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Abstract Gluconobacter oxydans has a lower biomass

yield. Uniform design (UD) was applied to determine the

optimum composition of the critical media and their mutual

interactions for increased biomass yield of Gluconobacter

oxydans DSM 2003 in shake flasks. Fed-batch fermentation

process for biomass was optimized in a 3.7-l fermentor. By

undertaking a preliminary and improved fed-batch fer-

mentation-process strategy, a cell density of 6.0 g/l (DCW)

was achieved in 22 h and 14.1 g/l (DCW) in 35 h, which is

the highest cell density of G. oxydans produced thus far in

a 3.7-l bioreactor. The biomass production was increased

by 135% compared with that using the original cultivation

strategy. Bioconversion of ethylene glycol to glycolic acid

was catalyzed by the resting cells of G. oxydans DSM

2003, and conversion rate reached 86.7% in 48 h. In

summary, the approach including high-density fermenta-

tion of G. oxydans DSM 2003 and bioconversion process

was established and proved to be an effective method for

glycolic acid production.
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Introduction

Gluconobacter oxydans strain is a Gram-negative, aerobic,

rod-shaped acidophilic bacterium and is known for its

incomplete oxidation of a wide range of carbohydrates and

alcohols at low pH values by its membrane-bound dehy-

drogenases [1, 2]. The corresponding oxidative products

are secreted almost completely into the medium [3–6]. The

great advantage is that the substrates are regionly and

stereoselectively oxidized. This combined chemical tech-

nology is employed in the synthesis of sugar derivatives

that can only be obtained by complex protection group

chemistry. This makes G. oxydans strains suitable objects

for industrial application. But there is a bottleneck problem

for industrial application, which is that G. oxydans has a

lower biomass yield [7], leading to a higher production

cost. To improve productivity for industrial applications,

an increase in cell density would be advantageous.

Glycolic acid is one of the most important bulk fine

chemicals, extensively used in adhesives, metal cleaning,

textiles, leather processing [8, 9], biodegradable polymers

[10], and as a component in personal-care products [11].

As the biological synthetic process is more advantageous

for purification than the chemical process, which produces

many by-products, biotransformation production of gly-

colic acid by a microbial process has been attracting a lot

of attention.

Ethylene glycol is a cheap commercial product with

great potential for microbial processes, since it is water-

soluble and of low toxicity [12]. Herein, the production of

glycolic acid with G. oxydans from ethylene glycol as the

raw material is reported.

Uniform design (UD) is a useful and technically simple

method, which was first proposed by Fang and co-workers

[13, 14]. It is a powerful technique for testing multiple
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process variables because fewer experimental trials are

needed than if one variable is studied at a time. UD tables

can be described as Un(qm), where U stands for the UD,

n for the number of experimental trials, q for the number of

levels, and m for the maximum number of factors. Exam-

ples of successful applications of the UD method for

improving technologies in various fields have been con-

sistently reported [15–17].

In this paper, the medium composition and fermentation

bioprocess for cell biomass production were investigated.

The UD optimization technique was successfully applied

for the medium optimization of biomass of G. oxydans

DSM 2003. Optimization of fermentation and biomass

formation of G. oxydans DSM 2003 led to a great

enhancement in biomass yield and cell activity, which

greatly reduced its cost as a catalyst. Furthermore, con-

version of ethylene glycol to glycolic acid catalyzed by the

resting cells of G. oxydans DSM 2003 was also studied.

Materials and methods

Chemicals

Glycolic acid was purchased from Sigma-Aldrich. Ethyl-

ene glycol was purchased from Shanghai Chemical Reac-

tion. All other chemicals were of analytical grade and were

commercially available.

Microorganisms and culture conditions

The strain G. oxydans DSM 2003 used for the biotrans-

formation of ethylene glycol was grown in a liquid medium

containing 80 g/l sorbitol, 20 g/l yeast extract, 5 g/l

(NH4)2SO4, 2 g/l KH2PO4, and 5 g/l MgSO4�7H2O. All

media were sterilized by autoclaving at 115�C for 20 min.

Preculture was inoculated with a single cell colony from an

Agar plate and incubated in an orbital shaker (250 rpm,

28�C) until late exponential growth phase (*22 h). The

seed culture was repeated twice in order to adapt the cul-

ture to the fermentation environment. A 10% (v/v) inocu-

lum of these cells was added to the fermentor and grown at

28�C for 22 h.

