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SOUHRN

V prubéhu projektu byly vyvinuty unikatni kolagenni pény z kolagenu ziskaného z ktize
sladkovodni ryby (kapr obecny, Cyprinus carpio). Pomoci sitovani karbodiimidem byl
pifekonan problém s nestabilitou kolagenni matrix z kolagenu ziskdvaného z
chladnokrevnych zivo€ichi pii télesné teplote savcii. Nasledné byly pény impregnovany
antibiotiky (gentamicin a vankomycin) a opétovné lyofilizovany, coZ je postup, ktery
zajiStuje pozadovanou koncentraci antibiotika bez rizika naslednéhovymyti pii dalSich
technologickych krocich. Uvedeny produkt je, na rozdil od ptipravkii z nesitovaného
kolagenu, stabilni 1 pii sterilizaci gamma zafenim. Findlni sterilizovany produkt byl
testovan in vivo napotkanim modelu infikované rany.

Byla prokéazéana efektivita v 1é¢bé potencialné letalni infekce Pseudomonas aeruginosa a
kmene Stafylococcus aureus rezistentni k meticilinu (MRSA). Vzhledem k vysoké
pottebé profylaxe a terapie infekci pooperacnich a jinych ran pravé vySe uvedenymi
polyrezistentnimi ptivodci se jedné o slibny prostfedek k budoucimu klinickému vyuziti.

ZkuSenosti, které jsme ziskali v prubéhu uvolnovani ATB z kolagennich pén budou v
dal$im vyvoji pouzity pro impregnaci zevni kolagenni vrstvy cévni protézy, ¢imz bychom
mohli eliminovat jednu z nejvétSich nevyhod a rizik spojenych s pouzitim umélych
materidlu a tim je infekce.

Déle v prabéhu vyzkumu jsme vytvorili pilotnitechnologie k programovani porozity a
programovani degradace téchto kolagennich pén z rybihokolagenu. Byla provedena cela
fada testl vcetn¢ analyz sekundérnich struktur kolagenovych vzorkidi zdrojového
kolagenu a kolagenu ziskaného z vyrobené cévni nahrady vcetné in vivo testl. Mira
zachovani nativni struktury kolagenu byla sledovana pomoci FTIR a elektroforetické
analyzy. Ddle bylnavrZzen zpusob heparinizace kolagenovych vzorkl a zpusob jejich
analyzy.

Byly zkoumany fyzikalni vlastnosti kolagenovych lyofilizati s antibiotiky. Prace byly
zaméfeny na navrh sloZeni a ptipravy kolagenovych lyofilizatd s antibiotiky. Dale byly
provedeny analyzy degradacnich vlastnosti pfipravovanych materiald a na jejich zdkladé
byl postup ptipravy doplnén o dodatecné sitovani kolagenu.

Byly ovéfovany riizné zpusoby sitovani a na zakladé vysledki byl doporucen finalni
postup piipravy. Na zéklad¢ vysledkti byly ve spolupraci s vyrobci kolagenu
modifikovany vyrobni postupy zat€elem optimalizace vlastnosti implantati.
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Do hrudni stény potkanti byly implantovany ¢asti novych prototypli za ucelem ovéieni
doby vstiebavani prositované a sterilizované kolagenni hmoty. Dale probihalo testovani
farmakokinetickych moznosti kolagennich pén, ovlivnéni degradace, denaturace,
vhojovani. Byly formulovany finalni postupy pro vyrobu kolagennich protéz a pén.

Klicova slova: kolagen, antibiotické kryti ran, gentamicin, vankomycin, rifampicin



SUMMARY

During the project, unique collagen foams were developed from collagen obtained from
the skin of freshwater fish (common carp, Cyprinus carpio). The problem of instability of
the collagen matrix from collagen obtained from cold-blooded animals at mammalian
body temperature was overcome by carbodiimide crosslinking. Subsequently, the foams
were impregnated with antibiotics (gentamicin and vancomycin) and re-lyophilized, a
process that ensures the required concentration of antibiotic without the risk of subsequent
leaching in further technological steps. This product, in contrast to non-crosslinked
collagen preparations, is stable even when sterilized by gamma radiation. The final

sterilized product was tested in vivo in a rat model of an infected wound.

Efficacy in the treatment of potentially lethal Pseudomonas aeruginosa infection has been
demonstrated and testing of the dreaded and increasingly common methicillin-resistant
strain of Staphylococcus aureus (MRSA) is currently underway. Due to the high need for
prophylaxis and therapy of postoperative and other wound infections by the above-

mentioned polyresistant agents, this is a promising tool for future clinical use.

The experience we have gained during the release of ATB from collagen foams will be
used in further development to impregnate the outer collagen layer of the vascular
prosthesis, which could eliminate one of the biggest disadvantages and risks associated

with the use of artificial materials and infection.

Furthermore, during the research, we developed pilot technologies to program the
porosity and degradation programming of these collagen foams from fish collagen. A
number of tests were performed, including analyzes of secondary structures of collagen
samples of source collagen and collagen obtained from the produced vascular prosthesis,
including in vivo tests. The degree of preservation of the native collagen structure was
monitored by FTIR and electrophoretic analysis. Furthermore, a method for

heparinization of collagen samples and a method for their analysis was proposed.



The physical properties of collagen lyophilisates with antibiotics were investigated. The
work was focused on the design of the composition and preparation of collagen
lyophilizates with antibiotics. Furthermore, analyzes of the degradation properties of the
prepared materials were performed and on the basis of them the preparation process was

supplemented by additional crosslinking of collagen.

Various cross-linking methods were tested and the final preparation procedure was
recommended based on the results. Based on the results, production processes were
modified in cooperation with collagen manufacturers in order to optimize the properties

of implants.

Parts of the new prototypes were implanted in the chest wall of the rats in order to verify
the absorption time of the sieved and sterilized collagen mass. Furthermore, testing of
pharmacokinetic possibilities of collagen foams, influencing of degradation, denaturation,
healing was performed. Final procedures for the production of collagen prostheses and

foams were formulated.

Key words: collagen, antibiotic wound dressing, gentamicin, vancomycin, rifampin
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SEZNAM POUZITYCH ZKRATEK (sefazeno abecedng)

AMK
ATB
AUC
AV
BALB/c

BOV
bFGF

°C

CFU
CLCS
nCLCS
CYP, Cyp
CVUT

DEMI
EU
EDC

ELISA

Esw

FTIR

gBOV
gCYP
GEN

aminokyseliny
antibiotika

plocha pod kiivkou
Akademie véd

albinsky, laboratorné vyslechtény kmen mysi
domaci

bovinni

rustovy faktor fibroblastl

stupen Celsia

Colony Forming Units, jednotky tvofici kolonie
zesitovany kolagen

nezesitovany kolagen

tiebonisky kapr

ceské vysoké uceni technické

mira degradace

demineralizovand voda (purifikovand)
veli¢ina ke kvantifikaci aktivity endotoxinu

N-(3  dimethylaminopropyl)-N-ethylcarbodiimid
hydrochlorid

enzyme-linked immuno sorbent assay

analyticka metoda vyuzivand ke kvantitativnimu
stanoveni riznych antigent.

mira bobtnani
infraCervena spektrometrie
gram

hovézi gel

kapfi gel

gentamicin
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https://www.wikiskripta.eu/w/Antigen

H & E, HE barveni preparatu (hematoxilin-eozin)

HPLC vysokouc¢inna kapalinova chromatografie
iBOV hovézi implantat

iCYP kapti implantat

IF impakt factor

IFN interferon

IL interleukin

M intramuskuldrni

K kontrolni

Kolagenni material:

SIGMA kolagen typu 1., krysi ocas
CTU kolagen typu L., rybi klize
IRSM kolagen typu L, rybi kiize izolovan USHM
LPS lipopolysacharidovy komplex
M mol ml, 1 mililitr, litr
MIC minimalni inhibi¢ni koncentrace
MCP1(CCL2) monocytovy chemoatraktantovy protein 1
MIP1la (CCL3) makrofagovy zanétlivy protein 1-alfa
MRSA Meticilin-rezistentni zlaty stafylokok
min minuta
mikroCT vySetieni vypocetni tomografii mikro rozliSeni
(experimentalni)
mmHg milimetr rtut'ového sloupce
mm, cm, m milimetr, centimetr, metr
NF nitrofurantoin
ng nanogram
NHS N-hydroxysuccinimid
PBS fosfatovy pufr
PCL polykaprolakton
PCR Polymerazova fetézova reakce
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PE

PES vlakno
PEG

PEO

PHA

PLA
PLGA
PMS Steripack
PVA

PVC

RPMI 1640
SC

SEM

SRel

VAN
VFN
VUP
Wt
TGF- B

TNF
TT

polyethylen

polyesterové vlakno

Polyethylen glycol

polyethylen oxidu
Fytohemaglutinin

polylactic acid
polylactic-co-glycolic acid

obal pro zataveni protézy
polyvinyl alkohol
polyvinylchloride

rustové médium pouzivané v bunécné kultuie
subkutanni

rastrovaci elektronovy mikroskop

Sirius red elastika, metoda barveni kolagennich
vlaken a elastiky

vankomycin

Vseobecna fakultni nemocnice
Vyzkumny ustav pletaisky
hmotnost suchého vzorku

ransforming growth factor beta, oznacCeni pro
nékolik mimobunéénych homodimernich proteind,
které pracuji jako cytokiny a latky regulujici déleni

Tumor necrosis factor
télesna teplota

hmotnost
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1. Uvod

Infekce v operacni rané miizeme povazovat za Achilovu patu chirurgickych oborti a jsou
nejcastejsi pricinou nehojici se rany. Casto komplikuji a zhorSuji pooperacni pribé¢h a
mohou byt pfic¢inou umrti v ¢asném i pozd¢jSim pooperacnim prubéhu (Kirkland KB et

al., 1999).

Terapeutickou moznosti v prevenci, nebo fesSeni jiz infikované operacni rany, je pouziti
antibiotik (ATB), a to jak v podob¢ systémového, tak i lokalniho podani. V piipadé
preventivniho pouziti antibiotik je roky zndmé podéni antibiotika tésné pted operaci s
cilem vytvofeni chranéného koagula v oblasti operacniho pole jako prevence
nosokomidlni ndkazy. Pro kazdy chirurgicky obor je specifické urcit¢ mikrobidlni
spektrum. Vhodné je sledovani mikrobniho spektra na pracovisti a v souvislosti s
vyskytem nosokomidlnich ndkaz a ptislusSného bakteridlniho kmene je vhodny cileny
vybér antibiotika, ktery je pacientim pfed vykonem podavano. Toto antibiotikum je
obvykle kazdy rok ménéno v reakci na mikrobialni spektrum pracovisté. Samoziejmosti
je cilené podavani antibiotika u pacientd s infikovanym defektem, kde zndme infek¢ni
agens, obvykle dle posledniho stéru z infikované oblasti pfed operacnim vykonem nebo
z hemokultury. V ptipad¢ kardiovaskularni chirurgie jsou nej€ast&jsimi bakterialnimi
kmeny piedevsim stafylokoky a streptokoky a v ptipad¢ G- bakterii se jedna o Escherichii
Coli a 0 Pseudomonas Aeruginosa. V ptipadé téchto bakteridlnich kment se jevi idealni
pouziti vankomycinu pro G+ bakterie a aminoglykosidova antibiotika pro G- bakterie.
Tato ATB vSak mohou mit pfi perordlnim a v nékterych ptipadech i pfi parenteralnim

podani omezeny prinik do tkani (Stein GE, Wells EM, 2010).

V ptipad¢ kratkého intervalu mezi podavanim jednotlivych davek ATB nebo u pacienti
s rendlni insuficienci ¢i jaternim selhdnim muze dojit k systémové toxicite, ktera je
zpusobena vysokou koncentraci ATB v téle. V né€kterych ptipadech, je proto mozné nebo
dokonce vhodnéj$i pouziti lokélni aplikace ATB. To potom obvykle nevede i v pomérné
vysokych koncentracich k projeviim systémové toxicity. Tento fakt dokumentuje celéd
fada praci v oboru ortopedie, traumatologie a dalSich chirurgickych oborech (Buttaro MA
et al., 2005; Gruessner U et al., 2001; Xiong L et al., 2014; Hamman BL et al., 2014;
Kahramanca § et al., 2013, Moravek J, et al., 1986).
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V préci Buttara a Gimeneze bylo dosazeno vysokych lokalnich hladin vankomycinu bez
znamek nefrotoxicity pii operaci ndhrady kycelniho kloubu pfi pouziti kostnich Stépt
impregnovanych vankomycinem v kombinaci s cementem obsahujicim aminoglykosidy

(Buttaro MA et al., 2005).

V piipadé lokalni aplikace ATB jsou jiz nékolik let pouzivany specialni kolagenni houby
nebo kolagenni gely s obsahem antibiotika. Tyto kolagenni houby obvykle pouzivame i
pro jejich hemostaticky efekt k zastavé drobného krvaceni piimo do operacni rany nebo
je prikladame zevné na ranu. Ur¢itou nevyhodou, jak konec koncti ukdzeme i v této praci,
je nekontrolované uvolnéni antibiotika z této kolagenni houby bé¢hem nékolika desitek
minut. Naptiklad v cévni chirurgii ptikladame tyto houbicky na suturovanou cévu piimo
do operacni rany k zéastavé drobného krvéceni, a nasledné presivaime mékké tkané nad
cévou s houbickou. Pokud je houbicka napusténa ATB dochazi k vyplaveni tohoto
antibiotika be&hem nékolika desitek minut a nasledné jiz v rané ziistava jen kolagenni
houba, kterou musi organismus odbourat. Tento proces miize trvat i né€kolik tydnl v
zavislosti na upravé kolagenu coz mize mit vliv na hojeni operacni rany. Typickym
ptikladem jsou komer¢né dostupné kolagenni houbi¢ky 10x10 cm obsahujici 130 mg

gentamicinu (Garamycin Schwamm, Eurocept B.V., Ankeveen, obr. 1)

GARAMYCIN -
SCHWAMM

{1

Obrazek 1. Komercné dostupny kolagenni produkt s gentamicinem na kryti operacnich
ran.
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Kolagenni houby, které jsou v soucasnosti dostupné na trhu, maji né€kolik nevyhod:

. Antibiotikum se vyplavi v fadu nékolika desitek minut a po jeho vyplaveni ziistava
v organismu jen kolagen, i n€kolik tydnl, nez je organismem odbouran (viz dalsi

vysledky této prace).

Kolagen pouzivany k vyrob¢ téchto houbicek (pé€n) byva vétSinou ziskavan ze savcu.
(bovinniho, koiiského a praseciho). Tento kolagen ovSem vykazuje vysokou
antigenicitu, coz se pfisuzuje tyrosinu v telopeptidech, kterd mtize zptisobovat alergické
reakce a to i po extrakcei telopeptid, které jsou nejvice antigennimi molekuly kolagenu,
ziskaného ze savci. Alergické reakce u takto upravovanych pén se vyskytuji u zhruba

3%-4% populace (Charriere G et al., 1989).

Pouziti bovinniho kolagenu také znamend riziko prenosu bovinni spongiformni

encefalopatie, pripadné jinych zoonoz (Jongjareonrak A et al., 2005).

.V soucasné dob¢ vystupuje do poptedi i naboZenské vyznani pacienta, kde musime byt
velmi obezietni zejména pii pouziti kolagennich pén z bovinniho nebo praseciho

kolagenu.

Z vyse uvedenych nevyhod soucasné pouzivanych kolagenii k vyrobé koalegnnich pén
roste poptavka po alternativnim typu kolagenu. Urcitou alternativou, ktera vyse uvedena
negativa eliminuje je pravé rybi kolagen. Rybi kolagen vykazuje mensi antigenicitu v
porovnanim s kolagenem ziskanym ze savcl, vykazuje vybornou biokompatibilitu,
podporuje adhezi a diferenciaci bun¢k (Pati F et al. 2012; Oh HH et al., 2015). Jeho
jednoznacénou vyhodou je Ze eliminuje pienos zoonoz z ryb na ¢lovéka, protoze pfi jeho
zpracovani a pouzivani pfi teploté lidského téla Zadny rybi patogen nepteziva. Pouziti

ze savcu.

V poslednich letech se objevuji pfedevsim na trhu s kosmetickymi a potravinaiskymi
produkty vyrobky z kolagenu motskych ryb. Uplatnéni kolagenu moiskych ryb v
medicinskych apikacich zminuji jiz nékteré studie vychazejici z oboru tkanového
inZenyrstvi (N. Nagai, Y. Nakayama, 2008) a stomatologie (Yanagiguchi 2001, Yang

2001). Nicméné systematické publikace o pouziti rybich kolagenii v mediciné jsou

14



literatufe zatim pomérné ojedinélé. Objevuji se prevazné prace na poli popaleninové

mediciny, konstrukci cévnich protéz nebo specialnich kryti na hojeni ran.

Rybiho kolagen je ve srovnani s bézn¢ pouzivanymi kolageny odolnéjsi viici fyzikalnimu
nebo chemickému poskozeni, ziejmé i diky prostiedi ve kterém dochdzi ke stiidani tlaki
a teplot, coz je typické pro mista, kde ryby ziji. Protoze si tento rybi kolagen zachovava
svou trojSroubovicovou strukturu, zistavaji polypeptidy a aminokyseliny nedotcené,
¢imz se zvySuje efektivita tohoto kolagenu. Bohuzel vSak na trhu chybi jednoznacné
definovany kolagen z motskych ryb, u kterého by producent definoval podrobnou analyzu
jeho Cistoty. Pti¢inou toho je, ze bézné dostupny rybi kolagen je ziskavan asi z dvaceti
druhiit motskych Zivocichii, tedy jednotny kalibra¢ni vzorek je nutné teprve hledat.
Technologické procesy ziskavani kolagenu ze sladkovodnich ryb nejsou jesté ani
universaln¢ vypracovany a zcela nepochybné budou druhové specifické, proto i
systematicky popis vcetné¢ ruznych charakeristik rybiho kolagenu jsou pomérné
komplikované vzhledem k malému mnozstvi publikovanych informaci v této oblasti (Bae

I et al. 2008).

A%

Kromé toho je rybi kolagen ndro¢néjsi na zpracovani pro l¢kaiské ucely ve srovnani
s kolagenem z teplokrevnych zivocicht, nebot’ denaturuje pii teploté lidského téla (Bae I
et al, 2008). Abychom zabranili denaturaci, je nutnd jeho technologickd uprava
zesitovanim. Vzniku vazeb mezi kolagennimi vlakny dosahujeme pomoci chemického
procesu sitovani vhodnym c¢inidlem nebo gama zafenim (obr. 2.), které pouzivame pii
sterilizaci téchto kolagennich pén. Je nutné brat v uvahu, Ze sitovani kolagenu méni i jeho
fyzikalni (zejména mechanické) a chemickeé vlastnosti. S tim je dilezité pocitat, protoze
ptilisné zesitovani vede ke zvySeni tuhosti pény a zvySeni jeji kiehkosti coz neni v
piipadé tohoto produktu zadouci. S tim také souvisi i jeho odbouravani. Cim je kolagen
vice sitovan tim se hlfe v organismu odbourava. Dal§im dilezitym faktem je i vazba

ptipadnych 1é¢iv v kolagenni houbicce a jejich uvoliovani do zevniho prostiedi.
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Obr. 2.: Efekt gamazareni pri sterilizaci kolagenu (obr. Zapiijcen z prdace: Nguyen H,
2007)

Na vyrobé rybiho kolagenu ze sladkovodnich ryb spolupracujeme s tymem odbornik
zLF1 KU a VFN, AV a CVUT i dalsich byvalych spolupracovnikii doc MUDr. Milana
Krajicka jiz n€kolik let. Kolagen je ziskavan pfedevsim z kiize ryb. Na&§ tym zvolil jako
vychozi surovinu kazi tfebonského kapra. Ta je snadno dostupna jako odpadni produkt
pfi zpracovani ryb. Je tedy vyhodou, Ze zpracovavame odpadni produkt zpracovani ryb.

Surovina je levnd a je ji dostupnd v dostateném mnoZzstvi.

1.1 Kolagen

Jako kolageny jsou oznacovany vlaknité bilkoviny s typickym obsahem aminokyselin
(13-14% hydroxyprolinu, 2% hydroxylysinu) s charakteristickym Zihanim. Tyto struktury
muzeme obvykle detekovat prostfednictvim elektronového mikroskopu. Zakladnim
stavebnim kamenem kolagenu jsou zejména aminokyseliny glycin, prolin, hydroxyprolin
a hydroxylysin, které¢ se skladdaji do fetézct, které tvoii trojitou spiralu, kterd se oznacuje
jako tropokolagen (Ledvina M et al., 2020). Tyto trojité spirdly se sdruzuji do drobnych
fibril, které se slucuji do vétsich fibril a vytvaii typické kolagenni vldkno (obr. 3).
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Obr. 3.: Stavba kolagenniho vidkna

Arming acids in alpha chain

Y996 e

(Obr. zapuijcen z Nijhuis W.H. et al. Current concepts in osteogenesis imperfecta: Bone
structure, biomechanics and medical management. Journal of Children s Orthopaedics

2019,13(1):1-11)

Zcela zasadni roli zde hraje hmota vysoce hydratovanych mukopolysacharidi nachazejici

se mezi jednotlivymi vldkny. Pfestoze chemicky zname fadu riznych typt kolagenu, pro

vvvvvv

Pro pouziti kolagenu v medicing jsou zésadni 3 zakladni charakteristiky:

1) biologicka — antigenicita vlastniho kolagenu

2) fyzikdalne-chemicka — ovlivnitelné vytvafeni pficnych vazeb a s tim bezprostfedné

souvisejici rozpustnost, nasdkavost a odbouravani kolagenni hmoty

3) fyzikalné-mechanickad — coz je odolnost materialu pii mechanickém zatéZzovani (pruznost,

odolnost v tahu) aniz by doslo k poruseni jeho vlastni vnitini struktury (dana orientaci

vlaken)
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V mediciné se datuje pouziti kolagenu od Sedesatych let minulého stoleti. V naprosté
veétsing jde o kolagen bovinniho ptivodu, ktery je vyrabén ze Slach (naptiklad Achilova
Slacha je skoro Cisty kolagen typu I) nebo Skary kiize hovéziho dobytka. Cca 3-4 %
populace vykazuje alergii na hovézi bilkoviny, které nelze jakymkoli procesem odstranit
(Charriere et. al. 1989). Pro tyto pacienty predstavuje pouziti zdravotnickych prostredki
s pritomnosti bovinniho kolagenu riziko. Z vySe uvedenych divodl je tedy nativni

kolagen pro medicinské pouziti prakticky nepouzitelny.

Pro vyuziti v mediciné je nutné umét vlastnosti kolagenu cilen¢ upravovat (kolagenni
pény, kolagenni cévni protézy). Zakladnim technologickym procesem, predevSim u
rybiho kolagenu, je vySe uvedené sitovani, neboli tvrzeni kolagenni hmoty, které spoc¢iva
v pusobeni sitovacich ¢inidel (napt. glutaraldehyd, tanin, genipin, ...) na vlastni kolagenni
hmotu, kdy dochdzi k narGstu poctu pricnych vazeb mezi jednotlivymi kolagennimi
vlakny. V medicinskych aplikacich se pouzivaji zejména sitovadla na bazi specialnich
pryskyfic, kterymi je glutaraldehyd vzhledem ke své potencialni biologické toxicité
postupné vytlacovan. Timto zplisobem mizeme do jisté miry kolagen programovat po
strdnce mechanické, chemické i1 biologické. Ovlivitujeme tak elasticitu, bobtnavost
rozpustnost, tuhost, pevnost, vstiebavani v organismu, antigenicitu a dal$i vlastnosti

(Suchy T et al., 2015, Suchy T et al., 2016, Suchy T et al., 2017).

1.2 Kolagen jako matrice pro uvolnovani léCiv

Kolagenové matrice je mozné pouzit jako zaklad Iékovych forem, které prodluzuji nebo
zpomaluji uvolnovani uc¢inné latky v misté aplikace. Timto zptisobem mizeme docilit
pfitomnost naptiklad antibiotika po rizné dlouhou dobu v G¢inné koncentraci v operacni
rané (Ruszczak Z, Friess W, 2003, Nandi SK et al., 2009), popfipadé¢ miizeme timto
zpisobem tlumit bolest, pokud kolagenni matrici mame navéazano lokalni anestetikum,
které¢ se kontrolované uvoliiuje (Cusack Z. et al., 2012). Kolagen sdm o sobé ma i
hemostatické vlastnosti a pozitivné ptsobi jako kryti pii hojeni rany (Chattopadhyay S,

Raines RT, 2014).

Kolagenové matrice mohou byt bud’ pevné (napt. houbicka, kterou vkladame do operacni
rany nebo na ni) (Ruszczak Z, Friess W., 2003), nebo polotuhé. Polotuhé matrice maji

obvykle charakter gelti a mohou byt injekéné aplikovany napt. do pistéli (Versteegden
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LRM et al., 2018). Za fyziologickych podminek mohou tvrdnout nebo vytvofit depo gelu

s navazanou uc¢innou latkou (Wallace DG, et al., 2003).

Vlastnosti 1ékovych forem na kolagenové bazi jsou ovlivnény tfemi zakladnimi

veli¢inami:

. Vlastnostmi kolagenu jako zakladni stavebni jednotky matrice, které urcuji

nasledujici vlivy:

druh Zivocicha, ze kterého je kolagen ziskan. Kolagen z riznych druhi motskych ryb ma
riznou teplotu tani a rizné aminokyselinové sloZeni — souvisi s mistem vyskytu a v jaké

hloubce zivocich zije (Bae I, et al.,2008).

organ, ze kterého je kolagen ziskan. Napiiklad bovinni kolagen z Achillovych $lach je
sloZen ptevazné z kolagenu typu I, oproti kolagenu z podkozi, ve kterém se nachazi dalsi
typy kolagenu (Ruszczak Z, Friess W., 2003). Rovnéz kolagenz riznych organti ryb ma
riznou denaturacéni teplotu (Zhang X, et al., 2014).

u rybiho kolagenu byl popséan piimy vztah mezi teplotou vody, ve které dany jedinec Zije

na kvalitu kolagenu (Bae 1, et al.,2008).

zplsob zpracovani. Pokud v pribéhu zpracovani zachovame tercialni strukturu, vznika
nerozpustny kolagen. Naopak rozpustny kolagen vznikne z denaturovanych vldken po

extrakci kyselinami, pfipadné enzymy (Ruszczak Z, Friess W., 2003).
zpisob sterilizace (Ruszczak Z, Friess W., 2003).

vlastnosti kolagennich gelt, které miizeme aplikovat injekéné 1ze ovliviiovat modifikaci
kolagennich molekul, napt. sukcinylaci (Wallace DG, et al., 2003, Sripriya R, et al.,
2004), pii které dojde k vytvofeni negativné nabité sit€¢ schopnd vazat nékterd 1éciva

(ciprofloxacin) (Wallace DG, et al., 2003).

. Vlastnostmi matrice, které jsou urceny predevsSim

koncentraci kolagenu coz souvisi s hustotou kolagennich vldken (Ruszczak Z, Friess W.,
2003).
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skladanim kolagennich vrstev s rGznymi vlastnostmi (napi.v duasledku rozdilné
propustnosti pro dané 1éCivo), ptikladem jsou ,,jadra™ s navazanou zasobou léciva, které
je obaleno mén¢ propustnou vrstvou, ktera fidi jeho uvoliovani (Ruszczak Z, Friess W.,
2003, Chen MC, et al., 2005). Dalsim ptikladem miize byt houbicka uvolnujici napiiklad
ciprofloxacin v zavislosti na hydrataci (ta miize byt ddna mirou exsudace rany), na jejiz
horni strané je kolagenni film, ktery uvoliiuje do houbicky lécivo, které z ni ubyva

(Sripriya R, et al., 2004).

zesitovanim molekul kolagenu, které jednoznacné vede ke snizeni propustnosti a zvyseni
stability matrice (Ruszczak Z, Friess W., 2003, Chen MC, et al., 2005). Molekuly

kolagenu nesmime zesitovat v ptipadé¢ gelt (Wallace DG, et al., 2003).

kombinaci kolagenu s jinymi makromolekulami, napt. hyaluronovou kyselinou (Wallace

DG, et al., 2003).

uzavienim lé¢iva do liposomi s jejich naslednou inkorporaci do kolagenni matrice

(Ruszczak Z, Friess W., 2003).

. Vlastnostmi lé¢iva, které matrice obsahuje, predevsim

rozpustnosti 1é¢iva ve vod¢ - ta mliZe byt sniZena napft. pfitomnosti malo rozpustné soli a
tim padem dochazi k pomalej§imu vymyvani z mista aplikace (Ruszczak Z, Friess W.,

2003, Gruessner U, et al., 2001).

velikosti molekuly 1é¢iva — podle velikosti molekuly miizeme rozdélit 1é¢iva na molekuly
vEtsi, nez jsou pory kolagenni matrice (u nezesitovaného kolagenu 58 nm pro fibrilarni
kolagen, 4-6 nm pro sukcinylovany kolagen), jejichz difuse je zbrzd’ovéna (,,hindered
diffusion®) a 1é¢iva s molekulami mensimi, kterd nejsou v difuzi zbrzd'ovdna (Wallace

DG, et al., 2003).

elektrostatickymi vazbami mezi 1é¢ivem a kolagennimi vlakny (vazebnou kapacitou

matrice pro dané 1é¢ivo) (Wallace DG, et al., 2003).

Zpomalend difuze v nezesitovaném kolagenu se vyskytuje pfedevSim u makromolekul,

jako napt. TGF-B. VétSina léciv vSak velikosti molekuly nedosahuje velikosti pora
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kolagennich gelii a jejich uvoliiovani tedy zavisi pfedevsim na prosté difuzi (Hildebrand

T, et al., 1997).

Pokud tedy nedochazi k vazbé mezi kolagennimi vlakny a molekulami 1éCiv, opusti
vétsina lé¢iva matrici béhem nékolik minut po implantaci. Ve skute¢nosti se v§ak kromé
difuze uplatiiuji, jak u makromolekul, tak u malych molekul i vazebné interakce mezi
léCivem a kolagenem (napt. mezi karboxylovymi skupinami aminokyselin kolagenu,
piipadné kyseliny jantarovépii sukcynylaci a aminoskupinami gentamicinu (Wallace DG,
et al., 2003), nebo ciprofloxacinu (Sripriya R, et al., 2004). Vazebna kapacita matricepro
urcité 1é¢ivo je saturabilni a zavisi na mnozstvi vazebnych mist na molekulach kolagenu.
Pokud dojde pti vyrobé 1ékové formy k pfesyceni matrice, uvolni se volna frakce 1é¢iva
okamzité po aplikaci.Toho je mozné vyuzit k rychlému vytvotreni vysokych koncentraci
1é¢iva v misté¢ aplikace. Naopak pokud je 1é¢ivo vazano na kolagen kovalentné
hydrolyzovatelnou vazbou, dochazi k pomalému uvoliovani pti postupném odbouravani

matrice (Wallace DG, et al., 2003).

Kolagenni 1ékova forma tak muze byt uzpisobena (riiznym zptisobem vyplyvajicim z
vySe zminénych interakci 1é¢iva a kolagenu) napt. k rychlému uvolnéni ,,nasycovaci
davky* antibiotika ithned po aplikacis vytvofenim lokalni koncentrace mnohonasobné
pfevySujici minimalni inhibi¢ni koncentraci (MIC) citlivych mikrobli, po kterém
nasleduje pomalé uvoliiovani ,,udrzovaci davky* antibiotika prodluzujici Gc¢innost na
nekolik dni (Ruszczak Z, Friess W., 2003, Sripriya R, et al., 2004, Gruessner U, et al.,
2001). Podobny profil plazmatickych koncentraci byl popsan napif. pii uvolfiovani

bupivakainu (Cusack SL, et al., 2013).

1.2.1 Antibiotika

Nejcastéji pouzivanym antibiotikem v kolagennich 1ékovych forméch je gentamicin. V
klinické praxi naSly tyto pfipravky vyuZiti pfedevS§im ve stomatologii, bfi$ni chirurgii a
traumatologii (Ruszczak Z, Friess W., 2003). V posledni dob¢ se objevuji také klinické
studie z oblasti kardiochirurgie, které potvrzuji efektivitu tohoto pfistupuv prevenci
pooperacnich infekci (Schimmer C, et al., 2012, Mishra PK, et al., 2014), déle se tento
postup pouziva v terapii diabetické nohy (Uckay I et al., 2018). In vitro se sice uvolni
vétSina gentamicinu z komeréné vyrabénych piipravki jiz po 30 minutach, in vivo vSak

dochazi k postupnému uvoliovani, které zajistujevysoké lokalni koncentrace jesté 1-4
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dny po aplikaci. Délka lokéalniho plisobeni je mj. ovlivnéna také vaskularizaci mista
aplikace a zavisi tedy na rychlosti vymyvani lokalné nahromadéného gentamicinu do
systémového obéhu. Pti pouziti dostupnych piipravki nedochézi k dlouhodobé expozici
toxickym hladindm gentamicinu (koncentrace klesa do 24 hodin pod 2 mg/L) a nebyly
zaznamenany projevy systémové toxicity (Ruszczak Z, Friess W., 2003). Existuji studie
zabyvajici se vyuzitim kolagenni matrice s tetracyklinem a metronidazolem v dentélni
chirurgii (Ruszczak Z, Friess W., 2003). Za ticelem terapie periodontitidy jsou pouzivany
kolagenni matrice uvolnujici chlorhexidinv dutin€ ustni. Kromé bovinniho kolagenu je za
timto ti¢elem vyuzivan i kolagen ze sladkovodnich ryb(John P, et al. 20015). Dale jsou
dostupna in vitro data a data ze zvifecich experimentii pro ciprofloxacin (Sripriya R, et

al., 2004).

Dalsi zajimavou moznosti je pouziti vankomycinu (Chiang HY, et al., 2014, Sima M, et
al., 2017, Vander S, et al., 1989). V Kklinické praxi byly pouzity vankomycinem
impregnované kostni alografty v kombinaci s cementem obsahujicim aminoglykosidy pii
nahrad¢ kycelniho kloubu. Vankomycin mize byt rovnéz soucésti hydroxyapatitovych
kulicek pti 1écbe€ poranéni pohybového aparatu (Suchy T, et al., 2017). Lokalni aplikaci
bylo dosazeno vysokych koncentraci vankomycinu v misté¢ infekce bez projevi
nefrotoxicity, které jsou spojeny se systémovym podavani antibiotik (Buttaro MA, et al.,
2005) a které Gasto brani eskalaci davek pii systémovém podani (Sima M, et al., 2018).
Vzhledem k tomu, Ze vankomycin, stejné¢ jako aminoglykosidy nedostatecné penetruje
do tkéni (Stein GE, Wells EM, 2010) je systémova aplikace k terapii infekci pooperacnich
ran problematicka. Lokalniaplikace s postupnym uvoliiovanim by v piipadé tohoto
antibiotika byla obzvlast¢ vhodné, nebot’ na rozdil od aminoglykosidi je jeho ucinnost
zavisla nejenom na vysi dosazenych koncentraci, ale také nadélce, kdy koncentrace
piesahuje MIC. Hodnota nejlépe korelujici s klinickou odezvou pii systémové terapii
infekci Staphylococcus aureus je AUC/MIC (Rybak M, et al., 2009). Pokud by kolagenni
1ékové formy zajistily dlouhodobé¢ adekvatni lokdlni koncentrace vankomycinu v rang,
bylo by mozné timto zplGsobem upustit od systémového pouziti dalSich zaloznich
antibiotik (ceftarolinu, linezolidu) a jejich Setfeni pro jiné zdvazné infekce. VEtsi
pocate¢ni mnoZstvi vankomycinu, které se vyplavi bezprosttiedné po aplikaci kolagenni
matrice je navic vhodné k dosazeni ti¢inné koncentrace vankomycinu v misté uc¢inku a

miiZe poslouzit jako nasycovaci davka (Sima M, et al., 2018). Lokélni podéni se tak jevi
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jako efektivni a bezpec¢na alternativa, coz bylo prokdzano pfi lokalni aplikaci prasku
vankomycinu pii pediatrické operaci patefe, kde nebyly zjiStény zadné komplikace

souvisejici s antibiotiky (Armaghani SJ, et al.,2014).

Rovnéz rifampicin miize byt zajimavou molekulou pro lokalni aplikaci pfi hojeni
chirurgickych ran v infikovaném terénu. Bylo prokdzano, ze systémové podavané
antibiotické  kombinace  obsahujici  rifampicin  snizuji  vyskyt hlubokych
poststernotomickych infekeci (Khanlari B et al., 2010) a efektivitu prokazal i
v randomizované studii, ve které snizoval vyskyt infekci spojenych s implantaci
ortopedickych endoprotéz (Zimmerli W et al., 1998). Byla rovnéz studovana i topicka
aplikace rifampicinu ve formé prasku na modelu muskuloskeletalniho traumatu (Shiels
SM et al., 2018) a efekt kolagenni pény napusSténé mj. rifampicinem v terapii praseciho

modelu traumatu sleziny (Parker SJ et al., 1999).

