Taylor &Francis
Drug Delivery

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/idrd20

Hybrid thermosensitive-mucoadhesive in situ
forming gels for enhanced corneal wound healing
effect of L-carnosine

Zeinab Fathalla, Wesam W. Mustafa, Hamdy Abdelkader, Hossam
Moharram, Ahmed Mohamed Sabry & Raid G. Alany

To cite this article: Zeinab Fathalla, Wesam W. Mustafa, Hamdy Abdelkader, Hossam Moharram,
Ahmed Mohamed Sabry & Raid G. Alany (2022) Hybrid thermosensitive-mucoadhesive in situ
forming gels for enhanced corneal wound healing effect of L-carnosine, Drug Delivery, 29:1,
374-385, DOI: 10.1080/10717544.2021.2023236

To link to this article: https://doi.org/10.1080/10717544.2021.2023236

© 2022 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

@ Published online: 24 Jan 2022.

N
C;/ Submit your article to this journal

||I| Article views: 333

A
& View related articles '

oy

(&) View Crossmark data &'

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=idrd20


https://www.tandfonline.com/action/journalInformation?journalCode=idrd20
https://www.tandfonline.com/loi/idrd20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/10717544.2021.2023236
https://doi.org/10.1080/10717544.2021.2023236
https://www.tandfonline.com/action/authorSubmission?journalCode=idrd20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=idrd20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/10717544.2021.2023236
https://www.tandfonline.com/doi/mlt/10.1080/10717544.2021.2023236
http://crossmark.crossref.org/dialog/?doi=10.1080/10717544.2021.2023236&domain=pdf&date_stamp=2022-01-24
http://crossmark.crossref.org/dialog/?doi=10.1080/10717544.2021.2023236&domain=pdf&date_stamp=2022-01-24

DRUG DELIVERY
2022, VOL. 29, NO. 1, 374-385
https://doi.org/10.1080/10717544.2021.2023236

Taylor & Francis
Taylor &Francis Group

RESEARCH ARTICLE

8 OPEN ACCESS ‘ N Checkforupdates‘

Hybrid thermosensitive-mucoadhesive in situ forming gels for enhanced corneal

wound healing effect of L-carnosine

Zeinab Fathalla®, Wesam W. Mustafa®<, Hamdy Abdelkader®®*

and Raid G. Alany™®

, Hossam Moharram®, Ahmed Mohamed Sabry®

Pharmaceutics Department, Faculty of Pharmacy, Minia University, Minia, Egypt; "Department of Chemical and Pharmaceutical Sciences,
Kingston University London, Kingston upon Thames, UK; “Department of Pharmacy, Al-Mustafa University College, Baghdad, Iraq;
dPharmaceutics Department, Faculty of Pharmacy, Deraya University, New Minia, Egypt; °Ophthalmology Department, Faculty of Medicine,
Minia University, Minia, Egypt; ‘Drug Discovery, Delivery and Patient Care Theme, Faculty of Science, Engineering and Computing, Kingston

University, Kingston upon Thames, UK; 9School of Pharmacy, The University of Auckland, Auckland, New Zealand

ABSTRACT

Purpose: Thermosensitive in situ gels have been around for decades but only a few have been trans-
lated into ophthalmic pharmaceuticals. The aim of this study was to combine the thermo-gelling poly-
mer poloxamer 407 and mucoadhesive polymers chitosan (CS) and methyl cellulose (MC) for
developing effective and long-acting ophthalmic delivery systems for L-carnosine (a natural dipeptide
drug) for corneal wound healing.

Methods: The effect of different polymer combinations on parameters like gelation time and tempera-
ture, rheological properties, texture, spreading coefficients, mucoadhesion, conjunctival irritation
potential, in vitro release, and ex vivo permeation were studied. Healing of corneal epithelium ulcers
was investigated in a rabbit’s eye model.

Results: Both gelation time and temperature were significantly dependent on the concentrations of
poloxamer 407 and additive polymers (chitosan and methyl cellulose), where it ranged from <10s to
several minutes. Mechanical properties investigated through texture analysis (hardness, adhesiveness,
and cohesiveness) were dependent on composition. Promising spreading-ability, mucoadhesion, trans-
corneal permeation of L-carnosine, high ocular tolerability, and enhanced corneal epithelium wound
healing were recorded for poloxamer 407/chitosan systems.

Conclusion: In situ gelling systems comprising combinations of poloxamer-chitosan exhibited superior
gelation time and temperature, mucoadhesion, and rheological characteristics suitable for effective

ARTICLE HISTORY
Received 3 November 2021
Revised 15 December 2021
Accepted 20 December 2021

KEYWORDS

L-carnosine; in situ gel-
forming; cornea; ocular
delivery; gelation time and
temperature; tex-

ture analysis

long-acting drug delivery systems for corneal wounds.

Introduction

The cornea is a transparent ocular tissue at the front of the
eye. The cornea has both protective and refractive functions.
The normal structure and function of the cornea can be
adversely affected by many factors, such as trauma, surgery,
and applied ocular drugs (Ljubimov & Saghizadeh, 2015). The
ultimate outcome is corneal ulcers and corneal blindness if
left untreated. The available treatment options are limited to
ocular lubricant and antibiotics without an effective drug
therapy that treats corneal wound healing. L-carnosine is a
native dipeptide biosynthesized from pB-alanine and I-histi-
dine through carnosine synthase (Mendelson, 2000). L-carno-
sine is an antioxidant commonly found in human tissues,
such as muscles and brain (Cao et al,, 2021).

Recent reports highlighted its benefits for treating age-
related ocular diseases, such as cataracts and corneal

disorders. This is because of three main favorable characteris-
tics that have been attributed to this dipeptide drug
(Litwack, 2018). L-carnosine has antioxidant effects, metal
chelating, and antiglycation properties (Turner et al.,, 2021).
These features protect aging ocular tissues from oxidative
stress, glycation, and post-translational modification of struc-
tural (lens crystallins) as well as functional (enzymes) proteins
in the human eye (Babizhayev et al., 2009, 2002). Recent
reports highlight the role of L-carnosine as a potential anti-
cancer agent (Gaafar et al, 2021; Turner et al, 2021).
Pegylated liquid crystalline nanoparticles loaded with L-car-
nosine have been investigated for superior antitumor activ-
ities compared to L-carnosine alone and L-carnosine
phytosomes (Gaafar et al., 2021).

