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Complex formation between a natural polysaccharide — gellan and an antimicrobial drug
— ofloxacin was studied in aqueous solution. Conductimetric and potentiometric 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 gellan-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. Tf1e 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 |l transport (zero-order kinetics) in phosphate 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.

Keywords: gellan; ofloxacin; complexation; drug delivery.
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Tabufn nonncaxapupa — rennaH MeH MUKPobKa Kapcbl npenapaT — 0$pIOKCALUMHHIH, Cynbl
epiTiHainepiHiH apacbiHAAfbl KeWeHHiH Ty3inyi 3epTTengi. KoHAYKTOMETpAiK KaHe pH-meTpAik
TUTPAEY KUCbIKTAPbIHbIH HITUXKeNepi 6OMbIHLWA rennaH odAOKCaLMHMEH UOHADBIK KIHE CYTEKTIK
6ainaHbicTap apKbinbl 2:1 MOIb/MOb KaTblHACTa KeweH Ty3eTiHAir aHbikTanabl. KelweHHiH
opTawa ruapoamnHamuKanblk enwemi 30715 Hm, A3eTa-noTeHUManbl Tepic, AFHM -15mB TeH.
lennaH-odNOKCALMH KelleHiHiH Ty3ineTiHiH UK-®ypbe cnekTpockonua, AMHAMUKaANbl XKapblKTbl
WalbIpaTKbIW, A3eTa-NOTEHUMaN XoHe TepMOrpaBMMETPUANbIK aHanu3AepMeH pacTangbl.
TennaH-obaoKCaLMHHIH eTe yKa naeHkacbl 0,3% CaCl, epiTiHAiCiHIH KaTbICbIHAA anbiHbIn, CY
oHe pocdaT bydepiHiH epiTiHAiciHe NneHKagaH Od)HOKcaLI,VIHHIH, LWbIFY KNHETMKACbI 3epTTensi.
[apinik 3aTTblH WbIFy KMHETUKaCchl YK-KepiHeTiH cnekTpockonuacbiHAa A, =289 HM TONKbIH
Yy3blHAbIFbIHAA aHblKTanbin, Putrep-Mlennac mopenimeH ecentengi. Cyp,a *aHe docoaT
bydepiHiH, epiTiHgiciHae A2piNiK 3aTTblH, LWbIFY KMHeTUKacbl PuUK 3aHblHA 6GafbiH6alAabl
KoHe aHomanbabl (Il kafgainpa) anododysua 6aiikanagbl. fennaH-odbaoOKcauMH NAEHKaCbIHaH
obNOKCAUMHHIH KymynaTueTi 6ocan woifybl docdat bydepiHae 96+2%, an AUCTUNAEHTEH cyaa
36+2% TeH 6onabl. 3epTTEYNEPAEH KYTETIH HOTUKE, reNNaH-0GNOKCALMH KelleHi Ke3 KacbiMeH
9peKeTTecKeHAe in situ renb Ty3in, A3PiNiK 3aTTbIH, 9Cep eTy Mep3iMiH y3apTagbl.

TyiiiH ce3pep: rennaH; odAoOKCcaLMH; KOMNAEKC Ty3y; A3pi-A3pMeKTi 6ocarTy.
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KomnnekcoobpasoBaHne Mmexay MNPUPOAHbIM  MOAMCAXapuAOM — TeNNaHoOM W
aHTUMMKPOBHBLIM nNpenapatom — O(AOKCALMHOM M3yyeHO B BoAHOM pacTBope. Kpusbie
KOHAYKTOMETPUYECKOro U pH-MeTpUYecKoro TUTPOBaHUA MOKasanW, YTo rennaH obpasyer c
opIOKCAaUMHOM BOAOPACTBOPUMbIA KOMNAEKC cocTasa 2:1 MOib/MONb, CTabUNN3UPOBAHHBIN
MOHHbIMW  B3aUMOAENCTBMAMM U  BOAOPOAHBIMM cBA3AMU. CpeaHernapoavHaMUYecKui
pasmep Komnnekca coctasnaet 307+5HM, a ero A3eTa-noTeHUMan oTpuuaTeneH w
paseH -15mB. O6pasoBaHWe Komniekca rennaH-odNOKCaUUH NOATBEPKAEHO AaHHbIMU
MK-®Oypbe  cnekTpockonuu, AMHAMMYECKOro  CBeTOpacceaHMA, [A3eTa-noteHuuana w
TEPMOrpaBMMETPUYECKOTO aHanu3a. TOHKaA NJeHKa rennaH-opaoKcauuH, NpPUroToBAEHHaA
B 0,3% pactBope CaCI2 6blna MCNONb30BaHa ANA U3YYEHUA KUHETUKM Bbixoda odaoKcauMHa B
Boay v ¢ocohaTtHbii bydpep. KMHETUKA BbiIxoga NeKapcTBa, UsyyeHHas meTogom YO-suanmmon
cnekTpockonuu npu A, =289 HM U BbIYUCAEHHAs NO MoOAeNU Putrepa-fennaca, 8 Boay
n docodaTHbIi bydep cooTseTcTBYET HEPUKOBCKOM M aHOMmanbHol (cnyuain 1) auddysum.
KymynatusHoe BbicBo60oXAeHMe odOKcaLMHa U3 NNEHOK rennaH-op0KCaLuH COOTBETCTBEHHO
paBHO 96+2% u 36+2% B dochaTHOMm bydepe u AUCTUAAMPOBaAHHOMN Boge. Oxupaerca, YTo
KOMNAeKc rennaH-odaokcaumH cnocobeH ob6pasosaTh in Situ renb B CNE3HOW KMAKOCTU U
NPOJIOHIMPOBATL BPEMA yAepXKaHUA eKapcTBa.

