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RAZŠIRJENI POVZETEK 

Periodontitis je napredovano vnetje obzobnega tkiva, ki je sestavljen iz kosti zobiščnega 

odrastka, pozobnice, cementa  in dlesni. Glavni vzrok za razvoj bolezni so parodontalni patogeni 

v kombinaciji s posameznikovim neustreznim imunskim odgovorom. Če periodontitisa ne 

zdravimo ustrezno, lahko vnetje napreduje do razgradnje kosti zobiščnega odrastka in izgube 

zoba. Pri tem tvegamo tudi razvoj drugih obolenj, kot so srčno-žilne bolezni, sladkorna bolezen 

in raznih zapletov v nosečnosti. Trenutno zdravljenje parodontalne bolezni temelji za 

mehanskem odstranjevanju zobnih oblog, nato pa parodontolog v primeru naprednih oblik 

bolezni zdravljenje nadaljuje z antibiotiki. Ker lahko sistemsko jemanje protimikrobnih 

zdravilnih učinkovin povzroči veliko neželenih učinkov, prav tako pa učinkovine težko dosežejo 

zobne žepe v zadostni koncentraciji, se razvoj zdravljenja periodontitisa usmerja v lokalno 

zdravljenje. Na tržišču so prisotna vlakna, trakovi in poltrdne farmacevtske oblike z vgrajenimi 

učinkovinami, vendar trenutne oblike predstavljajo neustrezno mehansko pritrditev in kasneje 

prehitro odstranitev za učinkovito delovanje oziroma nezadostno dostavljanje učinkovine na 

tarčna mesta v obzobnem tkivu. Za rešitev teh problemov so zelo obetavna nanovlakna z eno ali 

več zdravilnimi učinkovinami.  

Cilj magistrske naloge je bil razvoj in izdelava čim tanjših, homogenih in netoksičnih 

nanovlaken z vgrajenimi protimikrobnimi učinkovinami s podaljšanim sproščanjem, ki bi 

uspešno delovala proti parodontalnim patogenom.  

Nanovlakna smo izdelali z metodo elektrostatskega sukanja pod čimbolj enakimi 

procesnimi in okoljskimi pogoji. Prvi korak v izdelavi je izbira primernega polimera, ki je 

kompatibilen z želenimi učinkovinami in biokompatibilen s tkivi, s katerimi bo v stiku. Izbrali 

smo polikaprolakton (PCL), ki je netoksičen in odobren s strani agencije Združenih držav za 

hrano in zdravila (FDA) in Evropske agencije za zdravila (EMA). Nanovlakna smo pripravili iz 

15% (m/m) polimerne raztopine pripravljene v ocetni in mravljični kislini v razmerju 3:1 (m/m). 

V nanovlakna smo vgradili 5% metronidazola (MTZ), ki je sintetična protimikrobna učinkovina 

in sodi med nitroimidazole ter deluje proti Gram pozitivnim in Gram negativnim bakterijam, 

kot tudi parazitom. Druga nanovlakna pa so vsebovala 5% ciprofloksacinijevega hidroklorida 

(CPR), ki spada v družino fluorokinolonskih protibakterijskih učinkovin in deluje proti Gram 



 

VII 

 

negativnim bakterijam. Tretja nanovlakna pa so vsebovala po 2,5% tako MTZ, kot tudi CPR. Iz 

raztopine smo pod električno napetostjo z metodo elektrostatskega sukanja izdelali nanovlakna. 

Vpliv procesnih in okoljskih pogojev smo preverjali tako, da smo prva nanovlakna preverjali na 

objektnih stekelcih pod svetlobnih mikroskopom. Za izdelavo nanovlaken smo izbrali pogoje, 

pri katerih so bila nanovlakna brez vozlov, najtanjša in najbolj homogena. Izdelali smo tudi 

nanovlakna brez učinkovin. Morfologijo in premer nanovlaken smo ocenjevali s pomočjo SEM 

slik. Najtanjša nanovlakna so bila pri elektrostatskem sukanju polimerne raztopine z MTZ in 

sicer 412 ± 337 nm. Sledila so nanovlakna brez učinkovine, nanovlakna s CPR in na koncu 

nanovlakna s kombinacijo učinkovin s premeri 502 ± 302 nm, 650 ± 356 nm in 1274 ± 481 nm 

v enakem vrstnem redu. Slike, posnete z vrstičnim elektronskim mikroskopom (SEM), so tudi 

pokazale, da imajo nanovlakna s CPR in kombinacijo učinkovin veliko vozlov ter nanokristale 

na sami površini, ki bi lahko bila tudi sama nevgrajena učinkovina. Takšna nanovlakna niso 

primerna za nov dostavni sistem zato smo morali postopek elektrostatskega sukanja optimizirati.  

Ker nas je zanimalo, ali se kristaliničnost učinkovin in polimera spremeni po 

elektrostatskem sukanju, kot tudi njihovo sproščanje in fizikalna stabilnost, smo izvedli meritve 

z diferenčno dinamično kalorimetrijo (DSC), rentgensko praškovno difrakcijo (XRD), in 

infrardečo spektroskopijo (FTIR). Omenjene metode nam dajejo vpogled tudi v možne 

interakcije med polimerom in učinkovino, ki se lahko zgodijo med elektrostatskim sukanjem. S 

pomočjo DSC metode smo določali talilno temperaturo nanovlaken, fizikalnih zmesi in samih 

učinkovin. Vsa nanovlakna, fizikalne zmesi kot tudi delci polimera, so imeli talilno temperaturo 

med 58,30 °C in 59,94 °C, kar predstavlja tališče PCL. Tališče MTZ je pri 163,19 °C. Pri CPR 

smo prvi vrh opazili pri 148,34 °C in je predstavljal izparevanje klorovodikove kisline (HCl) iz 

vzorca, saj je CPR v obliki ciprofloksacinijevega klorida monohidrata. Drugi vrh se je pojavil 

pri 315,17 °C in ponazarja tališče kot tudi temperaturo razgradnje. Omenjenih vrhov značilnih 

za MTZ in CPR nismo opazili pri fizikalnih zmeseh in nanovlaknih, zato ta metoda ni bila 

primerna za določanje kristaliničnosti učinkovin. Rezultati XRD so nakazali, da je prah PCL v 

polkristalinični obliki, medtem ko sta učinkovini MTZ in CPR v kristalinični obliki. Primerjali 

smo difraktograma polimernih delcev in nanovlaken brez učinkovin in opazili, da so vrhovi pri 

nanovlaknih na enakih mestih, le da so nižji in širši, kar pomeni, da elektrostatsko sukanje zniža 

stopnjo kristaliničnosti polimera. Zmesi polimera in učinkovin v enakem razmerju, kot so v 
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danih nanovlaknih, so izkazovale enake značilnice obeh komponent, le da so bili odzivi manj 

intenzivni zaradi nižjih vsebnosti. Vrhove značilne za MTZ smo našli pri difraktogramu 

nanovlaken z MTZ in zmesjo učinkovin, kar nakazuje, da smo MTZ vgradili v kristalinični 

obliki in le-ta ni spremenil oblike v amorfno. Vrhovi so bili prav tako nižji in širši v primerjavi 

s fizikalno zmesjo, kar lahko pomeni, da elektrostatsko sukanje zniža kristaliničnost MTZ. 

Vrhov značilnih za CPR nismo opazili pri nobenem difraktogramu. CPR smo verjetno vgradili 

v amorfni obliki, kar se lahko zgodi pri elektrostatskem sukanju, ko topilo izhlapeva iz curka, 

iz katerega nastajajo nanovlakna. Pri FTIR študijah smo med seboj primerjali nanovlakna in 

fizikalne zmesi v enakih razmerjih polimera in učinkovin. Ugotovili smo, da nanovlakna z MTZ 

izkazujejo vrhove pri enakih valovnih številih kot fizikalne zmesi, le da so ti nižji in manj 

intenzivni, kar vodi do zaključka, da je MTZ prisoten v nanovlaknih in ne reagira s polimerom 

med elektrostatskim sukanjem. Pri nanovlaknih s CPR smo prišli do enakega zaključka, le da 

smo opazili manjši premik enega vrha proti višjemu valovnemu številu v primerjavi s fizikalno 

zmesjo. Po prebiranju literature smo zaključili, da je premik vrha prisoten zaradi vodikovih vezi 

med CPR in polimerom. Vlakna s kombinacijo učinkovin imajo prav tako nižje in manj 

intenzivne vrhove v primerjavi s fizikalno zmesjo v enakem razmerju polimera in učinkovin.   

Sproščanje učinkovin v medij, ki predstavlja zobni žep, smo preverjali s stresanjem 

nanovlaken v fosfatnem pufru in merili koncentracijo učinkovin s tekočinsko kromatografijo 

ultra visoke ločljivosti ob različnih časovnih točkah. Ugotovili smo, da nanovlakna ne 

izkazujejo podaljšanega sproščanja učinkovin, kot smo želeli. 72% MTZ se je iz nanovlaken 

sprostilo že v prve pol ure testiranja. Pri sproščanju CPR smo v prve pol ure prav tako opazili 

hitro sproščanje nad 35%. Če primerjamo sproščanje učinkovin iz vlaken, kjer smo vgradili 

kombinacijo obeh, se CPR sprosti primerljivo, MTZ pa v večji meri. Pričakovali smo podaljšano 

sproščanje, saj PCL kot izbrani polimer izkazuje hidrofobne lastnosti, ki zadržujejo difuzijo 

medija v notranjost nanovlaken, s katero bi se učinkovine lahko sprostile v obzobni žep. Vzroki 

za hitro sproščanje so lahko naslednji:  učinkovina vgrajena na ali blizu površja nanovlaken; 

glede na učinkovino je bilo premalo PCL-ja, ki bi učinkovito zadržal difuzijo medija; 

nanovlakna so bila na določenih predelih poškodovana ali nehomogena. 

Citotoksičnost nanovlaken smo preverili glede na standardne ISO predpise za testiranje 

citotoksičnosti materialov, ker nanotoksični standardi še niso opredeljeni. Sposobnost preživetja 
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fibroblastov smo testirali posredno in neposredno in jo opredelili kvalitativno in kvantitativno. 

Razlike v odstotkih preživelosti med neposredno in posredno metodo so statistično 

nepomembne. Kvalitativno smo opazovali morfologijo celic in njihovo pritrjenost na površino. 

Ocenili smo, da katerakoli testirana nanovlakna ne vplivajo na celično morfologijo ali pritrjenost 

na površino v primerjavi z negativno kontrolo. Kvantitativno smo s pomočjo avtomatskega 

števca živih in mrtvih celic izračunali celično sposobnost preživetja. Pri testiranju smo ugotovili, 

da je preživelost fibroblastov pri nanovlaknih brez učinkovine, z MTZ, CPR in s kombinacijo 

obeh nad 60%. Enak rezultat smo dobili tudi pri negativni kontroli, medtem ko smo pri pozitivni 

kontroli dobili število celic pod mejo detekcije. Zanimala nas je predvsem citotoksičnost PCL 

ter vzorcev in v primerjavi z ostalimi študijami lahko zaključimo, da so nanovlakna iz PCL 

varna za uporabo.  

