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Abstract: Balsam poplar buds are a raw material with a high content of polyphenols. Various
polyphenols are known for their anti-inflammatory and antioxidant properties. In this study, an
aqueous extract of balsam poplar buds was prepared in order to use environmentally friendly
and non-aggressive solvents. The aqueous extract was lyophilized, and a 1% aqueous solution of
lyophilized balsam poplar buds extract (L1) was prepared. L1 solution was used as a source of
polyphenols for the production of ophthalmic in situ gels, so as to develop a product featuring
antioxidant properties. Poloxamer 407 (P407) and hydroxypropyl methylcellulose (HPMC) were
selected as gelling agents for the in situ gels. In order to select the formulations with the best
conditions of use, formulations of different polymer concentrations (P407—10%, 12%, 15%; HPMC—
0.5%, 0.75%) were prepared, choosing the same amount of the active polyphenol source L1. The
physicochemical properties, rheological parameters, stability, and irritant effect on the rabbit corneal
cell line (SIRC) were evaluated. Formulations in which P407 and HMPC concentrations were
10/0.75% and 12%/0.75% reached a gelation point close to the ocular surface temperature; the gels
remained stable for 30 days and did not cause an irritant effect on the SIRC cell line.
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1. Introduction

Eyes are the most important sensory organ, through which we get 80% of all infor-
mation [1]. Globally, the number of persons who have moderate and severe eye disorders
is constantly growing. Inflammatory eye diseases are among the most common diseases
in contemporary societies [2]. The causative agents of these diseases are viruses, bacte-
ria, fungi, and protozoa [3]. With the increasing popularity of natural aids, the demand
for natural ophthalmic preparations is growing as well, but the use of natural materials
in ophthalmology should be based on scientific research [3,4]. The data from scientific
research show that rational nutrition and consumption of fruit and vegetables help to
preserve vision and even reverse vision disorders [4,5]. That positive effect is associ-
ated with the presence of some phytochemicals, which have bioactive properties, such as
polyphenols and carotenoids [5]. Polyphenols can diminish the frequency of diseases—
neurodegenerative diseases included—associated with oxidative stress [6-8]. Eye drops
with polyphenols are used in glaucoma treatment in order to suppress neuroinflammation,
which is responsible for neurodegeneration and retinal ganglion cell (RGC) death [9-11].
For patients who have dry eye syndrome (DES), symptomatic treatment is applied using
eye drops, which are called artificial tears [12]. Polyphenolic additives in artificial tears
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have antioxidative, antibacterial, and anti-inflammatory properties, which are important in
seeking a positive treatment effect [13,14]. Polyphenol-enriched eye drops are effective in
protecting trabecular meshwork cells from oxidative stress [15].

Eye drop compositions usually contain plant and propolis extracts [16,17]. The use
of plant extracts and propolis in eye drops is associated with their antibacterial [18],
anti-inflammatory [19], and antioxidative activity [20-22]. These medicinal properties
are mostly associated with the biologically active compounds, such as anthraquinones,
flavonoids, and phenolic acids [23]. Propolis collected in Europe is often defined as poplar-
type propolis, because poplar buds are one of the primary sources of propolis [24]. Since
ancient times, poplar buds extracts and decoctions have been used for the alleviation
of dermatitis symptoms, treatment of rheumatism or infections of the upper respiratory
tract, and wound healing. Balsam poplar buds, as with propolis, are a source of phenolic
acids and flavonoids. Researchers have found that p-coumaric acid predominates in both
ethanolic propolis and balsam poplar buds extracts collected in Lithuania [25]. Poplar
buds, due to their antibacterial [26], antioxidant [27], and anti-inflammatory [28] action, are
a potential active material in the production of eye drops. Italian scientists determined that
the use of eye drops with p—coumaric acid protects eye tissues and lessens the harmful effect
of UVB rays, due to its antioxidative properties. p-Coumaric acid is useful in protecting the
eyes from free radical damage, which can be caused by solar rays and UV lamps. Scientific
research has proven that eye nanogel with ferulic acid positively impacts the growth of
fibroblasts, as well as wound healing [29,30]. The results of scientific research show that
eye drops with propolis decrease the inflammation of the cornea [31] and, due to their
antibacterial properties, can serve as an auxiliary measure in cases of keratitis [32]. On the
basis of the scientific research data published in existing scientific literature, it is possible
to declare that the search for new natural polyphenolic compounds suitable for use in
ophthalmology is still ongoing. For our research we chose balsam poplar buds (Populus
balsamifera L.), which are one of the main plant-based precursors of propolis. Therefore,
this study presents new data on the application of poplar buds extract in the modelling
of ophthalmological preparations. The use of balsam poplar extract in eye drops would
expand the group of users, because propolis preparations are not acceptable for vegans.
One of the important stages is the selection of a pharmaceutical form.

Eye drops comprise the biggest part of ophthalmic preparations. The major problems
in conventional liquid ophthalmic formulations are the washing out of the drug from the
precorneal area immediately upon instillation because of constant lachrymal secretion,
nasolacrimal drainage, and the short precorneal residence time of the solution [33]. This
problem can be overcome by using in situ gels. In situ gels are conveniently dropped as a
solution into the conjunctival sac, where they undergo a transition into a gel, with favorable
residence time [34]. Ocular drug delivery systems based on the concept of in situ gel
formation are aimed at longer precorneal residence time, improved ocular bioavailability,
and improved patient acceptability. In situ gels are a suitable alternative for common eye
drops. After dropping aqueous solution—which contains temperature-sensitive polymers—
into the conjunctival sac, viscous and mucoadhesive gels are formed on the surface of
the eye [35]. This leads to the improvement of precorneal residence time and ocular
bioavailability. Poloxamer 407 was chosen as a gelling substance [36], as it is widely used
in biomedicine because of its low toxicity and compatibility with many excipients.

Poloxamer is widely used in pharmaceutical formulations as the carrier for most
routes of administration, including the rectal, vaginal, ocular, intranasal, topical, and oral
routes [37]. Hydroxypropyl methylcellulose (HPMC) was chosen for its ability to prolong
drug release and as a viscosity enhancer [38]. HPMC has good biological compatibility, and
is nontoxic to humans. The quality of gels produced in situ is evaluated by determining
various parameters, such as their physical appearance, drug content, clarity, pH value,
viscosity, drug release, rheological properties, behavior, and sol-gel transition temperature.
It is necessary to evaluate the modeled eye drops for their possible irritant effect on the
eyes, because eyes are a sensitive organ. Scientists perform these tests using animal models
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and ocular cell models [39]. In order to avoid harmful effects on animals, a short time
exposure (STE) in vitro test using a rabbit corneal cell line (SIRC) is recommended as an
alternative method for assessing eye irritation [40]. The aim of this research is to adapt
the balsam poplar buds extract for use in the production of ophthalmic gels in situ, and
to evaluate their quality by conducting tests of their chemical composition, rheological
properties, and biological activity in vitro. Promising results of these tests can serve as a
basis for further research.

2. Materials and Methods
2.1. Materials

Reagents, standards, and solvents of analytical grade were used. Purified deion-
ized water was prepared with the Milli-Q® (Millipore, Arlington, Massachusetts, USA)
water purification system. For food purposes, 96.3% rectified ethanol (JSC “Vilniaus Deg-
tine”, Vilnius, Lithuania) was used, along with Folin-Ciocalteu reagent (Sigma-Aldrich,
Buchs, Switzerland); acetonitrile (Sigma-Aldrich, Steinheim, Germany); reference stan-
dards p-coumaric acid (Sigma-Aldrich, Steinheim, Germany), caffeic acid (Sigma-Aldrich,
Steinheim, Germany), ferulic acid (Sigma-Aldrich, Buchs, Switzerland), chlorogenic acid
(Sigma-Aldrich, Steinheim, Germany), vanillic acid (Sigma-Aldrich, Buchs, Switzerland),
cinnamic acid (Sigma-Aldrich, Germany), apigenin (Sigma-Aldrich, Buchs, Switzerland),
pinobanksin (Sigma-Aldrich, Buchs, Switzerland), pinocembrin (Sigma-Aldrich, Buchs,
Switzerland), galangin (Sigma-Aldrich, Buchs, Switzerland), and salicin (Sigma-Aldrich,
Buchs, Switzerland); sodium carbonate (Sigma-Aldrich, Saint-Quentin-Fallavier, France),
and aluminum trichloride hexahydrate (Sigma-Aldrich, Steinheim, Germany). An ultra-
sonic bath (Bandelin electronic GmbH & Co.KG, Germany) and a lyophilizer (LyoQuest
Telstar, Wertheim, Germany) were used for preparation of the extracts.

2.2. Populus Balsamifera Extraction

Balsam poplar buds were collected in Lithuania in March 2020 from the supplier
Jadvyga Balvocitité’s organic herb farm; fresh material was dried by the supplier. Purified
water was chosen as the extractant for the extraction of the balsam poplar buds. Extraction
was performed in an ultrasonic bath [41] for 60 min at a temperature of 25 °C, with a 1:10
ratio of raw material to extractant. After receiving the aqueous balsam poplar buds extract
(L2), the extract was freeze-dried (lyophilized) [42]. Next, 100 mL of aqueous balsam poplar
buds extract was frozen, the frozen extract was placed in a lyophilizer, and freeze-drying
was carried out at —50 °C for 24 h. Then, 1% aqueous solution (L1) was prepared from the
freeze-dried balsam poplar buds extract powder, which was then used in experimental
ophthalmic formulations. The extracts were stored in a refrigerator at 5 °C.

2.3. Total Phenolic Compounds

The total content of phenolic compounds was determined in an aqueous extract of
balsam poplar buds, and in a 1% aqueous solution of balsam poplar buds’ lyophilized
form. The reaction was performed according to the method of Singleton et al., with some
modifications [43]. The phenolic compounds content was determined using the Folin—
Ciocalteu reagent, with the results expressed as the p-coumaric acid equivalent/g of dry
weight (mg CAE/g, DW). The extracts were prepared in 25 mL volumetric flasks; 1 mL of
extract, 9 mL of purified water, and 1 mL of Folin—Ciocalteu reagent were added; after 3 min,
1.5 mL of Na,CO3 was also added. The reaction mixture was then diluted to the 25 mL
mark with purified water. Samples were incubated for 40 min at room temperature (RT) in
the dark. The absorbance was measured using a spectrophotometer (Agilent Technologies
8453 UV-Vis, Santa Clara, California, USA) at a wavelength of 760 nm.

2.4. Total Flavonoids

Solutions of extracts were prepared in 25 mL volumetric flasks, with 5 mL of the
extracts added to a volumetric flask and diluted up to the mark with 96% ethanol (v/v).
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A further reaction with diluted extracts for the identification of total flavonoids was
performed in a new 25 mL flask, according to Woisky and Salatino’s methodology, with
some modifications [44]. Then, 1 mL of the extracts’ solution was added to the flask,
followed by 10 mL of 96% ETOH (v/v) and 2 mL of AICl3 (10%) added to the volumetric
flask, and the reaction was carried out in an acid medium (33% acetic acid). The reaction
mixture was stirred, left in the dark at RT for 20 min and, after incubation, the reaction
mixture was diluted with 96% ETOH (v/v) to the 25 mL mark. The results are expressed
as the mg rutin equivalent/g of dry weight (mg RE/g, DW), and the absorbance was
measured with spectrophotometer on a 407 nm wavelength.

