Oo6pa3ar 4.

®daxkynrer ®dapMaleyTcku YHUBEP3UTET ¥V BEOI'PAJLY
01 6poj Behy HayyHux ob61acTu MEJUIMHCKUX HayKa
(Bpoj 3axteBa) (Hasus Beha HaydHe obactu KoMe ce 3axTeB ymyhyje)
17.10.2024, 3AXTERB
(Matym)

3a JlaBar-¢ CarJIaCHOCTH Ha OJUTyKe O ycBajamy u3BemTaja Komucuje 3a oneHy
TOKTOPCKE JUCepTalije U O UMEHOBalky KOMHUCH]E 3a 0JI0paHy

Monumo na, cxoaHo wiaHy 47. cr. 5. tau. 4. Craryra Yausep3utera y beorpany ("I'macauk YumuBepsuter', Opoj 186/15-
npeuninhienu Tekct 1 189/16), nate cariacHOCT Ha OJUIYKY O yCBajamy u3BelTaja KoMucuje 3a oneHy JOKTOpPCKE AMCepTalyje:

KAHAUJAT TYPKOBUHh (MEHCY/J ) EPHA

(uMe, UMe jeJHOT Off POAUTEIbA U IPE3UME)

CTYJICHT JIOKTOPCKHX CTy/IHja Ha CTYIUjCKOM IPOrpamy dapMaIeyTCKe HayKe

MIPUjaBUO j€ TOKTOPCKY TUCEPTAIH]y O] HA3UBOM:

LYCIIUTHBAaILE VTHIAja HOCTYIIKA H3paae v (hakTopa hopmyJianuje Ha KPUTHYHA CBOjCTBA KBAJHNTETA
OPAJTHO-MCIIEP3NONIHUX (uiIMoBa — MOrYhHOCT NpUMeHe HANIPe/IHE aHAIM3e NoAaTaKa V (hapMaleyTCKo-
TEXHOJOIIKO] KapaKTepHu3alnju JeKoBa“

W3 Hay4YHEe 00JIacTu: OAPMAIEYTCKA TEXHOJIOTUJA

Yuusepsurer je gana 28.12.2021.rogmHe cBojuM akToM moxa Op. 02-01 6poj 61206-4875/2-21 mao cariacHOCT Ha

MPEeJIoOr TeMe TOKTOPCKE AUCEPTalldje Koja je riacuia:

HACIUTHBAKE vTuuaia MOCTYIIKA U3pajae U pakTopa d)ODMVJ'laIII/Iie HA KpUTHUYHA CBOiCTBa KBAJIUTETA
OPAJHO-AMCIEP3HOMIHNX (NJIMOBA — MOTYhHOCT NIpuMeHe HANIPeIHEe AHAJIN3E MOJATAKA V.
d)aDMalIeVTCKO-TeXHOJIOHIKOi KapaKTepmauuiu JeKoBa‘*

WMe 1 TIpe3uMe MeHTOpa : - I[Ipod nap. Jenena Ilapojuwmh, penoBHuM mnpodecop, YHUBEP3UTET VY
beorpany — ®apmaneyrcku dhakynrer;

Komrucuja 3a orieHy JTOKTOpCKe TUcepTanije MMeHOBaHa je Ha cexuuim onapxkanoj 11.07.2024.roaune

outykKoM (pakynrera mop 6p. 01 6p.1650/2 , Y cacraBy:
Wme u npe3uMme diaHa 3Bambe Hay4yHa o0nacTt VYcraHoBa y K0joj
KOMHCHje je 3arocieH

1. Ip ciu. JIparana BacusbeBuh, pexouu npodecop, Yuusepsurer y beorpany — @apmarieyrcku GpakyiaTeT

2. Ip cuu. Ceernana U6puh, penosau npodecop, Yuusepsuret y beorpany — @apmaneyrcku dpakynteT

3. p cuu. ®@pann Bpeuep, penoBau mpodecop y neHsuju, YHuBep3uteT y Jbyossanu -dapmaiieyTcku
¢axynter (y nensuju ox 10.04.2024.r.)

Hanomena: ykomnuko je unan Komucuje y neH3uju HaBeCTH JaTyM IIEH3NOHUCAKbA.



IlatyMm craBjbamba u3BemnTaja Komucuje u 10KTOpCKe aucepranuje Ha ysun jasaoctu:_12.09.2024.roamne.

HacraBHo-nayuno Behe ¢akynrera ycBojuio je m3pemraj KoMmucuje 3a oneHy JOKTOPCKE AUCEpTaIfje HaCETHHIU OIP>KAaHOj

naHa 17.10.2024.roauue

Komucuja 3a on0paHy JOKTOPCKE AMCEPTAlMje MMEHOBaHa je Ha cemHuim onpxkanoj_ 11.07.2024.roxuHe

onnykom (axynrera mox 6p. 01 6poj 1650/2, y cactasy:

Wme u npe3nMe dinaHa 3Bambe Hay4YHa 00nacTt VYcraHoBa y K0joj
KOMHCH]e je 3arocieH

4. lp cuu. lparana BacusseBuh, penosau npodecop, Yuusepsurer y beorpany — @apmaneyTcku GhakyaTeT

5. dp cuu. Ceernana Uo6puh, penosuu mpodecop, YauBep3utet y beorpany — @apmaneyTcku Gpakynrer

6.p cuu. ®pann Bpeuep, penosuu npodecop y neHsuju, YHuBepsureT y JbyOrsanu -DapmaneyTcku
¢dakynrer (y nensuju ox 10.04.2024.1.)

Hanomena: ykonuko je wian Komucuje y meH3uju HaBeCTH JaTyM IIEH3HOHHCAKBA.

JEKAH ®AKVIITETA

1 Omryka HacraBHo-HayuHOTr Beha o ycBajamy u3BemTaja Komucuje 3a oleHy TOKTOpCKeE A¥cepTalyje

[Ipunosu: . .
W oJUIyKa 0 uMeHoBawy Komucuje 3a oq0paHy IOKTOPCKE JUcepTaiuje
2. UM3semraj KoMucuje 0 OEHH JOKTOPCKE MUCEPTAIIN]E

3. IlpumenOe Ha u3Bemra] KoMucuje o OleHH TOKTOPCKE aucepranuje (YKOJIUKO UX je OUio) u
Munbemhe KoMmucuje o npumeadama

Hanomena: ®akynTeT A0cTaBiba YHUBEP3UTETY 3aXTEB ca MPUIIO3UMa y €JIEKTPOHCKO) (POPMH U Y jEJTHOM MHUCAHOM IPHUMEPKY
3aapXuBy YHUBEp3UTETA



YHUBEP3UTET Y BEOI'PAY
OAPMALIEYTCKU ®AKVIITET
11000 - BEOI'PA 1

V1. Bojoae Crene 450.

01. 6poj

17.10.2024. ronune

Ha ocnoBy umana 28. Craryra u npemiora Komucuje 3a mOCIEIUIIIIOMCKE CTyaHje —
JIOKTOpcke cryauje, HacraBHo-Hayuno Behe YumuBepsutera y beorpany — ®apmaneyrckor
(dakynrera Ha ceHUIM onpkaHoj 17.10.2024.roauHe, JOHEIO je

ONJAYKY

INIPUXBATA CE nosutuBaH wusBemitaj Komwucuje 3a oueHy u oa0paHy 3aBpLICHE
JOKTOPCKE Iucepranuje, kanaunata mar. papmanuje Epue M. TypkoBuh moa HacmoBoM:
HYCHUTHBame YTHIAja NMOCTyNKa u3page U ¢paxropa dopmyJanuje Ha KPUTHYHA
CBOjCTBA KBAJUTETA OPAJHO-AWCNEP3UOMIHUX ¢(uaMoBa — MoOryhHocr mnpumMeHe
HaINpeJHe aHAIHu3e MoAaTaKa y ¢papManeyTCKO-TeXHOJIOMIKOj KAPpAKTePpU3aUMju JIeKoBa“
n ynyhyje Behy HayuHux obmacTu MeIMIIMHCKUX HayKa Ha yCBajame, a 1Mo 1001jeHOj MICaHO]
carjacHOCTH oJjo0paBa jaBHa of0OpaHa npea Komucujom y cacraBy:

1.dp cuu. J[parana BacuspeBuh, penoBHu mpodecop, YHHBEp3UTET Y
beorpany — ®apmarnieyrcku gaxynrer

2. p cuu. Csernana U6puh, penosHu npodecop, YauBep3urer y beorpangy —
dapmareyTcku pakynTeT

3. dp cuu. ®@pann Bpeuep, penoBHu npodecop y neHsuju, YHuBep3uteT y JbyOspanu
-Gapmaneyrcku pakynTeT

Yuusep3utet je nana 28.12.2021.ronune cBojum aktoM Op.: 02-01 6p: 61206-4875/2-21 nao
CarjJacHOCT Ha MPEAJIOT TeMe JOKTOPCKE AcepTalyje.

Kanaunar mar. ¢apm. Epna TypkoBuh, o0jaBuia je pesyirare M3 OBE JOKTOPCKE
JycepTanuje yrpH pajaa kareropuje M21 y meh)ynapoauum yaconucuma ca CLIU nucre:

1. Turkovié, E, Vasiljevi¢, 1, Parojci¢, J. 2024. A comprehensive assessment of
machine learning algorithms for enhanced characterization and prediction in
orodispersible filmdevelopment. International Journal of Pharmaceutics, 658:
124188.

IF (2023) = 5,6; Pharmacology & Pharmacy (37/274) M21

2.Turkovié, E, Vasiljevi¢, I, Draskovi¢, M, Parojci¢, J. 2022. Orodispersible films -
Pharmaceutical development for improved performance: A review. Journal of
Drug Delivery Science and Technology, 75: 103708.
IF (2022) = 4,7; Pharmacology & Pharmacy (75/278) M21

3. Turkovié, E, Vasiljevi¢, I, Draskovi¢, M, ParojCi¢, J. 2021. An Investigation into
mechanical properties and printability of potential substrates for inkjet printing of



orodispersible films. Pharmaceutics, 13(4): 468.
IF (2021) = 7,2; Pharmacology & Pharmacy (30/279) M21

OmtyKy JIOCTaBUTH: KAaHAMJATKUIGM, YHHUBEP3UTETY, WIAHOBUMA KOMHCHjE, JCKaHy,
CeKpeTapy, MpoJieKaHy 3a nocienuruioMmcke cryauje, MeHtopy (Ilpod ap. Jenenu ITapojunh),
Opcexy 3a HaCTaBy M CTyJEHTCKa IUTama, OJCEeKy 3a MpaBHE U OIIITE MOCIOBE, TOCIOBHOM
cekperapy, npeaceanuky Komucuje 3a mocneauriomMcke ctyauje — gokropcke cryauje (IIpod.
np busbana AHTtoHujeBrh) U apXUBH.

MPEJACEJTHUK
HACTABHO-HAYYHOT BERA
®APMAIEYTCKOT
®AKYJITETA

IIpo¢. np Hatama Borasan
Cranojesnh



HACTABHO-HAYYHOM BERLY
YHUBEP3UTETA Y BEOTPAZLY - PAPMALIEYTCKOI' ®AKYJITETA

KOMUCH]JU 3A TIOCJIEAUIIJIOMCKY HACTABY - JOKTOPCKE CTYZAU]JE

Ha cepgnuuu HacrtaBHo-HayyHor Beha YHuBep3uTeta y beorpagy - ®apmaneyrtckor
dakynTeTa, ofpxkaHoj 11.07.2024. roauHe, oanyka 6poj 1650/2, uMeHOBaHU CYy 4JIaHOBHU
KoMucuje 3a oneHy ¥ ofb6paHy 3aBplieHe JOKTOpPCKe AUcepTaluje KaHAujaTta mar. ¢papm.
Epue TypkoBuh, mos HacioBom HcnuTHBame yTHILAja NOCTYNKAa u3paje U ¢dakTopa
dopmyanmje Ha KpUTHUYHA CBOjCTBA KBAJIMTETa OPAJIHO-AMCIIEp3UOGUIHUX pUIMOBa —-
MoryhHOCT nmpuMeHe HamnpejHe aHa/M3e MoAaTaka y ¢apManeyTCKo-TeXHOJIOUIKOj
KapaKTepu3alujH JIeKOBa.

MeHTOp

Ap cu. Jenena Ilapojuuh, penoBHu npodecop, YHuBep3utetr y beorpagy - ®apmaueyrtcku
bakyaTeT

Yy1aHOBM KOMHUCHje

Ap cu. [lparana BacusbeBuh, pegoBuu npodecop, YHuBepsureT y beorpaay - ®apmarneyTcku
bakysiTeT

Ap cu. CBetsiana U6puh, Banpennu npodecop, YHuBep3suTteT y beorpany - ®apmaueyTcku
bakyaTeT

Ap cu. ®panHn Bpeuep, penoBHuM mnpodecop y mneHsuju, YHuBepsutrer y JbybsbaHu -
dapmaneyTcku pakyaTeT

YsaHOBM HMeHOBaHe KOMHUCHUje Nperjefanad Cy MNPUJOXKEHY JOKTOPCKY AUcepTanujy U
nopHoce HacraBHO-HayyHOM Behy YHuBep3uTeTa y beorpagy - ®apmaneyTtckor dakyaTera
cnenehu

U3BELITA]

A.TIPMKA3 CA/IP3KAJA IOKTOPCKE JAUCEPTALIMJE

JlokTopcKa AucepTanyja noj HasusoM UcnuTBame yTHIIAja NOCTYINIKa U3paje U paKTopa
dopmysianuje Ha KpUTHYHA CBOjCTBA KBa/IUTEeTa OpPAa/IHO-AMCIEP3UOUIHUX PuUIMOBa -
MOryhHOCT mpuMeHe HampeAHe aHa/IM3e MojaTaka y ¢apManeyTcKo-TeXHOJIOLIKOj
KapaKTepu3aluju JeKoBa cajpxu ciaefeha morsassma: 1. YBoga, 2. Uwb, 3. Matepujan u
MeTo/ie, 4. Pesysntatu u auckycuja, 5. 3akbydak U 6. Jiuteparypa. JlokTopcka gucepTainyja
YKJ/byudyje Ca’keTaK Ha CPICKOM U eHIJIECKOM je3UKy, Kao U oArosapajyhe npuJore: Cnucak
ny6JMKOBAaHMX M CAONIITEHUX paZioBa KOjU YMHe Je0 JOKTOpCcKe auceprauuje, KpaTka
o6uorpaduja KaHAujaTa, U MNOTINHCAHE H3jaBe KaHJWUJAAaTa O ayTOPCTBY, MCTOBETHOCTH
IITaMIIaHe U eJIeKTPOHCKe Bep3uje U Kopullhewy AOKTopcke aucepTanuje (uneHna CC BY-
NC-ND).

JucepTanyja je HamucaHa Ha ykKynHo 173 cTpaHe (mo4yeBUIM OJi YBOJA, 3aK/by4HO ca
NpU/I03MMa) jaCHUM M MperjieJHUM CTUIOM U cafpxu 20 Tabesna, 66 ciauke/rpadpuuka
npukKasa v 272 quTepaTypHa HaBo/la IUTHPaHa XapBapACKHUM CTHJIOM.

YBoJ, caJipu NperJiesi caBpeMeHUX JIMTepaTypPHUX NoJaTaka 0 IpMMeHH, MeToJjlaMa u3pajie
M KapaKTepu3alje opasiHO-Aucnep3ubunnux ¢uamona (0O/IP) kao peslaTUBHO HOBOT
1



dapmaneyTcKkor o6JMKa Jieka ca Mo60J/bIIaHOM NpUXBaT/bUBOLINY 3a NanujeHTe. Y OKBUDPY
norsnassba 1.2. onMcaHe Cy pas/JM4YuMTe MeTOJle Koje ce MOry KOPUCTUTH 3a uspagy OJd:
U3JIMBalbe [UCIIep3Hje, eJIeKTponpeJeme, eKCTpy3uja pacromna, 2/ u 3/l wramname y3
CaKeTaK Haj3HA4YajHUjUX pes3yJTaTa 06jaB/beHUX Y JIUTepaTypu M IpHUKa3 aKTUBHUX U
NOMONHUX CyNCTaHIM Koje ce kopucte y ¢opmynauuju O/l ca HarnackoM Ha u3bop u
KapaKTepUCTHUKe oAroBapajyhux mosnmepa 3a popMmupame GpuiMoBa. Y OKBUPY NOrJIaB/ba
1.3. mpukasaHU Cy W MNPOAUCKYTOBAaHMU PaA3JMYUTHU NPUCTYNU U mnocTtojehn usa3oBU y
kapakTepusauuju O/I® kao papmManeyTckor o6/1MKa JieKa. Y OKBUpY NnorJassba 1.4. HaBeieHU
Cy OCHOBHM IpPUHLMIK [pHUMEHe HalpeJHe aHaJu3e IojaTaka, y3 NpHUKa3 Hajuyemthe
KopulIheHUX TEXHHUKA KOje ce MOT'Yy KOPUCTUTH C LIU/beM CTHUILalba YBU/JA Y Cl0XKeHe edeKTe
dakTopa dopmMmysanuje U MOCTyNKa U3pajie 0Jf KOjUX 3aBHMCe KPUTHUYHA CBOjCTBA KBAJIUTETA
OpaJIHO-AMCIEeP3UOUIHUX PUIMOBA.

Iln/b UCcTpaKMBamwa je jacHO AepHHHUCAH y BUJy ONUITEr U CieUPUYHUX LIU/beBA KOjU CY
yCMepeHHU Ha UCIHUTHUBAE yTHUlaja cacTaBa GopMyJalije HA MeXaHU4YKa CBOjCTBA U OP3UHY
Jle3HTerpanuje opajgHO-AUCIepP3uOUIHUX GUIMOBA [JOOHjeHUX pPas3JWYUTUM MeToJaMa
u3pajie, Ka0 U HUCOMTHUBalbe MOryhHOCTH npefBUbawa yTHUllaja UCOIUTHBAHUX (aKTopa Ha
KPUTHYHA CBOjCTBa KBaJIUTETa OPaJIHO-AUCIEP3UOUIHUX PUIMOBA, IPUMEHOM CaBpeMeHUX
TexXHHKa 3a HallpeJHy aHa/Iu3y nojaTaka.

Y oxkBupy EKcepuMeHTa/JIHOT AeJsia AT je mperJies KopullheHUX MaTepujajia U MeTOAa,
npaheH JeTa/bHUM NPUKA30M U JAUCKYCUjOM JA0OHjeHUX pe3y/TaTa. Y OKBUpY NpBe dase
UCTpakKMBakba UCIIMTAH je YTULAj IOCTYIKA U3paJie Ha KapaKTepUCTHKe GpuIMOBa u3paheHux
NPUMEHOM pasJMYUTHUX MoJHuMepa 3a ¢opMupame ¢GUIMOBA, 6e3 WIM y3 JojaTak
cynepZesnHTerpaTopa U kopenHa, Kao MoJeJs aKTHUBHe CyNCTaHLe. Y OKBUDY Apyre dase
UCTpaXKMBakba, MeTOZ0OM U3J/IMBama Juclep3dje n3paheHu cy GUIMOBHU KOjU Cy cafprKaju
pasjdyMTe noJsuMepe 3a ¢opMmupare GUIMA WIM KOMOMHALMjy NMOJHMepa, Y3 JojAaTak
cylep/e3nHTerpaTopa, pasJIMYMTUX KOHIeHTpalyja njaacTupuKaTopa U M3abpaHUX MoJes
JIEKOBUTUX CYNCTaHLM (aTeHOoJIoJ, eHajanpuia, wubynpodeH, KapBeawaos, KodeuH,
napaneTamMos U BepanaMui). EkcnepuMeHTasHO u3paheHM M HUCIUTAHU y30pLH, Kao U
pe3y/TaTU JeTa/bHe NpeTpare JUTepaTypHUX MojaTaka McKopuliheHU cy 3a popMUpame
/iBe 6ase moJjaTaka Koje Cy aHaJM3MpaHe NIPUMEHOM MeToJia HalpeJHe aHaJ/M3e MoJjaTaka.
Pe3ysTaTh M JMCKyCHja MPUKA3aHU Cy Y OKBUPY YeTHPH NOTIOIJIAB/bA KOja Cce OJHOCe Ha:
eBaJlyalyjy yTHUIlaja MeToJie u3paje U u360pa NHoJMMepa Ha KapaKTepPUCTUKe OpaJsIHO-
JYCIIep3uOUIHUX PUIMOBa (norsassbe 4.1); cBeobyxBaTHY eBaJlyaliyjy yTHILaja pa3JndnTUX
dakTopa dopMmysanUje HA KapaKTEPUCTUKE OpasHO-AUCIEeP3uOUIHUX GUIMOBa M3paheHUx
MeTO/JIOM HM3JIMBama Aucnep3uje (morsaasbe 4.2); dopMupawke U HanpeJHa aHasiu3a base
JINTEepaTypHUX NojaTaka (morJsaB/be 4.3) U base ekcnepMMeHTa/JHUX NofaTaka (MOrJaBJbe
4.4). PesysnTaTy cy pefCTaB/beHU NperjeHO U CUCTEMAaTUYHO U JleTa/bHO POJUCKYTOBAaHU
y3 pedepucame Ha JOCTYNHe JUTepaTypHe nojaTtke. C Lu/beM BU3yesH3aluje J0OUjeHUX
pe3y/TaTa M yIlopeAHe NpoOlieHe WCIUMTUBAHUX y30paKa, KOHCTPYyHMCaHU cy oArosapajyhu
rpapUyuKU NPUKa3y.

Y okBUpy morJiaB/ba 3aK/by4YaK HaBeJleHW Cy Haj3HauyajHUjU Hala3d W oJroBapajyhu
3aK/by4lld KOjU TNpoW3Wa3e U3 pe3yJiTaTa HCTPAKUBAWka M KOjU Cy y CKJIaAy ca
MOCTaB/beHUM LIJbeBUMA pajia.

JleTa/paH npukas GopMUpaHUX 6a3a nojaTaka KopuiheHUX 3a HaNpeJHy aHa/IM3y JaT je Kao
npusor paay. [Ipunor [ npexacras/ba basa autepatypHux nogaraka; [Ipusor Il npencrassba
nperJse/ pa3JIMYMTUX aTpUOyTa ocehaja y ycTuMa oJf BAXKHOCTH 3a pa3Boj O - in vivo u in
vitro mpuctynu 3a esajyauujy; IIpusaor Il npexcraB/ba feTa/bHa ba3za ekcnepUMeHTa/THUX
nojaTaka.



