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ABSTRACT: Bacterial nanocellulose (BNC) was produced by Gluconacetobacter xylinus under static conditions using grape pomace

extract (the most abundant residue of the wine industry) as a carbon source and corn steep liquor (a byproduct of corn wet-milling)

as the main nitrogen source. Carbon and nitrogen source concentrations, as well as inocula size, fermentation time, and temperature,

were all considered in order to maximize BNC production by the use of statistically designed experiments and the response surface

methodology. At optimum production conditions, the effect of fermentation time on morphology, solids content, chemical structure,

crystallinity, thermal decomposition pattern, and storage modulus of dried BNC pellicles was analyzed. The results evidenced that

dried BNC pellicles that were incubated for longer times showed higher thermal stability, higher crystallinity, and higher storage mod-

ulus, resulting from a denser nanoribbons network. All of these characteristics will certainly play a role in the performance of BNC in

practical applications. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43109.
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INTRODUCTION

Cellulose is a polymer composed of glucose units connected by b
(1–4) glycosidic linkages. It is very abundant in nature because it

is the main component of the cell wall of plants. However, due

to the simultaneous presence of lignin and hemicelluloses, fine

chemical applications of vegetable cellulose usually require the

implementation of different treatments (mechanical, chemical,

and/or enzymatic) aimed at isolating a pure compound. How-

ever, mechanical methods (e.g., grinding, refining, cryocrushing,

high-intensity ultrasonication) are energy-consuming, usually

demanding high levels of pressure or kinetic energy. On the other

hand, chemical pulping aimed at dissolving hemicellulose and

lignin (e.g., Kraft process, organic solvent extraction, acidic meth-

ods, liquid phase oxidation) normally induce a great deal of

simultaneous carbohydrate degradation, and the environmental

impact of the byproducts and residues of the process needs to be

considered. Finally, enzymatic pulping methods, in which

enzymes (e.g., xylanases, pectinases, and ligninases) directly

depolymerize specific components of the matrix in which cellu-

lose is embedded, induce much lower cellulose degradation, but

the high price of the hydrolytic enzymes required is often prohib-

itive for commercial purposes.

On the other hand, identical cellulose in terms of molecular struc-

ture can be obtained from several microorganisms, such as algae,

molds, and bacteria of the genera Acetobacter, Agrobacterium, Alcali-

genes, Pseudomonas, Rhizobium, Aerobacter, Achromobacter, Azoto-

bacter, Salmonella, and Sarcina. Among bacteria, Gluconacetobacter

xylinus (formerly Acetobacter xylinum) has been reported as capable

of producing bacterial nanocellulose (BNC) in commercial quanti-

ties.1 G. xylinus secretes cellulose at the air–liquid interface as a fine

and well-ordered structure, built up by nanofibers of rectangular

cross section with thicknesses around 3–10 nm, 30–100 nm in

width, and 1–9 lm in length.2–4 The polymer thus obtained is a

nanostructured, highly pure extracellular compound with unique
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physicochemical, biological, and mechanical properties, such as

high water-holding capacity, high crystallinity, low thermal expan-

sion coefficient in the axial direction, high tensile strength and

Young’s modulus, and biodegradability and biological adaptation.

Gluconacetobacter xylinus can use a variety of substrates as carbon

source for BNC production, such as glucose, fructose, sucrose,

xylose, arabinose, mannitol, arabitol, glycerol, and oligosaccha-

rides.1,5–7 Nowadays, when the goal is the production of BNC at a

large scale, lower costs are required to obtain an economically feasi-

ble process. Because the current price of the Hestrin and Schramm

medium (the one typically used for BNC production) limits most

industrial uses, in the last few years a number of agroindustrial

byproducts or residues have been proposed as nonconventional

cheaper sources of C or N for high-value BNC production.7–15

For each strain used, BNC production depends on the selected

C or N source and on the C/N ratio used, and there is no gen-

eral pattern of bacterial behavior in a given species that can

lead to the selection of the most appropriate conditions.16 So,

for the first approach, statistical screening designs can be used

to establish the variables that significantly influence BNC pro-

duction and to estimate their magnitude. Then, the optimiza-

tion of the selected parameters can be performed by changing

one factor at a time or by employing statistical methods that

aim to optimize a process given a reduced number of variables.

