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  Abstract          Immobilization biocatalysis is a potential technology to improve the activity and stability of 
biocatalysts in nonaqueous systems for effi  cient industrial production. Alginate-chitosan (AC) microcapsules 
were prepared as immobilization carriers by emulsifi cation-internal gelation and complexation reaction, 
and their contribution on facilitating the growth and metabolism of yeast cells were testifi ed successfully 
in culture medium-solvent biphasic systems. The cell growth in AC microcapsules is superior to that in 
alginate beads, and the cells in both immobilization carriers maintain much higher activity than free cells, 
which demonstrates AC microcapsules can confer yeast cells the ability to resist the adverse eff ect of solvent. 
Moreover, the performance of AC microcapsules in biphasic systems could be improved by adjusting the 
formation of outer polyelectrolyte complex (PEC) membrane to promote the cell growth and metabolic 
ability under the balance of resisting solvent toxicity and permitting substrate diff usion. Therefore, these 
fi ndings are quite valuable for applying AC microcapsules as novel immobilization carriers to realize the 
biotransformation of value-added products in aqueous-solvent biphasic systems.   

  Keyword : alginate-chitosan (AC) microcapsules; immobilization biocatalysis; aqueous-solvent biphasic 
system; cell growth  

 1 INTRODUCTION 

 Due to the high selectivity, mild and environment-
benign condition, biocatalysis techniques have been 
widely applied in industrial biotechnology (Wenda et 
al., 2011; Schrewe et al., 2013; Bezerra et al., 2015) 
and substituted some traditional chemical synthetic 
routes (Wohlgemuth, 2010; De Carvalho, 2011; 
Reetz, 2013). For instance, microbes using as 
biocatalysts can convert substrates to bulk chemicals, 
value-added pharmaceutical intermediates and drugs 
(Rivero et al., 2015; Ratnayake et al., 2016). However, 
some biocatalysis processes involve low soluble or 
hydrophobic substrates/products, which inevitably 
results in low conversion rate in an aqueous 
environment or suppression on the activity of 
biocatalysts. To solve the above problems, nonaqueous 
media such as organic solvents, aqueous-organic 
solvents biphasic systems, supercritical carbon 

dioxide, and ionic liquids have been introduced for 
effi  cient biocatalysis and bioconversion (Marques et 
al., 2010; Yu et al., 2010a; Dennewald et al., 2012). 
Although nonaqueous media demonstrated superiority 
compared to traditional aqueous biocatalysis, they 
can also induce the decrease or even loss of biocatalyst 
activity in a hostile environment (Yang et al., 2009). 
Besides the eff ort on screening of extremophiles or 
construction of biocatalysts tolerant to organic 
solvents  via  directed evolution (Cirino and Sun, 2008; 
Bornscheuer et al., 2012), microencapsulation 
technology can improve the activity and stability of 
entrapped biocatalysts in nonaqueous media by 
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preventing direct contact of biocatalysts from toxic 
solvents (Bommarius and Paye, 2013). Therefore, it 
has become a potential technology in industrial 
biocatalysis processes for the green or sustained 
production of bulk chemicals, pharmaceutical 
intermediates and drugs (Eş et al., 2015; Kisukuri and 
Andrade, 2015).  