b. OITMCITIOCTUTHYTHX PE3YJITATA

PesystaTh clnpoBefeHUX HCTpaKMBamba IpYyXajy YBUJA U INPAKTUYHO HCKYCTBO Koje ce
OJHOCH Ha MpeJHOCTH W HeAOCTaTKe IpUMeHe pas3JIMYMTUX MeToJa H3paZie OpaslHO-
AYCIep3uOUIHUX GUIMOBA KAao pesIaTUBHO HOBOT gapMaleyTCKOr 06JIMKa JieKa, U yTULaj
pas/IMUUTUX NojJrMMepa 3a ¢opMupame PuiMa, ca UaMd 6e3 JoJlaTKa H3abpaHUX MOJes
aKTHUBHHUX W MOMONHUX CyINCTaHUM Ha KpUTU4YHa cBojcTBa kBaautetra O/JP. Takobe,
CpoBeJieHa je cBeobyXBaTHaA IpeTpara U HalpeJHa aHa/v3a 6ase nojataka GpopMuUpaHe Ha
OCHOBY pe3yJTaTa MCTpaXXUBawa [JpyruX WCTPaOXUBAUYKUX rpyna. Y 1pBoj ¢asu
UCTpaXMBakba, pa3MaTpaH je yTHUIAj TOCTYNKaA U3paje Ha KapakTepuctuke 01P uspahennx
NPUMEHOM XUJPOKCHUIIPOMUJILIEY/103€, IOJUBUHUIIAIKOXOJ-NI0JUETUIEHIJIMKOJ KOIOJIH-
Mepa, HaTpujyM-aJiIrMHaTa U MaJITOJEKCTpUHA Kao MNoJjuMepa 3a GopMupamwe (QUIMa,
nojeAMHAaYHO WJM Yy KOMOMHanuju, 6e3 W y3 jAojaTak KodeWHa Kao MoJes aKTUBHe
cyncraHue. [lopen HajiiMpe npuMeHbUBAHOT NOCTYIIKA U3JIMBakba JUCIIEp3Uje, UCIIMTAHA je U
moryhHocT uspage ¢unamoBa metogom 2/l u 3/ mramnawa. Kao caBpemena Mertoza 3/
IITaMIIakba [PUMeHWeHa je TeXHUKa eKCTpy3Hje MOJIyYBPCTOr MaTepujasia (eHrJ. semisolid
extrusion, SSE). Kao Hocauu 3a 2/l mitamMname JieKkoBa Cy, Mopej MOJUMepPHUX (GUIMOBA
uspaheHUXx MeTOJOM H3JMBawa Jucliep3dje, KOpUIINeHW U PpPas3IUYUTH THUIIOBHU
KOMepIi1jaJIHO JOCTYIHUX jeCTUBUX Nanupa. M3paheHu y3opuu cy leTa/bHO OKapaKTepHUCaHU
y TorJjeay yjefjHAa4eHOCTM Mace U H3rJjefa, NOopo3uTeTa, MopQoJioruje MOBPLIKHE,
yHyTpallllbe CTPYKType, CaJip:Kaja BJjare, pacnaJ/buBOCTH U MeXaHUYKUX KapaKTepucTuka. C
nu/beM IpoleHe ¢akTopa 0J, KOjUX 3aBHCe KPUTHYHA CBOjCTBA KBaJIUTETA OpaJIHO-
JMCIIep3UOUIHUX PUIMOBA, CIPOBe/ieHa je aHa/Iu3a IVIaBHUX KOMIOHEHTH Koja je ykasaJa
Ha 3Hauaj NMOCTyNKa u3spaje, ¢ 063upoM Ja cy ¢uaMoBU u3paheHU NPUMEHOM pPa3IUIUTUX
MeTOo/la CBPCTAaHMU Y pas/iMyUTe KJjacTepe ca Npeno3HaT/bUBHMM ocobuHama. /JlobujeHH
pe3yJTaTH Cy IOKasaJd Ja Ce y 3aBUCHOCTH OJi NIpUMeHeHe MeToJie M3paje U usbopa
noJMMepa MOTy HU3pajuTH OJQUIMOBHU paA3/JIMYUMTUX KapaKTepucTHKa. Maca ¢uamoBa
BapupaJa je oj 8,4 mg, Ko, TaHKUX PUIMOBA U3paheHux ca MaATOAECKCTPUHOM, A0 57,1 mg
KO/ y30pKa U3pabheHor ca XUJpPOKCUIPONUIILENYJI030M y3 JoJaTaK HaTpUjyM-aJITMHATa U
KodperHa Kao MoJies1 akTUBHe CylcTaHLe. Pacna/bMBOCT y30paka BapupaJja je of 3,5 S KoJ
TaHKUX QuaMoBa u3paheHMX ca MaJTOJEKCTPUHOM MeTOJOM H3JIMBama JHUClep3uje [0
ckopo 300 s konx ¢uamoBa uspabeHux MetozoM 3/l wWTamMnama KOjU Cy CaAprKaau
XU/ POKCUIIPOIUJILLEJYJI03Y, V3 JoAaTaK HaTpUjyM-aJIFTMHATA WX MalTOAEeKCTpUHA. /logaTak
JWCIIeproBaHUX  MoJuMMepa  (MOJHMBHHUWJIAJKOXOJI-NIOJIMETUIEHIIMKOJI  KOINOJIUMEDPa],
HaTpUjyM-aJrMHaTa W/IM MaJTOAEKCTPUHA) pe3yJTUpPao je TMpoAYyKEHUM BpeMEHOM
pacnajamwa puaMoBa 6e3 063upa Ha NpUMekeHy MeToay uspaze. MehyTtum, ysopuu Koju cy
CaZip>KaJli MaJITOAEKCTPUH Kao MoJiMMep 3a popMupame GuiMa HUCY Ce MOTJIM KOPUCTUTH
Kao HocauM 3a 2/] mTaMname jep je 01a3uJ10 [0 6p3or pacnajamwa ¢puaMa Npu KOHTAKTY ca
TedyHoM a3oM, JAUCHep3UjoM 3a WTaMnamwe. Jlucnepsuje MajaTOAeKCTPUHA U
MOJIMeTUJIEHTJIMKOJI-I0JIMBUHUJIAJIKOXO0J KOTIOJIMMepa HUCY 6u1Jia moroZHe 3a 3/] mrtamname
METO/ZIOM eKCTpy3Uje MOoJYy4YBPCTOr MaTepUjasa. UcnuTuBakba MeXaHUYKUX KapaKTepUCTHUKaA
nokasasa cy Aa (UJIMOBM ca HaTpHUjyM-aJrMHAaTOM HMajy HajBehe BpeHOCTH 3aTe3He
YBPCTHHE, JaHrOBOI' U KOMILJIEKCHOI MOJAYJIA, IUTO UX YUHU KPTHM M Mame NOTOJHHUM 3a
pykoBame. PUIMOBM ca XUJPOKCUIIPONUJILENYJIO30M OKapaKTepUCaHU Cy BUCOKUM
BpeJJHOCTUMA INPOLeHTa eJIOHralHje U HYXKUM BpeJJHOCTUMA JaHTOBOI MOAYJIa, ITO yKasyje
Ha BWUXOBY ¢JuiekcubuiHocT. H3nuBawe aAucnep3uje MNpeno3HATO je Kao jeJAHOCTaBaH
NocTynak Koju omoryhaBa peslaTUBHO 6p3y u3pajly BesiMKor 6poja ¢puUiIMOBa, y3 MOryhHoOCT
NIOCTU3ama Pa3/IMUUTUX MeXaHUYKUX KapaKTepUCTUKA U KpaTKOT BpeMeHa Jie3uHTerpanuje
y CKJIaZly ca UJ/bHUM NPOPHUIIOM KBAJIMTETA JIeKa.

y CKJyIaly Ca HaJla3rMMa IIpBe cl)a3e HCTpaXMBadkbd, Ka0 IMOrogHa MeToJa 3a Uu3pagy OopaHO-

Jucnep3nbuaHuX GUIMOBa U3abpaHa je MeTo/ia U3JIMBaka JUCIep3uje, Koja je MpUMereHa y
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JlaJbUM HCTpaXKMBawkbMMa yTulaja ¢akrTopa ¢dopmynanuje Ha KapakTepuctuke OJd. VY
OKBUDpY Apyre ¢ase UCTpaKkMBamba U3paheHo je JoAaTHUX 77 y30paKa y3 Bapupambe BPCTe U
KOHIleHTpalyje mnojuMepa 3a popmupamwe GUIMA, AOAATHOT AUCIHEProBaHOr IOJHUMepa,
n1acTUPUKaTopa, cynepAe3vHTerpaTopa U MoJesl akTUBHUX cyncTaHiu. Uspahenu ysopuu
Cy JleTa/bHO OKapaKTepuCaHU M CHpOBe/lEHA je HbUXO0Ba ymopeJHa aHanusza. JlobujeHu
pe3y/TaTU Cy NOKa3aJu Jla ce y 3aBUCHOCTU 0, ©U360pa OCHOBHOT INOJIMMepa U JOAATHOT,
JMCIIeproBaHor, oJiMMepa MOry NOCTUhY pasJIMYUTU LU/beBU Y pa3Bojy dopmynanuje 0.
BpesHOCTU MCIUTHBAHUX NapaMeTapa Cy 3HadyajHO BapupaJlie y OKBUPY UCIUTHUBaHe cepuje
y3opaka. Maca ¢usmoBa 6usa je y pacnoHy oj 44 mg 3a miane6o ¢uamoBe ca 5%
xunpomesose 10 180 mg 3a puMoBe ca MaJTOAEKCTPUHOM KOjU Cy cajipkaiv nbynpodeH u
KPOCIIOBH/IOH, IIpY YeMy je BpeZHOCT MeJiMjaHe 6uia 82 mg. PUIMOBU ca MaJTOAEKCTPUHOM
Y TOJIMBUHUJIANIKOXO0/I-I0JIMETU/IEHTJINKOJ KONIOJIMMepOM MMaJsu cy Behy npoceyHy Macy y
nopehewy ca ocrasium puamoBuma. /leb/buHa GuIMOBa je 6uUa y pacnoHy of 66 pm 3a
y30pKe ca HaTpHUjyM-KapOOKCUMeTWJ/Lenysa030M A0 225 pum 3a ¢uiMoBe ca
XUAPOKCUIIPONMJILIENYJIO30M UM MOyNnpodeHoM, PU YeMy je BpeJHOCT MejAujaHe 6usa 124
um. HajBehe BpeaHOCTHM 3aTe3He UBPCTHHE TMOKas3ajJu cy OGUWIMOBU ca HaTpPUjyM-
KapOOKCUMeTHJILeNyJI030M U HaTPHUjyM-aJITMHATOM, JIOK Cy HajHWKe BpeJJHOCTH 3abesiexxeHe
KoJ, GUIMOBA ca XUAPOKCUIIPONMJILENYJ030M U MaJTOAEKCTPUHOM. JlojaTak aKTUBHeE
CyIICTaHLle FeHepasHO je J0BOJAMO 10 CMamema 3aTe3He YBPCTUHe ¢puamoBa. PUIMOBHU ca
XUAPOKCUIIPONMJILIEeY/I0O30M NOKa3a/u Cy BUCOK NpoleHaT esioHranuje (npeko 250%), mwrto
yKa3yje Ha BeJIUKY CKJOHOCT Ka pacTe3amy, AOK cy QUJIMOBU ca MOJUBUHUJIAIKOXOJ-
NOJIMETUJIEHTJIMKOJ ~ KOINOJMMEpPOM OKapaKTepUCaHM 3HATHO MamHUM BpeJHOCTHMa
npoueHTa ejoHranuje (go 50%). loraTak akTUBHe CyIlICTaHLe je KoJ BehrHe y30paka J0Beo
Jl0 CMamema NpoleHTa esoHrauuje. PUjaMoBU ca HATPUjyM-KapOOKCUMETUIILENYJI030M U
HaTpUjyM-aJr'MHAaTOM HMMaJd cy HajBehe BpeJHOCTH JaHroBor MojyJa, WITO yKasyje Ha
HBUXOBY KPTOCT. /lofaTak aKTUBHe CYICTAHLle HUje 3HAa4YajHO MeHao BPEeAHOCTH JaHTOBOT
MoAyJa KoJ, GpUIMOBA ca XUJPOKCUIIPONUJILENYJI030M, 0K je KoJ $UIMOBa ca HATPHUjyM-
KapOOKCUMeTHJILeyJI030M BPeJHOCT OBOT MapaMeTpa O6u/a Mamwa KOJ, y30paka KojuMma je
Jlo/laTa aKTHMBHA CyICTaHLA. Pacnai/bMBOCT y30paka Bapupasa je y pacnoHy oA 3 s (Koz
y3opaka ca nosvetuaeHokcuaoM, PEO N80, y3 nogaTtak KpockapMesio3e-HaTpujyMm) Ao 102 s
(kog y3opaka ca XMIpPOMeJO30M y3 JoJaTaK HaTPHUjyM-CKpOOIJMKOaTa HWJH
KpOCKapMeJio3e-HaTPUjyM), IPU UEMY je BPeAHOCT MeiujaHe 6ua 27 s. DUJIMOBHU Yy KojuMa je
aKTHMBHa CyNCTaHL@ Ouwjaa CcycleHJoBaHa Cy, TreHepaJHO, IOKas3aJiu Kpahe Bpeme
Jle3UHTerpanuje y ofHoCy Ha QUJIMOBe ca paCTBOPEHOM aKTHBHOM CyINCTaHL oM. /logaTak
cynepe3vHTerpaTopa Huje ocTBapuo edekaT ckpahuBawa BpeMeHa Je3WHTerpaluje
$uIMOBa, HAaNpOTUB, BpeMe Je3UHTerpaluje je, reHepajHO, OMJIO NMPOAYKEHO JOAATKOM
cylnepze3uHTerpaTopa.

MmMajyhu y BUAY BapujabUJIHOCT A0OHjeHUX pe3ysTaTa KOju yKa3dyjy Ha OpojHe U CI0KeHe
yTHlaje pa3auuuTux GpakTopa Gpopmysialuje U lbUXOBE MOTEHILMja/IHE UHTEPaKLUje, C [IU/beM
uaeHTUdUKaLMje U eBasyalUje pakTopa KOju yTUUY HA KpPUTHUYHA CBOjcTBa KBasiuTeTa 0|®
M pasBoja Mo/JeJa 3a BbUX0BO NpejBubamwe, popMupaHe cy basa 1uTepaTypHuUX nojaTaka u
ba3a ekcnepMMeHTa/HUX IOJaTakKa U CIpOBeJleHAa HUX0BA aHa/lUM3a INPUMEHOM MeToza
Hallpe/iHe aHaJM3e nojaTaka. KiactepoBaweM nojaraka 6uso je Moryhe ugeHTHuPUKOBATH
KpuTepujyMe (oArosapajyhu mapameTap U HeroBa BpeJHOCT) O0J, KOjUX 3aBuCe
KapaKTepUCTUKe UCIUTHBAHUX y30pakKa. AHAJM30M 3HA4ajHOCTU aTpuOyTa 3a pasjIUuUTe
MoJeJsie, UeHTUPUKOBAHM Cy K/byYHU GaKTOPH KOjU YTUUY Ha MeXxaHU4Ka cBojcTBa O/1d: (1)
TUN TOJIMMEpPA Kao HajBaXHUjU aTpUOYT 0J, Kora 3aBUCH MpolLieHAT eJsioHranuje; (2)
KOHLIEHTpalija aKTHUBHE CYICTaHLle Kao 3HayajaH aTpubyT 3a mnpejBubame JaHroBOr
Moayaa; (3) KOHIleHTpalMja moJMMepa U macTudUKaTopa Koje MMajy 3Ha4yajaH yTHLAj HA
KOMILJIEKCHU MOJYJI U IIPOLIEHAT eJIoHTalyje U (4) MoJieKyJicKa Maca KOpUITheHOT nojiuMepa.
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Kao HajnorosHuja MeToza npemnosHara je Metoza Ciy4yajHux myMa (eHrJ. Random forest)
KOja je yclelllHO IpUMerbeHa Ha 06e 6ase nojgartaka. Mako cy aaroputmu CiydajHUX LIyMa U
[lorTnopHux BekTOpa (eHrJ. Support vector machine) penaTUBHO jeJHOCTAaBHHU y opehemwy ca
CJIOKEHUM a/ITOPUTMHMa Bulnecs0jHUX BelITa4KUX HEYPOHCKUX Mpexa (eHrs. Multi-layer
artificial neural network), oHM MOTry NpyXWUTHU AparoneHe uHGopMalyje TOKOM paHUx ¢dasa
pasBoja ¢opmynaauuje. OBU aJrOpuTMU NOCEOGHO CY KOPUCHM NpU uU360py oArosapajyhux
N0JIMMepa, KOjU Cy K/bYYHH 3a IOCTH3abe Ke/beHUX MeXaHUUKHUX KapaKTeprucTUKa GpuIMoBa.
C gpyre cTpaHe, aJITOPpUTMU Bulllec/s0jHUX BelITaYKUX HEYPOHCKHUX Mpexxa Npy»Kajy 3HadajHe
NpeJHOCTU KaZja je y NUTamwy eBajldyaluja Behux U YHUPOPMHO CTPYyKTYypUpaHUX 6asa
noJaTaka, aJi je BpeMeHCKH OKBHUD NOTpebaH 3a M3rpajilbby OBUX MoJiesa JajieKo Behy, y
OJIHOCY Ha ipyra /iBa aJiropuTMa.

B. YIIOPEJJHA AHAJIM3A PE3YJITATA JOKTOPCKE JJUCEPTALIMJE CA MOJAIIUMA U3
JIMTEPATYPE

360r OpOjHUX MNpPEAHOCTU y Tepamnuju U MN0060/bLIAHO] aJAXEPEeHLU KOJ pas/JU4YUTHX,
ByJIHEpaOWUJIHUX Tpylla MNalMjeHaTa KoOju HMajy npobJjeMe ca TIyTawkbeM, OpaJHO-
JUCTep3ubuIH QUIMOBH Cy TMpeno3HaTH Kao mnorojaH d¢apMaleyTckd OOGJHMK KOju
NPUBJIAYM BeJIMKY MNaXXHkYy UCTPaXMBaya, KaKO y aKaJeMCKOM OKpYyXKewy, TakKo U y
dapMaleyTckoj UHAYCTPHjU, O YEMY CBEJ0YM BeJIUKK OpPOj myOGJiMKaluja 00jaB/beH y TOKY
NOC/AekbUX HEKOJUKO TrojAuHa. Besuku Opoj HcCTpakMBamka YCMEpPEH je Ka pasBojy
PasIMYUTHX METO/A 32 U3pajly opasHo-Aucnep3nduaHux ¢uamona (Elbl u cap. 2023; Khalid
u cap. 2021; Lyszczarz u cap. 2021; Musazzi u cap. 2020; Rodriguez-Pombo u cap. 2024;
Seoane-Viafioa u cap. 2021). PesysnraTu wucCTpakvBawka CIOPOBEJEHUX Y OKBUPY OBE
JOKTOpPCKe JucepTalyje y carJJaCHOCTU Cy ca pe3yJTaTUMa APYTUX ayTopa KOju yKa3yjy Ha
3HaYajaH yTUlAj IPUMEHEHOT NOCTYNKa U3paje Ha kKapakTepuctuke 0/1®, kao ¥ npeAHOCTH
Y HeJloCTaTKe Pa3/IMYUTUX MEeTO/a.

1360p onTuMasHuX noJjrMepa 3a popMupame GUIMA U OCTAIUX eKCLUINUjeHaca 0J] KOjux
3aBHCe MeXaHU4Ke KapaKTepUCTHKe U pacnag/buBocT OJ® cy Takohe npesjMeT MHTEH3WBHOT
ucTpaxkuBadykor paja (Cupone u cap. 2022; Da Silva u cap. 2023; El-Bary u cap. 2019; Kim u
cap. 2020; Kittipongpatana u cap. 2022; Musazzi u cap. 2018; Olechno u cap. 2021; Pezik u
cap. 2021; Wei u cap. 2023; Yin u cap. 2024). HoBuja ucTpakuBama yCMepeHa Cy Ha
MOryhHOCT mnpuMeHe cynepjie3uHTerpaTopa M Jpyrux INPUCTyNa 3a MOCTU3ame 6p3e
JlesauHTerpaiyje, y3 3aJoBosbaBajyhe MexaHuuyke KapakTtepuctuke O/Jl® u mnoBehamwe
KalmalyUTeTa 3a MHKOPHNOpUpPame pPas3/MYUMTUX aKTUBHUX cyncTaHuu (Onuki u cap. 2018;
Steiner u cap. 2019; Steiner u cap. 2022; Takeuchi u cap. 2019; Vlad u sar. 2023). ¥ okBupy
OBe JIOKTOPCKe JucepTaldje MCOHWTAaHa je MOTYNHOCT NpHMeHe pas3/IMYUMTHUX MoJuMepa U
IBUXOBUX KOMOMHalMja C Iu/beM ONTHMHU3alihje MeXaHW4YKUX KapakTepuctuka O/.
[lokazaHo je [ga pJoJaTak cynepAe3vHTerparopa MoOXe [JONPUHETH ONTUMU3ALUjU
MeXaHUYKUX KapaKTepucTuKa GUJIMOBA, ajii He U noBehawy Op3uHe pacnajama, IITO je y
CKJIaZly Ca pe3yJITaTUMa JPyrUxX UCTPAXKMUBAYKHUX Ipyna.

YTHnaj KapakTepUCTHKa MaTepujaja Koju ysasze y cactaB O/I® ¥ mocTynka uspaje Ha
BUX0Be QapMalleyTCKO-TeXHOJIOUIKe W OuodapMalieyTCKe KapaKTepPUCTHUKEe je CJIOXKEH,
Hajyenthe HesJiMHeapaH U NMpeAMeT je OPOjHUX UCTPAKMBaKba, KAKO O ce JOIIJIO0 [0 Ca3Hamba
Koja 6u omoryhusa MozesioBame U npe/iBUhambe KapaKTepUCTHKA MpenaparTa y 3aBUCHOCTH
oJi cactaBa ¢opMyJaliMje U IpUMeHEHOT NMocTynka uspaze (Borges u cap. 2016; Gupta u cap.
2021; He u cap. 2021). CaBpeMeHe TeXHUKe 3a HalpeAHy aHa/Ju3y IojaTaka omoryhaBajy
eKCTpaKLujy oJipeheHux, MpeTX0JHO HEeMO3HAaTUX U MOTEHIMja/IHO 3Ha4YajHUuX UHopMalvja
U3 BeJIMKUX 6asa mojaTaka, BUXOBO KiacubUKoBamwe U NpeaBubamwe. OBM NPUCTYNH joll
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YBeK HUCY IIMPOKO 3aCTyIJbeHU y papMaleyTCKOj TEXHOJOTHjU HAKO Ce O4eKyje Aa MOry
3HA4yajHO JONpPHUHETH pa3Bojy M ONTHMU3aLUjU popMyJalivje U npoleca npousBomwe (Vora
u cap. 2023). PesysTaTu cnpoBeJleHUX HCTpPaXUBaka yKa3lyjy Ha MOTYhHOCT mpuMeHe
HallpeJiHe aHa/iM3e IoJaTaka 3a HJAeHTUOHKAUMjy dakTopa KOjU YyTHUYy Ha KPUTHYHA
cBojcTtBa kBasuTeTa O/I® u pa3Boj Mmojesa 3a npeaBubame Koju omMoryhaBajy pa3Boj HOBUX
Npou3Bo/ia y KpaheM BpeMeHy U3 Y3 CMakbeHy NOTPOLIKkY MaTepHjaJIHUX pecypca.
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A. 3AK/bYYAK - ObPA3J/IOKEILE HAYYHOTI' IOITPUHOCA AOKTOPCKE AUCEPTALIMJE

Ha ocHOBy peTa/bHe aHa/M3e NpUJIOXKEHe AOKTOpPCKe aAuceprauyje, 4iaHoBu Komucuje
3aK/by4dyjy [Ja IpUKas3aHU pe3yJTaTH, AUCKYCHja U 3aK/bY4lUd NpeACTaB/bajy 3HAayajaH
JIOIPUHOC y 00J1aCTH pa3Boja M KapaKTepH3aluje opaJHO-AYCIep3ubUIHUX UIMOBA Kao
peJsiaTUBHO HOBOT papMaleyTCKOI 06JIMKa JieKa. Y OKBUPY UCTpaKUBama je UCIIUTAaH yTUL 3]
pa3/IMYMTHUX NOCTyNaKa u3paZie, Kao U BPCTe M KOHILeHTpaluje nojvMMepa 3a GpopMUpame
dunma, gojatux ¢apmaineyTCKUX aKTHBHUX W NMOMONHHUX CymncTaHnU (miacTudukaTopa,
cylep/ie3aUHTerpaTopa) Ha MeXaHUYKe KapaKTepUCTUKe W pacnaZ/bUBOCT KOjU Cy
Npeno3HaTH Kao KPUTHUYHA CBOjCTBa KBaJIUTEeTAa OpPAJIHO-AMCIEP3UOMIHUX ¢uiMoBa. C
IM/beM YBHUJA Y CJ0XeHe ofHoce HU3Meby dakrTopa dopmysauuje U NOCTyNKa u3pajie U
HUXOBOT yTUIaja HA KPUTUYHA CcBojcTBa kBanuTeTa 0/l®, cipoBejieHa je omncexxHa nmpeTpara
M KpUTHYKa aHaJIM3a JOCTYIIHUX JIUTepaTypPHUX NoJlaTaka U ¢opMupaHa basa MTepaTypHUX
nojaTaka Koja je obyxBatusia Buiie on 900 y3opaka mnpey3eTHUX U3 JUTeEpaType.
ExcnepyMeHTa/IHU pe3yJTaTH HMcKopullheHU cy 3a popMupame base ekcnepyUMeHTaTHUX
nojaTaka koja je ooyxsatusa 100 ysopaka O/1® uzpaheHrx MeTO/J0M U3JIMBakha AUCIIEP3Uje
KOjU Cy /[ileTa/bHO OKapaKTepUCAaHU y TOIJIely MeXaHWYKUX KapaKTepUCTHKA U
pacnazs/puBoCcTU. [IppuMeHOM HamnpeJHe aHaJKW3e MoJaTaka IOKas3aHO je Ja je Moryhe
MOJleJIOBAaTH CJIOXKEHe OJlHOce M HHTepakuuje wu3Mehy HcnUTHBaHMX ¢akTopa U
KapaKTepucTUKa y3opaka. Kao Haj3HavyajHUju aTpubyT y basu suTepaTypHUX moAaTaka
uJeHTHPUKOBAHA je pacnaJ/bUBOCT, JOK CYy y OKBUPY base ekcneprMeHTa/HUX MOJaTaka
HajBehHn 3Hayaj MMajie MeXaHW4YKe KapaKTEepPUCTHUKe (MpOoLeHAT eJIOHTraljyje, JaHTOB U
KOMIIJIEKCHU MoAyJ1). MoJes pa3BujeH NpuMeHOM ajaropuTMa Ciy4ajHUX IIyMa MOKasao je
Hajpehu mnoTeHuMjas 3a npejBubamwe kapakTepuctuka OJ®. Pesynaratu cnpoBefeHUX
UCTpaXXKUBaka JIONPHUHOCE Ja/beM Pajly Ha pa3Bojy U onTUMU3ALUjU GopMyJialUja U WUPO]
NPUMEHU OpaJIHO-AUCIeP3UOUIHUX PUIMOBaA Kao ¢papMaleyTCKUX 06JIMKa ca N060J/bIIaHUM
nepdopMaHcaMa U NpUXBAT/bUBOLINY 0/ CTpaHe NalyjeHaTa.

'B. IPOBEPA OPUTMHAJ/IHOCTHU AOKTOPCKE JIUCEPTALIM]E

Ha ocHoBy lIpasuiHuka o nocmynky npogepe opu2uHasiHocmu 0oKmopckux ducepmayuja Koje
ce bpaHe Ha YHusep3umemy y beozpady v Hasa3a y u3BelITajy u3 programa iThenticate kojum
je U3BplIeHa IpoBepa OPUTMHAJIHOCTH AOKTOPCKe AUcepTanyje:

HcnuTuBawkwe yTHIAja NOCTynKa u3paje U ¢akropa dopMmysanuje Ha KPUTHYHA
CBOjCTBA KBaJ/INTeTa OPAJIHO-AMCIEpP3UOMJIHMX ¢uaMoBa - MoryhHoct mnpumeHe
HanpeAHe aHa/Ju3e IMoOJaTaka y ¢apManeyTCKo-TeXHOJIOWKOj KapaKTepHu3anuju
JIeKOBa, KaHauzaara maructpa ¢apmanuje Epae TypkoBuh, yTBpheHo moaypapamwe TeKCTa
usHocu 3%.

OBaj cTemeH MNOAYAApPHOCTU IMoOCJAefUlld je LUTaTa JUYHUX HMeHa, Oubanorpadpckux
nojaTaka o KopuirheHoj IUTepaTypH, ONIITUX MeCcTa U T0JjaTakKa, LLITO je Y CKJIaJy ca YJIaHOM
9. I[IpasusiHuKa.

