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Abstract

The development of hydrogel bioinks that combine structural stability with biological com-
patibility remains a major challenge in extrusion-based 3D printing for tissue engineering.
In this proof-of-concept study, bacterial cellulose (BC) obtained from kombucha fermen-
tation was explored as a sustainable nanofibrillar component for alginate/chondroitin
sulfate (CS)/silicon-substituted hydroxyapatite (Si-HA) composite inks. Following alkaline
purification, mechanical processing, and freeze-drying, BC was characterized by scanning
electron microscopy (SEM), ATR-FTIR spectroscopy, and X-ray diffraction (XRD), revealing
a highly entangled nanofibrillar architecture with high crystallinity (85.4%) and strong
hydrogen-bonding potential. Four hydrogel formulations were developed as a comparative
2 x 2 matrix, contrasting BC-containing systems with methylcellulose (MC)-containing
reference systems at two Si-HA loadings. Reduced-viscosity measurements of the un-
crosslinked precursor formulations showed higher values at the lower Si-HA loading in
both formulation series. All formulations could be extruded as acellular inks into grid-like
constructs and retained identifiable macroporous architectures after ionic crosslinking.
Swelling increased between 24 and 48 h, while mass loss remained limited after the ini-
tial 24 h incubation period. In direct-contact testing with L929 fibroblasts, cell viability
remained above 84% after 48 h, meeting the ISO 10993-5 non-cytotoxicity criterion. These
findings support the feasibility of incorporating physically processed kombucha-derived
BC into alginate-based composite inks.

Keywords: bacterial cellulose; extrusion-based 3D printing; hydrogel ink; tissue engineer-
ing; alginate; chondroitin sulfate; biomaterials

1. Introduction

The field of tissue engineering has experienced a profound paradigm shift with the
advent of extrusion-based 3D printing, a technology that allows the construction of cus-
tomized, biomimetic architectural scaffolds with high precision [1,2]. To replicate the
native extracellular matrix (ECM), a hydrogel bioink formulation must strike a delicate
balance between providing biological signaling and maintaining structure over time [1-3].
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Hydrophilic polysaccharides, such as alginate and chondroitin sulfate (CS), are natural
choices for foundational biomaterial ink matrices due to their structural similarity to ECM
constituents and good biocompatibility [2,4,5]. However, these soft networks are fragile;
they frequently suffer from poor mechanical stability, low shape fidelity during the ex-
trusion process, and rapid degradation post-printing, which limit their applicability in
load-bearing or long-term tissue engineering constructs [1,3,6].

A promising approach to overcome these limitations is the incorporation of nanofi-
brous reinforcing phases that can act as structural anchors within the hydrogel matrix. In
this context, bacterial cellulose (BC) has gained increasing attention as a suitable component
for advanced composite bioinks [7,8]. Unlike plant-derived cellulose, microbial BC forms
an ultrafine, highly pure three-dimensional network of crystalline nanofibrils with a high
length-to-diameter ratio (high aspect ratio), contributing to mechanical reinforcement and
high water-retention capacity in cellulose-containing composites [9,10]. These structural
features allow BC to mimic several characteristics of the collagen-rich extracellular matrix
(ECM), thereby supporting favorable cell-material interactions and improved scaffold
stability [7,11]. From a sustainability perspective, BC can also be recovered from kom-
bucha fermentation byproducts, supporting circular bioeconomy principles through waste
valorization and low-cost biopolymer production [7,12]. Although BC has demonstrated
considerable potential for hydrogel and scaffold development, relatively few studies have
investigated the direct incorporation of physically processed kombucha-derived BC into
complex polyanionic bioink systems without prior chemical functionalization or surface
modification [8,13].

However, transforming raw bacterial cellulose membranes into a reliable and print-
able biomaterial formulation remains challenging. Achieving an optimal rheological
profile—sulfficiently fluid to enable smooth extrusion while viscous enough to main-
tain filament shape after deposition—continues to be a persistent challenge in bioink
development [1,14,15]. Most existing approaches improve BC dispersion and printabil-
ity through chemical modifications such as TEMPO oxidation, maleic acid grafting, or
charge modification [13,16-18]. Although these strategies often enhance processing perfor-
mance, they can also increase formulation complexity, leave residual chemical reagents,
and potentially compromise cytocompatibility. By contrast, physical processing methods
based on alkaline purification, mechanical grinding, and lyophilization remain relatively
underexplored. Nevertheless, these processing steps play a critical role in defining fiber
morphology, rehydration capacity, and interfacial interactions within the polymer net-
work, ultimately influencing scaffold swelling behavior and degradation kinetics under
physiological conditions [9,17,19].

To further enhance scaffold functionality beyond BC-mediated nanostructural rein-
forcement, the incorporation of inorganic bioactive phases represents a promising strategy.
Silicon-substituted bioceramics, particularly silicon-substituted hydroxyapatite (Si-HA),
have attracted considerable attention due to their ability to release biologically relevant
calcium and silicon ions, which are known to stimulate cell proliferation, differentiation,
and extracellular matrix synthesis [20-22].

