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Abstract: Pickering emulsions (PEs) differ from conventional emulsions in the use of solid col-
loidal particles as stabilizing agents instead of traditional amphiphilic molecules. Nanostructured
biopolymers (NBs) emerge as a promising alternative for PE stabilization owing to their remarkable
biocompatibility, abundant availability, and low cost. To explore this potential, a study is herein
presented, in which cellulose nanocrystals (CNCs), both type I and type II allomorphs, and chitin
nanocrystals (ChNCs) were used for stabilizing oil-in-water PEs prepared by the use of ultrasound.
Sunflower oil was selected as the oil phase as it offers the advantages of being edible, renewable,
and inexpensive. By utilizing ζ-potential, static light diffraction, and visual observations, we deter-
mined the optimal oil/water ratio for each type of NB to obtain stable emulsions after 14 days. The
optimized PEs were used to form bacterial nanocellulose composites through emulsion templating.
To our knowledge, this study represents a pioneering work in exploiting oil-in-water PEs for this
approach. Additionally, it entails the first utilization of nonmercerized type II CNCs as stabilizers
for PEs, while also establishing a direct comparison among the most relevant NBs. The resulting
composites exhibited a unique morphology, composed of larger pores compared to standard bacterial
nanocellulose aerogels. These findings highlight the notable potential of NBs as stabilizers for PEs
and their ability to generate green nanocomposites with tailored properties.

Keywords: biopolymers; bionanofabrication; cellulose nanocrystals; chitin nanocrystals; nanocellulose

1. Introduction

A classical emulsion is a mixture of two immiscible liquids stabilized with an am-
phiphilic molecule, known as the emulsifying agent or surfactant. An emulsion is composed
of two liquids: a dispersed/internal phase and a continuous/external phase. In contrast
to classical emulsions, Pickering emulsions (PEs) employ solid colloidal particles as the
stabilizer [1,2], such as silica particles [1], bacterial cellulose nanofibrils [3], or cellulose
nanocrystals (CNCs) [4]. PEs have been found to display better stability against coalescence
and sedimentation compared to classical emulsions [1]. Different parameters, such as the
surface chemistry of these particles, their concentration, or the ratio between the phases,
can be modified to tune the characteristics of the PEs [1]. These have been proven as a
classical emulsions substitute in diverse applications: 3D printing [5], pastry processing [6],
or the creation of conductive foams [7].

Nanostructured biopolymers (NBs) are sustainable nanomaterials with increasing in-
terest due to their excellent physical and chemical properties and biocompatibility together
with high abundance and a low cost. Cellulose nanomaterials are the most investigated
kind of NBs, being classified into three groups depending on the morphology and their
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dimensions: CNCs and cellulose nanofibers, which are both synthesized via top-down
methodologies, and bacterial nanocellulose (BNC), which is produced in a bottom-up way
by the action of specific bacteria [8,9]. These materials, due to their intrinsic anisotropy,
have great potential for sustainable applications [10]. Cellulose has two main crystalline
allomorphs depending on the chain orientation: type I (parallel), dominant in nature, and
type II (antiparallel), which is mainly manufactured [8]. The allomorph type has a major
role in the properties and applications of CNCs, for instance, unique electrochemical or
biological performance when combined with carbon nanotubes [11–13]. Acid hydrolysis is
the most convenient way to obtain both CNC main allomorphs via a one-pot synthesis, as
the outcome can be controlled by changing the synthesis conditions (time and temperature
of reaction, homogenization method, and timing of acid addition) [12,14].

Chitin nanocrystals (ChNCs) are synthesized, similar to CNCs, by breaking the non-
crystalline parts of chitin chains via chemical or physical processes, such as TEMPO
oxidation, ball milling, or acid hydrolysis [15,16]. ChNCs have a higher water stability,
biocompatibility, and biodegradability compared to bulk chitin [17]. The size and shape of
ChNCs is similar to type I CNCs, but ChNCs possess positive surface charges due to the
protonation of some amino groups [18–20], while CNCs obtained by acid hydrolysis have
negative charges due to the insertion of sulfate ester groups [21,22].