Ha ocHOBY cBera U3HETOT, a y CKJIaJly ca 4iaHoM 8. cTaB 2. [Ipagu/sHuka o nocmynky nposepe
opuz2uHa/aHocmu dokmopckux ducepmayuja kKoje ce b6paHe Ha YHusepsumemy y bBeozpady,
pe3yJITaTH CIpOBeJleHe MPOBepe YKa3yjy Ha OPUTMHAJHOCT JOKTOPCKe AucepTaluje, Te ce
MPONUCAHU NOCTYIAK NPUIPEMe 3a lbeHY 0Jj0paHy MO>Ke HAaCTaBUTH.



E. IPEAJIOT KOMUCHJE 3A OHEHY 3ABPIIEHE JOKTOPCKE JUCEPTALIUJE

Ha ocHoBy mnpersnena JAoKTopcke jaucepTanuje mar. ¢apMm. EpHe Typkosuh nop
HasuBoM HcnMTHBame yTUI@ja NOCTynKa wuspajge M d¢akrtopa d¢opmyaanmje Ha
KPUTHYHA CBOjCTBa KBaJ/IUTeTa OPAJIHO-AMCNEpP3UOMIHMX ¢uamoBa - moryhHocT
npyMMeHe  HamnpejaHe aHa/u3e nojgaraka y  <¢apmaneyTcKo-TeXHOJ/IOLKOj
KapakTepusanuju JiekoBa, Komucuja 3ak/bydyje ga je KaHAUJATKUEA MCIYHUJA
[I0OCTaBJ/beHeE LiM/beBe U Jla Pe3yJITaTU NIPUKa3aHU y AUcCepTalUju NIpeJCTaB/bajy OPUTMHAIAH
Y 3HauajaH Hay4YHU JAOMNPHUHOC, IITO je MOTBPHEeHO HUXOBHUM 00jaB/bHUBAEM Y TPU paja y
BPXyHCKUM MehyHapogHUM 4vaconucuMa. KoMucHja NO3UTHBHO oOliewyje JOKTOPCKY
auceprauujy wmar. ¢apMm. Epne TypxkoBuh u npepnaxe HacraBHO-HaydyHOM Behy
dapmauneyTckor ¢akyaTeTa YHUBep3uTeTa y beorpaZly ja npuxBaTH U3BelITaj O 3aBPILEHO]
JIOKTOPCKOj JucepTalyju W ymnyTH ra Behy HayyHux o06s1acTH MeJUIIMHCKUX HaykKa
YHuBep3uTeta y beorpasy, pagu [ob6ujama carJacHOCTH 3a jaBHY OJ0OpaHy [OKTOpCKe
nuceprtanuje mar. papm. EpHe TypkoBuh.

23.08.2024.

YnanoBu Komucuje

Ap cu. lparana BacusbeBuh, pejoBau npodecop
YHuBep3uTeT y beorpagy - ®apmaneyTcku pakyaTeT

Jp cu. CBeTsiaHa U6puh, pegoBHU mpodecop
YHuBep3ureT y beorpagy - ®apmaneyrcku pakyaTeT

Jp cu. @pany Bpeuep, pesoBHU npodecop y NeEH3UjU
YHuBep3uteT y Jbybsbanu - PapManeyTcku GpakyaTeT
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ABSTRACT

Orodispersible films (ODFs) have recently emerged as innovative dosage form which provides distinct advan-
tages in the patient centric pharmaceutical drug product design due to inherent dosing flexibility and improved
patient acceptability. Although their potential advantages in pharmacotherapy are well recognized, there is still a
lot of research work to be done in order to explore and understand complex relationships among different
formulation factors, film mechanical properties, and their bioperformance. Lack of standardized characterization
methods and relevant specifications pose additional limitation for their wider application. In the present study,
in-depth review of the available body of data published on ODF development and characterization was per-
formed. In total, 112 papers published between November 2008 and April 2022 were taken into consideration for
dataset building. Data collected have been critically evaluated and compiled into the representative dataset
formed around three domains, namely: (A) Manufacturing method and composition; (B) ODF characteristics; and
(C) ODF sensory attributes. Based on the investigated dataset, an attempt was made to identify the acceptable
range of Critical Quality Attributes (CQA) values and propose ODF specific Quality Targeted Product Profile

(QTPP) as a foundation which should guide and facilitate pharmaceutical development.

1. Introduction

Orodispersible films (ODFs) have recently emerged as innovative
dosage forms which provides distinct advantages in the patient centric
pharmaceutical drug product design due to inherent dosing flexibility
and improved patient acceptability. ODFs are described as “single- or
multilayered sheets of suitable materials, to be placed in the mouth
where they disperse rapidly“ (Ph. Eur, 2022). It is well documented from
a number of studies that ODFs, due to convenient administration, are
well accepted in different patient populations, and may significantly
improve medication adherence [1-7]. Different polymers and their
combinations can be employed as film-forming agents, and interested
readers may find detailed information in the excellent review by Borges
and coworkers [8]. Although solvent casting is the most widely used
method for ODFs manufacture, other methods such as hot-melt extru-
sion, electrospinning, and, increasingly, different 2D and 3D printing
technologies may be employed [9-16]. Investigations in the field of
ODFs manufacture are directed towards both small scale, as well as large
scale process development [17-19]. It is envisioned that small scale ODF

* Corresponding author.

manufacture may take place in the community pharmacy, or hospital
pharmacy settings enabling timely, on-demand medicines production in
accordance with the specific needs of an individual patient, or patient
group [20-23].

Besides safety and efficacy, patient-centricity has emerged as an
important drug product attribute contributing to increased medication
adherence and improved health outcomes [24]. Patient-centric drug
product design refers to a range of issues, from the selection of the route
of administration, dosage form shape and size, dosing frequency, to
packaging selection [25-27]. It includes all the aspects that contribute to
the overall patient experience, and should be incorporated in the Quality
Target Product Profile (QTPP) as the basis of design for pharmaceutical
product development.

Although, notable progress in the field has been achieved during the
last decade, there is still a number of issues which should be further
addressed in order to secure effective pharmaceutical development and
marketing authorization of ODF products. It is generally perceived that
orodispersible film should exhibit: (a) rapid disintegration in oral cavity
followed by immediate or, in some cases, modified drug release; (b)
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suitable mechanical properties to withstand handling and packaging,
and (c) acceptable appearance and palatability [2,28]. Despite the fact
that ODFs are extensively investigated, desirable ranges of the ODF
Critical Quality Attributes (CQAs) have not yet been defined. Overview
of the available literature data, also, reveals a lack of standardization in
characterization methods employed and wide range of values for
different ODF quality attributes. Number of studies that investigate
different aspects of ODF development is rapidly increasing and therefore
review and exploration of available data can be meaningfully applied to
answer questions raised during product development.

The aim of the present study was in-depth review of the available
body of data published on ODF development and characterization. Data
obtained will be employed to identify the acceptable range of CQAs
values and propose relevant QTPP as a foundation which should guide
and facilitate pharmaceutical development.

2. Dataset development
2.1. Search strategy

Comprehensive data search has been conducted in the PubMed
database based on the selected keywords (“orally disintegrating films*
OR “oral disintegrating films“ OR “orodispersible films* OR “oral soluble
films*“ OR “fast dissolving films*“ OR “oral dissolving films“ OR “fast
dissolving oral films“ OR “orally disintegrating strips“ OR “oral dis-
integrating strips“ OR “orodispersible strips“ OR “oral soluble strips*“ OR
“fast dissolving strips“ OR “oral dissolving strips“ OR “fast dissolving
oral strips* OR “strip-films*) in singular or plural, according to different
terminology found in the literature. Only articles published in English
were included. In order to limit survey only to original scientific papers
based on experimental work, review articles and articles related to other
administration routes (vaginal, sublingual, buccal) were excluded.
Additional exclusion criteria were: (i) lack of detailed information on the
investigated samples composition (i.e. reports from the clinical or
pharmacokinetic studies; studies focused on ODF preparation method
development, and studies related to commercial ODF products charac-
terization); (ii) use of non-standardized ingredients (excipients and drug
substances), such as different substances of natural origin, and (iii)
incomplete samples characterization or lack of parameters relevant for

Manufacturing method and composition

* Drug (solubility and dose)

» Manufacturing method

* Film-forming agent (type, MW, load)
* Plasticizer (type and load)

« Other excipients (fillers, disintegrants, surfactants, etc)

« Taste masking approach

ODF characteristics

« Film weight, thickness and surface area
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dataset building.
2.2. Data extraction

Collected data have been critically evaluated and compiled into the
representative dataset in one of three domains, namely: (A)
Manufacturing method and composition; (B) ODF characteristics; and
(C) ODF sensory attributes. List of various data categories related to
stated domains is presented in Fig. 1. Domain A refers to the applied
manufacturing method, and basic information on the drug substance
and excipients used. Domain B includes results of ODF characterization
related to its mechanical properties, disintegration and dissolution,
including basic information on the test setup employed. Under the ODF
sensory attributes (i.e. Domain C) in vivo disintegration, taste, mouthfeel
and handling assessment, which might affect product acceptability, have
been reviewed. In order to uniformly present data taken from different
studies, relevant adjustments and data transformations have been per-
formed, i.e., reported parameter values were scaled to the same mea-
surement unit, calculated based on the experimental data provided, or
extracted from the graphical data via open-sourced online graph-reader
(graphreader.com). In addition, availability of pharmacokinetic (PK)
data obtained in human or animal in vivo studies, and/or through
physiologically based pharmacokinetic (PBPK) modeling and simulation
has been recorded.

3. Dataset overview

PubMed survey via selected keywords revealed 274 papers related to
ODF development, evaluation and characterization published from
November 2008 until April 2022. Fig. 2 represents flow of our search
results after applying predefined inclusion and exclusion criteria. The
dataset established is provided as Supplementary material.

In total, 112 papers reporting on ODF formulation and character-
ization were taken into consideration for dataset building. Basic infor-
mation on the manufacturing method and type of the film-forming agent
were available in all the papers reviewed, while more detailed data on
the formulation composition were provided in 83 papers. It should be
noted that in 18 papers data on film size and shape were lacking. Data on
ODF in vitro disintegration were reported from the majority of studies

* Tensile test (TT) setup and parameters obtained (Tensile strength, Young's modulus and Elongation at

break)

* Puncture resistance test (PRT) setup and parameters obtained (Puncture strength, Young's modulus and

Deformation at break)
* Folding endurance
* Residual moisture content

« Disintegration test setup and in vitro disintegration time

* Dissolution test setup and Q80%

ODF sensory attributes and PK data

« In vivo disintegration

* Taste

* Mouthfeel

» Handling

« In vivo studies - human
« In vivo studies - animal
* PBPK modelling

Fig. 1. Overview of the data domains evaluated.
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Fig. 2. Flow of search results after applying predefined inclusion and exclusion criteria.

(95/112) while drug dissolution was reported from 77 studies. ODF
mechanical characterization was based on the tensile test results in the
majority of studies (76/112), followed by puncture resistance test re-
sults (12/112), while folding endurance was assessed in 25 studies. In
vivo or in vitro sensory attributes evaluation was reported from the 30
studies. Pharmacokinetic data obtained in human studies were reported
in three papers, animal in vivo studies were included in nine papers,
while PBPK modeling and simulation data were reported in the addi-
tional two articles, which have been retrieved from the Google Scholar
platform.

Main obstacles encountered during dataset development were lack of
quantitative data regarding formulation composition, excipients grades
and experimental conditions/setup used for samples characterization.

3.1. Manufacturing method and composition

3.1.1. The most commonly employed manufacturing methods

Methods used for ODFs manufacture include solvent casting, hot-
melt extrusion, electrospinning and 2D or 3D printing. Comprehensive
review of different technologies used for ODF manufacture can be found
in Lee et al. [12] and Musazzi et al. [29].

During dataset development it was noticed that in a number of
studies, two or more manufacturing methods have been employed. Re-
view of data collected from the literature indicate that common and
most frequently used method for ODF manufacture is solvent casting
which was employed in 123 (out of 112) studies evaluated, followed by
2D printing in ten studies, 3D printing in a total of twelve studies,
electrospinning in eight, and hot-melt extrusion in two studies (Fig. 3).

3.1.1.1. Solvent casting. Solvent casting (SC) represents widely used
method for thin polymer films preparation, using range of polymers with
different physicochemical properties. The obtained films may include
selected drug substance, or can be prepared as drug-free films to be used
as substrates for 2D printing. Although different variations of solvent
casting methods can be used, they are based on the same principle

= Solvent casting - SC

= Hot-melt extrusion - HME
Electrospinning - ES
2D printing - 2DP

= 3D printing - 3DP

Fig. 3. The frequency of use of different ODF manufacturing methods.

considering: (i) preparation of dispersion containing film-forming agent
and other ingredients in the selected liquid vehicle; (ii) casting and (iii)
film drying, followed by (iv) cutting into desired shapes, where appli-
cable. This method allows relatively simple casting of both single- and
multilayered films [16]. In addition, casting dispersion could be loaded
with microparticles or nanoparticles in order to incorporate uniformly
higher doses of insoluble active ingredients [30,31]. One of the pa-
rameters that have to be taken into account during film casting is way of
drying, as well as drying temperature. Despite the fact that slower drying
at lower temperature leads to better mechanical properties, drying time
has to be properly optimized in order to comply with the requirements of
both large-scale industrial production and on-demand film preparation
in pharmacy [32]. Freeze-drying was investigated as alternative method
for casted dispersion drying with the aim to increase drug stability [33]
or improve drug dissolution rate [34]. It was reported that freeze-dried
samples exhibited higher porosity and consequently faster disintegra-
tion, with impaired mechanical properties, while the effect on drug
substance stability and dissolution rate was not so obvious [33,34].
Viscosity of casting dispersions is also shown to be noteworthy factor
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that can affect final dosage form performance [22,35]. Centkowska et al.
[35] pointed out that highly viscous dispersions are disadvantageous
due to problems with deaeration and uneven distribution of dispersion
on the casting plate. Opposite, Visser et al. [36] encountered problem
with lower viscosity values that led to formation of non-peelable films,
evidencing the need for viscosity optimization. In the suspension-type
systems containing insoluble drug, viscosity optimization is necessary
in order to slow down sedimentation and provide uniform drug distri-
bution [35]. Film-forming agent molecular weight has been identified as
good predictor of dispersion viscosity [37]. The increase in polymer
fraction leads to viscosity increase, irrespective of the type of polymer
used [38]. Based on the investigated dataset, casting dispersion viscosity
ranging from 0.7 to 25.8 Pas would be recommended for preparation of
homogeneous films [22,35,38].

3.1.1.2. Hot-melt extrusion. Hot-melt extrusion (HME) is recognized as
an emerging approach for ODF manufacture which, being a solvent-free
method, may offer certain advantages over solvent casting in the case of
drugs sensitive to water. This technology utilizes high temperature and
shear force which lead to drug substance and polymer melting and
blending, followed by extrusion and solidification of the molten mass.
Pregelatinized hydroxypropyl pea starch [14] and maltodextrin [39,40]
have, so far, been used as film-forming polymers in hot-melt extrusion.

3.1.1.3. Electrospinning. Electrospinning (ES) is a method used to pro-
duce ultrafine fibers by jetting electrostatically charged polymer solu-
tion through metal needle onto a collector surface. The solvent
evaporates rapidly resulting in formation of the non-woven fiber mats
onto collector. According to the literature data available, polyvinyl
alcohol [1,41-43] and povidone [44-47] were extensively investigated
as the base for preparation of electrospun fibers. The main advantage of
films prepared in this manner is highly porous structure and increase in
surface area leading to almost instant disintegration upon contact with
saliva and fast drug dissolution.

3.1.1.4. 2D and 3D printing. There is an increasing research interest for
the use of different printing technologies as novel ODF manufacturing
approach. 2D printing (2DP), also referred to as inkjet printing, is a non-
contact approach that enables deposition of small droplets of ink onto
suitable substrate. Although different substrates may be used, solvent-
casted thin films are most often employed [6,16,19,20,23,48,49]. In
this case, film mechanical properties are particularly important as it
should withstand additional wear and tear during printing. 3D printing
(3DP) is additive technology which enables manufacture of
three-dimensional physical objects by successive material deposition
and fusing based on a predesigned digital model. According to the
presented dataset, only extrusion-based 3D technology is utilized for
ODF printing, including fused deposition modeling (FDM) and semisolid
extrusion (SSE). Extrusion-based 3D technology is based on the con-
struction of layer-by-layer design either from the prefabricated filaments
or by direct extrusion of semi-solid mixture. FDM involves preparation
of drug and polymer mixture, with the addition of plasticizers, which is
extruded to form filaments that are used to produce thin films by tar-
geted deposition onto the building platform. In the case of personalized
ODFs fabrication, priority was given to the SSE approach, as it elimi-
nates the need for prefabrication since the starting material is semi-solid
and can be directly printed with the syringe-based tool-head nozzle [6,
13,50-54].

Comparative analysis on different manufacturing approaches is quite
limited, which makes it difficult to adequately assess benefits and
shortcomings of the proposed methods. Comprehensive assessment of
2D and 3D printed ODFs based on hydroxypropyl cellulose revealed,
despite samples similarity regarding thickness and size, notably lower
mechanical resistance and elongation followed by somewhat faster
disintegration and dissolution rate of 3D printed samples that could be
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attributed to slightly wavy surface, and thus increased surface area,
produced during 3D printing [6]. However, both methods provided high
drug content uniformity of the prepared units. Jamroz et al. [10] re-
ported remarkably faster drug dissolution from samples prepared by
FDM in comparison to solvent-casted samples due to stabilization of the
amorphous drug state and higher surface area. Abdelhakim et al. [1]
conducted comparative analysis of the sensory attributes and the
end-user acceptability of electrospun and solvent-casted samples con-
taining the same film-forming agent. The obtained results revealed equal
acceptability in all the examined criteria indicating suitability of elec-
trospun films application in practice. Electrospun films exhibited addi-
tional benefit regarding disintegration and drug dissolution when
compared with casted samples, due to pronounced porosity and
increased surface area [43]. Lyszczarz and co-workers [55] backed up
these finding as they showed that electrospun films showed highest
wettability, which is reflected in fast disintegration in comparison to
casted and 3D printed films from the same polymer. The main obstacle
in this study for electrospun films was inconsistency in mechanical
properties and drug recrystallization during dissolution studies, while
casted and 3D films showed prolonged disintegration which affects the
patient acceptability. Cilurzo and co-workers [39] investigated feasi-
bility of hot-melt extrusion approach for ODF preparation. The obtained
results revealed better performance of casted samples in terms of in vitro
and in vivo disintegration time and patient acceptability compared to
hot-melt-extruded films. Even placebo samples prepared via hot-melt
extrusion were considered as unacceptable due to unpleasant sensa-
tion caused by microcrystalline cellulose residues.

3.1.2. Composition

3.1.2.1. Film-forming agents. ODF formulations include usually one or a
mixture of appropriate film-forming agents in which drug substances
and other excipients, such as plasticizers, soluble and insoluble fillers,
superdisintegrants, surfactants and taste-masking agents are incorpo-
rated. A range of hydrophilic polymers have been used for ODF prepa-
ration, including: hydroxypropyl  methylcellulose = (HPMC);
hydroxyethyl cellulose (HEC); hydroxypropyl cellulose (HPC); methyl-
cellulose (MC); carboxymethylcellulose (CMC); maltodextrin (MDX);
pregelatinized hydroxypropyl pea starch (PHPS); granular hydrox-
ypropyl starch (GHPS); pullulan (PUL); polyvinyl alcohol (PVA); poly-
vinyl alcohol - polyethylene glycol graft copolymer (PVA-g-PEG);
polyvinyl alcohol — polyethylene glycol graft copolymer with polyvinyl
alcohol (PVA-g-PEG with PVA); povidone (PVP); polyethylene oxide
(PEO); pectin (PT); high methoxyl pectin (HMPT); gelatin (GEL); hyal-
uronic acid (HYA); sodium alginate (SA); chitosan (CS); polyacrylic acid
(PAA). Although usually only one film-forming agent is employed for
ODF preparation, sometimes additional polymers, such as carbomer
(CBM), wheat starch (WS), carboxymethylcellulose sodium salt (CMC-
Na), trehalose (THL) and dextran (DXT) are included in order to: (a)
provide better spreadability of prepared dispersion [32]; (b) improve
mechanical properties of the obtained samples [34,48]; (c) increase
stability of the incorporated drug substances [33] or (d) reduce film
stickiness [56]. In Fig. 4, an overview of the frequency of different
film-forming agent application in association with different
manufacturing methods used, based on the investigated dataset analysis
is presented.

The most often used polymers for ODF preparation, irrespective of
the manufacturing method employed, are cellulose derivatives, espe-
cially HPMC. Different HPMC grades that vary in the degree of substi-
tution, i.e. the number of methoxyl and hydroxypropyl groups attached
to the ring, exhibit remarkable differences in the molecular weight (MW
10-410 kDa) leading to the pronounced variation in disintegration and
mechanical properties. HPMC type E having lower hydroxypropoxyl/
methoxyl ratio [8] proved to be, according to the presented dataset, the
most often applied film-forming agent suitable for solvent casting, inkjet
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Fig. 4. The frequency of different film-forming agents use, and the associated manufacturing method.

or 3D printing [22,32,36]. PVA, water soluble synthetic polymer
differing in terms of hydrolysis degree, is second most often used poly-
mer employed for solvent casting, electrospinning and 3D printing.
Processability improvement and exemption of plasticizer was reported
for ODF containing pegylated PVA derivative, PVA-g-PEG [57]. Modi-
fied starches, such as MDX and PHPS are extensively investigated as
film-forming agents for solvent casting and hot-melt extrusion, while
MDX was additionally applied for ODF preparation by 3D printing.
Lower values of MDX dextrose equivalent lead to formation of stronger,
somewhat stiffer and less ductile ODFs designated as samples with better
mechanical characteristics [58,59]. MDX films prepared by hot-melt
extrusion disintegrated slower in comparison to the casted films, and
dissolution time was notably prolonged [39]. Polymers utilized for
electrospinning were PVP, which was used in 4 (out of 7) studies, and
PVA which was used in 3 (out of 7) studies. Although both polymers
enabled formation of films with very fast disintegration and dissolution
due to porous structure and high surface area, mechanical properties are
yet to be explored, due to limited data. Liew and coworkers (2014) re-
ported that PVP has to be combined with other polymers due to
disability to form flexible films. Despite the fact that majority of the
listed polymers might be applied for different manufacturing methods,
PEO was exclusively investigated only for 3D printing [60,61].

Selection of the film-forming agent and its content represent the
main formulation factors which should be carefully optimized to achieve
the balance between mechanical resistance necessary to withstand
manipulation, and desired fast disintegration. Although polymers with
lower molecular weight (from 10 kDa) are preferable for ODF prepa-
ration [8], film-forming agents with molecular weight up to 1300 kDa
were, also, successfully employed for ODF development [46,62]. How-
ever, higher molecular weight related to polymer entanglement due to
longer chains is possibly associated with higher viscosity and prolonged
ODF disintegration [63].

It should be noted that, besides hydrophilic polymers, certain hy-
drophobic polymers such as polyvinyl acetate, methacrylate-based

copolymer and shellac might be used for ODF preparation [64].

3.1.2.2. Plasticizers. Addition of plasticizer notably affects ODF me-
chanical properties. Liew et al. [65] postulated that higher flexibility
and shorter film disintegration time governed by facilitated polymer
movements might stem from plasticizer interpose between polymer
chains and the effect on intermolecular bonding. Commonly used plas-
ticizers include glycerol (GLY), polyethylene glycol (PEG) of various
grades (200-4000), propylene glycol (PG) and sorbitol (SOR), which
were used, respectively in 65, 23, 7 and 7 (out of 112) studies included
in the investigated dataset. Xylitol, p-a-Tocopherol polyethylene glycol
1000 succinate, triacetin, triethyl citrate and citric acid were also
employed in some cases, as well as amino acids such as glycine, proline
and lysine [21,66]. It was reported that addition of glycine and proline
resulted in reduced elastic modulus (about 50%) and tensile strength
(about three times) and, therefore, increased ductility of the ODFs based
on maltodextrin [66]. Although triethyl citrate was employed as plas-
ticizer in several studies, it cannot be considered as appropriate for ODF
formulation due to sensation of bitter taste [18]. Presence of poloxamers
and copovidone acting as plasticizers and stabilizers increase feasibility
of FDM 3D printing by optimization of printing conditions [60,61].

