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Abstract Bacterial cellulose (BC) is an unbranched
biopolymer produced by microorganisms and com-
posed of glucopyranose units linked by p-1,4 bonds.
This study investigates the adjuvant action of nee-
dle-shaped BC microfibrils (BCmFs) in vitro using
bovine serum albumin (BSA) as a model antigen.
BC produced by the static culture of Komagatai-
bacter xylinus was then microparticled (1-5 pm) by
acid hydrolysis and characterized using Dynamic
Light Scattering and Scanning Electron Micros-
copy. Subsequently, Attenuated Total Reflectance-
Fourier-Transform Infrared Spectroscopy, cytotoxic-
ity, TNF-a (tumour necrosis factor-alpha) and IL-6
(interleukin-6) cytokine secretion, and cellular uptake
of the BCmFs-BSA conjugate on the human mono-
cyte cell line (U937) differentiated into macrophages
were performed. The microfibrils were determined to
be 1-5 pm in size, needle-shaped, with a zeta poten-
tial of —32 mV. Their conjugation with the model
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antigen, BSA, was demonstrated by FTIR analysis. In
the cytotoxicity assay, BCmFs-BSA in macrophage
cells showed high viability (over 70%). Although
the highest TNF-a cytokine level (113 pg/ml) was
obtained with BCmFs-BSA (Bovine serum albumin)
conjugate (500 pg/ml) and was statistically signifi-
cant (p=0.0001) compared to the positive control
group (BSA-aluminium hydroxide), IL-6 cytokine
levels were not statistically different from those in the
control group as desired. It has been shown in mac-
rophage-differentiated U937 cells that microbially
synthesized BC in the form of needle-shaped microfi-
brils (BCmFs) has a high cellular uptake capacity and
increases the immunogenicity of the antigen. These
results demonstrate for the first time that BCmFs have
the potential to serve as a vaccine adjuvant.

Keywords Bacterial cellulose - Needle-shaped
microfibrils - Komagataibacter xylinus - Vaccine -
Adjuvant

Introduction

As an alternative to live vaccines, inactivated or
subunit vaccines produced from microorganisms or
recombinant antigens are safer due to their inability
to cause antigenic proliferation in the host. However,
they induce weak immune responses (Plotkin 2014).
Therefore, these vaccines need adjuvants, that help
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induce strong and long-term antigen-specific immune
responses (Zhang et al. 2015).

Adjuvants are compounds that increase the spe-
cific immune response to the target antigen. Although
they were discovered 100 years ago, aluminium salts
(alum) are still the most widely used adjuvant today
(Del Giudice et al. 2018; Nanishi et al. 2020). How-
ever, alum adjuvants have serious side effects that
cause local pain and inflammation at the injection
site, causing granulomas, inducing IgE (immuno-
globulin E) production, causing a tendency to allergy,
and potentially leading to neurotoxicity (Aguilar and
Rodriguez 2007). Freund’s adjuvant, developed as
an alternative to aluminium salts, has extreme adju-
vant activity and but is unsuitable for humans because
of the risk of inducing severe local reactions (Del
Giudice et al. 2018; Wang et al. 2010). In addition
to these adjuvants, particulate systems are another
approach to enhancing the immunogenicity of an
antigen. Particulate adjuvants (liposomes, virosomes,
polymers, emulsions, etc.) can act as an antigen
delivery system by protecting antigens from prema-
ture degradation by cellular enzymes and inducing
cellular uptake and targeting of antigens by antigen-
presenting cells (APCs) (Kalam et al. 2017). Alterna-
tively, adjuvants can also consist of a combination of
multiple substances. For example, MF59 is a licensed
adjuvant with an oil-in-water emulsion system com-
posed of squalene surrounded by a monolayer of
non-ionic detergents (Calabro et al. 2013). Therefore,
there is still a need to develop effective and safe new
adjuvants to increase recombinant sub-unit antigens’
immunogenicity.