In the current contribution, statistical design of experiments (DoEs)

and a response surface methodology (RSM) analysis were used to

maximize the production of BNC when G. xylinus and a noncon-

ventional inexpensive C source such as grape pomace extract (GE)

were employed. Wine production is one of the most important

agricultural activities throughout the world. The wine industry con-

sumes a considerable amount of resources such as water, fertilizers,

and organic amendments and produces a large amount of waste-

water and organic wastes characterized by high contents of biode-

gradable compounds and suspended solids.17 Among them, grape

pomace is the most abundant residue left after juice extraction and

does not require difficult or expensive pretreatments, as lignocellulo-

sic feedstocks do. Grapes provide the fermentable sugars D-glucose

and D-fructose that can be used as renewable C and energy sources

as well as cellulose precursor. Corn steep liquor (CSL), a byproduct

of corn wet-milling, was used as the main N source.

Under optimum BNC production conditions, the next aim of

the current contribution was to evaluate how fermentation time

affects the morphology, solids content, chemical structure, ther-

mal decomposition properties, crystallinity, and definite

mechanical properties of dried BNC pellicles, which will cer-

tainly condition their behavior in practical applications. In static

cultures, BNC production is generally carried out over 7 to 14

days.7,9,13–15 However, depending on the desired application,

shorter or longer times may lead to BNC membranes with

more appropriate properties.

MATERIALS AND METHODS

Microorganism and Reagents

The bacterial strain of G. xylinus (syn. Acetobacter aceti subsp.

xylinus, Acetobacter xylinum) NRRL B-42 used in this work was

graciously provided by Dr. Luis Ielpi (Fundaci�on Instituto

Leloir, Buenos Aires, Argentina), and it was maintained at

280 8C in glycerol 20% (v/v).

The seeds and stems of pomace from Semillon grapes pressed

for wine-making were separated, and the remaining raw mate-

rial (skins and residual pulp) were washed three times with dis-

tilled water and then homogenized in a Waring blender using a

minimum required volume of 0.10 M citric acid–sodium citrate

buffer at pH 5 5.0. The grape extract obtained was filtered

through cheesecloth and centrifuged (5000 3 g for 5 min at

4 8C) to separate solids, and the clarified liquid filtrate was fro-

zen at 220 8C until used. The reducing sugar (RS) content in

GE (D-glucose plus D-fructose), was determined by dinitrosali-

cylic acid assays with D-glucose as a standard solution. The RS

content was confirmed with an enzymatic kit that detects

D-glucose and D-fructose (Boehringer Mannheim/R-Biopharm

(Mannheim, Germany), catalog no. 10716260035). Finally, GE

was diluted in order to reach the RS values stated by the matrix

of each design or required for each experiment.

Corn steep liquor was graciously provided by Ingredion Argen-

tina S.A. (Baradero, Argentina) with the following nitrogen frac-

tion composition (% protein): protein (nonhydrolyzed), 15.0;

peptides, 35.0; free amino acids, 35.0; amines, 2.0; NH1
4 , 1.0;

NH3, 10.0; purine, pyrimidine, and derivates, 2.0. The CSL also

provided (%, w/w; dry basis) 0.06 calcium and 15–20 lactic acid.

Culture Conditions

Inocula were cultured at 28 8C for 48 h in 100 mL Erlenmeyer

flasks containing 20 mL of Hestrin and Schramm (HS) medium

(%, w/v): anhydrous dextrose (Biopack, Zarate, Argentina), 2.0;

meat peptone (Britania, Laboratorios Britania S.A. ), 0.5; yeast

extract (Britania, Laboratorios Britania S.A., CABA, Argentina),

0.5; anhydrous disodium phosphate (Anedra, San Fernando,

Argentina), 0.27; citric acid (Merck, Carlos Spegazzini, Argentina),

0.15. The pH was adjusted to 6.0 with dilute HCl or NaOH. Cul-

ture agitation (200 rpm) was provided by an orbital shaker. Direct

microscope counts were performed to estimate the bacterial inoc-

ulum concentration.