L-carnosine has been reported to promote corneal wound
healing without scar formation. These wound healing proper-
ties are attributed to repairing impaired metabolism in the
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cornea by protecting native proteins in the corneal tissues
from oxidative damage and modulating the inflammatory
responses (Quinn et al., 1992).

There are scarce reports on the development of eye for-
mulations for L-carnosine; however, the more lipophilic pro-
drug derivative of N-acetyl carnosine has been patented in
the USA and is available as eye drops containing 1% N-acetyl
carnosine (Can-C®). N-acetyl carnosine undergoes biotrans-
formation into L-carnosine upon topical ocular administration
(Babizhayev et al., 2009).

Preformulation studies on the active form L-carnosine
indicated that the drug has considerable chemical stability
and a log p-value of ~.03. Therefore, L-carnosine has bal-
anced hydrophilicity-hydrophobicity attributes where perme-
ation through the lipophilic corneal barrier is likely to be the
rate-determining step in its ocular absorption (Abdelkader
et al.,, 2015).

In situ gelling drug delivery systems (also called gel-form-
ing systems) can offer several advantages over preformed
gels. In situ gels are suitable for simple and scalable prepar-
ation; they offer the convenience of being administered as
free-flowing solution eye drops; and converted to gel on the
ocular surface. The in-situ gels retain the drug at the elected
superficial region and potentially reduce the frequency of
administration (Cassano et al., 2021). In this respect, polox-
amers have tissue penetration enhancing properties that
could facilitate hydrophilic drugs like L-carnosine for access-
ing the corneal lipid barrier. Poloxamer 407-based hydrogels
have been investigated for mucoadhesive properties, time-
release properties, and tissue tolerability (Zhang et al., 2015;
Giuliano et al., 2018). Chloramphenicol (antibiotic) in situ gels
for ocular delivery were based on the combination of polox-
amer 407 and hydroxypropyl methyl cellulose; they showed
optimized viscosity, pH, and gelling capacity (Kurniawansyah
et al,, 2020). Poloxamer belongs to a unique synthetic non-
ionic polymer with surface-active properties due to contain-
ing an inner hydrophobic core of poly (propylene oxide) and
outer hydrophilic chains of poly (ethylene oxide). Poloxamers
have favorable physiological properties, such as thermal-
dependent gelation and self-assembly as well as acceptable
biocompatibility, high drug-loading capacity, and tissue toler-
ability that renders poloxamer-based gels promising drug
delivery systems (Zarrintaj et al., 2020, Carvalho et al., 2021).
Poloxamers can be considered safe for both oral and dermal
application with LD 50% ~5g/kg and when applied one
daily for 14days, no skin erythema or sensitization times
were recorded (Carvalho et al., 2021).

However, thermal gelation usually occurs at a relatively
high concentration of poloxamers (>15% w/w) at physio-
logical eye surface conditions. This might pose toxicological
and irritation concerns to the ocular tissues. In addition, the
onset of gelation of poloxamer alone varies from seconds to
minutes which would be long enough for significant drug
loss (Fathalla et al., 2017). These conditions might not suit
the dynamic properties on the surface of the eye from fre-
quent blinking and rapid turnover of tear fluid (Lang et al,
2002). This retardation of sol-to-gel transition may likely lead
to drug loss of the instilled dose due to the rapid dilution by
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precorneal tear and reflex tearing. To the best of our know-
ledge, there are limited reports on hybrid gels comprising
poloxamers combined with mucoadhesive polymers for opti-
mized ocular drug delivery in terms of rheological, mechan-
ical, mucoadhesion, spreading ability, and overall ocular
safety and efficacy.

The goal of this work was to explore the possibility of
combining poloxamer with other mucoadhesive polymers,
such as chitosan (CS) and methylcellulose (MC) in an attempt
to develop an in-situ gelling formulation with optimized gel-
ation time, temperature muco-adhesive characteristics, and
improved corneal wound healing properties. Gelation of
poloxamer mainly relies on micelles packing and entangle-
ment (Cabana et al, 1997). The inclusion of drugs or addi-
tives has been reported to interfere with micelles formation,
and subsequently, interfere with the sol-to-gel transition
temperature (Tsol-gel) (Edsman et al., 1998).

This study reports on the effects of CS and MC on Tsol-
gel of the poloxamer 407 used. The in-situ gelling polox-
amer-based preparations loaded with L-carnosine (LC) were
evaluated for their mechanical rheological spreading as well
as mucoadhesive properties. Ex-vivo permeation studies were
carried out to establish the possibility of using in situ gelling
combinations of poloxamer-MC and poloxamer-CS as novel
hybrid polymeric carrier systems for LC to the ocular surface.

Materials

L-carnosine (LC), poloxamer 407 (P407, culture tested), chito-
san (CS) high molecular weight (Brookfield viscosity 800,000
CP), methyl cellulose (MC), porcine mucin, and benzalkonium
chloride (BKC) were purchased from Sigma Aldrich, the UK.

Preparations of in situ gels

P407 solution was prepared using the cold method. In brief,
accurately weighed amounts of the polymers were added to
cold aqueous solutions of CS or MC that were set at 4°C (as
shown in Table 1). The polymer solutions were kept in a cold
room for 24 h under constant stirring to ensure complete dis-
solution. CS was dissolved in acetic acid (1% v/v) and the
final pH of CS solution was raised to 5.5 using an aqueous
solution of sodium hydroxide (1 M). For drug-loaded gels, LC
was added and dissolved in CS or MC solutions, then the
P407 was finally dissolved to form final LC (1% w/v)-loaded
in situ gels.