 Among the common microencapsulation carriers, 
alginate-based gel beads or microcapsules have been 
proved the competitive ones in traditional aqueous 
biocatalysis processes especially for cell 
encapsulation such as cellulose degrading bacteria—
 Clostridium   sulfatireducens  CCUG 50825 (Börner 
et al., 2013),  Lactobacillus   casei  subsp.  rhamnosus  
ATCC11979 (NBIMCC1013) (Goranov et al., 2013), 
and  Saccharomyces   pastorianus  ( carlsbergensis ) 
Safl ager S-23 (Naydenova et al., 2014). Alginate is a 
polysaccharide with the ability to form a three-
dimensional hydrogel under mild ionotropy eff ect 
when it encounters some divalent cations such as 
Ca 2+  (Wang et al., 2006). A few of reports have 
demonstrated calcium alginate gel beads can be used 
to immobilize microbial cells for biotransformation 
in nonaqueous media such as aqueous-organic 
solvent biphasic systems (Kansal and Banerjee, 
2009; Arabi et al., 2010; Zhang et al., 2010). Alginate 
beads helped to improve the bioconversion effi  cacy 
to some extent compared to that in aqueous 
biocatalysis, while there were obvious problems 
such as activity reduction or loss of cells due to the 
weak structure stability of alginate beads and the 
toxicity from solvents (Garikipati et al., 2009). 
Fortunately, the mechanical and physicochemical 
properties of alginate hydrogel can be improved 
using polymers such as chitosan (Yu et al., 2010b) 
and poly-l-lysine (Cui et al., 2006) through forming 
microcapsule with polyelectrolyte complex (PEC) 
membrane under electrostatic interaction. In one 
word, the mild preparation conditions and the 
biocompatible living environment of microcapsules 
are benefi cial for the maintenance of structure 
stability and the activity of biocatalysts (Shih et al., 
2010; Rathore et al., 2013).  

 In our previous reports, yeast cells have been 
entrapped successfully in calcium alginate gel beads 
and alginate-chitosan (AC) microcapsules. During 
the culture process in aqueous media, the entrapped 
low-density cells demonstrated superiority in growth 
and improved functions (Yu et al., 2011). Especially, 
when the entrapped low density cells (as potential 
probiotics products) were evaluated in some hostile 

environments, they displayed much better stress 
resistance in free-drying and simulated gastric fl uid 
(Song et al., 2013, 2014; Gao et al., 2016). These 
fi ndings inspired us the idea to investigate the 
performance of AC microencapsulated microbial 
cells in nonaqueous media for potential biocatalysis, 
which is seldom concerned and testifi ed so far. 
Therefore, AC microcapsules were prepared as 
immobilization carrier by emulsifi cation-internal 
gelation and complexation reaction. After screening 
solvents to form culture medium-solvent biphasic 
systems, AC microencapsulated yeast cells were put 
into the biphasic system and cultured. The properties 
of cell activity, growth, and basic metabolism were 
evaluated. Moreover, the infl uence of process 
parameters regarding microcapsule preparation and 
cell culture in biphasic systems on the cell activity 
and growth was investigated. The purpose is to get 
basic information for the further production of 
aromatic alcohol via biocatalysis in the aqueous-
solvent biphasic system.  

 2 MATERIAL AND METHOD 

 2.1 Materials and cells  

 Sodium alginate was purchased from Qingdao 
Crystal Rock Biotechnological Development Co. Ltd. 
(Qingdao, China), whose viscosity is over 0.02 Pa·s 
when dissolved to form a 1.5% (w/v) aqueous solution 
at 20°C. The compositions ratio of α-L-guluronic acid 
(G) residues and β-D-mannuronic acid (M) residues 
of alginate were characterized by  1 H NMR as G/M 
ratio of 34/66, and the molecular weight (Mw) was 
430 kDa. The deacetylation degree (DD) of chitosan 
samples was 96%, and Mw ranged from 20 to 
158 kDa, which was degraded from raw chitosan 
(Yuhuan Ocean Biomaterials Corporation, China) 
with gamma (γ) rays irradiation by Key Laboratory of 
Nuclear Analysis Techniques, Chinese Academy of 
Sciences. Dibutyl sebacate (DBS) were purchased 
from Tianjin Guangfu Fine Chemical Research 
Institute (Tianjin, China). All other reagents and 
solvents of reagent grade were used without further 
purifi cation.  

