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Porosity of Microcapsules with Wall Systems
Consisting of Whey Proteins and Lactose
Measured by Gas Displacement Pycnometry

D. L. Moreau and M. Rosenberg

ABSTRACT surface to that forming the wall matrix affected porosity characteris-

Porosity characteristics of anhydrous milkfat-containing, tics of microcapsules (Moreau and Rosenberg, 1998).
spray-dried microcapsules with wall systems consisting of Wall systems consisting of whey proteins and lactose have been
mixtures of whey proteins and lactose were investigated by reported to be effective in microencapsulation of anhydrous milkfat
gas displacement technique, using helium and nitrogen as (Young etal., 1993; Moreau and Rosenberg, 1993, 1996; Rosenberg,
displacing gases. Microcapsules exhibited molecular-sieve 1997). Core extractability in microcapsules consisting of mixtures of
type porosity. Results indicated that 8-12% of microcapsule whey proteins and lactose was inversely related to proportion of lac-
volume was inaccessible to helium. Permeation of nitrogen tose included in the wall and was affected by physical state of lactose
to wall matrices was inversely proportional to lactose con- (Moreau and Rosenberg, 1993; Young et al., 1993a; Rosenberg, 1997).
tent. Pore volume that was inaccessible to nitrogen penetra- Oxidative stability of anhydrous milkfat microencapsulated in whey
tion ranged from 0.128 to 0.263 cm  3/g for core-free and from protein-based wall systems was influenced by lactose content (Moreau
0.121 to 0.214 cm 3/g for core-containing capsules. It was af- and Rosenberg, 1996). Reports indicated effects of lactose on mass
fected by wall composition and core load. Results suggested transfer through wall systems consisting of whey proteins and lac-
that adjusting microcapsule composition could modulate gas tose. In light of the effects of porosity in governing mass transfer
penetration into microcapsules. through wall matrices of microcapsules, the influence of lactose may,

Key Words: microcapsules, porosity, whey proteins, lac- potentially, be related to effect of lactose content (in microcapsule) on
tose, gas permeation wall porosity. Porosity of microcapsules with wall systems consisting

of whey protein and lactose has not been reported. Understanding the
effects of lactose on porosity of microcapsule wall matrices can pro-

vide means to design and control porosity characteristics for different
INTRODUCTION applications.

POROSITY CHARACTERISTICSARE IMPORTANT TO MICROCAPSULE The objective of our research was to investigate the porosity charac-

functionality. Wall matrix of microcapsules containing food ingredieristics of spray-dried, anhydrous milkfat-containing microcapsules

ents is designed to control mass transfer between the core andyfiewall systems consisting of mixtures of whey proteins and lactose.
environment (Rosenberg, 1985; Dziezak, 1988; Jackson and Lee,

1991; Arshady, 1993; Shahidi and Han, 1993). This includes control- MATERIALS & METHODS

ling permeation of gases (oxygen) and/or volatiles through the micro-

capsule wall. Permeability of wall matrix to oxygen is affected bgore and wall materials

porosity of the wall matrix and determines the oxidative stability of the Whey protein isolate (WP1) was purchased from Le Sueur Isolates

core (Moreau and Rosenberg, 1996, 1998). With volatile core, walk Sueur, MN). The WPI contained 95.4% protein, 1.84% ash, and

permeability affects core loss during storage (Rosenberg, 1985). 2 68% moisture. D-lactose was purchased from Sigma Chemical Com-
Information about porosity of microencapsulated food ingrediergany (St. Louis, MO). Anhydrous milkfat (AMF) with fat content of

is limited. Porosity characteristics of gum arabic-based, volatiles-c@y 89 was a model non-volatile core material (California Cooperative

taining, spray-dried microcapsules were reported by Rosenberg (19&5éamery, Hughson, CA).

