Oo6pa3zar 4.

®dakynreT ®dapMaleyTCcKu YHUBEP3UTET V¥V BEOTPAY
01 6poj Behy Hayununx ob61acTu MeUIMHCKUX HAyKa
(Bpoj 3axTeBa) (Ha3ug Beha HayuHe 06acTi KOMe ce 3axTeB ynyhyje)
20.06.2024. 3AXTEB
(Matym)

3a JaBame carjacHOCTHU Ha OJJTyKe O yCBajamy u3BelTaja Komucuje 3a oneny
JOKTOPCKE JUCepTalMje U O UMEHOBalbY KOMHUCH]E 3a 010paHy

Monumo na, cxomHo wiany 47. cr. 5. tad. 4. Cratyra YHuBep3utera y beorpany ("I'macamk YauBeps3uter', O6poj 186/15-
npeuninhenu Teker U 189/16), nate carnacHOCT Ha O/UTYKY O ycBajamy n3Bemraja Komucuje 3a olleHy JTOKTOPCKE JHcepTaluje:

KAHJMJAT hUPUHh (PAIOBAH) AHA

(¥Me, UMe jeTHOT O/l POAUTEbA U IIPE3NUME)

CTYCHT TOKTOPCKUX CTY/Hja Ha CTYAH]CKOM Iporpamy DapmMalleyTCKe Hayke

NPUjaBHUO je JJOKTOPCKY TUCEPTaIH]y MO Ha3HBOM:

»Pa3B0j MUKPOUYECTHIIA HA 0a3M MOJHEeTEeKTPOJUTHUX KOMILJIEKCA XHT03aHA U KCAHTAH F'yMe Kao
NOTEHIHjaJTHUX HOCAYa €A NPOJIYKeHUM ocjio0ahameM 3a nepopajHy npuMeHy HoynpodeHa u ecliuHa
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U3 Hay4YHE O0JIACTH: DOAPMAIIEYTCKA TEXHOJIOTMJA

VYuusepsurer je nana 01.06.2021.romune cBojuM aktoM moj Op. 02-01 6poj 61206-1292/4-21 nao cariacHOCT Ha

MIPEIJIOT TeME TOKTOPCKE AUCEPTAITH]jEeKOja je TIIachiIa:

»Pa3B0j MUKpPOYECTHIIA HA 023U MMOJHETEKTPOJUTHUX KOMILJIEKCA XUTO3aHA M KCAHTAH I'YMe Kao
MOTEHUMjaJJHUX HOCAYa Ca NPOAYKEHUM ocjo0ahameM 3a nepopajHy npuMeHy noynpodeHa u ecuuHa®

Wme u npe3ume mentopa : llpod np. Jbmipbana bHekwh, pemoBHm mnpodecop, YHuBep3uTer v beorpamy —
QPapmaneyTcku QakyaTer;

KoMucuja 3a oLieHy JOKTOPCKE AUCEPTallje HMEHOBaHa je Ha cexuunu oxpxkanoj 07.03.2024.ronuHe
OIITYKOM (haKyirera mogu op. 01 6p.504/2 , Y CacraBy:

Nwme u mpe3ume wiaHa 3Bamke Hay4YHa 00JIacT YcranoBa y K0j0j
KOMHCH]e je 3amociieH

Hp cuu. Jenena Bypui, penosau npodecop, YHusepsuter y beorpany — @apmaneyrcku dakynrer

Hp cuu. Bophe Menapesuh, BUIM Hay4dHU capagHUK, Y HUBep3uTeT y beorpany — @apmaneyTcku axynrer

Hp cun. JInguja [erposuh, penosau npodecop, Yuusepsuter y HoBom Cany — Texuonomku ¢axynrer Hosu Caz

Hp cuu. Anekcannap Pamkosuh, pexosau npodecop, Yauepsurer y Hobom Cany — Menununacku gaxynrer Hosu Can
Hp cuu. Teonopa JankoBuh, HaydHu caBeTHUK, IHCTUTYT 3a poydaBarse JEKOBUTOr Ousba ,,Jlp Jocud Ianumh*

uhwN e

Hamomena: ykonuko je unan Komucuje y neH3uju HaBECTH aTyM NMEH3WOHHUCAHA.



JlaTyMm craBibama H3BemTaja KoMucHje U TOKTOpCKe auceprarvje Ha yBua jaBaocTu:_16.05.2024 . roaune.

HacraBHo-HayuHO Behe dakynrera ycBojuino je m3Bemraj Komucuje 3a oneHy JOKTOpPCKE QUcCepTalyje HACEAHHUIM OIP>KAaHO]

JlaHa 20.06.2024.ronune

Komucuja 3a omOpaHy JTOKTOPCKE IucepTalrje MMeHOBaHa je Ha ceauuiu oapxkanoj_ 07.03.2024.roaune

omnykoM ¢akynrera mox 6p. 01 6poj 504/2, y cacrasy:

Nwme u pe3ume wiaHa 3BabE Hay4YHa 00JIacT YcraHoBa y K0j0j
KOMHCH]€e je 3arocieH

Hp ciu. Jenena Bypum, penopuu npodecop, Yuusep3uter y beorpany — @apmaneyrcku (hakynrer

Hp cuu. Bophe Menapepuh, Bullin HAy9IHU capagHUK, Y HUBep3uTeT y beorpaaxy — @apmaneyrcku Qakynrer

Hp ciu. JIuauja [erposuh, penosau npodecop, Yuusepsuter y Hosom Cany — Texuomnoniku ¢akynrer Hoeu Can

Hp cuu. Anekcannap Pamkosuh, penosuu npodecop, Yuupepsuter y HoBom Cany — Menuiuacku daxynrer Hopu Can
Hp cuu. Teomopa JankoBuh, HaydHU caBeTHUK, IHCTUTYT 3a Tipoy4yaBame JiekoBuTor ousba ,,JAp Jocud [Manunh*

M

Hanomena: YKOJIUKO je qJiIaH KOMI/ICI/Ije y nemnjn HaBCCTHU JAaTyYM MCH3MOHHCAA.

JEKAH ®AKVIITETA

Onnyka HacraBHo-HayuyHor Beha o ycBajamy m3Bemraja Komucuje 3a olieHy JOKTOPCKE AMCEPTALM]je

IIpunosn: 1. . )
U oanyKa o MMeHoBamy Komucuje 3a onOpaHy nOKTOpCKe AHCepTalyje

2. UsBemraj Komucuje o olleHH TOKTOpPCKE AUCEpTAllHje

3. Tlpumende Ha u3Bemiraj Komucuje o olieHn TOKTOpCKe qucepraiuje (YKOIUKO UX je Ouio) u
Munubewe Komucuje o mpumendama

Hanmomena: ®akynTer goctaBjba Y HUBEP3UTETY 3aXTEB ca MPUIO3UMA Y eNEKTPOHCKO] GOPMH H Y jeTHOM IHCAHOM HPUMEPKY
3aapXuBy YHUBEP3UTETA



YHUBEP3UTET V BEOI'PALTY
OAPMALEYTCKU ®AKVIITET
11000 - BEOT'PA/]

V. Bojsoae Creme 450.

01. 6poj

20.06.2024. romune

Ha ocHoBy wirana 28. Craryra u npeminora Komucuje 3a nocneaumiomcke cryanje, HactaBHo-
HayuHo Behe YHuBepsurera y beorpamxy — ®@apmareyrckor ¢gakyiaTeTa Ha CSIHULN OJPIKAHO]
20.06.2024. roguHe, TOHENO je

ONJYKY

INPUXBATA CE nosutuBan wusBemta] Komucuje 3a omeHy u oa0paHy 3aBpIlcHE
JOKTOpCKE ucepranuje, kaHaunarta mar.papmanmje Ane hupuh nox naciosom: ,,Pa3Boj
MHKPOYeCcTHIIa HA 0a3H MOJIHEeJeKTPOJTUTHUX KOMILJIEKCA XHTO3aHA U KCAHTAaH r'yMe Kao
NMOTEHUHMjaJHUX HOCA4Ya ca TMPOAYKeHUM ocjodaljameM 3a mnepopajiHy NpPUMEHY
udynpogena u ecunna“ u ynyhyje Behy Hayuynux o6sacti MEAMIIMHCKUX HayKa Ha yCBajame,
a 1o 100MjeHO] MUCAaHO] CarIaCHOCTH 0J100paBa jaBHa o0paHa npea Komucujom y cacraBy:

1. Jp cum. Jemena Dypum, pemoBam mpodecop, YHuUBep3uter y beorpagy —
®dapmarieyTcku (paxkyaTer

2. Jlp cuu. DBophe Menapeuh, BuIIM HaydHH CapaJHUK, YHUBEp3UTEeT y beorpamy —
®dapmarneyTcku GakyiaTeT

3. Jp cuu. Jluguja IlerpoBuh, pemoBru mpodecop, Yausepsutrer y Hoom Canmy —
Texnonomku dakynrer Hosu Can

4. Nlp cuu. Anekcanmap Pamkosuh, penosau npodecop, Yuupepsuter y HoBom Cany —
Memumuacku dakynretr Hosu Can

5. Hp cuu. Teonopa JankoBuh, HaydyHU caBeTHUK, HCTUTYT 3a MpoydaBame JEKOBUTOT
owmpa ,,JIp Jocud Ianumh*

Yuusepsurtet je gana 01.06.2021.roqune cBojuM aktoMm Op.: 02-01 6p: 61206-1292/4-21 nao
CarjacHOCT Ha MPEUIOT TeMe JOKTOPCKE JUCEepTaIlHje.

Kanmunar mar. ¢dapm. Ana hupuh, o6jaBuia je pe3ynrare U3 OBe JTOKTOPCKE TUCEPTALH]E Y
TpH pajga kareropuje M21a y mel)ynaponnum yaconucuma ca CLIU nucre:

1. Ciri¢ A, Milinkovi¢ Budin&i¢ J, Medarevi¢ B, Dobri¢i¢ V, Rmandi¢ M, Barudzija T,
Malenovi¢ A, Petrovi¢c L, Djekic Lj. 2022. Evaluation of chitosan/xanthan gum
polyelectrolyte complexes potential for pH-dependent oral delivery of escin.
International Journal of Biological Macromolecules, 221, 48-60. doi:
10.1016/j.ijbiomac.2022.08.190
IF (2022) = 8,2; Polymer Science (5/86) M21a

2. Ciri¢ A, Medarevi¢ D, Calija B, Dobri¢i¢ V, Rmandi¢ M, Barudzija T, Malenovi¢ A,
Djekic L. 2021. Effect of ibuprofen entrapment procedure on physicochemical and
controlled drug release performances of chitosan/xanthan gum polyelectrolyte
complexes. International Journal of Biological Macromolecules, 167, 547-558. doi:
10.1016/j.ijbiomac.2020.11.201
IF (2021) = 8,025; Polymer Science (6/90) M21a



3. Cirié¢ A, Medarevi¢ B, Calija B, Dobri¢i¢ V, Mitri¢ M, Djekic L. 2020. Study of
chitosan/xanthan gum polyelectrolyte complexes formation, solid state and influence on
ibuprofen release kinetics. International Journal of Biological Macromolecules, 148,
942-955. doi: 10.1016/j.ijbiomac.2020.01.138
IF (2020) = 6,953; Polymer Science (6/91) M21a

Omnyky JOCTaBUTH: HWMEHOBAHOj, YHHBEpP3UTETy, WIAHOBHMMA KOMHCHjE, JIEKaHy,
CeKpeTapy,lpoJiekany 3a mocieauruioMmcke cryauje, mearopy (I[lpod ap. Jbussanu bekuh),
Opceky 3a HacTaBy U CTyAEHTCKa IUTama, OAceKy 3a MpaBHE U OINIITE NOCIOBE, OCIOBHOM
CEKpeTapy U apXuBHU.

MPEJACEJTHUK
HACTABHO-HAYYHOT BERA
®APMALEYTCKOT
®AKYJITETA

IIpod. np Cnahana Hlodajuh



YHUBEP3UTET Y BEOI'PAZLY - PAPMALEYTCKH ®AKYJITET
HACTABHO - HAYYHOM BERY

KOMUCHUJIA 3A TOCJIIEAUTIJIOMCKY HACTABY - JOKTOPCKE CTYJIHUJE

IIpeamer: M3Bemraj Komucuje 3a omeHy u oa0paHy 3aBpIICHE TOKTOPCKE AWMCEpTaIln]je
KaHauaara maructpa papmanuje Ane hupuh

Ha ceguunu HacrtaBHo-HayuHor Beha VYHuBepsuterta y beorpagy — ®apmaneyrckor
(dakynrera, onpxkanoj 7. 3. 2024. rogune, Omiykom Opoj 504/2 WMEHOBaHHW Cy YJIaHOBU
Komucuje 3a oueHy u oa0OpaHy 3aBplleHe AOKTOPCKE QucepTalyje, KaHauaara mar. gpapm.
Amne hupuh, o HacioBOM:

»Pa3B0j MUKpOYeCTUIIA HA 0a3U MOJHETEeKTPOJIUTHUX KOMILIEKCA XUTO3aHA U KCAHTAH
rymMe Kao NoTeHIMjaJHIX HOCA4Ya ca PoayKeHUM ociaodalhamem 3a nepopasiny
npuMeny uoynpodgena u ecupHa‘“

Komucnja y cacraBy:

1. Jp cu. Jeaena Bypui, penosuu npodecop, YHusepsuter y beorpany —
dapmanieyTcku (hakynaTer

2. JIp cu. Bophe Menapesuh, BUIIM HAYyYHHM capaJHMK, YHUBEp3uTeT y beorpany —
dapmarieyTcku (hakyaTer

3. Jp cu. JInauja IlerpoBuh, penosuu npodgecop, Yuusepsurer y Hosom Cany —
Texnonomku dakynrer Hou Can

4. Np cu. Anekcanaap Pamkosuh, penosuu npodgecop, Yuausepsurer y Hosom Cany
— Memumuncku ¢axkynrer HoBu Cag

S. Jp cu. Teonopa Jankosuh, Hay4yHu caBeTHUK, IHCTUTYT 3a Ipoy4aBame
nexoBuTor ousea ,,/Ip Jocud I[Nanumh*

mperjenana je MPHIOKEHY TOKTOPCKY TUcCepTalujy W moaHocu HacraBHo-HaydHOM Behy
VYuusep3uteta y beorpany — ®@apmarnieyrckor dakynrera cienehu nu3semraj.

MN3BELITAJ

1. IPUKA3 CAAPKAJA JOKTOPCKE JUCEPTAIINJE

Hokropcka nauceprauuja Mar. ¢apm. Ane Thupuh, nox nHasusBom: ,,Pa3Boj
MHUKpOYECTHIIA HAa 0a3y MOJUENEKTPOIMTHUX KOMIUIEKCa XMTO3aHa W KCAaHTaH TyMe Kao
MOTEHIMjaTHUX HOCaYa ca MPOoayKeHUM ociobahameM 3a mepopainy nmpuMeHy noynpodena
u ecruHa“ monaesbeHa je y imect uenumHa (1. YBom, 2. Ilwm wuctpaxuBama, 3.
Excnepumenrtanuu neo, 4. Pesynrtatu u auckycuja, 5. 3akibydak, 6. Jluteparypa) u HanucaHa
Ha 174 ctpane cranmapaHor ¢opmara (mpopen 1; ¢ontr Times New Roman — 12). Tlopen
HaBE/ICHNX TEMAaTCKUX IEJWHA JWCEpTalfja yKJbydyje CakeTak Ha CPIICKOM M CHTJIECKOM
Je3uKy, calpikaj, mpujiore (CIHCaK pagoBa W CaoOMIITeHa KOJjU YUHE JIe0 JOKTOPCKe
nucepTanuje u ouorpadujy KaHAauIaTa), Kao U U3jaBe O AyTOPCTBY, UCTOBETHOCTH IITAMIIaHE
U EJeKTPOHCKE Bep3uje M Kopuihemy AOKTOpcKe nuceprauuje. Jucepranuja je HamucaHa
JacCHUM | MPETJICAHUM CTHIIOM U cajupxku 51 ciuky, 40 Tabena u 354 nureparypHa HaBoOjA.

YBoa nuceprainyje je CHCTEMaTHYaH TMperiie] JIMTepaTypHHX Iojaraka oj 3Havaja 3a
IpeIMeT MpoyYaBama JUcepTalje U MOCTaB/babe [IUbeBa UCTPAXKUBamba. Y noriaasipy 1.1.
OMMCAaHU Cy 3Hauyaj, MPUMEHa, MPEJHOCTH U M3a30BU MHUKPOWHKAIICYyJallije aKTHUBHHUX
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(dapmalieyTCKuX CYINCTaHIIM, Kao jJeJHOT OJf CaBpPeMEHUX TNpuctyma Qopmymnammje
dapmaneyTckux Tmperapara. Y ToriaBjby 1.2, pasMarpaHd Cy TOJUEICKTPOIUTHU
komiuiekeu (ITEK-oBu) Ha 6a3u OGMOKOMIATUOMIHUX MOJUMEpPA KAao MOTEHLHUjaTHH HOCAYU
AKTUBHUX CYTICTaHI[M, Ca OCBPTOM Ha HHXOBO J00Hjamke, CBOJCTBA U KapaKTEpHU3alH]y.
Takohe, komeHTapucane cy mnomnaszHe cyrncranine u tunoBu [IEK-oBa, xkao u Hajuemnthe
pUMEBHBaHE METO/Ie 3a noOujame Mukpouectunia Ha 6a3u [IEK-oBa. [Tormasiwe 1.3 cagpxku
MojaTKe o 00ujamy mojiMcaxapuia XuTo3aHa, Hajuenrhe pa3maTpaHe KaTjoHCKE KOMIIOHEHTE
I1EK. Tlpuka3anu cy mojaiy o CBOjCTBMMa XHMTO3aHa KOjU MOTBPhYyjy HEroB MOTEHITH]aT 3a
ynotpeOy kao QapManeyTcKor eKCIUIUjeHCca, ald W OrpaHHueiba HEroBe CAMOCTAlIHE
ynotpebe y pa3Bojy HOocada akKTHBHHX CYIICTAHIM 3a MEpPOpaIHU MyT IpHUMEHe, 300T yera je
HEONXOJIHO KOMOMHOBATH ra ca Apyrum mnonumepuma. Ilornasibe 1.4. je mpernien mo cana
onurcaHux Hocaya Ha 6a3u [IEK-oBa xuTo3aHa M pa3sIuYUTUX aHjOHCKHUX IOJTHEICKTPOIUTA.
OOyxBaTa nuTeparypHe HaBoJie 0 criocoOHocTH Hocaya Ha 0a3u oBux [IEK-oBa na mocturny
KeJheHY KMHETHKY ocioOahama 1 mo0oJbiajy OUONIONIKY pacloioKUBOCT HHKOPTIOPUPAHUX
MO/JIeNT aKTUBHHUX CYIICTAaHIIM HAaKOH MEpOopaHe MpuMeHe. Y moriasiby 1.5. cucTeMaTn3oBaHH
Cy JIUTEpaTypHH NOJAM O KCaHTaH T'yMu (IoOujame, (PU3NYKO-XEMH]CKa CBOJCTBA U
ynotpeba y ¢opMymanuju GapManeyTcKux mpernapara) Koju yka3yjy Ha MOTOJHOCT M 3HA4aj
HBEHOI' KOMOMHOBamWa ca xuro3aHoM. [lornassse 1.6. onucyje [IEK-oBe Ha 6a3u xuto3aHa u
KCaHTaH I'yMe M pa3Boj HOcaua akTUBHUX cyricTanuy Ha 6a3u oBux I1EK-oBa. Y okBupy oBor
TOTJIaBJba Pa3MOTpeH je ytuilaj yciosa npunpeme [IEK-oBa oBa nBa mosmenekTpoivTa Ha
noOuvjamkbe HOocada ca JKEJbEeHHUM KapaKTEepPHCTHKaMa, OJHOCHO AC(PUHUCAHU Cy TapameTpu
yiju ytunaj Ha dopmupame u cBojctBa [IEK-oBa xuTO3aHa M KCaHTaH T'yMe Kao Hocaua
aKTUBHUX (papMalleyTCKUX CYIICTaHIIM HUCY J0BOJbHO ucnuTaHu. [lormaBibe 1.7 campxku
mperyies; mojataka o  (hapMakoJIOIIKUM, (U3NIKO-XEMHJCKUM U OHnodapManeyTcKum
cBojcTBUMa MOymnpodeHa, KOju jeé y OBOM HCTpaXHBamy KOpHImheH Kao MojeN aKTHBHA
CYIICTaHIIa KOja MMa OrpaHWYeHy U pH-3aBHCHY pacTBOPJBMBOCT y Bojau. OBO MOrjiaBJbe
MpHUKa3zyje U pa3IuYUTe TEXHOJIOMIKE TMPHUCTYNE TMPEAIOKEeHEe paaul MpeBa3UIakKemha
HEeJ0CTaTaka MPUMEHE KOHBEHIIMOHATHHMX (hapmareyTckux obnmka ca uOymnpodeHom, ca
MMOCEOHNM OCBPTOM Ha pa3BOj HOcada Ha 0a3u monmmepa. Y moriariby 1.8. omucan je ecluH,
KOJH j€ Y OBOj JUCEPTAIMjU yHOTPEO/bEH Kao XUIPOCOTYyOHTHA MOJIENT aKTHBHA CYTICTaHIIA.
Ornucana cy ¢u3MYKO-XeMHjCKa M (DapMakoJIOIIKa CBOjCTBA €CIIMHA W W3a30BU HH-ETOBE
nepopaHe MpUMEHE.

LubeBu cy nepuHMCAHU Kao OMIITH M cneuuduyHu (y CKIOmy TpH (a3e UCTPakUBamba).
Omnmty b Ouo je pa3Boj mukpouectuna Ha 6a3u [IEK-oBa xuTo3aHa u KcaHTaH ryme ca
KapakTepuCTHKaMa Hocada ca TMpOIYKeHHM ociobahameM 3a TepopaliHy MpHUMEHY
nbynpodeHa U KOMepLUHUjaIHO AOCTymHOr ecuuHa. CrenupuuHu IUBEBH y OKBUPY IpBE
¢aze nmoapazymeBanu Cy npoyudaBame npoieca ¢popmupama rianedo I[IEK-oBa xurozana u
KCaHTaH ryMme, Kao U JIeTaJbHy MPOLeHy yTHIaja GOopMyIallnOHUX NapaMeTapa Ha (PU3HYKO-
xemujcke ocobune [1EK-oBa u Mukpouectuna no0rjeHux HakoH cyuema ramnedo [1EK-oBa
moji aMOMjeHTATHUM yclioBUMa. JloJaTHU IMJb y OKBHPY MpBe ¢aze OMO je MCIUTHBAKE
yTHIlaja Tianedo0 MUKpPOUECTHIla Ha KHHETHUKY ociobahama ubynpodeHa u3 (GU3NUKUX
cMella MUKPOYECTHIIa U aKTHBHE CYICTaHIE MyHEHUX Y TBpAE Karcyle. Y OKBUPY Ipyre
(dhaze cnenuduuHN TUIBEBU OMJIM Cy TIPOIICHA yTHIlAja MOCTYyMaKa JoJaBama noynpodeHa Ha
cBojcTBa MuKpouecTuiia Ha 6asu [IEK-oBa xuTo3aHa W KCaHTaH TyMe, ITpoydyaBame 3Havaja
MaceHor OJlHOca XWToO3aH/KcaHTaH ryma Ha Qopmupame IIEK-oBa, ¢usmuko-xemujcka,
(bapMmarieyTcKo-TeXHOJOmMKa | OnodapmalieyTcka CBOjCTBAa JOOMjEHUX MHKPOYECTHIIA.
CrpoBenieHo je W HCTpaxuBame mporieca Gopmupama [TEK-oBa, ka0 u kapakrepu3aiuja
MHUKPOYECTHIIA Ca Pa3TUYUTHM MACCHHM YIeINMa ecliiHa, Kao W mopeheme CcBojcTaBa
MHUKPOYECTHIIa JOOMJEHUX CYLICHEM paclpliMBalkbeM U MHMKPOUYECTHULA EKBHBAJIECHTHOT
cacraBa Koje Cy CyIIeHe Moj] aMOujeHTaHuM ycinoBuMa. Crenmuunu 1usbeBu Tpehe ¢asze
OOyXBaTMJIM Cy TpOLEHYy OHOJOIIKE pAaclOJOKUBOCTH, AHTHUHOIMIICTITUBHE U



AHTHUEIEMATO3HE AKTUBHOCTHM MMKPOMHKAICYJIUPAHUX MOJEN AKTUBHHUX CYICTAaHLUHU Yy
mukpouecturie Ha Oasu IIEK-oBa xWTO3aHa W KCaHTaH TymMe, Ka0 W TPOICHY HUXOBE
HEIIKOJJbMBOCTH KOJ IOHABJbaHE MEPOPAIHE MPUMEHE HA MMAIOBUMA WJIM MULIEBUMA.

ExcnepumenTanum geo je oOyxBaTMo omucC KOpUIIhEeHMX MaTepujaia U INpUMEHEHE
Meronosoryje. Hajmpe cy HaBeneHW CBH Marepujaidi KOPUITNEHH y EKCIIePUMEHTATHOM
pany, ONHMCAHO IIOCTYNAmE Ca EKCIEPUMEHTATHUM >KHBOTHH-aMa M HaBelEHU OpojeBU
nozBona 3a pan (Etmuke komucuje 3a 3amITUTY JOOpPOOUTH OIJIEOHHX JKUBOTHEHA
Vuusepsurera y HoBom Cany, 6p. omoOpema 04-81/123 u MunmcTapcTBa OJbONPUBPEIE,
mrymapcetBa u Bogomnpuspeae Penmybnuke Cpouje, Op. omodpema 323-07-13890/2020-05). V
OKBHpY MeTojoJioruje mnpBe (asze IeTa/bHO Cy OIMCAHU IOCTYNLM MpUIpEeMe BOJIECHUX
pacTBOpa XMTO3aHAa M KCaHTaH Tyme, Kao M mporenypa mnpunpeme ruiane6o ITEK-oga.
Onucano je u mpaheme ¢opmupama tranedbo I[IEK-oBa MepemeM TpaHCMHUTAHIIE,
eJIEKTPUYHE MPOBOMJBUBOCTH, pH W PEOJOMIKMX Mapamerapa. 3aTHM je ONHCaH TOCTYIaK
noOujama 1ianedo MUKpouecTrila HakoH cymiema [IEK-oBa moa amOujeHTaIHUM yCIOBUMA.
VY nasbem omucy MeTojJla KapakTepu3allije MUKpOUYECTHIIa ONKCaH je MOCTynak oapehuBama
MIPUHOCA, calip)Kaja pe3uIyanHe Biare (rpaBUMETPH)jCKOM METOJIOM), MUKPOCKOIICKE aHAIIN3e
Ha ONTHYKOM U CKeHHpajyheMm enexTpoHCKoM MHUKpockony (SEM), mpoTOUYHOCTH (IPUMEHOM
WHIIMPEKTHE METoJie), MH(ppanpBeHe crnekTpockonuje ca DypujeoBoM TpaHChHOpPMAIHjOM
(FT-IR), mudpakuuje X-3paka Ha y30pky npamka (PXRD) u nudepeHuujanse ckeHupajyhe
kanopumetpuje (DSC). Takohe, neTasbHO je OmucaH MOCTYyHaK HCIHMTUBAMKbA CIIOCOOHOCTH
pexuaparanyje mianedo Mukpodectrna. Konauno, y ckiomy npBe (asze je onmcaHa MeTona
3a UCTIMTHBAKE yTHUIAja Tutarie00 MUKpPOUYECTHIIAa Ha KMHETUKY ocliobahama nbynpodena u3
BUXOBUX (U3NYKUX CMeEIla MyHBEHMX y TBpJAE Kalcyle (Ha amapaTrypu ca poTupajyhum
nonaTtunamMa). Exciepumentanuu paj apyre ¢asze Ouo je moJesbeH y YeTHpH MoTdaze Kako
OM ce OCTBApWJIM CBH IOCTaBJBCHHU CICHU(PUYHU [UIbEBH. Y npeoj nomdhasu HaAJIpe je
onucana npunpema [TEK-oBa ca ubynpodeHom pa3iuauTim mocTyniMMa J0/1aBamba aKTHBHE
CyINCTaHIle W HaBeleHO Aa je mpahewme dopmupama oBux [IEK-oBa o0yxBatmiio mepeme
TPAaHCMHUTAHLE, €IEKTPUYHE IPOBOAJBUBOCTU, pH M PEOJIOIIKUX IapaMeTapa Ha HaylH
OIKCaH y MeTON0JIoTHju npBe ¢aze. HaBeneHo je na je kapakrepusalnja MUKPOYECTHIIA ca
ubynpodenom nobujeHnx HakoH cyuewa I[IEK-oBa mnox amOujeHTamHUM ycloBUMa
(ommmcano y ckiomy mpBe (ase) oOyxBatwma: opapehuBame mpuHOCA, €(HUKACHOCTH
WHKOpIOpHpama U caapikaja ubynpodena, caapkaja pesunyanHe Biare (Kapn-Oumiep
TUTpaIuja), MopdosomKy aHanu3y (ONTHYKa MHUKPOCKOIIMja) U MPOLEHY MPOTOYHOCTH, F'7T-
IR cniextpockonujy, PXRD, DSC, mpolieHy CIOCOOHOCTH pexujaparaiije U HCIHTHUBAE
yTHIaja MHKOpHIOpHpama HOynpodeHa y MUKpPOUECTHIE Ha KHUHETHKY ociiobahama oBe
akTHBHe cyncradue. Ilomro cy ciauuHe MeToAe KapakTepusaldje IpPUMEHEHE Y OBOj
notdazy UCTpakMBamka y OJHOCY Ha MpPBY (hazy eKCIEepUMEHTAIHOT paja, y CKIOIY OIuca
METO/IOJIOTHjE OMHCAaHE Cy pPAa3IUKe y EKCIEepUMEHTATHUM TNpolenypama, a Koje cy ce
onmHocwie Ha oapehuBame caapxkaja pesuaya’dHe Blare W HCIHUTHBAKE YTHUIAja
HWHKOpIIOpHpama uOynpodeHa y MHUKpPOUECTHIIE Ha KHHETHKY ocjoOahama OBe aKTHBHE
CymncTaHue. Y opyeoj nomeasu UCTIUTHBAH j€ YTUIA] MACEHOT OJJHOCA XUTO3aHA M KCaHTaH
ryme Ha ¢popmupame [IEK-0Ba 1 Ha cBOjcTBa MHUKPOYECTHIIA JOOU]EHUX HAKOH CYIICHa OBUX
[IEK-oBa moj aMOujeHTJIHUM YyCIIOBUMAa HPUMEHOM HACHTUYHE METOJA0JIOTH]e Koja je
omucaHa KoJ TpBe moTdase apyre ¢ase ucTpakuBama. Y OKBUPY mpehe nomghaze onucaHa
je npunpema I1EK-oBa ca paznuuuTuM MaceHUM yJielMMa €CLIMHA U HaBe/IeHO Jia je npaheme
¢dopmupama oBux I1EK-oBa (Mepeme TpaHCMUTaHIIE, MPOBOAJBUBOCTU, pH M PEOJOLIKUX
nmapamerapa) CHpOBEACHO IpeMa IPOTOKOIMMA ONHMCAaHUM Y METOAOJNOTHjU TpBe dasze
eKCTIEPIMEHTAITHOT pajia. 3aTUM Cy HaBeIeHE METOJle KapaKTepH3alrje MHKPOYECTHIIA ca
eCLIMHOM J100MjeHuX HakoH cymewma [IEK-oBa mox amOujeHTaIHUM yclIoBHMa, Y CKIagy ca
IPOTOKOJIMMA CyIllelha W KapakTepus3alMje KOjU Cy ONHCaHW Yy HpeTxoaHuM (aszama
eKCIIEPUMEHTAIHOT paaa. Y oOBOj ToT¢ha3d JeTajbHO Cy ONUCAaHM TOCTYIIM 3a



kBaHTHQUKAMjy ecunHa HPLC MeToaoM, WCHHTHBamkEe CIOCOOHOCTH pH-3aBHCHE
pexunparanuje Mukpoudectuna Ha 6asu [IEK-oBa xuTO3aH/KCaHTaH TymMa W HCIHUTHBAKEC
yTHIlaja HTHKOpIIopupama noynpodeHa u eciiuHa y Mukpouectuiie Ha 6a3u oBux I1EK-oBa Ha
MoryhHOCT mocth3ama pH-3aBUCHOT oclioOahama aKTUBHMX CYIICTaHIIM, KOje je mpaheHo y
armaparypu ca potupajyhom Koprmuiom. Y OKBHUPY uemepme nomghaze NETaJbHO j€ ONUCAH
MOCTYIaK CyIIeHkha paclplinBamkeM 3a J00ujambe MHKPOUECTHIA W HaBEICHE Cy METOAe
KapakTepusaluje Mukpodectuna (onpehuBame mnpuHOCa, €PUKACHOCTH HHKOPIIOpHUpamba,
cajpkaja MOJCNI aKTHBHE CYICTaHIE M cajpkaja pesuayanHe Biare, SEM, mnporieHa
nporounoct, FT-IR cnekrpockomnuja, PXRD, DSC, npouena cmnocoOHoctu pH-3aBHCHE
pexuaparanyje U TOCTU3ama pH-3aBUCHOT ociolahamka MUKPOMHKANICYJTUPAHUX MOJAET
aKTUBHUX CYICTAaHIIM), Y3 Ha3HaKy Jia Cy CIIPOBEJEHE Ipema Mpoleaypama OMHUCAHUM Y
npeTxoaHuM ¢azama UCTpakuBama. Y okBuUpy Tpehe daze excriepuMenTamHor pana (in vivo
CTyIMja) OMHCaHa je MpUIpeMa TpeTMaHa KOPUITheHUX y UCTPaKUBamwy. 3aTHM je OINKcCaHa
METOJIa 32 MCIHUTHUBAKE yTHIAja MUKPOHMHKAINCYJaluje uoynpodeHa u eciHa Ha HHUXOBY
OMOJIOIIKY PACIOJIOKUBOCT HAKOH IEpOpajHEe MpPUMEHE KOJI mamoBa. Takohe, ommcaH je
MPOTOKOJI 32 HWCHUTHUBAKE HENIKOJJBMBOCTH MHKpouectunia Ha ©0asu  [IEK-oBa
XUTO3aH/KCAaHTaH T'yMa HAaKOH HHUXOBE MOHABJbAHE YETPHAECTOJHEBHE IMEpOpalHE MPUMEHE
Ha manoBuMa. [ledmHuCaHN Cy U MPOTOKOJH 3a MPOLIEHY YTUIaja MUKPOUHKAICYyJamuje o0e
MOJie]l aKTUBHE CYIICTAaHILIE HAa HUXOBY AaHTHUEIEMAaTO3HY aKTUBHOCT (Ha HAaloBUMAa) H
AQHTUHOIMIIENITUBHY aKTUBHOCT (Ha wmwumeBuma). Ha kpajy je neduHmcan mnocTymak
CTaTUCTUYKE oOpajie pe3yiTarTa in vivo CTyauje.

Pe3yaratu m aucKycHja Cy MperyiefHO TNpPUKa3aHH y TPU I[EIUHE KOje OAroBapajy
nehuHrcaHUM (a3aMa SKCIIEPUMEHTATHOT paja, MpH YeMy je apyra HejldHa MojJesbeHa y
yetupu notdase. Pesynratu JOKTOPCKE TUcCepTalnje Cy MPHUKAa3aHHU JaCHO U CHCTEMATHUYHO,
TekcTyaltHo u Ha 43 cnuke u 38 tabena. J[uckycuja je oOyxBaTuiia aHAIM3Y U pa3MaTpame
IMPHUKA3aHUX pe3yJiTarta ca KPpUTUYKUM OCBPTOM Ha pPE3YJITATC CPOAHUX UCTPAKHNBAbA.

3ak/by4yakK JOKTOPCKE IUCEpTAIMje CaapM KOHIM3HO IPHKa3aHE 3aKJbydke CBUX (aza u
notdaza HCTpaKUBamba, a KOJjU Cy NPOUCTEKIM U3 TOCTaBJbeHUX LusbeBa. Ha kpajy je
HaBEJIEH U OMILTH 3aKJby4aK U HAyYHH JJOIIPUHOC JJOKTOPCKE AUCepTalHje.

Y oxBupy Jluteparype HaBeaeHo je 354 pedepeHuH KOpUIINEHUX Yy JOKTOPCKO]
JHCepTAIjH KOje Cy IUTUpaHe XapBapICKUM CTHIIOM.

IIpuio3u canpxe CHUCAaK pajoBa U CAOIINTEHA KOJU YMHE JE0 JOKTOPCKE AUCEepTauuje U
KpaTKy Ouorpadujy KaHauaara.

2. OIIUC TIOCTUT'HYTHUX PE3YJITATA

Y OKBHUpY OB€ JOKTOpPCKE AWCepTaluje YTBp)EeHH Cy ONTHMAIHU MapaMeTpu 3a MPUIPEMY
mukpouecTuia Ha 6a3u [IEK-oBa xuTo3aHa M KCaHTaH TyMe Kao HOcada ca MPOIYKEHUM U
pH-3aBucHuM ociobahameM 3a mepopanHy mnpuMeHy wuOympodeHa u ecuuna. Takohe,
yTBphEeH je 3HayajaH yTHIAQ] MUKpOWHKArCyJjaiuje o0e MOJeNl aKTUBHE CYIICTAaHIIE Ha
onpehene GapMakOKHHETHYKE MapaMeTpe, Kao M Ha aHTUEAEMAaTO3HY U aHTHHOLUIICTITUBHY
akTuBHOCT. [loka3aHa je W  HENIKOJJBMBOCT MHKDOUYECTHIIAa HAKOH I[OHAaBJhaHE
YeTPHACCTOAHECBHE ITPUMCHE.

Pesynratn mpBe (pa3ze mokaszanu cy Ja Ha pacTBOPJBUBOCT XWTO3aHa yTudy pH u Tun
KUCenMHe KopumnheHe Kao cpeicTBa 3a mojemaBame pH, ma ce 0Oosbe pacTBapa y
pa30nakeHMM pacTBOPHMAa OPraHCKMX KHCEIMHA W Jia je ONTHMAalHO CpEeICTBO 3a
nojemaBame pH Koje pesynryje HajOOJbUM pacTBapameM XHWTO3aHa cUpheTHa KuceluHa.
MepemeM TpaHCMHTAHIE, E€JIEKTPHUYHE IMPOBOMJBUBOCTH, pH ¥ PEONIOIIKHX IapaMerapa
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TokoM (popmupama tuianedo I[IEK-oBa (mpu mMaceHOM OAHOCY XWTO3aH/KcaHTaH ryma 1:1)
MOKa3aHO je Jla C€ HAajeKCTCH3WBHUjE WHTEPAKIHje M3Mely mojmMmepa y HHUMa OCTBapYjy
KopunthemeM cupheTHe KHUCeIMHEe Kao CpeACTBa 3a nmojaemasamwe pH u npu pH 3,6 unu 4,6,
KaJia jé TIOCTUTHYTO TMOTIYHO pacTBapame XWTO3aHa. TOKOM cyliema yOueH je Op3 pas3Boj
Mmukpoopranuzama y ITEK-oBuMa koju cy cajapkaiau MIICUHY KHCEIHHY Kao CpPEACTBO 3a
nonemasame pH, na ou [IEK-0Bu HUCY pa3maTpaHu y ajbeM UCTpakuBamy. IlokaszaHo je
na cy manebo MukpouecTuiie aodujeHe HakoH cymiema [IEK-oBa mon amOujeHTaHM
yclloBUMa uMaine penaTuBHO Hu3ak npuHoc (18,02 — 40,88%), 3aBucan on pH u Tuma
KHCeJIHe KopulllheHe 3a MojellaBame pH, anmu U peIaTUBHO BHUCOKE BPEAHOCTH CajpikKaja
pesuayanne Bnare (~10%). Pesynratu F7-IR cneKTpOCKONMje MOKas3alu Cy J1a Cy Y CBUM
MPUIIPEMIbEHUM TITaie00 MUKpoYecTUIIaMa (ca pa3TMuuTHM KHCEITHMHAMa U TIPH Pa3IHIuTHM
pH) ocTBapeHe MCKJbYYHBO HEKOBAJICHTHE MHTEpakKifje u3Mely XUTO3aHa U KCaHTaH T'yMe,
ay Ja cy oHe Omie HajeKCTeH3UBHU]e Kaja je pH monemaBana Ha 3,6 wiu 4,6 cupheTHOM
kucenuHoM. PXRD wn DSC mokasane Ccy HEKpUCTaJIHy HPUPOIY IIaned0 MHUKpOYECTHUIIA.
[Tokazana je u cnocoOHOCT CBUX IIane00 MUKpPOYECTHLAa Aa Y KOHTAaKTy ca (ochaTHUM
nydepom pH 7,2 mormyHo pexuapatuinry HakoH 10 4, mama je Op3uHa pexuaparaiuje
3aBucuia on pH (HajOpke cy pexuaparucane Mukpodecturie Ha 6a3u IIEK uywmja je pH
noJemieHa Ha 5,6, a Hajcnopuje one Ha 6a3u IIEK-oBa umja je pH Ouna 3,6). Paznukama y
Op3MHHM pexuapaTalje OBHUX MHKPOYECTHIIa OOjallbeHe Cy pasIuke y KHHETHIH
ocnobahamwa udynpodena u3 GU3NIKUX CMella ca kbUMa U yTBpheHu cy cieaehu napamerpu
3a TpUIpeMy IUianedo MHUKpOYeCTHIla ca HajBehnuM TOTEHIHMjaloM 3a TOCTH3ambe
npojy>keHor ocnobahama ndbynpodena: pH 4,6 u 5,6 u cupheTHa KucennHa Kao CpeiCcTBO 3a
noJiemaBame pH pacTBopa XHTO3aHa, Ma Cy CaMO OBU IapaMeTpu pasMaTpaHd y AajbeM
UCTPAKUBAIbY.

VY okBupy mpBe morgase apyre ¢asze ncTpakupama MEpEHEM TPAHCMHUTAHIIE, EICKTPUIHE
MPOBOJUBMBOCTH, pH ® peosomkux Tmapamerapa mokazano je gna ce [IEK-oBu
XUTO3aH/KCaHTaH TyMa (IIpM MaceHOM OJIHOCY mojumepa 1:1) MOry NpUNpEeMUTH U Y
MPHUCYCTBY cllab0 pacTBOpPHE MOEN aKTUBHE CYICTaHIle, UOynpodeHa (Ipu MaceHOM OJHOCY
nbynpodena u yKymHor cajapxkaja noiaumepa 1:1), 1a ce ekcTeH3uBHHje HHTepakiyje usmely
komnonenara [IEK octBapyjy kama ce ubympoden nomaje tokom ¢opmupama IIEK (y
nopehemy ca J10/1aBalkbeM aKTUBHE CYIICTaHIIE HAKOH KOMIUIEKCHpPama MOoJMMepa), HapOuuTo
kana je 3a mpunpemy [1EK kopumthen pactBop xurosana pH 4,6 (y nopehemy ca pacTBopom
ynja je pH 5,6). IlpucycrBo ubynpodena y IIEK-oBuma pesyntoBano je u mosehamem
npuHoca (48,04 — 54,14%) u cmamemeM caapkaja pesuayanHe piuare (3,27 — 5,80%) y
MHUKpoYecTHIlamMa ca uoynpodeHom y mopehemy ca mianedo Mukpodectumnama (mpsa (dasza
ucTpaxkuBama). Pesynratu F7-IR CEKTpOCKONHje yKa3alld Cy J1a Cy Y MHUKpOYEeCTHIIaMa ca
ubynpodenom nnTepakiuje uzmely csux komnonenara [IEK-oBa HekoBajeHTHE mpupoJe, a
Jla Cy HAjeKCTEH3WBHHjE OJApKaHe y Mukpouectuiama Ha 6a3u [IEK-a mpumnpemibeHor ca
pactBopoM xuto3ana pH 4,6 xana je ubynpoden gonat tokom Gopmupama [IEK-a. PXRD u
DSC noxkazaine cy KpUCTaJIHY IPUPOJY MHKPOUYECTHIIA ca HOyIIpodeHOM, alld U ACITUMHUYIHO
HAPYILIABake KPUCTATHE PEIleTKe ubymnpodeHa y oqHOCY Ha YHUCTY CYIICTaHIly. YOUYEH je
3Ha4yajaH yTHIAj IOCTyNKa HHKOpHopHpama uOynpodeHa u pH pacTBopa XHTO3aHa Ha
pexuapaTanuony CriocoOHOCT MUKpouecTria. Hajcopuje cy pexuaparucaiie MUKPOYECTHIIE
Ha Oasm [IEK-a ca HajekCTeH3WBHUJUM WHTepaknujama (MPUIPEMIBEH Ca PacTBOPOM
xuto3aHa pH 4,6 xama je uOymnpoden momat Toxom ¢opmupama [IEK-a). [lokazano je
pOAyXeHO ociiobahamke MHUKpOMHKAICyaupaHor uOynpodena, ca oko 60% ocmobolene
aKTHBHE CYTCTaHIle TOKOM 12 /1 W3 CBUX MHMKpPOYECTHIIA, alld je YTBP)EHO Ja Ha KUHETHKY
ocinobahama MuKpoOWHKancynupaHor uOympodena y Behoj mepu yrtudue pH pacTBOpa
XuTO3aHa KopuurtheHor 3a mpurnpemy [IEK-oBa Hero moctymak MHKOpPHOpUpama aKTUBHE
cyncranue. Takohe, moka3zaHo je ga ce Hajdosjka KOHTpoja  ocinobahama
MUKpOMHKANCylIupaHor wuOynpodena moctmxe wu3 MuKpouecTnna Ha ©Oasu [IEK-a



MPUIPEMIBEHOT Ca pacTBOpOM XuTo3aHa pH 4,6 kxama je uOympodeH moaaT TOKOM
dopmupama [IEK-a, ma cy HaBeneHu pH W TOCTymak J0JaBama aKTUBHE CYIICTAHIIC
0/1a0paHy Kao ONTUMAJHU U JEIUHU Cy pa3MaTpaHu Yy JajbeM UCTPAKUBAIDY .

