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Abstract

Increased consumption and misuse of antimicrobial agents in both humans and animals have
contributed to the spread of antimicrobial resistance, which seriously threatens public and animal
health. Whereas infections due to antimicrobial resistance exhibited by bacteria can be adaptive,
intrinsic, and acquired, multidrug-resistant bacteria (e.g., methicillin-resistant Staphylococcus
aureus) cause infections that end up with longer hospitalization periods, remarkable morbidity,
and mortality, as well as high healthcare costs. According to Organization of Economic
Cooperation and Development (OECD) report, approximately 2.4 million people are expected to
die due to this kind of infection in North America, Australia, and Europe over the next three

decades, and treatment cost may reach USD 3.5 billion per year.

In general, S. aureus is one of the major opportunistic human pathogens, which can escape the
immune system. Among the wide variety of infections, S. aureus is a well-known bacterium
associated with wound infections, where the outermost layer of wounds is colonized. In particular,
S. aureus-caused infections may be evaluated as a potential risk factor for methicillin-resistant S.
aureus (MRSA) concern, which has brought about the need for development of alternative
antimicrobials to substitute traditional antibiotics. Moreover, S. aureus (especially MRSA) has the
ability to adhere to living or inert surfaces, secreting an extracellular polymeric substance of
proteins, polysaccharides, nucleic acids, and water, known as a biofilm. Subsequently, the biofilm
matrix acts as a physical barrier that prevents the permeability of the drug into the bacterial
community and helps the microbe resist and minimize the effect of traditional antibiotics. These
challenges have given rise to a significant interest in the scientific community in developing
herbal-based therapeutics with antimicrobial activity (e.g., essential oils) as a safer and green

alternative to antibiotics.

Essential oils (EOs) are colored, aroma-rich, complex hydrophobic liquids, also known as volatile
oils. They are defined as the secondary metabolic product of aromatic plants and are found in
various plant parts such as flowers, roots, barks, stems, leaves, and seeds. EOs are potential agents
to diminish antimicrobial resistance due to their significant therapeutic properties (i.e.,
antibacterial, antiseptic, and antioxidant activities). For this reason, EOs from pharmaceutical

plants have also been examined as potent antimicrobial agents in animal production systems. The
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antimicrobial activity of EOs does not only stem from their qualitative chemical composition, but
also from the quantitative intensity of every single component that is included in the structure, as
well as all plant-based products. Their complex composition mainly includes terpenes (generally
monoterpenes and sesquiterpenes) and terpenoids. Even though some of these chemicals are water

soluble, most of them are hydrophobic, so EOs are defined as hydrophobic.

In this study, EOs of Thymus sibthorpii, Origanum vulgare, Salvia fruticosa, and Crithmum
maritimum plants were chosen as the potential antimicrobial agents against various S. aureus
strains to deal with the antimicrobial resistance problem. All these plant species have already been
incorporated in traditional medications due to their potential anti-inflammatory, antimicrobial,
antioxidant, and anti-cancer properties. The antimicrobial activities of the above four EOs were
screened against methicillin-sensitive S. aureus (MSSA), MRSA, and the reference strain S. aureus
ATCC 29213 applying the Kirby—Bauer disc diffusion and broth microdilution methods. The
modified microtiter plate biofilm assay was also performed to assess the biofilm formation ability
of tested strains, and the anti-biofilm activity of EOs, as well as reference antimicrobials.
Staphylococcus epidermidis (S. epidermidis) ATCC 12228 and S. epidermidis 35984 were used as
negative and positive quality control strains, respectively, for this bioassay. Penicillin,
enrofloxacin, gentamicin sulfate, tetracycline hydrochloride, and cefaclor were examined as
reference antimicrobials in this context. The observed bacterial growth inhibition varied
significantly depending on the type and concentration of the antimicrobials. Thymus sibthorpii EO
was determined as the strongest antimicrobial, with 0.091 mg/mL minimum inhibitory
concentration (MIC) and a 14-33 mm diameter inhibition zone at 5% (v/v) concentration. All
tested EOs indicated almost 95% inhibition of biofilm formation at their half MIC, while
gentamicin sulfate did not show sufficient anti-biofilm activity. None of the methicillin-resistant
strains showed resistance to the EOs compared to methicillin-sensitive strains. Thus, Thymus
sibthorpii and Origanum vulgare EOs might be determined potential antimicrobial agent
alternatives to overcome the problem of microbial resistance.

Although the strong antimicrobial activity of Thymus sibthorpii EO was revealed in the first
experimental chapter of this study, a type of administration is needed via a biomaterial system,
because of the high sensitivity and volatility of EO. Among a wide variety of biomaterial

formulations, collagen hydrogels have been reported as particularly effective for incorporating
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essential oils to use in tissue engineering applications. On the other hand, to our best knowledge,
Thymus sibthorpii EO has not been introduced yet within medical devices in the field of tissue
engineering applications according to the literature. Collagen, a fibrous, non-soluble protein, is
one of the most prominent polymers for the development of antimicrobial biomaterials, attributable
to its superior biocompatibility, excellent biodegradability, hydrophilic nature, reduced
cytotoxicity, and high cell attachment affinity. Nevertheless, the fabricated forms of collagen need
to be functionalized via in situ crosslinking due to a lack of stability. Since physical and biological
crosslinking mechanisms have generally resulted in low crosslinking efficacy, carboxyl, and amine
terminal crosslinking strategies are favored in research, as arises in literature. Among the above,
since carbodiimide and glutaraldehyde often cause cytotoxicity, alternative crosslinkers such as
multi-arm, star-shaped poly(ethylene glycol) succinimidyl glutarate (starPEG) have emerged as

the subject of research.

At the second experimental part of this study, at first crosslinking efficiency was screened. For this
purpose, 300 ul collagen type I hydrogels crosslinked with six different starPEG molecules were
developed and optimized, followed by assessment of free amine content of the hydrogels using
TNBSA assay, and evaluation of their enzymatic degradation profile using collagenase assay.
Furthermore, the optimally starPEG-crosslinked collagen hydrogels were loaded with several
concentrations (0.5, 1, 2% v/v) of Thymus sibthorpii EO and the release profile and kinetics of the
EO were investigated. For this purpose, the fabricated EO-loaded hydrogels were soaked into 1
mL of 1x PBS (pH 7.4) at 37 °C using a horizontal shaker incubator. At each defined time point
(0,0.5,1,1.5,2,2.5,3,3.5,4, 24, and 48 h), 100 pL of sample was removed and replaced by 100
uL fresh 1x PBS. The linear calibration curve was prepared with different concentrations of
Thymus sibthorpii EO using 70% v/v ethanol, which was used as a solvent. Then, the absorbance
of the supernatant was measured at 365 nm and the concentration of the released Thymus sibthorpii
EO was determined by using the standard curve to find where their concentration corresponds.
After spectrophotometric evaluation, the cumulative release percentage of EO was estimated.
Furthermore, we studied the release kinetics according to the release profile of Thymus sibthorpii
EO. Hence, the zero-order, first-order, Higuchi, Korsmeyer-Peppas, and Hixon-Crowell release
kinetics models have been applied to post-burst-release data. Finally, the antimicrobial activity of

the developed composite hydrogels was assessed against S. aureus, and Escherichia coli (E. coli)
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using Kirby-Bauer disc diffusion method, whilst their cytocompatibility and cytotoxicity was
examined on NIH-3T3 fibroblast cell line by alamarBlue cell viability assay, and Quant-iT™

PicoGreen™ dsDNA cell proliferation assay.

starPEG-crosslinked collagen type I hydrogels presented significantly decreased free amine
content for all types of crosslinkers with all tested concentrations compared to non-crosslinked
hydrogels (p < 0.05). An effective plateau was observed between 0.5 and 2 mM, and no statistical
difference was noted among 0.5 mM, 1 mM, and 2 mM crosslinked hydrogels (p < 0.05). In this
plateau, the free amine reduction percentage was between 44.82% and 58.57%. Non-crosslinked
hydrogels were completely degraded within a couple of hours. In general perspective, scaffolds
showed higher resistance to degradation when crosslinked with glutaraldehyde (GTA), that was
used as a positive control. However, hydrogels crosslinked with 0.5 mM of 4SP, pentaerythritol,
10 kDa showed no statistical difference compared to GTA crosslinked hydrogels, whilst 0.5 mM
of 4SP, pentaerythritol, 20 kDa, and 8SP, hexaglycerol, 20 kDa displayed the lowest significant
difference than all other groups (p < 0.05). Therefore, 0.5 mM of the above three crosslinkers were
deemed to be optimal conditions for functionalizing collagen hydrogels. The non-crosslinked
hydrogels demonstrated burst release and completely released EO within a couple of hours was
observed. Although GTA crosslinked scaffolds released almost all loaded quantity of the EO at
0.5% v/v from the polymeric network, the chosen optimized hydrogels crosslinked with 0.5 mM
of 4SP, pentaerythritol, 10 kDa, 4SP, pentaerythritol, 20 kDa and 8SP, hexaglycerol, 20 kDa,
released 63.92 + 3.31%, 75.85 = 9.00% and 57.82 + 4.08% of the EO loaded at the same
concentration after 48 h. Moreover, the release kinetics was studied by applying five different
mathematical models. Hixson-Crowell model did not fit any of the experimental groups, whilst
the other four models fitted to different experimental groups. On the other hand, the release
exponent (n) values evaluated by the Korsmeyer-Peppas model indicated that the release
mechanism of EO from crosslinked hydrogels obeyed the Fickian diffusion. 0.5% v/v EO-loaded
collagen type I hydrogels showed adequate antibacterial activity against S. aureus. More
specifically, hydrogels crosslinked with 0.5 mM 4SP, pentaerythritol, 10 kDa and loaded with 0.5
v% EO demonstrated 2.83 + 0.47 cm, and 1.23 £ 0.15 cm inhibition zone diameter against S.
aureus, and E. coli, respectively. Moreover, hydrogels containing 0.5% v/v of EO, which was the

minor concentration, did not show a statistical difference regarding their antimicrobial activity
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compared to positive control penicillin (for gram-positive bacteria), and enrofloxacin (for gram-
negative bacteria) (p < 0.05). Hence, 0.5% v/v concentration of Thymus sibthorpii EO was chosen
as the optimal concentration to incorporate into collagen scaffolds. According to cell metabolic
activity and proliferation studies, none of the fabricated hydrogels showed any toxicity on NIH-

3T3 fibroblast cell line (p < 0.05).

In the quest for alternative antibacterial therapies, herein, we developed collagen type I hydrogel
systems optimally crosslinked and loaded with Thymus sibthorpii essential oil. The proposed
antimicrobial agent incorporated into the collagen type I scaffolds showed strong activity against
S. aureus, demonstrated a sustained release profile, and had no toxicity on fibroblasts. Collectively,
the outcomes obtained highlight the importance of Thymus sibthorpii essential oil incorporated in
collagen type I hydrogels, as an effective and alternative antibacterial therapy for regenerative
medicine and tissue engineering purposes and for the reduction of the possible antimicrobial

resistance.
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Mepidnyn

H avénuévn katavdAwon kot 1 aKoOTGAANAN ¥pNoN AVTIUIKPOPLOKOV TapaydvIwV TOGO GTOVG
avOpdTOLG 060 KoL 6T {MO £XYOVV GLVEICOEPEL OTNV EEATAMON TNG LIKPOPLOKNG AvTOYNG, 1| OToia
aneilel coPapd ™ onpodco vyeia kot v vyeia Tov {dov. Eved ot Aowwméelg mov ogegilovtat o
piKpoPilokn avtoyn twv Poktnpiov pmopel vo eivol TPOcapHOCTIKES, €YYeVeig N emikInTes, TO
moAvavOekTiKd Boaktmpia (1.)., 0 avlekTikdg ot pebuctAdivn Staphylococcus aureus) TpokalovV
AOWMEEIG TTOL 00N YOUV GE UEYOADTEPES TEPLOOOVG VOOMAEING, ONUOVTIKY] vOonpdTnTe Kot
Bvnoodro, Kabdg Kot vVyYNMAd KOGTOG Lyelovokng mepiBaiyng. Zoppwvo pe ékBeon Tov
Opyaviopod Owovoukng Xvvepyaciog kot Avamntvéng (OOXA), mepimov 2,4 ekatoupvplo
avBpomot avapévetrar va teddvouv Adym owtod Tov €1dovg TV Aoméemv otn Bopeia Apepikn,
v Avotpoiio kot v Eupdnn kotd Tig endpeves Tpelg dekoeTies, v 1 Bepameio pumopel vo

KooTtioel émog Ko 3,5 dioekatoppdpla Sohdpra HITA etnoimc.

I'evika, o S. aureus givon évag amd Tovg KHPLOLG EVKAIPLAKOVS TABOYOVOLE LIKPOOPYOVIGUOVS GTOV
vOpwmo, Tov uTopel vor SapevYEL 0 TO AVOGOTOINTIKO GLGTH L. MeTa&D TG LEYAANG TOIKIATG
rowdéewv, o S. aureus glvar €va yvootod PaKTplo TOv GYETILETOL He LOADVOELS TPAVUAT®V,
amotkilovtag cuVNOMG TO EMPAVELNKO CTPMUN TOV TPAVUATOV. ZVYKEKPIUEVE, 01 AOIUMEELS TOV
wpokaAovvTol omd Tov S. aureus pmopel va aglohoynfovv mg évoc mlavog mapdyovtag Kivovvou
Yo avnovyio oYeTIKd e Tov avektikd otn pebukiAdivn S. aureus (methicillin-resistant S. aureus,
MRSA), yeyovog mov €yl 00N YNGEL GTNV OVAYKT Y10 OVATTUEN EVOALOKTIKOV OVTLLUKPOPLOK®V,
VITOKOTACTOTMOV TMV TOPAOOGLOK®V avTiBlotikadv. EmmAéov, o S. aureus (1dwitepa 0 MRSA) €yet
™V KovOTNTo Vo TPOOKOAAATOL o€ (OvTavég M adpavelc emPAvelES, €KKpivoviag o
eEMKVTTAPIKT] TOAVUEPIKT) OLGIOL TOV OMOTEAEITAL OO TPMTEIVEG, TOAVGOKYOPITES, VOUKAEIK
o&éa Ko vepd, yvoot g Provuévio (biofilm). X cuvéyela, n untpa tov Provueviov dpa mg
QLOIKO gUMOO10, AmOTPEMOVTOG TN Olelcduon Tov eappdkov otV PaKTNPLOKT KOWOTNTO Kot
Bonbdvtag Tov UIKPOOPYOVIGHO VO OVTIGTEKETOL KOL VO EAOYIOTOTOEL TNV EMdpACT TOV
YOPNYOLUEVOV OVTIPOTIKOV GE avTNV. ALTEG Ol TPOKANGELS EYOVV TPOKUAEGEL CNUAVTIKO
EVOLOPEPOV GTNV EMGTNLOVIKT KOWVOTNTA Y10 TV AVATTLUEN BEPATELTIKAOVY TPpOosEYYicE®V LE Bdon
OPOOTIKES EVDGELS POPLUAKEVTIKOV/OAPOUATIKMY PLTAOV, TOV EMOEKVOIOLV AVTIKPOPLokn dpdon
(ouBépra EXonar), G PLict ACPOAEGTEPT] KO TTLO GIAKY| TTPOG TO TEPPAAAOV EVOALOKTIKT) TPOGEYYION

oT0 OVTIPLOTIKA.
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Ta cBépra éhana (Essential Oils, EOs) eivar &yypopa, apopatikd, moidmioka vopdpofa vypd,
YVOOoTA enionc o¢ TtnTikd Edato. Opilovtal wg 1o devTEPEHOV HETAROAKO TPOIOV TOV OPOUAUTIKMDV
QLTAOV Kol Bpiokovion o dLAPopa LEPT TOV PLTOV, 0TS Ta GvOn, ot pileg, ot PAowoi, ot picyot,
0. VAL Kot ot omopotl. Ta abépia Ao UTOPOLV VO ATOTEAEGOVY SVVNTIKA EVAALUKTIKOVG
TOPAYOVTEG DOOTE M YPNON TOLG VO UEWOGEL TNV HIKPOPLOKN avioy] AOY® T®V CNUOVIIKOV
BepanevTik@V TOVS 1WB10TNTOV (aVTIBOKTNPOKY, OVIIONTTIKY Kot avtioedotikn opdon). [a
avtOV TOV AOYO, Ta anfépla Ehana amd QOPUOKEVTIKA QLTA £xovv emiong peietnOel g 1oyvpoi
avtykpoPlokoi moapdyoviec ota cvotnuato ektpoPng (dwv. H avtuikpofrokn dpdon tov
a0éprmv ehaimv dev Tpoépyetal LOVO O TNV TOLOTIKN YNUIKN TOVS GOVOEST), AALG KoL amd TNV
TOGOTIKT £VTOOT KAOE GLGTATIKOD OV TEPIAAUPAVETAL GTN GVOTOGT TOVS, OTMG KOl OAOV TV
OPUCTIKMOV OLGLOV OV TEPLEXOVTAL 6TO PUTIKO €100G. H moldmAlokn cbvbeon toug mepthapPavet
Koplmg tepmévia (cuvNOMC HOVOTEPTEVIA KOl GECKITEPTEVIA) Kol TepmeVOEWN. [laporo mov
OPIOUEVES OO OVTEG TIG YNUKES 0VGIEG Elval VOATOOIHAVTES, Ol TEPLEGOTEPES Eival VOPOPOPEC,

ouvenmg T oBépa Elata opilovtan yevikd g vdpdeofa.

2V mapovoa HeAETN, To abépia Edata Tov eutav Thymus sibthorpii, Origanum vulgare, Salvia
fruticosa o Crithmum maritimum eml&yOnkav og mbavol avtyukpofiakol Tapdyovieg Katd
SPOP®V GTEAEYDV TOVL S. aureus, Yo TNV OVIIHLETOTICN TOV TPOPANUOATOS TNG HKPOPLOKNG
avtoyns. Oha avtd ta €ldn €govv MOM ypnowonrondel oe mopadociokes Bepaneieg MOy TV
TOUVOV OVTIPAEYLOVOIDV, OVILIKPOPLOK®VY, OVIIOEEWMTIKMOV KOl OVTIKOPKIVIK®OV 1010THTOV
toug. H avtipikpofroky] dpactikdOTnTo TV Te660pn0v abépiov shaimv eA&yydnke katd twv
oTeELEYXDV TOL gvaicOnTov ot pebuciAhivn S. aureus (methicillin-sensitive S. aureus, MSSA), Tov
avOektikoy ot pebwiAdvn S. aureus (MRSA) kot tov oteléyove avapopds S. aureus ATCC
29213 epapuodlovrog ™ pébodo ddyvong dickov Kirby—Bauer kot ™ pnébodo pikpoapoldoewy oe
Opentikd vAko. Eniong, mpaypatoromOnke n tpororompuévn péBodog KpoTIiTA0dOTNOoNG Yol TV
a&lohdynon g avoTnTog oxnuatiopoy Podpeviov Tov eEetaldIevav oTEAEYDV, KOOMG KoL TNG
avtiflodpeviakng opdong tov obéplov erainyv, OT®MG Kol TOV OVTLUIKPOPLOK®OV Topaydvimy
avapopds. Ot Staphylococcus epidermidis (S. epidermidis) ATCC 12228 xou o S. epidermidis
35984 ypnotipomomOnkay avtictoryo MG apvnTiKd Kot OETIKA GTEAEYT OVOPOPAS Y10 TOV TOLOTIKO
éleyyo otV Prodokyun. H mevikidhivn, n evpopro&acivn, n Oetikn yeviapvkivn, 1 vOpoyA®pPIK)

TETPOKVKAIVI] KOl 1) KEQOUKAOPN €EETAGTNKAYV (G OVTIUKPOPLoKOl TAPEYOVIES OVOPOPAS GTOV
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OLYKEKPIUEVO TEpapOTIcHd. H mapatnpoduevn avaotodn g Paktnplokng avantuéng déepepe
ONUOVTIKA OVOAOYO UE TOV TOTO KOl TN GLYKEVIPOON TV OVTIUIKPOPloK®V Topayoviov. To
aBép1o Elano tov Thymus sibthorpii KaBoploTnke MG TO 10YLPOTEPO GE AVTIUIKPOPLaKT] OpAoT, Le
EABYLOTI AVOOTOATIKY GLYKEVTPOT (minimum inhibitory concentration, MIC) ota 0,091 mg/mL
kot (dvn avaotodng dtapétpov 14-33 mm oe cuykévipwon 5% (v/v). Oha ta eEetalopeva abépia
ghanal €0e1EaV oxedov 95% avactodn Tov oynuaticpov frovpeviov oto 50% g MIC tovg, v n
Oetikn yevtapvkivn dev mapovcioce enapkn avtifrodpeviakn opdon. Kavéva amd ta avOektikd
ot pedkiAhivn otedéym dev €0e1&e avtoyxn oto abépia Ehata G GUYKPLOT HE TO EvaicOnTa o1
peBucAAivn otedéym. Zuvendg, ta abépia Elata tov Thymus sibthorpii ko tov Origanum vulgare
Ba pmopovcav Vo TPoGdoPIeTOLY MG THAVOL EVOALAKTIKOL OVTILKPOPLokol TapdyovTeS Yo TNV

OVTILETOTIGT TOV TPOPANUATOS TNG UIKPOPLOKTG AVTOYNC.

Av ko 1 1oyvp1| avtykpoPloky| dpdon tov abépiov ghaiov tov Thymus sibthorpii amoKaAOEOKE
OTO TPMTO MEPOUATIKO KEPAANLO TNG OaTPPG, GTO dEVTEPO JEPELVNONKE O TPOTOS YOPTYNONS
TOV BEPLOV EAaimV HECH EYKAEIGLOV GE SLOPOPETIKEG KATNYOpieg PLodAIK®OV Ady®m TG VYNANG
evaoOnoiag kot mnTikdTNTog TOL ABéplov  ghaiov. MetaEy mowiAwv  ProdAkodv, To
VOPOTNKTOUATO KOALOYOVOL €00V ovapepOel ¢ 1310{TEPO ATOTEAECUATIKA Y10, TV EVOOUATMOOT)
al0épLmv eAaiv o€ EQOPUOYEG TOV GYETILOVTOL LLE TV AVAYEVVITIKT 1I0TAOV. ATO TNV GAAN TAELPA.,
ocopupova pe ™ Piproypagio, To oBéplo Erato tov Thymus sibthorpii dev €xel €mG GNUEPQ
evoopatwdel o€ flodAKd TOL va, YPNCIYLOTOIOVVTOL GTOV TOUEN TNG UNYOVIKNG KOL OVOYEVVITIKNG
wotOv. To KoAhayovo, o vedng, un Sthvty Tpoteivn, eival éva omd To TAEOV OTUOVTIKA
TOAVUEPT Y10 TNV OVATTTUEN ovTIKpOPlak®dV BrodAkdv, Adym ¢ eEopetikng frocvpuPatdtnTig
T0V, MG GpLotg ProamodounceodTNTAS, TS LOPOPIANG GVUONG TOV, 1TNG  UEWWUEVNG
KLTTOPOTOEIKOTNTOG Kol TNG VYNANG GLYYEVEWG OTNV KVTTOPIKN TOv TPOGdeoT). Q6TOC0, Ol
TOPUCKEVOGUEVES LOPPEG KOAAAYOVOL YpetdlovTal «evepyomoinomy HECH in situ d0GVVOESNG
(crosslinking) Adym Elhenyng otabepdnrag. Aedopévov dti o1 PLGIKoi Kot froloyikol punyavicpot
o HVOESNG €YOVV YEVIKA YOUNAN OTOTEAEGUATIKOTNTO, Ol oTpoatnywkés crosslinking tov
KAPPOELAIKOV Kol OUIVIKOV GKP®V TPOTIUMVTOL OTNV EPELVA, OMMG TPOKVTTEL OGN0 TN
BipAoypapio. Metabd avtdv, KaBdg ot KapBodupideg kot 1 YAOLTapaAdEDHON TPOKAAOVY GUYVA

KUTTOPOTOEIKOTNTA, £XOVV Oovodelyfel evOAAAKTIKOT TOPAYOVTIEG OlGVVIESTG, OTMOG 1| TOAV-
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Bpayloviky, acTpoEdoVS GYULATOS TOAV(ABVAEVOYAVKOAT) COVKIVIIOVAIKT] YAOLTAPOAOEDHON

(starPEG), w¢ avtikeipevo £peuvag yio TV TEPOLOTIKT LG OOUT.

