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Abstract Microencapsulation was a widely used tech-

nique for the unstable materials because the wall prevented

the core from contacting with oxygen. To improve the

stability of crocetin and maximize the protection afforded

by the wall, in the present study, microencapsulation was

applied for crocetin by spray-drying the first time with

three wall materials (beta-cyclodextrin, gum arabic and

maltodextrin). The oxygen transmission barrier was pro-

posed to evaluate the potential gas barrier of these wall

materials, and it was measured by the deterioration kinetics

of crocetin. To enhance the oxygen transmission barrier of

the wall, the major conditions of spray-drying and the

storage were investigated. Results showed that the deteri-

oration rate followed the first kinetic model closely. Spray-

drying was applicable to microencapsulating crocetin with

the microencapsulation efficiency of 77.91–85.03 % under

the inlet air temperature 210 �C. The oxygen pressure in

the microcapsule was reduced to \0.114 ± 0.005 atm for

all the three wall materials. The oxygen transmission bar-

rier of the wall microencapsulated by the three materials

was qualified by thermodynamic parameter activation

energy (29.436 ± 0.080, 58.813 ± 0.312 and 49.376 ±

0.125 kJ/mol, respectively). Gum arabic was the most

suitable agent for microencapsulating crocetin, and a dry

environment was preferred for its storage because the low

relative humidity was beneficial to the stable structure of

the microcapsule. This study would be helpful to the

industrial application of crocetin.

Keywords Activation energy � First order kinetics model �
Microencapsulation � Oxygen pressure � Spray-drying

Introduction

Crocetin (CT) is a precious bioactive substance which is

majorly responsible for the medicine efficacy of such

herbals as stigma of saffron and the fruit of gardenia. Most

of the CT-glycosylated derivatives also show great phar-

macological activities [12, 26]. This biological function

may be typically determined by the conjugated skeleton

composed of 20 carbon atoms shown in Fig. 1 [22].

Unfortunately, the unsaturated molecular structure can also

play a bad role in the stability during the handling process

and storage. This instability is affected by many factors

such as temperature, pH and ionic strength on the physical

and chemical stability [14]. For a simple but reasonable

principle, the access degree to oxygen can be considered as

the most important factor determining the self-deterioration

of the unstable conjugated skeleton in the in vitro study [8].

Keeping away the oxygen from CT is a good strategy for

the CT storage.

Many methods were proposed to slow down the self-

deterioration of those bioactive substances. Microencap-

sulation was widely used to prolong the storage time of

unstable additives such as essential oils, flavors and

carotenoids [5, 19]. Different wall materials provided the

core protection with different strength from the oxygen or

moisture due to their ability of shielding the bioactive

substance. Spray-drying was a preferred technique yielding

microencapsulated powder because of the low cost, and the

choice of wall material was the key step. The microen-

capsulation efficiency, stability under different storage

conditions, and degree of protection provided to the core
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material were evaluated and the surface morphology was

observed by scanning microscopy. Wagner and Warthesen

[23] pointed out that compared with the 2 days half-life of

the carrot juice spray-dried alone, carotenes microencap-

sulated with 36.5 dextrose equivalent hydrolyzed starch

had a predicted half-life of 450 days at 21 �C. The half-

time of cumin oleoresin extended to more than twice by

microencapsulation with a blend of gum arabic, malto-

dextrin and modified starch [7]. Another author Wang et al.

[24] showed that the stability of lutein microencapsulated

with a mixture wall material against heat, pH, light and

oxygen was also greatly improved and their retention rates

had been improved about 15–50 % than that of free lutein.

Many literatures reported the spray-dry process and the

consequent kinetic study [1, 2, 15] aiming at obtaining high

microencapsulation efficiency and improving the stability

of the bioactive components, such as saffron carotene and

carotene. Tsimidou and Biliaderis [20] pointed out that the

carotene deterioration followed the first order kinetic

model. Selim et al. [18] discussed the deterioration of

saffron water-soluble carotenoids (mainly crocins) micro-

encapsulated by freeze-drying, and results showed that the

polymeric matrices used as wall materials largely

decreased the oxidation rates of CT glycosides. This

improvement should be attributed to the dilution and dis-

persion of the CT glycosides into the powder because of

the water-soluble core tending toward the amorphous

matrices rather than the hollow wall-embedding structure.

However, it was not the powder but the wall formed in

spray-drying that deserved the attention due to protecting

the core.

