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Abstract Dihydroxyacetone (1,3-dihydroxy-2-propanone,

DHA) is applied in the food and cosmetic industries as well

as in pharmacy and medicine. It is produced as a result of

incomplete oxidation of glycerol by acetic acid bacteria

Gluconobacter oxydans. This reaction is catalyzed by

PQQ-dependent membrane-bound glycerol dehydrogenase.

The research developed a method of obtaining DHA by

oxidation of a 3 % aqueous solution of glycerol (pH 7.5) at

a temperature of 23 �C, with the only reaction biocatalyst

being an immobilized cell preparation obtained from

G. oxydans cells. After 5 days of the process, DHA con-

centration in the solution accounted for 27.2 g/L and the

reaction efficiency for 94 %. After 4 days of the reaction

run in culture media with pH 5.0, at a temperature of 28 �C,

free or immobilized cells of G. oxydans produced on

average 25 g of DHA/L at the reaction efficiency of 87 %.
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Abbreviations

3,5-DNS 3,5-dinitrosalicylic acid

DHA Dihydroxyacetone

G.oxydans Gluconobacter oxydans ATCC 621

GlyDH Glycerol dehydrogenase

PQQ Pyrroloquinoline quinone

Introductory remarks

The dihydroxyacetone (DHA) has various uses in cos-

metics [5, 10, 16, 31], medicine [8, 17, 30], pharmaceuti-

cals [12] and food industries [24, 26, 34]. Its production

from glycerol is financial interesting due to the overpro-

duction of glycerol by the biodiesel industry.

There are known two methods of dihydroxyacetone

production: chemical and microbiological one [16]. The

chemical synthesis may proceed via catalytic oxidation of

glycerol or its condensation with calcium carbonate [13, 28].

An alternative to the chemical synthesis of DHA is

microbiological oxidation of glycerol by microorganisms,

acetic acid bacteria in particular, that exhibit a high activity

of glycerol dehydrogenase [9, 36].

Glycerol dehydrogenase (GlyDH, EC 1.1.99.22) deter-

mines the incomplete oxidation of glycerol to DHA by

acetic acid bacteria. This enzyme is strongly bound with

the cytoplasmic membrane of acetic acid bacteria [32], and

its oxidative activity is independent of NAD presence. The

active center of GlyDH is located in the periplasmic space,

which enables lesser consumption of energy required for

the transport of substrates into and products outside the cell

[12, 24, 29]. Due to a strongly hydrophobic character and

low stability of the purified fraction of GlyDH, it is difficult

to determine the spatial structure of this enzyme [20, 22,

23]. The optimal activity of GlyDH obtaining from cells of

acetic acid bacteria of the genus Gluconobacter is observed

in the pH range of 7.0–8.0 [4, 20] and in the temperature

range of 23–25 �C [1].

Dihydroxyacetone production can be improved by

GlyDH overexpression in Gluconobacter oxydans M5AM

[21] In this study, the gene-coding membrane-bound

alcohol dehydrogenase (ADH) was interrupted. The

absence of ADH together with the overexpression of
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GlyDH gene resulted in an increased GlyDH activity in

