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Bacterial nanocellulose is a fascinating biopolymer with immense application potential, including as a wound
dressing material. It is highly biocompatible and capable of keeping humidity needed for wound healing.
However, it lacks specific affinity to pharmaceuticals to be delivered in a controlled fashion in a topical appli-

PDl;ZSpgé)lriziatmn cation, urged by the necessity to decrease the release of medicines to the environment. Solving this problem
Titaiia Y requires tailoring of the material functionality by chemical modification. In this work, a two-step strategy

applying first phosphorylation and then introduction of biocompatible mineral particles was applied. Surface
modification of commercially available wound dressing material based on dried bacterial nanocellulose led to
phosphate grafting of 1.5-1.8 mmol/g and then uniform coverage of individual fibers (colloidal TiO5) or for-
mation of aggregated platelets (TIBALDH®) on the surface (with Ti:P element ratios 0.45-0.80). To the titania
functionalized dressing the broad spectrum antibiotic Tetracycline was bound (41-45 mg g'!) with its release
delayed over several hours / days (over 50 % in 120 h for both nanocarriers). Biological essays indicated
excellent biocompatibility and improved cell adhesion, offering a path to accelerated wound closure, promising
for diverse tissue engineering applications. This study demonstrated a strategy in approach to dressing materials
with delayed drug release properties exploiting the affinity of pharmaceuticals to mineral nanoparticles.

1. Introduction

Materials for wound treatment are highly requested and attract
continuous attention of researchers. A paramount aim in wound man-
agement is preventing bacterial infection. Commonly used wound
dressing materials function by providing a physical barrier against
infection caused by microorganisms, passively protecting against
infection (Stoica, Chircov & Grumezescu, 2020). Therefore, antibiotics
are often prescribed per-orally for systemic treatment. This results in
consuming large quantities of antibiotics and their distribution into
wastewater streams through excretion, leading to water streams
becoming increasingly polluted by residual pharmaceuticals (Malnes
et al., 2022). Exposed to increasing background concentrations of anti-
biotics, bacteria are becoming increasingly resistant against them,
which has led to augmented interest in alternatives such as local, topical
application of antibiotics for wound management.

* Corresponding author.

The emergence of nanotechnology has opened up avenues for the
production of active wound-dressing materials, which facilitate wound
healing, exert antibacterial properties and/or stimulate tissue regrowth
(Moritz et al., 2014; Li et al., 2020). Inorganic nanoparticles for
example, have been reported to improve wound healing (Seisenbaeva
et al., 2017; Paladini & Pollini, 2019) and they have been proven to
facilitate controlled release of antibiotics (Galkina et al., 2015a; 2015b).
Combining the attractive properties of inorganic nanoparticles with
natural polymers, allows for the creation of hybrid materials with
unique properties, which can be used for drug delivery.

Bio-based polymers such as cellulose have increasingly been
addressed as matrices for active inorganic components. Cellulose is the
most abundant natural polymer on the planet, accounting for 1.5 x 10'2
tons of annual biomass production (Klemm, Heublein, Fink & Bohn,
2005). It is a linear homopolymer comprised of p—1,4-linked glyco-
pyranose (O’Sullivan, 1997; Marchessault & Sundararajan, 1983). It is
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found in the cell wall of plants, in seaweed, and in fungi. In addition, it is
produced by some species of bacteria, such as Komagateibacter Xylinus
(formerly Acetobacter and Gluconacetobacter) which forms a biofilm
comprised of cellulose (Brown, 1886). Cellulose and its derivatives have
a long history in the pharmaceutical industry in various types of for-
mulations as it is biodegradable, non-toxic, non-carcinogenic and
biocompatible (Thoorens et al., 2014). Nanocellulose for biomedical
applications can be produced from many different sources such as wood,
cotton or even fruit peel waste (Datta et al., 2024).

Bacterial nanocellulose (BNC) is a type of cellulose with major ad-
vantages over vegetal (plant) cellulose, owing to its unique native purity
(Klemm, Schumann, Udhardt & Marsch, 2001). It is produced by
fermentation and only contains microbial cells, nutrients and secondary
metabolites, which can easily be removed to produce highly pure cel-
lulose. By comparison, vegetal cellulose contains by-products such as
lignin, pectin and hemicellulose (Klemm, Heublein, Fink & Bohn, 2005).
BNC has outstanding physical and mechanical properties, which emerge
from its unique 3D structure. BNC aggregates to form long aggregated
microfibrils with a width of 70-150 nm in a reticular network which
provides the material with high surface area, elasticity and flexibility
(Klemm, Heublein, Fink & Bohn, 2005; Fink, Purz, Bohn & Kunze,
1997). BNC has many intrinsic characteristics that make it an ideal
wound dressing material, especially for burn wounds, temporary skin
substitutes or tissue regeneration as it has the capacity to absorb exu-
dates from injured tissue and accelerate granulation (Khalid et al., 2017;
Lietal., 2015). A major drawback in using BNC and other celluloses for
wound dressing applications however, is a lack of antibacterial activity
intrinsic to the material, meaning that wounds can easily become
infected if not properly managed.

In order to overcome this challenge, antibacterial agents such as
silver nanoparticles have been added to cellulose materials in order to
grant it antibacterial properties (Barud et al., 2011; Volova et al., 2018).
Silver nanoparticles though have been shown to be cytotoxic due to the
generation of ROS by the particles itself or through the release of silver
ions (Liao, Li & Tjong, 2019; Tripathi & Goshisht, 2022). An alternative
approach is loading cellulose materials with antibiotics. However, cel-
lulose itself has a low retention for many drugs and there is a risk that
rapid release of drugs may have toxic effects (Horue et al., 2023).

BNC benefits from having a highly porous structure in its native
state, which has been used to imbue the material with antibacterial
properties by loading metal/metal-oxide nanoparticles with antibacte-
rial properties (Khalid et al., 2017; Volova et al., 2018; Li et al., 2017) or
loading pharmaceuticals for delayed drug release (Moritz et al., 2014).
Nanosized TiO, in particular has been garnering attention as it is
considered biocompatible with low toxicity. It has been demonstrated
that depending on the surface chemistry involved, titania induces blood
coagulation (Seisenbaeva et al.,, 2017; Svensson et al, 2021;
Ekstrand-Hammarstrom et al., 2015), which promotes wound-healing
by initiating an immune response (Seisenbaeva et al., 2017). Titania
derived from ammonium oxo-lactato titanate by comparison has been
shown to cause minimal coagulation activation, which makes it suitable
for applications where coagulation is undersired (Svensson et al., 2021).
Frequently reported methodology for imbuing BNC with antibacterial
properties often relies on impregnating the material with nanoparticles
and/or pharmaceuticals within the porous substrate, without the for-
mation of a chemical bond, followed by lyophilizing or supercritical
drying of the material, potentially leading to the release of nanoparticles
into the wound environment with all consequences that entails.

Another specific limitation of using BNC is its limited swelling ca-
pacity post-drying (Klemm, Heublein, Fink & Bohn, 2005), requiring the
material to be impregnated before drying. Thus, this strategy would find
limited use for materials like dry BNC sheets that currently are available
as wound dressing material. In the past several articles have reported the
use of chemically bonded metal oxide-cellulose hybrid materials for
controlled drug delivery (Galkina et al., 2015a; Galkina et al., 2015b;
Gaio et al., 2022; Breijaert et al., 2022). To the best our knowledge,
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nanocomposites of dry BNC wound dressing with chemically grafted
metal oxides onto the surface for enhanced uptake and controlled
release of pharmaceuticals have not been reported. The aim of the
current work was to produce a bacterial nanocellulose based material
loaded with antibiotics for controlled release. Improved retention of
antibiotic drug was achieved through surface grafting of inorganic
functional components such as nano titania. Two types of very uniform
TiO4 nanoparticles about 3.5 nm developed in our previous studies — the
triethanol ammonium terminated titania (TATT) (Seisenbaeva et al.,
2017; Kessler, Seisenbaeva, Hakansson & Unell, 2008), easily desorbing
the capping ligands and highly active in blood coagulation, and the
particles generated by an equilibrium described for “Dihydroxybis
(ammonium lactato)titanium(IV)” (TiBALDH®), which are strongly
surface capped by lactate ligands and not producing blood coagulation
effects (Seisenbaeva et al., 2017; Seisenbaeva, Daniel, Nedelec & Kess-
ler, 2013). Insights were gained into how this material would behave in
tissue regeneration applications testing biocompatibility, cell adhesion
and pseudo wound closure effects.