1.2.2 Lokalni anestetika

Lokalni anestetika v kolagennich matricich mohou byt implantovana do poopera¢ni rany
za ucelem snizit intenzitu pooperacni bolesti. V kontrolovanych klinickych studiich bylo
prokazéno subjektivni snizeni bolestivosti a mensi spotfeba opioidd 72 hodin po
inguinalni hernioplastice, pokud byla do ranyimplantovana kolagenni matrice (fibrilarni
zesitovany kolagen, patent US 20110301131 A1) s bupivakainem (100 mg a 200 mg).
Bupivakain je uvoliiovan okamzité po aplikaci, takZe G€inek nastupuje jiZ pii odeznivani
celkové anestézie (Cusack Z, et al., 2012). Pfi gynekologickych operacich byla stejna
1ékova forma pii mensi spotiebé bupivakainu (150 mg) srovnateln¢ ti€innd s kontinudlni
aplikaci bupivakainu do pooperaéni rany infusorem (Cusack M, et al., 2012). Systémové
koncentrace bupivakainu se pohybuji pod hranici pro vyvolani kardiotoxickych a
neurotoxickych ucinkt (Cusack Z, et al., 2012, Cusack SL, et al., 2013). Prib¢h
systémovych hladin vykazuje dva koncentra¢ni vrcholy, prvni po cca 2 hodinach, kdy
dochézi k uvolnéni vétsiho mnozstvi 1é€iva po implantaci, coz je vyhodné pro tlumeni
nejsilngj$i pooperacni bolesti a nasledné mezi 12-24 hodinami, ktery je zplsoben
postupnym uvolilovanim 1é¢iva. Je zajiSténa dostate€na koncentrace v misté aplikacepo
nejméné 48 hodin (Cusack SL, et al., 2013). Dal§im moznym vyuzitim kolagenni matrice
s lokélnim anestetikem je povrchova anestesie benzokainem uvoliiovanym z kolagenniho

bioadhezivniho filmu (de Arauio DR, et al., 2010).
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1.2.3 Imunosupresiva

In vitro bylo popsano prodlouzené uvoliiovani sirolimu ze stentu potahovaného bovinnim
kolagenem typu I, ktery byl zesitovan genipinem (patent US 7351421 B2). Timto
zpusobem bylo dosazeno konstantni rychlosti uvoliiovani sirolimu bez pocate¢niho
narazového uvolnéni vétsi davky. Podle mnozstvi tcinné latky trvalo uvoliiovani sirolimu
7-28 dni (Chen MC, et al., 2005). V soucasné dobé je vétsina kolagennich 1ékovych forem
na bazi bovinniho kolagenu (Ruszczak Z, Friess W., 2003, Wallace DG, et al., 2003). Rybi
kolagenje za timto Gcelem vyuZivan zatim pouze ojedinéle (John P, et al. 20015). V
pripadé¢ vyvoje 1ékovych forem vyuzivajicichrybi kolagen za uc¢elem fizené¢ho uvolnovani
1é¢iv je zapotiebi disledna standardizace finalniho produktu a ovéfeni konstantnich
vlastnosti kolagenu, které mohou byt ovlivnény i takovymi okolnostmi,jako je primérna

teplota vody, ve které ryby ziji (Bae I, et al.,2008).
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Hypotézy a cile prace

2.1 Hypotézy prace:

. Rybi kolagen ze sladkovodnich ryb vykazuje mensi antigenni potencial, nez kolagen

bovinniho ptvodu, Pfi jeho implantaci in vivo je eliminovana lokalni imunitni reakce.
Rychlost rozpadu kolagennich pén lze programovat riznym zptisobem jejich piipravy.
. Rychlost uvolnovani 1é¢iva z kolagennich pén Ize programovat riznym zptisobem jejich

piipravy.

2.2 Cile prace:

. Vyvoj metodiky a testovani imunogenicity zékladni kolagenni hmoty na bunécnych a

mySich modelech
. Vyvoj a ptiprava riiznych typi kolagennich pén z kolagenu sladkovodnich ryb
. Vyvoj kolagennich pén s obsahem antibiotik urc¢enych pro kryti infikovanych ran

. Vyvoj sendvicovych pén z vrstev rizné¢ porézniho kolagenu za ucelem fizeni doby

rozpadu a uvolnéni antibiotik
In vitro testovani mechanickych vlastnosti pfipravenych typu kolagennich pén.

Experimentalni ovéteni doby vstfebavani kolagenni pény z rybiho kolagenu in vitro a in

vivo na krysich modelech.
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3 Testovani imunogenity kolagenu

Kolagenni materialy obecné jsou fazeny k slabym imunogentm, piesto mohou vyvolavat
imunitni odezvu, a proto je pted jejich zavedenim do klinického testovani v humanni
mediciné vhodné otestovatjejich imunogenni vlastnosti. V soucasnosti ale neexistuji

jednoznac¢na doporuceni jaké imunologické testy pouzit.

3.1 Testovani bovinniho kolagenu

V pilotni studii jsme pouzili bovinni kolagen, ze kterého jsou vyrobeny standartné
pouzivané kolagenni pény (Gelita—Spon Standard, Gelita Medical, obr. 4.). Na tomto
zaklad¢ jsme provedli vybér a optimalizaci vhodnych in vitro a in vivometod, kterymi
jsme zjiStovali imunologické vlastnosti kolagenu tfebotiského kapra. Nasledné byl v
imuniza¢nich pokusech pouzit tento bovinni kolagen jako kontrolni skupina pii studiu

imunoreaktivity kolagenu tfebonského kapra.

Obr. 4.: Gelita-Spon Standard, kolagenni heostaticka houbicka z bovinniho kolagenu
(obrazek zapujcen z:

https://'www.henryschein.nl/nl-nl/medisch/p/verbandmiddelen/wondverband/gelitaspon-
per-5x10-stuks/263649)
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V prvni fazi studie jsme in vitro otestovali imunostimulaéni schopnosti bovinniho
kolagenu kolagenni pény na mononuklearnich leukocytech ze slezin kolagen senzitivnich
BALB/c mysi. Zam¢fili jsme se na schopnost indukovat tvorbu ¢asnych prozanétlivych
cytokint (IL- 1B, TNF-a) a na schopnost stimulovat bunécnou proliferaci, tj. testovani

blastické transformace splenocytii se znacenym *H thymidinem.
3.1.1 Protokol pokusu

Zdroj splenocytii: mysi Balb/c, samice, stari 8 tydnd, 6 kust
Pozitivni kontroly: PHA 10ug/ml, PWM lug/ml

Stimulace: cévou (T10-S, N-S) a 3% roztokem kolagenu v apyrogenni vodé 10x,

100x a 1000 xfedénym v PBS.

Koncentrace cytokinti byla stanovena metodou ELISA (RD Systems, DuoSet) po 24 a 72
hodinové stimulaci bunéénych kultur nativnim bovinnim kolagenem (ve tfech fedénich)

a definovanymi ¢astmi cévnich protéz potazenych bovinnim kolagenem.

Blasticka transformace byla vyhodnocena po sbéru proliferujicich bunék po 18

hodinovém

pulsu *H thymidinem.

3.1.2 Vysledky

Stimulace splenocytl roztoky fedén¢ho bovinniho kolagenu nevedla k Zadné vyrazné

tvorbé sledovanych cytokinli (IL-18, TNFa), na rozdil od stimulace splenocytii vzorky

cév, kde jsme zaznamenali mirné zvySeni tvorby obou prozanétlivych cytokint, jak IL-
1B, tak TNF-a. Proliferacni aktivita mononukledrnich leukocytd nebyla vyrazné

ovlivnéna.
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3.2 Testovani imunogennich vlastnosti implantatl kapriho
kolagenu

Ke sledovani systémové odpovédi jsme zvolili monitorovani hladiny vybranych
cytokinii v sérech implantovanych mysi. Dale jsme sledovali aktivitu splenocytd z
implantovanych zvitat, které jsme stimulovali konvencnimi pozitivnimi stimulatory
(PWM, LPS) a gely pfipravenymi z bovinniho i kaptiho kolagenniho implantatu. Po
stimulaci (24 a 72 hodin) in vitro byla stanovena hladina cytokind v supernatantech kultur

metodou ELISA.

Ke sledovani odezvy imunitniho systému byly vybrany nasledujici cytokiny (dle
Qingsong Ye, 2013):

IL-1f. TNF-0. IFN-y. Prozanétlivé cytokiny, produkovany M1 makrofagy, pozn.:
pfedevs§im hladiny IFN-y mohou byt ovlivnény modifikaci/zesitnénim kolagenu. IFN-y
je klicovym reguldtorem fagocytéozy kolagenu makrofdgy, jeho pfitomnost v
mikroprostiedi kolagennich implantati korelujes ptilivem neutrofilti, exprese neutrofily

je znama béhem reakce na cizi kolagenni material.

IL-10. Protizanétlivy cytokin, klicovy pro regulaci exprese degradacnich enzymi
(MMPs) a jejich inhibitort TIMPs. (Lacraz et al., 1995, Sternlicht and Werb, 2001). 1L-

10 je v reakci na cizorody material produkovan syncytii makrofagi a M2 makrofagy.

IL-13. Cytokin klicovy v alergickém zanétu, Gloha v reakci na cizi material spociva v
aktivaci makrofagl k formovani gigantickych bunék, tyto nasledné exprimuji IL-10 a tim

je potlacena enzymaticka degradace kolagenu.

3.2.1 Protokol pilotnich imunizac¢nich pokusu:

Studie byly provadény na mySim modelu. MysSim (BALB/c, samice, 8 tydnd) byl
implantovan podkozné lyofilizovany bovinni (Bov)/kapii (Cyp) kolagen, cca 0,5 cm?, 1—

1,1 mg.

Implantace I (sledovani reaktivity bovinniho kolagenu): 2 skupiny (K, BOV) — 7 mysi ve

skupiné
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Implantace II (porovnani bovinniho a kapiiho kolagenu): 3 skupiny (K, BOV, CYP) —7

mys$i ve skupiné

Subkutanni implantace na dorzdlni strané trupu, ptiprava operacniho pole 2 dny pted
implantaci pomocikrému (Weet), anestezie - 1,5% isofluran. Misto implantace oznaceno
liga¢nim klipem (Small Titanium) pfi implantaci I, vnitinim stehem (Prolen 5-0, Ethicon)

pii implantaci II. (Obr. 5.)

Obr. 5.: Gelita-Spon Standard, kolagenni hemostaticka houbicka z bovinniho kolagenu

Odbéry byly provedeny u Implantace [ a II: 3., 8., 10., 15, 22. a 29. den po implantaci.
V den odbéru usmrcena 1 my$ z kazdé skupiny a odebrana tkan z okoli implantatu k
histologickému posouzeni, slezinné buiilky, ke stimulaénim experimentim in vitro a

sérum.

Slezinné bunky inkubovany s rtiznymi stimulatory (PWM, LPS, gel Bov a gel Cyp —
gely piipravenyz kolagenu uréenému k implantaci, 100ug/ml H20). V supernatantech (po
72 hodinové stimulaci bun€k)a v séru byla nasledné sledovana pfitomnost vybranych

cytokint.

3.2.2 Imunogenni vlastnosti kolagenu - vysledky implantace

Observace pokusnych zviiat: Mysi po zakroku pravidelné kontrolovany, prvni ¢tyfi dny

denné. Od 2. dne bez viditelnych zmén v chovani, bézna aktivita. 3. den Zadna reakce na
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tlak v mist¢ implantace. 4. den 4 mysi ze skupiny CYP, 2 ze skupiny BOV a 1 z kontrolni
skupiny mirné zndmky zanétu v okoli rany (zaCervenalé okraje fezu, bez viditelného
otoku). 8. den reakce v okoli rdny u mysi odezniva, témétneni patrna. 10. den vSechna

zvitata bez znamek reakce, rana zhojena, néktera zvirata bez vnéjsich steht.

Obrazek 6-9 (Implantace I): Primérné hladina cytokinl (pg/ml) v supernatantech in vitro
stimulovanych splenocyti implantovanych(BOV) a kontrolnich (K) skupin stanovena
metodou ELISA (enzyme-linked immunosorbent assay). Odbéry 3., 8., 10., 22. A 29. den
po implantaci. Kultury my$ich splenocyti byly inkubovany v obohaceném RPMI 1640
mediu bez stimulatoru (K, negativni kontrola), s pokeweed mitogenem (PWM,pozitivni
kontrola), s bovinnim a kaptim gelem (gBOV, gCYP). Po hodinové inkubaci byly kultury
odstfedény a supernatanty kultur byly pouzity ke stanoveni koncentrace cytokini. Nebyly

zjistény signifikantni rozdily.
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Obr. 6 Primeérnd hladina cytokinii (pg/ml) v supernatantech in vitro stimulovanych

splenocytii implantovanych(BOV) a kontrolnich (K) skupin stanovena metodou ELISA
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Obr. 7 Primérna hladina cytokinii (pg/ml) v supernatantech in vitro stimulovanych
splenocytii implantovanych(BOV) a kontrolnich (K) skupin stanovena metodou ELISA
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Obr. 8 Primeérna hladina cytokinii (pg/ml) v supernatantech in vitro stimulovanych
splenocytii implantovanych(BOV) a kontrolnich (K) skupin stanovena metodou ELISA
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Obr. 9 Primérna hladina cytokinii (pg/ml) v supernatantech in vitro stimulovanych
splenocytii implantovanych(BOV) a kontrolnich (K) skupin stanovena metodou ELISA
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Obrazek 10 — 14 (Implantace II): Primérna hladina cytokinii (pg/ml) v supernatantech in
vitro stimulovanych splenocytd implantovanych(BOV a CYP) a kontrolnich (K) skupin
stanovend metodou ELISA (enzyme-linked immunosorbent assay). Odbéry 3., 8., 10., 22.
A 29. den po implantaci. Kultury mysich splenocyti byly inkubovany v obohaceném
RPMI 1640 mediu bez stimulatoru (K, negativni kontrola), s pokeweed mitogenem a
lipolysacharidem (PWM, LPS - pozitivni kontroly) a s bovinnim a kapiim gelem (gel
BOV, gel CYP). Po hodinové¢ inkubaci byly kultury odstfedény a supernatanty kultur byly
pouzity ke stanoveni hladiny cytokini. Nebyly zjistény signifikantni rozdily.
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Obr. 10 Primeérna hladina cytokinii (pg/ml) v supernatantech in vitro stimulovcmych
splenocytii implantovanych(BOV a CYP) a kontrolnich (K) skupin stanovena metodou
ELISA
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Obr. 12 Primérna hladina cytokinii v supernatantech in vitro stimulovanych splenocyti
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Obr. 14 Prumérna hladina cytokinii v supernatantech in vitro stimulovanych splenocytii
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Hladiny cytokinit v sérech a v supernatantech stimulovanych kultur splenocytii:

Pro vSechny sledované cytokiny plati, Ze nebyly prokazany vyznamné rozdily ve
stimulaci mySich splenocytli mezi skupinou s bovinnim implantatem a kontrolni
skupinou. Stimulace bun¢k gelyz bovinnich implantati vedla ke zvySeni koncentrace
IL-1B v supernatantech splenocytli v kontrolni i implantované skuping, ve skupiné

implantované byla stimulace vyznamnéjsi v disledku mirné zanétlivéreakce.
Zvysenad hladina proalergického IL-13 nebyla namétena u zadné skupiny.

3.2.3 Protokol naslednych imunizacnich pokusu:

Studie navazujici na pilotni in vitro pokusy s bovinnim kolagenem a na in vivo
experimenty s bovinnimi kaptfim kolagenem. Cilem bylo sledovat lokalni a systémovou

imunitni reakci na implantaci bovinnihoa kaptiho kolagenu na mysim modelu.
Zvireci model

Pro studii byly vybrany Balb/cOla inbredni mysi, samice (4nLab, Ceska republika).
Osmitydenni mysi byly rozdéleny do tfi skupin po 14 (kontrola - C, cévni implantat
impregnovany bovinnim kolagenem — BOV, cévni implantat impregnovany kapiim

kolagenem — CYP).

Implantat

Ctverecek (0.5 x 0.5 cm, cca 17 mg) z cévni protézy impregnované bovinnim nebo kapiim

kolagenem.

Implantace, casovy priubéh pokusu

Den pied implantaci: odstranéni srsti na hibeté zvitat (depilacni krém Weet)

Anestezie (1.5 % isofluran, inhalace), dezinfekce (Betadine)

Bovinni a kapii implantaty umistény do podkozni kapsy (skupiny BOV, CYP). Skupina
C (kontrolni mysi) absolvovala stejnou operacni proceduru bez vlozeni implantatu.

Prolen 5-0 (Ethicon) byl pouzit jako Sici material.
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Po implantaci byly mysi denn¢ sledovany (zména chovani, nechutenstvi, makroskopické
znamky zanétuv misté implantace). Sedmy a ¢trnacty den po implantaci byla polovina
zvitat z kazdé skupiny usmrcena.K dalsi analyze byly nasledn¢ odebrany vzorky ze

sleziny, tkan z mista implantace a sérum.

Imunologicka analyza

Koncentrace cytokini v supernatantech 3 dennich bunéénych kultur (z mysich
mononukledrnich leukocytli izolovanych ze slezin jednotlivych mysi v pokusu) po

stimulaci. ELISA (Duoset, RD Systems, USA)
Blasticka transformace mysich splenocytti po stimulaci.
Koncentrace cytokinil v sérech pokusnych mysi. ELISA (Duoset, RD Systems, USA)

Kvantitativni analyza mRNA (pro vybrané cytokiny) izolované z tkané z mista

implantace.

(qPCR)

Vzhledem k tomu, Ze implantace biomaterialt Casto provokuje zanétlivou reakcei, zaméftili
jsme se na stanoveni imunologickych parametrii zdnétu na zvifecim modelu. Zajimalo
nas predevSim srovnani imunologické reakce ve skupiné mysi s kapfim implantatem
versus skupiny zvifat bez implantatu as bovinnim implantatem. V prvé fadé jsme
sledovali systétmovou odpovéd’ (stanoveni cytokint: IL-1B, IL-4, 1L-10, IL-13, TNF-a
a IFN-y, spojenych s akutni zanétlivou odpovédi) a to v sérech av supernatantech
splenocytli (stanoveni vybranych cytokinii poskytuje zakladni orientaci pfi posuzovani

reaktivity organismu na implantovany material (Qingsong Ye. 2013, Song E. 2006, Pati

F. 2012). Dalejsme testovali blastickou transformaci splenocytii z pokusnych zvitat v

jednotlivych skupinach, a to spontdnni i po stimulaci vybranymi stimulétory.

V dalsi analyze jsme se zaméfili na lokalni odpovéd’ ve tkani z okoli implantatu (QPCR).

Pro tento uceljsme ke sledovani reaktivity tkan¢ vybrali kromé pro- a protizanétlivych
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markertt (TNF-a, IL-6, IL-10 a TGF-B) i n€které chemokiny - MCP1(CCL2) a MIPla
(CCL3).

3.2.4 Vysledky provedenych testd
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Obr. 15: Prumérna hladina cytokinii (pg/ml) v séru experimentalnich skupin (BOV,
CYP) a kontrolniskupiny (SHAM) stanovena metodou ELISA (enzyme-linked
immunosorbent assay) 7 dnii (zelené sloupce) a 14 dnii (Zluté sloupce) po implantaci.
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Obr.16: Primérna hladina cytokinii (pg/ml) v supernatantech in vitro stimulovanych
splenocytii implantovanych (BOV, CYP) a kontrolnich (SHAM) skupin stanovend
metodou ELISA (enzyme- linked immunosorbent assay) 7 dnii (zelené sloupce) a 14 dnu
(Zluté sloupce) po implantaci. Kulturymysich splenocyti byly inkubovany v obohaceném
RPMI 1640 mediu bez stimulatoru (C, negativnikontrola), s pokeweed mitogenem
(PWM, pozitivni kontrola), s bovinnim a kaprim gelem (gBOV, gCYP) a s bovinnim a
kaprim implantatem (iBOV, iCYP). Po hodinové inkubaci byly kultury odstredeny a
supernatanty kultur byly pouZity ke stanoveni cytokinové exprese. Nebyly zjistény

signifikantni rozdily.
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Obr. 17. Bunécna proliferace in vitro stimulovanych splenocytit implantovanych (BOV,
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sloupce) a 14 dnii (Zluté sloupce) po implantaci. Kultury mysich splenocytu byly
inkubovany 48 hodin v obohaceném RPMI 1640 mediu bez stimuldtoru (C, negativni
kontrola), s pokeweed mitogenem (PWM, pozitivni kontrola), s bovinnim a kaprim
gelem (gBOV, gCYP) a s bovinnim a kaprim implantatem (iBOV, iCYP). Poté pridan na
18 hodin *H-thymidine (37 kBq); inkorporace znaceného thymidinu mysimi lymfocyty
byla meérena beta-counterem. Vysledek je vyjadren jako stimulacni index —pomeér cpm
(count per minute) stimulovanych bunék k negativni kontrole (C). Bunécna proliferace u
skupiny CYPa stimulaci CYP gelem byla 14. den vyznamné nizsi ve srovnani se
skupinou BOV stimulovanou BOVgelem (P=0,0031) nebo kontrolni skupinou
stimulovanou CYP gelem (P=0,041).
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Obr. 18: RNA (relativni mnozstvi, RQ) ve tkani z mikroprostredi implantatu. Vysledek
ziskan z normalizovanych dat genové exprese. RQ hodnoty vyjadruji rozdil mezi mezi
imlantovanymi skupinami (BOV, CYP) a kontrolni skupinou (SHAM). Pro kazdou
skupinu je RQ hodnota vyjadienajako prumér+SD. Statisticka analyza ukazala
vyznamny pokles CCL3 u CYP skupiny 14. den.

VSechna zvifata po zakroku dobie prospivala a nejevila zddné znamky dyskomfortu.
Analyza vybraného cytokinového spektra v sérech a v supernatantech kultur metodou
ELISA neukazalana zadné statisticky vyznamné odchylky mezi skupinami mysi. Hladiny
cytokini IL-IB, IL-13 a IFN-y byly velmi nizké, mnoho vzorkd se nachazelo pod
detek¢énim limitem zvolené metody. Ve vSech skupindch byla na zaklad¢ této analyzy
mira zanétlivé odpoveédi velmi nizka, coz svédci o dobré toleranci obou implantati u

testovanych zvirat.

Nicmén¢ porovndnim vysledkt v obou implantovanych skupinach byly zjistény
nasledujici odchylky: hladiny IL-4, IL-10 and TNF- a v sérech mysi s kapfimi implantaty
mély v Case klesajici tendenci (14.den byly nizs§i nez 7. den). U skupiny s bovinnimi

implantaty tento pokles ve zvoleném €asovém intervalu zaznamenan nebyl.

Test blastické transformace splenocyti umoznil porovnat prolifera¢ni aktivitu bunék
1zolovanych ze slezin vSech tii skupin mysi. Kultury splenocytt byly in vitro stimulovany
PWM (pozitivni kontrola), bovinnim a kapfim kolagenem. Byly zaznamenany pouze
statisticky malo vyznamné rozdily v aktivité splenocyti vSech tii skupin my$i; mirné vyssi
prolifera¢ni aktivitu vykazuji stimulované i nestimulovanésplenocyty ze skupiny mysi s

bovinnim implantatem.

Kvantitativni analyza mRNA vzorkl tkdné (qPCR) odrdzi realnou lokalni expresi
vybranych cytokinti (TNF-a, IL-6, IL-10 a TGF-, MCP1 a MIP1a). Nicméné ani na
lokalni Grovni nebyly zachyceny Zadné vyznamné rozdily mezi skupinami. Statisticka

analyza ukazala vyznamny pokles CCL3 u CYP skupiny den.

3.2.5 Zaveér
Podkozni implantaty cévnich protéz impregnované kapiim kolagenem jsou u mysi dobte
tolerovany, implantovand zvitata vykazuji pouze mirné zndmky zanétu, ktery do 14 dnt

odezniva. Nase vysledky koresponduji s vysledky studii, které jsou zaméteny na vyzkum
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V ramci vyvoje kolagenni hemostiptické pény bylo rovnéz formou vySetieni v externi
akreditované laboratofi potvrzeno, Ze ziskany rybi kolagen neobsahuje nepfipustné

mnozstvi endotoxinu.

4 Testovani doby vstiebavani kolagenu

4.1 Protokol pokusu

Soucasti prace bylo zjisténi vstfebavani kolagenu a pro zjednoduseni detekce
implantované¢ho kolagenu jsme zvolili ¢asti kolagenni cévni protézy. Test spocival v
zaSiti ¢asti kolagenni protezy o velikosti 5x8 mm do podkozi hrudni stény u 24 mysi a po
urcitych ¢asovych intervalech 3., 10., 15. den, 3. a 6. mésic byly mysi usmrceny a oblast
hrudni stény mysi s implantovanou c¢asti kolagenni cévni protézy byla odeslana na
histologické vysSetfeni. Byly pouzity ¢éasti cévnich protéz s kolagenem bovinnim a
porovnavali jsme dobu resorbce kolagenu s prototypy cévnich protéz s rybim kolagenem
trebonského kapra typu 1sitovanym 8 minut. VZdy na jednu stranu hrudni stény (vpravo)
byl implantovan maly vzorek cévni protézy z rybiho kolagenu typu 1 a na druhou stranu
hrudni stény (vlevo)byl implantovan kontrolni vzorek protézy s bovinnim kolagenem

(Obr.: 19-20).
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Obr. 19.: Implantace casti kolagennich cévnich protéz do podkozi v oblasti hrudni stény
mysi.
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Obr. 20.: Implantace casti kolagennich cévnich protéz na hibet laboratorniho potkana

4.2 Mikroskopické nalezy — kolagenni matrice:

Pouzity material byl bovinni a rybi kolagen, ktery je na mikroskopické urovni
neodliSitelny (obr. 21). Nicméné kolagen je dobfe detekovatelny standardnimi
histopatologickymi technikami (pfi pouziti barveni Srel (sirius red s elastikou), je
pozitivni prukaz kolagenu jasné Cerveny.

bovinni a vpravo rybi. Barveni Srel (sirius red s elastikou); zvétSeni: objektiv 10x.
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4.3  Mikroskopické nalezy implantovanych kolagen(:

4.3.1 Skupina 1. Implantovany bovinni a rybi kolagen, 3. den.

Loziska jsou v pfipravenych ,.kapsach®, v jejich okoli je mirna zanétliva a reparativni
reakce, kterd jetéz u kontrol (obr. 22a, 22b).

vt 2 R Oy

B | N - 4 B
ohranicené je loZisko s kolagenem, v

22a. Implantace rybiho kolagénu; 3. den.
okoli je mirna zanétliva reakce. V levé casti je kozni kryt s chlupy. Barveni HE s

i ;
Cervenée

elastikou; zvetseni: objektiv 10x.

v i i i, i

Gia ! O Y /i ROTR 2

22b. Implantace bovinniho kolagenu; 3. den. Ve vzorku je tvorici se jizva (mezi Sipkami)
a nepatrné reziduum kolagenu s ridkym pojivem se zanétem v okoli (Cervené nahore

vlevo). Barveni HE s elastikou,; zvétSeni: objektiv 10x.
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Skupina 2. Implantovany bovinni a rybi kolagen, 10. den.

Loziska jsou v pfipravenych ,.kapsach®, v jejich okoli je mirna zanétliva a reparativni
reakce, je téméf pln€ vyvinutd kozni jizva. Zanétliva reakce je mirnd aZ stfedni, na
material neni obrovskobun&éna reakce (obr. 3). Cast implantatd je v blizkosti jizvy a
stehil, ¢ast se nedafi najit a velmi pravdépodobnétidkym pojivem cestuji.

‘ (7
bt R o O Rl \ dre i

ar \ adni !
23a. Implantace bovinniho kolagenu; 10. den. Ve
Sipkami) a loZiskokolagenu s Fidkym pojivem se zanétem v okoli (Cervené carkovanou
carou). Zluté je oznaceny stehs tkanovou reakci. Barveni HE s elastikou; zvétseni:
objektiv 10x.

vzorku je tvorici se jizva (mezi
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23b. Implantace bovinniho kolagenu; 10. den. Vlevo stejné misto jako v predchozim, zde
barveno Srel, kdy lépe vynikne jizva. Barveni Srel, zvétseni: objektiv 10x).

23c. Vpravo v detailu kolagen z lozZiska (Barveni Srel, zvétseni: objektiv 40x).

Skupina 3. Implantovany bovinni a rybi kolagen, 15. den.

Loziska a reakce na né jsou prakticky stejna jako v pfedchozich vzorcich z 10. dne (obr.
24, obr 25). Identifikace implantati je 1 zde obtiZna.

24a. Implantace rybiho kolagenu; 15. den. Cervené ohranicené je loZisko s kolagenem,
v okoli je mirndzanetliva reakce. V pravé casti je kozni kryt s chlupy. Barveni HE s
elastikou; zvetseni: objektiv 10x.
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24b. Implantace rybiho kolagenu; 15. den. Detail loziska kolagenu. Barvent Srel;
zvetsSeni objektiv 40x.

25. Implantace bovinniho kolagenu, 15. den.

25a. Vlevo v centru je jizva a ve spodiné ridké pojivo.

25b. Vpravo jsou rezidua kolagenu (Sipky). Barveni Srel; zvetseni: objektiv 10x.
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Skupina 4. Implantovany bovinni a rybi kolagen, 3. mésic.

Loziska kolagenu se nedafi nalézt, a to i pfes to ze prokrajené byly celé¢ dodané vzorky.
Identifikovanéjsou kozni jizvy a stehy, které mély loziska znacit (obr. 26). Patrnd zistava
pouze rozsitend vrstva fidkého pojiva. Nelze rozhodnout s jistotou, zda se kolagen
vstiebal nebo zda se posunul na tolik, Ze nebyl pfi odebirani vzorku nalezen.

26a. Vlevo: Implantace bovinniho kolagenu, 3. mésic. V centru je jizva a ve spodiné
Fidke pojivo,kolagen neidentifikovan. Barveni HE s elastikou; zveétSeni: objektiv 10x.

26b. Vpravo: Implantace rybiho kolagenu, 3. mésic. Ve vzorku jsou stehy v misté
predpokladanéhokolagenu. Navazuje ridké pojivo a vpravo kozni kryt. Kolagen
neidentifikovan. Barveni HE s elastikou, zvétseni: objektiv 10x.

Skupina 5. Implantovany bovinni a rybi kolagen, 6. mésic.

Loziska kolagenu se nedafi nalézt, a to i pfes to ze prokrajené byly celé dodané vzorky
(obr. 27). Rozvahao ditvodu je stejné jako v pfedchozi skupiné€ 4, 3 mésice po implantaci.
U vzorktll 3 a 6 mésicti po implantaci nemizeme vyloucit, ze doslo ke kompletni resorpci
kolagenu ajako reziduum zlstava patrna pouze fidka rozsifena pojivova tkan.
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27. Implanta
neidentifikovan. Barveni HE s elastikou, zvétseni: objektiv: 10x. 27b. Vpravo stejné

misto v barveni Srel, kde lépe vynikne vazivova jizva.

4.4  Shrnuti testu resorbce kolagenu:

Tento test vstiebavani prokézal, ze jesté 15 dni po implantaci je patrny kolagen na
implantované ¢asti cévni protézy, ale uz ve fazi odbourdvani a ve 3 meésici je kolagen jiz
odbouran a zistava v tkani jen pleteny scaffold coz koreluje s vySe uvedenym, Ze k
odbourani vétsSiny kolagenu dochdzi mezi 3-5 tydnem. Je velké Skoda, Ze jsme do pokusu
nezatadili histologické vySetieni v rozmezi 4-6 tydne po implantaci. K tomuto chybnému
kroku doslo v disledku uvahy vyssiho stupné prositovani protézy s rybim kolagenem,
kde jsme ptedpokladali delsi dobu odbouravani, na coz ukazovala i histologicka vysetfeni
z 10. a 15. dne po implantaci kde, v okoli implantovaného vzorku byla jen mirna

reparativni reakce a kolagen je odbouran minimalné.

5 Ovéfeni technologickych moznosti vyroby hemostatické pény z
rybiho kolagenu sladkovodnich ryb — kolagenové lyofilizaty
s antibiotiky

5.1 Navrh sloZzeni a pfipravy kolagenovych lyofilizatd s ATB

V ramci predbéZnych testl kolagenovych lyofilizatd sycenych antibiotiky bylo pfipraveno
a hodnoceno17 typli materidli, liSicich se koncentraci kolagenové disperze (C1, C2),
pouzitym antibiotikem, jmenovité¢ gentamicin (infuzni roztok 80mg/80ml, B Braun,
Gentamicin sulfat, Sigma, GEN), vankomycin (Mylan, VAN) a dodany nitrofurantoin

(NF), a prvotni teplotou zamrazeni (-30 a -80 °C),popis vzorkl je uveden v Tab. 1. Jako
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kontrolni vzorky poslouzily kolagenové lyofilizaty (C1 a C2) bezATB a komer¢ni produkt
Garamycin Schwamm® (EUSA Pharma (UK) Limited). Vnitini struktura vzorkd byla
hodnocena pomoci skenovaci elektronové mikroskopie (SEM). Déle byla stanovena mira
botnani a mira degradace béhem 24 a 48 hodinové expozice v deionizované vod¢ pii 37
°C a v 5% CO2 atmosféfe simulujici télni prostiedi. Médium bylo vybrano z divodu
zamezeni neptfesnosti vlivem usazovani nebo precipitace latek z médii jako PBS, DMEM
apod. Mira degradace (D) byla stanovena, jako D=(W0-Wt)/W0*100 [%], kde W0 je
puvodni hmotnost vzorku, W¢ je hmotnost suchého (lyofilizovaného) vzorku po louzeni
a mira botnani (Esw) jako Esw=(Wsw—W0)/W0*100 [%], kde W0 je plivodni hmotnost

suchého vzorku, Wsw je hmotnost mokrého vzorku po louzeni.

C1 — GENTAMICIN (za pouziti dodaného fyz. roztoku s genta) [KOL+FYZ. [KOL/GEN
Disperze kolagenu pfimo s NaciB-BRAUN [KOLAGEN |GENTA DISPERZE  KOMPOZIT
roztokem gentamicinu 1mg/1m|[m|] [mg] [mg] [%6hm] [%hm]
sty 32,5 125 32,5 0,383 68/32
C1 - VANKO+NITRO KOL+H,O [KOL/GEN
VODA KOLAGEN |ATB DISPERZE = [KOMPOZIT
g el i) mg]  |img] |[%hm] |[%hm]
32,5 125 100 0,383 55,6/44,4
C2 — GENTAMICIN (za pouziti GENTA Sigma-Aldrich*) KOL+FYZ. [KOL/GEN
_ _ VODA |KOLAGEN |GENTA |DISPERZE [KOMPOZIT
aentasame A ) ime) (mgl  [[%hm] _[[%hm]
16,25 (125 32,5 0,763 68/32
C2 - VANKO+NITRO KOL+H,O [KOL/GEN
VODA |KOLAGEN |ATB DISPERZE = [KOMPOZIT
E;?;J:;\zﬁnk:_:%genu s demi vodou a [ml] [mg] [mg] [%hm] [%hm]
16,25 (125 100 0,763 55,6/44,4

Tab. 1. Materialové slozeni lyofilizatu.
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C1GEN-80 C1VAN-80 CINF-80

C1GEN-30 C1VAN-30 CINF-30

Obr. 28 Ukazka lyofilizatu s gentamicinem (GEN), vankomycinem (VAN) a
nitrofurantoinem (NF)s koncentraci kolagenové disperze C1, zamrazenych na -30 a -
80°C.

C1 (~0.5 wt% COL/H_0) C2 (~1 wt% COL/H.0)

T, e —

-80 °C

Obr. 29 SEM snimky ctyr typii lyofilizatii s gentamicinem (pouzité koncentrace
kolagenové disperzejsou pro prehlednost zaokrouhleny na C1: 0,5% a C2: 1%), mag.
100x.
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-80 °C

Obr. 30 SEM snimky ctyr typii lyofilizatu s vankomycinem (pouzité koncentrace
kolagenové disperzejsou pro prehlednost zaokrouhleny na C1: 0,5% a C2: 1%), mag.
100x.

-30 °C

-80 °C

Obr. 31 SEM snimky ctyr typii lyofilizatii s nitrofurantoinem (pouzité koncentrace
kolagenové disperzejsou pro prehlednost zaokrouhleny na C1: 0,5% a C2: 1%), mag.
100x.
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-80 °C

Obr. 32 SEM snimky ctyr typii lyofilizatu bez ATB (pouzité koncentrace kolagenové
disperze jsou propiehlednost zaokrouhleny na C1: 0,5% a C2: 1%), mag. 100x.

GARAMYCIN

Obr. 33 SEM snimky Garamycinu, mag. 100x.
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Obr. 34 Mira botnani a hmotnostni ubytky analyzovanych materialu (aritmeticky
pramer, SD, n=3).

5.2 Podrobna analyza fyzikalnich vlastnosti kolagenovych
lyofilizat( s antibiotiky

V dal§im kroku byla provedena podrobnéjsi analyza miry botnani a degradace béhem
prvnich 12hod. expozice u vybranych materidll — lyofilizatd s koncentraci C2,
zamrazenych na -80 °C, se vSemi typy ATB, jako kontrola poslouzil vzorek kolagenu
pfipraveny z koncentrace C2 bez ATB a opét Garamycin.Oba parametry byly sledovany
po 3, 6, 9 a 12 hodinach. Expozice byla provedena za stejnych podminek, tedy v
deionizované vodé pii 37 °C a v 5% CO2 atmosféte simulujici télni prostredi. Oproti
minulému stanoveni jsme v piipadé miry botnani provedli jesté piepocet, ktery zohlediuje
miru degradace vzorkli. Mira nasédknuti nebyla tedy stanovena k plvodni hmotnosti
vzorku na za¢atku experimentu, ale byla vztaZzena ke hmotnosti suchého vzorku v dané
period¢ odbéru, viz déle.

Mira bobtnani nezohlediujici degradaci (Esw) jako Esw=(Wsw—W0)/W0*100 [%], kde
W0 je pvodni hmotnost suchého vzorku, Wsw je hmotnost mokrého vzorku po louzeni.
Mira botndni zohlediiujici degradaci (EswD) jako EswD=(Wsw—WD)/WD*100 [%],
kde WD je hmotnost suchého (lyofilizovaného) vzorku po louzeni, Wsw je hmotnost
mokrého vzorku po louzeni. Mira degradace (D) byla stanovena jako
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D=(W0—W¢t)/W0*100 [%], kde W0 je ptivodni hmotnost vzorku, W¢ je hmotnost suchého

(lyofilizovaného) vzorku po louzeni.
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Obr. 35 Mira botnani nezohlednujici degradaci analyzovanych
intervalu 3-48 hodin. (aritmeticky priimer, SD, n=3).
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Obr. 36 Mira botnani zohlednujici degradaci analyzovanych materialii v
intervalu 3-48 hodin (aritmeticky priimer, SD, n=3).
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Obr. 37 Hmotnostni ubytky analyzovanych materialit v intervalu 3-48 hodin

(aritmeticky prumer, SD, n=3).
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6 OPTIMALIZACE DOBY DEGRADACE
KOLAGENOVYCH LYOFILIZATU DODATECNYM
ZESITENIM

Vzhledem k relativné rychlé degradaci piipravenych kolagenovych lyofilizati

(koncentrace C2) byl postup piipravy dale modifikovan zatazenim dodatecného

zesitovani kolagenové slozky. K zesiténi bylo pouzito chemickych c¢inidel N-(3-

dimethylaminopropyl)-N-ethylkarbodiimidu hydrochloridu (Sigma, EDC) a N-

hydroxysukcinimidu (Sigma, NHS). Po homogenizaci a zamrazeni smési na -80 °C(3

hodiny) a lyofilizaci je stabilita tedy zvySena macenim v roztoku 95 % hmotn. ethanolu

a vodys EDC/NHS (4/1 hmotnostng) pfi teploté 37 °C po dobu 1 (C2-80-EN1), 3 (C2-

80-EN3) nebo 6 hodin (C2-80-ENG6). Na 1 g kolagenu piipada 1 g EDC. Po zesit'ovani

kolagenové slozky je kolagenni péna promyvana 0,1 M Na2HPO4 po dobu alesponi 2x45
minut a ddle promyta alespoft 30 minut v destilovanévodg, zamrazena na -30 °C (5 hodin)

a lyofilizovana. Mira zesiténi byla analyzovana stanovenim miry botnani a degradace

b&hem 48 hodin expozice v deionizované vodé pii 37 °C a v 5% CO2 atmosféie simulujici

télni prostiedi (n=6). Opéct byl proveden piepocet, ktery zohlediiuje miru degradace
vzorkidl. Mira nasaknuti nebyla tedy stanovena k pivodni hmotnosti vzorku na zacatku
experimentu, ale byla vztaZzena ke hmotnosti suché¢ho vzorku v dané periodé odbéru.

