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Abstract

Silk fibroin (SF) has been continuously explored as a biomaterial due to its
biocompatibility, tunability, and self-healing properties. In this work, we
present a novel approach to the modification of bacterial cellulose (BC)
with SF B-sheet dominant structures induced via ultrasonication. Second-
ary structure analysis through infrared spectroscopy, thioflavin T assay,
and circular dichroism spectropolarimetry revealed a conversion of silk I
to silk II structures within the protein mixture. Cold field emission scan-
ning electron microscope images revealed the tightly packed fibers coated
with the protein. Thermogravimetric curves demonstrated higher re-
sistance to temperature degradation supplemented by broader and flatter
DSC curves attributed to the highly bonded and dense composite. Success-
ful conversion of amide I to amide II and amide III allowed for the more
stable B-crystals to contribute to a more thermodynamically stable double-
network hydrogel. The conversion of silk I to silk II structures offers a
viable and highly biocompatible material that is both thermodynamically
and biochemically stable for various potential biomedical applications.

Key findings

Check for
updates

Keywords
silk fibroin
B-sheet crystals
bacterial cellulose

composite

Received: 11.01.24
Revised: 30.01.24
Accepted: 30.01.24
Available online: 05.02.24

e Ultrasonication of regenerated SF absorbed by BC hydrogels allowed for entrapment of a mixture of silk I- and silk

II-dominant structured proteins.

e Beta-sheet crystals formed allowed for a more thermodynamically stable double-network hydrogel.

e Ultrasonication of BC-SF composites is a facile and novel method for developing biomaterial applications.

© 2024, the Authors. This article is published in open access under the terms and conditions of
the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

As a highly versatile and functional biomaterial, silk fibroin
has been a material of large interest due to its high biocom-
patibility, low immunogenicity, and tunability. These prop-
erties are highly preferred in specific fields, including the
medical device industry, where characteristics such as me-
chanical resistance, temperature degradability, permeabil-
ity, and tensile strength, must be considered to accommo-
date both the mechanical and biological functions of a bio-
material [1]. Silk, which is a component of various econom-
ically noteworthy products with remarkable mechanical
properties has been utilized for thousands of years. Bombyx
mori silkworms are domestic insects used internationally

as a source of fabric [2-4]. The popularity of this bio-
material has been attributed to its exceptional mechanical
properties, biocompatibility with a diversity of cell types,
the potential for proteolytic breakdown, and the minimal
inflammatory property of SF [5, 6]. The only drawback is
that solvents with high ionic strength are needed to disrupt
the resilient hydrogen bonds, strengthening the p-sheet
molecular silk assembly. Upon removal of the high salt con-
centration, usually by dialysis, the ionic force decreases,
causing the SF solution to be in a sol-gel transition which is
metastable. As demonstrated in the paper by Matsumoto,
the morphology of SF was found to be dependent on the
protein concentration, temperature, and pH during gelation
[7]. Since SF chains were found to possess a tendency to
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aggregate, it was reported that the displayed amorphous or
random coiling could transform into a more stable (3-sheet
conformation. These B-sheet structures have been known to
stabilize the hydrogel and require more rigorous means to
degrade either through enzymatic or oxidative procedures
[7-91.

Another unique biomaterial, bacterial cellulose (BC), is
produced by single-cell acetic acid-producing bacterial
strains within the genus Acetobacter, Gluconobacter, Glu-
conacetobacter, and Komagateibacter. Some species of the
genus Gluconacetobacter and Komagateibacter were re-
ported to generate a hydrated extracellular matrix of crys-
talline cellulose [10-12]. These distinctive nanofibers were
extruded from BC, exhibiting elevated water absorptivity
and gaseous permeability [13, 14]. For this reason, the BC-
fashioned products allowed for the exchange of nutrients
and other entities needed to sustain the life of the bacteria
[15]. The BC hydrogels were found to be inherently pure
and did not necessitate a purification process. BC nano-
fibers exhibited nanofibers that were thinner by 100 times
than conventional plant-based cellulose. BC manifested a
substantially porous 3D structure that could be biocompat-
ible with other materials [16, 17].

Various researchers have investigated a range of tech-
niques to enhance disparate characteristics to produce in-
tricate scaffolds for biomedical applications [18, 19]. In one
instance, authors prepared BC/SF nanoribbon composites
and observed the improvement of the mechanical proper-
ties of SF [20]. However, the method used compromised the
crystallinity of BC as the nanocellulose was homogenized
prior to blending with SF. Another research group utilized
a technique where soaking time of BC composites in regen-
erated silk fibroin led to the synthesis of BC-SF cube-like
hydrogels [21]. This study was unable to exploit the amy-
loidogenic nature of silk fibroin which can be useful for ‘en-
trapping’ proteins/molecules in place within the fine BC fi-
bers. In this paper, we report a novel method where ultra-
sonication was used to lock silk fibroin in producing a BC-
SF composite. The resulting composite was further charac-
terized for structural changes.

