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Abstract Soluble starch–based biodegradable and

microporous microspheres (SDM-Ms) were prepared by

emulsion chemical cross-linking technique using trisodium

trimetaphosphate (TSTP) as the cross-linker. The resultant

amorphous SDM-Ms were excellently identified by scan-

ning electron microscopy (SEM), X-ray diffraction (XRD),

and Fourier transform infrared spectroscopy (FT-IR). The

internal rupture and surface-controlled erosion were the

predominant degradation mechanisms for SDM-Ms.

The obtained SDM-Ms were applied to adsorb coix seed oil

(CSO) by immersing method. The adsorption capacity of

CSO within SDM-Ms was determined, namely 0.5238 g/g,

and the thermal stability was shown higher than that of the

free CSO. A burst release appeared in the second hour,

followed by controlled release. Diffusion, degradation, and

erosion mechanisms might coexist for the full release

processes. The soluble starch (Ss) was demonstrated a

promising biodegradable polymer for preparing the porous

microspheres. Meanwhile, after being adsorbed into the

SDM-Ms, the CSO can be powerfully applied in food and

pharmaceutical industries.
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Introduction

Coix seed oil (CSO), obtained from coix seed (Coix

lacryma-jobi L. var. ma-yue Stapf), has been used as

traditional Chinese medicine, nourishing food sources, and

supplements for a long time [1] in Asian countries. It is

well known that CSO possesses diverse antitumor activities

and has been widely applied to treat multiple primary

malignant tumors [2, 3]. Furthermore, CSO has various

exceptional properties of enhancing the immunocompe-

tence and effect of natural killer cells on tumor cells [4],

and help prevent the decrease in white blood cells during

chemical therapy [5, 6]. However, it also has some draw-

backs, involving biological instability, poor water-solubil-

ity, low adsorption capacity, and short biological half time

in body, which restrict the utilization of CSO in food and

pharmaceutical industries. In order to overcome these

disadvantages, CSO is encapsulated into liposome and

emulsions. Unfortunately, liposome suspensions and

emulsions are subjected to a series of problems such as

aggregation, fusion, and lower loading capacity. One

effective approach to address these problems is to formu-

late aqueous preparations into solid ones. Loading of CSO
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into the solid biodegradable microspheres might be one of

the potential novel methods.

Biodegradable microspheres have been extensively used

in pharmaceutical industry because of its advantages of

protecting stability, controlled release, decreasing toxicity,

and improving biological half time for bioactive agents

[7, 8]. Biodegradable polymers were the key factor for

preparation of biodegradable microspheres, among which,

synthetic biodegradable polymers occupy predominant

roles and their applications have been dramatically

expanded in the past decades [9]. However, they were

associated with two shortcomings. On the one hand, the

synthetic polymers have considerable toxicity and can

cause safety risks. On the other hand, the complex syn-

thesis route of polymers would lead to high cost and

environmental pollutions. As is known to all, the ideal

biodegradable polymers should be characterized by their

ability to degrade into nontoxic end products in vivo situ-

ation and could be eventually eliminated from organism.

Therefore, it is necessary and crucial to search for novel

biodegradable polymers for microspheres, and the natural

polymers are being received great concern from research-

ers increasingly.

Starch is the most abundant reserve carbohydrate in

plants, especially present in many farm products such as

rice, wheat, maize, and potatoes [10, 11]. Starches have

been widely used due to their attractive characteristics

of biocompatibility, biodegradability, nontoxicity, abun-

dance, low cost, edibility, good adsorbing, and film

forming ability [12, 13] in food, pharmaceutical, and

environmental industries. However, most starch is only

used for edible or producing low value-added products,

which easily leads to accumulation, quality decrease,

resources waste, and economic loss for starches. So,

exploring novel applications and high value-added

products, to meet the increasing demand and overcome

current price limitations of starches, has become very

significant. To the best of our knowledge, there are few

reports on the utilization of soluble starch (Ss) as bio-

degradable polymers for producing microporous

microspheres.