Dosazené hodnoty jsou nize srovndny se vSemi doposud analyzovanymi materialy —

nezesitovanymi kolagenovymi lyofilizaty a Garamycinem.

SWELLING RATIO [5]
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Obr. 38 Mira botnani zohlednujici degradaci analyzovanych materialii (ar. priimer, SD,
n=3, n=6).
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Obr. 39 Mira botnani zohlednujici degradaci analyzovanych materialii v
intervalu 3-48 hodin (aritmeticky primer, SD, n=3, n=6).

Obr. 40 Hmotnostni ubytky analyzovanych materialii (aritmeticky primeér, SD, n=3,
n=06).
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Obr. 41 Hmotnostni ubytky analyzovanych materialit v intervalu 3-48 hodin
(aritmeticky prumer, SD, n=3, n=6).
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Obr. 42 Krabicové grafy hmotnostnich ubytkit a miry botnani zesiténych vzorkii (n=6).

Z vysledki vyplyva, ze k zesiténi dochazi jiz po aplikaci sitovaciho roztoku po dobu
jedné hodiny.Z Obr. 40 a 41 je patrné sniZeni hmotnostnich bytkl oproti nezesitovanym
materialim po 48 hodindchv médiu (zejména srovnani se samotnym kolagenem), z
krabicového grafu hmotnostnich ubytkli (Obr. 42 vlevo) je pak patrny dalsi rozdil v
hmotnostnich ubytcich az po aplikaci Sestihodinového procesu. Mezi 1 a 3 hodinami neni
statisticky vyznamny rozdil (p<0.05, Kruskal-Wallistv test vicendsobného porovndni s
Bonferroniho korekci). Za ptedpokladu, Ze vyssi mira zesiténi snizuje botnani kolagenu,
muzeme obdobn¢ usuzovat, ze k zesiténi dochazi uz po aplikaci roztoku po dobu jedné
hodiny (Obr. 38 a 39). Z krabicového grafu miry botnani (Obr. 42) je pak parny rozdil az
po aplikaci Sestihodinové expozice (p<0.05, Kruskal-Wallisiv test vicenasobného
porovnani s Bonferroniho korekci). Hodnoty miry botndni i hmotnostnich ubytki
stanovenych po hodinové expozici vykazuji relativné vyssi miru rozptylu, z ¢ehoz lze
usuzovat na niz§i homogenitu analyzovanych vzorkli a pravdépodobné také na
nedostate¢né¢ homogenni proces zesiténi. Z dosazenych vysledkl Ize tedy usuzovat, ze
optimalni pro dal§i ptipravu bude aplikace tfthodinového procesu sitovéani. Ten bude
nutné dale jesté verifikovatv delSich Casovych intervalech a také v kombinaci s

antibiotiky, aby byla rychlost degradace nastavenadle pozadavki na findlni aplikaci.

7 OVEROVANI DEPOTIZACNICH VLASTNOSTI A
UVOLNOVANI  ANTIBIOTIK ZE ZESITOVAEHO
KOLAGENU
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Pomoci vyse uvedené metody byly pfipraveny houbicky s antibiotiky sitované pomoci
karbodiimidu. V houbic¢kach byla pfidana 3 antibiotika: nitrofurantoin, vankomycin,
gentamicin. Pro kontrolni pokus byly pouzity houbicky s antibiotiky bez sitovani a
referenéni piipravek Garamycin SCHWAMM®, ktery je charakterizovan jako Léciva
hubka slozena pouze z equinniho kolagenu a gentamicinu, ktera obsahujena plochu 10x10

cm 130 mg gentamicinu.

7.1 Diskové difusni testy s kolagennimi houbickami vyrobenymi
kolyofilizaci s antibiotiky

7.1.1 Metodika

Pro zjisténi efektivity houbicek jako nosice antibiotik byly pouzity standardni
mikrobiologické metody(diskové difuzni testy) s pouzitim vzork houbi¢ek kruhového
tvaru o priméru 5 mm. Pro jednotlivé testy byly pouzity bakterie Pseudomonas
aeruginosa (gentamicin), Staphylococcus aureus rezistentni na meticilin (MRSA —
vancomycin), Escherichia coli (nitrofurantoin). Na Petriho misky byla standardnim
zpusobem rozockovana souvisla vrstva bakterii, po 24 hodinach byly pfilozeny disky o
priméru 6 mm vystfizené z houbicek a po dalSich 24 hodinach byla odectena velikost

inhibi¢ni zony (obr. 43.).

Obr. 43 Petriho miska s nakultivovanou Pseudomonas aeruginosa s priloZenymi
houbickami s gentamicinem — vlevo nesitovand, vpravo sitovana.

Pokusy byly provedeny s péti disky od kazdého vzorku, vSech 5 diskl vzdy z jedné
houbicky.
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7.1.2 Vysledky
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Obr. 44 Velikost inhibicnich zon jednotlivych testovanych houbicek.

Nitrofurantoin: velikost inhibi¢nich zo6n je totoznd, nehled€ na sitovani (P = 0,765), coz
je s nejveétsi pravdépodobnosti zptisobeno velice nizkou rozpustnosti nitrofurantoinu ve
vodném prostieni. Z obou houbicek se tedy uvoliilo pouze malé mnozstvi z celkového
mnozstvi antibiotika, aniz by se projevila reten¢ni schopnost houbic¢ek. Nitrofurantoin je
z tohoto pohledu idedlni 1€k, nebot’ k ,.depotizaci dochazi vlivem jeho fyzikdlnich
vlastnosti.

Gentamicin: vyznamny rozdil (p < 0,0001) — sitované houbicky maji o cca 54 % mensi
inhibi¢ni zony.
Vancomycin: vyznamny rozdil (p < 0,0001) — sitované houbicky maji o cca 20 % mensi
inhibi¢ni zony.

7.1.3 Zavér (diskové difuzni testy):

Inhibicni zony sitovaného kolagenu byly znatelné mensi (obr.44), coz je dano
technologickym procesem vyroby, kdy sitovadlo je pfiddno do houbicky vytvorené
kolyofilizaci s antibiotikem a nasledné je velkd Cést antibiotika vymyta pfi procesu

sitovani, ktery zahrnuje vymyti nadbytku sitovaciho ¢inidla hydrofilnim rozpoustédlem.
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U nitrofurantoinu, ktery je velice malo rozpustny v hydrofilnich rozpoustédlechk
vymyti nedoslo. Velice maly variacni koeficient (malé SD usecky) naznacuje, ze
atb. jsouv houbickdch rovnomémeé rozptylena. Jednalo se o prvni testy depotizace s
dodanymi houbi¢kami AV CR. Na zakladé téchto vysledki byl upraven finalni
technologicky postup ,,dvoji lyofilizace®.

Pro nasledujici pokusy byly vytvoreny sitované houbi¢ky nejprve zesitovanim a
lyofilizaci, naslednou impregnaci gentamicinem/vankomycinem a poté opét
lyofilisaci (zcela nové vyvinuta metoda ,,dvoji lyofilizace*).
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8 PRIPRAVA FINALNICH KOLAGENOVYCH
LYOFILIZATU S ANTIBIOTIKY, METODA DVOIJi
LYOFILIZACE

8.1 Gentamicin a vankomycin

Na zéklad¢ provedené optimalizace pfipravy a degradace kolagenovych lyofilizati byly
pfipravovany vzorky s antibiotiky pro biologické testovani v podminkach in vivo.
Jmenovité $lo o vzorky (Obr. 45) zesitovaného kolagenu impregnovaného gentamicinem
(C-GEN) a vankomycinem (C-VAN), dale nezesitovaného kolagenu s gentamicinem
(NC-GEN) a referen¢ni vzorky zesitovaného kolagenu bez antibiotik a komer¢niho
produktu Garamycin Schwamm®. Vzorky byly sterilizovany pomoci gama zéfeni
(25kGy). Vzorky byly standardné podrobeny analyze wnitini struktury pomoci
elektronové mikroskopie, mikro-CT, dale byly analyzovany pomoci FTIR a jejich

strukturni stabilita byla testovanapomoci degradacnich testl ve fyziologické prostiedi pii

37 °C afizené 5% CO2 atmosfére.

Obr. 45 Makrosnimky pripravovanych lyofilizatu a SEM snimky jejich vnitini struktury v
rezu (500x).
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Na Obr. 46 jsou uvedeny strukturni parametry vSech analyzovanych materialti. Mimo
velikosti a distribuce pért jsou zde uvedeny hodnoty oteviené porozity (OP) a plosné
hustoty (OSD) stanovené jako pomér celkové plochy kolagenu k celkovému
analyzovanému objemu. Z vysledki je patrné, Ze u vSech typt pfipravovanych materiala
bylo dosazeno obdobné oteviené porozity. Velikost port se u jednotlivych materiala
statisticky vyznamné liSila, pficemz nejniz§i velikost vykazovaly vzorky s
vankomycinem (42-108 pum, dolni - horni kvartil) a gentamicinem (42-120 um), nejvyssi
pak nesitované vzorky s gentamicinem (54-150 pum). Vzhledem k piekryvu rozptyla

nejde v rozmérech pért jednotlivych lyofilizatd o vyrazny rozdil.
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Obr. 46 Velikost poru, otevirena porozita (OP) a plosna hustota (OSD) analyzovanych

materialu. Vsechny hodnoty vykazuji statisticky vyznamné rozdily (Kruskal-Wallis,
Bonferroniho korekce, 0,05).

Vysledky degradacnich testli jsou shrnuty na Obr. 47. Nejvys$si miru degradace
vykazovaly vzorky nezesitované¢ho kolagenu s gentamicinem. Po ctyfech hodinach
expozice v simulovaném télnim prostiedi byl zjistén tbytek hmotnosti pres 70%, pticemz
po tydenni expozici zdegradovalo pfiblizné 85% plvodni hmotnosti vzorku. Pribéh
degradace vykazovaly obdobné¢ oba zesitované vzorky impregnované vankomycinem a
gentamicinem. lhned po ¢tyfech hodinach expozice dosahoval hmotnostni ubytek 20%.

Tato zrychlena degradace muze byt zplsobena také rychlym uvolnénim antibiotik
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integrovanym ve vnitini porézni strukture lyofilizatu. Dal$i prubéh ubytku hmotnosti mél
pomalejsi trend a po tydenni expozici se zastavil shodné na hodnoté kolem 40%. Vliv
vyplavovani antibiotik na ztratu hmotnosti impregnovanych vzorkl lze dolozit také na
prikladu bytk hmotnosti samotného zesitovaného kolagenu, kde byla ztrata hmotnosti
meéfitelnd teprve az po 24 hodinéch testu,zatimco po tydnu vykazovaly vzorky shodné
ubytek okolo zminénych 40%. U druhého referen¢niho materidlu — komerc¢niho produktu
Garamycin®, mél priibéh degradace jiny trend. Po &tyfech hodinach expozice byla ztrata
hmotnosti také 20%, ale dale az do konce testu ziistala prakticky beze zmény. Tentodg;
pravdépodobné souvisi také s rychlejsim uvolnénim antibiotika ihned v prvni fazi

expozicev simulovaném télnim prostredi.

100

90

. —==0 NC-GEN

80 >--"" - Q- O
X 70 [ ot
)
o
= 50 C-VAN
< 0 r C-GEN |
2 30

20

RCP
10
. - /
4 8 24 48 168 [hours]

Obr. 47 Hmotnostni ubytky vyjadrené jako procentni ztrdta piivodni hmotnosti (median,
mezikvartilovérozpéti).

Mira nasdkavosti (botnani), vyjadiend jako nartst pivodni hmotnosti vzorku, béhem

sedmi denni expozice v télnim prostfedi je uvedena na Obr. 48.
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Obr. 48 Mira botnani vyjadrend jako procentni naruist piivodni hmotnosti vzorku
(median, mezikvartilové rozpéti).

8.2 Rifampicin

Ptipravené kolagenové pény s rifampicinem lze rozdé€lit do tii zakladnich skupin, které
se principidlné€ 1i§i rozsahem porozity, specifickou velikosti povrchu a mechanickymi
vlastnostmi. Cilem rtizné piipravy a také inkorporace kolagenu v nanovldkenné formé je
optimalizace doby degradace a fizené uvoliovani antibiotik. Prvni skupinou jsou pény
pripravované z kolagenové disperze s riznou koncentraci, jmenovité 1%, 2% a 3% (Obr.
49). Druhou skupinou jsou sendvicové konstrukty, které kombinuji tuhé, malo porézni
jadro a okrajové vrstvy s vySsi porozitou (viz Obr. 50). SendviCové materidly jsou
vytvatreny nékolikastupiiovou piipravou, kterd obnasi ptipravu tuhého zesitovaného nebo
nezesitovaného jadra s niz§i porozitou, které je ve druhém kroku prosycovano méné
koncentrovanou disperzi kolagenu, opétovné zamrazovano a pouze lyofilizovano. Tento
zpusob piipravy umozni fizeni postupné degradace pén, kterd by méla zajistit variabilni
miru uvoliiovani antibiotik z riizn€ poréznich vrstev pii zachovani dostatecné tuhosti a

aplikovatelnosti formou hemostatického kryti.
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Obr. 49 SEM snimky kolagenovych pén pripravovanych z riizné koncentrovanych
prekurzorii (zleva 1%, 2% a 3%), kterymi Ize dosahnout riizné porozity jednotlivych
materialu.

. VYSOCE POREZN|
OKRAJOVA VRSTVA

MALC POREZNI
JADRO

i VYSOCE POREZNI
OKRAJOVA VRSTVA

Obr. 50 Sendvicova kolagenova pena s malo poréznim jadrem, pripravenym z 5 %
hmotn. disperze kolagenu, a s vysoce poréznimi okrajovymi castmi, pripravenymi z 1 %
hmotn. disperze kolagenu. Zcela vpravo je snimek rozhrani prechodu mezi jadrem a
okrajem.

Treti skupinou jsou kolagenové pény kombinujici mikro strukturovany lyofilizat s
nekolika vrstvami kolagenovych nanovlaken (Obr. 51). Obdobné jako v ptipad¢ vytvareni

sendvicil je cilem navrh pén s riznou porozitou a tuhosti. Kombinované mikro a nano
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strukturované pény jsou pripravovany nékolikastupnovym procesem, kdy je v prvnim
kroku elektrostatickym zvldknovanim pfipravena nanostrukturovand vrstva, ktera je v
dalSich krocich po zesiténi prosycovana kolagenovou disperzi, skladana do kompozitni
formy, a po zamrazeni lyofilizovana. Kombinace slozek s riznou specifickou velikosti
povrchu umozni dalsi zptisob fizeni degradace pén a méla by zajistit variabilni miru
uvoliiovani antibiotik pfi zachovani dostatecné tuhosti a aplikovatelnosti formou

hemostatického kryti.
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Obr. 51 Nanostrukturovand vysoce porézni kompozitni péna pripravenad prosycenim péti
nanovlakennych vrstev 1 % hmotn. disperzi kolagenu. Snimek uprostred ilustruje
prechod mezi viakny a porézni strukturou pény. Snimek zcela vpravo ukazuje detail
prosyceni nanovidkenné vrstvy disperzi.

8.2.1 Optimalizace doby degradace

Vzhledem k relativné rychlé degradaci kolagennich lyofilizati byl postup ptipravy vSech
typt pén modifikovan zafazenim dodate¢ného zesitovani kolagenové slozky. K zesiténi
bylo pouzito chemickych c¢inidel N-(3-dimethylaminopropyl)-N-ethylkarbodiimidu
hydrochloridu (EDC) a N-hydroxysukcinimidu (NHS). Po homogenizaci a zamrazeni
smési na -80 °C (3 hodiny) a lyofilizaci je stabilita tedy zvySena macenim v roztoku 95
% hmotn. ethanolu a vody s EDC/NHS (4/1 hmotnostn¢) pii teplot¢ 37 °C. Na 1 g
kolagenu ptipadd 1 g EDC. Po zesitovani kolagenové slozky je péna promyvana 0,1 M
Na;HPO4 po dobu alespont 2x45 minut a dale promyta alespoit 30 minut v destilované

vodé, zamraZzena na -30 °C (5 hodin) a lyofilizovana. Mira zesiténi byla analyzovana
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stanovenim miry botnani (nasdkavosti) a degradace béhem expozice v simulovanych

télnich prostfedich. Takto byl ovéfovan stupenn zesiténi pén, které byly exponovany

v sitovacim roztoku po dobu 1 az nékolika hodin. Dalsim parametrem, ktery byl v ramci

doby degradace analyzovan, byla rizné porozita kolagenovych pén. Jmenovité¢ se jednalo

o koncentra¢ni fadu kolagenové disperze 0,1 - 8 % hmotn. Obr. 52 ilustruje vliv kratSich

intervalll zesitovani na hmotnostni Ubytek a nasdkavost v simulovanych télnich

podminkach.
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Obr. 52 Hmotnostni ubytky a nasdakavost kolagennich pén pripravenych z 1 % hmotn.
disperze sitované po dobu 1, 3 a 6 hodin. Vysledky jsou porovndny s totoznou
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nezesitovanou pénou. Vybrané vysledky ilustruji razantni sniZeni degradace uz pvi jedné

hodiné sitovani, pri zachovani vysoké miry nasdkavosti.

8.2.2 Priprava sednvicovych pén

Pro pfipravu sendvicovych pén byly na zaklad¢ ptedchozich analyz vybrany jadro

pripravované z5 % hmotn. kolagenové disperze a vysoce porézni okrajové casti

pfipravované z disperze o koncentracich 0,1 - 1 % hmotn. s krokem 0,1 % hmotn.

Ptipravované sendvi¢ové pény jsou ilustrovany na Obr. 53.
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5% + 0.3%

Obr. 53 Reprezentativni snimky sendvicovych pén s tuhym jadrem (5%hm. disperze) a
vysoceporéznimi okrajovymi castmi (shora 0,1%hm., 0,2%hm. a 0,3%hm. disperze).

Postup jejich ptipravy spoc¢iva v nékolika fazich. Prvnim krokem je ptiprava tuhého jadra
(5 % hmotn., -80 °C), které je po lyofilizaci zesitovano pomoci EDC/NHS 3 hodiny pfi
37 °C a opétovné vymrazeno mezi lisovacimi deskami. Tvarové konzistentni jadro je ve
druhé fazi prosycovano disperzi kolagenu o konkrétni koncentraci. Po dostatecném
prosyceni ve vakuu a fixaci jadra jsou vzorky zamrazeny (-80 °C) a lyofilizovany.

Nasleduje zesitovani (EDC/NHS, 3 hodiny, 37 °C) a lyofilizace.

Pravé doba a zplsob prosyceni je pro kvalitu téchto konstrukei zésadni. Pii
nedostate¢ném prosyceni muze dochazet k delaminaci jednotlivych vrstev (Obr. 54).
Obdobné pii prosyceni disperzemi s vys$imi koncentracemi dochazi ke ztraté porozity
tuhého jadra, coZz miize negativné ovliviiovat kinetiku uvoliiovani antibiotik stejné tak,
jako pozadované mechanické vlastnosti. Nevhodny zplsob prosyceni tuhého jadra
ilustruje SEM snimek na Obr. 54 vlevo, kde Sipky oznacuji casti, ve kterych doslo
k delaminaci jednotlivych vrstev, v tomto piipade Slo o okrajové vrstvy o koncentraci
disperze 0,2 % hmotn. Pokud aplikujeme stejn€ koncentrovanou disperzi temperovanou
na 37°C pod vakuem, dojde k vhodnému prosyceni okrajovych vrstev tuhého jadra a

k delaminaci nedochazi.
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5% + 0.2%

Obr. 54 Ukdazka nevhodné impregnace tuhého jadra kolagenovou disperzi o koncentraci
0,2%hm. (vlevo, zvétseno 50x) a ukazka optimalizované impregnace (vpravo, zvetSeno
200x), kde zelend Sipka oznacuje homogenni rozhrani obou riizné poréznich vrstev.

8.2.3 Priprava kolagenovych vilaken

Pro pfipravu kolagenovych nanovldken bylo potieba optimalizovat proces
elektrostatického zvlakniovani (obr 55), zejména pak zvldknovaci roztok. Postup ptipravy
kolagenového roztoku pro elektrostatické zvlakinovani vychazi znaSich zkuSenosti
s ptirozenymi rozpoustédlovymi systémy na bazi soli, vody a alkoholii, které minimalné
poskozuji nativni strukturu kolagenu. Zakladem pro roztok je lyofilizovany kolagen typu
I izolovany opét z kiize tieboiiského kapra, ziskany pomoci piedextrakce ve fosfatovém

a citratovém pufru a izolace v 0,5M CH3;COOH.

1x PBS — X Pl 20x PBS

)

9%hm

Obr. 55 Ukazka optimalizace procesu zvlaknovani kolagenu. SEM snimky (zvétseni
20 000x) vlaken pripravenych z roztokit o koncentraci 3%hm. (horni radek) a 9%hm.
(dolni Fadek) za pouziti ruzné koncentrovanych fosfatovych pufrii (PBS).
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Zakladnim roztokem pro zvldknovani je 3-16 % hmotn. roztok takto izolovaného
kolagenu, ktery je smisen s fosfAitovym pufrem a ethanolem, které jsou v objemovém
poméru 1:1. Roztok byl dale optimalizovan pro dosazeni homogennich nanovldkennych
vrstev, a to zejména zménou jeho koncentrace vrozmezi 3-16 % hmotn. Dal$im
testovanym postupem byla aplikace pomocného polymeru, konkrétn€ polyethylen oxidu
(PEO) s riznymi molekulovymi hmotnostmi. PEO byl do roztoku ptidavan v poméru 5-

10 % hmotn. na hmotnost kolagenu.

Dulezitou etapou piipravy zvlaknovanych vrstev byl navrh zpisobu jejich sitovani pro
zvySeni stability v t€lnim prostiedi. Cilem téchto praci bylo sledovat siténi vzorkt
z kolagenové nanovrstvy systétmem EDC/NHS, pii davkovani EDC 5/8 g na 1 g
kolagenové nanovrstvy, s pomérem EDC:NHS (4:1 molarn€) ve srovnani se siténim
referen¢ni nanovrstvy z komer¢niho kolagenu (teleci kiize, VUP Medical, Brno) za
laboratorni teploty. Siténi probihalo na vzorcich v 60 plastovych uzaviratelnych miskach
o objemu 20ml. Vzorky byly odebirany v ¢asech 60, 120, 180, 240, 360 a 1440 minut. Po
kazdém odbéru byly vzorky stabilizovany v roztoku hydrofosfore¢nanu a dany
k lyofilizaci. Lyofilizované zesiténé vzorky byly prevazeny a stanoveny hmotnostni
zmény a provedena kontrola pomoci elektronové mikroskopie (SEM) se zaméfenim na
zachovani nanovlakenné struktury. Dal§im krokem experimentu bylo zjisténi stability
sitovanych vzorkd nanovrstev, resp. stupné zesiténi, expozici v demi vodé pfi teploté
37°C po dobu 70 hodin s naslednou lyofilizaci a stanovenim hmotnostnich zmén,
vyjadifujicimi stupent zesiténi a kontrolou SEM. Reprezentativni snimky vrstev

pfipravovanych z obou typi kolagenu jsou uvedeny na Obr. 56.
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Obr. 56 Ukdzka nanovlakennych vrstev elektrostaticky zvlakiiovanych z roztoki
kolagenu VUP Medical (vievo, zvétseni 10 000x) a kolagenu izolovaného z rybi kiize
(vpravo, zvetseni 5 000x).

Vrstvy zvldknované zroztoku kolagenu izolovaného zrybi kize Casto obsahovaly
vldkennou strukturu, kterd byla z velké ¢asti ziejmé prekryta dalsi vrstvou, ve které jsou
vlakna propojena do strukturované nanovrstvy kompaktniho materidlu. Ten mizZe byt
tvofeny rozpustnymi nizkomolekularnimi frakcemi kolagenu, které se nepodatilo
zvlaknit, nebo tukovymi Césticemi, anebo naopak vrstvou vlaken, ktera se vlivem
zpomalené sitovaci reakce mohla vratit do vychoziho stavu. Viz viditelné vystupujici
vldkenna struktura na povrch (Obr. 56). Z provadénych experimentl vyplyva, Ze sitovani
vzorkll z rybiho kolagenu za podminek 21°C prob¢hlo pii kratSich ¢asovych expozicich
pouze do nizkého stupné. Teprve vzorky, které byly sitovany 360 a 1440 min. byly

manipulovatelné a schopné dalsiho hodnoceni (Obr. 57).
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Obr. 57 Ukdzka nanovlakennych vrstev elektrostaticky zvlakiiovanych z roztoki rybiho
kolagenu po dobu 360 minut (vievo, zvétseni 5 000x) a 1440 minut (vpravo, zvétSeni
10 000x).

Pti nésledné expozici zesitovanych kolagenovych nanovrstev v demi vodé€ vSak dochézi
ke ztrat¢ nanovladkenné struktury. Vysledky téchto experimenti prokazaly, Ze sitovaci
reakce probihd podstatné pomaleji a jelikoZ sitovaci medium obsahuje vodu, byt ne ve
velkém mnozstvi, je umoznéno difuznim procesem media do kolagenové vrstvy

destruovat vlakennou strukturu jesté nestabilizovaného kolagenu (Obr. 58).

Obr. 58 Ukdzka nanovlakennych vrstev z roztokii rybiho kolagenu zesitovanych po dobu
360 minut (vlevo, zvétseni 5 000x) a 1440 minut (vpravo, zvétseni 10 000x) po expozici
v demi vodeé (37 °C, 70 minut).
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Nizsi teplota sitovani (21 °C) byla pro rybi kolagen zvolena z diivodi zamezeni mozné
denaturace kolagenu vlivem vyssi teploty. Provedené experimenty vSak prokazaly, ze
niz$i teplota neni pro sitovaci reakci dostate¢na a také, ze k destrukci vlakenné struktury
je nachylnéjsi vlakenna struktura rybiho kolagenu nez kolagenu teleciho (VUP Medical).
Vzhledem k tomu, Ze obsah pro reakci funkénich skupin COOH a NH> je dle analyzy
rybiho a teleciho kolagenu z pohledu mol.% (AMK) obdobny (kyselina asparagova: ryba
5,34 - tele 5,3; kyselina glutamova: ryba 7,76 - tele 8,38; lysin: ryba 3,01 - tele 3,07),
hlavni rozdil mezi obéma sledovanymi nanovrstvami bude z hlediska jejich slozeni
pravdépodobné v podstatné vyssim obsahu tukt, zbytkl proteoglykani, glykosaminti a
glukosamint v konkrétnim rybim kolagenu nez v telecim. Tyto latky vzhledem ke svym
fyzikalnim vlastnostem urcité ovliviiuji pribéh sitovani. Jejich selektivni separace je
komplikovana. Tuky lze odstranit pomérné jednoduse extrakei v rozpoustédlech, ale jiz
pii této operaci neni jisté, zda rozpoustédlo nedenaturuje kolagenovy podil. V ramci
experimentu byla tedy dadle provedena extrakce vzork obou vrstev v dichlormetanu
(extrakce tukll) a stanoveno, Ze rybi nanovrstva obsahuje téméf 16 % hmotn. tukd,
zatimco v teleci nanovrstvé nebyl nalezen zadny tuk, resp. latka rozpoustéjici se v tomto
rozpoustédle. Praveé tuky mohou, zvlasté z pocatku reakce blokovat reaktivni skupiny
COO' v karboxylovych skupinach a nakonec i v nasledné¢ fazi —NH> skupinu v lysinu.
Na zavér lze shrnout, Ze pfi¢inou dosazeni nizkého stupné zesiténi u rybi nanovrstvy je
niZsi teplota expozice, jejimz disledkem je zpomaleni sitovaci reakce, a dale ziejmé i
niz§i koncentrace AMK v nanovrstvé v disledku vyssiho obsahu nekolagennich zbytkd.
Zpomalenim fixace polypetidickych fetézch pficnymi vazbami dochédzi k devastaci
nanovléken sitovacim mediem obsahujicim vodu. Pfitomnost vody je vSak diilezita, aby

sitovaci reakce systému EDC/NHS kvantitativné probihala.

8.3 VLIVSTAVBY PEN NA UVOLNOVANI ANTIBIOTIK A DEGRADAC]

Pro ovéfeni antibiotické Gi€innosti byly dale provadény experimenty s navazanim riznych
druhti antibiotik na kolagenové pény, jmenovité za pouziti gentamicinu, vankomycinu a
rifampicinu aplikovanych impregnaci z roztoki na béazi alkoholt. Po impregnaci a
opctovné lyofilizaci byly pény charakterizovany pomoci infracervené spektroskopie,
obrazov¢ analyzy a jejich vnitini struktura byla také analyzovana pomoci mikro-CT
(hodnocenymi parametry byly oteviend a uzaviena porozita, velikost port).

Ukézka ptipravenych kolagenovych pén s antibiotiky je na Obr. 59.
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Obr. 59 Ukdzka kolagenovych pén po impregnaci gentamicinem (vlevo a uprostred) a
vankomycinem.

Kinetiku uvolnovani antibiotik navrzenych pén, podobn¢ jako rychlost jejich degradace,
lze programovat dobou zesiténi kolagenové slozky ale také velmi efektivné volbou
konstrukce (péna, sendvi¢, kompozit) a objemovym zastoupenim jejich jednotlivych
slozek (tuhé jadro a porézni okraj, mnozstvi nanovlakennych vrstev). Kombinace
jednotlivych slozek, které jsou mikro nebo nano strukturované, zdsadné€ ovliviiuje miru
nasakavosti pén. Mnozstvi tekutiny, kterou péna dokaze pojmout, stejné jako jeji rizna
permeabilita pak ovliviiuje kinetiku uvoliiovani antibiotik. Jednoduché srovnani
nasakavosti dvou kolagenovych forem, je znazornéno na Obr. 60. Riizna vysledna
kinetika uvoliiovani antibiotik, jmenovité aktivni formy vankomycinu, je pak ilustrovana
na Obr. 61. Impregnovana peéna (lyofilizat) vykazuje pozvolné uvoliiovani antibiotik.
Pokud se stejny material, tedy kolagen v roztoku s antibiotiky pfimo zvlakni, potom takto
pripraveny material diky svému velkému specifickému povrchu, vykazuje nasobn¢ vyssi
uvoliiovani antibiotik s pomalejSim nastupem. Pokud je nanovlakenny material po

zesiténi antibiotiky impregnovany, je mozné dosdhnout okamzitych vysokych lokalnich
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koncentraci antibiotik s dlouhodobym tc¢inkem nad minimalni inhibi¢ni koncentraci.
Diky kombinaci téchto jednotlivych slozek je mozné nastavit, neboli naprogramovat
zpusob a miru ptisobeni antibiotik.
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Obr. 60 Ukdazka rizné miry nasdakavosti kolagenové peny pripravené z 8§ % hmotn.
disperze (lyofilizat) a elektrostaticky zvlaknéné kolagenové vrstvy tvorené nanovlakny.
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Obr. 61 Ukdzka kinetiky uvolnovani aktivni formy vankomycinu z kolagenového
materidlu pripraveného jako péna (LYOFILIZAT) nebo jako nanovldkna (SPIN) a
nanovakna dodatecné impregnovana antibiotiky (SPIN+IMPREG).
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9 OVEROVANI  DEPOTIZACNICH  VLASTNOSTI A

UVOLNOVANI ANTIBIOTIK  ZE ZESITOVAEHO
KOLAGENU  PRIPRAVENEHO METODOU  DVOII
LYOFILIZACE — IN VITRO EXPERIMENTY

Pro finalni testovani depotizace a in vivo pokusy byly zvoleny houbicky s gentamicinem
a vankomycinem, vzhledem k omezenému spektru uinku nitrofurantoinu na bézné

patogeny pooperacnich ran.

9.1 Testy s finalnimi produkty hemostatickych kolagennich pén z
rybiho kolagenu s depotizovanym gentamicinem

Byly pouzity zesitované (CLCS) a nezesitované (nCLCS) kolagenni houbicky sycené
gentamicinem. Sitované houbicky byly vyrobeny metodou ,,dvoji lyofilizace®, ktera
spociva v zesiténi kolagenu karbodiimidem a lyofilizaci a ndsledné impregnaci vzniklého
produktu roztokem antibiotika a opétovnélyofilizaci. Na plochu 4x4 cm bylo pouZito 21
mg gentamicinu, vysledna koncentrace na plochu vSak byla vyssi vlivem mirného sraZeni
kolagennich houbicek vlivem lyofilizace. Pro kontrolni pokus byl pouzit referencni

produkt Garamycin SCHWAMM®, ktery byl popsan vyse.

9.1.1 Diskové difusni testy s kolagennimi houbickami vyrobenymi
kolyofilisaci s gentamicinem:

Metodika:
Pro zjisténi efektivity houbicek jako nosi¢e antibiotik byly pouZity standardni
mikrobiologické metody (diskové difuzni testy) s bakterii Pseudomonas aeruginosa

(kmen CNCTC 5482).
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Na Petriho misky byla standardnim zplisobem rozockovana souvisld vrstva bakterii, po
24 hodinéch byly pfilozeny disky o priméru 6 mm vystfizené z houbicek a po dalSich 24
hodinach byla odectena velikost inhibi¢ni zony. Bylo odebrano 5 vzorku z rtiznych mist
na ploSe Garamycinu, 5 vzorkii z péti zesitovanych houbi¢ek a 5 vzorki z péti

nezesitovanych houbicek.
Vysledky:

Inhibition zone diameter
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Obr. 62 Srovnani inhibicnich zon u houbicek ze zesitovaného kolagenu (CLSC),
nezesitovanéhokolagenu (nCLCS) a u Garamycinu® (RCP).

Na obrazku 62 je vidét velice podobné rozméry inhibi¢nich zon pro referenéni produkt

(RCP), sitované(CLCS) a nesitované (nCLCS) houbi¢ky AV CR.

Zavér (diskové difuzni testy):

Vysledky diskovych difuznich testii (obr. 43 a 44) ukazuji ve vSech ptipadech velké
inhibi¢ni z6ny. Rozdily mezi jednotlivymi testovanymi vzorky byly sice statisticky
signifikantni, nicmén¢ malé a vs. klinicky nevyznamné. Pouzité testy pouze potvrzuji, ze
gentamicin se z houbicek uvoliiuje v efektivnim baktericidnim mnoZstvi, nejsou vSak

uréeny k porovnavani produkti mezi sebou.
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9.1.2 Uvolnovani gentamicinu v ¢ase

Nezesitovany kolagen nebyl dale testovan pro své hors$i mechanické vlastnosti, které by
bréanily klinickému vyuziti (vysoka rozpustnost a nizké stabilita houbicek ve vodném
prostiedi —vzorek NC-GEN, pfi laboratorni préci se vysledky potvrdily, kolagenni péna
se v prubéhu pokusti rozpoustéla). Bylo odebrano celkem 5 vzorka 1x2 cm ze tii riiznych
sitovanych houbicek (3 kousky z jedné zesitované houbicky a dva z dalSich dvou
houbicek) a 4 kousky z referen¢niho produktu Garamycin Schwamm (viz obrazek €. 1).
Uvedeny vybér vzorkil umoznil testovat stejnomérnost jak mezi houbickami, tak

rovnomeérnost obsahu gentamicinu v jedné houbicce.

Metodika:

. Vzorky byly ponofeny ve zkumavkach do 10 mL PBS a inkubovény na tfepacce pti 37°C.

Total gentamicin

Po 20, 40, 60, 120 a 240 min. byly vzorky opakované pieneseny do nového PBS a
inkubovany.

Obsah gentamicinu v roztocich, do kterych se louhoval z houbicek, byl stanoven
nefelometricky imunochemickou metodou (Beckman Coulter, Indianapolis, IN, USA) v
biochemické laboratofiULBLD VFN.

Vysledky:

Releasing of gentamicin from collagen sponge
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Obr. 63 Srovnani uvoliiovani gentamicinu ze sitovaného kolagenu (CLCS) a z
Garamycinu® (RCP).
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Ze zesitovanych houbi¢ek AV CR (CLCS) bylo 90 % gentamicinu vyplaveno v prvnich
40 minutach, zatimco z komer¢niho produktu (Garamycin®) bylo uvolnéno v prvnich 40

minutach cca 50 % gentamicinu a nasledné dalSich 50 % za cca 200 minut (obr. 63).

Zavér (testy depotizace a uvoliiovani gentamicinu):

Z kolagenu (CLCS) doslo k uvolnéni gentamicinu o néco rychleji, nez z ptipravku
Garamycin®. Tento rozdil v depotizaci gentamicinu je s nejvétsi pravdépodobnosti
klinicky nevyznamny. Depotizacni schopnosti sitovaného i nesitovaného kolagenu pro
malé molekuly 1é¢iv jsou zanedbatelné a pro klinické vyuziti kolagennich houbicek jako
kryti ran jsou klinicky nepodstatné. V soucasnosti jediny komeréni produkt vyuzivajici
kombinaci kolagenu a gentamicinu (Garamycin SCHWAMM®) vykazuje minimalni

depotizaci.

