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1 INTRODUCTION

Wound treatment is a worldwide problem with annually increasing costs and in-
sufficient treatment options. (Mirhaj et al., 2022) There is always contamination
related to wounds which increases the risk for the development of infection.
Therefore, the main treatment strategy has been to restore the homeostasis in the
wound site as well as control the bacterial load. (Mathes, 2008) The problem
arises when the patient's medical condition (for example diabetes) inhibits the
native immune response causing failed and long-lasting treatment. (Q. Zhang
etal., 2017)

The administration of antibacterial drugs is a vital part of wound treatment
strategy. In order to prevent the development of antimicrobial resistance the anti-
biotic treatment plan should be chosen wisely regarding the choice of drug and
the route of administration (systemic or local). (Mathes, 2008) The systemic
administration of antibiotics to treat wounds has its risks related with suitable
dose (high risk of toxicity) and low drug concentrations at the wound site.
(D. Leaper et al., 2015b) Topical treatment with antibiotics (conventional drug
formulations such as gels, creams) is frequently used but its efficiency in most
cases is poorly determined. (Smith et al., 2020) Therefore novel drug delivery
research is focused on finding the site-specific drug delivery systems (DDS) with
enhanced antibacterial properties (Luraghi et al., 2021)

Electrospinning is a straightforward method for the production of polymeric
fibers ranging from nano- to microscale. (Doshi & Reneker, 1995) The fiber scaf-
folds have specific features: controlled surface morphology, large specific surface
area, tunable porosity and relatively simple incorporation of drugs giving them
potential to be used as DDS. (Qu et al., 2013) The drug release from fiber scaf-
folds is mostly based on diffusion however it is tunable by manipulating the sur-
face porosity on the fibers or porosity of the fiber scaffold. (Zupanci¢ et al., 2018)
Controlling the surface or scaffolds porosity is therefore critical for achieving
desired antibacterial properties of the scaffold. (Preem et al., 2017; Preem, Bock,
et al., 2019; Zupancic et al., 2018)

Electrospun scaffolds have potential in wound healing because of their overall
structure which is similar to the extracellular matrix (ECM). (Haider et al., 2018)
Furthermore, the high specific surface area in combination with porous structure
enables absorption of wound exudate as well as enhanced gas exchange. (Preem
et al., 2017) The mechanical properties of the scaffold are also modifiable by ES
material, process and environmental parameters. (Rashid et al., 2021) Ideal scaf-
fold for wound healing should be highly elastic and flexible to ease application
and removal as well as offering suitable substrate for cells in charge of native
wound healing. (Gao et al., 2021)

An antibacterial scaffold needs to be non-toxic and biocompatible towards
cells responsible for native wound healing process. Therefore, the cell/scaffold
interactions need to be studied in order to estimate the scaffold performance.
(Ninan et al., 2015).



When developing antibacterial scaffold for wound healing the bacteria/
scaffold interactions should be studied. Ideally the scaffold should inhibit
bacterial growth at the wound site and protect the wound from contamination. It
has been shown that some electrospun fiber scaffolds can promote the bacterial
growth on the scaffold surface. (Pompa-Monroy et al., 2020) Even more, fiber
scaffolds have shown to promote bacterial biofilm formation. (Tamayo-Ramos
et al., 2018) However, this can be avoided by suitable composition, morphology,
mechanical and drug release properties of the scaffold. (Kargar et al., 2012;
Mitik-Dineva et al., 2006, 2009).

Electrospun scaffolds are still considered novel DDS as only a few com-
mercial products have been released. (Omer et al., 2021) Regarding scaffolds for
wound healing there is still a lack of knowledge about the material properties and
material/structure relationship that supports wound healing as well as offers
enhanced protection from bacteria.

The aim of this study was to design and develop electrospun antibacterial drug
loaded scaffolds using different polymers and antibacterial drugs for wound
healing purposes. Differently structured scaffolds were produced in order to study
the structure/activity relationships as well as interactions with bacterial and
eukaryotic cells. The antibacterial properties, biocompatibility and safety studies
enabled to examine the scaffold’s suitability to be used for wound healing.
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2 LITERATURE REVIEW

2.1 Skin wounds, wound healing and treatment

Human skin is the primary barrier defending the organism from external environ-
ment. It offers protection against dehydration, pathogens, regulates the thermic
dispersion as well as signalling via cutaneous receptors.(Azzimonti et al., 2016)
Furthermore, skin has several self-renewal mechanisms in order to maintain the
homeostasis being exposed to many physical, chemical and biological irradia-
tions. (Azzimonti et al., 2016; Blanpain & Fuchs, 2009) Skin consists of epidermis,
dermis and hypodermis where the resident cells are hematopoietic and mesenchy-
mal stem cells (SC) originating from bone marrow SC. (Azzimonti et al., 2016)
Hematopoietic SC, as precursors to endothelial progenitor cells, are responsible
for neovascularization. Mesenchymal SC, as precursors to fibroblasts, adipocytes
and osteoblasts, are all responsible for the physiological integrity and com-
munication. (Azzimonti et al., 2016; Cha & Falanga, 2007) Epidermis as basal
layer consists of epidermal SC, long-living quiescent SC that are progenitors for
tissue renewal. (Azzimonti et al., 2016; De Rosa & De Luca, 2012) Furthermore,
epidermal SC are also found in sebaceous glands and hair follicles and are known
to promote epithelialization during wound healing. (Blanpain & Fuchs, 2009; Ito
et al., 2005)

Wounds are damages of biological tissue, including skin, mucous membranes,
and organ tissues (Herman & Bordoni, 2021) which are broadly categorized as
acute (caused by trauma, burns, surgery) or chronic wounds. Acute wounds usually
heal within acceptable timeframe, however chronic wounds tend to persist over
longer period. (Whitney, 2005) Furthermore, in chronic wounds, the functionality
of cells is altered which makes the native wound healing insufficient so that
keratinocytes are unable to close the wound making it vulnerable against patho-
gens. (Azzimonti et al., 2016; Brem et al., 2007)

The native wound healing process has the goal to restore the structure of the
skin and homeostasis and it has 4 steps: hemostasis, inflammation, proliferation
and remodelling (maturation) (Figure 1). (Azzimonti et al., 2016)

Wounding Hemostasis Inflammation Proliferation = Maturation
B [¢]

A
A
1 6 9
2 ‘ e

1 - Keratinocytes 3 - Clot 4 - Neutrophils 5 - Clot 9 - New keratinocytes
2 - Healthy ECM 6 - New keratinocytes

7 - Fibroblasts

8 - Granulation tissue

Figure 1. The main factors and stages of wound healing: A (Wounding)— The kerati-
nocytes and extracellular matrix (ECM) are damaged; B (Hemostasis) — clot formation as
the preliminary ECM; C (Inflammation) — Infiltration of neutrophils; D (Proliferation) —
the formation of granulation tissue by keratinocytes and fibroblasts; E (Maturation) — the
remodelling of ECM and wound maturation. (Modified from Rieger, Birch, and
Schiffman 2013)
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Wound healing process starts immediately after wounding (e.g., tissue damage)
(Figure 1A). (Rieger et al., 2013) The injured site is filled with blood and
lymphatic fluid which is followed by hemostasis stage during the first 15 minutes
(Figure 1B). At this stage, the main goal is to stop the bleeding by vasocon-
striction in blood and lymphatic vessels. Localized clot is formed by migration of
trombocytes to the wound site which forms as a provisional ECM for cell
migration. (Baum & Arpey, 2005; Rieger et al., 2013)

The next step is inflammation (Figure 1C) where vasodilation and increased
capillary permeability occurs by chemical signalling from injured tissue and mast
cells. (Avi & Howard, 2005) The site is also colonized with polymorphonuclear
cells which activate the production of growth factors and are in charge of re-
moving foreign substances (bacteria, debris etc). (Baum & Arpey, 2005; Wilgus,
2008) The migration of monocytes, which transform into macrophages at the
wound site, is also stimulating collagen production and reepithelialization of the
wound. (Baum & Arpey, 2005)

The proliferation phase is mostly focused on reepithelialization occuring 24 —
48 h after wounding (Figure 1D). (Rieger et al., 2013) The degradation of the
provisional ECM starts by enzymes released from keratinocytes which migrate
to the wound boundary. (Baum & Arpey, 2005) The migration of keratinocytes
is dependent on the number of platelets, but slowed down by the presence of
neutrophiles and macrophages. (Rieger et al., 2013) After 2 days of healing,
endothelial cells migration occurs and angiogenesis starts which is controlled by
cytokines, the presence of ECM and the absence of neighbouring endothelial
cells. Furthermore, matrix metalloproteinases are responsible for degrading the
basement membrane and ECM and laminin production starts from endothelial
cells producing new basement membrane. (Baum & Arpey, 2005; Rieger et al.,
2013) After 4 days collagen-based granulation tissue replaces the provisional
ECM formed in hemostasis.(Wilgus, 2008) The closure is aided by fibroblasts
converted to myofibroblasts that produce actin filaments. (Baum & Arpey, 2005)

In the maturation phase the granulation tissue is replaced by scar tissue and
this can take several months. The collagen fibrils increase in diameter together
with interfibril binding and rearrangement. The tissue gains strength as the
binding increases, level of inflammation is decreased and the scarring matures.
(Baum & Arpey, 2005)

Chronic wounds have the tendency not to follow the normal wound healing
phases and their order, usually the problems occur in the inflammation phase.
(Frykberg & Banks, 2015) The excessive number of cytokines, proteases, reactive
oxygen species (ROS), senescent cells, existing persistent infection and dys-
functional stem cells are usually the related features with chronic wounds. In
acute wounds the proteases are regulated by the inhibitors, however in chronic
wounds they are exceeding the level of inhibitors resulting in the destruction of
ECM and degradation of growth factors. This amplifies the inflammation cycle
and inhibits the normal cycle of wound healing (Frykberg & Banks, 2015)
Furthermore, increased ROS causes ECM and cellular damage and stimulation of
proteases and inflammatory cytokines. (Schreml et al., 2010) Another problem
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with chronic wounds is the increased amount of senescent cells which is corre-
lated to the failure of wound healing. (Lobmann et al., 2002; Stanley & Osler,
2001; Tsourdi et al., 2013) Mesenchymal SC are known to have an important role
as precursors to many important cells in wound healing and the mesenchymal SC
deficiency has been seen in diabetic patients with chronic wounds. (Cianfarani
et al., 2013; Ennis et al., 2013; Rodriguez-Menocal et al., 2012) Problems with
reepithelialization are seen with chronic wounds. (Lazarus et al., 1994) Hence, to
achieve normal wound healing, the balance needs to be restored for cytokines,
growth factors, proteases and normally proliferating cells at the wound site.
(Frykberg & Banks, 2015; Schultz et al., 2003)

2.1.1 Wound infections

There are always bacteria in the wound. The major factors that determine the
development of wound infection from contamination and colonization are the
number of bacteria, their virulence and the immune system response. (Frank et
al., 2005) Contamination is usually caused by bacteria from the surrounding skin,
local environment or the bacteria are of endogenous origin. (Siddiqui &
Bernstein, 2010b) Diagnosis of the wound infection nowadays consists of clinical
observations, laboratory tests, bacterial culturing and wound biopsy. (Yi-Fan
et al., 2022) A high risk of wound infection is considered when bacterial load
exceeds 10° microorganisms/g of tissue. (Daeschlein, 2013) That being said the
threshold depends on the host immune system, and the origin and virulence of the
microorganisms. (Kingsley, 2003) For instance, in some cases the local inflam-
mation may lead to increased wound bed perfusion promoting the healing process.
(Laato et al., 1988) The shift to infection is seen when the host immune response
is overruled by the bacterial proliferation. (Salcido, 2007) The immune response
is affected by various aspects — diabetes, malnutrition, comedication, obesity, and
age of the host as well as site specific factors — poor perfusion, necrosis, foreign
bodies. (Bowler et al., 2001; Siddiqui & Bernstein, 2010b) The microenviron-
ment changes in the wound — pH, prolonged presence of macrophages and neutro-
phils that increases the degradation of growth factors and leads to incomplete
ECM assembly. (Percival et al., 2016) In serious cases amputations need to be
performed and sepsis can occur which increases the mortality. (Daeschlein, 2013).
Therefore, as the ECM assembly is vital for native wound healing, scaffolds/
substrates (that promote assembly) could be used.

Infection can be caused by both aerobic and anaerobic bacteria. Usually, the
first bacteria above threshold in wounds are Gram+ bacteria with the pH optimum
of 7 for instance coagulase-negative staphylococci (CoNS). In later stages
Pseudomonas aeruginosa and Enterococcus faecalis appear that have wider pH
optimum. For normal skin the pH is slightly acidic, which has been assumed
favourable for native wound healing, however it is not always the case. (Percival
et al., 2014) With chronic wounds the alkaline pH increases the anaerobic bacterial
population. (Daeschlein, 2013) Too low pH in the wound, caused by bacterial
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produced high lactate levels, may be unsuitable for vulnerable fibroblasts and
endothelial cells. (Britland et al., 2012; Percival et al., 2016) Chronic wounds are
more likely to be colonized by anaerobic bacteria and fungi and have a complex
bacterial microbiota for example in diabetic wound ulcers you can find elevated
concentrations of Bacteroides, Peptoniphilus, Finegoldia, Anaerococcus, and
Pepetostreptococcus species. (Frykberg & Banks, 2015) Importantly, it is said
that the non-healing wound is not caused by individual bacterium but more of the
combination of bacteria being part of the microbiota of the wound which should
be specifically diagnosed before the treatment. (R. Wolcott & Dowd, 2011)

The infection can be caused either by planktonic state bacteria or bacteria that
form a biofilm. It is seen that microorganisms tend to aggregate and form a
complex structure in natural and clinical environments, which is known to be
responsible for more than 80% of microbial infections in human bodies. (Davies,
2003) Biofilms are complex aggregates of microorganisms that protect them-
selves with a self-produced polymeric ECM which represents a unique micro-
environment. (Thomson, 2011) In this microenvironment the bacteria alter their
phenotype (Fisher et al., 2010) and develop quorum sensing in response to popu-
lation density which gives them the ability to regulate biofilm formation, adaption
and response to injury. (Miller & Bassler, 2001) One critical aspect about biofilm
is that it increases the bacterial resistance to mechanical, chemical and anti-
microbial treatments. (Fisher et al., 2010) Chronic wounds are a good environ-
ment for biofilm formation due to the presence of superficial debris, necrotic
tissue and altered vascularization that prevents the natural immune system to
develop an effective response. (G. Zhao et al., 2013) It is said that about 60% of
chronic wounds are colonized by biofilm forming bacteria which also makes a
huge impact on mortality and increased costs on healthcare. (James et al., 2008;
Siddiqui & Bernstein, 2010a) Biofilms have also been related to various
conditions like venous leg ulcers, diabetic foot ulcers and pressure ulcers which
are the main ones to develop into non-healing chronic wounds. (Siddiqui &
Bernstein, 2010a) Studies have shown that bacteria isolated from skin wounds
have higher biofilm formation potential than bacteria isolated from normal skin.
(Percival et al., 2012) Therefore, it is important to inhibit biofilm formation in
wounds at any cost as it limits or inhibits the wound infection treatment.

In clinical practice the first signs of critically infected wounds are the decrease
in progression of healing which is also relevant in diagnosis. Other clinical signs
are increased pain, oedema, unusual malodorous discharge which leads to cellulitis
with infection. (Mathes, 2008) After diagnosis, a proper treatment strategy needs
to be set up. It is known that extensively used systemic administration of anti-
biotics can be insufficient in the wounds due to low local drug concentrations and
permeability in the wound. Furthermore, it can cause the risk for toxicity during
long-term use and development of antibacterial resistance. (Bowler et al., 2001;
James et al., 2008; Siddiqui & Bernstein, 2010a)
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2.1.2 Wound infection treatment

Current wound care is based on the TIME concept, where T stands for tissue
observation and cleaning, I for diagnosis and treatment of the infection and
inflammation, M — looking after the environment (moisturization) and E — obser-
vation of the wound edges and the surrounding tissues. TIME is used for the
initial treatment of the chronic wound followed by choosing the proper dressing
to protect the site and aid the wound healing. (D. J. Leaper et al., 2012) Recently
it has been updated to TIMERS where the additional letter R stands for
repair/regeneration and S — social factors (Figure 2). (Atkin et al., 2019)

Tl

‘ Tissue H Inflammation H ‘ ‘ H ‘ ‘

Wound status Social state
1) Inflammation .
Devitalized tissue 2) Infection Patient
3) Biofilm knowledge
Debridement ‘ ‘ Treatment Commitment
- to treatment
* Surgical :11*;;;:5‘-“” plan
* Sharp
. AUtOIyt|C 2) Biofilm removal l
. Mecham.cal + Patient
Enzi\:/matlc compliance
l_"r actant * Doctors
* Biotherapy motivation
*+ Set
Outcome treatment
goalsand
Controlled:
Clean wound 1) Inflammation follow them
bed S
2) Infection * Recurrent
3) Biofilm training
Debride
devitalized
tissue

Figure 2. TIMERS approach for the treatment of chronic, non-healing wounds due to
critical colonisation and/or biofilm. (modified from Alves et al. 2021)

The treatment strategies at the moment are to restore the homeostasis of the
wound and control the bacterial load. Usually this means regular cleaning proce-
dures of the wound, surgical interference by removing any necrotic tissue (de-
bridement), reduction of oedema and use of an appropriate medication — local or
systemic treatment. (Mathes, 2008) With some diseases, wounds need specific
treatment since the native wound healing process in compromised. One of those
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is diabetes where the patients have incompetent inflammatory response, insuffi-
cient angiogenesis, ECM imbalance and peripheral neuropathy. (Q. Zhang et al.,
2017) Diabetic ulcers are limited in the wound healing process to the inflammatory/
proliferation phase that increases the risk of secondary infection, prolonged
inflammation which leads to delayed healing. Furthermore, with chronic wounds,
the ECM imbalance, problems with cellular communication and the lack of growth
factors increase the risks. (Sundaramurthi et al., 2014)

The most cost-effective method until now has been surgical interference by
biofilm removal. (R. D. Wolcott et al., 2009) Regarding antimicrobial therapy it
has been demonstrated that the time is a crucial factor — newly formed biofilms
are easier to treat with antibiotics. Successful chronic wound treatment should be
the combination of both — regular tissue removal that disrupts the biofilm com-
bined with thorough cleaning (debridement) and local antimicrobial treatment.
(R. D. Wolcott et al., 2010) However new strategies have been also suggested,
one of them is called biofilm-based wound care. (Scalise et al., 2015) The strategy
consists of debridement, antiseptics, antibiotics in combination with anti-biofilm
agents that interfere with the bacterial adhesion, degrade the biofilm matrix and
inhibit the quorum-sensing of the bacteria. (R. Wolcott & Dowd, 2011)

2.1.2.1 Systemic treatment

Prophylactic systemic use of antibiotics is shown to be ineffective for the treat-
ment of infected wound except dog and human bites on hands. (Medeiros &
Saconato, 2001) Similarly after small surgeries there is no clinical evidence that
systemic antibiotic treatment is needed. (O’Mathuna, 2016) Systemic use of anti-
biotics has been used for chronic wound infection treatment for a long time.
(D. Leaper et al., 2015b) The list of used antibiotics is long and main classes are
beta-lactams, aminoglycosides, macrolides, quinolones, lincosamides, nitroimi-
dazoles, sulfonamides and combinations. (D. Leaper et al., 2015a) The anti-
microbials help to decrease the concentration of planktonic bacteria, inhibit their
adhesion properties as well as inhibit their ability to form biofilm. (Simdes et al.,
2018) The limiting factors for the used antibiotics are toxicity as well as limited
amount of cellular uptake by the host cells as well as the development of
resistance. (Hoss, 2005) It has been studied that the use of systemic antibiotics to
treat and prevent biofilm related infections has the efficiency of 25-31%. (Marr
et al., 1997) It has been suggested that the role of extracellular polymeric sub-
stances (EPS) is conferring tolerance to aminoglycosides by diffusion-reaction
inhibition phenomena resulting in enzymatic degradation of the drug. (Billings
etal., 2015; Fux et al., 2005; Khan et al., 2010; Oubekka et al., 2012) Another
factor is the stationary phase of biofilm bacteria which is in correlation with anti-
biotic tolerance that increases together with the maturation of the biofilm. (Amato
et al., 2014; Maisonneuve & Gerdes, 2014) Furthermore, the biofilm is usually
populated with persisters that have multidrug tolerance phenotype and are
prevalent in stationary phase communities. (Ayrapetyan et al., 2015; Helaine &
Kugelberg, 2014; Keren et al., 2011) The systemic use of antibiotics for the
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treatment of chronic wounds such as diabetic ulcers has been proven to be in-
sufficient. (D. Leaper et al., 2015a) It has also been studied that for example drug
concentrations within chronic diabetic ulcers fail to exceed the minimum inhi-
bitory concentration (MIC) for inhibiting and killing wound pathogens. (Sea-
brook et al., 1991) Venous ulcers are another condition where the systemic treat-
ment with antibiotics should always be the second choice of action depending on
the patient, costs and wound type. (Brolmann et al., 2012) There have been
studies that have shown that pentoxifylline has been strongly effective for the
treatment of venous ulcers with the combination of compression therapy. (Jull
etal., 2007) However, as mentioned, the long term and continuous use of
systemic antibiotics increases the risk for the development of antibiotic resistance
which should be minimized at any cost. (Brolmann et al., 2012)

2.1.2.2 Local treatment

Topical antibiotic wound treatment is very controversial. It has historically been
used due to its localized site of action with smaller side effects and problems with
toxicity. (Smith et al., 2020) The list of topical antibiotic agents is substantially
shorter and includes mupirocin, fusidic agents, neomycin, polymyxin and baci-
tracin (Bowler et al., 2001) The problem with topical antibiotic treatment of
wounds is that the efficiency is still questionable since when applied too late and
in a wrong concentration it helps the bacteria to develop resistance. (Smith et al.,
2020)

Antiseptics is another topical treatment method frequently used. Their main
mode of action is to reduce microbial burden on the skin surface prophylactically.
(Smith et al., 2020) Antiseptics have 4 different classes: emulsifiers (chlorhexi-
dine, octenidine, polyhexamethylene biguanide, benzalkonium salts), oxidizers
(hydrogen peroxide, iodine compounds), acids (acidic acid, boric acid) and heavy
metal compounds (silver compounds, bismuth compounds, copper and mercury).
(Cambiaso-Daniel et al., 9000; D. Leaper et al., 2015a) The problem with anti-
septics is that their continuous usage can be harmful for the human skin. The most
commonly used antiseptics are silver compounds, polyvinylpyrrolidone (PVP)
iodine, octenidine, and polyhexamethylene biguanide (PHMB).

