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Abstract: The current study aimed to develop carbomer based hydrogel dressings, incorporating
ethanolic extracts of Rosmarinus officinalis aerial parts, Achillea millefolium and Calendula officinalis
flowers. The pharmaceutical properties of the obtained hydrogels, as well as their texture and
antimicrobial activity, were further evaluated. Five wound dressing formulations based on carbopol
were prepared. The addition of the ethanolic extracts to the formulation slightly lowered the pH of
the hydrogels, as expected. The Rosmarinus officinalis aerial parts extract loaded hydrogel proved to be
the firmest one. In terms of consistency and viscosity, the behavior of the five hydrogels was relatively
similar. Based on the texture analysis, the texture of the hydrogels has been affected to some extent
by the addition of the ethanolic extracts, decreasing their consistency, firmness, and adhesiveness.
The hydrogel loaded with Rosmarinus officinalis aerial parts extract and the one incorporating the
blend of extracts (mixture of the three above-mentioned extracts) proved to have a good antimicrobial
activity. The studied hydrogel formulations could serve as a basis for the development of novel
wound dressing materials, although more extended in vivo studies would be needed in order to
support current results.

Keywords: wound dressing; herbal extract; carbomer gel; texture analysis; antimicrobial activity

1. Introduction

Hydrogels are among the most used dressing materials that have confirmed their
effectiveness in wet wound therapy. The three-dimensional polymer networks formed in
hydrogels have the capacity to incorporate large quantities of water, ensuring not only the
humid environment necessary for wound healing, but also an excellent biocompatibility [1].
The water retaining properties of the hydrogel dressings are induced by the presence of
hydrophilic groups in the polymer chains, with the higher water content assuring a porous,
soft, and elastic structure, thus enhancing the compatibility with biological tissues [2].

Hydrogels are obtained from natural polymers, such as cellulose, alginate, chitosan,
gelatin, dextran, or from synthetic ones, like polyvinyl alcohol (PVA), polyvinylpyrrolidone
(PVP), or polyethylene glycol (PEG). Their physicochemical properties—which influence
the clinical behavior of the dressing—depend on the chemical nature of the monomer
(natural or synthetic), on the structure of the polymer chain (the resistance of the covalent
bonds and intermolecular forces), and molecular weight, but also on the synthesis method
of the polymer [3,4].

Hydrogel wound dressings are recommended for their healing promoting properties,
accelerating the process of granulation and epithelialization, being recognized as a first aid
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measure for burn wound management [5-7]. However, given their occlusive nature, their
use is not recommended in the case of infected lesions.

Research studies on obtaining hydrogels with antimicrobial properties mention two
possible strategies: the use of hydrogels as native antimicrobial supports, or the loading of
hydrogels with antimicrobial substances, with various antimicrobial agents being physically
incorporated or chemically conjugated with hydrogels. Among the hydrogels obtained
from materials with intrinsic antimicrobial activity, the most relevant are those based on
peptides, chitosan, collagen, alginate, or synthetic polymers with antimicrobial functional
groups [2,8,9].

In order to increase the antimicrobial efficacy even more, the loading of the wound
dressings with various bioactive compounds was proposed. Many researches proved
that silver or gold nanoparticles [10-12] or various antibiotics [13,14] offer consistent
antimicrobial properties. Moreover, taking into consideration the fact that various medicinal
plants enhance the wound healing process in all its phases, some authors have described the
development of hydrogel wound dressings loaded with antimicrobial compounds [15-17],
some of which are proving to have great potential in wound healing management [18-20].

Several herbal products are known for their healing enhancing potential. Among these,
rosemary (Lamiaceae family) is a plant known for its antiseptic, antimicrobial, and healing
assets, due to its leaves containing volatile oils (camphor), polyphenols (rosmarinic acid,
hesperidin), diterpene, and triterpene acids [21,22]. The possible mechanisms of action of
rosemary—which would point to further studies—are related to the enhanced formation
of granular tissue, deposition of collagen, neovascularization, and a decrease in bacterial
contamination [23].

A second herbal product that arouses interest would be the flowers of Achillea mille-
folium L. (Asteraceae family), containing volatile oils, tannins, and alkaloids. This composi-
tion offers antimicrobial, antiseptic, but also anti-inflammatory and hemostatic properties,
thus indicating that this vegetal product could be used topically in the treatment of slow-
healing wounds [24].