In this work, soluble starch–based biodegradable and

microporous microspheres (SDM-Ms) were prepared by

emulsion cross-linking method using trisodium trimeta-

phosphate (TSTP) as crosslinker. Meanwhile, SDM-Ms

were applied to adsorbing CSO. Scanning electron

microscopy (SEM), X-ray diffraction (XRD), and Fourier

transform infrared spectroscopy (FT-IR) were all employed

to characterize SDM-Ms. The degradation processes and

mechanism were determined by optical microscope and

mass loss, respectively. Furthermore, the thermal stability

and in vitro release properties of CSO within SDM-Ms

were also studied in detail.

Materials and methods

Materials

Soluble starch (Ss) was kindly supplied by Nantong Luo Gai

Te Biotechnology Co., Ltd. (Nantong, China). Coix seed oil

(CSO) was purchased from Hecheng Sanxian Biotechno-

logies Co., Ltd. (Guangzhou, China). Trisodium trimeta-

phosphate (TSTP) was donated by Hong Rui Chemical

import and export Co., Ltd. (Nanjing, China). Liquid par-

affin, span 80 and tween 80 were both purchased from

Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

All the chemical agents used were of analytical grade.

Preparation of microspheres

SDM-Ms were prepared via emulsion (water in oil, w/o)

chemical cross-linking method [14, 15]. TSTP was used as the

cross-linker because it is a solid of low toxicity with no adverse

effects on humans. Ss and TSTP were mixed in sodium

hydroxide (NaOH) aqueous solution (5 mL, 0.5 M) with

stirring for 3 min, which was used as the water phase. Liquid

paraffin (50 mL) containing 2% (v/v) span 80 and tween 80

(1:1, v/v) emulsifier was used as the oil phase. Then, the water

phase (5 mL) were added drop wise into the oil phase (50 mL)

by an injector, and the cross-linking reaction took place at

45 �C with a constant stirring at the speed of 400 rpm for 5 h.

The obtained SDM-Ms were collected and washed three times

with petroleum ether, acetone ethanol, and deionized water,

respectively. Finally, the products were dried in a vacuumoven

at 45 �C for 12 h and kept in desiccators for further analysis.

Scanning electron microscopy (SEM)

The samples were sprinkled onto a double-sided tape, and

the morphological features were examined by scanning

electron microscopy (SEM) (Quanta 200F, FEI, Hillsboro,

OR, USA). The inner structures of SDM-Ms were also

observed after fracturing microspheres using a razor blade.

Fourier transform infrared spectroscopy (FT-IR)

Fourier transform infrared spectroscopy (FT-IR) spectra

were recorded by using a Spectrophotometer (Nicolet

5700, Thermo Electron Corporation, MA, USA). Ss and

SDM-Ms samples were prepared by processing com-

pressed KBr disks. Spectra were scanned in the range

between 4,000 and 500 cm-1.

X-ray diffraction (XRD)

The X-ray diffraction (XRD) pattern was recorded using

XRD analyser (D8-focus, Bruker, Karlsruhe, Germany)
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with the scattering angle (2h) range of 2–60 �C. Ss, SDM-

Ms and TSTP were together packed tightly in sample

holders with Cu radiation at 40 kV, 40 mA, and 0.4 s/min

running velocity.

In vitro degradation

In vitro degradation studies were performed according to

the methods developed by Hamdi et al. [16]. SDM-Ms

(0.5 g) were added into phosphate buffer (pH 7.4, 50 mL)

containing a-amylase (0.25 g) with mild agitation and

incubated at 37 �C. At predetermined time, samples were

withdrawn and dried. The morphology of SDM-Ms after

degradation was studied by optical microscope. Mean-

while, the Prout–Tompkins equation [17] and mass loss

(ML) were determined for studying the degree of degra-

dation based on the following equations:

ML ð%Þ ¼ ½ðW0 �WtÞ=W0� � 100

ln½ð1�MLÞ=ML� ¼ Kdt þ m

m ¼ �Kdt50

where W0 and Wt are the weight of SDM-Ms before and

after incubation, respectively, Kd (h-1) is the rate constant,

and t50 (h) is the time to achieve 50% ML.

