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Abstract: This study aimed to optimize the extraction of phytocompounds intended for
wound care applications from three plant species, Sambucus nigra L. flowers and Epilobium
hirsutum L. and Lythrum salicaria L. aerial parts, by using a Quality by Design approach.
The effects of different extraction methods (ultra-turrax and ultrasonic-assisted extraction),
ethanol concentrations (30%, 50%, 70%), and extraction times (3, 5, 10 min) were studied,
and during the optimization step, the polyphenol and flavonoid contents were maximized.
The phytochemical profiles of the optimized HEs (herbal extracts) were assessed using
LC-MS/MS methods. The antioxidant capacity of the optimized HEs was determined
using DPPH (2,2-diphenyl-1-picrylhydrazyl radical scavenging capacity) TEAC (Trolox
equivalent antioxidant capacity), and FRAP (ferric reducing antioxidant power) assays,
while the antibacterial activity was evaluated against Escherichia coli, Pseudomonas aeruginosa,
and MSSA—methicillin-sensitive Staphylococcus aureus and MRSA—methicillin-resistant
Staphylococcus aureus). Cell viability and antioxidant and wound healing potential were
assessed on keratinocytes and fibroblasts. The anti-inflammatory effect was assessed on
fibroblasts by measuring levels of interleukins IL-6 and IL-8 and the production of nitric
oxide from RAW 264.7 cells. The major compounds of the optimized HEs were rutin and
chlorogenic acid. The Lythrum salicaria optimized HE showed the strongest antibacterial
activity, while the Sambucus nigra optimized HE demonstrated high cell viability. Lythrum
salicaria and Epilobium hirsutum optimized HEs showed increased antioxidant capacities.
All extracts displayed anti-inflammatory effects, and the Epilobium hirsutum optimized HE
exhibited the best in vitro wound-healing effect.
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1. Introduction

Throughout history, herbal extracts (HEs) have played an essential role in traditional
medicine, particularly in dermatology, where they have been widely used for their mois-
turizing, anti-inflammatory, antioxidant, antimicrobial, and regenerative properties [1-4].
The therapeutic benefits of bioactive phytocompounds in skin health are deeply rooted
in ancient medical practices, where HE-based formulations were commonly used to treat
wounds, burns, infections, and various skin conditions. As one of their most significant
applications in ethnopharmacology is their role in wound care, modern scientific advances
continue to validate and expand this traditional use [5-7].

Wound healing is a complex, multi-phase process involving four overlapping and
dynamic stages: hemostasis, inflammatory phase, proliferative phase, and maturation or
remodeling phase [3,8-10]. The active ingredients used in wound care should address the
needs of each phase, such as reducing the bleeding and inflammation and promoting tissue
repair by various mechanisms (e.g., angiogenesis, stimulation of growth factors, increasing
the reepithelization, cell migration, and wound closure) [3,11]. Moreover, the antioxidant
property has been demonstrated to be very important, as oxidative stress can damage skin
cells and tissues, prolonging the healing process [3,12-16]. In addition, antimicrobial effects
are crucial, since infections significantly delay the healing and lead to complications like
chronic wounds or sepsis [17-19]. Subsequently, the growing issue of antibiotic resistance
demands novel antimicrobial ingredients that can effectively combat infections without
contributing to resistance [20-22].

Up to now, HEs seem to meet all the criteria concerning the antioxidant, antimicrobial,
anti-inflammatory, and wound-healing effects, together with their safety, cost efficacy, and
easy availability. The phytocompounds from HEs may work synergistically and comple-
mentarily to address the different stages of wound healing and significantly improve the
healing outcome [3,7]. Moreover, due to the presence of multiple and complex phyto-
compounds in HEs, the development of antimicrobial resistance is therefore reduced [20].
Despite these advantages, their inherent variability is a drawback in their use. Thus, an
efficient and systematic extraction of phytocompounds from plant materials is important
to maximize their bioactive yield, ensuring reproducibility and efficacy. Consequently,
to optimize the extraction of the active phytocompounds, the Quality by Design (QbD)
approach may be used. The QbD approach includes all the elements that will lead to a
quality product and a production process capable of constantly providing the required
efficacy and safety [23-26].

The present study aimed to optimize, with the QbD approach, the extraction of the
phytocompounds from three plant materials commonly found in European spontaneous
flora (Sambucus nigra L. flowers, Epilobium hirsutum L. aerial parts, and Lythrum salicaria L.
aerial parts) and to investigate the biological effects of the optimized herbal extracts (OHEs),
namely, the antioxidant, antimicrobial, anti-inflammatory, and wound-healing effects.

