We report here a method that
combines enzymatic and chemical hydrolysis, thereby min-
imizing exposure to alkaline hydrolysis. Using this method,
major milk carotenoids and retinol can be quantitated
simultaneously in 1 mL of milk. The method can be completed
in about half the time required for our previous procedure, is
sensitive to picomolar quantities, and provides increased re-
covery of bothg-carotene and retinol from milk.

Healthy mothers provide sufficient retinol in their breast-
milk to support normal infant needs. However, the average
daily dietary intake of vitamin A (retinol plug-carotene)
by lactating women in developing countries (660 RE/day) is
substantially less than the recommended safe level for U.S.
lactating womeh and is often insufficient to support the
needs of the infant. Unfortunately, in these countries,
breastmilk is the major source of vitamin A for the infa&nt.
In addition, breastmilk vitamin A may be useful as a
non-invasive and reliable predictor of vitamin A status.
Consequently, a sensitive method for simultaneous quanti-
tation of vitamin A and carotenoids in breastmilk is needed.
We3® and other&have previously reported methods for
guantitation of carotenoids and retifdlin human milk and ~ Chemicals

8
;:r?lostrum. If-|0vt\(ev?ar, thgse deITOdS \(/jvere Iengthty aTIS If_otr Retinol and carot_enoid standards, protease [Type X)_(V, Strepto-
€ assay ot retinol, required prolonged exposure {o alkall to myces griseus], lipase [Type VII, Candida rugosa], triethylamine
hydrolyze retinyl esters. Because carotenoids were de-(Tgp), retinol, lutein, and lycopene were purchased from Sigma
graded by lengthy alkaline hydrolysis, separate procedureschemical Co. (St. Louis, MO USA)x-Carotene ang-carotene
(>97% purity) were from Fluka Biochemical Co. (Ronkonkoma,
NY USA). B-Cryptoxanthin was a generous gift from Dr. Gary
Beecher. Standard Reference (SRM) 968b (Fat-Soluble Vitamins
Science Institute (LS. and. Choles’gerol in Human Serum) was purchased from. the
Address correspénde%ce and reprint requests to Dr. Louise Canfield at’National Institute of Standards and Technology (NIST) Analytical
Department of Biochemistry, 1041 E. Lowell St., Tucson, Az, 85721- Chemical Division (Gaithersburg, MD USA). Methanol, hexane,
0088, USA. tetrahydrofuran (THF), and acetonitrile (ACN) were purchased
Received November 17, 1997; accepted December 18, 1997. from Baxter (Muskegon, MI USA) and ethanol was from Quantum
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Chemical (Tuscola, IL USA). Butylated hydroxytoluene (BHT) HPLC Analysis

was from Aldrich Chemical Co. (Milwaukee, WI) and ammonium .

acetate was from J.T. Baker Co. (Phillipsburg, NJ). All other Analyses were performed with two Waters model 510 pumps
reagents were technical grade or better and were purchased fronfWaters Associates, Milford, MA USA), a Beckman 520 autosam-
Sigma Chemical Co. or Fisher Scientific Co. (Tustin, CA). All Pler with a 50p.L-loop (Beckman Altex, Palo Alto, CA USA), a
solvents used for HPLC chromatography were HPLC or spectro- Milton Roy model SM4000 programmable UV/VIS detector (Mil-
photometric grade and were degassed and filtered through aton Roy, Riviera Beach, FL USA), and a Waters Maxima 820

0.45um Fluropore filter (Millipore, MA USA) before use. chromatography workstation equipped with gu8+ YMC C,q
reversed-phase column (46250 mm). Components were eluted

. with 95% solvent A [ACN:THF (85:15, vol/vol) with 250 ppm
Sample collection BHT and 0.05% TEA] and 5% solvent B (50 mM ammonium
Mothers obtained full breast expressions in their homes using an 2cetate in methanol with 0.05% TEA) at a flow rate of 2.5 mL/min.
electric breast pump (Ameda Egnell, Cary, IL USA) as previously 10t@l time for a single HPLC analysis was 13 min. As a
described® Participants were healthy, nonsmoking mothers in the Precautionary measure to prevent lipid buildup, the column was
Tucson metropolitan area, whose infants were between 1 and 4flushed overnight with 100% methanol. The same HPLC column
months of age. Samples were held at 4°C in household refrigera-Was used throughout the study. ) _ o
tors until they could be delivered to the laboratory (2 to 24 hr after ~ Carotenoids and retinol were quantitated using extinction
expression). All subjects signed informed consent forms in accor- COffiCIeNtSeqyg cm, ethanol, 325 nre 1850 @ty cm, hexane, 452 nm

dance with the University of Arizona Human Subjects Committee. = 2292 for retinol and trang-carotene, respectively. The method
was verified using authentic standards obtained from NIST in