2. Materials and methods
2.1. Materials

“Dihydroxybis(ammonium lactato)titanium(IV)” (TiBALDH®) 50wt
% aqueous solutions (~2.08 M Ti) were obtained from Fischer Scientific.
It contains highly crystalline anatase nanoparticles terminated by lactate
ligand, 3.5 nm in diameter. Triethanol ammonium terminated titania
(TATT) was obtained according to literature, i.e., titanium ethoxide was
first modified with triethanolamine and then the product was hydro-
lysed by diluted nitric acid solution in water-ethanol medium (Kessler,
Seisenbaeva, Hakansson & Unell, 2008). The product has been charac-
terized by multitude of techniques as anatase nanoparticles with an
amorphous shell, 3.5 nm in diameter. Ammonium hydrogenphosphate
was obtained from Kebo Lab AB, Urea was obtained from Sigma-Aldrich.
Dry Bacterial nanocellulose sheets were obtained from BioSmart
Nanotechnology LTDA, Araraquara, Brazil. Phalloidin-iFluor 488
(ab176753) was obtained from Abcam Ltda. Rabbit Recombinant
Monoclonal anti-Collagen I conjugated to Alexa Fluor® 594 and Rabbit
Recombinant Monoclonal anti-Fibronectin conjugated to Alexa Fluor®
555 also were obtained from Abcam Ltda. All chemicals were used
without further purification. Water was purified using a Millipore
system.

2.2. Synthesis

2.2.1. Bacterial nanocellulose

Bacteria cultures were manipulated inside a laminar flow hood,
using sterilized lab ware. Bacterial nanocellulose sheets were grown by
culturing Komagataeibacter Rhaeticus (AF-1) (Machado et al., 2016)
bacteria onto Hestrin-Schramm agar, containg p-glucose, yeast extract,
peptone, disodium hydrogen phosphate, citric acid, agar and deionized
water. The resulting innoculated HS agar plates were incubated in an air
circulating oven for 72 h at 28 °C. The K. rhaeticus colonies were
transferred to liquid Hestrin-Schramm medium and incubated for a
further 72 h at 28 °C. After this period, a BNC pellicle had formed at the
air-liquid interface, indicating the culture medium showed the appro-
priate conditions to produce a large bacterial nanocellulose sheet. The
liquid culture media was transferred to trays together with fresh HS
liquid media and cultured for 96 h at 28 °C. The produced hydrated
bacterial nanocellulose pellicles were washed with distilled water to get
rid of excess growth media, placed in 0.1 % aqueous NaOH and heated to
70 °C to remove bacteria. The wet BNC membranes were compressed
and dried.

2.2.2. Phosphorylated bacterial nanocellulose
The general procedure by Ait Benhamou et al. (Ait Benhamou et al.,
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2021) was modified for use with large aspect ratio bacterial nano-
cellulose sheets. In order to phosphorylated bacterial nanocellulose
sheets a solution of 450 mg (3.91 mmol) NH4H5PO4, 1.2 g (19.98 mmol)
urea, 10 ml ultrapure water was prepared. In a petridish was placed 10 x
10 cm of a dry bacterial nanocellulose sheet material and allowed to
soak overnight at room temperature under continuous agitation. After
soaking overnight, the sheet was transferred to a wide ceramic plate and
placed in a 160 °C oven for variable amounts of time (0-60 min). For the
preparation of a phosphorylated bacterial sheet used for functionaliza-
tion with drug and nano titania, the soaked bacterial nanocellulose sheet
was placed at 160 °C for 20 min.

2.2.2.1. TiOy functionalized phosphorylated bacterial nanocellulose. For
functionalization of a bacterial nanocellulose sheet, an approximately 5
x 5 cm sheet of bacterial nanocellulose was suspended in 5 ml ultrapure
water, followed by the addition of 10 mmol of TiBALDH 50wt% solution
per gram of bacterial nanocellulose. The sheets were allowed to soak
overnight under continuous agitation and thoroughly washed with ul-
trapure water prior to analysis. For the preparation of TATT-coated
cellulose sheets the same molar ratio of TATT to phosphate was used,
however the sheets were allowed to soak over several days.

2.3. Characterization

Samples were characterized using a Bruker Dimension FastScan Bio
Atomic Force Microscope (AFM) with a Nanoscope V controller in Sca-
nAsyst mode using a Fastscan-B AFM probe (Silicon tip, f;:400 kHz, k:4
N/m, Tip radius: 5 nm nominally) and a scan rate of 1-3 Hz. Data was
processed using Gwyddion 2.56 with align rows-median to remove
skipping lines.

Scanning Electron Microscopy (SEM) observations of bacterial
nanocellulose were conducted using a Hitachi FlexSEM 1000 at an ac-
celeration voltage of 3-7 kV, spot size 20, and 5 mm working distance.
For Energy Dispersive X-ray Spectroscopy (EDS) an acceleration voltage
of 15 kv, spot size 50 and 10 mm working distance were used.

The Thermogravimetric analyzes (TGA) were performed to deter-
mine the thermal degradation, mass loss, thermal stability, degradation
temperature (Tonset) and maximum degradation temperature (Tmax) of
membranes. TG curves were obtained in an equipment TGA-SDT Q600/
TA Instruments. The samples were heated at 25 to 600 °C at 10 °C min™
under a nitrogen atmosphere. The experimental parameters’ adjust-
ments were made in OriginPro 9.0 software.

Solid-state 13C NMR spectra were recorded on a Bruker Avance III
HD 300 spectrometer (Germany) operating at a magnetic field strength
of 7.04 T and a Larmor frequency of 75.00 MHz. The analyses were
conducted using a 4 mm MAS probe with ZrO: rotors (and Kel-F covers)
at a spinning rate of 9000 Hz. A relaxation time of 1 s and a 90° pulse of
2.6 ps were applied, utilizing magic-angle spinning and cross-
polarization techniques. The chemical shifts were indirectly standard-
ized through a sample of glycine, with carbonyl sign at 176.00 ppm in
relation to the TMS which is the primary standard.

The degree of polymerization (DP) of bacterial nanocellulose (BNC)
was determined by viscometry using an Ostwald viscometer according
to Brazilian technical standard NBR7730.

For Cell Adhesion Assays a JEOL JSM-IT500HR SEM was used, using
a working distance of 8 mm and an acceleration voltage of 5 kV
(Paschoalin et al., 2017). Samples were prepared on carbon tape without
any special treatment.

Fourier Transform Infrared (FTIR) analysis was done on a Perkin
Elmer Spectrum 100 FT-IR Spectrometer using an ATR module or a
window.

Titrations were performed using a Metrohm Titrando 888
(2.888.0310), fitted with a 856 conductivity module (2.856.0010), 800
Dosino (2.800.0010), 5-ring conductivity measuring cell (¢ = 0.7,
6.0915.100), using TIAMO Light 2.5 as automation software. Titres were
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determined using tris(hydroxymethyl)aminomethane (HCl) and potas-
sium hydrogen phthalate (NaOH). Phosphate content was determined
via conductometric titration by titration of protonated phosphate.

Immunofluorescence images were acquired using the Zeiss LSM800
Confocal Fluorescence Microscope.

Powder X-ray Diffraction (PXRD) data was obtained on a Bruker D8
QUEST ECO diffractometer equipped with a Proton III Area Detector and
graphite-monochromated Mo-Ka (A = 0.71073 }o\) radiation source. Data
was processed with the EVA-12 software package. As a Mo-source (Ko =
0.7093 [o\) is used instead of the standard Cu-source (Ka = 1.5406 [o\)
there is a loss in angular resolution as short wavelengths contract the
diffraction pattern towards low Bragg angles. In order to compare cel-
lulose samples, idealized cellulose structures (French, 2014) were used
to simulate a powder diffraction patterns for cellulose Ia, I and cellulose
II. Powder diffraction patterns were simulated between 5 and 50 20
using Mercury software with Molybdenum as a source (Ka = 0.7093 A)
and FWHM: 1.5 as this closely resembles the angular resolution of the
x-ray machine available and can be found in the supporting information
(Sup. Fig. S10). Scherrer equation is exploiting full width of an intence
X-ray peak at its half hight to determine the size of a diffracting domain.
Crystallite sizes were calculated using the Scherrer equation.

