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Methoxy poly(ethylene glycol)-grafted-chitosan (mPEG-g-CS) was synthesized in an attempt to increase
the water solubility of CS, and it was applied as wall material to microcapsulate algal oil (AO). Both Fou-
rier transformed-infrared (FT-IR) spectra and solubility test confirmed that mPEG had been successfully
grafted onto CS. The larger particles showed smooth surfaces, whereas smaller ones presented surface
folds. The amount of free and total oil were 2.73 and 47.87 g/100 g, respectively, with high encapsulation
efficiency of 94.30%. Fourteen fatty acids were detected in free algal oil (FAO) and microcapsulated algal
oil (MAO), and the important fatty acids were preserved after microcapsulation. AO contained within
microcapsules was protected from UV-light and heat compared with FAO. Release rate of AO was initially
rapid and then followed by controlled release with the erosion mechanism playing a dominant role. The
mPEG-g-CS proved to be a promising wall material with excellent solubility and film forming ability, and
therefore supplied great potential applications in food industry.

Crown Copyright � 2010 Published by Elsevier Ltd. All rights reserved.
1. Introduction

It is well known that chitosan (CS) is the second most plentiful
polysaccharide, with a structure of poly b-(1 ? 4) N-acetyl-D-gluco-
samine. Due to its good properties of non-toxicity, biocompatibility,
biodegradability and film forming ability, CS has been widely ap-
plied in various areas, especially in pharmaceutical (Wang et al.,
2005), biomedical (Berger et al., 2005) and food fields (Shahidi
et al., 1999; Srinivasa et al., 2004, 2007; Chien et al., 2007). However,
there are some limitations for CS to be applied because it is soluble
only in aqueous acidic solution below pH 6.5, while insoluble in neu-
tral pH and physiological environments. Moreover, some active
agents would possibly be damaged in the acidic solution system of
dissolved CS. In order to overcome the above problems, a consider-
able number of different chemical agents for modification of CS have
been employed, such as cholesterol (Yuan et al., 2006; Wang et al.,
2007), N-carboxymethyl (Zhang et al., 2000), linolenic acid (Chen
et al., 2003), deoxycholic acid (Lee et al., 2005) and methoxy poly(eth-
ylene glycol) (mPEG) (Sugimoto et al., 1998; Bhattarai et al., 2005).

Because of its hydrophilic flexibility, non-ionic property, biode-
gradability, biocompatibility, low toxicity and immunogenicity
(Mao et al., 2005), mPEG conjugated to CS has been widely applied
010 Published by Elsevier Ltd. All r

.
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in pharmaceutical fields in the forms of microspheres, nanoparti-
cles or polymers to enhance stability, prolong half-life of active
agents, and alter pharmacokinetics, tissue distribution and phar-
macological properties (Zhu et al., 2007). Furthermore, mPEG-
grafted-polyethylenimine-CS (mPEG-g-PEI-CS) can convert x-6
to x-3 fatty acids (Xu et al., 2009). However, to the best of our
knowledge, till now there were few reports about the utilization
of mPEG-grafted-CS (mPEG-g-CS) as wall material or film for
microcapsulation of fatty oils.

Algal oil (AO), produced from unicellular organisms, is a rich
source of polyunsaturated fatty acids (PUFAs), especially docosa-
hexaenoic acid (DHA, C22:6, x-3). PUFAs are considered essential
for normal growth and development, which play an important role
in the prevention and treatment of cardiovascular disease (Wang
et al., 2006), hypertension (Narce et al., 1997), inflammation (Tres-
chow et al., 2007), immune disorders (Kelley, 2001) and certain
forms of cancer (Wigmore et al., 1996). However, PUFAs can be
easily affected by adverse environmental conditions of light, mois-
ture, free radicals and oxygen (Shahidi and Han, 1993). This out-
come leads to oxidation and deterioration even at room
temperature, and the subsequent formation of unhealthy free rad-
icals, reactive aldehyde, ketone oxidants, and unpleasant fishy off-
flavors (Let et al., 2003). All these decrease AO shelf life and limit
its commercial utilization. Therefore, improving the stability of
AO has received increasing attention from researchers.
ights reserved.
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The aims of this study were to synthesize the mPEG-g-CS in an
effort to improve the water solubility of CS, and explore the possi-
bility of using it as wall material to microcapsulate AO. Fourier
transformed-infrared (FT-IR) and scanning electron microscopy
(SEM) characterizations, solubility, encapsulation efficiency, fatty
acid compositions, stabilization and release mechanism were also
investigated in detail. The resulted AO microcapsules were demon-
strated good physicochemical properties, and the mPEG-g-CS was
proved great potentials in food applications.
2. Materials and methods