In this article, the wall rather than the spray-drying

powders in many literatures was focused and the oxygen

transmission barrier was proposed in order to qualify the

quality of the wall. The water-insoluble core CT was mi-

croencapsulated in hollow structure with the common wall

materials: beta-cyclodextrin (BC), gum arabic (GA) and

maltodextrin (MD) by spray-drying. The oxygen pressure

(OPR) in the microcapsule was measured based on the

detailed stability study of the spray-dried CT and the

effects of the spray-drying. The effects of storage condi-

tions on OPR were also investigated and optimized to

reduce the gas entrance. The activation energy was used for

evaluating the quality of the wall. This work was beneficial

for choosing the best wall material and the preferred stor-

age conditions for CT.

Materials and methods

Materials

Analytically pure hexane was supplied from West Long

Chemical Co., Ltd, China. BC, GA and MD were supplied

from Sinopharm Chemical Reagent Co., Ltd, China.

Analytically pure methanol and analytically pure N,N-

dimethylformamide were supplied from Sinopharm

Chemical Reagent Co., Ltd, China. The CT reference

substance with the purity up to 96 % was self-prepared in

our laboratory.

The measurement of CT content

In brief, CT content in the microencapsulated powder was

determined with the similar method described by Desobry

et al. [3], and it was expressed by the following equation:

RCT ¼ f � A=Eð Þ: ð1Þ

where RCT is CT content, A is absorbance value;

E = 252.0, which is the extinction coefficient of CT at

kmax = 421 nm when methanol is used as solvent; f is

dilution multiple measured by volume.

In order to obtain the CT content entrapped in the

microcapsule, total CT content (the proportion of CT in the

microencapsulated powder) and surface CT (the CT con-

tent attached to the powder) were measured. Total CT

content: 0.01 g of CT microencapsulated powder was put

in an empty brown vial, into which 1 mL N,N-dimethyl-

formamide was added to break the wall of the powder.

Then 10 mL methanol was pipetted into the vial. The vial

was shaken at 60 rpm for 1 h. The solution was then fil-

tered by a 0.21-lm membrane filter and analyzed with

ultraviolet spectrophotometer. Surface CT content: 0.01 g

CT microencapsulated powder was put in an empty brown

vial, into which 1 mL hexane was added to extract the

surface CT of the powder. The vial was shaken at 60 rpm

for 1 h. The operation was repeated five times until the

hexane fraction turned transparent and all the fractions

were mixed then the solvent hexane was evaporated and

CT was redissolved in 10 mL methanol. The solution was

then filtered by a 0.21-lm membrane filter and analyzed

with ultraviolet spectrophotometer.The CT entrapped in the

capsule was the difference between the total CT and the

surface CT.

CTEntrapped ¼ CTTotal � CTSurface: ð2Þ

Additionally, the microencapsulation efficiency (EE) can

be calculated by the following equation:

EE ¼ CTTotal � CTSurface

CTTotal

� 100 % ð3Þ

Fig. 1 The structure of crocetin (C20H24O4, Mr = 324 Da)
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CT microencapsulation

Three wall materials, BC, GA and MD were used for the

preparation of emulsions, and the liquid–solid ratio were

5:1, 10:1 and 15:1. Nine kinds of emulsions were prepared

by the combination of liquid–solid ratio and the wall

category.

Wall materials were dissolved with pure water in a 1-L

plastic jar. After the wall materials completely dissolved,

the plastic jar was immersed in a cold water bath for

10–20 min until the temperature reached 10–12 �C. CT

was added and the emulsions were stirred at 8,000 rpm for

2–3 min. The coarse emulsions were then homogenized

using a homogenizer (APV, Germany) at 100 atm for

15 min.

The emulsions were pumped into the spray-dryer (YC-

015, Shanghai Pilotech Instrument & Equipment Company

Ltd, China) chamber at a constant flow rate of 60 mL/min

and the outlet temperatures were kept at 85 ± 5 �C. CT

microencapsulated powder was transferred immediately

into a cold glass jar.

Storage conditions

Powder samples (2 g of each) were placed in a narrow-

mouth glass bottle and covered with aluminum crimp seal.

These bottles were stored for 10 days at 35 �C in the

exposure of natural light, and the relative humidity (RH)

was 0.75. The RH was kept by NaCl saturated solutions as

the literature [9] listed. The measurement was repeated in

triplicate. The change of CT content with time was criti-

cally calculated.

The morphology analysis of the microencapsulated

powder

The microcapsule was attached to scanning electron

microscope stubs using two-sided adhesive tape. The

specimens were coated with gold under vacuum condition

at 5 kV, and then observed on a Hitachi-2150 scanning

electron microscope (SEM, Japan) for evaluation of the

morphology.

