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A B S T R A C T   

Aureobasidium pullulans URM 7059 produced esterase using residual glycerol from biodiesel as the sole carbon 
source. The culture medium containing residual glycerol (0.1 % v/v), (NH4)2SO4 (4 g/L), and yeast extract (8 g/ 
L) resulted in the highest esterase production using shake-flasks. The enzyme exhibited a molar mass of 50 kDa 
and was stable at neutral pH and temperatures below 30 ◦C. The cations Cu2+ and Al3+ did not affect the esterase 
activity, while Ca2+ promoted the highest activity loss. The enzyme kinetic parameters were determined using 
different substrates (p-nitrophenylcaprylate and p-nitrophenylbutyrate). Km and Vmax were 1.4 mM and 218 μmol 
min− 1 for p-NPC, and 1.55 mM and 76.7 μmol min− 1 for p-NPB. The esterase production was further evaluated 
using stirred tank and 2-L airlift bioreactors. The airlift reactor operating at the highest air flow rate (8 L/min) 
increased the enzyme productivity 3-fold compared to the shake-flasks experiments. However, the crude enzy
matic extract showed 3 active protein bands by zymography with molecular masses of 172 kDa, 66 kDa, and 40 
kDa approximately, suggesting that the pattern of enzyme production changed due to aeration. The crude 
enzyme degraded the MACO-Sty biopolymer in 14 days, being stable in a wide range of pH (7.0–9.0) and 
temperatures (40 ◦C – 80 ◦C). The results suggest that this enzyme is a promising catalyst in remediation 
processes.   

1. Introduction 

Esterases are carboxyl ester hydrolases that catalyze the cleavage of 
triglyceride ester bonds. They have a high affinity for substrates with 
low hydrophobicity. Thus, their enzymatic activity relies on water- 
soluble substrates [1–3]. As such, esterases catalyze the hydrolysis of 
short-chain water-soluble fatty acid triglycerides (<10 carbon atoms), 
while lipases catalyze the hydrolysis of long-chain fatty acids (≥ 10 
carbon atoms). The catalytic triad formed by Ser, His, and Asp are the 
bases of esterase’s activity with serine incorporated into the 
GI-X-Ser-X-Gly sequence at the active site [4–6]. 

The global enzymes are US$ 5 billion markets, with lipases and es
terases accounting for 10 %. The lipases and esterases market should 
increase by up to 8% in 2020, reaching approximately US$ 7 billion [7]. 
The worldwide leading biotech enzyme producer companies are Fluka, 
Novozymes, and Sigma-Aldrich Ltd. [8,9]. Exploring the global micro
bial biodiversity opens several possibilities to discover new enzymes 

with biochemical advantages over the existing ones. Indeed, diverse 
regiospecificity and regioselectivity are potentially useful for many in
dustrial applications [10,11]. Enzymatic depolymerization of polyesters 
throughout ester bonds cleavage, soil and wastewater bioremediation, 
pesticides removal, aroma compounds, and optically pure chiral drugs 
synthesis are the most common esterase applications [12,13]. 

Esterases are produced by bacteria, fungi, and yeasts [14,15]. Ex
amples of esterase producers include Bacillus cereus (1.79 U/mg) [16], 
Staphylococcus xylosus (11.32 U/mg) [17], Penicillium purpurogenum 
[18], Geobacillus thermodenitrificans (9.0 U/mg) [19] and Glaciozyma 
antartica (1.15 U/mg) [20]. Although lipolytic enzymes’ production is 
reported for several yeasts and bacteria [21–27], Aureobasidium pul
lulans, an yeast like strain, were so far only described as a pullulan 
producer. 

Microbial enzymes are of industrial relevance given their applica
tions in synthesizing valuable compounds, such as pharmaceuticals, 
food, and biofuels [23]. The development of new production routes 
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using industrial wastes as the source of nutrients for enzyme production 
is an interesting approach towards costs reduction and process sustain
ability [24]. Different carbons sources have been assessed, such as 
glucose [25], beet pulp [18], olive oil [26], and palm oil [28]. Glycerol is 
a promising carbon source due to its natural degradation into different 
metabolic intermediates during fermentation. However, few microor
ganisms metabolize glycerol as the sole carbon source. The glycerol 
metabolism by A. pullulans includes the degradation and the uptake of 
glycerol into the cell. The glycerol uptake by Aureobasidium pullulans is 
by active transport. The glycerol is catabolized through the 
NAD+dependent glycerol-3-phosphate dehydrogenase pathway, with a 
mitochondrial glycerol-3-phosphate dehydrogenase and glycerol kinase 
[29]. 

Yarrowia lipolytica intracellular lipase production. Previous studies 
reported the efficiency of biomolecules synthesis using raw residual 
glycerol as carbon sources such as the Yarrowia lipolytica intracellular 
lipase production [28]; the lipid production [30], and the biosurfactants 
production by Bacillus subtilis [31]. However, the use of glycerol as the 
carbon source for enzyme production is scarce. To our knowledge, this is 
the first study using glycerol for esterase production. 

In the last years, the price of glycerol decreased by about 20 %, 
highlighting its potential use in the production of high-value products, 
such as esterases [30]. The carbon source plays a critical role in culture 
medium costs, particularly at an industrial scale. Because of that, the 
limiting substrate is usually the carbon source. The use of residual 
glycerol for esterase production has not yet been described. The po
tential use of a readily available and cheap substrate substantially 

decreases the production costs. 
Another critical element in enzymes’ production is the type of 

bioreactor used, being the stirred tank (STR), bubble column reactors, 
and airlift reactor ALR [32] the most commonly used. Relevant pa
rameters include mixing and aeration rate due to their impact on mass 
transfer, biomass production, dissolved oxygen, and product yields. In 
the STR reactor, the impellers promote medium homogenization. The 
agitation influences the process yield production due to the agitation 
power and, consequently, the nutrient mass transfer, biomass growth, 
and cellular metabolism [33]. Airlift reactors, due to their design, pro
vide a different mixing and higher mass transfer coefficients than the 
STR. Airlift reactors are better for aerobic microorganisms due to a 
better-dissolved oxygen rate comparing to STR [34]. Besides the reactor, 
the culture medium composition is particularly important to ensure a 
higher yield and lower production costs. 

In the present study, A. pullulans URM 7059, a strain isolated by our 
group and not previously described as an esterase producer, was culti
vated in submerged fermentation using residual biodiesel glycerol as the 
sole carbon source. In the present study, the aeration effect on the 
esterase production was evaluated using two different bioreactor types 
(Stirred Tank (STR) and Airlift (ALR) reactors). The produced esterase 
was partially purified and characterized, and further applied in a 
biopolymer degradation assay. Thus, the study covers a complete bio
process design from the culture medium formulation (shake-flasks) to 
product application as summarized in Fig. 1. 

