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1. INTRODUCTION 

Nonhealing wounds represent an escalating socioeconomic problem in modern 
society (Järbrink et al., 2017). Several factors contribute to the pathological pro-
gression of wounds, but it is more and more recognized that biofilm and microbial 
unbalance that overwhelms host’s immune responses play a major part in creating 
unfavorable wound environment stalling or preventing healing (P. G. Bowler et 
al., 2001; D. Leaper et al., 2015). Thus, antimicrobial strategies have an irre-
placeable part in the management of these wounds (Daeschlein, 2013). 

Systemic administration of antibiotics is indicated if the wound is severely 
infected (Lee et al., 2005), although this poses a risk of toxicity and insufficient 
local drug levels in the wound (P. G. Bowler et al., 2001; Rhoads et al., 2008). 
The latter can increase the risk for developing antibiotic resistance and initiate 
persister formation (Andersson & Hughes, 2014). Alternatively, traditional topi-
cal pharmaceutical products, like solutions, ointments, creams, can be used, 
despite the inconvenience of needing frequent administration, loss of rheolo-
gical properties due to absorption of wound exudate and lacking effectiveness in 
the presence of wound exudate or biofilm (J. S. Boateng et al., 2008; Siddiqui & 
Bernstein, 2010). As a drug needs proper delivery system to fully exhibit its 
therapeutic potential, incorporating antimicrobial drugs to advanced wound 
dressings could help to improve therapeutic outcomes (J. Boateng & Catanzano, 
2015).  

Electrospinning represents a highly flexible and robust method for the pro-
duction of polymeric nano- and microfiber matrices, allowing relatively easy in-
corporation of different drugs to create versatile drug delivery systems (DDSs) 
with a wide range of drug release kinetics (Kajdič et al., 2019). Polymeric DDSs 
have the capability to deliver drugs to the site of action at a controlled rate and 
establish localized, clinically relevant drug concentrations for extended periods 
of time, hence have the potential to improve the therapeutic efficacy, reduce 
toxicity and enhance patient compliance (Han et al., 2009; Rambhia & Ma, 
2015). 

In addition, electrospun fibers possess many useful properties for wound 
care application, including oxygen permeability, high effective surface area and 
porosity promoting hemostasis and absorption of wound exudate (Rieger et al., 
2013). Also, the morphology of electrospun fibers resembles natural skin extra-
cellular matrix (ECM) that promotes cell adhesion, migration and proliferation, 
and reduces scar formation (Vasita & Katti, 2006; Zahedi et al., 2009). Thus, 
electrospun fiber matrices have great potential to be used as wound dressings 
and localized DDSs. 

Due to the novelty of electrospinning as a method for creating DDSs, much 
is still unknown about the impact of different material and process parameters 
on the structural, physicochemical and biopharmaceutical properties of electro-
spun fiber matrices and how these affect the in vivo performance. Better under-
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standing of these relationships would help to guide rational design of safe and 
effective electrospun fibrous wound dressings. 

The present research work aimed to develop antibacterial drug-loaded 
electrospun matrices intended for the prevention and local treatment of wound 
infections, using different carrier polymers and antibacterial drugs. The main 
hypotheses were that differently designed electrospun matrices have different 
physicochemical and biopharmaceutical properties and depending on the drug 
release profile, these matrices have different antimicrobial efficacy. Com-
prehensive characterization of these developed DDSs was carried out to gain 
understanding of the essential factors contributing to their performance and 
quality. Insight about the interactions between carrier polymers and drugs at the 
molecular level and how these affect bulk properties and structural features of 
the fiber matrices was sought. Novel analytical methods were developed besides 
established methods to improve understanding and rationalize the drug release 
behavior and antibacterial activity of electrospun fiber matrices.  
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2. LITERATURE REVIEW 

2.1. Wounds 
Skin is the largest single organ of the body, continuous with the mucous memb-
ranes, forming a barrier that protects the body from external environment and 
helps to maintain the internal environment. A wound is a loss of epithelial tissue 
integrity causing impaired protective functions of the skin and mucous mem-
branes. The damaging factor can be external (e.g., surgery, chemicals, tempera-
ture, friction, pressure) or internal (underlying disease, e.g., diabetes, carci-
noma). Wounds can be classified in several different ways with a view to their 
management and healing: etiology, location, timing, depth of the injury, pre-
sence or likeliness of developing infection etc. (N. J. Percival, 2002)  

Normal wound healing occurs in four overlapping stages: hemostasis, in-
flammation, proliferation, and remodeling. After injury, platelets are first to 
arrive at the wound site where they regulate the formation of a blood clot. Pro-
inflammatory macrophages, neutrophils and T cells carry out inflammatory 
response to cleanse the wound from foreign particles. The proliferation stage is 
characterized by keratinocytes migration for re-epithelialization, rapid prolife-
ration of endothelial cells for angiogenesis and fibroblasts producing ECM pro-
teins and improving wound contraction. Ultimately, remodeling converts the 
healing wound to a strong and flexible barrier (Guo & DiPietro, 2010). 

Disturbances in this well-orchestrated and finely balanced process can cause 
improper or impaired wound healing. Hypoxia, old age, infection, stress, medi-
cation (e.g. glucocorticoid steroids), obesity, alcohol consumption, smoking and 
poor nutrition are known factors to impair wound healing (Guo & DiPietro, 
2010). In oral cavity, wound healing has additional challenges due to bacteria-
laden environment and constant physical trauma (Toma et al., 2021). Non-
healing wounds are mostly associated with predisposing conditions, like ische-
mia, diabetes, venous stasis disease or pressure. Due to the growth of elderly 
population, epidemic obesity and related chronic diseases, non-healing wounds 
are an escalating burden on the healthcare. The related expenditures are enor-
mous and sharply increasing. For example, in 2016, chronic wounds presented a 
5.5% cost to the National Health Service in Wales (Phillips et al., 2016), and an 
evaluation in 2018 revealed that in Unites States, Medicare spending estimates 
for all wound types ranged from $28.1 to $96.8 billion (Nussbaum et al., 2018). 
Reduced quality of life and humanistic burden is an additional cost not only 
measured in money.  

 
 

2.2. Wound infection 
Skin and mucous membranes that are continuous with it at body openings are 
colonized by microorganisms that in normal situations do not have access to the 
underlying tissues. Once the protective barrier is compromised, the wound will 
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be contaminated by the microbes from the host and the surrounding environ-
ment. Depending on the replication status of those microbes and host response, 
the wound is classified as being contaminated (presence of non-dividing micro-
bial cells), colonized (presence of dividing microbial cells with no harm to the 
host), critically colonized (an intermediate stage with presence of dividing 
microbial cells and beginning of local tissue responses) or infected (presence of 
dividing microbial cells and host injury). This represents a wound infection 
continuum (Edwards & Harding, 2004). Whereas the first two stages are con-
sidered normal, the latter two stages disrupt the orderly wound healing process. 
Before the wound exhibits the classical signs of infection, more subtle signs 
exist due to the microbial imbalance, thus already needing antimicrobial inter-
vention. Bacterial load of more than 105 bacteria per gram of tissue has been 
used to diagnose infection and start antimicrobial treatment. However, the va-
lidity of this has been questioned as both the hosts’ immunological status and 
underlying pathologies together with microbial phenotype, virulence factors and 
synergistic effects between some microbial species affect the course of wound 
healing (Philip G. Bowler, 2003; Howell-Jones et al., 2005). 
 
 

2.3. Wound microbiology 
The diversity of microorganisms present in a wound is affected by several fac-
tors, including wound type, location, depth, oxygenation and the conditions of 
host immune system (P. G. Bowler et al., 2001). Most wound colonizers are 
endogenous (coming from the skin, gastrointestinal, oropharyngeal or genitou-
rinary mucosae) as most exogenous environmental contaminants are not able to 
replicate in a wound.  

Most common bacteria isolated from skin wounds are Staphylococcus 
aureus and coagulase-negative staphylococci. Other frequent isolates include 
Enterococcus faecalis, Pseudomonas aeruginosa, Escherichia coli, Klebsiella 
spp., Proteus spp., Prevotella spp., Bacteroides spp., Peptostreptococcus spp., 
Porphyromonas spp. etc. (Howell-Jones et al., 2005; Siddiqui & Bernstein, 
2010). Porphyromonas gingivalis, Parvimonas micra, Fusobacterium nuclea-
tum are associated with oral ulcerations (Laheij et al., 2013). Molecular techni-
ques have shed light on the true complexity and polymicrobial nature of in-
fected wounds, whereas routine microbial cultures largely underestimate the 
diversity of strict anaerobic bacteria and yeasts (Davies et al., 2001; Steven L 
Percival et al., 2015; Rhoads et al., 2012). Although the find of certain bacteria, 
especially in low numbers, may not be clinically relevant, some pathogens are 
always significant, e.g. group A beta-hemolytic streptococci, mycobacteria and 
Clostridium perfringens (Schraibman, 1990; Siddiqui & Bernstein, 2010). On 
the other hand, some commensal species may prevent colonization by patho-
gens and aid the healing process (Ovington, 2003). Wound microbiota is most 
likely dynamic over the course of wound progression. The longer the wound 
remains, the higher the number of both aerobic and anaerobic bacteria is. Due to 
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inadequate perfusion and low oxygen levels of chronic wounds, the growth of 
anaerobes is facilitated (Siddiqui & Bernstein, 2010). Also, some wound loca-
tions, for example periodontal pockets in case of periodontal diseases, have 
anaerobic environment that favors the growth of anaerobes, e.g., Porphyro-
monas gingivalis, Treponema denticola,, Tannerella forsythia, Eubacterium 
spp., Prevotella spp., Peptostreptococcus spp., Fusobacterium spp., Bacteroides 
spp. and Selemonas spp. (Alwaeli, 2018; Socransky & Haffajee, 2005). 

Microorganisms tend to aggregate on surfaces to form a biofilm. Biofilms 
are complex communities of bacteria embedded within a matrix of extracellular 
polymeric substance usually attached to a surface of a substrate (Lam et al., 
1980). Biofilm is the most common lifestyle of microorganisms in nature, for 
example, oral microbiome resides predominantly in the form of complex bio-
films (Deo & Deshmukh, 2019). Clinical biofilms can be characterized by the 
presence of non-attached cell aggregates that are embedded in the secondary 
matrix composed of host material, including immune cells, that contribute to the 
chronic state of inflammation (Sønderholm et al., 2017). Sessile and planktonic 
(free-flowing) bacteria have significant phenotypic differences that make bio-
films highly tolerant to hostile environmental conditions, like antibiotic treat-
ments and hosts’ immunological responses. In addition to the conventional re-
sistance mechanisms, stationary-phase physiology of sessile bacteria, their slow 
growth in the center of the biofilm, and possible matrix mediated antibiotic 
binding and diffusion retardation contribute to the difficulties of biofilm era-
dication (Høiby et al., 2011). The local ecology of chronic non-healing wounds 
is supportive of biofilm formation. Biofilm-related infections typically develop 
slowly and have persistent nature, responding poorly to antimicrobial therapy 
and are rarely resolved solely by immune defenses (Brady et al., 2008; Stewart 
et al., 2001). Mature biofilm can also shed fragments of biofilm, planktonic 
bacteria and microcolonies, which can be the seeds for new biofilm colonies 
and invasive infection. Thus, special attention needs to be put on finding and 
implementing preventive and/or treatment strategies to fight against wound 
biofilm. 
 

2.4. Wound infection management 
Management of wound infection and biofilm comprises two major steps: re-
moval of existing biofilm by different debridement techniques, and prevention 
of biofilm reconstitution by rational use of dressings and antimicrobials (D. J. 
Leaper et al., 2012).  

Debridement for removing biofilm and necrotic tissue is one of the most 
effective ways to fight or prevent wound infection and enhance healing (S. L. 
Percival & Suleman, 2015). Non-debrided tissue obscures wound depth and 
condition, provides a focus for infection, provokes inflammation and interferes 
with wound granulation, contraction and epithelialization (Ousey & McIntosh, 
2010; Steed et al., 1996; Wolcott et al., 2009). Desloughing reduces the poten-
tial areas of microbial attachment, thus making the formation of new biofilm 
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less likely. Moreover, killing the bacteria in biofilm alone is not sufficient as the 
presence of extracellular polymeric matrix without viable bacteria can still 
significantly delay wound healing and increase inflammation and risk for bio-
film regrowth (Hemmi et al., 2000). It has also been shown that immature bio-
film that remains after the debridement is more susceptible to antibiotic treat-
ment (Wolcott et al., 2010). Though autolytic debridement via neutrophil-
derived enzymes occurs naturally in early stages of wound healing, assisted 
surgical, enzymatic, autolytic or mechanical debridement accelerates the healing 
process (Steed et al., 1996). Irrigation fluids, gels and wound dressings that 
have an ability to loosen, soften, and sequester debris and necrotic tissue are 
often used (Steven L. Percival et al., 2019).  

Systemic administration of antibiotics is indicated if wound infection is 
spread to deep tissues, or the infection is systemic. However, systemic anti-
biotics can only suppress rapidly growing cells and have limited efficacy in 
treating or preventing wound biofilm formation. Systemic administration is 
further complicated by poor blood circulation in many chronic wounds, leading 
to inappropriate antibiotic concentrations at the site of infection and/or systemic 
side effects. It is important to note that due to the polymicrobial nature of non-
healing wounds, genetic exchange between bacteria is likely to take place, as 
happened with the emergence of vancomycin-resistant S. aureus, first isolated 
from chronic wound patients (Centers for Disease Contol and Prevention 
(CDC), 2002a, 2002b). Thus, inappropriate antibiotic concentrations at the site 
of infection can be a growth stage for antibiotic resistance. Fortunately, these 
problems could be overcome by precise local delivery. Topical antibacterial 
dressings have been shown to prevent the attachment and maturation of biofilm 
(Rhoads et al., 2008).  

Antiseptics are agents that destroy or inhibit the growth and development of 
microorganisms in or on living tissue. Unlike antibiotics, antiseptics are not 
administered systemically, but only applied topically on the intact skin or some 
on open wounds. However, it has been debated that they can cause some harm 
to human cells and thus prolong wound healing (Drosou et al., 2003). Still, most 
contemporary antiseptics, when used with care and not exceeding optimal con-
centrations, are valuable tools as they have broad spectrum and are thus bene-
ficial for treating polymicrobial wound infections (Roberts et al., 2017). The 
lack of clinically significant microbial resistance to topical antiseptics due to 
their less specific action mechanisms is often highlighted as an advantage over 
topical antibiotics (D. J. Leaper et al., 2012). However, there is an increasing 
concern that widespread use of topical antiseptics, like chlorhexidine and triclo-
san, can actually lead to cross-resistance with other clinically relevant anti-
bacterial drugs (Kampf, 2016; McNamara & Levy, 2016). Most common anti-
septics used on wounds are silver, polyvinylpyrrolidone (PVP) iodine, octe-
nidine, honey, and polyhexanide (polyhexanidine, polyhexamethylene bigua-
nide, PHMB). Just as antibiotics, antiseptics are less effective against biofilm 
than planktonic cells. 
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Antibiotics are drugs that act selectively on bacteria to reversibly inhibit 
their growth (bacteriostatic) or irreversibly kill them (bactericidal). Due to the 
selectivity, they are less harmful to the host compared to bacteria. Topical ad-
ministration of antibiotics is an area of controversies. Due to the possibility of 
inducing antibiotic resistance, it is generally advised against using topical anti-
biotics to treat chronic wound infections (D. J. Leaper et al., 2012). Widespread 
use of topical mupirocin and fusidic acid in some settings has already resulted 
in resistance that limits their potential efficacy (Williamson et al., 2017). In 
addition to selecting for resistance, topical antibiotics can be responsible for 
delayed hypersensitivity reactions, a response mediated by type 1 helper 
lymphocytes that leads to macrophage activation, and superinfections (Lipsky & 
Hoey, 2009; Maker et al., 2019). This cautious reluctance towards topical anti-
biotics may be at least partially due to the lack of appropriate dosage forms or 
DDSs that would allow precise control over drug release. Wound dressings 
impregnated with antimicrobials provide indispensable aid in controlling wound 
bioburden, however, the release of those antimicrobials is often uncontrolled 
and result in rapid increase in local concentrations, favoring local toxicity but 
also systemic absorption and related side effects. At the same time, drug levels 
dropping below therapeutic window could effectively induce resistance. Still, it 
is proposed that skillful use of topical antibiotics with more sophisticated deli-
very platforms should not be disregarded. This faith is illustrated by the 
growing number of scientific publications regarding topical antibiotics in novel 
wound dressings (X. Liu et al., 2021). Implementation of personalized topical 
therapeutics, antibiotics included, combined with molecular diagnostics has 
been shown to result in statistically and clinically significant improvements in 
wound healing (Dowd et al., 2011).  

Progress in the development of novel nanotechnology-based wound dres-
sings shows great promise in solving the abovementioned problems. The tech-
nology provides flexibility in creating fibrous wound dressings able to deliver 
different drugs directly to the site of action at defined rate for extended periods 
of time. Localized, clinically relevant drug concentrations in the wound can 
improve therapeutic efficacy, reduce toxicity and enhance patient compliance 
(Rambhia & Ma, 2015). Thus, antimicrobial drug-loaded nano- and micro-
fibrous dressings are an interesting direction in the development of topical 
DDSs for treating wound infections. 
 
 

2.5. Electrospinning 
Electrospinning is a technique for fabricating polymeric nano- and microfibers 
using electrostatically driven jet of polymer solution or polymer melt. Typical 
needle-based setup is composed of four main constituents: 1) a polymer solution/ 
melt in a syringe equipped with a suitable needle/nozzle/spinneret, 2) syringe 
pump, 3) high-voltage power supply, and 4) grounded metal collector (Figure 
1A). A drop of polymer solution or melt is pushed out of the capillary nozzle by 
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the pump under the action of high voltage, causing the droplet to become 
charged. As the electrostatic repulsion counteracts the surface tension, the 
droplet is stretched until at a critical point it forms the Taylor cone (Figure 1B) 
and a jet of polymer solution or melt is discharged toward a ground collector. 
The jet flows away in a nearly straight line but will bend into a complex path as 
it is stretched and thinned by the electrical forces. If molecular cohesion or 
chain entanglement in the droplet is sufficiently high, the jet continues to stretch 
until fine fibers are formed and collected on the grounded metal surface 
(Reneker & Yarin, 2008).  
 
 

 
Figure 1. A. Schematic representation of an electrospinning setup comprised of a poly-
mer solution in a syringe attached to a syringe pump (a), high voltage power supply (b) 
and grounded metal collector plate (c). B. Taylor cone formed of an electrospinning 
solution at the tip of the needle. C. Picture of an electrospun fiber matrix. D. Scanning 
electron microscopy micrograph of an electrospun fiber matrix. 
 
 
The method is rather inexpensive and flexible, allowing the application of wide 
array of different polymers and other ingredients, resulting in a versatile selec-
tion of fibrous materials. In addition to the described setup, various modifica-
tions, mostly performed on the spinneret or collector, have resulted in novel 
electrospinning techniques. For example, core-shell structured nanofibers can be 
prepared using a coaxial needle instead of the common spinneret (Z. Sun et al., 
2003; Yarin, 2011). Other techniques, including self-assembly and phase sepa-
ration may be used for the production of such fibrous polymeric structures 
(Hartgerink et al., 2001), however, electrospinning shows the most promise for 
scale-up and mass production for commercial use. The yield of electrospinning 
could be increased by using either multi-needle or needleless free surface sys-
tems (Forward & Rutledge, 2012; Laidmäe et al., 2016; Molnar & Nagy, 2016; 
Yarin & Zussman, 2004). Also, solution blow spinning method has been de-
veloped that allows mass production of fibers without the need of high voltage 
(Vasireddi et al., 2019). In addition to large-scale production, a handheld 
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electrospinning device operating on batteries has been developed (Singh et al., 
2018).  
 
 

2.6. Factors affecting electrospinning 
Although the electrospinning process seems simple, there is a wide variety of 
parameters that can be changed, and all these parameters modify the structural 
as well as mechanical properties of the obtained fibers or fiber mats (Teo et al., 
2011). All these parameters need to be controlled and optimized to obtain a 
matrix with desired properties. 

Factors that affect the electrospinning process can be divided into three main 
categories: electrospinning parameters, solution properties and environmental 
conditions. Electrospinning parameters include the applied voltage, solution 
flow rate, needle diameter and needle-to-collector distance. The solution proper-
ties comprise the nature of the solvent(s) and the polymer(s) together with their 
concentrations, solution viscosity and conductivity. The most important en-
vironmental factors that need to be monitored and controlled are relative hu-
midity (RH) and temperature.  

At a critical value of applied voltage, a droplet of polymer solution will de-
form into a Taylor cone and fibers will form. The following increase in voltage 
will decrease the diameter of fibers as the stretching of the polymer jet is corre-
lated with the charge repulsion (Sill & von Recum, 2008). Further increase of 
voltage beyond a critical value will lead to the formation of beads and thicker 
fibers (A. Haider et al., 2018). Beaded structures could also be the result of 
excessive polymer solution feeding rate. Increasing the flow rate beyond the 
optimal value can also cause ribbon-like structures and other spinning defects, 
and increase fiber diameter and pore size due to low stretching and incomplete 
drying of the polymer jet (Megelski et al., 2002). If the flow rate is too slow, 
cone jets could alternate with receded jets, where the polymer solution emerges 
directly out of a needle without first forming a droplet or a Taylor cone. This 
instability results in nanofibers with a wide diameter distribution (Zargham et 
al., 2012). The needle-to-collector distance needs also to be maintained optimal, 
so the fibers have enough time to stretch and the solvent to evaporate as the jet 
travels through the air. Too short distance is likely to cause fibers to be defec-
tive and thick (Baumgarten, 1971; T. Wang & Kumar, 2006). 

As the polymer concentration increases in the electrospinning solution, the 
viscosity of the solution also increases. The concentration needs to be sufficient-
ly high to allow polymer chain entanglement for fiber formation (S. Haider et 
al., 2013). Inadequate chain entanglement can lead to beaded nanofibers or 
electrospray. Too high viscosity, on the other hand, causes problems with the 
solution flow through the needle and needle blockage (S. Haider et al., 2013; 
Pillay et al., 2013). In the appropriate concentration range, fiber diameter in-
creases together with the concentration (Z. Li & Wang, 2013). Free charges 
need to be present in the solution to allow generation of electrostatic force by 
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the applied electric field. Increasing solution conductivity by adding electrolytes 
can thus improve electrospinning process. Still, increasing conductivity over a 
critical point can negatively affect the Taylor cone formation due to decreased 
tangential electric field (A. Haider et al., 2018).  

The selection of appropriate polymer(s) and solvent(s) for electrospinning 
need to be carefully considered. First, the polymer is chosen, keeping in mind 
the functionalities and characteristics that the end-product needs to have and its 
final application. Second, a compatible solvent or a solvent mix is selected. The 
solvent needs to completely dissolve the polymer and, in most cases, any other 
substance that is added to the mix. Also, the solvent must have a relatively low 
boiling point, indicating good volatility, to facilitate the evaporation of the sol-
vent during electrospinning. Too fast evaporation rate, on the other hand, can 
cause problems with needle clogging. Combining different solvents can help to 
overcome the shortcomings of a single solvent. Binary solvent systems com-
posed of solvents and non-solvents can be used for the production of porous 
fibers (Lanno et al., 2020; Sill & von Recum, 2008).  

Ambient conditions can greatly affect fiber properties. Both RH and tem-
perature can affect solvent evaporation rate and thus the fiber solidification 
process. Higher RH reduces the evaporation rate, whereas higher temperature 
has the opposing effect. Faster solvent evaporation leaves less time for polymer 
jet elongation, resulting in thicker fibers (Pelipenko et al., 2013). On the other 
hand, delay in the solidification caused by too high humidity can lead to the 
formation of beads and poor drying (Szewczyk & Stachewicz, 2020). Increasing 
temperature can also reduce solution viscosity. High RH has been used to fabri-
cate porous fibers as water vapor condenses as droplets on the fiber (Bae et al., 
2013; Ramos et al., 2021). 
 
 

2.7. Electrospun wound dressings 
Electrospinning is a well-documented method for preparing fibrous non-woven 
wound dressings (Huang et al., 2003). The ideal wound dressing would ac-
celerate the healing, prevent infection and restore the structures and functions of 
the skin (Abrigo et al., 2014). Electrospun matrices (Figure 1) meet these crite-
ria as they have a unique collection of highly desirable and useful properties for 
wound care applications. Small fiber diameter, high porosity and specific sur-
face area of these matrices are the main characteristics that distinguish these 
systems from other modern wound dressings, like hydrocolloids, hydrogels etc. 
These architectural features allow effective gaseous exchange, promote hemo-
stasis and help to absorb wound exudate (Drobnik et al., 2017). The latter en-
sures appropriate moisture balance in the wound environment which is required 
for the action of growth factors, cytokines, and cell migration, all necessary for 
successful wound healing. (D. J. Leaper et al., 2012; Winter, 1962) At the same 
time, pores between the fibers can be small enough to protect the wound from 
contamination (Fahimirad et al., 2021). Although the exact composition of the 
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ECM depends on the tissue, fibrous-forming proteins, especially collagen fibers 
with a diameter ranging from 1 to 20 micrometers, are its main components 
(Theocharis et al., 2016; Ushiki, 2002). Owing to the morphological resem-
blance, electrospun matrices can mimic the ECM and provide an excellent en-
vironment for wound healing, facilitating cell migration and proliferation 
(Harding et al., 2002; Murugan & Ramakrishna, 2006). Electrospun matrices 
can reduce pain, inflammation and scarring (L. Sun et al., 2018). Another cru-
cial aspect highlighting the benefits of electrospinning technique to produce 
wound dressings is the relative ease of allowing the incorporation of different 
pharmaceutically active ingredients (APIs). Hence, electrospun wound dressing 
can at the same time be a DDS. Although electrospun wound dressings are 
mostly intended for the local treatment of skin wounds, the treatment of 
wounds/infections at other locations like those in oral cavity, can benefit from 
the same advantages of fibrous DDSs as skin wounds. 
 