Biopolymers have recently been studied as car-
riers and/or adjuvants due to their biocompatibility,
cost-effective production, modifiability, and ability
to increase immunogenicity when conjugated with
antigenic molecules (Mustafaev 2004). Bacterial cel-
lulose (BC), synthesized by microorganisms, has the
same chemical formula as plant-based cellulose, but
it differs with nanofiber structure and various proper-
ties. Although many studies have been conducted to
use BC as a skin replacement (Keskin et al. 2017), an
artificial vessel (Oz et al. 2021), a scaffold for bone
tissue engineering (Bilgi et al. 2016), a burn and
wound dressing (Yang et al. 2010), and a drug deliv-
ery system (Mohd Amin et al. 2014; Miiller et al.
2011) in the medical field, there is no study on its use
as a vaccine adjuvant.
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BC is a polymer known for its biocompatibility
and is used in medical research. In addition, since
BC is insoluble in water and takes the form of a
network of nanofibers, needle-shaped microfibrils
can be produced by hydrolysis. On the other hand,
effective cellular uptake of needle-shaped particles
has been reported. In light of this information, this
study is based on the hypothesis that biocompatible,
water-insoluble, and needle-shaped BC microfibrils
will effectively stimulate the immune system against
the antigen to which they are conjugated. This study
aimed to compare BCmFs as an alternative vaccine
adjuvant to aluminium salts (aluminium hydroxide
and aluminium phosphate salts).

Materials and methods
Materials

Sodium hydroxide (NaOH), Bradford reagent, glu-
cose, disodium hydrogen phosphate (Na,HPO,),
yeast extract, citric acid (CcHg04.H,0), methanol,
and acetone were purchased from Merck KGaA Ger-
many. Bacto peptone was from Lab M (MC024, UK);
Gentamicin was purchased from Biochrom, UK.
Bovine serum albumin (BSA), Fetal bovine serum
(FBS), L-glutamine, tween 20®, 3-(4,5-dimethylthi-
azol-2-yl)-2, 5-diphenyl- tetrazolium bromide (MTT),
Dimethyl sulfoxide (DMSO), trypan blue, sulfuric
acid (H,SO,), Phorbol myristate acetate (PMA), etha-
nol, lipopolysaccharide (Escherichia coli LPS25),
fluorescein isothiocyanate-conjugated bovine serum
albumin (FITC-BSA) [A-9771] were from Sigma
Chemicals, USA. A syringe filter (0.22 pm) was pro-
vided from Sartorius, France. RPMI 1640 medium,
phosphate buffer saline (PBS), human TNF-a and
human IL-6 ELISA kit, and Imject™ alum adjuvant
were purchased from Thermo Fisher Scientific, USA.,
DAPI (6-diamidino-2-phenylindole) Fluoromount
— G (SouthernBiotech, 0100-20).

BC production

Komagataibacter xylinus (ATCC 700178) was used
for the production of BC. Bacteria from the stock
culture (—20 °C) were inoculated into 10 ml of
Hestrin and Schramm (HS) medium (glucose 20 g,
Na,HPO, 2.7 gr, bacto peptone 5gr, yeast extract 5
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gr, citric acid 1.15 g and 1 L distilled water) (Hestrin
and Schramm 1954) and incubated at 30 °C for 48 h.
Then the active culture was transferred to 50 ml HS
medium (2% v/v) and incubated at 30 °C, 150 rpm for
48 h. Pellets were used as inoculum (2% v/v) for BC
production (50 ml of HS in 250 ml flasks) in the static
culture at 30 °C for 7 days.

After incubation, the harvested BC membranes
(Fig. 1) were boiled in 0.1 M NaOH alkaline solu-
tion at 90 °C for 1 h to remove nutrients and micro-
bial cell debris. This process was repeated three times
using fresh NaOH solution each time. Finally, BC
membranes, which were then boiled three times with
distilled water for 1 h, were autoclaved and stored at
4 °C until use (Keskin et al. 2017).

