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Abstract: Phenolic compounds of natural origin have been valued for their beneficial effects on
health since ancient times. During our study, we performed the extraction of phenolic compounds
from balsam poplar buds using different concentrations of aqueous polyethylene glycol 400 solvents
(10–30% PEG400). The aqueous 30% PEG400 extract showed the best phenolic yield. The stability
of the extract during autoclave sterilization was evaluated. The extract remained stable under
heat sterilization. Ophthalmic formulations are formed using different concentrations (8–15%) of
poloxamer 407 (P407) together with hydroxypropyl methylcellulose (0.3%), sodium carboxymethyl
cellulose (0.3%) or hyaluronic acid (0.1%). Physicochemical parameters of the formulations remained
significantly unchanged after sterilization. Formulations based on 12% P407 exhibited properties
characteristic of in situ gels, the gelation point of the formulations was close to the temperature of the
cornea. After evaluating the amount of released compounds, it was found that, as the concentration
of polymers increases, the amount of released compounds decreases. Formulations based on 15%
P407 released the least biologically active compounds. Sterilized formulations remained stable for
30 days.

Keywords: balsam poplar buds; phenolic compounds; extract; ocular delivery

1. Introduction

Much attention is paid to ophthalmic preparations with biologically active compounds
of natural origin, which are applied as anti-inflammatory and antioxidant agents [1,2].
This is due to the fact that in today’s society, with the fast pace of life and high flow of
technology, eyes are subject to a lot of strain, fatigue and frequently develop dry eye
syndrome and sensitivity, which leads them being more prone to infections [1,2]. Research
shows a link between oxidative stress and ocular surface diseases [3,4] and one of the
common solutions is the use of topical preventive eye products. Artificial tears are used
to alleviate dry eye syndrome and corticosteroids are prescribed to reduce ocular surface
inflammation [1,5,6]. Compounds of natural origin have a broadly applicable therapeutic
effect, fewer side-effects and are more acceptable to the patient [5,7] than synthetic topical
ocular preparations [7]. Some plant extracts have been used since ancient times, such as
chamomile [8], calendula [9] and bilberry [10] extracts. Scientists are always looking
for new sources of phenolic compounds for applications. One such source is poplar
buds, which are often the plant precursor of propolis, and propolis itself has long been
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valued for its antioxidant, anti-inflammatory, antibacterial, anticancer and other therapeutic
properties [11].

In Europe and Asia, the main plant sources of propolis are the bud exudates of Populus
species and their hybrids [12,13]. In Lithuania, balsam poplar buds have been valued in
folk medicine for their anti-inflammatory properties and have also been used to support
respiratory and urinary tract functions. Preliminary research in Lithuania has identified
salicin, p-coumaric, cinnamic, caffeic acids, the flavonoids pinocembrin, pinobanksin and
galangin as the predominant phenolic compounds in balsam poplar buds [14].

The technology of manufacture is important in the development of ophthalmic for-
mulations as they are intended for use on ocular tissue and must be sterile [15]. There are
several technological processes that allow the production of sterile ophthalmic formula-
tions: aseptic manufacturing, where the entire manufacturing process must be carried out
under sterile conditions, or sterilization of the product at the final technological stage [16].
The sterilization methods available may be physical, such as filtration or autoclaving, or by
chemical treatment [17]. Despite the various methods of sterilization of the formulation, it
is important to select the most appropriate one according to the stability of the components
of the formulation during the sterilization process. An inappropriate choice of sterilization
method may adversely affect the stability of the ophthalmic formulation base or the active
substance and may promote degradation of the compounds [18].

In order to apply plant material to the manufacture of ophthalmic preparations, it
is important to isolate the active compounds from the raw material. At this stage, the
selection of a suitable solvent that gives a good yield of biologically active compounds and
is safe for the development of ophthalmic formulations is essential. A variety of solvents
can be used for the extraction of the plant material, such as purified water, alcohols or
organic solvents [19]. Organic and alcoholic solvents can achieve good extraction yields
of bioactive compounds, but their application in pharmaceutical formulations is limited
due to volatility and toxicity [20,21]. It is important to look for extraction solvents that
give good yields of bioactive compounds. Aqueous polyethylene glycol (PEG) solvents
have recently received a lot of attention from researchers. PEG is water soluble at room
temperature and hygroscopic at molecular weights up to 600 [22,23]. PEG has various
and wide applications in pharmaceuticals as a solvent, diluent or excipient. Šuran et al.
compared the chemical composition of anhydrous PEG400 and ethanolic extracts of poplar-
type propolis by maceration. The same compounds were identified in both extracts, and the
total amount of phenolic compounds and antioxidant activity were obtained similarly [23].
Thermostability is also one of the important indicators for the application of polyethylene
glycol as a solvent for the production of extracts. High temperatures are often used in
pharmaceutical technology, for example, for the sterilization of ocular preparations. PEG is
used in the manufacture of ocular formulations due to its good biocompatibility [24–26].

Topical eye drops are usually characterized by poor absorption of the active substance.
Less than 10% of the active substance in topical eye preparations is absorbed by the cornea.
This is usually due to the short exposure to the product due to blinking, tear secretion and
limited membrane permeability of the cornea [27–29]. In order to prolong the effect of
ocular formulations on the ocular surface, researchers have devoted considerable time to
the development of pharmaceutical ocular formulations with increased viscosity [27,30].

