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Increasing prevalence of infected and chronic wounds demands improved therapy options. In this work an
electrospun nanofiber dressing with liposomes is suggested, focusing on the dressing’s ability to support tissue
regeneration and infection control. Chloramphenicol (CAM) was the chosen antibiotic, added to the nanofibers
after first embedded in liposomes to maintain a sustained drug release. Nanofibers spun from five different
polymer blends were tested, where pectin and polyethylene oxide (PEO) was identified as the most promising
polymer blend, showing superior fiber formation and tensile strength. The wire-electrospinning setup (WES) was
selected for its pilot-scale features, and water was applied as the only solvent for green electrospinning and to
allow direct liposome incorporation. CAM-liposomes were added to Pectin-PEO nanofibers in the next step.
Confocal imaging of rhodamine-labelled liposomes indicated intact liposomes in the fibers after electrospinning.
This was supported by the observed in vitro CAM-release, showing that Pectin-PEO-nanofibers with CAM-
liposomes had a delayed drug release compared to controls. Biological testing confirmed the antimicrobial ef-
ficacy of CAM and good biocompatibility of all CAM-nanofibers. The successful fiber formation and green pro-
duction process with WES gives a promising outlook for industrial upscaling.

1. Introduction

With an aging population and rising incidence of diabetes and
obesity, chronic wounds represent a significant and global societal
economic burden. Chronic wounds are causing pain and medical harm,
which not only affect patients’ quality of life but might ultimately also
lead to amputations and death (Brennan et al., 2017; Graves et al., 2022;
Olsson et al., 2019). Despite impressive pre-clinical developments of
wound dressings from novel biomaterials and nanotechnologies, the
translation into commercially products has not been correlating
impressive (Blanco-Fernandez et al., 2021). One hurdle to overcome this
is to assure that promising products can be produced in a sustainable and
green manufacturing setting.

Nanofibers, polymer mats with a nanometer-ranged fiber structure,
have a certain promise when used as wound dressings (Thakkar and
Misra, 2017; Uhljar and Ambrus, 2023; Grip et al., 2018). Nanofibers
can fulfil many of the general demands of an ideal wound dressing,
namely, 1) form a protective physical barrier helping avoiding in-
fections, 2) create a wet environment with controlled humidity after
swelling and removal of excess wound exudate, 3) allow gas and fluid
exchange, and 4) provide thermic isolation, as well as 5) give an active
support of the wound healing process. The active support of wound
healing by nanofibers is postulated to be achieved by nanofibers
mimicking the extracellular matrix (Frantz et al., 2010), and thus assist
cell growth and proliferation. Active ingredients embedded in nano-
fibers are also excellently exposed to the wounded tissue, since
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nanofibers provide a high surface-to-volume ratio. Finally, 6) biocom-
patible nanofibers can be formed since selecting non-toxic and also
bioactive polymers from both synthetic and natural origin is highly
viable (Juncos Bombin et al., 2020).

In electrospinning, polymer solutions transform into dry polymer
fiber mates forming nanometer- ranged fiber structures. The most
common and flexible electrospinning method for fabrication of nano-
fibers is needle-electrospinning. However, this technique has a poor
fiber production rate and no commercial potential as such (Vass et al.,
2020). The Nanospider™ NS Lab from Elmarco, used in this study, is a
laboratory-sized wire-electrospinning (WES) machine that allows for an
easy up-scaling (Elmarco, 2023). This technique allows multiple fibers
to be formed from an electric charged wire when fed with a polymer
solution under the influence of a strong electric field. Furthermore, the
WES technology has several advantages over needle-electrospinning
such as i) no clogging of the syringe with polymer solutions, ii) a high
production speed, and iii) ease of setup and cleaning (Yalcinkaya, 2017).

Antimicrobial component(s) are often seen in wound dressings, since
one of the leading causes of delayed wound healing are persistent in-
fections (Sen, 2021). Successful antimicrobial therapy in wound healing
means providing sufficient concentrations of the antimicrobial agent for
a sufficient time. Having in mind that the need for frequent dressing
changes is neither user-friendly nor optimal for the healing, a dressing
that allows deposition of the antimicrobial agent in the wound for a
longer time is desirable (Akombaetwa et al., 2023; Ingebrigtsen et al.,
2017a).

We previously fabricated a wound dressing containing the antibiotic
chloramphenicol (CAM) using WES (Schulte-Werning et al., 2021). In
the current study, we targeted a more advanced formulation as
compared to in the previous study, with liposomes as a secondary CAM-
carrying nanostructure in nanofibers. Liposomes are well-known lipid-
based nanostructures in nanomedicine, known to be highly biocom-
patible, formed from phospholipids as the main constituent. Conven-
tional liposomes do not only have the potential to solubilize and stabilize
drug molecules but have also been demonstrated to exhibit higher
retention of entrapped drugs in the skin surface, and thus are promising
carriers for dermal drug-delivery when targeting a depot-effect (Ter-
nullo et al., 2017).

Accomplishing a sustained drug release from nanofibers as such is
difficult and requires a careful selection of solvent, polymers, and drugs,
often limiting the choice of polymers to be poorly water-soluble, which
require the use of organic solvent and/or toxic acids during processing.
This is not very environmentally friendly and demands ventilation and
ideally also collection of the evaporated toxic solvent during processing.
Alternatives, such as coaxial spinning and crosslinking of the electro-
spun nanofiber mats have also been tried for a more sustained release of
drugs from nanofibers (Gaydhane et al., 2023). However, crosslinking of
nanofibers for a more sustained drug release is often hampered by the
demand of the use of toxic chemicals, whereas coaxial spinning to form
“core—shell-nanofibers” is not feasible when using blend WES. Thus, we
selected the “liposome-in-nanofiber formulation strategy” for obtaining
a more sustained drug delivery and drug depot effect in wounds, while
targeting a green production process and dressing through focusing on
hydrophilic polymers that are permitting the use of water as the only
solvent.

Although electrospinning of biopolymer-liposome hybrid systems
has been reported before (Casula et al., 2023; Hasanbegloo et al., 2023;
Mickova et al., 2012), the process remains challenging since the high
electric current might damage the liposomes (Akombaetwa et al., 2023;
Pires et al., 2019). To our knowledge “liposome-in-nanofibers” has not
previously been produced by WES, which is a one-pot or blend technique
where all ingredients are mixed in the same container. Therefore, extra
care must be made not to apply solvents that destroy the liposomes, but
at the same the spinning solution should have good spinning properties
and be able to dissolve the fiber forming polymers. Thus, a mixture of
aqueous liposome dispersion and aqueous polymer solutions is the
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preferred starting point in green, sustainable WES-nanofiber production
making “liposome-in-nanofiber” formulations.

The aim of this study was to investigate the feasibility of preparing
CAM-loaded-liposomes in nanofibers with green electrospinning using
the WES technology. For this purpose, we chose water as an environ-
mentally friendly, abundant solvent. The success of preparing the tar-
geted and intact dual-nanostructured fiber dressings was confirmed by
studying the fiber morphology in FE-SEM and with fluorescent-labelled
liposomes in confocal microscope, in addition to assessing the drug
release from the fiber dressings. Finally, the biological performance of
the nanofibers was studied with respect to antimicrobial activity, anti-
inflammatory activity as well as cytotoxicity in vitro.

2. Material and methods
2.1. Material

Lipoid S-100 (Soy-PC) (phosphatidylcholine > 94 %) was a generous
gift from Lipoid GmbH (Ludwigshafen, Germany). 16:0 Liss Rhod PE
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl) (ammonium salt) (RhodPE) was produced by
Avanti® Polar Lipids (Alabaster, Alabama, USA). Zirconium oxide beads
(1.4 mm in diameter) were obtained from Bertin Technologies (Saint-
Quentin-en-Yvelines, France). Methanol HiPerSolv CHROMANORM®
HPLC grade and ethanol (96 % v/v) AnalaR NORMAPUR® were pur-
chased from VWR International (Rosny-sous-Bois-cedex, France). Poly-
ethylene oxide (PEO) (average Mw 900,000 g/mol) was produced by
Dow Chemical Company (Midland, MI, USA). Cell-counting kit-8,
chloramphenicol (CAM) (>98 %), fetal bovine serum (FBS), lipopoly-
saccharides (LPS) (from Escherichia coli 055:B5), N-(1-Naphtyl)ethyl-
enediamine dihydrochloride, pectin from citrus peel (85 % galacturonic
acid, 78 % methoxy groups), penicillin-streptomycin, poly(vinyl
alcohol) (PVA) (average Mw 85,000-124,000; 87-89 % hydrolysed),
RPMI-1640 medium with L-glutamine and sodium bicarbonate, sulfa-
nilamide and Tween® 80 were bought from Sigma-Aldrich (St. Louis,
MO, USA). Hydroxypropylmethylcellulose (HPMC) (HPM, Benecel™
E4M HMC) was acquired from Ashland (Covington, KY, USA). Neonatal
human dermal fibroblasts were obtained from Lonza Group AG (Basel,
Switzerland). Escherichia coli (ATCC 25922), Staphylococcus aureus
(ATCC 25923) and murine macrophages (RAW 264.7 cells) were ac-
quired from ATCC (Manassas, VA, USA). Dulbecco’s Modified Eagle
Medium (DMEM) High Glucose was produced by Biowest (Nuaillé,
France). Orthophosphoric acid > 85 % was obtained from Kebo Lab Ab
(Oslo, Norway). CAM Antimicrobial Susceptibility discs (30 pg,
0x0id™) were obtained from Thermo Fisher Scientific Inc. (Waltham,
MA, USA).