270 deHTEPO TEPAUATIKO PEPOG AVTNG TNG HEAETNG, OPYIKA EEETACTNKE 1) OMOTEAEGLOTIKOTITO TG
dwwovvoegone. o 10 okomd avtd, avamtdyOnkav Kot PEATICTOTOMONKOY VOIPOTNKTIOUATO
KoAAaydvov tomov I, dykov 300 pl, pe dwocHvoeon pe €61 dwpopetikd poplo starPEG, kou
akoAovOnoce aEloAOYNoM NG TEPLEKTIKOTNTOG ©€ €AeVBepn apivn TV VIPOTNKTOUATOV
ypnoorotwvtag t dokiacsioo TNBSA kot a&lohdynon tov mpo@il eviuUKng amotkoddunong
TOUG YPTCLOTOIOVTOG TN OOKIUOGIO KOAAOYEVAONG. XT1) GULVEXELD, OTO VOPOTNKTOUOTO
KOAAayOvov, mov PeAtiotomomOnkav pe ) dwucvvoeon pe starPEG evoopatd@bnkay dtdpopes
ovykevipooelg (0,5, 1, 2% v/v) abéprov ehatov Thymus sibthorpii (EO) xon diepeuvnnkav to
mpopil amelevBépmong ko . kvnTiky] Tov afépiov glaiov (EO). T'a owtdv t0V GKOTO, TO
TOPACKELAGUEVE VIPOTNKTOLATO OV TEPteiyav EO tomofetOnkav oe 1 mL drodvpatog PBS 1x
(pH 7,4) otovg 37°C, ypnoomoudvtag £vav opllovTio ovVadELTIPO-ETMACTHPO. X& KAOE
kabopiopévo ypovikd onueio (0, 0,5, 1, 1,5, 2, 2,5, 3, 3,5, 4, 24 ko 48 dpeg), aparpovvtay 100 pulL
tov detyparog ko aviikadiotoavto pe 100 pL gpéorov dwoidpatog PBS 1x. H ypappikn kopmdin
Babuovoumong mopackevdotnke pe OoQopeTikés ovykevipwoel, EO  Thymus sibthorpii,
ypnoorotwvtag 70% v/v aifavorn og StoAVT. T GLVEXELD, 1) ATOPPOPNGT) TOL VIEPKEIUEVOL
dtdvpotog petpndnke ota 365 nm Kot 1 cvYKEVIp®ON tov anelevbepmpévov EO vroloyiotnke
YPNOLUOTOIOVTOG TNV TPOTLTN KOUTOAN YO0 VO TPOGOOPIoTel T0 omnueio avtiotoyiog g
OLYKEVTPOONG. META TN POGUATOPMTOUETPIKT] AELOAGYNON, EKTIUNONKE TO TOCOGTO GOPEVTIKNG
anelevfépwong tov EO. EmimAéov, pedetnOnke n kivntiky anelev0épwong cOUQ®V e TO TPOPiL
anehevbépwong tov EO Thymus sibthorpii. Xoven®g, to. LOVIEAN KIVINTIKNG omeAevfépmong
UNOEVIKNG TaENG, mpotng Taéng, Higuchi, Korsmeyer-Peppas kot Hixon-Crowell epappooctnrov
oT0 0E00UEVA LETA TNV apyKN puY| ameAevBEépwonc. TEAOG, 1 avTitkpoPloKT| OpasTIKOTNTO TOV
AVOTTUYUEVOV GOVOETMV DOPOTNKTOUATOV 0El0A0yNOnKe Katd tov S. aureus kou ¢ Escherichia
coli (E. coli), ypnowonowwvrag ™ pEBodo Odyvong diokov Kirby-Bauer, eved n
KLTTOPOGLUPATOTNTA TOVG KOl 1) KLTTOPOTOEIKOTNTO TOVG a&LOAOYNONKE GE KLTTUPIKEG GEPES
woPractdv NIH-3T3 pe ™ doxipaocio Buwoiudtrog kuttdpov alamarBlue kot ™ doxipacio

nolomhactacuod kuttdpov Quant-iT™ PicoGreen™ dsDNA.
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Ta vopornrTOpaTa KoALaydvou tomov I, dtucvvdedepéva pe starPEG, mapovsiocav onpoviikd
LEIOUEVT] TEPLEKTIKOTNTA. GE €AgVLOEPEC QuUiveg Yo OAOLG TOVG TOTOVE TV TOPAYOVI®V
SGVVOESNC Kol OAES TIG QOKILOGUEVES GLUYKEVIPMGELS, GE GUYKPLON UE TO LN O10GLVOEdEUEVAL
vopommktopate (p < 0,05). 'Eva arnoteleopatikd mAatd mapatnpnonke petald 0,5 kot 2 mM,
XOPig oTOTIOTIKN S10POoPA LETOED TV LOPOTNKTOUATOV dlacvvdedepévoy pe 0,5 mM, 1 mM ko
2mM (p <0,05). Xto mhatd avtd, 10 T0600TO pelmong TV eEAeHBEp®V aUVOY KOLOVOTOY LETAED
44,82% won 58,57%. Tol un 0106V VOESEUEVA DOPOTNKTOLOTA A0SO U ONKaY TANPWS HECH GE Ayeg
opec. Ao yevikn amoym, to wplopato (scaffolds) tov vopomnkTopdtov £6e1&av vYNAOTEPN
avtoy] oty amodouncn otav  dacvvddnkav pe yAovtopardeton (GTA), n omoia
YPNOLoTOmONKe G BETIKO KOVTIPOAL. 2GTOGO, TOL VOPOTNKTMUATA TOV dStacLVOEOM KAV e 0,5 mM
4SP, mevtaepvOpitodn, 10 kDa dev mopovciacav GTATIOTIKY] O10QPOPA CE GUYKPION UE TO
vopomnkropata dStwotavpopéva pe GTA, evo ta 0,5 mM 4SP, tevtagpvOpitoin, 20 kDa kot 8SP,
e€oyAokepoin, 20 kDa gppdvicay ) YopunAdtepn oNUAVTIKY O10popd o€ oYEoN Le OAEG TIG AANEG
onades (p < 0,05). Xvvenmg, ta 0,5 mM and TOVG TOPATAVE® TPELS TAPAYOVTES OLAGVVIECTG
OeopnOnkav ot BéATioTEG CLVONKEG Yo TN AETOVPYIKY TPOTOTOINGY] TOV VOPOTNKIOUATOV
KoALOyOvov. Ta pn d1acvvoedetEVo LOPOTNKTMOUATO TOPOVGIOGOV aPYIKT EVTOVN ameAEVOEp®ON
Kot oAokApwcay v amelevbépwon tov EO péoa oe Alyeg dpeg. Av Kot To IKPIOUATO TOL
KOAayovov mov Swacuvoédnkav pe GTA oanehevBépmoav oxeddv OAN TNV EVOOUATOUET
nocomta EO og ovykévipoon 0,5% v/v and 10 molvpepwd diktvo, TO emAgyUEVA
BeAtiotomonpuéva vOPOTNKTOOTO TOV OlacLVOEOMKav pe 0,5 mM 4SP, mevtagpvOpitoin, 10 kDa,
4SP, mevtaepvOpttodn, 20 kDa ko 8SP, e£aylvkepoin, 20 kDa, anelevbépwoav 63,92 + 3,31%,
75,85 £ 9,00% won 57,82 £ 4,08% tov evompatopévov EO oty 1010 cuykévipoon petd amod 48
opeg. Emmiéov, pehetnOnke n kivntikn g anedevBépmong epapudloviag TEVTe SopopETIKA
padnuoticd poviéda. To povtédho Hixson-Crowell dev taiplale oe kopio omd TIC TEPAPATIKEG
opdoES, eV Ta. GAAL TEGGEPO LOVTELQ TAIPLOEY GE OLOPOPETIKES TEPAUATIKEG OUAdES. ATTO TNV
GAAN TAevpd, ot TIHES Tov ekBET amelevBépwong (n) mov a&toAoynOnkay HEG® TOL HOVIELOL
Korsmeyer-Peppas £0e1&ov 011 0 unyavicpog anelevfépwons tov EO and ta dtacuvoedepéva
vopomnkTOUaTe akoAovdel ™ dwdyvorn Fickian. Ta vopommktdpota KoAloyovov tomov I pe
eoptopévo EO oe ovykévipoon 0,5% v/v €dei&av emapkn avtifoktnplokn opdon Katd tov S.
aureus. TIO0 oLYKEKPWEVA, TO VOPOTNKIOMATO 7TOL Olacvvdédnkav pe 0,5 mM  4SP,

nevtaepvOprtodn, 10 kDa ko poptddnkav pe 0,5% v/v EO, mapovcsiacav {dvn avactolng pe
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owapetpo 2,83 + 0,47 em xon 1,23 + 0,15 cm kotd tov S. aureus kot E. coli, avtictoryo. Emmiéov,
T0. VOpornKTMOpate mov mepteiyav 0,5% v/v EO, mov Ntav n pkpotepn cuykévipworn, Oev
TOPOVGINCAY GTOTIOTIKY OLPOPE MG TPOG TNV AVIILKPOPLaKT) TOVG OpAcT GE GUYKPION UE TNV
TEVIKIAIVI IOV Ty TO BETIKO KOVIPOA (Y10 To gram-0eTikd faktipia) Kot Tnv evpopro&asivn (Yo
T gram-opvnTikd Poakmmpia) avtictorya (p < 0,05). Xvvenmg,  cvykévipwon 0,5% v/v tov EO
Thymus sibthorpii emA&yOnke oG N PEATIOTN GLYKEVIP®ON Y10 EVOOUATMGT TOL GTO IKPLOLLATOL
TOL KOAAQYOVOL. ZOUQ®VA UE TIG HEAETEG HETAPOAMKNG OpAGTNPLOTNTOG KOl TOAAOTANGIOGLOV
KUTTOP®V, KOVEVO OO TO SLOUGLVOESEUEVO VOPOTNKTOUOTA OV TAPOLGiocE TOEKOTNTO OTNV

KutTopikn oepd woPractmv NIH-3T3 mov ypnoyomomdnke (p < 0,05).

210 TAOUG10 TG avalNTNONG EVOAOKTIKOV OvVTIBOKTNPLOIKOV BEpameldy, 6TV Tapodca LEAETN
avamTLYONKay  GLGTAUATO  VOPOTNKTOUAT®OV KOAAOyOvov TOmov I, dlacvvoedepéva Ko
BeAtiotomompéva mov gumepieiyov 10 abépro €hano tov Thymus sibthorpii. To mpotevoueVo
afépo éhato mov evoopat®inke oto Kpiodpoto KoAlaydvov tomov I mapovcioce ioyvpn
avTIBokINPIoloKy Opacn Katd Tov S. aureus, ELPAVIGE TPOPIA GUVEXOVG ATEAEVOEP®ONG, EVD eV
Tapovciace ToSIKOTNTO 0TOVG WOPAACTEG. XVVOAIKE, TO OMOTEAECUOTO TOL TPOEKLYAV Eivat
TPOTOTOPLOKA, KOOGS Tapéyovv T dvvatdtta ¥pnons tov afépov elaiov Thymus sibthorpii
oV £ovtag evempatmdel og VIpOTNKTOUATO KOAAXYOVOL TOTOVL I oL £Y0oVV PerTioTOmOMOEL LE
dwovvdeon pe to starPEG, emdeikvdel omoteleocuotikny aviiokmmpolokn dpdorn kotd
HUIKPOPLOK®V GTEAEYDV OV EUTAEKOVTOL GE TPAVLATO 1OTOV, OVTAG EVOALOKTIKY Oepameia Yo
OKOTOVG OVOYEVVNTIKNG WOTPIKNG KOL UNYOVIKNG 10TOV UE 6TOYO TN Helwon TG HKpoPlokng

avVTOYNG.
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Chapter 1: Introduction

Sections of this chapter have been published in:

Recent advances in collagen antimicrobial biomaterials for tissue engineering applications: a
review, Ersanli, C., Tzora, A., Skoufos, 1., Voidarou, C. and Zeugolis, D.I., International Journal

of Molecular Sciences, 24(9), 7808, 2023.

Electrospun scaffolds as antimicrobial herbal extract delivery vehicles for wound healing, Ersanli,
C., Voidarou, C., Tzora, A., Fotou, K., Zeugolis, D.I., Skoufos, 1., Journal of Functional

Biomaterials, 14(9), 481, 2023.
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1.1. Introduction

Microbial infections threaten public health due to the wide range of enervating effects of disease-
causing microbes (e.g., bacteria, viruses, and fungi), which have been the primary causatives of
the dissemination of pathogenic diseases [1-3]. Antibiotics have been the first choice for infection
treatment since the discovery of penicillin in 1928 by Alexander Fleming. Although their low
toxicity and great bactericidal features, the usage of antibiotics for a long time led to the burst and
release of antibiotic-resistant bacteria (ARB), hence the emergence of antimicrobial resistance

(AMR) related diseases [4,5].

Healthcare-associated infections are the major type of AMR-caused infections that may delay
discharge from the hospital or cause deaths as well as a rise in healthcare costs, second-line drug
costs, and unsuccess in treatments [6]. According to the European Centre for Disease Prevention
and Control (ECDC), in Europe, annually, 3.8 million people catch healthcare-associated diseases
caused by AMR [7], and 90 thousand people die because of these diseases [8]. Besides, the Centre
for Disease Control and Prevention (CDC) reported that more than 2.8 million people suffer from
AMR diseases each year, while 35,000 patients die in the US [9]. Moreover, the cost for just one
AMR infection case is predicted approximately EUR 9-34 thousand more than non-resistant
microbial infections [10], whilst more than EUR 9 billion are required in Europe [11,12]. On the

other hand, bacterial resistance itself adds more than USD 20 billion to healthcare costs in the US

[9].

In response, a variety of clinical interventions have been employed to combat AMR-related
diseases, including the use of combination therapies, strategies aim targeting antimicrobial-
resistant enzymes or bacteria, longer treatment durations, and oft-label uses [13,14]. Despite these
efforts, the development of new and effective antimicrobials has been slow, and the emergence of
resistance to these interventions has become incremental. Furthermore, some of these interventions
come with their drawbacks, such as an increase in side effects, higher medicinal costs, and longer
hospital stays [15]. As such, there is a clinical need for alternative approaches such as biomaterial-
based strategies to combat antimicrobial resistance and promote the development of more effective
therapies. The various antimicrobial collagen biomaterial strategies have recently come to the fore

in the literature within this framework.
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1.2. Antibacterial collagen biomaterials

Collagen is a fibrous, insoluble protein that is the main component of the extracellular matrix
(ECM) of several tissues [16] of humans and many animals, such as bone [17], cartilage [18],
tendon [19], skin [20], and muscle [21]. A natural biopolymer, collagen is one of the most abundant
proteins in mammals [22] and becomes prominent among the other polymers due to its superior
and distinct properties. Excellent biocompatibility, good biodegradability, hydrophilicity,
remarkable mechanical properties, low or no antigenicity, hemostatic properties, and cell-binding
ability are some of the important features of collagen, which make it important for many
biomaterial applications, such as tissue engineering and drug delivery purposes [23—26]. On the
other hand, the resistance of collagen to bacteria makes it outstanding to use in the development
of antimicrobial biomaterials for many kinds of applications, such as the treatment of wounds and
bone infections. Owing to its natural ability to fight infection, collagen contributes to keeping the
infection site sterile [26,27]. Moreover, collagen has very high availability since its abundance in
mammals and marine organisms as well as its producibility from yeasts, plants, insects, and
mammal cells by recombinant protein technology [23,28] (Figure 1.1). Despite its proven
properties, collagen-based biomaterials need to incorporate bioactive molecules such as antibiotics

and plant-based agents in order to increase their biological activities.

31



Chapter 1
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Figure 1.1. Sources of collagen using biomedical purposes. This figure was created by
BioRender.com.

The use of alternative antimicrobial agents (e.g., herbal extracts, antimicrobial peptides, and metal
oxide nanoparticles) as a substitute for antibiotics has started to gain importance in an attempt to
overcome the emergence of AMR due to ARB strains [2,29,30]. Even though clinically proven,
generally single and limited antibacterial agents (e.g., silver and gentamicin), including collagen-
based products, are on the market (Table 1.1). Therefore, new modern products are clinically
needed to improve treatment efficacy. In this respect, collagen has been widely used as a carrier
vehicle for several kinds of bioactive molecules with their ensured biostability owing to its superior
biological activities [23—25]. Herein, I briefly reviewed different approaches for designing
collagen-based antimicrobial products (Figure 1.2) with a particular focus on preclinical studies

which have been published in the last decade.

32



Table 1.1. Commercially available collagen-based antibacterial products.

Chapter 1

Collagen Content

Product

Brand Name Company Composition o Refs.
(W%) Form
Promogran Prisma™ 3M (Saint Paul, MN, USA) Collagen, ORC, silver-ORC 55 Pad [31]
ColActive® Plus Covalon Technologies Collagen, sodium alginate, CMC, Not available Pad [32]
Powder Ag (Mississauga, Canada) EDTA, AgCl
SeptocollA® E Biomet (Warsaw, IN, USA) Collagen fleece, gentamicin salts Not available Pad [33]
DermaCol™ Birrlngil)te (North Bergen, Collagen, sodium alginate, CMC, EDTA Not available Pad [34]
. Collagen, sodium alginate, CMC, .
DermaCol/Ag™ DermaRite EDTA, AqCl Not available Pad [35]
SilvaKollagen® DermaRite Hydrolyzed collagen, Ag-0 Not available Gel [36]
® + Medline (Northfield, IL, Denatured collagen, CMC, sodium .
Puracol® Plus Ag USA) alginate, silver, EDTA Not available Pad [37]
. Synerheal Pharmaceuticals .
®
Seeskin™ P (Chennai, India) Collagen Not available Powder [38]
CollaSorb® Hartmann (Heidenheim an Collagen, sodium alginate 90 Pad [39]
der Brenz, Germany)
Genta-Coll® resorb (F;esorba (Narnberg, Collagen, gentamicin sulfate 58.3 Sponge [40]
ermany)
Collamycin Synerheal Pharmaceuticals Collagen, gentamicin sulfate Not available Gel [41]
GenColl ColoGenesis (Salem, India) Collagen, gentamicin sulfate Not available Gel [42]
Colloskin®M ColoGenesis Collagen Not available Pad [43]
Collofiber-MM ColoGenesis Collagen, mupirocin, metronidazole Not available Powder [44]
ColoPlug ColoGenesis Collagen Not available Sponge [45]
Diacoll-S™ ColoGenesis Collagen, gentamicin sulfate Not available Sponge [46]

Oxidized regenerated cellulose: ORC; Carboxymethyl cellulose: CMC; Ethylenediamine tetra acetic acid: EDTA; Silver chloride: AgCl;
Silver (I) oxide: Ag>0.
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Non-pharmacological
approaches

Antibiotic-based

Combination
approaches

approaches

Metal oxide-based

Antimicrobial peptide-based
approaches

approaches

Herbal extract-based
approaches

Figure 1.2. Approaches to developing collagen-based antimicrobial biomaterials for tissue

engineering applications.

1.3.Current strategies to develop antibacterial collagen biomaterials

The development of antimicrobial therapeutic strategies has an incremental interest in literature
since microbial infections have threatened human health for many years. Biomaterial-based
antimicrobial therapies have been considered an alternative and ideal solution for infection
treatment because the incorporation of therapeutic bioactive agents into the biomaterial
formulation can lead to their controlled and sustained release as well as a decrease in their off-
target influences. Moreover, the combination of biomaterials with these molecules’ benefits
enhancement in bioactivity and stability of therapeutics; hence, therapeutic efficacy could be
improved. Collagen is a prominent polymer for the de-signing of antimicrobial scaffolds due to its

outstanding biocompatibility, biodegradability, hydrophilicity, remarkable cell-attachment affinity,
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and mechanical, hemostatic, low-antigenic, and non-cytotoxic properties. Herein, the recent
developments in different collagen-based approaches (Figure 2.2) in the treatment of microbial
infections using various kinds of bioactive molecules incorporated into collagen-based scaffolds

for antimicrobial therapies was reviewed.

1.3.1. Non-pharmacological approaches

In the literature, there are several studies concerning collagen-based biomaterial therapies for
healing microbial infections without the incorporation of any therapeutics (Table 1.2). Chitosan is
a commonly used additive polymer for collagen scaffolds to enhance bactericidal effects due to its
good antibacterial activity against several Gram-positive and Gram-negative bacterial strains [47].
Chitosan and oxidized bacterial cellulose with composite collagen hemostasis dressings exhibited
a faster hemostasis rate (86 s) than commercial gauze (186 s) in vivo rat liver trauma model through
the collagen to promote platelet and erythrocyte adhesion as well as to improve pro coagulation
activity [48]. Collagen hydrolysate wound dressings, including chitosan and tetracthoxysilane
(TEOS), accelerated the healing of wounds in the Wistar rats compared to gauze, where the wound
recovered completely within 14 days. Besides the augmented healing process, the re-epithelization
rate was evaluated as 81% and 55% for composite and control groups, respectively on the 10th
post-treatment day. However, despite the successful preclinical findings, developed dressings
could not inhibit the growth of P. aeruginosa, which is one of the most common causative bacteria
for wound infections [49]. On the other hand, some inorganic compounds were incorporated in
biomaterial formation to increase targeted tissue regeneration and antimicrobial activity [S0-52].
For instance, the association of collagen with bioactive glass (BG) may promote the antibacterial
activity of pristine collagen by the increase in osmotic pressure, which is raised proportionally to
the released ions (e.g., silicon, calcium, and phosphorous) composed of bioactive glasses. Hence,
the growth of bacteria is inhibited because of the formed region by ions. It is reported that
collagen/BG scaffolds implanted in Sprague—Dawley (SD) rats’ dorsum skin defect healed the
wound faster than the clinically used product, Kaltostat, and triggered re-epithelization regarding

histologic results [52].
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Table 1.2. Illustrative examples of collagen antimicrobial scaffolds designed with non-pharmacological approaches.

Composition Collagen  Scaffold Crosslinking AST Bacterial St"a'”’ Antibacterial Activity Hypothetic Material Refs.
Source Form Cell Line
Bilaver The recovery efficiency of E.
Col Bovine Y . TP S. aureus, E. coli coli and S. aureus from . .
. sponge/nan Not available Disc diffusion A . . Chronic wound dressing [53]
Chi (2% w/v) tendon ofibers No in vitro cell culture  composite matrix was evaluated

at 52%, and 36%, respectively.
Col/BG dressings led to a

0,
Col (8% wiv) Nanofibrou GTA vapor Antibacterial S. aureus

BG (10:1 Tilapia skin s mat for 24 h activity assay  HaCaTs, HDFs, HUVECs S|gn|f_|cant reduction in S. aureus Wound dressing [52]
Col/BG) colonies.
Col
OBC
Chi E. coli, S. aureus, K. Developed scaffolds could not ~ Antibacterial hemostatic
(1:0.9:0.25 w Fish skin  Sponge Not available 1S020743-2007 xylinus completely inhibit the growth of dressing for internal [48]
ratio of L929 fibroblasts tested bacteria. bleeding control
OBC/Col/Chi
)
Col
Chi Genipin S. aureus, E. coli Developed hydrogels provided Bone tissue enineerin
HA Rat tail Hydrogel (2,10,20  Well diffusion MG-63 osteosarcoma more antibacterial activity g 9 [54]
. . . scaffold
(\Various w mM) cells against E. coli.
ratios)
Col Composite sponges did not show
Ch'. Tilapia skin Sponge Not available Agar diffusion S. aureus an effective inhibitory effect on Cutar_leous wound [55]
Alginate No in vitro cell culture S dressing
. . aureus.
(\Various w%)
Col
Chi The addition of chitosan slightl
Gelatin Priacanthus Sponge Not available Disc diffusion S. aureus, E. coli increased the S. aureus Y Antibacterial and [56]
(40:40:20  hamrur skin °P°"9 No in vitro cell culture '~ "o ‘ antioxidant bio-scaffold
: inhibition.
Col/Chi/Gelat
in w9%)
Collagen Modern collagen wound
hydrolysate Bovine B. subtilis, S. aureus, E.  Developed sponges did not show dressing a air?st
Chitosan tendon Sponge Not available Disc diffusion  coli, P. aeruginosa any antimicrobial activity againSttraditio?\algcolla en [49]
TEOS (0.5- NIH 3T3 fibroblasts P. aeruginosa. dressi 9
ressings
2% wiv)
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Collagen Composite mats displayed a

B-TCP Type | (Not Nanofibrou GTA Turbidimetric ~ E. coli, S. aureus ph ' f Ilj % 3;1 ioactive b ffold

(9:1 Col/p- specified) s mat (25, 50 v%) method BMSCs F"O.re.t. an two-fo dnigher Bioactive bone scaffo [57]
TCP w ratio) inhibition rate against E.coli.

Collagen

(2.5,5, 10

mg/mL) Type I (Not
Na-Alginate specified)
microspheres

(3% wiv)

Hydrogel Not available Not studied hUCMSCs Not studied Wound dressing [58]

Antimicrobial susceptibility testing: AST; Collagen: Col; Chitosan: Chi; Weight: w; Volume: v; Spontaneously immortalized, human
keratinocyte line: HaCaT; Staphylococcus aureus: S. aureus; Escherichia coli: E. coli; Komagataeibacter xylinus: K. xylinus; Bacillus
subtilis: B. subtilis; Pseudomonas aeruginosa: P. aecruginosa; Bioactive glass: BG; Glutaraldehyde: GTA; Oxidized bacterial cellulose:
OBC; Hyaluronic acid: HA; Tetracthoxysilane: TEOS; Beta-tricalcium phosphate: B-TCP; Bone marrow mesenchymal stem cell:

BMSC; Human dermal fibroblast: HDF; Human umbilical vein endothelial cell: HUVEC; Human umbilical cord mesenchymal stem
cell: \(UCMSC.
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1.3.2. Pharmacological approaches

1.3.2.1. Antibiotic-based approaches

Antibiotics are well-known antimicrobial drugs that have an important role in the treatment of
bacterial infections by fighting and preventing the growth of bacteria [59]. The incorporation of
various antibiotics, such as aminoglycosides [60—63] and tetracyclines [64—68], into collagen
scaffolds have been studied for a long time (Table 1.3). These therapeutic agents are generally
studied for infected wound and bone defect treatments. For example, when mupirocin was loaded
into collagen sponges, complete closure and re-epithelization on full-thickness excision wounds
treated with the developed composite scaffold were achieved. Nevertheless, scaffolds could
provide significant antibacterial activity against Gram-positive methicillin-resistant S. aureus
(MRSA) and B. subtilis [69]. In another study of a commonly studied antibiotic, doxycycline-
loaded collagen-based scaffolds increased the gap closure of bone defects in Wistar rats from 25%
to 40% [68]. On the other hand, the concentration of collagen is an effective parameter for the
controlled antibiotic release from a biomaterial. An increase in collagen concentration from 20%
to 40% (w/w) did not enhance the in vivo healing of mice wounds, treated with cefazolin, including
collagen-based nanofibrous mat, due to inadequate release of antibiotics on the wound bed. This
outcome indicates the role of polymer concentration in the sustained release of an incorporated

antimicrobial agent in a biomaterial formulation [70].

In some strategies, the effect of antibiotics is enhanced by the addition of chitosan into the
biomaterial formulation. Chitosan exerts its antibacterial activity by binding to the negatively
charged bacterial cell wall, thus initiating a process that leads either to the disruption of bacterial
cells or to a change in the bacterial membrane permeability [71]. For instance, minocycline-caged
chitosan nanoparticles incorporated into collagen sponges demonstrated almost complete
degradation and no remarkable inflammation in the SD rat skull defect model [65]. The
antimicrobial activity of biomaterials was also advanced by generating a hypoxic environment by
including oxygen-generating additives. Oxygen-generating calcium peroxide particles were coated
on the ciprofloxacin-loaded collagen-based sponges by Tripathi et al. to advance the wound
healing rate by generating a hypoxic environment. The tested scaffolds on the skin flip model led
to less necrosis and displayed almost total wound recovery with the help of the antibacterial

activity of the antibiotic and hypoxic conditions, whilst the untreated group showed about 75% of
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wound closure within 15 days [72]. Even though good inhibitory effects are re-ported, it is known
that long-term use of antibiotics results in the emergence of ARB strains. In the attempt to research

a few alternatives, non-antibiotic therapeutic approaches have become inevitable.
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Table 1.3. Illustrative examples of collagen antimicrobial scaffolds designed with antibiotic-based approaches.