Pesynratm Mepema TpaHCMHTAHIE, €JIEKTPUYHE MPOBOJJBHUBOCTH, pH W PEOJIOIIKHUX
napaMmerapa TOKoM japyre mordgaze apyre ¢ase ucrpaxuBama nokazanu cy na [IEK-osu
XMTO3aH/KCAaHTaH r'yMa Mory OuTH (OpMHpaHH IPU MAaceHOM YJely KCaHTaH r'yMme KOju je
JIBa WIM TPU IIyTa BehW O] MaceHOT yjena XUTo3aHa (MaceHH OJHOC XMTO3aH/KCAaHTaH ryMa
1:2 wmm 1:3), kako y mpucyctBy uoynpodena (IIEK-oBu ca uOympodeHom), Tako u y
0JICycTBY MoJen akTuBHe cyncranue (miane6o IIEK-oBu). YtBpheno je ma ce cremeH
uHTepakiuja y oBuM [IEK-oBuMa Huje 3Ha4ajHO MPOMEHUO KaJa je MAaceHU yJeo KCaHTaH
ryme 0uo aymuio Behu oz ynena Xxuro3aHa, ajid ca JoJaTHUM NoBehameM yzena KCaHTaH ryMe
y [EK-y, npu oxnocy 1:3, monasuio je mo cnabieema uHTEpaknuja. [lokazaHo je u 1a
noBehawe maceHor yzena kcantaH ryme y IIEK-oBuma pesynryje m3BecHuM nosehamem
MpUHOCAa MHKpouYecTulla, amu u mnoBehamem cangpkaja pesumyanHe Biare. FT-IR
CIIEKTPOCKONHMja je M KOJI OBHUX MHKpPOYECTHLA I[OKa3ajla HCKJbYYHMBO HEKOBAJIECHTHE
MHTEpaKIyje, Kao U eKCTEH3WBHU]E WHTEepaKIije IpU MaceHOM ojaHocy nonumepa 1:2. [la je
nOyrnpodeH y MUKpOUECTHIIE MHKOPIOPUPAH y KPUCTATHOM OOJIMKY IMokazaHo je PXRD u
DSC ananu3oMm, aid je YOYEHO U JEeIUMHUYHO HApyIlaBamke KPUCTATHE pEIIeTKe
MUKPOUHKAICYJIUpaHe akTUBHE cyrcTaHue. M miuanebo MUKpoyecTHlle U MHUKPOYECTHIIE ca
uOynpoeHOM ca MaceHUM OJHOCMMa XHWTo3aH/KcaHTaH Tyma 1:2 um 1:3 umane cy
CIOCOOHOCT Jla MOTHYHO pexuapatuiry y ¢docharnom mydepy pH 7,2 nakon 12 h, amm je
CriopHja pexuapaTaiyja 300r eKCTeH3UBHHUJUX MUHTEpaKIMja youeHa npu ofHocy 1:2 kox oba
TUna MUKpouectuua. M3 mukpodectuna ca nOynpodeHoM mpu MaceHOM OAHOCY HOJUMepa
1:2 ocno6oheno je 58,04% ubynpodena Tokom 12 £, a y ciydajy MUKpOUYECTHLIA Ca OJJHOCOM
nosmMepa 1:3 ocnobohero je 67,60% akTuBHE CyICTaHIle, Maaa je MOel-He3aBHCHA
aHaM3a ToKa3aia Jia cy npodmin ocinobahama cauyan. 3aKJbYUYeHO j€ J1a MUKPOYECTHIIE ca
nbynpodenom Ha 6aszu [IEK-a nobOujeHor memameM XuTo3aHa pacTBOpeHor Ha pH 4,6 u
JIBOCTpYKO Behe KOJMUMHE KCaHTaH T'yMe HMMa HajOobM OJHOC CTENEeHa HHTEepakiuja,
MIPUHOCA, KOHTPOJIE U KUHETHUKE ociobalhama MO/en aKTUBHE CYIICTaHIe, TaKo Jia je caMo
MaceH! OJHOC nosimMepa 1:2 pasmaTpaH y JajbeM UCTPAKHUBAY .

VY okBupy Tpehe morgase apyre ¢gase ucrpakuBambma MEPEHEM TPAHCMUTAHIIE, CIIEKTPUYHE
MPOBO/UBMBOCTH, pH u peonomkux mnapamerapa ytBpheno je na ce [IEK-oBu
XUTO3aH/KCaHTaH TyMma (omHoc monumepa 1:2) mory dopmupaTd Uy HPUCYCTBY
XHUJIPOCOTYOUITIHE MOJIENT aKTUBHE CYICTaHIIe, €CLIMHA, IPU Pa3IMYUTHM MACEHUM OJTHOCHMA
ecIMHa M YKymHOr caapkaja mommmepa (1:1, 1:2 wm 1:4). Pesynraru HuCy yka3zanwm Ha
3HayajHE pa3MKe y EKCTEH3MBHOCTU HHTepakuuja usmel)ly komnonenara I[IEK-oBa mpu
pa3IMuYUTUM MaceHHM YyJAeluMa ecCliMHA, ald j€ YCTaHOBJbEHO Ja cy Mehymounekyrcke
uHTepakiuje Omie 3HaTHO ekcreH3uBHHUje y [TEK-oBuMa ca XuapocomyOMIIHUM €CIIMHOM Y
nopehemwy ca [IEK-oBuMa ca cmabo pactBopaHuM uOyrnpodeHom, a HapouuTo y nopehemy ca
miane6o [TEK-oBuMa ca HCTUM MaceHHM OJTHOCOM TOJMMepa. Y OoueH je MHOTO Behn yTuiaj
MaceHOT yJieja eCIlMHAa Ha CBOJCTBa MHKPOUYECTHIIA Ca €CIIMHOM JIOOMjeHHX HAKOH CYyIICHa
[IEK-oBa mon amOujeHTanHuM ycioBuma. [lopact maceHOr ynena eciiHa pe3yiaToBao je
nosehambeM MpUHOCA MUKPOYECTHIIA M €PUKACHOCTH MHKOPIOpHpama aKTHUBHE CYICTaHIIE.
Wnak, npumeheno je na je mpucycTBo oBe xuapoconyomine cyncranie y [IEK-oBuma (6e3
o03Mpa Ha MaceHH YJAe0) pe3yJNToBaJIO HemTo BehuM cajpikajeM pe3ujlyaliHe Biare y
Mukpouecturiama (8,41 — 9,74%) y mnopehewy ca mpucyctBom uOymnpodeHa (IMpeTxoaHa
notdasze ucTpaxuBamwa). F7-IR CHEKTPOCKONHUJOM je M KOJ MHKPOUECTHLA Ca E€CLIUHOM
yTBpHEHO MOCTOjae UCKIbYYHBO HEKOBAJICHTHUX MHTepakiuja n3mely komnonenara [TEK-
OBa, a yTBpheHe Cy eKCTeH3MBHHje MelyMoseKyIcke MHTEpakiMje Mpu HajBeheM MaceHOM
yaeny ecumHa. PXRD n DSC ananuza 1mokasajie Cy Ja je €CIMH 3aJp)Kao CBOjy amopdHY
IPUPOJY HAKOH HMHKOpPIOpUpama y MHUKpoudecTHle. [loka3zaHo je Ja cy CBe HCIHUTUBAHE
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MHUKPOYECTHIIE TEXKE U CIIOpHUje pexupatucaie y meaujymy pH 1,2 y oqHocy Ha menujym pH
74, W nma cy TMoOKazalie 3HadajaH TMOTEHIWjal 3a pH-3aBUCHY pexuapaTtanujy. 3a
MUKpOMHKANCyiaupanu uOynpodeH je yTBpheHO 1a je 3HAaTHO Mama KOJIMYMHA aKTUBHE
cyrcranie ocinodohena y meaujymy pH 1,2 tokom 3 h (1,70%) y nopehemy ca meanjymom
pH 7,4 Toxom 9 h (26,06%). OntumanHo pH-3aBucHO ociobalarmbe MUKPOUHKAICYJIHMPAHOT
€CLIMHA j€ MOCTUTHYTO M3 MHUKPOYECTHIIa Ca MACCHUM OJHOCOM €CIIMHA M YKYITHOT CaJipKaja
nonumepa 1:1 (4,30% npu pH 1,2 Toxkom 3 h u 37,93% nipu pH 7,4 Tokom 9 h). [lokazano je
Jla MUKpOWHKArcyJanuja noyrnpodeHa u eCcliiHa Moke 00e30€IUTH MPOIYKEHO U OJIOKEHO
(pH-3aBuCHO) ocnobalhame akTUBHE CyTICTaHIIE.

Pesynrtatn 4derBpTe mordase apyre ¢aze ucTpakuBama IOKa3ald Cy Ja C€ CYyIICHEM
pacIpiIuBamkeM MOTY IPUIIPEeMUTH MUKpodectulie Ha 6a3u IIEK-oBa xuTo3an/kcanTan ryma
ca u 0e3 akTuBHE cyricTanie. Melytum, yTBpheHO je J1a ce OBOM METOJIOM CyIIeHmha J00ujajy
3Ha4aJHO HWXKU npuHOcH Mukpodectuna (7,37 — 27,18%), ka0 M BHIIECTPYKO Mama
e(pUKAaCHOCT HHKOPIIOPUPaka U CaJipKa] MHKOPIIOPUPAHUX aKTUBHUX CYIICTAHIU. Y OUCHO je
1a ca noBehameM ekcTeH3uBHOCTHA Mehymonekynckux unrepakuuja y [IEK-oBuma koju ce
MOJIBPraBajy CylIelmy OIaJajy BPEAHOCTH HaBeIeHUX mapamerapa. F7-IR CIEKTpOCKONHja
MoKasaja je 3HaTHO ciabuje mMehyMoseKyJIcKke MHTEpakiyje y MUKpodecTuliaMma J00ujeHUM
CYIICHEM pacIpIIuBamkeM y mmopehemy ca MUKpodecTuIlaMa eKBHBAJICHTHOT cacTaBa Koje Ccy
NIo0HjeHe CyIICHkEeM o1 aMOujeHTaTHuM ycinoBuMa. PXRD w DSC ananu3a mokasaiie cy Ja
Ce CyIICHEM PAaCHpLIMBAKHEM MTOCTHKE MOTIIyHa amopdusanuja ndynpodena, 10K eCuH U 'y
MHUKpOYECTHIIaMa JOOMjeHHMM OBOM METOJIOM CyIIema 3a7pkaBa aMop(HU KapakTep.
[Tokazano je ma MuUKpodecTHIle JOOHJEHE CYIICHEM paCHpIIMBAKEM IMOIjeqHAKO T00po
pexunparumy Uy meaujymy pH 1,2 u y meaujymy pH 7,4. CyliemeM pacnplIdBameM
no0ujeHe Cy MHKpodYecTulle ca HOympodeHOM Koje Mory o00e30eAuTH >KeJbeHU MpOodu
ocnobahama akruBHe cyncranie (4,91% npu pH 1,2 Tokom 3 h u 25,64% nipu pH 7,4 TokoM
9 h), mok y ciydajy eciiiHa HHUCY J0OMjeHE MHUKPOYECTHIE KOje Mory obOe30eautu pH-
3aBUCHO ociiobahame akTuBHE cyrncTaHIle. 30or Beher moreHnujana na omoryhe pH-3aBUCHO
ocinobahame aKTUBHUX CYICTaHIM, OOJber TpPUHOCA M EPUKACHOCTH WHKOPIIOPUPAA
aKTHBHHX CYIICTaHLIM, ONTUMAJIHUM HOCAaYMMa Cy CMaTpaHe MUKpPOYECTHULE ca HOynpoheHoM
¥ MUKPOYECTHIIC Ca ECIIUHOM JTOOHjeHE CyIICHeM 110]] aMOUjEeHTaTHIM YCIIOBUMA, T€ Cy OHE
YKJbYUYEHE Y in Vivo CTYIH]y.

VY okBupy Tpehe ¢asze ucrpaxuBama (in vivo CTyauja) MOKa3aHO j€ Ja j€ HHKOPIOpUPAmkE
o0e MoJen akTUBHE CYIICTaHIle y Mukpodectuie Ha 6asu [IEK-oBa xuTo3aH/kcaHTaH ryma
3HAa4YajHO YTULAJIO Ha MojenuHe (hapMaKOKMHETHUYKE Mapamerpe. Y ciyuajy uOynpodena
npumeheHo je ma je MakcuManHa KoHIeHTpanuja y cepymy (Cpnar) Ouna oko 3 myta Beha
HaKOH TMepopajiHe MPUMEHE MHKPOYECTHIa y Topehemy ca cycneHzujoM wuOymnpodena.
[TokazaHo je W 1a ce MUKPOMHKAIICYJIAIKjOM HOyIpod)eHa MOCTHUKE CTATUCTUUIKU 3HAYAjHO
POAYKEHE MOyBpeMeHa eTMMHUHaLH]e (¢7/2) Y OMHOCY Ha MHTPABEHCKY MPUMEHY pacTBopa
ubymnpodena. Mnak, Onosiomka pacrnoiokuBoCcT HOympodeHa HUje ce 3HAYajHO Pa3IMKOBaja
HAaKOH WHTPaBEHCKE TPUMEHE PAacTBOpa OBE AKTHBHE CYIICTAHIIC W IepOpallHe TPUMEHE
CyCIIeH3Wje W MHUKpodecTHIla ca uOympodeHoMm. Y ciydajy eciiuHa npuMeheH je yTHIaj
MHUKpOHUHKarncynanyje Ha BpeAHOCT Cuax (MOBehawe oko 2,5 myTa) U Ha OHOJOLIKY
PacToI0KUBOCT HAKOH MepopayiHe mpuMeHe (moBehame oko 1,3 myTa) y oJHOCY Ha pacTBOP
ecuuHa. [IporeHOM HENmIKOAJbUBOCTH MHKPOYECTHIIA HAKOH YETPHACCTOJHEBHE NEPOpATHE
MpUMEHEe HHUCYy YOYCHHM CTATUCTUYKU 3HAUYajHW TOPACTH KOHIEHTpAIllMja TPHUTIHIEPHIA,
XoJIecTeposa M Mmoka3aresba (GyHkmuje OyOpera (KpeaTMHWH, MOKpahHa KucennHa U ypea),
Kao HM noBehaHa akTUBHOCT TPaHCAMMHA3a JETPe Y OJHOCY Ha KOHTPOJIHY I'pYIly, HA OCHOBY
gera je 3aKJbyYeHO Jla C€ MUKPOUYECTHIIE ca MOynmpo(heHOM U MHUKPOUYECTHIIC Ca SCIIMHOM Ha
6a3u I1EK-oBa xuTo3aH/kcaHTaH T'yMa MOTY CMaTpaTd HEIIKOJJbMBUM HOcCayuMa. 3HadajaH
AHTHUEZEMATO3HN e(eKaT MUKPOWHKAICYJIMpPAHOT HOynmpodeHa W MHKPOMHKAICYJIUPAHOT
€CLIMHA, CIIMYaH e(eKTy JeKcameTa3oHa, youeH je 4 no 6 s HakoH mepopajiHe MpHUMEHE.
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[TokazaHo je ¥ Ja MUKPOMHKAICYJIUPAHU €CHUH OOJbM aHTHEEeMaTO3HH e(peKaT OCTBapyje
npu no3u aktuBHe cyrcranie 10 mg/kg y nopehemy ca 20 mg/kg (edexar Huje MO3HO
3aBucan). [IporeHoM aHTHHOUMIENTHUBHOr edekTa mokazaHo je na ce 30 min HaKoH
nepopajHe MpHUMEHE IIOCTIDKE CTATHCTHYKM 3HAadajaH aAHTHHOIMIIENITHBHU  edekaT
MUKPOUHKANCYJIUPAHUX aKTUBHUX CYNCTaHIM Yy mopehemy ca KOHTPOJHOM I'PYIIOM U Jia ce
oBaj edekar onpxkaBa TOKoM 8 h. HajcHaXHMjU AaHTUHOLUMUENTUBHU edekaT
MUKpPOMHKAINCYJIUpaHor uOynpodeHa, ciaudad edekTy MoppuHa, yodeH je 1 /1 HakoH
npuMeHe, a Tpajao je 4 h. Mukpounkancynupaau ecuuH (10 mg/kg) umao je epukacHoCT
CIIMYHy MOpQHUHY TOKOM 8 4, a MakcuManHu edekar youeH je 2 s nakoH npumene. [lokazano
j€ la aHTUHOLMIIETITUBHU e(eKaT MUKPOMHKATICYIUPAHOT €CIIUHA HUj€ TI03HO 3aBUCAaH.

3. YHOPEJJTHA AHAJIM3A CA PE3YJITATUMA U3 JIMTEPATYPE

MukpouHKancyaanydja je jead ojf CaBpeMEeHUX Mpuctyna ¢gopMmynanuju (apMareyTCKux
mpemnapaTa KOjUM C€ MOXX€ 3HA4ajHO YTHIIATH Ha CTaOMIHOCT, 0e30eIHOCT, TepamujcKy
epUKacCHOCT M TIOCTHU3alke KOHTPOJUCAHOT ociolahama akTUBHUX cyncranuu (1,2).
MukpouecTrile Kao HOCaud aKTHBHHX (DapMareyTCKUX CYICTaHIM Hajuenrthe ce cactoje o
JeoHOr WM KOMOWHAlMje BHUIIE MOJUMEpa CHUHTETCKOI WM MNpHpoAHOr mopekina (3).
[Ipuponnu monuMmepu cBe BHILE JO0Hjajy MPETHOCT HAJl CHHTETCKHUM jep o00e30ehyjy
OJIP’)KUBOCT Y Pa3BOjy JeKkoBa (eHIU. sustainable drug development), 300r mocTymHOCTH y
BEJIMKHM KOJIMYMHAaMa U3 OOHOBJBUBUX M3BOpPA, OMOKOMITATUOUIHOCTH U OMOpa3rpajuBOCTH
(4). Ilpunukom Qopmymnucama MUKpoUecTUIla Ha 0a3y MmojuMepa BpJio YecTo ce mpuderasa
BUXOBOM KOMOMHOBamY Kako OHM c€ TPEBa3UIUIM HEIOCTAIlM YIOTpeOe IojeauHAYHIX
nonuMepa. [laxmy ucTpaxknBava MpUBIaud MPHUCTYI Koju ce O6a3upa Ha dopmupamy [TEK-
OBa KOjU Ce JIOMUHAHTHO 3aCHMBAjy Ha jOHCKMM HHTepakiujama uisMmely monmmepa, 300r
JEAHOCTaBHOCTH TIpHIIpEME M m30eraBama ynorpede MOTEHIMjaJTHO TOKCHYHHX peareHaca
(5). Hajuemhe ce kao karjoncka kommnonenta I[IEK-oBa xopuctu XxuTo3aH, Kao MPUPOIHH,
OnokoMmaTHOMIHU U OmopazrpamuBu momumep (6). Jlo cama cy MCIUTHBAHU Pa3IUIUTH
MPUPOJHH MOTUMEpPH Kao aHjoHcke komroHeHTe [IEK-oBa, a jenan ol HajmepCcreKTUBHUJUX
je xcanrtad ryma (7). Mako ce HEKOIMKO MCTPaKMBAYKHX Tpyrna OaBWIIO pa3BojeM Hocada
akTuBHUX cyncrtaHuu Ha Oasu [1EK-oBa xurTo3ana u kcantan ryme (7,8), OpojHU acmleKkTH
BHUXOBE MPUIPEME U YITOTpeOe OCTAIH Cy HEJJOBOJBHO pa3jallbeHU.

VY npBoj ¢a3um oBe JOKTOPCKE AMCEpTalMje MEpPEHEeM TPAHCMHTAHIIE j€ TOKa3aHo Ja ce
XHTO3aH HajOoJbe pacTBapa y NMpUCYCTBY cupheTHe kucenuHe npu pH y omcery 3,6 — 4,6.
HaBeneno 3anaxame je y carjacHOCTU ca JIMTEPAaTypHUM MOJAIMMa J1a ce XUTO3aH 00Jbe
pacTBapa y pacTBOpHMa OpPraHCKHMX KHCEIMHa y mopehemy ca pacTBOpuMa HEOPTraHCKHX
kucenuna (9). Ilpahemem dhopmupama mianedo [IEK-oBa n3mely xuro3zana u kcantaH ryme
IIpY MaceHOM OJIHOCY TonmMepa 1:1 moTBpheHo je 1a ce KOMIUIEKCHpame OBa J[Ba IOInMepa
YCIIEIIHO OJIBHja MEIIalkeM PacTBOpa y KojuMa je KOoHLeHTpaiuja oda nomumepa 0,65% (7).
Y 0BOj JOKTOPCKO] JMCEPTAHjH je& TPBU IMyT CUCTEMATUYHO Pa3MOTPEH KOMOWHOBAaHU
yTanaj pH w BpCTE CpeAcTBa 3a IMoOJelIaBakbe pH Ha EKCTCH3MBHOCT MelyMOJIEKYIICKHUX
uHTepakuuja n3Mely xutozana u kcanrad ryme y [IEK-oBuma. MepemeM TpaHCMHUTAHIE U
NPUBUIHOT BHMCKO3UTETA, Yy CKIOIY pEOJIOIIKE KapaKTepu3aluje, yTBpheHo je maa cy
HAjeKCTEH3MBHMjE€ HMHTEpakuuje u3Mel)ly xuro3aHa u kcaHtaH ryme Owmine y IIEK-oBuma
MPUIPEMIbEHUM ca cupheTHOM KHCeIMHOM U npu pH pactBopa xuto3aHa 3,6 u 4,6, kaja je
Haj0oJba PACTBOPJBMBOCT XWTO3aHA. Y JIMTEpaTypH C€ HABOAM Jla ce HajBehe BpeaHOCTH
MPUBUIHUX BHCKO3UTETa TMOBE3Yjy ca HAjeKCTEH3WBHHUJUM HHTepakuujama y cucrtemy (10).
Anamuzom FT-IR cnekrapa miuane0o0 MUKpOYeCTUIa MOKa3aHo je Ja cy u3Mely xurozana u
KCaHTaH T'yMe€ YCIIOCTaBJbeHE UCKJbYYMBO HEKOBAJICHTHE WHTEPAKIMje, a MOIITO j€ TTO3HATO
7a je MHTEH3UTET MHKOBAa HAa CHEKTPHMAa y HEraTHBHO] KOpENAlMjU Ca HHTEH3UTETOM
WHTEpakuja y cucreMy (8), mokasaHo je Aa je HajBehuw cremeH MHTepakiuja usmehy



XxuTo3aHa U kcaHtaH ryme y I[IEK-oBuma npunpemibeHuM y NMpUCyCTBY cUpheTHEe KHCEIHHE
npu pH 3,6 wim 4,6 oxgpkaH M y CyBOM CTamy, HAaKOH J00ujamba MUKpodectuna. /lokasane
pasnuke y obOummy wuHTepakuuja wusMel)ly xwurozana u kcantan rtyme y I[IEK-oBuma
MPUIPEMIBEHUM TPU  PA3NMUYUTUM pH U KopumihemeM pa3lIMYuTHX CpeAcTaBa 3a
nojemasame pH yrtunaine cy Ha Op3uHY pexuapaTanuje Off BUX JOOHjeHHX IIanedo
MHUKPOYECTHIIA, KA0 M Ha KHHETHKY ociobahama nbynpodena n3 GuU3NUKUX CMeEIIa ca OBUM
MuKpouecTHiiama y ¢ocharnom nydepy pH 7,2. V panujum uctpaxuBamuMma ce Takohe
HaBOIM Ja Cy pexuapaTanuja W Kamanuter OyOpema Hocaua Ha 0Oasm [IEK-oBa
XUTO3aH/KcaHTaH Tyma y ¢ocharnom nydepy pH 7,2 3acHoBaHM Ha 0/10Hjamby HEraTUBHO
HAeNEeKTPUCAaHUX JlaHallda KCaHTaH TyMe M Ja HajCloOpHje pEeXHApaTUIly OHM ca
HaJeKCTEH3UBHUJUM HHTepakuujama usmehy mommmepa (11). Ilopem Tora, ca mopactom
nHuIMjanmae pH pactBopa xurto3aHa (ox 3,6 mo 5,6) monmaswio je mo moBehama yrtwHiaja
noOujeHnX Iuanedo MHKpodecThlla Ha Op3uHy ocinobahama ubynpodena uz (u3MUKUX
cMella M 3akJbyuyeHo je aa ce Mukpouectuie Ha 6asu IIEK-oBa mnpumpemspeHHX ca
pactBopuma xuto3ana pH 4,6 u 5,6, xoja je mojemeHa cUpPheTHOM KHUCETHMHOM, MOTY
CMaTpaTH ONTHMAJHUM 3a IMOCTU3AkE MPOAYKEHOT ociobahama ndynpodeHa.

Pesynratu npyre ¢ase ucrtpaxuBama 00yxBaTajy HU3MEpPEHE BPEAHOCTH TPAHCMUTAHILIE,
€JIEKTPUYHE NMPOBOAJBUBOCTH M PEOJIOMIKHMX [TapaMeTapa, Ha OCHOBY KOJHX j€ IOKa3aHo Jia ce
IIEK-0Bu xuTO3aH/KCaHTaH r'ymMa IMpU MaceHoOM ojaHocy nosumepa 1:1 mory gopmuparu u 'y
pUCycTBY HOynpodeHa, Mpu 4YeMmy je MAaceHH OJHOC MOympodeHa M YKyHHOI cajpikaja
nonmumepa wu3Hocuo 1:1. Hajsehe Bpemoctm mpuBuaHor Buckosutera [IEK-oBa
MPUIPEMIbEHUX MO Pa3INuUTUM yciaoBuMa (pH pactBopa xuto3aHa 4,6 wnu 5,6 u jonaBame
nbymnpodeHa TOKOM MJIM HAKOH KOMIUIEKCUpPama MoJIMMepa) u3MepeHe cy kKajaa je uoymnpodeH
J071aBaH TOKOM (popMupama KOMIUIeKca M KopulllhewmeM pacTBopa xuro3aHa pH 4,6. Behe
BPEIHOCTH TMPHUBHIHUX BHUCKO3MTETa MOTY OWTH TIOBE3aHE Ca EKCTCH3MBHHjUM
WHTEpaKIfjama, IITo JOBOIU 10 (GopMUpama cUcTeMa ca 00Jbe OPraHU30BAaHOM CTPYKTYPOM
(10). 3aro cy ce kao ontumanuu yciaou npumnpeme [TEK-oBa ca nbynpodenom u3aBojuim
pH pactBopa xuto3ana 4,6 (mojemieHa cHpheTHOM KUCEIMHOM) M JoJaBame MoympodeHa
TOKOM (opmupama komiiekca. Canpxaj pe3uayaiHe Biare y MHKpouecTHllama ca
ubymnpodenom 610 je Mawu y nopehemy ca caaprixajem Biare y mianedo MUKpouecTHIIama
WCIIUTaHUM Yy TIpBOj (a3, Ha OCHOBY 4era je 3aKJby4eHO J1a MHKOPIIOPUPAEmE aKTHBHE
cyrncranie y [IEK-oBe Moxxe OMTH MOTOAHO ca acrekTa MUKpoOuomnomike crabuinHoctu (12).
Ananuzom FT-IR criektapa MUKpOYeCTHIIa ca HOynpoeHoM JI0Ka3aHo je yuemhe oBe MOJIEN
aKTHBHE CYICTaHIIE y YCIOCTaBJbamkby joHCKMX wuHTepakuuja y IIEK-oBuma, jep ce y
JTUTEpaTypu MOXe Hahu MOTBpJa Ja jOHCKE MHTEPAKIHjEe y CUCTEMY Pe3yITyjy IMOMepameM
TajacHUx OpojeBa ka Behum BpenHocTuMa y nopehemwy ca uncrom cyncranuom (13). Tlomro
jé WHTEH3UTeT NHUKOBa Ha CIHEKTpUMa Yy HEraTHBHOj KOpeJalMju ca HWHTEH3UTETOM
UHTEepaknuja y cucreMy (8), TOTBpheHe Cy HajeKCTCH3MBHHjE WHTEpaKUUje Y
Mukpouectuniama Ha ©Oasu [IEK-a npunpemsbeHor ca pactBopoM xuro3zaHa pH 4,6
nonaBambeM HOynpodeHa TOKOM HeroBor dopmupama. PXRD audpakrtorpaMm YHUCTOT
nbynpodeHa MOTBPAUO je KPUCTAIHY CTPYKTYpY OB€ aKTMBHE CYyICTaHIle, a noOujeHe 20
BpEHOCTH Omiie Cy y carflaCHOCTH ca pe3yiTaTuMa JpPYrHX HUCTpakuBaukux rpyna (14,15).
HudpakrorpaMu MUKpoyecTHIla ca HOynpodeHOM I[OKa3ajdl Cy IIMKOBE Ha CIWYHUM
BpeaHOCTHMa 26, mTO je 00jalllheHO WHKOPIOPHPAkEM KPUCTATHOT OOJMKa aKTUBHE
cyncranue. Wnak, WHTEH3UTETH MNHMKOBa Ha JAudpakTorpaMMMa MHKpPOUYECTHIA ca
ubynpodeHom Owin Cy 3HauajHO Mamu y mnopehemy ca uuctuMm uOynpodeHom, IMmTo je
00jalIlbeHO  EMMMUYHUM ~ HapyIIaBamkeM KPHCTATHE peleTke uoynpodeHa ycien
YCIIOCTaBJbakha MHTEPAKIIMja Ca XUTO3aHOM M KCaHTaH TyMoM. U npyre nctpakuBauke rpyre
MI0BE3Y]y CMamkEeHhe HHTEH3UTETa IMKOBA ca HapyllaBambeM KpUCTalIHe peleTke noynpodena
(14). OcnoGahame MUKpOMHKAIICYIUpaHOT MOynpodeHa Ouio je mpoaykeHo TokoMm 12 4 u
nparuio je Korsmeyer-Peppas-oB MozieN, KOjU je MpeMa JIUTepaTypHUM HAaBOAWMA THITUYaH



3a Hocaue Ha 0a3u moiauMmepa ca BHCOKOM crocoOHomrhy OyOpema (16). Ilopen Tora,
BpeIHOCTH MU(y3NOHUX eKCIOHEeHarta 3a Korsmeyer-Peppas-oB mozen (n) oune cy 6mu3y 1
MTO je 3HAUYWIO Ja ce ocinobahame wuOympodeHa U3 MHUKPOUYECTHIIA MOXKE O00jaCHUTH
KHHETUKOM HYJTOT pela ca BEeJIUKUM CTereHoM moy3aanoctu (17). 30or Tora je KoJuyuHa
nbynpodena ocnobahana U3 CBUX MUKPOYECTUIA Y JEAUHHUIIM BPEMEHA CKOPO KOHCTAHTHA.
Ha ocHOBy BpeaHocTH KoeduIrjeHTa aerepMuHanuje (R’) 3a HyJITH pel 3aK/bY4€eHO je Jia je
Haj0ospa KOHTpoOIIa ociiobahama ubynpodena nocTuruyra u3 Mukpouecruia Ha 6azu [1EK-a
MPUNPEMIBEHOT Ca pacTBOpOM xuTo3aHa pH 4,6 nonaBameM aKTUBHE CYINCTAHILE y TOKY
dbopMupama KOMIUIEKca. Y HacTaBKy Japyre ¢asze ucnuTana je MoryhHoct dopmupama
wiane6o ITEK-oBa u I1EK-oBa ca ubynpodeHom npm MaceHHUM OJHOCHMA XUTO3aH/KCAaHTaH
ryma 1:2 u 1:3. Ha ocHOBY pe3ynrara peoJOIIKMX Mepema U cTaBa Aa je Behu npuBuIHU
BHCKO3UTET TOBE3aH Ca €KCTECH3MBHUJUM HWHTEpakiujamMa y cucremy (8), mokasaHo je na
MaceHU OJHOC XHMTO3aH/KCaHTaH ryma 1:2 pesynryje BehuMm cremeHoMm MelhyMOJIEKYICKUX
uHTepakiuja y nopehemwy ca ogHocom 1:3. Cmameme NPUBUIHOT BUCKO3UTETA MIPHU OJHOCY
1:3 mpunucaHo je eKCTeH3WBHHJUM HEJOHCKMM HWHTEpakiujamMa u3Mel)y camux MoJeKya
KCaHTaH TYM€ M CMambelhy Opoja MoJIeKyia JOCTYITHUX 3a CTyName y JOHCKEe HHTEPAKIH]je ca
XUTO3aHOM. Y3uMajyhu y 003Up YMIEHHUIlY Ja Cy JOHCKE MHTEpakiMje jauye y OJIHOCY Ha
HejoHcke (18), koje cy ce y Behoj Mepu jaBiypane camo npu ojgHocy 1:3, Behu nmpuBHIHH
Brucko3uteT u3MepeH 3a [IEK-oBe mpum macenom omHocy monmmepa 1:2 y mopehemy ca
omHocom 1:3 Oumo je ouekuBaH. WMsrmeny FT-IR cnekrapa mnotBphyje cralibeme
Mehymonekynckux narepaknuja y [IEK-oBuma ca moBehameM maceHOT ynena KCaHTaH ryme
Uy cyBoM cTamy. CrabujuM ¥ Mame OOMMHHUM HMHTEpaKildjama IMpu MaceHoOM onHocy 1:3
o0jammeHa je HemrTo Beha konmuumHa ocnoboheHor ubympodeHa W3 MHUKpoyecTHIa ca
HaBeJCHUM OJHOcOoM mosimMepa (oko 70%) y mopehemy ca MHKpodecTHIlaMa T j& OJHOC
nosnumepa 1:2 (oxo 60%). Ilopen Tora, n Bpeanoctu 6mu3y 1 y Korsmeyer-Peppas-oBom
MOjIeNTy TMOTBPIWJIE Cy aa ce ociobahame nbOymnpodena u3 oba THIMa MHUKPOUYECTHIIA MOXKE
00jaCHUTH KMHETUKOM HYJITOT pefia ca BUCOKUM cTerneHoM noys3aaHoctu (17), a BpeaHocTu
R’ ykazyjy na ce 60Jba KOHTpOJIa oco0aljama MoCTHKe MIPU MaCeHOM OJHOCY monumepa 1:2.
VYV macraBky npyre ¢asze mokazaHo je ga ce [IEK-oBu xuTO3aH/KCaHTaH ryma MOTy
dbopmupaTH TPU Pa3IMIUTAM MAaCEHUM OJHOCHMA €CIIUHA, XUIPOCOTYOHITHE MOJIENT aKTHBHE
cyncranue (19) m ykynHor cagpxkaja momumepa (1:1, 1:2 u 1:4). IIpumehena je Onara
TEH/ICHIIMja TIoBehama NpHUBUIHOT BHCKO3WTeTa ca moBehamem yaena ecumna y ITEK-y.
Ceschan n capaJHWIIM HaBOJE Ja TMoBehame BUCKO3UTETa MOXE OUTH Tocnenuia Beher
caJpkaja YBPCTUX cacTojaka (dectuma) y y3opky (20). OBum je oOpa3iokeH HajOOJbH
MpUHOC, €(pUKACHOCT WHKOPIOpHpama eciuuHa W Hajsehu oOuM uHTepakiuja (TokazaH
aHanu3oM F7-IR cniektapa) y MHUKpOUYECTHIIaMa ca MaCEHUM OJIHOCOM eclMH/monumepu 1:1.
[lpumehen je 3Hauajam yTtuma] pH Memujyma Ha pexuaparandjy CBUX HMCIUTHBAHUX
Mukpodectuiia Ha 6a3u [IEK-oBa xuTo3an/kcanTtan ryma nooujenux cymemem [IEK-oBa mon
amMOWjeHTaTHUM ycloBuMa. bpka M moTmyHHWja pexuiaparanuja yodeHa je mpu pH 74y
nopehewy ca pH 1,2, mto je 00jalileHO BHUIIKOM IOJIMAHjOHA KCAHTAaH TYME Y CTPYKTYpH
[TEK-oBa o1 xojux cy MUKpoYecTulle JoOHjeHe (MaceHH OJHOC XMTO3aH/KCaHTaH ryma 1:2).
Crnuyna 3anaxama uManu ¢y Malik n capagauim 3a xuaporenose Ha 6a3u [IEK-oBa oBa nBa
nmoiMMepa Kao TOTCHIMjallHe Hocade ammkioBupa (21). Pesynaratm wucnutuBamwa pH-
3aBUCHOT ociio0ahama Cy MoKasanu J1a ce 3HaTHO Mama KOJIMYMHA MHKPOMHKAICYJIUPAaHOT
ubymnpodena ocnodaha y meaujymy pH 1,2 tokom 3 £ (1,70%) y mopehemy ca meaujymom
pH 7,4 y xojeM ce TokoM HapenHux 9 h ocnobaha 26,06% ubynpodena. OBo je oa moceOHOT
3Ha4aja 300T JT0Ka3aHOT HPUTAIIMOHOT TIOTEHIIN]jajla IEPOPATHO MPUMEHEHOT HOyTIpodeHa Ha
ciy3Hully kenyua (22). MukpouHkancynanujoMm uOynpodeHa MNOTEHIHjalHO ce MOXKe
noctuhy BberoBo ocinobdahame y TAHKOM IPEBY, IITO OM MOTJIO CMABUTH UPUTALIU]Y JKEIyIa.
Ecumu Takolhe Moke na JoBesie 0 MPUTAILHjE CIy30KOXKE U yCIIOPEHOT MPaXKIEmha JKeIyIa
HaKOH IepopainHe mpumeHe (23), U MOXKEJpbHO je MHKOPIOpHUpaTH Ta y Hocade KOoju Ou
o0e30eaunu  mweroBo pH-3aBucHo ocnobahame y 1mpeBuma (24). 3a wucnUTHBaHE
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MHUKpouecTHile pH-3aBUCHO ocnoOahakbe MUKPOMHKAIICYJIMpPAHOT ecluHa OWwio je
Haju3paXeHuje 3a MaceHu opHoc ecuua/momumepu 1:1 (4,30% axTuBHE CcyrcTaHie
ocnoboheno npu pH 1,2 mocne 3 h, a mpeocranux 37,93% npu pH 7,4 Tokom HapeaHux 9 ),
ra Cy cMaTpaHe HajIepCHeKTHBHUJUM HOCA4YeM 3a TMOCTH3ame pH-3aBUCHOT ociobahama
€ClIMHA HaKOH MepopaliHe IpUMeHe. Y MocieamheM JIeny Apyre (a3e uctpaxupama MoKa3aHo
je na ce mukpouectuiie Ha 6a3u [IEK-oBa xuTo3an/KcaHTaH rymMa Kao Hocauu uOymnpodeHna u
eciHa Mory nobutu cymewmeMm oBux [IEK-oBa pacnmpmuBamem. Mnak, 300r penatuBHO
jakux mehymonekynckux nHrepaknuja y [IEK-oBuma koju cy cymenu noOujeHH Cy HUCKH
MPUHOCH, €(PUKACHOCT MHKOPIIOpHUpama M Cajpikaj aKTUBHUX CYICTaHIM y muma. Kako
HaBoJie Sosnik u Seremeta (25), IPUHOC KOJI CYLIeHa PACIPIINBAKBEM 1101 T1a00paTOPUjCKUM
ycinoBuMa HUje BUCOK. OHHM HaBojAe M Ja je HajBehu BUCKO3UTET y30pKa Koju 00e30ehyje
3am0BoJbaBajyhe mpuHOCE HaKOH cymiema pacnpmuBakbem 300 mPa-s, a IIEK-oBu
IIPUIIPEMaHU Y OBOM UCTPAXHBamy UMaU cy Behe npuBuane Buckosurere. [lopehewmem F7-
IR cnekTapa yTBpheHO je Ja Cy MHTEH3UTETH KapaKTePUCTUYHHMX IMHUKOBA MUKPOYECTHUIIA
NIOOMjeHUX CyIIeHheM paclplinBamkeM Owin Behn y mopehemy ca OHMM KOJ MHUKpPOYECTHIIA
NOOMjeHNX CyLIemeM 1oJ aMOujeHTaJIHMM ycloBUMa, IITO MOoTBphyje cnaluje
Mehymonekyncke uHTepakuuje (8,13), ma je 3akpyueHo na ce wuHrterpurer I[IEK-oma
JIETUMUYHO HapyllaBa TOKOM IIPHUIIPEME 3a CYLIEHEe M TOKOM CaMor Ipoleca CyIIemha
pactipmuBameM. [IporeHoM crocoObHOCTH pH-3aBUCHE pexuapatanuje MHUKPOYECTHIIA
NOOWJeHUX CYIICHEM pPacCTpIIMBAmEM IMPETIIOCTABJHEHO j€ J1a OHE MMajy 3HAa4ajHO MamH
MOTEHITM]aJl 3a oCTH3amke pH-3aBucHOT ocliobahama y 0THOCY Ha MHUKPOUYECTHUIIE JOOH]jeHE
CyLICHeM I0j aMOMjeHTaIHUM YCIOBUMa. Y ciydajy HOynpodeHa MOKa3aHO je Ja ce
IETOBUM HMHKOPIIOPUPAEM Yy MHUKpOYECTHIE JoOHMjeHe oOeMa MeTojama CyIIema MOXKE
noctuhu pH-3aBucHO ociobahame, mMTO je BaXKHO ca acrekTa 0e30emHocTu npumene (22).
Wnak, npegHocT ce MOXe JaTh MUKpOUYeCTUIaMa JTI0OMJEeHUM CYyIICHEM 0]l aMOUjeHTIHUM
yciaoBuMa, 300r 3HaTHO Beher mnpuHOca, €(UKACHOCTH HWHKOpIOpHpama M Ccajapikaja
nbynpodena. CyiemeM paclpliuBamkeM HUCY JT00MjeHe MUKPOYECTHIIE Ca €CIIMHOM Koje
omoryhyjy meroBo pH-3aBucHO ocnobahame, MTO MOXKe OWTH HEMOBOJHHO Ca AacIeKkTa
MOJIHOIIJBUBOCTU HAKOH IepopanHe npumene (23,24). Mukpouectuiie ca ulynpodeHom,
OJTHOCHO €CLIMHOM, J1I00MjeHe CYLIeHeM I0j aMOWjEeHTATHUM YCJIOBHMA Cy YKJbYYEHE Y in
Vivo CTyIHjy.