 

2.8. Electrospun drug delivery systems 
Electrospun matrices can be used as delivery vehicles for many different types 
of drugs, at the same time allowing high flexibility in the rate and site of drug 
delivery. Anticancer agents, antibiotics, anti-inflammatory drugs, antihistamines, 
cardiovascular and gastrointestinal drugs, contraceptives and palliative care 
medications have all been incorporated into electrospun matrices (Shahriar et 
al., 2019). Some examples of antibiotics in electrospun DDSs include tetra-
cycline hydrochloride (Liao et al., 2015), vancomycin (Dhand et al., 2017), 
streptomycin sulfate (Unnithan et al., 2014), enrofloxacin (He et al., 2015), 
cefazolin sodium (Fazli & Shariatinia, 2017), nitrofurazone (Zhao et al., 2015), 
fusidic acid (Said et al., 2011), polymyxin B (X. Zhang et al., 2015), mupirocin 
(Chen et al., 2017) etc. Electrospun matrices have been proposed for oral, sub-
lingual/buccal, ocular, nasal, vaginal, rectal, topical and transdermal routes 
(Anup et al., 2021). They can be designed both for immediate or prolonged drug 
release, or more complex profiles, like biphasic release and stimulus-controlled 
release (Kajdič et al., 2019) 

Drug release from electrospun DDS can be complex as it often involves 
several simultaneously occurring processes. Two main steps can be described: 
(1) release of the drug out from the fiber into the void volume of the matrix and 
(2) release of the drug out from the void volume of the matrix into bulk solution 
via diffusion (Munj et al., 2017). Processes that result in drug molecules being 
released from the fiber include desorption of the drug from the fiber surface, 
polymer chains relaxation, diffusion within polymer, polymer dissolution/ 
degradation and swelling. Desorption, polymer relaxation and diffusion are 
dominating if the matrix geometry stays unchanged in dissolution medium. If 
the matrix starts to dissolve, degrade or swell in the time-frame of drug release, 
it will change diffusion pathway and facilitate drug release (G. Yang et al., 
2018). Degradation can occur by either surface or bulk erosion. The first 
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happens if the polymer degrades faster than the dissolution medium can enter 
the matrix, opposite is true for the latter. Polymer swelling can have opposite 
effects, whether it creates additional pores into the fiber structure due to water 
absorption and thus aids drug diffusion, or reduces interfiber porosity and in-
creases diffusion resistance (Ko et al., 2019; Munj et al., 2017).  

The primary factors that shape the properties of electrospun DDS and its 
drug release profile could be categorized as follows: the loading method, 
meaning how the drug is incorporated into the matrix; the material properties, 
including the nature of both the drug and the polymer; and architectural features 
of the matrix, comprising the fiber dimensions, both fiber and matrix porosity, 
fiber matrix thickness, and layered structures. 
 

2.8.1. Loading methods 

Methods to incorporate drugs into electrospun matrices are summarized in 
Figure 2. The most common and simple way to incorporate a drug into an 
electrospun matrix is to blend it with a polymer solution prior electrospinning. 
In order to protect the drug or modify its release, it is also possible to encap-
sulate the drug before mixing with the electrospinning solution or encapsulate 
the drug into the fiber core by coaxial electrospinning or emulsion electro-
spinning. The drug could also be loaded after electrospinning by surface 
immobilization. 

Blend electrospinning is suitable for creating both immediate and prolonged 
release DDSs. The resulting release profile is largely dependent on the proper-
ties and compatibilities of the carrier polymer(s), solvent(s) and incorporated 
drug(s), but also the drug load (Zeng et al., 2005). This one-step approach is 
advantageous for its simplicity, although more complex strategies may be 
needed for modifying the release. For instance, zero-order release is not easily 
achieved with blend electrospinning as there is often a problem with initial burst 
release, creating a biphasic release profile of burst release followed by sustained 
release (Wu et al., 2020). Biphasic release is beneficial if effective drug con-
centrations need to be achieved quickly and, at the same time, maintained over a 
longer time-period without the need for frequent administration of the drug 
(Kuang et al., 2018).  

If the burst effect needs to be minimized, the drug could be encapsulated in-
side the fiber core or into nanoparticles or liposomes. The latter creates two 
barriers, the nanoparticle and the nanofiber, hence the release can be slower 
compared to either system alone (Y. Wang et al., 2011). Feeding two, or some-
times even more, different polymer solutions through concentric nozzles is the 
basis of coaxial electrospinning for creating core and shell structures, where the 
drug is typically loaded into the core and the shell acts as a physical barrier 
between the core and the environment. Alternatively, emulsion electrospinning 
is carried out by the emulsification of two phases using an emulsifier and 
feeding it through a conventional nozzle (Nikmaram et al., 2017). As the inner 
phase coalesces during electrospinning, core and shell fibers are created. If 
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coalescence does not occur, the inner phase could be preserved as droplets 
inside the fiber. This complicates the formulation and production, but at the 
same time gives additional room and possibilities for the design. Encapsulating 
the drug could also serve other purposes besides prolonging the release, like 
stabilizing and protecting the drug. 
  

 

 Figure 2. Drug loading methods into electrospun fiber matrices: blend electrospinning; 
coaxial electrospinning; emulsion electrospinning; encapsulation into nanoparticles 
prior electrospinning; and post-immobilization. Reprinted by permission from Springer 
Nature (Preem & Kogermann, 2018). 
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A drug could also be incorporated into the matrix after electrospinning. This 
could be done by simple immersion of the matrix in a drug solution, relying on 
non-specific adsorption process (Zdarta et al., 2019) or electrostatic interactions 
(Vonasek et al., 2017), or covalent binding. Covalent binding can be done 
directly, if suitable functional groups are present, or mediated by a crosslinker. 
Whereas adsorption leads to weak attachment of the drug onto the fibers, 
resulting in burst release (J. Wang & Windbergs, 2018), covalent bond is a 
strong chemical bond and drug release is only possible if the bond is degraded. 
Thus, covalent binding can significantly prolong drug release (Allafchian et al., 
2020). The main advantage of these methods is that the drug and the electro-
spinning solution are handled separately, so the stability of the drug does not 
limit the choice of electrospinning solvent. This is especially important if bio-
molecules are loaded. On the other hand, the immobilization processes are 
laborious, and the matrix needs to preserve its structural integrity in the solvents 
that are used for post-processing.  

In addition to the loading method, the amount of drug in the fibers is im-
portant consideration. Higher drug loading leads to more significant burst 
release and shorter period of release due to larger amounts of surface-associated 
drug and high surface area of the fibers (Cui et al., 2006; Natu et al., 2010). 
Although sustaining the release is easier with lower drug load, the concentra-
tions thus achieved may be clinically ineffective. Thus, a compromise between 
drug load and release needs to be found.  
 

2.8.2. Material properties 

Although not all polymer solutions are electrospinnable, there exists a great 
variety of different polymers, including natural and synthetic, biodegradable 
and non-biodegradable, hydrophilic and hydrophobic, and combinations of 
them, that have been successfully employed as carriers for electrospun DDSs. 
The choice of a polymer is a key factor in the design of an electrospun DDS as 
it largely shapes its final properties, including drug release profile. 

Natural polymers generally have good biocompatibility and cellular affinity, 
although they lack in mechanical properties and stability in physiological 
environment (Vineis & Varesano, 2018). The latter makes it difficult to design 
prolonged release formulations using natural polymers, whereas crosslinking 
can be helpful but brings concerns of toxicity (Campiglio et al., 2019). There 
are also problems with batch-to-batch variability. Some examples of natural 
polymers used for electrospinning include gelatin, chitosan, alginate, silk 
fibroin, and hyaluronic acid (Mele, 2016). Synthetic polymers, on the other 
hand, are usually more affordable, stable and have better mechanical properties, 
but do not provide bioactive cues for promoting cell attachment and prolifera-
tion, necessary for some biomedical applications, and may lack in hydrophili-
city (Keshvardoostchokami et al., 2020). Some commonly used synthetic 
polymers for electrospinning include hydrophobic polyesters, like polycapro-
lactone (PCL), polyglycolic acid (PGA), poly(lactic-co-glycolic acid) (PLGA), 
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polylactic acid (PLA), and hydrophilic poly(ethylene oxide) (PEO), PVP and 
polyvinyl alcohol (PVA) (Keshvardoostchokami et al., 2020). The shortcomings 
of a single polymer, be it a natural or a synthetic one, is commonly balanced by 
blending it with another polymer. By combining different polymers, it is pos-
sible to improve electrospinnability and tune matrix properties and drug release 
as preferred. For example, chitosan is often blended with PEO (Ignatova et al., 
2013) and PCL with gelatin or other hydrophilic polymers (Dulnik et al., 2016; 
Shi et al., 2018). 

Polymer behaviour in water, more precisely its wetting, swelling, dissolution 
and degradation, largely affect the drug release profile. Hydrophilic water-
soluble polymers are useful for immediate release DDSs. The dissolution rate 
and the apparent solubility of the drug are enhanced due to a high specific 
surface area and porosity of the matrix which creates a large contact area, 
allowing rapid wetting, disintegration and dissolution of the drug (Paaver et al., 
2015). Manipulating with the wettability of the fibers, hence the rate at which 
the dissolution medium can penetrate the matrix, can alter the drug release. 
Addition of surfactants or complex-forming agents can increase dissolution rate, 
whereas hydrophobic matrices are more appropriate for prolonged release 
(Fathi-Azarbayjani & Chan, 2010; K. Wang et al., 2018). For example, super-
hydrophobic matrices where release rate is directly dependent on the apparent 
contact area have been designed for long-term drug release (Yohe et al., 2012). 
Crosslinking can also effectively change dissolution/disintegration of the 
matrix, giving it more stability in aqueous medium and prolonging the drug 
release (Nada et al., 2016).  

Electrospun DDSs are usually developed for a specific drug, meaning that a 
different drug in otherwise same formulation can behave in a completely diffe-
rent manner. Drug solubility and wetting properties are central to its release, 
together with the proper choice of the solvent and polymer to create a homo-
genous electrospinning solution. If the components are not compatible, e.g. the 
drug and the polymer have different polarities, the drug is most likely deposited 
on the fiber surface where it can readily contact dissolution medium (Zeng et 
al., 2005). As electrospun DDSs have a high specific surface area and the drug 
particles are very small, this results in rapid drug release. It is generally easier to 
prolong the release of hydrophobic drug molecules as they are compatible with 
hydrophobic polymers capable of sustaining the release, whereas hydrophilic 
polymers that are more compatible with hydrophilic drug molecules are usually 
not. 

Solid state properties of the drug and polymer can change in the course of 
electrospinning and can significantly influence matrix properties. Polymer 
crystallinity affects its water uptake, mechanical properties and drug release. In 
general, higher crystallinity impedes the penetration of aqueous medium and 
drug diffusion takes preferentially place through amorphous regions of semi-
crystalline polymer chains (Jeong et al., 2003). Both polymer-polymer and 
drug-polymer interactions can affect polymer crystallinity, but also the choice 
of the solvent (Chou & Woodrow, 2017; Hartman et al., 2010; Kamath et al., 
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2020). Electrospinning tends to reduce drug crystallinity, often into an amorphous 
form (Verreck et al., 2003). Although an amorphous form of the drug has higher 
dissolution rate and apparent solubility, in case of electrospun DDSs, this effect 
to the overall release profile is not so straightforward. As drug recrystallization 
usually takes place on the fiber surface and amorphous form is more likely to be 
deposited inside the fibers, crystalline drug can dissolve more rapidly due to 
large contact area with the dissolution medium (Wei, 2012). Drug recrystalli-
zation is more likely if hydrophilic drug and hydrophobic polymer are com-
bined (Zeng et al., 2005), although the polarity of the solvent of the electro-
spinning solution can greatly influence drug crystal formation too (Seif et al., 
2015). Also, hydrophilic drug particles on the fiber surface can reduce the 
contact angle of the matrix, resulting in faster drug release (Zupančič et al., 
2018).  
 

2.8.3. Architectural features of the matrix 

Electrospinning enables to tailor both morphology and intrinsic structure of a 
single nanofiber, but also the architecture of the matrix in whole, for example, 
its porosity, thickness, layering etc. All these features can have an impact on the 
drug release properties. 

Modified release electrospun DDSs have been classified based on their inter-
nal structure as follows: matrix-type fibers, including monolithic and blended 
fibers; core-shell fibers, including reservoir-type fibers and multi-matrix fibers; 
and other systems, like janus structures, sandwich-type meshes and fibers with 
controlled bead diameter (Figure 3) (Kajdič et al., 2019).  

 
 

 
Figure 3. Classification of electrospun fibers based on their internal structure. The drug 
is depicted as pink dots in the cross-section of fibers, polymer matrix with yellow, green 
or blue color. Matrix type fibers include monolithic (A) and blended fibers (B); core-
shell fibers include reservoir-type fibers (C) and multi-matrix fibers (D); other systems 
have also been developed, like janus structures (E), sandwich-type meshes (F) and 
fibers with controlled bead diameter (G). 
 
 
Monolithic matrix-type fibers have a single carrier polymer mixed with a drug, 
whereas blended fibers have multiple carrier polymers. Reservoir-type core-
shell fibers have drug(s) only in the core and multi-matrix fibers can have 
drug(s) in both core and shell. Janus structures have two side-by-side compart-
ments, enabling simultaneous loading of multiple drugs into different compart-
ments of the fibers. Unlike with core-shell structures, both compartments are in 
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contact with the environment (J. Yang et al., 2020). Sandwich-type meshes have 
multiple layers created by sequential electrospinning of different solutions. 
These layers may be composed of the same or different polymers whereas the 
drug is added only to the inner polymer layer (Jang et al., 2015) or multiple 
drugs can be loaded into different layers if they need to be released at different 
times (Okuda et al., 2010). Beads on fibers act as drug reservoirs and mani-
pulating with the bead size enables to modify release kinetics (T. Li et al., 
2017). 

Fiber diameter and porosity affect drug release. In general, smaller fiber 
diameters mean higher surface area that usually leads to faster drug release. On 
the other hand, larger porous fibers can release the drug more quickly compared 
to smoother smaller fibers (Herrero-Herrero et al., 2018; Thakkar & Misra, 
2017). Surface pores on fibers enhance drug release as they facilitate diffusion 
(Nguyen et al., 2012). Fiber diameter distribution could be manipulated to 
create DDSs with desired release profile (Petlin et al., 2017). Matrix porosity is 
also important as diffusion of release medium is impeded by its complex non-
woven multilayered structure (Munj et al., 2017). More porous matrix means 
more space between fibers and less barriers for diffusion. Matrix thickness can 
affect drug release as it provides additional resistance for diffusion. If increasing 
matrix thickness prolongs the time it takes for the release medium to penetrate 
the matrix, then the thicker the matrix, the slower the release. Still, matrix 
thickness is not universally significant factor if wetting process and solution 
diffusion are not rate-limiting steps in drug release (Munj et al., 2017; Zupančič 
et al., 2018). 

 
 

2.9. Characterization of electrospun wound dressings 
A multitude of features shape the final properties of electrospun DDS, thus 
meticulous characterization is needed to understand the behavior and ensure 
functionality and quality of the pharmaceutical product. Some commonly 
applied tests are universal for all electrospun DDSs, some are more specifically 
based on the precise application of the product. For example, wound dressings 
need to have specific properties to be safe and effective, all of which need to be 
investigated during the design and development process. Electrospun wound 
dressings are novel DDSs, thus novel characterization methods are also needed 
besides those adopted from other dosage forms.  

Regulatory aspects and required specifications depend on the classification 
of the wound dressing. Wound dressings can be classified either as medical 
devices or drug products. The United States Food and Drug Administration 
(FDA) recommends classifying wound dressings with drugs as Class II medical 
devices with special controls, requiring 510(k) premarket notification (Food and 
Drug Administration, 2016b). European Medicines Agency (EMA) categorizes 
wound dressings that incorporate an antimicrobial agent where the purpose of 
such an agent is to provide ancillary action on the wound as combination 
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devices covered by Rule 13. At the same time, if the primary function of the 
dressing relies on pharmacological, metabolic or immunological effect, the 
dressing is a medicinal product rather than a device (Medical Device Coordi-
nation Group, 2021). 

The following section summarizes the most important features of electro-
spun wound dressings together with common characterization methods applied. 
 

2.9.1. Morphology 

Morphology is a primary feature of electrospun DDS as several unique charac-
teristics arise directly from fiber diameter, porosity and arrangement. Optical 
microscopy is a simple and cheap technique, although its limiting resolution is 
typically about 200 nm. Thus, visualizing smaller nanostructures is not possible, 
but the technique is valuable for preliminary characterization. Scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM) are widely 
used for more elaborate imaging of micro- and nanofibrous matrices. The latter 
can be especially beneficial for coaxial fibers to visualize the inner structure of 
a fiber. Atomic force microscopy gives additional information about surface 
topography at nanometric scale. Mercury porosimetry can provide information 
about sample porosity, pore size distribution and pore shape. A significant 
limitation is that the measurements are carried out under high pressure to force 
mercury into the pores and this can mechanically deform fibrous structures 
giving misleading data. Thus, the results must be interpreted with care. Specific 
surface area is better determined with Brunauer-Emmett-Teller (BET) method 
(Širc et al., 2012). 
 

2.9.2. Solid state properties 

Both drug molecules and carrier polymers in electrospinning solution will trans-
form into solid state in the course of electrospinning. Thus, it is essential part of 
pharmaceutical product development and quality control to identify their solid 
state forms and stability. X-ray diffraction (XRD) can help to identify poly-
morphism or the amorphous form. Each crystalline material produces a unique 
pattern of sharp reflections, whereas amorphous halo appears if no periodic 
atomic arrangements exist. It is also possible to calculate the degree of crystal-
linity from XRD data (Doumeng et al., 2021). This helps to characterize pos-
sible changes in semi-crystalline polymers as polymer crystallinity can affect 
mechanical properties, drug release and interactions with living cells. Fourier 
transform infrared (FTIR) and Raman spectroscopy are complementary vibra-
tional spectroscopy methods that provide additional information about solid 
state characteristics and help to elucidate possible intermolecular interactions 
between matrix components (Islam et al., 2019). As bond vibrations are indi-
rectly affected by molecular arrangement, vibrational spectroscopy can be used 
for detecting polymorphism and the amorphous form (Bunaciu et al., 2015). 
Differential scanning calorimetry (DSC), as a thermal analysis method, provides 
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further information about sample solid state form, crystallinity and interactions 
between the ingredients. No melting endotherm suggests the presence of an 
amorphous form and shifts in melting endotherms potential interactions 
between the components (Munson, 2009). 
 

2.9.3. Drug content, distribution, release and permeability 

High performance liquid chromatography (HPLC) and ultraviolet-visible (UV-
Vis) spectroscopy enable to quantify drug content in the matrices after sample 
preparation and evaluate possible drug degradation during the electrospinning 
process and storage. Collecting samples from various regions of the electrospun 
matrix helps to roughly analyze the uniformity of drug distribution within the 
matrix. Raman microscopic imaging provides more detailed insight about 
distribution of both carrier polymer(s) and API(s) in the fibers (L. Preem et al., 
2017; Smith et al., 2017).  

Drug release profile is one of the key parameters for a DDS and to determine 
that, modified dissolution test in reduced volume of dissolution medium is 
usually used. The drug content in samples drawn at set timepoints is analyzed 
by HPLC or UV-Vis spectroscopy. To analyze the drugs’ ability to permeate 
through skin in vitro or ex vivo, Franz diffusion cell device equipped with either 
an artificial membrane or excised human or animal skin is used (Supe & Taku-
dage, 2021).  
 

2.9.4. Physical properties 

Wound dressings should possess several qualities to ensure their performance, 
e.g., absorbency and fluid handling, gas transmission, adherence and suitable 
mechanical properties. The main international standard for the laboratory testing 
of these characteristics is BS EN 13726. 

Wound dressings should be able to absorb wound exudate at least to some 
extent and according to that capability they may be used on different wound 
types. Thus, swellability and water absorptiveness are measured by a simple test 
of immersing the matrix in water or other fluid resembling wound exudate. 
From the mass increase, swelling index can be calculated (Nazemi et al., 2014). 
In addition, after drying the matrices, loss of mass can be calculated to give an 
understanding about the matrix structural stability in liquid environment. Matrix 
surface hydrophilicity/hydrophobicity is determined by contact angle measure-
ments. In addition to giving information on how the matrix interacts with water, 
hydrophilicity/hydrophobicity can also predict how the matrix interacts with 
both eukaryotic and prokaryotic cells (Corsaro et al., 2021). 

In addition to the adequate ability to absorb wound exudate, wound dressing 
should also enable good water vapor transmission and oxygen permeability as 
these are needed for normal wound healing. Standard testing methods exist for 
these measurements and special automated instruments have been developed for 
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user convenience (American Society for Testing Materials (ASTM), 2010, 
2013).  

Mechanical properties, like tensile strength, Youngs’ modulus etc, can be 
assessed with texture analyzer. Strength and deformability of electrospun 
wound dressing are essential as the handling and user comfort, but also matrix 
interactions with cells depend on these parameters (Y. Zhang et al., 2005). 
Texture analyzer helps also to investigate bioadhesiveness of the dressing, for 
example, using ex vivo pig skin (Tamm et al., 2016).  
 

2.9.5. Microbiological properties 

2.9.5.1. Antimicrobial properties 

To gain an understanding about antibacterial activity of electrospun DDS loaded 
with antimicrobials or antibiotics, several studies are possible to be carried out. 
One of the simplest methods is disc diffusion test on agar plates but anti-
bacterial activity can also be assessed in liquid cultures to evaluate minimal 
inhibitory (MIC) and bactericidal (MBC) concentrations. Antibacterial activity 
testing should be carried out on both gram-positive and gram-negative bacterial 
species, preferably wound pathogens (clinical isolates). Anaerobic bacteria 
should also be included, although this necessitates special conditions for testing. 
In addition to these commonly used methods, it is important to investigate 
whether the dressing can help to manage biofilm. Also, the kinetics of anti-
bacterial action is important as wound dressings should destroy pathogens 
quickly but at the same time continue this action over a longer period to control 
bacterial growth until the dressing is changed. Thus, novel testing methods are 
needed. 
 

2.9.5.2. Microbiological quality 

Microbiological quality is another important issue. As wound dressings are used 
on open skin wounds, sterile dressings are preferred. Microbiological quality 
can be ensured by either utilizing aseptic manufacturing or different sterilization/ 
disinfection methods. The production should be carried out in conditions that 
minimize possible contamination to enhance sterilization efficacy and reduce 
endotoxin levels, but sterilization may also be necessary, followed by sterility 
testing. Terminal sterilization after product packaging is recommended over 
other options as this can provide a sterility assurance level that is possible to 
calculate, validate and control (European Medicines Agency, 2016).  

Different sterilization methods are described in pharmacopoeias, e.g. heat 
sterilization (dry heat or steam), ionizing radiation (gamma rays, a beam of 
electrons, or X-rays), gas sterilization (including alkylating and oxidizing 
agents, e.g. ethylene oxide) and membrane filtration. In addition to the accepted 
sterilization methods, several disinfection methods are in use to eliminate 
pathogenic microorganisms with the exception of bacterial spores, e.g. ultra-
violet (UV) irradiation or treatments with ethanol solutions (Carolina Fracalossi 
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Rediguieri et al., 2016). Implementation of these methods on electrospun matri-
ces can be challenging and much care needs to be put on choosing the optimal 
treatment method. For example, matrix materials need to be regarded. Bio-
degradable polymers with low melting points are often used for electrospinning 
(Cipitria et al., 2011). Thus, thermal sterilization methods are usually not 
applicable. Soaking in ethanol solutions must be disregarded if the matrix 
polymers are soluble in ethanol or if the matrix is drug-loaded. Gas sterilization 
is also problematic in case of electrospun matrices as these matrices are known 
for high surface area and porosity and can adsorb high amount of sterilant gases 
on their surface or in their structure, thus raising concerns for potential toxicity. 
For example, ethylene oxide is highly toxic and thus problematic agent for the 
sterilization of such matrices. Extensive purging steps following sterilization for 
48 h at 50 °C, as recommended, could reduce the problem, but might still be 
inefficient or impractical in case of fiber formulations and lead to plastic defor-
mation if polymers with low melting point are used (Odelius et al., 2008).  
 

2.9.6. Safety 

International Standard ISO-10993: Biological Evaluation of Medical Devices 
lists the requisites to call a dressing biocompatible. Wound dressings intended 
to be used on compromised skin for 24 h to 30 days need to be tested for 
cytotoxicity, sensitization and irritation. FDA recommends additional tests for 
acute systemic toxicity, material-mediated pyrogenicity and subacute/subchro-
nic toxicity (Food and Drug Administration, 2016a).  

Safety of electrospun wound dressings can be first assessed in vitro using 
appropriate cell cultures, usually skin fibroblasts or keratinocytes. The viability 
and morphology of cells incubated together with the matrix (direct method) or 
with the liquid obtained from incubating the matrix in growth medium (indirect 
method) are evaluated to see any harmful effects on the cells. Trypan blue and 
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) or MTS 
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium)) tests are commonly applied for viability testing. Additionally, 
culturing cells on the dressing and monitoring their growth and proliferation can 
help to assess their biocompatibility. In vitro and ex vivo tests using animal or 
human skin are followed by animal models before the dressing can be finally 
introduced to clinical trials and patients for wound healing application. 
  
 

2.10. Electrospun DDSs on the market 
Although electrospun matrices have found their place on the market in other 
fields, e.g. for air filtration, and despite intensive ongoing research focusing on 
electrospun matrices as potential wound dressings and DDSs, the real transition 
from the academy to the pharmaceutical production and commercialization is 
yet to come (Omer et al., 2021). It is thought that the global market of electro-
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spun fibers has the greatest growth potential in the medical and pharmaceutical 
fields (Mordor Intelligence, 2020), but currently only few examples of electro-
spun wound dressings or DDSs exist on the market, e.g., SurgiCLOT® fibrin 
sealant patch used for the delivery of human fibrinogen and thrombin for bone 
bleeding (Azimi et al., 2020), ReDura™ and NeoDura™ for the dural defect 
repair (Z. Liu et al., 2020), and Rivelin® patch designed for the unidirectional 
delivery of a pharmaceutical drug to a mucosal surface (Ruzicka et al., 2018). 
The scale-up technologies are rapidly developed and commercialization is 
expected to become easier (Omer et al., 2021). Still, the effect of scale-up on the 
multitude of functionality-related characteristics of an electrospun DDSs needs 
careful evaluation which slows the transition to clinical practice. 
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3. SUMMARY OF THE LITERATURE 

It can be concluded that non-healing wounds represent a major challenge for the 
healthcare, whereas biofilm and microbial unbalance are crucial factors contri-
buting to this problem. As current therapies lack in efficacy and may produce 
insufficient antimicrobial drug levels at the wound site, which can induce resis-
tance and persistence, novel approaches are needed. Advanced wound dressings 
that have the capability to deliver antimicrobial drugs to the site of action at 
controlled rate for extended period, establishing localized, clinically relevant 
drug concentrations, can potentially improve the therapeutic outcomes. Electro-
spun polymeric nano- and microfiber matrices fill these requirements and, in 
addition, have several structural properties that make them promising wound 
dressing materials. Electrospinning is a very versatile method, allowing to use 
different materials, process parameters and drug-loading methods, which all 
affect the final properties of an electrospun DDS. Still, much is unknown about 
different aspects of the design on the performance and quality of these matrices.  