the strain M5AM/GlyDH, which led to a substantially

enhanced production of DHA in the resting cells. In I batch

of biotransformation process, G. oxydans M5AM/GlyDH

exhibited a 2.4-fold increased DHA productivity of 2.4 g/g

CDW/h (CDW-cell dry weight) from 1.0 g/g CDW/h,

yielding 96 g/L DHA from 100 g/L glycerol. In four

repeated batch runs, 385 g of DHA over a time period of

34 h was achieved from 400 g glycerol with an average

productivity of 2.2 g/g CDW/h. This study indicated that

new mutant G. oxydans M5AM/GlyDH with high pro-

ductivity and increased tolerance against product inhibition

has potential for DHA production in a industrial biocon-

versions process [21] Another microbial method of

improving production of DHA by G. oxydans consisted of

a semi-continuous repeated-fed-batch process by in situ

immobilization of G. oxydans cells [15] In this experiment,

a novel carrier material was used. Advantages of the new

carrier matrix were as follows: ample space for the settling

of cells, the protection of the cells from abrasion caused by

shear forces or a sufficiently high oxygen supply rate due to

the high oxygen permeability of the utilized silicone

matrix. The experiment was conducted using packed-bed

bubble-column bioreactor. The experimental results indi-

cate that the immobilized biomass amounted to approxi-

mately 65 % of the total biomass contained in the

bioreactor after 18 days of operation. The space–time yield

was approximately 76 % higher compared to a similar

process which was performed without an optimized fer-

mentation medium [15]. Other experiments [25] to increase

the microbial production of DHA included expression of

three various genes which encode GlyDH (e.g., from

Hansenula polymorpha). The NAD?-dependent GlyDH of

H. polymorpha showed the highest glycerol-oxidizing

activity. DHA concentration in shake flask experiments

was roughly 100 mg/L from 20 g/L glucose, that is, five

times the wild-type level. This level was achieved only

when cultures were subjected to osmotic stress known to

enhance glycerol production and accumulation in Saccha-

romyces cerevisiae. Dihydroxyacetone kinase activity was

abolished to prevent conversion of DHA to dihydroxy-

acetone phosphate. The double-deletion mutant over-

expressing H. polymorpha GlyDH produced 700 mg DHA/

L under the same conditions [25].

One of the main problems in the biotechnological pro-

duction of DHA is a multistage process of acetic acid

bacteria preparation that involves, that is, proliferation of

these microorganisms in culture media (diversified in terms

of the source of carbon and nutrients) and activation of

GlyDH. The course of this reaction may be disturbed by the

inhibiting effect of a glycerol substrate or/and the product

formed on the metabolic activity of acetic acid bacteria and

activity of GlyDH [9, 22, 24]. Apart from DHA, the post-

reaction mixture contains other bacterial metabolites that

impede purification and crystallization of DHA [6].

Our approach was the advantage that allows the pro-

duction of DHA in reaction which is independent from the

presence and metabolic activity of live cells of G. oxydans.

Our method of biotransformation of glycerol to DHA

allows to shorten the process of preparation of the biocat-

alyst (which is cell preparation), and additionally the pro-

duction of DHA is carried out with the immobilized

biocatalyst which can be easily separated from the reaction

mixture and reused in the next cycle of reaction. The

proposed method is novel due to the replacement of live

cells of G. oxydans with an immobilized cell preparation

with the activity of GlyDH and production media—with

aqueous solutions of glycerol. This method will probably

facilitate and accelerate the crystallization of the final

product because the post-reaction media contains only

DHA and residues of glycerol.

Materials and methods

Strain and culture conditions

The study was carried out with the strain of acetic acid

bacteria G. oxydans ATCC 621 from American Type

Culture Collection, University Boulevard, Manassas. The

strain was passaged every 30 days onto the culture medium

containing: yeast extract 5 g/L, peptone 3 g/L, mannitol

25 g/L and agar 15 g/L, and incubated at a temperature of

28 �C for 24 h. For biomass proliferation, a pure culture of

G. oxydans was transferred to a 50 cm3 liquid medium

containing yeast extract 30 g/L (BTL) and ethyl alcohol

20 cm3/L (POCH), at pH 5.0, and incubated at a temper-

ature of 28 �C for 24 h on a reciprocating shaker (200

cycles/min, Edmund Büchler SM-30 Control). In order to

activate GlyDH, 1 % [v/v] of the culture was transferred to

an 150 cm3 activating medium that contained the follow-

ing: yeast extract 5 g/L (BTL), glycerol 20 g/L (POCH)

and (NH4)2SO4 5 g/L (POCH), at pH 5.0, and incubated at

a temperature of 28 �C for 48 h on a reciprocating shaker

(200 cycles/min, Edmund Büchler SM-30 Control).