The aim of this proof-of-concept study was to assess whether physically processed
kombucha-derived BC, used without chemical functionalization, can be incorporated into
pre-crosslinked alginate/CS/Si-HA composite inks while maintaining extrusion feasibility
and cytocompatibility. A 2 x 2 screening design was used to compare BC- and methyl-
cellulose (MC)-based formulations at two Si-HA loadings. BC was characterized by SEM,
ATR-FTIR, and XRD, while the resulting formulations were evaluated in terms of intrinsic
viscosity, swelling, mass loss in phosphate-buffered saline (PBS), qualitative extrusion-
printing feasibility, and direct-contact cytocompatibility with L929 fibroblasts. The working
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hypothesis was that the nanofibrillar and highly crystalline structure of BC would allow its
incorporation as a structural cellulose component within the alginate-based matrix without
preventing extrusion or compromising short-term cytocompatibility. As an exploratory
study, the work was not intended to demonstrate mechanical superiority, quantitative
validation of printing fidelity, or tissue-specific performance.

2. Materials and Methods
2.1. Materials

Si-substituted hydroxyapatite (Si-HA) was kindly provided by SC CHEMI CERAMIC
F SRL, Sf Gheorghe, Romania. Sodium alginate (180947), chondroitin sulfate (CS) from
bovine trachea (C9819), methyl cellulose (MC) with a viscosity of 1500 cP (M0387), sodium
hydroxide, high-density polyethylene (HDPE) granules and phenol were purchased from
Sigma-Aldrich (Hamburg, Germany). NCTC clone 929 cell line of murine fibroblasts
was acquired from the European Collection of Authenticated Cell Cultures (ECACC,
Wiltshire, UK).

2.2. Preparation of Bacterial Cellulose Particles

Bacterial cellulose (BC) was purified from raw cellulosic pellicles that are naturally
developed at the air-liquid interface of a sweetened black tea broth, synthesized by a
symbiotic culture of bacteria and yeast (SCOBY), in a fermentation of kombucha bever-
ages, following the preparation protocol described in our previous work [23]. A single
batch of kombucha-derived bacterial cellulose was purified and used for all subsequent
characterization and hydrogel formulation experiments in this proof-of-concept study. The
raw pellicles were boiled in a 0.1 M NaOH solution for 1 h under continuous agitation.
Following this alkaline treatment, the purified membranes were repeatedly washed with
deionized water until a neutral pH was achieved [24]. The purified BC membranes were
minced and processed into a particle suspension using a homogenizer. For morphological
evaluation, a small amount of this wet-ground suspension was dispersed onto stubs, dried
at 25 °C, and subsequently examined using a Hitachi SU-1510 scanning electron micro-
scope (SEM) (Hitachi High-Technologies Corporation, Tokyo, Japan) operated at 15 kV
accelerating voltage, to observe the particle morphology. Image] software (version 1.54g)
was used to observe the particle morphology. To ensure precise gravimetric dosing, the BC
suspension was frozen, freeze-dried, and subsequently ground into a fine powder.

2.3. Structural Characterization of BC and MC

The chemical structure and characteristic functional groups of the isolated bacterial
cellulose (BC), relative to methylcellulose (MC) were investigated using FTIR-ATR spec-
troscopy to emphasize the native structural integrity of the microbial polymer. Spectra of
the solid materials were recorded using a Bruker VERTEX 70 instrument (Billerica, MA,
USA) equipped with a Harrick MVP2 diamond ATR accessory (Pleasantville, NY, USA)

over the range 4004000 cm~!. Spectra were acquired at a resolution of 4 cm !

using
32 scans. All data were normalized to an intensity of 2. For visual context, the spectra are
displayed down to 450 cm !, as the structural interpretation used in this study is based
on the characteristic cellulose and methylcellulose bands located above this wavenumber.
The region below 450 cm~! did not contribute additional bands relevant to the comparison
performed here.

The crystalline structure and macromolecular organization of BC and MC were investi-
gated by X-ray diffraction (XRD) before their incorporation into the hydrogel formulations
in order to compare their crystallographic organization. XRD measurements were per-

formed on a Proto AXRD Benchtop instrument (Oldcastle, Ontario, Canada) using Cu Ko
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radiation (A = 1.54059 A). Data were collected over a 20 range of 5-70°, with a step size of
0.02° and an exposure time of 2 s per step. All data were normalized to an intensity of 1.

Crystallite size was estimated using the Scherrer equation only for defined crystalline
reflections of BC. No Scherrer analysis was applied to MC because its diffraction pattern
was dominated by broad amorphous scattering.

2.4. Preparation of Composite Hydrogel Inks

Four composite hydrogel formulations were prepared using sodium alginate as the
carrier matrix at a final concentration of 8% (w/v). Either bacterial cellulose (BC) or
methylcellulose (MC) was incorporated together with chondroitin sulfate (CS) and Si-HA.
The formulations differed according to the cellulose component and Si-HA loading, as
summarized in Table 1.

Table 1. Composition and component ratios of the hydrogel ink formulations used in this study.