VY okBupy Tpehe (pase mokazaHo je Ja ce MHUKpOHMHKAICyJalujoM HOymnpodeHa MmocTuxe
noehambe Cpar HAKOH IMEpOpaTHE MPUMEHE MHUKpPOYECTHIA Yy mopehemy ca CyCreH3ujoM
ubynpodena. T HUJE Ce 3HAYaJHO pa3iaukoBaiio m3Mmelyy oBe nBe rpyre. [lokazaHno je u na
c€ MUKpOHWHKArcyJjanujoM uoynpodeHa MmoCcTHUX e CTaTUCTUYKHA 3HAYajHO MPOIYKEHE 112 Y
OJTHOCY Ha HWHTPABEHCKY IMPUMEHY pacTBopa HOympodeHa, IITO HHje YOYEHO HaKOH
nepopajiHe TpHUMEHEe cyclieH3uje uOynpodeHa. ATCOTyTHa OHOJOIIKA PACHOIOKUBOCT
nbyrnpodeHa HHMje ce 3HA4YajHO pa3jIMKOBaja HAKOH MHTPAaBEHCKE MPUMEHE pacTBOpa OBE
aKTUBHE CYTICTAHIE W MEepOpaliHe MPUMEHE CYCIEH3Hje U MHUKpOYECTHIa ca uOynpodeHom,
IITO yKa3yje Ha TOTOBO MOTIIYHY PECOPIUjy UOyHpodeHa U y CKIay je ca JIMTepaTypHUM
HaBOJMMA JIa C€ HAKOH MepopaliHe MpUMEHe paznuuuTux (Gopmynanuja udynpodeHa Moxe
nmoctuhu amncoiayTHa OHOJOIIKA PACIIONOKHUBOCT (26). Yang u capamgaunu (27) mokasanu cy
na ce Behe BpemHOCTH Crax, @ Mabe Tmax MOTY OUYCKHBATH HAKOH MEPOpPAIHE NPUMEHE
dbopmynaija ca nmpoayxeHuM ociiobahamem nbynpodena. Y ciaydajy ectiuHa Tpax OWIIO je
3HAYajHO CMamkEHO HAKOH MPUMEHE MUKpPOUECTHIIa Y nopehemy ca YMCTOM CYIICTaHIIOM, JI0K
je 32 Cpax YOUCHO CTAaTHCTHMYKHM 3HauyajHO ToBehame. Y3umajyhu y o03up nureparypHe
HaBOJIE Jla €CIIMH yCIOopaBa Mpaxmeme xenyna (23), Moxke ce 3aKJby4YUTH Ja C€ HEerOBUM
WHKOPIIOPUPAkEM Y MHUKPOYECTHIIE MOXKE OrpaHUYUTH OBaj edekar. [lokazaHo je wu
noBehame OMONOIIKE PACTOIOKUBOCTH IMEPOPATHO MPUMEHEHOT MHKPOHHKAIICY THPAHOT
€ClIMHA y OJIHOCY Ha pacTBOp eciuHa. /{0 caja HUje UCIMTUBAH YTHUIQ] MHKOPIOPUpPAA
€CIIMHA y pa3IMuuTe HOocade Ha OMOJIOMIKY PacIOIOKUBOCT HAKOH MEPOpaTHE MPUMEHE, i
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ce HaBOJM Jia MepopaHa MPUMEHA YUCTOT €CI[MHA pe3yJTyje HUCKOM OMOopacroyioKuBoOIIny
(24). Wu wn capagaunu (28-30) cy mpujaBUIM 3HATHO Mamky OHOJIOMIKY PAaCIOJIOKHUBOCT
MOjeITMHAYHUX H30Mepa €ClMHA y OJHOCY Ha OMOpacIoIoKUBOCT MUKPOWHKAIICYIHPAHOT
eclHa y yTBpheHy y oBoM HcTpaxuBamy. OHU Cy YOUHIIH U J]a C€ MEPOPATHOM ITPUMEHOM
CMelle M30Mepa eCliMHA NOCTHKe Beha ykymHa OHOJIONIKa paclooXHUBOCT, MITO HIE Y
MIPUJIOT pe3yJITaTuMa OBE CTyAHje, jep je KOMEPLUHjaTHO JOCTYIHU €CIUH KOpUIINeH Yy OBOM
HUcTpaxuBamwy cmema Buiie uzomepa (19). Ha Oosby OMONIOIIKY pacmoIOKUBOCT MOXKE
yTUIIATH aMOP(HU KapaKTep MUKPOMHKAIICYJIUPAHOT €CIIMHA, jep KpucTaiaHa Gopma uma jako
HUCKY OnoJiolmky pacnoioxuBocT (24). OGjaBsbeHe cy cryauje koje HaBoze na [IEK-oBu Ha
06a3M XUTO3aHA MOTY TMOO0OJBIIATH OWOJIOIIKY pPACIOJOKUBOCT PA3IMUUTHX aKTUBHUX
cyrncraniu (31). IlpomeHoM aHTHenEeMaTO3HOI M aHTUHOLMIENTUBHOI e(deKkTa y OBOj
JTUCEPTALM]H TIOKA3aHO j€ J1a MUKPOWHKAICYJUpaHu eCIuH 00Jbe e(eKTe ocTBapyje Kaaa je
no3a aktuBHe cyncranie 10 mg/kg y nopehemwy ca 20 mg/kg, mro je nmoBe3aHo ca yCropeHuM
KeTyJauHUM TpakKikemheM NMpu Behoj 103U aKTHBHE CYICTAHLE M TOCIEAUYHO CMambEeHOM
arnicopriujom (32).

Tenepanno eneoarno, deo pezyimama O0okmopcke oucepmayuje mae. ¢apm. Ane Rupuh y
caenachocmu je ca nodayuma uz aumepamype. To ce mnpe ceeca 0O0mocu Ha onuime
pesyimame u 3anaxcara koju ce oonoce Ha IIEK-o6e kao mnocaue axmueHux
papmayeymckux cyncmanyu, Kao u Ha uOYRpogen u ecyun Kao Mooei aKkmuere Cyncmatye.
C 063upom Ha mo da cy y 060j 00Kmopckoj oucepmayuju npeu nym pazmampanu [IEK-oeu
XUMO3aHA U KCAHMAH 2yMe Kao NOMEHYUjaIHU HOCA4U 3G NePOPAIHy NpumMeHy ubynpogena u
ecyuna, eehuna pe3yimama u CneyuuuHUx 3anaxcard Huje Mo2ia Oumu npoeepeHa y
OOCMYNHUM — JTUMEPAMYPHUM — U3B0PUMA U  CMAMPA C€  OPUSUHATHUM — OONPUHOCOM
UCmMpasicu8auxoe pada KaHouoama.
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5.3AK/bYYAK — OBPA3JIOKEILE HAYUYHOT JONPUHOCA JOKTOPCKE
JTACEPTAIINJE

Hajsehum Hay4HMM JONPHUHOCOM OBE JOKTOPCKE AMCEPTALMje MOXKE C€ CMaTpaTH JIeTaJbHa U
CUCTEMaTHYHA aHalW3a yTHUIaja ycioBa mpumpeMe Mukpodectuiia Ha Oasu I[IEK-oBa
XUTO3aH/KCAaHTaH TyMa Ha HHXOBAa CBOJCTBA KAao MOTEHIMjaTHUX Hocada uOympodeHa u
€CLIMHA, MOJIENT aKTUBHUX CYIICTaHLIM PA3IMUUTUX OModapmalieyTCKuX KapaKTepHCTUKa, Kao
U TPOICHA YTHIAja MUKPOWHKAIICYJalMjeé OBUX AaKTUBHUX CYICTAaHIM Ha OWOJIOIIKY
PacrojI0KUBOCT HAKOH MEpOpaHe NMPUMEHE U MOCTH3ame oAronapajyhux ¢apMakoIomIKux
edekara, y3 go0ujambe HEMKOA/BMBHX Hocada. OBO je ox moceOHE BaXHOCTH 300T
IIpero3HaTe OJIp>KUBE M €KOJIOMIKH MPUXBAT/BUBE MPOU3BOAKHE XUTO3aHa U KCAHTaH I'yMe Kao
OCHOBHHX rpaguBHuX KomroHeHaTa [IEK-oBa xoju ce m3palyyjy moja OGmaruMm peakuuoHUM
ycioBuMa, O3 IITETHOT YTHIaja Ha XKUBOTHY CpenuHy. Pe3ynratm mpukazaHu y OBOj
JTUCEPTALMjH TOBOPE y MPHIJIOT HEIMKOJIJBUBOCTH MHUKpodectniia Ha 0a3u [IEK-oBa kao
MOTEHIIMjaTHUX HOcaya aKTUBHUX CYICTAHIM KOju OM Tek Tpebano na Hal)y cBoje MecTo y
dbopmynanuju pazaIMUUTHX (apMaleyTCKUX 00JUKa 3a TIepopaiHy PUMEHY.
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6. IPOBEPA OPUTMHAJTHOCTHU JOKTOPCKE JUCEPTALINJE

Ha ocHoBy u3BemTaja 0 MPOBEPH OPUTHHAIHOCTH JOKTOPCKE AHMCEpTAIlHje KOpHIINCHEeM
nporpama ilhenticate PerucTpoOBaHO TMoOAynapame Tekcta u3Hocu 11%. OBaj creneH
MOJYIAPHOCTA TIOCTEOHIIA je TPETXOAHO IyOJMKOBAaHHUX pe3yiraTa HCTPAKHBamba
JOKTOpaH/a, IUTATa, IMYHUX UMEHA, OIMIITHX MECTa U MoJaTaka, To je y CKIaay ca YIaHOM
9. lIpaBuniHuUKA.

Ha ocHOBY cBera u3HETOT, a y CKJIaay ca 4iaHoM 8. ctaB 2. [IpaBuiIHHKA O MOCTYIIKY IPOBEpE
OPUTMHAIHOCTH JIOKTOPCKHMX JWCEepTalija koje ce OpaHe Ha YHHBep3uTeTy y beorpany,
W3jaBJbyjeMO Ja W3BEIITa] YyKa3yje Ha OPUTHHAIHOCT JOKTOPCKE AHCepTanuje, Te Ce
MPONUCAHHU TIOCTYIIAK IPUIIPEME 32 BeHY 0JI0OpaHy MOXKE HACTABUTH.

18. anpuna 2024. ronune

Menrop:

Hp cu. Jbusbana Bekuh, penosau nmpodecop
VYuusep3utet y beorpany — ®apmarneyrcku dakynrer
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7. IPEJJIOT KOMUCHJE 3A OLIEHY 3ABPLIEHE JOKTOPCKE
JTACEPTAIINJE

Ha ocnoBy m3noxenor, Komucuja 3akpydyje aa JTOKTOpCKa AMCEpTaIlja KaHJIUIATKUIHE
Mmar. papm. Ane hupuh, umja je u3pama omobpeHa Ha cemuunu Beha mHaydyHmx oOmactu
MEIMIIMHCKUX Hayka YHuBep3utera y beorpany (Onmyka 6p. 61206-1292/4-21 on 1. 6. 2021.
TOJIMHE), 337I0BOJbaBa KPUTEPHjyME OPUTHHAIHOT Hay4yHOT jena. KanauaaTkuma je yCIenHo
peanr3oBala MOCTaBJbEHE IINJBEBE UCTPAKHUBAMA, 4 PE3YJITATH NMPUKA3aHU Y OBOj JOKTOPCKO]
JCepTaliji MPEJCTaBIbajy OPUTHHAIHO U CAMOCTAIHO HAYYHO JIeJIO ca 3HAa4aJHUM HayYHUM
JONPUHOCOM y 06nacTu (apmaleyTcke TexHosoruje. Pesynratu JoKTopcke nucepTanuje cy
MyOMMKOBAaHU y: jeHOM TMOTJaBJby y KibH3U MehyHapomHor 3Haudaja (M14), tpu pama y
MelhyHapoJHUM YacomucuMma H3y3eTHUX BpenHoctu (M2la), Tpu pama y BpPXYHCKUM
yacomucuMa HalMoHaHOT 3Hayaja (MS51), ka0 W y OKBHUpPY [ZBa CaoNIITeHma ca
MelyHapoJHUX CKymoBa IiTammaHa y ueiauHu (M33), mer caommrema ca MehyHapomHUX
CKYIIOBa IITaMIaHuX y u3Boxy (M34) u aBa caommrema ca CKyloBa HAllMOHAJIHOT 3Haydaja
mTaMiasa y ussoxny (M64).

Komucuja y HaBeneHOM cacTaBy MO3UTHUBHO OLIEHYje€ JOKTOPCKY IHcCepTalujy mar. Qgapm.
Ane Thupuh mnon HazuBom ,Pa3zBoj MuKpouecTHMIa Ha 0a3H NOJIMETEKTPOJTUTHUX
KOMILIEKCa XHTO03aHA M KCAHTAH I'yMe Ka0 MOTEeHUHjaJTHHX HOCA4Ya ca MPOAYKEHUM
ociio0ahamem 3a nmepopajiny npumeny uoynpodgena u ecuuHa’ u npepiake HacraBho-
HayyHoMm Behy ®Dapmareytckor Qaxynrera, YHuBep3urera y beorpaay na mpuxBaTtu 0Baj
W3Bemraj o um3paheHoj AOKTOpCKO] aucepTauuju U ynyTu ra Behy HayuHux obnactu
MEAMIIMHCKMX HayKa paaud JaoOujama CcarfJacHOCTH 3a jaBHY OJ0paHy JOKTOPCKE
JcepTaluje.

Komucuja 3a oueny u oq0pany 3aBpuieHe JOKTOPCKe AMcepTanuje

Hp cu. Jenena Bypur, penoBau mpodecop
VYuusepsuret y beorpany — @apmarieyTcku GaxynTer

Jp cu. Bophe Menapesuh, BuIM Hay4HH capagHUK
VYuusepsuret y beorpany — ®apmaneyTcku paxyiarer

Hp cu. JIuguja [lerpoBuh, penoHu nmpodecop
Vuusepsurer y HoBom Cany — Texnonomku daxynarer Hosu Cag

Hp cu. Anexkcannap Pamkosuh, penoBau mpodecop
VYuusep3uter y HoBom Cany — Menununacku dakynaretr Hosu Can

Hp cu. Teonopa JankoBuh, HAyYHH CaBEeTHUK
HHuctutyT 32 mpoyyaBame JekoBUTOr Ousba ,,Jlp Jocud [Manunh*
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16 words / < 1% match - Internet from 29-Oct-2022 12:00AM
fedorabg.bg.ac.rs

14 words / < 1% match - from 16-Jun-2023 12:00AM
fedorabg.bg.ac.rs

14 words / < 1% match - Internet

Milutinovi¢, Milica M.. "Preparation of biologically active polyphenols by utilising_the primrose
(Primula veris), the horsetail (Equisetum arvense)_and the yarrow (Achillea millefolium) processing
waste.", YHuBepsauteT y beorpagy, TexHonowko-MeTanypLku hakynrtet, 2017

11 words / < 1% match - Internet
Samolovac, Ljiljiana M.. "The influence of rearing conditions and season of birth to calves welfare in
the first month of life", YHuBepauTet y beorpaay, Nomwonpuepeanu hakyntet, 2016

10 words / < 1% match - Internet

Carevi¢, Milica B.. "Production and immobilization of microbial R-galactosidases for implementation
in transgalactosylation reactions.", YHuBep3uTteT y beorpaay, TexHonouko-meTanypLiku dhakynrer,
2016

10 words / < 1% match - Internet

Tubié, Biljana K.. "Derivatives of ethylendiamine N,N'-di-2-(3-cyclohexyl)_propanoic acid with potential
cytotoxic activity - in silico/in vitro physicochemical and ADME characterization", YHuBep3auTteT y
beorpapy, ®apmatieytcku hakyntet, 2018

9 words / < 1% match - Internet
Arsovski, Violeta M.. "Experimental and quantum-chemical studies of quinolone azo dyes and their
precusors.’, YHuBepauTeT Yy beorpaay, TexHonowko-MeTanypwku dakyntet, 2017

9 words / < 1% match - Internet from 02-Nov-2017 12:00AM
fedorabg.bg.ac.rs

9 words / < 1% match - Internet
Sevi¢, Kristina B.. "Investigation of selected phytogenic growth stimulators on production results and
quality of broiler meat", YHuBepauTeT y beorpaay, Pakynter BeTepuHapcke MeauumHe, 2016

8 words / < 1% match - Internet
Radoijevi¢, Ana A.. "Biomonitoring_of air and soil phytoremediation using oak, spruce and hazel.",
YHuBep3auTet y beorpaay, TexHndku dakynrtet, bop, 2017

8 words / < 1% match - Internet from 30-Nov-2018 12:00AM
fedorabg.bg.ac.rs
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8 words / < 1% match - Internet
Novakovié¢, Boris. "Morphometric and phylogenetic analysis of the family EImidae (Insecta:
Coleoptera) of the Balkan peninsula"’, YHnBepsuteT y beorpaay, buonouiku dhakynter, 2020

8 words / < 1% match - Internet

Ponjavié, Marijana M.. "Synthesis, characterization and application of biodegradable block
copolymers based on poly(e-caprolactone)_and poly(ethylene oxide)", YHuBepautet y beorpaay,
TexHonouwko-MeTanypuwku dhakynrtet, 2017

8 words / < 1% match - Internet

Bureti¢, Jasmina. "Influence of aging_.on immune response and neuroinflamation: research in
experimental autoimmune encephalomyelitis”, YHuBepautet y beorpaay, ®apMatieyTcku hakynTer,
2019

8 words / < 1% match - Internet

Babi¢, Jelena. "Examination of influence of selected filters at concentration of polycyclic aromatic
hydrocarbons in production of hot smoked common carp", YHuBepsauteT y beorpaay, ®akyntet
BeTepuHapcke MeauLmHe, 2018

8 words / < 1% match - Internet
Savié, Jelena S.. "Design, synthesis, physicochemical and biological properties of R-hydroxy-R-
arylalkanoic acid derivatives", YHuBepautet y beorpaay, ®apmaueytcku dakyntet, 2017

8 words / < 1% match - Internet

Nesovi¢, Katarina. "Poly(vinyl alcohol)_and chitosan hydrogels with electrochemically synthesized
silver nanoparticles for medical applications", YHuBep3utet y Beorpagy, TeXHONOWKO-MeTanyRLIKK
takynrer, 2021

8 words / < 1% match - Internet
Risti¢, Bojan S.. "A use of Cournot's competition model in oligopolistic markets in the terms of limited
capacities", YHuepsautet y beorpaay, EkoHomcku dakynrtet, 2017

8 words / < 1% match - Internet
Vucié, Tijana. "Hybridization, morphological variability and developmental stability of large-bodied
newts (Triturus spp.)", YHuBep3auTeT y beorpapy, Buonowku dakynter, 2019

7 words / < 1% match - Internet

Savi¢, Aleksandar R.. "Investigation of properties of fresh and hardened self-compacting_concrete
with mineral additions based on industrial by-products”, YHuBepsautet y beorpaay, [paheBuHcKku
takynret, 2015

7 words / < 1% match - Internet

Dimitrijevi¢, Rasa D.. "Model characteristics of motor abilities, morphological characteristics and life
habits of the academy of criminalistic and police studies female students", YHuBep3uteTt y beorpaay,
dakynTeT cnopTa n GuandKor Bacnutama, 2017

https://app.ithenticate.com/en_us/report/107802317/summary 71222


https://fedorabg.bg.ac.rs/fedora/get/o:23337/bdef:Content/download
https://fedorabg.bg.ac.rs/fedora/get/o:23337/bdef:Content/download
https://fedorabg.bg.ac.rs/fedora/get/o:17424/bdef:Content/download
https://fedorabg.bg.ac.rs/fedora/get/o:17424/bdef:Content/download
https://fedorabg.bg.ac.rs/fedora/get/o:17424/bdef:Content/download
https://fedorabg.bg.ac.rs/fedora/get/o:21006/bdef:Content/download
https://fedorabg.bg.ac.rs/fedora/get/o:21006/bdef:Content/download
https://fedorabg.bg.ac.rs/fedora/get/o:21006/bdef:Content/download
https://fedorabg.bg.ac.rs/fedora/get/o:19916/bdef:Content/download
https://fedorabg.bg.ac.rs/fedora/get/o:19916/bdef:Content/download
https://fedorabg.bg.ac.rs/fedora/get/o:19916/bdef:Content/download
https://fedorabg.bg.ac.rs/fedora/get/o:16553/bdef:Content/download
https://fedorabg.bg.ac.rs/fedora/get/o:16553/bdef:Content/download
https://fedorabg.bg.ac.rs/fedora/get/o:26303/bdef:Content/download
https://fedorabg.bg.ac.rs/fedora/get/o:26303/bdef:Content/download
https://fedorabg.bg.ac.rs/fedora/get/o:26303/bdef:Content/download
https://fedorabg.bg.ac.rs/fedora/get/o:16933/bdef:Content/download
https://fedorabg.bg.ac.rs/fedora/get/o:16933/bdef:Content/download
https://fedorabg.bg.ac.rs/fedora/get/o:20869/bdef:Content/download
https://fedorabg.bg.ac.rs/fedora/get/o:20869/bdef:Content/download
https://fedorabg.bg.ac.rs/fedora/get/o:11590/bdef:Content/download
https://fedorabg.bg.ac.rs/fedora/get/o:11590/bdef:Content/download
https://fedorabg.bg.ac.rs/fedora/get/o:11590/bdef:Content/download
https://fedorabg.bg.ac.rs/fedora/get/o:16041/bdef:Content/download
https://fedorabg.bg.ac.rs/fedora/get/o:16041/bdef:Content/download
https://fedorabg.bg.ac.rs/fedora/get/o:16041/bdef:Content/download

4/17/24, 2:19 PM Summary Report

7 words / < 1% match - Internet
Srbljanovié, Jelena D.. "Evaluation of the antimalarial potential of novel aminoquinolines in vitro and in
vivo', YHuBepauTtet y beorpaay, ®apmaveyrcku dakyntet, 2018

7 words / < 1% match - Internet
Pavlovié, Bojan. "Maturation and function of the human dendritic cells obtained from monocytes,
using_short time differentiation protocol", YHuBepsutet y Beorpaay, ®apmaueytcku dhakyntet, 2018

7 words / < 1% match - Internet
Panteli¢, Danijel. "characterisation of isoforms, expression, and role in plant response to heat-stress.",
Yuusepautet y beorpaay, buonouiku dakynrer, 2019

6 words / < 1% match - Internet
Zivkovi¢, Sanja. "Characterization of Eutypa lata, casual agent of grapevine dieback in Serbia and
susceptibility of varieties", YHuBepauteT y beorpaay, Momonpuepeanu dhakyntet, 2019

194 words / < 1% match - Internet

Jankovi¢, Jovana. "Formulation and characterization of semisolid self-microemulsifying drug_delivery,
system as potencial new generation carriers for oral delivery of aciclovir’, YHuBepsauteT y beorpagay,
Papmatieytcku hakyntet, 2020

80 words / < 1% match - Internet

Calija, Bojan. "Functionality of chitosans in formulation of alginate-chitosan microparticles as drug
carriers for nonsteroidal antiinflammatory drugs", YHuBep3utet y beorpaay, ®apmatieyrcku
takynrer, 2013

49 words / < 1% match - Internet
Beloica, Sofija. "Mechanistic modeling and predictability of in vitro and in vivo drug_dissolution from
tablets", YHuBepautet y beorpaay, ®apmatieyrcku akyntet, 2022

39 words / < 1% match - Internet

Timotijevi¢, Mirjana. "Polymeric film-forming_systems for dermal delivery of betamethasone
dipropionate: defining_critical quality attributes by using_optimised physicochemical, tribological and
biopharmaceutical tests", YHuBep3utet y beorpaay, Papmaieytcku hakynrter, 2022

36 words / < 1% match - Internet

Lucié-Skori¢, Marija Lj.. "Removal of textile dyes from water by photocatalytic degradation in the
presence of titanium dioxide nanoparticles immobilized onto chitosan and alginate based hydrogels.",
YuuBep3uteT y beorpagy, TexHonowko-MeTanypLiku dakynret, 2016

31 words / < 1% match - Internet
Pisinov, Boris. "Physico-chemical, nutritional and sensory properties of sausages in the type of
frankfurter of culled goat meat", YHuBepautet y beorpaay, [Nossonpuepeaxu dakyntet, 2021
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27 words / < 1% match - Internet
Stojkovi¢, Aleksandra M.. "Biopharmaceutical characterisation of ciprofloxacin metallic cation
interaction”, YHuBep3uTtet y beorpaay, ®apmateytcku hakynrtert, 2014

27 words / < 1% match - Internet
Cobanovi¢, Nikola D.. "Pre-mortem conditions and pork quality”, YHuBep3auTeT y beorpaay, ®akyntet
BeTepuHapcke meauLmHe, 2018

26 words / < 1% match - Internet

Obeid, Samiha. "Investigation of the influence of model design and 3D printing_parameters on model
drug_dissolution from tablets obtained by fused deposition modelling", YHuBepauTeT y Beorpaay,
dapmalieyTcku dakynret, 2022

22 words / < 1% match - Internet

Vidovi¢, Bojana B.. "The effect of alpha-lipoic acid supplementation on oxidative stress markers and
antioxidative defense in patients with schizophrenia”, Yuusep3autet y beorpaay, ®apmaveyTcku
takynter, 2014

22 words / < 1% match - Internet

Ili¢, Tanja. "Micro- and nanostructured emulsion systems based on polyhydroxy surfactants for
aceclofenac delivery into/through the skin using_.chemical penetration enhancers and microneedles”,
YHuBepsauteT y beorpaay, Papmatieyrcku dakyntet, 2019

18 words / < 1% match - Internet

Popovi¢, Visnja B.. "Analysis of secondary metabolites and investigation of pharmacological activity
of selected species of the genus Laserpitium L. (Apiaceae)’, YHuBepauTteT y beorpaay,
®dapmaueyTckn hakynrtet, 2013

16 words / < 1% match - Internet
Banjanac, Katarina. "Imobilizacija enzima na nanocestice Si0O2 modifikovane organosilanima”,
Univerzitet u Beogradu, TehnoloSko-metalurski fakultet, 2017

13 words / < 1% match - Internet

Panteli¢, Ivana. "Dermal bioavailability of antiinflammatory drugs from sugar emulsifier stabilized
bases: comparative application of in vitro / in vivo characterization methods", YHuBepauter y,
Beorpaay, ®apmaveytcku dhakynteTt, 2013

10 words / < 1% match - Internet

Urosevic¢, Tijana M.. "Kinetics and the effect of mechanical methods on improving of cross-flow
microfiltration and ultrafiltration of synthetic fruit juice.’, YHuBep3auteT y beorpaay, TexHOM0LIKO-
MeTanypwku hakynrtet, 2018

8 words / < 1% match - Internet
Stankovi¢, Marija S.. "IL-33/ST2 axis in experimental model of acute inflammation”, YHuBep3uTeT y.
Beorpany, MeauumHcku daxkyntet, 2016
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8 words / < 1% match - Internet
Hovjecki, Marina. "Influence of selected factors on the acid and rennet coagulation of goat's milk and
the quality of yoghurts and cheeses", YHuBepsautet y beorpaay, MobonpuepeaHu dakyntet, 2021

8 words / < 1% match - Internet

Damjanovi¢, Ana B.. "In vitro investigation of antitumor and antimicrobial activities of extracts of
mahonia, Mahonia aquifolium (Pursh) Nutt.", Yuusep3auteT y beorpaay, PapmMaLieyTcku dhakynreT,
2018

8 words / < 1% match - Internet
Jovancevié, Vojin. "Relations between different types of dances and rhythmic gymnastics”,
YHuBep3autet y beorpaay, ®akynTtet cnopra u hmnsnykor Bacnurama, 2016

8 words / < 1% match - Internet

Sljivi¢, Jasmina. "Multicriteria optimization and Quality by Design concept in development of ultrahigh
pressure liquid chromatographic and micellar liquid chromatographic methods for investigation of
cilazapril and hidrochlorothiazide stability", YHuBepauteT y beorpaay, ®apmaveyrcku dakyntert, 2019

7 words / < 1% match - Internet
Radovanovié, Neda. "Plant growth biostimulators originated from marine environment intended for
agricultural application’, YHuBep3auTtet y beorpaay, TexHonowko-MeTanypuku dakyntet, 2021

7 words / < 1% match - Internet
Trifkovi¢, Kata. "Chitosan-based hydrogels for controlled release of polyphenols”, YHuBepsutet y.
Beorpaay, TexHonoluko-MeTanypLiku dhakynrer, 2017

7 words / < 1% match - Internet
Milin¢i¢, Danijel. "By-products of winemaking industry as source of bioactive compounds:
characterisation and possibility of its applications in food industry", YHuBepsautet y Beorpagy,

7 words / < 1% match - Internet
Petojevié, Zorana M.. "Optimization of construction measures for reducing_heating_energy demand in
residential buildings", YHuBepsautet y beorpaay, I'paheBuHcku dhakynrtet, 2018

139 words / < 1% match - Internet

Bubi¢ Paji¢, Natasa. "Chemical and physical enharcens for dermal delivery of poorly soluble drugs:
comparative study of microemulsions, solid and dissolvable microneedles", YHuBep3utet y beorpaay,
dapmatieyrckm dakyntet, 2020

71 words / < 1% match - Internet
Cetkovi¢, Zora. "Formulation and in vitro/in silico characterization of lipid-based drug delivery systems
with simvastatin as model substance", YHuBepsautet y beorpaay, ®apmaueytcku dakyntet, 2021
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54 words / < 1% match - Internet
Deki¢, Ljiliana, Primorac, Marija. "Formulacija i karakterizacija samo-mikroemulgujucih nosaca
lekovitih supstanci na bazi biokompatibilnih nejonskih surfaktanata”, Hemijska industrija, 2014

54 words / < 1% match - from 19-Dec-2023 12:00AM
farfar.pharmacy.bg.ac.rs

25 words / < 1% match - Internet

Ciri¢, Ana, Krajisnik, Danina, Calijg,@ian, beki¢, Ljiljana. "Biokompatibilni nekovalentni kompleksi
hitozana sa razli¢itim polimerima - svojstva i primena kao nosaca lekovitih supstanci”, Arhiv za
farmaciju, 2020

20 words / < 1% match - Internet
Micov, Ana. "Antinociceptive effect, mechanism of action and interactions of levetiracetam in somatic,
visceral and neuropathic pain models", YHuBep3auteT y beorpaay, Papmatrieyrcku dhakyntet, 2013

12 words / < 1% match - Internet from 29-Dec-2021 12:00AM
farfar.pharmacy.bg.ac.rs

12 words / < 1% match - from 14-Jun-2023 12:00AM
farfar.pharmacy.bg.ac.rs

10 words / < 1% match - Internet

Janci¢-Stojanovi¢, Biljana, Vemié, Ana, Rakié, Tijana, Kosti¢, Nada M., Malenovié¢, Andelija. "Razvoj
metode titracije po Karl FiSeru primenom tzv. Quality by Design koncepta", Savez hemijskih inzenjera,
Beograd, 2012

10 words / < 1% match - Internet

Millen, Nada. "Development of multidimensional model for prediction i control of quality target tablet
profile manufactured by wet granulation process", YHuBepautet y beorpaay, ®apmatieyTcku
takynrer, 2019

9 words / < 1% match - Internet

Milovié, Mladen, Puris, Jelena, Vasiljevi¢, Dragana, Duri¢, Zorica, |bri¢, Svetlana. "Potencijalna primena
surfaktantnih sistema u formulaciji farmaceutskih oblika sa tesko rastvorljivim lekovitim
supstancama’, Hemijska industrija, 2012

9 words / < 1% match - from 19-Dec-2023 12:00AM
farfar.pharmacy.bg.ac.rs

143 words / < 1% match - Internet
Oalde Pavlovié, Mariana. "Biological activity of commercial medicinal Lamiaceae plant extracts from
Serbia", YHuBepautet y beorpaay, bruonouku dakynrtet, 2022
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106 words / < 1% match - Internet
Madzarevié, Marijana. "3D printing_of tablets by photopolymerization and selective laser sintering;
development and process optimisation’, YHuBepauTeT y beorpaay, ®apmaueyrckn dhakyntet, 2023

36 words / < 1% match - Internet
Milovanovié, Bojana. "The feasibility of animal source foods color measurement using CVS',
YuuBepsutet y beorpaay, Momonpuspeaxu dakynrtet, 2022

8 words / < 1% match - Internet

Koijié, Marija. "Optimization of material quality obtained by hydrothermal carbonization and its
application in the adsorption of heavy metals from aqueous solutions”, YHnBepautet y beorpaay,
TexHonowko-MeTanypwku dakynrtet, 2022

6 words / < 1% match - Internet

Radan, Milica. "Pharmacophore analysis, design and in vitro testing of multi-target ligands as
potentially effective therapeutics of complex neurological and mental disorders", YHuBep3uteT y,
Beorpany, ®apmatieyTcku chakyntet, 2022

115 words / < 1% match - from 03-May-2023 12:00AM
uvidok.rcub.bg.ac.rs

69 words / < 1% match - from 20-May-2023 12:00AM
uvidok.rcub.bg.ac.rs

16 words / < 1% match - Internet from 29-Aug-2022 12:00AM
uvidok.rcub.bg.ac.rs

11 words / < 1% match - Internet from 03-Apr-2022 12:00AM
uvidok.rcub.bg.ac.rs

8 words / < 1% match - Internet from 17-Dec-2021 12:00AM
uvidok.rcub.bg.ac.rs

212 words / < 1% match - Crossref

Ana Ciri¢, Jelena Milinkovi¢ Budingi¢, Dorde Medarevi¢, Vladimir Dobricié et al. "Evaluation of
chitosan/xanthan gum polyelectrolyte complexes potential for pH-dependent oral delivery of escin’,
International Journal of Biological Macromolecules, 2022

28 words / < 1% match - Internet
Stanié, Dusanka D.. "Effects of oxytocin on the hypothalamic-pituitary-adrenal axis activity and
behavior of rats", YHuBepautet y beorpaay, ®apmaueyrcku dhakyntet, 2017
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21 words / < 1% match - Internet

Milutinovié, Violeta. "Investigation of secondary metabolites and pharmacological activity of selected
species of the genus Hieracium L. (Asteraceae) from the Balkan Peninsula", YHuBep3auteT y Beorpagy,
dapmaLleyTeku haxynteT, 2021

19 words / < 1% match - Internet
Koci¢, Ivana A.. "Biopharmaceutical characterization of levothyroxine sodium immediate-release
tablets", 'National Library of Serbia', 2013

17 words / < 1% match - Internet

Markovié, Bojana M.. "Synthesis, characterization and application of macroporous nanocomposites of
glycidyl methacrylate and magnetite"’, YHuBepautet y beorpaay, TexHonowkKo-MeTanypLiku dhakynrerT,
2019

14 words / < 1% match - Internet
Iveti¢, Aleksandra M.. "Effect of microbiological inoculants on nutritive value and the aerobic stability
of corn silage and alfalfa haylage.", YHuBepsuteT y beorpaay, MomonpuepenHu hakyntet, 2017

9 words / < 1% match - Internet
Pajnik, Jelena M.. "Application of supercritical carbon dioxide in fabrication of materials with repellent
properties based on pyrethrins”, YHuBep3auTeT y beorpaay, TexHoMoWKo-MeTanypLiku dakyntet, 2018

9 words / < 1% match - Internet

Cuiji¢, Nada M.. "Optimization of chokeberry extraction, Aronia melanocarpa (Michx.)_Elliott, extract
microencapsulation by electrostatic extrusion and spray drying_ methods", YHuBep3sutet y beorpaay,
dapmaueyTcku dhakynrtet, 2017

8 words / < 1% match - Internet
Radovi¢, Cedomir R.. "Phenotypic and genetic variability of quality traits of pig_carcass sides and
meat", YHuBepsuTteT y beorpaay, Nosbonpuepennn hakyntert, 2012

8 words / < 1% match - Internet
Andrié-Petrovié, Sanja V.. "Cognition and developmental adjustment among_individuals at different
risk of psychotic disorders", YHuBepsutet y beorpaay, MeauumHcku dakyntet, 2017

8 words / < 1% match - Internet
Stanisi¢, Nikola Z.. "The effects of using_conjugated linoleic acid in the diet of pigs on fattening
performance, carcass composition and quality of muscle and fat tissue’, YHuBepauteT y beorpagay,

7 words / < 1% match - Internet
Blagojevié, Milomir B.. "Effect of mutual relationship, stage of development and inoculation on silage
quality of annual legume and grain’, YHuBepautet y beorpaay, Momwonpuepennu dakyntet, 2018
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7 words / < 1% match - Internet

Selakovi¢, Sara D.. "Effects of plant sex and heterogeneous habitat light conditions in populations of
dioecious Mercurialis perennis L. on differential herbivory", YHuBepautet y beorpaay, bruosnouiku
takynrer, 2018

7 words / < 1% match - Internet
Radulovi¢, Mladen. "The relevance of cultural capital to educational achievement and formation of
student's educational aspirations in Serbia.", YHuBepautet y beorpaay, ®unosodcku dhakynter, 2019

6 words / < 1% match - Internet

Kuzmanovié¢, Nemanja S.. "ldentification, characterization and genetic diversity of strains of
Agrobacterium spp.,.grapevine crown gall causal agent", YHuBep3autet y beorpaay, [o/bonpuBpeaHu
takynrer, 2014

6 words / < 1% match - Internet
Milovanovié, Aleksandra. "Application of immobilized cell wall invertase from yeast Saccharomyces
cerevisiae in the production of invert sugar”, Yuusepautet y beorpaay, Xemujcku dhakyntet, 2011

6 words / < 1% match - Internet
Raki¢, Dragoslav. "Constitutive relations of landfill municipal waste in Serbia", YH1Bep3auteTt y,
Beorpany, Pynapcko-reonowku dakynrtet, 2013

178 words / < 1% match - Crossref

Ana Ciri¢, Dorde Medarevié, Bojan Calija, Vladimir Dobri¢ié¢, Miodrag Mitrié, Ljiljana Djekic. "Study, of
chitosan/xanthan gum polyelectrolyte complexes formation, solid state and influence on ibuprofen
release kinetics", International Journal of Biological Macromolecules, 2020

29 words / < 1% match - Internet

Fraj, Jadranka. "Application of the protein-polymer interaction for the formation of microcapsules with
controlled release of the active substance’, YHuBepauteT y HoBom Caay, TexHONOLWIKK haKYATET,
2016

28 words / < 1% match - Internet

LLtajH6ax, Maja. "IMPACT OF WINTER SAVORY EXTRACT (SATUREJA MONTANA L. (LAMIACEAE))
ON HYPERGLYCEMIA AND HYPERLIPIDEMIA IN WISTAR RATS", YHuBepauTeT y HoBom Cagy,
MegpuumHcku dakyntet, 2023

25 words / < 1% match - Internet
Milinkovi¢-Budinci¢, Jelena. "Application of chitosan-ionic surfactant system for the preparation of
microcapsules with oil content”, YHuBep3auteT y HoBoMm Capy, TexHonolku dakyntet, 2019

24 words / < 1% match - Internet
Zahovi¢, Ida. "Optimization of xanthan production on crude glycerol by local isolates Xanthomonas
sp.", YHuBep3uteT y HoBoM Capy, TexHonowku dhakyntet, 2021
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18 words / < 1% match - Internet from 25-Feb-2020 12:00AM
WWW.Cris.uns.ac.rs

9 words / < 1% match - Internet

Ikoni¢, Predrag. "Development of drying_and ripening_process of traditional fermented sausage
(Petrovska klobdsa)_in controlled conditions", YHuBepautet y Hosom Cagy, TexHosowkM hakynTeT,
2013

8 words / < 1% match - Internet
Niki¢, Jasmina. "Synthesis, characterisation and application iron and manganeous based sorbents for
arsenic removal from water", YHuBepautet y Hosom Caay, MpuponHo-mateMatuyku cdakyntet, 2019

79 words / < 1% match - Crossref

Ana Ciri¢, Ljiliana Dekié¢. "The influence of preparation conditions on the formation and extent of
interactions in chitosan/xanthan gum polyelectrolyte complexes as potential drug_delivery carriers”,
Macedonian Pharmaceutical Bulletin, 2023

68 words / < 1% match - ProQuest
Svonja, Parezanovic Gordana. "Uticaj_Vlage i Sastojaka Formulacije Na oslobaa‘anje Lamotrigina Iz
Tableta Sa Trenutnim oslobaa‘anjem.”, University of Novi Sad (Serbia), 2021

54 words / < 1% match - Internet from 30-Oct-2016 12:00AM
pt.scribd.com

52 words / < 1% match - ProQuest
Gigov, Slobodan. "Uticaj Apigenina | Natrijum-Deoksiholata na BioloSku Raspolozivost Raloksifena’,
University of Novi Sad (Serbia), 2023

26 words / < 1% match - Internet

Lali¢-Cosié, Sanja. "Evaluation of the hypercoagulability markers and global haemostatic tests and
global haemostatic tests in pregnancies complicated with pre-eclampsia’, YHuBepauTet y beorpaay,
dapmalieyTcku thakynTet, 2022

25 words / < 1% match - Internet

Proki¢ Vidojevi¢, Dragana T.. "Synthesis, characterization and testing_of rhenuim/palladium aerogel
and xerogel catalysts for desulphurization of dibenzothiophene and substituted 4,6-dimethyl
dibenzothiophene with hydrogen®, Yuusepsutet y beorpagay, TexHoOWKO-MeTanypLikn haxkynTer,
2022

51 words / < 1% match - Internet from 01-Feb-2023 12:00AM
scindeks-clanci.ceon.rs

50 words / < 1% match - Crossref

Ana Ciri¢, Dorde Medarevié, Bojan Calija, Vladimir Dobri¢i¢ et al. "Effect of ibuprofen entrapment
procedure on physicochemical and controlled drug release performances of chitosan/xanthan gum
polyelectrolyte complexes", International Journal of Biological Macromolecules, 2021
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47 words / < 1% match - ProQuest
Tenodi, Slaven. "Razvoj holistickog modela za prioritizaciju deponija za sanaciju I/ili zatvaranje na
osnovu procene uticaja na zivotnu sredinu", University of Novi Sad (Serbia), 2023

44 words / < 1% match - ProQuest
Zec, Nebojsa. "Optimizacija i karakterizacija elektrolita na bazi jonskih tecnosti pogodnih za litijum
jonske baterije.",_University of Novi Sad (Serbia), 2020

42 words / < 1% match - Crossref

Geissy I.M.C. Feitosa, Isabella F. Carvalho, Edivaldo B.S. Coelho, Marla R.B. Monteiro et al. "Potent
nonopioid antinociceptive activity of telocinobufagin in models of acute pain in mice", PAIN Reports,
2019

41 words / < 1% match - ProQuest

Hitl, Maja. "MoTeHLmjan ekcTpakTa MaTudtbaka (Melissa Officinalis L., Lamiaceae) kao nomohHe
Tepanuje y nedyery UHGULIMPaHUX BURYCOM XyMaHe uMyHoaeduumjeHuuje”, University of Novi Sad
(Serbia), 2023

35 words / < 1% match - ProQuest
Dragoijlovié, Danka. "Potencijal brasna Od razli¢itih Vrsta Insekata Kao Alternativnih Izvora Proteina u
Ishrani Zivotinja", University of Novi Sad (Serbia), 2023

30 words / < 1% match - ProQuest
Vujanovic, Milena. "Hemijski Sastav, bioloske i Funkcionalne Karakteristike Novih Proizvoda Od Zove.",
University of Novi Sad (Serbia), 2021

29 words / < 1% match - ProQuest
Pap, Sabolc. "Novi adsorpcioni medijumi za separaciju neorganskih polutanataotpadnih voda bazirani
na termohemijskoj konverziji biomase", University of Novi Sad (Serbia), 2020

26 words / < 1% match - ProQuest
Bekic, Sofija. "Razvoj bioloskih Testova Za Identifikaciju Liganada Steroidnih Receptora i Ispitivanje
Aktivnosti Steroidogenog_Enzima Aromataze.", University of Novi Sad (Serbia), 2020

26 words / < 1% match - ProQuest
Marinovic, Zoran. "Cvetanje Cijanobakterija, Prisustvo Cijanotoksina i Njihov Uticaj na ribe u Pojedinim
Jezerskim Ekosistemima Srbije i Madarske", University of Novi Sad (Serbia), 2021

25 words / < 1% match - ProQuest
Milanovié, Maja. "Uticaj Anjonskog | Nejonskog Tenzida na Fizicko-Hemijske Osobine Vodenih
Rastvora Makromolekula", University of Novi Sad (Serbia), 2023

24 words / < 1% match - ProQuest
Arsenov, Danijela. "Fizioloski aspekti potencijala vrba (Salix spp.)_u asistiranoj fitoremedijaciji
kadmijuma upotrebom limunske kiseline.", University of Novi Sad (Serbia), 2020
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23 words / < 1% match - ProQuest
Kerkez, Djurdja. "Potencijal upotrebe piritne izgoretine u tretmanu otpadnih voda i mogucnost njene
dalje sanacije primenom imobilizacionih agenasa.”, University of Novi Sad (Serbia), 2020

22 words / < 1% match - ProQuest

Orcic, Snezana. "Biohemijski i fizioloski parametri stanja medonosne pcele (Apis mellifera |.) tokom
letnjeg_ i zimskog perioda na stanistima sa razlicitim antropogenim uticajem.”, University of Novi Sad
(Serbia), 2021

22 words / < 1% match - ProQuest
Pantelic, Dijana. "Potencijal sekundarnih metabolita cijanobakterija kao biomarkera u paleoklimatskoj
rekonstrukciji.", University of Novi Sad (Serbia), 2020

21 words / < 1% match - ProQuest
Filipovic, Vladimir. "Uticaj procesa osmotske dehidratacije na prenos mase i kvalitet mesa svinja’,
University of Novi Sad (Serbia), 2020

20 words / < 1% match - ProQuest
Jakovljevic, Dunja. "Biolosko dejstvo vodenog ekstrakta ploda stavelja (Rumex crispus L.,
Polygonaceae).", University of Novi Sad (Serbia), 2020

20 words / < 1% match - ProQuest
Vidovic, Senka S.. "Extraction, Content, Activity and Possible Applications of Selected Mushroom
Species.", _University of Novi Sad (Serbia), 2020

11 words / < 1% match - Internet

Coji¢, Milena M.. "Efekti suplementacije vitaminom D na glikoregulaciju i parametre oksidativhog
stresa kod pacijenata sa dijabetesom melitusom tipa 2 na terapiji metforminom", YHuBepsuTter y,
Huwy, MeaunuunHcku dakynteT, 2020

9 words / < 1% match - Internet

Vukadinovi¢, Ana. "Kauzalna eksplanacija toplotnog komfora stambenog objekta sa staklenom
verandom i emisije polutanata koji nastaju sagorevanjem fosilnih goriva', YHuBepsautet y Huuly,
dakynTeT 3aliTUTE Ha paay, 2020

19 words / < 1% match - from 27-Jun-2023 12:00AM
core.ac.uk

18 words / < 1% match - ProQuest
Kojic, Jovana. "Optimizacija procesa ekstrudiranja spelte za kreiranje funkcionalnih proizvoda sa
dodatkom betaina.", University of Novi Sad (Serbia), 2020

10 words / < 1% match - Internet
Despotovié, Sasa. "Biohemijska i funkcionalna svojstva piva sa dodatkom gljive Ganoderma lucidum’,
Univerzitet u Beogradu, Poljoprivredni fakultet, 2017
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8 words / < 1% match - Internet
Popovac, Mladen. "Fenotipska i genetska varijabilnost proizvodnih i osobina dugoveénosti krmaca”,
Univerzitet u Beogradu, Poljoprivredni fakultet, 2016

18 words / < 1% match - Internet from 12-Nov-2020 12:00AM
eur-lex.europa.eu

18 words / < 1% match - from 29-Jul-2023 12:00AM
revista-agroproductividad.org

17 words / < 1% match - ProQuest
Kos, Jovana. "Aflatoksini: Analiza Pojave, Procena Rizika i Optimizacija Metodologije odredivanja u
Kukuruzu i Mleku", University of Novi Sad (Serbia), 2021

17 words / < 1% match - ProQuest
Kovacevic, Srdan. "Analiza samopreciscavajuceg_potencijala podzemnih voda za uklanjanje
farmaceutika primenom metode recne obalske filtracije.", University of Novi Sad (Serbia), 2020

17 words / < 1% match - ProQuest
Ristic, Ivan. "Razvoj Postupaka Sinteze Polimernih mreza i Hibridnih Materijala.”, University of Novi
Sad (Serbia), 2020

17 words / < 1% match - ProQuest
Tomsik, Alena. "Susenje i ekstrakcija lista sremusa (Allium ursinum L.) u cilju dobijanja funkcionalnih
proizvoda sa bioaktivhim potencijalom.", University of Novi Sad (Serbia), 2020

17 words / < 1% match - from 13-Dec-2023 12:00AM
vdocuments.pub

16 words / < 1% match - ProQuest
Popovic, Stijacic Milica. "Znacaj Perceptivne Informacije u Obradi Reci—Perspektiva Utelovljene
Kognicije",_University of Novi Sad (Serbia), 2021

16 words / < 1% match - Internet from 09-Dec-2022 12:00AM
mdpi-res.com

16 words / < 1% match - ProQuest
Temu, AnHa | Tenji, Dina. "Biomarkeri Kod Riba u Monitoringu Statusa akvati¢nih Ekosistema i
Identifikaciji Efekata Hemijskog Stresa in Situ", University of Novi Sad (Serbia), 2022

15 words / < 1% match - ProQuest
Bukumirovic, Nina. "Hipoglikemijsko delovanje piknogenola i ekstrakta crnog bora Pinus nigra na
eksperimentalnom modelu dijabetianih pacova.”, University of Novi Sad (Serbia), 2020
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15 words / < 1% match - Crossref
Jingbo Jiang, H.J. Marquez. "Nonlinear analysis of dynamic force microscopy", 2006 American
Control Conference, 2006

15 words / < 1% match - ProQuest

Teofilovic, Branislava. "Biohemijska i hemijska karakterizacija ekstrakata bosiljka i uticaj
farmaceutsko-tehnoloske formulacije na glikemijski, lipidni i oksido-redukcioni status kod oglednih
zivotinja.", University of Novi Sad (Serbia), 2020

15 words / < 1% match - Internet
Burié, Aleksija. "Istrazivanije tehnologija spajanja limova od ¢elika DP500 i legure aluminijuma AW-
5754 u cilju razvoja lakih konstrukcija’, YHuBepauteT y Huwy, MawmnHckm dhakyntet, 2022

14 words / < 1% match - ProQuest
Kovacevic, Zorana. "Primena ketoprofena u kontroli akutnog_inflamatornog_odgovora i metabolickog
stresa kod krava posle teljenja.", University of Novi Sad (Serbia), 2020

12 words / < 1% match - ProQuest
Grgic, Marko. "Procena remedijacionog_potencijala sedimenta zagadenog_prioritetnim organskim
zagadujucim materijama", University of Novi Sad (Serbia), 2020

12 words / < 1% match - Crossref
Ljiljana Djekic, Sanja Zivkovic, Marija Primorac. "Pharmaceutical technological aspects and possibility
of using transdermal patches in paediatric population”, Arhiv za farmaciju, 2014

12 words / < 1% match - ProQuest

Spasevski, Nedeljka. "Uticaj_primene razlicitih izvora prirodnih pigmenata na boju zumanca i ko-
ekstrudata na bazi semena lana, lanika i konoplje na profil masnih kiselina u jajima’, University of Novi
Sad (Serbia), 2020

11 words / < 1% match - from 22-Dec-2023 12:00AM
0-www-mdpi-com.brum.beds.ac.uk

11 words / < 1% match - ProQuest
Beukovic, Dejan. "Hranljiva vrednost sirovog_i termicki obradenog_zrna soje u ishrani tovnih pilica u
zavisnosti od nivoa tripsin inhibitora.",_University of Novi Sad (Serbia), 2020

11 words / < 1% match - ProQuest

Marjanovi¢, Tijana. "Doprinos Ispitivanju Efikasnosti Neoksidativnih Inovativnih Hibridnih Procesa Za
Uklanjanje Ibuprofena, Kofeina, Diklofenaka i Odabranih Neorganskih Mikropolutanata |z Vode",
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The effect of the entrapment procedure of a poorly water soluble drug (ibuprofen) on physicochemical and drug
release performances of chitosan/xanthan polyelectrolyte complexes (PECs) was investigated to achieve con-
trolled drug release as the ultimate goal. The formation of PECs for two drug entrapment procedures (before or
after the mixing of polymers) at pH 4.6 and 5.6 and three chitosan-to-xanthan mass ratios (1:1, 1:2 and 1:3)
was observed by continuous decrease in conductivity during the PECs formation and increased apparent viscosity
and hysteresis values. The most extensive crosslinking was observed with ibuprofen added before the PECs for-
mation at pH 4.6 and chitosan-to-xanthan mass ratio 1:1. The PECs prepared at polymers' mass ratios 1:2 and 1:3
had higher yield and drug entrapment efficiency. DSC and FT-IR analysis confirmed ibuprofen entrapment in
PECs and the partial disruption of its crystallinity. All ibuprofen release profiles were similar, with 60-70% of
drug released after 12 h, mainly by diffusion, but erosion and polymer chain relaxation were also included. Poten-
tially optimal can be considered the PEC prepared at pH 4.6, ibuprofen entrapped before the mixing of polymers
at chitosan-to-xanthan mass ratio 1:2, which provided controlled drug release by zero-order kinetics, high yield,
and drug entrapment efficiency.