Adsorption capacity (AC)

A certain amount of SDM-Ms (1 g) were added into CSO

(5 g) and mixed for 30 min, and then incubated in shadow

for 24 h at room temperature. Oleic acid (OA) in the CSO

solution was used as the parameter to determine adsorption

capacity of CSO in the SDM-Ms by high-performance

liquid chromatography (HPLC) method [18] at the wave-

length of 254 nm. The analytical column was a C18 column

(5-lm particles, 4.6 9 150 mm, Waters, Milford, MA,

USA). The mobile phase consisted of acetonitrile/tetra-

hydrofuran/water (78:2:20, v/v/v) at a flow rate of

1.0 mL min-1 and the volume of injection was 20 lL at

30 �C. Then, adsorption capacity (AC) was calculated

using the following equation:

AC ð%Þ ¼ ½ðWi �WaÞ=Ws� � 100

where Wa and Wi are the weight of OA after adsorption and

initial addition, respectively, and Ws is the weight of

SDM-Ms.

Thermal stability

The thermal stabilities of free CSO and SDM-Ms after

adsorbing CSO were determined using differential scan-

ning calorimeter (SDT-Q-600, TGA-DSC, TA instruments,

USA) in nitrogen environment. The samples were

conditioned on hermetic aluminum pans and heated at

rising rate of 5 �C min-1 in the range of 50–600 or 800 �C.

In vitro release

SDM-Ms (0.1 g) were placed into glass test tubes con-

taining gastric fluid (2 mL, pH 1.2) or intestinal fluid

(2 mL, pH 7.5), respectively. The release media were

incubated at 37 ± 0.1 �C. At predetermined time, samples

from each test tube were drawn and placed at a Whatman

No. 1 filter paper to adsorb the released CSO. The filter

papers were then dried, and the released CSO contents

were measured. And the amount of CSO released from

SDM-Ms was calculated as a percentage of the initial

amount of CSO incorporated in SDM-Ms prior to incuba-

tion test.

In vitro release mechanism

In order to investigate and decouple the release mechanism

for CSO from SDM-Ms, the release profiles were calcu-

lated using different models [19]:

Zero-order model: Mt/M? = kt

First-order model: ln (1 - Mt/M?) = -kt

Higuchi model: Mt/M? = kt1/2

Peppas model: ln Mt/M? = n ln t ? ln k

where Mt/M? is the fractional active agents release at time

t, k is a constant incorporating the properties, and n gives

an indication of the release mechanism.

Fickian diffusion and erosion are the dominant release

mechanisms for microsphere. So, Peppas and Sahlin model

[19] was used to investigate the release mechanisms at

different stages:

Peppas and Sahlin models: Mt/M? = K1tm ? K2t2m

where K1 is the Fickian kinetic constant, K2 is the erosion

rate constant, and the value of m was 0.5.

Results and discussion

Morphology

Figure 1 shows the morphology of SDM-Ms using SEM.

Smooth surface and spherical shapes with aggregation are

exhibited (Fig. 1a, b). The phenomenon of aggregation was

mainly attributed to the results of the emulsification and

cross-linking process. Previous studies [14, 20] reported

that the size distribution of the droplets in the emulsion was

wide when emulsified by mechanical stirring, which led to

the aggregation and breakup of droplets during the emul-

sification and cross-linking process. So, the phenomenon of
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aggregation between SDM-Ms would appear. Meanwhile,

van der Waals force and electrostatic attraction may also

play important roles for particles aggregation. The surfaces

and the internal structure of SDM-Ms have a compacted

and continuous network with certain microporosities

(Fig. 1c, d). The formation of microporosities may be

related to the mechanisms of air bubbles or entrapped

organic solvent evaporating during the cross-linking and

drying processes [21]. The evaporation of solvent after

drying in microspheres also leads to the shrinkage of

interior porous structure compared with the optical

microscope photographs, but still retained to a certain

extent. The microporosities of microspheres are the key

factor for adsorption capacity and release rate of bioactive

agents. Thus, the number and size of micropore should be

confirmed and optimized when preparing microspheres.

