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ARTICLE INFO ABSTRACT

Keywords: This study investigates the stability and cytotoxicity of biopolymer-coated liposomes for use in the oral cavity.
Xerostomia Liposomes (3 mM and 6 mM) were prepared by the thin film method and hydrated with phosphate buffer (PB) or
D.ry mouth glycerol phosphate buffer (G-PB). For coating, liposomes were added to a biopolymer solution of opposite charge.
I];g;i‘;;l;ers Particle stability was evaluated by measuring the size, polydispersity index, and zeta potential for up to 60
Cytotoxicity weeks. In vitro interaction of fluorescent-labelled biopolymer-coated liposomes and dysplastic oral keratinocytes

was analyzed by confocal microscopy. Potential cytotoxicity was assessed in dysplastic oral keratinocytes by cell
proliferation and cell viability. All three biopolymers showed good coating abilities for both concentrations and
hydration media. The alginate coated liposomes in PB, 3 mM chitosan-coated liposomes in PB, and chitosan-
coated liposomes in G-PB were stable for up to 60 weeks. In vitro studies demonstrated low cytotoxicity for all
coated liposomes and non-specific cellular uptake of biopolymer-coated liposomes, independent of biopolymer,
surface charge, lipid concentration and hydration media. All three formulations demonstrated low cytotoxicity
and were considered safe. Alginate- and chitosan-coated liposomes demonstrated good stability over time and

Cell viability

may be promising agents for use in the oral cavity and should be investigated further.

1. Introduction

Saliva plays an essential role in maintaining good oral health through
lubrication of the oral mucosa thereby facilitating oral functions such as
speech and swallowing. The flow of saliva contributes to clearance of
food particles and bacteria from the oral mucosa and the teeth. Saliva
also plays a role in the digestion of food, by dissolving taste substances,
moisturizing and adding digestive enzymes to the bolus, and regulating
the pH of the oral cavity. In contrast, reduced salivary flow may lead to
dry mouth and oral diseases like candidiasis and dental caries, and may
negatively impact on functions like talking, eating, and swallowing. In
turn, nutrition may be compromised leading to reduced general health
and reduced quality of life (Dynesen, 2015; Hahnel et al., 2014).

Side-effects of prescribed drugs (e.g., antihypertensives, antihista-
mines, antidepressants) (Tan et al., 2018; Tiisanoja et al., 2018), auto-
immune disorders (Sjogren’s syndrome, diabetes mellitus) (Borgnakke,
2019; Ngo et al., 2016) and damage to salivary glands after head- and
neck irradiation (Connor et al., 2006; Westgaard et al., 2021) are well-
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known causes of dry mouth (Carpenter, 2015). As the prevalence of
dry mouth is highly dependent on the patient group explored, numbers
in the literature vary from 22% to 39% (Agostini et al., 2018; Carpenter,
2015; Johansson et al., 2020; Liu et al., 2012; Nederfors et al., 1997).
The incidence seems to be higher in women and increases with age and
with the use of medications, and the highest incidence is seen in patients
who have undergone radiation to salivary glands due to cancer in the
head and neck region (Agostini et al., 2018; Dynesen, 2015).
Non-pharmaceutical treatment of dry mouth includes products like
chewing gums and lozenges to stimulate salivary secretion in the pres-
ence of functioning salivary gland tissue. Saliva substitutes as sprays or
gels are topically applied to lubricate the oral mucosa in the absence of
functioning salivary gland tissue (Gil-Montoya et al., 2016). Due to
practical considerations, saliva substitutes may be more convenient
during nighttime for all dry mouth patients. Besides lacking several
natural salivary components such as mucins and electrolytes, the main
drawback of salivary substitutes is the short residence time in the oral
cavity, hence the need for repeated application (Vinke et al., 2020).
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Consequently, there has been an increasing interest in mucoadhesive
agents for prolonged effect of the local administration of hydration in
the oral cavity (Kockisch et al., 2005; Tsibouklis et al., 2013).

From the first discovery of liposomes by Bangham in 1965, the idea
of encapsulating drugs into these small spherically shaped vesicles has
been introduced (Bangham, 1963). Since then, several products with
liposomes as drug carrying vehicles have been approved by the FDA
(Bulbake et al., 2017). Liposomes have the ability to encapsulate and
release for example hydrating substances in a controlled manner over
time, making liposomes highly relevant in the treatment of dry mouth
(Bozzuto & Molinari, 2015). Improvement of the mucoadhesive prop-
erties of liposomes may enhance the delivery time of a hydrating sub-
stance and provide an effective oral hydration. Furthermore, previous
studies have shown enhanced mucoadhesive properties and higher
water absorption capacity when liposomes are coated with biopolymers
such as chitosan and alginate (Adamczak et al., 2016; Adamczak et al.,
2017; Karn et al., 2011).