3.1.2.3. Fillers and disintegrants. Other excipients which may affect ODF
mechanical properties and/or disintegration include different soluble
and insoluble fillers (such as mannitol, lactose, starch, microcrystalline
cellulose — MCC, low-substituted hydroxypropyl cellulose — L-HPC,
polyvinyl acetate, calcium carbonate, calcium silicate and silica) and
disintegrants (sodium starch glycolate — SSG, crospovidone — CP, cro-
scarmellose sodium — CCS, sodium alginate — SA, carboxymethyl starch
sodium — CMSS). Considering the data presented, influence of dis-
integrant addition on film disintegration is not completely clarified.
Although in several papers (16/112) impact of disintegrants was
investigated, the lack of corresponding samples without disintegrants
prevent more in-depth understanding of the phenomena involved. In



E. Turkovi¢ et al.

addition, studies in which corresponding samples were available,
revealed absence of any effect, or even ODF disintegration prolongation
[67-69]. The opposite, Zhang et al. [31], reported that addition and
increase in SSG or CCS load in HPMC-containing films significantly
decreased disintegration time. However, although presence of SSG en-
hances disintegration of PVA or HMP based ODFs, further increase in
superdisintegrant load resulted in the prolonged disintegration time
[70]. Having in mind diversity in samples composition reflected pri-
marily in the film-forming agent selection (MDX, HPC, PVA-PEG, PVA or
HMP) it might be postulated that disintegration is affected by combined
effect of polymer characteristics and properties of the selected super-
disintegrant. Insoluble and soluble fillers were evaluated as disintegra-
tion enhancers in ODFs formulation in 23 out of 112 studies. Although
the results obtained are somewhat arguable due to complex formulation,
Takeuchi and co-workers [71] conducted comprehensive study to
investigate not only the type of different insoluble excipients, but also
the influence of their characteristics, including particle size and shape,
on ODF disintegration. They reported that increase in particle size and
load of insoluble excipients was accompanied with disintegration
improvement, possibly due to reorganization of the structure of polymer
molecular chains. This hypothesis was confirmed based on the observed
mechanical properties deterioration represented by significant decrease
in film tensile strength. When compared to particle size, the shape of the
particles had less effect on the film characteristics [71]. Despite the fact
that ODF disintegration enhancement was confirmed by Ref. [71]; in the
majority of other studies, the impact was not so obvious [39,71,72].
Citric acid was extensively [39,61,73] investigated (in 14 out of 112
papers) as saliva stimulating agent or pH modifier, alone or in combi-
nation with sodium citrate in order to accelerate disintegration, enhance
drug solubility and improve drug dissolution. Franceschini et al. [66]
evaluated the impact of nanosized polyvinyl acetate as insoluble filler on
mechanical reinforcement of maltodextrin films. The obtained results
revealed that presence of nanofiller in the range of 3-5% (w/w) notably
improved tensile strength and elastic modulus of the investigated sam-
ples, without any impact on film disintegration [66]. Hence, for
adequate ODF disintegration and mechanical properties optimization,
presence of additional excipients would have to be carefully assessed
case-by-case.

3.1.2.4. Thickening agents. Addition of thickening agents such as
hydroxyethyl cellulose, alginate, tragacanth, xanthan gum or arabic
gum was investigated in several studies [17,38,40,50,74,75]. The ob-
tained results revealed that addition of various grades of HEC contrib-
uted to uniformity of excipients distribution during 3D printing leading
to formation of flexible and easily removable films with smooth surface
[50]. Inclusion of different natural gums did not exhibit any additional
advantage regarding ODF manufacture and formulation optimization in
comparison to samples without gums [38]. Krull et al. [74] reported
that, despite the fact that increase in the xanthan gum concentration led
to higher dispersion viscosity, any improvement of drug distribution was
lacking while drug dissolution was, even, prolonged.

3.1.2.5. Surfactants. It was reported from a number of studies that in
the case of starch derivatives, such as pregelatinized hydroxypropyl
starch, maltodextrin or pullulan, addition of surfactants (lecithin, sor-
bitan oleate or polysorbate 80) is necessary in order to improve
spreadability of prepared dispersion onto the casting plate and facilitate
dried film removal [33,39,58,66,76-79]. Besides acting as
anti-adherents, surfactants, also, facilitate film wetting, disintegration
and drug dissolution, and contribute to casting dispersion uniformity
preventing drug nano- or microparticles aggregation.

3.1.2.6. Taste masking. In order to enhance ODF palatability and pa-
tient adherence, different approaches to taste masking have been
employed. In the majority of studies, taste masking was based on the
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addition of different sweeteners and aromas [14,34,58,65,76,80-83]. In
some cases, it was reported that increased content of certain
film-forming agents such as maltodextrin resulted in improved formu-
lation taste [81,84]. Other taste masking approaches, such as prepara-
tion of inclusion complexes with p-cyclodextrins [46,85,86],
development of microparticles containing polymer with pH dependent
solubility [87] or preparation of drug-ion exchange resin complexes
[88] have also been employed. It was shown that inclusion complexes
with p-cyclodextrins proved to be, also, suitable approach for drug sol-
ubility improvement, prevention of drug recrystallization, improved
stability and increased drug release rate [46,85,86]. Cilurzo et al. [39]
reported that propylene glycol adversely affected ODF palatability.
However, it should be noted that taste masking might not been an issue
in the case of certain low soluble drug substances due to, generally, low
drug load, and short residence time in the mouth. In order to improve
film appearance, different colorants, as well as opacifier titanium di-
oxide were used [17,21,69,89].

3.1.2.7. Drug load. Low drug load has been generally perceived as the
main limiting factor for wider ODF application. Therefore, at present,
ODF development is limited to highly potent drugs, while novel
formulation approaches are focused on drug load increase. In order to
perform comparative analysis of the amounts of drug substance incor-
porated, doses reported from different studies were transformed and
presented in the dataset as drug amount per unit film surface (mg/cm?).
Relevant values ranged from 0.01 mg/cm?, in the case of solvent-casted
films containing poorly soluble cholecalciferol and inkjet printed
caffeine, to 20.83 mg/cm? in the case of solvent-casted films with highly
soluble pyrazinamide, with 2.08 mg/cm? as the median value estimated
for the investigated dataset. In general, higher drug load was obtained
with highly soluble drugs [90-92] and in the case where more advanced
manufacturing approaches such as 3D printing [21] or consecutive
solvent casting were employed [36,93]. In the case of polymer films used
as substrates for inkjet drug printing, addition of mesoporous fumed
silica resulted in the increased film porosity which was associated with
the increased drug load [20]. Increased porosity and consequently drug
load has been achieved by manufacturing structured orodispersible film
templates. Their structured matrix is obtained by dispersing additional
polymer in the HPC polymer solution and formation of open-pore top
layer which enables higher ink sorption [92,94].

3.2. ODF characteristics

Analysis of the developed dataset revealed that investigated ODFs
differ significantly regarding size, thickness and weight. Size of the
prepared films ranged from 0.25 to 10.6 cm? in order to provide
adequate dosing of diverse model drugs employed. Although film
thickness, in the majority of the presented studies, ranged between 13
and 710 pm, values above 1000 pm were, also, observed. Thickness
higher than 450 pm was, in general, associated mainly with the presence
of drug-loaded microparticles governing modified drug release [60,73].

3.2.1. Mechanical properties

Mechanical properties are critical for the achievement of proper ODF
handling and stability [78]. It is stated that, during ODF manufacture
measures need to be taken to ensure suitable mechanical strength to
resist handling without being damaged (Ph. Eur, 2022). However rele-
vant specifications have not been established. In addition, standardized
methodologies for ODF mechanical properties assessment are still under
development. The most often employed approach includes tensile
testing based on the standardized test for determination of tensile
properties for films and sheets (DIN EN ISO 527-3) [22,32,67,95].
Hence, in the majority of published papers mechanical properties of thin
polymeric films are assessed based on tensile strength, elongation at
break and Young’s modulus values calculated from stress-strain curves
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derived after sample stretching until break. Considering that ODFs are
expected to be flexible, stable and easy to handle [2], targeted me-
chanical properties might include high tensile strength and elongation at
break and low Young’s modulus [96]. It should be noted that evident
differences with regards to sample dimensions (width to thickness ratio)
and speed used for longitudinal sample movement/stretching have been
recorded within the investigated dataset. Based on the published data, it
is also worth noting that films containing PVA have been associated with
both the highest and the lowest tensile strength values within the
investigated dataset (120 MPa versus 0.001 MPa). The highest tensile
strength was observed for the thin sample (around 40 pm) containing
high MW PVA type (160 kD), while the lowest value was determined for
very thick ODFs (around 700 pm) based on PVA with low MW (9-10
kD), indicating that polymer grades, as well as sample thickness may
greatly influence ODF mechanical properties [42,97]. Investigation of
the developed dataset revealed that, regardless of the employed
film-forming agent, increased polymer load in ODF formulation results
with increased sample resistance to fracture [10]; Kevadiya et al., n.
d.2018; [98-100]. However, samples containing starch derivatives
(such as MDX and PHPS) exhibited low tensile strength irrespective of
the amount of polymer [39,59,78,101]. Although the investigated
samples exhibited notable differences with respect to the resistance to
fracture, their handling was not compromised, indicating that tensile
strength might not be considered as ODF CQA. Fig. 5 represents the
range of TS values observed with respect to the manufacturing method
and polymer used (relevant data were extracted from the database based
on the availability of tensile strength values reported; 2D printed films
were excluded, as they are essentially solvent casted to be further used
for active ingredient deposition). Relatively wide range of TS values
observed for solvent casted HPMC films should be interpreted taking
into account the number of studies dealing with this polymer/-
manufacturing method combination, and the fact that different addi-
tional excipients are usually included in the formulation. On the other
side, range of TS values reported for 3D printed films was narrow and
more consistent irrespective of the polymer type (MDX, PVA or PEO). It
appears that 3D films had low mechanical strength, but small number of
included studies must be taken into consideration. The impact of
manufacturing method was most prominent in the case of PVA based
films, where highly uniform TS values in the range of 5.8-28 MPa have
been observed in the case of solvent casted films, and 6-9 MPa for 3D
printed films, while PVA films obtained by electrospinning exhibited
great variability with regards to TS values observed (6.1-120 MPa).
Puncture resistance is another parameter used for ODF mechanical
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properties characterization [72,73,96,102]. Puncture resistance test is
performed by fixing ODF sample within a holder followed by moving
probe downward with the predefined speed until film rupture. In order
to accurately calculate relevant parameters, information on cross
sectional area of the probe pushing the samples is needed. However, it
was noticed that different research groups have used various probe sizes,
shapes and movement speed. The use of a cylindrical probe with
flat-faced surface might be advantageous in comparison to spherical
probe, as the area directly affected by the strain can be easily defined
and used for parameters calculations [103]. Puncture strength, Young’s
modulus and deformation at break (elongation-to-puncture) are the
most commonly discussed parameters when puncture resistance test is
performed. Results obtained by the puncture resistance test were
generally lower in comparison to those determined by tensile test, due to
different ways of sample deformation [68].

Folding endurance (FE) is another parameter affected both by tensile
strength and elongation at break that can be used for additional
ductility/brittleness and flexibility evaluation [45,99]. Authors usually
express FE as a number of times a film can be folded in the same place
until it breaks or visible cracks appear. Different approaches can be seen,
as films are folded manually [81] or by automatic measurement system
[82,99]. Takeuchi and co-workers developed in-house apparatus for FE
determination, reported remarkably high values for ODF FE (above
4400), while in the case of manual evaluation those values usually did
not exceed 300. Results of ODF folding by hand are highly dependent on
the way it is performed by different individuals which might be the
reason for observed variability in the presented dataset where folding
endurance ranged from 1 to 1200 times [99].

Moisture content can significantly affect ODF mechanical properties
and is recognized as critical factor for ODF shelf life and storage con-
ditions determination [78], although certain level of residual moisture is
necessary to maintain proper ductility upon storage [84]. Based on the
investigated dataset (34/112 papers), moisture content generally did
not exceed 15%, however, Takeuchi et al. [99] reported moisture con-
tent higher than 30% for HPMC-based ODF with high glycerol load.
Increased residual moisture content might lead to pronounced film
stickiness which negatively affects product handling [67]. It was
observed that ODFs made with higher molecular weight film-forming
agents generally exhibited lower moisture content [37,67]. Samples
plasticized with hydrophilic compounds like glycerol, are prone to
higher water absorption. Borges et al. [28] reported that addition of
glycerol may cause increased moisture adsorption. It may be noted from
the developed dataset that films containing glycerol had higher moisture

Fig. 5. Visual representation of the experimentally
obtained range of tensile strength (TS) values for
ODFs prepared using various polymers and different
manufacturing methodsYoung’s modulus reflects film
rigidity i.e., film resistance to permanent deformation,
accordingly, high values are related to extreme sam-
ple stiffness/rigidity. Within the investigated dataset,
high Young’s modulus values, up to 5500 MPa, were
observed for PVA-containing samples [105], while the
lowest values were reported for MDX-based films [39,
59]. Elongation at break, indicator of film ductility,
ranged from 0.36, up to 1000%. For the majority of
investigated ODFs, elongation at break did not exceed
100% [35]. reported that too high elongation at break
values (260-340%) determined for ODFs containing
combination of PVA and PVP disable proper film
packaging or cutting into single-dose units due to
extensive flexibility. Nevertheless, it was shown in
another study that, although samples containing only
PVA exhibited elongation at break between 313 and
745%, their mechanical properties were considered as

D Ts max (s)
|:| Ts min (s)

acceptable [86]. In addition, handling difficulties were not reported in the case of MDX-based films having elongation at break values up to 1000%, although due to

low tensile strength, high risk of breaking might be expected [21,39,58].
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content (0.6-36%) compared to films containing sorbitol (0.6-3.5%) or
PEG 400 (2.2-6.6%). Although it might be expected that residual
moisture content depends on the manufacturing method employed,
including drying conditions, review of the investigated dataset did not
show any evident influence of the manufacturing method employed. It is
noted that electrospun films had significantly lower values for moisture
content, compared to 3D and casted films with similar formulation and
might be resulting from the increased surface area [55].

3.2.2. ODF disintegration and drug dissolution

Disintegration is considered as the key ODF quality attribute.
Although there is a number of commercially available pharmaceutical
products and dietary supplements in the form of ODF, compendial
methods for their characterization and relevant requirements are not
fully defined. Careful review of the ODF dataset revealed various ap-
proaches for disintegration testing regarding: (i) test medium volume
ranging from 0.1 to 900 ml; (ii) medium type (mainly purified water,
phosphate buffer or various simulated salivary fluids); (iii) temperature
(25 or 37 °QC); (iv) agitation (none or continuous or occasional shaking
(60-300 rpm), immersion (28-30 dpm) or 90° inversions); and (v)
mechanical force implementation (by attaching the 0.72-5 g weight). In
the majority of tests, disintegration end-point is not well defined which
poses additional obstacle as ODFs containing different film-forming
agent exhibit different behavior upon contact with medium [96]. Hav-
ing in mind above mentioned differences between the proposed
methods, all disintegration approaches might be classified in one of the
following categories: (i) compendial method for solid dosage forms
disintegration testing; (ii) adapted compendial method aiming stan-
dardization of film position with or without simulation of tongue force;
(iii) drop or slide frame method with limited media volume, with or
without mechanical force; (iv) film disintegration in suitable container,
with or without mechanical agitation and (v) others. The frequency of
use of different disintegration methods based on the proposed classifi-
cation is presented in Fig. 6.

In order to standardize disintegration end-point assessment and
facilitate ODF characterization, different modifications of the official
approach have been introduced, including: (i) utilization of the arm for
ODF positioning that operates under the same conditions as the official
apparatus [22]; or (ii) addition of suitable holders enabling more precise
assessment of disintegration end-point [96,104]. In addition, Preis et al.
[96] evaluated the impact of tongue force by attaching the weight on the
bottom side of the film, during testing. The total weight of 3 g was
chosen based on the reported findings that minimal force detected
during tongue licking over the probe is 0.03 N [96]. Disintegration
end-point is indicated by dropping down of the clipped weights. Garsuch
and Breitkreutz [95] proposed a simple ODF disintegration/dissolution
test with one drop of medium (Slide frame method/Drop method). Film
is framed and positioned on Petri dish and one drop of medium is added.
The time taken for the drop to dissolve the film and form the hole within
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it is defined as disintegration end-point. End-point was assessed also as
the time needed for drop to fall on the bottom of the disintegration as-
sembly [63]. Steiner and coworkers (2019b) adjusted slide frame tester
by adding the ball of defined weight (4 g) in order to better mimic
conditions in oral cavity and facilitate disintegration end-point obser-
vation (Slide frame and ball method). The most diverse category of
disintegration approaches includes assessment of ODF disintegration
time in different types of containers (Petri dish, beaker, vessel, glass vial)
after medium addition, with or without agitation. Additional obstacle
that prevents direct data comparison represents lack or clear disinte-
gration end-point. In different methods, end-points are defined in
different manners: the moment film starts to break, film disintegrates
into small parts or completely dissolves. Comprehensive literature
overview revealed that disintegration methods utilized in several papers
couldn’t be categorized in any of the proposed categories, and were
assigned as “other”. Interested readers may find additional information
in Refs. [96,97,105]. Although, adapted compendial methods, as well as
different modifications of drop method provide clear end-point deter-
mination, Petri dish method and similar, poorly standardized proced-
ures are more widely used for ODF characterization. Review of the
published data (ODF dataset) revealed great divergence in the obtained
disintegration times, regardless of the method applied, ranging from 1 to
4900 s. It is interesting to note that both values were determined in ODFs
having the similar composition (HPMC, glycerol and MCC) differing
only in the casting height and MCC content. However, remarkable dif-
ference might be attributed to different disintegration approaches
employed [72]. Considering high variability of factors affecting film
disintegration, such as type and concentration of the film-forming agent,
addition of superdisintegrants, plasticizers or different fillers, and di-
versity in film size and thickness, direct comparison of the obtained data
is hard to accomplish. Nevertheless, based on the papers reporting
concomitant use of different disintegration testing approaches, several
assumptions can be made: (i) longer disintegration times are observed in
methods with poor hydrodynamic mixing and smaller medium volume
(e.g. Slide frame vs Petri dish method) [49,69,86,106]; (ii) remarkably
longer disintegration time was observed when end-point is defined as
complete film dissolution [72,95]; (iii) adapted compendial methods
with weights provide shorter disintegration time in comparison to
compendial method due to clear end-point and mechanical force impact
[72,104] and (iv) in case of methods simulating tongue force rapid
disintegration is observed when higher medium volume was employed
[107]. According to the presented dataset, it is clearly evident that ODFs
manufactured by electrospinning possess highly porous structure that
disintegrates within few seconds, despite pronounced film thickness
(>300 pm) [45,47].

Despite the fact that various approaches are developed in order to
mimic conditions in the oral cavity, lack of correlation between in vitro
disintegration time and in vivo ODF behavior is clearly evident. There
are several papers reporting on the comparative in vivo and in vitro

B Compendial method

= Adapted compendial method (with clamp/frame)
Adapted compendial method (with clamp/frame and weight)
Drop method / Slide frame method (without weight)

® Drop method / Slide frame method (with weight)

= Petri dish / Beaker / Glass vial method (with agitation)

u Petri dish / Beaker / Glass vial method (without agitation)
Other

Fig. 6. The frequency of use of different ODF disintegration methods.
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disintegration assessment [14,34,39,46,63,65,82,85,91,104]. Saab et al.
[104] investigated applicability of four in vitro disintegration methods
including: (i) compendial method; (ii) compendial method with frame
(iii) cell method (comparable to slide frame and ball method) and (iv)
adapted compendial disintegration test with sample holder and weight,
for in vivo disintegration time prediction. Strong positive correlation
between the in vitro and in vivo determined results was established (r >
0.97), irrespective of the method applied. Disintegration times deter-
mined by compendial method were quite longer in comparison to those
determined by methods with weight, but the obtained data were com-
parable to the in vivo observed disintegration times. Similar findings
were also reported by Refs. [34,65,82]. Establishment of quantitative
correlation between in vitro and in vivo disintegration time is of the
utmost importance in order to confirm applicability of the proposed
methods. Based on the investigated dataset, ratio between the in vivo and
in vitro disintegration times (Rpt in vivo/in vitro) reported from different
studies using various disintegration methods were calculated. Data ob-
tained are presented in Fig. 7 where each bar represents average value of
the Rpr in vivoyin vitro calculated for formulations investigated within one
study.

Data reported from 7 studies were taken into consideration. The
employed disintegration testing included compendial method for solid
dosage forms disintegration time assessment [34,65,82,104] adapted
compendial method with sample holder and weight; slide frame and ball
method [104] and different Petri dish methods [14,46,82,85]. The
number of panelists involved in the individual studies ranged from 6 to
16 [65,82], while the number of formulations tested ranged from one
[14,46,85] to 14 [82]. In the majority of studies HPMC was used as
film-forming agent [34,65,82,85,104]. Interestingly, values of the ratio
between the in vivo and in vitro disintegration time were close to unity for
the in vitro data obtained using compendial disintegration apparatus
[34,65,82]. The highest ratio value (4.56) was obtained for the adapted
compendial disintegration test with sample holder and weight [104],
while results obtained using the Petri dish model were variable, with the
relevant ratio between the in vivo and in vitro data ranging from 1.04 in
the case of solvent-casted ODF containing HPMC [85] to 2.96 for elec-
trospun fibers prepared with PVP [46].

High variability of disintegration times (DT) observed might be
attributed to different testing conditions employed. However, contri-
bution of the impact of film-forming polymer and manufacturing
method should also be considered. In Fig. 8 relevant data were extracted
from the database based on the availability of DT values for the same
polymers as presented in Fig. 5, also, 2D printed films were excluded, as
they are essentially solvent casted to be further used for active ingre-
dient deposition. It can be seen that HPMC-based ODFs prepared by
solvent casting exhibit wide range of DT values. As discussed for TS
values, this observation may be attributed to the number of studies
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dealing with HPMC as film-forming agent, and the fact that addition of
other excipients impact film disintegration. MDX-based films exhibited
rather fast and uniform disintegration irrespective of the manufacturing
method employed (SC, HME or 3DP).

Orodispersible films are usually designed with the goal to achieve
immediate drug release after administration, followed by rapid thera-
peutic effect onset. However, in order to reduce the frequency of dosing,
there were attempts to develop modified release products. Based on the
investigated dataset, modified drug release from ODFs was accom-
plished by preparation of: (i) drug-ion exchange resins [88]; (ii) lipid or
polymer dispersion coated microparticles [59,108]; (iii) matrix particles
[731; or by utilization of successive casting (layered structure) [109] or
hot-melt extrusion [39]. Musazzi et al. [59] used maltodextrin ODF as a
platform for innovative delivery system combining free drug and solid
lipid microparticles providing sustained drug release, for at least 5 h.

Although dissolution testing may provide valuable information
about the influence of different formulation factors and process pa-
rameters on pharmaceutical product performance, relevant methodol-
ogy and specifications for ODF characterization are not established. As
stated above, different approaches to evaluate drug release from ODFs
were reported from 71 (out of 112) studies. Compendial dissolution
apparatuses, i.e., the rotating basket, rotating paddle and flow-through
cell apparatus employing various testing conditions were employed in
64 studies, while various non-compendial methods aimed to more
closely simulate conditions in the oral cavity, were employed in 13
studies. One of the advantages of the rotating basket apparatus is sample
positioning within the basket, however, adhesion to the basket mesh and
clogging may occur affecting negatively drug release [110]. In order to
provide standardized film positioning, various types of holders [61,67,
88,108] or film adhesion onto suitable carriers [5,42,55,88,111,112]
have been proposed. Different non-compendial dissolution assemblies
included the use of glass cylinder, vials, beakers or Petri dish positioned
on a laboratory shaker using different agitation intensity (10-150 rpm)
with the media volume ranging between 5 and 300 ml. Krampe et al.
[93] proposed new dissolution assembly simulating biorelevant condi-
tions in the oral cavity. The proposed setup, designated as the Punch &
Filter Method is based on the paddle apparatus with the addition of a
device which consist of a sample holder — frame with the filter, and the
14 g punch which imitates tongue force. In order to optimize the testing
conditions Krampe et al. [93] investigated drug dissolution in the
compendial rotating paddle apparatus and novel Punch and Filter
method in which prolonged drug dissolution was observed. Regardless
of the dissolution method applied, dissolution time for 80% drug
released (Qggy,) varied between few seconds [58] to 40 min [77] for
immediate release ODF preparations. It is interesting to note that both
lowest and highest Qggo, values were determined for formulations con-
taining maltodextrin as the film-forming agent. The difference observed

c e f ¢ g

(=)

Compendial method Adapated compendial
method with sample
holder and weight

Slide frame and ball
method

Petri dish method

Fig. 7. Review of in vivo/in vitro disintegration times ratio obtained for different disintegration methods (letter in brackets refers to relevant study: a — Liew et al. [65]; b
— Liew et al. [34]; c - Saab et al. [104]; d — Liew et al. [82]; e — Pimparade et al. [14]; f — Khan et al. [85] and g - Samprasit et al. [46].
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Fig. 8. Visual representation of experimentally obtained ranges of disintegration time values for ODFs prepared using various polymers and different

manufacturing methods.

might be attributed to drug substance solubility, since highly soluble
nicotine and poorly soluble quercetin have been used as model drugs in
the fast and slow dissolving ODF formulations, respectively [58,77].
Such findings are in line with the findings reported by other authors [45,
67,71]. However, in the case of highly soluble drug substances, drug
particle coating or incapsulation is often used as taste masking approach
which may negatively affect drug release [87,88]. Solid dispersions
preparation [55,60,61] or drug nanonization (Kevadiya et al., n.d.2018
[37,62,74,91,98,113,114]; have been investigated as ways to enhance
poorly soluble drug dissolution. However, based on the analysis of the
investigated dataset, drug release from ODFs is affected mainly by the
type and content of the film-forming agent [37,38,55,62,69,81,84,
115-119]. Polymer content, molecular weight and swelling properties
can be identified as critical factors affecting drug release from ODF.
Despite the influence of formulation constituents, it was also noted from
the investigated dataset that ODF samples prepared by 3D printing [6,
13,47,54] generally exhibited faster drug dissolution than samples
prepared by solvent casting, probably due to higher porosity and surface
area.

3.3. Sensory ODF attributes

Considering that ODFs reside in the oral cavity until complete
disintegration, and paediatric and elderly patients as target populations,
ODF palatability has been recognized as important factor that can
markedly affect patient adherence (EMA, 2013, 2017). Sensory attri-
butes designated as palatability include pharmaceutical product
appearance, smell, taste, mouthfeel and aftertaste [120]. It is of the
utmost importance to identify formulation properties affecting the
end-user acceptability, as well as, to develop in vitro methods for
quantitative estimation of palatability attributes and prediction of ODF
sensation [63]. There are several in vitro methodological approaches for
solid dosage forms taste assessment, including utilization of
taste-sensing system (electronic tongue), or evaluation of in situ drug
dissolution by UV spectroscopy [121]. Based on the investigated dataset,
it appears that in the majority of publications efficiency of the applied
taste masking approach was evaluated in vivo through the human taste
panel or animal taste preference tests [14,34,46,65,81,82,85,87,122].
Feasibility of electronic tongue application was, also, assessed and the
obtained results indicate great ability of this device to differentiate be-
tween drug-free samples, formulations without the applied
taste-masking approach and taste-masked samples [58,76,86,88].
However, for proper taste evaluation, it is inevitable to prepare large
volume solutions which do not correspond well with the in vivo
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conditions after ODF administration and brings into question the reli-
ability of the approach proposed.