2.4. Tetracycline adsorption and desorption

In order to prepare a tetracycline loaded TiOs-Bacterial nano-
cellulose composite, a sheet containing TiO, was placed in a 100 mL
Duran bottle together with a 70 mg/L tetracycline solution and sealed.
The drug was allowed to adsorb at 55 °C overnight, drug loading was
calculated by measuring the concentration before and after adsorption.
For desorption experiments the sheet was placed in a 100 mL Duran
bottle, followed by the addition of 50 ml citrate buffer (0.02 M, pH 6)
and continuously stirred for the entire duration. Periodically 1 mL ali-
quots were taken for UV-Vis measurement and returned. Desorption was
measured over a period of 130 h / 5-6 days.

2.5. Indirect cytotoxicity assay

To assess the cytocompatibility of the functionalized BNC compos-
ites, cytotoxicity test was performed according to the International Or-
ganization for Standardization (ISO 10,993-5/10,993-12) norms, using
the extract dilution method MTT assay. L929 murine fibroblasts cells
and human osteoblast-like Sa0S-2 cells were obtained from the Amer-
ican Type Culture Collection (ATCC, VA, USA). For detailed protocol see
supplementary materials.

2.6. Evaluation of pseudo-wound closure

Fibroblast (1.929) and osteoblasts (Sa0S-2) cells were cultured at a
density of 1 x 10° cells/well in a 24-well plate, respecting the same
conditions of temperature and percentage of CO. The extraction media
(treatments) were prepared following the same procedure described in
Section 2.5. Subsequently, the confluent monolayer was confirmed
24 hours later, and then the wells were washed twice with PBS and the
scratching of the cell layer was performed using a 200 uL pipette tip. To
achieve straight scratches a ruler was used as a guiding device, as
elucidated in Supplementary materials Fig. S1.

The cell free gaps were imaged in an inverted optical microscope
(Nikon®) with a 10x objective. To ensure that pictures were always
taken at the same position, a black line on the lower outside of the wells
was made using a pen. The micrographs were taken above the black line
at 0, 6, 24 and 48 hours until full closure of pseudo-wounds. The size of
the pseudo-wounds was measured at all time points using ImageJ2
(Rueden et al., 2017). All samples were performed in triplicate. The
closure (%) of the pseudo-wounds was calculated according to Equation
1 (Morais et al., 2023; Cappiello, Casciaro & Mangoni, 2018):
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Areat (0) — Area t (x)

100
Areat (0) x

% pseudo — wound closure :

Where (x) corresponds to the time each micrograph was recorded.

2.7. Cell adhesion assay

For the cell adhesion studies, the same cell lines (SaOS-2 and 1.929)
previously described were used. First, cells (5 x 10* cells/well) were
seeded on functionalized BNC films (1 cm3) inserted into the 24-well
plate and grown for 72 h at 37 °C with 5 % CO». At the end of incuba-
tion, the media was removed, and cells were washed with sterile filtered
0.01 M PBS at pH 7.4. Next, the cells were fixed with 3 % glutaraldehyde
in 0.01 M PBS for 0.5 h at room temperature. After washing with 0.01 M
PBS, samples were dehydrated through an ascending ethanol series (30
%, 50 %, 70 % and 95 %, 3 min each) with a final incubation in 100 %
ethanol for 3 min (repeated 2 times). Dry samples were sputter coating
to generate a 10-nm carbon layer and observed via SEM.

2.8. Immunofluorescence cell culturing

Murine 1929 fibroblasts and SAOS-2 osteoblasts were cultured in
DMEM, Gibco® with 10 % FBS, Gibco® and 1 % ciprofloxacin (Sigma,
St. Louis, MO, USA) at 37 °C in a humidified condition with 5 % CO5 and
95 % air. The cells were used after two consecutive passages.

2.9. Fluorescence staining

Cells were seeded onto the 24-well polystyrene cell culture plate, at a
density of 5 x 10° cells/well in a humidified condition with 5 % CO, and
95 % air for 48 h. Simultaneously, the eluates from different samples
were prepared using lem?/mL and maintained in agitation for 24 h in
DMEM with 5 % FBS and 1 % ciprofloxacin, respectively. Then, the
conventional media was replaced with 500 uL/well of each eluate from
phosphorylated BC, phosphorylated BC + TATT, phosphorylated BC +
TiBALDH and control (cells maintained only with conventional media)
for 48 h at the same temperature and CO; described above. Afterward,
the eluates were removed and the wells were washed with 0.01 M PBS
(300 pL/well) and then cells were fixed with 3 % glutaraldehyde (300
uL/well) for 30 min at 4 °C. The cells were washed again with 0.01 M
PBS (three times) and treated with 0.1 % Triton X-100 (300 uL/well) for
5 min at room temperature. After incubation, the wells were washed
again, and the cells were incubated with phalloidin-iFluor 488 (1 pg/
mL) in 0.01 M PBS and 1 % of Bovine Serum Albumin (BSA) for 1 h at 37
°C. Simultaneously the wells were incubated overnight with Rabbit
Recombinant Monoclonal anti-Collagen I conjugated to Alexa Fluor®
594 (1:200) and Rabbit Recombinant Monoclonal anti-Fibronectin
conjugated to Alexa Fluor® 555 (1:200) at 4 °C using the same diluent
solution (0.01 M PBS/1 % BSA). Finally, the wells were washed again
(three times) and maintained in a solution of 0.01 M PBS and 1 % BSA.
Immunofluorescence images were acquired using the Zeiss LSM800
Confocal Fluorescence Microscope. Objective lens: 40x/1.4 NA. Excita-
tion wavelengths: 488 nm for phalloidin-iFluor 488, 594 nm for Alexa
Fluor® 594 (Collagen I), and 555 nm for Alexa Fluor® 555 (Fibro-
nectin). Emission wavelengths: 505-550 nm for phalloidin-iFluor 488,
610-650 nm for Alexa Fluor® 594, and 570-620 nm for Alexa Fluor®
555. Image resolution: 1024 x 1024 pixels with 8-bit depth to ensure
high image quality.

2.10. Quantitative measurement of fluorescence intensity

Fibroblast and osteoblast cells were initially seeded in 96-well plates
at a density of 5 x 103 cells. The cells were cultured in DMEM with 5 %
FBS and 1 % ciprofloxacin and incubated at 37 °C in a humidified at-
mosphere with 5 % CO.. After 24 h, the conventional medium was
replaced with eluates from phosphorylated BC, phosphorylated BC +
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TATT, and phosphorylated BC + TiBALDH. The culture medium was
replaced with the corresponding eluates every two days for a total cul-
ture duration of 7 days. After 7 days, the eluates were carefully removed,
and the cells were washed three times with 0.01 M PBS/1 % BSA) to
remove any residual media or eluates. The cells were then fixed by
incubating with 3 % glutaraldehyde for 30 min at 4 °C. Following fix-
ation, the cells were washed again and permeabilized using 0.1 % Triton
X-100 in PBS/1 % BSA for 5 min. Subsequently, the cells were incubated
with the fluorescence markers, phalloidin-iFluor 488 (1 ug/mL) for 1 h
at 37 °C, and Rabbit Recombinant Monoclonal anti-Collagen I conju-
gated to Alexa Fluor® 594 (1:200) and Rabbit Recombinant Monoclonal
anti-Fibronectin conjugated to Alexa Fluor® 555 (1:200) overnight at 4
°C, following the protocol described above. The fluorescence intensity
was quantified using the FLUOstar Omega Microplate Reader. Each well
was scanned for fluorescence at the specific excitation and emission
wavelengths corresponding to the fluorophores used. This assay was
performed in two independent experiments.