One of the most important attributes of a DDS is its drug release profile and 
understanding the key factors that affect it can contribute to the rational design 
of suitable DDSs. Clarification of the role of matrix structural properties, solid 
state of the drug, drug-polymer and polymer-polymer interactions on drug 
release from electrospun matrices is needed. This is especially important in case 
of hydrophilic drug molecules, as sustaining the release of these drugs is more 
complex compared to hydrophobic drugs. Also, little is known of the impact of 
incorporation of multiple drugs to an electrospun matrix and how this affects 
and changes the release of each individual drug.  

Meticulous characterization can help to understand the behavior and ensure 
the functionality and quality of the DDSs. A multitude of established methods 
used for the characterization of other dosage forms can be implemented, but the 
unique nature of electrospun drug-loaded matrices and the specific clinical 
problem that is aimed to be solved may warrant for more specific methods. As 
electrospinning is still a novel method for the production of DDSs and wound 
dressings, there is a lack of these more specific analytical methods. The problem 
is especially acute for evaluating drug release in biorelevant conditions that 
would resemble in vivo wound environment, so more relevant conclusions could 
be drawn in relation to their action and, in a bigger perspective, potential effects 
on real patients could be better predicted and understood. Also, established 
antibacterial activity testing methods may need modifications to better under-
stand the kinetics of antibacterial action of differently designed DDSs. More-
over, available methods for investigating the formation and eradication of 
biofilms are more than limited despite the well-recognized role of biofilm in 
impeding wound healing. 

Another important issue is concerned with the microbiological quality of 
electrospun DDS intended to be used on wounds. The knowledge about the 
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applicability of different sterilization techniques and possible effects of these 
treatments on the properties of electrospun DDSs is scarce and much needed. 

All these insights would help to promote the performance and quality of 
these unique pharmaceutical products, help to rationalize their design and aid 
the transition to clinical practice.  
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4. AIMS OF THE STUDY 

The goal of this research was to develop antibacterial drug-loaded electrospun 
matrices intended for the local treatment of wound infections and to comprehen-
sively characterize these DDSs to gain understanding of the essential factors 
contributing to their performance and quality.  

More specifically, the objectives were to: 
− formulate and prepare antibacterial drug-loaded electrospun matrices using 

different carrier polymers and antibiotics (I, II) 
− characterize the physicochemical, structural and mechanical properties of the 

matrices (I, II, III) 
− evaluate possible interactions between different matrix components at the 

molecular level and matrix interactions with aqueous environment (I, II) 
− develop and compare different analytical methods to analyze drug release 

behavior from the matrices (I-IV) 
− evaluate the antibacterial activity of the matrices by applying established 

methods and developing novel methods (I, II, IV) 
− assess safety of the matrices on in vitro cell cultures (I, II) 
− compare the effects and efficacy of different sterilization/disinfection 

methods on various properties of the matrices (III) 
 
  



 
 

36 

5. EXPERIMENTAL 

Complete description of materials and methods is provided in original publica-
tions (I–IV). 
 

5.1. Materials 

5.1.1 Active pharmaceutical ingredients 

Antibacterial drugs chloramphenicol (CAM) (I, III, IV), metronidazole (MTZ) 
(II) and ciprofloxacin (CIP) hydrochloride hydrate (II) were used for the pre-
paration of electrospun matrices (Figure 4). CAM and MTZ were purchased 
from Sigma-Aldrich (USA), CIP from Alfa Aesar (Germany). 
 

 
Figure 4. Chemical structures of chloramphenicol (A), metronidazole (B), and cipro-
floxacin hydrochloride hydrate (C). 
 
 

5.1.2. Polymers and solvents 

Carrier polymers polycaprolactone (PCL) (Mn 80 000) and poly(ethylene 
oxide) (PEO) (Mw ≈ 900 000) (Figure 5), and solvents methanol (MET, 
gradient grade) and chloroform (CF, puriss p.a.) were purchased from Sigma-
Aldrich. Solvents acetic acid (AA, 100%) and formic acid (FA, 98–100%) were 
from J. T. Baker, Germany. 

 
Figure 5. Chemical structures of polycaprolactone (A), and poly(ethylene oxide) (B). 
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5.2. Preparation of electrospun matrices 
Blend electrospinning method was used for the preparation of electrospun 
matrices. First, electrospinning solutions were prepared by dissolving the poly-
mers in suitable solvent mixtures (Table 1). The solutions were allowed to mix 
by the aid of magnetic stirrer to allow all the components to dissolve. CAM was 
added to the solution at the same time as the polymer(s), whereas MTZ, CIP or 
both were added an hour before electrospinning. 
 
 
Table 1. Electrospun fiber matrices and their compositions. Polymer concentrations in 
electrospinning solutions and theoretical drug concentrations in solid electrospun fibers 
are provided. 

Fiber matrix Polymers 
(% in solution) 

Drug load 
 (m/m% of fibers) 

Solvents 

PCL (I, III, IV) 12.5% (m/V) PCL - CF:MET (3:1 V/V) 
PCL/CAM (I, III, IV) 12.5% (m/V) PCL 4% CAM CF:MET (3:1 V/V) 
PCL/PEO (I, III, IV) 10% (m/V) PCL 

2% (m/V) PEO
- CF:MET (3:1 V/V) 

PCL/PEO/CAM  
((I, III, IV) 

10% (m/V) PCL 
2% (m/V) PEO

4% CAM CF:MET (3:1 V/V) 

PCL (II) 15% (m/m) PCL - AA:FA (3:1 m/m) 
PCL/MTZ (II) 15% (m/m) PCL 5% MTZ AA:FA (3:1 m/m) 
PCL/CIP (II) 15% (m/m) PCL 5% CIP•HCl•H2O AA:FA (3:1 m/m) 
PCL/MTZ/CIP (II) 15% (m/m) PCL 2.5% MTZ 

2.5% CIP•HCl•H2O
AA:FA (3:1 m/m) 

Key: AA – acetic acid; CAM – chloramphenicol; CF – chloroform; CIP – ciprofloxacin; 
FA – formic acid; MET – methanol; MTZ – metronidazole; PCL – polycaprolactone; 
PEO – poly(ethylene oxide). 
 
 
CAM-loaded fiber matrices and their respective blanks were produced using 
NanoNC electrospinning robot (South Korea) and fiber matrices loaded with 
MTZ, CIP or both were produced using vertical electrospinning technology 
with a Fluidnatek LE-100 apparatus (Bioinicia, Spain). In all cases, monoaxial 
nozzle was used. Electrospinning parameters can be seen in Table 2. Aluminum 
foil-covered static collector plate (I) or rotating drum collector (II, III, IV) was 
used for collecting fibers. In the latter case, (III, IV) a roller (diameter 9 cm × 
width 20 cm) with the speed of 20 rpm (rotations per minute) together with the 
horizontally moving spinneret (distance 14 cm, speed 25 mm/min), or (II) a 
roller (diameter 9.55 cm) with the speed on 150 rpm together with the horizon-
tally moving spinneret (distance 3 cm, speed 6.0 mm/min) were used. 
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Table 2. Electrospinning parameters used to produce different fiber matrices. 

Fiber matrix Solution feed 
rate (mL/h) 

Applied voltage (kV) Distance to 
collector 

(cm) 
PCL (I, III, IV) 1 9 14 
PCL/CAM (I, III, IV) 1 9 14 
PCL/PEO (I, III, IV) 2.5 12 17 
PCL/PEO/CAM ((I, III, IV) 2.5 12 17 
PCL (II) 1 16-17  

Collector charge -5 kV
15 

PCL/MTZ (II) 1 16-17  
Collector charge -5 Kv

15 

PCL/CIP (II) 1 16-17  
Collector charge -5 kV

15 

PCL/MTZ/CIP (II) 1 16-17  
Collector charge -5 kV

15 

Key: CAM – chloramphenicol; CIP – ciprofloxacin; MTZ – metronidazole; PCL – 
polycaprolactone; PEO – poly(ethylene oxide). 
 
 
In case of MTZ and/or CIP-loaded matrices, the process was run for different 
times to produce nanofiber mats of different thicknesses (Table 3). The thick-
ness of the cross-sections of the matrices was determined by stereomicroscopy 
(Olympus SZX12, Japan). 
 
 
Table 3. Summary of characteristics of MTZ and/or CIP-loaded nanofiber mats. 

Type of nanofiber mat Sample Time of electro-
spinning (h) Thickness (µm) 

PCL nanofiber mat  PCL 6

PCL/MTZ nanofiber mat 

PCL/MTZ-1h 1 53 ± 9 
PCL/MTZ -2h 2 89 ± 29 
PCL/MTZ -4h 4 139 ± 18 
PCL/MTZ -6h 6 195 ± 21 
PCL/MTZ -8h 8 297 ± 36 

PCL/CIP nanofiber mat 

PCL/CIP-1h 1 57 ± 27 
PCL/CIP -2h 2 123 ± 20 
PCL/CIP -4h 4 199 ± 31 
PCL/CIP -6h 6 243 ± 43 

PCL/MTZ/CIP nanofiber mat PCL/MTZ/CIP 6 241 ± 37 
Key: CIP – ciprofloxacin; MTZ – metronidazole; PCL – polycaprolactone. 
 
 
Fiber matrices were stored in the airtight plastic bags at ambient conditions 
(temperature of 19–23 °C and relative humidity of 18–37%) until further 
analyses.  
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5.3. Characterization of electrospun matrices 

5.3.1. Morphology (I–III) 

5.3.1.1. Scanning electron microscopy (I–III) 

The morphology and diameter of electrospun fibers was observed under SEM 
Zeiss EVO 15 MA, (Germany) (I, III); or Supra 35 VP, Carl Zeiss, (Ober-
kochen, Germany) (II). Randomly selected areas of the fiber mats were 
mounted on aluminum stubs and left uncoated (II) or magnetron-sputter coated 
with a 3 nm gold (I) or platinum (III) layer prior to microscopy. 
 

5.3.1.2. Mercury intrusion porosimetry (MIP) (I) 

The pore size distribution and density of electrospun fiber mats were deter-
mined by MIP using the POREMASTER-60-17 porosimeter (Quantachrome 
Instruments, USA). An MIP analysis was used to measure pores with diameters 
in the range 0.032–10 µm. The porosity of the fiber mats, describing the per-
centage of void volume of the sample, was calculated from the Equation 1: 
 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦(%) = ൬1 − 𝜌௙𝜌௠൰ ∙ 100% (1) 

 
where ρf is the density of fiber mat and ρm is the bulk density of corresponding 
materials, more precisely PCL 1.145 g/cm3, PEO 1.21 g/cm3 and CAM  
1.547 g/cm3. 
 

5.3.1.3. Brunauer-Emmett-Teller (BET) analyses (I) 

Krypton adsorption isotherms were measured on degassed (>58 h, 25 °C, 
vacuum) samples using an ASAP 2020 Accelerated Surface Area and Poro-
simetry System (Micromeritics, USA) at 77.4 K. The specific surface areas 
(SBET) were calculated from sorption data according to BET equation (Brunauer 
et al., 1938).  
 

5.3.2. Mechanical properties (III) 

The mechanical properties of electrospun matrices were measured with a 
puncture test using CT3 Texture Analyzer (Brookfield, USA) equipped with a 
10 kg load cell. 2 × 2 cm pieces of fiber matrices were used for analysis and 
their thicknesses were measured with Precision-Micrometer 533.501 (Scala 
messzeuge, Germany) with the resolution of 0.1 µm at 4 different points. The 
samples were secured between a film support fixture (TA-FSF) and punctured 
with a stainless-steel cylinder probe (TA-42, diameter 3 mm): trigger load 5 g, 
and test speed of 1.00 mm/s. The target distance 18 mm was chosen so all 
samples were punctured during the measurement. The applied force (N) and 
distance of the probe (mm) were recorded as the probe deformed the sample and 



 
 

40 

hardness (N), deformation at hardness (mm) and hardness work done (mJ) were 
calculated. 
 

5.3.3. Drug content and distribution (I, III, IV) 

The drug loading and its distribution in CAM-loaded matrices were determined 
using high-performance liquid chromatography (HPLC) analyses (I, III, IV). 
HPLC analyses were performed using Shimadzu Prominence LC20 with photo-
diode array detector SPD-M20A (wavelength at 275 nm) and according to the 
official European Pharmacopoeia method for a related substance CAM sodium 
succinate. HPLC was equipped with a column Phenomenex Luna C18(2), 250 × 
4.6 mm, 5 µm, and the mobile phase used was 20 g/L solution of phosphoric 
acid R, MET R, and water R (5:40:55 V/V/V). The flow rate was 1.0 mL/min, 
and injection volume was 20 μL. The CAM-loaded matrices were cut into 1 and 
3 cm2 pieces, weighed and dissolved in dichloromethane and MET (3:1 V/V). 
Pieces were taken from both center and edges of the matrix to see if differences 
occurred in drug distribution. 

In addition to HPLC analysis, Raman scattering microspectroscopy (RSM) 
mapping was used to visualize the CAM distribution within the fiber samples 
(I). RSM was performed using Reinshaw InVia micro-Raman spectrometer 
(Reinshaw, England) with CCD Camera (1040 × 256) and 785 nm diode laser 
excitation. Exposure time of 150 s and 50× objective was used for the measure-
ments. Raman mapping data were collected on approximately 92 (height) 119 
(width) μm area of the fibers in the spectral range of 700 to 1800 cm−1 with  
1 cm−1 resolution. The maps were collected with 1.2 μm step size in both direc-
tion and consisted of 5000−10000 points. Bright-field images of the samples 
were taken before each Raman mapping. 
 
 
 

5.3.4. Solid state characterization (I–III) 

5.3.4.1 X-Ray Diffraction (XRD) (I, II) 

The XRD patterns of the starting materials, physical mixtures and electrospun 
fibers were obtained with X-ray diffractometer (D8 Advance, Bruker AXS 
GmbH, Germany). The XRD experiments were carried out in a symmetrical 
reflection mode (Bragg–Brentano geometry) with CuKα radiation (1.54 Å). The 
scattered intensities were measured with the LynxEye one-dimensional detector 
including 165 channels. The angular range was from 5° to 40° 2-theta with the 
step size of 0.0198° 2-theta. 

The degree of crystallinity (Xc) was calculated with Bruker AXS software 
Topas 4-1 (Equation 2): 

 𝑋௖ = 𝐼௖𝐼௖ + 𝐼௔ ∙ 100% (2) 
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where Ic is the diffracted intensity of the crystalline phase and Ia is the diffracted 
intensity of amorphous phase.  
 

5.3.4.2 Attenuated Total Reflection Fourier Transform Infrared  
(ATR-FTIR) Spectroscopy (I, II, III) 

ATR-FTIR spectroscopy was performed on pure substances, physical mixtures, 
and electrospun matrices 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 with a resolution of  
4 cm-1 between 600 and 4000 cm-1, each spectrum was the average of 60 scans. 
All spectra were normalized. 
 

5.3.4.3 Differential Scanning Calorimetry (DSC) (I–III) 

Two different DSC equipments were used for thermal analysis: Mettler Toledo 
(USA) (I) and PerkinElmer DSC4000 (USA) (I, II, III). Thermal analysis was 
carried out with all electrospun fiber matrices with and without drug(s), and all 
the respective physical mixtures and powders of the raw material.  

CAM-loaded fibers and their related samples were analyzed under 50 mL/min 
dry nitrogen purge in crimped aluminum pans without pinholes at a heating/ 
cooling rate of 10 °C/min from 0 to 180 °C and 180 to 0 °C. All DSC curves 
were normalized to a sample mass. 

Fibers loaded with MTZ, CIP, and both of the drugs, and their related 
samples were analyzed under 19.8 mL/min dry nitrogen flow in crimped 
aluminum pans with a pin-hole in the middle of the lid. The DSC program was: 
hold for 3 min at 0 °C; heat from 0 to 190 °C at 10 °C/ min; hold for 1 min at 
190 °C; cool from 190 to 0 °C at 10 °C/min.  

Indium was used as a reference material. All DSC curves were normalized to 
a sample mass. 
 

5.3.5. Contact angle (I, II) 

The contact angles between the electrospun fiber matrices and deionized water 
(I) or 50 mM phosphate buffer (pH 7.4) (II) were measured with CAM 200 
(Attension/Biolin Scientific Oy, Finland) (I) or Kruss DSA100 Goniometer 
(Germany) contact angle analyzer. A drop of liquid was applied on the surface 
of the fibers. In case of CAM-loaded samples and respective blanks, the fibers 
were deposited as a thin layer on a gold surface. Each sample was measured at 
least in triplicate. 
 

5.3.6. Buffer uptake/swelling and loss of mass (I–III) 

Buffer uptake or swelling was measured with a gravimetric method. CAM-
loaded fibers and their respective blanks were cut into pieces with a surface area 
of 4 cm2, weighed (md), and immersed in a glass vials containing 10 mL of 
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deionized water (I) or 20 mL of 50 mM phosphate buffer (pH 7.4) (III) at 37 ºC 
for 24 h. All other fibers were cut into round pieces with a surface area of  
2.6 cm2, weighed (md), and immersed in a glass vials containing 20 mL of  
50 mM phosphate buffer (pH 7.4) and shaken at 150 rpm at room temperature 
(22 ± 3 ºC) for predetermined timepoints (II). After that, the samples were 
dabbed with a filter paper or paper towel to remove free surface liquid and 
weighed (mw) to determine the buffer uptake/swelling index according to 
Equation 3: 
 Swelling index (buffer uptake) (%) =  m୵ − mୢmୢ × 100  (3) 

 
For comparison, the fiber matrices were also immersed in 10 mL 1% (m/m) 
Tween 80 solution (II). The samples were removed from the media after 5 min, 
dabbed with a paper towel, weighed and the uptake of 1% Tween 80 solution 
was also calculated using Equation (2). 

To estimate biodegradation of differently sterilized CAM-loaded samples 
and their respective blanks (III), the samples were placed back to phosphate 
buffered saline (PBS) for another six days at 37 °C. The samples were then 
rinsed in deionized water, air-dried, and re-weighed for calculating the weight 
loss as reported previously (Nazemi et al., 2014). 

 
5.3.7. Drug release (I–IV) 

5.3.7.1. Drug release into buffer solution (I–IV) 

The in vitro drug release of CAM from drug-loaded electrospun fiber matrices 
was carried out using 1 cm2 samples (n = 3). These were weighed, placed into 
10 mL of PBS (pH 7.4) at 37 °C in 50 mL plastic tubes. The tubes were put into 
dissolution apparatus vessel (dissolution 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 PBS at set time-points. The aliquots were analyzed 
using UV-spectroscopy (Shimadzu UV-1800). Wavelength of maximum ab-
sorption (λ = 278 nm) was chosen for drug release analysis. (I, III, IV) 

The in vitro drug release of MTZ and/or CIP from electrospun fiber matrices 
was carried out using 2.6 cm2 sized samples (n=3). These were weighed, placed 
into glass vials prefilled with 10 to 20 mL of PBS (pH 7.4). The samples were 
shaken at 150 rpm at room temperature or 37 ºC to see the effect of temperature 
on drug release. To see the effect of surface area on drug release, also 5.2 cm2 

MTZ-loaded samples (PCL/MTZ-8h) were analyzed. At predetermined times, 
0.5 mL of the solution was withdrawn and replaced with fresh buffer. The 
extracted samples were diluted with the buffer, filtered through a 0.2 μm filter, 
and analyzed using ultra performance liquid chromatography (Acquity Ultra 
Performance Liquid Chromatography (UPLC), Waters Corp., USA). The UPLC 
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method was developed to separate and quantify MTZ and CIP. Acquity UPLC 
CSH C18 1.7 μm 2.1 × 50 mm (Waters Corp., USA) column equipped with pre-
column was used. Gradient elution was used for chromatographic separation 
with mobile phases A (25 mM phosphate buffer (pH 3.0) and 10% methanol) 
and B (acetonitrile and water 98:2). The gradient profile was: 0–1 min 0% B,  
3 min 20% B, 3.2–3.6 min 50% B, and 4.4–5.0 min 0% B. The flow-rate was 
set at 0.5 mL/min, UV detection at 271 nm, the column temperature was main-
tained at 50 °C, and the injection volume was 5 μL. The area under the peak 
was used for calculating the drug concentration in the samples. (II) 

 
5.3.7.2. Drug release into agar hydrogel measured by HPLC (IV) 

The amount of drug released into agar plates was investigated by sampling 
different zones of the agar (illustrated with a figure in section 6.7.1). Pieces of 
PCL/CAM and PCL/PEO/CAM fiber matrix discs with a diameter of 1 cm were 
weighed, put onto pre-warmed lysogeny broth (LB) agar plates, kept at 37 ºC, 
and removed at set time-points. Zones of the agar were cut out, the agar sample 
was put into ethanol (96%) and sonicated for 15 min. This extraction process 
was repeated twice, and the obtained ethanol solutions were combined. The 
vials with ethanol solutions were left under a fume hood without caps, for the 
ethanol to evaporate. The residues left in the vials were dissolved in 1.5 mL of 
ethanol (96%) and the amount of CAM analyzed with HPLC as described 
previously. In the present study, the limit of detection for CAM was 1 µg/mL. 
Triplicate measurements were performed. The extraction efficacy was tested 
separately confirming that two times extraction resulted in 100% efficacy (see 
publication III Table A1). 
 

5.3.7.3. Bioreporter Disc Diffusion Assay (IV) 

For bacterial bioreporter disc diffusion assay agar plates with defined 3-(N-
morpholino)propanesulfonic acid (MOPS) minimal medium (Neidhardt et al., 
1974) supplemented with 0.4% (m/V) glucose as the carbon source and 1.5% 
(m/V) agar were prepared in sterile conditions by measuring 20 mL of warm 
agar medium per plate, and plates were dried for 30 min under laminar flow 
hood. Bioreporter strain dimethyl sulfoxide (DMSO) stock was thawed, diluted 
20× into sterile PBS (cell number ~3 × 107 colony-forming units (CFU)/ml) and 
75 µL was plated on each plate. A sterile cotton bud dipped into PBS was used 
to spread the cells evenly. Plates were left to incubate at 37 ºC for 10 h. After 
incubation, the weighted fiber matrices (PCL/PEO/CAM and PCL/CAM) were 
added to each plate. Individual plates were first scanned with the Amersham 
Typhoon scanner (GE Healthcare Europe GmbH, Freiburg, Germany) to measure 
fluorescence of GFP and mScarlet-I (pixel size 100 µm; green fluorescence:  
488 nm laser, 525BP20 filter, photomultiplier tube (PMT) voltage 352V; red 
fluorescence: 532 nm laser, 570BP20 filter, PMT voltage 621V) after adding the 
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matrices and re-scanned every hour for 6 h. Scan time for each plate was appro-
ximately 6 min. The plates were incubated at 37 ºC between the scans. 
 

5.3.7.4. Ultraviolet Imaging for monitoring drug release into  
hydrogel (IV) 

Complementary to the traditional HPLC method, an Actipix D200 Large Area 
Imager (Paraytec Ltd., York, England) controlled by Actipix D200 acquisition 
software ver. 3.1.7.4 was used to image the release of CAM from PCL and 
PCL/PEO fiber matrices. These experiments were performed in a heating cabi-
net from Edmund Bühler TH30 (Bodelshausen, Germany) set to 37 ºC. Imaging 
was performed at four alternating wavelengths: 525 nm, 280 nm, 255 nm, and 
214 nm. Images for each wavelength were recorded at a frequency of 0.125 s-1 
for the release experiments as well as the standard curve. The imaging area  
(28 × 28 mm2; pixel size 13.8 µm2) encompassed three quartz cells (Pion Inc., 
UK; 62 mm × 4 mm × 7 mm (L × H × W)), allowing three measurements to be 
performed simultaneously. The fibers were cut to fit the inner dimensions of the 
quartz cells (7.0 mm in width and 4.0 mm in height). The fibers were positioned 
perpendicular to the imaging direction in contact with the agarose gel. The 
fibers were backed by silicone plugs to ensure good contact with the gel and 
correct alignment. Parafilm was used to seal the quartz cells preventing eva-
poration of water from the gels. The release of CAM from the fibers was 
imaged for 3 h at 37 ºC. Each imaging experiment allowed measurements of 
two CAM-containing fibers and one blank fiber (control). The positioning of 
the fibers in the imaging system (top, middle or bottom row) was randomized. 
Details for the preparation of standard curve for quantification by UV imaging 
are given in original publication IV. 
 

5.3.8. Antibacterial activity (I, II, IV) 

5.3.8.1. Microbial strains (I, II, IV) 

Different strains of Gram-negative facultative anaerobe Escherichia coli were 
used in the studies: E. coli MG1655 (Blattner et al., 1997), uropathogenic E. 
coli CFT073 (Mobley et al., 1990) (kindly provided by Prof Harry Mobley) and 
E. coli DSM 1103 (clinical isolate, purchased from Leibniz Institute DSMZ-
German Collection Microorganisms and Cell Culture). E. coli MG1655 strain 
was used for bioreporter construction. Cloning was performed in E. coli strain 
DH5α (Sambrook & D, 2001), using pSC101 plasmid with two fluorescent 
reporter genes GFPmut2 and mScarlet-I (for all details, see publication IV). 

All other bacteria used in assessing the antibacterial activity were purchased 
from the Leibniz Institute DSMZ-German Collection Microorganisms and Cell 
Cultures: Gram-positive facultative anaerobe Streptococcus mutans DSM 20523 
(isolated from carious dentine), Gram-negative microaerophilic Aggregatibacter 
actinomycetemcomitans DSM 11123 (isolated from subgingival dental plaque), 
anaerobic Gram-negative Fusobacterium nucleatum spp polymorphum DSM 
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20482 (isolated from inflamed gingiva), Porphyromonas gingivalis DSM 20709 
(isolated from human gingival sulcus) and Staphylococcus aureus DSM 2569.  
 

5.3.8.2. Disc Diffusion Assay (I, II) 

To test the antibacterial activity of CAM-loaded fibers, overnight liquid cultures 
of E. coli MG1655 and CFT073 were grown from DMSO stocks and the cell 
number was adjusted with fresh LB to ~3 × 107 colony-forming units (CFU)/ml. 
100 μL of these dilutions were spread onto the surface of LB agar plates. Discs 
with a diameter of 6 mm cut from fiber matrices were applied to these plates. 
Positive controls were prepared by immersing 6 mm filter paper discs with 20 μL 
of CAM solution (1 mg/mL), so each disc contained 20 μg of the drug. Un-
treated filter paper was used as a negative control. The concentration of CAM in 
positive control was similar to that in drug-loaded fibers. The plates were 
incubated at 37 °C for 24 h. The inhibition zones free of bacterial growth were 
determined. Tests were run in triplicate. 