Physicochemical characterization of formulations
Gelation time and gelation temperature

The time required for the onset of gelation and subsequent
transition from sol-to-gel was called gelation time. This par-
ameter was recorded employing aluminum pans that were
mounted on a hot plate prewarmed to 35°C. Once the alu-
minum pan was hot enough, a few drops of the test formu-
lations (Table 1) were placed on the hot pan using a
micropipette. The aluminum pan was tilted at a right angle
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Table 1. Composition of the prepared in situ gels, gelation time, gelation temperature and pH.

No. Formulation* P407 (%w/v) CS/MC (%w/v) Gelation temperature (°C) Gelation time (s) pH

1 F-P1 14 - 40.0+0.9 Over 7 min 6.21+0.01
2 F-P2 16 - 325+0.5 30.2+5.6 6.90 +0.02
3 F-P3 18 - 341+09 203+1.9 72+0.14
4 F-P4 20 - 303+0.5 12.3+5.1 7.1+£022
5 F-P5 22 - 29.0+1.0 11.4+3.0 6.80+0.33
6 F-P6 25 - 25.0+0.5 9.2+1.7 7.25%0.05
7 F-P7 30 - 20.5+0.5 75+23 7.30+£0.22
8 F-P2/CS0.5 16 0.5 31.1+£15 55.2+8.5 6.04+0.13
9 F-P2/CS1 16 1 30.2+2.8 33120 6.07 £0.07
10 F-P2/CS1.5 16 1.5 29.1+13 30.8+2.5 6.00+0.02
1 F-P3/CS0.5 18 0.5 320+0.5 17.9+3.5 6.15+0.23
12 F-P3/CS1 18 1 345+0.5 135+24 6.10+0.01
13 F-P3/CS1.5 18 1.5 31.0x1.5 125+28 6.01+0.11
14 F-MCO0.5 - 0.5 - Over 6 min 6.03 +£0.02
15 F-MC1 - 1 - Over 6 min 6.55+0.04
16 F-MC1.5 - 1.5 - Over 6 min 6.77 £0.21
17 F-P2/MC0.5 16 0.5 34.0x0.5 22.6+3.3 7.07 £0.01
18 F-P2/MC1 16 1 31.0+0.5 20.1+1.2 7.00+0.02
19 F-P2/MC1.5 16 1.5 24.0+1.00 445+27 6.90 +0.22
20 F-P3/MC0.5 18 0.5 340+13 13.2+1.7 7.10+0.11
21 F-P3/MC1 18 1 33.0£0.99 15321 7.22+0.04
22 F-P3/MC1.5 18 1.5 240+1.5 458+5.1 7.40%0.05

Data are expressed as mean values + SD (n=3).
*All formulations contained L-carnosine with a concentration of 1% w/v.

(90°) to see if the formulation has turned into the gel or still
liquid. The final gelation time is the point at which the
instilled formulation drops became thick and ceased moving
upon tilting. A stopwatch was used to record the time of
gelation. The same procedure was repeated for all the pre-
pared in situ gelling formulations and the results were pre-
sented as the average of triplicate samples (n=3).

The temperature at which the sol-gel transition occurred
was called gelation temperature (Tsol-gel). This temperature
was recorded using the visual tube inversion method. Each
formulation was kept at fridge temperature (4-8°C), trans-
ferred into a glass test tube; a thermometer was placed in
the test solutions left at ambient conditions; once raised to
the room temperature, the test tube was transferred into a
water bath at a temperature of 25+1°C. The temperature
was gradually raised at a rate of 1°C/min and the tempera-
ture at which gelation occurred (the surfaces remained
immobile by tiling the tubes to the horizontal position) was
recorded (Ur-Rehman et al., 2011).

Rheological characteristics

The viscosity of the developed in situ gels was determined at
different rotational speeds (10-100rpm) and constant tem-
perature using a rotational viscometer (Brookfield DV-II,
Essex, UK) equipped with spindle 62.

Texture analysis

Mechanical properties of the prepared in situ gels were
studied using a TA-XT-plus Texture Analyzer (Stable micro-
Systems, Surrey, the UK) as previously reported (Fujimoto
et al, 2016). Sample formulations (35g each) were placed in
50-ml glass beakers. An analytical probe (1 cm diameter) was
immersed twice in each gel sample at a predetermined rate
and depth of 1Tmm/s and 10mm, respectively, allowing a

delay period of 10s between each immersion. The maximum
force required to penetrate to that depth is called gel
strength. Measurements were performed at two tempera-
tures (4 and 35°C). From the force-distance curve created by
the Texture Exponent 32 software; the following texture
parameters were estimated:

Gel strength (hardness) is the maximum force (mN) of the
positive peak; cohesiveness is the area under the curve
(AUC), of the positive area in mN-mm; adhesiveness is
(AUQ), of the negative area in mN-mm, as shown in Figure 1.

Spreading-ability of L-carnosine loaded formulations

Contact angle and spreading coefficient

Contact angle (0) is the angle formed where the liquid-vapor
interface meets the solid surface. This was experimentally
determined by using a drop shape analyzer (Kruss Drop
Shape Analysis, Hamburg, Germany).

Complete wetting of the solid surface is achieved when 0
is equal to zero. Wetting in which a liquid spreads over the
solid surface is known as spreading. The tendency of spread-
ing can be assessed by determining the spreading coefficient
(S) as expressed by Equation (1) (Florence & Attwood, 1998):

S = vy (cos B -1) (1)

Where S is the spreading coefficient, y is the tension the
surface tension of the liquid placed onto the solid substrate
and 0 is the contact angle.

The vy values for L-carnosine in situ gels were determined
using a Torsion balance (Malvern Wells, UK).

Ocular irritation studies

HET-CAM

The in vitro ocular irritation based on modified hen’s egg
chorioallantoic membrane (HET-CAM) assay was adopted to
investigate the conjunctival irritation of selected in situ gels
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Figure 1. Representative texture analysis profile (force vs. time plot) to demonstrate the three parameters measured (hardness, cohesiveness, and adhesiveness).

