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Abstract Pullulan is a linear homopolysaccharide that is
composed of glucose units and often described as o-1,
6-linked maltotriose. In this study, response surface
methodology using Box—Behnken design was employed to
study the effects of sucrose and nitrogen concentrations on
pullulan production. A total of 15 experimental runs were
carried out in a plastic composite support biofilm reactor.
Three-dimensional response surface was generated to
evaluate the effects of the factors and to obtain the opti-
mum condition of each factor for maximum pullulan pro-
duction. After 7-day fermentation with optimum condition,
the pullulan production reached 60.7 g/l, which was 1.8
times higher than the result from initial medium, and was
the highest yield reported to date. The quality analysis
demonstrated that the purity of produced pullulan was
95.2%, and its viscosity was 2.5 centipoise (cP), which is
higher than the commercial pullulan and related to its
molecular weight. Fourier transform infrared spectroscopy
(FTIR) also suggested that the produced exopolysaccharide
was pullulan.
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Introduction

Pullulan, an exopolysaccharide (EPS) synthesized by a
yeast-like fungus Aureobasidium pullulans, is often
described as an a-1, 6-linked maltotriose polymer [7]. With
this unique linkage pattern, pullulan demonstrated dis-
tinctive physical properties, such as adhesive ability, the
capacity to form fibers, and the ability to be formed into
thin and biodegradable films which are transparent and
impermeable to oxygen. As a result, pullulan has been used
for a wide range of applications in food, pharmaceutical,
chemical, and environmental remediation applications
[23]. At present, the number of patents related to pullulan
has exceeded 300 [24] and has been produced commer-
cially as products, such as edible packaging film, capsules,
gelling agents, and emulsifiers [19, 20].

The effects of carbon source [27], nitrogen source [32],
shear stress, agitation, aeration and dissolved oxygen levels
[16], production enhancers such as zinc and iron [29],
temperature [31], and cell morphology [30], have been
studied to improve pullulan production. Each of the factors
mentioned above will affect pullulan production and its
materials property. A one-factor-at-a-time method has also
been carried out for the cultivation parameters by Cheng
et al. [9]. However, a more statistical method to determine
the interaction among cultivation parameters for pullulan
production is needed.

Sucrose is a favorable carbon source for pullulan pro-
duction by A. pullulans [17, 34]; however, some studies
reported that excess sucrose (i.e., above 5%) will inhibit
pullulan production and hence limit the application of a
batch fermentation system [35]. Nitrogen source also plays
a significant role on pullulan production. Catley [8]
examined the nitrogen limitation effect when producing
pullulan by A. pullulans. The results indicated that for
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similar rates of carbon utilization, the diversion of glucose
from incorporation into cellular material to the elaboration
of polysaccharide is dependent on ammonium ion con-
centration. Depletion of nitrogen from the fermentation
medium might also be a signal for exopolysaccharide
synthesis [32].

Medium optimization by using the one-factor-at-a-time
approach is time-consuming, expensive, and often leads to
misinterpretation of results, because the interactions among
parameters are not considered. On the other hand, a sta-
tistical experimental design can not only evaluate the
effects of each parameter but also simultaneously and
systematically evaluate the effects of their interactions
[25]. Response surface methodology (RSM) is a powerful
statistical design method commonly used for optimization
of a multivariable system with a minimum number of
experimental runs [4, 26], and has been applied to the
production of value-added materials, such as bacterial
cellulose [1] and amylase [38]. Basically, RSM optimiza-
tion involves three major steps: (1) performing a series of
statistically designed experiments; (2) estimating the
coefficients in a polynomial equation; and (3) predicting
the response and validating the model. Box—Behnken [3]
designs are response surface designs chosen when per-
forming non-sequential experiments. This design has been
used to examine the relationship between one or more
response variables with a set of quantitative experimental
parameters. The advantage of this method is a reduced
number of samples and replicates (12 edges for three fac-
tors with three levels; for a total of 12 data points) and the
center of the factor space (center point is replicated three
times, in total 15 data points), whereas the full factorial
design has 27 data points (3 factors x 3 levels x 3 repli-
cates). The three variables (X;, X», and X3) can predict what
the response of product production (Y; i.e., pullulan) is and
the constructed model as a response function of the vari-
ables on product production is a second-order polynomial
as shown in Eq. (1).