Kniouesble cnosa:
NeKapcTsea.
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1. Introduction

Over the past few decades, microbial polysaccharides
have attracted the attention of researchers due to their
advantageous physicochemical properties. Currently, one of
the most widely studied and comprehensively described
member of this group is gellan —a linear polymer consisting of a
tetrasaccharide repeating unit of 1,3-linked B-D-glucose,
1,4-linked B-D-glucuronic acid, 1,4-linked B-D-glucose, and
1,4-linked a-L-rhamnose produced by Sphingomonas elodea [1].
The fermentative production and manufacturing of gellan at
industrial scale is described in many reviews [2,3].

Due to its unique structure and beneficial properties,
gellanis currently described as a potent multifunctional additive
for various pharmaceutical products. Its specific gelling
properties in different media has led to the development of
controlled release formulations based on gellan. Various
formulations have been studied including oral, ophthalmic,
nasal and other [4, 5]. A recent report [4] suggests that gellan-
based materials can also be used in regenerative medicine,
dentistry or gene delivery. Gellan gum-based hydrogels exhibit
excellent in vivo and in vitro biocompatibility [6], tunable
physical mechanical and injectable properties [7-9] for
application in the regeneration of cartilage [7,8], tissue
engineering [10], cell encapsulation [11], nucleus pulposes
regeneration [12]. Recent progress in the design of multi-
functional hydrogels based on gellan gum in the context of
biomedical engineering and regenerative medicine is discussed
and summarized in recent reviews [4,13-15].

Gellan-based systems for the sustained delivery of
ophthalmic drugs are of great interest because the sol-gel
transition of gellan in response to mono- (Na*, K*) and bivalent
(Ca%, Mg*) cations present in tear fluid makes it suitable for
ophthalmic formulations as a thickening or gelling component
[14, 16]. Gellanis nontoxic and not harmful for human organisms
and is therefore widely used as a viscosifying additive in the
food industry [17]. The most popular ocular formulation based
on gellan is Timoptic XE® which is administered topically to the
eye and increases the drug bioavailability by 3-4 times, while it
considerably decreases the unfavorable effect in comparison
with the standard solution of timolol [18,19]. The systems
consisting of the model drug Gatifloxacin (0.3%) and gellan or a
mixture of gellan-sodium alginate-carboxymethylcellulose
exhibit mucoadhesive properties. In vivo experiments on ocular
delivery demonstrated that the drug retention was exceeding
12 h [20]. Combination of a Gerlite":alginate containing matrix
also shows the prolonged effect in vivo. The rheological
measurements showed that such mixtures exhibit pseudoplastic
character after contact with tear liquids [21]. The viscosity of a
microemulsion system containing terbinafine hydrochloride in
combination with mucin confirms the interaction of gellan and
mucin justifying the possibility of adhesion to biosurfaces [22].
Gellan gum and its methacrylated derivatives were tested as in
situ gelling mucoadhesive formulations of pilocarpine [23]. A
recent review [24] highlights the stimuli-responsive in-situ
gelling systems based on gellan gum studied using in vivo
models for glaucoma and various ocular infections. In spite of
the wide applications of gellan-drug combinations in medicine,

© 2022 The Authors
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pharmacy and biotechnology, the application of novel eye
drops of prolonged action based on gellan and ofloxacin in
ophthalmology was not described in the literature yet. Only one
information that we have found is ofloxacin loaded gellan/
poly(vinyl alcohol) nanofibers possessing gastroretentive/
mucoadhesive drug delivery potential [25].