Microcapsules exhibited a molecular-sieve type porosity that was af-

fected by composition, drying parameters and storage conditions. Mieroencapsulation

term “molecular-sieve” type porosity describes porosity of materials Spray-dried microcapsules containing AMF and core-free spray-
with pores, small enough to exclude or resist permeation of molecigigd powders were prepared from emulsions and wall solids solu-
(Karger and Ruthven, 1992). Rosenberg (1985) reported that volaiigis (Table 1). Core in wall emulsions and wall solutions were pre-
loss from gum arabic-based microcapsules (during storage) correlqgg@d as described by Young et al. (1993) and by Moreau and Rosen-
well with porosity characteristics. The porosity of whey protein-base@rqg (1993, 1996). Spray drying was carried out at inlet- and outlet-
microcapsules containing anhydrous milkfat was studied by gas-di=temperature of 16@ and 86C, respectively, using equipment and
placement technique. They were reported to exhibit a molecular-sigygcedures described by Moreau and Rosenberg (1993, 1996, 1998).
type porosity that was affected by wall solids concentration (prior ¢@yticle size distribution in emulsions, microcapsule composition, and
drying) and core load (Moreau and Rosenberg, 1998). About 10%gfe retention during drying were determined as described by Young
microcapsule volume was reported to be inaccessible to He pergies. (1993). Microstructural characteristics were investigated by SEM

ation and pore volume accessible tpgérmeation decreased withysing methods previously described (Moreau and Rosenberg, 1993;
core load and wall solids concentration (Moreau and Rosenberg, 198@senberg and Young, 1993).
The ratio between proportion of whey proteins adsorbed at the core
Porosity characteristics of microcapsules

Porosities of microcapsules and core-free spray-dried wall parti-
gultjhor '\I/loreau is Xltllrrert\tlyggh /Ih?hCOCRa-Colétl) Compan};h Ct?]fp%ratet RefsgarGFES were investigated by gas displacement technique, using He and
Scie%\ég ?&p‘rpe?:r;]r']olo;;j fLJIJYniv. of (:ualif%rrnia?slggvig,rgclﬁs\ ‘%616. idd?gsé ?equ?e%f% as permc_eatlng gases_. Analyses were carried out using reported
to Dr. M. Rosenberg. methodologies and equipment (Moreau and Rosenberg, 1998). A
multipycnometer (Quantachrome Corporation, Boynton Beach, FL)
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Table 1—Composition of emulsions and mean core content in  and 0.915 g/cfhwere used for WPI, lactose, and AMF, respectively

microcapsules. Wall solids concentration was 20% (w/w) (Hayes 1987: Walstra and Jenness 1984)

System Lactose (%) * AMF (%)° AMF (%)° At a given measuring time, the fraction of microcapsules pore-
WPl _ _ _ volume into which He could not penetrate was termed helium-restrict-
WPI/L 3:1 25 — — ed-volume and was calculated using the following equation:

WPI/L 1:1 50 — —

WPI/L 1:3 75 — —

WPI/L 3:1 25 75 74.02 VR = (Upxy) — (Lpo) 4)
WPIIL 1:1 50 75 74.43

WPI/L 1:3 ] &) 74.28 where py, =density measured with helium at time x (g&m
WPIL 1:1 50 25 24.75 - . S .

WPIL 1-1 50 50 49.32 pc=calculated density (9/cH1 Vpyey=helium-restricted-volume

N - (cm3/g).
Lactose (% w/w) of wall solids. . . )
bAnhydrous milkfat (% wiw of wall solids at the emulsion stage). Pore-volume of the microcapsules matrix that was accessible to

cAnhydrous milkfat (% wiw of nonfat solids in dry microcapsules). He, but inaccessible to nitrogen was termed nitrogen-restricted-vol-
ume and was calculated as described by Moreau and Rosenberg (1998):

connected to a high vacuum system was used for gas displacement B = (Upnpy) = (pri) (5)
analysis. The vacuum system consisted of an oil diffusion-pump (Mod-
el EO50/60, Edwards High Vacuum International, West Sussex, Uiherepy,, andpy(, are density measured with, lind He at time x,
equipped with a liquid nitrogen trap (#926300, Kontes, Vineland, Ndspectively; VR, is nitrogen-restricted volume at time x.
and was backed with a mechanical pump (Maxima, Fisher Scientific, In all cases, replicate powders were analyzed at least in triplicate
Pittsburgh, PA). Pirani Penning 1005 vacuum gauge equipped witfh&6). Significance of results was tested at by ANOVA using the
model PRM10 Pirani gauge head and a model CP25K Penning ga8iggnaStat software (Jandel Scientific Software, San Rafael, CA).
head (Edwards High Vacuum International, West Sussex, UK) waignificance of differences was defined at®.05
used to monitor system pressure during degassing and gas-displace-
ment procedures. RESULTS & DISCUSSION