Polymeric materials are capable of forming three-dimensional networks and can
retain large amounts of water [27]. Poloxamer is a triblock polymer often used in gel
systems, which is composed of poly-oxyethylene/poly-oxy-propylene/poly-oxyethylene
blocks [31–33]. Poloxamer 407 (P407) is non-toxic, has good compatibility with other chem-
ical compounds and is a suitable solvent for a wide range of active substances [33,34]. P407
molecules tend to aggregate into micelles [33,35]. Although P407 has many positive proper-
ties, it forms weak hydrogels. In many cases, other polymeric systems are incorporated into
the gel to improve the formulation properties of the system. It is relevant to investigate the
wider application of P407 in combination with other polymers. Cellulose derivatives such
as hydroxypropyl methyl cellulose (HPMC) or sodium carboxymethyl cellulose (NaCMC)
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are good gelling agents which, like P407, have a non-irritating, non-toxic effect and can also
improve the mucoadhesive properties of the polymeric system. Hyaluronic acid is a linear
polysaccharide which has good hydrophilic properties and the ability to form hydrogen
bonds with water molecules [36].

Due to its hydrophilic properties, hyaluronic acid (HA) is able to bind large quantities
of water. HA also has hydrating properties and a positive effect on wound healing. Due to
its beneficial properties, HA is frequently found in ophthalmic preparations, has good
biocompatibility and is an endogenous compound found in ocular tissues [36].

The aim of this study is to isolate biologically active compounds from balsam poplar
buds using aqueous polyethylene glycol solvents of different concentrations, to formulate
extended-release gel systems with the produced balsam poplar bud extract, to evaluate the
effect of thermal sterilization on the stability of the active compounds and to determine the
effect of the polymer on the quality of eye drops. The study was also aimed at evaluating
the stability of the formulated systems, the physicochemical properties of the formulations
and the ability to release biologically active compounds.

2. Materials and Methods
2.1. Materials

Reagents, standards and solvents used were of analytical grade. Purified deionized
water prepared with water purification system Milli-Q® (Millipore, Burlington, MA, USA).
96% rectified ethanol (JSC “Vilniaus degtine”, Vilnius, Lithuania). Folin-Ciocalteu’s reagent
(Sigma-Aldrich, St. Louis, MO, USA), Acetonitrile (Sigma-Aldrich, Steinheim, Germany),
reference standards p-coumaric acid, caffeic acid, cinnamic acid (Sigma-Aldrich, Stein-
heim, Germany), pinobanksin, pinocembrin, galangin, salicin (Sigma-Aldrich, St. Louis,
MO, USA). Sodium carbonate (Sigma-Aldrich, Saint-Quentin-Fallavier, France), ABTS
(2,20-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (Sigma-Aldrich Chemie, Steinheim,
Germany). Poloxamer 407 (Sigma-Aldrich, St. Louis, MO, USA), carboxymethyl cellu-
lose sodium salt (Sigma-Aldrich, St. Louis, MO, USA), hydroxypropyl methylcellulose
(Sigma-Aldrich, St. Louis, MO, USA), hyaluronic acid (Sigma-Aldrich, St. Louis, MO, USA),
polyethylene glycol (Carl Roth, Karlsruhe, Germany).

2.2. Plant Material Extraction

Dried balsam poplar buds were purchased from Jadvyga Balvociute’s organic herb
farm. Balsam poplar buds were collected in February 2022 in Lithuania. To select a high-
quality extract with a good yield of phenolic compounds, the extraction of plant material
was carried out using the following solvents: purified water, aqueous 10% PEG400 solution,
aqueous 20% PEG400 solution and aqueous 30% PEG400 solution. The ratio of plant
raw material and extractant was 1:10. The extraction was carried out in an ultrasonic bath
(Bandelin electronic GmbH & Co.KG, Berlin, Germany) at a temperature of 40 ◦C for 60 min.
The obtained extracts are filtered through ashless filter paper and stored in a refrigerator
(5 ± 1 ◦C) until further research.

2.3. HPLC Analysis and Antioxidant Activity

The predominant phenolic compounds in poplar buds’ extracts and ophthalmic for-
mulations qualitatively and quantitatively were evaluated by high-performance liquid
chromatography (HPLC). Chromatographic system “Waters 2695” with diode array detec-
tor “Waters 996”, chromatographic column ACE 5C18, 250 × 4.6 mm was used for analysis.
Analysis data was processed by Empower 2 Chromatography Data Software. HPLC eluents
consisted of acetonitrile and trifluoroacetic acid. Column temperature was 25 ◦C, injection
volume 10 µL, mobile phase flow rate 1 mL/min, flow time 81 min. The compounds present
in the sample were identified by retention time of analytes and reference materials as well
as UV absorption (between 250 and 400 nm) [37]. Antioxidant activity was evaluated
by HPLC post-column method using ABTS reagent according to Marksa et al. [38]. Test
samples were introduced into the HPLC system. ABTS reagent solution (0.5 mL/min) was
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delivered through a Gilson pump 305 (Middleton, WI, USA). The HPLC-ABTS system
used a 3 m reaction loop, with inner diameter 0.25 mm and outer diameter 1.58 mm, at a
temperature of 50 ◦C. During the reaction between the antioxidant and the ABTS reagent,
a color change is detected, which was determined using a Waters 247 UV/VIS detector
(Waters Corporation, Milford, MA, USA), ACE 5 C18 250 × 4.6 mm column (Advanced
Chromatography Technologies, Aberdeen, Scotland) at a wavelength of 650 nm. The results
of the post-column reaction antioxidant activity were evaluated according to the Trolox
equivalent (254.587–3.977 µg/mL), R2 = 0.999. Reference compounds: salicin (R2 = 0.9999),
p-coumaric acid (R2 = 0.9999), caffeic acid (R2 = 0.9999), chlorogenic acid (R2 = 0.9999),
cinnamic acid (R2 = 0.9999), pinocembrin (R2 = 0.9998), pinobanksin (R2 = 0.9999), galangin
(R2 = 0.9999). Results expressed as mean of three measurements and standard deviation
(mean ± SD).