Formulation Abbrev. Composition (I:Ua/t;v(; Final Concentrations (mg/mL)
Formulation 1 F1 MC:CS:Si-HA 2:1:1 MC2;,CS1;Si-HA 1
Formulation 2 F2 MC:CS:Si-HA 2:1:0.5 MC2;CS1;Si-HA 0.5
Formulation 3 F3 BC:CS:Si-HA 2:1:1 BC2;CS1;Si-HA 1
Formulation 4 F4 BC:.CS:Si-HA 2:1:0.5 BC 2; CS 1;Si-HA 0.5

All formulations contained sodium alginate at a final concentration of 80 mg/mL (8% w/v).

All constituents were homogenized under continuous magnetic stirring at 40 °C and
100 rpm for 2 h. Before CaCl, addition, aliquots of the uncrosslinked precursor formu-
lations were collected for capillary-viscosity measurements, as described in Section 2.4.1.
The remaining formulations were subsequently pre-crosslinked with 0.025 M CaCl, and
degassed by centrifugation at 5000 x g for 10 min at room temperature.

2.4.1. Determination of Hydrogel Ink Reduced Viscosity

The reduced viscosity (dL/g) of the uncrosslinked precursor formulations was de-
termined by testing dilute solutions in distilled water at 37 °C, at a fixed concentration.
All measurements were performed before the addition of CaCl,. An Ubbelohde capillary
viscometer housed within a VB 1423 thermostated water bath (Selecta, Madrid, Spain) was
used. Reduced viscosity was calculated according to:

(rel_l)
M rea = 1 C

where 1, is the relative viscosity and c is the concentration of the diluted formulation
expressed in g/dL (we used a fixed concentration of 0.008 g/dL). Each ink formulation
was analyzed in quadruplicate, and the final values were reported as the mean of the four
determinations + standard deviation (SD).

2.4.2. Determination of Swelling Degree

The swelling capacity of the isolated bacterial cellulose (BC) and crosslinked hydrogel
inks was evaluated gravimetrically in accordance with established protocols [25]. Dried
samples were initially weighed to determine their dry mass (Wi) and then immersed
in ultrapure water at room temperature. Swelling was determined after 24 h and 48 h
of incubation. At each timepoint, the samples were removed from the liquid, gently
blotted with filter paper to remove excess surface water, and immediately weighed to
determine the wet mass (Wf). Independent replicate samples were used for the 24 h

https://doi.org/10.3390/fib14090096


https://doi.org/10.3390/fib14090096

Fibers 2026, 14, 96

50f17

and 48 h measurements. The swelling degree was calculated as the percentage of water
absorption relative to the initial dry weight according to the following equation:

. (wy - wi)
Degree of swelling (%) = — X 100

1

2.4.3. In Vitro Stability and Mass-Loss Analysis

To evaluate the structural stability of the four crosslinked composite hydrogel for-
mulations under simulated physiological conditions, a gravimetric mass-loss assay was
performed [26]. Dry scaffold samples of a known initial weight (Wi) were submerged
in 1xPBS (pH 7.4) and incubated at 37 °C for 1 to 9 days. The selected timepoints were
intended to provide a preliminary assessment of early mass loss and subsequent short-
term stability rather than a detailed kinetic description of degradation. At designated
time intervals, the corresponding samples were retrieved, dried to a constant weight,
and reweighed to determine their final dry mass (Wf). The weight loss percentage, was
calculated according to the following equation:

4 (Wz' - Wf)
Weight loss (%) = % 100

i
2.5. Acellular Extrusion-Based 3D Printing

Preliminary printing feasibility was assessed using acellular extrusion-based 3D print-
ing. No cells were incorporated into the hydrogel inks before or during the printing process.
Printing was performed via a layer-by-layer extrusion technique using a Bio X 3D printer
(Cellink, Brighton, UK) equipped with 3 mL cartridges and 25 G (0.25 mm internal diameter)
metal nozzles. Porous, grid-like scaffolds (10 x 10 x 0.5 mm with 16 internal grids) consist-
ing of two layers, were fabricated from the 4 hydrogel formulation bioinks. The printing
speed was set to 1.5 mm/s for Formulations 1 and 2, and 1.6 mm /s for Formulations 3 and 4,
utilizing an extrusion pressure range of 105-120 kPa, while the print bed and printing head
were maintained at room temperature (=25 °C). Immediately post-printing, the constructs
were immersed in a 2% (w/v) CaCl, solution for 2 h at room temperature to complete the
ionic gelation of the alginate matrix. The crosslinked scaffolds were then washed ten times
with ultrapure water to thoroughly remove unreacted calcium residues. For sterilization,
the scaffolds were exposed to UV light for 4 h per side within a dedicated sterile chamber
(Scie-Plas, Cambridge, UK), prior to direct-contact cytocompatibility testing.