In recent years, NBs have been commonly used for the stabilization of PEs. In 2011,
Kalashnikova et al. [23] reported the first successful use of CNCs, derived from BNC, for
hexadecane in water PEs. Similarly, Tzoumaki et al. [19] demonstrated the formation of
corn oil in water PEs using ChNCs. These initial studies provided a strong foundation for
further exploration of NBs as effective and sustainable emulsifiers. Li et al. [24] performed
the first comparison of different CNCs allomorphs for PEs. They observed that type I
CNCs exhibited superior emulsifying properties compared to type II CNCs, as per a larger
emulsion ratio and smaller droplet size. Notably, in their study, type II CNCs were prepared
via mercerization, a traditional conversion process that removes the existing ester sulfate
groups [25]. Peng et al. [18] compared type I CNCs and ChNCs and found a higher relative
emulsifying capacity in the ChNCs (with similar sizes), whereas CNCs displayed better
stability. However, there is still a need to investigate the use of type II CNCs prepared
via acid hydrolysis (i.e., with their full content on negatively charged sulfate ester groups)
for PEs formulations, as no previous studies have explored the use of this specific kind
of type II CNC. Type II CNCs obtained by acid hydrolysis possess a higher number of
sulfate groups in their surface compared to type I CNCs [26], which could entail potential
performance differences. Additionally, a direct comparison between type II CNCs and
ChNCs has not yet been addressed. Filling these two gaps would provide valuable insights
leading to novel potential applications of PEs.

In particular, amongst the different NBs, BNC is a promising material in various fields
due to its outstanding properties, including high tensile strength, high crystallinity, and
high water-holding capacity. As mentioned earlier, BNC is a NB biosynthesized by aerobic
bacteria, directly at the nanoscale in the form of hydrogel pellicles, from a carbon source,
such as glucose, fructose, or glycerol [27–29]. However, BNC properties can be further
improved by the introduction of additives into the culture media, such as vegetable oil [30].
The production of composites, which can be classified as in situ or ex situ [31], could also
promote new functionalities in the BNC, for example, the incorporation of CNTs [32] or
aloe vera extracts [33].

Recently, innovative methodologies have been developed for the production of BNC
composites to create functional and advanced BNC-based materials [34–37]. Some strategies
are the use of alginate beads to form BNC microspheres [34] and 3D printing techniques [35].
Emulsion templating is another promising method, which involves the generation of BNC
capsules through water-in-oil emulsions [36]. Despite being widely known in microbiology
and its high potential for enhanced BNC composites, only the aforementioned precedent
work of Pepicelli et al. [36] successfully used water-in-oil emulsions for templating of
BNC materials. Because the culture medium was the internal phase of the emulsions, they
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obtained BNC microcapsules. However, the reverse scenario (oil-in-water emulsions), with
the culture medium as the external phase, remains unexplored and represents a research
opportunity. Moreover, the addition of vegetable oil to the BNC culture medium reportedly
increases the yield and provides improved BNC hydrogels [30,38,39]. In particular, a
tailored porosity and microstructure of BNC hydrogel could be therefore envisioned, as
the production of BNC would occur in the aqueous continuous phase, together with an
increased yield.

Our approach aims at searching for a new paradigm for culturing BNC in a noncon-
ventional manner, through oil-in-water PEs as a tool for sustainable bionanofabrication.
Henceforth, this study (Figure 1) is devoted to employing three different NBs as stabilizers
for oil-in-water PEs, with vegetable oil as the dispersed phase, in order to attain an edible
and inexpensive system. Ultimately, by using an in situ strategy with the PE as a template
ruling the eventual microstructure, we aim to demonstrate the potential of the optimally
prepared PEs as a means for producing bottom-up “all-biopolymer” BNC nanocomposites.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 3 of 17 
 

 

eration of BNC capsules through water-in-oil emulsions [36]. Despite being widely 
known in microbiology and its high potential for enhanced BNC composites, only the 
aforementioned precedent work of Pepicelli et al. [36] successfully used water-in-oil 
emulsions for templating of BNC materials. Because the culture medium was the internal 
phase of the emulsions, they obtained BNC microcapsules. However, the reverse scenario 
(oil-in-water emulsions), with the culture medium as the external phase, remains unex-
plored and represents a research opportunity. Moreover, the addition of vegetable oil to 
the BNC culture medium reportedly increases the yield and provides improved BNC 
hydrogels [30,38,39]. In particular, a tailored porosity and microstructure of BNC hy-
drogel could be therefore envisioned, as the production of BNC would occur in the 
aqueous continuous phase, together with an increased yield. 