Silver compounds (silver nitrate solutions, ointments, silver containing dres-
sings) are very popular as topical antimicrobials, especially for the treatment burn
wounds. (Cambiaso-Daniel et al., 2018) Silver ions have an affinity to bind to
microorganism’s DNA, proteins and enzymes causing cellular death. (Duran
et al., 2016a) Silver nitrate solutions are used in various concentrations 0.5-50%
and it has shown bacteriostatic effect with most relevant pathogens found in
wounds. (Duran et al., 2016b) Silver sulfadiazine (used in ointments) has not
shown to be that effective against Pseudomonas spp and enteric bacteria, how-
ever, it provides coverage against fungi. (Greenhalgh, 2009) The problem with
using silver ions is their limited penetration within the wound as the ions tend to
bind on the surface of proteins. (Aziz et al., 2012) Furthermore, recent studies
have raised the problems with cytotoxicity regarding these silver formulations
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which could limit their use as a topical antimicrobial in the future. (Atiyeh et al.,
2007) The treatment of chronic wounds with silver compounds has also shown to
be ineffective. For example, silver nitrate 100 mg/L is incapable to reduce the
number of microorganisms present in the biofilm. (Silvestry-Rodriguez et al.,
2007) However, there have been studies with silver nanoparticles with the con-
centration of 100—150 g/mL that have been effective against biofilms caused by
P. aeruginosa and S. proteamaculans. (X. Chen & Schluesener, 2008) Addi-
tionally, they found out that biofilm bacteria were about 25 times more tolerant
to silver than planktonic bacteria.

Another popular antiseptic used to treat acute wounds is PVP iodine (liquid
and ointment formulations), which has been used for over 150 years. (Cambiaso-
Daniel et al., 2018) It acts as a broad-spectrum antimicrobial against pathogens,
fungi and yeast. (Georgiade, 1973) It has been shown that PVP iodine is cytotoxic
against fibroblasts and keratinocytes which could alter the wound healing.
(Thomas et al., 2009) In contrast for the treatment of chronic wounds PVP iodine
has shown to be effective in in vitro model with Pseudomonas and Staphylo-
coccus biofilms. (Hill et al., 2010) PVP iodine has also shown higher antibiofilm
activity than PHMB and silver acetate. (Oates et al., 2018)

PHMB is a widely used antiseptic having the highest spectrum of activity from
biguanides as well as an effect against P. aeruginosa. (Chindera et al., 2016a)
The mode of action is thought to be electrostatic bonding to the bacterial mem-
brane which causes it to break. (Chindera et al., 2016b) PHMB based products
have shown to be less toxic in comparison with other antiseptics together with
the positive effect on the wound closure. (Mulder et al., 2007) PHMB based
formulations have also shown to be effective for critically colonised chronic
wounds and shown antibiofilm activity against Methicillin-resistant Staphylo-
coccus aureus (MRSA) in wound models. (Davis et al., 2017; Dissemond et al.,
2010) However, recent studies have shown the insufficiency of PHMB in
eliminating biofilm from wound tissues. (Borges et al., 2018) and its cytotoxicity
towards cells involved in wound healing process. (Alves et al., 2021)

One more approach is the use of antibiofilm agents like xylitol, salicylic acid,
erythritol, farnesol, and Sanguitec gel. (Dowd et al., 2009). There have been
studies that have evaluated the activity of antibiofilm agents and found that 20%
xylitol, 10% erythritol, 1 g/mL farnesol, 20 mM salicylic acid and 0.1% Sanguitec
gels were able to inhibit biofilm formation — some had selective and non-selective
inhibition against S. aureus and P. aeruginosa in the model used. (Dowd et al.,
2009) The effect could be enhanced using combined therapy of antiseptics, anti-
biotics in combination with antibiofilm agents which could have synergistic
effect against biofilm related chronic wounds. (Percival et al., 2015) The com-
plexity of the treatment of chronic wounds needs appropriate measures, where
the native wound healing process needs to be aided in every way possible. Wound
dressings could play a significant role in the wound healing process offering
sufficient moisture management, contributing to the prevention of additional
contamination of the wound bed. During recent years novel wound dressings have
been developed using nanotechnology, where polymer based fiber wound

18



dressings have shown to be capable to offer enhanced properties in moisture
control of the wound bed, localised antimicrobial DDS in clinically relevant con-
centrations and improved properties for cellular activity in the wound bed. (Preem
& Kogermann, 2018)

2.2 Wound dressings

Wound dressings are an important part of the treatment of non-healing chronic
wounds. Historically, the dressings have been used as a physical barrier to prevent
further contamination of the wound. It was also thought to be important that the
dressing should keep the wound dry until 1962 when the moisturisation in wound
healing was found to be important. (Winter, 1962) After that the development of
dressings changed. One of the most important roles of wound dressings is to
preserve and provide optimal moisture in the wound in order to support sufficient
wound repair. (Andreu et al. 2015) The dressings are classified in three groups
depending on their mode of action as seen in Table 1.

Passive dressings are known to be used for wound concealment and inhibiting
bacterial colonisation. (Andreu et al., 2015) The negative effect for passive wound
dressing is that its continuous use can lead to skin maceration due to the entrap-
ment of water and wound exudate. (Weller & Sussman, 2006) Interactive dressings
have the ability to promote debridement, enhance granulation and re-epitheli-
sation, control the exudate levels and bacterial colonisation. Some examples of
these materials are hydrocolloids, alginates, collagen, hyaluronic acid products,
foams, hydrogels and semipermeable films. (Andreu et al., 2015) The last group
of dressings is bioactive dressings that have incorporated APIs like antimicro-
bials, growth factors, nanoparticles and natural products that change the micro-
environment and promote wound healing — such as fibroblast attachment and
endothelial cell migration. (Andreu et al., 2015; Mihai et al., 2019; S. Sharma,
A. Dua, 2014; Zahedi et al., 2010) Bioactive dressing is usually prepared from
various bio- or synthetic polymers in foam, sponge, film, hydrogel or nanofiber
membrane structure. (Ambekar & Kandasubramanian, 2019; Fahimirad & Ajal-
loueian, 2019) In an ideal world a wound dressing should have the following
properties: maintain a moist environment, debridement of wound site, control the
amount of wound exudate, avoid contamination, non-toxic and non-allergenic,
provide sufficient gas exchange, protection against additional trauma, easily
removable, inhibition of bacterial invasion and colonisation, thermal insulation,
minimize the frequency of dressings change, enhanced shelf-life, user friendly
and cost effective. (Boateng et al., 2008; Mayet et al., 2014; Seaman, 2002) Until
today there is no single dressing that has all the properties discussed above. The
most promising dressings that have been shown to have a lot of the properties are
polymeric fiber scaffolds that could potentially be used as novel bioactive wound
dressings. (Miguel et al., 2018)
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Table 1. Wound dressings, description and mechanism of action (Dhivya et al., 2015;
Preem & Kogermann, 2018; Rheinecker, 1995)

Passive (inert)
dressing

Interactive dressing

Bioactive dressing

Gauze (polyester
or cotton), tulle

Semi-permeable
polymeric films and

Dressings including bioactive
polymers such as alginate,

exudating wounds.
Chronic wounds.

3 (petroleum jelly) |foams, hydrogels, collagen, gelatin, chitosan, or
5 hydrocolloids, dressings consisting of
3 hydrofibers. antibiotics, antiseptics, growth
= factors, enzymes, steam cells,
plant extracts, phages etc.
Skin grafts, skin substitutes.
Non-occlusive. | Semi-occlusive or Semi-occlusive or occlusive
Cover the wound | occlusive, highly elastic | dressings, barrier against
to restore its and flexible, contamination, highly elastic and
8 |function nonabsorptive and /or flexible, tunable absorptiveness.
§ underneath. moderately to highly Specific mechanism of action
S absorptive. depends on the properties of
3 Barrier against penetration | active substance and the carrier
of bacteria to the wound | polymer, the incorporation
environment, permeable to | method of the active substance
water vapor and oxygen. |and its release.
< No regulatory Regulate wound healing | Delivering bioactive substances
.S |function, some by simple that assist in wound healing or
S |dressings may physicochemical means, |dressing is constructed from
> |absorb exudate. | control moisture level material having endogenous
B (e.g. gel formation). activity.
S Regulate wound healing by
§ means of physiologically active
= substances. Control the moisture
balance in the wound.
Superficial acute |Epithelializing wound, Infected wound, burns, chronic
wounds. superficial wound and wounds (e.g. pressure ulcers,
3 shallow wound with low | venous ulcers and diabetic foot
.§ ammount of exudates (dry |ulcers).
= wound). Burn wounds.
& Moderately to highly
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2.3 Electrospinning technique and electrospun drug
delivery systems (DDS)

There are various methods producing nanofibers like drawing techniques,
spinneret-based tunable engineered parameter method, phase separation, self-
assembly, template synthesis, freeze-drying, and interfacial polymerization of
nanofibers, amongst all others electrospinning is thought to be the most promising
method for novel bioactive wound scaffold production. (Alghoraibi & Alomari,
2019) (Andreu et al., 2015) Electrospinning is a polymeric fiber production
method using high voltage and obtaining fiber sizes ranging from nano to macro-
scale. Electrospinning is derived from electrospraying method first mentioned
and patented in 1902 that was used to disperse fluids using electrostatic forces.
Electrospinning method for fiber production was first patented in 1934 (Algho-
raibi & Alomari, 2019), however the concept was discussed already in 1600s.
(Formhals A, 1934; Gilbert, 1958) Typical solution-based electrospinning process
has 3 important components: 1) polymeric solution that is pushed towards the
needle using syringe pump; 2) high voltage supply; 3) grounded collector as seen
in Figure 3.

Liquid jet (_\

Spinneret P

Polymer solution

Syringe pump

High voltage supply p—

Grounded collector EleCtrOSpun ﬁbers
Figure 3. Schematics of electrospinning process

Basically, a droplet of the polymeric solution in the tip of the needle is affected
by two forces — electrostatic forces that try to deform the shape of the droplet and
surface tension that tries to retain the spherical shape of the droplet. The charge
of the electrical field in the system is manipulated by the high-voltage power
supply. When increasing the electrical field to the critical point, where the electro-
static forces overcome surface tension forces — the droplet of the liquid is de-
formed into smaller droplet or droplets. This process is known as electrospraying.
Using high molecular-weight polymers, the polymeric chains can be entangled
forming a steady stream of ultrafine fibers which are ejected towards the
collector — this process is called electrospinning. The elongated droplet is called
Taylor cone, from which the fibers eject. The electrospinning jet formation has
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3 main steps: 1) the formation of the Taylor cone; 2) the ejection of the straight
jet; 3) the unstable whipping jet region. (Alghoraibi & Alomari, 2019; Angam-
mana & Jayaram, 2011a) The whipping region is where the interactions between
the electrostatic force and surface tension lead to the evaporation of the solvent.
Eventually thin fiber filaments solidify on the grounded collector.

Conventional electrospinning can be modified using specific needles for
more sophisticated fiber production. One of those is the use of two concentric
needles that generate co-axially electrified jet called co-axial electrospinning. (Qu
et al., 2013) It is possible to produce core-shell structured fibers using co-axial
electrospinning which can be used to enhance the electrospinning capabilities of
various materials. For example, co-axial electrospinning has been used to fabri-
cate thermally crosslinking polymers (S. Lu et al., 2013), modified DDSs
(C. L. He et al., 2006; X.-Y. Li et al., 2013), and for the incorporation of bio-
logical material such as proteins (H. Jiang et al., 2005) and bacteria (Nagy et al.,
2014) etc. The system can also be modified by increasing the number of con-
centric needles, forming multiaxial (three or more) needle system that can offer
three or more layered structures for desired applications. (Y. Zhao et al., 2007)
However, multichannel system has a restriction that needs to be considered. One
thing is that the used fluids need to have similar electrospinning properties in
order to produce fibers. The viscosities of the liquids need to be sufficient for
electrospinning, the fluids need to be immiscible, should have similar dielectric
properties, and the flow properties of both liquids need to be optimised. (G. Lee
et al., 2010) Another approach that can be considered to produce core-shell struc-
tured fibers is emulsion electrospinning, where the system consists of lipophilic
and hydrophilic immiscible phases and after electrospinning forms the desired
structure. (Cai et al., 2017) One drawback with emulsion electrospinning is the
lack of precise control on the location of incorporated component, such as API,
within the core or the shell of fibers. (Y. Zhao et al., 2007)

In order to increase the amount of material produced people have been im-
proving the electrospinning set-up. One is the capillary-based system from which
needleless electrospinning systems have been developed. (Yarin & Zussman, 2004)
They used a magnetic fluid together with magnetic field in order to generate
nanofibers from PEO solution, however this also made the system complex as the
polymeric solution could not be mixed with the magnetic solution. (Yarin &
Zussman, 2004) Another needleless system nowadays frequently used is called
NanoSpider™ developed by scientists from the Technical University of Liberci.
(Jirsak et al., 2003) In this system a rotating spinneret is dipped to the reservoir
of polymeric solution and the collection occurs on moving substrate material.
(Molnar & Vas, 2012) Bubble electrospinning invented by several scientist from
China, South-Africa and United States is also a newer needleless electrospinning
system that can utilize a static or rotating spinneret and gas in order to prepare
the fibers. (Jakapon Sunthornvarabhas, Darrell H. Reneker, George G. Chase,
2012; Y. Liu & He, 2007; Molnar & Vas, 2012; Smit et al., 2005; R. Yang et al.,
2009) This process uses bubbles generated from air/nitrogen which play a role
for achieving stable Taylor cones. (Molnar & Vas, 2012) Another novel electro-
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spinning method is high-intensity focused ultrasound electrospinning (USES),
where alternate current is transformed to ultrasound. (Laidmaie et al., 2016) USES
method enables rapid manipulation of gradient structures during electrospinning
as ultrasound parameters can be modified during process. Overall, there are
numerous other methods not mentioned that have been developed for electro-
spinning and the research keeps evolving as the interest in nanotechnology
increases.

Electrospinning is largely dependent on the process, material and environ-
mental parameters. The process parameters are applied voltage, distance between
spinneret and collector, flow rate of the solution and the size of the capillary used.
The material parameters are mainly the polymer, solvent, polymer concentration,
and the viscosity and conductivity of the solution.

Crucial factor affecting electrospinning is the solvent used for polymer solu-
tion preparation as the volatility of the vapor pressure of the solvent determines
the evaporation rate which is in correlation with the solidification rate of the jet.
The volatility needs to be optimal for the polymer solution in order to avoid pre-
mature solidification of fibers or the deposition of wet fibers on the collector. The
volatility rate of solvent is largely dependent on the dielectric constant, so the
stability of the jet can be optimized by the modification of the dielectric constant.
(Luo et al., 2012) Some of the most commonly used solvents are dichloro-
methane, chloroform, dimethylsulfoxide (DMF), tetrahydrofuran (THF), acetone,
dimethylsulfoxide (DMSO), hexafluoro isopropanol (HFIP) and trifluoroethanol.
Water is not so favourable due to a high dielectric constant value that affect the
solvent evaporation rate. However in some cases, solvents are combined in the
formulation phase in order to achieve the desired results, for example for the
preparation of nanoporous fibers from PCL. (Katsogiannis et al., 2015a)

Today more than 200 polymers have been electrospun, both synthetic and
natural polymers. (W.-J. Li & Tuan, 2009) Some synthetic polymers like poly-
styrene (PS) and polyvinylchloride (PVC) are commercially used to produce
nanofibers. Solution-based electrospinning for biomedical applications is mostly
performed using biocompatible and biodegradable synthetic polymers like
polycaprolactone (PCL), polylactic acid (PLA) and poly (lactic-co-glycolic acid)
(PLGA) in order to produce scaffolds. Natural polymers for instance fibrinogens,
dextran, chitin, chitosan, alginate, collagen and gelatin have also been success-
fully electrospun. (J. Xue et al., 2019) The advantage of natural polymers is bio-
degradability, biocompatibility, low antigenicity, sometimes having antimic-
robial, anti-inflammatory properties and contributing to tissue repair. (Juncos
Bombin et al., 2020) The disadvantages for natural polymers are the accelerated
degradation and poor mechanical properties compared to the synthetic polymers.