Bacterial
‘ cellulose
Silk fibroin - \
Extraction - — Aqueous
Purification silk fibroin
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2. Materials and Methods

2.1. Reagents and materials

Raw silk was obtained from the OISCA-Bago Training Cen-
ter at Negros Occidental. Chemicals used for the silk fibroin
(SF) extraction included sodium carbonate (Na2COs,
Duksan), sodium bicarbonate (NaHCOs3, Sigma Aldrich), cal-
cium chloride (CaClz, Sigma-Aldrich), and absolute ethanol
(CH3CH20H, Scharlau). Dialysis membranes (10K MWCO,
SciLab) were used for the purification step. Commercial
bacterial cellulose was purchased from a local market that
used a DOST (Department of Science and Technology)-pro-
vided nata starter.

2.2. Extraction of silk fibroin

A schematic diagram of the experimental procedure is pre-
sented in Figure 1. Aqueous SF solutions were prepared at
the Philippine Genome Center’s (PGC) Protein, Proteomics,
and Metabolomics Facility (PPMF). A degumming step was
employed by boiling a predetermined weight of SF in
0.02 M sodium carbonate buffer at 70 °C for 45 min. After
boiling, the fibers were washed with ultra-pure water and
boiled in a carbonate buffer for another 45 min. This cycle
was repeated until the wash had cleared. The resulting fi-
bers were dried at 60 °C for 2 days. Post-drying, the silk
was dissolved in Ajisawa’s solvent composed of a 1:2:8 ratio
of CaCl,, EtOH, and (ultra-pure) H-0, respectively. Aqueous
silk fibroin was dialyzed against distilled water (MWCO
3500) for 3 days with frequent changing of dialysate every
12 h at 4 °C. Once salt removal was performed, the resulting
solution was centrifuged at 4000 rpm, and the supernatant
was stored at 4 °C until further use. Batches of extractions
resulted in silk fibroin concentrations averaging at approx-
imately 1.0% to 2.0% w/v.

2.3. Synthesis of BC-SF composite

A commercial bacterial cellulose pellicle was cut into
smaller cubes with consistent dimensions. These dimen-
sions were chosen to meet the minimum requirements for
certain mechanical analyses.

v

) \ 12-hour
\ _ Incubation

- -

Ultrasonication

Scheme 1 Diagram of preparation methods for developing BC-SF composites.
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Cellulose purchased from a local supplier was rinsed us-
ing a 0.1 M NaOH solution, followed by several washes with
ultrapure water. The pre-cut bacterial cellulose (BC) was
measured and divided into dimensions of several ranges. An
average dimension size of 9 to 12 mm (length), 2 mm
(width), and 2 mm (height) was used. A solution of ex-
tracted fibroin (average 1.0% w/v) was used to incubate the
BC hydrogels for 48 h at 4 °C. After incubation, a batch of
SF-soaked BC hydrogels was sonicated (Witeg WUC-D22H)
at a constant amplitude (40%) for varying periods (t = 0, 1,
5, 15, 30, and 60 min). At predetermined time intervals, one
BC-SF composite was removed from the sonicated solution.
The composite was rinsed three times with ultrapure water
and allowed to dry in air at 4 °C until further analysis. A
control bacterial cellulose hydrogel (BC) was stored with a
synthesized BC-SF composite (BC-SF). The simultaneous
batch of sonicated SF (SF (son)) and native silk fibroin (SF
(cont)) was also stored at 4 °C.

2.4. Characterization

2.4.1. Regenerated silk fibroin (SF)

Fluorescent thioflavin T (ThT) assay was used to determine
the B-sheet content over time. A stock solution of 40 mM
ThT was prepared. Solutions at 1:6 ratios (Thioflavin T dye
to sample) were prepared and measured at excitation and
emission wavelengths of 440(10) nm and 480(20) nm re-
spectively. Measurements were taken at 30 s cycles over
9 cycles using a COSTAR 96 black well plate. Secondary pro-
tein structure distribution was further verified by circular
dichroism spectropolarimetry (Jasco J-1500) equipped with
Peltier Thermostat Cellholder (PTC). CD analysis was done
in photometric mode simultaneous with HT measurement.
The measurement was conducted over a 250-190 nm range
with a bandwidth of 10.00 nm and data pitch at 0.1 nm.
Analysis was regulated at 27 °C using 1 mm quartz cuvettes
and ultrapure water as a blank.

