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ARTICLE INFO ABSTRACT
Keywords: Oral wounds are among the most troublesome injuries which easily affect the patients' quality of life. To date, the
Oral wound healing development of functional antibacterial dressings for oral wound healing remains a challenge. In this regard, we

Antibacterial wound dressing

silk t investigated antibacterial silk protein-based membranes for the application as wound dressings in oral and
1 protem

maxillofacial surgery. The present study includes five variants of casted membranes, i.e., i) membranes-silver

Sil
Gle‘[i;midn nanoparticles (CM-Ag), ii) membranes-gentamicin (CM-G), iii) membranes-control (without functionalization)
Electrospinning (CM-QC), iv) membranes-silk sericin control (CM-SSC), and v) membranes-silk fibroin/silk sericin (CM-SF/SS), and

three variants of nonwovens, i.e., i) silver nanoparticles (NW-Ag), ii) gentamicin (NW-G), iii) control (without
functionalization) (NW-C). The surface structure of the samples was visualized with scanning electron micro-
scopy. In addition, antibacterial testing was accomplished using agar diffusion assay, colony forming unit (CFU)
analysis, and qrt-PCR. Following antibacterial assays, biocompatibility was evaluated by cell proliferation assay
(XTT), cytotoxicity assay (LDH), and live-dead assay on L929 mouse fibroblasts. Findings indicated significantly
lower bacterial colony growth and DNA counts for CM-Ag with a reduction of bacterial counts by 3log levels
(99.9% reduction) in CFU and qrt-PCR assay compared to untreated control membranes (CM-C and CM-SSC) and
membranes functionalized with gentamicin (CM-G and NW-G) (p < 0.001). Similarly, NW-G yielded significantly
lower DNA and colony growth counts compared to NW-Ag and NW-C (p < 0.001). In conclusion, CM-Ag rep-
resented 1log level better antibacterial activity compared to NW-G, whereas NW-G showed better cytocompat-
ibility for L929 cells. As data suggest, these two membranes have the potential of application in the field of
bacteria-free oral wound healing. However, provided that loading strategy and cytocompatibility are adjusted
according to the antibacterial agents' characteristic and fabrication technique of the membranes.
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1. Introduction

Wound healing is a complex, highly orchestrated process that in-
cludes well-defined overlapping phases known as hemostasis, inflam-
mation, proliferation, and remodeling [1]. Both intra-oral and extra-oral
wound healing require an interplay of signaling molecules (e.g., cyto-
kines and growth factors) from blood cells and local tissue cells working
in concert to heal the injured site towards a restored barrier function [2].

Depending on the lesion site, wound healing within the oral cavity
can be categorized as periodontal healing, dental implant interfaces
healing, dental pulp healing, and bone healing [3]. The saliva-filled
environment of the oral cavity provides various proteinaceous sub-
stances, such as growth factors (epidermal growth factor, vascular
endothelial growth factor, and fibroblast growth factors) and histatins,
accelerating the wound healing process. Oral wounds have an increased
healing potential compared to skin wounds [4]. This is attributed to
faster initiation of the inflammatory phase, lower levels of immune
mediators, more bone marrow-derived cells, fast re-epithelialization,
and rapid fibroblast proliferation [5]. Most importantly, due to favor-
able anatomical relations, the oral cavity has excellent access to steady
blood flow.

Up to now, several approaches have been introduced to heal oral
wounds [5-7]. The state-of-the-art in oral and maxillofacial surgery is
the utilization of autologous mucocutaneous flaps for or allogenic/
xenogeneic grafts, e.g., acellular dermal matrices (ADM), depending on
the extent of the soft tissue defect. However, flaps are associated with
donor site morbidity and unsatisfactory cosmetic outcomes, whereas
ADMs have shown to induce inflammatory reactions, antigenicity, and,
additionally, are limited in resources [8,9]. Generally, the healing pro-
cess of wounds can be accelerated using biomedical engineered struc-
tures such as hydrocolloids, films, gauze, hydrogels, foams, and
hydrofibers [10]. One of the best-known approaches for oral wound
healing is the application of polymer-based membranes [11]. So far,
various natural biomaterials have been introduced to promote the oral
wound healing process, including collagen [12], alginates [13,14],
chitosan [15], and gelatin [16]. Other natural biomaterials such as the
silk proteins silk fibroin (SF) and silk sericin (SS) have gained increasing
attention due to their remarkable mechanical properties, superior
biocompatibility, oxygen, and water vapor permeability, controllable
proteolytic degradability, and minimal immunogenicity [17].
Composed of fibroin (70-80%) and sericin (20-30%), the proteins are
extracted from the cocoons of the silkworm Bombyx mori (B. mori)
through different well described methods [18]. Silk proteins have shown
to complement each phase of the wound healing process, hence, can be
broadly used as wound dressings for acute and chronic wound healing
[19]. SF interacts with blood components, e.g., platelets and fibrin,
initiating the clotting cascade [20]. Additionally, SF and SS materials
accelerate the initial inflammatory response, however, they do not
prolong this phase. According to in vitro and in vivo studies, SF can
significantly decrease the leucocyte count and overall inflammation,
which is an advantageous feature in this process [21,22]. Moreover, SF
and SS were able to accelerate the proliferation of a variety of human
cells in vitro and in vivo, leading to defect site coverage with native
tissue and neovascularization [19,20,23]. According to the applicational
demand, silk protein-based substances can be manufactured into various
forms (e.g., fibers, films, gels, and three-dimensional scaffolds). As an
example, the successful utilization of silk proteins as substrates for
electrospinning resulted in the fabrication of mechanically advanced
membranes for the wound healing process [24]. To further promote
biological host responses, prior to electrospinning, different signaling
molecules such as growth factors and polypeptides can be incorporated
into the silk protein solution [24-26].