Kolagenni houbicka mé slouzit pro rychlé dosazeni lokéalni koncentrace gentamicinu v
rang, kterd budemnohokrat pifesahovat MIC patogenu a nasledné po vymyti gentamicinu

z rany (v zéavislosti na prokrveni) se uplatni postantibioticky efekt aminoglykosidu.

9.2 Testy s finalnimi produkty hemostatickych kolagennich pén z
rybiho kolagenu s depotizovanym vankomycinem

Houbicky byly pfipraveny vySe popsanou metodou ,,dvoji lyofilizace”. Na 125 mg
kolagenu lyofilizované houbicky bylo pouZito 100 mg vankomycinu s tim, Ze primérna
hmotnost impregnovanych houbicek byla piiblizn& 150 mg a primérna plocha 16 cm?. V

kazdé houbicce s touto plochou a hmotnosti je tedy 120 mg vankomycinu.

9.3 Diskové difusni testy s kolagennimi houbickami vyrobenymi
kolyofilizaci s vankomycinem

Pro zjisténi efektivity houbicek jako nosice antibiotik byly pouzity standardni
mikrobiologické metody(diskové difuzni testy). Byly pouzity bakterie Staphylococcus
aureus rezistentni k meticilinu (MRSA). Na Petriho misky byla standardnim zptsobem

rozoCkovana souvisla vrstva bakterii, po 24 hodinach byly pfilozeny disky o priméru 6
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mm vysttizené z houbicek a po dalSich 24 hodinach byla odectena velikost inhibi¢ni
zony. Bylo odebrano 6 diskd s priimérem 6 mm. 3x ze tii riznych houbicek a 3xz jedné
houbicky (stied, okraj prostfedek a okraj u rohu) — viz obr. 64. Jako kontrola byly pouZity

standardni disky pro testovani citlivosti na vankomycin.

Obr. 64 Naznaceni odberii diskui, které byly pouzity pro diskové difuzni testy.
Houbicky VANI-3 byly rovneéz pouzity pro testy uvoliiovani vankomycinu v case.

Vysledek:

25

20 A

Inhibi¢ni zéna (mm)

VAN + kolagen VAN 30

Obr. 65 Srovnani inhibicnich zon u houbicek ze zesitovaného kolagenu + vankomycin
(VAN + kolagen), a u standardnich diskii pouzivanych pro diskové difuzni testy.
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Inhibi¢ni zony byly o néco vétsi, nez u standardnich diskii s vankomycinem (obr. 65), coz
potvrzuje, ze se vankomycin z houbic¢ek uvoliluje v dostate¢ném baktericidnim mnozstvi.
Maly rozptyl velikosti inhibi¢nich z6én (malé SD kiivky) potvrzuje, Ze jak mezi
houbickami, tak mezi jednotlivymi misty u jedné houbicky je obsah vankomycinu

podobny.

Zavér (diskové difuzni testy):
Vankomycin se z houbicek uvoliiuje a plisobi baktericidné. Obsah vankomycinu v

houbickach je rovnomérmny.

9.3.1 Uvolhovani vankomycinu v ¢ase

Byly odebrany vzorky ze dvou houbicek (viz obr. 66):

Obr 66 Odbery vzorkii z houbicek s vankomycinem (z kazdé houbicky byl odebran
vzorek z okraje a ze stredu). Mista odbérii jsou vyznacena cervenym obdélnikem.

Metodika:

10 mL PBS bylo inkubovéno na tfepacce pti 37°C. Vzorky byly opakované pteneseny do
nového PBS a opétovné inkubovany. Pfeneseni do nového média probehlo v ¢ase 30, 60,
120, 180, 240, 330, 480 min a 24 hodin, posledni vymeéna byla za 7 dni(6 dni od posledni
vymeény za 24 hodin).Ve vyluzich byla nefelometricky imunochemickou metodou
(Beckman Coulter, Indianapolis, IN,USA) stanovena koncentrace vankomycinu.

Vysledky:
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Obr. 67 Uvolnovani vankomycinu — rozdily mezi houbickami.

Byl zaznamenan mirny rozdil v obsahu vankomycinu mezi houbi¢kami (obr. 67). V
pripadé prevedeni do klinické praxe je tieba peclivé standardizovat vyrobni postup a
charakterizovat obsah vankomycinuv houbic¢kach. Po sedmi dnech (nejdelsi provedeny
pokus) byly vzorky kompaktni, podobné jako vzorky vyse testovaného Garamycinu®, coz

je dobry predpoklad pro pouziti v klinické praxi (obr. 68):

Obr. 68 Vzorek houbicky s vankomycinem 1 x 2 cm, ktery se louhoval 7 dni v PBS pri
37°C.

Zavér (testy depotizace a uvoliiovani vankomycinu):

Byl vytvoten produkt, ktery efektivné uvoliiuje baktericidni koncentrace vankomycinu v

misté aplikace. Depotisace vankomycinu je minimalni, coz ovSem neni jednoznacnou
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nevyhodou pro klinické pouziti, nebot’ dostupné jiz pouzivané kolagenni produkty s
antibiotiky (Garamycin®) rovnéz antibiotika nedepotizuji. Produkt ma vybornou stabilitu
v in vitro testech, nedochazi k rozpousténi zesitovaného kolagenu, coz proptjcuje
produktu dobré vlastnosti pro vyuziti v klinické praxi. Ve srovnanis houbickami s
gentamicinem, kde se uvolnilo za 20 min 80 % antibiotika je vankomycin 1épe vazan. Za
30 min se uvolni cca 40 %, do osmi hodin cca 65-75%. Tomu by mély byt pfizpiisobeny

1 odbéry krve potkant pii in vivo zkouskach.

9.4 Testy s findlnimi produkty hemostatickych kolagennich pén z
rybiho kolagenu s depotizovanym rifampicinem

Pro ovéteni mikrobiologické ucinnosti rifampicinu vazaného v houbickach byly
provedeny diskové difuzni testy podle vyse popsané metodiky. Mikrobiologicka odpoveéd’
byla testovana standardni metodou diskového difuzniho testu proti komercéné
dodavanému disku s rifampicinem. Testovany kmen byl Staphylococcus aureus CNCTC
6271 (MRSA), suspenze 0,5 McF. Byly testovany homogenni kolagenni pény a

sendviCova struktura s poréznimi vrstvami na povrchu a denzni vrstvou uvnitf.
9.4.1 Diskové difusni testy s kolagennimi houbickami vyrobenymi

kolyofilizaci s rifampicinem:

Priimérné hodnota velikosti inhibi¢nich zon standardnich diskt byla 34.89 + 0.7349 mm.
U testovanych diskdi houbicek z homogenni kolagenni pény byla primérnd hodnota
velikosti inhibi¢nich zo6n 38.89 + 0.8889 mm (viz obr. 69). Vysledek byl statisticky
signifikantni (p = 0,0032). Porovnani inhibi¢nich zén standardu a testovanych diski
jednotlivych houbicek sendvicové struktury je uvedeno na obr. 65. Primérnd hodnota
velikosti inhibi¢nich z6n standardu je 32.00 + 0.5528 mm. U testovanych diskl
z houbicek sendvicové struktury byla primérnd hodnota velikosti inhibi¢nich zén
37.00 = 0.4082 mm (obr 70). Vysledek byl statisticky signifikantni (p < 0,0001). Témito
testy bylo mj. ovéteno, ze po zpracovani kolagennich houbicek zesiténim, impregnaci
rifampicinem a lyofilizaci s naslednou sterilizaci gama zafenim byl v houbic¢kach

zachovan mikrobiologicky aktivni rifampicin.
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Obr. 69 Porovnani inhibicnich zon diskii z houbicek z homogenni kolagenni pény a

standardu (p = 0,0032).
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Obr. 70 Porovnani inhibicnich zon diskii z houbicek ze sendvicové kolagenni pény a
standardu (p < 0,0001).

9.4.2 STABILITNI TESTY RIFAMPICINU

86



V literatufe byla popsdna omezena stabilita rifampicinu pii 37°C (Pearson SD, Trissel
LA, 1993). Na druhé stran¢ bylo prokdzano, ze rifampicin aplikovan lokaln¢ do rany pii
operaci hernie efektivné snizoval vyskyt pooperacnich infek¢énich komplikaci
(Kahramanca S, et al., 2013). Pro ovéfeni stability rifampicinu pii fyziologickych
podminkach byl proveden experiment, kdy byl vytvofen roztok rifampicinu v PBS
(phosphate buffered saline) a nésledné sledovan pokles koncentrace v tomto roztoku,
ktery byl inkubovan pii 37 °C. Pro testy stability byly vytvofeny roztoky rifampicinu
v PBS o koncentracich 600 pg/mL, 60 pg/mL a 6 pg/mL. Tyto roztoky byly inkubovéany
v temnot¢ pii 37 °C. V Casech 0, 4 a 24 hodin a 2, 6 a 7 dni byly odebirany vzorky na
stanoveni koncentrace rifampicinu. Postup degradace rifampicinu (procentudlni ubytek

z ptvodni koncentrace) je zndzornén na obr. 71.
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Obr. 71 degradace rifampicinu (procentualni ubytek z piivodni koncentrace). Byly
testovany 3 vychozi koncentrace (600 ug/mL, 60 ug/mL a 6 ug/mL). Procentualni
vyjadreni poklesu koncentrace rifampicinu v jednotlivych odbérech je uvedeno v tabulce
2.

Koncentrace/¢as| 0 4h | 24h | 2dny | 6dni | 7 dni
600 pg/mL 00| 47 | 13.1 | 194 | 40.1 | 425
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60 ng/mL 0.0 | 156 | 31.9 | 42.0 | 585 | 61.9
6 pg/mL 0.0 | 133 | 25.7 | 31.7 | 83.6 | 88.5

Tabulka 2 Procentudlni ubytek koncentrace rifampicinu v roztoku PBS p7i inkubaci
v 37 °Cv case.

Ptestoze je rifampicin zkouman jako antibiotikum potencialné snizujici vyskyt infekci
v operacnich rénach (Kahramanca S, et al.,, 2013), jeho stabilita ve fyziologickych
podminkach (roztok v PBS, 37°C, temnota) je pomérné nizka (Tabulka 2). Za 4 hodiny
se rozpadd az 15 % rifampicinu, za dva dny 20-40 % a za 7 dni 40-90 %. To odpovida i
diive provadénym stabilitnim studiim (Pearson SD, Trissel LA, 1993). Je tfeba pocitat
s touto omezenou stabilitou pii vytvareni kolagenniho kryti pro pooperacni rany — nema

smysl zpomalovat uvoliiovani na vice, nez cca 2 dny.

9.4.3 IN VITRO UVOLNOVANI RIFAMPICINU Z HOUBICEK

Za ucelem zjisténi kinetiky uvoliiovani rifampicinu byly ze tfi houbicek homogenni
kolagenni pény a ze tfi houbicek sandwichové struktury ziskany vzorky o velikosti
2x1 cm. Z kazdé houbicky byly ziskany 2 vzorky a to z okraje a ze stiedu. Tyto vzorky
byly opakované pfendSeny do 20 mL PBS a inkubovany na tiepacce pti 37 °C. Pieneseni
do nového média bylo uskute¢néno v ¢asovych intervalech 15, 30, 60, 120, 180, 240, 360
min a 24 hodin, posledni vzorek byl odebran za 8 dni (7 dni od vymény za 24 hodin).
Vzorky byly uchovany pfi -80 °C a nasledné analyzovany pomoci HPLC zavedené na
Katedfe analytické chemie Pfirodovédécké fakulty UK specidln€ za ucelem tohoto

projektu.

Homogenni kolagenni houbicky s rifampicinem. MnoZstvi uvolnéného rifampicinu bylo
zna¢né€ variabilni a obsah rifampicinu je zavisly na vaze vzorku, kterd neodpovida jeho
ploSe (véha, nikoliv plocha vzorku koreluje s obsahem rifampicinu). V planovanych in
vivo pokusech s implantaci houbicky potkaniim do podkozi tedy nelze aplikovat davku
odmeéfenou podle plochy houbicky, je tfeba postupovat gravimetricky. Pro p. o. podani
rifampicinu potkanim byla v literatufe nejcastéji pouzita davka 25 mg/kg 2x denné
(Brinkman CL, et al., 2015, Vergidis P, et al 2015). Bylo zjisténo, ze 100 mg houbicky
z homogenni kolagenni pény obsahuje 30,5 mg rifampicinu. Pro davkovani 25 mg/kg byl
odvozen vzorec: vaha potkana (kg) * 0,082 = vaha houbicky v mg
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Sendvi¢ové kolagenni houbicky s rifampicinem. Obsah rifampicinu v jednotlivych
vzorcich byl relativné homogenni. Bylo zjisténo, ze 100 mg houbicky sandwichové
struktury obsahuje 17,3 mg rifampicinu. Pro davkovani 25 mg/kg byl odvozen vzorec:

vaha potkana (kg) * 0,145 = vaha houbicky v mg

Mnozstvi rifampicinu v sendvicovych houbickach bylo vyrazné mensi, nez v houbickach
z homogenni kolagenni pény (17,3 % w/w oproti 30,5 % w/w). Obr. 72 a 73 znazoriuje

kinetiku uvoliiovani rifampicinu z obou typt houbicek.
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Obrazek 72 Porovnani mnozstvi uvolnéného rifampicinu z homogenni kolagenni pény
(Homogenous) a z houbicek sendvicové struktury (Sandwich).

MnozZstvi uvolnéného rifampicinu po Sesti hodinéch jiz bylo pod detekénim limitem u
vSech vzorkli homogenni pény a dosahovalo hodnot 0-0,3 mg pro sandwichové struktury.
Obrazek 73 zndzorfiuje procenta uvolnéného rifampicinu za prvnich 6 hodin. Celkové

mnozstvi rifampicinu uvolnéné za 24 hodin povazovano za 100 %.
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Obrazek 73 Procentuadlné zndzornéné uvoliiovani rifampicinu z homogenni kolagenni
pény (Homogenous) a z houbicek sendvicové struktury (Sandwich). Celkové mnoZstvi
uvolnéné za 24 hodin (9 vymen) je povazovano za 100 %.

Na zédkladé porovnani kinetiky eluce rifampicinu na obr. 73 je vidét, ze v ptipadé
sandwichové struktury doslo k mirnému zpomaleni uvoliiovani rifampicinu. Tento rozdil
vSak je pravdépodobné klinicky nevyznamny.

Zavérem lze shrnout, Ze bylo zjisténo, Ze kolagenni houbicky sandwichové struktury
mirné zpomaluji uvoliiovani rifampicinu. Byly odvozeny vzorce, na zaklad¢ kterych byla

ur¢ovana velikost houbicek implantovanych potkaniim v in vivo pokusech.

9.5 SHRNUTIIN VITRO EXPERIMENTU

Byl navrzen zpiisob pfipravy kolagenovych lyofilizath pro aplikace formou
hemostatického krytis antibiotiky. Volbou parametrii piipravy byla optimalizovana
jejich vnitini struktura, a to zejménaz pohledu oteviené porozity s vhodné velikymi pory
a byla optimalizovana mira jejich degradace. Optimalizovany zpiisob pfipravy byl
aplikovan pfi ptipravé lyofilizath s n€kolika druhy antibiotik, jmenovité¢ vankomycinem
a gentamicinem. VSechny materidly byly podrobeny degrada¢nim testiim, soucasné byl
prabézné vysetrovan vliv jednotlivych krokl piipravy na zachovani sekundérni struktury
kolagenu. Byla ovéfena jejich depotizacni schopnost, kterd je srovnatelna s komeréné
vyrabénymi a klinicky vyuZivanymi produkty z equinniho kolagenu a bylo potvrzeno
efektivni uvoliiovani antibiotik v baktericidnich koncentracich pomoci diskovych

difuznich testu.
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10 Testovani biologickych vlastnosti kolagennich pén z rybiho
kolagenu - In vivo experimenty

10.1 Gentamicin

Byl proveden pokus na potkanech, kterym byla vyvolana infekce Pseudomonas
aeruginosa (kmen CNCTC 5482) aplikaci inokula do kozni kapsy. Tato infikovana
podkozni kapsa byla nésledné 1écena aplikaci zesitované kolagenni houbicky (CLCS) s
gentamicinem, piipravené AV CR (pfesna chatakteristika viz vyse). Celkem byly
vytvoreny 3. skupiny zvitat — viz tabulka 3. V rdmci experimentu byl sledovan klinicky
stav, hladiny gentamicinu, markery zanétu (haptoglobin — u krys nelze pouzit CRP) a po
ukonceni experimentu mnozstvi CFU Pseudomonas aeruginosa v biopsii odebrané

z mista inokulace.

A Skupina s aktivni houbic¢kou Dva fezy na zadech -
(gentamicin) inokulum + houbicka s gentamicinem
12 zvirat pouze inokulum (kontrola systémového
ucinku vstiebané¢ho gentamicinu)
B [Skupina bez atb. Dva fezy na zaddech
6 zvirat inokulum + houbicka bez gentamicinu

pouze inokulum

C |Aktivni kontrola s i. m. gentamicinem [Dva fezy na zadech N

6 zvirat inokulum + houbicka bez gentamicinu
pouze inokulum

Gentamicin byl aplikovan se aplikoval i.
m.

Tabulka 3. Testované skupiny zvirat v pokusu s gentamicinem.

Skupiny byly navrzeny tak, aby byl zjistén vliv systémového vstfebani/podani atb. a

odlisen od vlivu samotné houbicky.
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10.1.1 Metodika:
Inokulace a aplikace houbicek:

Inokulace a aplikace houbicek/roztoku s gentamicinem. Zvitata byla uspana isofluranem.
Chlupy na zadech byly oholeny pomoci depilacniho krému. U zvifat byla na kranidlni
¢asti zad na pravé i na levé strané od patefe chirurgicky vypreparovana subkutanni kapsa
fezem o délce cca 1 cm. Do kapsy bylo pomoci tuberkulinové injekcni stfikacky
aplikovano 0,5 mL fyziologického roztoku osahujiciho Pseudomonas aeruginosa v
koncentraci 2x10” CFU/mL (jednodenni bujén/5). Dale byla implantovana 1 cm? sterilni
houbicka (skupina A s gentamicinem, skupina B a C bez gentamicinu). Kapsa byla
uzaviena polypropylenovymi stehy. Na levé stran¢ zad bylo aplikovéano stejné mnozstvi
roztoku s Pseudomonas aeruginosa jako kontrola systémového efektu vstiebaného
gentamicinu. Pro aplikaci ve skupiné A byly houbicky nastfihany na rozmér 1x1 cm.
Podle pokusii s uvolfiovadnim gentamicinu jsou ve vzorku o rozméru 1 cm? obsaZeny 2

mg gentamicinu. Ve skupiné C bylo aplikovano 2 mg gentamicinu intramuskularng.
Odbéry krve pro farmakokinetickou studii a méreni markera zanétu (haptoglobin):

Pro farmakokinetickou studii a monitorovani zanétu byly provedeny odbéry krve na
stanoveni plazmatickych hladin gentamicinu a haptoglobinu (marker akutni faze u

potkantl) z jugulérni zily v ¢asech:

1 hodina (3 zvitata ze skupiny A a 2 ze skupiny C)
2 hodiny (3 zvitata ze skupiny A a 2 ze skupiny C

4 hodiny (3 zvitata ze skupiny A a 2 ze skupiny C)

1. den byla rovnéz v ¢ase 1-4 hodiny odebrana vSechna zvitfata ze skupiny B (pro zjiSténi

baseline
hladiny haptoglobinu)

2. den (3 zvifata ze skupiny A) + 3 zvitata ze skupin B a C

Postup odbérii krve. Zvitata byla uspana isofluranem. Do heparinem vymyté eppendorfky
byla odebrana krev heparinem promytou jehlou a sttikackou. Nasledné¢ byl vzorek stocen
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(2500 otacek, 8 min). Nasledné bylo odebrano300 mikrolitrii plasmy a nafedéno pomoci
300 mikrolitri FR na 50 % pro dosazeni objemu 500 pL (z divodu mrtvého objemu pii
strojovém odbéru vzorkii pii analyze). Analyza byla provedenav biochemické
laboratoii VFN nefelometrickou imunochemiskou metodou (Beckman Coulter,
Indianapolis, IN, USA). Byl pouzit dostupny kit na lidsky haptoglobin (beta podjednotka
krysiho haptoglobinu méa 80 % homologii s lidskym haptoglobinem). Po inokulaci a

odbérech krve byla zvifata vracena do individualnich kleci.
Utraceni zviirat a kone¢né zhodnoceni:

VSechna zvirata ze skupiny A, B i C, kterd ptezila byla utracena 4. pooperacni den. Zvifata
byla utracena ptfedavkovanim anestézie — aplikovano 50 mg tiopentalu (0,5 mL roztoku
o koncentraci 100 mg/mL) intraperitonealn¢.

Pfi terminaci byly provedeny nésledujici odbéry:

Intrakardialné bylo odebrdno vétsi mnozstvi krve do sérové zkumavky (Cervena s

induktory
sraZeni) na zjisténi hladiny gentamicinu a haptoglobinu.

Byl odebran vétsi vzorek tkdn€ z obou mist inokula — vystiithany svaly 1 ktze, ktera
predtim byla oholena. Vzorek byl pfedan do sterilni zkumavky a oznacen Cislem zvitete
apismenem L ¢i P podle toho, ze které strany byl odebran (P je s houbi¢kami). Do hodiny
od odbéru byly vzorky pfedany na pracovisté mikrobiologie za ic¢elem zpracovani jako

klasickou biopsii, tedyotfit na Petriho misce a nésledné kultivovat.

10.1.2 Vysledky

Laboratorni hodnoty (gentamicin, haptoglobin):
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Byly zaznamenany mirn¢ vyssi koncentrace po SC podani (houbicky), nez po IM podani
(obrazek 74). Polocas gentamicinu po s. c¢. aplikaci pomoci houbicky je 51 min., polocas
po i. m. podani je 40 min., coz pfiblizné odpovida literarnim tdajim o farmakokinetice
gentamicinu u malych laboratornich zvifat. Potkani skupiny B —tedy bez ATB vykazovali
2. a 4. den vyznamné vyssi hladiny haptoglobinu, nez skupina A (houbicka) a C (i. m.
gentamicin). Markery zanétu skupin A a C nabyvaly téméf totoznych hodnot. Hodnoty
haptoglobinu odpovidaly klinickému vyvoji 1 kdyZ se nepohybuji mimo rozhrani

referenci pro lidsky haptoglobin (obrazek 74).

Haptoglobin serum levels Gentamicin serum levels
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Obr. 74 Hladiny haptoglobinu a gentamicinu u testovanych skupin potkanui infikovanych
Pseudomonasaeruginosa. A — houbicka s gentamicinem; B — bez antibiotik; C —
intramuskularni gentamicin. (** p <0.01; ***p < 0.001).

Klinicky obraz:

Viaha potkanii: potkani bez antibiotik vyrazné neprospivali a ztratili na véaze, zatimco
v ostatnich skupinach potkani pfibirali na vaze (tabulka 4).

Skupina Pocitek experimentu  |Konec experimentulZména
(4. denpo inokulaci)
IA (houbi¢ka s gentamicinem) [248,1 +11,39 g(N=12) [269,3+£9,01 g(N=12)[+ 8,5 %
B (sine gentamicin) 248,7 + 7,58 g (N=6) 218,3+ 16,88 g (N=4)|- 12,2 %
C (gentamicin i. m.) 250,5+ 12,14 g(N=6) 271,8+ 15,17 g (N=6)+ 8,5 %

Tab. 4 Vaha potkanii v jednotlivych skupindach na pocatku experimentu a na konci
experimentu.
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1. den po inokulaci byla métfena teplota potkanim per rectum (tabulka 5). Potkani
bez atb. mélistatisticky vyznamné (t-test) vyssi TT, nez potkani s atb.

Skupina Télesna teplota per rectum 1. den
o inokulaci

A (houbicka s gentamicinem) (36,7 = 0,9 °C (N=12)

B (bez gentamicinu) 38,2 +£0, 8 °C (N=6)

C (gentamicin i.m.) 36,4 £ 0,8 °C (N=06)

Tab. 5 Télesna teplota potkanii v jednotlivych skupinach mérena per rectum 1. den po
inokulaci.

Fyzikalni vySetieni zkuSenou veterinarkou 1. den po inokulaci:

Skupina A: 9 bez pozoruhodnosti, 3 vykazuji mirné¢ odchylky od normalniho chovani
(alevova poloha

atd.). Skupina B: Jeden potkan bez pozoruhodnosti — sdm se Cisti. 5x viditelné stradajici
zvitata s ¢etnou chromodacryorrheou — porfyriny u o¢i a u cumaku. Tachypnoe, zaskuby,
ulevova poloha. 2. den po inokulaci 2 zvitata uhynula. Skupina C: Zvitata byla zcela v
potradku, lezou nahoru a Cisti se.

Poslechovy nalez na plicich:

Skupina A: u jednoho potkana mirné chripky, jinak normalni poslechovy nalez. Skupina
B: jeden potkan s normalnim poslechovym nalezem, jeden vyrazné nepravidelny dech, 4
piskoty, jeden i chriipky. Zvifata, kterd uhynula méla piskoty. Skupina C: 4x normalni
nalez, 1x chriipky, 1x zastfeny nadech

Vysledek mikrobiologické kultivace 7 biopsii odebranych 4. den po inokulaci pri
terminaci:

Porovnani véech odbérl
1200 -
1000

800+

CFU

600

4004

200+

AL AP BL BP CL CP
Skupina / strana

Obr. 75 Pocet CFU (colony forming units) ve vzorcich z jednotlivych skupin zvirat. (L =
leva strana, bez houbicek, P = prava strana, s houbickami).
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Skupina Vzorek CFU

median (IQR)

Eoubiéka s 2mg gentamicinu, bez i. prava strana (houbicka) 1 (0to 8)

m. gentamicinu leva strana (bezhoubicky) 3 (0tol9)
I};Ioubiéka bez gentamicinu. bez i. m. prava strana (houbicka) 1000(1000t01000)
gentamicinu leva strana (bez houbicky) 1000 (950 to 1000)
Houbicka bez gentamicinu 2 mg prava strana (houbicka) 28 (26 to 68)
(gjen‘ramicinu L m. leva strana (bez houbicky) 18 (11-118)

CFU: colony forming units, IQR: interquart

Tabulka 6. Pocet CFU (colony forming units) ve vzorcich z jednotlivych skupin zvirat.

Byla zaznamendna dobra efektivita jak i. m., tak s. c. (pomoci houbicky) podaného
gentamicinu. Byl zaznamenan trend k lepsi efektivité gentamicinu aplikovaného s. c.,

nicméné nebylo dosaZeno statisticky signifikantniho vysledku.

10.1.3 Zaver (in vivo pokusy s gentamicinem):

Jednoznaéné bylo prokézano, ze pfipravené houbic¢ky jsou efektivnim nosi¢em
gantamicinu. Pomoci této aplikace byl efektivné zalécen intenzivni septicky zanét, ktery
je pro zvirata potencialné letalni. Jednou davkou gentamicinu se podatilo sniZit inokulum
natolik, ze zvitata uspes$né ptezila do 4. dne. Rozdil byl klinicky, mikrobiologicky (CFU)
1 laboratorni (haptoglobin). Podaftilo se prokazat efektivitu houbicek, jako drug delivery
matrix. Efektivné snizuji inokulum lokalné€ (AP strana méla nejméneé CFUze vSech — obr.

75) a poskytuji i systémovy efekt srovnatelny s i. m. podanim.
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10.2 Vankomycin

Byl proveden pokus na potkanech, kde do chirurgicky vytvoiené podkozni kapsy byl
inokulovan infek¢éni bujons mehicilin rezistentnim Staphylococcus aureus (MRSA) a
dané skupiné zvitat je do této kapsy také pridana kolagenni houbicka z rybiho kolagenu
ttebonského kapra s implementovanym vankomycinem. Byly pouzity 2. skupiny zvitat

(tabulka ¢. 7).

A Skupina s aktivni houbi¢kou Dva fezy na zadech:
(vancomycin) - infekce + houbicka s vancomycinem
12 zvirat - pouze infekce
B [Skupina bez atb. Dva fezy na zadech:
6 zvirat - infekce + houbicka bez vankomycinu
- pouze infekce

Tabulka ¢. 7. skupiny zvirat pouZité v in vivo experimentu s vankomycinem.

Nasttihané houbicky k aplikaci o rozméru 1x1 cm obsahovaly 7,5 mg vankomycinu,
tedy 30 mg/kg pii predpokladané vaze zvirat 250 g. Tato davka odpovida nejvyssim

doporu¢ovanym nasycovacim davkam u lidi.

10.2.1 Metodika:
Inokulace a aplikace houbicek:

Inokulace a aplikace houbicek s vankomycinem. Zvitata byla uspana isofluranem. Chlupy
na zadech byly oholeny pomoci depilacniho krému. U zvifat byla na kranidlni ¢asti zad
na pravé 1 na levé stran¢ od patete chirurgicky vypreparovana subkutanni kapsa fezem o
délce cca 1 cm. Do kapsy bylo pomoci tuberkulinové injekéni stiikacky aplikovano 0,5
mL fyziologického roztoku osahujiciho Staphylococcus aureus (kmen CNCTC 6271) v
koncentraci 2x10” CFU/mL (jednodenni bujén/5). Dale byla implantovana 1 cm? sterilni
houbicka (skupina A s vankomycinem, skupina B bez vankomycinu). Kapsa byla
uzaviena polypropylenovymi stehy. Na levé stran¢ zad bylo aplikovano stejné mnozstvi
roztoku se Staphylococcus aureus. Pro aplikaci ve skupiné A byly houbicky nastiihany

na rozmér 1x1 cm.
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Odbéry krve pro farmakokinetickou studii a méfeni markeri zanétu (haptoglobin):

Pro farmakokinetickou studii a monitorovani zanétu byly provedeny odbéry krve na
stanoveni plazmatickych hladin gentamicinu a haptoglobinu (marker akutni faze u

potkanil) z jugularni zily (kazdé zvite 2x v pribéhu pokusu) v ¢asech:
30 min (3 zvifata ze skupiny A)

1 hodiny (3 zvifata ze skupiny A)

2 hodiny (3 zvifata ze skupiny A, 6 zvitat ze skupiny C)

4 hodiny (3 zvitata ze skupiny A)

1. 2. a 3. den po inokulaci (4 zvitata ze skupiny A, 2 zvifata ze skupiny B)

Postup odbérii krve. Zvitata byla uspana isofluranem. Do heparinem vymyté eppendorfky
byla odebrana krev heparinem promytou jehlou a stiikackou. Nasledné byl vzorek stocen
(2500 otacek, 8 min). Nasledné bylo odebrano300 mikrolitrii plasmy a nafedéno pomoci
300 mikrolitrii FR na 50 % pro dosaZeni objemu 500 pL (z divodu mrtvého objemu pfi
strojovém odbéru vzorkii pfi1 analyze). Analyza byla provedenav biochemické
laboratoii VFN nefelometrickou imunochemiskou metodou (Beckman Coulter,
Indianapolis, IN, USA). Byl pouZit dostupny kit na lidsky haptoglobin (beta podjednotka
krysiho haptoglobinu ma 80 % homologii s lidskym haptoglobinem). Po inokulaci a

odbérech krve byla zvifata vracena do individualnich kleci.

Utraceni zvirat a koneéné zhodnoceni:

VSechna zvirata ze skupiny A i B byla utracena 4. pooperacni den. Zvifata byla utracena
predavkovanim anestézie — aplikovano 50 mg tiopentalu (0,5 mL roztoku o koncentraci

100 mg/mL) intraperitonedlné.
Pti terminaci byly provedeny nasledujici odbéry:

Intrakardidln€ bylo odebrano vétsi mnozstvi krve do sérové zkumavky (Cervend s

induktory
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srazeni) na zjisténi hladiny gentamicinu a haptoglobinu.

Byl odebran vétsi vzorek tkan¢ z obou mist inokula — vystfihdny svaly i klze, ktera
piedtim byla oholena. Vzorek byl pfedan do sterilni zkumavky a oznacen Cislem zvifete
apismenem L ¢i P podle toho, ze které strany byl odebran (P je s houbickami). Do hodiny
od odbéru byly vzorky pfedany na pracovisté mikrobiologie za uc¢elem zpracovani jako

klasickou biopsii, tedyottit na Petriho misce a nasledné kultivovat.

10.2.2 Vysledky

Klinicky obraz pokusnych zvifat v obou vétvich byl bez vaznéjsi alterace po celou dobu
pokusu, stejné tak se neménila télesnd teplota zvifat. Ve skupiné B byl nesignifikantné
pomalejs$i nartist télesné hmotnosti. Haptoglobin vyznamné stoupl v obou vétvich a
nasledné poklesl. 4. den dosdhl rozdil mezi skupinami A a B statistického vyznamu

(obrazek 76).

Haptoglobin
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Obrazek 76. Vyvoj haptoglobinu (protein akutni faze u krys) v pribéhu pokusu s MRSA
infekci a vankomycinem impregnovanou houbickou. A — aktivni vétev s vankomycinem
impregnovanou houbickou, B — kontrolni vétev bez antibiotik.
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Vankomycin mél v prvnich tiech vzorcich (0,5, 1 a 2 hodiny po podani) srovnatelnou
hladinu a nasledn¢ zacal klesat s polo¢asem 2,2 hodiny mezi 2. a 4. hodinou a 6,6 hodin

mezi 4. a 24. hodinou od podani (obrazek ¢. 77).

N
o
]

Vancomycin [mg/L]
)

|
0 10 20 30
Time (hours)

Obrdazek 77. Pokles hladiny vankomycinu po podani kolagenni houbicky impregnované
vankomycinem s. c.

Srovnani poc¢tu CFU mezi skupinami a v 1é€enych a nelécenych ranéch je v tabulce 8.
Hodnoty CFU ve skupin€ B byly na obou stranach statisticky vyznamné vyssi, nez ve

skupiné A, coz svédci pro efektivitu 1é€by podanym vankomycinem formou s. c.

implantované kolagenni houbicky.
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CFU median (IQR)
Skupina A Skupina B
Vzorek
(houbicka s vanco) (houbicka bez vanco)
Pravé strana (houbicka) 10.5 (5-26.25) 140 (107.5-187.5) p=0.0066
Leva strana (bez
25 (15-35) 65 (35-245) p=0.0149
houbicky)

p=0.1839 p=0.5887

Tabulka ¢. 8 — pocet CFU MRSA v biopsiich krys lécenych vankomycinovymi
houbickami (skupina A) a v kontrolni skupiné (skupina B).

10.2.3 Zaveér (in vivo pokusy s vankomycinem):

Jednoznaéné bylo prokazano, ze piipravené houbi¢ky jsou efektivnim nosi¢em
vankomycinu. HoubiCky se jevi jako idealni prostfedek na pravidelné pievazy
raninfikovanych G+ bakteriemi & 24 hodin, nebot vankomycin je na rozdil od
aminoglykosidl na ¢ase zavislé antibiotikum (resp. PK/PD parametr, ktery zde sledujeme
je AUC:MIC, (Rybak JM et al., 2020, Moise-Broder PA, et al., 2004). Nestaci tedy zajistit
dostate¢né vysokou koncentraci v po¢atku 1écby a spolehnout se na postantibioticky

efekt. Bylo prokazano, Ze vankomycin se uvoliiuje z houbicek 24 hodin.

10.3 Rifampicin

V ramci studia houbicek s rifampicinem bylo upusSténo od infek¢énich modeli a byla
provedena pouze farmakokineticka studie monitorujici uvolfiovani rifampicinu
z houbicek aplikovanych do podkoZi. Za timto Gcelem byly potkaniim implantovany
karotické katetry pro opakované odbéry krve. V ramci pokust byly rovnéz odebirany

vzorky k patologické analyze (urcené lokalni reakce a biokompatibility houbicek).
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10.3.1 Metodika:

Pro ovéfeni rychlosti uvoliiovani rifampicinu in vivo byl pouzit potkani model (obrazek
78). Byli pouziti dospéli samci kmene Wistar rat. Potkantim byly chirurgicky zavedeny
kanyly do arteria carotis dle standardniho protokolu (Feng J, et al., 2015). Aplikace
kanyly byly provadény po 6-8 hodinovém la¢néni za aseptickych podminek po anestézii
aplikaci kombinace anestetik xylazin+tketamin i.m. (5-10 mg/kg+60-80 mg/kg). Po
katetrizaci a odeznéni anestezie se potkani individudlné zotavovali v kleci s pristupem k
potravé a vodé ad libitum. Potkani byli pozorovani v intervalech 2 hodiny po dobu
alesponl 4 hodin, nebo dokud nebyly patrny zadné znamky bolesti a pak jednou denné.
Bezprostiedné po ukonceni anestézie byl aplikovan ketoprofen (5 mg/kg, subkutanné) a
event. bylo v davkovani pokracovano kazdych 12 hodin, pokud potkan vykazoval
znamky bolesti nebo strachu. Po 72 hodindch byli potkani, ktefi se dostatecné zotavili a
kteti dosahli > 10 g hmotnosti pied katetrizaci, zafazeni do farmakokinetické studie. Az
do ukonceni odbéri vzorki krve byli potkani ponechdni jednotlivé v klecich, aby
nedochézelo k vzajemnému napadani a poskozovani zavedenych kanyl. Objem odebrané
krve (0,1-0,3 ml) byl pribézné nahrazovéan stejnym objemem fyziologického roztoku,
kanyly byly po kazdém odbéru heparinizovany. Potkanim byl aplikovan
nizkomolekularni heparin 1x denné po dobu trvani experimentu. Po poslednim odbéru
vzorku krve byli potkani uspani isofluranem a usmrceni pomoci kombinace
embutramidu, mebezonia a tetracainu (T-61 - pfipravek k bezexcitacni euthanasii zvifat,

Intervet International B.V., Wim de Korverstraat 35, 5831 AN Boxmeer, Nizozemsko).
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Obr. 78 Priibéh implantace houbicek do podkoZi potkanii: zavedeni kanyly (A, B),

priprava operacniho mista (C), implantace houbicky do podkozi (D), potkan po suture
(E), odber krve pomoci katétru (F).

Vzhledem k tomu, Ze rifampicin podléh4 enterohepatilni recirkulaci, coZz by mohlo
ovlivnit vysledky experimentu, byla pro tcely pokusu ze standardnich granuli vytvotena
smés s 10 % aktivniho uhli (Carbosorb®, IMUNA PHARM, a.s. Jarkova 17 082 22
Sarigské Michalany, Slovenska republika). Aktivni uhli v koncentraci 5% efektivné

sniZilo enterohepatélni cirkulaci bilirubinu u potkanti (Davis DR, et al., 1983).