Obtention of a cell preparation with GlyDH activity

On completion of the GlyDH-activating culture, the cen-

trifuged biomass of G. oxydans (5,000g, 10 min, 4 �C,

Eppendorf Centrifuge 5804 R) was double-rinsed with

sterile distilled water and suspended in 60 cm3 of water.

Afterwards, cells were disintegrated with the ultrasound

method (sonication, 210 W, 18 kHz, 4 �C, 5 min, Omni

Ruptor 4000, Titanium 3/800 Dia Solid OR-T-375), as a

result of which a cell preparation with catalytic activity of
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GlyDH was obtained [19]. The cell sediment (partially

purified from water-soluble proteins and small cellular

organelles) and the supernatant were obtained after cen-

trifugation (9,500g, 90 min, 4 �C, Eppendorf Centrifuge

5804 R) of disintegrated G. oxydans cells [2, 3].

Immobilization of biocatalysts

The rinsed and centrifuged biomass of G. oxydans cells

was suspended in 60 cm3 of a physiological saline solution

and mixed with a sterile solution of sodium alginate

(40 g/L) (Fluka) at the ratio of 1:1 [v/v]. From bacterial

suspension in sodium alginate, gel beads of the same size

were formed by direct instilling (using a syringe and a

needle 0.9 mm in diameter) to a 0.2 M solution of calcium

chloride (II) (POCH). Next, the immobilizates were sepa-

rated from the CaCl2 solution using a sterile aluminum

sieve and rinsed with sterile distilled water (500 cm3). This

procedure was applied to immobilize the cell preparation,

the sediment and the supernatant.

Biotransformation of glycerol to DHA

Glycerol biotransformation to DHA was conducted using

the following biocatalysts:

• Free or immobilized cells of G. oxydans in production

media containing yeast extract 5 g/L, (NH4)2SO4

7.5 g/L, glycerol 30 g/L, at pH 5.0 and a temperature

of 28 �C,

• Immobilized cell preparation, sediment or supernatant

in production solutions containing only glycerol at a

concentration of 30 g/L at pH 7.5 and a temperature of

23 �C.

Biotransformation was conducted in 150 cm3 of the

culture medium or production solution, in flasks with a

volume of 500 cm3 by reciprocating shaking (200 cycles/

min, Edmund Büchler SM-30 Control).

Determination of glycerol and dihydroxyacetone

concentrations

Glycerol concentration was determined with the enzymatic

method using a Free Glycerol Reagent test kit (Sigma,

F6428) that contained a complex of enzymes catalyzing

three reactions. In the first reaction, glycerol was phos-

phorylated and then glycerol 1-phosphate was oxidized. At

the last stage, quinoneimine was produced, the pink-purple

color of which was measured spectrophotometrically (Bio-

Rad Smart Spec 3000) at the wavelength of 540 nm.

The concentration of DHA was assayed spectrophoto-

metrically according to the method that uses the reducing

properties of DHA [7]. To 2 cm3 of the analyzed sample,

2 cm3 of 3,5-DNS acid was added and the sample was

incubated at 100 �C for 10 min. After incubation, the

sample was immediately cooled. Its absorbance was mea-

sured at a wavelength of 550 nm (Bio-Rad Smart Spec

3000) against a blank sample, made of a sterile production

media or of a production solution (depending on the bio-

catalyst applied).

Calculation of reaction efficiency

The efficiency of biotransformation was calculated from

the equation of a chemical reaction of glycerol oxidation to

DHA.

Statistical analysis of results

All analyses were carried out in three parallel series, with

each of the series including three parallel biotransforma-

tions. Each measurement was repeated three times. Results

achieved were developed statistically with the use of

StatGraphicPlus 4.1 software. Multifactor analysis of var-

iance was carried out as well. Significance of differences

between mean values was determined with the Tukey’s test

at a significance level of a = 0.01.

Results and discussion

Biotransformation of glycerol to DHA with the use

of free or immobilized cells of G. oxydans ATCC 621

The first stage of the study involved a series of biotrans-

formations in production media with the use of free or

immobilized cells of G. oxydans. The results are shown in

Figs. 1 and 2.