The Calendula flowers L. (Asteraceae family) are another herbal product recognized for
its biological properties with relevance in wound healing. Their antiseptic, antimicrobial,
anti-inflammatory, antioedematous, emollient, trophic, and antioxidant properties (due to
their content in flavonoids, carotenoids, saponins, tannins, essential oils, etc.) recommend
their use in various topical preparations for the treatment of minor wounds and various
skin disorders [25-27].

Thus far, few research studies have incorporated extracts of Rosmarini herba, Millefolii
flos, and Calendulae flos in a hydrogel formulation.

For instance, Shafeie, N. et al. compared gels with different concentrations of Calendula
officinalis extracts, using ethanolic flowers extracts added to the hydrogel (based on car-
bopol). The histopathological results showed that the gel incorporating a 7% concentration
of Calendula officinalis extract proved to be effective on cutaneous wound healing [28].
Recently, Chanaj-Kaczmarek et al. proposed a formulation of 3% Calendulae flos lyophilized
extracts (obtained from water-ethanolic extract) with chitosan (known as a natural biopoly-
mer with antimicrobial activity used for wound healing). Their combination (in weight
ratio 1:1) implies a synergy of action towards hyaluronidase inhibition and microbiological
activity [29]. Furthermore, a formulation with Achillea millefolium extract was reported
by Andleeb et al. The new formulation proposed the encapsulation of an ethanolic plant
extract in nanoethosomal vesicles, followed by its incorporation in a carbopol based gel.
The researchers concluded that the formulation is stable and could be a promising product
in order to increase skin penetration [30].

In order to improve the wound healing process, other researchers proposed the use
of Rosemary essential oil as a biologically active compound. Such a hydrogel formulation
was prepared in various weight ratios of polyvinyl alcohol and gelatin. The best results
were obtained with the 1:4 weight ratio, with the incorporation of rosemary essential oil
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not affecting the physicochemical characteristics of the gel (swelling degree, fluid uptake,
and porosity) [31].

Zanfirescu et al. developed an interesting gel formulation by combining Achillea
millefolium and Taxodium distichum essential oils with extracts of Aesculus hippocastanum
seeds and Plantago lanceolata leaves. The active constituents of the incorporated essential
oils and extracts proved to present in vivo anti-inflammatory properties [32].

Our researcher group has also previously developed and evaluated a chitosan film
formulation loaded with bioactive compounds (a mixture of six herbal extracts: Calendula
officinalis, Plantago lanceolata, Arnica montana, Tngetes patula, Symphytum officinale, and Geum
urbanum), which demonstrated antioxidant activity, proliferative effect, and biocompatibil-
ity, with potential use in the acceleration of wound healing.

The present study aimed to develop stable wound dressings, using carbomer as a
gel forming agent, as well as to investigate the possibility of incorporating high potent
ethanolic herbal extracts into the polymeric matrix, while at the same time maintaining the
pharmaceutical qualities of the product. Furthermore, the physicochemical properties of
the formulated hydrogels, as well as their antimicrobial activity, were evaluated.

2. Materials and Methods
2.1. Herbal Extracts Preparation

The selected vegetal materials, represented by blooming aerial parts of Rosmarinus
officinalis L. and Achillea millefolium L., as well as flowers of Calendula officinalis L., were
harvested from Cluj County, Romania. Voucher specimens of each vegetal material are
deposited in the Herbarium of the Pharmacognosy Department of the Faculty of Pharmacy,
Cluj-Napoca (Voucher no. 187, 188 and 189).

A solvent extraction method using ethanol as a reagent has been chosen in order to
obtain the bioactive compounds loaded extracts. For this purpose, the vegetal material of
each species (grinded after air drying) was macerated with 70% v/v ethanol for 10 days, at
room temperature. The ratio between the vegetal material and solvent was 1/10 (g/mL).
The samples were then concentrated using a rotary evaporator (Buchi R 210-215, Flawil,
Switzerland), cooled down, centrifuged at 4500 rpm for 15 min, and then recovering the
supernatant.

