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Abstract: Cellulose nanofibers have gained increasing interest in the production of medical devices
such as mucoadhesive nanohydrogels due to their ability to retain moisture (high hydrophilicity),
flexibility, superior porosity and durability, biodegradability, non-toxicity, and biocompatibility. In
this work we aimed to compare the suitability of bacterial and vegetal nanocellulose to form
hydrogels for biomedical applications Therefore, vegetal and bacterial cellulose nanofibers were
synthesized from brewer's spent grains (BSG) and Kombucha membranes, respectively. Two
hydrogels were prepared, one based on the vegetal and the other based on the bacterial cellulose
nanofibers (VNC and BNC, respectively). The two hydrogels, as well as the hydrogel-mucin systems
were physicochemically characterized. The cytocompatibility of the nanocellulose-based hydrogels
was investigated using human gingival fibroblasts (HGF-1, ATCC CRL-2014). The morphological
analyses highlighted the similarities and differences between bacterial and vegetal nanocellulose.
The investigation of the hydrogel-mucin interaction revealed that the BNC hydrogel has a higher
mucin binding efficiency than the VNC hydrogel. The BNC hydrogel exhibited the highest potential
to increase the number of metabolically active viable cells (107.60 + 0.98% of cytotoxicity negative
control). The data suggest that the BNC hydrogel based on nanocellulose from Kombucha
fermentation could be a better candidate for cytocompatible and mucoadhesive nanoformulations
than the VNC hydrogel based on nanocellulose from brewer’s spent grains

Keywords: nanocellulose; brewer's spent grains; Kombucha fermentation; hydrogels;
cytocompatibility; gingival fibroblasts; mucoadhesion

1. Introduction

The study of polymers with mucoadhesive properties began in 1947 with the attempts of
Scrivener and Schantz to develop an effective formulation for the delivery of penicillin [1].
Subsequently, several delivery systems were developed, e.g., hydrogels, emulsions, suspensions,
films, tablets, capsules, patches etc. Mucoadhesion is a particular physicochemical phenomenon of
bioadhesion, in which the process of interfacial adsorption-adhesion takes place on a mucilaginous
surface [2]. The term derives from a class of natural glycoproteins — mucins, which are produced by
the epithelial tissue, being present in the areas lined by the epithelial mucosa (oral, vaginal, nasal,
intestinal etc.) and having the defining property of increased protection and lubrication [3]. The
mucoadhesion of different formulations is studied in relation to different mucosal tissues to ensure a
targeted and optimal release of encapsulated active substances. Moreover, the adhesion of
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transdermal patches or dressings for various health conditions is of interest in the biomedical field
[4]. The treatment of the oral mucosal conditions requires a long-term adherence of the therapeutic
agent to the target site. The adhesion may be hindered by the continuous salivary flow or the
mechanical movements of the tongue. Therefore, the formulations that act as a vehicle for the delivery
of different bioactive compounds/drugs to the oral mucosa must exhibit excellent mucoadhesive
properties [5,6].

Mucoadhesive properties have been discovered and exploited for several oligo- and
polysaccharides, proteins and peptides. Among the most studied polymers with mucoadhesive
properties used as mucosal delivery systems are cellulose, hyaluronic acid, alginate, chitosan,
carbomers and their derivatives [7,8]. Cellulose is an abundant natural polymer composed of D-
glucopyranose units linked by -1, 4-glycosidic bonds [9]. It is well known that the lignocellulosic
matrices are a valuable source of cellulose. Although vegetal cellulose is nature's most abundant
biopolymer, it is difficult to obtain nanocellulose from complex vegetal matrices where it is combined
with hemicellulose, pectin and lignin in order to form the plant cell wall. As a result, the production
of cellulose by bacteria and microbial fermentative processes, e.g., using a Symbiotic Culture of
Bacteria and Yeasts (SCOBY) such as the one from Kombucha, has gained a great interest. This is due
to the specific physicochemical properties that result from the biosynthesis process and that influence
the biological activities.

Vegetal and bacterial nanocellulose represent promising biopolymers for the biomedical field
due to their biocompatibility, hydrophilic nature, biodegradability, non-toxicity [10], water retention
capacity [11,12], superior flexibility and porosity, increased durability [13]. Due to the
macromolecular chains that present a high number of -OH and -COOH functional groups which are
responsible for the ability of nanocellulose to adsorb and retain water, it can form hydrogels by
establishing new inter-chain hydrogen bonds. The structure of hydrogels can be irreversible in the
presence of certain cross-linking agents or reversible through physicochemical interactions [7].
Reversible hydrogels have been shown to exhibit superior mucoadhesive properties than irreversible
hydrogels due to the high mobility of the chains. A suitable hydrogel for biomedical applications
should exhibit a sol-gel transition under specific conditions without releasing toxic byproducts or
having a negative impact on the surrounding tissues [14]. The cells can also be incorporated into the
hydrogels creating 3D cellular scaffolds that lead to tissue regeneration [15,16].

Bacterial (nano)cellulose was shown to have some distinct properties compared with the vegetal
(nano)cellulose, such as higher purity, higher crystallinity, mechanical stability, higher water-holding
capacity, and less-intensive purification processes than plant (nano)cellulose [17-22]. Plant
(nano)cellulose has the advantage of antimicrobial, antioxidant and anti-inflammatory properties
compared to bacterial (nano)cellulose [18-20]. It is generally considered that bacterial (nano)cellulose
is more suitable for biomedical applications, but there are limited studies to directly compare
bacterial (nano)cellulose with vegetal (nano)cellulose for biomedical applications under the same
conditions. In a study from 2013 bacterial cellulose was tested for dental canal treatment and proven
to be superior to paper points (plant cellulose), which is a conventional material [23].

