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ABSTRACT

The development of naturally occurring biodegradable materials has increasingly
attracted the attention of researchers in recent years owing to the rising
environmental concern. Among these materials, bacterial cellulose (BC) stands
out as an easily obtainable polysaccharide mat with potential for application in
several areas. Nanocelluloses, regardless of origin, are known to form gels in
aqueous systems that, when dried, consolidate into materials stabilized both by
the entanglements themselves and by hydrogen bonds between adjacent
particles, the latter strongly dependent on the degree of interfibrillar orientation.
Because of the above, this research aims to promote mechanical anisotropy at
different levels through the preferential orientation of BC nanofibrils, achieved by
asymmetric drying. The BC membrane was dried either in a “free” or “restricted”
fashion within an atmosphere of controlled temperature and relative humidity.
Different degrees of pre-stretching were also investigated to enhance the
mechanical resistance and stiffness in the direction of the drying restriction. The
resulting materials will be characterized concerning morphology, structure, and
mechanical properties through scanning electron microscopy, polarized infrared
spectroscopy, polarized optical microscopy, X-ray diffraction, and dynamic-
mechanical thermal analysis. Promising conditions and potential applications will

also be discussed and analyzed.

Keywords: Microbial cellulose; biocellulose; orientation; anisotropy.



RESUMO

PRODUGAO E CORRELAGOES MICROESTRUTURA-PROPRIEDADE EM
MEMBRANAS DE CELULOSE BACTERIANA MONO-ORIENTADAS

O desenvolvimento de materiais biodegradaveis de origem natural tem atraido
cada vez mais a atengao de pesquisadores nos ultimos anos, devido a crescente
preocupagao ambiental. Entre esses materiais, a celulose bacteriana (CB)
destaca-se como uma manta de polissacarideo de facil obtencédo, com potencial
para aplicacdo em diversas areas. As nanoceluloses, independentemente de sua
origem, sdo conhecidas por formar géis em sistemas aquosos que, quando
secos, se consolidam em materiais estabilizados tanto pelos proprios
entrelagcamentos quanto por liga¢gdes de hidrogénio entre particulas adjacentes,
sendo estas ultimas fortemente dependentes do grau de orientagao interfibrilar.
Diante disso, esta pesquisa tem como objetivo promover anisotropia mecanica
em diferentes niveis por meio da orientacdo preferencial dasnanofibrilas de
celulose bacteriana, obtida através de secagem assimétrica. A membrana de CB
foi seca de forma “livre” ou “restrita”, em uma atmosfera com temperatura e
umidade relativa controladas. Diferentes graus de pré-estiramento também
foram investigados para aumentar a resisténcia mecanica e a rigidez na diregao
da restricdo de secagem. Os materiais resultantes serdo caracterizados quanto
a morfologia, estrutura e propriedades mecéanicas por meio de microscopia
eletrébnica de varredura, espectroscopia no infravermelho polarizado,
microscopia Optica polarizada, difragao de raios X e analise dinamico-mecéanica
térmica. Condigdes promissoras e potenciais aplicagdes também serdo

discutidas e analisadas.

Palavras-chave: Celulose microbiana; biocelulose; orientagao; anisotropia.
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1 INTRODUCTION

The strong demand for the development of multifunctional sustainable
materials with superior mechanical characteristics, large-scale and economically
feasible production, and, ideally, derived from renewable resources is the result
of rising environmental pressure over today’s society (Li et al., 2021; Nechita et
al., 2021). Biopolymers, which can replace conventional polymers made from
non-renewable sources in a range of applications, have received particular
interest in this context (A. C. Q. Silva et al., 2022). Among the most promising
biopolymers for solid-state materials, cellulose stands out for its thermal and
chemical stabilities and biodegradability, besides other technologically relevant
features. Cellulose is a non-ionic, linear homopolysaccharide with 1,000-15,000
glucose units per chain, merged by B-1,4-glycosidic bonds. This naturally
occurring polymer can be synthesized by plants, marine organisms, fungi,
invertebrates, bacteria, and algae (He et al., 2020; Lahiri et al., 2021; Thomas et
al., 2018).

Bacterial cellulose (BC) is a type of cellulose produced by certain bacteria
that has been intensively investigated in recent years (Figure 1.1). BC has a
unique nanostructure that is of high purity (i.e., devoid of lignin and extractives,
as in plant cellulose), mechanical strength, biocompatibility, and biodegradability
(Cacicedo et al., 2016; Li et al., 2021; Lin et al., 2020; Mbituyimana et al., 2021).
Its nanostructure determines its physical and mechanical properties, allowing its
conformation to be controlled by the type of cultivation and strategies that develop

various morphologies, spatial structures, and functions (Wu et al., 2023).
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Figure 1.1: (a) Overview of the number of publications (dashed lines) and patents
(continuous lines) per year published on biopolymers from 1990 to 2019. (b)
Growth rate of patents and publications compared to the approximated global
rates, used as reference. Note that one of the areas with the highest interest right

now is bacterial nanocellulose (24). Reproduced from Tardy et al. (2021).

Physical hydrogels have recently been subjected by multiple types of
drying procedures to study the effect of these protocols on the physiochemical
properties of the material (Abral et al., 2021; Andree et al., 2021; llla et al., 2019;
Jiang et al., 2022; Prathapan et al., 2020a; S. Wang et al., 2017; Zeng et al.,
2014). One of them is the convective drying, limiting one of the directions in which
they can shrink, causing significant tensile stress to build along that route. This
process has been observed to lead to the alignment of polymer chains within
such an axis, influencing strength and toughness (Mredha et al., 2018). We
herein intend to extrapolate this approach for wet BC membranes, aiming to
promote the mono-orientation of the BC fibrils as well as to establish a robust
relationship between the degree of anisotropy and other microstructural features
and the macroscale properties of BC membranes dried in both ‘free’ and

‘restricted shrinkage’ conditions.