Fig. 1. Flow chart of esterase production by Aerobasidium pullulans URM 7059.  
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2. Materials and methods 

2.1. Microorganism 

Aureobasidum pullulans URM 7059 was isolated from the cashew 
(Anacardium occidentale L.) apple peduncle by traditional plate culture. 
The pure culture was then molecularly identified by 16S rRNA 
sequencing. The strain was deposited at URM collection at the Federal 
University of Pernambuco (UFPE, Brazil) with the catalog number URM 
7059. The strain was kept at –20 ◦C in Yeast Extract Peptone–Dextrose 
(YPD) medium supplemented with 20 % (w/w) of glycerol in the labo
ratory. The inoculums were prepared in 250 mL Erlenmeyer flasks 
containing 100 mL of YPD broth (peptone 20 g/L; yeast extract 10 g/L 
and glucose 20 g/L; pH 6.5 and were further incubated in an orbital 
shaker at 28 ◦C and 200 rpm for 12 h. 

2.2. Culture medium composition 

Firstly, the glucose was removed from the original medium compo
sition keeping the residual glycerol (Brasil Ecodiesel, Iraquara – Bahia/ 
Brazil) as the sole carbon source, and using constant concentrations of 
Tween 80 (0.4 % w/w) and KH2PO4 (1 g/L) at initial pH 5.5. The 
glycerol contained about 77 % of glycerin and some free fatty acids 
quantified as the saponification index (4.83 mg KOH/g). The full residue 
characterization provided by Brasil Ecodiesel is presented in the Sup
plementary Material (Table S1). A fractional factorial design 23− 1 

(Table 2) with three repetitions at the central point, accounting for seven 
trials, was performed to evaluate the effect of each independent variable 
(glycerol, yeast extract, and (NH4)2SO4) on the production of esterase. 
The response variable was the enzyme activity. The software Statistica 
v.13.0 was used to generate the experimental design and analyze the 
data. 

The best concentration of CSL (corn steep liquor) and yeast extract as 
nitrogen source was determined through a face-centered Central Com
posite Design (CCD). The concentrations of glycerol (0.1 % v/v) and 
ammonium sulfate (4 g/L) were kept constant. CSL, provided by Com
panhia Portuguesa de Amidos (COPAM-SA, Portugal), contained 75 g/L of 
carbohydrates and 5 g/L of protein. The total sugars and total soluble 
protein concentrations present in CLS were determined using the 
phenol-sulfuric [35] and Lowry [36] methods. The experiment was 
conducted with two variables at two levels (22), including four trials at 
the axial conditions and three replicates at the central point, totalizing 
eleven trials (Table 3). The response variable was the enzyme activity 
values using two substrates, p-nitrophenylbutyrate (p-NPB) and 
p-nitrophenylcaprylate (p-NPC). Again, the software Statistica v.13.0 
was used for experimental planning and data analysis. 

2.3. Esterase production 

The yeast A. pullulans URM 7059 was inoculated in culture medium 
containing: yeast extract (8 g/L), (NH4)2SO4 (4 g/L), residual glycerol (1 
% v/v), KH2PO4 (1 g/L) and Tween 80 (0.4 % v/v). The experiments 
were carried out in a rotatory shaker using 500 mL Erlenmeyer flasks 
containing 200 mL of medium and incubated at 28 ◦C (A. pullulans is a 
mesophilic strain) and 200 rpm for 48 h to allow the glycerol depletion. 
The inoculum concentration was standardized and adjusted to 1 × 107 

cells/mL. Samples were collected at regular time intervals to determine 
biomass concentration and were further centrifuged (2700 g, 15 min, 4 
◦C) to determine the supernatant’s enzyme activity. The initial pH was 
5.5, and the final pH was 7.0 ± 0.3. 

Regarding the cultivation in bioreactors stirred thank (STR) and 
airlift reactor (ALR) were evaluated. Firstly, the yeast A. pullulans URM 
7059 was inoculated in the culture medium (800 mL) and cultivated in a 
stirred tank reactor (Tecnal, Tecbio model, with a maximal working 
volume of 1.0 L), at controlled temperature (28 ◦C), 200 rpm, initial pH 
5.5 and aeration rate of 2 L/min without pH control. The reactor was 

equipped with a double impeller turbine model Rushton (DRT), with a 
diameter of 0.035 m, and the culture medium volume used was enough 
to cover both impellers. The reactor tank diameter was 0.09 m, and the 
liquid vessel height was 0.15 m. The inoculum concentration was 
standardized and adjusted to 2 × 108 cells/mL, using a Neubauer 
improved cell chamber (Marienfeld GmbH, Germany). Samples were 
collected at regular time intervals and centrifuged (2700 g, 15 min, 4 ◦C) 
to obtain the biomass and cell-free supernatant for further enzyme ac
tivity determination. 

The enzyme production by A. pullulans URM 7059 was also evaluated 
using an airlift reactor (Tecnal, BIO-TEC-FLEX, with a working volume 
of 2.0 L) at the same initial pH 5.5, temperature, and initial inoculum as 
used in the stirred tank. The airlift reactor diameter was 0.095 m with 
the liquid height at 0.30 m and a 0.22 m high riser. The riser internal 
area was (internal area (AI) = 0.0121 m2 and external area (Ae) =
0.0285 m2. Different flow rates were evaluated in the airlift experiments 
covering the whole equipment operating range (2, 4, 6, and 8 L/min). 
Dissolved oxygen and pH were monitored throughout the fermentation. 
However, pH control was found to be deleterious for the enzyme, so the 
pH value was only monitored but not controlled in both studied reactors. 
The pH increased from 5.5 to 7.0 ± 0.3 at the end of the production 
process in all assays. 

2.4. Esterase activity 

The esterase activity in the cell-free supernatants was determined 
using p-nitrophenol butirate (p-NPB - 4 carbons fatty acid chain) and p- 
nitrophenol caprilate (p-NPC - 8 carbons fatty acid chain) as substrate. 
Those substrates are water-soluble and present a short chain (less than 
10 carbon units), making them suitable for esterase activity determi
nation. One unit of enzyme activity (U) is the amount of enzyme that 
hydrolyzes 1 μmol of p-nitrophenol per min. The substrate containing 
1.12 mM of p-NPB or p-NPC was prepared in PBS (50 Mm) pH 7.0, 
containing 4% (v/v) of Triton X-100. An aliquot of 20 μL of the sample 
(cell-free supernatant) and 980 μL of the substrate was incubated at 40 
◦C (p-NPC) and 50 ◦C (p-NPB) for 15 min to determine the enzyme ac
tivity. After that, 2 mL of acetone was added to stop the reaction, and the 
absorbance was measured at 405 nm [37]. 