3 3

3 3 ;
Y:ﬁ0+ZBiXi+ZﬁiiX?+ZZﬂinin (1)
i=1 i=1

i=1 j=1

where f, is the intercept, and f;, f;, and f; are linear,
quadratic, and cross-product regression terms, respectively.
X; and X; are coded independent variables, linearly related
to X;, X5, and Xs.

Pullulan production has been successfully carried out in
batch fermentation. However, A. pullulans usually takes
2 days to reach its late exponential phase and hence limits
the time for pullulan production [9]. To further investigate
the potential for higher productivity for pullulan produc-
tion, the applications of cell immobilization, including
agar, calcium alginate, and carrageenan immobilized
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A. pullulans, have been studied and proven their feasibility
[37]. However, the total length of fermentation is limited
since the artificial carrier will gradually break with time
after a couple of cycles [14]. On the other hand, biofilm
which grows on the solid support is a natural form of cell
immobilization. Plastic composite support (PCS) has been
developed to provide an ideal surface for biofilm forma-
tion, which is an extrusion product of a mixture of poly-
propylene and nutritious compounds [28]. Many studies
have shown that PCS biofilm reactors can enhance pro-
duction of ethanol [13], organic acid [36], and bacterial
cellulose [11]. Moreover, the slow release of the ingredi-
ents on PCS, such as carbon sources, nitrogen sources, and
minerals, can persist for more than 1 year without affecting
its efficiency when performing continuous fermentation
[12, 13, 18]. Our previous study also demonstrated that a
PCS biofilm reactor can be implemented for pullulan pro-
duction [10]. As mentioned earlier, studies in the literature
suggested that sucrose as the carbon source and ammonium
sulfate and yeast extract as the nitrogen source for pullulan
production. Therefore, the objective of this study was to
further investigate the optimal sucrose, ammonium sulfate,
and yeast extract concentration in the medium for pullulan
production using A. pullulans in a biofilm reactor, because
especially nitrogen content of the medium might be
required at a different level due to slow-release of nutrient
from PCS in the biofilm reactor.

Materials and methods
Microorganism and medium

Aureobasidium pullulans (ATCC 201253) was obtained
from the American Type Culture Collection (Rockville,
MD), which was grown at 30°C for 24 h in a medium
containing 50 g of glucose, 5 g of yeast extract, 5 g
(NH4),SO4, 1 g of NaCl, 5 g of KH,PO,4, and 0.2 g of
MgS0,4-7H,0 per liter of deionized water at an initial pH
of 5.0 with agitation at 150 rpm. The working culture was
stored at 4°C and subcultured bi-weekly in order to
maintain its viability. For long-term storage, stock cultures
were maintained at —80°C in a 20% glycerol solution.

Plastic composite support (PCS)

PCS tubes were manufactured at Iowa State University
using a twin-screw co-rotating Brabender PL2000 extruder
(model CTSE-V; C.W. Brabender Instruments, South
Hackensack, NJ) as described by Pometto et al. [28].
Polypropylene (50% (w/w)) and other ingredients (35%
(w/w) of soybean hulls, 5% (w/w) of soybean flour, 5%
(w/w) of yeast extract, 5% (w/w) of dried bovine red blood
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cell, and 0.272% (w/w) of sodium acetate, 0.0004% (w/w)
of MgCl,-6H,0, and 0.002% (w/w) of NaCl) were mixed
together and extruded at 13 rpm through a medium pipe die
with barrel temperatures of 200, 220, and 200°C and a die
temperature of 165°C. The nutrition composition of PCS
(soybean hulls, defatted soy bean flour, yeast extract, dried
bovine red blood cell, and mineral salts) was selected as
described in our previous study based on the amount of
biofilm formation on the PCS (CFU per gram PCS) and
pullulan production (g/l) [10]. The extruded tubes with a
wall thickness of 2.5 mm and an outer diameter of
10.5 mm were cut into 6.5-cm-length tubes with both ends
cut at a 45-degree angle (Fig. 1a).