2.4. Ophthalmic In Situ Gels Formulation

Ophthalmic gels were formulated using: Poloxamer 407 (P407), Hydroxy-propyl-
methyl cellulose (HPMC), Sodium carboxymethylcellulose (NaCMC), Hyaluronic acid
(HA), purified water, benzalkonium chloride and balsam poplar buds extract. Poloxamer
base was prepared by cold method [39]. The appropriate amount of P407 was mixed
with the appropriate amount of purified water, the mixture left in the refrigerator for 24 h
(5 ± 0.5 ◦C). HPMC, NaCMC and HA were prepared separately, the appropriate amount
of the compound added to the appropriate amount of purified water, the mixtures stirred
on a magnetic stirrer at room temperature until homogeneous, and transparent gels were
formed. Ophthalmic gels were formed by mixing poloxamer 407 base and HPMC, NaCMC
or HA gels with the help of a magnetic stirrer until forming a homogeneous mass. Balsam
poplar buds extract and benzalkonium chloride were added to the prepared formulations,
and gels mixed to a homogeneous mass with a magnetic stirrer. The formed ophthalmic
gels were stored in sealed containers in the dark at room temperature (21 ± 1 ◦C).

2.5. Sterilization of Extracts and Ophthalmic Gels

Sterilization of extracts and ophthalmic gels was performed in a pressure autoclave
(System GmbH, Wattenberg, Germany), at 121 ◦C temperature, 10 min, 15 psi. After
sterilization, the formulations were evaluated for appearance, clarity, pH, viscosity and
bioactive compounds.

2.6. Physicochemical Properties of Ophthalmic Gels

The pH of the formed gels were assessed with a pH meter (766 with Knick SE 104N
electrode, Berlin, Germany) at room temperature. The pH meter was calibrated with
buffer solutions at pH 4.0–7.0. The viscosity of the formed gels was evaluated with
a vibrating viscometer (Vibro viscometer SV-10, A&D Company Ltd., Tokyo, Japan), at
room temperature (21 ± 1 ◦C).

2.7. Sol-To-Gel Transition Temperature

The sol-to-gel temperature of experimental ophthalmic formulations was evaluated
with a rheometer (Physica MCR 301, Anton Paar GmbH, Graz, Austria) using a standard
size concentric cylinder geometry system. Temperature measurement was performed in the
range of 20–50 ◦C, amplitude gamma 0.5%, angular frequency omega 10 rad/s, temperature
rate 2 ◦C per min. The data was processed with Rheoplus software (Anton Paar GmbH,
Ostfilder, German). Loss modulus (G′′) and storage modulus (G′) were recorded during the
temperature change. Sol-to-gel temperature was fixed as the point where storage modulus
G′ and loss modulus (G′′) cross each other. The storage modulus (G′) describes the ability
to store energy elastically and the loss modulus (G′′) describes the viscous nature [40].
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2.8. In Vitro Release Test

The release of active compounds from ophthalmic gel formulations was evaluated
using Franz-type diffusion cells and cellulose semipermeable membranes (25 mm, Sigma
Aldrich, St. Louis, MO, USA). Cellulose membranes were kept in purified water for 12 h
before the test. Purified water was used as an acceptor medium, the volume of the acceptor
medium was 10 mL and donor compartment contained 1 g of sample. During the release
test, the temperature was maintained at 34 ± 0.5 ◦C and the medium was constantly stirred
with the help of a magnetic stirrer, then 1 mL sample taken from the acceptor medium
every hour; the last sample taken after 6 h. The amount of released biologically active
compounds was evaluated based on HPLC analysis described earlier.

2.9. Antioxidant Activity

Antioxidant activity of test samples by ABTS•+ free radical scavenging method in vitro
was performed according to Yim et al.’s described methodology, with certain changes [41].
ABTS stock solution was prepared (0.0548 g ABTS, 0.0095 g K2S2O8 (2 mmol/L), 50 mL
purified water). The ABTS stock solution for testing diluted until the absorbance reaches
0.8 ± 0.03 at 734 nm. 3 µL of test samples mixed with 3 mL of ABTS working solution and
incubated for 30 min at room temperature. The absorbance of the samples were measured
at a wavelength of 734 nm. Results are expressed as a percentage of the inhibition of ABTS
solution, ABTS scavenging capacity (%) = (A − B)/A × 100, when A—absorbance of ABTS
solution, B—absorbance of ABTS solution and sample.