 Yeast cells ( Saccharoinyces   cerevisiae ) BY4741 
were obtained from the Institute of Applied Ecology, 
Chinese Academy of Science (Shenyang, China). The 
strain was maintained in YPD medium (20 g of 
glucose, 10 g of polypepton and 10 g of yeast extract 
in 1 L distilled water at 30°C).  
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 2.2 Preparation of immobilized yeast cells in 
alginate-chitosan microcapsules by emulsifi cation-
internal gelation coupled electrostatic complexation 

 The alginate beads were prepared by emulsifi cation-
internal gelation technique according to our recent 
paper (Song et al., 2013) to immobilize yeast cells. 
Sodium alginate solution at a concentration of 1.5% 
(w/v) was fi ltered with a 0.22-μm membrane fi lter and 
stored overnight before use to facilitate deaeration. 
Then yeast cells in late exponential phase were added 
in alginate solution, which was further mixed with 
CaCO 3  powder to form a fi nely dispersed suspension. 
Next, alginate—CaCO 3 -cell mixture was dispersed in 
liquid paraffi  n containing 0.5% (v/v) Span 85 at 1:5 
(v/v) to form emulsion by stirring at 200 r/min. After 
emulsifi cation for 30 min, glacial acetic acid was 
slowly added into the emulsion to liberate Ca 2+  for 
gelation. The calcium alginate beads entrapping yeast 
cells were collected and successively rinsed with 1% 
(v/v) Tween 80 solution.  

 The calcium alginate beads entrapping yeast cells 
were further immersed in 0.5% (w/v) chitosan 
solution dissolved in 0.1 mol/L sodium acetate-acetic 
buff er at the ratio of 1:10 (beads/solution) to form 
alginate-chitosan (AC) microcapsules, followed by 
rinsing with 0.9% (w/v) NaCl solution. After being 
liquefi ed by 0.055 mol/L sodium citrate and rinsed 
three times with 0.9% (w/v) NaCl solution, AC 
microcapsules entrapping yeast cells were formed. 
Moreover, diff erent time of membrane formation of 
AC microcapsules and chitosan samples of diff erent 
Mw were used in the experiments. 

 2.3 Characterization of the morphology of alginate 
beads and AC microcapsules with immobilized 
yeast cells 

 After the formation of alginate beads and AC 
microcapsules with immobilized yeast cells, they 
were transferred into culture medium-DBS biphasic 
system and cultured for 24 h. Then they were rinsed 
and observed with a Nikon Eclipse TE2000 Inverted 
Research Microscope (Nikon Corp., Japan).  

 2.4 Culture of yeast cells immobilized by alginate 
beads and AC microcapsules in aqueous-organic 
solvent biphasic system 

 2.4.1 Yeast cells immobilized by alginate beads 

 One mL alginate beads with immobilized yeast 
cells ( Saccharoinyces   cerevisiae , BY4741) were 

added into 10 mL culture medium-DBS biphasic 
system (at a ratio of 1:1 v/v). Then the cells 
immobilized by alginate beads were cultured in a 
shaking incubator at 28°C and 170 r/min for 30 h. At 
a time interval of 3 h, 0.5 mL medium containing 
uniformly dispersed alginate beads were collected 
and broken in 0.055 mol/L sodium citrate medium to 
release the entrapped cells, and then the cell density 
was determined at 600 nm (OD 600 ). Meantime, the 
same inoculation amount of free yeast cells as that in 
1-mL alginate beads was cultured in the biphasic 
system as control and the same volume of cells was 
evaluated.  

 2.4.2 Yeast cells immobilized by AC microcapsules 

 One mL AC microcapsules with immobilized yeast 
cells ( Saccharoinyces   cerevisiae , BY4741) were 
added into the 10-mL culture medium-DBS biphasic 
system (at a ratio of 1:1 v/v). Then the immobilized 
cells were cultured in a shaking incubator at 28°C and 
170 r/min for 24 h. 0.5 mL AC microcapsules were 
collected and broken to release the entrapped cells, 
and then the cell density was determined at 600 nm 
(OD 600 ). The consumption of glucose in the medium 
was also determined to evaluate the metabolic ability 
of cells. Meantime, the same amount of AC 
microencapsulated yeast cells was cultured in 10 mL 
of aqueous media as control and evaluated. All cell 
experiments were carried out in triplicate samples. 