For BNC production, aliquots of 1 mL of the inoculum (3 3 108

cells mL21) were transferred to 250 mL Erlenmeyer flasks con-

taining 100 mL of aqueous media with GE and CSL at the con-

centrations stated by the matrices of the designs, unless

indicated. After the established incubation times in static condi-

tions at the selected temperatures, BNC pellicles were harvested

and rinsed with water to remove the culture medium.

To calculate BNC production (g L21) and productivity (g L21

days21), the pellicles were boiled in 2% w/v NaOH solution for

1 h in order to eliminate the bacterial cells from the cellulose

matrix, washed with distilled water to neutralization, and dried

in a thermobalance Precisa XM50 (Dietikon, Switzerland) at

105 8C to constant weight.

Experimental Designs

Fractional factorial screening designs were applied to determine

the culture variables that may significantly affect cellulose pro-

duction. These designs were set up for five factors with three

coded levels (21, 0, 1 1). Three repetitions of the center point

were run for each experiment. The results were fitted with a
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first-order model, estimating the coefficient for each factor and

its level of significance.18,19

Box-Behnken designs (BBD20 set up for three factors at three

coded levels (21, 0, 1 1) were run to evaluate the linear and

quadratic effects and two-way interactions among the variables

and to construct a second-order polynomial model. The variable

ranges were selected according to the results of the screening

designs, and three repetitions of the center point were run in

order to determine the experimental error. In all of the designs,

the variable levels Xi were coded as xi according to eq. 1:

xi5
Xi2X0

DXi

; i51; 2; 3; . . . ; k (1)

where xi and Xi are the dimensionless codified value and the

actual value of an independent variable, respectively, X0 is the

real value of an independent variable at the center point, and

DXi is the step change.

The RSM was used to analyze the experimental design. The

second-degree model used to fit the response to the independ-

ent variables is shown in eq. 2:

Y 5b01Rbijxixj1Rbiix
2
i (2)

where Y is the predicted response, xi and xj are the input varia-

bles that influence the response variable (Y), b0 is the intercept,

bi is the ith lineal coefficient, bii is the ith quadratic coefficient,

and bij is the ijth interaction coefficient.

Statistical and numerical analyses were carried out by analysis

of variance (ANOVA) and multiple regression using the soft-

ware Essential Regression (Experimental Design in MS Excel-

free, user-friendly software package, v. 2003). The responses

measured were subjected to multiple regression by least squares.

The statistical significance of the coefficients obtained was eval-

uated by Student’s t test. The adequacy of the mathematical

models of the regression was assessed with Fisher’s F test. All

experimental designs were randomized to exclude bias and car-

ried out at least in duplicate and repeated at least twice.

Characterization of BNC Pellicles: Analysis of Fermentation

Time Effects

Scanning Electron Microscopy (SEM). Pieces of BNC pellicles

(5 mm by 5 mm) were coated with gold using an ion sputter

coater and observed by use of a scanning electron microscope

Zeiss Supra 40 (Dresden, Germany) with a field emission gun

operated at 3 kV.