2.10. Statistical Analysis

The results of the tests presented as the mean and standard deviation of three measure-
ments (mean ± SD). The statistical significance of the comparative results were evaluated
by one-way ANOVA, Tukey’s test. Results considered statistically significant when p < 0.05.
Data were processed and graphically presented using SigmaPlot 13.0 (Systat Software, San
Jose, CA, USA) and IBM SPSS Statistics 27 (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. HPLC Analysis of the Extracts

The highest number of active compounds was obtained in the 30%PEG aqueous
extract of balsam poplar buds (1209.31 µg/mL). When using aqueous PEG400 mixtures,
a statistically significantly higher (p < 0.05) number of active compounds was released
than in the aqueous extract (HOH) (Table 1A). The highest amount of salicin was extracted
from the extracts using an aqueous 30% PEG400 solvent (138.00 ± 9.61 µg/mL). From
our identified compounds, p-coumaric acid is predominant in all extracts. Statistically
significantly lower (p < 0.05) amounts of caffeic and cinnamic acids were detected compared
to p-coumaric acid. The number of phenolic acids in aqueous extracts of PEG400 is statisti-
cally significantly higher (p < 0.05) than in aqueous extracts (HOH). In order to apply the
extracts for the production of ophthalmic topical preparations, the extracts were sterilized
by autoclaving and the chemical composition after sterilization was evaluated. The results
of the study are presented in Table 1B. According to the results obtained, it was observed,
that the chemical composition of the extracts did not change statistically significantly
(p > 0.05) after heat sterilization. In the light of the results obtained, an aqueous 30%
PEG400 extract was selected for the production of ophthalmic topical formulations, which
has a good yield of active compounds.

3.2. Composition of Formulations Ant Their Antioxidant Activity

Formulations were produced with poloxamer 407 (8–12%) as the main gelling agent.
Additional gelling agent HPMC was used in formulations BH8-BH15, NaCMC in formula-
tions BC8-BC15 and HA in formulations BHA8-BHA15. All formulations use benzalkonium
chloride as a preservative. All formulations incorporate 5% balsam poplar buds extract,
which is produced using an aqueous 30% PEG400 solvent (Table 2). All topical ophthalmic
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formulations produced identified the same active compounds as the incorporated balsam
poplar bud extract (Figure 1).

Table 1. HPLC analysis of balsam poplar buds aqueous, aqueous 10% PEG400, aqueous 20% PEG400
and aqueous 30% PEG400 extracts. A—before sterilization, B—after sterilization. The data presented
as mean (µg/mL) and standard deviation (SD), n = 3.

A HOH PEG400 10% PEG400 20% PEG400 30%

µg/mL SD µg/mL SD µg/mL SD µg/mL SD

Salicin 135.80 12.35 108.91 9.91 117.95 10.73 138.00 9.61

Chlorogenic acid 1.41 0.10 1.39 0.10 1.84 0.13 2.95 0.22

Caffeic acid 38.68 2.75 91.90 6.54 90.17 6.42 121.55 9.01

P-coumaric acid 189.05 13.60 441.13 31.73 460.64 33.13 655.69 50.02

Cinnamic acid 19.22 1.42 30.74 2.27 44.10 3.26 85.11 5.49

Pinobanksin 2.92 0.29 61.67 6.23 91.64 9.25 174.43 10.72

Pinocembrin 0.00 0.00 2.15 0.20 6.05 0.55 12.97 1.15

Galangin 1.16 0.12 18.32 1.30 17.22 1.57 18.61 1.38

Total amount of active compounds 388.24 756.21 829.61 1209.31

B HOH PEG400 10% PEG400 20% PEG400 30%

µg/mL SD µg/mL SD µg/mL SD µg/mL SD

Salicin 124.86 11.36 101.52 8.26 129.05 11.74 144.83 13.18

Chlorogenic acid 1.50 0.10 1.29 0.10 2.03 0.14 3.02 0.34

Caffeic acid 44.13 3.14 85.01 5.92 101.02 7.19 133.39 9.50

P-coumaric acid 201.92 14.52 404.30 33.45 491.55 35.36 681.98 49.05

Cinnamic acid 15.92 1.18 27.27 1.57 40.46 2.99 81.41 6.02

Pinobanksin 3.09 0.31 55.17 5.46 83.07 8.39 157.21 15.88

Pinocembrin 0.00 0.00 2.11 0.17 4.16 0.38 10.23 0.93

Galangin 1.05 0.10 16.30 1.40 18.74 1.69 19.13 2.31

Total amount of active compounds 392.47 692.96 870.08 1231.20

Table 2. Compositions of ophthalmic formulations with balsam poplar buds 30% aqueous
PEG400 extract.

Formulation (%) P407 CMC HPMC HA Balsam Poplar Buds Extract Benzalkonium Chloride Purified Water

BH8 8 - 0.5 - 5 0.002 Ad 100

BH10 10 - 0.5 - 5 0.002 Ad 100

BH12 12 - 0.5 - 5 0.002 Ad 100

BH15 15 - 0.5 - 5 0.002 Ad 100

BC8 8 0.5 - - 5 0.002 Ad 100

BC10 10 0.5 - - 5 0.002 Ad 100

BC12 12 0.5 - - 5 0.002 Ad 100

BC15 15 0.5 - - 5 0.002 Ad 100

BHA8 8 - - 0.1 5 0.002 Ad 100

BHA10 10 - - 0.1 5 0.002 Ad 100

BHA12 12 - - 0.1 5 0.002 Ad 100

BHA15 15 - - 0.1 5 0.002 Ad 100
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Figure 1. HPLC analysis of the chemical composition of of 30% aqueous PEG400 balsam poplar
buds extract and BC12 gel with balsam poplar buds extract. Above—chromatogram of 30% aqueous
PEG400 balsam poplar buds extract after sterilization, Below—chromatogram of BC12 gel after
sterilization. 1. salicin, 2. chlorogenic acid, 3. caffeic acid, 4. P-coumaric acid, 5. cinnamic acid,
6. pinobanksin, 7. pinocembrin, 8. galangin. The chromatogram is presented at a wavelength of
290 nm.