In vitro assessment of mouthfeel, as physical sensation that is created
in the mouth by drug product, is hard to accomplish. Above all, overall
perception which is subject to change over time, arises from complex
interactions between conditions in the oral cavity (especially presence of
saliva), and administered drug products [123]. Considerable effort is
focused on determination and selection of parameters which are indic-
ative on the in vivo sensation and would decrease variability due to
personal preferences [123]. Overview of the presented dataset revealed
that key mouthfeel attributes associated with ODF administration
include: intraoral disintegration time, roughness/grittiness, stick-
iness/adhesiveness, swallowability/comfort/ease of administration, and
astringency [1,36,39,46,58,63,65,84,97,122]. Astringency, as it is more
related to API properties, was successfully evaluated using the electronic
tongue equipment, so it might be assigned more to taste, then to
mouthfeel assessment [58]. Detailed overview of different mouthfeel
attributes of importance for ODF development, as well as the applied in
vivo and in vitro approaches for their evaluation are summarized in
Table 1.

There are several studies reporting on the investigation of sensory
perception and convenience of ODF disintegration in vivo [1,39,63,117].
However, only [1,63] related in vivo determined disintegration time
with the subjective experience of drug administration. The obtained
results revealed that ODF in vivo disintegration time between 1 and 3
min was perceived as somewhat uncomfortable, while fast disintegra-
tion (time less than 1 min) was evaluated as comfortable to extremely
comfortable, irrespective of other film properties [63]. In support [1],
reported that majority of panellist, also, perceived ODF disintegration
time lower than 1 min as somewhat comfortable. Interestingly, in the
study performed by Ref. [63]; only molecular weight of PVA or CMC
used as film forming agents was found to influence both in vivo disin-
tegration time and perception of ODF disintegration, and not the poly-
mer type. Having in mind that limited product acceptability might be
associated with poor patient adherence, acceptable specification for
ODF disintegration time should be considered carefully. According to
the available in vivo data, targeted disintegration time to fulfil patient
expectation should be set to less than 1 min.

There are only three reports on the in vivo assessment of comfort after
ODF administration related to overall convenience of administration
and suitability of pharmaceutical form to be taken without water [39,65,
84]. In addition, despite the fact that reported in vivo disintegration time
was around 60 s, overall convenience of pregelatinized hydroxypropyl
pea starch based ODFs administration was rated as high [84]. It was
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Table 1
Overview of ODF mouthfeel attributes and in vivo and/or in vitro methods for their evaluation.
ODF mouthfeel In vivo assessment (No of human panellists) In vitro evaluation IVIV relationship reported Ref.
attribute
Disintegration time Five point hedonic scale (from extremely Drop method (framed sample, 0.2 ml deionised The drop method provided results that ~ [63]
uncomfortable to extremely comfortable) + in water (37 °C); end point — fall of the drop to the better agreed with the in vivo
vivo disintegration time recording (n = 24) apparatus base located 1 cm away of the sample) determined disintegration time
Petri dish method (2 ml deionised water (37 °C)
under gentle shaking; end point — start of breaking
Five point hedonic scale (from extremely n/a n/a [1]
uncomfortable to extremely comfortable + in
vivo disintegration time recording (n = 50)
Roughness/grittiness Four point scale (from very satisfied tonotatall  n/a n/a [39,
satisfied) (n = 6) 84]
Roughness versus smoothness (n = 6) n/a n/a [46]
Five scores (from gritty and irritating to very n/a n/a [65]
smooth) (n = 16)
n/a Light interferometric microscopy for surface Comparing Sa results with a roughness [55]
roughness quantification (Sa value) detection threshold of a tongue — 200
nm
Preliminary investigation with only few Atomic force microscopy for ODF topography Maximum roughness of 5 pg might be [35]
panellists (n = 3) evaluation considered as low
Stickiness/ Five point hedonic scale (from extremely n/a n/a [1]
adhesiveness uncomfortable to extremely comfortable)
(subjective assessment of ODF stickiness intensity
and stickiness perception) (n = 50)
Five point hedonic scale (from extremely Adhesive force measurements by texture analysis Results of DMA were in agreement [63]
uncomfortable to extremely comfortable) (n = (sample was wetted with 0.2 ml of warm water with the perceived stickiness evaluated
24) (37 °C); a force of 2.308 N was applied to the in vivo (values lower than 0.01 N/mm?
sample and maintained for 12 s, before the probe are acceptable)
was withdrawn at 0.4 mm/s
Adhesive force measurements by dynamic
mechanical analysis - DMA (sample was wetted
with 0.45 ml of warm water (37 °C); clamps were
broth together and the force of 2.649 N was
applied to the sample before the clamps was
withdrawn at predefined rate) + area under the
curve of the adhesive force versus time plot
Three-point scale (good, moderate and bad) (n n/a n/a [36]
=5)
n/a Bioadhesive strength measurements (chicken skin n/a [125]
humidified with 0.1 ml phosphate buffer pH 6.75,
0.5 mm/s to contact to chicken skin for 10 s (force
1 N) and the ascent rate was fixed at 1 mm/s)
Swallowability/ Five point hedonic scale (from extremely n/a n/a [63]
comfort/ease of uncomfortable to extremely comfortable)
administration (perception of ODF size and thickness in the
mouth) (n = 24)
Five point hedonic scale (from extremely n/a n/a [1]
uncomfortable to extremely comfortable)
(perception of ODF size and thickness in the
mouth and saliva thickening effect) (n = 50)
Four point scale (from very satisfied tonotatall  n/a n/a [39]1
satisfied)
(perception of convenience of administration,
quickly of disintegration and suitability of
pharmaceutical form for taking without water) (n
=6)
Four point scale (from very satisfied to not at all n/a n/a [84]
satisfied)
(perception of convenience of administration and
suitability of pharmaceutical form for taking
without water) (n = 6)
Five scores (from very poor to very good) n/a n/a [34,
(perception of acceptance) (n = 16, n = 12) 65]

reported, based on the in vivo assessment, that ODF size up to 6 cm? and
thickness up to 350 pm was perceived as comfortable [1,63,65].
Considering relatively large ODF surface area (up to 10.6 cm?) which
comes into contact with tongue and upper palate, roughness, defined as
degree of drug product surface irregularity [123] may impair end-user
acceptance. Although in several in vivo studies panellist assessed
formulation roughness, through overall subjective feeling of palat-
ability, correlation between relevant physical features of polymer films
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and roughness sensation was not established [39,46,65,84]. [46]
examined palatability of electrospun nanofiber mats and reported that
smooth film surface (confirmed by scanning electron microscopy) pro-
vided lack of roughness sensation in vivo. Having in mind that ODF may
incorporate poorly soluble drugs, sensation of roughness might be also
associated with the presence of insoluble drug particles. The results
obtained by Ref. [55] utilizing light interferometric microscopy, indi-
cate that preparation of solid dispersions contributes not only to faster
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drug dissolution, but also to lower roughness. An interesting approach
for roughness estimation was proposed by Takeuchi and co-workers
[99] who determined film roughness based on the difference between
the measured and ODF thickness calculated based on the results of true
density analysis. Atomic force microscopy was, also, successfully
applied in order to assess roughness of ODF samples [35]. The same
group conducted preliminary in vivo study with three participants to
establish correlation between sample roughness and panellist sensation.
The obtained results indicate that maximum determined roughness of 5
pm (although the investigated formulation contained approximately
40% of incorporated microparticles) was not perceived as rough [35].
Liew et al. [65]investigated in vivo disintegration time and palatability
of donepezil ODFs prepared using different taste masking approaches.
Interestingly, it was found that addition of sucralose as a sweetener
contributed to mouth sensation of, otherwise, almost identical ODF
samples.

ODF stickiness might be considered from three points of view: (i)
potential influence on the manufacturing process [2,103,124]; (ii)
ability to be properly handled [58,63] and (iii) the effect on the
mouthfeel sensation [1,36,63]. The perceived product stickiness in
combination with slow disintegration may impact adherence in patients
suffering from dry mouth syndrome [1,63]. Opposite, higher stickiness
might be favourable in order to accomplish therapeutic goals in
non-cooperative patients [36,125]. Abdelhakim and associates (2020)
investigated stickiness perception (related comfort/discomfort), as well
as the intensity of stickiness. The absence of any correlation between
these results was reported, indicating the presence of strong subjective
and multifactorial influence on stickiness perception [63]. presented
comparable trend between the in vitro measured parameter, such as
adhesive force, and in vivo perceived stickiness, following ODF admin-
istration. Adhesive force was measured utilizing two different ap-
proaches: texture analysis and dynamic mechanical analysis with the
instrumental parameters set up to mimic biorelevant conditions and
enable methods comparison. It was shown that dynamic mechanical
analysis provided better discrimination of the investigated samples.
According to the presented data, adhesive force lower than 0.01 MPa
and fast disintegration deemed to be optimal in order to avoid stickiness
sensation in vivo. The same group reported that stickiness perception
was mainly affected by the type of film-forming agent and its molecular
weight [63]. It is interesting to note that among various investigated
ODF sensory attributes, statistically significant difference between
participant reported outcomes in terms of stickiness, disintegration time
and thickness was observed indicating that those attributes determine to
a large extent ODF acceptability in healthy, young adults, which merits
further consideration in pharmaceutical development [63].

ODF sensory attributes include also the overall film appearance and
handling properties which are associated with the ease of administration
and patient acceptability. These parameters have been estimated based
on visual inspection, ease of handling [65,78,83], size and thickness
acceptability [63] and stickiness [21,78]. Overview of the approaches
employed for ODF ease of handling evaluation is depicted in Table 2.

[78] reported that handling difficulties may be associated with: (i)
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brittle films, which exhibit low elongation at break, high Young’s
modulus and pronounced tensile strength and (ii) sticky films, which
exhibit low Young’s modulus, low film strength and high elongation at
break. Moreover, samples with lower elongation at break values
exhibited brittleness and tendency to break easily [78]. Hence, to
facilitate handling, it is expected for films to be flexible, with suitable
tensile strength and without observed adhesion to packaging material or
patient fingers. It was reported that, besides the type of film-forming
agent, increase in the plasticizer content resulted in the increased film
stickiness [21]. In order to standardize assessment of film stickiness,
method based on the measurement of the film detachment force
following application of the constant force for the specified period of
time was applied [39,58,97].

3.4. PK data

ODFs are primarily designed to rapidly disintegrate in the oral cavity
and be easily swallowed in order to provide drug release and absorption
from the gastrointestinal tract. It is, however, arguable if drug absorp-
tion may also occur via oral mucosa, as certain amount of drug may
dissolve even during the short ODF residence in oral cavity. In order to
predict in vivo drug absorption and facilitate formulation development,
physiologically based pharmacokinetic (PBPK) modeling and simulation
might be utilized. The Oral Cavity Compartmental Absorption and
Transit (OCCAT) model, combined with the Advanced Compartmental
Absorption and Transit (ACAT) model (GastroPlus™ software, Simula-
tions Plus Inc.) has been developed as a tool to simulate pharmacoki-
netic profiles and the fraction and rate of intraoral drug transit/
absorption Up to date, OCCAT™ model was used mostly for assessing
the bioperformance of buccal and sublingual intraoral dosage forms i.e.,
sublingual tablets [126,127], buccal tablets [128], buccal films [129,
1301, and only two studies investigated the absorption routes of drugs
incorporated in ODFs [67,89]. The main outcomes indicated that the
rate and extent of drug absorption via oral mucosa depend mostly on the
drug physicochemical properties, including its molecular weight, solu-
bility, ionization constant and partition coefficient, as well as the
product residence time in the oral cavity, while saliva flow rate did not
affect drug absorption. The results obtained indicate that, due to short
residence time in the mouth, majority of drug absorption occurs in the
gastrointestinal tract and that amount of drug absorbed via oral mucosa
may be considered as negligible [67,89]. In order to evaluate the
applicability of the PBPK model developed [89], conducted in vivo study
in Beagle dogs, which confirmed good agreement between the in vivo
and in silico data. This publication is also a confirmation that rather good
in silico predictions of drug (intraoral) absorption can be made not only
in humans, but also in animals. However, more in vivo-in silico studies
are needed to evaluate the possible drug absorption via oral mucosa
after ODF administration.There are few more reports on the ODF
bioavailability studies conducted in vivo in humans [131] and animals
(rats, rabbits or dogs) [41,84,89,117,132]; Kevadiya et al., n.d.2018;
[69,75]. As the reference formulations in these studies, marketed tablet
formulations are usually employed and the results obtained indicate

Table 2
Overview of approaches employed for ODF handling assessment.
ODF handling Assessment approach Ref.
Stickiness In vitro (texture method usually used for the measurement of the tack of pressure sensitive adhesives; constant force of 0.05 N was applied onto the [39,
sample for 5 s after which, the probe was removed at the constant velocity of 5 mm/s) 58]
In vitro (texture method; force of 500 g was applied onto film followed by probe removal at constant rate of 0.5 mm/s) [97]
Tactile (five-point hedonic scale, from extremely uncomfortable to extremely comfortable) [63]
Tactile (thumb tack test; the thumb was pressed lightly on sample for a short time followed by quick withdrawn; three-point scale, from no sticky to very ~ [21]
sticky)
Ease of Five scores (from very brittle to very ease to handle) [65]
handling Five-point hedonic scale (From extremely uncomfortable to extremely comfortable) [1]
Five-point hedonic scale (from extremely uncomfortable to extremely comfortable) [41,
(Organoleptic assessment of size and thickness on handling) 63]
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Table 3
Quality target product profile.
QTPP element Target Justification
Drug load Up to 120 mg Limited by ODF size and tendency of drug to recrystallize

Film-forming agent

Plasticizer

Dimensions

Mechanical properties

Moisture content
Disintegration time (in
vitro)

Palatability

Various, mostly hydrophilic polymers
(MW 10-1300 kDa)
Glycerol

PEG 400

Sorbitol

Size

1-6 cm?

Thickness

<350 pm

Young’s modulus
100-1500 MPa
Elongation at break
<100%

<10%

<60 s (<20s)

Acceptable taste
Acceptable mouthfeel

Polymer selection depends on manufacturing method; In order to achieve rapid disintegration, lower content of
polymers with high MW should be employed

Although the presence of plasticizer is necessary for mechanical properties optimization, content of plasticizer
has to be properly optimized in order to avoid high moisture content, pronounced stickiness and preparation
instability

Very small ODF may be considered unacceptable regarding film handling, while sizes higher than 6 cm? might
attribute to poorer patient acceptability

Specific, mainly, to the polymer type
High film elongation at break values are generally associated with handling difficulties and inaccurate dosing

Higher values might be associated to pronounced stickiness and handling difficulties

In order to assure patient comfort in vivo disintegration time should be set to less than 1 min,

If compendial method is used, disintegration time should not exceed the same time frame, while in the case of
methods with limited media amount and tongue force influence this time might be shortened to 20 s.
Inclusion of different flavours, aromas and sweeteners in order to improve patient adherence

It is based mainly on the lack of stickiness perception (in vitro determination of adhesive force under biorelevant

conditions)

comparable plasma level-time profiles [117,132]. Furthermore, in the
majority of presented publications improved bioavailability was
observed following administration of drug nanoparticles loaded films in
comparison to commercially available tablets [131], comparable ODF
formulation [133] or oral suspension (Kevadiya et al., n.d.2018).

4. Concluding remarks

Quality by Design approach in pharmaceutical development entails
identification of targeted drug product characteristics which should be
reached in order to meet the patient needs in terms of drug efficacy,
safety and acceptability, designated as Quality Targeted Product Profile
(QTPP). There are limited data available on ODF quality attributes of
interest for the targeted drug product profile [32,78]. proposed desired
range for disintegration time, dissolution time, and certain mechanical
properties of placebo prepared films containing pregelatinized hydrox-
ypropyl pea starch or hydroxypropyl methylcellulose. However, these
assumptions were based on the relatively small number of experimental
data obtained for formulations containing the same film-forming agents
[28]. defined acceptable values for CQAs through detailed study of
several commercially available samples, which might serve as a guide
for strategic drug development. However, it may be argued that ODF
CQAs should include, besides disintegration time and mechanical
properties, also relevant sensory attributes which may affect patient
acceptability and readiness to take the drug.

Further research and increased body of knowledge is necessary in
order to identify meaningful Critical Process Parameters (CPPs) for
innovative manufacturing methods which are mainly used for ODF
manufacture. Current review indicates that information about the pro-
cess parameters employed are often missing or poorly described in
relevant publications. Given the differences between the manufacturing
methods which are still evaluated in terms of their applicability and
usefulness for ODF manufacture, method specific CPPs would have to be
further elaborated and defined.As concluding remarks, based on the
comprehensive analysis of the investigated dataset, an attempt was
made to propose ODF specific QTPP as a framework and guidance which
may facilitate pharmaceutical development. The proposed QTPP is
presented in Table 3.
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ABSTRACT

Orodispersible films (ODFs) have emerged as innovative pharmaceutical dosage forms, offering patient-specific
treatment through adjustable dosing and the combination of diverse active ingredients. This expanding field
generates vast datasets, requiring advanced analytical techniques for deeper understanding of data itself. Ma-
chine learning is becoming an important tool in the rapidly changing field of pharmaceutical research, partic-
ularly in drug preformulation studies. This work aims to explore into the application of machine learning
methods for the analysis of experimental data obtained by ODF characterization in order to obtain an insight into
the factors governing ODF performance and use it as guidance in pharmaceutical development. Using a dataset
derived from extensive experimental studies, various machine learning algorithms were employed to cluster and
predict critical properties of ODFs. Our results demonstrate that machine learning models, including Support
vector machine, Random forest and Deep learning, exhibit high accuracy in predicting the mechanical properties
of ODFs, such as flexibility and rigidity. The predictive models offered insights into the complex interaction of
formulation variables. This research is a pilot study that highlights the potential of machine learning as a
transformative approach in the pharmaceutical field, paving the way for more efficient and informed drug

development processes.

1. Introduction

Orodispersible films (ODFs) are recognized as innovative dosage
forms that can facilitate personalized patient treatment through cus-
tomizable doses. Their ability to rapidly disintegrate in the oral cavity
without the need for water makes them especially suitable for patients
with swallowing difficulties, such as the elderly and children (Patel
et al., 2015; Christmas and Rogus-Pulia, 2019). These films can be
tailored to individual needs by adjusting the dosage through size cus-
tomization, and by combining different active pharmaceutical in-
gredients (APIs), highlighting their potential in personalized therapy
(Morath et al., 2022). Also, the interest in ODFs as extemporaneous
preparations highlights their value in personalized therapy, enabling the
precise modification of doses, formulation components, especially fla-
vours to improve patient compliance (Visser et al., 2017). While ODFs
have certain limitations, such as low drug loading capacities, suited
primarily for APIs with low effective doses, advancements in
manufacturing techniques like inkjet and 3D printing have expanded
their application range (Ferlak et al., 2023, Tian et al., 2023; Carou-
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Senra et al., 2023a; Salawi, 2022). The mechanical properties of ODFs,
including elongation at break, Young’s modulus, and complex modulus,
are crucial to their performance, but standardized testing and specifi-
cations are currently lacking in the European Pharmacopoeia (Ph. Eur.
11, 2023; Turkovic et al., 2022). Elongation at break is essential for
assessing the flexibility of ODFs, ensuring they can endure physical
stresses during handling and storage without breaking. Young’s
modulus is critical for ensuring that the films can stretch and revert to
their original shape and the complex modulus is vital for maintaining
structural integrity until proper application, ensuring the films with-
stand pressures encountered during packaging and handling (Turkovi¢
et al., 2022).

A large amount of data generated over the years has not resulted with
a clear explanation of how different formulation factors influence ODF
critical quality attributes. Therefore, it seems necessary to bridge this
gap by using previously obtained experimental data to predict future
performance-related ODF characteristics. The employment of machine
learning algorithms can help bridge this gap and enhance the develop-
ment process (Alpaydin, 2014; Sarker, 2021). Machine learning
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algorithms have become increasingly important in data analysis,
particularly due to their ability to gain insights from data by learning
from previous experience. These algorithms have the ability to recognize
the complex patterns in data that can be used to classify or predict
outcomes in a variety of contexts (Alpaydin, 2014). Their application
spans a wide range of tasks including, but not limited to, improving
prediction accuracy in classification problems, refining financial models
through regression analysis, improving market segmentation through
data clustering, optimizing feature selection in feature engineering,
reducing data complexity through dimensionality reduction, and
improving decision-making processes through reinforcement learning.
However, the performance of machine learning algorithms depends on
the quality of the input data and the complexity of the algorithmic
design (Sarker, 2021). Clustering, a machine learning technique, is the
process of organizing data into several groups (K), ensuring that ele-
ments within each group share a high degree of similarity, while mini-
mizing the similarity between different groups (Jain et al., 1999).
Nowadays, automatic clustering is predominantly employed, which
autonomously identifies the number and structure of clusters within a
dataset, without requiring prior knowledge about the attributes of the
data (Ezugwu, 2020). The k-means clustering algorithm, known for
effectively assigning samples to clusters, has limitations like random
centre initialization affecting convergence and the need to predetermine
cluster numbers, often based on ad hoc decision and influenced by data
complexity. The x-means algorithm, addressing these issues, uses the
Bayesian Information Criterion (BIC) to automatically determine the
optimal number of clusters by evaluating model scores across different
initializations. Beyond clustering, various machine learning algorithms
excel in classification and prediction within large datasets (Jain et al.,
1999; Pelleg and Moore, 2000; Hamerly and Elkan, 2002; Ahmed et al.,
2020). Apart from clustering, a variety of machine learning algorithms
exist that are capable not only of classifying but also predicting values
within large datasets. The Support Vector Machine (SVM) is an
advanced method for classification, later extended to vector regression
for predicting outcomes. As a kernel-based algorithm, SVM utilizes
kernel functions and adapts to various applications, optimizing a hy-
perplane that maximizes the margin between data points (Fig. 1). The
closest points, termed support vectors, define the hyperplane’s position
and direction. These points, based on data features, classify each
observation, allowing the hyperplane to accurately label new data
(Alloghani et al., 2020; Pisner and Schnyer, 2019).

The Random Forest (RF) algorithm, used for classification and
regression, creates multiple decision trees to improve prediction accu-
racy (Fig. 2). By aggregating these trees, RF outperforms single tree
models, dividing data based on criteria like mean square error for
regression until a termination condition is met, and then averaging these
tree-based predictions (Breiman, 2001; Scornet, 2016; Schonlau and
Zou, 2020). Deep learning (DL), based on a multilayer feedforward
artificial neural network, is mimicking biological neurons, to establish
complex relationships between inputs and outputs (Fig. 3). Its archi-
tecture comprises input, hidden (processing data non-linearities), and
output layers (delivering predictions). DL model multilayer feedforward
artificial neural network training involves stochastic gradient descent,

Fig. 1. Support vector machine.
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Fig. 2. Random forest algorithm.

Fig. 3. Deep learning algorithm.

minimizing loss by adjusting per data example, and backpropagation,
calculating gradients to refine accuracy (Marini et al., 2007; Candel and
LeDell, 2021). RF and SVMs are known for accurate predictions and
managing large datasets with low overfitting risk. Their effectiveness
across many applications has established them as capable general-
purpose algorithms (Biau, 2012). Multi-layer feed-forward artificial
neural network algorithms are much more complex and have the
advantage over traditional machine learning algorithms because they
perform better when learning from large datasets (Svozil et al., 1997).
Recent studies have demonstrated the effectiveness of machine learning
in accelerating the development of orodispersible films, highlighting its
potential to enhance formulation optimization and predictive analysis
(O’Reilly et al., 2021, Carou-Senra et al., 2023b).

This work aims to explore the integration of machine learning al-
gorithms in the analysis of experimental data for ODFs, with the goal of
uncovering the underlying factors that influence ODF performance.
Specifically, it examines how SVM, RF, and DL algorithms can be
effectively utilized to predict ODF characteristics critical to perfor-
mance, based on data derived from sample clustering. This approach
aims to provide valuable insights and guidance for pharmaceutical
development, leveraging the predictive power of machine learning to
enhance the formulation and optimization of ODFs.

2. Materials and methods
2.1. Materials

Eight hydrophilic polymers were investigated as film-forming
agents: (1) hydroxypropyl cellulose (HPC, Klucel® GF, Ashland™,
USA), (2) hypromellose (HPMC, Pharmacoat 606, Shin-Etsu Chemical
Co., Japan); (3) carboxymethylcellulose sodium salt (CMC-Na, Fluka
Chemie AG, Switzerland), (4) polyethylene glycol-polyvinyl alcohol
graft copolymer (PVA-PEG, Kollicoat® IR, BASF, Germany), (5) malto-
dextrin (MDX, Glucidex IT12, Roquette, France), (6) sodium alginate
(SA, Fisher Scientific, USA), (7) poly(ethylene oxide) polymers (PEO
N10, POLYOX™ WSR N10, DuPont, U.S.) and (8), poly(ethylene oxide)
polymers (PEO N80, POLYOX™ WSR N80, DuPont, U.S.). Glycerol
(Gly), 85 % (w/w) (Ph.Eur) was used as plasticizer, and magnesium
aluminometasilicate (NUF, Neusilin UF, Fuji Chemical Industries Co,
Japan), croscarmellose sodium (CCS, Primellose®, DFE Pharma, Ger-
many), crospovidone (CP, Polyplasdone™ XL-10, Ashland™, USA),
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sodium starch glycolate (SSG, Primojel®, DFE Pharma, Germany), cal-
cium silicate (CaS, RxCIPIENTS® FM1000, Huber Engineered Materials,
USA) were used as disintegrants (D). Active pharmaceutical ingredients
(APIs) ibuprofen (IBU), paracetamol (PAR), caffeine (CAF), enalapril
(EN), verapamil (VP), atenolol (AT), carvedilol (CAR) (Ph. Eur) were
used as model substances. Purified water (Ph. Eur) was used as solvent.