Preparation of needle-shaped BCmFs

The hydrolysis process has been optimized to obtain
BC microfibrils with homogeneous micrometre size
distribution. Variables of 2.5-5 M sulfuric acid,
30-90 °C, and 120-240 min were used in the opti-
mization, and the best results were obtained at 2.5 M
sulfuric acid, 90 °C, and 210 min (data not shown).

BC membranes were cut into small pieces
(1 cmXx 1 cm), disintegrated in a mixer for a minute
and filtered to remove excess water. Then, it was lyo-
philized at —50 °C under a vacuum of 0.042 mbar
for 24 h. The BC pieces adhered to each other were
roughly divided into small pieces again and taken into
2.5 M sulfuric acid (3—4 g BC/L acid). It was treated
at 90 °C with continuous stirring for 210 min. Finally,
BCmFs that had become a white precipitate were
neutralized by 5-6 cycles of centrifugation (15,000 g,
20 min) and washing with ultra-pure water.

Characterization of BCmFs

Dynamic light scattering (DLS) (Zeta sizer Mal-
vern-Nano-ZS, Malvern Instruments Ltd., UK) analy-
sis was performed at 25 °C to determine the particle
size and distribution and Zeta potential of the nee-
dle-shaped microfibrils. Samples were dispersed in
ultrapure water and analysed in duplicate.

ATR-FTIR analysis of freeze-dried BCmFs and
BCmFs-BSA conjugates were obtained with the
PerkinElmer Spectrum Two FTIR spectrometer
between the 4000 cm™! and 650 cm™! spectrum.

The dimensions and morphologies of the BC
microfibrils were analysed using Scanning Electron
Microscope (SEM, Jeol-JSM 6060, and Philips XL
30S FEG) after their surfaces were coated with 8 nm
gold—palladium.

Preparation of BCmFs-BSA conjugates

BSA was used as a model antigen (Kanchan and
Panda 2007) to examine the adjuvant action of
BCmPFs. The adjuvant and antigen were conjugated
by a simple mixing method. The amount of absorbed
antigen was determined with the Bradford protein
assay (Bradford 1976). For this, BCmFs sterilized by
autoclaving in a UPS were centrifuged at 15,000 g
for 20 min to remove the water and portioned into 24
well plates as 5 mg under aseptic conditions. Then,
filter-sterilized BSA prepared at different concentra-
tions (5000, 2500, 1000, 500, 250 and 100 mg/ml)
in phosphate-buffered saline solution (pH 7.2) was
added (1 ml) to the BCmFs samples (5 mg) (Devy
et al. 20006).

Fig. 1 a BC production in static culture, b BC membrane, ¢ purified BC membrane, d colloidal BC solution
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Samples in the well plate were shaken at 37 °C
for 48 h at 230 rpm for conjugation, then centrifuged
(15,000 g for 20 min), and the supernatant was used
for total protein assay. For this, 10 pl of supernatants
were transferred to a new 96-well plate, 200 pl of
Bradford’s reagent was added, and spectrophotomet-
ric absorbance was measured at 595 nm after being
kept in the dark for 10 min (Bradford 1976). The
amount of unbound BSA in the supernatant was cal-
culated using the BSA standard curve and subtracted
from the initial BSA concentration to determine the
amount of BSA in the conjugates. The BSA loading
capacity (LC) of BCmFs suspended in BSA solution
at different concentrations was calculated by the fol-
lowing Eq. (1)

LC = [Loaded BSA /Weight BCmfs] X 100 (1)

Cytotoxicity and adjuvant activity of BCmFs
U937 cells differentiation into macrophage

Differentiation of U937 human monocytes to mac-
rophage was performed according to Debelec-
Butuner et al. (2014) with slight modifications. The
U937 cells were cultured in RPMI 1640 medium sup-
plemented with 10% double inactivated FBS (fetal
bovine serum), 1% L-glutamine, and %0.1 gentamicin
(complete medium) at 37 °C with 5% CO,. Cells were
rested in a 96-well plate and a four-well chamber
slide for one h prior to treatment, with an initial den-
sity of 5x 10* and 5x 10° cells per well, respectively.
Hemocytometer measurements determined the cell
concentration.

