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SUMMARY

The dissertation consists of 116 pages, including 35 figures, 9 tables, and
105 references.

Keywords: gellan, sol-gel transition, ofloxacin, fractionation, eye drops,
ophthalmology.

Object of the study: The object of the research is the biopolymer gellan — a
natural polysaccharide produced enzymatically by the bacterium Sphingomonas
elodea (sometimes Pseudomonas elodea).

Aim of the study: To obtain a fractionated low-molecular-weight gellan
biopolymer, determine its physicochemical properties, and modify it for use in the
pharmaceutical development of drug formulations.

Method or methodology: Fractionation, identification, modification, and the
study of gelation behavior, mucoadhesive properties, and drug release kinetics.

Results and novelty: The research presents a methodology for fractionating
gellan to obtain low-molecular-weight fractions. All obtained gellan fractions
were studied, and their molecular weights were determined. Special attention was
given to studying the gelation capacity of the gellan fractions to identify the
optimal low-molecular-weight fraction. The mucoadhesive properties of both
native and modified gellan were investigated, along with drug release from
ultrathin gellan-based films.

Overall, the results are innovative and open new prospects for the
application of low-molecular-weight gellan fractions in medicine and
pharmaceutical formulations.

Relevance to state scientific research programs: The dissertation was
carried out within the framework of the project AP13067773-OT-24
"Development of scientific foundations and technology for the preparation of
prolonged-release eye drops based on gellan and ofloxacin" (2022-2024).
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BBEJAEHUE

['ennanoBasi KaMelb NpHUBJIEKAeT OOJIBIIOE BHUMAHUE HCCIEI0BaTENCH
Onmaromapss IIMPOKOMY TPUMEHEHUI0 B  OWOTEXHOJOTUH, MEAUIMHE W
HedTenoObrue.[1-3] TloBTOpsitolecss MOHOMEPHBIE 3BEHbSI T'€JJIAHOBOW KaMelu
COCTOSIT U3 cleayromux octatkoB: 1,3-B-D-rmoko3sl, 1,4-B-D-riatokypoHoBoi
KucioThl, 1,4-B-D-rmoko3el u  1,4-0-L-pamuo3bl.[4] [emnan, conpepxaniuii
JIEKapCTBEHHbIE BEUIECTBA, MOXET ObITh HCIOJIb30BaH B (hapMaleBTHKE B
NepopaibHOM, OYKKaJIbHOM, Ha3aJIbHOM, O(TaIbMOJIOTHYECKOM, BaruHAJIBHOU M
apyrux  ¢opmax[2]. Panee Opuia paszpaboTaHa cucTeMa JOCTaBKU
0 TaTBMOJIOTUYECKHUX JIEKAPCTBEHHBIX CPEACTB Ha OCHOBE KOMIUIEKCA rejulaHa C
AHTUMUKPOOHBIM TmpenapatoM — oduiokcarimHoM[S]. Bbwputo oOHapykeHo, 4TO
resieoOpa3oBaHUe rejjlaHa B OTBET HAa MMUTALUIO CJIE3HOM >KUJIKOCTH IMOAXOJIUT
Ui O(PTaTIbMOJIOTMYECKUX TMpENnapaToB B YCIOBUSAX Iin  Vifro B KauyecTBe
3aryliamoniero  KOMIOHEHTa, MPENsATCTBYIOLIErO0 JpPEHaXy M3 IJaza W
IPOJJIEBAIOIIETO BpEMsl YJEpKaHHs JIEKApCTBEHHOro cpencral6]. OnHako
Ype3BbIYAHO BBICOKAsI MOJIEKYJISIpHash Macca [EepBO3JaHHOIO resuiaHal7] B
nuanasone (5-10)-10° orpaHuyMBaeT MUPOKOE NPUMEHEHHE TE/UIAHA, B KAYECTBE
CUCTEMbI JIOCTaBKH JIEKAPCTBEHHBIX CPEJICTB.

C menpto  paclMpuUTh  NPUMEHEHHE  TeijlaHa  JJI  CO3JlaHus
BBICOKO?(()EKTUBHBIX CUCTEM JIOCTABKH JIEKAPCTB, ObLIM MOCTABIEHBI CIETYIOLINE
3a/1a4u:

- @pakUMOHUPOBATh KOMMEPUYECKUH  TeJulaH Uil IOJIyYEHHs
HU3KOMOJIEKYJISIPHBIX (Dpakuuii pa3HbIMU METOJaMU U MPOBECTH HX (U3UKO-
XUMHUYECKYIO UACHTU(DUKAIIHIO;

- HccnenoBarh 305b-T€b NEPEXO] U PEOJIOTHUECKHE XapaKTEPUCTUKU
reJjyiaHa U ero (pakiuii B yCIOBUSX CMOCIMPOBAHHON MCKYCCTBEHHOW CIIE3HOM
KUJKOCTH (B IPUCYTCTBHM HU3KOMOJIEKYJISIPHBIX COJIEH, ITpU BapbupoBaHuu pH u
TEeMIIepaTyphbl);

- Ouenuts  BiMsIHUE  OPTAIBMOJIOTMYECKOTO  JIEKAPCTBEHHOTO
npenapara Ha IpoLece reyieo0pa3oBaHus TejjlaHa U ero ppakuui;

- MoaudpuuupoBatb  HHU3KOMOJIEKYJIApHbIE  (Dpakiuu  rejiaHa,
UCCJIEeIOBATh MOJYYEHHbIE OOpa3lbl U CPABHUTh UX CBOWCTBA C HCXOJHBIMHU C
LEIbI0 ONTUMHU3ALIAN TeIe00pa3yoIuX U PEOJTOTUYECKUX XaPaKTEPUCTHUK.

KomMmepueckuii HU3KOMOJIEKYJISIPHBIM remiaH ObUl  OUMIIEH METOJIOM
(pakIMOHHOTO pacTBOpeHMs. BOAHBIN pacTBOpP OUYMIIEHHOIO KOMMEPYECKOTO
HU3KOMOJIEKYJISIPHOTO TelljlaHa o00Jiajjan  MOJIMAJEKTPOJIUTHBIMU  CBOWCTBAMHU
Osarosiapsi BHICOKOM MOJIIPHOM Macce U KapOOHOBBIM Tpynmnam BO (pparmeHTax
TJIIOKYPOHOBOM  KUCJIOTHI.  DMIupHueckoe ypaBHeHHuEe Dyocca Ompeaenuio
BHYTPEHHIOIO  BSI3KOCTh ~ OYMIIEHHOTO TejylaHa B Boje 0Oe3  coju.
@OpakIMOHUPOBAHUE KOMMEPYECKOI0 TelljlaHa OCYUIECTBISUIOCh € TMOMOIIBIO
yJIbTPa3ByKOBOM 00pabOTKK M METOJIOM JIPOOHOTO ocaxkiaeHus. Dpakiuu rejaHa
OBLIIM OXapaKTEepU30BaHbl ¢ MOMOIIBI0 poToHHOW AMP- n MK- cnekrpockonumu.
BHyTpeHHI010 BA3KOCTh 00pa3iioB HU3KOMOJIEKIISIPHOTO refiana u3mepsiau B 0,025



M xnopuaa TeTpamMeTHIaMMOHKS. MOJEKyJIsIpHbIE MacChl (Ppakiuii refana OpuTn

ONpeeNIeHbl ¢ MOMOIIBI0 ypaBHeHHU Mapka-Kyna-Xoysunka. Kpome Toro,
OCyIIeCTBICHA MoJau(UKalMs TreulaHa C T[OMOIIBI0  IOJMOKCA30JIMHA U
MOATBEpKAeHA TmpuBA3ka conoauMmepoB ['emnan-PEtOx npu nomomm HMK-
CIIEKTPOCKOIIHH.



1 OcHOBHaAl YaCTh
1.1  buomosuMep re/uiaH

B  Teuenue ToOCIETHWX ~ HECKONBKUX  JICCATHICTAH  MHUKPOOHBIC
MOJINCAaxXapyuIbl MHTCHCHBHO W3Y4YalIWCh Onarogaps WX BBITOJHBIM (PU3HKO-
XUMUYECKAM CBOHCTBaM. B HacTosimiee BpeMs OJHMM W3 HauOoyiee IIMPOKO
W3YYEHHBIX U BCECTOPOHHE OMMCAHHBIX MPEICTABUTENICH dTOM TPYMIbI SIBISETCS
rejylaH - JIMHEWHBbIM IIOJMMEpP, MNPUPOAHBIM NOJMCAaXapul, IPOU3BOAVMBIN
dbepMEeHTaTUBHBIM TyTEM C TOMOIIBI0 OakTepuu Sphingomonas (WHOTAA
Pseudomonas) elodea [8, 9], moBTopstoieecs 3B€HO B MaKpOMOJICKYJISIPHOM
CTPYKTYpE COCTOMT M3 OCTaTkoB 4 monucaxapunioB: 2x [B-D-rmoko3, B-D-
TJIFOKYPOHOBOM KUCTOTHI U a-L-pamuo3sl (Puc. 1):
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Pucynoxk 1 — CTpykTypa HOBTOPSIOIIETOCS 3B€HA I'eJljlaHa

B pa6ote[10] npencraBnensl xumMudeckue U (GU3NIECKHUE CBOKWCTBA rejUIaHa.
HaTtuBHbIi1 reylaH  COCTOMT M3  BBICOKOALUMJIBHBIX UM HU3KOAIMJIBHBIX
NpeAeCTBeHHUKOB [9]. OCHOBHOE pa3inuyve MEXAY HUMH 3aKIIOYAeTCS B TOM,
YTO BBICOKOAIIWJIBHBIN T'€JIaH COASPKUT JIBa allMJIbHBIX 3aMECTUTEIS: alleThu 1 L-
routeput [11]. HuskoaluiabHbIA TeJUIaH MOIYYarOT MYTEM YAAJICHUS allMJIbHBIX
OCTaTKOB HIEJTOYHBIM THAPOINU30M [12]. Paznuuns mexay reslaHoM ¢ BBICOKUM H
HU3KHUM COJIEpKAHUEM alfuja onucaHbl B padote [13]

ABtopel Morris et al. [14] BcecTOpoHHE paccMOTpENIH CTPYKTYpY,
KOH(opMaIuio, reeoodpa3zoBaHue, TOMOJIOTHUIO, PEOJIOTHIO U ACTIEKThl TPUMEHEHUS
reutana. KondopMaioHHbie U 3071b-Tellb-(Pa30Bbie MEPEXObl IeIIIaHOBBIX CMOJI ,
WHyIIUPOBAHHbBIE TEMIIEPATYypOil, J00aBlieHHEM coJik, u3MeHeHueM pH u T.1.,
CTaJId OCHOBHBIM MPEIMETOM MHOTHUX HcciaeaoBanuii [15-20].

Jlo cux mop OOJBITMHCTBO HCCIEIOBAHUN OBIJIO COCPEIOTOUCHO Ha
MPUMEHECHHUH TeJIaHA B Kau€CTBE MUIIEBOTO MHIPEIMECHTA — IejijlaHOBasi KaMelb
MIPUMEHAETCS B KauyeCTBE >KEIUPYIOLIero areHta. Kpome Toro, nmpumeHseTcs B
pPa3IMYHBIX OTPACISIX HAyKHW, HANpUMEp, B KauyeCTBE KEJIUPYIOUIErOo areHTa
O0aKTEpUOJIOTUYECKUX Cpel, a TaKKe B KadyeCTBE TIelieo0pa3ylollero areHTa B
cosieHOM Bojie (TJIaCTOBBIE BOJIbI) ISl TIOBBIIIEHUS HEPTEOTIAYM IIJIACTOB.
OnHako B MOCHEAHUE TOJbI HAOMIOJAETCSd POCT MCCIEIOBAHUM HA MPUMEHEHUE
rejaiaHa B meaunune[21-29].



1.2 TIpumeHeHmHe re/lJiaHa B NIPOMbINLJIEHHOCTH M HAYKe

buononumep remian MMeeT MUPOKOE MPUMEHEHUE B Pa3IMYHbIX OTPACIAX
OPOMBIIIUICHHOCTH M HAayKd, a MMEHHO TMHIIEBOM MPOMBIIUIEHHOCTH,
MHUKPOOUOJIOTUH, OMOMEIUIIMHE U TKAHEBOUW MHKEHEpHUH, (hapMalleBTUKE U .

['ennan ucnosib3yeTcss B KaueCTBE JKEIUPYIOIIET0 areHTa B MPOU3BOJICTBE
NUIIEBBIX MPOAYKTOB[30-32], a UMEHHO MOJIOYHBIX M PACTUTEIBHBIX HAIUTKOB,
pa3IMYHBIX JECEpTOB, JXKEMOB M MapMmenana. Kpome Toro, remiaH sBiseTcs
XOpouIed albTePHATUBOM JKEJIATUHY B IPOU3BOJICTBE BETAHCKUX IPOJYKTaX,
HaMpUMep KeBaTeIbHBIX KOH(eT. He TakuM pacrpocTpaHeHHBIM, HO HE MEHee
BOKHBIM SIBJISIETCS IPUMEHEHHUE IejUlaHa B MPOU3BOJICTBE MAKAPOHHBIX HM3IEITHMA
JUIS YAYYIIEHUSI TEKCTYpbl, MOBBINIEHUS YHPYTOCTH W CHUXEHUIO JOMKOCTH.
[IpuMeneHure remiana B MUIIEBOM MPOMBIIIEHHOCTH 00YCIOBJICHO YHUKAIbHBIMU
(U3UKO-XMMUYECKMMH M TEXHOJIOTMYECKHUMHU CBOMCTBAMH, KOTOPBIE BBIFOJIHO
OTJIMYAIOT €ro OT TPAJULMOHHBIX JKEJIUPYIOIINX areHTOB.

['ennaHoBasi kaMenb AKTUBHO MPUMEHSETCS B KAYECTBE aJIbTEPHATHBHOIO
KEJUPYIOIIET0 areHTa B MHUKPOOMOJOTHYECKUX M OaKTEPHOJOTHYECKUX Cpenax,
0COOEHHO B  ciy4dasdx, Korja  TpeOyeTcss  BBICOKas  MPO3pPavyHOCTb,
TEPMOCTAOMIIFHOCTD UM HU3KOE COZIep KaHNe NOHOB, TAaKUX Kak HaTpuil. B cBoeil
pabore Tamaki et al. [33] oOcyxmar0T mpenMyIiecTBa reJjiaHa 0 CPaBHEHUIO C
arapoM, BKJIIO4ass OoJiee BBICOKYIO MPO3PAaYHOCTh, TEPMOCTAOUIBLHOCTh U
BO3MOXHOCTh (POPMUPOBAHUSI MPOYHBIX Telied B MPUCYTCTBUU KATHUOHOB. JTHU
CBOMCTBa JI€NAIOT TeJUIaH MOAXOISIIUM JJI1 KyJIbTUBUPOBAHUS TEPMOPUIBHBIX
OaKkTepuil M IPYTUX MUKPOOPTaHU3MOB, TPEOYIOMUX crenudruieckux yciopuil. B
uccnenoBanun Shandera et al. [34], Obuta pa3zpabotana cpena ¢ 1% remrana (Gel-
Gro™) c Hu3zkuM cojepkaHueM HaTpusd (<2 MM) i OLIEHKHM NOTpPeOHOCTH
Oaktepuii Vibrio B Na'. PesynpTaTsl mokazanu, 4TO OOJBIIMHCTBO IITAMMOB
Vibrio He pocin 6e3 nob6apienus Na*, B To BpeMs Kak Aeromonas, He TpeOyromye
Na*, pocau xopomo. OTO MNOTYEPKUBAET NPUTOAHOCTH TEJUIaHA I CO3JaHUs
Cpel C KOHTPOJMPYEMBIM COJEpKaHHMEM HOHOB. Kpome TOro, M3ydeHo, 4TO
reJUIaH, 3aMEHSIOIIMKA arap B MHUKOJOTHYECKUX CpEllax, HE TOJBKO SIBISETCA
HNOJIXOJAIIMM  JKEIMPYIOIIMM areHTOM B MHUKPOOMOJIOTMYECKHX  Cpenax,
ucnosibdyembix s [TIP-npunosxennii, 6arogaps cBoei YUCTOTE U CIIOCOOHOCTH
HE WHruOupoBaTh (pepMeHTaTUBHBIC peakiuu [35], HO W TO3BOJSET YCKOPUTH
uaeHTugukanuo BUIoB Aspergillus ¢ ucnonb3oBanuem I[P, obecneunBas
TOYHBIE PE3YyJIbTAThl B TeueHUE 24 yacoB mnociue nepeceBanusA[36, 37]. Bece atu
WCCJICIOBAHUS IEMOHCTPUPYIOT, YTO TeIUIAHOBAsI KaMmenb sSBIseTCsS 2 ()EeKTUBHON
aIbTEPHATUBOM arap-arapy B Pa3IUYHBIX MHUKPOOHMOJOTHYECKHX MPUIOKCHHSIX,
0cOOeHHO Korma TpeOyrTcs crnenuduueckne (GU3NKO-XUMHUECKHE CBOMCTBA
Cpenpbl.

Boicokas Ouosiormueckass COBMECTUMOCTb, a TaKXe CIOCOOHOCTb
dbopMHpOBaTh MPOYHBIE YCTOMUYMBBIE T€M B MPUCYTCTBUM PA3JIUYHBIX HOHOB
CrocoOCTBOBaJa MPUMEHEHHIO OHMOIOJIMMEpa TelljlaHa B Pa3IMYHbIX 00JIACTAX
OMOMeIUITMHBI U TKaHeBOM nH)eHepuu[38-40].



Kpome toro, B HacTosiiee BpemMsi akTUBHO BEACTCS M3yUYCHUE NEPCIICKTUB
IPUMEHEHUS IelaHa B He()TeI00bIBAFOIICH TPOMBIIINICHHOCTH B KAUECTBE areHTa
JUIs ToBBINIeHUsT HedTeoTnauu miactoB[41]. T'ennanoBas kamesan, oOsagaroias
BBICOKOW MOHHOW YyBCTBHUTEIHLHOCTBHIO M CIIOCOOHOCTHIO (POPMHUPOBATH MPOYHBIC
reJlM B YCIOBUSAX  BBICOKOH  MHHEpAIW3allMHM, pPAacCMAaTPUBACTCS  Kak
NEPCICKTUBHBIA TOJIMMEp Il TPUMCHCHHS B TEXHOJOTHUSX ITOBBIIICHHS
HeTeoTnaun 1IacToB. McciaemoBaHHMS TOKA3bIBAIOT, YTO PacTBOPHI TeilIaHa
YCTOMYMBBI B MPUCYTCTBUU COJISH, XapaKTEPHBIX JIJIS IUIACTOBBIX BOJ, U MOTYT
UCIIOJI30BAThCS IS CO3JIaHUSA IUIOTHBIX TeJIEBhIX 0OapbepoB, 3PHEKTUBHO
MEPEKPHIBAIONINX BBICOKOIIPOHUIIAEMbIE 30HBI KOJUIEKTOpoB[42]. [IpumMenenue
reJylaHa B TaKUX YCJIOBUAX OOECIEUMBACT YIYUYIIEHHOE BBITECHEHHE OCTAaTOYHOMN
HepTH 3a cu€T mepepacnpeneNieHus MOTOKOB M yBelWdeHHs] 3()QPEeKTUBHOCTH
3aKauKH.

1.3 IIpumeHeHHe re/isIaHAa B MeJULIMHE

VYHuKallbHAs CTPYKTYpa U Tese00pas3yolye CBOMCTBA rejijlaHa B HaCTOSIIEe
BpeMsI TO3BOJISIIOT BBICTYNATh JAHHOMY [OJIMMEPY B KauyeCTBE MOIIHON
MHOTO(YHKIIMOHATBHON (apMarieBTuyeckoil a00aBku. OCOOEHHOCTh CBOMCTB
resieo0pa3oBaHusl B Pa3IMUYHBIX cpefax MpHUBEIH K pa3paboTKe JIeKapCTBEHHBIX
GbopM ¢ KOHTPOIUPYEMBIM MPOJOHTUPOBAHHBIM BBICBOOOKICHUEM JICUCTBYIOIINX
BEILIIECTB Ha OCHOBE OumomnojuMepa rejilaHa, a MUMEHHO ObUIM M3Yy4YEeHbl TaKue
dbopMBI, Kak mMepopaibHble, Ha3ajdbHble, odTalbMojiarudeckue u np.[43, 44].
Osmalek et al. [43] B cBoelt paboTe yKa3pIBalOT HA TO, YTO MaTepHasibl HA OCHOBE
OouonojiuMepa  rejulaHa  NPUMEHSIEMbl B PEreHEpPATUBHOM  MEIMIIMHE,
CTOMATOJIOTHH, & TAKXKE€ F'€HHOW MHKEHEPUH, & UMEHHO B TEXHOJIOTUH IEpPEHOCa
reHOB. ['elIaHOBBIE TUAPOTENW IOKAa3bIBAIOT MPEBOCXOJHBIE  PE3YyJIbTATh
DKCTIICPUMEHTOB  Ha OMOCOBMECTHMOCTb in vivo W in vitro[44], a Takxke
KOHTpOJMpyeMble (PU3MKO-MEXaHUUECKHUE U MHBEKIIMOHHBIE CBOMCTBa[46-48] mis
NpUMEHEHUSI B pereHepauuu xpsmein[46, 47], TkaHeBoW uHxeHepun[49],
WHKaIncysiuu Kietok[50], a Takke pereHepanuu myiabno3Horo sapa[S1].

[[IupokOo M3BECTHO, YTO paK SBISETCA OJHOW W3 BEAYIIUX MPUYUH
CMEpPTHOCTH B MHUpE, €XKEroJHo peructpupyercs Oosiee 10 MULIMOHOB HOBBIX
ciydaeB 3a0osieBaHus. B HacTosiiee BpeMsi OOIIUPHBIMU SIBIISIFOTCSL KCCIIEI0BaHUS
HaHoyacTull 30si0Ta AuNPs, cTaOMIM3UpPOBAHHBIX TEUIAHOBOM Kameablo, B
IPOTHUBOONYX0JIeBOM Tepanuu[S52-70].

['eneoOpasyromniye CBOWCTBA TejJIaHA TMO3BOJISIIOT UCIIOJIB30BaTh €ro B
dapmareBTUYeCKO pa3paoTke OQTATBMOJArHYeCKUX TpernapaToB. | emtan
ABIIATECS] HE TOKCUYHBIM[71] nisi opranu3Ma 4yenoBeka. B HacTosiiee Bpems
HanOoJiee U3BECTHBIM MpENnapaToM Ha OCHOBe reuiana sisnsiercs Timoptic XE®. B
CpaBHEHHMH CO CTaHAapTHBIM pacTBopoM Timolol, Timoptic XE® HaHeceHHBIN Ha
POTOBUILY KPOJIMKA MOBBIIIAET OMOIOCTYIMHOCTD JIEKAPCTBEHHOTO CPEJICTBA B TPH-
YeThIpe pa3a U CHIKAET YaCTOTY MPOSIBIECHUS HexXenaTeNnbHbIX 3ddexToB [72, 73].



Cucrtemsl, cocrosinue u3 MojaenbHoro mpemnaparta Gatifloxacin 0,3% u I'enmnana
win cMecu ['emman:AnsruHatr HaTpus:KapOokcumerwniemnono3a o001agaroT
MYKOar€3UBHBIMU CBOICTBaMH. [TpoaomKkuTeTbHOCTD BBIJICTICHUS
JIEKapCTBEHHOI'0 Tpermapara B YCIOBUAX 1n vitro mnpesblmana 12 u. [74].
KomOunanuu Gerlite®: anbruHar cojepskaiiue matrine, B NpPEIBAPUTEIbHBIX
UCCJIEIOBAHUSX HA POTOBHIE, B YCIOBHUSX in Vivo 00JaJat0T MPOJOHTUPYIOIIEH
CIIOCOOHOCTBIO  BBICBOOOXKZIAaTh  aKTUBHYIO  cyOcraHuuioo. Peonoruueckue
UCCIIEIOBaHMSI TOKa3allk, YTO IMOAOOHBIE CMECH 00JaJaroT ICEBIOIUIACTUYHBIM
XapaKTepoOM JKUJKOCTH NPU KOHTAKTE€ C HMCKYCCTBEHHOW CIJI€3HON KHJIKOCTBIO.
JlaHHOE CBOMCTBO OJIaronpUsTHO CKa3bIBAETCS HA JOCTABKY O()TaIbMOJOTHYECKUX
opernapaToB  Ha  MOBEpXHOCTh  rmaza  [75].  W3yueHme  BA3KOCTH
MUKpPOAMYJIbCUOHHBIX cHUCTeM, cojepxammx terbinafine hydrochloride, u B
KOMOMHAIMK C MYLUMHOM (mucine) TMO3BOJWIO YCTaHOBUTH BO3MOJKHBIC
B3aMMOJCHCTBHS MEXIYy MaKpoMoOJIeKyJamu [ 'eftaHa v MyIuHa, JTOKa3bIBAIOIIUE
BO3MOYKHOCTH aJIT€3UH K OMOTTOBEPXHOCTSIM [76].

1.4 TIIpoOJieMbl TPAAUIIMOHHBIX IIA3HBIX KameJib

B nedennn rnasHbix 3a00JIeBaHUI MIMPOKOE MPUMEHEHHWE UMEIOT TJIa3HbIC
karui. JlanHas nekapctBeHHas ¢opma(JID) Ha psay co BceMU MpeUMyIecTBaMu
UMEET OJWH CYIIECTBEHHBI HEIOCTaTOK — HU3KYI0 WIM OrpaHUYEHHYIO
ouogocTynHocTh. Kamimu mnpu momajaHud Ha CIM3HCTYIO TJa3a JIOCTaTOYHO
OBICTPO BBIMBIBAIOTCA CJE3HOM >KHJIKOCTBIO M BBIBOJATCS YEpe3 HOCOCIE3HOM
KaHaji, npu 3ToM 3(PEKTUBHOCTH TMpEenapaToB CHUKACTCS, UYTO MOATBEPKIAIOT
uccnenoBanus. Jlume 0,1-5% JIB npoHuMkKaer dYepe3 pOroBUIly M TaKOTO
KOJIMYECTBO HEJOCTATOYHO TS 9P EKTUBHOM TIOCTABKH K TKaHsAM riasza[77, 78].

Hannas mpoGiema TpeGyeT co3nanust HOBBIX Tia3HbiX JID, koTopeie OyayT
o0nazgaTh TOBBIMIEHHONW OMOJOCTYMHOCTBIO H  3(P(EKTUBHOCTHIO  JICUCHUS
0 TaTbMOJIOTHUECKUX 3a00JICBaHMIA.

YBenuueHne BpeMEHHM KOHTakTa JiekapcTtBeHHoro cpeactBa(JIC) ¢
MOBEPXHOCTHIO CIU3UCTON OOOJIOUKM TJlaza — OAMH M3 Haumbojee NPOCTHIX,
ya0OHBIX H 3(G(PEKTUBHBIX CHMOCOO0B TOBBIUTH OHOIOCTYHMHOCTh. Jlisa 23TO
MPUMEHHUMbI BOJAOPACTBOPUMBIC MOJUMEPHI, Bsizkue noiayteepabie JIO u riasneie
KaIlld, CIOCOOHbIE 00pa30BBIBATH I'€llb MPU KOHTAKTE CO CIM3UCTON 000JIOUKOM
rnaza [79-81]. Kpome TOro, mpuMeHeHHE HAHOHOCHUTEIEH M MYKOAJT€3UBHBIX
CHUCTEM, CHOCOOCTBYIOUIMX VYJIYUIICHUIO MPOHUKHOBEHHUS Ipenapara, a TaKxKe
3alUTE U pEereHepaluy SIUTENUS Tia3a SIBISIOTCS MEePCIEKTUBHBIMU METOJIaMH B
JTaHHOM obacTu [82-86]

Hecmotpss Ha mmpokuii BbIOOp JieKapcTBeHHBIX TmpenapaToB(JIII) s
JedeHus  OPTaJIbMOJOTMYECKUX  3a00JIeBaHUN HA  COBPEMEHHOM  pBIHKE,
3¢ (PEeKTUBHOCTh JTOCTaBKM JeKapcTBEHHBIX BemiecTB(JIB) ocraercs akrtyanbHOU
npo0iemMoil, dYTO CBSI3aHO CO  CJIOXHBIM  AHATOMHUYECKUM  CTPOCHHEM
YeJIOBEUECKOr0 Ija3a M €ro MPUPOJHBIMHM 3alUTHBIMU MexaHuzmamu[87]. B



HE3aBUCHMOCTH OT (JOPMBI JIEKaPCTBEHHOTO Tpemnapara, OMoJ0CTyTHOCTh OCTaeTCsI
OTPAaHUYCHHO-HU3KOM, UTO CBSI3aHO C OaphepHOM (hYYHKIIMEH POTOBUIIBI U CKIIEPHI
rinaza. PoroBuila riiaza uMeeT MOKPBITHE, COCTOSLIEE W3 TPEX CIOEB CIE3HOU
MJICHKU(JIMITUIHOW, BOJAHOM U CIM3HUCTOM), KOTOpash BMECTE€ CO CIHU3UCTOMN
000JOYKOM  CIIyKUT TEPBUYHBIMU  MPENATCTBUEM  JJIsi  IPOHUKHOBEHUS
JIEKapCTBEHHBIX BelIeCTB [88].

CyuiecTByeT HECKOJBKO CTpaTeruid s yiaydlleHUus OMOJOCTYHMHOCTH
JeKapCcTBEHHbIX cucteM. OTHUM U3 3P(HEKTUBHBIX MMOJAXO0I0B SBISIETCS YIECUIICHNUE
pacTBOPUMOCTH  JEHCTBYIOLErO BELIECTBA, YTO IIO3BOJSETYBEIMYUTH €0
KOHIeHTpauuio B JI®, CHU3UTH pEHAKHBIE MOTEPU U YMEHBIIUTH HEOOXOJUMYIO
no3upoBky JIIT [89, 90]. Kpome Toro, uccienyorcs BelecTBa, CiocoOCTBYIOIINE
YCWJICHHIO TPOHUKHOBeHUS JIII, HanpuMmep 3TUiIeHAMaMUHTETPAayKCyCHasl KUCJIOTa
M €€ aHaJlord, KOTOpble CBsA3bIBAlOT MOHBI Ca’* TeM cambIM  ocCiHaliss
MEKKJIETOUHBIE CBSI3M POTOBHIIBI M IMOBBIIAIOT MPOHUIAEMOCTh TKaHen [91, 92].
[lepcieKTUBHBIM HaNpaBICHUEM B HACTOSLIEE BpPEMs SBIISIOTCS OKKYJISIPHBIE
BCTAaBKH, 00ECIEUMBAIOIINE MPOJOHTMPOBAHHOE BBICBOOOXKIEHUE JieKapcTBa [93,
94]. Jleuenue 3a0oneBaHMN CETYATKH TIJ1a3a PAacCMaTPHUBAET LEIECOOOpPa3HBIM
OPUMEHEHUE  MHBAa3MBHBIX  METOAOB:  HMMIUIAHTATHI,  HAllCJICHHbIE  Ha
IPOJIOHTMPOBAHHYIO JOCTABKY JIEKAPCTBEHHOTO CPEJACTBA U CHUKAIOIME YaCTOTY
UHBEKIMH [95].

Swan [96] B cBoeli paboTe BHEpPBBIE NPEMIOKUT HUCIOIH30BaATh
BOJOPACTBOPUMBIE MOJUMEP C LEeNbio co3aaHus JID, cnocoOHBIX 3a7ep>KUBATHCS
Ha MOBEPXHOCTHU Tria3a. BsA3KOCTh 0()TaabMONIOrMYECKUX PacTBOPOB MOXKET OBITh
MOBBIIIEHA 32 CYET MCMOJb30BAHUS MPOU3BOIHBIX LEIUTIOI03bI, TOJIU(BUHUIOBOTO
crupTa), NOAU(BUHWINMUPPOIUIOHA), KapOOMEPOB, MPUPOIHBIX MOIUCAXAPUAOB U
ruagypoHoBoM KucioTel [97, 98]. IlpuMepoM yCHEIIHOrO BHEAPEHUS TaKHUX
cucTeM sBIsIeTCs mpenapar TuMoJI s Jie4eHUs TIJIAyKOMbI, I€, 3a CYeT
UCIIOJIb30BAHUS TEJUIAHA, YJAeTCs COKPATHTh 4YacTOTy IpueMa B 4 pasa 1o
CPaBHEHUIO C TPAAUIMOHHBIMU KarisiMU. [IepCrIeKTUBHBIM HAIPaBIEHUEM MOYKHO
CUHUTATh T'eJIe00pa3yoOIINe CUCTEMY In Situ, 0OCOOEHHOCTh KOTOPBIX 3aKII0UAETCS B
CIIOCOOHOCTH Tepexoia U3 O KUAKOW ¢GOopMbl B Tellb TMOJ JIEHCTBUEM
¢uznonornueckux (aktopoB — pH, Temmeparypbl M 3JIEKTPOJIUTOB CIE3HOM
XKuakoctu. Kpome TOro, npHUMEHEHHME HAHOYACTHL C HWHKAICYJIMPOBAHHBIM
npenaparoM CrnocoOCTBYeT JydlleMy NpPOHHUKHOBEHHUIO uepe3 Oaphepbl IJ1a3a,
oOecrieunBasl yepxaHue rnpenapara B 00J1acTi pOroBUIIbl I1a3a U KOHBIOKTUBBI U
TEM CaMbIM IPOJOHTUPYS BHICBOOOKIEHUE AEHCTBYIOLIETO BEUIECTBA.

1.5 ®PpakunonupoBaHue 0HONMOIUMEPOB

buononumep rennaH, oOJNagaAlOMIMKA  PSIOM MPEUMYLIECTB, TaKXe U
00JIaZIEeT HEKOTOPHIMU HEIOCTAaTKaMM, KaK HalpUMEpP BBICOKAash MOJEKYJISpHAs
Mmacca cBaitie ~ 500 000 1anbToH , 4TO SBISETCS MPUUMHON HU3KON CITIOCOOHOCTH
K pacTBOPUMOCTH B BOJI€ XOJOJHOM MM KOMHATHOM TeMIlepaTyphl, XOpolleH u



OBICTPOI PACTBOPUMOCTBHIO TOJBKO MPH MOBBIIIEHUU TeMiiepaTypsl =~ 50 — 100 °C,
U TIOBBIIIIEHHON BSI3KOCTBIO TOJYUYEHHBIX PacTBOpPOB. B naHHOW pabote miis
YCTPaHECHHSI 3THX HEJOCTATKOB MPUMEHEHO (PaKIIMOHUPOBAHKE KOMMEPUECKOTO
OouonosMMepa rejiaHa.

@pakIMOHUPOBAHUE — HKCIEPUMEHTAJIbHOE pa3/elicHHe IOJIUMEPOB Ha
yactu (y3kue ¢pakiuu) 00Jjiee OJHOPOJHBIC MO MOJICKYJSIPHBIM Maccam, 4eM
MCXOJIHBIN 00Opa3zel mojumepa.

1.6 Moaudpuxkauusi OMONOJIUMEPOB

C 1enpbio TMOBBIMIEHUS OWMOMOCTYMHOCTH W YIYYIICHHS MYKOAITr€3UBHBIX
CBOMCTB JlaHHasi paboTa BKJItOUasa 3Tan MOAUGUIIUPOBAHUS TeIlJIaHa.

Monudukanuss mnoaumepa —  HalpaBIE€HHOE H3MEHEHUE CBOMCTB
MOJIUMEPOB, 3aKII0YAIOIIeecs B MPeoOpa30oBaHUN HAIMOJIEKYISIPHON CTPYKTYpHI
nojuMepa M HM3MEHEHHE XHMHUYECKOTO COCTaBa W/WIM MOJEKYJSPHOH MaccChl
nosmMepa. MccnenoBanue ObUTO MPOBEACHO C HMCIOJIB30BAaHUEM MOAM(UKAIINH
rejjiaHa ¢ momoiibio noarokcazonuna (1103).
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2 JKCNEePUMEHTAJIBLHAA YACTh
2.1 Marepuajbl

['ennman — TOpUPOAHBIN  MOJUCAaXapul, OTKPBITHE KOTOPOTO  OBLIO
ocymectsieHo B 1977 roay, Npou3BOAUMBIA (PEPMEHTATUBHBIM MYTEM C
noMoIipto  Oaktepuu  Sphingomonas  (uHorma — Pseudomonas) — elodea,
MOBTOPSAIOIIEECS 3BEHO B MAKPOMOJIEKYJIIPHON CTPYKTYpE COCTOUT M3 OCTATKOB 4
nosicaxapunon: 1,3-B-D-ritokossl, 1,4-B-D-rimoxkyponoBoit kucnotsl, 1,4-B-D-
r1oko3sl 1 1,4-a-L -pamuo3sl (Puc. 2):

CH,OH COOQOH CH,0H
0O /—o 0 0
O\/Q\ e "
OH O\I OH '
OH OH OH OH
Glucose Glucoronic Acid Glucose Rhamnose '

Pucynok 2 — CTpykTypa NOBTOPSIIOIIETOCs 3B€Ha TelilaHa

Kommepueckuit HU3KOMOJIEKYJISIPHBIN TelljlaH Obl1 mproOpeTeH y “Zhejiang
DSM Zhongken Biotechnology Co., Ltd.”, Kutaii.