Despite the recent progress in oral wound healing, there are some
challenging points in the fabrication of membranes for oral wound
healing. The oral mucosa is a warm and moist environment which cre-
ates an excellent microenvironment for the habitation of bacteria such
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as Streptococcus mutans, Actinomyces naeslundii, Fusobacterium nucleatum
and Porphyromonas gingivalis, decreasing the efficacy of the wound
healing process. To avoid bacterial growth at the wound site, different
antibacterial agents can be incorporated into the wound dressing.
Metallic nanoparticles such as silver, magnesium, zinc, or copper have
been successfully used to fabricate skin wound dressings with antibac-
terial activity [27,28]. Silver nanoparticles (AgNPs) in particular are
known to contain bacterial growth and display anti-inflammatory
properties [29,30]. However, establishing a balance between the anti-
bacterial activity and cytotoxicity potential of AgNPs should be precisely
considered. In addition to metal ions, some antibiotics such as penicil-
lins, aminoglycosides, or glycopeptides have been used to modify wound
dressings [31,32]. Gentamicin, an aminoglycoside antibiotic, is broadly
applied to treat bacterial skin and soft tissue infections [33-35]. A recent
investigation by Zhou et al., proposed the idea of combining favorable
effects of the two most common antibacterial functional agents AgNPs
and gentamicin with an SF/Chitosan dental implant coating. With this
approach, the authors could produce antibacterial implant coatings that
significantly inhibited bacterial growth, adhesion, and biofilm forma-
tion with improved support of preosteoblastic MC3T3 cells and osteo-
blast growth [36]. Combining the excellent properties of silk materials
with antibacterial agents presents an advanced approach in this matter.

In spite of experimental efforts in developing a functional wound
dressing for the skin, the application of antibacterial loaded silk protein
membranes for oral wound healing has not been evaluated so far. Hence,
in this in vitro study, we investigated advanced antibacterial silk protein
membranes. Using casting and electrospinning techniques, casted
membranes (CM) and nonwovens (NW) had been functionalized with
AgNPs and gentamicin prior to our investigation. The aim of this study
was the evaluation of antibacterial membranes for wound healing ap-
plications in oral and maxillofacial surgery.

2. Materials and methods
2.1. Manufacture of SS/SF membranes

For the manufacture of the fibroin membranes, B. mori silk cocoons
were used for protein extraction. The procedure was performed ac-
cording to the PureSilk® technology of the company Fibrothelium
GmbH. Briefly, fibroin was separated from sericin by degumming it in a
hot alkali solution before dissolving it in a solvent system based on
Ajisawa's reagent. The dissolved fibroin was dialyzed against VE water
for 48 h. The initial concentration of the resulting fibroin solution was 3
wt%. The solution was then stored at 4 °C.

For the SS substrate, an SS solution was obtained by degumming
B. mori silk cocoons with 8 M urea solution (1:44.414). The urea solution
was heated to 80 °C with the cocons which were degummed for 3 h while
being stirred with a magnetic stirrer. After 3 h the cocoons were trans-
ferred into a sieve and rinsed with deionized water. The cocoons are
then soaked 3 times for 3 min to rinse out residual degumming solution.
The SS-urea solution was transferred into dialysis membranes (MWCO
3.5kDa) and dialyzed against water for 48 h while exchanging the water
two times a day. Two structural types of materials based on SS were
manufactured: casted membranes (CM) and nonwovens (NW).

For functionalization, three variations of SF-nonwovens (gentamicin,
silver, and untreated fibroin controls) and five variations of SS and/or
SF-membranes (gentamicin, silver, untreated fibroin controls, SF/SS,
and untreated sericin controls) were manufactured (Table 1). First, the
SF or SS solution was casted on a PTFE mold. After drying for 24 h at
21 °C under a laminar hood, the final fibroin membrane had a thickness
of approximately 0.1-0.2 mm. The thickness was determined by a digital
micrometer (Micromar 40 ER, Mahr GmbH, Germany).

For functionalization, the fibroin solution was priorly mixed with
gentamicin or silver nitrate (AgNO3). For the AgNOs-functionalized
membranes, the mixed solution was UV irradiated for 1 h before casting.
SF NWs were electrospun and directly afterwards post-treated in an
































































