Experiment design

A UD U9(95) experimental design was used to determine

the relationship existing between the response functions

and variables as well as to suggest experimental trials able

to optimize the culture-medium components. The concen-

trations of sorbitol (X1), yeast extract (X2), (NH4)2SO4 (X3),

KH2PO4 (X4), and MgSO4 (X5) were selected as the five

independent variables, owing to their influence on biomass

production. The cell density was chosen as the dependent

variable or response. The experiments in shake flasks were

carried out in 1,000-ml flasks with a volume of 100 ml at

28�C in a rotary shaker at 250 rpm.

A mathematical model, describing the relationships

between biomass and the medium component contents in

second-order polynomial equation, was developed by

stepwise regression. The model was as follows:

Y ¼ a0 þ
X

aiXi þ
X

aiiX
2
i þ

X
aijXiXj ð1Þ

where Y is the dependent variable (biomass production), a0

is a constant representing the mean of the dependent var-

iable obtained in each experiment, Xi and Xj (i = 1, 5;

j = 1, 5; i = j) represent the independent variables, Xi
2 and

XiXj are the interaction terms, and ai, aii, and aij are the

coefficients. The accuracy and general ability of the

regression model equation were expressed by the coeffi-

cient of determination R2. This regression model describes

the interaction of the various independent variables on the

values of biomass production. All the data analysis pro-

cesses including data regression and determination of the

best combination of factor values on the final regression

were performed by DPS software (Data Processing Sys-

tem) [18].

Optimization of batch fermentation in 3.7-l bioreactor

To enhance G. oxydans DSM 2003 cell density, the process

of fermentation was improved in a 3.7-l bioreactor (bio-

engineering AG) based on the optimized culture medium in

shaking flasks with 2-L working volume. The pH was

controlled by automatic addition of 2 M NaOH. Dissolved

oxygen tension (DOT) was controlled by increasing agi-

tation speed, airflow and fermentor pressure. The aeration

flow, the fermentor pressure, and the agitation speed were

variable and initially set at 200 l/h, 0.3 bar, and 400 rpm.

Optimization of fed-batch fermentation in 3.7-l

bioreactor

Fed-batch fermentation was carried out in a 3.7-l bioreactor

(Bioengineering AG). Initially, the reactor was filled with

1.8-l of medium. When the consumption of sorbitol in the

batch medium was detected by an increase in dissolved

oxygen tension, the fed-batch phase was initiated and the

flow rate was increased stepwise.

Effect of different cultivations on resting-cell activity

G. oxydans DSM 2003 was cultured under different culti-

vation conditions. The cells were harvested and washed

twice with physiological saline and resuspended in 0.1 M
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buffer solution of potassium phosphate. The concentrations

of the cells and ethylene glycol were 2.6 and 20 g/l,

respectively. The bioconversion was conducted at 250 rpm,

28�C. After a 2-h reaction, the glycolic acid concentrations

were determined by HPLC. The relative activity is the

relative amount of glycolic acid produced under the same

reaction conditions using different resting cells that were

cultured under different conditions.

Conversion of ethylene glycol to glycolic acid

using the resting cells of G. oxydans DSM 2003

The batch biotransformation of glycolic acid was carried

out in a 3.7-l bioreactor (Bioengineering AG) with 2-l

working volume. The pH was controlled at 5.5 by auto-

matic addition of 4 M NaOH. The agitation speed was

adjusted at 700 rpm. The fermentor pressure was con-

trolled at 0.5 bars. The conversion was carried out with

7.8 g/l cell concentration (DCW), and the initial ethylene

glycol concentration in the bioreactor was 70.0 g/l. Bio-

conversion of ethylene glycol to glycolic acid using the

resting cells of G. oxydans DSM 2003 is presented in

Scheme 1.

Analytical methods

Cell growth was monitored by optical density measure-

ments at 600 nm using a UV/visible spectrophotometer.

Samples were diluted to the appropriate concentration to

keep the OD600 nm value between 0.3 and 0.6.

After the reaction mixture was centrifuged, the con-

centration of glycolic acid in the supernatant was measured

by HPLC (Agilent 1100) using a ZORBAX SB-Aq column

(Agilent Technologies, USA) at 30�C, with an aqueous

acidic solution (H3PO4, 0.1%) as eluent at a flow rate of

1.0 ml/min. When the absorbance of the eluate was mon-

itored at 210 nm, glycolic acid was eluted at 4.0 min. The

concentration of ethylene glycol was measured by gas

chromatography (Agilent 6890), which was done with a

flame ionization detector and a capillary DB-WAX column

(0.25 mm 9 25 m 9 0.25 lm, Agilent Technologies,

USA). The operation parameters were as follows: injection

temperature, 250�C; detector temperature, 280�C; initial

oven temperature was held at 100�C for 2 min, and then

increased to 180�C at a rate of 30�C/min, maintained at

180�C for 1 min, and then increased to 220�C at a rate of

20�C/min. Ethylene glycol was observed at retention time

of 4.6 min.