Fourier Transform Infrared Spectroscopy (FTIR). Fourier

transform infrared spectra of ground samples were acquired on an

IR Affinity-1 Shimadzu Fourier transform infrared spectrophotom-

eter (Kyoto, Japan) in transmission mode. Carefully dried (10 mg,

105 8C, 1 h) ground BNC samples were mixed with previously dried

(130 8C, overnight) KBr in the ratio 1:25. The prepared pellets were

further dried overnight at 105 8C, and spectra were collected with

40 scans in the range of 4000 to 700 cm21 with a resolution of

4 cm21. The samples were normalized against the band found at

1165 cm21 assigned to the (CAOAC) link of cellulose.21,22

X-ray Diffraction (XRD). The diffraction patterns of ground

BNC samples were obtained in a Rigaku D/Max-C wide-angle

automated X-ray diffractometer (San Pablo, Brazil) with vertical

goniometer. The X-ray diffraction patterns were recorded in a

2h angle range of 10 to 45 8 at a step size of 0.02 8. The wave-

length of the Cu Ka radiation source used was 0.154 nm, gener-

ated at accelerating voltage of 40 kV and a filament emission of

30 mA. In order to calculate the crystallinity (C) of the BNC

samples, a deconvolution with the use of Lorentzian functions

was performed. The average crystallite size (D) was estimated

from the Scherrer equation, D 5 0.94k bcosh.25 The Scherrer

equation parameters are as follows: k is the X-ray wavelength

(Cu Ka 5 1.4518 Å), b is the line broadening, and h is the

Bragg angle. To subtract instrumental effects, a deconvolution

of the XRD peaks was done using a silicon standard pattern.

Thermogravimetric Analysis (TGA). Thermogravimetric analy-

ses of dried ground samples (2.5–3 mg, 105 8C, 1 h) were con-

ducted in a TGA-50 Shimadzu instrument (Kyoto, Japan).

Temperature programs were run from 25 8C to 800 8C at a heat-

ing rate of 10 8C/min under nitrogen atmosphere (30 mL/min)

in order to prevent thermoxidative degradation.

Dynamic Mechanical Analysis (DMA). The dynamic mechani-

cal responses of the dried BNC pellicles (10 mm 3 5 mm 3

0.05 mm) were measured using a dynamic mechanical analyzer

Perkin Elmer DMA 8000 (Massachusetts, USA) in tension

mode. The storage modulus (E0) was computed as a function of

temperature in the range of 30 to 100 8C under a constant heat-

ing rate of 2 8C/min, after preconditioning of samples at 30 8C

for 10 min in the DMA chamber. The frequency of the sinusoi-

dal strain imposed on the samples was 1 Hz. The displacement

was fixed at 0.012 mm to guarantee measurement in the elastic

response range. The measurements were performed in triplicate.

RESULTS AND DISCUSSION

BNC Production: Experimental Designs

A fractional factorial design was applied in order to screen out

the effects of culture variables that could significantly affect

BNC production. The variables proposed were the RS concen-

tration coming from the GE content (X1 5 10.0–60.0 g L21),

CSL concentration (X2 5 0.0–2.0 g L21), logarithm of the initial

inoculum concentration (X3 5 4–6), fermentation temperature

(X4 5 24–37 8C), and time of incubation (X5 5 4–20 days). Table

S1 (in the Supporting Information) shows the experimental and

coded values of the variables studied, the response obtained,

expressed as BNC production (g L21), and the equation

obtained, where significant variables, i.e., GE content and incu-

bation time, have been highlighted.

Based on the results obtained from the screening designs, and

given the high importance of C/N ratio on the balance of cell

growth/BNC production,1 optimization experiments including

the RS concentration in GE (10–70 g L21), CSL concentration

(10–20 g L21), and incubation time (5–25 days) were conducted

using BBD designs. Table S2 (Supporting Information) summa-

rizes the experiments run and the corresponding BNC produc-

tion obtained. In addition, Figure 1 shows a three-dimensional

(3D) RSM plot of BNC production versus nutrient concentra-

tions (25 days), illustrating the optimum region predicted for

maximizing cellulose production. Further details on the
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mathematical equation obtained, the statistical analysis of

results, factors effects, and ANOVA analysis have been included

in the Supporting Information (Table S3).