2.5. Optimum pH and temperature for enzyme activity 

These assays were carried out for the pH range from 5.0 to 9.0, 
keeping the temperature constant at 30 ◦C and then, for several tem
peratures (30, 37, 40, 50, and 60 ◦C), maintaining a constant pH value 
(pH 7.0). To determine the optimal pH, several buffer solutions (at 0.025 
M concentration) were used, namely sodium acetate buffer, pH 5.0–6.0; 
sodium phosphate buffer, pH 7.0–8.0; and glycine buffer, pH 9.0 – 10.0. 
The enzymatic activities were determined, as described in section 2.4. 

2.6. Glycerol consumption 

The glycerol consumption was determined by High-Pressure Liquid 
Chromatography (HPLC) using an Agilent 1260 infinity equipment 
(Wilmington, Delaware, USA), equipped with a refractive index (RI) and 
UV–vis detector. An Aminex HPX column 87H (Bio-Rad Laboratories 
Inc., USA) at 60 ◦C and 0.005 mol/L H2SO4 solution at 0.7 mL/min as 
mobile phase were used. Concentrations were determined using a cali
bration curve with standard glycerol concentrations ranging between 
1–20 g/L. The samples were filtered in a nylon membrane before in
jection and detected by a refraction index (RI) detector at 35 ◦C. 

2.7. Esterase partial purification and concentration 

2.7.1. Protein precipitation 
The esterase produced in shake-flasks was precipitated from the cell- 

free culture broth with polyethylene glycol (PEG) at 50 % (w/v). The 
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PEG solutions were prepared using PEG 1500, 4000 and 6000, and 
added to the crude enzyme at a 1:1 (v/v) ratio at 25 ◦C, with slow 
agitation. After homogenization, the mixture was centrifuged (16,000 g, 
for 10 min at 4 ◦C), and the precipitate was dissolved in 50 mM PBS (pH 
7.0) [38]. 

Moreover, esterase precipitation from the cell-free culture broth 
using ammonium sulfate at the saturation concentration range 30− 90% 
(w/v) was also done. The salt was dissolved directly in the cell-free 
culture broth, and the mixture was left to rest for 4 h at room temper
ature (25 ◦C). The protein pellet was collected after centrifugation 
(10,000g, for 30 min at 4 ◦C) and resuspended in 50 mM PBS, pH 7.0. 
Then, these solutions were dialyzed using a cellulose acetate membrane 
(12 kDa cut-off) against the same buffer for 4 h (room temperature) [38] 
The total protein content was determined using the Bradford method 
[39]. 

2.7.2. Enzyme membrane concentration 
Although precipitation is an excellent approach to characterize an 

enzyme, this technique is costly and time-consuming if industrial ap
plications are envisaged. Due to the higher enzyme production in the 
airlift reactor (2 L/min), a large volume (8.5 L) of crude esterase was 
produced from 5 batches carried out at the best operating condition 
regarding air flow rate in the ALR (8 L/min). After each airlift batch, the 
crude enzyme, free of cells, was frozen at – 20 ◦C. The total volume was 
concentrated to 250 mL by ultrafiltration with a 10 kDa cut-off mem
brane at 25 ◦C. The concentrate was precipitated with ammonium sul
fate (30 and 90 % w/v) at 25 ◦C. The precipitated protein collected after 
centrifugation (10,000g, for 30 min at 4 ◦C) was dissolved in 50 mM PBS, 
pH 7.0. Then, the sample was dialyzed using a cellulose acetate mem
brane (12 kDa cut-off) against the same buffer for 4 h at 25 ◦C. This 
supernatant was also precipitated using acetone at 0 ◦C. After the 
acetone evaporation, the protein pellet was resuspended in Tris 0.1 M 
(pH 8.0). The total protein content was determined using the Bradford 
method [39], and esterase activity was determined as previously 
described. 

2.7.3. Esterase molar mass 
The esterase molar mass was determined by SDS-PAGE using a 12.5 

% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS- 
PAGE) at under denaturing conditions at pH 8.8 and 4% stacking gel (pH 
6.8) [40]. Electrophoresis was performed at 120 mV and 30 mA using a 
MiniV equipment (Ge Healthy Care). Silver nitrate (0.1 % v/v) (PlusOne 
™ Silver Staining Kit, Protein, G.E. Healthy Care) and the Bench-Mark ™ 
Protein Ladder marker (Invitrogen, U.S.A.) with molar mass ranging 
from 10 to 220 kDa, were used to rendering and identify the protein 

bands. 
A zymography was carried out in native polyacrylamide gel elec

trophoresis cast with 4% stacking gel and 8% resolving gel to identify 
the active enzyme band. The gel was washed in 50 mM Tris/HCl (pH 
8.0) for 30 min. Next, the gel was placed in a chromogenic agar prepared 
with 2% tributyrin substrate, 2% (w/v) agar, phenol red (0.01 %), 10 
Mm CaCl2 solution at pH 7.3 and was further incubated at 40 ◦C for 20 h. 
The activity was observed as a clear yellow band corresponding to the 
spot at which the enzyme hydrolyzed the substrate [41]. 

2.8. Effect of temperature, pH, and salts on the esterase stability 

The partially purified esterase’s stability, obtained from the shake- 
flasks assays, exposed for 2 h to different temperatures ranging from 
10 to 80 ◦C was evaluated [42]. Likewise, the enzyme stability at 
different pH values at 4 ◦C for 2 h was also studied. For that purpose, 50 
mM citrate buffer (pH 4.0–5.0); 50 mM potassium phosphate buffer 
(PBS) (pH 6.0–8.0) and 50 mM Glycine-NaOH buffer (pH 9.0) were used. 

The effect of different salts in the enzyme stability was tested with 
5.0 mM solution of the following ions: K+, Mg2+, Na+, Zn2+, Ca2+, Fe3+, 
Ba2+, Al3+, Fe2+, and Cu2+. The enzyme was incubated at 4 ◦C for 1 h 
[45]. Esterase activity was evaluated using p-NPC as the substrate. The 
enzyme reaction incubated at 4 ◦C was used as reference (relative ac
tivity set as 100 %). 

2.9. Kinetics parameters of partially purified esterase 

The kinetic parameters were determined with the partially purified 
esterase at concentrations ranging from 0.25 to 5.0 mM using p-NPC and 
p-NPB as substrate. The reaction was conducted under the same condi
tions described in section 2.4. The Km and Vmax were estimated ac
cording to the Michaelis–Menten equation using a non-linear regression 
algorithm. 

