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ABSTRACT

Microcapsules consisting of natural, biodegradable polymers for controlled and/or sustained
core release applications are needed. Physicochemical properties of whey proteins suggest that
they may be suitable wall materials in developing such microcapsules. The objectives of the
research were to develop water-insoluble, whey protein-based microcapsules containing a
model water-soluble drug using a chemical cross-linking agent, glutaraldehyde, and to
investigate core release from these capsules at simulated physiological conditions. A model
water soluble drug, theophylline, was suspended in whey protein isolate (WPI) solution. The
suspension was dispersed in a mixture of dichloromethane and hexane containing 1%
biomedical polyurethane. Protein matrices were cross-linked with 7.5-30 ml of glutaraldehyde-
saturated toluene (GAST) for 1-3 hr. Microcapsules were harvested, washed, dried and
analyzed for core retention, microstructure, and core release in enzyme-free simulated gastric
fluid (SGF) and simulated intestinal fluid (SIF) at 37°C. A method consisting of double
emulsification and heat gelation was also developed to prepare water-insoluble, whey
protein-based microcapsules containling anhydrous milkfat (AMF) as a model apolar core.
AMF was emulsified into WPI solution (15-30%, pH 4.5-7.2) at a proportion of 25-50% (w/w,
on dry basis). The oil-in-water emulsion was then added and dispersed into corn oil (50 C)
to form an O/W/O double emulsion and then heated at 85°C for 20 min for gelation of whey
protein wall matrix. Effects of emulsion composition and pH on core retention, microstructure,
and water-solubility of microcapsules were determined. Overall results suggest that whey
proteins can be used in developing microcapsules for controlled and sustained core release

applications.
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INTRODUCTION

Microencapsulation is a technology or process of forming small capsules (particles) by
which small solid particles and liquid droplets are surrounded by a protective thin layer
formed from a polymer or embedded within a matrix of a wall material (Rosenberg et al,
1985; Shahidi and Han, 1993). In areas of microencapsulation, the substances that are coated
or encapsulated are referred to as core, internal phase, fill, or active. The encapsulating
materials are called shell, coating, carrier, encapsulant, or wall materials. Microencapsulation
technology provides a variety of functions, including protection of labile materials from
environments (oxygen, moisture, light, temperature), prevention of evaporation of volatiles,
separation of reactive compounds from other incompatible materials, conversion of a liquid
into a solid form, thus easier handling and storage and better uniform mixing into dry mixes,
controlled and/or sustained release applications, targeted delivery for enhanced efficacy, and
masking and preservation of tastes and flavours (Dziezak, 1988; Rosenberg and Young, 1993;
Schrooyen et al., 2001; Shahidi and Han, 1993).

Techniques for microencapsulating food ingredients and the potential use of the technology
in the food industry have been reviewed (Dziezak, 1988; Gibbs et al., 1999; Schmitt et al,
1998). Important applications of microencapsulation for foods include flavours, vitamins,
minerals, colours, enzymes, essential oils, probiotics, and other nutritional compounds, most of
which are very sensitive to oxidation and undergo deterioration readily when exposed to
oxygen, light and temperature (Dziezak, 1988; Shahidi and Han, 1993; Schrooyen et al.,
2001). Microencapsulation makes it possible to transform these sensitive substances into a free
flowing particles or powders in which they are protected by wall materials against
evaporation, oxidation and other chemical reactions (McNamee et al., 1998). The particles or
powders are then used as ingredients in a dry beverage mix or added into liquid or solid food
systems.

Among many different microencapsulation techniques, spray drying is the most commonly
used encapsulation method in the food industry, although it is most often considered as a
dehydration process. The spray drying process is rather easy and inexpensive, uses equipment
readily available, and produces large volume of microcapsules (or powder). Other
encapsulation methods (liposome entrapment, freeze drying, and coacervation) have the
capability of forming microcapsules with specific properties and functions, however, their
practical use in food application and implementation of large scale-up production in the food
industry are relatively difficult at the present due to high production cost and food safety
concerns because of some solvents or chemicals involved in encapsulation processes.