Obvykla p. o. davka rifampicinu u lidi je 10 mg/kg télesné hmotnosti, u déti az 20 mg/kg.
Adekvatni p. o. davka aplikovand u potkant je 25 mg/kg 2 x denné (Brinkman CL, et al.,
2015, Vergidis P, et al 2015). Byl proveden jednodavkovy farmakokineticky experiment
s aplikaci 25 mg/kg rifampicinu subkutanné¢ bud® pomoci testovanych houbicek
(homogenni kolagenni péna, nebo sandwichova struktura), ptfipadné jako roztok o

koncentraci 60 mg/mL v aqua pro injectione (kontrolni vétev) — viz tabulka. 9.
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Oznaceni Popis Pocet zvirat

- Skupina s aktivni houbickou (,,homogenni péna“) 5
A4 n:
Rez na zaddech, podkozni aplikace houbicky.

S Skupina s aktivni houbickou (,,sendvicova struktura®) p
w n=
Rez na zédech, podkozni aplikace houbicky.

Kontrolni skupina se s. ¢. aplikaci rifampicinu.
K Rez na kiiZi a sesiti (sham surgery), aplikace roztoku rifampicinu| n=>5

S.C.

Tabulka 9. Vétve experimentu a pocty pouzitych zvirat pri studiu houbicek s
rifampicinem.

Déavka byla ur¢ena bud’ pomoci vahy houbicky (vétev H a S), nebo pomoci objemu
roztoku rifampicinu (vétev K, koncentrace 60 mg/mL) pfipraveného fedénim pomoci
aqua pro injectione podle SPC bezprostiedné pied aplikaci z ptipravku Eremfat®
(RIEMSER Pharma GmbH Ander Wiek, 17493 Greifswald - Insel Riems, Némecko)
podle SPC:

homogenni kolagenni péna (vétev H): vaha potkana (kg) x 0,082 = vaha houbicky

(mg)
houbicky sandwichové struktury (vétev S): vaha potkana (kg) x 0,145 = vdaha

houbicky (mg)

roztok rifampicinu (60 mg/mL, vétev K): vaha potkana (kg) x 0,42 = objem roztoku v

uL

Po aplikaci vzorkl byly provedeny odbéry vzorkl v ¢asech 30 min; 60 min, 2h, 4h, 6h,
10h a déle 4 12 hodin do ukon¢eni pokusu 4. den experimentu (jako den 0 byl oznacen
den implantace houbicek). Vzorky krve byly pieneseny do Eppendofovych zkumavek.
Po aktivaci koagulacni kaskady byly vzorky centrifugovany 8 minut pii 5 000 otackéach a
sérum prepipetovano do nové Eppendorfovy zkumavky a ulozeno v -80°C do doby
analyzy (postup HPLC popsan vySe). 4.den byla zvifata terminovana a oblast
s implantovanymi houbickami (vétve H a S), pfipadné oblast, kam byl s. c¢. aplikovan

roztok rifampicinu, byla chirurgicky vyjmuta a ve sterilnich zkumavkach dopravena na
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patologickou analyzu. Do patologické laboratote byly vSechny vzorky dodany nejpozd¢ji

4 hodiny po odbéru (viz déle).

10.3.2 Vysledky
FARMAKOKINETICKA ANALYZA

Obr. 79 znadzornuje pribeh hladin rifampicinu u jednotlivych skupin potkant.
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Obr. 79 Priibéh hladin rifampicinu u jednotlivych skupin potkanii.

Parametry farmakokinetické analyzy jsou v tabulce ¢. 10. Vzhledem k variabilit¢ mezi
jednotlivymi potkany vysla 1 pfi srovnatelnych davkach rozdilnd AUC u kontrolni vétve
(K) a vétvi Sa H (7,1 pg*h/mL oproti 10,5, resp. 10,4 pg*h/mL). Zaroven Ti je mezi
skupinou K a skupinou S srovnatelny i kdyz graf na Obr.73 naznacuje pomalejsi pokles
hladin ve skupin€ S. Jedna se o chybu, kterd pravdépodobné vznikla pfi pfili§ malém
mnozstvi odbéra v pribéhu eliminacni faze. Pro skupiny K a S je polocas pocitan pouze
ze tfi hodnot a proloZeni tsecky ve skupin€ S pfi semilogaritmickém zobrazeni hodnot je
malo spolehlivé. Oproti tomu polocas ve skupiné H je pocitan ze Ctyt hodnot a jedna se

tedy o pfesnéjsi hodnotu.
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Tab. 10 Parametry farmakokinetické analyzy.

sendvi¢ | homogenni | kontrola
parametr jednotka S+H
S) (H) (K)
Lambda_z 1/h 0.205151 | 0.144321 0.20274 [0.168502
t1/2 h 3.378725 | 4.802803 3.418901 |4.113579
Tmax h 6 6 6 6
Cmax ng/ml 0.720789 | 0.609001 0.779227 |0.669976
Tlag h 0 0 0 0
Clast_obs/Cmax 0.006217 | 0.006274 0.037674 |0.002592
AUC 0-t ng/ml*h 10.50601 | 10.38566 7.166327 |10.46597
AUC 0-inf_obs ng/ml*h 10.52785 | 10.41214 7311125 |10.47628
AUC 0-t/0-
inf_obs 0.997925 | 0.997457 0.980195 |0.999016
AUMC 0-
inf_obs ug/ml*h"2 103.2784 | 121.5198 52.76836 |111.5038
MRT 0-inf_obs h 9.810016 | 11.67098 7.217543 |10.64345
Vz/F_obs (mg/kg)/(ng/ml) | 11.57517 | 16.63679 16.86619 | 467.349
CVF_obs (mg/kg)/(ng/ml)/h| 2.374653 | 2.401044 3.419446 |78.74934

Tabulka 10. Parametry farmakokinetické analyzy.

Vzhledem k tomu, ze pribéh hladin u testovanych houbicek (vétve S a H) je velice
podobny, byla rovnéz provedena analyza vysledki vétvi S a H dohromady a srovnana

s kontrolni vétvi (viz Tab. 10, skupina ,,S + H* a Obrazek 80).
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Obr. 80 Priibeh hladin rifampicinu u jednotlivych skupin potkanii (vétve S a H pocitany
dohromady).

Pfi porovnani houbi¢ek dohromady (S+H) a kontrolni vétve je patrné, Ze prvni dvé
hodnoty se li$i — kontrolni vétev dosahuje o néco vyssich hodnot, coz znaci rychle;jsi
vstiebavani rifampicinu pii s. c. aplikaci roztoku. Oba vysledky se statisticky
signifikantng 1i$i (p=0,0003 pro 30 min a p=0,0008 pro 60 min). Dale je prib¢h kiivek
viceméné srovnatelny a vyraznéjsSich rozdila je dosazeno v ase 10 h a 22 hodin, kdy
pokles hladin ve skupiné S+H je pomalejsi oproti kontrole. Tyto vysledky témét dosahuji
statisticke signifikance (p=0,0653 pro 10 hodin a p=0,0846 pro 22 hodin).

Farmakokinetickd analyza neprokazala rozdily mezi homogennimi a sendvi¢ovymi
houbickami. Houbicky se o néco lisily od subkutanné aplikovaného roztoku. Rozdil vSak
neni vs klinicky vyznamny. Polocas rifampicinu byl 3,4 hodiny po podani roztoku a 4,1
hodin po podani formou houbicek. To je vyrazné¢ mensi hodnota, nez byla v literatute
popséna pro p. o. aplikovany rifampicin u krys (T2 10-14 h podle toho, zda byl podévan
nalacno, ¢i s potravou) (Shimomura H, et al., 2016). Uvoliiovani rifampicinu probihalo
cca 24 hodin u roztoku a kolem 30 hodin u houbicek. Pfipadna snaha o delsi retardace
uvolnovani rifampicinu z houbi¢ek by ani neméla vyznam z diivodu jeho rozkladu pfti

fyziologickych podminkach.
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10.4 LOKALN{ REAKCE NA HOUBICKY S RIFAMPICINEM PODANE
POTKANUM DO PODKOZI

Vzorky tkané byly makroskopicky popsany a roziezany na 3-4 casti. Bylo pouzito
klasické histotechnologické zpracovani (fixace, dehydratace atd.) a ptipraveny standardni

formalinem fixované parafinové bloky. Byly pouzity nasledujici 3 barvici techniky:

1. Standardni haematoxylin a eosin, kombinovany s Weigertovou resorcin-fuchsinovou

metodou pro zobrazeni elastickych vidken.

2. Picrosiriovd cCerven za ucelem identifikace kolagenovych vidken, kombinovana s

Weigertovou resorcin-fuchsinovou metodou barveni elastickych vidken.

3. Alcianova modr (pH 2.5), kombinovana s reakci PAS (Periodic Acid Schiff).

Homogenni kolagenni pény

U vSech zvitat byly nalezeny podobné morfologické zmény s mirnou reakci pojivové
tkané, kterd je projevem normalniho hojiciho procesu. Byla zaznamendna formace
edematdzni granulacni tkané¢ kolem novych tenkosténnych kapilar (Obr. 81).
Mikroskopické tkanové vystupky (granulace) byly zaznamenany kolem nové tvofenych
kapilar (Obr. 81). S vyjimkou jednoho zvifete, u kterého se projevila mirnd zanétliva
reakce vnové tvorené granulacni tkani, nebyly zaznamenany znamky zanétu okolo

homogenni kolagenni pény.
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Obr. 81 V horni casti (zelena Sipka) je videt mikroskopicka struktura homogenni
kolagenni peny, ktera byla v ramci pokusu implantovana do podkozi. Tmavé modra
Sipka oznacuje mirnou reakci pojivové tkane, ktera je normalni pri hojicim procesu
(edematozni granulacni tkan kolem novotvorenych tenkostennych kapilar a formace
malych vystupkii bez znamek zanétu). Cervend Sipka oznacuje svalovou tkdri. (barveni:
H&E s Weigertovym resorcin-fuchsinem).

Byl kompletné zhodnocen cely povrch implantované homogenni kolagenni pény
v pricnych fezech a zaznamendny sriisty mezi houbi¢kou a potkani pojivovou tkani
v ruzné dlouhych castech. V oblastech, kde ke sristim dochazelo, byly zaznamenany

bunky, které pronikaly z tkan¢ piimo do struktury houbicky (Obr. 82 a 83).
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Obr. 82 U vetsiny zvirat ve skupine H byly nalezeny oblasti se sriisty homogenni
kolagenni pény a potkani pojivové tkané. Sipky vyznacuji buiiky, které pronikaji z
pojivové tkané do struktury homogenni kolagenni peny. (barveni: H&E a Weigertovym
resorcin-fuchsinem,).

Obr. 83 Detail bunék pronikajicich do houbicky. (barveni: H&E a Weigertovym
resorcin-fuchsinem).
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Houbicky sendvi¢ové struktury

Vsechna zvitata vykazovala podobné morfologické zmény, jako skupina H (homogenni

Obr. 84 Vievo: podobné, jako na Obr. 81, je v horni casti zelenou Sipkou oznacena
houbicka, ktera ma uprostred odlisnou oblast (vyznacena cervené). Reakce okolni tkané
je velice mirna. Vpravo: ve spodni casti obrdzku je detail edematozni granulacni tkané s
roztrousenymi zanétlivymi bunkami (normalni reakce). (barveni: H&E s Weigertovym
resorcin-fuchsinem,).

Zaznamenali jsme mirn€ Castéjsi vyskyt oblasti se sristy potkani tkan¢ s materidlem
houbicky, v¢etné bunék, které do houbicky pronikaly (Obr. 85 a 86).
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Obr. 85 V horni oblasti obrdzku je ve stiedni cdsti vrstvy tvorené houbickou videt
pronikajici bunky, které tvori striist pojivové tkané s houbickou. Na spodni casti obrazku
Jje edematozni granulacni tkan s rozptylenymi zanétlivymi buntkami. (barveni: H&E s
Weigertovym resorcin-fuchsinem).

Obr. 86 Sipkami je oznacen detail bunék, které pronikaji do struktury houbicky a tvoii
sriist houbicky a potkani tkané. (barveni: Picrosiriova Cerven s Weigertovym resorcin-
fuchsinem).
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Tkaii v oblasti s. c. aplikace roztoku rifampicinu

Vsechna zvifata vykazovala podobné morfologické zmény, nekrdzy a tézkou zanétlivou
tkanovou reakci s demarkaénimi zoénami a krvacenim. Navice byly patrné roztrousené

vicejaderné bunky, které mohou charakterizovat reakci na cizi material, nebo reakci na

tézké poskozeni tkané (Obr. 87-89).

Obr. 87 Teézké zakrvdceni v horni casti obrazku. Ve stredni casti je granulacni pojivova
tkan se zanétlivymi bunikami a rozptylenymi vicejadernymi buiikami, které mohou
znamenat reakci na cizi material, nebo tézké poskozeni tkane. Ve spodni casti obrazku
Jje provazec svalovych viaken s méstnanim a zanétem (barveni: H&E s Weigertovym

resorcin-fuchsinem,).
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Obr. 88 Oblast tkanove nekrozy (Sipka) s periferni demarkacni zonou a granulacni
pojivovou tkani s mirnymi zanétlivymi zmenami (barveni: H&E s Weigertovym resorcin-
fuchsinem).

Obr. 89 Mnozstvi granulacni tkané na okraji s vicejadernymi buiitkami a krvdacenim
(barveni: H&E s Weigertovym resorcin-fuchsinem).
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Zavér histologického hodnoceni

Bylo zjisténo, ze lokalni reakce na houbiCky je naprosto minimalni, coz je ve shodé
s literaturou, ktera popisuje rybi kolagen jako mén¢ alergenni, nez kolagen sav¢i (Lukac
P, etal.,2019, John P, et al., 2015, Yamada S, et al., 2014, Chou CH, et al., 2014, Lambert
L, et al., 2019). Naopak samotny rifampicin (pravdépodobné pro vysokou koncentraci
aplikovanou s.c.) ptisobil na tkan¢ zc¢asti destruktivné. Zesitovany rybi kolagen by tak
mohl slouzit i1 jako 1ékova forma pro lokaln€ aplikované pripravky, ktera tlumi mistni
reakci.

10.4.1 Zavér (in vivo pokusy s rifampicinem)

Typ testovanych houbicek nemél vliv na uvolilovani rifampicinu in vivo. Bylo nicméné
zjisténo, ze houbicky mirné zpomaluji vstfebani antibiotika a budou tedy udrzovat
efektivni koncentravei v mist€¢ infekce min. 24 hodin. Po delsi dobu by nemélo
uvolnovani smysl, nebot’ rifampicin ztraci stabilitu pii télesné teploté. Bylo rovnéz
zjisténo, Ze houbicky s rifampicinem jsou velice dobfe tolerovany pouze s minimalni
tkanovou reakci v misté aplikace. Dochazelo dokonce k proliferaci bunék do kolagenni

matrix.
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11 Zavér

V ramci vyzkumu jsme vyvinuli novy protoryp pievazového materidlu, ktery muze
idedln¢ slouzit jako kryti na infikovanou ranu. Podle plivodce infekce lze zvolit
antibiotikum gentamicin, vankomycin, nebo rifampicin. Kolagen ze kterého je pouzita
pena vyrobena pochazi z tfebonského kapra (Cyprianus carpio), je tedy idealni surovinou
v podminkach Ceské republiky s dlouholetou tradici chovu této ryby. Pro udrZeni
stability pfi télesné teploté je rybi kolagen zesitovany karbodiimidem, ktery zpomaluje
rychlost odbouravani a zvySuje stabilitu kryti. Prokazali jsme rovnéz excelentni
biokompatibilitu, kdy dochdzelo m.j. k proristani bun€k do kolagenni matrix. Nutnost
sitovani tedy neni na ptekazku pouziti rybiho kolagenu k tomuto ucelu. Rybi kolagen je
rovnéz méné¢ imunogenni, nez kolagen bovinni. V ramci naSich experimentll jsme
prokazali imunotoleranci na my$im modelu, kterd byla minimalné stejna jako u bovinniho

kolagenu a nekterych aspektech podle ocekavani dokonce bovinni kolagen ptedcila.

Veskeré pokusy in vivo probéhly s findlnim produktem po lyofilizaci a sterilizaci gama
zafenim, kterd prokazatelné¢ meéni vlastnosti kolagenniho materialu (Randall HC et al.,
2018, Harrell CR, et al., 2018). Struktura byla hodnocena pomoci rastrovacich obrazli
elektronové mikroskopie, mikropocitacové tomografie a infracervené spektrometrie.

(Jackson M, et al., 1995)

Strukturalni stabilita a vlastnosti uvolilovani gentamicinu, vankomycinu a rifampicinu
byly hodnoceny ve fyziologickém roztoku pufrovaném fosfaty. Poté byly pouzity
mikrobiologické testy a krysi model rany infikované Pseudomonas aeruginisa, nebo
methicilin-rezistentnim Staphylococcus aureus (MRSA) k testovani ucinnosti 1€Cby

infikované rany.

Po pocatecni ztraté hmoty v dasledku uvolnéni vankomycinu zlistaly houbicky stabilni.
Po 7 dnech expozice ve fyziologickém roztoku pufrovaném fosfaty (37° C) zlstalo 60%
materidlu se zachovanou sekundarni strukturou kolagenu spolu s vysokym stupném
oteviené porovitosti (vice nez 80%). Analyza uvoliiovani antibiotik odhalila ve vSech
pfipadech homogenni distribuci antibiotika napfic 1 mezi houbami. Uvoliovani
vankomycinu a rifampicinu bylo mirné zpomaleno oproti i. p. podani, coz odpovida

vysledklim in vitro testl. Dale byla urcitd retardace absorpce potvrzena zvifecim
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modelem, z n€hoz byly ve vzorcich krve pozorovany méfitelné koncentrace 24 hodin po
subkutanni implantaci houby s vankomycinem a 30 hodin v ptipad¢ rifampicinu, coz bylo
vice, nez po podani intraperitonealnim. Houba byla také vysoce uc¢inna, pokud jde o
snizeni poCtu jednotek tvoricich kolonie v biopsiich extrahovanych z infikovanych ran 4
dny po naockovani ran roztokem MRSA, nebo Pseudomonas. Prezentované houby maji
idedlni vlastnosti, pro mozné vyuziti, jako obvazu na rany k prevenci infekce v misté

chirurgického zakroku nebo k 1é¢bé jiz infikovanych ran.

Vlastnosti, které komplikuji klinické pouziti rybiho kolagenu, je to, Ze jeho denatura¢ni
teplota je niz$i nez teplota lidského téla a Ze jeho vlastnosti se 1i$i nejen mezi druhy, ale
také podle jinych faktort, zejména podle teploty, pfi které ryby Zily. Rybi kolagen musi
byt proto stabilizovan zesitovanim, aby se ziskal produkt s reprodukovatelnymi

vlastnostmi, které se nerozkladaji a nerozpoustéji se v krvi a sekretech rany.

V ramci naSi prace byly vyvinuty kolagenni hemostatické pény z rybiho kolagenu
sladkovodnich ryb — tfeboniského kapra. Byly vyvinuty postupy, které umoznuji
programovat porozitu a degradaci tohoto rybiho kolagenu. Byly vytvofeny postupy
implementace 1¢¢iv do téchto kolagennich pén. Vyzkumem a vyvojem v tomto projektu
byly vytvofeny neantigenni implantaty z rybiho kolagenu sladkovodnich ryb, ve kterych
je integrovana 1 1éciva slozka farmak a jejichZ resorbovatelnost je fizena materidlovym

slozenim implantatu.

V ramci projektu byly vygenerovany 3 funkéni vzorky. V pribéhu feSeni vznikl a byl
ptijat Ufadem priimyslového vlastnictvi jeden uzitny vzor a druhy je pfipravovan k podani.
Shrnuti poznatka vzniklychv pribéhu feseni projektu vedlo k vypracovani a zahajeni
patentového fizeni — byl podan cesky a evropsky patent na tuto nové vyvinutou

technologii.

Z hlediska potvrzeni/vyvraceni hypotéz prace se ukazalo, Ze rybi kolagen neni zcela
neantigenni hmotou, eliminujici imunitni reakci po implantaci in vivo, ale je podstatné
mén¢ imunogenni ve srovnani se standardné uzivanym bovinnim kolagenem. Potvrdili
jsme hypotézu €. 2 — tedy je do zna¢né miry mozné navrzenou konstrukci programovat
rozpad kolagennich pén v Case témet linedrnim zplisobem a stejné tak lze programovat
uvoliiovani 1é¢iva z této peny tak, aby po dobu rozpadu zlstavala aktivni ve smyslu
lokéalni antibiotické 1é¢by.
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Cile prace byly splnény — na pocatku jsme vyvinuli metodiku pro testovani imunogenicity
zakladni kolagenni hmoty — rybiho kolagenu z tieboiiského kapra, podafilo se
naprogramovat v ¢ase optimalni uvolnovani antibiotika v ran¢ a soucasn¢ obdobn¢
probihajici degradaci nosi¢e — kolagenu. Testovali jsme tfi standardné uzivané typy

antibiotik.
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Evaluation of the Immunogenicity of a Vascular Graft
Covered with Collagen Derived from the European Carp
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2. Materials and Methods

Tt sbedy wan appeoved by the instilutional Aniraal Care and
Lt Commities and conducied in acoordance with National
At Mo ME1992 Coll. 1 emended o the peolection of

animal against cruelty that is harmonized with the ksgislation
of EAL

BallvicOls inbred female mowie {Anlab, Cecch Repulblich
The mice wene B week okl 2 the begining of the experizen
and were bowsed under specific-patkogen:free condithons
with Friee scoess o ool and water snd 12 Bours dark/) houes
light oy

FF4 . A sterile {slme, 5 = 5 mme L
17 mig. u!Jd’lwﬂﬁ:ﬂrﬂdqmﬁm
(Bos basrms) on LL canpia) (BCM Cal
lagen, Crech m:ruwmmmvm
animalsh or CYP (4 animal) groags, respectively |2 14].
A iham aperation omtnod (Ch ol 1} amizsaly and no
mudulh-c\mlr:lmr

Briclly, the vinglar hasld & thaee- bayer strocture and
an internal diaseeter of émm. The scaffold (middbe layer)
was manufatumed from a knittedd mesh which was
conered witk collagen ioen the inner smd owter sides usingan
extruskan devioe [1], Both grafts were entroded (oom Swth
spueere ool lagesn disperdon.

23 logplimfation. Each amémal war shaved ot it dossum
one diy before the provedure. General snedbesin was
imtroduced with 2% iscflurame and mainisired with 1.5%
ifturane inhalation. Then ke fom fiekd waa wealded
with indopovidone (Beladine, Mundipharma, Switrerland )
A smmall incivion wan created and the implant (marked with
5.0 Profene: filamenl) was inseried saboetaneously | ces away
from the incidon st (R 11 The inciskon was then
closed with Prelene 5.0 (Ehicon) suture. e addition o
the twa experimental groups (ROV, CYFL beche mice {C)
undarment o dhiss operalion o conieol o the effect of
woansd healimg om the mdammatory resction.

Ed Festepeninig Peovodun. Fach moue wai maved 104
recovery aread and momiored. Once pecovered, the animals
wierg feflurned Lo the Cage and cherrved Jdadly tor overall
Bealih, macroicopi changesof the wound, asd digns of pain.

Seven dayy after implantation. one-half of the animals
froes each greeg were selecied for iermimation. The rest of the
animals were mcrificed and H afer implanta-
tion. The mice were sacrificed .?fb-mituqmuum uﬂplh;fp
Marcotan anesthesia The collecied samples included Bood
for seram, sphoen, and imglant with wrreending nar.

25 Seruw Cpfoline Levelt Meas levels in serum of
!J.P'!ﬂmﬂ'l'lﬂ pwp-[m'-' CTPIMWWJ () were

Rindoed a
I!EL]M'II T days 1.n|l 14 oy after durgery, To measarg the
comoeniration of IL-18, IL-4, [L10, 1L13, TNF.& and [FX-y,
an ELISA kit { Duosel, A Systems, LS A ) was used according,
B0 Ehe mearvedad e’ EmEnaciions.

2. Tieue Cullure. Spleen cell cullures were used for in vilro
woting of hmphoayte proliferation and stekine secretion.
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RIPAAE - B e s w1 i airil o bacarbon
ate, A0 mp'l gentaesicin, 0002 el HEFES (hpdrouyethyd-
ppcrasinecibuncublons: scidl, and 5% PO Dletal call scrums)
for bolh cyiokine seoretion and proliferation fed m
Aldrichk, USAL The mramisr of viskde ol proend inc

of moyse splenocyies was detormined with orypan blue
enchision ssothod, Pagal pants of 04% teypan blae dye
and cell ion were mited, imcubalcd or 2 minuies,
and imessodialely countod. Coll vishelty was pocl ahove
LR

L7 Cydoddng Prectaction Ansbvady, Culures of enouse splosc
cpes (11w 10" per vwell of L85 o} were incubatied inml ol a
sgpplemenlod RFMAD 1660 msedipm along (mapatiee gonleol),
with pokewesd mtogen (FWM: 1pgiml; positive contrel:
Sigrma-Aldrich, USA), with. boviee and carp el (lggeimll,
and with bovine and canp iseplist (05mg/md). The culnsees
wiwe indshatied ab 3770 im g Buesad glmsosphere with 3%
00y in 2wl plates Bor 72 hours: ihen cullure supematants
wire harvested and 1Be concontration of 10-18. 1L-4 10,
18-13, THF-c, and IFN-y was determinal udsyg ELIRA k6
(el B Spstvand, LSAD socondeg 1o the manufacione’s
Embreclion.
28 el Prolifpsaiioe Tt (Blasr Trngormation Teat) Cell
liferation was in Wl pabyst fat
PO LT
with 3 = 107 cells im 02%5ml per wolll Stmulaton were
addend ||'|;'r|i:|;I:|'r|ﬂ'5[l_|.rL FWAS] was used as & posiilive
comtred im a concontrakion of | pgiml & culogres.
ety dimulalal with bovine ssd carp gd (hoth in 1B e
uomceniration of 1 pgiomdl, and with 0.5 mg hovine and carp
Erplasd ploces por | ml of oclll cullyer,

Adler 48 incubation, an 18 h pule of "1 ihyms e (57
kg Lacoud, Caoch Ropublic) was aidded. The cullures were
Bsrvesiind oma plae her Filerea & { Wil O, Belgium) by
a W Masch B Harvewer { Tomier, Germany' ) and comsies] wath
1450 MiceoBeta oounber { Walkic O, Befgium) using mclt-en
sciniillaior TS0-441 Matibex A {Wallac O, Relgium )
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28, Ligal Expeaiaion of Cyraking BNA. For doalod charac-
teriation of ke ress roarmeni from the site of imiplant albon.
we arahveed sl comparnd keal expresaon of 186, 115,
Tr P TGE B O 2, and OCL-5

210 ANA Paclation, The wmall peooe of liveg from e place
of imriplimtation was removed [Pom cach moese, placed inio
RHA Slabilicstdon Roagenl ((hagen, USAL amd froeon o
~E0 for lster analyss, Laier otal RNA was exirsted
from enplasbed thsue ming EReawy ibroa Tissae Mini
Kin Qe LSA) dessgnod for opgimal lysis of Gbor-rich
tiaucs and purification of high-qualily ioial RMA. Bricily,
250y lhsue Wik homopeniead wilk Ulie-Turrax T8

teer {FEA, Crermany | and incubabed with prodcinase
K al 55700 for 10 minte, Thes RNMA wis faolatod following
the mamascturer’s indtroctions. The punity of the RMA was
swsciscd Irr the ratia of sheorlasce al 260 and 380 nm., RMA
purity wai within the range of 20- 21, The total RNA concen
Eration wai cilimdod by spectrophol mctnis ecasuromsls
al 260 e asverning thal 44 pg of RNA por milliliter equaks
onee ahsorharste uril, RNA was shired in aliquots ab - 3000
il il Tor EevieTss Dramioripiion.

LIL Real-Time PCR ANA wan convertoed B clIMA wuing
Tag-Man reverse Irasncriplion reapenis (Appdiod Biaiytemi,
LISAR Ome meborogram of tofal BNA was used 10 generate
CIMA and then 50mg off o CIHEA ws wsed Bor (uastitative
PCH anabyes for cach reaction. The PCH reaction of 40
cvilen win performad wing peimcn of inlerlouking {106,
-1 tumeer meacresds Gactor alpha (T, trandorming
greveth factor Beta (TOF-ffL momocvie chomealirastant pro-
pein 1 OV AL 20 macropboge inflammsatory prodein
la {30 Bal€00)- B, and the comtnod e f-aclin LAppdiad
Blsgprtens, LINAL

The final neaction volume of 25pd conlainnd g of
reaciion mix and 5l of cDXA, each samnple was analyred
im duplicale. The PCE pesclion was run on a THH real-
time PUR Synlorn (A pedied Riggparomd, USAD under wandasd
Comlinions.
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Friven & Mean cytelise bevehi (pp'al) in dere of cagerineatil groups (BOY, CTF) asd comtrol group (SHAM) dimmiscd wiap ia
iy - Taadind Lenvissoiod bl dnsiy (ELISADT drys (gronk bis) and b Liys (yelkow bare] iler sirgery.

and B (R Coee Team, Vienna, Auvirial. We mied ANOVA with

HED [ml'hr.lc besle amd Lhee F- Lesd Bo lest for stasisial
significarsce. A p-vikue Dk 005 s considersd significant
3. Results

&L In Vo Olworvation. AN animals vervived the wegial
procedure and thrived well and did rob show amy signs of

drpression or pain and there were no complications of wound
bealing.

X2 Srraw Cyioline Loncls, The concentrafion of the serum
cyteking i prewsted im Figuse T We loend no Jiforence
eontrok ROV, and CYP groups in mean serum
cyteking beoels (THF-, 114, and EL-53) 8 srven dna aiter
ihe surgery. At day M. the BOV growp bad higher beveb
of THE-@ (60 Mpgim] va, 070 7pgp'ml, P08l the kvl
dtbnwhghnlnlheﬂﬂ'i' o the
mhugfﬂﬁni&lpﬂmlmiﬂlﬁ-&ﬂﬂ P 0330, anal
both the proups had kower levels of IL-4
6.7+ 72pg'ml and W.24%5pg'ml v, E0a54paiml Peid
and FedW7, repectively) 0 e conired group
Cylokine kevels of 1L 18 IL-1% and 1PNy were below the
delection limiL

£ Oricbine Prodaction Amafiss. Both tested implanis

whmred only @ minimal effect on 1he produdiion of scladied

cytokines. Cylokine bevels of 1L-8 EL-1% and IFS.y were

Erdon Lhe et tiom Bl (< 7 pp'ml) in Bxoth the serem and
Furihesmore,

mhurtﬂptﬂum'rL there wais B sigmficant
mmhqﬂlmm:lhmm

hl groups hi:r'hlm bevels of THF-, IL-M, or IL-4
{Figere 3.

. el Prokifevation (Ear Tr revabion Ttk Cell i
efation lnthe li_."l'Ppnu.p::H:.m b N P g B4 M_‘Pfi‘
significantly boser tham by BOV gel in BOA group (P-.0001)
or by YT pel in contrd groeg (PaiL Fgone 41

A5 Ll Expriaion of Criokiog RNA, Wy foend no ignll-
bcant difference between the contred groap and the BOA or

CYF pi inthes al |L-&, IL-10, TGF- A, or 001
S al 7and at M after tion {Figun: 5h. AL 4
daryx, TRF-ar kvl wiare highser inthe CY P grogp (1.2 3 0.150)
coespared by ibe BOA group (0.7620.24, Peull3)

4. Discuzsion

Tha wudy shoseed 1hat implant of a vascular
graft covered wilh carp has w8 lemit comparable
remnogenicity with regard 1o circulating cytokine leveh,
shirmeiied production and cell thon, ansd
hoval expreisios of cytokine RN A i graf coversd with bBovine
collegen inamome model.

In medicine, collagen v meitly used 24 wound drea-
ing material ax o scafold for thaue pegemeralion, or &6 &

e harvical for Bolboow wiscus {stentsl
or in orthopedics (serews) [15 i), The process of extraction
ol colkagem fibers han repeatedly boen describad in nemencas

incleding marine Hie fama and [reshwaler fish
47, 18], Apart from pare mechanical ssppor, fish colligen
ke for it Bow anigenicity alss. promotes. spatlal el
orgarization by interoetlular vignalieg and cell sdhesion and
pacdullaties bocal bvilam matory reaction [19. 20[. Intrevascular
deployment of collagen-based or coated strsctanes is mone
chalkmging, Besde programming mechanical propestios by
the arangement of The Shen and wpporting skl anti-
genkcity and mwm-:uhm
iz}

Tis deicrrsis he natese and istemity of the inflam-
mealory respones b the fmplant covered wilh carp collagen
and compare i1 b thal indeced by bovine corered
irplasl, wy choar alro mice RALRA sirain, whish haa
b peeviomily shown Bo be reponaha be collageen |25 33].
We measnred the seeum bevel of ey and anti-
imflammasory cytokines (EL- 1, [L-4, 1110, [L-1% THF acansd
1FN-yh their weretion by dv vilre stimubsted splesoiyten
proliftraling &1ty of in vitm slimubated splenesyies and
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IRFSI 1540 medinrs shose (7, nogatne coatral), with polinsond mmoegen (FWAL posive coateall, with bovins sad camp pel(pB0V o pCYTL
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lecal producoss of selected optolane CTHF- L6, -
N TGE-F) #nd chemokine (CCLE and COLY) mRNA a8
peeviomby done Ly cur group snd olben (81, 13].

In peneral, many chemokines e g. CCLE and CCL vare
imvohoed in the socruitsiem of inflamsmatory macsophagen,
and cytoidnes {eg. [LOE IL-4, Lo IL0, 1115, [FX-y
and TGF- i) deteaming (e behavios of maceophapn throegh
different patbways of activation. Ferthenmore, the s
1L anad 110} can fsdude muRiphe lesogeei effects, which
result in membrane femion end glet cell formation and are
responsile for Lhe of immunity towands Tha
response and I2E medisted allergy [24). In addition, mary
of these mediators aze aho imobeed in the Hlm-ul'
rctendysis and cellelar phagocytoals of oodlagen |13

MﬂmmFummmmdq-lnlmlhr
frdizie virain, analytie schnkque, &nd ewn hiwiisg condi-
tiome. According 1o some suthors, serum level of THF-@ in
Eealiby unslimubited mice b bow (€ Mppiml ELESA o)
|25, 26]. Bul we amsd abo ckhers [I7. measured bigher
THF-a valee (range 100- X0pp!ml in the sefa of the contrel
e, Furibermore, inos dedy, wres levelo ol THFawere
sl i sich grosp of mioe no maller what group (eestned
of implaniedh i@ wid. 8 mos be poted that conired mice
enderwent ol progodures o implisted animals, inclaling
sirpery, and ket o animals were Sodsg well afler the surgeey.
Theere was nir diflerence among the Hi fevehi ol
THFx ame foand in |nﬂmm‘uytndpmﬂ?:nhm
it has been comfirmed that serum and thsue levels of this
cytoling Comrelee with the severity of the inflammabion
Values of serumn THF-@ in stimulafed mice @an reach up 1o
140 g/l |29].
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Feivma & HMA n'hlrr'lm (B} in bplhs smrooadisg slcro-mironmenl Bags Reaolls sop caliudsted fom pormalind e
data The B} vaburi indicats the defereace betwonm, the implinted gou (RO, CVT) and comtrob (SHAM), For sk group,
thie L) vaduues st churtol s sverage ¢ ST Sautisthonl anudybs showed decreaned TNF sl s BOV o 1 diys.
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we devidod o mseis the

aysiemis feigonse in these
darys thatwas laber decreasing | 30]. We Sooused cn moniloring
the immuse feiponse b issglant ol the Rollowing time
poink after implantation 1hat were relaled to the distimct
ey of the foerign by reaction in mice: one week (early

fom) and bao weesos fintermediate progression) [12].
W otid ol moniter the canly phase of the #i the
fious of o e e wiks o speciiic pespome 1o which

Harten o cver pibon

MIMMLblMMmMBm’MC\'Pﬂ
. I lhe sham group and
feralbon actiily of aplendcyies ilimelated By the dar
s Lﬂupmihﬂhulhﬂmulﬂﬂ#m:l
Hhﬁmhmhhmuwm
which is more prosounced in ke CYP ype
itmﬂw«llu-’ﬂl‘rﬁwlh{ﬂ‘plﬂm
The differemce im the production of TRF.a RNA in the
eEkrorer rosmren] rsrrounding the B0V and CYP
in the peripective of e ke
levels of caher mediators in all geosps (incleding sham) and
the abienoe of amy sgeificant doference between (he dbam
and CYP groups v a menely fader decrease of this cylokine
n the BOW gressp,

s
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Ire general, cur Emdings of bow immunological reactivity
% fish collagen in an animal made] wre in agrecment with
previomly conducied ressarch on the Mocompatibiliny of
aollagin exiracied from marine and freshwater sourio by
otber rewarch groeps [IL 31). Immunological reponse 1o
sodiagen material depends on colligen source as well a the
jrocessing of the collsgen peodect including crodslinking,
witeming. and sterilization. For these resaons. we lesied the
seactivity of makce W the final prosthetic grait [17],

Because the arp collagen
indude caly o ik immune resilion & eldn of awn
downmeodulate the reaction. we believe thal they can
zbatitul i v Sodlagen inthe Betare. Further proglinial
evabation of the implants |5 waranted (o isess whetker carp
scolizen coatnld vasulr prouiews influende iBzombogeni-
ity and patency in the long term. On & esscroscopic keved, the
mechanical stability of the implanty and (heir imegration into
the by meed 10 be siudied as well {7, 20{.