Odgnoxkcayun — 310 aHTUOAKTEPUATILHOE CPEICTBO, OTHOCSIIEECS K TpYIIIe
(GTOPXMHONOHOB, oOO0NanampIlee MUPOKUM CHEKTpoM nedcTBus. OduiokcanuH
ABJIACTCA KPUCTAUIMYECKUM TOPOIIKOM OJIEAHO-XKEJITOT0 WIH SIPKO-XKEJITOTO
OTTEHKOB. JlaHHOE JIEKapCTBEHHOE CpPEJACTBO IMPUMEHSETCS UId  JICUCHHUs
Pa3IUYHBIX WH(EKITMOHHO-BOCTIAJIUTEIbHBIX ~ 3a00JI€BaHUM, BBI3BaHHBIX
MUKpPOOpPTaHU3MaMH, YYBCTBUTEIBHBIMH K L-3HaHTHOMEPY-TEBOQIAKCOIMHY,
KOTOPBIN 00YCIOBIMBAET aHTUOAKTEPUATBHYIO aKTUBHOCTH. OQUIOKCallH — 3TO
HA/ICKHBI TIOMOIIHUK B JICYCHUN MH(EKIIMOHHO-BOCTIAJIUTENbHBIX 3a00JI€BaHUH,
0OyCIIOBIEHHBIX POCTOM OOJBIIMHCTBA TPAMOTPHUIIATEIBHBIX U HEKOTOPBIX
IPaMIOJIOKUTENBHBIX OakTepuil. CucremMaTnueckoe Ha3BaHue ogiokcanuHa — 9-
¢dTop-2,3-guruapo-3-metui-10-(4-metui- 1 -nunepazunmi)-7-okco-7H-
nupuno(1,2,3,-d,e)-1,4-6en30kcazun kapOOHOBasi  KUCJIOTa W CTPYKTypa
n300paxeHa Ha PUCyHKe 3.

OH

jopot

Pucynok 3 — CtpykrypHas Gopmyna odaokcarmHa
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2-smun-2-oxcazoaun (EtOx, >99 %) M= 99,13r/mMons — upmsr «Aldrich
Chemical Co.» (CIIA) Mapku «4» OBLUT HCIOJIB30BaH 0O€3 JIOMOJHUTEILHON
OYMCTKH. MOHOMEp HMMENI XapaKTEPUCTHKH, COBIAQIAIONINE C JIMTEPATyPHBIMU
JTAHHBIMH.

HSC\/4N—>
O

Pucynok 4 — CtpykrypHas popMyina 2-3THII-2-0KCa30JIMHA

Cynvghonan — M=120,17 r/mons, p=1,26r/cm>, — pupmer «Aldrich Chemical
Co.» (CIA) mapku «9» (99%) ObLI UCTIOIB30BaH 03 IOMOJTHUTEIBHON OUHUCTKHY.

()

S
7N\
d o

Pucynox 5 — CtpykrypHas ¢popMmyina cyibdosana

Memunmpugpmopmemancynogponam (MeOTH, 98%) - nHUIIMATOP, TPOTYKT
dbupmer Sigma-Aldrich.

Memun-n-monyoncyneghonam (MeOTs, 97%) - uaunmaTop, NpoayKT GUpMbI
Sigma-Aldrich.

PactBoputenu: Jumemuncynrvghoxcuo (AMCO, 99,99%, Fischer Scientific
Oy) u monyon (=99,9 %, Merck Mil lipore) mepea ucmnoab30BaHUEM MOBEPTAIICS
BBLICYIIMBAHUIO Ha MoneKyasapHeix cutax (3 A, VWR). Juosmunosvii s¢up
(6e3Boaunbiit, J.T. Baker), u mempacuopogyparn (TI'®, >99,9 %, Honeywell) 6111
UCTIONB30BaHBI I CYIIKH TelllaHa. J[Js OYMCTKY rejuiaHa MPUMEHSUTHCH ayemoH
(99,8 %) wu wuzonponamnon (99,5 %, Fischer-Chemicals Oy) u xnopun
terpametmiiammonusi (TMACI) (= 98%, Sigma-Aldrich).

B okcmepumeHTaXx ¢ BOAHBIMH  PAacTBOpPaMH  HMCIIOJIb30BaIach
JEMOHN3UPOBAHHAS BOJA.

B cunTese Takxke ucnonabzoBanuck ruapun Hatpusa (NaH, 60% aucnepcust B
MUHEpaJIbHOM Macliie), AUITWIOBbIM »>¢up (Oe3Bomubii, J.T. Baker) u
terparuspodypan (TI'D, >99,9%, Honeywell), koTopblil npuMeHsuics sl CyLIKA
resiaHa. B skcnepumentax no AAMP ucnonbp3oBanack TSXKETOBOAOPOHAS BOJA
i okcun neurtepusi(D,O, 99% D, Euriso-Top). Juanusznbie memOpaHbl (C
MoJekysipHoit Maccor 3,5 kJla w 12-14 kJla COOTBETCTBEHHO) OBUIU
npuoOpereHsl B Spectrum  Laboratories. g  Bcex — 3KCHNEPUMEHTOB
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ucnoibs3oBaiach Boga Milli-Q, momydyennyto u3 anmnapara Millipore, ¢ ynenbHbIM
conportuBieHueM 18,2 MOM/cm nipu 298 K.

2.2 MeTtoabl HCCTIeT0BAHUSA

NK-Dypre crmekTpsl  (paKIUOHUPOBAHHOTO W MOAU(PHUITUPOBAHHOTO
resutana OblH 3anucanbl Ha mpubope Cary 660 ATR-FTIR (Agilent, CIIA).

SAMP chnekTpockomnus ocyimiecTBieHa Ha crektpomerpe Bruker BioSpin
Avance III 500 MHz (wacrora 500 m 126 MI1T COOTBETCTBEHHO) C
ucroyib3oBaHueM  pactBoputenss D,O.  Xumuueckue CABUTH  U3MEPEHBI
OTHOCHUTEJIBHO  CHUTHAJOB  OCTAaTOYHBIX  MPOTOHOB  JCHTEPUPOBAHHOTO
PacTBOPUTEIIS.

CnexTtpsl mnoryomieHust odiokcanrHa ObUTM CHITHI Ha Y®- u BUIUMOM
cnekrpodoTomerpe Specord 210 plus BU (I'epmanms).

N3mepennst auHamudeckoro paccessusa cseta (1JIC), n3era-noreHuuana u
3HAYCHUS HW309JICKTPUYECKON TOYKH OBUIM BBITIOJIHEHBI C IOMOIIBIO Zetasizer
Nano ZS90 (Malvern, BennkoOpuTtanus), OCHAIIEHHOTO JIa3€PHBIM UCTOYHHKOM C
JTIMHOM BotHBI 633 HM nipu Temnepatype 25°C.

TepmorpaBumerpuueckuii anamms (TI'A) nposenen ¢ momomsto LabSys Evo
(Setaram, ®@pannus), B Auanazone temiepatyp 25-700°C npu CKOpOCTH Harpena
10°C/muH.

Kunernka BbIX0Jla JIEKAPCTBEHHBIX BEUIECTB OblIa MU3MEPEHA C MOMOIIbIO
JTranu3HoOM MeMOpaHsbl ¢ pazmepamu mop 14 k/la (Sigma-Aldrich).

BsiskocTe OuWomnonuMepa rejuiaHa u3Mepsiiach BHUCKO3UMETpoM Y 00emoje.
Ne 1¢, K=0.03.

2.3 MeToauKHu MCCIaeT0BAHUSA
2.3.1 ®pakuuoHHMPOBaAHME IeJIJIAHA METOAOM APOOHOI0 OCAKIECHUS

B nuctunnupoBanHOM Boje ObLT mpUroToBiieH 1% pacTBOp KOMMEPUYECKOTO
reyutana pacteopenreM mpu 50 °C ¢ moCTOSHHBIM NepeMENIMBAHUEM B TeueHue 24
yacoB. IlomydeHHbBII pacTBOp 3areM MOABEPrajcs UEHTPU(YTUPOBAHUIO C
noMmoupto  aboparopuoit ueHtpupyru Sigma 2K15C “B.Braun Biotech
International” B teuenne 30 munyt mpu 40°C co ckopocthio BpameHus 5000
06/muH. [Ipo3paunas (pakmus — cynmepHaTaHT ObLI COOpaH W OCaXIEH B alleTOHE
(1:4 mo o6bemy). OOpazoBaBmIMCS OCAAOK OBUT COOpaH OTAEIBLHO U 3aHOBO
pacTBOpEH, mocie 4ero Takxke IeHTpudyrupoan B Tedenue 30 mun npu 40°C co
ckopocThio Bpamienus 5000 o6/mMuH. [[poOHOE ocaxkaeHHe MpOBOAMIOCH 4 pasa,
MOCJIE 4Yero OcCTalcsi HepacTBOpUMBIN ocanok. llomydennbie 4 dpakuuu
CYNEpHATAaHTOB MO OTJEILHOCTH OBLIM OYMIIEHBI OcaxaeHueM B aneroHe (1:4 mo
o0beMy), a 3areM O4YMIIECHHbIE (pPAaKIUU TreJvlaHa OTACNSIUCh OT BOJHO-
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aIleTOHOBOM CMECH BaKyyMHOU (UIIbTpaliiel ¢ NCIIOIb30BaHUEM (DUITBTPOBATIHLHOM
oymaru mapku Whatman 541 u cymmunucek B TeueHue ~30 munyT. Cyxue oOpasibl
rejijlaHa JIBaX bl MPOMBIBAJIUCH U30IPOIAHOJIOM, a MOCJE IejlylaH pacTBOPSUICS B
JIEMOHW3UPOBAHHOM Bojie U ObLI moaBepkeH nuanuzy (12—14 kJla) B TeueHue He
MeHee 48 wyacoB. Ilocne okoHuaHusi Auanusa, oOpaslbl ObUIM BBICYLIEHBI MpU
noMoIK JUOGUIBHONW CYIIKM M COOpaHbl B BHJAE CYyXHX ITYIIMCTBIX BOJIOKOH
oenoro 1BeTa (puc.6).

Pucynok 6 — O4uncTKka KOMMEPYECKOTO HU3KOMOJIEKYJISIPHOTO IeJljIaHa
METOJIOM JIPOOHOTO OCaXKICHUS

2.3.2 ®pakHOHUPOBAHHME METOAOM YJIbTPa3ByKOBOH 00padoTKu

s 06paboTku 00pa3IoB yIbTPA3BYKOM HCIOJIB30BAJICSA YIbTPa3BYKOBOM
nporieccop UP400S (400 Brt, 24 kI'm) “Hielscher Ultrasound Technology”.
VY IbTpa3ByKOBYIO 00paboTKy BOJHOTO pacTBopa KOMMEPYECKOTO
HU3KOMOJIEKYJISIPHOTO TellJlaHa ¢ HaYaJIbHOW KOHIeHTpanuen 1 mac.% mpoBoauiu
npu 50°C B Teuenue 10, 20, 30, 60, 90 u 120 mun. O6pa3ipl, oOpaboTaHHBIC
yIBTPA3BYKOM, IEHTPUGYTUPOBATIM C TIOMOIIBI0 JabopaTopHON 1EeHTpudyru
Sigma 2K15C “B.Braun Biotech International”[6] mpu 50°C B Teuenue 1 wyaca.
Kaxnpiii pa3 OTAENEHHYI0 KUIAKOCTh OCaXKIAIH H3O0MPOMNIIOBBIM CIUPTOM,
HECKOJBKO pa3 TMOABEPTrald AWAIN3y W TOABEPrajili CYIIKE C ITOMOIIBIO
cyonumarmonHo# cymmiku FreeZone plus oosemom 2,5 1 “LABCONCO”.

2.3.3 Cunre3 o (2-3TWI-2-0KCA30/IMHA)

CrexyisHHas MMOCyJa, UCMOJNb3yeMasl MPU CHUHTE3€ W JTUCTWIUIALNH, TepeN
UCIIOJIb30BAHUEM BBIJICP)KUBAETCS B TEUEHHWE HOYM B CYUIWJIBHOM IIKady mpu
temneparype 90°C. T'mapun KanpUus MCIOJNB3YETCA I CYWIKH 2-3THII-2-
okcazonuHa (EtOx) u cynbdonana. EtOx momemaeTcss B KpyIJIOAOHHYIO KOOy U
nobasinsiercss CaH, g0 Tex mop, moka cmech HE NMPUOOpPETAaeT MOJOYHBIM IIBET.
CymuiibHas TpyOKa, 3al0THEHHYIO TpaHyJaMu XJIOpHJIa KaJlblKs, TOICOSANHAETCS
K KOJIOe, U CMECh NepeMENIMBAETCs 10 clieaytomiero aus. s cynbdonana cynika
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UJCHTUYHA, HO KOJIOa MOMEIIAeTCs] B MacsIHYIO BaHHY, yCTaHOBIEHHYI0 Ha 32°C,
YTO BBIIIE TOYKU 3amep3aHus cynbbonana (28,4°C). Ha cnenyrommii nenp EtOx
MIEPETOHsIETCS TIPU aTMOC(EPHOM JaBJICHUU C MCIIOJIb30BaHWEM HMHEPTHOTO Ta3a —
a30Ta, a cyab(hoJiaH IpH MOHMKEHHOM JaBIICHUH.

B pabGore Loukotova et al. [99] Obl1 TpoBeAeH CHUHTE3 MOJUMEpPA,
AHAJIOTUYHBIA OMHMCAHHOMY, HO C HEKOTOphIMU agantanusiMu. CoOTHOIIEHHUE
MOHOMeEpa K mHAnMaropy cocrtasisuio 50:1 miss nommmepusannii PEtOX ¢ nenbro
nocTwkenust MoispHod wmaccel 5000 r/momb. B kauecTBe umHUIIMaTopa
ucrosb3oBaiica Metuntpudropmerancyabdonar (MeOTH).

Jlnst cuHTe3a kuBbIX TpaHcruiantaroB PEtOx mporenypa momumepusanuu
HauMHanack ¢ 6bapOoTupoBanus >TuiokcudTaHona (EtOx) B konuvectse 2 r (20,18
MMOJIb) U cyib(dornana (4 mi) azotoM ripu Temmneparype 35°C B reuenue 30 MUHYT.
Boiee BhicOKasi KOHIIEHTpAUsl MOHOMEpa IPUBOAMIIA K (POPMUPOBAHUIO CIIULIKOM
BSI3KMX TOJMMEPHBIX PAacTBOPOB, YTO OKa3bIBATOCh HEdPPEKTHUBHBIM. PacTBOp
uauimaropa (mpumepno 100 mr/mn MeOTf) moaroraBnuBascs B Apyroii koioe (5
MJI) ¥ MOJBEprajics a30TUpoBaHuIo B TeueHue 15 munyT nipu 35°C. 3aTteM pacTtBop
uHunuaropa (0,66 M) ObLT IEPEHOCEH B PEAKIMOHHYIO CMECh C MOMOIIBIO UIJIBI.
CMmech mepeMennBaiach Mpyu YMEPEHHOH CKOpOCTH B TeueHHe 60 MHUHYT, mocie
4Yero Temieparypa MaciasHoi BaHHblI nogHuMmanack 1o 70°C. IlepememvBanue
POAOHKANIOCh OKoJio 24 gacoB B atMocdepe azota. Ob6pasenr PEtOx (Mn = 7960
I/MOJIb) IPUMEHSIICS JIsl CUHTE3a conoinMepoB refutan-PEtOX.

2.3.4 Moandukanus reJiJiaHa ¢ UCMOJb30BAHUEM MMOJIMOKCA30JIMHA

[Ipouecc mMoauduKauu reuiaHa MOJIMOKCO3aJIMHOM IPOJAEMOHCTPUPOBAH
Ha pucyHke 7. [[puBHBKa rejiaHOBBIX LENEN MPOUCXOIWIIA B ABYX MMAPAIUICITIBHBIX
npoiieccax, HaunHas ¢ noinuMepuszanuu EtOx. C momomipto NaH mpowucxoauna
AKTUBUPOBAIIMS TejlsilaHa, o0pa3ysi MOHbI alKokcuaa. OJHAKO MPUBUBKA MOXKET
TaK)Ke TMPOUCXOJIUTh Ha KapOOHOBBIX rpymmax D-riatokypoHaTa. B xone npuBuBKu
oOpasyercsi HOBasi KoBaJieHTHasi 3(pupHas cBs3b Mexay menbio PEtOx u [Nennan.
TectupoBaHHne NMPUBHBKU OCYIIECTBISJIOCH MPHU Tpex Temmeparypax. [IpuBuBka
npu 70°C mpuBena K OOIMIMPHOMY Pa3NIOKEHUIO TeJUT1aHOBOM kamenu. CUHTE3 TIpH
temmneparype Huxke 40°C cnocoOcTByeT reiaecoOpa3oBaHUIO, UTO HEOIAroMpHUsTHO.
JI71sl yka3aHHBIX MOJIMMEPOB ObliIa BEIOpaHa onTUMaibHas Temmeparypa <~ 50°C.
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Pucynok 7 — CxeMatuueckoe nu300pakeHrne CUHTE3a COMOJIMMEPOB TeJlIaH-
PEtOx

Tunpun uarpus (340 mr, 8.4 mMmons) gobammsuin k 10 mr/mi pacTBopy
rejuiana B azeotrponHo BeicymieHHOM JIMCO c¢ ucnons3oBanuem tonyosna (200 mr,
1,14 MmMoIib, YTO SIBJISETCSl YCPEAHEHUEM YEThIPEX CaxapHbIX €IUHUI, PACTBOPSIIU
B 20 mi). CMmech nepeMemmBanu B TedeHue 3 yacoB npu 5S0°C. Uy BBogwiIH
yepe3 PE3WHOBYIO TEPErOpoAKY JJisi  BBICBOOOXKICHUS  0Opa30BaBIIETOCS
ra3oo0pa3HOro BOAOPOJA. 3aTeM MPEIBAPUTEIIBHO ONPEIACICHHOE KOJIUYECTBO
*uBbIX 1ene PEtOx B cynbdonane gqobasnsum unioi k cmecu resuian/JIMCO, u
CMECh NIEPEMEIINBAIIA B TECUCHHE HOYMU.

2.3.5 MoaenupoBaHue CJA€3HOM JKUAKOCTH

JI71si IpUrOTOBIIEHHST pacTBOPA UCKYCCTBEHHOU cie3noil xkuakoctu (MCK)
ucroib3oBanuch crneayomme peareHThl [100]: 670 mr xmopuna nHatpus (NaCl),
200 mr Oukapoonara Hatpus (NaHCOs), 8 mr guruaparta xjopuja KajabIus
(CaCl,2H,0), 100 M nemoHU3MpPOBaHHOW BOABI. ECTBECTBEHHBIM BOJOPOIHBIN
nokasareiab pH ciie3Hoi XKUAKOCTH OMU30K K HEHUTPAIbHOMY 3HAYEHUE, MOITOMY
ucxoansiii pactBop MCXK Obn noBenen no 3HadeHust pH pactBopa 7,40. Kpome
TOTO TEeMIIepaTrypa pacTBopa nomaepxkuBaiachk mpu 37 °C ¢ NOMOIIBIO BOJSTHOMN
O0aHU Ha MPOTHKEHUH BCEX DKCIIEPUMEHTOB T10 aJIT€3UH CIIU3UCTON 000T0UKH.
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3. Pe3yabTaThl H 00CyKICHUE

3.1. ®pakuMOHMPOBAHHE KOMMEPYECKOro OMOmoaMMepa re/uilaHa ¢
LEJbI0 MOJIyYeHUsS] HU3KOMOJICKYJISIPHBIX (ppaKuuii

KoMmmepueckuii Ouomnosumep reuiaH — 3TO MNPUPOJHBIM ModMcaxapui,
BBICOKAsi MOJIEKYJISIpHAasg Macca KOTOpOTO SIBJIAETCS MPUYMHON  ciaboit
pacTBOPUMOCTH B BOJE, YTO NPHUBOJUT K IOJYYEHHIO MYTHBIX PacTBOPOB C
HOBBIIIEHHOM BSA3KOCThIO. C II€NIbI0 MOJIyYE€HUsT HU3KOMOJIEKYJSIPHBIX (paKiuii
ObUIO MPOBEAEHO (PPAaKIIMOHUPOBAHUE ABYMsI METOJaMU: APOOHOTO OCAKIACHUS U
yJIbTPA3BYKOBOW 00PaOOTKHU.

Meronom  nmpoOHOrO  ocaxkaeHuss Obuio  momydeHo 4 dpakuuu
HU3KOMOJIEKYJISIPHOTO TejljlaHa U HepacTBOpUMbIN ocanok. CoriacHo tabmnuue 1,
nepBas ppakuus GG-1 ObuUIa BbIIEIEHA C TPE00IaIaroIe MacCoil 0 CpaBHEHHIO
C OCHEAYIOIIUMU (PpaKkUsIMHU.

Tabmuna 1 — Berxon ¢pakumii reyutana B mporecce IpoOHOTO OCaKICHUS

Opakuns Pasmep nmop nuannsHeix Beixon, mr
MemOpaH, kJla
GG-1 12-14 30,2
GG-2 12-14 18,8
GG-3 12-14 14,8
GG-4 12-14 9,6
HepactBopumblii 0caioK 19,8

Meron  ynbTpa3BykoBoil  00paboTku  1Bec.%  BOgHOrO  pacrBopa
KOMMEpUECKOro rejuiana npoBoaunack npu 50 °C B teuenue 5, 10, 30, 60 u 120
MUHYT. OOpasipl, MOJIyYeHHbIE (PPAKIMOHHUPOBAHUEM METOAOM Y 3-00paboTKH,
ObLIM TonBepkeHbl HeHTpudyrupoBanuto npu 50 °C B Teuenwe 30 MHHYT.
CynepHaTaHT, TOJIyYEHHBIA TOCIIE KaKIOT0 LEHTPU(YTHpOBaHUs, ObLI OCaXIACH
U30ITPOIMIIOBBIM CIIUPTOM, a 3aT€M ObLI MMPOBEACH JAUAIIN3 MOJyYEHHBIX 00pa3lioB
C MCTIOJB30BAHUEM JUATM3HBIX MeMOpaH (pa3Mepsl mop 12-14 kJla) B TeueHue He
meHee 48 uacoB. Ilocne mpoBeneHust Auanuza oOpaslbl ObUTM 3aMOPOKEHBI U
BbICYLIEHBl B JUOQMIbHON cymike. [lomydeHHble 00pa3libl MUMEIM BHJ CYXHX
MYIIUCTBIX BOJIOKOH OENIOro 1BeTa.

[Tpu npumeHneHnn meroaa oOpabOTKHU yibTpa3BykoM 1% BomHOro pactBopa
rejulana Oblla  BBISIBJIEHO 3aBUCHMOCTb  BBIXOJla IOJIyYEHHBIX 00pa3loB
HU3KOMOJIEKYJISIPHOIO T€JlaHa OT JUIMTEIbHOCTH BO3JCHCTBUS  YJIBTPa3BYKOM.
CornacHo TaOnuie 2, C YBEIWYECHUEM JIMTEILHOCTA BO3JCHCTBUS, BBIXOJ
HU3KOMOJIEKYJISIPHBIX (Dpakiuil TaKKe yBEIMYHUBACTCS.
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Tabnuna 2 — Beixoa ¢pakuuil rejuiaHa Mmocie METOJIOM YJIbTPa3BYKOBOM
00paboTKH

Opakuus Bpewms Pazmep nop auann3HbIix Beixon, %
YJIBTPa3BYKOBOM MeMOpaH, k/la
00pabOTKH, MUH
1-GG 5 12-14 3,9
2-GG 10 12-14 2,4
3-GG 30 6-8 39.9
4-GG 60 3,5 24,1
5-GG 120 3,5 42,8

3.1.1 Onmnpenejenne MOJEKYJISPHBIX Macc (pakuui resuiaHa,
NOJIMAUCIEPCHOCTH U WAEHTU(PUKANMSA UX CTPYKTYPHI

Hannuue kapOOHOBBIX Tpymil BO ¢parMeHTaxX TIOKOPOHOBOW KHCIOTHI B
(paKIIMOHUPOBAHHBIX HHU3KOMOJIEKYJSIDHBIX 00pasliax reijiaHa MPUBOJUT K
IPOSIBIICHUIO MOJUAJIEKTPOJIUTHBIX CBOMCTB, KaK Hampumep, 3aBUCUMOCTh 1)sp/C
HE MOXET OBbITh SKCTPANOINPOBAaHA HA HYJIEBYIO KOHIEHTPALIMIO MOJIMAIEKTPOINTA
JUISI ONIPECIIEHNs BHYTPEHHEHN BA3KOCTH (PUCYHOK 8).

N N N w w w
H (=] 0 o N »
1 1 1 1 1 1

MpvBeaeHHas BA3KOCTb, AN/

N
N
1

T T T T T T T T
0,01 0,02 0,03 0,04 0,05
KoHueHTpauus rennaHa (wt.%)

PucyHok 8 — 3aBUCMMOCTB IPUBEAECHHON BI3KOCTU HU3KOMOJIEKYJISIPHOTO
reJUIaHa B JUCTUUIMPOBAHHOM BOJIE€ OT KOHILICHTPALUU ITOJIMMEpPa

Cy1iecTByeT HECKOJIBKO CITIOCOO0B PEIIeHUs TaHHON MPOOJIeMBbI:
1) mpu NOMOITM SMIUPUYECKOTO YPaBHEHUS;
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2) mpu OMOIIH 100aBIEHUSI HU3KOMOJIEKYJISIPHBIX COJIEH C LIEJIbI0
NOAAaBJIEHUS MOJUITUKTPOIUTHOTO dhPeKTa.

JloGaBieHre HU3KOMOJICKYJISIPHBIX COJIeH TIPUBOINT K Teie00pa3oBaHUIO
rejijiaHa, 9To SBJSETCS MPEMSTCTBUEM JIJISl H3MEPEHUS BHYTpEeHHEH Bs3kocTh. Ha
pucyHke 9 n3o0pakeHa KpuBasi U3 pUCyHKa 8, KoTopas Oblia THHEapru30BaHa C
npuMenneM ypaBHeHus ®yocca [101]:

C 1 1
— = — + kgg—cl/? 1
N Il ESE © T 1)

rae C — KOHIIEHTpaIus pacTBopa, T/MIT;
Nsp — YAEJIBHAS BI3KOCTh, CM>/T;
krs— koappunuent dyocca.

BHyTpeHHSI BA3KOCTh Te€JUIaHa, ONpeNeNeHHas no ypasHenuto dyocca,
pasHa 5680 cm>-g'!.

Bsi3kocTh pasnudHbBIX (paKIuil TeiilaHa Oblla OIICHEHAa ¢ NMPHUMECHCHHEM
aBToMaTu3upoBaHHOTO BHCcKO3uMeTpa Micro-KPG Ubbelohde. [Ins mpoBenenus
JaHHBIX W3MEPCHWM OBUIM TIPUTOTOBJICHBI PACTBOPBHI TeUIaHA Pa3TUIHBIX
koutentparwmit (0.025 r/mm, 0.05 /i, 0.08 v/nm, 0.1 t/m1, 0.12 v/anm u 0.15 /m1). B
Ka4eCTBE PACTBOPHTENS HCIIOJIB30BAJICS PACTBOP TPHUMETHIAMMOHHN XJIOPHIA
(TMACI) ¢ xonuentpanueit 0.025 M.

0,048
0,040

0,032

Cing,, g/dL

0,024

0,016

0,008 - . : . : . :
0,00 0,05 0,10 0,15 0,20 0,25

c12, giaL

PI/ICYHOK 9— XapaKTepI/ICTI/I"IGCKaH BA3KOCTb HU3KOMOJICKYJIIPHOI'O I'CJIJIaHa,
OIIPCACIICHHAA B HHCTHHHHpOBaHHOﬁ BOJC 110 YPAaBHCHHUIO CDYOCCEl

[IpuBenenHass BS3KOCTh 0Opa3oB ObuTa HM3MEpPeHa JBYMsI METOJAMHU:
JIPOOHBIM PACTBOPEHHEM U YJIbTpa3ByKoBoW oOpaboTkoi. Ha pucynkax 10 u 11
COOTBETCTBEHHO  MpEACTaBICHBI  pe3yibTaThl. C  TENBI0  TOJYYCHUS
XapaKTEPUCTHUECKONW BSI3KOCTH [1], BBITIOJIHEHA DSKCTPAMOJSIUS TPUBEACHHON
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BA3KOCTH Msp/C K TMpefenbHOMY 3HAUEHHUIO MPH COCPENOTOYEHHH pacTBOpa,
crpemsiemcs k 0 (C — 0).
B tabnunax 4 u 5 npencTaBieHbl CpeIHUE MOJIEKYJIIPHbIE Macchl (Ppakiuii
resuada (Mn) ¢ npumenenueM ypasHeHus: Mapka-Kyna-Xoysunka [102]:
[n] = 7,48-103-M,,%! (2)

rae [n] — yaenpHas BA3KOCTh, CM>/T;
7,48:10 — koHcranta K, nJI/r;
M,, — cpeJiHEB3BENIEHHAs MOJIEKYJIApHAs Macca, I/MOoJIb
0,91 — mokazaTenp CTENEHU 0, SMIUPUUECKUN mapaMeTp.

GG-1 4

(o))
o
1

4pon

o
o
|

Reduced viscosity, dL/g

0 —

0,00 0,02 0,04 006 008 010 0,12 0,14
Gellan concentration, g/dL

Pucynox 10 — 3aBucumocTb npuBeeHHOM Bs3kocTH Ppakiuu GG ot
KOHLIEHTpAaLUU MOJUMEpPa, MOJTYYEHHBIX METOA0OM (PPAKILIMIOHHOT'O PACTBOPEHHUS

Tabmuua 3 — PacueT MoJIEeKyISIpHOM MacChl pa3IMYHbIX (PpaKIuil rejuiaHa
10 ypaBHeHUI0 Mapka-Kyna-Xaysunka o gopmyie [g] = 7,48:107-M,,*!

Opakuus XapakTepucTuuecKkas BA3KOCTb, | My, I/Mob ™!
[n], cM’/r

GG-1 1430 6,43- 10°

GG-2 1592 7,23-10°

GG-3 1792 8,23- 10°

GG-4 1949 9,03- 10°
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0,00 0,02 004 0,06

T T T T T T
0,08 0,90 012 0,94 0,16

Gellan concentration, g/di

Pucynox 11 — 3aBucumocTtsb npuBeneHHO Bsi3kocTH Ppakiuu GG ot
KOHLEHTpaluu noaumepa nociue 5-,10-, 30-,60- u 120-MunyTHOM 00pabOTKN
YJIBTPa3ByKOBBIM HCTOYHUKOM

Tabnuma 4 — Pacyer MonekyIsipHO Macchl pa3lu4HbIX (DpaKiuu resiaHa
1o ypasHenuto Mapka-Kyna-Xaysunka o gpopmyie [n] = 7,48:107-M,?!

Opakius Bpems o6paborkn | XapakrtepuctHyeckas | My, r/moius’!
V3, Mun BSI3KOCTB, [1], cM>/T
1-GG 5 1395 6,25 - 10°
2-GG 10 1204 5,32-10°
3-GG 30 1086 4,75- 10°
4-GG 60 939 4,04 10°
5-GG 120 895 3,84-10°

OpakIIMOHUPOBAHUE KOMMEPUYECKOTO TeJlJIaHa MO3BOJIMIIO TOJIYYUTh JEBSITh
dbpakiuii, cpeHss MOJIEKYJIsIpHas Macca KOTOPBIX HaxoAUTCsl BrpeaenaTh ot 380
10 900 x/la. Ilpu nomomu (HU3MKO-XUMHYECKUX METOJOB ObLla MpOBEICHA
uAeHTUUKAIMS CTPYKTYp 00pa3IoB rejuianHa.

Jlna mpoBeneHHs aHaln3a METOJIOM 'H gIMP CIIEKTPOCKONHH, Oblia
IPOBE/IeHa MPOOOMOATOTOBKA: B3BEIICHO MO 5 MI KaXIOro oOpasia reiiaHa,
KOTOpbIE 3areM pacTBopsiiuch B 0,5 MI okcuaa AEUTEpUss KaXIblil MpU
temneparype 40-50 °C B nieun B TeueHue | CyTok.

Anamu3z merogom SAMP mpoBommics mpu Temmeparype 80 °C m ObuIO
noayueno 32 ckana. Ha pucynke 12 nzo0paxens! noiaydennsie 'H SIMP crieKTpsi.
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Pucynok 12 — ITosropsrommuecs MoHoMepHbIe 3BeHbs GG u cnektpsl 'H
SAMP ¢pakiuu GG, nomyueHHbIe TyTeM (PaKIIMOHHOTO PACTBOPEHUS
KOMMEpYECKOT0 TelljIaHa

B 1uenoueyHoil cTpykType Gdpakiui reiaHa, IOJIYYEHHBIX METOJIOM
yAbTpa3BykoBoii 06pabotkn B 'H SIMP cnekrpax M3MEHEHHH HE 3aMEYEHO, YTO
MOXHO HAOJIFOJaTh 10 PUCYHKY 13.

1.0 [rel

08

: ; ; : . : . ; ; 7 :
4 3 2 ppm]

. A e
BN T J\V’\»f/\l\/\m j\ 3-GG i
A J \ I |\ VAVl Vi A\““»,v' 21-GG s
; A AN J\1-GG -3
A A N Jw\/'\,\/\/\\f\/\/\_ JLcmn GG [3

Pucynox 13 — Cnektpol 1H AMP dpakuuu GG, nomydeHHBIX TyTeM
yJIBTPa3BYKOBOM 00paOOTKH KOMMEPYECKOTO TeJijlaHa

OtuyerniuBo BuaHbl nuk C=0 (175,2 ppm) TIIOKYpOHOBON KHUCIOTHI,

METHJIOJIbHBIE TTUKHU (61,2 1 61,7 ppm) rat0K03bl U METHILHBIN nuK (17,6 ppm)
PaMHO3BI.
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Pucynok 14 — *C SIMP cniekrpsl pasiuunbix Gppakiuun GG, M0Iy4eHHbIX
MeTosioM ppakimonHoro pactBopenus a) GG-1, b) GG-4, ¢) koMMmepueckuit
reJijiaH.

HK-criexkTpsl 00pa3ioB KOMMEPUECKOTO M HU3KOMOJIEKYJISAPHBIX (pakuui
rejylaHa u300pa’keHbl Ha pucyHke 15.
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Pucynoxk 15 — UK-cniekTpsl koMMepueckoro resuiana u ppaxkuuit GG



B taGnuiy 5 BHecensl 3HaueHus nukoB MK-ciekTpos.

Ta6auna 5 — 3nauenue nukoB MK criekTpa remiana

[Muku, cm™! HazHaueHne

3370 O-H

2921 C-H

1604 COO" BanieHTHast Bapualus KapOOKCHIIATHON TPYIIIIBI UK
1600 cm’!

1408 COQO" cuMMETpUYHBIE

1039 C-O nonoca noromeHus, nossuBIascs B auamazone 1000-
1200 cm!, yxaseiBana Ha Hanwume cBssu B-(1—4)

Tabmuma 6 — DjaeMeHTHBIM aHaiMM3 00pa3oB KOMMEPUYECKOTO U
OYMIIIEHHOTO TeJlJIaHa

BemectBo Coneprxanue 31eMeHToB (Macc.%)
A3zoT Yrnepon Bonopon Cepa
Kommepueckuit
reJutaH 0,05 36,31 5,60 0,00
OumnieHHBIN
rejuiaH 0,06 38,59 5,89 0,00

[Ipumenenue merona TI'A ¢ uenpio HccaeAOBaHUS CTPYKTYpbl (pakuui
rejulaHa ObUIO MPOBEJCHO B JMana3oHe Temiieparyp oT komHatHou (25 °C) mo
700°C. HccnepoBaHue MPOBOJIMIOCH HA YETHIpEX (PPaKUUAX, TEPMOTrpaMMBI
KOTOPBIX H300pakeHbl Ha pUCYHKE 16, Bce (Ppakuuu NpOXOIAT IBYXITAIHBIN
nmpouecc aerpamanuu. IlepBeiil  3Tam, XapakTEpU3YIOLIMKCA TOTEPEN Beca
MOIJIONIEHHON BOJBI, MPOTEKAET B AMarazoHe temmeparyp ot 25 mo 100 °C. Dto
MOXXET OBITh CBSI3aHO C BBICBOOOXKICHHUEM BJIard, KOTOpas ObLIa CBSi3aHA C
TUAPATUPOBAHHBIMU COCTOSIHUSIMU TeJIaHa. BTopoil sTan Aerpaganuul TpOTEKaeT
B auanaszone temreparyp 230-250 °C, uro cocraBisieT okosio 50% OT HayaabHOTO
BECa, OTCIOZIA CIIEAYET, YTO PA3JI0KEHUE TejllaHa MPOUCXOIUT MPU OTHOCHTEIBHO
BbICOKUX TemriepaTypax. [Ipu temneparype 247 °C npoucxoauT camasi ObicTpas
noTeps Beca, 4YTO YKa3blBa€T HAa HAMOOJIee AKTUBHBIA MPOLECC PaA3IOKECHHS
obOpasna npu 3toi Temneparype. [lo noctuxkenuto 700 °C, motepst Beca B o01ieM
cocraBuina 76%, YTO MOMKET JAEMOHCTPUPOBATH 3HAUUTEIBHYIO JETPaJalllio
reljlaHa mpu Oosiee BBICOKOW Temmeparype. Takum o00pa3oM, pe3ylbTaThl
TEPMOrPaBUMETPUUECKOTO aHAIM3a MPOAEMOHCTPUPOBAIM OCHOBHBIE IPOIECCHI
pa3NOKEeHHsT TOJIMMEpa, a TakKe IMO3BOJWIN HWACHTU(PUIUPOBATH CTPYKTYpPY
bpakuuii rennana. [loaydeHHble TaHHBIE MOTYT OBITh 3()(EKTHI B UCCIEIOBAHUSIX
CBOWCTB T€JUIAHA W MPUMEHEHUWU B PA3JIMYHBIX OTPACISIX MPOMBIIUIEHHOCTH,
HayKH U MEIUIMHBI.
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Pucynox 16 — TT'A-tepmorpamma kommepueckoro reutana u ppakmuit GG

[IpoBenenne aHanu30B GU3UKO-XUMHUUECKUMHU MeToAaMu, Takumu kak UK-
SMP- u Y®-cnekTpoCKONMU, TEPMOAHATIN3 U JJIEMEHTHBIM aHAJIN3, HE BBIABUIIO
3HAUUTENBHBIX  pa3Iuuuil  (QpPakIMOHUPOBAHHBIX  O0pa3lOB  TreulaHa  OT
KOMMEPYECKOTO BBICOKOMOJIEKYJISIpDHOTO TrejutaHa. Takum o0pa3oM, He OblIO
HUKAKUX yKa3aHWUM Ha TO, YTO TejUTaH ObLI HE TMOJHOCTBHIO ACAICTHIIMPOBAH H
dpakus OblIa yaaneHa BO BpeMsi OUYMCTKU. JIaHHBIN BBIBOJ] TaK)Ke TOJITBEPKIACT
AJIEMEHTHBIA aHau3: B 000MX 00pasmax COJAEPKUTCS OJUHAKOBOE COJNIECPIKAHHE
yriaepojga u Boaopona. OTcroja ciemyeT, 4To Hambojee BEPOATHOW MPUYUHON
HU3KOI'O BBIXOJA OYMCTKH SIBJISIFOTCS JIBYXBAJIEHTHBIC KAaTHUOHBI, HE3HAYUTEIHLHOE
KOJIMYECTBO ATUX KAaTUOHOB METAJUIOB CBS3BIBACT I'€JUIAHOBBIE LENHU B YACTHUIIBI,
KOTOPBIC YIAISIOTCS IEHTPUDYTUPOBAHUEM.

