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Uvod

Nanotechnologie prodélavaji od konce dvacatého
stoleti velky rozvoj ve sféfe akademického vyzkumu
a vyvoje, navazné také v oblasti primyslové a komercni.
Odpovida tomu dnes jiz velmi rozsahla ¢asopisecka, kniz-
ni i patentova literatura, pocet publikac¢nich vystupd pii-
tom neustale roste.

Podle nejjednodussi a Siroce akceptované definice se
nanomateridly vyznacuji alespoil jednim externim rozmeé-
rem v oblasti 1 a2 100 nanometri'. Vykazuji neobvyklé
fyzikalné-chemické vlastnosti souvisejici zejména s velmi
vysokou hodnotou poméru jejich specifického povrchu
k objemu péru (vétsi nez 60 m*cm’)'. Mohou mit velmi
odlisné geometrické uspofadani a vnéjsi i vnitini strukturu,
terminologicky se dosud jednoznaéné neukotvily.
Z velikostnich a tvarovych variant nanomaterialti popiso-
vanych v souvislosti s podavanim 1é¢iv 1ze uvést napiiklad
bezrozmérné nanotecky (nanodots), jednorozmérné nano-
Castice (nanoparticles), nanodratky (nanowires), nanotrubi-
ce (nanotubes) nebo nanolupinky (nanochips), ale také
dendrimery a nékteré liposomy. Zvlasté zajimavou pod-
skupinu nanomateriald predstavuji nanovlakna
(nanofibers, nanofibres), zejména polymerni, z nichz se
pfipravuji rizn¢ komponované vrstvy.

Existuje nékolik moznych metod ptipravy polymer-
nich nanovldken, v zasad¢ je lze rozdélit na tvorbu
z roztokll a tvorbu z tavenin. Nékteré metody zlistavaji
v oblasti laboratorni pfipravy, napf. metoda dlouzeni,
metoda fazové separace® ¢ metoda Sablonové syntézy*,
jiné se podatilo vyvinout do irovné vyuzitelné k primys-
lové produkci. K nim patii metody elektrostatického
zvldkiovani®, odstiedivého spradani® a metoda foukani
tavenin’.

Elektrostatické zvlaknovani, elektrospining (ES),
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k elektrohydrodynamickym metodam®,

-----

které  patfi
moznosti, umoznuje jejich tvorbu z rGznych materiala
(napt. organickych polymerd, keramickych materiald,
polovodica i kovil), tvorbu riznych morfologii, struktur
a funkei.

ES z roztoku polymerti byl pro primyslové provedeni
v originalnim bezjehlovém provedeni Gispésné rozpracovan
pred patnécti lety prof. O. Jirsakem na Technické univerzi-
té v Liberci’ a technicky realizovan v podobé zaiizeni Na-
nospider™ tamni firmou Elmarco'’.

Strucné feceno, pii ES jde o proces, pfi kterém vlivem
silného elektrického pole na roztok (pfipadné¢ emulzi, su-
spenzi Ci taveninu) dochdzi na jeho povrchu v disledku
elektrostatickych odpudivych sil k tvorbé velmi jemnych
vldken o primeérech v desitkdch az stovkdch nanometrt,
ktera jsou za okamzitého odpafovani rozpoustédla unasena
ke sbérné elektrods'.

Elektrody pro ES rozdélujeme podle funkce na
zvléakiovaci, na kterou je nanaSena zvlakiiovana soustava
(nejcastgji roztok polymeru) a sbérnou, neboli kolektor. ES
mize probihat z jehly (trnu), zvlaknovacich elektrod typu
valecek i struna, a elektrod fady dalSich geometrii, véetné
koncentricky uspofadanych trysek'. Ped sbérnou elektro-
dou je umisténa podkladova textilie, tj. substrat, na ktery
dopadaji vytvofena nanovlakna. Rychlosti posunu substra-
tu lze nastavovat finalni tloustku nanovlakenné vrstvy,
ktera se bézn¢€ pohybuje fadoveé v desitkach mikrometrti.

ES z roztokl je mezi metodami sméfujicimi k poda-
vani, pfipadné¢ davkovani 1é¢iv nanovladkennym nosi¢em
popisovan nejcastéji, pficemz zcela pievazuji akademické
prace vychazejici z vyuziti laboratornich zafizeni typu
pist-jehla. Publikaci smétujicich v této oblasti k primyslo-
vym aplikacim'"® je dosud minimum, pfi¢em? se pie-
vazné jedna o produkci nanovléken pro zevni lokalni apli-
kaci léCiv.

Léciva Ize do nanovlakenné matrice inkorporovat
pomoci ES pomérné jednoduse. Velky mémy povrch, elas-
ticita nanovlakennych vrstev a moznost volby sloZeni po-
lymernich nosi¢ll na zéklad¢ pozadovanych farmakokine-
tickych aplikacnich pozadavki predurcuji nanovlaknim
vys$$i pfidanou hodnotu, naptiklad ve srovnani s pfili§ tvr-
dymi a kiehkymi medikovanymi filmy'®. Z hlediska moz-
nosti podstatné zvysit rychlost rozpousténi a nékdy i roz-
pustnost 16¢iva'’ je zasadni také moznost amorfizace 16i-
va a fyzikalni stabilizace tohoto stavu uvnitf nanovlakna
mezi fetézci polymeru'®.