The optimum BNC production value predicted by the model

(6.7 g L21) and the validation assay result (6.56 g L21, tripli-

cate), were much higher than the ones estimated in the previous

designs assayed and corresponded to 43.1 g L21 RS, 20.0 g L21

CSL and 25 days of incubation. Compared with a traditional

BNC biosynthesis medium, under identical conditions, BNC

production in the Hestrin and Schramm medium was �1.4 g

L21, a value 80% lower than the one achieved in the grape

pomace/corn steep liquor medium herein proposed. Moreover,

compared with the literature, BNC production values ranging

from 3 to 11 g L21 have been reported when different species of

the Gluconacetobacter genus were grown in static systems using

agroindustrial byproducts and residues such as pineapple peel

juice,9 coffee cherry husk extract,8,13 distillery wastewater,7 pine-

apple solid waste,15 and agriculture residue hydrolysates.23

Corn steep liquor, a raw material cheaper than peptones or

yeast extract, may have contributed to enhance the production

achieved in the grape pomace medium because it not only pro-

vided N (in the form of proteins, peptides, aminoacids, amines,

NH4/NH3, or N bases) but also organic acids, carbohydrates,

vitamins, and minerals, and it is also reported to exert a buffer-

ing effect on the culture medium. In particular, it contains

Ca21, which can activate cellulose synthase, thus increasing

BNC production.24,25 Also, Wang et al.26 reported that organic

acids such as lactic acid (present in CSL) or acetic or pyruvic

acids could enhance the cellulose yield. Moreover, Matsuoka

et al.27 used CSL in a fermentation medium formulation to pro-

duce BNC with a strain of A. xylinum subsp. sucrofermentans

and reported that lactate could stimulate cell growth by linking

with the respiratory chain and generating energy for growth.

These authors speculated that lactate could act as an accelerator

driving the tricarboxylic acid cycle and as an energy producer,

resulting in high cellulose production and rapid cell growth.

They also reported that L-methionine, an amino acid present in

CSL, could be essential for high cellulose yields and stimulation

of cell growth during the early stage of the culture.

Fermentation Time Effects

In the optimized medium composition determined in the previ-

ous section, the effect of incubation time on BNC production,

productivity, and chosen dried pellicle characteristics was eval-

uated. Figure 2 illustrates the evolution of BNC production and

productivity as a function of incubation time. As is shown, pro-

duction increases with fermentation time up to 21 days,

whereas for longer incubation intervals BNC production

increases only marginally. Note that the productivity data show

two maxima at 5 (0.38 g L21 day21) and 21 days (0.31 g L21

day21) of fermentation.

Figure 2. Evolution of production and productivity of BNC in the opti-

mized medium at 28 8C.

Figure 1. Response surface plot showing the effect of reducing sugars from grapes and corn steep liquor concentrations on bacterial nanocellulose pro-

duction for Box-Behnken optimization design at 25 days of incubation at 28 8C. Inset: Predicted versus experimental responses for Box-Behnken optimi-

zation design. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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BNC hydrogels incorporate large amounts of water, being the

solids content of BNC pellicles obtained in static culture gener-

ally below 2–3%. The incorporated water plays an important

role as a spacer element and as a stabilizing agent with respect

to the network and pore structure.28 BNC pellicles harvested

from the fermentation medium for increasing incubation times

were boiled in NaOH solution, properly washed with distilled

water to neutralization, and dried at 105 8C to constant weight.

The weight ratio of dried pellicle to never-dried pellicle was cal-

culated as a measure of the solid fraction of the BNC samples.

The results have been included in Figure 3.

