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Abstract

Bacterial cellulose (BC) is a biopolymer mainly produced by acetic acid bacteria (AAB)
that has several applications in the medical, pharmaceutical, and food industries. As other
living organisms, AAB require sources of chemical elements and nutrients, which are
essential for their multiplication and metabolite production. So, the knowledge of the nutri-
tional needs of microorganisms that have important industrial applications is necessary
for the nutrients to be supplied in the appropriate form and amount. Considering that the
choice of different nutrients as nitrogen source can result in different metabolic effects, this
work aimed to verify the effects of amino acid supplementation in the culture media for
BC production by an AAB strain (Komagataeibacter intermedius V-05). For this, nineteen
amino acids were tested, selected, and optimized through a Plackett and Burman facto-
rial design and central composite design to determine the optimal concentrations of each
required amino acid. Membranes produced under optimal conditions were characterized
in relation to chemical structure and properties by X-ray diffraction (XRD), thermogravi-
metric analysis (TGA), differential scanning calorimetry (DSC), infrared spectroscopy
(FT-IR), and hydrophilic properties. Three amino acids had a significant positive effect
and were required: aspartic acid (1.5 g L), phenylalanine (1.5 g L"), and serine (3.0 g
L™1). Conversely, all sulfur and positively charged amino acids had a negative effect and
reduced the production yield. After optimization and validation steps, a production level
of 3.02 g L™! was achieved. Membranes produced from optimized media by this strain pre-
sented lower crystallinity index but greater thermal and hydrophilic properties than those
produced from standard HS medium.
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Introduction

Cellulose is the most abundant renewable biopolymer on Earth. It is the main structural
component of the primary cell wall in plants. However, cellulose may also be produced by
some algae and bacterial strains [1, 2]. Bacterial cellulose (BC) is mainly synthesized by
acetic acid bacteria from the genus Komagataeibacter [3]. In the static cultivation method,
a white gelatinous membrane is formed on the surface of the culture medium consisting
of a nanofibrillated arrangement of pure cellulosic fibers that increases in thickness with
increasing cultivation time. Unlike cellulose of plant origin, BC is free of lignin, pectin,
and hemicellulose. Thus, its purification process is relatively simpler and cheaper and has
reduced environmental damage [4, 5]. BC has high purity and crystallinity, good thermal
and mechanical properties, and excellent biocompatibility and biodegradability. Due to
these intrinsic properties, BC has widespread applications in various industrial sectors such
as food, pharmaceutical, and bio-medical industries [6].

The optimization of productive conditions is a very important step in fermentative pro-
cesses due to their high complexity and influence by many variables, including physical
parameters (pH and temperature) and the nutritional composition of culture media [7]. The
classical method usually employed uses “one-factor-at-a-time,” in which the level of one
factor is changed while keeping the other factors constant. It has the advantage of being
simple and easy. However, the combined effect of all involved factors and their possible
interactions is not considered. Conversely, statistical methods are generally preferred due
to their advantages since they could minimize errors in determining the effect of param-
eters in a more economical manner [8, 9]. In a process that involves a large number of
variables, the first step is to identify significant factors with positive or negative effects on
the response of interest. Then, critical components can be eliminated or selected for further
optimization. The Plackett and Burman factorial design is a suitable method for this pur-
pose, especially when there are many factors involved, since it allows estimating the main
effects with a reduced number of experiments [10, 11].

Following the selection of the main factors, the next step is to identify the optimal con-
centrations of selected parameters through optimization by response surface methodology
(RSM). RSM is a collection of tools developed for the purpose of determining optimum
operating conditions. It has been applied in several sectors such as chemical [12], biotechno-
logical [13], and food industries [14]. RSM utilizes mathematical and statistical techniques
to design experiments, build models, identify relevant factors, study interactions, and search
for optimal conditions. As a result, the generated experimental model gives a relationship
between the predicted values of independent variables and response variables, which are
used to construct contour and surface plots [14, 15]. It has been proven that experimental
designs are more efficient than traditional methods, especially in multivariable selection.
The statistical approaches applied in fermentative processes can result in improved produc-
tion yields, reduced process variability, closer confirmation of the interest response to the
expected requirements, and reduced development time and overall cost [16, 17].

The production of cellulose using microorganisms is performed through the inoculation
of viable cells in a nutrient solution, which has the purpose of promoting microbial devel-
opment and favoring product formation. There are several factors that strongly influence
bacterial growth and the accumulation of metabolic products. In the cultivation media, car-
bon and nitrogen sources play important roles because microbial biomass is mainly com-
posed of these elements; they are a fundamental energy source for microorganisms and are
still directly linked with product formation [18]. Microorganisms can utilize both inorganic
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and/or organic nitrogen sources. When utilizing organic nitrogen, the use of some specific
amino acids can increase productivity, while unsuitable amino acids may inhibit the syn-
thesis of metabolites. The choice of organic nitrogen source may also significantly influ-
ence cell growth and polysaccharide formation compared to inorganic nitrogen because
they are present in important cellular biomolecules such as proteins and nucleic acids [19,
20]. Proteins formed by amino acids are vital biomolecules that include enzymes. These
biomolecules are responsible for catalyzing many biochemical reactions in a variety of bio-
logical processes in all living cells.