Sambucus nigra L. (Adoxaceae family), commonly known as elderberry, has been ex-
tensively used in traditional European medicine, with its leaves, fruits, and flowers applied
topically for the treatment of wounds and various skin and mucosal disorders [27,28].
These effects have been attributed to its anti-inflammatory, antioxidant, antiviral, antibacte-
rial, and analgesic effects [29-33]. However, despite this traditional use, scientific studies
investigating the wound-healing potential of Sambucus nigra HEs—particularly from the
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inflorescences—remain scarce [34,35]. Species of the genus Epilobium (Onagraceae family),
commonly known as willowherbs, have been widely used in folk medicine, mainly for
alleviating the symptoms of benign prostatic hyperplasia. Additionally, they have also
been employed for the treatment of wounds, burns, and inflammatory skin conditions.
This ethnomedicinal application has gained scientific support in recent years [36-39], with
studies highlighting the anti-hyaluronidase, anti-collagenase, and antioxidant activities
of these species [36,40]. Although Epilobium hirsutum L. has demonstrated relevant anti-
inflammatory and antioxidant effects [24,41], its potential role in the complex process of
wound healing remains poorly documented, particularly in comparison with the more
widely studied E. angustifolium [37,38,42]. Lythrum salicaria L. (Lythraceae family), com-
monly known as purple loosestrife, has been used in traditional medicine for treating dis-
eases with an inflammatory background, showing also astringent, analgesic, antibacterial,
and wound-healing effects [43,44]. Previous studies have demonstrated their antioxidant,
anti-inflammatory, and burn wound-healing activities with promising results [45,46]. More-
over, Lythrum salicaria HE may contribute to the maintenance of skin homeostasis through
pro-differentiating and skin barrier-strengthening effects [47], which are particularly rele-
vant in the context of tissue regeneration and repair.

These three HEs were selected for the present study based on their historical use in the
topical treatment of skin lesions combined with the relative scarcity of modern scientific
investigations validating their wound-healing properties. While each species has shown
individual pharmacological potential, their comparative evaluation—both phytochemical
and biological—remains limited. Given the presence of bioactive compounds with known
relevance to the different phases of wound repair (e.g., antioxidants, anti-inflammatories,
antimicrobials, wound-healing agents), it is reasonable to hypothesize that these extracts
may act synergistically or complementarily to promote skin regeneration. Therefore, the
current study aims to provide a comprehensive analysis of the chemical composition and
biological activity of the Sambucus nigra (inflorescences), Epilobium hirsutum, and Lythrum
salicaria (aerial parts) HEs. By scientifically validating their traditional use and exploring
their potential as wound-healing agents, this work seeks to contribute to the development
of new natural formulations for skin health. In the present study, the effects of different
extraction methods (ultra-turrax-assisted extraction—UTE, ultrasonic-assisted extraction—
USE), different ethanol concentrations (30%, 50%, 70%), and different extraction times (3,
5,10 min) on these plant materials were studied. To better understand how the variation
factors in the OHESs’ preparation can affect their attributes, the Design of Experiment (DoE)
was employed. Finally, the total polyphenol and flavonoid contents of each extract were
maximized to achieve the optimal extraction. Thus, the phytochemical profiles and the
antioxidant and antimicrobial activities of the OHEs were investigated. The in vitro bi-
ological effects of the OHEs on cell cultures were studied by investigating cell viability,
antioxidant capacity, anti-inflammatory activity, and wound-healing assay. To the best of
our knowledge, this is the first study that reported the ultra-turrax-assisted extraction of
phytocompounds from Sambucus nigra and Lythrum salicaria. By optimizing the extraction
process, this research aims to maximize the therapeutic potential of polyphenols, contribut-
ing to more effective wound-healing solutions. While previous studies focused on assessing
various biological activities, this study integrates a DoE approach to optimize extraction
parameters, correlating them with detailed in vitro analyses of biological activities for a
comprehensive characterization of the extracts. To the best of our knowledge, this the first
report on the effects of Sambucus nigra flower, Lythrum salicaria and Epilobium hirsutum HEs
on the HaCaT cell line and the first research investigating the effects of Lythrum salicaria
and Epilobium hirsutum HEs on RAW 264.7 cells. Moreover, this seems to be the first study
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to evaluate the wound-healing potential of Lythrum salicaria aerial parts, Epilobium hirsutum
aerial parts HEs, and Sambucus nigra flower HE through scratch assay.