2 LITERATURE REVIEW
2.1 Cellulose

Cellulose is a linear homopolysaccharide consisting of 3-D-glucopyranose units
(anhydroglucose) linked by B-1,4-glycosidic interactions. It stands out for an
estimated annual production of 104 tons (Lima et al., 2015; Thomas et al., 2018).
As demonstrated in Figure 2.1, the repeating unit of cellulose has a well-defined
chemical structure. This biopolymer is highly valued for its numerous
technological applications, attributed to its hydrophilic nature, chiral properties,
biodegradability, and ability to undergo chemical modifications (Klemm et al.,
2006). The molecular arrangement of cellulose facilitates the formation of a
robust network through intermolecular hydrogen bonds and hydrophobic
interactions, leading to the development of semicrystalline domains with a
fibrous structuring that is insoluble in water and most organic solvents (Klemm
et al., 2006; Medronho et al., 2012).

OH OH
OH A 6 o OH OH
OHO o 5 1 oHO o .
H d | HON: d | Ho =
OH OH
OH OH n
Figure 2.1: Structural representation of a cellulose chain.

Among other minor components, plant cell walls are made up of lignin,
hemicelluloses, and cellulose, which make up roughly 30%, 30%, and 40%,
respectively, of the plant biomass, although the ratios may vary based on the
type of biomass and its growing conditions (Ek Monica et al., 2009).

Yet, besides plants, cellulose can be produced in the cells of various living
things, including bacteria (such as Acetobacter, Komagataeibacter, Rhizobium,
and Agrobacterium), fungi, algae, and marine animals, with different shapes and
at high purity (Gandini & Lacerda, 2015; He et al., 2020; Lahiri et al., 2021). The
cellulose produced by bacteria is referred to as native cellulose, and it comes in
two crystalline forms, cellulose | and cellulose Il, with cellulose | being the most



widespread. The glycan chains in cellulose | are oriented parallel to each other,
while in cellulose Il, they are arranged in an antiparallel fashion. Cellulose Il is
more stable due to an additional hydrogen bond per glucose chain (Brown Jr.,
2004). The crystalline native cellulose (Figure 2.2) also has two subtypes,
cellulose 1a and 183, with cellulose 1B being more thermodynamically stable. The
difference between these subtypes lies in how the hydrogen bonds are arranged
in the chains close to the cellulose molecule. The ratio of 1a to 13 depends on

the source of cellulose (Fink et al., 1997).
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Figure 2.2: Schematic representation of the cellulose | chains, in the same plane.
Source: Yuan; Cheng (2015).

2.2 Bacterial cellulose: Biosynthesis, Properties, and Applications

2.2.1 Biosynthesis

Bacterial cellulose (BC) was first described in 1886 by Brown, who was
working with acetic acid bacteria. He identified a gel-like layer formed on the
surface of vinegar fermentation broth, consisting of an extracellular gel material
chemically equivalent to the cellulose in cell walls, and designated it as
Acetobacter xylinum (Brown, 1886). This species, belonging to the family
Acetobacteriaceae, has undergone several taxonomic reclassifications; and is
now known as Komagataeibacter xylinus (Yamada et al., 2012). BC is aerobically
generated in an aqueous culture medium containing sugar as a carbon source. It

is produced as spheres, pellets, or irregular shapes under agitated culture or as



a sheet on the surface of the culture medium under static culture (Singhsa et al.,
2018; J. Wang et al., 2019). The production time ranges from several days to
weeks (Gatenholm & Klemm, 2010).

BC is typically produced under static culture and undergoes aerobic
fermentation to form a gel-like layer that remains on the surface of the medium
and has a high water-retaining capacity (Li et al., 2021). However, this more
integrated process has low productivity and high cost as it requires a lot of time,
a large surface area, and expensive raw materials, making its scaling-up difficult
in the industry (Islam et al., 2017). As such, several strategies have been
investigated to find new production lines to improve agitation and aeration (Czaja
et al., 2004; Shavyrkina et al., 2021; Singhsa et al., 2018) and use cheaper
carbon sources (Hong et al., 2012; Raiszadeh-Jahromi et al., 2020).

The composition of the culture medium varies according to the bacterial
strain. The medium is essentially composed of a carbohydrate source (sucrose,
glucose, fructose, lactose, mannitol, etc..), yeast extract, a nitrogen source (e.g.,

(poly)peptone, tryptone), and additives, as per Table 2.1.

Table 2.2.1: Different microorganisms and additives in the culture medium used

to produce bacterial cellulose.

Microorganisms Additives Reference
Gluconacetobacter. Glucose, sucrose, and fructose (Castro et al., 2012)
medellensis
Komagataeibacter xylinus Glucose (Dhar et al., 2019)
(ATCC 11142)
Gluconacetobacter xylinus Cotton cloth hydrolysate (Hong et al., 2012)
Gluconacetobacter xylinus Cashew apple juice and (Souza et al., 2020)
soybean molasses
Acetobacter xylinum (ATCC Carboxymethylcellulose (Cheng et al., 2011)
700178)
Gluconacetobacter hansenii Sugarcane molasses and (Costa et al., 2017)
UCP1619 acetylated glucose

2.2.2 Properties

BC is a naturally occurring biopolymer with remarkable properties, making
it an attractive material for various applications. Unlike plant cellulose, BC is
highly hydrated and devoid of lignin, pectic, hemicelluloses, and extractives. It



has superior mechanical properties due to its high crystallinity (84-89%) and
unique fiber-forming capabilities (Li et al., 2021; Mbituyimana et al., 2021).

BC boasts a high-water vapor transmission rate and liquid sorption
capacity due to its high hydrophilicity and capillarity induced by pores that are
uniformly distributed between 10 and 300 nm. Also, cellulosic structures are often
amphiphilic because of their extensive hydrogen bonding, associated with the
crystalline organization of their chains, which leads to hydrophobic interactions.
(Cacicedo et al., 2016; Lin et al., 2020; Mbituyimana et al., 2021).

The mechanical properties of BC membranes are also impressive (Table
2.2), with a high Young's modulus (15-35 GPa) and tensile strength (200-300
MPa). Other important features, including a high oxygen barrier, high thermal and
chemical stabilities, biocompatibility, and non-toxicity, further enhance the
potential of BC as a versatile material. In fact, native BC has been shown to
support human cell growth, with over 70% proliferation of L929 fibroblast and
osteoblast cells (LIN et al., 2020; Naomi et al., 2020).

Table 2.2.2: Mechanical properties of bacterial cellulose membrane and other

polymeric materials in the literature.