V souvislosti s ES jiz bylo zkoumano velké mnozstvi
1é¢iv, od vodorozpustnych, omezené rozpustnych az po ve
vod& nerozpustna 1é¢iva'>*’. Dosavadni prace se tykaly
predevsim ES z jehel, ktery nelze povazovat za primyslo-
vé pouzitelnou metodu jak z hlediska hodinové kapacity
vyroby (fadové miligramy za hodinu), tak pfedevs§im po-
kud jde o stejnorodost produktu zasadné potfebnou pro
davkovani 1é¢iv. Ackoliv byly zaznamenany pokusy
o multitryskovy elektrospining, zatim nedoslo k jeho pri-
myslové aplikaci, a to jak z divodu ucpavani, tak prede-
v§im obtizné &istitelnosti trysek®', ktera oviem je pro vyro-
bu medikovanych ptipravkl zasadnim problémem.
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Za primyslové pouzitelnou verzi zatizeni pro ES lze
v tomto kontextu povazovat zmifiovany Nanospider™,
ktery dokaze v $ifi az 1,6metrtt dlouhodobé produkovat za
24 hodin asi 2 000 grami kvalitni nanovlakené vrstvy®.

Predkladand prace ma za cil experimentaln€ pomoci
valida¢nich pfistupt provefit a zdokumentovat, zdali vy-
robni proces, provozovany v ramci parametrii stanovenych
pro lé¢iva, mize efektivné a reprodukovatelné vyrabét
produkt spliujici specifikace a atribut?/ jakosti definované
ptislusnou zdravotnickou legislativou™**.

Jako modelové 1é¢ivo byl zvolen rizatriptan benzoat
(RZTB), resp. rizatriptan (RZT), jako zéstupce antimi-
grenoznich 1éCiv. Testovany produkt byl vyroben jako
dvouvrstvy nanovlakenny kompozit potencialné slouzici
pro systémové transmukosalni podani 16&iv> terapeuticky
davkovanych v miligramech.

Experimentalni ¢ast
Pouzité latky

Rizatriptan InStar 5 mg, nanovlakenny strip, Sarze
V1, V2 a V3, Rizatriptan benzoat (INKE S.A., Spanélsko),
hypromelosa (Shin Etsu, Japonsko), hydroxypropylcelulo-
sa HPC-SL (Nippon Soda, Japonsko), polyethylenoxid
(Dow Chemicals, USA), ¢isténa voda (Fagron, CR), Kolli-
coat IR Red (BASF, Némecko). Vsechny latky byly
v kvalité¢ “Cisty” (pure) nebo kvality 1ékopisné (USP 37,
PhEur 8.0).

Piiprava polymernich roztokl

Protektivni vrstva nanovlakenného kompozitu byla
pro ES slozena z vodného roztoku hydroxypropylcelulosy
(HPC) a polyethylenoxidu (PEO), do kterého byl ptidan
Kollicoat IR Red v mnozstvi 0,5 hm.% jako barvivo. Ten-
to roztok byl michan na magnetické michacce po dobu
60 min pfi 750 ot./min.

Pro ES tvorbu nanovlakenné vrstvy s 1é¢ivem (aktivni
vrstvy) byl k vodnému roztoku hypromelosy (HPMC) a
PEO pridan za stalého michani rizatriptan benzoat (RZTB)
v mnozstvi 4 hm.%. Vznikly roztok byl michan na magne-
tické michacce Hei-Standard (Heidolph, Némecko) po
dobu 120 minut pti 1400 ot./min.

Vyroba kusovych nanovlakennych ptipravki

Vyroba kompozitnich nanovlakennych vrstev probi-
hala na zatizeni Nanospider™. Nejprve byla vyrobena
protektivni vrstva slozend z HPC, PEO a Kollicoatu, ktera
byla nésledn¢ prekryta aktivni vrstvou obsahujici 1é¢ivo
(RZTB). Vyrobeny nanovlakenny material v podob¢ pasu
o Sifce 30 cm naneseny na podkladovou textilii byl
v rovnomérném rozlozeni pficné€ i podélné vysekan kruho-
vym vysecnikem o priméru 2,76 mm. Plocha jednotlivych
nanovlakennych kompozitnich stripd, tedy ptipravku Riza-
triptan InStar 5 mg, vysledné &inila 6,0 cm?. Vysekavani
probihalo tak, aby podkladova textilie zistala nedotcena.
V ptipadé, ze k vyseknuti podkladové textilie doslo, byl
z ni nanovlakenny vzorek pro nasledné hodnoceni sejmut
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pomoci pinzety.