2.6. In Vitro Cytocompatibility Testing

Following acellular printing and crosslinking, the cytocompatibility of the printed
constructs was evaluated separately using the direct-contact method with 1929 fibroblasts,
in accordance with SR EN ISO 10993-5:2009 [27]. The cells were cultured in Minimum
Essential Medium (MEM) supplemented with 10% Fetal Bovine Serum (FBS), and 1%
penicillin—streptomycin-neomycin. The cell culture was grown as an adherent monolayer at
37 °C in a humidified incubator with 5% CO2, to reach 85-90% confluence. For experiments,
the confluent NCTC cell line was trypsinized, and the cells were seeded in 12-well culture
plates at a density of 4 x 10° cells/mL. The plates were incubated for 24 h, under standard
conditions of 37 °C, 5% CO,, humidified atmosphere. After 24 h of cell attachment, the
culture medium was replaced with fresh medium and the sterilized printed constructs
were placed directly into the wells in contact with the cell monolayer. Untreated cells
served as control. Cells treated with HDPE granules served as negative control, while 0.3%
phenol solution served as positive control. The well plates were incubated under standard
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conditions for 24 and 48 h. At each exposure time, the printed hydrogel constructs were
carefully removed from the wells before performing the MTT assay. The assay was then
carried out on the adherent 1.929 cells remaining in the wells, as previously described [28].
Following incubation with MTT reagent, the resulting intracellular formazan crystals were
solubilized using isopropyl alcohol. The optical density of the resulting solutions was
measured at 570 nm using a Spectro Star BMG spectrophotometer (Labtech, Ortenberg,
Germany). The values (Asgupie and Aceir contror) Were directly proportional to the number of
viable cells in the tested culture. Cell viability is calculated using the following equation:

Asample

% Cell viability = x 100

cell control

The results were reported as mean & SD from triplicate experiments.

2.7. Scanning Electron Microscopy (SEM)

For structural assessment of 3D-printed hydrogel inks and cell adhesion assessment, a
scanning electron microscope (SEM) Hitachi SU-1510 (Tokyo, Japan) was used. Samples
were processed in serial ethanol concentrations (12.5% to 100%) for dehydration, sub-
sequently mounted onto aluminum stubs and sputter-coated with a thin gold layer, to
provide the necessary electrical conductivity for high-resolution imaging of the scaffold’s
fibrillar matrix [29].

2.8. Statistical Analysis

All experiments were performed in triplicate (n = 3). The results are expressed as
mean =+ standard deviation (SD). The statistical analysis was carried out using one-way
analysis of variance (ANOVA) and Student’s t-test for pairwise comparisons between the
control and treated samples. The differences were considered statistically significant at
p <0.05.

3. Results
3.1. Kombucha Membrane Purification

Bacterial cellulose purification from raw cellulosic pellicles synthesized by a symbiotic
culture of bacteria and yeast (SCOBY) started from 146 g initial weight and reached 107 g
after neutralization. These values represent the mass change observed for this individual
purification batch and are not averages from replicate purification runs. To evaluate the
nanofibrillar morphology, the purified BC suspension was examined using SEM, operated
at an accelerating voltage of 15 kV. It observed an intricate, highly entangled network of
continuous nanofibers (Figure 1).

By tracing individual fiber segments through Image] software, a well-distributed
nanofiber diameter was observed, averaging 86 nm, spanning a tight 59 nm to 102 nm
range. The micrographs are free of intact bacterial cells or organic residues, visually
validating the efficacy of the alkaline purification protocol. This interconnected nanoscale
morphology provides a large interfacial area that may favor physical interactions between
BC fibrils and the surrounding alginate/CS matrix [30,31].

3.2. FTIR Analysis

The ATR-FTIR spectra of BC and MC are given in Figure 2. ATR-FTIR spectra con-
firmed the characteristic polysaccharide structure of both bacterial cellulose (BC) and
me-thyl cellulose (MC) and the assignment of major bands is presented in Table 2.
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Figure 1. SEM micrographs of purified kombucha-derived bacterial cellulose showing a highly
entangled nanofibrillar network at lower magnification (A) and a higher magnification view of the

highlighted region (B).
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Figure 2. Side-by-side ATR-FTIR spectra comparison of bacterial cellulose (BC) (B) and methyl
cellulose (MC) (A), displayed over the 4000-450 cm ! region used for structural interpretation and
highlighting the main differences in functional-group distribution.

Table 2. FTIR assignment of major bands [32].

Wavenumber (cm—1) BC Assignment MC Assignment
3344-3450 O-H stretching O-H stretching
2967-2895 C-H stretching C-H stretching
1649-1638 Bound water/carboxyl Bound water/carboxyl

-1
1162-1033 cel(lzul?)s(e: {)gcl?blgne C;ligllosleo f)isgone
899 B-(1—4) linkage -
943 - Ether linkage from methylation
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ATR-FTIR spectra confirmed the characteristic polysaccharide structure of both bacte-
rial cellulose (BC) and methyl cellulose (MC). BC exhibited a broad O-H stretching band
at 3344 cm ™!, attributed to extensive inter- and intramolecular hydrogen bonding [33].
Peaks at 29672895 cm ! correspond to C-H stretching vibrations [32,33]. The absorption
at 1649 cm~! is assigned to absorbed water and carboxyl-containing groups [32,33]. Strong
bands between 1162 and 1033 cm ™! are characteristic of C-O-C and C-OH vibrations of the
B-1,4-glucan backbone [33,34]. The signal at 899 cm ™! confirms p-(1—4)-glycosidic link-
ages [34]. MC displayed similar cellulose-derived bands, with O-H stretching at 3451 cm ™!
and C-H stretching at 2898-2835 cm ™! [34], but displayed modifications associated with
methyl ether substitution, including the 943 cm~! band [35]. The stronger hydrogen-
bonding network observed in BC indicates higher intermolecular cohesion and greater
water-retention capacity (Figure 2).