Material Young’s Tensile strength Elongation at Reference
modulus (GPa) (MPa) break
(%)

Bacterial Up to 15-35 200-300 1.5-2.0 (Marestoni et
cellulose al., 2020)
Polypropylene 1-1.5 30-40 100-600 (BARUD, 2010)

(PP)
Highly oriented ~15 ~450 ~7 (Alcock et al.,
PP 2009)
Biaxially 3.4 185.7 79.2 (Lepers et al.,
oriented PP 1999)
Poly(ethylene 3-4 50-70 50-300 (BARUD, 2010)
terephthalate)
(PET)
Biaxially 5.26 174.4 50 (Lepers et al.,
oriented PET 1999)
Cellophane 2-3 20-100 15-40 (BARUD, 2010)
Epoxy 3-5 30-90 20-85 (BARUD, 2010)
Nylon™ 12 1-2 40-50 >200 (BARUD, 2010)




2.2.3 Applications

The high purity of BC and the peculiar properties mentioned above have
aroused great interest in various areas, such as medicine (tissue engineering,
implants, wound dressings), food (dietary fibers and food packaging), electronics
(electronic paper, capacitors), and many others (Choi et al., 2022).

Regarding biomaterials, BC can be made highly porous and
biocompatible, promotes tissue regeneration and better cell interaction, and can
withstand high loads and abrasion (Hussain et al., 2019). BC can replicate the
skin surface and create an ideal environment for wound healing (Ahmed et al.,
2020; Lee et al., 2017). Similarly, implants have also been made using BC for
urethra (Maia et al., 2018), cornea and retina (Binder et al., 2007; C. Zhang et al.,
2020), bones (W. Zhang et al., 2020), and nerves (Yang et al., 2018).

The main reason BC has been studied in pharmacology is its potential for
controlled drug release. BC membranes serving as wound dressings have
demonstrated a high drug adsorption and transport capacity, enabling precise
drug release and retention to boost treatment efficacy (Navya et al., 2022; Trovatti
et al., 2012). BC can also be used as a subcutaneous implant for prolonged drug
release (N. H. C. S. Silva et al., 2014; Trovatti et al., 2012). In addition to its uses
in the skin, BC can be employed as a hydrogel for controlled drug release that is
also activated by pH changes (Arikibe et al., 2019; Pandey et al., 2014)

BC can serve as a base for some food formulations in the food industry
and be a suitable alternative for food packaging materials (Amorim et al., 2022;
Shi et al., 2014). BC can be used as additives to replace fat (carbohydrate- or
protein-based fat replacers) to produce “low-fat” foods (Guo et al., 2018;
Marchetti et al., 2017). Similarly, BC can be used as a matrix to create artificial
meat with a texture comparable to real meat (Marchetti et al., 2017).

For the electric and electronic industries, BC can provide a very alluring
product. BC composites have the potential to serve as the foundation for
producing OLEDs for flat and flexible video panels and electronic paper (Legnani
etal., 2019; Tajima et al., 2020; Ummartyotin et al., 2012). Due to its dimensional
stability, BC is utilized in speaker and headphone diaphragms because it offers

great sound velocity over a wide range of frequencies (Yamanaka et al., 1989).



2.3 Optical property and birefringence of a material

When light interacts with an object, it can happen in a variety of
phenomena, including diffraction, absorption, and scattering. It is well known that
if light falls on the material, there is little chance of occurring absorption when
electromagnetic radiation frequencies significantly differ from the resonance
frequency of the medium’s molecules. This can lead to deformations of the
molecules' electronic clouds, or polarization. As a result, they begin to oscillate in
a direction and at a frequency comparable to the incident light. As a result of this
interaction, the molecules emit light with the same properties as the incident light,
which also affects the surroundings. This effect reduces the speed of light
propagation, and by correlating the relationship between the reduced speed and
the speed of light in a vacuum, we can calculate the material's refractive index.
The basic equation for the refractive index is represented by Equation 2.1, where
n represents the index of refraction, c is the speed of light in a vacuum (3,0.108

m/s), and v is the speed of light in the medium (Sliney, 2016).
C
n = > (Equation 2.1)

In addition, materials can be classified as isotropic or anisotropic
depending on how their properties behave in a specific direction; for example, the
presence of different mechanical properties in different directions gives us an
anisotropic material, the opposite is classified as isotropic (the same properties
in all directions), this also occurs for interactions with light. Therefore, two primary
optical properties are used to characterize the presence of anisotropy or isotropy
in a material: dichroism and birefringence.

Dichroism is the property of absorbing electromagnetic radiation incident
on the material in a specific direction and is orientation dependent. On the other
hand, birefringence occurs when electromagnetic radiation hits a material, and it
has two refractive indices (or double refraction) (Hecht, 2002). When light

propagates in an optically anisotropic material, two rays with perpendicular



polarization states are formed, which travel through the material at different
speeds and in different directions. The wave whose electric field is oriented
perpendicular to the optical axis of the material is called an ordinary ray, while
the one oriented parallel to it is classified as an extraordinary ray (figure). In this
way, the ordinary ray is associated with a refractive index, no, and the

extraordinary ray to another, ne (Figure 2.3).

Incident Ra

Ordinary Ra
Extraordinary Ra

Figure 2.3: Schematic representation of the interaction of light in a

birefringent medium.

Thus, the birefringence (An) is determined by the difference between these

two refractive indices:

An =ne-no (Equation 2.2)

Hence, this optical property is commonly used to observe the orientation
and anisotropy in several fields, like biology, geology (Jin et al., 2024), and
polymer science (Medhat et al., 2017; van Aken & Janeschitz-Kriegl, 1980; Yu et
al., 2021). In geology, it is commonly used to identify a mineral by using the
interference colors (ZHOU; STARKEY; MANSINHA, 2004), and a more
advanced is in the shear wave splitting, often referred to as seismic birefringence,

is one of the best geophysical methods for identifying mantle flow fields in
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mineralogy through the detection of seismic azimuthal anisotropy in the Earth's
upper mantle. This method is especially useful in tectonically active areas,
including subduction zones, where seismic activity can be significantly influenced
by the mantle's movement and flow (Jin et al., 2024). In biology, you can directly
understand the dynamics and structure of molecular organization in systems like
striated muscles, protein solutions, and other biological systems by measuring
the birefringence in living cells. (Katoh et al., 1999; Taylor & Cramer, 1963).
Finally, in polymer science, the repeating unit is considered optically anisotropic
due to the direction-dependent interactions between the light and the electronic
cloud of the atoms. However, when the polymer molecules have a random
conformation, the anisotropy of the polymer chains is canceled out, and the
polymer becomes isotropic (Tagaya & Koike, 2001). On the other hand, when
polymers are subjected to a deformation process, the chains are organized in the
direction of flow, which consequently causes anisotropy in the region subjected
to this stress field (Inoue, 2021). In this way, we use this property to study
orientation, crystallization kinetics, and residual stresses, for example, in injected
parts. When analyzed between crossed polarizers, these anisotropic materials
are easily identified compared to optically isotropic materials. Unlike anisotropic
materials, isotropic materials are characterized by the fact that light always travels
at the same speed in any direction and vibrates in all directions perpendicular to
the direction of propagation, so they take on a black color (extinct color) at any

position in relation to the crossed polarizers.