2.4.2. Silk fibroin-bacterial cellulose (SF-BC) composite

Fourier Transform infrared spectroscopy (Thermo Scien-
tific Nicolet 6700 ATR FT-IR Spectrometer, OMNIC Macros
software version 3.0) was used to analyze the chemical
properties and to assess the changes in the chemical com-
position of the synthesized composite. Cold field-emission
scanning electron microscopy (Ultra-high Resolution CFE-
SEM Hitachi SU8600) was done to view the freeze-dried
composites at varying magnifications from x250 up to
X5,000. A scale bar of 200 um up to 5 um was applied. Sim-
ultaneous thermal analyzers, including a differential scan-
ning calorimeter (TA Instruments DSC 25) and a thermo-
gravimetric analyzer (TA Instruments TGA) were used to
measure the weight change and differential heat flow of the
sample composites.

2.5. Statistical analysis

Statistical analysis method was used in order to analyze the
results obtained. One-way analysis of variance (one-way
ANOVA) test with p < 0.005 was used to determine whether
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the composites (BC, BC+SF(son), and SF (cont)) had signif-
icant differences in exposed functional groups dictated by
protein conformation.

3. Results and Discussion

3.1. Thioflavin T Assay and CD spectropolarimetry
of B-sheet structures

The sol-gel transitive behavior of regenerated silk fibroin has
been an area of interest, as it demonstrates a promising
model for the build-up of a gel network and the consequential
physicochemical properties. This transition in secondary
structure conformations was found to be caused by the ultra-
sonic energy cleaving longer silk fibroin chains [22]. These
chains result in the reorganization of the peptides from al-
pha-helices to random coiling (silk I) and, finally, to beta-
sheet structures (silk II). Data from the Thioflavin T assay sup-
ported the increase in beta-sheet conformational structures,
as observed in the increase in the fluorescent signals at longer
ultrasonication treatment times, as shown in Figure 1.

This was further supported by secondary structure anal-
ysis of the CD spectra, showing a peak in beta-sheet struc-
tures for SF samples ultrasonicated at 30 seconds. In con-
trast to the general trend, a decrease in both beta-sheet con-
tent via ThT and CD spec was observed for SF ultrasoni-
cated at 60 seconds (Figure 2). This decrease may be caused
by the conversion of the protein to a tertiary form, as blocks
of B-sheet structures stack to ‘crystallize’ onto a higher
level of organization.
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Figure 1 Thioflavin T assay B-sheet monitoring of ultrasonicated
silk fibroin (SF).
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Figure 2 Secondary structure distribution of ultrasonicated silk fi-
broin (SF).
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Crystallization of SF into a tertiary structure was hy-
pothesized to be due to the batch molecular weight and
working concentration (3+2.5% w/v) [23]. A lower concen-
tration stock of silk fibroin yielded a more stable protein
polymer. Ultrasonication of silk fibroin prepared in lower
concentrations also allowed for a more representative
model of the protein’s folding behavior.

3.2. Infrared spectroscopy

The synthesized BC-SF composite ultrasonicated for 60
seconds was compared against the control BC as shown in
Figure 3. Infrared spectra revealed characteristic peaks
exhibited in (unsonicated) silk fibroin still present in
(sonicated) silk fibroin, indicative of dominant silk I-type
structures in the protein (Figure 4). The peaks attributed
to BC included absorption peaks at 3455 cm™ (O-H
stretching), 1564 cm™ (C-H), 1070 cm™ (C-O stretching),
and 578 cm™ (C-H rocking vibration). These peaks were
confirmed in other published work by Tamrin and Atykyan
[24, 25]. Similarly, the signature amide I band (1625-
1763 cm™) was distinctly observed in control silk fibroin.
Strong broad peaks with slight increases in wavenumber
were found for both SF and BC-SF at 3267-3388 cm™ (N-
H and O-H), 1239-1250 cm™! (C-O-C vibrations), and
1059-1062 cm™ (H-bonding) [26]. This wavenumber in-
crease and broadening of peaks implied the formation of
H-bonding between BC and SF. More so, unique peaks
were observed for BC-SF at 1519-1548 cm™ (amide II con-
version) and 1337 cm™ (amide III conversion) implying the
dominant conversion of amide I into amide II and amide
III structures [27].