During the last two decades, microcapsules for controlled-release of pharmaceuticals and

other active compounds have been investigated and developed (Langer, 1989; Levy and Andry,
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1991). Controlled release is a method by which one or more active core materials are released
or made available under the influence of a specific stimulus at a specified state. Controlled
release mechanisms of encapsulated cores are based on one or a combination of the following
stimuli: a change in temperature, pH or moisture rendering core release by diffusion,
dissolution or swelling through wall matrices of microcapsules, an application of mechanical
forces such as pressure or shear leading to disintegration of microcapsules, an addition of
enzymes causing gradual degradation of wall materials (Karel and Langer, 1988; Pothakamury
and Barbosa-Canovas, 1995). Critical to the success of achieving these mechanisms is
maintaining the physical integrity of the microcapsule wall matrix until a specific core release
mechanism is triggered. This requires, in most cases, developing microcapsules with a wall
matrix that is water-insoluble or at least with limited water solubility. In pharmaceutical
applications, encapsulating wall materials are commonly made from synthetic polymers. A
need to develop natural, biodegradable microencapsulating agents for controlled core release
applications exists, in particular for use in food applications. Biopolymers have been used in
developing microcapsules for controlled release of a variety of core materials and include
albumins, gelatin, polysaccharides such as dextran, derivatives of cellulose and starch, and
different carbohydrate-based hydrocolloids (Gupta and Hung, 1989; Levy and Andry, 1990,
1991). Among these, protein microcapsules or microspheres have attracted significant attention
as a potential delivery system for controlled core release applications (Arshady 1990: Latha et
al., 1995). Most of the studies reported have been focused on albumin or gelatin
microcapsules and microspheres (Longo et al., 1982; Saleh et al,, 1989).

In recent years, there has been interest in milk proteins as microencapsulating agents and
bioactive carriers. The concept of using whey proteins as microencapsulating agents has been
investigated and developed (Rosenberg, 1997). A series of studies has indicated that whey
proteins exhibit excellent microencapsulating properties and are suitable for microencapsulation
of volatile and non-volatile core materials (Moreau and Rosenberg, 1993, Rosenberg and Sheu,
1996; Rosenberg and Young, 1993). However, research effort regarding applications for whey
proteins as microencapsulating agents has been focused on developing water-soluble
microcapsules using spray drying process. Applications for whey proteins as a wall material in
developing water-insoluble microcapsules for controlled and sustained core release have been

investigated relatively to a very limited extent.

EXPERIMENTAL

Preparation of theophylline loaded microcapsules

Whey protein isolate (WPI) containing 95.6% (w/w on dry basis) protein was used as a wall
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material. Theophylline served as a model water-soluble core. Wall solution containing 20%
(w/w) WPI was prepared in deionized water. In all cases, the pH of wall solution was 7.2.
‘Theophylline (1.6 g) was dispersed in 4 g of wall solution and this mixture was then
suspended (at 25T) in a dispersion mixture consisting of 80 ml of dichloromethane and 50 ml
of hexane containing 1% biomedical polyurethane in a 250-ml round-bottom flask by stirring
at 900 rev./min for 3 min. Then, 7.5, 15, or 30 ml of glutaraldehyde-saturated toluene (GAST)
prepared according to the method reported by Longo et al. (1982) was added to the suspension
and cross-linking was carried out for 1 or 3 hr. Wet microcapsules were separated from the
dispersing solvent mixture by filiration and then washed with a 1:1 mixture of
dichloromethane/hexane. Microcapsules were then washed with 1% sodium bisulfite, with
distilled water, and finally with acetone. Washed microcapsules were dried in a vacuum oven
at 50°C overnight. Dry microcapsule powders were separated, by sieving, into large (diameter

>700 um), medium (diameter 450-700 um) and small (diameter <450 um) microcapsules.

Determination of total theophylline content

Theophylline content in microcapsules included in each size category was determined by
extracting with methanol and measuring absorbance of the filtered extract at 274 nm. Core
retention was expressed as the ratio (in %) of core content determined in microcapsules to a

theoretical core content assuming 100% core retention during the microencapsulation process.