Vzhledem k tomu, Ze dosud nebyla popsana ES vyro-
ba kusovych medikovanych nanovlakennych matric
v poloprovoznim ¢i provoznim méfitku podle pravidel
spravné vyrobni praxe (SVP), bylo pro validaci provedeno
kompletni vysekani vyrobenych Sarzi, vzdy v celé vyrobe-
né plose nanovlakenného pasu. V ramci validace probéhla
vyroba tii po sobé jdoucich SarZi stripii, kazda o 800 kusech.

Hodnoceni produktu

Morfologie vyrobenych vlaken byla sledovana a cha-
rakterizovdna pomoci snimki ze skenovaciho elektronové-
ho mikroskopu (SEM) Phenom Pure (Phenom-World BV,
Nizozemi), a to pro kazdou konkrétni $arzi u 5 nahodné
vybranych vzork.

Hmotnost kazdého vyrobeného stripu byla jednotlivé
u vSech 800 vzorkti z kazdé Sarze ovéfena vazenim
s presnosti na 0,01 mg na analytickych vahach Mettler-
Toledo XSE105DU (Mettler-Toledo, Svycarsko).

Obsah RZT byl jednotlivé stanovovan ve 32 vzorcich
stripti z kazdé Sarze. Vzorek byl po zvazeni rozpustén ve
100 ml ¢isténé vody. HPLC stanoveni bylo provedeno na
kapalinovém chromatografu Agilent 1260 (Agilent, USA)
vybaveném kvartérnim cerpadlem, autosamplerem, kolo-
novym termostatem a DAD detektorem. Nastfikovany
objem k HPLC analyze c¢inil 5 pl, kolona Poroshell 120
EC-C18 (3,0 x 150 mm, 2,7 um core-shell, Agilent, USA)
s 5 mm ptedkolonkou obsahujici stejny sorbent byla tem-
perovana na 45 °C. Mobilni fazi tvorila smés vodného
roztoku 25 mM KH,PO, o pH 2,4 a acetonitrilu (84:16
v/v). Detekce byla provadéna pii vinové délce 280 nm. Pti
pritoku 0,6 ml/min trvala analyza jednoho vzorku 9 min.

Aritmeticky primér hodnot obsahu RZTB v nanovla-
kenych stripech byl pouzit jako 100% trovenn obsahu
(davky) lécivé latky v kazdé z pfislusnych Sarzi. Limity
85 % a 115 % definuji interval pro pfipustné odchylky
individuédlnich procentnich hodnot obsahu lécivé latky
v jednotlivych nanovlakennych stripech (viz obr. 3).

Vysledky a diskuse

V ramci interniho validaéniho postupu byla pomoci
elektronového mikroskopu nejprve charakterizovana aktiv-
ni vrstva vyrobenych stripti Rizatriptan InStar 5 mg. Ziska-
né snimkKy jsou prezentovany na obr. 1.

Na snimcich je patrné, ze zobrazovana vlakna jsou
rozlozena nahodné, bez hustéji nanesenych okrskd, maji
pravidelnou tloustku, rozmérove v oblasti cca 100 nm az
300 nm, nevyskytuji se na nich ztlustéla mista, uzliky,
znamky krystalizace (1é¢iva, polymeru) nebo jiné nepravi-
delnosti, nejsou patrné ani delsi tésné ptilehlé useky nano-
vlaken. Takova zobrazeni predbézné signalizuji spravné
nastaveni ES procesu a dobrou kvalitu nanovlakenného
produktu.

Podrobngjsi informace o ustdlenosti procesu ES
a uniformité vyslednych produktti byla ziskana sledovanim
hmotnostni variability stripti.

K tomuto ucelu byly po zvazeni kazdého jednotlivého
vzorku s pfesnosti na 0,01 mg pro kazdou Sarzi vytvoreny
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Obr. 1. SEM snimky aktivni nanovlakenné vrstvy pri 5000nasobném zvétSeni. a) Sarze V1, b) Sarze V2, c) Sarze V3

hmotnostni mapy (obr. 2). V nich jsou ve vodorovném
sméru postupné vyneseny primémné hmotnosti stript
(stfedni linka) ve vysekavanych fadach po 8 kusech a hod-
noty piislusnych smérodatnych odchylek (svislé chybové
usecky) v jednotlivych vysekavanych tadach (celkem 100
v kazdé Sarzi), a to od pocatku do konce vyrobniho proce-
su. NepferuSované linie vyznacuji limitni irovenn hmotnos-
ti stript (£ 15 %). Tato troveni byla zvolena tak, aby stripy
o vyhovujicich hmotnostech mohly spliiovat pozadavek
dany lékopisnym ¢lankem Obsahové stejnomérnost jedno-

davkovych 1ékovych forem?. Byla totiz predpokladana
a nasledné ovéfovana uzka korelace mezi hmotnosti stripu
a obsahem 1é¢iva. Pomocna pracovni pterusovana linie
vyznacujici Groven + 10 % od primérné hmotnosti odpo-
vida pozadavku lékopisného ¢lanku Hmotnostni stejno-
mérnost pevnych jednodavkovych Iékovych forem?’, a je
definovéna lékopisem pro piipravky o priimérné hmotnosti
nizsi nez 80 mg. Hodnocené stripy o hmotnosti cca 30 mg
prave do této podskupiny patii.