3.3. Cold field emission scanning electron
microscopy

Images of the surface morphology of silk fibroin, crystalline
cellulose, and the BC-SF composite were compared (Figure
5). Crystallized silk fibroin was observed to align with the
unidirectional orientation of the BC fibers. Structures less
than 1 um can be observed to ‘coat’ the fibers giving a
webbed and matted appearance. The unique silk structures
on the surface of BC were found to be consistent with the
work of Chen et al. (2017) where the protein was hypothe-
sized to grow on existing ‘seeds of crystal’ [20]. This is pre-
sumed to occur during the ultrasonication process, where
proteins would more likely ‘fold’ when in spatial proximity
with other hydrophobic blocks.

Table 1 Infrared spectroscopy peaks (cm™) for SF, BC, and BC-SF.

Silk Fibroin Bacterial cellulose BC-SF
715 841° 955°
1059 ® 1021 %, 1070 *°, 1062 *P, 1167 3,
1239 1115 *°, 1173 *° 1250, 1337
1519 1453 %, 1564, 1411, 1450 7,
1625, 1763 * 1684 1548, 1651
3067, 3267, 3658 3062, 3455 3388

# Peak found in p<0.05 region.
b Consistent with reference literature.
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The initial nucleation of silk crystals was reported to be
determined by characteristic polymer-protein interactions
and environmental factors. This study revealed that silk
fibroin and bacterial cellulose interactions may have
induced some silk I to silk II conversion. However, it was
more likely brought about by the ultrasonication treatment.

)

A)

Figure 3 Control BC hydrogel (a) and ultrasonicated BC hydrogel +
silk fibroin (BC-SF) (b).
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Figure 4 Overlay FT-IR spectra of BC, SF, and BC-SF composites.
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Figure 5 Scanning electron microscopic images of the surface of
lyophilized regenerated silk fibroin (a, b), crystalline bacterial cel-
lulose (c, d), and synthesized BC-SF composites (e, f).
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3.4. Differential scanning calorimetry and ther-
mogravimetric analysis

The data from the thermogravimetric analysis also demon-
strated that the developed composite was more thermody-
namically stable, given the more gradual loss of biomass
over the specified temperature range (Figures 6, 7). Unlike
its untreated counterpart, control microbial cellulose was
observed to lose both water and mass faster compared to
BC-SF, suggesting the more thermodynamically stable bio
composite compared to the control (BC). It can be inferred
that the weight loss (%) observed from 40 °C to 300 °C can
be attributed to water losses, as it is present in all curves.
Furthermore, fibroin decomposition can be observed in the
300 °Cto 500 °Crange, with the decomposition of cellulose
fibers starting at 500 °C. The composite is observed to re-
sist heat degradation at around 530 °C prior to its ultimate
disintegration. This is in agreement with the findings of the
work of Barud et al. [25].

DSC curves are observed to share a baseline at around
150 °C indicating a glass transition event (due to loss of wa-
ter) and endothermic peaks at 130.18 °C, 141.92 °C, and
167.81 °C for SF, BC, and BC-SF respectively. The heat-flow
temperature curves also demonstrate varying stages of
‘melting’. The first melting peak can be attributed to the de-
composition of amino acids exhibited by SF.
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Figure 6 TGA curves of untreated pure SF, BC, and treated BC-SF.

—Tai]
o
=
ol
[0}
N
© - BC
= -=: SF
o
= - BC-SF
2
°
w
©
()
i
_12 T T T T T T T
50 100 150 200 250 300 350

Temperature (°C)

Figure 77 DSC profiles of untreated pure SF, BC, and treated BC-SF.

50f 6

ARTICLE

The sharp endothermic peak of BC is consistent with its
pure polymeric nature. This is in contrast to the flatter BC-
SF peak which is only partially crystalline due to the em-
bedded silk fibroin crystals. The broader peak is an ex-
pected consequence of ultrasonication of silk fibroin, as it
would lead to a wider size distribution of crystallites.

4. Limitations

This study has limited its analyses to physicochemical and
mechanical properties of the composite.

5. Conclusions

Commercial bacterial cellulose was used as a ‘scaffold’ for
regenerated silk fibroin to be absorbed between the cellu-
lose fibers. The absorbed silk fibroin was then ‘locked in’
via ultrasonication, allowing the silk fibroin to convert
some of its previously dominant silk I into silk II structures.
This characteristic is helpful in the stabilization of silk pro-
tein when used for unique composite applications that re-
quire slowed amyloid formation. Future research should
explore cytotoxicity and cell culturing tests to determine
the material's viability for tissue engineering applications.
Furthermore, the promising thermal analysis data suggests
that tensile and compressive strength tests should be done
to check for the overall yield strength of the composite.
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