In order to investigate their combined effect, a blend has also been prepared by mixing
equal parts of the Rosmarini herba, Millefolii flos, and Calendulae flos extracts.

2.2. Total Polyphenolic Content Measurement

The TPC for each herbal extract and their blend was determined spectrophotomet-
rically, using the Folin-Ciocalteu method, as described in the European Pharmacopoeia.
Briefly, 2.0 mL of ethanolic extract were mixed with 1.0 mL of Folin—Ciocalteu reagent and
10.0 mL of distilled water. The mixture was further diluted to 25.0 mL with a 290 g/L
solution of sodium carbonate. The absorbance was measured after 30 min at 760 nm with
a Jasco V-530 spectrophotometer (Cremella, Italy), using gallic acid as reference standard
(calibration curve with R2 = 0.9928), and the results were expressed as mg GAE/g dry
weighted plant material.

2.3. Antioxidant Activity Assay

For the antioxidant activity assay, DPPH was purchased from Alfa-Aesar (Thermo
Fisher Scientific, Dreieich, Germany). The in vitro antioxidant activity of the tested extracts
was determined based on the reaction of the DPPH radical and the antioxidant compounds
present in the extracts. A measure of 2 mL of each extract of different concentrations
(12.5-100 pg/mL) was added to 2 mL 0.1 g/L DPPH methanolic solution and maintained
for 30 min in a thermostatized bath at 40 °C. The absorbance was then measured at 517 nm,
with the decrease in absorbance indicating an increased scavenging activity. Further, the
inhibition of the DPPH radical was calculated, and the antioxidant capacity was expressed
as IC50 (ug/mL), which was, respectively, the concentration of vegetal material required to
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cause a 50% DPPH inhibition [33]. In comparison, Trolox (Hoffmann-La Roche AG, Basel,
Switzerland), with known antioxidative activity, has been used as standard.

2.4. Development of the Hydrogel Dressing

Carbopol 980NF polymer (Lubrizol Pharmaceuticals, Bethlehem, PA, USA) was used
as a gelling agent, Polyethylene glycol 400 (Sigma-Aldrich, St. Louis, MO, USA) as plas-
ticizer, and a 10% sodium hydroxide solution as neutralizing agent. All reagents were of
analytical grade.

At first, some preliminary experiments (data not shown) were performed in order
to find an optimal hydrogel formulation that was able to incorporate the ethanolic plant
extracts. Further, the formulations were prepared by dissolving the carbomer and PEG into
water, adding the herbal extracts, and, under continuous mechanical stirring, neutralizing
the system with the appropriate amount of sodium hydroxide solution. The proportion of
each excipient is presented in Table 1. Five wound dressing formulations were prepared: a
blank one, serving as control, three containing the mentioned herbal ethanolic extracts, and
a last one containing a blend of the extracts (each extract in equal proportion).

Table 1. Hydrogel wound dressing formulations.

Formulation1 Formulation2 Formulation3 Formulation 4 Blank
Compound Role in Formulation
Percent (%)
Carbopol 980NF gel forming agent 1.00
PEG 400 plasticizer 0.50
NaOH 10% neutralizing agent 1.50
Rosmarini herba 10.00 } ) 333 _
extract
Millefolii flos extract  bioactive compounds - 10.00 - 3.33 -
Calendulae flos ) ) 10.00 333 )
extract
Distilled water solvent 87.00 87.00 87.00 87.01 97.00

2.5. Pharmaceutical Characterization of the Hydrogels

The previously formulated products were analyzed regarding their pH, tensile capacity,
viscosity of structure, consistency, and texture.

The pH values were determined using a laboratory Mettler Toledo pH meter. In order
to reduce the viscosity of the gel, 2 g of hydrogel were diluted with 18 g of distilled water
and were magnetically stirred for 30 min until a homogeneous sample was obtained.

The stretching capacity was assessed by applying an extensiometric method. This
technique consists of placing 2 g of gel between two horizontal glass plates and gradually
increasing the weight over the upper plate, at certain time intervals, until the surface of the
gel stretched between the plates remains constant. For these particular formulations, the
weight was increased with 50 g at 2-min intervals, up to 350 g.