... Collagen Scaffold s Therapeutic . Bacterial Strain/  Antibacterial  Hypothetic
Composition Source  Form Crosslinking Agent Release Profile ~ AST Cell Line Activity Material Refs.
10 pg/mL of 100 pg/mL of Cef
Porcine HMDI Cef Ran 90% Cef and Disc E. coli, S. showed activity Localized drug
Col (5% w/v) dermis Sponge  (0.625-10% (07‘500 /mL) 95% Ran diffusion epidermidis on tested strains, delivery [73]
wiv) HY released by day Adult HDFs while Randid  vehicle
7. not.
. . - Drug-loaded
Col (1% wiw), . .. Gentamicin . S. aureus, E. coli, P. o otfoids showed , .
. Rat tail _— . sulfate . Disc aeruginosa . Antibacterial
Chi (1% W/W)tendon Thin film Not available (0.4 mg/cm? Not studied diffusion  No in vitro cell approximately film [60]
HA (1% wi/w) o Mg 25-30 mm of
film) culture T
inhibition zone.
The max
released Inhibition zone
concentration of MRSA, S. . .
Col 8w%) Typel  Micro/na Vancomycin  vancomycin epidermidis, E diameters did not
EDC/NHS . Disc . T differ from Local drug
Hap (0-15 (not nostructur (4:1 w ratio) hydrochloride exceeded the diffusion faecalis standard carrier [61]
w9%) specified) ed layers (10 w% of Col) MIC by SAQOS-2 S
antibiotic discs
up to 60-75 osteosarcoma cells sianificantl
times for 4 g Y.
weeks.
Drug-loaded
0 wound dressings
Mupirocin (2 Qlumiori[c?r? 63;: B. subtilis, S. aureus,did not show
Col (3 Bovine . mg/mL) (caged P . Broth E. coli, P. sufficient Wound
Sponge Not available . L released within 7. ~ . . . . . [69]
mg/mL) tendon into silica 3 davs from dilution  aeruginosa antibacterial dressing
microspheres) s ony o 3T3-L1 fibroblasts activity on B.
PONges. subtilis and E.
coli.
Membranes
P ginaivalis. F showed 95.3%, Scaffold for
Asymmet . . . . Live/dead = - 9"M9 T and 92.1% of the prevention
g Minocycline (15 Minocycline had . nucleatum . . . ;
Col Mouse tailric TPP . bacterial bacteriostatic of infection
Chi (2% w/v) tendon  membran (0.2% w/v) pg/ mL). (caged sus@amed reI‘gasedouble MC3T3-E1 activity against P. and guide [64]
' into Chi NPs)  until the 7th day. . . osteoblasts, L929 S '
e staining fibroblasts gingivalis and F. bone

nucleatum, regeneration
respectively.
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Col Alkali A burst release  Disc Drug-loaded
hydrolysate Type | SD.' hydrolysis (1:1 Minocycline  of minocycline diffusion, scaffold_s shoy\{ed Antimicrobial
(5 mg/mL) printed X hvdrochlorid b d  biofil S. aureus smaller inhibition d .
PLA (5 (not_ . porous NaOH:EtOH ydrochloride  was observe biofilm o1 Mscs Jone than and osteogenic [65]
mg/mL) specified) scaffold and 0.5% w/v (0.5 mg/mL)  within the first inhibition standard scaffold
g citric acid) hour. assay PP
cHap (10 mg) antibiotic discs.
Col (10 w%) 28 ppm of silver Only 0.75% of
PLA Silver ions were drugs including
EC Fish Nanofibr Not available sulfadiazine released from  Disc Bacillus, E. coli scaffolds showed Wound [74]
:3,8:2,9:1 collagen ous mat .25,0.5, 0. .75 w% drug- diffusion ibroblasts antibacteria ressing
7:3, 8:2,9:1 coll 0.25,0.5,0.75 0.75w% d diffusi NIH 3T3 fibrobl ib ial dressi
EC/PLA w wo%) loaded mats activity against
ratio) within 96 h. tested strains.
Col (10, 20, 44.15%,
40% wiw) %. and
PVP (30% 40.80%, an .
Wiv) 37.76% of Fabricated mats
PLA cefazolin were MRSA, E. coli, P.  showed slightly Antibacterial
PEO Bovine  Nanofibr Not available Cefazolin released for Disc aeruginosa higher atch for [70]
tendon  ous mat sodium samples diffusion No in vitro cell antibacterial P .
(Shell- L L . wound healing
Col/PVP containing 10%, culture activity against P.
Core: 80"20 20%, and 30% aeruginosa.
PLA}PEO (w/w) collagen
wiw) after 6 days.
Almost 20% of
antibiotics with
Alginate Tetracycline  a concentration Dressings did not
Col (10 Fish Hvdrogel diaﬁdeh de hydrochloride equal to or Zone S. aureus show high Wound [66]
mg/mL collagen ydrog Y 0.01-0.2 higher than 0.1 inhibition 3T3 fibroblasts inhibition rates of dressing
(2-10 mg/mL)
9 mg/mL) mg/mL were S. aureus.
released during
600 min.
More than 50%
Membran . of tetracyc_lln_e S. aureus (different Developed Scaffold for
Tetracycline releases within  Zone . .
Col e hvdrochloride  the first 6 h and inhibition strains), S. scaffolds could  the prevention
BG (0.5 Bovine  (Commer Not available y A ' epidermidis significantly of biomaterial-[67]
: (0.05, 0.2, 0.35 significant Plate CIL
mg/mL) cial . MG-63 inhibit S. aureus related
mg/mL) release was counting . -
product) . osteosarcoma cells  growth. infections
observed in 24
h.
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Almost 80% of

0,
Col (1.5% CFH was Scaffolds
w/v) EDC/NHS . . . -
: ) Ciprofloxacin  released from . displayed good  Skin tissue
Chi (1.5% . (3w%, 2:1 - E.coli, S. aureus . % -7 . .
Bovine  Sponge i hydrochloride scaffolds inhibition zones engineering  [72]
w/v) EDC:NHS w includi 0 HDFs - h ol
CPO (1-4 ratio) (1 mg/mL) inc udlr_lg _4/o against botl scaffold
CPO within 200 strains.
w9%) h
. Antibiotic
A sustained addition
Col (5% wh) Doxycycline doxveveline S. aureus, P. significantly Bone tissue
Ha (1(;)W(V) Rat tail Sponge EDC (0.1 mM) containing Hap (abguty70(y) Wasassa aeruginosa reduced the engineering  [68]
P 0 NPs (10 w%) : 0 Y BM-MSCs number of scaffold
achieved over loni ithi
14 days colonies within
' 24 h.
Gentamicin Gentamicin was Composite
scaffolds showed
sulfate (25 completely hiaher
Col (1 w%) Bovine Sponge GTA mg/mL) released after E. coli, S. aureus angtibacterial Antibacterial 62]
CNC (5 w%) tendon pong (0.25%) impregnated 144 h of the NIH-3T3 fibroblasts _ ..". . skin scaffold
. . . activity against E.
gelatin incubation .
. : coli than S.
microspheres  period.
aureus.
Col
Chi An almost
(4, 8, 16% Norfloxacin complete release No in vitro cell Scaffold for
total polymer,Fish Sponge Not available of the drug was Not studied skin [75]
: (1 wo%) o culture .
various observed within regeneration
Col/Chiw 20 h.
ratio)
Tobramycin-
The burst d
EDC/NHS release of S. aureus IS?]Z%SS dfllms
Col (6.5 Bovine Film (1:1:6 wratio  Tobramycin tobramycin Human corneal sionificantl Scaffold for [63]
mg/mL) tendon EDC/NHS/Col- (15 mg/mL) (40%) was o gnimcantly —  corneal repair
. o epithelial cells higher inhibition
Tobramycin) observed within L
. than pristine
the first 4 h. .
films.
Col Genipin Amoxicillin ;’rueglfgg;eerm E. coli Scaffolds could g:z?fgfs Iftgr
Na-Alginate Cowhide Sponge CacCl; (10 w%) (0.5,1,2 effect was inhibition rASCs effectl_vely inhibit infected bone [76]
Hap mg/mL) . . E. coli growth.
investigated. defects

42



Chapter 1

Antimicrobial susceptibility testing: AST; Weight: w; Volume: v; Collagen: Col; Chitosan: Chi; Hyaluronic acid: HA; Hexamethylene
diisocyanate: HMDI; Cefaclor: Cef; Ranalexin: Ran; Escherichia coli: E. coli; Staphylococcus epidermidis: S. epidermidis;
Staphylococcus aureus: S. aureus; Pseudomonas aeruginosa: P. aeruginosa; Enterococcus faecalis: E. faecalis; Methicillin-resistant
Staphylococcus aureus: MRSA; Bacillus subtilis: B. subtilis; Porphyromonas gingivalis: P. gingivalis; Fusobacterium nucleatum: F.
nucleatum; Hydroxy apatite: Hap; Citrate hydroxy apatite: cHap; N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride:
EDC; N-hydroxysuccinimide: NHS; Nanoparticle: NP; Sodium tripolyphosphate: TPP; Poly(lactic acid): PLA; Sodium hydroxide:
NaOH; Ethanol: EtOH; Polyethylene oxide: PEO; Polycaprolactone: PCL; Ethyl cellulose: EC; Polyvinylpyrrolidone: PVP; Bioactive
glass: BG; Glutaraldehyde: GTA; Human bone mar-row-derived stromal cell culture: hBM-MSC; Calcium peroxide: CPO; Cellulose
nanocrystal: CNC; Ciprofloxacin hydrochloride: CFH; Rabbit adipose-derived stem cell: rASC.
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1.3.2.2. Metal-oxide-based approaches

In recent years, there has been a great interest in metal oxide nanoparticles (NPs) in enhancing the
antimicrobial properties of collagen-based scaffolds due to their great inhibitory effects against
broad-spectrum bacteria (Table 1.4). They can exert their bactericidal effect by linking to bacterial
cell walls via electrostatic interactions [77], hydrophobic forces [78], van der Waals forces [79],
and/or ligand binding [80]. Silver NPs are the well-known and most studied NPs in pre-clinical
and commercial antimicrobial devices. In one study, silver NPs included collagen nanofibers
presented an enhanced healing rate and led to the deposition of more hydroxyproline and collagen
on the wound site in the Wistar rat model [81], whereas silver NPs loaded collagen hydrogels
contributed to the reduction of pro-inflammatory cytokine IL-6 and inflammatory cytokines
CCL24, TIMP1, and sTNFR-2, which indicates the exerted anti-inflammatory properties of silver
NPs on the subcutaneous mice model [82]. Similarly, in vivo, 10 ppm silver NPs comprised colla-
gen/chitosan hydrogel applied in full-thickness skin defects in the SD rat model expedited the
fibroblast migration by the advance in a-SMA, upregulated the related macrophage activation, and
downregulated inflammatory mediators [83]. However, the addition of silver NPs into collagen
scaffolds has not always exhibited a significant impact on wound healing. For example, both silver-
loaded and pristine collagen membranes did not show complete wound closure [84], as silver NPs
comprised collagen sponges [85]. Besides silver, zinc oxide NPs are also extensively studied in
collagen biomaterials, owing to their well-recognized antibacterial and anti-inflammatory
properties. For instance, the zinc oxide quantum dots were implicated in collagen/PCL nanofibrous
mats for skin regeneration purposes and served as a suitable wound dressing. Both 0.75% (w/v)
zinc oxide quantum dots included, pristine mats showed partial wound closure on full-thickness
mice wound model at 12-day post-treatment with a wound closure rate of about 90%. Although
scaffolds loaded with zinc oxide quantum dots presented a good inhibitory effect against S. aureus,

their comparison with pristine scaffolds was not re-ported [86].

1.3.2.3. Antimicrobial peptide-based approaches

Antimicrobial peptides are environmentally friendly, small molecular weight, amphiphilic, and
polycationic proteins that are composed of less than fifty amino acids in their structure [87—-89].
They can cause cell lysis via binding to intercellular targets of negatively charged cell membranes

[90,91] and exert bactericidal activity by the modulation of the host immune system [92]. Despite
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their good antibacterial action, AMPs have some drawbacks, such as a short half-life (within hours)
and high manufacturing costs [93]. Hence, in the literature, the incorporation of AMPs into
collagen scaffolds has been less researched than the other therapeutic agents (Table 1.4). AMP
Tet213 incorporated collagen-based sponge dressings demonstrated almost complete wound
healing on E. coli- and S. aureus-infected wounds on SD rats within 14 days, similar to pristine
sponges and commercial silver-including products, in contrast to gauze control. As a result of
Sirius red staining, pristine, and Tet213, loaded dressings exhibited around 60% of collagen
deposition, which might be contributed by the biocompatibility of collagen. Moreover, according
to the samples taken from the SD rat model on day 4, E. coli was 1.8 x 107 CFU for gauze control,
whereas no bacterial colonies were observed on wounds treated with Tet213 dressings [94]. In
addition, it was observed that AMPs GL13K [95] and LL37[96,97] incorporation into the collagen

scaffolds increased their antibacterial activity against Gram-negative E. coli.

1.3.2.4. Plant derived antimicrobials-based approaches

Plants have been used for traditional remedies (e.g., bone defects and burn wounds) for centuries
[98,99]. The bioactive phytochemicals of herbs, such as phenolic substances, essential oils,
vitamins, and phytohormones, gain them tremendous features (e.g., antimicrobial, antifungal, anti-
inflammatory, and antioxidant activity) and make them a rising star for antimicrobial therapies as

greener and safer therapeutics [100—105].

Almost 70% of people worldwide believe the primary health benefit of herbal compounds,
according to the report by the World Health Organization. Herbs present limitless sources to
develop alternative, safe, and renewable therapeutics. For instance, among over two hundred and
fifty thousand vascular plants, only around 17% of them have been researched for medicinal
purposes. Even though herbal components have been known for their excellent biological
activities, some shortfalls still appear, such as poor biostability and the inability to reach the target.
Hence, there has been a need to develop engineered carrier and delivery vehicle systems (e.g.,
electrospun nanofibers, hydrogels) to increase the treatment and targeting efficacy. Therefore,
there have been a remarkable number of attempts in the literature to incorporate various herbal

extracts, such as cinnamon [106], Cissus quadrangularis [107], and thymol [108], into collagen
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scaffolds to create an ideal and alternative antimicrobial biomaterial strategy for tissue

regeneration purposes (Table 1.4).

The addition of curcumin into collagen/cellulose nanocrystal sponge dressings advanced
epithelization rate and dermal cell proliferation while providing complete wound closure on full
thickness burn wounds within 21 days. Moreover, they significantly decreased the level of
cytokines IL-1p, IL-6, and TNF-o between the 10th and 21st days and inhibited the NF-«xB activity
due to the long and sustained release of curcumin with antibacterial, antioxidant, and anti-
inflammatory characteristics [109]. Thanks to their complex chemical structure, in some studies,
herbal extracts are used as a crosslinker for collagen formulations as well as an antimicrobial
therapeutic agent. For example, wheatgrass was studied as both an antimicrobial agent and a green
crosslinker for collagen aerogels. The study observed that 2% (w/v) of wheat grass incorporation
increased the size reduction of collagen aerogel-treated wounds from 47% to 75% on the 9th post-
treatment day and triggered the angiogenesis within 24 h of incubation of the chick embryo model
[110]. The concentration of the loaded herbal extract is determined as an effective parameter from
the perspective of preclinical studies. To illustrate, the addition of 0.08 g of Melilotus officinalis
extract exhibited better re-epithelization than 0.04 and 0.02 g on day 18 post-treatment, whereas
the 0.08 g extract with collagen-based multilayer nanofibrous mat increased the collagen density

in vivo from 55% to 82% within 18 days [111].
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Table 1.4. Illustrative examples of collagen antimicrobial scaffolds designed with non-antibiotic-based approaches.

: Bacterial . . .
Composition Csollagen Scatffold Crosslinking Therapeutic Release Profile AST Strain/ Antlba_lcterlal Hypoth_etlc Refs.
ource Form Agent C - Activity Material
ell Line
Metal-oxide-based approaches
Up to 37% and
Col E.coli,S.  27% of growth
Chi . aureus inhibition was ~ Composite bone
(Various tS\z?)tn Thin film (5_ ?%'\rl;ii) S&'CI)V; KNI;)P)S Not studied Growth inhibition =~ MG-63  observed against tissue engineering [112]
Col/Chi w% ' ' osteosarcoma  E. coli and S. scaffold
ratio) cells aureus,
respectively.
Col Hybrid sponges
Eg Silver NPs F.nucleatulm, show;ed r?Iightly | |
Bovine GTA 4 . e P. gingivalis igher Oral cavity lesion
(10:1:3x10° tendon P9 sy (Lx10°gg Nl studied  Disc diffusion =i ival ™ antimicrobial dressing [113]
9/g polymers) fibroblasts  activity against
Col/CS/FN) F. nucleatum.
Approximately
3.2and 2.3cm
. of inhibition
i Nanofin 1A Silver Np a?rrligllslfg(\)/gy(;f Microdilut S. aureus, P. zone dgamet%r
is anofibrou ilver NPs . - icrodilution,  aeruginosa  was observe .
Col (8% whv) collagen  smat (50% wiv) (0.2% wiv) silver ions WerC " disc diffusion No in vitro cell  after 48 h Wound dressing [81]
released within .
25 h. culture  against S. aureus
and P.
aeruginosa,
respectively.
S. aureus, S.
Steady silver epidermidis, E. Hybrid
. concentration Growth inhibition  coli, P. hydrogels could Implantable anti-
Covlw(vlvg)% Porcine  Hydrogel BDDGE S('(I)V; LTAP)S was reached and aeruginosa inhibit the infective hybrid [82]
' within 0.5 h of Time-kill assays Human growth of all biomaterial
incubation epidermal  tested bacteria.

keratinocytes,
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and dermal
fibroblasts
Developed
membranes did
Col (5% wiw) EDC/NHS Disc diffusion, P. ge;lijgrlerzjc;sa, :L?ftf?:igm Dressing for full
His (0, 1, 2% Porcine Membrane (3.55and 2.13  Silver NPs Not studied bacterial ' o . thickness burn [84]
w/w) mg/g) suspension L1929 ant |r_n|crob_|al wounds
fibroblasts  activity against
both tested
strains.
Col E. coli, S. Developed
Chi Bovine Silver NPs aureus  wound dressings
) . Hydrogel EDC/NHS  (0,2,5,10,20  Not studied Disc diffusion  Mouse embryo showed higher ~ Wound dressing [83]
(9:1 Col/Chi  tendon fibrobl inhibition of
W ratio) ppm) ibroblasts, inhibition of S.
HaCaTs aureus growth.
E coli S Scaffolds
Col : ' presented less
Hap . Genipin Silver NPs . TP aureus inhibition zone .
. Fish scale Membrane Not studied Disc diffusion MG-63 Bone filler [114]
(various w (0.003 g) (0.05 w%) compared to
. osteosarcoma
ratio) standard
cells R
ampicillin discs.
An increase in
E. coli, S. coﬂtl:\elzﬁr[rzltlipon
Col (0.5% Bovine Dialdehyde Silver NPs . Disc d'ff‘JS'O”' aureus, P. resulted in an Antibacterial wound
Sponge  xanthan gum Not studied bacterial aeruginosa . - [85]
w/w) tendon (10 mg/mL) e increased dressing
(10 mg/mL) infiltration L929 P
. inhibition rate
fibroblasts .
against tested
strains.
Sago starch A Ipwer
S. aureus, E. minimum .
Col capped coli inhibitor Scaffold for tissue
Sago starch Fish scale Sponge  Not available silver NPs Not studied Broth dilution y regeneration [115]
- . NIH-3T3 concentration .
(1,2, 3uM) (1:1 w ratio to - - applications
fibroblasts  was examined
Col) - .
against E. coli.
Col (1% wiw) . GTA . . . . No in vitro cell . .
Dextran Calf hide Hydrogel (0.25% viv) Zinc oxide NPs  Not studied Not studied culture Not studied Wound dressing  [116]
. . The inhibition
. GTA Zinc oxide NPs . e S. aureus, E. - .
0, ’
Col (0.7 w%) Bovine Hydrogel (1% viV) (2.3, 5 W%) Not studied Disc diffusion coli zone diameter  Wound dressing  [117]

decreased with
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No in vitro cell increasing zinc

culture oxide
concentration
against S.
aureus.
Col E. coli, S. T_h(.e number pf
PCL Type | Nanofib Zinc oxide aureus I|V|n_g b.??te”g Antibacterial d
(1:2,1:1,2:1, (not anoti trou Not available  quantum dots Not studied Plate counting L929 wazmggl gcat'; yAN %C ernal woun [86]
3:1 Col/PCL specified) ™2 (0-0.75% wiv) fibroblasts, ot Y L ressing
W ratio) 3T3 fibroblasts 0.75% of NPs.
S. epidermidis,
B. cereus, E.
coli, S. The porous
enterica, P. nanocomposites
Col (1% w/w) Calf hide Sponge (O%TV'\;AO/O ) Zinc titanate Not studied Disc diffusion &Lg'%% zﬁﬁfcr(;%?:lr A&g:qr;eecr?;?n [118]
osteosarcoma activity against
cells, 3T3  S. epidermidis.
fibroblasts
HaCaTs
Increased TiO;
Col (5 S. aureus amount led to
mg/mL) S GTA TiO2 NPs (1- . Bacterial culture, Mouse reduced S. .
Chi (5 Pig skin  Sponge (2.5% wiw) 7%) Not studied SEM imaging fibroblasts, red aureus colonies Wound dressing  [119]
mg/mL) blood cells on the surface of
the scaffold.
Membranes
Col (3.47 _ Zinc oxide N_Ps shovv_ed 4—8 mm _
W) Bovine Nanofibrou GTA (1:11 w ratio Not studied Disc diffusion S. aureus of |nh_|b|t|on _Scaffold for sk_ln [120]
Chi (3 w%) s mat (1 w%) Col:Chi:Zinc Hep-2 cells  zone diameter tissue regeneration
0 . R
oxide) against S.
aureus.
Col _ S. aureus was
Chi N Dehydrothermal i ide NP E. coli, S. foun_d_more Antib ial
(2:9 Col/Chi (}t q Sponge crosslink at inc gX' eo > Not studied Disc diffusion aureus I 5§n5|t||ve :jo nti ?the“a [121]
W ratio) specifie 105 °C for 24 h (1, 3, 5w%) No in vitro ce evelope product
culture scaffolds than E.
coli.
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Antimicrobial peptide-based approaches

AMP GL13K
coating
Burst release . significantly Scaffold for
Col (3 . EDC/NHS AMP GL13K  was observed | . ATP S. 90“3'0!1"’ E. demonstrated  bone/dental tissue
Bovine Hydrogel (50 mM EDC, bioluminescence, coli [95]
mg/mL) (1 mM) from21to 28 . less effects on growth and
25 mM NHS) live/dead assays hBM-MSCs . - .
days. the membrane infection prevention
integrity of S.
gordonii.
The addition of
Col (0.6% Sustained AMP Tet213
w/v) Tvoe | EDC/NHS release (68.4 + E. coli, MRSA, into hybrid Mixed-bacteria-
HA (0.5% (yn%t Sponae (0.6 mg/mL  AMP Tet213 10.2%) Was_ Zone inhibition,  S.aureus  scaffolds gave infected wound [94]
wiv) . pong EDC, 0.3 (500 pg/mL) 7 colony counting NIH-3T3 rise to almost .
. specified observed after - S dressing
Alginate mg/mL NHS) 14 davs fibroblasts  full inhibition of
(1.2% wiv) ys. E. coli and S.
aureus.
The
Sustained incorporation of
Col (2.5-3 Polvelectro release of the Broth dilution, E. coli 16 uM of AMP
mg/mL) Rat tail 3{ te GTA AMP LL37 AMP killed bacterial adhesion Prirﬁar rat LL37 showed Antimicrobial [96]
HA (1.5 tendon y (8% wiv) (2, 8, 16 uM) . test, live/dead y almost 3% of coating
multilayers planktonic hepatocytes . :
mg/mL) b . assay live bacteria on
acteria.
the scaffold
surface.
Membranes
Membrane containing
Col different LL-37 Collagen membrane
PLC (14% s eNc?ftie q (realjjs)é-to- Not available é('\)/i ZOLL&?) concentrations Not studied fiblr_c?bzlists Not studied for guided bone [97]
wiv) P H released LL-37 regeneration
product) .
in the same
quantity.
Plant-derived antimicrobials-based approaches
Bovine . Propolis NPs : . .
0,
Col (2% wiv) skin Membrane Not available (200 pg/mL) Not studied Not studied HDFs Not studied Dermal patch [122]
. . E. coli, S. Curcumin .
o 1
CN Cc(glwo %) ?ecr)\\cljlgr? Sponge  Not available (gur;cgrr:[]) cu?c%i?n?:/as Disc diffusion aureus, P. significantly Full tz:celggiiss burn [109]
0 9 aeruginosa  enhanced the 9
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released within No in vitro cell antimicrobial
the first 24 h. culture activity of
pristine porous
scaffolds.
Incomplete
COIC(OII(;/E;‘Q:/W) Calendula  release of the
microparticle Bovine  Sponge GTA officinalis extract was Not studied . 1929 Not studied  Dermal substitute [123]
s (50, 125 (0.02% v/v) extract observed within fibroblasts
2501mg) ' (1% viv) 14 days at pH
5.5and 7.4.
Hybrid aerogels
E. coli, B.  showed smaller
subtilis inhibition zones
Col Goat Aerogel Wheatgrass Wheatgrass Not studied Agar diffusion Swiss 3T6 than commercial Wound dressing  [110]
tendon (1,2, 3% wiv) (1, 2, 3% wiv) fi o
ibroblasts, ampicillin discs
HaCaTs against B.
subtilis.
The addition of
Col (10 . Chloroform . B. subtilis, S. cinnamon bark
Cowhide Cinnamon bark . - .
mg/mL) trimming ~ Sponge extract of powder Not studied Broth dilution 2ureus: E. coli powder led to Antimicrobial [106]
GSP (25-100 cinnamon bark No in vitro cell great inhibition wound dressing
W to Col)  Waste (14.28% viv) (29) culture  of all tested
strains.
Gram-positive
S. aureus. E. bacteria were
Type | Berberine- All samples _ coli ' foun_d_more Scaffold f_or
Col (9 (Not Sponge  Not available  oleanolic acid released about F|I_ter paper MG-63 sensitive to postoperative [124]
mg/mL) specified) (1-5%) 70% of the drug diffusion osteosarcoma developed bacterial bone
within 1 h. scaffolds than infection
cells .
Gram-negative
bacteria.
Col (1% wiv)
Chi ((1% W//V)) Cissus Cumurllatively
Hap (5% w/v . . more than 80% .
PCL (20-80 Bovine Sponge GTA quadrangularis of the extract Not studied MC3T3-E1 Not studied _Bon_e tissue [107]
tendon (0.1% viv) caged PCL osteoblasts engineering scaffold
mg/mL) nanoparticles was released
PVA (0.5-3% within 21 days.
wiv)
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Dehydrogenase 4 mg/cm2 of
activity assay,  S. aureus, E. thymol . I
. . . A Antibacterial film
Col (1% wiv) Rat tail Film Not available Thymol » Not studied . A.‘TP COI': P. _mc_ludmg films for wound care [108]
tendon (0.25-4 mg/cm?) bioluminescence, aeruginosa indicated almost aoplications
microbial  Red blood cellsfull inhibition of PP
penetration assay all tested strains.
Col (11 w%
middle
layers; 10 w% Melilotus
inner layers) - ooy taif NANOMIDIOU 1o ilable  officinalis ~ Notstudied  Notstudied .. =922 Not studieg ~ Drabetic footulcer .,
PCL (10 w% s mat fibroblasts dressing
(2, 4, 8% wiw)
outer layers; T
11 w%
middle layer)
Col The complete
Lipid NPs Bovine Curcumin into curgﬁlrﬁ?ﬁ?lgzded NIH 373 Composite
(10:1 w ratio Sponge  Not available S Not studied fibroblasts, Not studied  cryostructurate for [125]
P tendon lipid NPs NPs was .
Col/Lipid b d withi HaCaTs wound healing
NPs) observed within
25 days.
Approximately
20 mm and 10
0 mm inhibition
Col (10 28.95 + 1.7% of B. subtilis, P. zone diameters
mg/mL) . the drug was :
Annona Bov_lne Chloroform Tetrahyd_rocurcu released within o aeruginosa, S. were evaluated Antimicrobial
.. Achilles  Sponge extract of min Disc diffusion aureus  against S. aureus . [126]
polysaccharid . . 12 h from the wound dressing
tendon cinnamon bark  microspheres . NIH 3T3 around the
e (7.5 composite . L
fibroblasts  positive control
mg/mL) scaffold. .
and composite
scaffold,
respectively.
Bio-nano
Col (60% v/v fib Licorice roots S. aureus, P. scaffr?lds did not
in shell) Type I Nanofibrou . (50% v/v in . e aeruginosa show any Hybrid bio-nano
(Not s core-shell Not available Not studied Disc diffusion L activity on the ; [127]
PVA (50% e core, and 40% No invitrocell . /.. - wound dressing
. specified) mat . inhibition of P.
v/v in core) v/v in shell) culture aeruginosa
growth.
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Antimicrobial susceptibility testing: AST; Weight: w; Volume: v; Collagen: Col; Chitosan: Chi; Nanoparticle: NP; Fibronectin: FN;
Chondroitin 4-sulfate: CS; 1,4-Butanediol diglycidyl ether: BDDGE; Histidine: His; Hydroxy apatite: Hap; N-(3-dimethylaminopropyl)-
N-ethylcarbodiimide hydrochloride: EDC; N-hydroxysuccinimide: NHS; Poly-caprolactone: PCL; Glutaraldehyde: GTA; Titanium
dioxide: TiO2; Antimicrobial peptide: AMP; Hyaluronic acid: HA; Poly(L-lactide-co-g-caprolactone): PLC; Cellulose nanocrystal:
CNC; Gelatin: Gel; Gulmohar seed polysaccharide: GSP; Poly(vinyl alcohol): PVA; Escherichia coli: E. coli; Staphylococcus
epidermidis: S. epidermidis; Staphylococcus aureus: S. aureus; Pseudomonas aeruginosa: P. aeruginosa; Bacillus subtilis: B. subtilis;
Bacillus cereus: B. cereus; Salmonella enterica: S. enterica; Pseudomonas putida: P. putida; Porphyromonas gingivalis: P. gingivalis;
Fusobacterium nucleatum: F. nucleatum; Streptococcus gordonii: S. gordonii; Methicillin-resistant Staphylococcus aureus: MRSA;
Spontaneously immortalized, human keratinocyte line: HaCaT; Human bone marrow-derived stromal cell culture: hBM-MSC; Human

dermal fibroblast: HDF.
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1.3.3. Combination approaches

The combination of antimicrobial bioactive agents has been studied to increase the treatment
efficacy of collagen-based antimicrobial biomaterial therapies in addition to their single use by
taking advantage of synergetic effects of different therapeutics. For this purpose, the simultaneous
incorporation of herbal extracts, metal oxides, AMPs, antibiotics, growth factors, and other
bioactive molecules into antimicrobial collagen scaffolds has been extensively investigated (Table
1.5). For example, the synergism of 60 mg/mL of lemon balm and dill essential oils enhanced the
antimicrobial activity of collagen-based nanofibers on various Gram-positive and Gram-negative
bacterial strains and showed in vivo biocompatibility on Swiss adult mouse model without any
causative effect [102]. In the literature, the combination of metal oxide NPs and phytochemicals
in biomaterial formulation exhibited advanced tissue regeneration and antimicrobial activity. In a
study, the administration of silver NPs and silymarin raised the contraction rate of colla-
gen/chitosan bilayer sponges treated wounds on Wistar rats from 55% to almost complete
contraction within 10 days with a thin crust appearance [128]. Similarly, 0.5 w% curcumin-loaded
graphene oxide NP (2 mg/mL)-reinforced sponge dressings accelerated the wound closure of the
open wounds in vivo due to the superior anti-inflammatory and antibacterial features of curcumin
and graphene oxide [129], while the cumulative effect of silver NPs and plumbagin led to complete
healing of open excision wounds on Wistar rats on the 15th post-treatment day as well as a

significant bactericidal effect on both Gram-positive and Gram-negative bacteria [130].