2.2. Liposome preparation

CAM-containing liposomes (LipCAM) were prepared using the thin
film hydration method, and by subsequent size-reduction by dual
asymmetric centrifugation (DAC) as described previously (Holsater
et al., 2022). In brief, 200 mg of Soy-PC and 40 mg CAM were dissolved
in methanol in a 20 ml brown injection vial. A lipid film was formed in
the same injection vial by removal of the solvent by connecting the vial
directly to a rotavapor (Biichi rotavapor R-124 with vacuum controller
B-721, Biichi Vac® V-500, Biichi Labortechnik, Flawil, Switzerland) at
45 °C for approximately 1.5 h. For film hydration, 300 ul of distilled
water and 500 mg of zirconium oxide beads (@ = 1.4 mm) were added to
the film before vortexing for 5 min. The lipid dispersion was stored
overnight at 4 °C. The following day, the size of the liposomes was
reduced, and the hydrated film was processed into a concentrated ve-
sicular phospholipid gel (VPG) by homogenisation for 6 x 5 min at 3500
rpm using a DAC-machine, the SpeedMixer™ DAC 150.1 FVZ-K (Syn-
ergy Devices Ltd, High Wycombe, UK). The VPG was diluted with 1.5 ml
distilled water to obtain a liposome dispersion after mixing for further 3
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min at 3500 rpm in the DAC-machine, before removing the zirconium
oxide beads by pipetting, and adjusting the volume to exactly 2 ml with
distilled water, resulting in a final CAM- and Soy-PC concentration of 20
and 100 mg/ml, respectively.

Rhodamine-labelled liposomes (LipRhodPE) were prepared using
thin film hydration method followed by size reduction by extrusion. 200
mg SoyPC and 2.0 mg of a rhodamine labelled phospholipid (RhodPE)
were dissolved in methanol in a round bottom flask and a lipid film was
formed as described above. The film was hydrated in 10 ml distilled
water and stored in the fridge at 4 °C overnight before the liposome size
was reduced by extrusion four times through a 400 nm pore size poly-
carbonate membrane (Nuclepore Track-Etch Membrane, Whatman
House, Maidstone, UK).

2.3. Liposomal characterization

The liposomes size, size distribution (polydispersity index, PI) and
zeta potential (ZP) were measured using the Zetasizer ZS Nano (Mal-
vern, Oxford, UK). The liposome dispersions were diluted with filtered
(0.2 um) distilled water (LipCAM: 1:2000 (v/v), LipRhodPE: 1:200 (v/
v)) and filtered (0.2 ym) tap water (LipCAM: 1:200 (v/v), LipRhodPE:
1:20 (v/v)), for size and zeta potential measurement, respectively. Two
dilutions were prepared and measured from each batch; each mea-
surement consisted of three machine runs. Three batches were prepared
of LipCAM and one batch of LipRhodPE.

CAM entrapped in liposomes was calculated as given in Eq. 1, by
quantifying CAM in the liposome dispersion before and after 4 h dialysis
at room temperature in water (500 pl LipCAM, liposomes to water ratio:
1:500) using a dialysis bag with membrane (MwCO of 12-14 kD)
(Spectra/Por™ 4 RC Dialysis Membrane Tubing, Spectrum Chemical
Mfg. Corp., New Brunswick, NJ, USA). Before CAM quantification, the
LipCAM were disrupted using methanol. The CAM content was
measured by UV-Vis spectrophotometry using a Spark® reader (Tecan
Trading AG, Mannedorf, Switzerland) at A = 274 nm. The entrapment
efficiency was calculated using the following equation (Eq. 1):

Entrapment efficiency (%) = C5/Cg x 100 %(1).

Ca: CAM content after dialysis.

Cp: CAM content before dialysis.

2.4. Preparation of polymer solutions for electrospinning

Five different polymer solutions were prepared with water as the
only solvent. The different polymer solutions and their composition are
listed in Table 1. The polymer solution (50 g in total) was stirred over-
night at room temperature to ensure complete dissolution. For prepa-
ration of the PVA-solution, the mixture was heated up to 90 °C for
approximately two hours to enable dissolution of the polymer at the
given concentration.

Table 1
Total polymer concentration in the polymer solutions, and percentage (w/w) of
each polymer present in the formulations.

Formulations Polymer Polymers (% of total)
conc. (%) PEO HPMC Tween Pectin  PVA
80
PEO 4.5 100 — - — —
HPMC-PEO 4 50 50 — - -
HPMC-Tween 4 15 55 30 - -
80-PEO
Pectin-PEO 4 50 - - 50 -
PVA 10 — - - — 100

Abbreviations: HPMC (hydroxypropylmethylcellulose), PEO (polyethylene
oxide), PVA (poly (vinyl alcohol)).

International Journal of Pharmaceutics 657 (2024) 124136
2.5. Characterization of polymer solutions

The polymer solutions were characterized in terms of their surface
tension, conductivity, and viscosity. Surface tension was measured with
a K6 force tensiometer (Kriiss GmbH, Hamburg, Germany) equipped
with a Pt-Ir-ring K 610 (Kriiss GmbH, Hamburg, Germany) using the Du
Notiy ring method. A Sension™ + EC7 Basic Conductivity laboratory Kit
(Hach, Loveland, CO, USA) was used to measure the conductivity. Both
surface tension and conductivity were measured three times. The vis-
cosity was measured using Haake™ Viscotester™ 7 plus (Thermo
Electron GmbH, Karlsruhe, Germany) spindle TL7 at 22 + 2 °C with the
standard sample holder. The speed was set to 5 rpm, corresponding to a
shear rate of 1.4 s~1. The viscosity was recorded after one minute.

2.6. Preparation of polymer solutions with chloramphenicol and
liposomes

Pectin and PEO solutions (Pectin-PEO) from Section 2.4 (Table 1)
were prepared with CAM in the form of free CAM, LipCAM and free CAM
combined with Soy-PC. The polymer solutions and the composition (%
(w/w)) of the dry material are given in Fig. 1 and Table 2.

All solutions were made in water and the total dry weight kept at 4 %
(w/w) (Fig. 1) with a CAM-concentration of 2 % (w/w) of the total dry
content (Table 2). To obtain nanofibers containing free CAM and Soy-PC
(Pectin-PEO-CAM-SoyPC), Soy-PC dissolved in ethanol was added to the
CAM/pectin/PEO aqueous solution. The ethanol content in Pectin-PEO-
CAM-SoyPC solution was kept at max 10 % (w/w) to avoid precipitation
of pectin.

Nanofibers containing rhodamine labelled liposomes (Pectin-PEO-
LipRhodPE) or free rhodamine lipids and Soy-PC (Pectin-PEO-RhodPE-
SoyPC) were prepared as described above for Pectin-PEO-LipCAM and
Pectin-PEO-CAM-SoyPC, except that 0.1 % RhodPE was replacing 2 %
CAM. Contents are referred to as the percent of the dry material (Fig. 1
and Table 2). Each polymer solution and respective nanofiber was
produced in triplicates.

2.7. Electrospinning of nanofibers

All nanofibers were electrospun applying the Nanospider NS Lab
(Elmarco, Liberec, Czech Republik) as described previously (Schulte-
Werning et al., 2021). A spinning voltage of 80 kV DC current was used.
A one-sided carriage (40 ml) equipped with a metal orifice insert of 0.6
mm was filled with the polymer solution, and the polymer carriage
speed was varied between 20 mm/s and 100 mm/s. The wire-to-
collector-distance was kept at the maximum distance of 24 cm, and
the substrate was stationary. The total spinning time was 80 (40 + 40)
min for all solutions, with new polymer solution refilled after 40 min.
Temperature and relative humidity were controlled to be at 25 + 5 °C
and 27 + 7 %, respectively.

2.8. Nanofiber characterization

2.8.1. Field emission scanning Electron Microscopy (FE-SEM)

Morphology and diameter of the prepared nanofibers were deter-
mined by Field Emission Scanning Electron Microscopy (FE-SEM) using
the Zeiss GeminiSEM 300 (Carl Zeiss Microscopy GmbH, Jena, Ger-
many) microscope. All specimens were taken from the middle of the
respective nanofibrous mats, mounted on the stubs using double-sided
carbon tape and dried in a desiccator overnight. Prior to measure-
ment, specimens were coated with gold/palladium by a Polacron
SC7640 high-resolution sputter coater (Quorum Technologies LTD,
Kent, UK). Three pictures were taken for each fiber mat. The software
Image J (Rasband, 1997-2018) was used for fiber diameter determina-
tion by manually measuring the diameter of 100 fibers from the three
separate pictures.
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Fig. 1. Schematic illustration of the preparation procedure for making the polymer solutions with Chloramphenicol (blue) and RhodPE (red) either in liposomes or
together with phospholipids (Soy-PC). If not indicated otherwise, all percentages are given as (w/w). Abbreviations: CAM (chloramphenicol), EtOH (ethanol), Lip
(liposomes), LipCAM (chloramphenicol-loaded liposomes), LipRhodPE (rhodamine-labelled liposomes), PEO (polyethylene oxide), RhodPE (16:0 Liss Rhod PE (1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl))), sol (solution), SoyPC (phosphatidylcholine from soybeans). Created with BioR

ender.com.