2.10. Biotransformation parameters 

The biotransformation parameters YX/S (cell growth yield), YP/X 
(product-biomass yield) and YP/S (product-substrate yield) were calcu
lated using the following equations: 

YX/S =
(X − X0)

(S0 − S)
(1)  

YP/x =
(P − P0)

(X − X0)
(2)  

YP/S =
(P − P0)

(S0 − S)
(3) 

The productivity (U/L.h), is defined as the ratio between esterase 
activity and fermentation time, was also calculated using the enzyme 
activity obtained with the p-NPC as substrate. The fermentation time 
used was the one at which the activity was maximal, or alternatively the 
end of the process if no maximal was achieved. 

2.11. Esterase application 

As different molar masses were obtained for the enzyme produced in 
the shake-flasks (Est-1), and in the airlift reactor (Est-2), both enzymes 
were evaluated as potential bioremediation agents. The enzymes were 
used to degrade the MACO-Sty, a new copolymer made of castor oil 
maleate and styrene copolymer, obtained by Maia and Fernandes [43]. 
The reaction mixture contained the crude esterase culture broth (10 
mL), and the MACO-Sty polymer (2 mL). The assay was carried out in a 
rotatory shaker (200 rpm) at 25 ◦C for 14 days. 

The molecular structure of the degraded polymer was analyzed by 
Fourier Transform Infrared Spectroscopy (FTIR) in a Cary 630 FTIR 

Table 1 
Selection of pH and temperature for determining the esterase enzymatic activity 
using the substrates p-nitrophenyl caprylate (p-NPC) and p-nitrophenylbutyrate 
(p-NPB).Results correspond to the average of three measurements ± standard 
deviation.  

pH1 p-NPC (U/mL) p-NPB (U/mL) 

5 1.21 ± 0.01ª 0.80 ± 0.01a 

6 4.58 ± 0.06b 3.02 ± 0.09b 

7 16.31 ± 0.26c 20.72 ± 0.44c 

8 10.49 ± 0.32d 21.33 ± 0.50d 

9 17.40 ± 0.20e 19.47 ± 0.19e  

Temperature (◦C)2 p-NPC (U/mL) p-NPB (U/mL) 

30 16.31 ± 0.26ª 20.72 ± 0.44ª 
37 19.43 ± 0.09b 15.55 ± 0.20b 

40 23.80 ± 0.27c 17.20 ± 0.80c 

50 9.09 ± 0.14d 22.66 ± 0.60d 

60 5.17 ± 0.03e 3.66 ± 0.09e  

1 temperature 30 ◦C. 
2 pH 7.0. Different letters in the column mean the results are statistically 

different according to the Tukey test (p < 0.05). 
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(Agilent, USA), equipped with a diamond crystal ATR measurement 
accessory. FTIR spectra were collected in the region between 400 and 
4000 cm − 1 wavelength using a 1 cm -1 spectral resolution. All samples 
were applied directly into the spectrometer without any previous 
treatment. 

2.12. Statistical analysis 

All experiments were replicated, and all analysis were done in trip
licate (n = 6). The statistical analysis was carried out using the Statistica 
software (Statsoft v 13.0) and proper tests for each type of result. 
Standardized effects were calculated for the fractional design, and F-test 

and ANOVA for the central composite design. Tukey tests were applied 
whenever comparisons of means were useful. 

3. Results and discussion 

3.1. Selection of the optimum pH and temperature values for enzyme 
activity 

Before studying the culture medium composition, the effect of pH 
and temperature on the extracellular esterase activity was evaluated 
using p-NPC and p-NPB, as shown in Table 1. The esterase produced by 
A. pullulans URM 7059 showed good activity at neutral pH for both 
substrates. The highest enzymatic activities for both substrates were 
obtained at pH 7.0 and pH 9.0. The pH 7.0 (neutral) was selected for the 
following enzymatic assays for both substrates. Likewise, the optimum 
temperature for the enzyme activity assays with each substrate was 
determined. For the substrate p-NPC, it was 40 ◦C with an activity of 
23.80 ± 0.27 U/mL; while for p-NPB, a maximum activity of 22.66 ±
0.60 U/mL was obtained at 50 ◦C. However, the esterase activity 
decreased by 40 % at 50 ◦C when using p-NPC. Thus, the following 
enzyme activity assays were carried out at 40 ◦C and pH 7.0 for both 
enzymes. Jayanath et al. [47] reported esterases with activity at mild 
temperatures showing a loss of 60 % of activity at 55 ◦C and an optimum 
around 40 ◦C. Camacho et al. [48] reported a maximum activity at 80 ◦C 
and in the pH range from 6.0–7.5 for Halobacterium sp. NRC-1 esterase. 
The results herein obtained show that the esterase produced by 
A. pullulans URM 7059 is not thermotolerant. The enzyme activity 
sharply decreases at 60 ◦C for both substrates. Regarding the optimum 
pH, the esterase produced by A. pullulans LABIOTEC 01 was more acidic, 
with low activity at pH values higher than 7.0 [38]. The enzyme pro
duced in the current work exhibits higher activity at pH values higher 
than 7.0. Furthermore, this esterase exhibits good activity in the pH 
range between 7.0 and 9.0, making it suitable for industrial applications 
since acidic pH imparts equipment corrosion. 

3.2. Culture medium composition for esterase production 

The results depicted in Table 2 (fractional factorial design) evidence 
that A. pullulans URM 7059 is a good esterase producer due to the high 
activity values obtained even in the absence of glucose. The possibility 
of using a residue as the carbon source can be crucial for the sustain
ability of the process on an industrial scale. 

The effect of carbon (glycerol) and nitrogen sources (yeast extract 
and ammonium sulfate) on enzymatic activity were evaluated through 
the pareto chart presented in Figure S1 (Supplementary File). Glycerol 
showed a non-significant effect on the esterase activity using p-NPB and 
a negative effect using p-NPC substrate. Glycerol is the carbon source 
and must be kept in the culture medium in low concentrations to avoid 
the negative effect observed for p-NPC substrate. Yeast extract showed a 
positive and significant effect, while the ammonium sulfate effect was 

Table 2 
Fractional factorial design (23− 1) for the selection of the variables that affect the 
production of esterase by Aureobasidium pullulans URM 7059. Results correspond 
to the average of three measurements ± standard deviation.  

Assays 
Glycerol 
(%) 

Yeast extract 
(g/L) 

(NH4)2SO4 

(g/L) 

Esterase activity (U/mL) 

p-NPC p-NPB 

1 0.1 2.0 8.0 19.79 ±
0.19 

.49.48 ±
0.55 

2 1.9 2.0 4.0 13.87 ±
1.03 

9.60 ±
0.62 

3 0.1 8.0 4.0 27.61 ±
2.21 

15.9 ±
1.26 

4 1.9 8.0 8.0 23.10 ±
1.43 

17.4 ±
1.73 

5(C) 1.0 5.0 6.0 20.41 ±
0.33 

16.48 ±
0.26 

6 (C) 1.0 5.0 6.0 20.05 ±
0.02 

16.26 ±
0.48 

7 (C) 1.0 5.0 6.0 19.62 ±
0.41 

17.52 ±
0.24  

Table 3 
Central composite design (22) for the optimization of esterase production by 
Aureobasium pullulans URM 7059. (C): central point. Results correspond to the 
average of three measurements ± standard deviation.  