2.5. HPLC Analysis

The identification of the predominant active compounds was performed via high-
performance liquid chromatography (HPLC) [45]. A Waters 2695 chromatographic sys-
tem with a Waters 996 diode array detector and an ACE 5C18 chromatography column
(250 x 4.6 mm) was used. The data were processed using Empower 2 Chromatography
Data Software. The eluent system consisted of 100% acetonitrile and 1% trifluoroacetic
acid. The elution program was used as presented in Table 1, with an injection volume
of 10 uL, a mobile phase flow rate of 1 mL/min, a flow time of 81 min, and a column
temperature of 25 °C. The active polyphenols in testing samples were identified, evalu-
ating the retention time of the analytes and reference substances present, as well as the
UV absorption from 300 to 360 nm. The reference compounds were salicin (R? = 0.9999),
p-coumaric acid (R? = 0.9999), caffeic acid (R? = 0.9999), vanillic acid (R? = 0.9999), cin-
namic acid (R? = 0.9999), ferulic acid (R? = 0.9999), chlorogenic acid (R? = 0.9999), api-
genin (R% = 0.9999), galangin (R? =0.9998), pinobanksin (R? = 0.9999), and pinocembrin
(R? = 0.9998). The extracts were diluted 10 times with 70% ethanol (v/v). The results are
presented as the mean of three measurements, p < 0.05.

Table 1. HPLC analysis elution program. Eluent A: 1% trifluoroacetic acid; eluent B: 100% acetonitrile.

Time, Min 8 30 48 58 65 66 70 71
%A 95 85 80 60 50 50 5 5 95
%B 5 15 20 40 50 50 95 95 5

2.6. Ophthalmic Gel Formulation

Ophthalmic gels were formulated using different concentrations of polymers. Polox-
amer 407 (Fagron, St. Paul, MN, USA), hydroxypropyl methylcellulose (HPMC) (Sigma-
Aldrich, Steinheim, Germany), propane-1,2-diol (AppliChem GmbH, Darmstadt, Ger-
many), purified water, and a 1% solution of lyophilized balsam poplar buds extract (L1)
were used to form the experimental in situ gels. We chose to add 10% (w/v) of 1% solution
of balsam poplar extract (L1) to each formulation. Poloxamer 407 and HPMC gels were
prepared separately. The appropriate amount of poloxamer was weighed (10%, 12%, or
15% (w/v)) and mixed with the appropriate amount of purified water, and the mixtures
left in a refrigerator (5 °C) for 24 h. The HPMC mixture was prepared by weighing an
appropriate amount (0.5% or 0.75% (w/v)) of polymer and adding an appropriate amount
of water, with the mixture placed on a magnetic stirrer at 50 °C until a homogeneous gel
form was obtained. In the preparation of the in situ gels, the poloxamer 407 and HPMC
gels were mixed with a magnetic stirrer to form a homogeneous structure. Next, 10% (w/v)
propylene glycol and 10% (w/v) [46] L1 were added dropwise to the formulations, and the
gels were mixed to form a homogeneous structure. All experimental formulations were
stored in the refrigerator (5 °C).

2.7. In Vitro Release Test Determining Total Phenolic Compounds

Release of phenolic compounds from formulations was performed using Franz-type
diffusion cells with natural cellulose dialysis membranes (Medicell International Ltd.,
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London, UK). Phosphate-buffered saline of pH 7.4, which is most commonly used in
ophthalmic release tests, was used as the acceptor medium, with a volume of 15 mL.
During the release test, the temperature was maintained at 34 + 0.5 °C, and the medium
was stirred continuously [47,48]. Samples of 1 mL of acceptor medium were taken every
hour; the last samples were taken after 8 h. The total amount of phenolic compounds in
the acceptor medium is expressed as the p-coumaric acid equivalent/g of dry weight (mg
CAE/g, DW).

2.8. Physical Characterization (pH, Viscosity)

The pH of the experimental formulations was evaluated at room temperature with a
pH meter (766 with a Knick SE 104N electrode). The pH meter was calibrated with buffer
solutions at pH 4.0-7.0. The viscosity of the gels was assessed with a vibrating viscometer
(Vibro viscometer SV-10, A&D Company ltd, Tokyo, Japan) at 5 °C (immediately after
removal from refrigerator), at room temperature, and at 37 °C (the experimental in situ gel
samples were kept in a thermostat).

2.9. Rheological Tests

The rheological properties of the in situ formulations were evaluated with a rheometer
(Physica MCR, Anton Paar GmbH, Austria) using a system of parallel steel plates and a
standard-size concentric cylinder geometry, taking the formulation composition system
into account. Storage modulus G’ and loss modulus G” were measured using a system
of parallel plates, the samples were carefully placed on the lower rheometer plate, and
the measurements were carried out at a temperature from 20 °C to 50 °C, at an angular
frequency omega of 1 rad/s, amplitude gamma of 0.5%, and temperature change rate of
2 °C per min. Flow properties were assessed using a concentric cylinder system, containing
10 g of the experimental formulation substance in a concentric cylinder; measurements
were made at 22 °C, 32 °C, and 37 °C, with the shear rate from 1 to 200 1/s [36,49]. Data
were processed using RheoPlus software (Anton Paar GmbH, German). The analysis was
performed at least three times for each composition.

2.10. Cell Viability: The Short Time Exposure (STE) Test

A rabbit corneal cell line (SIRC, American Type Culture Collection (ATCC)) was
used for the study. The cell line was cultivated in the flask (75 cm?) according to the
protocol provided by the ATCC [50]. Eagle’s Minimum Essential Medium (American
Type Culture Collection (ATCC)) was used, with 10% fetal bovine serum (FBS) (v/v), 1%
penicillin/streptomycin solution, and 1% L-glutamine (all reagents were purchased from
Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA). Cells were grown in a
thermostat at 37 °C with a CO, level of 5%.

The STE assay was performed with an SIRC cell line based on the MTT method
protocol, with some modifications [51]. Cells from the SIRC culture line were seeded in
96-well plates (1 x 104 cells/well) and incubated in a 37 °C thermostat for 24 h. The
experimental in situ formulations—aqueous balsam poplar buds extract (L2), and 1%
lyophilized extract aqueous solution (L1)—were incubated on the cells for a short time:
5 min and 30 min, respectively. Empty gel GO was used as a control. Extracts with a cell
viability of 70% or less were considered to have an irritant effect, while those with a cell
viability of 70% or more were considered to have a non-irritant effect.

2.11. Antioxidant Activity by ABTS and FRAP Methods

ABTS: The antiradical activity of the extracts was determined using the ABTS assay
method, with certain modifications according to Yim et al.’s methodology [52]. A stock
solution of ABTS (0.0548g ABTS (Sigma-Aldrich, Oakville, ON, Canada), 50 mL purified
water, and 0.0095g K,5,0g (2 mmol/L) (Riedel-de Haén, Seelze, Germany) was prepared.
The stock solution was kept in the dark for 16 h. The ABTS working solution was prepared
by diluting a stock solution with purified water until the absorption at a wavelength of
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734 nm reached 0.8 +/—0.03. 3 pL of balsam poplar buds extracts and propolis extracts
were mixed with 3000 uL of ABTS working solution. All reaction mixtures were incubated
at room temperature for 30 min. The absorbance of the reaction mixtures was measured
spectrophotometrically at 734 nm.

FRAP: Reducing activity was assessed based on Raudonés et al.’s methodology, with
some modifications [53]. A working FRAP solution was prepared from 300 mmol/L
sodium acetate buffer solution (0.775g CH3COONa (Scharlau, Sentmenat, Spain); 4 mL
glacial acetic acid, diluted to 250 mL with purified water), 10 mmol/L TPTZ solution
(0.0781g TPTZ (Carl Roth, Karlsruhe, Germany); 40 mmol/L HCl-acidified purified water,
in a 25 mL volumetric flask), and 20 mmol/L FeCl; x 6H,O aqueous solution (0.1352 g
FeCl; x 6H,O (Vaseline-Fabrik Rhenania, Bonn, Germany), purified water in a 25 mL
volumetric flask) with ratio of 10:1:1. Next, 10 uL of balsam poplar buds extract was
mixed with 3000 uL of FRAP working solution. The samples were incubated at room
temperature for 30 min in the dark. The absorbance of the reaction mixtures was measured
spectrophotometrically at 593 nm.

Calibration curves were obtained from Trolox standard solutions of different concen-
trations. The results were expressed as the pmol Trolox equivalent per gram of tested raw
material (umol TE/g).

2.12. Statistical Analysis

Results are expressed as the mean and standard deviation of three measurements. For
variables where normal conditions were not satisfied, a correlation was calculated based
on Spearman’s correlation coefficient. Independent measurements were evaluated by a
non-parametric Kruskal-Wallis test. Data were evaluated and plotted using IBM SPSS
Statistics 27 (SPSS Inc., Chicago, IL, USA) and OriginPro®2021 (OriginLab, Northampton,
MA, USA). Results were considered to be statistically significant at p < 0.05.

3. Results
3.1. Extraction

In the first stage of the research, the quality of aqueous extracts of poplar buds was
analyzed. The results of the quality evaluation of the aqueous extract of balsam poplar
buds (L2) and the aqueous solution (L1) of the 1% lyophilized extract are presented in
Table 2.

Table 2. Total phenol content and total flavonoids in L1: lyophilized balsam poplar buds extract 1%
aqueous solution; and L2: aqueous balsam poplar buds extract.

Extract Total Phenols mg CAE/g & SD Total Flavonoids mg RE/g & SD
L1 143.44 + 6292 3633 +£1.792
L2 88.89 + 3.27°P 21.12 +0.84"

ab. Geries sharing superscript letters showed statistical differences between extracts L1 and L2.

The data presented in the Table 2 show a statistically significant difference between the
aqueous balm poplar buds extract (L2) and the 1% lyophilized extract aqueous solution (L1)
(p < 0.05). The L1 extract solution contained a higher content of phenolic compounds and
flavonoids compared to the L2 extract. After evaluating the overall quantitative parameters
of the phenolic compounds, it is important to identify the predominant biologically active
compounds in the extracts.

3.2. HPLC Analysis

The data in Table 3 show that p-coumaric acid dominates in all extracts. In comparison
with other active ingredients, larger amounts of cinnamic acid, caffeic acid, and pinobanksin
were also found. Salicin was identified in both extracts. A statistically significantly larger
quantity (p < 0.05) of active compounds was identified in sample L2 in comparison with
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extract L1. In the tested extracts, the majority of the active compounds were composed of
phenolic acids. A statistically significant difference (p < 0.05) between the total amount of
phenolic acids and the total amount of flavonoids was determined. On the basis of the test
results, a 1% lyophilized extract was chosen for further research.