2.4 Orientation and anisotropy

Polymers tend to align themselves in the direction of flow or deformation
during numerous industrial processes like drawing, extrusion, injection molding,
and rolling. The literature has extensively examined and reported on this
phenomenon (Bartczak et al., 2002; Gao et al., 2021; Gibson & Ward, 1980;
Nakayama & Kanetsuna, 1975). The resulting mechanical anisotropy is an
important element in determining the yield and failure behavior of materials. The
changed tensile stress that polymer samples encounter when tested at different

angles in relation to their orientation direction is one of the most important
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manifestations of this effect. Many investigations on this subject have described
the impact of anisotropy on the mechanical characteristics of materials. These
discoveries significantly impact the creation of new materials and improved
industrial processes.

Similarly to other materials, BC can be modified physically through
stretching (Jiang et al., 2022; Zhao et al., 2022). These processes may result in
the structural collapse or loss of micropores with a few microns diameter. This
can enhance the interfibrillar orientation into a denser association or further
increase their mechanical strength, enabling applications wherein this asset is
demanded.
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3 OBJECTIVES AND HYPOTHESES
3.1  General objective

The central scientific hypothesis guiding this research was that the uniaxial
restriction of the volumetric contraction experienced during drying would be able
to induce preferential orientation amid BC fibrils in the direction of the restriction,
raise the degree of interfibrillar interaction, generating mechanical anisotropy,
and ultimately lead to greater resistance in the direction parallel to the orientation.
This project was then intended to promote BC interfibrillar mono-orientation, as
well as to establish relationships between the degree of anisotropy and other
microstructural characteristics and the macroscale properties of BC membranes
dried in “free” and “restricted” fashions in terms of shrinkage, with the goal of
increasing mechanical resistance and stiffness in the direction of the drying

restriction.

3.2 Specific objectives

e Follow the microstructural evolution of wet BC mats during “free” and
“restricted” drying;

e Establish correlations between the mechanical and structural
properties of dried BC membranes with the degree of anisotropy
induced by the different drying protocols;

e Produce oriented BC membranes with anisotropic mechanical
properties;

e Validate or refute the primary scientific premises that support this

dissertation.
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4 MATERIALS AND METHODS
4.1 Preparation of bacterial cellulose membranes

The BC mats were supplied by BioSmart Nanotechnology after being
produced as described by Breijaert et al. (2025) using the bacterium
Komagataeibacter rhaeticus on Hestrin-Schramm (HS) agar in an air-circulating
oven at 28 °C for 24 h. Briefly, the third inoculum of the microorganism was grown
for 72 h at the same conditions as before but in an Erlenmeyer flask containing
the HS culture medium made up of 50 g glucose, 4 g yeast extract, 0.73 g
magnesium sulfate, 2 g potassium phosphate, 20 mL absolute ethanol 99.8%,
and 980 mL distilled water. The BC membrane formed at the interface between
the culture medium and the atmosphere was purified with 0.1 M sodium hydroxide
(NaOH) solution in a water bath at 70-80 °C for 30 min and then thoroughly
washed with distilled water until pH neutrality was achieved, aiming to remove
bacterial cells.

4.2 Free and uniaxially restricted drying of BC membranes

To assess the volumetric contraction experienced during the supposedly
"free" of constraints, the wet BC membranes were shaped into rectangular
geometries of 100 mm in length and 10, 30, or 50 mm in width and dried at room
temperature and relative humidity (RH) of 20% controlled by silica gel inside a
desiccator. Wet membranes with the same geometries were also dried with
uniaxial restrictions, as indicated in Figure 4.1 so that volumetric contraction was
only permitted in the direction perpendicular to the constrained axis. To evaluate
the impact of these independent variables on the microstructural and
macroscopic features of the dried membranes, this restricted drying was also
carried out at different stretching levels, enabled by the movable clamps of a
device designed by our research group (Figure 4.2). Afterward, selected films
were characterized to establish statistical relationships between film dimensions

and shrinkage percentages during drying.
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b2 )
- BC membrane
Figure 4.1: Schematic illustration of the apparatus used for drying the wet BC
membranes with uniaxially restricted contraction. It is expected that the
nanofibrils, previously randomly oriented (left), are gradually oriented in the
direction parallel to the constraint (right), depending on the level of stretching and
the capillarity experienced under different conditions of temperature and relative

humidity. Adapted from Mredha et al. (2018).

Figure 4.2: Device with movable clamps designed by the group (left) and an

example of a BC membrane drying in a uniaxially restricted direction (right).
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4.3 Polarized Fourier-transform infrared spectroscopy (pFTIR)

The pFTIR spectra were obtained on a Nicolet 6700 from Thermo Scientific
spectrometer operating with polarized IR light under the following conditions:
percentage of absorbance (1/T) with an accumulation of 64 scans, with a
resolution of 4 cm', in the wavenumber absorption range from 4000-400 cm-".
Each spectrum from pFTIR was normalized with OriginPro. This method used the
dichroism feature of anisotropic materials, which occurs when light with various
polarizations is absorbed at different rates. This showed the variation in
absorbance peak intensities at various polarization angles. The spectra acquired
at perpendicular and parallel polarizations of the entering light were used to
determine orientation. While no change in the intensity of bands is seen for a
random material, the peak absorbance intensities at two mutually perpendicular
polarizations are expected to vary for an oriented material. The dichroic ratio
(DR), which is the ratio of the intensities of the light polarized parallel and
perpendicular to the fiber direction (DR = Ay / A1), was used to determine the
degree of alignment (Kakade et al., 2007). We relied on this method to gain
insight into the orientation of BC fibrils from the DR after they are dried. Previous
studies examined the DR from the absorption bands 1,160 cm- for cellulose
fibers (Belbachir et al., 2011; Kafle et al., 2017). This band was attributed to the
coupling of the stretching vibrations of C-O-C and, therefore, was also used in

this study.