Keywords:

Chitosan

Xanthan gum
Polyelectrolyte complex
Drug entrapment
Polymer crosslinking
Controlled drug release

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Ibuprofen, a propionic acid derivative, is a widely used non-steroidal
anti-inflammatory drug (NSAID) for the treatment of pain, fever, symp-
toms of rheumatoid arthritis, and osteoarthritis [1]. It is a colourless to
white needle-like (acicular) crystalline powder with poor dissolution
characteristics [2]. Ibuprofen is a weakly acidic (pKa 4.5-4.6) and hydro-
phobic molecule [3]. The aqueous solubility of ibuprofen is pH-
dependent and extremely low in acidic media (46 pg/ml at pH 1.5 and
25 °C), but increases in neutral and alkaline aqueous media (>300 pg/
ml at pH above 7 at 25 °C). The most commonly used oral dose is
200-600 mg every 6 h. The bioavailability of ibuprofen after oral admin-
istration is approximately 100%. According to high permeability and pH-
dependent solubility, ibuprofen is classified in BCS class 2 [4]. The
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required single dose for therapeutic effect in adults would be approxi-
mately 20-30 mg since the onset of analgesia occurs at plasma concen-
trations between 6.8 and 10.1 mg/l. Nevertheless, the common doses
are more than 10 times higher due to the first-pass metabolism (the
peak plasma level of ibuprofen from a 400 mg tablet lies between 17
and 36 mg/1) [5-7]. For all those reasons and its short half-life (~2 h),
ibuprofen is a good candidate for the development of controlled-
release formulations for oral administration [8]. Among recent ap-
proaches to control ibuprofen release, the combination with polymers
and their conjugates stands out [2,5,9,10], however, zero order kinetics,
which is a prerequisite for the drug release at a constant rate over a rel-
atively long period of time, has not been achieved. Some conjugates can
also lead to the modification of crystal properties of ibuprofen resulting
in improved dissolution characteristics [10,11].

Mixing of the aqueous solutions of oppositely charged polymers can
lead to the spontaneous formation of PECs which can be used as
controlled-release drug carriers [12-21]. Several chitosan-based PECs
have been described as carriers for the extended release of ibuprofen,
prepared with carboxymethylated psyllium arabinoxylan [22], poly(so-
dium-4-styrene)sulphonate and bovine serum albumin [5], and
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xanthan gum [23]. Chitosan is a cationic biopolymer containing ran-
domly distributed [3-1,4-linked glucosamine and N-acetyl-D-glucos-
amine units. At pH values lower than its pKa (6.3) [24], chitosan
amino groups are ionized and can interact with anionic polymers
forming PECs [25,26]. Formulations of oral drug delivery systems
which allow controlled drug release require the resistance both to en-
zyme degradation and the impact of pH gradient (1-7). Chitosan is sol-
uble under acid conditions [27], which restrict its applicability. To
improve chitosan properties for controlled drug delivery, it is often
combined with oppositely charged polymers, including xanthan gum
[23]. Xanthan gum is the extracellular polysaccharide obtained from
Xanthomonas campestris, composed of glucose, mannose, glucuronic
acid, acetate, and pyruvate, with pKa 3.1 [28]. Xanthan gum cannot
form a rigid gel by itself but can form a gel when mixed with chitosan
[29]. Its pH-sensitive swelling can enable the controlled release of
entrapped drugs [16,30,31]. Our previous study demonstrated the pos-
sibility of extended ibuprofen release from hard capsules filled with
physical mixtures of ibuprofen and chitosan/xanthan gum PECs pre-
pared using 2 different pH adjusting agents (hydrochloric and acetic
acid) and 3 different pH values (3.6,4.6 and 5.6). The pH values between
4.6 and 5.6 adjusted with acetic acid were the most appropriate for the
formulation of chitosan/xanthan gum PECs as carriers for extended ibu-
profen release [23]. However, in order to characterize the overall poten-
tial of PECs as carriers for controlled drug release, it is necessary to
consider the influence of drug entrapment procedure on the physico-
chemical characteristics of PECs and drug release kinetics. Various
methods for the drug substance entrapment into PEC-based carriers
have been described in the literature, such as diffusion of the drug sub-
stance from solution into PEC hydrogel [32,33], dissolution or dispersion
of drug substance in polymer solutions that constituted PEC [34,35], or
the use of co-solvents in the entrapment of hydrophobic drugs into hy-
drophilic carriers [36]. It is known that ibuprofen is a negatively charged
compound when dissolved in aqueous media due to its carboxylic group
[9,37], so it can easily interact electrostatically with positively charged
compounds, such as chitosan. Moreover, Lowe et al. [38] suggested
that the release of hydrophobic ibuprofen was slower from a strongly
aggregated and heterogeneous network than from a more homoge-
neous one. In addition, Argin-Soysal et al. [13] demonstrated that the
chitosan/xanthan gum crosslinking density was less dependent on chi-
tosan solution concentration than xanthan gum solution concentration
and chitosan solution pH. However, the influence of drug entrapment
procedure and the mass ratio of polymers in PECs on the characteristics
of this type of carrier for controlled drug release have not been clarified
so far.

This study aimed to evaluate the influence of ibuprofen entrapment
procedure into the chitosan/xanthan gum PECs, at different polymer
mass ratios, on polymers crosslinking and drug release kinetics.

2. Materials and methods
2.1. Materials

The cationic component of PECs was chitosan (Sigma Aldrich, USA)
of medium molecular weight (190,000-310,000 g mol~!) with
75-85% deacetylation degree and viscosity of 200-800 cps (1% w/w
solution in 1% w/w acetic acid). Xanthan gum (Jungbunzlauer,
Switzerland) of pharmaceutical and food grade, used as the anionic
component of PECs, was a kind gift by Inexall Company d.o.o. - Subotica
(Serbia). The viscosity of the xanthan gum solution (1% w/w in 1% w/w
KCl solution, Brookfield LVTD, spindle 4, 60 rpm at 25 °C) is
1300-1700 mPa-s. Ibuprofen, racemic (BASF, Germany), used as
model drug substance, was a gift by Galenika a.d. - Belgrade (Serbia).
All the other chemicals (acetic acid (Fisher Scientific, UK), sodium hy-
droxide (Sigma Aldrich, USA), potassium dihydrogen phosphate
(Centrohem, Serbia), methanol (Sigma Aldrich, USA)) were of analytical
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grade. All substances were used as received without further purification.
Purified water (Ph. Eur. 10.0) was used throughout the study.

2.2. Methods

2.2.1. Preparation of chitosan solutions

Two chitosan solutions at a concentration of 0.65% w/v in purified
water were prepared by mixing under ambient conditions using the
mechanical stirrer (laboratory propeller mixer RZR 2020, Heidolph,
Germany) for 24 h at 500 rpm. The solutions differed in the term of
pH value. The pH was adjusted up to 4.6 or 5.6 using the acetic acid so-
lution (1.5% v/v) and 0.2 M sodium hydroxide solution, where neces-
sary. The pH was checked on the HI 8417 pH meter (Hanna
Instruments, USA), previously calibrated with the standard buffer solu-
tions of pH 4.0 and 7.0. The prepared chitosan solutions were stored at
5 £ 3 °C (in the refrigerator) for 24 h to achieve complete hydration
of the polymer.

2.2.2. Transparency of chitosan solutions

The transmittance (%T) of the prepared chitosan solutions was mea-
sured on the Evolution 300 spectrophotometer (Thermo Scientific, USA)
at 600 nm in order to check their transparency. The acetic acid aqueous
solution in the concentration used for the preparation of the corre-
sponding chitosan solution was set as 100% %T. The complete dissolu-
tion of chitosan was considered when %T was higher than 90%, as
previously reported by Kiechel and Schauer [39].

2.2.3. Preparation of xanthan gum solution and ibuprofen dispersion in
xanthan gum solution

The xanthan gum solution at a concentration of 0.65% w/v was pre-
pared under ambient conditions by its dissolution in purified water
using the laboratory propeller mixer RZR 2020 at 500 rpm. The dissolu-
tion process was carried out until the homogeneous solution was ob-
tained. Additionally, to prepare the drug dispersion in the polymer
solution, ibuprofen was added into the xanthan gum solution. The con-
centration of the drug in the dispersion was 1.3% w/v, 0.975% w/v or
0.867% w/v for the preparation of PECs at chitosan-to-xanthan gum
mass ratios 1:1, 1:2 and 1:3, respectively, to achieve the same drug-
to-polymers mass ratio (1:1) in final PECs. The mixing was continued
as previously described until the homogeneous dispersions were ob-
tained. The pH values of the prepared xanthan gum solution and ibupro-
fen dispersion in xanthan gum solution were checked on calibrated HI
8417 pH meter. After preparation, xanthan gum solution and ibuprofen
dispersion in xanthan gum solution were stored at 5 4+ 3 °C (in the re-
frigerator) for 24 h to allow complete hydration of the polymer.

2.24. Preparation of PEC dispersions and ibuprofen entrapment

In the first phase of the study, four PEC dispersions with entrapped
ibuprofen were prepared under ambient conditions by mixing the
corresponding chitosan solution (pH 4.6 or 5.6) with the xanthan gum
solution or ibuprofen dispersion in xanthan gum solution on the
mechanical propeller mixer RZR 2020 for 24 h at 800 rpm. The
chitosan-to-xanthan gum mass ratio was 1:1 and the drug-to-
polymers mass ratio was always 1:1. The dispersions differed in the
initial pH of chitosan solution (4.6 or 5.6) and the ibuprofen entrapment
procedure (before or after the complexation of chitosan and xanthan
gum). Two PEC dispersions were prepared with the xanthan gum solu-
tion, in accordance with the procedure recently proposed by Ciri¢ et al.
[23], and ibuprofen was added after the formation of the complex. The
dispersions were first washed with purified water and the excess of lig-
uid was removed by filtration. Then, ibuprofen was added to the PECs.
These PECs were signed with the initial pH of chitosan solution with at-
tached “A” and chitosan-to-xanthan gum mass ratio (i.e., 4.6A_1:1 and
5.6A_1:1). The other two PECs were prepared by mixing the chitosan
solutions with ibuprofen dispersion in xanthan gum solution. The dis-
persion of ibuprofen in xanthan gum solution was briefly mixed on
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the propeller mixer immediately before the formation of PECs to ensure
its homogeneity. These PECs were signed as “B” samples (i.e., 4.6B_1:1
and 5.6B_1:1).

During the study, based on the characterization results, it was deter-
mined at which pH and ibuprofen entrapment procedure the most
favourable interactions between polymers and entrapment efficiencies
were achieved. For optimal pH and drug entrapment procedure, the in-
fluence of the chitosan-to-xanthan gum mass ratio in PEC was exam-
ined. For that reason, four additional PEC dispersions were prepared at
chitosan-to-xanthan gum mass ratios 1:2 and 1:3 (two with ibuprofen
(4.6B_1:2 and 4.6B_1:3), and two without the drug). The drug-to-
polymers mass ratio was unchanged (1:1). All prepared PECs were
stood for 24 h at 5 4+ 3 °C (in the refrigerator) prior to further
characterization.

2.2.5. Characterization of crosslinking density in dispersions of PECs with
ibuprofen

In order to evaluate the influence of ibuprofen entrapment proce-
dure on crosslinking density (at different pH of chitosan solutions and
chitosan-to-xanthan gum mass ratios), characterization of dispersions
of PECs was performed in accordance with the methodology previously
described by Ciri¢ et al. [23] for the drug-free chitosan/xanthan gum
PECs. Conductivity was monitored during the preparation of PECs. Initial
conductivity of the chitosan solutions, as well as after each 10% of the
total amount of the xanthan gum solution or ibuprofen dispersion in
xanthan gum solution added to the corresponding chitosan solution
and 5 min of mixing, was measured using the CDM 230 conductivity
meter (Radiometer, Denmark). The conductivity meter was calibrated
before measurements using 0.01 M potassium chloride solution. The
measurements were done in triplicate and the results shown as mean +
standard deviation (S.D.). Also, pH was checked at the beginning and
the end of the formation of PECs. For each polymer solution, ibuprofen
dispersion in xanthan gum solution, and obtained semisolid PEC, pH
was measured using HI 8417 pH meter, calibrated as previously de-
scribed. The measurements were done in triplicate and the results
shown as mean 4 S.D. Dispersions of formed PECs were rinsed with pu-
rified water and excess liquid was eliminated by filtration until PECs of
semisolid consistency were obtained. Afterwards, the rheological be-
haviour of PECs was characterized on the Rheolab MC 120 rheometer
(Paar Physica, Austria) coupled with the rotating cylinder measuring
device (Z3 DIN) at 20 &+ 0.2 °C. The flow curves were constructed
using a controlled shear rate (CSR) procedure. The shear rate first in-
creased from 0 s~ ! to 100 s ! and then decreased back to 0 s~ !, with
each stage lasting for 400 s. The measurements were done in triplicate
and the results shown as mean 4+ S.D.

2.2.6. Drying of ibuprofen loaded PECs

Thin layers of all semisolid PECs were poured into Petri dishes and
dried under ambient conditions (at 20 4 3 °C). The PECs were dried
until the films of constant mass were obtained. The films were then
ground and sieved through the sieve with a mesh size of 355 pm (Ph.
Eur. 10.0) to remove large particles from the powder. The obtained
powders were stored in a desiccator and used for solid-state
characterization.

2.2.7. Characterization of ibuprofen loaded PECs in solid state

Characterization of solid ibuprofen loaded PECs included: determi-
nation of yield, ibuprofen entrapment efficiency (%EE) and drug loading
(%DL), residual moisture content, and light microscopy. In order to elu-
cidate the interactions between the polymers and ibuprofen in the solid
PECs, DSC, FT-IR and PXRD analysis were performed. Moreover, to con-
sider the chitosan/xanthan gum crosslinking density, the rheological
behaviour of the rehydrated PECs was investigated.

2.2.7.1. Determination of yield, XEE and %DL. After grinding and sieving,
the mass of solid ibuprofen loaded PECs was measured on AE 240 single
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pan balance (Sartorius, Germany) and the yield was calculated as
shown in Eq. (1):

Yield (%) = weight of dried PEC (g)/[weight of chitosan (g)
+weight of xanthan gum (g) + weight of ibuprofen (g)]- 100 (1)

The mass of chitosan, xanthan gum, and ibuprofen used for the prep-
aration of PECs was defined as 100%.

%EE and %DL were determined according to the method described by
Kulkarni et al. [16]. To determine the ibuprofen %EE and drug loading (%
DL), approximately 20 mg of each ground and sieved PEC was measured
on AE 240 single pan balance and dissolved in 100 ml of medium
consisting methanol and phosphate buffer pH 7.2 in 80:20 volume
ratio by sonication on Sonorex RK1024 ultrasonic bath (Bandelin elec-
tronic GmbH & Co. KG, Germany) at 20 4+ 3 °C during 30 min for com-
plete extraction of the drug from the polymer matrix. The medium
consisting of methanol and phosphate buffer pH 7.2 in 80:20 volume
ratio was chosen for %EE and %DL determination since it dissolves ibu-
profen rapidly, while both chitosan and xanthan gum remain insoluble
[10,40]. After sonication, each sample was filtered through a 0.45 um
MF-Millipore® membrane filter (Millipore Corporation, Bedford, USA).
The concentration of ibuprofen was determined on the Evolution 300
spectrophotometer at the wavelength of maximum absorption of the
drug (224 nm). The solution of corresponding drug-free PEC in the me-
dium, prepared by applying the same protocol, was used as blank. The
test was performed in triplicate for each sample and the results are
shown as the mean &+ S.D.

%EE was calculated as shown in Eq. (2):

%EE = actual amount of ibuprofen in PEC (g)/theoretical amount of ibuprofen in PEC (g)
%100 )

%DL was calculated as shown in Eq. (3):

%DL = actual amount of ibuprofen (g)/measured weight of the dried PEC (g)
x100 (€)

2.2.7.2. Light microscopy. The dispersions of the ground and sieved PECs
in silicone oil were examined by the Olympus BX51P polarizing micro-
scope (Olympus, Japan) with cellSens Entry software Version 1.14
(Olympus, Japan). The Image] software, version 1.52a (National Insti-
tutes of Health, USA) was used for the estimation of particle size and
shape. One hundred particles were randomly selected from each sam-
ple. The length and the width of the particles were measured, and the
results were shown as mean, minimum, and maximum for both param-
eters. The shape of particles was estimated by calculating the elongation
ratio (ER) for all PECs and ibuprofen itself. ER is a ratio of the length and
the width of the particle (Eq. (4)):
ER = length (um)/width (um) (4)

Particles with ER < 1.15 were considered spherical [14]. The calcu-
lated ER was shown as ER for the mean particle size (ERean), ER for
the smallest particle (ER,), and ER for the largest particle (ER;qy) for
each investigated sample.

2.2.7.3. Determination of residual moisture content. The residual moisture
content determination (by Karl Fischer coulometric titration method)
was performed on 831 KF Coulometer (Metrohm Switzerland).
Hydranal-Coulomat AG (Fluka, Germany) was used as the titration re-
agent. Before the titration, validation of the method was performed, ex-
amining its specificity, linearity, precision, and accuracy (details shown
in the Supplementary material). The titration was performed in tripli-
cate for each sample and the results are shown as the mean + S.D.
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2.2.7.4. DSC analysis. The samples were accurately weighed (5-10 mg)
and crimped in a standard 40 pl aluminium pan. Then, the samples
were heated from 25 °C to 360 °C at a heating rate of 10 °C/min, under
a constant nitrogen flow rate of 50 ml/min on the DSC 1 instrument
(Mettler Toledo, Switzerland). The empty sealed pan was used as a
reference.

2.2.7.5. FT-IR analysis. The attenuated total reflectance (ATR) FT-IR spec-
tra of solid ibuprofen loaded PECs were obtained on a Nicolet iS10 FT-IR
Spectrometer (Thermo Fisher Scientific, USA). The wavelength range
was between 4000 and 400 cm ™! with resolution 4, and 16 scans per
sample.

2.2.7.6. PXRD analysis. PXRD analysis was performed on Bruker D8 ad-
vance diffractometer (Bruker, Germany) in Bragg-Brentano 0-26 geom-
etry, using Ge-crystal primary monochromator (Johanson type) that
generates CuKa1 radiation (A = 1.541 A). Diffraction data were ob-
tained in the 260 range from 5 to 45° with a scan step of 0.05° and a hold-
ing time of 12 s [23].

2.2.7.7. Rheological characterization of rehydrated ibuprofen loaded PECs.
Samples for rheological measurements were prepared by dispersing
the solid ibuprofen loaded PECs in phosphate buffer pH 7.2 (USP) at a
concentration of 2% w/v, as previously proposed [23]. Briefly, the disper-
sion process was carried out on a Shaking Water Bath LSB18 Aqua Pro
(Grant, UK) for 12 h at 37 + 1 °C and agitation rate of 100 rpm. Contin-
uous rheological characterization was performed at 37 4 0.2 °Con a
rheometer, Rheolab MC 120, coupled with the rotating cylinder measur-
ing device Z3 DIN. The CSR procedure was performed by increasing a
shear rate from 0 s~' to 100 s~ and back to 0 s~ (each stage lasting
for 400 s).

2.2.8. In vitro ibuprofen release testing

In vitro drug release test was performed in order to evaluate drug re-
lease kinetics from the investigated PECs as well as to compare ibupro-
fen release profiles from the PECs prepared by different ibuprofen
entrapment procedure. Dried ibuprofen loaded PECs were filled into
hard hydroxypropyl methylcellulose (HPMC) capsules size 0 (Fagron,
Greece) in an amount comprising 100 mg of ibuprofen. The in vitro re-
lease of ibuprofen was investigated on the rotating paddle apparatus,
DT70 (Erweka, Germany), at 50 rpm, using 900 ml of the medium
(phosphate buffer pH 7.2 (USP)), at 37 4+ 1 °C. The small amounts
(~4 ml) of the medium were sampled during 12 h at fixed time intervals
(15, 30, 45, 60, 90, 120, 180, 240, 300, 360, 480, 600 and 720 min), and
immediately replaced by an equal amount of fresh buffer solution. Each
sample was filtered through a 0.45 um MF-Millipore® membrane filter.
The amount of released ibuprofen was determined on Evolution 300
spectrophotometer at the wavelength of maximum absorption of the
drug (221 nm). The test was performed in triplicate for each sample
and the results are shown as the mean of the released amount of the
drug substance + S.D. The obtained data of ibuprofen release was fitted
into mathematical models using the DDSolver Excel Add-In [41]. The
applied mathematical models (zero-order and Korsmeyer-Peppas kinet-
ics) are shown by Egs. (5) and (6):

Zeroorder kinetics : Q = kg - t

()

Korsmeyer—Peppas Kinetics : Q = k - t"

(6)

Q represents the amount of the drug released after time t, n the dif-
fusion exponent which indicates the mechanism of drug release, and kg
and k the release rate constants for zero-order and Korsmeyer-Peppas ki-
netic models, respectively.

The model-independent approach (calculation of similarity (f,) and
difference (f;) factors) was used for the comparison of drug release
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profiles. The experimental results were also compared using DDSolver
Excel Add-In and Eqgs. (7) and (8):

f1="21-n) Re—T¢l/Z_1-n) R - 100 (7)

—0.5
, =50log { [1 F1/n S (Rt—T[)Z] : 100} (8)

n is the number of samples, R, the released amount of the drug (%)
after the time t (reference/sample 1), and T; released amount of the
drug (%) after the time t (test/sample 2).

For 50 < f, < 100 and/or 0 < f; < 15 the ibuprofen release profiles
can be considered similar [41,42].

3. Results and discussion

The prepared PECs, after washing and removing the excess liquid by
filtration, had the consistency of semisolid hydrogels (PEC hydrogels).
Their conductivity, pH, and rheological measurements were measured
in order to elucidate the interactions between the polymers and the
drug in aqueous media during the formation of PECs. Moreover, charac-
terization of PECs in solid state intended to investigate the types of in-
teractions between the polymers and ibuprofen, and their influence
on in vitro drug release kinetics.

3.1. Formation of ibuprofen loaded PECs

Chitosan solutions at pH 4.6 and 5.6 were used for the preparation of
PECs. The %T of chitosan solutions was measured to evaluate its solubil-
ity at investigated pH values. It was observed that chitosan solutions
prepared at pH 4.6 were clearer than those prepared at pH 5.6. The mea-
sured values of T were in accordance with this observation: the %T
value of chitosan solution at pH 4.6 was 98.26% + 0.66%, while the %T
of chitosan solution at pH 5.6 was 58.27% + 15.15%. Furuike et al. [43]
showed that the %T value is directly related to the solubility. Higher %
T value at pH 4.6 confirmed the higher solubility of chitosan at lower
pH values. The chitosan solution at pH 5.6 likely comprised the less hy-
drated polymer and impeded the free transmission of the light through
the system, resulting in a significantly lower %T value.

Chitosan solutions were combined with xanthan gum solution (with
or without ibuprofen) in order to obtain PECs. The PECs were character-
ized during their formation. The results of conductivity (o) measure-
ments during the PECs formation are shown in Fig. 1 while the pH
values of each PEC hydrogel are shown in Table 1.

The initial conductivity values of chitosan solutions at different pH
values were compared firstly. The conductivity of the chitosan solution
at pH 4.6 was higher than at pH 5.6. The obtained result indicated that at

Fig. 1. Conductivity during the formation of ibuprofen loaded PECs.
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Table 1
The pH values of ibuprofen loaded PEC hydrogels.

PEC hydrogel pH value 4 S.D.
5.6A_1:1 532 + 0.05
5.6B_1:1 511 + 0.04
4.6A_1:1 433 + 0.05
4.6B_1:1 4.49 + 0.05
4.6B_1:2 4.23 + 0.04
4.6B_1:3 433 4 0.02

pH 4.6 there were a larger number of dissolved free charge carriers in
the solution and that their mobility was higher [44]. That was in accor-
dance with the measured %T values. The conductivity of xanthan gum
solution was 0.657 + 0.031 mS/cm and pH 6.85 + 0.05. For ibuprofen
dispersion in xanthan gum solution, the conductivity was 0.551 +
0.012 mS/cm and pH 5.25 + 0.03. The dispersion of ibuprofen in
xanthan gum solution lowered the conductivity and pH value. The re-
duction of pH after the addition of ibuprofen in the xanthan gum solu-
tion could be the consequence of the weak acidic properties of the
drug [2,4,9]. On the other hand, non-covalent interactions (e.g., hydro-
gen bonds, ion-dipole, dipole-dipole, van der Waals interactions) be-
tween ibuprofen and xanthan gum were likely established in the
dispersion, leading to the decrease in free charge mobility in the system
and the decrease in conductivity.

The continuous reduction in conductivity was observed during the
addition of the drug-free xanthan gum solution or ibuprofen dispersion
in xanthan gum solution into the corresponding chitosan solution,
confirming the formation of PECs at both pH values and polymer mass
ratio 1:1. The decrease in conductivity value was due to the decrease
in the amount and mobility of free charge, which indicated the estab-
lishment of ionic interactions between the polymers [23,45,46]. The
mixing of chitosan solutions with ibuprofen dispersion in xanthan
gum solution did not show any significant difference in comparison
with the mixing with the drug-free xanthan gum solution. For
4.6A_1:1, the conductivity decreased from 1.495 + 0.050 mS/cm to
0.969 + 0.044 mS/cm, for 4.6B_1:1 from 1.454 + 0.027 mS/cm to
0.980 + 0.051 mS/cm. For 5.6A_1:1 decrease was from 0.885 + 0.016
mS/cm to 0.745 4+ 0.001 mS/cm and for 5.6B_1:1 from 0.892 + 0.013
mS/cm to 0.671 £ 0.005 mS/cm. Ibuprofen, a weak acid, was expected
to be more soluble at pH 5.6 ("50%), in comparison to pH 4.6 (~50%).
At pH 5.6 ibuprofen ionization was less suppressed, so it was more in-
corporated into the PECs for both procedures, but there was generally
less crosslinking between the polymers because chitosan was less dis-
solved (i.e., hydrated and ionized) at pH 5.6. The conductivity of PECs
lowered with an increase of pH from 4.6 to 5.6, so it could be assumed
that a slightly higher amount of dissolved ibuprofen at pH 5.6 did not in-
fluence significantly the number of free ions in the system. For these
samples the effects of pH and polymer charge were dominant.

Previous results have shown that PECs were formed at both pH
values and independently of the presence of ibuprofen, i.e., that ibupro-
fen can be added to the xanthan gum solution before the formation of
PECs, which shortened the number of steps in the PEC formation pro-
cess. The elimination of the subsequent addition of ibuprofen to the
formed PECs was an advantage of this entrapment procedure. At
pH 4.6 there was more dissolved chitosan, which opened the possibility
to increase the mass fraction of xanthan gum. Therefore, the chitosan-
to-xanthan gum mass ratios of 1:2 and 1:3 in PECs obtained by entrap-
ment procedure B were additionally examined. The decrease in conduc-
tivity with an increase in the xanthan gum relative content in PECs was
confirmed by a decrease in the free charge concentration and mobility
originating from the positively charged amino groups of dissolved chi-
tosan, indicating that the chitosan and xanthan gum complexation
also occurred when xanthan gum was in significant excess (at
chitosan-to-xanthan gum mass ratio up to 1:3). For 4.6B_1:2 the con-
ductivity decreased from 1.478 4+ 0.009 mS/cm to 0.855 + 0.027 mS/
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cm, and for 4.6B_1:3 from 1.519 + 0.008 mS/cm to 0.810 + 0.009 mS/
cm.

After the addition of the xanthan gum solution or the dispersion of
ibuprofen in xanthan gum solution into the corresponding chitosan so-
lution, a slight decrease in pH in the obtained PECs was observed
(Table 1). This decrease can be explained by the ionization of entrapped
ibuprofen to hydrogen and carboxylate ions [9,37]. The poor effect of
the complexation of polymers on the pH value of PEC hydrogels may
be the consequence of the high buffering capacity of the samples due
to the presence of acetic acid [23]. The addition of xanthan gum solution,
with or without ibuprofen, did not significantly affect the initial pH of
the chitosan solution, even at high xanthan gum relative content. That
was expected, since xanthan gum is a weak acid, and the acidic pH sup-
presses its ionization. This effect was more pronounced at pH 4.6.

In order to determine the flow behaviour and to elucidate the
strength and extent of interactions between the polymers and ibupro-
fen in the prepared PEC hydrogels, rheological characterization was per-
formed. The minimal and the maximal apparent viscosity as well as the
hysteresis area values of PEC hydrogels are shown in Table 2. The inves-
tigated systems showed pseudo-plastic flow behaviour with thixotropy.
Thixotropy was estimated by calculating the hysteresis area (H).

The PECs prepared at chitosan-to-xanthan gum mass ratio 1:1 and
pH 4.6 had higher apparent viscosity values compared to those pre-
pared at pH 5.6 at the same polymer mass ratio. Higher apparent viscos-
ity and hysteresis values of PEC hydrogels correspond with higher
strength and extent of interactions (crosslinking) between the poly-
mers, or polymers and ibuprofen, leading to more structured systems
[23,47]. The thixotropy is an indicator of the sample structure rupture
during the force application and its ability to re-establish after the ter-
mination of the application of force [48]. That ability of PEC hydrogels
was the consequence of reversible non-covalent interactions between
the polymers, as also demonstrated in some previous studies
[23,29,48]. The ibuprofen entrapment procedure had a more significant
effect on interaction strength and extent at pH 4.6 and chitosan-to-
xanthan gum mass ratio 1:1. The maximum apparent viscosity and hys-
teresis were significantly higher for the sample prepared by procedure
B. Stronger and more extensive interactions were observed when ibu-
profen was added prior to the formation of PECs by its dispersion in
xanthan gum solution. That was one of the reasons why only this en-
trapment procedure was further considered at different chitosan-to-
xanthan gum mass ratios.

When comparing the ibuprofen loaded PECs prepared by entrap-
ment procedure B, the highest mn.x at initial pH 4.6 of 2.50 +
0.20 Pa-s had 4.6B_1:1, the medium, 2.18 + 0.04 Pa-s, had 4.6B_1:2,
and the lowest, 1.09 4+ 0.15 Pa-s, had 4.6B_1:3. The obtained results
could be explained by an increase in the xanthan gum content. Stronger
and more extensive interactions between the constituents of PECs were
established at the chitosan-to-xanthan gum mass ratio 1:1. The 1.« de-
crease with an increase in the relative content of xanthan gum could be
the consequence of more extensive interactions among the molecules
themselves due to the high proportion of hydrophilic functional groups
in its structure. That made it possible to establish hydrogen bonds be-
tween xanthan gum molecules, thereby reducing the number of mole-
cules that could form ionic bonds with the oppositely charged

Table 2
Maximal apparent viscosity (Tjmax at 22.2 s~ '), minimal apparent viscosity (Mmin at
100 s~ 1) and hysteresis area (H) of ibuprofen loaded PEC hydrogels.

PEC hydrogel Nmax &+ S.D. (Pa-s) Nmin & S.D. (Pa-s) H + S.D. (Pa/s)
5.6A_1:1 1.15 + 0.09 0.15 + 0.01 756.27 + 71.86
5.6B_1:1 1.22 + 0.06 0.28 £ 0.01 525.05 + 32.16
4.6A_1:1 2.16 £ 0.13 0.69 + 0.04 68.20 + 47.39
4.6B_1:1 2.50 + 0.20 0.63 + 0.02 1021.49 + 384.24
4.6B_1:2 2.18 £+ 0.04 0.62 + 0.04 786.39 + 207.56
4.6B_1:3 1.09 + 0.15 0.24 + 0.01 438.74 + 85.35
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chitosan. The higher chitosan-to-xanthan gum mass ratio (1:1) reduced
the possibility for the formation of non-ionic interactions between
xanthan gum molecules themselves. These interactions are weaker rel-
ative to the ionic ones [49] and were established when one of the poly-
mers was in excess. Also, at the chitosan-to-xanthan gum mass ratio 1:3,
the entrapment of ibuprofen led to a weakening of the interactions in
the PEC, probably due to the high amount of negative charge originating
both from the xanthan gum and ibuprofen. In this case, the amount of
chitosan was insufficient to maintain the highly ordered structure ob-
served at the polymers' mass ratio 1:1 and 1:2.

The apparent viscosity for the sample 4.6A_1:1, obtained by the en-
trapment of ibuprofen after the complexation of chitosan and xanthan
gum, was 2.16 4 0.13 Pa-s. When compared this value with the appar-
ent viscosity values of the samples prepared by entrapment procedure
B, at pH 4.6 and all chitosan-to-xanthan gum mass ratios (1:1, 1:2 and
1:3) it can be assumed that stronger and more exhaustive interactions
between chitosan, xanthan gum, and ibuprofen could be established
when ibuprofen was added into the system before the PECs formation.
The ionization of ibuprofen is suppressed, but in procedure B, it was al-
ready partially bound to xanthan gum, which affected its participation
in the crosslinking of polymers during the formation of PECs. With an
increase in the relative content of xanthan gum, there were actually
fewer interactions between the polymers that are characteristic for
PECs, so the viscosity and hysteresis decreased. In samples prepared at
pH 5.6, there was generally less crosslinking between the polymers
(and therefore lower apparent viscosities), but ibuprofen ionization
was also less suppressed, so it probably had a greater effect on the
crosslinking. Therefore, these samples had higher H for both entrap-
ment procedures. Ibuprofen, a low molecular weight substance, led to
the formation of “bridges” between chitosan and xanthan gum and,
therefore, to an increase in H of PECs.

3.2. Characteristics of dried ibuprofen loaded PECs

3.2.1. Yield, %EE, %DL and residual moisture content

The yield of dried drug loaded PECs, ibuprofen %EE, and %DL as well
as the residual moisture content in dried PECs are shown in Table 3.

The yield was higher for the samples prepared at pH 4.6 and ibupro-
fen entrapment procedure B at all chitosan-to-xanthan gum mass ratios
compared to those prepared at pH 5.6 and compared to 4.6A_1:1. Also,
the yield of these samples increased with increasing xanthan gum con-
tent, 61.61% 4 4.72% for 4.6B_1:2 and 64.13% + 5.98% 4.6B_1:3. These
results confirmed the continuous complexation of chitosan and xanthan
gum even in high excess of xanthan gum. During the formation of PECs
with a higher relative content of xanthan gum, almost the entire
amount of positively charged chitosan interacted with negatively
charged ibuprofen and xanthan gum, but also the excess molecules of
xanthan gum were bound to each other by weak hydrogen bonds,
resulting in a slightly higher yield. However, at 1:2 and 1:3 chitosan-
to-xanthan gum mass ratios, the total amount of the PEC was lower so
the overall interaction strength and apparent viscosity were lower.
The equal amount of both polymers at mass ratio 1:1 led to the forma-
tion of a denser network between chitosan and xanthan gum, resulting
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in higher apparent viscosity, but without the excess of xanthan gum and
with subsequent lower yields.

Z%EE values were similar to yield values, so it can be assumed that the
losses of chitosan, xanthan gum, and ibuprofen during the preparation,
drying, grinding and sieving were uniform due to the interactions be-
tween all PEC components. The reason for relatively high ibuprofen %
EE may be its low solubility at acidic pH values. Therefore, ibuprofen
got physically entrapped into the PECs. The content of ibuprofen (%DL)
was approximately 50% in all the samples, which was expected since
the mass ratio of polymers and ibuprofen during the PECs formation
was always 1:1. This mass ratio was chosen due to the results of our pre-
vious study, showing that the relative content of ibuprofen in the mix-
ture of more than 50% significantly reduced the effect of PECs on its
release [23]. However, %DL slightly decreased with an increase in the
relative content of xanthan gum. This could be explained by the lower
content of positively charged amino groups of chitosan available for
the establishment of ionic interactions with negatively charged carboxyl
groups in ibuprofen [14,50,51].

In general, the moisture content was well below 10% in all samples.
The residual moisture content was higher at pH 5.6 (4.92% + 0.04%
(5.6A_1:1) and 5.80% =4 0.13% (5.6B_1:1)) than at pH 4.6 (3.27% +
0.06% (4.6A_1:1) and 4.63% 4 0.06% (4.6B_1:1)). At pH 5.6 chitosan is
less soluble and less available for interactions with xanthan gum. Due
to its high hygroscopicity and low extent of interaction with poorly dis-
solved chitosan at pH 5.6, xanthan gum molecules could bind higher
amounts of water. Also, in samples prepared at pH 4.6 and entrapment
procedure B a continuous increase in residual moisture content was ob-
served with an increase in the content of xanthan gum, a highly hygro-
scopic polymer, from 4.63% 4 0.06% in 4.6B_1:1, via 4.99% + 0.10% in
4.6B_1:2, to 5.22% 4 0.06% in 4.6 B_1:3. The moisture content in all
ibuprofen-loaded PECs was even lower than moisture content in the
drug-free chitosan/xanthan gum PECs (10.08-10.97%) [23], so the
drug entrapment during the PECs formation may be favourable over
the preparation of physical mixtures of ibuprofen and PECs, primarily
in terms of microbial stability. Das et al. [14] came to the same conclu-
sion for zinc/pectin/chitosan composite particles for resveratrol delivery
to the colon.

3.2.2. Shape and size of the PEC particles

The films obtained by drying the ibuprofen loaded PEC hydrogels
were ground into powders and sieved through a sieve of mesh size
355 um to remove coarse particles. Photomicrographs of dried PECs
after grinding and sieving are shown in Fig. 2, while particle size and
shape data are shown in Table 4.

The ibuprofen particles were generally of regular, quadrangular to
needle-like shape (ER 2.29-3.13), as expected for crystalline substances.
Their length ranged from 22.44 pm to 258.50 um. Particles of all PECs
were irregular in shape, mostly needle-shaped and quadrangular (ER
1.25-2.30). However, PECs had the shape closer to spherical, which
may be reflected in the crystallinity of ibuprofen entrapped into the chi-
tosan/xanthan gum complexes. Therefore, their length and width were
measured, and the mean, minimum, and maximum values of these pa-
rameters were presented in Table 4. A very wide range of their dimen-
sions was observed. All PECs had a high fraction of particles below

Table 3
Yield, ZEE, %DL and residual moisture content of dried ibuprofen loaded PECs.

PEC Yield + S.D. (%) ZEE + S.D. %DL + S.D. Moisture content (%)
5.6A_1:1 48.26 4+ 2.94 49.19 £ 2.50 51.01 + 2.43 492 + 0.04
5.6B_1:1 48.11 + 3.29 49.19 4+ 248 51.19 + 2.10 5.80 + 0.13
46A_1:1 48.04 £ 2.08 53.19 £ 3.07 55.39 + 3.09 3.27 £+ 0.06
4.6B_1:1 54.14 + 3.14 59.05 + 3.14 54.54 + 0.27 4.63 + 0.06
4,6B_1:2 61.61 + 4.72 61.24 £+ 5.64 51.29 + 2.15 499 + 0.10
4.6B_1:3 64.13 £+ 5.98 61.99 £+ 10.39 49.03 £ 3.17 5.22 + 0.06
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Fig. 2. Photomicrographs of ibuprofen and dried ibuprofen loaded PECs after grinding and sieving (magnification 100).