The FTIR results demonstrate preservation of the cellulose backbone in both materials
while highlighting the higher hydroxyl availability and hydrogen-bonding capacity of BC.
These characteristics are particularly important for hydrogel formation, water retention
and cellular interactions in bioink systems.

3.3. XRD Analysis

XRD analysis was performed on BC and MC as individual cellulose components
before formulation. XRD patterns demonstrated major differences in supramolecular
organization. BC displayed crystalline cellulose-I reflections associated with ordered
nanofibrillar domains. MC exhibited a broad amorphous halo due to disruption of crystal
packing by methoxy groups. The higher crystallinity of BC indicates a more ordered
cellulose-I structure than that observed for MC. The possible contribution of this structural
organization to the mechanical properties of the composite inks was not assessed in the
present study.

X-ray diffraction patterns revealed clear differences in supramolecular organization
between BC and MC. BC exhibited defined cellulose-I-associated reflections, particularly at
26 =~ 14.65° and 22.85°, consistent with ordered crystalline domains (Table 3). In contrast,
the MC pattern was dominated by broad scattering features, with maxima near 8.71° and
19.85°, characteristic of a predominantly amorphous organization (Figure 3). These MC
maxima were therefore treated as broad scattering features rather than as reflections from
defined crystallographic planes.

Table 3. Main XRD features and crystallinity parameters of BC and MC.

Sample Segal CI (%) Main XZIéD (lj;aatures, d-Spacing (A) D Scherrer (nm) *
2
BC 85.388 14.653, 22.853 6.040, 3.888 5.134
MC 15.901 * broad maxima at . o

8.71 and 19.85
* For MC, the reported value represents an apparent Segal-type index and should not be inter-
preted as a true cellulose-I crystallinity index because the diffraction pattern is dominated by broad
amorphous scattering.

Reflections observed at 41.91° and 48.71° were not included in the cellulose-I crys-
tallinity assessment because they fall outside the conventional crystalline and amorphous
regions used for the Segal crystallinity index. Since no blank-holder scan was available, no
specific origin was assigned to these high-angle reflections.

Scherrer crystallite size was calculated only for BC crystalline reflections; no crystallite-
size value was assigned to MC due to its predominantly amorphous diffraction pattern.
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Figure 3. Baseline-corrected diffractograms with detected peaks. (a) BC shows defined cellulose-I-
associated reflections in the 14-23° region, whereas MC is dominated by broad scattering maxima
within the 8-22° region, consistent with a predominantly amorphous structure. High-angle reflections
at 41.9° and 48.7° are shown but were not used in the Segal crystallinity calculation. (b) Conventional
Segal regions for cellulose-I crystallinity estimation: I,m region (18-20°) and Ipy region (21-24°).

PXRD analysis demonstrated that BC and MC differ fundamentally in crystallographic
organization. The BC diffractogram contains cellulose-I-associated reflections at 26 = 14.65°
and 22.85°, corresponding to d-spacings of approximately 6.04 A and 3.89 A, respec-
tively [36]. These reflections are consistent with ordered cellulose-I domains. Using the
conventional cellulose I Segal method, the BC crystallinity index was calculated, finding the
maximum intensity in the (200) crystalline region (~22-23°) and the minimum intensity as-
sociated with the amorphous contribution in the ~18-20° region [37]. This high crystallinity
index further corroborates the FTIR findings; since residual bacterial biomass and culture
medium byproducts are predominantly amorphous, their presence would otherwise distort
the scattering background [32]. Apparent coherent-domain sizes and d-spacings were cal-
culated using standard mathematical frameworks from baseline-corrected intensities [38],
while for BC, crystallite size was estimated from the defined crystalline reflection using
the Scherrer equation [39]. No Scherrer crystallite size was calculated for MC because its
diffraction profile was dominated by broad amorphous scattering. In comparison, MC
displayed broad scattering maxima near 8.71° and 19.85°, consistent with a predominantly
amorphous structure. These features were not assigned to defined crystallographic planes,
and no Scherrer crystallite size was calculated for MC [35].

3.4. Hydrogel Ink Characterization

The four hydrogel formulations were balanced as a 2 x 2 factorial screening matrix,
to match the exploratory nature of this proof-of-concept study. To build a dependable
benchmark, it was paired to a well-known commercial reference—semi-amorphous MC in
Formulations 1 and 2—against a sustainable alternative containing the highly crystalline
BC nanofibrils in Formulations 3 and 4. At the same time, the concentration of the bioactive
mineral phase (Si-HA) varied using mass ratios of 1 and 0.5 in both polymer groups. This
symmetrical setup gives us a clear, uncluttered view to isolate and understand how fiber
morphology and mineral loading together shape the composite matrix.