Assays CSL (w/w) % Yeast extract (g/L) Esterase activity (U/mL)    

p-NPC p-NPB 

1 0.0 0.0 7.10 ± 0.9494 3.90 ± 0.73,73 
2 0.0 8.0 27.00 ± 2.21 15.90 ± 1.26 
3 8.0 0.0 7.90 ± 1.10 6.50 ± 1.10 
4 8.0 8.0 3.40 ± 0.88 8.80 ± 0.30 
5 0.0 4.0 17.00 ± 2.30 10.90 ± 0.91 
6 8.0 4.0 12.00 ± 0.85 4.50 ± 0.41 
7 4.0 0.0 21.10 ± 0.93 7.50 ± 1.4 
8 4.0 8.0 21.60 ± 0.32 14.60 ± 0.86 
9 (C) 4.0 4.0 12.60 ± 1.0 7.60 ± 0.46,73 
10 (C) 4.0 4.0 10.20 ± 0.53 8.80 ± 0.43 
11 (C) 4.0 4.0 12.10 ± 2.1 8.60 ± 1.44  

Fig. 2. Esterase production by Aureobasidium pullulans URM 7059 in stirred tank reactor [A] and shake flask [B]. Results correspond to the average of three 
measurements ± standard deviation. 
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Fig. 3. Esterase activity (U/mL), glycerol consumption (g/L), pH, oxygen dissolved (DO%) and biomass (g/L) production in an airlift reactor using 2, 4, 6 and 8 L/ 
min air flow rate. Results correspond to the average of three measurements ± standard deviation. 
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non-significant (p < 0.1). According to the results, yeast extract was 
essential for esterase production and cannot be removed from the cul
ture media. Likewise, Suryia et al. [44] reported yeast extract as the best 
nitrogen source for cell growth. According to the results, low glycerol 
concentration (0.1 % v/v) combined with the higher amounts of yeast 
extract (8 g/L) increased the esterase activity. Many lipid substrates are 
both sources of carbon and inducers of lipolytic enzyme production 
[45]. Morais et al. [46] produced a lipolytic enzyme in a culture medium 
containing 200 g/L of soybean molasses. The maximum lipolytic activity 
was 11. 9 ± 0.10 U/mL using butyrate as the substrate. Other re
searchers increased enzymatic activities by using genetically modified 
microorganisms [2], such as the esterase production by a recombinant 
strain of Penicillium sp. led to 0.021 U/mL activity using caprylate as 
substrate [47]. However, the enzyme activity obtained in the present 
study, determined using the same substrates, was higher than the pre
vious studies. 

After selecting the main medium components affecting esterase ac
tivity from the fractional design, a faced centered central composite 
experimental design (CCD) was carried out to optimize the concentra
tion of nitrogen source (Table 3). However, the response surface meth
odology could not be applied because the fitted model was not statically 
significant given that the calculated F-value (F5.5 = 2.0) was lower than 
the listed F-value (F 5.5/0.05 = 3.45) at 95 % of confidence level. The 
esterase activity values ranged from 3.90 ± 0.73–15.90 ± 1.26 U/mL 
using p-NPB, and 3.40 ± 0.88–27.00 ± 2.21 U/mL using p-NPC as 

substrate. In assay 7, using 4 g/L of CSL and no yeast extract, an esterase 
activity of 21.1 ± 0.93 U/mL using p-NPC was obtained. For p-NPB, the 
enzyme activity was lower under the same conditions (7.50 ± 1.4 U/ 
mL). On the other hand, the highest enzyme activity using both sub
strates was obtained in assay 2 (27.00 ± 2.21 U/mL and 15.90 ± 1.26 U/ 
mL using p-NPC and p-NPB, respectively) using 8 g/L of yeast extract. 
Regner et al. [48] concluded that a maximum esterase production by 
Aspergillus niger occurred in a culture medium containing 10 g/L of 
peptone and cooking oil waste. In the current study, the results gathered 
in Tables 2 and 3 show that CSL cannot completely replace the yeast 
extract, which was the ideal nitrogen source for esterase production by 
A. pullulans URM 7059. Indeed, yeast extract and low amounts of re
sidual glycerol are the most relevant factors. In summary, the maximum 
esterase activity was obtained using the culture medium composed of 
0.1 % (v/v) of residual glycerol, 8 g/L of yeast extract, 4 g/L of NH4SO4, 
0.4 % (v/v) of Tween 80, and 1 g/L of KH2PO4.. Yeast extract is a source 
of amino acids, thus being essential for the esterase production. 

3.3. Esterase production in a stirred tank (STR) and airlift reactors 

Initially, the fermentation process carried out using a stirred tank 
reactor (STR). The results are presented in Fig. 2A. The results were 
compared with those obtained using a shake-flask under the same con
ditions (Fig. 2B) to evaluate the aeration effect on the enzyme produc
tion. Using shake-flask, the esterase activity was 25.1 ± 2.34 U/mL (p- 
NPC) and 19.3 ± 1.4 U/mL (p-NPB) at 48 h. Likewise, the esterase 
production using shake-flask was described by [54], and activities of 
1.8–11.3 U/mL (p-NPB) by Candida rugosa and, 26.2 U/mL by Thermo
myces lanuginosus, were reported. The esterase production by Aspergillus 
westerdijkiae using different vegetal oils as inducers (1%, v/v) resulted in 
a maximum esterase activity of 19–24 U/mL [49]. The results obtained 
in the present study using shake-flasks are within the ones reported by 
other authors. 

The enzyme produced in STR showed a different pattern compared to 
the shake-flask one. Maximal activities were 18.3 ± 0.9 U/mL (p-NPC) 
and 27 ± 1.3 U/mL (p-NPB), which represents an increase of about 42 % 
for the enzyme activity when measured using p-NPB, and a decrease of 
28 % in the enzyme activity when measured using p-NPC. Hemmerich 
et al. [50] studied esterase production in STR using a cloned strain of 
Pichia pastoris and reported a maximum esterase activity of 12 ± 1.2 
U/mL using glycerol as substrate and esterase activity of 9.8 ± 0.6 U/mL 
when using glucose instead. The esterase productivity was higher using 
the STR (562 U/L.h) than the shake-flasks (395 U/L.h). 