As shown, the BNC membranes obtained within the first 13

days of fermentation have solids contents in the 1.0–1.1% range,

whereas the solids content of membranes obtained with longer

incubation periods is significantly higher: 1.7–3.0%. The

increase in solids content is due to the reduction in the amount

of aqueous culture medium incorporated in the harvested BNC

membranes as longer incubation times are used. The previous is

in line with the reduction in pellicle porosity observed in Figure

4 (SEM) for dried BNC membranes harvested after 5 and 21

days of fermentation. An increased microporosity has previously

been proposed as a cause for larger volumes of water being col-

lected in hydrophilic BNC membranes.15,29

As shown, BNC obtained within 5 days [Figure 4 (a–b)] is com-

posed of a highly reticulated 3D microfibril network. Ribbon-

shaped cellulose nanofibers and nanofiber aggregates, with

widths in the range of 18 to 57 nm (average value obtained

from 150 measurements 5 32.3 nm, SD 5 6.7 nm) and micro-

meters in length, can be clearly distinguished. The presence of

microfibril aggregates is due to the high density of hydroxyl

groups on the surface of the microfibrils, which can strongly

interact and lead to agglomeration.30 The width dimensions are

Figure 3. Solids content (%) of BNC pellicles obtained for increasing fer-

mentation intervals.

Figure 4. Bacterial nanocellulose from grape pomace obtained after 5 (a–b) and 21 days (c–d) of fermentation.
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similar to those reported in the literature.31,32 Within the reticu-

lated BNC structure, some trapped producing bacteria [(Figure

4(b)] and insoluble residues (i.e., corn steep liquor, grape

bagasse) from the culture medium can still be seen.

Pellicles obtained after 21 days looked much more compact

than the ones obtained after 5 days. Accordingly, scanning elec-

tron micrographs of the dried 21-day membrane [Figure 4(c–

d)] confirmed a much more densely coagulated microfibril net-

work, in which nanofibers seem to have been compressed, and

their individual limits cannot be clearly distinguished. Sheykh-

nazari et al.33 reported that increasing the incubation time of G.

xylinus up to 14 days in glucose- or mannitol-containing media

improved the number of microfibril branches crossing each

other, the number of bundles formed, and the H and CAH

bonds generated. In terms of nanofiber dimensions, the denser

21-day BNC pellicle shows nanofibers that are micrometers in

length and nanofiber bundles with widths in the range of 15 to

47 nm (average value obtained from 110 measurements:

29.1 nm, SD 5 6.2 nm). The differences between the widths

measured in both pellicles are not significant considering the

difficulty of the measurement, especially in the highly com-

pressed 21-day pellicle.

The FTIR spectra of dried BNC pellicles obtained within 5 and

21 fermentation days are shown in Figure 5. The bands

observed in both spectra are those typical of bacterial nanocel-

lulose: 3360 cm21 (stretching vibration of hydroxyl groups),

2895 cm21 (CAH stretching), 1630 cm21 (absorbed water mole-

cules), 1430 cm21 (CAO bond stretching and CH2 bending),

1368 cm21 (CAH bending), 1333 cm21 (OAH in-plane bend-

ing), 1321 cm21 (CH2 wagging), 1281 cm21 (CAH bending),

1232 cm21 (OAH in-plane vibration), 1170–1060 cm21

(CAOAC groups of glycosidic bonds), and 898 cm21 (b-linked

glucose polymers).9,13,14,17 Moreover, it is well known that BNC

is a composite of the two crystalline phases cellulose Ia?and Ib
(Ia/Ib 5 65/35).34,35 The difference between the allomorphs con-