2.1. Materials

Algal oil (AO) was provided by Taicheng Bio-tech., Ltd. (Jiangxi,
China). Chitosan (CS) (molecular weight 1 � 106 Da, deacetylation
degree P 85%) was supplied by Sankang Health Products Co., Ltd.
(Jiangxi, China). MPEG2000 was purchased from National Starch
and Chemical Company (Shanghai, China). N,N0-dicyclohexylcarbo-
diamide (DCC), petroleum ether (PE), diethyl ether (DE), N-
hydroxysuccinimide (NHS), maleic anhydride (MA), dimethylform-
amide (DMF) and dimethylsulfoxide (DMSO) were all purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
The doubly distilled deionized water obtained from a Milli-Q
Water System (Millipore, Bedford, MA, USA) was used for all the
aqueous solutions.

2.2. Synthesis of mPEG-grafted-chitosan (mPEG-g-CS)

The mPEG-g-CS was synthesised via DCC–NHS systems accord-
ing to the method (Mao et al., 2005; Jeong et al., 2008): mPEG was
dissolved in anhydrous dichloromethane and an excess of MA was
added under the protection of argon. This mixture was heated at
60 �C for 48 h. After that the reaction mixture was precipitated by
DE, filtered and dried in vacuum oven for 3 days. The dried product
(mPEGACOOH) was dialyzed against doubly distilled deionized
water for 2 days to remove unreacted anhydride. The mPEGACOOH
was dissolved in anhydrous CH2Cl2 and then DCCANHS was added.
This reaction was carried out for 6 h and the solution was then fil-
tered. The product of mPEGANHS was precipitated with DE, filtered,
and then vacuum dried for 3 days. A predetermined quantity of CS
was dissolved in anhydrous DMSO. The mPEGANHS was also dis-
solved in anhydrous DMSO and added into CS solution with stirring
at room temperature for 24 h. Then the solution was purified by ul-
tra filtration with an Amicon system equipped with a 10,000 MW
cutoff membrane. Finally, the dialyzed solution was freeze-dried
for following experiments. Spectra of CS, mPEG and mPEG-g-CS
were recorded within KBr disks on a FT-IR spectrometer (Nicolet
5700, Thermo Electron Corporation, Waltham, MA, USA).

2.3. Solubility

The solubility of the CS and mPEG-g-CS was evaluated at differ-
ent pH values. CS and mPEG-g-CS (2 g) were dissolved in 0.2% ace-
tic acid solution (2 mg/mL), and the pH of the solution was
adjusted by dropwise addition of 1 mol/L NaOH solution. The
transmittance was measured by using a UV-spectrophotometer
at 600 nm (TU-1901, Purkinje General Instrument Co., Ltd., Beijing,
China) to determine the solubility of CS and mPEG-g-CS at different
pH solutions.

2.4. Preparation of microcapsulation

Sucrose esters (0.3 g) and monoglyceride ester (0.45 g) were
dissolved with 10 mL corn oil in a beaker at 70 �C. Then AO
(40 mL) was added into the beaker and continuously stirred at
200 rpm for 30 min under vacuum to form an AO suspension,
which was used as the oil phase. The mPEG-g-CS (5 g) was dis-
solved in distilled water (100 mL) and stirred to form the water
phase. Then, the oil phase was added dropwise into the water
phase with constant stirring for 10 min and subsequently homog-
enized at 30–40 MPa using a higher pressure homogeniser (SLS,
Shenlu Homogeniser Co., Ltd., Wuxi, China) to form a homoge-
neous emulsion. Thereafter, the homogeneous emulsion was spray
dried using a rotary atomizer at the speed of 20,000 rpm (MDR.P-5,
Modern Atomizing Dry Equipment Co., Ltd., Wuxi, China), which
was atomized at a feed rate of 2.6 L/h using 70 L/min compressed
air at 70 �C. The inlet and outlet air temperatures of the spray dryer
were 185 and 90 �C, respectively. The powders of the microcapsule
were collected at the bottom of the dryer’s cyclone.