Učinkovitost nanovlaken smo preverjali z difuzijskim testom. Na gojišča smo nanesli 

parodontalne patogene, nato nanovlakna izrezana v obliki diska, pozitivne in negativne kontrole 

in opazovali spremembe v rasti po treh dneh gojenja bakterij v anaerobnih pogojih. Rezultate 

smo med seboj primerjali glede na premer inhibicijskega območja okoli diskov. Nanovlakna s 

CPR so bila učinkovita proti vsem testiranim bakterijam: Porphyromonas gingivalis, 

Fusobacterium nucleatum, Aggregatibacter actinomycetemcomitans in Streptococcus mutans. 

Premer inhibicijskih območji si sledi v enakem vrstnem redu, kar pomeni, da je CPR najbolj 

učinkovit proti P. gingivalis. Nanovlakna z MTZ so bila še bolj  učinkovita proti P. gingivalis 

v primerjavi s CPR  kot tudi proti A. actinomycetemcomitans. Delovala so tudi na F. Nucleatum, 

niso pa pokazala aktivnosti proti S. mutans. Zaključimo lahko, da  so vlakna s kombinacijo MTZ 

in CPR optimalna izbira pri delovanju proti testiranim bakterijam, saj pokrijejo večji spekter 

protibakterijskega delovanja.   

Ugotovili smo, da je optimizacija pogojev pri elektrostatskem sukanju ključna za 

izdelavo čim tanjših in homogenih nanovlaken. Glede na SEM slike, učinkovini MTZ in CPR 

ne vplivata na sam premer nanovlaken. S študijami DSC, XRD in FTIR smo ugotovili, da 

interakcij med polimerom in učinkovinami ni, potrdili pa smo tudi kristaliničnost vgrajenega 

MTZ po elektrostatskem sukanju. Pri opazovanju študij sproščanja učinkovin v medij, smo 

opazili, da nanovlakna ne izkazujejo podaljšanega sproščanja zaradi nehomogene oziroma 

poškodovane strukture ali vgrajenosti preblizu površja. Izdelana nanovlakna so po testiranih 
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ISO standardih netoksična. Učinkovitost proti izbranim paradontalnim patogenom je največja 

pri vlaknih s kombinacijo obeh učinkovin, kar smo preverili z meritvami inhibicijskih območij 

na agar ploščah.  

KLJUČNE BESEDE: paradontalni patogeni • nanovlakna • metronidazol • ciprofloksacin • 

citotoksičnost  
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ABSTRACT 

Periodontal disease is a severe inflammation of the periodontium, which leads to 

formation of the dental pockets, reduction of the alveolar bone and tooth loss. The main cause 

is the microbial shift with increased number of periodontal pathogens. Since current treatment 

lead to some side effects and reoccurrence of the disease, a new therapy is needed. One of the 

promising directions is a local treatment with new drug delivery systems, such as nanofibers.  

In this study, we prepared different polycaprolactone (PCL) nanofibers using 

electrospinning without any drug, with incorporated 5% (w/w) of metronidazole (MTZ), 5% 

(w/w) ciprofloxacin (CPR) and a combination of both drugs with 2.5% (w/w) of each. Based on 

SEM images, the thinnest nanofibers were the one with MTZ with a diameter of 412 ± 337 nm, 

then nanofibers without any drug of 502 ± 302 nm and nanofibers with CPR of 650 ± 356 nm. 

The nanofibers with a combination of both drugs had the largest average diameter of 1274 ± 

481 nm. XRD results showed that PCL possessed semi-crystalline structure while 

electrospinning slightly decreased its crystallinity. MTZ was incorporated into nanofibers in 

crystal form even though at lower level due to electrospinning. CPR was probably incorporated 

in an amorphous state, whereas nanocrystals were observed on the surface of nanofibers. FTIR 

studies showed that CPR and PCL according to FTIR shift interacted with each other forming 

hydrogen bonds. All drugs possessed burst release from nanofibers in the first half an hour. The 

safety of nanofibers was evaluated with standard ISO cytotoxicity tests on Baby hamster kidney 

fibroblasts by direct and indirect method. We concluded that PCL nanofibers with and without 

CPR and MTZ were safe because there was no statistically significant difference in viability 

comparing with pure PCL samples and the negative control. Disk diffusion assay was the 

method of choice for testing the efficacy of nanofibers against periodontal pathogens: 

Fusobacterium nucelatum subsp. polymorphum, Streptococcus mutans, Aggregatibacter 

actinomycetemcomitans and Porphyromonas gingivalis. Optimal choice against tested bacteria 

were a combination of fibers with CPR and MTZ.  

To sum up, developed nanofibers with incorporated different antimicrobial agents 

immediately released the drug, were non-toxic on eukaryotic cells and effective against 

periodontal pathogens.  
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1 INTRODUCTION  

1.1 TEETH AND MICROBIOTA 

The main function of human teeth is chewing and chopping food. It connects external 

environment with our inside through oral cavity. A part called periodontium (gr.: around the 

tooth) consists of alveolar bone (part of basal bone, where teeth are growing), periodontal 

ligament (tissue that connects the bone and the tooth), cementum (part of a tooth where 

ligaments are attached) and gingiva (gums) (Figure 1) (1).  

 

Figure 1: One the left is the picture of an alveolar bone and on the right a cross section of a tooth (adapted after 

reference 2). 

The junction between teeth and gums has an important role in chewing. It enables the 

movement of our tooth when pressure is applied while eating. Nevertheless, this so called 

dentogingival junction has also an inconvenient feature due to moist environment and constant 

supply of nutrients. It is a perfect home for pathogen microbiota. When proper oral hygiene is 

not obtained, bacteria form a biofilm, which causes series of symptoms called periodontal 

diseases (1). The biofilm is a population of different microorganisms, which are adhered on 

different surfaces and protected by the polymeric substance produced by microorganism. It 

develops through four stages: free-floating, adhering, microcolonies and macrocolonies of 

microorganisms. The key factor for the growth of biofilm is communications between 

microorganisms. Once biofilm is formed, it is extremely difficult to completely remove it. The 

best treatment is the prevention of the pathogenic biofilm growth, where microbial shift occurs 
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and pathogenic bacteria overcome normal bacteria. However, there is also a positive role of 

dental biofilm: it provides mechanical and antimicrobial protection from outside environment 

and optimize the delivery of nutrients (3). Genetic and environmental factors also contribute to 

the development of this disease (1).  

1.1.1 Development and causes of periodontitis 

Healthy gums are pale pink (depending on ethnicity), firm and strong. The upper part of 

gums is free gingiva and it can be pulled away from the tooth so artificial dental pocket is created 

1-3 mm in depth, and the lower gingiva is tightly attached. Gingival crevicular fluid flow 

through dental pocket is constant (a few µL per hour) and continuously delivers nutrients and 

washes away harmful substances. Immune response is mild due to normal microbiota (4, 

5).Healthy gums and a development of periodontitis are presented in Figure 2.   

 

Figure 2: Healthy gums and development of the periodontitis (adapted after reference 6).  

Gingivitis means inflammation of gums, which are red, swollen, soft, mildly to severely 

painful, bleeding when irritated and warmer. The immune response is stronger than normal 

defense of healthy gums. The most common cause of this condition is the collapsed balance 

between beneficial and pathogenic microorganisms in dental pockets. It can also be caused by 

viral or fungal infections, genetic predispositions, allergic reactions, trauma and other factors 

(1). In this research, the focus will be on the plaque bacteria. The plaque is an adhesive film on 
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tooth, consisting of saline glycoproteins and antibodies, microorganisms and their extracellular 

polymer products, enzymes and inorganic components, such as calcium and phosphorus (7). If 

gingivitis remains untreated, it progresses, which can take some years, into disease called 

periodontitis or periodontal disease. Patients with weaker immune response develop 

periodontitis faster. When that happens, inflammation and immune response extend deep into 

connective tissue of teeth. Dental pockets become loose, gums move closer to alveolar bone and 

biofilm spreads to newly exposed tooth surface. The immune response becomes even stronger 

and symptoms get worse as long as the connective tissue loses attachment and the degradation 

of alveolar bone starts. When periodontitis worsen, the alveolar bone reduces which could lead 

to tooth loss. Periodontitis is a manifestation of systemic diseases and if it develops, there is a 

risk for cardiovascular diseases, diabetes mellitus and complications in pregnancy. On the other 

hand, cardiovascular diseases and some other causes, such as genetic changes, smoking and 

obesity are the reason for insufficient or excessive immune response. Therefore, periodontitis 

may be the cause or the consequence of other diseases (1, 8).   

1.1.2 Periodontal pathogens  

As mention before, dental plaque as biofilm is the main source of potential periodontal 

pathogens. It develops in relation of so-called dental pellicle (sin.: cuticula dentis, cuticula 

enameli, Nasmyth’s membrane). This is an organic layer of specific proteins from saliva, which 

are selectively adsorbed on the tooth’s enamel for protection of the tooth. First microcolonies 

are mostly Gram-positive bacteria, which bind to dental pellicle and to each other with 

hydrophobic and ionic bonds. These are streptococci (S. sanguis, S. mutans, S. mitis, S. 

salivarius, S. oralis, S. gordonii), lactobacilli and Actinomyces. Later macrocolonies are Gram-

negative anaerobic bacteria (Porphyromonas, Prevotella, Fusobacterium, Veillonella species), 

anaerobic spirochetes and also Actinomyces, which bind to first colonies and with each other in 

the same way as first stages of dental plaque. In dental biofilm, there are 300-400 species of 

different bacteria. In Figure 3, relevant bacterial strains are presented in the formation of dental 

plaque (9).  
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Figure 3: Early and late colonizers of the dental biofilm (adapted after reference 10). 

1.1.3 Treatment of periodontitis 

The best defense against the development of dental biofilm is prevention. Good oral 

hygiene and regular visits at the dentist are the key for oral health. If the infection of gums 

occurs, the first step is a mechanical removal of the dental plaque. Skills of the operator and the 

patient’s maintenance of the proper hygiene after the procedure play an important role in 

suppression of the infection. The immune system of the patient is also an important factor in the 

healing and development of this disease. If the first step does not help, the doctor should set a 
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precise diagnosis. The depth of the dental pockets is in correlation with the severity of the 

periodontitis. The cause of periodontitis, which is sometimes hard to determine, are the main 

parameters to be taken into account. If there is any other systemic disease causing the 

periodontal disease, this should be firstly taken care of. The next step is a microbiological 

diagnosis in the inflammatory lesions. When bacteria are detected and identified, suitable 

systemic antibacterial drug is chosen. Due to the diverse composition of the dental biofilm, the 

combination of different drugs is desirable. The application of systemic antibiotic or 

chemotherapeutic should be only given after the mechanical removal of the biofilm, otherwise 

the drug itself is not efficient (1, 11). Systemic treatment has also disadvantages. The drug may 

not reach targeted tissue or the reached concentration is low which could lead to resistance of 

bacteria. Side effects can appear in many cases. Each individual has different microbiota in his 

mouth and development of periodontitis thus differs. There are patients with only one tooth with 

severe gum damage and patients who have every other tooth with inflamed dental pockets. That 

is the reason for the development of local delivery systems. Currently available medicines for 

local treatment are fibers, chips or semi-solid dosage forms with incorporated drug. Mechanical 

attachment and removal (if the form is not biodegradable) of these systems can take some time, 

which is not convenient for the patients. Contact between bacteria and the drug could be too 

short timewise and limited penetration in the dental pockets observed disadvantage. Surgery of 

damaged dental pockets is performed by periodontist in case of deep dental pockets. 