Our approach aims at searching for a new paradigm for culturing BNC in a non-
conventional manner, through oil-in-water PEs as a tool for sustainable bionanofabrica-
tion. Henceforth, this study (Figure 1) is devoted to employing three different NBs as 
stabilizers for oil-in-water PEs, with vegetable oil as the dispersed phase, in order to at-
tain an edible and inexpensive system. Ultimately, by using an in situ strategy with the 
PE as a template ruling the eventual microstructure, we aim to demonstrate the potential 
of the optimally prepared PEs as a means for producing bottom-up “all-biopolymer” 
BNC nanocomposites. 

 
Figure 1. Scheme of the overall conceptual approach for preparing PEs stabilized by different bi-
opolymer nanocrystals, and their use as BNC growth template. 

2. Results and Discussion 
2.1. Synthesis and Characterization of CNCs and ChNCs 

The structural, thermal, and morphological analysis of the synthesized NBs (chem-
ical structure in Figure S1, Supplementary Materials) were performed by X-ray diffrac-
tion (XRD), thermogravimetric analysis (TGA), and transmission electron microscopy 
(TEM), as depicted in Figure 2. Figure 2A shows the XRD patterns of CNCs I, CNCs II, 
and ChNCs. The diffractogram of CNCs I exhibits a main peak corresponding to the (200) 
diffraction plane, along with two slightly overlapped diffraction peaks, (110 ) and (110), 
at around 16°. CNCs II exhibit two peaks of similar intensity, (110) and (020), and two less 

Figure 1. Scheme of the overall conceptual approach for preparing PEs stabilized by different
biopolymer nanocrystals, and their use as BNC growth template.

2. Results and Discussion
2.1. Synthesis and Characterization of CNCs and ChNCs

The structural, thermal, and morphological analysis of the synthesized NBs (chemical
structure in Figure S1, Supplementary Materials) were performed by X-ray diffraction
(XRD), thermogravimetric analysis (TGA), and transmission electron microscopy (TEM),
as depicted in Figure 2. Figure 2A shows the XRD patterns of CNCs I, CNCs II, and
ChNCs. The diffractogram of CNCs I exhibits a main peak corresponding to the (200)
diffraction plane, along with two slightly overlapped diffraction peaks, (110) and (110), at
around 16◦. CNCs II exhibit two peaks of similar intensity, (110) and (020), and two less
intense peaks, (110) and (004). Notably, both allomorphs display a peak corresponding to
the (004) plane at the same Bragg angle. As for ChNCs, a distinct intense peak at 19◦ is
observed, representing the (110) plane, with a small shoulder on its right, denoting the (120)
plane. Additionally, ChNCs display several less intense peaks, corresponding to the (020),
(021), (130), and (013) planes. Thus, the XRD pattern of each nanocrystal aligns with the
expected phases for type I and type II CNCs and α-chitin [12,15,20,21]. The TGA analysis
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(Figure 2B) revealed distinct thermal degradation profiles among the NBs. CNCs I and
CNCs II exhibited a similar two-step thermal degradation process, yielding a comparable
mass residue of around 25%. In contrast, ChNCs showed higher thermal stability with a
one-step degradation process, resulting in a lower mass residue at 800 ◦C compared to both
CNCs. Moving to the morphological aspects, TEM microscopy (Figure 2C–E) confirmed
the distinct characteristics for each type of NB. Type I CNCs fibrils were longer, type II
CNCs were more twisted and shorter, and ChNCs fibers shared a similar needle shape to
that of type I CNCs. These results provide insight into the uniqueness of each nanocrystal
variant and contribute to a comprehensive understanding of their behavior as emulsifiers
in PEs.
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The ζ-potential, which relates to the electrostatic repulsion, helps to evaluate the
stability of PEs through time [2]. A high absolute ζ-potential value would cause the oil
droplets to collapse as the nanocrystals would repel each other too much, while a very
low value would facilitate the nanocrystals agglomeration. Therefore, to obtain a stable
PE, it is necessary to slightly reduce the ζ-potential of nanocrystal dispersions below
30 mV by using an ionic compound, such as NaCl, to screen the surface charge while
maintaining a suitable particle size. To determine the optimal NaCl concentration, the
ζ-potential and the hydrodynamic radius of the nanocrystals were measured at different
NaCl concentrations (Figure 3). Although CNCs showed a negative ζ-potential due to
sulfate ester groups, and ChNCs displayed a positive ζ-potential due to amino group
protonation; it is noteworthy that their absolute values were compared, as this provides
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valuable insights into the electrostatic repulsion irrespective of the sign. In the absence
of NaCl, CNCs I exhibited the highest ζ-potential (−46 ± 2 mV), while type II CNCs and
ChNCs showed similar values below 40 mV. In terms of hydrodynamic radius, type I CNCs
and ChNCs displayed closely comparable values, whereas type II CNCs corresponded
to larger hydrodynamic spheres, around 500 nm in size. The ζ-potential of all three NBs
decreased logarithmically with increasing NaCl concentration up to a constant value.
However, as the NaCl content increased, their hydrodynamic radii gradually increased
after a small plateau. Since the nanocrystals agglomerated at higher NaCl concentrations,
their hydrodynamic radii could not be measured beyond 100 mM NaCl. Polydispersity
indexes (Figure S2, Supplementary Materials) show homogeneity at NaCl concentrations
below 50 nm and a steep rise with higher ones, similarly to the hydrodynamic radius
results (Figure 3). Based on our results, but also in agreement with available literature
data, we identified 50 mM NaCl as the optimal concentration for our PEs formulation,
because it provides adequate ζ-potential values on NBs without significantly increasing
their hydrodynamic radii.
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2.2. PEs Preparation, Optimization and Characterization