From the results presented in Figure 2, it can be seen that the prepared formulations
with balsam poplar buds extract showed antioxidant activity by the ABTS method. Formu-
lations produced without the inserted poplar buds extract did not show antioxidant activity.
Antioxidant activity of hyaluronic acid 0.1% solution was not detected. No statistically
significant difference (p > 0.05) was found between the antioxidant activity of the produced
formulations. The antioxidant activity of the formulations by the ABTS method prevailed
from 18.51 ± 4.53% to 21.94 ± 3.20%. The 30% PEG400 balsamic poplar buds extract
showed statistically significantly stronger (p < 0.05) antioxidant activity (80.35 ± 4.37%)
compared to the aqueous balsam poplar buds extract (52.82 ± 2.21%).
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The antioxidant activity of an aqueous 30% PEG400 balsam poplar buds extract was
evaluated by the post-column method using the ABTS reagent. It can be seen in the results
that caffeic acid, p-coumaric acid, cinnamic acid and galangin showed antioxidant activity
in the extract (Figure 3).
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Figure 3. HPLC chromatogram of 30% aqueous PEG400 balsam poplar buds extract combined with
their respective post-column ABTS chromatogram which presented as negative peaks (1—caffeic
acid, 2—p-coumaric acid, 3—cinnamic acid, 4—galangin).

3.3. Physicochemical Properties

All the ophthalmic formulations produced present liquid consistency at room temper-
ature. All the produced formulations were transparent, without visually visible mechanical
impurities, with a typical light yellowish color (Figure 4).
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In order to evaluate the stability of ophthalmic formulations for sterilization, the
physicochemical properties of the formulations before sterilization and after sterilization
were evaluated (Table 3). After evaluating the viscosity, pH and appearance of the for-
mulations, it can be stated that there is no statistically significant (p > 0.05) change in
the physicochemical parameters when comparing the ophthalmic formulations before
sterilization and after autoclave sterilization.

Table 3. Physicochemical properties of ophthalmic gels’ formulations with balsam poplar buds
extract before (A) and after (B) sterilization (mean, SD, n = 3).