The volume of powder samples was determined using He andIN ALL CASES EMULSIONS USED TO PREPAREMICROCAPSULES
(separately) from the equilibrium pressure when a known volumeexhibited unimodal particle size distribution. Mean patrticle size was
gas under pressure was allowed to flow from a volume-calibrateot affected by emulsion composition and ranged from 0.31 to 0.34
reservoir (Vr) into a volume-calibrated sample-cell. In all cases, Mm. Core retention during microencapsulation ranged from 98.3 to
was calibrated at the temperature used for analyzing sample volug@82% (Table 1) and was similar to reported data (Moreau and Rosen-
Microcapsules (1-5 g) were placed in the sample-cell and degassetlerg, 1993, 1996; Rosenberg and Young, 1993; Young et al., 1993;
situuntil pressure in the system remained constant betoid23Pa Rosenberg, 1997). Spherical microcapsules (2p::6 dia) exhib-
for a minimum of 4 h with a total degassing time of 8—12h (Moreding microstructural features (micrographs not shown) identical to
and Rosenberg, 1998). Following degassing, sample volume whasse earlier reported by Moreau and Rosenberg (1993) were ob-
determine using He as a displacing gas, then the system and sarajpied. In all cases, microcapsules had a central void that accounted for
were degassed again (as described), and sample volume was d&8e5--40% of capsule volume (calculated based on SEM results). In all
mined using N as displacing gas. Volume was calculated from presases, outer surface of microcapsules was free of visible pores or
sure changes during gas permeation. In all casesa¥pressurized cracks and core material was distributed in the wall matrix in the form
to about 0.11 MPa. The equilibrium pressurg) (Pas read and re- of small droplets (100—400 nm).
corded. Then, the measuring gas was introduced into the sample-celResults of gas displacement analyses (Fig. 1-3) indicated differ-
from V, and pressure was recorded every 30s. The procedurednces (R0.05) in the way He andYoenetrated the microcapsules.
volume determination using a given measuring gas was repeated imtdll cases, when He was the permeating gas, final pressure in the
three successive determinations agre@d2%. system was reached within 0.5-2.5 min and remained constant through-

After volume determination with both gases, the weight of the
sample microcapsules was determined. From the measured pressures,
the reference volume (Yand volume of the sample-cell {V the

volume of the powder () was calculated. —— WeiHe
1.404 o WPIN
V= Vo= Vi{(PYPy) — 1] (1) o
—O— WPILL 111 N
where: \{ = volume of the sample for a given time and gas’{cw, 1.307 : W:"L o :
= calibrated volume of the sample-cell @V, = calibrated refer- e
ence volume; Pwas initial and B, was final pressure at time x. & 120 —— wem i
Sample-volume determined at time x with He was designatggdV | & ‘
volume at time x determined with,Was designated Y. Densities | 3
of the sample in He and Nt time X fyy ) andpyy), respectively) > 1.101
were calculated using Eq (2) and (3), respectively: g
a
pH(X) = M/VH(X) (2) 1.004
PN = MV 3
0.90 T —
where M=microcapsule weight (); My, Vi =Sample volume (at 0 5 10 15
time x) in He and Bl respectively. Time (min)

Densities obtained with He and, Mere compared to theoretical

densities of the microcapsules calculated from density (at 25°C) &ff 1—Changes, with analysis time, in true and apparent density of
h ight fraction of each component of the microcapsule. as ﬁore-free microcapsules with different wall composition. System
the weig I p p ! Gae: WPI/L x:y - ratio of WPI-to-lactose. Wall solids concentration