2.8.2. Confocal imaging of rhodamine-nanofibers
Pectin-PEO-LipRhodPE and Pectin-PEO-RhodPE-SoyPC nanofibers
were spun directly on 35 mm glass bottom microwell dishes (MatTek
corporation, Ashland, MA, USA) for 10 s, using the same settings as
applied before (Section 2.7). The confocal images were made by using a
confocal laser scanning microscope: Zeiss LSM 880 (Carl Zeiss

Microscopy GmbH, Jena, Germany) with the objective Plan-Apochromat
40x/1.2 and airyscan detection. Excitation of the rhodamine label
(emission wavelength 583 nm) was done using the DPSS 651-10 laser.
All images shown in this paper were adjusted applying gamma correc-
tion of 0.8 for optimal visualization using the software ZEN 2.3 (Carl
Zeiss Microscopy GmbH, Jena, Germany), the same adjustments were
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Table 2

Composition of dry material in the different pectin-PEO polymer solutions made
to prepare nanofibers with different degree of complexity ranging from polymers
only to chloramphenicol or RhodPE embedded in liposomes.

Ingredients (w/w %)

Pectin PEO CAM SoyPC RhodPE
Pectin-PEO 50 50 - - -
Pectin-PEO-CAM 49 49 2 - -
Pectin-PEO-LipCAM 44 44 2% 10* -
Pectin-PEO-CAM-SoyPC 44 44 2 10 —
Pectin-PEO-LipRhodPE 45 45 - 10* 0.1%
Pectin-PEO-RhodPE-SoyPC 45 45 - 10 0.1

Abbreviations: CAM (chloramphenicol), Lip (Liposomes), LipCAM (chloram-
phenicol-loaded liposomes), LipRhodPE (rhodamine-labelled liposomes),
RhodPE (16:0 Liss Rhod PE (1,2-dipalmitoyl-sn-glycero-3-phosphoethanol-
amine-N-(lissamine rhodamine B sulfonyl)), PEO (polyethylene oxide), SoyPC
(phosphatidylcholine from soybeans).

* CAM and SoyPC, and RhodPE and SoyPC were added as LipCAM and LipR-
hodPE, respectively.

performed for all pictures.

For quantitative comparison, the grey values of the obtained
confocal images (before gamma correction) were measured using the
software Fiji (Schindelin et al., 2012). Briefly, a 3x3 raster was applied to
the pictures and segmented lines were drawn on three fibers per raster,
measuring the grey values as a measure of the intensity values of the
fluorescence. The measurement was based on and modified from a
method of Shihan et al. (Shihan et al., 2021). The obtained grey values
were summarized in a histogram.

2.8.3. Texture and thickness of nanofibers

Tensile strength and elongation at break of the nanofiber mats were
measured using a Texture Analyzer TA.XT plus (Stable Micro Systems
Ltd., Surrey, UK) based on the ASTM-Standard D882-18 (ASTM Inter-
national, 2018). Five specimens (10 x 80 mm) were cut from every fiber
mat and the thickness was determined using an outside micrometer
(0-25 mm, 0.001 mm, Wilson Wolpert Instruments, Aachen, Germany).
The tensile strength and elongation at break for the nanofiber mats were
determined by fastening the specimens between two tensile grips with
an initial grip separation of 50 mm. The force needed to rupture the
specimen was measured at a strain rate of 0.08 mm/s. The hereby ob-
tained force-distance curve was automatically converted into a stress—
strain curve with the use of the specimen’s dimensions. A toe
compensation of the graph was performed and the tensile strength and
elongation at break were determined using the Exponent connect Soft-
ware v. 6.1.16.0 (Stable Micro Systems, Surrey, UK).

2.8.4. Fluid retention of nanofibers

Fiber specimen with a size of 2x2 cm were cut from the different
nanofiber mats, weighed, and placed into weighing boats filled with 1
ml of simulated wound fluid (5.84 g/1 NaCl, 3.60 g/l NaHCO3, 0.30 g/1
KCl, 0.37 g/1 CaCl2 x2H20 and 165 ml/]1 Albunorm®, modified after
Bradford et al., 2009 (Bradford et al., 2009)). After 2 min, the excess
fluid was removed from the weighing boats and the boats together with
the remaining swollen fibers were weighed. The fibers were left to dry
and the boat with the dried fibers were weighed to assess the loss of
polymers during swelling.

Three specimens were tested per fiber mat and the fluid retention
capacity and weight retained after drying was calculated as described in
Eq. 2 and Eq. 3, respectively:

Fluid retention (%) = (Wa-Wp)/Wj x 100 (2).

Weight retained after swelling (%) = W/Wp x 100 (3).

Wi: Initial weight of specimen.

Wa: Weight of specimen after swelling.

WL: Weight of substance left on boat after test.
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2.8.5. In vitro chloramphenicol release

The drug release of CAM containing nanofiber mats (Table 2) was
assessed in vitro using jacketed Franz diffusion cells; 5 ml acceptor vol-
ume, 0.64 cm? donor diffusion area from PermeGear, Inc. (Hellertown,
PA, USA). A cellophane membrane (Max Bringmann KG, Wendelstein,
Germany) was placed in between donor and acceptor compartment, as
described previously (Ingebrigtsen et al., 2017b). The acceptor medium,
phosphate buffered saline (PBS) pH 7.4 (0.19 g/1 KHyPOy, 2.98 g/1 Nay
HPO4-2H50, 8 g/1 NaCl), was kept at 32 °C. Round specimens with a
diameter of 8 mm were cut from every fiber mat, weight and placed in
the donor, where they were hydrated with 10 pl PBS. A solution of 100 ul
CAM in PBS (2 mg/ml)) was used as control. After 15 and 30 min, and 1,
2, 4, 6, 8 and 24 h, a sample volume of 500 pul was taken and immedi-
ately replaced with fresh PBS. CAM was quantified with UV-Vis spec-
trophotometry at A = 278 nm on a Spark® reader (Tecan Trading AG,
Mannedorf, Switzerland). Each sample batch was tested in duplicate.

2.9. Biological in vitro testing of nanofibers

2.9.1. Sample preparation for cell testing

For cell testing, samples were taken from the nanofiber mats and
dissolved in Milli-Q-water to obtain a concentration of 10 mg/ml
nanofibers. For lower concentrations, this solution was diluted 1:4 and
1:8 in cell medium.

2.9.2. Invitro cytotoxicity

The in vitro cytotoxicity of the nanofibers was tested in murine
macrophages (RAW 264.7) and human dermal fibroblasts (NHDF-neo),
using the Cell Counting Kit-8 (CCK-8, Sigma-Aldrich) cultured in com-
plete RPMI medium, supplemented with 10 % (v/v) FBS and pen-
icillin-streptomycin, or complete DMEM-hg, respectively. Cells were
plated on 96-well plates (90 ul cell suspension/well; 1 x 10° cells/ml)
followed by 24 h incubation at 37 °C, 5 % COs. Next, 10 pl of either
medium (negative control) or samples were added to the cell suspension,
resulting in fiber concentrations of 125, 250 and 1000 pg/ml. The plates
were incubated for 24 h before 10 ul of CCK-8 reagent was added to each
well, followed by another 4 h incubation. A Spark® multimode micro-
plate reader (Tecan Trading AG, Mannerdorf, Switzerland) was used,
and absorbance measured at A = 450 nm, with the reference wavelength
set to A = 650 nm. Cells treated in medium were the negative controls
(100 % viability) (Schulte-Werning et al., 2021). All concentrations
were tested in triplicates for each fiber batch.

2.9.3. Anti-inflammatory activity

Anti-inflammatory activity of the pectin-PEO nanofibers with and
without active ingredient was tested using the same method as described
previously (Schulte-Werning et al., 2021), measuring NO-production in
LPS-stimulated murine macrophages (RAW 264.7). The cells were
cultured in complete RPMI-medium, seeded on 24-well plates (1 ml/
well, 5 x 10° cells/ml) and incubated for 24 h at 37 °C, 5 % CO». The
RPMI-medium was removed and replaced with 900 ul LPS-containing
medium (1 pg/ml). 100 pl of the dissolved nanofiber samples or me-
dium as control, were added to each well, resulting in the same final
fiber concentrations as tested in the cytotoxicity test (125, 250 and 1000
pg/ml). The cells were incubated for another 24 h. The cell supernatant
was then removed, mixed with an equal amount of Griess reagent (0.1 %
N-1-naphylenediamine dihydrochloride, 1 % sulfanilamide, 2.5 %
phosphoric acid) and the absorbance measured on a Spark® multimode
microplate reader (Tecan Trading AG, Mannerdorf, Switzerland) at a A
= 540 nm. The relative NO-production of nanofiber treated cells was
determined by comparing to non-treated, control cells (whose NO pro-
duction was taken as 100 %). All concentrations were tested in tripli-
cates for each fiber batch.