Table 4
Size of ibuprofen and PEC particles: length (mean, minimum, maximum), width (mean, minimum, maximum) and ER (mean, minimum, maximum).
Sample Length Width ER
Mean Min Max Mean Min Max ERmean ERpmin ERmax

Ibuprofen 84.78 22.44 258.50 30.76 9.81 82.62 2.76 2.29 3.13
5.6A_1:1 66.13 2943 252.11 37.55 1217 201.76 1.76 2.42 1.25
5.6B_1:1 80.53 38.10 218.30 38.60 16.55 152.38 2.09 2.30 143
4.6A_1:1 89.71 25.81 246.18 49.30 1217 133.44 1.82 2.12 1.84
4.6B_1:1 67.58 25.67 284.48 39.16 13.61 155.77 1.72 1.89 1.83
4.6B_1:2 66.26 25.09 178.95 4191 13.88 128.85 1.58 1.81 139
4.6B_1:3 52.95 14.65 141.73 31.91 10.15 67.80 1.66 1.44 2.09
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100 um, with the greater fraction of small particles in PECs prepared at
an initial pH 5.6. The interactions of chitosan and xanthan gum in
these PECs were weaker so they were less resistant to grinding. Also,
the addition of ibuprofen prior to the complexation of chitosan and
xanthan gum led to the interference in their complexation, which may
explain the higher fraction of fine particles in samples B compared to
samples A within the same initial pH. An increase in the relative content
of xanthan gum in PECs prepared at pH 4.6, using ibuprofen entrapment
procedure B, led to a low decrease in particle size due to the lower inter-
action strength and extent and lower resistance to the crushing.

3.2.3. Evaluation and interpretation of DSC curves

Thermograms obtained by DSC analysis of the dry ibuprofen loaded
PECs and pure ibuprofen are shown in Fig. 3a.

The ibuprofen thermogram showed a sharp and narrow
endothermal peak at 78.13 °C (with onset at 76.30 °C and endset at
81.55 °C) representing the melting temperature [52], which proved its
crystalline structure, as also reported by Hussain et al. [8]. The

Fig. 3. DSC thermograms (a), FT-IR spectra (b) and PXRD spectra (c) of pure ibuprofen and
dry ibuprofen loaded PECs.
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endothermal peaks of the PEC samples were shifted to lower values
(75.76 °C for 5.6A_1:1, 75.30 °C for 5.6B_1:1, 76.36 °C for 4.6A_1:1,
76.29 °C for 4.6B_1:1, 76.01 °C for 4.6B_1:2, and 76.18 °C for 4.6B_1:3)
than 78.13 °C, found for pure ibuprofen. DSC analysis of ibuprofen
loaded PECs could reflect its entrapment as well as a partial disruption
of its crystalline structure. The lower melting temperature (approxi-
mately 2 °C) of the entrapped ibuprofen and the broader ranges of the
melting temperatures (70.55 °C-81.59 °C) indicated a partial collapse
of its crystalline structure due to dissolution, and particularly due to
the interactions with chitosan and xanthan gum. Also, the decrease in
the melting enthalpy from 117.17 J/g for pure ibuprofen to the values
in the range of 57.49 J/g to 89.93 ]/g for ibuprofen loaded PECs con-
firmed the disruption of its crystal lattice and was in accordance with
published results of other research groups [8,10,18]. The absence of
wide endothermal peaks at 100 °C-110 °C in ibuprofen loaded PECs
can be explained by their low residual moisture content, as well as the
high content of ibuprofen in the samples. In addition, exothermal
changes at temperatures between 275 °C and 285 °C were associated
with sample degradation. Finally, the absence of new peaks, except
those characteristic for chitosan, xanthan gum and ibuprofen, con-
firmed the assumption that entrapped drug interacted physically with
functional groups of chitosan and xanthan gum, and that no chemical
reactions occurred during the PECs formation. Lower enthalpies of
PECs prepared at pH 5.6 (57.49 J/g for 5.6A_1:1 and 67.07 J/g for
5.6B_1:1) confirmed the lower strength and extent of interactions in
these samples. The ibuprofen entrapment procedure did not have a sig-
nificant influence on the thermal characteristics of PECs prepared at
pH 4.6 and chitosan-to-xanthan gum mass ratio 1:1. On the other
hand, at pH 5.6, higher enthalpy was observed for 5.6B_1:1, which
was expected given that the interactions in this sample were stronger
and more extensive in comparison to the sample 5.6A_1:1. Also, the in-
crease in xanthan gum relative content in PECs prepared at pH 4.6 and
entrapment procedure B, resulted in the decrease in the enthalpies
(85.21 J/g for 4.6B_1:1, 72.73 ]/g for 4.6B_1:2 and 64.79 ]/g for
4.6B_1:3), reflecting the lower interaction extent at higher relative con-
tent of xanthan gum.

3.2.4. Evaluation and interpretation of FT-IR spectra

Fig. 3b shows the FT-IR spectra of pure ibuprofen and solid ibuprofen
loaded PECs. The peak at 1704.32 cm ™! in the pure ibuprofen spectrum
corresponds to the non-ionized carboxylic group in its structure [8,9].
This peak with lower shifts to higher values (1705.41-1710.20 cm™')
was also observed in all solid ibuprofen loaded PECs. The shifting in
wavenumbers and the higher peak intensity in PECs in comparison to
pure ibuprofen strongly supported the assumption based on the DSC re-
sults that the crystal lattice of ibuprofen partially disrupted due to its en-
trapment into PECs. Due to the organization of ibuprofen molecules in
the crystal lattice, the characteristic peaks in its FT-IR spectrum are
not of high intensity. The peak intensity is often correlated with the ex-
tent of interactions in the system, i.e., the peak intensity increases with a
decrease in interaction extent, and vice versa [23]. After the disruption of
the crystal lattice and the “release” of characteristic groups, an increase
in peak intensity in all solid ibuprofen loaded PECs was noticed. In PECs
prepared at pH 5.6, the disruption of the crystal lattice was likely due to
the dissolution and ionization of ibuprofen (leading also to the shifting
of wavenumbers to higher values), which was maintained even after
drying [8]. In 4.6B_1:1 due to the high relative amount of positively
charged chitosan and its interactions with ibuprofen during the forma-
tion of the complex, the crystal lattice was disrupted. Also, owing to the
same mass fraction of chitosan and xanthan gum, a significant amount
of amide groups in acetylated units of chitosan (characteristic peak at
1700-1650 cm™!) was present in samples 5.6A_1:1, 5.6B_1:1 and
4,6B_1:1, leading to the amplification of peak intensity [5,9,23]. On the
other hand, when chitosan-to-xanthan gum mass ratio was 1:2 and
1:3, as well as in the sample 4.6A_1:1, the lower peak intensity may
be a consequence of lower interaction extent between ibuprofen with
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chitosan due to lower chitosan content, lower extent of ibuprofen crys-
tallinity disruption, and also lower amide concentrations in complexes.
In 4.6A_1:1, the lower extent of ibuprofen crystal lattice disruption was
a consequence of its subsequent addition to the complex, after the es-
tablishment of interactions between chitosan and xanthan gum. Due
to the high content of ibuprofen (~50%) in PECs and the multitude of
peaks characteristic for its structure, they largely cover the peaks char-
acteristic for chitosan and xanthan gum. Other peaks in the ibuprofen
spectrum are visualised around 3000-2850 cm ™! (characteristic for -
C-H stretching); 1510-1500 cm ™! (characteristic for aromatic ring vi-
bration); 1420-670 cm™! (characteristic for primary alcohols, including
-0-H bend, and -C-0 stretch) [9,10] and were also present in solid ibu-
profen loaded PECs spectra. In our previous study [23], we showed that
the absence of peaks characteristic for the primary amino group of chi-
tosan (1655-1300 cm™!) in PECs is the evidence of the establishment of
ionic interactions between chitosan and xanthan gum, which was con-
firmed in this study. The only difference is that, in this case, chitosan
could interact both with xanthan gum and ibuprofen. Also, peaks at
1604.26 cm™~! and 1402.16 cm ™! characteristic for asymmetric and
symmetric vibrations of carboxylates in the structure of xanthan gum
and/or ibuprofen, respectively, were not observed, which further con-
firms the establishment of ionic interactions between the ionized
groups of PEC components. Moreover, the absence of new peaks, except
those characteristic for chitosan, xanthan gum and ibuprofen, con-
firmed that no chemical reactions occurred during the PECs formation.

3.2.5. Evaluation and interpretation of PXRD spectra

Fig. 3¢ shows the PXRD spectra of pure ibuprofen and solid ibuprofen
loaded PECs. Peaks characteristic for amorphous chitosan and semi-
crystalline xanthan gum [23] were covered by many peaks typical for
crystalline ibuprofen. The spectrum of pure ibuprofen, with the peak
of highest intensity (I) at 20 = 16.00° and other sharp peaks of high in-
tensity at 26 values of 6.25, 12.35, 17.80, 18.85, 19.15, 20.25, and 22.45°,
demonstrated its crystalline structure, as previously reported by various
groups of authors [53-55]. PXRD spectra of solid ibuprofen loaded PECs
showed peaks at similar 26 values, which finally confirmed the entrap-
ment of crystalline form of drug substance into PECs [53]. Nevertheless,
the intensity of peaks corresponding to solid ibuprofen loaded PECs was
significantly lower compared to pure ibuprofen, which could be the
consequence of partial disruption of ibuprofen crystal lattice due to
the establishment of interactions with chitosan and xanthan gum
[55,56], as previously supposed. Consistent with previous observations
of Abioye et al. [57], it could be assumed that interactions between ibu-
profen and polymers, especially chitosan, were based on hydrogen
bonds and led to partial amorphization of the drug.

Fig. 4. Flow curves of ibuprofen loaded PECs rehydrated in phosphate buffer pH 7.2 (the
standard deviation values were less than 10% of the mean values and the corresponding
deviation bars were omitted for clarity).
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Table 5
Maximal apparent viscosity (Nmax) (at 22.2 s~'), minimal apparent viscosity (Tmin) (at
100 s~ 1), and hysteresis area (H) for PECs rehydrated in phosphate buffer pH 7.2.

PEC Mmax £ S.D. (Pa-s) Nmin = S.D. (Pa-s) H + S.D. (Pa/s)
5.6A_1:1 0.02 4+ 0.00 0.01 4+ 0.00 8.63 4 3.04
5.6B_1:1 0.16 4+ 0.01 0.05 + 0.00 30.66 + 4.55
46A_1:1 0.47 + 0.00 0.13 4+ 0.00 86.63 £+ 3.26
4.6B_1:1 0.34 + 0.03 0.10 £ 0.01 2210 £ 494
4.6B_1:2 0.50 4+ 0.00 0.14 4+ 0.00 74.68 + 21.42
4.6B_1:3 0.45 4+ 0.03 0.12 4+ 0.01 51.59 + 11.28

3.2.6. Rehydration ability of dried PECs

Flow curves of ibuprofen loaded PECs after rehydration are shown in
Fig. 4, while the apparent viscosity and H values are presented in
Table 5.

Flow curves of dispersions obtained by the rehydration of dried PECs
in phosphate buffer pH 7.2 also showed pseudo-plastic flow behaviour
with thixotropy. Thixotropy was estimated by calculating the H values
of dispersions.

The results of the rheological characterization of dispersions ob-
tained by rehydration of PECs were consistent with the results of the
rheological characterization of PEC hydrogels. In phosphate buffer
pH 7.2, carboxylic groups of xanthan gum and ibuprofen were
completely deprotonated and negatively charged, which resulted in a
high amount of water bound and lower apparent viscosity values. At
pH 7.2 chitosan amino groups are expected to be less than 50% proton-
ated (as observed at pH above 6.3) [58]. Therefore, chitosan chains were
less available for interactions with surrounding xanthan gum chains and
ibuprofen via ionic and hydrogen bonds, in comparison with PEC
hydrogels before drying. Thus, at pH 7.2, ibuprofen is expected to dis-
solve in the buffer to a higher extent and the complexes were partially
degraded. In comparison with PECs prepared at pH 5.6, the apparent
viscosities were higher for PECs prepared at lower pH (i.e., 4.6A_1:1,
46B_1:1,4.6B_1:2 and 4.6B_1:3), so these samples had lower rehydra-
tion ability (water binding capacity) due to stronger interactions be-
tween polymers and ibuprofen. Generally, it is considered that
stronger interactions lead to less swelling ability [17,19,25,59]. In 4.6B
group of samples the highest 1ynax had 4.6B_1:2 (0.50 £ 0.00 Pa-s)
and the lowest 4.6B_1:1 (0.34 + 0.03 Pa-s). PECs with a lower extent
of interactions between the polymers and ibuprofen rehydrated more
readily and had more extensive interactions with the buffer.

A difference was observed between 4.6A_1:1 and the group of 4.6B
samples. In 4.6A_1:1, ibuprofen was added after the formation of PEC
and was not part of the internal bonds, so after the addition of buffer
it dissolved, and the PEC remained less hydrated and had a higher H.
In the group of 4.6B samples, ibuprofen was a part of the bonds in the
PECs. It dissolved in the buffer and for that reason, the bonds in the
PECs were probably easier to break, so they hydrated better and had
lower H compared to 4.6A_1:1. In 4.6B samples, there was no clear cor-
relation between H and the mass fraction of xanthan gum, because it
was necessary to break the chitosan-xanthan gum bonds and break
the bonds between the molecules of xanthan gum itself during the re-
hydration. In 4.6B_1:1 the bonds were between chitosan and xanthan
gum, in 4.6B_1:2 between the PEC and xanthan gum (in excess), and
in 4.6B_1:3 the dominant were the bonds between xanthan gum mole-
cules themselves and their dissolution in the buffer.

3.3. In vitro ibuprofen release

Fig. 5 shows the ibuprofen release profiles from the hard capsules
filled with PECs prepared at different pH values, entrapment proce-
dures, and chitosan-to-xanthan gum mass ratios.

Ibuprofen release profiles showed its extended release from all PECs
during 12 h (Table 6). Ibuprofen release profiles did not show the signif-
icant difference (basing on the similarity factor values, Table 7), so it can
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Fig. 5. Ibuprofen release profiles from the hard capsules filled with the ibuprofen loaded
PECs in phosphate buffer pH 7.2 and their Korsmeyer-Peppas fitting curves: the influence
of pH and drug entrapment procedure (a), and the influence of chitosan-to-xanthan
gum mass ratio (b) (the standard deviation values were omitted for clarity).

be assumed that the pH, entrapment procedure, and chitosan-to-
xanthan gum mass ratio did not influence significantly the drug release
from PECs filled in hard HPMC capsules.

Table 6 shows the released amounts of ibuprofen, correlation coeffi-
cients of mathematical models of ibuprofen release kinetics, and
Korsmeyer-Peppas diffusion exponents (n).

The drug release from all the samples followed the Korsmeyer-
Peppas model, typical for polymer-based carriers with high swelling
ability, as previously was reported [23]. Based on the n values, it can
be assumed that the dominant mechanism of ibuprofen release was
the diffusion of the drug after the swelling of PECs. Also, the erosion
and polymer chain relaxation mechanisms were expected [20]. More-
over, high values of the correlation coefficient for zero-order kinetics
(°0.98) indicated that the rate of ibuprofen release was independent of
its concentration, so a constant amount of drug was released per unit
time: 0.078 mg/min from 5.6A_1:1, 0.086 mg/min from 5.6B_1:1,
0.084 mg/min from 4.6A_1:1, 0.083 mg/min from 4.6B_1:1, 0.081 mg/
min from 4.6B_1:2, and 0.094 mg/min from 4.6B_1:3. In addition, n
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values close to 1 in the Korsmeyer-Peppas model confirmed that the re-
lease of ibuprofen could be explained by zero-order kinetics model with
a high degree of reliability [21]. The entrapment of ibuprofen in PECs en-
abled a higher control of drug release with the almost constant ibupro-
fen release rate. This assumption is supported by the high value of the
correlation coefficients for the zero-order kinetics. Our previous study
[23] showed that physical mixtures of ibuprofen with chitosan/xanthan
gum PECs can enable extended ibuprofen release for up to 10 h, how-
ever, the release was not predominantly controlled by the carrier, but
mechanisms that fit into first order, Higuchi and Korsmeyer-Peppas
(n £0.636) kinetics were involved, depending on the composition and
PECS preparation procedure.

All the pairs of ibuprofen release profiles can be considered similar
based on their similarity factors. Although, the obtained values of f;
and f, allowed the estimation which parameter (pH, entrapment proce-
dure, or chitosan-to-xanthan gum mass ratio) varied during the prepa-
ration of PECs was the cause of the greatest variations between the
samples (Table 7).

The model-independent analysis was used to examine the similarity
of ibuprofen release profiles from the investigated PECs. The lower the
values of f; and the higher values of f, were, the greater was the similar-
ity between the pair of ibuprofen release profiles, and vice versa. The dif-
ference factor values ~ 15 for ibuprofen release profiles from 4.6B_1:3
and other PECs (except 5.6B_1:1) indicated that the xanthan gum
mass content triple of chitosan's was the source of the most significant
variations between the samples. Values of f; about 10-11 and f, about
77-78 showed that the pH of chitosan solution (in addition to the poly-
mer mass ratio 1:3 at pH 4.6) had a greater effect on ibuprofen release
than the entrapment procedure.

Controlled release by zero-order kinetics was achieved for 4.6A_1:1,
4.6B_1:1, and 4.6B_1:2. Deviations from this model occurred for sam-
ples prepared at pH 5.6, and with increasing xanthan gum content at
pH 4.6 (for 4.6B_1:3). Therefore, the ibuprofen entrapment procedure
significantly affected the physicochemical properties of PECs, but the
pH and chitosan-to-xanthan gum mass ratio were of greater importance
for drug release kinetics.

4. Conclusions

PECs were formed at both investigated pH values (4.6 and 5.6) and
both ibuprofen entrapment procedures at chitosan-to-xanthan gum
mass ratio 1:1. The entrapment procedure B (when ibuprofen was
added prior to the formation of the complex) at pH 4.6 was more suit-
able for the preparation of PECs with a higher extent of crosslinking
compared to those prepared at pH 5.6 at polymer mass ratio 1:1. How-
ever, with an increase in the relative content of xanthan gum, at
chitosan-to-xanthan gum mass ratios 1:2 and 1:3, the overall
crosslinking extent between the polymers decreased due to decreased
amount of the PECs in a mixture with the excess of xanthan gum. How-
ever, an increase in relative xanthan gum content led to an increase in
yield and %EE. DSC and FT-IR analysis confirmed the entrapment of

Table 6

Released amounts of ibuprofen from HPMC hard capsules filled with ibuprofen loaded
PECs, models of ibuprofen release kinetics with corresponding correlation coefficients
(R?) and Korsmeyer-Peppas diffusion exponents (n).

PEC Released amount of ibuprofen R? n
£5D.(%) Zero  Korsmeyer-Peppas
order
5.6A_1:1 56.03 + 2.83 0.9860 0.9978 0.844
5.6B_1:1 61.63 + 6.92 0.9986 0.9987 1.029
4.6A_1:1 60.54 + 1.45 0.9969 0.9976 0.950
4.6B_1:1 59.97 + 4.72 0.9954 0.9965 0.939
4.6B_1:2 58.04 + 6.19 0.9915 0.9931 0.924
4.6B_1:3 67.60 + 4.41 0.9804 0.9990 1.264
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Table 7
Difference (f;) and similarity (f,) factors for tested pairs of ibuprofen release profiles.
Profiles compared fi fo

4.6A_1:1vs. 46B_1:1 2.08 97.17
4.6A_1:1vs.4.6B_1:2 4.02 91.25
4.6A_1:1vs.4.6B_1:3 15.39 70.26
4.6A_1:1vs.5.6A_1:1 10.32 78.12
4.6A_1:1vs. 5.6B_1:1 5.14 88.61
4.6B_1:1 vs. 4.6B_1:2 345 93.51
4.6B_1:1vs. 4.6B_1:3 16.04 68.98
4.6B_1:1vs. 5.6A_1:1 10.51 78.46
4.6B_1:1 vs. 5.6B_1:1 5.73 85.75
4.6B_1:2 vs. 4.6B_1:3 17.12 66.93
4.6B_1:2 vs. 5.6A_1:1 10.90 77.46
4.6B_1:2 vs. 5.6B_1:1 6.90 82.32
4.6B_1:3 vs. 5.6A_1:1 20.17 63.97
4.6B_1:3 vs. 5.6B_1:1 10.67 76.93
5.6A_1:1vs.5.6B_1:1 10.73 76.66

ibuprofen in the crystalline form, but with partial disruption of the crys-
talline lattice due to its interactions with the polymers. The high content
of ibuprofen in PECs (~50%) slowed their rehydration and hydrogel for-
mation upon contact with the aqueous medium (phosphate buffer
pH 7.2). Slow rehydration and swelling of PECs resulted in controlled re-
lease of up to 67.60% + 4.41% ibuprofen for at least 12 h, which can be
promising to reduce the frequency of daily administration and increase
compliance, particularly in chronic therapy of inflammatory conditions.
All ibuprofen release profiles were considered similar. The drug release
kinetics was mainly affected by pH and chitosan-to-xanthan gum mass
ratio, while the ibuprofen entrapment procedure significantly affected
the physicochemical properties of PECs. Considering the yield and %EE,
together with the controlled drug release kinetics, the PEC 4.6B_1:2
can be considered the most promising carrier among the investigated
PECs.
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ABSTRACT

Escin is an amphiphilic and weakly acidic drug that oral administration may lead to the irritation of gastric
mucosa. The entrapment of escin into chitosan (CH)/xanthan gum (XG)-based polyelectrolyte complexes (PECs)
can facilitate controlled drug release which may be beneficial for the reduction of its side effects. This study
aimed to investigate the influence of escin content and drying method on the formation, physicochemical, and
controlled, pH-dependent drug release properties of CH/XG-based PECs. Measurements of transmittance, con-
ductivity, and rheological characterization confirmed the formation of CH/XG-based PECs with escin entrapped
at escin-to-polymers mass ratios 1:1, 1:2, and 1:4. Ambient-dried PECs had higher yield, entrapment efficiency,
and escin content in comparison with spray-dried ones. FT-IR spectra confirmed the interactions between CH,
XG, and escin, which were stronger in ambient-dried PECs. PXRD and DSC analyses showed the amorphous escin
character in all dry PECs, regardless of the drying method. The most promising controlled and pH-dependent in
vitro escin release was from the ambient-dried PEC at the escin-to-polymers mass ratio of 1:1. For that reason and
due to the highest yield and entrapment efficiency, this carrier has the potential to prevent the irritation of

gastric mucosa after oral administration of escin.

1. Introduction

Escin is a vasoprotective used in the treatment of chronic venous
disease, available on the world market in the form of gastro-resistant
tablets containing 20 mg or 40 mg of the drug [1]. The use of gastro-
resistant dosage forms is recommended due to the ability of escin to
irritate gastric mucosa and slow or even prevent gastric emptying [2]. It
would be optimal to formulate an oral drug carrier from which escin
would not be released under the acidic environment of the stomach,
while the entire amount of the drug would be released under a neutral or
weakly alkaline environment of the small intestine. Chitosan/xanthan
gum-based polyelectrolyte complexes (PECs) can be evaluated as

carriers for pH-dependent release of escin after its oral administration to
achieve gastric protection from its side effects [1]. PECs formed by
establishing electrostatic interactions between oppositely charged
polymers are considered attractive drug carriers for different routes of
administration. Chitosan (CH) is a natural, biocompatible, biodegrad-
able, and non-toxic polymer (LD50 is 16 g/kg body weight) [3]. The
positive charge of CH chains enables its interaction with negatively
charged (anionic) polymers, such as xanthan gum. Xanthan gum (XG) is
a biocompatible, biodegradable, non-toxic, and low-cost anionic poly-
saccharide, extensively used in the food and pharmaceutical industry
[4]. CH/XG-based PECs are considered suitable carriers for both hy-
drophilic [5,6] and hydrophobic [7-9] low- and high-dose drugs. It has
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been shown that the preparation conditions of PECs (polymers' con-
centration, polymers' mass ratio, polymers' mixing order, pH at which
PEC is formed, type of pH adjusting agent, etc.), as well as the drug
entrapment procedure, can affect the drug release profile (immediate,
sustained, or pH-dependent) [5,6,8-13]. Some research groups formu-
lated CH/XG-based PECs with the pH-dependent release of hydrophobic
(e.g., glipizide) [8] and hydrophilic (e.g, isosorbide mononitrate) [5]
drugs. A small amount of these drugs was released at acidic pH (1.0-2.0)
and significantly higher at neutral to weakly alkaline pH values
(6.8-7.4). This could be important in the case of drugs unstable at low
pH values prevailing in the stomach, as well as in those that can irritate
the gastric mucosa [14]. Due to our best knowledge, PEC-based carriers
for pH-dependent release of escin have not been investigated yet. Escin
is a saponoside with aglycone and glycone parts in its structure. The
aglycone of escin is a mixture of isomers comprising protoescigenin
esterified with acetic acid at position C22 (f-escin) or C28 (cryptoescin),
and at the C21 position with angelic acid or tiglic acid. The glycone of
these isomeric molecules is a trisaccharide formed from one molecule of
glucuronic acid and two molecules of glucose. The molecular formula of
all escin isomers is CssHggO24 [15], and their molecular weight is
1131.269 gmol ! [16]. Escin is a weak acid with the carboxylic group
located in the glycone part of the molecule (pKa ~ 4.7) [17]. Due to the
presence of hydrophobic (aglycone) and hydrophilic (glycone) parts in
the molecule, escin has an amphiphilic character [18]. Indena, the
largest manufacturer of commercially available escin, states that its
solubility in water at 20 °C and pH 7.2 is 178 g/1 [19]. It has been
stressed that the aqueous solubility of escin can be significantly
increased by an increase in pH [17]. Amphiphilic character and pH-
dependent solubility may affect its ability to form complexes with
polymers such as CH and XG which also contain both hydrophobic and
hydrophilic domains by establishing electrostatic, hydrogen, and hy-
drophobic interactions [3,18,20,21]. The strength and extent of these
interactions may affect drug release properties.

To develop solid dosage forms for oral administration, PECs can be
subjected to various drying methods, e.g., drying under ambient condi-
tions [9,10,13], in a vacuum [22], drying at elevated temperatures in
ovens [23], freeze-drying (lyophilization) [24,25], spray-drying [7,26],
etc. Ambient drying is a simple method that can be used at a laboratory
level to obtain PECs in the form of powders with high yield, drug
entrapment efficiency, and controlled drug release properties, as has
been shown in our previous studies [9,27]. On the other hand, spray
drying is a convenient method both for the laboratory preparation and
the industrial production of powders which can be used for the prepa-
ration of different solid dosage forms, such as tablets and capsules [28].
The choice of drying method can significantly affect the characteristics
of PECs as drug carriers [27]. Detailed characterization of PECs prepared
by different drying methods could indicate the optimal drying param-
eters to obtain PECs with the highest yield, drug entrapment efficiency,
and best drug release control. Our previous studies have shown that
solid CH/XG-based PECs (in the form of powders) can be obtained both
by drying under ambient conditions and spray drying. Moreover, these
studies confirmed that these PECs can be considered suitable carriers for
the pH-dependent release of the hydrophobic drug ibuprofen [9,27].
Although PEC formulations with both hydrophobic (e.g., rifampicin [12]
and quercetin [7]) and hydrophilic (e.g., doxycycline hyclate and levo-
floxacin [29]) drugs are already described, CH/XG-based PECs obtained
by spray drying have been investigated scarcely as drug carriers.

The effect of amphiphilic drugs, such as escin, on the formation and
properties of PECs, has not been elucidated yet. Also, the impact of the
drying method on the properties of escin-loaded CH/XG-based PECs is
completely unexplored. Therefore, this study aimed to investigate the
influence of escin content and drying method on the formation of CH/
XG-based PECs, their physicochemical properties, and the ability to
ensure the pH-dependent release of the entrapped escin.
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2. Materials and methods
2.1. Materials

Medium molecular weight CH (190000-310000 gmol_l) (Sigma
Aldrich, USA; CAS Number 9012-76-4, Lot Number STBJ3281), with 85
% deacetylation degree, and viscosity of 331 cps (1 % w/w solution in 1
% w/w acetic acid) was used as the cationic component of PECs. XG
(Jungbunzlauer, Switzerland; CAS Number 11138-66-2) of pharma-
ceutical and food grade, the anionic component of PECs, was a kind gift
by Inexall Company d.o.o. — Subotica (Serbia). The specified viscosity of
the XG solution (1 % w/w in 1 % w/w KCl solution, Brookfield LVTD,
spindle 4, 60 rpm at 25 °C) is 1300-1700 mPa-s. A model drug sub-
stance, escin free acid (CAS Number 6805-41-0), was a gift by Indena —
Milan (Italy). All the other chemicals: purified water, acetic acid, sodium
acetate, sodium hydroxide, potassium dihydrogen phosphate, methanol,
trifluoroacetic acid, and acetonitrile (Ph. Eur. 10.0) were of HPLC grade.
All substances were used as received without further purification.

2.2. Methods

The methodology (i.e., preparation of the solutions of polymers and
PEC dispersions, escin entrapment, drying procedures, and character-
ization of escin-loaded PEC dispersions and dried PECs) was closely
related to approaches established in our previous studies for CH/XG-
based PECs without and with ibuprofen as a model drug [9,10,27].

2.2.1. Preparation of chitosan solution

CH solution at a concentration of 0.65 % w/v in purified water was
prepared under ambient conditions by mixing on the laboratory pro-
peller mixer RZR 2020 (Heidolph, Germany) at 500 rpm. The pH was
adjusted to 4.6 using the acetic acid solution (1.5 % v/v) and checked on
the HI 8417 pH meter (Hanna Instruments, USA), previously calibrated
with the standard buffer solutions of pH 7.0 and 4.0. The prepared CH
solution was stored at 5 + 3 °C (in the refrigerator) for 24 h to achieve
complete hydration and solubilization of the polymer.

2.2.2. Preparation of xanthan gum solutions with escin

XG solution at a concentration of 0.65 % w/v was prepared under
ambient conditions by dissolving the polymer in purified water using the
laboratory propeller mixer RZR 2020 at 500 rpm. Then, escin was added
to the XG solution and the stirring was continued. Three different XG
solutions with escin, which varied in escin concentration, were pre-
pared. The concentration of the drug was 0.975 % w/v, 0.487 % w/v, or
0.244 % w/v in order to achieve the escin-to-polymers mass ratio of 1:1,
1:2, and 1:4, respectively, in the final PECs. Prepared XG solutions with
escin were then stored at 5 + 3 °C (in the refrigerator) for 24 h to allow
complete hydration of the polymer and the establishment of possible
interactions between the drug and XG. After 24 h, pH values of XG so-
lutions with escin were checked on the calibrated HI 8417 pH meter.

2.2.3. Preparation of escin-loaded PECs

Three different escin-loaded PEC dispersions were prepared using
the complex coacervation method by mixing the CH solution with
double the amount of a corresponding XG solution with escin. Therefore,
CH-to-XG mass ratio was always 1:2 in final PECs, since our previous
study showed the best release control of the entrapped drug, ibuprofen,
from PECs prepared at polymers' mass ratio of 1:2 [9]. Prepared escin-
loaded PEC dispersions differed in the escin-to-polymers mass ratio i.
e., the mass ratio of escin relative to the total amount of polymers (CH
and XG) used for the preparation of PECs. These mass ratios were 1:1,
1:2, and 1:4, and they were obtained when XG solutions with escin at a
drug concentration of 0.975 % w/v, 0.487 % w/v, and 0.244 % w/v,
respectively, were mixed with the adequate amount of CH solution.
Based on the escin-to-polymers mass ratio, the expected content of the
drug in prepared PECs after drying was 50.0 %, 33.3 %, and 20.0 % for
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escin-to-polymers mass ratios of 1:1, 1:2, and 1:4, respectively. Formed
PEC dispersions, labeled as E1:1, E1:2, and E1:4 due to escin-to-
polymers mass ratios, were stood for 24 h at 5 + 3 °C (in the refriger-
ator) prior to further characterization to enable the formation of possible
interactions between polymers and escin. Each PEC dispersion consisted
of two phases, a liquid phase (supernatant) and a phase consisting of the
coacervate, ie., PEC itself. Coacetvates had the characteristics of
hydrogels, which is why they were labeled as PEC hydrogels.

2.2.4. Characterization of PEC dispersions

Characterization of PEC dispersions included the measurement of
transmittance, conductivity, pH, and rheological characterization dur-
ing the PECs formation.

2.2.4.1. Measurement of transmittance during PEC formation. The trans-
mittance of CH solution and XG solutions with escin was measured just
before their mixing. Also, the transmittance was measured during the
formation of escin-loaded PEC dispersions, while adding the XG solution
with escin in portions of 10 % of their total volume in the CH solution.
Measurements were performed on an Evolution 300 spectrophotometer
(Thermo Scientific, USA) at a wavelength of 600 nm. For each sample,
the measurement was repeated three times, and the results are presented
as mean =+ standard deviation (c).

2.2.4.2. Conductivity and pH measurements. Conductivity was moni-
tored before and during the preparation of PECs. Initial conductivity of
the CH solution was measured, as well as after each 10 % of the total
volume of XG solution with escin added to the CH solution and 5 min of
stirring. Measurements were performed on the CDM 230 conductivity
meter (Radiometer, Denmark) calibrated using 0.01 M potassium chlo-
ride solution. Also, pH was checked at the beginning and the end of the
formation of escin-loaded PECs using the calibrated HI 8417 pH meter.
All measurements were done under ambient conditions, in triplicate,
and the results are shown as mean + o.

2.2.4.3. Rheological  characterization. Rheological = measurements
included the characterization of CH solution, XG solutions with escin,
escin-loaded PEC hydrogels, and supernatants separated from escin-
loaded PEC hydrogels formed in the prepared dispersions. The super-
natants were separated from the escin-loaded PEC hydrogels by filtra-
tion. Rheological characterization was performed on a rotational and
oscillatory rheometer Rheolab MC 120 (Paar Physica, Austria), using the
rotating cylinder measuring device Z2 DIN (45 mm) in the case of
polymer solutions and supernatants, and Z3 DIN (25 mm) in the case of
PEC hydrogels. The measurements were performed at a temperature of
20 = 0.1 °C. The shear rate increased linearly from 0 to 100 s~! and then
decreased from 100 to 0 s~ 1. Each phase lasted 400 s. For each sample,
the measurement was repeated three times, and the results are presented
as the mean + o.

2.2.5. Drying of escin-loaded PECs

The prepared escin-loaded PEC hydrogels were dried using two
different drying methods, ambient drying and spray drying, as described
for drug-free and ibuprofen-loaded PECs in our previous studies
[9,10,27].

For ambient drying, escin-loaded PEC hydrogels were first rinsed
with acetate buffer solution pH 4.6 to remove excess CH, XG, and escin
that have not participated in the formation of the PEC hydrogel network
and not to disturb the formed interactions in the complexes. Thin layers
of rinsed hydrogels were poured into Petri dishes and dried to obtain dry
films of constant mass. The films were then ground using an electric
kitchen mill and sieved through a 355 pm sieve (Ph. Eur. 10.0) to obtain
PECs in powder form. After grinding and sieving, the prepared samples
were stored in a desiccator until further testing. The samples prepared
by ambient drying (AD) were labeled as E1:1 AD, E1:2 AD, and
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E1:4_AD.

Before spray drying, escin-loaded PEC hydrogels were first rinsed
with acetate buffer solution to remove excess CH, XG, and escin. Then,
the hydrogels were redispersed in the same buffer solution and the ob-
tained dispersions were subjected to rotor-stator homogenization on
T25 digital Ultra-Turrax® (IKA, Germany) for 5 min at 17500 rpm, as
proposed by Bigucci et al. [30] for the preparation of CH/pectin-based
PECs for spray-drying. Redispersion was done to obtain the samples
suitable for spray drying (which can be difficult due to their high
apparent viscosities) without disturbing the total content of solid con-
stituents (CH, XG, and escin) in spray-dried PECs in comparison with
ambient-dried ones. The redispersed and homogenized escin-loaded PEC
hydrogels were then spray-dried on a Mini Spray Dryer 190 (Biichi,
Switzerland) using a 0.5 mm diameter nozzle, to obtain PECs in the form
of powder. The inlet temperature was kept at 140 °C, the outlet at
100 °C, and the feeding rate of PEC dispersions was 3 ml/min. Spray-
dried (SD) PECs were labeled as E1:1_SD, E1:2_SD, and E1:4_SD. The
prepared samples were stored in a desiccator until further testing.

2.2.6. Characterization of escin-loaded PECs in solid state

Characterization of solid escin-loaded PECs included determination
of yield, escin entrapment efficiency (%EE), drug loading (%DL), re-
sidual moisture content, scanning electron microscopy (SEM), and
powder flowability. To elucidate the type of interactions between the
polymers and escin in the solid PECs, Fourier-transform infrared spec-
troscopy (FT-IR), powder X-ray diffraction (PXRD), and differential
scanning calorimetry (DSC) analyses were performed.

2.2.6.1. Determination of yield, %EE and %DL. After drying, the weight
of all escin-loaded PECs was measured on the analytical balance AE 240
(Sartorius, Germany). The yield was calculated based on the known
amounts of CH, XG, and escin used to prepare the PECs, which repre-
sented 100 %. These values were compared with the measured amounts
of dry PECs (Eq. (1)):

Yield (%) = weight of dried PEC (g)/[weight of CH (g)

+ weight of XG (g) + weight of escin (g)]-100 )

To determine the %EE and escin content (%DL), 10 mg of each dry
escin-loaded PEC was measured and dissolved in 10 ml of a medium
consisting of methanol and phosphate buffer pH 7.4, in a volume ratio of
80:20, on an ultrasonic bath Sonorex RK1024 (Bandelin electronic,
Germany), at 20 + 2 °C for 30 min. The sonication led to the complete
extraction (i.e., solubilization) of the entrapped escin. The amount of
escin in PECs was determined by the HPLC method using Dionex Ulti-
mate 3000 system (Thermo Fisher Scientific, Germany) equipped with
Dionex Ultimate 3000 quaternary pump, autosampler, DAD detector,
and the column Zorbax Extend C18 (150 mm x 4.6 mm, 5 pm particle
size). Gradient elution was applied (Table 1). The column temperature
was adjusted to 25 °C and the flow rate was 1 ml/min. The detection of
escin was performed at 210 nm.

%EE was calculated using the following equation (Eq. (2)):

%EE =actual amount of escin in PEC (g)

2
/theoretical amount of escin in PEC (g)-100 2

%DL was calculated as shown in the equation (Eq. (3)):

Table 1
Gradient elution program used for the quantification of escin.

Time 0.05 % trifluoroacetic acid Acetonitrile Flow rate (ml/
(min) (%) (%) min)

0.0 90 10 1

0.5 90 10 1

5.0 20 80 1

5.1 90 10 1

9.0 90 10 1
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%DL =actual amount of escin in PEC (g)

3
/measured weight of the dried PEC (g)-100 3

For each sample, the measurement was repeated three times, and the
results are presented as the mean + o.

2.2.6.2. Determination of residual moisture content. The residual mois-
ture content determination in dry escin-loaded PECs was carried out by
the validated Karl Fischer coulometric titration method [9]. Measure-
ments were performed on the 831 KF Coulometer (Metrohm
Switzerland). Hydranal-Coulomat AG (Fluka, Germany) was used as the
titration reagent. The titration was performed in triplicate for each
sample and the results are shown as the mean + o.

2.2.6.3. SEM. Before SEM analysis, the SCD 005 Cool Sputter Coater
(Bal-Tec, Germany) was used to apply a thin conductive layer of gold on
dry escin-loaded PECs. The micrographs were recorded in a high vac-
uum (5 kV) using a scanning electron microscope JSM-6390LV (JEOL,
Japan). The ImageJ software, version 1.52a (National Institutes of
Health, USA), was used for the estimation of particle size and shape. One
hundred particles were randomly selected from each sample and their
dimensions were measured. The dimensions of ambient-dried particles
were expressed as the mean, maximum, and minimum of their length
and width, while the dimensions of spray-dried particles were expressed
as mean diameter + ¢. The particle shape of dried PECs was estimated
by calculating the elongation ratio (ER). ER represents the ratio of the
length and width of the particle (Eq. (4)):

ER = length (um)/width (um) (©)]

Particles with ER = 1 can be considered perfectly spherical, with 1 <
ER < 1.15 spherical, and with ER > 1.15 non-spherical [31]. The
calculated ER values were shown as ER for the mean particle size,
ERmean (for ambient-dried and spray-dried PECs), ER for the smallest
particle, ERpp (for ambient-dried PECs), and ER for the largest particle,
ERpax (for ambient-dried PECs).

2.2.6.4. Determination of powder flowabilty. The powder flowability was
determined using the indirect method, described in Ph. Eur. 10.0, based
on the calculated values of the Hausner ratio and the compressibility
index (Carr index). Bulk (pp) and tapped (py) density were calculated by
pouring a known mass of each dry escin-loaded PEC into a measuring
cylinder (pp), and then, after tapping the samples 1250 times (py) on a
StaV 2003 volumeter (J. Engelsmann AG, Germany). The Hausner ratio
and the Carr index were calculated using the following equations (Egs.
(5) and (6)):

(5)

Hausner ratio = p,/p,

Carr index (%) = (p, — py)/p,-100 (6)
2.2.6.5. FT-IR analysis. The attenuated total reflectance (ATR) FT-IR
spectra of dried escin-loaded PECs were recorded on a Nicolet iS10
FT-IR Spectrometer (Thermo Fisher Scientific, USA). The wavelength
ranged between 4000 and 400 cm ! (resolution 4 cm ™! and 16 scans per
sample).

2.2.6.6. PXRD analysis. PXRD analysis of dry escin-loaded PECs was
performed on Bruker D8 advance diffractometer (Bruker, Germany) in
Bragg-Brentano 6-20 geometry, using Ge-crystal primary mono-
chromator (Johanson type) that generates CuKal radiation (A = 1.541
Z\). Diffraction data were obtained in the 20 range from 5 to 45° with a
scan step of 0.05° and a holding time of 12 s.

2.2.6.7. DSC analysis. All dry escin-loaded PECs were accurately
weighed in an amount of 5-10 mg and then crimped into standard
aluminum pans (40 pl). The samples were heated from 25 to 360 °C
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(heating rate 10 °C/min), under a constant nitrogen flow (50 ml/min) on
the DSC 1 instrument (Mettler Toledo, Switzerland). The empty sealed
pan was used as a reference.

2.2.7. Invitro escin release testing

Dry escin-loaded PECs were filled into hard hypromellose capsules
size 0 (Fagron, Greece) in an amount corresponding to 100 mg of escin.
It is known that 100-150 mg of escin daily in a sustained-release dosage
form can be used for the symptomatic treatment of patients with chronic
venous insufficiency [32]. The in vitro release of escin was tested on a
rotating basket apparatus Erweka DT 600 (Erweka, Germany), at 37 £+
0.5 °C and under stirring at 100 rpm. The dissolution medium during the
first 3 h was 500 ml of 0.1 M hydrochloric acid (pH 1.2). 500 ml of
phosphate buffer pH 7.4 (USP) was used from the 3rd hour until the end
of the assay (next 9 h). The sampling of 4 ml of medium was performed
after 15, 30, 45, 60, 90, 120, 180, 240, 300, 360, 480, 600, and 720 min.
Each sample was filtered through a 0.45 pm MF-Millipore® membrane
filter. The concentration of escin was determined using the previously
described HPLC method. The test was performed in triplicate for each
sample and the results are shown as the mean of the released amount of
escin + o. Mathematical models for zero-order, first-order, Higuchi, and
Korsmeyer-Peppas kinetics were applied to the results. Data were pro-
cessed using the DDSolver Excel Add-In [33].

In addition, the model-independent approach was used to compare
the drug dissolution profiles. The similarity (f>) factor was also calcu-
lated using the DDSolver Excel Add-In [33].

3. Results and discussion

The CH solution was a pale yellow clear liquid. On the other hand,
XG solutions with escin and escin-loaded PEC hydrogels were homoge-
neous mixtures of liquid or semi-solid consistency, respectively, white in
color and opalescent, with clearly visible foam formed on the surface,
probably due to the surface activity of escin [15]. The supernatants were
transparent to slightly turbid pale yellow liquids.

3.1. Formation of escin-loaded PECs

The transmittance value of the CH solution was high (99.60 + 2.88
%) due to its high solubility at pH 4.6. The transmittance of the opal-
escent drug-free XG solution was 27.67 + 0.75 %. The addition of escin
into the XG solution led to a decrease in transmittance. Transmittance
values of XG solutions with escin were 2.11 + 0.54 % at escin concen-
tration of 0.975 % w/v, 4.07 & 0.21 % at escin concentration of 0.487 %
w/v, and 2.17 £+ 0.21 % at escin concentration of 0.244 % w/v since
these samples were also opalescent. No correlation was observed be-
tween drug concentration and measured transmittance. The lower
transmittance of XG solutions with escin in comparison with the drug-
free XG solution is probably due to the establishment of interactions
between escin and XG [34]. Both escin and XG have hydrophilic and
hydrophobic domains in their structures, so transmittance could be
reduced after the establishment of hydrogen bonds and hydrophobic
interactions [18,20,21]. During the formation of escin-loaded PECs by
adding the corresponding XG solution with escin into the CH solution,
the transmittance of PEC dispersions continuously decreased to very low
values: 0.12 & 0.01 % for E1:1, 0.14 4 0.00 % for E1:2, and 0.11 & 0.03
% for E1:4 (Fig. 1A).

Lower transmittances measured for PEC dispersions compared to the
transmittances of CH solution and XG solutions with escin confirmed the
formation of complexes. Lower transmittance values (i.e., lower trans-
parency) in PECs could be associated with intermolecular interactions
established in complexes [34]. No significant differences in trans-
mittance were observed in final PEC dispersions at different escin-to-
polymers mass ratios. The transmittance of PEC hydrogels could not
be measured due to their thick consistency.