2.2. Methods

2.2.1. Sample preparation

Samples were prepared by solvent casting method. Formulation
components were used in a predetermined ratio based on the literature
data and preliminary experiments. HPMC polymer was used in con-
centrations of 5 and 10 %. PVA-PEG and CMC-Na were also used at a
concentration of 5 % and PVA-PEG at a concentration of 7 %, as were the
other polymers. Samples were prepared with the addition of glycerol
(Gly) as plasticizer in concentrations of 0.25-1 %, and in some formu-
lations various disintegrants were also added. The concentration of the
disintegrants was constant at 0.5 %. The aim was to include a relatively
wide range of concentrations and combinations of constituents and
perform their characterization using the same methodology. For the
preparation of polymer casting dispersions, relevant polymer was dis-
solved in water and glycerol mixtures with or without addition of the
selected active ingredient and/or disintegrant. The dispersions were
stirred on a magnetic stirrer (IKA RCT standard, Germany) and casted on
unit-dose plexiglas plates. Equal mass of dispersion was casted for each
formulation, so that the thickness of the wet dispersion is the same for
each sample. The obtained films were dried for 24 h under ambient
conditions, cut into pieces of defined size (2.5 x 2.5 cm), packed and
stored in a desiccator.

2.2.2. Weight and thickness

Weight and thickness of the prepared samples were assessed. For the
assessment of weight, a total of ten samples were weighed, with the
variation among them being reported in the form of a mean value to
provide a concise summary of the collective weight data.

In the case of thickness measurements, a micrometre screw (IP65,
Kern & Sohn GMBH, Germany) was employed to determine the thick-
ness of another set of ten samples. These measurements were taken at
five distinct points across each sample, including the centre and the four
corners, to ensure a comprehensive understanding of the sample’s uni-
formity in thickness and the results were presented as mean value.

2.2.3. Mechanical properties

Mechanical properties were investigated using the Precision uni-
versal tester (Shimadzu EZ-X, Shimadzu Corporation, Japan). Bone-
shaped samples (Fig. 4) were clamped with the extension grips which
moved at a speed of 5 mm/min until sample breakage. Applied test
generated a stress—strain graph, which showed how material reacted
when the force is being applied. Tensile strength (TS), Young’s modulus
(YM) and elongation at break (EB) were calculated using equations
(1-3).

Oscillatory rheometry (RheometerRheolab MC 120, PaarPhysica,
Germany) was used to assess viscoelasticity of the investigated samples,
based on the complex modulus (CM) values. Linear viscoelastic region
was determined for the investigated samples (amplitude sweep) after
which all the measurements were performed at the constant strain (1 %)
within frequency range 0.1-10.0 Hz. Complex modulus is calculated
using the equation (4) (Draskovic et al., 2020).

TS (MPa) = F/A (€Y
F represents maximal applied load and A is the cross-sectional area
EB (%) = 100 x (ALg)/Lo )

ALO is the change in the specimen length and Ly is the specimen
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Fig. 4. Bone-shaped specimen.

original length
YM = (62 — o1)/(e2 — el) 3

062 — o1 is the applied stress over strain €1 and 2.
Additionally, L is the initial distance between grips, h is thickness
and L3 overall length.

IG¥= v/ (G")* + (G @

G* Complex modulus, G' storage (elastic) modulus and G’ loss
(viscous) modulus.

2.2.4. Disintegration time

The disintegration time (DT) of the investigated samples was
measured employing a modified disintegration method, as outlined by
Preis et al. (2014). In this procedure, films were securely clamped in
place using a film holder, with a 3-gram weight attached to the film’s
underside. This setup aims to simulate the force exerted by the tongue
within the oral cavity. The endpoint for disintegration was defined as the
moment when the weight fell to the bottom of the vessel, signifying
complete film disintegration. To ensure reliability, each sample was
tested in triplicate, and results were reported as mean values, providing
a comprehensive overview of the disintegration behaviour of the films.

2.2.5. Data mining

2.2.5.1. Dataset preparation. In order to provide comprehensive and
uniform input data, dataset was built using results obtained in the pre-
sent study, as well as from the previous study conducted by our group
(Draskovic et al., 2020). The outlier operator was employed to detect the
number of outliers and eliminate them from the dataset. The applied
operator was detecting distance-based outliers measuring the distance of
a point from its k™ nearest neighbour. Each point was rated based on its
distance to k™ nearest neighbour and the top n points were declared to
be outliers (Ramaswamy et al., 2000).

2.2.5.2. Data clustering. Different machine learning models were
developed, and their clustering and predictive power were evaluated for



E. Turkovic et al.

the generated dataset. RapidMiner 9.10.011 software (RapidMiner
Studio, USA) was used for model development. RapidMiner is an open-
source interactive machine learning and data mining software imple-
mented in Java. It provides complex nested operator chains for a wide
range of learning problems. RapidMiner uses XML to describe the
operator trees that model knowledge discovery processes. RapidMiner
has flexible operators for data input and output in various file formats. It
includes more than 100 learning schemes for classification, regression
and clustering tasks (Naik and Samant, 2016).

The preprocessing tasks, including normalization of data were
included into data and loaded into the software which then clustered
data using x-means algorithm. Values are scaled using normalization to
provide attributes a uniform scale for unbiased comparison. The true
value of K is estimated in an unsupervised way and only based on the
dataset itself. Ky,ax and Kyin as upper and lower limits for the possible
values of X were set as recommended (Zendrato et al., 2020). Kpin is set
to the lowest number 2 and Kp,ax is set to 20. Based on the threshold
values, a decision tree was automatically generated by software to
explain which data points are part of each cluster.

2.2.5.3. Predictive models development. Data was filtered and some film
properties were chosen to be target attributes in additional modelling
based on the clustering results.

The development of the models began with dividing the dataset into
training and testing groups with 70:30 split, a crucial step to ensure the
models’ ability to generalize to new data, as emphasized by Pisner and
Schnyer (2019). To maintain consistency across the dataset, stratified
sampling was utilized, ensuring that each subset mirrored the overall
distribution of classes within the dataset. Some missing values were
presented for one attribute (complex modulus), which were addressed
by calculating the average of the available values for complex modulus
and using this average to fill in the gaps. This approach was deemed
reliable as the outlier detection algorithm, employed in the pre-
processing stage, confirmed that these missing values did not signifi-
cantly impact the dataset’s overall integrity, showing no extreme values
that could tilt the average. During the tuning phase, cross-validation was
employed as a key strategy. This involved systematically dividing the
dataset into several folds, training the model on a subset of these folds,
and validating it on the remaining fold. This cross-validation process
was repeated multiple times, cycling through all folds, to optimize the
model’s hyperparameters. For the Random Forest model, hyper-
parameters such as the number of decision trees and their maximum
depth were adjusted. In the case of Support Vector Machines, the focus
was on tuning the penalty parameter (C) and the kernel coefficient
(gamma). The performance of each model was evaluated to assess the
predictive quality of the models. For regression tasks, coefficient of
determination (R-squared) values were calculated to measure the pro-
portion of variance explained by the model to ensuring a balance be-
tween predictive power and the ability to generalize to unseen data.

3. Results and discussion
3.1. Dataset preparation

The dataset consisted of a total of one hundred ODF samples of which
seventy-four were prepared within the present study, and twenty-six
were included from the previous study published by our group (Dras-
kovic et al. 2020). Overview of the Dataset structure and range of values
related to the investigated samples composition and their characteristics
is presented in Table 1. Detailed information is provided in the Sup-
plementary data. Representation of different polymers and model active
pharmaceutical ingredients in the dataset is visualised in the Fig. 5.

Majority of samples (28 %) were prepared with HPMC as the most
commonly used polymer for ODF, which is consistent with trend
observed in the literature (Turkovic et al., 2022), while IBU was the most
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commonly used active ingredient (15 % of samples represented in the
Dataset). Model active ingredients were dissolved or dispersed in the
liquid phase and categorically linked to this information, with 0 indi-
cating no active ingredient, 1 indicating dissolved, and 2 indicating
dispersed. Plasticizer was set as the ID (identification) attribute, i.e., it
serves as an identifier for the dataset and is not utilized in the data
modelling.

The weight of the investigated ODF samples varied between 46 and
180 mg and their thickness ranged from 66 to 358 um. The HPMC-based
films had the lowest weight at a polymer concentration of 5 %. The
samples prepared with MDX polymer at a concentration of 7 % had
noticeably higher weight compared to the other samples. Formulation of
the MDX-based films was not particularly different, so the difference in
weight cannot be attributed to differences in formulation factors. The
thickness was predominantly in the limits of 350 um, which is consid-
ered comfortable for patient acceptance (Liew et al., 2012, Scarpa et al.,
2018, Abdelhakim et al., 2020). The initial wet mass thickness was the
same for all films, but different film compositions, especially the pres-
ence of dispersed API and/or disintegrants, resulted in different
behaviour during drying and the formation of uneven surface. HPMC-
based films with a polymer concentration of 5 % showed the lowest
thickness values, which corresponds to the lowest sample weight. HPC-
based films with the addition of API showed higher thickness values,
similar to PVA-PEG samples, also, with the addition of API.

The mechanical properties of the evaluated samples showed a range
of values for tensile strength (Fig. 6) from 0.1 to 83 MPa, elongation at
break from 0.7 to 272 %, Young’s modulus from 0.3 to 5381 MPa and
complex modulus with values ranging from 0.02 to 180 MPa (Figs. 7-9).
The lowest values for tensile strength were obtained for the MDX-based
samples, which is consistent with the literature data indicating that films
prepared with starch-based films have lower strength values (Cilurzo
et al., 2008, Manda et al., 2018, Musazzi et al., 2019). CMC-Na films
exhibited the highest tensile strength values, which decreased signifi-
cantly with the addition of API. SA and CMC-Na based samples exhibited
the highest Young’s modulus values, indicating brittle structure sus-
ceptible to cracking, which was also evident when handling the samples.
With the exception of HPC-based samples, which showed noticeably
higher values from 6.7 % to 272.9 %, Elongation at break was generally
low for rest of examined samples (i.e., ranging from 0.7 % to 33.8 %).

The dataset contained only complex modulus attribute with missing
data, which was attributed to the inability of samples formulated with
MDX and PEO polymers to withstand the test’s high-pressure conditions,
leading to their damage during the process. Despite this, results from the
intact samples were included to enrich the dataset and potentially offer
deeper insights into the film’s structural properties. Disintegration time
is critical quality attribute for ODFs (Borges et al., 2017). To remove
subjectivity from the test, a modified disintegration test was conducted
with the addition of a magnet (3 g), the fall of which was designated as
the clear test endpoint. The results obtained indicate that the majority of
films disintegrated for the time shorter than 60 s (Fig. 10), which is often
considered to be comfortable for the patients, but some samples had
disintegration time longer than 1 min, which can be perceived as un-
comfortable for the patients (Scarpa et al., 2018). However, there are
still no precise guidelines regarding the disintegration time of ODFs. The
European Pharmacopoeia (2023) specifies that orodispersible films
should disintegrate quickly in the mouth, but it doesn’t specify the
maximum value for disintegration time or even the proper technique for
obtaining it. The 180 s disintegration time required for orodispersible
tablets by Ph. Eur. 11.0. (2023) is sometimes cited as the disintegration
time recommended for films, despite the fact that two dosage forms are
entirely different.

3.2. Data clustering

Within the examined dataset, sample containing paracetamol as a
model drug, CP as a disintegrant, and MDX as the film-forming polymer



Table 1

Overview of collected data for the dataset.

Film forming polymer Active pharmaceutical ingredient Disintegrant Plasticizer ODF Characteristics
type MW (kDA) C (%) type C (%) type C (%) type C (%) W (mg) TH (pm) YM (MPa) TS (MPa) EB (%) CM (MPa) DT (s)
MDX 15.4 7 IBU 1.5 NUF 0.5 Gly 2.5 140-180 124-221 1.54-228.95 0.08-1.62 0.98-14.33 n/a 16-27
PAR CP
PVA-PEG 45 57 IBU 15,23 CP 0.5 Gly 0.25-1 91-112 156-264 47.91-530.00 1.83-13.31 2.35-33.80 0.73-180 27-68
CAF CCs
CAR SSG
AT
VP
HPC 370 7 IBU 1,15 CP 0.5 Gly 0.25-1 72-136 102—-358 0.32-373.55 0.10-7.20 6.70—272.91 0.58-148.00 24-104
CAF CCS
EN SSG
HPMC 13 5,10 VP 1,2 CP 0.5 Gly 0.5,1 45-140 66—152 92.96-2199.35 7.90—47.01 1.11-13.86 1.06—19.52 13-102
IBU CCS
SSG
SA 400 7 CAR 2 CP 0.5 Gly 1 85-128 78-130 3498.00-5381.15 41.02-63.71 0.88-2.50 1.37-90.35 21-74
Ccs
SSG
CMC-Na 260 5 CAF 1 CP 0.5 Gly 0.5, 1 70-90 75-100 2371.58-5001.15 21.50-83.27 0.68—4.24 0.02-42.71 22-52
Ccs
SSG
PEO N10 100 7 / / CP 0.5 Gly 1 79-90 133-149 57.81-150.91 0.44-1.35 0.91-1.49 n/a 6-10
Ccs
SSG
PEO N80 200 7 / / CP 0.5 Gly 1 54-81 96-144 92.40-231.91 0.76—-2.30 1.15-1.63 n/a 3-7
CCs
SSG

MW — molecular weight; C — concentration; YM — Young’s modulus; TS - tensile strength; EB — elongation at break; CM — complex modulus; W — weight; TH — thickness; DT — disintegration time, HPC — hydroxypropyl
cellulose, HPMC — hypromellose, CMC-Na — carboxymethylcellulose sodium salt, PVA-PEG — polyethylene glycol-polyvinyl alcohol graft copolymer, maltodextrin — MDX, SA — sodium alginate, PEO N10 and PEO N80 —
poly(ethylene oxide) polymers Gly — Glycerol, NUF — magnesium aluminometasilicate, CCS — croscarmellose sodium, CP — crospovidone, SSG — sodium starch glycolate, CaS — calcium silicate, IBU — ibuprofen, PAR —
paracetamol, CAF — caffeine, EN — enalapril, VP — verapamil, AT — atenolol, CAR — carvedilol.
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Fig. 5. Distribution of the used polymers and active ingredients in the inves-
tigated samples.

Fig. 6. Tensile strength value distribution in dataset.

Fig. 7. Elongation at break value distribution in dataset.

was identified as outlier, disturbing dataset uniformity. Upon its
removal, the uniformity requirement was fulfilled.

When dealing with attributes across varied units and scales,
normalization is crucial to align values within a specific range. This
process led to identifying three optimal clusters for presented dataset:
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Fig. 8. Young’'s modulus value distribution in dataset.

Fig. 9. Complex modulus value distribution in dataset.

Fig. 10. Disintegration time value distribution in dataset.

Cluster 0 with 51 elements, Cluster 1 with 24, and Cluster 2 with 25.
Cluster 0 is characterized by significantly lower values in elongation at
break, complex modulus, and polymer concentration, over 50 % smaller
than those in the other clusters. Cluster 1 exhibits lower elongation at
break values but polymer and API concentrations are over 70 % higher.
Conversely, Cluster 2 shows the highest elongation at break and complex
modulus values, but its Young’s modulus is nearly 90 % lower compared
to the others, illustrating distinct clustering based on attribute signifi-
cance (Fig. 11).

The decision tree in Fig. 12 serves as a visual aid, illustrating how
data attributes influence clustering by displaying threshold values.
Elongation at break is decisive attribute, with values above 38.55 %
guiding data to Cluster 2. Data with elongation at break < 38.55 %
undergo further division based on complex modulus (>or < 58.355
MPa) sample weight and polymer molecular weight. Attributes like
thickness, polymer concentration, Young’s modulus, and the addition of



E. Turkovic et al.

International Journal of Pharmaceutics 658 (2024) 124188

Fig. 11. Heatmap of attribute values by cluster: darker green shades denote greater values, lighter green shades lower values, and rose-coloured shades the reverse.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 12. Explanatory decision tree generated by RapidMiner Studio.

a disintegrant delineate the allocation into Clusters O or 1, offering a
clear graphical interpretation of the clustering logic and the impact of
various film characteristics.

3.3. Predictive model development

To enhance the predictive analysis of orodispersible films three
different predictive models, i.e. Support vector machine (SVM), Random
forest models (RF) and Deep learning (DL) were developed. These
models focus on crucial attributes—FElongation at Break (EB), Young’s
Modulus (YM), and Complex Modulus (CM)—identified as key

differentiators in ODF characteristics. Three attributes were selected by
the algorithm as the most important for distinguishing ODFs and
consequently their predictive models could potentially facilitate future
ODF development. Each model showed good correlation between the
predicted and actual data (Table 2). For model development, target at-
tributes were selected based on their importance for clustering the data.

In the SVM predictive model, a Radial Basis Function kernel is used
because the model must handle nonlinear problems. SVM models were
developed by choosing gamma and C values before data training, which
are considered as tuning parameters (Guenther and Schonlau, 2016). In
Fig. 13 model performance is evaluated using accuracy and F1-score as
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Table 2
Comparative overview of coefficients of determination for evaluated modeling
techniques.

Correlation values for the developed models

Attributes SVM RF DL

EB 0.96 0.97 0.90
YM 0.92 0.97 0.97
CM 0.81 0.93 0.88

the primary metrics. These metrics were chosen to provide a compre-
hensive assessment of model precision and robustness under varying
configurations of C and gamma. The contour lines in the plot represent
constant values of accuracy and Fl-score, visually depicting how ad-
justments to C and gamma influence the model’s predictive capabilities.
The gamma parameter plays a critical role in determining the shape and
flexibility of the decision boundary. The regularization parameter C
controls the trade-off between increasing the space between data points
and reducing the prediction error on the training dataset. The optimal
values were chosen by measuring the model performance by calculating
the cross-validation mean squared error, guiding the selection of optimal
C and gamma parameters for the SVM model to achieve precise pre-
dictions. For the elongation at break, gamma 0.05, and C 1000. In the
case of Young’s modulus, gamma 5 and C 1000, and for complex
modulus, 0.005 and 10, for the gamma and C, respectively.

The RF were constructed to have the lowest possible error rate, i.e.,
good model performance, as low values of the error rate indicate that the
model makes fewer incorrect predictions (Breiman, 2001). In the tuning
process of the RF model, the error rate was determined by evaluating the
out-of-bag error, which is an internal error estimation method intrinsic
to the RF algorithm. Error rate was lowered by fine-tuning the maximum
depth and number of decision trees. Maximum depth was limited be-
tween 2 and 7 to avoid overfitting, as deeper trees increased errors. The
optimal count of decision trees is detailed in Table 3.

DL models were trained to forecast values adhering to a Gaussian
distribution, ensuring that the model outputs align with the character-
istics of a normal distribution, as outlined by Lippmann (1988). To
optimize model performance, the quadratic loss function was employed,
quantifying the model’s accuracy by calculating the average of the
squares of the differences between predicted and actual values. The
architecture of the predictive models proved crucial in enhancing data
analysis, structured with an input layer that initially receives the data-
set, followed by two hidden layers adept at processing and interpreting
complex patterns. The final output layer efficiently delivers precise
predictions. This configuration facilitates effective data processing and
ensures accurate predictions of key orodispersible film characteristics.
Furthermore, each model incorporates highly significant data points
from the dataset, emphasizing their essential role in predicting
outcomes.

Fig. 14 depicts the attribute importance as determined by machine
learning models, illustrating the impact of various attributes on
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predicting characteristics of orodispersible films. The figure was
generated using RapidMiner’s feature importance tool, which calculates
and normalizes the influence scores for each attribute based on their
contribution to model accuracy.

Polymer type emerged as a critical factor across all predictive
models. For the DL, the only exception was the complex modulus, where
the importance was slightly lower. When analysing the dataset, it might
be noticed that HPC-based films have higher elongation at break values
compared to the other samples. Only HPC-based samples exceed elon-
gation at break values above 100 %, which is considered a value above
which materials are able to handle excessive loading without failure
(Palomba et al., 2014). In contrast, films made with other polymers
display markedly lower elongation at break values, often around 5 %,
and with some CMC-Na samples the values were close to 0 %, which is
typically associated with brittle and fragile materials (Palomba et al.,
2014). Interestingly, variations in polymer, disintegrant, and plasticizer
concentrations appear to have minimal impact on elongation at break
predictions, suggesting that elongation at break values remain stable
even with significant changes in polymer concentration, as evidenced by
HPMC-based samples where doubling the concentration from 5 % to 10
% did not notably alter elongation at break values. This might indicate
that the fundamental characteristics of the materials, rather than
changes in formulation, play a more significant role in determining how
flexible the sample is. The highest values for Young’s modulus were
obtained for samples containing either SA, CMC-Na or HPMC as film-
forming polymer. Young’s modulus, or modulus of elasticity, is the
parameter that is correlated to the material stiffness, i.e., it indicates the
extent to which film samples can be physically deformed and still
recover their original shape. Samples prepared with these polymers
showed a distinct range for this parameter, with CMC-Na having values
between 2300 and 5000 MPa, SA between 3500 and 5000 MPa, and
HPMC between 700 and 2000 MPa. API concentration attribute was
important in predicting the Young’s modulus. Placebo samples, i.e.,
samples with a numerical value of 0 % for ATP concentration, had
higher Young’s modulus values compared to the same polymer samples
with an API concentration of 1 to 3 %. This suggests that API incorpo-
rated into the polymers results in less stiff samples and a change in
mechanical properties. For the SVM model, disintegrant and plasticizer
concentration are important attributes for prediction, implying that
perturbations to the film structure caused by the addition of various
excipients could contribute to the change in stiffness and mechanical
properties. Comparing the prediction models to the elongation at break
models, the attributes with lower importance are not as distinctive.

Table 3
RF model evaluated parameters.

Models Maximal depth Number of trees
EB 7 60

YM 7 140

CM 4 140

Fig. 13. Contour plot of model performance as a function of tuning parameters C and gamma for each of the evaluated output parameters.
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Fig. 14. Attribute weight for the created models.

Interaction between the attributes could not be disregarded for the
Young’s modulus and therefore all attributes contribute to model per-
formance. The complex modulus values were not impacted by the type
of polymer, unlike the Young’s modulus values, and the complex
modulus range of values was not as broad. Complex modulus and
Young’s modulus parameters have been previously linked, as more rigid
structure is indicated by higher complex modulus and Young’s modulus
values, which is an indicator of system’s overall resistance to strain
(Draskovic et al., 2020). Interestingly, the highest values were obtained
for the samples with the lowest plasticizer concentrations, but the
models did not estimate plasticizer concentration as an important
attribute. Each model that was built to predict complex modulus rated
different attributes as more important and were not comparable in terms
of attribute importance.

Models that were built have validated several well-established facts
in the field of ODF development. The models confirmed the critical role
of polymer type in influencing the mechanical properties of ODFs, a
finding consistent with current literature. This validation underscores
the reliability of modeling approach and aligns with established
formulation principles, such as the influence of polymer molecular
weight and concentration on film strength and flexibility.

Beyond validating existing knowledge, the models unveiled new
insights that could advance ODF formulation strategies. The analysis
revealed that certain combinations of polymers and plasticizer,

previously underexplored, significantly affect the mechanical properties
of the films. These novel findings suggest potential pathways for
formulating ODFs with optimized performance and mechanical
strengths, tailored to specific pharmaceutical requirements. Moreover,
the models identified unexpected patterns in the data, such as the
minimal impact of disintegrant concentration on certain film properties,
prompting need for further investigation. The presentation of these two
aspects confirms the dual value of the machine learning approach:
Confirming known formulation factors and uncovering new avenues for
research and development in ODF technology. This extended discussion
not only addresses the gap between machine learning insights and
domain knowledge, but also emphasises the need for future empirical
studies to explore these new insights.

The analysis highlighted the intricate relationships among different
components in orodispersible film formulations, emphasizing the chal-
lenge of optimizing their properties. Distinct predictive models
demonstrated varied priorities in attributes, showcasing the complex
influence of formulation elements on the film mechanical behaviors.
This diversity in model emphasis underscores the elaborate dynamics of
film formulation and its crucial role in determining the sample me-
chanical properties.
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4. Conclusion

In this research a range of machine learning techniques were
employed, including X-means clustering, Random forest, Support vector
machine, and Deep learning, to develop models for predicting orodis-
persible film performances based on the formulations.

The findings underscore the significance of polymer type as a pre-
dominant factor across all predictive models, particularly highlighting
the role it plays in dictating the mechanical robustness and flexibility of
orodispersible films. The models revealed that, while HPC-based films
exhibit exceptional elongation at break values, indicating superior stress
tolerance, films made from other polymers showed markedly lower
elongation at break values, pointing to their brittle nature. This
distinction emphasizes the material inherent characteristics over
formulation modifications as the key determinant of film flexibility.