(Abdelkader et al., 2012). Fertilized White Leghorn eggs were
incubated at temperature and relative humidity of
37.5+£0.5°C and 66 + 5%, respectively for 3 days. After 3 days
of incubation, the eggshells were opened by cracking and
the content was poured into growing Petri dishes. The yolk
sacs were examined for any visible rupture. Living embryos
with an intact yolk sac were incubated further and utilized
for the irritation investigation assay. The following samples
were used:

Sodium hydroxide (1 M) as positive control; propylene gly-
col as mild-to-moderate irritant control; saline was used as a
negative control. These three controls were employed for
validation purposes.

Once a test formulation is placed on the CAM a time-
dependent numerical score was adopted for the signs of
conjunctival irritation of hyperemia, hemorrhage, and clot-
ting as described before (Abdelkader et al., 2012).

Mucoadhesion studies

Mucoadhesion of selected in situ gels was studied using the
Texture analyzer (Stable micro-Systems, Surrey, the UK) as
previously mentioned (Abdelkader et al., 2020). The specified
amounts (0.25g) of porcine mucin were compressed into
10mm disks using an IR hydraulic press under a force of 10
tons for 30s. The disks were fixed to the lower end of the
Texture analyzer probe (10 mm in diameter) using a double
adhesive tape. A sample of selected in situ gelling formula-
tions equal to 25g was pre-equilibrated at 35°C in a water
bath. The probe with mucin disk was gradually forced onto
the gel surface. A force (59) was exerted for 3min to ensure
intimate contact between the mucin disk and the surface of

the gel. The probe was pulled at a speed of 0.5mm/s to a
distance of 0.5cm. The force (mN) needed to separate the
disk from the gel was recorded and called the force of adhe-
sion. Another mucoadhesion parameter called the work of
adhesion (mN.mm) was estimated from the area under force
(Figure 2) (Xu et al., 2014).

Scanning electron microscopy

The surface of selected L-carnosine in situ gels (F-P3/CS0.5
and F-P3/CS1) was imaged and studied using SEM Carl Zeiss
EVO 50, Cambridge, the UK. The microscope used was and
equipped with a tungsten source and operated at an acceler-
ation voltage equal to 10KV. The surface of the gel was sput-
tered with gold.

In vitro release

One ml aliquot of selected in situ gel formulations was trans-
ferred into the donor compartment of the Franz diffusion
cells (Logan Instrument Corp., NJ, USA). The receptor com-
partment was filled PBS (12ml) under stirring. Dialysis mem-
brane (12-14kDa molecular weight cut-off) separated the
two compartments. The temperature was adjusted at
35+0.5°C. The amount of LC released was quantified using
the HPLC method that was previously published elsewhere
(Abdelkader et al., 2015). The HPLC system consisted of an
isocratic mobile phase system (98% v/v: 2% v/v of trifluoro-
acetic acid (0.1% v/v): acetonitrile with flow rate of 1 ml/min.
a Supelcosil C18 column (5um; 25x0.46cm, Supelco
Corporation, PA, USA) at 40°C; and UV detector set at
220 nm; and injection volume of 30 pl.
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Figure 2. Representative mucoadhesion profile (force vs. time) using mucin disk detachment from the formulation.

The cumulative release data were fitted into kinetics mod-
els (zero-order, first-order, and Higuchi Diffusional models) to
elucidate drug release mechanisms from the selected gel
formulations.

Transcorneal penetration studies

The transcorneal permeation studies were performed using
the Franz diffusion cells (Logan Instrument Corp., NJ, USA).
The bovine eyes were collected from a local abattoir and
were treated and dissected as previously described (Gaballa
et al., 2020). The recipient compartment was filled with PBS
(12ml), and the donor compartment was filled with 1 ml of
LC formulations. Two LC-loaded in situ gels (PCS12, PMC9)
were studied. Drug solution (10 mg/ml) was used as a con-
trol. One ml of each sample equivalent to 10 mg/ml of LC
was transferred into the donor compartment. The diffusion-
cell system was maintained at 35+0.5°C. The amount of LC
permeated across the mounted cornea (surface area
1.77 cm?) was analyzed by the HPLC method as described in
the previous section.

The cumulative amounts of LC permeated were plotted
against time and corrected for surface area. The apparent

permeability coefficient (P,p,) was estimated through
Equation (2):
F
P =2 Go @

Where F is the flux which is the slope of the cumulative
drug permeation vs. time, A is the surface area and Co is the
initial drug concentration.

In vivo pharmacodynamic study (corneal ulcer
induction and healing)

This study was approved by the Commission on the Ethics of
Scientific Research under project code no. ES 10/2020,
Faculty of Pharmacy, Minia University. of Ten rabbits, weigh-
ing between 1.5 and 2.0 kg, were grouped into two groups:
group 1 received LC solution in their left eyes, and group 2
received F-P3/CS1 in their left eyes. The right eyes of both
groups were left untreated and served as control.

Corneal ulcers were induced in both eyes using 70% ethyl
alcohol by the alcohol delamination method as described
before (Abdelkader et al, 2018). After induction of corneal
ulcers, a single drop of each test formulation was instilled
every 12h for 3days. Percentage (%) changes in ulcer size
were determined using Equation (3):

D1-D
% A Ulcer size = ( o n)*100 (3)

where: D1 is the diameter of the ulcer at day 1, Dn is the
diameter of the ulcer at day 2 or day 3.

Statistical analysis

Flux, apparent permeability coefficients, and cumulative irri-
tation scores were represented as mean values* standard
deviation (SD). Statistical analysis was performed using a
one-way ANOVA; p < .05 and <.001 were considered statistic-
ally significant. Tukey's pair-wise comparison was conducted
and set at a 95% confidence interval. Analyses were



performed using Graph Pad Software Version 3.05; San
Diego, CA, USA.