Release of theophylline from microcapsules

Microcapsules were placed in a double wall glass beaker containing 180 ml of either
enzyme-free simulated intestinal fluid (SIF) or enzyme-free simulated gastric fluid (SGF). The
suspension was stirred at 37°C using a floating stir bar. Aliquots were withdrawn periodically,
using a syringe equipped with a 0.2 um syringe filter and theophylline concentration was
determined using spectrophotometer at 274 nm. In all cases, an equal volume of dissolution
medium was immediately added to maintain a constant volume. Samples were withdrawn until
three successive aliquots showed no increase in optical absorbance (274 nm). The amount of
theophylline released from the microcapsules, at a given time, was calculated using standard
curves of theophylline in SGF and SIF and expressed as percentage of total theophylline

content of the investigated microcapsules.

Preparation of anhydrous milk fat loaded microcapsules

Microcapsules were prepared using a pracess consisting of double emulsification and heat

gelation. Wall solutions containing 15-30g/100g WPI were prepared in deionized water.
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Effects of wall solution pH on the encapsulation process and on microcapsule properties were
investigated using WPI solutions at pH 4.5, 5.5 and 7.2. Anhydrous milk fat (AMF) was
emulsified into the wall solutions at a proportion of 20-50g/100g (on dry basis) using a high
pressure homogenizer operated at 50 MPa. Core-in-wall emulsions were denoted by their
specific WPI concentration and AMF load. For example, the core-in-wall emulsions 25/50
consisted of 25 g/100 g WPI and 50 g/100 g (on dry basis) AMF.

Corn oil (900 g) containing 1g/100g Span 65 was placed in a double-walled glass beaker
connected to a temperature controlled circulating water bath. Temperature of the com oil
(stirred at 900 rpm) was adjusted to 50°C. When the temperature of the corn oil reached 50C,
core-in-wall emulsion (75 g) was slowly added to the stirred comn oil. The mixture was stirred
at 900 rpm for 10 min to form an O/W/O double emulsion. Temperature of the mixture was
then adjusted to 85T and gelation was carried out for 20 min.

Microcapsules were separated from corn coil by filtration and then washed free from corn
oil. For washing, microcapsules were suspended in petroleum ether at a microcapsules-
to-solvent ratio of 1:3 (w/w), the mixture was stired for 1 min at 500 rpm and then
microcapsules were separated from the solvent. This procedure was repeated three times and
then microcapsules were washed, once, in absolute ethanol in the above conditions. Washed
microcapsules were dried (55°C, 6.7kPa, 12 hr) and then stored in a desiccator pending

analysis.

Particle size distribution

Particle size distribution and mean particle size (ds;) in core-in-wall emulsion were
determined using a particle size analyzer (Malvern Mastersizer MS20, Malvern Instruments,
Malvern, U.K.).

Chemical analyses

Moisture content of the microcapsules was determined gravimetrically by air oven method.
Anhydrous milk fat content of the dry capsules was determined using a modification of the

Ross-Gotlieb fat determination method.

Water-solubility

Water solubility of microcapsules prepared from pH 7.2, 20/50 core-in-wall emulsion was
investigated. Microcapsule samples (0.3 g) were placed in glass vials containing 25 ml water
at pH 2.5, 5.5, and 7.0. In order to prevent microbiological-related proteolysis, 0.02% sodium
azide was added to the water. Capped vials were incubated at 4 and 30C and the
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concentration of soluble protein in the aqueocus phase was determined after 2 and 7 days of
incubation. A sample (0.75 ml) of the aqueous phase was filtered through UniPrep Syringeless
Filter Device (0.45 um, Whatman Laboratory Division, Clifton, NJ, U.S.A.) and protein
content in the filtrate was determined using the Bio-RadDC Protein Assay kit (BioRad,
Hercules, CA, U.S.A.). Bovine serum albumin (BSA) was used as standard protein. Soluble
protein was expressed as the proportion (%) of total protein content included in the incubated

microcapsules.

Scanning electron microscopy (SEM)

Structural features of microcapsules were investigated using SEM. In all cases, specimens
were coated with gold using a model E-5050 Polaron Sputter Coater, and analyzed using an
ISI DS-130 scanning electron microscope (International Scientific Instrument Inc., Pleasanton,
CA) operated at 10 kV. Micrographs were prepared using a Type 55 Polaroid film (Polaroid
Corp., Cambridge, CA).