2. Materials and Methods
2.1. Chemicals and Reagents

The following reagents were purchased from Sigma Aldrich (Sigma Aldrich Chemie
GmbH, Schnelldorf, Germany): ethanol, methanol, ferric chloride, 6-hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid (Trolox), 2,2-Diphenyl-1-Picrylhydrazyl (DPPH),
24,6-Tripyridyl-S-triazine (TPTZ), 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonate) (ABTS),
dimethyl sulfoxide (DMSO) (>99%), hydrogen peroxide (H,O,) 30% solution, fetal bovine
serum (FBS), resazurin, MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bro-
mide), 2,7 dichloro-fluorescein diacetate (DCFH-DA), N-acetyl-1-cysteine (>99%), sulfanil-
amide, N-(1-napthyl)ethylenediamine dihydrochloride (NED), phosphoric acid, dexam-
ethasone, and lipopolysaccharides isolated from E. coli. Other reagents used were: Folin—
Ciocalteu reagent (Chempur, Piekary Slaskie, Poland), acetic acid and sodium carbonate
(International Laboratory, Cluj-Napoca, Romania), aluminum chloride (Thermo Fisher
Scientific Inc., Waltham, MA, USA). All solvents were of LC grade, and each of the reagents
used was of analytical grade. For the spectrophotometric assays and (LC-MS/MS) analysis,
[3-sitosterol was purchased from Carl Roth (Karlsruhe, Germany), ferulic acid and gallic
acid from Merck (Darmstadt, Germany), (+)-0-tocopherol from Supelco (Bellefonte, PA,
USA), and all other standards were acquired from Sigma Aldrich (Sigma Aldrich Chemie
GmbH, Schnelldorf, Germany): apigenin, brassicasterol, caffeic acid, 4-O-caffeoylquinic
acid, (+)-catechin, caftaric acid, campesterol, chlorogenic acid, p-coumaric acid, ergos-
terol, (-)-epicatechin, gentisic acid, hyperoside (quercetin, 3-D-galactoside), isoquercitrin
(quercetin 3-B-D-glucoside), kaempferol, kaempferol-3-rhamnoside, luteolin, myricetin,
protocatechuic acid, quercetin, quercitrin (quercetin 3-rhamnoside), rutoside (quercetin-3-O-
rutinoside), stigmasterol, syringic acid, (+)-«-tocopherol, (+)-y-tocopherol, and vanillic acid.
For microbiological assay, the bacterial strains Escherichia coli ATCC 25922, Pseudomonas
aeruginosa ATCC 27853, Staphylococcus aureus methicillin-sensitive (MSSA) ATCC 25923,
and Staphylococcus aureus methicillin-resistant (MRSA) ATCC 700699 were acquired from
Microbiologics Inc. (St. Cloud, MN, USA). Gentamicin (CN10) was purchased from Oxoid,
Thermo Scientific Inc. (Waltham, MA, USA). The immortalized human keratinocytes (Ha-
CaT) were purchased from CLS Cell Lines Service (Eppelheim, Germany), while the human
foreskin fibroblasts (BJ) and the mouse macrophage cell line RAW 264.7 were purchased
from American Type Culture Collection (Manassas, VA, USA). Dulbecco’s Modified Eagle
Medium (DMEM) and phosphate-buffered saline (PBS) were purchased from Gibco (Life
Technologies Limited, Paisley, UK). Human IL-8 and IL-6 ELISA Kits were purchased from
Invitrogen (Thermo Fisher Scientific Inc. Waltham, MA, USA).

2.2. Harvesting of Plant Material and Preparation for Extraction

The three plant materials were harvested during flowering stage from Romanian
flora, as presented in Table 1. The plant species were authenticated by botany Assistant
Professor Ana Maria Vlase and Professor Mircea Tamas from Department of Pharmaceutical
Botany, Faculty of Pharmacy, Iuliu Hatieganu University of Medicine and Pharmacy, Cluj-
Napoca. The voucher specimens were deposited for each species in the Herbarium of this
department and numbered as presented in Table 1.

The vegetal material of each species was separated and air-dried at room temperature
safe from sunlight. The plant material was ground in a coffee grinder (Selecline CG9140-GS,
60 g, 150 W, Croix, Hauts-de-France, France for approximately 3 min, and the powder was
sifted through a 200 pm Retsch sieve (Retsch GmbH, Haan, Germany) [24].
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Table 1. Details regarding the harvesting period and location of the plant materials and their voucher
specimen number.

Plant Material Voucher Specimen No. Harvest Period and Location
Sambucus nigra flowers 139.1.2.1/05.2022 May 2022, Stremt, Alba County
Lythrum salicaria aerial parts 60.3.1.1/06.2022 June 2022, Sandulesti, Cluj County
Epilobium hirsutum aerial parts 62.5.1.1/07.2022 July 2022, Sandulesti, Cluj County

2.3. QbD Approach for Extract Development and Optimization
2.3.1. Quality Target Product Profile (QTPP) Definition

The QTPP was established by setting the critical quality attributes (CQAs), critical
material attributes (CMAs), and critical process parameters (CPPs) [23,26,48]. Furthermore,
acceptance criteria were set to guide the development process.