The resemblance between natural ECM and electrospun fiber scaffolds has
focused the research of nanofibers towards tissue engineering, wound dressings,
drug delivery systems (DDS) and enzyme immobilization in order to achieve
faster biological response. (Metreveli et al., 2014) The material selection is largely
dependent on the final application. In biomedical applications for instance, the
materials used for preparing the wound healing scaffolds need to be non-toxic,
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biodegradable, biocompatible, have suitable mechanical properties and approved
by the international legal agencies like United States Food and Drug Adminis-
tration (FDA) or European Medical Agency (EMA). (Preem & Kogermann, 2018)

Environmental parameters are relative humidity and temperature. (Haider et
al., 2018) All these process, material and environmental parameters play a signi-
ficant role in the fiber formation and enhance the design space of the desired
product, however in some cases it might be difficult to control the parameters, for
example the environmental parameters. The effects of different parameters are
summarized in Table 2. (Bhattarai et al., 2018; J. Xue et al., 2019)

Table 2. Parameters affecting the electrospinning process and fiber morphology

(Bhattarai et al., 2018; J. Xue et al., 2019)

Parameters Effect Reference
Polymer | Polymer Hydrophilicity, mechanical |(Abbasi et al., 2014;
properties J. Xue et al., 2019)
Molecular Rheology and electrical
weight properties
. Solvent Solvent Solubility of the polymer (Luo et al., 2010;

) % (homogeneity) Zheng et al., 2014)
2, Boiling point |Related to the volatility (Haider et al., 2015,
g (evaporation of the solvent) |2018)

E Solution | Polymer Fiber morphology. Higher
g concentration |viscosity = homogenous
b fibers (to a critical value)

Conductivity |Increased conductivity = (Angammana &
decreased fiber diameter Jayaram, 2010, 2011b)
(to critical value)
Viscosity/surf | Related to the stability of | (Haider et al., 2014;
ace tension the jet and bead formation |J. Xue et al., 2019)
Process Voltage Fiber diameter and bead (Haider et al., 2018;
parameters formation, higher voltage = | Sill & von Recum,
smaller fibers 2008)
Flow rate Fiber diameter, pore size (Henriques et al.,
and bead formation 2009; Zeng et al.,
2003)
Distance Fiber diameter, smaller (Geng et al., 2005;
distance = bigger fibers Ingavle & Leach,
2014)

Environmental |Humidity Controls the solidification | (De Vrieze et al.,

parameters process of the charged jet 2009; Haider et al.,

and porosity 2018; Katsogiannis
Temperature | Related to the evaporation | €t @l 2015b)

of solvent and decrease in

viscosity
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2.3.1 Fiber morphology

The electrospinning process as mentioned before can be used to produce fiber
scaffolds from nano to microscale with modifiable surface morphology. (Z. Wang
et al., 2017) A list of parameters affecting fiber morphology is concluded in
Table 2. The surface morphology of the electrospun fiber scaffolds can be modi-
fied with various parameters: solution parameters (Ge et al., 2016; Huan et al.,
2015; Zaarour, Zhang, et al., 2018; Zaarour, Zhu, & Jin, 2019), environmental
parameters (Ramos et al., 2020; G.-Z. Yang et al., 2017; Zaarour, Zhu, et al.,
2018) and process parameters (Acik et al., 2019; Bakar et al., 2018; Jian et al.,
2018; Z. Li & Wang, 2013; Meng et al., 2019; Ramakrishna et al., 2005). Further-
more, one of the modifiable process parameter is the collector type like rotating
collector (CHAO et al., 2019; Zaarour, Zhu, Huang, et al., 2019), parallel elec-
trodes (L. Yu et al., 2019), disk collector (Ng & Supaphol, 2018), patterned elec-
trodes (G. H. Kim et al., 2018), parallel rings (W. Song et al., 2019), microfiber
collector modification (Thorvaldsson et al., 2008) and liquid bath collector. (Wu
& Hong, 2016). Furthermore, the electrospinning set-up can be modified to result
in desired morphology. In-situ microfluidics electrospinning has been developed
for tunable microporous structure production (W. Liu et al., 2016) and water bath
collector in order to develop nanoporous fibers. (Zhu et al., 2020) Core-shell type
systems have been developed using multi-channel needles. (Pan et al., 2015;
Y. Zhao et al., 2007) The main fiber morphology types developed are hollow,
(L.-Y. Wang et al., 2018), porous, (Dersch et al., 2005) grooved, (Dou et al., 2022;
W. Liu et al., 2015) wrinkled, (Zaarour, Zhu, & Jin, 2019) rough (C. Huang &
Thomas, 2018) that is going to be discussed below.(Zaarour et al., 2020) (Figure 4)

Fiber morphology

Figure 4. Examples of different electrospun fiber’s morphology. (L.-Y. Wang et al.,
2018) © 2018 Elsevier B.V. (Licence no: 5398711142833). (Dou et al. 2022) © 2022
Elsevier B.V. (Licence no: 5398720191603)
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Increased porosity and specific surface area of the fiber scaffold improves the
performance of absorption that could be beneficial for wound healing to keep the
moisturization under control (L. Liu et al., 2019; Z. Liu et al., 2019). There are
numerous methods to achieve porous fibers, most of them are based on the phase
separation or using sacrificial templating. (P. Lu & Xia, 2013; Y. Wang et al.,
2017) Using sacrificial templating for pore formation is not ideal as the method
involves harsh post-treatment conditions which may damage the material.
(Zaarour et al., 2020) Therefore, phase separation method is preferred which can
be thermally (TIPS) or vapor induced phase separation (VIPS). (P. Lu & Xia, 2013)
Different polymers and solvents used for porous fiber production can be seen in
Table 3.

Table 3. Polymers and solvents used for the production of porous electrospun fibers

Polymer Solvent/solvent systems Reference

PCL THF:DMSO (Katsogiannis et al., 2015a;
GAA W. Lietal., 2019)

PVDF ACE (Zhu et al., 2019)

PVC DMF (Ding et al., 2019)
THF:DMF

PLLA DMF:CF (Aslietal., 2012)

PS DMF (Tang et al., 2019)

EC THF:DMAc (JY etal., 2007)

Key: polycaprolactone (PCL), polyvinylidene fluoride (PVDF), polyvinyl chloride (PVC), poly-
(L-lactic acid) (PLLA), polystyrene (PS), ethylcellulose (EC), tetrahydrofuran (THF), dimethyl-
sulfoxide (DMSO), glacial acetic acid (GAA), acetone (ACE), dimethylformamide (DMF),
chloroform (CF), dimethylacetamide (DMAc)

TIPS is more commonly used for pore formation on electrospun fiber surfaces by
condensation of the water vapor in the vicinity of the jet-air interface caused by
the evaporation of high volatile solvents. (Zaarour et al., 2020) The positive charges
dispersed on the surface of water attract condensed water droplets that form
numerous water pockets that generate pores after drying. (P. Lu & Xia, 2013)
Internal porosity is formed using VIPS. The penetrating non-solvent from vapor
phase into the polymer solution causes phase separation for the polymer. (Zaarour
et al., 2020) The polymer is precipitated by the non-solvent out of solution that
generates the solid matrix where solvent-rich phase evolves into porous regions.
(P. Lu & Xia, 2013). Several polymers have been used in order to generate porous
fibers using VIPS, for example: PMMA (Bae et al., 2013), polyoxymethylene
(Kongkhlang, Kotaki, et al., 2008), and PCL (Katsogiannis et al., 2015b) using
low volatile solvents or a combination of high and low volatile solvents. In some
cases, interior porous fibers were fabricated using ternary system of polymer/
solvent/non-solvent. (Zaarour et al., 2020)
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Grooved fibers have shown potential in tissue engineering, superhydrophobic
surfaces and oil clean up. (Liang et al., 2017) There are 3 main mechanisms in the
production of grooved fibers: void-based elongation, wrinkle-based elongation,
and collapsed jet-based elongation. (W. Liu et al., 2015) Void-based elongation
is based on the fast evaporation of high volatile solvents with phase separation,
where glassy skin and voids on the jet surface are formed, which continue with the
elongation and solidification of tiny voids into grooved fibers. (W. Liu et al., 2015)
Wrinkle-based elongation is similar at the start of forming glassy skin, however
the wrinkled structures are formed due to buckling of a cylindrical polymer shell
under compressive radial stresses. (Zaarour et al., 2020) Collapsed jet-based elon-
gation is again similar at first, forming glassy skin, however the jet is collapsed
due to slow evaporation rate and increased viscosity of HBPS, resulting in smooth
grooved structures. (W. Liu, Huang, and Jin 2015, Bilal Zaarour, Zhu, and Jin
2020)) One study successfully produced grooved electrospun fibers from cellu-
lose acetate butyrate (CAB) using void-based elongation that has found appli-
cation in neural science. (C. Huang et al., 2011) The effect on hydrophilicity has
also been studied with randomly oriented and aligned electrospun PLLA grooved
fibers. (Liang et al., 2017) The results indicated that randomly oriented grooved
fiber scaffolds made of PLLA had the highest hydrophilicity.

Wrinkled structures have shown increased specific surface area, enhanced
mechanical properties and increased surface roughness making them ideal candi-
dates for several applications like self-cleaning surfaces, energy harvesting and
biomedical field. (C. Huang & Thomas, 2018; L. Wang et al., 2009; Zaarour, Zhu,
Huang, et al., 2019)

2.3.2 Mechanical properties

Mechanical properties of a material play a huge role for the selection of suitable
material for a particular application. Electrospun fiber scaffolds are known to have
unique characteristics as mentioned before, however their superior mechanical
properties are gaining interest, giving them even more potentials in various appli-
cations(Rashid et al., 2021), specifically in DDS (Khodadadi et al., 2020; Ramos
et al., 2020; Rychter et al., 2018), tissue engineering (M. M. Islam et al., 2020;
McCullen et al., 2009; Rahmati et al., 2021; Vasita & Katti, 2006) and wound
dressings (F. Wang et al., 2020). In all these applications the electrospun fiber
scaffold is affected by stresses from the surrounding environment that it needs to
withstand in order to remain functional. The mechanical properties of the scaffold
are related with the structure of the fibers, e.g. morphology, surface properties,
diameter and fiber diameter which are modifiable as discussed before (2.3
Morphology). (Rashid et al., 2021)

Nanofibers (fiber with smaller diameter, below 1 pm) are known to have hig-
her Young’s modulus and tensile strength. (Papkov et al., 2013). In contrast, in-
creased mechanical properties have also been seen with microfiber scaffolds.
(Nair & Parameswaran, 2016; Xu et al., 2017) Controversial results may be
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related with the combination of different properties (environmental vs processing
vs material) which all affect the electrospinning and the obtained electrospun
fiber’s behaviour. Solvents or solvent systems are affecting scaffold’s properties
and consequently affecting the mechanical properties. (Demir et al., 2002; C. Liu
et al., 2018; Z. Song et al., 2018) Polymer concentration is also known to affect
the morphology of the fibers which also will affect the mechanical properties. As
with all parameters there is a limit — for polystyrene solutions up to 40% solutions
can be used in order to produce homogenous fibers. (Doshi & Reneker, 1995;
Huan et al., 2015; Lasprilla-Botero et al., 2018; Zong et al., 2002) Polymer con-
centration is linked with the viscosity of the electrospinning solution. Increased
concentrations together with higher viscosity causes molecular entanglement and
increase in surface tension resulting in increased mechanical strength. (Rashid
et al., 2021)

Fiber orientation is also known to be important parameter which affects the
mechanical properties. Collector type is usually affecting the isotropic or aniso-
tropic alignment of the fibers in scaffolds. (Kongkhlang, Tashiro, et al., 2008)
The shear and elongation forces, when using rotational collector, influence the
alignment of polymeric chains and improve crystalline orientation when fibers
are formed. (Rashid et al., 2021) Another crucial factor influencing the mechani-
cal properties of the fiber scaffold is the adhesion forces between the scaffold and
the collector which might limit the practical application of the scaffold. Distance
between the needle and collector (electrode gap) is influencing the fiber diameter.
The electrode gap affects the behaviour of the electrospun jet, shorter gap in-
creases electrical field strength and accelerates the speed of the electrospun jet
resulting reduced solvent evaporation. The residual solvent results in merged
fibers on the collector. (Angammana & Jayaram, 2016) Depending on the materials
and conditions increasing the electrospinning distance may increase, decrease or
have no impact on the fiber diameter. (X. Yuan et al., 2004) However, in most
cases increasing the distance decreases the fiber diameter and consequently induce
changes in mechanical properties. (Doustgani, 2016)

Two very important parameters affecting the mechanical properties are the
thickness and porosity of the scaffold. (Rashid et al., 2021) The thickness of the
samples is relevant when analysing the sample — uneven porosity and void spaces
manipulate the obtained data. (Rashid et al., 2021) Therefore, ideally samples of
similar thicknesses should be analyzed. One study has focused on the effect of
PCL fiber scaffolds thickness and fiber orientation on the mechanical properties.
(Mubyana et al., 2016) It was seen that peak stress decreased with thicker samples
and tensile strength was higher with aligned fiber scaffolds.

In addition to the morphology and structure of fibers and fiber matrix, also
process-related factors indirectly affect the mechanical properties of electrospun
fiber scaffolds. Changes in process parameters during the production (electrical
field, environmental parameters) of the scaffold can dramatically affect the
mechanical properties. (Croisier et al., 2012a; Gu et al., 2005; Richard-Lacroix
& Pellerin, 2013) Applied voltage can indirectly affect the mechanical properties
of fibers. (Doshi & Reneker, 1995; Nair & Parameswaran, 2016; Zong et al., 2002)
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The voltage affects the shape of the droplet that change the shape of formed
fibers. (Rashid et al., 2021) One study concluded that the increased voltage causes
the rapid evaporation of solution on the tip of needle that results in the oscillated
shape of the Taylor cone and formation of beaded fibers — which decrease the
mechanical properties of the fibers. (Zong et al., 2002) Environmental parameters
are also indirectly affecting scaffolds mechanical properties. Humidity is known
to decrease the vapor pressure that increases surface tension and inhibits suf-
ficient solvent evaporation. Changes in temperature usually affect the viscosity
of the solution, fiber to fiber adhesion within the scaffold, and chain orientation
of fibers. All these factors are directly affecting the morphology of the scaffold
and indirectly mechanical properties. (Rashid et al., 2021)

Until today, quite a lot of electrospun scaffolds made from different polymers
and used for wound healing applications have been developed. Table 4 sum-
marises some of these scaffolds together with the actual formulation composition
and their mechanical properties.

Clinically relevant wound scaffolds have the potential to be developed with
desired mechanical properties similar to the native skin. Ideal scaffold for wounds
should be highly elastic and flexible for the application and removal. (Gao et al.,
2021) The mechanical properties are mainly presented by tensile strength, elon-
gation at break and Young’s modulus (describes the elasticity of the scaffold).
(Memic et al., 2019) The tensile strength of native skin is about 20 MPa (Kennedy
etal., 2017), Young’s modulus from 0.008 MPa to 70 MPa (Pailler-Mattei et al.,
2008; Shevchenko et al., 2010) and elongation at break from 35% to 115%. (S.
Chen, Liu, et al., 2017) There have been several studies that have measured the
mechanical properties of native skin however the values (in some cases) vary
quite a lot. It is desired to obtain fibers with the mechanical properties mimicking
native ECM for signalling, transportation and anchoring of the cells which affects
the wound healing process. (Gao et al., 2021)

The mechanical properties of the fiber scaffolds are usually analysed using
scaffolds (entire fiber matrix), however single fiber mechanical properties can be
also studied, but not using conventional methods. (Croisier et al., 2012a; Gu et al.,
2005) The production of single fiber for mechanical analyses (e.g. modelling and
predictions for the entire matrix behaviour) as well as the analyses itself are
challenging. (Rashid et al. 2021; Tan et al. 2005)

Even for scaffold the choice of the mechanical properties measurement tech-
nique is crucial as it affects the results almost as much as the process parameters
for the fiber production. (Jeong et al., 2007)
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Table 4. List of mechanical properties of electrospun polymeric scaffolds developed for
wound healing applications (Rashid et al., 2021)

Polymer (s) Solvent | Tensile | Young’s | Elongation | Reference
(s) strength | modulus at break
(MPa) (MPa) (%)
DMAc (C.Sun et al.,
Cellulose acetate ACE 12.1 1170 1.31 2015)
Collagen 4.5 205 12 (Z. Chen
Chitosan HFIP 0.5 10 8 etal., 2009)
Chitosan/Collagen TFA
(20:80) 1.7 30 78
. AA (Kohsari
Chitosan/PEO H,0 8.94 1.5 15 etal., 2016)
Gelatin 1.6 0.490 17 (J. Lee et al.,
PCL HFIP 4.7 0.0084 960  |2008)
PCL/Gelatin (50:50) 5.1 0.340 86
(Bazbouz &
Nylon 6 FA 10.45 19.4 250 Stylios, 2010)
PAN 45.7 1800 10.7 (Hou et al.,
0 i DMF 2005)
PAN/ 5% multiwall 30 3100 25
carbon nanotubes
PVA 5.8 175 102 (Jeong et al.,
o . H,O 2007)
PVA/ 1% multiwall 2 93 178 133
carbon nanotubes
THF (Carrizales
PVC DMF 2.2 12.3 90 et al., 2008)
ACE 3.7 168.9 NA (C.Liuetal.,
PVDE DMF 5.8 184.3 NA  [2018)
DMAc (Kimura et al.,
PVDF/HFP ACE 10 10 NA 2014)
TFA (Veleirinho
PET DCM 3.7 60 NA - letal, 2008)
THF N N (Croisier
PCL DMF | *° =38 =170 et al, 2012a)
PLA (random) DMF 3.9 438 87.6 (Huan et al.,
PLA (aligned) CF 45 62.7 274 |2018)
THF (Carrizales
PMMA DMF 0.3 12.9 40 etal., 2008)
PVP 2.3 NA 9.1 (S. Huang
PVP / 4% CNC DMF 3.1 NA 325 |etal,2016)
PVP /4% CNC 2.81 2.5

Key: AA — acetic acid; CF — chloroform; DMAc — dimethylacetamide, DMF — dimethylformamide;
DCM - dichloromethane ACE — acetone; HFIP — 1,1,1,3,3,3 — hexafluoroisopropanol; TFA —
trifluoroacetic acid; THF — tetrahydrofuran; FA — formic acid.
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2.3.3 Solid state properties, drug release and stability of DDS

When developing electrospun scaffolds as DDS the solid-state properties of the
carrier polymer(s) and API(s) are crucial since these may affect their perfor-
mance. Polymer crystallinity determines the degradability, water and drug release
properties of the scaffold. (Natu et al., 2010) The physicochemical properties
(stability, solubility, dissolution rate, and bioavailability) are key factors affecting
the morphology (crystalline, semi-crystalline and amorphous) of the API. It is
known that amorphous forms of the API exhibit higher apparent aqueous solu-
bility and dissolution rate compared to crystalline forms. (Martinez-Pérez, 2020)
Furthermore, this is known to affect the drug release properties — crystalline
forms of APIs mainly deposit outside the fibers causing the burst release of the
drug and amorphous form of API is deposited within the fibers offering sustained
release. (Natu et al., 2010; J. Xie & Wang, 2006) It is quite often seen that during
electrospinning the rapid solvent evaporation results in solid state phase trans-
formation of the API from crystalline to amorphous form. (Natu et al., 2010;
Preem et al., 2017; Zamani et al., 2010) These phenomena could be beneficial to
poorly water-soluble drugs however the physical stability of the APIs needs to be
thoroughly studied due to possible recrystallization during storage. (D.-G. Yu et
al., 2009) The drug release from the electrospun DDS is affected by the scaffolds
thickness and morphology (Okuda et al., 2010), fiber diameter and porosity (Cui
et al., 2006), scaffold composition (carrier polymer) (Buschle-Diller et al., 2007),
polymer crystallinity (Kenawy et al., 2002), scaffolds hydrophilicity, drug loading
(Cuietal., 2006; Z. Xie & Buschle-Diller, 2010), drug morphology (crystallinity)
(J. Xie & Wang, 2006; Zamani et al., 2010), drug molecular weight (Buschle-
Diller et al., 2007; Taepaiboon et al., 2006), drug solubility in dissolution media
(Z. Xie & Buschle-Diller, 2010), interactions between carrier polymer, polymer
solution (solvents) and drug (Chew et al., 2005; Zeng et al., 2005).