Table 4 summarizes the reduced viscosity, swelling behavior, and mass loss of the four
formulations and allows comparison of both variables included in the screening design: the
cellulose component (MC or BC) and the Si-HA loading. Capillary-viscosity measurements
were performed on the uncrosslinked precursor formulations, prior to CaCly-mediated
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pre-crosslinking. Reduced viscosity followed the order F2 (15.35 dL/g) > F4 (14.74 dL/g)
> F3(12.85 dL/g) > F1 (8.10 dL/g). At the higher Si-HA ratio (1.0), replacement of MC
with BC increased the measured reduced viscosity from 8.10 dL/g in F1 to 12.85 dL/g in
F3. At the lower Si-HA ratio (0.5), the values for the MC- and BC-containing formulations
were closer, reaching 15.35 dL/g for F2 and 14.74 dL/g for F4. Within both material groups,
reducing the Si-HA ratio from 1.0 to 0.5 was associated with an increase in reduced viscosity.
Since these measurements were performed at a single dilution, they are interpreted as
a comparative capillary-viscosity parameter rather than as a complete rheological char-
acterization of the formulations. These results suggest that mineral loading influenced
the hydrodynamic behavior of the diluted formulations, although the present capillary-
viscosity measurements do not allow the underlying polymer—-mineral interactions to be
determined directly.

Table 4. Reduced viscosity, swelling degree, and mass loss of the four composite hydrogel formulations.

Hydrogel Reduced Viscosity, Swelling Degree (%) Mass Loss (%)

Formulation [n] (dL/g) 24 Hours 48 Hours 1 Day 2 Days 9 Days
F1(MC, Si-HA 1.0) 8.10 + 0.018 81.15 £ 2.56 118.71 + 2.47 14.63 + 1.08 14.73 + 0.58 16.96 + 0.88
F2 (MC, Si-HA 0.5) 15.35 +£ 0.021 83.85 £+ 2.64 127.04 + 3.13 13.46 &+ 0.86 13.80 + 0.79 1591 £ 0.93
F 3 (BC, Si-HA 1.0) 12.85 + 0.022 68.64 + 3.02 116.61 + 2.62 14.87 £ 0.93 15.22 + 0.93 17.06 £+ 1.08
F 4 (BC, Si-HA 0.5) 14.74 + 0.044 77.78 £ 2.87 145.83 + 2.73 14.55 £ 0.97 14.58 + 0.75 16.57 £ 0.82

Note: Values are expressed as mean + SD (n = 4 replicate flow-time measurements for reduced
viscosity; n = 3 for swelling and mass-loss assays).

Swelling showed a different formulation-dependent pattern. After 24 h, F1 and F2
exhibited swelling values of 81.15% and 83.85%, respectively, whereas F3 and F4 reached
68.64% and 77.78%. After 48 h, water uptake increased in all formulations. F4 showed the
highest swelling value (145.83%), followed by F2 (127.04%), while F1 and F3 reached similar
values of 118.71% and 116.61%, respectively. Thus, the results do not indicate a uniform
effect of BC on swelling. Instead, the response appears to depend on the combination of
cellulose type and Si-HA loading, with the highest long-term water uptake observed for
the BC-containing formulation with the lower Si-HA content.

Mass loss followed a similar temporal pattern in all four formulations. After 1 day
in PBS, values ranged from 13.46% for F2 to 14.87% for F3 (Table 3) of their initial dry
weight [40,41]. This initial ‘burst mass loss” is not indicative of polymer backbone cleavage,
but rather represents the predictable leaching of uncrosslinked macromolecular fractions
(such as highly soluble chondroitin sulfate) and loosely bound surface Si-HA particles
during equilibrium swelling. Only limited additional mass loss occurred thereafter, with
values of 15.91-17.06% recorded after 9 days. The increase between day 1 and day 9 was
therefore relatively small for all formulations: 2.33% for F1, 2.45% for F2, 2.19% for F3,
and 2.02% for F4. No clear separation between the MC- and BC-containing groups was
observed on the basis of this assay. This flat profile underscores the long-term stability of
the ionically crosslinked calcium alginate ‘egg-box” core network [42]. Since the present
gravimetric assay does not distinguish polymer degradation from component release, the
measured values are interpreted as mass loss rather than direct evidence of polymer-chain
degradation. Overall, all four formulations retained more than 82% of their initial dry mass
after 9 days under the conditions tested. Given the sparse sampling schedule, these data
should be interpreted as a preliminary stability assessment rather than as a characterization
of degradation kinetics.
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The effect of Si-HA loading was evaluated through formulation-dependent changes in
reduced viscosity, swelling, and mass loss; no crystallographic analysis of Si-HA within the
final composite hydrogels was performed.

For tissue engineering applications, this biphasic degradation behavior—characterized
by an immediate mass correction followed by structural stagnation—is highly desirable,
as it may ensure the 3D-printed filaments maintain their structural remanence and ge-
ometric channels long enough to support cellular colonization and new extracellular
matrix synthesis.