Oil-in-water PEs were prepared using the three types of NB nanocrystals, type I
CNCs, type II CNCs, and ChNCs, as stabilizers. Different oil/water (O/W) ratios (10/90,
30/70, 50/50, 30/70, and 90/10) were employed while maintaining a constant nanocrystal
concentration of 10 g/L and 50 mM of NaCl in the aqueous phase. The objective was to
identify a stable emulsion suitable for the preparation of BNC composites via an emulsion
templating approach. Figure 4 displays the ζ-potential results for each O/W ratio and
NB. We note that the represented data correspond to absolute values to make a clearer
comparison between negatively charged CNCs and positively charged ChNCs. The ζ-
potential values of the PEs obtained with O/W ratios of 90/10 and 70/30 were lower
(below 15 mV in absolute numbers) than that of the bare nanocrystal aqueous colloids. This
could be attributed to an excess of oil, which reduces the total NB exposure in each droplet.
Interestingly, CNCs II exhibited the maximum ζ-potential value (in absolute numbers) at
the O/W ratio of 50/50, while the other two NBs reached their maximum ζ-potential at the
30/70 ratio. Conversely, decreasing the O/W ratio to 10/90, the ζ-potential (in absolute
value) decreased, likely due to a decrease in the number of nanocrystals exposed in the
droplet surface due to the low amount of oil.

The droplet size evolution of the PEs was determined using static light scattering (SLS),
as presented in Figure 5A,C,E. The creaming index for each PE was determined by visual
observation (see Figures S3–S5, Supplementary Materials); the results are summarized
in Figure 5B,D,F. Notably, the 90/10 O/W ratio resulted in unstable PEs and the SLS
results exhibited significant variability, while it was not possible to measure the CI as no
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emulsification could be observed (see Figures S3–S5, Supplementary Materials). Similarly,
the 70/30 O/W ratio also failed to yield stable emulsions due to limited NB availability,
which led to a decrease in the creaming index over time. This indicated insufficient
nanocrystals to effectively cover the oil/water interface, resulting in instability. Remarkably,
type I CNCs required a minimum O/W ratio of 30/70 to achieve a creaming index of 1
(Figure 5B). The droplet size was significantly smaller at this ratio and at 10/90, compared
to the other three ratios (Figure 5A). For type II CNCs, even at the highest O/W ratio,
a creaming index of 1 could not be achieved after 14 days (Figure 5D). However, the
creaming index stabilized at 0.7 for the 30/70 O/W ratio and at 0.8 for the 10/90 O/W
ratio. Similarly, type II CNCs showed a substantial reduction in droplet size at the 10/90
O/W ratio (Figure 5C). In contrast, ChNCs provided the only PE with a stable creaming
index of 1 when using the 50/50 O/W ratio (Figure 5F), but the SLS results (Figure 5E)
demonstrated higher variability and greater stability at higher O/W ratios.
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Figure 4. ζ-potential results for oil-in-water PEs with different oil/water ratios after preparation
with different nanocrystalline NBs: CNCs I (green squares), CNCs II (blue circles), and ChNCs
(yellow triangles).