Moreover, the study highlights the minimal impact of variations in
polymer, disintegrant, and plasticizer concentrations on elongation at
break values, suggesting a degree of stability in film characteristics
despite changes in composition. In contrast, the analysis of Young’s
modulus through these predictive models provided insights into the
stiffness of samples, revealing how the incorporation of active in-
gredients could lead to less rigid films, thereby altering their mechanical
properties. The application of RF, SVM, and DL algorithms has further
revealed the complex interplay between different formulation compo-
nents and their collective impact on sample performance. RF and SVM
algorithms, although relatively simple when compared to DL multilayer
feedforward artificial neural network algorithms, may provide sufficient
information to guide early phase of pharmaceutical development, indi-
cating polymer selection in accordance with targeted mechanical
properties. Deep learning algorithms would be advantageous in evalu-
ation of bigger datasets leading to identification of more complex pat-
terns within dataset and design the optimal formulation. This study
serves as a screening study, closely aligned with the goal of utilizing
machine learning for the advancement of pharmaceutical development,
specifically in the realm of orodispersible films. By conducting a pre-
liminary investigation into the impact of various factors on film per-
formance, this research can be seen as a groundwork for employing
machine learning algorithms as a predictive instrument in orodisper-
sible films development. These algorithms have emerged as a valuable
resource in forecasting the important attributes for orodispersible films,
facilitating more strategic approaches to their formulation and
optimization.
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Abstract: Inkjet printing is novel approach in drug manufacturing that enables dispensing precise
volumes of ink onto substrates. Optimal substrate properties including suitable mechanical charac-
teristic are recognized as crucial to achieve desired dosage form performance upon administration.
Identification of relevant quality attributes and their quantification is subject of intensive scientific
research. The aim of this work was to explore applicability of different materials as printing substrates
and explore contribution of the investigated substrate properties to its printability. Substrates were
characterized with regards to uniformity, porosity, disintegration time, mechanical properties and
drug dissolution. Experimentally obtained values were mathematically transformed and the obtained
results were presented as relevant radar charts. It was shown that structurally different substrates
may be employed for orodispersible films inkjet printing. Main disadvantage of single-polymer
films was low drug load, and their printability was dependent on film flexibility and mechanical
strength. Structured orodispersible film templates exhibited favorable mechanical properties and
drug load capacity. Wafer edible sheets were characterized with high mechanical resistance and
brittleness which somewhat diminished printability, but did not hinder high drug load. Obtained
results provide insight into application of different materials as printing substrates and contribute to
understanding of substrate properties which can affect printability.

Keywords: inkjet printing; printing substrates; mechanical properties; orodispersible films; struc-
tured orodispersible film templates; wafer edible sheets

1. Introduction

Inkjet printing (IJP) is a commonly used digital fabrication technique which allows
processing and precise deposition of various liquid materials onto suitable substrates.
It is recognized as a novel promising technology for medicine manufacture providing
patient-centric drug delivery, and individualization of therapy through flexible dosing
of multiple, usually high potency active pharmaceutical ingredients (API) in accordance
with the patient specific needs [1,2]. The principle of IJP is that the ink, which contains
active pharmaceutical ingredient/s, is precisely transferred onto the selected substrate. In
order to obtain targeted drug product profile, both ink formulation, as well as substrate
properties should be carefully considered [3-5].

Iftimi et al. defined the ideal printing substrate as a uniform, edible and flexible
porous open-pore carrier that could be produced in large sheets [6]. They qualitatively sum-
marized specific substrate properties that are needed in order to obtain optimal printing
substrate. The importance of substrate mechanical stability was highlighted as it ensures
printing of high volumes of the API-containing ink. Morphology, water penetration rate,
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low hygroscopicity, porosity, swelling index and fast dissolution were also evaluated as
factors that can affect substrate printability [6]. Mechanically stable substrates enable film
printing, distribution and administration without final dosage form damaging, i.e., they
should be flexible enough, but still resistant enough to ensure maintenance of dosage
form integrity during printing and handling steps [7]. Methodology for printing substrate
mechanical properties evaluation and relevant specifications are subject of intensive inves-
tigation. Visser et al. [8] quantified mechanical properties of polymer films and reported
that tensile strength higher than 2 MPa, elongation at break higher than 10% and Young’s
modulus lower than 430 MPa can be considered as optimal for drug-free films handling,
however, these boundaries should be further evaluated with respect to their applicability
for characterization of polymer films intended for use as printing substrates.

Apart from the mechanical strength which reflects the substrate flexibility /rigidity, it
is recognized that the important characteristic for effective printing onto the thin films is
porous structure which facilitates penetration of the API-containing ink [9]. Furthermore,
printing substrates should be relatively thick as opposed to conventional oral strips to
enable printing of higher drug doses, and prevent disintegration upon contact with the
ink [6]. Thus, the main challenge for orodispersible films printing substrates is to prevent
disintegration, rupturing, tearing or winding during printing, while maintaining rapid
disintegration required for orodispersible dosage forms [10].

The most common substrates used for IJP are orodispersible thin films prepared
using different film-forming polymers. It was shown that API printing onto placebo
orodispersible thin films, may overcome certain limitations related to film casting in
terms of product thickness and content uniformity, the associated dose variation, and
unacceptable material waste [9,11]. It was noted that orodispersible thin films need to be
improved in order to further increase the amount of API absorbed and prevent ink leakage
through backside of the printing substrate [7]. Enhanced film porosity was associated with
better control of ink deposition and the ability to entrap higher amount of inkjet-printed
API inside the matrix, although mechanical properties might be somewhat diminished [10].

Structured orodispersible film templates (SOFTs) have been recently introduced as
highly porous substrates which enable increased drug load without compromising its
mechanical properties. Steiner et al. [12] prepared SOFTs by casting dispersion of hydrox-
ypropyl methyl cellulose in hydroxypropyl cellulose ethanolic solution in order to form a
rougher film surface with open pore structure on the top side enabling API-containing ink
to be filled into the pores, and the closed bottom side to circumvent leakage. Open pore
structure is crucial for ink penetration, as closed pore structure with a continuous film on
its surfaces restricts ink penetration [13].

Apart from the casted substrates such as orodispersible thin films or SOFTs, commer-
cially available edible papers, which are often used in the food industry to decorate baked
goods and other food products, might be, also, used as printing substrates. Wafer edible
sheets and rice papers have been previously used as printing substrates for API-containing
inks due to their porous structure and the ability to absorb relatively high amounts of
liquid [14-17].

The aim of this study was to explore applicability of different orodispersible thin films,
structured orodispersible film templates and wafer edible sheets as printing substrates for
IJP. Additionally, printability of substrates was evaluated with respect to porosity, thickness,
drug load capacity and the ability of orodispersible thin films to withstand mechanical stress
and deformation when passing through printer rollers, expressed as relevant mechanical
properties, including film tensile strength, Young’s modulus, elongation at break and
complex modulus.

2. Materials and Methods
2.1. Materials

Four hydrophilic polymers were investigated as single film-forming agents or polymer
blends for printing substrates preparation: (1) hydroxypropyl cellulose (HPC, Klucel®
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GE Ashland™, Wilmington, DE, USA), (2) polyethylene glycol-polyvinyl alcohol graft
copolymer (PVA-PEG, Kollicoat® IR, BASF, Ludwigshafen, Germany), (3) maltodextrin
(MDX, Glucidex IT6, Roquette, Lestrem, France) and (4) sodium alginate (SA, Fisher
Scientific, Waltham, MA, USA), as well as three commercially available wafer edible sheets
(Easy Bake, UK, Edible print supplies, Birstall, The United Kingdom). Ink formulation
contained caffeine anhydrous (CAF, Sigma-Aldrich Chemie GmbH, Munich, Germany)
as the selected model drug, dissolved in the 7:3 mixture of ethanol (>99.8%, Honeywell,
Charlotte, NC, USA) and glycerol, 85% (w/w) (Ph. Eur.).

Simulated salivary fluid pH 6.75 [18] prepared with sodium chloride, potassium
phosphate monobasic, disodium hydrogen phosphate, hydrochloric acid (Sigma-Aldrich
Chemie GmbH, Munich, Germany) and purified water (Ph. Eur.) was used as drug
release media.

2.2. Methods
2.2.1. Printing Substrate Preparation

Single-polymer casting dispersions were prepared by dispersing relevant polymer in
water heated to 50 °C (in the case of PVA-PEG, SA and MDX) or 70 °C (followed by rapid
cooling, in the case of HPC). Dispersions were stirred on the magnetic stirrer (IKA RCT
standard, Staufen, Germany) until homogenization.

Polymer blend casting dispersions were prepared by dispersing PVA-PEG, SA or
MDX in HPC ethanolic solution followed by continuous stirring on the magnetic stirrer for
one hour.

Prepared dispersions were casted on a unit-dose plexiglas plates as described by
Draskovi¢ et al. [19]. The films were left to dry under ambient conditions during 24 h, cut
into pieces of defined size (2.5 by 2.5 cm), packed and stored in a desiccator. Commercial
wafer edible sheets were manually cut into 2.5 by 2.5 cm individual films.

2.2.2. Ink Formulation Preparation

Based on the preliminary studies (data not shown), ethanol:glycerol mixture (7:3) has
been selected as liquid vehicle for inkjet printing. Then, 10 mg/mL of CAF was dissolved
in the solvent mixture. Hydrosoluble food dye containing water, propylene glycol, E 124
and E 122 (Aroma, Krusevac, Serbia) was added in order to facilitate visualization of the
printed patterns. Further details on ink characterization are presented in the Table S1 and
Figure S1 from the Supplementary Material.

2.2.3. Drug Printing

Thermal inkjet printer Canon® IP 1300 (Canon, Tokyo, Japan) was used. Cartridges
were adapted by cutting the top cap, removing the ink sponges and pads and rinsing the
empty cartridges with absolute ethanol and purified water. Rectangular printing pattern
(2.5 by 2.5 cm) was designed in Microsoft® Office Word 2019 (Microsoft Inc., Albuquerque,
NM, USA). In the preliminary study (data not shown), best print quality was obtained
using black cartridge (BC-3e BK) solely, therefore, the selected pattern was painted black.
Printer settings were adjusted to the following option: High print quality /glossy photo
paper/grayscale printing. Printing process consisted of five printing cycles, with 15 min
drying step between each cycle. Plain paper was used as a support for individually casted
substrates in order to accomplish precise printing. Paper was preprinted with designed
pattern and substrates were attached onto paper with an adhesive tape.

2.2.4. Printing Substrate Characterization
Uniformity

Film uniformity was assessed based on the individual films weight, thickness and
printed pattern appearance. Thickness was measured at five positions (four corners and
one central point) using micrometer screw Insize 3203-25 A (Insize, Suzhou, China). Film
weight and thickness are presented as mean values (£SD) of ten replicate measurements.
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Printed pattern appearance was assessed by visual inspection of the uniformity of color and
edges definition, after five printing cycles. Uniformly distributed color without smearing
was considered as acceptable appearance (marked with “+”), while visible splashes of color
indicated poor appearance (which was denoted as “—"). The same marking system was
used to denote printed patterns edges definition.

Porosity

Porosity was determined as a relative weight difference of the investigated samples
following 24 h immersion in the paraffin oil as described by Khorasani et al. [20]. Measure-
ments were performed in triplicate and presented as the mean value (£SD).

Additionally, porosity was investigated using the Image]J software package 1.51k
(National Institutes of Health, Stapleton, NY, USA). Micrographs obtained by trinocular
microscope (SZM-168-TL, Motic, Barcelona, Spain) were converted to 8-bit images and
the threshold was adjusted to color empty space within the structure, while solid parts
remained black. The software was used to calculate fraction of pores in the investigated
sample. Relationship between the experimentally determined porosity values and those
estimated by image analysis was explored using linear regression analysis.

Image Analysis

Trinocular microscope (SZM-168-TL, Motic, Barcelona, Spain) and scanning electron
microscope-SEM (JEOL, JSM-6390 LV, Akishima, Japan) were used to visualize the drug-
free samples surface morphology. SEM sample preparation included cutting samples into
small pieces and fixing them to the sample holder with double-adhesive carbon tape. After
that, samples were coated with gold alloy on sputter coater (Baltec SCD 005, Baltec, Buffalo
Grove, IL, USA) to improve their conductivity during recording. Smile Shot™ software
was used for obtaining images.

Polarized microscopy (Olympus BX51-P polarized microscope, Olympus, Tokyo,
Japan) was employed to detect presence of CAF crystals in the printed samples. For
polarized light microscopy a Sony DXC-950P digital camera (Sony, Tokyo, Japan) was used
with CellSens Entry 3.1 software (Olympus, Tokyo, Japan).

Disintegration

Disintegration time (DT) of the investigated samples was recorded before and after
five printing cycles. Disintegration test for orodispersible dosage forms developed by
Preis et al. [21] was employed using 500 mL of the simulated salivary fluid heated to
37 £ 0.5 °C in the compendia disintegration apparatus (Erweka ZT52, Langen, Germany).
Individual films were fixed with a holder attached to the upper part and the magnet (3 g)
attached to its bottom side. Disintegration endpoint was determined as the time when the
magnet attached to the investigated sample dropped down. Six samples were tested, and
the results are reported as mean value (£5D). Paired t-test was used for comparison of
disintegration time values before and after printing.

Mechanical Properties

Mechanical properties of the investigated printing substrates were evaluated using
the Precision universal tester (Shimadzu AG-X plus, Shimadzu Corporation, Kyoto, Japan).
The test was performed according to the ISO 527-3 regulation [22]. Samples were cut in the
bone shaped specimens, clamped with the film extension grip which moved at a speed of
1 mm/min until sample breakage. The measurements were performed in triplicate. Sample
tensile strength (TS), elongation at break (EB) and Young’s modulus (YM) were calculated
according to the Equations (1)—(3).

TS (MPa) = F/A 1
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where F is maximal applied load and A cross-sectional area.
EB (%) = 100 x (ALg)/Lyg @)
where AL is the extension and Ly is the original length
YM = (02 — 01)/(e2 — €1) ®G)

where 0, — 07 represents the applied stress over strain £1 and ¢5.

Viscoelasticity of the investigated samples was evaluated based on the complex modu-
lus (G*) values determined by oscillatory rtheometry (RheometerRheolab MC 120, PaarPhys-
ica, Stuttgart, Germany) using the parallel plate measuring system MP50 (diameter 12.5 mm,
gap 50 um) with samples placed into frames to prevent drifting.

Oscillatory measurements were performed to determine linear viscoelastic region
of the investigated samples (amplitude sweep). After linear viscoelastic region was de-
termined and all the measurements were performed at the constant strain (1%) within
frequency range 0.1-10.0 Hz to estimate the impact on the change in storage (elastic)
modulus (G') and loss (viscous) modulus (G”) values.

G* is calculated using the following equation [23]:

|G* 1 =/((G)2 + (G")2) 4)

Measurements were performed in triplicate and the results expressed as mean value
(£SD).

Drug Load

Drug load achieved after five printing cycles was determined by dispersing individual
film in 10 mL of purified water on the laboratory shaker (KS 260 basic, IKA VR-Werke
GmbH, Staufen, Germany) at 250 rpm. Obtained samples were filtered through a 0.45 mm
filter (Millipore, Bedford, MA, USA), properly diluted and assayed for CAF at 273 nm using
UV-spectroscopy (UV spectrophotometer EvolutionTM300, Thermo Scientific, Waltham,
MA, USA). Reference measurements were done with drug-free substrates used as a blank
in order to eliminate interference of substrate components. Test was performed in triplicate.

In Vitro Drug Dissolution

CAF dissolution from the printed samples was studied in the small volume dissolution
setup consisting of 100 mL laboratory glasses immersed in the temperature-controlled
shaker (LSB Aqua Pro18, Grant, Shepreth, UK) agitated at 110 rpm. Investigated samples
were attached to the bottom of the glass with the printed side facing up, and 50 mL of
simulated salivary fluid (pH 6.75, 37 & 0.5 °C) was carefully added. Then, 2 mL samples
were withdrawn manually at the pre-determined time intervals. CAF concentration was
determined using UV spectrophotometer (EvolutionTM300, Thermo Scientific, Waltham,
MA, USA) at 273 nm (drug-free substrates were used as blank). The test was performed in
triplicate, and the results are expressed as the mean values (+5D).

Printability Evaluation

Experimentally obtained results for porosity (POR), thickness (TH), EB, TS, YM, G*
and drug load (DL) were mathematically transformed onto the 0-100% scale in order to per-
form comparative evaluation of the investigated substrates printability. Estimated printed
pattern appearance (PPA) was assigned with the value 0, 5 or 10 if the sample scored
none, one or two pluses, respectively. PPA values were, also, transformed onto the 0-100%
scale and value 100% was considered as favorable, as it indicated both the uniformity and
precision of drug distribution. Furthermore, high porosity and substrate thickness were
recognized as factors that contribute to higher drug load [6,12]. Mathematical transfor-
mation of experimentally obtained mechanical characteristics was based on the boundary
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values recommended by Visser et al. [8]. Accordingly, the target value for tensile strength
was set to 2 MPa or higher, while in the case of elongation at break it was equal or higher
than 10%. Young’s modulus was considered more satisfactory in the case of lower values,
while values higher than 400 MPa were unfavorable. Complex modulus might be useful
in prediction of substrates resistance to deformation. Hence, higher values are favorable,
as they can indicate substrates ability to withstand repeated printing cycles [19]. Factors
affecting substrate printability are represented as radar charts which provide multivariate
data visualization, where larger chart area indicates better printability.

3. Results and Discussion
3.1. Printing Substrate Preparation

Ten printing substrate samples were prepared or purchased from the market. Sample
subset I included four polymer films prepared using HPC, PVA-PEG, SA and MDX as
single film-forming agents in the concentration of 7%, except in the case of MDX samples
where, due to film sticking, polymer concentration was set to 5%. The subset II included
three samples prepared as structured orodispersible film templates containing polymer
blends in which HPC was used as binder with the addition of PVA-PEG, SA and/or MDX
as particulate matrix material. The subset Il included three wafer edible sheets purchased
from the market. Composition of the investigated samples is presented in Table 1.

Table 1. Sample composition.

Constituents (% w/w) *

Subsets  Samples HPC PVA-PEG SA MDX Purified Water (up to) Absolute Ethanol (up to)
S1 7.0 100.0
I S2 7.0 100.0
S3 7.0 100.0
sS4 5.0 100.0
S5 7.0 5.0 100.0
I S6 7.0 5.0 100.0
S7 7.0 5.0 100.0
S8 Corn starch, olive oil, water
IIT S9 Corn starch, olive oil, water
S10 Corn starch, olive oil, maltodextrin, water

* 1% glycerol was added to samples S1-S7; HPC—hydroxypropyl cellulose, PVA-PEG—polyethylene glycol-polyvinyl alcohol graft
copolymer, SA—sodium alginate, MDX—maltodextrine.

3.2. Uniformity

Weight, thickness and the estimated printed pattern appearance of the investigated
samples are presented in Table 2. The subset I samples were characterized with lower
thickness (ranging from 69 to 124 um), and film weight when compared to the subset II
samples which exhibited higher and more variable thickness (ranging from 309 to 481 pm)
due to the presence of dispersed polymer particles on top of the HPC base which resulted
in rough and uneven film surface. The commercial wafer edible sheets (sample subset III)
also varied in composition and thickness, which ranged from 264 to 502 pum.

Substrate S5 exhibited high level of uniformity with regards to color deposition after
five printing cycles. Occasional splashes of ink were seen on the surface of samples S1,
S7 and S8. Well defined edges of the printed patterns indicate that ink was not smeared
and removed by printer roller. Inconsistency in printed pattern color deposition and edges
definition was observed for substrates S1 and S3, hence they were marked as “poor”.



Pharmaceutics 2021, 13, 468

7 of 16

Table 2. Printing substrate characteristics.

. . Printed Pattern
Porosity Porosity Appearance
3 2 i * * *, i
Subsets  Sample  Weight (mg/cm®)  Thickness * (um)  Drug Load * (ug) (Expe(r;;lental) an (}mailg)e(o/ ) (Color Uniformity/Edges

° alysishth Definition) ***
S1 132 + 1.1 124 + 5 1975 +£ 02 13 + 0.1 2.5 - -
S2 162 =+ 06 121 + 2 1815 =+ 04 18 + 0.2 3.1 + +
I S3 13.6 =+ 04 78 + 4 542 £ 26 08 + 0.1 0.5 + -

S4 8.4 + 04 69 + 4 n/a** 0.8 + 0.1 0.3 n/a**

S5 311+ 07 39 + 22 4371 £ 25 82 + 0.5 31.8 + +
I S6 265 + 0.7 309 + 12 978 £ 49 3.0 + 0.6 9.8 - +
S7 309 + 1.0 481 + 18 2942 =+ 00 63 + 0.5 315 - +
S8 8.6 + 0.0 264 + 6 2173 +£ 41 69 + 0.2 33.8 - +
I S9 124 &+ 02 369 + 6 3332 +£ 1.0 97 + 0.2 411 + +
S10 186 =+ 02 502 + 7 1510 =+ 56 6.1 + 0.4 30.4 + +

* mean =+ standard deviation; ** n/a—not applicable—sample disintegrated upon contact with ink during printing and *** + acceptable,

— poor.

3.3. Porosity

Experimentally obtained and calculated substrate porosity values are presented in
Table 2. Orodispersible thin films (i.e., subset I) exhibited poor oil absorption capacity and
porosity values were in the range from 0.8 to 1.8%. Porosity values estimated by image
analysis were consistent with the experimentally determined results and ranged from
0.3 to 3.1%. The subset Il samples exhibited diverse experimentally determined porosity
values ranging from 3% (which is close to the determined values for orodispersible thin
films) in the case of S6 sample, to more than 6% (which is comparable to wafer edible
sheets) for the samples S5 and S7. Sample S6 contained SA polymer as a particulate matrix
material characterized with good swelling and gelling properties. It can be anticipated that
the reason for a more compact top layer being associated with lower porosity of the SA
containing sample (S6) when compared with samples S5 and S7 containing, respectively,
PVA-PEG and MDX as particulate matrix material might be polymer swelling and gelation
during the film casting and drying, as discussed by Shi et al. [24].

Commercial wafer edible sheets (i.e., the subset III samples) exhibited high porosity
values, ranging from 6.1 to 9.7% as estimated based on the oil absorption capacity, and
30.4 to 41.1% estimated by image analysis. However, linear regression analysis indicated
high correlation between experimentally and ImageJ determined porosity (y = 4.88x — 3.44,
R =0.98).

3.4. Image Analysis

Photomicrographs of the investigated samples obtained by the trinocular microscope
are presented in Figure 1. While the subset I samples (Figure 1a) reflected the image of
transparent material, without any inner structure, photomicrographs of the subset II and
III samples (Figure 1b,c) showed notable differences with respect to their inner structure
and pore distribution.

Open pores which allow light transition were visible in the samples S5 (HPC-PVA-
PEG SOFT) and S7 (HPC-MDX SOFT), with more uniform pore distribution evident for
the sample S5. Such structure is in accordance with relatively high porosity of these
samples. Sample S6 (HPC-SA SOFT) exhibited compact inner structure without any
transparent sections which is in accordance with low porosity value obtained for this
sample. Commercial wafer edible sheets exhibited uniform distribution of open pores
which is consistent with their high porosity values. In addition, in contrast to the subset II
samples, subset III samples enabled intensive light transition, probably due to the lack of
closed bottom side which is attributed to SOFTs.
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Figure 1. Photomicrographs (50 x) of the investigated printing substrates obtained by trinocular microscope: (a) subset I;
(b) subset II and (c) subset III (for the sample composition refer to Table 1).

The cross-sectional structures of the samples were assessed using SEM (Figure 2).
Subset I samples appeared dense with no inner pores, but there were differences in mi-
crostructure. Sample S1 had completely smooth cross-sectional surface while S2 had
wrinkled appearance with higher surface area. S3 had small cracks throughout cross sec-
tional area which might indicate stiff structure. Sample S5 exhibited uniformly distributed
pores and formed wrinkled structure. Sample S6 cross section appeared homogeneous and
similar to orodispersible thin films, which was in agreement with the estimated porosity
values. In the case of sample S7 porous inner structure was observed, but pores were
irregular and sporadically distributed. Similar composition of subset III samples resulted
with similar microstructure with noticeable layers. High porosity might be due to an open
space between layers.

Polarized light photomicrographs of the evaluated printed films are presented in
Figure 3. The obtained photomicrographs provide insight into the presence of needle-
shaped CAF crystals only in the sample S3 (SA) while crystals were not visible in other
investigated samples. Crystallization of CAF at the surface of the S3 substrate might
be associated with the poor drug adhesion onto the printing substrate and incorrect
dosing. It was previously assumed that HPC polymer has the ability to inhibit drug
recrystallization [10], which might explain why CAF crystals were not observed in the
samples containing HPC. Additionally, it was reported that penetration of ink into the
porous printing substrates is associated with altered crystallization behavior compared to
printing on nonporous substrates [25]. Hence, it might be assumed that CAF entrapped
into the porous substrate will not recrystallize. This is in accordance with the absence of
visible CAF crystals in the subset II and III samples.
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Figure 2. SEM Photomicrographs of the investigated substrates: (a) subset I; (b) subset II and (c) subset IIIL.

Figure 3. Photomicrographs of the printed samples obtained using polarized light microscopy (200 um): (a) subset I;
(b) subset IT and (c) subset III.
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3.5. Disintegration

Disintegration times of the drug-free and printed samples are presented in Table 3.
Sample 54, prepared from single-polymer dispersion, ruptured upon first contact with the
ink and was eliminated from further evaluation. Five printing cycles had no significant in-
fluence on disintegration time of the other investigated samples (p = 0.75 for paired samples
t-test). Additionally, all samples fulfilled pharmacopeial requirement for orodispersible
tablets disintegration [26].

Table 3. Investigated samples disintegration before and after five printing cycles.

Disintegration Time

Subsets  Samples Before Printing * After Printing *

S1 27.0 + 2.0 26.7 + 1.0
I 52 32.5 + 0.8 22 + 1.8
S3 41.7 + 0.9 41.5 + 2.0

S4 3.5 + 0.5 n/a**
S5 28.2 + 1.9 28.8 + 1.6
II S6 52.5 + 1.4 53.1 + 1.6
S7 46.0 + 1.3 46.5 + 21
S8 17.2 + 1.2 17.0 + 0.9
III 59 20.8 + 0.7 20.5 + 1.0
S10 129.3 + 25 129.3 + 1.4

* mean + standard deviation and ** sample disintegrated upon contact with ink during printing.