The present communication describes the complexation
of gellan with ofloxacin to develop prolonged dosage eye drops
by the immobilization of the antibacterial drug — ofloxacin
within a matrix of biocompatible and biodegradable natural
polymer —gellan in the form of thin film. It is expected that the
eye drops consisting of gellan and ofloxacin will form a thin gel-
like film on the eye surface due to the presence of inorganic
ions in tear fluid and will provide delivery of ofloxacin for a
definite time.

2. Experiment

2.1 Materials

Commercial low acyl gellan with the molecular weight in
the range of (1-5)-10° Da was purchased from “Zhejiang DSM
Zhongken Biotechnology Co., Ltd.”, China, and used without
further purification. Antimicrobial drug — ofloxacin purchased
from Sigma-Aldrich (UK) was used as received. Reagent grade
phosphate buffer with pH 7.4 was purchased from Sigma-
Aldrich (UK).

2.2 Methods

FTIR spectra of samples were recorded using Carry 660
(Agilent, USA) using dried samples. The thermal characteristics
of samples were determined using TGA «Labsys EVO» Setaram
(France). The average hydrodynamic sizes and Z-potentials
were measured using Malvern Zetasizer Nano ZS90 (UK).
Absorption spectra were registered by UV-Vis spectroscopy
(Specord 210 plus BU, Germany). Conductimetric and pH-
metric titrations were carried out on Modular conductivity
meter 856 Conductivity Module Metrohm and Automatic
Titrator 905 Titrando Metrohm (Switzerland). Mini-magnetic
stirrer IKA Topolino (Germany) was used for gentle stirring of
the solution (around of 50 rpm) in order not to damage the
hydrogel film.

2.3 Preparation of gellan-ofloxacin films

Gellan-ofloxacin films were prepared by mixing of a 10 mL
103 mol-L? gellan solution and 5 mL 10 mol-L* ofloxacin (2:1
mol/mol) and adding 1 mL 0.3 wt.% CaCl, to this mixture to
achieve a uniform dispersion and gelation. Casting of the fluid
gel into Petri dishes and allowing it to stand at room
temperature and afterwards drying for 24 h, leads to the
formation of an insoluble in water gellan-ofloxacin flexible film.
Circular pieces of each film, 4.0£0.2 mm in diameter and
0.5+0.1 mm thick, were cut with a cork borer and were used for
drug delivery studies. Each piece of weighed film was
approximately equal to 101 mg.

2.4 Evaluation of release rate of ofloxacin from gellan-
ofloxacin films

The release rate of ofloxacin from the gellan-ofloxacin
films was studied as follows. Small pieces of gellan-ofloxacin
films (d =4.0+0.2 mm, h =0.52£0.1 mm) were placed in glass vials
at room temperature (25+1°C) and soaked in either 8 mL
distilled water or phosphate buffer under gentle stirring (around
of 50 rpm) in order not to damage the hydrogel film [26]. From
time to time 2 mL of the solution were taken to measure the
absorbance of ofloxacin at 289 nm. These experiments were
performed under sink conditions and to keep the volume of the
solution constant, the 2mL solution taken for UV-Vis
measurement were compensated by adding 2 mL of distilled
water or phosphate buffer, respectively [25]. The accumulative
release was calculated by formula [27]:

Cumulative percentage release, % =

_ Volume of sample withdrawn, mL
- Bath volume, mL

<P +P,

where P_is the percentage release at time t; P___ is the
percentage release previous to “t”

and the results were shown as mean £ SD. The cumulative
release of ofloxacin is the total amount (in percentage) of
ofloxacin released from the gel matrix during the full time of
experiments until the full or partly release of drug will be
reached.