Zobrazené mapy ukazuji, ze u vSech tii vyrobenych
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Obr. 2. Hmotnostni profily vyrobenych $arZi s vyzna¢enymi limity (+ 15 %) pro pFipustnou hmotnost stripu; a) Sarze V1 b) Sarze

V2 ¢) sarze V3
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po sob¢ jdoucich Sarzi stript se jejich hmotnost udrzovala
ve stanoveném limitu. Toto zjisténi je z hlediska praktické-
ho vyuziti validace ES v daném kontextu nejvyznamnéjsi.
Vyplyva z néj dilezity zavér v tom smyslu, Ze pouzité
procesni parametry vyroby kusovych davkovych nanovla-
kennych ptipravki, stripli, umoZiiuji jejich stabilizovanou
produkei jak v rdmci jednotlivych Sarzi, tak i pfi opakova-
né produkci v poloprovoznim rozsahu. Vzhledem principi-
aln¢ snadné Skalovatelnosti pouzité technologie ESlze
ocekavat analogické pozitivni vysledky také ve velkopro-
dukénim meéftitku.

V detailngjsim pohledu zaujal zvinény charakter do
jisté miry pravidelného kolisani primérnych hmotnosti
v podskupinach hodnocenych vzorkd. Tento jev byl impul-
zem pro hledani jeho pficin. Jako hlavni pficina bylo iden-
tifikovano kratkodobé zastavovani vyrobniho stroje Na-
nospider™ pii dolévani Cerstvého polymerniho roztoku. Je
tudiz nasnadé€ uplatnit konstrukéni vylepSeni spocivajici
v kontinuadlnim dopliiovani zasobniku roztoku v celém
pribéhu ES vyroby.

Dalsi dulezitou otazkou bylo, jak bude pfi polopro-
vozni vyrobé realné vychazet predpoklad vysoké korelace
mezi hmotnosti dvouvrstvych stripti a obsahem 1éciva
v nich. Z nédhodné vybranych mist vyrobené¢ho nanovla-
kenného pasu bylo v kazdé Sarzi odebrano 32 stript
(vyseki). Kazdy z nich byl nejprve zvazen, nasledné bylo
provedeno HPLC stanoveni obsahu RZT a jako valida¢ni
parametr vyhodnocena obsahova stejnomérnost stript.
Stanoveny limit pro validaci na tirovni =15 % pramérného
obsahu byl prevzat z 1ékopisného ¢lanku Obsahova stejno-
mérnost jednodavkovych 1ékovych forem®. Vysledky shr-
nuje tab. L.

U Sarze V2 byly nalezeny pon¢kud nizsi hodnoty
obsahu RZT, které nicméné stale jest¢ spadaly do pfipust-
ného rozmezi, coz samo o sob¢€ bylo uspokojivé. Presto byl
v ramci validace posun hodnot obsahu RTZ v této Sarzi
dale vécné analyzovan. Jeho zdroj byl identifikovan
v kolisani gramaze protektivni vrstvy (bez obsahu 1éciva),
posun podkladové textilie. Pro vyrobu Sarze V3 doslo
k operativni napravé a tento rusivy faktor se v ni jiz vyraz-
néji neprojevil. Z uvedeného lze ovSem pro dalsi vyrobu
dvouvrstevnych (a vicevrstevnych) jednodavkovych pfi-
pravkl vyvodit dilezité upozornéni v tom smyslu, Ze
i kolisani gramaze vrstvy bez obsahu 1éCiva mlize mit pro
kvalitu produktu kritickou roli.

Pro stabilizovanou vyrobu davkovaného piipravku
s jednou aktivni a jednou protektivni nanovlakennou vrst-
vou bylo dale v ramci valida¢ni procedury potiebné oziejmit
vztah mezi hmotnosti stripti a aktualnim obsahem 1é¢iva.

Tabulka I
Obsah RZT v jednotlivych Sarzich

Sarze Obsah RZT [mg]

praimér limit (£ 15 %) minimum maximum
\%! 4,92 4,18-5,66 4,29 5,39
V2 4,51 3,83-5,18 4,04 4,79
V3 4,95 4,21-5,69 4,58 5,16
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Ze ziskanych udaji o hmotnosti analyzovanych stripti
a obsahu RZTB v nich byly sestrojeny grafy (obr. 3), pro-
vedena linedrni regrese a vycCisleny piislusné hodnoty da-
ného proloZeni véetnd hodnot R* piislusnych koeficientt
determinace.