In the light of the above, the aim of this study was to compare the capacity of selected bacterial
and vegetal nanocellulose to form mucoadhesive and cytocompatible hydrogels. Two types of
cellulose nanofiber-based hydrogels, respectively a hydrogel based on vegetal nanocellulose from
brewer's spent grains (VNC) and a hydrogel based on bacterial nanocellulose from Kombucha
fermentation (BNC) were compared. Brewer's spent grains (BSG) represent a lignocellulosic by-
product from the beer industry that can be exploited for the recovery of cellulose, lignin,
carbohydrates, glycoproteins, polyphenols [24]. We selected BSG as it is one of the most abundant
lignocellulosic by-products and which can be collected from a concentrated source [25]. Kombucha
is a known fermented, sweetened black tea that produces a thick bacterial cellulose membrane as a
by-product, which represents a more cost-effective source of bacterial cellulose. By recycling the
residual materials, value-added biocompounds /biomaterials can be obtained for several
applications, i.e., biotechnological or pharmacological products, medical devices etc. [26].
Physicochemical properties, hydrogel-mucin interaction and the resulting complexes (VNCMu and
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BNCMu, respectively) and the cytocompatible behavior were characterized in order to assess the
hydrogels as potential candidates for various biomedical applications.

2. Results and Discussion

2.1. Physicochemical Properties of Nanocelullose-Based Hydrogels and Hydrogel-Mucin Systems

A schematic representation of the main steps involved in the preparation of the two
nanohydrogels (VNC and BNC) is depicted in Figure 1. As can be seen both types of cellulose have
a whitish appearance which indicates high purity upon purification. The hydrogels have a translucid
and similar appearance.

Cellulose

d) Bacterial
Cellulose

Figure 1. Schematic representation of cellulose purification and hydrogel preparation: (a) Brewer's
spent grains (BSG); (b) Purified vegetal cellulose from BSG; (c) Bacterial cellulose (BC) membrane
from Kombucha fermentation; (d) Purified BC; (e) Hydrogel of vegetal nanocellulose from BSG
(VNC); (f) Hydrogel of bacterial nanocellulose from Kombucha fermentation (BNC).

TEM analysis highlighted the nanofibrillar structure of the two types of nanocellulose-based
hydrogels. The nanofibers of the VNC hydrogel are a little shorter and rarer (Figure 2a,b) in
comparison with the nanofibers of the BNC hydrogel, which interweave into a dense network-like
structure (Figure 2¢,d). The type of biomass can lead to significant differences in the structure of
nanocellulose. Cellulose nanofibers from poplar wood exhibited larger diameters than those from
rice straw and a looser arrangement, as revealed by TEM analysis [27]. In our previously reported
study, by bleaching of bacterial cellulose with sodium hydroxide followed by colloidal mill grinding
and 25 cycles of microfluidization, TEM analysis revealed the formation of a uniform mesh-like
structure, with the diameter of the cellulose nanofibrils being about 10-50 nm. By using the spray-
drying process instead of microfluidization, fibrillar bundle or ribbon-like structures of nanocellulose
were obtained [28], suggesting the development of different cellulosic nanostructures based on the
mechanical destructuration technique.
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Figure 2. TEM analysis of: (a) VNC (500 nm scale), (b) VNC (100 nm scale); (c) BNC (500 nm scale);
(d) BNC (100 nm scale); VNC - hydrogel of vegetal nanocellulose from brewer's spent grains; BNC —
hydrogel of bacterial nanocellulose from Kombucha fermentation.

The SEM analyses of VNC and BNC hydrogels highlighted some differences in the structure and
the arrangement of the two types of cellulose nanofibers. The secondary electrons (SE) detector was
used in order to investigate the topography of the samples (Figure 3), and the backscattered electrons
(BSE) detector provided structural insights from a larger depth (Figure 4). From SEM analysis using
the SE detector, some brighter areas were observed which might correspond to an electron dense
structure most likely attributed to the crystalline microstructure of cellulose. The darker areas are
correlated with a less dense structure and most likely attributed to the coarser and disordered
structure of amorphous cellulose (Figure 3). The VNC hydrogel exhibited a more relaxed
arrangement of cellulose fibers (Figures 3a and 4a) in comparison with the mesh-like structure of
BNC (Figure 3b, 4b).
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Figure 3. SEM analysis using secondary electrons (SE) detector (1000x) of: (a) VNC, (b) BNC, (c)
VNCMu, (d) BNCMu, (e) Mu; VNC - hydrogel of vegetal nanocellulose from brewer's spent grains-
based hydrogel; BNC — hydrogel of bacterial nanocellulose from Kombucha fermentation-based
hydrogel; VNCMu - VNC mixed with a 3.5% mucin suspension in a ratio of 1:1 (v/v); BNCMu - BNC
mixed with a 3.5% mucin suspension in a ratio of 1:1 (v/v); Mu — mucin suspension.
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Figure 4. SEM analysis using backscattered electrons (BSE) detector (1000x) of: (a) VNC, (b) BNC, (c)
VNCMu, (d) BNCMu, (e) Mu; VNC - hydrogel of vegetal nanocellulose from brewer's spent grains;
BNC - hydrogel of bacterial nanocellulose from Kombucha fermentation; VNCMu - VNC mixed with
a 3.5% mucin suspension in a ratio of 1:1 (v/v); BNCMu — BNC mixed with a 3.5% mucin suspension
in a ratio of 1:1 (v/v); Mu — mucin suspension.

It was previously reported that by alkaline treatment, followed by bleaching and
microfluidization, lattice-type cellulose nanofibrils were obtained from brewer's spent grains, with at
least 10 microfluidization cycles being necessary in order to produce a uniform fibrillar structure, as
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evidenced by SEM analysis [29]. In our case, 10 cycles induced defibrillation, but the structure was
not sufficiently uniform. Moreover, in the case of the bacterial cellulose from Kombucha, we
previously tested 1, 10, and 20 microfluidization cycles. Defibrillation of the microfibrillar structure
of the bacterial cellulose into nanofibrils was obtained after 20 microfluidization cycles based on the
XRD analysis. [30]. Therefore, in the present study we used 20 cycles of microfluidization in order to
obtain the bacterial as well as the vegetal nanocellulose. At 20 cycles, the vegetal cellulose was
defibrillated similarly to the bacterial cellulose as shown in Figure 2.