Alginate is a natural anionic biopolymer that originates from marine
brown algae. It is a linear copolymer composed of blocks of D-man-
nuronic acid and L-guluronic acid residuals (pKa 3.38 and 3.65,
respectively) (Draget et al., 1994; Lee & Mooney, 2012). Alginate is
commonly used as a texture thickener and stabilizer in food and medi-
cines. This substance is a well-known biocompatible biopolymer with
mucoadhesive properties that can absorb large quantities of water and
may therefore be a promising coating material for liposomes used in the
treatment of dry mouth (Adamczak et al., 2016; Liu & Krishnan, 1999;
Tentor et al., 2020).

Chitosan is a cationic biopolymer derived from the natural poly-
saccharide chitin found in crustaceans. It is a heteropolysaccharide with
randomly distributed D-glucosamine and N-acetyl glucosamine units
(pKa 6.5) (Mohammed et al., 2017). Chitosan is widely used in the food
industry, biomedical applications, and tissue engineering (Mohammed
et al., 2017). Chitosan is one of the few cationic polymers, and as such
can interact electrostatically with negatively charged molecules
including those in the cell membranes. As the retention time at site will
be enhanced, chitosan is of particular interest in drug delivery systems
(Frigaard et al., 2022; Karn et al., 2011; Tentor et al., 2020). Also, a
lubricating property of chitosan-coated liposomes has been demon-
strated (Hiorth et al.,, 2023). In that study, it was shown that the
enhanced lubricating properties of polymer-coated liposomes were
dependent on charge while size was of minor importance.

Finally, gellan gum is a natural anionic biopolymer produced by the
bacteria Sphingomonas elodea, and consists of repeating units of D-
glucose, L-rhamnose and D-glucuronate units (pKa 3.5) (Cassanelli et al.,
2018). Gellan gum can incorporate high volumes of hydrating substance
due to excellent swelling properties. It is approved for use in food,
cosmetics and pharmaceuticals as thickener, stabilizer and emulsifier as
well as applied in pharmaceutical technology to achieve mucoadhesive
properties in ocular drug delivery systems (Blocadren®) (Dhanka et al.,
2018; Osmatek et al., 2014).

The aim of this study was to assess the potential of biopolymer-
coated liposomes for use in the oral cavity by scrutinizing the physico-
chemical properties and stability of three types of biopolymer-coated
liposomes in two different hydration media (PB and G-PB) and lipid
concentrations (3 mM and 6 mM) and evaluating in vitro cell interaction
and cytotoxicity in a relevant cell model.

2. Materials and method
2.1. Materials

Phosphatidylcholine (SoyPC) was a kind gift from Lipoid GmbH
(Ludwigshafen, Germany). Dioleoyl trimethylammoniumpropane
(DOTAP), phosphatidylglycerol (EggPG) and fluorescent lipid 1-oleoyl-
2-{6-[(7-nitro-2-1.3-benzoxadiazol-4-yl)amino]hexanoyl}h-sn-glycero-
3-phospcholine (NBDPC), were purchased from Avanti Polar Lipids, Inc.
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(Alabaster, USA). Chitosan of ultrapure grade (Protasan UP CL 213, DDA
85%, MW 3.1 x 10° Da, Novamatrix) and sodium alginate (Protanal LF
10/60, MW 1.47 x 10° Da (Pistone et al., 2015), FMC Biopolymer) was
obtained from FMC Biopolymer AS (Sandvika, Norway). Gellan Gum
(Gelzan 1.0 x 10° kDa, Sigma Aldrich), Dulbecco’s modified eagle me-
dium/nutrient mixture F-12 (DMEM/F12) (Gibco), fetal bovine serum
(FBS) (Gibco), phosphate-buffered saline (PBS) (Gibco), Insulin-
Transferrin-Selenium (Gibco) and tryphan blue 0.4% (Invitrogen)
were purchased from Thermo Fisher Scientific, USA. Epidermal growth
factor (Sigma), hydrocortisone (Sigma), ascorbic acid (Sigma), L-gluta-
min (Sigma), antibiotic-antimycotic solution (Sigma), WST-1 reagent
(4-[3-(4-lodophenyl)-2-(4-nitro-phenyl)-2H-5-tetrazolio]-1,3-benzene
sulfonate) (Cellpro-ro, Roche), 4% paraformaldehyde (PFA) (Sigma) and
trypsin (Sigma) were purchased from Merck KGa, Germany. DAPI
Fluoromount-G (SouthernBiotech) was purchased from AH Diagnostics
AS, Oslo, Norway. Milli-Q water was purified by a Milli-Q system with
0.22 pm Millipak® 40 filter (Millipore®, Ireland).

2.2. Cell culture

The dysplastic oral keratinocytes (DOK) (ECACC 94122104) were
purchased from the European Collection of Authenticated Cell Cultures
(ECACGC, Salisbury, UK) and used between passages 3 to 20. Cell cultures
were grown using 25 or 75 cm? cell culture flask (Sarstedt, Sarstedt AG &
Co. KG, Germany) and incubated at 37 °C in a 5% CO5 atmosphere. Cell
culture medium was 450 ml Dulbecco’s Modified Eagle Medium/
Nutrient Mixture F-12 (1:1), with 50 ml foetal bovine serum, 5 ul
epidermal growth factor (10 ng/mL), 400 ul hydrocortisone (0.4 pg/
mL), 500 pl ascorbic acid (50 pg/mL), 10 ml L-glutamine (200 mM), 250
ul Insulin-Transferrin-Selenium 100x and 5 ml antibiotic-antimycotic
solution. Medium was exchanged every third day and cells were
passaged using trypsin when confluent.