Drug loading influences the release rate of the drug — usually higher drug
loadings show faster and higher burst release (Cui et al., 2006; Z. Xie & Buschle-
Diller, 2010; Zamani et al., 2010), however rapidly dissolving drug increases
cavitation and porosity which could alter the biorelevant activity of the scaffold.
(Cui et al., 2006) For example, antibacterial DDS should have sufficient anti-
bacterial activity (burst release) to inhibit the proliferation of the bacteria at the
site followed by sustained release which is above MIC. (Kaiser et al., 2021) How-
ever, when only burst release occurs then the scaffold could become a substrate
for bacterial growth and proliferation as electrospun scaffolds are known to be
good substrates for bacteria. (Abrigo et al., 2015b) Another especially crucial factor
affecting drug release are the interactions between the polymeric solution and the
drug. Materials with similar polarity form a homogenous mixture which improves
the drug incorporation within electrospun DDS. Therefore, lipophilic polymers
should be used for lipophilic drugs to inhibit drug deposition on the fibers which
is in correlation with burst release. (Zeng et al., 2005) Polymer-drug interactions
are also relevant as the recrystallization of the drug within the scaffold is altered.
(D.-G. Yu et al., 2009) Furthermore, the release rate from the scaffolds can be
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controlled even with drugs in crystalline forms in correlation with the polymeric-
drug interactions. (Taepaiboon et al., 2006)

The stability of drug substances in electrospun DDS is often recognized as one
of their key advantages for drug delivery and storage. (Haider et al., 2018) As
already mentioned above the stability of the DDS is influenced by several pro-
perties related to its composition. When talking about the shelf-life of electrospun
DDS then the carrier polymer(s) degradation is usually the limiting factor. (Natu
et al., 2010) Scaffolds made from synthetic polymers (or combinations) are mostly
stable and degradation properties well documented. (Cui et al., 2008; M. Liu et
al., 2019; Woodruff & Hutmacher, 2010) However, in some cases, the scaffold
needs to be pretreated (sterilized) prior application, which can cause premature
degradation of the API as well as the scaffold itself. Preem et al. studied the effect
of sterilisation (using different methods) on model drug (CAM) and the scaffold.
(Preem, Vaarmets, et al., 2019) The study concluded that depending on the hydro-
philicity and morphology of the scaffold the sterilisation methods had an impact
on the stability of the drug and carrier polymer — causing premature degradation.
Therefore, regarding the application (and possible pretreatment needed prior use)
of electrospun DDS the stability issues also need to be addressed in the develop-
ment stage.

2.4 Electrospun scaffolds as wound dressings

There are unique characteristics of nanofibers, such as high surface area to volume
ratio, sufficient mechanical stability and highly porous structure. (Andreu et al.,
2015) In wound dressing perspective, high porosity offers enhanced gas exchange,
moisture control and nutrient exchange at the wound site, high surface area
contributes to the cellular attachment, proliferation and differentiation in tissue
regeneration and the mechanical properties offer similarities to the natural ECM.
(Andreu et al., 2015)

One of the key factors in wound healing is the cellular migration to the wound
site. (Qin et al., 2015) Major parameters of electrospun scaffolds that are known
to help to improve the wound healing by promoting the cell migration and growth
are the 1) morphology of the fibers and fiber scaffolds, 2) 3D structure and
orientation/alignment of the fibers, 3) and the material of fibers (chemical pro-
perties of carrier polymers and added active substances). The morphology of the
scaffolds could be designed with similar structures as the collagen fibrils of the
native skin. (L. Sun et al., 2018) Crossed nanofibers have shown improved cellular
migration of fibroblasts and keratinocytes in vivo compared to randomly or
uniaxially aligned fibers. (L. Sun et al., 2018) Cotton wool like fluffy structured
scaffold prepared from chitosan/PCL using emulsion electrospinning have shown
positive impact on infiltration and growth of fibroblasts and keratinocytes in vitro
(Pal, Srivas, et al., 2017) The regeneration of dermal ECM is largely dependent
on the fibroblast infiltration and specific sandwich type scaffolds have been
designed in order to improve or aid the infiltration rate. (B. Ma et al., 2014) A
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combination of aligned nanofibers at the bottom, a micro skin tissue in between
and square arrayed nanofiber microwells at the top has been designed as a 3D
scaffold in order to be used as a wound dressing. (B. Ma et al., 2014; J. Xue et al.,
2019) 3D scaffolds from silk fibroin nanoparticle loaded PCL nanofibers have
also been developed that have shown improved native cellular infiltration using
rat in vivo model and have shown comparable efficacy to the commercial
Matriderm® artificial dermis. (J. M. Lee et al., 2016) Another approach is the
immobilization of biological cues to scaffolds that have shown improved healing
and tissue regeneration in the wound. (J. Xue et al., 2019) Various compounds
like proteins, growth factors, genes, have also been incorporated in nanofibers.
(Norouzi et al., 2018; Z. Xie et al., 2013) For example, previously mentioned
porous wool like scaffolds (Pal, Srivas, et al., 2017) with collagen coating have
shown enhanced healing properties with burn wounds in a rat model compared to
a commercially used Tegaderm® dressing. (Pal, Dadhich, et al., 2017) The release
rate of growth factors can also be manipulated from nanofiber-based scaffolds.
(J. Xue et al., 2019) Collagen and hyaluronic acid fiber scaffolds have been de-
signed in order to understand the chronic wound healing in diabetic rats. (Lai et al.,
2014) It was seen that initial delivery of fibroblast and epidermal growth factors
stimulated the early stages of wound healing and slow release of vascular endo-
thelial and platelet-derived growth factors aided the late stages of skin reconst-
ruction. (J. Xue et al., 2019)

Every wound has a source of contamination, so specific antibacterial wound
dressings could inhibit the infection development or treat the cause of infection.
Antimicrobial drug delivery is a really important research topic due to the fast
development of antibiotic resistance that is estimated to cause over 50 million
deaths by 2050. (Neill, 2014) Novel antibiotic delivery systems are needed in
order to enhance the efficiency of antibiotic treatment and minimize the risks of
toxicity and the development of bacterial resistance. There has been an increased
interest for the last 10 years on studying electrospun fiber scaffolds as potential
antimicrobial DDS due to their suitable properties. For example, one group
developed gentamycin loaded electrospun PCL scaffold to be used as antibiofilm
matrices after surgery, but these were not as successful as hoped regarding for
their actual activity. (Pisani et al., 2019) Electrospun fibers have also been studied
as mucoadhesive oral DDS. Vancomycin loaded chitosan/gelatin fibers were
developed potentially offering better absorption and bioavailability, predictable
release and avoidance of hepatic first-pass mechanism. (Behbood et al., 2017)
However, the study failed to give sufficient biological data in order to evaluate
the possible action and effect of the developed mucoadhesive DDS. Electrospun
fibers have also been studied as potential antimicrobial medical devices that can
limit the possibilities of post-operative infection. One group prepared fibers with
co-axial electrospinning which consisted of gentamycin/pluronic F127 in the core
and silver/PCL in the sheath as a suture for possible DDS. (S. Chen, Ge, et al.,
2017) The study concluded that the scaffolds showed synergistic effects compared
to sutures loaded with silver or gentamycin alone. Electrospun fiber scaffolds as
DDS have also been studied in orthopaedics (implantation). One group developed
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PCL fibers with polydopamine coating which allowed further functionalization
of fibers with metronidazole. (Shi et al., 2019) The drug release was controlled
by cleavage of the ester bond by cholesterol esterase correlated to the severity of
the infection. In another study commonly used antibiotics (amoxicillin, tetra-
cycline, ciprofloxacin, levofloxacin, moxifloxacin, cefazolin, fusidic acid etc)
were incorporated into electrospun nanofibers. (E. J. Lee etal.,2017; Y. Lu et al.,
2016) Furthermore, electrospun scaffolds incorporated with a combination of
antimicrobial and antifungal agents have shown positive effects. (Dhand et al.,
2017) In addition, silver nanoparticle loaded (Mofidfar et al., 2019) and surface
modified silver nanoparticle loaded fiber scaffolds have shown long lasting
antibacterial activity against multidrug-resistant bacteria. (E. J. Lee et al., 2017;
Mofidfar et al., 2019; X. Yang et al., 2017)

Electrospun fiber scaffolds have also been used in order to control the scar
formation which is usually caused by abnormal fibroblast proliferation and
collagen deposition. (E. J. Lee et al., 2017) With hypertrophic scarring several
factors can be modulated, like inhibition of transforming growth factor-p1 sig-
nalling, that can prevent scar formation. (L. Wang et al., 2017) Additionally,
ginsenoside-Rg3 loaded fibers with surface immobilized fibroblast growth
factors have shown to promote early stage wound healing and inhibit late-stage
hypertrophic scarring in vivo. (L. Cheng et al., 2016)

There are studies that have investigated nanoparticle loaded nanofiber scaf-
folds to treat chronic diabetic wounds. (L. Yu et al., 2019) For example, SiO,
nanoparticle loaded PCL/gelatin fiber scaffolds have shown to be effective
improving angiogenesis, collagen deposition, re-epithelialization and inhibiting
inflammation at the wound site in a diabetic mouse model. (Lv et al., 2017) SiO;
nanoparticle loaded DDS have also been successfully incorporated into nanofiber
scaffolds that have shown improved neo-vascularization, re-epithelialization,
collagen formation and inhibited inflammatory response with diabetic wounds.
(Ren et al., 2018)

In recent years, electrospun scaffolds have also been studied in the antitumor
field. Scaffolds for localized skin tumor therapy in combination with skin tissue
regeneration have shown promising results avoiding recurrence as well as treat-
ment of tumor induced wounds. (J. Xue et al., 2019) In one study, Cu,S nano-
particles were incorporated in PLA/PCL nanofiber scaffolds and near-infrared
irradiation caused effective mortality of skin tumor cells as well as inhibition of
tumor growth, whereas the scaffold promoted wound healing of skin defects by
improving proliferation, migration of skin cells and angiogenesis during wound
healing. (X. Wang et al., 2017)

2.4.1 Cytotoxicity, cell attachment and biocompatibility

In order to develop electrospun scaffolds as DDS their clinical safety needs to be
addressed. The scaffold, its components (polymers, solvents, APIs) must be safe,
biocompatible and non-cytotoxic. There is a lack of standardized assays to
evaluate the safety of electrospun DDS products. (Repanas et al., 2016a) Several
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methods have been used in vitro such as cell viability testing (Live/dead cell kit)
(R. Xue et al., 2017), cellular metabolism activity testing using MTS or MTT assay,
WST-1 assay (Molnar et al., 2020; Pezeshki-Modaress et al., 2018; Sadeghi et al.,
2016a), visual inspection of cellular morphology (Shahhosseininia et al., 2018).
However, the problem is that these experiments are very dependent on the cell
lines used (Sadeghi et al., 2016a; R. Xue et al., 2017) and subjective in some
cases (interpretation of the cellular morphological studies depends largely on the
operator). Therefore, the safety needs to be thoroughly addressed by combining
different methods and using several cell lines before any conclusions can be made.
(Repanas et al., 2016b)

Mammalian cells, usually 10-100 pm in diameter, are known to be constantly
sensitive to their surroundings. Typical cell outer membrane consists of various
receptor systems that are activated by interacting with surrounded cells, by the
ligands in the ECM and the excreted signalling molecules. (S. M. M. & H., 2005)
Numerous proteins have a role in the stimulation of the cellular receptors that
determines the response type and rate that is important for adequate tissue
development and functionalization. (Aumailley & Gayraud, 1998; Gullberg &
Ekblom, 1995; Wallner et al., 1998; Zagris, 2001) Furthermore, the ECM plays
an important role in the regulation of growth factors signalling by releasing and
activating them as needed. (Loh & Choong, 2013) Specific amino acid sequences
are characterized within receptors as motifs that target and bind to specific
cellular receptors. The most characterised receptors are transmembrane integrin
receptors, recognized motifs as Arg-Gly-Asp (RGD), that were found in ECM
proteins — fibronectin and vitronectin. (Bokel & Brown, 2002) These receptors
bind cell cytoskeleton to the fibers in ECM and form local focal adhesions.
(S. M. M. & H., 2005) When activated, a cascade of intracellular signalling
pathways occur that affect gene expression and most aspects of cellular
behaviour — differentiation, proliferation, expression of ECM proteins, activation
of growth factors, and the prevention of apoptosis. (Giancotti & Ruoslahti, 1999)
Cellular membrane receptors usually form a multicomponent system (several
receptors are involved) that expand the signalling pathways. (Plopper et al., 1995;
Tran et al., 2004)

Designing new scaffolds to control or promote cellular behaviour in the
wound needs to be thoroughly investigated. In order to regenerate tissue, the host
cells need to be originated from the native tissue. (S. M. M. & H., 2005) One
parameter of electrospun fiber scaffolds, which is known to affect the cell
behaviour, is the mechanical properties of the designed scaffold. For example
scaffold engineered to be used in bone tissue needs to have higher mechanical
strength (L. & M., 2002) and elasticity is needed in scaffolds used for vascular
tissue regeneration. (Y. Wang et al., 2002) Scaffolds with optimal fiber organiza-
tion, diameter and porosity is needed to aid wound healing. Studies have shown
enhanced wound healing with crossed nanofiber scaffolds compared to aligned
and random nanofibers. (L. Sun et al., 2018) The cellular activity can also be
controlled by modifying the scaffold’s porosity and fiber diameter that is
illustrated in Figure 5. (S. M. M. & H., 2005)
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Figure 5. Scaffold architecture affects cell binding and spreading. (A and B) Cells
binding to scaffolds with microscale architectures that changes cellular morphology while
spreading on flat surfaces (C) Scaffolds with nanoscale architectures have larger surface
areas to adsorb proteins, presenting many more binding sites to cell membrane receptors.
The adsorbed proteins may also change conformation, exposing additional cryptic
binding sites (S. M. M. & H., 2005) Created with BioRender.com

Ideal scaffold regarding cellular response has nanoscale morphology and consists
of biopolymers derived from nature for example collagen and elastin due to their
structure and suitable binding sites with ECM. (S. M. M. & H., 2005) However
as mentioned before the limiting factor for the electrospinning of natural poly-
mers is often their poor electrospinnability, and their accelerated degradation in
aqueous environment and poor mechanical properties. For that reason, synthetic
or hybrid (synthetic/natural) polymers have been used, for example PCL/chitosan
hybrid for nanofiber scaffold production via electrospinning. (H. Chen, Fan,
etal.,2011; Hong & Kim, 2011; Jhala et al., 2019) One study evaluated the nano-
fiber PCL/chitosan scaffolds performance on C3H10T1/2 ECM production and
proliferation. (Jhala et al., 2019) They found out that nanofiber scaffolds exhibited
lower initial cell number compared to tissue culture polystyrene (TCPS), followed
by steady increase up to 15 days which was higher than on TCPS. The cell cycle
analysis suggested that after 7 days more cells were in proliferation phase com-
pared to TCPS. Furthermore, the ECM production (fibronectin and collagen V)
was higher on nanofiber scaffold at 7 and 14 days compared than TCPS. These
phenomena were related to the enhanced cellular adherence on the scaffold which
boosts ECM production. Moreover, the nanofiber scaffold’s performance on
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cellular activity was confirmed with nanoparticle internalization, as it was 25
times higher on nanofiber scaffold in comparison to TCPS, indicating enhanced
ECM production and proliferation phases in cell cycle.

Particularly important property of the electrospun scaffold in the biomedical
field is its biocompatibility. Biocompatibility by definition is the materials ability
to function as desired, inducing adequate host response without the rish of injury,
toxicity and immunorejection.(Ghasemi-Mobarakeh et al., 2019) Regarding
wound healing applications low biocompatibility means restricted wound healing
properties and problems with cellular toxicity caused by the scaffold. (Gaharwar
et al., 2014; Ninan et al., 2015; Parani et al., 2016; X. Wang et al., 2018) There
have been a lot of studies that have shown the biocompatibility of electrospun
fiber scaffolds made from varied materials. For example, nanofiber scaffold that
consisted of type I collagen showed enhanced proliferation, attachment and
growth of human epidermal keratinocytes and in vivo studies revealed improved
wound healing properties at an early stage of wound healing. (Rho et al., 2006)
Another study focused on the biocompatibility of silk fibroin fiber scaffold and
showed positive results on the proliferation of primary human fibroblasts and
improved healing properties in ex-vivo human skin wound model. (Hodgkinson
et al., 2014) Another study focused on collagen nanofiber scaffold and found
enhanced human dermal fibroblast elongation with focal adhesion clustering
which resulted in improved cell migration and differentiation rate to myoblasts.
(C. Huang et al., 2012) Fibrinogen nanofiber scaffolds have also shown higher
fibroblast migration and expression of differentiated phenotype a-smooth muscle
actin. (Shalaby et al., 2022) Synthetic polymers have also been used in the pro-
duction of scaffolds for wound healing applications, amongst all different poly-
mers the most popular is PCL. PCL based scaffolds are known to have superior
mechanical properties, tunable hydrophobicity, and sufficient degradation pro-
perties. (T. K. Dash & Konkimalla, 2012) For example, PCL/collagen hybrid
scaffold loaded with growth factor (e.g., TGFB1) has shown to promote the dif-
ferentiation of myofibroblasts which is very important in native wound healing
process. (W. Cheng et al., 2016) PCL scaffolds have also shown to aid differen-
tiation of human hair-follicle derived and normal human epidermal melanocytes
and rat hair follicle stem-cells. (Savkovic et al., 2016; Yari et al., 2016) Natural
polymer based electrospun nanofiber scaffolds have also shown many positive
aspects regarding wound healing and are concluded in Table 5.
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Table 5. Natural polymer based electrospun scaffolds in wound healing (Shalaby et al.,

2022)
Polymer (s) |Properties Applications Reference
Polymers Collagen Suitable for (Coelho, 2020;
of protein — Nontoxic nanofiber scaffold | Ghasemi-
origin — Not mitogenic Mobarakeh
— Better cellular response et al., 2008)
— Malleable
— Bioresorbable
— Highly compatible
— Combinations with other copolymers
Disadvantages
— 1 purification cost
— Difficult work involved
— Risk of disease transmission
Silk Fibroin Tissue engineering | (Shen et al.,
— Biocompatible and biodegradable Drug delivery 2010; Wenk
— Low inflammatory reactions etal, 2011)
— Adequate oxygen WVTR
Algae — Biodegradable and affordable Wound dressings | (Hao et al.,
poly- — Versatile and abundant Skin regeneration |2020;
saccharides |— Tissue-compatible Rashtchian
— Immunomodulatory et al., 2020;
— Antioxidant Shalumon
— Anticoagulant and antitumour etal, 2011)
— 1 wound closure
Disadvantages
— Limited electrospinnability
Plant Starch Wound healing (Adeli et al.,
poly- — Abundant Drug delivery 2019;
saccharides |— Physically or chemically amended to be Movahedi
utilised in wound dressings et al., 2020)
— Electrospun starch-hyaluronic
acid/polyurethane-based electrospun
nanofiber patch:
+/ biocompatible
+/ biodegradable
« confers surface hydrophilicity
+/ improves the mechanical durability
a-cellulose nanofibers Wound healing (Yazdanbakhsh
— Antibiotic-loaded a-cellulose nanofibers etal., 2018)
diminish the wound size
Pectins Wound healing (Augustine
— Rapid exudate absorption Drug development | et al., 2016;
— Moderate hydrophilicity Tissue engineering | S. Chen, Cui,
— Antibacterial etal., 2017)
Zein Drug delivery (Paliwal &
— Biodegradable Tissue engineering | Palakurthi,
— Amphiphilic and able to self-assemble Coatings in food |2014; Yao
— Antioxidant and antimicrobial properties | industry et al., 2007)
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Polymer (s) |Properties Applications Reference
Disadvantages
— poor electrospinnability
— low water stability
— poor mechanical properties for the
electrospun scaffolds
Animal Chitosan Wound healing (Alavarse
poly- — Antioxidant and anti-inflammatory Drug development | et al., 2017,
saccharides |- Antibacterial Tissue engineering | H. Chen,
— Biocompatible Huang, et al.,
— Electrospun nanofiber scaffold with 2011;
chitosan-graft-PCL: Lopes-da-
 excellent cell attachment and Silva et al.,
proliferation 2009;
Disadvantages Veleirinho
— Pristine chitosan fibers have limited etal., 2013;
biomedical applications because of its poor M. Wang
mechanical properties etal, 2016)
Hyaluronic acid Wound healing (El-Aassar
— Nonimmunogenic Drug delivery et al., 2020)
— Biodegradable Tissue
— Biocompatible engineering
— High wettability
— High ability to be chemically modified
Fungal Pullulan Drug delivery (Aguilar-
poly- — Nontoxic Tissue engineering | Vazquez et al.,
saccharides |— Nonmutagenic Wound healing 2018; Dalgic
— Tasteless etal., 2022;
— Odourless M. S. Islam &
Disadvantages Yeum, 2013;
— The high hydrophilicity of pullulan R. Lietal,
hinders its tissue engineering applications, 2017)
limiting cellular attachment and pro-
liferation and preventing protein adsorption
Sonifilan (SPG) Drug delivery (Y. Zhang
— Embrace molecular components, etal., 2013)
functional polymers, and nanoparticles to
form water-soluble one-dimensional
nanocomposites
Bacterial Dextran Gum Wound healing (Innocenti
poly- — Dextran crosslinking tailors its Malini et al.,
saccharides |biodegradation stability and retains its 2019)
mechanical features in moist conditions
— Electrospun dextran-boric acid:
— prepare a steady network of dextran-boric
acid electrospun nanofibers with controlled
degradation time
Xanthan Gum Regenerative (Faralli et al.,
— Thermostable medicine 2019)
— Generates self-assembled micro or Tissue engineering
nanoscale structure Controlled drug
delivery
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2.4.2 Bacterial attachment and biofilm formation