Although films prepared from polymer blends dispersion (i.e., subset II samples)
were thicker than the single polymer film samples (subset I) this was not associated with
prolonged disintegration. Similar disintegration was observed for S1 and S5, which might
be attributed to higher porosity of the sample S5, in which the open pore side enabled
rapid water penetration. Samples S6 and S7 exhibited somewhat longer disintegration time
possibly due to lower porosity and, consequently, slower water penetration through the
top side of the samples.

The results obtained revealed that S8 and S9 samples, which contain highly porous
structure with both sides open, exhibited shortest disintegration times. On the other hand,
sample S10 exhibited the longest DT. Highly porous structure with both sides open was
associated with very fast disintegration, while multidimensional inner structure and higher
film thickness might be the reason for somewhat different behavior of the sample S10.

3.6. Mechanical Properties

Mechanical properties of the evaluated drug-free samples, including tensile strength,
elongation at break, Young’s modulus and complex modulus are presented in Table 4.
Elongation at break is described as the capacity of film to stretch before it breaks. Therefore,
if the elongation at break is high, sample structure might be considered as flexible and
ductile [27]. The obtained results revealed the highest EB value (272.9%) for the sample S1
which contained hydroxypropyl cellulose as the single film forming polymer. Although
some level of flexibility is required for the substrate to be able to fold when it passes through
the printer, extensive flexibility might cause sample stretching leading to erroneous drug
disposition [28]. On the contrary, low EB determined for samples S3 and wafer edible sheets
(58-10) indicate potential rupturing during film folding due to pronounced brittleness.
Elongation at break values for samples S5 and S7 were comparable (i.e., around 11%),
while the sample S6 exhibited somewhat higher flexibility. The subset II samples were
characterized with flexible structure, but when compared to S1 substrate it can be assumed
that addition of particulate matrix material greatly reduced film flexibility. The obtained EB
values indicate that the subset II substrates can fold multiple times during printing without
dose disruption. The subset III samples exhibited low EB values which could potentially
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lead to problems during multiple printing cycles, as their lack of flexibility limits folding
without breaking.

Table 4. Mechanical properties of the investigated printing substrates

Subsets Sample EB * (%) TS * (MPa) YM * (MPa) G* (MPa)
S1 27291 + 0.00 0.43 + 0.00 2.99 + 0.00 0.58 + 0.06
I 52 21.14 + 1.07 8.26 + 036  146.25 + 0.07 0.73 + 0.12
53 2.50 + 0.37 53.63 + 6.67  3498.00 + 173.09  90.35 + 4.34
S5 11.31 + 1.66 1.52 + 0.16  182.67 + 895  433.12 + 15.34
II S6 28.77 + 8.43 1.07 + 0.13 111.86 + 13.33 64298 + 16.12
57 11.27 + 0.52 411 + 0.31 403.67 + 36.18  467.63 + 28.98
S8 1.86 + 0.21 3.81 + 0.66  300.45 + 0.64 0.35 + 0.06
111 59 1.49 + 0.31 1.14 + 0.53 105.49 + 16.84 2.65 + 0.07
S10 0.67 + 0.18 1.66 + 0.38  290.20 + 22.77  601.29 + 0.08

* mean + standard deviation. EB—elongation at break, TS—tensile strength, YM—Young’s modulus and G*—complex modulus.

Tensile strength is defined as the maximum load force used to break the sample.
Hard and brittle substrates demonstrate very high mechanical resistance [29]. Generally,
somewhat higher TS is preferred in the case of printing substrates in order to avoid tearing
which could result from the constant stress induced by the printing rollers. High flexibility
of the sample S1 was accompanied with lower mechanical resistance compared to the
other subset I samples. Sample S3 containing sodium alginate exhibited extreme brittleness
and the highest strength among all the investigated samples, which might cause certain
problems during repeated printing cycles. Considering that HPC presents the base polymer
in the subset II samples, all substrates exhibited more flexible and less brittle structure
compared to thin orodispersible films. Commercially available, edible sheets (subset III)
exhibited lower TS values, which is in accordance with the literature data reported by
Vakili et al. [16].

Young’s modulus is associated with film stiffness and capacity to undergo elastic
deformation under applied stress [29]. Strong positive correlation between YM and TS
values was established (R? = 0.98), indicating that more mechanically resistant substrates are
also stiffer. YM, also, represents parameter that can serve as reliable indicator of substrate
durability during printing and further handling. The obtained results revealed great
diversity in YM values in the subset I (i.e., single polymer films) confirming pronounced
impact of polymer characteristics. Sample S1 prepared with HPC exhibited the lowest
(2.99 MPa) while sample S3 prepared with SA exhibited the highest determined YM value
(3498 MPa), which was in accordance with the other investigated mechanical properties.
As it was previously reported, presence of MDX in the sample S7 might be related to the
increased film hardness and stiffness, without affecting film flexibility as discussed by
Cilurzo et al. [30]. According to the presented results, all the investigated samples, except
sample 53, had YM in line with recommendation, i.e., lower than 430 MPa [8].

Complex modulus is defined as a measure of total resistance of the system to strain.
It is noted that systems that have increased fraction of the dispersed phase are character-
ized with higher G* values, as a result of the particle—particle interaction and more rigid
structure [19,31]. Low values of G*, which were determined for samples S1 and S2 indicate
greater flexibility, while the highest complex modulus value observed for S6 might be
related to stiffer and less flexible structure. Although Young’s modulus values of the subset
III samples were comparable, substrate S10 had very high G*, probably due to higher
thickness and more complex inner structure (as presented in Figure 2).

3.7. Drug Load

Determined drug load of the investigated orodispersible films, after five repeated
printing cycles, are presented in Table 2. The obtained results revealed great inconsistency
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of CAF load in the investigated samples, ranging from 54.2 to 437.1 pg. In the subset I
samples, lower amounts of drug were incorporated indicating that thin orodispersible films
could hold ink only on the top of the surface. The only exception was evident in the sample
S3 (prepared with SA), where CAF recrystallization caused facilitated removal of printed
drug during successive printing cycles. Within the subset II, the highest drug content was
incorporated in the sample S5 (437.1 pg), which is in accordance with the highest porosity
and uniform distribution of open pores observed (Figure 2a). Commercially available
edible substrates (subset III) are produced with intention to reach high sorption capacity
for edible inks. It was noticed that level of porosity affects the amount of drug incorporated.
According to the presented results it might be assumed that substrate porosity is the main
indicator of the drug load capacity, so the sample S5 with uniform and high porosity
and the highest drug content incorporated can be considered as favorable among the
presented samples.

3.8. In Vitro Drug Dissolution

The cumulative percentages of CAF released from different orodispersible films as
a function of time are presented in Figure 4. There were no remarkable differences in
dissolution profiles of the investigated samples during the first five minutes. Printed CAF
was predominantly deposited on the surface of orodispersible thin films, thus drug dis-
solved almost immediately upon contact with dissolution media (Figure 4a). Interestingly,
more than 80% of CAF was released within 10 min from all the subset I samples and
subset III samples S8 and S9 indicating that, despite differences in structure, thickness and
porosity, both sides open structure enables, also, fast drug release (Figure 4a,c). Sample 510,
which had the highest thickness, exhibited slightly prolonged CAF release probably due to
the multidimensional structure and longer drug diffusion distance. Drug release profiles
were in rank-order with the determined film disintegration times. Although somewhat
slower CAF dissolution was observed from the subset II, (Figure 4b), more than 80% CAF
was released from all the investigated samples within 30 min. Standard deviation within
triplicate samples was in the range from 0.35 to 6.07%. This implies rather low variability
of data.

3.9. Printability Evaluation

The comprehensive results of the investigated substrate printability evaluation are
presented in Figure 5 as radar charts of the selected performance indicators. Experimentally
determined parameters mathematically transformed, in order to standardize the values
and facilitate printability comparison. The higher radar chart factor values are considered
favorable (0%—not acceptable, 100%—acceptable) and the higher radar chart surface area
indicates better printability. Boundaries suggested by Visser et al. for mechanical properties
correspond to 100% [8]. The highest porosity, thickness and complex modulus values as
well as the highest printed pattern score correspond to 100%. Scores from 0 to 100% were
drawn on radar charts.

Sample S3 was eliminated from printability assessment, due to observed CAF crys-
tallization and excessive brittleness, which was also reflected in the very high Young's
modulus value. Radar chart for the subset I samples (Figure 5a) revealed that sample
S2 has higher relative surface area (20.4%) compared to sample S1 (6.9%). Mechanical
properties were the main factor that contributed to sample S2 better printability, as these
films were mechanically stronger but, at the same time, flexible enough to endure printing.
The opposite, lower brittleness in conjunction with poor mechanical resistance observed in
the sample S1 negatively affected its printability. The appearance of the printed patterns
was also favorable in the case of 52 sample contributing to its overall performance as the
drug printing substrate.

Within the subset II, sample S5 had notably higher relative surface area (59.2%) in
comparison to samples S6 (26.1%) and S7 (42.1%). As the elongation at break was higher
than 10%, its contribution was equal for all three samples. Tensile strength and Young's
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modulus values were not critical for printability the of subset Il samples, as they exhibited
high flexibility, with appropriate tensile strength and Young’s modulus values. High drug
load and porosity were main discriminative factors. Sample S5 had the highest values
of those two parameters, as well as the favorable printed pattern appearance. It can be
assumed that similarity in structure of samples S5 and S7 contributed to similarity in factors
that affected their printability, while S6 was structurally different and complex modulus
was the main parameter that positively affected its printability.

Figure 4. Dissolution profiles of caffeine (CAF) from the investigated samples: (a) subset I; (b) subset
IT and (c) subset IIT
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Figure 5. Radar charts for printability assessment of the investigated samples: SubsetI (a); subset II (b) and
subset III (c). POR—porosity, TH—thickness, DL—drug load and PPA—printed pattern appearance.

Within the subset III, samples S8 and S10 had similar relative surface areas (23.5%
and 23.7%, respectively), although different parameters contributed to their printability.
Sample S9 exhibited slightly higher relative surface area (29.9%) as higher porosity, and
consequently higher drug load, with the good printed pattern appearance which positively
affected its printability. Elongation at break values of the investigated wafer edible sheets
were lower than 10%, so this parameter did not affect the subset III sample printability.
The main difference between S8 and S10 samples printability was higher thickness and
complex modulus for S10. As mentioned previously, high thickness values could indicate
higher drug load, which was not the case with sample S10 as its drug load was not
remarkable higher.

4. Conclusions

The results obtained indicate that different types of printing substrates may be used
for drug inkjet printing. Although single polymer thin films with targeted mechanical
properties could be used as printing substrates, their major disadvantage is low drug
load, since drug deposition is limited to the film surface. Structured orodispersible film
templates provided substantial advantages over the single polymer films with regards
to the amount of drug incorporated. The appropriate combination of particulate matrix
material and base polymer is important to ensure uniform porosity and good mechanical
properties. Wafer edible sheets had comparable drug load to structured orodispersible film
templates, but their mechanical properties were limiting for multiple printing cycles.

Construction of radar charts enabled visualization of relative contribution of each
of the parameters evaluated on the investigated substrates printability and facilitated
their comparative analysis. Differences in substrate structure governed which parameters
predominantly affected their printability. Printability of single-polymer thin films was
mainly dependent on the elongation at break and tensile strength values. Major challenge
is to obtain good balance between flexibility and brittleness in order to avoid excessive
stretching or tearing of thin films. In the case of structured orodispersible film templates
it was evident that porosity was the key contributor to high drug load and more porous
films had overall better printability characteristics. Furthermore, Young’s modulus and
complex modulus must be taken into consideration as porous films can be overly rigid
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which negatively affects their printability due to possible rupture during the printing. Ad-
ditionally, the printed pattern appearance could be useful indicator of substrate printability
and included in printability evaluation. The obtained results provide new insight into the
printing substrate characteristics and can possibly contribute to development of printability
scoring system that could facilitate substate selection and production.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/pharmaceutics13040468/s1, Figure S1: Viscosity flow curve, Table S1: Characteristics of
ethanol, liquid vehicle and ink.

Author Contributions: Conceptualization, E.T., ].P.; methodology, E.T., D.V,, ].P,; formal analysis,
E.T,; investigation, E.T., M.D., N.O,, L.V,; data interpretation E.T., I.V.,, M.D., N.O., D.V,, ].P;; data
curation, E.T.; writing—original draft preparation, E.T., .V, M.D.; writing—review and editing, D.V.,
J.P; visualization, E.T; supervision J.P. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Ministry of Education Science and Technological Devel-
opment, Republic of Serbia (451-03-68/2020-14/200161).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank Aleksandra Jano$evi¢ for valuable help with
the preliminary studies on ink. Additionally, authors thank BASF and Ashland for kindly provided
Kollicoat® IR and Klucel® GF.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1. Goole, J.; Amighi, K. 3D printing in pharmaceutics: A new tool for designing customized drug delivery systems. Int. J. Pharm.
2016, 499, 376-394. [CrossRef]

2. Florence, A.T.; Lee, V.H. Personalised medicines: More tailored drugs, more tailored delivery. Int. J. Pharm. 2011, 415, 29-33.
[CrossRef]

3. Kolakovic, R; Viitala, T.; Thalainen, P.; Genina, N.; Peltonen, J.; Sandler, N. Printing technologies in fabrication of drug delivery
systems. Expert Opin. Drug Deliv. 2013, 10, 1711-1723. [CrossRef] [PubMed]

4. Genina, N,; Fors, D.; Palo, M.; Peltonen, J.; Sandler, N. Behavior of printable formulations of loperamide and caffeine on different
substrates—Effect of print density in inkjet printing. Int. J. Pharm. 2013, 453, 488-497. [CrossRef] [PubMed]

5. Hsu, H.-Y,; Toth, S.J.; Simpson, G.J.; Taylor, L.S.; Harris, M.T. Effect of Substrates on Naproxen-Polyvinylpyrrolidone Solid
Dispersions Formed via the Drop Printing Technique. J. Pharm. Sci. 2013, 102, 638-648. [CrossRef] [PubMed]

6.  Iftimi, L.-D.; Edinger, M.; Bar-Shalom, D.; Rantanen, J.; Genina, N. Edible solid foams as porous substrates for inkjet-printable
pharmaceuticals. Eur. . Pharm. Biopharm. 2019, 136, 38—47. [CrossRef] [PubMed]

7. Oblom, H.; Cornett, C.; Botker, J.; Frokjaer, S.; Hansen, H.; Rades, T.; Rantanen, J.; Genina, N. Data-enriched edible pharmaceuticals
(DEEP) of medical cannabis by inkjet printing. Int. J. Pharm. 2020, 589, 119866. [CrossRef]

8.  Visser, ].C.; Dohmen, W.M.; Hinrichs, W.L.; Breitkreutz, J.; Frijlink, H.W.; Woerdenbag, H.J. Quality by design approach for
optimizing the formulation and physical properties of extemporaneously prepared orodispersible films. Int. . Pharm. 2015, 485,
70-76. [CrossRef]

9.  Genina, N.; Janflen, E.M.; Breitenbach, A.; Breitkreutz, J.; Sandler, N. Evaluation of different substrates for inkjet printing of
rasagiline mesylate. Eur. . Pharm. Biopharm. 2013, 85, 1075-1083. [CrossRef] [PubMed]

10. Janfien, E.M.; Schliephacke, R.; Breitenbach, A.; Breitkreutz, J. Drug-printing by flexographic printing technology—A new
manufacturing process for orodispersible films. Int. J. Pharm. 2013, 441, 818-825. [CrossRef]

11. Liew, K.B.; Tan, Y.T.F; Peh, K K. Characterization of Oral Disintegrating Film Containing Donepezil for Alzheimer Disease. AAPS
Pharmscitech 2012, 13, 134-142. [CrossRef] [PubMed]

12.  Steiner, D.; Finke, ].H.; Kwade, A. SOFTs—Structured orodispersible film templates. Eur. ]. Pharm. Biopharm. 2019, 137, 209-217.
[CrossRef] [PubMed]

13. Edinger, M.; Bar-Shalom, D.; Rantanen, J.; Genina, N. Visualization and Non-Destructive Quantification of Inkjet-Printed

Pharmaceuticals on Different Substrates Using Raman Spectroscopy and Raman Chemical Imaging. Pharm. Res. 2017, 34,
1023-1036. [CrossRef]


https://www.mdpi.com/article/10.3390/pharmaceutics13040468/s1
https://www.mdpi.com/article/10.3390/pharmaceutics13040468/s1
http://doi.org/10.1016/j.ijpharm.2015.12.071
http://doi.org/10.1016/j.ijpharm.2011.04.047
http://doi.org/10.1517/17425247.2013.859134
http://www.ncbi.nlm.nih.gov/pubmed/24256326
http://doi.org/10.1016/j.ijpharm.2013.06.003
http://www.ncbi.nlm.nih.gov/pubmed/23769992
http://doi.org/10.1002/jps.23397
http://www.ncbi.nlm.nih.gov/pubmed/23225152
http://doi.org/10.1016/j.ejpb.2019.01.004
http://www.ncbi.nlm.nih.gov/pubmed/30630061
http://doi.org/10.1016/j.ijpharm.2020.119866
http://doi.org/10.1016/j.ijpharm.2015.03.005
http://doi.org/10.1016/j.ejpb.2013.03.017
http://www.ncbi.nlm.nih.gov/pubmed/23563101
http://doi.org/10.1016/j.ijpharm.2012.12.023
http://doi.org/10.1208/s12249-011-9729-4
http://www.ncbi.nlm.nih.gov/pubmed/22167416
http://doi.org/10.1016/j.ejpb.2019.03.001
http://www.ncbi.nlm.nih.gov/pubmed/30836181
http://doi.org/10.1007/s11095-017-2126-2

Pharmaceutics 2021, 13, 468 16 of 16

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.
30.

31.

Stewart, D. Decorating A Cake with A Printed Edible Sheet by Using An Ink Jet Printer. Patent Number US6652897B1,
25 November 2003.

Raijada, D.; Genina, N.; Fors, D.; Wisaeus, E.; Peltonen, J.; Rantanen, J.; Sandler, N. Designing Printable Medicinal Products:
Solvent System and Carrier-Substrate Screening. Chem. Eng. Technol. 2014, 37, 1291-1296. [CrossRef]

Vakili, H.; Nyman, J.O.; Genina, N.; Preis, M.; Sandler, N. Application of a colorimetric technique in quality control for printed
pediatric orodispersible drug delivery systems containing propranolol hydrochloride. Int. J. Pharm. 2016, 511, 606-618. [CrossRef]
[PubMed]

Wickstrom, H.; Nyman, J.O.; Indola, M.; Sundelin, H.; Kronberg, L.; Preis, M.; Sandler, N. Colorimetry as Quality Control Tool for
Individual Inkjet-Printed Pediatric Formulations. AAPS Pharmscitech 2017, 18, 293-302. [CrossRef]

Peh, K.; Wong, C. Polymeric films as vehicle for buccal delivery: Swelling, mechanical, and bioadhesive properties. J. Pharm.
Pharm. Sci. 1999, 2, 53-61.

Draskovi¢, M.; Turkovi¢, E.; Vasiljevi¢, 1.; Trifkovi¢, K.; Cviji¢, S.; Vasiljevi¢, D.; Paroj¢i¢, J. Comprehensive evaluation of
formulation factors affecting critical quality attributes of casted orally disintegrating films. J. Drug Deliv. Sci. Technol. 2020, 56,
101614. [CrossRef]

Khorasani, M.; Amigo, ].; Sonnergaard, J.; Olsen, P.; Bertelsen, P.; Rantanen, J. Visualization and prediction of porosity in roller
compacted ribbons with near-infrared chemical imaging (NIR-CI). J. Pharm. Biomed. Anal. 2015, 109, 11-17. [CrossRef]

Preis, M.; Gronkowsky, D.; Grytzan, D.; Breitkreutz, . Comparative study on novel test systems to determine disintegration time
of orodispersible films. J. Pharm. Pharmacol. 2014, 66, 1102-1111. [CrossRef]

DIN EN ISO 527-3. Plastics—Determination of Tensile Properties—Part 3: Test Conditions for Films and Sheets; German Institute for
Standardization Beuth Verlag: Berlin, Germany, 2003.

Mezger, T.G. The Rheology Handbook: For Users of Rotational and Oscillatory Rheometers, 4th ed.; Vincentz Network GmbH & Co KG:
Hanower, Germany, 2014; 141p.

Shi, L.L.; Xu, WJ.; Cao, Q.R,; Yang, M.; Cui, J.H. Preparation, Characterization and in Vitro Evaluation of a Polyvinyl Al-
cohol/Sodium Alginate Based Orodispersible Film Containing Sildenafil Citrate. Pharmazie 2014, 69, 327-334. [CrossRef]
[PubMed]

Sandler, N.; Maittanen, A.; Thalainen, P.; Kronberg, L.; Meierjohann, A.; Viitala, T.; Peltonen, J. Inkjet printing of drug substances
and use of porous substrates-towards individualized dosing. J. Pharm. Sci. 2011, 100, 3386-3395. [CrossRef] [PubMed]

The European Pharmacopoeia 10.0, Orodispersible Tablets; European Directorate for the Quality of Medicines & Healthcare, EDQM:
Strasbourg, France, 2019.

Banker, G. Film Coating Theory and Practice. J. Pharm. Sci. 1966, 55, 81-89. [CrossRef]

Thabet, Y.; Lunter, D.; Breitkreutz, J. Continuous Inkjet Printing of Enalapril Maleate onto Orodispersible Film Formulations. Int.
J. Pharm. 2018, 546, 180-187. [CrossRef]

Dixit, R.; Puthli, S. Oral strip technology: Overview and future potential. J. Control Release 2009, 139, 94-107. [CrossRef] [PubMed]
Cilurzo, F.; Cupone, L; Minghetti, P.; Buratti, S.; Selmin, F.; Gennari, C.; Montanari, L. Nicotine Fast Dissolving Films Made of
Maltodextrins: A Feasibility Study. AAPS Pharmscitech 2010, 11, 1511-1517. [CrossRef] [PubMed]

Lippacher, A.; Miiller, R.; Méder, K. Liquid and semisolid SLN™ dispersions for topical application: Rheological characterization.
Eur. |. Pharm. Biopharm. 2004, 58, 561-567. [CrossRef] [PubMed]


http://doi.org/10.1002/ceat.201400209
http://doi.org/10.1016/j.ijpharm.2016.07.032
http://www.ncbi.nlm.nih.gov/pubmed/27444550
http://doi.org/10.1208/s12249-016-0620-1
http://doi.org/10.1016/j.jddst.2020.101614
http://doi.org/10.1016/j.jpba.2015.02.008
http://doi.org/10.1111/jphp.12246
http://doi.org/10.1691/ph.2014.3172
http://www.ncbi.nlm.nih.gov/pubmed/24855822
http://doi.org/10.1002/jps.22526
http://www.ncbi.nlm.nih.gov/pubmed/21360709
http://doi.org/10.1002/jps.2600550118
http://doi.org/10.1016/j.ijpharm.2018.04.064
http://doi.org/10.1016/j.jconrel.2009.06.014
http://www.ncbi.nlm.nih.gov/pubmed/19559740
http://doi.org/10.1208/s12249-010-9525-6
http://www.ncbi.nlm.nih.gov/pubmed/20936440
http://doi.org/10.1016/j.ejpb.2004.04.009
http://www.ncbi.nlm.nih.gov/pubmed/15451530










	IF (2023) = 5,6; Pharmacology & Pharmacy (37/274) М21
	IF (2022) = 4,7; Pharmacology & Pharmacy (75/278) М21
	IF (2021) = 7,2; Pharmacology & Pharmacy (30/279) М21
	Orodispersible films — Pharmaceutical development for improved performance: A review
	1 Introduction
	2 Dataset development
	2.1 Search strategy
	2.2 Data extraction

	3 Dataset overview
	3.1 Manufacturing method and composition
	3.1.1 The most commonly employed manufacturing methods
	3.1.1.1 Solvent casting
	3.1.1.2 Hot-melt extrusion
	3.1.1.3 Electrospinning
	3.1.1.4 2D and 3D printing

	3.1.2 Composition
	3.1.2.1 Film-forming agents
	3.1.2.2 Plasticizers
	3.1.2.3 Fillers and disintegrants
	3.1.2.4 Thickening agents
	3.1.2.5 Surfactants
	3.1.2.6 Taste masking
	3.1.2.7 Drug load


	3.2 ODF characteristics
	3.2.1 Mechanical properties
	3.2.2 ODF disintegration and drug dissolution

	3.3 Sensory ODF attributes
	3.4 PK data

	4 Concluding remarks
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgement
	Appendix A Supplementary data
	References

	A comprehensive assessment of machine learning algorithms for enhanced characterization and prediction in orodispersible fi ...
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Methods
	2.2.1 Sample preparation
	2.2.2 Weight and thickness
	2.2.3 Mechanical properties
	2.2.4 Disintegration time
	2.2.5 Data mining
	2.2.5.1 Dataset preparation
	2.2.5.2 Data clustering
	2.2.5.3 Predictive models development



	3 Results and discussion
	3.1 Dataset preparation
	3.2 Data clustering
	3.3 Predictive model development

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgment
	Appendix A Supplementary material
	Reference

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Printing Substrate Preparation 
	Ink Formulation Preparation 
	Drug Printing 
	Printing Substrate Characterization 


	Results and Discussion 
	Printing Substrate Preparation 
	Uniformity 
	Porosity 
	Image Analysis 
	Disintegration 
	Mechanical Properties 
	Drug Load 
	In Vitro Drug Dissolution 
	Printability Evaluation 

	Conclusions 
	References