The consistency of the developed hydrogels was evaluated by the cone penetration
method, using a Koehler Instrument Company (New York, NY, USA) apparatus. This
technique is actually a static test, depending on the shear strength of the gel’s structure. The
metallic cone was set to sink into 40 g of hydrogel poured into a 50 mL Berzelius glass and
the depth of the cone was assessed at 10-s intervals. The obtained values were graphically
plotted.

The structural viscosity was measured using a Brookfield RVDV-E digital rotary
rheometer (Brookfield Engineering Laboratories, Middleboro, MA, USA). The viscometrical
properties were assessed by registering the deformation and actual viscosity as functions
of tangential stress.
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2.6. Texture Analysis of the Hydrogels

The evaluation of the hydrogels’ structure and behavior has been performed by using
a CT3 Texture Analyzer (Brookfield Engineering Laboratories, Middleboro, MA, USA),
controlled with a TexturePro CT V 1.9 software, by following a previously described
method [34], with a few modifications. The method relied on compressing the sample by
using the TA10 probe of the texture analyzer. Once the trigger value of 5 g was reached,
the probe descended to the target deformation of 30 mm, and then returned to the starting
position. Both the test and post-test speeds were 1 mm/s. The values of specific parameters
such as consistency, firmness, and adhesiveness were calculated and the deformation curves
were generated.

2.7. Antimicrobial Activity

The antimicrobial effects of the previously formulated hydrogels against common
wound pathogens such as Escherichia coli (ATCC25922), Staphylococcus aureus (ATCC6538P),
Pseudomonas aeruginosa (ATCC9027), and Candida albicans (ATCC10231) were determined
by the disk diffusion method, as previously described [35]. Briefly, after cultivation, each
microbial culture was diluted with saline water, so that an optical density of 0.5 McFarland
(108 CFU/mL) was obtained. Petri plates with Mueller-Hinton agar medium were then
inoculated with 150 uL of microbial suspension. Further, round cut-outs (6 mm diameter)
of the five formulated hydrogels were placed on the agar plate with the aid of sterile
forceps. The plates were then placed in a fridge for 2 h, in order to allow the diffusion of
the active compounds into the media, and afterwards were incubated at 37 °C for 24 h.
Lastly, the diameter of the microbial inhibition zone (mm) was measured and evaluated.
All experiments were conducted in triplicate and the data are expressed as mean with
standard deviations (£SD).

3. Results and Discussion
3.1. Total Polyphenolic Content and Antioxidant Properties of the Extracts

A solvent extraction method using ethanol has been chosen in order to obtain the
bioactive compounds loaded products. Ethanol is one of the most popular and safe reagents,
mostly because it allows the extraction of both lipophilic and hydrophilic compounds and
leaves behind a safe to use, non-toxic product.

The selected extracts of Rosmarini herba, Millefolii flos, and Calendulae flos, known
for their healing and antimicrobial properties, were characterized regarding their total
polyphenolic content (TPC) and their antioxidant properties. Moreover, a mixture obtained
by blending these three extracts in equal proportion was also tested.

The standardization of the extracts in terms of their properties would allow us to obtain
them again whenever needed, using additional herbal materials harvested at different
times or even from different areas.

Generally, the antioxidant capacity of plant extracts is related to their total polyphenolic
content. The TPC values for the selected extracts are presented in Table 2, with the values
ranging from 30.12 to 75.2 mg GAE/g.

Table 2. Total polyphenolic content and half maximal inhibitory concentration of the in vitro assessed
antioxidant activities for the tested extracts.

TPC DPPH IC50
Plant Extracts (mg GAE/g) (ng/mL)
Rosmarini herba extract 75.20 +1.75 70.50 + 1.8
Millefolii flos extract 35.22 £2.40 100.84 +1.15
Calendulae flos extract 30.12 +:0.14 11112 £2.15
Extract blend 46.75 + 1.40 93+ 1.4

(equal parts of each extract)
Trolox (positive control) - 11.26 + 0.20
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The results regarding the antioxidant capacity, assessed by applying a method using
2,2-diphenyl-1-picrylhydrazyl (DPPH) as a reagent, are also presented in Table 2. Consid-
ering the half maximal inhibitory concentration (IC50) values, the Rosmarini herba extract
showed the greatest radical scavenging activity (IC50 = 70.5 pg/mL), while the Calendulae
flos extract registered the lowest capacity (IC50 = 111 pug/mL). The antioxidant capacity of
the extract blend was, as expected, somewhere in the middle of the antioxidant domain
obtained for the individual extracts and well above the positive control value.