Results

Optimization process of biomass production

The UD and the corresponding experimental data are

shown in Table 1.

The polynomial model for biomass yield, Ybiomass, was

regressed by mainly considering the significant terms and

was as follows:

YBiomass ¼ 4:0562þ 3:8783X4 � 2:0544X2
4 � 0:0039X1X3

þ 0:0324X1X4 ð2Þ

The mathematical model was expressed in terms of the

values of all the independent variables by neglecting the

statistically insignificant terms. The determination

coefficient of the model (R2 = 0.97179) demonstrated a

good correlation between the independent variables,

indicating that 97.2% of the variability in the response

could be explained by the model. The results of the F test

of the model (F = 16.9782, where the F value is a ratio of

the mean square from the regression to the mean square

from the error between the experimental and corresponding

predicted values) revealed that this regression was

statistically significant (P = 0.0089) at the 97.2%

confidence level.

Table 2 shows the analysis of variance for the experi-

ment. The results of the regression analysis indicated that

KH2PO4 was the important factor affecting the perfor-

mance of the culture on biomass.

The optimal values of the test variables for maximum

biomass production found in the final regression model

HO
OH

Alcohol
oxidation

HO
H

O
Aldehyde
oxidation

HO
OH

O

Scheme 1 Bioconversion of ethylene glycol to glycolic acid

Table 1 Application of uniform design U9(95) for optimization of

biomass production of G. oxydans DSM 2003

Runs Variable level Biomass

(DCW, g/l)
X1 (g/l) X2 (g/l) X3 (g/l) X4 (g/l) X5 (g/l)

1 10.0 10.0 3.0 1.75 0.8 1.260

2 20.0 15.0 5.0 1.25 0.7 1.644

3 30.0 20.0 2.5 0.75 0.6 1.675

4 40.0 25.0 4.5 0.25 0.5 1.099

5 50.0 7.5 2.0 2.0 0.4 1.730

6 60.0 12.5 4.0 1.5 0.3 1.790

7 70.0 17.5 1.5 1.0 0.2 1.977

8 80.0 22.5 3.5 0.5 0.1 1.574

9 90.0 27.5 5.5 2.25 0.9 1.842
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were as follows: sorbitol 73.0 g/l, yeast extract 18.4 g/l,

(NH4)2SO4 1.5 g/l, KH2PO4 1.52 g/l, and MgSO4 0.47 g/l.

Verification of the model

The optimal medium obtained from the regression model

for biomass was verified. The predicted maximum value of

biomass was 2.4 g/l (DCW), whereas the corresponding

experimental response was 2.5 g/l (DCW) in the flasks.

The excellent correlation between predicted and measured

values of these experiments justified the validity of the

response model and supported the existence of an optimum

point.

Optimization of batch fermentation in 3.7-l bioreactor

The influence of different constant pH values was inves-

tigated in the bioreactor. The optimum pH value for the

biomass production was found to be pH 6.0. Optimization

of the biomass production could be achieved by batch

fermentation at a constant pH value of pH 6.0, T = 28�C,

and inoculation volume 10% (v/v). With the optimal cul-

ture composition, maximum biomass production (11.5 g/l,

DCW) was achieved within a total fermentation time of

22 h, which is nearly twice the original (6.0 g/l, DCW).

Dissolved oxygen tension in the reaction system was found

to play an important role in the production of biomass.

When the oxygen tension was low, the production of bio-

mass was also low and the fermentation time was longer.

To guarantee oxygen supply to satisfy the requirement of

cell growth, DOT was kept over 20% by increasing agi-

tation speed (400–1,000 rpm), airflow (200–300 l/h), and

fermentor pressure (0.3–0.6 bar).

Optimization of fed-batch fermentation in 3.7-l

bioreactor

The sorbitol consumption rate changed in keeping with the

cell growth pattern. G. oxydans cells entered log growth

after a lag phase of about 2 h, and the growth time lasted

35 h. Sorbitol solution (200 g/l) was fed into culture

medium when the DOT was above 25%. To better match

the supply of sorbitol to cell requirements, a cell-dependent

sorbitol feeding profile was created in our experiment. That

is, sorbitol was fed into the bioreactor at an increasing rate

according to the cell density, and the feeding rate was

adjusted every 2 h. The sorbitol feeding rate started at

1.5 g l-1 h-1 and increased stepwise to 3.0 g l-1 h-1.