Table 3. HPLC analysis of L1: lyophilized 1% aqueous solution of balsam poplar buds extract; and

L2: aqueous balsam poplar buds extract (mean mg/g & SD of dry weight, n = 3).

mg/g L1 L2 Pairwise Difference *
1. Salicin 1.261 £ 0.06 0.618 £ 0.030 ab
2.Chlorogenic acid 0.490 £ 0.03 0.282 £ 0.013 ab
3.Vanillic acid 0.034 + 0.001 0.012 4+ 0.001 ab
4. Caffeic acid 2.569 + 0.281 1.089 £ 0.050 ab
6. p-Coumaric acid 10.720 £ 0.544 6.621 £ 0.284 ab
7. Ferulic acid 0.037 £ 0.001 0.012 4+ 0.001 ab
8. Cinnamic acid 4312 +£0.198 1.103 + 0.054 ab
9. Pinobanksin 2.333 +0.104 1.627 £+ 0.078 ab
10.Apigenin 0.017 + 0.001 0.004 £ 0.0001 ab
12.Pinocembrin 0.025 + 0.001 0.008 £ 0.0003 ab
13.Galangin 0.012 + 0.001 0.003 £ 0.0001 ab
Total flavanoids (mg/g) 2.388 1.642 ab
Total phenolic acids (mg/g) 18.162 9.119 ab
Total amount of identified 21.811 11.379 ab

compounds (mg/g)

*: For each active compound, lowercase letters indicate which extracts (a for L1, b for L2) showed a statistically

significant pairwise difference.

3.3. In Situ Gel Formulation

During the study, six different formulations of gelled solutions containing different
amounts of polymers (poloxamer 407 and HPMC) were prepared. The simulated in situ
gel compositions are presented in Table 4.

Table 4. Ophthalmic in situ gel compositions, with balsam poplar buds extract.

Y%wlv G1 G2 G3 G4 G5 Gé6
colution extrac oo w00
Poloxamer 407 10 10 12 12 15 15
HPMC 0.5 0.75 0.5 0.75 0.5 0.75
Propylene glycol 10 10 10 10 10 10
Purified water 69.5 69.25 67.5 67.25 64.5 64.25

All experimental in situ gel systems had clear, colorless structure and liquid consis-
tency at room temperature (Figure 1).
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Figure 1. G1-G6 in situ gels with lyophilized aqueous extract of balsamic poplar buds 1% aqueous
solution.

3.4. In Situ Gels” Physicochemical Parameters

In order to formulate safe, non-irritant ocular gels, the physicochemical parameters
such as pH, viscosity, and refractive index must be measured and evaluated. Table 5
presents the physicochemical parameters and phenolic compound contents of the prepared
gels. In order to evaluate the stability of the tested formulations, the measurements of
physicochemical parameters were conducted 30 days after the production of the formula-
tions and their primary evaluation. On the basis of the results obtained, we can state that
the formulations remained stable when tested immediately after the production and for
30 days after, when kept in the refrigerator. There was no statistically significant difference
between them (p > 0.05).

Table 5. Stability parameters of formulations G1-G6 on day 1 and after 30 days (mean =+ SD, n = 3).

In Situ Gels Day 1 Physicochemical Properties and Stability of In Situ Gels
G1 G2 G3 G4 G5 Gé6
Transparency Clear Clear Clear Clear Clear Clear
pH 6.07 £0.30 6.29 £ 0.31 6.75 £ 0.33 6.49 £0.32 6.15 £ 0.31 6.51 £0.33
Refractive index (Water 1.33) 1.355 1.360 1.360 1.360 1.355 1.360

Total phenols mg CAE/g £ SD  13.64 £ 0.66 13.63 +£ 0.65 14.02 £ 0.67  14.11 £ 0.69 13.78 + 0.62 14.06 + 0.67

In Situ Gels after 30 Days

G1 G2 G3 G4 G5 G6
Transparency Clear Clear Clear Clear Clear Clear
pH 6.08 £+ 0.30 6.33 +0.31 6.76 = 0.33 6.41 £+ 0.32 6.18 +0.31 6.31 +0.32
Refractive index (Water 1.333) 1.360 1.360 1.360 1.360 1.355 1.360
Total Phenols mg CAE/g 13.60 £ 0.64 13.66 £0.66 14.11+0.69 1410£068 13.86+0.74  14.09 £ 0.61

The theoretical total amount of phenolic compounds in the formulations was 13.72—
14.97 mg CAE/g, (standard deviation £0.63), evaluating the total amount of phenolic ¢
ompounds obtained via spectrophotometric methods in 1% aqueous solution. Produced in
situ test formulations had a fluctuating amount of phenolic compounds, from 13.60 & 0.64
to 14.11 £ 0.69 mg CAE/g; the sample mean was 13.90 mg CAE/g, and the standard
sample deviation was +0.23. In view of the predicted theoretical amounts of phenolic
compounds in the formulations, the tested formulations are consistent with the theoretical
hypothesis.

All of the produced formulations had a pH value interval in the 6.07-6.51 range. The
refractive index of all of the formulations was found to be in the range of 1.355-1.360.

In situ gels are sensitive to temperature changes. The results of viscosimetric examina-
tion (Figure 2) showed that, when the temperature increased by a statistically significant
degree (p < 0.05), the viscosity of formulations G1-Gé6also increased. The parameters of
viscosity also showed that viscosity increased by a statistically significant amount (p < 0.05)
when the concentration of gelating polymers in the formulations increased. The viscos-
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ity of the formulations was directly dependent on the amounts of polymers and on the
temperature.
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Figure 2. Viscosity parameters of formulations G1-G6 at 5 °C, 22 °C, and 37 °C (mean mPa-s & SD,
n = 3).

3.5. In Situ Gels” HPLC Analysis

In all produced in situ gels, the same active compounds that dominated in balsam
poplar water extract (L2) and in lyophilized 1% solution (L1) were identified (Table 6).
Phenolic acids were also identified in ascending sequence: p-coumaric acid, cinnamic acid,
caffeic acid, and chlorogenic acid. Flavonoids were also identified in ascending sequence:
pinobanksin, pinocembrin, apigenin, and galangin. It is possible to state that the inserted
active material was mostly evenly spread, because the quantity of active compounds in
formulations G1-G6 was not significantly different (p > 0.05).

Table 6. HPLC analysis results for in situ gels G1-G6 (mean pg/g + SD, n = 3).

Identified Compounds G1 G2 G3 G4 G5 G6
Galangin (ug/g) 117 +0.08 1.04 + 0.05 1.23 +0.06 1.24 + 0.06 1.09 + 0.05 1.19 4+ 0.06
Chlorogenic acid (ug/g)  38.99 + 1.83 30.61 + 1.44 3113 + 1.46 29.16 + 1.37 31.24 + 143 30.88 + 1.38
Caffeic acid (ug/g) 178.79 + 7.33 171.58 + 7.37 180.57 + 7.56 177.14 + 7.61 182.15 + 7.47 176.63 + 8.47
p-Coumaric acid (ug/g)  980.18 & 44.1 97110 £39.81  1035.64 £4243  1077.83 £ 4631 101713 +4474  961.04 + 4132
Cinnamic acid (ug/g) 35672 £ 1459 33530 +£14.07  293.14 + 12.01 29945+ 1227 31287 £1216 33871 + 12.84
Pinobanksin (j1g/g) 22147 + 8.61 215.70 + 8.82 23587 £1034  241.12 +10.37 204.33 + 8.37 221.05 + 9.50
Apigenin (11g/g) 1.24 + 0.05 1.36 & 0.05 1.49 4 0.06 1.33 £ 0.05 1.29 4 0.04 1.49 + 0.06
Pinocembrin (1g/g) 2.14 +0.10 2.06 + 0.09 256 + 0.12 244 4011 2.03 + 0.08 2.07 + 0.07
Total flavanoids (1g/g) 226.02 220.16 241.15 246.13 208.74 225.80
(ngjlglihe“"hc acids 1554.68 1508.59 1540.48 1583.58 1543.39 1507.26
Total amount of active 1780.70 1728.75 1781.63 1829.71 1752.13 1733.06

compounds (ug/g)

3.6. Rheological Characteristics

Based on the shear rate (1/s) and the shear stress (Pa), a rheological flow curve can
be formed, which can be used to evaluate the characteristic properties of experimental
formulations G1-G6. According to the obtained rheological parameters and rheological
curve, when the shear rate is controlled, all investigated formulations (G1-G6) can be
assigned to Newtonian materials; the measured viscosity is independent of the shear rate
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(Figure 3) [54]. Because formulations G1-G6 have the properties of Newtonian materials,
the consistency coefficient ((Pa-s)n) coincides with the dynamic viscosity (Pa-s).

10 4

Shear Stress [Pa]

0 -f T T T T T T X T
0 50 100 150 200
Shear Rate [1/s]

Figure 3. Flow curve for in situ gels G1-G6 (shear rate vs. shear stress); all formulations showed the
same parameters.

The formulations produced differed in their concentrations of polymers. In order to
evaluate the physical properties of in situ gels, so as to customize them for ophthalmic
preparations, it is important to perform rheological studies in order to assess the dynamic
viscosity of the materials at important critical temperatures: room temperature (22 °C),
32 °C (the temperature of eye tissue), and 37 °C (close to human body temperature). The
selected temperatures allow the condition of the products to be assessed during storage
and inversion. According to the obtained rheological parameters (Figure 4), a direct
correlation between the polymer concentrations in the investigated formulations and the
differences in dynamic viscosity at different temperatures can be seen. At the lowest
amounts of poloxamer 407 and HPMC in the formulation G1, the smallest difference
in dynamic viscosity was observed at different temperatures. As the amount of HPMC
increased, a greater change in dynamic viscosity was observed in gel G2 between room
temperature (22 °C) and 37 °C (Figure 4a,b). Increased amounts of poloxamer 407 in gels
G3 and G4—from 10% to 12%—showed a higher gel viscosity compared to gels G1 and
G2. Gels G3 and G4 showed a statistically significant difference in dynamic viscosity
between 22 °C and 32 °C (p < 0.05), while there was no statistically significant difference
in viscosity between 32 °C and 37 °C (p > 0.05). Comparing formulations G3 and G4,
a higher dynamic viscosity of formulation G4 was observed, which was affected by the
higher concentration of the polymer HPMC in formulation G4 than in G3 (Figure 4c,d).
Formulations G5 and G6 showed a statistically significant difference in dynamic viscosity
(p < 0.05) at different temperatures (22 °C, 32 °C, and 37 °C). At higher concentrations
of poloxamer 407 (15%), the dynamic viscosity of gels G5 and G6 differed statistically
significantly from formulations G1-G4 at all temperatures. No statistically significant
(p > 0.05) difference in dynamic viscosity compared to formulation G5 was observed with
the increased HPMC concentration in formulation Gé. It can be seen from Figure 4 that the
dynamic viscosity of all formulations remained constant at all temperatures.
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Figure 4. The dynamic viscosity (Pa-s) vs. shear rate (1/s) in different (22 °C, 32 °C, and 37 °C) temperatures of in situ gels:
(a) G1; (b) G2; (c) G3; (d) G4; (e) G5; and (f) G6.