Cells were incubated for 20 h for macrophage
differentiation by adding phorbol 12-myristate
13-acetate (PMA) at a final concentration of 16 nM.
Adherent cell clumps were observed under the light
microscope as an indicator of differentiation (Zeiss,
Axio Vert.Al, Germany). At the end of the incuba-
tion, the cells were washed twice with RPMI 1640
(200 pl) and rested for 5 h at 37 °C, 5% CO,, with the
addition of a nutrient medium before treatment.

Cytotoxicity of BCmF's

The in vitro cytotoxicity of BCmFs and their BSA
conjugates (BCmFs-BSA) was determined by the
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MTT  [(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide] assay (Mosmann 1983) on the
macrophage differentiated U937 cells. Cells were
incubated for 24 h with BCmFs-BSA, alum-BSA,
and BCmFs in 96-well plates. Dimethyl sulfoxide
(DMSO) (50% v/v) was used as a positive control,
and the growth medium as a negative control. At
the end of the incubation, the medium was removed,
and 100 pl of serum-free RPMI 1640 containing %2
(0.5 mg/mL) MTT solution was added to each well.
Next, the cells were incubated for 3 h at 37 °C in 5%
CO,. The medium was removed, and DMSO (100 pl)
was added to each well to dissolve the formazan salts.
After shaking the plate for 2 min at 400 rpm in the
dark, absorbance (Versamax Microplate Reader,
VWR, USA) was measured at 570 nm.

Cytokine release

BSA (250 and 500 pg/ml), BCmFs-BSA (250 and
500 pg/ml), alum-BSA (250 and 500 pg/ml), BCmFs
(5 mg/ml), alum (5 mg/ml), and lipopolysaccharide
(LPS) (10 ng/ml) as a positive control were added
to the macrophage cells, which were rested for 5 h
after differentiation and incubated for 24 h. The mac-
rophage cells were treated with only medium as a
negative control (NC) for 24 h. After the treatment,
the supernatant (conditioned medium-CM) was col-
lected from the wells and centrifuged at 1400 rpm for
a minute. The amounts of TNF-a and IL-6 cytokines
present in CM were determined according to the
manufacturer’s instructions using human TNF-o and
IL-6 ELISA kits with detection limits of 1.7 pg/ml
and 2 pg/ml, respectively.

Cellular uptake

In vitro cellular uptake was carried out using FITC-
BSA-conjugated BCmFs in macrophage-differenti-
ated U937 cell lines on four-well glass chamber slides
(Niikura et al. 2013). Macrophage differentiated
U937 cells were incubated with BCmFs-BSA-FITC
(250 and 500 pg/ml) and as control with BSA-FITC
(500 pg/ml), BCmFs, and medium. After incuba-
tion, cells were washed three times with PBS, incu-
bated with methanol for 5 min and then with acetone
for 30 s for fixation. The sample was dried at room
temperature and stained with DAPI Fluoromount-G
(6-diamidino-2-phenylindole) for 90 min at 37 °C,
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then observed using a Confocal Laser Scanning
Microscope (CLSM) (Zeiss LSM 880, Germany).
CLSM images were obtained by scanning contrast-
ing double-labelled specimens using a Zeiss Confocal
LSM880 microscope equipped with an Argon-Kryp-
ton laser (Carl Zeiss Micro-imaging, Inc., NY, USA).
Images captured with DAPI and FITC were overlaid
to determine the localization and co-localization of
fluorescent microparticles and cells.

Statistical analysis

The data were processed using GraphPad Prism 9
(GraphPad Software Inc., USA). The statistical sig-
nificance was estimated with a one-way unpaired
analysis of variance (ANOVA). A p value <0.05 was
considered statistically significant.