2.3.2. Risk Analysis

A risk analysis was used to screen the CMAs and CPPs with a possible impact on the
CQAs and to identify appropriate process control points [48].

The guideline ICH Q9 “Quality Risk Management” provides a list of risk management
tools, out of which Ishikawa’s fishbone diagram and failure mode and effects analysis
(FMEA) are among the most common. An Ishikawa diagram filled in by an interdis-
ciplinary team aimed to identify and examine the risk factors (CMAs or CPPs) related
to the preparation of the OHEs. Further, FMEA approach, based on the evaluation of
three criteria—frequency of occurrence (O), severity of consequences (S), and difficulty of
detection (D)—was used for factor ranking. Giving a score from 1 to 5, each of these criteria
was assigned to each variation factor from the Ishikawa diagram as explained below. The
occurrence (O): 5—frequent, 4—probable, 3—occasional, 2—remote, 1—improbable; the
severity (S): 5—catastrophic, 4—critical, 3—serious, 2—minor, 1—negligible; detectability
(D): 5—hard to detect, 4—low chance of detection, 3—moderately detectable, 2—highly de-
tectable, 1—easily detectable. The risk priority number (RPN) was obtained by multiplying
these three attributes [23].

2.3.3. Design of Experiment (DoE)

To obtain a deeper understanding of the variables with the highest risk priority number
(RPN), DoE was employed as a risk control and reduction tool. The extraction process for
each plant material was evaluated using a screening D-optimal experimental design (Modde
13.1 software, Sartorius Stedim, Goettingen, Germany) to identify the effects of the highest-
ranked failure mode and effects analysis (FMEA) variables on extraction efficiency. The
input variables included relevant extraction parameters (extraction method—X1, extraction
time—X2, ethanol ratio in the extraction solvent). The output variables determined were
total polyphenol content (Y1) and total flavonoid content (Y2), as summarized in Table 2.
The same general design matrix was applied to each plant material, resulting in 3 DoE
models, each consisting of 10 individual runs and 3 center points.

Table 2. Input and output variables of the DoEs for each plant material.

Input Variables and Variation Levels (D?lztr?;;r::a{;aal-?;;jes
(Independent Variables, Factors) P ’
Responses)
Qualitative Extraction UTE TPC—Y1

variable method—X1 USE ug GAE/mL HE
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Table 2. Cont.
Input Variables and Variation Levels Output Varlal?les
. (Dependent Variables,
(Independent Variables, Factors)
Responses)
Extraction time—X2 3,5,10 min
Quantitative Ethanol ratio in th TFC—Y2
variable ano’ Tatom e 30%, 50%, 70% uM QAE/HE

extraction solvent—X3

UTE—ultra-turrax-assisted extraction, USE—ultrasound-assisted extraction, TPC—total polyphenol content,
expressed as pg gallic acid equivalent (GAE)/mL HE; TFC; total flavonoid content, expressed as uM quercetin
equivalents (QAE)/HE.

2.3.4. Extraction Methods and Bioactive Compounds Screening

According to the DoE, different extraction methods, times, and solvents were used,
as described above in Table 2. For all the HEs, a plant material /solvent ratio of 1:10 (m/v)
was used. The solvent was a mixture of ethanol (30%, 50%, 70%) and distilled water. UTE
was performed by using the ultra-turrax homogenizer with the W 45MA fixture at 4000
rpm (model T 18, IKA Labortechnik, Staufen, Germany). USE was carried out with an
ultrasonic bath (Sonorex Super RK 100 H, Bandelin Electronic GmbH & Co. KG, Berlin,
Germany). The extraction was performed at room temperature for 3, 5, or 10 min. After
extraction, the samples were centrifuged for 8 min at 10,000 rpm at 22 £ 0.5 °C using a
refrigerated centrifuge (Sigma Laborzentrifugen GmbH, Osterode am Harz, Germany).
The supernatant was recovered and stored in a refrigerator at 5 + 2 °C for further analysis.

For the evaluation of the biological activities on cell cultures, the OHEs were concen-
trated using a rotary evaporator coupled with vacuum pump (HEI-VAP Advantage Rotary
evaporator HL/G1 coupled with Rotavac valve control, Heidolph, Schwabach, Germany)
until complete ethanol evaporation and then subjected to lyophilization using SP Scientific
Virtis AdVantage 2.0 BenchTop Freeze Dryer, Advantage Plus EL-85 (American Laboratory
Trading Inc., East Lyme, CT, USA). During the lyophilization, the following parameters
were used: freezing for 24 h at —55 °C and afterward for 48 h at —25 °C under pressure
of 200 mTorr. The lyophilized OHEs were stored in a refrigerator at 5 & 2 °C for further
analysis [24,25,49].