In some cases, the application of antibiotics could not prevent the re-growing of antibiotic-resistant
bacterial strains. Although vancomycin-loaded collagen hydrogels were effective in reducing
bacterial luminescence on luminescent MRSA, which infected in vivo wounds on the first day, re-
growing of bacteria was reported on the 2nd post-treatment day. To overcome this problem,
collagen-mimetic-peptide-tethered vancomycin was chosen, and complete inhibition of bacterial
growth was achieved by their synergetic effect [131]. Apart from this, the combination of
antibiotics with growth factors may ameliorate the rate of wound healing. Silver sulfadiazine, and
epidermal and basic fibroblast growth factors, including collagen-based multi-layered nanofibers,
presented ideal healing for in vivo full-thickness wounds thanks to the slow release of growth
factors, neutralizing and anti-growth impact of antibiotics, which supported granulation tissue

formation as well normal interactions of collagen fibers and fibroblasts with ECM [132].
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Table 1.5. Illustrative examples of collagen antimicrobial scaffolds designed with combination approaches.

; Bacterial . . .
Composition Collagen  Scaffold Crosslinking Therapeutic Release Profile AST Strain/ Antlba}c'gerlal Hypoth_etlc Refs.
Source Form Agent Cell Line Activity Material
While EOs only
did not show
efficient
Col Bovine Lemon balm S.aureus, E.  antimicrobial
hydrolysate tendon  Nanofibrous . and Dill EOs . C coli, E._faec_alls, gctmty, EO- Medical wound
(2.66% wiv) Rabbit  mat Not available (60 mg/mL Not studied Disc diffusion S. typhimurium including dressin [102]
Chi (1.5% . g. . No in vitro cell membranes, g
skin each, 1:1 ratio)
w/v) culture showed
significantly higher
activity against
tested strains.
AMPs Pac-525 iﬁs;srgffjﬁ:; S. aureus. E Lower doses of
and KSL-W (1.5 . . . Lo "~ AMPs could not Scaffold for
Not GTA - within 2 days in Oxford cup disc coli L ; -
Col (5% wiv) ... Sponge mg/mL) into e lead to inhibition ofinfective bone [133]
specified (2.5% viv) both diffusion MC-3T3 -
PLGA . . S.aureus and E.  defect repair
- microspheres fibroblasts .
microspheres coli growth.
and scaffolds.
Col (3.5% Silymarin (0.5, f;lselfst:";ced Antioxidant
Whv) HydrolyzeBilayer GTA 1, 2% wiw), and antioxidants was Not studied Cos-7 Not studied and [128]
Chi (1.5%  d peptide sponge (0.025% v/v)  silver NPs (3% fibroblasts antibacterial
observed over .
w/v) wiw) wound dressing
120 h.
Inhibition zone
diameter of 67
Incubation of ~ SHver NPs Only 1.5 g of the S. aureus, P. mg/g silver-NP-
. . . (67,6.7,0.67 g s . including
Col Rat tail Hydrogel Col solution in ma/g), and silver content is Disc dn_‘fustlon, aeruginosa hydrogels Wour_ld [134]
tendon saturated NHs C ’b' . released after 24 broth dilution MDCK - dqf dressing
chamber annabis sativa h epithelial cells increased from
oil (0.15 mL) ' 1.45t0 1.75cm
with the addition of
EO.
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The inhibition zone
diameters around
hybrid scaffolds

EDC/NHS c in (0.5 82.5% of loaded P. aeruginosa, luated
. (1:2:2 :Jrcumldn( -7 curcumin was isc diffusi S. aureus were eva uatle 2 Wound 5
0 :2: .
Col (1% w/v) Fish scale Sponge GO'EDC:NHS w%), and GO released within Disc diffusion NIH-3T3 approximately }6 dressing [129]
; NPs (2 mg/mL) . and 15 mm against
molar ratio) 96 h. fibroblasts
S. aureus, and P.
aeruginosa,
respectively.
20 pM curcumin-
Rat tail Curcumin caged Curcumin (20— E. coli, B. caged silver NPs  Scaffold for
Col tendon Membrane  silver NPs 100 pM) caged Not studied Broth dilution  subtilis showed 95% biomedical [135]
(10, 20 uM) silver NPs HaCaTs growth inhibition engineering
of E. coli.
E coli Hybrid scaffolds
. . Plumbagin (1-5 Disc diffusion, - presented better
Col 3 Ra tail Sponge Plumbagin HUM) caged Not studied broth B. sgbu_lls antimicrobial Wour_1d [130]
mg/mL) tendon (1-5 pM) . h - No in vitro cell . : dressing
silver NPs microdilution activity against B.
culture -
subtilis.
Vancomycin  High MRSA, S. The synergetic
Col (8 wo%) Type | Nanofib EDC/NHS hydrochlc_)rlde, C(f)ncentratloqs feplde:'_mldls, E. effgg 01_‘ two_ e Scaffold fo;the
Hap (0, 5, 15 (Not anofibrous (4:1 w ratio gentamicin of vancomycin - . . e o, faecalis antibiotics yielded treatment of [136]
T ...« mat iy sulfate and gentamicin SAQS-2 increased inhibitionprosthetic joint
w%) specified) EDC:NHS) . ' .
(10 w9% total,  were released osteosarcoma  zone diameters on infection
1:1 w ratio) for 21 days. cells MRSA.
Col (2,3,4 Collagen Hybrid hyd'rogels
mg/mL) mimetic peptide Complete presented higher
L . S. aureus, antimicrobial Scaffold for the
Fibrinogen tethered vancomycin MRSA activity than MRSA-
(1.25 mg/mL)Bovine  Hydrogel = Not available  vancomycin release was Broth dilution VI - [131]
- . o NIH-3T3 pristine hydrogels associated
Thrombin (1.25 mg/gel)  achieved within . . "
) . fibroblasts with less than 10* treatment
(0.156 into liposomes 12 h. CEU/ dupt
lu/mL) (30 pg/gel) wound up to
the 9th day.
Mupirocin (1:1 B. subtilis, 5. | ¢ highest
. antimicrobial
w ratio) and 94% of aureus, P. .
Col (1% wiv) Fish scale Sponge GTA Macrotyloma  mupirocin was Disc diffusion vulgaris, E. coli 23?:'2;?; Burn wound [137]
pong (0.25% viv) uniflorum released within NIH-3T3 P dressing
h dressings was
extract (10% 72 h. fibroblasts, observed on S
viv) HaCaTs '

aureus.
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Col (20 wo)

Approximately

The combination of
zinc oxide NPs

PCL . . . S. aureus, E. -
. . Zinc oxide NPs 70% of zinc . ' with Aloe vera
0,
ggl?/(zlesir\ll\,/o Fish mz;loflbrous Not available (1 w%) and Aloeoxide NPs are  Disc diffusion CHOL:Iman inaival increased the \é\r/gsusri]r? [138]
: . vera (5, 8 w%) released within . ging growth inhibition g
with various fibroblasts
ratios) 30 days. rate of both
bacteria.
The one-fold
50% of the increase in S|IV(_er
: . NPs concentration , . ..
Col (0.5% .. Bilayer GTA Fibrinogen and |r_10I_uded . E. C.OI' . did not enhance theSk'r.‘ tissue
' Rat tail . fibrinogen was Zone inhibition No in vitro cell L - engineering  [139]
w/v) sponge (25% viv) silver NPs - antimicrobial
released within culture ivity of scaffold
5 days activity o
' scaffolds
significantly.
Bi-phasic
Col (6
mg/mL) rhBMP-2 (rjzliasée ((:)Ifine Was E. coli. P The developed
Elastin-like . (0.005% wiv) yeycline neE hydrogels could  Bone
. Rat tail . observed with ... @eruginosa, S . .
peptide (18 Hydrogel EDC/NHS doxycycline A Zone inhibition . .7 not exert effective regenerative  [140]
tendon an initial burst sanguinis L .
mg/mL) hyclate activity against E. hydrogel
: release followed hASCs .
(1:3 (0.5% wiw) by a sustained coli.
Col/ELP) release.
Between days 5 Minimum
Silver and 20, the inhibitory
Col (2 w%) Tvpe |  3-lavered sulfadiazine sustained release P aerudinosa concentration was
PCL (15 w%) yp ye . was achieved  Antibiotic tube .- g ' evaluated as 15 andWound
. 0 (not nanofibrous Not available (3 mg/mL), - - S. aureus . . [132]
Chi (2 w%) specified) mat EGE. and bEGF with a dilution HDFEs 30 pg/mL against dressing
PEO (5 w%) P (25 ' mL each)cumulative P. aeruginosa and
K9 release of about S. aureus,
80%. respectively.
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scaffolds within . .
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57



Chapter 1

Ciprofloxacin  CP showed

The efficacy of
membranes to kill

Col and tobramycin more sustained S. aureus, E. the tested bacteria Ulcerative
PVA Bovine . (0.3% w/v for and controlled Microdilution, coli L
. Membrane Not available . - . L was found keratitis [142]
(1:3 wiw tendon soaking method, release. 95% of time-kill assay No in vitro cell . -
independent of dressing
PVA/Col) 5% wiw for CP was released culture .
L. their release
mixing method) after 48 h. .
profile.
Mupirocin (50 The combination of
Triphenvl mg) in 5% w/v  More than 50% E. coli, S. two antimicrobials
Col (4 Not Sponge hops ha)t/e (10% Chi of both drugs areAgar disc aureus slightly increased Wound [143]
mg/mL) specified Pong pnosp ° microspheres  released at the  diffusion No in vitro cell the antimicrobial dressing
viv) : L .
and Piper betle end of 12 h. culture activity against
extract (5% v/v) both strains.
The hybrid
Salvia officinalis P. aeruginosa, scaffolds showed at
extract loaded S. aureus least a two-fold
EOIIr(nll'_())B \Ij:npoiga Sponge Not available  mesoporous Not studied arlgg dilution HaCaTs, Humanhigher minimum \é\r/gsusri]r? [144]
g silica NPs (10, Mel-Juso skin inhibitory g
20 mg/mL) carcinoma cells concentration for

P. aeruginosa.

Antimicrobial susceptibility testing: AST; Weight: w; Volume: v; Collagen: Col; Chitosan: Chi; Essential oil: EO; poly(D,L-lactide-co-

glycolic acid): PLGA; Polycaprolactone: PCL; Antimicrobial peptide: AMP; Nanoparticle: NP; Ammonia: NH3; Graphene oxide: GO;

Hydroxy apatite: Hap; Elastin-like peptide: ELP; Epidermal growth factor: EGF; Basic fibroblast growth factor: bFGF; Oxytetracycline

hydrochloride: OTC; Doxycycline hydrochloride: DXC; Ciprofloxacin: CP; Tobramycin: TB; N-(3-dimethylaminopropyl)-N-

ethylcarbodiimide hydrochloride: EDC; N-hydroxysuccinimide: NHS; Glutaraldehyde: GTA; Escherichia coli: E. coli; Staphylococcus

aureus: S. aureus; Enterococcus faecalis: E. faecalis; Salmonella typhimurium: S. typhimurium; Methicillin-resistant Staphylococcus

aureus: MRSA; Pseudo-monas aeruginosa: P. aeruginosa; Bacillus subtilis: B. subtilis; Proteus vulgaris: P. vulgaris; Streptococcus

sanguinis: S. sanguinis; Spontaneously immortalized human keratinocyte line: HaCaT,; Recombinant human bone morphogenetic

protein-2: thBMP-2; Human adipose-derived stem cell: hASC; Human dermal fibroblast: HDF.
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1.4. Project rationale, aims, hypothesis and objectives

Antimicrobial resistance poses a significant global health challenge following cardiac problems,
as microorganisms like bacteria, viruses, fungi, and parasites adapt to withstand the impact of
medications. Since the discovery of penicillin in 1928 by Alexander Fleming, antibiotics have been
the preferred choice for treating infections. Despite their low toxicity and potent bactericidal
properties, prolonged use of antibiotics has led to the proliferation and spread of antibiotic-resistant
bacteria, giving rise to diseases related to antimicrobial resistance. This adaptation renders
standard treatments ineffective and complicates the management of infections. Consequently,
antimicrobial resistance results in prolonged illness, heightened mortality rates, and places a
substantial strain on healthcare systems. Consequently, the emergence of new antimicrobial
treatment strategies using alternative and safer antimicrobial agents has been getting attention.
Essential oils are one of the promising alternative antimicrobial agents substitute for commercial
antibiotics thanks to their broad range of biological activities. However, their high volatility and

sensitivity requires their use within a carrier system.

Herein, the ultimate goal of this study was to develop an optimally functionalized antibacterial
collagen hydrogel systems incorporated with an effective essential oil in order to treat infected
tissues by aiming to combat antimicrobial resistance. In this context, firstly detailed antimicrobial
and anti-biofilm activity of four different essential oils (Thymus sibthorpii, Origanum vulgare,
Salvia fruticosa, Crithmum maritimum) were assessed as Phase I of the project (Chapter 2).
Thereafter, optimized collagen type I hydrogels were developed via functionalizing them by six
different starPEG crosslinkers with different concentrations (Phase II). Lastly, release profile,
release kinetics, and biological activities of developed composite antibacterial collagen hydrogels

were evaluated as a content of Phase II1.
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1.4.1. Phase 1 (Chapter 2):

Overall aim: To screen the composition and assess antimicrobial and anti-biofilm activity of

Thymus sibthorpii, Origanum vulgare, Salvia fruticosa, Crithmum maritimum essential oils using

Kirby Bauer disc diffusion method, modified broth microdilution assay, and microtiter plate

biofilm assay.

Hypothesis: Essential oils can be the safer alternative antimicrobial agent candidate substitute for

widely used antibiotics in order to combat antimicrobial resistance problem with superior

antimicrobial and anti-biofilm activity against various kinds of pathogenic bacteria thanks to their

complex chemical structure.

Objectives:

To screen the chemical composition of essential oils.

To assess antimicrobial activity of essential oils by Kirby Bauer disc diffusion and modified
broth microdilution assays.

To assess anti-biofilm activity of essential oils by microtiter plate biofilm assay.

To compare the antimicrobial and anti-biofilm activity of essential oils with widely used
commercial antibiotics and decide the most effective one as a model agent for the study.
To screen the antimicrobial and anti-biofilm activity effectiveness of different essential
oils.

To compare the effect of essential oils on methicillin-sensitive, methicillin-resistant, and
reference S. aureus strains to have insights on their potential to combat antimicrobial

resistance problem.
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1.4.2. Phase 2 (Chapter 3):

Overall aim: To develop optimally functionalized collagen type I hydrogels via various starPEG

molecules with five different concentrations.

Hypothesis: starPEG molecules can effectively crosslink collagen type I hydrogels via covalent

bonding with amine group hence enhance the stability of hydrogels.

Objectives:

To optimize the fabrication of collagen type I hydrogels.

To assess the free amine reduction of functionalized collagen type I hydrogels via TNBSA
assay.

To assess the resistance of developed functionalized hydrogels against collagenase enzyme
via collagenase assay.

To screen the effective concentration plateau for each starPEG crosslinker at 0.5, 1, 2, and
5 mM concentration.

To investigate the influence of different molecular weight and arm number of starPEG on
collagen crosslinking.

To determine optimal starPEG type and concentration via statistical analysis by using GTA

as a positive control.
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1.4.3.Phase 3 (Chapter 3):

Overall aim: To fabricate the functionalized antibacterial collagen type I hydrogels loaded with
the selected most efficient essential oil and assess the release profile and release kinetics of the
agent from hydrogel network as well as the antimicrobial activity and in vitro cytotoxicity of

composite systems.

Hypothesis: The essential oil incorporated antibacterial collagen type I hydrogels can demonstrate
sustained release of the loaded essential oil, Fickian diffusion mechanism, superior antibacterial
activity against widely inhabited pathogenic bacteria on the infected tissue area, and no toxic effect

on fibroblasts.

Objectives:

e To fabricate Thymus sibthorpii essential oil loaded antibacterial collagen type I hydrogels.

e To investigate the release profile of Thymus sibthorpii essential oil from hydrogel network.

e To examine the release kinetics of Thymus sibthorpii essential using five different
mathematical models.

e To assess antimicrobial activity of antibacterial hydrogels against gram-positive S. aureus
and gram-negative E.coli.

e To assess the metabolic activity and proliferation of NIH-3T3 fibroblasts seeded on the
hydrogels.
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2.1. Introduction

Increased consumption and misuse of antimicrobial agents in both humans and animals [1,2] have
caused the spread of antimicrobial resistance, which seriously threatens public and animal health
[3]. Whereas infections due to antimicrobial resistance exhibited by bacteria can be adaptive,
intrinsic, and acquired [4], multidrug-resistant bacteria (e.g., methicillin-resistant Staphylococcus
aureus) cause infections that end up with longer hospitalization periods, remarkable morbidity,
and mortality [3,5], as well as high healthcare costs. According to a report from the Organization
of Economic Cooperation and Development (OECD), approximately 2.4 million people are
expected to die due to this kind of infection in North America, Australia, and Europe over the next
three decades, and treatment may cost up to USD 3.5 billion per year [6]. Among the bacteria that
pose the greatest threat to world public health is methicillin-resistant Staphylococcus aureus
(MRSA), where in particular, healthcare costs for a single specific serotype of S. aureus-caused

infection reached almost EUR 9000 in Germany [7], and more than USD 18,000 in the U.S. [8].

In general, S. aureus is one of the major opportunistic human pathogens [9], which has the ability
to escape the immune system and can give rise to diversified infections ranging from superficial
skin wounds to life-threatening sepsis [10]. Among the wide variety of infections, S. aureus is a
well-known bacteria associated with wound infections, which generally colonize the outermost
layer of wounds [11]. In particular, S. aureus-caused wound infections may be evaluated as a
potential risk factor for MRSA concern [12], which has brought about the development of
alternative antimicrobials substituted for traditional antibiotics. Moreover, S. aureus (especially
MRSA) has the ability to adhere to living or inert surfaces, secreting an extracellular polymeric
substance of proteins, polysaccharides, nucleic acids, and water, known as a biofilm. Subsequently,
the biofilm matrix acts as a physical barrier that prevents the permeability of the drug into the
bacterial community and helps the microbe resist and minimize the effect of traditional antibiotics
[13]. These challenges have given rise to a significant interest in the scientific community in
developing herbal-based therapeutics with antimicrobial activity (e.g., essential oils) as a safer,

green alternative to antibiotics [14].

Essential oils (EOs) are colored, aroma-rich, complex hydrophobic liquids [15], also known as

volatile oils [16]. They are defined as the secondary metabolic product of aromatic plants [17] and
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are found in the various parts of plants such as flowers, roots, barks, stems, leaves, and seeds [18].
EOs are potent agents to diminish antimicrobial resistance [19] due to their significant therapeutic
properties (i.e., antibacterial, antiseptic, and antioxidant activities) [20,21]. For this reason, EOs
from pharmaceutical plants have also been examined as potent antimicrobial agents in animal
production systems [22]. The antimicrobial activity of EOs does not only stem from their
qualitative chemical composition, but also from the quantitative intensity of every single
component that is included in the structure, as well as all plant-based products [23]. Their complex
structure is mainly composed of terpenes (generally monoterpenes and sesquiterpenes) and
terpenoids [24]. Even though some of these chemicals are water soluble, most of them are

hydrophobic, so EOs are defined as hydrophobic [25,26].

Hydrophobicity is one of the most important features of an EO [16], enabling them to penetrate
through the phospholipid-bilayer bacterial cell membrane after attaching to the cell surface [27].
As a consequence of the accumulation of EOs, the structure of the cell membrane may be
destroyed, which results in an unfavorable change in the cell metabolism and causes the death of
the cell [28]. It is also worth mentioning that the mechanism of action of EOs on the inhibition of
bacterial growth is attributed to a series of reactions detrimental to bacterial cells that are defined
as EO versatility [29]. EOs also exert anti-biofilm activity owing to both hydrophobic and
hydrophilic moieties in their composition [30]. Accordingly, the hydrophobic components of EOs
permeate the lipid sub-stances of the cell membrane to diminish biofilm formation, while the

hydrophilic ones diffuse through the exopolysaccharide matrix of the biofilm [31].

In this chapter, EOs of Thymus sibthorpii, Origanum vulgare, Salvia fruticosa, and Crithmum
maritimum plants were chosen as the potential antimicrobial agents against various S. aureus
strains to combat the antimicrobial resistance problem. All these species have already been used
for traditional medications. Essential oils extracted from Thymus species are extensively used for
pharmaceutical and cosmetic purposes with their various biological activities (e.g., antimicrobial
and antioxidant activities) [32]. Origanum vulgare has been evaluated in preclinical studies for a
long time thanks to its anti-inflammatory, antimicrobial, antioxidant, and anti-cancer properties
[33]. EO of the Salvia fruticosa plant, which is one of the thousand species of the Salvia genus, is

a traditional remedy for intestinal problems, epidermal problems, and gingivitis since ancient times
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[34,35]. Crithmum maritimum has not only been preferred for culinary purposes but has also been

used for pharmaceutical and cosmetic reasons [36].

Thus, the chemical composition and the antimicrobial and anti-biofilm activity of Thymus
sibthorpii, Origanum vulgare, Salvia fruticosa, and Crithmum maritimum EQOs, extracted from
freshly collected plants, were examined to identify potential antimicrobial and anti-biofilm agents
(Figure 2.1). All EOs were tested against wild-type methicillin-sensitive and methicillin-resistant
S. aureus, as well S. aureus ATCC 29213, bacteria, which have different antimicrobial resistance
profiles. We hypothesized that if methicillin-sensitive and -resistant S. aureus strains do not differ
in EO susceptibility, the selected EOs can be evaluated as alternative and safe players to combat
the antimicrobial resistance problem. We strongly believe that with the present study, we filled this
gap and made an important proposal since S. aureus is a reference species in the frontline of the

resistance to antibiotics inquiry.
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Figure 2.1. Experimental summary of chapter 2.
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2.2. Materials and methods

2.2.1. Plant material and extraction of essential oils

Aerial parts from Thymus sibthorpii, Origanum vulgare sbsp. hirtum, Salvia fruticosa, and
Crithmum maritimum were collected during the flowering season in 2021 from the experimental
farm of the Laboratory for Protection and Evaluation of Native species of the Institute of Plant
Breeding and Genetic Resources (IPB&GR), preserved in Thessaloniki, Greece. The biomass was
dried under ambient temperature in shade and subjected to distillation for 1.5 h for Origanum
vulgare sbsp. hirtum and 1 h for the three other species, using a 50 L pilot-scale steam distillatory
unit under steam pressure of 1.2 atm. The essential oils were collected and separated in a Florentine
flask, dried over anhydrous sodium sulfate, and stored at 4—6 °C until further analysis [37]. Living
mother plants and herbarium specimens of the species used for the production of EOs for
experimentation are maintained at the collection of the Balkan Botanic Garden of Kroussia,
Institute of Plant Breeding and Genetic Resources, Hellenic Agricultural Organization (ELGO)—
DIMITRA, with the following unique IPEN (International Plant Exchange Network) accession
numbers: Thymus sibthorpii GR-1-BBGK-01,1796, Origanum vulgare subsp. hirtum GR-1-
BBGK-03,2107, Salvia fruticosa GR-1-BBGK-04,2411, and Crithmum maritimum GR-1-BBGK-
97,719. The specific density of each fresh EO was measured by using a 10 mL pycnometer at 25
°C [38].

2.2.2. Identification of the chemical composition of essential oils

The essential oils were analyzed by gas chromatography—mass spectroscopy (GC-MS) on a
capillary HP-5MS column (Agilent, Santa Clara, CA, USA), using a gas chromatograph 17A Ver.
3 interfaced with a mass spectrometer Shimadzu QP-5050A supported by the GC/MS Solution
Ver. 1.21 software, using the method described previously [39]. The conditions of analysis were
as follows: injection temperature, 260 °C; interface heating, 300 °C; ion source heating, 200 °C;
EI mode, 70 eV; scan range, 41-450 amu; and scan time, 0.50 s. Oven temperature programs: (a)
55-120 °C (3 °C/min), 120-200 °C (4 °C/min), 200-220 °C (6 °C/min), and 220 °C for 5 min;
and (b) 60-240 °C at 3 °C/min; carrier gas He, 54.8 kPa, split ratio 1:30. The relative content of
each compound was calculated as percent of the total chromatographic area. The identification of

the compounds was based on a comparison of their retention indices (RI) relative to n-alkanes (C7-
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C22) with corresponding literature data, and by matching their spectra with those of MS libraries
(NIST 98, Wiley, Hoboken, NJ, USA) [40].

2.2.3. Antimicrobial susceptibility test and bacterial strains

The antimicrobial activity of Thymus sibthorpii, Origanum vulgare, Salvia fruticosa, and
Crithmum maritimum EOs were screened against MSSA, MRSA, and S. aureus ATCC 29213 by
the Kirby—Bauer disc diffusion and broth microdilution methods. The modified microtiter plate
biofilm assay was also performed to assess the biofilm formation ability of tested strains, and the
anti-biofilm activity of EOs, as well as reference antimicrobials. Staphylococcus epidermidis (S.
epidermidis) ATCC 12228 and S. epidermidis 35984 were used as negative and positive quality
control strains, respectively, for this bioassay. The wild-type MSSA and MRSA were previously
derived from goat milk in our laboratory [41], and the other strains were purchased from American

Type Culture Collection (ATCC).

