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Abstrakt

Imunosupresiva a cytostatika jsou léciva s velmi silnymi nezadoucimi ucinky,
projevujicimi se v zavislosti na jejich celkovém podaném mnozstvi. Vhodna lokalni
aplikace téchto 1é¢iv umoziuje vyznamné snizeni celkové davky léciva pii soucasném
zvyseni jeho lokalni koncentrace a prodlouzeni doby ptisobeni. Jednim z moznych
zpusobl lokéalni aplikace 1éciv je pouziti polymernich vldkennych nosici.
Na polylaktidovych (PLA) mikro/nanovldknech obsahujicich hydrofobni 1é¢iva
(imunosupresivum cyklosporin A a cytostatikum paklitaxel) byla studovana moznost
jejich vyuziti pro medicindlni ucely. Do vlaken byly béhem piipravy inkorporovany
amfifilni molekuly polyethylenglykolu (PEG) o rtiznych molekulovych hmotnostech (6,
20 a 35 kDa) ke zvySeni kompatibility systému PLA-l¢Civo a ovlivnéni rychlosti
uvoliiovani hydrofobnich 1é¢iv do vodného prostfedi. Pro systematicky vyvoj téchto
materiald je dulezité popsat souvislosti pfipravy nanovléken, jejich morfologie a profilu
uvolnovani 1é¢iv. Pro sledovéani kinetiky uvolfiovani 1é¢iv do riznych prostiedi
simulujicich prostiedi lidského téla (fosfatovy pufr, hydrogel) byly vypracovany,
optimalizovany a validovany analytické HPLC metody s tandemovou hmotnostni nebo
UV detekci. Pomoci téchto metodik byl studovan vliv slozeni vldken a podminek
okolniho prostfedi na profil uvoliiovani 1é¢iv. Pfiddnim PEG do nanovldken doslo
k signifikantnimu nérGstu uvolnéného mnozstvi 1éCiv a k prodlouzeni doby uvoliovani
v porovnani s nanovldkny neobsahujicimi PEG. Byl také pozorovan ndsobny nartst
uvolnéného 1é¢iva do hydrogelti v porovnani s uvoliiovanim do vodnych médii. PLA-
PEG nanovldkna by tak mohla byt pouzita jako ucinné nosice pro potlaceni lokalni
zanétlivé reakce, odpovédi imunitniho systétmu a pro lokalni 1écbu recidivujicich

nadoru.



Abstract

Immunosupresive and cytostatic drugs have many serious side effects which are
dose dependent. Local application of drugs prolongs and increases the concentration
of drug in the target place and, therefore, may reduce their serious side effects.
Polymeric fiber carrier could be used as drug delivery system for local application.
Polylactide (PLA) micro/nanofibers containing hydrophobic drugs (immunosupresive
drug cyclosporine A and cytostatic drug paclitaxel) were prepared to study this potential
medicinal application. Poly(ethylene)glycols (PEG) of various molecular weight (6, 20
and 35 kDa) were incorporated to the structure of fibers to improve compatibility
of PLA-drug system and influence the release profiles of hydrophobic drugs.
For the systematic development of these materials, it is important to describe
the context of the preparation of nanofibers, their morphology and drug release profiles.
Therefore, HPLC methods with tandem mass spectrometric or UV detection were
optimized and validated to determinate the influence of composition of nanofibers
on release kinetics of drugs to different medium (phosphate buffer, hydrogels).
The nanofibers with added PEG released significantly higher amounts of drugs
and prolonged the release time, compared to the fibers containing only drugs.
A multiple increase in the release of the drug into hydrogels compared with release
into aqueous media was also observed. Therefore, PLA-PEG nanofibers can serve
as an effective scaffold for the local suppression of inflammatory reaction or immune

response or for local recurrence therapy.
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1 Seznam zkratek a symbolu

a
CAM
CsA
ESI
hmot. %
HPLC
IL-2

MALDI
MS/MS
mlz
PBS
PCL
PEG
PGA
PLA
PLGA
PVA
PTX
SEM
UHPLC

Plocha ter¢ikt

Chorioallantoickd membrana
Cyklosporin A

Ionizace elektrosprejem

Hmotnostni procento

Vysokoucinna kapalinova chromatografie
Interleukin 2

Mnozstvi 1é¢iva

Desorpce laserem za ucasti matrice
Tandemova hmotnostni spektrometrie
Hmota/naboj

Fosfatovy pufr

Polykaprolakton

Polyethylenglykol

Polyglykolid

Polylaktid

Poly(laktid-co-glykolid)
Polyvinylalkohol

Paklitaxel

Skenovaci elektronova mikroskopie
Ultra-vysokot¢inna kapalinova chromatografie
Rychlost uvolnovani

Doba analyzy
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2 Uvod

V dobé¢, kdy je mozné provadét transplantace organti ¢i ovlivnit vyvoj rakoviny, se
neustale hledaji ucinnéjsi a Setrnéjsi aplikace 1éCiv. Jednou z mozZnosti je pouziti
nanovlaken jakozto polymernich nanovladkennych nosi¢ti slouzicich k uvoliovani 1é¢iv.
Mnozstvi a intenzita vedlejSich ucinkl cytostatickych ¢i imunosupresivnich 1éCiv je
zavisla na jejich celkové podané davce. Lokalni aplikace nanovlakennych material by
pusobenim pfimo v misté U¢inku mohla nejenom snizit celkovou davku léciva, tedy
snizit mnozstvi vedlejs$ich ucinki, ale také zvysit jeho lokalni koncentraci a dobu jeho
pusobeni v cilové tkani. Nékteré nanovldkenné materidly se jiz v klinické praxi uzivaji
jako terapie u rakoviny pevnych nadort, a proto je uvoliiovani 1éCiv z nanovlaken
vniméno jako oblast vyzkumu s velmi vysokym potencialem.

Pro vyvoj Gspésného nanovldkenného materidlu s inkorporovanym lécivem je vSak
nutné sledovat fadu parametrt ovlivitujicich profil uvoliiovani 1é¢iva jako je napf. jejich
morfologie, druh pouzitého polymeru nebo piipadnych aditiv pfidanych do zvlaknovaci
smesi.

Uvolnovani 1é¢iva ve fyziologickém prostiedi lidského téla je velmi komplexni jev,
ktery je ovlivnén fadou faktorii, jako jsou rozpustnost 1é¢iva, iontova sila, konvekce
tekutiny v okoli, sorpce 1é¢iva na proteiny krevni plasmy a mnoho dalSich. Vzhledem
k této komplexnosti se na vyvoji takovychto projektii podili fada pracovist nejenom
biologickych ¢i medicindlnich, které testuji vladkna na Zivych organismech, ale také
analytickych. VétSina biologickych experimentli je totiz velmi specificka, proto
pro exaktni pochopeni procest, majicich vliv na uvolfiovani 1é€iv z nanovlakennych

materiald, je tfeba analytického stanoveni mnozstvi ¢i profilu uvoliiovani 1éciva.
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3 Cile prace

Disertacni prace si klade za cil pfispét k poznani vlivu slozeni nanovlaken

s inkorporovanymi hydrofobnimi 1éCivy na profil uvoliiovani téchto 1éCiv, a tim

na moznost jejich pouziti pii lokéalnich aplikacich.

Hlavni cile disertacni prace jsou:

1y

2)

3)

4)

Vybér vhodného biokompatibilniho polymeru a aditiv pro pfipravu
nanovlaken s ohledem na inkorporaci 1€Civ, vlastni piiprava a charakterizace
nanovldken, které by bylo mozné vyuzit pro lokdlni imunosupresi

¢i onkologickou terapii.

Vyvoj, optimalizace a validace analytickych HPLC metod s tandemovou
hmotnostni nebo UV detekci, vhodnych pro sledovéani profilu uvoliiovani
1é¢iv v riznych kapalnych mediich, vybranych tak, aby alespon ¢astecné

simulovaly realné prostiedi lidského organismu.

Studium vlivu ptfidavku polyethylenglykolu (PEG) do struktury
polylaktidovych (PLA) vldken na profil uvoliiovani hydrofobnich 1éciv
cyklosporinu A (CsA) a paklitaxelu (PTX) v rznych prostiedich.

Sledovani vlivu PEG na profil uvoliovani PTX do hydrogelu simulujiciho
redlnou tkan, vlastni pfiprava hydrogelu, jeho charakterizace a uspotradani

experimentu uvoliiovani lé¢iva z nanovldkenného nosice.
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4 Nanovlakenné materialy

4.1 Nanovlakna a jejich vlastnosti

Polymerni nanovldkna jsou materidly s velmi specifickou strukturou, diky niz jsou
v soucasné dobé v centru pozornosti mnoha biomedicinalnich aplikaci. Jejich struktura
je charakteristickd velkou porozitou, tvofenou relativné malymi pory, které
pii biomedicinalnich aplikacich nejen brani pfistupu bakterii a necistot z vnéjSiho
prostiedi, ale také umoznuji transport malych molekul, napt. kysliku, vody a metabolit
do bun¢k. Velmi vyhodnym se tedy jevi pouziti nanovléken jako obvazovych materidlti
[1, 2]. Biokompatibilni nanovlakna mohou byt dale pouzita jako nosi¢e pro kultivace
riznych bunéénych struktur [3], nosice pfi lokélnich aplikacich antibiotik [4], ristovych

faktori [5], anestetik [6] ¢i pti imobilizaci enzymu [7].
4.2 Metody pripravy nanoviaken

Nanovladkna lze ptipravit ndsledujicimi zptsoby:

4.2.1 Dlouzenim (drawing)

Jedna se o proces ptipravy, diky kterému je mozné produkovat jednotlivd velmi
dlouhd vlakna. Principem metody je pfiloZzeni kapilary s primérem nékolika
mikrometrti k povrchu kapky roztoku ¢i taveniny polymeru. Jejim naslednym odtazenim
vznikd mezi Gstim kapilary a kapkou vlakno, které pti vhodnych parametrech kapaliny
muze dosdhnout submikronovych tlousték. Problémem této metody je jeji nizka
univerzalnost a reprodukovatelnost tloustky ptipravovanych vladken. Lze totiZ pouZit jen
zcela viskoelasticky materidl, ktery je schopen piekonat silnou deformaci a zaroven

musi byt material dostate¢né soudrzny, aby nedoslo k preruSeni vlakna [8, 9].

4.2.2 Podlozkovou syntézou (template syntesis)

Podlozkova syntéza je metoda vyuZivajici ktvorbé nanovldken vzorovaci
membrany z riznych materialli, napt. kovil, polovodi¢l, uhliku ¢i elektricky vodivych
polymerti s nanorozmérnymi pory. Skrze membranu je protlaovan kapalny roztok
polymeru do sraZeci lazné. Metoda ma vybornou reprodukovatelnost vlastnosti

materiald, ale nelze jejim prostfednictvim produkovat jednotliva nanovladkna [10-12].
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4.2.3 Fazovou separaci (phase separation)

Tato metoda je sloZena z n€kolika krokii. Prvnim krokem je rozpousténi polymeru
v rozpoustédle, druhym krokem je jeho gelace a néasledné¢ dochdzi k samotné fazové
separaci. Pii té je postupnou extrakci za pouziti rdznych rozpoustédel odstranéno
puvodni rozpoustédlo ze struktury gelu a je nahrazeno novym rozpoustédlem odlisnych
vlastnosti (napf. dvojice voda a tetrahydrofuran), diky kterému vznikd nanorozmérna
porovitd péna. Nasleduje ochlazeni materidlu na teplotu tuhnuti druhého rozpoustédla
ajeho odstranéni sublimaci za snizeného tlaku. Priméry vlaken byvaji 50 - 500
nanometra a délka v fadu mikrometrii. Nevyhodou procesu je ¢asova narocnost pievodu

pevného polymeru do porézni pény [13-15].

4.2.4 Samo-organizovanim (self-assembling)

Principem samo-organizovani je proces, pii kterém se jednotlivé prvotni slozky
nanovlaken organizuji do pozadovanych vzora a funkci. Riiznou chemickou strukturou
prvotnich slozek je dan zplsob organizovani. Jednim z piikladi miZze byt tvorba
hydrogeli obsahujicich dvé navzajem propojené faze, kde pevnou fazi tvoii
nanovlakena sit’ a kapalnou fazi je voda. Zpracovani kontinudlnich polymernich vlaken
je stejné Casové narocné jako fazova separace. Zpravidla se tato metoda pouziva

pro zpracovani peptidll napt. v kombinaci s amfifilnimi latkami [16].

4.2.5 Foukanim taveniny (meltblowing)

Zakladem ptipravy vlaken je protlaceni taveniny polymeru tryskou s mnoha otvory,
ke kterym je souCasné piivadén ohfaty stlaceny vzduch. Po vytladeni je tavenina
unaSena a dlouZena ohfatym vzduchem proudicim vysokou rychlosti. Vlastnosti vlaken
zavisi na konstrukénich parametrech zafizeni (tvar a rozmisténi trysek), na vlastnostech
polymerni taveniny (teplota tani, index toku) a na parametrech proudiciho vzduchu
(charakter proudéni, teplotni gradient). Tato metoda obecné slouzi k vyrobé
mikrovlaken; zvolenim vhodnych podminek vSak 1ze dosdhnout i vytvofeni nanovlaken.

Nespornou vyhodou je mozZnost efektivniho zpracovani polymerd z taveniny, napf.

polyethylenu ¢i polyurethanu [17].
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4.2.6 Elektrostatickym zvlaknovanim (elektrospinning)

Jedna se o techniku ptipravy vlaken malych primért z polymerniho roztoku nebo
polymerni taveniny pomoci elektrostatickych sil. V porovnani s ostatnimi zpusoby
pfipravy je mozné tento zplsoby vyroby pouzit k vyrobé jednotlivych kontinudlnich
nanovladken, navic u nékterych technik s vyrazné vyssi produktivitou, tak aby bylo
mozné je vyuzit v realné praxi. Bézné se k ptipravé nanovlaken pouziva tzv. jehlovy
elektrospinning [18] a jeho modifikace bezjehlovy elektrospinning, jehoz
prostiednictvim Ize na rozdil od ostatnich zvlakiovacich metod vyrabét nanovldkenné

textilie o plose az n¢kolika metrd ¢tverecnich [19].
4.2.6.1 Princip pripravy nanovliken pomoci elektrostatického zvlakiovani

Nejrozsitenéjsi metodou pripravy nanovlaken je dnes elektrostatické zvlaknovani
(elektrospinning). Tato metoda vyuziva elektrostatickych sil k vyrobé polymernich

vlaken o malém priiméru (od desitek nanometrti az po nékolik mikrometrti).

A B

Polymeraéni smés

Hrot kapiliry

I+
= A\ ey Tyt t—
E T
Vysoké 4+ /
napéti { ]

Hrot kzpilir_\'/ | Taylorbv kual Kolektor

Kolektor

Obr. 1 Schématicky diagram elekrospinningového pfistroje ve vertikdlnim uspofadani (A); pievzato a

upraveno [18]. Taylorav kuzel (B); pfevzato a upraveno [20].

Elektrospinningovy pfistroj je sloZzen ze tfi hlavnich ¢asti: elektrody vysokého
napéti, zvlaknovaci trysky a elektrody opa¢ného naboje (kolektoru) (obr. 1A). Elektroda
vysokého napéti je spojena pifimo s polymernim roztokem a zvlakniovaci tryskou, ktera
kon¢i kapilarou. V disledku elektrického pole mezi Spi¢kou kapilary zvldkinovaci trysky
a kolektorem je na povrchu kapaliny polymerniho roztoku indukovan elektricky naboj.

Vzajemna odpudivost naboji a stazeni povrchovych naboji k opaéné elektrodé vytvari
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silu vektorové opac¢nou k povrchovému napéti. Jak intenzita elektrického pole vzrista,

hemisféricky povrch kapaliny ve Spi¢ce kapilary se prodluzuje, az tvori kuzelovity tvar

(tzv. Taylortiv kuZzel). Pokud elektrické pole dosahne kritické hodnoty, pii které

odpudiva elektrostaticka sila prekona povrchové napéti, na Spi¢ce Taylorova kuzelu se

vytvaii nabity proud kapaliny (obr. 1B). Proud polymerniho roztoku se ztencuje

a zrychluje v elektrickém poli ve sméru elektrody opaéného naboje (kolektoru), kde

se usazuje na nosnou textilii. Béhem tohoto procesu dochézi k odpatfeni rozpoustédla

a ke vzniku polymerniho vlakna. Vznika tak nanovlakenna netkana textilie [18, 21].

4.2.6.2 Modifikace elektrospinningu

A Roztok 1 Roztok 2

Kladné vysoksé napéti

y

Roztok 1 Roztok 2

B

Kladné vysoks napéti

Obr. 2 Schéma pouziti jehel u
koaxidlniho (A) a side-by-side
elektrospinningu (B); pievzato

a upraveno z [22].

Existuje mnoho modifikaci klasického
elektrospinningu. Jednim z ptikladi je koaxidlni
elektrospinning [22, 23], umoziujici vyrobu nanovlaken
s jinym sloZzenim polymeru uvnitf a na povrchu vlakna.
Za pouziti dvou jehel (vnitini a vnéjsi) dochazi k vyrobé
nanovldken s rozdilnym sloZzenim uvniti nanovlakna
ana jeho povrchu. Do vnitini jehly je umistén jeden
druh polymerniho roztok a do vné&jsi jehly druhy. Tento
zplisob poté umoziuje tvorbu tzv. core-shell vlaken
(obr. 2A).

DalSim typem je tzv. side-by-side elektrospinning
(obr. 2B), ktery umoziiuje tvorbu dvojitych az ptilenych
vlaken ze dvou riznych polymert [24]. Pti jejich tvorbé
je vyuzivano jehly, kterd je rozptlilena ptepazkou
umoziiujici oddéleny piivod dvou roztokd. Na Spicce
jehly se roztoky potkavaji a spravnou volbou roztokt

nedojde k jejich miseni, ale ke vzniku pileného vldkna

[25]. Dalsi modifikaci je tzv. bezjehlovy elektrospinning, u néjZ jsou nanovldkna

formovana pfimo z povrchu roztoku ¢i taveniny polymeru bez pouziti trysky [19].
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4.2.6.3 Bezjehlovy elektrospinning

Principem této metody je tzv. bezjehlové zvlakiovani z povrchu roztoku ¢i
taveniny. Na otacejici se kladné elektrod¢ ve tvaru vélce, ¢aste€né ponofené do roztoku
polymeru, zGstava tenkd vrstva zvldknované smési, ze které se vlivem elektrostatického
pole (desitky kV) formuji desitky az stovky nanovldken. Nanovldkna se ukladaji
na nosnou textilii, kterda se posouva pied elektrodou opacné polarity, umisténé
ve vzdalenosti  né€kolika  centimetra.
Rychlosti posuvu se reguluje tloustka
nanovldkenné vrstvy. Intenzitou
elektrického pole, vzdalenosti elektrod,
teplotou, slozenim a  fyzikalné-
chemickymi vlastnostmi zvlakiovaci
smési lze ovlivnit 1 dal$i parametry
vyrabénych nanovldken [26]. Pomérné
velky povrch vilce na jednu stranu
umoziuje tvorbu mnoha desitek vldken
najednou, na stranu druhou vsak snizuje
silu elektrostatického pole aumoziuje

Castetné  vypafovani  rozpoustédla.

Zména koncentrace polymeru v roztoku

snizuje  reprodukovatelnost ~ vyroby.

Obr. 3 Bezjehlovy elektrospinning s jednostrunnou

elektrodou, Elmarco Std. Navic je vtomto usporadani nutné
relativné  velké mnoZstvi roztoku
polymeru. Slabou intenzitu elektrického pole lze ¢aste¢né¢ vykompenzovat pouzitim
upravené elektrody sloZené =z nataZenych paralelnich strun ¢ bodovych nebo
lopatkovych tvard. Zavedeni takového typu elektrod ovSem stale neumoziuje efektivni
zvlaknovani vétSiny druhl roztokd. Proto byl vyvinut novy druh tzv. jednostrunné
elektrody (obr. 3), ktera je stabilni rychlosti pokryvéana roztokem v posuvném pojezdu
a fesi problém odparovani rozpoustédel [19].

Hlavni vyhodou beztryskového elektrospinningu oproti ostatnim vyrobnim

metodam je produkce dostatecného mnozstvi nanovlaken. Laboratorni pfistroje jsou
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schopny produkovat nanovldkenné textilie o rozmérech A4, primyslova vyroba
umoznuje vyrabét role az o §ifi 1,6 m.
4.2.6.4 Parametry zvlaknovani

Nespornou vyhodou elektrostatického zvldknovani jsou jeho podminky tj. pouZziti
za laboratorni teploty a atmosférického tlaku. Dale, na rozdil od ostatnich metod
pfipravy nanovlaken, elektrospinning umoziuje riznym nastavenim parametri
regulovat morfologii vyrobenych vldken, jejich prifez, hustotu ¢i vnitini strukturu

samotnych vldken [27-29]. Parametry urcujici zvlékniovaci proces je mozné rozdélit

na tii typy:

4.2.6.4.1 Parametry roztoku

Koncentrace nanovldkenné smési je jednim z dilezitych parametrii ovliviiujicich
zvlaknovani. Pfi pfili§ nizkych koncentracich polymerd ve zvlaknovaci smési miize
dochézet ke dvéma situacim.
Prostiednictvim elektrospinningu se bud’
formuji  vldkna s malym  primérem,
v jejichz struktufe mulzeme pozorovat
tzv. protazené kapky, perlicky (beads)
(obr. 4A), nebo nedochazi k formovani
vlaken vibec (elektrospraying) (obr. 4B),
kdy vznikaji pouze kapicky smési a nikoliv
vlakna. [30]. Naopak pii pfili§ vysoké
koncentraci dochazi v nanovldkenné

struktufe  k nehomogenitam a  vzniku

silngjsich vlaken [31].
Obr. 4 Elektrospinning (A) a elektrospraying Dalsim  parametrem  ovliviiujicim

(B); pievzato a upraveno [31]. zvlaknovani je viskozita. Ta ovliviiuje
li ptili§ nizka, kapalinovy proud se rozbije do kapicek nasledkem elektrostatického
napéti a opét dochazi k elektrosprayingu. Naopak pii pouziti ptili§ viskézni kapaliny
nedochazi k tvorbé Taylorova kuzele. Pfi kombinaci piili§ vysoké koncentrace

a viskozity dochazi k nartstu priméru vlaken [18, 32].
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Dal§im parametrem zvladknovani je molekulova hmotnost polymeru, kterd ma vliv
na viskozitu rozpoustédla a casto na vyslednou krystalinitu nanovldken. Bylo
pozorovano, ze pii pouziti ptili§ nizké molekulové hmotnosti polymeru dochazi
k tvorbé perlicek vice nez u polymert s vyssi molekulovou hmotnosti [33].

Vodivost roztoku je dana typem polymeru, rozpoustédla a piipadné ptidavkem soli
¢1 tenzidl. Obecné se se zvySujici vodivosti snizuje primér vlaken. Pi1 pfili§ nizké
vodivosti bud’ vldkna nelze tvotit viibec, nebo je jejich primér velky a objevuji se
u nich nehomogenity [27]. Naopak pfili§ vysokd hodnota vodivosti zpiisobi nestabilitu
elektrického pole, ktera vede k nestabilit¢ priméru vlaken [21].

Povrchové napéti souvisi predevsim se slozenim rozpoustédla a je jen castecné
zavislé na koncentraci polymeru [34]. Obecné lze fici, ze povrchové napéti urCuje
vrchni a spodni hranici tzv. elektrospinového okna pokud jsou vSechny ostatni
parametry konstantni [35].

Parametrem ovliviiujicim primér vldken je objemovéa hustota proSlého néboje,

obecné zavisla na vodivosti roztoku [36].

4.2.6.4.2 Parametry zvlakiiovaciho zarizeni

Intenzita elektrického pole je zdsadnim parametrem pii zvlakiiovani a je ur¢ena
predevsim aplikovanym napétim mezi zvldkiovaci kapildrou a kolektorem. Napéti musi
byt dostate¢né na to, aby elektrostaticka sila ptekonala povrchové napéti roztoku a doslo
ke vzniku Taylorova kuzele a nasledné k vlastnimu zvlakiiovéani. PouzZitim vyssiho
napéti dochazi k prodluzovani vldken, ke zmenSeni jejich primérd, ale také k tvorbé
perlicek. U jehlového elektrospinningu také mutize vzrustat pocet vldken vytrzenych
z hrotu kapilary [37, 38].

Dtlezitd je i vzdalenost mezi hrotem jehly a nejbliz§im bodem kolektoru.
S rostouci vzdalenosti klesa intenzita elektrického pole. Pokud je vzdalenost kratsi,
zvysi se sila elektrického pole a miize dojit k tvorbé perlicek a ke zplosténi vlaken [27,
39]. Pti delSich vzdalenostech elektrod je sila elektrického pole zanedbatelnd a vlakna
se bud’ neukladaji na kolektor, nebo se zakulacuji. Vzdalenost jehly a kolektoru ma také
zasadni vliv na odpafeni rozpoustédla, ve kterém jsou polymer a pfipadné dalsi latky

rozpustény.
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Pritok polymeru v kapilafe u jehlového elektrospinningu velice ovliviiuje
rychlost proudéni a rychlost pfenosu materialu. Se zvySujicim se pritokem obecné
vzrustd pramér vldken a poéri mezi nimi. Pfili§ vysoky prutok vede ke vzniku
nehomogennich vlédken, protoze nedochédzi k dostatecnému vysuSeni vlaken (odpateni
rozpoustédla) a v jejich struktufe mohou vznikat perlicky [27, 40]. Pratok také musi byt
vzdy dostatecné¢ vysoky, aby dochéazelo k rovnomérné distribuci vlaken. Parametry

vlaken ovliviiuje také typ a rychlost posuvu kolektoru [41].

4.2.6.4.3 Parametry prostiedi (teplota, vlhkost vzduchu)

Teplota a vlhkost vzduchu jsou nejvice sledovanymi parametry prostiedi
pfi zvlakiovani. Zvysenim teploty dochézi ke snizeni viskozity roztoku a tedy k poklesu
priméru nanovldken [42]. Rostouct teplota prostiedi také ovliviiuje rychlost odpafovani
rozpoustédla. Naopak pfili§ nizka teplota prostiedi mize zptisobit, ze elektrostaticka sila
nepiekond povrchové napéti roztoku a nedojde tak k vlastnimu elektrospinningu.

Vlhkost vzduchu ovliviiuje vznik a velikost pori v samotnych nanovlaknech.
Se zvysujici se vlhkosti dochazi ke vzniku malych pért a k jejich shlukovani [43].
Naopak pfili§ nizka vlhkost mize zplsobit extrémné rychlé odpateni rozpoustédla
ze zvléknovaci smési a u jehlového elektrospinningu tak miize dojit k ucpani kapilary
[44]. Se zvySujici se vlhkosti naopak dochéazi k pomalejsimu odpatfovani rozpoustédla,
nanovlakna vznikaji pomaleji a vytvaii se tak vldna s niz§Sim primérem [45]. Piili§

vysoka vlhkost nasledné miiZe zpiisobit i perlickové efekty [46].

5 Charakterizace nanovlaken

5.1 Charakterizace morfologie viaken

K charakterizaci struktury vladken se nevice vyuzivd mikroskopickych technik.
Pro méfeni tloustky vldken, jejich orientaci a geometrii je nejCastéji pouZivana
skenovaci elektronova mikroskopie (SEM), v ojedinélych ptipadech transmisni
mikroskopie (TEM) a mikroskopie atomérnich sil (AFM).

SEM je nejvice vyuzivanou technikou z diivodu relativné jednoduché ptipravy
vzorkll a snadné interpretace ziskanych dat. Pouziva se pro stanoveni primeéru vladken
ak urCeni jejich morfologie. Oproti tradi¢nimu optickému mikroskopu maji SEM

obrazky velkou hloubku ostrosti a mnohem vétsi rozliSeni. Tyto vlastnosti jsou dany
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principem metody vyuzivajici uzkého elektronového paprsku, ktery se postupné
pohybuje po povrchu vzorku a vytvaii vysledny obraz postupnym skenovanim vzorku.

Podminkou aplikace SEM je vodivost stanovovaného materidlu. VeétSina
nanovldkennych materiald tak musi byt pokryta vodivou vrstvou uhliku, zlata nebo
platiny. NanaSeni této vrstvy probiha metodou vakuového odpatfeni nebo iontového
rozprasovani. Nevyhodou SEM je, Ze vodiva vrstva miize zpiisobovat snizeni piesnosti
méfeni u velmi tenkych vldken a také, ze vlivem elektronového paprsku muze dojit
k poskozeni vladken o priméru < 200 nm. PfedevSim vSak nandSeni vodivého povrchu
vyzaduje dikladné vysuSeni vzorku, coz muze byt spojeno se zmeénou jeho morfologie.
U hydrofilnich polymert jsou tak sledovana vlakna v jiném prostiedi, nez v jakém jsou
pouzita (napf. v in vivo prostfedi pii medicinalnich ¢i biologickych aplikacich). Stejné
tak mtize mit vlhkost vliv na porozitu nanovlakenné textilie [47].

Velikost port nanovldkennych materialti je dulezitym parametrem; u tkdnovych
kultur pfimo ovliviluje schopnost bun€k infiltrovat materidl. Charakterizace pori
zahrnuje stanoveni celkového objemu pord, piipadné distribuci jejich velikosti.
S omezenou vypovidaci hodnotou Ize pro tyto ucely pouzit rtutovou porozimetrii [48].

Dale je pro charakterizaci materialu nutno urcit porozitu samotnych vlaken, tedy
distribuci Sifek port, jejich objem a specifickou plochu nanovldkennych textilii, tj.
plochu vzorku vztazenou na jeho hmotnost. Ke stanoveni téchto parametri se nejvice
vyuziva BET (Brunauer, Emmet, Teller) metody, resp. adsorpce/desorpce dusiku [49].
Principem metody je adsorpce a nasledna desorpce molekul plynu z povrchu materilu.
Lze zmétit mnoZstvi plynu, které se adsorbuje za danych podminek na povrchu vzorku.
JestliZe je zndmo, jak velkou plochu zaujima molekula plynu na adsorbovaném povrchu
a mnozstvi plynu adsorbované na zndmém mnoZstvi vzorku, lze vypocitat specificky
povrch vzorku. Mnozstvi adsorbovanych molekul lze stanovit prostfednictvim
adsorb¢ni izotermy, kterd udava zavislost objemu adsorbovaného plynu na tlaku

za rovnovazné teploty [47].
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5.2 Chemicka charakterizace vlaken

K charakterizaci molekulové struktury nanovladken se nejvice vyuziva
infraCervena spektroskopie s Fourierovou transformaci, nukledrni magnetické rezonance
a rentgenova difrakce. Pro urceni tepelnych vlastnosti nanomateridlii je nejcastéji
pouzivéana diferencialni skenovaci kalorimetrie. Princip této metody spociva v méfeni
mnozstvi tepla nutného k ohiati (ochlazeni) vzorku urcitou definovanou zménou
teploty. Tepelnd zména vzorku je méfena proti referencnimu materidlu. Z namétenych
dat 1ze urcit teplotu tani polymeru, jeho krystalinitu, skelné piechody, tepelné kapacity,

teplotu degradace atd. [50].
6 Materialy pouzivané k pripravé nanovlaken

Prostiednictvim elektrospinningu je mozné vyrabét nanovldkna z riiznych typt
polymerti jak pfirodnich, tak syntetickych. Tato vldkna je mozné pouzit v mnoha
oblastech (medicin€, biochemii, ekologii). Pfirodni materidly obecné vykazuji velmi
dobrou biologickou kompatibilitu a nizkou cytotoxicitu, zatimco vyhodou syntetickych
polymert je reprodukovatelnost jejich vyroby, Siroké spektrum mechanickych vlastnosti

(pevnost, elasticita) a v nékterych ptipadech rychlost jejich degradace.
6.1 Prfirodni polymery

Mezi piirodni polymery, ze kterych jsou vlakna nejéastéji vyrabéna, patii napf.
kolagen, zelatina, chitosan a kyselina hyaluronova. Kolageny jsou nerozpustné
bilkoviny tvofici pojivovou tkan v chrupavkach, Slachach, kostech a kizi [51]. Maji
dilezity vliv na jejich mechanické vlastnosti. K vyrobé kolagenovych nanovldken se
nejcastéji pouziva vysoce tékavych fluorovanych alkoholii a vlakna z nich tvofena mayji
velky potencial napft. jako materialy pro hojeni ran [52].