Pullulan fermentation

A Sartorius Biostat B Plus bioreactor (Allentown, PA)
equipped with a 2-1 vessel (1.5-1 working volume) was used
for this study. For the biofilm reactor, 12 PCS tubes were
tied to the agitator shaft in a gridlike fashion, with six rows
of two parallel tubes with plastic tide strips (Fig. 1b). The
reactor vessel with PCS was autoclaved with water at
121°C for 45 min. Sucrose and nitrogenous components
with mineral salts were autoclaved separately and added to
the reactor aseptically after draining the water from the
reactor as recommended by Pometto et al. [28]. After
inoculating with a 24-h grown culture of A. xylinum (1% v/v),
five repeated-batch pre-fermentations were carried out with
original medium obtained from previous study [10],
including 75 g/l of sucrose, 3 g/l of yeast extract, 5 g/l of
ammonium sulfate, 1 g of NaCl, 5 g of KH,PO,4, and 0.2 g
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Fig. 1 Plastic composite support tube (PCS) (a), and diagram of the
PCS biofilm reactor (b)

of MgSO,-7H,0 per liter of deionized water, at a constant pH
5.0 with 200 rpm agitation at 30°C for 168 h by decanting
broth and adding fresh sterile fermentation medium each time
in order to establish biofilm on PCS supports. Batch fermen-
tation medium containing different concentrations of sucrose,
yeast extract, and ammonium sulfate generated by RSM
design were subsequently performed to evaluate pullulan
production along with following ingredients: 1 gof NaCl,5 g
of KH,PQOy,, and 0.2 g of MgSO,4-7H,0 per liter of deionized
water, at a constant pH 5.0 with agitation at 200 rpm and
aeration at 1.5 vvm, at 30°C for 168 h.

Experimental design

RSM was employed to optimize three experimental factors,
namely, yeast extract (X;), ammonium sulfate (X;), and
sucrose (X3), for optimization of pullulan production in a
biofilm reactor. RSM with a three-factor, three-level Box—
Behnken design [3] was used to optimize the response
(pullulan production) of three variables (Eq. 1). The actual
factor level corresponding to coded factor levels are shown
in Table 1. The ranges of factor levels for experimental
design were selected based on our previous results [9, 10].
The optimal culture conditions for maximum pullulan
production were estimated by statistical analysis using
Minitab (Version 13.3; Minitab Inc., State College, PA).
The coefficients in the second-order polynomial (Eq. 1)
were calculated by multiple regression analysis on the
experimentally obtained data. The pullulan production by
using biofilm reactor under optimum conditions was then
compared with the predicted value obtained from the
model. The suspension cell culture was also carried out
with optimum medium for comparison.

Biomass
Biomass was measured by means of dry weight. Samples
(1 ml) from culture broth were centrifuged at 12,000 x g,

4°C for 20 min. For biomass, the precipitated pellets were
washed twice with distilled water and centrifuged again to

Table 1 Levels of factors chosen for the experimental design

Factors Symbols Coded levels

-1 0 1
Yeast extract (g/1) Xi 0 2.5 5
Ammonium sulfate (g/1) X5 0 2.5 5
Sucrose (g/1) X3 50 75 100

The fermentation conditions were as follows: medium containing 1 g
of NaCl, 5 g of KH,PO,, and 0.2 g of MgSO,-7H,0 and different
levels of sucrose, yeast extract, and (NH4),SO4 as design, per liter of
deionized water at an constant pH 5.0; agitation at 200 rpm; aeration
at 1.5 vvm
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remove impurities. The pellets were dried at 80°C over-
night to determine biomass dry weight.