Storage modulus G’ shows the elastic properties of the system—the energy that
is stored in the material during deformation. The loss modulus G” indicates the flow
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properties of the system under study and the energy dissipated. The gelation points of
formulations G1-G6 were evaluated in the temperature range from 20 °C to 50 °C (Table 7).
The obtained results show that gel G1 has the highest gelation point temperature—the
sol-to-gel phase is reached only at 43.2 °C. However, formulation G2 (Figure 5a)—in which
the concentration of poloxamer 407 is the same but the concentration of the polymer HPMC
is higher—has a statistically significantly lower (p < 0.05) sol-to-gel temperature (33.3 °C).
The sol-to-gel temperature of formulations G3 and G4 also differed statistically significantly
(p < 0.05) at higher HPMC polymer concentrations. The lowest gelation temperature was
determined in formulations G5 and G6 (Figure 5b), when the concentration of the polymer
poloxamer 407 was the highest. No statistically significant difference (p < 0.05) was found
between the gelation points of formulations G2 and G4.

Rheological studies have been performed in order to predict which of the experimental
formulations would be the best suited as ophthalmic preparations.

Table 7. Sol-to-gel temperatures of formulations G1-G6 (mean + SD, n = 3).

Formulation Sol/Gel Temperature ( °C) Complex Viscosity Pa-s
Gl 432 +£1.5 0.0163 £ 0.0005
G2 33.3£1.0 0.0136 £ 0.0004
G3 392+14 0.0294 £ 0.0009
G4 321+£1.0 0.0265 £ 0.0008
G5 285+ 09 0.0747 £+ 0.0023
G6 21.5+0.7 0.0439 £ 0.0013

Storage Modulus G'
Loss Modulus G"
2
w 04
o
=2
G
—
=]
-4
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Figure 5. Cont.
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Figure 5. In situ gels’ gelation temperatures (storage modulus(G’), loss modulus (G")). (a) G2 gel;
(b) G6 gel.

3.7. In Vitro Release Studies

After evaluating the composition of the experimental in situ formulations via HPLC
analysis, the next important step was to evaluate the release of phenolic compounds from
formulations G1-G6 (Figure 6). The highest amount of phenolic compounds (mg CAE/g)
was released by formulation G1 (84.39%), which had the lowest polymer concentration.
The least phenolic compounds were released by the formulation G6, which had the highest
concentration of polymers. Assessing the results of the release studies in vitro, a statistically
significant (p < 0.05) difference in the amount of released phenolic compounds was observed
between formulations G1 and G3, G1 and G4, G1 and G5, G1 and G6, G2 and G4, G2 and
G5, G2 and G6, G3 and G5, G3 and G6, and G4 and G6. There was no statistically significant
difference (p > 0.05) between formulations G1 and G2, G2 and G3, G3 and G4, G4 and
G5, or G5 and G6. Comparing the results, a trend was observed: as the concentration
of polymers in the formulation increased, the release efficiency of phenolic compounds
decreased, from the very beginning of the study.

From the total amount of phenolic compounds released after 8 h, the percentage
released by the predominant biologically active compound formulations was estimated
(Figure 7). Based on the data of the release study, of the total amount of phenolic compounds
in the formulations, the predominant phenolic acid was p-coumaric acid. Pinobanksin was
the predominant flavonoid released from the total amount of phenolic compounds after 8 h.
A statistically significant difference (p < 0.05) was found between the amount of released
phenolic acids and flavonoids. In all of the experimental formulations, the highest amount
of p-coumaric acid and the lowest amount of galangin were released. The study showed
that all of the active compounds that were identified in the prepared extracts via HPLC
were released.

3.8. Antioxidant Activity

Figure 8 shows the antioxidant activity of L1 (lyophilized 1% aqueous solution of
balsam poplar buds extract) and in situ gels (G1-G6)—assessed via ABTS and FRAP
methods—using 0.5% ascorbic acid solution for comparison. Balsam poplar buds have
anti-inflammatory and antioxidant effects due to their high content of phenolic compounds.
The lyophilized 1% aqueous solution of balsam poplar buds showed lower antioxidant
activity compared to the 0.5% solution of ascorbic acid, using both the ABTS and FRAP
methods. A statistically significant (p < 0.05) increase in antioxidant activity was observed
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in the 1% aqueous solution of lyophilized extract (L1) compared to the G1-G6 formulations,
using both the ABTS and FRAP antioxidant assays; however, this was due to the lower
total content of phenolic compounds in the experimental formulations. There was no
statistically significant difference (p > 0.05) in antioxidant activity between formulations
G1-G6 detected by the ABTS and FRAP methods. It can be concluded that the antioxidant
activity is not affected by the different polymer concentrations present in the formulations.
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Figure 6. Percentage release of total phenolic compounds from experimental in situ gels G1-G6 after
8 h (mean + SD, n = 3).
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Figure 7. Percentage amounts of active compounds released after 8 h in experimental in situ gels G1-G6 (mean =+ SD, n = 3).

3.9. Cell Viability: Short Time Exposure (STE) Test

The experimental formulations were intended for the eyes; therefore, we evaluated
the effects of short-term exposure of the SIRC cell line to the experimental in situ gel
formulations G1-G6 and the balsam poplar buds extracts L1 and L2, using the MTT
method, when the cells were exposed to the test samples for 5 and 30 min. Each well with
an SIRC cell line contained 100 pL/well of the sample (Figure 9). There was no statistically
significant difference (p > 0.05) in cell viability between formulations G1-G5. A statistically
significant difference (p < 0.05) in cell viability was observed between gels G1-G5 and gel
G6. There was a statistically significant difference (p < 0.05) in cell viability between extract
L2 and gels G1-G5, but there was no statistically significant difference (p > 0.05) between
extract L1 and gels G1-G5. No statistically significant difference (p > 0.05) was observed
between extracts L1 and L2. During the study, none of the samples showed a statistically
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significant (p > 0.05) irritant effect on the SIRC cell line after 5 min or 30 min of incubation.

As aresult, the experimental formulations can be used as in situ eye drops.
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Figure 8. Antioxidant activity detected in in situ gels G1-G6 and lyophilized 1% aqueous solution of balsam poplar buds
extract (L1) by (a) the ABTS method; and (b) the FRAP method (mean + SD, n = 3).
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Figure 9. Percentage cell viability after the short time exposure (STE) test on the SIRC cell culture line (results expressed as
the standard deviation of five measurements): (a) cell viability after 5 min; (b) cell viability after 30 min (mean + SD, n = 3).
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3.10. Statistical Analysis

The results of the total percentage release of phenolic compounds, viscosity at 22 °C,
viscosity at 37 °C, and total polymer concentration (w/v) were evaluated according to
Spearman’s rank correlation coefficient. The correlation graph presented in Figure 10 shows
a strong correlation between the total percentage release of phenolic compounds, viscosity
at 22 °C (p = —0.984), viscosity at 37 °C (p = —0.986), and total polymer concentration
(w/v) (p = —0.991). Moreover, there is a strong correlation between the total polymer
concentration (w/v), the viscosity at 22 °C (p = 0.996), and the viscosity at 37 °C (p = 0.997).

. . .
% . . .
° . . .
Q
) ® . ® . * .
o ° ° [
ol ®*® L4 °®
c
<]
O ® 9 °®
(]
a8 oo [ 4 [ ]
) e ' 4 °®
& . . .
DY . . .
< °e | @ s
. . °
g . . .
)
O
p AR Y } o ® L A

Release% PolConc Vsc22°C Vsc37°C

Viscosity at Viscosity at Polymer

o

Release”o 22°C 37°C Concentration
Correlati

Release% oreanon 1 0984  -0.986 ~0.991
coefficient
Correlati

Viscosity at22°C oot 0984 1 0.993 0.996
coefficient
Correlati

Viscosity at 37°C o O 0,986 0.993 1 0.997
coefficient

Pol lati

oymer Correlation ;491 0.99 0997 1
concentration coefficient

Figure 10. Correlation graph of total percentage release of phenolic compounds, viscosity at 22 °C, viscosity at 37 °C, and

total polymer concentration (w/v), as measured by Spearman’s rank correlation coefficient.

4. Discussion
4.1. Populus Balsamifera Extraction and Bioactive Compounds

Ultrasound-assisted extraction was applied for the extraction of the active compounds.
The mechanical effects of ultrasound accelerate the process of extraction, and the use of
organic solvents often becomes unnecessary. Therefore, for ultrasound-assisted extraction,
water is often used as a solvent—which is an inexpensive, not dangerous, and easily
accessible ecological material [41]. Balsam poplar water extracts were lyophilized in
order to concentrate the resulting bioactive compounds [55]. This research confirmed
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that lyophilization is an effective method for the production of dry extracts with larger
amounts of active compounds. Active compounds in the produced extracts L1 and L2 were
identified using chromatography. The research results showed that the chosen method
for the production of dry extract was suitable, since the same active compounds were
identified in both extracts. The research results confirmed that lyophilization allowed us
to concentrate the active compounds [56], since a larger amount of them was identified
in lyophilized extract L1 (1% lyophilized water L2 extract solution) in comparison with
water extract L2. The results of chemical analysis show that poplar buds extract is a
potential material for the production of eye drops. p-Coumaric acid dominates in poplar
buds extracts. p-Coumaric acid is a phenolic acid, which has many biological functions—
such as antioxidant, anti-inflammatory, antidiabetic, antiulcer, antiplatelet, and anticancer
activities [57,58]. The scientific research determined that eye drops that contained p-
coumaric acid, due to their antioxidant properties, protected eye tissues and decreased
the harmful effects of UVB rays [30]. Italian scientists determined that hydrocaffeic acid
in combination with p-coumaric acid showed potential as a topical eye treatment against
UVB damage [59]. In poplar buds extracts, the same phenolic acids were identified as in
propolis. Propolis, due to its antioxidant, anti-inflammatory, and antibacterial properties,
can be applied in the treatment of keratitis and corneal wounds [31].

4.2. Ophthalmic Gel Formulation

Poplar buds are one of the main sources of propolis; therefore, we chose that raw mate-
rial for our research. They are a suitable alternative to propolis, because the raw material is
more easily obtained, and is acceptable to vegans. In view of the fact that the bioavailability
of eye drops can be improved by increased precorneal residence time [60], in situ gels were
chosen for production. In situ gels, due to their viscosity, slow down the speed of drug
elimination from the eye [46]. An important step in the formulation of in situ gels is the
choice of excipients, which could ensure the stability of preparations without changing
the activity of bioactive ingredients, and be non-irritant—especially when used locally on
the surface of the eye [61,62]. Poloxamer 407, chosen for the production of gels, is often
used for ophthalmic preparations as a substance resistant to temperature changes [63,64].
Poloxamer 407 is used for the production of in situ gels, but used alone it has few mu-
coadhesive properties, while too large a concentration of it can cause hyperglycemia in the
eye [46,65]. In order to avoid these negative properties, poloxamer 407 is combined with
cellulose derivatives, such as HPMC, usually used from 0.5 to 3% (w/v) [35,66]. This way,
the poloxamer 407 concentration in the formulation is reduced, which allows control of the
in situ gel’s sol-to-gel formation point. Having reached suitable concentrations of polymers,
suitable gelation temperatures for ophthalmic in situ gel preparations can also be reached.
Propylene glycol was used in eye drop compositions based on the work of Kurniawansyah
et al. [46]. The scientific literature describes how substances such as sodium chloride or
sodium dihydrogen phosphate lower gelation temperatures by forming strong crosslinks
with poloxamer, while other substances such as ethanol or propylene glycol, with weaker
hydrogen bonds, may weaken bonds and can increase gelation temperatures [67]. There-
fore, polypropylene glycol was chosen for use to control the viscosity of in situ gels, as a
co-surfactant and humectant [68]. In this study, propylene glycol content did not show an
adverse effect on the physicochemical properties or biological activity of the formulations.