2.2.3.1. Antimicrobial activity

Disc diffusion method

The CLSI M02-A11 document [42] was followed for the disc diffusion test, as schematically
described in Figure 2.2 (a). Penicillin, enrofloxacin, gentamicin sulfate, tetracycline
hydrochloride, and cefaclor (Oxoid, Hampshire, UK) were examined as reference antimicrobials.
Briefly, the bacterial cells were grown in blood agar media overnight at 37 °C. Then, the inoculum
was prepared in a sterile saline solution (bioMérieux, Marcy-1’Etoile, France) by adjusting the
McFarland unit to 0.5 (~1 x 108 CFU/mL) with fresh colonies. Afterward, the prepared inoculum
was immediately spread out on dried Mueller—Hinton agar (Oxoid, Hampshire, UK) plates. The 6
mm diameter sterile Whatman paper N.1 discs were placed with 5, 20, 50, and 100% (v/v) of each
EO diluted in 5% (v/v) dimethyl sulfoxide, DMSO (Honeywell, Charlotte, NC, USA), as well
commercial antibiotic discs. EOs on paper discs were air-dried for half an hour, and plates were
incubated at 37 °C overnight. At the end of the incubation period, images of each plate were taken,
and inhibition zone diameters were evaluated using ImageJ software (version 2.0.0) by measuring
the zone diameter of each disc a minimum of ten times from different points. Each condition was

tested with three independent experiments.
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The modified broth microdilution method

The broth microdilution method was studied according to the CLSI M07-Ed11 document with
slight modifications [43] to assess the minimum inhibitory concentration (MIC) of each EO and
the reference antimicrobials (gentamicin sulfate, tetracycline hydrochloride, and cefaclor). We
used 5% (v/v) DMSO diluted in double-strength Mueller—Hinton broth (Fluka-Honeywell,
Charlotte, NC, USA) as growth media for cells. Firstly, cells were grown on blood agar (Fluka-
Honeywell, US) media and adjusted to a final concentration of 5 x 10° CFU/mL utilizing sterile
saline solution to prepare the inoculum. In a related row of 96-well plates, the first and last wells
were defined as sterility and growth control, respectively. Serial dilution was performed by
transferring 100 pL of well-mixed EO suspension to the other, and 100 pL of freshly prepared
inoculum was added to the wells, except for the sterility control group. The concentration range
was between 100% and 0.0488% (v/v) for EOs and between 128 and 0.000488 ng/mL for reference
antibiotics. The 96-well plates were incubated in a horizontally shaking incubator at 37 °C and 75
rpm for 20 h, then re-incubated for 2 h after 1% (w/v) triphenyl tetrazolium chloride, TTC (Merk,
Rahway, New Jersey, US), Gram stain transferring to each well. The red color indicated the living
cells in the relevant well, and MIC was recorded as the concentration of the well just before the
first red-colored well. Each test was repeated by three independent experiments. The experimental

procedure is schematically described in Figure 2.2 (b).
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Figure 2.2. Schematic illustration of the experimental procedure of (a) disc diffusion and (b) broth

microdilution methods.
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2.2.3.2. Anti-biofilm activity

Modified microtiter plate biofilm formation assay

The biofilm formation ability of three S. aureus strains and the anti-biofilm activity of EOs and
reference antimicrobials were assessed by microtiter plate biofilm formation assay [44,45] with
some modifications. A flat-bottom 96-well microtiter plate (Sarstedt, Niimbrecht, Germany) was

utilized for the analysis.

We mixed 100 pL of tryptic soy broth (Millipore Sigma, Burlington, UK) supplemented with 1%
(w/v) glucose (TSBG) with 100 pL of inoculum, which was adjusted to a final concentration of 5
x 10° CFU/mL, with fresh colonies grown on blood agar overnight at 37 °C by utilizing sterile
saline solution. We used 100 puL of adjusted concentration of EO instead of TSBG to screen the
anti-biofilm activity of antimicrobials. Then, plates were incubated at 37 °C for 20-24 h without
agitation, which allows the cells to adhere to the surface of the well, followed by dumping out the
cells by turning the plate over. Afterward, wells were washed with 250 L of sterile water twice to
remove planktonic bacteria, and the attached cells were fixed with 200 pL of pure methanol
(Honeywell, Charlotte, NC, USA) for 15 min. Next, fixed cells were stained with 200 puL of 0.4%
(w/v) gentian violet, also called crystal violet (Sigma-Aldrich, Dorset, UK) for 5 min, and the
excess stain was rinsed off by placing the plates under gently running tap water. Stained cells in
air-dried plates were resolubilized by 160 pL of 33% (v/v) glacial acetic acid (Honeywell,
Charlotte, NC, USA). Each well was mixed thoroughly to ensure re-solubilization of the attached
cells; then, 100 puL of suspension was transferred to a new sterile plate, and the optical density
(OD) was read at 630 nm. The biofilm inhibition percentage of each antimicrobial was evaluated
as shown in the following equation. Three independent experiments were performed for each

treatment.

ODPositive Control — ODExperimental

Biofilm Inhibition % = x 100

0DPositive Control
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2.2.4. Statistical analysis

Antimicrobial analyses were carried out with three independent experiments for each treatment.
The data were presented as the mean + standard deviation and subjected to the one-way analysis
of variance (ANOVA) followed by Tukey’s HSD (honestly significant difference) test at p < 0.05.

All statistical analyses were performed in SPSS Statistics 20 (IBM SPSS Statistics, Version 20.0.
Armonk, NY, USA, IBM Corp).
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2.3. Results

The chemical composition of EOs was examined by GC-MS on a capillary column, and results are
listed in Table 2.1 by their percentage of total presence. Twenty-eight, twenty-seven, thirty, and
twenty-four compounds were identified in the Thymus sibthorpii, Origanum vulgare, Salvia
fruticosa, and Crithmum maritimum EQOs, respectively. The main chemical classes for EOs were
monoterpene hydrocarbons, oxygenated monoterpenes, sesquiterpenes, and small amounts of

alcohol, acetone, and quinone.

Carvacrol was detected as the major compound in Thymus sibthorpii and Origanum vulgare EOs
with 52.62 and 78.72% of presence, while 1,8-cineol (39.70%) and B-phellandrene (28.01%) were
the major substances in Salvia fruticosa and Crithmum maritimum EOs, respectively. Furthermore,
the specific density of Thymus sibthorpii, Origanum vulgare, Salvia fruticosa, and Crithmum

maritimum EOs was measured as 0.931, 0.932, 0.913, and 0.903 g/mL, respectively.
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Table 2.1. The essential oil composition of Thymus sibthorpii, Origanum vulgare, Salvia fruticosa, and Crithmum maritimum isolated

during the flowering period, including the percentage of components and the experimental (RI) and literature-based (RIL) retention

indices.

Thymus sibthorpii

Origanum vulgare

Salvia fruticosa

Crithmum maritimum

Compound RI RIL % Compound RI RIL % Compound RI RIL % Compound RI RIL %
Carvacrol 1309 1298 52.62 Carvacrol 1309 1298  78.72 1,8-cineol 1036 1033 39.70 B-phellandrene 1034 1031 28.01
p-cymene 1029 1026 18.75 p-cymene 1029 1026  8.19 Camphor 1150 1143 12.39 Sabinene 975 976 20.96
Thymoquin . . .
1247 1249 6.71 y-terpinene 1061 1062 211 B-thujone 1116 1114 7.54 y-terpinene 1061 1062 18.69
one
B_
caryophylle 1413 1418 3.70 Myrcene 991 991 1.64 a-pinene 936 939 7.03 1,8-cineol 1036 1033 9.53
ne
. Thymol methyl
Thymol 1295 1290 2.15 f3-caryophyllene 1413 1418  1.27 a-terpinyl acetate 1345 1346 6.72 th 1236 1235 4.07
ether
Carvacrol
methyl 1242 1244 1.98 o-terpinene 1020 1018 1.01 p-cymene 1029 1026 431 cis-p-ocimene 1040 1040 3.68
ether
cis-
sabinene 1062 1065 1.85 a-pinene 936 939 0.98 Camphene 953 953 411 p-cymene 1029 1026 3.55
hydrate
B- cis-sabinene .
. 1507 1509 1.74 1062 1065  0.62 3-octanone 988 986 3.26 Terpinen-4-ol 1183 1177 2.66
bisabolene hydrate
Thymohydr . . -
. 1558 1553 1.36 Terpinen-4-ol 1183 1177 0.55 B-pinene 980 980 2.35 a-pinene 936 939 2.42
oquinone
Caryophyll . . .
id 1593 1581 1.03 o-thujene 929 931 0.48 Limonene 1032 1031 2.27 o-terpinene 1020 1018 1.64
ene oxide
a-thujene 929 931 0.86 Borneol 1175 1165 042 a-terpineol 1187 1189 2.00 Myrcene 991 991 1.44
a-terpinene 1020 1018 0.74 1-octen-3-ol 985 978 0.38 a-thujone 1105 1102 1.27 o-terpinolene 1086 1088 0.91
1,8-cineol 1036 1033 0.57 o-humulene 1452 1452 0.30 Borneol 1175 1165 0.80 o-thujene 929 931 0.48
o
h | 1452 1452 0.42 Thymol 1295 1290 0.28 B-caryophyllene 1420 1418 0.74 a-phellandrene 1008 1005 0.44
umulene
a-pinene 936 939 0.36 Limonene 1032 1031 0.27 Terpinen-4-ol 1183 1177 0.64 trans-fB-ocimene 1050 1050 0.24
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Limonene
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ol
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l}-
phellandren
e

trans-B-
farnesene
Germacren
eD
§-cadinene
Borneol
Camphene
5-3-carene

Spathulenol

1103

1183

1032

985

980

1034

1456

1478

1517
1175
953

1010
1580

1098

1177

1031

978

980

1031

1458

1480

1524
1165
953

1011
1576

0.32

0.29

0.27

0.22

0.17

0.16

0.12

0.11

0.11
0.07
0.06
0.05
0.05

Camphene

Caryophyllene
oxide
B-phellandrene

a-phellandrene

B-pinene

a-terpinolene

5-cadinene

d-3-carene

trans-p-farnesene
f-bisabolene
Germacrene D

1,8-cineol

953

1593

1034

1008

980

1086

1517

1010

1456
1507
1478
1036

953

1581

1031

1005

980

1088

1524

1011

1458
1509
1480
1033

0.25

0.24

0.23

0.18

0.16

0.15

0.13

0.10

0.10
0.10
0.08
0.07

Linalyl acetate

8-terpineol
trans-pinocamphone
Linalool

Caryophyllene oxide

Viridiflorol

Tricyclene

a-thujene

Aromadendrene
Viridiflorene
cis-sabinene hydrate
o-terpinene
1-octen-3-ol
y-terpinene

f-bisabolene

1257

1161

1159

1104

1593

1590

925

929

1434
1491
1062
1020
985

1061
1507

1257

1162

1160

1098

1581

1590

926

931

1419
1493
1065
1018
978

1062
1509

0.52

0.47

0.32

0.31

0.18

0.18

0.13

0.13

0.11
0.08
0.07
0.06
0.05
0.05
0.05

Allo-ocimene

B-pinene

Bicyclogermacrene
cis-2-p-menthen-1-
ol

a-terpineol

B-caryophyllene

Camphene

cis-sabinene hydrate

Caryophyllene oxide

1132

980

1492

1120

1187

1420

953

1062

1593
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1129

980

1494

1117

1189

1418

953

1065

1581

0.23

0.20

0.14

0.11

0.08

0.08

0.07

0.07

0.02
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Following the disc diffusion test, the inhibition zone diameters of varying concentrations of EOs
and reference antibiotics are presented in Table 2.2. Among all tested antimicrobials, Thymus
sibthorpii was found to be the strongest EO on all strains. Figure 2.3 shows the inhibition zone of
each antimicrobial on each strain qualitatively. It can easily be seen that Thymus sibthorpii caused

full inhibition on Mueller—Hinton agar plates for all microbial strains.

Table 2.2 demonstrates the MIC of the EOs, and reference antimicrobials used on S. aureus strains.
Thymus sibthorpii showed the lowest MIC for MSSA, whereas it has the same MIC as Origanum
vulgare on MRSA and S. aureus ATCC 29213 strains. Contrary to this, the remaining EOs could

not show lower MIC against all strains.
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Table 2.2. Inhibition zone diameter and minimum inhibition concentration of essential oils and reference antibiotics on treating

microorganisms. A 6 mm inhibition zone diameter indicates no activity, and ND means not determined. Each value represents the mean

of triplicate experiments with standard deviations. Different superscripts (a-m) in the row differ significantly for each strain (Tukey, p <

0.05).
Methicillin-Sensitive Methicillin-Resistant S. aureus
Treatment Disc content S. aureus S. aureus ATCC 29213
Zone Diameter Zone Diameter Zone Diameter
(mm) MIC (mg/mL) (mm) MIC (mg/mL) (mm) MIC (mg/mL)
5% 13.968 + 0.679 ¢4 15.527 £ 0.698 ® 32.415+1.992¢
Thymus 20% 61.645 +1.923 68.970 + 4.667 ¢ 60.908 £ 0.298 "
sibthorpii 50% 70.765 + 6.283 ! 0.091 68.983 +2.340 9 0.091 61.380+0.490 " 0.091
100% 78.913 £2.897 ™ 70.128 + 5.797 ¢ 69.353 +2.581 1
5% 7.039 +£0.388 ab 6.310 £ 0.046 @ 6.000 +0.000 @
Origanum  20% 17.811 +0.342 de 14.005+0.260 ° 11.137 £0.093 ¢
vulgare 50% 24.960 £ 0.149 f8 0.182 22.778 £0.293 ¢ 0.091 17.122 £0.171 ¢ 0.091
100% 25.089 + 0.253 f9 23.569 +£0.318°¢ 17.552 +0.080 ¢
5% 6.000 +0.000 2 6.000 +0.000 2 6.000 + 0.000 2
Salvia 20% 13.643 £ 0.494 cd 6.000 +0.000 2 6.000 +£0.000 @
fruticosa 50% 14.289 + 0.534 ¢d 2.853 8.213+0.2492 2.853 7.149 +£0.103 ab 2.853
100% 17.464 + 0.253 de 11.184 +0.209 ab 0.399 + 0.148 bec
5% 6.000 +0.000 @ 6.000 +0.000 @ 6.000 +0.000 @
Crithmum  20% 6.000 +0.000 @ 6.000 +0.000 @ 6.000 +0.000 2
maritimum  50% 0.407 £ 0.138 abc 5.644 6.471 +0.066 2 5644 7.011 +£0.164 2 5.644
100% 11.128 +£0.201 be 7.689 +0.236 2 7.527 £0.133 @b
Gentamicin 10 g 30.348 £0.149"  0.00025 22914 +0.134¢  0.0005 20.948 £0.022¢  0.00025
Tetracycline 30 pg 41.125+0.2201 0.002 10.426 £0.187 2>  0.032 26.897 +0.188 f 0.001
Cefaclor 30 ug 28.120 + 0.052 ¢"  0.002 6.693 +0.097 2 0.016 20.826 £0.048¢  0.002
Penicillin 10 units 22.355 +£0.129 ¢ ND 8.476 £0.038 2 ND 18.719 £ 0.11349¢  ND
Enrofloxacin 5 g 36.118 £ 0.0911 ND 25.059 £0.091¢ ND 24.690 £ 0.132°F ND
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Figure 2.3. Qualitative illustration of inhibition zone diameters arising from testing EOs with different concentrations and reference

antibiotics against (a) MSSA, (b) MRSA, and (c) S. aureus ATCC 29213.
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In the scope of the assessment of the inhibitory effect of antimicrobials on the biofilm formed by
S. aureus cells, the biofilm formation capacity of these strains was examined. Figure 2.4 illustrates
a comparison of the optical density of strains at 630 nm by modified microtiter plate biofilm
formation assay. According to the results, while S. epidermidis ATCC 35984 showed the highest

biofilm formation as expected, all tested S. aureus strains significantly produced biofilm.

All tested EOs inhibited the biofilm formed by S. aureus cells by about 95%, even at their half
MIC. Gentamicin sulfate, which is the commonly used antimicrobial in the formulation of
commercial antimicrobial and/or wound dressing products, could not show sufficient anti-biofilm

activity at its MIC on testing strains (Table 2.3).
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Figure 2.4. Comparison of biofilm formation ability of MSSA, MRSA, S. aureus ATCC 29213 (S. aureus), S. epidermidis ATCC 12228
(S. epidermidis (-)), and S. epidermidis ATCC 35984 (S. epidermidis (+)) regarding their OD values with negative control (TSBG

medium only). Each value represents the mean of triplicate experiments with standard deviations (Tukey, p < 0.05).
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Table 2.3. Biofilm formation inhibition percentages of different concentrations of essential oils and different concentrations of reference
antibiotics on treating microorganisms. Each value represents the mean of triplicate experiments with standard deviations. Di fferent

superscripts (a-c) in the row differ significantly for each strain (Tukey, p < 0.05).

Treatment Concentration Methicillin-Sensitive Methicillin-Resistant S. aureus
S. aureus S. aureus ATCC 29213
x4 MIC 95.134 +0.053 ¢ 95.817 +0.097 ¢ 93.528 +0.073°"
Thymus sibthorpii x2 MIC 95.293 +0.053 ¢ 95.817 +0.097 ¢ 93.577 £0.042 "
MIC 95.275+0.061 ¢ 95.786 +0.081 ¢ 93.359 +0.042
x1/2 MIC 95.364 +0.081 ¢ 95.364 +0.609 ¢ 93.577 +£0.042
x4 MIC 94.306 +0.239 ¢ 95.786 +0.047 ¢ 93.528 +0.126
Origanum vulgare x2 MIC 95.170 +0.214 ¢ 95.770 +0.054 ¢ 93.455 +0.073°
MIC 95.205+0.110°¢ 95.708 +0.027 ¢ 93.334 +£0.183"
x1/2 MIC 94,993 +0.152°¢ 93.772+1.001¢ 93.068 +0.373"
x2 MIC 94.253 +0.583 ¢ 95.380 +0.311°¢ 93.140 +£0.414"
Salvia fruticosa MIC 94,905 +0.186 ¢ 95.427 +0.027 ¢ 93.189 +0.168 °
x1/2 MIC 85.985 + 12,555 ¢ 95.068 +0.241 ¢ 93.262 +0.374"
x2 MIC 95.081 +0.242°¢ 95,583 +0.241 ¢ 93.043 +£0.484"
Crithmum maritimum MIC 94.658 +0.692 ¢ 95,551 +0.124 ¢ 93.031 +£0.364 "
x1/2 MIC 83.799 +7.710 ¢ 95.349 +0.216 ¢ 91.521 +1.505°
x4 MIC 95.275+0.162 ¢ 95.458 +0.540 ¢ 93.261 +0.183°
Gentamicin x2 MIC 58.342 +13.212° 81.598 +1.935P 48.201 +16.185
MIC 32.198 +20.528 2 77.899 +2.234° 57.994 +10.493 2
x1/2 MIC 43.957 +20.026 &P 69.860 + 7.767 @ 58.745 + 16.368 @
x4 MIC 95.240 +0.242 ¢ 95.833 +0.000 ¢ 93.552 +0.042 "
Tetracycline x2 MIC 95.187 +0.092 ¢ 95.754 +0.118 ¢ 93.504 +0.042°
MIC 95.169 +0.061 ¢ 95.848 +0.071 ¢ 93.528 +0.192°
x1/2 MIC 95.223 +0.170¢ 95.520 +0.450 ¢ 93.553 +0.151°
x4 MIC 95.152 +0.061 ¢ 95.630 +0.275¢ 93.407 £0.210°
Cefaclor x2 MIC 95.117 +0.200 ¢ 95.567 +0.282 ¢ 93.189 +0.294 ©
MIC 95.205 +0.110°¢ 95.770 +0.177 ¢ 92.462 +0.965 P
x1/2 MIC 92.508 +4.779 ¢ 95.817 +0.135¢ 83.106 + 3.567 °
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2.4. Discussion

There has been a remarkable interest in EOs as alternative antimicrobial agents to overcome
microbial resistance issues in both humans and animals [46—49], which directly threaten public
health [50]. Thus, the scientific community has shown substantial interest in antimicrobial activity
screening methods [51]. The antimicrobial activity of EOs is examined by a variety of bioassays,
such as Kirby—Bauer disc diffusion, agar well diffusion, bioautographic, agar dilution, and broth

macro- and micro-dilution methods.

In the present study, Thymus sibthorpii, Origanum vulgare, Salvia fruticosa, and Crithmum
maritimum EOs were assessed for their in vitro antimicrobial and anti-biofilm efficacy, as well as
their chemical compositions. Their activities were also compared with the commonly used
antimicrobials gentamicin sulfate [52], tetracycline hydrochloride [53], cefaclor [54], penicillin
[55], and enrofloxacin [56]. Regarding the potency, according to the GC-MS results, the main
bioactive component found is carvacrol for Thymus sibthorpii and Origanum vulgare. Eucalyptol
and B-phellandrene were observed as the main compounds of Salvia fruticosa and Crithmum

maritimum EOs, respectively.

Among the antimicrobial susceptibility tests, disc diffusion is a widely used method for the
antimicrobial screening of plant-derived materials (e.g., EOs) [57], with its cost efficiency and
convenience for evaluating a wide range of antimicrobials and microbes. In our study, Thymus
sibthorpii was proven as the most effective EO against all tested methicillin-sensitive and -resistant
S. aureus strains, followed by Origanum vulgare, which showed higher bacterial growth inhibition,
against the same strains, than Salvia fruticosa and Crithmum maritimum, even at their lower
concentrations (Table 2.2, Figure 2.3). Remarkably, 20% (v/v) of Thymus sibthorpii exhibited
higher inhibition than all tested concentrations of other EOs and reference antibiotics on three of
the tested S. aureus strains. However, Salvia fruticosa and Crithmum maritimum did not
demonstrate a significant effect on the inhibition of S. aureus strains, a finding similar to previous
findings in the literature [34,58]. This effect might be due to there being less of the active com-
ponents present in these plants compared to Thymus sibthorpii and Origanum vulgare EOs. Houta
et al. (2015) likewise reported that Crithmum maritimum EOs that were extracted from different

plant parts did not present sufficient antimicrobial activity [58]. However, there were some
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differences between our results and some other studies. In one study, the antimicrobial activity of
Origanum vulgare EO was screened against different S. aureus isolates by evaluating inhibition
zone diameters and MIC values [59]. While zone diameters were generally higher than our results,
the MIC of this EO as revealed in our work is significantly lower than the reported MIC values.
This can be explained by differences in the composition of EOs even from the same plant species
due to several factors affecting the chemical composition of EOs, such as harvesting season,
climate, type of soil, and plant age [60]. Therefore, the antimicrobial activity of the same EOs may
vary in different studies. To the best of our knowledge, the antimicrobial activity of Thymus
sibthorpii EO has not been reported in the literature. However, the antimicrobial activity of crude
extracts of Thymus sibthorpii was studied against the S. aureus bacterium, and the inhibition zone
diameters were reported to be in the range of 9-15 mm [61], which was found to be higher for the

EO in the present study.

According to the breakpoints of antibiotics reported by CLSI, penicillin, tetracycline [62], and
cefaclor [63], MRSA appears resistant to them. For instance, if the zone diameter of tetracycline
is equal to or larger than 19 mm on Staphylococcus species, then this microorganism can be
evaluated as sensitive since its inhibition zone was evaluated as 10.426 mm in our work. Moreover,
all tested S. aureus strains presented resistance against penicillin. Even though resistance was
observed for most antibiotics, both methicillin-sensitive and -resistant S. aureus strains did not
differ in their susceptibility to Thymus sibthorpii, which may indicate its power to combat

microbial resistance.

Despite its several advantages, disc diffusion is not a suitable method to examine the MIC of
antimicrobials since it is a qualitative assay and does not allow for evaluating the number of
penetrated antimicrobials into the agar media. Thus, the broth microdilution method was
performed to assess the MIC of each EO and the reference antibiotics. The lowest concentration
of an antimicrobial that can fully inhibit the growth of a microbial in microwells/tubes is defined
as the MIC [64]. The MIC of Thymus sibthorpii for each strain was found to be 0.091 mg/mL,
which is the same as the MIC of Origanum vulgare for MRSA and S. aureus ATCC 29213, whereas
its MIC is 0.182 mg/mL for MSSA. This indicates the antimicrobial strength of these two EOs in

lower concentrations. Surprisingly, while Origanum vulgare did not inhibit bacterial growth as
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effectively as Thymus sibthorpii in the disc diffusion method, they both showed similar MICs
according to the broth microdilution method, which may be related to the qualitative nature of the

disc diffusion method.

Salvia fruticosa exhibited 2.853 mg/mL MIC for all strains, which is two-fold lower than the MIC
value of Crithmum maritimum for each strain. In other words, it can be said that a higher
concentration of Crithmum maritimum is needed to complete bacterial growth inhibition towards
Salvia fruticosa. In contrast to our findings, Kulaksiz and their team revealed that pure Origanum

vulgare and Salvia fruticosa EOs presented more than 50% (v/v) MIC values against S. aureus

ATCC 25923 [65].

The resistance of MRSA to reference antibiotics may be observed by comparing their MIC with
the methicillin-sensitive strain, as in the disc diffusion method. According to CLSI breakpoints,
tetracycline and cefaclor were determined to be resistant and intermediate antimicrobials,
respectively [62,63]. Even though these antibiotics did not demonstrate susceptibility for MRSA,
as opposed to MSSA and S. aureus ATCC 29213 strains, which is consistent with CLSI documents,
all the EOs exhibited the same level of activity for all strains. This outcome may also reveal the

potency of EOs as a possible solution to microbial resistance.

It is believed that the substantial antimicrobial activity of the Thymus sibthorpii and Origanum
vulgare EOs results from their main active ingredients, carvacrol and p-cymene, as well the
contribution and synergism of other constituents. The major compounds of these EOs are carvacrol
and p-cymene in different percentages of their content (Table 2.1). The phenolic monoterpenoid
carvacrol is one of the most studied active compounds for antimicrobial activity [23]. It leads to
an increase in bacterial cell membrane permeability and fluidity by damaging the cell membrane
both functionally and structurally [66,67]. Moreover, it was reported that carvacrol may give rise
to changes in the fatty acid composition [68] and transportation of cytoplasmic membrane ions,
releasing of lipo-polysaccharides [69,70], and alteration on cell membrane proteins and
periplasmic enzymes [71,72]. On the other hand, the carvacrol precursor p-cymene was observed
to increase the antimicrobial activity of single compounds present in EOs, such as carvacrol

[23,73]. Although p-cymene cannot alter the membrane permeability and fluidity, it may cause a
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reduction in the melting point and enthalpy of the cell membrane [74], which can increase the

impurity of the membrane.

S. aureus strains tested in our work exhibited strong biofilm formation (Figure 2.4). All tested EOs
indicated a remarkable level of biofilm inhibition at their half MIC values against all three strains.
Moreover, for Salvia fruticosa and Crithmum maritimum, which did not show higher growth
inhibition like Thymus sibthorpii, their half MIC provided a sufficient level of biofilm inhibition.
It was stated that both hydrophobic and hydrophilic components of EO are effective to exert anti-
biofilm activity, while hydrophobic constituents are the main ones for inhibiting the growth of
bacterial cells [30,75]. Therefore, the higher effectivity of testing EOs on the inhibition of biofilm
formation compared to their antimicrobial activity might be explained by this phenomenon. In
another respect, gentamicin was not found as an antimicrobial agent to inhibit the formation of
biofilm by S. aureus cells, perhaps due to the antimicrobial resistance of the testing strains to
gentamicin. For instance, gentamicin presented about 95% anti-biofilm activity on MRSA, which
is a higher concentration, equivalent to a concentration of 1 mg/l. As a consequence, all EOs
exerted good anti-biofilm activity on all S. aureus-formed biofilms at relatively low

concentrations.
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2.5. Conclusion

Essential oils are prominent antimicrobial and anti-biofilm agents due to the presence of various
active components in their composition. Alongside their antimicrobial activity, they have great
potency to overcome microbial resistance. In the present study, Thymus sibthorpii and Origanum
vulgare EOs demonstrated great activity in the inhibition of the growth of different S. aureus
strains, as well as in the inhibition of biofilm formation of these strains. We believed that the
strength of these two EOs stems from the high amount of carvacrol and p-cymene in their structure.
Even though Salvia fruticosa and Crithmum maritimum did not show sufficient antimicrobial
activity, they could inhibit the biofilm formation by almost 95% with their half MIC values. From
another perspective, the tested EOs show great anti-biofilm activity, while gentamicin sulfate could
not inhibit biofilm even at its double MIC. This study clearly elucidates the in vitro effectiveness
of different EOs on different S. aureus strains and reveals the adaptation of safer alternatives to

overcome the incremental microbial resistance problem.
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Chapter 3: Optimization and development of Thymus sibthorpii EO-loaded

collagen hydrogels

Sections of this chapter have been published in:

Release profile and antibacterial activity of Thymus sibthorpii essential oil-incorporated,
optimally stabilized type I collagen hydrogels, Ersanli, C., Skoufos, 1., Fotou, K., Tzora, A.,

Bayon, Y., Mari, D., Sarafi, E., Nikolaou, K., Zeugolis, D.I., Bioengineering, 12(1), 89, 2025.
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3.1. Introduction

Antibiotics have generally been first line treatment for microbial infections due to their low
toxicity and great bactericidal features [1-4]. Despite their superior biological efficacies, overuse
and misuse of antibiotics have contributed to the promotion of microbes’ antimicrobial resistance
which has emerged as one of the major global health concerns according to the World Health
Organization (WHO) [5]. In 2019, it was reported that annually 33,000 and 35,000 deaths were
caused due to antibiotic-resistant infections in the European Union countries [6], and the United
States [7], respectively. On the other hand, high concentrations of antibiotics may be required to
treat infections caused by biofilm-forming bacteria, since lower concentrations of antibiotics have
led to the enhancement of drug resistance [8-10]. However, high doses of antibiotic utilization may
cause several adverse effects to the host, such as toxicity in the non-target area and allergies [11-
14]. In consequence, safer and innovative antimicrobial treatment approaches [15] utilizing natural

alternatives, such as essential oils, have garnered significant attention.