3.1.2 OmnpenpesieHne cpeAHeruJIpoAMHAMHMYECKUX Ppa3MepoB H /13eTa-
MOTEHUHAJIOB (PPAKLUI reJIIIaHa

Onpenenenue  CpeAHETHAPOJUHAMUYECKUX Pa3MEpOB  KOMMEPYECKOTO
BBICOKOMOJICKYJISIPHOTO TeJUIaHA M HU3KOMOJICKYJSIPHBIX (Ppakiui, a TaKxke
U3MEPEHUE J3€Ta-MOTEHIMAJIOB MTO3BOJIMIIO YCTaHOBHUTb, 4TO
CpPEeIHETUAPOJUHAMUYECKAE  pa3Mepbl  (Ppakiuil  remiaHa (pucyHok 17)
U3MEHSAIOTCA B 3aBUCUMOCTH OT MX KOHLEHTPAllMM M YCIOBHM OKpPYKaroleh
cpenbl. [TonpoOHbIN aHaMM3 A3€Ta-MOTEHIMANIOB (Tabuuia 7) MpoIeMOHCTPUPOBAI
pazuyusi B JJEKTPUYECKUX CBOMCTBaX IMMOBEPXHOCTU OOpa3IOB pa3IMYHBIX
dpaxiuii, 9TO TOBOPUT O TOM, YTO CTAaOMJIBHOCTHh W MOTCHIMAI BapuaOEIbHBI K
arperupoBaHUIO B PACTBOPUMBIX CUCTEMAX.
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Pucynok 17 — CpeaHeruipoinHaMHU4ECKUE pa3MEPHI TeJIaHa U €ro
Pa3IMYHBIX (QpPaKIMU B 3aBUCUMOCTH OT KOHIICHTPAIIUX HU3KOMOJIEKYJIISIPHBIX
cojien

Tabnuma 7 — J[3era-moTeHuuanbl reijiaHa U €ro pasiudHbIX (pakuuil B
3aBUCHUMOCTH OT KOHIIEHTPALMN HU3KOMOJEKYJISIPHBIX COJIEH

KomMmMmepueckuii rejuiad

C, % B Boze A B cne3Hol »KUAKOCTH A
0,2 -103 | -89.1 -62 -84,7 -358 | -411 -340 -370
0,1 -97.3 | -125| -107 -110 -293 | -462 -433 -396
0,05 -109 | -80.6 | -48.7 -79.4 -339 | -441 -537 -439
0,025 0.373 | 0.321]-0.703 | -0.003 -421 | -654 -822 -632

1 gpaxuus

C, % B Boze A B cne3noi xxuakocTu A
0,2 -165 -156 | -158 |-159,67 | -355 -525 -505 -461,6
0,1 -104 -115 | -141 | -120 -332 -461 -542 -445
0,05 -123 -128 | -122 | -124,33 | -308 -440 -426 -391,3

2 dpakmus

C, % B Bome A B ciie3H0# KUIKOCTH A
0,2 -158 -125 |-116 | -133 -378 -509 -531 -472,6
0,1 -110 -120 | -115 |-115 -318 -443 -490 -417
0,05 -136 -143 | -134 | -137,6 |-290 -450 -533 -424.3

3 dpakuus
C, % B Boze A B cne3noit :KuaKkocTH A
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IIpooondicenue mabauyol 7

0,2 -201 219 |-204 | 208 -307 -511 -512 4433
0,1 -122 -128 | -136 | -128,67 | -336 -343 -332 -337
0,05 -121 -101 | -105 |-109 -206 -336 -447 -329,6
4 ppaxuus

C, % B Bone A B cne3Hol JKuaKocTH A
0,2 -105 -119 |-106 |-110 -339 -440 -469 -416
0,1 -99,8 | -105 |-106 |-103,6 |-368 -493 -463 -441,3
0,05 -934 | -71,5 |-57,5 |-74,13 |-306 -551 -654 -503,6

3.2 MH3yuyenue rejieo0pa3soBaHus Tre/LUIaHA B 3aBUCHMMOCTH  OT

KOHIEHTPAMH HU3KOMOJIEKYJISIPHBIX coJjieil, pH cpeabl, TeMneparypsbl

JIist u3ydeHus: B3auMOCBSI3U KOHIICHTPALIMM HU3KOMOJICKYJISIPHBIX COJIEH U
CTeMEeHH reneoOpazoBaHusi (pakuuii HU3KOMOJIEKYJSIPHOTO TejulaHa Oblia
UCIIOJIb30BaHa MOJIEIbHAS CJIe3HAs KUJIKOCTh, COCTOSIIAs U3 HU3KOMOJICKYISIPHBIX
COJIeH, paCTBOPEHHBIX B JEMOHU3UPOBAHHOM Boje (MOJIpoOHAas METOIUKA ONUCaHa
B nyHkte 2.3.5). Konmentpamuu reiana Obutk BeIOpaHbl B auamnaszo”e 0,025-
0,2%. Pesynbrarel reneoOpa3oBaHMs B 3aBUCUMOCTH OT KOHUEHTpaluu
MPOUJUTIOCTPUPOBAHBI HA pUCYHKax 18 u 19.

o —8—0,2%

3 51 ——0,1%
J.,] —A—0,05%
2 —¥—0,025%

Pucynok 18 — 3aBucUMOCTh IPUBEAECHHOM BSI3KOCTH BOJHOTO pacTBopa 1
dbpakuuu reiaHa pa3iMuHON KOHIEHTPALMKU OT 00beMa, J00aBICHHOM ClIe3HOU
*Kujakoctu npu 25 °C
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Pucynok 19 — 3aBucuMocCTh IPUBEAECHHOM BSI3KOCTH BOJHOIO pacTBOpa 2
dbpakiuu rejulaHa pa3IMuyHON KOHIICHTPAIMU OT 00beMa, T00aBICHHOMN CIe3HOM
*Kujkoctu npu 25 °C

[Tomy4yeHHbIE pE3yNbTAThl TMO3BOJWIM BHIOpATh KOHIEHTPAIMIO TeJlIaHa
paBnyto 0,2% miig nocneayomux uCCiaeqOBaHUM.

Ha pucynxke 20 uzobpaxeHna 3aBucumMocTtb BsizkocT 0,2% pacTBopa rejuiana
OT MOJIEKYJISIPHOM Macchl OMOTOJIMMEpA MPU YBEIUYCHUH MOHHOW CUJTBI pacTBOpA.
3aMeueHO TMOBBIIICHUE BA3KOCTH pacTBOpa TelUlaHa I[P YBEIUYCHUU
MOJIEKYJIIPHOM Macchl OMOIOIMMEPA, YTO SIBISECTCA MOATBEPKICHUEM 30J1b-T€llb
nporiecca. Kpome Toro, BSI3KOCTh pacTBOpa OMOIONIMMEpa TejulaHa TakKKe UMEeeT
3aBUCHUMOCTh U YBEJIMUMBAECTCS C YCUJIEHHMEM MOHHOU cuiibl. MoHHas cuiia umeer
BJIUSIHUE HAa MEXMOJIEKYJSIpPHOE B3aMMOJICHCTBHE TelaHa, a TakKXkKe €€ POCT
CIIOCOOCTBYET YCHJICHUIO MPOTHUBOCTOSHUS MOJICKYJ TellJlaHa JIPyT APYry, 4TO
MOBBIIIACT BI3KOCTh PAcTBOPA.
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0,000 0,005 0,010 0,015 0,020 0,025 0,030
Concentration of model tear fluid. moI-L'1

1) GG-1, 2) GG-2, 3) GG-4
Pucynok 20 — 3aBucumocts npusefeHHon Ba3koctu 0,2% pactBopa
dpakiuu GG OT MOHHOM CUJIBI pacTBOPA, CO3/IaBAEMOM CJIE3HOM KUIKOCTHIO TIPU
25°C

brina n3ydeHa B3aMMOCBSI3b TeIe00pa30BaHUs U TEMIIEPATYPbI, PE3YIbTAThI
MPOUJUTIOCTPUPOBaHbl Ha pucyHke 21. I'paduk mMmoka3pIBaeT, YTO TMOBBIIICHUE
TEeMIIepaTyphbl CIOCOOCTBYET MOCTENEHHOMY CHIKEHUIO BSI3KOCTH, YTO MPUBOIUT K
3aKJIIOYEHUIO: C TIOBBIIIEHWEM TEMIEPaTyphl TeJUIaH CHIDKAET CIOCOOHOCTh K
00pa3oBaHMIO TeJsl U CTAHOBUTCS OoJiee TeKyunM. Takoe moBeeHNEe CBOMCTBEHHO
OuoIoNMMMepy, 4TO MOATBEpkIaeT rpaduk kaxaon (pakmuu. Takum oOpazom,
MOXHO CJENIaThb BBIBOJ, YTO TE€UNIaH — OTO TEMIEPATyPHO-UYYBCTBUTEIHHOE
BEIIECTBO, BA3KOCTh KOTOPOTO CHIYKAETCS C IMOBHITIICHUEM TEMIIEPATYPHI.
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Pucynok 21 — 3menenune npuseaeHHon Ba3koctu 0,2%-Horo pactsopa
¢dpakuuu GG B 3aBUCHMOCTH OT TEMIIEPATYphI

[IpoBenenue wuccieqoBaHUs TMO3BOJWIO TMOJYYUTh JaHHBIE O YEThIPEX
bpakusax ¢ pa3TUYHBIMU MOJIEKYJISIPHBIMUA MaccaMu: (ppakuus 1 ¢ MOJIEKyJISIpHOI
maccoit 3,84x10°, ¢pakius 2 ¢ MOJEKyJIApHOM Maccor 6,43x10°, ¢ppakius 3 ¢
MOJIEKYJIIPHOM Maccoit 7,23%10°, u ¢pakuus 4 ¢ MoneKyIspHoit maccoit 9,03x10°,
[IpumeHeHne AMHAMHYECKOTO CBETOPACCESIHHS MO3BOJMIO YCTAaHOBHUTb, YTO C
pPOCTOM MOJIEKYJISIPHOM Macchl TelljlaHa YBEJIMYMBAETCS pa3Mep 4YacTHll, YTO
yKa3bIBa€T Ha TO, YTO KOHIIEHTpAalMs HU3KOMOJIEKYJISIPHBIX COJIEH OKa3bIBaeT
BJIIMSIHHE Ha TPOIECC Tresie00pa3oBaHusl TejulaHa M ero CTPYKTypy. Uem Bbimie
KOHIICHTpAIUsl HU3KOMOJIEKYJIIPHBIX COJIe, TeM OOJbIlle MOJEKYJspHas Macca
rejijlaHa U COOTBETCTBEHHO pa3Mep €ro 4acTHIl.

PrucyHOK 22 neMOHCTpHUpYET B3aMMOCBS3b MOJIEKYJISIPHOM MACCHI T€JUIaHa U
pasMepa ero 4acTHIl: YeM MEHbBIIEe MOJEKYyJsIpHas Macca, TEM MEHBIIE pa3Mep
yactull. JlaHHAs B3aUMOCBS3b SIBJISIETCS OJIATOMPHUATHO JII MaTPUIbl TJIA3HBIX
Karejab B CBA3M C TE€M, YTO MEHBIIMM pa3Mep 4YacTull OyJeT crnocoOCTBOBaTh
JTy4IIeMy paclpeeieHnIo U 0oJiee CTaOMIbHON IUCIIEPCUH B PACTBOPE KaIellb.
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PucyHnok 22 — 3MeHeHue cpeqHeruipoinHaMuueckux pasmepos 0,2%-
HOTO pactBopa dpakiuu GG B 3aBUCUMOCTH OT HOHHOM CHJTBI

Ha pucynke 23 wuzoOpaxenbl ¢oTorpadhum mpoiecca reneoOpa3oBaHus
dpakmuit reutana. Ha ¢oto a) pactBop 0,5% rennana, 100aBIeHHBIN B UCXOAHYIO
cpeny, Ha (oro 0) mepeBepHyTHIC (DIIakOHBI ¢ 0Opa3oBaBiieMcs rejieMm. llepBrie
Tpu (pakiuyu Moka3aau 00pa30BaHUE HOCTATOYHO TBEPJOTO TEMsl, B TO BPEMS Kak
yeTBepTas (pakuus oOpa3zoBana Oojee cnaObld Tellb, HENPUTOIHBIA IS
MOCIIEYIOIINX UCCIETOBAHUM.

Pucynok 23 — ®otorpadus reineodpazoBaHus rejijlaHa pa3HbIX Qpakiuii
IIPU OJJMHAKOBBIX YCIOBUSIX
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3.3 Moaudpukanus rejiaHa IMOJHOKCA30JMHOM M HAeHTUPUKALMS
CTPYKTYPbI

CrnenyromumM >TaroM OBUIO OCYIIECTBICHHE MOJIU(PUKAIMK TeJlaHa C
nomotipio nojuokcazonrHa (I103) ¢ 1enblo MOBBIIEHUS TPOHUKHOBEHUS
JIEKAPCTBEHHBIX  BEIIECTB M YJIY4YIIEHHs]  MYKOQJTEe3UBHBIX  CBOICTB.
[Tonmokca3onuH 001agaeT MHOXXECTBOM OJIarONpPHUATHBIX CBOMCTB B 00JacTH
JIEKAPCTBEHHBIX CPEJICTB, 4YTO OOYCJIOBIMBAET €ro IIEHHOCTh B Pa3IUYHBIX
otpacissx meauinHbl. [103 mpuMeHMM Kak B KadeCTBE IOTJIOTUTEIS TOKCHHOB,
anTuOakTepuanbHoro cpenactsa [103], Tak u s yiaydIIeHUs paCTBOPUMOCTH U

MOBBINICHUS CTaOWUJILHOCTH JIEKAPCTBEHHBIX CpelcTB. Metoauka MoauduKaiuu
omnucaHa B myHkKTe 2.3.4.
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1039

T T T ¥ T T T r T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm-1 )

Pucynok 24 — UK-cnekrtp remiana
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Pucynok 25 — UK-cnextp PEtOx
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Pucynok 26 — UK-cnextp remnan- PEtOx

HNK-cnektpol conosmmepoB I'emnan-PEtOx mokaszanel Ha pucyHke 26. Ha
pucyHkax 24-25 mokaszaHsl CIIEKTpbl ynucToro romononaumepa ['emmana u PEtOX.
[Tonoca mipu 3447 cm—1 cootBeTcTByeT l'ennany U MpakTUYECKU OJUHAKOBA ISt
BCEX CONOJMMEPOB. Pa3nuyHass MHTEHCHBHOCTh NUKOB mpu 1632 u 1422 cm—1
nokasbiBaerT Hanuune PEtOX W 1eMOHCTpHpPYET TEHAEHUMI0O K CHUKEHUIO C
yMeHbllIeHueM crerneHu npuBuBKUA. [luxk mnpum 1052 cmM—1 MoxkeT OBITH
Cynepno3ulnel AByX BKJIaAoB: oauH wucxoaut oT Il'emnana (1039 cm—1) u
COOTBETCTBYET pacTsKEHUIO CBsA3U CO ruIpOKCUIIBHOW IPYIIIBL, TOTIa KaK IPyTron
ucxomut oT PEtOx (1061 cM—1) U COOTBETCTBYET TPETUYHOMY aMHIY.
MHTEHCUBHOCTh JAHHOTO NTUKA HE MEHSIETCS B 3aBUCUMOCTH OT CTENIEHH IMPUBUBKH
U3-3a SKBUBAJIEHTHOro oOpazoBaHusi HOBbIX cBsizert CH-O-CH2 mexny PEtOx u
['ennan.

3.3.1 HNmmoOuamsanusi oduIOKcanMHA B MATpHMIY TreJJIaHA H
MOAM(PUIIMPOBAHHOIO MOJHOKCA30JMHOM TeJIVIAHA W HM3y4YeHHe KHHETHKH
BbIX0/12 JIEKAPCTBEHHOT'0 NMpenapara u3 MaTpHUbI rejs

NmMmoOunm3anust o¢uioKcaliHa OCYIIECTBIIAJIACh COEIMHEHHUEM BOJHOIO
pacTtBopa  odJIOKCcallMHa C  TeUIaHOM M IPOUCXOAWIIO  CHUXKEHHE
3JIEKTPOIIPOBOAHOCTH U Tokazarens pH cucremsl. [[puunHON TaHHBIX U3MEHEHUN
ABIIETCA OOpa30BaHME HOHHBIX U BOJOPOJAHBIX CBS3€M MEXKIYy 3TUMH JIBYMS
KOMITOHEHTaMU. CHM>KEHHE AJIEKTPOIPOBOJIHOCTH CBSI3aHO C TEM, YTO MOJIEKYJIbI
o(yokcanMHa CBA3BIBAIOTCS C IOJMMEPOM YEpe3 BOAOPOAHBIE CBA3M M 3TO
OPENATCTBYET HWOHHM3AIMH KapOOHOBbIX Tpymm. OAHAaKo, NpU JOCTHKEHUHU
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OIIPCACIICHHOI'O COOTHOLICHHWA B KOMIIICKCC H JICKAPCTBCHHOC BCHICCTBO B

U30BbITKE, TO IPOBOJMMOCTH PAcCTBOpPA YBEIMUYMBACTCS, B CBSI3U C H30BITKOM
CBOOO/THBIX NOHOB.

14,6 +

Conductivity, uS
®» = »~ =
® o v
1 1 M 1 M 1
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(o]
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7,6 )

pH

7,41
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0,0 0,2 04 0,6 0,8 1,0 1,2
\"/ mL

ofloxacin?’

[[ennman] = 1-10-4 monb/n-1, [Odnokcanun] = 1-10-3 mons/n-1. O6BeM pacTBOpa
reJjulaHa, UCIoJIb3yeMOTo IS TATPOBaHUs, cocTaBiseT 10 mir.

Pucynox 27 — Konaykromerpuueckue (a) u pH-merpuueckue (0) kpuBbie
TUTPOBAHUS TejulaHa OIIOKCAITHOM

MosipHoe  COOTHOIIEHHE  TellaH-O(JIOKCAllMHA,  OIMpPEACNICHHOE IO
MUHUMYMY U U3TM0y KpUBBIX KOHAYKTOMeTpuueckoil u pH-meTpuueckoi
TUTPOBaHUEM, NPUMEPHO paBHO 2:1 MOJB/MONb. YUHWTHIBas, 4TO CTPYKTypa
KOMILJIEKCA TesiaH-0QIoKcalliHa, OIpeesieHHass KOHAyKToMeTpudecko u pH-

METPUYECKON TUTPOBAHUEM, OJIM3Ka K 2:1 MOJIb/MOJIB, €€ MOYKHO TIPE/ICTABUTh, KaK
MOKa3aHO Ha pUCYHKeE 28.

34



Gellan

CH3
/0 o
< OH
OH

Pucynok 28 — CxeMarnueckoe n300paxkeHrue BHY TPUMAKPOMOJICKYJISIPHOTO
KOMITJIEKCA reJiaH-0(IOKCcaIH cocTtaBa 2:1 MoJib/MOJh

Baxno OTMETUTD, YTO oI0KCaIUH crnoco0eH Kak K
BHYTPUMOJIEKYJISIPHOMY, TaK U K MEKMOJIEKYJISIPHOMY KOMITJIEKCOOOPa30BaHUIO HE
TOJIBKO C THJIPOKCHUJIBHBIMH, HO U C KapOOHOBBIMU TpYIIaMHU TeJUIaHa.
OO6pa3oBaHue KoOMIUIEKca TeilaH-oGIoKcalMH cocTaBa 2:1 MOJIb/MOJIb TakkKe
MOITBEPIKIACTCS U3MEPEHUSIMH TUHAMUYECKOTO CBETa PACCETHUS.

B oOpazoBanmm koMImiekca C  O(JIOKCAIIMHOM THUAPOKCHIBHBIE U
KapOOKCWJIbHBIE TPYMIbl TeNIaHa WUrparoT OONbIIYI0 pOjb, 00pa3zys CBSI3H C
COOTBETCTBYIOIIMMH TPYIIaMH, CIIOCOOCTBYIOT (DOPMHUPOBAHHIO CTAOUIHLHOTO
KomiIekca 2:1 Moas/Moutb. (Tabnuia 8).

Tabmuua 8 — Cpennuil ruApoAMHAMUYECKUNA pa3Mep U J3€Ta-NMOTEHIUAT
reJuiaHa, oJIoKcalHa U CMECH TeJIaH-0(IOKCAIIMH Pa3IMYHOTO COCTaBa

Cocras reiuaH- CpenHuii ruIpoIMHAMUYECKUIT J3era-
o(JIOKCaIIMH, MOJIb/MOJIb pasMep, HM noreHumai, MmB
4:1 33645 —42.9+2
2:1 307+5 — 14.9+1
I:1 315+5 —40.4+2
I'ennan 605+10 —41.0£2

MuHMMaIbHBIE 3HAYEHUSI CPETHETO THAPOJMHAMUYECKOTIO pa3Mepa U 3eTa-
NOTEHIIMala KOMIUIEKCa TeJlaH-O(JIOKCAllMH TOATBEPXKIAloT coctaB  2:1
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MOJIb/MOJTIb. OTpUIIaTeIbHBIE 3apsbl TelaHa, oQUIOKCAIlMHA U CIIOKHBIX YaCTHI]
0OyCIIOBICHBl HAJIMYUEM KapOOHOBBIX TpPYNI B CTPYKType BCEX BEIIECTB.
MunumansHOe 3HaueHue a3era-noreHnuana (-14,9 mB) B ciyuae komruiekca
remiad-opiaokcanuH  2:1  MOJIB/MOJIb, BEPOATHO, CBSI3aHO C  YaCTUYHOU
HeHTpaM3alueil KapOOHOBBIX TPYIT TellylaHa aMHHOTPYIIaMu oQIIoKcalmHa U
y4JacTUeM KapOOHOBBIX TpYIIl TelaHa | oduioKcalliHa B 0Opa3oBaHUU
BOJIOPOJIHBIE CBSI3M, KaK CXEMaTU4YHO IMOKa3aHO Ha pucyHke 28. OOpazoBaHue
KOMITJIEKCA TeJUIaH-O(JIOKCAIlMH MPUBOJUT K JABYKPATHOMY COKpPAIICHHIO
MaKpOMOJIEKYJl TeJlJlaHa H3-3a BHYTPUMOJEKYJISIPHOTO M MEXKMOJIEKYJISIPHOTO
00pa3oBaHUsI MOCTUKOB.

Ha pucynke 29 nponemonctpupoBanbl MK-cniekTpsl rensiana, oduiokcanmia
U KOMIUIeKca TeiaH-oduokcaa (2:1 Moib/MOIb) BMECTe ¢ HAeHTUdUKAIUEH
HEKOTOPBIX XapaKTEepPHBIX NoJioc (Tabnuia 9).

RTES

0.0 Et]
0.01-
gellan 2928
0,00 —— s
% 0015 3378
2 ooz - 220
5 o0 GO Loy
L 21
0.0
e
-0.04 29732%?
3044
; 2868
005
ofloxacin .
-0.068- 2757
L T L L T T e T 1 1
3800 3800 3400 3200 3000 2200 2600 2400 2200 2000 1800 1600 1400 1200 1000 £

Pucynok 29 — IK-cnextpsl cyxoro remwiana (1), odpnokcanuna (2) u
KOMIIEKca resutan-oduiokcaryt (3) cocraBa 2:1 MOIb/MOJb

Tabmuna 9 — Wnentudukaus XapakTepUCTUUECKHX I0JOC TeiiaHa,
odiokcariHa 1 KoMIUIeKca refiaH-oduiokcanuna (2:1 Moiab/MOIIb)

BonHoBoe uncio, cm’!

I'enmnan | Oduokcaru Kommiekc I'emman- Haznauenust quamna3oHoB
odiokcanuH
(2:1 MosB/MOITB)
3369 - 3376 OH
2928 3044-2786 2920, 2857 CH
- 1712 - C=0 pactskeHune rpymnmn
COOH
1607 1621 1615 COO™ cuMMeTpUYHBIE
- 1549, 1522 1537 C-N
1459 1453 C-C B 0€H30JILHOM KOJIBIIE
1408 1406 1399 CH nedopmartus
1037 1039 C-O0-C

HNK-criekTppl MOKa3bIBalOT, 4YTO B KOMIUIEKCE TellIaH-0(IOKCALUH
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MPOUCXOIUT 0Opa30BaHUE BOJOPOIHBIX CBA3CH MEXKITYy KapOOHOBBIMH TPYIIIaMHU
odiioKkcalliHa Y THUAPOKCUIBHBIMU WM KapOOHOBBIMU TpyHmnamMu TreJulaHa.
OOpa3oBaHue [aHHBIX BOJOPOAHBIX CBSI3€M MPUBOAUT K HCUYE3HOBEHMIO
MHTEHCHBHOTO mmka npu 1712 cm!, koropeli HaOmomaeTcs B CHEKTPE
opnokcanuna. Ilpu 1549 u 1522 cm!' mabmoparorcs xonebanms C-N mpu
pacTsHKeHMU O(IOKCALMHA, KOTOphIE cMemaroTcs 10 1537 cm™! | uro sBisercs
NOATBEPKICHUEM Yy4YacTHUs aMHHOIPYII oQuioKcalMHa B OOpa30BaHUM MOHHBIX
CBSI3EH.

Takum oGpazom, UK-ciekTpbl 1€MOHCTPUPYIOT, YTO B KOMILJIEKCE TeJUIaH-
oduiokcariiH 00pa3yloTcs BOJOPOJHBIE CBS3M MEXAY KapOOHOBBIMH TpYIIaMH
odiokcaliiHa U THUJIPOKCUIBHBIMA WM KapOOHOBBIMHM TpyIIaMH TeJljlaHa, a
aMUHOTPYMIBI 0(JIOKCAIIMHA YUYAaCTBYIOT B 00pa30BaHUU MOHHBIX CBSI3EH.

Ha pucynke 30 u300pa’keHbl KPHUBBIE TEPMOTPABUMETPUUECKOTO aHAIIM3a
rejylaHa, oduIOKcallMHa M KOMIUIeKca rejulaH-odiokcauvH. B nuamasone
temneparyp 200-300 °C mnpoucxomut pasmoxenue remwta”a. llpm 249 °C
HabOmogaeTcsl Haubosee pe3kas MoTepst Beca, YTO MOATBEPKAAIOT JUTEpaTypHBIC
JaHHbIE [6], B KOTOPBIX OMUCAHO TEPMUYECKOME pa3lIoKeHHEe O(dIoKcaliHa Impu
243 9C. Cornacno UK-cnekrpam KomIuiekca reuan-oguokcanus (2:1 Moab/MoJIb)
MUKA  PA3JIOKCHUS OTACITBHBIX KOMIIOHEHTOB (Te/ulaHa ©  O(JIOKCAIlMHA)
NOJIHOCTBIO MCUYE3al0T, IEMOHCTPUPYS MOTEPI0 Macchl kKoMiuiekca rnpu 338 u 379
OC, uro cBs3aHO ¢ 00pa30BaHMEM KOMIUIEKCA TellIaH-O(IOKCALMH B KAYECTBE
€IMHCTBEHHOT'O COETUMHEHUSI.

0,0
o 338 379
S 7
) 0,5 243
0
8
E Gellan
% -1,0 Gellan-Ofloxacin
S (2:1 mol/mol)
> —— Ofloxacin
o
0 1,54

”0 249

’ 200 300 400

Temperature, °C

Pucynok 30 — Kpussie TT'A remnana, orokcariHa 1 KOMIUIeKca
resan-oduiokcanyH (2:1 MOJIb/MOJTB)

C nomompro Y@-BUAMNMOW CHEKTPOCKONMU Oblla OLIEHEHA KHWHETHKA
BBICBOOOKJEHUST OQIIOKCAallMHa H3 TOHKUX IJICHOK TreilaH-O(IoKCalnHa,
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crabunusupoBaHHeix jgoOaBienneM 0,3% Bec. CaCl,. OneHka KHHETHKU
NIPOBOAMIIACH TIYTEM OTpEACNICHUS BPEMEHHO 3aBHCHMOTO CIEKTpa IMOTJIOMICHUS
odnokcanuHa npu A = 289 HM B TUCTWILTMPOBAHHOU Bojie U pocdaTtHOM Oydepe
pu KOMHaTHOM Temnepatype (puc. 31).
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Pucynox 31 — 3aBucsmias ot BpeMeHu adcopO1us oduioKkcaHa U3 TOHKUX
MJICHOK resutad-oduiokcalyH (2:1 MoJib/MoJIb), 3aryleHHbIX gJo0aBienuem 0,3
Mac.% CaCl2 B nuctunupoBanHyto Boay (a) u ¢pocdartusiii 0ydep (0) npu
KOMHATHOM TeMINepaType

Pucynku 31 u 32 AeMOHCTpUPYIOT Pa3inUyusi KUHETHKU BBICBOOOXKICHUS
odiokcariHa B TUCTUUTMPOBAHHOM Boje U ¢hochaTtHoM Oydepe. B Teuenne 30-40
MHUHYT BBICBOOOXKIeHUE oduiokcaiinHa B hochaTHOM Oydepe mpoucxoauT B 2 pasza
ObICTpee 10 CpPaBHEHHIO C JUCTWUIMPOBAHHOM BOAOW, UTO CBS3aHO C
NPUCYTCTBUEM HEOPraHMYEeCKUX MOHOB B OydepHOM pacTBOpe, KOTOphIE
YMEHBIIAIOT MPOYHOCTh MOHHBIX CBSI3ed MEXIY MOJIUMEPOM M JIEKAPCTBEHHBIM
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BEIECTBOM. PacueT KMHETHKU BBICBOOOXKICHUSI OCYIIECTBIIEH C MCIOIb30BAHUEM
Mojenu Putrepa-Ilenmnaca [71], BeIpa)keHHOM Kak:

A/Aw = kt", 3)

rae A — norjoieHue oduiokcaliHa B MOMEHT BPEMEHH t, MT;
A, — mormomieHue oiokcanmHa B OECKOHEUHBIE MOMEHT BPEMEHH to,

MT;
k — cTpykTypHO-TeOMeTpUUECcKas KOHCTaHTa Tejieco0pa3yroliei MIeHKY;
n — TIOKa3aTeldb BBICBOOOXKEHUS, TMPEACTABISIONIMA MEXaHU3M
BBICBOOOIKICHUS.

PesynbTaT pacdyera cooTBeTCTBYeT HepukcoBo auddysuu (n = 0,59) B
JUCTUJUIMPOBAHHOW BoJie M TpaHcnopty 1o ciy4daro Il (n = 0,95) B dochaTtHom
Oydepe. JlanHoe uccienoBaHHE MOKAa3aji0, YTO HAKOIUIEHHOE BBICBOOOXKICHUE
odioKcaliHa 13 TeJb-IJICHOK Ha OCHOBE IejlllaHa B JUCTUJUIMPOBAHHYIO BOJY U
OydepHbIii pacTBOop cocTaBisier cooTBeTcTBeHHO 36,0% u 97,3%. B ciyugae
JUCTUJUIMPOBAHHOM BOJIbI BBHICBOOOXKIEHHE O(IIOKCAIMHA MOXKET OBbITh BIUSHUEM
TUIpaTaluyd U OTEKAHMs TeJUIAaHOBOM IMUICHKH, MPOHUKHOBEHHUS BObI B TEJIEBYIO
MaTpUIly U maccuBHOM nuddys3un odokcalHa U3 reneBoll matpuibl. bonee
OBICTpOE BHICBOOOXKACHNE O(IioKcaliuHa B OypepHOM pacTBOpEe MOKHO OOBSICHUTH
pa3pylieHHeM HMOHHBIX CBsA3€H, OOpa3OBaHHBIX MEXKIY KapOOKCHIBHBIMU
rpyIIaMy TejJIaHa U aMHHOTPYIIIaMu 0(JIOKCaIllMHa, MOHHBIMHA BHAAMH PacTBOPA,
YTO CONPOBOXKAACTCS yculieHHOUW nuddy3ueit odiokcanmHa u3 reeBoii MaTPHIIHL.

0,8+
0,61 g

0,4 + 3

Absorbance

0,2 +

0,0

0 10 20 30 40
t, min

Pucynok 32 — Kunetnka BbICBOOOXKACHUS 0(IOKCAIIMHA U3 TOHKHX
MJICHOK TeJTaH-0(IIOKCaIMH, 3arymeHHbix nooasnernem 0,3 mac.% CaCl2,
B AMCTWLUIHpOBaHHYI0 Boay (1) docdartnsiii Oydep (2) npu koMHATHON
TEMIIEpaType
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BogopactBopumblii KOMILIEKC resiaH-o(IoKcalliHa B COOTHOIIEHUH 2:1
MOJIB/MOJIb CTAOMJIM3UPYETCS KAaK HMOHHBIMU, TaK W BOJOPOJIHBIMHU CBS3SIMHU,
00pa3oBaHHBIMU KapOOKCHILHBIMH, THAPOKCHJIBHBIMH W aMUHOTPYITIAaMH JBYX
B3aMMOJICUCTBYIOIINX KOMIOHEHTOB. OOpa3oBaHHe KOMILUIEKCA MOATBEPKIAACTCS
IpU MOMOIIM KOHIYKTOMETPUYECKOTO U TMOTEHIMOMETPUYECKOTO THUTPOBAHMUS,
JUHAMUYECKOTO CBETOpAacCesiHUSI W U3MEpPEHHUs [3€Ta-MoTeHIMana, a TakKKe
dypre-tpancopmanmeir MK-cektpa U TepMOrpaBUMETPHYECKHM aHAIHA30M.
Kommnekc remnan-odiokcanuua oOpasyer rens npu nodasnennn 0,3 mace. %
CaCl2 u o6pa3yeT TOHKHE Telb-TUIeHKH. KiuHeTrnka BEICBOOOXKICHUS O(hIOKCaIIHA
U3 KOMIUIEKCa TresulaH-oQuIoKcalMHa OMNMChbIBaeTCs Mozenbto Putrepa-llenmaca
(A4/A» = kt") m coorBercTByeT HenamuHapHou muddysuun (n = 0,59) B
TUCTUJTUpOBaHHON Boje u ciydato Il Tpancmopra (n = 0,95) B OydepHom
pactBope ¢ocdara. KymynsaTuBHOE BBICBOOOXIEHHE OQJIOKCAlMHA W3 Tellb-
IUIEHOK TeiaH-oduiokcanuna coctaBmiio 97,3% B 0ypeprom pacteope (ocdara B
teyeHue 40 munyT u 36,0% B nuctuiMpoBaHHOM Boje B TeueHue 30 munyT. Jlns
OlIeHKU 3(P(GEKTUBHOCTH CUCTEMBI rejliaH-0¢JIoKcalliHa B Ka4eCTBE yCTOMYMBOMN
CUCTEMBbI TOCTaBKH JIEKAPCTB HEOOXOMMO MPOBECTU IKCIEPUMEHTHI, KaK in Vitro,
TaK W in vivo, B CIE3HBIX XHUAKOCTIX MPHU Pa3TUYHBIX TEMIIEpaTypax U 3HAUCHMSIX
pH cpenpr.