Zelatina se pfipravuje z kolagenu denaturaci teplem nebo bazickou & kyselou
hydrolyzou. Pfi pfipravé Zelatiny z kolagenu dochazi k zméné¢ jejich vlastnosti, stava se
rozpustnou v fadé bé&znych rozpoustédel, ale naopak ztraci mechanické vlastnosti
kolagenu. BéZzné se Zelatina pouziva v mediciné zvlasté kvili své biodegradabilité
a biokompatibilité [53]. Zelatinova nanovlikna prokazuji schopnost urychlit hojivy
proces [54] a mohou slouZit jako podpiirny material pro pfenos bun¢k [55]. Nanovlakna

z fibroinu a Zelatiny jsou také vhodnym nosi¢em pro rist fibroblasti [56].
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Dal§imi pfirodnimi polymery, vhodnymi pro tvorbu nanovléken, jsou chitin a jeho
deacetylovana forma chitosan. Chitosan a chitin jsou biokompatibilni, biodegradabilni
polymery. Chitin je malo rozpustny a kjeho zvlaknovani se pouzivaji fluorované
alkoholy nebo aceton [57]. Chitosan se Casto zvlaknuje ve smési s kyselinou octovou
[58] a také se Casto pouzivd ve smési s mnoha syntetickymi polymery, piikladem
mohou byt chitosano-polyethylenoxidova vlakna [59]. Chitosan i chitin maji vynikajici
potencial jako materidly k hojeni ran [60], jako obvazové materidly [61, 62] a vykazuji
antibakterialni a hemostatické t¢inky [63].

Kyselina hyaluronova je linearni polysacharid s mnoha dualezitymi biologickymi
vlastnostmi, jako je biokompatibilita, biodegradabilita, diky nimz je jednim z nejvice
vyuzivanych pfirodnich polymert v tkanovém inzenyrstvi [64]. Pro zvldkiiovani se
nejvice uziva dimethylformamid s vodou [65] ¢i vodnymi roztoky hydroxidu sodného
nebo amoniaku [66]. Kyselina hyaluronova diky svym vlastnostem mize byt pouzita
pro hojeni ran [67], jako nosi¢ vhodny pro tkanové inzenyrstvi [68], k 1€cbé artrozy,

k distribuci 1€kt ¢i mize byt soucasti implantati.
6.2 Syntetické polymery

Syntetické polymery maji oproti piirodnim materidlim fadu vyhod jako je
reprodukovatelnost jejich vyroby, Siroké spektrum mechanickych vlastnosti (pevnost,
elasticita) a v nékterych piipadech rychlost jejich degradace [69]. Mezi syntetické
polymery patii napi. polyglykolidy (PGA), polykaprolaktony (PCL), polyvinylalkoholy
(PVA) a v neposledni fadé polylaktidy (PLA). Vzhledem k dobré biodegradabilité byly
tyto materialy jiz pouzity k vyrobé obvazovych materidlti [70], kostni tkané [71],
srde¢nich nahrad ¢i nahrazek krevnich cév [72].

Polykaprolakton je semikrystalicky, biodegradabilni polymer patiici po skupiny
polyesterti. K jeho zvldknovani se nejvice uzivd chloroform [71, 73] nebo smés
tetrahydrofuranu s dimethylformamidem [55]. Byva pouzZivan pro vyrobu vlaken
slouZicich pro kryti ran [55], tkanové inzenyrstvi [71] €1 jako nosi€ pro uvoliiovani 1é¢iv
[74]. Jeho wvuziti je vSak limitovano jeho horSimi mechanickymi vlastnostmi
a hydrofobnim charakterem.

Polyglykolidy jsou netoxické, biokompatibilni, semikrystalické polyestery,
degradovatelné jiz béhem nékolika tydni. Pravé tato biodegradabilita umoZznuje jejich

snadné pouZiti v oblasti biomediciny [75]. Jsou hojné uzivany jako materidl v chirurgii
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¢i jinych medicinskych aplikacich. K jejich zvlakniovani se uziva zejména fluorovanych
alkoholii [76] a jsou ¢asto pouzivané k vyrobé vlaken pro kryti ran [77].

Dal$im uzivanym polymerem je ve vodé rozpustny polyvinylalkohol. Jeho
vynikajici chemickd odolnost, fyzikalni vlastnosti a uplna biologicka rozlozitelnost
vedou k jeho Sirokému praktickému vyuziti. K jeho rozpusténi pro ptipravu zvlakiovaci
smési se uziva vodnych roztokti [78]. Oblast jeho pouziti ve formé nanovlaken je
nejvice v lokalni aplikaci 1é¢iv [79, 80], k vyrobé materiali pro kryti a hojeni ran [81]

nebo jako nosi¢ pro kultivaci bun€k kosternich tkani [82].
6.2.1 Polylaktid

Jednim z velmi ¢asto uzivanych syntetickych

O
polymerti pro vyrobu vldken je polylaktid neboli
(@) polymlééna kyselina (obr. 5). PLA je termoplasticky,
n
alifaticky polyester s velmi dobrymi vlastnostmi jako

Obr. 5 Struktura polylaktidu (PLA).  jsou jeho biokompatibilita, biodegradabilita, pevnost
a v neposledni fadé¢ komeréni dostupnost. PLA obsahuje asymetricky alfa uhlik, diky
kterému tvofi dvé krystalické D a L formy a amorfni racemickou D, L formu.
Krystalinita PLA je dana z velké ¢asti pomérem pouzitych D a L forem [83].

Tyto formy a jejich poméry maji vliv také na degradovatelnost polymeru.
K degradaci PLA dochézi zejména hydrolyticky ve vodném prostiedi a k tomuto $t€peni
dochdzi prednostné¢ v amorfnich oblastech struktury PLA, coz vede ke zvyseni
krystalinity polymeru [69]. K degradaci PLA také dochazi prostiednictvim enzymatické
degradace. Byl studovan vliv raznych serinovych proteas, vcetn€¢ proteinasy K,
na degradaci a byla prokazana jejich schopnost degradovat PLA [84, 85]. Porovnani
degradac¢ni aktivity proteinasy K a enzymové lipasy ukazalo, Ze proteinasa K ma
vyraznéj$i vliv na rychlost degradace PLA nez lipasa [86, 87]. Dale bylo zjisténo, ze
na prubéh degradace PLA ma také vliv krystalinita a stereochemie PLA. Proteinasa K
totiz selektivné degraduje L-laktidovou formu a piednostné také dochézi k degradaci
amorfni oblasti struktury PLA [88-90].

Strukturu PLA 1ze modifikovat prostfednictvim kopolymerace s jinymi polymery,
coz umoziuje zménu krystalinity, teploty tdni ¢i rozpustnosti. Nejvyznamnéj$Sim

produktem kopolymerace PLA je PLA-co-glykolid (PLGA), ktery vykazuje jiné
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vlastnosti nez samotny PLA ¢i PGA. PLA je v tomto kopolymeru zastoupen zpravidla
stejnym mnozstvi své L a D formy [91].

PLA a jeho kopolymery jsou vyznamnou skupinou latek, vhodnych pro pfipravu
biokompatibilnich a biodegradabilnich materidlti [69, 83, 92]. Jejich vldkna vykazuji
dobré mechanické vlastnosti a zvySenou odolnost k vnéjSimu prostedi. Pfipravuji se
zejména prostiednictvim elektrostatického zvlakiiovani bud’ z taveniny [93], nebo
zroztoku. PLA se obvykle zpracovava za pomoci Ccistého dichlormethanu,
trichlormethanu ale i dalSich rozpoustédel [94, 95] .

PLA je diky svym vlastnostem vhodnym materidlem k vyrob¢ télnich implantati,
kostry pro neuralni tkan [95], kryti ran [96] a je také jednim z nejvice vyuzivanych
materiali pro inkorporaci a nasledné uvoliiovani 1é¢iv z nanovldkennych materiala [4,

97, 98].
6.3 Pouziti nanovilaken v medicinalnich aplikacich

V medicinalnich aplikacich jsou nanovldkna pouzivana zejména diky svym
specifickym vlastnostem. Nejvyznamnéj$i z nich je vysoka porozita, tvoiena relativné
malymi podry, které pfi biomedicindlnich aplikacich nejenze brani ptistupu bakterii
anecistot z vnéjSiho prostiedi, ale také umoziuji transport malych molekul, napf.
kysliku, vody a metaboliti. Nanovldkna lze pouzit tedy jako obvazové materialy
k hojeni ran [1, 2], jako nosi¢e vhodné pro tkanové inzenyrstvi [99], nebo jako systém
pfi lokdlnich aplikacich antibiotik [4], rGstovych faktord [5], anestetik [6]
¢i pfi imobilizaci enzymi [7].

6.3.1 Kryti a hojeni ran

Idealni obvazy pro hojeni ran musi mit urcité vlastnosti, které jsou dulezité
pro spravné a rychlé hojeni. Musi byt G€innou bakterialni bariérou, byt hemostatické,
dale by mély byt schopny pfizpisobit se obrysu rany, absorbovat uvolilyjici se tekutinu
z rany, mély by byt nepfilnavé k povrchu rany a v neposledni fadé by meély byt
bezbolestné, snadno odstranitelné a samoziejmé mit co nejnizSi néklady
na vyrobu [100].

Pouziti nanovlaken jako obvazovych materialli je zatim v prvotnim stadiu, ale
vlastnosti nanovldkennych materidli spliuji vétSinu vySe uvedenych pozadavkd,

nutnych pro hojeni ran. Materidly, velice ¢asto studované k potenciadlnimu hojeni ran,
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jsou zejména nanovlakna z pfirodnich polymeri nebo kombinace syntetickych
polymert s ptirodnimi.

Ptikladem mohou byt kolagenova vlékna, u nichz byly zkoumany jejich tc¢inky
na cytokompatibilitu, interakce kolagenovych nanovlédken s bunikami a hojivé vlastnosti
nanovlaken. Bylo zjisténo, ze u téchto nanovlakennych materidlii dochéazi k Sifeni
keratinocytli a zaroven k podpotfe adheze bunck, a tim tedy k lepSimu hojeni ran
zejména v ranych stadiich 1é¢by [52].

DalSimi pfirodnimi polymery, pouzivanymi k pfipravé nanovlédken slouzicich
ke kryti a hojeni ran, jsou chitin a chitosan. Chitinovd vldkna byla vytvofena
pro sledovani cytokompatibility, degradovatelnosti a Sifeni keratinocytti a fibroblasti
a byla porovnavana s komer¢n¢ vyrabénymi mikrovlakny [57].

Ptikladem  uziti  chitosanu  byla  chitosanovd  vldkna s pfidavkem
polyvinylpyrolidonu, ktera prokazala vysoké antibakterialni Uc¢inky proti gram
positivnim bakteriim Staphylococcus aureus a gram negativnim bakteriim Escherichia
coli [101].

Rovnéz byla ptipravena PLA vldkna a bikomponentni PLA/polyethylenglykolu
(PEG) vlakna pokrytd chitosanem. Se vzrustajicim mnozstvim chitosanu dochdzelo
k rostouci hemostatické aktivit¢ vldken, dale byla pozorovéna také antibakteridlni
aktivita vlaken, a proto by tato vldkna mohla byt pouzita pro pienos bunék nebo
regeneraci pokozky [96].

Dal§im pfirodnim polymerem uZivanym k vyrobé nanovlidken je Zelatina. Jako
obvazové materidly byla testovana Zelatinova vldkna v kombinaci s PCL vlakny.
Na lidskych dermalnich fibroblastech, keratinocytech a mesenchymalnich kmenovych
buiikach bylo zjisténo, ze jak Zelatinova, tak PCL vldkna podporuji bunécnou adhezi
a proliferaci. Uginek nanovlaken na hojeni ran byl zkouman na krysach a porovnavan
s kontrolni 1é¢bou za pouziti gdzy. Po 5 a 10 dnech 1é¢by bylo zjisténo vyrazné rychlejsi
uzavieni rany za pouZiti nanovlaken obsahujicich Zelatinu, ale Zadné zlepSeni stavu rany
kryté¢ PCL vlakny [55].

Mezi syntetické polymery pouzité pro kryti a hojeni ran patii PVA, PCL,
polyakrylonitril ¢i polyurethan. S pouzitim téchto vldken byly sledovany tfi faze hojeni:
Cistici neboli zanétliva faze, granulacni faze, ve které dochazi ke vzniku novych cév

a vyplnéni rany granulacni tkéani, a epitelizac¢ni faze. Bylo zjiSténo, ze uc¢innost hojeni
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ran je dana zejména porozitou vladken a prodySnosti ¢i smacitelnosti povrchu vldken.
Vhodna hydrofilita a vysoka porosita usnadiuje hojeni ran zejména v jeho prvni
zangtlivé fazi. OvSem také primér vlédken a jejich antibakterialni aktivita hraji velkou
roli v u¢innosti hojeni rany [81].

Dals§imi vlakny pouzitymi jako kryci materidly byla PGA vlakna, u nichz byly
sledovany moznosti zlepSeni biokompatibility PGA vlaken s mékkymi tkédnémi
vytvofenim vlaken s malymi pory a hydrolyzou jejich povrchu prostfednictvim kyseliny
chlorovodikové. Byl zjistén kladny vliv hydrolyzy povrchu na zlepSeni schopnosti
adheze bunék k povrchu vlaken a také doslo ke zlepSeni smacivosti vlaken [77].

Také polyestersulfonova vlakna byla pouzita pro zrychleni epidermalni
regenerace a zlepseni obnovy tkané. Charakterizace vldken ukézala, ze vldkna maji
porézni strukturu s velkym specifickym povrchem, coz umoziuje vyssi absorpéni
kapacitu materidlu, nezbytnou pro u¢inné hojeni ran. Dale in vitro pokusy ukazaly, ze
polyesterova vlakna mohou podporovat proliferaci fibroblastii a Ze epitelova regenerace

u nich probiha rychleji nez regenerace za pouziti gazy [102].
6.3.2 Nosic¢e vhodné pro tkanové inzenyrstvi

Tkanové inzenyrstvi je multidisciplinarni obor, ktery kombinuje védni obory
ve snaze zlepSit biologické ndhrady vhodné pro obnovu, udrzeni a zlepSeni funkce
tkani. Biomaterialy hraji klicovou roli v oblasti tkdniového inzenyrstvi, protoze mohou
slouzit jako matrice pro rast bunék, pro jejich proliferaci ¢i je lze pouzit k regeneraci
a tvorbé novych tkani. Nanovlakenné materialy jsou v této oblasti Casto diskutovany
v souvislosti s jejich strukturou, jelikoz je velmi podobnd extracelularnimu
matrixu [14]. Nizké priméry pori s obdobnou velikosti jako fibrily extracelularniho
matrixu umoZznuji napodobeni prostfedi tkdné¢ a mohou byt tedy ucinné jako substrat
pro rist bunék.

Velmi ¢asto jsou pro tyto ucely pouzZivany ptirodni polymery jako Zelatina [56],
kolagen, kyselina hyaluronovéa [103], chitosan ¢i Skrob. Jejich pfipadnd kombinace se
syntetickymi polymery muze vylepsit celkovou cytokompatibilitu nosic¢e. Piikladem
mohou byt PLA vlakna s pifidavkem Zelatiny [56] nebo nanovlakna z rGznych
syntetickych polymerti (PLA, PLC a dalSich) v kombinaci se Skrobem [104]. Rtzné
polymerni materidly jiz byly pouzity jako nosi¢e koznich bunck [52], kosterni

tkan€ [71], srde¢nich nahrad [105] ¢i nervové tkané [95].
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Vhodnym kandiddtem pro lécbu kosternich defekti by mohla byt napft.
nanovldkna ze syntetick¢ho PCL. Na tyto nanovldkenné nosi¢e byly aplikovany
mesenchymalni kmenové buiiky a po uplynuti jednoho tydne doslo k penetraci bunék
skrz nosi¢, k tvorbé extracelularniho matrixu a k migraci buné¢k uvnité polymerniho
nosice [71].

Jako potencidlni nosi¢ kosterni tkdné byla také studovana vldkna kopolymeru
PLA/kolagen/hyaluronova kyselina. Trojrozmémé polymerni nosi¢e napodobovaly
mikrostrukturu spongiézni (houbovité) kosti. Osteoblasty krysi lebecni tkané byly
umistény na povrch nosice, kde doslo k jejich adhezi, rozsifeni a proliferaci skrze pory
nosi¢e béhem jednoho tydne [103].

Na PLA a PLGA nanovldknech byly zkoumdny moznosti jejich pouziti jako
nosicu srde¢ni tkané. Byl zkouman vliv jejich chemického slozeni, rychlosti degradace
a povrchovych vlastnosti na jejich spojeni s kardiomyocyty a na rtst téchto bun¢k. Bylo
zjisténo, zZe doslo k propojeni kardiomyocytl s kostrou nosice a byl také pozorovan vliv
sloZzeni nanovldkenného materidlu na rist kardiomyocytl. U nejvice hydrofobnich
vlaken (PLA) dochéazelo k vétsi bunééné adhezi nez u hydrofilngjSich a 1épe
degradovateln¢jsich PLGA vlaken [105].

Daéle byla sledovana moznost pouziti PLA vldken k podpote obnovy centrdlniho
nervového systému. Byla testovana schopnost nosicli podpofit rist kultury neuralnich
kmenovych bunék. Buiiky byly nejenom schopny proliferovat na nosici, ale také zistaly
zivotaschopné dokonce 14 dnli za nepfitomnosti rozpustnych rdstovych faktort

v médiu [95].
6.3.3 Lokalni aplikace léciv

Bylo zjisténo, ze pii vhodném slozeni roztoku polymeru je mozné do struktury
nanovldken inkorporovat biologicky ¢i farmakologicky aktivni latky a Ze takto
vytvofend biokompatibilni nanovldkna jsou vhodna pro fizené uvolflovani léciv
pfijejich lokalni aplikaci. Diky velké flexibilit€ vybéru polymerniho materialu, a tim
ijeho vlastnosti je mozné do vldken inkorporovat rizné druhy léku jako naptiklad:
antibiotika, analgetika, imunosupresiva ¢i cytostatika. Ke studiu uvoliiovani 1€¢iv byla
pouzita fada pfirodnich ¢i syntetickych polymernich nosici, jako jsou PCL, PVA,
polyurethan, celulosa, chitosan a v neposledni fadé PLA a jeho kopolymer PLGA.
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Nejvice sledovanymi 1éCivy, wuvolnovanymi znanovlaken, byla Iéciva
s antibiotickymi ucCinky. U vicevrstvych nanovldkennych materiali, vyrobenych
beztryskovym elektrospinningem z polyurethanu a PVA, bylo sledovano uvoliovani
antibiotika gentamicinu [106]. Bylo zjisténo, ze dochazi k uvolnéni 90 % léc¢iva béhem
prvni hodiny u obou typt vlaken. ZvySenim tloustky kryci nanovldkenné vrstvy
dochazelo k prodlouzeni uvoliiovani gentamicinu.

Na PVA nanovldknech s chitosanem bylo sledovano uvoliiovani antibiotika
tetracyklin hydrochloridu. Bylo zjisténo, ze béhem prvnich dvou hodin dochazi
k uvolnéni dostatecného mnozstvi tetracyklinu, umoziujici antibakterialni potlaceni
gram negativnich bakterii Escherichia coli, a taktéz gram pozitivnich baterii
Staphylococcus epidermidis a Staphylococcus aureus. Vyvinutd vlakna byla také
dostate¢né cytokompatibilni, coz zlepsuje jejich vlastnosti pfi pouziti pro antibakteridlni
oSetteni rany [79].

ZPCL vldken byl wuvoliiovdn metronidazol pro 1é€bu periodontdlnich
onemocnénich. Nanovldkna s pfidanym lé¢ivem poskytovala trvaly ucinek pacientiim
az po dobu 11 dni. Zadny z pacientf, kterym byla vlakna aplikovana do ustni dutiny,
nezaznamenal zadné negativni U¢inky, jako je bolest zubti, bolesti ustni dutiny, citlivost
zubl, vznik zanétu, alergie, absces, zménéna chut’ nebo zvysena tvorba slin [74].

Dale  bylo studovano  uvolnovani  analgetik  napf. ibuprofenu
z polyvinylpyrolidinovych vldken s obsahem celulosy [107], nebo paracetamolu
z polyvinylpyrolidinovych vlaken [108]. Tato vlakna méla slouZit jako peroralni, rychle
se rozpoustéjici film, obsahujici paracetamol a kofein. Pti zkouskach navlh¢ovani doslo
k rozpadu vlakna s 1é¢ivem béhem 0,5 sekundy a disolu¢ni studie ukézaly, Ze veskeré
vloZené 1écivo bylo rozpusténo za méné nez 150 sekund, coZ bylo vyznamné zlepSeni
oproti samotnym jednotlivym Ié¢iviim a jejich smési.

Nesteroidnim protizanétlivym lé¢ivem uvoliiovanym také z PVA nanovléken byl
ketoprofen. Z vlaken bylo uvolnéno 85 % léciva béhem dvou hodin a 96 % obsahu
1é¢iva se uvolnilo béhem dvou tydnt. Pfidani methanolu do nanovldkenné smési vedlo
k pomalej$i degradaci vldken ve vodném prosttedi a tudiz ke snizeni rychlého
pocatecniho uvoliiovani [80].

Velmi vyznamnym polymerem v oblasti uvoliiovani 1é¢iv z nanovldkennych

materiald je PLA a jeho kopolymer PLGA. Nejvice pouZivanymi 1é€ivy v kombinaci
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s PLA nanovldkny jsou IléCiva s antibiotickymi tuc¢inky. Uvolfiovani tetracyklinu,
chlorocyklinu a amfotericinu B bylo sledovdano z PLA a PCL nanovldken. Byl
pozorovan jak vliv chemické struktury lé¢iva, tak vliv polymeru, ze kterého byla vlakna
ptipravena. U PCL vldken doslo k uvolnéni 75 % inkorporovaného tetracyklinu béhem
prvnich 20 minut. A piestoze ma chlorocyklin velmi podobnou strukturu, doslo
k uvolnéni pouze 30 % léciva za stejny €as. Rozdil v uvoliiovani byl pravdépodobné
zpusoben jinou rozpustnosti téchto 1é¢iv jak ve zvldknovaci smési, tak v prostredi
uvoliiovani. U PLA vldken doslo k uvolnéni pouze 10 % tetracyklinu ze struktury
vlaken. Je tedy patrné, ze tetracyklin je mnohem 1épe dostupny z PCL nez PLA vlaken.
V ptipadé¢ amfotericinu B bylo pozorovano pomalé uvoliovani 1é¢iva z PCL vlaken
béhem prvnich 90 minut. Po tfech hodindch bylo uvolnéno kolem 30 % celkového
mnozstvi 1éCiva. Dale byla pfipravena kombinovana PCL/PLA vldkna s riznym
pomérem polymert u kterych doslo k uvolnéni az 70 % 1é¢iv béhem prvnich 30 minut.
Takto rychlé uvolnéni léCiva ale neodpovida medicindlnim pozadavkim. Lze tedy
shrnout, Ze z PCL vldken doSlo k mnohem rychlej§imu uvoliiovani 1é¢iva neZ u PLA
vlaken, ve kterych Ize léCivo udrzet déle, a jsou tedy vhodnéjsi pro medicinalni
aplikace [97].

Dal$imi studovanymi antibiotiky byly vancomycin, gentamicin a lokdlni
anestetikum lidokain, inkorporované do sandwichovych PLGA/kolagenovych
nanovlaken s kryci vrstvou PLGA/kolagen a vnitini nosnou vrstvou z PLGA. In vivo
experimenty prokazaly, ze uvoliovani vSech 1é¢iv z nanovldken probihalo po dobu
az tff tydni a u vSech doslo k nejvétSimu uvolnéni béhem prvniho dne. Pro stanoveni
relativni aktivity uvolfiovanych antibiotik byl proveden test bakteridlni inhibice.
Biologicka aktivita se pohybovala od 40 do 100 %. Nanovldkna byla G¢inna pii lécbé
infikovanych ran a fungovala také jako urychlovace pii hojeni ran v rané fazi [109].

Bioabsorbovatelnda PLA nanovldkna byla pouzita pro studium uvolfovani
antibiotika mefoxin, kdy v prib¢hu prvnich 3 hodin doSlo k uvolnéni vétSiny
z celkového mnoZstvi 1é¢iva z povrchu vldken a béhem 24 hodin bylo uvolnéno
prakticky veskeré mnoZstvi mefoxinu a [110].

Pti sledovani kinetiky uvolfiovani paracetamolu z PLA a PLA/PEG vldken bylo
zjisténo, ze pfidani hydrofobni latky (lé¢iva) do struktury nanovlaken vede

ke zpomaleni degradace nanovldkennych materidli a ke zlepSeni jejich morfologie.
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Nanovlakna byla vice uniformni a rovngj$i. Béhem prvnich Sesti hodin uvoliovani
doslo k uvolnéni 3 % paracetamolu z PLA vldken a okolo 50 % léciva z PLA/PEG
vlaken. Divodem muze byt hydrofobni charakter paracetamolu, ktery je méné
kompatibilni s hydrofilnimi vlakny PLA/PEG, a tak dochézi k rychlejSimu uvoliiovani
1é¢iva nez z PLA vlaken. Z uvedenych vysledkt je patrné, ze rychlost uvolnovani 1éciva
muze byt fizena nejenom nastavenim praméru vlakna, ale také hydrofilitou polymerni

matrice [6].
7 Inkorporovana léciva studovana v této praci

Nanovldkenné materialy se ukazaly jako velmi vyhodné pro pouziti pii lokalni
aplikaci 1éCiv. Pti lokélni aplikaci 1ze snizit celkovou davku 1é¢iva podanou organismu,
atedy snizit mnozstvi a intenzitu vedlejSich ucink. Tato aplikace je proto velmi
vhodna pro 1é¢iva, u kterych jejich vazné vedlejsi ucinky nedovoluji dosadhnout v misté
ucinku pozadované koncentrace. Piikladem latek, vhodnych pro studium pouziti
nanovladken pro lokalni aplikace 1é¢iv, jsou pravé imunosupresiva €i cytostatika, mezi

néz patii i cyklosporin A (CsA) a paklitaxel (PTX).
7.1 Cyklosporin A

Cyklosporin A je lipofilni, cyklicky
polypetid slozeny z 11 aminokyselin

(obr. 6). Sedm z nich je N-methylovanych

',;\/H\ P a pravdépodobné zabranuji jeho inaktivaci
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strukturu latky (tzv. B-list). CsA je velmi

v travicim traktu. Dalsi Ctyfi
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Obr. 6 Struktura cyklosporinu A (CsA). i . . ;
malo rozpustny vevodé a ve vodnych

pufrech. Jeho rozpustnost mohou zvysit ptidavky surfaktantd, jako jsou Tween 20 ¢i
Tween 80 [111]. Rozpustnost CsA je zavisla na teploté¢ a oproti vétSiné latek se jeho
rozpustnost zvysuje s klesajici teplotou [112].

CsA je imunosupresivni 1é¢ivo, které se diky své vysoké selektivité vici T-

lymfocytim velmi Casto pouzivd k prevenci odmitnuti transplantovaného organu.
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Indikuje se napf. po transplantacich jater, ledvin, srdce ¢i kostni diené¢ [113].
V soucasné dob¢ jsou zkoumany také jeho neuroprotektivni Gcinky, které by umoznily
jeho aplikaci pro 1écbu pacientli po mozkové mrtvici [114]. Také je mozné jej uzivat
pfi 1écbé nékterych koznich onemocnéni, napt. lupénky [115]. Je tfeba zminit i jeho
velky potencidl pii 1€cbé poranéni rohovky [116], 1é€bé zanétu povrchu oka a syndromu
suchého oka [117].

Nejbéznéjsi aplikaci CsA je peroralni uzivani. Muze byt také podavan
intravenozné, avSak tento zpisob podani je doporucovan vyhradné pacientiim
s problémy traviciho traktu, ktefi nejsou schopni oralniho podani. Lékova formulace
cyklosporinového 1é€iva totiz obsahuje ricinomakrogol, jehoZ vedlej§imi ucinky jsou
dychaci obtize, ¢ervendni obliceje, zmény krevniho tlaku nebo tachykardie. Pacienti
s intravenozni terapii tedy musi byt monitorovani a co nejdiive pfevedeni na oralni
podani [113].

Pro zvySeni peroralni biologické dostupnosti CsA byly vytvofeny tablety
uvolnujici nanoemulzi. Farmakokinetickd studie porovnavajici tablety s nanoemulzi
abézné tablety ukézala, ze profil uvolnéni CsA z nanoemulze je odlisSny od bézné
1ékové formulace. U béznych I€kovych formulaci totiz dochdzi k velmi rychlému
vstiebani 1éku do krve a poté je udrzovéana jeho nizka hladina po dobu 24 hodin. Naproti
tomu profil uvolnéni zemulze vykazuje typické vlastnosti fizeného, postupného
uvolnovani se stabilnéjsi absorpei organismem a pomalejsi eliminac¢ni rychlosti [118].

Vyznamnou komplikaci uzivani CsA jsou jeho vedlejsi G€inky, mezi néz patii
zejména nefrotoxicita [119] a hepatotoxicita [120]. Dal§imi vedlejsimi ucinky mohou
byt zvySeni krevniho tlaku [121, 122], hyperlipidemie [123] a existuje také podezieni
z iniciace diabetes mellitus [124].

Intenzita vSech vySe zminénych nezadoucich ucinkl roste se zvySujicim se
mnozstvim podaného léc¢iva. Kvili nizké rozpustnosti ve vodé ma CsA pii ordlnim
podani velmi malou vstiebatelnost. Pfi béZnych ordlnich aplikacich je tedy nutné
podavat vysoké davky CsA pro dosazeni jeho terapeutického ucinku. Lokalni aplikace
nanovldkennych materidlti s inkorporovanym CsA by umoznila snizeni celkové davky
potiebné k navozeni u¢inku 1éc¢iva.

Byly testovany rtizné formy zvySujici G€innost aplikace CsA. Inkorporace CsA

do nanocastic jiz byla pouZita pro studium lokéalniho plsobeni CsA u zrakové
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postizenych. CsA byl ve form¢ miceldrnich ¢astic z PLGA aplikovan pii zkoumani
ucinnosti imunosupresiv na zanét povrchu oka, vznikajiciho pfi syndromu suchého oka.
Jak jiz bylo dfive uvedeno primér a povrchovy naboj nanocéstic je dany typem
polymeru, ze kterého jsou nanocéstice pripraveny. Nanocastice PLGA:Eudragit
(75 : 25) s CsA vykazovaly nejenom maly pramér Castic, ale také pozitivni povrchovy
naboj, coz je Cinilo nejvyhodnéjsimi k 1écbé syndromt suchého oka. Tato formulace
také vykazovala signifikantné vysSsi stupen bunécné absorpce a vyssi koncentraci CsA
v slzném filmu oka v porovnani s ostatnimi formulacemi [125].

Déle bylo zjisténo, ze liposomalni castice s CsA jsou vice efektivni a mén¢
drézdivé nez emulze jiz registrované pro oc€ni lé€bu. Syntetizované liposomy
vykazovaly u experimentalnich kraliki vyznamné zlepSeni v produkci slz v suchych
ocich, vyssi koncentraci slzného filmu a mensi o¢ni podrazdéni pii 1€cbé syndromu
suchého oka [126].

Dalsi studie sledovala ucinek CsA na potlaceni funkce T-lymfocytl
pfi transplantaci rohovky. CsA byl pouzit tentokrat ve formé miceldrnich nanocéstic
kopolymeru slozeného z riznych derivati PEG a PLA. Lécba byla provadéna po dobu
14 dni a byly hodnoceny tii parametry: transparentnost rohovky, edém
a neovaskularizace. Ve srovnani s kontrolni skupinou vykazovala 1écend skupina
vyznamné vyS$$i pruhlednost rohovky a niz§i edém po 7 a 13 dnech od operace.
Na konci studie byla neovaskularizace u lé¢enych zvifat snizena o 50 %. Mira
uspesnosti transplantace rohovkového S§tépu po 14 dnech 1écby byla tiikrat vyssi
u lécenych zvitat (73 % oproti 25 % kontrolni skupiny). Tato nova formulace méla
stejnou Ucinnost jako systémova lécba, ale bez zavaznych systémovych vedlejSich
uéinka CsA [98].