sists in the H-bonding systems and in the conformation of

neighboring cellulose chains.36 The presence in both BNC pel-

licles of the triclinic Ia allomorph and the monoclinic Ib allo-

morph of cellulose is confirmed by the shoulders observed in

Figure 5 at 3241 cm21 and 750 cm21 and the shoulder shown at

710 cm21, respectively.9,37–39

A comparison between the spectra indicated that the only dif-

ference between them was the intensity of the absorbance found

at 1540 cm21, which corresponds to the bending vibration of

NAH bonds.40 The existence of nitrogenated compounds in

BNC pellicles can be attributed to nutrient medium residues

remaining in the samples. This is in line with SEM images that

showed culture medium residues. The mentioned band is more

intense in the spectrum of the 21-day pellicle, which may be

explained in terms of its denser intertwined nanofibril structure

(as evidenced from Figures 2 and 3), which makes the removal

of trapped residues and remaining bacteria more difficult. The

presence of nitrogenated nutrient medium residues (e.g., ammo-

nia ions) in 1% NaOH autoclaved/water-washed BNC samples

has been reported before.31

Cellulose is known to have different polymorphs (I, II, III, and

IV), which have all been a matter of much study. Cellulose I is

the crystalline cellulose that is naturally produced by trees,

plants, algae, tunicates, and bacteria. Of the two different poly-

morphs of cellulose I, with a triclinic structure (Ia) and a

monoclinic structure (Ib), the Ia structure is the dominant

polymorph in bacterial nanocellulose.4,41 The Ia unit cell

parameters, space group P1, are a 5 0.672 nm, b 5 0.596 nm,

c 5 1.040 nm, a 5 118.088, b 5 114.808, c 5 80.3758.42 The dif-

fraction patterns obtained for dried BNC pellicles collected

within 5 and 21 fermentation days and peak assignments43 are

shown in Figure 6. The data gathered for the pellicle obtained

after 30 days of incubation have also been included in order to

study the evolution pattern with fermentation time.

The XRD patterns of BNC membranes obtained at increasing

incubation times show a kinetics of phase formation. Moreover,

an increase of crystalline material is registered for longer fer-

mentation times. The gradual formation of the crystalline planes

Figure 5. FTIR spectra of BNC pellicles obtained after 5 and 21 days of

fermentation.

Figure 6. XRD patterns of dried BNC samples harvested after 5, 21, and

30 days and the corresponding Miller indices. The gradual formation of

peaks of less intensity is indicated by arrows.
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associated with the peaks of less intensity, i.e., (10-1), (021),

and (040), are evidence of such an increase.

A Lorentz function was used to fit the XRD peak profiles in

order to determine their relative area in the XRD pattern. From

the ratio between the XRD peak area and the XRD pattern area,

the crystallinity (C) of the BNC samples was estimated. The

increase in the fermentation time caused an increase in the sam-

ple crystallinity for the longest times. The estimated value of C

is 68% for the 5-day BNC pellicle, 68% for the 21-day pellicle,

and 85% for the BNC obtained after 30 days. The change of the

XRD peak intensity ratio and the increase of the sample’s crys-

tallinity are evidence of a reordering of the BNC crystal struc-

ture as a function of the fermentation time.

In order to know if the structural reordering increases the crys-

tallite size (D), the average value of D was estimated from the

Scherrer equation.44 The estimated D value (5.5, 5.2, and

5.3 nm for 5, 21, and 30 days of fermentation, respectively) was

around 5 nm for all BNC samples, meaning that D is not

dependent on fermentation time.

Figure 7 collects the TG and DTG curves of dried BNC mem-

branes harvested after 5 and 21 days of fermentation. The DTG

data have been normalized with respect to the initial sample

mass. For both membranes, the TG data showed three weight-

loss steps. The first weight loss occurred from room tempera-

ture to 130 8C, and it is assigned to BNC dehydration. In this

step, membrane moisture that could not be removed during

preconditioning (110 8C, 1 h) was evaporated. For both pellicles,

the removed moisture content during this step accounted for 3–

4% (three replicates).