Alternatives in the treatment of periodontal disease are establishment of normal oral microbiota 

with probiotics, modulation of immune response and regeneration of damaged periodontium 

with new delivery systems (liposomes, nanofibers and polymeric nanoparticles). Patients with 

cured periodontium should take special care to maintain good oral heath that the disease does 

not reoccur (1, 8, 11, 12).   
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1.2 METRONIDAZOLE 

Metronidazole (MTZ) is a synthetic antimicrobial drug and is classified as 

nitroimidazoles chemotherapeutic (Figure 4) (13).  

 

Figure 4: Chemical structure of metronidazole. 

Pharmacodynamics: It is active against anaerobic Gram positive and Gram negative 

bacteria and against some parasitic infections. When it enters into bacterial cell, the reduction 

of nitro group (Figure 5) takes place. Results of this reduction are short-term living metabolites 

or free radicals with inhibitory or lethal effect on bacterial DNA (deoxyribonucleic acid) and 

other macromolecules. Nitroso radicals form adducts with DNA base pairs, which causes chain 

breaking of DNA and consequently bacterial cell’s death. Cytotoxic metabolites later break into 

nontoxic and inactive secondary metabolites (13).  

 

Figure 5: Formation of nitroso radical (nitro radical anion) (adapted after reference14).  

Pharmacokinetics: Current application route of MTZ is oral, dermal and intravenous. 

Taken orally it absorbs quickly and almost entirely. Maximum serum concentration is similar 

in oral and intravenous use. Bioavailability is 90-100% and its half-life is 8 hours. MTZ has 

high volume of distribution, which reaches to 80% of body weight and it passes well into all 
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body’s organs, tissues and body fluids. Plasma protein binding is up to 20%. The drug is 

metabolized in livers and eliminated with urine. 6-15% of dose is eliminated with faeces (13).  

Indications and side effects: MTZ is indicated with bacterial infections of the central 

nervous system, lungs, gastrointestinal tract and abdomen, bones and joints and with 

gynecological and facial (including teeth) infections. MTZ is prescribed as prophylaxis before 

operations, where there is a big chance of anaerobic infections. Topical administration is used 

for acne rosacea treatment.  

Side effects occur when MTZ is taken at high doses for longer periods. The most 

common are nausea, unusual taste in the mouth and risk of neuropathy. Common to rare side 

effects are headache, emesis, dizziness, high fever, dry mouth, superinfections with candida, 

diarrhea, severe hypersensitivity reactions, dark urine, hepatic impairment and others (13).  

Chemical stability of metronidazole: MTZ is a white to pale crystalline powder 

soluble in water (1-10 g/100 mL at 20 °C, pH=5.8) (15). Because it is a weak base, it maximally 

dissolves at pH below 2. It is stable in open air and in aqueous solution at pH values from 1-8. 

Exposed to light, it changes its color to dark white to yellow, although in some studies it shows 

no degradation. pKa value for dissociation is 2.38 (16-19). 

Metronidazole and periodontitis: MTZ is a commonly prescribed systemic 

medication for the treatment of periodontitis. It works against strictly anaerobic bacteria, which 

play an important role in the formation of dental biofilm. These bacteria are Fusobacterium 

nucleatum, Porphyromonas gingivalis and Aggregatibacter actinomycetemcomitans (in 

combination with other antibacterial drugs, for example ciprofloxacin) (11, 20-22). Minimal 

inhibitory concentration (MIC) for P. gingivalis treated with MTZ varies from 0.015-4 µg/mL 

(23, 24), for F. nucleatum MIC range is from 0.12–8 µg/mL (20, 24, 25) and for A. 

Actinomycetemcomitans from 0.38–256 µg/mL (26). 
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1.3 CIPROFLOXACIN HCl 

Ciprofloxacin HCl (CPR) is a hydrochloride monohydrate salt of ciprofloxacin. It is an 

antibacterial drug, which belongs to a group of fluoroquinolones. In Figure 6, a chemical 

structure of CPR is presented (13, 27).  

 

Figure 6: Chemical structure of ciprofloxacin HCl.  

Pharmacodynamics: CPR inhibits bacterial isoenzymes topoisomerase II (DNA 

gyrase) and IV (Figure 7) by forming enzyme-DNA complex. Topoisomerases are enzymes that 

temporarily break and then reconnect phosphodiester bonds to unravel and unfold the double-

strain DNA for replication or transcription. If that process is interrupted, bacterial cell cannot 

replicate which leads to cell’s death (7, 28). 

 

Figure 7: Mechanism of action of Ciprofloxacin HCl on bacterial DNA. 

Pharmacokinetics: CPR is administrated orally, intravenously and intraocularly. 

Taken orally, CPR absorbs quickly and almost entirely. The maximum serum concentration is 

reached 1-2 hours after application. Serum concentration increases proportionally to 1000 mg. 

Bioavailability is 70-80% and plasma protein binding is 20-30%. CPR in plasma is 

predominantly in non-ionized form. The volume of distribution is high (2-3 L/kg per body 
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weight). High concentrations of a drug can be found in lungs, sinuses, urogenital tract and 

inflammatory lesions where total concentrations outreach plasma concentrations. Metabolism 

of CPR partially happens in liver and there are four known metabolites named oxociprofloxacin, 

desethyleneciprofloxacin, sulfociprofloxacin and formilciprofloxacin. The drug is mostly 

eliminated with urine in unchanged form and the rest by faeces. 1% is eliminated with bile. Its 

halt life is 4-7 hours. Pharmacokinetics by the intravenous administration is linear to dose of 

400 mg. There is no difference in the area under the curve (AUC) in 60 min of 400 mg infusion 

and 400 mg tablet both in 12 hours or 60 min of 400 mg infusion in 8 hours and 750 mg tablet 

in 12 hours. When administrated intraocularly, it easily passes into the tissue. Systemic 

absorption is low (13). 

Indications and side effects: CPR is indicated with bacterial infections of skin, soft 

tissues and lower respiratory tract with Gram negative bacteria, chronic purulent infections of 

the middle ear, chronic sinusitis, infections of urogenital and gastrointestinal tract, 

intraabdominal, bone and joint infections, malignant infection of the outer ear and as 

prophylaxis or treatment for patients with neutropenia. It is also prescribed as prophylaxis for 

invasive infections with Neisseria meningitides. For treatment of cystic fibrosis and lung anthrax 

with children, there is a need for special attention and great-skilled doctor for dose adjustment 

(13).  

Most common side effects are nausea and diarrhea (oral and intravenous application). 

Among rare we can find fungal infections, colitis, eosinophilia and other blood and lymphatic 

diseases, allergic reactions, anorexia, hyperglycemia, psychiatric disorders, headache, dizziness, 

sleep, taste, sight and hearing disorders, tachycardia, dyspnea, vomiting, skin rashes, 

photosensitive reactions, renal impairment and others (13).  

Chemical stability of ciprofloxacin: CPR is a pale yellow crystalline powder (29). It 

is highly soluble at pH below 5 and above 10. Because is it a zwitterion, it has its isoelectric 

point at 7.42, where it is also the least soluble. pK1 value of substance is 6.17 and pK2 is 8.54 

(30, 31). It should be stored in tight, light resistant container at 25 °C, although stability studies 

showed, that even in acidic environment at 50 °C after 5 days there is no sign of degradation. 

Stored at 90 °C for 4 days, the degradation was around 4% (27, 30-32). There has been quite a 
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number of studies on interactions of fluoroquinolones with metal ions. If CPR is taken with 

medicine that contains multivalent cations and mineral excipients the bioavailability of CPR 

decreases. In addition, the increased concentration of metal ions enhances CPR degradation (13, 

33).  

Ciprofloxacin and periodontitis: Efficacy of CPR depends on the ratio between 

maximum serum concentration and MIC for certain bacteria (13). For the treatment of 

periodontal disease, CPR 500 mg tablets are taken twice a day for 8 days. Because of the variety 

of periodontal pathogens, it can be applied with combination of MTZ (11, 34). CPR is effective 

against A. actinomycetemcomitans with MIC 0.25-1 µg/mL, P. gingivalis with MIC 0.75-16 

µg/mL and F. nucleatum with MIC 0.015–16 µg/mL (25, 28, 35-38). Scientists share different 

opinion about CPR antibacterial activity against Streptococcus mutans. Some say it is effective 

and some say S. mutans is resistant against that drug. (39-41). Johnston et al. showed MIC for 

CPR against S. mutans at 10 µg/mL and CPR incorporated in polymeric fibers with other 

combined drug at 1 µg/mL (42).   
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1.4 NANOFIBERS 

Nanofibers are defined as very thin, solid fibers made of different polymers. The length 

of nanofibers can be theoretically infinite but the diameter of a single nanofiber is in nanometric 

scale. High ratio between surface and volume, porosity, flexibility and mechanical strength are 

some of the main qualities that nanofibers possess. As a consequence, they are used in many 

areas, such as textile industry, tissue engineering, cosmetics, electronic devices, filters and many 

more. Most common use in medicine and pharmacy are nanofibers as carriers for active 

pharmaceutical ingredient (API), maintaining homeostasis and nanofibers can be used as wound 

dressings (43-49). In Figure 8, there is a presentation of nanofibers in macro and micro scale. 

 

Figure 8: PCL nanofibers on aluminum foil (left) and under scanning electronic microscope (right).  

1.4.1 Preparation of nanofibers 

There are several methods for nanofiber preparation: drawing, electrospinning, 

forcespinning, interfacial polymerization, melt blowing, phase separation, self-assembly, 

template melt extrusion and template synthesis (46, 49). Nanofibers are made from polymers, 

solvents for polymers and other excipients, such as surfactants and salts. Selection of a polymer 

is very important due to desired characteristics of nanofibers. The goal is a preparation of 

biocompatible, biodegradable, nontoxic, slightly hydrophilic, mechanically and thermally stable 

nanofibers. Polymers can be of natural or synthetic origin. Some natural polymers are chitosan, 

collagen, hyaluronic acid, elastin, alginate, cellulose; and some synthetic poly(vinyl alcohol) 

(PVA), poly(ethylene oxide), polycaprolactone (PCL), poly(glycolic acid) and 

poly(vinylpyrolidone).  Polymers need to dissolve in the chosen solvent and not degrade in the 
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span of time needed for electrospinning process. The most commonly used solvents are acetone, 

dichloromethane, methanol, ethanol, acetic acid, ethyl acetate, formic acid and others (45, 46, 

49). 

1.4.1.1 Electrospinning 

Most often used method for nanofiber preparation is electrospinning due to manipulation 

of fiber diameter, porosity (density of nanofiber layer) and fiber weight per area. However, there 

are also disadvantages of electrospinning: low process efficiency, cleaning of a nozzle and 

discontinuity of the process. Typical equipment for electrospinning is composed of a syringe 

with polymeric solution, a nozzle that is connected with high voltage supply, and a collector 

(Figure 9) (12, 49, 50).  

 

Figure 9: Equipment for electrospinning of nanofibers with marked basic components.  