SUMMARY OF RESULTS

Microstructual feature of theophylline-loaded, whey protein microcapsules

Theophylline-loaded, whey protein microcapsules were spherical and ranged in size from
300 to 800 um in diameter. Outer and inner structures of microcapsules determined by SEM
are presented in Figs. 1 and 2. Outer surfaces of microcapsules were not smooth and exhibited
irregularities of different shapes (Fig. 1). The size and shape of these structural features
suggested that they represented a footprint of theophylline crystals that were originally present
at the surface of the wet microcapsules but removed from the surface during the washing
procedure of encapsulation process. Results of the SEM indicated that, in some cases,
microcapsules exhibited some surface cracks (Fig. 1C). The presence of such cracks was
especially evident when microcapsules were cross-linked for 3 hr with 30 ml of GAST.
Formation of these cracks could thus be attributed to high cross-linking density that rendered
microcapsules fragile.

The inner structure of microcapsules (Fig. 2) indicated that theophylline crystals were
embedded physically throughout the cross-linked protein matrix and no indications for
interactions between core and wall components were evident. The whey protein matrix of the
microcapsules had a very dense appearance that indicated good efficiency of the cross-linking
reaction.

Effect of core release on structural features of theophylline-loaded microcapsules was
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investigated and results are presented in Fig. 2C and D. Outer structure of microcapsules was
not affected in any way during core release and was similar to that observed for freshly
prepared microcapsules (Fig. 1). These results thus indicated that core release was due to
diffusion through the wall rather than being associated with degradation or solubilization of
the protein matrix. Examining the inner features of capsules after core has been released (Fig.
2D) revealed that the wall matrix maintained its structural features and a multitude of voids

from which theophylline has been released (through diffusion) was evident

Fig. 1. Outer structure of theophylline-containing WPI microcapsules cross-linked for 1 hr with
7.5 or 15 ml of GAST (A and B, respectively) and for 3 hr with 15 or 30 ml GAST (D,
C, respectively).

TRY:
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Fig. 2. Inner structure of theophylline-containing microcapsules (A and B); outer and inner
structures of microcapsules after complete core release into SGF at 37°C (C and D,
respectively). Microcapsules were cross-linked for 1 hr with 30 ml GAST (A, C and D) or
for 3 hr with 15 ml of GAST (B).
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» Core content and retention in microcapsules containing theophylline

Overall core content and retention efficiency in microcapsules ranged from 49.5 to 52.5%
(w/w) and from 73.5 to 78%, respectively, and were not affected by cross-linking conditions,
indicating that the microencapsulation process was efficient allowing high core retention. Core

losses during the process could-be mainly attributed to effects of the washing stage.

... mContent (%, wiw) CIRetention (%) -

 Core content & Retention.
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Fig. 3. Theophylline content and core retention efficiency in microcapsules prepared at different
cross-linking conditions (7, 15, and 30 ml of GAST and reaction time for 1 or 3 hr).

Theophylline release from microcapsules

Release of theophylline from microcapsules into SIF and SGF at 37T is shown in Figs 4,
5 and 6. Preliminary studies indicated that the GAST-cross-linked WPI particles were
insoluble in both fluids. This and the results of structure analysis indicated that core release
from theophylline-loaded microcapsules could be attributed to diffusion-driven mechanism
rather than dissolution of the protein matrix.

Results obtained with microcapsules from the three size categories indicated that in all
cases, core release was time-dependent and was affected, to varying extent, by type of
simulated digestive fluid, cross-linking conditions, and by microcapsule size. In all cases, the
rate of core release from given microcapsules into SIF was significantly higher than that into
SGF. Core release was inversely proportional to cross-linking density. Core release from small

microcapsules was significantly faster than that from larger capsules.
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Fig. 4. In vitro core release from large microcapsules cross-linked with 7.5, 15 and 30 m! of

GAST for 1 hr into enzyme-free SIF and SGF at 37°C.
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Fig. 5. In vitro core release from large microcapsules cross-linked with 7.5, 15 and 30 mi of

GAST for 3 hr into enzyme-free SIF and SGF at 37°C.
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Fig. 6. In vitro core release from large, medium and small microcapsules cross-linked with 15

ml of GAST for 3 hr into enzyme-free SIF and SGF at 37°C.
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Microstructure of AMF loaded microcapsules

Microcapsules prepared from core-in-wall emulsions with pH 7.2 were spherical, varied in
size (10-100 um in diameter) and their outer surface was smooth and dent-free (Fig. 7a, b and
c), regardless of WPI or AMF concentration but exhibited some spherical surface pores (Fig.
7e). The diameter of these spherical pores (0.2 to 0.4um) suggested that they represented
footprints of core droplets that were originally present at the surface and were lost during the
microencapsulation process.