The conducted study indicates that the course of glyc-

erol biotransformation to DHA run with free or immobi-

lized cells of G. oxydans was alike within the first 50 h

(Fig. 1). The highest concentration of DHA noted for the

free cells accounted for 25.8 ± 0.023 g/L after 4 days,

whereas for the immobilized cells, it accounted for

24.6 ± 0.032 g/L after 3 days of the process. Glycerol was

completely consumed from the production media (Fig. 1),

but the efficiency of biotransformation did not reach 100 %

(Fig. 2), which suggests that part of the substrate could

have been consumed for other reactions than oxidation to

DHA. It pertains, in particular, to G. oxydans bacteria

capability for glycerol transformation into sodium glycer-

ate which is undetectable with the applied enzymatic

method [14].

Despite achieving similar concentrations of DHA in

particular hours of the biotransformation run in the pres-

ence of free or immobilized cells of G. oxydans (Fig. 1),
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this process proceeded with the highest efficiency in the

production medium with the free cells (Fig. 2). Probably,

oxygen indispensable for glycerol oxidation into DHA was

more easily available to the free than to the immobilized

cells and the substrate was better utilized. The immobili-

zation of bacterial cells in calcium alginate could, to some

extent, limit oxygen and substrate diffusion to the interior

and that of the product outside the alginate carrier.

On the second day of biotransformation, a significant

increase was observed in DHA concentration in the pro-

duction medium, irrespective of the biocatalyst applied

(Fig. 1). The product’s concentration in the medium with

free cells increased from 0.16 ± 0.051 (in the 6th hour) to

10.5 ± 0.027 g/L (in the 24th hour), whereas in the pro-

duction medium with immobilized cells from 0.19 ± 0.070

(in the 6th hour) to 10.1 ± 0.020 g/L (in the 24th hour).

Fig. 1 Changes in glycerol and

DHA concentration during

biotransformation run by free or

immobilized cells of G. oxydans
in production media at the

initial glycerol concentration of

30 g/L, pH 5.0 and temperature

of 28 �C

Fig. 2 Efficiency of

biotransformation run by free or

immobilized cells of G. oxydans
in production media at the

initial glycerol concentration of

30 g/L, pH 5.0 and temperature

of 28 �C. Error bars added
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This could be due to an increased activity of GlyDH, which

in the case of the G. oxydans strain usually occurs after

20 h of biotransformation [4]. Oxygen concentration in that

time could have been high enough to assure the effective

course of glycerol oxidation to DHA, which was also

pinpointed by Wethmar and Deckwer [35].

Biotransformation was finalized after 4 days because

analyses of the production media revealed no presence of

glycerol (Fig. 1). Due to a lack of carbon source in the

medium, acetic acid bacteria may phosphorylate the ear-

lier-produced dihydroxyacetone, and this leads to a

reduction in the efficiency of the process [11].

The multifactor analysis of variance and Tukey’s test

conducted for values of DHA concentration achieved at

this stage of the experiment demonstrated that reaction

time was the only factor having a significant effect on

increasing DHA concentration in the production media.

The immobilization of G. oxydans cells did not affect the

content of produced DHA compared to its concentration

achieved with the participation of free cells.

Biotransformation of glycerol to DHA with the use

of immobilized catalysts produced from G. oxydans

cells

Literature data [20] indicate that GlyDH isolated from

cytoplasmic membranes of G. oxydans bacteria showed a

lower oxidative activity and stability compared to the

fraction in which this enzyme remained bound with the

membranes. For this reason, extraction and purification

steps of GlyDH from cell organelles or fragments of cell

membranes that were obtained upon ultrasound disinte-

gration of G. oxydans cells were omitted deliberately.

Figures 3 and 4 show changes in concentrations of DHA

and glycerol and in the efficiency of 5-day glycerol bio-

transformation run in an aqueous solution of this substrate,

at a temperature of 23 �C and pH 7.5.