Some studies reported that different carbon sources including monosaccharides, disac-
charides, and sugar alcohols had different effects on the efficiency of BC production [21,
22]. In the same way, the investigation of different types of nitrogen sources used in the
culture media like amino acids could increase the knowledge about the factors that influ-
ence BC production by AAB strains. However, no studies were found reporting this topic,
mainly by using statistical tools for analysis of effects and optimization of variables. Thus,
this work aimed to evaluate the effects of medium supplementation with several amino
acids on BC production by an acetic acid bacterium from the genus Komagataeibacter.
Amino acids with positive effects were selected for optimization by RSM, and the sam-
ples obtained under optimal conditions were characterized in relation to their structure and
properties.

Material and Methods
Material

All experiments were carried out by using an acetic acid bacterium named Komagataeibac-
ter intermedius V-05, previously isolated from the vinegar industry [23]. The amino acids
were purchased from Dinamica (Indaiatuba, SP, Brazil), Sigma-Aldrich (St. Louis, MO,
USA), Synth (Diadema, SP, Brazil), and Thermo Fisher Scientific (Waltham, MA, USA).
Other reagents and chemical products were of analytical grade and purchased from differ-
ent companies: Himedia (Mumbai, India), Anidrol (Diadema, SP, Brazil), Inlab (Diadema,
SP, Brazil), Nuclear (Diadema, SP, Brazil), and Vetec Quimica (Rio de Janeiro, RJ, Brazil).

Activation of Microorganisms and Preparation of Inoculum

Bacterial colonies of K. intermedius V-05 previously grown on mannitol-yeast extract-pep-
tone (MYP) agar (25 g L™! mannitol, 5 g L™! yeast extract, 3 g L™! peptone, and 10 g L™
agar) were cultivated in tubes containing 10 mL Hestrin-Schramm (HS) medium composed
of 20 g L™! glucose, 5 g L™! peptone, 5 g L™! yeast extract, 2.7 g L™! Na,HPO,, and 1.15 g
L~! citric acid. After microbial growth under static conditions (30+0.5 °C), the cultivated
broth was transferred to new flasks containing 100 mL HS medium. This newly cultivated
broth was used as inoculum after an incubation period (30 °C for 5 days) in a microbiologi-
cal incubator (Tecnal TE-391) under static conditions. Then, the hydrolysis of BC formed
on the surface of the medium was carried out using 0.02% cellulase enzyme (1-2 days at
30+0.5 °C) to obtain a high amount of cells per milliliter.
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Basal Medium and Inoculation of the Microorganisms

To analyze the effects on BC production by adding several amino acids, a yeast extract and
peptone-free synthetic culture medium containing only selected macronutrients (50 g L™
sucrose, 10 g L™' (NH,),S0O,), 2 g L™! NaH,PO,, 1 g L™! MgSO,.7H,0, and 10 mL L™
ethanol) was prepared. The pH of the medium was adjusted to 6.00+0.10 with 1 M KOH.
After hydrolysis of the inoculum, the cells were centrifuged (Eppendorf Centrifuge 5804R,
Germany) for 15 min at 5000 rpm (5 °C) to remove culture medium interferers. A cell sus-
pension containing 10® colony-forming units (CFU) per milliliter was transferred to flasks
containing basal medium (100 mL) supplemented with varying concentrations of amino
acids, according to the screening and optimization experiments.

Experimental Design for the Selection of Amino Acids

To select amino acids that influence BC production by the strain K. intermedius V-05, the
Plackett and Burman design was employed. The amino acids used were alanine, arginine,
asparagine, aspartic acid, cysteine, glutamine, glutamic acid, glycine, histidine, isoleu-
cine, leucine, lysine, methionine, phenylalanine, proline, serine, threonine, tryptophan, and
valine. An experimental design composed of 28 runs was generated for nineteen variables
(amino acids), five dummy variables, and four central points. The actual values of the vari-
ables are given in Table 1, where each factor is represented at three levels: high (4 1), mid-
dle (0), and low (—1). The incorporation of a dummy variable made it possible to estimate
the variance of an effect (experimental error), while the addition of a central point allowed
us to verify the repeatability of the process [24]. The experimental design was generated
and analyzed by using R® statistical software (R Core Team, Version 3.6.3). The response
variable was the mass of BC produced and expressed in dry weight (g L™!). The effect
of each variable was equal to the difference between the average of the response variable
made at a high concentration level of the factor and the average of the response variable
made at a low concentration level of the same factor. The resultant effect of each variable
was determined by the following equation [25]:
" .
E(Xi) = zw (1)
N

where E(Xi) is the concentration effect of the tested variable; Mi* and Mi~ represent BC
production from the runs where the measured variables Xi were present at high and low
concentrations, respectively; and N is the total number of runs that was equal to 24. The
significance level of each variable was determined via their p values using Student’s 7 test
[19]:

E(Xi)

1Xi) =~

()]
where E(Xi) is the effect of variable Xi and SE is the standard error of the concentration
effect that was equal to the square root of the variance of an effect.