It is a well-known fact that the presence of high concentrations of oxygen and nitro-
gen centered reactive species in wound sites induces harmful effects on cells and tissues,
promoting oxidative stress, which further generates lipid peroxidation, damage of deoxyri-
bonucleic acid (DNA), and enzyme inactivation [36]. Many medicinal plants have been
proven to possess antioxidant properties, including Rosmarinus officinalis, Achillea mille-
folium, or Calendula officinalis. The involvement and use of plant extracts with antioxidant
effects in the development of new dressing materials may represent a potential therapeutic
tool to enhance and accelerate the wound healing process.

3.2. Pharmaceutical Properties of the Hydrogels

For the hydrogel formulation, shown in Table 1, carbopol has been chosen as a gel
forming agent. A particularity of this polymer is that, in order to achieve maximum
viscosity, its solution needs to be neutralized.

In a presolvated state, the carbopol macromolecules are tightly coiled. After preparing
the 1% aqueous solution, the molecules hydrated and uncoiled to some extent, resulting in
a gel with significant viscosity, but which still allowed the homogenous incorporation of
the herbal extracts.

In order to maximize the polymer’s performance, i.e., to increase the system'’s viscosity
after the incorporation of the bioactive compounds, the complete uncoiling and extension
of the carbopol macromolecules needed to be attained. In this aqueous system, the best
way to achieve this was by adding a 10% solution of a strong inorganic monovalent base.
The neutralization ionized the carbopol polymer and generated negative charges along
its backbone. Repulsions of like charges then caused uncoiling of the molecule into an
extended structure, with the reaction being a rapid one, instantaneously thickening the
product.

The 10% herbal extract concentration in the hydrogel formulation was chosen based
on preliminary experiments, as well as on the experience of the developers, in order to
strike a balance between ensuring the desired effect and preserving the properties of the
hydrogel.

As a plasticizer, polyethylene glycol has been used, with the aim of improving the
flexibility and stretchability properties of the product.

Figure 1 depicts the five gels developed and tested in the study.

Figure 1. Aspect of the hydrogel: (a) blank formulation; (b) Rosmarini herba extract formulation; (c) Cal-
endulae flos extract formulation; (d) Millefolii flos extract formulation; (e) Extract blend formulation.

Taking into consideration the fact that the addition of the 70% ethanolic extracts to
the formulation was expected to slightly lower the pH, due not only to the alcohol per
se (functional-hydroxyl group, which reduces the pH value), but also due to the content
in active principles, the blank hydrogel formulation was developed to have a slightly
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higher pH than the physiological values of the epiderma, of 4.8 to 6.0. Therefore, the
pH value of the blank formulation was measured at 6.12, while the registered pH values
of the formulated dressings were 6.05 for the Rosmarini herba formulation, 5.78 for the
Achillea formulation, 5.95 for the Calendula formulation, and 5.81 for the herbal extract
blend, respectively. As the results showed, the extract blend loaded into the hydrogel
formulation influenced the pH in a relatively similar manner as the extracts used alone.

The results obtained by performing the extensiometric method in order to assess
and compare the stretching capacity of the hydrogels are presented in Figure 2, as a plot
of the stretched surface and weight load applied over the top glass plate. The highest
stretching capacity has been registered for the formulation containing the herbal extract
blend, 24% higher than the blank hydrogel. This result suggests that the inclusion of such
a blend should be performed with caution, in order not to alter the structure of the gel.
The Rosmarini herba formulation was the firmest one, registering a stretching capacity 10%
lower than the blank. Overall, the firmness differences registered for all the five tested
formulations were relatively low, so that the gels would maintain their structure after their
application as wound dressings.

Streching capacity
50

—+— Hydrogel loaded with Rosmarini herba extract

20
—+—Hydrogel loaded with Millefolii flos extract

Hydrogel loaded with Calendulae flos extract

Streching surface (cm”2)

—=— Hydrogel loaded with extract blend
Blank hydrogel

0 50 100 150 200 250 300 350
Weight load (g)

Figure 2. Graphical representation of the stretching capacity of the formulated hydrogels.