Results and discusssion

Twenty-two t hybrid in situ gelling formulations were pre-
pared and studied with different poloxamer 407 (P) concen-
trations (14-30% w/v) and in combination with chitosan (CS)
or methylcellulose (MC) using three different concentrations
(0.5-1.5% w/v) of these two polymers. The prepared in situ
gelling systems showed a pH range of 6-7.4 (Table 1). This
indicates that the prepared gels were physiologically com-
patible with the ocular surface that which has pH in the
range of 7.11£ 1.5 (Lim et al., 2014).

Gelation time and gelation temperature

Both gelation time and temperature (Tsol-gel) were recorded
for the prepared in situ gel-forming systems (Table 1). It is
obvious that both parameters were markedly dependent on
the poloxamer 407 (P) concentration and the overall com-
position, where the changes in MC concentrations (0.5-1.5%)
did not bring any observable changes in either gelation time
and Tsol-gel. For example, the (Tsol-gel) were significantly
(p < .05) lowered from 40 to 32°C and the gelation time dra-
matically reduced from over 7 min to 30s with changing the
P concentration from 14% (F-P1) to 16% (F-P2), respectively.

Furthermore, hybrid formulations of poloxamer 407 at the
optimized concentrations of 16% and 18% with three differ-
ent concentrations (0.5, 1.0, and 1.5%) of CS did not mark-
edly change the Tsol-gel; however, gelation time was
reduced. F-P3-CS1 displayed a short gelation time (13.55s)
and Tsol-gel (34.5°C) which is comparable to the physio-
logical ocular surface temperature. Similar results were
obtained for F-P3-MCO0.5 with gelation time and temperature
of 13s and 34°C, respectively.

The mechanism of thermal gelation of poloxamer is well-
established. The temperature is the trigger that induces swel-
ling of micelles comprising hydrated polyethylene oxide
(PEO) chains at the outer hydrophilic shell and polypropylene
oxide (PPO) chains in the inner hydrophobic core. Generally,
increasing concentrations of poloxamers led to increasing
the number of micelles and consequently reduces the gel-
ation time and temperature. Similar results were reported
elsewhere (Collaud et al., 2008).

Systems formulated with concentrations of poloxamer 407
below 14% w/v did not display gel characteristics at a tem-
perature well above the body temperature and gelation time
>7min; on the contrary, concentrations >20% resulted in
gel characteristics at ambient conditions. An increase of P
concentrations >20% w/v reduced Tsol-gel to sub-physio-
logical temperature and near ambient conditions (20-25 °C).
Also, using relatively higher concentrations (1.5%) of MC
obviously dropped the gelation temperature and prolonged
gelation time. This was recorded on F-P2/MC1.5 and F-P3/
MC1.5 compared to F-P2 and F-P3, where the gelation tem-
perature was reduced by 10°C (from 34 to 24°C) and the
gelation time was almost doubled from around 20 to >40s.
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Whilst shortening the gelation time is a desirable charac-
teristic for an ophthalmic formulation; lowering of gelation
temperature is not. This might promote undesirable gelation
of the formulation at ambient temperature (20-25°C) before
instillation onto the surface of the eye with a temperature of
around 35°C.

Nevertheless, a shorter gelation time would be advanta-
geous to reduce the time required for the instilled dose to
transform into a viscous gel. Therefore, this could reduce the
likelihood of the instilled dose to be rapidly diluted and lost
via nasolacrimal drainage.

Formulations containing 0.5% w/v CS (F-P2/CS0.5) showed
immediate gelation but reversed back to the ‘sol’ state after
a few minutes. Increasing the concentration of CS may pro-
mote poloxamer entanglements and, thus, transition time
becomes shorter and the erosion time of formed gel could
be prolonged.

The gelation time recorded for in situ gelling formulations
containing CS indicated that increasing CS concentration in
the presence of P up to a certain limit, caused a significant
decrease (p <.05) in the gelation time. For formulations F-
P3/CS0.5 and F-P3/CS1, the gelation time was 17.9+3.5 and
13.5+24s, respectively compared with formulation P3 for-
mulation where gelation time was 20.3+1.9s (Table 1).
However, increasing CS concentration up to 1.5% w/v did
not have a significant (p >.05) influence on gelation time.
This may be ascribed to the presence of CS in higher con-
centrations which increased the viscosity of the formulation
and decreased gelation time. On the other hand, MC is a vis-
cosity-enhancing agent which facilitates polymer chains
entanglements into the P407-based formulations with a dir-
ect consequence in promoting more rapid conversion from
sol to gel at a lower temperature as MC content increases.

Similar results were recorded for levofloxacin poloxamer
407 gels and levofloxacin gellan gum-poloxamer 407 hybrid
gels. Both gelation time and temperature were dependent
on poloxamer concentrations. The gelation temperature was
40 and 35°C for 12 and 16% poloxamer 407 gels, respect-
ively. Further, hybrid gels of gellan gum-poloxamer 407
reduced gelation temperature (36 °C) and prolonged gelation
time (12min), compared to gelation temperature (38) and
gelation time (5 min) for only poloxamer 407 (14%)-based gel
(Sapra et al., 2013).

Rheological properties

The rheological characteristics were studied at 4°C for
selected in situ gels based on their superior gelation time
and temperature as discussed in the previous section. This
study was performed to evaluate the viscosity of the formu-
lations while they are in the solution phase before transform-
ing them into a gel. Initial viscosity can give an idea of how
the prepared in situ gelling formulations could resist initial
rapid dilution by resident tears and subsequently promote
the prolongation of precorneal residence time (Figures 3 and
4). The more viscous the formulation, the less likely it will
undergo dilution by resident tears and more likely it will
resist nasolacrimal drainage. Figure 3 and Table 2 show the
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Figure 3. Rheological profiles of different methylcellulose (MC)- and chitosan
(CS)-poloxamer (P) hybrid gels compared to P gel and LC solution measured at
4°C, data represent mean * SD.

viscosity values of LC solution (1%) and the selected formula-
tions at different shearing rates (corresponding to different
rotational speeds expressed in rpm) measured at 4°C.
Figure 3 shows a typical Newtonian flow behavior for LC
solution; the viscosity seems to be constant with the increas-
ing shear rates. On contrary, non-Newtonian flow behaviors
were recorded for F-P3 and the other hybrid gels.