Kunernka BbICBOOOXIEHUS OQIIOKCAllMHA W3 TOHKUX IUICHOK TeJljIaH-
odokcanut, 3arymeHHsix gooasiaenueM 0,3 mac.% CaCl,, onileHeHa ¢ TOMOIIBIO
Y®-BUaMMON CHEKTPOCKONIMM ITyTEM ONPENEIICHHs 3aBHUCSAIIMX OT BPEMEHHU
CHEKTPOB NOIJIONICHUs odiokcanHa nmpu A = 289 HM B AMCTUIUIMPOBAHHON BOJIE
pu KOMHATHOU Temnepatype (puc. 33).
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——0.0000125
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1
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Pucynox 33 — 3aBuUcHUMOCTb BbICBOOOKI€HUSI O(IOKCAIIMHA U3 TOHKUX
MJICHOK resutad-oduiokcanyH (2:1 MoJib/MOJIb), 3aryleHHbIX Jo0aBiieHuem 0,3
Mac.% CaCl, B quctuimmpoBaHHy0 Boay Iipu Temieparype 25+1°C ot BpeMeHu
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Pucynok 34 — Kunetnka BbICBOOOKACHHSI 0(IOKCAIIMHA U3 TOHKUX TJICHOK
reJaH-oIoKcanuH, 3arymeHHsix gooasieHuem 0,3 mac.% CaCl2, B
auctuiupoBanHyto Boay (1) u pocdarusiii 6ydep (2) mpu 25+£1°C

Kunernka BbICBOOOXKIIEHUS OQIIOKCAllMHA W3 TOHKUX IUICHOK TeJljIaH-
odnokcanuH (2:1 MOJB/MOJIb) B AUCTUUITMPOBaHHYIO Boay U docdaTHbil Oydep
paznmuuHa (pucyHok 32). B teuenne 30-40 MuH BbICBOOOXAeHHE O(IIOKCAIIMHA B
dbocharHom Oydepe mnpoucxoauT B 2 paza ObICTpee IO CPaBHEHUIO C
BBICBOOOKJICHUEM B JUCTHJUIMPOBAHHOM BOJIE, YTO CBS3aHO C NPUCYTCTBHEM B
OydepHOoM pacTBOpe HEOPraHWYECKUX HOHOB, KOTOPBHIE CHUXAIOT MPOYHOCTH
WOHHBIX  CBSI3€M  TOJIMMEP-JICKAPCTBEHHOE  CPENCTBO. Pacdyer  KUHETUKHU
BBICBOOOXKICHUS ¢ MCIIOJIb30BaHueM mMoaenu Putrepa-Ilenmaca [104] BeipakeHHOE
kak At /Ao = ktn coorBercTByeT He Dukuanckoi (non-Fickian) nuddysuu (n =
0,59) B auctmimupoBaHHoM Bojie U nepeHoc B ciuydae Il (n = 0,95) B ¢pocdaTHOM

oydepe.
[IporienTHOE BBICBOOOXKIEHNE O(IIOKCALlMHA B TUCTHIIMPOBAHHYIO BOAY U
dochatueiii Oydpep uepe3 60 wmuH cocraBwio = 10+£1% wu = 2140,5%

cootBeTcTBeHHO (puc. 34). KymynaruBHoe BbICBOOOXIeHHE O(uiOKcaliHa U3
IJICHOK resuiaH-oQuIoKCcalluH, paccuuTanHoe no metonauke [105], paBuo 40+£2% u
85+2% B OUCTWIIMPOBAaHHYIO BOAy U OydepHBI pacTBOp COOTBETCTBEHHO. B
clly4ae TUCTHILTMPOBAHHOW BOJBI Ha BBICBOOOXKAEHNE O(IIOKCAIIMHA MOTYT BIUSTh
ruapaTanys U Ha0yxaHHe TeJUIaHOBOW TUICHKH, MPOHMKHOBEHUE BOJABI B TE€IIEBYIO
MaTpUIly, TpHUBOJsAIICe K TaccuBHOW auddy3mm oduiokcanmHa W3 TeIeBOR
Matpulibl. bonee ObicTpoe BrICBOOOXKIeHHE o(diiokcanmHa B OydepHbIii pacTBOp
OOBSICHSIM ~ pa3pylICHHWEM  HWOHHBIX  CBSI3CH,  OOpa3yMINUXCS  MEXAY
KapOOKCUIIBHBIMU TPYIIIIaMU TellJIaHa ¥ aMUHOTPYIIIIaMu 0(IIOKCAIlMHA, HOHHBIMU
JaCTUIIAMH PacTBOpPA, YTO COMPOBOXKIACTCS ycuiIeHHON nuddysueit odiokcannHa
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Y3 TEJIECBON MaTPUILIbI.
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Pucynox 35 — IIporuieHTHOE cofiepkaHKe BbICBOOOAUBIIETOCS OIIOKCalIHA
B nuctuiupoBanHoi Boje (1) u dochaTHom Oydepe (2) U3 TOHKUX IIICHOK
resutaH-ouiokcaiyH, 3aryieHHbix gooasinenuem 0,3 mac.% CaCl2 mpu 25+1°C
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3AK/IIOYEHUE

B 3akiroyeHud MOXKHO OTMETUTbH, YTO YHUKAJIbHOE CBOMCTBO 30JIb-TE€JIb
nepexojia OWonojuMepa TejijlaHa Halulo IHUPOKOE MPUMEHEHHE B MUIIEBOM, a
TaKKe JPYTUX OTpacisiX MPOMBIILUICHHOCTH, HAyKW, OMoTexHoIoruu u ap. Kpome
TOrO JaHHOE CBOWMCTBO B COYETAaHUU C IPEBOCXOJHONW OMOCOBMECTUMOCTHIO
nojvMepa TMO3BOJISICT MPUMEHATh TeJUIaH B MEAUIMHE U (PapMaleBTUYECKON
pa3paboTKe, IpU YCIOBUH U3MEHEHHS] HEKOTOPHIX (PU3UKO-XUMUUYECKUX CBOWCTB
MeToaMH (PPaKITMOHUPOBAHUS U MOAU(DUKAIIIH.

@OpakMOHUPOBAHUE KOMMEpPUECKOro OuornoiuMmepa reiaHa  ObUIo
OCYIIECTBICHO JIBYMsS METOJaMHU: METOAOM JIPOOHOTO OCAXKIEHUS U METOJOM
yIBTPA3BYKOBOW 00pabOTKH. [[aHHBIE METOJIbI MO3BOJIMIN 3HAYUTEIHLHO CHU3UTH
MosieKyJIsspHyt0 Maccy LAG © He BbIBBIBAIA CTPYKTYPHBIX HM3MEHEHUH.
OuuneHHbIH ~ KOMMEpPUYECKHMH  TeJUlaH  00JIalaeT  MOJUAICKTPOJIUTHBIMU
CBOMCTBaMHU Oyiarojapsi HaJIM4UIO KapOOHOBBIX T'PYIIM TIOKYPOHOBOW KHCJIOTHI.
Nnentudukanuss CTPYyKTYyp HHU3KOMOJICKYJISIPHBIN (paKIuii OCYIIECTBIIACH
meromamu 'H wu  BC  SIMP cnekrpockonuu, WK  crexkTpockomuu U
TepMmorpaBuMerpun. [Ipumenenue ypaBHeHuss dyocca MO3BOIUIO ONPENETUTH
XapakTepHYI0 BA3KOCTh OYHUINEHHOIO KOMMEPUYECKOTO TejllaHa B BOJHOM
pacTBope.

Kpome Toro, wu3ydeHo BIHSHHE MOJAEIBHON CIE3HOM JKHUJIKOCTH Ha
BSI3KOCTHBIE XapaKTEPUCTUKHU TeiiaHa. [lokazaHo, 4TO onTUMaabHOE 3arylieHue
BOJIHOTO pacTBOpa resuiaHa HacrymaeT npu koHueHtpamuu MCX 0.016-0.017
MOJIb T .

OcymiectBiieHa MoAW(UKALMS TejUlaHa C TMOMOIIbI0 TOJMOKCAa30JMHA U
MOATBEpKAeHA mpuBaA3ka conoaumepoB [emnan-PEtOx npu nomomm HUK-
CIIEKTPOCKOIIHUHU.

B xoxe uccnenoBanust ObUI0 MOKA3aHO, YTO KOMIUIEKC TellJIaH-0(IOKCAIINH,
CTAOMJIM3UPOBAHHBIA HOHHBIMH U BOJOPOJHBIMU CBSI3SIMH, OOpa3yeTcss MpH
cooTHomIeHnH 2:1 MoJIb/MONL U 00NagaeT Xopoiiel cTabmibHOCThI0. KuHeTnka
BBICBOOOXKIECHUS O(IIOKCAIIMHA U3 KOMILUIEKCA Pa3indaeTcs B IUCTUIUTMPOBAHHOMN
Boge U ¢ocdhaTtHoM Oydepe: B Oydepe BHICBOOOKICHUE MPOUCXOJIUT OBICTpEE,
YTO CBSI3aHO C Pa3pyILICHHEM MOHHBIX CBS3€H, a B BOJE MPOLIECC 3aMEIJIsETCS 3a
CYeT TruapaTaluu W HaOyxaHus TeJUlaHOBOM  1uieHkW. KywmynaruBHoe
BBICBOOOXKIeHUE O(JIOKCalMHA U3 TIJICHOK I'eJIaH-OQUIOKCalluHa cOCTaBuiIo 36%
B Bojae U 97,3% B Oydepe, uro noareepxaact 3p(HEKTUBHOCTb CHCTEMBI KaK
MOTCHIIMATBHON TIIATGOPMBI TS JJOCTABKU JICKAPCTB.

PesynbraTsel mpoBeneHHON pabOThl OBUTA OITyOJIMKOBAHBI B MEKTyHAPOHBIX
peuen3upyembix cratbsix ([Ipunoxenue A).
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NEPEYEHb COKPAIIIEHUI

'K — TMAIlypOHOBAsi KUCJIOTA

JIB — JIEKAPCTBEHHOE BEILIECTBO

JIo — JIeKapcTBeHHas (hopma

JIC — JICKAPCTBEHHOE CPEICTBO

JIIT — JIEKapCTBEHHBIU Ipenapar

JUIC — IUHAMUYECKOE JIa3€pHOE CBETOPACCESIHUE
NCXK — MOJICJIbHAS CJIC3HAasl >KUIKOCTh
KMII — KapOOKCUMETHIIIIEILITION03a

CaJI — CUCTEMa JIOCTAaBKU JIEKApPCTB
TT'A — TE€PMOTPAaBUMETPUYECKUIN aHAIIN3
V3 — YIBTPa3ByK

SMP — AJICPHBIM MarHUTHBIN PE30HAHC
UK — uH(ppakpacHoe (U3TydeHHE)

GG — gellan gum

EtOx — 2-DTun-2-0Kca3oauH

PEtOx — TOJTH(2-3TUI-2- OKCA30JIMH)
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Polymer-Protected Gold Nanopatrticles for Photothermal
Treatment of Ehrlich Adenocarcinoma: In Vitro and In Vivo

Studies

Gulnur S. Tatykhanova,* Rysgul N. Tuleyeva, Zhanara A. Nurakhmetova,
Nargiz N. Gizatullina, Vladimir K. Krasnoshtanov, Daulet B. Kaldybekov,
Vladimir O. Aseyev, Vitaliy V. Khutoryanskiy, and Sarkyt E. Kudaibergenov*

Photothermal therapy (PTT) is recognized as an effective tool for the

treatment of cancer and it has attracted considerable attention of scientists. In

this work, gold nanospheres (AuNSs) and gold nanorods (AuNRs) stabilized
using poly(N-vinylpyrrolidone) (PVP), pristine gellan gum (PGG), and
poly(2-ethyl-2-oxazoline)-grafted gellan gum (GG-g-PEtOx) are synthesized
and evaluated as PTT agents in Ehrlich cancer cells. The physicochemical
characteristics of these AuNSs and AuNRs, including their surface plasmon
resonance absorption spectra, size, zeta potential, and aspect ratio are
studied using UV-vis-spectroscopy, dynamic light scattering, zeta potential,
transmission electron microscopy, and optical microscopy techniques. The
polymer-protected AuNSs exhibit light-to-heat conversion, raising the
temperature from 37 to 43 °C when irradiated using a visible light source. In
the case of AuNSs, considerable damage to Ehrlich cancer cells is observed
following irradiation and 40 days of examination. However, with regard to
AuNSs, the damage to Ehrlich cancer cells is slightly lower than observed in
AuNRs. In vivo experiments demonstrate that laser irradiation of tumors in
mice after injecting AuNSs leads to a statistically significant decrease in
tumor size as compared to those not irradiated and the control samples.

Unfortunately, due to the heterogeneous
nature of cancer, which poses a significant
public health challenge, there are currently
no fully inclusive approaches to effectively
treat this condition.””! The primary modal-
ities currently employed for cancer treat-
ment include chemotherapy, radiation ther-
apy, immunotherapy, and surgery. These
methods have become widely used in clin-
ical practice for decades. However, cancer
patients undergoing these therapies often
experience significantadverse effects.! For
this reason, the majority of studies in can-
cer therapy are focused on the development
of alternative therapies that can comple-
ment or even substitute the existing ther-
apies. The goal is to improve their efficacy
and minimize any potential side effects that
they may have on patients. These methods
ideally should selectively eliminate cancer-
ous cells only, without damaging healthy
cells.”#1 Among the advanced photother-

1. Introduction

Cancer is a multifaceted disease characterized by uncontrolled
growth and spread of abnormal cells in the body and is one of the
leading causes of human morbidity and mortality worldwide.!' I

apy methods for treating cancer, photother-
mal therapy (PTT) offers a great advantage
due to its noninvasive nature and selective
therapeutic potential for different cancers. PTT has several
advantages including the ability to externally irradiate tumors,
which means the therapy can be applied from outside the body.
PTT is also associated with limited complications, meaning
it has a lower risk of side effects compared to other cancer
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therapies. Additionally, PTT offers enhanced selectivity, mean-
ing it can specifically target cancer cells while minimizing the
damage to normal cells. Another benefit of PTT is a relatively
quick patient recovery, implying that they may experience a faster
recuperation period after undergoing PTT. In phototherapy, cer-
tain wavelengths of light within the visible and near-infrared
(NIR) resonance bands are utilized to heat photothermal agents
such as nanoparticles. This leads to a localized increase in the
temperature of specific tissues resulting in the elimination of
malignant cells in those tissues. The higher sensitivity of cancer
cells to temperature elevation results in their increased suscep-
tibility to the effects of heat compared to normal cells. Moreover,
an exposure to an external laser with adjustable dosing facilitates
the selective eradication of various types of cancer cells while
minimizing the damage to the surrounding healthy tissues.-**]

Gold nanoparticles (AuNPs) are considered to be the foremost
photothermal agents used in PTT treatment. These nanoparticles
have an important attribute such as a high light-to-heat conver-
sion efficiency, which makes them particularly effective in con-
verting light energy into heat. In PTT, visible and NIR laser lights
are employed to activate and stimulate AuNPs, which cause the
nanoparticles to resonate and generate heat, thus enabling lo-
calized heating of the targeted tumor tissues. The application of
AuNPs as photothermal agents provides enhanced therapeutic
outcomes due to the possibility of their direct injection into the
tumor, while minimizing nonspecific distribution in the body.
Furthermore, these nanoparticles can be safely eliminated from
the body after completing the therapy.!'*-'"!

AuNPs exhibit distinctive physicochemical properties such as
a possibility for localized surface plasmon resonance (LSPR).
The LSPR phenomenon facilitates interactions between incident
light and the electrons in the conduction band on the surface of
AuNPs."-2 The optical properties of AuNPs are dependent on
their dimensions. The LSPR properties can be altered by modify-
ing the shape and size of AuNPs. This enables the use of differ-
ent wavelengths of light, including those in the NIR and visible
spectra for achieving localized heating effects.[?'-2¢] Therefore,
the ability to tune the LSPR properties of AuNPs through size
and shape manipulation offers flexibility in designing AuNPs for
specific applications that require interaction with different wave-
lengths of light. Visible light has limited penetration ability into
biological tissues compared to NIR light. This property makes
visible light more suitable for certain medical procedures that re-
quire higher precision.[?5-28I

Small spherical gold nanoparticles are easy to produce.!*?!
They are less toxic than particles of large size and show improved
photoconversion capability that may result from the irradiation
with the visible light using standard surgical green lasers. In
particular, the efficiency of light-to-heat conversion (photocon-
version at 530 nm) of 14 nm gold nanospheres (AuNSs) irradi-
ated in the visible region and its application to selectively oblit-
erate cancer cells using breast cancer as a model was shown.
Thus, the AuNSs with diameters ranging from 10 to 30 nm were
considered nontoxic due to such properties, as stability, cellu-
lar uptake efficiency, and favourable clearance mechanism. They
were recognized as ideal photothermal agents for biomedical
applications!?***! and demonstrated a characteristic LSPR band
around 520 nm, i.e., in the visible region of the spectrum, with an
efficient light-to-heat conversion.”**!l As such, AuNSs, as pho-
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tothermal agents, are an efficient way to induce precise heating
leading to less damage to surrounding tissues, while destroying
malignant thermosensitive cells.!”**!

Many synthetic and natural polymers can function as both re-
ducing and capping agents to form AuNPs.**** According to lit-
erature, the efficacy of PTT with regard to the antitumor activity
of AuNSs and gold nanorods (AuNRs), among other noble and
transition metal nanoparticles stabilized with natural and/or syn-
thetic polymers, has been studied with respect to melanoma,**!
4T1 and Hela cells,**! 4T1 murine breast tumor cells,*’! U87
MG human glioblastoma cell,**! and transplanted liver tumor.**!

In the present work, AuNSs and AuNRs stabilized using
poly(N-vinylpyrrolidone) (PVP), pristine gellan gum (PGG), and
poly(2-ethyl-2-oxazoline)-grafted gellan gum (GG-g-PEtOx) were
prepared and characterized for their size and morphology using
dynamic light scattering (DLS) and transmission electron mi-
croscopy (TEM). Coating and stabilization of AuNPs and AuNRs
by biocompatible, nontoxic, and biodegradable polymers, such
as poly(N-vinylpyrrolidone) and gellan, allow us to preserve the
colloidal gold nanoparticles in aqueous solution for an extended
period and to prepare effective photothermal agent for the treat-
ment of cancer cells./***$ Polymer-protected gold nanoparticles
were produced through one-pot and growth seeding methods
in aqueous solutions. These particles were observed to exhibit
temperature-dependent changes and high stability over a period
of 36 days, thus making them suitable for application in pho-
tothermal therapy. The protocols have been developed herein for
the evaluation of the photothermal conversion ability of AuNSs
and AuNRs when irradiated using visible and NIR laser light
sources. The potential use of AuNSs and AuNRs in PTT treat-
ment was tested both in vitro and in vivo against Ehrlich can-
cer cells. Ehrlich ascites carcinoma is a well-established murine
model used for studying breast cancer.!****! It represents hy-
perdiploid and an undifferentiated carcinoma with 100% malig-
nancy, short life span, high transplantable capability, and rapid
proliferation. Since 2010, there has been an increase in the num-
ber of publications mentioning Ehrlich tumours. This is due to
the systematic alterations induced by the tumors, the sensitivity
of the tumor cells to chemotherapies and the antitumor potential
of synthetic and natural products.

It is known'®'! that malignant cells require large amounts
of monosaccharide uptake in order to sustain their accelerated
growth and division in comparison to that of healthy cells.
We hypothesize that gellan gum composed of tetrasaccharide
repeating units (1,3-4-p-glucose, 1,4-f-p-glucuronic acid, 1,4-4-
p-glucose, and 1,4-a-1-rhamnose) may function as a “food” for
cancer cells to support their accelerated growth. It is supposed
that the cancer cells, feeding on tetrasaccharides, consume them
and thereby “bare” gold nanoparticles that have been stabilized
by the polysaccharide—gellan. Gold nanoparticles lacking a
protective shell consisting of gellan will be forced to adsorb
on cancer cells in order to minimize the free energy of the
nanoparticles. Irradiation of these gold nanoparticles, attached
to the cancerous cells, with appropriate laser light can induce
local heating due to the LSPR and hyperthermia causing apop-
tosis of the cancer cells. In addition, GG-g-PEtOx could act as a
bioadhesive!®?! or a mucus-penetrating polymer.**! Therefore,
coating or conjugating gold particles with these polymers could
facilitate the adhesion of gold nanoparticles to the mucosal

© 2024 Wiley-VCH GmbH
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Figure 1. Representative surface plasmon resonance (SPR) absorption bands of A) spherical and B) rod-shaped gold nanoparticles stabilized using
different amounts of polymers and a surfactant. Pristine gellan gum (PGG, 0.5%); G2 and G12 are poly(2-ethyl-2-oxazoline)-grafted gellan gums with
different grafting densities (each at 2%); poly(N-vinylpyrrolidone) (PVP) with M, = 10 and 40 kDa (4%), and cetyltrimethylammonium bromide (CTAB,

0.2 m). All spectra were recorded at 25 °C.

surface of tumors or their penetration into tumors. This process
may prolong the efficacy of PTT by ensuring better localization
of gold nanoparticles within the tumor tissue.

2. Results and Discussion

2.1. Physicochemical Characterization of Nanoparticles

Poly(N-vinylpyrrolidone) with M, = 10 and 40 kDa, PGG, and
poly(2-ethyl-2-oxazoline)-grafted gellan gums (abbreviated as G2,
G3, and G12) were used as polymeric stabilizing agents of the
AuNSs and AuNRs. It was expected that the surface modification
of AuNPs with polymers can facilitate their cellular uptake. This
enhancement is attributed to the affinity of both natural and syn-
thetic polymers to cellular membranes.***!

UV-vis spectroscopy is an effective method for confirming the
formation and stabilization of aqueous dispersions of AuNSs and
AuNRs. In general, AuNSs possess a single absorption band in
the visible (500-550 nm) spectral region, which is known as a sur-
face plasmon resonance (SPR). AuNRs exhibit two major absorp-
tion bands corresponding to the transverse and longitudinal SPR
bands in the visible (%520 nm) and the near-infrared regions,
respectively.***’! The SPR spectrum is dependent on both the
size and shape of gold nanoparticles. In this study, the adsorp-
tion spectra of polymer-coated AuNSs and AuNRs dispersions
were recorded (Figure 1). The spectra confirmed a distinctive SPR
band for AuNSs in the visible (%530 nm) region (Figure 1A),
while two characteristic surface plasmon bands corresponding
to the transverse (2520 nm, a weaker band in the visible region)
and longitudinal (=780 nm in NIR region) bands were observed
for gold nanorods (Figure 1B).1545758

Controlling the size of AuNPs is a critical factor in the synthe-
sis of colloidal gold and their application in PTT. Many studies
have demonstrated that the interaction between gold nanoparti-
cles and polymers significantly influences the size, stability, and
size distributions of the particles.l**°l Producing monodisperse
polymer-coated AuNPs with smaller sizes in aqueous media can

Macromol. Chem. Phys. 2024, 2400128
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lead to improved biocompatibility, reduced cytotoxicity, and en-
hanced catalytic properties.

The average hydrodynamic size and zeta potential values of
the spherical and rod-shaped AuNPs synthesized and stabilized
with optimally selected concentrations of synthetic and natural
polymers are summarized in Tables 1 and 2, respectively. Dur-
ing the dialysis, the pH of aqueous solution of AuNPs decreased
from 12 to 8 confirming that most of the low-molecular-weight
impurities are washed out. The mean diameter and zeta potential
values of AuNSs were measured by DLS before and after dialysis
against deionized water. It was observed that after dialysis, the
size of AuNSs decreased by 2-3 times (Table 1). Overall, most of
the spherical gold nanoparticles were polydisperse. The size dis-
tributions (before and after dialysis) of spherical gold nanoparti-
cles stabilized with different polymers determined with DLS are
shown in Figure S2 (Supporting Information).

In order to estimate the nanoparticles surface charge, the zeta
potential values of the different AuNPs were measured. It ap-
pears that the zeta potential values of AuNPs significantly de-
creased following the dialysis, resulting in a further reduction
of negative charges. The average zeta potential values of AuNSs
were between —42 and —10 mV depending on the polymers used
and dialysis (Table 1).

AuNRs stabilized using PGG displayed a negative zeta poten-
tial (=30 + 3 mV) value due to the presence of carboxylic groups
in the macromolecular chains of the polysaccharide (Table 2).
Initially, the surface of AuNRs stabilized using PVP 10 and
40 kDa was positively charged, perhaps due to the presence
of some excessive counterions of cetyltrimethylammonium bro-
mide (CTAB); however, after dialysis, AuNR’s zeta potential de-
creased down to —7 and —6 mV.

The TEM images (Figure 2) further confirmed the DLS results
regarding the size of AuNPs, and both AuNSs and AuNRs were
uniformly distributed. For instance, AuNSs in all batches dis-
played particles with sizes less than 40 nm in diameter. AuNSs
stabilized with G2 (GG-g-PEtOx) demonstrated even smaller size
with 10 + 1 nm. The aspect ratio, i.e., length/width, for the gold
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Table 1. Size and zeta potential values of polymer-protected AuNSs determined by DLS (G2, G3, and G12: poly(2-ethyl-2-oxazoline)-grafted gellan gums
with different grafting densities; PDI: polydispersity index; PGG: pristine gellan gum; PVP: poly(N-vinylpyrrolidone). Data are expressed as mean +

standard deviation values (n = 3)).

Type of polymer Concentration of Mean diameter [nm] Zeta potential [mV]
polymer [% w/v]
Before dialysis PDI After dialysis PDI Before dialysis After dialysis

PVP 10kDa 4.0 42+2 0.353 1B+l 0.309 -13£2 -19+2
PVP40kDa 4.0 47 £2 0.225 16+2 0.238 =E2 -10+3
PGG 0.5 88+2 0.300 37x2 0.415 =322 —42+3
G12 20 381 0.513 B+1 0.795 -21+2 -33+2
G3 20 2+1 0.587 171 0.671 -20+2 —40+2
G2 20 39+1 0.496 N1 0.496 -18+2 -39+2

Table 2. Aspect ratio (measured using TEM) and zeta potential values of AuNRs synthesized and stabilized using PGG, G2, and PVPs (CTAB: cetyltrimethy-
lammonium bromide; PGG: pristine gellan gum; PVP: poly(N-vinylpyrrolidone); n/a: not applicable. Data are presented as mean + standard deviation

(n=3).

Type of polymer Concentration of polymer Average Average width Aspect {-potential
[% w/v] length [nm] [nm] ratio [mV]
CTAB n/a 42+4 14+2 3+1 54+11
PGG 0.5 34%3 9%2 4x1 -30+3
G2 2.0 535 18£3 31 -17x2
PVP 10kDa 4.0 44+ 13 15+3 3x1 71
PVP40kDa 4.0 55+2 161 4+1 —6+2

nanorods stabilized using PVP 10 kDa was ~3—4 in average (44
+ 13 nm lengthwise by 15 + 3 nm in width) and the micro-
photographs are displayed in Figure 2 (also see Figure S3 in the
Supporting Information).

2.1.1. Study of Photothermal Effects of AuNPs

The photothermal effect (i.e., light-to-heat conversion) of AuNSs
was studied on porcine stomach tissues as an ex vivo tissue
model. The temperature change in tissue samples was measured
with an IR thermometer upon irradiation using a 530 nm visi-
ble light laser. Visible light was chosen for the current study to
avoid unwanted heat stimulation, as it is generally not strongly
absorbed by the bulk tissue (Figure 1A). Figure 3 shows the tem-
perature changes in porcine stomach tissue samples with and
without injection of polymer-stabilized AuNSs’ dispersion as a
function of irradiation time. The highest temperature recorded
was 43.5 + 0.2 °C for AuNSs—PVP 40 kDa dispersion without tis-
sue sample when exposed to irradiation for 60 min. For the tis-
sue sample containing AuNSs—PVP 40 kDa; PGG and G2 (GG-g-
PEtOx), the maximum temperature reached upto 41.1 + 0.2, 41.0
+0.2,and 40.7 + 0.2 °C, respectively, whereas the tissue sample
without AuNSs was heated up to 39.0 + 0.2 °C during 60 min of
irradiation. These results clearly indicate that photothermal heat-
ing was induced by AuNSs in the tissue samples when exposed
to the visible light source.

As seen from Figure 3, aqueous dispersion of AuNSs stabilized
by PVP 40 kDa without tissue sample shows higher heating tem-
perature upon irradiation compared to tissue-containing samples
at identical conditions. Exact explanation of this phenomenon

Macromol. Chem. Phys. 2024, 2400128
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is complicated because the light-to-heat conversion depends on
many parameters, in particular incident laser power, light wave-
length, irradiation time, concentration, and size and shape of
AuNPs.I®!l In our opinion, overall increase in the temperature
may be due to a collective heating effect of many nanoparticles
within the excitation volume.?! Our results are consistent with
the data of the authors!®*! indicating that the cancerous tissues
can be overheated above the physiological level (typically 39—
45 °C). In our case, the heating reaches up to 24043 °C (AT ~
3-6 °C). The temperature profiles of colloidal AuNPs’ solutions
(not stabilized by polymers) with different particle sizes were
studied.!**! The temperature of the AuNPs solution increased ex-
ponentially upon laser illumination (4 = 532 nm), reached the
equilibrium after ~1200 s, and then returned to the ambient
value after discontinuing irradiation. Upon irradiation the sys-
tem is averagely heated up to 31.5 °C (AT = 6.5 °C). Our obser-
vations are in good agreement with these results. The photother-
mal properties of gold nanoparticles, in addition to laser power,
light wavelength, irradiation time, concentration, and size and
shape, depend on various experimental factors, such as stirring,
data recording and analysis, and the effective mass of the sys-
tem. Moreover, in the presence of natural tissue, other molecules
adsorb 530 nm light (e.g., hemoglobin and myoglobin), which
makes the irradiation less effective. However, 530 nm light cor-
responds to the maximum of SPR and makes the photothermal
phenomenon more effective. However, the 530 nm light is the
most appropriate for laboratory tests and basic studies; it is less
suitable for work with natural tissues. Short wavelengths are of
ten adsorbed by natural molecules, e.g., hemoglobin and myo-
globin have absorbance maxima about this value. This decreases
the effectiveness of the photothermal treatment, and one has to
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Figure 2. TEM images of AuNSs and AuNRs stabilized using A,E) poly(N-vinylpyrrolidone) with M,, = 10 kDa; B,F) poly(N-vinylpyrrolidone) with M,

won [H | oo |
— Ve SRl Foree 31,

40 kDa; C,G) pristine gellan gum; D) G2—poly(2-ethyl-2-oxazoline)-grafted gellan gum (for spherical AuNPs), and H) cetyltrimethylammonium bromide

without polymer (for AuNRs).

work with the light of longer wavelengths. In our case, we used
780 nm light, which guaranteed that the studied photothermal
effect originates from the light absorbance.

~@-AuNSs-PVP 40 kDa without tissue sample

~@-tissue sample + AuNSs-PVP 40 kDa
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Figure 3. Time-dependent heating curves for AuNSs upon irradiation us-
ing a 530 nm visible light source. AuNSs: gold nanospheres; PGG: pristine
gellan gum; G2: poly(2-ethyl-2-oxazoline)-grafted gellan gum; PVP 40 kDa:
poly(N-vinylpyrrolidone) with M,, =40 kDa.
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2.1.2. Efficacy of PTT Treatment in Ehrlich Cancer Cells

Ehrlich cancer cells were used to investigate the efficacy of AuNP-
based PTT treatment under the visible light irradiation. Ehrlich
tumor is a well-established murine tumor model frequently em-
ployed in many cancer researches, both solid and ascitic forms.
Classified as a carcinoma, it originates in the epithelial tissue of
the skin or lining of internal organs. This tumor was initially de-
rived from a spontaneous mammary adenocarcinoma in a mouse
and has since been propagated in various strains of mice. Ehrlich
tumor cells exhibit rapid proliferation and are characterized by
their ability to induce ascites fluid accumulation in the peritoneal
cavity when injected intraperitoneally. This tumor model is com-
monly employed to study tumor biology, tumor immunology,
anticancer drug screening, and evaluating therapeutic interven-
tions. Such attributes as high growth rate, good reproducibility,
metastatic potential, and relative stability in morphological and
biological characteristics were the reason to use Ehrlich cancer
cells in this study./®*-°! In order to assess the potential effect of
bio—nano interactions, in vitro experiments were performed us-
ing a Hanks' balanced salt solution (HBSS) buffer solution. First,
Ehrlich cancer cells were dispersed in a buffer solution at a ratio
of 1:9. Then, 1 mL of the suspension of extracted Ehrlich cancer
cells was mixed with 1 mL of either polymer-stabilized AuNPs
or AuNRs for 5 min. The suspension was irradiated with visi-
ble (530 nm) and NIR (780 nm) laser lights for 60 min at inten-
sities of 10 and 90 mW, respectively. Micro-photographs of the
cells were then acquired from randomly selected ten points in a
Goryaev chamber and Ehrlich tumor cells in the visible area of
the microscope were counted (Figure 4). Interestingly, the num-
ber of cells was considerably reduced in the presence of AuNSs
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Figure 4. Micro-photographs of a suspension of Ehrlich cancer cells irradiated with visible (530 nm) light: A) before irradiation and without AuNSs; B)
in the presence of AuNSs—PVP 40 kDa with no irradiation (in 40 days). C,D) After irradiation and in 40 days: C) without AuNSs, D) in the presence of

AuNS-PVP 40 kDa. PVP 40 kDa: poly(N-vinylpyrrolidone) with M,, = 40 kDa.

stabilized with PVP 40 kDa even without irradiation after 40 days
of examination (Figure 4B). An explanation of this phenomenon
requires further experiments. No significant cell damage was ob-
served in control experiments without AuNSs, indicating that the
membranes were intact and that the cells have not been affected
very much during 60 min of laser irradiation. However, due to an
increase in the temperature of the medium up to 39 °C, when the
samples were irradiated with either a visible or NIR light source
for 60 min and further inspection during the experimental pe-
riod, there was some reduction in the number of cells recorded
in 40 days. As such there was no statistically significant differ-
ence between the numbers recorded in control samples with and
without irradiation.

Irradiating cancer cells using visible light at 530 nm in the
presence of spherical AuNPs stabilized with polymers and with-
out yielded good results. Figure 5 displays the reduction in the
number of cancer cells counted from micro-photographs taken
from randomly selected ten points (numerical values are shown
in Table S1 in the Supporting Information). For instance, the
number of cancer cells counted after 30-40 days decreased by 10—
40 times in comparison with the control samples (p < 0.0001).
It should be noted that the number of cells in the presence of

Macromol. Chem. Phys. 2024, 2400128
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AuNSs stabilized with polymers was reduced even without irradi-
ation. Probably the gold nanoparticles retard the growth of cancer
cells; however, irradiation enhances this process. The true mech-
anism of this phenomenon is not well understood and will be
clarified in subsequent experiments.

Experimental results showing the effects of irradiation on the
cancer cells using NIR light at 780 nm in the presence of AuNRs
stabilized with polymers and control samples are illustrated in
Figure 6 (numerical values are presented in Table S2 in the Sup-
porting Information). The results are presented after 40 days of
examination. The number of damaged cancer cells following ir-
radiation increased markedly after 3040 days of inspection; par-
ticularly, there was a statistically significant difference between
the numbers recorded for polymer-stabilized AuNRs and con-
trol samples without gold nanorods (p < 0.0001). At the same
time, no statistically significant difference was observed between
the samples of AuNRs stabilized with polymers followed by ir-
radiation and in 40 days of observation, demonstrating a similar
PTT effect. Numerous studies have shown that gold nanorods
with an appropriate dimension (28 x 8 nm) are the most effec-
tive for PTT compared to other types of gold nanoparticles, such
as nanospheres and nanoshells.”7°l Despite the AuNRs having
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Figure 5. Number of cancer cells in control samples and in the presence
of polymer-stabilized AuNSs when exposed to the visible light source at
530 nm and without irradiation. The results are presented after 40 days of
examination. Data are expressed as mean + standard error of the mean
(SEM) of triplicate with n = 10 measurements in each. Statistically signif-
icant differences are given as *¥** = p < 0.0001; ** = p < 0.001; ** =
p <0.01; and * = p < 0.05; ns denotes no significance. AuNSs: spherical
gold nanoparticles; PGG: pristine gellan gum; PVP 10 and 40 kDa: poly (N-
vinylpyrrolidone) with M, = 10 and 40 kDa, respectively.

slightly larger dimensions in size, as reported in the present work
(Table 2), overall, polymer-coated AuNRs demonstrated good ef-
ficacy in PTT treatment in vitro and showed a comparable PTT
effect as to spherical AuNPs.

In our experiments, the photothermal conversion efficiency of
AuNPs irradiated with 530 and 780 nmlaser sources was not eval-
uated. As seen from Figure 1, for polymer-stabilized AuNSs and
AuNRs, the adsorption maximums are in the range of 535 + 5 nm
and close to ~#800 nm. The physiotherapeutic Lasmik laser appa-
ratus used for irradiation had only two laser sources with wave-
lengths of 530 and 780 nm. In case of AuNSs, the absorption band
at A = 535 + 5 nm more or less corresponds to the laser light at
530 nm. But the adsorption peaks of AuNRs at 4 ~ 800 nm con-
siderably deviate from the laser light at 780 nm. Probably this
is the reason of lower efficiency of AuNRs in light-to-heat con-
version compared to AuNSs. The photothermal conversion effi-
ciency of different shapes of AuNPs under laser irradiation has
been reported.”*7*! In particular, the photothermal conversion
efficiency of AuNSs and AuNRs was evaluated at different irradi-
ation intensities of NIR broadband (754-816 nm) and NIR laser
(808 nm) irradiation.|”*! It was shown that the photothermal con-
version efficiency of AuNSs and AuNRs is comparable. But the
spherical gold nanoparticles might be preferable for hyperther-
mia applications with a higher accumulation rate within the tu-
mor sites.

2.1.3. In Vivo Study of the Photothermal Effect of AuNPs
As the in vitro experiments demonstrated successful photother-

mal destruction of cancer cells in the presence of polymer-
stabilized AuNSs under irradiation with visible light, subsequent

Macromol. Chem. Phys. 2024, 2400128
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Figure6. Number of cancer cells in control samples and in the presence of
polymer-stabilized AuNRs when exposed to NIR light irradiation at 780 nm
and without irradiation. The results are presented after 40 days of exami-
nation. Data are expressed as mean + SEM oftriplicate with n = 10 mea-
surements in each. Statistically significant differences are shown as
=p < 0.0007; ** = p < 0.01; * = p < 0.05; ns denotes no significance.
AuNRs: gold nanorods; PGG: pristine gellan gum; PVP 10 and 40 kDa:
poly(N-vinylpyrrolidone) with M,, = 10 and 40 kDa, respectively.
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in vivo studies were conducted to evaluate the therapeutic effi-
cacy of this approach further. Tumor development was induced
by injecting cancer cells into the left flanks of CD-1 mice subcu-
taneously (see Figure S4A in the Supporting Information), after
which the tumors were allowed to grow for a period of 10 days.
This is consistent with the results of the authors!®! because the
death of the animal with Ehrlich ascites carcinoma occurs be-
tween 10 and 14 days after cell inoculation depending on I) the
concentration of inoculated cells, II) the amount of fluid in the
peritoneal cavity, which causes abdominal pressure and compres-
sion of the organs, and III) the number of passages, in which re-
peated transplantation increases malignancy and tumor prolifer-
ation. Before each exposure, the linear dimensions of the tumors
in animals were measured using a caliper (see Figure S4B in the
Supporting Information). The volumes of the tumors were then
calculated using the following equation

V=27R (1)

W

where R is the radius of the tumor, and 7 has a value equal to
3.14.