Structural features of microcapsules prepared with pH 4.5 or pH 5.5 emulsions exhibited
similar structural features that differed significantly from those of microcapsules prepared from
pH 7.2 emulsion. Outer surfaces of these capsules were very porous, wrinkled and exhibited
many irregularities (Figs 7d and f) and inner surface a network of large aggregates of proteins
separated by many voids of different sizes and shapes (Fig. 7j and k). These structural
features suggest aggregation of protein matrices rather than formation of continuous films.
The structural features of microcapsules prepared by pH 4.5 or 5.5 were probably influenced
by effect of low pH on extent of protein-protein interactions and by the pH-dependent

association state of B-lactoglobulin.

Fig. 7. Outer and inner structures of microcapsules prepared from core-in-wall emulsions
(15/40, 20/40, 20/50) with pH 4.5, 5.5 and 7.2,

Core retention in microcapsules containing AMF

Achieving high core retention during microencapsulation is important to the overall
efficiency of the microencapsulation process and to the functionality of microcapsules. In all
cases, core retention during microencapsulation higher than 88% was obtained (Figs 8 and 9).
For microcapsules prepared with pH 7.2 emulsions, core retention ranged from 88 to 94% and

increased, at a given wall solids concentration, with initial core load. At a given core load,
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core retention was not significantly affected by WPI concentration in the core-in-wall emulsion
(Fig. 8).

Core retention in microcapsules prepared with emulsions containing 15% WPI at different
pH (Fig. 9) ranged from 96.2 to 98.7%, from 96.6 to 98.4% and from 94.7 to 97.4% for
microcapsules prepared at pH 4.5, 5.5 and 7.2, respectively. Although at a given pH core
retention was affected by core load, no common trend relating these variables was detected.
Overall, results indicated that regardless of core-in-wall emulsion composition and pH, the
microencapsulation process, consisting of double emulsification and heat gelation, was very
efficient and allowed high core retention to be attained. Core loss during washing could be
attributed both to removal of core droplets from the outer surfaces of the wet microcapsules

and to some core extraction from interior parts of the capsules by a diffusion-driven
mechanism.
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Fig. 8. Core retention in microcapsules prepared from pH 7.2 core-in-wall emulsions with WPI
concentration ranging from 20 to 30g/100g and AMF load of 35-50g/100g on dry basis.
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Fig. 9. Core retention in microcapsules prepared at different pH with core-in-wall emulsions
containing 15 g/100 g WPI and 25-50g/100g (on dry basis) AMF.
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Water solubility of whey protein microcapsules containing AMF

Water-solubility of microcapsules for controlled and sustained core release in an aqueous
environment is of great importance to the functionality of these microcapsules. In designing
such microcapsules, limited or delayed water-solubility is needed. Water solubility of
microcapsules prepared from pH 7.2 emulsions is presented in Fig. 10. Results indicate that
microcapsules had only a very limited water-solubility that was affected, to different extents,

by time, pH of dispersion medium and temperature.

i ey [ m2day ~ W7day |

26 P55 PHT PH25 pHES PHT
. pHofwater .

Fig. 10. Soluble protein (% of total protein) in microcapsules suspended in water at pH 2.5-7.0
and incubated at 4 and 30°C for 7 days. Microcapsules were prepared from pH 7.2
core-in-wall emulsion 20/50.

CONCLUSIONS

Cross-linking of the whey protein-based wall matrices of microcapsules by glutaraldehyde-
saturated toluene via organic phase was effective in influencing rate of core release.
Microcapsules were practically water-insoluble. The developed capsules may be suitable for
controlled and sustained core release in application fields where chemical cross-linking is
acceptable. A microencapsulation process consisting of double emulsification and subsequent
heat gelation was used successfully to prepare water-insoluble, whey protein-based
microcapsules containing a model apolar core AMF. The microcapsules had a very limited
water-solubility and high core retention, indicating high efficiency of the process. The
characteristics of the developed whey protein capsules also suggest that they may be suitable