A pH SD Vsc, mPa·s 22 ± 1 ◦C SD Appearance

BH12 6.60 0.06 33.90 4.36 Clear/yellowish

BC12 6.64 0.07 32.57 4.23 Clear/yellowish

BHA12 6.64 0.09 36.03 3.45 Clear/yellowish

BH8 6.47 0.04 15.57 2.85 Clear/yellowish

BC8 6.46 0.06 17.27 2.45 Clear/yellowish

BHA8 6.55 0.04 18.47 2.61 Clear/yellowish

BH10 6.50 0.04 18.03 2.18 Clear/yellowish

BC10 6.46 0.07 24.27 2.70 Clear/yellowish

BHA10 6.50 0.06 23.27 2.90 Clear/yellowish

BH15 6.70 0.04 67.27 5.99 Clear/yellowish

BC15 6.62 0.05 66.80 3.99 Clear/yellowish

BHA15 6.67 0.06 62.27 6.45 Clear/yellowish

B pH SD Vsc, mPa·s 21 ± 1 ◦C SD Sol-to-gel SD Appearance

BH12 6.49 0.06 32.03 4.35 36.4 0.9 Clear/yellowish

BC12 6.50 0.07 31.67 5.20 34.3 1.35 Clear/yellowish

BHA12 6.56 0.04 31.20 3.38 37.9 1.11 Clear/yellowish

BH8 6.40 0.06 16.23 2.29 >50 ◦C - Clear/yellowish

BC8 6.40 0.07 15.60 2.26 >50 ◦C - Clear/yellowish

BHA8 6.58 0.01 17.37 2.67 >50 ◦C - Clear/yellowish

BH10 6.42 0.04 23.23 4.13 >50 ◦C - Clear/yellowish

BC10 6.44 0.04 21.77 2.29 >50 ◦C - Clear/yellowish

BHA10 6.49 0.06 22.20 5.13 >50 ◦C - Clear/yellowish

BH15 6.62 0.05 63.80 6.66 27.4 1.1 Clear/yellowish

BC15 6.56 0.04 61.67 6.27 28.7 1.28 Clear/yellowish

BHA15 6.61 0.02 55.27 4.72 27.1 1.1 Clear/yellowish

Based on the results of the physicochemical properties, the eye drop formulations
were divided into three groups: I—In situ gels (BH12, BC12, BHA12), II—Gelled eye
drops (BH8, BH10, BC8, BC10, BHA8, BHA10), III—Solutions with a viscosity of more
than 40 mPa·s (BH15, BC15, BHA15) (Table 3). The pH values of the formulations be-
fore sterilization ranged from 6.46 ± 0.06 to 6.70 ± 0.04, after sterilization ranged from
6.42 ± 0.04 to 6.62 ± 0.05. According to the results of the tests, an increase in the viscosity
of the formulations was observed with increasing concentration of P407 in the formulation.
The highest viscosity was observed for the formulations (BH15, BC15, BHA15) containing
15% poloxamer (from 62.27 ± 6.45 mPa·s to 67.27 ± 5.99 mPa·s—before sterilization, from
55.27 ± 4.72 mPa·s to 63.80 ± 6.66 mPa·s—after sterilization). The rheological test and
the evaluation of the gelation point of the formulations after sterilization showed that
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formulations BH12, BC12 and BHA12 exhibited in situ gel properties as their gelation tem-
perature was in the range of 34.30 ± 1.35 ◦C to 37.90 ± 1.11 ◦C. Formulations BH15, BC15
and BHA15 showed lower gelation temperatures compared to in situ gels, ranging from
27.10 ± 1.10 ◦C to 28.70 ± 1.28 ◦C. Formulations using 8–10% poloxamer had temperatures
above 50 ◦C.

3.4. Phenolic Acids Release

After performing the in vitro release of the formed and sterilized ophthalmic gel
preparations, it was found that formulations based on 15% P407 release a statistically
significantly lower (p < 0.05) amount (from 28.18% to 34.51%) of phenolic acids (sum of
p-coumaric acid, cinnamic acid, caffeic acid) compared to formulations based on 8–12%
P407 (Figure 5). Among the formulations based on 8–10% P407, the amount of released
phenolic acids was not statistically significantly different (p > 0.05). The highest number
of phenolic acids was released by gelled eye drops BC8 (64.75%), BC10 (61.21%) and in
situ gel BC12 (53.78%). During the study, the antioxidant activity of the fractions obtained
during the release of the formulations (after 6 h) was evaluated (Figure 5). The fractions
showed weak antioxidant activity (From 9.37% to 11.61%).

Figure 5. Percentage release of phenolic acids (sum of p-coumaric, cinnamic and caffeic acids) versus
square root of time from all tested ophthalmic formulations.Subfigure shows antioxidant activity by
ABTS method from the fractions collected during the release test after 6 h (mean ± SD, n = 3).
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3.5. Salicin Release

The released amount of salicin in the manufactured extended-release eye drops was
evaluated (Figure 6). The highest salicin content was obtained from gelled eye drops BC8
(102.43%), BC10 (98.56%) and BHA8 (92.76%). A statistically significantly lower (p < 0.05)
amount of salicin was released from high viscosity solutions BH15, BC15 and BHA15
compared to lower viscosity formulations. No statistically significant (p > 0.05) amount of
released salicin was determined in formulations based on 8% and 10% P407.
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3.6. Oftalmic Gels Stability

The stability of sterilized ophthalmic formulations after 30 days was evaluated. The
formulations were stored at room temperature (21 ± 1 ◦C). Formulations, viscosity, pH,
number of active compounds and appearance were evaluated. According to the obtained
results, which are presented in Table 4, it is observed that the pH and viscosity of the for-
mulations did not change significantly. The formulations remained clear, slightly yellowish
in color, with no visible sediment.
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Table 4. Physicochemical properties of ophthalmic gels formulations after 30 days (mean, SD, n = 3).