Dalsim typem studované lokalni aplikace byla inkorporace CsA
do nanovlanennych materiali. CsA byl inkorporovan do nanovlaken z PLA a studium
jeho uvolnovani prokézalo, Ze dochézi k jeho uvolnovani i po 96 hodinéach, aniz by
doslo ke ztrat¢ jeho aktivity. Vysledky ziskané z vyzkumu na buné¢nych kulturach také
prokazaly, Ze pfi pouziti PLA vladken obsahujicich CsA dochazi k potlaceni proliferace
T-lymfocyti a k lokdlnimu zmirnéni produkce protizanétlivych cytokint IL-2, IL-17
a IFN-y. Bylo tedy prokézano, Ze je mozné tato vlakna pouzit pro medicinalni aplikace

jako lokalni imunosupresi a bunécnou terapii [127].
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Dale byly nanovlakenné materidly z PLA uvolinujici CsA testovany pro lécbu
poskozeni rohovky. Po naneseni vlaken na povrch rohovky, poskozené alkalickymi
latkami, byla vyznamné inhibovana infiltrace T-lymfocytd, zanét rohovky
a neovaskularizace. SniZzeni T-lymfocytli bylo spojeno s poklesem cytokinli v misté
plisobeni a doslo k oslabeni bunécéné apoptdzy, syntézy oxidu dusnatého a exprese

metaloproteinasy. K uzdraveni rohovky doslo bez tvorby jizev [116].
7.2 Paklitaxel

Paklitaxel patfici mezi
diterpenoidy, je pseudoalkoloid
obsahujici strukturu taxanu, ktera je

zodpovédna za jeho

antikarcinogenni ucinky (obr. 7).
PTX je hydrofobni latka s velmi

%

Obr. 7 Struktura paklitaxelu (PTX). prostiedi [128]. Byla sledovana

nizkou rozpustnosti ve vodném

jeho stabilita v riiznych typech solventii a bylo zjisténo, ze je stabilni v polarnich
i nepolarnich organickych rozpoustédlech, ale Ze dochazi k jeho degradaci ve vodném
prostiedi hydrolyzou jeho esterovych skupin ¢i epimerizaci chirdlniho centra [129].
Na jeho stabilitu ve vodnych roztocich ma ale velmi kladny vliv ptidavek methanolu,
ethanolu, PEG ¢i surfaktantu Tween 80 [130].

PTX je jednim z nejvice pouzivanych protinadorovych 1é¢iv pro 1éc¢bu pevnych
tumortl, zejména vaje¢nikill, prsu nebo plic. Jednim z mechanismt jeho protindadorové
aktivity jsou jeho antiangiogenni ucinky. U nadorovych tkani probiha intenzivni latkova
vyména, a tudiz maji velmi husté krevni teciSt€. Protinddorova aktivita PTX tkvi
v potlaceni ristu krevniho tecisté [131].

Intravenozné se PTX pouziva ve formé s nevodnym solventem (Cremophor EL),
coz muze zpusobovat jeho vysrazeni ve vodném prostiedi téla, alergickou reakci nebo
Jiné véazné vedlejsi efekty [128]. Jeho vhodné lokéalni podani by tak mohlo redukovat
nékteré zjeho vedlejSich ucinkli spojenych sjeho systémovym podanim. Lokalni
chemoterapie je zatim pouze na experimentalni Grovni, nicméné jiz byly provedeny
preklinické studie potvrzujici tuto moznost. Jednim z ptikladu lokalni chemoterapie je

OncoGel, tedy gel polylaktid-co-glykolidové (PLGA) kyseliny a PEG obsahujici PTX.
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Tato formulace jiz byla pouzita v klinické praxi jako terapie u rakoviny jicnu, nadora
mozku a jinych pevnych nadora [132].

Béhem poslednich let byla vytvofena fada systémt podavani PTX s dirazem
na zvyseni jeho rozpustnosti ve vodném prostfedi spolu s kontrolovanym uvoliiovanim
1éku [133]. Jednim z moznych zplsobi jak zvySit uvoliiovani hydrofobnich latek je
zvyseni povrchové plochy jejich nosic¢e vytvoifenim mikro- ¢i nanocastic [134-136].
Nedavno byly studovany nékteré nanovldkenné nosice obsahujicich PTX, které by
mohly mit potencidlni vyuziti pro lokalni chemoterapii.

Chitosanova vlakna s polyethylenoxidem a kyselinou hyaluronovou byla pouzita
k testovani biologické aktivity PTX na bunéénych liniich rakoviny prostaty. Cim vétsi
byla plocha povrchu vldken, tim vice dochdzelo k uvolnéni PTX. Po 48 hodinach
rychlého uvoliiovani PTX doglo k poklesu uvoliiovani 16¢iva. Zivotaschopnost bungk
rakoviny prostaty DU145 po 48 hodinach inkubace s PTX nanovlédkny byla vyznamné
niz8i nez zivotnost bunck po aplikaci nanovldken s niz$i koncentraci PTX ve stejném
kultivaénim obdobi. Pokles poctu rakovinovych bunck prostaty byl spojen s rostoucim
mnozstvim inkorporovaného PTX [137].

PLGA nanovldkna s PTX byla vytvofena pro postchirurgickou chemoterapii
pfi lé€bé maligniho gliomu. Byly vytvofeny rGzné typy nanovlakennych diski
¢i mikrovldken pro studium zpisobu uvoliiovéani 1é¢iv z vldkennych matric. VSechny
tyto formy vykazovaly trvalé uvolnovani PTX po dobu 80 dni s pocateCnim vysSim
uvolnénim léciva. Studie apoptéozy potvrdila vyhodu trvalého uvoliovani PTX
z vlakennych matric ve srovnani s jednordzovym podavanim Taxolu® (obchodni nazev
PTX). Studie na zvifatech potvrdila inhibici ristu nadorti o 70 % u vSech typu vldken
pouzitych u lécenych skupin v porovnani s kontrolnimi skupinami po 24 dnech ristu
nadoru. Tyto implantaty tak mohou hrat zasadni roli v lokdlni chemoterapii nadorti
mozku [138].

Pii prevenci recidivy rakoviny prsu byla vyzkouSena PLA vldkna s docetaxelem,
derivatem PTX. Pii aplikaci téchto nosici po resekci primarniho nddoru doslo
ke snizeni lokalni recidivy nadort (16,7 %) u mysi oproti kontrolni skupiné, které byla
subkutilné¢ podéna vldkna neobsahujici 1é¢ivo (88,9 %). Vlakna také vykazovala
vynikajici biologickou kompatibilitu, jak ukézala minimalni pfitomnost zanétlivych

bunék v oblasti obklopujici vldkna [139].
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8 Vliv pridavku polyethylenglykolu na kinetiku
uvoliovani léciv

Rada 1é¢iv je hydrofobni povahy, proto je jejich uvolfiovani z polymernich
nosicl do vodného prostiedi velmi limitované. Jednim ze zpiisobt jak ovlivnit rychlost
uvoliovani léCiv je inkorporace PEG do polymernich nosi¢i ajejich nasledné
uvoliovani. PEG jsou biokompatibilni, amfifilni polymery s nizkou toxicitou. Diky
svym vlastnostem usnadnuji naptiklad transport 1é¢iv na bazi proteini z lipidovych
implantat. Tato 1éCiva je nutné podavat parenteraln¢€ a navic s velmi Castou frekvenci,
proto je velmi dilezité co nejvice optimalizovat vhodny systém pro jejich kontrolované
podani. Ukazalo se, ze pfidani 5 az 20 % PEG do lipidovych implantati vyznamné
zménilo vyslednou rychlost uvoliiovani proteint. Pfidanim PEG doSlo k ovlivnéni
strmosti  kfivky uvolnéni a zdrovenn k navySeni celkového mnozstvi uvolnéného
interferonu. U implantétii bez PEG doslo k uvolnéni 31 % celkového mnozZstvi proteinti
po sedmi dnech. Naproti tomu u implantati obsahujicich 10 ¢i 20 % PEG doslo
k uvolnéni celkového mnozstvi proteini béhem 16 dni [140].

Pfidani nizkomolekularnich PEG do polymernich nosi¢i a jejich vliv
na uvoliovani byl jiz také studovan na riiznych typech formulace 1é¢iv. Jednim z nich
bylo uvolilovani imunosupresiva sirolimu z dvouvrstvych biodegradabilnich
PLA/PLGA filma. Uvolnovani sirolimu bylo sledovano po dobu 40 dni a ptidanim PEG
do filmi doslo ke zrychleni profilu uvoliiovani 1éCiva. Béhem 16 dni bylo u filmt
neobsahujicich PEG uvolnéno 10 % sirolimu, kdeZto u filmi s PEG se uvolnilo 45 %
celkového mnozstvi 1é¢iva [141].

Vliv PEG byl také studovan na uvoliovani lé€iva heparinu z PLA a PLGA
filmt. Bylo zjiSténo, Ze pfidavkem PEG dochazi k ovlivnéni uvoliovani heparinu
v zavislosti na typu polymeru. U kinetiky uvoliiovani z PLA filml doSlo pfidanim PEG
k potlaceni pocatecniho rychlého uvoliovani 1éciva, které bylo pozorovano u filmi
obsahujicich pouze PLA. Po 56 dnech také doslo k uvolnéni 90 % PTX, tedy o 10 %
vice nez u filmd neobsahujicich PEG. U PLGA filmi naproti tomu nebyl pozorovan
zadny vliv na uvoliiovani 1é¢iva [142].

Déle byl sledovan vliv piidavku PEG na uvoliiovani cytostatika PTX
z PLGA/PEG filml. Bylo zjisténo, Ze dochazi k rychlému uvoltovani PTX 1 PEG
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z filmt. Piidani PEG do filmt zvysilo uvoliovani PTX béhem prvnich 8 hodin, poté
vSak doslo ke snizeni uvolnovani PTX v porovnani s filmy neobsahujicimi PEG [143].

DalSim parametrem, ovliviiujicim vlastnosti nanovlaken s inkorporovanymi
1é¢ivy a profil jejich uvoliiovani do vnéjsiho vodného prostiedi, je molekulova hmotnost
piidaného amfifilniho polymeru PEG. Vliv molekulové hmotnosti a ptidavku PEG byl
zkouman na inkorporaci PTX do PLGA filmi a byl zjistén vyznamny vliv PEG
na degradaci vlaken a také na kinetiku uvolilovani PTX z filma. Z vysledkt vyplynulo,
ze u filmt obsahujicich PEG o vyssi molekulové hmotnosti (10 kDa) dochézi k zvySeni
rychlosti uvoliiovani. Oproti tomu PEG s nizkou hmotnosti (0,4 kDa) byl mén¢ ucinny
pii modifikaci uvoliiovani 1éciva. [144].

V dalsi studii sledujici vliv molekulové hmotnosti a mnozstvi inkorporovaného
PEG na uvolnovani 1é¢iv bylo zjisténo, ze pridani nizkomolekularniho PEG (8 kDa)
do PLGA filmt vedlo k variabilnosti uvoliiovani PTX v zavislosti na mnoZzstvi
pfidaného PEG. Cim vice bylo pfiddvaného PEG, tim rychleji a ve vétsim mnozstvi
dochazelo k uvolnovani 1é¢iva z filma. Pfidani 15 % PEG (8 kDa) vedlo k uvolnéni
26 % PTX po dobu 33 dni. Pfidavkem 25 % PEG (8 kDa) doslo k rychlému uvolnéni
17 % PTX béhem jedné hodiny a béhem nasledujicich 12 dni pak doslo k uvolnéni
témer 76 % PTX. U 50 % piidavku PEG (8 kDa) doslo k rychlému uvolnéni 80 % PTX
béhem jednoho dne. Oproti tomu u PLGA film@ neobsahujicich PEG doSlo k uvolnéni
pouze 17 % celkového mnozstvi PTX po 33 dnech.

Naopak pfidani vSech mnozstvi (15, 25 i 50 %) vysokomolekularniho PEG
(35 kDa) vedlo k postupnému pomalému uvolnovani PTX po dobu 33 dni, tj vedlo
k nejvyznamnéjSimu postupnému uvoliiovani PTX ze vSech formulaci. V ptipadé
vyssiho mnozstvi PEG o velikosti 35 kDa také doSlo k vyznamnému uvolnéni PTX
béhem prvnich dvou dntl, coz bylo vysvétleno vyssi krystalinitou PEG (35 kDa),
fazovou separaci polymerni matrice a naslednym rychlym uvoliovanim PEG s PTX
do vodného prostiedi [145]. Lze tedy shrnout, Ze byl pozorovan vyznamny vliv jak

mnozstvi pfidaného PEG, tak jeho molekulové hmotnosti na uvoliiovani 1é€iva.
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9 HPLC a jeji vyuziti pro detekci hydrofobnich IéCiv
9.1 Vysokoucinna kapalinova chromatografie

Vysokouc¢innd  kapalinovd chromatografie (HPLC) patfi do skupiny
chromatografickych separa¢nich metod, které jsou zalozeny na rozdilné distribuci
dé€lenych latek mezi dvé riizné nemisitelné faze, a to mobilni a stacionarni fazi.

Kli¢cem celé chromatografické separace je kolona, na které dochazi k déleni latek.
V soucasné dobé¢ jsou kolony pro HPLC ptipravovany vyhradné¢ komeréné€. Pti vybéru
vhodné kolony je tfeba zohlednit typ staciondrni faze a jeji zrnéni neboli velikosti
Castic [146]. Pro analytické ucely jsou v dneSni dob¢ nejcastéji pouzivany kolony
o vnitfnim primeéru 2,1 az 5 mm a délce 10 az 300 mm. Kolony jsou plnény naplnémi
o velikosti ¢astic od 1,8 do 10 um. Pouziti ¢astic chromatografického sorbentu mensich
soustavy, a tim i vys§i ndroky na instrumentaci; v tomto piipad€ se jiz jednd o ultra-
vysokouc¢innou kapalinovou chromatografii (UHPLC). UHPLC je metoda dosahujici
lepsi ucinnosti, separaci pikil a zkraceni doby analyzy, protoze diky velikosti Castic 1ze
vyrazn¢ zkratit i délku kolony. UHPLC systém musi spliiovat pozadavky jako je
robustni Cerpadlo a davkovaci systém, rychlé davkovaci cykly, pfesné davkovéni
menSich objemii, minimalni mimokolonové objemy, vhodné staciondrni féze
(mechanicka stabilita pfi vysokych tlacich, ¢astice mensSi nez 2 pm), co nejmensi
zpozdéni gradientu a vysokou frekvenci sbéru dat [147].

Prvni volbou pfi vyvoji HPLC metod byva, diky své univerzalnosti, separace
nareverznich fazich. Je vyuZivana jak pro separaci malych molekul, tak
pro komplikované smési, jakymi jsou biologické vzorky pii studiu novych Ié€iv.
Reverzni chromatografie vyuziva k separaci nepolarni stacionarni faze. Nejcastéji se
jednd o uhlikaté fetézce navazané na povrchu nosice (nejcastéji silikagelu).
Nejbéznéjsimi jsou C18 nebo C8 uhlikaté fetézce, dale pak fenylové ¢i fenyl-hexylové
ligandy. Retence latek na reverznich fazich obecné vzristd s poctem a délkou
alkylovych ftetézcii, s vétSim pocltem aromatickych jader ¢i pfitomnosti objemnych

substituentl jako jsou halogeny [146].
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9.2 Detekéni systémy

Vlastnosti idedlniho detekéniho systému jsou: vysoka citlivost a predvidatelna
odezva, univerzalnost, specificita, linearita, spolehlivost, nedestruktivnost, signal
nezavisly na slozeni mobilni faze, zméné teploty a priatoku, nulovy pfispévek
k mimokolonovému rozmyvani elu¢nich zén a v neposledni fadé kvalitativni informace

pro detekované piky [148].
9.2.1 Spektrofotometrické detektory

Spektrofotometrické detektory jsou zalozeny na principu absorpce zafeni v oblasti
vlnovych délek od 190 do 800 nm a patii mezi univerzalni, nedestruktivni detektory
s Sirokym linedrnim dynamickym rozsahem. Podle konstrukéniho uspofadani jsou
spektrofotometrické detektory rozliSeny na detektory s fixni vinovou délkou,
s ménitelnou vlnovou délkou, s programovatelnou vlnovou délkou a na detektory
s diodovym polem. Nejvice pouzivanym typem detektori jsou detektory s diodovym
polem. Tyto pftistroje jsou schopny snimat celé spektrum v redlném Case bez pireruseni
chromatografické separace. Jsou velice uzite¢né, protoze umoziuji detekci latky
pti jakékoliv zvolené vinové délce a porovnani snimaného spektra s knihovnou spekter.
Umoziuji také vypocitat Cistotu piku zjisténim, zda v daném retenénim case eluuje
pouze jedna latka nebo dochazi ke koeluci vice latek promérovanim spekter po celou

dobu eluce piku [146].
9.2.2 Hmotnostni detektory

Hmotnostni detektory poskytuji nejenom chromatograficky tdaj, ale také
spektralni udaje o identité¢ latek. Skladaji se ziontového zdroje, hmotnostniho
analyzatoru, detektoru iontl a zdroje vakua. V iontovém zdroji dojde k zplynéni
mobilni faze a k tvorb€ iontl analytu z neutrdlnich molekul. Poté nésleduje urychleni
arozdéleni iontl v hmotnostnim analyzatoru na zékladé poméru mezi hmotnosti
a ndbojem iontu (m/z) a v poslednim kroku dochazi k detekci iontli a zesileni intenzity
signalu v detektoru [149].

Volba ioniza¢ni techniky je déana t€kavosti latky, jeji tepelnou stabilitou,
molekulovou hmotnosti a polaritou. Nejpouzivangj$imi technikami ve spojeni s HPLC

jsou ionizace za atmosférického tlaku a ionizace desorpci laserem za ucasti matrice
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(MALDI). Mezi ionizace za atmosférického tlaku se fadi ionizace elektrosprejem (ESI),
chemickad ionizace a fotoionizace za atmostérického tlaku.

ESI je mé&kka ionizacni technika pracujici za atmosférického tlaku. U mékkych
ionizacnich technik obecné dochazi ke vzniku protonovanych molekul s hmotou
[M+H]" nebo deprotonovanych molekul o hmot& [M-H]". Nedochézi u nich k rozsahlym
fragmentacim analytu jako u tvrdych ioniza¢nich technik. ESI spole¢né¢ s MALDI patii
mezi nejSetrnéjsi a nejcastéji pouzivané techniky zejména pro analyzu velkych molekul,
jako jsou proteiny nebo jiné biomolekuly.

Hmotnostni analyzator, umistény mezi iontovym zdrojem a detektorem, ma dvé
funkce: rozdéleni iontd podle jejich poméru m/z a jejich urychleni a fokusaci.
Pro analyzu vysokomolekuldrnich latek jako jsou lé¢iva, jsou nejvice vhodnymi
hmotnostnimi analyzatory analyzator doby letu a kvadrupo6lové analyzatory.

Kvadrupolovy analyzator je tvofen 4 paralelnimi tyCemi kruhového nebo
hyperbolického prifezu, na které je vkladano stfidavé napéti. Napéti na tycich je
nastaveno tak, aby oscilace vstupujicich iontd byla stabilni pouze pro ionty s uréitym
pomérem m/z a aby ostatni ionty byly zachyceny na tycich kvadrupélu.

Trojity kvadrupél je tvofen tiemi sérioveé zapojenymi kvadrupdly. Prvni a treti
kvadrupdl slouzi jako hmotnostni filtry a druhy kvadrupo6l slouZzi jako kolizni cela. Prvni
kvadrupdl propusti pouze zvolenou hmotu m/z prekurzorového iontu. Tato hmota je
vedena do kolizni cely, kde dochazi na zakladé¢ zvolené kolizni energie k jeji
fragmentaci. Vzniklé produktové ionty jsou vedeny do tretiho kvadrupolu, ktery opét
selektuje pouze vybrany produktovy iont o dané m/z. Principem trojitého kvadrupolu je
tedy sledovani specifického ptrechodu mezi prekursorovym a produktovym iontem
daného analytu. Produktovy iont je dale detekovan detektorem iontd nejcastéji
elektronasobicem ¢i fotonasobicem.

Prostfednictvim hmotnostniho analyzatoru je mozné ziskat rlzné typy
hmotnostnich zdznam@ vhodnych k analyze riznorodych aplikaci:

Zakladni sken (SCAN) - Systém pracuje vrezimu jednoduchého kvadrupodlu.
Kvadrupo6l propusti na detektor vSechny ionty a zméti hmotnostni spektrum v celém

studovaném rozsahu m/z.
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Selektivni ziznam jednoho nebo vice iontii (SIM) - Rezim jednoduchého kvadrupolu
propusti na detektor pouze zvolenou hodnotu m/z a ukazuje zavislost signalu vybrané¢ho
iontu na Case.

Sken prekurzorovych ionti - Trojity kvadrupol poskytuje spektrum vsech
prekurzorovych iontl, ze kterych maze vzniknout urcity fragment. Obecné se tento typ
skenu pouziva pro identifikaci strukturné blizkych latek ve smési.

Sken produktovych ionti - Systém pracuje v rezimu trojitého kvadrupoélu. Prvnim
kvadrupdlem projde definovana m/z, ta je rozstépena v kolizni cele, vzniklé ionty
projdou tfetim kvadrupolem a jsou nasledné¢ detekovany. Této typ skenu slouzi
k objasnéni struktury analytu.

Sken neutralnich ztrat - Pfi tomto rezimu jsou monitorovany vSechny prekurzorové
ionty, které podléhaji vybrané neutralni ztraté, a také se uziva pro selektivni identifikaci
strukturné velmi blizkych latek.

Selektivni zaznam vice reakci (MRM) - ReZim trojitého kvadrup6lu umozni sledovani
specifické fragmentacni reakce vybraného iontu. Prvnim kvadrupdlem projde
definovana m/z prekurzorového iontu, ta je rozStépena v kolizni cele, tietim
kvadrupélem projde definovana m/z produktového iontu a je nasledné detekovana.
Nejbéznéji se tento typ skenu pouziva v kvantitativni analyze analytl pfitomnych

ve slozitych smésich [149, 150].
9.3 Stanoveni CsA

Nejbéznéji se CsA stanovuje prostfednictvim HPLC a imunoanalyzy.
Nevyhodou imunologického stanoveni je ale reakce monoklonalnich protilatek s CsA
metabolity, kterd mize vést k faleSné pozitivnimu zkresleni hladiny CsA v krvi. Toto
zkresleni miize vést ke zvySeni rizika pro pacienta v disledku uzkého terapeutického
indexu CsA [151, 152]. Proto je v soucasné dobé nejvice pouzivanou metodou
pro detekci hladiny CsA HPLC [153-155] a nejnoveji 1 UHPLC [156].

Velmi cCasto se k separaci pouziva reverznich stacionarnich fazi, vyjimecné byva
pouzita polarni stacionarni faze [157]. NejbéZnéjsi reverzni stacionarni fazi pouzivanou
pro analyzu CsA je oktadecylovd stacionarni faze [154-156, 158]. Déle byl CsA
analyzovan na oktylové [153], kyanové [159] a fenylové [160] stacionarni fazi.

Jako mobilni faze jsou preferovany smeési acetonitril-voda [161], acetonitril-

methanol-voda [154], isopropanol-acetonitril-voda [162], acetonitril-fosfatovy pufr
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[155], ale 1 méné rozSifené¢ kombinace jako tetrahydrofuran-kyselina fosforecna [163]
¢1 nepoléarni hexan-isopropanol [157].

Pro stanoveni CsA se hojné¢ vyuziva spektrofotometrickd detekce
pti 205 nm [164], 210nm [155], 212 nm [157], 220 nm [163] nebo 227 nm [162].
V komplikovanych matricich, kde vyvstdva problém nizké odezvy CsA, popiipadé
koeluce CsA s jinymi komponentami matrice, byla aplikovana hmotnostni detekce [153,
158, 161], naptiklad pro stanoveni CsA v krvi [156], plasmé [165], moci [154] nebo
vlasech [166].

Pro analyzu CsA v krali¢i krvi a plasmé¢ byla pouzita oktadecylova stacionarni
faze s mobilni fazi methanol-voda s pfidavkem mravenci kyseliny v riznych pomérech.
Vzorky byly ionizovany elektrosprejem a CsA byl stanoven v SIM modu jako sodny
adukt [M + Na]" (m/z 1224,7). Dal§imi nalezenymi adukty byl jeho draselny adukt [M +
K]" (m/z 1240,7) a také byl detekovan jeho protonovany iont [M + H]" (m/z 1202,7)
[167].

Stejné kolony bylo pouzito i1 pro separaci CsA v lidské krvi ovSem mobilni fazi
byla smés methanol-octan amonny (2mM) s piidavkem mravenci kyseliny. K analyze
vzorku byla pouzita ionizace elektrosprejem v positivnim moédu a prechodem mi/z
1219,86 — m/z 1202,66 a m/z 1219,86 — m/z 1184,81 v MRM mddu [156]. Ve stejné
matrici byl separovan CsA na oktylové kolon¢ s mobilni fazi methanol-octan amonny
(50mM, pH 5,1). Vzorek byl také ionizovan elektrosprejem a MRM piechod byl m/z
1203,0 — m/z 425,4 [168].

CsA byl detekovan i v opici a krysi plasmé& na oktadecylové stacionarni fazi
s mobilni fazi tetrahydrofuran-octanovy pufr (SmM). Pro detekci byl zvolen positivni
ionizacni méd a MRM piechod z amonného aduktu CsA [M + NH4]" na jeho
protonovany iont [M + H]" m/z 1220 — 1203 [165].

V moci byl CsA stanoven pomoci oktadecylové stacionarni fdze s mobilni fazi
acetonitril-methanol-voda. Bylo pouzito ionizace elektrosprejem a detekce byla

v positivnim médu s MRM piechodem mi/z 1225— m/z 1122 [154].
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9.4 Stanoveni PTX

Stanoveni PTX je nejcastéji provadéno pomoci HPLC s UV nebo hmotnostni
detekci. Nejbéznéji se uzivaji rizné typy kolon s oktadecylovou staciondrni fazi [169-
172] nebo oktylovou stacionarni fazi [173]. Separace probihd zejména ve smeési
acetonitril-voda v riizném pomeéru [169, 170, 173], acetonitril-octanovy pufr [174] pro
hmotnostni detekci se nejvice pouzivd smés methanolu s mravenéi kyselinou [175],
nebo smés acetonitrilu s mravenci kyselinou [176]. UV detekce je provadéna nejcastéji
pfi vlnové délce 227 nm [169, 170, 172, 174], pro sledovani PTX v krevni plasmé je
mozné pouzit 230 nm [173] nebo pro sledovani uvoliiovani PTX z nanovlakennych
materiald 270 nm [177]. PTX je mozné stanovit v riznych typech matrice, nejcasteji
v krevni plasmé [178] nebo pii uvolnovani PTX z nanovlakennych materiald lze

stanovit ve fosfatovém pufru (PBS) [169].
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10 Komentare k publikacim

10.1 Nanovlakenné nosiée pro Ilokalni aplikaci léciv -
inkorporace a uvoliiovani modelovych molekul, vliv jejich

molekulové hmotnosti a druhu polymeru (Publikace 1)

Hiib, J.; Sirc, J; Hobzovd, R.; Hampejsova, Z.; Bosdkovd, Z.; Munzarovd, M.;
Michalek, J.: Nanofibers for drug delivery — incorporation and release of model
molecules, influence of molecular weight and polymer structure. Belstein Journal of

Nanotechnology, 6, 1939-1945 (201)5).

Rada imunosupresivnich a cytostatickych 16¢iv je hydrofobni povahy, proto je
jejich uvoltovani z polymernich matric do vodného prostfedi velmi limitované. Bylo
zjisténo, ze ptidani amfifilniho polymeru PEG do polymeracni smési by mohlo vést
ke zmén¢ vlastnosti nanovldken s navdzanymi lé¢ivy a ovlivnit tak profil uvoliiovani
hydrofobnich 1é¢iv do vné&jsiho vodného prostfedi [140]. V ramci systematického
vyvoje bylo tedy nutné nejprve popsat faktory ovliviiujici uvolilovani PEG z riiznych
matric. Proto byl studovan vliv inkorporace PEG o rizné molekulové hmotnosti
na kinetiku jeho uvolnovani a ziskané vysledky byly publikovany v Casopise Belstein
Journal of Nanotechnology, roku 2015 (Publikace 1).

Pro hodnoceni vlivu velikosti molekul PEG na rychlost uvoliiovani a celkového
mnozstvi PEG uvolnéného z nanovldken byla vytvotfena vldkna z rGznych polymera,
a to z polykaprolaktonu (PCL), polyvinylalkoholu (PVA) a polylaktidu (PLA), do nichZz
byly inkorporovany molekuly PEG s riznou molekulovou hmotnosti (2, 6, 10
a20 kDa). Vldkna byla pfipravena prostiednictvi beztryskového elektrospinningu
a proces zvlaknéni byl pro kazdy polymer optimalizovan.

Morfologie vlaken byla charakterizovana metodou SEM. Bylo zjisténo, ze
vSechna pfipravend nanovldkna jsou homogenni a neobsahuji Zadné shluky, perlicky
nebo jiné morfologické utvary. Vliv pfidavku PEG na morfologii vldken také nebyl
pozorovan. Dale byla charakterizovana tloustka vlaken, jejich porozita a plocha

povrchu (tabulka 1).
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Tabulka 1: Morfologické parametry nanovlaken

prumér vliken (nm)

porosita (%)

specificky povrch (m”/g)

PCL
PVA
PLA

179
157
282

77,4
78,2

86,6

6.0
7,7
4,7

V dalsi ¢asti vyzkumu byly provedeny experimenty studujici kinetiku uvoliovani

PEG z nanovldkennych materialii. Pfed vlastni inkorporaci do vlaken byly PEG

derivatizovany prostifednictvim

isokyanatii, jejichz aromatickd jadra umoznila

spektrofotometrickou detekci derivatizovanych PEG pti 234 nm.

Naméiené profily uvoliiovani prokazaly, ze rychlost uvoliovani PEG z vlaken

do vodného prostfedi zavisi na jejich molekulové hmotnosti a také na typu

nanovlakenného nosice. PrestoZe bylo predpokladano, ze mensi molekuly PEG se

budou uvoliovat zvlaken rychleji nez vétsi, byl pozorovan opaény efekt. VéEtsi

molekuly se uvoliiovaly mnohem rychleji nez ty mensi (obr. 8A).
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Obr. 8 Uvolniovani PEG z PVA nanovldken (PEG 2, 6, 10, 20 kDa) (A). Vysledky ukazuji, Ze s

rostouci molekulovou hmotnosti vzristd mnozstvi uvolnéného PEG. Mnozstvi PEG o rGzné

molekulové hmotnosti (2, 6, 10, 20 kDa) uvolnéné z PLC, PVA a PLA nanovldken béhem 72 hodin pfi

20 °C (B). Opét je patrny vliv molekulové hmotnosti PEG na jeho uvolnéné mnozstvi.
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Nejvyraznéjsi nartist rychlosti uvoliiovani byl pozorovan pro PEG 20 kDa, jehoz
uvolnovani bylo pfiblizné o 30 % vyssi nez pro PEG 10 kDa. Jednim z moZnych
vysvétleni je, ze delsi fetézce PEG tvofii krystalické domény, které se rychleji uvoliuji
do okolniho vodného prostiedi. Kratsi délka fetézcli naopak tvoii amorfni struktury
uvnitf nanovldkennych struktur, které se uvolnuji pomaleji. U dlouhych fetézch
krystalického PEG mitize také dochazet k rychlejSimu uvoliiovani, protoze jejich ¢asti
zUstavaji na povrchu nanovlakenného materidlu, jsou rychleji solvatovany a uvolnény
do vodného prostiedi.

Ptestoze se profily uvolnovani modelovych PEG molekul z rtiznych polymert
lisily, trend zavislosti riiznych molekulovych hmotnosti byl u vSech typt vldken stejny.
Nejrychleji se uvoliiovaly PEG s nejvyssi molekulovou hmotnosti (obr. 8B).

Rozdilné mnozstvi uvolnénych PEG z riznych typt vlaken miize byt zptisobeno
jak odliSnym chemickym slozenim vldken, tak jejich rozdilnou morfologii.
Z chemického hlediska mize dochazet k interakci mezi PVA a molekulami vody béhem
uvoliovani. Molekulova struktura PVA obsahuje hydroxylové skupiny, které mohou
interagovat s molekulami vody na tkor interakce s PEG, které¢ se tak nasledné mohou
uvolnovat rychleji. Nizsi polarita PLC a PLA a tedy i slabsi interakce s molekulami
vody tak mohou vést k niz§imu uvoliovani PEG z obou druhli nanovlédken v porovnani
s PVA nanovlakny. Dal§im parametrem ovliviiujicim rychlost uvoliiovani PEG muzZe
byt primér nanovlaken a jejich specificky povrch. Vyssi specificky povrch poskytuje
vetsi plochu pro interakci PEG s vodnym prostiedim. Naopak vétsi primér vlaken
prodluzuje dobu uvolnovani, protoze molekuly ze stfedu vldkna musi dale difundovat
na jeho povrch. PVA vldkna méla nejmensi primér a nejvéetsi specificky povreh, proto
u nich mohlo dochazet k rychlej§imu uvoliiovani PEG proti vlaknim z PCL nebo PLA
(tabulka 1).