Linearni regresni model se ukazal pro danou situaci
jako plné vyhovujici. Predpoklad tésného vztahu mezi
hmotnosti a obsahem potvrzuji vy&islené hodnoty R
V zéakladni interpretaci pro validaci vysvétluji tyto hodnoty
celkové pripustnou variabilitu obsahu Ié¢iva v analyzova-
nych stripech variabilitou jejich hmotnosti, a to z 0,9591 %

— 115%
a Z
[1]
w
0
[=]
£
2
o .
&
= 100%
5
=
[1]
W
S
y =0.0362x - 0.1027
RZ=0.9591
85%
b = 115%
L
2
N
[«]
£
2
o
N
= 100%
[~
[~ 4
=
3]
Wi
0
© y = 0.0351x + 0.0406
R%=0.7861
85%
C
= 115%
£
1]
v
£
[=]
£
-
-3
£ 100%
@
[~
[+
L
1
- y = 0.0323x +0.0143
© R? = 0.8892
85%
25 30 35

navaZka [mg]

Obr. 3. Vztah hmotnosti nanovlikenného stripu a obsahu
RZTB pro a) Sarzi V1 b) Sarzi V2 c¢) Sarzi V3
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u Sarze V1, 0,7860 % u Sarze V2 a 0,8891 % u Sarze V3.
Z tohoto zjisténi vyplyvaji dva poznatky. Prvni z nich po-
tvrzuje, ze pro operacni kontrolu ustélenosti vyrobniho ES
procesu bude mozné toto technicky jednoduché a casové
nendro¢né stanoveni hmotnosti stripli vyuZit i pro pribéz-
né odhady obsahové stejnomeérnosti.

MiZeme-li validaci definovat jako proceduru, pii niz
ma byt demonstrovana a dokumentovéana kvalita technolo-
gie ¢i metody, lze dalsi a zavérecny poznatek shrnout tak,
ze u dvojvrstevnych nanovlakennych stripti s obsahem
1é¢iva na trovni jednotek miligrami byla potvrzena pouzi-
telnost testované technologie ES k vyrobé jednodavkovych
1é¢ivych ptipravka.

Tato prace vznikla za financni podpory Specifického
vysokoskolského vyzkumu, projektu SVV 260 401 Univerzi-
ty Karlovy v Praze a podpory projektu P40, 190/11/1110-3
programu PRVOUK Univerzity Karlovy v Praze.

Symboly a zkratky

SVP spravna vyrobni praxe

SEM skenovaci elektronovy mikroskop
ES elektrospining

RZT rizatriptan

RZTB rizatriptan benzoat
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A considerable obstacle of the real nanofiber use in
drug dosage forms consists in the low weight of the doses
and in the content non-uniformity of medicated nanofiber
products, especially of those manufactured on a large
scale. The electrospinning nanofiber technology is the
most promising in this context; however, no results ob-
tained by validated production have been published so far.
Here we present the results of the validation study of elec-
trospun medicated strips intended for administration of
rizatriptan as a drug medicated in milligrams per dose. The
results obtained demonstrate a compliance with the good
manufacturing practice and pharmacopoeial requirements
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on weight and content uniformity. We have concluded that
the tested Nanospider™ electrospinning technology is
validable and thus suitable for a wide number of drugs
intended for single-dose administration of small drug
quantities.

English translation available in the on-line version.

Keywords: weight uniformity, content uniformity, rizatrip-
tan, nanotechnologie
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Introduction

Since the end of the twentieth century, nanotechnolo-
gies have undergone great advances in the academic re-
search and development, followed up also in the industrial
and commercial fields. Accordingly, very extensive litera-
ture in journals and patents already exists and the number
of publications continually increases.

According to the simplest and widely accepted defini-
tion, nanomaterials are characterized by at least one exter-
nal dnnens1on in the range between 1 and 100 nanome-
ters'. They possess unusual physico-chemical properties
connected particularly with a very hl;%h volume specific
surface area (larger than 60 m?*cm’)'. They may have
a very variable geometric arrangement, differing in outer
and inner structures, and their terminology is not standard-
ized yet. Of the size and form variants of nanomaterials
described in connection with drug administration, it is
possible to mention, e.g., dimensionless nanodots, one-
dimensional nanoparticles, nanowires, nanotubes and/or
nanochips, as well as dendrimers and some liposomes.
A particularly interesting subgroup of nanomaterials con-
sists of nanofibers, especially polymeric ones, from which
layers of various composition are prepared.

There exist several possible methods of preparation of
polymeric nanofibers; they can be classified into the for-
mation of nanofibers from solutions and that from melts.
Some methods are limited to the laboratory scale
(lengthenmg phase separation®, or stencil/template syn-
thesis*); others were developed up to the level usable for
industrial production. The latter include the methods of
electrostatlc spinning’, centrifugal spinning® and melt
blowing’.

Electrostatic spinning, or electrospinning (ES) for
short, which belongs to electrohydrodynamic methods®,
prov1des at present the widest possibilities for the produc-
tion of nanofibers, enabling the formation of nanofibers
from various materials (e.g. organic polymers, ceramic
materials, semiconductors and metals), as well as the for-
mation of nanofibers of various morphologies, structures
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and functions.