2.5. Scanning electron microscopy (SEM)

The morphological features of the microcapsules were per-
formed by SEM (Quanta 200 F, FEI, Hillsboro, OR, USA) with an
accelerated voltage of 20 kV. Microcapsules were sprinkled onto
a double-sided tape and sputter coated with gold. The inner struc-
tures were also observed after fracturing the microcapsules using a
razor blade.

2.6. Total oil content

The microcapsule powders (2 g), doubly distilled deionized
water (8 mL) and alealase enzyme (3 mL) were mixed in a water
bath (40 �C) for 40 min for breaking the wall of microcapsules.
After that, fatty oils were extracted with a solution of PE/DE
(20 mL, 1:1, v/v) for 30 min and then filtered to remove the insol-
uble substances. The solvent was removed by a rotary evaporator
and dried at 105 �C for 1 h. Total oil content was expressed by
the following equation:

Total oil content%¼ ½ðWeight of total oilÞ=ðweight of microcapsuleÞ�
�100:
2.7. Encapsulation efficiency (EE)

Microcapsule powders (2 g) were placed into PE (30 mL). They
were mixed with a vortex mixer for 10 min and centrifuged at
12,000 rpm for 15 min. The supernatant was filtered by a filter pa-
per, washed twice with PE, and then evaporated at 60 �C. After that,
the solvent-free extract was dried at 105 �C for 1 h and the amount
of free oil was weighed gravimetrically. The EE were determined by
the following equation:

EE% ¼ ½1� ðweight of free oil of microcapsulesÞ=
ðweight of total oilÞ� � 100:
2.8. Fatty acid compositions

AO methyl ester was prepared according to AOAC (1999) meth-
od. The fatty acid compositions were analyzed by the capillary gas
chromatography (CGC) (6890A Plus, Agilent, Palo Alto, CA, USA)
equipped with a flame ionization detector and a column (DB-
225, 30 mm � 0.52 mm ID, 0.25 lm, J&W scientific, Palo Alto, CA,
USA). Operating conditions were performed as follows: tempera-
ture of both the injector and detector were 250 �C; the oven tem-
perature was held at 45 �C for 3 min and subsequently increased
to 175 �C at 13 �C/min and kept at 175 �C for 27 min, and then
raised from 175 to 215 �C at 4 �C/min and kept at 215 �C for
35 min. Nitrogen was used as the carrier gas.
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2.9. Peroxide value (POV)

POV is frequently used to measure primary oxidation products
and lipid hydroperoxides of fatty oils, which is determined and ex-
pressed as meq O2/kg oil according to AOCS (1998) method. Micro-
capsule powders were dissolved in chloroform then mixed with
glacial acetic acid and saturated potassium iodide solution. Liber-
ated iodine was titrated with standard sodium thiosulphate
(0.01 mol/L) solution using starch indicator (1%).

2.10. Retention ratio of docosahexaenoic acid (DHA)

The contents of DHA in MAO was determined as methyl esters
by CGC and evaluated by the retention percentage, namely the ra-
tio of the content of DHA retained to the original one in the micro-
capsule samples,

Retention ratio of DHA% ¼ ½ðRetained amounts of DHAÞ=
ðinitial amounts of DHAÞ� � 100:
2.11. Stabilization

MAO and FAO were stored under two conditions: (1) at room
temperature for 60 days, under the condition of exposure to a UV
lamp (25 W at 30 cm distance), and (2) at 55 �C for 27 days in dark,
using a heater under the condition of accelerated shelf life test. The
stability of AO was evaluated by determining the changes of POV
and retention ratio of DHA in samples at predetermined time
intervals.