3. Results
3.1. Bacterial nanocellulose

The original BNC was proved to be a chemically and thermally robust
material. For its morphological characterization of BNC by AFM and
surface roughness, please see Fig. S2-S5. The degradation profile of the
BNC membranes by TGA showed three mass-loss steps (see Fig. S16).
The first thermal stage that constituted a mass loss of 10.8 % was
associated with water release between 30 and 100 °C. The second step
was more pronounced and occurred in Tonset = 240 °C with 12 % mass
loss and Tmax = 328 °C, could be attributed to cellulose degradation,
including depolymerization and decomposition of glucose units. The
third step represented the degradation of carbonaceous residues that
extends from 400 to 600 °C with a percentage of residual at 600 °C
determined was 8.6 %. These results are in good agreement with
generally observed thermal behavior of nanocellulose (Gan, Sam,
Abdullah & Omar, 2020).

The solid state 13C NMR spectra showed in Fig. S17 reveal distinct
signals corresponding to the carbon atoms within the carbohydrate
segment of the cellulose structure. Specifically, the signal at § 104.91
ppm is attributed to carbon C1, while the signal at & 88.86 ppm corre-
sponds to carbon C4. The region between & 84 -71 ppm (83.50, 74.31
and 71.38) encompasses signals from carbons C2, C3, and C5, and the
signal at 8 65.08 ppm represents carbon C6 (for details, please, see
Supplementary materials). The degree of polymerization (DP) of BNC
determined through viscometry was found to be 2800 (Supplementary
materials Table S4), corresponding to an average molecular weight of
453.600 g mol'L.

3.2. Phosphorylation

We confirmed the surface of dried BNC was succesfully phosphory-
lated using a combination of Energy Dispersive X-ray scattering (EDS),
conductometric titration and attenuated total reflection fourier trans-
form infrared spectroscopy (ATR-FTIR). In EDS an increase in At% P
could be measured as the reaction progresses, to around 3.3 At% P after
40 min. Using ATR-FTIR we could observe the evolution of several peaks
with time (Fig. 1, right, Fig. S12), most notably around 825 em’l, 930
em™ and 1230 cm™. Additional peaks that may be related to the intro-
duction of phosphorus appeared around 500cm™ and very diffused
around 2700-2750 cm’! (Thomas & Chittenden, 1964a; Thomas &
Chittenden, 1964b). To quantify the phosphate content conductometric
titrations were performed under the assumption that only the
monophosphate-cellulose ester (Cell-O-PO3H,) had formed. Under this
assumption the reaction order appears to be pseudo-first order with a
rate of 0.057 min™ with a final phosphorylated degree of 2.7 mmol/g
(Fig. 1, left). Due to the brittle nature of the BNC membranes after



T.C. Breijaert et al.

Carbohydrate Polymer Technologies and Applications 10 (2025) 100756

3. - V[F;'O'(_'RP) V(E=8)Pdeformalion
=H,| V(P-O-P) (postulated)
v(P=0) vboe U »
40 min
) 4
© 24
£ 20 min
.g. .
S °
=2 2
5 o
=
=}
e i
o
311
S m
o
1] T r 1 T T T T T T T T T T 1
(1} 20 40 60 150014001300120011001000 900 800 700 600 500 400

Time [min]

Wavenumber [cm™]

Fig. 1. Phosphorylation degree in mmol/g as a function of time for Dry Bacterial nanocellulose (ll) (Left) ATR-FTIR spectra of the evolution of phosphorus related
IR-peaks as a function of time. Pristine BNC (black), 5 min (red), 10 min (blue), 20 min (green) and 40 min (purple).

prolonged heating, subsequant samples were prepared using 20 min as a
time point, yielding 1.5-1.8 mmol/g of phosphate.

3.3. Fiber morphology

3.3.1. Pristine dried bacterial nanocellulose

The provided dried BNC exhibits a surface morphology (Fig. 2A)
consisting of long (>1pm), thin (64.9 + 13.0 nm) twisted fibres of
several micrometres in length with a large aspect ratio, which in many
places are interwoven to form a fibrous mat. Allowing the sheet to swell
in ultrapure water for seven days (Fig. S3 C,D) the fibres swell to 70.9 +
12.4 nm, a 9 % increase. Treating the dried BNC with 0.1 M HCI over
seven days changes the morpholgy, smaller crystallites appear on the
surface with the overal fibre outline being maintained (Fig. S3 A,B). The
fibre outline itself reduces in size to an approximate 50.9 + 13.9 nm,
with the smaller crystallites present on the surface having an approxi-
mate width of 22.3 + 5.3 nm. When treated with 0.1 M NaOH, much of
the original fibre structure is retained, with a decrease in fibre size to 60

+ 12.4 nm (Fig. S3 E,F).

3.2.2. Phosphorylation of dried bacterial nanocellulose

After phosphorylation of dried BNC the surface becomes more
porous on the microscale compared to pristine bacterial nanocellulose
(Fig. 2B). Treatment with urea had a limited effect on surface
morphology (Fig. S9). After phosphorylation the fibres retain much of
their original shape and size, consisting of fibres twisted together with a
minor increase in fibre diameter to 65.7 + 12.8 nm. When stored for
seven days in ultrapure water (Fig, S7, C,D), the distance between fibres
increases, opening up the surface of the material. A closer examination
show that the fibre morphology itself has changed, appearing notably
more ribbon-like than freshly prepared phosphorylated BNC, with an
average width of 68.9 + 14.2 nm on the thinner edge of the fibres
(Fig. S4, A,B). Storing the phosphorylated sheets under very acidic
conditions in 0.1 M HCI resulted in the distance between fibres
increasing compared to ultrapure water (Fig. S6, A,B). Opening up the

Fig. 2. AFM images of Bacterial nanocellulose Sheet as is (A 5 x 5 pm), phosphorylated BNC (B, 3 x 3 um), phosphorylated BNC coated with pre-formed colloidal
TATT (C, 3 x 3 pm), phosphorylated BNC- modified by TiO; derived from TiBALDH® (D 3 x 3 pm).
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structure to such an extent as to be reminded of supercritically dried
BNC (Fig. S8) The phosphorous content decreased from 2.2 At% P in
ultrapure water to 1.0 At% when stored under very acidic conditions.
The HCI treated phosphorylated sample (Fig. S4, A,B) exhibits a ribbon-
like structure with the fibre width decreasing to 63.5 + 17.8 nm. Storing
under basic conditions in 0.1 M NaOH, resulted in the formation of large
several micrometer gaps between well resolved fibres while more
commonly fibre clusts appear so dense as to be poorly resolved (Fig. S7,
E,F). Making it difficult to differentiate between individual fibres by
SEM. Using AFM the general outline of the original fibres can be seen,
with the actual fibre surface containing many globular structures with
an approximate dimension of 44.8 + 9.1 nm (Fig. S4, E,F). Similar to the
samples stored under acidic condition, basic conditions also lead to a
decrease in phosphorous content. According to EDS the phosphorous
content decreased to 1.3 At%.

3.4. Introduction of nano-TiO2

Treating phosphorylated bacterial nanocellulose with stoichiometric
excess of TIBALDH at room temperature results in a loss of the previ-
ously observed open surface structure of phosphorylated BNC, in favour
of the formation of titania crystallites across the surface. The TIBALDH
derived product contains relatively large, aggregated and angular
structures of titania across the surface (Fig. 2D, Fig. S5, E,F). The surface
titania structures formed by TiBALDH are ca. 5-10 nm in height in the
smaller range and up to 25 nm in the larger range. Length wise the
particles are variable with some as small as 30 nm, while others are up to
160 nm depending on surface orientation, averaging around 75.4 + 40.7
nm. EDS data (Fig. S7) confirms the successful introduction of Titania
with 1.1 At% Ti and a P:Ti ratio of: 1: 0.45. Treating the phosphorylated
bacterial nanocellulose with stoichiometric excess of colloidal TATT
lead to uniform coverage of BCN fibres, increasing the fibre thickness
from 65.7 + 12.8 nm in phosphorylated BNC to 71.6 + 6.6 nm in TATT-
covered phosphorylated BNC (Fig. 2C, Fig. S4, G, H). This is to be ex-
pected, as the colloid consists of pre-formed hydrated TiO5 particles,
which in principle coordinate to the surface via the introduced phos-
phate group but may also aggregate or gelate. EDS data (Fig. S8) con-
firms the successful introduction of Titanium with 1.1 At% Ti and a P:Ti
ratio of 1:0.8. Both phosphorylation and introduction of oxide nano-
particles are well reproducible under identified conditions facilitating
potential up-scaling and therapeutic use of the material.