When polymer, API, excipients and their concentrations are chosen, they are dissolved 

in a suitable solvent. The solution is added into the syringe with a pump that creates a constant 

flow of liquid through tube to a nozzle. The nozzle is connected to high voltage supply, which 

causes a charged jet of polymeric solution. This jet can be in many forms depending on applied 

voltage and other parameters. Optimal shape of jet for nanofibers is cone-jet or Taylor’s cone 

(Figure 10). 
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Figure 10: Many forms of the polymeric jet from nozzle under applied voltage (adapted after reference 51).  

Jet is getting thinner as it is approaching to the collector, which allows solvents evaporation. 

Polymer becomes solid and it gathers on a collector. This thin layer of polymer deposit is called 

nanofibers (44, 51, 52). Parameters that are important in electrospinning process are solution, 

process and ambient parameters. They are presented in Table I (49). 

Table I: Parameters in electrospinning process. 

SOLUTION PARAMETERS PROCESS PARAMETERS AMBIENT PARAMETERS 

- polymer characteristics 

(molecular weight, 

linearity, polyelectrolyte 

nature) 

- applied voltage - temperature 

- polymer concentration 
- distance from nozzle tip 

to collector 
- relative humidity 

- surface tension - flow rate  

- rheological 

characteristics 
- nozzle design  

- conductivity - collector  

- dielectric constant  

- radius of gyration  
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1.4.1.2 Example polymer for electrospinning - Polycaprolactone 

Basic unit of this polymer is caprolactone. ‘Capro’ stands for caproic or hexanoic acid 

and ‘lactone’ is a name for cyclic ester of lactic acid. It is synthesized with ring-opening 

polymerization of ε-caprolactone (Figure 11) or with condensation of 6-hydroxycaproic acid. 

 

Figure 11: Chemical structure of ε-caprolactone and its polymerization in polycaprolactone (adapted after 

reference 53). 

PCL is slowly biodegradable, biocompatible, non-toxic, semi-crystalline polymer. Its 

crystallinity can reach 69%, depending on the molecular weight and it determines the melting 

temperature, which is in the range of 56-65 °C and glass transition temperature from - 65 to - 

60 °C. Crystallinity is also important in the terms of permeability and biodegradability. Lower 

molecular weight results in higher crystallinity and lower permeability. PCL is soluble in 

organic solvents at room temperature (e.g. chloroform, benzene, toluene, cyclohexanone, 

acetone, ethyl acetate, acetonitrile, formic acid) and insoluble in alcohols, petroleum ether, 

diethyl ether and water (12, 54-56).  

1.4.2 Nanofibers characterization 

It is very important for the verification of nanofiber properties. Chemical and mechanical 

properties, morphology and nanofiber thermal behavior can be observed with different methods. 

Optical microscopy is used for the easier optimization of electrospinning process, while 

nanofibers morphology specifically is investigated by scanning electron microscopy (SEM). 

Crystallinity is characterized with X-ray diffraction (XRD) and differential scanning 

calorimetry (DSC). Infrared spectroscopy (IR) is used for determination of any structural 

changes of the polymer and interaction between the polymer and the drug that may occur during 

electrospinning. There exist many other techniques for characterization of nanofibers (49, 50).   
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1.4.3 Nanofibers and periodontitis 

The nanofibers used as new local drug delivery system for treatment of periodontal 

disease should deliver the drug into the base of the dental pocket with concentration above MIC 

and provide prolonged release to be clinically effective. The placement should be simple, 

noninvasive, painless and durable. So far, there are fibers on the market that are replaced every 

week, which leads to bad patient compliance. The selection of polymer with slow degradation 

and controlled release of a drug is a solution. PCL poses this characteristic due to its semi-

crystalline and hydrophobic nature; is non-toxic and highly permeable to many drugs. When 

periodontitis is treated locally, dose of antimicrobial agent will be much lower although higher 

at targeted place than treated systemically, which can reduce the occurrence of side effects.  The 

local administration can also avoid the first pass metabolism and other gastrointestinal issues. 

Ideally, targeting of a drug should be only against periodontal pathogens and not against normal 

microbiota. This activity is hard to achieve, but with finding the differences between the 

susceptibility of periodontal and normal bacteria to API can be beneficial. Due to similarity of 

structure and function between nanofibers and extracellular matrix, nanofibers have great 

biomimetic characteristics. They provide good adhering area for the cells and they are porous 

enough to exchange nutrients and metabolites (12, 46, 48, 57-61). In Figure 12, the local 

application of nanofibers into periodontal pocket is presented. 

 

Figure 12: Application of nanofibers in the dental pocket (adapted after reference 62). 
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2 RESEARCH OBJECTIVES 

Specific targeting of API into dental pocket represents a challenge in the development 

of local treatment of periodontal disease. Nanofibers present a promising option for patient-

friendly delivery system with incorporated active ingredients.  The purpose of this master thesis 

was to prepare non-toxic nanofibers with prolonged release of antimicrobial agents into the 

periodontal pockets specifically targeting oral pathogens. The following specific tasks were set: 

 To prepare uniform nanofibers without beads using electrospinning at controlled 

process and ambient conditions. Selected polymer was PCL due to its biocompatibility, 

slow biodegradation, nontoxicity and easy handling. Incorporated antibacterial drugs were 

MTZ and CPR alone and in combinations to possibly achieve additive or synergetic effect 

against periodontal pathogens. Homogeneity and diameter of nanofibers was evaluated 

with SEM.  

 Crystallinity of a PCL and incorporated drugs in nanofibers were verified with DSC and 

XRD method. For the comparison, physical mixtures of formulations were tested. Fourier 

- transform infrared spectroscopy (FTIR) was used for determination of structural changes 

of ingredients during electrospinning and possible occurrence of interactions between PCL 

and incorporated drugs.  

 Release of the drug into small volume of phosphate buffer in glass vial, which illustrates 

gingival fluid, was determined with ultra-high performance liquid chromatography 

(UHPLC) method.  

 Safety of nanofibers was evaluated by cytotoxicity tests on baby hamster kidney (BHK) 

fibroblasts in cell culture with direct and indirect method according to International 

Organization for Standardization (ISO) guidelines. 

 Antibacterial activity of nanofibers against periodontal pathogens was verified with disk 

diffusion test on agar plates on relevant periodontal pathogens such as Fusobacterium 

nucelatum subsp. polymorphum, S. mutans, A. actinomycetemcomitans and P. gingivalis 

which all play important role in the formation of dental biofilm. 
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3 MATERIALS AND METHODS 

3.1 MATERIALS  

- Acetic acid, 100% (J. T. Baker, Germany) as solvent for PCL 

- Baby hamster kidney fibroblasts BHK21 

- Bacterial strains: Escherichia coli DSM 1103, Fusobacterium nucelatum subsp. 

polymorphum DSM 20482, Streptococcus mutans DSM 20523, Aggregatibacter 

actinomycetemcomitans DSM 11123, Porphyromonas gingivalis DSM 20709 (Leibniz-

Institut DSMZ-Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, 

Germany) 

- Ciprofloxacin HCl monohydrate, (Alfa Aesar, Germany) as API  

- Columbia agar base supplemented with 5% defibrinated sheep blood: nutrient Lennox 

lysogeny broth (LB) (Difco Laboratories, USA), Yeast extract Tryptone Medium (Difco, USA), Bacto 

Agar (BD, USA), L-Cysteine-HCl monohydrate (AppliChem, Germany), glucose, NaCl, defibirnated 

sheep blood (bioTRADING, The Netherlands) and commercial LabM, UK 

- Formic acid, 98-100% (J. T. Baker, Germany) as solvent for PCL 

- Glasgow Minimal Essential Medium (GMEM) supplemented with 7.5% FBS (Sterile 1x 

Phosphate buffer saline), 20 mM HEPES, 2% TPB (Tryptose Phosphate Broth), 100 units/mL Penicillin, 

100 g/mL Streptomycin (Sigma Aldrich, USA) 

- Liquid nitrogen for PCL powder (AGA, Estonia) 

- Methanol, 10% and Acetonitrile, 98% (Merck, USA) as UHPLC mobile phases 

- Metronidazole (Sigma Aldrich, USA) as API 

- Oxygen absorbing bag, 2,5 L Anaerogen™ (Thermo Fisher Scientific Inc., USA) 

- Polycaprolactone Mw=80 kDa (Sigma Aldrich, USA) as a carrier polymer 

- Potassium dihydrogen phosphate and Sodium hydroxide (Merck, USA) for phosphate 

buffer as a release medium 

- Triton X, 10% (BioTop, Austria) as a positive control in cytotoxicity testing 

- Trypan blue, 0.4% (Invitrogen, USA) as a coloring agent for BHK 

- Trypsin-EDTA, 0.05%-0.022% (Smart Media) as a detachment agent 

All the chemicals were used as received without any further purification or modification.  
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3.2 LABORATORY EQUIPMENT 

- Chromatographic system Acquity UHPLC (Waters Corp., USA) and Column with pre-

column Acquity UHPLC (Waters Corp., USA) 

- Countess™ Automated cell counter (Invitrogen, USA) 

- DSC 4000 (PerkinElmer, USA) and Intracooler SP (PerkinElmer, USA) 

- Electrospinning equipment Slovenia: Fluidnatek LE100; BioInicia SL, Spain  

- Melt electrospinning (NanoNC Co., Ltd., Korea) 

- Image J program (National Institute of Mental Health, Maryland, USA) 

- Incubator, 37 °C, 5% CO2 (Thermo Scientific Heraeus, UK) 

- IR Prestige 21 (Shimadzu Corporation, Japan)  

- Optical microscope  

- Orbital rotator (Vibromix 403EVT, Slovenia) 

- OriginLab program (Massachusetts, USA) 

- SEM (high-resolution scanning electron microscope; Zeiss EVO® 15 MA, Germany) 

- X-ray diffractometer (D8 Advance, Bruker AXS GmbH, Germany) 

3.3 PREPARATION OF NANOFIBERS 

3.3.1 Solution preparation 

A solvent mixture of acetic and formic acid with the ratio of 3:1 (w/w) was used for the 

preparation of all 15% (w/w) PCL polymeric solutions unless otherwise stated. Polymer solution 

was prepared approximately 3 hours before electrospinning or the night before, in which case it 

was left in the refrigerator. Half an hour before electrospinning active ingredient was added, 5% 

(w/w) of MTZ, CPR or the mixture of both with the same concentration of 2.5% (w/w). The 

polymer solutions were used for electrospinning when all the components were fully dissolved 

in covered flask on the magnetic stirrer. 
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3.3.2  Electrospinning 

The electrospinning conditions were optimized for each solution separately to obtain 

uniform, continuous and beadless nanofibers. Nanofibers were electrospun at flow 0.6 mL/h and 

voltage was in the 16-17 kV range. The inter-electrode distance was 15 cm. All nanofibers mats 

were collected on an aluminum foil on a flat surface.  

3.4 NANOFIBERS MORPHOLOGY 

The images of nanofibers were taken using SEM technique, operated at an acceleration 

voltage of 1 kV with a secondary detector. Diameters of 100 randomly selected nanofibers were 

measured with Image J program. Average diameter and standard deviation were calculated with 

MS Office Excel 2013. 