After 24-h reaction run in the solution with the immo-

bilized cell preparation, DHA concentration reached

6.1 ± 0.020 g/L (Fig. 3), whereas 22 ± 0.079 g of glyc-

erol/L was still left in the solution (Fig. 3) and the effi-

ciency of reaction reached 76 % (Fig. 4). On the next day,

DHA concentration reached 12.4 ± 0.041 g/L of the pro-

duction solution (Fig. 3) at the reaction efficiency of 88 %

(Fig. 4). After 5 days of the process, the concentration of

dihydroxyacetone accounted for 26.1 ± 0.021 g/L of the

solution (Fig. 3), the reaction efficiency was at a level of

88 % (Fig. 4), and glycerol was almost completely con-

sumed from the production solution (Fig. 3). As initially

expected, the course of changes in concentrations of DHA

and glycerol in production solutions with the immobilized

sediment was similar to that of changes observed in the

process run with the cell preparation (Fig. 3). The super-

natant was devoid of the catalytic activity of GlyDH

because no DHA was detected in the solution with this

biocatalyst (Fig. 3). This experiment confirmed that

GlyDH remained bound with fragments of cellular mem-

branes of G. oxydans (present in the cell preparation and in

the sediment) and after disintegration was not released to

the fraction of water-soluble proteins (present in the

supernatant).

In biotransformation run with the cell preparation or the

sediment, glycerol was completely consumed from the

solutions (Fig. 3), but still the reaction efficiency did not

reach 100 % (Fig. 4). It may be speculated that part of the

DHA remained trapped in the structure of an alginate

Fig. 3 Changes in

concentrations of glycerol and

DHA during biotransformation

run by the immobilized cell

preparation, sediment or

supernatant in production

solution with the initial glycerol

concentration of 30 g/L, at pH

7.5 and a temperature of 23 �C
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carrier and could not be released to the solution and

determined with the method applied.

The highest concentrations of DHA achieved in reaction

run with the free (25.8 ± 0.023 g/L) or immobilized cells

(24.6 ± 0.032 g/L) of G. oxydans (Fig. 1) were similar to

concentrations reported in the reactions with the immobi-

lized cell preparation (26.1 ± 0.021 g/L) or the sediment

(24.6 ± 0.009 g/L) (Fig. 3). These results enable con-

cluding explicitly that the cell preparation had the catalytic

activity of GlyDH that was comparable to the activity

exhibited by live G. oxydans cells. The conducted study

demonstrated the feasibility of producing DHA via oxida-

tion of an aqueous solution of glycerol in the presence of an

immobilized cell preparation from G. oxydans.

Evaluation of the oxidative potential of reused cell

preparation

The purpose of successive biotransformation series was to

verify whether the immobilized cell preparation applied in

one biotransformation cycle maintains its GlyDH activity

in the next cycle. On completion of 7-day biotransforma-

tion, the immobilized cell preparation was rinsed with

sterile distilled water cooled to 4 �C and again transferred

into the production solution with glycerol concentration of

30 g/L. Simultaneous biotransformation was run with a cell

preparation that was not applied earlier for glycerol oxi-

dation to DHA. Results of these analyses were presented in

Figs. 5 and 6.

In the solution with the cell preparation used for the first

time, the concentration of DHA accounted for 9.2 ±

0.030 g/L after the first day, for 24.4 ± 0.003 g/L after

4 days and for 27.2 ± 0.001 g/L after 7 days of the pro-

cess (Fig. 5). The efficiency of reaction in those periods

reached 44, 84 and 94 %, respectively (Fig. 6). In the said

solution, glycerol was utilized almost completely (Fig. 5).

The low final concentration of the substrate (0.09 ±

0.010 g/L) and, simultaneously, a high reaction efficiency

reaching 94 % (Fig. 6) enable concluding that glycerol was

almost completely oxidized to dihydroxyacetone.