Polymeric fiber scaffolds are promising candidates for wound healing applications
due to their functionality which can be combined (e.g., antibacterial, wound
healing etc) (H. Li et al., 2021) It is important to understand the antibacterial
efficacy of the electrospun fiber scaffolds using relevant pathogenic wound bac-
teria. (Adeli et al., 2019) According to the literature the most common clinically
relevant wound pathogens are S. aureus (Alavarse et al., 2017) and E. coli (mostly
related to burn wound infections). (Abdelgawad et al., 2014) However, the
bacterial-scaffold interaction is regularly overlooked, but known to be a key
factor to affect the behaviour of electrospun fiber wound scaffolds. As with
eukaryotic cells, bacteria are also known to attach on substrates which is
influenced by morphology, mechanical properties and the composition. (Kargar
et al., 2012; Mitik-Dineva et al., 2006, 2009) As for wound healing, the designed
scaffold should prevent bacterial colonisation or biofilm formation as it limits the
wounds to heal. Fiber diameter and morphology is known to influence bacterial
viability. For example, with polystyrene(PS) fiber scaffold it has been shown that
highest bacterial proliferation was observed with an average fiber diameter close
to the bacterial size which offered the best support for bacterial adhesion and
spreading. (Abrigo et al., 2015a) Rod shaped elongated cells (E. coli and P.
aeruginosa) tended to wrap onto fibers with diameters smaller than bacteria
which limited the colony formation, however round S. aureus showed high pro-
liferation throughout the nanofiber scaffold. PCL and PLA based scaffolds have
also shown to be a good substrate for biofilm forming bacteria like E. coli,
P. putida, B. diminuta and S. fulinginis. (Tamayo-Ramos et al., 2018) There are
reports about polyamide (PA) based scaffolds as substrate for bacterial growth
and biofilm formation. (Lencova et al., 2021) They confirmed the previous state-
ment that biofilm tends to grow preferably on thicker (microscale) and non-
homogenous regions of the fibers. This was thought to be caused by decreased
porosity and sufficient air permeability of the scaffold which aided biofilm
formation with E. coli, S. aureus and S. epidermidis. Another study was focused
on P. aeruginosa adhesion and biofilm formation on PS based scaffolds. (Kargar
et al., 2012) It was seen that with small diameter of fibers (91 = 17 nm) the
bacteria adhered in the crossed spacing mode of the substrate. With larger dia-
meters adhesion density increased in the space between two fibers. They also
concluded that bacterial adhesion is affected by the topology deformation which
decreases the available binding sites for adhesion. Cellulose acetate scaffold has
also been studied as a substrate for L. plantarum biofilm formation. (Hu et al.,
2019) It was observed that biofilm formation was observed after 12 h of incu-
bation, but after 24 h the nanofibers in the scaffolds were no longer visible in
SEM micrographs. This was also confirmed with CFU/g measurements where
rapid increase of bacterial density was seen after 16 h of culturing followed by
decreased bacterial growth due to nutrient deficiency. It was also seen that
stacking 3 membranes on top of each other increased biofilm formation and
higher number of stacked membranes had a negative impact by limited diffusion
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of nutrients through the membranes. It was also interesting that the L. plantarum
biofilm was interlocked within the nanofiber scaffold so in order to remove the
biofilm from scaffolds, combined detachment protocol was used (ultrasonication
and enzymatic degradation). So to conclude — when designing scaffolds for
wound healing application and wound infection treatment, the scaffold should
have sufficient antibacterial and antibiofilm properties as well as offering suitable
substrate for aided native wound healing process rather than increase the risk of
further contamination.

Summary of literature

In summary, non-healing wounds that need long term treatment are a major
problem for the healthcare system. The most problematic are patients diagnosed
with chronic diseases that has a negative impact on the native wound healing
process. An important part in wound treatment strategy is the administration of
antibacterial drugs. The main problems with antibacterial drugs for treating wounds
(especially with long term treatment) are the toxicity and low drug concentrations
at the wound site. For this reason, there is a demand for novel and site-specific drug
delivery systems (DDS) which could have multiple functionalities (antibacterial
properties, aided wound healing).

Electrospinning is a versatile method that is used to produce polymeric matrices
with unique characteristics (high surface area, mechanical stability, porosity) and
incorporated APIs — all in favour for novel DDS. The unique characteristics as
well as drug release properties are tunable which could give the scaffold multiple
functionalities. Regarding aided wound healing — the scaffold should have a
suitable morphology and structure that would resemble the native ECM. The drug
release properties from antibacterial DDS should reach the MIC as fast as possible
followed by prolonged release above MIC. However, there are a lot of factors
affecting the performance of the scaffold which need to be addressed in the
development stage.

Electrospinning is largely dependent on the material, process and environ-
mental parameters which all affect the performance of the developed scaffold. In
biomedical field synthetic and hybrid (natural/synthetic) are preferred over natural
polymers due to problems with stability and poor mechanical properties of the
electrospun scaffold. The chosen materials should be non-toxic, biodegradable
and biocompatible. Process and environmental parameters need to be optimized
in order to achive scaffolds with desired morphology and structure.

When developing electrospun scaffold as DDS the polymer/solvent/drug inter-
actions have to be characterized. The scaffold needs to have suitable morphology,
stability and structure to have the desired drug release properties needed for
wound healing. The chosen API has to be stable in the solution (polymeric solution)
as well as the scaffold in order to have sufficient activity. In order to have multi-
functionality the cellular/scaffold interactions have to be tested. The mechanical
properties of the antibacterial scaffold are important 1) in order to ease application
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and removal and 2) favour cellular adhesion and proliferation supporting wound
healing. Furthermore, the scaffold should have sufficient antibacterial properties
to inhibit bacterial growth at the wound site.

When developing antibacterial scaffolds as DDS the clinical safety also needs
to be addressed. The problem is that due to the novelty of electrospun scaffolds
there are not many standardized tests to evaluate their safety. There are various
in vitro assays already in use however they seem to be very cell line specific. There-
fore, the safety needs to be thoroughly investigated before any conclusions are
made about the safety.
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3 AIMS OF THE STUDY

The aim of the study was to develop novel antibacterial drug delivery systems for
wound healing applications using electrospinning technology. Our focus was to
study the aspects that are required in order to achieve surface porosity on the
fibers as well as improving the electrospinnability of materials that is known to
be challenging. Specific objectives of the study were to:

design and develop antibacterial drug chloramphenicol loaded porous fibers
from biodegradable polymer PCL with different solvent systems (III) and
tetracycline loaded zein core-shell fibers (II1)

understand the effects of electrospinning (ES) process and environmental
conditions (e.g., humidity) and the presence of CAM on the pore formation
within the fibers (I)

characterize morphological, physicochemical and mechanical properties the
fiber wound scaffolds. (I,II)

understand the structure/activity relationships and reveal how the mechanical
properties and porosity of the scaffolds and surface porosity on fibers affects
their interactions with the living bacterial and eukaryotic fibroblast cells (II)

evaluate the antibacterial and antibiofilm activity of the fiber scaffold (II, I1I)

assess the biocompatibility and safety of fiber scaffolds (II, III)
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4 MATERIALS AND METHODS

A detailed explanation of the materials, preparation, methods can be found in the
Materials and Methods sections of Publications I-II1.

4.1 Materials

Polycaprolactone (PCL; Mn 80,000) was used for monoaxial electrospinning
(I II) and PEO (Mv ~900,000), stearic acid, SA (synthesis grade), and zein
(19~22 kDa) were used for co-axial electrospinning (III) as carriers and active
substance (biopolymer zein) for zein fiber formation. Antibacterial agent
chloramphenicol (CAM) (PubChem CID: 5959) (LII) and tetracycline hydro-
chloride (TET, >95% purity) (III) was used as a model drug. All solvents (acetone,
chloroform, dichloromethane, dimethyl sulfoxide, ethanol, tetrahydrofuran, acetic
acid, and formic acid) were obtained from Sigma-Aldrich Inc. (Darmstadt,
Germany). Growth media and buffers used in this study were of reagent grade
and were used as received without any further purification.

4.2 Methods

4.2.1 Preparation and characterisation
of electrospinning solutions (1)

Different PCL solutions for electrospinning were prepared by varying the polymer
concentration as well as the solvents/solvent systems (Table 6). Solutions were
allowed to mix overnight by the aid of a magnetic stirrer. Drug (CAM) was added
to the electrospinning solution after polymer (PCL) dissolution in solvent mix-
tures and was further stirred for 1 h before electrospinning. The amount of CAM
was 4% w/w based on the dry weight of the solid material. The viscosity of the
polymer solutions was measured with Anton Paar Physica MCR 101 (Anton Paar
GmbH, Ostfildern, Germany) rotary rheometer. The viscosity of the solutions
was measured in rotational shear test at controlled shear rates between 100s™" to
0s™'. Viscosity was measured at 25.0+0.2 °C using triplicate measurements to
confirm the reproducibility. In addition, the viscosity of two weeks aged PCL
15% w/V (THF:DMSO; 90:10 V/V%) and PCL 15% w/V (AA:FA; 75:25 V/V%)
solutions (room temperature, RT (18-24 °C) under constant mixing) was mea-
sured in order to understand the possible viscosity changes during storage.
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4.2.2 Electrospinning of the fiber scaffolds (I, Il, I1l)

Electrospinning was performed using ESR200RD robotized electrospinning
system (NanoNC, Seoul, Republic of Korea). Relative humidity (RH) within
electrospinning chamber was varied using humidifier AEG LBF 7138 (EHT
Haustechnik GmbH, Niirnberg, Germany) in order to achieve single fiber
porosity. For co-axial electrospinning different concentrations of PEO/SA/Zein
were used with electrospinning system Fluidnatek LE-50 (Bionicia, Valencia,
Spain) at fixed 25 °C and 45% RH.

4.3 Morphology and structure of electrospun fibers (I, 1, 1)

4.3.1 Scanning electron microscopy (SEM) (I, I, 11I)

The morphology, diameter and surface topography of pristine PCL and CAM-
loaded fibers were investigated using SEM (Zeiss EVO 15 MA, Germany).
Randomly selected areas of the fiber scaffolds were mounted on aluminum stubs
and magnetron-sputter coated with a 3-nm platinum layer in an argon atmosphere
prior to microscopy. Mean fiber diameter was calculated (N=100) and presented
together with standard deviation (SD). For co-axial samples they were coated and
imaged with SEM TM3030 (Hitachi, Tokyo, Japan). Porosity was calculated
using Eq.1:
Porosity = (1 - i) - 100 (Equation 1)
pm
where pf is the apparent density of fiber scaffold and pm is the bulk density of

corresponding materials, hence PCL 1.145 g/cm3 and CAM 1.547 g/cm3 were
used.

Surface porosity and specific surface area (Sper) were determined using
Accelerated Surface Area and Porosimetry System (ASAP) 2020 (Micromeritics,
Norcross, GA, USA). The image analysis of SEM images was also performed to
estimate single fiber pore diameters using ImageJ1.52¢ (National Institutes of
Health, Bethesda, MD, USA). In addition, the fiber scaffolds covered with
eukaryotic cells, were also visualised under SEM (cells were fixed as described
in manuscript II).

4.3.2 Confocal fluorescent microscopy (CFM) (1)

CFM using LSM710 (Carl Zeiss, Munich, Germany) and Zen software (Zeiss) was
used for the visualisation of fibroblast cells after the cell attachment and growth
studies (as described in manuscript II). To evaluate the cell penetration through
the fiber scaffolds orhto view and 3D microraphs were constructed by the z-stack
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images from CFM using Zen software. The z-stack image consisted of 101 slices
with the depth of 134.95 pum and the cell infiltration was measured using 3D
measuring.

4.4 Solid state analysis (1)
4.4.1 X-ray diffraction (XRD)

The XRD patterns of the pure starting materials and electrospun fiber scaffold
were obtained with the X-ray diffractometer (D8 Advance, Bruker AXS GmbH,
Karlsruhe, Germany). The XRD experiments were carried out in a symmetrical
reflection mode (Bragg—Brentano geometry) with CuKa radiation (1.54 A). The
scattered intensities were measured with the LynxEye one-dimensional detector
including 165 channels. The angular range was from 5° to 40° 28 and the step
size 0of 0.0198° 20.

4.4.2 Attenuated total reflection fourier transformed infrared
(ATR-FTIR) spectroscopy

ATR-FTIR spectroscopy was performed on pure substances and electrospun fiber
scaffold using an IR Prestige-21 spectrophotometer (Shimadzu Corp., Kyoto,
Japan) and Specac Golden Gate Single Reflection ATR crystal (Specac Ltd.,
Orpington, UK). The spectra were collected between 600 and 4,000 cm™', each
spectrum was the average of 60 scans. Spectra were collected using Shimadzu
IRsolutions 1.5 software (Shimadzu Corp., Kyoto, Japan) and all spectra were nor-
malized with OriginLab 6.1 software (OriginLab Corporation, Northampton, USA).

4.5 Mechanical analysis (1)

Mechanical behaviour of the dry and wet fiber scaffolds was studied by Brook-
field CT3 Texture Analyzer (Middleboro, MA, USA) equipped with a 10 kg load
cell. Tensile test method was used for analysis in-line with the ASTM D-638 and
ISO10350:1993 mechanical testing guidelines. TexturePro CT software (AMTEK
Brookfield, Middleboro, MA, USA) was used for data collection and analysis.
Roller Cam accessory grips (TA-RCA; width of 25 mm) were used to fix the
sample. All measurements were performed at ambient conditions (temperature of
22 +1°C and RH of 20 + 2). Each sample group comprised at least 3—5 spe-
cimens. The mean thickness of the fiber scaffolds varied from 0.09 up to 0.11 mm
measured using Precision-Micrometer 533.501 (Scalamesszeuge, Dettingen,
Germany) with a resolution of 0.01 mm. Young’s modulus (MPa, linear region)
and tensile strength (zero slope) were calculated from each corresponding stress—
strain curve. The same TexturePro CT software was used to obtain the elongation
at break (%) values.
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4.6 Drug loading and release (|, 11I)

To determine the drug loading and its distribution within PCL electrospun fiber
scaffold, high performance liquid chromatography (HPLC) analyses were per-
formed using Shimadzu Prominence LC20 with PDA detector (wavelength at
275 nm) (Shimadzu Europa GmbH, Duisburg, Germany) and according to the
official European Pharmacopeia method for a related substance CAM sodium
succinate. The in vitro drug release testing of CAM from drug-loaded electrospun
PCL fiber scaffold was carried out using 1 cm? samples (N=3) cut from the
scaffold. These were weighed and placed into 10 mL of 1 x PBS (pH 7.4) at 37 °C
in 50 mL plastic tubes. The tubes were put into dissolution apparatus vessel (Dis-
solution system 2100, Distek Inc., NJ, USA) containing water and maintained at
37 °C. The tubes were rotated by the paddles at the speed of 100 rpm. Aliquots of
2 mL were removed and replaced with the same amount of buffer solution at set
time points. The aliquots were analyzed using UV-spectrophotometer (Shimadzu
UV-1800). Wavelength of maximum absorption (4 =278 nm) was chosen for the
drug release analysis.

4.7 Contact angle, swelling and early
in vitro degradation (Il)

In order to understand the hydrophilic/hydrophobic nature of the fiber scaffolds
and their wettability behaviour, the contact angle between the fiber scaffolds
(m=11.5+0.01 mg; size 2 X 2 cm) and biorelevant 1 x PBS (pH 7.4) was mea-
sured with the sessile drop method (OCA 15EC, DataPhysics Instruments GmbH,
Filderstadt, Germany). A drop of 1 x PBS buffer solution (5 uL) was applied onto
the fiber scaffolds. The contact angle measurements were taken at time-point
0 and 30 s after the liquid drop touched the surface of the fiber scaffold. This test
was conducted at RT (22 °C + 0.3). The contact angle was analysed using the
SCA20 software (DataPhysics Instruments GmbH, Filderstadt, Germany). Each
sample was measured at least in triplicate. Co-axial scaffolds were also analyzed
similarly with Drop Shape Analyzer (DSA100, Kriiss, Hamburg, Germany).

For swelling index and weight loss measurements (early in vitro degradation)
a set of 4 cm? square-shape samples (N = 3) were cut from the fiber scaffolds and
weighed, then immersed into 10 mL of 1 x PBS solution at 37 °C for 24 h. After
that, the samples were placed on a plastic Falcon Cell stainer sieves (mesh size
40 pm) (Fisher scientific, Thermo Fischer, USA) placed on a 50 mL Falcon tube
to remove free surface solution and weighed. Swelling index and weight loss
were calculated as reported previously. (Nazemi et al., 2014)
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4.8 Biological evaluation of differently designed
electrospun fiber scaffolds (ll, 111)

4.8.1 Bacterial strains and preparation of stocks (Il,111)

Clinically relevant for wound infection facultative anaerobic and Gram-negative
bacterial strains (Escherichia coli DSM No. 1103 (clinical isolate); Pseudomonas
aeruginosa DSM No.: 1117 (, blood isolate) used in this study were obtained
from the Leibniz Institute DSMZ-German Collection of Microorganisms and Cell
Cultures. Overnight culture was diluted 100 times in fresh LB medium (100 pL
on bacteria in 10 mL medium) and grown at 37 °C aerobically to an exponential
phase. At optical density of 0.8 (OD600), dimethylsulfoxide (DMSO) was added
to a final concentration of 8%. 120 uL of suspension was added to PCR tubes and
frozen in liquid nitrogen. The tubes were stored in —80 °C and used within
6 months.

4.8.2 Eukaryotic cells and culturing media (11, 111)

Baby hamster kidney cells (BHK-21) were used for cell studies. Fibroblasts were
grown in Glasgow Modified Essential Medium (GMEM) (500 mL) supplemented
with 7.5% FBS, 11 mL 2% TPB, 10 mL 1 M HEPES, 100 pg/mL penicillin, and
100 pg/mL streptomycin. Cells were maintained at 37 °C in 5% CO- incubator.