Based on the ζ-potential results (Figure 4) and the stability characteristics (Figure 5),
the 30/70 O/W ratio emerged as the optimal choice for all three NB nanocrystals. Figure 6
presents the droplet size evolution over time at the chosen O/W ratio, where type I CNCs
(Figure 6A) exhibited the smallest droplet size, below 10 µm, while type II CNCs (Figure 6B)
displayed a larger mean droplet size of around 20 µm. The behavior of the PEs stabilized
by ChNCs differed slightly, as the size of each droplet was decreasing over time, with
final sizes falling between those of type I and type II CNCs. These results highlight the
influence of the nanocrystal nature on the PEs characteristics. Type I CNCs demonstrated
the finest dispersion, followed by ChNCs, while type II CNCs exhibited larger droplets.
The selected 30/70 O/W ratio ensured stable emulsions for all nanocrystals in a practical
time frame, and it is a commonly used O/W ratio for PEs with NBs [23]. Since this ratio
has been coincident with that noted elsewhere in the literature, we postulate that the size
of the nanocrystals may play a leading role compared to the surface chemistry or charge,
since the three NBs herein employed are more different in terms of surface chemistry and
more similar in terms of size, and yet they have provided the same optimal O/W ratio in
this specific oil-in-water system.
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(Figure 6A) exhibited the smallest droplet size, below 10 μm, while type II CNCs (Figure 
6B) displayed a larger mean droplet size of around 20 μm. The behavior of the PEs stabi-
lized by ChNCs differed slightly, as the size of each droplet was decreasing over time, 
with final sizes falling between those of type I and type II CNCs. These results highlight 
the influence of the nanocrystal nature on the PEs characteristics. Type I CNCs demon-
strated the finest dispersion, followed by ChNCs, while type II CNCs exhibited larger 
droplets. The selected 30/70 O/W ratio ensured stable emulsions for all nanocrystals in a 
practical time frame, and it is a commonly used O/W ratio for PEs with NBs [23]. Since 
this ratio has been coincident with that noted elsewhere in the literature, we postulate 

Figure 5. Evolution of droplet size by SLS (A,C,E) and creaming index (B,D,F) for oil-in-water PEs
with different O/W ratios over time: CNCs I (A,B), CNCs II (C,D), and ChNCs (E,F). There are no CI
data for any PEs with the 90/10 O/W ratio because these samples did not emulsify at all.
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Figure 6. Evolution of the droplet size over time for oil-in-water PEs with 30O/70W ratio and
stabilized with CNCs I (A), CNCs II (B), and ChNCs (C).

2.3. BNC Production using PEs as Template

In the pursuit of BNC production using PEs as templates, we prepared a regular
Hestrin–Schramm (HS) culture medium and three different emulsified culture media (one
for each NB) and seeded them with K. xylinus bacteria. After 12 days, BNC hydrogels
were extracted, cleaned, and freeze-dried to obtain aerogels; a graphical summary of the
approach can be found in the experimental section. Surprisingly, a visual inspection of the
BNC aerogels (Figure 7) revealed significant textural differences compared to those typically
obtained with conventional HS culture media, both at the macroscopic and microscopic
scales. Notably, these BNC composites exhibited higher porosity than conventional BNC
(Figure 7). Similarly, scanning electron microscopy (SEM) images (Figure 8) further support
the striking porous microstructure obtained via emulsion templating, highlighting the
distinctive characteristics achieved through this innovative approach when compared to
previous works [29–31,33,40].