3.5. X-ray diffraction

The provided source of cellulose starting material (Fig. S11) was
crystalline, presumably largely consisting of cellulose Ia (Wada, Okano
& Sugiyama, 2001) based on peak shape between 6.5-8 20. The
calculated crystallinity was 49.6 % based on peak height and crystallite
size of 6.3 nm based on the Scherrer equation. Hydrating pristine dry
bacterial nanocellulose in ultrapure water increased the Scherrer crys-
tallite size to 12.6 nm and decreased measured crystallinity to 34.3 %.
Hydration of BNC in 0.1 M NaOH resulted in a loss of crystallinity to
26.9 % and an increase in diffraction intensity around 5-6 20. Which
corresponds to the calculated 1-10 miller index in cellulose II. Hydrating
pristine BNC in 0.1 M HCI increased the crystallinity to 34.8 %. The
diffraction pattern of as-synthesized phosphorylated BNC (Fig. S11) is
similair to pristine BNC, with a higher calculated crystallinity of 58.9 %
and a Scherrer crystallite size of 12 nm. In ultrapure water phosphory-
lated BNC behaves similairly to pristine BNC, losing some crystallinity
(to 33.5 %) and increasing the Scherrer crystalite size to 17 nm. Main-
tained degree of crystallinity is in favor of unchanged mechanical
properties such as brittleness, crucial for up-scaling and futher practical
use of the material. When placed in either 0.1 NaOH or HCI, there is a
large change in peak ratio between 6.5-8 and 10.4 20. Due to the
overlap between the most intense diffraction peaks of cellulose and
anatase titania samples were sintered to confirm the presence of TiOy
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(Fig. S12). After sintering at 600 °C only 7.5 wt% white residue remains
of the TiBALDH modified material and 14.5 wt% white residue remains
for the TATT modified material. Sintering the material at 500 °C in-
dicates the presence of anatase titania (Fig. S12) together with some
residue (turning the material brown). The remaining residue had
Scherrer crystallite sizes of 19.8 nm for TiBALDH and 32.2 nm for TATT.

3.6. Tetracycline desorption

The nanocomposite derived from TiBALDH displayed adsorption of
41.4 + 4.8 mg of tetracycline per g of cellulose dressing. The appearance
of two additional shoulder peaks at 1600 em™ and 1580 ecm™! in trans-
mission FTIR (Fig. S13) can be attributed to the inclusion of chemically
bound tetracycline (Myers, Tochon-Danguy & Baud, 1983). The nano-
composite material released 30.8 + 2.9 % tetracycline after 5 h,
reaching 53.3 + 2.9 % tetracycline release after 120 h. The TATT
derived composite had 46.5 + 2.2 mg g! tetracycline absorbed per g of
cellulose dressing. The TATT nanocomposite released 39.4 + 0.2 %
tetracycline after 5 h in desorption medium, reaching up to 61.4 £ 1.7 %
after 120 h (Fig. 3)

3.7. Cell assays

As the surface modification of the BCN is intended for use in wound
dressing materials, it is of paramount importance to test the cytotoxicity.
In addition, pseudo-wound healing and cell adhesion assays provide
additional insight into the suitability of the material and subsequent
modifications for wound healing. The samples in Table 1 were
evaluated.

3.7.1. Cytotoxicity assay

Given the worldwide concerns regarding nanotoxicity in bio-
materials, the potential cytotoxic effects of TiOy nanoparticles covered
BNC was investigated. Most functionalized BNC films showed atoxicity
for both cell lines, maintaining cell viability above 85 % (Fig. 4, Table 1).
Both high (1) and low (2) phosphate content BNC samples showed no
decrease in cell viability for L929 Murine Fibroblasts. High phosphate
content BNC did slightly decrease in cell viability for SaOS-2 osteoblastic
cells. After covering phosphorylated BNC with TiOg, both “bare” (11)
and lactacte covered (10) TiO, maintained cell viability close to 100 %
for both fibroblasts and osteoblastic cells. Covering the TiO, with anti-
biotic tetracycline induced a decrease in cell viability for TATT covered
(31) BNC, but not TiBALDH (30). After desorption of tetracycline in
citrate buffer, cell viability for TIBALDH covered (33) BNC decreased
slightly. Cell viability for TATT covered BNC (32) remained the same
after desorption. In contrast to the previous samples, BNC/TIBALDH/
AgNOs3 (34) showed cytotoxicity effect with a significant decrease in
fibroblast (below 65 %), while the viability of osteoblastic cells reduced
drastically, reaching 100 % cell death against samples 34 and 35 (cotton
nanocrystals/TIBALDH/AgNO3),

3.7.2. Evaluation of pseudo-wound closure

Previous studies have demonstrated that BC exhibits remarkable
wound healing properties due to its unique physicochemical and bio-
logical characteristics. The 3D-dimensional network structure of BC
effectively allows normal gas and liquids exchange, which is essential for
proper wound treatment. BC also serves as an ideal carrier for the slow
release of drugs, further enhancing wound healing and promoting skin
tissue regeneration. Its high water absorption and retention capabilities
enable efficient management of wound exudates, while its mechanical
strength provides skin protection. Additionally, makes it suitable for
dressing irregularly shaped wounds, as well as allows easy wound in-
spection due its transluency property (Wahid et al., 2021). Khalid et al.
(Khalid et al., 2017) reported that BNC/TiO2 biocomposites notably
accelerated wound closure by in vivo model, with wound area reduction
observed from 289 mm? on day 0 to 86 mm? on day 15 in the treated
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Fig. 3. Desorption of the broad-spectrum antibiotic Tetracycline from phosphorylated bacterial nanocellulose sheets covered by TiO2 derived from TiBALDH (left,
black) and colloidal triethanolamine terminated TiO (right, red). Fitted with non-linear 2nd order fitting in origin.

Table 1
Samples tested for cytotoxicity, pseudo-wound healing and cell adhesion assays.
Sample Nomenclature
number
1 BNC-PO4 ~2.7-4 wt%
2 BNC-PO4 ~0.5-1.5 wt%
10 BNC-PO, - TIBALDH
11 BNC-PO4 - TATT
30 BNC-PO, - TiBALDH + tetracycline
31 BNC-PO4 - TATT + tetracycline
32 dry BNC-PO, - TATT + tetracycline after desorption in citrate
buffer
33 dry BNC-PO, - TiBALDH + tetracycline after desorption in citrate
buffer
34 BNC wet membrane + 10 mol % 2:1 TIBALDH: AgNO3
35 Cotton cellulose nanocrystals + 10 mol% 2:1 TIBALDH:AgNO3

group. In comparison, wounds treated with pure BC or a negative con-
trol showed significantly slower closure rates. These findings suggest
that the incorporation of TiOz nanoparticles in BC significantly enhances
its healing potential, likely by supporting fibroblast function and tissue
remodeling in the wound area. Similarly, phosphate-crosslinked
BC-based hydrogels also play a vital role in osteogenic as shown by
Suneetha and collaborators (Suneetha, Kim & Han, 2024).

In this work (Fig. 5) the samples 2, 10, 11 and 30 had a positive
effect on L929 cell migration, enabling 100 % pseudo-wound closure
within 24 h as well as the positive control (only culture media) Samples
31, 33 and 34 demonstrated a negative effect on cell migration for L929
cells. For Sa0S-2 cells, samples 10 and 33 promoted pseudo-wound
closure within 24 h as well as the positive control. Sample 34 had a
negative effect, preventing pseudo-wound closure within the analysis
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timeframe. The micrographs showing the closure of the pseudo-wounds
over 48 h can be observed in Fig. S2.

3.7.3. Cell adhesion assay

Data indicate that all tested samples of BNC-PO4 (samples 1,2) and
BNC-PO4-TiOy composites (samples 10, 11) analyzed supported the
attachment, cell adhesion, and proliferation of both cell lines (Figs. 6
and 7). Moreover, high cell spreading and a fully developed cytoskeleton
were visible. Similar results were reported by Khan et al. (Khan et al.,
2015), who demonstrated that regenerated BC (RBC)-TiO: nano-
composites exhibited excellent cell adhesion and proliferation capabil-
ities with animal fibroblast cells, without showing any toxic effects.