2.12. In vitro release

Microcapsule powders (2 g) were placed into Erlenmeyer flasks
containing 250 mL release media of SGF (simulated gastric fluid,
pH 1.2), PBS (phosphate buffer saline, pH 7.0), and SIF (simulated
intestinal fluid, pH 7.4), respectively. The release media were incu-
bated at (37 ± 0.1) �C in a water bath for 48 h with stirring. At pre-
determined time intervals, samples (5 mL) from each flask were
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drawn and replaced by equal volume of media to maintain a con-
stant volume. The AO of drawn samples was extracted with PE
(1 mL), filtered and dried. The controlled release of the AO from
the microcapsules was expressed as proportion (%) of the amount
of AO released from the microcapsules to the initial amount of AO
within the microcapsules.
3. Results and discussion

3.1. Synthesis of mPEG-grafted-chitosan (mPEG-g-CS)

Synthesis reaction and process of mPEG-g-CS is illustrated sche-
matically in Fig. 1. Because one end of mPEG contains a methoxy
group and the other end contains a hydroxyl group, activation is
required before starting of grafting. The hydroxyl end of mPEG
was activated using DCCANHS system, and then coupled to the
amino groups of CS, forming a graft copolymer of mPEG-g-CS. FT-
IR spectra of CS, mPEG and mPEG-g-CS are shown in Fig. 2. In the
FT-IR spectrum of CS shown in Fig. 2A, the presence of AOH and
NAH stretching vibration was confirmed according to the obvious
broaden peak at 3397 cm�1, in which the AOH stretching vibra-
tions were overlapped by NAH stretching. The absorption of CAH
stretching of methyl or methylene group of CS appears at
2906 cm�1 and the peak at 1649 cm�1 corresponds to the amide
bond. The peak at 1554 cm�1 corresponds to the symmetrical
stretch vibration absorption of amino group and the peak at
1381 cm�1 corresponds to stretching vibrations of CAN bond,
while the stretch vibrations of CAO are found at 1078 cm�1.
Fig. 2B shows the FT-IR spectrum of mPEG, in which the peaks at
3400, 2879 and 1116 cm�1 correspond to AOH, CAH and
ACH2OCH2A groups, respectively.

As for the FT-IR spectrum of mPEG-g-CS samples (Fig. 2C), the
peaks corresponding to the hydroxyl, amino and amide groups of
CS shifted slightly, and their intensities were significantly reduced.
The characteristic peaks associated with mPEG were also signifi-
cantly decreased. The stronger absorbance at 1112 cm�1

(ACH2OCH2A) and 2800–3000 cm�1 (ACH3) appeared in mPEG-
g-CS. In addition, a characteristic sharp peak at around
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Fig. 2. FT-IR spectra of CS (A), mPEG (B) and mPEG-g-CS (C).
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1725 cm�1 belonging to ester carbonyl stretching band (C@O) was
also found. It is assumed that mPEG was successfully grafted onto
CS via DCCANHS systems.
3.2. Solubility

The water solubility is shown in Fig. 3. The transparency of CS
solution was 50.32% and 17.56% at pH 7.4 and 13, respectively.
In contrast, the transparency of mPEG-g-CS solution was still in
90.21% at pH 13, which suggested that the introduction of mPEG
onto CS improved water solubility at different pH solutions. The
high water solubility is attributed to two factors. One factor may
be the decrease of intermolecular interactions, such as van der
waals forces and hydrogen bonding. The other factor may be that
the introduction of mPEG onto amino groups can destruct the rigid
crystalline domain of CS and thereby disturb the intra and inter-
molecular hydrogen bonding and lead to the enhancement of
hydrophilicity.
3.3. Morphology