3. Results and Discussion

Addition of an aqueous solution of ofloxacin to an
aqueous solution of gellan leads to the decrease in the electrical
conductivity and pH of the system due to the formation of both
ionic and hydrogen bonds between the two components
(Figure 1). Partial neutralization of glucuronic acid of gellan by
tertiary amine groups of ofloxacin and formation of hydrogen
bonds with participation of carboxylic groups of drug and
polymer chain is responsible for sharp decrease in conductivity
and gradually decrease the pH of the solution. After formation
of gellan-ofloxacin complex of definite composition, the excess
of drug molecules significantly increases the conductivity and
slightly decreases pH of the system. Such phenomenon is
usually specific for interpolymer or polymer-drug complexes
stabilized by ionic and hydrogen bonds or both [28,29]

The composition of gellan-ofloxacin determined from the
minimum and the bend in the conductimetric and pH-metric
titration curves was approximately equal to [gellan]:[ofloxacin]
=2:1 mol/mol. Taking into account that the molar composition
of gellan-ofloxacin determined by the conductimetric and pH-
metric titration curves is close to 2:1 mol/mol, the speculative
structure of the complex can be represented as shown
in Figure 2.
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Figure 1 — Conductimetric (a) and pH-metric (b) titration curves of gellan with ofloxacin. [Gellan] =
1-10° mol-L. The volume of gellan solution used for the titration is 10 mL.

[Ofloxacin] =

7.8+
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=
o
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Figure 2 — Schematic representation of the intra-macromolecular gellan-ofloxacin complex of composition 2:1 mol/mol

It should be noted that ofloxacin can be involved into both
intra-macromolecular and inter-macromolecular complexation
with both hydroxyl and carboxyl groups of gellan. Formation of
a gellan-ofloxacin complex of composition 2:1 mol/mol is also
confirmed by DLS measurements (Table 1).

The minimal values of average hydrodynamic size and
zeta-potential of the complex gellan-ofloxacin confirm the
composition of 2:1 mol/mol. The negative charges of gellan,

ISSN 1563-0331
elSSN 2312-7554

ofloxacin and the complex particles is due to the presence of
carboxylic groups in the structure of all substances. The
minimum value of zeta-potential (- 14.9 mV) in case of the
gellan-ofloxacin complex 2:1 mol/mol is probably related to the
partial neutralization of the carboxylic groups of gellan by the
amine groups of ofloxacin and the involvement of the carboxylic
groups of gellan and ofloxacin in the formation of hydrogen
bonds as schematically shown in Figure 2.
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8 Ophthalmic drug delivery system based on the complex of gellan and ofloxacin

Table 1 — The average hydrodynamic size and zeta-potential of gellan, ofloxacin and a mixture of gellan-ofloxacin of different
composition

Composition of gellan-ofloxacin, mol/mol Average hydrodynamic size, nm Zeta-potential, mV
4:1 33645 -43.0%2
2:1 30745 -15.0+1
11 31545 -40.0+2
1:2 3384 -21.045
1:4 37042 -25.045
Gellan 605+10 -41.0£2
Ofloxacin 187+3 1.0£3

The FTIR spectra of dry gellan, ofloxacin and the complex  of the hydrogen bonding of the carboxylic groups of ofloxacin
of gellan-ofloxacin (2:1 mol/mol) are shown in Figure 3 together  with the hydroxyl or carboxyl groups of gellan. In addition, the
with the identification of some characteristic bands (Table 2). C-N stretching vibration of ofloxacin at 1549 and 1522 cm™ are

As revealed from the FTIR spectra, the intensive peak at  shifted to 1537 cm™ confirming the involvement of the amine
1712 cm™ disappears in the complex of gellan-ofloxacin because  groups of ofloxacin in the formation of ionic bonds.

== ]
4000 3500 3000 2500 2000 1500 1000

‘Wavenumber

Figure 3 — FTIR spectra of dry gellan, ofloxacin and the gellan-ofloxacin complex of composition 2:1 mol/mol

Table 2 — Identification of the characteristic bands of gellan, ofloxacin and the gellan-ofloxacin complex (2:1 mol/mol)

Wavenumber, cm*

Gellan Ofloxacin Gellan-ofloxacin complex Band assignments
(2:1 mol/mol)

3369 - 3376 OH stretching
2928 3044-2786 2920, 2857 CH stretching
- 1712 - C=0 stretching of COOH groups
1607 1621 1615 COO stretching
- 1549, 1522 1537 C-N stretching

1459 1453 C-C stretching in benzene ring
1408 1406 1399 CH deformation
1037 - 1039 C-O-C stretching

BecTHuK KasHY. Cepua xummyeckana. — 2022. — Ne 2
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DTA curves of the individual components and the complex
are shown in Figure 4. Decomposition of the gellan backbone
takes place between 200 and 300°C. The sharpest weight loss is
observed at 249°C that coincides well with the literature [16]
which reports the thermal decomposition of ofloxacin at 243°C.
In the case of the gellan-ofloxacin complex (2:1 mol/mol) the
decomposition peaks of the individual components (gellan and
ofloxacin) fully disappear demonstrating a weight loss for the
complex at 338 and 379°C. This is related to the formation of
the gellan-ofloxacin complex as the sole compound.