Thils vtudy b several limitations. Fiesihy, we attemspbad 1o
minimize the mamber of wady animab, which were divided
im0 a totad of six groups (dham, BOV, CYF) lerminated ak 7
and M A Secomlly, we ussd cnly a selected range of meik-

odds for the amalysis of the iImmunological response. Criber
mcthods such as western blatting of immunollvonsocnoe

mmikoroscopy ool Bave contrituted fo-a better ieaight into the
ata, Thisd b the revearch wan performed in an andmal moded
and the pesulis cannct be 10 humans. Lasily, the

asurament of acompalibility was performaed coly in the
short term.
5. Conclusions

Mhphrllmwdwhuqdh#m induce a
mminimal i that is comparable Lo that
at'mm;:uhg;ﬂ mm;mh. ‘;hﬂtﬁmﬂr@m
the way for the design and preclinical evaleation of a carp
codlagers coated vascular implants.
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A novel gentamicin-releasing oy e i

wound dressing prepared from e o

freshwater fish Cyprinus carpio g i o

collagen cross-linked with

carbodiimide
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Abatract

Cur study presents a novel collagen wound dressing prepered from freshwater fish skin (Cpprinus
Lampio) colagen type | Half of the tponges were creds-linked with carbadiimide. The crost.
linked and non<rossdinked collgen sponges were subsequently Impregraced with gertamicin
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andd lyophibzed thus allgwing for che attalnmang of the appropriate gentamicin content withou
the remowal theredf during the cross-linking stage. The structure was evaluated via micro=CT and
infrared specoramacry and che structural seabilicy and gencamicin release properties were avaluted
in phasphate buffer solution. The tponges wers further tested via a rat model of an infected wound
with Preudamons senaginasd insculationand eompared with o referance commercil produst, The
sparges thus prepared provided a degree of open porosity that was comparable to or higher than
that of tha referancs commarcial preduct, Spactromatry aralysls rovealed thac che cross-linked
collagen sponge and reference commercial product sponge preserved their secondary collagen
structirg aftar 1686 whils early accelerarad degradation wat obiersed with respact 1o the non-
crostlinked collapen sponge. Gertamicin was refeased ragidly fram all the spanges. Compared
1 thess animals with pencamicin-containing sporget or gartamicin adminisversd irmramascularty,
the animals with the crofs-linked colligen spange without gentamicin exhibited marked clinical
anid Liboratery Infoction signs. Bach che administration rowtes (incramusgular and wia gentamicin-
containing sponges) provided simiar gentamicin plasma levels. The resulting highly homogeneous
product which wag characearized by ecellent roracural and elinical properties proved effective
in term of the treatment of ¥ surgical wound infection in 2 rat modal. VW demonstrated thare all
the gantaivicin vwas reledted (oo the sponge and wil absorbed in the sytemic circulation, This
s thee first time that Cpprinus Corple collagen has been used in the preparation of wourd dressings.
Thas, gentamicin-containing sponges provide 3 promesing ool for the cresment ardd pressention

of surgical site infections.

Kaywards

Carp. freshwater fish, collagen, sporge, pentamicin, wouwnd, infection, rat, crass-linking

Introduction

Sargreal sie infections may bead to a marked
worsening in patsent culcomes arsl represer a
finarial borden dise to prolonged  hospatal
stav.! Local amibiodee Weatment has been
proven to provide an efzctive way in whichi 1o
rechice wound infection sl the surgieall sibe =
Collagen-bazed materisls have heen sicoess-
Bully tesbed and climcally appled as wound
dressings® as well as effective amibictie deliv-
ery matfices for the prevention aml testment of
et o ive woninsd infection.

Even tioagh collygen denved from mams
mals (egpecially bovine, equine, and porcine
callagen) represents the mos sadely shdied
collagen typse todate interms of medical ise, it
exlubats antigenc properss Uil may cose
allergic reactions in as musch 38 3%—4% of the
population even afier telopeptides (the most
arligenic pan of the molecule) have been
removed T Bovine callagen entxils the risk af
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bosme spongiform: encephalopaiby;, iransmissis
Ble spengi omm encephndophatn, and foct-and-
moaih disese comamination® Moreover, the
application of poreine colligen may prese a
probdem for religious reasong. Tins, mereasing
altention i3 being devoted 1o altemative sources
of collagen, especinlly fsh skin and bone.
Frestiwaier figh scale collsgen is less antigenic
than ns mammalisn coumerposts, exhibits
eaeel e biceompatibilivy, asd promotes dires
cell adbesion® and differemiiseon '™ A fimiher
advaniage of fish collagen is tha it does ol
bear the rizk of the transmission of momeine
gooiicsia, 0 e pemdering woamnd dressings
rade freem fish collagen petentially safer than
thise based on cther collagens

The critical features that complicate the clin:
piil e of B eollagen ae (hat 8 denaturation
temperatiure & bower than that of the human
body amd ihs i propenies vary ol ondy
Between species it also according 1o other G-
bors, espectally fhe tompoisture mowhich the



144

fourns! of Bisacive and Compatidie Polmers 3403}

fish lneed™ Therefore, fh collagen must be
stabilized by mears of cros:lmking =0 4% 10
obasin o prodsct with reproducible properties
ihud do nod degrade and diseolve in blood and
woulnd secretions ' In this respect, carboddsim-
ide may serve a2 a nonboac, becompatible
cross-linking agent for obtaming collagen procd-
ucis with stable properties that can he approved
for clinkeal use. '™ Cross-linked fish collagen
materials have beem proven te be highly
beocompatible. '

Several arfighiclic-rebeasing ciollagen
apaikpes of beads prochiced from varous mite-
mials miersked for local freatmend use ame our-
remily bBeing  investigated oF are  already
commeercially available *#'* Gentamicin makes
up the mos Gequently shadied and clinseally
applied antibictic with respect 1o collagen-
beased dlrug delivery dvsdems and, monedver, 1t
has albready bteen approved for clingcal use.
Gientamacin ks suiable o poss-opserative woansd
trestenent applications since it is highly active
apainst G- and, in high conconirations. agatnst
{i+ hacteria.® In clindcal practice, gentamicin:
contaimieg collagen sponges provide an effec.
fve tool for prevenimg infeclion s wvarsous
apes N Beveral studies have investigated thie
gentamicin  deposition capaciiy of eollagen
spoirges with comparshle resulis. Gemambc i is
almesi entirely released as & bolus in ihe fist
Miman and only a mamania] amount of e dreg
i5 released or remains 31 the site of applicaiien
afier ihis timse. ¥ [n vivo experimeenis o0 rabbiis
have revealksd 1ha even thoagh most of the gen-
tamicin i rebeased amd washed o mmedi-
sely,  clingeally  sigmificant  commeeralioe
remam bocally for as long as  [ldays
Moreowver, with respect fo post-operative woaind
drainage followmg the abdommoperingal extir-
patich of rectal cancer, genbamicin coneerra-
e Tave been fowd 1o be spgmficantly abonee
A eninienuom inhibitery comcentration (MEC) of
sensitive pathogens after the applicabion of 3
fleecss with TOmg of gertamicin®

(ur sty presenis o novel oollagen wound
dressing sponge prepared from freshwster fish
Cyprirus carpie (common carp] skn collagen
cross-linked  wilh  carbodimide sl
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co-lvaphilized rogether wilh 4 gentamican
soluticnr. 'We prosade a desenpgion of baib ghe
m vitre charseienzstion of the masterial and
preclmical microbiological and in sivo tesis of
an infecied wourd in a ra model. We also
comparcd tee gentarican deposition and pliy.
teal propenics of this novel material with a
commercial equime collagen wound dressing
comiximing pemiamizin (i aranmy i
Schwammi). Even ihough cross-linked cal-
lsgen obtained from oiher members of the
Clpriridae family has been festod m vitro for
biceompatibility, fuis is fee A e collygen
cehimined from Cyprines carpis has been come-
bined with gemamicin in order 1o obgain a
sponge applicable to surgical wounds and
tested on an amimal model of an infeeted
winanid

Materials and methods

This stisdy was approved by the Animal Care
amdl Use Commitiee of the Firsl Faculty of
Meddscine, Charles Unaversaty (ref. no. MESMT-
FI235200 5.5, atd evnducted in acconlance
with Czech Act Mo, 2461992 Coll. as amended
ol e prodeciion of snimaks againsy ety (hat
has been harmonized with Ewopean Linson
{ ELT) legisdatson.

Collogen extraction

Collagen type 1 was iwolated from freshwaber
fsh skin (Cyprimie Carpdo, Trebod crrp) using
an adaptation of 3 proceduse publisbed by Bell
et 417 The fish sking were collecied and sup-
plied by the Tlebol fshery (Thebof, Crech
Republic); all the fish were of food grade and
wene provheced vin controdled breeding. The
skin was degressed for Mmin in 7% ethanal
(Pents, Crech Bepublic) and subsequently
washed in distilled water. Collagen extracion
wias conducied i (L0 wol%6 acetsc aced (Pernia,
Crech Repubdic) for 48 hunder continuous stis-
ring comditions, shereupon fhe mixture was
cerrifaged at 1000 min B |h The super-
ratang was drawn off and precipitsed in 0.1 M
BaIH (Peits, Crech Republic) 31 a ratio of 611
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(wiv] 0 a8 to pewtralise the acelic aend The
mmixEure was feen rescemtriiaged at 100000 min
Bor S0min and the spemmant discarded, The
precipaiabed collagen in the fomm of a palled was
then solubdlized in 0001 vol¥s acetie acid. The
fireall sodution was then froeen at =15 and 1yo-
philieedd (BenchTop 4REL, VirTis, Praguoe,
Crech Republic). The parity of the salated col-
lagen was checked repesmedly uwsing several
meethods. The lipid conter as determined by the
Sehmei i -Bondeyiiski-Ratzlaff methesd {EM 150
1735500} wag 9.2 = | 2wt The content of
imgante inpuanives &5 determineed by ibemo-
grovimetric analysis was less than 005 wie The
imnpuriiies were found o comain mamly eal-
ciwm phesphate and scdium chloide which was
proved via elemberm analysis perfomed using
cnergy disperave gpoctrometry. In addition, the
secoixklary stnucture of the tsolaied eollagen was
verifisd by means of elecirophogesis mad mfra-
red speciromeiry. The vield of the collagen was
approximately 25wk, which is in accordance
wish ihe sheoretical sield. = The toxicity of the
soamoe collagen isolited from ibe same fish skin
moarce  amd eolabed wsaig  the  procedune
described shove had already been fested bw
mans of 3 biologieal evaluaticn under in vilto
comditiens usang mesenchymal sem cells ™

Preparation of the collagen sponges

Compesite sponges were prepared via the fol-
lorwing prosedure: an squecus collagen disper-
sian (L8 wi%) was prepared by means of the
swellmg of callagen m deionmeed water (8%,
Ihl, homogerwized wming a  disintegrator
{10 enin, 10min), beld for 20mdn ¢ a jem-
peranae of J0°C and fisther homegenized
(100 min, 2mink The resuliing dispersion
wis placed in separate containers with dameen-
apons of 5 85 % 2em', frowen s -BOPC for 5B
anil then lyophibized

Thie stability of hall the collagen sponges was
enhanced by cross-|mking with a 95% ethanod
soduison containing ED (8 3-limmei by lamine
propyvl-N-sthyvlcasbodsimide hydeochlonide) and
NHS (MIydmymocmamude] a1 a weight ratio
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of 4.1 the EDC amd NHS (Segma Akdrich,
Siembeim, Gomamy were used as recenvod
Following a reaction pericd of Sha 379C, all the
lavers were washed im (01 M Na.HPCy, (Peorn,
Creeeh Repiblic) (2 45 min, folbmwved by nims-
g i cetomiaed water {3bming. They were then
feoeen al —155C foe Shand beoghil eed.

All the non=mrms=linked collagen sponge
(CLCS) and oress-linked collagen sponge
(CLESR) with dineersions of approximately
41 = dmen® were impregnaied with 3mL of95
with ellunol soluteon contaiming 21 mg of gen-
tamicin which was applied i the forem of pen-
tamicin sul fate ((entamacin salfate, [, Kulich
Plharma, s £ e, Hradee Krdlpwd, Caech
Bepubdic), Prior 1o applecation, the content of
the gentamicin in the gentamicin sulfite was
defermaned  wmg  an amddytical  meethod
deseribed elsewlvere ™ medical grade pure gen-
temicin  (GENTAMICIN  LEK®, Lek
Phamnaceuticals dd, Ljubljam) was used as
the stasndard material. The impregrated sponges
wiete froacin af —B0°C and Iyophinlksad. The final
stnge mvolved the cunting of the specimons into
the approposte dimenaons for B subsoquen
analysis phase

Bt thee plCLCS aned CLOCS Tossded with gt
tamnicin were then subjecied o gamma steribize-
iar—all the amples were packed and sealed
e or hage and exposed 1o & nomind dose of
25ky (BIOSTER, a% , Yevenskd Bityika, Cinech
Republic). In termns of sterilization, the reference
commercil produs (RO} was used as reoeived.
The final senlized produet was used in all the
EXPETIENENE.

Microstricuire of the coffagen
sponges

Scanning electron migoscepy. The morphalesy
of the sponges was charscterized wsing sean.
ming electron micrescopy (SEM, Quania 450
Micregcope, FEL Hulksbaoro, OR, USAS mn high
vacuim e, Sections of the sponges were
coated with a than layer of gold i an s spuiies
(Ernsiech BS50K, Quonam Technologies, Lk
[II0E B FrisT o oy
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Miro-LT. The smehral poameters of the
sponges wore quariifved by means of micro=CT
analyeis, Projection images were soquired usng a
SkySean 1272 (Booker micro-CT, Roomic, Bel.
giEn p mbero-CT deviee wiih ihe follorwdigg scan-
g paramcbers: pixel e 3 g rolation sbep
(2% source voliage 60 KV, source cuvent |66
A o flter;, frame averaging 4 and rodstion
180F, The specimers (1= 3] were sfiached b0 a
specimen Bolder and seanned i ar. The scarmirg
fime was ~2h for cach specimnen. The Qaz-fhebd
camecion was ipxlated prior 1o cach aopaosation.
Cress-section images were reconstacted fnom
the progection mnages vin MRecon sofiware
{Bruker miero-CT, Konich, Belgnm) using a
mixch fied Felifamp algoetlon. Three volomes of
inberest (VIO subgoctod w0 ambsiz in the shape
of a rectangulas prism {3mm = dmm = specinen
thickmess) were murked within each scalipld.
[mage-processing, binarizsfion, amd  scaffold
sinschure analyss were perfomed by means of
CTAn (Bruker micra-CT, Kortich, Belgnmm) and
optimtand weing Tesi [mage Generalor solbwane *4
Three porameters were evaduasted mall. Porosity
i P s calenilabed as

_ volumeaf apen + clased pores
P valnme

Fa

Pare size was evalusted using a “stuciure sepa.
raticn” parameler calculaded in tlmee dimensaon
(30¥ nsing o sphere-fitimg algorithm 2*** The
obsjeet surface density (OS50 was caleulaied a5

Infrored spectremetry. The stnuchare of the pre-
pared sinples wis evaluased by mss of sten-

uaied iodal reilection infrared spectromeiny
(FTIR) nsing a Protége 460 ESP infraned
spectrometer (Thermo Micolel  Instrumems,
Madison, W1, LSA) equipped with an ATR
device (GladiaTR, PIKE Technobogies, Madi-
aon, W, USA) with a diamoisd ervstal. Al e
apecera were reconded in absogpiton mode a1 a
resohition of dem ™ amd 128 scars. The arcas of
the  hands  (infegral  ahscehencies)  were
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determaned using OMNIC T sofware { Therrme
Micobet Technologies).

Structural stabibiey

Struchural stabality was analyzed sas the tesimg.
of ihe degradation (mass boss) amd sawelling
rabi of § X8 = dmm® collygen sponges in a
phesphate bulTer solstion (PBS, Sigea Aldnch,
Steinhein, Germany, pH=T 4} mt 37°C md ina
336 CO. mimesphere. The volusme of the medium
was mamtamed & & weightvelume ratio of
Jibeag 1 SmlL. Tiee exsent of iy vitre degraclan
was calculsied sccording o the  followng

GO
D= i R 100 %]
W,

where I} is ibe mass less, W, i the indiia) dned
weight of the sample, and ¥, 5.1bhe dried weighi
of the sample afber degradaiion (r=i) The
gwelling raise () was caleulsied using the
following equation

iy

=W,
- 100{]

where IF, 1% tle inoieal dried weight of the cam-
ple, W, is ihe dried weight of the sample afler
degradation, and ¥, is the werght of the swal.
ben sample (m =06k The weight of ihe svollen
samples was measured following the removal
of cach sample from ihe medsum and afler a
Iman delay and the remsomval of any execssive
medium susrounding the sample; ihe dnied
weight of the samples was meanred followang
Ivophalization

Disk &iffusion tests

Srnall disks of & mm dismeter wene cul from e
sponges. Five disks were out from the various
CLCSs and varoms mCLCSs; a funher fve
dighs were o Fom different locabions on one
RCP. The mxrobsologieal responss was tesed
via ihe standard disk diffusion fest owath
Preudomonas eeruginase figam CHNCTC 3482

E. w
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Gentamicin refease tests

Collagen spomge samples of sizge | < 2om? were
subed Theee samples were obtained, exch fom
dliffisre CLCS 50 a5 o st for the waniabilisy of
periamacitn chisert betoooen (e sponges and addi-
ticonl two sanaples wene obinined from other oo
places in one af the tested CLOS for the study of
the gemanicin distmbution. Four | < Jeny sum-
pes of e RCP (Garamyein  Sclvwame®,
Euroceps BV, Ankeveen)) sponige were used as the
refence. BEasch sample wis submerged m [0mi.
of ATC FBS (Sipma Aldrch, Sseinheim,
Chermarmy) in o et tube and gemtly rocked on a
laboraory rocker placed in an incubwicr @ 37°C
Afier 20, &0, 60, 120, and 2dbman, the sponge
samnples were Hansiared o a mewly fempered
10l of FEE. The PES samples with the released
pemRamacin weee subsequenily amalyead via neph-
clometric  mmmochemaoal  amay (GEMN-k,
Svncheen sysien, Beclman Coulier, Indianapolis,
[, LIS A for the determination of gentamicin con-
cemraiion. The analyss kil wis wed &8 received
sovonding o best labomatory practice. The analys=
v e o] by the anahaang liboratory seeond-
g to ihee BSCY 15059 standard. The ot of gen-
narmacin rebersed was caleulaied accoeding 1o the
concaniration in the elsting sohdsm. Snce the
anours of releised geramsesn chrng (e Gnal 2-h
cxchange was ony mingmal and the tolal amoums
of rebeusnd gotamben malched g expected
st m the specimens, we asazned tha ol of
ihe gernamniemn had been released Therelore, the
sum of ihe gemamicmn released during all of the
fve excharpes was reganbed as fhe 1otall pen-
inmacin oonda il sponge sample.

Rat mode! of an infected wound

Male Wistar rats (n=24} aged Tweeks with a
median weight of 252 g (IR = 241-256 ) were
anesthetioed with isoflurane, following which
spproximaiely |om long incisions were made
oy batly gibes of e hack & least Zem apart. A
Porvdomanas  oengpinoss seluiien {(03mL,
2 % I CFU/mL) was flhen mpecbed b a swh-
aarianecsis pocket crealed by means of blun dis-
secian on each side.
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With respect 1o group A (a=12), 1 = | em?
picoes of collagen sponge wiih gentames iy were
imserted im0 pockets on the right side and the
wourkls closed 1wing a nonsresorbable mono.
Mamsemt sugure. Conceming groups B (n=6)
and © (=), 1% 1emd pesces of oollagen
Eponpe  withoul  pemlamicn were  dseniod
mstead, 2mg of gemtamicin dilwed i 0 5ml of
saline were mjpected imramuscubarly imo the
thighs of the group C rms (1 = 1oy pieces of
gponpge combdmng g of gemamicind. The
pockets an the lefl side were subured with no
gponige comerd as the control

The animals were 1hen translerred mto imndi-
vidhial eapes with free aceess o food and waler
and checked daily, The body tenperature was
rncasumed o the figs poss-implaniation day and
a plvsical examination was comndacted by an
expericneed velerinaman blinded to the sy
protocal. The animals were sacrificed on the
feumih post-implamation day. Tisswe specimiens
were ihen excised from bheth ofihe inocwlstion
gliea amd examimed microbdologically (rumbers
of Frewdomones acmgincesa colony forming
unis (CFLT).

Microbickpical svalition. Tismic samgles were
emprinded directly on Celumbis agar plates with
ghoep's blosd (Oxead Lul, Basmgsioke, UR)
The plates were ihen ineubaied a1 37°C for 24h
The coloines of Presdamoray aoruginosa were
cosmbed following incihaiion

Gentomwan  ond  haploghobin  bevels i e
serum, Bloodd samples (vodanse, U5 mil) for the
determximation of gentanicin and haptoglobay
levels were diawn frome the jugelsr vein o a
0.5ml hepariized syringe wnder Bollurase
amedhesia. Samples from 3 of the amimals
group Aoand 2 in group B owere daken 1, 2, and
41 following implantation and samples from all
fh animals in groag © wene taken 2 following
mmplamtaison. Samples from 3 anemals from all
the groups were taken 24h folbowing implanta-
tion, The fmal hlood samples from all the living
andmals (12 i group A, 4 in group B, and & m
group O} wiere takoen from the et at the time
of wrmmatson | founh post-implaniation day)
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The aamples were centrifuged (250010 min,
Emin), following whach supermtant plasma
was tadem and difubed with saline 5o s bo obtain
& volume of ot least (U Smi. required for sample
measremeni pEposes. The gemamicin eon-
cemtrabons mn ibe biood were analyed as nbens
tned abowve. Hapmoglobin kevels (ra acute
ese marker) were defermined via the neph-
elomeiric methed (HPT-kn, IMMAGE system,
Beckman coubter, Indianapolis, IN, USA) The
analysis kil was used & reecived acvonding 1o
hest labaratory practice. The analysis was per-
tormed by the analyeng laboratiory aceording
o the 50 151589 sandard.

Statistical analysis

The =atistical aabss was performed in
Sealgraphice:  Ceptumeon XY (S1aPoat,
Warreniom, Y1, LISA], The normality of the daa
wirs desbedd using the Shapiro-Wilk and y¥ iesis.
Chitlbers were wlemtified wang the Grubhs or
Doy fesis. Homoseodasticily was veribed by
means of the Levene amul Bartleit iesis I8 either
the asumphbion of pormality of lormoseodasgic.
ity were vialated, the Knuskal-Wallis test with
Beoafermonta poest Teoss 1ests was used Bof die -
tiple comparisons and the Mann-Whaney [Fiea
for two-dample comparieond, and the valees
were expressed & the nrdian and the imenguar-
e range (1QR ) Cilerwise, analy=is of vansee
CAMOWA e the f-test were used with the val-
ues expressod af mean * stnderd | devation
{51 The data in ithe comingeney tables were
evaluated usmyg Fuslwer s exacl bed. GraphPad
Pesesmma (Ciraphs sodiware, La folls, CA, USA) was
sl for the vismbization of the mecrohickogecal,
Remarnicin-releasing, and invive tests. Siatiaical
signi ficance was accepbed at == 005

Rlesults

T processing of the maleral accordmyg 1o the
deseribed techniquee yiclded matertal that was
macroscopically smalar tothe RCP, Pholographs

and SEM images of the collsgen sponges are
shemay in Frgure |
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Microstrrctire of the colfagen

spanges

The pore size measared via mieeo-CT varied
between the scaffold types (Figures | amd 2}
The median pore see of the CLOS was 66 pem
(IQR 42-120um) compared to 96pm (IQR
H-150pm) for the nCLCS and 72 p (IQR
45 -0jum ) for the BCP sponges (Figure 2), The
open porcs ity vahees were 83 8% foe the CLCS
and 8999 for the 0l LC%:. Both the CLOS amd
CLCS provided a degree of open parosity thal
was comparghde 1o or higher than ihat of the
RCP sponge. All the sponges exhibited a very
bow degree of chosed porosity, that i, berween
2= 107 and 4 2 1077 pereent which indicated a
minimal proportion  of  non-intercommected
porcs. Mo sigmifica dafferenee infle 080 was
cheerved between the CLOCS (35.5mm ™) and
RCP (30 4mm') sponges, while the nCLCS
sriere densaiy was lower (27 3mm ™), which is
i agrecmnant wilh bath the ghes agsesaed
pore Jze andd the open porosity,

FTIR analyss of the collagen sponges

Intrared spectrometry {FTIR) can be used ax
an analyieeal 1eckmbque for tee inerpretation
of changes in the secondary struchare of colla-
gen Collowing vamous provesses (Bolation,
cross-linking. denatumtion, and sterilizaticn )
The FTIR spectra of eollagen contain amicis
bands such as amide 1 bamds {~E0655cm™")
which orgmate from =0 sireiching vibra-
tions coupled with N-H bending vilwation,
arnide 11 bands (~ 15385, amd amide 111
banids (= 1240em™) the arise from MN-H
Bemiding vibfations coupled adqah C-X sirctch-
g vibratiens (Figure 3p. Amide [ is com-
poged of a bamd erplet a ~ 1205, 1240,
1280em ™. The presence of amide (11 together
with a band & 1340em provide imporian
proal of the existence of a inple helical stnee-
ture T The R spectra of the studved collagen
materinks contaiming gentamicin sulfaie before
arel afier the degradation 1esls are ghown m

Fipure 3.
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Fipiars |, Photographs andd SEM maged {500} af nan-dragi-Enkid (RCLCS) and irdgi-Bnkid ¢ oligin
wponges (CLCS), and refarence commarcial product (RPC) sponge

Pore size
&0
sl 8 '
E 400
5 s00 #® E E
£ o 515 3
s |8 j =
oot I g
ok —E" [ 5
CLCS nCLCE RCP

Figurs . Compariies of pons i, cpan porodity (OF), and object turfsce density (D3D) of non-crodi-
linkad (RCLCS) and crom-linked colages spanges {CLES), and reference commarchl product (RPC)
masured by mecro=-CT 10 analysis. All dierences were stabisticaly sinificant (Knsial-valls, Bonferronl

procedurse, < (LO5).

The imlramd specira of the theee shadeed col-
Ingem nuserinls that conmined gentamdcin sul-
faie before degradabid  exhibiled  similar
struciurad  features (Figure 31 The discrete
asorpiions visibbe ar T2, 1240, asd 1280678
in the amade [11 regiom can be ttributed 1o the
uiasus] asture of the glyeine and peelise side
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chaang whaeh may Bave exered as ellect on
nenide 111 intensily dae oo nuixing with the E]I:
wagping vibration® A fartlber typical addi-
ticonl sscapon visible in the collagen and
palypeptide films at 1340em™ provides confir-
maipons of the collogen swcwre, Apparen
chamges in the alCLOS specina visible 15 the



254

Journal of Biooctive and Compatible Polymen 34(3)

Fipure X Inkared speetrs of ¥l sadied ecllypen maserish befone [dave) snd after (bolow) degradation
teass Specira afvor |60 h of degradasion in PES shere that both the relerence commoraial prohact (RPC)
and crossdinked collagen sponges (CLCS) prosorved their secondey oollagen struchere, Specral changes
im amede Il region (dack elipse) in ron-crossbnked collagen sponge (nCLCS) reflect aleerations of

secondary collagen sremure. The dsappearance of bards ar 1060.0m ™' relydng 1o gentemicn is apparent

irs 3l thrée solispon matonds (red amowi)

spectral region froms 1700 1o 1500cm™ and
200 een! are related 1o the presence of Hpdds
consisting of, for example, remidual mepuniies
fernaining in the colkkgsn following the isela-
tion paecsdurs, ' The gpeciea of all the snedisd
surnples wore sten 1o contaln a strong and wide
hand at 1060cem ™, which providas proof of the
prosemee of gemiamicln in these samples.

The pesi-dzgradation spectm revealed ihad
bodh the BOP and CLOS preserved their see-
opdary colbigen gimetaees even afier 168h of
degradation in the PBS medium (Figure 31 In
conwast, the spectral changss i the nCLOS
amusde 1l regios moflect alemtions in the soce
opdary colbigen struchars, Mon-cross-linked
wcallagen undargoes more mypid degmdation and
s prodduces are clussd w0 b muereanding
medivm  more  gquickly  than  oress=hnked

144

matzriak, which leads 1o @ decreass in the mtie
af amide ipid shecmpoon. The disappearnee
of bamds at |60 cna™! relating fo gentamicin is

apparent with respect to all thees collagen
el riak.

Structural stability of the coflagen

sponges

Early aceskrsied degradmion was obgrved
concgrming the nCLOS (Figars 4}, tha is,
T2% after 4 b and 585% a1 Tdaws, thus indicar-
ing b= lower degree of siability of ibe colla-
g0 In eontras, with rapect 1o the CLOS and
RCE mo rapad mcrease was observed in the
depradation rate. The nease loae of the CLCS
(2005, I0R) was sinailar to that of the RCP (ap
g 20D wilkin the firs &b, whercas by the
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Figure 4. Mast loit and pwelling ratio (medin, intorquirtila range) of gontamicin loaded nen-oront-linked

{rCLCS) aned oroas-linked

on sponges (CLCS) ard reforence commerdal product (RPC ) Axteridos

collag
dencie statsically sgrificant differonces [ Mann=YWhitney. @< 0.05) at cach time point.

cod of the experiment, ihe masz loss of the
CLCS kad incressed to 536% and that of 1bs
RCP remsimed al approxinssicly 2% (Figure
4%, thus indicating the selative stability and
gradual degradaiion of ibe CLCS samples.
The immedinte drop in weight of both ihe
CLCS and BCP samples after 4 b of exposune
in PRS may also be atteibaled to the rapid 2la-
tlon of gentansicin, which represented wp 1o
50 of the weight of the spongs.

The oCLCS samples exhibited Lower swoll-
ing ratics than the cther malzrials, that is
between 11253% afler 4h of exposure 1o PBS
amd 2400% afler 48 b (Figure 4). Bothihe CLCS
and RCP saniples wore oheorvad 1o gwell 1o a
gienilar extent, that is, up 1o 3000 of their ini-
tind weight after dh; however, the swelling abil.
ity of the CLCS decreassd gradually 10 22000
af Tdays neosl probably in the context of overll
piasd Jogs, Comverselv. both the nCLCS and
RCPspenges exhibited a gradual increase in the
ewelling mie up o 48k, with a decrcas fil-
lowing 7 days of exposure.

Dk diffusion tests

All the tested products exhibiled wide inhibi-
tien zenes (Figure 23 The inhibition 2ones of
the ClOS and nCLCE were ohsorved o ba
alightly less extemsive tham that of the RO
Bowzver, the difference was considered to be of
limbe significene: sines the zonse were wids
with conoern 1o all hree of the studied netenials
asd the limit of sensilivity for distinguishang
between mnor differepces m lerms of the
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concenimbions 1m ihe tested samples  was
gxceedad,

Giiven the improved chanpetenstice revealad
by the afceemenBonsd tests, cnly the CLOCS and
BCP were Further tested for tbeir doposition and
relens: charactenistics amd in wivo efficacy.

Centaricin release tests

The total amoeunt of gentamicin relemed from
the all 1%2aw CLOS samples afler five
exchanges over Jlmin wa 43 =0 3mg
Whiem three ansples were mezasured from a sins
gl spongs, the total saount was oheereed o b
the wme, hat 1, 4.3 =01 myg Therofors, (be
resalting product exbibited an wmifosn gen-
tamiain centont acress the sponge. In the cise of
th: RCR ihe amousd of gentamicie released
was 31 =0 1mg lo order 10 ackieve o gen-
Bamigin concepieation per gpomgs area winilar
ko thal of the BCE the CLCS samples were
mpregnaied wilk the cemesponding sneanst of
genlamicim. The 33% higher concentration in
the CLCS was probably dus to shrinkage of
aromnd 0.5cm with respect 1o both the sanapls
dinssnsioss dusing the secomd hvophilization
process fellowing mupregnaticn. Further in
vilre lesting eeployed & 1 =1 eponge size
which resmalted In @ genlemicin confent of
approvinetsly 2 mg

The amousd of released gentamicin in ke
flret  Mimin was  TOMG=ITH and
27.00% = 6.4% for the CLCS and RCP. respec-
gvely (Figars 6} Afler 20 and followang 4 PBES
exchanges, the amount of released genfamicin
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Figure 5. Comparison of inhibition zone diameters among cross-linked collagen sponge (CLCS) with
gentamicin, non-CLCS with gentamicin (nCLCS), and reference collagen product {RCP).

Releasing of gentamicin from collagen sponge
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Figure 6. Total (left) and relative {right) values of gentamicin releasing from the aross-linked collagen
sponge (CLCS, blue) and the reference commercial product {(RCP, red). Both CLCS and RPC release all
gentamicin at 240min, the release of gentamicin from RPC is slighdy slower.

was 99 4% =0.4% and 87.6% = 1.2%, respec-
tively. All the gentamicin had besn released at
240min and following five PBS exchanges.
The final exchange revealed very low gen-
tamicin concentrations even though it lasted for
2h, which suggested the negligible deposition
capacity of both the CLCS and RCP which, in
tum, is in accordance with previous tests on
similar produets.2*

Rat model of an infected wound

The examination of the animals on the first day
following Psendomonas aeruginosa inoculation
revealed that the rats in group A (collagen sponge
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with gentamicin, no gentamicin intramuscularly)
and group C(collagen sponge without gentamicin,
gentamicin administered intramuscularly) exhib-
ited no noticeable deviation in their behavior or
body temperatre. However, the animals in group
B {collagen sponge without gentamicin, no gen-
tamicin intramuscularly) showed marked signs of
generalized infection (chromodacryorrhea in 5/6
animals, irregular tachypnea, wheezing on auscul-
tation, pain relief positions) and their body tem-
perature measured rectally was significantly
higher than that of the animals in groups A and C
{Table 1). Two of the group B animals died on the
second day following inoculation. Upon the ter-
mination of the experiment 4days following
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Table |. Body temperature of the rats first day after inoculation of Pseudomonas aeruginesa in the wound
was significantly higher in animals without gentamicin in any form (group B). These animals alse decreased

their weight (fourth day after inoculation),

Group
after inoculation

Body temperature first day

Body weight fourth day after
inoculation/change from baseline

A—gentamicin sponge

B—no gentamidin
(p=10.005)

C—gentamicin intramuscular

36.7°C £ 0.9°C (n=12)
38.2°C * 0.8°C (n=6)

36.4°C £ 0.8°C (n=6)

269.3+90g/+8.5% (n=12)
2183 % 1695/ - 12.2% (n=4)
(p <0.0005)

271.8% 152/ +8.5% (n=6)

3+ 154

) e

3| 3|

E 2 '.j"—-—\__ . .T* I‘_g 104 .

2 J_r' ———t E ‘.\

g i _..":_ ',-5 - 13 54 ' \\.
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— Group A (gentamicin sponge) = Group B {sponge] = Group C {sponge and gentamicin i.m.)

Figure 7. Haptoglobin {left) and gentamicin (right) serum levels after inoculation of the wound with

Pseudomonas aertiginosa in rats with gentamicin sponge

{group A}, sponge without gentamicin with (group

C) or without (group B) intramuscular injection of gentamicin. Asterisks denote significance *p <0.01;

sk < 0.001),

moculation, the remaining animals in group B
wete seen to have significantly lower body
weights than the group A and C animals (Table 1).

Haptoglobin levels on days 1 and 4 were sig-
nificantly higher with concern to the group B
rats {without gentamicin) than those in groups
A and C (Figure 7).

Both administration routes (intramuscularly
and via gentamicin-containing sponges) dem-
onstrated similar development in terms of gen-
tamicin plasma levels over time. The half-life
(1)) for gentamicin is caleulated according to
Infievel,}—In {\Ievefz} [}:],

interval
where level, and level, are measured levels and
the interval is the time between blood sampling.
According to the calculation from the first two
measured levels (1 and 2h following adminis-
tration), the half-lives were 23.6 = ST min and
30.6 = 8D min for groups A and C, respectively.

the

formmla 7, =
p
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Measurable gentamicin levels could be detected
only in one sample from group A after 4h and in
none of the samples from group C. After 24 h,
all the samples exhibited levels below the detec-
tion limit. The short half-life of around half an
hour is in accordance with literature data cover-
ing gentamicin pharmacokinetics in rats.*

Microbiological examination. A comparison of the
numbers of CFU enltivated from both inocula-
tion sites (with and without sponges) in the ani-
mals from groups A, B, and C is provided in
Table 2. The number of CFU cultivated from
the group B samples was significantly (2-3
orders of magnitude) greater than values
obtained from biopsies in groups A or C (Table
2). The difference in the pumber of CFUs
between groups A and C on the left side (with-
out sponges, p=0.81) and on the right side
{with sponges, p=0.09) was not significant.
Moreover, the differences between the left and
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Table 2. Numbers of CFUs cultivated from biopsies obtained from sites of Pseudomonas aeruginosa

inoculation.
Group Specimen CFU median {IQR)
A Sponge containing 2.2 mg of gentamicin, Right side (sponge) | {0-8)
no gentamicin intramuscularly Left side {without sponge) 3{0-19)
B Sponge without gentamicin, no Right side (sponge) 1000 {1000-1000)
gentamicin intramuscularly Left side (without sponge) 1000 {9501 000)
C Sponge without gentamicin, gentamicin Right side (sponge) 28 (26-68)
2mg intramuscularly Left side (without sponge) 18 {11-118)

CFU: colony forming units, IQR: interquartile range.

right sides for groups A and C were not statisti-
cally significant (p=028 and (1.39, respectively).

Discussion

The study describes the preparation of a novel
carbodiimide cross-linked freshwater fish col-
lagen sponge containing gentamicin via the
double lyophilization method, the testing
thereot in vitro and in vivo and its comparison
with a commercially available product. Via the
application of this novel method, we success-
fully prepared a highly homogeneous product
with  excellent structural and  eclinical
properties.

Most of the comparable products deseribed
in the literature were prepared via the direct co-
Iyophilization of gentamicin with collagen?®!
which renders them umsuitable for further
chemical cross-linking due to the washing out
of most of the antibiotics with the cross-linking
agent.” Cross-linking provides the material
with higher stability in vivo and during the
gamma irradiation sterilization process which
may result in the fission of the polypeptide
chains and finally to the denaturation of the col-
lagen molecule, increased solubility, and
weaker product stability.’?* Our study con-
firmed that the cross-linking process results in
smaller pores with greater uniformity and sur-
face density and with a minimal proportion of
non-interconnected pores. Gentamicin-loaded
CLCSs exhibited suitable stability in the simu-
lated body environment which constitutes one
of the most important parameters in terms of the
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effective delivery and release of antimicrobial
agenis.**

In addition, sponge stability in body fluids is
required for the purposes of wound dressing
and hemostatic activity. The CLCSs exhibited a
mass loss of around 36% after 1 week of expo-
sure to a simulated body environment, which is
in agreement with recent collagen sponge stud-
ies that revealed their complete degradation
within 3-6weeks.* The rate of degradation
under in vivo conditions is further accelerated
by collagenases.* The accelerated mass loss
{above T0%) determined for the non-cross-
linked nCLCSs after 4h of incubation, which
may have limited their clinical use, was
improved via EDC/NHS chemical cross-link-
ing.** Moreover, the preservation of the colla-
gen secondary structure was confirmed by
means of FTIR analysis. Further important fac-
tors relating to collagen wound dressings con-
sist of their ability to absorb large amounts of
tissue exudate, maintain a moist environment,**
and the promotion of cellular motility*® and dif-
ferentiation.'” Swelling ability also plays an
essential role in the overall performance of col-
lagen wound dressings in terms of fluid mass
transport and, consequently, antibiotic release.??
We demonstrated that the CLCSs swelled by
around 3000% following 4h of immersion in
PBS and maintained a high velume (2200%)
over the whole 7days of the experiment.
Moreover, this ability was comparable to that of
the RCP.