SEM morphologies of the microcapsules are shown Fig. 4. Those
smaller microcapsules presented many folds on the surface
(Fig. 4A), whereas the larger ones gave smooth and compact spher-
ical surface with some smaller particles on the surface (Fig. 4B).
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Fig. 3. Solubility changes of mPEG-g-CS (A) and CS (B) in different pH aqueous
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The formation of surface folds or dents is related to the skin form-
ing nature of materials being spray dried, namely, resulting from
multiple expansions/contractions due to internal evaporation. This
has been studied in detail by Adhikari and Che (Adhikari et al.,
2004; Che and Chen, 2010), aiming at the influences of various fac-
tors such as the moisture and temperature histories during drying
process, or the stickiness and glass transition temperature of the
materials. Voids and cores can be seen from the inner structure
(Fig. 4C and D), possibly due to the expansion of air bubbles
trapped inside the droplet and the movement of the moisture dur-
ing the non-saturated surface drying period. AO within such voids
and cores can be protected from oxidation and improved stability.

3.4. Encapsulation efficiency (EE)

In general, acetate buffer at pH 3.0 was used to break the wall of
microcapsules. However, such acidic conditions would damage
some active agents. In this study, an enzymatic hydrolysis method
was employed to break the wall of microcapsules, and the total oils
were extracted with PE/DE solution. The amounts of free oils were
considered to be equivalent to the PE extracts. The amounts of total
and free oil of the microcapsules were 47.87 and 2.73 g/100 g,
respectively, and EE was attained up to 94.30%.

3.5. Fatty acid compositions

The fatty acid compositions were listed in Table 1 in the order of
their number of carbon atoms. A total of 14 compounds of fatty oil
were identified from FAO and MAO. The fatty acid compositions of
AO after microcapsulation were higher in percent of total saturated
fatty acids (SFAs) and monounsaturated fatty acids (MUFAs), but
lower in PUFAs. Among the SFAs, palmitic acid (C16:0) was the ma-
jor saturated fatty acid, amounting to 21.44 (±0.44)% and 21.81
(±0.61)% in FAO and MAO, respectively. The contents of myristic
acid (C14:0) presented at the second highest level, and increased
from 10.73 (±0.35)% to 11.09 (±0.31)% after microcapsulation. Only
oleic acid (C18:1) and palmitoleic acid (C16:1) were identified as the
MUFAs, and there were not significant difference in contents be-
tween FAO and MAO. In the PUFA fractions, DHA (C22:6, x-3) was
the major functional fatty acid at levels of 41.59 (±1.83)% and
39.54 (±1.67)% in FAO and MAO, respectively. EPA (C20:5, x-3) as
the second important functional fatty oil was increased from 0.69
(±0.04)% to 0.99 (±0.12)% after microcapsulation. The total x-3 PU-
FAs levels were 42.85% and 41.19% for FAO and MAO, respectively,
and the ratio of x-3 to x-6 were found to be 2.38 and 2.77, respec-
tively. As can be seen, AO has higher nutritional value for human
consumption and could help prevent the advent of some diseases
due to its higher x-3 to x-6 ratio (Zhao et al., 2010). The results
also showed that mPEG-g-CS as water soluble wall material could
preserve the important fatty acids of EPA and DHA.

3.6. Stabilization

Fatty acid is known to be decomposed by light and heat, which
limit its application in food fields for human consumption. POV
contents and DHA retention ratio of MAO and FAO were deter-
mined to analyze the extent of AO oxidation. As is shown in
Fig. 5A, the POV contents of MAO and FAO were 4.02 and
12.53 meq/kg under UV-light exposure for 60 days, respectively.
The DHA retention ratio of MAO and FAO decreased from
100.00% to 91.52% and from 100.00% to 70.67%, respectively
(Fig. 5B). UV irradiation gradually induced AO oxidation, and the
oxidation rate of MAO was lower than that of FAO, which resulted
from the wall material performed as a permeability barrier to inhi-
bit the formation of singlet oxygen, and hence decreased the oxida-
tive rate of fatty oil.



Fig. 4. SEM images of AO microcapsule: surface morphology (A and B) and internal structure (C and D).

Table 1
Fatty acid compositions (g/100 g of samples) of FAO and MAO.