 3 RESULT AND DISCUSSION 

 3.1 Growth characteristic of yeast cells immobilized 
by alginate beads and AC microcapsules in 
aqueous-organic solvent biphasic system  

 In our previous report (Hou et al., 2012), both 
calcium alginate beads and alginate-chitosan (AC) 
microcapsules were prepared by emulsifi cation-
internal gelation and complexation reaction. Five 
organic solvents including DBS, ethyl oleate and 
isopropyl myristate were selected according to log P 
value to form culture medium-solvent biphasic 
systems with the potential production of aromatic 
alcohol. It was found that AC microcapsules could 
keep stable size and high membrane strength in 
culture medium-DBS biphasic system, which was 
thought to be benefi cial for protecting the activity of 
biocatalysts.  

 Yeast cells (BY4741) were entrapped in alginate 
beads and AC microcapsules respectively according 
to above-mentioned methods, and then two kinds of 
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immobilized yeast cells were cultured in the medium-
DBS biphasic system and evaluated for the growth 
characteristic with free cells as a control.  

 Figure 1 shows the growth curves of yeast cells in 
a free state, in alginate beads and AC microcapsules. 
They all experience a slow growth period in the early 
stage of 12 h. In the following 12 h, the free yeast 
cells grow gradually and then maintain stable biomass 
at around 20×10 7  cells/mL. While yeast cells 
entrapped in alginate beads and AC microcapsules 
demonstrate a sharp increase in biomass and reach 
around 75×10 7  cells/mL and 85×10 7  cells/mL 
respectively. These results indicate that the growth 
kinetics of entrapped yeast cells are obviously 
superior to that of free cells, which means the 
immobilization carriers can confer yeast cells the 
ability to resist the adverse eff ect of solvent. The 

optical images also display the good morphology and 
integrate structure of alginate beads and AC 
microcapsules (Fig.2), which is consistent with our 
previous stability evaluation of microcapsules (Hou 
et al., 2012). The images also show that cell density in 
AC microcapsules is clearly higher than that in 
alginate beads, suggesting a higher growth rate of 
cells in microcapsules. 

 It has been well known that organic solvents are 
usually harmful to biocatalysts by reducing their 
activity or even making them inactivity (Kansal and 
Banerjee, 2009; Arabi et al., 2010). This explains the 
low growth behavior of free yeast cells in the medium-
DBS biphasic system. Both alginate hydrogel beads 
and AC microcapsules provide three-dimensional 
(3D) gel network, which can protect the entrapped 
yeast cells from direct contact with a solvent (DBS) 
and avoid the phase toxicity of solvent. Therefore, 
they help maintain the activity and stability of cells in 
biphasic systems. However, when there exist some 
phosphate, lactate, citrate or anti-gelation sodium 
ions in culture media, alginate hydrogel beads always 
become instable in structure resulting in solvent 
toxicity to cells (Gaumann et al., 2000; Liouni et al., 
2008). While the formation of the microcapsule 
membrane by complexing alginate beads with 
polycations such as chitosan can eff ectively improve 
the structure stability and diff usion resistance, which 
protects the entrapped cells from solvent toxicity. The 
fi ndings give further support that AC microcapsules 
can provide microbial cells better stress resistance not 
only in free-drying and simulated gastric fl uid (Song 
et al., 2013, 2014; Gao et al., 2016) but also in 
nonaqueous media such as solvent containing biphasic 
systems. 
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 Fig.2 Optical images of alginate beads immobilized yeast cells (a) and AC microencapsulated yeast cells (b) in the medium-
DBS biphasic system after culturing for 24 h (40×) 
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 Fig.1 Growth curve of yeast cells (BY4741) immobilized 
in alginate beads or AC microcapsules in a medium-
DBS biphasic system with free cells as the control 
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 3.2 The infl uence of chitosan Mw on growth 
behavior of AC microencapsulated cells in the 
medium-DBS biphasic system 