2.9.4. Antimicrobial activity
The antimicrobial activity of the nanofiber mats against Escherichia
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coli (E. coli) and Staphylococcus aureus (S. aureus) was tested using a
modified disc diffusion assay (Schulte-Werning et al., 2021). Bacterial
suspensions in 0.9 % NaCl (adjusted to a turbidity of 0.5 McFarland)
were spread evenly on Mueller-Hinton agar plates on an electric rotator
using sterile cotton swabs. The samples (1.5 mg nanofiber mats, corre-
sponding to 30 pg CAM; cut into @ 6 mm discs) and the positive control
(6 mm, 30 ug CAM disc, Thermo Fisher Scientific Inc. (Waltham, MA,
USA)) were placed on the agar plates and incubated at 37 °C for 19 h.
The diameters of the inhibition zones seen around the samples were
measured using a scale. Each nanofiber was tested in three biological
replicates.

2.10. Statistical analysis

To test for statistical significance, a one-way ANOVA followed by a
Tukey test was performed using GraphPad Prism (Version 8.3.0,
GraphPad Software, San Diego, CA, USA) and a p-value < 0.05 was
considered statistically significant.

3. Results and discussion

Nanofibers versatility with respect to composition and ability to
incorporate active ingredients, gives them a huge potential as (multi)
functional wound dressings (Li et al., 2023; Schulte-Werning et al.,
2021; Grip et al., 2018). The nanofibers are promising for achieving the
desired drug release profiles, however, further research is needed to
prove their industrial and therapeutic applicability (Kajdic et al., 2019).
The development of nanofibers should therefore focus on general ap-
proaches, large-scale production, and new strategies for the develop-
ment of sustainable therapeutic nanofibers.

This study focused on the use of liposomes as a second nano-sized
vesicular drug carrier for CAM inside the nanofibers, aiming to ach-
ieve a sustained antimicrobial release from the nanofibers in treatment
of infected wounds. First step was to investigate the spinnability of
water-soluble polymers with WES (wire-electrospinning), since water is
a safe solvent for later liposome incorporation, and since WES uses one
polymer blend, feeding the wire. The processability of nanofibers and
the formed fibers’ mechanical- as well as morphological features, were
also assessed for further processing of the same nanofibers with
liposomes.

3.1. Selection of polymers for the nanofibers, spinning optimization and
nanofiber characterization

For nanofiber to achieve their full potential as bioactive wound
dressings, the applied polymers should be biocompatible, economically
accessible, and be able to dissolve in an acceptable solvent with proper
conductivity and viscosity that allow Taylors cones to form (Haider
et al., 2018; Reneker and Yarin, 2008). Besides this, the selection of
polymers for this study was based on their expected spinnability and
solubility in water as a single solvent, as well as the polymers biocom-
patibility and swelling abilities, leading to the selection of four poly-
mers: PEO, HPMC, Pectin and PVA for our five prepared formulations
(Table 1).

PEO is a non-toxic, hydrophilic and synthetic polymer, widely used
in electrospinning as co-polymer to support the formation of nanofibers
(Grip et al., 2018; Schulte-Werning et al., 2021; Stie et al., 2019), but
PEO might also be spun as the sole polymer, and has the ability to form
nanofibers when electrospun from aqueous solution (Filip and Peer,
2019; Ramakrishnan et al., 2019). However, in this set-up we experi-
enced that the PEO-solutions had a very slow formation of Taylors cone,
which is reflected by the selected carriage speed of only 20 mm/s
(Table 3). The slower formation of Taylor cones relative to the other
polymer solutions could not be related to the applied electrical voltage,
temperature or humidity, since these process- and ambient parameters
were kept the same for all polymer solutions (Section 2.7). The final
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Table 3
Characterization and electrospinning settings of solutions with different hy-
drophilic polymer systems (Results are presented as mean =+ SD).

PEO HPMC- HPMC-Tween Pectin- PVA
PEO 80-PEO PEO
Surface tension 59 + 50 + 1.2 45+ 1.3 59 + 0.3 47 +
(mN/m) 0.6 0.6
Conductivity (uS/ 64 + 212 + 198 + 0.5 1286 + 788 +
cm) 1.7 0.6 12.7 0.6
Viscosity (mPas) 5730 6320 1910 1460 830
Carriage speed 20 30 30 100 50
(mm/s)
Abbreviations: PEO (polyethylene oxide), HPMC (hydrox-

ypropylmethylcellulose), PVA (poly (vinyl alcohol)).

polymer concentration of 4.5 % for PEO is in the same concentration
range as the other solutions, except for PVA, where a final polymer
concentration of 10 % (w/w) was applied. The concentration is highly
relevant, since the formation of nanofibers in electrospinning emerges as
the stretching of the charged jets happens (Pillay et al., 2013; Reneker
and Yarin, 2008). Thus, the chain entanglement between polymeric
chains in this jet improves with increased concentration, whereas a low
polymer concentration will result in jet fragmentation (spraying) due to
lack of needed contact between polymers. Also, a too high concentration
might cause problems with regards to viscosity and surface tension, as
this will disrupt the flow of the solutions needed to feed the wire during
spinning. Wire electrode is a design using a fixed wire stringed over the
spinning area. The carriage containing with the polymer solution move
along the wire electrode, coating it with the solution. As it can be seen in
Table 3, the PEO-solution had the second highest viscosity of all solu-
tions, which means that increasing the polymer concentration to
improve the processability was not an option. Probably, it is the low
conductivity of the PEO-solution that hindered the formation of Taylors
cone and efficient fiber formation. This is supported by the fact that the
surface tension is approximately the same for all solutions (Table 3), but
PEO had a very different and lower conductivity compared to the other
solutions. The conductivity could have been changed by adding salt or a
cosolvent, as demonstrated earlier (Ramakrishnan et al., 2019), but in
this case further optimization was not conducted.

HPMC is hydrophilic cellulose derivative with good swelling ability,
and thus helpful in obtaining a more controlled drug release (Maskova
et al., 2020). It is extensively studied as copolymer in electrospinning
and already showed promising results for use in nanofibrous wound
dressings by our group (Grip et al., 2018; Schulte-Werning et al., 2021).
HPMC was not spun alone since it has been demonstrated that HPMC
used as a single polymer tends to form heterogeneous fibers with beads
on their surface (Aydogdu et al., 2018). Thus, adding PEO or other in-
gredients that help lowering the tension between HPMC-polymer chains
by impacting the formation of hydrogen bonds with HPMC is advisable
(Filip and Peer, 2019; Olechno et al., 2022). To add also Tween-80 to
this PEO-HMPC polymer blend was inspired by Aydogdu et al.,
(Aydogdu et al., 2018) who found that a HPMC, Tween 80 and PEO-
mixture when spun in water as single solvent formed bead-free nano-
fibers when using the traditional needle-electrospinning. Both the
HPMC-containing polymer blends showed an improved fiber formation
compared to PEO alone, but again the productivity was not optimal, as
reflected by the low carriage speed, and explained by the relatively low
conductivity, as compared to the last two polymers formulations
investigated: Pectin-PEO and PVA.

Pectin is a biocompatible and biodegradable natural polysaccharide
found in the cell wall and intercellular region of higher plants, and it is
usually obtained from citrus or apple peels (Li et al., 2021). Pectin
mainly consists of (1 — 4)-a-D-galacturonic acid units, making it both
biodegradable and biocompatible (Mohnen, 2008). Like to HPMC, to
pectin is usually added a co-polymer like PEO or PVA to improve chain
entanglement (Rockwell et al., 2014; Xu et al., 2022). Of particular
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interest for this project was the known ability of pectin to stabilize li-
posomes (Smistad et al., 2012), together with its low toxicity and high
gelling abilities (Han et al., 2022).

PVA is a biocompatible and biodegradable hydrophilic polymer,
with a wide application in medicine. We selected medical grade PVA
with an average Mw 85,000-124,000; 87-89 % hydrolyzed, allowing a
higher polymer concentration than the other applied polymer solutions
tested in the study. We successfully electrospun nanofibers from a 10 %
(w/w) solution, which still gave the lowest viscosity of all solutions
(Table 3). This concentration however corresponded well to what has
been described in similar formulations demonstrating PVA spinning
abilities when dissolved in water (Park et al., 2010).