To test the antibacterial activity of fibers loaded with MTZ, CIP or both, over-
night liquid cultures of E. coli MG1655 and CFT073 were grown from DMSO 
stocks and the cell number was adjusted with fresh LB to ~4 × 107 CFU/ml.  
100 µL of these dilutions were spread onto the surface of Viande-Levure agar 
plates (for aerobic conditions, no cysteine was added to the medium). All other 
bacteria (S. mutans, A. actinomycetemcomitans, F. nucleatum and P. gingivalis) 
were plated directly from glycerol stocks onto Columbia blood agar plate with 
5% defibrinated sheep blood. Several colonies of each of these strains were 
transferred and spread onto fresh plates, each plate being covered uniformly 
with the bacteria. All fiber matrices cut into discs of 6 mm diameter were placed 
onto the plates together with controls. Positive controls were prepared by 
immersing 6 mm UV-sterilized filter paper discs with the solutions of the 
respective antibacterial drugs. Each positive control disc contained the same 
amount of drug as the corresponding drug-loaded fiber matrix. Untreated UV-
sterilized filter paper was used as a negative control. E. coli plates were 
incubated in both aerobic and anaerobic conditions at 37 °C for 24 h. All other 
bacteria were incubated only in anaerobic conditions at 37 °C for 1–5 days until 
visible colonies appeared. Inhibition zones that were free of bacterial growth 
were determined, test being run in triplicate. 

Preparation of DMSO and glycerol stocks are described in original publi-
cations I and II, respectively. 
 

5.3.8.3. Modified Disc Diffusion Assay (IV) 

The antibacterial activity of released CAM on agar plates was investigated at 
different time-points mimicking the drug diffusion tests into agarose hydrogel 
during UV imaging studies. Overnight culture (20 h) of S. aureus DSM 2569 
was grown from DMSO stock (100 µL to 3 mL of LB). The culture was diluted 
to optical density 0.05 in LB and 100 µL was plated onto pre-warmed LB agar 
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plates (1.5% (m/V)). PCL/CAM and PCL/PEO/CAM fiber discs, and a positive 
CAM filter paper control were applied onto each plate. At specific time-points, 
the discs were removed and the LB plates were incubated at 37 ºC for 24 h prior 
to the measurement of inhibition zones. 
 

5.3.8.4. Prolonged Disc Diffusion Assay (II) 

The effect of fiber matrix thickness on antibacterial activity was measured by 
prolonged disc diffusion assay. In brief, PCL/MTZ fiber matrices of different 
thicknesses were placed on Columbia blood agar plates with 5% defibrinated 
sheep blood inoculated with F. nucleatum and incubated at 37 °C in anoxic 
conditions for 24 h after which the inhibition zones free of growth were deter-
mined. The fiber matrices were transferred onto a freshly inoculated plate and 
incubated in the same conditions. This was repeated at 48 h. After 72 h, the final 
inhibition zones were determined, so that antibacterial activity was assessed 
over 3 days. Positive controls were prepared as described above (5.3.8.1) and 
treated in the same way as fiber samples, test being run in triplicate. 
 

5.3.8.5. Biofilm Assay (I) 

Biofilm formation protocol was established based on the work of Brackman et al. 
(Brackman et al., 2011). Overnight liquid culture of E. coli CFT073 in LB was 
grown from DMSO stocks. The culture was diluted to about 5 × 107 CFU/ml with 
Dulbecco’s Modified Eagle medium (DMEM) supplemented with 10% heat-
inactivated Fetal Bovine Serum. One mL of the bacterial dispersion was added 
to 1 cm2 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 PBS and put into 
10 mL of fresh PBS in 50 mL plastic 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 best 
compromise between biofilm disruption and bacterial viability. The CFUs were 
determined by making 10-times dilutions of the dispersion, plating these as  
5 μL drops on LB agar plates and counting the CFUs at optimal dilutions after 
18 h of incubation.  
 

5.3.9. Cytotoxicity testing (I, II) 

The CellTiter-Glo Luminescent Cell Viability Assay (Promega) was used as 
described by the manufacturers to investigate the cytotoxic effects of the fluid 
extracts of the CAM-loaded and respective blank fibers on murine fibroblastic 
NIH 3T3 cells. The cells were cultured in Dulbecco’s Modified Eagle Medium 
(DMEM) supplemented with 10% heat-inactivated Fetal Bovine Serum and 1% 
penicillin-streptomycin. Cells were maintained at 37 °C in 5% CO2 incubator. 
The fluid extracts were prepared by immersing the drug-loaded and blank fibers 
in the same growth medium and kept in the incubator for 24 h. The cells were 



 
 

47 

cultivated on the 96 well-plates to near confluency and then the medium was 
replaced with the extracts (12.5, 25, 50, 100, or 200 μg/mL) or fresh medium 
and incubated for 24 h. Both treated and untreated cells were then transferred to 
opaque-walled 96-well plate in fresh culture medium (100 μL per well), along-
side with control wells containing medium without cells to obtain a value for 
background luminescence. The plate was equilibrated at room temperature for 
30 min. After that, 100 μL of CellTiter-Glo Reagent was added to each well and 
mixed for 2 min on an orbital shaker to induce cell lysis. The plate was further 
incubated at room temperature for 10 min and then luminescence recorded with 
VarioskanFlash 4.00.53 luminometer to quantify cell viability by the amount of 
adenosine triphosphate (ATP) present, which correlates to the presence of 
metabolically active cells. Each test was run in duplicate.  

Safety and biocompatibility of fibers loaded with MTZ, CIP, and both, were 
evaluated on baby hamster kidney (BHK-21) fibroblasts using viability assays. 
Fibroblasts were grown in the Glasgow Minimal Essential Medium (GMEM) 
supplemented with 7.5% fetal bovine serum, 2% Tryptose Phosphate Broth 
(TPB, Difco), 20 mM HEPES, 100 μg/mL penicillin, and 100 μg/mL strepto-
mycin. Cells were maintained at 37 °C in 5% CO2 incubator. Viability was 
measured by direct and indirect methods according to the ISO guideline 
(109993-5). In both cases, cells were grown to near confluence in 24 well-
plates. By the direct method, 1 cm2 fiber samples were placed into the well-
plate together with cells and incubated for 24 h. By the indirect method, fluid 
extracts were prepared from the fiber matrices by incubating them in growth 
media for 24 h (fiber concentration 1.25 mg/mL). Media over the fibroblasts 
were replaced with the extracts, and incubation was continued for 24 h. Safety 
was assessed qualitatively by microscopy and quantitatively by trypan blue 
exclusion (automated cell counter, Invitrogen, Thermo Fischer, USA), counting 
dead and live cells from which the viability (%) was calculated. Cells treated 
with Triton X-100 (final concentration 0.1%) were used as the dead cell control, 
whereas cells exposed only to the unchanged growth medium were used as 
healthy untreated controls. The experiments were carried out in triplicate.  

 
 

5.4. Sterilization and characterization of  
electrospun matrices (III) 

Different sterilization and disinfection methods were used for the treatment of 
electrospun CAM-loaded and respective blank fiber matrices. After sterilization 
(except gamma sterilization), the fibers were placed with sterile forceps into 
sterile 50 mL Falcon tubes for storage until further analysis. 
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5.4.1. Sterilization/disinfection methods (III) 

5.4.1.1. UV-sterilization 

All electrospun matrices were removed from the foil and cut into appropriate 
pieces for later testing (1 × 1 cm or 2 × 2 cm) and exposed to UV-irradiation at 
254 nm (UV-lamp: Heraeus model TNN 15/35, Germany) at the distance of  
15 cm from the lamp for 15 min, 30 min or 1 h on both sides in ambient con-
ditions. UV lamp power was 15 W. Differently treated and untreated matrices 
were characterized with other methods that have been described in previous 
sections. 
 

5.4.1.2. Gamma-irradiation sterilization 

All electrospun matrices that were later used for sterility testing were removed 
from the foil, cut into 1 × 1 cm pieces and transferred to 50 mL Falcon tubes for 
sterilization. Electrospun matrices that were used in other tests were left on foil 
and cut into appropriate pieces after sterilization. Gamma-sterilization was carried 
out by Scandinavian Clinics Estonia OÜ. Irradiation was performed using 60Co 
radiation source at the dose level of ~50 kGy.  
 

5.4.1.3. Chlorine gas sterilization 

Chlorine gas was generated in situ by mixing 10 mL of commercial chlorine-
based bleach with 20 mL of acetic acid in sterilization chamber (250 mL beaker, 
covered with a rubber glove). The samples to be sterilized were removed from 
the foil and cut into appropriate pieces (1 × 1 or 2 × 2 cm) and placed into a 
weighing glass (without the cap) and immediately after mixing the bleach and 
acid, the weighing glass was put into the sterilization chamber. The generation 
of chlorine gas was detected visually as an appearance of yellowish gas and by 
the bleaching of wetted universal indicator paper (Lachema) attached above the 
liquid level, on the upper part of the sterilization chamber. The samples were 
kept in a sterilization chamber for 1 or 2 h.  
 

5.4.1.4. Plasma sterilization 

Plasma treatment was carried out with a capacitively coupled plasma reactor 
Femto-PC (Diener electronic GmbH, Germany) with the generator frequency 
13.56 MHz and maximum power of 100 W. The power was kept at 30 W during 
the treatment which allowed to keep the reactor temperature below 30 °C. The 
treatment was performed at the pressure of 0.3 mbar with the argon working gas 
supplied to the reactor with the flow rate of 4 sccm. The floating potential 
during the plasma treatment was approximately 50 V and no additional bias 
voltage was applied. The samples were treated from both sides with the treat-
ment time varying from 0.5 min to 2 min. Optical emission spectrum of plasma 
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with and without the electrospun matrices was acquired by UV–VIS spectro-
meter (OceanOptics 4000 USA). 
 

5.4.2. Sterilization efficacy (III) 

For sterility testing, two different culture media and incubation conditions were 
used, according to the European pharmacopoeia (9.0): (1) fluid thioglycolate 
medium (FTG) primarily suitable for the cultivation of anaerobic bacteria, but 
also allows the detection of aerobic bacteria; (2) soya-bean casein digest me-
dium (also known as tryptic soy broth, TSB) for the detection of both aerobic 
bacteria and fungi. Both media were prepared according to the instructions 
provided by the manufacturer and dispensed into test tubes prior autoclaving. In 
both cases, the volume of dispensed aliquotes was 5 mL. The diameter of test 
tubes for FTG was 12 mm and for TSB 15 mm. 

Autoclaving was carried out for 15 min at 121 °C. After the media had 
cooled to room temperature, both sterilized and unsterilized control fiber 
samples (1 × 1 cm) were inserted into marked test tubes under aseptic condi-
tions (direct inoculation method). Each sample was tested in triplicate. Positive 
controls were obtained by inoculating FTG with anaerobic Gram-negative non-
spore forming F. nucleatum (picking one colony from Columbia blood agar 
plate); and inoculating TSB with aerobic Gram-negative non-spore forming E. 
coli MG1655 (inoculum size about 8 × 108 CFUs). Untreated media were used 
as negative controls. FTG was incubated in anaerobic conditions at 30 °C and 
TSB in aerobic conditions at 20–25 °C for 14 days. If no evidence of microbial 
growth was found after the incubation period, the sample complied with the test 
for sterility. If evidence of microbial growth was found, the sample did not 
comply with the test for sterility. Also, for the test to be valid, no growth could 
occur in negative control, whereas for positive controls the growth had to occur. 
The results were recorded by making photographs of the tubes and analyzed 
visually. 

 
5.5. Statistical analysis 

The results are expressed as an arithmetic mean ± standard deviation of three 
replicates, unless otherwise stated. Students’ t-test (I-IV) and one-way analysis 
of variance (ANOVA) with post-hoc Tukey test (II) or post-hoc t-test (I) were 
used for assessing statistical significance of differences (p=0.05). Holm’s 
method was used for adjusting p-values for multiple comparisons (R 3.2.2 soft-
ware). Data was analyzed and figures plotted using MS Excel 2013, 2016 and/or 
2017, GraphPad Prism 7 ver. 7.04 or OriginPro 8.5 or 2017. The mean dia-
meters of the fibers (n = 50–150) and inhibition zones in disc diffusion assay 
were calculated using ImageJ software (I–IV). Drug release profiles were com-
pared by calculating difference (f1) and similarity (f2) factors. Time-points 
included to the analysis were from 0 to the last sampling point where cumu-
lative amount of drug released did not exceed 85%. The profiles were con-
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cluded different if f1 > 15 and f2 < 50 (II, III). The drug release data were fitted 
into mathematical models using the DDSolver, an add-in program for MS 
Excel. The Akaike Informative Criterion (AIC) and R2 value were used to 
evaluate the applicability of the models (I). The CFU data from biofilm assay 
was log-transformed before statistical analysis (I). 
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6. RESULTS AND DISCUSSION 

6.1. Morphological characterization of the matrices (I, II) 
The morphology and structural properties of electrospun fiber matrices form the 
basis of their functionality and performance. Various parameters affect fiber 
diameter, diameter distribution, porosity and total surface area. Electrospinning 
can result in fibers in either micro- or nanometric scale according to the metric 
system. As seen from Table 4, all PCL blank and drug-loaded fibers were in 
nanometric range, whereas PCL/PEO blank and drug-loaded fibers were micro-
fibers. The addition of a drug can affect the electrospinning solution viscosity, 
surface tension, conductivity etc., thus morphology of the fibers may also be 
affected. This was seen with increased PCL/PEO/CAM fiber matrix average 
fiber diameter and size distribution, whereas, although statistically not significant, 
addition of MTZ, CIP or both into the fiber matrices had an opposite effect. The 
latter can be related to the increased solution conductivity from 18.9 µS/cm to 
2.75, 0.71 and 1.9 mS/cm, respectively. 
 
 
Table 4. Average fiber diameters with standard deviations (SD) 

Fiber matrix Average fiber diameter ± SD (nm) 
PCL (CF:MET) 496 ±306
PCL/CAM 496 ±339
PCL/PEO 2217 ±570
PCL/PEO/CAM 2863 ±1109
PCL (AA:FA) 565 ± 280 
PCL/MTZ 325 ± 100 
PCL/CIP 255± 75 
PCL/MTZ/CIP 265 ± 40 
PCL/MTZ/CIP 265 ± 40 
Key: AA – acetic acid; FA – formic acid; CAM – chloramphenicol; CIP – 
ciprofloxacin; MET – methanol; MTZ – metronidazole; PCL – 
polycaprolactone; PEO – poly(ethylene oxide). 
 
 
All fibers lacked beads or pores (Figure 6) and were otherwise smooth, only 
PCL fibers loaded with CIP or both CIP and MTZ had small visible crystals on 
the fiber surface. The presence of crystals on fiber surface can indicate phase 
separation and drug recrystallization during electrospinning process or storage. 
Drug recrystallization may take place if the chosen polymer(s), drug(s) and 
solvent(s) are not compatible, i.e., in case of combining ingredients with dif-
fering polarities. As both CIP and MTZ are hydrophilic drugs and PCL a hydro-
phobic polymer, drug recrystallization is very likely, whereas CAM, being also 
hydrophobic, is less likely to crystallize. 
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Figure 6. Scanning electron microscopy (SEM) micrographs of PCL blank fibers 
(solvents CF:MET 3:1 V/V) (A); PCL/CAM fibers (B); PCL/PEO blank fibers (C); 
PCL/PEO/CAM fibers (D); PCL blank fibers (solvents AA:FA 3:1 m/m) (E); PCL/MTZ 
fibers (F); PCL/CIP fibers (G); and PCL/CIP/MTZ fibers (H). Key: AA – acetic acid; 
CAM – chloramphenicol; CIP – ciprofloxacin; FA – formic acid; MET – methanol; 
MTZ – metronidazole; PCL – polycaprolactone; PEO – poly(ethylene oxide). 
 
 
Although no pores were seen on the fibers, large interfiber space was observed 
on SEM images. Large internal porosity of the matrices was confirmed with 
both mercury intrusion porosimetry and more simple calculations based on 
matrix dimensions, weight and PCL density provided by the manufacturer (see 
Materials and Methods section 5.3.1.2). The prior method showed that all 
CAM-loaded fibers and their corresponding blanks had very similar porosity 
between ~87–89%. The porosities of other matrices were calculated with the 
latter method and presented slightly lower, although similar values between ~76–85%. These results comply with previously reported values of electrospun 
matrices’ porosity ranging between 70–95% (Cortez Tornello et al., 2014).The 
thicknesses of PCL/MTZ, PCL/CIP and PCL/MTZ matrices were varied by 
varying the electrospinning time from 1 to 8 h, and no significant changes in 
porosity were observed with longer time of electrospinning (Table 5). 

Mercury intrusion porosimetry also provided information about pore size 
distribution. In the case of electrospun fibers, pore size calculated from Wash-
burn equation should be interpreted as fiber-to-fiber distance, rather than exact 
pore diameter. Figure 7 shows log differential intrusion volume vs pore dia-
meter profile of PCL/CAM, PCL/PEO/CAM and their corresponding blank 
matrices. Average pore diameter was 2.4 ± 0.88 µm in PCL/CAM matrix (2.1 ± 
0.04 µm in blank) and 6.3 ±1.26 µm in PCL/PEO/CAM matrix (5.9 ± 0.77 µm 
in blank), agreeing with the literature, that most prevalent pore diameter range 
for electrospun matrices is between 0.1–10 µm (Rutledge et al., 2009). There 
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appears to be a correlation between fiber diameter and pore size, as the larger 
the fibers, the larger the interfiber distance.  
 
 

Table 5. Thickness, density and porosity values of PCL/MTZ, PCL/CIP and 
PCL/MTZ/CIP matrices with different electrospinning time. 

Sample name with 
electrospinning time 

Thickness 
(µm) 

Density 
(mg/mm3) 

Porosity 
(%) 

PCL-6h  287 ± 48 0.18 ± 0.04 85 ± 5
PCL/MTZ-1h 53 ± 9 0.23 ± 0.05 80 ± 6
PCL/MTZ-2h 89 ± 29 0.20 ± 0.07 82 ± 8
PCL/MTZ-4h 139 ± 18 0.23 ± 0.04 80 ± 5
PCL/MTZ-6h 195 ± 21 0.25 ± 0.03 78 ± 4
PCL/MTZ-8h 297 ± 36 0.28 ± 0.04 76 ± 5
PCL/CIP-1h 57 ± 27 0.20 ± 0.10 83 ± 12
PCL/CIP-2h 123 ± 20 0.18 ± 0.03 84 ± 4
PCL/CIP-4h 199 ± 31 0.17 ± 0.03 85 ± 4
PCL/CIP-6h 243 ± 43 0.21 ± 0.04 82 ± 5
PCL/MTZ/CIP-6h  241 ± 37 0.21 ± 0.04 82 ± 5
Key: CIP – ciprofloxacin; MTZ – metronidazole; PCL – polycaprolactone. 
 

 
Figure 7. Mercury intrusion profile of electrospun fiber mats plotted as differential 
intrusion volume vs pore diameter. Key: CAM, chloramphenicol; PCL, polycaprolac-
tone; PEO, poly(ethylene oxide). 
 
 

 



 
 

54 

In addition to mercury intrusion porosimetry, BET analysis of PCL/CAM, 
PCL/PEO/CAM and their respective blank matrices was carried out. The tech-
nique allows to detect the presence of pores up to 10 nm (Širc et al., 2012), thus 
giving an indication of the porosity of individual fibers, rather than the matrix. 
SEM images showed no visible porosity of individual fibers, and this was con-
firmed with very low values of BET surface areas. 
 
 

6.2. Drug content and distribution (I) 
Electrospinning process may result in drug inactivation or degradation, espe-
cially if biomolecules are loaded (Zamani et al., 2013). The amount of drug in 
final fiber matrix must thus be ascertained. HPLC results confirmed that CAM 
is stable during electrospinning as the measured amount of drug matched the 
loading concentration. Also, as the electrospun matrix needs to be cut into de-
sired sized pieces for final application, the uniformity of the matrix must be 
ensured. Thus, RSM mapping was carried out, showing that CAM was uni-
formly distributed in the fibers, the distribution matching that of PCL (Figure 
8). The prior was also confirmed in larger scale with HPLC by measuring drug 
content in samples cut from different locations of the matrix.  
 
 

 
Figure 8. Bright-field microscopy (BFM) and Raman scattering microspectroscopy 
(RSM) images of CAM-loaded fiber matrices: PCL/CAM fibers BFM image (A); RSM 
images at CAM peak (1350 cm−1 vs 1380 cm−1) (B) and at PCL peak (1724 cm−1 vs 
1764 cm−1) (C); and PCL/PEO/CAM fibers BFM image (D); RSM images at CAM 
peak (1349 cm−1 vs 1378 cm−1) (E) and at PCL peak (1724 cm−1 vs 1760 cm−1) (F). Key: 
CAM, chloramphenicol; PCL, polycaprolactone; PEO, poly(ethylene oxide).  
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Distribution of MTZ and CIP in the fibers was not studied, although it is ex-
pected that they are less homogenously distributed compared to CAM due to the 
crystallization. Still, if the drug crystals are distributed evenly, the drug content 
will not vary from sample to sample in larger scale. 
 
 

6.3. Solid state characterization (I, II) 
Electrospinning is recognized as a method that favors the formation of non-
crystalline solid dispersions due to rapid solvent evaporation. Still, not every 
drug-polymer system allows amorphization and intrinsic properties of the drug 
together with drug-polymer interactions control which solid state form is es-
tablished (Verreck et al., 2003).  

XRD diffractograms (Figure 9) showed that crystalline CAM reflections 
present in physical mixtures were not visible in PCL/CAM nor PCL/PEO/CAM 
matrices. This indicates drug amorphization during electrospinning. On the other 
hand, in MTZ-loaded matrices characteristic reflections of the drug were seen as 
in physical mixtures, suggesting drug crystallization (Figure 10). As no drug 
crystals were visible on SEM images, the crystallization may have taken place 
inside the fibers. With CIP loaded matrices, only one reflection at ~6.3° 2-θ was 
detected, whereas no typical crystalline reflections of CIP HCl hydrate, the solid 
state form initially incorporated into the electrospinning solution, were found 
(Figure 10). Comparing the XRD results with the theoretical calculated CIP struc-
tures from Cambridge Structural Database indicated that CIP may have changed 
its solid state form to a free CIP base, new solvate or CIP formic acid salt. 

 
 

Figure 9. XRD diffractograms of A. (a) crystalline CAM powder, (b) amorphous CAM 
powder, (c) PCL powder, (d) PCL fibers, (e) PCL/CAM physical mixture, (f) PCL/ 
CAM fibers; B. (a) crystalline CAM powder, (b) amorphous CAM powder, (c) PCL 
powder, (d) PEO powder, (e) PCL/PEO physical mixture, (f) PCL/PEO fibers, (g) 
PCL/PEO/CAM physical mixture, (h) PCL/PEO/CAM fibers. Key: CAM – chloram-
phenicol; PCL – polycaprolactone; PEO – poly(ethylene oxide); * – crystalline 
reflection of CAM. 
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Figure 10. XRD diffractograms of A. (a) crystalline MTZ powder, (b) PCL powder, (c) 
PCL fibers, (d) PCL/MTZ physical mixture, (e) PCL/MTZ fibers; B. (a) crystalline CIP 
HCl hydrate powder, (b) PCL powder, (c) PCL fibers, (d) PCL/CIP HCl hydrate phy-
sical mixture, (e) PCL/CIP fibers; C. (a) crystalline MTZ powder, (b) crystalline CIP 
HCl hydrate powder, (c) PCL powder, (d) PCL fibers, (e) PCL/MTZ/CIP HCl hydrate 
physical mixture, (f) PCL/MTZ/CIP fibers. Key: CIP – ciprofloxacin; CIP HCl – 
ciprofloxacin hydrochloride; MTZ – metronidazole; PCL – polycaprolactone; • – 
crystalline reflection of MTZ; † - crystalline reflection of CIP hydrochloride hydrate. 
 
 
XRD results were confirmed, and possible drug-polymer interactions further 
elaborated with ATR-FTIR. Table 6 summarizes the characteristic peaks of 
PCL, PEO, CAM, MTZ and CIP, according to the literature data.  
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Crystalline and amorphous CAM presented some differences in their spectra and 
similar changes were seen when physical mixtures were compared with electro-
spun fibers (Figure 11). For instance, a peak shift from 814 cm-1 to 808 cm-1 was 
observed for amorphous compared to crystalline CAM. Similar shift from 816 cm-1 
to 810 cm-1 was seen with CAM-loaded fibers compared to respective physical 
mixtures. A sharp peak of crystalline CAM at 1682 cm-1 turned out broader and 
shifted to 1670 cm-1 for amorphous CAM. The peak appeared clearly in physical 
mixtures, whereas in electrospun fibers, it was not visible. Peaks at 1563 cm-1 and 
649 cm-1 were also absent in the spectra of CAM-loaded fibers. These results con-
firm that CAM was indeed in an amorphous form in fibers.  

Also, the changes in the spectra suggest interactions between CAM and PCL 
(Figure 11). As a peak at 1510 cm-1, corresponding to NO2 asymmetric stretch 

shifted to 1522 cm-1 and 1520 cm-1 in PCL/CAM and PCL/PEO/CAM fibers, 
respectively, changes in hydrogen bonding may have occurred. Hydrogen 
bonding and thus interactions are also possible for PCL and PEO. This may be a 
reason why a peak at 1107 cm-1 with a shoulder at 1094 cm-1 that was present in 
a physical mixture of PCL and PEO turned into a single peak with increased 
intensity in electrospun PCL/PEO fibers.  