pH SD Vsc, mPa·s 21 ± 1 ◦C SD Active Compounds % SD Appearance

BH12 6.54 0.08 30.93 3.15 98.95 4.07 Clear/yellowish

BC12 6.57 0.06 29.42 2.47 98.75 2.94 Clear/yellowish

BHA12 6.53 0.07 29.71 5.1 97.68 4.88 Clear/yellowish

BH8 6.5 0.07 13.36 2.93 98.36 6.81 Clear/yellowish

BC8 6.5 0.04 12.96 1.46 99.2 2.21 Clear/yellowish

BHA8 6.49 0.08 14.4 3.96 98.81 3.46 Clear/yellowish

BH10 6.48 0.04 18.17 3.68 97.19 4.17 Clear/yellowish

BC10 6.49 0.08 17.5 2.48 96.94 4.87 Clear/yellowish

BHA10 6.48 0.09 18.31 4.49 98.34 2.88 Clear/yellowish

BH15 6.6 0.08 61.33 6.14 97.53 5.69 Clear/yellowish

BC15 6.67 0.07 60.52 4.34 99.13 4.15 Clear/yellowish

BHA15 6.68 0.07 54.38 2.76 98.56 3.75 Clear/yellowish

4. Discussion
4.1. Extraction of Phenolic Compounds from Balsam Poplar Buds

In the selection of solvents for the extraction of balsam poplar buds, aqueous solvents
were chosen, which are acceptable for use in ophthalmic formulations. In this study, the
quality of the extracts was evaluated by determining the phenolic acids, flavonoids and
salicin content. Salicin is one of active ingredients of the broad Salicaceae woody plant
family [42]. This compound has anti-inflammatory properties [43,44]. Salicin was the
original source of aspirin. Aspirin, also known as acetylsalicylic acid (ASA), is a medication
used to reduce pain, fever or inflammation [45–47]. The mechanism of action is thought to
be through the combined anti-inflammatory effects of salicin and flavonoids [48]. Salicylates
are also used in topical ophthalmic preparations [43,49,50]. Aspirin eye drops were studied,
having anti-cataractic activity in patients with galactosemic cataract [51]. Eye drops with
salicylic acid had an effective anti-inflammatory effect in glaucoma patients. They reduced
inflammation, improved tear film quality and quantity, and did not cause a significant
increase in intraocular pressure [52]. The study results showed that the selected aqueous
PEG solutions and purified water are suitable solvents for the isolation of salicin from plant
material. The results of previous studies have shown that purified water extracts a higher
amount of salicin from poplar buds compared to ethanol solvents [14,53]. The results of
the present study showed that the addition of PEG does not adversely affect the yield of
salicin. Flavonoids were identified in the extracts, of which pinobanksin was found in the
highest amounts and galangin and pinocembrin in lower amounts. Researchers attribute
the antimicrobial activity to these identified flavonoids in the propolis raw material [54–56].
Poplar buds often are the precursor plant of propolis, and therefore most of the active
compounds correlate between the extracts of these raw materials. Like propolis extracts,
poplar bud extracts are dominated by p-coumaric acid [14,37]. The highest levels of this
phenolic acid are also found in our extracts.

4.2. Antioxidant Activity of Ophthalmic Formulations

Research results show that eye drops with p-coumaric acid protect eye tissues, thereby
reducing the harmful effects of UVB radiation due to their ability to bind free radicals and
their antioxidant properties [57,58]. UV-induced oxidation damage seems to play a major
role in a number of specific pathological conditions of intraocular tissues, such as cataract
formation and retinal degeneration [59,60]. The results showed that, among the identified
active compounds in poplar bud extracts, caffeic acid, p-coumaric acid, cinnamic acid and
galangin showed the highest antioxidant activity by post-column ABTS HPLC analysis.
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The results showed that the eye drop formulations produced showed weak antioxidant
activity, which can be attributed to the low extract concentration in the formulations. The
balsam poplar bud extract produced showed antioxidant activity by ABTS in vitro. The
results of the antioxidant activity test confirm the importance of choosing the solvent
for the extraction of the active compounds. It was found that the aqueous 30% PEG400
poplar bud extract had a stronger antioxidant activity compared to the aqueous extract.
Scientists have found, that hyaluronic acid derivatives have antioxidant activity [61]. In
a study conducted by Chunlin et al., it was found that low molecular weight hyaluronic
acid derivatives exhibited antioxidant activity and that the compounds were able to reduce
lipid peroxidation [62]. In this experiment, we investigated the antioxidant activity of
0.1% (~1.5–1.8 × 106 Da) hyaluronic acid in the formulations. The results did not show
any antioxidant activity of the 0.1% hyaluronic acid solution using the ABTS method
in vitro. Hyaluronic acid was chosen as a gelling agent with good biocompatibility in the
simulated eye drop formulations [36] Hyaluronic acid is also known to have a moisturizing
effect [63,64].

4.3. Sterilization of Formulations

Lysozyme in eye tears is known to have antimicrobial properties, killing Gram-positive
bacteria under non-pathological conditions [65]. In the case of eye diseases, the amount
of lysozyme in the tear fluid is reduced, making the eye vulnerable to infection by micro-
organisms. The use of non-sterile eye drops can lead to serious consequences, in some
cases even to loss of vision, which is why one of the important requirements for eye drops
is sterility. For ophthalmic preparations, the choice of the sterilization method is one of the
most important technological steps [66]. Various sterilization methods are available, such
as treatment with chemical compounds (ethylene oxide), sterile filtration, irradiation or
autoclaving [67]. One of the most frequently used sterilization methods is sterilization by
moist heat-autoclaving. In this study, all formulations were sterilized using this method.
In the case of autoclaving, it is important to assess the stability of the eye drop components
at high temperatures. In the present study, the active compounds were evaluated before
and after sterilization in poplar bud extracts and ocular formulations. The available
results showed that the chemical composition of the sterilized extracts did not change
statistically significantly (p > 0.05). This indicates that the active compounds in the extracts
are thermostable and therefore autoclaving is one of the possible sterilization methods for
the production of balsam poplar bud extracts. In addition, after sterilization, the ocular
formulations with different compositions remained transparent without significant changes
in viscosity, pH, and active compound content. There is evidence in the scientific literature
that polymers such as P407, NaCMC and HPMC can be autoclaved [68–70]. Autoclaving
hyaluronic acid at high temperatures often results in lower molecular weight derivatives,
which may affect the viscosity of the formulation [71]. HA is an unstable molecule at
temperatures above 100 ◦C due to damage to the interchain bonds [72]. Higher molecular
weight HA derivatives will not necessarily suffer a pronounced negative effect because
of sterilization. According to the HA hydrogel patent, for HA with a molecular weight
of 1 to 3 MDa, steam sterilization at 126 ◦C for 15 min to 30 min is a possible method of
sterilization, but the high temperature affects the degradation of HA [73]. Considering the
potential degradation of hyaluronic acid at high temperatures, autoclaving for 10 min at
121 ◦C was chosen. In our study, the selected sterilization conditions ensured the stability of
the formulations as their physicochemical properties and the content of active compounds
did not change statistically significantly (p > 0.05).