The total polyphenol content (TPC) was quantified using the Folin—Ciocélteu assay
following a previously validated method [24,50]. HE samples were diluted 1:10 with
distilled water, and then mixed with Folin—Ciocalteu reagent and 6% Na,COj solution in
Eppendorf tubes. The reaction mixture was incubated in the dark at room temperature for
30 min to allow for color development. The calibration curve was constructed using gallic
acid as a reference standard, with a concentration range of 10-100 ug/mL (R? = 0.9917,
y = 0.0053x + 0.0589). The results were expressed as pg gallic acid equivalents (GAE)
per mL of each HE.

The total flavonoid content (TFC) was determined using a quercetin-based colori-
metric assay following a previously validated methodology [24,51]. The HE samples
were appropriately diluted—1:10 for Sambucus nigra and 1:5 for Lythrum salicaria and
Epilobium hirsutum. The quantification was performed using quercetin as the reference
standard, with a calibration curve over a concentration range of 20-150 uM (R% = 0.9956,
y = 1.8184x + 36.6140). The results were expressed as uM quercetin equivalents (QAEs) per
each HE.

The Flow Injection Analysis (FIA) method was employed for the rapid and efficient
quantification of TPC and TFC, utilizing an HPLC system equipped with a diode array
detector (DAD). Unlike conventional chromatographic techniques, FIA operates without a
separation column, allowing direct injection of the sample into the system for immediate
detection and quantification. The analysis was performed using an Agilent Technologies
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1100 HPLC Series system (Agilent, Santa Clara, CA, USA), with an injection volume of 5 puL
per sample. The mobile phase consisted of distilled water. Detection wavelengths were
set at 760 nm for TPC and 370 nm for TEC. All experiments were performed in triplicate
(n = 3), and results are presented as mean value + standard deviation (SD).

2.4. Characterization of OHEs

After the optimization step, the phytochemical profiles of the three OHEs were as-
sessed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) with five dis-
tinct analytical methods, which were previously validated [24,25]. The following equipment
was used: Agilent Technologies 1100 HPLC Series system (Agilent, Santa Clara, CA, USA)
equipped with auto sampler, column thermostat, binary gradient pump, degasser, and UV
detector. The system was coupled with a mass spectrometer from Agilent, model Ion Trap
1100 SL (LC/MSD Ion Trap VL, Agilent, Santa Clara, CA, USA).

DataAnalysis (v5.3) and ChemStation (vB01.03) software from Agilent (Santa Clara,
CA, USA) were used for chromatographic data acquisition and interpretation. Further
methodological details are available in previous publications [24,25,52].

2.4.1. Identification and Quantification of Polyphenolic Compounds

Polyphenolic compounds in the OHEs were identified and quantified using two vali-
dated LC-MS analytical methods. The first method targeted 23 polyphenols using a Zorbax
SB-C18 reverse-phase column (100 mm x 3.0 mm i.d., 3.5 um, Agilent Technologies, Santa
Clara, CA, USA) for separation with a binary elution gradient. The mobile phase consisted
of methanol and 0.1% acetic acid. The flow rate was 1 mL/min, column temperature
48 °C, and injection volume 5 pL. Detection was performed in UV mode at 330 nm for
polyphenolic acids and 370 nm for flavonoids, while electrospray ionization—-mass spec-
trometry (ESI-MS) in negative mode was further used for confirming the identity of targeted
bioactive compounds.

The second LC-MS analytical method aimed to identify and quantify eight additional
polyphenols (epicatechin, catechin, syringic acid, gallic acid, protocatechuic acid, vanillic
acid, epicatechin gallate (ECG), and epigallocatechin gallate (EGCG)). Chromatographic
separation followed a similar approach, and it was employed using the above-mentioned
equipment and chromatographic column. The same LC-MS conditions were applied using
UV and MS spectra comparisons for compound identification and calibration curves of
individual compounds for quantification [24,25,52].

The equations of the calibration curves and the limits of detection (LOD) and quantifi-
cation (LOQ) are presented in Table S1 (for polyphenols analyzed with the first analytical
method) and in Table S2 (for polyphenols analyzed with the second analytical method).