Results
Production and characterization of BCmFs

BC membranes produced in the H&S medium were
cut into small pieces after cleaning, and BCmFs were
obtained as a white precipitate via acid hydrolysis.
The hydrogel-like native BC (Fig. la—c) was trans-
formed into a colloidal form in ultrapure water after
hydrolysis (Fig. 1d).

Size distribution and Zeta potential analysis
DLS analysis is used to obtain information about

particle size in spherical particles by relating the
diffusion coefficient to the particle size through the

Fig. 2 Size distribution of 10T
BCmFs

Intensity (Percent)

Stokes—Einstein equation. Although the technique
provides accurate and precise data on monodisperse
spheres, for particles with a size of 3:1 and above,
particle size analysis from the peak values in the
graph can give more accurate results (Provder 1997).
By DLS analysis, BCmFs were determined to be
1 um (69%) and 5 um (15%), and the polydispersity
index (PdI) was 0.489. The particle size distribution
of BCmFs is shown in Fig. 2.

The zeta potential is a physicochemical parameter
that shows the stability of the material in the liquid.
High positive or negative Zeta potential values cause
large repulsive forces, causing particles with similar
electrical charges to repel each other, thus preventing
aggregation (Lunardi et al. 2021). In the case of stabi-
lization, a minimum of 30 mV is required. Therefore,
the zeta potential of BCmFs measured as -32 mV
indicates stability.

SEM analysis

With the hydrolysis process, it is seen that the fiber
network structure (Fig. 3a) of the native BC is dis-
rupted, and needle-shaped microfibrils are formed
(Fig. 3b, c). One hundred microfibrils were measured
from three SEM images with the Image] program,
and it was determined that 78% of the microfibrils
were 1.35-2.5 pm in length. BCmFs size distribution
was also presented in the histogram (Fig. 3d).

Preparation of BCmFs-BSA conjugates and FTIR
analysis

Conjugates prepared using different concentrations
of BSA were removed by centrifugation from the

10 100 1000 10000
Size (d.nm)
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Fig. 3 a SEM image of native BC at 25,000 magnifications, b, ¢ SEM images of BCmFs at 25 and 200 thousand magnifications, d
Size distribution histogram of BCmFs (Histogram template, Excel, American Society for Quality)

solution. The BSA loading capacity of BCmFs was
determined as 79.5% by measuring the total protein
amount in the remaining solution. The conjugate was
prepared with 5 mg/ml BSA and 5 mg BCmFs.

FTIR spectrums showing the presence of BSA
in BCmFs-BSA conjugates are presented in Fig. 4.
The data were processed using OriginPro 2022b
Learning Edition (Originlab Corporation, North-
ampton, Massachusetts, USA). The spectrum of
BCmFs, BCmFs-BSA conjugate and BSA showed
typical hydrogen bonds in 3600-3000 cm‘l’ indicat-
ing N-H and O-H functional groups. In the BCmFs-
BSA conjugate and BSA spectrums, the amide I
and amide II bands specific to proteins appeared at
1654 cm™' and 1540 cm™!, respectively. Both BC
and BC/BSA conjugate samples showed the signals
at 1050-1075 cm™', which indicate secondary alco-
hols and ether functions and are associated with the
C-O- group in the cellulose chain backbone.
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Biocompatibility of BCmFs-BSA

The biocompatibility of BCmFs-BSA conjugates
was determined by MTT assay on macrophage-dif-
ferentiated U937 monocyte cells. In addition, PMA
was used to differentiate monocyte cells into mac-
rophages, and adherent cell clusters were observed
(Fig. 5).