In wire electrospinning, when voltage is applied to the wire, many
Taylor cones form along the wire and fibers are ejected, travelling up to
the collector electrode above the wire. In our previous work, where we
used solutions containing ethanol, we observed very fast fiber formation
and could use the maximum carriage speed (300 mm/s) (Grip et al.,
2018; Schulte-Werning et al., 2021). All carriage speeds in this study
were lower (between 20 and 100 mm/s) compared to the carriage speed
used in our previous studies (300 mm/s) (Grip et al., 2018; Schulte-
Werning et al., 2021). However, carriage speeds in a similar range as
in this study have been reported in other studies: Fareed at al (Fareed
et al., 2022) used a carriage speed of 90 mm/s for gum Arabic/PVA
nanofibers and Ramakrishnan et al (Ramakrishnan et al., 2019) had a
carriage speed of 100 mms/s for PEO nanofibers with NaCl. Since the
electric field between the electrodes needs to be strong enough to
overcome the surface tension to form fibers (Yalcinkaya, 2017), the
lower carriage speed was probably due to a higher surface tension of the
water-based solutions. In this study, a surface tension of 45-60 mN/m
was observed (Table 3), whereas in previous solutions with ethanol the
surface tension was only 26-28 mN/m (Schulte-Werning et al., 2021). In
the current study, the solution containing the surfactant Tween 80 had
the lowest surface tension (45 mN/m), however still higher than the
surface tension of ethanol containing solutions, which is also reflected
by the poorer productivity compared to what was observed earlier.

Conductivity seems, however, to be the most critical factor control-
ling the speed of fiber formation, as the fiber formation rate of the so-
lutions can be ranked according to their conductivity (Table 3). Pectin-
PEO showed the highest fiber formation rate (100 mm/s) and the
highest conductivity (1286 uS/cm), which was expected because of the
anionic (1 — 4)-a-D-galacturonic acid units that are dominating the
structure of pectin. The important role of the conductivity on fiber for-
mation is well known; it is one of the main factors influencing the Taylor
cone formation. Taylor cone formation is depending on the availability
of free charges that can move to the polymer solution’s surface when an
electric field is applied, thus forming the Taylor cone. If the conductivity
is too low, no fiber formation will occur (Angammana and Jayaram,
2011; Haider et al., 2018).

All solutions were spun for a fixed time of 40 + 40 min and the fiber
mat thickness and its weight per area was measured to determine the
fiber formation rate (Table 4). The successful nanofiber formation was
also determined by observing the level of defect-free nanofibers in SEM
and measurement of the fiber diameter (Fig. 2).

Table 4
Thickness and density of nanofibers spun from the different polymer solutions
(n = 5). Results are presented as mean + SD.

PEO*  HPMC- HPMC- Pectin- PVA
PEO PEO- PEO
Tween 80
Mat thickness (um) ~ — 23+48 18+1.8 27+26 30+1.1
Mat weight per cm®>  — 0.6 + 0.5+0.09 1.5+ 0.6 +
(mg) 0.14 0.35 0.12

* PEO-nanofibers could not to be removed from the substrate and were therefore
not assessed. Abbreviations: PEO (polyethylene oxide), HPMC (hydrox-
ypropylmethylcellulose), PVA (poly (vinyl alcohol)).
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PEO-solution had a very slow fiber formation, and no coherent mat
was therefore formed during the 80 min spinning time. In addition, wet
areas remained on the mat after spinning, making it impossible to lift off
the fibers from the substrate. All other polymers formed coherent fiber
mats that could be lifted from the substrate and used in further analyses.
PVA nanofiber mat had the highest thickness of 30 um, but the Pectin-
PEO mat had the highest mat weight per area with 1.5 mg/cm?
(Table 4). In general, the mat thickness and the mat weight per area
were higher with a higher carriage speed, which was as expected.

To confirm that nanofibers were formed and to investigate their
morphology and fiber diameter, which might influence not only their
mechanical properties, but also cell attachment (Kim et al., 2016), SEM
pictures were prepared from all the different formulations (Fig. 2). These
pictures showed that all polymer systems produced bead-free fibers, but
with varying mean diameters. Fibers consisting of PVA had the largest
mean fiber diameter with 182 nm, and Pectin-PEO fibers the lowest
diameter, with a mean diameter of 53 nm. This might explain that
Pectin-PEO fibers had a lower mat thickness but a higher mat weight per
cm? than the PVA fibers: because of the smaller fiber diameter, the
Pectin-PEO mat probably has a higher fiber density then the PVA mat.
The fiber distribution for HPMC-Tween 80-PEO-fibers is similar to that
of HPMC-PEO fibers but shifted towards lower diameter values. This
finding is most likely due to the introduction of Tween 80 to the solution
that lowered the surface tension but at the same time led to a reduction
of the concentration of the HPMC and PEO in the solution, which
reduced the viscosity (Table 3). The same correlation between polymer
concentration, viscosity and fiber diameter of HPMC-PEO-fibers has
been reported before (Aydogdu et al., 2018).

A fibrous dressing should have sufficient mechanical strength to
allow normal handling by the user, as well as during manufacturing,
packing and transport. Thus, the tensile strength and elongation of break
of all nanofibers that had formed a removable fiber mat were tested.
Since the PEO-nanofibers did not have sufficient mechanical strength to
be loosened from the substrate, they were not included in this exami-
nation (Fig. 3). The tensile strength (Fig. 3A) refers to the force needed
to rupture the fiber mat, while the elongation at break (Fig. 3B) shows
the ductility of the material. Pectin-PEO fibers had the highest tensile
strength, around three times higher than that of the other fibers. In
contrast, PVA fibers showed the highest elongation at break. Kim et al.,
found a general trend that an increase in fiber diameter led to lower
tensile strength and higher elongation at break and vice versa for PCL-
nanofibers (Kim et al., 2016). In our study we could observe the same
tendency, especially for the small diameter Pectin-PEO fibers and the
large diameter PVA fibers, although these contained different polymers.
We decided to prioritize the tensile strength for the ease to handle over
stretching qualities, hence moving forward with the Pectin-PEO fiber
mat as formulation of choice for a high tensile strength.

The nanofibers in this study are intended for the use as wound
dressings in chronic wounds, where the production of varying amounts
of exudate often presents a challenge. Thus, the dressing should absorb
the exudate, provide a moist wound healing environment, and avoid
exudate leakage to prevent wound infection (Hasan et al., 2023). We
regarded it desirable to select the nanofiber with the highest absorption
capacity and measured the retention of simulated wound fluid in the
fibers (swelling index) as well as the weight of the fibers in dry state after
the test (weight retained after test), to see potential polymer loss of the
fibers (Fig. 4). Interestingly, we observed that the Pectin-PEO mat stayed
mostly intact for the two minutes, turning into a sticky gel upon removal
of excess fluid, while the other fibers, especially HPMC-Tween-80-PEO
and PVA fibers disintegrated and did not form a coherent swollen
fiber mat when the excess fluid was removed. This observation is sup-
ported by the lower weight retention after the test (Fig. 4B). Low weight
retention can probably be explained by parts of the polymers being
dissolved and thereafter removed together with the excess fluid. This
also explains the corresponding lower swelling index of HPMC-PEO,
HPMC-Tween 80-PEO and PVA fibers.
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Fig. 2. Nanofiber morphology observed by SEM. The mean diameter and diameter distribution were determined by Image J software, measuring the diameter of 100
fibers per image. Abbreviations: HPMC (hydroxypropylmethylcellulose), PEO (polyethylene oxide), PVA (poly (vinyl alcohol)).

The gel- forming ability of the Pectin-PEO fibers is demonstrated by
the highest swelling index, and the highest weight retention after the
test. This finding is supported by Kowalski et al., who examined the
swelling of pectin-based hydrogels and found that the addition of pectin
to other hydrogels could increase their swelling ratio (Kowalski et al.,
2019). The observed weight retention higher than 100 % is most likely
due to retention of the salts from the simulated wound fluid in the fibers
after drying.

Because of the high fiber formation rate, high tensile strength, and
high swelling ability, Pectin-PEO nanofibers were selected for further
studies, including active ingredient (CAM) and liposomes for controlled
or sustained delivery of the active ingredient to the wound. This solution
allowed for the highest carriage speed with only water as solvent,
yielding fibers with a high mat thickness and a high weight per area, all
favorable characteristics for a potential scale-up.
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and examined from each formulation. Results are presented as mean + SD (n = 5). Abbreviations: HPMC (hydroxypropylmethylcellulose), PEO (polyethylene oxide),
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Fig. 4. Nanofibers swelling index (A) after 2 min exposure to artificial wound exudate, and weight retained (B) after drying. Results are presented as mean + SD (n
= 3). Abbreviations: HPMC (hydroxypropylmethylcellulose), PEO (polyethylene oxide), PVA (poly (vinyl alcohol)).

3.2. Liposomes characterization

When liposomes are incorporated into nanofibers, they might affect
the spinning behavior of the polymer solution. Gémez-Mascaraque et al.
reported that big-sized liposomes disturbed the Taylor cone during
electrospraying and led to dripping of the solution, while liposomes of a
size between 200 to 770 nm could be sprayed successfully (Gomez-
Mascaraque et al., 2017). Based on this and the finding of Verma et al.,
who showed that liposomes with a size 272 nm delivered their load into
stratum corneum and slightly into viable dermis and dermis (Verma
et al., 2003), we aimed to fabricate liposomes with a size under 300 nm.
In addition, since intact liposomes should be present in the nanofibers
after electrospinning, not only liposomes with CAM, but also similar
liposomes with fluorescent rhodamine labelled lipids (RhodPE) were
prepared for easier examination in confocal microscopy. Liposomal size,
polydispersity index, zeta potential and CAM-entrapment efficiency are
shown in Table 5. As planned, LipRhodPE had a similar size as LipCAM
(Table 5). The zeta potential of LipCAM was close to neutral while the
surface charge of LipRhodPE had a negative zeta potential (ZP), prob-
ably due to the presence of the labelled head group. LipCAM had a drug
entrapment efficiency (EE) of 55 %, similar to that reported previously
for CAM-loaded liposomes made of Soy-PC (Ingebrigtsen et al., 2017a).