2.3. Preparation of liposomes

The liposomes were prepared using the thin film method previously
described (Nguyen et al., 2011). In short, 90 mol% of the neutral lipid
SoyPC and 10 mol% of the charged lipid (DOTAP or EggPG) were dis-
solved in chloroform. The lipid film was formed through rotary evapo-
ration (Heidolph W 2001 rotavapor, Heidolph Instruments GmbH Co.
KG, Kelheim, Germany) at 90 rpm and 40 °C at 20 kPa until the solvent
was visually evaporated, then held at 6 — 6.5 kPa for 20 min, before the
films were dried under vacuum (25 °C, < 100 kPa) (Christ Alpha 2-4
freeze drier, Christ, Osterode am Harz, Germany) overnight to remove
the last residues of chloroform. The lipid film was hydrated by careful
addition of PB or G-PB to the dry lipid film, followed by 10 min of
rotation at 90 rpm, and 2 h of soft swirling every 30 min before over-
night storage at 4 °C. To obtain monolayered liposomes of homogenous
size, the lipids were extruded (Lipex extruder, Lipex Biomembranes Inc.
Canada) ten times through two polycarbonate filters of 200 nm
(Nucleopore®, Costar Corp., USA) before coating. Liposomes were
prepared in 3 mM and 6 mM lipid concentrations, in both PB and G-PB.
NBDPC-labelled liposomes were prepared in the same manner, except
that 1 mol% of SoyPC was replaced with NBDPC.

2.4. Preparation of biopolymer solutions

Commercially available alginate and gellan gum had previously been
purified to remove soluble residuals with low MW (such as sodium and
chloride ions) with dialysis prior to its use as previously described
(Pistone et al., 2015). In short, the polymers were dissolved in water
(concentration 1.5 w/w%) and stirred overnight in room temperature.
The solutions were then dialyzed against distilled water for eight days
using a Spectra/Por® dialysis membrane (Spectrum Laboratories Inc.,
CA, USA, 8000 Dalton molecular weight cutoff). The dialyzed solution
was freeze-dried (Christ Alpha 2-4 freeze drier, Christ, Germany) and
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stored in the refrigerator.

The biopolymer solutions were prepared by dissolving the polymers
(purified alginate and gellan gum, chitosan as from supplier) in PB and
G-PB (5 mM, pH 6.8), at 0.125 w/w% and 0.250 w/w% concentrations,
by overnight stirring at room temperature. The biopolymer solution was
filtrated through a 5 pum syringe filter (Nucleopore®, Costar Corp.,
Cambridge, USA) prior to use.

2.5. Preparation of biopolymer-coated liposomes

The liposomes were added dropwise to the biopolymer solution in a
1:4 ratio under magnetic stirring using a peristaltic pump, followed by 5
min of stirring. The liposomes of 3 mM were coated with 0.125 w/w%
biopolymer and the liposomes of 6 mM were coated with 0.250 w/w%
biopolymer, in both PB and G-PB. The biopolymer-coated liposomes
were flushed with Ny, sealed, and stored at 4 °C in between measure-
ments. For the biopolymer-coated liposomes the final concentrations of
lipids were 0.6 mM and 1.2 mM, and the final concentration of bio-
polymers were 0.1 w/w% and 0.2 w/w%. For reasons of simplicity the
original concentration of lipids and biopolymers before coating is used
to identify the different formulations in this paper. A schematic illus-
tration of the twelve produced formulations is presented in Fig. 1.

2.6. Size and zeta potential of the formulations

The hydrodynamic diameter (size) and size distribution (poly-
dispersity index, PDI) of the particles in the formulations were deter-
mined by dynamic light scattering, while zeta potential (z-potential) was
calculated using phase analysis light scattering (PALS) and multi-
frequency measurement. Both measurements were carried out using a
Malvern Zetasizer Nano ZS (Malvern instruments Ltd. Worcestershire,
UK) at 25 °C, with laser beam (Ao = 632.8 nm) at angle 173°. The
refractive index and viscosity of pure water and glycerol at 25 °C were
used as constant parameters.

Each sample was diluted with the corresponding buffer 1:9 and size
and z-potential measurements were repeated three and five times within
the same sample, respectively. The biopolymer-coated liposomes were
measured in triplicates. The formulations were visually inspected and
the size, PDI, and z-potential were determined regularly for a period up
to 60 weeks to evaluate the physical stability of the formulations.
Samples with visible precipitation were excluded for further measure-
ments, as well as samples with PDI > 0.3 as these samples were regarded
to have insufficient homogenous particle size distribution (Danaei et al.,
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2018). Between measurements, the samples were flushed with N,
sealed, and stored in the refrigerator.