Variables with confidence levels greater than 90% were considered to significantly influ-
ence BC production. From the analysis of the results, the three most relevant variables with
significant and positive effects were selected.
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Table 1 Matrix of Plackett & Burman design and observed responses of bacterial cellulose production by
K. intermedius V-05

Independent variables (g L) Responsc variable
Run
Xi Xz X3 Xa Xs X X7 Xs Xy Xio X Xi2 Xz Xia Xis Xie Xi7 Xis X (CB,gL™)
1030 0 0 0 0 030 0 030 0 0 030 030 0 0 030 030 0 030 0 1.05
2 030 030 0 0 0 0 030 0 030 0 0 030 030 0 0 030 030 0 030 0.99
3 030 030 030 0 0 0 0 030 0 030 0 0 030 030 0 0 030 030 0 1.08
4 030 030 030 030 0 0 0 0 030 0 030 0 0 030 030 0 0 030 030 1.21
5 030 030 030 03 03 0 0 0 0 03 0 03 0 0 030 03 0 0 030 0.72
6 0 030 030 030 030 030 0 0 0 0 030 0 030 0 0 030 030 0 0 1.30
7030 0 030 030 030 030 030 0 0 0 0 030 0 030 0 0 030 030 0 1.22
8 0 030 0 030 030 030 030 030 0 0 0 0 030 0 030 0 0 030 030 111
9 030 0 030 0 030 030 030 030 030 0 0 0 0 030 0 030 0 0 030 0.99
10 030 030 0 030 0 030 030 030 030 030 0 0 0 0 030 0 030 0 0 1.17
11 0 030 030 0 030 0 030 030 030 030 030 0 0 0 0 030 0 030 0 1.06
12 0 0 030 030 0 030 0 030 030 030 030 030 0 0 0 0 030 0 030 1.02
13030 0 0 03 03 0 030 0 03 030 030 03 03 0 0 0 0 030 0 0.82
14030 03 0 0 030 030 0 030 0 030 030 030 030 03 0 0 0 0 030 0.73
15 0 030 030 0 0 030 030 0 030 0 030 030 030 030 030 0 0 0 0 1.11
16 0 0 030 030 0 0 030 030 0 030 0 030 030 030 030 030 0 0 0 1.35
17 03 0 0 03 03 0 0 030 03 0 03 0 030 030 030 030 03 0 0 131
18 0 030 0 0 030 030 0 0 030 030 0 030 0 030 030 030 030 030 0 0.83
19 030 -1 0.30 0 0 030 030 0 0 030 030 0 030 0 030 030 030 030 030 1.25
20 0 030 0 030 0 0 030 030 0 0 030 030 0 030 0 030 030 030 030 116
21 0 0 030 0 030 0 0 030 030 0 0 030 030 0 030 0 030 030 030 0.78
22 0 0 0 030 0 030 0 0 030 030 0 0 030 030 0 030 0 030 030 1.40
23 0 0 0 0 030 0 030 0 0 030 030 0 0 030 030 0 030 0 030 1.12
24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.40
25 015 015 015 015 015 015 015 015 015 015 015 015 015 015 015 015 0.15 015 0.15 1.12
26 015 015 015 015 015 015 015 015 015 015 015 015 015 015 015 015 0.15 015 0.15 1.12
27 015 015 015 015 015 015 015 015 015 015 015 015 0.5 015 0.5 015 0.15 015 0.15 1.10
28 015 015 015 015 015 015 015 0.15 015 015 015 015 015 0.15 015 015 015 0.15 0.15 1.09

X, alanine; X,, arginine; X;, asparagine; X, aspartic acid; X, cysteine; X;, glycine; X, glutamine; X, glu-
tamic acid; X,, histidine; X, leucine; X, isoleucine; X;,, methionine; X,;, proline; X,,, phenylalanine; X5,
lysine; X4, serine; X, threonine; X4, valine; X o, tryptophan

Central Composite Design

A 23 central composite design (CCD) was used to obtain the optimal levels of the three
selected variables. Independent variables were X, =aspartic acid (g L™"), X, =phenyla-
lanine (g L"), and X;=serine (g L") at five fixed levels (—a, — 1, 0, + 1, and + ). The
full factorial design consisted of 18 experiments performed with different combinations
of the three independent variables, six axial points, and four replicates at the center
point (Table 2). The response variable was the mass of BC produced and expressed in
dry weight (g L™!). The experimental design was generated and analyzed by using the
statistical software R® (R Core Team, Version 3.6.3), and the estimated effects, regres-
sion coefficients, analysis of variance (ANOVA), and optimal conditions of the essential
amino acids were determined. The second-order polynomial model was represented by
the following quadratic equation [26]:
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Table 2 Coded and actual values Run

of tne independent varinbles Independent variables (g L) %:];sep?g]‘? ;a;j:])