Most of the fish collagen sponges tested to
date have been derived from marine species or



Lukaé et al.

259

tilapia. However, we present a novel wound
dressing derived from collagen isolated from
Cvprinus carpio, a fish that 1s bred extensively
in Central Europe. The novel collagen/gen-
tamicin sponge proved to be effective In a
locally infected rat wound treatment model.
The numbers of CFU cultivated from biopsies
obtained 4days following inoculation were
found to be three orders of magnitude less with
respect to the gentamicin-releasing sponges
than for the bare sponges. The infection
induced by Pseudomonas aeruginosa inocula-
tion was so severe that it caused sepsis and the
subsequent death of two of the animals.
Despite its severity, however, the CLCS effec-
tively suppressed infection in most of the
group A animals and not only on the right side
in which the sponges were inserted, but also on
the left side. The study further proved that sub-
cutaneous gentamicin administration via
sponges results in similar systemic gentamicin
levels and exposure to those of miramuscular
administration and that while both administra-
tion routes are effective in terms of local infee-
tion treatment, the local sponge application
tends to be more effective in this respect.

The gentamicin dose tested was approxi-
mately 8mg/kg, which is similar to maximum
systemically administered doses of gentamicin
applied in clinical practice®® In the case of
sponge application into a wound, local gen-
tamicin concentrations are much higher than
those administered into the systemie circula-
tion. Because of the negligible amount of gen-
tamicin released during the final exchange in
the in vitro release test, it was assumed that all
the gentamicin had been released from both the
CLCS and RCP sponges after 4 h. Tt can be con-
cluded that the differences in the deposition
characteristics of the RCP and CLCS are not
clinically important®®* especially when one
considers the well described post-antibiotic
effect of gentamicin, which is dependent on
peak concentration (i.e. the concentration estab-
lished after the initial “burst”™ of gentamicin
from the sponge) rather than on the length of
exposure to high concentrations.
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Since the initial accelerated release of gen-
tamicin from commercially available wound
dressing sponges has also been confirmed else-
where, it is recommended not moistening the
sponge prior to application thus preventing the
washing out of the gentamicin.” In vivo, most
of the gentamicin is released from the sponge
immediately following its administration,®®
following which the local concentration
decreases according to the degree of vasculari-
zation and secretion at the application site.’
There fore, the rate of gentamicin washout from
the site of infection may be slower in poorly
vascularized wounds that are difficult to treat
(e.g. diabetic foot wounds). Under such cir-
cumstances, local gentamicin levels most prob-
ably remain higher for longer time periods than
they do in well-perfused tissue. Moreover, such
poorly perfused wounds would also be charac-
terized by much lower gentamicin penetration
from the systemic circulation upon the intrave-
nous (IV) admimstration of gentamicin; thus,
local administration appears to be more favora-
ble in this respect.

The high degree of effectiveness in terms of
the reduction in the number of CFUs at sites of
infection not treated with sponges in group A
may have been due to the relative proximity of
the two inoculation sites and the possible diffu-
sion of the antibiotic to the nearby inoculation
side or, more likely, to the systemic effect of
resorbed gentamiecin which was administered in
relatively high doses. This effect would not
accur under most clinical scenarios since it is
very unlikely that the maximum daily gen-
tamicin dose (7.5mg/kg) would be adminis-
tered by means of gentamicin collagen sponges
positioned in the wound. Therefore, systemic
levels (albeit similar to those conceming the IV
administration of a small gentamicin dose)
would not be sufficient to treat distal focuses
and, moreover, treatment would be locally tar-
geted without reaching toxic systemic levels.
On the contrary, systemic gentamicin absorp-
tion must be considered in the treatment of large
well-perfused areas, and the amount of gen-
tamicin in the administered sponges should not
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exceed maximal recommended single dose for
systemic administration. However, little is
known about gentamicin absorption from
poorly vascularized wounds, for example, dia-
betic foot ulcers. Notwithstanding the theoreti-
cal potential for gentamicin systemic toxicity, it
has been reported that gentamicin sponges are
tolerated to a very high degree.*1#

Compared to traditionally employed RCP
prepared from mammalian collagen, a sponge
prepared from freshwater fish collagen may
well both be better immunelogically tolerated?
and reduce the risk of the transmission of rumi-
nant zoonoses. !

Limitations

This study has sewveral limitations. First, we
used a rat model in order to assess the clinical
performance of CLCS and, clearly, the results
cannot be simply extrapolated to the treatment
of humans. Second, we pursued a model of a
fresh wound in viable tissue, whereas the local
pharmacokinetics of gentamicin and its entry to
the circulation may be different with respect to
chronic wounds with a compromised blood
supply. Third, gentamicin levels were measured
via the nephelometric immunochemical method
which is commonly used with an adequate
degree of accuracy in clinical practice as an
alternative to high-performance liquid chroma-
tography as the “gold standard.”

Conclusion

This study considered the preparation of a novel
carbodiimide cross-linked freshwater fish col-
lagen sponge with gentamicin via the double
Ivophilization method, the testing thereof in
vitre and in vive, and its comparison with a
commercially available product. The resulting
highly homogeneous product characterized by
excellent structural and eclinical properties
proved effective in terms of the treatment of a
surgical wound infection in a rat model. We
demonstrated that gentamicin was released in
its entirety from the sponge and was absorbed
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in the systemic circulation. Therefore, we pro-
pose that such a gentamicm-contaming sponge
provides a promising tool for the treatment and
prevention of surgical site infection.
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Oflyieetives. Surgical wounds resulting from biofilm-producing microorganisms represent a major healtheare problem that requires new and
mnovative treatment methods. Rifampin i one of a small number of amibiotics that is able to penetrate such biofilms, and its local
administration has the potential to serve as an kdeal surgical site infection protection and/or treatment agent. This paper presents two
types (homogeneous and sandwich structured) of rifampin-releasing carbodiimide-cross-linked fresh water fish collagen wound
dressings. Methods. The dressings were prepared by means of the double-lyophilization method and sterilized via gamma Irmadiation so
as to allow for testing in a form that & able to serve for divect dinical use. The mechanical properties were studied via the uniadal tensile
testing method. The i vive rifampin-release properties were tested by means of a series of incubations in phosphate-buffered saline, The
microbiological activity was tested against methicillin-resistant staphylococas anras (MRSA) employing dise diffusion tests, and the
in vive pharmacokinetics was tested using a rat model. A histological examination was conducted for the study of the biocompatibility of
the dressings. Results. The sandwich-structured dressing demonstrated better mechanical properties due to its exhibiting ability to bear a
higher load than the homogeneous sponges, a property that was further improved via the addition of rifampin. The sponges retarded
the release of rifampin in vitro, which translated into at least 22 hours of rifampin release in the rat model. This was significantly longer
than was achieved via the administration of a subantaneous rifampin solution. Microbiological activity was proven by the results of the
disc diffusion tests. Both sponges exhibited excellent biocompatibility as the cells penetrated into the scaffold, and virtually no
signs of local irmitation were observed Concliusions, We present a novel rifampin-rdeasing sandwich-structured fresh water fish
collagen wound dressing that has the potential to serve as an ideal surgical site infection protection andfor treatment agent.
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1. Introduction

Surgical wound infections constitute one of the most fre-
quently occurring postsurgical complications and often lead
to prolonged hospital stays, increased healthcare costs, and
a deterioration in the overall treatment results [1]. Perioper-
ative local antibiotic treatment has been widely clinically
studied to date with generally promising results [2-5]. While
most such studies have considered gentamicin [2] or vanco
mycin [3, 4], it has been suggested that the administration
of systemic rifampin improves the outcome in deep sternal
wound infections caused by staphylococc following cardiac
surgery [6] as well that of staphylococcal infections associ-
ated with stable orthopedic implants [7]. The local applica-
tion of 250mg of rifampin over the mesh during the
inguinal hernia repair procedure has been reported to signif-
icantly reduce the occurrence of postoperative surgical site
infection [5] without the need for systemic administration.
Rifampin penetrates readily through the biofilm and is often
recommended for the treatment of surgical site infections
together with other antibiotics that act to prevent the rapid
development of rifampin resistance [8-10]. Since around
80% of surgical site infections are associated with the forma
tion of a poorly permeable biofilm [8], a rifampin-releasing
local wound dressing would serve as an ideal protection
against, and for the treatment of, surgical site infections.

Since antibiotic-releasing collagen-based wound dress-
ings have been proven to be effective in terms of the preven-
tion and treatment of postoperative wound infection [11], we
hypothesized that the combination of a collagen-based
wound dressing with rifampin would also be beneficial in
the case of surgical wound treatment. Various types of colla-
gen scaffolds/sponges have been described in the literature as
suitable wound dressings [12] that can be employed as car-
riers of antibiotics [11]. Grzybowski et al. created a two-
layered dressing with membrane and sponge layers. They
applied aminoglycosides between these who layers so as to
produce a sponge which allowed for the controlled release
of the antibiotics. They also proved that the dressing was
effective in terms of the reduction of a psewdomonas aerugi-
nosa colony-forming unit (CFU} in a mouse model of a
wound infection [13].

To the best of our knowledge, no collagen sponges con-
taining rifampin have been used regularly to date in the clin-
ical setting, Parker et al. conducted an experiment with a
rifampin-soaked fibrinogen-implanted collagen sponge and
suggested that the rifampin is partially bonded to the sponge
after the sponge had been immersed in a rifampin solution.
Only 75% of the rifampin was washed out during elution test-
ing, They also measured rifampin concentrations in the
blood of rats that had been treated with the sponges and
determined that the concentration remained higher than
0.001 mg/L for 6 hours [14].

Most studies conducted on collagen dressings have con-
sidered collagen of mammal origin which induces an
immune reaction in 3-4% of the treated population [15]. It
has been proven that the use of fresh water fish scale-
derived collagen is advantageous due to its enhanced bio-
compatibility and high level of direct cell adhesion [16]. Since
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fish collagen loses stability at body temperature [17], it hasto
be cross-linked in order to maintain its spongy consistency
when used as a collagen dressing [16, 18]; carbodiimide has
been demonstrated to provide a highly biocompatible colla-
gen cross-linking agent [16, 19, 20].

We previously tested a homogeneous spongy matrix
based on gentamicin- and vancemycin-conlaining homoge-
neous fresh water fish collagen cross-linked with carbodii-
mide as a wound dressing in a rat surgical site infection
maodel [21, 22]. The presented study also involved the further
maodification of the structure of the sponge and the testing of
its characteristics as a potential carrier of rifampin. A homo-
geneous collagen sponge and a three-layered sandwich-
structure sponge were tested in vive and in vitro with respect
to their mechanical properties, stability in aqueous environ-
ments, and their in vitro and in vivo rifampin release proper-
ties. In addition, the histological reaction to the collagen
sponges was investigated employing a rat model.

2. Materials and Methods

2.1. Preparation of Homagencous and Sandwich Collagen
Sponges. Homogeneous sponges and sandwich sponges
(Figure 1) were prepared from collagen type I isolated from
the skin of fresh water fish {cyprinus carpio, Tteboni carp,
Tiebon fishery, Czech Republic, controlled breeding). The
isolation and extraction of the collagen have been described
previously by Suchy et al. [23]. The homogeneous sponges
were prepared from an aqueous collagen dispersion (1 wt%}
acquired via the swelling of the collagen in deionized water
(10°C, 3 hours), which was homogenized using a disintegra-
tor {10,000 rpm, 10 min}, left for 20 minutes at room temper-
ature, and homogenized for a second time (10,000 rpm,
5min}. The resulting dispersion was placed in containers,
frozen at a temperature of -80°C for 6 hours, and then lyoph-
ilized (BenchTop 4KZL, VirTis, USA). The sandwich
sponges were prepared via the following procedure: an aque-
ous collagen dispersion was prepared by means of the swell-
ing of the collagen in deionized water (10°C, 3 hours}, which
was homogenized using a disintegrator (10,000 rpm, 10 min},
left for 20 minutes at room temperature, and homogenized
for a second time (10,000 rpm, 5Smin). The collagen dis-
persion concentration of the core was 5wi% while that
of the peripheral layers was 1wit%. The resulting 5wi%
dispersion was placed in containers, frozen at a tempera-
ture of -80°C for 6 hours, and then lyophilized, and subse-
quently, the core was impregnated with the resulting
1 wi% dispersion in separate containers and left for 3
hours at room temperature, frozen at a temperature of
-80°C for 6 hours, and then lyophilized.

The stability of the homogeneous and sandwich collagen
sponges was enhanced via cross-linking with a 95 wi% etha-
nol solution containing EDC (N-(3-dimethylaminopropyl)-
N-ethylcarbodiimide hydrochloride) and NHS (N-hydroxy-
succinimide) at a molar ratio of 4 : 1. The EDC and NHS were
used as received (Sigma-Aldrich, Germany}). 0.625g of the
EDC was applied for 1 g of collagen and mixed with 150 mL
of 95 wt% ethanol solution (Penta, Czech Republic). Follow-
ing a reaction period of 3 hours at 37°C, the sponges were



BioMed Research International

f?""é"f""%"” -:»q.q:qr%' 7 ‘

TES

{bh

Fraume 1: Simplified scheme of (a) highly porous homogencous sponge and (b} sandwich sponge with rigid core with lower porosity and

highly porous peripheral lavers.
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Figure 2: Samples of the homogeneous collagen sponges without rifampin (a) and with rifampin (b).

washed in 0.1 M Na,HPO,, (for at least 30 min}, followed by
rinsing with deionized water (for at least 30 min}, frozen at
-30°C for 6 hours, and lyophilized.

Finally, the cross-linked homogeneous and sandwich col-
lagen sponges were impregnated with a 95 wi% ethanol solu
tion containing a weighed amount of rifampin natrium
(Eremfat, RIEMSER Pharma GmbH, Germany) so as to
attain a final weight ratio of the collagen to the pure rifampin
of 5:4. The impregnated sponge was frozen at -80°C and
Iyophilized again. The final stage involved the cutting of sam-
ples of the appropriate dimensions. The final amount of
rifampin was verified following the conclusion of the prepa-
ration phase (see In Vitro Pharmacokinetic Tests), i.e., prior
to the subsequent testing phase.

2.2. Seanning Electron Microscopy. Scanning electron micros-
copy (SEM} was conducted in the high vacuum mode using a
Quanta 450 electron microscope (FEIL, USA). The samples
were coated with a thin layer of gold in an fon sputter (Emi-
tech K550X, Quorum Technologies, U.K.).

2.3. Testing of the Mechanical Properties of the Collagen
Sponges. The mechanical properties of the collagen sponges
were studied by means of uniaxial tensile tests. The experi-

ments are aimed at elucidating the effect of the addition of
rifampin and the design of the sponge on the mechanical
integrity. Experiments were performed on homogeneous col-
lagen sponges (H) (Figure 2(a)}, homogeneous collagen
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sponges with rifulnpi:l (H-R) (Figure 2(b}), sandwich-
structured collagen sponges without (5} and with rifampin
(S-R} (Figure 3), the core material of the sandwich structure
without (5-C} and with rifampin ($-C-R) and, finally, with
the face sheet material of the sandwich sponges, again with

out (8-F) and with incorporated rifampin (S-F-R}. The
sponges took the form of lyophilized layers from which rect-
angular strips were cut. The samples were hydrated in
phosphate-buifered saline (PBS, pH ~7 4, Sigma Aldrich, St.
Louis, Missouri, USA) prior to the mechanical testing;
Figure 2 depicts the typical geometry of the samples. The
dimensions were determined via the image analysis of photo-
graphs taken before the commencement of the experiments.
Each of the dimensions was determined at five different posi-
tions on the sample. Figure 3 illustrates the natural variability
of the thickness of the sponges, a summary of which is pro-
vided in Figure 4.

Tensile testing was conducted using a Zwick/Roell multi-
purpose testing machine with HBM U9C 50N load cell
which was connected in 125N regime (tension/compres-
sion). HBM U9C is in 0.2 accuracy class. The testing machine
was also equipped with a built-in videoextensometer. The
stress-strain relationships were obtained from the force
displacement data recorded on a PC during loading. The
nominal stress, o, was calculated as the ratio of the current
force to the reference cross-sectional area determined prior
to experimentation. The deformation, &, was expressed as
the ratio of the displacement, measured using the



Frgure 3: Samples of the sandwich-structured collagen sponges
with rifampin.

Thickness H {mm})
(=T R = o o~ o

H H-R 8§

S-R S-CS5-C-R S-PF 5-F-R

Fraune 4 Thicknesses of the tested collagen sponges (N =10):
homogencous collagen sponges (H), sandwich-structured sponges
(5), sandwich-structured sponges—core material (S-C), sandwich-
structured sponges—face sheet (5-F), sponges with rifampin (-R).
The arrows denote statistically significant differences between
identical sponges with or without rifampin (1-test, p < 0.08).

videoextensometer, to the distance between marks that were
created on the surface of the samples prior to experimenta-
tion (see Figure 2).

Since the mechanical behavior of collagenous material in
the hydrated state is known to be nonlinear, the comparison
of the mechanical properties of the sponges based on the
Young's modulus determined at e=0.0land E,; and at £
=0.1and E; . E; ;) was considered to be the modulus of elas-
ticity corresponding to small deformation regions, whereas
Eg, characterized the stifiness of the material in the large
strain regions; both were determined as the slope of the tan-
gent made to the o-¢ curve. Ten samples were mechanically
tested for each group of samples.

2.4. Rifampin Stability Tests. Since the stability of rifampin at
37°C is limited [24], we performed the stability testing of
rifampin in PBS at 37°C protected from light. We incubated
solutions with 3 differing rifampin  concentrations
{600 mg/L, 60 mg/L, and 6 mg/L) in PBS under such condi-
tions. The samples were drawn after 0 and 4 hours and after
1, 2, 6, and 7 days of incubation and subsequently analyzed
using HPLC for the determination of the rifampin
concentration.
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2.5. Rifampin Release Tests. The release test was performed
separately for the homogeneous and sandwich sponges. Sec-
tions of the collagen sponges with dimensions of 10 % 20 mm
were studied. Six sections were obtained from three different
sponges (three from the edges and three from the central
parts} in order to test the variability of the rifampin content
between the sponges and the homogeneity of the rifampin
content within the sponges. The weight of the tested samples
was 33,7 + 7.4 mg for the homogeneous sponges and 43.3 +
2.7 mg for the sandwich sponges {mean + SD). Each of the
tested sections was submerged in 20 mL of 37°C PBS in a test
tube and gently rocked in an incubator at 37°C. The sponge
sections were transferred to a newly tempered 20 mL of PBS
after 15, 30, 60, 120, 180, 240, and 360 minutes, 24 hours,
and 8 days of incubation. Samples of PBS with the
released rifampin were subsequently analyzed using HPLC
for the determination of the rifampin concentration. We
discovered that the amount of the eluted rifampin was
proportional to the weight rather than to the size of the
samples (see Results). This information was used for dos-
ing in the in vive experiments.

2.6. Disc Diffusion Tests. The tests were performed separately
for the homogeneous and sandwich sponges. Nine discs
(6 mm in diameter) were cut from the sponges. The microbi-
ological response was tested via the standard disc diffusion
test with methicillin-resistant staphiylococcus aureus, strain
CNCTC 6271 (MRSA).

2.7. Animals and Catheter Implantation. With respect to the
in vive pharimacokinetic tests, we used adult male Wistar rats
with median weights of 390g (IQR =362 -411g), 375g
(IQR = 353 -390 g), and 379g (IQR = 360 — 397 ) for the
sandwich sponge group (S, N =6), homogeneous sponge
group (H, N =6}, and control group with subcutaneous
(s. <) rifampin {C, N=8), respectively. The differences
in the weights between the groups were not statistically
significant. Intra-arterial catheters were implanted into
the carolid arteries for the purpose of repeated blood sam-
pling according to our standard protocol described in
detail elsewhere [25]. Briefly, the catheters were implanted
after 6-8 hours of fasting in aseptic conditions. The anes-
thesia took the form of the administration of 10mg/kg
of xylazin and 80 mg/kg of ketamin intramuscularly; no
perioperative antibiotic prophylaxis was used in the study.
The rats were placed in separate cages following catheter
implantation with free access to food and water.

The food consisted of 90% of maintenance solid mixture
diet for laboratory rats (Altromin International, Im Seelen-
kamp 20, D-32791 Lage, Germany) and 10% of powdered
charcoal (Carbosorb, IMUNA PHARM, Jarkova 17, 082 22,
Sariské Michalany, Slovakia) in order to disrupt the entero-
hepatic circulation of the rifampin. 5% of charcoal added to
standard food was previously proven to lower bilirubin levels
in rats due to the adsorption of bilirubin in the gut and the
disruption of its enterohepatic recirculation [26]. The rats
were kept in separate cages until the conclusion of the exper-
iment so as to prevent damage to the cannulas. The cannulas
were heparinized following each sampling campaign. The
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rats were administered nadroparine once daily so as to
prevent the formation of thrombi in the catheters. The rats
were anesthetized following the final sample draw by
means of isoflurane and euthanized using a combination
of embutramide, mebezonium, and tetracaine (T-61, Inter
vet International B.V., Wim de Korverstraat 35, 5831 AN
Boxmeer, Netherlands). Samples intended for the histolog-
ical examination were excised from the administration site
following euthanasia.

In order to exclude the influence of tissue damage during
the sham surgery incision and subsequent administration of
rifampin on the histological examination, an additional con-
trol (C2} group of & female Wistar rats was formed for the
study of the effect of rifampin on local tissues. The rats were
administered a rifampin solution subcutaneously at the same
dose as for the other groups with no indsion. Tissue from the
administration site was used for the histological examination.

The experimental protocol was approved by the Institu-
tional Animal Expert Committee of the First Faculty of Med-
icine, Charles University, and was performed at the
University's accredited laboratory in accordance with Czech
Act No. 246/1992 Coll. on the protection of animals against
cruelty. All the animals were treated and cared for in accor-
dance with European Guidelines on Laboratory Animal Care.

2.8, In Vive Pharmacekinetic Tests. The pharmacokinetic
study was initiated 72 hours following catheter implantation
on those rats that had fully recovered from the catheter
implantation procedure. An approximately 1cm long inci-
sion was made on the backs of the rats. With respect to the
S and H groups, a piece of rifampin-containing collagen
sponge was inserfed into the pocket and the wound was
closed with a nonresorbable monofilament suture. The
weight of the sponges inserted was calculated according to
the results of the in vitro elution tests (see Results) so that
the dose of the administered rifampin was 25 mg/kg. Con-
cerning the C group (N =8} 25mglkg of rifampin was
administered s. ¢. to the sham surgery pocket in the form of
a solution (Eremfat® i.v. RIEMSER Pharma GmbH, An der
Wiek 7, 17493 Greifswald-Insel Riems, Germany} in water
for the injection application, and the wounds were closed
with a nonresorbable monofilament suture. The samples
intended for the determination of rifampin levels were drawn
0.5,1,2,4, 6, 10, 22, 34, 46, 58, 70, 82, and 94 hours following
the implantation of the sponges. The sample volume was
replaced with saline, and the catheters were heparinized fol-
lowing each sample draw.

2.8. HPLC Analysis of the Rifampin Levels in the Serunt. The
determination of rifampin in the PBS solution and the
plasma samples was conducted using the Acquity UPLC H-
class system (Waters Corporation, Milford, MA). A Kinetex
C18 LC column (2.1 mmid.x 50mm, 1.3 gm} from Phe-
nomenex [Torrance, California, USA} thermostated at 40°C
was used for analysis purposes. The mobile phase consisted
of 0.1% of trifluoroacetic acid (solvent A} and acetonitrile
(solvent B). The flow rate of the mobile phase was maintained
at 0.3mL/min. The optimized gradient program (min/% B}
was 020, 1,20, 5/80, 7/80, 8/20, and 11/20. The injection vol-
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ume was 5pul, and the samples were maintained at 5°C.
Detection was performed by means of a diode array detector
(DAD), and the wavelength was set at 340 nm. The samples
were deproteinized using acetonitrile prior to the analysis of
the plasma samples (the addition of 60 uL of 100% acetoni-
trile to 20 uL of plasma}, and deproteinization was performed
in an Eppendorf tube via vortexing for 20 s. The plasma sam-
ples were then centrifuged at 16000 x g for 8 min, and 60 uL
of the supernatant was transferred to an LC vial, The PBS
samples were injected directly into the LC system.

The method was validated in terms of linearity, the limit
of detection (LODY), the limit of quantification (LOQ), accu-
racy, precision, selectivity, recovery, and matrix effects in
order to demonstrate that it was suitable for the intended
purpose. The selectivity of the method was verified via mass
spectrometry operated in the full scan mode (Triple Quad
6460 mass spectrometer; Agilent Technologies, Waldbronn,
Germany}. Selectivity was monitored via the injection of five
plasma samples and one PBS sample. The resulting chro-
matograms evinced no interfering compound (no miz was
observed except the mfz corresponding to the rifampiu)
within the rifampin refention time window. Moreover, the
DAD peak purity test for all the analyzed samples was suc-
cessfully met for the rifampin peak, which ensured high
selectivity. Selectivity was thus confirmed independently via
both DAD and mass spectrometry. Calibration curves were
constructed in both the blank plasma and the PBS solution
with seven concentrations by means of the plotting of the
peak rifampin area against its concentration. Standard plots
were constructed, and the linearity was evaluated statistically
by means of linear regression analysis employing the least-
squares regression method. The method was linear (coeffi-
cients of determination (R*} of higher than 0.9996} in the
concentration range 0.02-100 mg/L for the plasma samples
and in the range 0.008-100 mg/L for the PBS samples. The
LOD value was 0.004 mg/L for the plasma and 0.001 mg/L
for the PBS, determined as the lowest concentration that pro-
vided a visible peak in the chromatogram. The LOQ values
were the lowest calibration peints (0.02mg/L). The accuracy
and precision of the method were evaluated via the measure-
ment of 5 replicates at four different concentrations (0.1; 1; 5
and 50 mg/L) prepared by means of spiking rifampin into the
blank plasma and the PBS solution. The accuracy (relative
error %} was within £5.1% and the inter- and intraday preci-
sions (RSD %) were within £3.9%. These samples were also
used as the quality control (QC) samples. The recovery from
the plasma samples was evaluated via the comparison of the
area of the rifampin standard peak of the pre-protein-
precipitation spiked plasma sample with that of the corre-
sponding post-protein-precipitation spiked sample at three
concentrations (0.05, 1, and 50 mg/L}. The recovery ranged
from 97.9 to 100.3%. The matrix effect was evaluated at two
concentration levels (0.05 and 50 mg/L) for six plasma sam-
ples and one PBS sample. Concerning the plasma samples,
it was determined by comparing the area of the rifampin
standard peak of the post-protein-precipitation  spiked
plasma sample with that of the 80% acetonitrile {without
the matrix effect), while with respect to the PBS samples, it
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Froume 6: Scheme and representative SEM images of the sandwich sponges with details of the interface between the rigid core with lower

porosity and the highly porous peripheral layers.

was determined by comparing the area of the rifampin stan

dard peak that spiked into the PBS sample with that which
spiked into pure water. The matrix effect ranged from 97 to
101%. This result proved that neither the plasma matrix
nor the PBS exerted a significant effect on the reliable quan-
tification of the rifampin. In order to assess the validity of the
analytical method, calibration was performed every day prior
to the measurement of the samples, and the quality control
samples were injected after each 6 sample.

2.10. Histological Examination. Following the euthanasia of
the animals, tissue samples (the whole area with the
implanted sponge and the surrounding tissue} were surgi-
cally removed and submitted for further histological analysis.
The tissue samples were macroscopically described and dis-
sected into three andfor four parts (cross-sections). We
employed classical histotechnological processing (fixating,
dehydrating, tissue clearing etc) and prepared standard
formalin-fixed paraffin embedded blocks. We applied the fol-
lowing three distinet staining techniques: (1) standard hema-
toxylin and eosin combined with the Weigerl’s resorcin-
fuchsin method for the staining of elastic fibers, (2} Picrosir-
ius red for the identification of collagen fibers combined with
the Weigert’s resorcin-fuchsin method for the staining of
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elastic fibers, and (3} Alcian blue {pH 2.5) staining combined
with the Periodic Acid Schiff (PAS} reaction.

2.11. Statistical Analysis. If either the assumption of normal-
ity or homoscedasticity was violated, the Mann-Whitney U
test for two-sample comparisons was applied. Otherwise,
ANOVA and the f-test were used with the values expressed
as the mean + standard deviation (SD}. The data in the con-
tingency tables was evaluated using the Fisher exact test.
GraphPad Prism (Graph software, La Jolla, CA, USA) was
used for the visualization of the microbiological, rifampin
release, and in vive tests. The thickness of the sponges and
the tangent elastic moduli for the selected deformation states
were compared with the inequality of the sample variance via
the two-sample f-test (results presented as arrowheads).
Statistical significance was accepted at p < 0,05,

3. Resulis

3.1. Scanning Electron Microscopy. Representative SEM
images of the homogeneous and sandwich sponges are pre-
sented in Figures 5 and 6. Figure 6 shows SEM images of
the interface between the highly porous peripheral layer
and the rigid core with lower porosity. The interface between
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Froure 7: Typical stress-strain curves obtained in uniaxial tensile test.

the layers with different degrees of porosity dees not evince
any signs of delamination.

3.2. Mechanical Properties of the Collagen Sponges. The thick-
nesses of the studied samples are depicted in Figure 4. The
results demonstrated that during the incorporation of the
rifampin into the H and 5-F collagen sponges which, in the
lyophilized state evinced a lower collagen concentration, the
thickness of the samples decreased. No changes in thickness
were observed, however, with respect to the sandwich design
(S} and sandwich core (5-C) sponges.

Typical stress-strain curves obtained in uniaxial tensile
test are shown in Figure 7. The tangent moduli E,;, and
Ey, were employed to darify whether the mechanical prop-
erties of collagen sponges depend on the design of the
sponge. A comparison of H versus S revealed that the
sandwich-structured sponges were significantly stiffer than
the homogeneous collagen sponges and that they were able
to bear higher loads. The same results were also obtained
for the H-R versus the $-R sponges. Moreover, a higher
degree of stiffness was also determined for the 5-C and 8-F
material when compared to the homogencous sponges.
Figure & provides specific numerical values.

With regard to the effect of rifampin, the comparisons
based on both the elastic moduli revealed that the samples
with rifampin were stiffer than those with no added antibi-
ofics. The results attained statistical significance (p < 0.05)
in all cases with the sole exception of S-F versus §-F-R.
Figure & displays the results obtained in the form of box plots.

3.3. Rifampin Stability Tests. Figure 9 illustrates the stability
of rifampin in PBS at 37°C protected from light. The rifampin
degradation process in the 600 pg/mL and 60 pg/mL concen-
trations slowed down and became linear following a rapid
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decline in concentration within the first 2 days. This may
have been due to the fact that equilibrium between the rifam-
pin and its degradation products was attained after this time
period. The degradation of the rifampin in the 6 mg/mL con-
centration proceeded markedly more rapidly. After 7 days,
approximately 40%, 60%, and 90% of the rifampin degraded
in the 600pg/ml, 60pg/mL, and 6pg/ml solutions,
respectively.

3.4. Rifampin Release Test. Figure 10 illustrates the kinetics of
the release of rifampin from the sponges. It was determined
that the amount of the released rifampin was more variable
in the H sponges than in the § sponges (Figure 10{a}}. The
variability originated from the significant variability in the
weight of the samples. Although the samples were in the
same size (10 % 20 mm}, they had different thicknesses and,
therefore, different weights as revealed by the mechanical
testing results (Figure 4). A linear correlation was determined
between the weights and the amount of rifampin released
from the H samples (data not shown). The variability of the
amount of rifampin in the S sponges was lower; indeed, the
H sponges had generally higher contents of rifampin than
the S sponges. It was determined that the amount of rifampin
was 30.5+4.6% and 17.3+2.4% for the H sponges and S
sponges, respectively. This represented a lower amount of
rifampin than was expected since the weight ratio of the
rifampin added during the preparation of the sponges was
4:5 (rifampin: collagen). The difference was possibly due to
the loss of part of the rifampin during the lyophilization
process.

Since the amount of rifampin released from the sponges
during the final medium exchange after 24 hours of incuba-
tion was below the quantification limit (0.05 mg/L) for most
of the samples, the total amount of rifampin released after
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24 hours of incubation and nine PBS exchanges was accepted
as the total amount of rifampin in the sponges. Figure 10(ly)
provides a comparison of the rifampin release kinetics of
the H and $ sponges. The release of rifampin from the §
sponges was slightly slower than that from the H sponges.

3.5. Disc Diffusion Tests. Figure 11 illustrates the results of the
disc diffusion tests with standard microbiological discs with
rifampin and the tested sponges (S and H}.

The disc diffusion zones proved that the sponges con-
tained rifampin in its active form and that they released the
rifampin in amounts high enough to cause the growth inhibi-
tion of the MRSA strain. Both the tested groups exhibited sig-
nificantly greater inhibition zones than the standard (p values
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of lower than 0.001 for both sponges compared to the stan-
dard}). The difference in the diameter of the inhibition zones
between the sponges was not statistically significant. The var-
iability of the diameters of the inhibition zones was higher for
the H sponges than for the & sponges.

3.6. In Vivo Pharmacokinetic Tests. As the sponges that were
administered s. ¢ 1o rats were cut to contain the same
rifampin amount and values of rifampin plasmatic levels
were not statistically sipnificantly different in any of the
measured time points EJI S and H groups, we analyzed
both sponges as one group (S+H, N = 12{3 and compared
it with control growp with SC rifampin (C, N=8).
Figure 12 shows the comparison of plasmatic levels of
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rifampin in S+H and € groups. Table 1 shows the main
pharmacokinetic parameters in S+H and C groups.

A significant difference was observed between the groups
with respect 1o the AUC, The C group had a lower degree of
exposure (AUC) to the rifampin, which may have been
caused by interindividual variability. The mean T
occurred significantly later in the 5+H group than it did in
the C group, which proved a certain delay in terms of absorp-
tion in the 5+H group (Table 1). Figure 12 depicts the com-
parison of processes of $+H and C groups’ mean plasmatic
concentration curves. It is clearly shown that sponges slow
down the rifampin release, and most of the sponges sustained
measurable and clinically meaningful concentration of
rifampin for 24 hours. Nevertheless, the variability of rifam
pin concentrations in most of the time points is higher in
the case of sponges than in the case of 5. c. administration.

3.7. Histological Examination. The histological examination
demonstrated the excellent biocompatibility of the spenges
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with the surrounding tissue (Figures 13 and 14). In
Figure 13 (H/1}, the upper part (green arrow} was formed
by the H sponge material that was implanted within the sub-
cutaneous tissue. The dark blue arrow highlights a mild
connective tissue reaction on the material that forms a
normal part of the healing process represented by edema-
tous granulation tissue around new thin-walled capillaries
and the formation of small prominences and with no
inflammation. Muscles can be observed (red arrow) in
the botton lefi corner of the image. Only one animal in
the H group exhibited significant inflammation and hem-
orrhage within the granulation tissue; otherwise, normal
healing process occurred and the cells readily entered the
sponge scaffold and grew within the sponges. The majority
of the animals in group H evinced segments with the
adhesion of the sponge material and the rat connective tis-
sue as is depicted in Figure 13 (H/2). Cells can be
observed penetrating from the connective tissue (black
arrows) into the sponge structure. Figure 13 (H/3) depicts
detail of cells penetrating into the sponge scaffold.

Figure 13 (5/1) depicts a reaction to the sandwich-
structured sponge in a similar way to that shown in H/1.
The upper part (green arrow) was formed by the sponge
material with a different central compenent (red arrow)
implanted within the subcutaneous tissue with a very mild
tissue reaction. Figure 13 (5/2) shows detail of edematous
granulation tissue with scattered inflammatory cells (normal
tissue reaction) at the bottom of the image. In Figure 13 (8/3),
the scaffold is seen in the upper part of the image and a layer
of scaffold structures can be observed in the center with cells
in the adhesion zone of the sponge material and the connec-
tive tissue. Edematous granulation tissue with scattered
inflammatory cells can be seen at the bottom of the image.
The detailed image of cells penetrating into the implanted
sandwich-structured sponge is depicted in Figure 14.

A much more remarkable inflammatory reaction to the
rifampin solution administered s. c. was observed (group C,
data not shown), and since this result may have been caused
by administration via surgery, we decided to perform
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additional tests further on 6 female Wistar rats (group C2);
the results of which revealed that the rifampin solution was
tolerated well without the occurrence of any remarkable
local reactions. Figure 13 (C2/1) depicts a mild interstitial
reaction in the center of the picture with a small area of
necrotic tissue (red arrow} surrounded by a thin layer of
granulation connective tissue with scattered inflammatory
cells. Mild inflammation can also be observed in the fat
tissue adjacent to the area around the injection site. In
Figure 13 (C2/2), injection site (red arrow} with the for-
mation of minor necrosis surrounded by mildly inflamed
reactive granulation connective tissue is depicted. This repre-
sents the normal healing process. Figure 13 (C2/3) depicts
the injection site in the center of the upper part of the image.
The mild connective tissue reaction represents a normal part
of the healing process with the formation of granulation tissue
accompanied by mild inflammation.

4. Discussion

The study presented two types of collagen sponges with the
addition of rifampin with the potential to serve as wound
dressings that prevent postoperative wound infection. The
first type consists of a homogeneous collagen sponge and
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the second a sandwich-like sponge comprising a dense core
layer surrounded by porous layers that both enhance adhe-
sion to the surrounding tissues and provide for effective fluid
absorption from the wound.