Following the hydrogel-mucin interaction, a relatively compact structure was obtained for both
VNCMu (Figure 3¢, 4c) and BNCMu (Figure 3d, 4d), which is similar to the morphological aspect of
mucin (Figure 3e, 4e), but with some protuberances. The mucoadhesive properties of vegetal cellulose
nanofibers / nanocrystals and the morphological characteristics of the complexes have been
previously analyzed not by SEM, but by confocal microscopy [31]. The authors mixed a suspension
of Fluorescent Brightener 28-labeled nanocellulose / nanocrystals from bleached softwood kraft pulp
with Acridine Orange-labeled pig mucus, followed by rinsing of the hydrogel-mucin system with
digestive juice. A significant adhesion of both nanocellulose and nanocrystals to the porcine mucosal
layer in simulated gastric and intestinal fluids was observed. Moreover, due to the fibrillar structure
of the nanocellulose, cellulose nanofibrils were entangled within the mucus layer, whereas in the case
of the cellulose nanocrystals, a more homogeneous structure was obtained, the nanocrystals being
spread over the mucus layer.

The wide-angle X-Ray scattering (XRD-WAXS) results of vegetal nanocellulose and bacterial
nanocellulose before and after its interaction with mucin are presented in Figure 5. The diffraction
spectra were compared with the diffraction patterns of known cellulose allomorphs, available in the
PDF5+ PDXL Rigaku database, respectively one-chain triclinic Iat (PDF card No. 00-056-1719), two-
chain monoclinic I (PDF card No. 00-060-1502) and amorphous cellulose (PDF card No. 00-060-1501).
One-chain Ia allomorph prevails in bacterial cellulose and green algae, reason for which it is known
as bacterial-algal cellulose, or Acetobacter-Valonia cellulose [32-34]. Two-chain Ip allomorph prevails
in higher plants and it is known as cotton-ramie cellulose. VNC from BSG showed a main diffraction
peak at approx. 22.60°, corresponding to cellulose I3, and a predominantly amorphous character
attributed to amorphous cellulose, with the crystallinity index (Xc) determined to be 35% (Figure 5a).

The diffractogram of BNC presented in Figure 5b evidenced the crystallographic patterns of
cellulose I with the characteristic peak at 16.76°. The first peak at 14.50° represents the convolution
of peak I at 14.26° and peak IB at 14.83°. Similarly, the main peak at 22.66° is a convolution between
peak Iat at 21.8° and peak If3 at 22.71°. The biosynthesis conditions of present BNC were similar with
the ones previously reported [28,35], therefore the spectra are similar in peak position and relative
intensities. Under different fermentation conditions the relative peak intensities, correlated with the
Ioc - IB ratio, suffer particular changes [36].
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Figure 5. X-Ray diffraction (XRD) analysis and crystallinity index (Xc, %) of: (a) VNC, Mu, VNCMu;
(b) BNC, Mu, BNCMu; The vertical bars represent the main diffraction peaks of cellulose Ie, I and
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amorphous cellulose in the PDXL database; VNC — hydrogel of vegetal nanocellulose from brewer's
spent grains ; BNC — hydrogel of bacterial nanocellulose from Kombucha fermentation; VNCMu -
VNC mixed with a 3.5% mucin suspension in a ratio of 1:1 (v/v); BNCMu -BNC mixed with a 3.5%
mucin suspension in a ratio of 1:1 (v/v); Mu — mucin suspension.

The WAXS diffractogram of mucin showed two main peaks at approx. 20° and 21.42° and a
highly amorphous character, with 14% Xc. Individual diffractograms of mucin are apparently scarce
since mucin is generally considered completely amorphous [37,38], although in some cases it showed
a sharp peak around 27°[39]. The mucin spectrum in Figure 5 is somewhat similar with the one
considered completely amorphous, with the main peak at approx. 22° and additional small peaks
[37]. In one of our previous studies [40], the same mucin showed a similar diffractogram with the one
in Figure 4, but with the two main peaks at approx. 19.50° and 21.52° and two additional small peaks
at approx. 6° and 9°, which could be related to the crystallization / lyophilization step. In another
study, by small-angle X-ray scattering (XRD-SAXS) it was evidenced that MUC5AC mucin at 1
mg/mL concentration and pH 7 had a gyration radius of 42 + 4 nm,whereas at the boundary gelation
pH of 3.5 the gyration radius decreases to 23 + 3 nm [32].

The physical interaction between VNC and mucin led to the predominantly amorphous system
VNCMu with 16% Xc and with four small diffraction peaks around 20 angles 15°, 18.18°, 19.62° and
21.52°. The new peaks suggest particular macromolecular interactions with the amorphous cellulose
fragments and IB chains, which leads to a new distinct structure. In Figure 5b, the crystallinity of
BNCMu (33%) is higher than that of VNCMu which indicates a more ordered structure of BNCMu
than of VNCMu. The shifted peaks at 17.22° and 21.54° revealed the mucin interaction with the
cellulose Ia chains, the shifted peak at 19.44° suggests the interaction with the amorphous cellulose.
The Ialf composite structure at 22.66° appears partially covered, but unshifted.

The VNC hydrogel and BNC hydrogel presented a surface tension of 50.44 + 0.66 mN/m and
55.29 + 0.29 mN/m, respectively.. A higher surface tension, as shown for the BNC suspension,
correlates with a higher stability of the suspension and also with a higher resistance to flow
deformation [41]. A lower surface tension, as for VNC suspension, correlates with an easier
separation of the hydrophilic / hydrophobic cellulose fragments. The cellulose concentration,
electrostatic charge and fiber length influence the surface tension. A 5% microcrystalline cellulose
suspension at pH 4.0, with rod dimensions of 180 + 30 nm length and 8 + 3 nm diameter, showed a
surface tension of ca. 66.2 + 0.5 mN/m [41]. VNCMu recorded a significant decrease of 8.37+0.78% in
the surface tension compared with VNC. The decrease (12.28 +0.97%) in surface tension of BNCMu
with respect to BNC was higher (0=0.006) in comparison with the decrease of VNCMu. Mu showed
the lowest surface tension among the samples, i.e., 39.33 + 0.47 mN/m and induced the decreases
mentioned above.