. accordance with their “Round Robin” analytical quality control
Construction of the pool program (Standard reference material 968b: Fat-soluble vitamins

Single full-breast expressions were obtained from seven healthy2nd cholesterol in human serum). Retinol and lutein/zeaxanthin
mothers in the Tucson metropolitan area. Samples from eachWere quantitated using peak heights, lycopepearotene and
mother were combined and a 250-mL portion was removed and a-carotene were quantitated by integration of the area under the
stored at—80°C until construction of the pool. To construct the ~Ccurve (AUC). Because the HPLC method did not provide baseline
pool, the 250-mL portion was thawed at 37°C in an orbital shaker resolution of lutein and zeaxanthin, the sum of their concentrations
(Model 35127, Lab-line, Inc, Melrose Park, IL USA, 130 oscilla- 'S reported as a single value.

tion/min, 10 min) and multiple 1-mL portions were removed and o

stored in darkened vials at80°C until analysis. A single pool ~ Quantitation

sample was analyzed with each batch of experimental samples an

the same pool was used throughout the study. dl’he HPLC system was calibrated at the beginning of the study

using standard curves constructed from authefticarotene,
a-caroteneB-cryptoxanthin, lycopene, lutein, and retinol, and the
Hydrolysis same curves were used throughout the study. Recovery of retinol
and carotenoids was determined by internal standardization as
follows. Before hydrolysis, authentic standards of retinol, lutein,
lycopene 3-cryptoxanthinp-carotene, an@-carotene were added

To thawed 1-mL samples, 10 mg MgG@basic salt), and 6 mg
bile salt [sodium cholate:sodium deoxycholate, 1:1 (wt/wt)] were
added and samples were incubr_:lted in an orbital shgking bath fo_r 1tO pooled milk for which peak heights and AUC had been
hr._ Protease (Streptomyces griseus, 1 ”?g) and_ lipase .(Cand'dadetermined previously. Recovery was calculated by the formula
cylindracea, 10 mg) were then added and incubation continued forshown below

an additional hour. Finally, samples were made 2.5 or 4.0 M in '

KOH by the addition Of 0.5 mL or 1.0 mL Of KOH£® (11 [nmo| in p00|+ nm0| authentic standard]
wt/vol) and the mixture incubated for 0.5 hr. All steps were — [nmol in pool]
performed at 37°C in subdued lighting. [nmol] = X 100

[nmol authentic standard]

Extraction For reliability determinations, pools were analyzed weekly for 6

) o weeks. Limits of detection were determined using a signal to noise
After hydrolysis and saponification, absolute ethanol (0.5 mL) was ratjg of 3:1. Descriptive statistics were performed using Microsoft
added to each sample. The vial was then mixed vigorously by gycel 50 (Microsoft Corp.)

vortexing for 30 sec and held at room temperature for 10 min.
Next, hexane (2 mL) was added followed by vortexing (1 min) and
centrifugation (600 g, 10 min). The resulting hexane layer was Results and discussion
removed and saved in 2.0-mL polypropylene microcentrifuge . . o
tubes. The aqueous layer was re-extracted twice with hexane (1Our procedure for extraction, hydrolysis and quantitation of
mL). The combined hexane layers were evaporated just to drynessretinol and major carotenoids from human milk is outlined
with nitrogen and re-suspended in 2pQ of THF/ACN (15:85, in Figure 1 and the results of the assay are presented in
vol/vol). After agitation for 1 min in a water bath sonicator Table 1 The method can detect picomolar quantities of
(Sonicor Instrument Corp, Copiague, NY USA), the sample was retinol and less than picomolar quantities of carotenoids.
centrifuged (12,700 g, 15 sec). Samples (50L) were then  Tgchnjcal variability in measurement of the pool was2%
ana]ltlyzeddbyt ;sF:I(_:C as described below. All procedures were over a period of 6 weeks. Using this procedure, we
periormed a ' recovered about 1.5 times more retinol gdarotene than