2.7. Cell studies

Based on preliminary tests on chitosan-coated liposomes, 6.25% was
determined as the highest possible test concentration in the dye exclu-
sion experiment, and 12.5% as the highest concentration in the for-
mazan reduction experiment (see below). For alginate and gellan gum-
coated liposomes, the test concentration was 50% for all experiments. To
assure sufficient nutrition for the cells, additional FBS was added to
maintain 10% FBS in the total volume whenever the cell medium was
diluted with the formulations. Only formulations hydrated in PB were
investigated in the cell studies because the high osmolality of G-PB
interfered with the osmotic requirements of the cells.

2.7.1. Cell viability test

Cell viability was evaluated by the tryphan blue dye exclusion test
after 4 and 24 h of exposure to biopolymer-coated liposomes. The DOK
cells were preincubated in 12-well plates at a density of 2 x 10° cells/
well for 24 h before cell growth and morphology were visually inspected
in the light microscope (Axiovert 25, Zeiss). The cell culture medium
was discharged and replaced by 0.5 ml of fresh medium containing
biopolymer-coated nanoparticles of the predetermined concentrations.
Cell culture medium alone was added as a control. After 4 and 24 h
incubation, the cells were inspected in the microscope before they were
washed with PBS and treated with trypsin to detach them from the wells.
The cell-containing medium was stained with tryphan blue and imme-
diately added to the cell counting chamber slide (Invitrogen™ Coun-
tess™ Cell Counting Chamber Slides; Thermo Fisher Scientific, USA)
and inserted into the automated cell counter (InvitrogenTM Countess™
II; Thermo Fisher Scientific, USA). The formulations were tested in du-
plicates and in three parallels; each test was repeated twice. The results
are expressed as percentage relative to the control with cell culture
medium alone. A clinical relevant concentration was chosen for the in
vitro studies based on recommendations from the Biological Evaluation
of Medical Devices (ISO 10993-5) and < 30% cell viability reduction
was assessed as non-cytotoxic effect (International Organization for
Standardization (ISO) 2009).

2.7.2. Cell proliferation assay
Cell proliferation was evaluated by formazan reduction using the
WST-1 reagent. The DOK cells were preincubated in 96-well plates at a

3mM emM 3mM

emM 3mM emM

LIPOSOME
SUSPENSION

POLYMER
SOLUTION

ALGINATE

GELLAN GUM

CHITOSAN

Fig. 1. Schematic representation of the experimental setup. The twelve different polymer-coated liposome formulations produced in this experiment. PB: phosphate

buffer. G-PB: glycerol phosphate buffer.



J. Frigaard et al.

density of 5 x 10° cells/well for 24 h, the cells were inspected in the
microscope and the culture medium was discharged and replaced by
100 pl fresh cell culture medium containing biopolymer-coated lipo-
somes. Predetermined concentrations of the most stable biopolymer-
coated liposome formulations (1.56 — 50% for alginate-coated lipo-
somes, and 1.56 — 25% for chitosan-coated liposomes) were evaluated.
Cell culture medium and diluted cell culture medium (medium/PB 1:1
for alginate-coated liposomes, and medium/PB 2:1 for chitosan-coated
liposomes) were included as negative controls, and cell-free wells
(blanks) where included for calculation of baseline absorbance. After 4
and 24 h of exposure, 10 ul of WST-1 reagent was added to each well,
and the cells were incubated for another 2 h. The plates were shaken
thoroughly for 1 min using a shaker (VIBRAX VXR basic, IKA®-Werke
GmbH & Co. KG, Staufen, Germany) before absorbance was measured at
450 nm by a plate reader (Microplate Spectrophotometer, Epoch Agi-
lent, California, USA). The assay was performed three times for each
formulation, and each experiment contained five replicates per con-
centration. The results are expressed as percentages relative to the
control containing only cell culture medium.

2.7.3. Confocal microscopy

Cellular uptake of biopolymer-coated fluorescence-labeled lipo-
somes was investigated by confocal microscopy (gated stimulated
emission depletion microscopy, gSTED, LEICA) at the Core Facility for
Advanced Light Microscopy, University of Oslo, Norway. Using this
method, three-dimensional images of the samples are created and can
assist in determining if substances have entered the cell. Cells were
seeded on a coverslip (VWR, VWR International), and incubated at 37 °C
in a 5 % CO, atmosphere for 24 h. The cells were visually inspected in
the light microscope and each coverslip was washed three times with
PBS before 100 pl fresh medium containing NBDPC-labelled
biopolymer-coated liposomes (50% for alginate- and gellan gum-
coated liposomes, 6.25% for chitosan-coated liposomes) were added to
the cells and incubated for 4 h. Furthermore, the cells were washed three
times with PBS and fixed with PFA in a biological safety cabinet. PFA
was removed after 15 min and the coverslip was washed three times
with PBS for 5 min. A drop of mounting medium with blue fluorescent
DNA-stain (DAPI Fluoromount-G®) was placed on the coverslip and
overturned to mount to the glass slide. The mounted slides were placed
in a biological safety cabinet for 48 h before they were investigated
further with confocal microscopy (HC PL APO CS2 40x/1.3 oil objective,
405 nm, and 470 nm) according to the manufacturer’s protocol. All
samples were produced in duplicates.