Table 5

Liposome characterization of CAM-containing liposomes (LipCAM) and
rhodamine-labelled liposomes (LipRhodPE). Results are presented as mean + SD
(n = 3 for LipCAM and n = 1 for LipRhodPE).

Liposome PI Zeta potential Entrapment
diameter (nm) (mV) efficiency (%)
LipCAM 275 + 40 0.20 + -6.7+29 55+9
0.02
LipRhodPE 289 0.21 —27.3 —

Abbreviations: CAM (chloramphenicol), LipCAM (chloramphenicol-loaded li-
posomes), LipRhodPE (rhodamine-labelled liposomes), PI (Polydispersity
index).

3.3. Electrospinning and characterization of pectin-PEO-nanofibers
loaded with chloramphenicol-liposomes

For reducing the infection burden in chronic wounds, we chose to
add CAM to the dressing. To address the common issue of undesired
burst release in blend electrospinning (Homaeigohar and Boccaccini,
2020), especially when hydrophilic polymers are used (Schulte-Werning
et al., 2021), and achieve a more sustained release, we incorporated our
drug CAM into liposomes (LipCAM) before nanofiber fabrication
(Pectin-PEO-LipCAM).

To assess the effect of this liposomal formulation within the nano-
fibers we included two controls: i) free CAM in nanofibers (Pectin-PEO-
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CAM) and ii) free CAM and free phosphatidylcholine from soybeans
(Soy-PC) in nanofibers — as a physical dispersion not arranged in lipo-
somes (Pectin-PEO-CAM-SoyPC).

3.3.1. Morphological characterization

Nanofiber morphology and diameter are important parameters of
nanofibers, affecting their function and behavior and are also indicators
of nanofiber quality and the electrospinning process. Polymer concen-
tration, solution characteristics, spinning settings as well as temperature
and humidity influence the electrospinning process and hence fiber
morphology and diameter (Haider et al., 2018). To see whether the
incorporated active ingredient and the liposomes had an influence on
the electrospinning process and therefore nanofiber morphology, we
compared the SEM-images and diameter distributions of Pectin-PEO
nanofibers with SEM-images of the nanofibers with the active in-
gredients (Fig. 5).

e
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All solutions formed randomly oriented nanofibers without visible
artefacts. The mean fiber diameter of all fibers ranged between 60 and
70 nm, little variation in the diameter between the different fibers was
observed. The formation of defect-free nanofibers with a mean diameter
in a narrow range amongst all solutions, even from solutions containing
CAM, LipCAM or CAM-SoyPC, suggests that the pectin-PEO polymer
system is a robust system suitable for electrospinning of the active in-
gredients and that the addition of the active ingredients resulted in
successful electrospinning. Furthermore, the defect-free morphology
visible in the SEM-pictures and the small batch to batch variations in
diameter visible in the histograms, confirm the use of suitable electro-
spinning settings for reproducible fiber formation.

Yu et al., suspected that phase separation occurred during electro-
spinning of phosphatidylcholine (PC)-PVP nanofibers from electro-
spinning solutions containing 10 % (w/w) PC, visible as PC-
nanoparticles on the fiber surface (Yu et al., 2011). No impurities can
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Fig. 5. Morphology seen by SEM imaging, mean diameter and diameter distribution determined by Image J software. Abbreviations: CAM (chloramphenicol),
LipCAM (chloramphenicol-loaded liposomes), PEO (polyethylene oxide), SoyPC (phosphatidylcholine from soybeans).
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be seen on the surface of Pectin-PEO-LipCAM or Pectin-PEO-CAM-SoyPC
in this study, suggesting that the PC concentration used in this study (10
% SoyPC in the dry material (Table 2)) did not lead to phase separation
and that the liposomes, if they stayed intact, did remain within the
nanofibers and did not aggregate on the surface of the nanofibers.

Having in mind that the high shear force working on the polymer jet
during electrospinning, might damage the liposomal membrane, espe-
cially in blend electrospinning (Mickova et al., 2012), we electrospun
LipRhodPE of the same size and similar properties as LipCAM into
nanofibers (Pectin-PEO-LipRhodPE). This allowed us to evaluate the
intactness of the liposomes in the nanofibers after spinning.

As control we used an electrospinning solution that contained free
RhodPE together with free Soy-PC. Both lipids were dissolved in ethanol
before it was added to the Pectin-PEO-solution (Pectin-PEO-RhodPE-
SoyPC) (Fig. 1). Representative confocal images of Pectin-PEO-
LipRhodPE and Pectin-PEO-RhodpE-SoyPC can be seen in Fig. 6A and
6B, respectively. The fluorescence signals visible in both pictures follow
a fibrous pattern, similar to that visible in SEM-pictures of Pectin-PEO-
LipCAM and Pectin-PEO-CAM-SoyPC (Fig. 5). Pectin-PEO-LipRhodPE
showed a non-uniformly distributed fluorescence pattern inside the
nanofibers with punctuated high-fluorescent regions. This pattern in-
dicates the presence of intact liposomes, with the high-intensity fluo-
rescence regions coming from intact LipRhodPE (Fig. 6A). A more
uniform distribution of the rhodamine-labelled lipids would be expected
if the liposomes broke during electrospinning, as was the case for the
control, Pectin-PEO-RhodPE-SoyPC (Fig. 6B). This finding is supported
by similar fluorescence patterns that have been observed when
rhodamine-labelled liposomes were spun into nanofibers and stayed
intact (Chandrawati et al., 2017; Li et al., 2014). The fluorescence sig-
nals associated with the liposomes seem very elongated. The mean
diameter of the nanofibers of 68 nm, although somewhat wider than the
nanofibers without liposomes (61 nm) (Fig. 5), is narrow taking into
account the mean diameter of liposomes, of 275 + 40 (Table 5). Thus,
the liposomes were most likely stretched during the electrospinning
process due to jet stretching. The same effect has been observed by Li
et al,, who spun SUVs in PVP and sodium hyaluronate core—shell
nanofibers and saw elliptical SUVs in TEM-pictures in the nanofiber core

.\\./“ )
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(Li et al., 2014). Looking at confocal pictures of Pectin-PEO-Rhod-
SoyPC, certain areas show a scattered fluorescence pattern similar to
that of Pectin-PEO-LipRhodPE, however the total fluorescence distri-
bution looks more uniform than that of Pectin-PEO-LipRhodPE.

To obtain a quantitative comparison between the liposome versus
lipid-dispersion containing formulations, we measured the grey values
in the visible nanofiber structures and plotted the data (Fig. 7). The
maximum, minimum and median grey value measured for each
formulation are summarized in Table 6. These values confirmed that
Pectin-PEO-LipRhodPE has a higher number of high grey values
compared to Pectin-PEO-RhodPE-SoyPC, visible in higher maximum,
mean and median grey values. It is visible that the grey values of Pectin-
PEO-RhodPE-SoyPC are distributed more in the lower value ranges
while the grey values of Pectin-PEO-LipRhodPE are shifted towards
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Fig. 7. Frequency distribution of grey values measured across confocal images
of nanofibers containing rhodamine-labelled liposomes (Pectin-PEO-LipR-
hodPE) and nanofibers containing rhodamine-labelled lipids together with
phosphatidylcholine from soybeans (Pectin-PEO-RhodPE-SoyPC). Abbrevia-
tions: LipRhodPE (rhodamine-labelled liposomes), PEO (polyethylene oxide),
RhodPE (16:0 Liss Rhod PE (1,2-dipalmitoyl-sn-glycero-3-phosphoethanol-
amine-N-(lissamine rhodamine B sulfonyl))), SoyPC (phosphatidylcholine
from soybeans).

Pectin-PEO-RhodPE-5oyPC

Fig. 6. Confocal images of nanofibers containing rhodamine-labelled liposomes (Pectin-PEO-LipRhodPE) (A) and nanofibers containing rhodamine-labelled lipids
together with phosphatidylcholine from soybeans (Pectin-PEO-Rhod-SoyPC) (B). Abbreviations: LipRhodPE (rhodamine-labelled liposomes), PEO (polyethylene
oxide), RhodPE (16:0 Liss Rhod PE (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl))), SoyPC (phosphatidylcholine

from soybeans).

11



L. Victoria Schulte-Werning et al.

Table 6

Maximum, mean and median grey value measured in confocal images of
nanofibers containing rhodamine-labelled liposomes (Pectin-PEO-LipRhodPE)
and nanofibers containing dispersed rhodamine-labelled lipids together with
phosphatidylcholine from soybeans (Pectin-PEO-RhodPE-SoyPC).