A biomass production of 14.1 g/l, DCW, was achieved in

35 h cultivation, which was the highest cell density of

G. oxydans thus far.

The cell growth curve of G. oxydans DSM 2003 under

different cultivation conditions in a 3.7-l scaled fermentor

is shown in Fig. 1. As Table 3 and Fig. 1 show, this

approach to high-density fermentation of G. oxydans DSM

2003 proved to be an effective method.

Effects of different cultivations on resting-cell activity

The studies were carried out under different cultivation

conditions. The results obtained are given in Fig. 2. With

improved cultivation, an increase in the activity of the

resting cells was found. The optimum process was not only

able to greatly enhance the biomass production, but also to

improve the activity of the resting cells, indicating that the

process of high cell density fermentation of G. oxydans for

glycolic acid production was successful.

Batch bioconversion of ethylene glycol to glycolic acid

using the resting cells of G. oxydans DSM 2003

The time course of glycolic acid production is presented in

Fig. 3. A glycolic acid concentration of 70.2 g/l was

achieved at 48 h with a molar conversion yield of 86.7%.

The HPLC analysis of the reaction mixture after the reac-

tion is shown in Fig. 4. Figure 4 shows that no detectable

Table 2 Results of the regression analysis for optimization of bio-

mass production (Ybiomass) in the flasks

Term Standard error t value P value

X4 0.87444 3.60501 0.01546

X4
2 0.92653 4.92561 0.00438

X1X3 0.68439 1.87733 0.11929

X1X4 0.93678 5.35417 0.00305

Fig. 1 Growth curves of G. oxydans DSM 2003 under different

cultivation conditions. Circles indicate fed-batch, after optimization,

squares represent batch, after optimization, and triangles indicate

batch, before optimization
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amounts of other compounds were observed. Microbial

conversion of ethylene glycol to glycolic acid is expected

to be an effective method for the production of glycolic

acid with no by-product.

Discussion

Low biomass production has hampered the use of Gluco-

nobacter strains for the manufacture of bulk products. To

realize the industrialization of glycolic acid, it was necessary

to achieve a large biomass production. In this paper, the

optimization of culture medium composition and fermenta-

tion process for biomass production and bioconversion of

ethylene glycol to glycolic acid by G. oxydans DSM 2003

was studied.

Using statistical optimization methods, we were able to

overcome the limitations of classic empirical methods, and

these methods appeared to be a powerful tool for optimiza-

tion of biomass production of G. oxydans DSM 2003. In this

study, the UD model was employed to study the combined

effects of cultivation conditions on the production of bio-

mass, followed by regression analysis to predict the maxi-

mum biomass in the flasks. Further experiments were carried

out to verify the fitness of the model. The regression model

seemed to fit reasonably well. The results of batch and fed-

batch fermentation experiments in a 3.7-l fermentor showed

that the biomass was increased greatly by using the opti-

mized culture medium and fermentation process.

Albin reported the highest level of biomass achieved

was 13.5 g/l (DCW) within a total feed fermentation time

of 43 h [19]. The biomass yield obtained in our present

study was 14.1 g/l (DCW) within a total fed-batch fer-

mentation time of 35 h. To the best of our knowledge, this

is the highest cell density reported thus far. Furthermore,

the resting-cell activity was also improved.

In this study, a higher production of glycolic acid (70.2 g/l)

was obtained in a batch biotransformation of G. oxydans DSM

2003 using ethylene glycol as a substrate. The higher molar

conversion yield (86.7%) could make this process more eco-

nomically feasible and was shown to be a promising process.
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Table 3 The results of culture-medium and fermentation-process

optimization

Experiment Biomass

(DCW g/l)

Before optimization (in 1-l shake flask) 2.0

Before optimization (batch, in 3.7-l fermentor) 6.0

After optimization (in 1-l shake flask) 2.5

After optimization (batch, in 3.7-l fermentor) 11.5

After optimization (fed-batch, in 3.7-l fermentor) 14.1

Fig. 2 The relative activity of the resting cells under different

cultivations. A Batch, before optimization; B batch, after optimiza-

tion; C fed-batch, after optimization

Fig. 3 Conversion of ethylene glycol to glycolic acid by the resting

cells of G. oxydans DSM 2003

Fig. 4 HPLC spectrum of bioconversion sample at 210 nm
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