Ziskané vysledky potvrdily Usp&€$nou piipravu srovnatelnych nanovldkennych
materidl s inkorporovanymi molekulami PEG. Bylo prokazéno, Ze kombinace
odlisnych polymert a PEG o rGznych molekulovych hmotnostech vede k odlisné
kinetice uvoliovani PEG. Pfidani PEG s ur¢itou molekulovou hmotnosti do struktury
vldken spolecné s hydrofobnim lé¢ivem (CsA ¢i PTX) tak mlze ovlivnit uvoliiovani

téchto 1é¢iv do vodnych médii, ve kterych je rozpustnost téchto 1é¢iv velmi nizka.
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10.2 CsA/PLA/PEG nanovlakna s inkorporovanym léc¢ivem

slouzici k lokalni imunosupresi (Publikace 2)

Sire, J.; Hampejsova, Z.; Trnovska, J.; Kozlik, P.; Hrib, J.; Hobzova R.; Zajicova, A.;
Holan, V.; Bosakova, Z.: Cyclosporine A Loaded Electrospun Poly(D,L-Lactic Acid)/
Poly(Ethylene  Glycol)  Nanofibers:  Drug  Carriers  Utilizable in  Local
Immunosuppression. Pharmaceutical Research, 34, 7, 1391-1401, (2017).

Cyklosporin A (CsA) je imunosupresivni IéCivo, velmi cCasto uZzivané
pfi transplantacich organt. DalSim potencidlnim uzitim CsA je jeho aplikace pii 1écbé
poskozeni rohovky, kdy CsA zabranuje procesu neovaskularizace [98]. CsA ma velké
mnozstvi zavaznych vedlejSich ucinkli jako je poSkozeni ledvin, jater, zvySeni tlaku
¢i maligni onemocnéni. VSechny vySe zminéné Uc¢inky jsou zavislé na jeho celkové
podané davce. Lécba pacientl po transplantacich organti vyzaduje velmi vysoké davky
1é¢iva a dlouhou dobu podavani, proto se u pacientd projevuji negativni vedlejsi
ucinky [113]. Lokalni aplikace CsA ve formé nanovlaken ma velky potencial snizit
mnozstvi 1é¢iva podané pacientovi, a tedy i zmirnit jeho nezadouci G¢inky.

CsA je hydrofobni 1é€ivo s velmi nizkou rozpustnosti ve vodném prostredi, proto
byl testovan vliv amfifilnich molekul PEG o riznych molekulovych hmotnostech
na kinetiku jeho uvoliiovani. Vysledky kinetiky uvoliiovani CsA z PLA nanovlaken
avliv inkorporace PEG na kinetiku uvoliiovani byly publikovany v Casopise
Pharmaceutical Research, roku 2017 (Publikace 2).

PLA nanovlékna, obsahujici hydrofobni 1é¢ivo CsA a amfifilni molekuly PEG
o rizné molekulové hmotnosti (6, 20, 35 kDa), byla ptipravena metodou beztryskového
elektrospinningu. Charakterizace vldken byla provedena prostfednictvim skenovaciho
elektronového mikroskopu a bylo zjisténo, Ze pfipravena vldkna jsou homogenni
a neobsahuji zadné artefakty ¢i shluky (obr. 9). Primér vldken byl od 165 do 300 nm.
Uspésna inkorporace PEG a CsA byla potvrzena prostfednictvim infradervené
spektroskopie s Fourierovou transformaci. K dal$i charakterizaci materidlu patfilo
oveteni celkového mnoZstvi CsA ve vldknech prostfednictvim HPLC s tandemovou

hmotnostni detekci. Bylo potvrzeno, Ze koncentrace CsA ve vlaknech odpovida

.....
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Obr. 9 Obrazky SEM PLA nanovléken (A) s inkorporovanym CsA (10 hmot. %) (B) a s piidavkem
PEG (15 hmot. %) 6 kDa (C), 20 kDa (D) a 35 kDa (E) ve zvétSeni 10 000 krat.

Pro meéfeni kinetiky uvoliiovani CsA do PBS a stanoveni jeho celkové
koncentrace v nanovladkenném materidlu byla optimalizovana a validovana HPLC
metoda s tandemovou hmotnostni detekci. Hmotnostni detekce uvoliiovani CsA do PBS
byla provedena v MRM mddu s hmotnostnim prechodem m/z 1224,8 — m/z 1112,8.
Jako molekuldrni iont byl detekovan sodny
adukt CsA [M + Na]’, ktery potvrdil
zachovani struktury CsA pii inkorporaci
do nanovladken. Produktovym iontem byl
detekovan molekuldrni iont se ztratou
boéniho fetézce MeBmt [MNa—C;H;;0]"
(obr. 10). Pro urceni celkového mnoZzstvi

CsA v nanovladkenném materidlu byl CsA

uvoliovan do methanolu a k jeho detekci byl

Obr. 10 CsA struktura s uréenim boc¢niho

fetézce MeBmt. pouzit hmotnostni ptechod molekularniho
iontu [M + H]" (m/z 1202,9 — m/z 155,9). Optimalizovand metoda HPLC-MS/MS
poskytla uspokojivou ionizaci CsA, pfijatelny retencni ¢as (3 minuty) a Gausovsky tvar
piku. Fenyl-hexylova staciondrni faze v kombinaci s mobilni fazi methanol-octan
amonny (5SmM, pH 4,5), pritokem 0,7 ml/min, teplotou kolony 45 °C a nastiikem 5 pl
vykazovala lepsi vysledky v porovnéani s oktadecylovou stacionarni fazi, nejcastéji
pouzivanou k analyze CsA [153, 161].
Kalibraéni kiivka vykazovala linearitu (y = 2,92x — 1,71, R? = 0,9998) v celém
kalibra¢nim rozsahu od 10 ng/ml do 1 pg/ml. Relativni standardni odchylky (rn = 5)
byly v rozmezi 0,41 az 5,71 %. Mez detekce urcend jako trojndsobny pomér signdl/Sum

byla 3 ng/ml a limit kvantifikace uréeny jako desetindsobek poméru signal/Sum byl
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10 ng/ml. Spravnost, piesnost a opakovatelnost byly méfeny na tfech koncentra¢nich
hladinach (10, 100 a 1000 ng/ml) v ramci jednoho dne a mezidenné (tabulka 2).
Selektivita metody byla provedena porovnanim chromatogrami ziskanych extrakei
¢istych nanovlaken, vldken obsahujicich CsA a vldken s CsA a PEG 35 kDa. Méfeni
potvrdilo, ze nedochédzi k zadné interferenci mezi extrahovanymi latkami z vladken
a CsA. Validace potvrdila, Ze vyvinuta metoda je selektivni, pfesna, spravna, linearni a

citliva.

Tabulka 2: Denni a mezidenni piesnost a spravnost CsA (n = 5) naméfend

prostiednictvim HPLC-MS/MS

c (CsA) denni mezidenni
spravnost presnost spravnost presnost
teoretickd  namérena namérena
[%] [%] [%] [%]
[ng/mL]  [ng/mL] [ng/mL]
10 10,58+0,26 105,84 2,42 10,41+0,67 104,13 6,42
100 102,96+3,46 102,96 3,36 98,85+7,27 98,85 7,35
1000 999,32+52,06 99,93 5,21 1026,30+£55,84 102,63 5,44

V dalsi ¢asti vyzkumu byla studovana kinetika uvoliiovani CsA ze &tyf typd
piipravenych nanovldken obsahujicich 10 hmotnostnich procent (hmot. %)
hydrofobniho CsA a 15 hmot. % amfifilniho polymeru PEG o riizné molekulové
hmotnosti (6, 20, 35 kDa). Vramci optimalizace méfeni uvoliovani CsA
z nanovladkennych materiald byl vyzkouSen mod s postupnou vymeénou PBS
a kumulativni mod, ve kterém vSak nebyla pozorovana vyznamna ¢asova zména
koncentrace CsA v roztoku pravdépodobné kvili rychlému ustaveni koncentra¢ni
rovnovahy. CsA byl tedy uvoliiovan prostiednictvim postupné vymeény PBS v ¢asovych
usecich 0,5; 1; 2; 3,5; 6,5; 10; 24; 48; 72 a 144 hodin. Nasledné byly kinetické profily
vyhodnoceny a porovnany (tabulka 3). Rychlost uvoliovani CsA byla vypoctena
prostiednictvim rovnice (1):

my—mp; 1
T ity a

ey

ve které v je rychlost, m, je mnozstvi CsA (ng) uvolnéné v ¢ase ¢, (h), m, | je mnozstvi
CsA (ng) uvolnéné v Case t,.1 pfepoctené vzhledem k vyménéné casti PBS a a je plocha

nanovlakennych teréika (cm?).
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Z vypoctenych rychlosti uvoliiovani (tabulka 3) je jasné patrny trend uvoliovani.
Z nanovlaken obsahujicich PEG bylo uvolnéno nékolikanasobné vice léCiva béhem
prvnich 24hodin nez u nanovldken bez PEG. Také je patrné, ze se snizujici se

molekulovou hmotnosti PEG vzrusta mnozstvi uvolnéného CsA.

Tabulka 3: Porovnani kinetiky uvolfiovani CsA z nanovldkennych materiala

obsahujicich 10 hmot. % CsA a 15 hmot. % PEG o riizné molekulové hmotnosti

doba rychlost uvolnéni CsA
uvolnéni v [ng/h.cm®]*
t [h] bez PEG PEG 6 kDa PEG 20 kDa PEG 35 kDa
0-0,5 58 469 226 190
0,5-1 39 334 207 107
1-2 32 222 172 132
2-3,5 21 177 86 127
3,5-6,5 15 83 52 47
6,5-10 9 72 59 54
10-24 3 22 20 19
24-72 0 4 3 2
72-144 1 3 4 3

Déle byla urena celkovda mnozstvi uvolnéného CsA a mnozstvi CsA
uvolnéného v jednotlivych krocich (obr. 11). Kinetické profily prokéazaly, Ze mnoZstvi
uvolnéného hydrofobniho 1é¢iva je ovlivnéno pfitomnosti amfifilniho polymeru PEG.
Z vysledkt je patrné, Ze se snizujici se molekulovou hmotnosti PEG roste mnozstvi
uvolnéného 1é¢iva. Dale bylo zjisténo, Ze pridanim PEG do nanovlakenné smési dochazi
k n¢kolikandsobnému narGstu mnozstvi uvolnéného 1é¢iva v porovnani s nanovlakny
obsahujicimi pouze hydrofobni 1é¢ivo.

Vysledky biologickych experimenti (obr. 12) byly ve shod¢ s vysledky
naméfenymi prostiednictvim HPLC. Nejvyssi uvolnéné mnozstvi CsA tedy odpovidalo
2) (obr.11B a 12A). Na obou grafech byl patrny jasny rozdil v uvoliiovani CsA mezi

nanovlakny obsahujicimi PEG a témi, které jej neobsahovaly. Nanovldkna obsahujici
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Obr. 11 Profily uvolnovani CsA do PBS. Absolutni mnozstvi CsA (A) a uvolnéné mnozstvi CsA

v jednotlivych ¢asovych intervalech (B) stanovené z PLA nanovlédken obsahujicich 10 hmot. % CsA a

15 hmot. % PEG méfené prostiednictvim HPLC-MS/MS. Chybové usecky u grafu A byly stanoveny

za pouziti standardni odchylky (n = 3).
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Obr. 12 Kinetika uvoliiovani CsA z PLA nanovlaken bez CsA, obsahujicich 10 hmot. % CsA a 15
hmot. % PEG (6, 20, 35 kDa) do PBS (A) nebo média (B). Vzorky s extrahovanym CsA byly

testovany na schopnost inhibovat produkci IL-2 ConA aktivovanymi bunikami sleziny.
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Lze tedy shrnout, Ze byla studovana kinetika uvoliiovani na ¢tyfech typech PLA
nanovlakennych materialii. Byla vyvinuta, optimalizovdna a validovana nova HPLC-
MS/MS metoda vhodné pro detekci a kvantifikaci CsA v prostiedi PBS. Z vysledkt
kinetiky uvoliovani vyplynulo, Ze pfidanim PEG do struktury nanovldken dochazi
k vyznamnému ovlivnéni uvoliovani hydrofobniho 1éCiva do vodného prostiedi.
Pfidanim PEG do nanovlakenné smési totiz dochédzi k nékolikandsobnému nartstu
mnozstvi uvolnéného 1é¢iva v porovnani s nanovldkny obsahujicimi pouze hydrofobni
1é¢ivo. Dale bylo pozorovano, ze se snizujici se molekulovou hmotnosti PEG vzrasta
mnozstvi uvolnéného CsA. Bylo tedy potvrzeno, ze pfidanim PEG dochazi k navyseni
uvoliiovani hydrofobniho 1é¢iva do vodného prostiedi a Ze ptipravena vldkna obsahujici
CsA a PEG by bylo mozné pouzit jako G€inné nosice pro bunécné terapie, pro potlaceni

lokalni zanétlivé reakce nebo odpovédi imunitniho systému po transplantacich.
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10.3 PLA/PEG viakenné materialy jako nosiée uvolnujici PTX,
priprava a charakterizace vlaken, uvolnhovani lé€iva in vitro

a jeho antiangiogenni aktivita (Publikace 3)

Hobzova, R.; Hampejsova Z.; Plch, J.; Hrabeta, J.; Venclikova, K.; Jedelska J.;
Bakowsky, U.; Bosdkova, Z.; Lhotka, M.; Steinhart, M.; Kovarova J.; Michalek, J.;
Sirc, J.: Poly(D,L-lactide)/poly(ethyleneglycol) fibrous mats as paclitaxel-eluting
carriers: Preparation and charakterization of fibers, in vitro drug release and

antiangiogenic activity, v recenznim rizeni casopisu Materials Science and Engineering

C (2018).

PTX stejné jako CsA patii mezi hydrofobni 1éc¢iva s velmi vaznymi vedlej$imi
ucinky. Lokalni aplikace protinddorovych 1é¢iv miize vyrazné prodlouzit dobu
pritomnosti 1é¢iva a jeho koncentraci v cilové tkani, a tim snizit zavazné vedlejsi ¢inky
ve srovndni se systétmovym podanim 1é¢iv. Vzhledem k intenzivnimu metabolismu
v naddorové tkani ma tato tkdn specifické krevni fecisté. Mezi mechanismy U¢inku PTX
jakozto protinadorového 1éCiva patii také jeho antiangiogenni ucinky, které zptsobuji
blokaci ristu krevniho fecisté. Kontrola nadorové angiogenese se tak stala dulezitym
ukolem v boji proti rakoving.

Ptiprava a charakterizace vldken, vysledky kinetiky uvoliiovani PTX z PLA
vlaken, vliv inkorporace PEG na kinetiku uvoliovani a studium antiangiogenni aktivity
PTX byly pfijaty v Casopise Materials Science & FEngineering C, roku 2018
(Publikace 3).

Pomoci beztryskového elektrospinningu byla pfipravena PLA vldkna obsahujici
10 hmot. % PTX a 15 hmot. % PEG o riznych molekulovych hmotnostech (6, 20
a 35 kDa). Struktura a vlastnosti vladken byly sledovany nékolika metodami: SEM,
méfenim izotermické adsorpce/desorpce dusiku, diferencialni skenovaci kalorimetrii a
méfenim rentgenovée difrakce (tabulka 4).

Déle byla vyvinuta, optimalizovana a validovana HPLC metoda s UV detekci,
slouzici ke stanoveni celkového mnozZstvi PTX ve vladknech a ke sledovani uvoliiovani
PTX zvldken do prosttedi podobnému lidskému télu. Jako prosttedi vhodné

k uvoliovani lé¢iva byl pouzit PBS s 0,5 % detergentu Tween 80.

55



Tabulka 4: Piehled vlastnosti piipravenych PLA vlaken

PEG PTX specificky povrch® objem péra’
typ vzorku teoretickd/ teoretické/b derstvé vymyté derstvé  vymyté
stanovené * stanovené
wt% m2/g mm3/g
PLA - - 2,63+£0,09 3,14+0,04 2,67 4,17
PLA-PEG (6 kDa) 15/14,5 - 3,24+0,11  3,37+0,05 3,16 4,20
PLA-PEG (20 kDa) 15/15,2 - 2,33+0,05 4,05+0,03 2,54 7,66
PLA-PEG (35 kDa) 15/15,1 - 2,90+ 0,05 527+0,07 3,61 16,53
PLA-PTX (10) - 10/(9,96 + 0,77) 3,13£0,09 2,31+0,02 4,48 2,80
PLA-PTX (10)-PEG (6 kDa) 15/-° 10/(10,78 £+ 0,90) 1,69+ 0,07 2,91+0,01 1,43 3,92
PLA-PTX (10)-PEG (20 kDa) 15/-° 10/(9,20 £ 0,72) 2,01 +£0,09 3,32+0,04 1,87 4,68
PLA-PTX (10)-PEG (35 kDa) 15/-° 10/(9,19 + 0,09) 1,79+ 0,08 4,70+ 0,04 1,62 8,56

“TH NMR spektra, ” méfeni extrakce prostfednictvim HPLC-UV (n = 3),

“ neméfeno, ¢ stanoveno pomoci BET méfeni, objem pord o velikosti < 40 nm
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Pouzitda HPLC metoda byla optimalizovana za pouziti kolony s oktadecylovou
stacionarni fazi a mobilni faze voda/acetonitril (50/50 v/v) s pritokem 0,5 ml/min.
Teplota kolony byla nastavena na 35 °C, teplota vzorkd na 25 °C a objem nastiiku byl
5 pl. Pro stanoveni PTX byla pouzita vinova délka 227 nm. Optimalizovand metoda
poskytla piijatelny retencni cas (4 minuty) a Gausovsky tvar piku PTX.

Kalibracni zavislost byla linedarni v koncentratnim rozsahu od 100 ng/ml
do 15 pg/ml (y = 0,02x - 0,44, R* = 0,9999). Relativni standardni odchylky (7 = 5) byly
v rozmezi od 0,10 do 0,86 %. Hodnoty limitu detekce, respektive kvantifikace byly
50 a 100 ng/ml. Spravnost, piesnost a opakovatelnost méieni byly stanoveny na tiech
koncentracnich hladinach (100, 1000, 10 000 ng/ml) opakovanym stanovenim vzorkua
ve stejny den (n = 5) a ve dvou po sobé€ nésledujicich dnech (tabulka 5).

Selektivita metody byla provedena porovnanim chromatogramu ziskanych vzorka
extrakci ¢istych PLA vlaken (slepy vzorek) a PLA vldken obsahujicich PTX a PEG
(6 kDa). Ziskané udaje potvrdily, Ze vyvinutd metoda je selektivni, pfesnd, linedrni

a citliva.

Tabulka 5: Denni a mezidenni pfesnost a spravnost zmétena pro PTX (n = 5) metodou

HPLC-UV

¢ (PTX) denni mezidenni
spravnost presnost spravnost piesnost
teoreticka naméi‘ena namérena
[%] [%] [%] [%]
[ng/mL] [ng/mL] [ng/mL]
100 100,34 + 0,58 100,34 0,73 99,98 + 0,84 99,98 0,84
1000 1001,3 £4,1 100,13 0,42 1001,5+ 3,2 100,15 0,33
10000 10110 £ 12 100,75 0,12 1093 + 29 100,93 0,29

Experimenty spojené s uvoliovanim PTX do PBS s 0,5 % detergentu Tween 80
pti 37 °C byly provedeny na Ctyfech typech vldken, a to na PLA vladknech obsahujicich
10 hmot. % PTX a téch, které obsahovaly 10 hmot. % PTX a 15 hmot. % PEG
o riznych molekulovych hmotnostech (6, 20, 35 kDa). Rezim postupné vymény pufru
byl zvolen tak, aby lépe simuloval fyziologické podminky.

Uvoliovaci profily PTX jsou zobrazeny na obrazku 13, celkové kumulované
mnozstvi uvolnéného PTX v cCase je ukdzano na obrazku 13A a mnoZstvi uvolnéného

PTX odpovidajici danému casovému useku je zndzornéno na obrazku 13B.
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Vysledky ukazaly, ze vladkna obsahujici PEG uvolniuji podstatné vyssi mnozstvi
hydrofobniho 1é¢iva PTX a k jeho uvolnovani dochazi po delsi dobu ve srovnani
s vlakny bez PEG. Podobné vysledky byly ziskany i pfi uvoliiovani CsA z PLA vlaken
(Publikace 2).

Je zieymé, Ze pocatecni rychlé uvolnéni PTX bylo nésledovano jeho konstantnim
pomalym uvoliiovanim. Rychlé pocate¢ni uvoliovani bylo nejvyraznéjsi u PEG 6 kDa
ve srovnani s ostatnimi vlakny obsahujicimi PEG. Pfi znazornéni absolutniho
uvolnéného mnozstvi (obr. 13A) hraje roli vy$si mnozstvi PTX uvolnéné v prvnim
casovém useku, které zvySilo celkovy profil uvoliovani PTX. V pozdéjsi fazi
uvolniovani lze také pozorovat mirné vyssi uvoliiovani PTX z vlaken obsahujicich PEG
o vSech molekulovych hmotnostech (obr. 13A a 13B). Tento G¢inek lze vysvétlit rozdily
v krystalinité¢ molekul PEG o rGznych molekulovych hmotnostech a s tim souvisejici
separaci fazi jednotlivych slozek ve zvlaknovaci smési. Dlouhodobé uvoliiovani malého
mnozstvi 1é¢iva Ize také pricitat zvySené plose povrchu mezi vlakny a okolni tekutinou

po vymyti PEG, jak bylo prokazano prostfednictvim métenim BET (tabulka 4).
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Obr. 13 Profily uvoliiovani PTX do PBS s 0,5 % detergentu Tween 80. Absolutni mnozstvi PTX (A) a
uvolnéné mnozstvi PTX v jednotlivych ¢Easovych intervalech (B) stanovené z PLA vlaken
obsahujicich 10 hmot. % PTX a 15 hmot. % PEG méfené prostfednictvim HPLC-UV. Chybové
usecky byly stanoveny za pouziti standardni odchylky (n = 3).

Ve spolupraci s univerzitou v Marburgu byla také studovana biokompatibilita

PLA/PEG vldken a antiangiogenni aktivita uvolfiovaného PTX pomoci experimentii
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na kufeci chorioallantoick¢é membrané (CAM). CAM je vysoce vaskularizovanou
extraembryondlni tkani pta¢iho embrya. V kufecim embryu se tato tkan tvoii mezi 4.
a 5. dnem vyvoje, kdy se vnéj$i mezodermalni vrstva spoji s mezodermalni vystelkou
chorionu a mezi témito vrstvami dojde k vytvoteni sit¢ cév. Centralni cast CAM je pak
vytvofena kolem 8. az 10. dne vyvoje.

Ke studiu antiangiogennich 0¢inki PTX bylo pouZito pét typt vlaken, a to PLA-
PEG (20 kDa) vlédkna, PLA-PTX vldkna a PLA-PTX vlakna obsahujici PEG (6, 20
a 35 kDa). Jako slepych vzorkt bylo pouzito PLA-PEG vléken, na nichz byla potvrzena
dobra biokompatibilita s tkani embrya a nebyly pozorovany Zzadné zanétlivé ani
antiangiogenni ucinky (obr. 14A). PLA-PTX vldkna prokéazala slabou antiangiogenni

aktivitu béhem prvniho dne aplikace (obr. 14B), dal$i den doslo k formovéani nové

kapilarni site, totéz bylo pozorovano i u vlaken obsahujicich PTX a PEG 6 kDa.

Obr. 14 Antiangiogenni aktivita PLA materiald na kufeci CAM. PLA-PEG (20 kDa) znazoriuji

vybornou biokompatibilitu materialnu s tkani (A). U PLA-PTX vlaken je mozné pozorovat
na obr. EDD9 (B) slabou antiangiogenni aktivitu a na obrazcich (C) PLA-PTX-PEG (20 kDa)
doslo dokonce k vymizeni cévni sité¢ v oblasti pisobeni vlaken. Méfitko je 500 pm, EDD znamena

pocet dni od aplikace vlaken.
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U vlaken obsahujicich PTX a PEG 20 kDa byla pozorovana nejvétsi antiangiogenni
aktivita, doslo dokonce k vymizeni cévni sité v oblasti ptisobeni vlaken po dobu 5 dni
(obr. 14C). Naproti tomu nizk4 antiangiogenni aktivita byla pozorovana pro PEG
35 kDa.

CAM stanoveni tedy potvrdilo dobrou biokompatibilitu s tkdni. Pfidani PEG
do struktury vldken vyznamné zvySilo biologickou aktivitu vldkenného konstruktu
uvolnujiciho PTX. Zvlasté pak vlakna obsahujici PEG o molekulové hmotnosti 20 kDa
vykazovala velmi dobré antiangiogenni G¢inky. Ziskané profily uvoliiovani také mohou
byt povazovany za velmi slibné k lokalni aplikaci protinadorovych 1éCiv.

Provedené experimenty stejn¢ jako dosavadni Iékaifskd praxe pro 1écbu
nadorovych onemocnéni ukdzaly, ze rychlé dodavani vysoké pocatecni davky léku
muze zabijet nadorové bunky a nasledné pomalé uvoliovani mize byt dostate¢né

k zabranéni dalsi regresi nadorového onemocnéni.
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10.4 PTX/PLA/PEG vilakna s dlouhodobou protinadorovou
aktivitou jako potencialni nosi€¢ Iéku pro lokalni

chemoterapii (Publikace 4)

Plch, J.; Venclikova, K.; Janouskova, O.; Hrabéta, J.; Eckschlager, T.; Kopeckova, K.;
Hampejsova, Z.; Bosdakova, Z.; Sirc, J.; Hobzové R.: Paclitaxel-Loaded
Polylactide/Polyethylene Glycol Fibers with Long-Term Antitumor Activity as a

Potential Drug Carrier for Local Chemotherapy, Macromolecular Bioscience, 18, 6,

(2018).

Velkym problémem soucasné onkologie je recidiva pevnych nddort po jejich
chirurgickém odstranéni ¢i radioterapii. PouZziti intenzivnéj§i radioterapie nebo
radikalnéjsiho chirurgického zakroku ale ¢asto neni mozné kvili moznym nezadoucim
komplikacim. Resenim by mohly byt nové systémy umoziujici uvoliiovani 1é&iva p¥imo
v mist¢ UCinku, které by mohly snizit zdvazné vedlejsi ucinky souvisejici se
syst¢émovym podanim 1éCiva, dale vyznamné snizit terapeutickou déavku I1éciva
a v neposledni fad¢ prodlouzit dobu ptitomnosti latky v cilové oblasti.

Stabilita PTX, kinetika uvoliiovani inkorporovaného PTX o obsahu 1 a
10 hmot. % z PLA vldken a vliv inkorporace PEG na kinetiku uvoliiovani byly
publikovany v Casopise Macromolecular Bioscience, roku 2018 (Publikace 4).

Stabilita PTX byla studovana v riznych typech média na koncentrac¢nich
hladinach 100 ng/ml a 1 pg/ml (obr. 15). Jako médium byl pouzit PBS a PBS obsahujici
0,02; 0,1; 0,2 a 0,5 % detergentu Tweenu 80. Methanol slouzil jako referenéni médium
inhibujici rozklad PTX v ¢ase. Stabilita PTX byla studovana vyvinutou HPLC metodou
popsanou v kapitole 10.3.

V samotném PBS doSlo béhem 72 hodin k rozpadu vice nez 70 % PTX. Dale
byla testovédna stabilita v roztoku PBS obsahujicim rizné mnoZstvi detergentu Tween
80, ktery se bézn€ pouziva ke zvySeni rozpustnosti PTX ve vodném prostiedi.
V 2% roztoku Tweenu 80 dosahne PTX své rozpustnosti v krevnim séru [179]. Bylo
zjisténo, Ze s piibyvajicim mnoZstvim Tweenu 80 vzrlsta stabilita PTX v roztoku
u obou testovanych koncentraci PTX. Vyrazny ucinek byl pozorovan zejména u nizsi
koncentrace PTX za pouziti 0,5% piidavku Tweenu 80, kdy byla stabilita PTX
po 72 hodinach témét 90 %. Lze tedy shrnout, Ze stabilita PTX je vysoce zavisla
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na prostiedi, do kterého je PTX uvoliiovan. Bylo zjisténo, ze k degradaci PTX dochazi
hydrolyzou nebo epimerizaci ve vodném prostiedi [129]. Pfidani Twenu 80 do vodného
prostiedi zptsobi snizeni hydrolyzy PTX. Molekuly detergentu pravdépodobné obklopi
molekuly PTX a vytvoii tak micelarni struktury, ¢imz snizi solvataci PTX molekulami
vody ajeho naslednou hydrolyzu [130]. Také inkorporace PTX do vldken mize
¢aste¢né omezit jeho rozklad, protoze 1é¢ivo je zabudované ve struktufe vlaken a k jeho
degradaci mlze tedy dojit azZ po jeho uvolnéni do okolniho prostfedi. Pro studium
profilu uvoliiovani bylo zvoleno jako nejvhodné&jsi médium PBS s 0,5% pridavkem

Tweenu 80, aby nedochdzelo k ¢astecnému rozkladu PTX, a tedy k ovlivnéni vysledk

meéieni.
A B
120 - 120 -
100 G i g oo T | 100 s FEIL IR S
T a0l i uPBS = al u PBS
[>_<' | PBS + 0,02 % Tween E PBS + 0,02 % Tween
E 60 1] PBS + 0.1 % Tween é 60 - . i . PBS + 0,1 % Tween
é’- 1 PBS + 0,2 % Tween 5 1 PBS + 0,2 % Tween
S 40 | uPBS+05 % Tween = 40 M u PBS + 0,5 % Tween
2 I‘ l“ ‘1‘| MEOH 20 | \ | MEOH
0 T | Y 0 i L el l- ,l

0 1,5 3 45 24 48 72 144 0 15 3 45 24 48 72 144
Cas [hod] Cas [hod]

Obr. 15 Stabilita PTX v riznych médiich o koncentraci PTX 1 pg/mL (A) a 100 ng/mL (B). Chybové
usecky byly stanoveny za pouziti standardni odchylky (n = 3).

Prostfednictvim bezjehlového elektrospinningu bylo pfipraveno osm typi PLA
vlaken obsahujici 1 a 10 hmot. % PTX a 15 hmot. % PEG o rtizné molekulové
hmotnosti (6, 20 a 35 kDa). Vldkna byla charakterizovana prostfednictvim SEM. Bylo
zjisténo, Ze vSechna pfipravend vladkna maji velmi podobnou vldkennou strukturu a ze
PTX i PEG byly tspésné inkorporovany do vlakenné struktury.

Dale bylo stanoveno skute¢né mnozstvi PTX extrakci z vldken methanolem
a naslednou analyzou extraktli metodou HPLC-UV (kapitola 10.3). Vysledky ukézaly,
7e vldkna obsahuji 1 + 0,25 hmot. % a 10 + 0,8 hmot. % PTX, tj. 75 az 125 %,
respektive 92 az 108 % predpokladaného mnozstvi PTX na zaklad¢ slozeni zvlaknovaci
smési. To potvrdilo dobrou shodu s obsahem PTX v pocatecni polymerizacni smési.

Vyssi odchylky stanovenych mnoZstvi vzhledem k teoretickym hodnotdm u vldken
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obsahujicich pouze 1 hmot. % PTX byly dany pravdépodobné velmi nizkou
stanovovanou koncentraci.

Nésledné byla méfena kinetika uvoliovani PTX z vlakennych materiala
v ¢asovych intervalech 0,5; 1; 2; 4; 8; 16; 24; 48 a 72 hodin v PBS s 0,5 % detergentu
Tween 80 pti 37 °C. Uvolilovani bylo provadéno v mdédu postupné vymeény, aby se co
nejvice podobalo uvoliiovani do prostfedi Zivého organismu. Koncentrace PTX
v uréitém casovém useku byly méfeny prostfednictvim HPLC-UV a nasledné byly
vypocteny rychlosti uvolniovani pro jednotlivé ¢asové periody prostfednictvim rovnice

(1, str. 44), obdobn¢ jako pro CsA (Publikace 2).