) o with our previously published methédA number of
Analysis of milk lipids methods for extraction and quantitation of retinol from milk
Milk lipid concentrations were determined by “creamatocrit’ as have been reportéd**? and these have recently been
described by Lucas et 8land shown by us to give results reviewed:'3 Most methods require large sample volumes
comparable to that of standard gravimetric methtds. and all use prolonged alkaline hydrolysis, thus none of these
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Milk , 1 ml

|

Hydrolyze

Deproteinize

\
Extract

HPLC

Figure 1

Bile salts , 6 mg
MgCO03, 10 mg

Mix (Orbital stirring, 37° C, 1 h)

(1) Enzymatic
Lipase, 10 mg
Protease, 1 mg

Mix (Orbital stirring, 37° C, 1 h)

(2) Alkaline
KOH:H,0 (1:1w/v, 0.5 ml)
Mix: (Orbital stirring, 37° C (0.5 h)

Ethanol (0.5 ml)
Vortex (30s)
Incubate (25 °C, 10 min)

(1) Hexane:

2 ml, vortex 1 min
1 ml, vortex 1 min (X2)

(2) Dry, N,

(3)-Resuspend: Mobile phase A* (250 pL)
Sonicate, 1 min
Cenntrifuge: 12,700 x g (30 s)

(4) Decant Supernantant

Procedure for hydrolysis and extraction of milk samples.

focus of that report and technical details of the method were
not discussed, thus we cannot directly compare the results of
our two laboratories. Differences in maternal diets and
sampling procedures may explain, at least to some extent,
the differences in the results. In addition, Granelli and
Helmerssot recently reported methodology for extraction
and quantitation ofg3-carotene in bovine milk fat. This
procedure provides a chromatographic profile similar to that
we have previously reported, however, since it is based on
50 to 100 mg milk fat, (equivalent to 1 to 2 liters human
milk), it is inappropriate for analysis of breastmilk. Thus, to
our knowledge, ours is the only laboratory that has pub-
lished methodology for simultaneous extraction and quan-
titation of major carotenoids and retinol in human
milk.>5815The present procedure improves our previous
method in that it is more rapid, uses milder hydrolysis
conditions, requires less sample, and results in improved
recovery of carotenoids.

Individual variation in milk carotenoid concentrations is
substantial, and lipid concentrations change significantly
over a breast emptying®>1® Thus, foremilk is low in lipid
and lipid-soluble components, including carotenoids. Con-
versely, residual lipid retained in the breast from a previous
feeding where full emptying was not achieved can result in
elevated carotenoid concentrations. Therefore, for quantita-
tion of milk carotenoids, full breast expressions should be
collected if possible. Where this is not possible, to facilitate
comparison of data between different laboratories, carote-
noids should be reported relative to milk lipid concentra-
tions (Table 1.

Freezing and thawing of milk lyses the milk fat globule,
and for this reason is the major cause of technical variability
in the quantitation of milk carotenoids. This process breaks

methods are suitable for the simultaneous quantitation ofthe emulsion between the fat globule and the aqueous
milk retinol and carotenoids. Retinol concentrations re- fraction’ and results in non-uniform adherence of lipids to
ported here compare favorably with those previously re- membrane fragmentsideally, samples should be analyzed
ported and are similar to serum retinol concentrations. before freezing. However, in most cases, and particularly
Available methodology for analysis of carotenoids in for large clinical trials, it is necessary to work with frozen
human milk has also recently been review&dMore samples. Thus, we first investigated ways to solubilize milk
recently, using alkaline hydrolysis, Johnson and cowofkers lipids prior to extraction.
reported extraction and quantitation pfcarotene (but no Bile salts greatly improved dispersion of the thawed
other carotenoids) using alkaline hydrolysis. These workers samples, resulting in a visually uniform mixture, and as
reported significantly higher concentrationgtarotene in described below, enhanced lipase activity. In addition, as
milk than those we have observed. Methodology was not the noted by others, magnesium s&ft§®aided in dispersion of

Table 1 Determination of retinol and major carotenoids in mature human milk

Concentrations Assay reliability
Analyte wmol/L! nmol/g lipid™2 Recovery % +SD' cv'4 Detection limit (pmol)®
Retinol 2.47 +0.29 41148 97.0 + 0.03 1.7 5.4
Lutein/zeaxanthin 0.021 = 0.002 0.36 = 0.03 61.0 £ 2.40 9.5 2.0
B-Cryptoxanthin 0.014 = 0.001 0.23 + 0.01 82.1 +6.70 71 1.9
Lycopene 0.031 = 0.002 0.52 +0.03 85.5 + 0.80 6.5 1.5
a-Carotene 0.018 = 0.002 0.31 +£0.03 91.0 + 0.30 11.1 2.1
B-Carotene 0.077 = 0.007 1.28 = 0.11 92.0 = 0.30 9.1 3.0
'n==6
260 mg/L

SPercent recovery was calculated by internal standardization as described in Methods.
“Coefficients of variation (CV) in mean of pooled samples for 7 mothers over 45 days. Pools were analyzed weekly.
SDetermined using a signal:noise ratio of 3:1.