There was no statistically significant difference
in cell viability of BCmFs-BSA conjugates obtained
with two BSA concentrations (250 and 500 pg/ml)
(p=0.9998). BCmFs (75.59%) had lower cell via-
bility than alum (98.44%) (p <0.0001). Similarly,
the cell viability of the BCmFs-BSA conjugate
(500 pg/ml BSA) (74.7%) is lower than that of the
Alum-BSA conjugate (500 pg/ml BSA) (86.2%)
and BSA (500 pg/ml) (117.70%) (Respectively;
p=0.0045, p<0.0001). Although the cell viability
of BCmFs-BSA conjugates is lower than control
groups, their viability percentage is over 70 (Fig. 6).
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Fig. 4 FTIR spectrum of BCmFs, BSA and conjugate of BCmFs-BSA

Fig. 5 a U937 monocyte cells, b macrophage cells after differentiation of U937 monocyte cells by PMA stimulation (light micro-
scope at 20X magnification)

The threshold value is 70% according to the ISO Cytokine release

10993-5:2009 standard and the results show that

needle-shaped microfibril BC and its conjugates are The difference in TNF-a concentration between the
not toxic to eukaryotic cells. undifferentiated cells (U937 monocyte cells) and
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Fig. 6 MTT results for cytotoxicity test (*p <0.05; ****p <0.0001)

the negative control showed that the cells were dif-
ferentiated into macrophages (¥*p=0.0129). There
was no statistically significant difference between
BCmFs and negative control groups (p>0.9999).
This result indicates that BCmFs did not induce
cells and did not induce any immune response.
There was no statistically significant difference
between the BCmFs and alum groups (p =0.9936).
Alum and BCmFs showed similar TNF-a level
when used alone. TNF-a induced by BSA (500 pg/
ml) was 39 pg/ml, but when conjugated with
BCmFs, the concentration increased to 114.3 pg/
ml. In other words, the TNF-a level of the BCmFs-
BSA (500 pg/ml) conjugate was measured 3.7 times
higher than BCmFs and 2.9 times higher than BSA
(500 pg/ml) (****p<0.0001). The TNF-a levels
were 2.18 times higher in the BCmFs-BSA (500 pg/
ml) conjugate than in the BCmFs-BSA (250 pg/
ml) conjugate (****p<0.0001). The TNF-a lev-
els in the BCmFs-BSA (500 pg/ml) conjugate were
1.78 times higher than in the Alum-BSA (500 pg/
ml) conjugate (***p=0.0001) (Fig. 7a). There was
no statistically significant difference between all
sample groups in IL-6 cytokine levels as desired
(Fig. 7b).
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Alum-BSA (250)  Alum-BSA (500) BSA (250) BSA (500)

Cellular uptake

Confocal microscopy was used to determine the cel-
lular uptake of BCmFs-BSA-FITC. Successful cel-
lular uptake was demonstrated in U937 macrophage
cells treated with BCmFs-BSA-FITC for 24 h, and
BCmFs-BSA-FITC was located outside the nucleus
(Fig. 8). The difference in fluorescence intensity of
BCmFs-BSA-FITC and BSA-FITC also supported
the increased cellular uptake in the presence of
BCmFs.

Discussion

Vaccination is the most effective way to prevent and
control diseases. The safety of vaccines has increased
with recombinant vaccine technology, but these vac-
cines generally show weak immunogenic properties
(Mchugh et al. 2015; Petrovsky and Aguilar 2004).
Although it has been studied for years to administer
weak immunogen vaccines in a single dose, it has
yet to be advanced. Therefore, vaccine adjuvants
used to increase the immunogenicity of the antigen
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have gained importance again, especially during the
COVID-19 pandemic.