Laser irradiation of tumor-bearing mice injected with AuNSs
stabilized with PVP 40 kDa demonstrated a remarkable PTT ef-
fect (Figure 7). This result shows that further tumor growth is
successfully inhibited by AuNSs—PVP injection in combination
with a visible light laser irradiation.

Three days following the last exposure (see Figure S4C in the
Supporting Information), the animals were humanely sacrificed,
and the tumors were removed and weighed (Figure 8; Figure
S4D, Supporting Information). The average tumor weight in the
control group was 1.00 + 0.30 g; in group 2 with AuNSs-PVP
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Table 3. Inhibition of tumor growth with intratumoral injection of AuNSs—
PVP (40 kDa) before and after irradiation at A = 633 nm (PVP 40 kDa:
poly(N-vinylpyrrolidone) with M,, =40 kDa).
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Figure 7. Tumor growth in each treatment group as monitored for 9 days.
Data are expressed as mean + standard deviation (SD) values (n = 5).
Statistically significant difference is represented as **** =p <0.0001. PVP
40 kDa: poly (N-vinylpyrrolidone) with M,, = 40 kDa.
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Figure 8. Tumor weight in different groups of animals measured when
the animals were sacrificed. Data are produced as mean + SD (n = 5).
Statistically significant differences are represented as *¥* = p < 0.001; **
=p < 0.01; *=p < 0.05. PVP 40 kDa: poly(N-vinylpyrrolidone) with M, =
40 kDa.

40 kDa it was 0.54 + 0.20 g; and in group 3 with AuNSs-PVP
40 kDa and irradiation it was 0.15 + 0.04 g. Figure 8 shows the
comparison between tumor weight in differentgroups of animals
measured when the animals were sacrificed.

The tumor growth inhibition coefficient (TGIC) was calculated
using the following equation

V-,
TGIC = % % 100% 2)
k

Macromol. Chem. Phys. 2024, 2400128
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Samples Inhibition [%]
Tumor volume Tumor weight
3 days 5 days 7 days 9days
AuNSs—PVP 40 kDa without 19+10 32+x12 42+5 43+23
irradiation
AuNSs—PVP 40 kDa with 86+8 0+4 90+6 85+3
irradiation

where V; is the volume (or weight) of the tumor in the control
group of animals, and V;, is the volume (or weight) of the tumor
in each experimental group of animals.

The comparison of the sizes of tumors from different groups
of mice was performed and the results are summarized in Table
3. The visual inspection of tumor sizes is depicted in Figure
S5 (Supporting Information). Samples with AuNSs-PVP 40kDa
and without irradiation exhibited a reduced tumor growth after 3
days by 19 + 10%, which was an effect that gradually increased
after 7 days, reaching 42 + 5%. Samples with AuNSs—-PVP 40kDa
and with irradiation showed a greater effect with up to 90 + 6% re-
duction in the tumor size after 7 days. In 9 days, TGIC calculated
using the tumor weight in samples with AuNSs—PVP 40 kDa and
without irradiation was 43 + 23%, and in samples with AuNSs—
PVP 40 kDa plus irradiation reached 85 + 3%. Based on these
results, it can be concluded that the spherical AuNSs stabilized
using PVP 40 kDa could be considered as suitable candidates to
inhibit Ehrlich tumor growth and could potentially be used in
PTT treatment.

3. Conclusion

Spherical and rod-like gold nanoparticles protected with poly(N-
vinylpyrrolidone), pristine gellan gum, and poly(2-ethyl-2-
oxazoline)-grafted gellan gum were prepared and characterized
in this study. The gold nanoparticles exhibited the presence of
characteristic SPR bands. The nanoparticles were analyzed for
their applicability as PTT agents with respect to Ehrlich cancer
cells when exposed to the visible light source. Following the dial-
ysis, the average hydrodynamic size of AuNPs reduced by ~2—
3 times and the zeta potential decreased by ~1.5-2 times, indi-
cating that the AuNPs are suitable for PTT. Experiments with ex
vivo porcine stomach tissues containing AuNSs were performed
to determine the photothermal effect of nanoparticles when ex-
posed to the visible light source. In the course of laser irradiation
of the tissue at 530 nm, the highest temperature recorded was
43 + 0.5 °C for AuNSs stabilized using PVP 40 kDa. In vitro ex-
periments demonstrated a similar PTT effect for Ehrlich cancer
cells containing polymer-protected AuNPs upon irradiation both
at 530 and 780 nm. After 40 days of examination, the number
of Ehrlich cancer cells decreased by 1040 times in comparison
with the control samples. In vivo experiments in mice revealed
that injection of AuNSs—PVP 40 kDa followed by irradiation with
visible light considerably decreased the size of tumors, indicat-
ing that polymer-stabilized gold nanoparticles could potentially

© 2024 Wiley-VCH GmbH

62

sty suonTpac ) pue sws] @ 2§ [$70T/50/91] WO L2 SUIMO Loy “Grssasmy) 12 AqrezeN 4q §TI00HTOC BOPTTO0T 01/10P, W0 4oLy A a0y sy W03 PapeoTiog 0 ‘SE6ETTS T

e

#5201 ST 2.47ERx) QETAdE o £q PECR.A03 1€ SORE YO BN 3O [ 03 LTI SO L2



ADVANCED
SCIENCE NEWS

TMFSSier

Chemistry ona Physics

www.ad -edscienc com

be used in the PTT treatment of Ehrlich tumors. The AuNPs
developed and stabilized with polymers in this work might po-
tentially be considered as a platform for the PTT treatment of
not only Ehrlich tumors, but also other type of carcinoma. In
near perspectives our study may be related to light-to-heat con-
version efficiency evaluation of AuNSs and AuNRs, toxicological
experiments, study the bioadhesive properties polymer-protected
AuNPs to improve the adhesion to cancer cell, modification of
the surface of AuNPs with poly(ethylene glycol) to enhance the
cellular uptake, conjugation of AuNPs with the anticancer drug
doxorubicin, etc. In future perspectives the “green” synthesis us-
ing the natural substances (for instance, bacterium, fungi, and
plants) may contribute to reducing and stabilizing agents for the
synthesis of AuNPs and enhance their medical properties such
as antimicrobial and anticancer activity.

4. Experimental Section

Materials: A standard aqueous solution of tetrachloroauric acid
(HAuCl,) with a concentration of 100 mg mL™", CTAB (99%), sodium
borohydride (NaBH,, 98.5%),ascorbic acid, PVP with M,, =10 and 40 kDa,
and HBSS buffer were purchased from Sigma-Aldrich (Germany). Gellan
gum with M, = 500 kDa was purchased from Zhejiang DSM Zhongken
Biotechnology Co., Ltd. (China). Poly(2-ethyl-2-oxazoline)-grafted gellan
gum was kindly provided by the authors.I”l Depending on the grafting
density, the GG-g-PEtOx samples were abbreviated as G2, G3, and G12.
Grafting density was given as the number of repeating units, where each
gellan gum consists of four sugar units, per one PEtOx grafted chain. Thus,
on average, every 12th repeating unit (equivalent to 12 X 4 sugar units) in
G12 copolymer contains one PEtOx grafted chain. Potassium hydroxide,
silver nitrate, and all other chemicals were of analytical grade and used as
received.

Synthesis of AuNSs and AuNRs:  Spherical AuNPs (or AuNSs) stabi-
lized by PVP, PGG, and GG-g-PEtOx were prepared using a “one-pot”
synthetic method as described previously.[’¢! Briefly, a mixture consisting
of polymer solutions with different concentrations (either 4% PVP; 0.5%
PGG; or 2% of each G12, G3, and G2), 5 mL of HAuCl, (100 mgmL~"), and
4 mLof 0.5 m KOH was combined, agitated, and heated up to 100 °C for
3-5minin an Anton Paar Monowave 50 microwave reactor (Graz, Austria)
equipped with a temperature and time controller. Consequently, tinted so-
lutions, varying in color from yellow to dark red or purple, were produced
due to the formation of AuNSs. The initial solution with pH 12 decreased
down to pH 8 following the dialysis (cellulose membrane with a molecular
weight cut-off 12-14 kDa) against deionized water.

In order to prepare AuNRs, the seed-mediated growth technique was
employed.*®l Initially, a solution comprising 5 mL 0f0.2 m CTAB was com-
bined with 5 mL of 0.5 mm HAuCl, and stirred. Subsequently, 0.6 mL
of cold 0.01 m NaBH, was introduced, resulting in the formation of a
brownish-yellow solution containing AuNSs. Concurrently, a mixture com-
posed of CTAB (0.2 m; 30 mL), AgNO; (4 mm; 1.5 mL), and HAuCl, (1mm;
30 mL) was gently mixed, and 78.8 m (0.42 mL) ascorbic acid was added.
Ascorbic acid was acting as a mild reducing agent, causing the color of
the growth solution to change from dark yellow to colorless. Finally, the
first seed solution (72 pL) was added to the second growth solution, and
the mixture was allowed to incubate at 30 °C overnight. Consequently, a
crimson solution containing AuNRs was generated. To eliminate byprod-
ucts and CTAB from the AuNRs, the solution underwent centrifugation at
10 650 rpm for 30 min using an Eppendorf 58 10R centrifuge (Tuttlingen,
Germany). The resulting precipitate was re-dispersed by adding 3 mL of
deionized water and centrifuged again at 10 650 rpm for 15 min. After
undergoing washing procedure thrice, the AuNRs were re-dispersed and
stabilized in 5 mL of designated polymer solutions and then dialyzed us-
ing a cellulose membrane (molecular weight cut-off 12-14 kDa) against
deionized water.
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Characterization: Absorption spectra of AuNSs and AuNRs were
recorded using a Specord 210 plus BU UV /Vis-spectrophotometer (Jena,
Germany). The mean hydrodynamic size of gold nanoparticles in solu-
tion, their polydispersity index (PDI) and zeta potential values were deter-
mined using DLS and electrophoretic measurements with a Malvern Zeta-
sizer Nano ZS90 (Malvern Instruments, UK) at 25 °C. Gold nanoparticles
were imaged using a JEOL JEM-1400Plus (JOEL Ltd., Japan) transmission
electron microscope operated at an acceleration voltage of 120 kV. TEM
grids were prepared by placing 10 pL of the diluted sample solutions on
a carbon-coated copper grid and evaporating the solution at room tem-
perature completely. The concentrations of AuNS and AuNR solutions
stabilized with the polymers were quantified using an Agilent 7500 ICP-
MS inductively coupled plasma mass spectrometer (Agilent Technologies,
USA).

Study of Ex Vivo Photothermal Effect of AuNSs Induced by Visible Light
Irradiation: The porcine stomach tissue was used as an ex vivo tissue
model to study exvivo photothermal effect of AuNSs when exposed to irra-
diation. Porcine stomach tissues were received from Altyn-Orda Abattoirs
(Almaty, Kazakhstan) immediately after animal slaughter, carefully packed,
transported to the laboratory in cold plastic containers, and used within
24 h of retrieval. Tissue samples (cut into ~3 X 3 cm) were placed in Petri
dishes, and with the help of a marker pen, an area to be exposed to irra-
diation was highlighted. Using a sterile syringe, 0.5 mL of polymer-coated
AuNSs’ dispersion was injected interstitially in the porcine stomach tis-
sue. The concentration of AuNSs in the colloidal solution was determined
to be ~45 pg mL™". Irradiation of AuNSs was carried out using a phys-
iotherapeutic Lasmik laser apparatus (Lazmik Ltd., Russia) (Figure S1A,
Supporting Information). Matrix light-emitting diode (LED) heads oper-
ated at 530 and 780 nm wavelengths were used. Experiments with irradia-
tion were performed within an incubator at 37 °C with a relative humidity
of 80% (Figure S1B, Supporting Information). The temperature was mea-
sured every 5 min using a VT04 visual infrared thermometer (Fluke VT02
Visual IR Thermometer, Everett, WA, USA). The irradiation was carried out
for 60 min. All experiments were performed in triplicate and the mean +
SD values were calculated.

Irradiation of Ehrlich Cancer cells:  Ehrlich cells were received from the
cell culture collection of the Kazakh Research Institute of Oncology and Ra-
diology (Almaty, Kazakhstan). The ascites’ form of a transplanted Ehrlich
tumor strain was used to study the photothermal effect of AuNPs on can-
cer cells. The tumor cells were transplanted intraperitoneally into CD-1
mice. The material was extracted on the 10th day after transplantation.
The concentration of cells was determined to be 100 million mL™". In this
experiment, a suspension of biomaterial was prepared from 1 mL suspen-
sion of Ehrlich tumor cells, and 9 mL of HBSS buffer solution (Hanks cul-
turemedium). Next, 1 mL ofthe suspension was aspirated and then mixed
with 1 mL of either AuNPs (=45 pg mL~") or AuNRs (=179 ug mL™") solu-
tions. The resulting mixture was subsequently irradiated for 60 min using
matrix LED heads operated at 4 = 530 and 780 nm. The cover glass was
placed on the grid of a Goryaev chamber. Then, 5-10 uL of cell suspension
was transferred to the edge of the cover glass in the chamber. Afterward,
micro-photographs of the cells were taken at 40x magnification using a
Nikon Eclipse LV150N microscope (Tokyo, Japan), equipped with a Motic
digital camera, and the cells were counted in Goryaev chamber manually
before and after irradiation. The average number of cells in one square of
grids and in 1 mL of suspension was calculated, considering the area of the
square. The cells were maintained in an incubator at 37 °C and in the dark
throughout the experimental period. In order to evaluate the long-term
photothermal effect of polymer-coated AuNSs on Ehrlich cancer cells, the
cells’ death was observed over a 40 day period. All measurements were
conducted in triplicate and the mean + SEM (n = 10) values were calcu-
lated and then evaluated statistically.

Study of In Vivo Photothermal Effect of AuNSs Induced by Visible Light
Irradiation:  All animal experiments were conducted in compliance with
the protocol approved by the local ethical committee (LEC) at the Kazakh
Research Institute of Oncology and Radiology (Protocol No.5-2021, 10 De-
cember 2021).

For the in vivo experiments, 18 CD-1 male mice of 23-25 g weight and
60 days of age were selected. Tumor cell transplantation into the animals

© 2024 Wiley-VCH GmbH
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was accomplished through subcutaneous injection of 5 x 108 tumor cells.
The experiments commenced 10 days later when the tumors reached asize
of about 4-5 mm in diameter. However, throughout the experiment, some
mice developed purulence and so the other three mice were excluded from
the experiment due to this condition. The mice were divided into three
groups: group 1 consisted of five control animals, with no AuNSs solu-
tion injected and no exposure to irradiation; group 2 included five animals
with AuNSs’ solution injected, but no irradiation treatment; and group 3
involved five animals with AuNSs solution injected and with irradiation
treatment.

Prior to commencing each experiment, hair from the surface of the skin
covering the tumor was removed, then intratumoral injection of 50 pL of
AuNSs—PVP (40 kDa) was administered. The concentration of AuNSs in
the suspension was ~45 ug mL™". After 25 min, the tumor node was sub-
jected to a daily laser exposure for 30 min over a period of 7 days. Taking
into account 10 days of inoculation and 7 days of laser exposure the to-
tal experimental time duration was 17 days. According to the protocols
reported in ref. [76], the experiment associated with an increase in the tu-
mor weight was conducted for 20 days until the animals were sacrificed.
A Polyaron LG-75 helium—neon laser at a wavelength of 633 nm and an
emissive power of 25 mW (Kyiv, Ukraine) was used in the experiments.
Throughout the experiment, the tumor size was measured daily using a
caliper. Following the internationally recognized guidelines established by
the Council for International Organizations of Medical Sciences (CIOMS)
for biomedical research involving animals, the mice were euthanized prior
to surgical removal of tumor tissues. The tumors were extracted from the
peritoneum by dissection with a subsequent weighing on the ninth day.

Statistical Analysis: The data were presented as mean values + SD
and/or SEM and assessed for significance using a one-way and two-way
analysis of variance (ANOVA) followed by Bonferroni posthoc test, where p
< 0.05 was considered as the statistical significance difference (GraphPad
Prism software, version 7.0; San Diego, CA, USA).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Comparative Study of Gellan Gum Derived from Domestic
Raw Materials of Kazakhstan and Commercial Gellan

Gulnur S. Tatykhanova,* Nargiz N. Gizatullina, Gulnar M. Kudaibergenova,
Ramza Zh. Berzhanova, Togzhan D. Mukasheva, and Sarkyt E. Kudaibergenov

Gellan gum prepared from the domestic raw materials of Kazakhstan is
studied by methods of "H NMR spectroscopy, FTIR, GPC, TGA, and compared
with characteristics of commercial gellan gum. Fermentation on
glucose-fructose syrup of Zharkent and Burunday corn starch plants
(Kazakhstan) by Sphingomonas paucimobilis ATCC 31461 produces a biomass
containing a high acyl gellan gum (HAG). The average molecular weights, M,,,

The use of low-cost substrates such as
glucose-fructose syrup of Zharkent and Bu-
runday corn starch plants (Almaty region,
Kazakhstan) can help to boost their market
competitiveness. In this communication,
the process of gellan production from do-
mestic raw materials of Kazakhstan using
S. paucimobilis ATCC 31461 is described.

M,, M,, and polydispersity index (PDI) of HAG are determined by GPC. Low

acyl gellan (LAG) is obtained by treatment of HAG with alkaline solution. It is

2. Results and Discussion

shown that the spectral and thermal characteristics of HAG and LAG

produced from the glucose-fructose syrup and commercial gellan gum are

similar.

1. Introduction

Gellan gum is extracellular polysaccharide industrially produced
by bacterium Sphingomonas paucimobilis.'?! It is widely applied
as gelling, thickening, and stabilizing agent in food industry,
biotechnology, medicine, pharmacy, and oil recovery.**! Gellan
is composed of glucose (60%), glucuronic acid (20%), and rham-
nose (20%) linked in a linear tetrasaccharide repeating unit.!"?!
There are two types of gellan gum differentiated on the basis of
degree of deacetylation: high acyl (HAG) and low acyl (LAG) gel-
lan gum (Figure S1, Supporting Information).”! The conforma-
tional (coil-helix) and phase (sol-gel) behavior of gellan depends
on polymer concentration, pH, temperature, and the presence of
monovalent or divalent cations.®! In this regard gellan belongs to
stimuli-responsive polymer. A new strategy of gellan production
was developed'” searching the low-cost sources and media,'’!
as well as optimizing the fermentative reaction condition.”!!|
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Fermentation on glucose-fructose syrup by
S. paucimobilis in the media of “6C” and
“CP1” produces the biomasses containing
HAG (Figure 1).

After thermal treatment of biomass at 90-95 °C during 10-
15 min according to Kang et al.''?! the samples showed the follow-
ing dynamic viscosities: 22 000 mPa s (No. 1), 18 800 mPa s (No.
2), 3600 mPa s (No. 5), and 3900 mPa s (No. 6). Further the sam-
ples No. 3, 4, 6, 7 were deacetylated by addition of 1.0 M NaOH
at 80 °C for 10 min and the pH was adjusted to 7.0 using 1.0 M
HCIL Cell mass from the broth was separated by centrifugation at
8000 rpm for 30 min at 4 °C. The ice-cold three volumes of iso-
propyl alcohol were then added into supernatant to precipitate the
deacetylated gellan. The precipitated LAG was dried to constant
mass in hot air oven at 80 °C for 12 h. FTIR spectra of commer-
cial HAG purchased from “Xinjiang Fufeng Biotechnologies Co.,
Ltd.,” China, and Kazakhstan HAG separated from the fermenta-
tion broth are compared in Figure 2. In all cases the appearance
of intensive bands at 1724-1727 cm™" is specific for acyl groups
of HAG.

In deacylated gellan gum, or LAG, the intensive peaks at 1724—
1726 cm™! disappear that confirms the elimination of acyl groups
from HAG (Figure 3). The commercial and Kazakhstan LAG con-
tains the bands at 3340, 1406, 2921, 1622, and 1037 cm~" that be-
long to stretching and bending OH, stretching CH, C = O, and
C—0O—C bonds, respectively. '"H NMR spectra of LAG coincide
well with literature data''* and show the characteristic peaks of
CH of rhamnose (5.27 ppm), CH of glucuronic acid (5.09 ppm),
and CH; of rhamnose (1.86 ppm) (Figures 4 and 5). *C NMR
spectra of commercial LAG and Kazakhstan LAG are shown in
Figure S2, Supporting Information.

The weight average (M,,), number average (M,), M, molecular
weights, and polydispersity index (PDI) of Kazakhstan HAG are
presented in Table 1. The value of PDI close to 1 indicates on
narrow distribution of molecular mass of HAG.

Thermogravimetric curves of commercial HAG and
Kazakhstan HAG were compared (Figure S3, Supporting

© 2024 Wiley-VCH GmbH
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Figure 2. FTIR spectra of self-purified (1), technical (2) HAG produced by
Xinjiang Fufeng Biotechnologies Co., Ltd. and Kazakhstan HAG (3) ob-
tained by fermentation of glucose-fructose syrup.
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Figure 3. FTIR spectra of commercial LAG purchased from Xinjiang
Fufeng Biotechnologies Co., Ltd. and Kazakhstan LAG obtained by dea-
cylation of Kazakhstan HAG.

Table 1. Average molecular weight and PDI of Kazakhstan HAG.

. Biomasses obtained upon fermentation of glucose-fructose syrup by S. paucimobilis in the media of “6C" (No. 1-4) and “CP1" (No. 5-7).

Information). The decomposition temperature of both samples
lies in the region of 250 °C and completely coincides. Aqueous
solutions 0.25% and 0.5% Kazakhstan LAG showed an excellent
gelation property upon addition of salts (NaCl and CaCl,) in
the range of concentration 0.01-1.0 M (Figure S4, Supporting
Information).

3. Conclusion

By fermentation on glucose-fructose syrup of Zharkent and Bu-
runday corn starch plants by S. paucimobilis, the high and low
acyl gellan gums were produced. They were characterized by var-
ious physico-chemical methods and compared with commercial
gellan produced in China. In perspective the developed technol-
ogy of gellan production from the domestic raw materials of
Kazakhstan may be scaled up and used in food industry and oil
recovery.

4. Experimental Section

Materials:  Glucose-fructose syrups were commercial products of
Zharkent and Burunday com starch plants (Almaty region, Republic of
Kazakshtan). S. paucimobilis ATCC 31461 was used in this study. Com-
mercial high acyl (HAG) and low acyl gellan (LAG) were purchased from
“Xinjiang Fufeng Biotechnologies Co., Ltd.," China. Isopropanol (>99.5%,
Fischer-Chemicals Oy) was used for precipitation of HAG and LAG.
Deuterated water (D,0, 99% D, Euriso-Top) was used in NMR experi-
ments. “BC” medium contained glucose (2%), yeast extract (0.3%), pep-
tone (0.5%), pH = 7.0, and “CP1” medium contained glucose (10%),
peptone (0.2%), K,HPO, (0.2%), NaCl (0.2%), MgSO, (0.04%), FeSO,
(0.001%).

Methods:  FTIR spectra were obtained with the help of a Cary 660 ATR-
FTIR instrument (Agilent, USA). 'H and '*C NMR spectra were recorded
on a Bruker Avance Il 500 spectrometer. Thermogravimetric analysis
(TGA) was carried out using a LabSys Evo (Setaram, France) under a nitro-
gen atmosphere in a temperature range of 25-500 °C, with a heating rate
of 10 °C min~". The dynamic viscosity of the biomass was measured with a
Brookfield rotational viscometer (Brookfield AMETEK DV2TLV, USA). Gel
permeable chromatography {GPC) was carried out on a Viscotek GPC/SEC
(UK).

Fermentation of Glucose-Fructose Syrup:  The production of gellan gum
by S. paucimobilis from ATCC 31461 was performed on a 50 L stirred biore-
actor (PC-50, Russia) with 30 L working volume.

Polymer Molecular weights [Da] PDI (M,,/ M,))
HAG M, M, M. . .
¥ i z Supporting Information
343 500 333000 360 000 1.03
Supporting Information is available from the Wiley Online Library or from
the author.
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Figure 4. "H NMR spectrum of commercial LAG in D,0 at 60 °C. C = 10 mg-mL~".
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Figure 5. 11 NMR spectrum of Kazakhstan LAG in D,O at 60 °C. C =

Acknowledgements

This work was financially supported by Science Committee of the Min-
istry of Science and High Education of the Republic of Kazakhstan (Grant
No. AP14871512). G.S.T, G.M.K., and S.E.K. thank the Horizon 2020 re-
search and innovation program of the European Union Maria Sklodowska-
Curie (grant agreement 823883-NanoPol-MSCA-RISE-2018) for financial
support. All authors contributed equally to this work.

Conflict of Interest

The authors declare no conflict of interest.

Macromol. Symp. 2024, 413, 2400004

68

2400004 (3 of 4)

10 mg-mL‘1.

Data Availability Statement

The data that supports the findings of this study are available in the sup-
plementary material of this article.

Keywords

average molecular weights, fermentation, glucose-fructose syrup, high
acyl gellan (HAG), low acyl gellan (LAG), spectral and thermal character-
istics, S. paucimobilis

Received: January 3, 2024

© 2024 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

"?gﬁ Macromolecular Symposia

4 ")

WWW. edscienc com

[1] 1. Giavasis, L. M. Harvey, B. McNeil, Crit. Rev. Biotechnol. 2000, 20,
177.

[2] 1. B. Bajaj, S. A. Survase, P. S. Saudagar, R. S. Singhal, Food Technol.
Biotechnol. 2007, 45, 341.

[3] T.Osmalek, A. Froelich, S. Tasarek, Int. J. Pharm. 2014, 466, 328.

[4] Z. Feketshane, S. Alven, B. A. Aderibigbe, Polymers 2022, 14, 4098.

[5] 1. Gussenov, N. Nuraje, S. Kudaibergenov, Energy Rep. 2019, 5, 733.

[6] Y.Li, L. Xu, H. Gong, B. Ding, M. Dong, Y. Li, Energy Fuels 2017, 31,
3960.

[7) 1. B. Bajaj, P. S. Saudagar, R. S. Singhal, A. Pandey, J. Biosci. Bioeng.
2006, 702, 150.

Macromol. Symp. 2024, 413, 2400004

2400004 (4 of 4)

www.ms-journal.de

[8] E.R. Morris, N. Nishinari, M. Rinaudo, Food Hydrocolloids 2012, 28,
373.
[9] G.Zhu, L. Sheng, Q. Tong, Carbohydr. Polym. 2013, 98, 829.
[10] A. Vanderhoff, W. R. Gibbons, N. Bauer, T. P. West, J. Biotech. Res.
2010, 2, 67.
[17] I. Giavasis, L. M. Harvey, B. McNeil, Enzyme Microb. Technol. 2006,
38,101.
[12] K.S.Kang, G.T. Veeder, P. ). Mirrasoul, T. Kaneko, L. W. Cottrell, Appl.
Environ. Microbiol. 1982, 43, 1086.
[13] Z. h. A. Nurakhmetova, I. S. h. Gussenov, G. S. Tatykhanova, S. E.
Kudaibergenov, Chem. Bull. Kazakh Natl. Univ. 2015, 3, 35.
[14] B. Manna, A. Gambhir, P. Ghosh, Lett. Appl. Microbiol. 1996, 23, 141.

© 2024 Wiley-VCH GmbH

69



RESEARCH ARTICLE

ﬁ
\{:{;& Macromolecular Symposia

www.ms-journal.de

Fractionation and Characterization of Commercial Low Acyl

Gellan Gum

Gulnur S. Tatykhanova,* Sami-Pekka Hirvonen, Yuliia V. Bardadym,
Nargiz N. Gizatullina, and Moldir A. Saulimbay

Commercial low acyl gellan (LAG) is purified by the fractional dissolution
method. An aqueous solution of purified commercial LAG exhibits

to lowering of the molecular weights of
commercial gellan gum by using the ultra-
sound treatment.

polyelectrolyte character due to its high molar mass and carboxylic groups in

glucuronic acid fragments. The empirical Fuoss equation determines the
intrinsic viscosity of purified LAG in salt-less water. Fractionation of
commercial LAG is carried out by ultrasound treatment. LAG fractions are
characterized by '"H NMR and FTIR spectroscopy. The intrinsic viscosities of
ultrasonically treated LAG samples are measured in 0.025 M of
tetramethylammonium chloride (TMACI). The molecular weights of LAG
fractions are determined by the Mark-Kuhn-Houwink equation.

1. Introduction

Gellan gum attracts much attention of researchers due to wide
application in biotechnology, medicine, and oil recovery.!'=*l The
repeating monomeric units of gellan gum consist of the follow-
ing residues: 1,3-f-p-glucose, 1,4-f-p-glucuronic acid, 1,4-f-p-
glucose, and 1,4-a-1-thamnose.'*! The drug-loaded gellan can be
used in pharmaceuticals as oral, buccal, nasal, ophthalmic, vagi-
nal, and other forms.!?| Earlier,”) we have developed ophthalmic
drug delivery system based on the complex of gellan with an an-
timicrobial drug — ofloxacin. It was found that the gelation of gel-
lan in response to simulated tear fluid is suitable for ophthalmic
formulations in conditions of in vitro as a thickening compo-
nent resisting ocular drainage and prolonging the drug reten-
tion time.!®! However, extremely high molecular weight of pris-
tine gellan!”! in the range of (5-10)-10° restricts a wide application
of gellan as drug delivery system. This communication is devoted
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2. Results and Discussion

2.1. Characterization of Purified Commercial
LAG in Aqueous Solution

The purified low acyl gellan (LAG) due
to presence of carboxylic groups in glu-
curonic acid fragments exhibits polyelec-
trolyte behavior, e.g., the dependence
of 1,,/C cannot be extrapolated to zero
polyelectrolyte concentration for intrinsic
viscosity determination (Supporting Information Figure S1).
Usually, this problem can be solved in two ways: 1) by means
of empirical equation; 2) by addition of low-molecular weight
salts to suppress the polyelectrolyte effect. However, addition of
low-molecular-weight salts causes the gelation of LAG and re-
stricts the intrinsic viscosity measurement. As seen from Sup-
porting Information Figure S2, the curve in Supporting Infor-
mation Figure S1 was linearized applying the Fuoss equation!®!:
ﬁ = # + kaﬁc'/Z, where k;, is Fuoss coefficient. The intrin-
sic viscosity of LAG determined by Fuoss equation was equal to
5680 cm® g~!.

2.2. Characterization of Ultrasonically Treated LAG

The reduced viscosities of ultrasonically treated LAG samples
were measured in aqueous solution containing 0.025 M tetram-
ethylammonium chloride (TMACI) (Figure 1). Extrapolation of
the reduced viscosity n,,/C to C — 0 gives the intrinsic viscosity
[#]. The viscosity average molecular weights (M,) of LAG frac-
tions calculated according to Mark—Kuhn—-Houwink equation'”!
[7] = 7.48-107%-M*" are shown in Table 1.

It is seen that the ultrasonic treatment of LAG leads to gradu-
ally decreasing of both [#] and M, . It is probably connected with
cleavage of glycosidic linkages and degradation of LAG."! Pro-
ton NMR and FTIR spectra of LAG after 10 and 120 min ultra-
sound treatment are shown in Figures 2, 3. The results show that
both "H NMR and FTIR spectra of samples are the same con-
firming the absence of structural changes. '"H NMR spectra of
LAG contain CH groups of rhamnose (5 5.27 ppm), CH groups
of glucuronic acid (6 5.09 ppm), and CH; groups of rhamnose (&
1.86 ppm).[©10!

© 2024 Wiley-VCH GmbH
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Figure 1. Concentration dependence of the reduced viscosity of low acyl
gellan (LAG) after 10, 20, 30, and 60 min treatment by ultrasonic source.

Table 1. The intrinsic viscosity and M, of low acyl gellan (LAG) fractions.

Ultrasonic treatment [min] Intrinsic viscosity [cm® g~'] M,-107% [Da]
10 2200 10.0
20 1690 7.63
30 1180 5.12
60 920 3.92

In FTIR spectra, the bands at 3568-3513 and 1419-1412 cm™!
correspond to stretching and bending vibrations of OH groups.
The peaks at 2935-2920 and 2886-2870 cm™' are due to the
stretching CH bonds. The sharp peaks at 1612-1610 and 1042—

www.ms-journal.de

1041 cm™! belong to asymmetric COO™ stretching and COC
stretching bonds, respectively.

3. Conclusion

Ultrasound treatment significantly decreases the molecular
weight of LAG but does not cause the structural changes. The
purified commercial LAG reveals a polyelectrolyte character due
to presence of carboxylic groups of glucuronic acid. Application
of Fuoss equation allows to determine the intrinsic viscosity of
purified commercial LAG in aqueous solution.

4. Experimental Section

Materials: Commercial LAG was purchased from “Zhejiang DSM
Zhongken Biotechnology Co., Ltd.,” China. Acetone (purity was >99.8%),
isopropyl alcohol (purity was >99.5%), and TMACI (purity was >98%)
were the products of “Fisher Chemicals Oy” and “Sigma-Aldrich.” Deuter-
ated water (D,0) (purity was 99.96%) was purchased from “Eurisotop.”
Dialysis membranes (molecular weight cut off 3.5 kDa and 12-14 kDa)
were purchased from Spectrum laboratories.

Methods: The ultrasonic processor UP400S (400 Watts, 24 kHz)
“Hielscher Ultrasound Technology” was used for sonication of samples.
Separation of insoluble gellan fractions was performed by Sigma labo-
ratory centrifuge 2K15C “B.Braun Biotech International”.®] The samples
were freeze dried by FreeZone plus 2.5 L “LABCONCO” freeze dryer. 'H
NMR spectra were registered on 500 MHz “Bruker” spectrometer. FTIR
spectra of samples were registered on “PerkinElmer” spectrophotometer.
The viscosity of solutions was measured using the system PVS 1“LAUDA,”
Micro-KPG Ubbelohde auto.

Purification of Commercial LAG: Purification of commercial LAG
was carried out as described previously.s! Briefly, the turbid solu-
tion/dispersion of 1 wt.% LAG was centrifuged for 30 min at 40 °C with a
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Figure 2. "H NMR spectra of low acyl gellan (LAG) after 10 (1) and 120 (2) min ultrasound treatment.
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Figure 3. FTIR spectra of low acyl gellan (LAG) after 10 (1) and 120 (2) min ultrasound treatment.

spinning rate of 5000 rpm. The clear supernatant fraction was collected,
precipitated in acetone (1:4 v/v), filtrated and dried. Then, the LAG was
again redissolved in deionized water and dialyzed against deionized wa-
ter (cut off 12-14 kDa) for at least 24 h. The product was freeze-dried and
collected as dry fluffy white fibers.

Sonication of Commercial LAG: The ultrasonic treatment of aqueous
solution of commercial LAG with initial concentration 1 wt.% was carried
out at 50 °C during 10, 20, 30, 60, 90, and 120 min. Ultrasonically treated
samples were centrifuged at 50 °C during 1 h. Every time the separated
supernatant was precipitated by isopropyl alcohol, dialyzed several times,
and freeze-dried.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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ABSTRACT

Gellan gum (GG) emerges as a promising candidate for developing polymeric carriers with extended retention on the ocular

surface, aiming to enhance the efficacy of topical ocular drug delivery systems. This study undertakes the purification of com-
mercial GG through fractional dissolution and ultrasonic treatment, producing fractions characterized by 'H, 1*C NMR, FTIR
spectroscopy and thermogravimetric analysis. The intrinsic viscosity of GG samples was measured in a 0.025M tetramethylam-
monium chloride solution and their molecular weights were calculated via the Mark-Kuhn-Houwink equation. Methodological
choices regarding synthetic procedures, solvents and reagents were guided by considerations of biocompatibility, aligning with

the end goal of drug delivery applications. The study further explores the mucoadhesive potential of GG fractions with varying

molecular weights for ocular drug delivery, utilizing an in vitro flow-through technique with fluorescent detection on freshly

excised bovine corneal mucosa surfaces. The findings under-score the viability of GG formulations in enhancing ocular drug

retention and pave the way for future applications in topical ocular therapeutics.

1 | Introduction

In the realm of ocular health, the treatment of various eye con-
ditions often hinges on the application of eye drops. However, a
significant challenge arises as less than 5% of the applied dose
typically reaches the intraocular tissues when administered via
conventional eye drops. This is related to the rapid loss of the
instilled solution (continuous production of tear fluid, blinking
reflex, nasolacrimal drainage) and poor permeability of ocular
membranes [1]. Addressing this concern becomes crucial and
one promising avenue lies in enhancing the lipophilic character

of drugs to substantially improve ocular absorption. The quest
for precision in drug delivery has become a focal point in mod-
ern medicine, prompting the pharmaceutical industry to prior-
itize the development and implementation of innovative drug
delivery systems. Notably, approximately 25% of global drug
sales now comprise medications equipped with enhanced de-
livery systems [2-4]. There were many methods and improve-
ments in ocular drug delivery developed over the last decades
exploring more effective treatments for different ocular dis-
eases. Nevertheless, this field of medicine remains one of the
most challenging.
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In the pursuit of enhancing the efficacy of ocular drug delivery,
extending the contact time between the drug and the eye's in-
ternal structures emerges as a pivotal strategy. The significance
of prolonged contact lies not only in its simplicity but also in its
potential to increase the bioavailability of ophthalmic drugs.
This becomes particularly crucial when considering the conve-
nience and benefits associated with a single daily intake for the
patient [5].