2.4.2. Identification and Quantification of Phytosterols

Phytosterols were analyzed using a validated LC-UV-MS/MS method. Chromato-
graphic separation was achieved through isocratic elution, with a mobile phase consisting
of acetonitrile and methanol (90:10, v/v). Detection was performed in positive ionization
mode using an Atmospheric Pressure Chemical Ionization (APCI) source. Identification
was based on spectral data and retention time matching with external standards for er-
gosterol, brassicasterol, stigmasterol, campesterol, and {3-sitosterol. Further details on
this method can be found in previous publications [24,52]. The results were expressed
as micrograms of phytosterol per milliliter of each OHE (mean values & SD, n = 3). The
equations of the calibration curves, LOD, and LOQ are presented in Table S3.
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2.4.3. Identification and Quantification of Tocopherols

Tocopherol («, v, 8) content in the optimized extracts was evaluated through LC-
MS/MS following a validated protocol. The analysis was performed using an isocratic
elution system with water/methanol (7:93, v/v) as the mobile phase. Detection was car-
ried out in negative ionization mode using APCI-MRM (Multiple Reaction Monitoring).
Tocopherol standards were prepared and analyzed under the same conditions for quantifi-
cation. Further methodological details are available in previously published studies [24,52].
The results were expressed as nanograms tocopherol per milliliter of each OHE (mean
values =+ SD, n = 3). The equations of the calibration curves, LOD, and LOQ are presented
in Table 54.

2.4.4. Identification and Quantification of Procyanidins

The procyanidin content was assessed using LC-MS/MS applying a gradient elution
system with methanol and 0.1% acetic acid in water. Mass spectrometric detection was con-
ducted in negative ionization mode, with fragmentation patterns confirming the presence
of procyanidin Al, B1, and B2. Calibration curves were performed for quantification, and
further details regarding the chromatographic conditions and MS parameters are available
in prior studies [25]. The equations of the calibration curves, LOD, and LOQ are presented
in Table S5.

2.5. Evaluation of Biological Activities of the OHEs
2.5.1. Antioxidant Activity of the OHEs
2,2-Diphenyl-1-Picrylhydrazyl (DPPH) Radical Scavenging Capacity

The antioxidant potential of the OHEs was evaluated using the DPPH assay following
an established methodology. OHEs were diluted 1:200 with distilled water and mixed
with DPPH reagent, incubated for 30 min in the dark, and afterward, the absorbance was
measured at 517 nm using a UV-Vis spectrophotometer (Specord 200 Plus, Analytik Jena,
Jena, Germany). The scavenging capacity was calculated in relation to a Trolox calibration
curve (R? = 0.9950, y = 0.0038x + 0.0377), with results expressed as mg of Trolox equivalents
(TEs) per mL of each OHE (mean values + SD, n = 3) [24,52,53].

Ferric Reducing Antioxidant Power (FRAP) Assay

The FRAP assay was conducted using a reagent mixture containing acetate buffer,
2,4,6-Tri(2-pyridyl)-s-triazine (TPTZ), and FeCls. OHEs were diluted 1:100 with distilled
water, incubated with the reagent mixture for 30 min in the dark, and the absorbance
was measured at 593 nm using UV-VIS spectrophotometer (Specord 200 Plus, Analytik
Jena, Jena, Germany). The calibration curve was prepared with Trolox (R = 0.9834,
y = 0.4216x + 0.1534), and results were reported as Trolox equivalents (TEs) in mM of
each OHE (mean values + SD, n = 3) [52].

Trolox Equivalent Antioxidant Capacity (TEAC) Assay

The TEAC assay was assessed by mixing the diluted OHEs (1:200 with distilled water)
with acetate buffer and 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonate) (ABTS) reagent
followed by 5 min incubation at room temperature. Absorbance was recorded at 660 nm,
and antioxidant capacity was determined based on a Trolox standard curve (R? = 0.9972,
y = 0.264x + 0.0048), with results expressed as Trolox equivalents (TEs) in mM of each OHE
(mean values + SD, n = 3) [24,52].
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2.5.2. Antibacterial Activity of the OHEs

The following microorganisms were used in this experiment: Escherichia coli ATCC
25922, Staphylococcus aureus MSSA ATCC 25923, Staphylococcus aureus MRSA ATCC 700699,
and Pseudomonas aeruginosa ATCC 27853. The antibacterial activity was tested qualitatively
through a qualitative disk diffusimetric method, which is considered a reliable method
with large applicability in microbiological practice to test the efficacy of most antimicrobial
agents [54,55]. The diameter of the inhibition area was measured after the incubation of
bacterial strains with OHEs for 24 h at 37 °C. The solvent, 70% hydroethanolic solution
(EtOH 70%), served as negative control, while gentamycin served as positive control. The
diameter of the inhibition area was correlated with the sensitivity of bacteria to the tested
sample [54,56].