Fourier transform infrared spectroscopy (FT-IR)

Fourier transform infrared spectroscopy (FT-IR) was used

to confirm the structural organization of SDM-Ms after

cross-linking. FT-IR spectra are shown in Fig. 2 for Ss and

SDM-Ms. In the FT-IR spectrum of Ss (Fig. 2a), the

presence of –O–H is confirmed due to stretching vibration

at 3,383.01 cm-1, and the peak at 1,247.83 cm-1 corre-

sponds to –O–H bending vibration. The bands in the region

1,413.04–1,367.23 cm-1 are attributed to –C–H bending

vibrations, and the one observed at 2,930.18 cm-1 is due to

–C–H stretching vibrations. The bands at 1,156.52 cm-1

are due to C–O stretching vibrations. Figure 2b shows the

FT-IR spectrum of SDM-Ms. As can be seen, the main

vibrations of –O–H, –C–H, and C–O have no significant

changes between SDM-Ms and Ss. The broad band at

3,383.82 cm-1 shows lower intensity compared with Ss.

However, it is interesting that the characteristic peaks of

P=O (1,210 cm-1) and P–O–C (810 cm-1) do not appear

in the FT-IR spectrum of SDM-Ms, which may be due to

the very low cross-linking degree for SDM-Ms. Thus, the

characteristic peaks of P=O and P–O–C could not be

detected by the FT-IR.

However, the FT-IR spectrum of SDM-Ms has its super

properties compared with Ss. The band of 1,062.61 cm-1

disappeared, and the band at 929.75 cm-1 became weaker.

On the contrary, the band at 1,022.79 cm-1 became larger

and stronger. The band of 1,062 and 930 cm-1 may be

related to crystal organization for Ss, and the peak area of

Fig. 1 SEM images of

SDM-Ms
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(1,062 ? 930) cm-1 would be decreased with the crystal-

linity decreasing. The changes of 1,022 cm-1 represented

the changes of amorphous morphology for Ss, and the peak

area of 1,022 cm-1 would be increased when the crystal-

linity decreased. So, the changes of crystallinity could be

explained by the absorbance ratio of (1,062 ? 930) and

1,022 cm-1. The morphology of Ss had been changed from

angular to round shape with the absorbance ratio

(1,062 ? 930)/1,022 cm-1 decreasing after cross-linking,

all of which indicated that the structural organization of Ss

had been changed from crystalline into amorphous after

cross-linking reaction. This finding was different from that

reported by Ispas-Szabo [22], where the absorbance ratio of

(1,047 ? 980) and 1,022 cm-1 was considered to represent

the changes of crystalline starch. This difference may result

from the diversity of starch.

X-ray diffraction (XRD)

The XRD patterns of TSTP, Ss, and SDM-Ms are shown in

Fig. 3. TSTP shows intense peaks of 2h between 10� and

60� (Fig. 3a), which indicated that TSTP has its property of

crystalline nature. This result was consistent with that

reported by Li et al. [14]. In the XRD of Ss (Fig. 3b), the

typical C-type XRD pattern [23] with strong peaks at 2h
close to 5.65�, 14.20�, 17.37�, 18.70�, and 23.37� was

observed, which is may be the results of crystalline regions

in the Ss. However, the crystallinity is dramatically

reduced after cross-linking (Fig. 3c). This loss in crystal-

linity may be attributed to the effect of the alkaline envi-

ronment and the rupture/breakage of chemical bonds in Ss

molecules during the cross-linking process. Weak and

strong peaks appeared at 2h of 13.00� and 20.60� for the

SDM-Ms (Fig. 3c), respectively. The results of XRD sug-

gested that the structure of Ss was changed from crystalline

into amorphous, which was in agreement with the results of

FT-IR. The adsorption capacity would be increased with

the increase of the amorphous structures of starch. Thus,

the adsorption capacity of SDM-Ms was higher than that of

Ss.