The deterioration kinetic model

The first kinetic model of CT deterioration can be

expressed by the following equation. A semi-log plot of

percentage retention of CT content versus time was plotted

by six data points to obtain the deterioration rate constant

(k) as the slope of the graph.

LnðC=C0Þ ¼ k � t ð4Þ

where C is the CT content after deterioration; C0 is the

initial CT content; k is the first order deterioration rate

constant calculated from deterioration time slope and t is

the storage time (days). Accordingly, the half-time can be

obtained as the following equation.

t1=2 ¼ �0:693=k ð5Þ

where half-time t1/2 is the storage time (days) to which the

initial CT concentration turns to half and k is the kinetic

deterioration rate constant.

The calculation of OPR of the microcapsule

It was assumed that the CT deterioration was dependent on

the surrounding OPR of CT and, the wall slowed the

deterioration by reducing the OPR. OPR can be calculated

by the deterioration rate constant k value, and this is

expressed by the following equation.

P O2ð Þ ¼ k � k0

k0
ð6Þ

where P(O2) is the oxygen pressure in microcapsule (atm);

k is the first order deterioration rate constant (day-1) of the

internal CT; Before finding out the mathematical relation

of OPR–k, two related CT deterioration parameters were

estimated.

The natural deterioration rate constant (k0, day-1) means

the intercept of the OPR–k plot and, it was the slope cal-

culated by Eq. (4) when the CT powder was put under the

vacuum condition (OPR = 0 atm).

The natural deterioration rate constant (k1, day-1) is the

CT deterioration rate constant, and it was calculated by

Eq. (4) when the CT powder was put under the atmospheric

environment and the OPR was set as 1/5 atm (OPR = 1/

5 atm) according to the proportion of oxygen in the air.

The coefficient k0 (day-1 atm-1) represents the slope of

the OPR–k plot, and it was calculated when k1 and k0 were

put in Eq. (6).

The activation energy of the oxygen transmission rate

In order to screen the most suitable wall material for lipid

microencapsulation, a quantitative method based on the

activation energy of oxygen transmission rate had been

proposed. Ea indicated the extra energy needed for driving

a kinetic process in thermodynamics. Arrhenius law

described this relationship of the kinetic rate and the

temperature [13]. A plot of natural logarithm of kinetic rate

versus 1/T yields a straight line with slope -Ea/R, where Ea

is in kJ/mol. The oxygen transmission rate of the wall was

positive related to the OPR. So this method was used to

measure Ea similarly but with an improved formation as

following equation:
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Ln
P O2ð Þ1
P O2ð Þ2

¼ �Ea

R
1=T2 � 1=T1ð Þ ð7Þ

where P(O2)1 (atm) and P(O2)2 (atm) are the OPR in

microcapsule with the storage temperature T1 (K) and T2

(K) correspondingly. Ea is the activation energy of the

oxygen transmission barrier (kJ/mol). R is the molar gas

constant, 8.314 J�mol-1�K-1.

Experimental design and statistical analysis

The effect of the spray-drying inlet air temperature, the

liquid–solid ratio of the emulsions and the storage relative

humidity on the OPR were investigated. The statistical

analysis was done using Statistics Analyses Systems ver-

sion 9.2, and experimental data were obtained by the

methods discussed above. All graphs were created using

OriginPro (OriginLab Operation, Northampton, MA-USA).

Results and discussion

The spray-drying process

Figure 2 shows the morphology of the microcapsule. The

surface of the microencapsulated powder was concave and

shriveled, which had typical characteristics of microcap-

sule produced by spray-drying [25]. Nijdam and Langrish

[11] described the mechanisms that the concave was

formed due to the appearance of a ‘‘vacuole’’ inside the

particles immediately after the crust development. When

the particle temperature exceeded the water boiling point

and the vapor pressure within the vacuole rose above the

local ambient pressure, this crust inflated but contracted

accordingly when the vapor was dissipated. Then, the

concave formed on the surface of the particles and the

difference between the high external pressure and low

internal pressure of the wall sustained the concave. There

was no crack on the surface which indicated that the three

materials, BC, GA and MD were suitable agents for mic-

roencapsulating CT by spray-drying.