The minimum inhibitory concentration (MIC) method was used for the quantita-
tive assessment of the same bacterial strains. The evaluation was performed according
to the adapted EUCAST (European Committee on Antimicrobial Susceptibility Testing)
protocols [57]. Liquid Mueller-Hinton (MH) broth medium was used to dilute the extracts
in a 2-fold serial system, in 10 consecutive wells, in 96-well titer plates. The total broth
volume was adjusted to 200 uL/well, with 180 uL from the HE and 20 pL from the microbial
suspension. Positive (MH broth and bacterial inoculum) and negative (MH broth and HE)
controls were also used. Three repetitions were run for each HE. The plates were incubated
at 37 £ 2 °C for 24 h. The MIC values were represented by the lowest concentration of the
extract able to inhibit the growth of the bacterial strains compared with the positive control.

2.5.3. In Vitro Cell Culture Assays for the OHEs
Preparation of OHE Solutions

A 100 mg/mL stock solution in dimethyl sulfoxide (DMSO) was obtained by dissolv-
ing each previously lyophilized OHE. The testing solutions were prepared by diluting the
stock solution with DMSO, and they were further diluted in the cell culture medium to
achieve the necessary concentrations, which ranged from 1 to 400 pg/mL.

Cell Cultures

HaCaT, BJ, and RAW 264.7 cells were maintained in DMEM supplemented with 10%
fetal bovine serum (FBS) and 10% antibiotics (penicillin + streptomycin), with the difference
that the HaCaT cell line had extra 1% sodium pyruvate. Cells were cultured in a humidified
incubator at 37 °C with 5% CO,, and the medium was changed every 2 days. Further, cells
were seeded in 96-well sterile plates and allowed to adhere to the substrate for 24 h.

Cell Viability

Two cell viability tests were performed. The Alamar Blue assay was used for HaCaT
and B]J cell lines, while the MTT assay (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium
bromide) was chosen for RAW 264.7 cell line. The evaluation of cell viability on HaCaT and
BJ cell lines was performed after a 24 h incubation period, with the three OHEs at doses
ranging from 1 to 400 ug/mL, as previously described [58]. Following the exposure, cells
were washed with PBS and further incubated for 2-3 h with a 50 mM solution of resazurin
prepared in medium. Using this assay, the ability of cells to metabolically transform
resazurin, a non-fluorescent substance, into resorufin, a fluorescent product, was evaluated.
The fluorescence, which is proportional with the number of metabolically active cells, was
measured at Aexcitation = 930/25, Aemission = 990/35, using Synergy 2 Multi-Mode Microplate
Reader (BioTek Instruments, Winooski, VT, USA). Cells exposed to medium with DMSO
were used as negative control. Results were presented as relative values in comparison with
the negative control (100%). RAW 264.7 cells were seeded in 96-well plates and incubated
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overnight at 37 °C with 5% CO;. Cells were exposed to different concentrations of OHEs,
ranging from 1 to 400 ug/mL, for 24 h, after which the medium was replaced with a
fresh medium containing 10% MTT and incubated for 4 h. The MTT-containing medium
was discarded, and DMSO (100 uL/well) was added to dissolve the formazan crystals.
Absorbance at 570 nm was detected by Synergy 2 Multi-Mode Microplate Reader [59]. For
the next experiments, only the non-toxic concentrations were tested.

Antioxidant Activity in Cell Cultures

The ability of the three OHEs to protect against oxidative stress was evaluated on
the cell cultures using the 2,7 dichloro-fluorescein diacetate (DCFH-DA) assay, as previ-
ously described [60]. Following cellular integration, intracellular esterases hydrolyze the
non-fluorescent colored DCFH-DA to dichlorodihydrofluorescein (DCFH), which remains
inside the cellular compartment. DCFH is oxidized by ROS to a fluorescent molecule that is
proportional to the amount of intracellular ROS. The fluorescence was measured using Syn-
ergy 2 Multi-Mode Microplate Reader at an Aexcitation = 485/20 and Aemission = 528/20. The
study was performed in the presence or absence of a pro-oxidant (H,O,) (Hanks” Balanced
Salt Solution (HBSS) for non-stimulated conditions, and 250 uM H,O, in HBSS for stimu-
lated conditions). The antioxidant activity of OHEs was compared with N-acetylcysteine
(NAC) treatment as positive control (20 mM solution). Results were presented as relative
values in comparison with the negative control (100%).

Anti-Inflammatory Activity in Cell Cultures

The anti-inflammatory activity of the OHEs was evaluated using ELISA kits by measur-
ing the levels of two pro-inflammatory cytokines, namely IL-6 and IL-8, in the cell culture
supernatant. The cells were exposed to 100 ng/mL bacterial lipopolysaccharide (LPS) and
three biocompatible concentrations of the OHEs. After the 24 h exposure, the supernatant
was collected. The concentrations of IL-6 and IL-8 were measured using commercially
available ELISA kits according to the manufacturer’s instructions (Invitrogen, Thermo
Scientific, USA) using Synergy 2 Multi-Mode Microplate Reader.