Crude pullulan

After culture broth (5 ml) was centrifuged at 3,300 x g,
4°C for 20 min, 4 ml of supernatant was mixed with 8 ml
of 95% ethanol and incubated at 4°C for 12 h to precipitate
the crude polysaccharides, which were precipitated by
centrifuging at 3,300 x g for 30 min. The precipitated
material was dried at 80°C overnight to determine the
weight of crude pullulan.

Sugar analysis

For sucrose concentration, fermentation broth (3 ml) was
centrifuged at 3,300 x g for 10 min and hydrolyzed by
hydrochloric acid before analyzing with the dinitrosalicylic
(DNS) method [26].

Quality analysis
Pullulan purity

Polysaccharides produced from A. pullulans were assayed
for sensitivity to pullulanase to determine the pullulan
content [23]. Each sample was firstly ethanol-precipitated,
dried, and subsequently resuspended at a final concentra-
tion of 1 mg/ml in 50 mM sodium acetate buffer (pH 5.0).
Pullulanase from Bacillus acidopullulyticus (Sigma, St.
Louis, MO) was added at a concentration of 0.5 U/ml.
After mixing, the mixture was incubated for 24 h at 25°C.
Pure pullulan (Cat # P4516; Sigma, St. Louis, MO) was
used as control (99.9%), and data are reported as percent-
age of reducing sugars relative to total polysaccharide.
Reducing sugar content was determined using DNS
method. The calibration curve used for reducing-sugar
determination was generated by using a pullulan standard
(0-1 mg/ml) purchased from Sigma.

Viscosity measurement

Pullulan samples produced from A. pullulans were dissolved
in D.I. water (5 mg/ml). Viscosity was measured using a
viscometer (Model LV 2020, Cannon Instrument Co., State
College, PA) and LV-1 spindle (Brookfield Engineering
Lab. Inc., Middleboro, MA) at 25°C with a rotation of
100 rpm. Pure pullulan from Sigma was used as control.

Composition analysis by FTIR

FTIR spectra of pullulan samples were acquired using the
KBr pellet technique on a Bruker IFS/66s (Bruker Optics,
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Billerica, MA) spectrometer equipped with a MCT detec-
tor. Each sample was loaded into a stainless-steel vial
containing a ball pestle and ground for 30 s using a Wig-L-
Bug vibratory mill. The ground sample was then diluted
with KBr (International Crystal Laboratories, Garfield, NJ)
to a concentration of around 0.5% (v/v) and mixed using
the Wig-L-Bug mill with the pestle removed. Then 60 mg
of this mixture was loaded into a 7-mm Quick Press die and
pressed until clear. All spectra are referenced to a blank
KBr pellet.

Statistical analysis

Results of pullulan production were analyzed using analy-
sis of variance (ANOVA). The goodness of the obtained
equation is evaluated by several criteria. The coefficient of
determination (R?) explains not only the percentage of the
sample variation, which is contributed by independent
variables, X, X,, and X3, but also the total deviation, which
can not be explained by the model.

Results

In this study, an RSM based on the Box—Behnken design
was used to optimize the cultivation conditions for
pullulan production and the matrix of the experiment is
presented in Table 1. Three levels for each factor were
chosen based on our previous studies (10, 11). The results
of the Box—Behnken are shown in Table 2 as the average
of duplicates. Fifteen runs were carried out and the
experimental results of pullulan production ranged from
8.5 to 47.6 g/1, which were close to their related predic-
tion values.