scribed by Moreau and Rosenberg (1998). Density of 1.400, 1.5%3s 20%.
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out the analysis time (15 min). When, Was the displacing gas, from 0.820 to 1.110 g/cfrand from 0.900 to 1.134 g/érafter 30s
pressure exhibited a composition-dependent, continuous decreaseavarl5 min, respectively, and was affected by both core load and wall
15 min. Results indicated that He filled rapidly all the accessible vabmposition (Fig. 1-3, Table 2). Rate gfiénetration into the micro-
ume while permeation of Nvas hindered and thus significantly slow-capsules was affected by WPI/L ratio (Fig. 1 and 2). Comparing our
er. Differences in gas permeation resulted in time-dependent diffexsults to those reported for WPI-based microcapsules (Moreau and
ences between densities determined in He gr@iy. 1-3). Results Rosenberg, 1998) indicated thatpénetration into lactose containing
of gas-displacement analyses could be attributed to a molecular-sigat matrices was appreciably slower{0x) than that into lactose-
type porosity, consisting of pores with molecular dimensions, tHfeeée WPI-based wall. These findings could be attributed to the influ-
characterized both core-free and AMF-containing capsules (Rosenee of amorphous lactose glass on porosity. Rate peNetrated
berg, 1985; Moreau and Rosenberg, 1998). Results thus indicatedititatAMF-containing microcapsules was faster (abox} than that
sample volume and density determined with He should be referredto core-free systems (Fig. 1 and 3). This result could be explained
as “true volume” (y) and “true density”d;) and those determined through the reported effect of core load on microstructure (Rosen<
with N, should be referred to as “apparent volume)) @hd “appar- berg, 1985, 1988, Rosenberg and Lee, 1993; Rosenberg and Young;
ent density” §,), respectively (Moreau and Rosenberg, 1998). [1993). It has been reported that at a given wall solids concentration,
order to avoid errors associated with temperature effects of presshiekness of wall matrices separating individual core domains was
transducer (Quantachrome, 1991), equilibriymndp, were deter- inversely related to core load (Rosenberg, 1985, 1988; Rosenberg and
mined after 4 and 15 min, respectively. Young, 1993). Additionally, it has been established (Rosenberg and

Regardless of wall composition or core load, apparent density i, 1993) that WPI-based wall matrix consisted of a very dense layer
lower than true density, throughout analysis, thus indicating that soofi@ggregated whey proteins adsorbed at the core/wall interfaces and a
pores were completely inaccessible to(Rosenberg, 1985; Moreauless dense matrix of proteins in the bulk of the wall system. At a given
and Rosenberg, 1998). Wall composition and core load affected wadl composition and core particle size-distribution, ratio between
rosity of capsules. The overall smallest changes with time in appanerportion of wall proteins associated with each of these phases was
density were obtained with core-free systems consisting of 1:3 or determined by core load. Results of our study thus suggested notable
WPI/L (Fig. 1) thus suggesting the least porous wall matrix. Thiffects of core load on resistance of WPI/L wall systems to gas pene-
indicated that many pores in wall systems containing 50 or 75% l&ration, similar to that reported for microcapsules with WPI-only wall
tose may have been completely impenetrable,tdlNo, gas penetra- systems (Moreau and Rosenberg, 1998).
tion into some parts of wall matrix containiegp0% lactose may have  In all casesp, was lower than the theoretical density (Table 2) thus
been so slow that it could not be measured within the experimemstagjgesting the presence of pores completely sealed off from He pen-
time frame (Moreau and Rosenberg, 1998). etration. Differences betwegn and the theoretical density ranged

Equilibrium p, value ranged between 1.086 and 1.390 gmnd from 10.1 to 11.8% and from 9.8 to 12.1% for core-free and AMF-
was affected by core load and WPI-to-lactose ratio (Table 2). Permentaining microcapsules, respectively. The fraction of microcapsule
ation of He into core-free and 75% AMF-containing microcapsulgslume that was inaccessible for He penetration,Vi@anged from
was affected by the proportion of lactose included in the wall matfix066 to 0.082 ciig and from 0.074 to 0.090 &g for core-free and
(Fig. 1 and 2) and thus suggested the effects of lactose contenfbti-containing microcapsules, respectively. Due to the very large
porosity of wall matrix. This could be attributed to the presence ofntral void that existed in all microcapsules, VpHe did not appear to
lactose-based amorphous glassy phase in the wall systems ofothé&arge enough to suggest exclusion of He from the central void.
spray-dried particles (Saltmarch and Labuza, 1980a, 1980b; Mor&aasults thus suggested that about 10-12% of the volume of the wall
and Rosenberg, 1993, 1996; Rosenberg, 1997). Effect of lactosenatrix consisted of pores that were sealed off from He penetration.
rate of He permeation could be attributed to increase in resistanc@&loése results could explain differences between the calculated and
wall matrix to He penetration due to both complete sealing off of pottese densities that were evident in all cases. These results agreed with
and to reduction of pore diameters. At a given WPI/L ratio, rate of ltese reported by Moreau and Rosenberg (1998) for microcapsules
permeation was not affected by core load (Fig. 3).