The EE was affected by the inlet air temperature and the

liquid–solid ratio of the emulsions (data not listed). Dif-

ferent wall materials entrap CT with significantly different

EE value. EE values of CT microencapsulated with BC,

GA and MD were 78.24 ± 1.60, 85.03 ± 1.35 and

77.91 ± 1.94 %, respectively, under the inlet air temper-

ature 210 �C and the liquid–solid ratio 10:1. These EE

values of the CT microencapsulated powder were some-

what higher than those of the b-carotene and lycopene

microencapsulated by starch [10, 16]. GA was the primary

wall material for microencapsulating CT according to the

EE. Comparing with the saffron carotene derivatives dis-

solving in water to prepare the emulsions, CT was kept

particle formation the whole process that formed the defi-

nite wall/core microcapsule structure.

The kinetic of CT deterioration and the OPR

in the microcapsule

The conjugated bonds of CT can be saturated by oxygen,

and there was no new characteristic absorption peak before

and after 3 days storage, but the peek strength is changed

as shown in Fig. 3.

Figure 4 shows that the variation of CT content with

storage time gave a better mathematical fit when the first

order kinetics model was used (R2 [ 0.9). The CT powder

deteriorated fast, and the microencapsulated powder with

GA wall can slow down the deterioration efficiently.

The CT nature deterioration rate constant is presented in

Table 1. CT itself had a half-time as long as 33 days

without the existence of oxygen; however, oxygen shorted

this period almost to 9 %, which quantified the assumption

that the oxygen was a key factor affecting the CT deteri-

oration. Storage temperature was another factor that

changed the deterioration rate constant as the most reac-

tions. This accorded with the experimental observation of

the red color fading of the powder. Compared with the

other two materials, GA wall had the lowest mass transfer

coefficient of oxygen, which indicated the lowest OPR in

microcapsule.

Table 2 shows the kinetic deterioration of the CT mi-

croencapsulated by the wall materials. The storage tem-

perature had an influence on the deterioration. High

temperature can accelerate the deterioration process by

improving the kinetic rate as the most chemical reaction.

What’s more, all the wall helped improving the stability of

CT and the half-time was prolonged into 1.65, 4.29 and

2.79 times at 35 �C. This was achieved by isolating the

oxygen from the environment and keeping the surrounding

oxygen at a low concentration. However, these walls varied

enormously in terms of changing the deterioration rate

constant. Different walls decreased the deterioration rate

constant with statistical significance. GA and MD wall

exhibited more exciting protection for CT than BC group

because of the better performance in keeping the low OPR

value of the microcapsule. Though the explanation for this

is unclear, GA, which is composed of a highly branched

arrangement of the simple sugars (galactose, arabinose and

rhamnose) and glucuronic acids and contains a protein

component (*2 % w/w) covalently bound within its

molecular arrangement, was better material than the car-

bohydrate material in forming film microencapsulating the

carotene core [21].
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The factorial analysis of OPR of the microcapsule

Figure 5 shows that the OPR was markedly affected by

RH. When RH increased from 0.43 to 0.75, the OPR in GA

and MD microcapsule increased more than that of the BC

group. For GA and MD group, the difference of OPR

caused by storage relative humidity was statistically sig-

nificant. The good hydroscopic property may bring GA and

MD walls moisture absorption, and then, the oxygen was

more permeable into the inner microcapsule, resulting in

the change of the oxygen transmission barrier of the wall.

So the CT microencapsulated powder should be kept in a

dry environment during handling and storage.

The forming condition of the wall also played an

important role in affecting the OPR in the microcapsule.

When the inlet air temperature was set 210 �C, with the

liquid–solid ratio of the emulsions increasing from 5:1 to

15:1, the OPR of BC, GA and MD microcapsule rose from

Fig. 2 The morphology of the

powder of different wall

materials yielded by spray-

drying at 210 �C with the

liquid–solid ratio of the

emulsions 10:1. a Beta-

cyclodextrin. b Gum arabic.

c Maltodextrin. d The model of

microcapsule

Fig. 3 The absorption curves were obtained with methanol as solvent

at a concentration of 6.35 mg/L. Curve A turned to curve B after

3 days under 35 �C, relative humidity 0.75

Fig. 4 The deterioration rate of crocetin in microcapsule under 35 �C

and relative humidity 0.75
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0.101 ± 0.002, 0.027 ± 0.003 and 0.053 ± 0.003 atm to

0.118 ± 0.003, 0.035 ± 0.001 and 0.065 ± 0.003 atm,

respectively, at 35 �C and RH 0.75 as shown in Fig. 6a.