ES from a solution of polymers for industrial perfor-
mance in an original needleless design was successfully
developed fifteen years ago by Prof. O. Jirsak of the Tech-
nical University in Liberec’ and technically reahzed as the
Nanospider™ device by the local firm Elmarco'

In short, ES is a process in which, by the action of
strong electric field on the solution (or an emulsion, sus-
pension or melt) through electrostatic repulsive forces on
its surface, very fine fibers of diameters in tens to hun-
dreds of nanometers are formed. The fibers are transported
to the collecting electrode with 51mu1taneous immediate
and very fast evaporation of the solvent''

Electrodes for ES are divided, accordlng to their func-
tion, into the spinning electrode, onto which the spinning
system (most frequently a polymeric solution) is applied,
and the collecting electrode, a collector for short. ES can
run from a needle (a pin), a roller, a string or a series of
electrodes of other geometries, including concentrically
arranged nozzles'?. In front of the collecting electrode
there is a supporting textile, i.e. a substrate, on which the
produced nanofibers are collected. The rapidity of the
movement of the substrate makes it possible to adjust the
final thickness of the nanofiber layer, which commonly
ranges in the order of tens of micrometers.

Of the methods aiming at the administration or dosing
of drugs by a nanofiber carrier, ES from the solutions is
the most frequently described method; its application,
based on the laboratory devices of the piston-needle type,
however, is mainly found in academlc papers. Publications
focused on industrial applications'®™' are scarce so far;
they mostly deal with the production of nanofibers for
external local administration of drugs.

Active ingredients can be incorporated into the nano-
fiber matrix by means of ES quite simply. The large spe-
cific surface and elasticity of nanofiber layers, as well as
the possibility to choose the composition of polymeric
carriers according to the pharmacokinetic requirements for
administration predetermine nanofibers to have a higher
added value, in comparlson with, e.g., too hard and fragile
medicated ﬁlms . The p0851b111ty to substantially increase
the rate of dlssolutlon and sometimes even the solubility of
the active ingredient'’ through the amorphization of the
active ingredient, as well as a physical stabilization of this
state within the nanofiber between the chains of the
polymer'® is also of fundamental importance.

A large number of active ingredients, ranging from
water-soluble, via sparingly soluble to insoluble in water
have been 1nvest1gated so far in connection with ES'*?.
The hitherto published papers have been primarily con-
cerned with ES from needles, which cannot be considered
a method industrially usable from the standpoint of both
the hourly production rate (in the order of milligrams per
hour) and the homogeneity of the product which is essen-
tially necessary for dosing of drugs. Though attempts have
been recorded to perform multi-nozzle electrospinning, its
industrial application have not been implemented for the
time being, due to nozzle blockage and also due to difficult
cleanability of nozzles®' which is, of course, the major
problem for the manufacture of medicated preparations.

In this context, an industrially usable version of the
device for ES could be the already mentioned Nanospi-
der™, which is able to sustainably produce approximately
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2 000 grams of qualit;f nanofiber layer in the width up to
1.6 meters in 24 hours™.
The present study aims to experimentally verify and docu-
ment, by means of the validation approach, whether the
manufacturing process run, within the parameters pre-
scribed for drugs, can effectively and reproducibly yield
a product fulfilling the specifications and attributes of the
quality, as defined by the pertinent health legislation®**.
Rizatriptan benzoate (RZTB), or rizatriptan (RZT),
a representative of antimigrainous drugs, was selected as
a model active ingredient. The tested product was manu-
factured as a two-layer nanofiber composite, potentially
usable for pro-systemic transmucosal administration of
drugs® therapeutically dosed in milligrams.

Experimental Part
Material

Rizatriptan InStar 5 mg, a nanofiber strip, batches V1,
V2 and V3, Rizatriptan benzoate (INKE S.A., Spain),
hypromellose (Shin Etsu, Japan), hydroxypropyl cellulose
HPC-SL (Nippon Soda, Japan), polyethylene oxide (Dow
Chemicals, USA), purified water (Fagron, Czech Republic),
Kollicoat IR Red (BASF, Germany). All substances were of
pure or pharmacopoeial quality (USP 37, PhEur 8.0)

Preparation of polymeric solutions

The mixture for the ES production of the protective
layer of the nanofiber composite was composed of an
aqueous solution of hydroxypropyl cellulose (HPC) and
polyethylene oxide (PEO), with Kollicoat IR Red (0.5
wt.%) added as a coloring agent. This solution was mixed
using a magnetic stirrer for 60 minutes at 750 RPM.

For the ES production of a nanofiber layer with an
active ingredient (active layer), rizatriptan benzoate
(RZTB) in a concentration of 4 wt.% was added to an
aqueous solution of hypromellose (HPMC) and PEO under
constant stirring. The resulting solution was mixed on
a magnetic stirrer Hei-Standard (Heidolph, Germany) for
120 minutes at 1400 RPM.