3.5 PHYSICAL CHARACTERIZATION OF NANOFIBERS 

3.5.1 Preparation of physical mixtures 

In order to get comparable results, physical mixtures of PCL powder and drugs were 

prepared. PCL powder was made with crushing of melt electrospun PCL microfibers (prepared 

at 200 °C, a relative humidity (RH) of 16%, a voltage of 4 kV, a roller speed of 30 rpm, a flow 

rate of 2 mL/h) with liquid nitrogen in a mortar. Powder was unified with a sieve. Amount of 

MTZ, CPR and combination of these drugs in powder mixture was the same as in PCL 

nanofibers: 5% (w/w) of MTZ, CPR or the mixture of both with the same concentration of 2.5% 

(w/w).  

3.5.2 Differential scanning calorimetry  

The thermal analysis was performed using DSC  of the next samples: PCL nanofibers 

with MTZ, CPR and with combination of both drugs. The results were compared with PCL 

nanofibers, powders of pure substances and powder mixtures. We weighed 1.6-3.6 mg of each 

sample into aluminum pans, covered with aluminum lid and made a pin hole in the middle of 

the lid. Pan and cover were pressed together with a pressing machine. The same DSC program 

was used for all the samples: hold for 3 min at 0 °C; heat from 0 °C to 190 °C at 10 °C/min; 
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hold for 1 min at 190 °C; cool from 190 °C to 0 °C at 10 °C/min. CPR powder was the only 

sample which required different DSC program: heat from 0 °C to 400 °C at 10 °C/min; hold for 

1 min at 400 °C; cool from 400 °C to 0 °C at 10 °C/min. Since CPR started to degrade above 

300 °C and the vapors could harm the machine, program was stopped at 338 °C. Nitrogen gas 

flow was 19.8 mL/min at 4.0 bar. Indium was used for the calibration of the equipment.  

3.5.3 X-Ray Diffraction 

XRD experiments were carried out in a symmetrical reflection mode (Bragg–Brentano 

geometry) with CuKa 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 0.0195° 2-theta. Analyzed samples were: PCL nanofibers, PCL 

nanofibers with MTZ, CPR and combination of the drugs; PCL, MTZ and CPR powder; 

physical mixtures of PCL and MTZ, PCL and CPR, PCL and combination of both drugs. 

3.5.4 Fourier transformed infrared spectroscopy 

FTIR measurements were carried out at the resolution of 4.0 cm-1 with an average of 60 

scans in the spectral range from 600 to 4000 cm-1. Normalisation was used as pre-treatment. The 

following samples were analyzed: PCL nanofibers, PCL nanofibers with MTZ, CPR and 

combination of both drugs; PCL, MTZ and CPR powder; physical mixtures of PCL powder with 

MTZ, CPR and combinations of both drugs. 

3.6 DRUG RELEASE EXPERIMENTS 

All nanofibers mats were cut into rectangular pieces weighing 12.0 ± 0.5 mg and put 

into a glass vial containing 20 mL of 50 mM phosphate buffer with pH 7.4 and covered with 

plastic cap. The vials with nanofibers were shaken with 150 rpm on an orbital rotator at room 

temperature. At pre-determined time intervals, 1 mL or release medium was withdrawn and 

replenished with a fresh buffer. 1 mL samples were diluted with 1 mL of phosphate buffer with 

pH 7.4. The samples were then filtered with 0.2 µm filter into small UHPLC vials to determine 

the quantity of released drug. There were three replicates performed.  
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3.6.1 UHPLC analysis 

The UHPLC method was developed to separate and quantify MTZ and CPR. A UV–

VIS photodiode array (PDA) module equipped with a high-sensitivity flow cell was used for 

detection. The column with pre-column was Acquity UHPLC CSH C18 1.7 μm 2.1 × 50 mm. 

A gradient elution was used to achieve chromatographic separation with mobile phases A (25 

mM phosphate buffer with pH 3 and 10% methanol) and B (acetonitrile, containing 2% water). 

The mobile phase in the gradient elution progress was: 0–1 min 0% B, 3 min 20% B, 3.2-3.6 

min 50% B, and 4.4-5.0 0% B. The flow rate was set at 0.5 mL/min, the column temperature 

was maintained at 50 °C, and the injection volume was 5 μL. The analytical run time for each 

sample was 5 min. Initial standard stock solutions of MTZ or CPR with concentrations of 1 

mg/mL were further diluted with phosphate buffer with pH 7.4 in order to obtain seven standard 

solutions in the range of 0.5–40 μg/mL. Area under peak was used for calculation of drug 

concentration. The detector wavelength was set at 271 nm.  

3.7 CYTOTOXICITY OF NANOFIBERS  

Safety of the nanofibers was evaluated using a cytotoxicity test on BHK. Fibroblasts 

grew in the media we prepared ourselves: GMEM supplemented with FBS, 20 mM HEPES, 2% 

TPB, 100 units/mL Penicillin, 100 g/mL Streptomycin. Fibroblasts were checked under the 

optical microscope to see if they were attached on the bottom of the well and formed a near 

confluent monolayer in order to proceed with the experiment. Cytotoxicity method was 

performed in two different ways: direct and indirect. Cytotoxicity testing was performed 

according to the ISO guidelines (ISO 10993-5) (63).  

3.7.1 Direct method 

PCL nanofibers, PCL nanofibers with CPR, MTZ and with combination of the drugs 

(S=1 cm2, 5 series) were each added to the near confluent fibroblasts in 1 mL of medium. 

Nanofibers were remained on the surface of the media. After 24 h in the incubator (37 °C, 5% 

CO2), the cells were detached with trypsin and colored with trypan blue (10 µL of cell dispersion 

and 10 µL of trypan blue). Non-viable cells were colored blue, viable cells stayed unstained. 

Automated cell counter counted dead and live cells and calculated cell viability. Untreated cells 
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were used as a negative control and cells treated with 100 µL of Triton X acted as a positive 

control.   

3.7.2 Indirect method 

PCL nanofibers, PCL nanofibers with MTZ, CPR and with combination of the drugs 

(m=5 mg) were each put in 6 mL of medium. Fibroblasts were grown to near confluency on 24-

well plate in the incubator (37 °C, 5% CO2), then the media were replaced with media from 

nanofibers. Cells were incubated again for 24 h (37 °C, 5% CO2) and then colored with trypan 

blue (10 µL of cell dispersion and 10 µL of trypan blue). Viability was checked as mentioned 

previously. Negative and positive controls were also the same. Comparison of both methods is 

presented in Figure 13. Statistical significance for methods of cytotoxicity was calculated with 

t-test with Origin PRO 2017 program. P < 0.05 was considered as the significant level. 

 

Figure 13: Comparison of direct and indirect method.  
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3.8 DISK DIFFUSION ASSAY OF NANOFIBERS ANTIBACTERIAL EFFICACY 

Nanofibers antibacterial efficacy against aerobic and anaerobic bacteria was evaluated 

by using a disk diffusion assay and measuring the diameter of inhibition zones free from 

bacterial growth around the fiber disk. PCL nanofibers, PCL nanofibers with MTZ, CPR and 

combination of both drugs were cut as disks (d=6 mm) with punching machine. Negative control 

was UV-sterilized filter paper cut in the same way as nanofibers. Positive control was UV-

sterilized filter paper soaked into 20 µL solution of MTZ, CPR or combination of the drugs in 

distilled water. Concentrations of these solutions were chosen to obtain the same calculated 

theoretical amount as within the nanofiber disks (1.5 mg/mL). Nanofibers efficacy was tested 

against the following relevant bacteria: E. coli DSM 1103, F. nucelatum Subsp. Polymorphum 

DSM 20482, S. mutans DSM 20523, A. actinomycetemcomitans DSM 11123 and P. gingivalis 

DSM 20709. E. coli was cultivated in aerobic conditions on plates made with this formulation: 

8 g nutrient broth, 5 g yeast extract, 5 g NaCl, 2 g glucose, 16 g agar, dissolved in 1 L of water 

pH 7.0, autoclaving 0.5 atm. Overnight bacterial culture was first diluted in LB to obtain optical 

density of about 0.05 and then 100 µL of this dilution was spread over each plate and the 

prepared disks were put on top of it, incubated for 24 h at 37 °C. All other bacteria including E. 

coli were tested in anaerobic conditions. Bacteria grew on Columbia agar base supplemented 

with 5% defibrinated sheep blood. After bacteria were spread all over the plate, disks were put 

on top of them. Plates were then placed in a plastic bag with added oxygen absorbing bag, which 

was then hermetically sealed. Inhibition zones were checked after 3 days (incubated at 37 °C) 

due to slower growth of anaerobic bacteria. Tests were run in triplicate for each bacterium. 

Figure 14 presents the typical disk assay. 

 

Figure 14: Disk diffusion assay performed on Streptococcus Mutans in aerobic conditions.   
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4 RESULTS AND DISCUSSION 

4.1 NANOFIBERS MORPHOLOGY 

The nanofibers morphology plays a key role in the mechanical properties and clinical 

efficacy, such as controlled drug release, and can be modified with the selected polymer 

solution, ambient and electrospinning parameters (64). To obtain the thinnest, straightest and 

most homogeneous fibers for optimal delivery system, we optimized electrospinning process 

via changing the applied voltage. The optimal applied voltage was chosen according to the shape 

and stability of Taylor cone. The first screening on the nanofibers morphology was performed 

with optical microscope and the most optimal nanofibers were analyzed in detail using SEM. 

PCL nanofibers with incorporated 5% of MTZ, CPR and combination of both drugs with 

2.5% of each were electrospun and compared with PCL nanofibers without drug. As seen in 

Figure 15A, PCL nanofibers without drug were uniform, continuous and with an average 

diameter of 502±302 nm. The incorporation of MTZ into nanofibers did not affect the nanofibers 

morphology, there were no crystals observed on the nanofibers surface and the average 

nanofibers diameter (412±337 nm) was slightly decreased, which is in line with the literature 

data (Figure 15B) (60, 65, 66). By contrast, the incorporation of CPR significantly affected the 

nanofibers morphology as it is seen from nanofibers with CPR and combination of both drugs 

(Figure 15C and D). Average diameter of nanofibers with CPR and combination of both drugs 

is 650±365 nm and 1274±481 nm, respectively. When average diameter of nanofibers 

outreaches the nanometer scale, they are no longer nanofibers but microfibers. In this study, 

fibers with combination of both drugs will be still called as nanofibers to ease the discussion.  

Some deposits that may be nanocrystals of CPR were observed on the nanofibers surface. 

According to the literature, addition of the CPR should not affect PCL nanofibers morphology 

(65-67). These non-homogenous nanofibers are not representative for a new prolonged drug 

delivery system for the treatment of periodontitis, but it is believed that the optimization of drug 

concentration within the fibers enables to avoid drug recrystallization on the fiber surface.  
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Figure 15: SEM images and histograms of size distribution of A) PCL nanofibers without any drug, B) metronidazole 

nanofibers, C) ciprofloxacin nanofibers and D) nanofibers with combination of both drugs.  
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4.2 PHYSICAL SOLID STATE CHARACTERIZATION OF NANOFIBERS 

It was of interest to find out the solid state form of drugs within the nanofibers after 

electrospinning in order to obtained knowledge about their effect on dissolution behavior as well 

as physical stability. It is known that usually amorphous form of drug is obtained during 

electrospinning, since during quick evaporation of solvent, drug molecules do not have enough 

time to crystallize and polymer matrix stabilizes the amorphous form. FTIR additionally allows 

understading the intermolecular interactions between the drug and polymer as well as verify the 

solid state form of drug (68, 69).  