The second weight loss observed in Figure 7 is assigned to cellu-

lose decomposition.45 For the 5-day pellicle, the second weight

loss was characterized by Tonset and Tmax temperatures of

304.5 6 0.5 8C and 349 6 3 8C, respectively. For the 21-day

membrane, Tonset and Tmax were found at 314 6 3 8C and

350 6 4 8C, respectively. The calculated Tonset and Tmax values of

the second weight loss suggest that whereas the maximum

weight-loss rate temperature Tmax is not affected by the age of

the pellicles, the beginning of their decomposition does vary

(results based on three replicates). The higher-onset decomposi-

tion temperature found for the 21-day pellicle could be attrib-

uted to the increased number of effective hydrogen bonds

between BNC nanofibers, which are more closely packed than

the microfibrils forming the 5-day membrane. Differences in

onset decomposition temperatures of neat and modified bacte-

rial nanocellulose have previously been correlated with microfi-

bril packing efficiency.22

Extending the TG analysis up to 800 8C evidenced the presence

of a third smaller weight loss, between 450 and 600 8C. This

high-temperature weight loss has previously been attributed to

the degradation of polymeric chains and the six-member cyclic

structure, pyran, distinguishing it from the previous decomposi-

tion step assigned to the removal of molecular fragments such

as hydroxyl and hydroxymethyl groups.29 The TG and DTG

data also showed a difference between the 5-day and 21-day

BNC membranes for this third weight loss, evidencing a slightly

sharper mass decrease in the case of the 5-day pellicle. The

sharper decrease of the TG curve of the 5-day pellicle could be

due to a probably lower molecular weight that is due to lower

incubation time.

A DMA analysis was performed on dried BNC pellicles obtained

after 5 and 21 days of fermentation in tension mode. The assay

gave information on the initial storage modulus (Eo�) of the

membranes, which accounted for 2.9 6 0.3 GPa for the 5-day

pellicle and 4.9 6 0.9 GPa for the 21-day pellicle (T 5 32 8C).

The initial storage modulus of the 30-day pellicle was also

measured to confirm the pattern, giving a value of 5.8 6 0.4

GPa. The results obtained show that as more days are given to

the BNC synthesis, the dried membranes display a higher initial

storage modulus, which is explained in terms of the denser net-

work structure of the older pellicles in which more fiber–fiber

interactions through hydrogen bonding are possible. In the case

of the oldest pellicle, its higher crystallinity should also be con-

sidered. Lower interfibrillar space in compressed BNC mem-

branes has previously been reported by Retegi et al.32 as the

cause of important increases in elastic modulus values, attrib-

uted to a higher contribution of interfibrillar bonding zones. In

fact, these authors observed that the elastic modulus of com-

pressed BNC pellicles increased with a nearly linear dependence

on the increase of cellulose volume fraction in the films. In the

acetylation of BNC pellicles, Hu et al.46 observed that the

Young’s modulus of acetylated BNC was lower than that of neat

BNC, and they attributed the difference to the lower degree of

crystallinity and the less-dense network structure obtained upon

the introduction of acetyl groups.

In reference to the effect of temperature on the storage modulus

values, within the assayed temperature interval (30–100 8C) the

values showed a slight increase with temperature (in all cases

lower than 6%), which is explained in terms of additional dehy-

dration of the pellicles during the analysis (data not shown).

According to the literature, no transitions were expected to be

found within the range of temperature scanned.

CONCLUSIONS

BNC production by G. xylinus using an abundant waste of the

wine industry and a byproduct of corn starch production was

Figure 7. TG and DTG curves of BNC pellicles obtained after 5 and 21

days of fermentation.
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statistically optimized. The grape pomace/corn steep liquor

medium proposed resulted in a high production of BNC,

actually more than four times higher than that achieved in the

Hestrin and Schramm medium in identical conditions.

Characterization of dried BNC harvested at different incubation

times evidenced that older pellicles have a more densely coagu-

lated microfibril network. The higher probability of interfibrillar

interactions through hydrogen bonding in BNC pellicles

obtained after longer incubation times is proposed to be

the cause for their higher-onset decomposition temperature

and higher initial storage module measured. An increase of

crystalline material was also registered for the highest fermenta-

tion time.

The results obtained in the current contribution demonstrate

that high BNC production can be achieved in an inexpensive

medium formulated with grape bagasse and corn steep liquor as

major C and N sources. Moreover, the usefulness of experimen-

tal design and optimization methodologies for maximizing the

response with a much lower number of assays than classic

approaches has been demonstrated. Finally, the important

impact of incubation time on nanofiber density, and as a conse-

quence on thermal stability, crystallinity, and storage modulus

of the dried BNC pellicles obtained, has also been illustrated.

Although, considering mainly production issues, BNC pellicles

obtained in a static culture are generally harvested at long fer-

mentation times, the results shown herein have demonstrated

that incubation time should be considered as a useful variable

for tailoring the properties of BNC pellicles.
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