Apparent density of the investigated microcapsule powders ranged

1.4
1.2 —®— 0% AMF He
—e— WPIL 1:1 He % AME R,
1.3 o
—O0— WPLL I:1 N, —®— 25% AMF He
—®— WPI/L 1:3 He —0— 25% AMF N,
1.14 4 —0— WPIL 1:3 N, 1.24 —&— 50% AMF He
—&— WPIL 3:1 He mE ~8— 50% AMF N,
f'}a —&— WPIL 3:1 N; i ——s . ; . —+— 75% AMF He
5 1.1 /‘/r-' —W— 75% AMF N,
51.0- >
z
]
;. S 1.0
w
=
L
a
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Fig. 3—Changes, with analysis time, in true and apparent density of
Fig. 2—Changes, with analysis time, in true and apparent density of = AMF-containing microcapsules with wall matrix consisting of a 1:1
75% AMF-containing microcapsules with wall matrix consisting of dif- mixture of WPI and lactose. System code: % AMF - proportion (% w/
ferent mixtures of WPI and Lactose. System code: WPI/L x:y - ratio of w of dry wall solids) of AMF in emulsion before drying. In all cases,
WPI-to-lactose. In all cases, total wall solids concentration was 20%. total wall solids concentration was 20%.
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Table 2—True, apparent and calculated densities of AMF-containing
and core-free microcapsules. Wall solids concentration was 20% (w/
w)

Table 3—Pore volume restricted to He (Vp, ) and N, penetration (Vp,,)
in Core-free and AMF-containing microcapsules. (In all cases, wall
solids concentration was 20%)

System AMF (%) ¢ Lactose(%) f Density g/cm 2 System AMF (%) ¢ Lactose (%) f VP, Vp,,cm3g
Theoretical > 2 cm?®/g VP VP st
WPI 0 0 1.400 1.263¢ 1.1782 WPI 0 0 0.0752 0.187° 0.061¢
WPI/L 3:1 0 25 1.443 1.291¢ 1.134° WPI/L 3:1 0 25 0.0822 0.134¢ 0.108¢
WPI/L 1:1 0 50 1.487 1.329° 1.023¢ WPI/L 1:1 0 50 0.080? 0.2502 0.225°
WPI/L 1:3 0 75 1.530 1.3902 1.018¢ WPI/L 1:3 0 75 0.066 0.2672 0.2632
WPI/L 3:1 75 25 1.217 1.106° 0.975° WPI/L 3:1 75 25 0.0832 0.2972° 0.121°
WPI/L 1:1 75 50 1.241 1.115° 0.900° WPI/L 1:1 75 50 0.0842 0.3212 0.2142
WPI/L 1:3 75 75 1.266 1.1362 0.973° WPI/L 1:3 75 75 0.090 0.226¢ 0.148°
WPI/L 1:1 25 50 1.372 1.2242 0.993¢ WPI/L 1:1 25 50 0.0882 0.3092 0.191°
WPI/L 1:1 50 50 1.296 1.182° 0.947° WPI/L 1:1 50 50 0.0742 0.3062 0.2112

a-dMeans within a column followed by different superscripts significantly different (P<0.05).
€Anhydrous milkfat (% w/w of wall solids at the emulsion stage).

fLactose (% wiw) of wall solids.

*Determined after 30 s.

**Determined after 15 min.

a-dMeans within a column followed by different superscripts significantly different (P<0.05).
€Anhydrous milkfat (% w/w of wall solids at the emulsion stage).

fLactose (% wiw) of wall solids.