The consistency of the developed gels was evaluated by the cone penetration method,
which is a static test, actually assessing the shear strength of the gel’s structure. The
behavior of each formulation during the test is graphically depicted by representing the
mean penetration depth of the cone, as a function of time, in Figure 3. As presented in the
figure, the consistency values of the gels are close, within the £3% range compared to the
blank, and the behavior of the gels is relatively similar, suggesting that the structure of the
polymer was not affected by the addition of the concentrated ethanolic herbal extracts.

Structural viscosity defines the stability of the hydrogel matrix, with the results being
presented in Figure 4 as deformation and actual viscosity as functions of tangential stress
registered by the eccentric rotation of the rheometer’s spindle.

The first observation that can be made based on the obtained results would be that,
even if the bioactive compounds loaded hydrogels had a similar consistency with the
blank formulation, their viscosity is significantly lower. Seventeen to 38% less energy was
necessary to achieve gel deformation, with the lowest value corresponding to the Millefolii
extract formulation. Figure 4b represents the evolution of the actual measured viscosity
of each formulation, with the first point of the graph representing the pressure needed to
be applied in order to break the gel’s structure and start the stirring of the viscosimeter
spindle. As depicted, the actual measured viscosity of the extract loaded formulations was
also considerably lower than the one registered for blank, with their structure being also
easier to shear.
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Figure 3. Gels consistency analyzed by applying the cone penetration method.
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Figure 4. Viscosity plots of the tested samples. (a) Deformation; (b) Actual viscosity evolution.

Products with pharmaceutical properties as the registered ones may be spread evenly
over potential wound surfaces, also reaching cavitary areas. However, such hydrogels
cannot maintain their own structure so they cannot be stored in conventional unitary
dressing packaging. Conditioning them in a multidose packaging, such as large diameter
syringes, would be more appropriate and would even facilitate the application of the
product.

3.3. Texture Analysis of the Hydrogels

The texture analysis has been performed by compressing each sample, using a specific
probe, at a constant speed in order to evaluate the texture attributes of the hydrogels. The
resistance of each hydrogel sample was recorded as load values plotted over time and a
graphical representation was generated for every compression cycle. The parameters were
automatically calculated for the recorded results. In order to provide a better overview, a
graph representing the overlapped analysis of the blank and extract blend formulations
is presented in Figure 5. The positive part of the plot is generated as the probe travels
through the hydrogel matrix, whereas the negative part is registered as the probe returns
to its starting point. The texture parameters are calculated as follows: the maximum force
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registered on the graph represents the firmness, the area under the positive half of the plot
represents the consistency, and the peak negative force of the graph shows the result for
the adhesive force [34].

Compression Withdrawal

y
h
v

- Blank hydrogel

Firmness 4
.| Hydrogel loaded with extract blend

Consistency

N

Adhesive force

T T T T T T T T T
5 10 15 20 25 30 35 40 45 50 55 60 65 70 ] 80
Distance 30 mm Time (s)

A\

A

Figure 5. Texture analysis plot representing the consistency, firmness, and adhesiveness tests for the
blank hydrogel and hydrogel loaded with extract blend.

The texture analysis has been performed in triplicate for all five formulations, with the
obtained values being presented in Table 3. By comparing the blank formulation with the
bioactive compounds loaded hydrogels, it is noticeable that the texture of the hydrogels
has been affected to some extent by the ethanolic extract, decreasing the consistency,
firmness, and adhesive force values. Similar to the viscometric properties, the largest
decrease regarding all three assessed texture properties was recorded for the formulation
loaded with the Millefolii flos extract, although all formulated hydrogels maintained suitable
consistency and adhesive properties, in order to be used as topical products. Regarding
the previously assessed pharmaceutical properties, the texture analysis results related to
the extract blend formulation fall in the middle of the generally obtained value range. Our
results are in agreement with the study published by Tasi¢-Kostov et al. where the addition
of the herbal extracts led to the decrease of both the hardness and adhesiveness of the
hydrogel vehicle while keeping the product’s desirable qualities [37].