(amino acids) analyzed in the X, X, X,

central composite design
1 —1(0.60) —1(0.60) -1(1.2) 1.98
2 —1(0.60) —1(0.60) 1(4.8) 2.00
3 —1(0.60) 124 -1(1.2) 2.02
4 —1(0.60) 1(24) 1(4.8) 2.30
5 1(24) —1(0.60) -1(1.2) 1.97
6 1(24) —1(0.60) 1(4.8) 2.32
7 124 12.4) -1(1.2) 2.26
8 124 12.4) 1(4.8) 2.25
9 —1.68 (0) 0(1.5) 0@3.0) 1.21
10 1.68 (3.0) 0(1.5) 0@3.0) 1.98
11 0(1.5) —1.68 (0) 0.0 1.85
12 0(1.5) 1.68 (3.0) 0(3.0) 2.01
13 0(1.5) 0(1.5) —1.68 (0) 2.22
14 0(1.5) 0(1.5) 1.68 (6.0) 2.66
15 0(1.5) 0(1.5) 0(3.0) 3.09
16 0(1.5) 0(1.5) 0@3.0) 2.94
17 0(1.5) 0(1.5) 0@3.0) 2.82
18 0(1.5) 0(1.5) 0@3.0) 2.97

X, aspartic acid; X,, phenylalanine; X, serine

Y = ot ) B X Y BiXi+ D B XX 3)

where Y is the predicted response variable; S, is the intercept coefficient; p; is the coef-
ficient of the linear effect; f3; is the coefficient of the squared effect; §; is the coefficient of
interaction; and X; is the coded value of the independent variables.

An experiment was run using the optimal values given by a polynomial equation to
confirm the predicted values. The mathematical model was validated using Student’s ¢
test (a=0.05), where the average of the experimental values (n=15) was compared with
the predicted values of BC given by a polynomial equation. Another experiment was
carried out in HS medium to compare BC production in optimized synthetic medium
supplemented with amino acids and in a standard complex medium.

Quantification of Bacterial Cellulose Produced

After 10 days, the bacterial cellulose produced on the surface of each medium was col-
lected and heated in 2% (w/v) NaOH solution for 1 h at 80 °C and then washed with
distilled water until neutral pH was reached [27]. BC membranes obtained after the
alkaline treatment were dried until constant weight to determine the respective yields
expressed in dry weight (g L™1).
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Characterization of Bacterial Cellulose Produced

Bacterial cellulose produced under optimal conditions and in standard HS medium was
dried in an oven at 60 °C to be characterized as follows:

Fourier Transform Infrared Spectroscopy (FT-IR)

Infrared spectra were recorded using a spectrometer (Shimadzu, Prestige-21, Japan)
over the 4000-400 cm™' range. Dried BC samples were mixed with potassium bromide
(KBr) powder, and their spectra were collected in transmission mode with a resolution
of 1 cm™" [28].

X-Ray Diffraction (XRD)

XRD patterns of the samples were obtained using an X-ray diffractometer (Malvern Pan-
alytical X’Pert PRO MPD, Almelo, Netherlands) with Cu-Ka radiation (1=1.5418 A)
in the method known as 6-20, Bragg—Brentano geometry. The radiation source voltage
and electric current were 40 kV and 40 mA, respectively. The 26 scans were made in the
range between 5 and 70° with an angular step of 0.04°. The counting time per point was
3.0 s. The degree of crystallinity was determined for cellulose I as described by Segal
et al. [29]:

gy — Iam)

002

Crystallinity Index(%) = x 100 4)

where Iy, is the maximum peak intensity corresponding to the 002 lattice diffraction at
angle 20=22.8° and Iam is the intensity of diffraction corresponding to the amorphous
background at angle 20 =18°.

Differential Scanning Calorimetry (DSC)

DSC curves of the samples were obtained using a differential scanning calorimeter
(Shimadzu DSC-60, Tokyo, Japan). The scans were started at room temperature and
completed at 400 °C under a nitrogen atmosphere (50 mL min~') and a heating rate of
10 °C min~!. The calorimeter was calibrated with indium standard [30].

Thermogravimetric Analysis (TGA)

Thermal analysis of the samples (approximately 5 mg) was performed using a thermal
analyzer (Shimadzu TGA-50, Tokyo, Japan). The temperatures of scans were ramped
from room temperature to 600 °C at a heating rate of 10 °C min~! under a nitrogen
atmosphere (50 mL min~!). The derivative form of TG curves (DTG) was obtained
using differential TGA values. The TGA and DTG curves were expressed as the mass
variation as a function of temperature [30].
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Hydrophilic Properties

To determine the water holding capacity (WHC), rehydration capacity (RC), and mois-
ture content, never-dried samples were shaken quickly and weighed after being removed
from the storage recipient (BC,.). Then, the samples were dried in an oven until the
water was completely removed and weighed again (BCy,,). WHC was calculated by the
following formula [31]:

. . (B Cwet - B Cdry )
Water holding capacity = T (5)
dry

Reabsorption capacity was determined by immersion of dried membranes (BCy,y) in
distilled water until rehydrated samples (BC,) reached constant weight. RC was calculated
by the following formula [32]:

(BC, — BC,,)

Rehydration capacity(%) = B

x 100 6)

The moisture content of BC was determined according to the following equation [33]:

(Bcwet - BCdry)

Moisture content(%) =
(BCer)

x 100 7

Results and Discussion

Effect Analysis of Amino Acids on Bacterial Cellulose Production by Acetic Acid
Bacteria

Table 1 shows the Plackett and Burman experimental design containing actual values of
independent variables and the response variable corresponding to the mass of BC obtained
in each of the 28 experimental runs. The 19 amino acids evaluated in this assay produced
BC with dry weights varying between 0.72 and 1.40 g.L~". Table S1 presents the estimated
effects and confidence level (p value) of each variable on BC production. The coefficient
of determination (R%) was equal to 0.9468, indicating that 94.68% of the variability in the
results can be explained by the model. Adjusted R> was equal to 0.8206. The Plackett and
Burman design was useful to select the most significant variables. Among the 19 amino
acids tested, aspartic acid, phenylalanine, and serine had more significant positive effects
and were required for the biosynthesis of BC.

Aspartic acid (also known as aspartate) is a negatively charged polar amino acid con-
stituent of most proteins and peptides. It is also used for the synthesis of asparagine,
pyrimidine, and purine nucleotides [34, 35]. Furthermore, aspartate is a precursor of
B-alanine. It has been suggested that some bacteria and fungi are capable of convert-
ing B-alanine to pantothenic acid in vivo. The originated pantothenate is either released
from the cell or used for coenzyme A (CoA) biosynthesis. CoA is an essential cofactor
for the growth of microorganisms. It is involved in many metabolic reactions, includ-
ing the synthesis of phospholipids, synthesis and degradation of fatty acids, and the
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operation of the tricarboxylic acid cycle (TCA), which is one of the stages of cellu-
lar respiration to produce energy from carbohydrate catabolism [35-38]. In addition to
CoA, aspartate may be a key precursor for nicotinamide adenine dinucleotide (NADY)
synthesis, which is an important cofactor for several cellular enzymes. NAD and its
phosphorylated form NADP can originate via quinolinic acid via several routes depend-
ing on the organism and the precursors used. The major biosynthetic pathways used
for quinolinate production in vivo are aspartate in most prokaryotes and tryptophan in
eukaryotic cells [39-41].

The aromatic amino acid phenylalanine is needed for the synthesis of proteins and is
also an important precursor of the amino acid tyrosine. Catabolism of tyrosine generates
fumarate, which is a glucogenic intermediate utilized directly through the Krebs cycle
[34]. Tyrosine was the only proteinogenic amino acid not used in this study due to its
low solubility in water.

Serine is a neutral amino acid needed for the synthesis of proteins, selenocysteine,
and other amino acids, such as glycine, cysteine, and alanine. Serine can also be a pre-
cursor for the synthesis of several types of phospholipids, including phosphatidylcholine
(PC), phosphatidylethanolamine (PE), and phosphatidylserine (PS) [34]. Phospholipids
are the molecules that build cell membranes. The plasma membrane of prokaryotes con-
sists primarily of phospholipids, which are arranged in two parallel rows, named the
lipid bilayer. PC is predominantly found in the outer leaflet of the cell membrane, while
PE and PS predominate in the inner leaflet phospholipid. Phospholipids are essential
components of cell survival because they act as a barrier of the membrane that separates
the cell content from the water-based environment in which it lives [38, 42].

Significant negative effects were observed for seven amino acids: methionine
(»<0.001), cysteine (p<0.001), arginine (p<0.05), tryptophan (p <0.05), alanine
(»<0.05), leucine (p <0.05), and histidine (p <0.10). If the effect found was negative
and showed a significance level equal to or above 90%, it was considered effective, but
the concentration required may be lower than the indicated low level (—1). Therefore,
they were removed from the optimization experiments. Remaining components, i.e.,
asparagine, glycine, glutamine, glutamic acid, isoleucine, proline, lysine, threonine, and
valine, showed low positive or negative confidence levels and were considered insig-
nificant in this study. In general, all sulfur and positively charged amino acids were
rejected. This fact demonstrates that the most suitable amino acids for BC production
by this strain are nonsulfurized and not positively charged polar amino acids. Aspartic
acid, phenylalanine, and serine were selected to optimize their response, and their opti-
mum levels were found through RSM.

Heo and Son [43] investigated BC production by Acetobacter sp. A9 in a defined
medium by omission of a single component. The single omission of arginine or threonine
affected BC production, causing a slight decrease. In the same way, Son et al. [44] verified
that among 18 amino acids tested (except glutamine and phenylalanine), the single addition
of tyrosine, valine, methionine, isoleucine, or glycine reduced the level of BC by Aceto-
bacter sp. V6. However, BC production by the addition of the other amino acids slightly
increased. Another study on the effects of 14 amino acids (except asparagine, glutamine,
histidine, cysteine, tyrosine, and tryptophan) found that methionine stimulated the growth
rate during the early stage of the culture period and increased cellulose production by Ace-
tobacter xylinum subsp. sucrofermentans. This study suggested that amino acid methionine
would be essential to obtain high cellulose yields and stimulate cell growth for this strain
[45]. These facts demonstrate that possibly due to structural similarities of amino acids, the
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requirements of these compounds for cellulose production by AAB may vary significantly
and is strongly dependent on the strain and methodology of the study used.