As the enzyme production in STR showed a different pattern 
comparing to the shake-flask, further experiments were conducted an 
airlift reactor (ALR), which promotes a better oxygen transfer than STR. 
Thus, different aeration rates were studied in the airlift reactor to 
evaluate its impact on esterase production (Fig. 3). Airflow rates of 4 and 

Table 4 
Cell growth parameters and esterase production by Aureobasidium pullulans URM 
7059. Results correspond to the average of three measurements ± standard 
deviation.   

Stirred Tank 
Bioreactor 

Airlift bioreactor 

Parameters 2 L/min 2 L/min 4 L/min 6 L/min 8 L/min 

Xmáx (g/L) 8.85 ± 0.5 12.3 ±
0.5 

7.9 ± 0.0 14.7 ±
0.3 

8.0 ± 0.2 

tx,máx (h) 48 48 48 24 24 
Stotal (g/L) 1.501 ± 0.10 1.296 ±

0.10 
1.328 ±
0.025 

1.408 ±
0.08 

1.309 ±
0.025 

Pp,máx (U/L. 
h) 

375.0 825.0 791.6 904.1 1.108.3 

Tp,máx (h) 48 30 48 30 24 
YX/S 7.12 ± 0.30 7.86 ±

0.20 
5.15 ±
0.50 

7.42 ±
0.20 

5.43 ±
0.30 

YP/X (U/g) 2.98 ± 0.30 2.20 ±
0.57 

2.94 ±
0.30 

1.92 ±
0.24 

3.97 ±
0.22 

YP/S (U/g) 21.27 ± 2.3 17.37 ±
4.49 

15.17 ±
1.6 

14.27 ±
1.85 

21.57 ±
1.22 

KLa (s− 1) 4.6 × 10− 4 9.8 ×
10− 4 

1.8 ×
10− 3 

9.4 ×
10− 4 

3.5 ×
10− 3 

UG (cm.s− 1) 2.22 × 10− 3 2.75 ×
10− 5 

5.50 ×
10− 5 

8.26 ×
10− 4 

1.10 ×
10− 4  

Fig. 4. Kinetics of esterase production by Aureobasidium pullulans URM 7059 using an airlift reactor with an air flow rate 8 L/min. Results correspond to the average 
of three independent experiments ± standard deviation. 
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8 L/min favored esterase production. At low aeration (2 L/min), the 
complete oxygen depletion occurred at 12 h, and despite the airflow was 
kept at the same rate until the processing end, the oxygen provided was 
readily consumed by the yeast. At a higher airflow rate, the stationary 
phase was obtained after 12 h, and the oxygen levels increased for the 
assays performed at 4 and 6 L/min. The highest biomass was obtained 
with aeration at 6 L/min. However, the enzyme productivity was higher 
when applying aeration of 8 L/min (a shorter time to attain the peak of 
maximal enzyme production). A proper comparison among the different 
bioprocesses under study was done using the transformation parameters 
given in Eqs. 1–3 (Table 4). Glycerol was depleted at 24 h, followed by 
the enzyme activity increase. The differences in biomass show that the 
aeration rate affects microbial growth. The maximum enzyme activity 
was found in the stationary growth phase. Aside from the airflow rate, 
this type of reactor can also influence the enzyme activity due to the 

aeration system, stirring, and mixing [51]. Altogether these factors 
contributed to better productivity when using the airlift reactor, with 
1191 U/L.h (p-NPB) and 1108 U/L.h (p-NPC). The maximum esterase 
activity was obtained with an airflow of 8 L/min, namely 26.6 ± 1.5 
U/mL and 28.6 ± 1.8 U/mL for p-NPC and p-NPB, respectively. Burkert 
et al. [52] reported that increasing airflow rates led to maximum lipase 
production using an airlift reactor. The fermentation parameters ob
tained for the STR and airlift reactor are presented in Table 4. The 
airflow rate increase positively affected the cell growth (Xmax and tx,max) 
and esterase production (Pp,max). The highest productivity (1108.3 U/L. 
h) and the lowest processing time (24 h obtained in the airlift reactor 
with an 8 L/min air flow rate) shows that ALR is the right choice for 
esterase production by A. pullulans URM 7059. Indeed, the esterase 
productivity was 3-fold higher in half of the time using the airlift reactor 
than the STR. This better performance is due to a better mass transfer 
and cell dispersion obtained in the airlift reactor. The YP/S was similar in 
STR (21.27 ± 2.3 U/g) and airlift reactor (21.57 ± 1.22 U/g) at an 
airflow rate of 8 L/min. Despite similar biomass obtained in both re
actors (~8 g/L), the cell growth was faster in the airlift reactor. The Yx/s 
was significantly lower, indicating more efficient cell cultivation tar
geting the enzyme production. 

The airlift reactor increased esterase productivity, suggesting that 
the maximum activities are related to the higher airflow rate. Under an 
airflow rate of 8 L/min, the esterase activity was 31 U/mL, and the 
glycerol concentration was 0.079 g/L at 24 h of fermentation (Fig. 4). 
The fast consumption of glycerol was associated with exponential 
biomass growth, which led to a decrease in dissolved oxygen. Jesus et al. 
[51] concluded that airlift reactors’ use is advantageous for processes 
using culture media with high viscosity medium because ALR promotes 
better oxygen transfer rates. The culture medium used in the current 
study was not viscous given to the low amounts of glycerol 0.1 v/v) used. 
On the other hand, ALR represents an attractive reactor because it is 
easier and cheaper whenever scaling up is envisaged and holds lower 
maintenance costs than the STR. 

Overall, the process scalability when comparing shake-flask and 
bioreactors was demonstrated for esterase production by A. pullulans 
URM 7059. These results are also in good agreement with studies that 
reported that ALR comprises the best options for bioprocesses using 
fungi and yeasts due to their lower shear rates that preserve cells’ 
integrity [53]. The esterase production by A. pullulans URM 7059 was 
improved using an airlift bioreactor configuration, and with increasing 
air flows, the process holds great promise for further industrial scale-up. 

3.4. Enzyme partial purification and characterization 

3.4.1. Esterase precipitation 
The protein profile of the crude enzyme extract from the shake-flask 

fermentation is presented in Fig. 5A. The SDS PAGE gel shows the 
partially purified fractions precipitated according to the different pro
tocols described in Table 5, namely using PEGs (Lane 2, 3, and 4) and 
ammonium sulfate (Lane 6, 7, and 8). According to the enzyme-specific 
activity (U/mg) of each fraction, it is possible to infer the esterase’s 
successful precipitation using PEG 6000 or NH4SO4 30/90, followed by 
PEG 4000. 