The VNC hydrogel had a contact angle of 52.70 + 0.56° and 56.90 + 0.40° on the hydrophilic
surface (polar, glass), and on the hydrophobic (non-polar, polystyrene) surface. This suggests an
amphiphilic nature of VNC, with a small tendency towards hydrophilicity. The amorphous
anisotropic cellulose is known to be more hydrophobic [41]. In the case of VNCMu, the contact angle
on the hydrophilic surface decreased by 3.42 + 0.68% and on the hydrophobic surface increased by
2.18 + 0.73% compared with VNC. The BNC hydrogel presented a contact angle of 48.27 + 0.57° and
65.13 + 0.35° on the hydrophilic surface and on the hydrophobic surface, respectively. This indicates
a more hydrophilic character of BNC compared with VNC.. For BNCMu a slightly higher decrease
of the contact angle on the polar surface (3.59 = 1.14%), as well as a significantly higher increase
(0=0.01) on the non-polar surface (4.40 + 0.41%) were observed compared to the decrease, respectively
increase, recorded in the case of VNCMu. The contact angle on both surfaces was determined for the
mucin suspension as well. Due to the predominantly hydrophilic nature of mucin [33], the contact
angle on the hydrophilic surface was 45.67 + 0.71° and on the hydrophobic surface the contact angle
was significantly higher, i.e., 78.27 + 0.45° (Table 1).

Table 1. Surface tension and contact angles of nanocellulose-based hydrogels (VNC and BNC) and
hydrogel-mucin systems (VNCMu and BNCMu) + standard error (n=3, a<0.05).
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Sample Surface tension Contact angle/ hydrophilic | Contact angle/ hydrophobic

(mN/m) surface (°) surface (°)

VNC* 50.44+0.66, 52.70+0.56, d 56.90+£0.40, a

VNCMu  46.22+0.39, b
(8.37+0.78%

50.90+0.03, ¢
(3.42+0.68%

58.14+0.41, b
(2.18+0.73%
increase, a)

65.13+0.35, ¢

decrease) decrease)

BNC 55.29+0.29, ¢ Q 48.27+0.57, b

BNCMu  48.50+0.54, ¢ 46.53+0.55, a 68.00+0.26, d
(12.28+0.97% (8.59+1.14% (4.40£0.41%
decrease) decrease) increase)

Mu 39.33+0.47, a 45.67+0.71, a 78.27+0.45, e

b hp-b-p-

PP Deb-

*VNC - hydrogel of vegetal nanocellulose from brewer's spent grains; BNC — hydrogel of bacterial nanocellulose
from Kombucha fermentation; VNCMu — VNC mixed with a 3.5% mucin suspension with a ratio of 1:1 (v/v);
BNCMu - BNC mixed with a 3.5% mucin suspension with a ratio of 1:1 (v/v); Mu — mucin suspension. **Different
letters in italics indicate statistically significant differences between samples.

BNC had a significantly higher mucin binding efficiency (92.85 + 2.62% and 82.18 + 2.22% at a
nanocellulose/mucin ratio (mg/mg) of 12 and 4, respectively) compared to VNC (74.45 + 2.54% and
46.66 + 1.47% at a nanocellulose/mucin ratio (mg/mg) of 12 and 4, respectively), as shown in Figure
6. This may be due to the higher hydrophilicity of bacterial nanocellulose, which suggests a higher
availability of hydroxyl groups. This allows a stronger interaction between the free -OH groups of
the bacterial nanocellulose and the mucin glycoproteic structure. The higher availability of free -OH
groups correlates with Ia cellulose allomorph found in BNC and with the cellulose fragments that
compose the amorphous cellulose. The stronger If3 allomorph, predominant in VNC has a higher
number of hydroxyl groups involved in hydrogen bridges between the two chains [28]. Additionally,
the fibrillar structure of BNC is more developed, with longer chains compared to VNC [28,42]. The
longer nanofibrils entangle with the branched structure of mucin and therefore increase the
mucoadhesion.
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Figure 6. Mucin binding efficiency (+ standard deviation, n=3, a<0.05; different letters indicate
statistically significant differences between samples); VNC — hydrogel of vegetal nanocellulose from
brewer's spent grains; BNC — hydrogel of bacterial nanocellulose from Kombucha fermentation.

The viscoelastic behavior of the VNC and BNC suspensions observed by the rheological
experiments performed in frequency sweep, flow sweep and axial mode are depicted in Figure 7. The
oscillatory or frequency sweep mode presented in Figure 6a and b allows the evaluation of storage
modulus G/, loss modulus G", complex viscosity n*, dynamic viscosity 1' and phase angle d in the
chosen range of 0.1-100 rad/s angular frequencies w. The storage modulus describes the elastic
contribution, meaning the solid-like behavior of the suspension, whereas the loss modulus describes
the viscous contribution, meaning the liquid-like behavior. The complex modulus | G*| describes the
overall resistance to deformation of the suspensions, including the elastic, recoverable, deformation
and the viscous, non-recoverable, deformation, and if divided by the angular frequency w), it gives
the complex viscosity n*. Both VNC and BNC suspensions showed in Figure 7a and b a higher storage
modulus than loss modulus, this fact being generally considered a gel property [43]. BNC showed
higher storage and loss modulus values than VNC, respectively a mean G'=28.26 Pa and G"=3.92 Pa
at 4 rad/s for BNC compared with a mean G'=0.88 Pa and G"=0.13 Pa at 4 rad/s for VNC. In another
study, a 1% microcrystalline-derived nanocellulose suspension of 211 + 114 nm fibrils showed a
storage modulus of approx. 40 Pa and a loss modulus of approx. 9 Pa [44]. Another difference
between VNC and BNC consists in the storage modulus exponential, which increased for VNC at
angular frequencies higher than 10 rad/s, up to 18.67 Pa at 100 rad/s, whereas the BNC storage
modulus slowly increases up to 59.83 Pa at w=100 rad/s. The loss modulus G" showed a sinusoidal
increasing trend for both VNC and BNC, with a maximum value of G"=0.26 Pa at 25.12 rad/s for VNC,
respectively G"=5.75 Pa at 63.10 rad/s for BNC. The initial complex viscosity of BNC (n*=213.66 Pa-s)
is approx. 33 times higher than that of VNC (n*=6.48 Pa-s). The complex viscosity of BNC suspension
constantly decreases with the increasing of the angular frequency w. This behavior evidences a shear
thinning (pseudoplastic) behavior, which typically suggests the orientation and disentanglement of
the nanofibers [44]. The VNC suspension is pseudoplastic up to 25.12 rad/s and becomes shear
thickening (dilatant) at higher w, probably because of amorphous cellulose disordering and
fragments intercalation. The oscillatory hysteresis loop is not significant, showing only a slight
thixotropic behavior for VNC. This is evidenced as a small decrease of the complex viscosity on the
reverse ramp, a small decrease of the storage modulus, and a small increase of the loss modulus and
of phase angle d. High values of phase angle d correlate with a viscous, liquid behavior, whereas low
values of d suggest an elastic, solid-like behavior [40].
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At higher shear rates in flow sweep mode depicted in Figure 7c and d, both nanocellulose
suspensions show a complex behavior with strong hysteresis. The steady state viscosity 1] decreases
in the shear rate y* range of 1-4 1/s for VNC from 3.03 Pa-s to 0.08 Pa-s, after which increases to a
maximum of 0.27 Pa-s at y’=10 1/s and decreases again to 0.01 Pa-s at v=100 1/s. A critical shear rate
around y*=5 1/s was previously observed for other nanocellulose suspensions [44]. For BNC, n
constantly decreases from 37.10 Pa-s at v*=0.1 1/s to 0.01 Pas at y*=100 1/s. The viscosity of vegetal
nanocellulose suspensions is known to be very high due to fibril length and entanglement. A 0.7%
suspension of fibrils with a medium length of 820 + 570 nm showed a viscosity of approx. 4 Pas,
whereas a 1% suspension of 211 + 114 nm fibrils showed a viscosity of approx. 2 mPa's at y*=1 1/s
[44]. The hysteresis loop is significant for both nanosuspensions, showing a stronger thixotropy for
VNC than BNC. The thixotropy of nanocellulose water suspensions depends on the structural
hierarchy and concentration of the nanoparticles, some possible hierarchies being individual
nanoparticles, mesophase liquid crystalline domains, chiral nematic and nematic structures [43].