4.4 Scanning electron microscopy (SEM)

The morphologies of the membranes dried under different conditions
described above were investigated by SEM after being coated with a layer of
platinum through cathodic sputtering on ZEISS DSM 960. Surface and cryo-
fractured cross-sections (in both machine/parallel and transverse directions)
were imaged. After that, the images were analyzed by two existing plugins in the
Imaged software, which aim to infer the preferred orientation of the samples in
the SEM input image. It computes a histogram that indicates the number of
structures (fibers, tubes, etc.) in each direction. It also reproduces the analyzed

image with the directions/angles in which orientations are found, represented by
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colors from a color map. The images with isotropic characteristics are expected
to show a flat histogram, whereas images with a preferred orientation are

expected to give a histogram with a peak at that orientation.

4.5 Anisotropy analysis through crossed polarizer system and Michel-
Levy color chart

The dried BC films were analyzed using a system of crossed polarizers
that, in contact with the samples, made it possible to visualize the birefringence
of the sample. Based on the spectrum color shown by the system, the Michel-

Levy color charts were used to estimate the level of anisotropy.

4.6 X-ray diffraction (XRD)

The dry BC membranes were analyzed by XRD to elucidate their
crystallographic patterns and degree of crystallinity. XDR-6000 diffractometer
(Shimadzu) will be used with Cu-Ka radiation (A = 1.5406 A) and with 26 ranging

between 5° and 60°.

4.7 Mechanical properties

The dry BC membranes were subjected to dynamic mechanical analysis,
using tensile film clamp configuration. Rectangular specimens were cut from the
dried BC membranes, and to evaluate the mechanical anisotropy induced by the
restricted drying process, they were carefully cut in two orthogonal orientations:
(i) parallel (0°) to the uniaxial drying direction (machine direction, MD), and (ii)
transverse (90°) to it (transverse direction, TD).

This preparation ensured that differences in stiffness and deformation
behavior could be directly attributed to fibril alignment. The strain-rate mode was
selected to control the deformation during testing. Before each run, the samples
were equilibrated at 30 °C, followed by a strain ramp of 0.5% 'min™" up to a
maximum strain of 50%. Experiments were carried out under an air atmosphere
with continuous acquisition of stress (MPa) and strain (%). This procedure

enabled the extraction and comparison of tensile modulus and stress—strain
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responses between MD- and TD-oriented specimens, allowing a quantitative
assessment of the mechanical anisotropy generated by the drying-induced fibril

orientation.
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5 RESULTS AND DISCUSSION
5.1 Drying procedure

The wet membranes were cut into three rectangular geometries (1x10,
3x10, and 5x10 cm? with an average thickness of 1,30 mm) and dried at three
conditions. The first condition was the "free" drying, in which the dried films were
not constrained in any direction (Figure 5.1). To achieve this, a non-stick baking
sheet was used as a drying substrate. The second drying condition was
achieved by restricting the axial direction of the sample, as seen in Figure 4.1;
however, in this process, the BC membrane was not pre-stretched, as the
sample was placed in such a way that it was only aligned with the axial axis of
the frame. Finally, the last condition was the restricted drying in the axial
direction of the frame with the application of pre-stretching. Each geometry and

drying condition was obtained in three repetitions.

, T —— ]
T aARNRENEs: 0000

Figure 5.1: Images of the samples before and after the free drying.

5.1.2 “Free” drying

After collecting the samples in triplicate for each geometry, the percentage

of shrinkage experienced during drying was determined based on the average
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linear shrinkage for each dimension (length, width, and thickness). These values
were treated in the Minitab statistical software for analysis of variance (ANOVA)
at 5% significance to verify significant differences between the means of these
three independent groups and the possibility of predicting shrinkage during
drying. Whenever suitable, the ANOVA output was fed into a Tukey's post hoc
test at p = 0.05 to investigate quantitative differences as per (Table 5.1).
Concerning width, the shrinkage percentage was significantly different: the 50-
mm-wide film shrank the most. However, necking was not observed as this type

of drying did not lead to expressive anisotropic contraction, as expected.

Table 5.1: Percentage contraction in the three dimensions (length, width, and
thickness) of bacterial cellulose mats after free drying. The lowercase letters refer

to comparisons among values in the same column.

Original width Length Width shrinkage Thickness
(mm) shrinkage (%) (%) shrinkage (%)
10 27+0.82 1.3+0.5° 72+1°
30 3.2+0.32 1.5+04° 74+3°
50 3.6+0.22 4+£2°b 72+12

5.1.3 Restricted drying without pre-stretching

In this case, the samples were dried in the designed frame (Figure 4.2) to
restrain one of the directional axes; however, during this drying process, no force
was applied to pre-stretch the wet BC membranes, and the RH was controlled
(20%) using silica gel. ANOVA was also carried out for the shrinkage percentage.
As per Table 5.2, the specimen length was not reduced because it was
constrained along the main axis. This, in turn, led to a necking effect in width,
which also shrank more than in the “free” drying condition. Necking occurred
unevenly and predominantly in the 10-mm-wide geometry.
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Table 5.2: Percentage contraction in the three dimensions (length, width, and
thickness) of bacterial cellulose mats after restricted drying without pre-

stretching. The lowercase letters refer to comparisons among values in the same

column.
Original width Length Width shrinkage Thickness
(mm) shrinkage (%) (%) shrinkage (%)
10 - 49+82 81+1°2
30 - 18+ 3P 81.5+0.6°2
50 - 15+3°P 80.4+04°2

5.1.3 Restricted drying with pre-stretching

Pre-stretching the wet BC membranes before drying did not lead to
thickness and length variations, unlike the width (Table 5.3). Again, the 10-mm-

wide membrane showed a higher percentage of width reduction.

Table 5.3: Percentage contraction in the three dimensions (length, width, and
thickness) of bacterial cellulose mats after restricted drying with pre-stretching.

The lowercase letters refer to comparisons among values in the same column.