Native electrophoresis and zymography allowed the identification of 
the active protein bands. The lanes with esterase activity were Lane 7 
(ammonium sulfate) and Lane 4 (PEG 6000. Fig. 5B shows that the 
protein band with esterase activity corresponds to an average molecular 
mass of about 50 kDa. This result is similar to the one reported for the 
esterase produced by Aureobasidium melanogenum HN6.2, which pre
sented a molar mass of 60.2 kDa [54]. The molar mass of the partially 
purified esterase from Achromobacter denitrifican was 53 kDa [55], and 
the one from Bacillus megaterium was 55 kDa [13]. Hence, the esterase’s 
molar mass from A. pullulans URM 7950 is in good agreement with the 
literature’s general notion. 

Fig. 5. Purification of the extracellular esterase produced by Aureobasidium 
pullulans URM 7059. (A) SDS-PAGE gel illustrating the purification steps. Lane 
M: protein molecular weight marker; Lane 1: cell free crude broth; Lane 2: PEG 
1500; Lane 3: PEG 4000 and Lane 4: PEG 6000; Lane 5: dialyzed crude broth 
supernatant; Lane 6: 30 % (w/v) (NH4)2SO4 fraction; Lane 7: 30-90 % (w/v) 
(NH4)2SO4 fraction; Lane 8: culture medium. (B) Native PAGE of the process 
steps by precipitation with (NH4)2SO4 (Lane 1) and PEG 6000 (Lane 2). 
Zymogram (Lane 3 and 4) identifying the activity of the protein bands. 
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3.4.2. Effect of temperature, pH, and metal ions on the esterase stability 
The partially purified esterase presented a maximum activity at pH 

7.0 with good stability in the range from 5.0 to 7.0 as presented in 
Figure S2 (Supplementary Material). This result is aligned with other 
studies reporting the esterase stability at pH values ranging from 6.0 to 
8.0 [63,64]. Additionally, the enzyme was unstable at temperatures 
higher than 30 ◦C. The maximum enzyme relative activity was at the 
lowest temperature evaluated (10 ◦C). These results are similar to those 
reported for the esterase from Fusarium sp., which was stable at pH 6.0 
and temperatures below 40 ◦C [56]. Also, alkaline esterase from Lysi
nibacillus fusiformis was stable at 30 ◦C [57]. According to the previous 
studies, esterases are stable at temperatures ranging from 30 to 40 ◦C, 
with a decrease in residual activity at 50 ◦C [66]. The esterase herein 
produced retained 85 % of its activity at 30 ◦C. Psychrophilic enzymes 
exhibit high efficiency at the activation energy due to their flexibility 
during substrate binding, thus favoring low energy consumption reac
tion [58]. Thus, esterases active at low temperatures are very interesting 
for the food and beverage industries [59]. 

The effect of metal ions markedly decreased the enzyme relative 
activity (Table 6). K+, Mg2+, Na+, and Zn2+ promoted an 80 % inhibition 
of enzyme activity. On the other hand, the metal ions Cu 2+ and Al 3+ led 
to esterase activity values of approximately 90 %. Thus, Cu+2 and Al+3 

present a slight effect on esterase activity. The esterase’s residual ac
tivity produced by the yeast Glaciozyma antarctica was null in the 
presence of Zn2+ [20]. In contrast, the esterase from A. pullulans URM 
7059 maintained 22 % of the initial activity when Zn2+ was added to the 

buffer. Contrarily to Cu+2 and Al+3, Zn+2 seems to be strongly delete
rious for esterase. The esterase produced by A. pullulans LABIOTEC01 
showed a slight activity increase in the presence of Cu+2, Fe+3 and Mn+2 

[38]. 

3.4.3. Kinetic parameters 
The Michaelis-Menten kinetics parameters were 1.4 mM (Km) and 

218 μmol min− 1 (Vmax) and 1.55 mM (Km) and 76.76 μmol min-1 (Vmax) 
using p-NPC and p-NPB, respectively as presented in Figure S3 (Sup
plementary Material). This esterase presents a higher affinity to 

Table 5 
Purification of the extracellular esterase produced by Aureobasidium pullulans URM 7059.  

Purification steps Total protein 
(mg) 

Total activity (U) Specific activity (U/mg) Yield (%) Purification (fold)   

p-NPB p-NPC p-NPB p-NPC p-NPB p-NPC p-NPB p-NPC 

Culture supernatant 714.66 ± 6.14 3640.00 ±
183.0a 

2225.00 ±
188.74a 

5.00 ±
0.20ª 

3.11 ±
0.30ª 

100.00a 100.00a 1.00a 1.00a 

PEG 1500 29.84 ± 0.27 138.66 ± 10.3b 111.33 ± 8.0b 4.64 ±
0.30ª 

3.73 ±
0.30ª 

3.80 ± 0.20b 5.04 ± 0.76b 0.91 ±
0.00b 

1.20 ±
0.20b 

PEG 4000 26.65 ± 0.86 159.33 ± 10.0c 90.66 ± 9.45c 5.98 ±
0.40b 

3.39 ±
0.20ª 

4.37 ± 0.00c 4.11 ± 0.7b 1.17 ±
0.00c 

1.10 ±
0.20b 

PEG 6000 18.37 ± 0.51 154.66 ±
20.3b,c 

114.40 ± 8.11b 8.41 ±
0.90c 

6.23 ±
0.60b 

4.24 ± 0.20c 5.17 ± 0.7b 1.65 ±
0.10d 

2.00 ±
0.30c 

Dialysis 642.73 ± 7.85 1616.80 ±
36.5d 

2476.80 ±
54.73d 

2.51 ±
0.30d 

4.07 ±
0.40a 

44.34 ±
3.80d 

117.71 ±
5.12c 

0.49 ±
0.00e 

1.30 ±
0.00b 

Culture supernatant 648.00 ± 17.21 2770.00 ±
258.6A 

2080.00 ±
34.64A 

4.28 ±
0.50A 

3.21 ±
0.00A 

100.00A 100.00A 1.00A 1.00A 

30 % (NH4)2SO4fraction 14.23 ± 1.0 13.65 ± 3.0B 10.75 ± 3.86B 0.95 ±
0.20B 

0.74 ±
0.20B 

0.38 ±
0.00B 

0.48 ± 0.15B 0.22 ±
0.00B 

0.24 ±
0.00B 

30¡90 % 
(NH4)2SO4fraction 

132.39 ± 10.95 506.00 ± 3.5C 1348.00 ±
68.63C 

3.84 ±
0.30A 

10.24 ±
1.20C 

13.90 ±
0.60C 

61.04 ±
8.16C 

0.89 ±
0.00C 

3.33 ±
0.70C 

Different letters means that statistical significance according to the Tukey test (p < 0.05). 