4.3. Physical Characterization of In Situ Gels

The normal physiological pH of the eyes ranges from 7 to 7.4 [69]. The formulations
with poplar buds extract that we produced had pH levels ranging from 6.07 to 6.7. In eye
drops, the closer the pH is to the physiological pH, the better the preparation is tolerated
by the eye. Ophthalmic preparations with a pH below 4 or above 10 cause irritation
and intense lacrimation, especially when the pH is strongly alkaline [69]. The pH of the
produced in situ gels was in acceptable boundaries, close to the normal physiological pH.
The refractive index of the produced in situ gels was between 1.355 and 1.360. The human
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tear film—cornea refractive index value varies from 1.335 to 1.4391 [70]. This means that
the produced gels should not cause any negative reactions or eye disorders when used.
Viscosity is another important parameter when evaluating the effectiveness of the eye
formulation, because low viscosity allows the patient to better tolerate the preparation,
and causes less discomfort when blinking. However, the smaller the viscosity, the shorter
the precorneal residence time [35]. Human tears have a viscosity of about 1.5 mPa-s [71],
while the recommended viscosity of ophthalmic drug formulations is within the range
of 15-30 mPa-s [72]. The viscosity of in situ gels may vary from 5 to 100 mPa-s [73]. The
data of our research showed that the viscosity of the produced gels varied from 11.3 to
170.8 mPa-s. It is possible to state that the viscosity of the produced in situ gels G1-G4
was in acceptable boundaries for eye formulations. Formulations G5 and G6 had higher
viscosity than recommended for in situ gels.

4.4. Rheological Tests

Polymer-based in situ gels are strongly connected with the residence time in the eye. If
the viscosity is low, the preparation stays only very briefly in the eye, while high viscosity
might be uncomfortable for the patient. Due to these reasons, it is not enough to measure
and evaluate the tested formulations with a viscometer. It is appropriate to rely on rheolog-
ical parameters, which allow us to analyze the parameters of the produced formulations
in detail and properly predict the effects of in situ gels on the eye tissue [74]. Flow curves
allowed us to confirm that all of the experimental formulations that we produced were
Newtonian fluids, where viscosity does not depend on shear rate [75]. The parameters of
dynamic viscosity, when the shear rate is controlled, allow us to compare the behavior of
experimental formulations in different temperatures. The results of the tests show that the
increase in polymer concentration in the formulations also increased the parameters of
dynamic viscosity proportionately with the rise of the temperature. Dewan et al. declared
that increased HPMC concentration increased the viscosity of P407 solutions, as well as
having a distinct effect on gelation temperatures [76]. Drug release also took longer [76].
Due to this tendency, we can state that gels G5 and G6 do not meet the requirements for oph-
thalmic preparations, since gels they are prone to gelation even at room temperature. Tests
showed that their gelation occurred at 21.5-28.5 °C. It is important for such a composition
to stay liquid at room temperature, aiming at its comfortable use. Still, it is important that,
having reached the eye’s surface, the formulation would reach the point of gelation, and
the preparation would have a longer residence time on the eye’s surface. In our research,
we chose HPMC concentrations from 0.5% to 0.75% (w/v) in our formulations. Cellulose
derivatives are also often added to poloxamer forms in order to prolong drug release [77].
HPMC is usually added in 0.5-3% (w/v) concentrations, depending on molecular mass
and poloxamer composition components [35]. Gels G2 and G4 meet the requirements for
ophthalmic preparations best of all; their gelation temperature is close to the eye’s surface
temperature, which can range from 32.9 °C to 36 °C [48,78]. Formulations G1 and G3 reach
the gelation point at higher temperature; therefore, the preparation would have a shorter
residence time on the eye surface. Yu et al. wrote that the connection of the hydrogel
systems—for example, the ones that contained carboxymethyl chitosan or another natural
polymer with poloxamer 407—may possibly improve the biocompatibility of the produced
hydrogel [79]. The composition of poloxamer 407 and carboxymethyl chitosan, described
by the scientists, had good rheological properties when the gelation temperature was
32-33 °C, and prolonged drug release from hydrogel; this is why this preparation can be
considered to be a good, temperature-sensitive ophthalmic drug delivery system [78-80].
We used HPMC in our research in order to improve the biocompatibility of in situ gels and
enhance the mucoadhesive properties of the preparations. The results of the tests showed
that polymer compositions directly influenced the rheological properties of the in situ gels.
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4.5. Bioactive Componds and Antioxidant Activity of In Situ Gels

When assessing the quality of eye preparations, it is important to determine the
quantity of their active ingredients. The drug content of in situ gels G1-G6 was in the
range of 94.81-98.37% of the theoretical amounts of phenolic compounds. HPLC test
results showed that the bases of the gels were suitable for the introduction of poplar buds
extract, because the same compounds were identified in them as in poplar buds extract.
Active ingredients were evenly distributed in all formulations. No statistically significant
difference (p > 0.05) was determined between the amounts of active ingredients in the tested
gels. The test results confirmed that the main components in poplar buds are phenolic acids
and flavonoids [25]. The results of quantitative analysis showed that in situ gels with poplar
buds extract could be used in ophthalmology as sources of polyphenolic compounds [81].
The results of antioxidative activity tests showed that the gels produced with poplar buds
extract had antioxidant activity. ABTS radical scavenging tests showed that all of the
gels had antioxidant activity statistically significantly lower (p > 0.05) than that of the L1
1% aqueous balsam poplar buds extract, used in the in situ gel formulations. The FRAP
method also showed statistically significantly lower antioxidant activity than that of the
L1 aqueous solution. Though formulations G1-G6 had low antioxidant activity, this was
nevertheless significant because of the low concentrations of extract in them. The produced
gels can be used as natural sources of antioxidants. Phenolic compounds and flavonoids
act as antioxidants [6] and as anti-inflammatory preparations for eye disorders [82].

4.6. In Vitro Release Test Determining Total Phenolic Compounds

In vitro diffusion study of the phenolic compounds of the prepared formulations was
performed using a Franz diffusion cell [83]. The results of the tests confirmed the data
obtained by other scientists—the released amounts of the active compounds depended on
the amount of gelling agent [35,46]. The greater the concentration of the gelling agent in the
formulation, the slower the rate of release of the active compounds. This confirms previous
findings that the amount of active substances released from the formulation depends on
its composition [84]. Fathalla et al. reported that the release of ketorolac tromethamine
decreases when poloxamer 188 or poloxamer 407 concentration is increased. This decrease
in release rate is associated with the increase in the viscosity of the preparation [35]. The
results of our research showed that the release of phenolic compounds from prepared
in situ gel formulations directly depended on the concentration of gelating polymers. A
strong reverse correlation of p = —0.991 was determined.

4.7. Cell Viability: Short Time Exposure (STE) Test

In situ ocular gels are applied in the treatment of various ophthalmological diseases,
and so they must be safe and non-irritating, as they directly affect the eyes. Using SIRC
rabbit corneal cells, we performed an eye irritation test: the short time exposure (STE) test.
The duration of the test was determined keeping in mind that in situ gels stay longer on the
eye’s surface due to their viscosity [85]. SIRC cell viability is defined as the percentage of
live cells, as determined via MTT test. After 5 and 30 min exposure and incubation time—
which is counted as drug contact with the eye—all of the tested gels had no cytotoxic effects
on SIRC cell viability. Asasutjarit et al. demonstrated the safety of a P407/P188/carbopol
formulation on a rabbit corneal cell line using short time exposure tests, where the total
eye irritation score was zero [86]. Wroblewska et al. described a short time exposure test of
biological hydrogel systems on the SIRC cell line. A 0.5% HPMC short time exposure test
using MTT dye showed 93.95% viability compared to controls (0.9% solution of sodium
chloride) [40]. The results of our tests confirmed the results obtained by other scientists,
and showed that the chosen glling agents were suitable for the production of eye drops.
The results of the tests also showed that poplar buds extract aqueous solution did not have
a cytotoxic effect on the tested cells.
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4.8. Stability Test

The stability of the medicinal substances in the eye drops depends on their physical
and chemical properties, pH, viscosity, excipients, technology, and the chosen packag-
ing [86]. The stability of in situ gels with poplar buds extract was evaluated 30 days
after production. The results showed that the physicochemical properties and the total
amounts of phenolic compounds of formulations G1-G6 did not change statistically sig-
nificantly (p > 0.05). The formulations were kept in the refrigerator. The formulations
remained colorless, clear, and without mechanical impurities. It is possible to conclude that
the chosen excipients, their quantity, and their storage conditions determine the physic-
ochemical stability of the formulations. For further research, it is important to choose
suitable preservatives and technologies in order to ensure the microbiological stability of
the formulations.

5. Conclusions

The results of our research showed that the extract of Populus balsamifera buds is rich in
polyphenols, of which p-coumaric acid predominates. Lyophilized poplar buds extract was
successfully applied as a source of polyphenols for in situ eye gels, using poloxamer 407 and
HPMC. In situ gels’ gelation temperature depends on the concentrations of the polymers
poloxamer 407 and HPMC. All of the experimental formulations were characterized by in-
situ-gel-specific thermodynamic properties. The sustained release of polyphenols in vitro
also depended on the concentrations of the used polymers. The results of this study indicate
that the polymer combinations will be expected to be excellent carriers for the prolonged
delivery of polyphenols to the surface of the eye. The short time exposure test showed that
the experimental formulations did not have an irritating effect on the SIRC cell line. The
results of these tests can serve as a basis for further research.

Author Contributions: Conceptualization, K.R. and M.S.; methodology, K.R.; M.S., LI. and M.M.;
investigation, KR., M.S.,, M.M.,, K.P. and L.I; data curation, K.R., M.S., K.P. and L.I.; writing—original
draft preparation, K.R. and M.S.; writing—review and editing, K.R. and M.S,; visualization, K.R. and
M.S.; supervision, K.R.; project administration, K.R.; funding acquisition, K.R. and M.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are available in a publicly accessible repository.