It is known that the polymers in the vaccine for-
mulation are known to increase stability by binding
to the antigens and acting as both carriers and adju-
vants (Mustafaev 2004). Many plant and microbial
polysaccharides have been investigated for their adju-
vant potential. Various dextran derivatives have been
shown to have immunological properties (Bauer et al.
2010). It has been reported that lentinan increases
macrophage activity against the influenza virus and
simultaneously induces cytokine production and
cytotoxic T cell production (Vannucci et al. 2017).
The adjuvant potency of different inulin isoforms
has been reported both in vitro and in female Balb/c
mice. It has been stated that delta inulin is the most

immunologically effective derivative in activating the
complement system, regulating chemokine produc-
tion and cell surface protein expression by binding to
monocytes. It has been reported to convert to potent
immune adjuvant activity that enhances humoral and
cellular responses to antigens (Cooper and Petrovsky
2011). In addition, among the biopolymers, mannan
(Sheng et al. 2006), chitosan (Vasiliev 2014), and
poly(y-glutamic acid) (Seth et al. 2015) are reported
to have adjuvant potential as alternatives to alumin-
ium salts.

In this study, the adjuvant potential of the micro-
fibrillar structure of BC, which has unique prop-
erties such as biocompatibility, high purity, and
physical and chemical stability, was investigated
(Keskin et al. 2017; Pertile et al. 2010; Piatkowski
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Fig. 8 Uptake of BCmFs containing fluorescently labelled
BSA (BCmFs-BSA-FITC). Confocal microscopy images of
U937 macrophage cells after incubation with BCmFs-BSA-
FITC a Blue nucleus image with DAPI filter, b internalized

et al. 2011; Martinez-Sanz et al. 2011; Zaborowska
et al. 2010). It has been known that physicochemi-
cal properties such as size, hydrophobicity, surface
charge, shape, and composition of the adjuvants
play an essential role in the adjuvant effect (Bastola
and Lee 2019; Kreuter and Haenzel 1978). Apart
from other physicochemical properties, the water-
insoluble adjuvants have a higher cellular uptake,
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FITC-BSA from BCmFs appeared green in colour, ¢ cell
images with white light, d merged images obtained with all fil-
ters, BCmFs-BSA-FITC appearance determined to be localized
around the nucleus

thus triggering a higher immune response (Woodard
1989).

One of the properties of BC is that it is in the form
of water-insoluble microfibrils, which makes it a
good candidate for vaccine adjuvant. However, there
is no studies investigating the vaccine adjuvant poten-
tial of BC. Hydrolysis processes on cellulose samples
are carried out with sulfuric acid, which causes the
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amorphous areas of the material to break into fibrils
by controlled hydrolysis. Although plant-derived
cellulose and BC have the same chemical structure,
they have different structural and mechanical prop-
erties. BC shows a thinner fibril structure, higher
water-holding capacity, and higher crystallinity (Igu-
chi et al. 2000; Wan et al. 2009). In addition, plant-
derived cellulose is combined with lignin and hemi-
cellulose structures, while BC has a chemically pure
structure. In our study, after the hydrolysis process,
it was observed that microfibrils of similar size were
obtained by hydrolysis with 2.5 M H,SO, similar
with the study by De Oliveira et al. (2011).

SEM images and analysis showed that after hydrol-
ysis, the BC fibrils were 0.57—4.072—-8 um in size and
needle-shaped (Fig. 3d). It is known that needle-like
particles can result in inflammasomes activation and
thus better induce immune response compare with
spherical particles (Donaldson et al. 2010). Among
needle-like particles, larger particles with micrometre
size are typically more capable of activating inflam-
masomes (Caicedo et al. 2013).

The physical absorption of the antigen has advan-
tages compared to other conjugation procedures.
However, the conjugation method may cause modi-
fication of peptide epitope in addition to complica-
tions regarding the reproducibility of conjugate struc-
tures (Kazzaz et al. 2000; Singh et al. 2004). Due to
BC’s high water absorption capacity, a simple mixing
method was used, frequently used in polymer adju-
vants as a conjugation method (Kreuter et al. 1988).
The spectrum of the BCmFs-BSA conjugate in the
protein-specific amide-I and amide-II bands (Guo
et al. 2019) and associated with the cellulose chain
backbone (Abderrahim et al. 2015) is an indication
that the conjugate contains both cellulose and model
antigen (Fig. 4).