Tabulka 6: Porovnani rychlosti uvoliiovani PTX z PLA vldken obsahujicich
1 a 10 hmot. % PTX a 15 hmot. %PEG o rizné molekulové hmotnosti

rychlost uvolnéni

y [ng/h.cm?]?
doba
uvolngui PLAPTX PLA-PTX-PEG PLA-PTX-PEG PLA-PTX-PEG
¢ [h] (6 kDa) (20 kDa) (35 kDa)
10% 1% 10% 1% 10% 1% 10% 1%
PTX PTX PTX PTX PTX PTX PTX PTX
0-0,5 378 33 947 59 614 43 538 68
0,5-1 18 2 136 5 96 4 119 5
1-2 6 1 67 3 51 3 66 3
2-4 5 0 35 1 30 1 38 1
4-8 2 0 19 0 16 0 20 1
8-16 1 0 9 0 8 0 10 0
16-24 1 0 4 0 4 0 5 0
24-36 0 0 3 0 3 0 4 0
36-48 0 0 2 0 2 0 2 0
48-72 0 0 1 0 1 0 1 0

* rychlost uvolnéni PTX vypoctené podle rovnice (1, str. 44)
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Vypoctené rychlosti uvoliiovani PTX (tabulka 6) ukazaly, Zze z vléken
obsahujicich PEG se uvoliiuje vyznamné vys$i mnozstvi PTX a také ze dochazi
k prodlouzeni doby uvolniovani 1é¢iva v porovnani s vlakny obsahujicimi pouze PTX.

Tento trend byl v souladu s uvoliiovanim CsA z PLA vldken obsahujicich rizné
mnozstvi PEG (Publikace 2). Uvolilovani probihalo ve dvou fazich, pocatec¢ni rychlé
neékolikahodinové uvoliiovani bylo nasledovdno pomalym konstantnim uvolnovanim.
Pocatecni rychlé uvoliovani Ize vysvétlit difuzi 1é¢iva z povrchu vlaken do volného
média.

Pti sledovani vlivu molekulové hmotnosti PEG na kinetiku uvoliovani je ziejmé,
ze k uvolnéni nejvyssiho mnozstvi PTX doslo u vlaken obsahujicich PEG o molekulové
hmotnosti 6 kDa béhem prvni hodiny, zatim co u vldken s PEG o vysSich molekulovych
hmotnostech (20 a 35 kDa) byl PTX uvoliiovan po delsi casovou periodu. Pozorované
trendy byly vyraznéjsi u vzorkl obsahujicich 10 hmot. % PTX.

Dale byla sledovana in vitro cytotoxicita PTX na nékolika typech bunéénych linii
MCF-7, LNCAP, SH-SYS5Y a UKF-NB-3. Bylo zjisténo, Ze nejvice citlivou linii
na ptitomnost PTX byla linie UKF-NB-3, u niz byla jako u jediné prokazana aktivita
PTX u vlaken obsahujicich 1 hmot. % PTX a jejich cytotoxicita. Na vSech typech linii
byla nasledné prokézéana aktivita PTX (10 hmot. %) po dobu n¢kolika dni. Lze také fici,
ze ptidanim PEG o rizné molekulové hmotnosti 1ze ovlivnit profily uvoliiovani PTX
z vlaken specificky pro urcité typy rakovinovych bungk.

Ptestoze byly in vitro experimenty provedeny za podminek odliSnych od realného
prostiedi lidského téla, ziskané vysledky mohou byt povazovany za slibné pro navrzeni
lokalni 1éc¢by recidivujicich nadori, nebot’ rychlé dodéani dostate¢né pocate¢ni davky
zabiji nadorové buiky a nasledné pomalé uvolfovani muize zabranit dalSi recidivé

nadoru.
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10.5 Pilotni studie uvolnovani hydrofobniho lé¢iva PTX do

2-hydroxyethylmethakrylatovych hydrogelu

10.5.1 Materialy

PLA nanovldna obsahujici 10 hmot. % PTX a 15 hmot. % PEG o molekulové
hmotnosti 20 kDa byla pfipravena metodou beztryskového elektrospinningu
a charakterizovana metodami popsanymi v publikacich, vénujicich se uvoliiovani PTX
(Publikace 3 a 4). 2-Hydroxyethylmethakryldt = (HEMA,  monomer),
ethylenglykoldimethakrylat ~ (EDMA, sitovaci  Cinidlo) a  2-hydroxy-2-
methylpropiofenon  (Darocur, 1173, UV iniciator), acetonitril, methanol
(pro HPLC), fosfatovy pufr (PBS) a Tween 80 byly ziskdny od firmy Sigma Aldrich
(Praha, Ceska Republika).

10.5.2 Stanoveni celkového mnozstvi PTX v tercéicich

Pro potvrzeni inkorporace PTX do vldken bylo nutné stanovit celkové mnozstvi
PTX ve vlakennych materidlech. Celkové mnozstvi PTX bylo stanoveno zvazenim péti
terciki vlaken a uvolnénim PTX z téchto ter¢iki do 10 ml methanolu. Tento roztok byl
10krat ztedén. Stanovené mnoZstvi PTX v roztoku bylo porovnano s teoretickym
mnozstvim PTX ve vlastnich vlaknech. Méfeni koncentraci PTX bylo provedeno
optimalizovanou a validovanou HPLC-UV metodou popsanou v Publikaci 3. M¢feni
bylo provedeno v tripletu. Vysledky jsou uvedeny v tabulce 7. Timto stanovenim bylo
potvrzeno, Ze veskeré¢ mnozstvi PTX vloZzené do polymeracni smési bylo Uspésné

inkorporovéano do vldkenné struktury a Ze vlakna obsahuji definované mnozstvi PTX.

Tabulka 7: Mnozstvi PTX v PLA vlaknech

typ vlaken teoretické mnozstvi PTX namérené mnozstvi PTX
(%) (%)

PLA-PTX 10 9,95 +0,51

PLA-PTX-PEG (20kDa) 10 9,88 £ 0,49
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10.5.3 Priprava hydrogell a stanoveni mnozstvi vody v rovnovazné

zbotnaném stavu

Hydrogely byly pfipraveny radikalovou polymerizaci iniciovanou UV zéfenim.
Polymeracni smés byla pfipravena ze smési HEMA/voda v poméru 60/40 (w/w), dale
bylo do smési pfiddno 0,5 hmot. % sitovaciho ¢inidla EDMA a 0,5 hmot. % UV
inicidtoru Darocur vzhledem k mnozstvi monomeru HEMA. Polymeriza¢ni sm¢s byla
5 minut probubldna dusikem z diivodu odstranéni kysliku inhibujicimu radikalovou
polymerizaci a pomoci injekéni stiikacky vpravena do pfipravenych forem. Forma se
sestavala z hlinikového ramecku s otvorem pro dalsi komponenty. Do ni byla vlozena
postupné silikonova tésnéni, sklenéna desticka umoziujici prachod zareni
k polymerizaéni smési, distanéni vlozka ze silikonu, kterd wurcovala tloustku
polymerizovaného vzorku, tenkd polypropylenova podlozka a tvrdy polypropylenovy
blok, ktery ramecek uzaviral. Ramecek se vSemi komponentami byl nésledné¢ zajistén
dvojici hlinikovych svorek. Schéma formy je zobrazeno na obr. 16. Forma byla plnéna

skrz otvor v distan¢éni vloZce a ramecku.

POLYPROPYLENOVY BLOK - 100x100x25 mm —

POLYPROPYLENOVA PODLOZKA

SILIKONOVE TESNENE —.

SKLENENA DESTICKA - 100x100x4 mm —. *.
SILIKONOVE TESNENT —.

HLINIKOVY RAM - 120x120x20 mm —

Obr. 16 Schéma formy k pfipraveé hydrogelt.

Vzorky byly polymerizovany 30 min pomoci UV lampy ReptiGlo 8.0 (60 W).
Po polymerizaci byly vzorky vyjmuty z formy a ponofeny do destilované vody,
za GCelem vymyti nizkomolekuldrnich rezidui z polymerizace a dosaZeni rovnovazné
zbotnaného stavu. Nasledné pak byly piebotnany po dobu jednoho tydne do PBS
s 0,5 % detergentu Tween 80 pro zvySeni stability PTX v nasledujicich uvoliovacich

procesech. Poté byly rozméry gelii upraveny na 2,5 x 7 x 0,1 cm a op€t ponechany jeden
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den v roztoku PBS s detergentem Tween 80. Tyto hydrogelové prouzky byly nésledné
pouzity pro uvoliovaci experimenty. Dale bylo z hydrogelii pfipraveno pét Ctvercu
o rozmérech 2 x 2 cm, které byly zvdzeny a poté vysuSeny do konstantni hmotnosti.
Tento experiment slouzil ke stanoveni mnozstvi vodné slozky ve struktuie hydrogelu.
Bylo zjisténo, Ze hydrogely v rovnovdzném zbotnaném stavu obsahuji 37,47 + 0,27 %

vody.
10.5.4 Méreni uvolnovani PTX do hydrogelu

Pro studium uvolovani PTX do hydrogelt byly pouzity dva typy vléken, které
obsahovaly 10 hmot. % PTX a jeden ze vzorkli dale obsahoval 15 hmot. % PEG
s molekulovou hmotnosti 20 kDa. Z prouzkl gelu byla osuSenim odstranéna vodna faze
na jejich povrchu. Mezi dva prouzky gelti bylo vzdy naneseno pét teré¢ikli vlakenného
materialu, které byly pfedem zvazeny pro stanoveni teoretického mnozstvi PTX
v danych péti terCicich. Gely s ter¢iky byly umistény ve vodni ldzni v inkubatoru
(Orbital Shaker-Incubator ES-20, Biosan, Riga, LotySsko) pfi teplot¢ 37 °C po dané
casové useky 0,5; 2; 4 a 8h. Hydrogely byly ménény v danych casovych usecich.
Pro kazdy ¢asovy usek byl experiment proveden v péti replikacich. Postup pokusu je
znazornén na obr. 17. Vzdy po uplynuti danych Casovych usekd byly terc¢iky z gelt
umistény do 10 ml methanolu a tftepany po dobu 2 hodin pro kvantitativni pfevedeni
PTX do roztoku. Tyto roztoky byly 10krat zfedény a bylo z nich stanoveno zbytkové
mnozstvi PTX v terCicich prostfednictvim optimalizované a validované HPLC-UV
metody (Publikace 3). Poté bylo vypocteno uvolnéné mnozstvi PTX z ter¢ik. VSechna
meéfeni byla provedena pétkrat. Pro ¢asovy usek 8 hodin bylo také zméteno kumulativni
mnozstvi PTX uvolnéné do jedné série hydrogelovych prouzki (tzn. bez vymény geli).

Po experimentech zaméfenych na stanoveni celkového mnozstvi PTX byla dale
studovana kinetika jeho uvoliiovani do hydrogell na bazi methakrylatu (obr. 18A, 18B).
Dtvodem pouzZiti hydrogelti oproti vodnym médiim, pouZitym v pfedchozich pracich,
byla snaha pfibliZzit podminky uvolhovani léCiva z vldkennych nosi¢l redlnému
prostfedi organismu, predevs§im potlacit vliv konvekce kapalného média nalézajiciho se
v okoli vlakennych terCikl pfi tiepani. Bylo zjisténo, ze u vldken obsahujicich pouze
10 hmot. % PTX dochazi k rychlému uvolnéni PTX béhem prvni ptl hodiny a poté

k mirnému uvoliiovani malého mnozstvi PTX. Oproti tomu u vladken obsahujici PEG

67



20 kDa dochazelo k postupnému uvolnéni pfiblizné ¢tvrtiny celkového mnozstvi PTX

ve vlaknech.

0,5h E E mm)  Analyza terikii po 0.5h 4],5 — Analyza terikii po 4h

P0 0,5 h (tosey™ 0,5 b) byly tertiky umistiny na nové hydrogely Po dalSich 2 h (t.yy,.= 4 h) byly teréiky umistény na novy hydrogel

2h E E mm) Analyzatercikipo2h gy E mm)  Analyza teréiki po Sh

Po 1,5 h (tepony= 2 h) byly terciky umistény na nové hydrogely

Obr. 17 Schéma experimentu postupného uvolnovani PTX, pro kazdy casovy usek byl experiment

proveden v péti replikacich.

A B C EPLA-PTX
B PLA-PTX-PEG (20 kDa)

25 1 25 = 25 1
20 20 — 20 -
S S )
o ¥ %
[~ = =
-9 -9

15 | 15 4
E ERR =
= 2
ki z 5
= = =
E E S
Z 10 - 5 10 - 5 10 -
E g E
~ 5 = 5 4 < 5

0 4 r r T 0 4 0 -

0,5h 2h 4h 8h 8h kumulativné 8h PBS 8h gel
Cas [n] Cas [h] Cas [n]

Obr. 18 Uvolnovani PTX z PLA a PLA-PEG (20 kDa) vlaken do rtzného typu médii: Uvolniovani
s postupnou vyménou hydrogeld (A) a uvoliovani do hydrogeli bez vymény hydrogelt (kumulativni
mod) po dobu 8 hodin (B). Porovnani kumulativnich uvolfiovani do prostiedi PBS a hydrogelu (C).

Chybové usecky byly stanoveny za pouziti standardni odchylky (n = 5).
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Ptitomnost PEG tedy vyrazné zvysila mnozstvi PTX uvolnéného z PLA vlaken.
Obdobny trend byl pozorovan i pii sledovani kinetiky uvoliiovani PTX do PBS
(Publikace 3, 4).

Pocatecni rychlé uvolnovani je pravdépodobné zptisobeno difuzi 1é¢iva z povrchu
vldken do kapalného média vypliujictho mezivlakenné prostory a dale do struktury
hydrogelu. U vlédken s inkorporovanymi amfifilnimi molekulami PEG je patrné zvysSené
uvoliovani lé¢iva.

Pti srovnani postupného modu uvoliiovani (obr. 18A) s kumulativnim moédem PTX
(obr. 18B) je jasn¢ patrny vyznamny vliv postupné vymény okolniho prostredi
na uvoliovani PTX, kdy je dosazeno mnohem vyssiho uvolnéni 1é¢iva. Divodem je
postupna vyména novych gelt, a tedy pfistup nenasyceného gelu k 1é¢ivu.

Dale byly provedeny experimenty porovnavajici vliv prostiedi, do kterého je
uvoliiovan PTX z nanovlaken (obr. 18C). Zde byl patrny rozdil mezi uvolilovanim
do vodného média (PBS) a do struktury hydrogelu. Do struktury hydrogelu bylo
uvolnéno mnohem vice 1é€iva nez do roztoku PBS.

Diivodem vyssiho uvoliiovani hydrofobniho PTX do methakrylatového gelu je
pravdépodobné skutecnost, ze gel obsahuje pouze 37 % vodné slozky na rozdil od Cisté
vodného fosfatového média.

Zavérem lze shrnout, Ze z vladken obsahujicich PEG se uvoliiuje vyznamné vyssi
mnozstvi PTX a také ze dochézi k prodlouzeni doby uvoliovani lé¢iva v porovnani
s vlakny obsahujicimi pouze PTX. Stejny trend byl pozorovan 1 pii uvoliovani 1éciva
PTX do kapalného roztoku PBS (Publikace 3, 4) a také pii sledovani vlivu PEG
na uvoliovani imunosupresiva CsA do kapalného prostfedi (Publikace 2). Také je jasné
patrny rozdil mezi uvolfiovanim hydrofobniho 1é¢iva do vodného prostiedi
a do prostfedi hydrogelu obsahujiciho 37 % vodné slozky. Z vysledki vyplyva, zZe
konvekce kapalného media nehraje tak dualezitou roli jako interakce uvolfiovaného
lé¢iva s okolni matrici. Na celkov€ uvolnéné mnoZzstvi hydrofobniho 1é¢iva ma tedy vliv
nejen modifikace vldken ptitomnosti PEG, ale zejména typ prostiedi, do kterého se
1é¢ivo uvolnuje. Vhodné zvoleny systém tvofeny spravné zvolenym hydrogelem tak

muze dobfe aproximovat realné in vivo prostiedi.
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11 Zaver

Byla pfipravena a testovana polymerni nanovldkna s piidavkem amfifilnich PEG
metodou  beztryskového elektrospinningu  vhodnd pro ndaslednou inkorporaci
hydrofobnich 1éCiv. Z ftady syntetickych polymerd byl vybran PLA, polymer
s odpovidajicimi vlastnostmi pro pouziti v lidském organismu, ktery byl spolu
s hydrofobnimi 1é¢ivy CsA a PTX zvldknén. Déle byl do zvlakiiovaci smési piiddin PEG
o rizné molekulové hmotnosti pro ovlivnéni kinetiky uvoliiovani hydrofobnich 1é¢iv.

Byly vypracovany, optimalizovany a validovany analytické HPLC metody
s tandemovou hmotnostni detekci nebo UV detekci pro sledovéani kinetiky uvoliiovani
1éCiv do fosfatového pufru, fosfatového pufru s pridavkem detergentu a hydrogeli
na bazi methakrylatu vybranych tak, aby castecné simulovaly realné prostiedi lidského
organismu.

Vysledky biologickych experimentii a analytickych pokusii ve shodé¢ potvrdily, ze
interakce mezi hydrofobnimi 1é¢ivy (CsA, PTX) a PEG hraje vyznamnou roli
pfi uvolnovani 1é¢iv z nanovlaken. Byl zjistén jasny rozdil v uvoliiovani 1é¢iv z vlaken
bez PEG a s nim. Pfidanim PEG do nanovldken doSlo k signifikantnimu nardstu
uvolnéného mnozstvi 1éCiv a prodlouzeni doby uvoliiovani v porovnani s nanovldkny
neobsahujicimi PEG.

Byl také potvrzen vliv prostiedi, do kterého bylo 1é¢ivo uvoliiovano. Byl pozorovan
vyznamny nariist uvolnéného 1éc¢iva do hydrogelli v porovnani s uvolfovanim do
vodnych médii.

Ptestoze byly in vitro experimenty uvoliovani CsA a PTX provedeny
za podminek odliSnych od redlného prostfedi lidského téla, pfipravend nanovldkna
obsahujici CsA a PEG by bylo moZné pouZit pro potlaceni lokalni zanétlivé reakce nebo
odpovédi imunitniho systému. Vysledky ziskané sledovanim uvoliiovani PTX zase
mohou byt povazovany za slibné pro navrzeni lokalni 1écby recidivujicich nadort,
nebot’ rychlé dodani dostatecné pocatecni davky zabiji nddorové buiky a nasledné

pomalé uvolilovani miiZze zabranit dalsi proliferaci a migraci nadorovych bunék.
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Nanofibers were prepared from polycaprolactone, polylactide and polyvinyl alcohol using Nanospider™ technology. Polyethylene

glycols with molecular weights of 2 000, 6 000, 10 000 and 20 000 g/mol, which can be used to moderate the release profile of

incorporated pharmacologically active compounds, served as model molecules. They were terminated by aromatic isocyanate and

incorporated into the nanofibers. The release of these molecules into an aqueous environment was investigated. The influences of

the molecular length and chemical composition of the nanofibers on the release rate and the amount of released polyethylene

glycols were evaluated. Longer molecules released faster, as evidenced by a significantly higher amount of released molecules after

72 hours. However, the influence of the chemical composition of nanofibers was even more distinct — the highest amount of poly-

ethylene glycol molecules released from polyvinyl alcohol nanofibers, the lowest amount from polylactide nanofibers.

Introduction

To date, numerous drug delivery systems have been developed,
such as hydrogels that carry drugs or highly sophisticated elec-
tronic microchips [1,2]. The required release rates of the thera-
peutic agents depend on the medicinal application; for example,
the optimal release time of hormones is in the range of months,

while peroral administration requires that the drug is released as

fast as possible [3]. Nano-shaped materials are advantageous for
the rapid release of the drugs due to their high surface area/

volume ratio.

Due to the internal architecture, nanofibers are well suited for

various medicinal applications, such as carriers for cell cultiva-
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tion [4,5], tissue engineering scaffolds [6] or wound dressings
[7]. The incorporation of biologically or pharmacologically
active compounds into the nanofibers may be very useful for
these applications [8].

Although several methods of nanofiber preparation have been
invented [9], electrospinning technique can be considered as a
simple and versatile method for the production of continuous
polymeric nanofibrous mats formed of nano- to micro-sized
fibers [10-14]. Moreover, this fabrication enables to set-up
process parameters for facile control of nanofibrous mat prop-
erties such as surface area, fiber diameter, porosity, and
thickness [15].

In the recent years, much effort has been devoted to modifying
the electrospinning process, so coaxial, multi-jet, or side-by-
side techniques were developed [16,17]. However, these
techniques are of a little interest in terms of potential mass
production.

In contrast, Nanospider™ technology as an alternative ap-
proach based on a needle-free method represents the perspec-
tives for industry due to the high production capacity, stability
and easy maintenance [18,19]. This technology is relatively
universal and nanofibrous materials from a variety of polymers
can be obtained. Moreover, adjusting the process parameters
such as the concentration of polymer in solution, electric field
strength, tip-to-collector distance or temperature the materials
enables to control the final structure of the prepared materials
[6,20].

Generally, nanofibers that carry drugs follow several basic
designs — nanofibers with homogenous structures in which the
drug is dispersed throughout the polymer matrix, core—shell
nanofibers for which the matrix carrying the drug is covered by
pure polymer [21,22] and nanofibers with the pharmacologi-
cally active compounds immobilized on their surface [16,23].
Nowadays, also more sophisticated structures of nanofibrous
mats are described, such as multilayer constructs [16]. The two
basic fiber designs are the primary factors that affect the diffu-
sion mechanism and drug release. For homogenous nanofibers,
the rate of release decreases with time, because the drug must
travel progressively longer distances to diffuse to the fiber

periphery, which requires more time. Contrary, the core—shell

N=C=0

+ HO(CH,CH,0),H
2 (CH2CHO), RT, 24 h

Figure 1: Derivatization reaction scheme of PEG with phenyl isocyanate.

catalyst, dioxane
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design provides the delivery system with the diffusion rate of
the therapeutic agent stable throughout the life. The structure of
the nanofibrous drug delivery system plays a key role in the
drug release process. The fiber diameter, specific surface area,
size and total volume of pores significantly influence the
convection and diffusion of the liquid in which the nanofibers
are immersed. Therefore, the drug release is also influenced.
The great advantage of nanofibrous materials is that their struc-
ture, i.e., their fiber diameter, density and thickness of the
nanofibrous layer, can be tailored to various requirements by
varying the process parameters [24].

In this work, we designed a nanofibrous carrier in which the
model molecule is dispersed throughout the polymer matrix.
For the purposes to evaluate the influence of molecular size on
the release rate and the total released amount in general, poly-
ethylene glycols with molecular weights of 2,000, 6,000, 10,000
and 20,000 g/mol were selected as model molecules. Polyeth-
ylene glycol (PEG) is a hydrophilic polyether commercially
available in various molecular weights with narrow distribution.
It is widely used in various medical applications, for example as
surfactant, solvent or tablet excipient. Apart from these applica-
tions the PEG has significant effect on the drug release. It has
been shown that addition of PEG molecules is an efficient way
to modify the release of hydrophobic paclitaxel from poly(lactic
acid-co-glycolic acid) matrix [25] or proteins from lipidic
implants [26]. In present work the PEGs were added to the solu-
tions of polymers and were incorporated in nanofibers made
from polycaprolactone (PCL), polylactide (PLA) and polyvinyl
alcohol (PVA) during electrospinning. The release behavior of
these molecules into the water environment was investigated
and the results are discussed in terms of molecular weight of

PEGs and chemical composition of nanofibers.

Results and Discussion

Prior to use, linear PEGs were terminated with phenyl
isocyanate to incorporate spectrophotometrically detectable
groups (Figure 1). The reaction products were confirmed by
NMR, elemental analysis, IR spectroscopy and melting point

measurements.

The needle-free electrospinning process was optimized for each
type of nanofiber with respect to the different physicochemical

properties of polymers. SEM images revealed that the textures

i % H
@—NH—C—O—QCHQCHgotc—NQ
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of all resultant samples were homogenous and free of hetero-  the polymer solution in electrospinning, however, it was not
geneities or artifacts (Figure 2a—c). It can be expected that the noticeable in concentration of PEG 3%. The addition of PEG
addition of PEGs will change the physicochemical properties of molecules to the electrospun mixture did not noticeably influ-

SEM HV: 15 kV WD: 14.08 mm SEM HV: 15 kv WD: 14.69 mm
SEM MAG: 10.0 kx  Date(midly): 04/08/15 5 ym SEM MAG: 10.0 kx  Date(midiy): 04/0815 5 ym
View field: 21.7 ym Det: SE View field: 21.7 ym Det: SE

«

\
-

-— —
SEM HV: 15 kV WD: 14.28 mm VEGA3 TESCAN SEM HV: 15 kV. WD: 14.61 mm VEGA3 TESCAN|
SEM MAG: 10.0 kx  Date(m/dly): 04/08/15 5 ym SEM MAG: 12.6 kx  Date(midly): 04/08/15 5 ym
View field: 21.7 ym Det: SE NANOVIA View field: 17.2 ym Det: SE

/
)
N

\ i v N } ¥
’ - ‘ (VAN ¥ ' \
W\ NG
A ) - \ L L g / L4
SEMHV: 15KV WD:14.85mm SEMHV: 15KV WD: 14,63 mm VEGA3 TESCAN

SEM MAG: 12.6 kx  Date{midly): 04/08/15 5 pm SEM MAG: 12.6 kx  Date{midly): 04/08115 5 ym
View field: 17.2 ym Det: SE View field: 17.2 ym Det: SE NANOVIA

Figure 2: SEM images of PLA (a, d), PCL (b, e) and PVA (c, f) nanofibers prepared without (a—c) and with (d—f) addition of PEG 20 molecules.
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ence the nanofiber structure. According to the results of
morphological characterization, the nanofibrous structures
remained similar to those of nanofibers without model mole-
cules, even for nanofibers that contained PEG 20 (Figure 2d—f).
Clusters or other artifacts were not detected.

The properties and behavior of each polymer during electro-
spinning were unique. The process parameters, such as the
polymer mixture composition, voltage, electrode distance,
temperature or humidity, were individually and precisely
adjusted in order to produce structures that were as similar as
possible. However, the morphological characterization revealed
several differences in the parameters of resultant samples
(Table 1). The thinnest fibers with a mean fiber diameter
157 nm were prepared from PVA, and the thickness of PCL
nanofibers (179 nm) was almost similar to this value. PLA
fibers were the thickest, with a diameter of 282 nm. The surface
areas corresponded to the fiber diameters; the surface area was
largest for the thinnest PVA fibers (7.7 m%/g) and smallest for
PLA (4.7 m?/g). These differences are due to the needle-free
electrospinning method. Needle-free electrospinning does not
allow the fine-tuning of parameters, but the disadvantage of this
method is balanced by the fact that it may allow the large-scale
production. The possible effect of these characteristics is
discussed further below.

Table 1: Morphological characterization of nanofibrous carriers.

fiber diameter (nm) porosity (%) surface area (m2/g)

PCL 179 77.4 6.0
PVA 157 78.2 7.7
PLA 282 86.6 4.7

The porosities determined by mercury porosimetry ranged from
77.4% for PCL nanofibers to 86.6% for PLA nanofibers. These
differences may have slightly influenced the release of incorpo-
rated molecules. However, the mercury porosimetry measure-
ments were conducted in a vacuum. In an aqueous environment,
in which the nanofibers are supposed to be used, the porosity
may differ due to the variable water content between
nanofibers, which is the result of their variable swelling.

The release experiments revealed two trends — the release rate
depends on the molecular weight of model PEGs as well as on
the type of nanofibrous carrier. Although we expected that long
molecules will be anchored in nanofibrous structures and so
more strongly retained, we observed the opposite effect. Larger
molecules were apparently released faster than smaller ones
(see Figure 3). Figure 4 depicts the amount of PEG molecules
released within 72 hours. Except for the amount of PEG 10

Beilstein J. Nanotechnol. 2015, 6, 1939-1945.

released from PCL nanofibers, which we attribute to random
error, the percentage of PEG that was released positively corre-
lated with molecular size. The most distinct increase in the
release rate was observed for PEG 20, whose release was
approximately 30% higher than that of PEG 10. This effect was
attributed to the insufficient interweaving of PEG and chains of
the polymer matrix during the electrospinning process.
Expecting the well interweaving of PEG molecules, their
release is primarily influenced by the dissolution rate and
consequent transport through the material, i.e., the molecules
with lower molecular weight and so higher mobility should
release faster. However, our samples behaved differently. Our
findings suggest that chains of PEG likely form domains that
are separated from nanofibers and these domains accelerate
their release from the material. This effect is more apparent in
longer chains. Shorter chains are more mobile, which allows
them to partially penetrate the nanofibers. In this case, the dis-
tance from the surface controls the dissolution rate. The longer
chains of PEG 20 contain parts of molecules which remain near
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Figure 3: Release of PEG from PVA nanofibers, PEG 2 (filled

squares), PEG 6 (open squares), PEG 10 (filled circles), PEG 20
(open circles).
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the surface and are more accessible to water. This effect accel-
erates the release of longer PEG chains compared to shorter

ones.

The formation of PEG domains can be also supported by the
formation of a crystalline phase. Larger PEGs are more likely to
crystalize. During the formation of a crystalline phase, the
domains of the crystalline polymer are formed separately from
the remaining system, which makes them more accessible to
water and easier to release.

The release of PEG molecules from PCL, PVA and PLA
nanofibers varied, as evidenced by the amount of released
model molecules after 72 h (Figure 4) compared to the amount
of PEG 2 released from various nanofibers (Figure 5). PEGs of
other molecular weights also followed similar trends. This
effect may be partly due to the varied chemical composition of
nanofibers as well as differences in their morphologies. From a
chemical point of view, the fact that PEGs released fastest from
PVA nanofibers can be explained by the interaction of PVA
with water molecules during immersion — the PVA molecular
structure contains hydroxy groups, which interact with water
molecules at the expense of the interaction with PEG molecules,
which are consequently released faster. The lower polarity of
PCL and PLA and therefore weaker interaction with water
molecules may result in such distinct differences between the
release rates from PVA. The higher amount of released PEG
from PVA brings the question whether it is not related to the
dissolution of the fibers in an aqueous environment. Therefore,
the SEM images of PVA nanofibers after release experiments
were made (Figure 6). No significant changes in structure
compared to starting material are apparent suggesting that the
thermal crosslinking of the PVA fibers during the preparation
ensures sufficient stability of the fibrous structure during the
immersion into the water. Therefore, it can be concluded that
the release kinetics are given by effects discussed above.

Release [%]
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Figure 5: Release of PEG 2 from nanofibers prepared from PCL (open
circles), PLA (open squares) and PVA (open triangles).
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Figure 6: SEM image of PVA nanofibers containing PEG 20 after
immersion into the water for 72 h.

Despite attempts to ensure the similar nanofibrous structures,
the varied morphology may be also responsible for the varia-
tion in the PEG release rate. The release of model molecules
directly correlated with the specific surface areas and inversely
correlated with the fiber diameters. A higher specific surface
area provides a larger area for interaction with the surrounding
liquid and consequent faster release of drug molecules. A larger
fiber diameter increases the distance that molecules located in
the middle of fiber must diffuse through to reach the periphery
of the material, which prolongs release times. The porosity of
nanofibers did not appear to affect the release rate. A larger
porosity may increase the volume of liquid that surrounds the
fibers and consequently accelerate the release, but this effect
was not observed and may have been suppressed by other
factors, i.e., the degree of hydrophilicity of nanofibers.

The obtained results showed the successful preparation of
morphologically comparable nanofibrous materials with incor-
porated PEG molecules. It was demonstrated that combination
of chemically different polymers and PEG of various molecular
weights leads to materials with significantly different release
kinetics of PEGs. These basic findings on relationships between
PEG size and polymer structure on release kinetics were done in
respect that even PEG serves as additive compound it has main
effect on the release of potentially incorporated drug [27,28].
Especially, the addition of PEG has a great impact in systems
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with hydrophobic drugs (e.g., cyclosporine, paclitaxel) in which
it can overcome the complication with homogenous dispersion
of drug in the polymer matrix and mainly can facilitate the
release into aqueous media in which the solubility of such drugs
are very low.

Conclusion

The release kinetics of polyethylene glycol molecules of various
molecular weights from nanofibers prepared from polycaprolac-
tone, polylactide and polyvinyl alcohol were assessed. The
release rate and the total released amount positively correlated
with molecular weight of the incorporated molecules. This trend
was observed for all of the prepared nanofibrous carriers. The
strongest effect appeared for PVA fibers containing hydroxy
functional groups, i.e., 90% of PEG 20 model molecules
released within 72 h. These findings can be applied to develop
nanofibrous drug carriers for the local delivery of hydrophobic
pharmacologically active compounds, because the release of
auxiliary hydrophilic molecules can effectively control the drug
release kinetics.