The thixotropic behavior is more pronounced at higher concentrations [43] and for the
macromolecular structures with higher molar weights, whereas the rheopectic or anti-thixotropic
behavior generally appears in amphiphilic systems due to repeated disequilibrium states between
hydrophilic and hydrophobic components induced by shearing. The thixotropy is proportional with
the hysteresis loop [43], VNC suspension being more thixotropic than BNC as can be seen in Figure
7c and d. The Carreau-Yasuda rheological model fits best the viscosity variation for both VNC and
BNC suspensions, whereas the Herschel-Bulkley fitting model describes a Bingham fluid with yield
stress above which the hydrogel starts to flow, the yield stress being 8 times higher for BNC (0.50 Pa)
than for VNC (0.06 Pa). The yield stress can be considered as a stability parameter and as an intrinsic
resistance to flow deformation, and it can be correlated with the surface tension, higher for BNC than
for VNC, as previously determined.

The adhesion force determined in Figure 7e and f as the axial force that opposes the detachment
with 10 pm/s lifting speed of the cylindrical geometry from the nanosuspensions shows a higher
value of 0.154 N for BNC compared with 0.128 N for VNC. The adhesion time is higher for VNC,
with 46 s adhesion time at maximum axial force and 524 s total adhesion time, in comparison with 29
s adhesion time at maximum axial force and 467 s total adhesion time for BNC, which suggests more
contact points with the quartz and geometry surfaces for VNC than for BNC. The speed of
detachment evaluated as the exponential parameter c is higher for VNC than for BNC, the axial
experiment conclusively suggesting multiple short nanofibrils in VNC in comparison with fewer but
longer nanofibrils in BNC, considering the same cellulose concentration.
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Figure 7. Rheological behavior of VNC and BNC hydrogels: (a) Frequency sweep of VNGC; (b)
Frequency sweep of BNC; (c¢) Flow sweep of VNC; (d) Flow sweep of BNC; (e) Axial mode of VNC;
(f) Axial mode of BNC; VNC - hydrogel of vegetal nanocellulose from brewer's spent grains; BNC —
hydrogel of bacterial nanocellulose from Kombucha fermentation.
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Figure 8. Rheological behavior of VNCMu and BNCMu: (a) Frequency sweep of VNCMu; (b)
Frequency sweep of BNCMu; (c) Flow sweep of VNCMu; (d) Flow sweep of BNCMu; (e) Axial mode
of VNCMu; (f) Axial mode of BNCMu; VNCMu — hydrogel of vegetal nanocellulose from brewer's
spent grains mixed with a mucin suspension in a ratio of 1:1 (v/v); BNCMu - hydrogel of bacterial
nanocellulose from Kombucha fermentation mixed with a mucin suspension in a ratio of 1:1 (v/v).
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These results correlate with the XRD, surface tension and contact angle results. Shorter and
multiple VNC fibrils correlate with an amorphous character, lower surface tension, amphiphilic
character due to exposed hydrophobic glucose rings and methyl-rich chain ends [45,46] and multiple
surface adhesion points, both hydrophilic -OH functional groups and hydrophobic glucose rings.
Longer and fewer BNC nanofibrils correlate with a higher crystallinity, higher surface tension due to
chain length, higher hydrophilicity, more cohesive points through glucose ring-ring Van der Waals
interactions combined with intra- and intermolecular hydrogen bonds, and respectively fewer
surface adhesion points inducing a lower adhesion time.

The rheology of mucin mixtures with VNC and BNC nanosuspensions is depicted in Figure 8.
Mucin is a high molecular weight branched glycoprotein and, rich in different functional groups able
to establish many hydrogen bonds with all types of compounds and surfaces. The mucin rheology
depends on source, pH, concentration, temperature, time and shear rate [40,47,48]. At pH lower than
4, mucin has a gel or solid-like behavior with G'> G", and at higher or neutral pH mucin has a viscous
liquid-like behavior [40,48]. In oscillatory shearing mode presented in Figure 8a and b, VNCMu
showed a viscoelastic behavior with G' close to G" up to w=2.51 rad/s, angular frequency from which
the elastic behavior becomes dominant. BNCMu is more elastic than VNCMu, with G' higher than
G", due to the BNC influence having longer cellulose nanofibrils.