Table 1
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3. Results
3.1. Particle size and zeta potential

3.1.1. Uncoated liposomes

The freshly prepared uncoated liposome formulations showed
similar particle size independent of lipid concentration and hydration
medium. SoyPC/DOTAP liposomes ranged from 120 to 131 nm, the z-
potential from 31.9 to 37.7 mV, and the PDI was 0.1. The size of SoyPC/
EggPG liposomes ranged from 127 to 135 nm, the z-potential from
—38.8 to —46.7 mV, and the PDI was 0.1.

3.1.2. Biopolymer-coated liposomes

The particle size for the biopolymer-coated liposomes ranged from
200 to 591 nm; the alginate-coated liposomes were the smallest, and the
chitosan-coated liposomes the biggest (Table 1). The PDI ranged from
0.2 to 0.4 and the z-potential was reversed compared to the original
charge of the uncoated liposomes in all formulations. Gellan gum-coated
liposomes (6 mM) precipitated as visually observed immediately after
coating in both hydration media, in contrast to the lowest concentration
(3 mM), where no precipitation was seen.

The alginate-coated liposomes were the smallest in both hydration
media and concentrations, with a two-fold increase compared to the
uncoated liposomes. The chitosan- and gellan gum-coated liposomes
demonstrated a three- to four- fold increase in size compared to the
uncoated liposomes.

3.2. Formulation stability

3.2.1. Uncoated liposomes

All the negatively charged uncoated liposomes (SoyPC/DOTAP)
remained stable in size at week 24. After 24 weeks the size decreased
considerably for both formulations in G-PB (119 to 60 nm for 3 mM, and
126 to 13 nm for 6 mM). The formulations in PB remained steady for up
to 44 weeks, but at week 60 the size was drastically increased for 3 mM
(130 to 5988 nm) and decreased for 6 mM (133 to 14 nm).

All the positively charged uncoated liposomes (SoyPC/EggPG)
remained stable in size at week 8, they showed a small decrease in size at
week 25 — 26 (week 16 for 3 mM in G-PB), followed by a drastic increase.
PDI and z-potential remained steady for all uncoated formulations for as
long as the size was stable.

3.2.2. Coated liposomes

All three parameters (size, PDI and z-potential) of the two alginate-
coated liposome formulations (3 mM and 6 mM) hydrated in PB,
remained steady for up to 60 weeks (Fig. 2). This contrasts with the
alginate-coated liposome formulations hydrated in G-PB. The 6 mM
formulation had an increasing size trend from week one, and although

Characterization of the biopolymer-coated liposomes. Size, polydispersity index (PDI) and z-potential of freshly prepared biopolymer-coated liposomes using two
different lipid concentrations (3 mM and 6 mM) and hydration media (PB and G-PB). Results are presented as mean values =+ standard deviation. Visually precipitated
samples (PR) were not characterized. PB: Phosphate buffer. G-PB: Glycerol-phosphate buffer.

Lipids Lipid concentration before coating Polymer Hydration Size PDI Z-potential
medium (nm) (mV)
SoyPC/DOTAP 3 mM Alginate PB 206 +7 0.20 £ 0.01 —49.5 £ 4.7
6 mM 236 + 3 0.24 £ 0.01 —51.3 £ 45
3 mM G-PB 200 + 4 0.20 £+ 0.01 —43.0 £ 0.1
6 mM 253+ 6 0.25 £+ 0.00 —45.3 £0.1
SoyPC/DOTAP 3 mM Gellan Gum PB 423 £13 0.29 £+ 0.01 —28.8 +0.1
6 mM PR PR PR
3 mM G-PB 415+ 8 0.37 £+ 0.06 —29.3+0.2
6 mM PR PR PR
SoyPC/EggPG 3 mM Chitosan PB 454 + 11 0.22 + 0.00 17.3+ 0.4
6 mM 591 + 23 0.25 £+ 0.01 189 £ 0.1
3 mM G-PB 428 £ 16 0.29 £+ 0.00 17.1 £0.3
6 mM 448 +£73 0.30 £+ 0.04 19.2 £ 0.5
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Fig. 2. Characterization of alginate- and chitosan-coated liposomes over time. Size (nm), z-potential (mV) and polydispersity index (PDI) of alginate-coated lipo-
somes (AcL) (A, C, and E, respectively) and chitosan-coated liposomes (CcL) (B, D, and F, respectively). Measurements were terminated when the particle size and
PDI were above the chosen threshold value. 3 mM and 6 mM: Lipid concentration before coating. PB: Phosphate buffer. G-PB: Glycerol phosphate buffer.

the 3 mM formulation showed a stable size up to week 44, both con-
centrations had an increase in PDI from 0.3 to 0.4 between week eight
and week 16; consequently, these formulations were considered unsta-
ble and further measurements were not carried out.