In vitro degradation

The optical morphology changes of SDM-Ms at degrada-

tion time of 1, 2, 3, 6, 9, and 15 h are shown in Fig. 4a–f,

respectively. By contrast with the morphology of initial

microspheres, the SDM-Ms is almost maintained spherical

shape after 1-h degradation (Fig. 4a). However, it is

obvious that the microporous pores became into mesopores

on the surface of SDM-Ms after 2-h degradation (Fig. 4b),

which might because that water was penetrated into SDM-

Ms through the microporous pores and hydrolysis took

place on the wall of microporous pores with dissolution

and diffusion of monomers. Notably, the SDM-Ms showed

coarse surfaces with the meso-pores size increasing greatly

during 3 h of degradation (Fig. 4c). This was probably

owing to the increase of the degree of crystallinity of Ss

Fig. 2 FT-IR spectrum of Ss (a) and SDM-Ms (b)

Fig. 3 XRD patterns of TSTP (a), Ss (b), and SDM-Ms(c)
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and the beginning of surface-controlled erosion of SDM-

Ms, which induced the shrinkage of the microspheres

surface. After 6-h degradation, the shell layer starch fell off

from SDM-Ms surface gradually (Fig. 4d). At that time,

the diffusion rate of a-amylase into the SDM-Ms was

slower and decreased, which led a large number of

a-amylases to attack the surface of SDM-Ms and the

degree of erosion became stronger (that is the liquid–solid

interface degradation). The limitation of a-amylase into the

SDM-Ms may result from two factors. The first one is that

the a-amylase binding to the substrate would slow down

the diffusion process, especially under unsaturated condi-

tions. The second one is that successful diffusion of

a-amylase into the swollen SDM-Ms requires the presence

of sufficiently large pores. The SDM-Ms lost their

spherical structure (Fig. 4e) after 9-h degradation, and the

structures of SDM-Ms have been destroyed by a-amylase

and degraded absolutely in the following time (Fig. 4f).

The internal rupture of SDM-Ms occurred, and the discrete

fragments were formed. It is recognized that the degrada-

tion of SDM-Ms induced by a-amylase occurs in three

steps: (1) surface-controlled erosion of the SDM-Ms, (2)

diffusion of the enzyme molecules through the SDM-Ms,

and (3) surface-controlled erosion and internal rupture

occurring simultaneously.

In order to gain insight into the degree of degradation,

the mass loss (ML) of SDM-Ms was investigated. Obvi-

ously, the ML was negligible during the 2-h degradation

with ML of 2.55%. The ML was about 11.99% after 3-h

degradation, then followed by a quick decreasing of

Fig. 4 Optical

microphotograph of SDM-Ms

(a–f) degraded at 1, 2, 3, 6, 9,

and 15 h, respectively
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SDM-Ms mass over the next time, and the ML was up to

74.84%. The ML results were corresponded to the observa-

tion of morphology of degradable products. The Prout-

Tompkins equation was also applied to investigate the

degradation mechanism for SDM-Ms because the rate con-

stant (Kd), and the time to obtain 50% of ML (t50) were

employed to represent the induction and acceleration of

microspheres degradation. The Kd and t50 were -0.4063 h-1

and 10.59 h for SDM-Ms, respectively. It is evident that Ss

was a biodegradable polymer for microspheres. The prepa-

ration conditions could be adjusted according to t50 for

satisfying the requirement of bioactive agents release from

microspheres in vitro or in vivo.

Adsorption capacity (AC)

The CSO was adsorbed into the solid SDM-Ms by a simple

immersing method, and the AC was up to 0.5238 g/g. The

CSO possesses many groups of –COOH and double bonds,

leading to forming hydrogen bond and electrostatic inter-

action with SDM-Ms, all of which could improve the AC

for SDM-Ms.