Acknowledgments: We sincerely thank the Kaunas University of Technology for the opportunity to
perform rheological research; we also give thanks to Daiva Leskauskaite and Viktoria Eisinaite.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Souto, E.B.; Dias-Ferreira, J.; Lopez-Machado, A.; Ettcheto, M.; Cano, A.; Espuny, A.C.; Espina, M.; Garcia, M.L.; Sanchez-Lopez,
E. Advanced Formulation Approaches for Ocular Drug Delivery: State-Of-The-Art and Recent Patents. Pharmaceutics 2019, 11,
460. [CrossRef]

Favero, G.; Moretti, E.; Kraj¢ikova, K.; Tomeckova, V.; Rezzani, R. Evidence of Polyphenols Efficacy against Dry Eye Disease.
Antioxidants 2021, 10, 190. [CrossRef]

Watane, A.; Cavuoto, K.M.; Banerjee, S.; Galor, A. The Microbiome and Ocular Surface Disease. Curr. Ophthalmol. Rep. 2019, 7,
196-203. [CrossRef]

Krsti¢, L.; Gonzalez-Garcia, M.].; Diebold, Y. Ocular Delivery of Polyphenols: Meeting the Unmet Needs. Molecules 2021, 26, 370.
[CrossRef] [PubMed]

Bungau, S.; Abdel-Daim, M.M,; Tit, D.M.; Ghanem, E.; Sato, S.; Maruyama-Inoue, M.; Yamane, S.; Kadonosono, K. Health Benefits
of Polyphenols and Carotenoids in Age-Related Eye Diseases. Oxidative Med. Cell. Longev. 2019, 2019, 1-22. [CrossRef]

Bielory, L.; Tabliago, N.R.A. Flavonoid and cannabinoid impact on the ocular surface. Curr. Opin. Allergy Clin. Immunol. 2020, 20,
482-492. [CrossRef]


http://doi.org/10.3390/pharmaceutics11090460
http://doi.org/10.3390/antiox10020190
http://doi.org/10.1007/s40135-019-00217-w
http://doi.org/10.3390/molecules26020370
http://www.ncbi.nlm.nih.gov/pubmed/33445725
http://doi.org/10.1155/2019/9783429
http://doi.org/10.1097/ACI.0000000000000673

Pharmaceutics 2021, 13, 953 21 of 23

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Teng, H.; Chen, L. Polyphenols and bioavailability: An update. Crit. Rev. Food Sci. Nutr. 2019, 59, 2040-2051. [CrossRef]
Pandey, K.B.; Rizvi, S.I. Plant Polyphenols as Dietary Antioxidants in Human Health and Disease. Oxidative Med. Cell. Longev.
2009, 2, 270-278. [CrossRef] [PubMed]

De Almeida, S.R.; Alves, M.G.; Sousa, M.; Oliveira, PF,; Silva, B.M. Are Polyphenols Strong Dietary Agents Against Neurotoxicity
and Neurodegeneration? Neurotox. Res. 2016, 30, 345-366. [CrossRef] [PubMed]

Mandel, S.; Youdim, M.B. Catechin polyphenols: Neurodegeneration and neuroprotection in neurodegenerative diseases. Free.
Radic. Biol. Med. 2004, 37, 304-317. [CrossRef]

Bhullar, K.S.; Rupasinghe, H.P.V. Polyphenols: Multipotent Therapeutic Agents in Neurodegenerative Diseases. Oxidative Med.
Cell. Longev. 2013, 2013, 1-18. [CrossRef] [PubMed]

Dogru, M.; Wakamatsu, T.; Kojima, T.; Matsumoto, Y.; Kawakita, T.; Schnider, C.; Tsubota, K. The Role of Oxidative Stress and
Inflammation in Dry Eye Disease. Cornea 2009, 28, S70-S74. [CrossRef]

Liu, P-L.; Chong-Chao, H.; Lee, Y.-C,; Tsai, ]J.R.; Wang, H.-M.; Hsieh, C.-C.; Kuo, H.-F; Liu, W.-L.; Chen, Y.-H.; Chen, H.-L.
Anti-inflammatory Effects of Resveratrol on Hypoxia/Reoxygenation-Induced Alveolar Epithelial Cell Dysfunction. J. Agric.
Food Chem. 2015, 63, 9480-9487. [CrossRef] [PubMed]

Caban, M.; Owczarek, K.; Chojnacka, K.; Lewandowska, U. Overview of Polyphenols and Polyphenol-rich Extracts as Modulators
of Inflammatory Response in Dry Eye Syndrome. Food Rev. Int. 2021, 28, 1-28. [CrossRef]

Sacca, S.C.; Izzotti, A.; Vernazza, S.; Tirendi, S.; Scarfi, S.; Gandolfi, S.; Bassi, A.M. Can Polyphenols in Eye Drops Be Useful for
Trabecular Protection from Oxidative Damage? J. Clin. Med. 2020, 9, 3584. [CrossRef]

Hepsen, LE; Er, H.; Cekig, O. Topically Applied Water Extract of Propolis to Suppress Corneal Neovascularization in Rabbits.
Ophthalmic Res. 1999, 31, 426—431. [CrossRef]

Emre, S.; Yilmaz, Z.; Oztiirk, F; Emre, M.H. Propolis Prevents the Effects of Chronic Alcohol Intake on Ocular Tissues. Ophthalmic
Res. 2009, 42, 147-151. [CrossRef]

Braakhuis, A. Evidence on the Health Benefits of Supplemental Propolis. Nutrients 2019, 11, 2705. [CrossRef] [PubMed]
Farooqui, T. Beneficial effects of propolis on human health and neurological diseases. Front. Biosci. 2012, 4, 779. [CrossRef]
Wang, K.; Zhang, J.; Ping, S.; Ma, Q.; Chen, X.; Xuan, H.; Shi, ].; Zhang, C.; Hu, F. Anti-inflammatory effects of ethanol extracts of
Chinese propolis and buds from poplar (Populus x canadensis). J. Ethnopharmacol. 2014, 155, 300-311. [CrossRef]

Peng, S.; Wei, P; Lu, Q.; Liu, R.; Ding, Y.; Zhang, J. Beneficial Effects of Poplar Buds on Hyperglycemia, Dyslipidemia, Oxidative
Stress, and Inflammation in Streptozotocin-Induced Type-2 Diabetes. J. Immunol. Res. 2018, 2018, 1-10. [CrossRef] [PubMed]
Torres, A.; Sandjo, L.; Friedemann, M.; Tomazzoli, M.; Maraschin, M.; Mello, C.; Santos, A. Chemical characterization, antioxidant
and antimicrobial activity of propolis obtained from Melipona quadrifasciata quadrifasciata and Tetragonisca angustula stingless
bees. Braz. ]. Med Biol. Res. 2018, 51, €7118. [CrossRef] [PubMed]

Zaccaria, V.; Garzarella, E.U.; Di Giovanni, C.; Galeotti, E; Gisone, L.; Campoccia, D.; Volpi, N.; Arciola, C.R.; Daglia, M. Multi
Dynamic Extraction: An Innovative Method to Obtain a Standardized Chemically and Biologically Reproducible Polyphenol
Extract from Poplar-Type Propolis to Be Used for Its Anti-Infective Properties. Materials 2019, 12, 3746. [CrossRef]

Zhang, ].; Cao, X.; Ping, S.; Wang, K.; Shi, J.; Zhang, C.; Zheng, H.; Hu, F. Comparisons of Ethanol Extracts of Chinese Propolis
(Poplar Type) and Poplar Gums Based on the Antioxidant Activities and Molecular Mechanism. Evidence-Based Complement.
Altern. Med. 2015, 2015, 1-15. [CrossRef] [PubMed]

Stanciauskaite, M.; Marksa, M.; Liaudanskas, M.; Ivanauskas, L.; Ivaskiene, M.; Ramanauskiene, K. Extracts of Poplar Buds
(Populus balsamifera L., Populus nigra L.) and Lithuanian Propolis: Comparison of Their Composition and Biological Activities.
Plants 2021, 10, 828. [CrossRef] [PubMed]

Vardar-Unlii, G.; Silici, S.; Unlii, M. Composition and in vitro antimicrobial activity of Populus buds and poplar-type propolis.
World . Microbiol. Biotechnol. 2008, 24, 1011-1017. [CrossRef]

Dudonné, S.; Poupard, P.; Coutiére, P.; Woillez, M.; Richard, T.; Mérillon, ].-M.50; Vitrac, X. Phenolic Composition and Antioxidant
Properties of Poplar Bud (Populus nigra) Extract: Individual Antioxidant Contribution of Phenolics and Transcriptional Effect on
Skin Aging. |. Agric. Food Chem. 2011, 59, 4527-4536. [CrossRef]

Pahlavani, N.; Malekahmadi, M.; Firouzi, S.; Rostami, D.; Sedaghat, A.; Moghaddam, A.B.; Ferns, G.A.; Navashenagq, J.G.;
Reazvani, R.; Safarian, M.; et al. Molecular and cellular mechanisms of the effects of Propolis in inflammation, oxidative stress
and glycemic control in chronic diseases. Nutr. Metab. 2020, 17, 1-12. [CrossRef] [PubMed]

Angelo, G.; Lorena, C.; Marta, G.; Antonella, C. Biochemical Composition and Antioxidant Properties ofLavandula angustifo-
liaMiller Essential Oil are Shielded by Propolis Against UV Radiations. Photochem. Photobiol. 2014, 90, 702-708. [CrossRef]
Lodovici, M.; Caldini, S.; Morbidelli, L.; Akpan, V.; Ziche, M.; Dolara, P. Protective effect of 4-coumaric acid from UVB ray damage
in the rabbit eye. Toxicology 2009, 255, 1-5. [CrossRef] [PubMed]

Martin, L.ET.; Rocha, E.; Garcia, S.B.; Paula, ].S. Topical Brazilian propolis improves corneal wound healing and inflammation in
rats following alkali burns. BMC Complement. Altern. Med. 2013, 13, 337. [CrossRef]

Duran, N.; Koc, A.; Oksuz, H.; Tamer, C.; Akaydin, Y.; Kozlu, T.; Celik, M. The protective role of topical propolis on experimental
keratitis via nitric oxide levels in rabbits. Mol. Cell. Biochem. 2006, 281, 153—-161. [CrossRef]

Patel, A.; Cholkar, K.; Agrahari, V.; Mitra, A.K. Ocular drug delivery systems: An overview. World J. Pharmacol. 2013, 2, 47-64.
[CrossRef] [PubMed]


http://doi.org/10.1080/10408398.2018.1437023
http://doi.org/10.4161/oxim.2.5.9498
http://www.ncbi.nlm.nih.gov/pubmed/20716914
http://doi.org/10.1007/s12640-015-9590-4
http://www.ncbi.nlm.nih.gov/pubmed/26745969
http://doi.org/10.1016/j.freeradbiomed.2004.04.012
http://doi.org/10.1155/2013/891748
http://www.ncbi.nlm.nih.gov/pubmed/23840922
http://doi.org/10.1097/ICO.0b013e3181ae8689
http://doi.org/10.1021/acs.jafc.5b01168
http://www.ncbi.nlm.nih.gov/pubmed/26466890
http://doi.org/10.1080/87559129.2021.1874412
http://doi.org/10.3390/jcm9113584
http://doi.org/10.1159/000055567
http://doi.org/10.1159/000229029
http://doi.org/10.3390/nu11112705
http://www.ncbi.nlm.nih.gov/pubmed/31717277
http://doi.org/10.2741/e418
http://doi.org/10.1016/j.jep.2014.05.037
http://doi.org/10.1155/2018/7245956
http://www.ncbi.nlm.nih.gov/pubmed/30320140
http://doi.org/10.1590/1414-431x20187118
http://www.ncbi.nlm.nih.gov/pubmed/29791598
http://doi.org/10.3390/ma12223746
http://doi.org/10.1155/2015/307594
http://www.ncbi.nlm.nih.gov/pubmed/25802536
http://doi.org/10.3390/plants10050828
http://www.ncbi.nlm.nih.gov/pubmed/33919265
http://doi.org/10.1007/s11274-007-9566-5
http://doi.org/10.1021/jf104791t
http://doi.org/10.1186/s12986-020-00485-5
http://www.ncbi.nlm.nih.gov/pubmed/32817750
http://doi.org/10.1111/php.12229
http://doi.org/10.1016/j.tox.2008.09.011
http://www.ncbi.nlm.nih.gov/pubmed/18852014
http://doi.org/10.1186/1472-6882-13-337
http://doi.org/10.1007/s11010-006-0720-4
http://doi.org/10.5497/wjp.v2.i2.47
http://www.ncbi.nlm.nih.gov/pubmed/25590022