4.8.3 Eukaryotic cell attachment and growth (ll, 1I)

Fiber scaffolds were placed into 24-wellplates using cell crown inserts (Cell-
Crown®, Scaffdex Oy, Finland), 500 uL of BHK-21 cell suspension (consisting
approximately 10 000 cells) were seeded on the scaffolds and 700 uL of DMEM
(Dulbecco’s Modified Eagle Medium) with phenol red and serum was added. The
number of cells was determined using trypan blue exclusion (Invitrogen, Thermo
Fischer, USA). After 24 h incubation, 500 pL of medium was added. After 48 h
the scaffolds were removed from the inserts, placed carefully into 1 x PBS, and
transferred to 400 uL of DMEM (phenol red and serum free medium). Another
100 uL of DMEM was added and also 80 pL of MTS reagent (K300-500,
Biovision, USA). The cells were incubated at 37 °C and 5% CO,. After 45 min,
the scaffolds were removed and obtained colored media were pipetted onto
96-wellplate and absorbances were measured using a plate-reader (Invitrogen,
Thermo Fischer, USA) at 490 nm. The graphs show the MTS activity of cells.
From the same experiment, cell attachment and proliferation was visualised using
SEM and CFM as explained under the paragraph: 4.3 Morphology and structure.
At minimum three technical replicates were performed.
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4.8.4 Agar diffusion assay (lll)

Samples were cut and sterilized and bacterial susceptibility measured using an
agar diffusion method described previously. (Zupancic et al., 2018) S. aureus and
E. coli were selected as model Gram-positive and Gram-negative bacteria,
respectively. Briefly, overnight bacterial cultures in LB (grown from DMSO
stocks) were seeded at approximately 10° colony forming units (CFU per plate
after which samples of 6 mm diameter circles were placed on top together with
controls and allowed to incubate in aerobic conditions for 24 h at 37 °C. Inhibition
zones were measured using ImagelJ software (1.52a version). (Schneider et al.,
2012) The test was conducted in triplicate.

4.8.5 Bacterial attachment, growth and bacterial
biofilm formation (ll)

Biofilm formation protocol was established based on the work of Brackman et al
(Brackman et al., 2011) and already proved suitable in our previous study. (Preem
et al., 2017) Overnight liquid culture of bacteria in LB was grown from DMSO
stocks. The culture was diluted to about 5x10” colony-forming units (CFU)/mL
with DMEM supplemented with 10% heat-inactivated FBS. 1 mL of the bacterial
dispersion was added to 1 cm? square-shaped samples in 24 well-plates. The well-
plates were incubated at 37 °C for 24, 48 or 72 h. After that, the samples were
rinsed twice with 1 x PBS and put into 1 mL of fresh 1 x PBS in 1.5 mL eppendorf
tube. For disrupting the biofilm alternating vortexing (Vortex-Genie 2, Scientific
Industries) and sonication (Bandelin Sonorex digital 10 P, operating at 20% of
maximum power) was performed in 30 s cycles. Each cycle was repeated 6 times,
as this was seen to provide the best compromise between biofilm disruption and
bacterial viability. The CFUs were determined by making 10-times dilutions of
the dispersion, plating these as 5 pL. drops on LB agar plates and counting the
CFUs at optimal dilutions after 18 h of incubation. Planktonic bacteria in each
time point were always plated as controls in order to verify the growth of bacteria
in each condition. A minimum of three technical replicates were performed.

4.9 Statistical analyses (1, II, 111)

The results are expressed as an arithmetic mean = SD. Statistical analysis was
performed by applying one-way ANOVA and post hoc pairwise ¢-tests with MS
Excel 365 software (p < 0.05). In case of multiple comparisons, Holm’s method
was used for adjusting p-values.
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5 RESULTS AND DISCUSSION

5.1 Development of electrospun antibacterial
fiber scaffolds as DDS

5.1.1 Discussion about general development flow with schematics

In the present work, the development of antibacterial electrospun fiber scaffolds
for wound healing and infection treatment was performed using the development
flow presented in Figure 6.

Developmentof electrospun antibacterial fiber scaffolds for wound healing

Challenge wmmm==p POROUS FIBERS ¢ Challenge
Polymer: PCL Polymers: zein, P
MATERIALS Solvents: THF:DMSO, AA/FA, Solvents: ethanol, distilled water Solution for
ACE:DCM, CF:DMSO > iei;;:?sed
Solution for Drug: chloramphenicol Drug: tetracycline HCI
Foto ES METHOD Monoaxial ES xial ES

fibers

ES solution properties: polymer/solvent ratio, solvent volatility, polymer solubility
FACTORS affecting and concentration, viscosity, surface tension, conductivity
ES process parameters: flow rate, nozzle-to-collector distance, voltage, needle size,

ES process and fiber "
electric field strength

propeities Environmental properties: temperature, humidity
STRUCTURALLY DIFFERENT FIBERS
Morphology Drug content Effects on bacteria
CHARACTERISATION Solid state properties Drug release Effects on eukaryoticcells|
(fiber scaffold properties) | Mechanical properties Interactions with cells
Wettability and stability
Structure of the fiber and scaffold Zein supports wound healing
EXPECTED supports wound healing
MODE OF ACTION . ; s ;i ;
Antibacterial and antibiofilm Antibacterial effect and safe

effect and safe

Figure 6. Schematics of the development of antibacterial electrospun fiber scaffolds as
DDS for wound healing purposes.

In order to develop electrospun scaffolds as DDS several factors need to be
addressed already in a preformulation phase. Firstly, the material selection is
crucial for the desired application. The core polymer used for fiber scaffold pre-
paration needs to be fully dissolved and stable in the solvent or solvent system.
Furthermore, when designing antibacterial DDS for wound healing the chosen
antibacterial drug has to fulfil the same criteria in addition to being clinically
relevant. As mentioned before there are several parameters affecting ES process
and fiber properties. With ES solutions the main parameters are: polymer/solvent
composition (Abbasi et al., 2014; Luo et al., 2010), solvent volatility (Haider
et al., 2018), polymer solubility and concentration (Luo et al., 2010), viscosity
(J. Xue et al., 2019), surface tension (Haider et al., 2014), and conductivity
(Angammana & Jayaram, 2011b). ES process parameters such as flow rate
(Henriques et al., 2009), nozzle-to-collector distance (Ingavle & Leach, 2014),
voltage (Sill & von Recum, 2008), needle size (Abunahel et al., 2018), electric
field strength (Haider et al., 2018) also have an impact on the fiber properties.
Furthermore, the environmental properties (temperature and relative humidity)
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can affect ES process and scaffold properties. (De Vrieze et al., 2009; Katso-
giannis et al., 2015b) The scaffolds need to be thoroughly characterised in order
to understand the effect of ES process parameters on the scaffold’s performance.
The morphology, mechanical properties, wettability and stability have to be suit-
able for wound healing application. With antibacterial drug loaded scaffolds the
antibacterial drug concentration in the scaffold as well as its release behaviour
needs to be sufficient and suitable for desired antibacterial activity. In addition to
the mentioned properties, the scaffold should be non-toxic and biocompatible.

5.2 Design and characterisation of electrospinning
solutions (1, I11)

The selection of polymer and solvent is crucial for electrospinning therefore,
careful design of electrospinning (electrospinning solutions and electrospinning
experiment parameters) needs to be conducted. In our studies we used hydrophobic
polymers and hydrophilic/hydrophobic polymer combination as well as various
solvents and solvent systems in order to prepare electrospun antibacterial DDS.
To obtain antibacterial electrospun scaffolds, antibiotics were included into the
formulation. In this case chloramphenicol (CAM) and tetracycline hydrochloride
(TET) were selected which are antibiotics known to have severe side-effects and
toxicity when used during systemic delivery but hold immense potential to be
used for the local delivery. Both drugs are broad spectrum antibiotics belonging
to protein synthesis inhibitors group. TET inhibits aminoacyl tRNA attachment
to ribosomal site (Ian & Marilyn, 2001) and CAM bonds to bacterial ribosomal
subunit (50S) directly inhibiting bacterial protein synthesis. (Ehrlich et al., 1947)

In order to produce porous fibers we used hydrophobic PCL as a carrier polymer
which is widely used in various fields as it is biocompatible, biodegradable and
nontoxic (T. K. Dash & Konkimalla, 2012; L. He et al., 2011). Indeed, the effect
of solvent systems on PCL fiber morphology has been previously studied and
these reports were carefully considered while designing the compositions for the
formation of PCL fibers with high surface porosity.(Kanani & Bahrami, 2011;
Katsogiannis et al., 2015a) Furthermore, we used CAM as an antibacterial drug
to develop electrospun antibacterial DDS. CAM, with 4% (w/w) concentration
based on the dry weight of the polymer, was chosen as model drug that we have
also successfully used in previous studies. (Preem et al., 2017)

The electrospinning of amphiphilic zein is known to be challenging.(Selling
etal., 2007; Yao et al., 2007) Zein is a non-toxic biodegradable hydrophobic bio-
polymer, a prolamine protein found in corn, which is classified amongst the safest
biomaterial excipients by FDA. (Q. Li et al., 2011; Torres-Giner et al., 2008).
Zein was selected as it is known to be biodegradable, biocompatible and enables
to provide controlled release of drugs (Hawkins et al., 2008; Q. Jiang et al., 2010;
H.-J. Wang et al., 2005; Zhong & Jin, 2009) Co-axial electrospinning was used in
order to improve zein electrospinnability and avoid premature solvent evaporation
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which are known problems for traditional electrospinning of zein. (Kanjana-
pongkul et al., 2010) As zein based electrospun scaffolds demonstrate weak
mechanical properties, plasticizers were added polyethylene oxide (PEO) and
stearic acid (SA) to the system. Furthermore, TET (5% w/w) was used as an
antibacterial drug to produce zein based antibacterial electrospun DDS.

The viscosity of the polymer solution is one of the main factors in order to
conduct successful electrospinning and prepare bead-free fibers. (Deitzel et al.,
2001; Haider et al., 2014) The viscosity is related to the molecular chain entangle-
ments of polymer molecules which needs to be optimal for electrospinning. When
viscosity is too high, the stretching of the fibers (from the polymeric solution) by
electrical charges is limited leading to unsuccessful electrospinning. When vis-
cosity is too low the chain entanglements are insufficient causing breakups in
electrically driven jets into droplets.(Zong et al., 2002) The viscosity of the
solution depends on the polymer and solvent properties. In order to produce bead-
free fibers the suitable polymer and solvent need to be chosen and optimized.
These factors highly influence the fiber formation which affect the morphology,
mechanical properties, wettability and biorelevance of the scaffold. When
increasing shear rate the viscosity decreases. (Chhabra et al., 2008) Pseudoplastic
flow lacks yield value so viscosity can be compared with rheogram profiles. All
solvent systems selected (Table 6) were known to be suitable for PCL electro-
spinning based on their solubility, boiling point and dielectric constants.
(Woodruff & Hutmacher, 2010)

Table 6. Polymer and solvent systems used for electrospinning.

Polymer Solvent system Viscosity at near Viscosity at 20s~!
(PCL) %, w/V (ratio % V/V) zero shear rate, Pa*s | shear rate, Pa*s
15 CF:DMSO (90:10) 2.53 2.01
15 ACE:DCM (50:50) 2.12 1.65
15 THF:DMSO (90:10) 3.55 2.14
15 AA:FA (75:25) 2.57 1.18

Key: AA — acetic acid; ACE — acetone; CF — chloroform; DCM — dichloromethane; DMSO —
dimethyl sulfoxide; FA — formic acid; PCL — polycaprolactone; THF— tetrahydrofurane.

Although all these solution parameters give information about system properties,
further characterisation was performed using viscosity measurements and finding
viscosity — electrospinnability correlations. The shear rates of chosen systems
(PCL and solvent systems) were measured from 100s™' to 0s™' at 25.0+0.2 °C.
Similar polymer concentration in different solvent systems results in different
viscosity (Publication I, Figure 1). Even though we were able to electrospin PCL
in all solvents, AA:FA solvent system exhibited lower polymer solution viscosity
compared to other solvent systems (more information in Publication I).
CF:DMSO, ACE:DCM, and THF:DMSO polymer solutions had similar vis-
cosities. Such large differences in viscosity values are known and nicely supported
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by the literature hence was not unexpected.(Dobrzanski et al., 2014) Increasing
PCL concentration (12.5 vs 15% PCL in AA/FA) resulted in elevated viscosity.
The addition of CAM increased the viscosity of the polymer solutions.

Aqueous ethanol (80% v/v) was used to prepare zein solutions (core) where
20% (w/V) of zein was added 2 h prior electrospinning to avoid degradation. PEO
and SA containing zein solutions (core) were prepared by adding 1% (w/w com-
pared to zein) and dissolved overnight. 5% TET (w/w compared to zein) was
added 10 min prior electrospinning to the core solution. The shell solution con-
sisted of either 80% ethanol or 1% (w/w compared to zein) PEO in 80% ethanol.
The viscosity of zein formulations were not measured in the present study, but it
is reasonable to assume that the addition of drug may change the viscosity of the
solution and affect the electrospinnability and morphology of electrospun
scaffolds.

The stability of PCL electrospinning solutions was studied with the chosen
solvent systems (AA:FA, THF:DMSO) in order to design the experiment for
large-scale manufacturing. It was seen that PCL 15% w/V with AA:FA solvent
system exhibited decreased viscosity after few weeks of storage (2 weeks). PCL
is known to undergo acidic hydrolysis with acetic acid which could increase its
hydrolytic degradation.(Ekram et al., 2017) Interestingly PCL solution with
THF:DMSO solvent system showed increased viscosity after storage, which was
thought to be caused by the evaporation of the high volatile THF.

5.3 Electrospinning and characterisation
of antibacterial fiber scaffolds (I, 111)

Two different syringe-based electrospinning methods were used in the present
study namely monoaxial and co-axial electrospinning. Monoaxial electrospinning
is the most common needle-based electrospinning set-up (Figure 7A). This was
successfully used in order to produce fibers with different morphology (porous
vs non-porous fibers) from PCL polymer solutions (Figure 7A). The effect of
different parameters (e.g. solvents, RH) on monoaxial ES were tested in order to
obtain porous antibacterial drug-loaded fibers. However, for the electrospinning
of zein-based wound matrices, modified ES set-up- co-axial electrospinning
method, was applied. This method was used as the monoaxial electrospinning
was unsuccessful to produce zein fibers. Co-axial method is often chosen when
materials used for electrospinning might be unstable during monoaxial ES. Co-
axial electrospinning set-up consists of concentric needle that can be used to
produce core-shell structured fibers (Figure 7B). For successful co-axial ES of
zein the key elements were the selected materials for ES in addition to zein (poly-
mers and solvents). The flow rates and voltage depended on the optimized con-
ditions of ES.
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Figure 7A. Schematics of monoaxial electrospinning; B: co-axial electrospinning.
Scanning electron microscopy (SEM) micrographs of; C: 15% PCL fibers with
THF:DMSO solvent system without surface pores (low RH); D: 15% PCL fibers with
THF:DMSO solvent system with surface pores (high RH). (magnification 10,000x).
Mean fiber diameter and standard deviation values provided (N=70— 100). E: SEM
image of core-shell zein microfibers consisting of core: 20% zein (Z) + 1% SA + 5%
tetracycline (TET) and shell: 1% PEO in aqueous ethanol (1/4 v/v). (magnification 2,000x)

Key: DMSO — dimethyl sulfoxide; PCL — polycaprolactone; PEO — polyethylene oxide; SA — stearic
acid; THF — tetrahydrofuran

5.4 Morphology of fibers (I, 111)

The morphology of the fiber scaffold is one of the key properties regarding its
performance and application. There are various parameters affecting the morpho-
logy of fibers and fiber scaffolds, one of them is the solvent used for producing
electrospinning solutions. In our study we saw that the solvent system affected
the fiber diameters as well as pore formation (Figure 8). Various polymer
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concentrations and solvent systems were tested keeping the polymer the same
(PCL) and in addition the effect of drug on pore formation was studied.

Surface porosity was achieved with specific solvent systems (THF:DMSO;
CF:DMSO) only at elevated RH (high RH)(Publication I, Figure 2). Therefore,
the effect of solvents on fiber morphology was tested at different RH-s and it was
seen that the combination of the solvent/RH determines the morphology (e.g. pre-
sence of surface pores). The importance of humidity regarding surface porosity
was confirmed with CF:DMSO and THF:DMSO solvent systems (Publication I,
Figure 2). Evaporation rate of the solvents used was different which affected the
fiber formation. Desired surface porosity was achieved with 15% PCL in THF:
DMSO solvent system at high RH. Signs of surface porosity with the same com-
position was also seen with 30% RH, however it was not that evident and at low
RH (19%) there were no signs of surface porosity (Publication I, Figure 3). Sur-
face porosity was not achieved with 15% PCL in AA:FA solvent system regard-
less the humidity. Katsogiannis et al. have stated that surface porosity is achieved
by using solvent systems where polymer has different solubility rates. (Katso-
giannis et al., 2015b; Nasouri et al., 2015) The importance of humidity on surface
porosity has also been discussed before.(Lubasova & Martinova, 2011) From the
results obtained we decided to prepare three scaffolds with different morphology
for further characterisation. For nanofiber scaffold preparation we choose AA:FA
solvent system (non-porous nanofibers), microfiber scaffold without surface
porosity THF:DMSO at low RH (non-porous microfibers) and microfiber scaf-
fold with surface porosity at high RH (porous microfibers).

Surface porosity can be measured with different methods. One method we
used was the measurement of pore area on SEM 2D images. In order to evaluate
the overall porosity and pore size distribution of electrospun scaffolds mercury
porosimetry and capillary flow porometry can be used. (Guo et al., 2018; Moradi
et al., 2018; Pham et al., 2006) With electrospun scaffolds these methods are not
ideal due to the inhomogeneity of pores. In our study we focused on the pore area
measurements — specifically pore diameter measurements. More sophisticated pore
size and distribution analysis would need the combination of various methods —
CFM, segmentation analysis of the micrographs etc. (Choong et al., 2015; Guo et
al., 2018; Hotaling et al., 2015) The mean pore diameter for porous microfiber’s
pore diameter was 0.28 pm (Publication I, Table 2). Furthermore, the fiber
scaffold porosity was measured (Publication I, Table 2). There were signs of
correlation with applied voltage and surface porosity, however it was not that
evident. Electrospun fibers prepared with THF:DMSO solvent system had a mean
diameter of approximately 1.22 + 0.21 um (Figure 8). AA:FA solvent system with
PCL resulted in nanofibers with a mean diameter of 0.25 £0.11 um regardless of
the RH (high or low) (Figure 6). As discussed in the literature increased viscosity
causes enlarged fiber diameters. Vapor pressure affects fiber formation and
morphology of the fiber scaffold.(Lubasova & Martinova, 2011) Solvent eva-
poration rate is affected by the differences in vapor pressure. Increased humidity
decreases the pressure difference between vapor pressure and saturated vapor
pressure which limits the solvent evaporation rate. (Y. Yang et al., 2006)
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Addition of drug changed the fibers morphology. With PCL fibers we observed
that surface porosity changed when adding 4% (w/w) CAM. The drug content
was confirmed with HPLC with some changes in nominal values (Publication I;
Table S2). The fiber mean diameters increased with CAM loaded samples
(Figure 8). This has previously been stated in the literature that the incorporation
of APIs increases the PCL fiber diameters. (Arbade et al., 2018; Z. M. Huang
et al., 2006) Although changes in morphology was seen with PCL fibers, surface
porosity still remained with THF:DMSO solvent system. It was evident when
analysing SEM micrographs that the surface porosity had decreased compared to
porous microfibers without CAM. The mean pore diameter for porous fibers with
CAM was approximately 0.22 um, however no statistical differences were seen
with pristine PCL fibers (Publication I, Table 2).

Co-axially prepared zein fibers were in microscale and either ribbon or tubular
shaped (Figure 5B, Publication III, Table 2). The shape was largely dependent
on the PEO content. When PEO was present in shell, the fibers exhibited both
shapes ribbon and tubular, accordingly. PEO in core and shell resulted in tubular
shaped fibers (Publication III, Figure 4E). Beads formation was seen when the
core consisted of zein or zein + stearic acid (SA) and shell — absolute ethanol.
The addition of PEO in the core was able to overcome the bead formation and
ribbon shaped fibers were successfully electrospun. TET loaded fibers were
mostly ribbon shaped which increased the fiber diameter distribution.