4.2.1 Thermal analysis of nanofibers by DSC 

DSC analysis was performed to determine melting temperature of blank PCL nanofibers 

and PCL nanofibers with MTZ, CPR and combination of both drugs. Furthermore, the  

crystallinity of the drugs and the polymer and possible changed properties as the consequence 

of electrospinning process were determined. Endothermic peaks in all cases except CPR powder 

represent melting temperature (Tm) of each sample. The melting temperature of PCL is between 

58.30 °C and 59.94 °C observed in case of all nanofibers and physical mixtures (Figure 16a, d-

i) and is in line with the literature (70). Melting point of MTZ was 163.19 °C (Figure 16b), 

which also correlates with the literature (71, 72). The peak of MTZ melting temperature was not 

present in physical mixtures and nanofibers with MTZ due to low quantity of a dispersed drug 

in physical mixture and nanofibers or the dissolution of MTZ in a melted polymer during heating 

(Figure 16d, e) (70, 73). CPR thermogram in Figure 17 shows two endothermic peaks. First 

endothermic peak occurs at 148.34°C (Figure 16c, Figure 17) and represents the evaporation of 

hydrate water from the sample, since the drug is hydrochloride monohydrate salt of 

ciprofloxacin. Second endothermic peak is at 315.17 °C and represents melting and degradation 

temperature of the drug (71, 74). Again, there was no endothermic melting peak in the samples 

representing physical mixtures and nanofibers with CPR since DSC measurements were not 

performed using temperatures above 300 °C (Figure 16f, g). Therefore, the crystallinity forms 

of the drugs in nanofibers could not be determined using DSC and XRD method was used for 

further analysis.  
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Figure 16: DSC thermograms of a) PCL nanofibers , b) metronidazole powder, c) ciprofloxacin powder, d) 

physical mixture of PCL + metronidazole, e) metronidazole nanofibers, f) physical mixture of PCL + ciprofloxacin, 

g) ciprofloxacin nanofibers, h) physical mixture of PCL and combination of both drugs and i) PCL nanofibers with 

combination of both drugs.  
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Figure 17: DSC thermogram of ciprofloxacin powder. 

4.2.2 X-Ray diffraction of nanofibers 

The XRD diffractogram of the pure substances, PCL, MTZ and CPR powders, used for 

preparation of nanofibers can be seen in Figure 18. The diffractogram of PCL powder indicates 

semi-crystalline state. The diffractogram is diffused as it is typical for amorphous state, but there 

are also three wider peaks at 21.5°, 23.9° and 38.2° (Figure 18c). Diffractogram of both drugs 

revealed their crystallinity with typical sharp and intense peaks: for MTZ at 12.3°, 13.9°, 24.7°, 

27.9° and 29.2° (Figure 18a) and for CPR at 8.1°, 8.9°, 19.2° and 26.4° (Figure 18b). Values of 

diffraction angles are compliant with the literature (70, 75-77). 

 

Figure 18: XRD diffractogram of a) metronidazole powder, b) ciprofloxacin powder and c) PCL powder. 
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To detect the possible change of the physical state of PCL polymer during the 

electrospinning process, PCL nanofibers without any drugs were compared with PCL powder 

(Figure 19). The XRD study revealed that diffractograms are very similar with the slightly lower 

and wider peaks in case of nanofibers compared to a powder. Thus, electrospinning mildly 

lowered PCL crystallization, which is in line with previous study (78).  

 

Figure 19: XRD diffractogram of a) PCL nanofibers and b) PCL powder.  

Patterns of PCL powder and its physical mixtures with MTZ, CPR or both drugs show 

typical reflections of components marked with arrows in Figure 20. Intensity of those reflections 

is smaller according due to the proportion of drugs in the mixture. These powder mixtures were 

used for comparison understanding the solid state of drugs incorporated in the nanofibers.  
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Figure 20: A: Comparison of a) physical mixture of PCL+ metronidazole powder, b) PCL powder, c) 

metronidazole powder ; B: Comparison of a) physical mixture of PCL+ ciprofloxacin powder, b) PCL powder, c) 

ciprofloxacin powder, C: Comparison of a) Physical mixture of PCL+ ciprofloxacin + metronidazole powder, b) 

PCL powder, c) metronidazole powder, d) ciprofloxacin powder.  
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The characteristic reflections of crystalline MTZ were found in PCL nanofibers with 

MTZ (Figure 21b), which indicates that drug was in a crystalline state and according to SEM 

images it was incorporated within the nanofibers (Figure 15B). However, the reflections had 

lower intensity in case of nanofibers compared to the physical mixture indicating the reduced 

crystallinity of MTZ. Diffractogram of PCL nanofibers with combination of both drugs (Figure 

21c) showed lower MTZ diffraction peaks compared with nanofibers with MTZ (Figure 21b), 

which correlates with lower quantity of MTZ. Results were comparable in the study of Sahoo 

et al. (75).  

 

Figure 21: Left: XRD diffractograms of a) metronidazole powder, b) metronidazole nanofibers, c) nanofibers with 

combination of both drugs, d) ciprofloxacin powder and e) ciprofloxacin nanofibers; Right: marked reflections of 

crystalline metronidazole in nanofibers.  

Characteristic reflections for CPR were not seen in any of nanofibers (Figure 21c, e), 

therefore CPR may be incorporated in an amorphous form, changed polymorphic structure or 

as a solvate with organic acids. By contrast, some nanocrystal deposits can be seen in the SEM 

images in Figure 15C. Because those nanocrystals are in nanoscale, there is a possibility that 

XRD could not detect them or that the drug is in the amorphous state as stated before. In the 

study of Demirci et al. they suggested that CPR was incorporated in amorphous state also (79), 

but in the study of Ignatova et al. they reported crystalline aggregates (80). Both studies have 

used electrospinning process, but different polymer and solvents for the preparation of polymer 

solutions were applied.   
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4.2.3 FTIR spectroscopy of nanofibers 

FTIR spectrum of MTZ powder is presented in Figure 22, where we marked the 

characteristic MTZ peaks, which match with the literature data. Broad peak at 3206 cm-1 shows 

presence of –OH group. 3096 cm-1 peak represents alkene monosubstituted CH stretching in the 

imidazole ring. A signal for C-NO2 functional group is seen at 1533 cm-1. Two peaks at 1474 

and 1425 cm-1 exhibit C-C stretching and peak at 1265 cm-1 C-N stretching. Absorption peak at 

1072 cm-1 is present because of the C-O group (72, 81-84).  

 

Figure 22: FTIR spectrum of metronidazole with typical peaks.  

Figure 23 represents FTIR spectrum of CPR. Typical peaks are marked and when 

compared to the literature the values of absorbance match. OH-stretching peak occurs at 3526 

cm-1. 3372 cm-1 peak is typical for tertiary amine and 3090 cm-1 for secondary amine. Peak at 

1699 cm-1 represents carbonyl group and peak at 1616 cm-1 is assigned for carboxyl functional 

group conjugated from phenyl framework. C-F peak appears at 1265 cm-1 and C=CH bending 

peak at 802cm-1 (71, 75, 79, 85-88). 
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Figure 23: FTIR spectrum of ciprofloxacin with typical peaks. 

FTIR spectrum of polymer PCL is shown in Figure 24. Typical peaks were compared 

with the literature peaks and they match nicely. Two absorption peaks at 2943 and 2866 cm-1 

represent asymmetrical and symmetrical CH2 stretching. The sharpest peak at 1728 cm-1 is 

typical for carbonyl group. C-O-C asymmetrical and symmetrical stretching occurs at 1238 and 

1163 cm-1 (73, 89-93).  

 

Figure 24: FTIR spectrum of PCL with typical peaks. 
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Physical mixture of PCL and MTZ (Figure 25d) with the same ratio of the substances as 

in nanofibers compared to MTZ (Figure 25c) and PCL powder alone (Figure 25a), exhibits 

typical peaks for MTZ in the mixture. Those peaks that are present in spectrum of physical 

mixture and are not present in PCL powder spectrum are MTZ peaks. They are less intense due 

to lower concentration in the mixture and are at the same position as in MTZ powder, so no shift 

was observed. Most noticeable peaks correspond to alkene monosubtituted CH streatching in 

the imidazole ring, OH-stretching and presence of NO2 group (Figure 25; marked with -----). 

Nanofibers with MTZ (Figure 25e) posess the same peaks as physical mixture of PCL and MTZ, 

although they are decreased and less intense. That means that MTZ was incorporated in the 

nanofibers and there was no strong interaction between the polymer and the drug using 

electorpsinning method. (72, 86). 

Comparing CPR powder (Figure 25f), PCL powder (Figure 25a), physical mixture of 

PCL and CPR (Figure 25g) and CPR nanofibers (Figure 25h) gives us the information about the 

presence of the drug in the nanofibers and its interaction with the polymer. Ratio of the 

substances in the physical mixutre is the same as in the nanofibers. The most noticable is the 

peak that stands for carboxyl group at 1616 cm-1 and the peak at 802 cm-1 for C=CH bending 

(Figure 25; marked with - - - -). In spectrum of nanofibers with CPR (Figure 26h) there is a shift 

of carboxyl peak to higher wavelength (1616 cm-1 to 1627 cm-1, marked with arrows in Figure 

25). In the study of Demirci et al., they suggested that CPR could interact with the polymer, 

creating hyrogen bonds. Because this shift happens only at one peak, this sould not affect CPR 

release (79). 

Physical mixture of PCL, MTZ and CPR (Figure 25i) with the same ratio of substances 

as in nanofibers, exhibits the same spectrum characteristics as physical mixtures with only one 

drug. Peaks of MTZ and CPR in the mixture are less intense due to the lower amount of the 

compounds, such as peaks of CH streatching in the imidazole ring and peak for –OH-group of 

MTZ. Nanofibers with MTZ and CPR (Figure 25j) have also peaks with lower intensity and 

some of them have disappered. Thus, MTZ and CPR were sucessfuly incorporated in the 

nanofibers. The only shift observed was carboxyl peak of CPR in case of CPR nanofibers and 

nanofibers with both drugs due to possible interactions between PCL and CPR.   



 

35 

 

 

 

 

Figure 25: FTIR spectra in range of A) 4000-1900 cm-1 and B) 1900-600cm-1 of a) PCL powder, b) PCL nanofibers, 

c) metronidazole powder, d) physical mixture of PCL + metronidazole, e) metronidazole nanofibers, f) 

ciprofloxacin powder, g) physical mixture of PCL + ciprofloxacin, h) ciprofloxacin nanofibers, i) physical mixture 

of PCL + ciprofloxacin + metronidazole and j) nanofibers with combination of drugs.  
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4.3 CIPROFLOXACIN HCI AND METRONIDAZOLE RELEASE FROM NANOFIBERS 

Drug release from nanofibers is very important for the development of new delivery 

systems, which can be modified to achieve the immediate, delayed or prolonged release due to 

the selection of polymers, drugs and delivery system (94). In the treatment of periodontitis 

prolonged drug release is desirable together with the drug concentrations above minimal 

inhibitory concentration (MIC) against targeted periodontal pathogens for a few days to be 

efficient and reduce the possibility to antibiotic resistance development. Prolonged release is 

also desirable in the treatment of chronic diseases for better patient compliance to avoid multiple 

drug administration (59, 95, 96). Consequently, PCL as the representative of hydrophobic 

polymers was chosen in this study, since it has been often used for prolonged release due to 

slow drug diffusion from nanofibers (59, 60, 97). Because it is slowly biodegradable, the 

biodegradability should not play an important role in drug release (98). Release of CPR, MTZ 

and combination of both from PCL nanofibers was performed in sink conditions with phosphate 

buffer with pH 7.4, which mimic the pH of the crevice gingival fluid (99), whereas the release 

volume was significantly bigger compared to in vivo conditions (5).  