Fatty acid FAO/% MAO/%

C13:0 0.27 ± 0.04a 1.73 ± 0.04a

C14:0 10.73 ± 0.35 11.09 ± 0.31
C15:0 0.80 ± 0.08 0.81 ± 0.09
C16:0 21.44 ± 0.44 21.81 ± 0.61
C16:1 1.33 ± 0.15 1.36 ± 0.11
C18:0 0.59 ± 0.09 1.15 ± 0.14
C18:1 0.58 ± 0.09 0.57 ± 0.08
C19:0 0.15 ± 0.04 0.38 ± 0.13
C20:4, x-6 0.66 ± 0.08 0.28 ± 0.07
C20:3, x-3 0.33 ± 0.08 0.37 ± 0.07
C20:5, x-3 0.69 ± 0.04 0.99 ± 0.12
C22:5, x-6 17.36 ± 0.78 14.60 ± 0.99
C22:5, x-3 0.24 ± 0.07 0.29 ± 0.07
C22:6, x-3 41.59 ± 1.83 39.54 ± 1.67
P

x-6 PUFA 18.02 14.88
P

x-3 PUFA 42.85 41.19
x-3/x-6 ratio 2.38 2.77
P

SFAs 33.98 37.07
P

MUFAs 1.91 1.93
P

PUFAs 60.86 56.07
Total 96.75 95.07

a Data represent the mean ± SD (n = 3).
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MAO and FAO were stored under the condition of the acceler-
ated shelf life test (Verardo et al., 2008). The shelf life of the food
stored at 55 �C for 13.5 and 27 days was equivalent to that stored
at room temperature (20–25 �C) for about 9 and 18 months,
respectively. Fig. 6 shows that the changes of POV contents and
DHA retention ratio for MAO and FAO during storage at 55 �C for
27 days. Oxidation of the FAO seemed to occur in faster rate and
the POV contents reached 25.81 meq/kg, as well as, the DHA reten-
tion ratios also changed significantly and decreased from 100% to
59.06% on the 27th day. In contrast, the POV content was
10.45 meq/kg and DHA retention ratio only decreased from 100%
to 86.87% for the MAO. It was possible that a complex between
the carboxy groups of fatty acids and the hydroxy groups of
mPEG-g-CS might be formed, which increased the melting point
of fatty acids and stabilized against heat effects. Therefore, the
physical incorporation of fatty acids into the mPEG-g-CS microcap-
sules remarkably improved its stability and extended its shelf life.

3.7. In vitro release

The release behaviours of AO from microcapsules in SGF, PBS
and SIF media are shown in Fig. 7. Release rate of AO was depen-
dent on pH value of media conditions, with slower release kinetics
at higher pH, which might be related to amino groups of proton-
ation of CS that resulted in a soluble, and positively charged poly-
saccharide and therefore led to faster swelling in acidic medium
(Peng et al., 2010). A fast release was found at the beginning of
3 h incubation, and then followed by a slower release. The fast re-
lease might be due to the initial ‘‘burst effect”, during which AO re-
leased from the microcapsules surface and surface voids/cores.
Only about 82.54%, 81.13% and 80.03% of AO was released from
microcapsules in SGF, PBS and SIF media after 48 h incubation,
respectively. The relatively sustained release property of AO would
maintain the effective concentration for a long time and improve
the bioavailability of AO in body.

In order to gain insight into the release mechanism of AO from
microcapsules, the release time curve was calculated using Peppas
and Sahlin model as follows (Peppas and Sahlin, 1989):

Mt=M1 ¼ K1tm þ K2t2m ð1Þ

where, Mt/M1 is the fraction of active agents release at time t, K1 is
the Fickian kinetic constant, K2 is the erosion rate constant and the
value of m is 0.5. If the ratio of the diffusion to erosion (K1/K2) is
greater than 1, the active agents release will occur mainly by diffu-
sion. If the ratio is less than 1, the active agents release will occur
predominantly by relaxation/erosion. If the ratio is equal to 1, the



0 10 20 30 40 50 60
0

2

4

6

8

10

12

14

PO
V

 / 
m

eq
 k

g-1
 

Time / d

 MAO
 FAO

A

0 10 20 30 40 50 60
60

65

70

75

80

85

90

95

100

D
H

A
 r

et
en

tio
n 

ra
tio

 / 
%

Time / d

 MAO
 FAO

B

Fig. 5. The changes of POV (A) and DHA retention ratio (B) of FAO and MAO stored under UV-light exposure. Data represent the mean ± SD (n = 3).