for controlled and/or sustained core release application.
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st Btk vAfE1ES AL, FE, B 2 25 22 R 97T Eds
B3she 28, LA ES Ly oA, A e 9 J(liquid)E 2 F(solid)
oz AT B ohid o2} 715H BAL RAF & Atk BN B Aol SOl EF
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2N FUA BEHA & 4 Atk £ AREHE T4, olv, olF S wi@HsA
e 84S 2HANAL, FPIU JEEE § ELRT A& AV RHLEZRE HIAY,
T AE53E TYIANA HFE U L WEEY $E55S 2Hse T FHLE
AHg o] A AZoE ALY g&d B37)FAA Helu AudA e 7154 ol =3
S 7154 vAZEs LokE I 80 qUHL Jlt

vlAdEs 71ES FUAE, vE, PuE, 42, 34, fAE R o2 e T A48
e olgjd AT ARRAd =EHNS W A3, H2 FLEFH X3Y & Ao
AR e 714 A A B9H YRR sy o8 FF, A s T2

2R FEER ostd BIdr

22 nA a3t o ‘ﬂ 1 Eso) sted £F0Z(spray drying)e 4F4FA 7 284
02 o]&HE Wes e SrFAHOIT & UHA ok BEAZXIZL T 42 A
Faln 7|29 Fu|E o] &% F gl Aol AN oY FH vy & dAE YETH
uAAEse] 49 e wHe 2 TE(liposome), FAAZ(freeze drying), Tt EW|C|E
(coaservation) 5& & & gloH EWd 7|5S o FHoE AMSH T8y o)8d 7le
o] 2o diEAA Adulzt ety JAdgrizt viNT fAEesdTZAM {718 E A
go] ¢AF EAZ At ’51%&“ S&lE A AUt

HZ 2095 nAREs 7Eee 22 BAS § o 53] %59 WA o(controlled
release)a A% AR ES %I%‘J-i"i 5ol gtk WEAlo= sht e I o] €4

EAo] B4 P3N WEHEE 7¢d dhdolth WEA o 3} < P88 yiEHe 3

7‘“’} Aeje] W&ol HEE sl o] M$ Fodd &, pH ¥ &9 ¥sF &S £33
Aed Pes FAsSE A8AY i, &8, B3E K2 “41-‘?—015}

olg] g A&st BYS WHEZY WEo FEHY A7A A EA7 PFo] EAH J2E #
AFTE % Ao] wjg Fosich thEEY HFAM ol 21 E FEA77] AMAME AEE
Ho| A2 LA o] Hojo} =t HEA S sdo] $HHOE o] Fojxof Tk
A FAGo A AEdlo] AL E HEANE F2 FA ZE A} (synthetic polymer)7} AHR-ATt A

o 7 & AHbiopolymer) E2 A vlH &3t AMEE =6l @#F)(albumin), A Ze(gelatin), H
2 E (dextran)s} 722 thgF(polysaccharides), AEZ X £ A¥ FTAE, &FE0] T
B oy FRo|EA B2 So] EFHOE AILHTh o]F FollA B IA A S| WEA )
nj$ Fgein) 7P wol AMHEh gl AFe ¢4FW EE Agd e o &d Hegd T3
5of gt

A2, nAAE 2o ZREAZA $F @A) g #o FHHAY & G 3
U2 $ADNAL fREAR ALEE o Wyl ARHASH, FASHALS A, HLA
T 3y WREAS FYEle ofF HAS EQRE A HU
Aoy AL JEEAZ GM ZHT A4S 5 AZA¢ 3739 molecular sievest 2
S 7T WREERE A48 A9 438 BA sty ofF E3HA AoE YEikth
Gl o] NtAE BETHH A & B 37t AHIT F5HA gel AT F ol
SHGNA L go EAste GuAoe]y] W LA dA BalEe] A8 15 &3
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&3 A} theophyllined E3te] vA&E b 7o) ¢ 300-800 ume] FH| H=
kK A=y o]& FAbAzFE D) Z(Scanning electron microscopy) o 2 #Zs)BA Fig. 14

300 g - TSmIGASTI hr

30 gan .30 ™l GASTI3 hr 250.m > 45 mi GASTI3 hr

Fig. 1. Outer structure of theophylline-containing WPI microcapsules cross-linked for 1 hr with
7.5 or 15 ml of GAST (A and B, respectively) and for 3 hr with 15 or 30 ml GAST (D,
C, respectively).