The 3 mM gellan gum-coated liposomes in PB had a size of 445 nm
and a PDI of 0.3 at week 16. The PDI increased to 0.4 in week 24, thus,
further measurements were not performed. The 3 mM gellan gum-
coated liposome formulation in G-PB had high PDI (0.4) at day of

production, and since the PDI did not decrease during the two following
two weeks, measurements were not continued (results not shown). The
6 mM gellan gum-coated liposome formulations (PB and G-PB) precip-
itated at day of production (observed visually); thus, no measurements
were carried out.

The chitosan-coated liposomes, both 3 mM and 6 mM, in G-PB had a
size reduction of 100 — 200 nm the first 8 to 16 weeks, followed by a
period where the size remained stable for up to 60 weeks. The PDI



J. Frigaard et al.

remained < 0.3 for 60 weeks, except from one measurement of 6 mM in
G-PB in week four with PDI 0.4 (Fig. 2). The PDI remained < 0.3 for the
lowest concentration of chitosan-coated liposomes in PB, although a size
increase of approximately 50 nm was seen during the first four weeks,
following a size stable period up to 60 weeks. Due to visual precipitation
of the 6 mM samples in PB, measurements were discontinued after week
one.

3.3. Cell viability and proliferation

Cell viability was > 70% (relative to the control) after exposure to
each of the biopolymer-coated liposome formulations (alginate, gellan
gum and chitosan) at both 4 and 24 h (Fig. 3). Cells exposed to alginate-
coated liposomes expressed the highest cell viability, closely followed by
cells exposed to gellan gum-coated liposomes and chitosan-coated li-
posomes. Cell viability decreased for all formulations after 24 h
compared to after 4 h.

DOK cells exposed to alginate-coated liposomes showed > 70% cell
proliferation at 24 h compared to the control (except for 50% alginate-
coated liposomes) (Fig. 4). The highest cell proliferation was seen for
12.5% liposome formulation. A small concentration-dependent increase
in cell proliferation was detected at 24 h for concentrations from 1.56 to
25%, as opposed to 4 h where the cell proliferation was more alike. The
highest concentration (50%) showed a reduced proliferation, corre-
sponding to the control (without alginate-coated liposomes).

Cell proliferation after exposure to chitosan-coated liposomes was
above 100% (compared to the control) for all concentrations (1.56 to
25%) except for cells exposed to 1.56% chitosan-coated liposomes at 24
h (Fig. 4). The highest cell proliferation was seen for 12.5% chitosan-
coated liposomes. A small concentration dependent increase in cell
proliferation was detected at 24 h for concentrations 1.56 to 12.5%. A
dissimilarity in cell proliferation was seen between cells exposed to 25%
chitosan-coated liposomes and cells exposed to the control (without
chitosan-coated liposomes) in that a decline in cell proliferation was
seen for the chitosan-coated liposomes at 4 h while an increase was seen
at 24 h.

3.4. Cellular liposome uptake

The uptake of fluorescently labelled liposomes by DOK cells was
studied by confocal microscopy. All formulations seemed to be incor-
porated into the cell cytoplasm, independent of biopolymer coating,
surface charge, lipid concentration, and hydration media (Fig. 5). The
images of fluorescence-labelled biopolymer-coated liposomes (green
color) indicated that the liposomes were assembled in the cytoplasm and
not in the nucleus (blue color). The controls showed the absence of
autofluorescence in cells, cell media and hydration media.
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4. Discussion

In this study we have explored the coating ability of alginate, gellan
gum and chitosan to liposomes of two different lipid concentrations and
hydration media and scrutinized their stability, cytotoxicity, and cell
uptake. We have demonstrated that biopolymer-coated liposomes were
successfully produced, that they had low cytotoxicity and were incor-
porated into DOK cells, and that five of the twelve formulations
remained size stable for up to 60 weeks. These are important steps to-
wards a more effective product to treat dry mouth, as the liposomal
formulations may be presented in a range of topical applications such as
a mouth spray, mouthwash or a gel.

4.1. Coating of the liposomes

According to the coating theory (McClements, 2005), there is an
optimal concentration of polymer for optimal coating and by such
increased stability. Previous studies have shown that for chitosan and
alginate this concentration after coating lays between 0.05 w/w% and
0.1 w/w% when the lipid concentration is 3 mM (Pistone et al., 2017).
Therefore 0.1 w/w% of coating concentration was chosen in the present
study. The increase in size and size variation after coating liposomes
with biopolymers were in accordance with these previous studies
(Adamczak et al., 2016; Diebold et al., 2007; Klemetsrud et al., 2018),
and is due to an augmented hydrodynamic volume when a biopolymer
layer is covering the liposome surface. All formulations coated with the
highest polymer concentration (0.250 w/w%) showed an increase in
size compared to the lowest concentration (0.125 w/w%), suggesting a
thicker coating layer of biopolymer on the surface of the liposomes. This
is supported by the results of increased z-potential for the positively
charged biopolymer-coated liposomes and decreased z-potential for the
negatively charged biopolymer-coated liposomes, probably due to
increased density of the specific biopolymer when increasing the con-
centration (Guo et al., 2003).