Essential oils (EOs) are plants’ secondary metabolites obtained from various parts (e.g., stem, root,
flower) [16-18]. They are colored, volatile, aromatic liquids [19,20] with a characteristic strong
odor, demonstrating complex chemical compositions that offer a broad spectrum of antimicrobial
activity [21], making them promising candidates in the battle to combat antimicrobial resistance.
Thymus sibthorpii EO is derived from the Thymus sibthorpii plant, a species of the genus Thymus
that belongs to the family Lamiaceae, which mainly inhabits southeastern Europe. Thymus
sibthorpii EO has a complex chemical composition mainly consisted of carvacrol, thymol, and p-
cymene [22]. Although in literature its superior antimicrobial, anti-biofilm [22], and antioxidant
[23] activities have already been described due to its high volatility and sensitivity, it would be
more effective within a biomaterial system [24]. In this context, it is crucial to develop a
cytocompatible scaffold as a carrier of the EO, which should also present controlled EO release
features. To our best knowledge, Thymus sibthorpii EO has not been introduced yet within medical

devices in the field of tissue engineering applications according to the literature.
Collagen, a fibrous, non-soluble protein is one of the most prominent polymers for the

development of antimicrobial biomaterials, attributable to its superior biocompatibility, excellent

biodegradability, hydrophilic nature, reduced cytotoxicity, and high cell attachment affinity [25-
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30]. Nevertheless, the fabricated forms of collagen need to be functionalized via in situ
crosslinking due to a lack of stability [31,32]. Since physical and biological crosslinking
mechanisms have generally resulted in low crosslinking efficacy, carboxyl, and amine terminal
crosslinking strategies are favored in research, as arises in literature [33]. Among the above, since
carbodiimide and glutaraldehyde often cause cytotoxicity [34,35], alternative crosslinkers such as
multi-arm, star-shaped poly(ethylene glycol) succinimidyl glutarate (starPEG) have emerged as
the subject of research [33,36-39]. For instance, Collin et al. have indicated that collagen-based
hydrogels crosslinked with 4-arm starPEG molecules showed no toxicity for adipose-derived stem

cells [39].

In this study, at first, collagen type I hydrogels crosslinked with six different starPEG molecules
were developed and optimized. Accordingly, the optimally starPEG-crosslinked collagen
hydrogels were loaded with several concentrations of Thymus sibthorpii EO and the release profile
and kinetics of the EO were investigated. Finally, the antimicrobial activity of the developed
composite hydrogels was assessed against Staphylococcus aureus (S. aureus), and Escherichia coli

(E. coli), whilst their cytocompatibility was examined on NIH-3T3 fibroblast cell line.
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3.2. Materials and methods

3.2.1. Materials

Porcine dermis pepsinized collagen type I with a purity over 99% was provided by Medtronic
(France). S. aureus (ATCC® 29213) and E. coli (ATCC® 25922) were purchased from the
American Type Culture Collection (USA). NIH-3T3 mouse fibroblast cell line (ATCC, CRL-1658)
was provided by the Department of Biological Applications and Technology, School of Health
Sciences, University of Ioannina (Greece). 4arm PEG Succinimidyl Glutarate, pentaerythritol (10
and 20 kDa), 8arm PEG Succinimidyl Glutarate, hexaglycerol (10 and 20 kDa), and 8arm PEG
Succinimidyl Glutarate, tripentaerythritol (10 and 20 kDa) were purchased from JenKem
Technology USA (Allen, TX). Phosphate buffered saline (PBS, P4417), sodium hydroxide (NaOH,
S8045), sodium bicarbonate (NaHCO3, S5761), calcium chloride (CaCl,, C1016), Dulbecco’s
Modified Eagle Medium-high glucose (DMEM, D6429), fetal bovine serum (FBS, F7524),
penicillin-streptomycin (P/S, P4333), trypan blue (T8154), and Dulbecco’s Phosphate Buffered
Saline (DPBS, D1408) were obtained from Sigma Aldrich (Athens, Greece). 2,4,6-Trinitrobanzene
sulfonic acid (TNBSA, 28997), glutaraldehyde (GTA, 119980010), sodium dodecyl sulfate (SDS,
S/P530/53), glycine white crystals (BP381), collagenase type Il from Clostridium histolyticum
(Gibco™, 17101-15), tris-base (BP152), Pierce™ BCA protein assay kit (23227), trypsin-EDTA
(0.25%, 25200-056), alamarBlue™ assay kit (Invitrogen™, DALI1100), and Quant-iT™
PicoGreen™ dsDNA assay kit (Invitrogen™, P11496) were purchased from Thermo Fisher
Scientific (Athens, Greece). Acetic acid (33209), and hydrochloric acid (HCL, 30721) were
ordered from Honeywell, Fluka™ (Germany). All tissue culture plasticware was purchased from

Sarstedt (Niimbrecht, Germany).

3.2.2. Fabrication and crosslinking of collagen type I hydrogels

Collagen type I hydrogels were prepared at a volume of 300 pL. For this reason, type I collagen
was dissolved in 0.05 M acetic acid at a final concentration of 5 mg/mL. The pH of the solution
was adjusted between 7.1 and 7.4 using 1 N NaOH and 10x Phosphate Buffer Saline (PBS). Then

stock crosslinker solution was added to the mixture at a desired final concentration. The final
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mixture was incubated at 37 °C for 1 h for complete gelation. Several types of multi-arm, star-
shaped PEG succinimidyl glutarate molecules (Table 3.1) with different functional groups were
used as crosslinking agents at concentrations of 0.5 mM, 1 mM, 2 mM, and 5 mM. Glutaraldehyde
(GTA) at a concentration of 0.625% w/v was used as a positive control [40], whilst non-crosslinked

(NCL) hydrogels were determined as a negative control.
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Table 3.1. Six different PEG succinimidyl glutarate crosslinkers used in the study.

Chapter 3

o Arm Functional MW Concentration
Full name Abbreviation Code
number group (kDa) (mM)
4arm PEG Succinimidyl Glutarate, . .
. 4SP,pentaerythritol,10 kDa SP1 4 pentaerythritol 10 0,05,1,2,5
pentaerythritol, 10 kDa
4arm PEG Succinimidyl Glutarate, . .
. 4SP,pentaerythritol,20 kDa SP2 4 pentaerythritol 20 0,05,1,2,5
pentaerythritol, 20 kDa
8arm PEG Succinimidyl Glutarate,
8SP,hexaglycerol,10 kDa SP3 8 hexaglycerol 10 0,05,1,2,5
hexaglycerol, 10 kDa
8arm PEG Succinimidyl Glutarate,
8SP,hexaglycerol,20 kDa SP4 8 hexaglycerol 20 0,05,1,2,5
hexaglycerol, 20 kDa
8arm PEG Succinimidyl Glutarate, . . . .
. . 8SP,tripentaerythritol,10 kDa SP5 8 tripentaerythritol 10 0,05,1,2,5
tripentaerythritol, 10 kDa
8arm PEG Succinimidyl Glutarate, . . . .
8SP,tripentaerythritol,20 kDa SP6 8 tripentaerythritol 20 0,05,1,2,5

tripentaerythritol, 20 kDa
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3.2.3.Screening of the crosslinking efficacy of starPEG crosslinkers on collagen type I
hydrogels

3.2.3.1. Quantification of the free-amine groups

The remaining primary free amines of the collagen type I hydrogels were quantified by using
TNBSA assay as previously described [41]. The linear standard curve was prepared by using
known concentrations of glycine. The fabricated hydrogels were incubated in 0.1 M of sodium
bicarbonate at pH 8.5. Then, 0.01% w/v of TNBSA was added which was diluted in 0.1 M sodium
bicarbonate and samples were incubated for 2 h in a 37 °C incubator. Just after that, the reaction
was stopped by adding 10% w/v of SDS and 1 M of HCI. The absorbance of each sample was
assessed at 335 nm by microplate reader (BioTek Synergy HT, BioTek Instruments Inc., Winooski,
Vermont, USA) and free amine groups were quantified by using the linear standard curve to find

the concentration that corresponds to their absorbance.

3.2.3.2.Enzymatic degradation analysis

The resistance of fabricated hydrogels to proteolytic degradation was examined using collagenase
assay, as has been described previously [41] with slight modifications. Briefly, hydrogels were
placed into microcentrifuge tubes for each experimental group and each time point (0, 2, 4, 8, 24
h). Then, 0.1 M Tris-HCI buffer at pH 7.4, and 50 Units/mL degradation buffer prepared from
collagenase type Il extracted from Clostridium histolyticum were added to the samples in equal
volumes. All samples were incubated at 37 °C on the horizontal orbital shaking incubator at 150
rpm. At each defined time point, the supernatant was collected and transferred into a new
microcentrifuge tube. The amount of dissolved collagen was assessed using Pierce™ BCA protein

assay, as per manufacturer’s protocol.

3.2.4.Essential oil-loading and release kinetics analysis

Thymus sibthorpii EO was chosen as an antimicrobial agent based on the detailed antimicrobial
and anti-biofilm activity assessment of various EOs in our previous study [22]. Following the
screening of various starPEG crosslinkers with different concentrations regarding hydrogel
stability, EO was loaded into hydrogels crosslinked with 0.5 mM of 4SP, pentaerythritol, 10 kDa,
4SP, pentaerythritol, 20 kDa, and 8SP, hexaglycerol, 20 kDa. Hydrogels were fabricated as
described in section 2.2. In order to incorporate EO into hydrogels, EO was added to the hydrogel
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preparation solution with a final concentration of 0.5, 1, and 2% v/v, and the solution was
thoroughly mixed using a benchtop vortex. Then, the final mixture containing the added EO was

incubated at 37 °C for 1 h for complete gelation.

The release profile of EO was analyzed, as has been described previously [42] with slight
modifications. The fabricated EO-loaded hydrogels were soaked into 1 mL of 1x PBS (pH 7.4) at
37 °C using a horizontal shaker incubator. At each defined time point (0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5,
4,24, and 48 h), 100 pL of sample was removed and replaced by 100 pL fresh 1x PBS. The linear
calibration curve was prepared with different concentrations of Thymus sibthorpii EO using 70%
v/v ethanol, which was used as a solvent. Then, the absorbance of the supernatant was measured
at 365 nm and the concentration of the released Thymus sibthorpii EO was determined by using
the standard curve to find where their concentration corresponds. After spectrophotometric
evaluation, the cumulative release percentage of EO was estimated according to equation (1),

where M; is the released amount of EO at time t, and My is the initial EO amount.

Cumulative Release % = E:ox_; x 100 (1)

Besides the cumulative release percentages, we studied the release kinetics according to the release
profile of Thymus sibthorpii EO. Hence, the zero-order, first-order, Higuchi, Korsmeyer-Peppas,
and Hixon-Crowell release kinetics models have been applied to post-burst-release data with the
equations 2-6 that follow [43-47], where M., indicates the amount of EO at the final time of the

measurements, K is the release constant, and n is the release exponent.

Zero — order model: % = Kt (2)
First — order model: In ( - ﬂ) = —Kt 3)
: Mo
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Higuchi model: Mi; = Kt1/? 4)
Korsmeyer — Peppas model: % = Kt" (5)
Hixson — Crowell model: M01/3 — Mtl/3 = Kt (6)

3.2.5.Biological activity of essential oil-loaded hydrogels

3.2.5.1. Microbiological activity analysis

The antimicrobial activity of Thymus sibthorpii EO-loaded collagen type I hydrogels was assessed
by Kirby-Bauer disc diffusion method against gram-positive S. aureus ATCC 29213, and gram-
negative E.coli ATCC 25922 [48]. Penicillin (10 units) and enrofloxacin (5 pg) discs were used as
control antimicrobials. On the other hand, the antimicrobial activity of 0.5, 1, and 2% v/v Thymus
sibthorpii EO was studied as a positive control. All solutions required to fabricate hydrogels were
exposed to UV light for 15 min, in order to be sterilized prior to the fabrication. The fabricated
EO-loaded collagen type I hydrogels were sterilized by UV irradiation for 1 h before their

antimicrobial activity assessment.

Briefly, S. aureus and E. coli were cultured overnight at a 37 °C incubator on blood agar and
MacConkey agar, respectively. Then, the bacteria inoculum was prepared with 1x10® CFU/mL
concentration for each strain separately and spread on the Muller-Hinton agar plates. Afterwards,
sterilized EO-loaded collagen type I hydrogels were placed on the Muller-Hinton agar plates. For
each experimental group, three replicates were used. Thereafter, Muller-Hinton agar plates with
the microbial inoculum and the hydrogels were incubated overnight at 37 °C. The inhibition zone
diameters were measured for the quantitative evaluation, whilst the images of plates were taken

for the qualitative evaluation.
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3.2.5.2.Cytocompatibility analysis

Since 0.5% v/v Thymus sibthorpii EO loaded collagen type I hydrogels showed no significant
difference compared to penicillin, the study was moved forward with 0.5% v/v Thymus sibthorpii
EO loaded hydrogels for the in vitro cytocompatibility assessments. The cytocompatibility test of
developed hydrogels was conducted, as has been described previously [49,50], with slight
modifications. The EO-loaded hydrogels were placed into 24-well tissue culture plates and
sterilized using ultraviolet irradiation for 1 h before cell culture experiments’ initiation. NIH-3T3
fibroblasts were expanded and grown in a culture medium containing high glucose (4500 mg/L)
DMEM, 10% FBS, and 1% penicillin/streptomycin. Subsequently, 50,000 cells were seeded per
hydrogel and were maintained at 37 °C in a humidified atmosphere containing 5% COx. Fibroblasts
were allowed to grow for 1, 3, and 5 days, which were the time points of the measurements. The
cell metabolic activity was conducted using alamarBlue™ assay according to the manufacturer’s
protocol and results were expressed consistent with the reduction percentage of the alamarBlue
solution at each readout day (Day 1, 3, 5). The proliferation of the NIH-3T3 fibroblasts was carried
out by Quant-iT™ PicoGreen™ dsDNA assay in accordance with the instructions provided by the
supplier. The DNA content (ng/mL) of each sample was quantified by interpolating values from a

linear standard curve.

3.2.6. Statistical analysis

In this chapter, all experiments were triplicated, and data were represented as mean * standard
deviation. One-way analysis of variance (ANOVA) was performed using GraphPad Prism®,
Version 9.0 (La Jolla, California, USA), after confirmation of the assumptions of parametric
analysis. Statistical significance was accepted at p < 0.05. The symbols “ and * denote a statistically
significant difference among different experimental groups and a statistically significant difference
in an individual group compared to positive control GTA, respectively. The levels of statistically
significant difference were indicated as follows: * or * for p <0.05, " or ## for p < 0.01, ™" or ###

kokokok

for p <0.001, and ™" or *##* for p < 0.0001.
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3.3. Results

3.3.1. Determination of optimal starPEG type and concentration on hydrogel stability

TNBSA assay was performed to assess the free amine content of the fabricated hydrogels
functionalized with various starPEG crosslinkers with 0.5, 1, 2 and 5 mM concentrations (Table
1). starPEG-crosslinked hydrogels presented significantly decreased free amine content for all
types of crosslinkers with all tested concentrations compared to NCL hydrogels (Figure 3.1) (p <
0.05). An effective plateau was observed between 0.5 and 2 mM, and no statistical difference was
noted among 0.5 mM, 1 mM, and 2 mM crosslinked hydrogels (p < 0.05. In this plateau, the free
amine reduction percentage was between 44.82% and 58.57%. The resistance of the hydrogels
against enzymatic degradation was evaluated by bacterial collagenase assay followed by Pierce™
BCA protein assay (Figure 3.2). Non-crosslinked hydrogels were completely degraded within a
couple of hours. In general perspective, scaffolds showed higher resistance to degradation when
crosslinked with GTA, that was used as a positive control. However, hydrogels crosslinked with
0.5 mM of 4SP, pentaerythritol, 10 kDa showed no statistical difference compared to GTA
crosslinked hydrogels, whilst 0.5 mM of 4SP, pentaerythritol, 20 kDa, and 8SP, hexaglycerol, 20
kDa displayed the lowest significant difference than all other groups (p <0.05). Therefore, 0.5 mM
of the above three crosslinkers were deemed to be optimal conditions for functionalizing collagen

hydrogels.
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Figure 3.1. Free amine content of non-crosslinked (NCL) and various starPEG crosslinked collagen type I hydrogels (n=3, one-way

ANOVA, p <0.05). Glutaraldehyde (GTA) was used as a positive control.
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Figure 3.2. The mass of dissolved collagen of various starPEG crosslinked collagen type I hydrogels after (A) 2 h, (B) 4 h, (C) 8 h, (D)

24 h of collagenase digestion (n=3, one-way ANOVA, p < 0.05).
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3.3.2.EO release profile and release kinetics

Thymus sibthorpii EO was loaded at 0.5, 1, and 2% v/v into optimized collagen hydrogels, and
their release profile was assessed spectrophotometrically (Figure 3.3). The non-crosslinked
hydrogels demonstrated burst release and completely released EO within a couple of hours was
observed. Although GTA crosslinked scaffolds released almost all loaded quantity of the EO at
0.5% v/v from the polymeric network, the chosen optimized hydrogels crosslinked with 0.5 mM
of 4SP, pentaerythritol, 10 kDa, 4SP, pentaerythritol, 20 kDa and 8SP, hexaglycerol, 20 kDa,
released 63.92 + 3.31%, 75.85 + 9.00% and 57.82 + 4.08% of the EO loaded at the same
concentration after 48 h. Moreover, the release kinetics was studied by applying five different
mathematical models. Hixson-Crowell model did not fit any of the experimental groups, whilst
the other four models fitted to different experimental groups. Moreover, the release exponent (n)
values evaluated by the Korsmeyer-Peppas model indicated that the release mechanism of EO

from crosslinked hydrogels obeyed the Fickian diffusion.
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Figure 3.3. The cumulative release profile of (A) 0.5 v%, (B) 1 v%, and (C) 2 v% of Thymus sibthorpii essential oil from optimally
crosslinked collagen type I hydrogels in 1x PBS at 37 °C.
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Table 3.2. Regression coefficients (R?) of the five different release kinetic models fitted to the release of three different concentrations

of Thymus sibthorpii EO from starPEG-crosslinked collagen type I hydrogels. T0.5, T1, and T2 represent the 0.5, 1, and 2 v% of Thymus

sibthorpii essential oil within hydrogels.

Model Zero-order First-order Higuchi Korsmeyer-Peppas Hixson-Crowell
ode
R? R? R? R? R?

NCL-T0.5 0.9996 0.9538 0.9294 1.0000 0.9789 0.4040
NCL-T1 0.9991 0.9050 0.8987 0.9996 1.0720 0.5536
NCL-T2 0.9972 0.8101 0.8821 0.9997 1.1065 0.6183
GTA-T0.5 0.9574 1.0000 0.9971 0.9985 0.1789 0.0235
GTA-T1 0.9973 0.9998 0.9897 0.9666 0.1779 0.7033
GTA-T2 0.9998 0.9997 0.9806 0.9494 0.1613 0.9434
4SP, pentaerythritol,

0.9153 0.9039 0.8113 0.6980 0.0677 0.6412
10 kDa-T0.5
4SP, pentaerythritol,

0.9973 0.9991 0.9897 0.9573 0.1111 0.7033
10 kDa-T1
4SP, pentaerythritol,

0.9829 0.9997 0.9995 0.9830 0.1140 0.1856
10 kDa-T2
4SP, pentaerythritol,

0.8124 0.8400 0.9196 0.9747 0.1082 0.0953
20 kDa-T0.5
4SP, pentaerythritol,

0.9336 0.9382 0.9887 0.9996 0.0747 0.1965
20 kDa-T1
4SP, pentaerythritol,

0.9981 0.9952 0.9615 0.8993 0.0607 0.0152
20 kDa-T2
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8SP, hexaglycerol, 20

0.9155 0.9277 0.9802 0.9999 0.0706 0.9991
kDa-T0.5
8SP, hexaglycerol, 20

0.9949 0.9916 0.9502 0.8958 0.1197 0.0280
kDa-T1
8SP, hexaglycerol, 20
KDa.T2 0.9982 0.9996 0.9876 0.9645 0.1882 0.7830

a_
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3.3.3.Biological analyses of the EO-loaded hydrogels

The antimicrobial activity of EO-loaded hydrogels was investigated against gram-positive S.
aureus and gram-negative E. coli using the Kirby-Bauer disc diffusion assay. The results were
presented qualitatively (Figure 3.4) and quantitatively (Figure 3.5). Composite antibacterial
hydrogels were less effective against gram-negative E. coli. More specifically, hydrogels
crosslinked with 0.5 mM 4SP, pentaerythritol, 10 kDa and loaded with 0.5 v% EO demonstrated
2.83 £ 0.47 cm, and 1.23 £ 0.15 cm inhibition zone diameter against S. aureus, and E. coli,
respectively. Moreover, hydrogels containing 0.5% v/v of EO, which was the minor concentration,
did not show a statistical difference regarding their antimicrobial activity compared to positive
control penicillin (for gram-positive bacteria), and enrofloxacin (for gram-negative bacteria) (p <
0.05). Hence, 0.5% v/v concentration of Thymus sibthorpii EO was chosen as the optimal
concentration to incorporate into collagen scaffolds. Thereafter, cytocompatibility of 0.5% v/v EO
incorporated hydrogels was assessed on NIH-3T3 fibroblast cell line (Figure 3.6). According to
cell metabolic activity and proliferation studies, none of the fabricated hydrogels showed any

toxicity on fibroblasts (p < 0.05).
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Figure 3.4. The qualitative analysis of the antibacterial effect of 0.5 v% (T0.5), 1 v% (T1), and 2 v% (T2) Thymus sibthorpii essential loaded
optimally crosslinked collagen type I hydrogels against S. aureus ATCC 29213, and E. coli ATCC 25922. Penicillin and enrofloxacin were

used as positive control for S. aureus, and E. coli strains, respectively.
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Figure 3.5. Inhibitions zone diameters of 0.5 v% (T0.5), 1 v% (T1), and 2 v% (T2) Thymus sibthorpii essential loaded optimally
crosslinked collagen type I hydrogels against (A) S. aureus ATCC 29213, and (B) E. coli ATCC 25922 (n=3, one-way ANOVA, p <

0.05). Penicillin and enrofloxacin were used as positive control for S. aureus, and E. coli strains, respectively.
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Figure 3.6. The in vitro (A) metabolic activity, and (B) DNA content of NIH-3T3 fibroblasts seed on the 0.5 v% Thymus sibthorpii
essential loaded optimally crosslinked collagen type I hydrogels (n=3, one-way ANOVA, p < 0.05).

129



Chapter 3

3.4. Discussion

Antimicrobial resistance has been stated as one of the three critical public health threats by the
World Health Organization (WHO) [5]. On the other hand, infections caused by antimicrobial-
resistant microorganisms have been reported as the third major disease after cardiovascular
diseases [51]. According to the report published by the Centers for Disease Control and Prevention
(CDC), antimicrobial-resistant infections have led to the death of over twenty-three thousand
people among the more than two million people who got infected [52]. It is expected that ten
million people are going to get infected by antimicrobial-resistant microbes by 2050 according to
a study published in January 2023 [53]. Therefore, the need for alternative treatments substitutes
for antibiotic-based treatments to combat antimicrobial resistance has significantly gained
attention. In this context, essential oils have emerged as promising alternatives with superior
antimicrobial activities [54-56]. Although EOs have shown spectacular biological activities, they
need to be incorporated in a carrier due to their high volatility, and sensitivity [24]. In this study,
firstly, we screened the crosslinking efficacy of six different starPEG molecules with their various
concentrations to stabilize collagen type I hydrogels via in sifu crosslinking. Subsequently, the
optimally starPEG-crosslinked collagen hydrogels were loaded with various concentrations of
Thymus sibthorpii EO, and the release profile and release kinetics of the EO were examined.

Finally, the antimicrobial activity and cytocompatibility of the developed hydrogels were assessed.