*Equilibrium true density determined with He.

**Equilibrium apparent density determined with N,

with wall systems consisting of only WPI. berg, 1993, 1996, Young et al., 1993, Rosenberg, 1997).
Equilibriump, ranged from 1.106 to 1.224 g/éand from 1.263 Results obtained with AMF-containing microcapsules (Table 3)
to 1.390 g/cra for AMF-containing and core-free capsules, respedicated a combined effect of lactose content and core loadgn Vp
tively. In all cases, trends observed for changes in equilibpiumVpy4» and V15 of AMF-containing microcapsules accounted for
agreed with those obtained with theoretical densities (Table 2). EcR0-7-37.8% and 12.8-24.9 of,espectively. VR, of microcap-
librium p,ranged from 1.178 to 1.023 g/@and from 0.993 to 0.900 sules with 75% core load and wall systems containing 25 and 50%
g/cmBfor core-free and AMF-containing microcapsules, respectivelactose was 2.2 and 1.28 larger than that of core-free particles with the
Among the powders differences in apparent density could not dgne wall composition, respectively. These results could be attributed
explained based only on composition-related considerations. This thewghe increase in resistance to gas permeation associated with the very
fore suggested effects of composition on particle porosity. Increasdense WPI-based films adsorbed at the core droplet interfaces and the
the proportion of lactose in core-free particles from 0 to 75% decrease in tortuosity associated with presence of core particles em-
creasedp, by 15.7% rather than increasing it by 9.2%, as had beleedded in the wall matrix (Rosenberg and Lee, 1993; Moreau and
expected (Table 2). Rosenberg, 1998). However, the differences between VpN1/2 of AMF-
For all AMF-containing microcapsules, differences:(P05) of containing and core-free systems decreased with lactose content and
24.8-38.2% between theoretical gnavere evident (Table 2). At a Vpy1» of capsules with wall system containing 75% lactose was
WPI/L ratio of 1:1,p, was linearly and inversely related to core loadmaller (by 15.4%) than that of the corresponding core-free system.
(r2=1.00). However, at a 75% AMF load, increasing lactose conteitta given wall composition, the amount of whey proteins available
from 25% to 50% (of wall solids) decreased the apparent densityfbymatrix forming decreased with AMF content. This, and the similar
8.5% rather than increasing it by 19%. Further increase in lactasee particle size-distribution suggested that the resistance to gas per-
content to 75% resulted jj that was similar to that obtained at 25%meation was affected by both lactose content and proportion of WPI
lactose (Table 2). Results could be attributed to the influence of lactassociated with the matrix bulk phase. It has been reported that de-
content and core load on microstructure and hence porosity of mian@ase in protein content of wall bulk phase increased wall porosity
capsules. These effects were reflected in differences observed irfMoreau and Rosenberg, 1998). Results obtained with microcapsules
permeation into the different microcapsules (Fig. 1-3) and couldWwih wall systems containing 75% lactose could thus be attributed to
explained by differences in pore volume-fractions that were inaccegsitein concentration in the bulk phase of the matrix that was low and
ble to N, permeation. its effect on VR4, was greater than that of lactose content. Similar
Nitrogen-restricted-volume (\{p) was calculated after 0.5 and 15Vpy;,» was obtained for systems with wall systems consisting of
min of N, permeation and denoted \p, and V5 respectively. WPI/L ratio of 1:1 and increasing core load (Table 3). At a given
Differences between these parameters reflected effect of porosity pr@tein concentration, increasing core load decreased the proportion
file on N, permeation (Rosenberg, 1985). Results (Table 3) indicatefoprotein associated with the matrix bulk phase. However, results
effects of composition on \(g. For core-free particles, Yg in- suggested that at WPI/L ratio of 1:1 effect of amorphous lactose-glass
creased with lactose content and accounted for 17.3, 33.2, and 37h&se on gas permeation was greater than that of protein content in the
of the V, of particles prepared with wall systems having WPI/L ratibulk phase of the matrix.
of 3:1, 1:1, and 1:3, respectively. Only a small decreasejp With For all lactose-containing systems, \p was higher than that
permeation time was observed for these systems and was inversghprted by Moreau and Rosenberg (1998) for systems consisting of
related to lactose content (Table 3).\ypaccounted for 13.9, 29.9, only WPI or WPI and AMF. In all cases, changes in\gwith
and 36.5% of the Mof particles prepared with wall systems havingomposition exhibited trends similar to those observed fqp¥p
WPI/L ratio of 3:1, 1:1, and 1:3, respectively. Results indicated thépy ;5 accounted for 13.9-36.5% and 12.8 and 24.94% of tloé V
lactose-containing wall matrixes presented resistance fehne- core-free and AMF-containing systems, respectively (Table 3). For
ation. This in turn explained the relatively small changes with timeAMF-containing systems, the highest resistance f@p&meation
pa Observed for the lactose-containing systems (Fig. 1). This coulds exhibited at a WPI/L ratio of 1:1. Results suggested that at 75%
also explain the found differences between theoretical and appact load and 25% lactose, effect of the core load gy Awas
densities. Moreau and Rosenberg (1998) reported thgtdpcore- greater than that of lactose, however, at 75% lactose the lactose effect
free WPI-based particles accounted only for 7.7% pbfthese was greater. These results agreed with the observed effect of lactose
particlesThis value was significantly lower than that we obtained fand core load on the microstructure of wall matrix )4panged from
the lactose-containing system. These differences highlighted the8€&fto 98% and from 40.6 to 68.9% of \p, for core-free and AMF-
fecte of matrix composition on\bermeation (Fig. 1) and could becontaining systems, respectively. These results were higher that those
attributed to the presence of amorphous lactose-glass in the spragerted for systems consisting of only WPI or WPI plus AMF where
dried particles (Saltmarch and Labuza, 1980a, b; Moreau and Ro34wy;5 was only about 10% of \{g,». Results of our study regarding
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Vpy, thus clearly indicated that wall systems consisting of WPI an%?ﬁfcl:'efz?ﬁe;{ &%Whey proteins or mixtures of whey proteins and lactose. Food