For purified water used for the preparation of PECs, a conductivity of
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Fig. 1. Transmittance (A) and conductivity (B) during the formation of escin-loaded PECs.

3 + 0 pS/cm was measured. When escin was dissolved in purified water,
the conductivity increased. At an escin concentration of 0.975 % w/v, a
conductivity of 330 + 7 uS/cm was measured, at a concentration of
0.487 % w/vit was 218 + 1 uS/cm, and at a concentration of 0.244 % w/
v 142 + 4 pS/cm. This increase in conductivity can be explained by
escin's acidic properties and its dissociation to hydrogen (H") and
carboxylate ions. Higher conductivity values were measured at higher
concentrations of escin. For drug-free XG solution, the conductivity of
657 + 31 pS/cm was reported in our previous research [9]. Significantly
higher conductivity of XG solution at a concentration of 0.65 % w/v
compared to escin solutions at different concentrations (0.244-0.975 %
w/v) reflected a different nature of these substances. Since XG is a high
molecular weight polyelectrolyte (polyacid), at similar concentrations it
has more carboxylic groups available for dissociation and release of H"
ions in comparison with escin, as well as of counter-ions such as Na™, K",
and Ca®' [4]. H" and metal cations are more mobile compared to the
carboxylate anions of XG and escin and therefore affect the conductivity
of the samples to a greater extent [35]. Measured conductivity of XG
solutions with escin was 536 + 54 pS/cm at drug concentration of 0.975
% w/v, 558 + 46 pS/cm at a concentration of 0.487 % w/v, and 517 +
86 pS/cm at a concentration of 0.244 % w/v. Measured values showed
no significant differences at different escin concentrations. The lower
conductivity of XG solutions with escin compared to the conductivity of
drug-free XG solution can be attributed to the interactions established
between XG and escin, as previously mentioned. The conductivity of the
CH solution was 1473 + 113 pS/cm. A continuous decrease in conduc-
tivity from the initial value measured for CH solution was observed
during the formation of PECs, i.e., during the addition of a corresponding
XG solution with escin into CH solution (Fig. 1B). That confirmed the
establishment of typical interactions between the components of PECs.
For E1:1 dispersion the final conductivity of 771 + 14 pS/cm was
measured, for E1:2 it was 738 + 135 pS/cm, and for E1:4 it was 753 +
153 pS/cm. No significant differences in the conductivity of escin-loaded
PEC dispersions were observed at different escin-to-polymers mass ra-
tios. Also, a constant decrease in conductivity when mixing CH solution
with XG solutions with escin (without reaching a plateau, and subse-
quent increase in conductivity) could indicate that after the formation of
PECs, positively charged CH remained in excess. This assumption was
confirmed by the rheological characterization of the supernatants. The
trend of decrease in conductivity was also observed in our previous
study during the preparation of drug-free and ibuprofen-loaded PECs.
For drug-free PEC final conductivity of PEC dispersion was 872 £ 12 pS/
cm and for ibuprofen-loaded 855 + 27 pS/cm [9]. Conductivity values
of escin-loaded PEC dispersions were lower compared to the previously
reported conductivity of drug-free and ibuprofen-loaded PEC disper-
sions. Lower conductivity value can be explained by a higher degree of
interactions in the sample since it is known that only free and mobile
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ions are responsible for the conductivity of the system [9,36]. Therefore,
it can be assumed that stronger and more extensive interactions between
CH and XG were established in the presence of both drugs. Also, it can be
expected that amphiphilic escin can interact more extensively with CH
and XG during the PECs formation than hydrophobic ibuprofen.

Measured pH values of XG solutions with escin, escin-loaded PEC
dispersions and PEC hydrogels are shown in Table 2. For the drug-free
XG solution pH of 6.85 + 0.05 was reported in our previous study [9].
It can be seen that the addition of escin into the XG solution led to a
significant lowering of pH compared to the drug-free XG solution,
probably due to escin's weak acid properties [17]. With the increase of
escin concentration, a decrease in pH was observed, i.e., the lowest pH
was measured for XG solution with escin at the escin concentration of
0.975 % w/v and the highest for the concentration of 0.244 % w/v. Also,
pH values of all XG solutions with escin were lower in comparison with
the pH of the ibuprofen dispersion in XG solution (pH of 5.25 + 0.03 at
ibuprofen concentration of 0.975 % w/v) [9]. This can be the conse-
quence of the higher aqueous solubility of escin compared to ibuprofen,
rather than of their mutually similar pKa values (4.7 for escin and
4.5-4.6 for ibuprofen) [17,37]. After mixing the CH solution with the
corresponding XG solution with escin, the pH of the obtained escin-
loaded PEC dispersions was similar to the pH of the CH solution, prob-
ably due to the buffering capacity of CH itself [38] and acetic acid used
to adjust its pH [10]. Therefore, it can be assumed that escin in the
prepared PEC dispersions was present equally in the uncharged (free
acid) and charged (carboxylate anion) forms, as well as ibuprofen in
previously prepared PECs. Moreover, escin-loaded PEC hydrogels had
lower pH values than the corresponding PEC dispersions. This result can
be explained by the entrapment of escin within the 3D hydrogel network
and its higher concentration in comparison with PEC dispersions.

To evaluate the strength and extent of interactions between CH, XG,
and escin during and after the preparation of PECs, rheological char-
acterization was performed for polymers' solutions, escin-loaded PEC
hydrogels, and their corresponding supernatants. CH solution had a
Newtonian type of flow and dynamic viscosity of 0.09 + 0.01 Pa-s.
Derkach et al. [39] have shown that aqueous solutions of CH at con-
centrations up to 0.8 % are Newtonian fluids. On the other hand, drug-
free XG solution and XG solutions with escin were pseudoplastic systems

Table 2
PH of XG solutions with escin, escin-loaded PEC dispersions and PEC hydrogels.
PEC pH value + ¢
XG solution with escin PEC dispersion PEC hydrogel
El:1l 3.97 + 0.08 4.45 £+ 0.27 3.92 £ 0.05
E1:2 4.27 £0.07 4.59 £ 0.22 4.16 £ 0.15
E1:4 4.60 £ 0.06 4.67 £0.23 4.28 +£0.23
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with thixotropy. Thixotropy was estimated by calculating the hysteresis
area (H). For drug-free XG solution, H value of 5.32 + 0.26 Pa/s,
maximum apparent viscosity (jmax) of 0.20 £ 0.00 Pa-s, and minimum
apparent viscosity (min) of 0.07 + 0.00 Pa-s were measured. The
addition of escin to the XG solution at different concentrations did not
significantly affect the H values (4.67 + 2.12 Pa/s at escin concentration
of 0.975 % w/v, 2.75 + 1.87 Pa/s at a concentration of 0.487 % w/v, and
1.94 + 1.27 Pa/s at a concentration of 0.244 % w/v) and Npax (0.28 £+
0.01 Pa-s at escin concentration of 0.975 % w/v, 0.21 + 0.00 Pa-s at a
concentration of 0.487 % w/v, and 0.20 + 0.00 Pa-s at a concentration of
0.244 % w/v). A slightly higher value of nnax for XG solution with the
highest escin concentration may be associated with a higher content of
solid constituents in the sample [40]. The Ny of 0.07 &+ 0.00 Pa-s was
measured for all XG solutions with escin.

The escin-loaded PEC hydrogels showed pseudoplastic flow behavior
with thixotropy. The H values, Nmax, and nmin of escin-loaded PEC
hydrogels are shown in Table 3. The thixotropy of all escin-loaded PEC
hydrogels was similar. This result indicated that all hydrogels can
recover their structure after the removal of shear stress in the almost
same manner [9,10,41]. Measured apparent viscosities for PEC hydro-
gels were higher in comparison with those of individual polymers' so-
lutions used for their preparation. Kim et al. [22] showed that the
increase in apparent viscosities of the formed PECs in comparison with
viscosities of the individual polymers' solutions confirms the establish-
ment of interactions between them and the formation of complexes. The
values of apparent viscosities of PEC hydrogels reflected the strength
and extent of interactions between the components of the complexes
[9,10,39]. By comparison of their nnax values, no significant differences
were observed between escin-loaded PECs. However, a slight tendency
of apparent viscosity to increase with an increase in the escin-to-
polymers mass ratio can be observed, which can be explained by the
higher content of solid constituents [40]. In addition, nmax values of all
escin-loaded PEC hydrogels were higher than the npmax values of drug-
free and ibuprofen-loaded PEC hydrogels (at the same CH-to-XG mass
ratio and ibuprofen-to-polymers mass ratio of 1:1) reported in our pre-
vious study [9]. That was an additional indicator of stronger and more
extensive interactions in CH/XG-based PECs after the entrapment of
amphiphilic drug escin in comparison to hydrophobic ibuprofen and
drug-free PECs.

The analysis of the supernatants showed their Newtonian behavior
with a dynamic viscosity of 0.04 & 0.00 Pa-s for E1:1 and 0.02 £ 0.00
Pa-s for E1:2 and E1:4. Lower dynamic viscosity values of supernatants
compared to the viscosity of CH solution before its complexation can be
the consequence of its participation in the formation of PECs, as reported
in the literature for the PEC formation between gellan gum and cationic
guar gum [34]. For that reason, it may be assumed that supernatants
were mainly composed of excess of dissolved CH, with the possible
presence of smaller amounts of XG and escin that did not participate in
the formation of the complexes.

3.2. Characteristics of dry escin-loaded PECs

PECs obtained by both drying methods were fine white powders,
with spray-dried samples being significantly more voluminous than
ambient-dried ones.

Table 3
Hysteresis areas (H), maximal apparent viscosity (Nmax at 22.2 s~1), and minimal
apparent viscosity (fmin at 100 s™1) of escin-loaded PEC hydrogels.

Escin-loaded PEC hydrogel H + o6 (Pa/s) Nmax £ ¢ (Pa-s) Nmin £ 6 (Pa-s)
El:1 889.40 + 3.36 + 0.51 0.67 + 0.25
100.23
El:2 810.13 + 3.26 £ 0.81 0.57 £0.17
244.49
El:4 781.84 + 3.00 + 0.23 0.69 + 0.23

164.79
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3.2.1. Yield, %EE, %DL and residual moisture content

The yield, %EE, %DL, and the residual moisture content of ambient-
dried and spray-dried escin-loaded PECs are shown in Table 4.

It was observed that the yields of ambient-dried samples were
significantly higher compared to the spray-dried samples even though
the total content of solid constituents was equal in PEC hydrogels and
PEC hydrogels redispersed in acetate buffer, respectively, at the same
escin-to-polymers mass ratio before drying. As reported by Sosnik &
Seremeta [28], the yield of spray drying at a laboratory scale is not
optimal (usually 20-70 %) due to the loss of the product on the walls of
the drying chamber. Significant losses of escin-loaded PECs were visu-
ally observed on the spray-dryer walls. Moreover, described escin-
loaded PEC hydrogels have a significantly higher apparent viscosity
than 0.3 Pa-s, reported to be the highest viscosity that ensures satisfac-
tory yields after spray drying (50 % or more) at the laboratory scale. In
ambient-dried samples, the highest yield was observed for E1:1_AD and
the lowest for E1:4 AD. The highest yield in these samples can be
correlated with the highest content of dispersed escin at escin-to-
polymers mass ratio of 1:1 and lower losses of PEC components during
their preparation. On the other hand, in spray-dried samples the lowest
yield was observed for E1:1_SD and the highest for E1:4_SD, so for this
drying method, the higher content of dispersed escin resulted in a lower
yield. Ceschan et al. [40] reported that drug carriers with higher content
of dispersed solids result in higher viscosities. When the apparent vis-
cosity increases the spray drying performance decreases due to the
sample sticking onto the surface of the chamber of spray dryers. Rheo-
logical characterization of escin-loaded PEC hydrogels also showed a
slight tendency for apparent viscosity to increase with increased
dispersed escin content. A similar influence of the drying method on the
yield was recently reported for ambient-dried and spray-dried drug-free
and ibuprofen-loaded PECs [27]. So, it can be assumed that spray drying
is a less suitable drying method in comparison with ambient drying to
obtain satisfactory yields of PECs even after the redispersion of PEC
hydrogels. Systems with high viscosities such as PECs need the optimi-
zation of the spray drying method to obtain higher yields.

Generally higher %EE values were observed in ambient-dried PECs
in comparison with the spray-dried ones. The highest value of %EE had
E1:1_AD and the lowest E1:1 SD. As in the case of the yield of the
samples, this finding can be explained by the content of dispersed escin
in complexes. Therefore, in ambient-dried PECs, %EE was higher at
higher contents of dispersed escin, while in spray-dried PECs the
opposite trend could be observed (ie., the higher the content of
dispersed escin the lower %EE values were obtained). The obtained %DL
values of ambient-dried samples were expected and in accordance with
the theoretical content of escin in PECs calculated via the escin-to-
polymers mass ratio (50 % for E1:1, 33.33 % for E1:2, and 20 % for
E1:4). On the other hand, the %DL of spray-dried complexes did not
follow any trend established so far, and the obtained values were low
due to the significant loss of PECs during the drying process.

In all dry escin-loaded PECs, the residual moisture content varied
between 6.26 % and 9.74 %. The measured moisture content was lower
than 10 %, which can be considered convenient for their microbiological

Table 4
Yield, %EE, %DL and residual moisture content of dried escin-loaded PECs.

PEC Yield + ¢ %EE + o %DL + 6 Moisture content + ¢
(%) (%)

E1:1_ AD 66.13 + 64.12 + 50.29 + 8.41 + 0.09
12.00 1.10 0.86

E1:2 AD 54.25 + 5.15 37.41 £ 34.49 + 8.45 £ 0.16
4.90 4.51

E1:4AD 50.88 +2.71 15.79 + 15.52 + 9.74 £ 0.24
0.17 0.17

E1:1.SD 7.37 + 0.38 1.15+0.43 7.81 +2.94 6.26 + 0.10

E1:2SD  17.52+0.61 4.27 +£0.34 8.13 +0.65 8.33 £ 0.04

E1:4SD  26.36 £0.59 4.67 £0.67  3.55+ 0.51 6.67 + 0.16
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stability [9]. Although spray drying implied higher temperature and
more controlled drying conditions in comparison with ambient drying,
the residual moisture content in the samples obtained by different dry-
ing methods did not differ much. This can be due to the presence of XG, a
polymer with pronounced hydrophilic and hygroscopic properties [42].
XG can retain high amounts of water in samples even after drying or
processing at elevated temperatures [43]. Within the samples obtained
by the same drying method, the residual moisture content decreased
with decreasing polymers' and increasing escin content. It can be
assumed that besides polymers content, escin also may interfere with
water to squeeze it out of the complex. A similar observation was re-
ported by Das et al. [31] for resveratrol in CH/pectin-based PECs. When
comparing escin-loaded PECs with drug-free and ibuprofen-loaded PECs
obtained by the same drying methods [9,10,27], it can be concluded that
the entrapment of either escin or ibuprofen leads to a decrease in re-
sidual moisture content in the investigated PECs. Moreover, higher
values were observed in the case of amphiphilic escin compared to hy-
drophobic ibuprofen [27]. It can be assumed that hydrophobic drugs
hinder the incorporation of water in the structure of CH/XG-based PECs
to a greater extent than drugs with a more pronounced hydrophilic
character. It can be concluded that the residual moisture content has not
been affected by the drying procedure, while the content and physico-
chemical properties of entrapped drugs had an important effect.

3.2.2. Shape and size of the escin-loaded PEC particles

Photomicrographs of ambient-dried and spray-dried escin-loaded
PECs are shown in Fig. 2, while particle size and shape data are shown in
Table 5. Microparticles of ambient-dried PECs were irregular in shape
(ER 1.52-1.97), from approximately spherical, through plate- and
needle-like to polygonal, with a wide size distribution. Spray-dried mi-
croparticles were significantly smaller and with shapes closer to spher-
ical (ER 1.18-1.25). Most of the spray-dried microparticles had cavities
and irregularities on their surface which contributed to the ER values
slightly higher than 1.15. These irregularities are likely the consequence
of the spray-drying conditions. The 3D network of PEC hydrogels
abruptly lost water and collapsed during the spray-drying procedure
[29]. Ambient-dried PECs lost the water gradually and spontaneously,
so the obtained microparticles did not have any irregularities on the
surface.

Micrographs in Fig. 2 and particle dimensions shown in Table 5 can
indicate that the particles of ambient-dried PECs were significantly
larger than those obtained by spray drying. For ambient-dried PECs, the
smallest particles were observed for E1:1_AD, while the particle size for
E1:2_AD and E1:4_AD was approximately the same. It can be assumed
that with the increase in the drug content in the PEC, their crushing
becomes easier because the relative content of polymers was lower [27].
In the spray-dried complexes, the particle size was always below 10 pm
and no significant difference has been observed at different escin-to-
polymers mass ratios. Since the spray drying conditions (inlet drying
temperature, flow rate of PECs, and nozzle diameter) were strictly
controlled, it was expected to obtain finer and more uniform particles in
comparison with ambient-dried ones. The particles of pure escin had a
shape similar to escin-loaded spray-dried PECs with some irregularities
and cavities on the surface. The mean diameter of the particles of pure
escin was higher than the mean diameters of escin-loaded PECs, and
their particle size distribution was wide.

3.2.3. Powder flowability

Table 6 shows the values of bulk (py,) and tapped (p) density, the Carr
index, and the Hausner ratio of dry escin-loaded PECs, as well as
descriptive terms of flowability based on the calculated values. py, and p;
values were significantly higher for ambient-dried PECs compared to
spray-dried ones. These values are in agreement with the results for the
escin content (%DL) in PECs and show that the density of powders also
depended on the content of solid constituents of the samples. At
significantly higher content of solids in ambient-dried PECs, they had
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higher values of py, and p;, while spray-dried PECs were more volumi-
nous. All dried PECs had similar values of Carr index and Hausner ratio
and their flowability was characterized as poor (E1:1_AD, E1:2_AD,
E1:1_SD) or very poor (E1:4_AD, E1:2_SD, E1:4_SD). It can be concluded
that the drying method did not affect significantly the flowability of
escin-loaded PECs, although ambient-dried samples had slightly better
flowability at the escin-to-polymers ratio of 1:1 and 1:2. At the escin-to-
polymers ratio of 1:4, the spray-dried PEC had better flowability. This
may be due to their moisture content since the lower moisture content
can be related to the better flowability of powders [44]. Significantly
smaller particles of spray-dried PECs in comparison with the ambient-
dried ones also may be the reason for their poorer flowability despite
a particle shape closer to spherical [45].

3.2.4. FT-IR, PXRD, and DSC analyses

Fig. 3 shows the FT-IR spectra of pure escin and dry escin-loaded
PECs. The spectrum of pure escin had characteristic peaks at 3390.74
em™! (-O-H stretching vibration), 2925.23 cm ! (—C-H stretching vi-
bration), 1715.59 cm™' (-C=0 stretching vibration), 1372.10 em ™),
1261.59 cm™, and 1158.29 cm™' (-C-C- and —-C-O- skeleton vibra-
tions), 1072.86 cm ™! and 1023.64 cm™! (—-C-H bending vibrations). The
obtained results were in accordance with the results published by
Tomeckova et al. [46] for commercially available pure escin isolated
from horse chestnut seeds. Spectra of ambient-dried and spray-dried
escin-loaded PECs showed the same peaks as pure escin with minor
shiftings to lower values, probably due to the establishment of charac-
teristic (electrostatic, hydrogen bonds, and hydrophobic) interactions
with polymers in PECs [34]. In escin-loaded PECs, this primarily refers
to peaks at wavenumbers from approximately 1700 to 1100 cm ! that
are characteristic of functional groups (amino, carboxyl, and hydroxyl
groups) responsible for establishing interactions between escin, CH, and
XG [9,10,46]. The intensity of peaks in FT-IR spectra can be related to
the extent and strength of interactions in complexes. Higher intensity of
peaks (i.e., lower values of transmittance) is a consequence of weaker
intermolecular interactions [9-11]. Based on the FT-IR spectra, it can be
concluded that stronger intermolecular interactions were present in the
ambient-dried PECs compared to those obtained by spray-drying. The
weakening of interactions between CH, XG, and escin in spray-dried
PECs can be explained by their homogenization on a rotor-stator ho-
mogenizer and the spray drying process itself. When comparing
ambient-dried samples, FT-IR spectra indicated the strongest in-
teractions in E1:1_AD, then in E1:2_AD, and the weakest in E1:4_AD.
This trend was in accordance with the yield and %EE. FT-IR analysis
confirmed that higher content of solid constituents in PECs resulted in
stronger and more extensive interactions between CH, XG, and escin. An
inconsistent trend of interaction strength was observed in spray-dried
escin-loaded PECs. The strongest interactions were observed in
E1:4_SD, then in E1:1_SD, and the weakest in E1:2_SD. When comparing
PECs prepared at the same escin-to-polymers mass ratio, but dried using
different methods, it can be seen that at mass ratios of 1:1 and 1:2
stronger interactions were detected in ambient-dried samples, while at a
mass ratio of 1:4 they were similar. These results confirmed that the
drying method had the greatest impact on the intensity of interactions in
PEGs in the solid state.

Fig. 4 shows PXRD diffractograms of pure escin, ambient-dried, and
spray-dried escin-loaded PECs. It can be seen from the diffractogram
that pure escin is an amorphous powder that has one wide peak that
starts at approximately 10° and ends at approximately 20°, while its
maximum was at 13.75°. The obtained values were similar to those re-
ported by Tomeckova et al. [46]. Ambient-dried escin-loaded PECs were
also amorphous powders. For E1:1_AD, two broad peaks were observed
and almost merged into one. The beginning was at about 10°, the end at
about 30°, and the maximums at 15.25 and 20.3°. The diffractogram of
E1:2_AD was similar in appearance - two wide peaks almost merged into
one whose beginning was at approximately 10°, ending at about 30°,
and maximums at 15.25 and 20.5°. E1:4_AD had one wide peak with a
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Fig. 2. SEM micrographs of pure escin, ambient-dried, and spray-dried escin-loaded PECs.
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Table 5
Dimensions and ER values of pure escin, ambient-dried, and spray-dried escin-loaded PECs.
Sample Length (pm) Width (pm) Diameter + ¢ (pm) ER
mean max min mean max min mean max min
E1:1 AD 32.45 140.70 7.45 21.35 93.84 4.04 N/A 1.52 1.50 1.84
E1:2 AD 78.87 342.37 19.81 39.98 131.35 11.38 N/A 1.97 2.83 1.74
E1:4 AD 74.10 262.05 20.05 40.40 144.56 7.66 N/A 1.83 1.81 2.62
E1:1.SD N/A N/A N/A N/A N/A N/A 6.11 + 2.54 1.23 N/A N/A
E1:2.SD N/A N/A N/A N/A N/A N/A 4.42 £+ 2.03 1.25 N/A N/A
E1:4 SD N/A N/A N/A N/A N/A N/A 5.81 +£2.43 1.18 N/A N/A
escin N/A N/A N/A N/A N/A N/A 25.71 +£16.73 1.21 N/A N/A
Table 6
Pbs P Carr index, Hausner ratio and flowability of ambient-dried and spray-dried escin-loaded-PECs.
Sample pp = 6 (g/ml) pr £ 6 (g/ml) Carr index (%) Hausner ratio Flowability
E1:1_AD 0.47 £ 0.01 0.65 + 0.01 27.51 1.38 Poor
E1:2 AD 0.41 £ 0.01 0.60 + 0.01 30.99 1.45 Poor
El1:4 AD 0.33 £ 0.01 0.50 + 0.01 33.99 1.51 Very poor
E1:1 SD 0.09 £+ 0.00 0.13 + 0.00 30.99 1.45 Poor
E1:2.SD 0.07 £+ 0.00 0.11 + 0.00 33.00 1.49 Very poor
E1:4.SD 0.11 £ 0.01 0.16 + 0.01 31.97 1.47 Very poor

start at approximately 10°, an end at approximately 30°, and a
maximum at 20.2°. The peak at 15.25° observed in E1l:1 AD and
E1:2_AD was due to the high escin content in these samples. The shift of
the peak maximum to a higher value can be explained by the estab-
lishment of interactions of escin with CH and XG. The escin-derived peak
was not observed in E1:4_AD, probably due to its low content in this
PEC. Peaks in ambient-dried escin-loaded PECs between 20° and 20.5°
were due to the presence of CH and XG in their structure [10]. Escin
retained its amorphous structure after the preparation of PECs and their
drying under ambient conditions. On the other hand, several charac-
teristic peaks were observed for E1:1_SD, E1:2_SD, and E1:4_SD showing
their semi-crystalline structure. The peak of the highest intensity was the
one at approximately 9° while other peaks were observed at 17.95,
19.35, 24.8, 27.35, 31.15, 32.35, and 36.2°. Peaks at 9 and 19.35°
originated from CH and XG [10]. The semi-crystalline structure of spray-
dried PECs could also be due to the weakening of interactions between
CH, XG, and escin in complexes and easier detection of semi-crystalline
XG on the diffractometer. On the other hand, stronger intermolecular
interactions in ambient-dried PECs led to its amorphization. This
assumption can be supported by the fact that almost identical values
were observed for drug-free PECs [27]. Escin-derived peaks were not

observed in spray-dried PECs, probably due to its low content in these
complexes.

Fig. 5 shows DSC thermograms of pure escin and dry escin-loaded
PECs. The thermogram of pure escin showed a low-intensity endo-
thermic peak with a maximum at 91.16 °C, associated with the evapo-
ration of water from the substance (the manufacturer states that the
moisture content is <5 % [47]). Carlotti et al. [48] indicated 222 °C as
the melting temperature of the crystalline escin. Based on the shape of
the escin thermogram and the absence of a sharp peak related to the
melting of the crystalline drug, its amorphous structure can be reaf-
firmed. Two exothermic peaks, both of very low intensity, with maxi-
mums at 206.96 and 228.28 °C, were associated with escin degradation
which is in accordance with the results obtained by the manufacturer
[19] and Djekic et al. [49] for the same model substance. In all inves-
tigated PECs, both ambient-dried and spray-dried, escin retained its
amorphous character during the preparation, since the thermograms did
not show peaks that indicate the presence of crystalline structures. These
thermograms showed broad endothermic peaks with maximums close to
100 °C (106.09 °C for E1:1_AD, 96.75 °C for E1:2 AD, 107.11 °C for
E1:4_AD, 85.48 °C for E1:1_SD, 93.00 °C for E1:2_SD, and 101.47 °C for
E1:4_SD) associated with residual moisture evaporation. The intensity of

Fig. 3. FT-IR spectra of pure escin, ambient-dried, and spray-dried escin-loaded PECs.

56



A. Ciri¢ et dl.

International Journal of Biological Macromolecules 221 (2022) 48-60

Fig. 4. PXRD diffractograms of pure escin, ambient-dried, and spray-dried escin-loaded PECs.

Fig. 5. DSC thermograms of pure escin, ambient-dried, and spray-dried escin-loaded PECs.

these peaks was higher compared to the peak of pure escin considering
that the content of residual moisture in dry PECs was higher compared
to the pure substance. Exothermic peaks between 225 and 325 °C were
associated with the degradation of escin and complexes [10,49]. Peaks
around 225 °C in PECs, originating from the entrapped escin, were of
lower intensity compared to the pure substance due to its content in the
complexes (3.55-50.29 %). An endothermic peak at 325.18 °C was
observed in the thermogram of E1:1_SD which can be related to the
breakdown of weak electrostatic interactions between complex com-
ponents. The mentioned peak was observed only in this sample probably
due to the initially highest content of solid constituents (CH, XG, and
escin) in PEC dispersion E1:1. The spray drying of this dispersion led to
the highest degree of weakening of interactions compared to E1:2 and
E1:4, which was also reflected in the yield and % EE values of E1:1_SD.

3.3. In vitro escin release

Fig. 6 shows release profiles of escin from hard capsules filled with
ambient-dried and spray-dried escin-loaded PECs. Solutions at pH
values of 1.2 (0.1 M hydrochloric acid) and 7.4 (phosphate buffer) were
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used as typical dissolution media for in vitro oral drug release testing
representing physiological pH in the stomach and intestine, respectively.

In vitro release profiles of escin showed its prolonged release during
12 h from all samples. The highest amount of escin (77.93 + 3.98 %)
was released from E1:1_SD and the lowest (28.04 + 2.13 %) from
E1:2_AD. When comparing PECs with the same escin-to-polymers mass
ratio, it can be seen that higher amounts of the entrapped drug were
released from spray-dried PECs. This can be explained by weaker in-
teractions between escin and polymers in these samples compared to
ambient-dried ones. The smaller particle size of spray-dried PECs can
also contribute to this result due to their greater surface in contact with
dissolution media. In addition, it can be assumed that in spray-dried PEC
particles the drug could be rinsed from their surface, while in ambient-
dried PECs escin was entrapped into the polymer network from where it
had to diffuse after the swelling of the complex and the relaxation of
polymers' chains. Within the samples obtained by the same drying
method, the highest amount of escin was released from PECs in which
the escin-to-polymers mass ratio was 1:1 (42.23 + 3.02 % from E1:1_AD
and 77.93 + 3.98 % from E1:1_SD), then 1:4 (35.82 + 12.26 % from
E1:4_AD and 45.43 4- 12.88 % from E1:4_SD), and the lowest at a ratio of
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Fig. 6. Invitro dissolution profiles of escin from ambient-dried and spray-dried escin-loaded PECs.

1:2(28.04 £ 2.13 % from E1:2_AD and 44.39 + 7.94 % from E1:2_SD). It
is known that escin can lead to the irritation of the gastric mucosa after
oral administration, so the formulation of carriers that would provide its
pH-dependent release in the lower parts of the GIT is desirable [1,2]. The
pH-dependent profile of escin release was most pronounced for E1:1_AD
from which 4.30 % of the drug was released at pH 1.2 after 3 h and the
remaining 37.93 % at pH 7.4 over the next 9 h. Also, from E1:2_AD and
E1:1_SD a lower amount of escin was released at pH 1.2, while from
E1:4_AD approximately the same amount of the drug was released at
both pH values. In contrast, E1:2 SD and E1:4_SD released greater
amounts of escin dissolved at pH 1.2, which may be considered unfa-
vorable for its oral administration. Therefore, it could be assumed that
E1l:1_AD was the most promising to achieve pH-dependent release of
escin upon oral administration.

Table 7 shows the models of escin release kinetics with corre-
sponding coefficients of determination (R and Korsmeyer-Peppas
diffusion exponents (n).

Based on the values of the coefficients of determination it can be seen
that escin release followed Korsmeyer-Peppas kinetics in most cases. The
exceptions were E1:2_SD and E1:4_SD from which escin release was best
described by the Higuchi model. As shown in numerous studies, Kors-
meyer-Peppas release kinetics is common for swellable drug carriers,
such as carriers based on hydrophilic polymers [9,10,50]. Also, based on
the n values for the Korsmeyer-Peppas model, mechanisms of drug release
could be set up. Values of n close to 1 indicate controlled and constant
release of the drug regardless of its content in the carrier [51]. So, the
best release control of the entrapped escin was in the case of E1:1_AD
and E1:2_AD. This is supported by high R? values for zero-order kinetics
in these two samples. From E1:4_AD and E1:1_SD, escin release followed

Table 7
Models of escin release kinetics with corresponding coefficients of determination
(R?) and Korsmeyer-Peppas diffusion exponents (n).

Sample R? n
Zero-order First-order Higuchi Korsmeyer-Peppas

E1:1 AD 0.9783 0.9587 0.7684 0.9868 1.182
E1:2 AD 0.9902 0.9934 0.8799 0.9944 0.894
E1:4 AD 0.8674 0.9266 0.9261 0.9493 0.659
E1:1.SD 0.8055 0.9622 0.9758 0.9778 0.568
E1:2.SD 0.6665 0.8171 0.9799 0.9726 0.491
E1:4.SD 0.4376 0.5830 0.9071 0.8954 0.409
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a non-Fickian diffusion mechanism, while Fickian diffusion was a
characteristic of E1:2_SD and E1:4_SD.

Calculated f, values (Table 8) showed that E1:1_AD and E1:2_AD,
E1:1_AD and E1:4_AD, E1:2_AD and E1:4 AD, E1:4_AD and E1:2_SD,
E1:4_AD and E1:4_SD can be considered similar, as well as E1:2_SD and
E1:4.SD. Escin release profiles from all ambient-dried PECs can be
considered similar. In these samples, the escin-to-polymers mass ratio
had a low impact on drug release. On the contrary, the escin-to-polymers
mass ratio had a more significant impact on drug release from spray-
dried PECs. Also, it can be concluded that the drying process had a
greater impact on the release of the entrapped escin than the escin-to-
polymers mass ratio. Moreover, a greater influence of the drying
method on the release of escin was noted compared to ibuprofen. Also,
larger amounts of amphiphilic escin (42.23 + 3.02 % from ambient-
dried and 77.93 + 3.98 % from spray-dried PEC) were released from
CH/XG-based PECs compared to the hydrophobic ibuprofen (27.76 +
0.65 % from ambient-dried and 30.55 + 4.36 % from spray-dried PEC)
(Ciri¢ et al., 2022), likely due to the higher solubility of escin in aqueous
media.

4. Conclusions

The measurements of transmittance, conductivity, and rheological

Table 8
Similarity (f2) factors for tested pairs of escin release
profiles.

Profiles compared f2
E1:1_AD vs. E1:2_ AD 59.66
E1:1_AD vs. E1:4_AD 60.55
E1:1_AD vs. E1:1 SD 20.60
E1:1_AD vs. E1:2.SD 45.96
E1:1_AD vs. E1:4 SD 47.26
E1:2 AD vs. E1:4_ AD 54.33
E1:2_AD vs. E1:1.SD 25.08
E1:2 AD vs. E1:2.SD 41.13
E1:2_ AD vs. E1:4 SD 44.45
E1:4_AD vs. E1:1 SD 31.01
E1:4_AD vs. E1:2_.SD 55.91
E1:4_AD vs. E1:4 SD 57.03
E1:1.SD vs. E1:2 SD 38.04
E1:1.SD vs. E1:4 SD 34.09
E1:2.SD vs. E1:4 SD 65.55
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characterization confirmed the formation of CH/XG-based PECs with
escin entrapped at different escin-to-polymers mass ratios (1:1, 1:2, and
1:4). Two drying methods of PECs, ambient drying and spray drying,
were compared. Higher yield, entrapment efficiency, and escin content
were observed in ambient-dried PECs. Although spray drying gave
smaller particles of a more regular shape, it was recognized the need for
the optimization of the spray drying procedure to obtain PECs with
desired characteristics. The flowability of all dry PECs was poor or very
poor. FT-IR spectra confirmed the presence of characteristic interactions
between complex components in dry PECs, with stronger interactions
observed in ambient-dried ones. PXRD and DSC analyses indicated the
amorphous escin structure in all dry PECs regardless of the drying
method. An in vitro study of escin release showed its prolonged release
during 12 h from all dried PECs. However, spray-dried PECs could not
enable the aimed pH-dependent release of the entrapped drug with low
amounts released at pH 1.2 and higher at pH 7.4. The best control of pH-
dependent escin release was observed for E1:1_AD. For that reason and
due to the highest yield and entrapment efficiency, E1:1_AD can be
considered the most promising carrier with the potential to prevent the
risk of irritation of gastric mucosa as a major side effect of orally
administered escin.
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This study investigated the combined influence of pH adjusting agent type (hydrochloric, acetic or lactic acid) and
initial pH value (3.6, 4.6, and 5.6) on formation of biocompatible chitosan/xanthan polyelectrolyte complexes
(PECs), their characteristics in solid state and influence on in vitro ibuprofen release kinetics. Conductivity mea-
surements and rheological characterization revealed generally higher extent of ionic interactions in PEC disper-
sions comprising acetic acid and at pH 3.6. Acid type and pH affected significantly the yield and particle size
(100-250 um) of the dried PECs. Differential scanning calorimetry (DSC), Fourier-transform infrared spectros-
copy (FT-IR), and powder X-ray diffraction (PXRD) analysis of the solid PECs confirmed exclusively physical
(ionic, hydrogen bonds) interactions between chitosan and xanthan gum. PECs prepared with acetic acid at
pH 4.6 and 5.6 had enhanced rehydration ability in phosphate buffer pH 7.2, and at PEC-to-drug mass ratio up
to 1:2, enabled extended ibuprofen release from hard capsules during 10 h.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Many novel drug delivery systems are based on a combination of
two or more polymers, covalently or non-covalently cross-linked
[1-3]. Due to toxicity of cross-linkers often used in covalent cross-
linking (such as glutaraldehyde, diglycidylether, diisocyanate,
diacrylate), non-covalent cross-linking between biocompatible poly-
mers is considered more acceptable [4-6]. Drug delivery systems
based on biocompatible polyelectrolyte complexes (PECs) could be
formed by mixing the dispersions of cationic polymers (e.g., chitosan,
poly-L-lysine, polyethyleneimine, polyamidoamine) [7-9] and anionic
polymers (e.g., xanthan gum, alginates, carrageenan, pectin, hyaluronic
acid, gum kondagogu, gelatine, polyglutamic acid, polyacrylic acid,
polymethacrylate copolymers) [10-15], when oppositely charged poly-
mers establish mutual electrostatic (ionic) interactions. PECs formu-
lated with chitosan and xanthan gum are considered particularly
promising oral drug delivery carriers due to nontoxicity,
nonimmunogenicity, biodegradability, low-cost production, and re-
newability of these natural polysaccharides [16-18]. Chitosan is a linear
polysaccharide derived by the exhaustive chemical or enzymatic
deacetylation of chitin from the exoskeleton of crustaceans and insects

* Corresponding author.
E-mail addresses: vladimir@pharmacy.bg.ac.rs (V. Dobri€i¢), mmitric@vinca.rs
(M. Mitri¢), ljiljanadjek@gmail.com, ljiljana.djekic@pharmacy.bg.ac.rs (L. Djekic).
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[19,20]. It consists of randomly distributed [-(1-4)-linked D-
glucosamine and N-acetyl-D-glucosamine units. At acidic pH values,
the primary amino groups of chitosan (pKa 6.2-7.0) can be protonated
allowing increase in aqueous solubility of this polycationic polymer
[20-23]. Therefore, chitosan itself is not suitable for formulation of ex-
tended release drug delivery systems due to its rapid dissolution in
acidic environment of the stomach. Xanthan gum is a highly hydrophilic
natural heteropolysaccharide produced by the bacteria Xanthomonas
campestris [24]. The primary structure of this polymer consists of five re-
petitive sugar units: two (3-D-glucose units in the basic chain, and two
mannose units and one glucuronic acid in the side chain. The side chains
contain pyruvic acid residues that make xanthan gum a natural anionic
polyelectrolyte (pKa 3.1) [25]. Thus, xanthan gum is considered a suit-
able candidate for combining with chitosan and development of PECs
drug carriers. PECs based on chitosan and xanthan gum already demon-
strated improved drug solubility and/or permeability, pH-sensitivity,
and controlled (extended or delayed) drug release [26-30]. The ionic in-
teractions in PECs are considered strong, but reversible. Many formula-
tion parameters and preparation conditions may affect degree of
ionization, charge density and distribution, and flexibility of polymer
chains, and thus strength and extent of ionic interactions and drug de-
livery potential of PECs. The formation of PECs and precipitation of
PEC coacervates takes place at pH values near pKa values of the poly-
mers [1]. The study of Goili et al. [31] recognised the importance of pH
and type of pH adjusting agent on PECs formation. However, studies
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investigating the PECs prepared with different acids and at different pH
values have not been conducted systematically, particularly the com-
bined effect of type of acid and pH value of chitosan solutions, on forma-
tion, solid state characteristics and drug release kinetics of the chitosan/
xanthan gum PECs. In response to these knowledge gaps, the present
study expands on the previous research, analysing the effect of men-
tioned formulation parameters on characteristics of the PECs, both dur-
ing their formation (in aqueous solutions) and after drying, as well as
their capacity for rehydration in a suitable in vitro drug release medium.

Ibuprofen ((2RS)-2-[4-(2-Methylpropyl) phenyl] propanoic acid) is
a non-selective reversible inhibitor of the cyclooxygenase enzymes
(COX-1 and COX-2), which are responsible for the production of prosta-
glandins (PGE, and PGI,), thus providing analgesic and anti-
inflammatory effects [32]. Due to its well-known efficiency and fewer
side effects in comparison to other non-steroidal anti-inflammatory
drugs (NSAIDs), ibuprofen is one of the most frequently used NSAID
for the treatment of inflammation and pain related with rheumatoid ar-
thritis, osteoarthritis, dysmenorrhea, trauma and surgery [32-34], and it
is recommended by the World Health Organization for treating fever in
children [35]. However, this drug is a weak acid (pKa 4.5-4.6) with low
aqueous solubility and high permeability, so it is classified in the group 2
of the Biopharmaceutical Classification System (BCS) [36,37]. It has
short half-life (t;» ~2 h) and requires frequent oral administration of
immediate release dosage forms which can lead to severe adverse ef-
fects such as gastrointestinal bleeding and ulceration [32-34]. Although
few research groups have investigated the influence of chitosan-based
PECs on biopharmaceutical properties of ibuprofen to improve its
oral bioavailability [38] or to achieve colon-targeted drug delivery
[39], in these studies as anionic components of PECs were used syn-
thetic non-biodegradable polymers, such as methoxy poly(ethylene
glycol) methacrylate-co-poly(methylacrylic acid) [38] and poly(ethyl
acrylate-co-methyl methacrylate-co-trimethylammonioethyl methac-
rylate chloride) [39]. There are no PECs based on chitosan/xanthan
gum for oral delivery of ibuprofen described in the literature. Such
PECs can be investigated as potential biocompatible carriers for ex-
tended release of ibuprofen with the aim of reducing the frequency of
administration.

The aim of this study was to investigate the influence of formula-
tion factors (type of pH adjusting agent and pH value) on the forma-
tion of chitosan/xanthan PECs and their characteristics in aqueous
dispersions as well as in solid state. Additional goal was to analyse
the influence of the PECs on in vitro release kinetics of a model
drug substance ibuprofen, in a solid dosage form (hard capsule) for
oral administration.

2. Materials and methods
2.1. Materials

Medium molecular weight (190000-310,000 gmol~') chitosan
(Sigma Aldrich, USA) with a degree of deacetylation of 75-85% and vis-
cosity of 200-800 cps in concentration of 1% w/w in 1% w/w acetic acid,
was used as the cationic component of PECs. Xanthan gum
(Jungbunzlauer, Switzerland) was of pharmaceutical and food grade
and used as the anionic component of PECs. The viscosity of the xanthan
gum solution 1% w/w in 1% w/w KCl solution (Brookfield LVTD, spindle
4, 60 rpm at 25 °C) is 1300-1700 mPa-s. Ibuprofen ((2RS)-2-[4-(2-
Methylpropyl)phenyl]propanoic acid) (BASF, Germany) was a gift by
Galenika a.d. - Belgrade (Serbia). All other chemicals and reagents (hy-
drochloric acid (Sigma Aldrich, USA), acetic acid (Fisher Scientific, UK),
lactic acid (2-hydroxypropanoic acid) (Fagron, Inc., USA), sodium hy-
droxide (Sigma Aldrich, USA), potassium dihydrogen phosphate
(Centrohem, Serbia)) were of analytical grade. All substances were
used as received without further purification. Purified water (Ph. Eur.
9.0) was used throughout the study.

2.2. Methods

2.2.1. Preparation of chitosan solutions

Nine solutions of chitosan at a concentration of 0.65% w/v in purified
water were prepared under ambient conditions. The solutions differed
in terms of the acid used as well as the pH value. The pH was adjusted
up to 3.6, 4.6, or 5.6, by addition of hydrochloric acid (0.2 M), acetic
acid (1.5% v/v), or lactic acid solution (1% v/v). The final pH adjustment
of the solutions was achieved by adding 0.2 M sodium hydroxide solu-
tion where necessary. The pH value was checked by the pH meter HI
9321 (Hanna Instruments, USA). Prior to the measurements of the pH
value, the apparatus was calibrated with the standard buffer solutions
of pH 4.0 and 7.0. During the preparation, the chitosan solutions were
mixed on the mechanical stirrer (laboratory propeller mixer Heidolph
RZR 2020, Heidolph, Germany) for 24 h at 500 rpm, until homogeneous
solutions were obtained. The prepared chitosan solutions were stored at
5 + 3 °C (in a refrigerator) for 24 h prior to the preparation of PECs, in
order to achieve complete hydration of the polymer.

2.2.2. Preparation of xanthan gum solution

The xanthan gum solution was prepared at a concentration of 0.65%
wy/v by dissolving the polymer in purified water under ambient condi-
tions. The dissolution process was carried out on the laboratory propel-
ler mixer Heidolph RZR 2020 (Heidolph, Germany) at 500 rpm, until the
homogeneous solution was obtained. After preparation, the xanthan
gum solution was stored at 5 & 3 °C (in a refrigerator) for 24 h, to
allow hydration of the polymer, before the preparation of PECs.