0.0
[ P 338 379
S -0.54 243
0
3
E — Gellan
% -1.04 —— Gellan-Ofloxacin
3 (2:1 mol/mol)
2 —— Ofloxacin
@
0 1.5
249
-2.0 T T T
200 300 400

Temperature, °C

Figure 4 — DTA curves of gellan, ofloxacin and the gellan-
ofloxacin (2:1 mol/mol) complex

The release kinetics of ofloxacin from the gellan-ofloxacin
thin films, gelled by addition of 0.3 wt.% CaCl,, were evaluated
using UV-Vis spectroscopy by detecting the time dependent
absorption spectra of ofloxacin at A = 289 nm in distilled water
and phosphate buffer at room temperature (Figure 5).

As seen from Figure 6 the release kinetics of ofloxacin
from the gellan-ofloxacin (2:1 mol/mol) thin films into distilled
water and phosphate buffer is different. During 30-40 min, the

0.4-
0.3 a)
=}
3 —h,0
g —
e 0.2- —5
3 —10
§ 15
20
< 0.1 —_—2
/\ _®
— 30
0.0

260 270 280 290 300 310 A,nm

0.8+
2
0.6 4
8 1
c
S04 -
3 1
el
<
0.2
0.()-I T T T T
0 10 20 30 40
t, min

Figure 6 — Release kinetics of ofloxacin from the gellan-
ofloxacin thin films, gelled by the addition of 0.3 wt.% CaCl,,
into distilled water (1) and phosphate buffer (2) at 25+1°C

release of ofloxacin in phosphate buffer is 2 times faster
compared to that in distilled water; this is related to the
presence of inorganic ions in the buffer solution that reduce the
strength of the polymer-drug ionic bonds. Calculation of the
release kinetics using the Ritger-Peppas model [30] expressed
as A,/A,o = kt" (where A s the absorbance of ofloxacin at time t,
A_ is the absorbance of ofloxacin at infinite time t_, k is a
structural/geometric constant for a gelled film, n is the release
exponent representing the release mechanism) corresponds to
non-Fickian diffusion (n = 0.59) in distilled water and Case Il
transport (n =0.95) in phosphate buffer. The percentage release
of ofloxacin into distilled water after 30 min and phosphate
buffer after 40 min was leveled off at = 12+1% and = 4+0.5%
respectively (Figure 7). The cumulative release of ofloxacin from
the gellan-ofloxacin films calculated by procedure [27] is equal
to 3612% and 96+2% into distilled water and buffer solution
respectively (Figure 8). In the case of distilled water, the release
of ofloxacin may be influenced by the hydration and swelling of
the gellan film, the penetration of water into the gel matrix

0.6 b) —— buffer
S —— 1 min
:. —— 5 min
o —— 15 min
g 041 20 min
€ —— 22 min
2 25 min
Q
< —— 30 min

0.2+ 35 min

v/’_\ —— 40 min
0.0 T T T T T
260 270 280 290 300 310 A,nm

Figure 5 — Time-dependent absorbance of ofloxacin from the gellan-ofloxacin (2:1 mol/mol) thin films gelled by the addition of 0.3
wt.% CacCl, into distilled water (a) and phosphate buffer (b) at 25+1°C

ISSN 1563-0331
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10 Ophthalmic drug delivery system based on the complex of gellan and ofloxacin

resulting in the passive diffusion of ofloxacin from the gel
matrix. The faster release of ofloxacin into the buffer solution
was attributed to the destruction of the ionic bonds, formed
between the carboxylic groups of gellan and the amine groups
of ofloxacin, by the ionic species of the solution, which is
accompanied by an enhanced diffusion of ofloxacin from
the gel matrix.

Released ofloxacin, %

0 T T T
0 10 20 30

40 t, min

Figure 7 — Percentage of released ofloxacin into distilled
water (1) and phosphate buffer (2) from the gellan-ofloxacin
thin films, gelled by the addition of 0.3 wt.% CaCl,
at 25+1°C
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Figure 8 — Cumulative percentage release of ofloxacin from
gellan gel matrix into distilled water (1) and phosphate buffer
(2) from the gellan-ofloxacin thin films, gelled by the addition

of 0.3 wt.% CaCl, at 25+1°C
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