lactose exhibited resistance tg permeation that was considerablymoreau, D.L. and Rosenberg, M. 1996. Oxidative stability of anhydrous milkfat mi-
i i isti croencapsulated in whey proteins. J. Food Sci. 61: 39-43.
hlgher than that presented by wall matrix consisting of Only WPI. Moreau, D.L. and Rosenberg, M. 1998. Porosity of whey protein-based microcapsules
containing anhydrous milkfat measured by gas displacement pycnometry. J. Food
CONCLUSION Sci. 63: 819-823.
Quantachrome Corp. 199Multipycnometer Users ManuaBoynton Beach, FL.
MICROCAPSULESWITH WALL SYSTEMSCONSISTINGOF WPIAND  Rosenberg, M. 1985. Structural characterization and volatiles retention in microen-

lactose exhibited molecular-sieve type porosity that was affected kﬂapsulation by spray drying. D.Sc. thesis, Technion, Israel Institute of Technology,

. ifa, Israel.
wall composition and by core load. Results of our study could be U%G%nberg, M., Kopelman, 1.J. and Talmon, Y. 1985. A scanning electron microscopy

in designing microcapsule wall porosity needed for attaining deswg@jUdy of microencapsulation. J. Food Sci. 50: 139-144. .
. L osenberg, M. 1997. Milk derived whey protein-based microencapsulating agents
mass transfer profile. Because of the similarity between moleculaid a method of use. U.S. Patent number 5,601,760.
dimensions of nitrogen and oxygen, results with nitrogen could Besenberg, M. and Lee, S.L. 1993. Microstructure of whey protein/anhydrous milkfat
. 29 . Lo eémulsions. Food Struct. 12: 267-274.
used to predict oxygen permeation into microcapsules. This is imp@senberg, M. and Young, S.L. 1993. Whey proteins as microencapsulating agents.

tant when functionality of wall systems in providing encapsu|ate(%/li(_:ﬁencapsulation of anhydrous milkfat - structure evaluation. Food Struct. 12:

core with protection against oxidation is considered. Saltmarch, M., and T.P. Labuza. 1980a. SEM investigation of the effect of lactose crys-
tallization in the storage properties of spray dried whey. Scanning Electron Micros.
3: 659-665.
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