3.5. 3D Hydrogel Printing

To bridge the gap between material synthesis and biological validation, a preliminary
printing trial was conducted at room temperature, for all hydrogel formulations, to obtain
acellular grid-like 3D-printed constructs (Figure 4).

Figure 4. Acellular extrusion printing of MC- and BC-containing hydrogel formulations. (A) Represen-
tative post-crosslinked grid-like constructs showing open macroporous regions with predominantly
rounded pore contours; (B) pre-crosslinked 3D construct; (C) Bio X extrusion-based 3D printer
(Cellink, Brighton, UK) used for hydrogel ink deposition.

Visual inspection showed that all four formulations could be extruded into continu-
ous two-layer grid-like constructs with open and identifiable macroporous regions after
crosslinking. The pore openings displayed predominantly rounded to approximately circu-
lar contours after printing and crosslinking. As this preliminary study focused on extrusion
feasibility, pore geometry was assessed qualitatively and was not used as a quantitative
measure of printing fidelity.

3.6. In Vitro Cytocompatibility Testing of Printed Constructs

The cytocompatibility of the acellular 3D-printed constructs was evaluated separately
after printing and crosslinking, and the results are presented in Figure 5. All formulations
maintained cell viability above the 70% threshold defined by ISO 10993-5 and were therefore
classified as non-cytotoxic under the conditions tested [27], thereby confirming the inherent
biocompatibility of the crosslinked 3D printed composites.
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Figure 5. In vitro cytocompatibility of the acellular 3D-printed formulations F1-F4 evaluated by
the MTT assay in L929 fibroblasts after 24 and 48 h of direct-contact incubation. Cell viability was
normalized to the untreated control (100%). Data are presented as mean + SD (n = 3). Statistical
comparisons of F1-F4 against the normalized control value were performed using a one-sample ¢-test
with Holm correction for multiple comparisons at each timepoint. * p < 0.05. HDPE served as the
negative control.

Formulation 2 and 3 yielded the most prominent metabolic response after 24 h, main-
taining cell viability similar to untreated cells (control, 100%). This performance under-
scores the non-toxic and biomimetic surface characteristics introduced by BC nanofibrils
when blended with the Si-HA mineral phase. Similarly, Formulation 1 and 4 demon-
strated a stable biocompatibility profile, supporting fibroblast viabilities of 93.20% and
91.4%, respectively, at 24 h of cultivation. While the data revealed a minor time-dependent
variation in metabolic activity, cell survival was never significantly compromised, main-
taining values over 84% at 48 h of cultivation and therefore above the 70% threshold
used for non-cytotoxicity assessment according to ISO 10993-5. These results support
the short-term cytocompatibility of the four printed formulations and justify further eval-
uation in more advanced cell-based models, suitable for future 3D bioprinting tissue
engineering applications.

3.7. Scanning Electron Microscopy (SEM)

SEM examination provided complementary information on scaffold morphology and
cell distribution within the printed structures (Figure 6). The unseeded scaffold controls
(Figure 6a—c) show the printed hydrogel architecture at different magnifications. At lower
magnification, the grid-like organization and macroporous openings are clearly visible,
whereas the higher-magnification images show the continuous but heterogeneous surface
of the crosslinked hydrogel matrix.

Constructs after direct-contact incubation with L929 fibroblasts are shown in
Figure 6d—j. Panels d—g correspond to formulations F1, F2, F3, and F4, respectively. In all
four formulations, fibroblasts were observed mainly as rounded multicellular aggregates
adhered on the scaffold surface. The overall morphology of these aggregates was compa-
rable among F1-F4, and no clear formulation-dependent difference could be established
from the qualitative SEM observations alone. This spheroidal architecture is typical for hy-
drophilic polymer networks that lack RGD-medjiated cell-adhesive peptides, as cell-to-cell
homophilic interactions become thermodynamically favored over cell-substrate spreading.
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Figure 6. Representative SEM micrographs of the acellular 3D-printed composite hydrogel scaffolds
before and after direct-contact incubation with L929 fibroblasts: (a—c) unseeded scaffold controls, at
different magnifications, revealing the printed macrostructural grid filaments and open mesh pores;
(d-g) representative fibroblast aggregates observed on formulations F1, F2, F3, and F4, respectively;
(h,i) lower- and intermediate-magnification views showing the spatial distribution of cellular aggre-
gates in relation to the printed pore openings; and (j) higher-magnification detail of a multicellular
aggregate located at a pore boundary.

Panels h-j provide additional information on the spatial distribution of the cells
within the printed architecture. At lower and intermediate magnification (Figure 6h,i),
several cellular aggregates were located close to pore boundaries and within the regions
surrounding the printed openings. Figure 6j provides a higher-magnification view of an
aggregate positioned at a pore boundary. This suggests that these macroporous openings
act as protective architectural anchors that physically trap cell clusters, fostering localized
cellular interactions and supporting micro-tissue development.

Compared with the unseeded controls in Figure 6a—c, the cell-seeded samples therefore
confirm the presence of fibroblast aggregates on the scaffold surface and indicate that
the printed pore geometry may influence their local distribution. These morphological
observations visually validate the MTT results but do not provide a quantitative comparison
of cell adhesion between formulations.