The reused cell preparation was not so efficient in run-

ning glycerol biotransformation to DHA. The highest

concentration of dihydroxyacetone, noted after 3 days of

the reaction, reached 16.1 ± 0.004 g/L (Fig. 5). Although

the reaction efficiency accounted for 94 % (Fig. 6),

12.2 ± 0.019 g of glycerol/L was still left in the solution

(Fig. 5). The extension of biotransformation time did not

cause an increase in product’s concentration (Fig. 5). The

content of glycerol in the solution was not changing since

the 3rd day till the end of the process.

Glycerol dehydrogenase is an enzyme-dependent PQQ

prosthetic group [4, 27]. It is likely that during the first

application of the cell preparation, GlyDH contained in it

bounded a sufficiently high concentration of PQQ from

G. oxydans cell and could run efficient oxidation of the

substrate. Probably, the concentration of PQQ in the reused

cell preparation was not high enough, which might have

had a negative impact on the course and efficiency of

glycerol biotransformation to DHA.

Similar investigations with cells of G. oxydans immo-

bilized in polyvinyl alcohol gel were carried out by Wei

et al. [33]. The efficient production of DHA from glycerol

proceeded at pH 6.0 and a temperature of 30 �C. Such cells

displayed the oxidative activity against glycerol even after

Fig. 4 Efficiency of

biotransformation run by the

immobilized cell preparation,

sediment or supernatant in

production solution with the

initial glycerol concentration of

30 g/L, at pH 7.5 and a

temperature of 23 �C. Error
bars added
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14 days of storage; however, the activity was lower by

10 % than that of the cells applied immediately after

immobilization. The immobilized cells of G. oxydans

bacteria reused in the reaction medium were running the

biotransformation process with the efficiency about 86 %

[33].

Studies on the oxidation of glycerol to DHA with the use

of live G. oxydans cells are mainly focused on reducing

production costs, facilitating the process and reaching

possibly the highest reaction efficiency [18]. Therefore, the

application of the immobilized cell preparation for the

biotransformation process may be an interesting alternative

to the traditional method of DHA synthesis.

Conclusions

The study was aimed at elaborating a new biotechnological

method for the production of dihydroxyacetone via oxi-

dation of a glycerol solution with the use of an immobilized

cell preparation produced from acetic acid bacteria

G. oxydans ATCC 621. Problems associated with tradi-

tional production of DHA based on living cells were

supposed to be reduced or eliminated by making bio-

transformation independent of the metabolic activity of live

G. oxydans cells and by replacing microbiological cul-

ture media with aqueous solutions of glycerol at a con-

centration of 30 g/L. The proposed method of glycerol

Fig. 5 Changes in

concentrations of glycerol and

DHA during biotransformation

run by immobilized cell

preparations in production

solutions with initial glycerol

concentration of 30 g/L, at pH

7.5 and a temperature of 23 �C

Fig. 6 Yield of

biotransformation run by

immobilized cell preparations in

production solutions with initial

glycerol concentration of

30 g/L, at pH 7.5. Error bars
added
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biotransformation to DHA run in a 3 % aqueous solution

of substrate with pH 7.5, at a temperature of 23 �C,

allowed to obtain 27.2 g DHA/L of the solution with 94 %

efficiency of the reaction. The free or immobilized cells of

G. oxydans, placed in the production medium that apart

from nutrients and minerals contained 3 % of glycerol, at

pH 5.0 and a temperature of 28 �C, produced about 25 g

DHA/L of the medium at a reaction efficiency of 87 %.

This study proved that efficient biotransformation of

glycerol to DHA with the use of a cell preparation could

proceed in an aqueous solution of the substrate. Analytical

results achieved point to the feasibility of making DHA

production independent of the presence of viable G. oxy-

dans cells. The application of the novel method for DHA

production will, probably, eliminate the multistage purifi-

cation of the final product. Immobilization of the cell

preparation with GlyDH activity will facilitate the proce-

dure of DHA production, as the biological material

entrapped in carrier’s structure may easily be separated

from the post-production solution.
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