Experimental

Reagents

PCL (M,, = 80 kDa) and trifluoroacetic acid were obtained from
Sigma, St. Louis, MO, USA. PVA was provided by Nippon
Gohsei, Osaka, Japan. PLA (M, = 100 kDa) was kindly
provided as a sample from Natureworks, Blair, NE, USA. Phos-
phoric acid (85 wt % aqueous solution), N,N-dimethylform-
amide, tetrahydrofuran and dichloromethane were obtained
from Penta, Prague, Czech Republic. The deionized water was
produced by Milli-Q Millipore, Bedford, MA. Polypropylene
nonwoven spunbond material used as a substrate for all poly-
mers was purchased from ATEX, Milan, Italy. Polyethylene
glycols with molecular weights of 2,000, 6,000, 10,000 and
20,000 were supplied by RAPP Polymere GmbH, Tiibingen,
Germany.

Synthesis of derivatized polyethylene glycols
Prior to the derivatization reaction, the PEGs were dried as
follows: the PEGs were dissolved in dry butyl acetate to obtain
10 wt % solutions, 4 A molecular sieves were added and the
solutions were stirred at room temperature (RT) for 3 days. The
water content was determined using the Karl-Fischer method
and was reduced from ca. 6000 ppm (not dried) to ca. 400 ppm
(dried).

The derivatization reaction scheme is shown in Figure 1. Ten
grams of PEG was dissolved in 80 mL of dry dioxane, and a 5%
excess of the derivatization agent phenyl isocyanate was added.
Dibutyltin dilaurate (500 ppm) was used to increase the reac-

tion rate between phenyl isocyanate and the hydroxy groups and
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to ensure the double derivatization of PEGs. The reaction solu-

tion was stirred for 7 h. The reaction yield was 89.5%.

Preparation of nanofibers

The nanofibers were prepared with the Nanospider ™ tech-
nology [21,22]. The process parameters used for each polymer
were optimized in order to produce nanofiber samples of similar
structures and a thickness (weight per unit area) of 5 g/m?2.
Model PEGs of various molecular weights were added to the
polymer mixtures at a concentration of 3 wt %. PCL was
dissolved in a 1:1 (w/w) mixture of tetrahydrofuran and N,N-
dimethylformamide at a concentration of 10 wt %. The electro-
spinning parameters were 6 rpm, 15 cm and 5.5 kV/cm. The
maximum temperature was 30 °C, and the maximum relative
humidity was 35%. PLA was dissolved in a 2:1 (w/w) mixture
of dichlormethane and trifluoroacetic acid at a concentration of
12 wt %. This mixture was held at 22 °C to maintain the
viscosity of this polymer (due to very fast solvent evaporation).
The electrospinning parameters were 4 rpm, 15 cm and
5.3 kV/ecm. PVA was dissolved in water/phosphoric acid at a
concentration of 11 wt %. The electrospinning parameters were
2 rpm, 13 cm and 45-55 kV/cm. The relative humidity was
25-30%, and the temperature was 22 °C. The PVA layers were
crosslinked thermally in a drying oven at 145 °C for 15 min to
reach their proper stability [27,28].

Characterization of nanofibers

The structures of the prepared nanofibers were observed with a
scanning electron microscope TS 5130 VEGA, TESCAN,
Czech Republic. The samples were dried at 80 °C under
vacuum overnight and platinum sputtered. Similar preparation
procedure was used for the samples after immersion into the
water for 72 h. The mean fiber diameter was determined from
30 measurements on the SEM images at a magnification of
5000%. Mercury porosimetry measurements were made using an
Autopore IV 9500 porosimeter, Micromeritics, USA, and the
specific surface areas were calculated based on nitrogen absorp-
tion/desorption isotherms recorded on an ASAP 2020 apparatus
Micromeritics, USA.

In vitro polyethylene glycol release assay

Samples of nanofibers (0.3 g) were placed into glass vials filled
with 5 mL of distilled water. The samples were continuously
shaken at room temperature for 5 days. At specific time points,
0.5 mL of solution was withdrawn, and the same amount of
fresh water was added. The concentration of PEG was deter-
mined based on a calibration curve using a high performance
liquid chromatography apparatus Shimadzu Prominence 20,
USA with UV detection at a wavelength of 234 nm. The accu-
mulative weight and relative percentage of the released PEGs

were then calculated. This experiment was conducted for each
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of the above-mentioned nanofibers (PCL, PLA and PVA) and 18. Jirsak, O.; Sanetrnik, F.; Lukas, D.; Kotek, L.; Martinova, L.;

PEGs of various molecular Weights Chaloupek, J. Method of nanofibers production from polymer solution

using electrostatic spinning and a device for carrying out the method.
U.S. Patent 20060290031, 2006.
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ABSTRACT

Purpose The present study aims to prepare poly(D,L-lactic
acid) (PLA) nanofibers loaded by the immunosuppressant cy-
closporine A (CsA, 10 wt%). Amphiphilic poly(ethylene gly-
col)s (PEG) additives were used to modify the hydrophobic
drug release kinetics.

Methods Four types of CsA-loaded PLA nanofibrous carriers
varying in the presence and molecular weight (MW) of PEG
(6, 20 and 35 kDa) were prepared by needleless
electrospinning. The samples were extracted for 144 h in
phosphate buffer saline or tissue culture medium. A newly
developed and validated LC-MS/MS method was utilized
to quantify the amount of released CsA from the carriers.
In vitro cell experiments were used to evaluate biological
activity.

Results Nanofibers containing 15 wt% of PEG showed im-
proved drug release characteristics; significantly higher release
rates were achieved in initial part of experiment (24 h). The
highest released doses of CsA were obtained from the nanofi-
bers with PEG of the lowest MW (6 kDa). In vitro experiments
on ConA-stimulated spleen cells revealed the biological activ-
ity of the released GsA for the whole study period of 144 h and
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nanofibers containing PEG with the lowest MW exhibited the
highest impact (inhibition).

Conclusions The addition of PEG of a particular MW
enables to control CsA release from PLA nanofibrous
carriers. The biological activity of CsA-loaded PLA
nanofibers with PEG persists even after 144 h of previ-
ous extraction. Prepared materials are promising for
local immunosuppression in various medical
applications.

KEY WORDS cyclosporine A - drug release kinetics -
LC-MSMS - poly(D,L-lactic acid) nanofibers -

poly(ethylene glycol)

ABBREVIATIONS

ConA Concanavalin

CsA Ciyclosporine A

HPLC High-performance liquid chromatography

IL-2 Interleukin-2

LC-MSMS  Liquid chromatography tandem mass
spectrometry

MW Molecular weight

PBS Phosphate buffer saline

PEG Poly(ethylene glycol)

PLA Poly(D,L-lactic acid)

PLGA Poly(lactide-co-glycolide)

SEM Scanning electron microscopy

INTRODUCTION

Cyclosporine A (CsA) is a widely-used immunosuppressive
drug prescribed particularly for patients undergoing organ
transplantation. However, systemic CsA therapy is con-
nected with serious side effects, such as renal dysfunction,
hypertension, malignancies or liver impairment. The effects
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are dose-dependent. Thus, transplant patients are highly
susceptible to the side effects, as their treatment requires
high doses that are administered for long time periods (1).
The local administration of CsA has the potential to reduce
the incidence of adverse reactions connected with its sys-
temic administration. CsA encapsulated in liposomes has
been studied by several authors (2—4) to enhance its thera-
peutic effect on ocular diseases, such as dry eye syndrome.
To control CsA release and enhance its oral bioavailability,
self-nanoemulsifying drug delivery systems based on osmot-
ic pump tablets have been proposed (3). Other studies have
been focused on the cellular toxicity, release kinetics and
tissue penetration in rats using CsA-loaded poly(lactide-co-
glycolide) (PLGA) nanoparticles (4,5).

CsA can be quantified by immunoassays and high-
performance liquid chromatography (HPLC). The main dis-
advantage of immunoassays is the cross-reaction of monoclo-
nal antibodies with CsA metabolites, which leads to positive
bias in CsA blood levels that may increase the risk for the
patient because of the narrow therapeutic index of CsA
(6,7). Therefore, HPLC is widely applied in the analyses of
CsA using UV (8—10) or mass spectrometric detection (11-13).
Recently liquid chromatography methods in combination
with tandem mass spectrometric detection (LC-MS/MS) have
been applied for the determination of CsA in human and
animal biological samples (14-16).

Nanofibers formed from natural and synthetic polymers
are perspective materials for use in various biological fields
(17). In medicine, nanofibers can be used for the facilitation
of wound healing (18,19), drug delivery systems (20-22) or
scaffolds for tissue engineering or cell-based therapy (23-26).
The application of nanofibers based on poly(D,L-lactic acid)
(PLA), poly(e-caprolactone), polyurethane, or PLGA as drug
carriers for various antibiotics has been tested (27-29).
Polymeric materials are particularly useful because of their
biocompatibility and ability to adjust the degradation rate,
physical, and mechanical properties over a wide range by
varying the morphology and chemical composition of the
co(polymers).

PLA nanofibers were loaded with CsA to study their phar-
macological activity, release profile in culture medium and the
ability of these nanofibers to serve as scaffolds in cell-based
therapy (25). The release experiments proved that these nano-
fibers with CsA had pharmacological activity for at least 96 h,
with the highest amount released during the first 12 h.
However, the total amount of released CsA was relatively
low because of the hydrophobic character of the drug.

It has been shown that the properties of drug-loaded nano-
fibers and the release profile of hydrophobic drugs can be
modified by varying the composition of the polymer solution
during nanofiber preparation, particularly through the addi-
tion of the amphiphilic polymer poly(ethylene glycol) (PEG)
(30-32). The influence of PEG added to paclitaxel-loaded

@ Springer

PLGA thin films on the release kinetics of paclitaxel was ob-
served (31). The development of biocompatible nanofibers
serving as a scaffold and carrier of drugs with adjustable re-
lease kinetics controlled by additive molecules represents a
promising approach for local drug administration, especially
in the case of hydrophobic compounds.

The aim of this study was to assess the modification of the
release profile of the hydrophobic immunosuppressive drug
CsA from electrospun PLA nanofibers produced by needleless
electrospinning. First, a HPLC-MS/MS method suitable for
the quantitation of CsA in release medium was developed and
validated. Secondly, the extraction of CsA from PLA nanofibers
was performed with nanofibers with and without PEG with
different MWs, and the kinetics of CsA release was a) monitored
by HPLC-MS/MS method and b) detected by a bioassay.

MATERIALS AND METHODS
Materials

PLA was purchased from Nature Works, LLC (Minnetonka,
MN, USA). PEGs with MW 6 and 20 kDa were purchased
from Rapp Polymere GmbH (Tuebingen, Germany), and
35 kDa PEG was purchased from Sigma-Aldrich
(Darmstadt, Germany). CsA was purchased from TEVA
Czech Industries (Opava, Czech Republic). The chemical
structures of used components are shown in Fig. 1.
Chloroform, 1,2-dichloroethane and ethyl acetate were pur-
chased from PENTA (Prague, Czech Republic). Methanol
(LC-MS grade), ammonium acetate (p.a.), and phosphate
buffered saline (PBS) were purchased from Sigma-Aldrich
(Darmstad, Germany).

Preparation and Characterization of Nanofibers

The nanofibers were prepared by needleless electrospinning
(Nanovia Ltd., Litvinov, Czech Republic) using Nanospider™
technology (33) (see illustrative photo on Fig. 2). Polymer PLA
(7 wt%) was dissolved in chloroform (54 wt%), and then, two
other solvents, 1,2-dichloroethane (29 wt%) and ethyl acetate
(10 wt%), were added to this solution. The CsA and PEG
were added to the polymer solution at a concentration of
10 wt% and 15 wt%, respectively. Both, PEG and CsA were
soluble in polymer solution and homogeneous mixtures were
obtained before electrospinning. The electrospinning param-
cters were as follows: the distance between the electrode and
collector 22 cm, voltage 20-60 kV, relative humidity 25-30%
and temperature 20°C. The following five nanofibrous mate-
rials were prepared: blank PLA, CsA-loaded PLA, and three
CsA-loaded PLA with 15 wt% PEG of MWs 6, 20, and
35 kDa. The area weight of nanofibrous materials was ranging
from 8.5 to 11.5 g/m”. The morphology of the nanofibers was
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Fig. I The structures of
components used for the
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analyzed using scanning electron microscopy (SEM), micro-
scope T'S 5130 VEGA (TESCAN, Brno, Czech Republic).
The samples were dried at laboratory temperature under vac-
uum overnight and platinum sputtered. The fiber diameters
were determined by measuring the diameter of at least 30
fibers from each SEM micrograph at a magnification of
1000x using software Image]. The fiber distribution was cal-
culated as frequency of the fiber diameters and expressed in
percentage.

The chemical structure of the nanofibers was analyzed by
FT-IR spectroscopy. FT-IR spectra were recorded on a
Perkin — Elmer Paragon 1000PC FT-IR spectrometer using
the reflective ATR (Attenuated total reflection) technique
Specac MKII Golden Gate Single Reflection ATR System
with a diamond crystal with the angle of incidence 45°. All

Fig. 2 Representative image of needleless electrospinning. Photo: Elmarco,
Ltd.

Il ]
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spectra were measured at wavenumber range 4400—450 cm ™!

with resolution 4 cm™" and with 32 scans. Software Spectrum
v2.00 was used for processing the spectra. The samples were
directly put on the diamond crystal and measured.

Loading Experiments

The CsA was added to the polymer solution in concentration
of 10 wt% (relative to the PLA polymer) before
electrospinning. To determine CsA amounts loaded to the
prepared nanofibrous materials the extraction experiments
using methanol (in which CsA is soluble) were done. CsA-
loaded nanofibers were immersed into methanol for 48 h.
The concentration of extracted CsA was quantified using
HPLC method. The HPLC conditions were similar to those
used for the determination of CsA release kinetics to PBS
solution which are described in detail below (with exception
of m/z1202.9 — m/z 155.9 fragmentation used for methano-
lic extract of CsA). The concentration of CsA in nanofibrous
materials quantified by HPLC was calculated to be 10 wt%o,
1.e. it is in agreement with the amount of CsA present in the
initial electrospun mixture.

Optimization and Validation of HPLC-MS/MS Method

The HPLC-MS/MS analyses were performed on an Agilent
6400 Series Triple Quadrupole LC/MS System (Agilent
Technologies, Waldbronn, Germany) containing a quaterna-
ry pump coupled with a Triple Quad 6460 tandem mass
spectrometer. For data acquisition, the Mass Hunter
Workstation software was used. The HPLC-MS/MS method
was optimized for the quantitation of CsA released into PBS
solution. An XSelect GSH Phenyl-Hexyl XP column (100 x
4.6 mm, particle size 2.5 pm) from Waters (Milford, MA,
USA) was used with the mobile phase containing methanol/
5 mM ammonium acetate (pH 4.5). The run consisted of a fast
gradient from 90—100% methanol over 0 to 2 min followed by
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100% methanol from 2 to 5.5 min with a flow rate of 0.7 ml/
min. The temperature of the column was kept at 45°C, the
samples were maintained at 20°C and the injection volume
was 5 pL.

The mass spectrometric detection was performed in select-
ed reaction monitoring mode using electrospray ionization in
positive mode. Nitrogen was used as the collision, nebulizing
and desolvating gas. The optimized values were performed
with a fragmentor voltage of 300 V, collision energy of
60 V, drying gas flow rate of 10 L/min, drying gas tempera-
ture of 350°C, and nebulizer gas flow rate of 50 psi. The
recorded fragmentation was m/z 1224.8 — m/z 1112.8.
The molecular ion was detected as a sodium adduct of CsA
[M + Na]", which confirms the stability of CsA during its
incorporation into the nanofibers and the product ion was
detected as a molecular ion with loss of the side chain
MeBmt [MNa-C;H,30]". The optimized HPLC-MS/MS
system provided satisfactory ionization of CsA, acceptable re-
tention time (3.0 min) and favorable peak shape. Compared to
the C18 stationary phase, which has frequently been used for
the analysis of CsA (12,13) these conditions showed better
results.

The stock solution of CsA standard was prepared by dis-
solving 10 mg of CsA in 10 mL of methanol. Due to necessity
to measure calibration dependence of CsA in PBS and poor
solubility of CsA in polar solvents, the working solution at
concentration of 20 pg/ml was prepared by diluting the stock
solution in the mixture of methanol and water (6/4, v/v). After
that it was possible to dilute working solution solely with PBS
to obtain calibration standards and standard solutions for as-
sessment of validation parameters.

The data obtained for the dependence of peak areas versus
concentrations showed linearity (y = 2.92x - 1.71,
R® = 0.9998) in the whole measured calibration range from
10 ng/mL to 1 pg/mL. Relative standard deviations (z = 5)
varied from 0.41 to 5.71%. The limit of detection (determined
as three times ratio signal to noise) was 3 ng/mlL, the limit of
quantitation (determined as ten times ratio signal to noise) was
10 ng/mL. The accuracy, precision and repeatability were
measured at three concentration levels (10, 100 and
1000 ng/mL). Intra-day and inter-day accuracy and precision
(each, n = 5) were determined by repeatedly assaying samples
on the same day and on two consecutive days, respectively.
The results are summarized in Table I. The data obtained

confirm that the method developed is selective, precise, linear,
sensitive, and hence stands validated. Selectivity of the method
was conducted by comparing chromatograms of 1) the blank
obtained by extraction of pure PLA nanofibers, 11) the blank
spiked with GsA and iii) the sample obtained by extraction of
PLA nanofibers containing CsA with addition of PEG
(35 kDa) and no substances in extract interfered with CsA.

Cyclosporine A Release Experiments in PBS

CsA release experiments were conducted in a tempered shak-
er, an Orbital Shaker-Incubator ES-20 (Biosan, Riga, Latvia)
at 37°C and 140 rpm. Five round targets (diameter 12.5 mm)
were cut from the CsA-loaded nanofibrous materials with
approximately 10 g/m” area weight for each experiment.
All release experiments were performed in triplicate. Kinetic
studies of CsA release were conducted in a mode with contin-
uous exchange of a part of the solution as follows: five targets
were put in 10 mL of PBS. At the given time period, 4 mL of
the solution were removed for the analysis of CsA content, and
4 mL of fresh PBS were added into the extraction bottles. The
aliquots were collected at 0.5, 1, 2, 3.5, 6.5, 10, 24, 72 and
144 h after immersion. The kinetic studies of the CsA release
were performed for four different types of CsA-loaded PLA
nanofibers varying in presence and MW of the added PEGs.
Blank PLA nanofibers were used as a reference.

Cyclosporine A Release in Tissue Culture Medium

Samples of nanofibers (3 x 3 mm size, 10 g/m” area
weight, 10 wt% CsA, with or without PEG) were soaked
in wells in a 24-well tissue culture plate (Corning, Inc.,
Corning, NY, USA) with 600 pL. of RPMI 1640 medium
(Sigma, St. Louis, MO, USA) with antibiotics (100 U/mL
of penicillin and 100 pg/mL of streptomycin) at laboratory
temperature. The nanofibers were repeatedly transferred
after 0.5, 1, 2, 3.5, 6.5, 10, 24, 48, 72 and 144 h into new
wells containing fresh medium. The supernatants from the
individual wells after each transfer were harvested, stored
at —20°C and tested with a bioassay for the inhibition of
interleukin-2 (IL-2) production by Concanavalin (ConA)-
activated mouse spleen cells.

Table | Intra-day and Inter-day

Accuracy and Precision of ¢ (CsA) Teoretical  Intra-day Measured ~ Accuracy ~ Precision  Inter-day Measured ~ Accuracy  Precision
HPLC-MS/MS Determination of  [ng/mL] [ng/mL] [%] [%] [ng/mL] [%] [%]
CsA (n = 5)
10 10.58 + 0.26 105.84 242 10.41 + 0.67 104.13 6.42
100 102.96 + 3.46 102.96 336 98.85 + 7.27 98.85 7.35
1000 999.32 + 52.06 99.93 521 1026.30 + 55.84 102.63 5.44
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Inhibition of IL-2 Production by CsA Released
from Nanofibers

Single cell suspensions of spleen cells from BALB/ ¢ mice were
prepared in RPMI 1640 medium (Sigma) containing 10%
fetal calf serum (Sigma-Aldrich, Darmstadt, Germany), anti-
biotics (100 U/mL of penicillin and 100 pg/mL of streptomy-
cin), 10 mmol/L. HEPES buffer and 5 x 10> mol/L 2-
mercaptoethanol. The cells (0.6 x 10°/mL) were cultured in
a volume of 500 pL of complete RPMI 1640 medium in 48-
well tissue culture plates (Corning, NY), and they were left
unstimulated or stimulated with 1.0 pg/mL of ConA
(Sigma-Aldrich, Darmstadt, Germany). To determine phar-
macological activity of CsA released from the nanofibers, the
supernatants obtained after the extraction of the nanofibers
were added to the cell cultures at a final concentration of
25 vol%. The concentrations of IL-2 in the cell culture super-
natants after 24-h incubation were assessed by an enzyme-
linked immunosorbent assay (ELISA) using capture and de-
tection anti-cytokine antibodies purchased from PharMingen
(San Diego, CA, USA) following the instructions of the

manufacturer.

Determination of Inmunosuppressive Properties
of CsA-Loaded Nanofibers after their Extraction in PBS
or Culture Medium

Nanofibers containing 0 wt% CsA, 10 wt% CsA and 10 wt%
CisA with PEGs with a MW of 6, 20 or 35 kDa were extracted
in PBS or culture medium for 144 h as described above. The
samples of the extracted nanofiber material were transferred
into wells of spleen cells (0.6 x 10°/mL) stimulated with ConA
(1.0 pg/mlL). The concentrations of I1-2 in the cell culture
supernatants were assessed after a 24-h incubation period
using an ELISA.

Statistical Analysis

The results are expressed as the mean values = SD.
Comparisons between two groups were analyzed by
Student’s ¢ test, and multiple comparisons were analyzed by
an ANOVA. A value of p < 0.05 was considered statistically
significant.

RESULTS AND DISCUSSION

Characterization of CsA-Loaded and PEG-Containing
Nanofibers

Needleless electrospinning is a versatile method for the forma-
tion of fibers from tens of nanometers to tens of micrometers
in diameter and with thicknesses (area weight) ranging from 1

to 100 g per m?. In this study, PLA nanofibrous materials with
a mass per unit area of ca. 10 g/m? were prepared.

Scannning Electron Microscopy Measurements

SEM measurements revealed that after the proper optimiza-
tion of the electrospinning process parameters, PLA
nanofibrous materials with reproducible morphologies were
obtained. SEM images representing pure PLA nanofibers did
not show any inhomogeneities or artifacts in the nanofibrous
structures (see Fig. 3a). Figure 3b-e show the structure of CsA-
loaded PLA nanofibers with or without the addition of PEG
with different MWs. No considerable differences in the mor-
phologies; 1.e., no effect on nanofiber density, porosity or ar-
chitecture; were observed. The homogeneous incorporation
of the hydrophobic drug and auxiliary PEG molecules into
the PLA nanofibers was confirmed.

The determination of fiber diameters from SEM images
was processed within the distribution curves as shown in the
graphs below the corresponding SEM images (see Fig. 3a-e).
The overall range of fiber diameters was from 50 to 700 nm
with the average fiber diameter from 165 to 300 nm. Within
the connotation of nanotechnology, nanomaterials generally
refer to a dimension less than 100 nm. However, in scientific
literature dealing with fibers particularly for biomedical appli-
cations are fibers with diameters in the range of hundreds of
nanometers (up to 1000 nm) referred as nanofibers (34,35).
Quite narrow diameter distributions (from 100 to 300 nm, see
Fig. 3a-c) exhibited the pure PLA nanofibers as well as CsA-
loaded PLA and CsA-loaded PLA with PEG of the lowest
MW (6 kDa). The slightly broader diameter distribution was
found for nanofibers containing higher MW PEGs (20 and
35 kDa) (see Iig. 3d-¢) which can be attributed to the changes
of electrospinning conditions, i.e. the addition of these higher
MW compounds may cause an increase of viscosity which is
crucial parameter influencing the electrospinning process and
final properties of nanofibers such as diameter.

FTIR Analysis

The successful incorporation of PEG, CsA, or both was
checked by FT-IR spectroscopy. A set of representative
FT-IR spectra are showed in Fig. 4. (The spectra for
nanofibers containing PEG of 20 or 35 kDa were almost
identical and therefore not shown). In all spectra the
characteristic bands at 1752 and 1184 cm™' associated
with polyester PLA were observed. The presence of PEG
is demonstrated by appearance of two new bands at 960
and 840 cm™'. In the case of CsA-loaded nanofibers the
new band at 1640 em™' appeared corresponding to the
amide groups in CsA structure.
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Fig. 3 The SEM images and fiber diameter distributions of the prepared PLA nanofibers. (a) Blank PLA nanofibers (b) with incorporated CsA (10 wt%) and with
the addition of () PEG of 6 kDa (15 wt%), (d) PEG of 20 kDa (15 wt%) and (e) PEG of 35 kDa (15 wt%). Magnification of SEM images is 10,000x.
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Fig. 4 The FT-IR spectra of pre-
pared nanofibers: blank PLA, PLA
containing PEG of 6 kDa, CsA-
loaded PLA, and CsA-loaded PLA
containing PEG of 6 kDa.

0% Cs, no PEG

0% Cs, PEG 6 kDa

——10% Cs, no PEG

10% Cs, PEG 6 kDa

3500 3000

The Kinetics of CsA Release in PBS Detected
by HPLC-MS/MS

Four nanofibrous materials were studied. Each contained
10 wt% CsA, and three of them contained 15 wt%

Table I Comparison of the CsA Release Rates from PLA Nanofibers
Containing 10 wt% CsA and |5 wt% PEGs of Various MWs
Time period  Release rate
t[h] v [ngh.am’
noPEG  PEG6kDa PEG20kDa  PEG 35 kDa
0-0.5 58 469 226 190
0.5-1 39 334 207 107
-2 32 222 172 132
2-3.5 21 |77 86 127
3.5-6.5 I5 83 52 47
6.5-10 9 72 59 54
10-24 3 22 20 19
24-72 0 4 3 2
72144 \ 4 3

¢ Release rate calculated according to Eq. (1)

T T T T 1

2500 2000 1500 1000 500

Wavenumber (cm!)

hydrophilic PEG with different MWs (6, 20 and 35 kDa).
The kinetic release profiles of CsA were evaluated and com-
pared. The continuous exchange mode was chosen to better
simulate physiological conditions. The release rates of GsA in
a particular time period were calculated according to Eq. (1):

my—my—| |

p="Tn" ol (1)

h—th—1 a

where v is the release rate, m, is the amount of CsA (ng) in
an aliquot collected at ¢, (h), m,,_; is the amount of CsA (ng) in
an aliquot collected at 4,1 (h) reduced in regard to the ex-
changed part of the media and « is the square area of the
nanofibrous targets (cm?).

The calculated release rates of CGsA are summarized in
Table II. The total cumulative amounts of released CsA in
time course are shown in Fig. 5a, and the amounts of released
CsA corresponding to the given time period are depicted in
Fig. 5b. The results indicate that nanofibers containing PEGs
significantly released higher amounts of CsA compared to the
nanofibers containing CsA only. Apparently, the amount of
CsA released increased, and the release profiles prolonged

with the decreasing MW of the added PEGs.
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In our previous work, we examined the release of PEGs
with MWs of 2, 6, 10 and 20 kDa from PLA, polycaprolactone
and polyvinyl alcohol fibers. With all the tested nanofibers, we
observed higher release rates of PEGs with higher MW (36).
This trend agrees with the results of a study by Huang et al.
(32), who tested the effect of PEG of 0.4 and 10 kDa on the
release of hydrophobic paclitaxel from PLGA films. Their
experiments showed a higher release rate of the hydrophobic
drug from nanofibers containing PEG of higher MW
(10 kDa). PEG of low MW, such as 0.4 kDa, were found to
be less effective in drug release modification. Steele et al.

700 -
600

500
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no PEG

—-10% CsA
no PEG

10% CsA
PEG 6 kDA

IL-2 (ng/ml)

—-10% CsA
PEG 20 kDA

—-10% CsA
PEG 35 kDA

35 65 10 24 48 72 144
Time (h)

0.5 1 2

incorporated PEGs of 8 and 35 kDa into PLGA films at var-
ious contents to moderate paclitaxel release (31). Their exper-
iments with the same percentage of added PEGs (15 wt%) as
in our study showed a constant hydrophobic drug release for
30 days. In the case of PEG of 35 kDa, there was an observed
burst release within the first 2 days approximately, which was
explained by the higher crystallinity of PEG of 35 kDa, the
phase separation of the polymer matrix and the subsequent
fast release of PEG with paclitaxel into the aqueous media.
However, in our system, this effect was not observed. We
suppose that it can be caused by different preparation

b
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g 6009 -8-10% CsA
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Fig. 6 The kinetics of the CsA release from nanofibers detected by a bioassay. CsA-free and CsA-loaded nanofibers with or without PEGs were soaked in (a) PBS
or (b) culture medium for the indicated time intervals. The samples with extracted CsA were harvested and tested for their ability to inhibit IL-2 production by Con

A-stimulated spleen cells.
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Fig. 7 The persistence of a significant drug release from PEG-containing
nanofibers after the extraction of nanofibers (containing 0 wt% CsA,
10 wt% CsA or 10 wt% CsA and PEG of 6 kDa, 20 kDa or 35 kDa) in
PBS or culture medium. Each bar represents the mean =+ SD from 3 exper-
iments. The values with an asterisk represent the significant inhibition of IL-2
production (*P < 0.001).

procedure, resulting in different polymer matrix morphology,
1.e. polymer films versus nanofibers. PLA fibrous materials with
relatively high surface areas are created by electrospinning,
and faster solvent evaporation leads to lower crystalline for-
mations. The other electrospinning parameters, such as tem-
perature or the distance of electrodes, influence solvent evap-
oration and final polymer matrix behavior. Apparently, also
interaction of additive molecules (PEG) with the releasing hy-
drophobic drug also plays an important role. With the similar
weight concentration of PEGs in electrospun mixture, larger
amount of molecules of PEG 6 kDa may lead to better solva-
tion of hydrophobic drug molecules. This effect can increase
and prolong the drug release.

The Kinetics of CsA Release in PBS and Culture
Medium Detected by a Bioassay

To study the kinetics of CsA release from CsA-loaded nano-
fibers with or without PEG, samples of the nanofiber materials
were soaked at laboratory temperature in PBS or RPMI 1640
medium, and at the indicated time intervals, the nanofibers
were transferred into the same volume of fresh medium. The
presence of pharmacologically active CsA released from the
nanofibers was assessed using its ability to inhibit IL.-2 produc-
tion by ConA-activated spleen cells. As demonstrated in
Fig. 6, a significant amount of CsA was detected in the media
from nanofibers without PEG, which were harvested only at
the very beginning of the extraction. However, in nanofibers
containing PEGs, a biologically significant amount of CsA was
released within 0.5 h, and the profound release continued for
the whole observation period (144 h). These biological data
agree with the results determined by HPLC-MS/MS. Thus,

the higher released amount of CsA corresponds to a lower
ability of IL-2 production by ConA-stimulated spleen cells
(Fig. 5b versus Fig. 6a).

To demonstrate the ability of PEG-containing nanofibers
to release the drug, even after a 6-day extraction in PBS or in
culture medium (with a regular exchange of the solution), the
samples of CsA-free nanofibers and nanofibers with 10 wt%
CsA or with 10 wt% CsA and PEGs of different MWs were
extracted for 144 h and then added to the cultures of ConA-
stimulated spleen cells. The production of IL-2 was deter-
mined by an ELISA. As shown in Fig. 7, CsA-free samples
or CsA-loaded nanofibers without PEGs had not a consider-
able effect on IL-2 production, while the samples of nanofibers
containing CsA and PEGs significantly inhibited the produc-
tion of IL-2. It was confirmed by the values with asterisks
which are significantly different (*77 0.001) from the control
represented by ConA-stimulated spleen cells. In accordance
with the results above, the highest inhibition of IL-2 produc-
tion (corresponding to the highest CsA release) was detected in
samples containing PEG with the lowest MW (6 kDa). These
results clearly demonstrate that nanofibers extracted for 144 h
still retain, and continue to release a sufficient amount of CisA
to inhibit production of IL-2 by ConA-activated T cells. It is
important that CsA-loaded nanofibers containing PEG with
the lowest MW, which have the highest release of CsA at the
beginning of extraction, preserve the highest release also after
the prolonged (144 h) incubation period.