3.7.4. Fluorescence staining

During cell migration, the cell initially extends protrusions, such as
lamellipodia and filopodia, establishes adhesion points, and ultimately
retracts its tail. The actin cytoskeleton plays a central role in this process
(Le Clainche & Carlier, 2008; Gardel, Schneider, Aratyn-Schaus &
Waterman, 2010). Moreover, type-I collagen and fibronectin are two
critical extracellular matrix (ECM) components that significantly
contribute to healing and tissue regeneration (Kanta, 2015). Type-I
collagen, the most abundant ECM component provides a scaffold that
binds other proteins and proteoglycans, facilitating cell interaction.
Additionally, fibronectin plays a pivotal role in controlling cell adhe-
sion, spreading, migration, proliferation, and differentiation, further
highlighting its importance in tissue repair and regeneration (Parisi
et al., 2020).

In the present study, confocal immunofluorescence analysis was used
to visualize the F-actin, type I collagen and fibronectin biomarkers in
fibroblast and osteoblast cells of different treatment group. Our findings
indicated that biomarkers expression was observed in both cell lines
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Fig. 4. Viability of L929 and SaOS-2 cells upon contact with eluates from the functionalized BNC samples.
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Fig. 5. Effect of different functionalized BNC composites on migration of 1929 and SaOS-2 cell lines by evaluation the pseudo-wound closure at times of 0, 6, 24 and

48 h.

L929

Fig. 6. 1929 cells adhered on different functionalized BNC composites after 72
h of incubation.

following exposure to BNC-PO4 composites for 7 days as shown in
Figs. 8-10.

3.7.5. Quantitative measurement of fluorescence intensity

Our results involving fluorescence intensity quantification showed a
significant increase in F-actin expression in L929 fibroblasts and SaOS-2
osteoblasts treated with the BNC-PO4 group compared to BNC-POg4-
TATT, BNC-PO4-TiBALDH and control (Fig. S15). The expression of
fibronectin was significantly higher than type-I collagen, although no

Fig. 7. Sa0S-2 cells adhered on different functionalized BNC composites after
72 h of incubation.

significant difference in their expression were observed between the
different experimental groups. It is important to mention that both cell
lines treated with eluates from BNC-PO4 composites were exposed to a
culture medium containing only 5 % FBS, while the control cells
received 10 % FBS. This suggests that TiOy nanoparticles (TiBALDH and
TATT) positively influenced the expression of biomarkers investigated.
Nevertheless, further molecular quantification assays and in vivo model
studies would be beneficial to confirm the relevance of these inorganic
particles in enhancing the expression of protein and cytoskeletal
markers and their contribution to tissue regeneration.
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Fig. 8. Confocal imaging of murine 1929 fibroblasts and SaOS-2 osteoblasts: F-actin (green) was labeled with phalloidin-iFluor 488 (green), and the nuclei (blue)

counterstaining with DAPI. Fluorescence staining of the actin cytoskeleton was registered on fibroblasts and osteoblasts cultured for 7 days with different eluates
from BNC-PO,4, BNC-PO4-TATT and BNC-PO,4-TiBALDH. Control cells was maintained with only conventional media.

Fig. 9. Confocal imaging of murine L929 fibroblasts and SaOS-2 osteoblasts: Type I-Collagen (red) was labeled with Rabbit Recombinant Monoclonal anti-Collagen I

conjugated to Alexa Fluor® 594 and nuclei counterstaining with DAPI (blue). Fluorescence staining of collagen Type I was registered on fibroblasts and osteoblasts
cultured for 7 days with different eluates from BNC-PO4, BNC-PO4-TATT and BNC-PO4-TiBALDH. Control cells was maintained with only conventional media.

BNC-PO,-TATT

BNC-PO,-TiBALDH

BNC-PO,
BNC-PO,-TATT

BNC-PO,-TiBALDH

Fig. 10. Confocal imaging of murine L929 fibroblasts and SaOS-2 osteoblasts: fibronectin (red) was labeled with Rabbit Recombinant Monoclonal anti-Fibronectin
conjugated to Alexa Fluor® 555 and nuclei counterstaining, with DAPI (blue). Fluorescence staining of fibronectin was registered on fibroblasts and osteoblasts
cultured for 7 days with different eluates from BNC-PO4, BNC-PO4-TATT and BNC-PO4-TiBALDH. Control cells was maintained with only conventional media.
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4. Discussion
4.1. Phosphorylation

Phosphorylation of cellulose is an ester-forming reaction, which the
surface cellulose molecules easily undergo in acidic medium (Inagaki,
Nakamura, Asai & Katsuura, 1976). It forms a C—O-P bond on the
surface polymer molecule, leaving 3 oxygen atoms bound to phosphorus
for potential surface complexation to metal oxide nanoparticles. Titania
nanoparticles should be strongly bound to such modified matrix,
otherwise titania is washable due to the poor affinity between titania
and cellulose, leading to the release of nanoparticles in the wound
environment. As titania has excellent affinity for phosphate, forming a
hydrolytically stable M-O-P bond, we decided to introduce phosphate
onto the surface. As described in Section 3.1, phosphorylation was
confirmed a variety of techniques, however the aforementioned EDS (on
carbon tape) and FTIR analysis were difficult to quantify reliably and so
the BNC surface phosphorylation degree was determined conducto-
metrically by measuring the equivalent base consumption of the mate-
rial after converting to the acid form. A large increase in hydroxide
consumption was observed with increase in reaction time, corroborating
EDS and FTIR results regarding successful phosphorylation. The reaction
itself proceeded smoothly, though the amount of phosphate present has
been noted to vary between experiments depending on the remaining
surface-adhered liquid and shape of crucible used, with wider crucibles
being favoured. Presumably because the increase surface area promotes
evaporation of water, allowing adequate reaction temperatures to be
reached more readily. It should be noted that the bacterial nanocellulose
films became increasingly brittle with increase of reaction duration. Due
to the increased brittleness, an intermediate time point of 20 min was
chosen for subsequant samples as a compromise between material
flexibility and phosphorylation degree.

4.2. Fiber morphology

4.2.1. Pristine dried bacterial nanocellulose

Bacterial nanocellulose (BNC) differs considerably from other types
on nanocellulose. It is set apart from other cellulose sources such as
vegetal cellulose by the long, interwoven microfibrils, which can be
produced without the need for extensive mechanical or chemical
treatment in order to obtain high-purity cellulose. It is naturally pro-
duced as a biofilm by bacteria with minimal side products, and as such,
it retains most of the original morphology after purification. When
freshly produced it exists as a hydrogel which can be treated further or
like the commercial wound dressing used here, it can be compressed and
dried as a film. Presented in its dried state, this particular cellulose
source appeared to consist of long twisted fibres of several micrometres
in length, forming a fibrous mat of cellulose. The constituent BNC fibres
swell up after several days in water. Storage under very acidic conditions
made small crystallites appear on the surface together with a reduction
in fiber thickness. This is expected as cellulose, in particular the amor-
phous regions of cellulose present on the surface, is known to hydrolyse
in acidic enviroment. The fibres maintained much of their original
structure when treated with lye, though a small decrease in fibre width
was noted. This may be due to partial base hydrolysis of cellulose, minor
surface regeneration or due to selection bias as only fibres with clearly
demarcated borders are chosen. It is noted that some regions on base-
treated dried bacterial nanocellulose appear more globular compared
to the original bacterial nanocellulose, supporting the notion that the
cellulose surface packing has changed to some extent.

4.2.2. Phosphorylation of dried bacterial nanocellulose

Surface charge, charge repulsion / hydrogen bonding between fibres
plays an important role in the overarching morphology of materials and
it was observed that the morphological changes may be attributed to the
introduction of the phosphate group. As seen in Section 3.2.2, the
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observed surface structure of phosphorylated BNC strongly depended on
pH storage conditions. Hydrating the materials for a prolonged period of
time in ultrapure water changed the appearance of the fibres to become
noticibly more ribbon-like. These ribbon-like fibres appeared at least
partly folded, which made it difficult to measure an accurate width.
When comparing the HCI treated phosphorylated BNC and HCl treated
pristine BNC there is a noticeable difference in surface structure. In
pristine BNC there are clearly observable small nanocrystalline domains
distributed across the fibre surface, which are not present on phos-
phorylated BNC. Storage under basic conditions led to the formation of
globular structures on the surface of the previously observed smooth
ribbons. This could be due to cellulose regeneration, the negative sur-
face charge of the phosphate group under strongly high alkaline con-
ditions or another mechanism. The observed decrease in phosphorus
content upon treatment with acid or base indicate that the that the
cellulose-O-phosphate bond is liable to (partial) hydrolysis, being more
sensitive to acidic conditions. The morphological changes of the mate-
rial upon phosphorylation and pH treatment are notable; comparing the
pristine BNC sheets with phosphorylated BCN, the surface becomes
more porous upon phosphorylation and strongly influenced by pH with
different morphologies present depending on storage conditions
(Patoary, Farooq, Zaarour & Liu, 2021). Dried phosphorylated cellulose
is a brittle material, which may pose difficulties in up-scaling of the
phosphorylation process. However, if then the ready composite is kept in
humid conditions this challenge can be avoided in therapeutic
applications.