Manufacture of units of nanofiber preparations
(strips)

The manufacture of the composite nanofiber layers
was carried out on the Nanospider™ device. A protective
layer composed of HPC, PEO and Kollicoat was manufac-
tured first, and then it was covered with a further layer
containing an active ingredient (RZTB). The manufactured
nanofiber material in the form of a 30 cm wide band lying
on the supporting textile was both transversally and longi-
tudinally equidistantly cut with a circular punch of a diam-
eter of 2.76 mm. The area of each of the individual nano-
fiber composite strips, i.e. the preparation Rizatriptan In-
Star 5 mg, amounted to 6.0 cm®. Cutting was carried out in
such a way as to keep the supporting textile intact. In the
case that the supporting textile was cut, the nanofiber sam-
ple was separated from it for the subsequent evaluation by
means of a pair of tweezers.

With regard to the fact that the ES manufacture of
medicated nanofiber matrix strips in pilot-plant or produc-
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tion scale according to the rules of Good Manufacturing
Practice (GMP) has not been described so far, a complete
cutting of the manufactured batches was performed for the
sake of validation, each time on the whole area of the man-
ufactured nanofiber band. Within validation, three subse-
quent batches of strips, each consisting of 800 pieces, were
manufactured.

Product evaluation

Morphology of manufactured fibers was monitored
and characterized using a scanning electron microscope
(SEM) Phenom Pure (Phenom-World BV, the Nether-
lands), on 5 random samples for each batch.

Each manufactured strip was individually weighed
(i.e. all 800 samples from each batch) with a precision of
0.01 mg on analytical balance Mettler-Toledo XSE105DU
(Mettler-Toledo, Switzerland).

The content of RZT was determined individually in
32 samples of strips from each batch. The weighed sam-
ples were dissolved in 100 mL of purified water. HPLC
analysis was carried out on a liquid chromatograph Agilent
1260 (Agilent, USA) equipped with a quaternary pump, an
autosampler, a column thermostat, and a DAD detector.
The injected volume was 5 pL; a Poroshell 120 EC-C18
(3.0 x 150 mm, 2.7 pum core-shell, Agilent, USA) column
with a 5 mm guard column containing the identical station-
ary phase was tempered at 45 °C. The mobile phase was
composed of a mixture of an aqueous solution of 25mM
KH,PO, adjusted to pH 2.4 and acetonitrile (84:16 v/v).
Detection was performed at the wavelength of 280 nm. At
the flow rate of 0.6 mL/min, an analysis of one sample
lasted for 9 min.

The arithmetic mean of these values in each batch
was always used as the 100% drug content level in the
batch. The tolerance limits for individual percentage val-
ues of RZTB in strips were set to 85 % and 115 % (see
Figure 3).

Results and Discussion

As the first step within the framework of the internal
validation procedure, the active layer of the manufactured
strips of Rizatriptan InStar 5 mg was characterized by
means of an electron microscope. The results obtained are
presented in Fig. 1.

The images clearly show that the fibers are randomly
distributed, without more thickly layered districts. They
possess a regular thickness, the dimensions ranging from
ca. 100 to 300 nm; no thickened spots, knots, signs of
crystallization (of the active ingredient, polymer) or any
other irregularities occur; further, all longer densely con-
tiguous stretches of nanofibers are absent. Such pictures
preliminarily signalize a correct adjustment of the ES pro-
cess and a good quality of the nanofiber product.

Evaluation of weight variability makes it possible to
determine the stability of the ES process and the uniformi-
ty of individual nanofiber products in greater detail and
more precisely. For this purpose, weight maps (Fig. 2)
were constructed for each batch after weighing each indi-
vidual sample with a precision of 0.01 mg. Average
weights of strips in the cut rows of 8 pieces (middle line)
are sequentially plotted on the axis of abscissae, while the
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Fig. 1. SEM pictures of the active nanofiber layer at 5000-fold magnification. a) batch V1, b) batch V2, c¢) batch V3

values of the pertinent standard deviations (vertical error
bars) in the individual cut rows (altogether 100 in each
batch) are given on the axis of ordinates, being recorded
from the beginning to the end of the manufacturing pro-
cess. Uninterrupted lines mark the limit level of the
weights of strips (+ 15 %). This limit was selected in such
a way so that the strips of satisfactory weights could fulfil
the requirement prescribed by the pharmacopoeial mono-
graph Uniformity of Content of Single-Dose Prepara-
tions™ because a close correlation between the weight of

115.0%

the strip and the content of the active ingredient had been
assumed and subsequently verified. The auxiliary dashed
line marking the level of £ 10 % from the average weight
corresponds with the requirements of the pharmacopoeial
monograph Uniformity of Mass of Single-Dose Prepara-
tions®”; it is defined by the European Pharmacopoeia for
the preparations of the average weight lower than 80 mg.
The evaluated strips of the weight of ca. 30 mg belong just
into this group.