In flow sweep experiments presented in Figure 8c, the VNCMu suspension shows a reopectic
behavior, with viscosity increasing on the reverse curve. In Fig. 8d, the BNCMu suspension showed
a complex thixotropic behavior, with a critical shear rate around 4 1/s. Both suspensions with mucin
present a yield stress determined by the Herschel-Bulkley model and it is higher for BNCMu than for
VNCMu.

The axial experiments presented in Figure 8e,f evidenced the adhesion force of VNCMu
(Fad=0.197 N) to be higher than that of BNCMu and the initial VNC suspension, which suggests a
stronger interaction between BNC and Mu than between VNC and Mu. The adhesion times decrease
in the cellulose-mucin system, suggesting that a part of the initial adhesion energy of VNC and BNC
suspensions induced by the multitude of hydroxyl groups was transformed in cohesion energy with
the glycoproteic functional groups of mucin.

2.2. The Cytocompatible Behaviour of Nanocellulose-Based Hydrogels

A high degree of cytocompatibility of BNC was observed at all tested concentrations in
comparison with the negative cytotoxicity control (C—, untreated cells). Significant increases in the
number of metabolically active viable cells were recorded at the lowest concentrations of BNC tested,
i.e., 104.48 + 0.31% of C—at 0.0125% (w/v) BNC and 107.60 + 0.98% of C—at 0.025% (w/v) BNC (Figure
8a). At concentrations between 0.0125-0.05% (w/v), VNC exhibited a high degree of
cytocompatibility, with a significant increase in the cell viability at the lowest concentration tested
(104.67 +1.02% of C-at 0.0125% VNC). Higher concentrations of VNC led to a statistically significant
reduction in the cell viability, i.e., 94.38 + 0.61% of C—at 0.1% (w/v) VNC and 89.36 + 0.74% of C- at
0.2% VNC (Figure 9a).

Thus, at the lowest concentration tested, i.e., 0.0125% (w/v), there are no significant differences
between the two hydrogels, both being equally efficient with respect to the cytocompatible behavior.
By increasing the concentration, only the hydrogel of bacterial nanocellulose led to a further
significant increase in the cell viability, showing its high potential to support tissue regeneration. The
results from Figure 8a obtained after performing the CCK-8 assay can be correlated with the
fluorescence microscopy images shown in Figure 9b-m acquired after performing the LIVE/DEAD
assay.
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Figure 9. Cytocompatibility of VNC and BNC hydrogels: (a) Cell Counting Kit-8 (CCK-8) assay (+
error bars, n=3, a<0.05; *— o between 0.05 and 0.01, **—o between 0.01 and 0.001, and ***—o < 0.001;
black stars indicate statistically significant values that exceed C—; red stars indicate statistically
significant values that are below C-); C— (untreated cells, negative cytotoxicity control), C+ (cells
treated with 7.5% dimethyl sulfoxide (DMSO), positive cytotoxicity control), VNC — hydrogel of
vegetal nanocellulose from brewer's spent grains; BNC — hydrogel of bacterial nanocellulose from
Kombucha fermentation; (b-h) LIVE/DEAD assay (live cells — green fluorescence, dead cells — red
fluorescence): (b) C—; (c) C+; (d) Cells treated with 0.0125% (w/v) VNGC; (e) Cells treated with 0.025%
(w/v) VNG; (f) Cells treated with 0.05% (w/v) VNGC; (g) Cells treated with 0.1% (w/v) VNC; (h) Cells
treated with 0.2% (w/v) VNG; (i) Cells treated with 0.0125% (w/v) BNC; (j) Cells treated with 0.025%
(w/v) BNG; (k) Cells treated with 0.05% (w/v) BNGC; (1) Cells treated with 0.1% (w/v) BNC; (m) Cells
treated with 0.2% (w/v) BNC.

Fluorescence microscopy images acquired after labelling of the actin filaments and the nuclei
showed no changes in cell morphology following treatment with 0.025% (w/v) VNC and BNC (Figure
10b,c), compared with the negative cytotoxicity control (Figure 10a). The cytoskeleton is well
organized in a fibrillar structure with numerous actin filaments, with the cells maintaining their
characteristic phenotype.

(2) (b) (©)

Figure 10. Cell morphology following the treatment with VNC and BNC hydrogels (Alexa Fluor 488-
coupled phalloidin labelling of the actin filaments — green fluorescence, and DAPI labelling of the
nuclei - blue fluorescence): (a) Untreated cells, negative control); (b) Cells treated with 0.025% (w/v)
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VNG (c) Cells treated with 0.025% BNC; VNC - hydrogel of vegetal nanocellulose from brewer's
spent grains; BNC - hydrogel of bacterial nanocellulose from Kombucha fermentation.

It was previously demonstrated that the length of the nanocellulose fibers represents an
important factor with respect to the cytocompatible behaviour [49]. In the Hepa 1-6 and KUP5 liver
cells, the long nanocellulose fibers with the chain length of about 6000-7000 nm presented a high
degree of cytocompatibility at concentrations between 25-200 pg/mL. There was only a slight
decrease in the viability of the KUP5 cells at the highest concentration tested. Short nanocellulose
fibers with the chain length of about 100-600 nm induced significant decreases in the viability of KUP5
cells, especially at the highest concentrations tested by the authors. Hepa cells 1-6 were affected only
by the short fibers of about 175 nm, pointing also to a cytotoxic effect which is correlated with the cell
type [49]. Moreover, long nanocellulose fibers organized in a mesh-like structure can support the
adhesion, growth and differentiation of the cells, leading to an increase in the number of
metabolically active viable cells, promoting tissue regeneration [50].

3. Conclusions

Two types of hydrogels based on vegetal nanocellulose from brewer’s spent grains (VNC) and,
respectively, bacterial nanocellulose from Kombucha fermentation (BNC) were obtained.
Morphological analyses showed a denser fibrillar structure with longer cellulose nanofibers in the
case of BNC, compared to VNC. BNC showed higher crystallinity and hydrophilicity than VNC. The
mucin binding efficiency of the BNC hydrogel was significantly higher (92.85 + 2.62% and 82.18 +
2.22% at a nanocellulose/mucin ratio (mg/mg) of 12 and 4, respectively) in comparison with the VNC
hydrogel (74.45 + 2.54% and 46.66 + 1.47% at a nanocellulose/mucin ratio (mg/mg) of 12 and 4,
respectively). The interaction between BNC and mucin was stronger compared to the interaction
between VNC and mucin based on rheological analysis.