Various approaches have been explored to achieve this goal, each
presenting its own set of advantages and drawbacks. One nota-
ble strategy involves the utilization of water-soluble biopolymers
[6, 7] and nanomaterials [8, 9], aiming to extend the contact time
and potentially enhance the amount of drug penetration. On the
other hand, viscous semi-solid preparations such as sprayable
fluid gels, nanoparticles and films have also been considered
[10-13]. While these preparations can offer prolonged contact,
they may induce side effects such as stickiness, blurred vision
and reflex blinking due to the thickness of the formulation,
thereby causing discomfort or irritation to the eye [14, 15].

Ophthalmic gels can be divided into two categories: (1) gel eye
drops and (2) in situ gels [16]. The first exist as viscous solutions
before application to the eye and are normally used for dry eyes
as a tear substitute [17]. In situ gels are applied as drops and
undergo thickening and/or gelation after administration [18].
There are numerous gel-based materials for ophthalmic drug de-
livery [19] and approaches to prolong the duration of ocular drug
residence time of ophthalmic formulations, including the use of
in situ gelling systems [20, 21]. The most important is the fact
that the sol-gel phase transition of GG occurs immediately after
administration, before dilution by the tear fluid and drainage
can take place. The weak gels formed in dilute tear fluid can be
easily destroyed by shearing [22]. Following instillation, these
systems exhibit a phase transition in response to variations in
temperature, pH and ionic strength [6, 23-26]. Additionally, cor-
neal and conjunctival surfaces are covered with a thin layer of
mucus that hydrates and lubricates the ocular surfaces as well
as protects them from pathogens [27]. Thus, mucoadhesive poly-
mers are also commonly employed to enhance retention time.

The ocular bioavailability of eye drops could be substantially im-
proved when water-soluble mucoadhesive polymers are used as
a part of the formulation. The mucoadhesive properties of gellan
and its modified derivatives were reviewed in [28]. Adhesiveness
of gellan and its retention on mucosal tissues depend on several
mechanisms of action, such as those favoring ionic interactions
that promote strong hydrogen bonding with hydroxyl, carboxyl
and amino groups; polymers with high molecular weight (gener-
ally>100kDa) [29]; chain flexibility (able to interpenetrate into
the mucus and form chain entanglements); and the rheological
properties, etc. [30] The mucoadhesive properties of gellan and
its modified derivatives are mostly based on the combination of
several mentioned mechanisms. Following administration to
the eye, the gellan gum (GG) is expected to form an ultrathin
transparent film on the mucus membrane, therefore enhancing
ocular retention and precorneal drug loss. This, in its turn, can
lead to more efficient drug release absorption.

Exploring alternative methods, in situ gelation systems present a
promising avenue where droplets, initially in liquid form during

storage, but transform into a viscoelastic gel upon contact with
the eye's surface, thereby resulting in improved patient com-
pliance and reduced administration frequency. This approach
aims to mitigate the discomfort associated with prolonged use of
semi-solid preparations. Additionally, modern nanotechnology
introduces a novel dimension to the field, offering nanocarriers
as a means to increase both the contact time and penetration
ability of ocular drugs [13, 25, 31-34].

Authors [35, 36] proposed to use an aqueous solution of GG as
in situ gelling drug delivery system because it easily undergoes
a sol-gel transition in the presence of sodium, potassium and
calcium ions containing in lacrimal fluid. In particular, an ion-
activated ketotifen ophthalmic delivery system was developed
by using deacetylated GG [37]. Gellan gum with concentrations
of 0.2% and 0.6% showed a considerable increase in viscosity
after mixing with artificial tear fluid. In vitro release showed
that ketotifen release from in situ gels was moderate with no
bursting effects. In situ gelling properties of low acyl GG were
enhanced when tear fluid monovalent cations—sodium and po-
tassium were displaced by calcium gluconate [38]. Rheological
properties of gellan gels formed through the addition of calcium
chloride to gellan solutions were studied by authors [39, 40].

The unique rheological properties and gelling abilities of GG
have made it a popular choice for pharmaceutical formulations,
contributing to the stability and performance of various drugs.
However, for ophthalmological purposes, commercial GG can-
not be used directly due to its high molecular weight, broad mo-
lecular weight distribution, polydispersity and poor solubility
in distilled and deionized water, producing a cloudy solution.
For example, the high molecular weight GG needs a stressed
heating process to be dispersed and water (90°C for 30 min)
[41]. Moreover, even at relatively low concentrations (0.5%-1%
w/v), it forms too viscous aqueous dispersions, which quickly
undergo gelation and lose fluidity as a consequence of tempera-
ture lowering. These factors limit its use in preparing a clear eye
drop solution for ophthalmology, necessitating the selection of
appropriate GG excipients. In this regard, we have purified and
fractionated commercial GG using fractional dissolution and
ultrasound treatment, differing from the purification method
suggested by authors [42, 43]. As we explore the proposed strat-
egy aimed at extending contact time and enhancing the deliv-
ery of ophthalmic drugs, in this communication we highlight
its potential benefit and application in the field of ocular drug
delivery.

2 | Materials and Methods
2.1 | Materials

Gellan gum (GG) was purchased from Zhejiang DSM Zhongken
Biotechnology Co. Ltd. (China) (M,=10°g/moL estimated
by viscosity). Acetone (>99.8%) and isopropanol (>99.5%,
Fischer-Chemicals Oy) were used in the purification of GG.
Deuterium oxide (D,0, 99% D, Euriso-Top) were used in
NMR experiments. Dialysis membranes (molecular weight cut
off 3.5kDa and 12-14kDa) were purchased from Spectrum
Laboratories. Milli-Q water with a resistivity of 18.2MQcm
at 298K was used for all experiments. Sodium bicarbonate,
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fluorescein isothiocyanate-labeled dextran (FITC-dextran), flu-
orescein sodium salt (NaF1) was purchased from Sigma-Aldrich
(Gillingham, UK). Calcium chloride dihydrate, sodium chloride
were purchased from Fisher Scientific (Loughborough, UK).
Deionized water was used throughout the experiments involv-
ing aqueous solutions.

2.2 | Characterization
2.2.1 | 'H and *C NMR Spectroscopy

Solutions of GG and its fractions (10mg/mL) were prepared
in D,0. 'H and *C NMR spectra of samples were recorded
using a Bruker S00MHz NMR spectrometer (Bruker, UK) at
60°C. Bruker's TopSpin 3.6.2 software was used for analysis
of spectra.

2.2.2 | FTIR Spectroscopy

FTIR spectra of GG and its fractions were registered on
PerkinElmer Spectrum One FT-IR spectrometer (PerkinElmer,
USA) using an iD5 attenuated total reflectance (ATR) accessory
equipped with a diamond crystal. Samples were scanned from
4000 to 650cm™. The spectra were plotted and analyzed using
the OriginLab 2021 software.

2.2.3 | Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was performed using a LABSYS
evo TGA instrument. Samples (3-5mg) were heated from 25°C
to 800°C with a heating rate of 10°C/min in a nitrogen atmo-
sphere. Thermograms were plotted and analyzed using the
OriginLab 2021 software.

2.2.4 | Elemental Analysis

Elemental analysis was used to compare the composition of the
pristine (commercial GG) and purified GG fractions (Table S3).
Elemental composition was determined using a HANAU
Elementar Analysensysteme GmbH (Germany), using the vario
MICRO cube with sulfanilamide as a standard. Three samples
(~2mg of dry polymer per measurement) were studied and the
results were averaged.

2.2.5 | Viscometric and Rheological Measurements

The reduced viscosity of GG solutions was measured using the
system PVS 1 “LAUDA”, Micro-KPG Ubbelohde auto, Nr. 1c,
K=0.03.

Rheological measurements of GG samples with and without
STF were performed using a Rotational Rheometer RheolabQC
(Anton Paar, Austria) at 34°C+0.5°C across shear rates rang-
ing from 1 to 100s~! and a Brookfield DV rotary viscometer
(Brookfield, USA) at 34°C+0.5°C across shear stress ranging
from 0.01 to 1.6s7%.

2.2.6 | Other Stages of Sample Preparation

The ultrasonic processor UP400S (400W, 24kHz) “Hielscher
Ultrasound Technology” was used for sonicating the samples.
Separation of insoluble gellan fractions was performed by Sigma
laboratory centrifuge 2K15C “B.Braun Biotech International”.
The samples were freeze dried using a FreeZone plus 2.5L
“LABCONCO?” freeze dryer.

Simulated tear fluid (SFT) containing 6.78g NaCl; 0.084g
CaCl,2H,0; 1.38g KCl and 2.18g NaHCO, was prepared in
1000 mL of distilled and deionized water according to [44].

2.2.7 | ExVivo Retention Studies on Bovine
Corneal Tissues

Whole intact bovine eyeballs with eyelids were received from
P.C. Turner Abattoirs (Farnborough, UK) immediately after
slaughter of the animals, packed and transported to the labora-
tory in insulated plastic containers. These tissues were visually
assessed in terms of any damage and corneal opacification pres-
ent. The corneal tissues were carefully excised using disposable
sharp blades, avoiding contact with their surfaces and then used
for evaluating the retention properties of the formulations using
the methodology previously developed by the Khutoryanskiy re-
search group [24, 31, 45, 46]. Each corneal tissue was pre-rinsed
with 1 mL of STF, mounted on a microscope glass slide with the
testing surface facing upward, placed in Petri dishes and then
stored at 4°C in a refrigerator. All tissues were used within 12h
of retrieval.

STF solution used to wash a mucosal surface was prepared as
described in a previous report [47]. Briefly, sodium chloride
(670 mg), sodium bicarbonate (200mg) and calcium chloride di-
hydrate (8 mg) were dissolved in 100 mL of deionized water. The
pH of the STF solution was adjusted to 7.40 due to the natural
tear pH being around a neutral value and the solution was main-
tained at 37°C throughout mucoadhesion experiments using a
water bath.

Experiments were conducted with the corneal tissues main-
tained at 37°C and 100% relative humidity in an incubator to
mimic physiological conditions. Each cornea, already mounted
on a glass slide, was placed on a substrate, fixed at an angle of
20° and prewarmed for 1 min within the incubator before start-
ing each ex vivo mucoadhesion experiment. Next, prewarmed
aliquots (200 uL) from 0.3% (w/v) GG formulations prepared in
deionized water containing 1 mg/mL fluorescein sodium salt
(NaF1); two controls of NaF1 (1 mg/mL) and FITC-dextran (0.3%
w/v) solutions were applied onto the corneal surface and were
then repeatedly irrigated with STF (pH 7.40) at a constant flow
rate of 100 uL/min using a syringe pump for 30 min (total wash-
ing time). The flow rate selection was intentionally set higher
than the physiological secretion rate of tear fluid (~1-2uL/min
in human eyes) for practical reasons [48]. This adjustment was
made to expedite the experiments and ensure they could be
conducted within a reasonable timeframe. The fluorescence
images of corneas were acquired at predetermined time inter-
vals after each washing cycle using a Leica MZ10F stereomicro-
scope (Leica Microsystems, UK) fitted with the GFP filter (blue,
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Aemission=520nm) and Leica DFC3000G digital camera at 1.0x
magnification, with 30ms of exposure time and a 1.0x gain.
These images were then analyzed using ImagelJ software (ver-
sion 1.54g, 2023, NIH, USA.) by measuring the pixel intensity
after each washing with STF. The pixel intensity of the blank
tissues (i.e., the background microscopy image of each corneal
surface before administering a fluorescent test material) was
subtracted from each measurement. Data were normalized and
converted into % mucosal retention values.

All retention tests were performed in triplicate for each formula-
tion, the mean + standard deviation values were calculated and
then evaluated statistically.

2.3 | Statistical Analysis

Statistical analysis of data from mucoadhesion studies was
performed using GraphPad Prism software (version 8.0; San
Diego, CA, USA.). Data were compared and assessed for signif-
icance using a two-tailed Student's t-test and a one-way analy-
sis of variance (ANOVA) with Bonferroni post hoc test, where
p<0.05 was considered the statistically significant criterion.

3 | Results and Discussion

3.1 | Characterization of Purified Commercial GG
in Aqueous Solution

The purified GG, due to the presence of carboxylic groups in
glucuronic acid fragments, displays polyelectrolyte behavior.
As a result, the dependence of r;sp/C cannot be extrapolated to
zero polymer concentration for determining the intrinsic vis-
cosity [n] (Figure S1). Typically, this issue can be addressed in
two ways: (1) using an empirical Fuoss equation, or (2) adding
low-molecular-weight salt to suppress the polyelectrolyte effect.

As shown in Figure S2, the curve in Figure S1 was linearized
using the Fuoss equation [49, 50]:
€

Msp

1

1
= — —c2

[n] ]

where r)sp—specific viscosity, which is determined as (p-7)/7,,
where 7 is the viscosity of the polymer solution and 7_ is the
viscosity of the solvent; [n]-is the intrinsic viscosity, which is
determined by extrapolation of 7, /C-C — 0; k is the Fuoss co-
efficient; C—is the concentration of the polymer in the solution.

+ sz (6))

The intrinsic viscosity of GG, determined using the Fuoss equa-
tion, was found to be 5680cm>g™".

3.2 | Fractionation and Determination
of the Molecular Weights of GG

The extremely high molecular weight of commercial low acyl
GG in the range of (0.5-1) ~10° limits the widespread use of
GG as an eye drops of a drug delivery system. A 1.0% w/v GG
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FIGURE1 | Concentration dependences of the reduced viscosities of
GG fractions obtained by fractional dissolution.

solution is poorly soluble in water; it forms a fraction of soluble
chains and a dispersed fraction of swollen gellan particles. To
reduce the molecular weights and to improve the solubility in
water, the fractionation of GG was carried out by two meth-
ods: Fractional dissolution and ultrasonic treatment. Using
the method of fractional dissolution, we obtained reduced
molecular weights of GG (Figure 1). Here GG-1, GG-2, GG-3,
GG-4 refer to GG fractions isolated by the fractional dissolu-
tion method.

At first, GG (1.0% w/v) was dissolved for 24h in deionized
water at 50°C. The turbid solution/dispersion was centri-
fuged for 30min at 40°C with a rotation speed of 5000rpm.
The upper transparent fraction of the liquid was collected
and precipitated in acetone (1:4 by volume). Then the sepa-
rated precipitate was dissolved again in deionized water and
the process was repeated 4 times. The stages of cleaning com-
mercial GG can be viewed in Figure S3. GG was separated
from the water-acetone mixture by vacuum filtration using
Whatman 541 filter paper and dried for 30min. Then it was
dissolved in deionized water and subjected to dialysis against
deionized water (cut off 12-14kDa) for at least 24 h (Table S1).
The product was freeze-dried and collected in the form of dry
fluffy white fibers. The intrinsic viscosities of GG fractions,
found from the extrapolation of nsp/C to C—0, are shown in
Figures 1 and 2.

Chains scissoring of commercial GG was carried out using ul-
trasound treatment to obtain GG fractions of lower molecular
weights. 1.0% w/v GG samples ultrasonically treated at 50°C
during 5, 10, 30, 60 and 120 min were centrifuged at 50°C for
1h (Table S2). Every time the separated supernatant was precip-
itated in isopropanol, dialyzed and freeze-dried. The intrinsic
viscosities of ultrasonically treated GG samples were measured
in an aqueous solution containing 0.025M tetramethylammo-
nium chloride (Figure 2). Here 1-GG, 2-GG, 3-GG, 4-GG, 5-GG
are GG fractions obtained by ultrasonic treatment during 5, 10,
30, 60 and 120min.
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FIGURE2 | Concentration dependences of the reduced viscosities of
GG after 5-, 10-, 30-, 60- and 120-min treatment by ultrasonic source.

TABLE1 | The intrinsic viscosities and M)7 of GG fractions obtained
by fractional dissolution.

Intrinsic viscosity, M, #1075,
Fractions cmig! dalton
GG-1 1430 6.43
GG-2 1592 7.23
GG-3 1792 8.23
GG-4 1949 9.03

TABLE 2 | The intrinsic viscosities and M,7 of GG fractions obtained
by ultrasonic treatment.

Ultrasonic Intrinsic

treatment, viscosity, Mn010‘5,
Fractions min cmi3g! dalton
1-GG S 1395 6.25
2-GG 10 1204 5.32
3-GG 30 1086 4.75
4-GG 60 939 4.04
5-GG 120 895 3.84

The viscosity average molecular weights (M,) of GG fractions
calculated according to Mark-Kuhn-Houwink equation in
0.025M tetramethylammonium chloride [5]=7.48-10M_ %%
[51] are summarized in Tables 1 and 2. It is revealed that the
ultrasonic treatment of GG leads to gradual decrease of both [7]
and M . It could be associated with cleavage of glycosidic link-
ages and degradation of GG [52]. In contrast, in fractional disso-
lution, the low molecular weight fractions are separated at the
beginning and at the end, fractions with high molecular weights
remain.

3.3 | Spectroscopic Characterization
of Commercial Gellan and GG Fractions

FTIR and NMR spectroscopy revealed no significant differences
between the purified and pristine GG. Thus, there was no indi-
cation that GG was not completely deacetylated and the fraction
was removed during purification. This conclusion is also con-
firmed by elemental analysis, which shows the same carbon and
hydrogen content in samples.

'H, 13C NMR and FTIR spectra GG fractions obtained by frac-
tional dissolution and ultrasound treatment are shown in
Figures 3-6. Theresults show no significant differences between
the samples, confirming the absence of structural changes in
the course of fractionation. The spectra of GG obtained at 60°C
showed the presence of four characteristic peaks corresponding
to: —CH of rhamnose (8 5.27 ppm), —CH of glucuronic acid (8
5.11 ppm), —CH of glucose (8 4.88ppm) and —CH3 of rhamnose
(8 1.86 ppm).

The C NMR spectra of commercial gellan and GG fractional
dissolution are shown in Figure 5. Although the detailed signal
assignment has not been made at the present stage, the carbonyl
peak (8 175.2ppm) for glucuronic acid ring, methylol peaks (8
61.2 and 8 61.7ppm) for glucose rings and the methyl peak (8
17.6ppm) for the rhamnose ring are clearly seen. Thus, *C NMR
spectroscopy showed clear and well-distinguishable peaks, each
of which can be correlated with specific functional groups in the
polysaccharide composition.

(a) GG-1, (b) GG-4, (c) commercial gellan.

Figure 6 displays the FTIR spectra of GG and its fractions ob-
tained by fractional dissolution. Absorption peaks observed at
3370 and 1408 cm™! are associated with OH vibrational modes.
The peak at 2921 cm™! corresponds to C-H stretching vibrations.
The peaks at 1604 and 1039 cm™! are attributed to the stretching
vibrations of C=0 and C—O bonds, respectively.

Thermograms of commercial and GG fractions are presented
in Figure 7. It can be observed that the thermal properties of
the GG samples are similar, but an increase in molecular weight
slightly raises the decomposition temperature.

3.4 | Viscosity and Rheology of GG Fractions
in STF

The reduced viscosities of GG fractions were measured in STF,
which was adjusted according to [44] (Figure 8). The viscosity
of GG significantly increases upon addition of STF. The opti-
mal concentration of STF that leads to effective viscosification
of the GG fractions is approximately 0.016-0.018 molL"!, as
further increases in salt concentration result in the viscosity
leveling off. Moreover, the viscosification of the aqueous solu-
tion of GG increases in the order: GG-4>>GG-2>GG-1 and
is more pronounced in high molecular weight fractions. This
approach may be important for regulation of retaining time of
drug in eye.
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FIGURE3 | Repeating monomeric units of GG and 'H NMR spectra of GG fractions obtained by fractional dissolution of commercial gellan.

The influence of shear rate on the viscosity of GG may help
evaluate the effect of eye blinking on the retention time of eye
drops. The dynamic viscosity of 0.2wt.% aqueous solutions of
commercial GG (M~ 10°Da, product supplier information)
and the GG-1 fraction with Mn:6’43'105’ as a function of shear
rate, is shown in Figures 9 and 10. In situ gels were prepared by
adding 3mL of STF to 20mL of GG solution. In this case, the
concentration of STF, expressed as the total ionic strength (u),
corresponds to 0.018mol-L~}, which aligns well with the effec-
tive viscosification of the GG fractions shown in Figure 8. In all
experiments, the temperature was maintained at 34°C+0.5°C
to simulate real in vivo conditions.

All samples exhibit a shear-thinning viscosity profile and
demonstrate pseudoplastic behavior [37]. As a general trend,
viscosity decreases as shear rate increases. It is obvious that
molecular weight and molecular weight distribution influence
the rheological behavior of GG solutions. In the high molecular
weight commercial GG sample, the chains in aqueous solutions
adopt a helical conformation and the chains are highly extended
due to electrostatic repulsion from the charged groups on the
side chains. In the case of GG-1, although a double helix forms,
but the molecular weight may be lower to stabilize it, leading to
continuous rearrangement of the microstructures during shear
for the low molar mass GG. Additionally, reducing the molec-
ular weight of GG is advantageous for obtaining more easily

processable samples, as they can be dispersed in water at rela-
tively high concentrations without forming overly viscous solu-
tions [41].

In the presence of STF, the dynamic viscosities of both com-
mercial GG and the GG-1 fraction are higher than without
STF. The extremely high dynamic viscosity of commercial GG
with STF is attributed to cation-mediated aggregation of mac-
romolecules, leading to the formation of entangled gel net-
work. In contrast, the addition of STF to the lower molecular
weight GG-1 solution allows for fine-tuning of the viscosity,
which likely enhances the retention time of the formulated
eye drops when applied [33].

3.5 | Mucoadhesion Studies, Particularly
Retention on Ex Vivo Bovine Corneal Tissues

Effective tear drainage and blinking result in a 10-fold reduc-
tion in drug concentration when the drug solution is adminis-
tered, allowing the drug to reach the ocular tissue for only a very
short time [53]. Patients respond better to in situ gelling systems,
which are administered as solutions that instantly form gels
upon contact with the ocular surface. Some studies have demon-
strated the advantages of these systems, including reduced na-
solacrimal drainage, sustained and prolonged drug release and
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FIGURES5 | 3CNMR spectra of different fractions of GG obtained by fractional dissolution.

enhanced bioavailability resulting from an extended precorneal
residence time [54, 55].

The potential use of GG fractions (with different molecular
weights) in ocular drug delivery formulations was examined
by assessing mucoadhesion on freshly excised bovine corneal
tissues using a well-established in vitro flow-through tech-
nique with fluorescent detection. These formulations were
prepared with NaFl (1 mg/mL), which serves as a fluorescent
marker that facilitates easy detection and measurement of
mucosal retention levels. The method has been extensively
used to evaluate the retention properties of various test ma-
terials on different mucosal surfaces, including ocular tissues

[24, 45, 56-58]. The effectiveness of this technique was vali-
dated against other established methodologies used to assess
mucoadhesive properties [54].

Figure 11 displays the exemplar fluorescence microphoto-
graphs of the retention of fractionated GG formulations, as
well as solutions of NaFl (1mg/mL) and 0.3% (w/v) FITC-
dextran (both used as non-mucoadhesive controls) on ex vivo
bovine cornea taken after washing with varying volumes of
STF (pH 7.40; flow rate 100 uL/min) over 30 min. The fluores-
cent images were then analyzed with Image] software and
fluorescence intensity values were normalized and converted
to 100% retention values (Figure 12). During mucoadhesion
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FIGURE 10 | Changing of the dynamic viscosity of GG-1 fraction
(curves 1,2) and commercial gellan (curves 3,4) on shear rate in absence
(curves 1,3) and presence (2,4) of STF.

experiments conducted at 37°C and 100% relative humid-
ity within the incubator, all GG formulations formed in situ
gels and the percentage of their retention on the cornea was
estimated.

Analyzing the images, it was revealed that all GG formulations
exhibited similar retention abilities on freshly isolated bovine
corneas, as values were not significantly different from each
other (p>0.05). After washing with varying volumes of STF
solution approximately 30% of GG retained on the surface of
bovine corneal tissues during 30min. However, all GG samples
exhibited superior retention (p<0.001) compared to solutions
of NaFl (served as a negative non-mucoadhesive control) and
FITC-dextran (served as a non-gel-forming polymer control).
According to the findings, the increased mucoadhesive perfor-
mance of the GG formulations until the end of washing cycles
is likely attributed to the fact that the samples form a thin layer
of viscous physical gels (polymer chain entanglements) upon
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FIGURE11 | Selected exemplarfluorescence microphotographs showing mucosal retention of 0.3% (w/v) solutions offractionated GG formulations
(with different My) containing 1 mg/mL fluorescein sodium salt (NaFl); as well as free 1mg/mL NaFl and 0.3% (w/v) FITC-dextran (both served
as non-mucoadhesive controls), on freshly isolated bovine corneal tissues after washing with varying volumes of STF solution (pH 7.40; flow rate
100 pL/min). Fluorescence microscope parameters: Magnification—1.00x; exposure time—30 ms; gain—1.0X. Scale bars correspond to 2mm.
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FIGURE 12 | Percentage mucosal retention of 0.3% (w/v) solutions of fractionated GG formulations (with different M,') containing 1 mg/mL
fluorescein sodium (NaFl); as well as fluorescein NaFl and 0.3% (w/v) FITC-dextran (both served as non-mucoadhesive controls) on ex vivo bovine
corneas after washing with varying volumes of STF (pH 7.40; flow rate 100 uL/min). The corneal retention was assessed using a wash-off in vitro assay
over 30min. Data are expressed as mean=+ standard deviation values (n=3). Statistically significant differences are represented as ***—p<0.001;
**—p <0.01; *—p<0.05; ns—denotes no significance.
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FIGURE 13 |
commercial gellan-ofloxacin thin films gelled by the addition of
0.027 mol L~! CaCl, into distilled water (1) and phosphate buffer (2) at

25°C+ 1°C. Reproduced from [13].

Cumulative percentage release of ofloxacin from

interaction with salt ions in the STF solution. Additionally, NaFl
and FITC-dextran solutions showed significantly lower reten-
tion capability, with >90% of them being washed out from the
corneal surface.

3.6 | Release of Ofloxacin From GG Matrix

Previously [13] we have studied the cumulative release of
antimicrobial drug-ofloxacin from the commercial gellan-
ofloxacin films gelled by the addition of 0.027mol L~! CaCl,
into distilled water and phosphate buffer at 25°C+1°C
(Figure 13).

The in vitro release profiles indicate that ofloxacin releases from
the GG thin films in a sustained fashion. During 30 min the
amount of cumulative ofloxacin release from the commercial
gellan-ofloxacin films was 96%=2% in phosphate buffer and
36% +2% in distilled water.

Comparison of the cumulative release of ofloxacin (36% = 2%)
from the GG matrix into distilled water over 30 min with the
mucosal retention time of GG on bovine corneal tissues, which
also lasts 30 min, suggests that in this study the developed eye
drops can retain ocular drug residence for 30 min. This duration
is sufficient to prolong the effect of ophthalmic formulations. It
is proposed that tear fluids containing sodium, potassium and
calcium ions can, on the one hand, enhance the viscosification of
fractionated GG due to entanglements of macromolecular chains
and, on the other hand, accelerate the release of the ocular drug by
breaking the ionic bonds formed between the carboxyate groups
of gellan and the protonated amine groups of ofloxacin [13].

4 | Conclusions
This study offers a comprehensive approach to the purifica-

tion and characterization of GG for potential use in drug de-
livery systems, specifically for topical ocular applications. By

employing two distinct fractionation techniques—fractional
dissolution and ultrasonic processing—we successfully iso-
lated nine fractions of commercial GG, with molecular weights
ranging from 3.8-10° to 9.0-10° Da. The structural integrity of
these GG fractions was confirmed through various analyti-
cal methods, including 'H and *C NMR spectroscopy, FTIR
spectroscopy and thermogravimetric analysis. Additionally,
we assessed the effect of model tear fluid on the viscosity and
rheological characteristics of GG fractions, determining that
optimal thickening of aqueous GG occurs ata tear fluid concen-
tration of approximately 0.016-0.018 mol-L~!. Mucoadhesion
experiments showed that all tested GG formulations had simi-
lar retention abilities on freshly isolated bovine corneas.

In conclusion, we have optimized a formulation for eye drops
involving gellan based on the sol-gel transition mediated by tear
fluid. This highlights a promising method for the development
of effective ocular drug delivery systems, leveraging the unique
properties of GG to enhance drug retention and bioavailability
on the ocular surface. The strong correlation between cumula-
tive drug release and mucosal retention time suggests that the
developed eye drops could be recommended for further clinical
trials in ophthalmological settings.

Acknowledgments

This research was funded by the Science Committee of the Ministry of
Science and Higher Education of the Republic of Kazakhstan (Grant
No. AP13067773) and was supported by the Horizon 2020 research and
innovation program of the European Union Maria Sklodowska-Curie
(grant agreement 823883-H2020-MSCA-RISE-2018).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Awvailability Statement

The data that supports the findings of this study are available in the
Supporting Information of this article.

References

1. T. Jarvinen and K. Jdrvinen, “Prodrugs for Improved Ocular Drug
Delivery,” Advanced Drug Delivery Reviews 19 (1996): 203-224.

2. M. C. Hackerand H. A. Nawaz, “Multi-Functional Macromers for Hy-
drogel Design in Biomedical and Regenerative Medicine,” International
Journal of Molecular Sciences 16 (2015): 27677-27706.

3. L. Gan, Y. Gan, X. Zhu, and J. Zhu, “Novel Microemulsion In Situ
Electrolyte-Triggered System for Ophthalmic Delivery of Lipophilic Cy-
closporine A: In Vitro and In Vivo Results,” International Journal of
Pharmaceutics 365 (2009): 143-149.

4. R. Venkatalakshmi, Y. Sudhakar, C. Madhu, and M. Varma, “Buccal
Drug Delivery System Using Adhesive Polymeric Patches,” International
Journal of Pharmaceutical Sciences and Research 3, no. 1 (2012): 35-41.

5. A. Ludwig and M. V. Ooteghem, “Influence of Viscolysers on the Res-
idence of Ophthalmic Solutions Evaluated by Slit Lamp Fluorophotom-
etry,” S.T.P. Pharma. Science 2 (1992): 81-87.

6. F. Abedini, M. Ebrahimi, A. H. Roozbehani, A. J. Domb, and H.
Hosseinkhan, “Overview on Natural Hydrophilic Polysaccharide Poly-
mers in Drug Delivery,” Polymers for Advanced Technologies 29 (2018):
2564-2573.

100f 12

83

Polymers for Advanced Technologies, 2024



7. F. Mottaghitalab, M. Farokhi, M. A. Shokrgozar, F. Atyabi, and H.
Hosseinkhani, “Silk Fibrin Nanoparticles as Novel Drug Delivery Sys-
tems,” Journal of Controlled Release 206 (2015): 161-176.

8. H. Hosseinkhani, Nanomaterials in Advanced Medicine (Weinheim,
Germany: Wiley-VCH Verlag GmbH, 2019), 222.

9. H. Hosseinkhani, Biomedical Engineering: Materials, Technology,
and Applications (Weinheim, Germany: Wiley-VCH GmbH, 2022), 320.

10. M. H. Mahdi, B. R. Conway, and A. M. Smith, “Development of Mu-
coadhesive Sprayable Gellan Gum Fluid Gels,” International Journal of
Pharmaceutics 488 (2015): 12-19.

11. G. D' Oria, X. Zeng, H. J. Limbach, C. Hartmann, L. Ahrn, and D. Z.
Gunes, “Effect of Stirring Speed on Low Acyl Gellan Gum Fluid Gels'
Rheology, Particle Morphology and Physical Ageing,” Food Hydrocol-
loids 149 (2024): 109614.

12. Z. Arabpour, M. Salehi, S. An, et al., “Exploring Hydrogel Nanopar-
ticle Systems for Enhanced Ocular Drug Delivery,” Gels 10 (2024): 589.

13. G. Tatykhanova, V. Aseyev, M. Vamvakaki, V. Khutoryanskiy, and S.
Kudaibergenov, “Ophthalmic Drug Delivery System Based on the Com-
plex of Gellan and Ofloxacin,” Chemical Bulletin of Kazakh National
University 2 (2022): 4-12.

14. O. Dudinski, B. C. Finnin, and B. L. Reed, “Acceptability of Thick-
ened Eye Drops to Human Subjects,” Current Therapeutic Research 33
(1983): 322-337.

15. M. B. Sintzel, S. F. Bernatchez, C. Tabatabay, and R. Gurny, “Bioma-
terials in Ophthalmic Drug Delivery,” European Journal of Pharmaceu-
tics and Biopharmaceutics 42 (1996): 358-374.

16. M. Dubald, S. Bourgeois, V. Andrieuand, and H. Fessi, “Ophthalmic
Drug Delivery Systems for Antibiotherapy. A Review,” Pharmaceutics
10 (2018): 10.

17. I. P. Kaur and M. Kanwar, “Ocular Preparations: The Formulation Ap-
proach,” Drug Development and Industrial Pharmacy 28 (2002): 473-493.

18. G. Rajoria and A. Gupta, “In Situ Gelling System: A Novel Approach
for Ocular Drug Delivery,” American Journal of Pharm Tech Research 2
(2012): 25-53.

19. R. R. Cassano, M. L. Di Gioia, and S. S. Trombino, “Gel-Based Mate-
rials for Ophthalmic Drug Delivery,” Gels 7 (2021): 130.

20. A. Majeed and N. A. Khan, “Ocular In Situ Gel: An Overview,” Jour-
nal of Drug Delivery and Therapeutics 9 (2019): 337-347.

21. 1. S. Kurniawansyah, T. Rusdiana, H. A. Wahab, and A. Subarnas,
“In Situ Ophthalmic Gel With Ion Activated System,” International
Journal of Applied Pharmaceutics 11, no. 4 (2019): 15-18.

22. M. Paulsson, H. Hagerstrom, and K. Edsman, “Rheological Studies
of the Gelation of Deacetylated Gellan Gum (Gelrite) in Physiological
Conditions,” European Journal of Pharmaceutical Sciences 9 (1999):
99-105.

23. V. V. Khutoryanskiy, “Mucoadhesive Materials and Drug Delivery
Systems,” in Mucoadhesive Materials and Drug Delivery Systems (Chich-
ester, UK: John Wiley & Sons, Ltd, 2014).

24.V. V. Khutoryanskiy, “Advances in Mucoadhesion and Mucoadhe-
sive Polymers,” Macromolecular Bioscience 11 (2011): 748-764.

25. K. Al Khateb, E. K. Ozhmukhametova, M. N. Mussin, et al., “In Situ
Gelling Systems Based on Pluronic F127/Pluronic F68 Formulations for
Ocular Drug Delivery,” International Journal of Pharmaceutics 502, no.
1-2 (2016): 70-79.

26. P. Gadzi'nski, A. Froelich, B. Jadach, et al., “lonotropic Gelation
and Chemical Crosslinking as Methods for Fabrication of Modified-
Release Gellan Gum-Based Drug Delivery Systems,” Pharmaceutics 15
(2023): 108.

27. 1. K. Gipson, “Distribution of Mucins at the Ocular Surface,” Experi-
mental Eye Research 78, no. 3 (2004): 379-388.

28. G. Tatykhanova, V. Aseyev, and S. Kudaibergenov, “Mucoadhesive
Properties of Gellan and Its Modified Derivatives,” Reviews and Ad-
vances in Chemistry 10, no. 2-3 (2020): 140-157.

29.J. W. Lee, J. H. Park, and J. R. Robinson, “Bioadhesive-Based Dosage
Forms: The Next Generation,” Journal of Pharmaceutical Sciences 89,
no. 7 (2000): 850-866.

30. A. Ludwig, “The Use of Mucoadhesive Polymers in Ocular Drug De-
livery,” Advanced Drug Delivery Reviews 57 (2005): 1595-1639.

31. L. E. Agibayeva, D. B. Kaldybekov, N. N. Porfiryeva, et al., “Gellan
Gum and Its Methacrylated Derivatives as In Situ Gelling Mucoadhe-
sive Formulations of Pilocarpine: In Vitro and In Vivo Studies,” Inter-
national Journal of Pharmaceutics 577 (2020): 119093.

32.1. B. Bajaj, S. A. Survase, P. S. Saudagar, and R. S. Singhal, “Gellan
Gum: Fermentative Production, Downstream Processing and Applica-
tions,” Food Technology and Biotechnology 45 (2007): 341-354.

33. P. Khare, M. M. Chogale, P. Kakade, and V. B. Patravale, “Gel-
lan Gum-Based In Situ Gelling Ophthalmic Nanosuspension of Po-
saconazole,” Drug Delivery and Translational Research 12 (2022):
2920-2935.

34.A. J. Domb, G. Ghorbanali Sharifzadeh, V. Nahum, and H. Hos-
seinkhani, “Safety Evaluation of Nanotechnology Products,” Pharma-
ceutics 13 (2021): 1615.

35. 1. F. Bradbeer, R. Hancocks, F. Spyropoulos, and I. T. Norton, “Low
Acyl Gellan Gum Fluid Gel Formation and Their Subsequent Response
With Acid to Impact on Satiety,” Food Hydrocolloids 43 (2015): 501-509.

36. S. Sharma and S. Bhattacharya, “Flow Behaviour of Gellan Sol With
Selected Cations,” Journal of Food Science and Technology 52, no. 2
(2015): 1233-1237.

37.L.Zhu,J. Ao, and L. P. Peiling, “A Novel In Situ Gel Base of Deacety-
lase Gellan Gum for Sustained Ophthalmic Drug Delivery of Ketotifen:
In Vitro and In Vivo Evaluation,” Drug Design, Development and Ther-
apy 9 (2015): 3943-3949.

38. K. Reed, A. Li, B. Wilson, and T. Assamoi, “Enhancement of Oc-
ular In Situ Gelling Properties of Low Acyl Gellan Gum by Use of Ion
Exchange,” Journal of Ocular Phar logy and Therap 32, no. 9
(2016): 1-9.