Figure 4 shows the effect of the composition of the gel
formulations on the viscosity.

The viscosity of hybrid gels F-P3/CS0.5 and F-P3/MCO0.5
significantly (p <.001) increased, compared to poloxamer
gels alone. The two-hybrid gel formulations exhibited viscos-
ity values of 2.7 and 3.2 times greater than that for F-P3,
respectively. Moreover, these increases were dependent on
MC and CS concentrations. For example, both F-P3/CS0.5
and F-P3/MCO0.5 exhibited 2.7- and 3.2-times increases of the
viscosity, respectively, compared to F-P3. Further, the viscos-
ity enhancement of F-P3/MC/CS systems was 1.5-fold when
MC and CS concentrations increased from 0.5 to 1% (Table
2). More interestingly, the non-Newtonian rheological charac-
teristic of F-P3 reversed from shear-thickening to shear-thin-
ning upon the addition of MC and CS. The former behavior
could be attributed to micellar entanglements and packing
upon increasing the shearing rates. The latter (shear-thin-
ning) behavior of the tested formulations can be considered
a desirable rheological characteristic in ocular drug delivery
settings. This is because such features could offer less inter-
ference with blinking and more comfort to the eye com-
pared with formulations having a shear-thickening behavior
(Greaves et al., 1992; Cao et al., 2010).

Texture analysis of in situ gel formulations

This experiment is performed to understand the mechanical
properties of the investigated systems. More specifically,
hardness, cohesiveness, and adhesiveness were recorded for
the prepared in situ forming gels. These properties could
simulate certain sensory parameters in vivo, and hence help
develop an ocular dosage form that offers better patient
compliance (Gratieri et al., 2011).

The hardness is a measure of the force required to pro-
duce gel deformation. Significantly lower hardness values
were recorded for the selected in situ gels at 4°C (which are
actually viscous liquids at this temperature) compared to
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Figure 4. Effect of composition of the gel on viscosity for different methylcellu-
lose (MC)- and chitosan (CS)-poloxamer (P) hybrid gels compared to P gel and
LC solution measured at 4 °C, data represent mean + SD.

those measured after gelation at 35°C (Table 3). Instead, the
addition of additives like CS, MC did not produce noticeable
changes in hardness at 4°C. However, the hardness reduced
to almost half upon addition of CS at 0.5% in the gel state
at 35°C. Raising CS concentration to 1% led to a substantial
recovery of the overall hardness of the mixed system when
compared to the F-P3 gel. On the contrary, the addition of
MC showed concentration-dependent increases in hardness
(Table 3). A previous study reported relatively very low hard-
ness for chitosan gel (44.69), compared to poloxamer 407
gel (753g) measured at room temperature (Hurler et al.,
2012). Therefore, hybrid gels of CS and P can understandably
result in low hardness for the formed hybrid gels, compared
to poloxamer 407 alone.

At a temperature of 35°C, the formulation is expected to
be in the gel state; yet it is desirable that the formulation
possesses an appreciable hardness (resistance to deform) to
withstand tear dilution and nasolacrimal drainage (Ferrari
et al,, 1994).

The data presented in Table 3 shows that the hardness
values of the gel preparations were comparatively high
when measured at 35°C with respect to those at 4°C. For
example, the hardness values at 4 and 35°C for F-P3/CS0.5
were 22,6+ 1.6 and 101.3+2.7 mN, respectively. These results
correlate well with the viscosity data. The same results apply
to those gel formulations containing different concentrations
of MC, where the hardness of the formulations (at 35°C)
increased when MC concentration increased (Table 3). The
experimental data further supported our initial hypothesis
that both CS and MC have promoted further association and
entanglement of P chains, thereby dramatically increasing
the hardness of the formulations when the polymer is in its
ordered state at 35°C.

Adhesiveness is a measure of the work necessary to
detach the probe from the sample (Xu et al., 2014). Table 3,
shows the adhesiveness of different in situ gel formulation
either alone or in the presence of the additives used. The
adhesiveness of the formulation dropped significantly when
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Table 2. Rheological characteristics, surface tension, contact angle and spreading coefficient measurments for drug solution and L-carnosine in situ gels.

Viscosity mPaS

Surface tension Spreading coefficient

In situ gels 10 rpm 20rpm 50 rpm 100 rpm (y) (mN/mm) Contact angle (6°) (S) (MN/mm)
F-P3 85.1+8.07 125.5+2.44 160.6 +7.00 181.0£3.01 61.52+1.30 45+243 —15.08+1.1

F-P3/CS0.5 229.4+11.10 201.4+13.03 191.8+£2.76 190.1 £ 11.05 65.59 + 1.43 41.11+£0.88 —16.09 +£1.43
F-P3/CS1 345.3+8.82 3393+17.22 301.4+£9.22 293.2+7.66 63.79+£0.89 46.1+1.33 —19.54+091
F-P3/MC0.5 2714 +3.11 267.0+4.33 261.1+£3.09 250.2+5.32 58.73+0.88 36.2+0.92 —11.27+£1.08
F-P3/MC1 400.3+12.03 389.1+£8.12 358.2+17.0 341.4+£13.11 57.33+£0.92 40.03+0.77 —13.34+1.02
LC solution (1%) 4.8+0.09 47+0.08 49+0.12 45+0.2 70.5+1.63 64.2+2.83 —39.59+1.50

Data are expressed as mean values + SD (n=3).

Table 3. Mechanical properties (hardness, cohesiveness, adhesiveness), mucoadhesion force, and work of adhesion of some selected L-carnosine in situ gels.