Original width Length Width shrinkage Thickness
(mm) shrinkage (%) (%) shrinkage (%)
10 - 64+52 86.6+0.62
30 - 38+2° 87.4+08?2
50 - 30+4° 85+13

From another perspective, ANOVA compared samples of the same

geometries with different drying processes. Table 5.4 shows lowercase and
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uppercase letters; the lowercase letters refer to comparisons among values in the
same column, i.e., samples with different initial widths, while the uppercase letters
pertain to a comparison by row, meaning for samples of the same initial width but
dried under various conditions. Therefore, it is noted that for the material of the
same width, under different drying conditions, the percentage reduction in the
shrinkage of the BC film is exclusively different. Therefore, it was not possible to
find a shrinkage pattern during drying, which we could use to control the necking

of the material and thus obtain a perfectly rectangular material when dried.

Table 5.4: Width shrinkage of BC membranes of different geometries and dried
differently. The lowercase letters refer to comparisons among values in the same

column while the uppercase letters pertain to a comparison by row.

Original width Length Width shrinkage Thickness
(mm)
shrinkage (%) (%) shrinkage (%)
10 RS 49 + 838 64 £ 53A
30 1.5+0.42C 18 + 3 9B 38 £ 2 bA
50 il s 7 199 15+ 3 bB 30+ 4PA

Table 5.5: Thickness shrinkage of BC membranes of different geometries and

dried differently. The lowercase letters refer to comparisons among values in the

same column while the uppercase letters pertain to a comparison by row.

Original width Length Width shrinkage Thickness
(mm) shrinkage (%) (%) shrinkage (%)
10 12 e £ 81+13B 86.6 + 0.6 @A
30 74 +33C 81.5+0.6 2 87.4+0.83
50 72+13C 80.4+04 3B 85+ 13
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5.2 Anisotropy analysis through crossed polarizers and Michel-Levy
color chart

The anisotropy analysis was conducted using an instrument created from
a simple white LED panel and two crossed-polarized films, as shown in Figure
5.2. The BC films, once dried, were placed in the apparatus to observe the
change in birefringence caused by the different drying processes and then
compare them to determine which BC film would have the higher anisotropy,
degree of orientation of crystalline regions, or alignment of chains. As previously
mentioned, the films subjected to this test were: the BC membranes dried “freely”
(Figure 5.4), with restriction in their longer axis but without pre-stretching (Figure
5.5), and both restricted and pre-stretched (Figures 5.6 and 5.7). However, for
the latter, different levels of pre-stretching were applied. For crystalline and
amorphous polymers, the birefringence reflects the degree of orientation of
crystalline regions or the alignment of chains under the influence of specific
factors such as thermal treatment (annealing) and, in this case, mechanical stress
(stretching) (Postolache et al., 2022).
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Figure 5.2: Image of the white LED panel with two crossed-polarized films
sandwiching polyethylene films of different optical birefringences (for comparison

purposes) and a representative BC dried film.

Calculated Michel-Lévy Colour Chart
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Figure 5.3: Michel-Lévy interference color chart, considering an average
wavelength of 550 nm for white light. Adapted from (SGRENSEN, 2013).

Figure 5.4: Digital Image of a BC film dried in a “free” fashion within crossed

polarizers.

With regard to the BC membranes that were dried but fixed in the axial
direction (Figure 5.5), even though they were restricted in one direction, there

was no significant difference in their birefringence, as per the white (15t order) to
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yellowish-white color transition, which means that there was an increase in

birefringence, but there was no considerable increase in anisotropy.

Figure 5.5: Image of a sample restricted dried in the axial axis without the pre-

stretching inside the crossed polarizers system.

For the BC mat dried in a restricted, pre-stretched way, there were some
difficulties during drying: when the BC was subjected to pre-stretching, it slipped
out of the frame, preventing it from drying expectedly; also, the pre-stretching
could be applied to the polymer without it slip was low so it allowed the chains
that were oriented due to stretching to relax during drying, resulting in a polymer
similar to ordinary BC. To solve these problems, two simple ways were used to
see which would be the most advantageous to induce orientation in the uniaxial
direction of the BC microfibrils. The first was to increase the contact area of the
BC with the "claws"; in other words, the proper length of the BC film was reduced
by clamping a larger area in the restriction zone (the ends of the films). The
second way was to use polishing sandpaper attached to the ends of the samples
when drying to increase friction due to contact between the protrusions of the
sandpaper and the film, promoting the possibility of applying a greater pre-stretch
to the film. The two methods were used, and the results can be seen in Figures
5.6 and 5.7, respectively. In both, it was possible to notice a change in optical
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anisotropy and, therefore, an increase in birefringence. The BC in Figure 5.6
shows maximum second-order birefringence due to its coloration, which goes
from yellow in the first order and tends to dark blue in the second. In contrast,
Figure 5.7 shows the passage of interference colors up to the yellow of the
second order, thus representing a higher value of birefringence. Hence, the
sample has a higher value of optical anisotropy. Therefore, the drying procedure
provokes a theoretical increase in the degree of orientation or alignment of the
chains. It can be confirmed using other techniques to analyze their orientation,
like SEM and pFTIR.

Figure 5.6: Image of a sample restricted dried in the axial axis with pre-stretching

inside the crossed polarizers system.
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Figure 5.7: Image of a sample restricted dried in the axial axis with pre-stretching
inside the crossed polarizers system. Using an abrasive to get more fixation in

the frame “claws.”

5.3 Polarized Fourier-transform infrared spectroscopy (pFTIR)

After characterizing the BC using birefringence to verify the optical
anisotropy and estimate the degree of orientation in the axial direction of the
frame, pFTIR, which uses the dichroism property of a material, was applied to
verify the presence of orientations, further validating the previous results. To do
this, an attenuated total reflectance FTIR was first carried out to check for the

presence of the valence bands shown in Figure 16.
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Figure 5.8: ATR-FTIR spectrum of a bacterial cellulose film dried “freely.”