4. Discussion

This proof-of-concept study evaluated whether physically processed kombucha-
derived BC can be incorporated as a nanofibrillar component in alginate/CS/Si-HA com-
posite inks without chemical modification. The results show that BC-containing formula-
tions remained compatible with acellular extrusion printing and short-term cytocompatibil-
ity testing under the conditions used.
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SEM analysis showed that purified BC formed a highly entangled nanofibrillar net-
work with an average fiber diameter of approximately 86 nm. This morphology provides
a large interfacial area that may favor physical entanglement and interactions with the
surrounding polymer matrix. FTIR and XRD analyses further highlighted major differ-
ences between BC and MC. BC retained strong hydroxyl-associated interactions and a
high crystallinity index (85.4%), consistent with preserved cellulose I domains, whereas
MC displayed a predominantly amorphous structure due to methyl substitution. These
structural differences support the proposed role of BC as a nanofibrous component within
the hydrogel matrix, rather than solely as a viscosity-modifying phase. The observed
nanofibrillar morphology and high crystallinity are consistent with previous reports on
microbial BC, where cellulose I domains were associated with improved mechanical rein-
forcement and scaffold stability [30]. XRD characterization was limited to the individual
cellulose components, and the crystalline phase of Si-HA within the final composite hydro-
gels was not assessed. Future studies should include XRD of the complete formulations to
evaluate possible changes in mineral phase integrity and matrix-mineral organization after
incorporation and crosslinking.

Reduced-viscosity measurements performed on the uncrosslinked precursor formula-
tions indicated that lower Si-HA loading improved polymer hydration and chain mobility
in both MC- and BC-based systems. F2 and F4 showed the highest reduced-viscosity values,
indicating that Si-HA loading influenced the flow behavior of the precursor formulations
under the measurement conditions. Similar effects of mineral loading on polymer mobility
were previously reported in alginate-based composite hydrogels, where excessive inorganic
content reduced chain flexibility and flow behavior [10].

Swelling and mass-loss behavior depended on both cellulose type and Si-HA loading
rather than showing a uniform BC-related trend. At 48 h, F4 exhibited the highest swelling
degree (145.83%), whereas F3 remained comparable to the MC-containing formulations. All
four formulations showed a similar mass-loss pattern, with most of the measured change
occurring during the first 24 h and only limited additional mass loss up to day 9.

All formulations were successfully extruded through a 25 G nozzle, producing grid-
like constructs with continuous filaments and preserved pore geometry, although the
resulting pore openings displayed rounded rather than ideal square contours. This indi-
cates that both MC- and BC-based formulations exhibited processing behavior compatible
with layer-by-layer extrusion under the conditions tested. Notably, BC-based formula-
tions, maintained printability without requiring chemical functionalization. Unlike many
reported BC bioinks that require TEMPO oxidation or surface grafting to achieve print-
able rheology, the current system maintained extrusion capability using only physical BC
processing [13,16].

Cytocompatibility testing confirmed non-cytotoxic behavior for all formulations, with
cell viability remaining above 84% after 24 and 48 h. SEM observations showed comparable
multicellular aggregate morphology across the four formulations, without an evident
formulation-dependent pattern. Comparison with the unseeded controls confirmed that the
aggregates were associated with the scaffold surface, while the lower-magnification images
showed several aggregates close to pore boundaries and printed openings. This distribution
suggests that scaffold geometry may influence the local organization of the cells.

Due to its demonstrative nature, this study has several limitations, including the
use of BC obtained from a single purification batch, the absence of detailed rheological
and mechanical characterization, the qualitative assessment of printing accuracy, limited
mass-loss assessment and the use of short-term fibroblast testing only. Quantitative mor-
phometric analysis of filament width, pore dimensions, spreading ratio, and printability
index, together with complete rheological characterization of the undiluted inks, including
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flow curves and oscillatory measurements of G’ and G”, and evaluation using independent
BC batches and more advanced cell-based models, should be included in future studies
that will be required in subsequent formulation optimization.

5. Conclusions

This proof-of-concept study showed that physically processed kombucha-derived
bacterial cellulose can be incorporated into alginate/CS/Si-HA composite inks without
chemical functionalization. Structural characterization confirmed the preservation of the
nanofibrillar cellulose-I organization, with a crystallinity index of 85.4%. The formulation
study further showed that Si-HA loading influenced reduced viscosity and swelling behav-
ior, while all four formulations exhibited a similar mass-loss pattern, with a similar pattern
over the 9-day observation period.

All formulations could be processed by acellular extrusion-based 3D printing through
a 25G nozzle into grid-like constructs that retained identifiable macroporous features
after ionic crosslinking. Direct-contact testing with 1929 fibroblasts showed cell viability
above 84% for all formulations, supporting their classification as non-cytotoxic under the
conditions tested.

Taken together, these results support the feasibility of using physically processed
kombucha-derived BC as a component of alginate-based composite inks. Further work
should include rheological, mechanical, and thermal characterization, quantitative assess-
ment of printing fidelity, and evaluation in cell-laden and tissue-specific models.
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