RSM model development

By applying multiple regression analysis on the experi-
mentally determined data in Eq. (1), the regression coeffi-
cients were estimated as shown in Table 3 and the following
second-order polynomial equations were obtained using
Minitab software:

Y = 26.650 — 4.887X, — 3.643X, — 0.153X; — 0.757X?
+0.923X; + 0.005X3 + 0.336X, X,
—0.097X: X3 — 0.036X,X3 (2)
The predicted optimum levels of X;, X,, and X3 were
obtained by applying regression analysis of Eq. (2), using
MATLAB software, and they were —1 (0 g/l of YE), —1
(0 g/l of ammonium sulfate), and 1 (100 g/l of sucrose),
respectively. The prediction of pullulan production was
62.8 g/l. The coefficient of determination (R?) value of the
regression for the response related to significant effects on
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Table 2 Box—Behnken design matrix for the three factors and their
experimental results

Table 4 Analysis of variance for response surface quadratic model
obtained from experimental design

Run order Factors Pullulan (g/1) Source Degree of freedom Sum of squares F value p value
Xi X, X3 Experimental”  Predicted  Regression 9 2,310.08 1172 0.007*

1 25 25 75 271 255 Linear 3 1,866.57 2841  0.001*

) 25 5.0 50 25.8 273 Quadratic 3 259.21 394  0.087

3 25 0.0 50 31.9 272 Interaction 3 184.30 2.80 0.148

4 50 00 75 97 133 Residual® 5 109.52

5 0.0 5.0 75 39.1 35.4 Lack-of-fit 3 97.97 5.62  0.155

6 25 50 100 325 37.2 Pure error 2 1.6l

7 25 25 75 266 255 Total 14 2,419.59

8 0.0 0.0 75 41.6 44.1 Coefficient of correlation (R) = 0.9962; coefficient of determination

2

9 25 25 75 227 25.5 (R") = 0.9924

10 0.0 25 100 51.5 50.5 N Significant at 1% level

11 25 0.0 100 47.6 46.1 " Difference between experimental and predicted results

12 5.0 25 100 13.9 11.8 ¢ Total of all information corrected for the mean

13 5.0 25 50 8.5 9.5

14 5.0 5.0 75 15.6 13.1

. P 0 219 4.0 concluded that the second-order model (Eq. 2) adequately

4 X, yeast extract; X,, ammonium sulfate; X3, sucrose

® Results are presented as the average of duplicates

Table 3 Coefficients of the response function to predict pullulan
production from Eq. (1) by regression analysis

Factor Coefficient
Intercept o 26.650
X, o —4.887
X, o3 —3.643
X3 oy —0.153
X3 os —0.757
X3 % 0.923
X3 o 0.005
XX og 0.336
X1 X3 e —0.097
XX %10 —0.036
R* = 0.955

the model was 0.955, which means that the sample varia-
tion of 95.5% for pullulan production was attributed to the
factors, indicating that only 4.5% of the total variation was
not explained by the model.

The adequacy of the full quadratic model of pullulan
production was also tested with the use of ANOVA. The
model summary statistics in Table 4 indicate the adequacy
of models including linear, two-factor interactions, and
quadratic. The linear model for pullulan production was
significant at the 1% level. The model, with a satisfactory
R? value of 0.9924, was significant (p < 0.05), and lack-
of-fit for the model was insignificant. As a result, it can be

approximated the true surface of pullulan production.
Effects of factors on pullulan production

The three-dimensional response surface was generated to
study the interaction among three factors tested and to
visualize the combined effects of factors on the response of
pullulan production (Fig. 2). When the effect of two factors
was plotted, the other one factor was set at the coded value
zero, which was 2.5 g/l of yeast extract, 2.5 g/l of ammo-
nium sulfate, and 75 g/1 of sucrose as described in Table 1.
The combined effects of each pair of factors demonstrated
that pullulan production increased with the increase of
sucrose and decrease of yeast extract (Fig. 2). The maxi-
mum pullulan production was predicted in maximum
sucrose concentration, indicating that sucrose has the
highest effect on pullulan production. In combined effects
of yeast extract and ammonium sulfate, the optimum value
of pullulan production corresponded to the coded value,
—1, for each factor, indicating that both yeast extract and
ammonium sulfate exhibited a negative effect on pullulan
production.