2.2.3. Preparation of PEC dispersions

Nine PEC dispersions were prepared under ambient conditions by
combining the corresponding nine chitosan solutions with the xanthan
gum solution. Each chitosan solution was mixed with the xanthan gum
solution at a volume ratio 1:1 on the mechanical stirrer (propeller mixer
Heidolph RZR 2020, Heidolph, Germany) for 24 h at 800 rpm. In 200 ml
of the chitosan solution, 200 ml of the xanthan solution was added in
portions of 20 ml. The prepared PEC dispersions were named in accor-
dance with the acid and the initial pH value of the chitosan solution
used as: H3.6, H4.6, and H5.6 (for the PECs prepared with hydrochloric
acid); A3.6, A4.6, and A5.6 (for the PECs prepared with acetic acid); L3.6,
L4.6, and L5.6 (for the PECs prepared with lactic acid). The prepared PEC
dispersions were stand for 24 h at 5 4- 3 °C (in a refrigerator) prior fur-
ther characterization.

2.2.4. Characterization of PEC dispersions

In order to confirm the formation of PECs based on ionic interactions
between the polymers, conductivity was monitored to characterize the
charge variations during the mixing of the polymer solutions. Also, pH
of the obtained PEC dispersions was checked, and their rheological be-
haviour was characterized.

2.2.4.1. Conductivity monitoring during PECs formation. Initial conductiv-
ity of the chitosan solutions was measured using the conductivity meter
CDM 230 (Radiometer, Denmark), under ambient conditions. Also, after
each added amount of 20 ml of the xanthan gum solution to 200 ml of
each chitosan solution, and 5 min of mixing, conductivity of the disper-
sion was measured. The conductivity meter was calibrated before mea-
surements using 0.01 M potassium chloride solution.

2.2.4.2. pH measurement of PEC dispersions. For each PEC dispersion, after
the addition of the total amount of xanthan gum solution to the chitosan
solution, pH was measured using pH meter HI 9321 (Hanna Instru-
ments, USA), previously calibrated with the standard buffer solutions
of pH 4.0 and 7.0.

2.24.3. Rheological characterization of PEC dispersions. Prior the rheolog-
ical characterization, the prepared PEC dispersions were washed with
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purified water. The excess liquid was removed by filtration and PECs
with a consistency of semisolid hydrogels were obtained. Measure-
ments were carried out on a rotational and oscillatory rheometer
Rheolab MC 120 (PaarPhysica, Austria) coupled with the rotating cylin-
der measuring device Z3 DIN (25 mm) at 20 4 0.1 °C. The controlled
shear rate (CSR) procedure was applied for flow curve construction by
increasing the shear rate from 0 to 100 s~ ! and back to 0 s~ !, with
each stage lasting for 400 s. In order to elucidate the interactions be-
tween the polymers in the PEC dispersions, for comparison, the rheolog-
ical characterization was also performed under the same conditions in
the solutions of the individual polymers used for PECs preparation.

2.2.5. Drying of PEC dispersions

Thin layers of the semisolid PECs were poured into Petri dishes and
dried under ambient conditions (at 20 + 3 °C) until the mass of the
dry films was constant. The dry films were grinded and the resulting
powders passed through the sieve with a mesh size of 355 pm (Ph.
Eur. 9.0) to remove large pieces of the grinded film from the particles.
The dried grinded PEC samples were stored in the desiccator and used
for solid state characterization.

2.2.6. Characterization of dried PECs

Characterization of the dried (solid state) PECs included: determina-
tion of yield and moisture content, light microscopy, scanning electron
microscopy (SEM), differential scanning calorimetry (DSC) analysis,
Fourier-transform infrared spectroscopy (FT-IR) analysis, and powder
X-ray diffraction (PXRD) analysis. In order to elucidate the interactions
between the polymers in the dried PECs and compare with the pure
polymers, SEM, DSC, FT-IR, and PXRD analysis were performed also for
pure chitosan, xanthan gum, and their physical mixture. Moreover, rhe-
ological behaviour of the PEC dispersions after rehydration, was
investigated.

2.2.6.1. Yield of dried PECs. After preparation, drying, grinding and siev-
ing, the mass of dried PECs was measured on AE 240 single pan balance
(Sartorius, Germany) and the yield was calculated as shown in the
Eq. (1):

Yield (%) = weight of dried PEC (g) (1)
/[weight of chitosan (g) + weight of xanthan gum (g)]
-100

The total weight of chitosan and xanthan gum used for the prepara-
tion of PECs was defined as 100%.

2.2.6.2. Moisture content in dried PECs. The residual moisture content in
dried PECs was determined gravimetrically using the LJ16 halogen
moisture analyser (Mettler Toledo, Switzerland) by heating the samples
up to 105 °C until constant mass was reached.

2.2.6.3. Light microscopy. The dispersions of the grinded and sieved dried
PECs in silicone oil were examined by the Olympus BX51P polarizing
microscope (Olympus, Japan) with cellSens Entry software. In accor-
dance with the irregular shape of the plate particles, their maximum
length is considered.

2.2.6.4. SEM. A thin conductive layer of gold was applied to the dried PEC
samples using SCD 005 Cool Sputter Coater (Bal-Tec, Germany) and
photomicrographs were recorded in high vacuum at 5 kV using a scan-
ning electron microscope JSM-6390LV (JEOL, Japan).

2.2.6.5. DSC analysis. The DSC analysis was carried out using the DSC 1 in-
strument (Mettler Toledo, Switzerland). Accurately weighted
(5-10 mg) samples were crimped in a standard 40 pl aluminium pan
and heated from 25 °C to 360 °C at a heating rate of 10 °C/min, under

a constant nitrogen flow rate of 50 ml/min. The empty sealed pan was
used as a reference.

2.2.6.6. FT-IR analysis. The attenuated total reflectance (ATR) FT-IR spec-
tra were recorded using a Nicolet iS10 FT-IR Spectrometer (Thermo
Fisher Scientific, USA) in the wavelength range between 4000 and

400 cm™! with a resolution of 4 cm ™.

2.2.6.7. PXRD analysis. PXRD analysis was carried out on Bruker D8 ad-
vance diffractometer (Bruker, Karlsruhe, Germany) in Bragg-Brentano
0-260 geometry, using Ge-crystal primary monochromator (Johanson
type) that generates CuKa1 radiation (N = 1.541 A). Diffraction data
were recorded in the 26 range from 5 to 45° with a scan step of 0.05°
and holding time of 12 s.

2.2.6.8. Rheological characterization of dried PECs after rehydration. Sam-
ples for rheological measurements were prepared by dispersing the
dried PECs in phosphate buffer pH 7.2 (USP) and at a concentration of
2% w/v which corresponded with the concentration of PECs in the dis-
persions before drying. Dispersion process was carried out on a Shaking
Water Bath LSB18 Aqua Pro (Grant, UK) for 10 h at 37 4 1 °C and agita-
tion rate of 100 rpm. Continuous rheological characterization was per-
formed at 37 4+ 0.1 °C on a rotational and oscillatory rheometer,
Rheolab MC 120 (Paar Physica, Austria), coupled with the rotating cylin-
der measuring device Z3 DIN (25 mm). The CSR procedure was per-
formed by increasing a shear rate from 0 to 100 s~ ! and back to 0 s™!
(each stage lasting for 400 s).

2.2.7. In vitro ibuprofen release testing

To evaluate the influence of the PECs as well as the PEC-to-drug mass
ratio on ibuprofen release kinetics, physical mixtures of the dried PECs
with ibuprofen were prepared (without solvent) at two mass ratios
(1:1 and 1:2). Additionally, for comparison, physical mixtures of the
pure polymers (chitosan or xanthan gum) or chitosan+xanthan gum
physical mixture (at a mass ratio 1:1), with ibuprofen, were prepared
at two mass ratios (1:1 and 1:2) and investigated under the same con-
ditions. The mixtures were filled into hard gelatine capsules size 1
(Capsugel®, USA) in an amount comprising 100 mg of ibuprofen,
which corresponds to the lowest strength of this drug in commercially
available solid dosage forms for the oral administration as well as the
usual single therapeutic dose for paediatric administration [40]. The
in vitro release of ibuprofen was investigated in the rotating paddle ap-
paratus, Erweka DT70 (Erweka, Germany), at 50 rpm, using 900 ml of
the compendial medium for ibuprofen solid dosage forms (phosphate
buffer pH 7.2 (USP)), at 37 & 1 °C. The small volumes (roughly 4 ml)
of the acceptor medium were sampled during the period of 10 h at
fixed time intervals (15, 30, 45, 60, 90, 120, 180, 240, 300, 360, 420,
480, 540 and 600 min), and immediately replaced by equal amount of
fresh buffer solution. The concentration of ibuprofen in the collected
samples was determined on Evolution 300 spectrophotometer (Thermo
Scientific, USA) at the wavelength of maximum absorption of the drug
(221 nm). The test was performed in triplicate for each sample and
the results are shown as the mean of the released amount of the drug
substance + standard deviation (S.D.). Mathematical models applied
to the obtained data were zero order, first order, Higuchi and
Korsmeyer-Peppas Kinetics are shown by the Egs. (2)-(5):

Model Equation

Zero order kinetics Q=ky-t (2)
First order kinetics InM = InMy — k; - t (3)
Higuchi kinetics Q=ky-t"? (4)
Korsmeyer-Peppas kinetics Q=k-t" (5)

where M is non-dissolved amount of the drug after time t, M, non dis-
solved amount of the drug at the beginning of the dissolution process,
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Qis the amount of the drug dissolved after time t, n is diffusion exponent
indicative of the mechanism of transport of drug, and kg, k;, ky and k are
release rate constants for zero order, first order, Higuchi and Korsmeyer-
Peppas kinetic models, respectively.

Fitting the data into these mathematical models was performed by
using the software DDSolver developed by Zhang et al. [41].

Additionally, mutual comparison of the drug release profiles was
carried out by model-independent approach. Similarity (f>) and differ-
ence (f;) factors were used for the comparison of profiles
(Egs. (6) and (7)) [42]:

Xt R-Te |
fi= ST R 100 (6)
1 —0,5
f, =50 log{ {1 +EZ?:](Rf—Tt)2} .100} (7)

where n represents number of samples, R; is released amount of the
drug (%) in time point t (reference/sample 1), and T; is released amount
of the drug (%) in time point t (test/sample 2).

The investigated release profiles can be considered similar if 50 < f,
<100 and 0 < f; <15 [42].

3. Results and discussion

The prepared PECs were characterized during their formation as
well as in solid state. Moreover, the solid PECs were combined with ibu-
profen and filled into the hard capsules for in vitro drug release
evaluation.

3.1. Formation of the PECs in the mixtures of the solutions of chitosan and
xanthan gum

The appearance of the solutions of chitosan and xanthan gum was
checked just before they were used for preparation of the PEC disper-
sions. All solutions were homogeneous opalescent viscous liquids. It
was observed that acetic acid as a pH adjusting agent produced less
opalescent chitosan solutions compared with those prepared with hy-
drochloric acid, due to higher solubility of this polymer in solutions of
organic acids than in inorganic acids [43]. Solutions prepared with lactic
acid were also more opalescent than those prepared with acetic acid,
but less opalescent compared to chitosan solutions prepared with hy-
drochloric acid. Moreover, the appearance of foam on the surface of
the chitosan solutions prepared with lactic acid was noted, which did
not disappear even 24 h after the completion of the mixing. For all

acids, the chitosan solutions at pH 3.6 were less opalescent than at
pH 4.6 and 5.6. This observation was related with the decrease of solu-
bility of chitosan with the increase of pH value and thus increase in
ionic strength of the dispersing media, as also reported by Singla and
Chawla [44].

The prepared PECs were opalescent semisolid hydrogels. In case of
lactic acid, microbiological contamination with visible fungal growth
in the PEC hydrogels took place within 48 h, even though they were
kept in the refrigerator. For that reason lactic acid was not considered
suitable for pH adjustment of chitosan dispersions and the correspond-
ing PECs (L3.6, L4.6, and L5.6) were excluded from the study.

The obtained curves of conductivity as a function of the volume of
the xanthan gum solution added during formation of the PECs contain-
ing hydrochloric acid and acetic acid are presented in Fig. 1a.

The initial conductivity values of the starting chitosan solutions were
first compared. For solutions prepared with hydrochloric acid, the initial
conductivity was observed to decrease with increasing pH. The highest
initial value of conductivity in chitosan solution at pH 3.6 could be ex-
plained by hydrochloric acid's complete dissociation to hydrogen and
chloride ions in aqueous solution. That resulted in a higher amount of
free charge originating from both ions. For two chitosan solutions with
higher pH (4.6 and 5.6), probably the larger amount of hydrogen ions
protonated the amino groups of chitosan, while free chloride ions
were predominantly responsible for the conductivity, thus the number
of free charge carriers was decreased. Very recently, Wu and Zhang
[45] came up with similar conclusions for conductivity of chitosan solu-
tions in hydrochloric acid. In case of the chitosan solutions comprising
acetic acid, the highest initial conductivity was at pH 4.6, while it was
significantly lower at pH 3.6 and the lowest at pH 5.6. In this case, the
low conductivity at pH 3.6 could be explained by suppression of disso-
ciation of weak acetic acid by increasing its concentration [46], thus de-
creasing the amount of hydrogen and acetate ions as charge carriers.

In all cases the continuous reduction in conductivity, along with the
increase in pH, was observed during the addition of the xanthan gum
solution into the chitosan solutions. In PECs prepared with hydrochloric
acid the conductivity value decreased from 1.991 mS/cm (before the ad-
dition of the xanthan gum solution) to 1.053 mS/cm (after the addition
of the complete amount of the xanthan gum dispersion) for H3.6. Also,
the conductivity decreased from 1.604 mS/cm to 0.937 mS/cm for H4.6,
while the minimal effect upon the addition of xanthan gum solution on
the conductivity decrease was observed for H5.6 (from 0.699 mS/cm to
0.662 mS/cm). In PECs prepared with acetic acid, the decrease in con-
ductivity was in a relatively narrow range from 1.456 mS/cm to 1.169
mS/cm for A3.6, and from 1.412 mS/cm to 0.936 mS/cm for A5.6. The
highest initial conductivity value and decrease (from 2.227 mS/cm to
1.462 mS/cm) were observed for A4.6. The conductivity measurements

Fig. 1. Characteristics of PEC dispersions containing hydrochloric acid or acetic acid: a) conductivity of the PEC dispersions as a function of the volume of the xanthan gum solution added
into the chitosan solutions; b) hysteresis loops of the PEC dispersions (the standard deviation values were <10% of the mean values and the corresponding deviation bars were omitted for

clarity).
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were carried out without the addition of salts (counter-ions), thus the
decrease in the conductivity values during the addition of xanthan
gum solution in the chitosan solution could be explained by reduction
in the amount of free charge due to the establishment of ion interactions
between the polymers, that was also reported by Acar and Tulun [47],
Dautzenberg and Karibyants [48] and Tennouga et al. [49]. Also, as sug-
gested by De Robertis et al. [2], the first step in PECs formation is the es-
tablishment of Coulomb forces between oppositely charged polymers,
the second step is the formation of new connections to achieve appro-
priate spatial conformation of the complex, while the third step involves
the stabilization of the resulting PEC, primarily by the establishment of
hydrophobic interactions between polymer chains.

For all PEC dispersions, the final pH value was increased relative to
the initial values in the corresponding chitosan solution (Table 1).

An increase in the pH value after the addition of the entire amount of
xanthan gum solution was expected since the pH of the xanthan gum
solution was 6.09. In addition, an increase in total volume resulted in de-
crease in the concentration of hydrogen ions.

The pH increase during the PECs formation was more noticeable
when hydrochloric acid was used as pH adjusting agent, likely because
of the lower buffer capacity of the investigated dispersions in compari-
son with those prepared with acetic acid. For PEC formation, both poly-
mers, chitosan and xanthan gum, should be ionized. As already
demonstrated, the pH value of the reaction medium should be between
the pKa values of both polymers (i.e., between 3.1 and 6.5) [21,25]. The
final pH values in all PEC dispersions were in the range from 3.78-5.90
(Table 1), so this request for PECs formation was fulfilled in all cases.

In order to elucidate the strength and extent of interactions in the
prepared PECs, rheological characterization was performed. Upward
and downward flow curves of the PEC dispersions are shown in
Fig. 1b. The hysteresis loop between the flow curves for the investigated
PECs showed pseudo-plastic flow behaviour with thixotropy. Thixot-
ropy was estimated by calculating the hysteresis area. The values of
maximal apparent viscosity (Tmax), minimal apparent viscosity (Mmin)
and hysteresis area (H) for the PEC dispersions are shown in Table 2.

Additionally, rheological behaviour of the individual polymer solu-
tions was characterized. The xanthan gum solution showed pseudo-
plastic flow behaviour with M.« value of 0.449 Pa-s and Ty, value of
0.13 Pa-s. All chitosan solutions have also showed pseudo-plastic be-
haviour with thixotropy with 1.« values from 0.0459 Pa-s (for chito-
san solution prepared with acetic acid at pH 3.6) to 0.0629 Pa-s (for
chitosan solution prepared with hydrochloric acid at pH 5.6) and Mmin
values from 0.0124 Pa-s (for chitosan solution prepared with acetic
acid at pH 3.6) to 0.0354 Pa-s (for chitosan solution prepared with hy-
drochloric acid at pH 5.6). The chitosan solution prepared with the
strong hydrochloric acid had also higher values of hysteresis area
(23.91-982.82 Pa/s) compared to those prepared with weak acetic
acid (10.43-161.45 Pa/s). This result was in accordance with previous
observation that chitosan dissolves better in acetic acid compared to hy-
drochloric acid solutions. Due to the higher solubility of chitosan in
acetic acid, the extent of interactions between the chains of this polymer
itself and the hysteresis area were lower than in the solutions with hy-
drochloric acid. This could indicate that chitosan in acetic acid solution
were probably more accessible to interactions with xanthan gum than
chitosan in hydrochloric acid solutions.

It has been observed that all PEC dispersions had higher values of ap-
parent viscosities in comparison to the solutions of individual polymers.

Table 1

Values of pH of the PECs dispersions prepared with hydrochloric acid and acetic acid.
PEC dispersions containing pH PEC dispersions containing pH
hydrochloric acid acetic acid
H3.6 4.54 A3.6 3.78
H4.6 5.05 A4.6 4.76
H5.6 5.90 A5.6 5.70

Table 2

Maximal apparent viscosity (T)max at 22.2 s~'), minimal apparent viscosity (T)min at
100 s—') and hysteresis area (H) for the PEC dispersions prepared with hydrochloric
and acetic acid.

PEC dispersion Nmax (Pa-s) Nmin (Pa-s) H (Pa/s)
H3.6 2.08 + 0.04 0.660 + 0.021 562.39
H4.6 1.69 + 0.02 0.519 4 0.036 117.78
H5.6 1.09 + 0.01 0.291 + 0.025 412.88
A3.6 4.04 £ 0.03 1.200 + 0.043 1464.86
A4.6 2.98 +0.03 0.896 + 0.037 951.42
A5.6 2.40 + 0.05 0.778 + 0.020 78.42

Also, the thixotropy of the PEC dispersions was significantly higher in
comparison to individual polymers solutions. These results clearly con-
firmed the establishment of interactions between the polymers in PECs.
Higher apparent viscosity and hysteresis area values of PECs correspond
with higher strength of ionic interactions between the polymers and
more structured systems. As the shear stress increases, the non-
covalent polymer interactions break progressively, while the polymer
chains remain intact. As shown by pronounced hysteresis, the bonds be-
tween the polymers can re-establish, leading to the neglectable perma-
nent deformation [28,50-52].

The results in Table 2 showed that the PECs prepared with acetic acid
had higher apparent viscosities than ones prepared with hydrochloric
acid. That indicated the higher interaction strength in PEC dispersions
with acetic acid, which was expected from the results of the rheological
characterization of chitosan solutions.

For both acids was observed the decrease of apparent viscosities
values of the PECs, with increase of pH (Table 2). That indicated that
in both cases there was a decrease in the strength of the interactions be-
tween chitosan and xanthan gum, with increasing pH. Hysteresis area
values for the PECs prepared with acetic acid ranged from 78.42 Pa/s
to 1464.86 Pa/s (Table 2). Lower variations of the hysteresis area values
between 117.78 Pa/s and 562.39 Pa/s were observed for the PEC disper-
sions prepared with hydrochloric acid. Therefore, the obtained results
clearly indicated that the strength and extent of interactions in the in-
vestigated PECs were significantly influenced by pH and acid selection.
The highest interaction extent between chitosan and xanthan gum in
the investigated PEC dispersions was noticed in A3.6, and the lowest
in H5.6.

3.2. Characteristics of the PECs in solid state

When the PEC semisolid hydrogels were dried, the transparent
xerogel films were obtained. Precipitation of chitosan was observed in
H5.6, while this phenomenon was not noted in other PECs comprising
hydrochloric acid as well as in the PECs prepared with acetic acid
(Fig. A.1). The results of conductometric and rheological characteriza-
tion indicated the weakest interactions between chitosan and xanthan
gum in this sample. Also, the final pH value of H5.6 dispersion, after
the addition of the xanthan gum solution, was 5.90. This value was
near the pKa value of chitosan, so the cationic charge of chitosan prob-
ably decreased, which resulted in its precipitation during drying
process.

The yield values and residual moisture content of the dried PECs are
shown in Table 3.

Table 3
Yield values and residual moisture content of the dried PECs.

PEC Yield (%) Moisture content (%)
H3.6 23.26 + 3.32 10.43
H4.6 22.10 + 4.84 10.14
H5.6 39.75 + 6.07 10.08
A3.6 37.44 + 3.21 10.50
A46 33.19 + 2.76 10.97

A5.6 34.62 + 294 10.76
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The yield of PECs prepared with acetic acid was 33.19-37.44%. The
yield of H3.6 and H4.6 was significantly lower. The yield of H5.6 was
the highest, however, the precipitation of chitosan in this PEC was no-
ticed, which increased the results relative to the actual value of the
yield. Therefore, the yield in the presence of acetic acid may be consid-
ered higher than when hydrochloric acid is used as the pH adjusting
agent, again in accordance with the higher extent of interactions be-
tween chitosan and xanthan gum in the presence of acetic acid observed
during the formation of the PECs. For the same reason, the pH had a
lower impact on the yield of the samples with acetic acid. The moisture
content of roughly 10% was observed in all PECs. It was ascribed to the
passive drying process under ambient conditions as well as generally
high hygroscopicity of PECs [53-55]. However, moisture content in
the formulated PECs was significantly lower than near 20% in PECs

dried at 38 °C for 18 h reported by De Morais Lima et al. [56]. The
lower moisture content could be important for better microbiological
stability of the dried PECs.

The films were grinded into powders and sieved through a sieve of
mesh size 355 pm to remove coarse particles. In Fig. 2 are shown micro-
graphs of the investigated grinded samples by using the light polarizing
microscope. The largest particle length was 326 um for A3.6, 329 pm for
A4.6 (Fig. A.2), and 172 um for A5.6 (Fig. A.3). The largest particle length
of H3.6 was 355 um, of H4.6 219 um, and of H5.6 125 pm. The observed
maximum particle length differences could be related to the different
resistance among the PECs to grinding. Different resistance to grinding
could be the consequence of differences in strength and extent of
ionic interactions between the polymers, as demonstrated during the
rheological characterization of the PEC dispersions. The higher extent

Fig. 2. Light microscopy micrographs of the dried PECs.
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of interactions in PECs A3.6, A4.6, and H3.6 most likely provided greater
cohesiveness after drying and higher resistance during grinding, thus
these samples contained even the largest particles that could pass
through the sieve 355. In PECs A5.6 and H4.6, a lower extent of interac-
tions between the polymers was observed, which probably resulted in
lower cohesiveness after drying, and the lower maximum particle
length was obtained during grinding. In H5.6, where the least cohesive-
ness was expected, the smallest maximum particle length (up to 125
um) was obtained after grinding.

Fig. 3 shows SEM photomicrographs of chitosan, xanthan gum, their
physical mixture and the dried PECs.

The obtained photomicrographs showed flaky shape of chitosan par-
ticles and oval shape of xanthan particles, which can also be visualised
on the photomicrograph of their physical mixture. On the other hand,
all PECs had plate shape particles with the compact nonporous structure
comprising collapsed planar sheets (Fig. 3). The observed structure of
the PECs can be explained by the “plane by plane” superficial water
evaporation and the collapse of the PECs during the drying process, as
recently was suggested by Conzatti et al. [57] for alginate/chitosan
PECs that were dried with hot air at 50 °C.

The DSC thermograms of chitosan, xanthan gum, their physical mix-
ture and PECs are shown in Fig. 4a.

Scans of both polymers showed a broad endothermal peak with the
maximum at 105.97 °C for chitosan and 112.36 °C for xanthan gum.
Also, the polymers showed a broad exothermal peak with the

maximum at 302.56 °C (chitosan) and 283.86 °C (xanthan gum). As ex-
pected, the physical mixture of the polymers showed also a broad
endothermal peak (with the maximum at 109.09 °C) and a broad exo-
thermal peak (with the maximum at 301.22 °C). The PECs prepared
with hydrochloric acid showed the endothermal peak with the maxi-
mum at 112.16 °C (H3.6), 116.41 °C (H4.6), and 112.83 °C (H5.6), and
the exothermal peak with the maximum at 284.77 °C (H3.6), 284.79
°C (H4.6), and 284.5 °C (H5.6). The PECs prepared with acetic acid
showed the endothermal peak with the maximum at 111.17 °C (A3.6),
109.83 °C (A4.6) and 110.17 °C (A5.6), and the exothermal peak with
the maximum at 285.85 °C (A3.6), 281.17 °C (A4.6 and A5.6). All
endothermal peaks of the PECs were related to residual moisture evap-
oration. Therefore, the DSC analysis coincides with the results of the
moisture content measurement. The exothermal peaks were related to
degradation of polymers, their physical mixture as well as PECs. Non-
crystalline structure of all investigated samples (PECs, chitosan, xanthan
and their physical mixture) was also confirmed, due to the absence of
sharp peaks (characteristic for crystalline materials) in the thermo-
grams. Glass transition temperatures of all investigated samples found
in literature were in the range from 100 to 120 °C [27]. We assume
that glass transition temperatures of chitosan, xanthan gum, their phys-
ical mixture, and PECs, were covered by peaks corresponding to water
evaporation. No additional peaks were observed in the thermograms
of the investigated PECs, different from the pure polymers and their
physical mixture, thus the DSC analysis confirmed the formation of

Fig. 3. SEM photomicrographs of chitosan, xanthan gum, chitosan/xanthan physical mixture and the dried PECs.
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Fig. 4. Characterization of chitosan, xanthan gum, chitosan/xanthan physical mixture and the PECs in solid state: a) DSC thermograms, b) FT-IR spectra, and ¢) PXRD spectra.

PECs for both acids and the three pH values based exclusively on phys-
ical (ionic, hydrogen bonds) interactions between chitosan and
xanthan.

Fig. 4b shows FT-IR spectra of the investigated dried PECs as well as
chitosan and xanthan gum powders and the physical mixture chitosan/
xanthan gum at mass ratio 1:1. Obtained FT-IR spectra of the dried PECs,
chitosan, xanthan gum, and their physical mixture showed absorption
bands around 3300 cm ™', typical for -O-H stretching vibrations, and
around 2900 cm ™!, which is common for ~C-H stretching vibrations.
The spectra of the dried PECs showed the absence of absorption bands
characteristic for amines in the structure of chitosan: 1652.23 cm™!
for -C=0 stretching vibrations (amide ), 1564.43 cm™! for -N-H bend-
ing vibration (amide II), 1374.98 cm~! and 1312.84 cm™! for amide III
and minor shifting of absorption bands of carboxylic groups in the struc-
ture of xanthan: 1604.26 cm ™~ (asymmetrical vibrations of carboxylic
group) and 1402.16 cm~! (symmetrical vibrations of carboxylic
group), that could be the consequence of ionic interactions between
the polymers. The absence of new absorption bands, different from
the spectra of the individual polymers, confirmed that no chemical reac-
tions occurred between the polymers i.e., only physical interactions
were established in the investigated PECs. It was considered that the in-
tensity of peaks could be correlated to ionic interactions intensity.
Lower peak intensity (higher transmittance value) was detected when
a higher percentage of characteristic functional groups of chitosan and
xanthan gum interacted with each other (functional groups were not
free to absorb the IR signal, but the established interactions led to a

decrease in absorbance, i.e., an increase in the transmittance value), as
also previously reported by Dehghan and Kazi [27] and Popa et al.
[29]. Therefore, the highest degree of interactions was observed be-
tween chitosan and xanthan in dry PECs A3.6, A4.6, and H3.6.

Fig. 4c shows the PXRD spectra of the investigated dried PECs, chito-
san and xanthan gum powders and the chitosan/xanthan physical mix-
ture in polymer mass ratio 1:1. The diffraction pattern of chitosan
showed two broad peaks at 26 = 9.57° and 20.33° indicating its amor-
phous structure. In the diffraction spectra of xanthan gum one sharp
peak at 26 = 9.48° and one broad peak at 19.83° demonstrated the
semi-crystalline structure of xanthan gum. The diffraction patterns of
the pure polymers coincided well with the results of Chen et al. [58],
Lankalapalli and Kolapalli [59] and Minkal et al. [60]. The diffraction pat-
tern of the physical mixture showed the spectra similar with chitosan,
probably due to the overlapping of the sharp xanthan gum peak with
the wide peak that originates from chitosan at similar 26 values. X-ray
diffraction spectra of PECs indicated semi-crystalline structure (for
A3.6, A5.6, H4.6, and H5.6) with a sharp peak around 9.5° and a broad
peak around 20°, or amorphous structure (for A4.6 and H3.6), with
one broad peak around 20°. The lower intensity of sharp peaks or
their absence in the PECs compared to the xanthan gum diffractogram,
indicated the ionic interaction formation between protonated amino
and deprotonated carboxyl group. The obtained results confirmed the
formation of PECs with different degrees of crystallinity depending on
the choice of pH value and pH adjusting agent used for their
preparation.
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Fig. 5. Hysteresis loops of the rehydrated PECs in phosphate buffer pH 7.2 (the standard
deviation values were <10% of the mean values and the corresponding deviation bars
were omitted for clarity).

The dried PECs were completely rehydrated in phosphate buffer
pH 7.2 after 10 h. Hysteresis loops for the investigated rehydrated
PECs are shown in Fig. 5. Table 4 shows the values for Mmin, max and H.

The hydrogels obtained by rehydration of the dried PECs were also
pseudo-plastic non-Newtonian systems with thixotropy. Changes in
the pH of the dispersions could potentially influence the establishment
and strength of ionic interactions between chitosan and xanthan gum.
In weak alkali (phosphate buffer), carboxyl groups of xanthan gum are
completely deprotonated and negatively charged. Negative charge of
xanthan gum and the repulsion of polymer chains resulted in high
amount of water bounded, while chitosan was partially positively
charged and it was expected that >50% of amino groups are protonated
at pH values below 6.3. Therefore, chitosan chains are available for en-
hanced interactions with surrounding xanthan gum chains by ionic
and/or hydrogen bonds [26]. When PECs rehydrated in phosphate
buffer, the apparent viscosity was also higher for PECs comprising acetic
acid as well as at lower pH. However, the opposite impact of pH on thix-
otropy has been noticed (Table 4) (i.e., the H values were higher as pH of
the PECs increased). With both acids the increase in swelling ability of
PECs has been noticed with increasing initial pH. Since previous solid
state characterization of PECs showed the strongest interactions in
A3.6 and H3.6, it was expected that PECs with stronger interactions be-
tween chitosan and xanthan gum had lower rehydration capacity. These
PECs interact less with the buffer, so the smaller is the total extent of in-
teractions in the dispersion. PECs with lower extent of interactions be-
tween the polymers (especially H5.6 and A5.6), rehydrate more
readily and have a higher extent of interactions with the buffer as well
as the higher corresponding H value. The observed significant difference
in phosphate buffer rehydration capacity of the investigated PECs, may
affect the release kinetics of the drug substance.

Table 4
Maximal apparent viscosity (Nmax) (at 22.2 s~'), minimal apparent viscosity (Tmin) (at
1005~ "), and hysteresis area (H) for the investigated PECs rehydrated in phosphate buffer
pH7.2.

PEC Nmax (Pa~s) TNmin (Pa~s) H (Pa/s)
H3.6 2.90 + 0.03 0.715 £ 0.026 81.18
H4.6 1.24 £+ 0.01 0.409 + 0.018 197.65
H5.6 1.28 £ 0.02 0.446 + 0.019 684.18
A3.6 2.96 + 0.04 0.789 £ 0.035 300.29
A4.6 2.45 + 0.03 0.658 + 0.028 515.15
A5.6 1.24 +0.01 0.419 £+ 0.013 800.37

3.3. In vitro ibuprofen release

Fig. 6 shows drug release profiles of ibuprofen from the hard cap-
sules filled with the mixtures of the investigated PECs (prepared with
both hydrochloric and acetic acid), the pure polymers or their physical
mixture (1:1), with the drug substance in mass ratios 1:1 and 1:2.

Model dependent analysis of the obtained ibuprofen release profiles
was used to elucidate the impact of the PECs on the drug release kinetics
(Table B.1).

In the samples comprising pure chitosan, at both mass ratios, imme-
diate drug release was observed. For mass ratio 1:1100% of ibuprofen
was released after 30 min (Fig. 6). For mass ratio 1:2 the active sub-
stance was completely released in first 15 min (Fig. 6). The results dem-
onstrated that the drug release rate was dependent only on ibuprofen
concentration, and increased as the drug content increased, while the
presence of chitosan did not affect this process. The later observation
was related with the fact that the polymer is not protonated at pH 7.2.

Fig. 6. Ibuprofen release profiles from the hard capsules filled with the drug combined
with: chitosan, xanthan gum, chitosan/xanthan gum physical mixture, and the PECs.
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For the capsules comprising ibuprofen and pure xanthan gum, ex-
tended drug release has been noticed at both mass ratios. At 1:1 mass
ratio 17.56% of ibuprofen was released after 60 min, and 61.39% after
10 h. The drug release followed the Korsmeyer-Peppas model, which is
typical for polymer-based carriers with high swelling ability. Consider-
ing n value (Table B.1), it was assumed that mechanism of ibuprofen re-
lease was a combination of swelling, erosion and diffusion (0.5<n<1)
[30,61,62]. However, when ibuprofen content prevailed (at mass ratio
1:2) 30.05% of ibuprofen was released after 60 min and 70.99% after
10 h, with n < 0.5, thus a modified Fickian diffusion mechanism was as-
sumed (i.e., the influence of the polymer was suppressed).

The presence of physical mixture also enabled extended release of
ibuprofen. After 10 h 72.36% (mass ratio 1:1) and 71.17% (mass ratio
1:2) ibuprofen was released. Higher amounts of drug released in the
presence of chitosan/xanthan gum physical mixture, compared to
pure xanthan, could be explained by influence of chitosan, which has
disintegrant properties [63]. Moreover, for mass ratio 1:1, ibuprofen re-
lease followed Higuchi's kinetic which describes the release of the drug
by the Fickian diffusion process through the hydrated and swollen poly-
mer matrix in an aqueous medium during the test [62]. In case of mass
ratio 1:2 ibuprofen release followed Korsmeyer-Peppas kinetics with n <
0.5 (Table B.1), indicating modification of the Fickian diffusion mecha-
nism when the drug fraction was higher in comparison with the mix-
ture of two polymers.

In presence of H3.6 after 60 min was released 90.99% of ibuprofen (at
mass ratio 1:1) and 78.51% (at mass ratio 1:2). For mass ratio 1:1 ibu-
profen release followed the first order kinetics where the drug release
mechanism depends on its concentration as well as the presence of
the PEC, while at mass ratio 1:2 the drug release followed the
Korsmeyer-Peppas model with n value near zero i.e., the PEC has only
small influence on ibuprofen release. H3.6 rehydrates the fastest, swells
and disperses in the medium, with minimal or no limitation on the re-
lease rate and dissolution of ibuprofen. For other PECs prepared with
hydrochloric acid, amount of ibuprofen released after 10 h was 67.26%
(H4.6; mass ratio 1:1), 80.17% (H4.6; mass ratio 1:2), 48% (H5.6; mass
ratio 1:1), 50.67% (H5.6; mass ratio 1:2), and all followed the
Korsmeyer-Peppas model as carriers with high swelling ability. At both
mass ratios n value of H4.6 was <0.5, while for H5.6 was (0.5 <n <1).
The change in the release kinetics model and the decrease in the
amount of released ibuprofen in these PECs could be associated with dif-
ferences in their thixotropy after rehydration in phosphate buffer, ob-
served during rheological characterization (Table 4). The increase in
the extent of interactions in rehydrated PECs in the H3.6 < H4.6 < H5.6
series has led to an increase in the effect of PEC on the release mecha-
nism and the reduction in the ibuprofen release rate.

In acetic acid based PECs, extended release of ibuprofen was
achieved in all cases except with A3.6 at mass ratio 1:2 where immedi-
ate release with 90.55% of the drug released after 60 min was observed.
Amount of ibuprofen released after 10 h from other PECs was: 78.18%
(A3.6, mass ratio 1:1), 64.84% (A4.6, mass ratio 1:1), 71.10% (A4.6,
mass ratio 1:2), 56.84% (A5.6; mass ratio 1:1), 67.75% (A5.6, mass
ratio 1:2). Release of ibuprofen followed Korsmeyer-Peppas release ki-
netics with n < 0.5 which was related with modified Fickian diffusion.
The values of the diffusion coefficient n were similar which indicated
that the PECs prepared with acetic acid extend the release and ibupro-
fen dissolution rate. The rate of release and the amount of released ibu-
profen were to a lesser extent influenced by the PEC-to-ibuprofen mass
ratio compared to PECs prepared with hydrochloric acid. Only A4.6 and
A5.6 could be considered as extended release carriers for ibuprofen re-
lease was unaffected significantly by the PEC-to-ibuprofen mass ratio.

Model independent analysis (calculating the values of difference fac-
tor (f;) and similarity factor (f>) for each tested pair of the release pro-
files) was used to examine difference and similarity of ibuprofen
release profiles in presence of the investigated PECs (Table B.2). The in-
vestigated release profiles can be considered similar if 50 < f> < 100 and
0 < f; <15 [42]. Ibuprofen release profiles with H4.6 and A4.6 at mass

ratio 1:1 and H3.6 and A3.6 at mass ratio 1:2 could be considered simi-
lar. Results indicated that choice of the acid for PECs preparation, partic-
ularly at pH 3.6 and 5.6 (mass ratio 1:1) as well as at pH 4.6 and 5.6
(mass ratio 1:2) influence significantly the drug dissolution rate. PECs
prepared with hydrochloric acid were significantly different at different
pH, for both mass ratios with ibuprofen. Drug release profiles in pres-
ence of A4.6 and A5.6 were considered similar at both mass ratios.
This observation indicated less variations of drug release when acetic
acid was used as a pH adjusting agent at pH 4.6 and 5.6. Also, the effect
of drug substance content was not significant.

4. Conclusions

Conductometric and rheological analysis have demonstrated the in-
teractions between chitosan and xanthan gum during the formation of
PECs and the significant influence of type and acid concentration on
their extent and strength. With acetic acid, chitosan was better dis-
solved, and upon the addition of xanthan gum, the interactions between
the two polymers were stronger and more extensive. For both acids, at
pH 3.6 the interactions were strongest and most abundant, while their
strength and extent decrease with increasing pH in aqueous dispersions
as well as in solid state. Physical (ionic, hydrogen bonds) interactions
between the polymers and semi-crystalline or amorphous structure
have been proven in dried PECs. The swelling ability in phosphate buffer
pH 7.2 increased significantly with increasing initial pH from 3.6 to 5.6,
for both acids. PEC H3.6 has the lowest swelling capacity and did not af-
fect significantly the release profile of ibuprofen. Increasing the pH, par-
ticularly in acetic acid-based PECs, increased the swelling capacity of
PEC in phosphate buffer and the degree of hindrance of ibuprofen re-
lease and dissolution. PECs A4.6 and A5.6 demonstrated the best capac-
ity to extend the release of ibuprofen from hard gelatine capsules for
10 h at PEC-to-drug mass ratio up to 1:2, i.e.,, the drug release was con-
trolled by these PECs even when the content of the drug substance was
twice that of the carrier. The study demonstrated that the selection of
the optimal acid and initial pH value enabled design of PECs with char-
acteristics favourable to control ibuprofen release rate and thus promis-
ing for treatment of acute fever in paediatric patients and chronic pain.
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Appendix A

Fig. A.1. Appearance of films formed by drying of the PEC dispersions prepared with hydrochloric acid.

Fig. A.2. Light microscopy micrographs of the dried PEC A4.6.
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Fig. A.3. Light microscopy micrographs of the dried PEC A5.6.

Table B.1
Summary of best-fit models of ibuprofen release kinetics with corresponding correlation coefficient (R?), release rate constant (k), and Korsmeyer-Peppas diffusion exponent (n) (where
applicable).

Polymer/PEC-to-ibuprofen mass ratio Polymer/PEC Best-fit model R? k n?

1:1 Chitosan Immediate release n.a. n.a. n.a.
Xanthan Korsmeyer-Peppas 0.9727 1.457 0.598
Mixture Higuchi 0.9949 2.892 n.a.
H3.6 First order 0.9841 0.032 n.a.
H4.6 Korsmeyer-Peppas 0.9886 5.642 0.394
H5.6 Korsmeyer-Peppas 0.9616 0.877 0.636
A3.6 Korsmeyer-Peppas 0.7866 10.133 0.328
A4.6 Korsmeyer-Peppas 0.9649 5.223 0.382
A5.6 Korsmeyer-Peppas 0.9413 6.464 0.333

1:2 Chitosan Immediate release na. na. na.
Xanthan Korsmeyer-Peppas 0.9862 6.540 0.371
Mixture Korsmeyer-Peppas 0.9697 5.159 0.406
H3.6 Korsmeyer-Peppas 0.9212 60.000 0.064
H4.6 Korsmeyer-Peppas 0.8793 30.533 0.149
H5.6 Korsmeyer-Peppas 0.9544 1.079 0.596
A3.6 Immediate release 0.9864 0.042 na.
A4.6 Korsmeyer-Peppas 0.9563 16.245 0.225
A5.6 Korsmeyer-Peppas 0.9609 14.830 0.236

n.a. — not applicable.

Table B.2
Difference factor (f;) and similarity factor (f,) for tested pairs of ibuprofen release profiles.

PEC-to-ibuprofen mass ratio Profiles compared fi f2

1:1 H3.6 vs. H4.6 52.90 15.10
H3.6 vs. H5.6 72.89 8.41
H4.6 vs. H5.6 42.45 36.64
A3.6 vs. A4.6 34.39 35.31
A3.6 vs. A5.6 37.05 33.66
A4.6 vs. A5.6 7.38 72.70
H3.6 vs. A3.6 40.65 21.22
H4.6 vs. A4.6 12.75 57.71

(continued on next page)
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Table B.2 (continued)

PEC-to-ibuprofen mass ratio Profiles compared fi fo
H5.6 vs. A5.6 44.32 45.92
1:2 H3.6 vs. H4.6 21.60 36.50
H3.6 vs. H5.6 69.98 11.69
H4.6 vs. H5.6 61.72 19.73
A3.6 vs. A4.6 43.78 19.86
A3.6 vs. A5.6 45.68 18.94
A4.6 vs. A5.6 413 77.50
H3.6 vs. A3.6 14.29 45.32
H4.6 vs. A4.6 21.53 41.93
H5.6 vs. A5.6 98.07 30.40
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Abstract

The formulation of biocompatible drug carriers based on cationic biopolymer chitosan and
natural or synthetic polymers represents an important research interest. Therefore, this review
aims to perceive their potential in drug delivery. The most investigated chitosan-based polymer
blends are polyelectrolyte complexes (PECs) obtained by establishing ionic interactions with
biocompatible  polyanions as  alginates, pectin, xanthan gum, carrageenan,
carboxymethylcellulose, and collagen. Depending on the preparation conditions, PECs could be
prepared in versatile forms including membranes/films, hydrogel beads, nanoparticles, and
microparticles, to achieve controlled (e.g., extended, delayed, colon-specific and pH-dependent)
drug delivery. PECs can encapsulate hydrophilic and lipophilic drug substances with different
molecular weights. Drug encapsulation allows the preservation of their structure, activity,
improvement in absorption efficiency, reduction in adverse effects and long-term stability in vitro
and in vivo. The biocompatible structures as non-covalent chitosan-based complexes could be
formed also by establishing hydrogen bonds, for example with poly(vinyl alcohol). The swelling
of these complexes is not pH-dependent and encapsulated drug substances are often released by
already known types of diffusion. Moreover, grafted chitosan derivatives (e.g., carboxymethyl
chitosan, trimethyl chitosan, acrylated chitosan) are synthesized to improve water solubility at a
wide pH range and enhance the encapsulation capacity of promising PEC-based drug carriers.

Keywords: chitosan, polyelectrolyte complex, biocompatibility, drug carriers,
controlled drug delivery
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1. Introduction

Numerous drug carriers are based on the combination of polymers, which may be
covalently or non-covalently linked. Due to the toxicity of the reagents used for covalent
bonding, current research interest is focused on polymer blends with non-covalent (ionic,
hydrogen, hydrophobic) interactions between polymer chains (1).

Chitosan is the most commonly used natural cationic polymer obtained by
deacetylation of chitin. Chitosan contains N-acetyl-D-glucosamine and D-glucosamine
units with one amino and two hydroxyl groups in each glycoside unit (Fig. 1). At media
pHs under chitosan pKa value, due to the protonation of amino groups, chitosan becomes
positively charged which increases its solubility. The properties of chitosan as
mucoadhesion, controlled drug delivery, in situ gelling, permeability enhancement,
colon-specific drug delivery, inhibition of efflux pumps, etc. make it a suitable excipient
for development of various pharmaceutical formulations (2—4). Chitosan per se is not
convenient in designing the controlled-release drug delivery systems because it dissolves
rapidly in the stomach at lower pH values. That is why it is often combined with anionic
polymers (5-7).