 The advantage of AC microcapsules for the 
protection of entrapped cells lies in the outer PEC 
membrane, which is formed under electrostatic 
interaction between positively charged amino of 
chitosan and negatively charged carboxyl of alginate. 
The materials and structure parameters usually have a 
direct infl uence on the properties of PEC membrane 
such as permeation and mechanical stability, and 
subsequently, have an infl uence on the entrapped cells. 
The Mw of chitosan has been found an important 
factor for controlling the structure and permeability of 
membrane in our previous report (Yu et al., 2010b). 
Herein, AC microcapsules with chitosan of diff erent 
Mw are prepared to entrap yeast cells and cultured in 
medium-DBS biphasic systems. When the Mw of 
chitosan is below 100 000 Da, the biomass in AC 

microcapsules after culturing for 24 h almost reaches 
the same level of 80×10 7  cells/mL, except the highest 
level of near 100×10 7  cells/mL with Mw of 40 000 Da 
and decreased level with Mw of 158 000 Da (Fig.3a). 
Correspondingly, the residual rate of glucose (main 
substrate in medium) shows the lowest value with Mw 
of 40 000 Da and highest value with Mw of 158 000 Da 
(Fig.3b), that is, the highest amount of glucose is 
consumed by yeast cells in AC microcapsules with 
chitosan Mw of 40 000 Da. Generally, when the 
membrane formation time is maintained the same, 
chitosan molecules with low Mw diff use easily into 
3D gel network of alginate beads to form a denser 
membrane, which helps to resist the diff usion of 
solvent in biphasic system and benefi ts for the growth 
and metabolism of entrapped yeast cells. These results 
suggest that PEC membrane formed with chitosan Mw 
of 40 000 Da provides a balance condition protecting 
entrapped yeast cells from the harmful damage of 
solvent in a biphasic system, as well facilitating the 
inward diff usion of glucose for cell growth and 
metabolism. 

 3.3 The infl uence of membrane formation time 
between alginate and chitosan on growth behavior 
of AC microencapsulated cells in the medium-DBS 
biphasic system  

 The PEC membrane of AC microcapsules actually 
serves as a physical barrier to separate the inner cells 
from outer media. The membrane formation time can 
also aff ect the membrane structure (such as thickness, 
pore size) and performance (such as mechanical 
stability, permeation), which certainly will have an 
eff ect on the entrapped cells. By using chitosan with 
Mw of 40 000 Da to form AC microcapsules, the 
membrane formation time is extended from 2 min to 
10 min. It can be seen that the biomass in AC 
microcapsules after culturing in the medium-DBS 
biphasic system for 24 h increases fi rstly from 2 min to 
5 min, reaches the peak and then decreases from 5 min 
to 10 min (Fig.4a). Accordingly, the residual rate of 
glucose displays a reverse trend, and give the lowest 
value at 5 min (Fig.4b). With the extension of 
membrane formation time, more chitosan molecules 
can diff use inward and complex with alginate to form 
a denser membrane for the resistance of solvent. 
However, the denser membrane also increases the 
diff usion resistance of the substrate so that the biomass 
decreases at longer time. Therefore, it should reduce 
the membrane formation time on the condition that the 
cell viability and metabolic ability can be maintained. 
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 Fig.3 The eff ect of molecular weight (Mw) of chitosan on 
the biomass concentration (a) and glucose residual 
rate (b) of AC microencapsulated yeast cells in the 
medium-DBS biphasic system after culturing for 24 h 
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 3.4 The infl uence of volume ratio between medium 
and DBS on growth behavior of AC 
microencapsulated cells in the medium-DBS 
biphasic system 