180 J. Nutr. Biochem., 1998, vol. 9, March



Retinol and carotenoids of human milk: Liu et al.

3 100 -
80 -
I 60
=
g
£ 40 -
20 | & l’
0 : : [_} 4 fl—xr 1
Retinol Lutein B -Cryptoxanthin Lycopene Q@-Carotene B -Carotene

Figure 2 Effect of pretreatments on extraction of retinol and major carotenoids from mature human milk. Bile salt + yeast lipase + (CJ) no addition
(@) protease () protease + 2.5 M KOH, () protease + 4.0 M KOH. Data points are the mean = SD of three experiments.

milk samples after freezing and thawing. BHT is frequently carotenoids are extracted with different efficiencies by any
used to protect carotenoids against oxidation and is added tagiven solvent. Because our work is primarily concerned
our HPLC mobile phase (see below). However, becausewith the quantitation of the pro-vitamin A carotenoids,
BHT is oxidized by KOH to unidentified compounds that B-cryptoxanthin,a-carotene, andg-carotene, recovery of
absorb at 325 nm and co-elute with retinoids, it should be the more hydrophobic carotenoids was optimized.
excluded from samples before hydrolysis. Various lipase treatments produced comparable results,
At least 14 retinyl esters are present in human MR, including porcine (Sigma L-3126), yeast (Sigma L-8525,
Because their fatty acid chains vary from 8 to 18 carbons, L1754), and bacterial lipases (Fluka 62308). For conve-
the efficiency with which the various esters are extracted nience and economy, yeast lipase (Sigma L1754) was
varies with the solvent strength of the extraction mixture. chosen for routine experiments. In agreement with earlier
Therefore, for quantitation of total retinol in milk, retinyl  reports on adipose tissGéwe found that protease treatment
esters should be hydrolyzed to retinol. Our previous proce- (2 units/mL) enhanced the recovery of carotenoids and
dure required prolonged alkaline hydrolysis for complete retinol from milk (Figure 2 and that addition of bile salts
hydrolysis of milk retinyl esters. However, because carote- (7.5 mM) enhanced lipase activity. Addition of higher
noids, and particularly-carotene and lycopene, are signif- concentrations of bile salts did not result in further enhance-
icantly degraded by this procedur®jt was necessary to  ment of lipase activity.
analyze carotenoids separately, effectively doubling the  Further treatment with lipase effectively released lutein/
assay time and sample volume required. Therefore, wezeaxanthin an@-cryptoxanthin from milk. However, this
investigated the use of enzymatic hydrolysis to avoid treatment did not completely release lycopesesarotene,
prolonged exposure to alkali so that retinol and carotenoids or 3-carotene, and was ineffective in hydrolysis of retinyl
could be analyzed from a single sample. As is the case foresters Figures 2and4). Treatment with lipase followed by
retinyl esters, because of structural differences, individual brief alkaline hydrolysis (2.5 M, 20 min) however, resulted

100 + 25 ¢
B
24
= =
©° )
£ g
c =1
1.5 4
1 } } {
0 10 20 30
Time, (min) Time, (min)

Figure 3 Time dependence of KOH treatment (2.5 M) on recovery of carotenoids and retinol from mature human milk. Each data point is the mean =+
SD of six experiments. Panel A: (A) Lutein, (C) B-Cryptoxanthin, (¢) Lycopene, (O) a-Carotene; (A) B-Carotene. Panel B: (X) Retinol.
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Figure 4 HPLC chromatogram of (a) major milk carotenoids (b) retinyl esters in human milk following enzymatic hydrolysis alone and (c) milk retinol
after enzymatic and alkaline hydrolysis. Extracted components were eluted with 95% solvent A (THF/ACN (15/85% vol/vol) with 0.025% BHT (wt/vol)
and 0.05% TEA (vol/vol) and 5% solvent B (50 mM ammonium acetate in methanol with 0.05% TEA) at a flow rate of 2.5 mL/min. Carotenoids and
retinoids were detected at 452 and 325 nm, respectively. (1) Retinol, k' = 1.0; (2) lutein/zeaxanthin, k' = 1.25; (3) B-cryptoxanthin, k" = 5.9; (4)
lycopene, k' = 8.8; (5) a-carotene, k' = 15.0; (6) B-carotene, k' = 16.1.