Maximum grey Mean grey Median grey

value value value
Pectin-PEO-LipRhodPE 46,393 6063 3784
Pectin-PEO-RhodPE- 22,702 2879 1874

SoyPC

Abbreviations: LipRhodPE (rhodamine-labelled liposomes), PEO (polyethylene
oxide), RhodPE (16:0 Liss Rhod PE (1,2-dipalmitoyl-sn-glycero-3-phosphoetha-
nolamine-N-(lissamine rhodamine B sulfonyl))), SoyPC (phosphatidylcholine
from soybeans).

higher value ranges. This quantitative data supports the impression
obtained from the pictures: Pectin-PEO-LipRhodPE have a higher
punctual intensity compared to Pectin-PEO-RhodPE-SoyPC, which sup-
ports the presence of intact liposomes in the nanofibers.

3.3.2. Mechanical characterization

The thickness, mat weight per area and mechanical properties of the
pectin-PEO fibers with incorporated active ingredients were tested to
investigate how the mechanical properties were maintained when lipids
and CAM were added (Table 7, Fig. 8). Since adding active ingredients
and liposomes can affect nanofiber’s mechanical properties (Lanno
etal., 2020; Cui et al., 2018; Ge et al., 2019), we made a full comparison
of all four nanofibers. The addition of free CAM into the Pectin-PEO
nanofibers did not significantly change their tensile strength or elon-
gation at break compared to that of pure Pectin-PEO fibers. However,
although the SEM-pictures of Pectin-PEO-CAM, Pectin-PEO-LipCAM and
Pectin-PEO-CAM-SoyPC did not show any defects or change in fiber
diameter compared to Pectin-PEO fibers (Fig. 5), Pectin-PEO-LipCAM
and Pectin-PEO-CAM-SoyPC had a significant lower tensile strength
compared to Pectin-PEO fibers (Fig. 8A). This finding is similar to the
findings of Ge et al. (Ge et al., 2019).

Pectin-PEO-CAM contains 2 % CAM, while Pectin-PEO-LipCAM and
Pectin-PEO-CAM-SoyPC contain 2 % CAM and 10 % Soy-PC (Table 2).
With the presence of lipids, the total polymer content was decreased.
This might have weakened the polymer network leading to the reduction
in tensile strength. In addition, although the nanofibers thickness
remained the same after addition of the active ingredients (Table 7), the
mat weight per area was reduced for Pectin-PEO-LipCAM and Pectin-
PEO-CAM-SoyPC, indicating a lower fiber network density, which
could also reduce the tensile strength.

Although the incorporation of LipCAM and CAM-SoyPC into Pectin-
PEO-nanofibers decrease the tensile strength, this did not hinder the
dressings from enduring normal handling. The overall tensile strength of
these formulations is still within the range reported for pectin-PEO-
nanofibers: Cui et al. reported a tensile strength of 14.6 &+ 5.2 MPa for
pectin-PEO-nanofibers from citrus peel pectin and Rockwell et al., found
a tensile strength around 4.5 MPa for pectin-PEO-nanofibers (Cui et al.,
2016; Rockwell et al., 2014).

Table 7
Thickness and mat weight per area of nanofibers. Results are presented as mean
with their respective SD (n = 3).

Pectin- Pectin-PEO- Pectin-PEO- Pectin-PEO-
PEO CAM LipCAM CAM-SoyPC
Mat thickness 285 + 26.2 + 3.5 31.4+3.9 27.3+23
(um) 2.0
Mat weight per 1.6 + 1.4+0.3 1.5+ 0.3 1.1+0.1
cm? (mg) 0.3

Abbreviations: PEO (polyethylene oxide), CAM (chloramphenicol), LipCAM
(chloramphenicol-loaded liposomes), SoyPC (phosphatidylcholine from
soybeans).
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3.3.3. Swelling index

To assess whether the incorporation of active ingredients affected the
formulation’s swelling capacity, swelling index in simulated wound
fluid was repeated for the formulations containing the active in-
gredients. All formulations had a high swelling index and a high weight
retained after the test (Fig. 9), as observed for Pectin-PEO before
(Fig. 4A). That the weight retained after the test (close to 150 % for alle
formulations) is higher than the initial weight (values over 100 %)
(Fig. 4B) is probably due to the retention of salts from the simulated
wound fluid in the fibers. The addition of CAM, LipCAM or CAM-SoyPC
did not influence the swelling index, nor the weight retained after the
test. Lanno et al., found that polycaprolactone (PCL) fibers loaded with
CAM had a higher swelling index compared to that of pure PCL-fibers
(Lanno et al., 2020), an observation that we did not see in our study.
However, they postulated that this effect was due to the surface
hydrophilization caused by the presence of CAM in the hydrophobic PCL
fibers. In this study, the polymers used are very hydrophilic, hence we
postulate that the addition of 2 % CAM and/or 10 % SoyPC did not affect
the hydrophilicity of the fibers to the extent that the swelling behavior
was changed.

3.3.4. Invitro chloramphenicol release

Sustained drug release from a wound dressing is desirable, as it re-
duces the need of dressing changes and thus increases patient comfort.
CAM is a lipophilic compound that previously has been entrapped into
liposomes for solubilization, stabilization and sustained CAM-release
purposes from hydrogels (Ingebrigtsen et al., 2017a). Sustained
release from nanofibers can be obtained by applying multiple strategies,
including spinning of multilayer arrangement, co-axial electrospinning,
post-spinning treatment (cross-linking) and by applying less water-
soluble polymers (Gaydhane et al., 2023). However, the advantages of
choosing liposomes-in-nanofiber formulations for this purpose, is that it
1) allows using biocompatible ingredients, including water-soluble
polymers for fiber formation, and 2) allows avoiding toxic, organic
solvents during electrospinning, that are often demanded for electro-
spinning of hydrophobic polymers (Casula et al., 2023).

The CAM-release was tested in a Franz diffusion set-up (as described
in Section 2.8.5), comparing CAM-release from a solution made in PBS
with CAM release from three different nanofibers (Fig. 10). As expected,
the PBS-solution showed a very fast CAM release, with more than 80 %
released within the first three hours. All nanofibers showed a sustained
CAM release compared to the control during the first two hours (Fig. 10).
Nevertheless, the nanofibers still displayed a burst CAM-release with
around 60 % of the drug being released in the first two hours, which is a
common release profile for nanofibers with small fiber diameters, and in
compliance with drug release profiles normally seen from hydrophilic
polymers (Krysiak and Stachewicz, 2022). This observed release profile
can be considered ideal, since avoiding bacterial colonization in open
fracture wounds has been observed to depend on a fast onset of the
locally administered antibiotics (Burbank et al., 2020), suggesting a high
dose of the antibiotic to the wound in the first hours is good for bacterial
eradication. At the same time, frequent dressing changes are painful for
the patient, and a dressing should therefore, in addition to a fast anti-
biotic onset, thus also be able to maintain an antibiotic concentration
over a longer time. Nanofibers were therefore prepared with LipCAM
containing both free and liposomal-entrapped CAM corresponding to
the CAM-entrapment efficiency of 55 + 9 % (Table 5) obtained during
production. As can be seen in Fig. 10, the slowest CAM-release was
obtained from Pectin-PEO-LipCAM with a statistically significant dif-
ferences compared to Pectin-PEO-CAM after 0.5 and 1 h, indicate that
liposomal-entrapped CAM has a delayed release from the nanofibers.
However, Pectin-PEO-CAM-SoyPC, where CAM and phospholipids was
added as separate solutions and not as preformed liposome dispersion,
also led to a significantly slower release compared to Pectin-PEO-CAM,
but just after 15 and 30 min of release. Both Pectin-PEO-LipCAM and
Pectin-PEO-CAM-SoyPC showed a significantly more sustained CAM-



L. Victoria Schulte-Werning et al.

M %% |

N 20 AI ; ]
n“: 1
£ 15-

s

2

& 10-

k7]

o

B 5—

c

o

I—

0_

_ o€0 ,GP‘“\ pd ~;?G
ed‘\“ ?ao oV “5
véﬂwaw@aep‘

e;'e {_\“'?

Fig. 8. Tensile strength (A) and elongation at break (B) of nanofibers. Results are presented as mean with their respective SD (n = 3). *

International Journal of Pharmaceutics 657 (2024) 124136

Elongation at break (%)

0-

W oG

A ?'eo o QCP 0\1?
?QG {\“'? ?eo G
G 0 ’?eo

e
° ?e;e o\\(\

#p < 0.05, ** p < 0.01

Abbreviations: CAM (chloramphenicol), LipCAM (chloramphenicol-loaded liposomes), PEO (polyethylene oxide), SoyPC (phosphatidylcholine from soybeans).