Analysis of Central Composite Design

Table 2 shows the central composite design involving three independent variables and
the response variable expressed as the mass of BC obtained in each of the 18 experi-
mental runs. The dry weight of BC varied from 1.21 to 3.09 g L™!. Analysis of variance
(Table S2) showed that all quadratic effects were negative and significant (p <0.10),
which indicated that an optimal region was reached. Moreover, no interaction term had
a significant positive or negative effect, indicating that there was no interaction among
these parameters that positively or negatively influenced BC production. The coefficient
of determination (R*=0.9091) was satisfactory, indicating that 90.91% of the data vari-
ability can be explained by the predicted model. Adjusted R* was slightly lower than
regular R? (0.8069). This parameter is similar to regular coefficient of determination
but the R? always increases or at least stays constant when adding new variables in the
model. On the contrary, adjusted R? can decrease especially if the added independent
variables have little explanatory power of if the degrees of freedom become too small,
thus indicating if the new variable really improves the model [46, 47]. The lack-of-fit
test was not significant (p > 0.10), indicating that the predicted model was well adjusted
to the data.

From the results achieved by central composite design, a second-order regression model
was obtained that explains the dependence of independent variables on the response vari-
able and provided the levels of BC as a function of the concentration of the amino acids
aspartic acid, phenylalanine, and serine. Therefore, the levels of BC produced by K. inter-
medius V-05 could be predicted by the following quadratic polynomial equation, in which
terms in bold are considered significant at the 90% confidence level:

Ype = 2.94(0.10) + 0.132x; (£0.057) + 0.061x, (+0.057)
+ 0.101x; (£0.057) — 0.439x] (+0.059)
0.318x (+0.059) — 0.135x% (+0.059) 8)
= 0.015x,x; (£0.074) + 0.005x,x3 (+0.074)
= 0.013x,x3 (+0.074)

where YBC is the response variable (BC production), x, is the coded value of variable X,
(aspartic acid), x, is the coded value of variable X, (phenylalanine), and x; is the coded
value of variable X; (serine).

The three-dimensional (3D) response surface graphs and contour curves were plotted
from the second-order regression model. Figure 1 shows the dependency of BC produc-
tion on the variables studied at different concentration levels and the regions of maximum
production. According to Fig. 1a, b, and c, the increase or decrease in aspartic acid, phe-
nylalanine, and serine concentrations resulted in decreased BC production levels. From the
quadratic polynomial Eq. (8) and the response surface plots, the optimal concentration of
the variables was found to be closer to the (0) level, i.e., 1.50 g L! aspartic acid, 1.50 g
L~! phenylalanine, and 3.00 g L™ serine.
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Phenylalanine

7

15 2.0 25 3.0
Phenylalanine

Fig. 1 Contour curves for BC production as a function of the concentration (g L.™!) of aspartic acid and
phenylalanine (a), aspartic acid and serine (b), and phenylalanine and serine (c) required by strain K. inter-

medius V-05

@ Springer



5028 Applied Biochemistry and Biotechnology (2022) 194:5017-5036

Fig.2 FT-IR spectra of bacte-
rial cellulose produced by K.
intermedius V-05 in standard and
optimized media
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3
s
o
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c
=
H
(7]
c
o
=
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Table 3 Band assignments in - i
the FT-IR spectra of bacterial Band assignments ‘Wavenumber (cm™")
cellulose produced by K. Optimized Standard
intermedius V-05 in optimized
and standard media O-H stretching vibration 3420 3416
C-H stretching vibration 2922 2918
CH, stretching vibration n.d 2735
O-H deformation vibration 1624 1620
CH, deformation vibration 1427 1429
CHj; deformation vibration 1379 1381
C-O deformation vibration 1111 1113
H-O-H bending vibration of 1645 1638

absorbed water

n.d., not detected

Validation of the Experimental Model

Verification of the calculated optimal conditions for BC production was performed by per-
forming the experiment at predicted optimized conditions. In this study, the maximum pre-
dicted BC production that could be reached using the optimal concentrations of variables
(1.50 g L™! aspartic acid, 1.50 g L™! phenylalanine, and 3.00 g L~! serine) was 2.94 g
L~". The observed value obtained experimentally under these conditions by K. intermedius
V-05 (3.02+0.16 g L™') was very close to the value estimated by the predictive model
(»<0.05) and the production obtained in HS medium (3.43+0.19 g L™).