Verification of optimization

To validate predicted pullulan production, a verification
fermentation was carried out with the predicted optimum
level of X, X5, and X3 (0 g/l yeast extract, 0 g/l ammonium
sulfate, and 100 g/1 sucrose) by A. pullulans. The pullulan
production after 7-day fermentation was 60.7 g/l (Table 5),
which was 1.8 times higher than the one from original
medium and agreed with the predicted value (i.e., 62.8 g/l).
Moreover, in order to validate the effect of sucrose
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Fig. 2 Three-dimensional contour plots of three factors on pullulan
production. When the two factors were plotted, the other one factor
was set at middle-level values as follows: 2.5 g/l of yeast extract, 2.5
of g/l ammonium sulfate, and 75 g/l of sucrose

concentration on pullulan production, 115 and 125 g/l of
sucrose with other optimal fermentation conditions were
performed. The results demonstrated that excess sucrose
will adversely reduce pullulan yield and they were 58.2 and
50.8 g/l, respectively. The results of suspension cell fer-
mentation with optimal fermentation conditions were
summarized in Fig. 3, and demonstrated that A. pullulans
cannot grow and produce pullulan due to the lack of
nitrogen sources, which are essential for biomass produc-
tion. However, pullulan production in the PCS biofilm
reactor can be achieved since PCS itself contains nitrogen
ingredients, which were released slowly to the environment
[18].

Viscosity and Purity
The pure pullulan content (95.2%) and viscosity (2.5 cP) of

produced pullulan under optimal conditions also demon-
strated that there is no significant difference between

@ Springer

Table 5 Effect of medium composition on pullulan production

Factors Original medium  Optimum medium
Yeast extract (g/l) 3 0

Ammonium sulfate (g/1) 5 0

Sucrose (g/1) 75 100

Pullulan production (g/l)*  32.9 £ 0.7 60.7 £ 1.7
Pullulan (%)* 958 £ 1.3 952+ 1.8
Viscosity (cP)* 24 +0.3 25402

Cultivation conditions were the same as in Table 1

% The results were presented as the means of three replicates

70 10

60 —— Pullulan in biofilm reactor
— —o— Pullulan in suspension cell 18 o~
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Fig. 3 Time course of pullulan fermentation with optimum medium
in a biofilm reactor and suspension culture (results are shown as the
average of duplicates)

original and optimum media on pullulan properties as
shown in Table 5.

FTIR of pullulan

The FTIR spectra of pullulans produced from optimum
medium demonstrated similar features in comparison to the
pullulan standard (Fig.4). The absorption around
850 cm ™' characterized the a-configuration of a-p-gluco-
pyranose units [2]. Absorption at 755 and 929 cm™'
demonstrated that the predominant linkages between glu-
cose units were o (1, 4) and « (1, 6), which indicated the
dominant of pullulan within produced EPS. Other features
of polysaccharide were also found from the spectra, O—H
stretch (3,431 cm™"), CH stretch (2,928 cm™"), 0-C-O
stretch  (1,645-1,650 cmfl), C-O-H bend (1,366—
1,678 cm™ '), and C-O-C stretch (1,154-1,160 cm™ "), as
reported earlier [34]. The medium ingredients were also
performed FTIR analysis and exhibited no contribution to
the absorbance mentioned previously.