Collagen-type I-based medical devices (e.g., hydrogels, sponges, nanofibers) have customarily
been used for tissue engineering applications thanks to outstanding properties of collagen such as
bioactivity, biocompatibility, versatility, and ability to mimic natural extracellular matrix
[25,33,57,58]. However, to enhance the stability, control the biodegradation rate and release profile
of loaded drugs, collagen devices are needed to be introduced by crosslinking [59]. Even though
enzymatic [60] and physical [61] crosslinking approaches have been studied, chemical
crosslinking is generally needed for higher resistance against (bio)degradation which creates a
covalently bonded polymeric network [62,63]. Among the most studied crosslinking agents,
glutaraldehyde and carbodiimide may often show some drawbacks such as poor cell attachment,
growth and proliferation, and cytotoxicity. As the literature reveals, 4-arm starPEG molecules have
been studied as a crosslinking agent and indicated the enhanced stability of collagen-based

hydrogels [39,64]. Herein, we assessed the influence of diverse concentrations (0.5, 1, 2, 5 mM)
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of the six different starPEG crosslinkers which have different arm numbers (4, 8), molecular
weight (10, 20 kDa), and functional groups (Table 3.1) on the stability of the collagen hydrogels.
starPEG has a pegylated structure which shows multi-arm N-hydroxy succinimidyl (NHS) groups.
The reactive NHS groups are expected to react with the free amine groups in the collagen
backbone, consequently improving the stability of the three-dimensional collagen network. All six
kinds of starPEG crosslinkers significantly decreased the free amine groups compared to non-
crosslinked collagen type I hydrogels (p < 0.05) and showed an effective plateau between 0.5 and
2 mM according to free amine analysis (Figure 3.1). It is believed that 5 mM exceeds the effective
concentration range for starPEG crosslinkers. In other words, the increase in the concentration to
the 5 mM led to the higher free amine groups, which indicated the lower crosslinking efficacy.
While the proven optimal concentration of GTA [40] decreased the free amine content of the
collagen hydrogels approximately by 41%, 0.5, 1, and 2 mM of studied starPEG crosslinkers
showed a higher decrease with all concentrations. Besides, 0.5 mM of all crosslinkers except 8SP,
tripentaerythritol, 10 kDa approximately showed a 60% reduction in the free amine groups.
Moreover, neither molecular weight nor arm number of starPEG molecules show a significant
effect on the hydrogel stability. According to the collagenase assay, the non-crosslinked hydrogels
completely degraded within 4 hours due to their low stability, whilst starPEG crosslinked
hydrogels were not degraded even after 24 hours (Figure 3.2). Similar to free amine quantification
results, 5 mM concentration of each starPEG crosslinkers showed lower efficacy than the 0.5, 1,
and 2 mM of crosslinkers. The lower resistance of 5 mM starPEG crosslinked collagen hydrogels
may also be explained by the self-assembly behavior of star-shaped PEG molecules. Likewise,
Collin et al. have revealed that the increased concentration of 4-arm starPEG crosslinker displayed
a detrimental effect on the collagen type II hydrogel stability [39]. Since 0.5 mM starPEG
concentration did not show any significant difference compared to 1 and 2 mM concentrations, it
was deemed optimal. Furthermore, among the screened starPEG molecules, 4SP-
pentaerythritol,10 kDa, 4SP-pentaerythritol,20 kDa, and 8SP- hexaglycerol,20 kDa were chosen

as the optimal crosslinkers according to the hydrogel stability outcomes.
The release profile of Thymus sibthorpii EO from starPEG-crosslinked hydrogels was assessed by

UV-vis spectroscopy. 0.5, 1, and 2% v/v of the EO according to the total hydrogel volume (300

pL) was loaded into collagen hydrogels. The release behavior was examined for 0.5 h to 48 h at
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37 °C. During the defined period of time, Thymus sibthorpii EO-loaded collagen hydrogels
displayed a constant release profile (Figure 3.3). Since the crosslinking density and chemical
composition are the key parameters for a hydrogel [65] network that can directly influence the
release profile, non-crosslinked hydrogels showed burst release within a few hours, as expected.
We suppose that after crosslinking, collagen hydrogels became denser which slowed down the EO
release because of the reduced pore size and limited diffusion pathways [66]. On the other hand,
the initial loading capacity of an antimicrobial agent into a polymeric network may lead to
prolonged release [67]. For instance, hydrogels crosslinked with 4SP, pentaerythritol, 10 kDa
approximately released 60% and 40% of the 0.5% v/v and 1% v/v loaded EO, respectively at the
end of the 12 h. In this context, it is important to understand the EO release mechanism of the
hydrogel-based polymeric network. Therefore, zero-order [43], first-order [44], Higuchi [45],
Korsmeyer-Peppas [46], and Hixson-Crowell [47] release kinetics models have been applied to
release data. According to the regression coefficient of the applied mathematical models (Table
3.2), the Hixson-Crowell model did not fit the EO-loaded various collagen systems. It was an
expected outcome since the Hixson-Crowell model mainly describes the release of a drug from the
systems where the change in surface area is an important parameter. On the other hand, release
exponent (n) assessed using the Korsmeyer-Peppas model is a key parameter to examine the
diffusion way of a drug from the polymeric networks. According to this model, for a spherical
matrix, the cases n < 0.45, 0.45<n<0.89, and n >0.89 indicate the Fickian diffusion, non-Fickian
diffusion, and Case-II transport, respectively. In our study, except for non-crosslinked hydrogel
systems, all developed EO-loaded hydrogel systems represented Fickian diffusion which means
there are no boundaries for the release of the drug from the polymeric network. In other words, if
a system obeys the Fickian diffusion, a drug within the system can dissolve from any part of the
polymeric matrix. Similarly, in a study, Unalan et al. loaded clove EO into the alginate/xanthan
gum hydrogels, and revealed that the release of the incorporated EO showed Fickian diffusion

[66].

In our previous study, Thymus sibthorpii EO showed extraordinary antimicrobial activity against
both antibiotic-resistant and non-resistant S. aureus strains [22]. Therefore, it was used as an
antimicrobial agent in this work. On the other hand, S. aureus and E. coli are two of the most

inhabited Gram-positive, and Gram-negative bacteria on the infected tissue area [68-70]. Hence,
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the antimicrobial activity of the developed composite hydrogels was assessed against S. aureus
and E. coli using the disc diffusion method. Although pristine collagen hydrogels showed
antimicrobial activity, EO-loaded hydrogels presented significantly higher activity against both
gram-positive and gram-negative bacteria (Figure 3.4, Figure 3.5). This outcome may be
explained by the antibacterial action mechanism of Thymus sibthorpii EO. The EO might damage
the bacterial cell membrane which become permeable and the diffusion through the membrane
leads to cell death [71,72]. Gram-negative bacteria have been considered more resistant to an
antimicrobial agent compared to gram-positive bacteria since their double-layered cell membrane
is denser than the single-layered cell membrane of gram-positive bacteria [73]. Accordingly, the
developed antibacterial hydrogels exhibited higher antimicrobial activity against gram-positive S.
aureus. Additionally, some of the essential oils could diffuse through the lipophilic cell wall of
gram-negative bacteria (e.g., E. coli) due to the diverse chemical composition of essential oils,
which could explain the observed antimicrobial action of composite collagen hydrogels. For
instance, Aras et al. [74] developed Nigella sativa EO-incorporated polyurethane-based
nanofibrous mats. The developed wound dressings showed higher antibacterial activity on E.coli
than on S. aureus [74]. We used penicillin and enrofloxacin as a control antimicrobial agent for the
comparison of the efficacy of Thymus sibthorpii EO on S. aureus and E. coli, respectively. The
hydrogels crosslinked with all three different starPEG and loaded with 0.5% v/v EO did not show
any significant difference compared to control antimicrobials. For this reason, 0.5% v/v Thymus
sibthorpii EO concentration was deemed optimal to incorporate into collagen type I antibacterial
hydrogels. We believe that since even the lowest concentration of Thymus sibthorpii EO can be
used instead of penicillin, Thymus sibthorpii EO can be presented as an alternative and effective
antimicrobial agent to overcome the antimicrobial resistance problem raised by misuse and long-

term use of antibiotics.

Collagen-based medical devices are widely used for tissue engineering applications because they
show advanced biocompatibility with mammalian cells in addition to other outstanding features
[58,75]. Among the collagen-based scaffolds, collagen hydrogels demonstrate cell attachment,
proliferation, and metabolic activity due to their porous and fibrillar network [76,77]. The
optimized, 0.5% v/v Thymus sibthorpii EO loaded collagen hydrogels crosslinked with 4SP-
pentaerythritol,10 kDa, 4SP-pentaerythritol,20 kDa, and 8SP- hexaglycerol,20 kDa were
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examined by alamarBlue™, and Quant-iT™ PicoGreen™ dsDNA assays for metabolic activity, and
the proliferation of the seeded NIH-3T3 fibroblasts, respectively. The experimental outcomes
indicate that all of the developed composite hydrogels were found cytocompatible with fibroblasts
(Figure 3.6). Moreover, it can be concluded that 0.5 v% concentration of Thymus sibthorpii EO
has no toxic effect on the NIH-3T3 fibroblasts.
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3.5. Conclusion

Antimicrobial resistance is an emerging global health threat that causes drastically increasing
mortality and economic burden every year. Consequently, alternative safer antibacterial therapy
strategies need to be taken into consideration to combat this threat. In the quest for alternative
antibacterial therapies, herein, we developed collagen type I hydrogel systems optimally
crosslinked and loaded with Thymus sibthorpii essential oil. The proposed antimicrobial agent
incorporated into the collagen type I scaffolds showed strong activity against S. aureus,
demonstrated a sustained release profile, and had no toxicity on fibroblasts. The outcomes of this
work make this developed composite antibacterial medical devices a promising candidate for

infected tissue engineering applications.

135



3.6. References

[1] Kyriacou, H.; Kamaraj, A.; Khan, W.S. Developments in antibiotic-eluting scaffolds for the
treatment of osteomyelitis. Appl. Sci. 2020, 10, 2244.

[2] Kalhapure, R.S.; Suleman, N.; Mocktar, C.; Seedat, N.; Govender, T. Nanoengineered drug
delivery systems for enhancing antibiotic therapy. J. Pharm. Sci. 2015, 104, 872-905.

[3] Gosselin, R.A.; Roberts, 1.; Gillespie, W.J. Antibiotics for preventing infection in open limb
fractures. Cochrane Database Syst. Rev. 2004, 1.

[4] Vallet-Regi, M.; Lozano, D.; Gonzalez, B.; Izquierdo-Barba, I. Biomaterials against bone
infection. Adv. Healthc. Mater. 2020, 9, 2000310.

[5] Salam, M.A.; Al-Amin, M.Y.; Salam, M.T.; Pawar, J.S.; Akhter, N.; Rabaan, A.A.; Alqumber,
M.A. Antimicrobial resistance: a growing serious threat for global public health. Healthcare. 2023,
11, 1946.

[6] Organization for Economic Cooperation and Development; European Union. Antimicrobial
Resistance-Tackling the Burden in the European Union; OECD Publishing: Paris, France, 2019.
[7] U.S. Centers for Disease Control and Prevention. Antibiotic Resistance Threats in the United
States; U.S. Department of Health and Human Services, CDC: Atlanta, GA, USA, 2019.

[8] Singh, A.; Amod, A.; Pandey, P.; Bose, P.; Pingali, M.S.; Shivalkar, S.; Varadwaj, P.K.; Sahoo,
A.K.; Samanta, S.K. Bacterial biofilm infections, their resistance to antibiotics therapy and current
treatment strategies. Biomed. Mater. 2022, 17, 022003.

[9] Ciofu, O.; Rojo-Molinero, E.; Macia, M.D.; Oliver, A. Antibiotic treatment of biofilm
infections. Apmis. 2017, 125, 304-319.

[10] Fragkou, I.A.; Skoufos, J.; Cripps, P.J.; Kyriazakis, 1.; Papaioannou, N.; Boscos, C.M.; Tzora,
A.; Fthenakis, G.C. Differences in susceptibility to Mannheimia haemolytica-associated mastitis
between two breeds of dairy sheep. J. Dairy Res. 2007, 74, 349-355.

[11] Kalelkar, P.P.; Riddick, M.; Garcia, A.J. Biomaterial-based antimicrobial therapies for the
treatment of bacterial infections. Nat. Rev. Mater. 2021, 1-16.

[12] Langdon, A.; Crook, N.; Dantas, G. The effects of antibiotics on the microbiome throughout
development and alternative approaches for therapeutic modulation. Genome Med. 2016, 8, 1-16.
[13] Levin-Reisman, I.; Ronin, I.; Gefen, O.; Braniss, I.; Shoresh, N.; Balaban, N.Q. Antibiotic

tolerance facilitates the evolution of resistance. Science. 2017, 355, 826-830.

136



[14] Rigas, D.; Grivas, N.; Nelli, A.; Gouva, E.; Skoufos, I.; Kormas, K.; Tzora, A.; Lagkouvardos,
I. Persistent Dysbiosis, Parasite Rise and Growth Impairment in Aquacultured European Seabass
after Oxytetracycline Treatment. Microorganisms. 2023, 11, 2302.

[15] Alvarez-Martinez, F.J. Barrajon-Catalan, E.; Micol, V. Tackling antibiotic resistance with
compounds of natural origin: A comprehensive review. Biomedicines. 2020, 8, 405.

[16] Baptista-Silva, S.; Borges, S.; Ramos, O.L.; Pintado, M.; Sarmento, B. The progress of
essential oils as potential therapeutic agents: A review. J. Essent. Oil Res. 2020, 32, 279-295.

[17] Ni, Z.-J.; Wang, X.; Shen, Y.; Thakur, K.; Han, J.; Zhang, J.-G.; Hu, F.; Wei, Z.-J. Recent
updates on the chemistry, bioactivities, mode of action, and industrial applications of plant
essential oils. Trends Food Sci. Technol. 2021, 110, 78-89.

[18] Maurya, A.; Prasad, J.; Das, S.; Dwivedy, A.K. Essential oils and their application in food
safety. Front. Sustain. Food Syst. 2021, 5, 653420.

[19] Sadgrove, N.J.; Padilla-Gonzalez, G.F.; Phumthum, M. Fundamental chemistry of essential
oils and volatile organic compounds, methods of analysis and authentication. Plants. 2022, 11,
789.

[20] Benkhoud, H.; M’Rabet, Y.; Gara Ali, M.; Mezni, M.; Hosni, K. Essential oils as flavoring
and preservative agents: Impact on volatile profile, sensory attributes, and the oxidative stability
of flavored extra virgin olive oil. J. Food Process. Pres. 2022, 46, €15379.

[21] Falleh, H.; Jemaa, M.B.; Saada, M.; Ksouri, R. Essential oils: A promising eco-friendly food
preservative. Food Chem. 2020, 330, 127268.

[22] Ersanli, C.; Tzora, A.; Skoufos, I.; Fotou, K.; Maloupa, E.; Gridoriadou, K.; Voidarou, C.;
Zeugolis, D.I. The Assessment of Antimicrobial and Anti-Biofilm Activity of Essential Oils against
Staphylococcus aureus Strains. Antibiotics 2023, 12, 384.

[23] Kontogiorgis, C.; Ntella, M.; Mpompou, L.; Karallaki, F.; Athanasios, P.; Hadjipavlou-Litina,
D.; Lazari, D. Study of the antioxidant activity of Thymus sibthorpii Bentham (Lamiaceae). J.
Enzyme Inhib. Med. Chem. 2016, 31, 154-159.

[24] Unalan, 1.; Endlein, S.J.; Slavik, B.; Buettner, A.; Goldmann, W.H.; Detsch, R.; Boccaccini,
A.R. Evaluation of electrospun poly (e-caprolactone)/gelatin nanofiber mats containing clove
essential oil for antibacterial wound dressing. Pharmaceutics 2019, 11, 570.

[25] Rezvani Ghomi, E.; Nourbakhsh, N.; Akbari Kenari, M.; Zare, M.; Ramakrishna, S. Collagen-
based biomaterials for biomedical applications. J. Biomed. Mater. Res. 2021, 109, 1986-1999.

137



[26] David, G. Collagen-based 3D structures-versatile, efficient materials for biomedical
applications. In Biopolymer-Based Formulations, 1st ed.; Elsevier: Amsterdam, The Netherlands,
2020; pp. 881-906.

[27] Miyata, T.; Taira, T.; Noishiki, Y. Collagen engineering for biomaterial use. Clin. Mater. 1992,
9, 139-148.8.

[28] Lee, C.H.; Singla, A.; Lee, Y. Biomedical applications of collagen. Int. J. Pharm. 2001, 221,
1-22.

[29] Sorushanova, A.; Delgado, L.M.; Wu, Z.; Shologu, N.; Kshirsagar, A.; Raghunath, R.; Mullen,
A.M.; Bayon, Y.; Pandit, A.; Raghunath, M.; et al. The collagen suprafamily: from biosynthesis to
advanced biomaterial development. Adv. Mater. 2019, 31, 1801651.

[30] Buehler, M.J. Nature designs tough collagen: explaining the nanostructure of collagen fibrils.
Proc. Natl. Acad. Sci. 2006, 103, 12285-12290.

[31] Amirrah, I.N.; Lokanathan, Y.; Zulkiflee, 1.; Wee, M.M.R.; Motta, A.; Fauzi, M.B. A
comprehensive review on collagen type I development of biomaterials for tissue engineering:
From biosynthesis to bioscaffold. Biomedicines. 2022, 10, 2307.

[32] Kong, W.; Lyu, C.; Liao, H.; Du, Y. Collagen crosslinking: effect on structure, mechanics and
fibrosis progression. Biomed. Mater. 2021, 16, 062005.

[33] Sallent, I.; Capella-Monsonis, H.; Zeugolis, D.I. Production and characterization of
chemically cross-linked collagen scaffolds. In Collagen: Methods and Protocols, Springer: Berlin,
Germany, 2019; pp. 23-38.

[34] Gough, J.E.; Scotchford, C.A.; Downes, S. Cytotoxicity of glutaraldehyde crosslinked
collagen/poly (vinyl alcohol) films is by the mechanism of apoptosis. Journal of Biomedical
Materials Research: An Official Journal of The Society for Biomaterials, The Japanese Society for
Biomaterials, and The Australian Society for Biomaterials and the Korean Society for
Biomaterials 2002, 61, 121-130.

[35] Moshnikova, A.; Afanasyev, V.; Proussakova, O.; Chernyshov, S.; Gogvadze, V.; Beletsky, 1.
Cytotoxic activity of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide is underlain by DNA
interchain cross-linking. Cell. Mol. Life Sci. 2006, 63, 229-234.

138



[36] Sanami, M.; Sweeney, I.; Shtein, Z.; Meirovich, S.; Sorushanova, A.; Mullen, A.M.; Miraftab,
M.; Shoseyov, O.; O'Dowd, C.; Pandit, A. The influence of poly (ethylene glycol) ether
tetrasuccinimidyl glutarate on the structural, physical, and biological properties of collagen fibers.
J. Biomed. Mater. Res. 2016, 104, 914-922.

[37] Delgado, L.M.; Fuller, K.; Zeugolis, D.I. Collagen cross-linking: biophysical, biochemical,
and biological response analysis. Tissue Eng. Part A. 2017, 23, 1064-1077.

[38] Monaghan, M.; Browne, S.; Schenke-Layland, K.; Pandit, A. A collagen-based scaffold
delivering exogenous microrna-29B to modulate extracellular matrix remodeling. Mol. Ther. 2014,
22, 786-796.

[39] Collin, E.C.; Grad, S.; Zeugolis, D.I.; Vinatier, C.S.; Clouet, J.R.; Guicheux, J.J.; Weiss, P.;
Alini, M.; Pandit, A.S. An injectable vehicle for nucleus pulposus cell-based therapy. Biomaterials.
2011, 32, 2862-2870.

[40] Hass, V.; Luque-Martinez, 1.V.; Gutierrez, M.F.; Moreira, C.G.; Gotti, V.B.; Feitosa, V.P,;
Koller, G.; Otuki, M.F.; Loguercio, A.D.; Reis, A. Collagen cross-linkers on dentin bonding:
Stability of the adhesive interfaces, degree of conversion of the adhesive, cytotoxicity and in situ
MMP inhibition. Dent. Mater. J. 2016, 32, 732-741.

[41] Capella-Monsonis, H.; Coentro, J.Q.; Graceffa, V.; Wu, Z.; Zeugolis, D.I. An experimental
toolbox for characterization of mammalian collagen type I in biological specimens. Nat. Protoc.
2018, 13, 507-529.

[42] Aker, S.D.; Tamburaci, S.; Tihminlioglu, F. Development of Cissus quadrangularis-Loaded
POSS-Reinforced Chitosan-Based Bilayer Sponges for Wound Healing Applications: Drug
Release and In Vitro Bioactivity. ACS Omega. 2023, 8, 19674-19691.

[43] Vyavahare, N.; Kulkarni, M.; Mashelkar, R. Zero order release from swollen hydrogels. J.
Membrane Sci. 1990, 54, 221-228.

[44] Ata, S.; Rasool, A.; Islam, A.; Bibi, I.; Rizwan, M.; Azeem, M.K.; Igbal, M. Loading of
Cefixime to pH sensitive chitosan based hydrogel and investigation of controlled release kinetics.
Int. J. Biol. Macromol. 2020, 155, 1236-1244.8

[45] Siepmann, J.; Peppas, N.A. Higuchi equation: Derivation, applications, use and misuse. /nt.
J. Pharm. 2011, 418, 6-12.

[46] Korsmeyer, R.W.; Gurny, R.; Doelker, E.; Buri, P.; Peppas, N.A. Mechanisms of solute release
from porous hydrophilic polymers. Int. J. Pharm. 1983, 15, 25-35.

139



[47] Rehman, Q.; Akash, M.S.H.; Rasool, M.F.; Rehman, K. Role of kinetic models in drug
stability. In Drug Stability and Chemical Kinetics, Springer: Berlin, Germany, 2020; pp. 155-165.
[48] Voidarou, C.; Antoniadou, M.; Rozos, G.; Alexopoulos, A.; Giorgi, E.; Tzora, A.; Skoufos, L;
Varzakas, T.; Bezirtzoglou, E. An in vitro study of different types of Greek honey as potential
natural antimicrobials against dental caries and other oral pathogenic microorganisms. Case study
simulation of oral cavity conditions. Appl. Sci. 2021, 11, 6318.

[49] Coentro, J.Q.; Di Nubila, A.; May, U.; Prince, S.; Zwaagstra, J.; Jarvinen, T.A.; Zeugolis, D.I.
Dual drug delivery collagen vehicles for modulation of skin fibrosis in vitro. Biomed. Mater. 2022,
17, 025017.

[50] Calderon, L.; Collin, E.; Murphy, M.; O'Halloran, D.; Pandit, A. Type II collagen-hyaluronan
hydrogel-a step towards a scaffold for intervertebral disc tissue engineering. Eur. Cells Mater.
2010, 20, 134-148.

[51] Murray, C.J.; Ikuta, K.S.; Sharara, F.; Swetschinski, L.; Aguilar, G.R.; Gray, A.; Han, C.;
Bisignano, C.; Rao, P.; Wool, E. Global burden of bacterial antimicrobial resistance in 2019: a
systematic analysis. Lancet. 2022, 399, 629-655.

[52] Reygaert, W.C. An overview of the antimicrobial resistance mechanisms of bacteria. 4IMS
Microbiol. 2018, 4, 482.

[53] Tang, K.W.K.; Millar, B.C.; Moore, J.E. Antimicrobial resistance (AMR). Br. J. Biomed. Sci.
2023, 80, 11387.

[54] Jadimurthy, R.; Jagadish, S.; Nayak, S.C.; Kumar, S.; Mohan, C.D.; Rangappa, K.S.
Phytochemicals as invaluable sources of potent antimicrobial agents to combat antibiotic
resistance. Life. 2023, 13, 948.

[55] Antoniadou, M.; Rozos, G.; Vaou, N.; Zaralis, K.; Ersanli, C.; Alexopoulos, A.; Dadamogia,
A.; Varzakas, T.; Tzora, A.; Voidarou, C. Comprehensive Bio-Screening of Phytochemistry and
Biological Capacity of Oregano (Origanum vulgare) and Salvia triloba Extracts against Oral
Cariogenic and Food-Origin Pathogenic Bacteria. Biomolecules. 2024, 14, 619.

[56] Voidarou, C.; Alexopoulos, A.; Tsinas, A.; Rozos, G.; Tzora, A.; Skoufos, 1.; Varzakas, T.;
Bezirtzoglou, E. Effectiveness of bacteriocin-producing lactic acid bacteria and bifidobacterium
isolated from honeycombs against spoilage microorganisms and pathogens isolated from fruits and

vegetables. Appl. Sci. 2020, 10, 7309.

140



[57] Sundar, G.; Joseph, J.; John, A.; Abraham, A. Natural collagen bioscaffolds for skin tissue
engineering strategies in burns: a critical review. Int. J. Polym. Mater. 2021, 70, 593-604.

[58] Ersanli, C.; Tzora, A.; Skoufos, I.; Voidarou, C.; Zeugolis, D.I. Recent advances in collagen
antimicrobial biomaterials for tissue engineering applications: a review. Int. J. Mol. Sci. 2023, 24,
7808.

[59] Tsekoura, E.; Helling, A.; Wall, J.; Bayon, Y.; Zeugolis, D. Battling bacterial infection with
hexamethylene diisocyanate cross-linked and Cefaclor-loaded collagen scaffolds. Biomed. Mater.
2017, 12, 035013.

[60] Li, Z.; Ly, F.; Liu, Y. A Review of the Mechanism, Properties, and Applications of Hydrogels
Prepared by Enzymatic Cross-linking. J. Agric. Food Chem. 2023, 71, 10238-10249.

[61] Xiang, C.; Wang, Z.; Zhang, Q.; Guo, Z.; Li, X.; Chen, W.; Wei, X.; Li, P. Tough physically
crosslinked poly (vinyl alcohol)-based hydrogels loaded with collagen type I to promote bone
regeneration in vitro and in vivo. Int. J. Biol. Macromol. 2024, 261, 129847.

[62] Sanchez-Cid, P.; Alonso-Gonzalez, M.; Jiménez-Rosado, M.; Benhnia, M.R.E.I.; Ruiz-
Mateos, E.; Ostos, F.J.; Romero, A.; Perez-Puyana, V.M. Effect of different crosslinking agents on
hybrid chitosan/collagen hydrogels for potential tissue engineering applications. Int. J. Biol.
Macromol. 2024, 263, 129858.

[63] Dattilo, M.; Patitucci, F.; Prete, S.; Parisi, O.1.; Puoci, F. Polysaccharide-based hydrogels and
their application as drug delivery systems in cancer treatment: A review. J. Funct. Biomater. 2023,
14, 55.

[64] Bindi, B.; Perioli, A.; Melo, P.; Mattu, C.; Ferreira, A.M. Bioinspired Collagen/Hyaluronic
Acid/Fibrin-Based Hydrogels for Soft Tissue Engineering: Design, Synthesis, and In Vitro
Characterization. J. Funct. Biomater. 2023, 14, 495.

[65] Peppas, N.A.; Khare, A.R. Preparation, structure and diffusional behavior of hydrogels in
controlled release. Adv. Drug Deliv. Rev. 1993, 11, 1-35.

[66] Unalan, I.; Schruefer, S.; Schubert, D.W.; Boccaccini, A.R. 3D-printed multifunctional
hydrogels with phytotherapeutic properties: Development of essential oil-incorporated ALG-XAN
hydrogels for wound healing applications. ACS Biomater. Sci. Eng. 2023, 9, 4149-4167.

[67] Cheng, C.; Wu, Z.; McClements, D.J.; Zou, L.; Peng, S.; Zhou, W.; Liu, W. Improvement on
stability, loading capacity and sustained release of rhamnolipids modified curcumin liposomes.

Colloids Surf. B. 2019, 183, 110460.

141



[68] Poolman, J.T.; Anderson, A.S. Escherichia coli and Staphylococcus aureus: leading bacterial
pathogens of healthcare associated infections and bacteremia in older-age populations. Expert Rev.
Vaccines. 2018, 17, 607-618.

[69] Ersanli, C.; Tzora, A.; Voidarou, C.; Skoufos, S.; Zeugolis, D.I.; Skoufos, 1. Biodiversity of
Skin Microbiota as an Important Biomarker for Wound Healing. Biology. 2023, 12, 1187.

[70] Nelli, A.; Voidarou, C.; Venardou, B.; Fotou, K.; Tsinas, A.; Bonos, E.; Fthenakis, G.C.;
Skoufos, I.; Tzora, A. Antimicrobial and Methicillin Resistance Pattern of Potential Mastitis-
Inducing Staphylococcus aureus and Coagulase-Negative Staphylococci Isolates from the
Mammary Secretion of Dairy Goats. Biology. 2022, 11, 1591.

[71] Bourgou, S.; Pichette, A.; Marzouk, B.; Legault, J. Bioactivities of black cumin essential oil
and its main terpenes from Tunisia. S. Af#. J. Bot. 2010, 76, 210-216.

[72] Bakkali, F.; Averbeck, S.; Averbeck, D.; Idaomar, M. Biological effects of essential oils—a
review. Food Chem. Toxicol. 2008, 46, 446-475.

[73] Teixeira, B.; Marques, A.; Ramos, C.; Neng, N.R.; Nogueira, J.M.; Saraiva, J.A.; Nunes, M.L.
Chemical composition and antibacterial and antioxidant properties of commercial essential oils.
Ind. Crop. Prod. 2013, 43, 587-595.

[74] Aras, C.; Tiimay Ozer, E.; Goktalay, G.; Saat, G.; Karaca, E. Evaluation of Nigella sativa oil
loaded electrospun polyurethane nanofibrous mat as wound dressing. J. Biomater. Sci. Polym. Ed.
2021, 32, 1718-1735.

[75] Lo, S.; Fauzi, M.B. Current update of collagen nanomaterials—fabrication, characterisation
and its applications: A review. Pharmaceutics. 2021, 13, 316.

[76] Antezana, P.E.; Municoy, S.; Pérez, C.J.; Desimone, M.F. Collagen Hydrogels Loaded with
Silver Nanoparticles and Cannabis Sativa Oil. Antibiotics. 2021, 10, 1420.

[77] Pugliese, E.; Sallent, I.; Ribeiro, S.; Trotier, A.; Korntner, S.H.; Bayon, Y.; Zeugolis, D.I.
Development of three-layer collagen scaffolds to spatially direct tissue-specific cell differentiation

for enthesis repair. Mater. Today Bio. 2023, 19, 100584.