Temperature (4°C)

Temperature (35°C) Mucoadhesion

Work of
Hardness Cohesiveness Adhesiveness Hardness Cohesiveness Adhesiveness Adhesion adhesion
In situ gels (mN) (mN-mm) (mN-mm) (mN) (mN-mm) (mN-mm) force (mN) (mN-mm)
F-P3 17.3+0.2 152.5+3.2 86.1+£2.0 190.3£10.1 776 £2.1 911+£29 11055 210£15.5
F-P3/CS0.5 226+1.6 115.4+3.2 33.1+£3.9 101.3+£2.7 411£35 836.2+5.9 136 £8.5 285+7.5
F-P3/CS1 241+1.3 2704+29 395+1.9 183.4+16 654 +£6.1 1014+ 8.8 170+125 345+45
F-P3/MC0.5 17.1+2.1 116.4+0.9 30.1+6.3 280+34 103779 1210+ 6.0 107 +£10.5 170+ 6.5
F-P3/MC1 23.1x1.1 121+6.3 41.1+£28 326.1+6.4 1193 +£11.2 1498 +10.4 875148 115+25

Data are expressed as mean values £ SD (n=3).

the formulations were in solution states at 4°C; on the con-
trary, slight increases in adhesiveness were reported in gel
states with the addition of MC and CS.

The cohesiveness of the in-situ gels is an indication of the
attractive force between molecules of the investigated sys-
tems. Table 3 shows the cohesiveness of the tested in situ
gels. Similar behaviors were recorded as mentioned with
adhesiveness measurements.

Surface tension, contact angle, and spreading ability of
LC-loaded in situ gelling formulations

Table 2 shows y, 0, and S values for a drug solution and
selected formulations. Except for drug solutions, all the pre-
pared in situ gels had low surface tension that is compatible
with that of the precorneal tear film and exhibited signifi-
cantly low contact angles () and low spreading coefficients
(S). These results indicate a superior spreading ability of the
prepared formulations. These recorded characteristics are
favorable features for enhanced performance of newly devel-
oped ocular dosage forms.

In vitro ocular irritation studies

HET-CAM

HET-CAM is a well-accepted ex vivo conjunctival irritation
model that produces responses (of hyperemia, hemorrhage,
and clotting/coagulation) to test substances similar to those
involving the conjunctiva of the eye. Figure 5 shows devel-
opmental stages of the CAM at 3- and 10-days and different
irritant responses to the moderate irritant propylene glycol
(PG), a strong irritant (sodium hydroxide 1 M), and F-P3/CST.
Figure 6 shows the cumulative numerical irritation scores of
the test substances and controls. Mild-to-moderate hyper-
emia was observed with administration of PG; intense

hyperemia and hemorrhage of the blood vessels and capilla-
ries were observed and recorded with the administration of
the corrosive alkali sodium hydroxide. All the tested in situ
gels displayed slightly to mild hyperemia. That is why they
are interpreted as a none-to-mild irritant (Figure 6). There
were no statistical significances (p >.05) among the prepared
in situ gels.

Mucoadhesion studies

The in vitro mucoadhesion characteristics of the selected
in situ gels were assessed by measuring the force of detach-
ment or adhesion (mN) and work of adhesion (mN.mm) of
the porcine mucin disk (mimicking mucin layer in the mucus
membrane of the conjunctiva) out of the gel surface.
Mucoadhesion is an essential property required to extend
ocular residence time and improve ocular bioavailability
(Lang et al., 2006).

The results are presented in Table 3. The selected in situ
gels showed well measurable force and work of adhesions
ranging from 87.5 to 170 and 115 to 345 mN-mm, respect-
ively. There was a good correlation between the force of
adhesion and work of adhesion. The greater the force of
adhesion, the higher values were recorded for work of adhe-
sion for the corresponding gel formulations. The weakest
mucoadhesion force and the lowest work of mucoadhesion
were recorded for F-P3/MC0.5 and F-P3/MC1 whereas the
superior mucoadhesion characteristics were displayed by
F-P3/CS0.5 and F-P3/CS1.

F-P3 (poloxamer 407 alone) came in the middle. The add-
ition of the cationic polymer chitosan enhanced the mucoad-
hesion properties probably due to the electrostatic
interactions between the negatively charged mucin and the
cationic-CS-based in situ gels (Lehr et al., 1992, 1994). These
effects were dependent on chitosan concentrations. The
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Figure 5. Developmental stages of the CAM and various responses for positive control and F-P3/CS1 in situ gel.
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Figure 6. Numerical cumulative irritation scores of HET-CAM after administra-
tion of the controls and in situ gels.

higher the chitosan concentration, the stronger the electro-
static interaction and hence the greater mucoadhesion force
and work of adhesion. On the contrary, the addition of
methyl cellulose offered no observable improvement in
mucoadhesion properties of the in-situ gels. This is could be
ascribed to the non-ionic nature of methylcellulose as well as
the weak propensity of MC to form hydrogen bonding with
mucin due to the relatively high degree (>30%) of hydroxyl-
group methylation. Accordingly, P-CS in situ gelling formula-
tions (F-P3/CS0.5 and F-P3/CS1) were selected for fur-
ther studies.

SEM

The microstructure of the surface characteristic of F-P3/CS1
was visualized using SEM. Figure 7 shows SE micrographs of
F-P3/CS1 at two different magnifications to study the micro-
structure and surface morphology of the in-situ gel. There
were no signs of phase/polymer separation. The surface of
the gel matrix appeared a corrugated/rough surface.

In vitro L-carnosine release and corneal penetration of
the selected in situ gel formulations

The selected formulations were chosen for the in vitro
release study depending on the selection criteria outlined in
the flow chart (Figure 8).