Discussion

Instead of optimizing medium composition by a one-fac-
tor-at-a-time approach, the statistical optimization using
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Fig. 4 FTIR spectra of pullulans: a pullulan standard, b pullulan
from optimum medium

experimental design provides the opportunity to determine
the optimal conditions in any given parameters by estab-
lishing the relationship between factors and predicted
responses. In this study, optimal concentrations of three
crucial nutrition ingredients, sucrose, yeast extract, and
ammonium sulfate, were generated using RSM with Box—
Behnken design, and they were 0, 0, and 100 g/l, respec-
tively. The pullulan production under optimum medium
was 60.7 g/l, which was 1.8-fold higher than the result
from original medium, and was 2.4-fold higher than the
result obtained from suspension culture [9].

Both carbon source and nitrogen source are crucial
factors for cell growth and the production of its metabo-
lites. Although depletion of nitrogen from fermentation
medium was reported as a signal for exopolysaccharide
synthesis [6, 8], 0.3% of yeast extract and 0.5% of
ammonium sulfate were still needed [9]. However, it was
surprisingly noted that the optimum medium without
nitrogen source gave the highest pullulan production. The
reason for this was due to the implementation of the PCS
biofilm reactor. The contributions of PCS can be explained
as follows: first of all, PCS tubes, which contained soybean
hulls, defatted soybean flour, yeast extract, dried bovine red
blood cells, and mineral salts, were a mixture of polypro-
pylene and nutrition ingredients. The moderate nitrogen-
leaching rate reported by Ho et al. [18] satisfied the
minimum requirement of nitrogen. Secondly, PCS
provided an ideal surface for biofilm formation. Cells of
A. pullulans had accumulated on the PCS during pre-
cultivation and hence reduced the demand on the nitrogen
source for biomass production [10]. Thirdly, the cells on
the PCS were maintained in stationary phase, which was
reported as a favored state for pullulan production [23]. A

control fermentation with the optimum medium obtained in
the biofilm reactor was carried out in a suspension culture.
The results demonstrated that both biomass and pullulan
productions were extremely low after 7-day fermentation
due to the lack of nitrogen sources, which are essential for
bacterial growth (Fig. 3).

Excess carbon source was reported exhibiting an inhi-
bition effect on pullulan production [21, 33]. The reason
for this could be due to the suppression effect of sugars on
enzymes related to pullulan production, such as o-phos-
phoglucose mutase, UDPG-pyrophosphorylase, and gly-
cosyltransferase [15]. Kumar et al. [22] also proposed a
10:1 carbon/nitrogen ratio which was most favorable for
maximal exopolysaccharide production in suspension cell.
Our results demonstrated that A. pullulans grew on PCS
can overcome this limitation. The produced pullulan was
60.7 g/l, which is the highest value to date. There is one
report that claimed that they can obtain 80 g/l of pullulan
[35]. However, the result seemed to be erroneous, since the
initial carbon source was only 50 and 80 g/l of pullulan
was produced.

Many factors, such as pH profile, carbon and nitrogen
sources, and oxygen and aeration rate, could affect the
properties of produced pullulan (molecular weight and
distribution, purity, and viscosity) [21, 32]. In our study,
95.2% of produced exopolysaccharide was characterized as
pullulan, which is higher than most of the reports to date,
and close to the commercial product (99.9%; Cat # P4516;
Sigma, St. Louis, MO). The viscosity results also indicated
that our pullulan sample exhibited higher average molec-
ular weight toward commercial pullulan (1.4 cP) [5, 10].
Further studies on molecular weight distribution of pro-
duced pullulan can be performed using high-performance
size-exclusion chromatography (HPSEC). The FTIR results
also served as supporting evidence that pullulan dominated
the polysaccharide produced by A. pullulans.

The PCS biofilm reactor system appears to have several
advantages, such as advancing pullulan production profile,
overcoming the sugar-suppression effect, and producing
pullulan under a moderate nitrogen-leaching rate. Apart
from their well-known benefits of being highly stable
systems with lower capital cost, biofilm reactors also pos-
sesses great potential to be developed into a more pro-
ductive process, such as continuous fermentation.
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