Table 3. Texture analysis results.

Hydrogel Formulation Consistency (m]) Firmness (g) Adhesive Force (g)

Blank hydrogel 10.51 £ 0.10 57.70 4+ 0.80 26.20 = 0.30

Hydrogel loaded with Rosmarini herba extract 8.04 £+ 0.30 43.50 + 1.30 19.70 £ 0.80

Hydrogel loaded with Millefolii flos extract 6.70 £0.12 36.50 £ 0.50 16.20 % 0.60
Hydrogel loaded with Calendulae flos extract 8.49 £0.25 47.30 £ 0.80 22.70 £+ 1.00
Hydrogel loaded with extract blend 7.58 + 0.06 41.50 + 0.50 18.30 £ 1.00

Each value is the mean (£SD) of three independent measurements.

3.4. Antimicrobial Activity of the Formulated Hydrogels

A distinct zone of inhibition was observed around the cut-outs of the hydrogel in-
corporating the Rosmarini herba extract in the plates inoculated by Staphylococcus aureus
(inhibition zone of 10 mm) and Pseudomonas aeruginosa (inhibition zone of 10 mm), as well
as by Candida albicans (inhibition zone of 15 mm) (Figure 6). Rosmarini herba are known
to contain flavonoids (such as luteolin, genkwanin, hesperidin, diosmin), phenolic acids
(mainly rosmarinic acid, as well as caffeic, chlorogenic, and ferulic acid), diterpenoids
(mainly rosmanol, carnesol, carnosic acid), and triterpenoids (betulinic, ursolic, or oleanolic
acid), as well as alkaloids, tannins, saponins, and essential oils, having strong antioxidant,
anti-inflammatory, and antimicrobial properties [38].
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Figure 6. Antimicrobial activity of the hydrogel incorporating the Rosmarini herba extract against
(a) Staphylococcus aureus, (b) Pseudomonas aeruginosa, and (c) Candida albicans.

No antimicrobial activity was identified in the case of the hydrogels incorporating the
extracts of Milefolii flos and Calendulae flos.

None of the tested hydrogel formulations proved to be efficient against Escherichia coli,
excepting the one incorporating the blend of extracts (inhibition zone of 8 mm), probably
suggesting a synergic antimicrobial effect of the concentrated alcoholic extracts (70%) of
Rosmarini herba, Millefolii flos, and Calendulae flos.

Thus far, few research studies have incorporated extracts of Rosmarini herba, Millefolii
flos, and Calendulae flos in a hydrogel formulation.

For instance, hydrogels containing chitosan with 3% Calendulae flos lyophilized extract
were found to have a bactericidal effect against Staphylococcus aureus, Propionibacterium acnes,
and Escherichia coli [29]. A chitosan film formulation loaded with bioactive compounds (a
mixture of six herbal extracts: Calendula officinalis, Plantago lanceolata, Arnica montana, Tagetes
patula, Symphytum officinale, and Geum urbanum) developed and evaluated by our research
group also proved to be effective against Staphylococcus aureus, Pseudomonas aeruginosa, and
Escherichia coli [17]. However, it must be noted that all the above-mentioned hydrogels were
chitosan-based ones, a compound known to possess important antimicrobial properties.

Almost all wounds may become infected due to exposure to non-sterile conditions.
Inflammation and bacteria in the wound negatively influence the process of wound healing,
causing the formation of exudate, which destroys growth factors and body proteins, as
well as the extracellular matrix. Therefore, treating wounds with extract-loaded hydrogels
with antimicrobial properties could be beneficial, considering their ease of application and
rare systemic toxicity [39,40].

4. Conclusions

Hydrogels containing plant extracts with antimicrobial properties were developed, in-
tended for further use as a possible aid in the acceleration of wound healing. The proposed
formulation implies the use of a different gel forming agent than the ones described in
previous studies (in which the most common compounds used were PVA, PVP, and PEG)
and evaluates how the properties of the carbomer gel matrix are affected by the ethanolic
herbal extracts incorporated in the hydrogel.

The studied hydrogel formulations could serve as a basis for the development of novel
wound dressing materials. However, an optimized formulation should be further tested in
terms of advanced pharmaceutical properties and in vivo effect, in order to support current
results.
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