It has been demonstrated that concentrations of the drug as
low as 50-200 ng/g of tissue are sufficient to suppress T-cell
reactivity and inflammation (37). We have recently shown that
the amount of CsA released from CsA-loaded nanofibers
without PEG, applying onto damage ocular surface, is suffi-
cient to suppress a rapid inflammatory reaction developing
shortly after tissue damage (38). A rapid CsA release can be
beneficial to attenuate rapidly developing immune response
after allogeneic transplantation as it was demonstrated in
mouse model. Covering skin allografts with nanofibers con-
taining CsA attenuates a local rejection reaction and modifies
mechanisms of transplantation reaction (39). Thus, the advan-
tages of described CsA-loaded nanofibers containing PEG
additives can be seen in the enhanced drug release efficacy
and the kinetic of drug release might be useful for suppression
of rapid inflammatory or transplantation reaction.

CONCLUSIONS

The release kinetics of cyclosporine A (CsA) were studied with
four different types of CsA-loaded poly(D,L-lactide) (PLA)
nanofibers. A newly developed HPLC-MS/MS method was
proven to be simple, sensitive, reproducible, and suitable for
the detection and quantitation of CsA in PBS release solution.
The results showed that the release of drug from CsA-loaded
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nanofibers containing PEG was significantly higher in com-
parison with the PEG-free nanofibers. Particularly, the addi-
tion of PEG with the lowest MW (6 kDa) yielded promising
results, significantly increased amounts of CsA and prolonged
the release of CsA. It was found that the interaction of CsA
with PEG plays an important role for moderating drug re-
lease. In vitro experiments on ConA-stimulated spleen cells
revealed the biological activity of the PLA nanofibers with
incorporated CsA, even after 144 h of previous extraction.

To the best of our knowledge, there are no studies
concerning nanofibrous carriers of hydrophobic CsA using
PEG molecules to moderate drug release. Our findings sug-
gest possibilities for the application of CsA-loaded and PEG-
containing nanofibers as an effective scaffold for cell-based
therapies using allogeneic cells and are a promising tool for
the local suppression of inflammatory reaction or immune
response after transplantation.
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Abstract

Poly(D,L-lactide)/polyethylene glycol (PLA/PEG) micro/nanofibers loaded with paclitaxel (PTX, 10
wt%) were prepared by needless electrospinning technology, which allows large scale production for
real medicinal practice. Fiber structure and properties were investigated by several methods:
scanning electron microscopy, nitrogen adsorption/desorption isotherm measurements, differential
scanning calorimetry, and X-ray diffraction measurements in order to examine their morphology
(fiber diameter distribution, specific surface area, and total pore volume), composition, drug loading
efficiency, and physical state. HPLC-UV method was optimized and validated to quantify in vitro PTX
release into PBS. The results showed that presence of PEG in fibers ensured the release of higher
amounts of PTX for prolonged time compared to fibers without PEG. In vitro cell assay proved the
biocompatibility of PLA/PEG fibrous materials and showed significant cytotoxicity of PTX-loaded PLA
fibers against human breast cancer MDA-MB-231 cell line. Chick chorioallantoic membrane assay
proved that PTX-loaded fibers exhibited antiangiogenic activity with pronounced effect in the case of
the PEG containing fibers.

Keywords:

PLA/PEG fibers, needleless electrospinning, morphology, paclitaxel determination, cytotoxicity,
antiangiogenesis


mailto:sirc@imc.cas.cz

1. Introduction

Nanofibrous polymeric materials are currently one of the most intensively studied materials for
applications in medicinal field [1-3]. Their internal architecture with relatively high surface area, high
surface-to-volume ratio, macroporosity and other attributes predisposes them to be promising as
novel drug delivery systems for various therapeutic agents [4—7]. Nanofibrous carriers of antibiotics
[8-10], analgesics [11], or anticancer drugs, such as doxorubicin [12-15], paclitaxel [16,17], cisplatin
[18-20], or camptothecin [21,22] were fabricated, generally based on needle electrospinning. This
technique provides an appropriate control of the process parameters and consequent structural
characteristics [23]; however, it is strongly limited by its pure production capacity enabling
preparation of nanofibrous mats for laboratory uses or research purposes but not for a wide use in
medicinal field. On the other hand, the needleless technology does not contain any needles or
nozzles [24,25], the polymeric jets are spontaneously formed from liquid surfaces due to high
intensity electrostatic field [26,27]. This method allows the creation of micro/nanofibrous materials
in very high production capacity, stability, and easy maintenance compared to other known nozzle or
needle based technologies. With appropriate control of the process parameters it is possible to
prepare nanofibers of required structure from various polymers [5,28,29] and with incorporated
pharmaceutically active compounds such as antibiotics [30] or immunosuppressants [31,32].

Paclitaxel (PTX) is one of the widespread antitumor agent in clinical use approved for the treatment
of various solid tumors, especially ovarian, breast or lung [33]. Moreover, to its direct anticancer
effect due to the inhibition of mitosis, it acts also as an antiangiogenic agent [34]. PTX, as
hydrophobic drug with poor aqueous solubility, applied intravenously using a current formulation in
a non-aqueous solvent (Cremophor EL) may cause precipitation in aqueous dilution, allergic reactions
or other serious side effects [33]. Thus, local administration of this anticancer drug may reduce some
side-effects associated with systemic administration and moreover, can bring the benefits in
increasing the therapeutic dose and prolonging the presence time in the target tissue. Although the
local chemotherapy is still at the research level, some loco-regional chemotherapeutic systems have
been approved by health agencies in USA and/or EU; Gliadel (a copolymer of 1,3-bis(p-
carboxyphenoxy)propane and sebacic acid with carmustine) or OncoGel (a gel of poly(lactic-co-
glycolic acid) (PLGA) and polyethylene glycol (PEG) with PTX) are used in clinical practice for therapy
of esophageal cancer, brain tumors and other solid tumors [35,36].

Over the recent years much effort has been paid to the development of an alternative PTX delivery
system with emphasis to improve water solubility together with controlled drug release [37].
Possible way to increase the release rate of hydrophobic drugs is to increase the surface area of
carrier by forming micro-/nanoparticles [38—40]. Recently, also some nanofibrous carriers loaded by
PTX were studied with potential usage for local chemotherapy [41-43]. Polylactide (PLA),
polycaprolactone and PLGA are among the most commonly used polymers because of their
biocompatibility and nontoxicity. When used as drug delivery systems, the release of the
incorporated drug can be supported by increased surface area accomplished by gaseous foaming,
particle leaching, or by the addition of washable polymers such as PEGs [44-46]. Amphiphilic PEGs
exhibit favorable physicochemical properties and due to the low toxicity, making them suitable for
living organisms, are often employed as modifying agents for the hydrophobic drugs to enhance their
aqueous solubility, dissolution characteristics and consequently the release rates. Several studies
deal with the use of PEG as hydrophilic block to prepare multiblock copolymers [15,22,47,48]. To our



best knowledge, PEG as a modulator of hydrophobic drug release used in the way of physical
blending with other polymers through addition into electrospun polymer/drug mixture was studied
rarely, especially in the case of carriers of chemotherapeutics intended for local chemotherapy.
Recently, the system PLA/PEG with cisplatin for local treatment of cervical cancer was reported [49],
however, the systems with another pharmaceutical agents such as antibiotics or antibacterial agent
are mostly studied [50,51].

In our work we combined the micro/nanofibrous carriers with relatively high surface area
with the addition of amphiphilic PEG of various molecular weights to modify the release profile of
hydrophobic drug PTX. PLA micro/nanofibrous mats were prepared using needleless electrospinning
technology, which allows efficient scale production for real medicinal use. The materials were
comprehensively characterized by various physico-chemical methods. The effect of PEG addition on
PTX release was determined by HPLC-UV and by bioassays monitoring the cytotoxic effect of PTX on
the human breast cancer cell line. The biocompatibility and antiangiogenic activity was evaluated on
chick chorioallantoic membrane.

2. Materials and methods

2.1. Materials

PLA (M., = 420,000 g/mol, polydispersity = 1.5) was purchased from Nature Works, LLC (Minnetonka,
MN, USA). PEG with molecular weights (MWs) of 6 and 20 kDa were obtained from Rapp Polymere
GmbH (Tuebingen, Germany) and 35 kDa from Sigma-Aldrich (Prague, Czech Republic). PTX was
purchased from LC Laboratories (Woburn, MA, USA). Chloroform, 1,2-dichloroethane, and ethyl
acetate were purchased from PENTA (Prague, Czech Republic). Acetonitrile, methanol (both of HPLC
grade), phosphate buffered saline (PBS) tablets and Tween® 80 were purchased from Sigma-Aldrich
(Prague, Czech Republic). Cell culture media (DMEM) and AlamarBlue Assay (Invitrogen) were
purchased from ThermoFisher Scientific (Prague, Czech Republic), 24-well plates from TPP
(Trasadingen, Switzerland) and biopsy punch Stiefel from Servoprax (Wesel, Germany)

2.2. Preparation of fibrous mterials

The fibers were prepared by needleless electrospinning (Nanovia Ltd., Litvinov, Czech Republic) using
Nanospider™ technology [24] (see illustrative photo on Fig. 1A). First, polymer PLA (7 wt%) was
dissolved in chloroform (54 wt%) and then 1,2-dichloroethane (29 wt%) and ethyl acetate (10 wt%)
were added. PEG of particular MWs was added to the solution at a concentration of 15 wt% related
to PLA polymer. PTX was added and dissolved in the polymer solution in a concentration of 10 wt%
related to the total polymer content. The chemical structures of the compounds used are shown in
Fig. 1B. The electrospinning parameters were: distance between electrode and collector 22 cm,
voltage 20-60 kV, relative humidity 25-30% and temperature 20°C.
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Fig. 1. A) Representative image of needleless electrospinning. Photo: Elmarco, Ltd. B) The chemical
structure of compounds used for the preparation of the fibrous materials.

2.3. Characterization of fibrous materials

Scanning electron microscopy (SEM): The morphology of the electrospun fibers was examined by
SEM (microscope TS 5130 VEGAS3, TESCAN, Brno, Czech Republic) at an accelerating voltage 15 kV.
The samples were sputter-coated with 4 nm thin platinum layer before observation. The fiber

diameter distributions were determined by measuring the diameter of at least 30 fibers from each of
3 SEM micrographs at a magnification of 5000x using software Imagel. The fiber distribution was
calculated as a frequency of the fiber diameters and is expressed in percentage.

IH NMR spectroscopy: The composition of fibrous materials (PLA/PEG ratio) was determined by
'H NMR spectroscopy. *H NMR spectra were acquired using a Bruker AVANCE DPX-300 spectrometer
operating at 300.1 MHz. Chemical shifts were calibrated using tetramethylsilane as an internal

standard. Deuterated chloroform (CDCls) was used as the solvent.

BET measurements: The specific surface areas were calculated from nitrogen adsorption/desorption

isotherms recorded on the apparatus ASAP 2020 (Micromeritics, USA) according to the Brunauer-
Emmett-Teller (BET) method. Total pore volumes of pores up to 40 nm were determined from
desorption branches of isotherms by the Barret-Joyner-Halenda (BJH) method. The samples after
preparation and after immersion in PBS buffer for 6 weeks (marked as fresh and washed,
respectively, see Table 2) were analyzed.

Differential scanning calorimetry (DSC): The thermal properties of fibrous materials were determined
by DSC using Perkin Elmer DSC 8500 (TA instruments, USA) calibrated by indium standard. The
measurements were performed in heat-cool-heat mode. Samples were heated from -20 to 200°C,
cooled to -20°C, and re-heated to 200°C at a rate of 10°C/min in nitrogen (flow rate 50 ml/min). The
glass transition, melting and cold crystallization temperatures and respective enthalpies (T, Tm, Tee,

and AHn, AH.) were determined from the first and second heating scans.



The degree of crystallinity (y) was calculated by using Eq. 1

PLA _ PLA

PLA,0 PLA
AH, X w

where AHFPLA is the PLA enthalpy of fusion in the fibers, AHFMA is the enthalpy of cold
crystallization, AH,P,;LA'O is the enthalpy of fusion for a 100% crystalline PLA, taken as 93 J/g [52] and
wPLA is the weight fraction of PLA in the fibrous material (i.e. wPLA is 1. 0.85, 0.9 or 0.75 for pure
PLA, PLA containing PEG, PTX-loaded PLA and PTX-loaded PLA containing PEG, respectively)

X-ray diffraction (XRD): XRD measurements were carried out using a high resolution diffractometer

Explorer (GNR Analytical Instruments, Italy) equipped with one-dimensional silicon strip detector
MYTHEN 1K (Dectris, Switzerland). Samples were measured in reflection mode using radiation CuKa
(wavelength A = 0.154 nm) monochromatized by Ni foil (B filter). The measurements were performed
in the range 20 = 4 — 50° with step 0.01°. Exposure time at each step was 10s. The peak positions
were employed to obtain periodicities and distinguish various phases according to Bragg’s law,
d =A/2sin 6, where A is the X-ray wavelength and 20 is the scattering angle.

2.4. Optimization and validation of HPLC-UV method

The HPLC-UV analyses were performed on an Agilent 1260 Infinity Series Quarternary LC (Agilent
Technologies, Waldbronn, Germany) containing a quaternary pump coupled with DAD detector. For
data acquisition, the workstation software Agilent 1200 Infinity Series was used. The HPLC method
used an Ascentis Express C18 column (150 x 3.0 mm, particle size 5 um) from Sigma-Aldrich
(Darmstadt, Germany). The temperature of the column was kept at 35°C. The samples were
maintained at 25°C. The injection volume was 5 pL. The UV detector was operated at 227 nm. The
mobile phase contained a mixture of water/acetonitrile (50/50 v/v) with a flow rate of 0.5 ml/min.
The optimized separation system provided acceptable retention time (4.0 min) and favorable peak
shape of PTX.

The stock solution of PTX standard was prepared by dissolving 10 mg of PTX in 10 mL of methanol.
Due to poor solubility of PTX in aqueous solutions and necessity to measure calibration dependence
of PTX in PBS, the working solution at a concentration 100 pg/mL was prepared by diluting the stock
solution in the mixture with PBS containing 0.5% Tween 80.

The data obtained for the dependence of peak areas versus concentrations showed linearity (y =
0.02x — 0.44, R? = 0.9999) in the whole measured calibration range from 100 ng/mL to 15 pug/mL.
Relative standard deviations (n=5) varied from 0.10 to 0.86%. The limits of detection and
quantitation were 50 and 100 ng/mL, respectively. The accuracy, precision and repeatability were
measured at three concentration levels (0.1, 1, 10 pg/mL). Intra-day and inter-day accuracy and
precision (each, n=5) determined by repeatedly assaying samples on the same day and on two
consecutive days are summarized in Table 1. Selectivity of the method was conducted by comparing
the chromatograms of samples obtained by extraction of pure PLA fibers (served as a blank sample)
and that of PTX-loaded PLA fibers containing PEG(6). The obtained data confirmed that the
developed method is selective, precise, linear, sensitive, and hence validated.



Table 1 Intra-day, inter-day accuracy and precision of HPLC-UV determination of PTX in the mixture
with PBS containing 0.5% Tween (n = 5).

PTX
Tecc.)(retic)al Intra-day Measured  Accuracy Precision Inter-day Measured Accuracy Precision
ng/mL % % ng/mL % %
(ng/mL] [ng/mL] [%] [%] [ng/mL] [%] [%]
100 100.34 £ 0.58 100.34 0.73 99.98 £+ 0.84 99.98 0.84
1000 1001.3+4.1 100.13 0.42 1001.5+3.2 100.15 0.33
10000 10110+ 12 100.75 0.12 1093 + 29 100.93 0.29

2.5. Determination of drug loading efficiency

PTX was added to the polymer solution in a concentration of 10 wt% (relative to the total polymer
content) before electrospinning. Determination of PTX loading to the fibrous materials was done by
extraction experiments. Five round targets (diameter 12.5 mm) were cut from the PTX-loaded fibrous
material and put in 10 mL of methanol. Extraction was conducted in a tempered shaker (Orbital
Shaker-Incubator ES-20, Biosan, Riga, Latvia) at 25°C and 140 rpm for 24h. Extracts were diluted 50
times and measured by HPLC method (described in detail above). The experiments were performed
in triplicate and calculated relative standard deviations were below 10 %.

2.6. In vitro drug release experiments

The release profiles of PTX were studied for PTX-loaded fibrous materials varying in a presence and
MW of the added PEG (0 or 15 wt% of MW 6, 20, or 35 kDa). Blank PLA fibers were used as a
reference. Release experiments were conducted in a tempered shaker (Orbital Shaker-Incubator ES-
20, Biosan, Riga, Latvia) at 37°C and 140 rpm in a mode with continuous exchange of a part of the
solution. Five round targets (diameter 12.5 mm) were cut from the PTX-loaded fibers and put in 5 mL
of PBS. At the given time period, 1 mL of the solution was removed for the PTX analysis and 1 mL of
fresh PBS was added into the extraction bottles. The aliquots were collected at 0.5, 1, 2, 4, 8, 16, 24,
36, 48 and 72 h after immersion. The PTX concentration in aliquots was determined by HPLC-UV
method described above. All experiments were conducted in triplicate and the standard deviation of
each value is given in the form of error bars within the related figure.

2.7. In vitro cytotoxicity

PLA fibrous materials were tested on human breast cancer MDA-MB-231 cell line. Cells were cultured
in DMEM medium supplemented with 10% bovine serum (ThermoFisher Scientific, Waltham, USA)
and 1% penicillin-streptomycin (Biosera, Nuaille, France) at 37°C. Samples were sterilized under UV
light for 30 minutes, cut with biopsy punch 4 mm in diameter and added to cells in 24-well plates for
48 h. Cell viability was determined by AlamarBlue Assay and presented as a percentage of control
untreated cells (cell viability (%) = [RFU treated cenl/[RFU untreated control cer] X 100, where RFU is relative
fluorescence unit). Each data point was derived from the results of at least two independent
experiments, each experiment was conducted in triplicate.

2.8. Chorioallantoic membrane (CAM) assay

Upon delivery, fertilized chicken eggs were cleaned with an antiseptic solution [53]. Initially, the eggs
were incubated horizontally at 37°C and 70% humidity. At the fourth day of development, eggs were
cleaned with 70% ethanol and a window of 3 cm in diameter was opened at a blunt side of the egg



using an eggpunch (Schuett-biotec, Gottingen, Germany). After the careful removal of the inner egg
membrane, the window was closed with a small petri dish and the egg incubation continued in a
static position. At the egg development day (EDD) 9, the fibrous mats (cut under the sterile
conditions to 2x1 mm small pieces) were placed on the vascular CAM. Starting from the day of the
sample placement, a daily evaluation of the antiangiogenic response was carried out using a
stereomicroscope (Stemi 2000-C, Carl Zeiss Microscopy GmbH, Gottingen, Germany) at 13 fold
magnification. Pictures were taken with a digital camera (Moticam 2000; Motic China Group, Hong
Kong, China) connected to the stereomicroscope. Each image was captured using Motic Image Plus
2.0 software. The observation finished at EDD 15. All experiments were performed at least five times.

2.9. Statistical analysis

Statistical analysis was performed by one-way ANOVA/post-hoc Tukey test. A value of p < 0.01 was
considered significant. All experiments were performed as at least two independent measurements,
each in triplicate.

3. Results and discussion

3.1. Characterization of fibrous materials

Needleless electrospinning proved to be an effective method to produce nano-/microfibers from
various natural and synthetic polymers with diameters ranging from tens of nanometers to tens of
micrometers and thicknesses of the mats (expressed as area weight) ranging from 1 to 100 g per m?
[28,29]. In this study, PLA fibrous materials with area weights of approximately 10 g/m? were
prepared and their specification is given in Table 2.



Table 2 Overview of prepared PLA fibrous materials.

PEG content PTX content Specific surface area® Total pore volume®
Sample Code theoretical/ theoretical/ fresh washed fresh washed

determined? determined®

wt% m’/g mm®/g

PLA - - 2.63+0.09 3.14+0.04 2.67 4.17
PLA-PEG(6) 15/14.5 - 3.24+0.11 3.37+£0.05 3.16 4.20
PLA-PEG(20) 15/15.2 - 2.33+£0.05 4.05+0.03 2.54 7.66
PLA-PEG(35) 15/15.1 - 290+0.05 5.27+0.07 3.61 16.53
PLA-PTX(10) - 10/(9.96 £ 0.77) 3.13+0.09 2.31+0.02 4.48 2.80
PLA-PTX(10)-PEG(6) 15/-¢ 10/(10.78 £ 0.90) 1.69+0.07 2.91+0.01 1.43 3.92
PLA-PTX(10)-PEG(20) 15/-¢ 10/(9.20+0.72) 2.01+0.09 3.32+0.04 1.87 4.68
PLA-PTX(10)-PEG(35) 15/-¢ 10/(9.19 + 0.09) 1.79+£0.08 4.70+0.04 1.62 8.56

2 from 'H NMR spectra

b from extraction measurements determined by HPLC-UV (n = 3)
¢ not measured

4 from BET measurements, pore diameter <40nm

Chemical composition

In our previous work we confirmed the effect of amphiphilic PEG on hydrophobic cyclosporine
release when the PEG content was 15wt% related to the PLA polymer [32], therefore, the same PEG
concentration was used in this study. The real PLA/PEG ratio in prepared fibers was determined from
'H NMR spectra based on well-differentiated signals assigning to each polymer. For PLA, signals at
5.11-5.24 ppm and 1.56-1.58 ppm corresponding to methine and methyl protons respectively were
detected. PEG is characterized by signal of methylene protons at 3.64 ppm. The PEG content in fibers
was calculated from intensity ratio of signal for methine proton (PLA) and methylene protons (PEG)
and the results are given in Table 2. The real content of PTX loaded to the fibers was determined by
extraction experiments. Methanol was used as a suitable solvent to fully extract PTX from the fibers.
The concentration of PTX in methanol solutions was determined by HPLC-UV method. The results
given in Table 2 showed that fibers contained 10+ 0.8 wt% of PTX, i.e. 92-108% of the PTX
concentration in electrospun mixture. It can be stated that the chosen PLA-PTX-PEG system together
with setting of electrospinning conditions enabled the preparation of fibers with a composition in
agreement with the composition of the initial electrospun mixture.

Morphology

Morphology of prepared fibrous materials was examined by SEM and images are presented in Fig. 2.
Relatively broad diameter distribution of PLA fibers was observed in the prepared samples with
diameters ranging from approximatelly 200 nm to 3 um. The most frequent fiber diameters were
determined between 200 and 600 nm and other local maxima from approximatelly 2 to 3 um.
Assumption that this bimodal distribution was caused by two distinct polymers PLA and PEG was not
confirmed, as it was observed even in the case of pure PLA fibers. The incorporation of PEG and PTX
did not have such effect on the fiber morphology which could influence the PTX release. In the case



of PEG of the highest MW (35 kDa), the distribution was broader with less distinct most frequent
fiber diameter. This can be attributed to the increase of viscosity of the electrospun mixture, which is

an important parameter influencing the electrospinning process and consequent final properties of
the fibers.

As it was reported on needle electrospinning, the fibers originating from homogeneous
polymer/drug solution [54] contains homogeneously incorporated drug in the fibers. Apparently, PTX
was easily dissolved in PLA/PEG electrospun mixture and, subsequently after electrospinning, no
drug crystals on the fiber surface or within the fibrous structure were detected.. It can be stated that
appropriate needleless electrospinning conditions were found to provide materials with reproducible
fibrous structure and with homogeneously incorporated drug inside the fibers.

PLA-PEG(6)

Distribution (%)

Distribution (%)
o 8 &5 8 8 B

Fiber diameter (nm) Fiber diameter (nm)

PLA-PEG(20) PLA-PEG(35)
100

Distribution (%)

Distribution (%)
o 8 & 8 8

Fiber diameter (nm) Fiber diameter (nm)

PLA-PTX(10) PLA-PTX(10)-PEG(6)

Distribution (%)

o %8 &8 8 B B
Distribution (%)

o 8 & B 8 B

$ FH LS $
oF & eﬁ & @q\épﬁ-\, »\ @»,&@,»’&&f"f;.“ﬁ

Fiber diameter (nm) Fiber diameter (nm)

PLA-PTX(10)-PEG(20) PLA-PTX(10)-PEG(35)

Distribution (%)
o B8 & & 8
]

Fiber diameter (nm) Fiber diameter (nm)

Fig. 2. SEM images and fiber diameter distributions of the prepared PLA fibrous materials.
Magnification of SEM images is 5,000x.



The parameters such as specific surface areas and volumes of pores up to 40 nm were determined
from the adsorption/desorption isotherm measurements. The obtained values are summarized in
Table 2. The values of specific surface areas of fresh samples in the range of 1.6 to 3.2 presumed that
prepared fibrous materials exhibited very low or almost imperceptible porosity inside the fibers.
Addition of PEGs of various MW to PLA material did not have any definite influence on either specific
surface area or porosity. On the other hand,incorporation of PTX to pure PLA caused an increase in
specific surface area and porosity by 20 % and 70 %, respectively. Contrary, addition of PTX to PEG
containing PLA fibers resulted in a decrease of both parameters, i.e. specific surface area decreased
by 15 to 50 % and porosity by 30 to 55%. Amphiphilic character of PEGs contributed to better
compatibility of all components and ensured the homogeneity of electrospun mixtures. Considering
the application of drug-loaded materials in liquid media/tissue, measurements of the samples
immersed in PBS buffer for 6 weeks were performed to reveal the morphology changes. Generally,
comparing the data from Table 2 (column fresh vs washed) an increase in the values of observed
morphological parameters was found. This was mainly caused by the washing out of PEG molecules
and the changes were accentuated with increasing the MW of PEG; e.g. for samples with PEG of MW
35 kDa the surface area and porosity increased by ca 80 and 360%, respectively. For PTX-loaded
PLA/PEG samples, the increase of both parameters followed similar trends. The only exception was
found in the case of pure PLA samples containing PTX, where specific surface area decreased by
approx. 30% and porosity almost 40%. The explanation can be in the washing out of the part of PTX,
which was not homogeneously incorporated into the fibers, althought SEM images did not revealed
any crystals or beads in the PLA-PTX samples. These findings show homogenization effect of the
electrospun mixture due to the presence of amphiphilic PEG and consequent prevailing release of
PTX from inside the fibers caused by PEG washing out (results discussed below in part 3.2.).

Thermal characteristics

Thermal properties of the fibrous materials were studied by DSC. The enthalpy values were obtained
from the areas under the melting and crystallization curves. The overall data are summarized in
Table 2 and DSC scans of 1%t and 2" heating runs are shown in Fig. 3. For pure PLA, the T, was
observed at 59°C. It is reported, that addition of PEG has a plasticizing effect causing the decrease of
T; due to enhanced segmental mobility of PLA in the presence of PEG [50,55]. However, in our case,
T; for PEG-containing PLA samples could not be precisely detected while it lies in the range of
endothermic peaks of PEG melting at around 55°C.

The endothermal peaks of PLA melting were well defined in the range 162 to 168°C for all samples
regardless of PEG presence and heating run. The melting endotherm of PEG was present at around
54-57°C. Separated T, corresponding to PLA and PEG suggested the phase separation of both
polymers. It is in accordance with published data about phase separation which occurred at 10 wt%
of PEG for PLA/PEG molding blends [56] or even at 5 wt% of PEG for PLA/PEG electrospun fibers [55].
Electrospinning process with rapid solvent evaporation and an electrical charge on the fiber surface
lead to the higher tendency towards phase separation in this system. PEG melting peak was not
visible upon re-heating indicating not sufficient crystallization rate under the experimental conditions
of DSC measurements.

Compared to the commercial PLA pellets used for fiber preparation, all the fibrous samples
underwent cold crystallization. During the 1% heating run; a broad exothermic peak can be found at
94°C and 74°C for pure PLA and PEG-containing PLA, respectively. The decrease in T. with PEG
addition to PLA has been previously described proving the plasticizing effect of PEG on PLA [50,55].
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During the cooling, PLA crystallization occurred only for samples containing PEGs with exothermic
values of 23 J/g (not shown in Table 3). During the re-heating (2" run), the significant PLA cold
crystallization peak was detected for pure PLA at 116°C, while for PEG-containing PLA almost
undistinguished T. peaks were observed at around 82°C. Consequently, crystallization enthalpy (AHc)
value decline from 31 to ca 3.5 J/g was reflected in an increase of calculated degree of crystallinity
(%c) from 5 to about 40% (value 5 % is similar to the semicrystalline pellets before electrospinning).
Moreover, from the double melting peaks for pure PLA, it is clear that polymer chains were arranged
in either two differently large crystallite types or in two crystallographic modifications over the cold
crystallization process. This was not observed in presence of PEG in the samples. It can be assumed
that the addition of PEG led to the enhanced chain mobility and promoted the crystallization ability
of PLA.

The drug incorporated in the polymer matrix is mostly considered as a plasticizer leading to the lower
Te, Tm, and T [50,57]. In our case, loading of PTX into PLA fibers did not obviously influence T; or T
of PLA. Apparent was the shift of cold crystallization to higher temperatures and decrease of melting
enthalpy resulting in the lower calculated PLA degree of crystallinity (see data for 1% heating run in
Table 2). Observed broadening of the melting peak of PLA can be attributed to the melting of two
different types of crystals which may be due to two structures in the crystalline phase. When adding
PEG to PTX-loaded PLA fibers, the cold crystallization did not occur and PLA degree of crystallinity
increased significantly proving the crystallization aiding ability of PEG.

Table 3 Thermal characteristics of PLA fibrous materials.

TgPLA TmPLA TCCPLA AHmPLA AHCCPLA Xc a

Sample Code
°C /g %

Heating run 1st 15t 15t 2nd 15t 2nd 15t 2nd 1st 2nd
PLA® 61 171 . 40 4 .o 427 46
PLA 59 167 94 116 35 36 14 31 227 5.0
PLA-PEG(6) -d 167 72 81 34 35 10 4 29.9 40.5
PLA-PEG(20) -d 167 73 82 33 35 13 5 25.2 37.6
PLA-PEG(35) -d 168 75 82 33 35 12 4 26.7 40.3
PLA-PTX(10) 61 165 106 131 29 22 19 9 124 144
PLA-PTX(10)-PEG(6)  -¢ 162 165 87 32 36 < 19 459 24.1

@ calculated according to Eq. 1

b pellets of the commercial PLA

¢ not observed

9 not detected, overlaid by PEG melting
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Fig. 3. DSC thermograms of PLA-PEGs fibers: (A) 1% heating run and (B) 2" heating run.

XRD measurements

To further analyze the physical state of PLA and PEG, the fibers were characterized by XRD
measurements. PLA crystals are characteristic by the main diffraction peak at around 16.5° and peaks
at 19° and 23° are assigned as characteristic for PEG [58]. The diffraction patterns of pure PLA, PLA-
PEG fibers and PEG(6) powder are shown in Fig. 4. It can be seen that diffraction curves of PLA-PEGs
are superposition of those of pure polymers indicating the phase separation of polymer components,
i.e. they do not react together chemically. The PLA peak at around 5° apparently shifts to slightly
higher angle in the blends. That hints changes in the small angle region which is however out of the
scope of this work. It can be concluded that XRD measurements confirmed the presence of
crystalline phase of both polymers in the fibers and the results are consistent with the DSC analysis
discussed above.
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Fig. 4. XRD patterns of PLA-PEG fibers using CuKa (A=0.154 nm) radiation. a) pure PLA, b) PLA-PEG(6),
c) PLA-PEG(20), d) PLA-PEG(35), e) PEG(6) powder. For clarity data were shifted in vertical direction
and powder data were down-scaled.

3.2. In vitro release experiments detected by HPLC-UV method

The PTX release experiments into PBS buffer (pH 7.4) were studied with four types of materials: PTX-
loaded PLA and PTX-loaded PLA containing PEG of MWs 6, 20, or 35 kDa. Blank PLA fibers were used
as a reference. The mode of continuous exchange of buffer was chosen to better simulate
physiological conditions. The quantification of the released PTX was determined by HPLC-UV method.