0 5 10 15 20 25 30
0

4

8

12

16

20

24

28

PO
V

 / 
m

eq
 k

g-1

Time / d

 MAO
 FAO

A

0 5 10 15 20 25 30
50

60

70

80

90

100

D
H

A
 r

et
en

tio
n 

ra
tio

 / 
%

Time / d

 MAO
 FAO

B

Fig. 6. The changes of POV (A) and DHA retention ratio (B) of FAO and MAO stored in a laboratory heater at 55 �C. Data represent the mean ± SD (n = 3).

0 10 20 30 40 50
0

20

40

60

80

100
 SGF
 PBS
 SIF

C
um

ul
at

iv
e 

re
le

as
e 

/ %

Time / h

Fig. 7. In vitro percentage cumulative release of AO from microcapsules in SGF, PBS
and SIF media at (37 ± 0.1) �C. Data represent the mean ± SD (n = 3).

118 H. Peng et al. / Journal of Food Engineering 101 (2010) 113–119
diffusion and erosion might coexist for the release mechanism (Toti
and Aminabhavi, 2004; Crcarevska et al., 2008). The values of K1

were 1.54, 1.03 and 0.58 for AO microcapsules in SGF, PBS and SIF
media, respectively; while accordingly, the values of K2 were
22.16, 19.10 and 16.24, respectively. All the ratios of K1/K2 were less
than 1, implying that AO release from microcapsules occurred dom-
inantly based on the relaxation/erosion mechanism.

The Peppas and Sahlin model can be rewritten as:

Mt=M1 ¼ K1tm 1þ ðK2=K1Þ � tm½ � ð2Þ

The AO percentage due to Fickian diffusion mechanism (F), is clearly
calculated as:
F ¼ 1= 1þ ðK2=K1Þ � tm½ � ð3Þ

which leads to the ratio of relaxation/erosion (R) over Fickian con-
tribution as:

R=F ¼ ðK2=K1Þ � tm ð4Þ

The percentage contributions of Fickian diffusion and relaxation
(R/F) of AO release from microcapsules are shown in Fig. 8. The re-
sults also indicated that the contribution of relaxation/erosion oc-
curs throughout the entire dissolution time period in different
media, which is corresponding to the results of the K2/K1 values.

Peppas and Sahlin’s equation (Mt/M1 = K1tm + K2t2m) is only an
empirical equation, and the release mechanism of drugs from sus-
tained-release preparation can be explained according to K1 and K2.
The release of drugs from sustained-release preparation accompa-
nied with diffusion, eroson release and other mechanisms. Gener-
ally speaking, in the initial time, the concentration of drugs is high
at the local of the controlled release preparation and the release
mechanism is Fickian diffusion. Following the initial time, the con-
centration of drug at the local of preparation is reduced greatly,
and the erosion effect of excipients (wall of microencapsulation)
plays the predominant role. At that time, drug release mechanism
is also involved in the erosion of excipients. So, both the first (K1)
and second (K2) terms are related to the diffusion and erosion
mechanisms.

4. Conclusions

The water soluble mPEG-g-CS copolymer was successfully syn-
thesized. The MAO using mPEG-g-CS as the hydrophilic wall mate-
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Fig. 8. The ratio of the contribution of R and the contribution of F is plotted as a
function of AO release time (t) in SGF, PBS and SIF media.
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rial exhibited higher EE, better UV-light stability and thermostabil-
ity, and longer shelf life compared with those of FAO. The in vitro re-
lease of AO from the microcapsules showed an initial burst release
followed by a slowly sustained release with erosion mechanism.
Based on these superior properties, the mPEG-g-CS would be a
promising water soluble wall material or film for food industry.
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