The release profiles of all developed nanofibers here are presented in Figure 26. MTZ 

released from nanofibers immediately reaching 72% of release in the first half an hour. After 

that, the amount of drug in the medium remained constant. Compared to the literature 70% of 

released MTZ from similar mats as PCL fibers was detected after 7 days release study (60, 66, 

81). Results did not show prolonged release as expected and reason for burst release can be 

damaged nanofibers. Hence the medium could diffuse into the nanofibers and MTZ was released 

into the medium. Other possible explanations are that MTZ was not incorporated into the 

nanofibers and area in the SEM image was non-representative or MTZ was close to the surface 

of the nanofibers and therefore easily reachable for media. 
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Figure 26: Release profiles of incorporated drugs from metronidazole nanofibers, ciprofloxacin nanofibers and 

combination nanofibers in eight hours. Data are reported as mean ± SD from three (n=3) parallels.  

37% of CPR was immediately released in the first half an hour (Figure 26). After that, 

prolonged release was obtained up to 6 hours. In the next hours concentration of CPR was 

constant approximately 60%. In this case burst release profile nicely correlates with SEM 

images, where crystals of the CPR can be seen on the nanofibers. The drug was not incorporated 

into the nanofibers and consequently, it was easily accessible to the medium. Comparing CPR 

profile with MTZ profile, release in the first half an hour is slower with CPR which is the case 

in line with literature. However, the total concentration percentage of both released drugs is 

lower. For example, amount of MTZ and CPR alone released in the first 8 hours were 

approximately 30% and 10% in study of Bottino et al. (65, 66). Dang et al. studies even showed 

such prolonged release that 40% of MTZ and 10% of CPR was released after 24 hours and in 

Puga et al. study less than 50% of CPR in 3 months. The reason for such subsequent slowdown 

in release rate in Puga’s study could be attributed to drug entrapped in the PCL matrix, which 

had to dissolved and diffused through the pores (100, 101). 

 Release of CPR from nanofibers with the combination of both drugs (Figure 26) is 

comparable to the release profiles obtained from CPR nanofibers, whereas MTZ release from 
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nanofibers with combination of both drugs was faster than from MTZ nanofibers. SEM image 

shows (Figure 15D) nanocrystals on nanofiber surface which explains and correlates with the 

obtained burst release of both drugs. Figure 27 represents the same release profiles as in Figure 

26 but in different time range of 5 days. Concentrations of both released drugs in the medium 

remained constant for all nanofibers, although concentration of MTZ from nanofibers with only 

MTZ slightly increased after 4 days.  

 

Figure 27: Release profiles of incorporated drugs from metronidazole nanofibers, ciprofloxacin nanofibers and 

combination nanofibers in five days. Data are reported as mean ± SD from three (n=3) parallels.  

The electrospinning process enabled the incorporation of the drugs in the nanofibers or 

onto their surface, nanofibers released drug immediately and thus, they could be used for short 

but not for prolonged treatment of periodontitis. 

4.4 CYTOTOXICITY OF NANOFIBERS ON FIBROBLASTS 

Since nanofibers could be used as a new drug delivery system for the treatment of 

periodontal disease, they should be made from safe, nontoxic and biocompatible material. PCL 

is US Food and Drug Administration (FDA) and European medicines agency (EMA) approved 

polymer (101-104). In this study nanofibers cytotoxicity was tested according to standard 

cytotoxicity tests since nanotoxicity standards have not been yet recognized by ISO (105). The 
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main difference between cytotoxicity and nanotoxicity is the size of tested material. The way 

organism respond to the exposure of the material is largely effected by particle size (106).    

In Figure 28, the results of BHK fibroblasts viability from direct and indirect method is 

shown. Direct method gave us results of the viability of fibroblasts, which grew in the media 

together with nanofibers. Indirect method is different in that way, that nanofibers were soaked 

in the media first, removed and then the fibroblasts were transferred into the media. Comparing 

direct and indirect method the average viability of tested fibroblasts is almost the same: 75.8% 

in direct method and 75.6% in indirect method (Table I in Supplement). However, the standard 

deviation is higher in indirect method. The analysis with T-test showed no statistically 

significant differences between the methods. The highest viability with both methods was 

achieved with PCL nanofibers with combination of both drugs. Average viability of fibroblasts 

in negative control from both methods was 75%. In case of positive control, the number of live 

and dead cells was below detection limit which means, that almost every cell was dead and 

viability was 0%.   

   

Figure 28: Cell viability of BHK fibroblast with nanofibers without drug, metronidazole, ciprofloxacin and 

combination nanofibers, positive and negative control.  

In Figure 29, there is a comparison of morphology between live and dead fibroblast. 

Density of live cells is really high and consequently, the typical dendritic shape of fibroblasts 

cannot be clearly seen. Round shapes in the images represent dead cells which detached from 
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the well and are free floating in the medium. Live fibroblasts are in elongated shape attached to 

the bottom of the well (106, 107). There is no difference between different samples of nanofibers 

and a negative control.  

 

Figure 29: Morphology of live and dead BHK fibroblasts treated with a) nanofibers without drug b) metronidazole 

nanofibers, c) ciprofloxacin nanofibers, d) combination nanofibers, e) negative control and f) positive control.  

According to ISO standard 10993-5 the cytotoxicity of the material can be evaluated 

qualitative and quantitative. Qualitative observation covers cell’s morphology changes. If there 

is not more than 20% of the cells detached or slightly attached, with changed morphology and 

only a few lysed, the test material is slightly cytotoxic. Higher number of dead cells means that 

material could be slightly, mildly or moderately cytotoxic. It must be notated that non-toxic 

materials also exist and in that case there is no cell lysis or reduction of growth present (63). 

Fibroblasts in case of all our nanofibers showed small changes in morphology such as 

detachment and lysis which could indicate slight cytotoxicity, but same changes were also seen 

in the negative control, because cells start to detach if they have no more space to grow. 

Percentage of the dead cells was not significantly different from negative control and there is a 

possibility that low viability is the consequence of technical handling of  samples and not the 
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cytotoxicity of the nanofibers itself. Quantitative analysis was performed with coloring the dead 

cells with trypan blue so machine can count them. Some of them could also die because of the 

coloring. Relevant studies, where PCL nanofibers of other form of PCL polymer were observed 

for cytotoxicity, claim that material is safe if cell viability is above 80% and some even 60%. 

All the given studies with ISO guided tests concluded that PCL is not cytotoxic and it is safe to 

use (104, 108-110). In the study of Murguia et al. the viability of the human dental pulp stem 

cells treated with PCL scaffolds even after 14 days was still around 60% (103). Although our 

test was not run for more than two days, the conclusion is that viability was the same in all tested 

material as in negative control which indicates that PCL nanofibers are safe. However, further 

nanotoxicity studies should be considered, especially long-term studies where contact of gums 

with nanofibers is imitated.  

4.5 ANTIBACTERIAL ACIVITY OF NANOFIBERS 

Disk diffusion assay was used to determine qualitative efficacy of drugs incorporated 

into the nanofibers against periodontal pathogens P. gingivalis, F. nucleatum, S. mutans, A. 

Actinomycetemcomitans and E.coli. If the drugs were stable during storage and then released 

from nanofibers in sufficient amount to kill bacteria, the inhibition zones were observed (42).  

4.5.1 Porphyromonas gingivalis 

The results of disk diffusion assay on P. gingivalis is presented in Figure 30. Inhibition 

zone can be seen in Figure 30a and b where efficacy of the nanofibers with MTZ and MTZ 

positive control can be seen ( ). In Figure 30c and d are presented inhibition zones for 

nanofibers with CPR and CPR positive control ( ). Bottino’s study of CPR and MTZ 

efficacy against P. gingivalis reported similar results. Drugs were incorporated in the same 

concentrations in polydioxanone monofilaments as in our nanofibers and used in disk diffusion 

assay. Inhibition zones were comparable. MTZ mats presented bigger inhibition zones than CPR 

mats which was also the case in our study (66). Very dark bacteria in Figure 31e are indicated 

as P. gingivalis, whereas gray circle around disk is suggested as fungal infection (Figure 30c, d 

) (111). Figure 30e represents plate with negative controls.  
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Figure 30: Inhibition zones of a) metronidazole nanofibers b) metronidazole positive control, ciprofloxacin 

nanofibers, d) ciprofloxacin control and e) i, iii, v: nanofibers without drug and ii, iv, vi: filter paper on P. gingivalis.  

4.5.2 Fusobacterium nucleatum 

Figure 31a and b represent efficacy of MTZ nanofibers and MTZ positive control and it 

can be concluded that nanofibers with MTZ are more effective against F. nucleatum than 

nanofibers with CPR (Figure 31c i). Figure 31c ii shows negative control and 31c iii CPR 

positive control. In Figure 31d inhibition zone around disk appeared due to the released MTZ 

and CPR from nanofibers with combination of drugs. Therefore, these work more or less the 

same as nanofibers with MTZ. Positive control of combination of both drugs is presented in 

Figure 31e. Bottino and his coworkers performed a study where diameter against F. nucleatum 

was assessed using different polymer nanofibers with the same amount of MTZ and CPR 

incorporated. Inhibition zone appeared with nanofibers with CPR, but did not appear with 

nanofibers with MTZ (66). In Reise et al. study, MTZ nanofibers were efficient against F. 

nucleatum as well (112).  

 

Figure 31: Inhibition zones of a) metronidazole nanofibers, b) metronidazole positive control, c) i: ciprofloxacin 

nanofibers, ii: filter paper, iii: ciprofloxacin positive control, d) nanofibers with combination of drugs and e) 

metronidazole + ciprofloxacin positive control on F. nucleatum. 
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4.5.3 Streptococcus mutans 

Figure 32 represents disk diffusion assay on S. mutans. MTZ nanofibers (Figure 32a i) 

as well as its positive control (Figure 32c i) are not efficient against S. mutans and it can be 

concluded that this bacterial strain is resistant against MTZ in its used concentrations (39). There 

is one inhibition zone around the nanofibers with CPR (Figure 32a ii) and one around positive 

control of CPR (Figure 32 c ii). In Figure 32b are visible inhibition zones around nanofibers 

with combination of drugs (i) and positive control of drug combination (ii), whereas there are 

no inhibition zones around PCL nanofibers without any drug (iii) and negative control (iv). 

Inhibition zones around nanofibers with combination of both drugs are smaller due to lower 

concentration of CPR incorporated. Comparable results of CPR efficacy appeared in Chowdaiah 

and Dhamodhar’s study (40). In the study of Johnston et al., nanofibers made from different 

polymers with CPR in combination with diclofenac but in the same concentration showed 

inhibition zones as well (42).  