A& T fuygx g7 BFAHoZ vt thh Aojrt A olH T 2 +Z
_0\: bej o] Eo) 23199 theophylline A& (crystal)?] 202 Azt e=d|, v est
Aol A M BAA] A8 theophyllineo] AAHAAM FHAY Hlo] e A 22 FH
AYA | Zejdh

AR RN IR B2 e AL Fig. ColA HE A3 o], Hde] Fo] 7Fe

Ho] BTk Folth. oY cracke mlAFEo] Sl A H 30mle] GASTE 347 §

ot cross-linking® ZAzte} Azts) = crack vlAlg&o] LEEE cross linking=H o] 4

A XA F J&FS GAsE Aotk
&R o] &2 Fig. 29 B upet 7Ho] theophylline Z30] M2 Zgd &¥Z matrixdl]

2oz ug e Ao & HAUh WREAF IYEAET w3 interaction= #F

HA ol AT HAL w9 HAHF 1Y EFE BAZAHA

-°r ‘ﬂléi o]Fo] A protein XA A (matrix)Z W} FEFF BFoln JtLubgl oA +
23

< 24k

mlm OH rlr
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3080m FMIGASTHhe T {04 30miGASTH hr

Fig. 2. Inner structure of theophyliine-containing microcapsules (A and B); outer and inner
structures of microcapsules after complete core release into SGF at 37°C (C and D,
respectively). Microcapsules were cross-linked for 1 hr with 30 ml GAST (A, C and D) or
for 3 hr with 15 ml of GAST (B).

rulo

YR EFe 4&E theophyllineo] #78 vlAEe B&o 93 FE7HE ol Az
Fig 2C9} Dol Uehd 2 H{, vlAf & 872 E WHEZ] WEd 99 E53 A 3
£ol AZY A% Tt W olst Gk olAY Aoe WA $EL P9 matrix
o Baivt g3l g3 Auchs AES 5T Fie) dF AL S Aotk

Core EZo] 2% W2d ¥ e WEE A Az YRF2/t U2 FA59 A
theophyllineo] Fito] ot fejg A=A A & & AUUTh

Avkz el YEEH FFL 49.5~525%2 UElGT HE F-8(retention efficiency)
73.5~78%2 z}z} UElgth Cross-limking 27A¢] 98-S wa) = Ao Z #Ql HU). o)
3 AR B o fA9NAS o4 vAfs TS v B 588 AYE ¢ 7 AL

WREAs £Ae F2 S AHolN LU 2o WHA

&

@ Content (%, wiw) - CRetention (%)

Core content & Retention . -
(%) :

7.15[’3 7.5/ 1503+, 1511 : 30/3 3q1
-1 System (GAST,mifTime,hr)

Fig. 3. Theophylline content and core retention efficiency in microcapsules prepared at different
cross-linking conditions (7, 15, and 30 ml of GAST and reaction time for 1 or 3 hr).
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OlMZi &M Theophyline2| &&

Fig. 49} 5= 37Co)|A] u]Aj7]<& o] SIF (simulated intestinal fluid; el Aoy el SGF(simulated
gastric fluid; Q1Z$])s] & theophylline?] W& & Uehd Hojctk. duld#ls GAST/} 2
&9 AN A W& SIF, SGFA &35 ¥ 222 Yehed), Theophyllined] W&
& 9lolM Hwgt W protein-matrix®] ¥3]7} ofuat &4} mechanisme] &F Zojth

nlAAEe] 3718 thokstA AZete WREAL HEATE vud A3 Al 4TS ¢
ooy AZaslele] 27, cross-linking 27, &9 A7d wet WEATI d2A YET

TE 799 glojA] SGF Bt} SIF7F B &7 Ueiged, +3a9a f&e 9% Boe &
oL} th Aol o & uEEE AL oujdch faM AU AL o] &3 nAPE S A%
U o gS taget2 2 st kEAY A& oy HPsoh

urE JTE cross-linking density7} H&5E F7isls A2E UehdE f¢ A77 € AR
ot Ze figol f IE STyt wE AR FAHJTH

Large capsule {.