Pharmaceutics 2021, 13, 953 22 of 23

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Bhowmik, M.; Das, S.; Chattopadhyay, D.; Ghosh, L.K. Study of Thermo-Sensitive In-Situ Gels for Ocular Delivery. Sci. Pharm.
2011, 79, 351-358. [CrossRef]

Soliman, K.A; Ullah, K.; Shah, A_; Jones, D.S.; Singh, T.R. Poloxamer-based in situ gelling thermoresponsive systems for ocular
drug delivery applications. Drug Discov. Today 2019, 24, 1575-1586. [CrossRef] [PubMed]

da Silva, J.B.; Cook, M.T.; Bruschi, M.L. Thermoresponsive systems composed of poloxamer 407 and HPMC or NaCMC:
Mechanical, rheological and sol-gel transition analysis. Carbohydr. Polym. 2020, 240, 116268. [CrossRef] [PubMed]

Russo, E.; Villa, C. Poloxamer Hydrogels for Biomedical Applications. Pharm. 2019, 11, 671. [CrossRef]

Kouchak, M.; Mahmoodzadeh, M.; Farrahi, F. Designing of a pH-Triggered Carbopol®/HPMC In Situ Gel for Ocular Delivery of
Dorzolamide HCI: In Vitro, In Vivo, and Ex Vivo Evaluation. AAPS PharmSciTech 2019, 20, 210. [CrossRef]

Wilson, S.L.; Ahearne, M.; Hopkinson, A. An overview of current techniques for ocular toxicity testing. Toxicology 2015, 327,
32-46. [CrossRef] [PubMed]

Wroblewska, K.; Kucinska, M.; Murias, M.; Lulek, J. Characterization of new eye drops with choline salicylate and assessment of
their irritancy by in vitro short time exposure tests. Saudi Pharm. . 2015, 23, 407-412. [CrossRef]

Medina-Torres, N.; Ayora-Talavera, T.; Espinosa-Andrews, H.; Sdnchez-Contreras, A.; Pacheco, N. Ultrasound Assisted Extraction
for the Recovery of Phenolic Compounds from Vegetable Sources. Agronomy 2017, 7, 47. [CrossRef]

Pudziuvelyte, L.; Marksa, M.; Sosnowska, K.; Winnicka, K.; Morkuniene, R.; Bernatoniene, J. Freeze-Drying Technique for
Microencapsulation of Elsholtzia ciliata Ethanolic Extract Using Different Coating Materials. Molecules 2020, 25, 2237. [CrossRef]
[PubMed]

Singleton, V.L.; Orthofer, R.; Lamuela-Raventés, R.M. Analysis of total phenols and other oxidation substrates and antioxidants
by means of folin-ciocalteu reagent. Methods Enzymol. 1999, 299, 152-178. [CrossRef]

Woisky, R.G.; Salatino, A. Analysis of propolis: Some parameters and procedures for chemical quality control. ]. Apic. Res. 1998,
37,99-105. [CrossRef]

Ramanauskiené, K.; Savickas, A.; Ivanauskas, L.; Kalveniene, Z.; Kasparaviciene, G.; Banionyte, I.; Amsiejus, A.; Martirosyan, D.
Analysis of Phenolic Acids in Propolis Using the High-Performance Liquid Chromatography Technique. Curr. Nutr. Food Sci.
2008, 4, 209-212. [CrossRef]

Kurniawansyah, 1.S.; Rusdiana, T.; Sopyan, I.; Ramoko, H.; Wahab, H.A; Subarnas, A. In situ ophthalmic gel forming systems of
poloxamer 407 and hydroxypropyl methyl cellulose mixtures for sustained ocular delivery of chloramphenicole: Optimization
study by factorial design. Heliyon 2020, 6, €05365. [CrossRef] [PubMed]

Tang, Z.; Yin, L.; Zhang, Y;; Yu, W.; Wang, Q.; Zhan, Z. Preparation and study of two kinds of ophthalmic nano-preparations of
everolimus. Drug Deliv. 2019, 26, 1235-1242. [CrossRef] [PubMed]

Morsi, N.; Ibrahim, M.; Refai, H.; El Sorogy, H. Nanoemulsion-based electrolyte triggered in situ gel for ocular delivery of
acetazolamide. Eur. J. Pharm. Sci. 2017, 104, 302-314. [CrossRef]

Giuliano, E.; Paolino, D.; Cristiano, M.C.; Fresta, M.; Cosco, D. Rutin-Loaded Poloxamer 407-Based Hydrogels for In Situ
Administration: Stability Profiles and Rheological Properties. Nanomater. 2020, 10, 1069. [CrossRef] [PubMed]

Takahashi, Y.; Hayashi, T.; Watanabe, S.; Hayashi, K.; Koike, M.; Aisawa, N.; Ebata, S.; Sakaguchi, H.; Nakamura, T.; Kuwahara,
H.; et al. Inter-laboratory study of short time exposure (STE) test for predicting eye irritation potential of chemicals and
correspondence to globally harmonized system (GHS) classification. J. Toxicol. Sci. 2009, 34, 611-626. [CrossRef] [PubMed]
Huang, J.; Peng, T.; Li, Y,; Zhan, Z.; Zeng, Y.; Huang, Y.; Pan, X.; Wu, C.-Y,; Wu, C. Ocular Cubosome Drug Delivery System for
Timolol Maleate: Preparation, Characterization, Cytotoxicity, Ex Vivo, and In Vivo Evaluation. AAPS PharmSciTech 2017, 18,
2919-2926. [CrossRef] [PubMed]

Yim, S.H.; Nam, S.H. Physiochemical, nutritional and functional characterization of 10 different pear cultivars (Pyrus spp.). J.
Appl. Bot. Food Qual. 2016, 89, 73-81. [CrossRef]

Raudone, L.; Raudonis, R.; Liaudanskas, M.; Janulis, V.; Viskelis, P. Phenolic antioxidant profiles in the whole fruit, flesh and peel
of apple cultivars grown in Lithuania. Sci. Hortic. 2017, 216, 186-192. [CrossRef]

Berg, A.P.V.D.; Van Keken, PE.; Yuen, D.A. The effects of a composite non-Newtonian and Newtonian rheology on mantle
convection. Geophys. J. Int. 1993, 115, 62-78. [CrossRef]

Bursal, E.; Glilgin, I. Polyphenol contents and in vitro antioxidant activities of lyophilised aqueous extract of kiwifruit (Actinidia
deliciosa). Food Res. Int. 2011, 44, 1482-1489. [CrossRef]

Jug, M.; Konc¢i¢, M.Z.; Kosalec, I. Modulation of antioxidant, chelating and antimicrobial activity of poplar chemo-type propolis
by extraction procures. LWT 2014, 57, 530-537. [CrossRef]

Boo, Y.C. p-Coumaric Acid as An Active Ingredient in Cosmetics: A Review Focusing on its Antimelanogenic Effects. Antioxidants
2019, 8, 275. [CrossRef]

Xu, X,; Yang, B.; Wang, D.; Zhu, Y.; Miao, X.; Yang, W. The Chemical Composition of Brazilian Green Propolis and Its Protective
Effects on Mouse Aortic Endothelial Cells against Inflammatory Injury. Mol. 2020, 25, 4612. [CrossRef]

Larrosa, M.; Lodovici, M.; Morbidelli, L.; Dolara, P. Hydrocaffeic andp-coumaric acids, natural phenolic compounds, inhibit UV-B
damage in WKD human conjunctival cellsin vitroand rabbit eyein vivo. Free. Radic. Res. 2008, 42, 903-910. [CrossRef] [PubMed]
Lanier, O.L.; Manfre, M.G.; Bailey, C.; Liu, Z.; Sparks, Z.; Kulkarni, S.; Chauhan, A. Review of Approaches for Increasing
Ophthalmic Bioavailability for Eye Drop Formulations. AAPS PharmSciTech 2021, 22, 1-16. [CrossRef] [PubMed]


http://doi.org/10.3797/scipharm.1010-04
http://doi.org/10.1016/j.drudis.2019.05.036
http://www.ncbi.nlm.nih.gov/pubmed/31175956
http://doi.org/10.1016/j.carbpol.2020.116268
http://www.ncbi.nlm.nih.gov/pubmed/32475558
http://doi.org/10.3390/pharmaceutics11120671
http://doi.org/10.1208/s12249-019-1431-y
http://doi.org/10.1016/j.tox.2014.11.003
http://www.ncbi.nlm.nih.gov/pubmed/25445805
http://doi.org/10.1016/j.jsps.2014.11.009
http://doi.org/10.3390/agronomy7030047
http://doi.org/10.3390/molecules25092237
http://www.ncbi.nlm.nih.gov/pubmed/32397476
http://doi.org/10.1016/s0076-6879(99)99017-1
http://doi.org/10.1080/00218839.1998.11100961
http://doi.org/10.2174/157340108785133301
http://doi.org/10.1016/j.heliyon.2020.e05365
http://www.ncbi.nlm.nih.gov/pubmed/33251348
http://doi.org/10.1080/10717544.2019.1692966
http://www.ncbi.nlm.nih.gov/pubmed/31752553
http://doi.org/10.1016/j.ejps.2017.04.013
http://doi.org/10.3390/nano10061069
http://www.ncbi.nlm.nih.gov/pubmed/32486354
http://doi.org/10.2131/jts.34.611
http://www.ncbi.nlm.nih.gov/pubmed/19952497
http://doi.org/10.1208/s12249-017-0763-8
http://www.ncbi.nlm.nih.gov/pubmed/28429294
http://doi.org/10.5073/JABFQ.2016.089.009
http://doi.org/10.1016/j.scienta.2017.01.005
http://doi.org/10.1111/j.1365-246X.1993.tb05588.x
http://doi.org/10.1016/j.foodres.2011.03.031
http://doi.org/10.1016/j.lwt.2014.02.006
http://doi.org/10.3390/antiox8080275
http://doi.org/10.3390/molecules25204612
http://doi.org/10.1080/10715760802510077
http://www.ncbi.nlm.nih.gov/pubmed/18985489
http://doi.org/10.1208/s12249-021-01977-0
http://www.ncbi.nlm.nih.gov/pubmed/33719019