Figure 8. SEM micrographs of porous and non porous electrospun PCL micro and
nanofiber scaffolds without and with CAM (magnification 10,000x). Porous microfibers
without (A) and with CAM (D). Non-porous microfibers without (B) and with CAM (E).
Non-porous nanofibers without (C) and with CAM (D). Key: MEAN — mean fiber
diameters = SD (N=100); P(dm) — mean surface porosity (pore diameter on fibers) + SD
(N=30) n.= SD
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5.5 Porosity of fiber scaffolds (1)

It is known that the porosity on the scaffold has an impact on the drug release,
mechanical properties, and stability in biorelevant solutions (such as a buffer
solution). In order to evaluate the PCL scaffold’s porosity, we used calculations
(described in Publication I). The calculated porosity for PCL scaffolds was
71-78% with no statistical differences (Publication I, Table 2). These values are
in correlation with the literature. (Cortez Tornello et al., 2014) Differences were
seen with surface porosity diameter analysis. Microfiber (porous and non-porous)
PCL fiber scaffolds had a pore diameter ranging from 13.24 to 21.87 um whereas
nanofiber PCL fiber scaffold’s pore diameter ranged from 2.88 to 3.65 um
(Publication I, Table 2). This is in correlation with the literature that electrospun
fibers with larger diameter exhibit increased scaffold porosity. (Pham et al., 2006)

Brunauer—Emmett—Teller (BET) analysis was used to evaluate the surface
area of the electrospun scaffolds. Our samples had differences in surface area
according to BET analysis (Publication I, Table 2). PCL porous microfiber
matrix with and without CAM had significantly smaller specific surface area
values compared to the non-porous microfibers and non-porous nanofibers with
and without CAM. The largest surface area was seen with non-porous nanofiber
scaffolds. With these samples N? adsorption isotherms were measured which
characterize the sample in a larger relative pressure (P/Po) range in comparison
with the isotherms measured using krypton. At the beginning of isotherm
(p/p0<0.2) some indication about the microporosity was observed (resembles
the I type isotherm) followed by non-porous II isotherm. We were unsuccessful
differentiating surface porosity with this analysis from porous microfibers, as it
is known that nanofibers have larger specific surface area which outweights the
effect of pores on the microfiber surface. (Z. M. Huang et al., 2003)

5.6 Solid state characterisation of fiber scaffolds (I)

Materials (polymers and drugs) may undergo different changes in solid state
during electrospinning process. In order to understand the quality and estimate
the efficiency of the developed fiber scaffold solid state characterisation is espe-
cially important. Fourier transform infrared (FTIR) is a vibrational spectroscopy
technique that can be used to evaluate possible intramolecular interactions between
the materials used for electrospinning. (M. S. Islam et al., 2019) Furthermore, this
method gives an additional information about the polymorphism and amorphous
forms. (Bunaciu et al., 2015) Attenuated total reflectance (ATR) enhances the
evanescent infrared signal which improves spectral acquisition and quality and
therefore, ATR-FTIR setup is mostly used for infrared spectroscopy. X-ray
diffraction (XRD) is a gold standard method to identify polymorphs and the amorp-
hous form. In addition, thermal methods, such as differential scanning calori-
metry (DSC), are frequently used to evaluate the changes in the crystallinity of
substances by analysing the thermal properties of the materials. The solid-state
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analysis gives us valuable information that is in correlation with the mechanical
properties, stability of the scaffold in biorelevant media and its interactions with
cells together with its antibacterial properties.

ATR-FTIR spectroscopy analysis of PCL based electrospun fiber scaffolds
showed distinctive PCL peaks with all samples (Publication I, Figure 6).
Characteristic PCL peaks were seen at 1,161 cm™, 1,238 cm™' and 1,720 cm ™' in
correlation with the literature. (G. K. Kim et al., 2013) It was interesting to see
that despite using different solvent systems for electrospinning, PCL spectra
remained unchanged. Characteristic CAM peaks were seen with drug loaded PCL
scaffolds at 650cm™!, 813cm™', 1,514cm™’, and 1,681 cm™' (Publication I,
Figure 6). These peak positions suggest that CAM was in an amorphous form.
CAM is known to transform from crystalline to amorphous form during electro-
spinning. (Preem et al., 2017) The CAM concentration used in this study was
previously confirmed to be detectable. (Preem et al., 2017) Interestingly, the IR
spectra of CAM-loaded scaffolds showed differences in the characteristic CAM
peak appearances, positions and intensities. The CAM peak at 1,685 cm™' could
only be detected with non-porous nanofiber scaffolds (Publication I, Figure 6).
Furthermore, CAM loaded non-porous nanofiber scaffold had the highest number
of characteristic CAM peaks. In contrast porous and non-porous CAM loaded
scaffolds had CAM distinctive peak only at 1,514 cm™' (Publication I, Figure 6).
This might be caused by intramolecular interactions, however additional experi-
ments need to be done to prove the statement. Additionally, CAM placement
within the fibers rather than on the surface could diminish the detection of the
distinctive peaks. (Cui et al., 2006)

XRD analysis confirmed the presence of amorphous CAM as no distinctive
CAM reflections were observed with drug loaded PCL fiber scaffolds (Publi-
cation L, Figure 6). Furthermore, PCL was able to retain its semicrystalline struc-
ture in the fiber scaffolds. Some PCL reflection changes in XRD diffractograms
were seen between samples however this is probably caused by differences in
structure and surface properties according to the solvent system used. Some
changes were seen with the intensity ratio of two main peaks of PCL ({i10/1200)
related to decreased crystallinity. (K. H. Lee et al., 2003) The crystallinity calcu-
lations were not possible due to the differences in structure and surface properties
between the samples.

With co-axially prepared zein based fiber scaffolds the solid-state charac-
terisation was done with DSC and XRD (Publication III, Figure 4). DSC
analysis showed that the zein glass transition temperature (Tg) for raw material
(zein) was 158.0 + 0.9 °C and within fiber scaffolds 161.9 + 1.3 °C in correlation
with the literature. (Torres-Giner et al., 2008, 2009) TET loaded zein fiber scaf-
folds showed decreased Tg values, however it was not statistically proven. XRD
analysis of zein based fiber scaffolds showed that all components were in amor-
phous forms (zein, SA, PEO, TET). Furthermore, in order to characterise the
samples and see the changes after storage, XRD analysis was performed after
4 months which confirmed that the amorphous form was retained.
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5.7 Effect of fiber scaffold structure on
the mechanical properties (ll, 111)

The mechanical properties of the fiber scaffold are one of the key parameters for
its application. For wound healing application the dressings need to be easily appli-
cable, comfortable, and non-adherent for the patient. However, if fiber scaffolds
are produced, it is desired that cells preferentially adhere on their surface. Electro-
spun scaffolds should be designed with suitable mechanical properties (tensile
strength, Young’s modulus, elongation) similar to native skin and favouring cell
adhesion and proliferation supporting the wound healing. (Gao et al., 2021)

In our study we saw differences in the mechanical properties among the scaf-
folds with different morphology: porous microfiber, non-porous microfiber and
non-porous nanofiber scaffolds (pristine and CAM loaded scaffolds) (Table 7
and Publication II, Figure 2). Highest elongation at break was seen with the
porous microfiber scaffold. This means that mentioned scaffold has highest degree
of deformation before breaking which could also be beneficial in cell-scaffold
interactions.(Wolf et al., 2013) Non-porous nanofiber scaffold had significantly
lower elongation at break making them stiffest of the samples. Regarding the
tensile strength and Young’s moduli — these were significantly higher with non-
porous microfiber scaffolds. It was seen that scaffolds prepared with the same
composition, but different morphology (porous vs non-porous microfibers) ex-
hibited differences in plastic deformation (Table 7 and Publication II, Figure 2).
There was also an indication of higher tensile strength and Young's modulus with
non-porous nanofiber scaffold (compared to porous microfiber scaffold), how-
ever it was not statistically relevant. There have been discussions in the literature
that decreased fiber diameter of scaffolds results in increased tensile strength.
(Chew et al., 2006; Tan et al., 2005) Generally, drug-loaded fibers exhibited in-
creased tensile strength and Young’s modulus with the exception of non-porous
microfiber scaffold (Table 7). There exists a correlation between the macro-
structural and microstructural porosities of fiber scaffolds, which can be tracked
by the free volume changes due to the stability of the drug within the scaffold
(Sebe et al., 2013, 2017) The size of the free volume of pores (e.g., holes)
determines the mechanical properties of the fiber scaffolds and also the drug
release from the samples. (J. Zhang et al., 2017; Scheler, 2014) The decreased
free volume is known to increase the tensile strength of fiber scaffolds. (D’ Amato
et al., 2018)

Surface porosity increased the elongation at break with means highest level
on deformability of the scaffold (Table 7). There are studies that have shown the
importance of PCL fiber diameter on mechanical properties. Fibers with dia-
meters below 500 nm had increased tensile strength. (Baji et al., 2010) In our
study, we saw that fiber diameter is not the only factor affecting mechanical pro-
perties, as this effect comes in combination with the morphology of the scaffolds.
According to the literature we were able to confirm that elongation at break
increased together with larger diameter of PCL fibers (Table 7). (Tan et al., 2005)
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When designing scaffolds for wound healing, these need to withstand the forces
that are needed for the application as well as removal without harming premature
tissue and its growth. The cell-scaffold interactions are dictated by the stiffness
of the fibers or fiber scaffold. (S. Jiang et al., 2018) Focal adhesions give cells push
and pull mechanism which the scaffold needs to withstand without breaking.
(Kennedy et al., 2017) When electrospun scaffolds are designed to mimic the
skin, these need to withstand the tensile strength and Young’s modulus of native
skin which is approximately 20 MPa in tensile strength (Shevchenko et al., 2010)
and from 0.008 MPa (Pailler-Mattei et al., 2008) up to 70 MPa for Young’s
modulus. (Shevchenko et al., 2010) Elongation at break values for the skin range
between 35 and 115%.(S. Chen, Liu, et al., 2017) Our developed PCL scaffolds
fulfil the criteria having similar mechanical properties to native skin.

Table 7. Mechanical properties (Young’s modulus, tensile strength, and elongation at
break) of dry and wet (24 h wet) electrospun fiber scaffolds without and with CAM. MF =
microfiber; NF = nanofiber. (N=3)

Formulations Tensile Elongation at Young’s Thickness

strength break modulus |of the fiber
MPa) (%) (MPa) scaffold
(mm)

PCL THF: |Dry 12.72 £3.20 [526.73 £124.03| 18.35+7.11 [0.11 £0.02

DMSO Wet (24h | 14.35+2.78 | 477.73+66.60 | 19.08 +6.07

(porous in PBS)

microfibers)

PCL THF: |Dry 86.91 +16.16 |461.63 +206.38| 150.60 +9.63 0.05 +0.02

DMSO Wet (24h | 118.45 +22.95 | 477.66 + 66.60 |152.59 + 40.21

(non-porous (i PBS)

microfibers)

PCL AA:FA |Dry 32.37+0.86 180.23 £7.20 | 38.50+6.62 [0.09+0.01

(non-porous |y o 4n 122 01+ 11.10 | 187.20 + 13.00 | 23.97 = 16.25

nanofibers) in PBS)

PCL THF: |Dry 1544+ 1.13 | 341.86+75.10 | 25.63£5.06 |0.09 +0.01

DMSO+  I\wet (24h | 15.58+1.07 | 380.53 +83.37 | 21.31+7.94

CAM in PBS)

(porous

microfibers)

PCL THF: |Dry 15.84+£3.82 | 285.26 +35.26 | 30.27 = 10.17 {0.09 + 0.01

DMSO+  |\et (24h | 16.96+3.48 | 231.60 £49.00 | 35.74 +6.78

CAM in PBS)

(non-porous

microfibers)

PCL AA:FA |Dry 39.86+5.84 | 161.00+21.58 | 57.24+3.54 |0.11 +£0.01

+CAM Wet (24h | 23.78 +5.40 | 163.30 +23.14 | 36.64 + 14.22

(non-porous (i PBS)

nanofibers)
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Besides fiber and fiber scaffold structure, the impact of solvent systems on PCL
crystallinity is also relevant, which is known to affect the mechanical properties
of the scaffold. (Pok et al., 2010) In our study, we saw that the solvents used for
electrospinning had an effect on the morphology of the scaffold that affected the
mechanical properties. The fiber and scaffold mechanical properties have been
thoroughly discussed in the literature with varied results depending on several
parameters: morphology, solvent composition, fiber diameters and thickness of
the scaffold. (Croisier et al., 2012b) There are suggestions that the evaporation
rate of the solvents used for electrospinning have a big impact on the mechanical
properties of the scaffolds due to their impact on the solidification of the carrier
polymer. (Arinstein & Zussman, 2011) PCL fiber scaffold from acetic acid
solutions is known to be stiffer in mechanical properties.(Bahrami & Gholipour
Kanani, 2011) These phenomena were also seen in our study with non-porous
nanofiber scaffolds.

The mechanical properties of zein based scaffolds were also tested and these
showed low Young’s modulus and tensile strengths with all samples. PEO in the
core showed trends of increased tensile strength and Young’s modulus, however
it was not statistically relevant. However, the composition of the scaffolds had an
impact on the profiles of the stress-strain curves and elongation profiles. As the
zein based scaffolds were less strong than PCL based scaffolds and native skin,
it could be problematic to use them as scaffolds for wound healing alone.

Drug incorporation into the scaffolds can have a positive or negative effect on
the mechanical properties. (Chew et al., 2006) Linezolid incorporation in PCL
scaffolds has been shown to have a positive effect on its mechanical properties.
(Tammaro et al., 2015) It has been shown that drug-polymer interactions have an
impact on the mechanical properties of polyester-based fiber scaffolds. (Chou &
Woodrow, 2017) We have shown that the solvent systems used in polymer solu-
tions have different drug-polymer interactions which leads to changes in the
mechanical properties of the scaffolds (Publication 11, Figure 2). CAM incorpo-
ration in the scaffolds showed some increase in tensile strength with porous
microfiber scaffolds and non-porous nanofiber scaffolds. However, CAM in-
corporation made the scaffolds stiffer as the elongation at break decreased with
all samples (Table 7). The mechanical properties of TET loaded zein based scaf-
folds were also tested and these showed decreased Young’s modulus and tensile
strength values except the sample with PEO in the shell. It was interesting to see
that (Z+PEO+TET) PEO samples had increased elongation at break.

When designing scaffold for wound healing its properties also need to be
studied in wet environment. In our study, we wanted to see if and how the
mechanical properties change when the scaffolds are placed in buffer (1 x PBS)
at 37 °C for 24 h. It was interesting to see that no significant changes in the
mechanical properties of PCL scaffolds were seen after 24 h in wet conditions
compared to dry samples. Furthermore, it was interesting to see that even CAM
loaded samples did not show significant changes when comparing the mechanical
properties of dry and wet scaffolds. This indicates that PCL based scaffolds (in
short term) are stable enough in biorelevant media which is important for wound
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healing purposes. One thing to mention is that we saw decreased tensile strength
with CAM loaded non-porous nanofiber scaffold after wetting. This is most
probably due to the higher drug release (more information in 5.9 drug release
paragraph) (Table 7). The mechanical properties of zein based scaffolds were
also tested in liquid media (2 min in PBS). The elongation at break drastically
increased after wetting with all the samples. The highest change in elongation at
break (dry vs wet) was seen with (Z+SA) PEO scaffolds where it increased from
19.3% to 411.2%. The drug loaded zein scaffolds showed lower Young’s
modulus, tensile strength, and elongation at break values. The most drastic
change was seen with (Z+SA) PEO scaffolds where the elongation at break
(compared to drug free scaffold) in wet conditions decreased to 24.0%. This
indicates that zein based scaffolds alone would not have sufficient mechanical
properties in order to be used as wound dressings.

5.8 Wettability, swelling, and early in vitro degradation
behaviour (ll, 1)

The wettability, swelling and in vitro degradation largely affect the scaffolds per-
formance as wound dressings. Furthermore, buffer penetration into the scaffold
can increase the degradation rate as well as affect the drug release properties. (Cui
et al., 2008; Zupanci¢ et al., 2018) There are various methods which allow testing
the scaffold performance in biorelevant media. (Uhljar et al., 2021; Walther et al.,
2022; J. Wang et al., 2018) One method is contact angle measurement which
gives valuable information about the wettability and hydrophobicity/hydro-
philicity of the scaffold. (Z. Xie & Buschle-Diller, 2010) Determining the
swelling index of the scaffold is also relevant because it provides information
about the absorption capability of the scaffold. (Dwivedi et al., 2019) In our study
higher swelling indexes were seen with non-porous nanofiber and non-porous
microfiber PCL scaffolds compared to porous microfiber scaffold (Table 8). This
phenomenon most likely is due to the morphological differences of the scaffolds.
During experiment there was still some residual liquid within the scaffolds that
could sufficiently be removed only from porous microfiber scaffold. Drug
incorporated scaffolds showed increased swelling index with all samples which
can be related to the increased hydrophobicity of the scaffolds. The contact angle
measurements confirmed that pristine PCL scaffolds were hydrophobic in nature.
However, with CAM loaded scaffolds the scaffolds hydrophilicity was increased.
The most hydrophilic scaffold in our study according to the contact angle
measurements was porous CAM loaded microfiber scaffold.
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Studies have shown that nanoscale fiber scaffolds exhibit increased surface
roughness which causes air entrapment between the contacting liquid droplet and
the scaffold. (M. Ma et al., 2005) In our study pristine PCL scaffolds did not have
significant changes in contact angle values at 0 s and 30 s. However, CAM loaded
samples showed decreased contact angle values at 30 s when in contact with the
buffer (Table 8). This indicates that CAM loading increased the surface hydro-
philicity of the scaffolds as drug started to dissolve when in contact with the
liquid. Furthermore, the drug release aided buffer penetration into the scaffold as
dissolved drug vacated cavities and increased the surface porosity of the fibers.
Unfortunately, we were not able to see any significant differences in the contact
angle values with porous microfiber scaffolds (compared to controls). It has been
stated that hydrophobic materials with increased surface area have high contact
angles, whilst with hydrophilic materials the contact angles decrease. (Chau et al.,
2009) So, modifying the surface roughness of the material could be used to
improve the hydrophilicity of the material.

Figure 9. Early in vitro degradation of porous and non-porous electrospun PCL micro
and nanofiber scaffolds without and with CAM after 24 h in 1 x PBS (magnification
10,000x%). Porous microfibers without (A) and with CAM (D). Non-porous microfibers
without (B) and with CAM (E). Non-porous nanofibers without (C) and with CAM (F).

Key: MEAN — mean fiber diameters + SD (N=100)

Early in vitro degradation studies showed changes in fiber morphology (Figure 9).
Porous microfiber scaffolds with and without CAM showed the highest de-
gradation where the fibers had lost their integrity. Non-porous microfiber scaffold
with and without CAM showed trends of increased fiber diameters, however
these differences were not found to be significant due to large variances (com-
pared to diameters discussed in paragraph 5.4 Morphology of fibers and Figure 8).
The same phenomena were seen with non-porous nanofiber scaffolds.
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As zein based scaffolds are known to be hydrophilic in nature it was no surprise
that the contact angle measurements showed no droplet after 1-3 s. (Publi-
cation III, Table 2). Nevertheless, further stability analysis was performed in
order to understand the water stability of the zein based scaffolds. The scaffolds
were incubated for 48 h pH 7.4 at 37 °C and visualized under SEM in order to see
the changes in morphology (Publication III, Figure 3). Fiber scaffolds without
PEO in the shell were completely dissolved after 48 h of incubation and therefore,
removed for further analysis. Other scaffolds exhibited excess of swelling, but
their structure was retained. TET loaded scaffolds exhibited degradation and drug
dissolution as surface porosity was observed after 48 h of degradation testing in
SEM (Publication III, Figure 3). The most evident surface porosity was seen
with (Z+SA+TET) PEO scaffolds (Publication III, Figure 3i).