The absorption band around 1160 cm-! has been highlighted for better
visualization as it was used to calculate the dichroic ratio, as in previous studies
(Belbachir et al., 2011; Kafle et al., 2017; Kakade et al., 2007). The absorption
bands in Figure 5.8 are characteristic of cellulose, where the bands between
3000-3700 cm™" are attributed to the stretching vibration bands of the O-H bonds
of the primary and secondary hydroxyl groups; the band around 2900 cm! is
attributed to the stretching vibration of the C-H bond; that at ~1650 cm-’
represents adsorbed water, i.e., also O-H bonds; those centered at 1315, 1335,
1430, and 1470 cm™' are correlated to the in-plane bending vibration bands of the
primary and secondary hydroxyl groups; the band at ~1160 cm™! is attributed to
the anti-symmetric stretching vibration of the C-O-C glycosidic bond; those at
1110, 1060, and 1035 cm™' are assigned to the vibrations of the C-O bond of
carbons 2, 3, and 6; finally, the bands at 665 and 705 cm-"! are due to out-of-plane
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torsional vibrations of hydrogen-bonded O-H groups (Atykyan et al., 2020; Foster
et al., 2018; Kafle et al., 2017).
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Figure 5.9: pFTIR of “freely” dried bacterial cellulose films parallel (blue) and

perpendicular (red) to the constrained direction.

Coupling cross polarizers to a FTIR operating in transmission mode allows
observing the behavior of the bands assigned to the material in a particular
direction, which in turn enables studying the orientation of the polymer chain
using dichroism. In this sense, Figures 5.9 and 5.10 evidence that the absorption
profile in natural BC differs from that in pre-stretched BC. Figure 5.9 shows that
the absorbance values at ~1160 cm™' in the "freely" dried BC are slightly higher
in the perpendicular direction (90°) than the parallel direction (0°), leading to a
dichroic ratio (DR) of 0,99. Because this value is close to 1, this sample is
considered non-oriented. This deviation from isotropy, meaning a slight

preferential orientation, is assigned to the intrinsic birefringence of BC. The
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literature shows that the preferential orientation of cellulose microfibrils for the
band studied is around 30° (Kafle et al., 2017).

On the other hand, Figure 5.10 shows the spectra recorded in restrictedly
dried BC that has been pre-stretched with no abrasive clamps, evidencing a much
more pronounced difference compared to the previous behavior. The absorbance
value of the parallel peak is higher than in the perpendicular direction, pointing to
a certain level of orientation (DR = 1.20). This low DR corroborates the low
birefringence shown in Figure 5.6. Still, DR > 1 surpasses the intrinsic
birefringence of BC itself and reflects the orientation arising from the restricted

drying scheme.
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Figure 5.10: pFTIR of restricted BC with pre-stretching but without the abrasive
in the parallel (blue) and perpendicular (red) of the constrained direction.

The spectra of the most birefringent samples (i.e., restrictedly dried and

pre-stretched by abrasive clamps) is shown in Figure 5.11. We needed to deal
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with a common error in transmission FTIR testing where the absorption bands fall
beyond the Beer-Lambert-Bouguer limit, i.e., the absorption value exceeds one
unit. This causes unreliability in the characterization resulting in biased
absorbance, deviating from the linearity. This can be caused by various
phenomena, for example, high sample thickness, which can be the case for
shrank samples. To solve this, an adhesive tape was used to tear off a thin strip
of the dried BC film, enabling one to observe an increase in orientation that led
to a DR of 1.33.
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Figure 5.11: pFTIR of BC restricted dried with abrasive between the “claws” in

the parallel (blue) and perpendicular (red) of the constrained direction.

5.4 Scanning electron microscopy (SEM)

The surface and cryo-fractured cross-sections of the different BC films
were characterized morphologically by SEM. To enable proper comparison, the

samples were carefully positioned longitudinally on the stubs (Figure 5.12). The
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stubs, in turn, were also positioned carefully so that it was possible to see the
marking line of the carbon tape to make this process as reliable as possible if the
direction of the microfibrils that are observed were oriented in the longitudinal
direction, which was the direction of the pre-stretching and restriction. From the
obtained micrographs, the Orientationd plugin, which is a series of ImageJ
software plugins for analyzing directional images, was used. This resource is
widely used in other literature to quantify fiber alignment and other studies that
consider the orientation of a material (Fee et al., 2016; Rezakhaniha et al., 2012;
Sharabi et al., 2015)A color map (Figure 5.13) can be seen from the obtained and
treated micrographs, showing the relationship between the local angular direction

and a given color.
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Figure 5.12: Stubs topped with the bacterial cellulose samples.
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Figure 5.13: Color map following the Hue, Saturation, Value (HSV) color model.
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Figure 5.14: SEM of “freely” dried BC at two different scales represented by the
letters (a and c) and the respective images generated by the OrientationJ plugin

(b and d), where each color represents an orientation angle.

Figure 5.14 evidence that BC has a preferential direction distribution of its
microfibrils around 20° since the greenish color is predominant in Figures 5.14b
and 5.14d. In contrast, Figures 5.15 and 5.16 show a change in this distribution,
where BC films that have been dried restrictively under pre-stretching to cause
orientation to have a predominantly red and pink coloration, which means that the
most abundant local preferential direction is around 90°, which would be precisely

the axial direction used to dry the film.
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Figure 5.15: SEM of restricted dried BC with pre-stretching but without the
abrasive at two different scales represented by the letters (a and c¢) and the
respective images generated by the Orientationd plugin (b and d), where each

color represents an orientation angle.
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Figure 5.16: SEM of BC restricted dried with abrasive between the “claws” at two
different scales represented by the letters (a and c) and the respective images
generated in the same scale by the Orientationd plugin (b and d), where each

color represents an orientation angle.

Figure 5.17 shows the relationship between the distribution of microfibril
orientation and the angle at which they are oriented. The change in orientation
from ordinary BC to oriented BC can be seen more clearly in this graph, as the
maximum peaks of the curves are found, as previously mentioned, between 20°
for the ordinary BC curve and 90° for the mono-oriented BC films. This highlights
the wider distribution of orientation around the axial direction in the BC film

bearing the greatest birefringence, corroborating the previous tests.
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Figure 5.17: Distribution graph from orientation angle and angular density
distributions of “freely” dried BC (black); BC with pre-stretching but without the

abrasive(blue); BC restricted dried with abrasive between the “claws” (red).

As for the cryo-fracture micrographs (Figure 5.18), the BC film has a
veneer structure, just as in the literature (GROMOVYKH et al., 2020; WU et al.,
2023). When it goes through the drying-induced orientation process, there is a
greater density of microfibrils that follow an order in the fracture region, while for
ordinary BC, there is a presence of microfibrils that are more scattered
"randomly”, which suggests that these strong interconnections of the microfibrils

end up generating greater tensile strengths and moduli in the oriented direction.
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Figure 5.18: Cryofracture surface of SEM in BC films. a) “freely” dried BC; b) BC
with pre-stretching but without the abrasive and c) BC restricted dried with

abrasive between the “claws”.