The BNC hydrogel presented a high degree of cytocompatibility for all the concentrations tested.
At0.025% (w/v) BNC hydrogel, the highest increase in the number of metabolically active viable cells,
i.e., 107.60 +0.98% of cytotoxicity negative control was recorded. This suggests that the BNC hydrogel
represents an excellent and better than VNC candidate for various biomedical nanoformulations.
Kombucha SCOBY should be considered as a cost-effective source of bacterial cellulose, but new,
more environment-friendly purification processes should be developed.

4. Materials and Methods

4.1. Materials

Brewer's spent grains were recovered from the Ursus brewery (Brasov, Romania) after the beer
production process. The Symbiotic Culture of Bacteria and Yeasts (SCOBY) pellicles were obtained
from a local Kombucha culture [28].

Sodium hydroxide pellets and sodium hypochlorite solution 15% w/v (Scharlau, Barcelona,
Spain) were used in order to purify the vegetal and bacterial cellulose.

The mucin binding efficiency was investigated using the following reagents: fuchsin basic for
microscopy, hydrochloric acid 1IN (Scharlau, Barcelona, Spain), glacial acetic acid, potassium
metabisulfite, activated charcoal (Chimreactiv, Bucharest, Romania), mucin from porcine stomach
type II (Sigma-Aldrich, St. Louis, MO, USA), periodic acid (VWR International, Pennsylvania, USA).

The investigation of cell viability was performed on human gingival fibroblasts (HGF-1, ATCC
CRL-2014) using Cell Counting Kit-8 (Bimake, Houston, TX, USA) and Viability/Cytotoxicity Assay
Kit (Biotium, Fremont, CA, USA). The cell morphology was highlighted using Phalloidin-iFluor 488
Reagent (Abcam, Cambridge, United Kingdom) and 4',6-diamidino-2-phenyindole, dilactate (DAPI)
(Sigma-Aldrich, St. Louis, MO, USA). In order to investigate the cytocompatibility, different buffers
or culture media were prepared based on: Dulbecco’s Modified Eagle’s Medium (DMEM)-low
glucose, D-(+)-Glucose, sodium bicarbonate, trypsin from porcine pancreas, dimethyl sulfoxide
99.5%, antibiotic antimycotic solution 100x stabilized, trypsin from porcine pancreas (Sigma-Aldrich,
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St. Louis, MO, USA), di-sodium hydrogen phosphate dihydrate, sodium dihydrogen phosphate
monohydrate, potassium chloride, sodium chloride, paraformaldehyde, Triton X-100, sodium n-
dodecyl sulfate 99% (Scharlau, Barcelona, Spain), albumin bovine fraction V, pH 7.0 (Janssen
Chimica, Beerse, Belgium), fetal bovine serum (FBS) USDA APPD. ORIGIN (Thermo Fisher
Scientific, Waltham, MA, USA).

4.2. Production of Bacterial Cellulose

Bacterial cellulose: the synthesis of bacterial cellulose was induced according to [36]. A tea
infusion of 10 g/L black tea in sterile double-distilled water was prepared, then filtered through sterile
gauze. The sweetened tea infusion was obtained by adding 80 g/L sugar. The fermentation process
was started by adding 10% SCOBY from a previous Kombucha fermented beverage. The jars were
left at room temperature for 14 days.

4.3. Production of Bacterial and Vegetal Cellulose Nanofibers

Due to the recalcitrant vegetable biomass, a first stage of purification was necessary in the case
of BSG. BSG was ground with a Retsch Type S 100 centrifugal mill (Haan, Germany). In order to
remove the extractables, BSG was mixed with a solution of 2:1 toluene:ethanol (v/v) in a ratio of 1:20
(w/v) and kept for 6 h at 90°C, 250 rpm, in a laboratory reflux installation. Subsequently, the resulting
precipitate was centrifuged in an Universal 320R Centrifuge (Hettich, Tuttlingen, Germany) at 12°C,
7350 xg for 30 min and freeze—dried for 24 h using a ScanVac CoolSafe 55-4 freeze-dryer (LaboGene,
Bjarkesvej, Denmark), at a working temperature -55°C.

In order to obtain the vegetal and bacterial nanocellulose, the bacterial cellulose and pretreated-
BSG underwent a chemical purification process and a mechanical microfluidization process.
Kombucha membranes were rinsed with double-distilled water and gently chopped before starting
the treatments.

The purification process was performed according to [51]. Kombucha membranes and
pretreated-BSG were mixed with a solution of 1M NaOH at a ratio of 2.5 (w/v) and kept at a
temperature of 90°C for 1 h, under stirring (250 rpm). The alkaline solution was removed, and the
samples were thoroughly washed with double-distilled water. The alkaline treatment was repeated
keeping the same parameters (90°C, 1h, 250 rpm), as well as the washing process. The washed
samples were mixed with a solution of 1.5 % NaClO and kept for 2 h at room temperature, under
stirring (250 rpm), then washed very well with double-distilled water. For a more effective
purification, 4 ultrasound cycles of 6h each were applied on the washed samples in water with an
ultrasound bath Elmasonic P30H (Singen, Germany) using the following parameters: 60°C, 37
pulses/min, 100 W power.

The purified samples were subjected to a milling process using a blender. Suspensions of 6%
wet substance (0.06% dry matter) were prepared with double-distilled water and underwent a
mechanical process of 20 passes using a microfluidizer (Microfluidics, Westwood, MA, USA).

4.4. Preparation of VNC-/ BNC Hydrogels, and Hydrogel-Mucin Systems

Nanocellulose from brewer’s spent grains, as well as from Kombucha fermentation synthetized
in Section 4.3. were concentrated in a Rotavapor R-300 system (BUCHI Corporation, New Castle, DE,
USA) up to a concentration of 0.4% dry matter using the following parameters: 60°C evaporation
temperature with a chiller stage at 20°C, 40 rpm, 100 bar pressure, which resulted in VNC and BNC
samples.