The results of the uniaxial tensile tests conducted on the
homogeneous collagen sponges, the sandwich-structured
sponges, and individual components of sandwich-
structured samples (core and face sheet) suggested that from
the mechanical point of view, the design of the sponge consti-
tutes an important factor. The experiments on hydrated
sponges clearly demonstrated that the sandwich structure is
significantly stiffer than the homogeneous material and,
therefore, potentially provides for the enhanced protection
of healing wounds, The same results were determined follow-
ing the study of the effect of rifampin. In particular, following
the application of rifnmpin, the sandwich design was
observed to bear a higher load than the homegeneous
sponges. Thus, it was concluded that from the handling point
of view, the sandwich-structured collagen sponges appear to
provide better candidates for further research and that the
addition of rifampin significantly alters the mechanical prop-
erties of collagen sponges (Figure 8).

Moreover, the structure of the sandwich sponges with
respect to thickness was found to be more uniform than that
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Fraune 13: Histological examination of tissues surrounding the area of sponges (groups H and 8) or 5. ¢. (group C2) rifampin administration,

of the homogeneous sponges (Figure 9), and even though the
sandwich sponges contained lower amounts of rifampin in
the same unit area than did the homogeneous sponges, the
amount of rifampin was significantly less variable
(Figure 10). With the exception of differences in terms of
rifampin content variability, the two sponges evinced similar
rifampin release properties (Figure 10). We proved that all
the rifampin was completely released from the sponges after
6 hours of in vitro eluting testing. This is in contradiction to
the results obtained by Parker et al. [14] who soaked their
collagen sponges in a rifampin solution and determined that
25% of the rifampin was not released during release testing.
Even though the anthors suggested that the rifampin bonded
within the sponges, the most probable explanation for this
observation is that the rifampin degraded during testing in
line with our observation that 10-30% of the rifampin
degraded during the first day at 37°C (Figure 9).

When compared in vivo, the release of rifampin from the
sponges was slower than that from the direct s. c. application
of the rifampin solution (Figure 12}, and moreover, the
sponges maintained systemic rifampin levels at above
0.2mg/mL for at least 22 hours, which is a higher level than
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the MIC for streptococci and staphylococci according to the
European Committee on Antimicrobial Susceptibility Test-
ing database (https://mic.encast.org, cited in 01/2020). This
was not attainable via the administration of a single dose of
rifampin s . Rifampin concentrations are much higher in
the location of absorption than in the systemic circulation,
and rifampin has been proved to be effective in terms of
postsurgical wound infection prevention when adminis-
tered locally [5]. The sponges presented in this study have
the potential to serve as ideal postoperative dressings fol-
lowing surgery in infection-susceptible areas including
those colonized by methicillin-resistant  staphylococcus
aureus (MRSA), Moreover, since rifampin readily pene-
trates biofilms [8-10], we suggest that the presented
sponges will be effective when applied locally for the treat-
ment of infected postoperative wounds complicated by the
formation of biofilms, especially in cases where the wound
requires a new dressing every 24 hours.

We also proved the excellent biocompatibility parameters
of the sponges, which is in agreement with previous studies
that described carbodiimide-cross-linked collagen sponges
derived from the cyprinidac family as being highly
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Freume 14: Sample from animal in group S (sandwich-structured
collagen sponges). Detail of cells (arrows) penetrating between the
structures of the scaffold in the adhesion zone of the sponge and
the animal connective tissue (staining: Picrosirius red with
Weigert's resorcin-fuchsin).

biocompatible [16]. We also proved in previous research that
the immunogenicity of cyprinus carpio-coated vascular grafis
is comparable to that of collagen of bovine origin [27].
Although some authors have proved rifampin to be cytotoxic
in very high concentrations of over 1 mg/mL [28], we proved
that rifampin (although classified as a local irritant) does not
diminish the excellent biocompatibility of cyprinus carpio
collagen cross-linked with carbodiimide. The histological
studies showed that the edges of both types of sponges were
settled by cells that migrated from the surrounding tissues
and that the healing process was initiated as soon as after just
5 days (Figures 13 and 14). This is also in agreement with
previously conducted studies involving bone healing rat
models in which neither rifampin nor vancomycin powder
added to a bone fracture proved any signs of healing impair-
ment [29].

One drawback of the sponges presented herein is that
they release the antibiotic for 24 hours only. However, it
woulld be extremely complicated to prepare sponges that pro-
long the release of rifampin beyond 24 hours due to the rapid
degradation of rifampin under body conditions (Figure 9).

5. Conclusions

The study presented a novel three-layered cross-linked fresh
water fish collagen wound dressing in vivo that released
rifampin for at least 22 hours and which has the potential
to serve as an ideal surgical wound infection prevention or
treatment approach. Its mechanical properties and the
homogeneity of the rifampin content were compared with
those of a simple homogeneous collagen sponge and proved
to be superior in terms of both these aspects. The dressing
demonstrated excellent bioavailability properties and no
inhibition of the wound healing process in an animal model.

Data Availability

All data are included in the manuscript. Further details can
be obtained upon request to the corresponding author.
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Vancomycin-releasing cross-linked collagen sponges as
wound dressings
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ABSTRACT

The study presents a novel vancomycin-releasing collagen wound dressing derived from Cyprius carpio collagen type | eross-linked with
carbodiimide which retarded the degradation rate and increased the stability of the sponge. Following lyophilization, the dressings were sub-
jected to gamma sterilization. The structure was evaliated via scanning electron micrascopy images, micro-computed tomography, and infrared
spectrometry. The structural stability and vancomydn release properties were evaluated in phosphate butfered saline, Microbiological testing
and a rat model of a wound infected with methicillin-resistant Staplyireocens arrens (MRSA) were then employed to test the efficacy of the
treatment of the infected wound. Following an initial mass loss due to the release of vancomycin, the sponges remained stable, After 7 days of
exposure in phosphate buffered saline (37°C), 60% of the material remained with a preserved collagen secondary structure together with a high
degree of open porosity (over §o%). The analysis of the release of vancomycin revealed homogeneous distribution of the antibiotic both across
and bebween the sponges. The release of vanconmycin was retarded as proved by in vitm testing and further confirmed by the animal model from
which measurable concentrations were observed in blood samples 2.4 hours after the subcutanecus implantation of the sponge, which was more
than chserved follewing intraperiteneal administration. The spenge was also highly effective in terms of reducing the number of colony-forming
units in biopsies extracted from the infected wounds 4 days following the inoculation of the wounds with the MRSA solution. The presented

sponges have ideal properties to servie as wound dressing for prevention of surgical site infection or treatment of already infected wounds.

KEYWORDS: Wound dressing: sponge; carp: freshwater fish; collagen: vancomyein: infection: crosslinking MESA

INTRODUCTION

To date, the application of vancomycin-releasing collagen
sponges as wound dressings has not been studied to any
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significant extent. Current approaches involve either the
incorporation of other antibiotics into collagen sponges [1-3]
or the use of vancomycin as one element of hydroxyapa-
tite beads in the treatment of musculoskeletal injuries [4,5].
Moreover, various studies have described the administration
of a vancomycin powder directly on surgical wounds so as to
prevent wound infection following spinal, cardiac, or vascular
surgery, with good effects [6.7]. In addition to the prevention
of infection, a hemostatic effect is desirable in the postopera-
tive wound healing process. Vander Salm et al mixed a vanco-
miycin powder with thrombin and an absorbable gelatin paste,
which served for hemostatic purpeses [8]. Further, Hamman
et al. described mixing of vancomycin with platelet-rich
plasma and calcium-thrombin [7]. It is proposed that a van-
comycin-releasing hemostatic collagen sponge would be ideal
for this purpose since it consists of a ready-to-use device that
does not require preparation during surgery via the mixing of
the antibiotic with hemostatic compounds.,

Simce neither vancomyein nor aminoglycosides do not
readily penetrate intotissues (9], their effect in terms of postop-
erative wound treatment and prophylaxis may be insufficient
in the case of systemic administration, and systemic toxicity
may follow: therefore, local administration is preferable. High
local vancomycin levels were achieved with no signs of neph-
rotoxicity [10], when vancomycin-impregnated bone grafts
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in combination with an aminoglycoside-containing cement
were used in hip joint replacement surgery [10]. Following the
application of 1000 mg of vancomycin powder during surgery
for spinal deformity in children, supratherapeutic levels were
achieved in a fluid drained by a subfascial drain up to the sec-
ond postoperative day (403 mg/L. 251 mg/L, and 115 mg/L
for day o, day 1, and day 2, respectively) and the same study
recorded non-toxic levels in plasma (25 mg/L, 1o mg/L, and
11 myg/L for day o, day 1, and day 2, respectively) [11].

Mammal collagens, such as calf or bovine, are the most
used collagen types for biomaterial engineering [4.5].

However, the use of mammal collagen may be compli-
cated by an allergic reaction induced in 3—4% of the popula-
tion [12]. Therefore, fish collagen is being subjected to inten-
sive research with an emphasis on its application for medical
purposes [3,13-16]. Since fish-derived collagen exhibits a lower
melting temperature and less reproducible properties than
mammal collagen [x7], it must be crosshnked in order to obtain
a product that exhibits reproducible properties [14]. A further
reason for crosslinking is to enhance durability during the ster-
ilization process since non-crosslinked collagen is significantly
degraded upon exposure to gamma rays [18). Therefore, if
gamima sterilization is a part of the fabrication of the ready-to-
use medical device, crosslinking provides a reliable way to pre-
serve the properties of both fish and mammal collagen [3.10].
One of our previous studies showed successtul testing of a
gentamicin-releasing carbodiimide cross-linked with freshwa-
ter fish (Cyprinus carpio, O carpio) collagen wound dressing
on a rat model of surgical site infection [3]. The current study
presents the results of structural, drug-releasing, and microbi-
ological testing of an animal model of infected wound treated
with a novel vancomycin-releasing cross-linked freshwater
fish-derived collagen wound dressing,

MATERIALS AND METHODS

Collagen extraction

Collagen type | was isolated from freshwater fish skin
(C. carpio, Trebon carp, Trebon fishery Tiebon, Czech
Republic) by adapting the procedure published by Bell et al
[20]; 4l the fish were of food grade and controlled breed-
ing. The degreasing procedure was performed in 70% etha-
nad (Penta, Czech Republic), followed by washing 30 min in
distilled water Collagen was extracted by o.0o1 vol& acetic
acid (Penta, Czech Republic) for 48 h under continuous stir-
ring, followed by centrifugation at 10,000 r/min for 1 h The
supernatant was precipitated in 0.1 M NaOH {Penta, Czech
Republic) at a ratio of 61 (v/v) to neutralize acetic acid The
mixture was then re-centrifuged at 10,000 r min® (50 min).
The collagen precipitates were again solubilized in 0.001 voli
acetic acid, frozen at -15°C and lyophilized (BenchTop 4kZL,
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VirTis, Prague, Czech Republic). The purity of the isolated col-
lagen was verified repeatedly by a number of methods, eg., the
determination of the lipid content and inorganic impurities.
Mareover, the collagen structure was verified through electro-
phoresis and by infrared spectrometry. Possible cytotoxicity
of isolated collagen was determined by i vifro tests; detailed
results have been published elsewhere [21].

Preparation of collagen sponges

Sponges were prepared from a collagen dispersion
(0.8 wix) in deionized water; after swelled collagen (8°C, 1 h)
was homogenized by disintegrator (10,000 rpm, 10 min and
10,000 rpm, 2 min with 20 min deay at 20°C). The resulting
product was frozen at -80°C for 5§ h and lyophilized

Collagensponges were crosslinkedin ags% ethanol solution
containing N-{3-dimethylaminopropyl}-N-ethylcarbodiimide
hydrochloride (EDC) and MN-hydroxysuccinimide (WNHS) at a
weight ratio of 42122 3-h reaction period at 37°C with EDCand
NHS (Sigma-Aldrich, Steinheim, Germany) was followed by
washing with o1 M NaIHPO‘ {2 = 45 min), rinsing in deion-
ized water for 30 min. freezing at -15°C (5 h). and Iyophilizaticn.

Each of the cross-linked sponges with dimensions of
approximately 40 mm x 40 mm was impregnated with § mL
of 95% wi ethanol solution with 64 mg of vancomycin (Mylan
S.AS, France), After impregnation, sponges were frozen and
Iyophilized. Finally, specimens were cut to the dimensions
suitable for further analyses. The final collagen to the vanco-
mycin weight ratio was 54

The sterilization of vancomycin-loaded sponges was per-
formed by gamma sterihization. All samples were packed and
exposed toa nominal dose of 25 kGy (BIOSTER, as., Veverska
Bityska. Czech Republic). The samples used in all experiments
were sterilized.

Microstructure of collagen sponges

Scanning electron imicroscopy (SEM)

The microstructure of sponges was characterized by SEM
(Cuanta 450 Microscope, FEI, Hillshoro, Oregon, USA) in
high vacuum mede. Prior to micrescopy, the cross-sections of
sponges were covered by a thin layer of gold (Emitech KssoX
ion Sputter, Cuorum Technologies, United Kingdom).

Micro-compuited towograplty (CT)

The quantification of structural parameters was carried
out by micro-CT analysis using SkvScan 1272 micro-CT
device (Bruker micro-CT, Kontich, Belgium). The scanning
parameters were as follows: pixel size 3 pm: source voltage
&0 kV: source current 166 p rotation step 0.2 rotation 1807
frame averaging 4: and scanning time approximately 2 h for
each sample (n = 4). The fat-field correction was updated
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prior to gach acquisition. The reconstruction of cross-section
images was carried out from the projectionimages by NRecon
software (Broker micro-CT, Kontich, Belgium) using a mod-
ified Feldkamp algorithm. Three volumes of interest [WVOI]
(3 mm « 3 mm = sample thickness) were analyzed in each
sample. [mage-processing and analyses were performed by
CTAn (Bruker micro-CT, Kentich, Belgium) and optimized
using Test Image Generator software [22]. The porosity (Po)
was calculated as: Po = (volume of open + dosed pores)/
VOI volume. The pore size was evaluated via a “structure
separation” parameter calculated in 3D using a sphere-fitting
algorithm [23.24]. and the object surface density (OSD) was
calculated as OSD = object surface/ VO volume,

Strvictural stability

The structural stability was analyzed in terms of mass loss
and swelling ratio. Collagen sponges (8 mm = & rm = 4 mm)
were immersed in phosphate buffered saline (PBS, pH 7.4
Sigma-Aldrich] in s% CO, atmesphere at 37°C. The volume
of the medium was kept at a ratio of 30 myg/15 mL (sample
weight/PBS volurme). The mass loss (D) was calculated as
D =100 = (W, — W)/ W [€], where the initial dried weight of
the sample (n = &) is W and the dried weight following degra-
dation is W, The dried weight of the samples was measured
tollowing lyophilization. The swelling ratio (F_ ) was caleulated
as: E, =100 (W~ W)/ W [x], where the initial weight is
W, the dried weight of the sample following degradation is W,
and the weight of the swollen sampleis W_ (n = 6). The weight
of the swollen samples was measurad after the removal of the
sarple from the medium and after a 1-minute delay and the
removal of any excessive medium surrounding the sample.

Tnfrared spectrometry

The secondary structure of collagen sponges was evalu-
ated by attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectrometry using a Protégé 460 EST infra-
red spectrometer (Thermo Nicolet Instruments, Madison,
W1, USA) equipped with an ATR device (GladiATR, PIKE
Technologies, Madison, W1, USA). All the spectra were
recorded in absarption mode, in the range of 4o00-400 cnv*
with a resolution of 4 cm™ and 128 scans. The integral absor-
bance (areas of the bands) was determined uvsing decon-
volution procedure (OMNIC 7 software, Thermo MNicolet
Technelogies).

Vancomycin release tests

Pieces of the collagen sponges sized 10 mm = 20 mm were
studied. Four pieces were obtained from two different sponges
(two from the edges and two from the central parts) in order
to test the variability of the vancomycin content between the
sponges and the homogeneity of the vancomycin content
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within the sponges. The weight of tested samples was 430 +
3.0 mg, The expected amount of vancomycin in the pieces of
tested sponges according to the 45 collagen: vancomycin ratio
was 101 + 1.8 myg Fach tested piece was submerged in 10 ml
of 37°C PBS (Sigma-Aldrich, St. Louis, Missouri, USA) in a
test tube and gently rocked on a laboratory rocker placed in
an incubator at 37°C. The pieces of sponges were transferred
to a newly tempered 10 ml. of PBS after 10, 60, 120, 180, 240,
330, and 480 mun and 24 h The final samples were obtained
7 days following the commencement of the experiment.
The samples of PBS with released vancomycin were subse-
quently analyzed by a nephelometric immunochermical assay
(Beckman Coulter, Indianapolis, IM, USA) for the concentra-
tion of vancomycin.

Disk diffusion test

Six discs of & mm in diameter were cut from sponges,
three from different sponges and additional three from one
sponge [comer, edge, and central part). The microbiological
response was tested via a standard disk diffusion test with
methicillin-resistant Staplfivfococcns ateens (MRSA), strain
CHNCTC éay1

Rat model of infected wound

Male Wistar rats (n = 30) with a median weight of 280.5 g
(interquartile range [IQR] = a72.25-285 o) were anesthetized
with isoflurane. An approximately 1-cm long incision was
then made on both sides of the back at least 2 cm apart, fol-
lowed by an injection of a MRSA solution (0.2 mL of 1 = 10*
colony-forming unit [CFU]/mL) into a subcutaneous (s.c.)
pocket created by a blunt dissection on each side.

Withrespect tovancomycin gronp (1n=12), 2 10 mim = 10 mm
piece of vancomycin-containing collagen sponge was inserted
into the pocket on the sponge side and the wound was closed
with a non-resorbable monofilament suture. The weight of the
pieces applied was 252 4 1.6 mg (mean + standard deviation
[SD]) and the amount of vancomyein in the collagen sponge
pieces was 1.2 + 0.7 mg (mean  SD). For placebo group
(1 =6},a 10 mim = 10 mm piece of placebo-containing collagen
sponge was applied. The pocket on the sham surgery side was
sutured with no sponge so as to provide for a control

Along with the active and control arms, additional 12 rats
were used for the determination of vancomycin pharmacoki-
netics. We administered 7.5 mg of vancomycin intraperitone-
ally to rats accompanied by a similar induction of s.c. infection:
we measured the plasma levels in the same way as we did for
the active arm.

The animals were then transferred to individual cages
with free access to food and water: they were checked daily
for weight, body temperature, and behavioral changes. The
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animals were sacrificed on the 4™ post-implantation day: Tissue
specimens were then excised from both inoculation sites and
examined microbiologically inumbers of MRSA CEL.

Microbiological evaluation

Tissue samples were imprinted directly on Columbia Agar
plates with sheeps blood (Oxoid Ld., Basingstoke, UK. The
plates were then incubated at 37°C for 24 h, MRSA colonies
were counted following incubation.

Vancomyein and haptoglobin levels in serum

Blood samples (volume, 05 mL) for determination of van-
comwein and haptoglobin levels were dramwn from the jugular
wvein into a o5 ml heparinized syringe under isoflurane anes-
thesia. Samples were diawn from three animals in vancomvein
group 05, 12, and 4 h ollowing inoculation on the 1 day to
determine vancomyein and haptoglobin levels. Samples were
alse taken fromall animals in placebo group on the 1* day 2 hiol-
lowing inoculation to determine haptoglobin level only, Samples
from four animals in vancomyein group and two aninals in
placebo group were drawn on the 12, 2% and 3 day Dllowing
inoculation, The final sample was drvwn intrcardially upon
termination on day 4 following inoculation. The samples were
centrifuged (12,000 rpim. 2 min) and the samples from days 1, 2.
and 3 following inoculation were frozen at -20°C until analyzed.
Wancomyein concentration in the bload as well as haptoglobin
level (rat acute phase marker) were determined using a nephelo-
metric method (Beckman Coulter, Indianapalis, 1IN, LISA).

Ethical statement

The study was approved by the Animal Care and Use
Committeeof the First Faculty of Medicine, Charles University
{ref. no. MSMT-1uz255/2015-5) and conducted in accordance
with Czech Act Ne. 246/1992 Coll. as amended on the protec-
tiom of animals against cruelty according to the EU legiskation.

Statistical analysis

Shapira—Wilk and Chi-square tests were used for the
verification of data normality. Grubbs' or Dixons tests were
applied for outlier dentification, The variance was checked
by the Bartletts Levene’s tests. The Kruskal-Wallis test with
Bonferroni procedure was used for multiple sample compari-
sons, The Mann—"Whitney U test was applied for two-sample
comparisens in the case of vielation of normality or homosce-
dasticity assumptions. In that case, values are expressed as
median with IR, All tests were conducted using Statgraphics
Centurion XV (StatPoint, Warrenton, VA, USA) ANOVA
andl t-test were used for data expressed as mean + S, Fisher's
exact test was applied to data in the contingeney tables. The
visualization of the |l1il;|t'rl'ni(||tugir:'|.|, g,cnmmicin release,
ancl i vivo tests was performed using GraphPad Prism ver-
sion 7.00 for Windows (GraphPad software, La Jolla, CA,
LISA). Statistical significance was accepted at p < 0.05.

RESULTS

Microstructure of collagen sponges

Figure 1 shows the image and SEM images of collagen
sponges. The median pore size was 66 pm (IQR 42120 pm)
and the open parosity {OP) was 84.2% (Figure 1). The degree of
closed porosity of sponges was very low, i.e, between 2 « 107
anel 4 = 107% This value indicates minimal proportion of
non-interconnected pores. Finally, the OSD was determined
al 3910 mm®,

Structural stability of collagen sponges

The degradation sate of collagen samples increased mpidly
to 22% (median) dunng the initial 4 b (Figure 2). This initial
rapid rass loss may have been the result of the release of van-
conwein from the inner structure of the sponges. The mass
loss had been almaost linear between 4 and 48 h. Subsequently
the mass loss did not continue. The maximal niass loss was

PORE SIZE [jim]
SEIERE

10 mm

FIGURE 1. Photograph and scanning electron microscopy micrographs (from left) of the surface and the inner structure of vanco-
mycin-containing collagen sponges. The box-plot shows the pore size, open porosity (OP), and object surface density (OSD0) of the
prepared samples (n = 4), The median pere size was 66 um (interquartile range 42-120 ym) and OP was 84.2%, The degree of
closed porosity of sponges was very low, e, between 2 = 10°% and 4 » 10*%_This value indicates minimal proportion of non-in-
terconnected pores. Finally, 0SD was determined at 39.1 mm™,
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approximately 1%, indicating stability and gradual degrada-
tion of the samples.

Vancomyein-loaded collagen samples exhibited consid-
erable swelling with approximately constant swelling ratios
during the first 168 Iy (Figure 2). The constant swelling ability
indicates appropriate exchange of body liquids despite the 4o%
mass loss.

FTIR analysis of collagen sponges

Infrared spectroscopy (FTIR) can be used as an analytical
technigue to determine changes in the secondary structure of
collagen after various processes, such as isolation, crosslinking,
denaturation, and sterilization. The FTIR spectra of collagen
includes amidic bands such as amide | bands (~1655 cm®) that

- SWELLING RATIO [%]

e

[ gt

-0~ MASS LOSS [%]

e E BEE &8 E 2

4 8 24 48 168 [hours]

FIGURE 2. Mass loss and swelling ratio (median. interquartile
range) of vancomycin-loaded collagen sponges. The astensks
denote statistically significant differences at the 95% confi-
dence level (Kruskal-Wallis test with Bonferroni procedure).
The degradation rate of collagen samples increased rapidly to
22% (median) during the initial 4 h. This initial rapid mass loss
may have been the result of the release of vancomycin from
the inner structure of the sponges. The mass loss had been
almost linear between 4 and 48 h, Subsaquently the mass
loss did not continue. The maximal mass l0ss was approx-
imately 41%, indicating stability and gradual degradation of
the samples.

vancamycin loaded
collagen after 162 h

arise from C=O stretching vibrations coupled with N-H bend-
ing vibrations, and also amide 11 bands (~1555 cm*) and amide
[T bands (~1240 cm*) that belong to N-H bending vibrations
coupled with C=N stretching vibrations (Figure 3). Amide 111
consists of a band triplet at <1205, 1240, and 1280 cm® and,
together with another band at 1340 e, can be considered as
the preof of the existence of a triple helical structure [25,26].
‘The FTTR spectra of the studied collagen materials containing
vancomyein hydrochloride before and after the degradation
tests and their comparison with vancomyein hydrochloride
and the original collagen material are presented in Figure 3.

The infrated spectra of vancomycin-loaded  collagen
sponges [violet spectrum) exhibited the fundamental spec-
trum of pure (without vancomycin) collagen (red spectrum)
enriched by the spectral features of vancomycin hydrochloride
(violet arrows), The bands at r740 and 2930 cov®in the figure 3
are related to the presence of lipids, such as residual impurities
that remained within collagen following the isolation proce-
dure [25]. The lipids disappeared from the collagen matter afier
the immersion in PBS buffer during degradation tests.

The post-degradation spectrum of vancomycin-loaded
collagen (blue) revealed disappearance of the vancomycin
hydrochloride-related bands, proving that almost all vanco-
mycin was released from collagen sponges within 168 hours.
The material preserved its secondary collagen structure
beyond 168 h of degradation in PES medium, as proven by the
quartet = amide 11 {~1203, 1240, and 1280} together with the
1340 band (Black ellipse).

Vancomycin release tests

The vancomyein release profile and the percentage of
vanconyein released from sponges over time are presented
in Figure 4. The total amount of vancomyein released from

i wangaTTyCEn

3500 3000 2500

1000 500

Wavenambars [om™!]

FIGURE 3. Infrared spectra of vancomycin-loaded collagen materials before and after the degradation tests in phosphate buff-
ered saling. The almost total release of vancomycin was proven. The spectral features of vancomycin disappeared from the
spectra of tested collagen sponges after 7 days. The small amount of vancomycin that was not released to the medium was most

probably bound to the sponge.
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spongesafter 7 days was 16,3 + 2.3 mg, corresponding to 85.25%
+ 7.4% of the total vancomycin content. One of the tested
sponges was found to have released 79.6% + 0.9% and another

90.9% + 5.9% of the expected vancomyein content. Most of

vancomycin was released during the first & h (Figure 4).

The almost total release of vancomyein was further proven
using infrared spectrometry, which revealed that the spectral
features of vancomycin disappeared from the spectra of tested

collagen sponges after 7 days (Figure 5). The small amount of

vancomyein that was not released to the medium was most
probably bound to the sponge.

Disk diffusion test

The tested collagen sponge dises exhibited broad inhibi-
tion zones that were even larger than those of standard discs
used for testing antibiotic susceptibility (Figure 5). The mean +
stanclard error of the mean (SEM) of the inhibition zones was
203 + 033 and 17.0 ¢ 0,37 for the sponges and the microbio-
logical standard discs, respectively (p < .ooom).

Rat model of infected wound

No significant changes were determined in terms of the

body weight (BYW), behavior, ar body temperature for either of

the groups, although the increase in the median (IR} weight
of animals in vancontycin group was greater on day 4,118 ¢
(14.75-20.25) vs. 48 (-5.75-13.75). Haptoglobin levels increased
in both groups from baseline levels and were higher in placebo
group throughout the duration of the study. The difference
reached statistical significance on day 4 (p = 0.0034; Figure 6).
The haptoglobin area under the curve (AUC) was 278 and 3.51
g'day/L for vancomyein and placebo groups, respectively.

Pharmacokinetic analysis of intraperitoneal (i.p.)
vancomycin

The mean vancomyein levels following ip administra-
tion of 7.5 mg of the antibiotic are shown in Figure 7. Almost

all vancomyein was eliminated during the first 4 h following
administration. Vancomycin was detected in one animal only
after 24 h (0.2 mg/L). The AUC calewlated according to the
obtained levels was 8771 mg'h/L. Following the administra-
tion of 1.2 mg (the same amount that was administered via
the sponges). the AUC was expected to be 130.0 mg™h/L.

Pharmacokinetic analysis of vancomycin released
from sponges

The mean vancomyein plasma levels following s.c. admin-
istration via the sponges are presented in Figure 8. The release
of vancomyein was significantly prolonged compared to that
following ip. administration. Vancomycin was still measur-
able in all four samples 24 h following implantation (0.3 +
o6 mg/L} and subsequently decreased to below detectable lim-
its (Figure 8. The AUC caleulated according to the determined
levels was 1.5 mg"h/L. e, $8.2% of the AUC caleulated for the
same dose by the Lp. pharmacokinetic analysis described above.
We assume that the rest of vancomyein was bound to those
sponges that were not degraded during the 4-day study peried.

Microbiological examination of infected wound
biopsies

“Table 1 shows a comparison of the numbers of CFL cul-
tivated from the two inoculation sites {with and without
sponges) in the animals fromvancomyein and placebo groups.

Even though differences between the sham surgery and
the sponge sides in vancomyein and placebo groups were not
statistically significant, the numbers of CPU were lower in
the treated side in vancomwein group and in the side without
sponges in placebo group.

DISCUSSION

This studly presents the preparation of a novel carbodiim-
ide cross-linked freshwater fish collagen sponge containing

E by - 100
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FIGURE 4. Vancomycin dissclution into phosphate buffered saline. (A) Absolute amount in mg (B) relative to the expected amount
according to the gravimetric assumption. The total amount of vancomyein released from sponges after 7 days was 16.3 £+ 2.3 mg
corresponding to 85.25% & 7.4% of the total vancomycin content. One of the tested sponges was found to have released 79.6%
+ 0.9% and another 30.9% + 5.9% of the expected vancomycin content. Most of vancomycin was released during the first 8 h,
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FIGURE 5. Disk diffusion test of vancomycin-containing col-
lagen sponges and standard susceptibility testing of vanco-
mycin discs. The mean # standard error of the mean (SEM)
of the inhibition zones was 20.3 £ 0.33 and 17.0 £ Q.37 for
the sponges and the microbiological standard discs, respec-
tively (p = 0.0001). The tested collagen sponge discs exhib-
ited broad inhibition zones that were even larger than those of
standard discs used for testing antibiotic susceptibility.
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FIGURE 8. Haptoglobin mean + standard deviation (SD)
plasma levels for vancomycin- (A) and placebo- {B) contain-
ing sponge groups. Haptoglobin levels ingreased in both
groups from baseline levels and were higher in placebo group
throughout the duration of the study, The difference reached
statistical significance on day 4 (p= 0.0034). The haptoglobin
area under the curve was 2,78 and 3.51 g=day/L for vancormy-
cin and placebo groups, respectively. **p < 0.01.

vancomyein via double lyophilization method ancd @ vitre and
i vive testing of the resulting sponge. Excellent stability was
attained via erosslinking. Following an initial rapid mass loss
caused by the release of the antibiotie, the sponges remained
compact and stable until at least day 7 ina simulated body
environment, To the best of owr knowledge, this is the first
time freshwater fish collagen is combined with vancomyein to
form a hemostatic sponge, which also prevents wound infee-
tion cue to the Gram-positive bacteria most commaonly found
on the skin. In addition, it may prevent wound infection in the
case of surgery in MRESA contaminated area,

Vancomyein is 2 partly time-dependent antibiotic and the
value of AUC, /minimum inhibitory concentration (MIC)
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FIGURE 7. Mean + standard deviation (SD) vancomycin levels
in rats administerad with 7.5 mg of vancomycin intraperitonea-
ally. Almost all vancomycin was eliminated during the first 4 h
following administration. Vancomycin was detected in one anl-
mal only after 24 h (0.2 mg/L). The area under the curve cal-
culated according to the obtained levels was 87.71 mg*h/L.
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FIGURE 8. Mean £ standard deviation (SD) vancomycin plasma
levels in rats treated with vancomycin-containing sponges. The
retease of vancomycin was significantly prolonged compared
to that following intraperitoneal administration. Vancomycin
was still measurabla in all four samples 24 h following implan-
tation (293 = 0.6 mg/L) and subsequently decreased to
bedow detectable limits. The area under the curve (AUC) calcu-
lated according to the determined levels was 115.5 mg*h/L,
i.e., 88.2% of the AUC calculated for the same dose by the
intraperitoneal pharmacokinetic analysis described above,
We assume that the rest of vancomycin was bound to those
sponges that were not degraded during the 4-day study period,

TABLE 1. Numbers of CFU cultivated from biopsies taken from
the inoculation sites

CFU median (1OR)
Vancomyein group Macebo group
{sponge with vancomyein]  {sponge without vanconyeing

Sponge side
[EET ]

Sham surgery
side (pr < (05}

10.5 {5-2625) 140 (107 5-187.5)

25{15-35) 65 {35.145)

IQR: Interquartile range; CFU: Colony-forming unit

ratio as the primary PE/PD parameter should exceed oo to
ensure clinical efficacy in the case of MRSA infections [27].
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Thus, vancomycin for systemic infections should ideally be
administered repeatedly or via continuous infusion with a
loading dose sufficient for rapid and effective exposure [28,20].
Regarding the treatment of local surgical site infections, the
ideal PK/PD characteristics can be achieved by slowing down
the release of vancomycin from a collagen dressing applied
directly to the wound With the retardation of vancomycin
release from the spenge, the drug levels should still be suffi-
ciently high over a reasonable peniod of time to achieve an
AUC, /MICratio of over qoo. Since drug absorption depends
naot only on the drug concentration at the site of action but
also on local vasculanzation [30], the degree of protection
may be higher in low vascularized wounds. This may even
be advantageous since such wounds are otherwise difficult to
treat. Moreover, in the case of surgical wound infection pro-
phylaxis this may provide the so-called "protected coagulura’
which would normally be attainable only via the application
of high deses of mtravenous (v} vancomycin with related
potential adverse effects. In addition, drug distribution vari-
ability may play a role in peripheral infective focus treatment
or prophylaxis via systemic drug administration. Therefore,
the adrministration of the drug must be carefully timed to
achieve effective levels in the tissue during suraery, Since the
antibiotic concentration in a surgical coagulum is approxi-
mately 10 times lower than in plasma, even with the proper
timing of the administration of the antibiotic [31]. the plasma
levels of i.v vancomycin required for effective surgical wound
protection would be toxic.

We prepared sponges that retarded the release of vancomy-
cinfor at least 8 hours, according to the results of the i vitro tests
(Figure 4). We also determined significantly different vancomy-
cin plasma profiles following i p. administration and s.¢. adminis-
tration via the tested sponges in rats (Figures 7 and ). Although
the bioavailability was similar (88.2% of the AUC obtained via ip.
administration), the release of vancorycin to the plasma com-
partment was markedly slower in the case of administration
via the sponges. Therefore, the vancomyein levels in the wound
had to be much higher than those achievable by v administra-
tion. This allows effective local exposure for the treatment of
wound infections by vancomycin as a time-dependent antibi-
otic. Interestingly, this is in contrast to our former results con-
cerning gentarmicin-releasing sponges, where the release profiles
were the same for bath intramuscular (i m) administration aned
adrumistration via s.c. implanted sponges [3].

The microbiological results of disk diffusion tests revealed
effective release of vancomycin as well as effective treatment of
wounds infected by MRSA, ie. the CFU numbers in vancony-
cin-treated rats were significantly lower than in control group
[Table 1), Moreover, the levels of haptoglobin, which is an acute
phase marker in rats, were lower in the treated group {the AUC
was 2% lower) during the whole duration of the experiment.
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The wound care procedure for postoperative wounds in
the dinical setting, consisting of daily replacement of wound
dressing and the application of vancomycin by sponges that
allow slow release of the drug, would be ideal in this case in
terms of maintaining effective exposure to the drug over
a sufficiently long time period. We prepared sponges that
release almost all vancomycin content over 8 hours i wifro
but continue to release vancomyein after 24 hours a v,
Ouwr sponges would, therefore. release most of the drug before
a replacement of the dressing, and the release would be slow
enough to profong the local exposure to the levels above the
MIC for at least most of the wound dressing replacement
period MNevertheless, it is important to consider that local van-
comycin levels may differ according to vascularization in the
treated tissue and may, therefore, vary according to the type of
wonnd (g, crural uleers vs. sternotomy).

By exposing collagen sponges to PBS we showed that
approximately 6o% of the material remained after 158 hours;
moreover, using infrared spectroscopy we confirmed that
the material retained its collagen secondary structure. This
collagen sponge provided a high degree of OP (over 8o%),
which plays an important role in terms of fluid mass transport
(ie. nutrients and oxygen), removal of waste and, potentially,
cell penetration through the sponge. Suchy et al. [32] showed
that collagen scaffold hydration does not affect OF thus
ensuring stable permeability over time. Therefore, following
elimination of infection during the first few days, the sponge
can remain in the wound as a biccompatible scaffold for the
enhancement of granulation and epithelization.

We found no significant difference in terms of CFU count
between the sites with and without spenge administration. This
may be the result of local vancomycin diffusion to the MRSA
inoculation sites not protected by the sponges, due to the small
size of the rats and the fact that the treated and control sites were
not located far enough from each other A second possible expla-
nation includes the systemic effect of vancomycin absorbed from
the administration site. The situation would, dearly, be very dit-
ferent in larger animals and humans, considering that the distri-
bution volume would be ruch larger and the dose administered
would be much smaller in refation to the BW. MNevertheless, in
the case of lage wounds involving the use of several sponges, it
should be borne in mind that the drug from the sponges is finally
absorbed into the systemic circulation and systemic adverse
effects may oceur This is of particular importance with respect
to renal patients since the halflife of vancomycdin is significantly
extended in cases of renal failure [33].

CONCLUSION

This study presents an effective antimicrobial hemo-
static wound dressing that is able to serve as a ready-to-use
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device and that will assist surgeons with respect to both sur-
gical wound infection prophylaxs and the treatment of local
infection. We emploved freshwater fish collagen, which is less
immunogenic than mammal collagen, and increased the sta-
bility of the collagen via crosslinking with carbodiimide. The
added antibiotic is vancomycin which is not commonly used
in combination with hemostatic wound dressing and may
prevent surgical wound infection caused by Gram-positive
bacteria commanly found on the skin: The other possible use
is to prevent infection during surgery involving MRSA con-
taminated area The sponge remained stable at 37°C for at
least 7 days and released the vancomycin content gradually
tor several hours following implantation, The efficacy of the
treatment of infected wounds was proven in a rat model, by
a decrease in the number of MRSA CFUs in the infected site
tollowing the local admunistration of vancomycin-releasing
sponge.
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