Pharmaceutics 2021, 13, 953 23 of 23

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Irimia, T.; Dinu-Pirvu, C.-E.; Ghica, M.V.; Lupuleasa, D.; Muntean, D.-L.; Udeanu, D.I,; Popa, L. Chitosan-Based In Situ Gels for
Ocular Delivery of Therapeutics: A State-of-the-Art Review. Mar. Drugs 2018, 16, 373. [CrossRef]

Vigani, B.; Rossi, S.; Sandri, G.; Bonferoni, M.C.; Caramella, C.M.; Ferrari, F. Recent Advances in the Development of In Situ
Gelling Drug Delivery Systems for Non-Parenteral Administration Routes. Pharm. 2020, 12, 859. [CrossRef] [PubMed]

Fakhari, A.; Corcoran, M.; Schwarz, A. Thermogelling properties of purified poloxamer 407. Heliyon 2017, 3, €00390. [CrossRef]
Ludwig, A. The use of mucoadhesive polymers in ocular drug delivery. Adv. Drug Deliv. Rev. 2005, 57, 1595-1639. [CrossRef]
[PubMed]

Edsman, K.; Carlfors, ].; Petersson, R. Rheological evaluation of poloxamer as an in situ gel for ophthalmic use. Eur. J. Pharm. Sci.
1998, 6, 105-112. [CrossRef]

Nanjwade, B.K.; Deshmukh, R.V.; Gaikwad, K.R.; Parikh, K.A.; Manvi, EV. Formulation and evaluation of micro hydrogel of
Moxifloxacin hydrochloride. Eur. . Drug Metab. Pharmacokinet. 2011, 37, 117-123. [CrossRef] [PubMed]

Baloglu, E.; Karavana, S.Y.; Senyigit, Z.A.; Giineri, T. Rheological and mechanical properties of poloxamer mixtures as a
mucoadhesive gel base. Pharm. Dev. Technol. 2010, 16, 627-636. [CrossRef]

Okur, N. Ustiindag; Caglar, E. Sefik; Siafaka, P.I. Novel Ocular Drug Delivery Systems: An Update on Microemulsions. J. Ocul.
Pharmacol. Ther. 2020, 36, 342-354. [CrossRef]

Lim, L.T.; Ah-Kee, E.Y.; Collins, C.E. Common eye drops and their implications for pH measurements in the management of
chemical eye injuries. Int. ]. Ophthalmol. 2014, 7, 1067-1068. [CrossRef] [PubMed]

Patel, S.; Tutchenko, L. The refractive index of the human cornea: A review. Contact Lens Anterior Eye 2019, 42, 575-580. [CrossRef]
Zhu, H.; Chauhan, A. Effect of Viscosity on Tear Drainage and Ocular Residence Time. Optom. Vis. Sci. 2008, 85, E715-E725.
[CrossRef]

Jinemann, A.G.; Choragiewicz, T.; Ozimek, M.; Grieb, P.; Rejdak, R. Drug bioavailability from topically applied ocular drops.
Does drop size matter? Ophthalmol. ]. 2016, 1, 29-35. [CrossRef]

Patel, P.; Patel, P. Formulation and evaluation of clindamycin HCL in situ gel for vaginal application. Int. ]. Pharm. Investig. 2015,
5, 50-56. [CrossRef]

Destruel, P-L.; Zeng, N.; Brignole-Baudouin, F; Douat, S.; Seguin, J.; Olivier, E.; Dutot, M.; Rat, P.; Dufav, S.; Dufav-Wojcicki, A.;
et al. In Situ Gelling Ophthalmic Drug Delivery System for the Optimization of Diagnostic and Preoperative Mydriasis: In Vitro
Drug Release, Cytotoxicity and Mydriasis Pharmacodynamics. Pharmaceutics 2020, 12, 360. [CrossRef] [PubMed]

Foucault, S.; Ascanio, G.; Tanguy, P.A. Power Characteristics in Coaxial Mixing: Newtonian and Non-Newtonian Fluids. Ind. Eng.
Chem. Res. 2005, 44, 5036-5043. [CrossRef]

Dewan, M.; Bhowmick, B.; Sarkar, G.; Rana, D.; Bain, M.K.; Bhowmik, M.; Chattopadhyay, D. Effect of methyl cellulose on
gelation behavior and drug release from poloxamer based ophthalmic formulations. Int. J. Biol. Macromol. 2015, 72, 706-710.
[CrossRef] [PubMed]

Jain, A.K.; Soderlind, E.; Viridén, A.; Schug, B.; Abrahamsson, B.; Knopke, C.; Tajarobi, F.; Blume, H.; Anschiitz, M.; Welinder, A.;
et al. The influence of hydroxypropyl methylcellulose (HPMC) molecular weight, concentration and effect of food on in vivo
erosion behavior of HPMC matrix tablets. J. Control. Release 2014, 187, 50-58. [CrossRef]

Purslow, C.; Wolffsohn, J.S. Ocular Surface Temperature. Eye Contact Lens: Sci. Clin. Pr. 2005, 31, 117-123. [CrossRef]

Yu, S.; Zhang, X.; Tan, G.; Tian, L.; Liu, D.; Liu, Y.; Yang, X.; Pan, W. A novel pH-induced thermosensitive hydrogel composed of
carboxymethyl chitosan and poloxamer cross-linked by glutaraldehyde for ophthalmic drug delivery. Carbohydr. Polym. 2017,
155, 208-217. [CrossRef]

Giuliano, E.; Paolino, D.; Fresta, M.; Cosco, D. Mucosal Applications of Poloxamer 407-Based Hydrogels: An Overview. Pharm.
2018, 10, 159. [CrossRef]

Natarajan, S.B.; Hwang, J.-W.; Kim, Y.-S.; Kim, E.-K.; Park, P.-]. Ocular promoting activity of grape polyphenols—A review.
Environ. Toxicol. Pharmacol. 2017, 50, 83-90. [CrossRef] [PubMed]

Majumdar, S.; Srirangam, R. Potential of the bioflavonoids in the prevention/treatment of ocular disorders. J. Pharm. Pharmacol.
2010, 62, 951-965. [CrossRef] [PubMed]

Zilius, M.; Ramanauskien¢, K.; Briedis, V. Release of Propolis Phenolic Acids from Semisolid Formulations and Their Penetration
into the Human SkinlIn Vitro. Evidence-Based Complement. Altern. Med. 2013, 2013, 1-7. [CrossRef] [PubMed]

Wei, Y.; Li, C.; Zhu, Q.; Zhang, X.; Guan, J.; Mao, S. Comparison of thermosensitive in situ gels and drug-resin complex for ocular
drug delivery: In vitro drug release and in vivo tissue distribution. Int. |. Pharm. 2020, 578, 119184. [CrossRef] [PubMed]
Harbell, J.; Koontz, S.; Lewis, R.; Lovell, D.; Acosta, D. IRAG Working Group 4: Cell cytotoxicity assays. Food Chem. Toxicol. 1997,
35, 79-126. [CrossRef]

Asasutjarit, R.; Thanasanchokpibull, S.; Fuongfuchat, A.; Veeranondha, S. Optimization and evaluation of thermoresponsive
diclofenac sodium ophthalmic in situ gels. Int. J. Pharm. 2011, 411, 128-135. [CrossRef] [PubMed]


http://doi.org/10.3390/md16100373
http://doi.org/10.3390/pharmaceutics12090859
http://www.ncbi.nlm.nih.gov/pubmed/32927595
http://doi.org/10.1016/j.heliyon.2017.e00390
http://doi.org/10.1016/j.addr.2005.07.005
http://www.ncbi.nlm.nih.gov/pubmed/16198021
http://doi.org/10.1016/S0928-0987(97)00075-4
http://doi.org/10.1007/s13318-011-0070-9
http://www.ncbi.nlm.nih.gov/pubmed/22015966
http://doi.org/10.3109/10837450.2010.508074
http://doi.org/10.1089/jop.2019.0135
http://doi.org/10.3980/j.issn.2222-3959.2014.06.29
http://www.ncbi.nlm.nih.gov/pubmed/25540767
http://doi.org/10.1016/j.clae.2019.04.018
http://doi.org/10.1097/OPX.0b013e3181824dc4
http://doi.org/10.5603/OJ.2016.0005
http://doi.org/10.4103/2230-973X.147233
http://doi.org/10.3390/pharmaceutics12040360
http://www.ncbi.nlm.nih.gov/pubmed/32326492
http://doi.org/10.1021/ie049654x
http://doi.org/10.1016/j.ijbiomac.2014.09.021
http://www.ncbi.nlm.nih.gov/pubmed/25256549
http://doi.org/10.1016/j.jconrel.2014.04.058
http://doi.org/10.1097/01.ICL.0000141921.80061.17
http://doi.org/10.1016/j.carbpol.2016.08.073
http://doi.org/10.3390/pharmaceutics10030159
http://doi.org/10.1016/j.etap.2016.12.004
http://www.ncbi.nlm.nih.gov/pubmed/28135653
http://doi.org/10.1211/jpp.62.08.0001
http://www.ncbi.nlm.nih.gov/pubmed/20663029
http://doi.org/10.1155/2013/958717
http://www.ncbi.nlm.nih.gov/pubmed/23762175
http://doi.org/10.1016/j.ijpharm.2020.119184
http://www.ncbi.nlm.nih.gov/pubmed/32112932
http://doi.org/10.1016/S0278-6915(96)00101-9
http://doi.org/10.1016/j.ijpharm.2011.03.054
http://www.ncbi.nlm.nih.gov/pubmed/21459137

	Introduction 
	Materials and Methods 
	Materials 
	Populus Balsamifera Extraction 
	Total Phenolic Compounds 
	Total Flavonoids 
	HPLC Analysis 
	Ophthalmic Gel Formulation 
	In Vitro Release Test Determining Total Phenolic Compounds 
	Physical Characterization (pH, Viscosity) 
	Rheological Tests 
	Cell Viability: The Short Time Exposure (STE) Test 
	Antioxidant Activity by ABTS and FRAP Methods 
	Statistical Analysis 

	Results 
	Extraction 
	HPLC Analysis 
	In Situ Gel Formulation 
	In Situ Gels’ Physicochemical Parameters 
	In Situ Gels’ HPLC Analysis 
	Rheological Characteristics 
	In Vitro Release Studies 
	Antioxidant Activity 
	Cell Viability: Short Time Exposure (STE) Test 
	Statistical Analysis 

	Discussion 
	Populus Balsamifera Extraction and Bioactive Compounds 
	Ophthalmic Gel Formulation 
	Physical Characterization of In Situ Gels 
	Rheological Tests 
	Bioactive Componds and Antioxidant Activity of In Situ Gels 
	In Vitro Release Test Determining Total Phenolic Compounds 
	Cell Viability: Short Time Exposure (STE) Test 
	Stability Test 

	Conclusions 
	References