FTIR spectra of MTZ-loaded fibers (Figure 12A and B) presented several 
characteristic peaks of MTZ, similarly to physical mixtures: peak at 1535 cm-1, 
corresponding to NO2 asymmetric stretch and a shoulder at 1184 cm-1, cor-
responding to wagging C17H2 together with twisting C14H2. This confirms XRD 
results that MTZ was indeed crystallized into the original form in the fibers. 
Still, possibly partial amorphization took place as the intensity of some MTZ 
peaks was changed and some peaks almost disappeared from the spectra of 
fibers compared to physical mixtures. Intermolecular interactions between PCL 
and MTZ could also be responsible of some changes, although the interactions 
most probably were not very strong, as no peak shifts of MTZ nor PCL were 
observed. 
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Figure 11. ATR-FTIR spectra of the electrospun fibers in comparison with the respec-
tive physical mixtures, crystalline and amorphous CAM, and carrier polymers PCL and 
PEO. Red dotted lines represent positions of CAM bands and black dashed lines 
represent positions of PCL bands. Key: CAM, chloramphenicol; PCL, polycapro-
lactone; PEO, poly(ethylene oxide). 
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Figure 12. ATR-FTIR spectra of the electrospun fibers in comparison with the respective 
physical mixtures: A. and B. (a) MTZ powder, (b) PCL fibers, (c) PCL/MTZ physical 
mixture, (d) PCL/MTZ fibers; C. and D. (a) CIP HCl powder, (b) PCL fibers, (c) PCL/CIP 
HCl physical mixture, (d) PCL/CIP fibers; E. and F. (a) MTZ powder, (b) CIP HCl 
powder, (c) PCL fibers, (d) PCL/MTZ/CIP HCl physical mixture, (e) PCL/MTZ/CIP 
fibers. Key: CIP – ciprofloxacin; CIP HCl – ciprofloxacin hydrochloride; MTZ – 
metronidazole; PCL – polycaprolactone; dashed, dotted and solid lines mark the positions 
of MTZ, CIP HCl and overlapping peaks, respectively, in physical mixtures. 
 
 
Several peaks of CIP-loaded fibers in the FTIR spectra (Figures 12C and D) had 
shifted to higher wavenumbers compared to the physical mixtures and CIP HCl 
hydrate powder: CIP peak at 1265 cm-1, corresponding to the bending vibration of 
O-H (Demirci et al., 2014), moved to 1277 cm-1 in fibers; CIP peak at 1624 cm-1, 
corresponding to vibration of CH2 on the benzene ring (Tan et al., 2012) moved 
to 1630 cm-1 in fibers. Also, several characteristic CIP HCl peaks were not 
detected from the fibers, whereas new peaks appeared. This supports XRD data 
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that CIP solid state form has changed, although the new form still needs to be 
confirmed. Peak shifts and absence of peaks at 3500-3450 cm-1, corresponding 
to OH stretching and intermolecular H-bonding (Martínez-Alejo et al., 2014), 
indicate that the hydrate form is lost and/or there may be interactions like 
hydrogen bonding between PCL and CIP. The solid state properties of MTZ and 
CIP in fiber matrices loaded with both drugs were similar to the ones loaded 
with either drug alone. 

Crystallinity of the carrier polymer may also change during electrospinning. 
Both PCL and PEO are semi-crystalline polymers, meaning that crystallites with 
ordered structure exist together with amorphous regions. As the amorphous/ 
crystalline ratio changes, polymer properties can also change, which in bigger 
perspective affects the behavior of the DDS. For example, it has been shown 
that the degree of PCL crystallinity affects the drug release kinetics from diffu-
sion controlled systems as the drug can only diffuse out through amorphous 
regions (Jeong et al., 2003). PCL has two characteristic crystalline reflections in 
the XRD diffractograms at 21.55 and 23.87° that correspond to the planes (110) 
and (200), respectively (Figures 9 and 10). Both were present in all physical 
mixtures as well as in fiber matrices, suggesting that the semi-crystallinity is 
preserved. The same was true for PEO. Although the polymers maintained their 
semi-crystalline nature, the degree of crystallinity may still have changed. The 
crystallinity of PCL can be assessed by comparing 110/200 intensity ratios from 
XRD diffractograms (J. L. Li et al., 2014). We saw that the crystallinity of PCL 
in our electrospun matrices was higher compared to the physical mixtures, 
although the method for producing physical mixtures must also be considered. 
As the manufacturer provided PCL as pellets, these were modified to produce 
powder that could be mixed with other ingredients. This process may have also 
reduced the polymer crystallinity, thus comparing the crystallinity of PCL in 
fibers and that in physical mixtures must be done with caution. There are reports 
in the literature that electrospinning reduces both PCL (Kuzelova Kostakova et 
al., 2017; X. Wang et al., 2013) and PEO (Xu et al., 2014) crystallinity. This 
contradiction with our results could be explained by higher crystallinity of PCL 
in pellets compared to our produced PCL powder form, supported by literature 
data (J. L. Li et al., 2014). Increased crystallinity was also observed with FTIR 
in PCL/CAM, PCL/PEO and PCL/PEO/CAM fibers compared to blank PCL 
fibers, as intensity of the peak at 2943 cm-1, corresponding to an asymmetric 
CH2 stretch in amorphous form, decreased, and the intensity ratio of crystalline 
vs amorphous peaks at 1724 cm-1 and 1731 cm-1, respectively, increased (T. 
Yang et al., 2014). This suggests that adding drugs or other carrier polymers to 
the electrospinning solution affects the crystallinity of PCL in final electrospun 
fibers.  

DSC analysis showed that both carrier polymers have lower melting points 
compared to the crystalline drug substances used in our studies: PCL 60.1 ºC, 
PEO 69.4 ºC, CAM 151.1 ºC, MTZ 163.2 ºC, CIP HCl hydrate 315.2 ºC. Thus, 
the lack of melting endotherm of the drug on the thermogram cannot be used to 
interpret the crystallinity of the drug if the drug is mixed with either of these 
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polymers (Kajdič et al., 2018). Other methods confirmed that amorphous CAM 
and at least partially crystalline MTZ and CIP were present in electrospun fibers. 
The thermograms, on the other hand, all lacked melting endotherms of the drug as 
expected due to the drug dissolution in the polymer melt before reaching its 
melting temperature. Similar results were seen with physical mixtures, con-
firming the hypothesis. 

Solid state analysis suggested intermolecular interactions between PCL, PEO 
and CAM. A deeper understanding of these interactions was sought with MD 
simulations (see publication I). The simulations showed that the number of 
hydrogen bonds between PEO and water was almost double compared to PCL 
and water, although both polymers had the same number of oxygen atoms 
capable of forming hydrogen bonds (see publication I Figure 7A). This is 
expected as PEO is hydrophilic, whereas PCL is hydrophobic. For that reason, 
hydrophobic CAM is more likely to interact with PCL compared to PEO. The 
contact area of the polymer and the drug showed that PCL and CAM were 
practically always in contact, indicating strong interactions. In contrast, for PEO 
and CAM any contact was probably accidental, not related to real interactions. 
The dominant form of interactions in both PCL/CAM and PCL/PEO/CAM 
systems were nonpolar-nonpolar contacts, i.e., hydrophobic interactions. Polar-
polar contacts that could be related to hydrogen bonding between the drug and a 
polymer made up only a very small fraction of total contacts. Thus, hydrogen 
bonding is clearly not the dominant mechanism of the interaction between PCL 
and CAM. Altogether, the simulations provided evidence that CAM has a clear 
attractive interaction with PCL that is predominantly due to hydrophobic (entro-
py driven) interactions, and that interaction between PEO and CAM is extre-
mely weak. 
 
 

6.4. Wettability of the matrices (I, II) 
Contact angle value helps to describe the wettability of a surface, thus indi-
cating materials’ hydrophobicity/hydrophilicity. As both PCL and CAM are 
hydrophobic, it is not surprising that PCL/CAM fibers were also hydrophobic 
with contact angle values of 98°, whereas addition of a hydrophilic polymer 
PEO caused the contact angle value to drop to 45°. Thus, PCL/PEO/CAM fibers 
were hydrophilic. Interestingly, when hydrophilic drugs MTZ, CIP or both were 
incorporated into the PCL matrix, the contact angle value was not significantly 
affected, and the matrices preserved their hydrophobic nature. However, it was 
observed that on a certain location of PCL/MTZ/CIP fiber matrices the droplet 
quickly penetrated into the matrix, reducing the contact angle to 0° (Figure 13). 
Thus, the surface properties were not uniform for the whole matrix. This was 
also seen when PCL/MTZ/CIP matrix was immersed into the buffer: in 1 s, 
localized wetting occurred, whereas longer immersion resulted in complete 
wetting of the matrix (Figure 13C). 
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Figure 13. The change in contact angle and area of droplet on the image with time at 
two different locations on the surface of nanofiber matrices loaded with both drugs 
(MTZ 2.5% and CIP, 2.5%) (A and B). Representative images of the PCL/MTZ/CIP 
nanofiber matrix before and after immersion into the 50 mM phosphate buffer for 1 s 
and 60 s (C). Key: CIP – ciprofloxacin; MTZ – metronidazole; PCL – polycaprolactone. 
 

6.5. Buffer uptake and swelling of the matrices (I, II) 
Buffer uptake and swelling properties provide a finer understanding of the 
whole matrix’ interactions with liquid medium. This is important to consider as 
it can affect the drug release properties and for wound dressings, the ability to 
absorb wound exudate is directly related to its’ functionality. It is known that 
PCL does not swell (Sultanova et al., 2016) and this was also seen in our study 
as the degree of swelling values were negligible for blank PCL matrix (5.0% ± 
3.82%). At the same time, PCL/PEO fibers showed a completely different pro-
file, as the degree of swelling was close to 250% (248% ± 15%). This indicates 
that the addition of a hydrophilic polymer greatly increased water absorption. 
The addition of CAM molecules slightly increased water absorption (38% ± 
10%) compared to the blank PCL matrix, probably due to creating structural 
changes in the matrix as the drug was released, enabling the water to diffuse in. 
At the same time, the addition of CAM to PCL/PEO matrix decreased the 
swelling nearly four times. Interestingly, the buffer uptake of PCL matrices 
loaded with hydrophilic drugs MTZ and/or CIP was much larger compared to 
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PCL/CAM matrices (Figure 14), even though the contact angle values were 
comparable. 

Significant differences in the rate of buffer penetration were observed 
between PCL/MTZ, PCL/CIP and PCL/MTZ/CIP matrices. The buffer pene-
trated slowly into PCL/MTZ matrices, whereas the wetting was immediate for 
PCL/CIP and PCL/MTZ/CIP matrices (Figure 14). In addition, the buffer up-
take values were significantly different (p=0.05) between these three electro-
spun matrices (Figure 14). The highest buffer uptake was observed with the 
PCL/CIP matrix (500%), followed by PCL/MTZ/CIP matrix (300%), and the 
lowest uptake being with the PCL/MTZ matrix (140%). These differences can-
not be explained by average nanofiber diameter or density of fiber matrices, 
since these did not significantly differ among the samples (Tables 4 and 5, 
respectively). One factor that did differ was the location of the drug. A hydro-
philic drug is usually incorporated within the hydrophobic carrier polymer close 
to the surface or may even be deposited only on the surface, resulting in an 
uneven distribution in nanofibers (Zeng et al., 2005). SEM images revealed no 
visible MTZ crystals, and thus these were positioned inside the nanofibers, 
whereas some of CIP was observed on the nanofiber surface as small nano-
crystals (Figures 6G and H). MTZ incorporates well into PCL and >20% drug 
loading can be achieved (Xue et al., 2014). The crystallization of CIP on the 
surface of PCL nanofibers is in line with the reported data for levofloxacin, an 
antimicrobial agent from the same chemical group as CIP (Hall Barrientos et al., 
2017). Differences in localization can be attributed to differences in the com-
patibility and interactions between these drugs, PCL and the solvents. As CIP 
crystallized on the nanofiber surface, it could draw the medium into the nano-
fiber matrix due to its hydrophilic (Olivera et al., 2011) and hygroscopic pro-
perties (Kakkar et al., 1997), thus being responsible for better buffer penetration 
compared to matrices where only MTZ was present inside the nanofibers. 

Also, to gain an insight about the maximum buffer uptake capacity, the 
matrices were immersed in 1% (m/m) Tween 80 solution, resulting in an im-
mediate uptake as the surfactant decreased the surface tension of the medium 
and improved the wetting properties of the matrices. The results indicated that 
complete wetting of PCL/MTZ matrix was not achieved in the time of the 
experiment as immersion in the surfactant solution increased the buffer uptake 
to 330%. At the same time, for PCL/CIP and PCL/MTZ/CIP matrices the buffer 
uptake did not differ when the surfactant was added.  
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Figure 14. Histogram showing buffer uptake after 6 h and 240 h immersion of 
PCL/MTZ-6 h, PCL/CIP-6 h, and PCL/MTZ/CIP-6 h into 50 mM phosphate buffer and 
immersion into 1% Tween 80 solution after 5 min. Data are averages of three replicates 
and error bars denote standard deviation. Key: CIP – ciprofloxacin; MTZ – metroni-
dazole; PCL – polycaprolactone. Details about samples descriptions are shown in Table 
3. 
 

6.6. Drug release and factors affecting it (I, II) 
Sustaining the release of hydrophobic drug molecules is often achieved using 
simple strategies, like monoaxial electrospinning of a drug-polymer blend using 
slowly disintegrating carrier polymers. This, however, is mostly, although not 
universally, unsuccessful in case of small hydrophilic molecules (Karuppus-
wamy et al., 2015; Sultanova et al., 2016; Xue et al., 2014; Zupančič et al., 
2016). It is important to find out critical parameters that are responsible for 
these differences and that would help to explain the mechanism of drug release. 
This knowledge can help to design and develop DDSs with desired release 
profiles, especially when simple strategies fail, or the release needs to be finely 
tuned.  
 

6.6.1. Effect of carrier polymers on the drug release (I) 

For PCL/CAM matrix, sustained release was achieved as after 78 h only ~60% 
of the drug was released (Figure 15A). Still, significant burst release occurred 
during the first hour, as ~19% of the drug was released. Addition of PEO into 
the fiber matrix enhanced the drug release from the matrix, as in 15 min ~92% 
of the drug was released and ~95% after 1 h (Figure 15B). As previously stated, 
PCL/CAM matrix was hydrophobic, whereas PCL/PEO/CAM matrix hydro-
philic due to the different nature of carrier polymers. It has been proposed that 
increasing matrix hydrophobicity can prolong the drug release (Falde et al., 
2015; Yohe et al., 2012), and conversely, increasing hydrophilicity accelerates 
the release. This illustrates the importance of choosing proper carrier polymer(s) 
to prepare DDSs with suitable and desired release kinetics. 
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Figure 15. Drug release profiles of PCL/CAM fibers (A); and PCL/PEO/CAM fibers 
(B) in phosphate buffered saline (PBS) at 37 °C. Data are averages of three replicates 
and error bars denote standard deviation. Key: CAM, chloramphenicol; PCL, poly-
caprolactone; PEO, poly(ethylene oxide). 
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To further elucidate the release mechanisms and reveal the impact of different 
carrier polymers on CAM release, the dissolution data were fitted into different 
mathematical models describing possible release kinetics: zero-order, first-order, 
Higuchi, Korsmeyer-Peppas, Hixson Crowell and Weibull. The model best 
describing the release from PCL/CAM fibers was Korsmeyer-Peppas (Akaike 
Information Criterion (AIC) = 26.9, coefficient of determination (R2) =0.9964). 
The value of release exponent n was below 0.45, suggesting Fickian diffusion 
as the release mechanism (Dash et al., 2010). This agrees with the literature 
which states that the diffusion-controlled release is the only option for non-
swellable and very slowly degrading PCL systems (Sultanova et al., 2016). For 
PCL/PEO/CAM the best fit was Weibull model (AIC = 23.7, R2 =0.9981). The 
value of exponent b has been shown to be an indicator of the mechanism of 
transport of the drug through the polymer matrix (Papadopoulou et al., 2006). 
The b value in PCL/PEO/CAM matrices was 0.74, suggesting that the system 
was homogeneous (Kosmidis et al., 2003a, 2003b) and very little, if any, phase 
separation between the two polymers and the drug occurs during electro-
spinning, as suggested by RSM results. The results support that the fast release 
from PCL/PEO/CAM matrix was not due to incompatibility of drug and the 
polymers but rather enhanced diffusion of the release medium into the matrix 
due to better wetting properties. 
 
 

6.6.2. Effect of fiber matrix thickness on the drug release (II) 

Figure 16 shows the drug release profiles of PCL/MTZ, PCL/CIP and PCL/ 
MTZ/CIP fiber matrices electrospun for different times, resulting in matrices 
with varying thicknesses. Matrix thickness was an important parameter affecting 
the drug release of MTZ from PCL/MTZ fiber matrices as increased thickness 
prolonged the drug release (Figure 16A). Over 90% of MTZ was released from 
the thinnest PCL/MTZ-1 h matrix (53 ± 9 μm) in the first 4 h, whereas the 
thickest PCL/MTZ-8 h matrix (297 ± 36 μm) released 44% of the drug on the 
first day, followed by a linear pattern of drug release over the following 
19 days.  
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Figure 16. Release of drugs from (A) PCL/MTZ, (B) PCL/CIP, and (C) PCL/MTZ/CIP 
nanofiber matrices of different thickness. The thickness of PCL/MTZ nanofiber matrix 
varied from 53 ± 9 μm (sample PCL/MTZ-1 h) to 297 ± 36 μm (sample PCL/MTZ-8 h) 
and PCL/CIP nanofiber matrix from 57 ± 27 μm (sample PCL/CIP-1 h) to 243 ± 43 μm 
(sample PCL/CIP-6 h). The PCL/MTZ/CIP-6 h nanofiber matrix was 241 ± 37 μm thick. 
Data are averages of at least three replicates and error bars denote standard deviation. 
Key: CIP – ciprofloxacin; MTZ – metronidazole; PCL – polycaprolactone. 
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On the contrary, the nanofiber matrix thickness had no effect on CIP release. 
Approximately 80% of CIP was released in the first 10 h and the remaining 
20% over the following 50 h, irrespective of matrix thickness (Figure 16B). 
PCL/MTZ/CIP-6 h matrix released CIP in a similar manner to CIP-loaded 
nanofibers, whereas MTZ was released immediately (Figure 16C) and faster 
compared to similarly thick PCL/MTZ matrix. The similarity between the 
samples was also statistically analyzed by calculating the difference (f1) and 
similarity factors (f2) (Table 7). The difference between samples was confirmed 
in case of the release profiles of PCL/MTZ matrices and the similarity was 
proven in case of PCL/CIP matrices. 
 
 
Table 7. The difference (f1) and similarity (f2) factors between release profiles of 
investigated nanofiber matrices.  

Tested samples f1   f2 Similarity 

PCL/MTZ-6h vs PCL/MTZ-1h 312.5 13.9 No, f1 ≥ 15 and f2 ≤ 50 

PCL/MTZ-6h vs PCL/MTZ-2h 79.6 30.7 No, f1 ≥ 15 and f2 ≤ 50 

PCL/MTZ-6h vs PCL/MTZ-4h 40.2 44.8 No, f1 ≥ 15 and f2 ≤ 50 

PCL/MTZ-6h vs PCL/MTZ/CIP-6h / / Cannot be calculated due to 
immediate release  

PCL/CIP-6h vs PCL/CIP-1h 7.7 60.2 Yes, f1 ≤ 15 and f2 ≥ 50 
PCL/CIP-6h vs PCL/CIP-2h 7.1 64.3 Yes, f1 ≤ 15 and f2 ≥ 50 
PCL/CIP-6h vs PCL/CIP-4h 4.8 67.8 Yes, f1 ≤ 15 and f2 ≥ 50 
PCL/CIP-6h vs PCL/MTZ/CIP-6h 5 70.2 Yes, f1 ≤ 15 and f2 ≥ 50 
PCL/MTZ-8h: 2.63 cm2:5.26 cm2  4.2 74.2 Yes, f1 ≤ 15 and f2 ≥ 50 

PCL/MTZ-8h: 25 ºC: 37 ºC 29.2 44.6 No, f1 ≥ 15 and f2 ≤ 50 
Key: CIP – ciprofloxacin; MTZ – metronidazole; PCL – polycaprolactone. 
 
 

6.6.3. Effect of solid state on the drug release (I, II) 

Solubility is one of the most crucial factors that influences the rate and extent of 
drug release and different solid state forms can exhibit significant differences in 
the apparent solubility. As amorphous form lacks highly ordered three-dimen-
sional crystal structure, it possesses higher free energy and has higher apparent 
solubility. Thus, the preparation and stabilization of an amorphous form has 
been recognized as a valid strategy for improving the drug release rate (Bhujbal 
et al., 2021). In case of electrospun matrices, the situation is more complex. 
Solid state analysis confirmed that CAM was in an amorphous form in both 
PCL/CAM and PCL/PEO/CAM fiber matrices (Figures 9 and 11), although the 
release rate was significantly different (Figure 15). Moreover, slow release from 
PCL/CAM matrices was possible despite CAM being in an amorphous form. 
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On the other hand, both MTZ and CIP had recrystallized at least partially in the 
matrices (Figures 10 and 12), but MTZ was released immediately from PCL/ 
MTZ/CIP matrix, whereas CIP exhibited prolonged release (Figure 16). Also, 
remarkable differences were observed in MTZ release from PCL/MTZ and 
PCL/MTZ/CIP matrices and not in CIP release from PCL/CIP and PCL/ 
MTZ/CIP matrices, whereas the solid state forms of the drugs were the same in 
matrices loaded with one drug or both drugs. Thus, solid state form of the drug 
cannot solely be responsible for different release profiles. Still, the effect can be 
indirect. An amorphous form of the drug is usually deposited inside the fibers, 
whereas recrystallization takes place on or near the fiber surface. Due to the 
large surface area of the fiber matrices and small size of the drug crystals, 
release medium has better access to the crystallized drug compared to the 
amorphous drug inside the fibers. Thus, in case of electrospun DDSs, amorphi-
zation can actually prolong the drug release. Also, hydrophilic drug crystals on 
the fiber surface can facilitate buffer uptake, which in turn can enhance drug 
release. 
 

6.6.4. Effect of buffer uptake on the drug release (II) 

As both drug release and buffer uptake were slower for PCL/MTZ matrix com-
pared to PCL/CIP and PCL/MTZ/CIP matrices, we wanted to understand if 
these two properties are related. Buffer uptake curves are compared with drug 
release curves in Figure 17. The buffer penetrated both PCL/MTZ-2h and 
PCL/MTZ-6h matrices slowly, correlating well with drug release data (Figure 
17A and B). It has been shown that slow penetration of buffer into the nanofiber 
matrix is due to the air entrapped in the pores between the fibers which 
decreases the contact area with release medium (Lembach et al., 2010), makes 
up a barrier for buffer uptake and prolongs the drug release (Falde et al., 2015; 
Yohe et al., 2012).  

On the other hand, for both PCL/CIP matrices (Figure 17C and D) and 
PCL/MTZ/CIP matrix (Figure 17E), the buffer uptake was immediate. This was 
probably related to the localization of recrystallized CIP on the fiber surface 
which due to its hydrophilic and hygroscopic nature helped to draw in the 
buffer. CIP release from these matrices was not immediate, whereas MTZ 
release was. This implies that buffer penetration into the matrix is a rate-limi-
ting factor for MTZ release, but not for CIP. The reason for the different release 
times of MTZ and CIP is most likely related to the different physicochemical 
properties of the drug molecules, e.g. aqueous solubility (MTZ ~10 mg/mL, CIP 
<100 μg/mL) (Olivera et al., 2011; Camila F. Rediguieri et al., 2011), ionization 
and pKa (MTZ 2.62, CIP 6.8 and 8.73–8.76) (Olivera et al., 2011; Camila F. 
Rediguieri et al., 2011), melting temperature (MTZ ~160 °C, CIP ~300 °C), and 
molecular weight (MTZ 171.2 g/mol, CIP 367.8 g/mol)), all of which influence 
their interactions with the release medium as well as the polymer.  

For some systems suitable drug release kinetics can be tailored by altering 
the matrix thickness, as was seen in the present study for PCL/MTZ matrix. The 
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thicker the matrix, the slower buffer penetration was observed. Similarly, CAM 
release was most probably affected by the rate of buffer penetration into the 
fiber matrix, only in that case the differences were due to different hydrophili-
city/hydrophobicity of the carrier polymers, resulting in different wettability of 
the fiber matrices. 

 
Figure 17. Drug release from and buffer uptake into (A) PCL/MTZ-2 h, (B) PCL/MTZ-
6 h, (C) PCL/CIP-2 h, (D) PCL/CIP-6 h, and (E) PCL/MTZ/CIP-6 h nanofiber matrices. 
Data are averages of three replicates and error bars denote standard deviation. Key:  
CIP – ciprofloxacin; MTZ – metronidazole; PCL – polycaprolactone. 
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6.6.5. Effect of release medium temperature and surface area of 
the matrix on the drug release (II) 

The additional experiment revealed that the surface area of PCL/MTZ fiber 
matrices did not influence the MTZ release profile (Figure 18A and Table 7). 
By contrast, the temperature of the release medium was a critical parameter 
(Figure 18B, f1 = 29.2, f2 = 44.6). Burst release was greater at higher tempera-
tures, whereas slow drug release was detected during the next few days inde-
pendent of the medium temperature. After 20 days, the fiber matrices incubated 
at 37 °C released all the incorporated drug and the matrix incubated at 22 °C 
released only 80% of the total drug content (Figure 18B). 
 

Figure 18. The effect of (A) different surface areas (2.6 vs. 5.2 cm2), and (B) tempe-
rature of release medium (22 vs. 37 °C) on the MTZ release from PCL/MTZ-8 h nano-
fiber matrices. Data are average of three replicates and error bars denote standard devia-
tion. Key: MTZ – metronidazole; PCL – polycaprolactone. 
 
 

6.7. Novel methods for monitoring drug release (IV) 
Drug release from electrospun matrices is usually studied using some modifi-
cation of pharmacopoeia methods for dissolution testing, although no standard 
method exists. The most important difference from the traditional methods is 
that the volume of release medium is much smaller to allow drug concentrations 
to be in detectable range using relatively small samples (Chou & Woodrow, 
2017; Hu et al., 2015). These methods, however, have some limitations for 
analysing wound dressings as the testing conditions do not reflect the wound 
environment adequately. For example, the amount of available liquid in the 
wound is much smaller compared to the situation when the dressing is fully 
immersed into the buffer, usually resulting in sink conditions. Also, as a second 
step, the diffusion further into the wound and reaction with the surrounding 
tissue and environment is important (Weiser & Saltzman, 2014). This can cause 
difficulties for correlating and predicting biological activity from the dissolution 
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data. Other methods have been developed, for example, the release of terbina-
fine hydrochloride has been studied using a wound dressing-skin model where 
the electrospun drug loaded fibers were set on filter papers (Paskiabi et al., 
2017) and tetracycline release has been measured in a dialysis bag mimicking 
the human skin-like conditions (Sadri et al., 2016). We proposed and compared 
novel drug release methods based on hydrogels rather than buffer solutions as 
release media, and using different detection methods. Hydrogels may represent 
a simplistic wound model onto which drug may be released followed by drug 
diffusion into the hydrogel matrix. As hydrogels have more similar hydrodyna-
mic conditions to wound tissue compared to aqueous solutions, they provide 
more biorelevant testing option and enable to monitor both release and diffusion 
of the drug. Previously described PCL/CAM and PCL/PEO/CAM matrices 
were used for the testing.  
 