142



Chapter 4: Summary, limitations and future perspectives

143



Chapter 4

4.1. Summary of the study and general conclusions

Antimicrobial resistance (AMR) is one of the drastically increasing global health problem,
resulting in the misuse and overuse of the conventional antibiotics which lead to generation of
antimicrobial resistant microorganisms [1,2]. AMR has led to increased mortality rates, prolonged
stay in hospital, and high healthcare costs [3,4]. AMR has been reported as one of the top ten global
health concerns by World Health Organization while emphasizing the urgent need of the
development of alternative and safer antimicrobial therapies [5] in order to combat antimicrobial
resistant pathogens such as S. aureus, and E.coli. Among the alternative antimicrobial agents
substitute for conventional antibiotics, essential oils have gained attention thanks to their broad-
spectrum antimicrobial activity due to various bioactive compounds present in their structure such
as terpenes, terpenoids, and phenolic compounds [6-9]. The promising alternative antimicrobial
agent candidates, essential oils may exhibit their activity by destroying bacterial cell membrane,
preventing cell metabolic activity, eliminating biofilm formation [10,11]. Although they show
superior biological activities, their high volatility, low stability, and hydrophobicity may decrease

their efficacy and safety [12].

The incorporation of essential oils into biomaterial formulations has gained significant attention
in recent years in order to overcome those drawbacks. A developed biomaterial formulation can
provide protective environment for the essential oils while enhancing their stability, controlled
release and bioavailability. Among a wide variety of biomaterial formulations, collagen hydrogels
have been reported as particularly effective for incorporating essential oils to use in tissue
engineering applications. Collagen, a natural protein and main component of extracellular matrix
of connective tissues, presents superior biodegradability and biocompatibility which make them
ideal candidate for biomedical and tissue engineering applications [13-18]. When used in the
hydrogel form, collagen can encapsulate essential oils, ensure sustained and controlled release
whilst reducing any cytotoxic effect of essential oils. Besides that, this approach not only
overcomes the drawbacks of the essential oils but also leverages the inherent properties of collagen

to promote tissue regeneration.

Herein, Thymus sibthorpii essential oil was incorporated into optimized starPEG crosslinked

collagen hydrogels and the properties of developed medical devices were investigated.
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Firstly, antimicrobial and anti-biofilm activity of four different essential oils (Thymus sibthorpii,

Origanum vulgare, Salvia fruticosa, Crithmum maritimum) were screened in detail. The main

conclusions obtained from this experimental study (Chapter 2) were:

1.

Thymus sibthorpii was found to be the most effective EO against tested bacterial strains,
followed by Origanum vulgare EO.

Thymus sibthorpii and origanum vulgare showed higher antibacterial activity than most of
the reference antimicrobials.

5 % v/v DMSO which was used for dissolving EOs did not show any inhibitory effect on
bacterial growth. Therefore, it can be clearly said that observed antibacterial activities were
achieved only by EOs.

All EOs displayed significant biofilm inhibition even at their half MIC.

Although gentamicin sulfate is mostly used antimicrobial agent in commercial antibacterial

dressing products, it could not inhibit biofilm formation.

Afterwards, collagen type I hydrogels were developed by crosslinking six different starPEG

molecules which possess different arm numbers, and molecular weights at 0.5, 1, 2, 5 mM

concentrations. The optimization study was conducted by assessing the stability of fabricated

hydrogels by free amine quantification, and enzymatic degradation assays. Accordingly, the

optimally starPEG-crosslinked collagen hydrogels were loaded with 0.5, 1, 2 v% of Thymus

sibthorpii EO, and the release profile and release kinetics of the EO were examined. Finally, the

antimicrobial activity of the developed composite hydrogels was assessed against S. aureus, and

E. coli, whilst their cytocompatibility was examined for NIH-3T3 fibroblasts. The main

conclusions obtained from this experimental study (Chapter 3) were:

1.

3.

0.5, 1 and 2 mM of starPEG concentrations decreased the free amine percentage more than
glutaraldehyde.

5 mM starPEG concentration was found out of the effective concentration range. In other
words, an effective plateau was observed between 0.5 and 2 mM of each tested starPEG
crosslinker.

starPEG functionalized hydrogels did not fully degraded within 24 hours.
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4. 0.5 mM of 4SP, pentaerythritol, 10 kDa; 4SP, pentaerythritol, 20 kDa; and 8SP,
hexaglycerol, 20 kDa crosslinkers were found the optimal crosslinker to functionalize
collagen hydrogels.

5. The non-crosslinked hydrogels demonstrated burst release that was completely released
EO within a couple of hours.

6. starPEG functionalized Thymus sibthorpii EO-loaded collagen hydrogels demonstrated
controlled and sustained release.

7. Hixson-Crowell model did not fit any of the experimental group, whilst the zero-order,
first-order, Higuchi and Korsmeyer-Peppas models fitted to different experimental groups.

8. The release mechanism of EO from crosslinked hydrogels obeyed the Fickian diffusion
according to the release exponent (n) values calculated by using the Korsmeyer-Peppas
model.

9. The EO-loaded composite antibacterial collagen hydrogels showed sufficient antimicrobial
activity on S. aureus and E. coli. However, they showed more resistance to gram-negative
E. coli.

10. Collagen hydrogels containing 0.5 v% of EO did not show a statistical difference compared
to positive control penicillin (for gram-positive bacteria), and enrofloxacin (for gram-
negative bacteria) (p < 0.05). Hence, 0.5 v% concentration of Thymus sibthorpii EO was
accepted as the optimal concentration to incorporate collagen scaffolds.

11. All developed 0.5 v% Thymus sibthorpii EO including composite hydrogels were found
cytocompatible with 3T3-NIH fibroblasts.

Therefore, in this study, we demonstrated the potential of the essential oils as safer and alternative

antimicrobial agent substituted for antibiotics, the effectiveness of Thymus sibthorpii EO loaded

collagen type I hydrogels in purpose of using in tissue engineering applications.
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4.2. Future studies

The screening performed in our study concluded that 7Thymus sibthorpii EO has great potential as
safer antimicrobial and anti-biofilm agent. Besides, this EO showed higher activity on the
inhibition of various S. aureus strains compared to widely used antimicrobial agent, gentamicin
sulfate. These outcomes open new research frontiers in order to assess anti-inflammatory and
antioxidant activity of Thymus sibthorpii EO to inquire its undiscovered potential. Moreover,
understanding of any synergetic effect of this EO with the combination of other antimicrobial

agents such as herbal extracts, nanoparticles could open a new research area.

In the present study, we developed Thymus sibthorpii EO incorporated collagen type I hydrogel as
a potential antibacterial medical device for infected tissue regeneration purposes. In the context of
the future perspective of this study, rheological and/or mechanical analyzes of the developed
hydrogels might be studied to specialize the antibacterial biomaterials according to the specific
target tissue (e.g., skin, bone, cartilage). Besides, this perspective could give better understanding
about any positive or negative effect of EO on the mechanical strength of the hydrogels. We
achieved great antimicrobial action on gram-positive S. aureus and gram-negative E.coli thanks to
the presence of Thymus sibthorpii EO. However, the antimicrobial activity of the developed
composite hydrogels might be increased by the addition of secondary polymer which demonstrate

antimicrobial activity within its nature such as chitosan.
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A. General workflow

Screening of antimicrobial
and anti-biofilm activity of
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Figure A.1. Objectives and overall workflow of the study.
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Reagent

Supplier

Mueller-Hinton broth

Honeywell, Fluka™, Spain

Tryptic soy broth

Sigma Aldrich, Athens, Greece

Mueller-Hinton agar

Oxoid, Hampshire, UK

MacConkey agar

Oxoid, Hampshire, UK

Blood agar base

Honeywell, Fluka™, India

2,3,5-triphenyl tetrazolium chloride

Sigma Aldrich, Athens, Greece

Glucose anhydrous

Sigma Aldrich, Athens, Greece

Gentian violet

Sigma Aldrich, Athens, Greece

Ethanol

Honeywell, Fluka™, Germany

Methanol

Honeywell, Fluka™, Germany

Whatman paper N.1 discs, 6 mm

Cytiva, China

Penicillin G antimicrobial susceptibility discs

Oxoid, Hampshire, UK

Enrofloxacin antimicrobial susceptibility discs

Oxoid, Hampshire, UK

Gentamicin sulfate

Fagron, Austin, TX, USA

Tetracycline antimicrobial susceptibility discs

Oxoid, Hampshire, UK

Cefaclor antimicrobial susceptibility discs

Oxoid, Hampshire, UK

Staphylococcus aureus ATCC® 29213

American Type Culture Collection, USA

Escherichia coli ATCC® 25922

American Type Culture Collection, USA

Collagen type |

Medtronic, France

4arm PEG Succinimidyl Glutarate, pentaerythritol (10 and 20 kDa)

JenKem Technology, Allen, TX, USA

8arm PEG Succinimidyl Glutarate, hexaglycerol (10 and 20 kDa)

JenKem Technology, Allen, TX, USA

8arm PEG Succinimidyl Glutarate, tripentaerythritol (10 and 20 kDa)

JenKem Technology, Allen, TX, USA

Phosphate buffered saline

Sigma Aldrich, Athens, Greece

Sodium hydroxide

Sigma Aldrich, Athens, Greece

Sodium bicarbonate

Sigma Aldrich, Athens, Greece

Calcium chloride

Sigma Aldrich, Athens, Greece

Glutaric dialdehyde

Thermo Fisher Scientific, Athens, Greece

Acetic acid

Honeywell, Fluka™, Germany

Hydrochloric acid

Honeywell, Fluka™, Germany
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2,4,6-Trinitrobanzene sulfonic acid, TNBSA

Thermo Fisher Scientific, Athens, Greece

Sodium dodecyl sulfate

Thermo Fisher Scientific, Athens, Greece

Glycine white crystals

Thermo Fisher Scientific, Athens, Greece

Collagenase type Il from Clostridium histolyticum, Gibco™

Thermo Fisher Scientific, Athens, Greece

Tris-base

Thermo Fisher Scientific, Athens, Greece

Pierce™ BCA protein assay kit

Thermo Fisher Scientific, Athens, Greece

NIH-3T3 mouse fibroblast cell line

American Type Culture Collection, USA

Dulbecco’s Modified Eagle Medium-high glucose

Sigma Aldrich, Athens, Greece

Fetal bovine serum

Sigma Aldrich, Athens, Greece

Penicillin-streptomycin

Sigma Aldrich, Athens, Greece

Trypan blue

Sigma Aldrich, Athens, Greece

Dimethyl sulfoxide

Sigma Aldrich, Athens, Greece

Dulbecco’s Phosphate Buffered Saline

Sigma Aldrich, Athens, Greece

Trypsin-EDTA

Thermo Fisher Scientific, Athens, Greece

alamarBlue™ assay Kit, Invitrogen™

Thermo Fisher Scientific, Athens, Greece

Quant-iT™ PicoGreen™ dsDNA assay kit, Invitrogen™

Thermo Fisher Scientific, Athens, Greece

Nuclease-free water

Qiagen, Hilden, Germany

T25, T75 and T175 culture flasks

Sarstedt, Numbrecht, Germany

Microcentrifuge tubes, 1.5 ml and 2ml

Sarstedt, Numbrecht, Germany

Petri dishes

Sarstedt, Numbrecht, Germany

24, 48 and 96 well plates

Sarstedt, Numbrecht, Germany

Falcon® tubes, 15 ml and 50 ml

Sarstedt, Numbrecht, Germany

Cell culture pipettes, 5, 10, and 25 ml

Sarstedt, Numbrecht, Germany

157




Appendices

C. List of protocols

C.1. Antimicrobial activity

C.1.1. Kirby-Bauer disc diffusion assay

1.
2.

Prepare collagen type I hydrogels (300 uL) and sterilize them via UV irradiation for 1 h.
Grow S. aureus and E. coli cells overnight at 37 °C on the blood agar, and MacConkey agar,
respectively.

Prepare an inoculum in a sterile saline solution by adjusting the McFarland unit to 0.5 (~1 %
10® CFU/mL) with fresh colonies.

Immediately spread out the prepared inoculum on dry Mueller—Hinton agar plates.

Place the 6 mm diameter sterile Whatman paper N.1 discs on the Mueller—Hinton agar plates.
Add 15 pL of essential oil to each Whatman paper disc or directly place the sterilized hydrogels
on the Mueller—Hinton agar plates.

Leave the plates to air dry for half an hour.

Incubate the prepared plates at 37 °C 20-22 h.

Take the images of each plate, and measure inhibition zone diameters at the end of the

incubation period.

C.1.2. Broth microdilution assay

1. Grow S. aureus and E. coli cells overnight at 37 °C on the blood agar, and MacConkey
agar, respectively.

2. Prepare inoculum in a sterile saline solution at the final concentration of 5 x 105 CFU/mL
using fresh colonies.

3. Define the first and last wells in a related row of 96-well plates as sterility and growth
control, respectively.

4. Place only tested antimicrobial agent into the sterility control well, and only inoculum into
the growth control well.

5. Perform serial dilution by transferring 100 pL of well-mixed EO suspension to the other.

6. Add 100 pL of freshly prepared inoculum to the wells, except for the sterility control well.

7. Adjust the concentration range between 100% and 0.0488% (v/v) for essential oils and
between 128 and 0.000488 pg/mL for reference antibiotics.

8. Incubate 96-well plates in a horizontally shaking incubator at 37 °C and 75 rpm for 20 h.
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9. Add 1% (w/v) of triphenyl tetrazolium chloride, TTC Gram stain transferring to each well.

10. Re-incubate 96-well plates for 2 h.

11. Record the minimum inhibitory concentration (MIC) of each tested antimicrobial agent as
the concentration of the well just before the first red-colored well which indicates the living

cells.
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Figure C.1.2.1. Indicative experimental procedure of broth microdilution assay.
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C.2. Anti-biofilm activity

C.2.1.
1.

10.

1.

12.

13.

14.

Microtiter plate biofilm assay

Add 100 pL of each essential oil or antibiotics at x4 MIC, x2 MIC, MIC, > MIC
concentrations.

Add 100 pL of diluted inoculum.

Incubate the plates at 37 °C for 20-24 h without agitation, allowing the adherence of
bacteria onto the surface/wall of the wells.

Dump out cells by turning the plate over and shaking out the liquid on the paper towel.
Wash the wells twice with 250 pul of de-ionized water (DIW) in order to remove planktonic
bacteria and discard it by turning the plate over and shaking out the water.

Fix the attached bacteria with 200 ul of pure methanol for 15 min.

Empty the plates and leave them to dry at room temperature for 1 h.

Stain the cells with 200 pl of 0.4% w/v crystal violet used for Gram staining per well for 5
min.

Rinse off the excess stain by placing the plate under gently running tap water.
Resolubilize the dye bound to the adherent Staphylococcus cells with 160 ul of 33% (v/v)
glacial acetic acid.

Mix each well carefully and transfer 100 pl of resolubilized cell suspension to new plate.
Take the pictures of plates for qualitative assessment.

Read the optical density (OD) of each plate at 570 nm or 630 nm. Readout at 630 nm may
help to observe overflow result problems.

Evaluate the biofilm inhibition percentages of each antimicrobial agent using the following

equation.

DPositive Control — ODExperimental

Inhibition % = x 100

ODPositive Control
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C.3. Fabrication of collagen type I hydrogels

Note: All steps were carried out on the ice to avoid the denaturation and/or pre-polymerization

of the collagen.

b e

Prepare collagen stock solution (7.5 mg/mL) by dissolving in 0.05 M of acetic acid.
Add 70 pL of 10x PBS in 2 mL microcentrifuge tube which was used as mold.

Add 7 pL of 1 N NaOH and mix well by pipetting up and down.

Add 200 pL of collagen stock solution (7.5 mg/mL) to have the final collagen
concentration of 5 mg/mL. Then, mix well by pipetting up and down.

Add required volume of stock crosslinker solution. (For example, for the 0.5 mM of
final crosslinker concentration, add 7.5 uL of 20 mM of stock crosslinker solution.)
Add the required volume of essential to adjust its desired concentration (0.5, 1, 2 v%).
(If needed) Top up the solution to the 300 pL.

Check the pH of the solution. If it is not in the range of 7.1-7.4, add 0.5 pL of 1 N
NaOH till adjusting the pH.

Incubate samples at 37 °C for 1h.
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Component Order Concentration Volume

10x PBS 1 70 pL

NaOH 2 1IN 7 uL

Collagen type | 3 5 mg/mL 200 pL

starPEG 4 051,2,5mM 10, 20, 40, 100 pL
NaOH 5 1N Dropwise (if needed)
Thymus sibthorpii EO 6 05,1,2v% 1.5,3,6 puL

1x PBS . Remaining volume (if

needed)
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. Quantification of free amines by TNBSA assay

Prepare collagen type I hydrogels (300 pL).

Place hydrogels into labelled 2 mL microcentrifuge tubes.

Prepare standard curve solution with the known concentration of glycine (Table C.4.1).
Add 500 pL of each standard curve solution into labelled 2 mL microcentrifuge tubes.
Add 500 pL of 0.1 M sodium bicarbonate solution into each hydrogel.

Add 500 pL of 0.01% w/v TNBSA to each hydrogel and standard curve solution.

Mix the microcentrifuge tube content well using benchtop vortex.

Incubate the hydrogels and standard curve solutions in a horizontally shaking incubator at
37 °C and 150 rpm for 2 h.

Add 250 pL of 10% w/v SDS and 125 pL of 1 M HCI to each hydrogel and standard curve
solution just after incubation period to stop the reaction.

Mix the microcentrifuge tube content well using benchtop vortex.

Hydrolyze the hydrogels by incubating them in a block heater at 120 °C for 15-30 min if
they are not completely dissolved.

Transfer 100 pL of sample solution of hydrogels and standard curve solutions to labelled
96-well plate.

Read the absorbance at 335 nm.
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Table C.4.1. Standard curve solution preparation for TNBSA assay.

Volume of glycine stock Volume of 0.1 M sodium Final glycine concentration
solution, 5 mg/mL (uL) bicarbonate solution (mL) (mg/mL)
0 5 0
5 5 0.005
10 5 0.01
20 5 0.02
30 5 0.03
40 5 0.04
50 5 0.05
0.6
05 .
.-’.'.
0.4 '
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) R? = 0.9599
® 03
Q
e
2
2 02 .
<
0.1 e
0
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045
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Figure C.4. 1. Calibration curve for TNBSA assay with the known concentrations of glycine.
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C.5. Assessment of the resistance of hydrogels against enzymatic degradation

C.5.1. Collagenase assay

. Prepare collagen type I hydrogels (300 pL) for each defined time point (2, 4, 8, 24 h).
. Place hydrogels into labelled 2 mL microcentrifuge tubes.

1
2
3.
4

Prepare the buffer solution with 0.1 M Tris-HCI (pH 7.4) and 50 mM CaCl..

. Prepare a 50 U/mL of collagenase degradation solution in the buffer solution according to

the equation below.

_ 1 mLbuffer 50U 1 mg of collagenase powder
X=Y 1 sample "1 mL buffer al

where, x is the required amount of collagenase powder in mg, y is the total number of

samples, and « is the U/mg of the collagenase powder specified by the manufacturer.

Add 1 mL of degradation solution into each hydrogel.

Incubate in a horizontally shaking incubator at 37 °C and 150 rpm for each defined time
point.

At each time point, take an aliquot of 100 puL of each sample, and transfer it into new
microcentrifuge tube, and centrifuge at 3,500 g for 10 min at room temperature.

Transfer the supernatant into a new microcentrifuge tube, and store at -20 °C till using them

for Pierce™ BCA protein assay.
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C.5.2. Pierce™ BCA protein assay

I.

Determine the total volume of working reagent (WR) using the following formula.

Total required WR volume = (#standards + unknows) X (#replicates) X (volume of WR per sample)

(98]

® 2 »n bk

10.

Prepare WR by mixing BCA reagent A and BCA reagent B in 50:1 ratio.

Transfer 100 pL of standard curve solutions and frozen supernatant into labelled
microcentrifuge tubes.

Add 2 mL of WR to each tube.

Cover the lid of tubes and incubate them at 37 °C for 30 min.

Cool all tubes at room temperature.

Read the absorbance of samples and standard curve solutions at 562 nm.

Subtract the absorbance of blank sample (water) from the absorbance of samples and
standard curve solutions.

Prepare the standard curve with the known concentrations of bovine serum albumin (BSA).
Calculate the concentration of collagen concentration in each sample by interpolating their

absorbance using standard curve.
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Table C.5.2.1. Preparation of standard curve solution for Pierce™ BCA protein assay.

Volume and source of BSA Final BSA concentration

Vial Volume of diluent (uL)
(uL) (Mg/mL)

A 0 300 of stock 2000
B 125 375 of stock 1500
C 325 325 of stock 1000
D 175 175 of vial B dilution 750
E 325 325 of vial C dilution 500
F 325 325 of vial E dilution 250
G 325 325 of vial F dilution 125
H 400 100 of vial G dilution 25

I 400 0 0
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C.6. Release profile and release Kinetics of essential oil from hydrogels

C.6.1. Release profile

I.
2.

Determine the specific wavelength of Thymus sibthorpii essential oil (Figure C.6.1.1).
Prepare standard curve with the known concentrations of Thymus sibthorpii essential oil
using 70% v/v ethanol as a solvent (Figure C.6.1.2).
Prepare collagen type I hydrogels (300 pL).
Soak hydrogels into 1 mL of 1x PBS (pH 7.4) and incubate at 37 °C in a horizontal shaker
incubator.
At each defined time point (0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 24, and 48 h), take 100 pL of
sample and refresh by 100 pL fresh 1x PBS.
Transfer the samples taken into 96-well plate.
Read the absorbance at 365 nm which is specific to Thymus sibthorpii essential oil.
Calculate the concentration of the released Thymus sibthorpii essential oil by interpolation
using the linear calibration curve.
Calculate the cumulative release percentage of Thymus sibthorpii essential oil according to
the equation below.
t

Cumulative Release % = z IA;—; x 100

t:0

where M; is the released amount of EO at time t, and My is the initial EO amount.
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Figure C.6.1.1. The scanning of the wavelength of (A) pure Thymus sibthorpii essential oil, (B) 70% v/v ethanol in order to assess the

specific wavelength of the essential oil. 365 nm was determined as specific to Thymus sibthorpii essential oil which gives the maximum

peak.
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Figure C.6.1.2. Calibration curve for release profile assessment with the known concentrations

of Thymus sibthorpii essential oil.
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C.6.2. Release kinetic mathematical model

In order the assess the release kinetics of Thymus sibthorpii essential oil from collagen type I

hydrogels, five different mathematical models were applied to the cumulative release amount

of essential oil. The mathematical models used are given below.

Zero-order model:

= First-order model:

= Higuchi model:

= Korsmeyer-Peppas model:

=  Hixson-Crowell model:

-t _ Kt1/2
% — Ktn
M,

My — M3 = Kt

where M; is the released amount of EO at time t, and My is the initial EO amount, M. indicates

the amount of EO for the final time of the measurements, K is the release constant, and n is the

release exponent.
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C.7. Cell culture

C.7.1. Culture medium for NIH-3T3 fibroblasts

1.
2.
3.

DMEM high glucose (4500 mg/L)
10% v/v FBS

1% v/v Penicillin/streptomycin

C.7.2. Cell thawing and passaging

1.

Remove vial from liquid nitrogen container and thaw with the body temperature of in
a water bath at 37 °C.

Transfer vial content to culture flask of appropriate size containing pre-warmed culture
medium.

Change culture medium every 2-3 days and observe cell morphology and proliferation
with a phase contrast microscope.

When cells reach 80% confluency, remove the culture medium, wash cell layer with
1x PBS and add appropriate amount of trypsin/EDTA according to the culture flask
size. Incubate at 37 °C, 5% CO; for 5 min until cells start detaching from the surface

of the flask.

. Add culture medium with the double volume of added trypsin/EDTA to block the

action of trypsin/EDTA.
Transfer flask content into a Falcon tube and centrifuge at 1,200 rpm for 5 min.

Discard the supernatant and resuspend the cells in desired amount of culture medium.

C.7.3. Cell freezing

1.
2.

Remove culture medium and wash cell layer with 1x PBS.

Add an appropriate amount of trypsin/EDTA and incubate at 37 °C, 5% CO; for 5 min
until cells start detaching.

Add culture medium with the double volume of added trypsin/EDTA to block the
action of trypsin/EDTA.

Transfer flask content into a Falcon tube and centrifuge at 1,200 rpm for 5 min.
Resuspend cell pellet in a necessary amount of freezing medium (90% v/v of medium

with 10% of dimethyl sulfoxide) to have 1 million cells per 1 mL of medium.
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6. Add 1 mL of cell suspension per cryogenic vial and place in Mr. Frosty overnight at -

80 °C.

7. Move the cryogenic vials to liquid nitrogen container for long term storage.

C.74. Cell seeding

1.

N kW

Prepare collagen type I hydrogels (300 pL) and sterilize them via UV irradiation for
1 h.

Place the sterilized hydrogel to the wells of 24-well plate for each defined culture day
(1, 3, 5 days).

Condition the hydrogels with 500 pL of culture medium.

Prepare a cell suspension by adjusting 50,000 cells per 20 puL of culture medium.
Seed the cells on the top of the hydrogels by adding 20 pL cell suspension.

Incubate at 37 °C, 5% CO; during the defined culture period.

Change medium every 2 days.

C.7.5. alamarBlue™ assay

1.
2.

(98]

N ok

Prepare a 10% alamarBlue™ solution in DMEM.

Discard culture medium from the cell seeded hydrogels and wash with 1x PBS.
Add 500 pL of 10% alamarBlue™ solution to the hydrogels, and 10% alamarBlue™
solution alone as a negative control.

To observe the background absorbance, add medium alone to empty wells.

Incubate for 2-4 h at 37 °C, 5% COa».

Transfer 100 pL of alamarBlue™ solution to the new 96-well plate after reaction.
Read the absorbance at 550 and 595 nm. The absorbance values are called as
absorbance of the oxidized form at lower wavelength (AOrw), and absorbance of the
oxidized form at higher wavelength (AOnw) for 500 and 595 nm, respectively.
Subtract the absorbance of medium from each measured absorbance values if it
cannot be negligible.

Evaluate the correlation factor (Ro) according to the equation below:

_ A0y
7 AOuw
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10. Calculate the percentage of alamarBlue™ reduction (AR%) by the cells according to

the equation below:

ARO/O = ALW - (AHW X Ro) x 100

C.7.6. Quant-iT™ PicoGreen™ dsDNA assay

1.
2.
3.

10.
11.

Remove the media and gently wash the hydrogels with 1x PBS.

Add 250 pL of DNase-free water to each group.

Freeze-thaw cell seeded hydrogels three times by freezing at -80 °C for min 15-20
and thawing in the incubator at 37 °C till completely defrosted.

Prepare a 1x TE buffer by diluting 20x stock solution with DNase-free water.
Prepare standard curve solutions with the known DNA concentration using DNase-
free water (Table C.7.6.1). Prepare 2 pg/mL and 50 ng/mL DNA stock solutions.
Make up the PicoGreen™ solution (5.376 mL 1x TE buffer + 27 pL concentrated
PicoGreen™).

Add 100 pL of diluted PicoGreen™ solution to each well and gently mix them.
Incubate at room temperature for 2-5 minutes in a dark environment.

Transfer 100 pL of each sample to the new 96 well-plate.

Read the fluorescence (excitation: 480 nm, emission: 520 nm).

Evaluate the DNA concentration by interpolating the fluorescence values using

calibration curve.

175



Appendices

Table C.7.6.1. Preparation of standard curve solution for Quant-iT™ PicoGreen™ dsDNA assay.

Final DNA
Volume of DNase- Volume of 2 ug/mL DNA  Volume of 50 ng/mL DNA )
) ) concentration
free water (uL) stock solution (uL) stock solution (uL)
(ng/mL)
200 200 0 1000
300 100 0 500
380 20 0 100
0 0 400 50
200 0 200 25
320 0 80 10
360 0 40 5
400 0 0 0

176