5.9 Drug release from electrospun scaffolds (I, 11)

The polymer properties (affecting drug release from DDS) such as molecular
weight, viscosity of the polymer solution, surface tension of the polymer solution
can be modified with solvents used for electrospinning. (D’Amato et al., 2017)
Furthermore, the volatility of the solvent has a huge impact on the fiber and
scaffold structure which is also in correlation with the differences seen in the drug
release properties. (D’Amato et al., 2017) Furthermore, there have been studies
that have changed the polymers as well as manipulating the humidity which have
a huge effect on the drug release properties. (Y. Yuan et al., 2018) Our results
showed that the solvents used for electrospinning have a significant impact on the
drug release properties. Our group has previously developed a DDS with pro-
longed CAM release when CF:MET solvent system was used for preparing the
PCL-CAM scaffolds. (Preem et al., 2017) Present study results however showed
fast release from the PCL-CAM fiber scaffolds (Publication I, Figure 7). The
effect of porosity (more specifically pore size of the fiber scaffold) on drug
release from electrospun scaffolds has thoroughly been investigated (Naseri et al.,
2015; Soliman et al., 2011). However, the effect of surface porosity of the single
fibers has only been discussed in few previous studies.(Ren et al., 2018; Yaru
et al., 2018) Co-axially electrospun fibers with surface porosity have shown in-
creased drug release in comparison to the fibers with no pores.(Nguyen et al.,
2012) Furthermore, surface porosity increases the amount of drug released from
the scaffold, since with non-porous fiber scaffolds some of the drug may be
entrapped within the fibers.(Yaru et al., 2018) From this it was of interest to study
the effect of differently structured fibers (however similar thickness) on the drug
release properties from the scaffold. We hypothesised whether the pores on fibers
(without any modification on the formulation composition) could be used as an
approach to modify and control the drug release from fibers.

We observed initial burst release properties of CAM with all scaffolds despite
the differences in their structure (pores vs no pores on single fibers) (Publi-
cation I, Figure 7). This indeed made the comparison and understanding the
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effect of pores more challenging. Nevertheless, we saw interesting differences
regarding the burst release and total amount of drug released. The highest burst
release of CAM was seen with non-porous nanofiber scaffold which was
66.9 +4.0% after 3 min. Porous microfiber scaffold burst release was 53.5 +7.0%,
respectively. The burst release was followed by slower release properties for
porous microfiber and non-porous nanofiber scaffold. At 96 h timepoint the
highest CAM cumulative release was seen with non-porous nanofiber scaffold
where 72.6+7.7% of CAM was released. Interestingly porous microfiber
scaffolds had 59.2 + 3.2% of CAM released at the same timepoint which suggests
that some of the drug was still entrapped within the scaffold/fibers. To confirm
that the phenomenon was not only caused by higher surface area provided with
nanofiber structure we also tested CAM release properties from non-porous
microfiber scaffolds. The results confirmed our hypothesis as non-porous micro-
fiber scaffold showed only 20% of CAM release at 96 h. Most probably most of
CAM was located within the non-porous microfibers and only the drug located
on the surface of the fibers was able to be released. As porous microfiber scaffold
and non-porous microfiber scaffold were prepared using the same polymer/solvent
composition it was interesting to observe these major differences. The surface
porosity, which was achieved with the suitable polymer/ solvent composition
combined with high humidity during electrospinning, changed the drug release
behaviour from the scaffold. For that the dissolution media have to penetrate into
the scaffold in order to provoke the diffusion. Regarding the results seen with
non-porous microfiber scaffold, where only 20% of the drug was able to diffuse,
the hydrophobic nature of PCL might have caused insufficient buffer penetration.

With zein loaded scaffolds the TET release behaviour was also studied from
different fiber scaffolds. As the zein based systems were prepared co-axially
potentially having the core-shell structure, the release properties were also
thought to be different. However, the burst release effect was seen with all com-
positions where about 70% of TET was released at 5 min timepoint. This could
be related to the high instability of the scaffolds in biorelevant media confirmed
by contact angle, drug release and degradation/stability measurements. Contact
angle measurements showed that zein based scaffolds were very hydrophilic in
nature (paragraph 5.8 Wettability, swelling, and early in vitro degradation
behaviour). Furthermore, TET loaded samples showed degradation and in some
cases ((Z+SA+TET) PEO) pore formation through the fibers (Publication III,
Figure 2). All this most probably ended up dissolving the drug in the dissolution
medium very rapidly which corresponds to the high burst release values.

There are various drug release mechanisms described for the electrospun fiber
scaffolds (S. Dash et al., 2010) and studying these mechanisms enables to under-
stand better the structure/behaviour relationships relevant for the design and
development of such novel DDSs. It has previously been discussed that the drug
release from PCL scaffolds is mainly based on diffusion.(Mclnnes et al., 2018)
The ATR-FTIR confirmed the differences in interactions between PCL and
solvent systems used for electrospinning (Publication I, Figure 6). Even though
PCL and used model drug CAM are hydrophobic the solvent systems used are
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different in nature. AA:FA compared to THF:DMSO and CF:MET solvent
systems, is thought to be more hydrophilic. Due to this the polymer/drug inter-
actions with AA:FA are different. There might have been interactions between
hydrophobic polymer and drug and hydrophilic solvent system that could have
caused the drug to be deposited rather on the surface of the fibers than the inner
structure of the fibers.(Sirc et al., 2012) Acidic environment might increase the
surface charge of PCL during dissolution which could increase an affinity to
water as well as drug release from the scaffolds. The surface morphology of the
fiber scaffolds is also affected by the dissolution of the polymer in the chosen
solvent system. Higher soluble solvents for PCL like CF and THF increase PCL
aggregation and less soluble solvents such as ACE result in increased filament
structure. (Pok et al., 2010) With hydrophobic system (polymer, drugs, solvents)
the interactions and affinity increases. To sum up, the structural differences of the
fibers within the scaffold, interactions between the components that have been
used for electrospinning, and surface changes (surface porosity) are amongst
some of the parameters that affect the drug release properties from the scaffold.

5.10 Biological relevance of differently designed
fiber scaffolds (I, 1)

5.10.1 Fibroblast attachment, biocompatibility
and cytotoxicity (l1, 11I)

The investigations involving the scaffold — eukaryotic cell interactions are espe-
cially important when designing electrospun scaffolds for wound healing. The
scaffold needs to be suitable substrate for cells to attach and grow on in order to
aid the native wound healing process. Furthermore, all used materials need to be
biocompatible and non-toxic. There are many reports showing the cell inter-
actions with electrospun scaffolds, however the results are very different and
mainly depend on the cell line used. (Sadeghi et al., 2016b; R. Xue et al., 2017)
We used BHK-21 cell line that has been successfully used in many studies.
(Hasbiyani et al., 2020; S. H. Huang et al., 2010) MTS assay was chosen for the
fibroblast attachment testing on differently structured electrospun scaffolds and
understanding their biocompatibility. MTS test contains tetrazolium salts (spe-
cifically phenazine methosulfate) which interact with metabolically active cells
that start to produce formazan dye. The metabolism is carried out by dehydro-
genase enzymes and the dye can be quantified by measuring absorption at
490-500 nm. (V. Kuete et al., 2017) CAM loaded porous microfiber scaffold had
the highest MTS activity (Publication II, Figure 6). This indicates that micro-
fibers with surface porosity offered best substrate for fibroblast attachment and
proliferation. Furthermore, as drug loaded scaffolds had no negative effect on
BHK-21 cells it can be concluded that CAM concentration was optimal and non-
toxic in line with the literature.
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No significant differences in MTS activity were seen when comparing different
microfiber CAM loaded scaffolds (porous vs non-porous). The trends showed
that cells preferred microfibers with surface pores and the significance was con-
firmed with non-drug loaded scaffolds, where porous microfiber scaffold had
significantly higher MTS activity than non-porous microfiber scaffold. (p <0.05).

Zein based microfiber scaffolds were also tested with BHK-21 cell line and
MTS test to evaluate the metabolic activity of the cells. (Publication III,
Figure A4) The MTS activity was somewhat lower than porous PCL scaffolds
(0.85-0.95), at about 0.75-0.80. TET did not affect the viability of fibroblasts
which means that the drug concentration used in scaffolds was not toxic. It was
seen that the zein based scaffolds were not stable enough in biorelevant media
and formed a gel (Publication III, Figure 3). Most probably this resulted in
changed fiber and scaffold morphology which inhibited the penetration of cells
into the fiber scaffold. It was seen that due to the dense structure of the fiber
scaffolds and small pore size between the fibers in the scaffold, cell migration
was observed only into the upper surface layer of the scaffold.

In order to get a better understanding of the cell-scaffold interactions
visual analysis with confocal fluorescence microscopy (CFM) was performed.
(Figure 10A-E).

Figure 10. Confocal fluorescence microscopy (CFM) 2D transmitted light micrograph of
porous microfiber scaffold (A) and the same image showing a fluorescent signal that comes
from the FM 4-64 dyed fibroblast cells (B). CFM cross-section micrographs of fibroblast
cells attached onto the electrospun porous microfiber scaffold consisting of (C) CAM;
pristine nonporous microfiber scaffold (D); pristine nonporous nanofiber scaffold (E).
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The BHK cells were deformed in shape and differentiating of the fibers and cells
was exceedingly difficult. Therefore, we decided to use confocal microscopy to
investigate the cell-scaffold interactions. The z-stack images of the samples were
used to construct the 3D micrographs. (Figure 10C-E). Specific membrane dye
(FM4-64) helped to get a better understanding of the shape, size and distribution
of the cells. This analysis also confirmed the results from MTS assay, changes in
morphology, more even distribution and infiltration were observed with CAM
loaded porous microfiber scaffolds (Figure 10C). The distribution and morpho-
logy of cells on non-porous microfibers were similar to the porous ones, however
infiltration seemed to be less evident as lower parts of the scaffold had weaker
intensity of FM4-64 dye (Figure 10D) In contrast non-porous nanofiber scaffold
covered with eukaryotic cells showed a strong fluorescent signal only on the
upper layer of the scaffold indicating that the structure was not ideal for cell
infiltration (Figure 10E).

Fibroblast attachment and growth studies indicated correlations between used
BHK-21 cells and the structural/morphological properties of the fiber scaffold.
Our study showed the tendency for the cells to prefer elastic microfiber scaffold
for attachment and growth rather than stiffer nanofiber scaffold. Furthermore, the
surface porosity on fibers (which further increased due to drug release) had an
impact on the scaffolds’ hydrophilicity and morphology which aided fibroblast
attachment and proliferation. In our study we saw less cell-scaffold interactions
with nanofiber scaffolds which could be related with the fact that the pore size
affects the cellular infiltration properties. (Farooque et al., 2014) Previously it has
been stated that cell-scaffold interactions can be provoked by the substrate.
(Sharifi et al., 2016) One of the parameters affecting cell growth and spreading is
the pore size of the fiber scaffold. (Farooque et al., 2014) There have been studies
that have shown that the pore size above 20 um in the scaffold boosts the fibro-
blast spreading along the walls and within the scaffold. (Wolf et al., 2013) Pores
smaller than cells have induced changes in attached cell morphology however the
limiting factor for entry of cells into the scaffold pores is the size of nucleus (Wolf
et al.,, 2013) We also saw in our study that nanoporous scaffolds had too small
pores between the fibers for the fibroblasts to infiltrate into the scaffold. How-
ever, surface porosity together with microfiber structure seemed to create ideal
substrate for the BHK-21 cells.

5.10.2 Bacterial attachment, biofilm formation
and antibacterial activity (ll, 1)

When developing antibacterial scaffolds for wound healing the material needs to
be either antibacterial or at least it would not promote bacterial growth in the
wound. Ideally the scaffold can also have antibiofilm properties. Pristine PCL
based fiber scaffolds have shown enhanced bacterial growth on the fiber scaffold
surfaces with E. coli and S. aureus. (Pompa-Monroy et al., 2020) Furthermore,
the colonies were not only on the surface of the material but were also located in
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the scaffolds. PCL based scaffolds have also shown to be substrates for bacterial
biofilm formation. (Heiby, 2017; Nickel et al., 1985; Oates et al., 2014; Preem
et al., 2017; Tamayo-Ramos et al., 2018) For the present study, we evaluated the
biofilm formation and antibiofilm activity of the PCL scaffolds with previously
developed biofilm assay. (Preem et al., 2017) We used E. coli DSM 1103 clinical
isolate in this experiment as it is known to be clinically relevant pathogen in
wound infections. (Smith et al., 2020) For zein based microfiber scaffolds we
tested their antibacterial efficiency against E. coli DSM 1103 and S. aureus DSM
2569 wound isolates using agar diffusion assay.

The developed PCL based scaffolds showed no differences in planktonic
bacteria/scaffolds interactions regardless of their structure and composition (Publi-
cation II, Figure 6). However, differences were seen with biofilm bacteria,
where E. coli biofilm formation was evident with scaffolds without the drug. We
confirmed that PCL based fiber scaffolds offer a good substrate for E. co/i biofilm
formation.

Higher biofilm formation was seen on non-porous nanofiber scaffold at 24 h
and 72 h timepoints compared to microfiber scaffolds (porous and non-porous)
(Publication II, Figure 6). Microfiber scaffolds (porous and non-porous)
showed similar biofilm formation at all timepoints, only slightly favouring porous
fiber structure.

All drug loaded samples showed reduced number of biofilm bacteria in every
measured and following timepoints (24 h, 72 h). The latter means that these scaf-
folds have sufficient antibiofilm properties (Figure 11).

Biofilm bacteria

—— Porous microfibers with CAM
8 —— Non-porous microfibers with CAM
—— Non-porous nanofibers with CAM

]

logCFU/mi

T T
24h 48h 72h
Time

Figure 11. Biofilm formation and antibiofilm activity of porous and non_porous electro
spun PCL microfiber and nanofiber scaffolds with CAM on E. coli.

Key: biofilm bacteria—biofilm bacteria washed off from the fiber scaffold; CAM — chloram-
phenicol; detection limit refers to the CFU that can be counted by the plate method (200 CFU/mL).
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However, some differences in biofilm structure and antibiofilm activity were seen.
The highest antibiofilm activity was observed with CAM loaded porous micro-
fiber and non-porous nanofiber scaffolds. In 48 h timepoint the scaffolds (porous
microfibers and non-porous nanofibers) had inhibited the bacterial growth. The
killing of biofilm bacteria was more evident with porous microfiber scaffolds.
The CAM loaded non-porous microfiber scaffold was not so efficient in inhi-
biting the bacterial growth at 48 h timepoint. This could be related to the limited
drug release where only 20% of CAM was released (more thoroughly discussed
in paragraph 5.9 Drug release from electrospun fibers). At 72 h timepoint the
bacterial growth was inhibited with all tested CAM loaded scaffolds.

The bacterial growth and proliferation within the electrospun scaffold are
affected by the size and shape of bacteria. One factor within the scaffold that
affects the growth and proliferation rate is a fiber diameter. Higher proliferation
rate of bacteria has been seen when the fiber diameter is similar to the dimensions
of bacteria. (Abrigo et al., 2015a) With biofilm bacteria on PCL based fiber scaf-
folds it has been seen that it is largely dependent on the bacterial attachment
abilities. (De Cesare et al., 2019) De Cesare et. al showed conditioning film pro-
duction by B. terracola when the cells were incubated in growth medium on
electrospun scaffolds improving bacterial adhesion. In our study we wanted to
see the effect on biofilm formation on differently structured fiber scaffolds as
well as their antibiofilm properties. It was seen that biofilm formation was higher
with non-porous nanofiber scaffolds compared to microfiber scaffolds. It has
been shown that substrates with submicron and nanometric surfaces reduce the
contact area between bacterial cells and substrate surfaces that have a negative
effect on bacterial attachment.(Y. Cheng et al., 2019; Hsu et al., 2013) The surface
nanoporosity on fibers has also shown to decrease the bacterial attachment and
biofilm formation as it increases the repulsive surface-bacteria interaction forces.
(Anselme et al., 2010) In our study the surface porosity had a little to no effect
on the bacterial growth and biofilm formation.

With CAM loaded scaffolds it was observed that the differences in drug
release rate as well as drug amount entrapped within the scaffold also affected F.
coli biofilm formation. Non-porous nanofiber scaffold had the highest drug
release rate, so the small amount of drug still left within the scaffold was unable
to inhibit £. coli biofilm formation. Porous microfiber scaffolds exhibited lower
drug release rate which provided enhanced antibiofilm effect compared to the
non-porous microfiber scaffold. Furthermore, there is a good correlation with the
antibacterial properties on planktonic bacteria and the drug release rates from
drug loaded PCL scaffolds. The scaffolds were also tested with P. aeruginosa
and as expected the scaffold acted as a good surface for bacterial growth and
biofilm formation without any antibacterial nor antibiofilm effect with drug
loaded samples. This is not surprising as P. aeruginosa is known to be resistant
against CAM. (X. Z. Li et al., 1994; Morita et al., 2013)

We also evaluated the antibacterial activity of TET — loaded zein fibers with
agar diffusion assay against clinically relevant wound pathogens S. aureus and
E. coli. (Smith et al., 2020) TET is a suitable antibacterial agent against these
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pathogens. (Ahmad et al., 2015) With our experiment the inhibition zones were
about 23 mm at 24 h timepoint regardless of the scaffold composition (Publi-
cation III, Figure A2). TET is stated to have lower antibacterial activity against
E. colithan S. aureus. (H.-A. S. M., 1976) However, in our study we were unable
to see any relevant differences. (Giske, 2020) Hence all TET loaded samples were
able to inhibit the bacterial growth.
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6 CONCLUSIONS

In the present work antibacterial CAM-loaded porous biocompatible PCL and
TET-loaded core-shell zein based fiber scaffolds were successfully developed. It
can be concluded that both developments were challenging and required modi-
fications of different parameters. More specific conclusions were:

High humidity (RH of 65%) enabled to produce porous (pores on fibers) PCL
microfiber scaffolds from binary solvent mixtures (THF:DMSO and CF:
DMSO). Incorporation of hydrophobic antibacterial drug CAM reduced the
pore formation on fibers. It was seen that high humidity was one of the key
parameters for pore formation as low RH electrospinning with same para-
meters resulted in non-porous PCL fiber scaffold.

Changing of the solvent systems changed the morphology, structure and drug
release properties of the scaffold. Non-porous PCL nanofibers exhibited the
highest drug release, followed by porous PCL microfiber scaffold and non-
porous PCL microfiber scaffold. CAM was entrapped in non-porous PCL
microfibers and only 20% of drug was released into the buffer. Surface poro-
sity was able to increase the drug release from PCL microfiber scaffolds by at
least two times.

The mechanical properties of scaffolds are especially important for wound
healing and tissue regeneration applications. In our study the tensile strength
was highest with non-porous microfiber PCL scaffolds. Surface porosity
increased the elasticity of the microfiber scaffold. Drug encapsulation within
the fibers decreased the tensile strength, and Young’ s modulus of non-porous
microfiber scaffolds and elasticity of all the samples.

The mechanical properties in biorelevant conditions (mimicking wounds) had
anegligible impact on the scaffold’s performance. The tensile strength of non-
porous CAM loaded nanofiber scaffolds decreased under wet conditions — this
was most likely due to the drug release.

Using different solvent systems also affected the scaffold’s interactions with
living cells (bacterial and eukaryotic cells). Porous CAM loaded microfiber
scaffolds support better fibroblast attachment and growth compared to the
non-porous microfiber and nanofiber scaffolds. Furthermore, the porous CAM
loaded microfiber scaffolds offered the best antibiofilm activity against
E. coli. Surface porosity, in addition to the nano- and microscale diameter of
the fibers, changes the living cell-fiber interactions affecting the antibiofilm
efficacy and biocompatibility of the scaffolds for the local treatment of
wounds.
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The core-shell zein based fiber scaffolds (without TET and with TET) were
successfully developed with the addition of plasticizers (PEO and SA) and use
of co-axial electrospinning method. All zein based scaffolds were highly
hydrophilic, furthermore drug release studies showed high burst release (most
of the drug released after 5 min). Although the stability studies in biorelevant
media (degradation study) indicated that the structure was retained, no dif-
ferences in antibacterial properties were seen against E. coli or S. aureus
regardless of the composition. This might be related to the high burst release
of TET from the fiber scaffolds. Fibroblasts on zein based core-shell struc-
tured scaffolds showed lower MTS activity than on PCL based scaffolds indi-
cating that the zein fiber scaffold is less efficient in supporting cell adhesion
and growth. This can be related to the insufficient mechanical properties
(tensile strength, elongation) and problems with the stability of fiber scaffolds.
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