As performed in this work, RSM has been successfully applied to optimize the produc-
tion of several biomolecules, such as microbial enzymes [48], bacteriocins [49], bioethanol
[13], and to improve biotechnological processes, such as for removal of biofilms formed by
pathogenic organisms [50].
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FT-IR Analysis

Chemical characterization of functional groups of BC produced from optimized medium
supplemented with amino acids was performed by FT-IR spectroscopy and compared to
samples produced from standard HS medium. Figure 2 presents the obtained FT-IR spectra
of the characterized samples, which shows that optimized synthetic media supplemented
with amino acids did not change the profile of BC spectra compared to the standard com-
plex media.

According to Table 3, the produced samples presented the main bands that charac-
terize cellulose polymers, such as strong transmission of O-H stretching vibrations at
3400-3500 cm™'; alkane C-H stretching and CH, asymmetric stretching vibration at
2900 ecm™!; CH, symmetric stretching vibration at 2700 cm™'; O-H deformation vibra-
tion at 1600 cm™'; CH, deformation vibration at 1400 cm™'; CH, deformation vibration at
1370 cm™'; and C-O deformation vibration in the range of 1320-1030 cm™!, as previously
described for cellulose [23, 28]. Bands observed at 1640 cm™' (H-O-H) and 3500 cm™!
(O-H) were attributed to water absorption by the samples. The absence of bands at
1735 cm™! associated with functional groups present in proteins (C=0) and other bands
of nitrogenous organic compounds at 1538 cm™! indicated that the purification process was
efficient. The results of FT-IR analysis are in agreement with studies of BC biopolymers
carried out previously [23], also indicating that the substances produced were chemically
pure bacterial cellulose.

XRD Analysis

The XRD patterns of BC samples produced in both optimized synthetic and standard com-
plex media (Fig. 3) demonstrated that the culture medium did not significantly influence
the crystal organization of the BC membranes since they showed similar crystalline pro-
files. Both samples present two major peaks at 14.8° and 22.5° and a low-intensity peak
at 16.8°. These diffraction peaks corresponded to the primary diffraction of the crystal
planes (1-10), (200), and (110) [51]. The two main peaks observed at 14.8° and 22.5°

Fig.3 XRD patterns of the
bacterial cellulose produced by
K. intermedius V-05 in standard
and optimized media

5000 -

4000 -

3000 |

2000

- -\(M
0 f &“ﬂ%-
10 20 30 40 50 60 7

Angle 260 degree

Diffraction intensity (a.u.)

0

Standard —— Optimized
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Table 4 XRD, TGA, and hydrophilic parameters of bacterial cellulose produced by K. intermedius V-05 in
standard and optimized media

Medium X-ray diffraction Thermal properties Hydrophilic properties

Cil Tonsel Tmax Tendsel WHC RC
Optimized 86.5 320.9 364.9 389.8 200.8+£24.0 86.3+3.5
Standard 91.0 332.5 358.5 375.0 140.0+8.7 78.6+1.8

Crl, crystallinity index (%); 7,,,,,,» temperature of initial thermal decomposition (°C); T,,,,, temperature of

maximum weight loss rate (°C); T, ,.,» temperature of final thermal decomposition (°C); WHC, water hold-
ing capacity; RC, rehydration capacity (%)

demonstrated that these samples possess typical crystalline forms of cellulose I. According
to the calculated parameters from the related peak intensity, BC membranes obtained from
optimized medium supplemented with amino acids showed crystallinity indices slightly
lower than those from HS medium (Table 4). This fact may be related to the higher yield
reached by the strain in HS complex medium compared to optimized synthetic medium.
The crystallinity index of the samples produced in both media was similar to those
described by Giizel and Akpinar [52], in which they found values between 80.3 and 93.0%
for BC produced from different fruit and vegetal peels.

The high crystallinity index of the samples produced by K. intermedius V-05 (> 85.0%)
may indicate an increase in crystalline regions and hydrophobic interactions, making these
samples interesting sources for use to stabilize water/oil (W/O) emulsions [53].

DSC Analysis

DSC was used to measure the thermal stability behavior of BC membranes produced in
both optimized synthetic and standard complex media. Figure 4 shows the heat absorbed
or released by BC membranes as a function of temperature. The DSC curves of both sam-
ples presented two main peaks in their spectra. The endothermic peak was observed at

Fig.4 DSC patterns of the bacte- 8
rial cellulose produced by K.
intermedius V-05 in standard and
optimized media

Exothermic peak —-——

Differential scanning calorimetry (mW)

Endothermic peak

2 1 1 1 1 1 1 1
50 100 150 200 250 300 350 400

Temperature (°C)

Standard —— Optimized
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approximately 50-65 °C and attributed to evaporation of residual water from the polymers.
The exothermic peak was observed at approximately 370 °C and attributed to the ther-
mal decomposition (pyrolysis) of cellulose due to fragmentation of carbonyl and carbox-
ylic bonds [30]. The observed results were in accordance with other results obtained from
DSC analysis of pure, acetylated, and phosphorylated BC membranes reported by Barud
et al. [30, 54]. As reported by George et al. [55], the glass transition temperature (7,) of
macromolecules like cellulose is difficult to detect properly using DSC technique due to
the overlap of the broad heat flow curves. Moreover, no additional peak was observed at
temperature of 150 °C due to the melting and degradation of proteinaceous matter. This
absence indicated the effectiveness of the alkaline chemical treatment to remove unwanted
materials from the culture media [55]. The degradation peaks were found to be approxi-
mately 369.0 °C and 374.0 °C for BC produced in complex HS and optimized synthetic
media, respectively, indicating improved thermal stability for the samples produced from
synthetic medium supplemented with amino acids. The thermal stability of the samples
was consistent with the observed degradation profile obtained in TG and DTG analysis.