4.2. Stability

Stability in the system is essential for the quality and shelf life when
developing a new product and is a well-known challenge in liposome
production because the particles are susceptible to oxidation during
storage, since they have a high tendency to aggregate and fuse due to
natural random Brownian motions causing constant particle collisions
(Maherani & Wattraint, 2017; Shah et al., 2015; U.S. Department of
Health and Human Services 2018). We found that five of the 12
biopolymer-coated liposome formulations (3 mM and 6 mM chitosan-
coated liposomes in G-PB, 3 mM chitosan-coated liposomes in PB, 3
and 6 mM alginate-coated liposomes in PB) demonstrated prolonged

6.25% Chitosan-coated
liposomes in PB

N 24h 4h  N24h

Fig. 3. Relative cell viability after exposure to biopolymer-coated liposomes. Relative viability of dysplastic oral keratinocytes (DOK cells) after 4 h and 24 h of
exposure to biopolymer-coated liposomes diluted in cell media: 50% of 3 mM alginate-coated liposomes, 50% of 3 mM gellan gum-coated liposomes and 6.25% of 3
mM chitosan-coated liposomes, all hydrated in PB. Results presented as mean =+ standard error of the mean (SEM) relative to control set to 100%. N = 3.
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Fig. 4. Relative cell proliferation after exposure to biopolymer-coated liposomes. Relative cell proliferation of dysplastic oral keratinocytes (DOK cells) at 4 h and 24
h of exposure to alginate-coated liposomes of concentrations from 1.56% to 50% (A) and chitosan-coated liposomes of concentrations from 1.56% to 25% (B). Sample
PB (phosphate buffer) is without liposomes. Results presented as mean + standard error of the mean (SEM) relative to control set to 100%.

stability compared to the uncoated liposome formulations. This is in
accordance with previous studies where alginate- and chitosan-coated
liposomes demonstrated stable size and PDI for a longer period than
the uncoated liposomes (Laye et al., 2008; Liu et al., 2016; Yang et al.,
2013; Zamani Ghaleshahi & Rajabzadeh, 2020). In our study, the
biopolymer-coated liposomes seemed to be protected from hydrolysis
but were more susceptible to aggregation, as a size increase was seen
rather than a decrease as the system turned unstable. A suggestion may
be that the natural collisions caused the particles to stick to each other,
thus turning the system thermodynamically unstable and more suscep-
tible to aggregation. For the uncoated liposomes, however, a size
reduction, followed by an increase for SoyPC/DOTAP was seen, sug-
gesting that the uncoated liposomes underwent a structural rearrange-
ment from lamellar to a micellar system due to hydrolysis (Zuidam et al.,
1995). The stabilizing properties of alginate- and chitosan-coating seen
in our study make these formulations highly promising in further
development of a more effective product to treat dry mouth.
Alginate-coated liposomes hydrated in PB were stable in size for a
longer period compared to when hydrated in G-PB. This may be due to

the difference in z-potential, as a lower z-potential was detected for the
alginate-coated liposomes in PB than in G-PB. A lower (or higher)
electrical charge may prevent aggregation because of the repellent
forces among the particles (Honary & Zahir, 2013; Nemeth et al., 2022),
but other factors may also have affected the system such as the addition
of glycerol, since glycerol is affecting the ability to form hydrogen bonds
(Nie et al., 2008). Thus, this should be explored in further studies. To our
knowledge, no other studies have scrutinized the characteristics of
biopolymer-coated liposomes in G-PB over time, but Manca et al. found
that diclofenac-loaded liposomes were stable longer than the unloaded
liposomes when hydrated in increasing glycerol concentrations (Manca
et al., 2013). The results were explained by the difference in z-potential,
as the unloaded liposomes were close to zero, and the loaded liposomes
were more negative (Manca et al., 2013).

Gellan gum-coated liposomes seemed to aggregate very fast as both
(PB and G-PB) 6 mM formulations precipitated at day of production, and
the PDI and size increased the first weeks for both 3 mM formulations.
This may be due to instability in the system from early on as the particle
size after coating was twice the size compared to the alginate-coated
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Fig. 5. Confocal microscopic imaging demonstrating cellular uptake of
fluorescent-labelled biopolymer-coated liposomes. Fluorescence confocal
microscopic images demonstrating uptake of fluorescent-labelled liposomes
coated with biopolymers alginate, gellan gum or chitosan, with variable lipid
concentrations (3 mM and 6 mM) and hydration media (PB and G-PB) (A).
Fluorescence confocal microscopic images of negative controls demonstrating
the absence of autofluorescence (B). DAPI (blue): fluorescent DNA-stain
indicating nucleus. NBDPC (green): fluorescent lipid indicating liposomes.
PB: phosphate buffer. G-PB: glycerol phosphate buffer. Scale bar = 45 um.
(For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)



J. Frigaard et al.

liposomes and may suggest that the biopolymer coating was less firmly
attached, thus triggering aggregation. The molecular weight of gellan
gum is higher than both alginate and chitosan and due to the natural
structure of gellan gum with long polymer chains, it can be assumed that
only parts of the chains bind to the liposome surface, resulting in loose
ends and loops reaching out of the surface area and encouraging
bridging and aggregation.