Adsorbing of bioactive agents into the biodegradable

microspheres is a complicated physicochemical process. On

the one hand, there are some micropores on the surface and

internal structure of SDM-Ms (Fig. 1c, d), and those

micropores formed mass-transfer channels. Bioactive agents

could enter into the interior of SDM-Ms via mass-transfer

channel under the driving of osmotic pressure. The elec-

trostatic and hydrophobic interaction between SDM-Ms and

bioactive agents also play important roles for AC. Mean-

while, the microsize, larger specific surface area, and energy

of SDM-Ms would also improve the AC. All those above

belong to the physical mechanism. On the other hand,

chemical interaction between SDM-Ms and bioactive agents

is the second mechanism for adsorbing capacity. The SDM-

Ms has many groups of –OH, which could form hydrogen

bond interaction with bioactive agents. The physicochemi-

cal adsorption mechanism occupies many advantages for

SDM-Ms, such as simple processes, high adsorbing capac-

ity, and mild conditions which could protect the activity of

bioactive agents during adsorption processes.

Thermal analysis

The TGA-DSC curves of free and adsorbed CSO in SDM-

Ms are shown in Fig. 5. DSC analysis of free CSO

(Fig. 5a) shows a strong endothermic peak at 417.80 �C,

which is due to the degradation of free CSO. The results

were also confirmed by TGA curves, namely the free CSO

decomposition in a single-stage reaction. The onset thermal

degradation temperature of the free CSO is about

200.00 �C and the thermogravimetric loss was terminated

at 473.98 �C. However, four strong endothermic peaks

were found in the DSC curves of CSO after adsorbed into

SDM-Ms (Fig. 5b). The first endothermic peak appeared at

58.56 �C, which may be because of the loss of water in

SDM-Ms. The second and third endothermic peaks were at

about 147.00 and 279.18 �C, respectively, which are

attributed to the fraction of hydroxyl groups and decom-

position of Ss. The fourth endothermic peak at 470.24 �C is

due to the degradation of the adsorbed CSO. The TGA

curve results suggested that there were three overlapping

steps of degradation for SDM-Ms after adsorbing CSO.

The first step in the range of 100.00–200.00 �C was related

to evaporation of residual water in SDM-Ms. The second

step in the range of 200.00–350.00 �C may be due to the

degradation of Ss. The third one in the range of

350.00–560.00 �C was originated from the decomposition

of CSO in the SDM-Ms. As can be seen that the initial

degradation temperature of CSO increased from 200.00 to

350.00 �C after adsorbing into SDM-Ms. These results

showed that the adsorbed CSO had significantly higher

thermal stability and longer shelf life than that of the free

CSO.

In vitro release

Figure 6 displays the cumulative release of CSO from

SDM-Ms in intestinal and gastric fluid. A burst release rate

was observed in the beginning of 2-h incubation and no

significant difference occurred between the intestinal and

gastric fluid. The phenomenon of burst release might be

due to the diffusion of CSO on the surface and outside

micropores of SDM-Ms. At the following time, a slower

release appeared and only about 63.87 and 87.65% of CSO

was released from SDM-Ms in the intestinal and gastric

fluid after 18-h incubation, respectively. The reasons of a

slower release may be due to the slowing degradation and

erosion of SDM-Ms. The results also indicated that the

release rate of CSO in intestinal fluid was higher than that

in gastric fluid. This may be the difference of hydrolysis

mechanisms in intestinal and gastric fluid. The fact is that

H? and amylase hydrolysis reaction mechanism play pre-

dominant roles for SDM-Ms in gastric and intestinal fluid,

respectively.

Release mechanism

For zero-order, first-order, Higuchi, Peppas, and Peppas

and Sahlin models, the correlation coefficient (r2) of linear

relationship between the cumulative release and time was

established for the evaluation of the release mechanism.

From the results of Table 1, it can be observed that Peppas

and Sahlin model was the most suitable model for

describing CSO release kinetics from SDM-Ms because of
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r2 greater than that of other models. For gaining insight into

the release mechanism of CSO from SDM-Ms at different

release stages (i.e., burst and slower release process), K1

and K2 of Peppas and Sahlin model were fitted. At the burst

release stage, the values of K1 were 7.48 and 9.45 in the

intestinal and gastric fluid media, and the values of K2 were

7.93 and 8.48, respectively. Accordingly, the values of K1

were 18.03 and 19.77, and the ones of K2 were -0.35 and

0.88 at the slower release processes, respectively. Previous

study [24, 25] reported that the release would occur pre-

dominantly by Fickian diffusion when the ratio of the

diffusion to erosion (K1/K2) is greater than 1. When the

ratio is less than 1, the release will occur predominantly by

erosion. The results of this study indicated there is no great

difference between the values of K1 and K2 for the burst

release stage, implying that the mechanism of the CSO

release from SDM-Ms occurred dominantly based on the

Fickian diffusion and erosion. While diffusion is the main

mechanism for the slower release stage because the values of

K1 were much greater than K2, the fitting release of CSO from

SDM-Ms was calculated according to Peppas and Sahlin

model, where little difference was found between the

experimental and fitting release results as shown in Fig. 7.