The maps presented show that in all the three consec-

110.0%
105.0%
100.0%
95.0%
90.0%
85.0%

b 115.0%
110.0%
105.0%
100.0%
95.0%
90.0%
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Fig. 2. Weight profiles of the manufactured batches with marked limits (= 15 %) for the permissible weight of the strip; a) batch

V1 b) batch V2 ¢) batch V3
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utive batches, the weights of manufactured strips were
kept within the prescribed limit. From the standpoint of the
practical use of the ES validation, this finding is most im-
portant in the given context. An important conclusion can
be done that the employed procedural parameters of the
production of unit dose nanofiber preparations, i.e. strips,
make their stable production possible, both within the indi-
vidual batches and in repeated pilot-plant manufacture.
Since the scalability of the employed ES technology is
essentially easy, analogous positive results also in mass-
production scale can be expected.

A more detailed view revealed an oscillating charac-
ter of the more or less regular fluctuation of average
weights in the subgroups (rows) of the samples under eval-
uation. This phenomenon prompted us to find its causes.
The main cause was identified as short-time stops of the
manufacturing device Nanospider™ during replenishment
with a fresh polymeric solution. Obviously, this construc-
tional imperfection should be remedied by continuous
refilling the dispenser with the solution during the whole
course of the ES production.

There is another important question: in the pilot-plant
production, is the assumption of high correlation between
the weight of the two-layer strips and the content of the
active ingredient in them realistic? To decide this, 32 strips
(cuttings) in each batch were sampled from randomly se-
lected spots of the manufactured nanofiber band. Each of
them was weighed, then the RZT content was determined
by HPLC, and the content uniformity of strips was as-
sessed as a validation parameter. The prescribed limit for
validation at the level of £15 % of the average content was
taken from the pharmacopoeial monogzraph Uniformity of
Content of Single-Dose Preparations®®. The results are
summed up in Table 1.

Somewhat lower values of the RZT content were
found in the batch V2; nevertheless, satisfactorily, they
still lay within the permissible range. In spite of it, the shift
in the values of the RTZ content in this batch was further
analyzed within the framework of validation. Its source
was identified as a fluctuation of the basis weight of the
protective layer (without the active ingredient), which was
caused by an irregular running of the engine regulating the
movement of the supporting textile. This was flexibly re-
paired before the production of the batch V3 and the dis-
turbing factor mentioned above did not manifest as mark-
edly as in the batch V2. It follows from these findings that,
for further production of the two-layer (and multi-layer)
single-dose preparations, even the fluctuation of the basis
weight of the layer not containing the active ingredient
may play a critical role for the quality of the product.

For a stable production of a single-dose preparation

Table 1
Content of RZT in individual batches

Batch Content of RZT [mg]

average limit (15 %) minimum maximum
\%! 4.92 4.18-5,66 4.29 5.39
V2 451 3.83-5,18 4.04 4.79
V3 4.95 4.21-5,69 4.58 5.16
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with one active and one passive protective nanofiber layer
it was necessary — within the validation procedure — to
elucidate the relationship between the weight of strips and
the content of the active ingredient.

The data obtained on the weight and the RZT content
of analyzed strips were plotted (Fig. 3). A linear regression
was performed to quantify the parameters of the given fit
including the values of the regression coefficient (R?).

The linear regression model proved to be fully suffi-
cient for the given plots. The assumption of a close rela-
tionship between weight and content was confirmed by the
R? values obtained. In basic interpretation for validation,

a 115%

content of RZTB [% avg. content]

100%
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Fig. 3. Relation between the weight of the nanofiber strip and
the RZTB content for a) batch V1 b) batch V2 ¢) batch V3
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they confirm that the overall variability of the content of
the active ingredient in analyzed strips is permissible
(0.9591 in batch V1, 0.7860 in batch V2, and 0.8891in
batch V3). It follows from this finding that (1) for opera-
tional control of stability of the manufacturing ES process,
the technically simple and rapid determination of the
weight of stripes can be used also for continuous monitor-
ing the content uniformity; (2) if the validation is defined
as a procedure to demonstrate and document the quality of
a technology or methods, then, for the two-layer nanofiber
strips containing the active ingredient at the level of units
of milligrams, the usability of the tested ES technology for
the manufacture of single-dose medicinal preparations was
confirmed.
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Abstract

A considerable obstacle of the real nanofiber use in

drug dosage forms consists in the low weight of the doses
and in the content non-uniformity of medicated nanofiber
products, especially of those manufactured on a large
scale. The electrospinning nanofiber technology is the
most promising in this context; however, no results ob-
tained by validated production have been published so far.
Here we present the results of the validation study of elec-
trospun medicated strips intended for administration of
rizatriptan as a drug medicated in milligrams per dose. The
results obtained demonstrate a compliance with the good
manufacturing practice and pharmacopoeial requirements
on weight and content uniformity. We have concluded that
the tested Nanospider™ electrospinning technology is
validable and thus suitable for a wide number of drugs
intended for single-dose administration of small drug
quantities.
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