6.7.1. Drug release into agar hydrogel measured by HPLC (IV) 

The extent of CAM release from the matrices and diffusion into the agar hydro-
gel was quantified using HPLC upon extraction of CAM from the agar hydro-
gel. The experimental setup was similar to disc diffusion assay conditions as 
this is the main method for assassing antibacterial activity of electrospun 
matrices (Alippilakkotte et al., 2017; Ibrahim et al., 2015; Zhaoyang Sun et al., 
2016). The agar on the plates was divided into five concentric circular zones 
(Figure 19A) and the CAM concentration in each zone was determined. The 
amount of drug released from electrospun matrices to the agar plates at different 
time-points at 37 ºC is summarized in Figure 19.  

The drug diffusion patterns for PCL/CAM and PCL/PEO/CAM fiber matri-
ces were qualitatively similar, although quantitatively less drug was released 
from PCL/CAM matrices within the same time period. It is clear that most of 
the drug is present in the 1 cm diameter section (zone 1) right below the fiber 
matrix at early time-points of the release experiment. As time passed, less drug 
was recovered in the inner circle (zone 1) and relatively more in zone 2 (the 
next circle around the matrix). Interestingly, after 120 min, the drug was not 
detectable in the 3rd and further zones in the matrices. Thus, CAM concentra-
tions released from PCL/CAM and PCL/PEO/CAM differ mainly in zone 1 and 
to some extent in zone 2. After 24 h, CAM had reached the outer circle (see 
publication IV Table A1). The diffusion of CAM in agar is thus rather slow, 
which can make it difficult to detect differences in antibacterial activity in disc 
diffusion assay, even when the drug is released differently from the delivery 
vehicle, and therefore may lead to different antibacterial efficacy in vivo (Mek-
kawy et al., 2017)  
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Figure 19. Schematic illustrating the division of the agar plate into zones (A). Zones 1-
5 are numbered starting from the inner circle. Zone diameters: 1.0 cm, 3.0 cm, 4.4 cm, 
5.8 cm, and 8.6 cm. Concentrations of released CAM (detection limit of 1μg/mL) from 
PCL/PEO/CAM (B) and PCL/CAM fiber matrices (C) into 1.5% (m/V) agar hydrogel at 
37 ºC in different time-points (1 min, 30 min, 180 min) and into different zones (1–4). 
Data are averages of three replicates and error bars denote standard deviation. Key: 
CAM - chloramphenicol; PCL - polycaprolactone; PEO – poly(ethylene oxide). 
 
 

6.7.2. Drug release into agar hydrogel detected with  
bioreporter strain (IV) 

In addition to chemical and physical methods for determining antibiotic con-
centrations during the release, it is also possible to use bacterial bioassays 
(Melamed et al., 2012). Hence, simultaneously to the antibacterial effects, the 
drug release can be monitored. We genetically engineered reporter bacteria (E. 
coli MG1655) to produce dose-dependent quantifiable green and red fluorescent 
signals in the presence of antibacterial drug CAM. The CAM-bioreporter has 
green fluorescent protein (GFP) as a control protein for expression and a red 
mScarlet-I as a reporter protein. In the presence of CAM GFP signal (green) 
will be reduced due to protein synthesis inhibition, and mScarlet-I signal (red) 
will increase due to transcription continuation as a result of ribosomal stalling in 
the transcription attenuation system. Therefore, the CAM release and diffusion 
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can be illustrated in different time-points (selected time-points 60, 180, and 360 
min) using fluorescence data (Figure 20).  

It is clearly seen that bacterial growth is inhibited close to the fiber matrices 
(inhibition zones surrounding the matrices) where CAM concentrations are the 
highest. Fluorescent bacteria surrounding the inhibition zones reveal the 
distance from the matrices where the CAM levels can still be detected. Com-
pared to the agar hydrogel diffusion tests (Figures 19), bacterial bioreporter 
study results on agar hydrogel did not reveal large differences between the 
PCL/CAM and PCL/PEO/CAM fiber matrices with the respect of released drug 
amounts and its effect on bacteria (Figure 20C), however, the largest difference 
in released amount of CAM in the prior test was observed in the zone directly 
under the fiber matrix, which could not be analyzed with this method. Growth 
inhibition was very slightly more pronounced in PCL/PEO/CAM fiber matrix 
(fast release) after 60 min of incubation; however, this difference was statis-
tically insignificant and disappears in later time-points (180 min). In later time-
points (6 h) red fluorescence detected from bacteria enabled determining the 
CAM concentrations even below MIC (in sub-MIC concentrations) (Figure 20D 
and E). After 6 h of incubation, the peak of the reporter protein signal is located 
further (approximately 0.75 cm) from the matrix in case of PCL/PEO/CAM 
fiber matrix (fast release) (Figure 20D) compared from PCL/CAM fiber matrix 
(slow release; located approximately 0.60 cm) (Figure 20E). This indicates that 
effective CAM concentration was achieved on larger area (at a further distance 
from the fiber matrix) with PCL/PEO/CAM fiber matrix, although the diffe-
rence between the two fiber matrices was minor. Most likely, this is due to the 
fact that most of the differences between the two different electrospun fiber 
matrices can only be seen in early time-points which cannot be distinguished 
using fluorescent bacteria in these settings. 
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Figure 20. (A-B) Shows the analyzed region of interest (0.8 mm X 1.5 cm) of bio-
reporter CAM-containing fiber disc diffusion assay from green fluorescence (A) and red 
fluorescence (B) scan images. Green fluorescence images in different time-points (60 
min and 180 min) allow estimating bacterial growth inhibition due to CAM released 
from PCL/PEO/CAM and PCL/CAM fiber matrices (C). Combined green and red 
fluorescent figures at 6 h reveal the fluorescence levels which can be correlated with the 
released CAM from PCL/PEO/CAM (D) and PCL/CAM fiber matrices (E). Data are 
averages of three replicates and error bars denote standard deviation. Key: CAM, 
chloramphenicol; PCL, polycaprolactone; PEO, poly(ethylene oxide). 
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6.7.3. Drug release into agarose hydrogel using UV imaging (IV) 

The assessment of CAM release by cutting of zones from agar plates followed 
by extraction and analysis of the drug is both a destructive and laborious 
sampling procedure. The fast release of CAM cannot be monitored using bio-
reporter bacteria that require time for growth and detectable signal production. 
Therefore, UV imaging was investigated as a potentially less labor intensive and 
more robust (reproducible/repeatable) approach for monitoring CAM release 
from the electrospun fiber matrices. An additional benefit of the non-intrusive 
imaging method is the high spatial as well as temporal resolution offered. Due 
to a lack of transparency of the agar plates used in antibacterial activity tests, a 
hydrogel matrix based on agarose was applied instead. Moreover, the Actipix 
D200 Large Area Imager allowed imaging of three samples in parallel enabling 
comparison.  

The UV imaging results reveal that PCL/CAM fibers provide slower drug 
release into the gel whereas PCL/PEO/CAM fibers release the drug faster 
(Figure 21). The differences were observed with respect to the total amount of 
released drug mainly at the early time-points. Only slight differences between 
the PCL/CAM and PCL/PEO/CAM fiber matrices with respect to their drug 
release behavior were detected in average drug release profiles, although these 
were not statistically significant and can be considered as more of a tendency. 

 
Figure 21. Amount of CAM released from PCL/PEO/CAM (∎) and PCL/CAM (●) 
fiber matrices into 0.5% (m/V) agarose hydrogel at 37°C based on UV imaging 
experiment data. Data are averages of five replicates and error bars denote standard 
deviation. Key: CAM, chloramphenicol; PCL, polycaprolactone; PEO, poly(ethylene 
oxide). 
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6.7.4. Comparison between different drug release model 
systems (IV) 

Irrespective of the in vitro release model system employed, the release of CAM 
was found to be faster from the PCL/PEO fiber matrices as compared to the 
PCL fiber matrices (Figure 22). However, the extent to which the release 
differed tended to vary between the model systems.  

 
Figure 22. Amount of CAM released from PCL/PEO/CAM and PCL/CAM fiber 
matrices into phosphate buffered saline at pH 7.4 and 37°C and 1.5% (m/V) agar hydro-
gel at 37°C and 0.5% (m/V) agarose hydrogel at 37°C. Data are averages of at least 
three replicates and error bars denote standard deviation. Analyzes were performed 
using UV-VIS spectrophotometry (CAM concentration in a buffer solution), HPLC 
(CAM concentration extracted from hydrogel) and UV imaging (CAM concentration 
within hydrogel). Key: CAM – chloramphenicol; PCL – polycaprolactone; PEO – 
poly(ethylene oxide). 
 
 
Drug release into buffer revealed that after 30 min the PCL/PEO/CAM fibers 
had released nearly all CAM into the buffer, whereas only a minor amount 
(approximately 30%) of drug was released from PCL/CAM fiber matrices 
(Figure 22 and for drug release curves, see publication IV Figure 1). When the 
CAM release into hydrogel was monitored by agar disc diffusion and extraction 
method, the amount of CAM released from PCL/PEO/CAM fiber matrix after 
30 min was approximately 70% and the released CAM amount from PCL/CAM 
matrix was similarly approximately 30% (with huge variability between 17–
48% for individual PCL/CAM fiber matrices). UV imaging, however, showed 
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that the differences with respect to the amount of drug released into the agarose 
hydrogel between PCL/CAM and PCL/PEO/CAM fiber matrices after 30 min 
were less pronounced as compared to the differences in CAM release into buffer 
(Figure 22). It was also seen that much less CAM was released and diffused to 
the region of analysis from both fiber matrices (approximately 9% and 8% for 
PCL/PEO/CAM and PCL/CAM fiber matrices, respectively) within the same 
time period. Most likely, less CAM is released from the fiber matrices into the 
hydrogel according to the UV imaging due to the different geometries of the 
setup. In the UV imaging setup, diffusion is limited to one direction perpendi-
cular to the matrix, whereas diffusion in the agar setup may occur in three 
dimensions. The latter will favor a relatively larger release of CAM. We believe 
that the concentration may be more likely to build up at the interface in the UV 
imaging setup. As might be expected due to the similarity of the release matri-
ces (hydrogel), the UV imaging drug release and diffusion profiles matched 
more with the drug release into agar hydrogel extraction (Figures 19–21) than 
release and dissolution into buffer (see publication IV Figure 1). The contact of 
the matrices with the hydrogels may be different between the agar and agarose 
hydrogels. It is not known whether the agar hydrogel may contain components 
interacting, and thereby facilitating the release of CAM. Similarly to UV 
imaging, less pronounced differences between the two different electrospun 
CAM-loaded fiber matrices were also observed with bacterial bioreporters 
(Figure 20C). It is due to the fact that the drug has to diffuse away from the 
matrix before it will be detected (UV imaging and bacterial bioreporters), 
whereas in the agar hydrogel extraction method, the area under the fiber mat 
will be included into the total released and detected drug amount. 

The differences with respect to CAM release from the matrices observed 
using the in vitro release testing model systems are related to the different 
properties of the release media (volume, agitation, and viscosity), its capability 
to penetrate into the fiber matrix, the sample size of fiber matrices, effect of 
shaking, and geometry of the setup. It is believed that drug diffusion and 
wetting of the samples were the rate-limiting steps for the drug release from 
fiber matrix into agar and agarose hydrogels. The release into buffer solution, 
however, was more affected by the hydrodynamics of the buffer measurements 
as agitation may have led to increased erosion and/or disintegration of the PCL/ 
PEO/CAM fiber matrices as compared to the PCL/CAM fiber matrices.  

In terms of repeatability, the model systems and analytical methods were all 
comparable. It can be seen that larger variations in drug release between repli-
cates were detected for PCL/CAM fiber matrices compared to PCL/PEO/CAM 
fiber matrices. This was seen with both drug release model systems (buffer vs. 
hydrogel) as well as different techniques (UV-VIS spectrophotometry, HPLC, 
UV imaging, and bacterial bioreporters). This might be explained by the diffe-
rent wettability of the PCL/CAM fiber matrices compared to PCL/PEO/CAM 
fiber matrices as discussed previously. The hydrophilicity of the PCL/PEO/ 
CAM fiber matrices makes them wet more homogeneously, whereas for 
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PCL/CAM fiber matrices the sample-to-sample variations in wettability may 
also cause variability in the drug release behavior.  

Compared to agar diffusion assay (extraction of CAM from hydrogel), the 
UV imaging was easier to conduct. Although for both these methods the size of 
sample, the release environment (hydrogel) and static conditions resembled the 
in vitro antibacterial activity testing conditions. Bacterial bioreporter study 
enabled to monitor CAM release into agar hydrogel during diffusion in later 
time-points where even sub-MIC concentration of CAM was determined based 
on the green and red fluorescence intensity. The method has the advantage of 
revealing the released antibacterial drug effect directly on bacteria.  

Burst release effect is a favorable characteristic for electrospun matrices 
intended for the treatment of wound infections. The extent of the burst release is 
often associated with device geometry, surface characteristics of host material, 
heterogeneous distribution of drug within the polymer matrix, intrinsic dissolu-
tion rate of drug, and heterogeneity of matrices (Fu & Kao, 2010). From the 
drug release experiments, we see that the burst release is smaller with the 
hydrogels compared to the buffer solution (Figure 22). Larger differences in the 
burst release between the samples were observed with hydrophobic PCL/CAM 
fiber matrices (Figure 22). For the drug release to occur from the PCL fiber 
matrix, the medium needs to penetrate into the electrospun fiber matrix to cause 
the diffusion of the drug to the exterior. Initially, the diffusion is affected by the 
electrospun matrix composition and the fiber characteristics, as for PCL/PEO/ 
CAM fiber matrices the release was also affected by swelling and dissolution of 
PEO. As a second step, the diffusion further into the wound and reaction with 
the surrounding tissue and environment is important (Weiser & Saltzman, 
2014). The gels in vitro and the wound tissue in vivo can be envisioned to 
provide a diffusion barrier or matrix minimizing burst release effects. Local 
transport mechanisms determine the volume in which the drug is distributed; 
thus, understanding these mechanisms is essential for optimizing the effective-
ness of local delivery (Weiser & Saltzman, 2014). The in vitro methods that 
enable to mimic the in vivo conditions most closely are likely to enable accurate 
predictions of the drug release and transport in the wound environment. 
 
 

6.8. Antibacterial activity (I, II, IV) 

6.8.1. Disc Diffusion Assay (I, II) 

Disc diffusion assay is one of the most frequently used antimicrobial suscepti-
bility testing methods and thus was chosen as the first approach to test the 
antimicrobial activity of the electrospun matrices. The antibacterial activity of 
CAM-loaded electrospun fibers was first studied on two strains of E. coli, non-
pathogenic laboratory strain MG1655 and uropathogenic CFT073. Facultative 
anaerobe E. coli was chosen as it is commonly present in infected wounds  
(P. G. Bowler et al., 2001) and is also extensively studied and known model 
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microorganism. It is important to test the antibacterial activity on both non-
pathogenic and pathogenic strains of bacteria, as different strains can have 
different antibiotic sensitivity (Beceiro et al., 2013). Matrices loaded with MTZ 
and/or CIP were also tested on E. coli, but also on anaerobes F. nucleatum and 
P. gingivalis, facultative anaerobe S. mutans, and microaerophilic A. actino-
mycetemcomitans. These bacteria are associated with periodontal infections, and 
as the growth of anaerobes is also facilitated in an inadequately perfused chro-
nic wounds with low oxygen levels (Siddiqui & Bernstein, 2010), it is important 
to include these types of bacteria with different oxygen tolerance in the develop-
ment of antibacterial activity testing methods. The cultivation and thus testing 
are more challenging compared to using microbes that survive and thrive in 
aerobic conditions. Thus, these bacteria can be viewed as anaerobic/microaero-
philic model organisms for the development of suitable analytical techniques 
that are necessary for the assessment of DDSs intended for the treatment of skin 
or oral wound infections. 

Clear inhibition zones on inoculated agar plate would indicate efficient 
antibacterial concentrations. It can be seen in Figures 23A and B that no such 
inhibition zones were observed around blank fibers nor negative control discs 
but appeared around both drug-loaded fibers and positive controls, indicating 
adequate antibacterial activity of CAM in fibers. The inhibition zone sizes were 
not statistically different between PCL/CAM fibers, PCL/PEO/CAM fibers and 
control discs. On the other hand, there appeared to be a difference between the 
two strains as the inhibition zones were slightly bigger in case of E. coli 
MG1655 compared to CFT073. 

 
 

 
 

Figure 23. Antibacterial activity of electrospun matrices. Disc diffusion assay results 
with (A) E. coli MG1655 and (B) E. coli CFT073 strains: 1, PCL blank; 2, PCL/CAM; 
3, PCL/PEO blank; 4, PCL/PEO/CAM electrospun matrices; 5, filter paper; 6, filter 
paper impregnated with CAM solution (20 μg). 
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MTZ-loaded PCL nanofiber matrices were effective against F. nucleatum, P. 
gingivalis and A. actinomycetemcomitans (Figure 24). PCL/CIP nanofiber 
matrices were effective against all tested bacteria in anaerobic conditions and 
also against E. coli in aerobic condition. CIP-loaded nanofiber matrices were 
more active against A. actinomycetemcomitans compared to the MTZ-loaded 
nanofiber matrices. On the other hand, F. nucleatum was more sensitive to MTZ 
than CIP. The antibacterial efficacy of PCL nanofiber matrices loaded with both 
drugs was better than the mats loaded with either drug alone, noted by a broader 
overall spectrum and/or larger inhibition zones. The efficacy of the treatment of 
periodontal diseases with combinations of different drugs has been proven and a 
synergistic effect has been shown for MTZ combinations with amoxicillin 
(Pavicic et al., 1991) and CIP (Slots, 2004). Another benefit of MTZ and CIP 
drug combination is that non-periodontopathogenic viridans streptococcal spe-
cies with potential to inhibit several pathogenic species are resistant to this anti-
bacterial combination and help recolonize the subgingival sites, hence favoring 
a healthy microbiome (Slots, 2004).  
 
 

 
Figure 24. Antibacterial activity of electrospun matrices. Disc diffusion assay results 
with E. coli (DSM 1103) under aerobic and anaerobic conditions, and in anaerobic 
conditions with F. nucleatum, A. actinomycetemcomitans, S. mutans and P. gingivalis 
using PCL/MTZ, PCL/CIP and PCL/MTZ/CIP electrospun matrices. Data are averages 
of three replicates and error bars denote standard deviation. 
 
 
The size of the inhibition zone around the disk depends on the diffusion rate of 
the antibiotic, the growth rate and MIC of the bacteria (Gefen et al., 2017). 
Hence, different antibiotic release profiles might result in differences in disc 
diffusion assay, but no such observations were made with PCL/CAM and PCL/ 
PEO/CAM matrices. Similar results have been reported for curcumin-loaded 
antibacterial fibers with different release kinetics (Tsekova et al., 2017). This 
can be explained by relatively high drug-loading and initial burst release which 
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quickly brings the concentration of antibacterial drug above MIC. Also, as seen 
from drug release results, the diffusion of CAM in the agar hydrogel is quite 
slow and most of the drug is present near the fiber matrix disc in early time-
points (Figure 19). Thus, if drug diffusion in the agar is slower compared to 
drug release, and drug concentrations are relatively high, no differences in the 
inhibition zone size can be detected.  

Disc diffusion assay enabled to confirm if the released drugs and their con-
centrations were effective against tested microbes but could not differentiate 
between different drug release profiles of electrospun matrices. Neither could 
disc diffusion assay with bioreporter bacteria reveal these differences, although 
it suggested differences in the distances from the fiber matrices where effective 
CAM concentration were achieved. Another limitation of a traditional disc 
diffusion assay is that the method can only provide information about early 
release phase and does not indicate how long the concentrations stay sufficient 
in case of prolonged release dosage forms. Thus, we developed two modifica-
tions of the disc diffusion assay to address these problems. 

 
 

6.8.2. Modified disc diffusion assay (IV) 

Drug release studies showed that CAM release from PCL/CAM and PCL/PEO/ 
CAM matrices were different, although the size of the difference varied de-
pending on the testing method. As no differences in antibacterial activity could 
be observed in disc diffusion assay, we developed a modified assay, where the 
matrices were physically removed from the surface of the solid growth medium 
at specified time-points and the antibacterial effect of the released drug on 
model bacteria S. aureus DSM 2569 was determined by measuring the size of 
the inhibition zones after 24 h. 

Faster CAM release from PCL/PEO/CAM matrices compared to the PCL/ 
CAM matrices correlated with larger inhibition zones (Figure 25). Thus, this 
method was able to distinguish small differences in the antibacterial activity of 
differently designed electrospun fiber matrices. The differences were larger at 
earlier time-points as observed in drug release experiments into hydrogel. 
Control filter paper impregnated with CAM confirmed that the wetting of the 
sample is the major triggering factor for further drug release and diffusion. 
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Figure 25. Inhibition zone diameters measured after 24 h on agar plates. X-axis indicate 
exposure time of discs (PCL/PEO/CAM or PCL/CAM fiber matrices) onto the hydro-
gel. S. aureus DSM 2569 was used for the study. Filter paper wetted with CAM solution 
and dried (same CAM concentration) served as a control. Data are averages of at least 
three replicates and error bars denote standard deviation. Key: CAM, chloramphenicol; 
PCL, polycaprolactone; PEO, poly(ethylene oxide).  
 
 

6.8.3. Prolonged disc diffusion assay (II) 

We wanted to test if prolonged release of an antibiotic from electrospun matrix 
results in prolonged antibacterial activity. Thus, we compared PCL/MTZ-1h 
and PCL/MTZ-8h nanofiber matrices in prolonged disc diffusion assay (Figure 
26A) as the prior fiber matrix released over 90% of MTZ in the first 4 h into the 
buffer, whereas the latter released 44% of the drug on the first day, followed by 
a linear pattern of drug release over the following 19 days.  

After 24 h incubation, the largest inhibition zones occurred due to the highest 
amount of drug released over that time in both cases (Figures 26B and C). There 
was no difference in the size of inhibition zones between PCL/MTZ-1 h and 
PCL/MTZ-8 h nanofiber matrices, similar to their respective filter paper cont-
rols, i.e. the resulting concentrations were rather high and the zone size reached 
a plateau. Clear differences were seen at day 2 when only a minor or no inhibi-
tion zone formed around the PCL/MTZ-1 h nanofiber matrices, whereas sub-
stantial zones occurred around PCL/MTZ-8 h nanofiber matrices. Interestingly, 
no inhibition zone formed around PCL/MTZ-8 h matrix on day 3. Although 
PCL/MTZ-8 h matrices had zero-order release after 24 h, and hence day 2 and 
day 3 plates should look similar, drug release on agar plate may not correlate 
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perfectly with that in buffer solution as seen with the experiments with CAM, 
emphasizing that drug release results from buffer solution cannot be directly 
transferred to other circumstances. Thus, the amount of drug that is released 
over 24–48 h is larger than over 48–72 h, and the latter is actually too small 
concentration to produce visible inhibition. 

 

 
Figure 26. (A) Schematic representation of the study design of the prolonged disc diffu-
sion assay with the MTZ-loaded PCL nanofiber matrices and F. nucleatum in anaerobic 
conditions; (B) images of prolonged disc diffusion assay plates for MTZ-loaded PCL 
nanofiber matricers of different thicknesses (PCL/MTZ-1 h and PCL/MTZ-8 h 
nanofiber matrices), where one disc was applied on the first time-point plate and all 3 
replicates were added to one plate at following time-points; (C) diameter of inhibition 
zones of PCL/MTZ-1 h and PCL/MTZ-8 h nanofiber matrices in the prolonged disc 
diffusion assay. Data are averages of three replicates and error bars denote standard 
deviation. 
 
 
Although no inhibition was seen on day 3 with the PCL/MTZ-8 h nanofiber 
matrices, this should not be interpreted as a lack of effect after 48 h. For the 
treatment of periodontitis, disc diffusion tests seem to mimic real conditions 
more closely than drug release tests in the buffer solution. Still, the disc diffu-
sion testing conditions do not simulate the complexity and dynamics of real in 
vivo conditions precicely. Based on the obtained in vitro results it is expected 
that the matrices provide initially faster drug release, creating appropriate local 
antibiotic concentrations that would be complemented by their following 
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constant release. This would maintain appropriate drug concentrations for a 
prolonged time and improve antibacterial efficacy important for real clinical 
situations.  
 

6.8.4. Biofilm assay (I) 

Biofilms are complex communities of bacteria embedded within a matrix of 
extracellular polymeric substance attached to a surface of a substrate (Lam et 
al., 1980). Bacteria are traditionally studied in their nonadherent state, although 
bacterial cells in a biofilm are phenotypically and physiologically different from 
planktonic bacterial cells. One of the most important differences is that cells in a 
mature biofilm require much higher concentrations of antimicrobial drugs for 
killing compared to the planktonic cells (Stewart et al., 2001). As 60−100% of 
chronic wounds have been shown to contain biofilm (James et al., 2008; Oates 
et al., 2014) and delayed wound healing is increasingly associated with biofilm 
formation, (Schierle et al., 2009) it is important to seek possibilities to eradicate 
mature biofilm and prevent new biofilm formation. Furthermore, wound dres-
sing material should not promote the growth of bacteria and preferentially it 
should also have antibiofilm properties.  

A biofilm assay was developed and tested with both PCL and PCL/PEO 
blank and CAM-loaded matrices to assess the ability of bacteria to form biofilm 
on these electrospun fiber matrices. The biofilm was established by immersing 
the fiber matrices into an artificial wound exudate inoculated with a high 
number of bacteria. PCL blank matrix provides the best substrate for bacterial 
attachment as the number of CFU-s is up to 2 orders of magnitude higher than 
with PCL/PEO blank matrix (Figure 27). The surface of most polymers can be 
colonized leading to biofilm formation. Increased hydrophilicity has been 
shown to prevent the bacterial adhesion and consequently also biofilm initiation 
(Davidson & Lowe, 2004). The primary reversible attachment of bacteria to a 
surface has been shown to be highly dependent on the environmental conditions 
as well as the nature of the surface, with rugosity and hydrophobicity increasing 
adhesion (Beloin et al., 2008). Fiber surface chemistry and properties, such as 
wettability and surface charge, have been found to affect the ability of bacterial 
cells to attach and proliferate throughout the nanofiber matrices (Abrigo et al., 
2015). As discussed before, PCL surface is much more hydrophobic than 
PCL/PEO surface, and preferentially bacteria adhere on this electrospun matrix. 
As expected, both drug-loaded fiber matrices showed reduction in biofilm 
formation in comparison to blank fiber matrices (Figure 27).  
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Figure 27. Number of colony-forming units (CFU) of E. coli CFT073 in biofilm formed 
on each matrix after 24, 48, and 72 h incubation at 37 °C. Data are averages of three 
replicates and error bars denote standard deviation. The data was log-transformed before 
statistical analysis and pairwise t-tests were carried out. The p-values were adjusted 
using Holm’s method. *, p < 0.05; **, p < 0.005; ***, p < 0.0002. Key: CAM, chloram-
phenicol; PCL, polycaprolactone; PEO, poly(ethylene oxide). 
 