2500
R A
< 2000
3
S 1500
£
2 1000
2
2 5004
0—
<O p&‘\ p‘\(\ o<
(¥ o0 O o0 e
e ant o€ oM
e 0 o€
eed o

X 200+
2 B
9
= 150
[+}]
b=
©
2 100-
c
5
2 50+
e
2
z 0-
gO W W 90
d{\“‘? eo.GP“\;\QGtkso‘l
L'ad (\‘\'? _??40 o.CvP~
ve“‘,eoﬁ\“. €
oo™

Fig. 9. Swelling behavior measured through swelling index (A) and weight retention after drying (B) of nanofibers of different complexity after exposure to
simulated wound fluid (n = 3, results are presented as mean + SD). Abbreviations: CAM (chloramphenicol), LipCAM (chloramphenicol-loaded liposomes), PEO

(polyethylene oxide), SoyPC (phosphatidylcholine from soybeans).

release as compared to the control after four hours. Although the
incorporation of free lipids together with free CAM into nanofibers also
led to a slightly sustained release, maybe due to spontaneous vesicle
formation or the more hydrophobic nature of the formed nanofibers, it
seems like the preformation of LipCAM has a better and more reliable
effect on sustaining drug release from pectin-PEO-nanofibers, and thus
should be the preferred formulation.

Overall, our results show that incorporation of CAM into liposomes
in pectin-PEO-nanofibers gives a slightly more sustained drug release.

3.3.5. Cytotoxicity of nanofibers

Considering the close contact with surrounding cells and tissues,
biocompatibility is an important property of a wound dressing (Behere
and Ingavle, 2021; Rani Raju et al., 2022). Dermal fibroblasts and
macrophages (RAW 264.7) were chosen for in vitro cytotoxicity testing,
due to the versatile and important role of both macrophages and fibro-
blasts in different stages of the wound healing process (Juncos Bombin
et al., 2020).

Cells were treated with three different concentrations of each
formulation: 125, 250 and 1000 pg/ml (Schulte-Werning et al., 2021)
(Fig. 11). In the dermal fibroblasts the highest concentration of Pectin-
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PEO and Pectin-PEO-CAM showed a significantly reduced viability
while the treatment with the highest concentrations of Pectin-PEO-
LipCAM and Pectin-PEO-CAM-SoyPC lead to a significant but small
elevation of the viability. A trend of increased cell viability was also
observed on murine macrophages when treated with Pectin-PEO-
LipCAM and Pectin-PEO-CAM-SoyPC, with no statistical significance.
This could be explained by the presence of Lipoid S 100 (SoyPC) in
liposomal form since a positive effect of empty liposomes comprising
Lipoid S 100 on murine macrophages has been reported before (Hem-
mingsen et al., 2023). In general, all treatments led to a cell viability of
over 90 % compared to the control and can thus be concluded to have no
toxic effect on the cell viability of both cell lines (ISO, 2009). The
polymers pectin and PEO are regarded as biocompatible (Filip and Peer,
2019; Han et al., 2022), which is supported by the lack of toxicity shown
in our tests.

3.3.6. Anti-inflammatory activity

Inflammation is an essential part of the wound healing process
(Rosique et al., 2015). However, difficult-to-heal wounds, like diabetic
wounds, often show a persistent low-grade inflammation that leads to
unwanted damage of normal tissue and can hinder the wound to process
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Fig. 11. Cytotoxicity of dermal fibroblasts (A) and murine macrophages (B)
presented as mean with their respective SD (n = 3). * p < 0.05, ** p < 0.01,
compared to control. Abbreviations: CAM (chloramphenicol), LipCAM (chlor-
amphenicol-loaded liposomes), PEO (polyethylene oxide), SoyPC (phosphati-
dylcholine from soybeans).

into the next healing phase (Gao et al., 2022). Dressings containing anti-
inflammatory drugs, might improve the healing outcome, as shown by
Wang et al., who found that their hydrogels with vancomycin-
conjugated silver nanoclusters with micelles that showed anti-
inflammatory properties on LPS-inflamed macrophages also reduced
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the wound closure time in a diabetic mouse model (Wang et al., 2021).

In this study, we treated murine macrophages with LPS and our
formulations and measured their inflammatory response by their pro-
duction of nitric oxide (NO) (Fig. 12), a gasotransmitter, whose pro-
duction is a characterization of pro-inflammatory macrophages (Roszer,
2015).

None of our nanofibers showed any increase in NO-production of the
macrophages and thus no sign of an increased inflammatory activity. We
have observed before that nanofibers with PEO did not show inflam-
matory activity on macrophages (Schulte-Werning et al., 2021). Pectin is
reported to have some anti-inflammatory activity (Popov et al., 2013)
and although we could see a reduction in NO production of macrophages
treated with the highest concentration of Pectin-PEO, this was not sig-
nificant (Fig. 12). However, the highest concentration (1000 pg/ml) of
Pectin-PEO-CAM, Pectin-PEO-LipCAM and Pectin-PEO-CAM-SoyPC
showed a significant reduction in NO production compared to the con-
trol (Fig. 12). This could be explained by the presence of SoyPC in the
fibers since it has previously been shown that liposomes from Lipoid S
100 have a high potential in reducing the inflammation in LPS-induced
macrophages (Cauzzo et al., 2020). These findings show that the
nanofibers do not lead to an increased inflammatory response which
could hamper the healing process but, in contrary, might be beneficial
for the healing process due to their anti-inflammatory activity.

3.3.7. Antimicrobial activity of nanofibers

Nanofibers dry format makes them easy to handle and expands the
storage of the formulations compared to hydrophilic wet formulations
such as hydrogels. However, the fabrication technique requires a high
voltage (80 kV), which might affect the incorporated antibiotic. To
assess whether the dressings maintained the activity of CAM, we
measured the antimicrobial activity of our nanofibers using a modified
disc diffusion test with 30 ug CAM-discs as control. Since various bac-
terial species have found to be colonizing wounds, we chose two com-
mon species present in wounds: S. aureus, which is gram-positive, and
E. coli as a gram-negative species (Buch et al., 2021).

No antimicrobial effect could be seen from Pectin-PEO on neither
E. colinor S. aureus (Fig. 13). This is in agreement with previous finding,
where PEO-containing nanofibers prepared with different co-polymers
also did not have any antimicrobial effect on the same two bacteria
species (Schulte-Werning et al., 2021). All the prepared CAM-containing
fibers, Pectin-PEO-CAM, Pectin-PEO-LipCAM and Pectin-PEO-CAM-
SoyPC, showed a maintained antimicrobial effect on both tested spe-
cies: E. coli and S. aureus as compared to the CAM control disc (Fig. 13).
The marginal reduction seen for Pectin-PEO-CAM, Pectin-PEO-LipCAM
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Fig. 12. NO production (%) of LPS treated macrophages (RAW 264.7 cells)
exposed to different concentrations of nanofibers (125, 250 and 1000 ug/ml)
for 24 h. Results are presented as mean with the respective standard deviations.
* p < 0.05, compared to control. Abbreviations: Abbreviations: CAM (chlor-
amphenicol), LipCAM (chloramphenicol-loaded liposomes), PEO (polyethylene
oxide), SoyPC (phosphatidylcholine from soybeans).
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Fig. 13. Antimicrobial activity of nanofibers in E. coli (A) and S. aureus (B). Results are presented as mean inhibition zones with their respective standard deviations
(n = 3). 30 ug CAM discs are used as positive control and CAM-free nanofibers (Pectin-PEO) as negative control. * p < 0.05, ** p < 0.01., compared to control.
Abbreviations: CAM (chloramphenicol), LipCAM (chloramphenicol-loaded liposomes), PEO (polyethylene oxide), SoyPC (phosphatidylcholine from soybeans).

and Pectin-PEO-CAM-SoyPC as compared to the CAM control disc, with
a slightly smaller inhibitions zones in E. coli (Fig. 13A), most probably is
without any clinical relevance, but might be caused by a change in
release properties. However, all nanofibers had a inhibition zones above
90 % of the inhibition zones of pure CAM (Fig. 13). Thus, nanofibers,
including nanofibers with CAM entrapped into liposomes (LipCAM) did
preserve CAMs’ antimicrobial activity. It shows that although the
nanofibers were produced in electrospinning with a high voltage (80
kV), intact CAM was maintained in the prepared nanofibers. Keeping in
mind that nanofibers are dry formulations, it is also an excellent storage-
format for CAM, known for its limited storage stability in aqueous for-
mulations (Ingebrigtsen et al., 2017a).

4. Conclusion

Hydrophilic nanofibers from purely aqueous solutions were fabri-
cated using the needle-free, wire-electrospinning technology. Pectin-
PEO was the preferred polymer system considering its fast fiber depo-
sition rate. We further demonstrated the successful incorporation of
CAM in nanofibers, both when adding CAM directly to the polymer
system, in preformed liposomes, as well as in dispersion with phos-
pholipids. A more sustained CAM-release was observed in nanofibers in
vitro as compared to the control CAM-solution, and especially with li-
posomes and phospholipids added to the nanofibers. But most impor-
tantly, a preserved antimicrobial effect close to pure CAM was
maintained in all nanofibers, together with an elevated anti-
inflammatory activity with phospholipids in the fibers, which makes
the Pectin-PEO nanofiber formulation with CAM-liposomes a promising
wound dressing for the future treatment of chronic wounds.
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