The release mechanism of CSO from SDM-Ms is

schematically illustrated in Fig. 8. The concentration of

CSO is higher at the local of SDM-Ms surface and outside

Fig. 5 TGA (blue line) and

DSC (green line) curves of free

CSO (a) and adsorbed CSO

(b) in SDM-Ms

700 Eur Food Res Technol (2011) 232:693–702

123



micropores at the initial time. At that stage, Fickian dif-

fusion governs the release mechanism and leads to burst

release. Following the initial time (slower release stage),

CSO on the surface was released completely and the

interior CSO of the SDM-Ms was hindered by the macro-

molecular chains. At that time, the release mediums infil-

trated gradually into the interior of SDM-Ms through

multiple micropores and attacked the surfaces with the

hydrolysis reaction of macromolecular chains occurring,

which led to the bond rupture and degradation of SDM-Ms.

Consequently, the structure of SDM-Ms was destroyed and

the weight decreased, which is the erosion processes.

Meanwhile, the micropores became bigger increasingly,

and CSO could be diffused into mediums under the

impelling of mediums via porosities. It is suggested that

diffusion and erosion were the rate-limiting step for the

release rate of CSO from SDM-Ms at slower release stage.

Usually, the empirical models, such as zero-order, first-

order, Higuchi, Hixson-Crowell, and Peppas models, were

applied to evaluate the release behaviors of bioactive

agents from microspheres. However, the empirical models

have disadvantages of neglecting the influence of trans-

mitting phenomena of release mediums and the degrada-

tion changes of polymers during the release processes,

which limits the application ranges and effectiveness of

empirical models for describing the real release behaviors.

Therefore, more studies are needed in order to achieve the

mechanism models that are desired for describing the real

release behaviors.

Conclusions

In the present work, the production of porous microspheres

made from Ss by means of TSTP as the cross-linker was

evaluated. The SDM-Ms microspheres with smooth and

porous morphology could be obtained. The SDM-Ms was

changed from crystalline into amorphous structure after

cross-linking and the adsorption capacity increased greatly.

Surface-controlled erosion and interior rupture were the

rate-limiting steps for degradation. The thermal stability

of CSO was greatly improved after adsorption into the
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Fig. 6 In vitro release profiles of CSO from SDM-Ms in the intestinal

and gastric fluid media

Table 1 Correlation coefficients (r2) according to the different

models used for describing CSO release mechanisms from SDM-Ms

in the intestinal and gastric fluid media

Model Intestinal fluid media Gastric fluid media

Stage 1 Stage 2 Stage 1 Stage 2

r2 r2 r2 r2

Zero-order 0.94 0.99 0.95 0.99

First-order 0.96 0.98 0.97 0.92

Higuchi 0.98 0.97 0.98 0.98

Peppas 0.98 0.97 0.99 0.98

Peppas and Sahlin 0.99 1.00 0.99 0.99
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Fig. 7 The fitting profiles of the CSO release from SDM-Ms using

Peppas and Sahlin model
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Fig. 8 Schematic illustration of CSO release from SDM-Ms
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SDM-Ms. The in vitro release of CSO from the SDM-Ms

was initially rapid then followed by a slower release with

diffusion, erosion, and degradation mechanisms. Therefore,

Ss might be very useful as biodegradable polymers in

developing a delivery system for controlled release and

oxidative stability enhancement of CSO. Furthermore,

SDM-Ms would provide a more effective and continuous

application for bioactive agents in food and pharmaceutical

industries.
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