39. E. N. Ambebila, E. Santamaria, A. Maestro, J. M. Gutiérrez, and C.
Gonzalez, “Gellan Hydrogels: Preparation, Rheological Characteriza-
tion and Application in Encapsulation of Curcumin,” Food Biophysics 14
(2019): 154-163.

40. M. Jelkmann, C. Leichner, S. Zaichik, F. Laffleur, and A. Bernkop-
Schniirch, “A Gellan Gum Derivative as In Situ Gelling Cationic
Polymer for Nasal Drug Delivery,” International Journal of Biological
Macromolecules 158 (2020): 1037-1046.

41. C. Fiorica, G. Biscari, F. S. Palumbo, G. Pitarresi, A. Martorana, and
G. Giammona, “Physicochemical and Rheological Characterization of
Different Low Molecular Weight Gellan Gum Products and Derived
Tonotropic Crosslinked Hydrogels,” Gels 7 (2021): 62.

42.L. W. Doner, “Rapid Purification of Commercial Gellan Gum to
Highly Soluble and Gellable Monovalent Cation Salts,” Carbohydrate
Polymers 32 (1997): 245-247.

43.D. M. Kirchmajer, B. Steinhoff, H. Warren, R. Clark, and M. Pan-
huis, “Enhanced Gelation Properties of Purified Gellan Gum,” Carbo-
hydrate Research 388 (2014): 125-129.

44. M. Moshirfar, K. Pierson, K. Hanamaikai, L. Santiago-Caban, V.
Muthappan, and S. F. Passi, “Artificial Tears Potpourri: A Literature
Review,” Clinical Ophthalmology 8 (2014): 1419-1433.

45. G. S. Irmukhametova, G. A. Mun, and V. V. Khutoryanskiy, “Thi-
olated Mucoadhesive and PEGylated Nonmucoadhesive Organosilica
Nanoparticles From 3-Mercaptopropyltrimethoxysilane,” Langmuir 27
(2011): 9551-9556.

84

11 of 12



46.R. V. Moiseev, F. Steele, and V. V. Khutoryanskiy, “Polyaphron Formu-
lations Stabilised With Different Water-Soluble Polymers for Ocular Drug
Delivery,” Pharmaceutics 14 (2022): 926.

47.H. R. Lin and K. C. Sung, “Carbopol/Pluronic Phase Change Solu-
tions for Ophthalmic Drug Delivery,” Journal of Controlled Release 69
(2000): 379-388.

48.N. J. Van Haeringen, “Clinical Biochemistry of Tears,” Survey of
Ophthalmology 26 (1981): 84-96.

49.R. M. Fuoss, “Viscosity Function for Polyelectrolytes,” Journal of
Polymer Science 3 (1948): 603-604.

50. R. M. Fuoss, “Errata: Viscosity Function for Polyelectrolytes,” Jour-
nal of Polymer Science 4, no. 4 (1949): 96.

51. E. Dreveton, F. Monot, J. Lecourtier, D. Ballerini, and L. Choplin,
“Influence of Fermentation Hydrodynamics on Gellan Gum Physic-
Chemical Characteristics,” Journal of Fermentation and Bioengineering
82, no. 3 (1996): 272-276.

52.Y. Gong, C. Wang, R. C. Lai, K. Su, F. Zhang, and D. Wang, “An
Improved Injectable Polysaccharide Hydrogel: Modified Gellan Gum
for Long-Term Cartilage Regeneration In Vitro,” Journal of Materials
Chemistry 19, no. 14 (2009): 1968-1977.

53. A. Tuwar, N. Mahajan, S. Gondkar, and R. Bachhav, “An Overview
of Ophthalmic In-Situ Gel,” World Journal of Pharmaceutical Research
12, no. 12(2023): 421-433.

54.P. L. Destruel, N. Zeng, M. Maury, N. Mignet, and V. Boudy, “In
Vitro and In Vivo Evaluation of In Situ Gelling Systems for Sustained
Topical Ophthalmic Delivery: State of the Art and Beyond,” Drug Dis-
covery Today 22, no. 4 (2017): 638-651.

55. T.R. Thrimawithana, I. D. Rupenthal, S. A. Young, and R. G. Alany,
“Environment Sensitive Polymers for Ophthalmic Drug Delivery,” Jour-
nal of Drug Delivery Science and Technology 22 (2012): 117-124.

56. P. Tonglairoum, R. P. Brannigan, P. Opanasopit, and V. V. Khuto-
ryanskiy, “Maleimide-Bearing Nanogels as Novel Mucoadhesive Ma-
terials for Drug Delivery,” Journal of Materials Chemistry B 4 (2016):
6581-6587.

57.R. V. Moiseev, D. B. Kaldybekov, S. K. Filippov, A. Radulescu, and V.
V. Khutoryanskiy, “Maleimide-Decorated PEGylated Mucoadhesive Li-
posomes for Ocular Drug Delivery,” Langmuir 38 (2022): 13870-13879.

58. M. Davidovich-Pinhas and H. Bianco-Peled, “Methods to Study Mu-
coadhesive Dosage Forms,” in Mucoadhesive Materials and Drug De-
livery Systems, ed. V. V. Khutoryanskiy (Chichester, UK: John Wiley &
Sons Ltd., 2014), 175-196.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

120f 12

85

Polymers for Advanced Technologies, 2024



Polymers for Advanced Technologies

I RESEARCH ARTICLE

Preparation and Characterization of Amphoteric
Polysaccharides Derived From Chitosan and Gellan Gum

Rysgul N. Tuleyeva'
Yuliia V. Bardadym

| Gulnur S. Tatykhanova'* @ | Nargiz N. Gizatullina'*® | Daulet B. Kaldybekov'-
| Vladimir O. Aseyev* @ | Sarkyt E. Kudaibergenov! &

'nstitute of Polymer Materials and Technology, Almaty, Kazakhstan | *Department of Chemistry and Chemical Technology, Al-Farabi Kazakh National
University, Almaty, Kazakhstan | *Satbayev University, Almaty, Kazakhstan | “Department of Chemistry, University of Helsinki, Helsinki, Finland

Correspondence: Rysgul N. Tuleyeva (risgul_93@mail.ru) | Sarkyt E. Kudaibergenov (skudai@mail.ru)

Received: 30 September 2024 | Revised: 30 November 2024 | Accepted: 3 December 2024

Funding: This work was supported by Horison 2020, 823883-H2020-MSCA-RISE-2018. Ministry of Science and Higher Education of the Republic of

Kazakhstan, AP13067773.

Keywords: carboxymethylated chitosan | degree of quaternization | electrophoretic mobility | isoelectric point | polyampholyte gellan gum | rod-like

gold nanoparticles | spherical gold nanoparticles

ABSTRACT

Polysaccharides such as chitosan (Ch) and gellan gum (GG) were chemically modified to produce water-soluble amphoteric pol-
yelectrolytes. These derivatives were synthesized via carboxymethylation and quaternization reactions and characterized using
techniques including 'H NMR, FTIR spectroscopies, elemental analysis, potentiometric titration, and thermogravimetric analy-
sis (TGA). The degree of quaternization of gellan gum (QGG) with trimethylammonium groups was determined to be ~38% as by
'H NMR spectroscopy; ~35% based on potentiometric titration, and ~39% according to elemental analysis. Similarly, the degree
of carboxymethylation of chitosan (CMCh) was calculated as ~37% according to '"H NMR data, while back potentiometric titra-
tion provided a value of ~35%. The modified polysaccharides exhibited distinct isoelectric points (pH,.,) as determined through

electrophoretic mobility measurements and conventional viscometric analysis. The data collected from both techniques were in
good agreement indicating pH, ., =2.0-2.5 for the modified gellan gum and pH, ., =7.0 for the modified chitosan. Amphoteric
Ch and GG were used to stabilize spherical (AuNSs) and rod-like (AuNRs) gold nanoparticles, synthesized using “one-pot” and
seed-growth methods, respectively. Dynamic light scattering (DLS) and transmission electron microscopy (TEM) confirmed
particle binding to the modified polymers. The average diameters of AuNSs stabilized with QGG and CMCh were ~45 and 85nm,
respectively, whereas AuNRs stabilized by QGG and CMCh exhibited dimensions of ~50-55 nm (length) and ~12-14nm (width).
These findings suggest that amphoteric QGG and CMCh-stabilized AuNSs and AuNRs could potentially be used as effective
photothermal agents for treating Ehrlich cancer cells, as previously reported by our research group (Macromolecular Chemistry

and Physics, 2024, 2400128).

1 | Introduction

Recent advancements have highlighted the potential role of
polysaccharide-based materials as stabilizers for gold nanopar-
ticles (AuNPs), improving biocompatibility and therapeutic
efficacy while minimizing toxicity [1-5]. The integration of nan-
otechnology has transformed biomedical engineering, enabling

the development of polymeric nanoparticles for diverse appli-
cations, including cancer therapy [6], photothermal treatment
[2, 5], and gene-silencing technologies [3, 7]. Chitosan has been
extensively used in gene therapy and siRNA delivery, providing
protection against enzymatic degradation and facilitating cellu-
laruptake [1, 7]. Similarly, gellan gum has been employed in con-
trolled drug release and as a stabilizer for AuNPs, demonstrating

©2024 John Wiley & Sons Ltd.
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enhanced cytotoxicity against cancer cells and excellent in vivo
biocompatibility [2, 5]. Recently [8] it was shown that the gellan
gum is a promising candidate for developing polymeric carriers
with extended retention on the ocular surface, aiming to en-
hance the efficacy of topical ocular drug delivery systems.

Advanced polymeric systems have addressed many limitations
of conventional therapies. For instance, surface-functionalized
AuNPs, demonstrate remarkable efficiency by selectively target-
ing cancerous tissues, reducing side effects, and allowing pre-
cise heat generation under external stimuli during photothermal
therapy. Additionally, gellan-based hydrogels have exhibited
significant potential in tissue engineering, gene transfer, and
anticancer treatments, showcasing their multifunctional appli-
cation. Other natural polysaccharides, such as alginate, dextran,
and chitosan, further contribute to the stability and delivery ef-
ficiency of nanocarriers, extending their applications to regener-
ative medicine and diagnostic imaging [3, 9-12].

Chitosan (Ch) and gellan gum (GG) are classified as polybases
and polyacids, respectively, due to the presence of primary amine
in Ch and carboxylic groups in GG within their macromolecu-
lar chains. These polysaccharides can be chemically modified
into amphoteric polyelectrolytes. Chitosan can be modified into
amphoteric forms by introducing carboxylic (or sulfo-) groups,
while gellan gum can acquire amphoteric properties through
the incorporation of amine (or ammonium) groups [13-24]. For
instance, the conjugation of strong anionic sulfonate groups
to chitosan (Ch), such as in N-(3-sulfopropyl) chitosan salt, is
achieved by reacting Ch with 1,3-propane sultone in aqueous
medium [25]. Similarly, GG is quaternized by grafting N-(3-
chloro-2-hydroxypropyl)-trimethylammonium chloride onto
the primary hydroxyl groups of gellan through nucleophilic
substitution, a process conducted under alkaline conditions [16].
These modifications confer amphoteric properties to the poly-
saccharides, enhancing their water solubility, biocompatibility,
and biodegradability. Amphoteric polysaccharides based on Ch
and GG have attracted significant attention for their potential
applications as bioactive materials in fields such as drug deliv-
ery, antibiofouling coatings, self-healing materials, and bio- and
hemocompatible artificial organs [26, 27]. Their dual charge
(positive and negative) characteristics enable interactions with
diverse molecules, making these biopolymers highly versatile
for biomedical and industrial applications.

Various sorption experiments have been conducted using ma-
terials including carboxymethyl chitosan based polyampholyte
superabsorbents [20, 21], magnetically recyclable macroporous
chitosan-g-poly(acrylic acid) hydrogels [28] and cryogels func-
tionalized with aminopolycarboxylic acids. These studies were
performed under both batch and fixed-bed column conditions to
evaluate their efficacy in removing heavy metal ion from solu-
tions [29]. Furthermore, carboxyethyl chitosan polyampholyte
was employed in molecular dynamics (MD) simulations to in-
vestigate the structural changes of the polyampholyte in aqueous
solutions. The simulations investigated how pH, temperature,
and ionic strength influence the polyampholyte's structure, of-
fering valuable molecular-level insights [19].

Chitosan and gellan gum are capable of forming interpolye-
lectrolyte complexes both with each other [30-32] and with

other polyacids and polybases [22, 33]. Both Ch [34-38] and
GG [4, 39-44] are capable of stabilizing the gold nanoparticles
(AuNPs) and demonstrate potential in the treatment of Ehrlich
cancer cells [5]. Recent reviews [2] have highlighted progress
in designing anticancer drug delivery systems involving gel-
lan gum, while advancements [45] include developing pH- and
thermo-responsive injectable carboxymethyl chitosan hydrogels
containing nanodrugs for combined chemotherapy and photo-
thermal tumor therapy.

Despite these advancements, a review of the literature reveals
that the solution properties of amphoteric derivatives of chitosan
and gellan gum remain insufficiently explored. Few studies
have addressed their role in stabilizing gold nanoparticles (GG)
[46-48]. Nevertheless, amphoteric polysaccharides based on
Ch and GG hold significant potential as platforms for advanced
material development. Their ability to form stable, biocompat-
ible hydrogels and complexes and the potential for chemical
modification, make them as valuable candidates for designing
next-generation biomedical devices and therapies. These poly-
saccharides could find applications ranging from drug delivery
to photothermal cancer treatments, with future research focus-
ing on optimization to broaden their application and improve
their effectiveness.

In the present study, chitosan and gellan gum were functional-
ized to produce amphoteric derivatives. These modified polysac-
charides were characterized using various techniques, including
'H NMR, FTIR spectroscopies, thermogravimetric analysis
(TGA), elemental analysis, potentiometric and conductimetric
titrations, and viscosity measurements. Spherical (AuNSs) and
rod-like (AuNRs) gold nanoparticles were synthesized via “one-
pot” and seed-growth methods in aqueous media and stabilized
with polyampholyte chitosan and gellan gum. The nanoparticles
were subsequently characterized for their size and morphology.
The application of biocompatible and nontoxic amphoteric poly-
saccharides for coating and stabilizing AuNSs and AuNRs is ex-
pected to enhance the stability of colloidal gold nanoparticles in
aqueous solutions. This approach holds promise for developing
effective photothermal agents for cancer therapy.

2 | Materials and Methods
2.1 | Materials

Chitosan (Ch; commercial low molecular weight, M,
65,200Da determined using a GPC), monochloroacetic acid
(99%), 2-Propanol (99.9%) and (3-chloro-2-hydroxypropyl)
trimethyl-ammonium chloride (CHPTMAC) were purchased
from Sigma-Aldrich (Gillingham, UK). Before use, Ch was
dissolved in 0.1M HCI, stirred overnight, vacuum filtered
through a PTFE membrane disc filter with @ 47mm and
1pm pore size to remove insoluble residual chitin particles.
Ch solution was then purified by dialysis against distilled
water and lyophilized. Gellan gum (GG) was purchased from
Zhejiang DSM Zhongken Biotechnology Co. Ltd. (China). GG
was purified and fractionated by ultrasonic treatment as de-
scribed in our previous report [8, 49]. The viscosity-average
molecular weight (M) of GG was determined using the Mark-
Kuhn-Houwink equation in 0.025 M tetramethyl-ammonium
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chloride [y]=7.48x10% M %' [50] and yielded M,
6.43x10°Da. Deuterium oxide (D,0, 99.9% D, Eurisotop,
France) and deuterated trifluoroacetic acid (99.5 atom % D,
Sigma-Aldrich, USA) were used in NMR experiments. A stan-
dard aqueous solution of tetrachloroauric acid (HAuCl,) with
aconcentration of 100mg/mL, cetyltrimethylammonium bro-
mide (CTAB, 99%), sodium borohydride (NaBH,, 98.5%) and
ascorbic acid were purchased from Sigma-Aldrich (Germany).
Dialysis tubing with a molecular weight cut-off of 12-14 kDa
was purchased from Sigma-Aldrich (USA). Distilled water
was used in all experiments involving aqueous solutions.

2.2 | Synthesis of Carboxymethylated Chitosan
(CMCh)

Chitosan was first pre-treated by immersing 2g of the sample
in 50mL of 40% NaOH solution overnight to produce alkalized
chitosan [51]. The pre-treated chitosan was then filtered and
subsequently dissolved in 25 mL of 50% isopropanol with contin-
uous stirring for 30 min. Separately, 5g of monochloroacetic acid
was dissolved in 5mL of 50% isopropanol, and this solution was
added dropwise to the chitosan solution. The reaction mixture
was stirred at room temperature for 10 h, followed by dialysis for
2-3days against distilled water, and then frozen for 24 h. The
resulting product CMCh was lyophilized, collected as a powder
and stored in a dry place until further use.

2.3 | Synthesis of Quaternized Gellan Gum (QGG)

In order to synthesize quaternized gellan gum (QGG), 0.5g of
fractionated gellan was dispersed in 100mL of distilled water
with stirring for 2h to ensure complete dissolution. A solution
of CHPTMAC in 50mL of 1M NaOH was then added drop-
wise to the gellan gum solution at 50°C, maintaining a QGG/
CHPTMAC molar ratio of 1:10 [16]. The reaction mixture was
kept at 50°C overnight. To stop the quaternization reaction, 37%
HCl was added to adjust the pH to 5.5. The resulting product was
purified by dialysis using a cellulose membrane against distilled
water until a neutral pH was achieved, ensuring the removal of
unreacted compounds. Finally, the purified QGG was freeze-
dried and stored in a dry place until further use.

2.4 | Synthesis of AuNSs and AuNRs

Spherical gold nanoparticles (AuNSs) stabilized with gellan
gum (GG) and quaternized gellan gum (QGG) were synthesized
using a “one-pot” approach, as described [5]. Briefly, a mixture
containing polymer solutions, 5SmL of HAuCl, (100 mg/mL),
and 4mL of 0.5M KOH were combined, stirred, and heated up
t0 100°C for 3-5min in an Anton Paar Monowave 50 microwave
reactor (Graz, Austria) equipped with temperature and time
controllers. The reaction produced solutions that changed color
from yellow to dark red or purple, indicating the successful for-
mation of AuNSs. The pH of the initial solution, which was 12,
reduced to pH 8 following the dialysis against deionized water.

Chitosan-gold nanoparticles were synthesized following the
procedure described by Huang, Yuan, and Yang [52]. Initially,

20mg of chitosan was dissolved in 10mL of 1% acetic acid to
yield a 2mg/mL solution. The mixture was vortexed until fully
dissolved and then stored overnight. Subsequently, 2mL of this
solution was filtered through a 0.22 um polyethersulfone (PES)
syringe filter and mixed with 1mL of 10mM HAuCl, solution
under vigorous stirring for 30min. A freshly prepared 0.4mL of
cold 100mM NaBH, (used as a reducing agent) was then grad-
ually added, resulting in a rapid color change from yellow to
wine-red, indicating the formation of gold nanoparticles. The
reaction was allowed to continue with stirring for an additional
2h to complete the process. Chitosan-gold nanoparticles were
purified using the dialysis against deionized water (5L; water
changed 8 times).

In order to synthesize gold nanorods (AuNRs), the seed-
mediated growth method was employed [4, 5]. Initially, a solu-
tion consisting of SmL of 0.2M CTAB was mixed with 5mL
of 0.5mM HAuCI, and stirred. Subsequently, 0.6 mL of chilled
0.01M NaBH, was added, producing a brownish-yellow solu-
tion that contained gold nanoseeds. In parallel, another solution
composed of CTAB (0.2M; 30 mL), AgNO, (4mM; 1.5mL), and
HAuCl, (1 mM; 30mL)was gently mixed, and 0.42mL(78.8 mM)
ascorbic acid was introduced. Ascorbic acid served as a mild re-
ducing agent, causing the color of the growth solution to change
from dark yellow to colorless. Finally, the initial seed solution
(72uL) was added to the growth solution, and the mixture was
allowed to incubate at 30°C overnight. Consequently, a crimson
solution containing gold nanorods (AuNRs) was generated. To
remove by-products and excess CTAB, the solution underwent
centrifugation at 10,650rpm for 30min using an Eppendorf
5810R centrifuge (Tuttlingen, Germany). The resulting pre-
cipitate was then re-dispersed in 3mL of deionized water and
centrifuged again at 10,650rpm for 15min. After repeating the
washing cycle three times, the AuNRs were re-dispersed and
stabilized in SmL of the designated polymer solutions and then
dialyzed against deionized water using a cellulose membrane.

2.5 | Characterization

2.5.1 | Nuclear Magnetic Resonance (‘\H NMR)
Spectroscopy

'H NMR spectra of the samples were recorded using a 500 MHz
Bruker Avance III NMR spectrometer (Bruker UK Ltd.,
Coventry, UK). The samples were prepared at 10mg/mL. GG
and QGG samples were dissolved in D,0, while Ch and CMCh
samples were dissolved in D,0 by adding a few drops of deuter-
ated trifluoroacetic acid (TFA-d, 99%).

2.5.2 | Fourier Transform Infrared (FTIR)
Spectroscopy

FTIR spectra of the samples were recorded using an
IRTracer-100 Shimadzu FTIR spectrometer (Kyoto, Japan). The
spectra were collected from an average of 16 scans between
4000 and 500cm~!, employing the absorbance mode with a
spectral resolution of 4cm™!. The spectra were plotted and ana-
lyzed using Origin 2022 (version 9.9.0.225) software (OriginLab
Corporation, MA, USA).

88

30f13



2.5.3 | Potentiometric Titration

Potentiometric titration of chlorine ions from QGG
— [N*(CH;),CI7| groups was performed with AgNO, solution
using an automatic titrator Metrohm 905 Titrando (Metrohm
AG, Herisau, Switzerland). A total of 10mg of QGG was dis-
solved in 20mL distilled water and 0.1M AgNO, aqueous
solution was added dropwise into QGG solution with 0.01mL
increment. The degree of quaternization (DQ) was calculated
using the following equation:

DQ (6)]

Rpolymer repeating units
nqualemary ammonium groups = CAgN 05 X VAgNO 3"

Mpolymer

npolymcr repeating units = Mrepeatingunix »

where, C is a concentration of AgNO, (mol/L), V is a volume of
AgNO, (L), mis a mass of quaternized gellan gum used (g), and
M is a molecular weight of the repeating unit of gellan gum (g/
mol).

2.5.4 | Elemental Analysis

Elemental analysis was conducted to determine the composition
of the modified gellan gum in comparison to GG. The measure-
ments were performed using a Vario MICRO cube instrument
(Elementar Analysensysteme GmbH, Hanau, Germany), with
sulfanilamide as the calibration standard. Three samples, each
approximately 2 mg of dry polymer, were analyzed and the mean
average values were reported.

2.5.5 | Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was performed using a
NETZSCH STA 449 F3 Jupiter instrument (Selb, Germany).
Samples (8-10 mg) were heated from 25°C to 600°C at a heating
rate of 10°C/min in a nitrogen atmosphere. Thermograms were
plotted and analyzed using Origin 2022 software.

2.5.6 | Determination of the Isoelectric Point (IEP) by
Electrophoretic and Viscometric Measurements

The isoelectric points of CMCh and QGG were determined
using a conventional viscometric technique and electropho-
retic mobility analysis using a Zetasizer Nano-ZS90 instrument
(Malvern Instruments, Malvern, UK), by varying pH levels of
the solutions. All measurements were conducted in triplicate at
25°C. Briefly, 0.05 g of QGG was prepared in 10mL of deionized
water at room temperature and stirred until complete dissolu-
tion. Simultaneously, 0.05g of CMCh was dissolved in 10 mL of
0.03M HCI. The specific viscosity measurements were carried
out using an Ostwald-type capillary viscometer (capillary diam-
eter of 0.86 mm) and calculated as the ratio of flow time (t) to
that of water (t,):

@

The isoelectric point (IEP ;. ..,) for each sample was de-
termined by measuring the pH at which the polymer solution
reached its lowest viscosity, indicating that the net charge of the
macromolecules is close to zero at that specific pH.

In electrophoretic mobility experiments, a refractive index of
1.33 and an absorbance of 0.01 were used for all measurements
in zeta-potential mode at 25°C. Viscosity (0.8872cP) and refrac-
tive index (1.33) of water served as dispersant parameters. Each
sample was analyzed five times, and the results were processed
using the Smoluchowski model (Fxa=1.50) to calculate the
mean electrophoretic mobility + standard deviation values. The
electrophoretic mobility versus pH curve was generated for each
test sample and the point at which the curve intersects zero mo-
bility was considered as an IEP,, [53].

2.5.7 | Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) measurements were performed
using a Zetasizer NanoZS90 instrument (Malvern Instruments,
Malvern, UK). All solutions were filtered through 0.45um PES
syringe filters. The reported values are intensity-weighted diam-
eters, calculated as averages of repetitive measurements at 25°C.
Similar refractive index and absorbance values were used as in
the electrophoretic mobility measurements mentioned above.

2.5.8 | Transmission Electron Microscope (TEM)

The morphology of the particles was examined using a Hitachi
S-4800 FESEM (Tokyo, Japan). For TEM imaging, dilute dis-
persions (SuL) were placed on carbon-coated copper grids with
a mesh size of 200 square micrometers and air dried prior to
imaging.

3 | Results and Discussion
3.1 | Synthesis and Characterization

Following purification by dialysis and lyophilization, modified
polymers were then characterized using 'H NMR spectroscopy.

The 'H NMR spectra of both Ch and CMCh recorded in
CCl,COOH/D,0 showed a distinct methyl characteristic
peak at 2.01ppm from — NHCOCH; methyl protons, as well
as a singlet at 3.12ppm (H2) and multiplets from 3.50 to
3.90ppm (H3-H6) corresponding to the methine protons in
polysaccharide ring (Figure 1). Additionally, new signals ap-
peared at 3.30; 4.10 and 4.24-4.30 ppm in CMCh, which were
attributed to the protons of the —O— CH, —COO~ group
substituted at the C2 amino group; the C6 and C3 hydroxyl
groups of Ch, respectively. These findings are in good agree-
ment with previous observations [54]. The signal at 4.10ppm
was significantly stronger, while that at 3.30 ppm was lower,
suggesting that carboxymethylation occurred mainly at the
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FIGURE1 | Synthesis and characterization of carboxymethyl chitosan (CMCh). (A) Schematic illustration of the carboxymethylation reaction.
Please note that the schematic structure shows only one possibility of a chloroacetic acid reaction with the hydroxyl groups (which are the reactive
sides) at C6 in the polysaccharide backbone. In reality, it could also react with any primary amino (C2) and/or hydroxyl (C3) groups present in chi-
tosan and (B) 'H NMR spectra of chitosan (Ch) and carboxymethyl chitosan (CMCh) recorded in CC1;COOH/D,0.

C3 and C6 hydroxyl (or O-carboxymethylation), but much
less at the amino C2 groups, that is, N-carboxymethylation.
Perhaps this depends on different reaction conditions that
favor obtaining either O-carboxymethyl or N-carboxymethyl
chitosan [51, 55]. Nevertheless, the chitosan backbone allows
carboxymethylation at three potential locations: C6-0-, C3-
O-, and C2-N-. Based on 'H NMR analysis, it was observed
that the carboxymethylation preferentially occurs at hydroxyl
groups, specifically favoring the C6-O- site when the reaction
temperature exceeds 20°C. As such, the synthesized CMCh
includes both amino (C2-N site) and carboxymethyl (C6-O
site) functional groups [14]. The degree of substitution (DS%)
was calculated by integrating the corresponding peaks and
using the following equation:

Ies and co-sutstituted (-0-CH,—co0H)
4

Ta-subsiiturd (-N-CH1,~co0t)
+ 2

DS% = X 100,

Teon

3
where, Ic3and co-substituted (-0-CH,~coon) are the integral of
the signals of methylene protons from C3 and Cé6 substituted
— 0 — CH, — COOH moieties, while I,y is the integral of the
signal corresponding to the methine protons in the polysaccha-
ride's glucosamine unit. Figures S1 and S2 display the 'H NMR
spectra of modified chitosan with corresponding peak integrals
as well as the monomer, respectively.

In 'H NMR spectrum of gellan gum, distinct signals can be ob-
served: the peak at 1.30ppm corresponds to the methyl protons
of the rhamnose unit, while the peak at 4.53ppm is assigned

to the hydrogen bonded to C1 of glucose II. Additionally, the
peak at 5.15ppm is associated with the hydrogen attached to
C1 of the rhamnose unit. The solvent peak (D,0) is assigned at
4.80ppm and chemical shifts of all protons of the tetrasaccha-
ride repeating unit formed by glucose I, glucuronic acid, glu-
cose II, and rhamnose can be observed in the range between
3.34 and 4.25 ppm (Figure 2). In the '"H NMR spectrum of QGG,
a new peak at 3.22ppm is identified, which corresponds to the
vibrations of three pairs of protons from — [N*(CH,) 3] group.
The degree of quaternization (DQ%) for QGG was quantified
by integrating the corresponding peaks and using the following

equation:
} % 100,

where, I_y(cu,), represents the integral of the signal corre-
sponding to the methyl protons of newly substituted cationic
N,N,N-trimethyl moiety observed at 3.22 ppm, while Iey
refers to the integral of the signal associated with the methyl
protons of the rhamnose unit that appeared at 1.30ppm.
Figures S3 and S4 depict the 'H NMR spectra of modified gel-
lan gum with corresponding peak integrals and the monomer,
respectively.

Iy(eny),

DQ%:{I

CH.

x3

> @

3 (thamnose)

The FTIR spectra of chitosan and CMCh are illustrated in
Figure 3A. In the FTIR spectrum of chitosan, strong char-
acteristic peaks corresponding to the amino groups were
observed at approximately 3328 (O—H stretch and N—H
stretch), 1651 cm™! (C=O stretching, amide I), and 1375cm™.
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FIGURE 2 | Synthesis and characterization of quaternized gellan gum (QGG). (A) Schematic illustration of the quaternization reaction. Please
note that the schematic structure illustrates only one possibility of (3-chloro-2-hydroxypropyl)trimethyl-ammonium chloride (CHPTMAC) reaction
with -CH,~OH groups of gellan gum. In reality, it could react with any hydroxyl groups present in gellan gum and (B) 'H NMR spectra of gellan gum

(GG) and quaternized gellan gum (QGG) recorded in D,0 at 60°C.
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FIGURE 3 | The FTIR spectra of (A) chitosan (Ch) and carboxymethyl chitosan (CMCh); and (B) gellan gum (GG) and quaternized gellan gum

(QGG).

Additionally, peaks associated with the polysaccharide
structure were identified at 1153cm™ (C—H stretching) and
1031 cm™ (C—O stretching) [56]. In the CMCh spectrum,
the broad band observed at 3328cm™ is attributed to the vi-
brational stretching of the O—H bonds and the symmetric
stretching vibration of C=0 bonds within —COOH groups,
which both overlapped in that region. This peak, along with
the peak at 1591 cm™, which originates from the symmetric
stretching vibration of the —COO~ group, substantiates the

incorporation of carboxymethyl groups onto the chitosan
backbone. Additionally, two bands at 1652 and 1410cm™,
assigned to NH,, suggest that carboxymethylation has oc-
curred at the OH positions. The peaks observed at 1375 and
1309cm™! correspond to the symmetric angular deformation
of C—H bonds and the C—N stretching vibration (amide III),
respectively. The peak at 2864cm™ is attributed to the C—H
stretching vibration, while the stretching vibration of the C—O
bonds in the —OCH,COOH group accounts for the peak at
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1260 cm~. Peaks in the range between 1031 and 893cm™! are
attributed to the vibrations of C—0 and C—O—C bonds, along
with other bonds constituting the polysaccharide chain [57].
Thus, analysis of FTIR spectra confirms the successful intro-
duction of carboxymethyl groups onto the chitosan backbone.

The modification of gellan gum was further confirmed using
FTIR spectroscopy (Figure 3B). FTIR analysis of spectra clearly
revealed key absorbance peaks: the spectrum of pristine gellan
gum displays a broad band (3000-3600cm™) with a maximum
peak at 3310cm™! corresponding to O—H stretching vibrations,
and a band at 2922 cm™!, which is attributed to asymmetric and
symmetric C—H stretching vibrations in CH—and CH,— groups.
Additionally, peaks at 1606 and 1403cm™! are assigned to the
asymmetric and symmetric vibrations of the —COO~ group,
respectively. The peak at 1028cm™ indicates the characteris-
tic vibration of the C—O—C bond within the rhamnose ring or
the f-(1-4) glycosidic linkage [58, 59], with the additional C—O

TABLE 1 | Elemental analysis of gellan gum (GG) and quaternized
gellan gum (QGG).

Element content (wt.%)
Biopolymer Nitrogen Carbon Hydrogen Sulfur
GG 0.05 36.31 5.60 0.00
QGG 1.14 38.07 6.67 0.00

Abbreviations: GG: gellan gum; QGG: quaternized gellan gum.

TABLE 2 | Degree of quaternization of GG and carboxymethylation
of chitosan (CMCh).

H Elemental Potentiometric
Method NMR analysis titration
QGG (%) 38 38.87 34.55
CMCh (%) 37 — 35.20

Abbreviations: CMCh: carboxymethylated chitosan; QGG: quaternized gellan
gum.

bond from the incorporated cationic hydroxypropyl group over-
lapping in the 1000-1150cm™! region and an increase in peak
intensity. A characteristic absorption band (symmetric bending)
typical for C—H of the methyl groups in the quaternary ammo-
nium should appear at ~1450-1480 cm~! in modified gellan gum
spectrum; however, in our case, it was overlapped by the broader
signals of the —COO~ group [60]. Nevertheless, the incorpora-
tion of the cationic moiety caused shifts in the hydroxyl bands
of gellan gum to higher frequencies (3368cm™). Overall, similar
infrared spectra were acquired for QGG and GG, suggesting the
limitations of FTIR spectroscopy in confirming the effective-
ness of gellan gum derivatization. However, elemental analysis
confirmed the presence of amine groups in QGG.

The results of the elemental analysis for both GG and QGG are
displayed in Table 1. The analysis reveals a trace amount of ni-
trogen (0.05wt.%) in pristine GG is likely attributed to the re-
sidual cell proteins or nutrients from the fermentation process
[61]. In contrast, the nitrogen content in modified gellan gum
is notably significant. This increase substantiates the successful
grafting of quaternary ammonium groups onto the gellan gum
backbone. The degree of quaternization (DQ) determined ac-
cording to Equation (1) is 34.55%.

Table 2 summarizes the degrees of modification for QGG and
carboxymethylated chitosan (CMCh), as determined by 'H
NMR spectroscopy, elemental analysis, and potentiometric titra-
tion. The data indicate that all methods yield results that are in
satisfactory agreement. Degrees of substitution calculated based
on analysis of '"H NMR spectra of modified polymers are in good
agreement with the values reported in the literature [16, 62].

Figure 4A presents the thermogravimetric analysis (TGA) ther-
mograms of chitosan and CMCh. The TGA curve for chitosan
displays two distinct stages of weight loss within the tempera-
ture range of 28°C-490°C. The initial weight loss, occurring
between 28°C and 124°C, is attributed to the evaporation of ab-
sorbed water, accounting for ~5% (0.5mg) of the total weight.
The primary degradation of chitosan commences at 250°C and
concludes around 490°C, resulting in a total weight loss of about
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FIGURE4 | Thermogravimetric analysis of Ch, CMCh (A), GG and QGG (B).
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55% (5.5mg). In the case of CMCh, the TGA curve similarly ex-
hibits two distinct stages of weight loss (Figure 4A). The initial
stage, occurring between 40°C and 159°C, is likely due to the
loss of adsorbed water with 9% weight loss (1.0 mg). The subse-
quent stage of decomposition, spanning from 232°C to 447°C,
corresponds to thermal degradation and results in a weight loss
of approximately 54% (5.9mg). These results suggest a slight
reduction in the thermal stability of CMCh compared to pure
chitosan. Similar results were reported for other chitosan deriv-
atives [63, 64].

Figure 4B shows the TGA results for both gellan gum and quat-
ernized gellan gum. All samples exhibit a weight loss within the
temperature range from room temperature up to ~100°C result-
ing in evaporation of absorbed or bound water with around 11%
(1.08 mg). The initial degradation temperature and the tempera-
ture at which the main degradation phase occurs are slightly
lower for the modified gellan gum compared to unmodified gel-
lan gum, shifting from 247°C to 237°C with a total weight loss
of 58.53% (5.07 mg). This observation is in good agreement with
the findings reported for similar quaternized polysaccharides
[65, 66].

3.2 | The Isoelectric Points (IEP) of Polymers

CMCh and QGG possess both carboxylic and amino groups,
which enable them to exhibit anionic, cationic, or quasi-
electroneutral properties depending on the pH of the solu-
tion. In acidic and basic environments, the macromolecules
of CMCh and QGG are either positively or negatively charged.
At the isoelectric point (IEP), these polymers achieve a quasi-
electroneutral state due to the balanced compensation of oppos-
ing charges. At this point, the polyampholyte chains adopt their
most compact conformation, resulting in a minimum in solution
viscosity [67].

In this study, the IEPs or isoelectric pH values (pH ;) of both
CMCh and QGG macromolecules were determined using elec-
trophoretic mobility measurements and by analyzing changes
in solution viscosity as a function of pH. Aqueous solutions
(0.5% w/v) of CMCh and QGG were titrated by adding drops
of 0.03M HCl or 0.02M NaOH, and the resulting pH changes
were recorded using a pH meter. The IEPs of the samples were
estimated by determining the pH at which the electropho-
retic mobility curve intersected zero (Figure 5) or at which
the polyampholyte solution reached a minimum specific vis-
cosity (Figure 6). It was observed that the IEP,,, of CMCh
and QGG are pH 7.0 and pH 2.0, respectively (Figure 5). The
IEP determined by viscometric technique for CMCh is pH7.0
(Figure 6A), which is in good agreement with the value ob-
tained through electrophoretic mobility measurement. The
IEP i cometry ©f QGG was found to be pH ~2.50 (Figure 6B). This
discrepancy is likely attributed to the measurement accuracy
of each technique. It should be noted that the pH-dependent
electrophoretic mobility of GG remains negative across the en-
tire pH range due to the presence of only carboxylic groups. In
contrast, chitosan (Ch), which contains amine groups, exhib-
its a zero crossing of electrophoretic mobility at pH ~8.60, re-
maining negative at higher pH levels (Figure 5). This behavior
of Ch has been previously explained in literature [68] by the
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FIGURES5 | Electrophoretic mobility of GG, QGG, Ch,and CMCh as
a function of solution pH.

fact that the protonated —NH, groups are significantly com-
pensated by the accumulation of counterions in the diffusive
part of the electric double layer in line with Manning theory
[69] and experimental studies on poly(N,N-dimethyl-N,N-
diallylammonium chloride) [70] and poly-L-lysine [71]. Our
findings are consistent with the explanations provided by the
studies observed in [68].