BNC aerogels produced under normal conditions (Figure 8A) presented laminar struc-
ture with entangled cellulose nanofibrils forming small pores of less than 1 µm [29]. As
aerogels are obtained after the emulsion templating strategy, the porous microstructure
drastically changes, ending in much larger pores, with a less entangled aspect and the
presence of small foils. This suggests the aerogels to be BNC composites, as similar mor-
phologies have been observed with ex situ strategies [41]. For both CNC cases (Figure 8B,C),
the microstructure size distribution is nearly coincident to that of the PE droplet sizes dur-
ing emulsion templating (Figure 6), the larger pores being 15–20 µm diameter for CNC-I,
and about 40–50 µm for CNC-II. The case of ChNCs seems to display a microstructure half
way in between those of CNC-I and CNC-II. This suggests an actual templating effect of
PEs during the BNC growth process.
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Figure 7. Photographs (squares) and optical microscopy images (circles, obtained at 5× and numerical
aperture of 0.13) of BNC composites with different culture media: regular HS (A), emulsified culture
media with CNCs I (B), with CNCs II (C), and with ChNCs (D).
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The BNC aerogels were further characterized using XRD and TGA analysis (Figure 9).
The XRD analysis (Figure 9A) showed the presence of the main diffraction planes associated
with BNC in the samples prepared with CNCs I and II, which are characteristic of type
I cellulose and commonly observed in previous works of BNC composites [33,34,42]. In
contrast, the XRD pattern of the BNC-ChNCs nearly coincided with that of pure ChNCs,
and the characteristic peaks of BNC seemed to be absent, suggesting that ChNCs remain
remarkably well integrated, even after the hydrogel cleaning process, heavily wrapping
the BNC scaffold. This composite must have BNC beneath due to the macroscopic aspect,
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but ChNCs hide the BNC features because of their higher crystallinity and amount. In
the case of the BNC-CNCs II sample, a slight shift to lower Bragg angles of the main peak
corresponding to plane (200) was observed due to the presence of the plane (020) from type
II CNCs, confirming their successful incorporation into the BNC composites (Figure 9A).
Another intrinsic feature from CNC-II observed in the XRD diffractogram, is the small peak
at ~12◦, providing further evidence of the achievement of a BNC nanocomposite, in this
case with CNC-II as the filler.
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templating with different PE-based culture media.

The TGA results (Figure 9B) of BNC composites with both types of CNCs showed
lower temperature of maximum degradation rate and higher residue percentage compared
to a regular BNC aerogel (bare HS-mediated). Interestingly, the BNC-CNCs I composite
displayed a two-step degradation process, while the BNC-CNCs II composite exhibited
single-step degradation with a lower onset temperature (Figure 9B). In contrast, the incorpo-
ration of ChNCs significantly increased the thermal stability of the BNC-ChNCs composite
compared to regular BNC (Figure 9B). Consistent with the XRD patterns, the degradation of
BNC-ChNCs presented an analogous profile to that of ChNCs alone (Figure 2B), but with a
significant rise of nearly 50 ◦C in the maximum degradation rate temperature. This striking
outcome highlights the great potential of these specific BNC composites in applications
where improved thermal properties are desired.

Overall, the physical characterization of BNC aerogel composites underscores the
remarkable potential of PE-based templating to tailor the native BNC microstructure by
controlling droplet size and long-term stability of emulsified culture media. The resulting
materials after the bacterial nanofabrication process exhibited distinct uniqueness based
on each NB employed for the emulsions: while both CNCs provide a BNC composite in
which BNC is the predominant component (and nanocrystals appear as fillers), ChNCs,
in contrast, end in aerogels in which they emerge as the major component, exhibiting
structural and thermal behavior similar to pure ChNCs, but integrated in a BNC-based
structure. To support this premise, it is important to remark that direct addition of ChNCs
to the bacterial culture medium with no PE formation results in progressive sedimentation
of ChNCs (Figure S6, Supplementary Materials), quickly hindering their contact with
the air–liquid interface and hence drastically reducing their eventual incorporation into
the BNC. Therefore, the PE-based approach opens exciting possibilities to precisely tailor
the structure and properties of BNC materials to meet specific application needs. For
instance, new or improved uses of BNC could arise in membrane technology (e.g., gas or
ion permeation, liquid filtration) or in environmental remediation (e.g., water purification,
pollutant retention), as long as the specific porosity requirements can be satisfied by
this PE strategy. Such versatility establishes the way for developing custom-designed
BNC composites.
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3. Materials and Methods
3.1. Materials and Reagents