TG and DTG Analysis

The thermal decomposition and the respective DTG curves of BC membranes are shown
in Fig. 5. The TG curves of the samples produced in both optimized synthetic and standard
complex media presented similar profiles. The samples presented three distinct mass-loss
events, which are characteristic of pure BC. The first event was observed from room tem-
perature (approximately 30 °C) to approximately 150 °C and attributed to mass loss due to

100

v it e 0,000
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9
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- —
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g 701 A
E‘ (=]
S eof £
b~ -~
» L
S sl -0,010 %
£ 2
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Fig.5 TGA and DTG curves of bacterial cellulose produced by K. intermedius V-05 in standard and opti-
mized media
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evaporation of residual water from the polymeric matrix. The second event was observed
between the temperature ranges from 300 to 400 °C and attributed to degradation of cel-
lulose due to dehydration and decomposition of the glycosidic units. Finally, the third event
occurred up to 600 °C, corresponding to the thermooxidative degradation (pyrolysis) of
cellulose resulting in carbon monoxide liberation [56].

From the plotted curves, the temperatures (parameters) of initial thermal decomposition
(T ypsep)> final thermal decomposition (7,4, and maximum weight loss rate (7,,,,) were deter-
mined, as shown in Table 4. Production in optimized medium supplemented with amino acids
slightly increased the temperatures of maximum weight loss (364.9 °C) and final thermal deg-
radation (389.8 °C) compared to production in HS complex medium (7, =358.5 °C and
T s =375.0 °C). These facts demonstrate a higher energy necessary for the degradation of
membranes produced from optimized synthetic media. The thermal stability and degradation tem-
perature profiles of BC observed in this work were similar to those observed by Souza et al. [57].
The values of T, were similar to those reported by Rojo et al. [58], in which they found val-
ues at approximately 330 °C for pure BC. The maximum weight loss occurred between 300 and
400 °C, indicating that the samples were stable up to this temperature, similar to those reported in
other studies of thermal characterization of BC [59]. The improvement in thermal stability makes
BC produced in this work a very attractive raw material for food packaging applications.

Hydrophilic Properties

The characterization of the BC membranes regarding water holding capacity (WHC) and
rehydration capacity (RC) is shown in Table 4. All the samples had moisture contents
greater than 99.0% (w/w). Membranes produced in optimized medium supplemented with
amino acids exhibited higher WHC and RC than those produced in HS medium. WHC
represents the water mass retained per unit of cellulose dry weight and is mainly related to
never-dried BC. Conversely, RC represents the degree to which removed water was recov-
ered by the samples. Both parameters have a direct relation with the porosity and surface
area of the BC matrix, which means that a high WHC and RC indicate a more porous
membrane [60]. The drying process improves the storage and sell-life of BC, but poor
rehydration capacity reduces the utility of dried BC [61, 62].

Because membranes obtained from optimized media supplemented with amino acids
presented lower dry weight and crystallinity compared to those from standard medium,
the observed increase in hydrophilic properties may be correlated with the increase in
empty spaces among BC fibrils caused by the lower density of the membranes. These facts
caused an increase in porosity and provided more space for water accommodation. Con-
sequently, more water could penetrate and adsorb onto the material [60]. The high water
holding capacity makes BC an excellent wound healing material by maintaining a moist
environment and helping to eliminate exudates [63]. The WHC values of BC generally
vary between 100 and 200 times its dry weight. However, values reaching up to 400 times
dry weight were described by Mohite and Patil [64]. The values observed in this work were
similar to those observed by Bandyopadhyay et al. [65] for BC produced from waste apple
juice, in which they achieved values between 100 and 250 times dry weight.
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Conclusion

The Plackett and Burman factorial design followed by response surface methodology was
effective in selecting and determining the best concentration of required amino acids that
affect BC production by the strain K. intermedius V-05. Additionally, the different amino
acids had distinct effects on the biosynthesis of BC. Aspartic acid, phenylalanine, and ser-
ine presented more significant positive effects and improved production. Conversely, oth-
ers, such as those containing sulfur or positively charged amino acids, presented a signifi-
cant negative effect and reduced the production yield.

The response surface methodology was also a useful tool that made it possible to elabo-
rate a synthetic growth medium capable of supplying essential amino acids required for
the biosynthesis of BC. A maximum production of 3.02 g L™! was reached in the opti-
mized medium supplemented with amino acids aspartic acid (1.5 g L™!), phenylalanine
(1.5 g L"), and serine (3.0 g L™!). The use of this medium could provide membranes with
greater characteristics than those observed by using the standard complex medium, such as
some thermal and hydrophilic properties.
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