Figure 9 shows in vitro release profiles of LC from solu-
tion, F-P3/CS0.5 and F-P3/CS1. Markedly prolonged LC
release was observed from the selected in situ gels with slow
but steady drug release profiles, compared to that for the
drug solution form. For example, almost complete (>95%)
drug release from LC solution was recorded over 8h com-
pared to only 30 and 18% for F-P3/CS0.5 and F-P3/CS1,
respectively. This can be explained on the basis that more
extra time was required for drug molecules to diffuse out
and escape the extensive gel matrix. On contrary, free drug
solutions released LC promptly with faster release rates. For
example, the time for 20% drug release was <1, 4, and 8h
for LC solution, F-P3/CS0.5 and F-P3/CS1, respectively. These
results also indicated that the release behavior was a CS con-
centration-sensitive process. The best-fitting release kinetics
model was the Higuchi diffusion model with regression coef-
ficient (R?) >0.99. Similar results were reported with
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Figure 7. Scanning electron micrographs of F-P3/CS1.
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Figure 8. Summary of selection criteria of the optimized formulation.
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Figure 9. In vitro release profiles of L-carnosine from solution and selected in
situ gelling formulations. Data are expressed as mean values + SD (n = 3).

sulforaphane (antiarthritic and immunoregulator drug)
loaded into poloxamer-hyaluronic acid hybrid hydrogels.
Linear and rapid drug release (complete release in 8 h) from
aqueous solution was recorded compared to more sustained
release (up to 24h) from the hybrid gels with a general
mechanism of diffusion and erosion (Nascimento
et al., 2021).
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Figure 10. Transcorneal permeation from L-carnosine solution and selected
in situ gelling formulations. Mean + SD, n=3.

Transcorneal permeation studies for LC solution, F-P3/
CS0.5 and F-P3/CS1 were studied using excised bovine cor-
neas. Permeation parameters like the flux and apparent per-
meability coefficient (P,,,) were estimated from the slope of
cumulative permeated amounts of L-carnosine vs. time
(Figure 10) and the results are presented in Table 4. Both
flux and Py, for F-P3/CS0.5 and F-P3/CS1 (p < .05) were sig-
nificantly lower than those for LC solution. This can be
ascribed to a high consistency of the two gel forms which
markedly slow down drug diffusion through the gel network
to eventually give lower transcorneal permeation as
expressed by the quantities collected in Table 4.

It is worth mentioning that the superior mucoadhesive,
spreading ability and viscous gelling features of the prepared
in situ polymer gels indicate that these adequate formula-
tions hold themselves for a prolonged time on the corneal
surface before drainage as it has been previously reported
by others (Gratieri et al., 2010, 2011).

In vivo study

Scrapping of the corneal epithelium was induced using ethyl
alcohol 70% v/v and utilized as a pharmacodynamic
response to compare the corneal wound healing potential of
LC when loaded in the optimized in situ gelling formulations
(F-P3/CS1) in comparison with the control (1% LC solution).
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Table 4. Steady-state flux and apparent permeability coefficient (P,pp), of LC
solution and selected in situ gels.

Formulation Flux (ug/h-cm?) Apparent permeability P,,, X 107¢ cm/s
LC solution 171.54+£2.03 2.80+£1.90
F-P3/CS1 49.96 £1.22 0.81+0.57
F-P3/MC1 79.23 £1.55 1.29+0.45

Data are expressed as mean values + SD, n=3.

Untreated LC solution (1%) F-P3/CS1

Days

Figure 11. Corneal ulcer visualized under cobalt blue illumination in rabbits’
eyes model.

It has been previously shown that the size of the ulcers
for eyes exposed to LC solution was markedly less compared
to untreated eyes (Babizhayev et al.,, 2002). Whilst these find-
ings are promising, we hypothesize that incorporating LC in
optimized in situ gelling formulations would be
advantageous.

Figure 11 shows fluorescein-stained rabbit eyes under
cobalt blue light to visualize the corneal ulcers. The fastest
healing rate was ascribed to the optimized in situ gels (F-P3/
CS1), whereas a relatively delayed wound repair was experi-
enced by the untreated group. The percentage of changes of
ulcer size (%A) on day 2 for the untreated, L-carnosine solu-
tion and the L-carnosine loaded in situ gel formulation was
72% + 7, 55% = 5, and 45+ 3.5, respectively. On day 3, com-
plete healing was recorded for F-P3/CS1 with only 26.5% + 6
and 16% =+ 7 (%A) recorded for the untreated, L-carnosine
solution groups, respectively. These differences between
untreated and treated groups were significant (p <.05). This
indicates the role of the developed in situ gelling formulation
(F-P3/CS1) in improving the monitored therapeutics response
(corneal wound healing) which is mainly due to a combin-
ation of superior mechanical and rheological properties,
spreading capacity, mucoadhesive nature as well as its pro-
pensity to a prolong LC release.

Conclusion

Poloxamer-based thermosensitive systems have been investi-
gated for oral and dermal drug delivery systems. However,
Ocular application does require optimization with physiology
and anatomical barriers of the surface of the eye for opti-
mum drug delivery. Among these properties required to

optimize include gelation time and temperature, mechanical,
viscosity, mucoadhesive properties, and spreading ability.
The idea of combining poloxamer 407 with macromolecular
compounds like chitosan and methyl cellulose seems to be
promising, as they tend to produce a relatively more viscous
gel, superior mucoadhesive, better spreading capacity, rapid
gelation, and more importantly slow and steady in vitro and
ex vivo permeation, compared to poloxamer 407 alone and
LC solution. Poloxamer 407/chitosan combination has
resulted in effective superior mucoadhesive and spreading
ability compared to the other poloxamer 407-based formula-
tions. The time required to transform poloxamer-based sys-
tems from sol to gel state (gelation time) was significantly
reduced by the addition of methylcellulose and chitosan.
This is desirable to withstand rapid blinking and nasolacrimal
drainage. Gelation temperature was very close to the physio-
logical temperature of the eye surface (32-35°C). Poloxamer
407 (P) gels with a firm hardness that might interfere with
blinking and is likely to produce foreign body sensation.
Hybrid gels of CS and P generate gels with significantly less
firmness. The optimized F-P3/CS1 formulation showed pro-
longed trans corneal permeation and enhanced corneal
wound healing, hence worthwhile further investigation to
develop as an eye drop for topical ocular delivery of LC.
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