4.3. Introduction of nano-TiO2

Nanosized titanium dioxide is an easily produced and up-scaled
material. It is generally considered to be biocompatible and antibacte-
rial. Depending on the surface chemistry of the TiO5 nanoparticles
involved, it may induce blood coagulation however, which may be un-
desirable for some applications (Svensson et al., 2021). To test the
viability of the material, two versions of BNC-PO4 — Titania composites
were prepared using TiBALDH and TATT respectively. TiBALDH is a
water-soluble precursor to nano-sized titania. It exists in solution equi-
librium with ammonium tris-lactato-titanate (NHg4)-[Ti(Lactate)s] and
uniform, crystalline, anatase titania which is stabilized by
surface-capping with lactate (Groenke et al., 2012). This equilibrium can
be shifted by change in solvent polarity, addition of salts or as used here,
a strongly competing ligand, which shifts the equilibrium towards
lactate-capped nano-Titania. TATT by comparison is a colloidal sus-
pension of anatase titania, with an amorphous hydrated surface and
crystalline anatase core. TATT is made via the controlled hydrolysis of a
titanium alkoxide precursor in the presence of a surface capping agent
(Kessler, Seisenbaeva, Hakansson & Unell, 2008). The introduction of a
chelating ligand to the metal alkoxide sol leads to the formation of
self-assembled micellar aggregates during hydrolysis/polycondensation.
These micelles templated by self-assembly of ligands (MTSALs) are
covered by residual ligands (Kessler et al., 2006), which in the case of
TATT has been charged under acidic conditions to provide a charge
stabilized colloid with particles in the range of 3-4 nm (Kessler, Sei-
senbaeva, Hakansson & Unell, 2008). In aqueous media the capping
agent is hydrolysed to form a basic suspension of negatively charged
colloidal, bare TiO5 which binds to the surface via coordination with the
introduced phosphate group. With TATT, there is a noticeable difference
in surface morphology compared to TiBALDH. This can readily be
observed as the original fibre morphology appeared to be largely pre-
served. The increase in observed fibre thickness corresponds to the size
of two particles, indicating full coverage of the phosphorylated BNC fi-
bres by TATT. The difference in P:Ti ratio observed here is most likely
due to the alkaline hydrolysis of phosphate which was previously
observed with phosphorylated BNC.
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4.4. X-ray diffraction

It should be clearly noted the instrument used a Mo-source (Ka =
0.7093 10\) instead of a Cu-source (Ko = 1.5406 10\). Leading to a loss in
angular resolution due to contraction of the diffraction pattern towards
lower Bragg angles. Due to the lower angular resolution, idealized
powder pattern only have a 69.5CI% based on peak height. Thus, CI% in
Section 3.4 would be underreported. The observed decrease in crystal-
linity and increase in Scherrer crystallite size for pristine BNC was
presumably due to the swelling and hydration of the cellulose fibres. In
ultrapure water BNC-PO4 behaves similar to the pristine material, with a
loss in crystallinity and increase in Scherrer crystallite size. Placing the
material in either acidic or basic environment causes a change in peak
ratio between the diffraction at 6.5-8 and 10.4 20, indicating that the
packing of the material has changed. This implies that the pH not only
affects the overall morphology of BNC-PO4 as mentioned in 4.2.2 but the
crystal packing of the cellulose fibres itself is also influenced by pH after
phosphorylation.

4.5. Tetracycline desorption

Environmental effects of presently used paradigm of systemic anti-
biotic drug treatment are associated with release of residual medicines
not consumed by the body into the wastewater. This leads to dangerous
increase in antibiotic pollution in ground waters and water bodies,
resulting in emerging multi-resistant pathogens (Larsson & Flach, 2022).
An alternative to the systemic treatment is the topical one is permitting
to safely dispose the residual pharmaceutical bound to an applied carrier
material. The release of many pharmaceuticals from nanocrystalline
cellulose and derived composites is, however, quite rapid. Thus, to delay
drug release, cellulose has been modified as described in Section
4.1-4.2.3 and nano-sized titania (TiBALDH / TATT) introduced onto the
surface. The surface chemistry between titania sources is notably
different, TiBALDH-derived titania is presumed to have a surface
capping of lactate, which coordinates quite strongly to titania via che-
lation with both lactate hydroxide and carboxylate groups (Groenke
et al., 2012). Thus, any pharmaceutical that is to be chemisorbed onto
the surface will be competing against surface bound lactate. TATT by
comparison contains a surface capping which in theory hydrolyses in
water to provide a bare titania surface. Thus, pharmaceuticals should be
able to be chemisorbed onto the surface without any direct competition
with other ligands. For drug ad-/desorption studies the drug tetracycline
was chosen as it is a broad-spectrum antibiotic with oral and topical
applications. In addition, it is a drug, which can be readily measured by
UV-VIS due to its characteristic absorption in the range of 300-400 nm.
For both sources of titania, when measuring tetracycline desorption, the
nanocomposite materials appeared to release tetracycline quite slowly,
which is beneficial for sustained drug release. The TATT derived com-
posite had a slightly greater amount of tetracycline adsorbed. This is
presumably due to the greater TiOy content in the TATT derived com-
posite (7.5 wt% vs 14.5 wt%). The kinetics behind tetracycline desorp-
tion from both composites appeared to follow 2nd order kinetics.
Indicating that the release of tetracycline is most likely dependent on the
concentration of two reactants. Assuming TiOs in the solid state doesn’t
play a significant role one can assume the desorption in part relies on the
concentration of desorption media itself, which in this case citrate
buffer. The other component would naturaly be the concentration of
tetracycline in solution.

4.6. Cell assays

4.6.1. Cytotoxicity assay

A preliminary cytotoxicity assay is one of the most important eval-
uations of the biological properties of the biomaterials prior to in vivo
assessment. According to the ISO 10,993-5, if the cell viability is greater
than 70 %, then the material is considered as non-cytotoxic. Cell
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viability of L929 and SaOS-2 was assessed in section 3.6.3 by MTT assay.
It was found that of the examined pristine, phosphorylated and TiO9
covered materials, none of the functionalized BC films showed cyto-
toxicity for both cell lines.

However, while the cytotoxicity assay indicated no significant
toxicity for the materials in vitro (See Table S5) it is important to high-
light the potential risks TiOz nanoparticles, particularly regarding their
cytotoxicity and effects in vivo (Ayorinde & Sayes, 2023; Skocaj, Filipic,
Petkovic & Novak, 2011; Zhangjian Chen et al., 2020). While some
studies highlight their antimicrobial and anti-inflammatory properties
in scaffolds and wound dressings, their potential to induce oxidative
stress cannot be overlooked, as this biological effect can lead to DNA
damage and mitochondrial dysfunction. Toxicological studies on
nano-TiOz, encompassing acute, subacute, subchronic, and chronic oral
exposure, provide critical insights into their safety profile. Although
acute toxicity studies generally indicate low toxicity, prolonged expo-
sure can elicit significant biological effects, influenced not only by
nanoparticle size but also by surface charge and aggregation state.
Subacute and subchronic studies have reported potential bio-
accumulation, oxidative stress, and inflammatory responses, particu-
larly in the liver, kidneys, and gastrointestinal tract. Chronic exposure
raises concerns regarding long-term systemic effects, including meta-
bolic disturbances and potential carcinogenicity (Zhangjian Chen et al.,
2020).