4.4. Physicochemical Properties of the Formulations

Poloxamer gels can be used in a variety of biopharmaceutical applications [74]. Re-
cently, much attention has been paid to thermosetting in situ gels, which are designed for
intraocular drug delivery and can prolong the duration of action [30]. P407 gels are trans-
parent, which is an important feature of ocular formulations that does not interfere with
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vision [27]. In order to improve the formulation properties of the P407 hydrogel, it has been
chosen to add more polymers to the gels. Cellulose polymer compounds are gaining more
and more scientific attention [75] and we have chosen to combine HPMC and NACMC
polymers with P407. The rheological properties of the polymer systems formed are receiv-
ing increasing attention. Out of 12 formulations produced, three formulations matched
the in situ gel characteristics. In the study, the choice of P407 concentrations of 8, 10, 12
and 15% in the formulations resulted in an increase in viscosity with increasing polymer
content. The formulations were divided into three groups according to the viscosity results:
in situ gels; gelled eye drops; solutions with a viscosity greater than 30 mPa·s. The eye can
tolerate viscosities of 5 to 1000 mPa·s before gelation and about 50 to 50,000 mPa·s after
gelation [76]. The minimum shear viscosity of eye drops required to maintain precorneal
residence in man has been reported to be 10 mPa·s [77]. Considering the viscosity of the
formulated ocular preparations, the lowest viscosity was observed for the formulations
of group II (15.60 ± 2.26 mPa·s–23.23 ± 4.13 mPa·s) (Table 3B). Higher viscosities were
characteristic of groups’ I and III formulations. Group I formulations had a viscosity from
31.20 ± 3.38 mPa·s to 32.03 ± 4.35 mPa·s and exhibited a required gelation temperature of
34.3 to 37.9 ◦C characteristic of in situ gels (Table 3B). According to the scientific literature,
the temperature at the surface of the eye can range approximately from 33 to 36 ◦C [78–81].
The correct in situ gelation temperature is important for the ease of formulation, as the gel
is low viscosity at room temperature and will only gel once it reaches the ocular surface.
Other formulations had either too low (from 27.1 ± 1.10 ◦C to 28.7 ± 1.28 ◦C) or too high
(over 50 ◦C) gelation temperature. Group III gels were formulations with a higher viscosity
than in situ gels and a low gelation temperature. All formulations produced had a viscosity
tolerable to the ocular surface [76]. The pH of the formulations produced ranged from
6.42 ± 0.04 to 6.62 ± 0.05. All formulations had a suitable pH value [82] and it can be
concluded that the extract does not adversely affect the pH value.

4.5. Release of the Active Compounds

Polymeric systems allow prolonged action of the drug on the ocular surface [83,84].
The aim of this experimental study was to investigate the kinetics of the release of active
compounds from the formulations produced in vitro. The higher viscosity of the formula-
tions prolongs the residence time of the formulation on the ocular surface, which allows
prolongation of the drug action [85]. The results of our study showed that phenolic acids
(caffeic acid, p-coumaric acid and cinnamic acid) and salicin were released in the lowest
amount in the group III formulations after 6 h of testing, and that these formulations had
the highest viscosity when compared to the groups I and II formulations. The released phe-
nolic acid content was statistically significantly lower in group III formulations compared
to groups I and II formulations. The highest amounts of phenolic acids and salicin were
released from group II formulations which had the lowest viscosity. When the formulations
were based on two polymer combinations, P407/HPMC, P407/HA and P407/NaCMC,
all formulations showed similar release results for the active compounds, respectively. It
can be concluded that the quality of release is influenced by the concentration of P407.
Yidan Wei et al. investigated the effect of the composition of P407-based in situ type gels on
the release of betaxolol hydrochloride. The concentration of P407 determined the release
of betaxolol hydrochloride, whereas the addition of HPMC to the P407 base resulted in
a further dependence of the drug release on the concentration of P407 [86]. As the con-
centration of P407 in the formulations decreased from 15% to 8%, the percentage release
of phenolic acids increased. Increasing poloxamer concentration increases the density of
micelle aggregation, resulting in a more rigid gel structure, which reduces the release of
the active substance [27,87]. It is important to consider that higher viscosity and in situ
formulations may prolong the residence time of the formulation on the ocular surface [88].
Low viscosity eye drops are easier to remove from the surface of the eye by flowing and
mechanical blinking [89].
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4.6. Stability of Formulations

Stability of ophthalmic formulations is a valid aspect and it is important that the
physicochemical characteristics of the formulation remain significantly unchanged for the
appropriate period of storage or use from the start of manufacture [67]. The stability of
ophthalmic formulations depends on a variety of factors, such as the stability of the active
substance, temperature, storage conditions or excipients [90]. The formulations were stored
at room temperature for 30 days after sterilization. After 30 days, the pH and viscosity of
the formulations did not change statistically significantly (p > 0.05). The ocular formulations
remained light yellow in color, transparent and the total content of active compounds did
not change statistically significantly (p > 0.05).

5. Conclusions

Prolonged-action eye formulations are made on the basis of P407/HPMC, P407/NaCMC
and P407/HA with the addition of aqueous 30% PEG400 balsam poplar buds extract.
Extracts and formulations remained stable after autoclaving. Formulations based on 12%
P407 were characterized by the properties of in situ gels, with a gelation temperature close
to the temperature of the eye. As the concentration of polymer P407 in the formulations
increases, the viscosity of the formulations increases. The released number of active
compounds depends on the concentration of polymer P407 in the eye formulation. The
sterilized ophthalmic formulations were stable for 30 days.
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