The observed difference in the isoelectric points (IEP) between
quaternized gellan gum (pH ~2.0-2.5) and carboxymethyl chi-
tosan (pH ~7.0) can be explained by the varying ratios of acidic
and basic groups in each modified polysaccharide. QGG, with
approximately 62% carboxylic groups, exhibits an IEP at a lower
pH. In contrast, CMCh has a greater proportion of amine groups
(~63%), resulting in a higher IEP. This behavior is consistent
with established findings that the IEP of polyampholytes shifts
to lower pH as the content of acidic groups increases, and to
higher pH with more basic groups present in the macromolec-
ular chain [72, 73].

As anticipated, the difference between the IEP values deter-
mined by electrophoretic mobility and viscometry likely arises
from the fundamental principles underlying each technique.
Electrophoretic mobility, or electrophoresis, is generally more
precise for IEP determination as it directly measures the net
charge of the macromolecule. For instance, in a quasi-neutral
state, the polyampholyte macromolecule does not migrate to-
ward either electrode under an applied electric field, allowing
for an accurate determination of zero charge. In contrast, the
viscometric method observes changes in solution viscosity, that
is, changes in the hydrodynamic volume, which vary with the
macromolecular conformation. Nonetheless, both techniques
place the IEP of QGG between pH2.0 and 2.5, demonstrating
good overall agreement.

The relationship between the hydrodynamic size of polyam-
pholytes and pH is depicted in Figure 6. For CMCh, the min-
imum hydrodynamic size of macromolecules is observed at
pH 7.0, which is in good agreement with the results obtained
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FIGUREG6 | Determination of the IEP and hydrodynamic size of CMCh (A) and QGG (B) by viscometric and DLS techniques.

TABLE 3 | Size and zeta-potential values of polymer-protected AuNSs determined by DLS at pH6.50-7.0.

Type of polymer Concentration of polymer (% w/v) Mean diameter (nm) PDI Zeta-potential (mV)
Ch 0.2 99+2 0.442 42+2
CMCh 0.2 851 0.414 40x1
GG 0.5 170+2 0.402 -15+1
QGG 0.5 45+2 0.318 =252

Note: Data are expressed as mean +standard deviation values of five measurements (n=35).
Abbreviations: Ch: chitosan; CMCh: O-carboxymethyl chitosan; GG: gellan gum; PDI: polydispersity index; QGG: quaternized gellan gum.

from electrophoretic and viscosity measurements. At an [EP, the
polyampholyte chains reach their compact conformation due
to electrostatic attractions between oppositely charged func-
tional groups [73]. Deviations from the IEP lead to changes in
the overall charge of the polyampholyte, causing it to become
either positively or negatively charged. This results in increased
electrostatic repulsion between uniformly charged groups and,
consequently, an expansion of macromolecular chains. In con-
trast, for QGG the average hydrodynamic size of the macromol-
ecules sharply increases near the IEP. This phenomenon is likely
attributed to the aggregation of high molecular weight QGG
(~10°Da) around the IEP due to intra-macromolecular complex-
ation of the polyampholytes [74] and no precipitation of polymer
from the solution was detected.

3.3 | Stabilization of Gold Nanoparticles (AuNPs)
by Amphoteric Gellan Gum and Chitosan

A water-soluble amphoteric chitosan derivative,
6-0-carboxylmethyl chitosan, which possesses a nearly equiv-
alent number of cationic and anionic functional groups, was
used as a pH-sensitive template for the reversible assembly of
gold nanoparticles (AuNPs) [46, 47]. Aggregation of AuNPs
was observed at extreme pH values of 2.0 and 12.0, resulting in
aggregates with markedly different morphologies. TEM micro-
photographs at pH9.60 reveal that the average diameter of the
spherical nanoparticles is ~Snm. At pH12.0, the AuNPs aggre-
gate into needle-like structures, with particle-particle distances
within these aggregates measuring less than 3nm. Conversely,

at pH2.0, the gold nanoparticles form larger, more densely
packed aggregates. The morphology of these aggregates is more
regular, with a length of 360nm and a width of 150 nm, display-
ing symmetrical angles at the cluster ends. Depending on the pH
level, the color of the colloidal dispersions changes from purple
at pH2.0 to pink at pH9.60, and pale purple at pH12.0. The re-
versibility of these changes upon pH alteration was confirmed
by a shift in the plasmon resonance UV-absorption band, which
moved from 526 nm (at pH2.0) to 510 nm (at pH9.60), and then
to 515nm (at pH12.0).

The chemical modification of chitosan with phthalimide moieties
resultsinthesynthesisoftwowater-solublebisphthalimides(BPIs),
specifically, N,N’-(1,3-phenylene)bis(phthalimide-5-carboxylic
acid) (BPI-1) and N,N’-(1,4-phenylene)bis(phthalimide-5-
carboxylic acid) (BPI-2). These bisphthalimides, with relatively
low molecular weights, are effective in the green synthesis of
gold nanoparticles (AuNPs) [48]. 'H NMR, FTIR, UV/Vis spec-
troscopy analyses and TEM imaging demonstrate that the BPIs
can reduce gold ions and stabilize AuNPs in colloidal solutions.
Consequently, the AuNPs exhibited a quasi-spherical shape,
with average diameters of 3nm for BPI-1 and 12nm for BPI-2.
The reaction to produce AuNPs was most rapid with the poly-
ampholyte derivative of chitosan, completing in 5min, which is
attributed to the high number of oxidizable groups present in the
polymer structure and its high molecular weight. The average
size of AuNPs stabilized with this polyampholyte was 10nm.
Thus, polyampholyte derivatives of chitosan can effectively
stabilize gold nanoparticles across a broad pH range, produc-
ing quasi-spherical particles with average diameters of 3, 5, 10,
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TABLE 4 | Aspect ratio (measured using TEM) and zeta-potential values of AuNRs synthesized and stabilized using Ch, CMCh, GG, and QGG

at pH6.50-7.0.
Type of Concentration of Average Average Zeta-potential
polymer polymer (% w/v) length (nm) width (nm) Aspect ratio (mV)
Ch 0.5 55+4 142 4+1 70x1
CMCh 0.5 54+£3 14+1 4+1 172
GG 0.5 50+6 13+3 4+1 =31+2
QGG 0.5 51+3 12+2 4+1 —25%2

Note: Data are presented as mean +standard deviation of five measurements (n=5).

Abbreviations: Ch: chitosan; CMCh: O-carboxymethyl chitosan; GG: gellan gum; QGG: quaternized gellan gum.

FIGURE7 | TEM microphotographs of AuNSs and AuNRs stabilized using Ch (A and E), CMCh (B and F), GG (C and G), and QGG (D and H).

and 12nm, as well as rod-like aggregates measuring 360 nm in
length and 150nm in width (aspect ratio of 2.4).

In this study, spherical and rod-shaped gold nanoparticles were
synthesized and subsequently stabilized by QGG and CMCh.
Their average hydrodynamic sizes and zeta-potential values
of are summarized in Tables 3 and 4. The mean size and zeta-
potential values of the spherical gold nanoparticles (AuNSs)
were measured using dynamic light scattering (DLS). Generally,
all spherical gold nanoparticles exhibited polydispersity. To eval-
uate the surface charge of the nanoparticles, the zeta-potential
values of the various AuNPs were determined, as detailed in
Table 3. Figure 7 displays the representative TEM microphoto-
graphs for AuNSs and AuNRs stabilized by Ch, GG, CMCh, and
QGG. For the gold nanorods (AuNRs) the aspect ratio, that is,
length/width, was ~4 +1.

In summary, the AuNPs stabilized by amphoteric polysaccha-
rides described in this study may serve as a potential platform
for the effective photothermal therapy of Ehrlich cancer cells.
This prospective application extends our previous research [5].

4 | Conclusion

Amphoteric polysaccharides derived from chitosan and gellan
gum were synthesized using a procedure involving monochloro-
aceticacid and (3-chloro-2-hydroxypropyl) trimethylammonium
chloride as modification agents. The resulting polysaccharides,
namely carboxymethylated chitosan (CMCh) and quaternized
gellan gum (QGG), were characterized using various physico-
chemical techniques. The degree of quaternization for QGG
and the degree of carboxymethylation for CMCh were deter-
mined to be ~38% and ~37%, respectively. Both QGG and CMCh
demonstrated polyampholytic behavior in aqueous solutions,
with isoelectric points (IEPs) observed at pH 7.0 for CMCh and
pH2.0-2.5 for QGG. Spherical (AuNSs) and rod-like (AuNRs)
gold nanoparticles were synthesized in the presence of these
polysaccharaides through “one-pot” and seed-growth methods,
respectively. Dynamic light scattering (DLS) and transmission
electron microscopy (TEM) analyses revealed that the average
diameter of AuNSs stabilized with modified polymers (QGG
and CMCh) were determined to be ~45 and~85 nm, respectively,
whereas the average dimensions of AuNRs stabilized by QGG
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and CMCh were ~50-55 (length) as well as ~12-14 (width).
Future research will aim to evaluate the light-to-heat conversion
efficiency of these gold nanoparticles stabilized by amphoteric
polysaccharides. Additionally, toxicological assessments and
mucoadhesive studies will be conducted to optimize the anti-
cancer efficacy of the developed nanoparticle systems.
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Abstract

Potential application of gellan in medicine and oil recovery based on literature sur-
vey and own results of authors has been presented in this mini-review. Purification and frac-
tionation procedures of commercial gellan gum have been described. The application of gel-
lan gum and its modified derivatives in medicine, in particular, as drug delivery systems ac-
companied by mucoadhesivity has been briefly considered. Gold nanoparticles immobilized
within gellan and poly(2-ethyl-2-oxazoline)-grafted gellan have been demonstrated for photo-
thermal treatment of Ehrlich cancer cell. Potential application of gellan in oil recovery has
been considered. The prospect of organizing the gellan production in Kazakhstan has been
outlined.

Keywords: high acyl gellan, low acyl gellan, drug delivery, gold nanoparticles, pho-
tothermal therapy, oil recovery, glucose-fructose syrup, fermentation, production of gellan.

Introduction

Gellan is abundant polysaccharide that is widely used in food industry [1], biotechnolo-
gy [2], medicine [3], pharmacy [4], tissue engineering [5] and oil industry [6]. Gellan is a lin-
ear anionic heteropolysaccharide obtained from biomass by aerobic fermentation by the mi-
croorganism Sphingomonas elodea [7-9]. The repeating unit of gellan consists of four poly-
saccharide residues: 1,3-B-D-glucose, 1,4-B-D-glucuronicacid, 1,4-B-D-glucose, and 1,4-a-L-
rhamnose at a ratio of 2:1:1 [1].

Specific gelling properties of gellan in different media led to the development of con-
trolled release forms including oral, ophthalmic, nasal and other [10]. Gellan gum-based hy-
drogels exhibit excellent in vivo and in vitro biocompatibility [11], tunable physical mechani-
cal and injectable properties for application in regeneration of cartilage [12, 13], cell encapsu-
lation [14], nucleus pulposes regeneration [15]. Recent progress in the design of multi-
functional hydrogels with participation of gellan gum in the context of biomedical engineer-
ing and regenerative medicine is discussed and summarized in recent review [16].

Authors [17, 18] developed gellan-based nanohydrogel systems to deliver multiple
drugs: prednisolone and paclitaxel. Prednisolone was chemically linked to the carboxylic
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groups of gellan while placitaxel was physically entrapped into gel matrix. The synergistic
anti-inflammatory and anti-cancer effect were reached with respect to malignant cells and tu-
mor inflammatory components. Analgesic, antipyretic and anti-flammatory drug — diclofenac
sodium was immobilized into the matrix of poly(methacrylamide)-grafted-gellan gum and its
sustained in vitro release kinetics was studied [19]. It was shown that the diclofenac sodium
releases over a period of 8 h and the release profile is described by Higuchi square root kinetic
model and release mechanism is governed by Fickian diffusion.

Gellan gum was chemically modified by the reaction with methacrylic anhydride to
produce derivatives with 6, 14 and 49% methacrylation [20]. In vitro study performed with
formulations of sodium fiuorescein containing gellan gum and its methacrylated derivatives
indicated that methacrylation enhances their retention on bovine conjunctival mucosa. In vivo
experiments with the formulations of pilocarpine hydrochloride containing gellan gum and
methacrylated derivatives have demonstrated that all polymers enhance the drug effect
significantly, but best performance is observed for the polysaccharide with 6% methacryla-
tion.

Gellan gum has been used to prepare polymeric carriers with prolonged retention on the
eye surface for topical ocular drug delivery [21]. It was chemically modified with short
poly(2-ethyl-2-oxazoline) (PEtOx) chains. The derivatives with three degrees of grafting were
prepared by varying the in-feed mass ratio of PEtOx grafts over gellan. NMR and FTIR spec-
troscopies, thermogravimetric analysis, and SEC evidenced that the grafting had actually tak-
en place. The graft copolymers (LAG-g-PEtOx) were found to be highly biocompatible with
cells cultured under their induction at concentration of 0.01, 0.1 and 1 mgmL'l demonstrated
a physiological morphology, as well as an increase in viability and proliferation.

Complex formation between a natural polysaccharide — gellanand an antimicrobial drug
— ofloxacin was studied in aqueous and buffer solutions [22]. Conductimetric and potentiom-
etric titration curves revealed that gellan and ofloxacin forms a water-soluble complex of
composition 2:1 mol/mol stabilized by ionic and hydrogen bonds. The formation of the gel-
lan-ofloxacin complex was confirmed by FTIR spectroscopy, dynamic light scattering, zeta-
potential and thermogravimetric analysis. The average hydrodynamic size of the complex was
found 307+5nm and its zeta-potential was negative and equal to -15 mV. Thin films of the
gellan-ofloxacin complex, gelled in 0.3 wt.% of CaCl,, were used to study the release kinetics
of ofloxacin in distilled water and phosphate buffer. The drug release kinetics evaluated by
UV-Vis spectroscopy at Amax = 289 nm and calculated by the Ritger-Peppas model correspond
to non-Fickian diffusion in distilled water and Case II transport (zero-order kinetics) in phos-
phate buffer. The cumulative release of ofloxacin from the gellan-ofloxacin films was equal to
96+2% and 36+2% in phosphate buffer and distilled water, respectively. It is expected that the
gellan-ofloxacin complex is able to form in situ gel on the surface of the eye and to prolong
the drug residence time in the tear fluid.

It is well known that cancer is one of the leading causes of mortality in the modern
world, with more than 10 million new cases every year. Targeting nanoparticles that selective-
ly recognize and destroy cancer cells in the body remain key concept in nanomedicine [23,
24]. Gold nanoparticles (AuNPs) with controlled geometrical, optical, and surface-chemical
properties are the priority research of intensive studies and applications in cancer diagnosis,
treatment and as drug delivery system.
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AuNPs protected by poly(2-ethyl-2-oxazoline) (POZ) of different molecular weights
(M, = 5, 50, 200 and 500 kDa) were synthesised and characterised by dynamic light scatter-
ing, nanoparticle tracking analysis, zeta potential measurement and transmission electron mi-
croscopy [25]. It was established that the use of POZ with 50 kDa resulted in formation of
AuNPs with low polydispersity while POZ with greater molecular weights led to formation of
more polydisperse AuNPs. Fluorescent labelling of these nanoparticles was achieved through
their reaction with poly(ethyleneglycol dithiol) (8-12 kDa) as a linker molecule with subse-
quent reaction with 6-(iodoacetamido)fluorescein. The fluorescent nature of obtained AuNPs
was confirmed by the appearance of the fluorescence peak at 510 nm that is typical for fluo-
rescein molecules and glowing of the aqueous solution under the UV irradiation. The fluores-
cently-labelled AuNPs are promising tool in biomedical application to monitor the biological
systems using fluorescent microscopy.

Application aspects of polysaccharides in enhanced oil recovery (EOR) are well-known
and were recently reviewed by authors [26,27]. Among a widely EOR application of polysac-
charides the main attention was paid to xanthan [28-30], guar gum [31], scleroglucan [32],
welan [33], carboxymethyl- and hydroxyethyl cellulose [34], starch [35], diutan, pullulan, [36,
37] carrageenan [38, 39] and in a less degree to gellan [40, 41]. Reservoir conditions like
temperature, salinity, charges on the rock surfaces, and the nature of crude oil are important
parameters of consideration for polymer flooding. Compared with water-soluble synthetic
polymers traditionally used in oil production, biopolymers, in particular gellan gum, have the
following advantages: 1) thermal stability, which in some cases reaches up to 150 °C, 2) me-
chanical stability, 3) salt resistance, 4) stability in a wide range of pH changes, 5) environ-
mental safety.

During the last 10 years our research group comprehensively studied the applicability of
gellan in EOR in the course of laboratory experiments [42-49] and oilfield tests [50-53]. The
study of bulk gels derived from inorganic and polymeric precursors, including gellan, in order
to plug high-permeability thief zones of oil reservoirs was reviewed in [54]. The plugging ef-
ficiency of gellan gel was compared with crosslinked by chromium (III) ions hydrolyzed
poly(acrylamide) that is widely used in EOR.

Purification and fractionation of commercial gellan gum
Commercial gellan depending on the degree of deacylation of glycerate and acetate
groups is distinguishedas high acyl (HAG) and low acyl gellan (LAG) (Table 1) [1].

Table 1
Structural formula and some properties of HAG and LAG
Gellan type Average molecular Solubility in water Thermal stability
weight, kDa
High acyl gellan (HAG) (1-2)-10° Well soluble in hot water Heat-responsive
H|(‘\(._
= COOM HO THs
0, O
yeey
> =~ H H H OH
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Low acyl gellan (LAG) (0.5-1)-10° Well soluble in cold wa- Stable to heat

ter
COOM HO. CHj
OH 0. 0, C
o H y K OH
)
H H OH
H OH
OH n

Commercial gellan gum produced by fermentation contain some amount of mono- and diva-
lent cations that comes from the nutrient salts required for growth of the bacteria and/or intro-
duced during post-fermentation processing [55].

Extremely high molecular weight of low acyl gellan gum (LAG) in the range of (0.5-
1)-10° restricts a wide application of gellan as drug delivery system. Aqueous solution of gel-
lan due to presence of Na*, K™, Mg>" and Ca’"forms a fraction of soluble chains and a dis-
persed fraction of swollen gel-like multi molecular aggregates of gellan. We have developed
the purification procedure of gellan as demonstrated in Ref. [21]. At first, LAG (1 w/v %) was
dissolved for 3 h in deionized water at 50 °C (Figure 1). Turbid solution/dispersion was cen-
trifuged for 30 min at 40 °C with a spinning rate of 5000 rpm. The clear supernatant fraction
was collected and precipitated in acetone (1:4 v/v). LAG was separated from water-acetone
mixture by vacuum filtration using Whatman Grade 541 filter paper and dried for ~30 min.
Then, the separated LAG was redissolved in deionized water again, reprecipitated in acetone
and dried. Dry GG was twice washed with isopropanol. Then, LAG was dissolved in deion-
ized water and dialyzed against deionized water (cut off 12 — 14 kDa) for at least 24 h. The
product was freeze-dried and collected as dry fluffy white fibers. The yield of purification was
45% — 50% of the original weight of LAG. FTIR and NMR spectroscopy did not reveal any
significant differences between purified and pristine LAG. Thus, there was no indication that
GG was incompletely deacetylated and that a fraction was removed during purification. This
conclusion is also supported by the elemental analysis, which reveals equal carbon and hy-
drogen contents in both samples. Therefore, the most likely reason for the low yield of purifi-
cation is divalent cations. Small amount of these metal cations binds gellan chains into parti-
cles, which are removed by centrifugation.

Chains scissoring of commercial LAG was carried out by means of ultrasound treat-
ment to obtain LAG fractions of lower molecular weight. Ultrasonically treated at 50 °C dur-
ing 10, 20, 30, 60, 90 and 120 min 1 wt.% gellan samples were centrifuged at 50 °C during 1
h. Every time the separated supernatant was precipitated by isopropyl alcohol, dialyzed sever-
al times and freeze-dried. The reduced viscosities of ultrasonically treated LAG samples were
measured in aqueous solution containing 0.025M tetramethylammonium chloride (Figure 2).
The viscosity average molecular weights (My)of LAG fractions calculated according to Mark-
Kuhn-Houwink equationin 0.025M tetramethylammonium chloride [n] = 7.48-107-M,>*!

[56] are shown in Table 2.
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Figure 1. Removal of the insoluble fraction (i.e. multimolecular swollen particles) from commercial LAG: (1)
turbid 1 w/v % “solution” of LAG in deionized water 3 h after dissolution at 50 °C; (2) LAG in water after cen-
trifugation for 30 minutes at 40 °C with a spinning rate of 5000 rpm; (3) supernatant is extracted after centrifuga-
tion and precipitated in acetone (1:4 v/v); (4) precipitated LAG, which is separated from water-acetone mixture
with vacuum filtration; (5) dry gellan gum after freeze-drying[21]
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Figure 2. Concentration dependence of the reduced viscosity of LAG after 10, 20, 30 and 60 min treatment by
ultrasonic source

Table 2
The intrinsic viscosity and Myof LAG fractions
Ultrasonic treatment, min Intrinsic viscosity, cm’-g ' M,;10°, Dalton
10 2200 10.0
20 1690 7.63
30 1180 5.12
60 920 3.92
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It is seen that the ultrasonic treatment of LAG leads to gradually decreasing of both [n] and
M,,. It is probably connected with cleavage of glycosidic linkages and degradation of LAG
[2]. Proton NMR and FTIR spectra of LAG after 10 and 120 min ultrasound treatment show
that both "H NMR and FTIR spectra of samples are the same confirming the absence of struc-
tural changes. "H NMR spectra of LAG contain CH groups of thamnose (8 5.27 ppm), CH
groups of glucuronic acid (6 5.09 ppm), and CHs groups of thamnose (3 1.86 ppm) [46]..n
FTIR spectra the bands at 3568-3513 and 1419-1412 cm™ correspond to stretching and bend-
ing vibrations of OH groups. The peaks at 2935-2920 and 2886-2870 cm™ are due to the
stretching CH bonds. The sharp peaks at 1612-1610 cm™ and 1042-1041 cm™ belong to
asymmetric COOstretching and COC stretching bonds respectively.

Gellan gum immobilized gold nanoparticles for treatment of cancer cells

The unique properties of gellan gum, in particular, biocompatibility, low toxicity, bi-
odegradability, commercial availability and low cost argue the successful application of this
class of polysaccharide in nanomedicine [57].The cellular uptake and toxicity ofgold nanopar-
ticles (AuNPs) stabilized by low acyl gellan gum (LAG-AuNPs) was studied on mouse em-
bryonic fibroblast cells, NIH 3T3 and human glioma cell line LN-229 [58 71]. It was shown
that in the cancerous cells the LAG-AuNPs were localized mainly in the cytoplasm and peri-
nuclear region of the cells. Oral administration of LAG-AuNPs did not cause any toxicity in
rats during 28 days and was no any significant difference in hematological, biochemical and
histopathology of organs demonstrating potential of LAG-AuNPS as DDS.

The AuNPs stabilized by gellan gum was loaded by doxorubicin hydrochloride (DOX)

— one of the potential and well-know anticancer drugs [59 72] was conjugated with sophoro-
lipid (SL) [60 73] and their cytotoxicity were evaluated with respect to human glioma cell line
LN 229 and human glioma stem cell line HNGC-2 (Figures 3,4).
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Figure 3. Synthesis of gellan gum reduced and stabilized Figure 4. Stabilization of AuNPs by gellan gum and
AuNPs (GG-AuNPs) and sophorolipid-conjugated LAG- subsequent loading of LAG-AuNPs by doxorubicin
AuNPs [59] [58]

(Gellan gum) (Doxorubicin HCI)

Both SL-conjugated and DOX-loaded gellan gum containing AuNPs exhibited in-
creased effectiveness against glioma tumors. The same authors [61] studied the antibacterial
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activity of the dispersions of silver nanoparticles (AgNPs) stabilized by gellan gum (LAG-
AgNPs), the cytotoxicity of LAG-AgNPs against mouse embryonic fibroplast cells NTH 3T3
and also evaluated the in vitro diffusion of AgNPs dispersions/gels across rat skin. The results
show that LAG capping effectively passivates the AgNPs and does not display any cytotoxici-
ty against NIH 3T3 and exhibits eligibility for topical treatments.

Photothermal damage of cells is currently one of the most promising research avenues
in the treatment of cancer and infectious diseases. The essence of this phenomenon is as fol-
lows: AuNPs have an absorption maximum in the visible or near-IR (NIR) region and get
very hot when irradiated with corresponding light. If, they are located inside or around the
target cells (which can be achieved by conjugating gold nanoparticles to antibodies or other
molecules), these cells die. The revolution in thermal cancer therapy is associated with 20-40
nm AuNPs that convert the 20 ns laser irradiation (514 nm) to local heat (up to 40-45 °C), and
selectively kill the cancer cells. This method called plasmonic photothermal therapy (PPTT)
[62] has extensively been researched and used for biomedical application [63]. The PPTT has
much potential in diagnosis, treatment and evolution of diseases, in particular cancer [64]. In
recent review [65] the advancements of plasmonic nanoparticles and films in the field of bio-
medicine was overviewed.

Among the numerous nanomaterials the best one are AuNPs because of their biocom-
patibility, low toxicity, ability to absorb in visible or NIR region, excellent photostability, and
availability in various morphologies [66]. Among the gold nanoparticles the gold nanoshells
[67] and nanorods (AuNRs) [68] are especially suitable for PPTT due to their tunable longitu-
dinal plasmon band in the NIR region [63].

Small spherical AuNPs exhibit poor NIR absorption, therefore nanoaggregates,
nanoshells, nanorods and nanomatryoshkas stabilized by functional polymers are suitable for
PPTT [65]. Gellan gum coated gold nanorods (LAG-AuNRs) was fabricated by authors [69]
and used for intracellular drug delivery and imaging. The preparation strategy of AuNRs in-
cludes several steps: at first the fine dispersed AuNRs is synthesized by a seed-mediated
growth method using cationic surfactant — cetyltrimethylammonium bromide (CTAB) as sur-
face passivant [70], then the layer-by-layer (LbL) technique is used for coating, and finally
AuNRs are coated by gellan gum (Figure 5).

The cytotoxicity and osteogenic ability of gellan-coated AuNRs was tested with re-
spect to SaOS-2 (Sarcoma osteogenic), a human osteoblast-like cell line commonly used as
osteoblastic model [71]. It was found that AuNRs-LAG were not cytotoxic after 14 days of
culturing and were localized inside lysosomes. NIR lasers are selected due to higher penetra-
tion of human tissue resulting in minimal damage. In vitro experiments show that heating of
tumor tissues is observed in the presence of NIR-exposed AuNRs, however laser irradiation in
the absence of AuNRs causes negligible damage of healthy tissues [65]. Without coating by
biocompatible polymers, AuNRs can not infiltrate the blood vessels and therefore their con-
centration increases in plasma. In vivo tumor ablation requires a tissue temperature of around
48-50 °C for successful operation.

Spherical gold nanoparticles (AuNPs) and gold nanorods (AuNRs) was stabilized us-
ing LAG and poly(2-ethyl-2-oxazoline)-grafted gellan (LAG-g-PEtOx) and utilized as PTT
agents for the treatment of Ehrlich cancer cells. As previously shown [72], gellan-coated
AuNPs are monodisperse and their average hydrodynamic sizes are in the range of 4-25 nm.
Polymer-protected AuNPs were produced using one-pot and growth seeding techniques in an
aqueous solution [68]. These particles were observed to demonstrate temperature-dependent
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conformational changes and high stability over a period of 36 days, thus making them suitable
for PTT treatment.
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AuNR/LbL 2
AuNR coating coating
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Figure 5. Covering and TEM images of AuNRs by layer-by-layer coatings (AuNRs/LbL) and coating by gellan
gum of AuNRs/LbL (left) and visible spectra of AuNRs-CTAB, AuNRs-CTAB-LbL, AuNRs-LAG (right) [71]
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All animal experiments were carried out in accordance with the protocol approved by
the local ethical committee at the Kazakh Research Institute of Oncology and Radiology (Pro-
tocol No.5-2021, December 10, 2021). For the in vivo experiments, 18 CD-1 mice with a sub-
cutaneous Ehrlich tumor were selected. The tumor transplantation into intact animals was car-
ried out via subcutaneous injection of tumor cells at a dose of 5 million species. Experiments
began 10 days later, when the tumors reached a size of around 4-5 mm in diameter. The mice
were divided into 3 groups: Group 1 is 5 control individuals, with no colloidal AuNPs solu-
tion was injected or exposure of the mice to irradiation; Group 2 is 5 animals, a colloidal
AuNPs solution was injected and no irradiation performed; and Group 3 is 5 animals, a col-
loidal AuNPs solution was injected and irradiation was carried out. Before the start of the ex-
periment, hair removal of the surface of the tumor skin was performed, then intratumoral in-
jection of 0.05 mL of colloidal AuNPs-PVP (40 kDa) was performed, at a concentration of
AuNPs in suspension equal to 44.8 pg-mL™. After 25 min, the tumor node was subjected to
30 min of laser exposure. The process was repeated daily for 7 days. Throughout the experi-
ment, the size of the tumors was measured every day using a caliper. On day 9, the tumors
were removed via dissection of the peritoneum and additional weighing was performed. In
accordance with the Council for International Organizations of Medical Sciences (CIOMS)
international guidelines for the conduct of biomedical research using animals, before remov-
ing the tumor, the mice were humanely sacrificed.

The prepared AuNPs and AuNRs were characterized by UV/Vis-spectroscopy, dy-
namic light scattering, zeta-potential, transmission electron microscopy (TEM), and optical
microscopy. As seen from TEM images, the spherical AuNPs and rod-like AuNRs stabilized
by gellan and LAG-g-PEtOx are uniformly distributed (Figure6).
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Figure 6. TEM images of spherical AuNPs (a) and rod like AuNRs (b) stabilized with gellan (a) andLAG-g-
PEtOx (b)

The gellan-protected AuNPs exhibited light-to-heat conversion, raising the tempera-
ture from 37 to 43 °C upon irradiation by laser light at 530 nm. In the case of AuNPs, consid-
erable damage to Ehrlich cancer cells was observed to occur over the 40 days following irra-
diation. However, with regards to AuNRs, the damage to Ehrlich’s cancer cells was slightly
lower than seen with AuNPs. /n vivo experiments demonstrated that laser irradiation of tu-
mors in mice after the addition of AuNPs leads to a statistically significant decrease in tumor
size, as compared to those not irradiated and the control samples. Due to unique intrinsic bio-
compatibility, gellan-coated AuNPs and AuNRs may contribute to the enhancement of the
efficacy of treatment of Ehrlich’s cancer cells.

The prospect of organizing the production of gellan in Kazakhstan

Recently [73] the research team of the Institute of Polymer Materials and Technolo-
gy (www.ipmt.kz) in collaboration with biotechnology lab of al-FarabiKazakh National Uni-
versity developed the gellan production technology from glucose-fructose syrup of Zharkent
and Burunday corn starch plants of Kazakhstan (krahmalopatoka.kz). Fermentation of these
products by Sphingomonas paucimobilis ATCC® 31461 leads to formation of HAG as de-
scribed in [74] (Figure 7).

The main difference between the high- and low-acyl gellan is that the HAG contains
acyl group positioned at O(2) and glyceride positioned at O(6) fragments and the presence of
intensive absorption band at 1726 cm™ is specific for these groups. FTIR spectra of commer-
cial HAG purchased from “Xinjiang Fufeng Biotechnologies Co., Ltd.”, China, and Kazakh-
stan HAG separated from the fermentation broth are compared in Figure 8. In all cases the
appearance of intensive bands at 1724-1727 cm™ is specific for acyl groups of HAG.
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Figure 7. Biomasses obtained upon fermentation of glucose-fructose syrup by Sphingomonas paucimobilis
ATCC® 31461
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Figure 8. FTIR spectra of self-purified (1), technical (2) Figure 9. FTIR spectra of commercial LAG pur-

HAG produced by Xinjiang Fufeng Biotechnologies Co.,  chased from Xinjiang Fufeng Biotechnologies Co.,

Ltd. and Kazakhstan HAG (3) obtained by fermentation Ltd. and Kazakhstan LAG obtained by deacylation
of glucose-fiuctose syrup of Kazakhstan HAG

In deacylated gellan gum, or LAG, the intensive peaks at 1724-1727 cm™* disappear that con-
firms the elimination of acyl groups from HAG (Figure 9). The commercial and Kazakhstan
LAG contains the bands at 3340, 1406, 2921, 1622 and 1037 cm™ that belong to stretching
and bending OH, stretching CH, C=0 and C-O-C bonds, respectively. "H NMR spectra of
LAG coincide well with our previous data [46] and show the characteristic peaks of CH of
rhamnose (5.27 ppm), CH of glucuronic acid (5.09 ppm), and CH; of rhamnose (1.86 ppm)
(Figures 10, 11).

Vol. 2, Special Issue 2, (2023) 48

108



KUDAIBERGENOV S.E., TATYKHANOVA G.S., GIZATULLINA N.N.,
TULEYEVA R.N., KALDYBEKOV D.B., GUSSENOV LSH.,
BERZHANOVA R.ZH., MUKASHEVA T.D., VAMVAKAKI M., ASEYEV
V.O., KHUTORYANSKIY V.V

Figure 11. 'H NMR spectrum of Kazakhstan LAG in D,0 at 60 °C. C =10 mg-mL"*

As seen from Figure 12, *C NMR spectra of commercial LAG and Kazakhstan LAG coincide
well.
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Figure 12. >C NMR spectra of commercial (a) and Kazakhstan (b) LAG at 60 °C

The thermogravimetric curves (TG) of commercial gellan and HAG produced by our research
team coincide well, both samples decompose at approximately 250 °C.The values of weight-
average molecular weight (M,,), number-average molecular weight (M,) and polydispersity
index (PDI) of HAG determined by GPC are represented Table 3.

Table 3

Molecular weights and PDI of Kazakhstan HAG prepared from glucose-fructose syrup
of Zharkent corn starch plant

HAG produced from glucose- Molecular mass, Dalton PDI
fructose syrupof Zharkent corn My M, M, M/M,
starch plant 343 500 333 000 360 000 1.03

The dynamic viscosities of biomass produced from different types of raw materials increase in
the following order: Burunday glucose-fiuctose syrup >Zharkent glucose-fructose syrup >
glucose. It is seen that the biomass obtained from Burunday glucose-fructose syrup is more
suitable for HAG production and oil recovery (Table 4).

Table 4
Dynamic viscosities of the biomass obtained from various sources
Type of raw materials Pure Glucose Zharkent glucose- Burunday glucose-
fructose syrup fructose syrup
Dynamic viscosity,mPa-s 2280 3170 4420

Aqueous solutions 0.25 and 0.5% Kazakhstan LAG showed an excellent gelation property
upon the addition 0of 0.01-1.0M NaCl and/or CaCl,.

The potential application of HAG in EOR was demonstrated by Gao [41]. In our case,
the fermented biomass obtained from Burunday glucose-fiructose syrup with dynamic viscosi-
ty 4420 mPa-s was injected into the sand pack model (Figure 13). The monotonous increase in
pressure is probably accounted for the gradually plugging of pores by fine gel particles that
are screened out at the inlet of the model. The effluent samples obtained at the output of the
sand pack model contain the fine gel particles coming from biomass. Injection of water into
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the sand pack model after injection of biomass leads to sharp increase of pressure due to the
displacement of gel particles by water (Figure 14).
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Figure 13. Change of the pressure upon injection of  Figure 14. Change of the pressure upon injection of wa-
biomass into sand pack model. Insert is filtrate after ter into the sand pack model after injected biomass. In-
injection of 30 mL biomass sert is filtrate after injection of 15 mL water

These experiments clearly demonstrate that injection of biomass directly into oil reservoir is
less effective and such system will not penetrate into the reservoir matrix. The fine gel parti-
cles will be filtered out on the walls of the well. In fractures, these samples will not be able to
reduce permeability, as they do not form a strong gel that bridges the fracture.

Conclusions

The most recent application aspects of gellan gum and its modified derivatives in medi-
cine, in particular, as drug delivery systems accompanied bymucoadhesivity have been briefly
surveyed. The immobilization protocol of anticancer drugs and gold nanoparticles within gel-
lan matrix has been discussed. Release of anticancer drugs from gellan gel matrix to outer so-
lution has been considered. The advancements of plasmonic photothermal therapy that has
much potential in diagnosis and treatment of cancer cells have been overviewed.

Numerous laboratory experiments and oilfield tests reveal the gelation and plugging be-
havior induced by saline oilfield water as well as salt resistance, thermal and mechanical sta-
bility,environmental safetyputs forward the gellan gum as perspective natural biopolymer for
enhanced oil recovery.

The high and low acyl gellan gums produced in Kazakhstanin laboratory condition by
fermentation on glucose-fructose syrup of Zharkent and Burunday corn starch plants by
Sphingomonas paucimobilisin future may be scaled up and used in food industry and oil re-
covery.
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