 

Figure 32: Inhibition zones of a) i: metronidazole nanofibers, ii: ciprofloxacin nanofibers, iii: filter paper, b) i: 

nanofibers with combination of drugs, ii: metronidazole + ciprofloxacin positive control, iii: nanofibers without 

drug, iv: filter paper and c) i: metronidazole positive control, ii: ciprofloxacin positive control, iii: filter paper on 

S. mutans.  

4.5.4 Aggregatibacter actinomycetemcomitans 

Disk diffusion assay with A. actinomycetemcomitans is presented in Figure 33. MTZ 

nanofibers (Figure 33a i) are effective against bacteria but comparing with CPR nanofibers 

(Figure 33a ii) way less. Difference in diameters of the inhibition zone is smaller in positive 

controls of MTZ (Figure 33c i) and CPR (Figure 33c ii).  Figure 33b presents results from 

nanofibers with combination of drugs (i) and positive control of combined drugs (ii) Diameter 
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is the same as in nanofibers with CPR and positive control of CPR and it can be concluded that 

effect of the CPR is dominant and combination with MTZ in nanofibers does not improve 

efficacy against A. actinomycetemcomitans. The third inhibition zone in Figure 33b iv is around 

PCL nanofibers without any drug. Comparing these nanofibers with negative control, where 

there was no inhibition zone in any plate and in any bacteria, there is a possibility that A. 

actinomycetemcomitans is sensitive even to the PCL material. Since inhibition zone was twice 

as big as in nanofibers with MTZ which are also from PCL material that could not be the case. 

Another possible explanation could be that CPR diffused from nanofibers with combination of 

drugs and PCL nanofibers without any drug, pulled the drug towards itself, soaked CPR and 

consequently acted as nanofibers with CPR. There is also possibility that some of the solvents 

for solution of PCL and the drugs remained in nanofibers and killed the bacteria. Bottino et al. 

suggested comparable results with different polymer for nanofibers but with the same 

concentration of MTZ and CPR (66).  

 

Figure 33: Inhibition zones of a) i: metronidazole nanofibers, ii: ciprofloxacin nanofibers, iii: filter paper, iv: 

nanofibers without drug, b) i: nanofibers with combination drugs, ii: metronidazole + ciprofloxacin positive control, 

iii: filter paper, iv: nanofibers without drug and c) i: metronidazole positive control, ii: ciprofloxacin positive 

control, iii: filter paper on A. actinomycetemcomitans. 

4.5.5 Escherichia coli 

In Figure 34 are images of anaerobic disk diffusion assay performed on E.coli. This disk 

diffusion assay was the only one performed in aerobic and anaerobic conditions, since E. coli is 

facultative anaerobe. Figure 34a shows MTZ nanofibers (i), CPR nanofibers (ii), nanofibers 

without any drug (iv) and negative control (iii). Nanofibers with combination of drugs are 

presented in Figure 34b i where are also positive control of combination of the drugs (ii), 
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negative control (iii) and nanofibers without any drug (iv). In the last plate (Figure 34c) are both 

positive controls of the drugs (i, ii) and negative control (iii). Inhibition zones appeared only 

there, where CPR was present. Results were confirmed with Johnston et al. study (42). 

Comparing anaerobic and aerobic results, there was no difference observed.  

 

Figure 34: Inhibition zones of a) i: metronidazole nanofibers, ii: ciprofloxacin nanofibers, iii: filter paper, iv: 

nanofibers without drug, b) i: nanofibers with combination of drugs, ii: metronidazole + ciprofloxacin positive 

control, iii: filter paper, iv: nanofibers without drug and c) i: metronidazole positive control, ii: ciprofloxacin 

positive control, iii: filter paper on Escherichia coli. 

4.5.6 Comparison of antibacterial activity of all nanofibers on all tested 

periodontal pathogens 

PCL nanofibers containing MTZ worked against P. gingivalis, F. nucelatum, and A. 

actinomycetemcomitans with the highest diameter values of inhibition zones in that order. PCL 

nanofibers containing CPR showed antibacterial activity against all tested bacteria. The biggest 

inhibition zone was observed against P. gingivalis, followed by F. nucleatum, A. 

actinomycetemcomitans and S. mutans. PCL fibers with combination of both drugs showed 

biggest inhibition zone against P. gingivalis (Figure 35). Considering that both MTZ and CPR 

alone worked most effective against P. gingivalis, such result was expected. Although 

concentrations of both drugs were lower in nanofibers with combination of drugs, that could be 

indication of additive activity of both drugs. Combination of MTZ, CPR and minocycline was 

proved to be clinically effective with endodontic treatment in the study of Takushige et al. 

Results from Sato et al. also showed better function against periodontal pathogens with the same 

drug combination. Both studies used ointment as a drug delivery system (113, 114). Windley 

and his coworkers used paste with those antibiotics and they suggested that mixture of 
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antibiotics is also beneficial because of the diversity of periodontal bacteria and its different 

drug resistance (115). Values of diameter zones of PCL nanofibers with combination of drugs 

coincide with values of nanofibers with one drug. Positive controls showed the same result as 

nanofibers and there was no statistically significant difference between the control and tested 

material. Negative controls gave expected results and no inhibition zone was observed.  

 

Figure 35: Measured inhibition zones of nanofibers, positive and negative control in F. nucleatum, A. 

actinomycetemcomitans, P. gingivalis, S. mutans and E. coli presenting the antibacterial efficacy of the prepared 

drug-loaded nanofiber mats. 
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5 CONCLUSIONS 

Four types of nanofibers were prepared with electrospinning method from PCL polymer: 

PCL nanofibers without drugs and with 5% (w/w) of MTZ, 5% (w/w) of CPR and combination 

of both with 2.5% (w/w) of drug loading of each. Average diameter of PCL nanofibers without 

any drug was 502 ± 302 nm. Average diameter of the nanofibers with MTZ, CPR and 

combination of both was 412 ± 337 nm, 650 ± 356 nm and 1274 ± 481 nm, respectively. SEM 

images revealed uniform, continuous and beadless nanofibers with MTZ and PCL nanofibers 

without any drug, while nanofibers with CPR and combination of the drug contained some 

nanocrystals deposed. Diameter and homogeneity should be further optimized with solution, 

process and ambient conditions of electrospinning.  

DSC thermal analysis showed no drug and polymer interactions and no electrospinning 

effect on chemical or physical changes. XRD diffractograms revealed that PCL powder was in 

semi-crystalline state and electrospinning lowered level of crystallinity of PCL. MTZ was 

incorporated in crystalline state in nanofibers and electrospinning also decreased drug 

crystallinity. CPR was probably incorporated in an amorphous state or XRD method could not 

detect nanocrystals due to their nanoscale size. FTIR studies showed no interaction between 

MTZ and PCL polymer in nanofibers, while CPR and PCL slightly interact with each other 

creating hydrogen bonds. This did not affect CPR release. 

Burst release of MTZ from nanofibers up to 72% in first half an hour was observed. 

Burst release was also present in case of nanofibers with CPR although it was slower compared 

to nanofibers with MTZ. Release of CPR from nanofibers with combination of both drugs is 

comparable with the release profiles from nanofibers with CPR, whereas MTZ release is faster.  

Reasons for fast release may be damaged nanofibers or too low amount of PCL, which could 

not sustain the MTZ release. 

Viability of BHK fibroblasts tested with direct and indirect methods in case of nanofibers 

with MTZ, CPR and combination of both as well as blank nanofibers was not statistically 

different compared to a negative control. Therefore, the nanofibers were not cytotoxic on BHK 

fibroblasts. Since method was performed according to the standard ISO cytotoxicity tests, 

nanotoxicity should be examined more carefully with different methods.  
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Nanofibers with CPR were effective against all tested bacteria strains with the widest 

inhibition zone against P. gingivalis, followed by F. nucleatum, A. actinomycetemcomitans and 

S. mutans. Nanofibers with MTZ were not efficient against S. mutans. The widest inhibition 

zone occurred against P. gingivalis and F. nucleatum. Diameters of inhibitions zones against P. 

gingivalis and A. actinomycetemcomitans were wider with nanofibers with MTZ compared to 

nanofibers with CPR. Nanofibers with the combination of both drugs showed efficacy against 

bacteria comparable to nanofibers with only one drug incorporated and inhibition zone was as 

wide as in the case of nanofibers with more effective drug on the specific strain. To sum up, the 

disk diffusion assay performed on different periodontal pathogenic bacteria showed that 

nanofibers with combination of both antibacterial drugs are the optimal choice for an 

antibacterial effect. 

After optimizing nanofibers with antimicrobial drugs as a new drug delivery system for 

the treatment of periodontal disease on desirable level, the next step in testing are in vivo studies 

on animal models. After that, clinical trials should be considered.   
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7 SUPPLEMENT 

Table I: Results of cytotoxicity of nanofibers on BHK fibroblasts (MTZ-nanofibers with metronidazole, CPR-

nanofibers with ciprofloxacin, CM-nanofibers with both drugs, PCL-nanofibers without drug).  

DIRECT METHOD 

 
TOTAL NUMBER OF 

CELLS (105/mL) 

LIVE CELLS (105/mL) DEAD 

CELLS 

(/mL) 

VIABILITY (%) 

MTZ1 3,5 2,8 7,0x104 81 

MTZ2 5,4 4,4 1,1x105 81 

MTZ3 5,6 4,2 1,4x105 75 

CPR1 1,9 1,3 6,4x104 68 

CPR2 1,5 1 5,0x104 67 

CPR3 3 1,9 1,1x105 63 

combination1 3,4 3 4,0x104 88 

CM2 3,9 3,4 5,0x104 87 

CM3 1,8 1,3 5,0x104 72 

PCL1 4,6 3,5 1,1x105 77 

PCL2 3,9 3,1 9,0x104 78 

PCL3 2,9 2,1 8,0x104 72 

media 1 3,6 2,5 1,1x105 69 

media 2 3,3 2,7 6,0x104 83 

   average 75,78571 

   st.dev. 7,667901 

INDIRECT METHOD 

 
TOTAL NUMBER OF 

CELLS (105/mL) 

LIVE CELLS (105/mL) DEAD 

CELLS 

(/mL) 

VIABILITY (%) 

MTZ1 3,7 2,4 1,3x105 65 

MTZ2 6,8 5,3 1,5x105 78 

MTZ3 4,5 3,8 7,0x104 85 

MTZ4 3,6 2,3 1,3x105 65 

CPR1 5,8 4,5 1,3x105 78 

CPR2 4,7 3,9 8,4x104 84 

CPR3 4,2 3,2 1,0x105 76 

CM1 3,4 2,9 5,0x104 85 

CM2 3,7 3 7,0x104 82 

CM3 3,3 2,7 7,0x104 80 

PCL1 3,3 2,8 5,0x104 85 

PCL2 4,8 2,9 1,1x105 73 

PCL3 2,8 1,8 1,1x105 63 

PCL4 5,3 3,3 2,0x105 62 

media 1 5,5 4,3 1,2x105 78 

media 2 2,7 1,9 8,0x104 70 

   average 75,5625 

   st. dev. 8,245959 

Tritone X below detection 

range 

below detection 

range 

2,0x104 40 

 