The data was not statistically significant but the changes of

OPR indicated the liquid–solid ratio of the emulsions was

an important factor. This could be explained by the oxygen

transmission rate. More solid content in the emulsions with

liquid–solid ratio 5:1 led to the high viscosity of the

emulsions preparing for the spray-drying, which endowed

the microencapsulated powder with bigger size and thick

wall increasing the transmission distance for oxygen [4,

17]. Hence, the OPR in the microcapsule decreased.

Figure 6b indicates that when the inlet air temperature

rose from 180 to 210 �C, the OPR exhibited a downward

trend, which indicated that the oxygen transmission barrier

of the wall was strengthened with an increasing inlet air

temperature. This agreed with the description of the wall-

forming process [6]. In fact, the water content of the

powder formed by spray-drying decreased rapidly as tem-

perature increased at a certain drying rate, which meant a

rapid formation of a dense skin and a good protection

against oxygen transfer into the core, resulting in lightening

CT deterioration.

These discussions of the factors changing OPR showed

that the oxygen transmission barrier of the wall was

determined by not only the spray-drying conditions but

also the conditions of the storage and relative humidity.

This study on the quality of the wall was rarely reported in

the literature studying the spray-drying technology alone

for the purpose of the stability improvement.

Activation energy (Ea) for the oxygen transmission rate

The positive values of Ea meant that oxygen transmission

rate increased with the increase in temperature, and abso-

lute value meant the oxygen needed to absorb the equiva-

lent power for traveling through wall. The higher the value

was, the more excellent the barrier of the wall was. Ea was

a comprehensive parameter related both the spray-drying

and the storage. At storage RH 0.75, the highest Ea value of

58.81 kJ/mol proved that GA wall had the highest oxygen

transmission barrier compared with the other two walls as

Table 1 The kinetic parameter of the crocetin deterioration at rela-

tive humidity 0.75

T/

�C

k1/

(day-1)a
t1/2/

(days)b
k0/

(day-1)c
t1/2/

(days)d
k0/(days-1

atm-1)e

35 0.232 2.99 0.021 33.00 1.055

45 0.260 2.66 0.024 28.90 1.190

a The natural deterioration rate constant under the atmospheric

environment when the oxygen pressure was set as 1/5 atm
b The half-time of CT kinetic deterioration when the oxygen pressure

was set as 1/5 atm
c The natural deterioration rate constant under the vacuum condition

when the oxygen pressure was set as 0 atm
d The half-time of CT kinetic deterioration when the oxygen pressure

was set as 0 atm
e The slope of the OPR–k plot

Table 2 The deterioration rate of crocetin and the oxygen pressure in the microcapsule

Walla k/(days-1)b t1/2/(days)c P(O2)/(atm)d

35 �C 45 �C 35 �C 45 �C 35 �C 45 �C

BC 0.141 ± 0.004A 0.217 ± 0.013A 4.92 ± 0.09 3.19 ± 0.03 0.113 ± 0.005 0.182 ± 0.008

GA 0.054 ± 0.020B 0.101 ± 0.006B 12.83 ± 0.12 6.68 ± 0.11 0.034 ± 0.010 0.077 ± 0.012

MD 0.083 ± 0.011C 0.151 ± 0.050C 8.35 ± 0.05 4.59 ± 0.07 0.057 ± 0.007 0.122 ± 0.017

A, B and C different letters indicate significant difference at p \ 0.05
a The powder was yielded by spray-drying at 210 �C, liquid–solid ratio 10:1 and then were kept at relative humidity 0.75
b The kinetic deterioration rate constant of the CT in the microcapsule
c The half-time of CT kinetic deterioration
d The oxygen pressure in the microcapsule

Fig. 5 Oxygen pressure in microcapsule under different relative

humidity
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shown in Table 3. Briefly, in GA wall, dry and cold con-

dition can bring CT a much longer half-time, which was

beneficial for the wide application of CT. This was in

accordance with the criterion of OPR.

Conclusions

CT deterioration followed the first kinetic model with good

fitness. CT can be used as a core by spray-drying, and BC,

GA and MD were good wall agents for improving the

stability of CT. The microencapsulation efficiency reached

77.91–85.03 %, respectively, and GA had the strongest

oxygen transmission barrier, with Ea 58.813 ± 0.312 kJ/

mol, that is why the OPR in GA microcapsule could be

kept at a lowest level. A dry and cold environment can

enhance this protection. It was revealed that the wall

property of protecting the core varied with the spray-drying

and storage conditions. The OPR may be a goal directed

and accurate description of the wall quality aiming at

improving the stability of the carotene.
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