 
Interestingly, in comparison to blank fiber matrices the drug-loaded matrices 
showed an opposite trend, as the average cell number was less with hydro-
phobic PCL/CAM fibers than with hydrophilic PCL/PEO/CAM fibers at all 
time-points, suggesting that biofilm formation was greatly influenced by the 
release rate of CAM from the matrix. It is likely that the incorporation of CAM 
changed the surface and swelling properties of fibrous matrices, or the nature of 
the substrate might have influenced the vulnerability of the bacteria to antibiotic 
treatment, which could also contribute to this effect. Still, it seems that pro-
longed release of antibacterial drug from the matrix generated a situation where 
antibiotic concentration in the growth medium is lower than that in the fibers, 
hence bacteria do not benefit from attaching to that surface. On the other hand, 
if antibiotic concentration in the fibers is lower than in the growth medium, 
bacteria can find shelter from harsh environmental conditions through adhering 
onto the dressing and forming a biofilm, thus potentially aggravating the clini-
cal situation, and emphasizing the need for designing dressings that take these 
interactions into account.  

The strongest effect on biofilm reduction can be seen at the 72-h time-point 
for both drug-loaded matrices (Figure 27). The amount of nutrients available in 
growth media decreases in time and this, together with the stress from the anti-
biotic, may be responsible for the observed effect. Altogether, our data indicate 
that the complex interplay between the nature of the drug, drug release kinetics 
and carrier polymer properties determine the effectiveness of antimicrobial 
therapy. Interactions between drug molecules and carrier polymers can have a 
detrimental effect on the antibacterial activity, as was shown by Hassounah et 
al. demonstrating that hydrogen bonding between PVP carrier and antitubercu-
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losis drugs resulted in the loss of antibacterial activity (Hassounah et al., 2014). 
It seems that most beneficial release profile would be initial burst release to 
quickly reach effective antibacterial concentrations followed by more prolonged 
release to keep the concentrations sufficient for longer time and prevent biofilm 
formation on the dressing and in the wound. To have all desirable properties 
necessary for wound healing, antimicrobial multilayered wound dressings with 
different characteristics could have great potential to be used for successful 
wound therapy. 

 
 

6.9. Safety of the matrices (I, II) 
Safety of the fiber matrices was investigated using cell viability assays on fibro-
blasts according to the ISO guideline (109993-5). Indirect cell viability assay 
using liquid extracts of PCL/CAM and PCL/PEO/CAM fiber matrices showed 
good tolerability by the mammalian cells. There were no statistically significant 
differences between group means in viability as determined by one-way 
ANOVA (F(20,27) = 1.302, p = 0.25). Neither did PCL/MTZ, PCL/CIP nor 
PCL/CIP/MTZ fiber matrices affect cell viability compared to the untreated 
controls (cells incubated in plain growth medium) in assays performed by both 
direct (cells incubated together with fiber matrices) and indirect methods 
(p<0.05, see publication II Figure 7A). In addition, the cell morphology was not 
changed in the presence of these drug-loaded fiber matrices (see publication II 
Figure A4). Thus, the developed matrices were considered safe to fibroblastic 
cells, giving an indication that further studies, including in vivo tests on animal 
models, could be continued to reach the final goal of introducing the dressings 
to human patients. 
 
 

6.10. Sterilization of the matrices (III) 
Sterility is an important quality attribute of electrospun DDS-s intended to be 
used on open wounds as contamination of medical devices can lead to infection 
and severe complications prolonging or suspending healing (Darouiche & 
Darouiche, 2001). Sterilization and disinfection of electrospun DDSs can be 
challenging due to several restrictions on the process conditions and the ampli-
tude of functionality-related characteristics that need to be maintained. We 
studied the efficacy and effects of four different perspective sterilization or 
disinfection methods (gamma irradiation, UV-irradiation, in situ generated chlo-
rine gas and low-temperature argon plasma) on previously described PCL/CAM 
and PCL/PEO/CAM matrices.  
 

6.10.1. Sterilization efficacy (III) 

As sterility testing results are affected by the presence of antimicrobial drugs 
and European pharmacopoeia states that it is necessary to inactivate any 
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antimicrobial substances contained in the sample, only blank fiber matrices 
without CAM were included in these tests to reveal only the effect of sterili-
zation and not to confound it with the antimicrobial activity of CAM. All 
controls produced expected results, thus tests were considered valid. The results 
confirmed that all untreated control samples were contaminated and resulted in 
microbial growth in both aerobic and anaerobic conditions (Table 8). 
 
 

Table 8. Sterility or non-sterility of tested electrospun fiber matrices after different treatments. 
For each treatment a number of samples exhibiting microbial growth out of three replicates is 
presented. Note: no growth was observed in negative controls, growth was observed in positive 
controls. 

Sample Un-
treated 

UV 
15 

min 

UV 
30 

min

UV 
60 

min

Gamma 
radiation

Cl2 
1h 

Cl2 
2h 

Plasma 
0.5 min

Plasma 
1 min 

Plasma 
2 min 

PCL in TSB 3/3 0/3 0/3 0/3 0/3 0/3 0/3 1/3 0/3 1/3 
PCL in FTG 3/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3 
PCL/PEO in TSB 3/3 0/3 0/3 0/3 0/3 0/3 0/3 1/3 1/3 1/3 
PCL/PEO in FTG 3/3 1/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3 

Key: FTG – fluid thioglycollate medium; PCL – polycaprolactone; PEO – poly(ethylene oxide); 
TSB – tryptic soy broth.  

 
 
Both gamma irradiation (50 kGy) and chlorine gas treatments for 1 and 2 h were 
able to effectively sterilize the samples (Table 8). Although the prevailing 
gamma irradiation dose used for sterilization is 25 kGy, it has been reported that 
doses below 35 kGy were ineffective to completely eliminate microorganisms 
from PCL scaffolds (Augustine et al., 2015), and thus higher doses may be 
necessary. When nanofibrous matrices are concerned, gas sterilization has its 
disadvantages due to a high surface area and possibility of residual gas inclusion 
in the fiber matrices. This has been seen with ethylene oxide treatments (Hora-
kova et al., 2018), although whether it would be a problem with chlorine gas 
still needs to be determined. 

UV-radiation was also an effective method for decontaminating electrospun 
matrices, although the shortest treatment time of 15 min on both sides gave un-
reliable results as one sample in FTG medium still exhibited microbial growth 
(see publication III Figure 3). Longer exposure times were able to sterilize the 
samples (30 min per side and 1 h, respectively). The effective exposure time has 
been reported to vary between 2 min to 2 h, depending on the materials and the 
geometry of DDS (Dai et al., 2016; Guerra et al., 2018; Rainer et al., 2010). 

Low-pressure argon plasma treatment was able to reduce the bioburden as 
seen from the reduced number of contaminated samples compared with un-
treated samples (Table 8) but was still ineffective sterilization method indepen-
dent on the treatment times used in this study (30 s, 60 s and 120 s). There are 
conflicting results about the efficacy of argon plasma sterilization in the 
literature (Ghobeira et al., 2017; Holy et al., 2000; L. Yang et al., 2009) and 
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although it proved to be ineffective in our study, plasma technology should not 
be disregarded as using other process conditions/plasmas could help to effec-
tively sterilize electrospun matrices. Also, an important factor not often dis-
cussed that affects the sterilization efficacy and complicates the comparison of 
the results from different studies is the presterilization bioburden. The manu-
facturing conditions must thus be designed to support minimal contamination 
during preparation and packaging to increase the sterilization efficacy and 
reduce endotoxin levels in the end product. 

In further analyzes, the shortest effective sterilization time was used for UV 
and chlorine gas treatments (30 min per side and 1 h, respectively) and 1 min 
treatment with argon plasma. 
 

6.10.2. Drug content (III) 

Drug-loaded matrices need to preserve the integrity of the active ingredient after 
sterilization to ensure the therapeutic efficacy and reduce the amount of pos-
sibly toxic degradation products. Still, sterilization of drug-loaded products can 
result in the loss of active ingredient due to degradation and to understand the 
extent of this effect the drug content of untreated and differently treated matri-
ces was analyzed with HPLC. The results revealed that sterilization process can 
indeed lower the amount of drug present in the matrices, but more interestingly, 
the extent of this loss is largely influenced by the polymeric composition of the 
matrix (Figure 28). 
 

Figure 28. Chemical stability of CAM in untreated and differently treated electrospun 
fiber matrices: gamma irradiation, UV-treatment for 15, 30 and 60 min on both sides, in 
situ generated chlorine gas treatment for 1 h and argon plasma treatment for 0.5 min,  
1 min and 2 min on both sides. Data are averages of three replicates and error bars 
denote standard deviation. Statistical significance of differences (depicted by asterisks) 
was analysed by applying two sample t-tests assuming equal or unequal variances 
depending on the results of the prior F-test (p < 0.05). * p<0.05; ** p<0.001. Key:  
CAM – chloramphenicol; PCL – polycaprolactone; PEO – poly(ethylene oxide). 
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In case of UV-sterilized, chlorine gas sterilized and 2 min plasma-sterilized 
PCL/CAM and PCL/PEO/CAM matrices, there were statistically significant 
differences in the remaining drug content. With all these methods, the CAM 
loss was significantly greater in PCL/PEO/CAM matrices. Statistically signi-
ficant loss of drug was detected in case of PCL/CAM matrices treated with UV 
for 60 min on both sides and with all plasma treatments, probably due to photo-
lytic degradation of CAM (Bakare-Odunola et al., 2009). 

As for PCL/PEO/CAM matrices, all sterilization methods resulted in statis-
tically significant loss of drug. The presence of water is known to hasten drug 
degradation through several proposed mechanisms (Szakonyi & Zelkó, 2012), 
and this could explain why drug loss was greater in hydrophilic PCL/PEO/CAM 
matrices. Also, structural differences between the matrices could contribute to 
this as larger pores between PCL/PEO/CAM fibers could fascilitate the penetra-
tion of gases, like chlorine in this study, into the matrix and thus have a better 
access to the drug deeper inside the matrix and cause more degradation. Gamma 
sterilization had the least detrimental effects on PCL/PEO/CAM matrices’ drug 
content and from that point of view would be the most favorable sterilization 
method. Gamma sterilization has been shown to be suitable for sterilization of 
CAM-loaded pharmaceutical preparations due to low level of CAM radiolysis at 
irradiation dose of 25 kGy, moreover, the radiolysis products that are generated 
are safe for human health (Hong et al., 2002). 
 

6.10.3. Solid state changes (III) 

Different sterilization/disinfection treatments did not affect the solid state form 
of CAM (see publication III Figure 3). Slight changes appear in the peak 
position of νas(C-Cl) of CAM (Si et al., 2009) in the spectra of PCL/CAM 
matrices treated with plasma and chlorine gas (shift from 810 to 816 cm−1) and 
UV-treatment for 30 min (shift to 814 cm−1), which could indicate recrystalli-
zation. On the other hand, the position of ν(C=O) peak (Si et al., 2009) in 
spectrum remained at 1686 cm−1 after all treatments, suggesting that at least 
partially CAM was still present in an amorphous form in the matrices. Also, 
peaks related to the ring deformation (649 cm−1) and stretch (1563 cm−1) (Si et 
al., 2009) were not visible in spectra, further indicating amorphousness. No new 
peaks or loss of existing peaks were observed in the spectra of matrices after 
sterilization, neither related to the drug nor the polymers. Thus, it is unlikely 
that any chemical bonds were formed or broken during these procedures. 
Similarly, it has been reported that gamma irradiation using doses up to 45 kGy 
(Bosworth et al., 2012) and UV treatment for 3 h (Ghobeira et al., 2017) have 
not caused any chemical alteration of PCL, although cleavage of ester bonds in 
gamma irradiated PCL matrices have been observed (Augustine et al., 2015). 
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According to our FTIR results, PCL crystallinity was unaffected as no 
changes were observed in the ratio of crystalline and amorphous C=O stretch 
peak intensities (1724 vs 1731 cm−1) or in the intensity of peak at 2943 cm−1 
which is related to the amorphous form (T. Yang et al., 2014). DSC results (see 
publication III Figures S1 and S2) showed increased PCL melting temperatures 
in all four gamma-treated matrices, which can suggest increased crystallinity 
(Bosworth et al., 2012). Longer UV treatments have also been shown to increase 
PCL crystallinity (Guerra et al., 2018), but the exposure time in our study was 
probably too short to cause such changes. The crystallization temperatures of 
plasma treated matrices increased, which can be due to the nucleating effect of 
impurities or additives (Mucha et al., 2015). As this was seen equally with blank 
and drug-loaded matrices, drug degradation products alone cannot explain the 
phenomenon and most likely changes in polymer structure have also occurred. 
 

6.10.4. Morphology and mechanical properties (III) 

As morphology and structural properties of electrospun matrices are related to 
other properties, e.g. mechanical properties (Wong et al., 2008), cell attachment 
and proliferation (Badami et al., 2006; Lowery et al., 2010), but also drug 
release (Xie & Buschle-Diller, 2010), it is important to know if any changes 
have occurred as a result of sterilization/disinfection procedure. SEM micro-
graphs revealed that the treatments did not cause any visible damage to the fiber 
structure (fusion or breaking of fibers etc., Figure 29) and diameter analysis 
confirmed that no statistically significant changes in fiber diameters were 
brought about (see publication III Table 4). Sterilization has been shown to 
affect the preferential orientation of PLA fibers after ethylene oxide treatment, 
although not after exposure to gamma or UV-radiation (Valente et al., 2016). 
Short-term UV treatment (Ghobeira et al., 2017) and gamma irradiation in the 
dose range of 15-65 kGy (Augustine et al., 2015; Bosworth et al., 2012) have 
been shown not to cause any changes in the morphology of PCL fibers, in 
agreement with our results.  
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Figure 29. Scanning electron microscopy (SEM) images (x10000 magnification) of 
untreated and differently treated (gamma irradiation, UV-treatment for 30 min on both 
sides, in situ generated chlorine gas treatment for 1 h and argon plasma treatment for  
1 min on both sides) PCL, PCL/CAM, PCL/PEO and PCL/PEO/CAM electrospun fiber 
matrices. 
 
 
Although the treatments did not visually change the structures of electrospun 
fiber matrices, changes in mechanical properties were observed. Gamma-steri-
lized PCL and PCL/CAM matrices became both stronger and more elastic as 
the hardness of these matrices increased together with the deformation at hard-
ness (Figure 30). The latter change was statistically significant only for PCL/ 
CAM matrices. These changes can be attributed to crosslinking (Cottam et al., 
2009) and/or increased crystallinity of the polymer, the latter also correlating 
with our solid state analysis results. Higher doses of gamma irradiation have, on 
the other hand, been shown to reduce tensile strength due to reduced crystal-
linity (Augustine et al., 2015). 

Plasma treatment caused statistically significant increase in the deformation 
at hardness of PCL/CAM matrix, but not its hardness. Other treatments did not 
significantly affect the mechanical properties of these matrices (Figure 30).  
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Figure 30. Mechanical properties and thickness of untreated and differently treated 
(gamma irradiation, UV-treatment for 30 min on both sides, in situ generated chlorine 
gas treatment for 1 h and argon plasma treatment for 1 min on both sides) PCL, 
PCL/CAM, PCL/PEO and PCL/PEO/CAM electrospun fiber matrices: hardness (A); 
deformation at hardness (B); hardness work done (C) and thickness (D). Data are 
averages of three replicates and error bars denote standard deviation. Statistical 
significance of differences (depicted by asterisks, p<0.05) was analysed by applying 
two sample t-tests assuming equal or unequal variances depending on the results of the 
prior F-test (p < 0.05). Holm’s method was used for adjusting p-values. Key: CAM – 
chloramphenicol; PCL – polycaprolactone; PEO – poly(ethylene oxide). 
 
 
For PCL/PEO and PCL/PEO/CAM matrices, UV-treatment had more pro-
nounced effects on the mechanical properties. Interestingly, the hardness, defor-
mation at hardness and hardness work done all decreased after 30 min treatment 
of PCL/PEO matrices (only the latter being statistically significant change) but 
increased if the same matrices were drug-loaded (deformation at hardness not 
statistically significant). This could indicate that the drug or its degradation 
products aided the UV-induced photocrosslinking, whereas if no drug is pre-
sent, polymer(s) may have gone through some changes impairing their mecha-
nical properties, i.e chain scissioning. It is known that PEO can undergo 
chemical and physical changes due to UV-irradiation and photoreactions are 
induced by structural defects, impurities or additives (Kaczmarek et al., 2001; 
Ochoa Machiste et al., 2005). 

As seen, irradiation treatments had greater effect on the mechanical pro-
perties of electrospun matrices and depending both on the polymers and the 
drug, the resulting effects can be different. Hence, sterilization processes can 
both enhance and impair mechanical properties of electrospun matrices. 
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6.10.5. Swelling and loss of mass (III) 

It is also important to consider how interactions with the aqueous environment 
mimicking physiological buffers could change in the course of sterilization/dis-
infection. This does not only affect how much exudate a wound dressing is able 
to absorb or how long it takes for the matrix to degrade in vivo or in the 
environment after use. But it can also affect the drug release profile, one of the 
most important parameters for a DDS. 

As discussed before, remarkable differences occurred in the swelling be-
havior between PCL (PCL/CAM) and PCL/PEO (PCL/PEO/CAM) matrices 
and slight differences also occurred between CAM-loaded and blank PCL 
matrices (Figure 31A, see also section 6.6). PCL/PEO blank and drug-loaded 
matrices exhibited similar capacities to quickly absorb buffer, and this does not 
change with different sterilization/disinfection treatments. On the other hand, 
both plasma-treated PCL and PCL/CAM matrices exhibit tremendous increase 
in the swelling index, exceeding even the swelling index values on any of the 
PCL/PEO matrices. Other treatments did not result in statistically significant 
changes in swelling. Gamma treatment seemed to increase swelling, although 
huge variability between samples was seen and thus the difference was not 
statistically significant. It has been shown before that gamma irradiation could 
decrease the water contact angle of electrospun PCL matrices and increase 
wetting due to the formation of surface polar groups (Augustine et al., 2015). 
Also, differences in polymer crystallinity noted with solid state analysis can 
play their part. 

 
Figure 31. Swelling indices (A) and loss of mass (B) of untreated and differently 
treated (gamma irradiation, UV-treatment for 30 min on both sides, in situ generated 
chlorine gas treatment for 1 h and argon plasma treatment for 1 min on both sides) PCL, 
PCL/CAM, PCL/PEO and PCL/PEO/CAM electrospun fiber matrices. Data are 
averages of at least three replicates and error bars denote standard deviation. Statistical 
significance of differences (depicted by asterisks, p<0.05) was analysed by applying 
two sample t-tests assuming equal or unequal variances depending on the results of the 
prior F-test (p < 0.05). Holm’s method was used for adjusting p-values. Key: CAM – 
chloramphenicol; PCL – polycaprolactone; PEO – poly(ethylene oxide). 
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After one week, minimal loss of mass was seen with PCL matrices (0.3–1.9%), 
independent of the treatment. Similar, although slightly higher was the loss of 
mass of drug-loaded PCL/CAM matrices (3.6–5.5%) (Figure 31B). This is 
expected, as with these matrices, drug release occurs in parallel with possible 
biodegradation and loss of mass depends on both. Similar trend was seen with 
PCL/PEO and PCL/PEO/CAM matrices, where the drug-loaded matrices ex-
hibited higher loss of mass. Compared to the untreated matrices, small, although 
statistically significant increase in the loss of mass was seen with both blank 
and drug-loaded PCL/PEO matrices treated with UV light for 30 min per side 
(11.2 ± 0.2% vs 12.7 ± 0.5% and 15.5 ± 0.4% vs 16.7 ± 0.1%, respectively), and 
also those treated with chlorine gas (11.2 ± 0.2% vs 15.0 ± 0.3% and 15.5 ±  
0.4% vs 17.2 ± 0.3%, respectively). It must be noted that PCL degradation is a 
long process, thus one week may have been too short time to fully appreciate 
the extent of possible effects on degradation rate. However, environmental con-
siderations may be more important here compared to the functionality of the 
wound dressing which needs to be changed before the degradation becomes 
apparent.  
 

6.10.6. Drug release (III) 

No statistically significant differences were seen in the drug release behavior 
between untreated and chlorine treated PCL/CAM matrices (difference factor 
f1 = 9.6; similarity factor f2 = 66.2). On the other hand, after gamma treatment, 
the release was faster (f1 = 16.0; f2 = 59.8) and after UV-treatment, slightly 
slower (f1 = 15.4; f2 = 58.2). UV is a surface sterilization method thus any 
degradation of the drug during this process occurs probably on the fiber matrix 
surface. As burst release is mainly associated with the release of the drug near 
the fiber or fiber matrix surface, this could explain the reduced burst release, 
although the loss of drug during 30 min UV treatment in our study was not 
statistically significant. Still, the most dramatic change was seen after argon 
plasma treatment where prolonged release was lost and practically all the drug 
was released instantly (Figure 32A). 
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Figure 32. Drug release profiles of untreated and differently treated (gamma irradiation, 
UV-treatment for 30 min on both sides, in situ generated chlorine gas treatment for 1 h 
and argon plasma treatment for 1 min on both sides) PCL/CAM fiber matrices (A) and 
PCL/PEO/CAM fiber matrices (B). Data are averages of at least three replicates and 
error bars denote standard deviation. Key: CAM – chloramphenicol; PCL – poly-
caprolactone, PEO – poly(ethylene oxide). 
 
 
In case of PCL/PEO/CAM matrices, the shape of the release curves does not 
change after different treatments and most of the drug is rapidly released within 
the first 5–10 min. Only chlorine treated matrices deviated noticeably as more 
drug within the same time-period was released compared to the untreated matri-
ces (Figure 32B). 

As discussed previously, the hydrophobicity of PCL is the key factor pro-
longing the drug release from PCL/CAM matrices and thus wetting of the 
matrix is the major factor triggering drug release. Just as the addition of a 
hydrophilic polymer PEO, plasma sterilization dramatically improved wetting, 
which in turn resulted in rapid release of the drug. Plasma is often used for the 
purpose of modifying the surface properties, most notably to decrease the water 
contact angle and improve the wettability of the samples (Morent et al., 2011). 
Unlike untreated PCL and PCL/CAM matrices, plasma treated matrices were 



 
 

99 

instantly wetted when placed in contact with a buffer solution and swelling 
indices were remarkably increased. Decreased water contact angle of PCL after 
plasma treatment could be due to the increased number of carboxyl group end 
chains on the treated surfaces (Ghobeira et al., 2017). As PCL/PEO and PCL/ 
PEO/CAM matrices were already hydrophilic, plasma treatment did not have 
such effects on those matrices. 
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7. CONCLUSIONS 

Based on the knowledge gained in the present study, following conclusions can 
be drawn: 
− Hydrophobic PCL is a suitable carrier polymer for a hydrophobic drug CAM 

to create a slow-release electrospun nanofiber matrix, whereas addition of a 
hydrophilic polymer PEO greatly changes the matrix properties, e.g. 
morphology, mechanical properties, wetting and swelling properties, that 
lead to different drug release profiles and antibacterial activity. Hydrophilic 
drugs MTZ and CIP can be incorporated into electrospun PCL nanofiber 
matrices, whereas combining these two drugs alters the buffer uptake and 
MTZ release profile. Thus, the selection of appropriate materials in the first 
stage of design is crucial for the production of electrospun DDSs with 
desired physicochemical, structural, and mechanical properties that further 
shape the behavior of the matrices in biorelevant conditions. 

− The drug can be incorporated into the matrix in an amorphous or crystalline 
form, depending on its compatibility with the carrier polymer(s). The re-
crystallization of the drug can take place inside the fibers or on the fiber 
surface, and this greatly affects matrix interactions with aqueous environ-
ment. Electrospinning can also change polymer crystallinity and induce 
interactions between different components of the fiber matrices. MD simu-
lations provided mechanistic insight into the interactions of different matrix 
components at molecular level. 

− One of the most important, although not universal, factors controlling drug 
release from electrospun fiber matrices is the wetting and penetration of 
buffer into the matrices. Buffer penetration is affected by the hydrophili-
city/hydrophobicity of the matrix components, matrix thickness and indirect-
ly the solid state of the drug. Thus, for some drug-polymer combinations 
(e.g. MTZ + PCL) the suitable drug release kinetics can be tailored by 
altering the matrix thickness. 

− Novel hydrogel-based methods to study drug release and diffusion enable to 
mimic the in vitro antibacterial activity testing conditions, and most likely 
the wound environment, whereas release into the buffer solution over-
estimated the burst release effects. The developed methods were similar in 
terms of sensitivity but had different advantages and disadvantages.  

− Traditional disc diffusion assay enabled to confirm if the released drugs and 
their concentrations were effective against tested microbes but did not diffe-
rentiate between different drug release profiles of electrospun matrices. 
Advanced antibacterial disc diffusion assays enabled to reveal differences in 
the antibacterial activity of the differently designed electrospun fiber matri-
ces, even when the differences were only minor.  

− To avoid biofilm formation on an electrospun fiber matrix, it has to have 
sustained antibacterial properties, whereas initial burst release is beneficial 
to quickly reach effective antibacterial concentrations. As some carrier 
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polymers can promote biofilm formation, this must be considered in the 
course of developing wound dressings.  

− All developed fiber matrices were safe in in vitro cytotoxicity experiments, 
thus giving an indication that further studies, including in vivo tests on ani-
mal models, can be continued to elaborate the safety profile of the matrices. 

− Different techniques enabled to effectively sterilize electrospun fiber matri-
ces, although the treatment process can alter different fiber matrix properties, 
including drug content, mechanical properties, interactions with aqueous 
medium and drug release. The potential effects depend on the specific sterili-
zation method, the polymeric composition of the matrix and the properties of 
the drug. 