in release of the major carotenoids and essentially completemilk.?® However, where lipid concentrations are higher than
hydrolysis of retinyl estersHigures 3and4). Xanthophylls 60 g/L, partial hydrolysis products of triglycerides may be
(lutein/zeaxanthin) were progressively degraded by alkaline extracted and retained on the HPLC column, resulting in
hydrolysis Figure 3. In contrast, recovery of-carotene increased pressure, distorted baselines and shortened HPLC
andp-carotene was increased after 10 min of hydrolysis and column life. For best results, we recommend that samples
these carotenoids were not degraded by additional hydroly-having lipid concentrations-60 g/L be diluted accordingly
sis up to 30 min. The amount of lycopene extracted was before assay.
increased after 15 min of hydrolysis, but further hydrolysis  After extraction of carotenoids and retinol from hydro-
led to its degradation. Alkaline hydrolysis for 30 min did not lyzed samples as previously descrilfetihe samples were
affect release oB-cryptoxanthin from milk. After alkaline  dispersed in the HPLC mobile phase by sonication. Ex-
hydrolysis for 20 min, retinol concentrations were increased tracted samples were then evaporated just to dryness,
approximately 1.5-fold and no retinyl esters were detected suspended in ethanol, mixed with vortexing, incubated at
(Figure 4b. Retinol concentrations were unchanged after room temperature for 10 min, and particulates removed by
additional hydrolysis up to 30 min. Carotenoids are de- centrifugation.
graded by prolonged alkaline hydrolysis and their oxidation =~ HPLC elution profiles of extracted retinol and carote-
products may co-elute with retinbf? spuriously inflating noids are shown irFigure 4. Our previous mobile phase
concentrations. Therefore, prolonged alkaline hydrolysis of was modified by the addition of ammonium acetate and
milk samples containing carotenoids should be avoided. triethylaminé* as recommended by NIST for HPLC anal-
Our procedure effectively hydrolyses lipid esters in milk ysis of carotenoids in serum. In addition, methanol was
at usual concentrations (30 to 75 g/L) in normal human replaced with acetonitrile to enhance recovery of lipids from
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the column and to provide a more uniform baseline. We 4
have recently reported a method for baseline resolution of
milk carotenoids using gradient HPLC analy$idowever,
because isocratic conditions are preferable for routine as- 5
says, this procedure was optimized for isocratic analysis of
retinol and the pro-vitamin A carotenoids, which are typi-
cally the analytes of primary interest in clinical studies.

For determination of recovery of carotenoids and retinol,
authentic standards were added to samples before hydroly-
sis as described in Methods. As showrTable 1, recovery 7
of retinol, a-carotene, andp-carotene were essentially
complete. In addition, lycopene arfidcryptoxanthin were
well recovered ¥80%). However, the xanthophylls (lutein/ g
zeaxanthin) were poorly recovered. These data agree with
those inFigure 3 which show effective release afcaro- 9
tene,B-carotene, and retinol but progressive degradation of
lycopene and lutein/zeaxanthin over time with alkaline
hydrolysis. Concentrations of-cryptoxanthin recovered
were unchanged by alkaline hydrolysis. The data do not
allow us to determine wheth@-cryptoxanthin was incom-
pletely released from the milk matrix or whether it was
degraded by our treatment. As discussed above, carotenoids
are transported in the milk fat globule, which is lysed to 12
varying degrees by freezing and thawing of milk. Conse-
quently, authentic standards added to milk, particularly after 13
freezing and thawing, cannot completely equilibrate with
endogenous carotenoids. Therefore, strictly considered, our
procedure measures only recovery of carotenoids in solu-14
tion, and not that of carotenoids that may remain attached to
the milk fat globule after hydrolysis.

In summary, we have developed and validated a method*°
combining enzymatic and chemical hydrolysis for the si-
multaneous determination of the major carotenoids and
retinol in mature human milk. The method is efficient,
sensitive, provides efficient recovery of retinol and milk
carotenoids and is suitable for their simultaneous analysis.
Alkaline hydrolysis can be avoided for analysis of lutein/
zeaxanthin, and lycopene, whereas a combination of enzy-17
matic and alkaline hydrolysis is required for efficient
release ofwa-carotene and3-carotene and for complete
hydrolysis of retinyl esters.
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