5.5 X-ray diffraction (XRD)

X-ray diffraction was carried out to confirm the influence of the restrict drying in
the crystalline structure of cellulose. The crystallinity index (Cl) of the samples,

was calculated according with the Ruland method (Equation 5.1),

Crystallinity (%) = (M) x 100 (Equation 5.1)

Atotal

Acrystaline is the sum of the area of all crystalline peaks and Atotal is the sum of the
crystalline area and the amorphous area under the curve in the XRD pattern. The
calculated percentages of crystallinity for the BC samples can be seen in the
Table 2 below

Table 5.6: Apparent crystallinity index (Cl) at the center and edge regions of
bacterial cellulose (BC) films dried under free and restricted conditions, the latter
submitted to low- and high pre-stretching levels (BC_MO and BC_MO’).

BC Sample Crystallinity Index (%) | Crystallinity Index (%)
(Center) (Edge)
BC 74.7 73.6
BC_MO 78.3 74.9
BC_MO’ 78.7 76.5
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Figure 5.19: X-ray diffractogram of freely” dried BC (BC); Restricted Dried BC
but without the abrasive (BC_MO) and restricted dried BC with abrasive between
the “claws” (BC_MO’). Two sections were analyzed the center (C), the edge (E)

of the samples.

From the XRD patterns, we can see that in Figure 5.19 there is three
common crystalline peaks at around 14.5°, 16.7°, and 22.7°, corresponding to
the (101), (101), and (002) planes of bacterial cellulose (ABRAL et al., 2021;
FOSTER et al., 2018; ZENG; LAROMAINE; ROIG, 2014). The results show no
significant difference in crystallinity. However, the calculated percentage for these
samples shows that a slight increased Cl is reached for the BC that was pre-
stretched and dried by the restrict protocols. This apparent increase may be
explained by the alignment of BC microfibrils, as demonstrated in previous tests.
Such alignment can promote a more tightly packed structure with greater
microfibril stacking, leading to a reduction in pore volume and, consequently, an

increase in crystallinity (Prathapan et al., 2020b).
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5.6 Dynamic Mechanical Analysis (DMA)

The mechanical properties of the BC films were analyzed using the DMA
(Figure 5.20). First, the films were tested in two main directions: parallel (0°) and
transverse (90°) to the direction of orientation. According to Table 5.7 and Figure
5.20, preferential orientation increased Young's modulus and tensile strength in
the parallel direction, while the samples became less stiff, though more resistant,
in the transverse direction. As expected, freely dried BC was mechanically
isotropic. Elongation at break was only mildly affected. As BC consists of a
continuous network of fibers with cross-linked nodes and absence of fully isolated
fibers, its response to stress is associated with cellulose-cellulose slippage,
breaking of covalent bonds, and the bending of fibers. Therefore, the observed
anisotropy in aligned samples results from the energy required to overcome
secondary (e.g., hydrogen bonding, van der Waals) interactions for partial
slippage of fibers when stretching films in MD. However, slippage and secondary
interactions will have marginal effect compared to fibers bending in out of
alignment planes (Luotonen et al., 2022). Therefore, in TD, the response to stress
can principally be associated with fiber bending and loose fibers slippage in the

stress direction.

Table 5.7: The average tensile strength, elongation at break and Young’s
modulus calculated using the acquired Stress x Strain curves of the “freely” dried
BC, BC restricted dried (BC_MO) and with abrasive between the “claws” (BC

MQO’) in the perpendicular direction (90°) of the restrain and parallel (0°).

Tensile strength Elongation at Young’s modulus
(MPa) break (GPa)
Material (%)
Il (0°) 1 (90°) Il (0°) 1 (90°) Il (0°) 1 (90°)
BC 59.1+34 | 63.8+7.0 | 1.0+01 | 1.3+0.13 | 7.6+0.1 7.7+13
BC MO 1222+ | 934+37 | 1.4+01 | 39+04 | 172+03 | 54+0.1
. 12.8
BC MO’ 123.8 + 111.36+ | 1.0+0.07 | 46+0.6 | 21.2+0.2 | 51+0.1
- 11.0 2.2
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Figure 5.20: Stress x Strain curves of dried BC on different drying procedures

and directions used on the test. The angles are parallel (0°) and transverse (90°)

to the direction of orientation.
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6 CONCLUSION

This work evaluates the relationship between optical response, chemical as well
as diffractive fingers prints, and anisotropy of mechanical response for uniaxially
oriented fibers as obtained from axial restriction during drying. The
monodirectional BC films exhibit enhanced interfibrillar interactions, reduced
porosity, an apparent increase in Cl, and pronounced optical anisotropy. The
extent of stretching applied prior to drying plays a decisive role in controlling the
degree of fibril orientation, with higher pre-stretch levels (BC_MO and BC_MO’)
leading to greater alignment during consolidation. As a direct consequence, the
restricted dried films display clear mechanical anisotropy, with distinct stiffness,
strength, and deformation behavior along directions parallel and perpendicular to
the orientation axis, in contrast to the isotropic response of freely dried BC. The
study elucidates the structure/property relationships in the obtained BC with long-
range ordered fibers, as obtained from a simple, low-cost, and solvent-free
alignment approach. While further optimization is required to improve drying
kinetics, fixation strategies, and scalability for industrial implementation, the
results highlight the strong potential of controlled drying as a versatile tool to tailor
the structural, optical, and mechanical performance of BC films for applications

in composites, sensors, and smart or functional bio-based devices.
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FUTURE WORKS

e Optimize the amount of orientation introduced from other drying
parameters, such as different relative humidity, drying environment
temperatures, and others;

e Optimize the drying frame regarding size and force on the restriction so
that greater pre-stretch can be introduced into the film without slipping;

e Trying to produce a unique augmented birefringence BC film;

¢ |nvestigate more about the changes in crystalline index of BC during the
drying process and employ small-angle X-ray scattering (SAXS) to
determine the Herman’s orientation parameters;

e Use Polarized Light Optical Microscopy to calculate the average

birefringence of the BC microfibrils;
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