Despite relatively low surface charge, the chitosan-coated liposomes
seemed to avoid aggregation in both hydration media, except for 6 mM
in G-PB where visual precipitation was seen at day of production.
Although the size of the chitosan-coated liposomes was comparable to
the gellan gum-coated liposomes, the chain length of the chitosan
molecule is much shorter, hence the coating of the liposome may be
more compact, with fewer polymer chains protruding from the liposome
surface. Chitosan-coated liposomes demonstrated a size reduction of
100-200 nm in G-PB the first weeks before it stabilized, possibly due to
rearrangement of the three-dimensional network to a more compact
structure surrounding the liposome, or chitosan chains with poor
binding falling off during the first weeks due to an overload of chitosan
chains in multiple layers. Nonetheless, a thick adsorptive layer has been
shown to keep the particles apart and lead to stabilization (Guo et al.,
2013).

4.3. Cell studies

During the preliminary cell studies, two limitations were observed:
Firstly, aggregation in the cell medium and adherence to plastic and
glass surfaces were seen when chitosan-coated liposome formulations
were tested in 50% concentration with cell culture medium. The ag-
gregation was probably due the neutral pH of the cell medium since
chitosan precipitates at pH > 6. The adherence of chitosan-coated li-
posomes to plastic and glass surfaces may be due to the natural positive
charge of chitosan, which attracts to negatively charged surfaces such as
glass and plastic. These problems were solved by lowering the concen-
tration of chitosan-coated liposomes in cell medium to 6.25% for all the
cell work in our study.

Secondly, the formulations hydrated in G-PB had a very high
osmolality compared to the cell medium, 1310 mOsm vs. 291 mOsm
(50% formulation/cell medium vs. 100% cell medium, respectively).
The G-PB exposed cells appeared normal at visual inspection after the
incubation period, but after de-attaching the cells from the culture
wells/flasks by trypsinization, the cells visually vanished and the cell
counter results indicated complete cell death. Further investigation was
not performed in the present work, but a previous study found that the
ability of cells to withstand hyperosmotic environment was anchorage-
dependent, and that cells in suspension were much more sensitive to
osmotic conditions compared to cells in monolayers (Mironescu, 1977).
It can be hypothesized that when the DOK cells in monolayers were
trypsinated into suspension, the hyperosmotic environment became too
harsh and led to apoptosis of the cells (Clouzeau et al., 2012; Terada
et al., 2001). To overcome this problem, only the formulations hydrated
in PB were evaluated for cell viability and cell proliferation, as glycerol
is already well-known as a non-toxic substance widely used as food
additive as well as in cosmetics and oral products (Archives and Code,
2023; National Center for Biotechnology Information 2023).

A clinical relevant concentration of the formulation was chosen for
the in vitro studies based on recommendations from the Biological
Evaluation of Medical Devices (ISO 10993-5) (ISO, 2009). Although the
relatively high concentration applied caused some technical difficulties
for the chitosan-coated liposomes, the concentration was maintained for
alginate- and gellan gum-coated liposomes to meet the clinically rele-
vant concentration in patients with extreme hyposalivation. Regardless
of the challenges mentioned above, all three formulations showed <
30% reduction in cell viability after 24 h, which is considered a non-
cytotoxic effect by the ISO 10993-5 (ISO, 2009). An over-proliferation
was seen for the chitosan-coated liposomes and for the PB sample and
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may be due to that more cells were seeded in the specific wells compared
to the control wells but may also indicate that the formulation contained
substances that led to an increase in metabolic activity. At any rate, no
cytotoxic effect was detected for neither alginate-coated liposomes nor
chitosan-coated liposomes as both formulations showed comparable cell
proliferation results as the PB control (with no biopolymer-coated
liposomes).

The cell uptake studies showed no obvious difference in cell inter-
action between the biopolymer-coated liposomes, despite their different
size and surface charge. This is in accordance with previous studies
where liposomes of positively, negatively, and neutral charge showed
cellular uptake within minutes, in both cancer cells and normal cells
(Kang et al., 2017). The mechanism of cellular uptake has previously
been identified as via endocytosis, while the specific endocytic pathway
seems to differentiate between cell type, particle size and surface charge
(Diizgiines & Nir, 1999; Frohlich, 2012; Kang et al., 2017).

5. Conclusion

In summary, we successfully coated liposomes with alginate, gellan
gum and chitosan using two different lipid concentrations and hydration
media. Alginate- and chitosan-coated liposomes demonstrated good
stability over time. Alginate was most stable in phosphate buffer, while
chitosan was most stable in glycerol phosphate buffer. All three for-
mulations demonstrated uniform cell uptake and low cytotoxicity and
were considered safe. Alginate- and chitosan-coated liposomes may be
promising agents for use in the oral cavity and should be investigated
further.
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