Microcrystalline cellulose powder, 20 µm (#310697), chitin extracted from shrimp
shells (practical grade, powder; C7170), concentrated H2SO4 (98%), glucose, peptone, yeast
extract, citric acid, CaCO3, and NaH2PO4 were purchased from Merck (Barcelona, Spain).
Hydrochloric acid 37% (AGR IS; CHAC-0AI) was purchased from Labkem (Barcelona,
Spain). NaCl for analysis (CAS: 7647-14-5) was purchased from Scharlab (Barcelona, Spain).
Sunflower oil was purchased from a local supermarket (Zaragoza, Spain). Komagataeibacter
xylinus strain (NCIMB 5346) was purchased from CECT (Valencia, Spain) in fresh state
(CECT 473). Ultrapure water, obtained from a Siemens Ultraclear device (Cole Palmer,
Cambridgeshire, UK), was used for all the experiments.

3.2. Synthesis of NBs

The synthesis of CNCs from microcrystalline cellulose powder was performed fol-
lowing an in-house protocol based on acid hydrolysis described in a recent work [14]. By
varying the synthesis conditions, it was possible to select the allomorph outcome (type
I or type II) while maximizing the yield and minimizing the overall time. Type I CNCs
were synthesized using a fast addition (shorter than 5 min) of H2SO4 followed by a 10 min
reaction at 70 ◦C. On the other hand, type II CNCs were produced with a slow H2SO4
addition and a 1 h reaction at ambient temperature. After the reaction, each type of CNC
dispersion was subjected to a process of neutralization and purification based on decanting,
dialysis, and centrifugation.

The synthesis of ChNCs is based on typical acid hydrolysis of chitin with 3M hy-
drochloric acid [15]. Briefly, 4 g of chitin powder were added to 80 mL 3M HCl and the
mixture was kept under reflux at 100 ◦C. Afterward, the solution was poured into 1 L of
ultrapure water and decantated overnight in a refrigerator at 4 ◦C. ChNCs were neutralized
by dialysis against ultrapure water and the liquid was centrifuged at 9000 rpm (9327 rcf)
for 20 min, keeping the liquid and twice redispersing the solid with ultrapure water.

CNC and ChNC dispersions were characterized by dynamic light scattering (DLS)
and ζ-potential diluting using NaCl solutions between 0 and 100 mM to study the effect of
the salt in the NBs dispersions (hydrodynamic radii and ζ-potential). The dispersions were
observed via TEM, lyophilized to determine the yield and concentration, and the solids
were further analyzed by XRD and TGA.

3.3. Characterization of NBs

DLS and ζ-potential were carried out in a nanosizer device (Malvern Nano ZS instru-
ment, IESMat, Madrid, Spain), using the respective refractive index of each biopolymer.
TEM images were taken on a JEOL JEM-2100F (Tokio, Japan) model EM-20014 with a
200 kV field-emission gun (Schottky) and an ultrahigh resolution pole piece (UHR). NBs
dispersions were deposited over a carbon-coated Ni grid (200 mesh), purchased from
Aname (La Rioja, Spain). XRD patterns of the xerogels were measured in Bragg–Brentano
geometry in the range 2θ = [5–40◦] with a Bruker D8 Advance diffractometer (Boston, MA,
USA) using a Cu tube as the X-ray source with 40 kV tube voltage and 40 mA current. TGA
was measured in a Netzsch TG 209F1 device (Selb, Germany), in a nitrogen atmosphere,
starting at ambient temperature and rising to 800 ◦C (heating ramp 10 ◦C/min).