To summarize, the design and development of an electrospun DDS is a complex 
and multifaceted process that needs careful considerations at every step of the 
way. The knowledge gained in the present dissertation highlights the signifi-
cance of selecting appropriate materials for the production of electrospun DDSs 
with desired properties; the need for meticulous characterization to reveal 
functionality-related characteristics that play an integral part in shaping the 
performance and quality of an electrospun DDS; the importance of selecting 
biorelevant conditions for the characterization of electrospun DDSs to better 
translate the results into in vivo conditions depending on the intended applica-
tion; and the importance of analyzing the effect of post-treatments, e.g., sterili-
zation, as these can cause tremendous changes in the properties and behavior of 
an electrospun DDS. 
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9. SUMMARY IN ESTONIAN 

Infitseerunud haavadel kasutatavate antibakteriaalsete 
elektrospinnitud ravimkandursüsteemide disain ja  

omaduste analüüs 

Sissejuhatus 

Halvasti paranevad haavad on kaasaegses ühiskonnas kiiresti kasvav sotsiaal-
majanduslik probleem (Järbrink et al., 2017). Haavapatoloogiate kujunemises 
mängivad rolli mitmed faktorid, kuid järjest suuremat tähtsust selles omista-
takse biokilele ja mikrobioloogilise tasakaalu häirumisele haavakeskkonnas, 
mis loovad paranemiseks ebasoodsa mikrokeskkonna (P. G. Bowler et al., 2001; 
D. Leaper et al., 2015). Seega on selliste haavade ravis asendamatu koht anti-
mikroobsetel strateegiatel. (Daeschlein, 2013). 

Infitseerunud haavade raviks on näidustatud süsteemne antibiootikumravi 
(Lee et al., 2005), mis võib aga põhjustada tõsiseid kõrvaltoimeid, samuti või-
vad antibiootikumide kontsentratsioonid haavas jääda ebapiisavaks (P. G. Bow-
ler et al., 2001; Rhoads et al., 2008). Subterapeutilised antibiootikumide kont-
sentratsioonid aga tõstavad oluliselt antibiootikumresistentsuse ja persisteeri-
vate bakterite tekkimise riski (Andersson & Hughes, 2014). Alternatiivselt saab 
raviks kasutada paikseid ravimvorme, nagu lahused, kreemid, salvid jt, kuigi 
need vajavad sagedast manustamist, nende reoloogilised omadused muutuvad 
haavaeksudaadi juuresolekul ning samuti väheneb nende toimeefektiivsus bio-
kile ja haavaeksudaadi tõttu (J. S. Boateng et al., 2008; Siddiqui & Bernstein, 
2010). Raviaine ei saa avaldada oma maksimaalset terapeutilist potentsiaali, kui 
seda pole viidud sobivasse ravimvormi ega manustatud sobival viisil. Seetõttu 
võiks kaasaegsed haavakatted, kuhu on võimalik viia ka raviaineid ning kontrol-
lida nende vabanemiskineetikat, saavutamaks lokaalseid kliiniliselt olulisi anti-
bakteriaalse aine kontsentratsioone pikema aja vältel, oluliselt parandada ravi-
efektiivsust, vähendada kõrvaltoimeid ning parandada ravisoostumust (J. Boa-
teng & Catanzano, 2015; Rambhia & Ma, 2015).  

Elektrospinnimine on paindlik ja perspektiivikas meetod polümeersete nano- 
ja mikrofiibermaatriksite valmistamiseks, võimaldades suhteliselt lihtsalt inkor-
poreerida ka erinevaid raviaineid ning seeläbi luua mitmekülgsete omadustega 
ning soovitud raviaine vabanemiskineetikaga ravimkandursüsteeme (Kajdič et 
al., 2019). Lisaks on elektrospinnitud fiibritel mitmeid omadusi, mis muudavad 
nende kasutamise haavaravis väga atraktiivseks. Fiibermaatriksi poorne struk-
tuur võimaldab efektiivset hapniku juurdepääsu haavale, lisaks soodustab fiibri-
te suur eripind hemostaasi ning haavaeksudaadi absorbeerimist (Rieger et al., 
2013). Lisaks on elektrospinnitud fiibermaatriksid morfoloogiliselt sarnased 
naha enda ekstratsellulaarse maatriksiga, mis soodustab rakkude adhesiooni, 
migratsiooni ja proliferatsiooni ning aitab vähendada armistumist (Vasita & 
Katti, 2006; Zahedi et al., 2009). Seega on elektrospinnitud fiibermaatriksid 
samaaegselt suure potentsiaaliga ravimkandursüsteemid ja haavakatted. 
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Kuna elektrospinnimine on uudne meetod ravimkandursüsteemide valmista-
miseks, on endiselt palju teadmata nii erinevate materjali kui ka protsessitingi-
muste mõjust fiibermaatriksite struktuursetele, füsikokeemilistele ja biofarmat-
seutilistele omadustele ning sellele, kuidas need omadused mõjutavad ravim-
kandursüsteemide kasutamist in vivo tingimustes. Parem arusaam neist mõju-
dest aitaks oluliselt kaasa ohutute ja efektiivsete elektrospinnitud haavakatete 
ratsionaalsele disainimisele. 

Käesoleva töö eesmärk oli erinevaid kandjapolümeere ning raviaineid kasu-
tades välja töötada antibakteriaalsed elektrospinnitud ravimkandursüsteemid, 
mida saaks kasutada haavainfektsioonide ennetamiseks ning lokaalseks raviks. 
Põhiliseks hüpoteesiks oli, et erinevalt disainitud elektrospinnitud maatriksitel 
on erinevad füsikokeemilised ja biofarmatseutilised omadused, millest sõltub 
raviaine vabanemisprofiil ning antibakteriaalne efektiivsus. Läbi viidi fiiber-
maatriksite põhjalik karakteriseerimine, mõistmaks olulisimaid faktoreid, mis 
mõjutavad nende funktsionaalsust ja kvaliteeti. Uute analüütiliste meetodite 
väljatöötamisega püüti mõista ja selgitada raviaine vabanemisprotsesse elektro-
spinnitud fiibermaatriksitest ning nende antibakteriaalseid omadusi. 

 
 

Eesmärgid 

Töö eesmärgiks oli välja töötada erinevad antibakteriaalsed elektrospinnitud 
fiibermaatriksid, mida võiks kasutada haavainfektsioonide ennetuseks ja lokaal-
seks raviks; ning põhjalikult karakteriseerida neid fiibermaatrikseid, et mõista, 
millised faktorid mõjutavad nende funktsionaalsust ja kvaliteeti. 

Täpsemad töö eesmärgid olid: 
− disainida ja valmistada antibakteriaalsed elektrospinnitud fiibermaatriksid, 

kasutades selleks erinevaid kandjapolümeere ja antibiootikume (I, II); 
− iseloomustada nende maatriksite füsikokeemilisi ja struktuurseid omadusi (I, 

II); 
− hinnata võimalikke interaktsioone erinevate maatriksikomponentide vahel 

molekulaarsel tasemel ja maatriksi interaktsioone vesikeskkonnaga (I, II); 
− töötada välja ja võrrelda omavahel erinevaid analüütilisi meetodeid, et hin-

nata raviaine vabanemist neist maatriksitest (I–IV); 
− hinnata maatriksite antibakteriaalset ja biokilevastast aktiivsust, kasutades 

selleks nii olemasolevaid meetodeid kui ka töötada välja uusi meetodeid 
(I,II, IV); 

− hinnata maatriksite ohutust in vitro rakukultuuridel (I, II); 
− võrrelda erinevate desinfektsiooni/steriliseerimismeetodite mõju mitme-

sugustele maatriksi omadustele (III). 
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Materjalid ja meetodid 

Fiibermaatriksid valmistati elektrospinnimise meetodil, kasutades kandjapolü-
meeridena hüdrofoobset polükaprolaktooni (PCL) ja hüdrofiilset polüetüleen-
oksiidi (PEO), ning mudelraviainetena antibiootikume: hüdrofoobset klooram-
fenikooli (CAM) ning hüdrofiilseid metronidasooli (MTZ) ja tsiprofloksatsiin 
(CIP) vesinikkloriid-hüdraati.  

Saadud fiibermaatriksite morfoloogiat ja struktuurseid omadusi uuriti ska-
neeriva elektronmikroskoopia (SEM), elavhõbeda porosimeetria ning gaasi 
adsorptsiooni (Brunauer-Emmett-Teller, BET) meetodil. Fiibermaatriksite mehaa-
nilisi omadusi hinnati läbistuskatsetega tekstuurianalüsaatoril. Elektrospinni-
mise protsessi ja erinevate desinfektsiooni/sterilisatsioonimeetodete mõju ravi-
aine stabiilsusele uuriti kõrgefektiivse vedelikkromatograafia abil (HPLC). 
Samuti uuriti HPLC ja Ramani mikrospektroskoopia (RSM) abil raviaine jao-
tumise ühtlust maatriksitest. Raviaine tahke faasi analüüsiks kasutati röntgen-
difraktomeetriat (XRD), nõrgendatud täieliku sisepeegelduse Fourier’ teisen-
datud infrapuna spektroskoopiat (ATR-FTIR) ning diferentsiaalset skaneerivat 
kalorimeetriat (DSC). Maatriksi märgumisomadusi uuriti kontaktnurga määra-
misel. Puhverlahuse imamisvõimet ja maatriksi paisumist ning kaalukadu 
puhverlahuses hinnati gravimeetrilistel meetoditel. Raviaine vabanemist uuriti 
modifitseeritud in vitro dissolutsioonitestiga puhverlahusesse (fosfaatpuhver pH 
7,4) ning vabanenud raviaine koguste määramiseks kasutati ultraviolett(UV)-
spektrofotomeetriat. Lisaks töötati raviaine vabanemise uurimiseks välja uudsed 
meetodid: HPLC-ga määratud raviaine vabanemine hüdrogeeli; bioreporteritega 
difusioonitest; ning UV-pildistamise meetodil määratud raviaine vabanemine 
hüdrogeeli. Fiibermaatriksite antibakteriaalseid omadusi uuriti traditsioonilise 
difusioonitestiga agarsöötmesse, bioreporteritega difusioonitestiga ning modifit-
seeritud ja prolongeeritud difusioonitestidega. Samuti töötati välja meetod 
fiibermaatriksitele biokile moodustumise uurimiseks. Fiibermaatriksite ohutust 
in vitro eukarüootsetele rakkudele uuriti vastavalt ISO juhistele (09993-5).  

Elektrospinnitud fiibermaatriksite desinfitseerimiseks/steriliseerimiseks ka-
sutati UV-kiirgust (15, 30 või 60 min mõlemalt küljelt), gammakiirgust (50 kGy), 
in situ tekitatud gaasilist kloori (töötluse aeg 1 või 2 h) ning madalatempera-
tuurilist argooniplasmat (0,5 kuni 30 min). Steriliseerimise efektiivsust hinnati 
Euroopa farmakopöa (9.0) meetodi alusel nii aeroobsetes kui ka anaeroobsetes 
tingimustes. 

 

Tulemused ja arutelu 

Elektrospinnimise meetodil õnnestus valmistada erinevate omadustega kandja-
polümeere ning raviaineid sisaldavad fiibermaatriksid: 4%-lise (m/m) CAM-
sisaldusega PCL ja PCL/PEO (suhtes 5:1 m/m) fiibermaatriksid; ja PCL fiiber-
maatriksid, kuhu oli viidud 5% (m/m) MTZ-i, 5% (m/m) CIP vesinikkloriid-
hüdraati ning kombineeritult nii 2,5% (m/m) MTZ-i kui ka 2,5% (m/m) CIP 
vesinikkloriidhüdraati.  
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SEM analüüs näitas, et CAM-i inkorporeerimisel PCL ja PCL/PEO maatrik-
sitesse saadi vastavalt nano- ja mikrofiibrid ning MTZ-i ja CIPi inkorporee-
rimisel eraldi või kombineeritult PCL maatriksisse saadi nanofiibrid. Peaaegu 
kõigil juhtudel olid fiibrid ühtlase pinnaga, kus puudusid tilgakesed, nähtavad 
poorid ja raviaine kristallid. Vaid PCL/CIP ja PCL/MTZ/CIP maatriksites oli 
fiibrite pinnal märgata kristalliseerunud raviaine osakesi. Poorsuse määramise 
tulemused näitasid, et kõik fiibermaatriksid on suure poorsusega (~76–89%), st 
fiibritevaheline ruum on suhteliselt suur, kuid fiibrid ise poorsed pole. Samuti 
selgus, et suurema diameetriga fiibrite puhul on ka fiibritevaheline kaugus ehk 
nö pooride suurus fiibermaatriksis suurem. 

HPLC ja RSM tulemused näitasid, et CAM elektrospinnimise käigus olulisel 
määral ei lagune ning jaotub valmistatud fiibermaatriksites ühtlaselt. Tahke 
faasi analüüs näitas, et CAM oli elektrospinnimise käigus omandanud amorfse 
vormi, kusjuures nii MTZ kui ka CIP olid vähemalt osaliselt rekristalliseerunud. 
MTZ kristalliseerus oma algsesse vormi, kusjuures CIP-i kristallvorm muutus. 
Lähtuvalt SEMi tulemustest võib arvata, et MTZ kristalliseerub fiibrite sees 
ning CIP fiibrite pinnal. Tahke faasi analüüs aitas ka tuvastada muutusi polü-
meeride kristallilisuses ning näitas, et tõenäoliselt esines elektrospinnitud fiiber-
maatriksites interaktsioone PCL ja CAM molekulide vahel ning PCL ja PEO 
molekulide vahel, mida füüsikalistes segudes ei esinenud. 

Fiibermaatriksite kontaktnurga suured väärtused näitasid, et kõik fiiber-
maatriksid, kus kandjapolümeeriks oli vaid PCL, olid hüdrofoobsed. Hüdrofiilse 
PEO lisamisel kontaktnurk vähenes ning maatriks muutus hüdrofiilseks. Täpse-
maid interaktsioone vedelikega sai hinnata paisumistestiga, mis näitas, et hooli-
mata sarnastest märgumisomadustes imasid PCL/MTZ, PCL/CIP ja PCL/MTZ/ 
CIP puhverlahust endasse väga erineval määral. Üheks põhjuseks võis olla 
hüdrofiilsete ja hügroskoopsete CIP-i kristallide esinemine PCL/CIP ja PCL/ 
MTZ/CIP pinnal, mis soodustasid puhvri liikumist maatriksisse. Hüdrofoobne 
PCL/CAM maatriks praktiliselt vedelikku endasse ei imanud, samas kui hüdro-
fiilne PCL/PEO/CAM maatriks imas seda suurel määral. 

Raviaine vabanemiskatsed näitasid, et kandjapolümeeride omadustel on olu-
line mõju raviaine vabanemisele. CAM vabanes hüdrofoobsest PCL/CAM 
fiibermaatriksist puhverlahusesse aeglaselt (~19% esimese tunni jooksul ja 78 h 
tunni jooksul ~60% raviainest), samas kui hüdrofiilsest PCL/PEO/CAM 
maatriksist oli vabanemine kiire (~92 % raviainest esimese 15 min jooksul). 
Tulemused kinnitasid ka, et fiibermaatriksite struktuursetel omadustel on olu-
line mõju raviaine vabanemisele mõnede raviaine-polümeer kombinatsioonide 
puhul. Fiibermaatriksi paksus oli kriitilise mõjuga raviaine vabanemisele PCL/ 
MTZ maatriksitest, kuid mitte teistest maatriksitest. MTZ-i vabanemist kont-
rollis puhvri maatriksisse tungimise kiirus, mis oli seda aeglasem, mida paksem 
PCL/MTZ fiibermaatriks oli. Samas ei omanud fiibermaatriksi paksus tähtsust 
MTZ-i vabanemisele PCL/MTZ/CIP fiibermaatriksist, kuhu puhver tungis 
sõltumata maatriksi paksusest kiiresti. CIP-i vabanemisele fiibermaatriksi 
paksus mõju ei avaldanud.  
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Raviaine tahke faasi omaduste mõju raviaine vabanemisele oli töös uuritud 
maatriksite puhul kaudne. Amorfne raviaine paikneb suurema tõenäosusega 
fiibrite sisemuses, samas kui raviaine rekristalliseerub elektrospinnimise käigus, 
toimub see pigem fiibrite pinnal või selle läheduses. Kuna fiibermaatriksitel on 
suur eripind ning rekristalliseerunud raviaine kristallid väga väikesed, on ravi-
aine vabanemine soodsam just kristallilise raviaine puhul, sest puhverlahus 
pääseb nendeni kiiremini. Lisaks võivad hüdrofiilse raviaine kristallid soodus-
tada puhvri tungimist maatriksisse, mis omakorda võib kiirendada raviaine 
vabanemist, nagu oli näha MTZ-i vabanemisest PCL/MTZ/CIP maatriksist. 

Lisaks raviaine vabanemisele puhverlahusesse, kasutati töös ka hüdrogeeli-
del põhinevaid vabanemiskeskkondi ning erinevaid vabanenud raviaine detek-
teerimise viise. Hüdrogeelid on võrreldes puhverlahustega sarnasem keskkond 
haavale, mistõttu võiks sellised meetodid olla biorelevantsemad, ning võimal-
davad lisaks raviaine vabanemisele hinnata ka selle edasist difusiooni haavas. 
Samuti imiteerisid need meetodid paremini in vitro antibakteriaalse aktiivsuse 
testimise tingimusi. Ilmnes, et võrreldes CAM-i vabanemisega puhverlahusesse, 
olid erinevused PCL/CAM ja PCL/PEO/CAM maatriksitest raviaine vabane-
mises hüdrogeeli märksa tagasihoidlikumad ning raviaine vabanemine puhv-
risse ülehindas suuresti esialgset kiiret vabanemisfaasi. Raviaine difusioon agar-
geelis oli küllaltki aeglane, mistõttu suurem osa vabanenud raviainest jäi esi-
meste tundide jooksul fiibermaatriksi alla või selle lähedusse. Vabanenud ravi-
aine kontsentratsioonide määramiseks kasutati raviaine ekstraheerimist agarist 
ning järgnevat HPLC analüüsi, bioreportereid ja ka UV-pildistamist. Kõik 
meetodid olid võrreldava tundlikkusega, kuid UV-pildistamine kõige vähem 
töömahukas ning pakkus parimat ruumilist ja ajalist resolutsiooni. Samas või-
maldas bioreporterite kasutamine samaaegselt hinnata ka fiibermaatriksite anti-
bakteriaalset aktiivsust. 

 Difusioonitest agarsöötmes näitas, et vabanenud CAMi kontsentratsioonid 
olid piisavad, et inhibeerida E. coli MG1655 ning CFT073 kasvu, kusjuures 
erinevusi ei ilmnenud PCL/CAM ja PCL/PEO/CAM fiibermaatriksite tekitatud 
kasvuvabade tsoonide suurustes, kuid inhibitsioonitsoonid olid mõnevõrra 
suuremad E. coli MG1655 puhul võrreldes CFT073 tüvega. MTZ osutus efek-
tiivseks anaeroobses keskkonnas F. nucleatum’i, P. gingivalis’e ja A. actino-
mycetemcomitans’i suhtes, samas kui CIP-i sisaldavad fiibermaatriksid olid 
efektiivsed kõigi testitud bakterite suhtes nii aeroobses kui ka anaeroobses 
keskkonnas. A. actinomycetemcomitans oli tundlikum CIP-i suhtes, samas kui 
F. nucleatum oli tundlikum MTZ-i suhtes. Fiibermaatriksid, mis sisaldasid nii 
MTZ-i kui ka CIP-i omasid kõige paremat antibakteriaalset aktiivsust võrreldes 
maatriksitega, kus kumbki raviaine sisaldus üksi. 

Lisaks traditsioonilisele difusioonitestile viidi läbi ka modifitseeritud difu-
sioonitest agarsöötmel, mis võimaldas tuvastada PCL/CAM ja PCL/PEO/CAM 
fiibermaatriksite antibakteriaalses aktiivsuses väikeseid erinevusi, mida oli näha 
ka erinevustena raviaine vabanemises agargeeli. Prolongeeritud difusioonitest 
näitas, et erineva paksusega ja seetõttu erineva vabanemiskineetikaga PCL/ MTZ 
fiibermaatriksite antibakteriaalne aktiivsus on sarnane esimese 24 h jooksul, kus 



 
 

127 

vabaneva raviaine hulk on väga suur, kuid hiljem omab efektiivsust vaid pika-
ajalisemalt MTZ-i vabastav fiibermaatriks. Samas nägime, et MTZ ei avaldanud 
märgatavat antibakteriaalset aktiivsust 72 h ajapunktis, kuigi tulemused raviaine 
vabanemises puhverlahusesse oleks seda eeldanud.  

Biokilekatse näitas, et raviainet aeglasemalt vabastav PCL/CAM fiiber-
maatriks omas suuremat inhibeerivat efekti biokile moodustumisele, võrreldes 
PCL/PEO/CAM fiibermaatriksiga. Samas aga tekkis biokile märksa paremini 
ilma raviaineta PCL fiibermaatriksile, võrreldes ilma raviaineta PCL/PEO 
fiibermaatriksiga. Üheks tõenäoliseks põhjuseks on maatriksite erinev hüdro-
fiilsus/hüdrofoobsus, mis mõjutab bakterite kinnitumist fiibritele.  

Uuritud fiibermaatriksid olid eukarüootsetele rakkudele ohutud ning ei mõ-
jutanud nende rakkude elulemust in vitro katsetes. 

Elektrospinnitud fiibermaatriksite steriliseerimine oli efektiivne, kasutades 
gammakiirgust (doos 50 kGy), UV-kiirgust (30 minutit mõlemalt küljelt) ning 
in situ tekitatud gaasilist kloori (toimeaeg 1h). Erinevad töötlused avaldasid 
erinevat mõju raviaine sisaldusele fiibermaatriksis, kusjuures ilmnes, et raviaine 
lagunemine oli suurem PCL/PEO/CAM maatriksites, võrreldes PCL/CAM 
maatriksitega. Erinevad steriliseerimismeetodid ei omanud mõju fiibrite morfo-
loogiale, kuid olulisemaks osutus nende mõju polümeeride kristallilisusele ning 
sellest tulenevalt fiibermaatriksite mehaanilistele omadustele ja lagunemisele 
vesikeskkonnas. Plasmasteriliseerimine omas märkimisväärset mõju fiiber-
maatriksite pinnaomadustele, parandades nende märgumist ja puhverlahuse 
imamisvõimet. See tõi omakorda kaasa suured muutused PCL/CAM fiiber-
maatriksitest raviaine vabanemises, kus pärast plasmatöötlust vabastas fiiber-
maatriks raviainet puhverlahusesse väga kiiresti.  

 
 

Järeldused 

Elektrospinnimise teel oli võimalik valmistada erinevate omadustega nano- ja 
mikrofiibermaatrikseid, kasutades selleks erinevaid kandjapolümeere ja anti-
bakteriaalseid raviaineid. Sõltuvalt raviaine ja polümeeri sobivusest, võis ravi-
aine elektrospinnimise käigus minna amorfsesse vormi või rekristalliseeruda. 
Viimane võis toimuda nii fiibrite pinnal kui ka sisemuses. Elektrospinnimine 
mõjutas ka polümeeride kristallilisust ning tõi kaasa interaktsioone erinevate 
fiibermaatriksi komponentide vahel.  

Raviaine vabanemine puhverlahustesse oli erinevalt disainitud fiibermaatrik-
sitest erinev. Üheks olulisimaks faktoriks selles oli fiibermaatriksite erinev 
interakteerumine vesikeskkonnaga, st fiibermaatriksite märgumine ning puhver-
lahuse tungimine fiibermaatriksitesse. Vabanemiskeskkonna tungimist fiiber-
maatriksisse mõjutasid kandjapolümeeride hüdrofiilsus/hüdrofoobsus, maatriksi 
paksus, ning kaudselt ka raviaine tahke vorm. Samas ei kontrollinud maatriksi 
paksus ja puhverlahuse tungimine sellesse kõigi raviainete vabanemist, mistõttu 
pole tegu universaalse strateegiaga raviaine vabanemise kontrollimiseks. 
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Võrreldes raviaine vabanemisega puhverlahusesse, jäljendasid hüdrogeelid 
vabanemiskeskkonnana paremini in vitro antibakteriaalse aktiivsuse testimise 
tingimusi ning võib arvata, et ka raviaine vabanemist ja difusiooni haavakesk-
konnas. Vabanemine puhvrisse ülehindas suuresti esialgset kiiret vabanemis-
faasi. Väljatöötatud alternatiivsed meetodid raviaine vabanemise hindamiseks 
olid sarnase tundlikkusega, kuid erinevate eeliste ja puudustega. 

Antibakteriaalse aktiivsuse määramisel võimaldas traditsiooniline difusioon-
test agarsöötmes kinnitada, kas vabanenud raviained ning nende kontsentrat-
sioonid olid efektiivsed erinevate mudelmikroorganismide suhtes. Siiski ei suut-
nud need tuvastada erinevusi antibakteriaalses aktiivsuses erineva raviaine 
vabanemisprofiiliga fiibermaatriksite vahel, milleks sobisid paremini uudsed 
difusioonitestid. Prolongeeritud difusioonitest võimaldas hinnata fiibermaatrik-
sist pikema aja jooksul vabaneva raviaine antibakteriaalset aktiivsust ning andis 
kinnitust, et raviaine vabanemine puhverlahusesse pole võrreldav selle vabane-
misega hüdrogeeli. 

Haavakatte disainil tuleb arvestada erinevate kandjapolümeeride mõjuga 
biokile moodustumisele. Samuti on oluline, et raviaine vabaneks fiibermaatrik-
sist aeglaselt, mis aitab vältida sellele biokile teket, ning et esineks raviaine 
esmane kiire vabanemine, mis tagab kiire efektiivsete raviaine kontsentrat-
sioonide saavutamise ja toime alguse.  

Kõik valmistatud fiibermaatriksid olid in vitro tsütotoksilisuse katsetes ohu-
tud, mistõttu võib jätkata edasiste põhjalikumate uuringutega, sh loomkatsetega, 
et jõuda lõppeesmärgini ehk haavakatete kasutamiseni kliinilises praktikas ini-
mesel. 

Elektrospinnitud fiibermaatrikseid on võimalik efektiivselt steriliseerida 
erinevatel meetoditel, kuid tuleb arvestada, et steriliseerimisprotsess võib muuta 
erinevaid fiibermaatriksi omadusi, sealhulgas raviaine sisaldust, fiibermaatriksi 
mehaanilisi omadusi ning käitumist vesikeskkonnas ja raviaine vabanemist. 
Võimalik mõju sõltub nii konkreetsest steriliseerimismeetodist kui ka maatriksi 
materjalidest ning raviaine omadustest. 
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