Nevertheless, several studies, including the present one, have
focused on functionalization and doping strategies to mitigate these
adverse effects while maintaining well-established biological properties.
A deeper understanding of the mechanisms underlying nano-TiO-
cytotoxicity, incorporating advanced molecular and omics-based ap-
proaches, is crucial for defining safe exposure limits in medical and in-
dustrial applications (Zhangjian Chen et al., 2020).

4.6.2. Evaluation of pseudo-wound closure and cell adhesion assay

Cell migration is a rate-limiting event during the wound-healing
process to re-establish the integrity and normal function of tissue
layers after injury. The principle of the method used is based on the
creation of a 500 pm gap (pseudo-wound) on a confluent cell monolayer.
The cells at the edge of the artificial "wounded" field will start migrating
into the cell-free area, forming new cell-cell contacts. For both cell lines
(murine fibroblasts and osteoblasts), high phosphate content on BNC
(3.6, sample 1) didn’t promote migration, however decreasing the
phosphate content (3.6, sample 2) had a positive effect on murine fi-
broblasts. Covering BNC-PO4 with either TiBALDH (3.6, sample 10) or
TATT (3.6, sample 11) had a positive effect on L929 cell migration,
enabling full pseudo-wound closure within 24 h, indicating that the
material is quite beneficial for wound healing. In contrast, BNC-TATT
with tetracycline (3.6, sample 31) appeared to negatively influence
wound healing, presumably due to the decrease in fibroblast cell
viability observed in section 3.6.1. For osteoblastic SaOS-2 cells, only
the TiBALDH-covered BNC (sample 10) provided a positive effect on cell
migration, while the other materials, including those containing TATT
(sample 11) or BNC-TiBALDH with tetracycline (3.6, sample 31), lost
their positive wound-healing effect on osteoblastic cells. Curiously, after
tetracycline desorption in citrate buffer, BNC-TiBALDH (3.6, sample 33)
displayed a negative effect on wound healing for fibroblasts but a pos-
itive effect on osteoblastic cells. Full statistical analysis is provided in
Supplementary materials Tables S6-S9.

Adhesion is the first response of the cell when it comes into contact
with a biomaterial, and plays an essential role in regulation of the
subsequent biological behavior of cells. In the course of the cell adhesion
process, cells initially “sediment” to the surface with their spherical
bodies. Then, cells “flatten” mostly by nonspecific interactions. If the
surface is suitable, cells “fully spread” with focal adhesion maturation
and create stable contacts via actin skeleton reorganization to reach
their maximum spreading area. Data in section 3.6.3 indicated that all
samples analyzed (Section 3.6, samples 1,2, 10, 11) supported the
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attachment, cell adhesion, and proliferation for both cell lines. More-
over, high cell spreading and a fully developed cytoskeleton were
visible. On the whole, the positive biological outcomes observed for
phosphorylated and TiOy functionalized-samples indicate promising
prospects for diverse applications in tissue engineering.

Similar to established BNC-based dressings such as Membracel®,
Nexfill®, Bionext®, and Suprasorb® X + PHMB, which facilitate wound
closure by promoting cell migration, tissue regeneration, as well as
antimicrobial activity due to the presence of polyhexanide in its
composition (Rasouli, Soleimani, Hosseinzadeh & Ranjbari, 2023; Choi
et al., 2022, Zahel et al., 2022), the phosphorylated and TiO- function-
alized BNC also exhibited remarkable potential in promoting murine
fibroblast migration, as well as enhancing the spreading, adhesion, and
proliferation of both osteoblastic and fibroblastic cells, as indicated by
its performance in vitro studies. Although further experiments are
necessary to confirm these findings in vivo models, such as the rat
calvaria and skin excision wound models, its inherent antimicrobial,
antioxidant, and anti-inflammatory properties, attributed to the incor-
poration of TiO: nanoparticles, emphasize its potential for advanced
wound dressings that meet the evolving demands of modern wound care
technologies.

4.6.3. Fluorescence staining and quantitative measurement of fluorescence
intensity

Functionalized biomaterials incorporating inorganic compounds,
such as phosphate groups and titanium oxide nanoparticles, have shown
promising effects on the expression of extracellular matrix (ECM) and
cytoskeletal biomarkers. These strategies may enhance cellular adhe-
sion, migration, proliferation, and differentiation due to the unique
properties of the inorganic particles. Given their range of sizes and high
surface area, TiOy nanoparticles have been shown to modify the
topography and roughness of biomaterials (Calabrese et al., 2021; Kubo
et al., 2009). Furthermore, BNC has gained attention as a vehicle/scaf-
fold for such inorganic particles in tissue engineering field. Its high
mechanical strength, large surface area, and capacity for surface modi-
fications make BNC an ideal candidate for development robust and
biocompatible scaffolds (He et al., 2021). By combining BNC with
inorganic components, novel researchers aim to develop advanced
biomaterials that can support ECM synthesis and promote the structural
and biochemical signals needed for effective skin and bone tissue
regeneration.

In this study, we investigated the expression of three key biomarkers
involved in cellular events related to tissue regeneration. We found that
BNC-POy significantly influenced F-actin expression in both fibroblast
and osteoblast cells. Although type I collagen and fibronectin expression
were also observed, no group showed increased expression compared to
the control.

4.6.4. Clinical implications of the biological assays

The findings of this study suggest that phosphorylated BNC com-
bined with TiO2 nanoparticles could offer significant clinical benefits for
advanced wound healing and tissue regeneration. The materials
demonstrated enhanced cell migration, adhesion, and proliferation in
both fibroblasts and osteoblasts, indicating their potential for promoting
dermal and bone tissue regeneration. These properties are particularly
relevant for treating chronic wounds, such as diabetic ulcers, and post-
surgical wounds.

In vitro cytotoxicity testing revealed no significant toxicity, sup-
porting the safety of these materials for clinical use. However, given the
oxidative stress potential of TiO2> nanoparticles, further in vivo studies
are needed to assess their long-term safety and performance in animal
models.

Additionally, the antimicrobial and anti-inflammatory properties of
TiO: functionalized BNC films further support their potential as
advanced wound dressings. These multifunctional materials could pro-
vide effective, safe, and accelerated wound healing, addressing both
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tissue regeneration and infection control in clinical settings. Further
research will be critical to confirm these promising results in vivo.

5. Conclusion

Dry bacterial nanocellulose is a versatile material. Depending on
storage conditions it retains most of its original surface morphology,
although prolonged storage under acidic conditions does lead to some
hydrolysis of the surface regions and thus exposing crystalline domains.
Phosphorylation of the surface occurs readily with simple reagents
allowing for cost effective surface modification, though bacterial
nanocellulose appears to lose some of its mechanical properties
becoming more brittle in the process. The overall surface morphology of
phosphorylated bacterial nanocellulose strongly depends on the storage
conditions, ranging from globular surface structures patterned in the
overall shape of the starting fibres when stored under basic conditions to
ribbon-like cellulose fibres when stored under acidic or neutral condi-
tions for a prolonged period of time. Thus combined phosphorylation,
hydration and pH-treatment of surface-dense bacterial nanocellulose
may serve as a way to alter the surface of dry bacterial nanocellulose for
subsequent use. The introduction of phosphate onto the fibre surface
allows for the introduction of nanosized titania with both lactate
covered titania and triethanolamine terminated colloidal titania being
successfully introduced. Titania in this system has been utilized to
adsorb and desorb the broad-spectrum antibiotic tetracycline, with
desorption taking place in a delayed manner over the course of several
hours to several days. Providing a way to functionally introduce anti-
biotics onto commercial dry bacteria cellulose sheets. Biological assays
indicated that phosphorylation and introduction of nano-sized TiO via
TiBALDH or TATT has promising prospects in tissue engineering via
improved cell adhesion and wound closure, confirming our initial hy-
pothesis. The steps in the proposed process in creation of functional
composite are highly reproducible permitting successful up-scaling. This
study provides a foundation for the future development of a broad range
of BNC nanocomposites for therapeutic applications specifically in
wound healing and tissue regeneration.

Hypothesis statement

Phosphorylation of bacterial nanocellulose dressing material im-
proves its performance in wound closure due to strong interaction of
epitelium cells to phosphate functions. It offers an opportunity to
incorporate biocompatible mineral particles binding both phosphate
ligands and pharmaceuticals, which permits slow release of the latter.
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