3.4. Preparation of Oil-in-Water PEs

Different amounts of NBs dispersions, ultrapure water, NaCl, and sunflower oil were
mixed to a final volume of 10 mL. The NB concentration was 10 g/L in the aqueous phase
for all PEs, and the optimal NaCl concentration was determined to be 50 mM (vide infra).
Afterward, an ultrasound tip (Hielscher DRH-P400S; 400 W maximum acoustic power;
24 kHz maximum frequency at 60% amplitude, and 50% cycle time) was used to induce
the emulsification for 4 min; the tip was located at the top part of the mixture. Different
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oil/water ratios (90/10, 70/30, 50/50, 30/70, and 10/90) were studied to observe the effect
of this parameter in the final properties.

3.5. Characterization of Oil-in-Water PEs

The ζ-potential of each PE was measured after preparation in the same device that
was used for the NB dispersions, but diluting in a 50 mM NaCl solution. The droplet
size of the oil-in-water PEs was determined by SLS in a Beckman Coulter LS 13 320 with
a laser, diluting in a 50 mM NaCl solution. PEs were stored in test tubes for two weeks
and measured by SLS the same day as prepared, the following day, one week after, and
two weeks after. Photographs were also taken to calculate the creaming index [43] and
to compare the visual appearance. Creaming index was determined by the ratio between
the height of the emulsion and the total length of the mixture, and to evaluate the storage
stability of the PEs.

3.6. Production of BNC Composites

The optimally stable conditions for PEs for each NB were used to prepare an emulsified
culture medium for the production of BNC. A regular liquid culture medium was prepared
with Hestrin–Schramm (HS) culture, which is the most widely used for BNC production,
as a reference or blank [44]. This culture medium comprises glucose (2%), yeast extract
(0.5%), peptone (0.5%), citric acid (0.26%), and NaH2PO4 (0.115%).

Each emulsified culture medium was prepared by dissolving the HS components and
50 mmol of NaCl in a 10 g/L NB solution. Then, these aqueous phases were sterilized and
inoculated with K. xylinus bacteria. After two days of incubation at 30 ◦C to increase the
bacteria population, 30 mL of sunflower oil was added and the PEs were formed using a
sterilized ultrasound tip for 20 min (Hielscher DRH-P400S; 400 W maximum power; 24 kHz
maximum frequency at 60% amplitude, and 50% cycle time). After two weeks at 30 ◦C, the
BNC hydrogels produced by bacteria were extracted from the 4 culture media and subjected
to a clean-up process (Figure 10). The first step was washing with ultrapure water at 100 ◦C
for 40 min. This was followed by 4 repeated washing cycles with NaOH 0.1 M for 20 min
and neutralization with ultrapure water, periodically changing the water until reaching
neutral pH [40] (Figure S7). The clean hydrogels were lyophilized to obtain aerogels. These
were subjected to different characterization techniques: XRD, TGA, and SEM.
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3.7. Characterization of BNC Composites

BNC composites were analyzed by XRD and TGA. Optical microcopy images were
acquired in a ZEISS Axio Imager A1, through an objective of 5× and a numerical aperture
of 0.13. SEM equipment, a JSM 6400 device working at 20 kV and with a maximum
point-to-point resolution of 3.5 nm, was used to visualize the surface of BNC composites.

4. Conclusions

The outcome of this study demonstrates the successful utilization of NBs as stabilizers
for oil-in-water PEs, providing new insights into the properties of the three investigated
NBs. It is also a promising avenue for the preparation of novel BNC composites via emul-
sion templating. Our findings indicate that the selected oil/water ratio of 30/70 provided
stable emulsions for all three NB nanocrystals, able to host the bionanofabrication activity
of K. xylinus bacteria, eventually resulting in BNC aerogels with distinct textural properties
compared to those obtained through unmodified HS culture media. This makes the aero-
gels potentially useful in a wide range of applications (e.g., environmental remediation,
tailored separation, etc.). The XRD analysis unequivocally confirms the incorporation of
type II CNCs and ChNCs into the BNC composites. Moreover, the TGA highlights the ex-
traordinarily enhanced thermal stability of the BNC-ChNC composites when compared to
regular BNC aerogels. In conclusion, this study illuminates the use of NBs as PEs stabilizers
and initializes the synthesis of BNC composites through oil-in-water emulsion templating.
The successful integration of the NBs and the unique morphologies attained on these “all
nanobiopolymer” composites will encourage their future study as tailored membranes in
the field of clean energy and environmental sciences.
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