In order to assess the physicochemical properties of the hydrogel-mucin system, a suspension
of 3.5% mucin was prepared in double-distilled water. After the complete homogenization of the
suspension according to [40], it was mixed with VNC- and BNC hydrogels at a ratio of 1:1 (v/v),
which resulted in VNCMu and BNCMu samples.
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For the analyses where it is mentioned that the samples were freeze-dried, the same parameters
mentioned in Section 4.3. were used for the freeze-drying process of the VNC, BNC, VNC-Mu, BNC-
Mu and Mu samples.

4.4. Physico-Chemical Characterization of the VNC / BNC Hydrogels and Investigation of the Hydrogel-
Mucin Interaction

4.4.1. Transmission Electron Microscopy (TEM) Analysis

A small amount of sample (10 uL) was added on a carbon type-B, 200 mesh copper grid (Ted
Pella, Redding, CA, USA). TEM images were acquired with a TECNAI F20 G2 TWIN Cryo-TEM (FEI)
transmission electron microscope (Houston, TX, USA) applying an accelerating voltage of 200 kV.

4.4.2. Scanning Electron Microscopy (SEM) Analysis

SEM micrographs of freeze-dried samples were acquired with a TM4000Plus II tabletop electron
microscope (Hitachi, Tokyo, Japan) using the following parameters: 15 kV electron acceleration
voltage, secondary electrons (SE) / backscattered electrons (BSE) detector, low-charge (L) vacuum
mode, 1000x magnification.

4.4.3. X-ray Diffraction (XRD) Analysis

The XRD were performed on freeze-dried samples with a Rigaku— SmartLab diffractometer
(Rigaku Corporation, Tokyo, Japan) using the following parameters: 40 kV operation voltage, 200
mA emission current, incident Cuxa radiation (A= 1.54059 A). A range of 20 angles 5- 50° with a step
of 0.022 and a scan speed of 4%/ min was used in order to obtain the diffractograms. The diffractograms
were processed and analyzed in the PDXL software version 2.7.2.0 for the peak identification and
calculation of the crystallinity degree (Xc, %) which is the ratio between the area of the crystalline
peaks and the area of all peaks.

4.4.4. Interfacial Tension and Contact Angle Assessment

An OCA50 optical tensiometer (DataPhysics Instruments GmbH, Filderstadt, Germany) was
used in order to measure the surface tension (mN/m) and the contact angle (°). The measurements
were performed in triplicate for each sample using the SCA20 software version 5.0.41.

4.4.5. Investigation of Mucin Binding Efficiency by Periodic ACID SCHIFf (PAS) Assay

The VNC- and BNC hydrogels (0.4% dry matter) were mixed with a suspension of 0.1% mucin
prepared in double distilled water (w/v) at a 3:1 and 1:1 (v/v) ratio, then incubated at 37°C (Static
Cooled incubator MIR-154 PHCbi, MO, USA) under shaking (Trayster IKA, Staufenim Breisgau,
Germany) for 1 h. The samples were centrifuged for 1 h at room temperature, 20,000xg. Free mucin
in the supernatant was quantified by the PAS reaction [52,53]. The mucin binding efficiency (%) was
calculated by subtracting the free mucin concentration from the initial mucin concentration.

4.4.6. Rheological Analysis

Rheological experiments of VNC and BNC suspensions, together with its suspensions with
mucin, were performed using a HR20 Discovery Hybrid rotational rheometer from TA Instruments
(New Castle, DE, USA) in three different shearing modes with hysteresis (up and reverse rate
variation) at 25°C and 500 um gap. A sample amount of approx. 0.7 mL, able to fill the 500 um gap
between the 40 mm geometry and quartz surface, was subjected to a series of UP and reverse (R)
oscillation mode in the angular frequency range of w 0.1-100 rad/s, followed by UP and R linear flow
sweep in the shear rate range of 0.1-100 1/s, and ending with the axial mode of geometry rising with
constant speed of 10 um/s for a duration of 10 min to determine the adhesion force and adhesion
time.
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4.5. Cytocompatibility Analysis of VNC and BNC

4.5.1. Cell Counting Kit-8 (CCK-8) and LIVE/DEAD Assays

For the investigation of cytocompatibility of nanocellulose-based hydrogels, DMEM was
supplemented with 10% FBS. HGF-1 cells were seeded in 48-well plates using a cell density of 1x10*
cells/cm? and kept at 37°C under 5% CO:2 atmosphere. At 24 h post-seeding, the cells were treated
with different concentrations of VNC and BNC hydrogels, i.e., 0.0125, 0.025, 0.05, 0.1, 0.2% dry matter
(w/v). Cell viability was determined 24 h post-treatment by combining the CCK-8 and LIVE/DEAD
assays according to [30]. In the case of CCK-8 assay, after the incubation time, the liquid was
transferred in a 96-well plate and the absorbance was recorded at 450 nm using a microplate reader
(CLARIOstar BMG Labtech, Ortenberg, Germany). After performing the LIVE/DEAD assay, HGF-1
cells were visualized using a cell imaging system (Celena® X High Content Imaging System (Logos
Biosystems, Gyeonggi-do, South Korea). The image acquisition was performed using Celena® X
Explorer software version 1.0.5 (4x objective), and the image analysis was carried out using Celena®
X Cell Analyzer version 1.5.2.

4.5.2. Investigation of Cell Morphology

The morphological features of the cells 24 h post-treatment (as in Section 4.5.1.) were highlighted
by fluorescent labeling of cytoskeletal actin with Alexa Fluor 488-coupled phalloidin (green) and
nuclei with DAPI (blue) according to [30]. The HGEF-1 cells were examined using Celena® X High
Content Imaging System (Logos Biosystem, Gyeonggi-do). The image acquisition and processing
(overlapping fluorescent images of cytoskeletal actin and nuclei) was carried-out using Celena® X
Explorer software, 1.0.5 (20 objective). The image analysis was made using Celena® X Cell Analyzer,
version 1.5.2.

4.6. Statistical Analysis

Statistical analysis (One-Way ANOVA, Independent Sample T-test) was performed using IBM
SPSS 26 software version 26.0.0.0 (IBM Corp., Armonk, NY, USA)
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