Table 6 
Effect of different metal ions on the esterase activity produced byAureobasidium 
pullulans URM 7059. Results correspond to the average of three measurements ±
standard deviation.  

Metal ion Concentration (mM) Relative enzyme activity (%) 

Control 0.0 100.00 
K+ 5.0 14.71 ± 1.95ª 
Mg2+ 5.0 15.43 ± 1.54ª 
Na+ 5.0 19.45 ± 1.90b 

Zn2+ 5.0 22.22 ± 1.19c 

Ca2+ 5.0 46.90 ± 5.48d 

Fe 3+ 5.0 77.66 ± 8.80e 

Ba 2+ 5.0 67.60 ± 1.12f 

Al 3+ 5.0 82.18 ± 6.22e,h 

Fe 2+ 5.0 62.43 ± 3.17g 

Cu 2+ 5.0 91.84 ± 6.72h 

Different letters means that statistical significance according to the Tukey test (p 
< 0.05). 

Fig. 6. Native-PAGE gel and zymogram: Lane 1,2 (protein precipitation by 
(NH4)2SO4); Lane 3, 4 (performed to identify the activity of the protein bands); 
M (protein molecular weight marker). 
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caprylate compared to butyrate. The enzyme catalytic efficiency de
pends not only on its source, but also on its substrate [60]. Ozcan et al. 
[61] reported Km values in the range 0.437–1.363 mM using p-NPB as a 
substrate for esterase produced by different strains. Esterase produced 
by Pichia pastoris kinetic parameters were 1.34 mM (Km) and 22 μmol 
min-1 (Vmax) using p-NPB as substrate [62], showing a higher affinity 
with butyrate compared to A. pullulans URM 7059. 

3.5. Characterization of the crude esterase produced in the airlift reactor 

Esterase was found to be stable at pH values ranging from 7.0 to 9.0. 
At pH values below 6.0, the enzyme relative activity was below 40 % 
(Figure S4). Regarding the esterase stability to temperature (Figure S4), 
the relative enzyme activity was 98 % at 40 ◦C and bout 85–90% at 
temperatures ranging from 50 ◦C to 80 ◦C. The lowest relative activity 
was found at 30 ◦C, and the enzyme showed good stability at 10 and 20 
◦C. 

Although the same strain and culture medium were used in the 
shake-flask and airlift reactor, the enzymes’ stability at different tem
peratures and pH was different, suggesting that different crude enzymes 
were produced in the different fermentation setups. Fig. 6 presents the 
esterase’s zymogram (native-PAGE gel) produced by A. pullulans URM 
7059 in the airlift reactor (at the best airflow rate, 8 L/min). The pre
cipitation protocols using NH4SO4 are presented in Table S2 (Supple
mentary Material). The molar mass of this esterase was approximately 
172 kDa. However, the zymogram shows two additional active bands in 
the native gel with approximately 66 kDa and 40 kDa. This zymogram 
confirms that the enzyme previously produced in shake-flask with 50 
kDa is different from this crude mixture produced in airlift (with 3 active 
bands). These results corroborate with differences observed in the en
zyme’s stability at different temperatures and pHs. The higher aeration 
rate, the different shear stress, and mass transfer phenomena in the 
airlift reactor justifies the differences observed in the produced en
zymes’. The different operational conditions affect the genes involved in 
the yeast protein biosynthesis and expression [61]. Alex et al. [63] re
ported an esterase with a molar mass of 175 kDa produced by Pseudo
zyma sp. Oleas et al. [18] analyzed three esterases produced by 
Penicillium purpurogenum and reported molar masses of 58 kDa, 38 
kDa, and 32 kDa. Although more than one enzyme active band was 
produced in the airlift reactor, as indicated in the zymogram, the molar 
masses obtained are within the range reported by other authors for 
microbial esterases. 

3.6. An application of the esterases 

The FTIR spectrum of the polymer MACO-St after exposure to the 
esterases previously produced (Est-1 (produced in shake-flask) and Est-2 
(produced in airlift)) was compared to the control (polymer non- 
exposed to esterases) (Fig. 7). The peaks that correspond to the ester 
bonds (C––O) at 1720 cm− 1 show the polymer’s partial degradation by 
Est-1 and Est-2. Regarding Est-2, the attenuation of the peaks 2840 cm− 1 

and 2960 cm-1 followed by the increase of the peaks 698 cm− 1 and 757 
cm− 1 corresponding to CH2 group (benzene ring in the polymer) in
dicates the conformational polymer changes. The increment in the sig
nals at 950.14 cm− 1 is also due to increased CC–– groups, indicating the 
polymer degradation at the bond between MACO and styrene mono
mers, were observed. Thereby, Est-2 exhibited biodegradative activity, 
degrade the polymer in just 14 days, and enable recycling of its mono
mer precursors [64]. 

MACO-St is a polymer resin that is used to produce films. The 
biodegradation of films in the soil environment, without enzymatic ac
tion, can vary from 1 to 12 months, depending on the type of material 
and local conditions [65]. Studies on pollutant degradation have been 
increasingly reported in the last 4 years, although only few studies 
report the esterase’s’ role in waste hydrolysis [66]. Therefore, these 
results suggest that the esterases herein produced are interesting and 
worth further research, namely in what regards it is possible ability to 
degrade other polymeric compounds. 

4. Conclusion 

The results gathered in this work show that the best esterase pro
duction by A. pullulans URM 7059 was obtained using a culture medium 
containing glycerol (0.1 % v/v), (NH4)2SO4 (4 g/L), yeast extract (8 g/ 
L), Tween 80 (0.4 % v/v) and KH2PO4 (1 g/L). The partially purified 
esterase exhibits an estimated molecular mass of 50 kDa. Moreover, the 
enzyme activity was not beneficially affected by the presence of metals, 
thus indicating that the enzyme does not need a metallic co-factor. The 
esterase produced in shake-flasks is stable at neutral pH and tempera
tures below 30 ◦C. In the second step, it was observed that the airlift 
reactor improved the production of esterases by A. pullulans URM 7059, 
at the airflow rate of 8 L/min, possibly due to a better mass transfer. 
Thus, this bioreactor configuration holds great promise for the industrial 
scale-up. Moreover, the esterase was partially characterized and showed 
3 active bands (172 kDa, 66 kDa, and 40 kDa). The esterase produced in 
the airlift reactor was able to degrade the MACO-St polymer, being 
potentially an eco-friendly alternative for pollutant degradation. The 
novel esterase produced using the airlift reactor was stable at a wide 
range of temperatures (40 ◦C–80 ◦C) and pH values (7.0–9.0). The 
conditions used in the airlift strongly affected the microbial metabolism, 
and different enzymes were produced as compared to the shake-flask 
fermentation. 
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