The immunostimulatory effects of the BCmFs-
BSA conjugates were measured with TNF-a and
IL-6 ELISA kit on the U937 human macrophage cell
line. Conjugates containing different BSA concentra-
tions (500, 250, and 100 pg/ml) were administered
to cells, and all were found to induce TNF-a secre-
tion in cells. When TNF-a levels were examined,
while there was no significant difference between the
sample containing BCmFs and the negative control,
BCmFs-BSA conjugate had significantly higher (3,7
times) TNF-o level than BSA alone. Furthermore,
the BCmFs-BSA conjugate had a higher (1.78 times)

TNF-a level than the alum-BSA conjugate (Fig. 7a).
The reason for the higher TNF-a secretion induced
by BCmFs in comparison to the alum group contain-
ing the same amount of BSA is thought to be due to
the higher cellular uptake. Physicochemical proper-
ties of particles such as size and shape (Zheng and Yu
2016), surface charge (He et al. 2010), surface hydro-
phobicity/hydrophilicity (Kreuter et al. 1988) and
solubility/insolubility (Woodard 1989) directly affect
the cellular uptake mechanism. Studies have shown
that filamentous particles with a higher aspect ratio
have a higher cellular uptake potential than spheri-
cal particles of the same size (Dasgupta et al. 2014).
The limited number of binding sites of spherical par-
ticles allows limited interaction with target cell recep-
tors, while filamentous particles have a higher surface
area that facilitates their interaction with the cell sur-
face; thus, filamentous, elongated particles are more
effective in adhesion to cells than spherical particles
(Agarwal et al. 2013). Woodard et al. have shown that
water-insoluble molecules induce a higher immune
response by increasing cellular uptake (Woodard
1989). Due to the higher aspect ratio and filamentous
structure of BCmFs compared to alum adjuvant, it
was thought that the higher cellular uptake and, thus,
higher TNF-a level was achieved.

Depending on their mode of action, adjuvants
are used to stimulate the Thl and/or Th2-mediated
immune response. The production of IL-2, TNF- a,
and IFN-y are characteristics of the Thl immune
response mediated by Thl cells. In addition, the
production of cytotoxic T lymphocytes (CTL) and
cell-mediated inflammatory reactions requires a Thl
immune response. Th2 cells are characterized by
the secretion of IL-4, IL-5, IL-6, IL-10, and IL-13
cytokines, which regulate B cell activation and anti-
body production. While the Thl response is essential
for protective immunity against intracellular patho-
gens, including viruses, bacteria, and protozoa, and
against cancer cells, Th2 immunity is effective for
defence against most bacteria as well as against some
viral infections (Cox and Coulter 1997). The most
commonly used adjuvants, such as alum, stimulate
the Th2 immune response and is ineffective against
intracellular pathogens. Studies have shown that IL-6
secretion supports Th2 differentiation and inhibits
Thl polarization and IFN-y production by induc-
ing the expression of IL-4 during the activation of
CD4+T cells (Diehl and Rincén 2002). When IL-6
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levels were examined in this study, no statistically
significant results were obtained between the groups
except the positive control group (LPS). It was shown
that the BCmFs did not induce the IL-6 production
and appeared to induce the Thl immune response
(Fig. 7b). In this study, BC microfibrils were shown to
be phagocytosed by macrophage cells and increased
cellular uptake of the target antigen (Fig. 8).

In conclusion, increased TNF-a cytokine levels
with restricted IL-6 production demonstrated that
BCmFs enhanced the immune response to the anti-
gen BSA. It is also desirable for a vaccine adjuvant
that BC, when administered alone, does not stimulate
macrophages. Due to these properties, it has been
determined that BC has the potential to be an adju-
vant that can increase the immunogenicity of vac-
cine antigens that do not activate the immune system
or that have weak immunogenic properties. These
results are the first to report that BCmFs have the
potential to be an alternative to alum adjuvants.
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