The release profiles of PTX are shown in Fig. 5; the total cumulative amounts of released PTX in time
course are presented in Fig 5A and the amounts of released PTX corresponding to the given time
period are presented in Fig. 5B. The results indicated that fibers containing PEG released significantly
higher amounts of PTX and the release time was prolonged compared to the PTX-loaded fibers
without PEG. Similar results were obtained in our previous work which examined the release of
hydrophobic cyclosporine A from PLA/PEG fibers [59]. It is evident that the initial burst release of PTX
is followed by a constant slow release. The prompt release is more pronounced for PEG containing
fibers and for PEG of 6 kDa when comparing the fibers with PEG of various MWSs. This can be
explained by the fact that PTX release is facilitated by releasing of PEG and is the fastest in the case
of PEG of the lowest MW. These higher released PTX amounts in initial stage also increased the
overall PTX release profiles in the cumulative mode, although the released amounts of PTX from the
fibers with PEG of higher MWs are slightly higher in the later stage of the experiment (see Fig. 5A
vs B). This effect can be explained by the differences in crystallinity, phase separation of the two
polymer component depending on the MW of particular PEG. The sustained release of small
amounts of drug can be also attributed to the increased surface area interfacing the solid fibers and
the surrounding liquid after PEG washing out, which was proved by the BET measurements (see
Table 1). The release experiment also shows release of some small amount of PTX from the pure PLA
sample during the first time period of the experiment caused by the dissolution of PTX
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inhomogeneously incorporated in the fibers, which is in accordance with the morphology
experiments, i.e. decrease of surface area and porosity after washing. The obtained release profiles
can be considered as promising for designing local delivery systems; various experiments as well as
medicinal practice proved that rapid delivery of high initial drug dosage can kill tumor cells and
subsequent slow release can be sufficient to prevent further proliferation of the tumor cells.
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Fig. 5. The release profiles of PTX into PBS (pH 7.4) from PLA-PTX(10)-PEG(6, 20, 35) fibers. A) The
total amounts of released PTX from fibers and B) the individual amounts of PTX released at particular
time period from fibers. Results were determined by HPLC-UV method. Error bars were calculated
using the standard deviations (n = 3).

3.3. In vitro cytotoxicity of PTX released from PLA fibrous mats

The cell viability of cell line MDA-MB-231 after the treatment with PLA, PLA-PEG(6,20,35) PLA-
PTX(10) and PLA-PTX(10)-PEG(6,20,35) fibers for 48 h was determined. From Fig. 6, it is apparent that
the polymer matrix PLA was not toxic for the cells. There was no observed toxicity even with the
addition of PEG to the PLA matrix, fibers maintained inert to the cells. The toxicity of PTX-loaded
fibers after 48h was determined, showing significant cytotoxic effect (p < 0.01) compared to samples
without PTX. There was no significant variance in the viability of the cells by PEG addition and various
MWs of PEG. Differences in drug release between PLA-PTX(10) and PLA-PTX(10)-PEGs was further
studied in a long-term incubation assay which results are published elsewhere [60].
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Fig. 6. Cell viability of MDA-MB-231 cell line after PLA, PLA-PEG, PTX-loaded PLA and PLA-PEG fiber
treatment for 48 h. (% indicates significant difference with p < 0.01 between the corresponding fibers
without/with PTX).

3.4. Investigation of antiangiogenic activity of PLA fibrous mats

Angiogenesis plays a crucial role in many normal physiological processes as well as in tumor
neovascularization associated with the cancer progression. During the cancer development, the
newly formed tumor-associated blood vessels serve first as feeding tubes for a growing tumor and
next, as conduits for dissemination of the tumor cells that escaped from an established primary
tumor [61]. Therefore, the control of tumor angiogenesis has become an important issue in the fight
against cancer progression. In the CAM assay, the chorioallantoic membrane as a specialized and
highly vascularized extraembryonic tissue of the avian embryo, can be used to study anti- or pro-
angiogenesis [62]. In the chick embryo, the chorioallantois is formed between days 4 and 5 of the
development, when the outer mesodermal layer of the allantois fuses with the mesodermal lining of
the chorion, and a network of blood vessels is gradually formed between the two layers. The central
portion of the CAM is fully developed by day 8 to 10 at which time it becomes capable of sustaining
grafts [61].

Chick CAM assay was successfully used for testing of various anti- and pro-angiogenetic agents [63].
The almost first published evidence about a possible antiangiogenic activity of PTX was in the report
by Dordunoo at 1995 [64], where he showed that formulations based on poly(e-caprolactone)
microspheres containing PTX inhibited angiogenesis in the chick CAM model.

In presented study, chick CAM model was used to observe the antiangiogenic activity of PTX released
from PLA fibrous mats. Moreover, as CAM assay can be considered as an ex vivo model the
biocompatibility of the fibers prepared without drug was evaluated. Pairs of samples, without and
with loaded PTX, were put together into one egg at EDD 9 as illustrated on Fig. 7 for samples PLA-
PEG(20) and PLA-PTX(10)-PEG(20). Figure 8 shows the results from series PLA-PEG(20), PLA-PTX(10)
and PLA-PTX(10)-PEG(20).

The PLA-PEG fibrous mats did not exhibit any toxic effect to the CAM, a normal capillary network
architecture was generated upon the sample application as can be seen from Fig. 8, column A. Thus,
the pure polymer matrix showed to be non-toxic which corresponds to the results obtained from cell
viability tests. The CAM treated with PLA-PTX(10) fibers exhibited a slight antiangiogenesis at the first
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day after the sample placement. The following day (EDD11) tiny vessels surrounding the sample
appeared and formed the normal capillary network upon other days without any evidence of
antiangiogenic effects (Fig. 8, column B). In the case of PLA-PTX(10)-PEG(6), also only a weak
antiangiogenic effect was observed with a delay in the vascular development (data not shown). The
fibers with PEG of the highest MW (PLA-PTX(10)-PEG(35)) exhibited a light inhibition of angiogenesis
(the vessels became less dense) which was visible for two days after the placement on the CAM.
Later, the vessels developed rapidly towards the graft (data not shown). On the other hand, the CAM
treated with PLA-PTX(10)-PEG(20) elicited a massive and long-lasting antiangiogenic effect with
nearly complete disappearing of vessels after five days (Fig. 8, column C).

-

Fig. 7. A macroscopic picture of the egg with the PLA fibrous mats put on the CAM at egg
development day 9. PLA-PEG(20) on the right side and PLA-PTX(10)-PEG(20) on the left side.
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Fig. 8. The antiangiogenic activity of PLA fibrous mats on chick CAM at 13 fold magnification. Columns
represent A) PLA-PEG(20), B) PLA-PTX(10) and C) PLA-PTX(10)-PEG(20) fibers. Scale bars represent
500 um.

The results of CAM assay generally corresponded to the release profiles of PTX into PBS buffer. Small
amounts of PTX released from the fibers without added PEGs were insufficient in terms of
antiangiogenesis. Some delay in the vascular development after PLA-PTX(10)-PEG(6) fibers treatment
corresponds to the PTX release profile from these fibers, where initial burst release was not followed
by the additional release in the later stage. Contrary to the release profile of the PTX from PLA-
PTX(10)-PEG(35), only a weak antiangiogenic activity exhibited these fibers in CAM assay. From the
perspective of antiangiogenesis, fibrous mats with PEG of MW 20 KDa were proved to be highly
effective.
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4. Conclusion

In present work we describe PLA/PEG fibrous carriers of hydrophobic anticancer agent paclitaxel. The
needleless electrospinning was proved to be efficient method for the micro/nanofibrous carrier
preparation. SEM images showed that PTX added in 10 wt% was homogenously incorporated into the
fibers. The addition of amphiphilic PEGs of various MWs did not significantly influence the
morphology of fibrous materials. Morphological analysis did not reveal any changes in the specific
surface areas and volumes of pores up to 40 nm in diameter in fibers with PEGs, however, when
those samples were immersed into PBS buffer for 6 weeks, higher surface areas and pore volumes
were revealed, which significantly increased with MW of PEG used. The DSC and XRD measurements
showed that PLA and PEG did not form a new phase in the blends and they retained certain level of
crystallinity in the formed fibers.

PTX release profiles determined by HPLC-UV exhibited very low amounts of PTX released from the
pure PLA fibers. The addition of PEGs (15 wt%) significantly increased the released amounts of PTX
and also prolonged the release time period. This effect was more pronounced with PEG of the lowest
MW in the initial stage of the release experiments. On the other hand, the use of PEG of MW 20 kDa
and 35 kDa ensured the release of the additional amounts of PTX in later time periods.

The biocompatibility and nontoxicity of PLA/PEG matrices was confirmed by cell viability test and also
by CAM assay. In vitro experiments on MDA-MB-231 human breast cancer cell line conducted for 48h
showed significant cytotoxic effect of PTX released from carriers, however, the influence of the PEG
addition on the efficiency of released PTX was not significant for such a short experimental time
period. CAM assay proved excellent bioavailability of PLA/PEG carriers. The addition of PEGs
significantly improved release rates of hydrophobic PTX and enhanced antiangiogenic effect.
Particularly PLA-PTX(10)-PEG(20) fibers exhibited excellent antiangiogenic properties and thus were
found to be potential materials for local delivery of anticancer drugs.
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Paclitaxel-Loaded Polylactide/Polyethylene Glycol Fibers
with Long-Term Antitumor Activity as a Potential Drug

Carrier for Local Chemotherapy

Johana Plch, Kristyna Venclikova, Olga Janouskova, Jan Hrabeta, Tomas Eckschlager,
Katerina Kopeckova, Zuzana Hampejsova, Zuzana Bosakova, Jakub Sirc,

and Radka Hobzova*

Local application of anticancer agents prolongs the presence time and
increases the concentration of drug in the target place and therefore may
reduce serious side effects compared to drug systemic administration. The
preparation of fibrous materials of polylactide (PLA) and polyethylene glycol
(PEG) loaded with paclitaxel (PTX, 1 or 10 wt%) is presented. Scanning electron
microscopy proves that PTX is homogeneously incorporated into the fibers.
The addition of PEG of various molecular weights (6, 20, or 35 kDa) ensures
the release of significantly higher amounts of hydrophobic PTX in a prolonged
release time compared to the fibers containing PTX only. Present PLA-PEG
fibrous carriers can serve as a drug depot for PTX since they exhibit significant
toxicity for cancer cell lines in several-day experiment. They are promising for
local recurrence therapy, where the initial release is efficient to kill tumor cells
and continued release can prevent their subsequent proliferation.

systems for controlled local anticancer
drug administration may reduce serious
side-effects connected with systemic drug
administration and significantly increase
the therapeutic dose and prolong the
presence time in the targeted area. The
beneficial effect of such an approach can
be seen mainly in case of soft tissue sar-
comas or brain tumors. There are various
methods for local administration of cyto-
statics, where the tumor location is the
main factor influencing the preferred
method. Monterrubio et al.ll' observed
in their experiments that drug released
from polylactide (PLA) implants achieves
high concentrations in a distance of 2 mm

1. Introduction

Local recurrence of solid tumors following surgical resection
and/or radiotherapy remains one of the challenges in oncology.
The intensification of radiotherapy or more radical surgery is
often limited by undesirable complications. New drug delivery
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within the tumor bulk. Local chemo-
therapy could, therefore, yield promising
results as a subsequent treatment after an accurate surgery
with optimal margins. Although most of the local delivery
approaches are still at the research level, some of the loco-
regional chemotherapeutic systems have already been approved
by health agencies (FDA, EMA, etc.) indicating their safety and
efficacy. Gliadel (copolymer matrix of 1,3-bis(p-carboxyphenoxy)-
propane and sebacic acid with carmustine) or OncoGel (a gel
based on a copolymer of poly(lactic-co-glycolic acid) (PLGA) and
polyethylene glycol (PEG) with paclitaxel) are used in clinical
practice.l?l
Several systems can be used as reservoirs of anticancer drugs
for local chemotherapy, involving nanoparticles, micelles, den-
drimers, injectable hydrogels, etc.’2 Recently, nanofibrous poly-
meric materials have been intensively studied as a drug delivery
systems due to their unique morphological features and favorable
drug loading capabilities.’”] Several nanofibrous carriers loaded
by anticancer drugs such as doxorubicin,®?) paclitaxel 112
cisplatin,3-1 carmustine,3] and camptothecin'”!®l were fab-
ricated using blend, coaxial, or emulsion electrospinning. In
some cases, the anticancer agents created self-assembled nanofi-
brous structures;”) however, they were usually incorporated
into the nanofibers based on biocompatible polyesters such as
PLA,[1516:20.21] polycaprolactone, 1822l PLGAM-13] or copolymers
of PLA and PEG.P1723 The drug release is given either by its dis-
solution and diffusion or the fiber morphology, eventually the
degradation mechanism depending on the polymer character,
thereby providing carriers of various release profiles. Localized

(1 0f13) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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chemotherapy, delivered directly to the affected area, was found
to be a promising approach for treating various malignancies
such as glioma,l2?4 breast,'2!] liverl®” or lung cancers.["*2¢)

Paclitaxel (PTX) is a promising antitumor agent effective in
the treatment of various cancers, especially ovarian and breast
cancer.?’l Moreover, its antiangiogenic activity was investi-
gated as a possible additional mechanism contributing to
antineoplastic in vivo activity.?® As a hydrophobic drug, it is
poorly soluble in water. Intravenous administration of a cur-
rent formulation in a nonaqueous solvent, Cremophor EL,
may cause precipitation in an aqueous dilution or allergic
reactions.l?’] To overcome the limitations associated with poor
water solubility and to achieve prolonged drug activity, more
“sophisticated” delivery systems are being developed, e.g.,
systems with nanoscale additives, such as mesoporous silica
nanoparticles,?®3% carbon nanotubes,?" or hydroxyapatite
nanoparticlesi®? incorporated into electrospun nanofibrous car-
riers. The release of hydrophobic drugs can also be favorably
influenced by increasing the surface area of the carrier by
forming a micro-/nanoparticle delivery system®¥ or by the
addition of leachable polymers, such as PEGs.[**** Amphiphilic
PEGs, as FDA approved polymers possessing favorable physico-
chemical properties, are often employed as modifying agents to
improve compatibility of the polymer-drug system and enhance
the aqueous solubility and dissolution characteristics of hydro-
phobic drugs.?*2% The influence of addition of PEG on PTX
release from PLGA thin films was studied?®®3”) confirming the
possibility to control drug release by concentration and molec-
ular weight of added PEG. It can be expected that the addition
of amphiphilic PEG molecules would be beneficial even in the
case of micro/nanofibrous carriers. The enhanced miscibility
and compatibility of the electrospun mixture may result in
homogeneous incorporation of the drug into fibrous structure.
In perspectives of local cancer therapy, the use of PEG may
bring these advantages: washing out of PEG molecules from
drug-loaded carrier can ensure the fast release of the sufficient
drug dosage to kill the residual cancer cells after tumor resec-
tion and the caused morphological changes (increased porosity
and surface area of the fibrous carrier after PEG leaching) can
further prolong the hydrophobic drug release in later time
period and prevent cancer cell proliferation and migration.

In this work, we report the preparation of PTX-loaded PLA
fibrous materials by needleless co-electrospinning of PLA/
PEG mixed solution varying in molecular weights of PEG. The
comprehensive characterization of the effect of PEG addition
on PTX release rate, the in vitro activity and cell assay cytotox-
icity are discussed in terms of long-term efficacy on a panel of
human cancer cell lines.

2. Experimental Section

2.1. Materials

PLA (M,, = 420 000 g mol™, polydispersity = 1.5) was pur-
chased from Nature Works, LLC (Minnetonka, MN, USA).
PEG with molecular weights (MWs) of 6 and 20 kDa was pur-
chased from Rapp Polymere GmbH (Tuebingen, Germany) and
35 kDa from Sigma-Aldrich (Prague, Czech Republic). PTX was
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purchased from LC Laboratories (Woburn, MA, USA). Chloro-
form, 1,2-dichloroethane, and ethyl acetate were purchased from
PENTA (Prague, Czech Republic). Proteinase K obtained from
Tritirachium album as a lyophilized powder, phosphate buffered
saline (PBS) tablets, tris(hydroxymethyl)aminomethane (Tris),
sodium azide, and Tween 80 were supplied by Sigma-Aldrich
(Prague, Czech Republic). Hydrochloric acid (HCI), potassium
dihydrogen phosphate (KH,PO,), and disodium hydrogen
phosphate (Na,HPO,) of analytical grade were purchased
from Lachema (Neratovice, Czech Republic). Acetonitrile and
methanol (HPLC grade) were purchased from Sigma-Aldrich
(Prague, Czech Republic). Cell culture media (RPMI, DMEM,
and IMDM) and AlamarBlue Assay (Invitrogen) were pur-
chased from ThermoFisher, (Prague, Czech Republic), 24-well
plates from TPP (Trasadingen, Switzerland) and biopsy punch
Stiefel from Servoprax (Wesel, Germany). Human plasma was
kindly provided by the Military University Hospital Prague,
Department of Hematology and Blood Transfusion.

2.2. Preparation and Characterization of Fibers

The PLA fibrous materials were prepared by needleless elec-
trospinning using Nanospider technology®*® in cooperation
with Nanovia Ltd. (Litvinov, Czech Republic) (an illustrative
photo of this technology is shown in Supporting Information
Figure S1). The PLA (7% w/w) was dissolved in a mixture of
chloroform/1,2-dichloroethane/ethyl acetate in a weight ratio of
54/29/10. PEG of particular MWs was added to the PLA solu-
tion at a concentration of 15 wt% (related to the PLA polymer).
PTX was added to the polymer solution in a concentration of
1 or 10 wt% (related to the total polymer content). Both, PEG
and PTX were soluble in the PLA solution and homogeneous
mixtures were obtained before electrospinning. The electro-
spinning parameters were as follows: distance between elec-
trode and collector 22 cm, voltage 20-60 kV, relative humidity
25-30%, and temperature 20 °C. The area weight of electro-
spun fibrous materials was =10 g m~2. The prepared materials
were coded as follows: PLA-PTX(X)-PEG(Y), where X and Y in
brackets indicate the PTX content in material and MW of PEG,
respectively.

The morphology of the prepared PLA fibrous materials was
analyzed by scanning electron microscopy (SEM) using the
microscope, TS 5130 VEGA3 (TESCAN, Brno, Czech Republic),
at an accelerating voltage of 15 kV. Before observation, the sam-
ples were sputtered by 4 nm thin platinum layer.

The thermal properties of PLA fibrous materials were deter-
mined by differential scanning calorimetry (DSC) using a
Perkin Elmer DSC 8500 instrument (TA instruments, USA)
calibrated using an indium standard. The measurements
were performed in heat-cool-heat mode. Samples were heated
from —20 to 200 °C, cooled to —20 °C, and re-heated to 200 °C
at a rate of 10 °C min! in nitrogen (flow rate 50 mL min™).
Determination of PTX loaded to the fibrous materials was
conducted by its extraction from fibers as follows: five round
targets (diameter 12.5 mm) were cut from the PTX-loaded
fibers, put in 10 mL of methanol and shaken in a tempered
shaker (Orbital Shaker-Incubator ES-20, Biosan, Riga, Latvia) at
25 °C and 140 rpm for 24 h. Extracts from 10 wt% PTX-loaded

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

Macromolecular
3 Bioscience

www.advancedsciencenews.com

samples were diluted 50 times, whereas extracts from 1 wt%
PTX-loaded samples were measured directly by the HPLC-UV
method under the conditions described below. The experiments
were performed in triplicate and calculated relative standard
deviations were below 10%.

2.3. In Vitro Degradation Study

The degradation behavior was studied in four different buffers:
Tris-HCl (0.05 M, pH 8.6), phosphate buffer (Na,HPO,/
KH,PO,, 0.067 m, pH 8.6 and pH 8) and PBS (0.01 m,
pH 7.4). The concentration of enzyme proteinase K in buffer
was 2 ug mL™! or 0.2 mg mL". Sodium azide was added to
enzyme-containing buffers to inhibit the growth of microorgan-
isms in a concentration of 0.2 mg mL™. PLA fibers were cut
into 2 x 5 cm pieces of =10 mg weight. Cut samples were dried
under vacuum at room temperature, weighed, placed in capped
bottles containing 5 mL buffer solution, and then incubated in
a rotary shaker (150 rpm) at 37 °C. Enzyme-containing buffers
were renewed every 24 h to maintain the enzymatic activity.
At a particular time period, three specimens were withdrawn,
rinsed three times with distilled water and dried under vacuum
at room temperature up to constant weight. The degradation of
samples was denoted as weight loss (WL) calculated according
to Equation (1)

(wo —w,)

WL (%)= x 100 (1)

Wy

where w is the initial weight of the dried sample and w, is
the weight of the dried sample after a particular time of
degradation. WL is expressed as average value t+ standard
deviation (n = 3).

2.4. In Vitro Drug Release Kinetics

The kinetics of the PTX release were assessed in a mode with
continuous exchange of a part of the solution as follows: Five
round targets (diameter 12.5 mm) were cut from the PTX-
loaded fibers, put in 5 mL of PBS (pH 7.4) containing 0.5%
of Tween and shaken in a tempered shaker (Orbital Shaker-
Incubator ES-20, Biosan, Riga, Latvia) at 37 °C and 140 rpm.
At the given time period, 1 mL of the solution was removed
for the PTX concentration analysis and 1 mL of fresh PBS was
added to the extraction bottles. The aliquots were collected
at 0.5, 1, 2, 4, 8, 16, 24, 36, 48 and 72 h after immersion. All
release experiments were performed in triplicate. The quanti-
fication of released PTX was conducted by HPLC-UV method
using an Agilent 1260 Infinity Series Quarternary LC (Agilent
Technologies, Waldbronn, Germany). The separation system
consisted of an Ascentis Express C18 column (150 x 3.0 mm,
particle size 5 pm) from Sigma-Aldrich (Darmstadt, Germany)
and the mobile phase water/acetonitrile (50/50 v/v) with a flow
rate of 0.5 mL min~!. The wavelength of UV detection was
set at 227 nm and the injection volume was 5 pL (the details
on optimization and validation of the method are presented
elsewhere).*’!
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2.5. Stability/Activity of PTX

Stability of PTX in various media was studied at a
concentration of 100 ng mL™ and 1 pg mL™'. PTX was
dissolved in PBS and PBS containing 0.1 or 0.5 wt% of
Tween. Methanolic solution was used as medium inhibiting
decomposition of PTX in the solution. All measurements
were performed in triplicates and the relative standard devia-
tion did not exceed 5%.

To determine the biological efficacy of PTX loaded in fibers,
the long-term incubation in cell culture medium without cells
for 3 and 4 weeks at 37 °C was performed. Afterward, fibers
were transferred to overnight seeded cells and incubated
for 72 h. Cell viability was determined by AlamarBlue Assay,
according to the manufacturers’ instructions. Untreated cells
with AlamarBlue were used as a control sample and cultiva-
tion medium with AlamarBlue served as a blank sample. The
formula for the calculation of cell viability was cell viability (%) =
(RFU treated cell/RFU untreated control cells) x 100, where RFU
is relative fluorescence unit.

2.6. In Vitro Cytotoxicity

PLA fibers with 1% and 10% PTX were tested on human neu-
roblastoma (SH-SY5Y, UKF-NB-3), human breast adenocarci-
noma (MCF-7), and human prostate carcinoma (LNCaP) cell
lines. Cells were cultured in adequate medium (RPMI, DMEM,
and IMDM, respectively) supplemented with 10% bovine
serum and 1% penicillin-streptomycin at 37 °C.

PLA-PEG samples were sterilized under UV light for 30 min,
cut with a biopsy punch of 4 or 8 mm in diameter and added to
the cells in 24-well plates for 72 h. Cell viability was determined
by AlamarBlue Assay as described above. Each data point was
derived from the results of at least two independent experi-
ments, each experiment in triplicate.

For determination of PTX release kinetics and toxicity in
vitro, cells were incubated in 24-well plates in 1 mL of media
at 37 °C. In the first round, UV sterilized samples were cut
with a biopsy punch of 4 mm in diameter and incubated
with cells for 0.5, 2, 24, and 48 h at 37 °C. For the second
round, samples were transferred to a new 24-well plate with
overnight seeded cells and incubated for 72 h at 37 °C. Then,
samples were transferred again and left with overnight
seeded cells for another 72 h at 37 °C (third round). The
scheme of the three-round incubation experiment is shown
in Figure 1. Cell viability was determined by AlamarBlue
Assay as described above. The whole procedure was repeated
at least twice.

2.7. In Vitro Cytotoxicity after Incubation in Human Plasma

To determine the effect of plasma proteins on the PTX release
kinetics and toxicity, samples were sterilized by UV light for
30 min and preincubated in human plasma for 0.5, 2, 24 or
48 h at 37 °C, washed in sterile PBS and transferred to MCF-7
cells on 24-well plates and left for 72 h. Cell viability was deter-
mined by the AlamarBlue Assay as mentioned above.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Scheme of the three-round incubation experiment. Incubation time in the first round with PLA carrier was 0.5, 2, 24 or 48 h and a total incu-
bation of cells was 72 h. In the second and third rounds, the incubation time of cells with the carriers was 72 h.

2.8. Statistical Analysis

Statistical analysis was performed in Graph Pad Prism 5 using
the one or two way ANOVA test. A value of P < 0.05 was consid-
ered significant. All experiments were performed at least twice,
each in triplicate.

3. Results and Discussion

3.1. Characterization of Fibers

Needleless electrospinning is a versatile method for the forma-
tion of fibers from various natural and synthetic polymers with
diameters ranging from tens of nanometers to tens of micro-
meters and thicknesses of the mats (expressed as area weight)
ranging from 1 to 100 g m~2.14% In this study, PLA fibers loaded
by PTX and containing PEG as an additive component were
prepared in area weights =10 g m2

The morphology of prepared fibrous materials was exam-
ined by SEM and images are presented in Figure 2. Overall,

A)

SEM images showed that suitable electrospinning conditions
were found to provide materials with similar fibrous structure.
PEG and PTX were well soluble in PLA solution providing a
homogeneous mixture for electrospinning; thus, their addition
had no distinct effect on morphological parameters such fiber
diameters. Importantly, no drug crystals were detected on the
fiber surface or outside the fibers, indicating that PTX was suc-
cessfully incorporated into the fibers. It is in accordance with
the published data that electrospinning of homogenous drug/
polymer/solvent mixture results in incorporation of drug inside
the fibers."!]

3.2. Degradation Study

In vitro degradation of pure PLA fibers was investigated in
buffers of various pH and composition: Tris-HCI pH 8.6, phos-
phate buffer pH 8.6 and pH 8.0, and PBS pH 7.4. To observe
enzymatic degradation, proteinase K was selected as an
enzyme with good degradation activity to PLA Various serine
proteases, including Proteinase K and also some mammalian

E)

Figure 2. The SEM images of prepared PLA fibrous materials. A) Pure PLA; B) PLA-PEG(6); C) PLA-PEG(20); D) PLA-PEG(35); E) PLA-PTX(10);

F) PLA-PTX(10)-PEG (6); G) PLA-PTX(10)-PEG (20);

Macromol. Biosci. 2018, 18, 1800011
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H) PLA-PTX(10)-PEG(35). Magnification of SEM images is 600x.
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ones were tested and ability of all of them to degrade PLA was
proved.*243] Comparing the degradation activity of Proteinase
K and enzyme lipase the studies showed that Proteinase K
exhibited the stonger influence on the PLA degradation rate
compared to lipase and that lipase had low effect on the deg-
radation of L-PLA and that it is effective enzyme more for poly-
caprolactone than for PLA.**] Taking all this into account,
we have chosen to test Proteinase K for our study. Moreover, it
is preferentially used in other studies concerning the enzymatic
degradation of PLA. Several papers showed that the degree of
crystallinity and stereochemistry of D,L units had strong effects
on the course of degradation; proteinase K selectively degrades
L-lactyl units as opposed to D-lactyl and the amorphous region
as opposed to crystalline.***] However, only Tris-HCl buffer
of pH 8.6 was mainly used in these studies. Considering the
lower pH under physiological conditions, we therefore decided
to observe the influence of either pH value or composition of
buffer, as well as different proteinase K concentrations. The
enzyme is active in the pH range from 7.5 to 12; thus, in addi-
tion to Tris-HCI, we used phosphate buffers of pH 8.6, 8.0, and
7.4. Gravimetric evaluation of the loss as a function of degrada-
tion time is summarized in Figure 3. In the case of hydrolytic
degradation (i.e., without the presence of enzyme, see Figure
3A) the PLA fibers were stable (with weight loss up to 3%) in
PBS and in phosphate buffers of pH 8.6 over the 12 weeks.
On the other hand, in Tris-HCI buffer pH 8.6 degradation up
to =35% over the 12 weeks was observed, indicating the con-
siderable influence of buffer type. The results obtained from
enzymatic degradation showed that PLA fibers underwent deg-
radation in all tested buffers (see Figure 3B), where the deg-
radation rate was influenced by pH and buffer composition.
Very fast degradation occurred in the Tris-HCI buffer; complete
fiber degradation was achieved by 30 h. Using phosphate buffer
of the same pH, the degradation was markedly slowed down,
which is consistent with the hydrolytic degradation results, sug-
gesting that only the enzyme is involved in the degradation pro-
cess. The decrease of pH of the phosphate buffer to 8.0 had no
distinct effect, while the use of PBS of pH 7.4 led to further
slowing degradation, which is probably related to the decrease
in enzyme activity with decreased pH. However, the enzyme
is active and fast degradation can be achieved when using
100 times higher enzyme concentration, as shown in Figure 3C.

The morphological changes after enzymatic degradation
were monitored by SEM, proving the partial fragmentation of
continuous fibers depending on the buffer, presence of enzyme
and degradation time. Figure 4A represents the images of
fibers degraded by 30% in various enzyme-containing buffers
and Figure 4B presents images of PLA fibers after 12 h deg-
radation reaching various weight losses in dependence on the
buffer. In all images, several fiber ends can be observed com-
pared to the images from Figure 2, showing the continuous
fiber structure without any evidence of the ends. Although the
gravimetric loss was 60%, it is clear from the images that the
sample retained the fibrous structure, only a larger number
of fibers were broken down (which can be attributed to the
matrix breakdown).

It has been reported that 60% weight loss was accomplished
for PLA film within 40-80 h in dependence on crystallinity
degree when the concentration of the enzyme in Tris-HCI
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Figure 3. The weight loss (WL) of PLA fibers in various buffers as a func-
tion of degradation time: A) hydrolytic degradation in various buffers,
B) enzymatic degradation in various buffers containing enzyme pro-
teinase K (P-K), and C) enzymatic degradation in PBS (pH 7.4) of dif-
ferent enzyme concentrations. Weight loss was calculated according to
Equation (1). Error bars were calculated using standard deviation (n = 3).

buffer was 200 pg mL LM Herein, in the case of the semi-
crystalline PLA fibers, the same weight loss in Tris-HCI buffer
was achieved within 12 h when the concentration of enzyme
was 2 Ug mL7l. Namely, the concentration of enzyme was
100 times lower and the degradation rate was 3-7 times faster
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Figure 4. Morphological changes in fibrous materials during enzymatic degradation at 37 °C in various buffers (Tris-HCl, phosphate buffer of pH 8.0
and 7.4). A) Images of fibers degraded by 30%,; the weight loss was reached after different time periods depending on the buffer used. B) Images of
fibers after 12 h degradation; various weight loss was achieved in dependence on the buffer used.

than in the case of PLA films. This increase in the degradation
rate is mainly attributed to the high surface-to-volume ratio of
the PLA fibers, which increased significantly the interaction
area between the fibers and enzyme. Therefore, the prepara-
tion of drug carriers in the form of fibers is one of the impor-
tant methods to speed up the degradation process. The PLA
fibers were tested by Zeng et al.,’ and the authors achieved
weight loss of 60% within 5-7 h using the same buffer with
an enzyme concentration of 2 pug mL™. Their faster degrada-
tion can be caused by lower crystallinity, as proteinase K pref-
erentially degrades the amorphous region, than the crystalline
one.l*®l The PLA fibrous materials were studied by DSC meas-
urements to examine the effect of immersion of the fibers in
PBS medium and the effect of enzymatic degradation on the
thermal properties and the level of crystallinity. As representa-
tives, pure PLA, PLA fibers after immersion in PBS for 8 weeks
and PLA fibers degraded by 30 wt% using PBS with Proteinase
K in concentration 2 ug mL™" over the 5 d were measured. A
summary of the thermal characteristics such as Tm, Tg, enthal-
pies, and crystallinity degree are shown in Supporting Infor-
mation Table S1 and first heating DSC scans are shown in
Supporting Information Figure S2. All samples exhibited some
level of crystallinity by well-defined PLA endothermic peak at
around 167 °C. It was found that 8 weeks immersion in PBS
buffer had almost no effect on PLA crystallinity, while the fibers
partially degraded by enzyme showed a certain decrease in the
degree of crystallinity. Since the enzyme should predominantly
degrade amorphous regions, more detailed studies would be
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