The oppositely charged polyelectrolytes stay interconnected by establishing
electrostatic (ionic) interactions whereby they form polyelectrolyte complexes (PECs)
(Fig. 1) (1, 8). Ionic interactions are strong but reversible and their formation is a common
approach to evade the use of potentially toxic cross-linkers. The reaction takes place at
pH values close to the pKa values of the polyelectrolytes that form PEC. Upon the
formation of ionic interactions, new bonds between the polymers are created and the
proper spatial conformation is achieved, followed by the stabilization of the obtained PEC
by establishing the hydrophobic bonds between polymer chains (8). During the PEC
formation, polymers can form coacervates as a consequence of precipitation due to the
strong interactions between oppositely charged polyions (5, 9). Precipitation can be
prevented by the addition of salts, e.g., sodium chloride. The presence of ions reduces the
attractive forces between the oppositely charged polymers, prevents phase separation, and
ensures the formation of viscous and homogeneous gels (1). PEC-based carriers are
principally considered biocompatible and well-tolerated. Moreover, they may be sensitive
to changes in pH and/or ionic strength. The formation and stability of PECs depend on
numerous factors, such are the ionization degree of the polymers, the charge distribution
along the polymer chains, the concentration of polymers, polymer ratio in the mixture,
the mixing order of polymers’ dispersions (i.e., the addition of the dispersion of anionic
polymer into the dispersion of cationic polymer, or vice versa), the polymer molecular
weight, temperature, ionic strength, pH of the reaction medium. It is important to stress
that stoichiometric PECs always have an even amount of positive and negative charge,
resulting in zero net charge, and their water solubility is poor. However, with the addition
of one polymer in excess to the polymer mixture, the water-soluble non-stoichiometric
PECs are formed (5, 10-12) (Fig. 1). More recently, numerous PECs based on
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polysaccharides and proteins have been formulated as carriers for drug delivery, DNA
delivery, or tissue engineering (2, 4, 7). Many different polyanions have been used for the
formation of PECs with chitosan, such as natural polymers and their semi-synthetic
derivatives (e.g., alginates (13—18), pectin (19-23), xanthan gum (11, 12, 24-27),
carrageenan (28-30), carboxymethylcellulose (31, 32), collagen (25)), synthetic polymers
and tripolyphosphate (TPP) (33) (Tab. I). Chitosan-based PECs can be obtained by
various methods and therefore be of different shapes/geometries, including
membranes/films (34-36), hydrogel beads (24, 37, 38), nanoparticles and microparticles
(14, 15, 33, 35, 39-41) (Fig. 1). Since chitosan biocompatibility is retained after the
formation of PECs, the application and safety of chitosan-based PECs are dependent on
the used polyanions (7). The important characteristic of PECs is their sensitivity to pH
changes. In the acidic environment, the polyanion is neutralized and amino groups of
chitosan are protonated. The repulsion of positively charged chitosan chains in the
presence of media leads to the swelling of the formed gel. In the alkaline media, the
swelling occurs in the same manner, but it is induced by the repulsion of negative charge
of the polyanion (11). As PECs swelling depends on numerous factors, modification of
drug release from the carrier could be achieved (1).

Figure 1. Schematic presentation of the formation and structure of different drug carriers
obtained from chitosan-based PEC .

Slika 1. Shematski prikaz formiranja i strukture razli¢itih vrsta nosaca lekovitih supstanci
dobijenih od PEK na bazi hitozana.
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Additionally, complexes similar to PECs can be formed by combining chitosan and
polyvinyl alcohol (PVA), based on hydrogen bonds between the hydroxyl groups of PVA
and the hydroxyl or amino groups of chitosan. These carriers are also biocompatible and
have a potential for use in biomedicine. Complexes prepared by the autoclaving method
can be used as scaffolds in cell culture, while complexes prepared by freeze/thaw method
can be used as drug carriers (1).

The limitation of the use of chitosan in drug delivery is its insolubility at pH values
higher than 6.5. Besides, chitosan per se has low drug entrapment capacity, limited ability
to control drug release, and modest mucoadhesive properties. To overcome these
limitations, chemically modified chitosan (grafted chitosan) have been synthesized and
used in the formulation of drug delivery systems (1, 42, 43).

2. PEC:s of chitosan and natural polymers

Many natural polymers (polysaccharides), owing to their biocompatibility and low
toxicity, have been used in the formulation of chitosan-based PECs. The most commonly
used anionic polysaccharide for the preparation of chitosan-based PEC drug carriers is
alginate. Among other natural polyanions often used in the formulation of chitosan-based
PECs are pectin, xanthan gum, carrageenan, hyaluronic acid, and gellan gum (7) (Tab. I).
There are several other natural polysaccharides (and their semi-synthetic derivatives) that
can form PECs with chitosan. Although they have not been extensively investigated as
drug carriers so far, many of them have a certain potential: for colon-specific drug
delivery (44, 45); gum kondagogu for improved oral delivery of diclofenac-sodium (46);
carboxymethylated psyllium arabinoxylan for prolonged release of ibuprofen (47); ulvan
for the preparation of matrices for enzyme-induced biomimetic bone mineralization (48);
carboxymethyl gum katira for the prolonged of ofloxacin release (49); curdlan sulphate
for controlled and pH-dependent zidovudine release (50); carboxylic curdlan for
sustained 5-fluorouracil delivery (51); carboxymethyl starch for extended paracetamol
release (52).

2.1. Chitosan/alginate-based PECs

Alginates are natural linear and biodegradable polysaccharides containing 1,4-
linked B-D-mannuronic and a-L-guluronic acid in different ratios (Fig. 1). Alginates are
obtained by extraction from brown seaweed, Laminaria hyperborea, Ascophyllum
nodosum, or Macrocystis pyrifera. Negatively charged carboxylate groups of mannuronic
and guluronic acid in alginates can establish ionic interactions with positively charged
amino groups of chitosan and form PECs (1, 5, 7, 53). Alginates are the most investigated
anionic polyelectrolytes used for the formation of PECs with chitosan due to their
biodegradability and biocompatibility (18, 37, 54, 55).

Even under mild reaction conditions, alginates can easily interact with divalent
cations such as Ca>" (the most commonly used), Sr**, or Zn>", which act as cross-linkers
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between the functional groups of alginate chains. Gelling occurs due to the formation of
insoluble alginates when divalent cations form the bonds mostly between guluronic acid
residues of alginate chains, which leads to the formation of a three-dimensional network
(the "egg-box" structure). However, monovalent cations and Mg>" ions cannot act as
cross-linkers between alginate chains and gelation does not occur (53, 56, 57). Two
methods (external and internal) of alginate gelation with polyvalent cations are described
by Chan et al. (58). In the external gelation method, an alginate/drug mixture is added
directly to the calcium salt (e.g., calcium chloride) solution dropwise. In the internal
gelation method, the mixture of alginate and drug substance is pre-mixed with insoluble
calcium salt (e.g., calcium carbonate), and the mixture is then added to the acidified oily
phase, resulting in the release of Ca>" ions which interact with alginate. The alginate/Ca**
gels obtained by described methods often have a loose structure, which leads to the loss
of drug substances throughout the gelling process, mostly water-soluble ones.

The chitosan/alginate-based PECs were prepared by various methods and in various
forms, including nanoparticles, microparticles, beads/hydrogels, filaments/fibers, and 3D
matrices. When compared with alginate gels obtained by calcium ions crosslinking or
chitosan gels, PECs possessed significantly improved physicochemical properties (2, 7).

Drug carriers based on chitosan/alginate PECs are generally in the form of particles
(nanoparticles, microparticles, beads), which depends on the preparation conditions, as
well as the formulation itself. In order to prepare chitosan/alginate-based PECs in the
form of particles, the external gelation method is commonly used. The preparation
process can be carried out as a one-step and a two-step process. In a one-step process,
alginate dispersion is slowly added to the dispersion of chitosan with or without Ca*" ions,
drop by drop. In a two-step process, an alginate-calcium gel is formed first and then added
to the chitosan dispersion to form a PEC membrane around the alginate-calcium gel.
Using both methods, particles of various sizes, from nanoparticles to beads of several
hundred um in diameter can be obtained, depending on the concentration of polymers and
Ca®" ions, polymers’ molecular weight, and the charge density (7, 55, 59, 60). Many
studies involve an additional step following the two-step procedure. It leads to an increase
in the strength of the PEC membrane by adding TPP, polyanion that achieves electrostatic
interactions with chitosan (61).

The net charge and polymers’ molecular weight are considered the most important
parameters that influence the physicochemical properties of chitosan/alginate-based
PECs. To obtain the particles with a small diameter, one polyelectrolyte should be in
excess (55, 60).

Wong et al. (61) formulated hydrogel beads based on chitosan/alginate PEC using
the one-step process with the addition of TPP to increase the mechanical strength of the
chitosan coating of beads and prevent their adhesion during drying (Tab. I). High
concentrations (3% alginate, 4% calcium ions, and 0.5% chitosan) were used, which led
to the preparation of beads with a large diameter (1.7 — 1.9 mm). Microwave irradiation
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was applied during the preparation, and sulfathiazole was selected as the model drug for
encapsulation into beads. Microwave irradiation did not affect the chemical stability of
sulfathiazole, but significantly extended its release in comparison with non-irradiated
beads. The results showed that microwave irradiation can be used in the formulation of
solid dosage forms for controlled drug delivery. Numerous studies have shown that
different drying processes have a strong effect on particle morphology and drug release
profiles from chitosan/alginate PEC-based particles. Air-dried beads retained a spherical
shape and sponge-like structure with a smooth surface. Lyophilized beads lost a spherical
shape and had a rough surface. Considering these structural differences, lyophilized beads
had a higher swelling capacity, whereas air-dried beads showed delayed release of the
drug in the simulated gastrointestinal tract. Given the possibility of industrial production
and application in drug delivery, air-dried beads may have better characteristics than
freeze-dried beads (37, 62).

Table I Examples of different chitosan-based PECs and their performances as drug delivery
carriers.
Tabela I  Primeri razli¢itih PEK na bazi hitozana i njihova svojstva kao nosaca lekovitih
supstanci.
. PEC type/ Preparation Use/route of
Polyanion Drug dosage form method administration Effect on drug release Ref.
Extrusion
method + .
Alginate + g 1 pathiazole  [drogel beads - drying at n.d. Cf):r(;lnt;(‘)ilslce)g fzslltegl ile()rolf;frr;(iglaftlgd (61)
TPP p (chitosan-coated) 40 °C + (oral*) P beads)
microwave
irradiation
Coacervation Tnjectable
Alginate Vancomycin Ml'cropartlcles methqd + air- drug delivery Controlled ’(prolonged) release (15)
(alginate-coated) drying or during 3 weeks
o2 system
lyophilization
Membrane II’{ vitro: prolonged release
. . . . during 14 days, pH-dependent
. . Microparticles emulsification
Alginate Insulin . Oral release (63)
(chitosan-coated) method + L b | .
lyophilization In vivo (in rats).. ypoglycemic
Y effect during 60 h
. Ketotifen- Membrane/film Casting . Enhanced drug permeability
Alginate . method +air-  Transdermal . (16)
fumarate (matrix type) . through the skin
drying
Semi-
dissolution/
Alginate + . Composite acidification/ pH-dependent, prolonged (up to
Piroxicam Oral 8 h) and colon-specific drug O]
PGA hydrogel sol-gel . N
e delivery; reduced GIT irritation
transition
method
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. PEC type/ Preparation  Use/route of
Polyanion Drug dosage form method administration Effect on drug release Ref.
Dexamethasone . Ionic gelation . .
HA + TPP _ sodium szgrx)iaor;zhe)s method + (8&;221{) In vitro: sglsltrail;lne?zd;ug release (69)
phosphate lyophilization p &
Dexamethasone . Ionic gelation In vive (m. rabbits): prolonged
. Nanoparticles Ocular retention in the eye, adequate
HA + TPP — sodium method + . LT (70)
hosphate (HA-coated) Ivophilization (topical) drug concentrations in aqueous
phosp yop humor up to 24 h
Complex Nasal
Vancomycin, Bulk PEC/nasal coacervation . Prolonged and pH-dependent
HA . ; . (systemic . (71)
insulin insert method + effect) release of both drugs during 6 h
lyophilization
) i .d.
. . Indomethacin, Hydrogel beads Extrusion t pH-dependent and prolonged
Pectin (amide) sulfamethoxazole (chitosan-coated) method + drug release (up to 5 h) ®1)
drying at 50 °C (oral*) g P
. . n.d.
Pectin Resveratrol N.anopartlcles Extrusion Colon-specific drug release (23)
(chitosan-coated) method
(oral*)
Mesalamine, . Complex n.d. Sustained release of all 3 drugs
. . Thermoreversible X . . .
Pectin curcumin, coacervation during 24 h at physiological (22)
hydrogels L
progesterone method (oral*) conditions
Nanoparticles Ionic gelation  Implantation
K-carrageenan Ovoalbumin (chitosan- method + into the Contlrlollte;dsdivui lr(eslease (86)
coated)/implants  lyophilization  affected area p
K-carrageenan Mixing of
& . . Hydrogel polymer Sustained drug release during
+ Ciprofloxacin . luti n.d. h (30)
hydroxyapatite nanocomposites SO ut.1c.)ns .+ 120
Y lyophilization
mul::)(:ztﬁz%ive COS[S::‘E;Z;H Controlled (sustained) and pH-
XG Glipizide . Oral dependent drug release during  (24)
beads method + air- At
(chitosan-coated) drying
Complex
XG Chlorohexidine Microspheres coacervation PF:r%od(.)ntal Prolonged drug release (26)
method + injection up to 7 days
lyophilization
Complex
coacervation Extended drug release
XG Ibuprofen Bulk PEC method + air- Oral up to 10 h (12)
drying
Electrostatic nd Sustained drug delivery;
GG Ketoconazole Ngnopartlcles complexation s1gn1.ﬁf:antly h1gher antlf_ungal 1)
(chitosan-coated) method + cal* activity against Aspergillus
lyophilization (topical®) niger compared to pure drug
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PEC type/ Preparation Use/route of

Polyanion Drug dosage form method administration Effect on drug release Ref.
Complex nd Colon-specific drug delivery;
. Microparticles coacervation o prevention of drug degradation at
CMC Vancomyein (chitosan-coated) method + X low pH and the presence of (32)
spray-drying (oral™) pepsin
Complex nd.
Poly acrylic Teophvlline Bulk PEC/matrix ~ coacervation pH-dependent and prolonged (93)
acid phy tablet method + N drug delivery during 12 h
lyophilization (oral™)
Emulsion In vitro: Controlled drug release
Eudragit® cross-linking + nd. up to 12 h and prevention of
. Microparticles solvent premature release
Curcumin L ® . 97)
(Eudragit®-coated)  evaporation "
$-100 method + (oral*) In vivo (in mice): colon-specific
drying at 50 °C drug delivery
n.d. — not defined; *conclusion based on experimental conditions (data) in the study;

Abbreviations: CMC — carboxymethylcellulose; GG — gellan gum; GIT — gastrointestinal tract;
HA - hyaluronic acid; PEC — polyelectrolyte complex; PGA — polyglutamic acid; TPP —
tripolyphosphate; XG — xanthan gum.

In another study chitosan/alginate PEC-based microparticles with vancomycin were
prepared by the coacervation method and dried by lyophilization or air-dried.
Lyophilized microparticles showed the best control of drug release with the average
release of 22 pg/day during 14 days. With an increase in alginate concentration, the
vancomycin release rate did not increase. Drug release followed Peppas-Sahlin kinetics,
with Fickian diffusion and case II relaxation release mechanisms (15) (Tab. I).

Encapsulation of macromolecular drug substances into PEC-based carriers with
alginate aims at preserving their structure and biological activity, protect them from
negative environmental factors, and improve absorption efficiency. To examine the
encapsulation of proteins and their release, chitosan/alginate-based PECs are often
prepared by the two-step process in a form of microparticles or beads. The delivery of
insulin encapsulated into chitosan/alginate PEC-based microparticles after oral
administration has been tested in vivo in rats (63) (Tab. I). It has been shown that
encapsulated insulin was well protected from the effect of the gastrointestinal tract and
easily absorbed in vivo. The effect of insulin released from microparticles was conserved
during more than 60 h, implying its long-term stability in vivo. Lefnaoui et al. (16)
developed chitosan/alginate PEC-based matrix-type films for transdermal delivery of
ketotifen fumarate (Tab. I). Films with different PEC compositions were prepared at
various chitosan-to-sodium alginate ratios by the film casting method. Propylene glycol
was used as a film plasticizer, and Tween® 80 and Span® 20 as permeation enhancers.
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The obtained results revealed no significant interaction between ketotifen and polymers.
It was observed that when Tween® 80 was used as a permeability enhancer, an adequate
drug release profile was obtained (with 99.88% of the drug released) and 2.121 mg/cm?
of ketotifen permeated through rat abdominal skin after 24 h. The optimal formulation
had a permeability coefficient of 14.00 + 0.001 cmh™' and a lag time of 0.35 £ 0.02 h.

Recently, many other chitosan/alginate-based PECs with the addition of the third
component were formulated. For example, chitosan/polyglutamic acid (PGA)/alginate
PEC hydrogel was formulated to achieve better control of piroxicam release (9) (Tab. I).
Mucoadhesiveness of chitosan/alginate-based PECs has been proven in various ex vivo
models, such as isolated rat jejunum (64) and the proximal part of the porcine colon (65).

2.2. Chitosan/hyaluronic acid-based PECs

Hyaluronic acid (HA) is a natural non-toxic, biocompatible, and biodegradable
polysaccharide, i.e., glycosaminoglycan with recurrent B-1,4-D-glucuronic acid-1,3-N-
acetyl-D-glucosamine disaccharide units. HA is present in all tissues, particularly in
connective, epithelial, and nervous tissue, and has a high molecular weight, from 100 kDa
in serum to 8000 kDa in the vitreous body. Because of the presence of carboxylate groups
in its structure, HA is a natural anionic polyelectrolyte with the ability to form PECs with
chitosan. Chitosan/HA-based PECs have a potential for application in biomedicine owing
to their colloidal stability, low cytotoxicity, and ability to protect drugs from enzymatic
degradation. By combining highly mucoadhesive properties of HA and chitosan
permeability enhancement effect, chitosan/HA PEC-based carriers may be more suitable
than many other carriers to deliver drugs via mucous membranes and enhance their
intestinal absorption (5, 7, 66).

Nanoparticle systems based on chitosan/HA PECs are considered suitable carriers
for drug delivery via different administration routes. For example, chitosan/HA
nanoparticles are used for the ocular delivery of drugs without exhibiting eye discomfort
or irritation (67).

Furthermore, enhanced mucoadhesion with improved pharmacodynamics of loaded
drugs and reduced systemic absorption in an animal model was reported (68).
Dexamethasone-sodium phosphate (DEX)-loaded chitosan-sodium tripolyphosphate
nanoparticles (CS-NPs) were prepared using the ionotropic gelation method and coated
with HA to obtain discrete, free-flowing NPs which would improve their mucoadhesion
onto corneal and conjunctival epithelial surfaces and extend the drug retention in the eyes.
Physicochemical characteristics of DEX-CS-NPs suspensions were appropriate for ocular
use, with good stability for 3-months storage, while the size of NPs was increased from
305 to 400 nm after coating with HA. In vitro drug release testing in simulated tear fluid
demonstrated that 75.84% of DEX was released during 12 h from HA-coated CS-NPs
(69) (Tab. I). In vitro transcorneal permeation on the excised rabbit cornea and in vivo
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ocular irritation tests indicated the ocular safety of DEX-loaded HA-CS-NPs (70) (Tab.
D).

The preparation of nasal inserts based on chitosan/HA PECs with mucoadhesive
properties for nasal drug delivery was also reported (71) (Tab. I). In vitro swelling,
mucoadhesion, and drug release investigations were done to evaluate the potential of
vancomycin and insulin delivery in the nasal cavity. The obtained results revealed that
the selection of suitable preparation conditions enabled the modification of insert swelling
and prolonged drug release during 6 h. Sponges or films based on chitosan/HA PECs for
wound treatment were also reported (72—74).

Lalevée et al. (75) obtained chitosan/HA-based PECs in a homogeneous mixture of
polymers at high salt concentrations. Then, the mixture was dialyzed, which led to the
controlled self-assembly of the polymers. The assembly of chitosan and HA during the
PEC formation depended mostly on chitosan acetylation degree and molar mass, the
residual salt concentration, and the molar ratio of the charge of both polymers. These
parameters determined if the obtained PECs will be in the form of colloidal suspensions
or gel coacervates.

Nath et al. (76) loaded bone morphogenetic protein-2 (BMP-2) in chitosan/HA-
based PEC. Free amino groups of chitosan were cross-linked with different amounts of
genipin. Immobilization of BMP-2 (immobilization efficacies varied from 61% to 76%,
depending on the amount of BMP-2) in chitosan/HA PEC-based scaffolds sustained the
protein release for more than 30 days. Moreover, BMP-2 facilitated osteogenesis. Thus,
genipin cross-linked chitosan/HA PEC showed the potential in drug and protein delivery.

2.3. Chitosan/pectin-based PECs

Pectin is among the main components of the cell walls of plants. The chemical
structure of pectin is highly miscellaneous and complex but is essentially rich in
1,4-galactosyluronic acid residues, and the linear chain is composed of acetyl and methyl
esters of carboxylic acids. The degree of methyl esterification and the degree of
acetylation determine pectin’s functional properties, especially the ability to form a gel
(5, 7, 77). Pectin has been tested for the encapsulation and delivery of drugs, especially
for colon-specific drug delivery (78, 79). Pectin molecules remain chemically unchanged
under physiological conditions in the stomach and small intestine but can be degraded
due to the action of enzymes of microbiota present in the colon. Due to its high solubility,
pectin itself cannot be an effective drug carrier. Therefore, the coating of pectin and low-
soluble pectin derivatives (e.g., calcium-pectinate, pectin-amide) have been used to
formulate pectin-based carriers (77, 80). Chitosan is the most prominent biopolymer in
the development of pectin-based PEC carriers for the controlled drug release. Strong
electrostatic coupling prevents gastric dissolution and provides high resistance to
enzymatic hydrolysis, enabling the controlled release of drugs when the carrier reaches
the colon (5, 7, 77).
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The potential of chitosan coating in the modification of drug release from pectin-
amide-based hydrogels was investigated (81) (Tab. I). The release rate of indomethacin
(highly lipophilic drug) and sulfamethoxazole (less lipophilic drug) from PECs after oral
administration was significantly reduced compared to the pectin hydrogel without
chitosan coating. Thus, encapsulation into chitosan-coated pectin-based hydrogel beads
reduced the premature release of drugs in the gastrointestinal tract (GIT) and ensured their
release in the colon. The pH of chitosan dispersion influenced the electrostatic interaction
strength between pectin and chitosan, and pH 5.0 was considered optimal. Additionally,
it was demonstrated that the encapsulation efficiency of drugs, the swelling ability, and
release profiles of drugs from chitosan/pectin based PECs, depended on various
preparation factors, the acetylation degree, molecular weight, and methyl esterification
degree of pectin (82, 83).

Chitosan/pectin/zinc-based particles with a diameter of approximately 1000 pm
were formulated for colon-specific delivery of resveratrol (84). Formulations prepared at
a lower pH and a higher chitosan concentration significantly retarded resveratrol release
in the simulated GIT in vitro. Further investigations of the drug pharmacokinetics in rats
were performed to evaluate the effect of chitosan coating on the alteration in drug release.
Even though the area under the curve and the maximum drug concentration were similar
for the pectin/zinc and chitosan/pectin/zinc particles, the two formulations showed a
significantly different drug retention profile in plasma. The stable period of plasma drug
concentration growth was 2 — 4 h for pectin/zinc particles and 4 — 9 h for
chitosan/pectin/zinc particles. Considering that it takes approximately 5 — 6 h for the drug
to reach the colon, chitosan/pectin/zinc particles were considered more suitable than
pectin/zinc particles for colon-specific resveratrol delivery.

In another study, the formulation of chitosan/zinc/pectinate/polyethylene glycol
(PEG) nanoparticles for colon-specific delivery of resveratrol was investigated (23) (Tab.
I). Size and zeta potential of nanoparticles obtained at pectin/zinc/chitosan ratio 10:1:3%
w/v were 399 + 18 nm and +25 + 1 mV, respectively. The addition of PEG (a solvent for
resveratrol) significantly lowered the size of nanoparticles to 83 + 4 nm. The
encapsulation efficiency of resveratrol into nanoparticles with PEG was approximately
63%, while for physically-loaded resveratrol (without PEG) was 26%. A low amount of
drug (approximately 40%) was released from the nanoparticles without PEG during one
month period at pH 4, and the addition of PEG increased the released amount of drug to
approximately 51%. The remaining resveratrol in both types of nanoparticles was
released in simulated colon fluid in the presence of pectinase, so they could be considered
suitable for successful colon-specific delivery of resveratrol.

Neufeld et al. (22) investigated the suitability of chitosan/pectin hydrogels as drug
carriers (Tab. I). Extended release of mesalamine, curcumin, and progesterone during 24
h under physiological conditions was demonstrated. FTIR and DSC experiments, as well
as swelling analysis, showed that the interaction extent significantly affected drug release
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rates. Thus, it could be expected that the obtained chitosan/pectin hydrogels may reduce
the frequency of drug intake.

2.4. Chitosan/carrageenan-based PECs

Carrageenan is a biopolymer obtained from red seaweed. It consists of galactose
and anhydrogalactose linked by glycosidic bonds (Fig. 1). Depending on the method and
source of extraction, there are three types of carrageenan, kappa (x), iota (1) and lambda
(A), which generally differ in the sulphate group substitution degree, and only k- and 1-
carrageenan form gels. The first forms gels that are firm and rigid, and the second forms
soft and elastic gels. Owing to the presence of sulphate groups, carrageenan is negatively
charged and has the potential to interact with chitosan (5, 7, 85).

Different chitosan/carrageenan PEC-based carriers, such as hydrogels (28), films
(29), nanoparticles (39, 86), for different routes of administration and controlled release
of drugs have been developed. Many factors can affect the physicochemical properties of
these PECs, and the type of carrageenan, the mass ratio of the polymers, the solvent type
used in the formulation, and ionic strength of the medium are the most important (7, 85).

At lower concentrations of chitosan and carrageenan, nanoparticles can be formed
using the ionic gelation method and their surface charge depends on the mass ratio and
the mixing order of polymers. Highly positively charged nanoparticles (+60 mV) were
obtained by the addition of the low concentration carrageenan dispersion into the chitosan
dispersion dropwise. They showed good potential as drug carriers with no cytotoxicity at
the concentrations up to 3 mg/ml, which was confirmed on L929 fibroblast culture (86)
(Tab. I). Rodrigues et al. (39) showed that the addition of TPP into carrageenan dispersion
before its addition into chitosan dispersion significantly reduced the particle size from
500 nm to 200 nm and increased the yield from 20% to 35%. Maciel et al. (28) prepared
chitosan/i-carrageenan superabsorbent hydrogels at different pH values (from 4 to 9) and
different ratios of polysaccharides (1:1, 1:2 and 2:1), with swelling degrees greater than
1000%. The hydrogel surface was irregular, rough, and porous. The mechanical tests
demonstrated that the hydrogels prepared at pH 4 had greater compression strength
compared to those prepared at pH 9. Chitosan/hydroxyapatite/x-carrageenan hydrogel
nanocomposites for sustained release of ciprofloxacin with antibacterial activity against
Gram-positive (Staphylococcus aureus) and Gram-negative (Escherichia coli) bacteria
were also developed recently (30) (Tab. I). The chitosan/k-carrageenan complex released
98% of ciprofloxacin throughout 120 h, and only 52% and 66% of ciprofloxacin were
released from nanocomposites containing high and low content of hydroxyapatite,
respectively. For that reason, such nanocomposites could be considered as drug delivery
systems with extended-release ability.
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2.5. Chitosan/xanthan gum-based PECs

Xanthan gum (XG) is a natural anionic polyelectrolyte produced by Xanthomonas
campestris, which contains five repeating sugar units: the backbone consists of two 3-D-
glucose units, and the sidechains include two mannose units and one glucuronic acid (Fig.
1). The sidechains have pyruvic acid residues attached to approximately one half of the
terminal D-mannose units and acetic acid residues attached to D-mannose units in the
backbone. XG is known for its non-toxicity and suitability for the development of drug
carriers (5, 7, 87).

Chitosan/XG hydrogel beads with high swelling ability are usually prepared by
adding the concentrated XG dispersion dropwise into the chitosan dispersion. Network
density and swelling capacity have been shown to depend more on the XG concentration
and the pH of the medium than on the chitosan concentration. The high molecular weight
of chitosan also led to a higher swelling degree of beads (11, 88).

Kulkarni et al. (24) prepared the floating mucoadhesive chitosan/XG beads by
polyionic complexation technique for controlled release of glipizide with pH-dependent
swelling kinetics (Tab. I). Sustained in vitro release of 87.50 — 100.67% of glipizide after
24 h, in phosphate buffer pH 7.4, was observed. Encapsulation efficiency was between
79.48 and 94.48%. In vitro bioadhesion studies showed that the beads had satisfactory
bioadhesive strength.

Chitosan/XG based microspheres could be also prepared by the coacervation
technique. The prepared microspheres were mixed with chlorohexidine (local antiseptic)
to form injectable antibacterial hydrogels. The study of Kim et al. confirmed that prepared
microspheres were biocompatible and had the potential in the treatment of acute or
chronic periodontitis (26) (Tab. I).

Very recently, Ciri¢ et al. (12) studied the combined effect of pH adjusting agent
type (hydrochloric, acetic or lactic acid) and pH value (3.6, 4.6 and 5.6) on the formation
of chitosan/XG PECs, their characteristics and influence on in vitro ibuprofen release
kinetics (Tab. I). Conductivity measurements and rheological characterization
demonstrated the greatest interaction extent in PECs prepared with acetic acid at pH 3.6.
Acid type and pH strongly influenced the yield and particle size of air-dried PECs. DSC,
FTIR, and PXRD analysis confirmed exclusively physical interactions between the
polymers. PECs comprising acetic acid prepared at pH 4.6 and 5.6 improved rehydration
capacity in phosphate buffer pH 7.2. At PEC-to-drug mass ratio up to 1:2, they prolonged
ibuprofen release up to 10 h.

De Morais Lima et al. (89) prepared six formulations of chitosan/XG based films
using the casting technique and varying the chitosan-to-XG ratio at 100:0, 90:10, 80:20,
70:30, 60:40 and 50:50 (% w/w). The films with a higher content of XG showed the
highest tensile strength, while the addition of XG did not affect the water permeability,
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solubility, and residual moisture content of films. These results confirmed the formation
of chitosan/XG PECs in the films.

A relatively new approach was proposed for the preparation of macroporous
chitosan/XG PECs, cryogels, starting with the freezing of polymers’ dispersion,
maintaining it frozen during an appropriate period to enable the gel to freeze and form
pores and then followed by lyophilization. First, XG powder is added to the concentrated
dispersion of chitosan in dilute acetic acid solution, followed by freezing and then
lyophilization. The electrostatic interactions between chitosan and XG enhanced during
freezing, and therefore the gel was formed at a temperature below freezing temperature.
The freezing method and its rate are considered the main parameters in defining the
physicochemical characteristics of cryogels. A higher freezing rate (-2 °C/min) led to the
formation of smaller pores (40 um), while a lower freezing rate (-0.25 °C/min) resulted
in the formation of larger pores (68 pum) (90).

2.6. Chitosan/gellan gum-based PECs

Gellan gum (GQG) is a biocompatible natural polymer produced by Pseudomonas
elodeac which contains the residues of glucose, glucuronic acid, and rhamnose in 2:1:1
ratio. Due to the high content of glucuronic acid (20%), GG is negatively charged when
dissolved in water and its gelation is temperature-dependent (7).

Kumar et al. (91) prepared ketoconazole loaded chitosan/GG nanoparticles by
electrostatic complexation technique (Tab. I). It has been shown that the influence of GG
on the particle size was greater in comparison with chitosan. An increase in GG
concentration significantly increased the particle size but decreased the zeta potential. On
the contrary, an increase in chitosan concentration increased the zeta potential. The
optimal formulation was obtained at a chitosan concentration of 0.02% w/v and GG of
0.01% w/v with particle size and zeta potential of 155.7 + 26.1 nm and 32.1 +£ 2.8 mV,
respectively. Ketoconazole-loaded nanoparticles had significantly higher antifungal
activity against Aspergillus niger compared to drug-free nanoparticles and pure drug.

3. PEC:s of chitosan and carboxymethylcellulose

Among cellulose ethers, carboxymethylcellulose (CMC) has been the most
investigated one for the utilization in biomedicine. CMC is a water-soluble polymer with
a long linear cellulose chain and carboxymethyl groups attached to some hydroxyl groups
of glucopyranose units. CMC is often in the form of sodium salt, so it carries a negative
charge upon dissociation of the carboxylic groups when dissolved in water (7).

Temperature-sensitive and pH-sensitive chitosan/CMC PEC-based hydrogel was
evaluated as a carrier for parenteral delivery of drugs/cells. The hydrogel was prepared
by mixing chitosan with a CMC/sodium hydrogen carbonate mixture at room
temperature. The resulting PEC had liquid consistency at room temperature and the
ability to encapsulate live chondrocytes. PEC gel implants were formed in situ, at body
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temperature and physiological pH after injection. This temperature-sensitive and pH-
sensitive hydrogel had a great potential in bone and cartilage regeneration, due to the
ability of in situ gel formation and controlled release of drugs/cells at a specific site after
injection (92).

Bigucci et al. (31) prepared vaginal inserts based on chitosan/CMC PECs for local
delivery of chlorhexidine digluconate at different chitosan/CMC molar ratios and pH
around pKa interval of the polymers. PECs had high values of drug loading and increasing
water uptake capacity with an increase in the CMC amount. The selection of adequate
chitosan/CMC ratio (10:90) allowed the formulation of cone-like shaped solid inserts,
that were easy to handle and able to hydrate, in addition to prolonged drug release during
6 h. Moreover, the obtained inserts showed antimicrobial activity against Candida
albicans and Escherichia coli.

On the other hand, Cerchiara et al. (32) prepared chitosan/CMC-based PECs for
colon-specific delivery of vancomycin (Tab. I). Different formulations of PECs, with
different chitosan/CMC mass ratios (3:1, 1:1 and 1:3), were prepared and collected in the
form of microparticles by spray-drying. The best formulation prepared at chitosan/CMC
mass ratio 1:3 was selected considering the encapsulation efficiency, water uptake, and
drug release rate. Also, microparticles could prevent vancomycin degradation and had
good antibacterial activity against Staphylococcus aureus.

4. PEC:s of chitosan and synthetic polymers
4.1. Chitosan/polyacrylic acid-based PECs

Polycarbophils and carbomers are high molecular weight polymers containing
acrylic acid monomers and are formed by cross-linking the polyacrylic acid chains with
divinyl glycol and polyhydroxy alcohols (e.g. allyl ethers of pentaerythritol, and allyl
ethers of sucrose), respectively (5).

The main complexation mechanism between chitosan and carbomer is the
formation of ionic interactions between amino groups of chitosan and carboxylate groups
of carbomer, as confirmed by FTIR analysis. The chitosan-to-carbomer mass ratio and
the preparation medium pH strongly influenced the characteristics of PECs. The release
of drugs from matrix tablets based on chitosan/carbomer PECs at different ratios showed
no significant differences at pH 1.2, while they were strikingly observed at pH 6.8 (93)
(Tab. I). The chitosan/polycarbophil PEC-based matrix tablets showed zero-order release
kinetics for two model drugs with different water solubility (diltiazem and ibuprofen).
Their release rate depended on the concentration of PEC in the formulation. In general,
chitosan/polycarbophil PECs have great potential as excipients for the formulation of
modified-release dosage forms (94).

Recently, He et al. (95) formulated novel PEC hydrogels based on chitosan and
sodium polyacrylate by cross-linking the polymers with epichlorohydrin, by inhibiting
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the protonation effect of chitosan in alkali/urea aqueous solution. The equilibrium
swelling ratio of chitosan hydrogel in water increased significantly with the introduction
of sodium polyacrylate. PEC hydrogel had different swelling ratios at different pH and
ionic strength, leading to smart responsive properties. Also, PEC hydrogels had relatively
high compressive strength, biocompatibility, and in vitro biodegradability.

4.2. Chitosan/polymethacrylate copolymers-based PECs

Polymethacrylate copolymers (Eudragit®) are commonly used as coating agents for
capsules and tablets. There are different types of Eudragit®, consisting of dimethylamino
ethyl methacrylates, methacrylic acid esters, and methacrylic acid in different ratios.
Some of them are positively charged (Eudragit® E, RL, RS, and NE) owing to
dimethylamino or quaternary amino groups, and the others are negatively charged
(Eudragit® L and S) owing to carboxylate groups in their structure (5) (Fig. 1). PECs of
different molecular weight chitosan and Eudragit® L100 or Eudragit® L100-55 were used
to formulate matrix tablets with diclofenac-sodium. PECs of these two polymers had high
potential in controlled drug delivery applications. The mass ratio of polymers and
chitosan molecular weight influenced the drug release rate from matrix tablets (96).
Sareen et al. (97) prepared Eudragit® S-100-coated chitosan microspheres with curcumin
for the treatment of ulcerative colitis using the emulsion cross-linking method (Tab. I).
Microspheres had a uniform spherical shape and high entrapment efficiency. Uncoated
curcumin/chitosan microspheres exhibited in vitro burst release within the initial 4 h.
Eudragit® S-100 coating prevented the premature release of curcumin and enabled its
controlled release during 12 h. In vivo study in mice demonstrated their effectiveness and
revealed a significant reduction of colonic damage with curcumin loaded into
microspheres in comparison with pure curcumin. The obtained microspheres are
considered the promising system for colon-specific curcumin delivery.

5. Biocompatible chitosan/PV A complexes

Biocompatible chitosan/PVA complexes are similar to PECs in terms of structure,
characteristics, and use. However, they are formed mainly by the formation of hydrogen
bonds between hydroxyl or amino groups of chitosan and hydroxyl groups of PVA (1).
They can be readily prepared using different methods, such as the autoclaving method
(98) and the freeze/thaw method (99—-101). The structure of complexes could be different
depending on the preparation method. PVA is a non-toxic, biodegradable, and
biocompatible synthetic polymer that consists mainly of 1,3-glycol units and a small
percentage of 1,2-glycol units (1). The complexes prepared by the autoclaving method
are formed by mixing and autoclaving the PVA and chitosan dispersions to form highly
elastic hydrogels (98). Hydrogels obtained by the freeze/thaw method are formed by
repeating the freezing and thawing cycles of chitosan and PVA dispersions (99-101).
Complexes prepared by the autoclaving method can be dissolved under acidic conditions
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and are not suitable as drug carriers. Complexes prepared by the freeze/thaw method are
less soluble. The swelling of these complexes is not pH-dependent, drug release is
controlled by one of the already known types of diffusion and depends on chitosan mass
content. Therefore, these chitosan/PVA hydrogels are promising drug -carriers.
Characteristics of chitosan favour the carrier adhesion to the application site and increase
the bioavailability of low-permeable drugs after oral administration of chitosan/PVA gel
(1, 98—-101). Wu et al. (36) prepared chitosan/PVA based films by simple mixing and
casting method. It was shown that chitosan and PVA in films interacted by intermolecular
hydrogen bonds and complex based films had higher thermal stability than those made
only of PVA. Chitosan addition decreased the tensile strength and light transmittance of
films. The film with chitosan-to-PV A mass ratio 60:40 (% w/w) showed notable activity
against the adhesion and inhibited the growth of Pseudomonas aeruginosa.

6. PECs of grafted chitosan and different polymers

Chitosan derivatives are formed by substitution of some amino and/or hydroxyl
groups in their structure (43). The preparation of derivatives often requires the use of
auxiliary molecules to initiate the reaction. Grafting is usually performed with molecules
that have functional groups that form covalent bonds with chitosan (1).

Chitosan copolymerization with hypromellose via coupling reagent-mediated
approach to form a non-toxic chitosan derivative soluble in water, which was then
complexed with CMC to form a PEC hydrogel, was successfully performed. When
compared with conventional chitosan, the grafted chitosan had a high solubility at a wide
pH range and higher buffering capacity, which provided a pH-stable environment for drug
delivery. Also, grafted chitosan-based PEC had the drug encapsulation efficiency of more
than 90% (almost twice the encapsulation efficiency of chitosan-based PECs), with 2-3
times extended drug release (42).

PEC hydrogels based on carboxymethyl chitosan (CMCS) (Fig. 1) and alginate with
high hygroscopicity were prepared. The hydrogels’ swelling ratio could be increased 450
times by changing the CMCS-to-alginate mass ratio. Superabsorbent hydrogels were
prepared at CMCS-to-alginate mass ratio below 1. The in vitro cytotoxicity test showed
that hydrogels had very high cytocompatibility. Their swelling ratio and bovine serum
albumin (BSA) release were pH-dependent. The hydrogels’ swelling ratio (CMCS-to-
alginate mass ratio 1:2) at pH 7.4 was about 34 times higher than at pH 1.2, and the BSA
released amount at pH 7.4 was also significantly higher. The obtained CMCS/alginate
PEC hydrogels had a high potential in oral delivery of proteins (43).

6. Conclusion

With the growing need for drug carriers of natural origin, PECs based on chitosan
and natural polysaccharides are of increasing interest. The functional characteristics of
these PECs can be adapted for various administration routes using different preparation
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methods and appropriate combinations with other polysaccharides. Recent research in
this area highlights the following opportunities in the development of PECs based on
chitosan and other polysaccharides: (1) design of various types of PECs such as
nanoparticles, microparticles, hydrogel beads, gels, films and membranes, and
optimization of drug release kinetics; (2) encapsulation of various drugs, including small
molecules, macromolecular drugs, growth factors, antimicrobial agents, and achieving
their controlled delivery; (3) improved mechanical properties, controlled swelling, and
site-specific drug delivery. Most of the available literature deals with ionic interactions
of chitosan, which are easily formed. Hydrogen bonds and hydrophobic interactions have
been less studied and rarely used to achieve controlled drug release. This opened the space
for more detailed investigations.

To our best knowledge, there are still no commercially available drug delivery
systems based on complexes of chitosan with different polymers. On the other hand, there
are many chitosan-based medical devices for wound healing, nutraceuticals, and cosmetic
products on the market. Also, a drug for the treatment of onychomycosis, a nail lacquer
with ciclopirox that contains a chitosan derivative (hydroxypropyl chitosan), is available
on the market. Possible explanations for the absence of drug delivery systems based on
complexes of chitosan with different polymers are strict regulatory aspects related to the
pharmaceutical industry and a clear need to demonstrate their safety as pharmaceutical
excipients. Fulfilment of these requirements can take a long time, but in the close future,
such preparations may be launched onto the market, taking into account patients” needs
unsatisfied with conventional drugs.
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Kratak sadrzaj

Formulacija biokompatibilnih nosaca lekovitih supstanci na bazi katjonskog
biopolimera hitozana i prirodnih ili sintetskih polimera predstavlja znacajan istrazivacki
interes. Stoga je cilj ovog rada sagledati njihovu potencijalnu primenu kao nosaca
lekovitih supstanci. Najistrazenije blende polimera na bazi hitozana su polielektrolitni
kompleksi (PEK) dobijeni uspostavljanjem jonskih interakcija sa biokompatibilnim
polianjonima, npr. alginatom, pektinom, ksantan gumom, karagenanom,
karboksimetilcelulozom 1 kolagenom. U zavisnosti od uslova pripreme, mogu se
formulisati PEK u vidu membrana/filmova, hidrogelnih perli, nanocestica, mikrocestica
ili drugih tipova nosaca, sa ciljem postizanja kontrolisanog (npr. produZenog, odloZenog,
kolon-specificnog i pH-zavisnog) oslobadanja lekovitih supstanci. PEK su pogodni za
inkapsulaciju hidrofilnih ili lipofilnih lekovitih supstanci razli¢itih molekulskih masa.
Inkapsulacija obezbeduje ocuvanje njihove strukture, aktivnosti, pobolj$anje apsorpcije,
smanjenje Stetnih efekata i dugorocnu stabilnost in vitro i in vivo. Biokompatibilne
strukture nalik kompleksima na bazi hitozana mogu se formirati i uspostavljanjem
vodoni¢nih veza, kao $to je slucaj sa polivinil alkoholom. Njihovo bubrenje ne zavisi od
pH. Inkapsulirane lekovite supstance se najceSée oslobadaju prema nekom od veé
poznatih tipova difuzije. Dodatno, razli¢iti derivati hitozana (npr. karboksimetilhitozan,
trimetilhitozan, akril derivati hitozana) sintetisani su radi poboljSanja rastvorljivosti
polimera u vodi u Sirokom opsegu pH 1 povecanja kapaciteta za inkapsulaciju lekovitih
supstanci tako dobijenih PEK, koji takode predstavljaju obec¢avajuée nosace.

Kljucne re¢i: hitozan, polielektrolitni kompleks, biokompatibilnost, nosaci
lekovitih supstanci, kontrolisano oslobadanje lekovitih supstanci
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