 It has been found that the change of volume ratio 
between water and solvent can aff ect the interface area 
and then aff ect the activity of biocatalysts or the 
extraction of hydrophobic products by solvent (Stark et 
al., 2002; Kansal and Banerjee, 2009). Here, AC 
microencapsulated yeast cells are cultured in a medium-
DBS biphasic system with a fi xed medium volume of 
5 mL and varied volume ratios of medium-DBS from 
4:1 to 1:4. With the decrease of the volume ratio of 
medium-DBS, the biomass in AC microcapsules shows 
a decreasing trend after culturing in a biphasic system 
for 24 h (Fig.5a). When the volume ratio is above 1:1, 
the aqueous phase (culture medium) is in dominant 
condition so that the decrease of biomass is not obvious 
with the decrease of volume ratio from 4:1 to 1:1. 
While the volume ratio decreases from 1:1 to 1:4, the 
biomass signifi cantly reduces and only keeps as half as 

that at 4:1. Meantime, the residual rate of glucose 
demonstrates the lowest level at a volume ratio of 4:1 
but the highest level at 1:4 (Fig.5b). The optical images 
also confi rm the clear diff erence. Yeast cells grow well 
and occupy all the inside space of AC microcapsules 
after culturing for 24 h in the medium-DBS biphasic 
system at a volume ratio of 4:1, while cells only occupy 
half space even less of AC microcapsules at a volume 
ratio of 1:4 (Fig.6).  

 In our system, the PEC membrane of AC 
microcapsules provides the physical barrier for the 
maintenance of cell activity. The excess solvent, 
however, can increase the contact chance between 
solvent and microcapsules, which will go against the 
structure integrity of microcapsules and the growth 
behavior of entrapped cells. Therefore, the higher 
volume ratio between medium and solvent in a biphasic 
system is benefi cial for both cell growth and metabolism 
with the protection of AC microcapsules. The much 
higher volume ratio is not recommended considering the 
cost and separation procedures in industrial application.  
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 Moreover, solvent (DBS) is added separately into 
the culture medium at volume ratio of 1:1 to form 
biphasic system when AC microencapsulated yeast 
cells grow in lag phase (0 h), early stage of log phase 
(12 h), mid stage of log phase (18 h) and late stage of 
log phase (21 h), it clearly demonstrates that the 
addition time point of DBS at diff erent cell growth 
phases has no signifi cant adverse eff ect on the growth 
and metabolism of AC microencapsulated yeast cells. 
While the free cells in the mid or late stage of log 
growth phase usually have better tolerance to solvent 
than those in other phases (Wu et al., 1998).  

 4 CONCLUSION 

 With the purpose of applying microencapsulated 
microbes for biocatalysis and biotransformation in the 
aqueous-solvent biphasic system, yeast cells (BY4741) 
are fi rstly entrapped in calcium alginate hydrogel beads 
prepared by emulsifi cation-internal gelation 
technology, followed by coating with chitosan to form 
AC microcapsules. After culture in the medium-solvent 
biphasic system for 24 h, the biomass concentrations in 
AC microcapsules and alginate beads reach the 4.25-
fold and 3.75-fold level to free cells. These results 
indicate that AC microcapsules as the immobilization 
carriers can confer yeast cells the ability to resist the 
adverse eff ect of solvent and show obviously superior 
growth behavior to free cells. Moreover, the cell 
activity, growth, and basic metabolism in AC 
microcapsules could be improved by adjusting the 
process parameters of PEC membrane formation and 
culture condition in biphasic systems. The formation of 
outer PEC membrane under the balance of resisting 
solvent and keeping inward substrate diff usion is 
important, and AC microcapsules help cells at diff erent 

growth stages to tolerate solvent toxicity, which is 
superior to free cells in the biphasic system. 
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