& SIF7.5M
@ SIF15M
v SIF30M
—a— SGF7.51
—m— SGF15H
—e— SGF 301

“'Release (%]

0" 30 60 90 420 150

Fig. 4. In vitro core release from large microcapsules cross-linked with 7.5, 15 and 30 ml of
GAST for 1 hr into enzyme-free SIF and SGF at 37°C.

120
L Large capsule
100 - GG :
K 30'
Ry I ---A----SIF 7.5/3
o 881 @3- SIF 1513
_g ; o SIF 3013
8407 i —a— SGF 7513
e 204 B —8—SGF 153
\; ; —e—SGF 303
L0030 8090 120004500 180

1 Time {min}

Fig. 5. In vitro core release from large microcapsules cross-linked with 7.5, 15 and 30 ml of
GAST for 3 hr into enzyme-free SIF and SGF at 37°C.

— 57 -



a2

" 100+

s~ 801
@ 801 ~+—Large, SIF
& —o— Large, SGF
& 404 ~a— Medium, SIF
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Fig. 6. In vitro core release from large, medium and small microcapsules cross-linked with 15
mi of GAST for 3 hr into enzyme-free SIF and SGF at 37°C.

$£X|gH@anhydrous milk fat; AMF)0| gtRE HEe #+=

nAf e pH 7.29 f3Pdejol A AZEHEd F o] 10~100 ume] tgg A7)7 FPo2
Az Ak WPI(whey protein isolate)l} AMFe] =% ¢ #4110l &% =7t AFo] UUT
v TRE Ad vARge] AZHASY G790 HAY FHY 7Fo AUk olHF ¢
g 7139 B A7l 02~04umQl AL ZFE v Fo] £ do] nAPe Az Fo mAR
9 e RzFoe] Y WEEZC] &AsolA F§ 7]Fgo] AAPH Aoz HAth

pH 4.5 = 5.5 emulsiono| A &S RSt F2E FFs Zx} pH 7.2 emulsiono] 4] A
Z2E A} wf$ Aoyt AU A€ THL tFA Y 729 FFol ol AANLH YF FERo|
T A77tund & @9d 18 Fol YU (Fig. 7). vAze AX Fo d&4Q 2 A=
B Szt 457] Roe 9yl 33 E0] FAHURES ¢ F AN ol ¥ pHYL O
Ao A58 43¢ vl Blactoglobulin®] ¥x}7+ A¥o] pHel| &S 7] wfFo|uh

Fig. 7. Outer and inner structures of microcapsules prepared from core-in-wall emulsions
(15/40, 20/40, 20/50) with pH 4.5, 5.5 and 7.2.
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AAAQ vl &g #E&

sAEs 24 3o UREAY BE Y= BolE =YL
% 3 BE AYIN 88% o4l o)

EolE Zol7] Y& mg Fodch FAEYES o] &
254 BE A7 veiEth

FAzolr YREAL adzoz HESI] st 15%9 FF FATUEE IRde
emulsiong o] 23157 pHE o8] ©AGA A zste] A3 A3t pH 4.5¢04 96.2~98.7%, pH
5.59) A 96.6~98.4%, pH 7.2004 94.7~97.4%2] && &€ Jehch

)
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<
3
ol
3]
14

20/35 20/40 20/50 25/35 25/40 30/35
WPI/AMF (%/%)

Fig. 8. Core retention in microcapsules prepared from pH 7.2 core-in-wall emulsions with WPI
concentration ranging from 20 to 30g/100g and AMF load of 35-50g/100g on dry basis.

opH45 m@pH55 0OpH7.2

Retention (%

1525 15135 15/50
WPVAMF (%%

Fig. 9. Core retention in microcapsules prepared at different pH with core-in-wall emulsions
containing 15g/100g WP! and 25-50g/100g (on dry basis) AMF.

— 59 —



| m2day m7day. |

Soluble pi'oieih‘ (%)
gl

o= 23 -
'pH25 pH55 pH7 pH25 pHES pHT.
: ~ .pH of water :

Fig. 10. Soluble protein (% of total protein) in microcapsules suspended in water at pH 2.5-7.0

10.

and incubated at 4 and 30°C for 7 days. Microcapsules were prepared from pH 7.2
core-in-wall emulsion 20/50.
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