Measurement of Nitric Oxide (NO) Production

RAW 264.7 cells were pretreated with non-toxic concentrations of each OHE for 6 h,
and then stimulated for 18 h with or without 1 ug/mL LPS at 37 °C in an incubator
with 5% CO,. The NO level in the culture supernatants was measured using Griess
reagents by adding 50 pL 1% sulfanilamide and 50 pL 0.1% N-(1-napthyl) ethylenediamine
dihydrochloride in 5% phosphoric acid to 100 uL of culture supernatant in each well and
incubating them at room temperature for 15 min in the dark. Subsequently, absorbance at
540 nm was measured with Synergy 2 Multi-Mode Microplate Reader. A standard curve
was prepared using NaNO, as a standard solution in the same manner, and it was used
to calculate the concentration of NO [61]. Dexamethasone at a concentration of 1 uM was
used as positive control. All the experiments, unless specified otherwise, were done using
three biological replicates, each one including three technical replicates.

Wound Healing Assay in Cell Cultures

The scratch assay was assessed to investigate the in vitro wound healing determined
by the OHEs. B] and HaCaT cells were seeded in 96-well plates in DMEM medium with
10% FBS to reach the confluency, and then, wounds were performed using 10 pL sterile
pipette tips. After that, the cells were washed with PBS and further treated with OHE in
highest biocompatible concentration (H) for each OHE. At least 3 images of each well were
taken using an inverted Zeiss Axio Observer Z1 microscope (Zeiss, Jena, Germany) with
AxioCam Icc Rev.4 CCD camera (1.4 megapixels, Zeiss) and processed by the ZEN 2.3 lite
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software at Ty and after 24 h to observe the changes that occurred in cell migration. The
images were then processed using Image] 1.54d software (National Institutes of Health,
Bethesda, MD, USA), and the cell migration rate and wound closure percent were calculated
according to the following equations:

(A — Atar)

Wound closure(%) = Y
t0

x 100

(W; — W)
t

where Wj is the average of the initial wound width, W¢ is the average of the final wound

Cell migration rate (rr;m> =

width (mm), and t is the time of the assay (hours). Additionally, Ay is the initial wound
area and Ay, is the wound area after At hours of the initial scratch, both in mm?2 [62].

2.6. Statistical Analysis

All the results were presented as mean + standard deviation (SD) and were analyzed in
triplicate. Modde 13.1 software was used to perform data processing of the results from the
DoE together with their graphical representations, and the data were statistically analyzed
by ANOVA test. For in vitro cell culture assays, experimental data are presented as mean
values & standard deviations (SD) of three biological replicates. The antibacterial activity
and in vitro cell culture assays were statistically analyzed using a One-Way Analysis of
Variance (ANOVA) using the GraphPad Prism 10.3.1 software (La Jolla, CA, USA), and
results were considered statistically different if p values were lower than 0.05. For in vitro
cell culture assays, graphical representation was also performed by using GraphPad Prism
10.3.1 software.

3. Results and Discussion

3.1. QbD Approach for Extract Development and Optimization
3.1.1. Definition of QTPP

To develop the OHEs with the desired quality using the QbD approach, the QTPP
was established. It is based on the following quality indicators: high efficiency, low
toxicity, and the possibility of long-term use in therapy [48]. As previously reported,
the bioactive phytocompounds represented by polyphenols and flavonoids may have a
significant impact on the stimulation of effective wound healing and may prevent impaired
healing [3,31,63,64]. Therefore, the aim of the process was to obtain high-quality OHEs
rich in polyphenols and flavonoids and thus with pronounced antioxidant, antimicrobial,
anti-inflammatory, and wound-healing properties (Table 3).

Table 3. Overview of quality target profile of the OHEs for wound-healing properties.

Parameter

Justification [3,31,63,64] Target

Antioxidant capacity

To regulate the redox environment from the wound to combat oxidative
damage, which can otherwise hinder the healing process, leading to
delayed healing or chronic wounds.

Antibacterial activity

To prevent or treat the infections caused by the most common bacteriain ~ Maximize
wounds, like Staphylococcus aureus and resistant strains (e.g., MRSA,
methicillin-resistant Staphylococcus aureus), Escherichia coli (frequently met
in chronic wounds), Pseudomonas aeruginosa (commonly isolated from
wounds following surgeries and burns).
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Table 3. Cont.

Parameter

Justification [3,31,63,64] Target

Anti-inflammatory

To reduce excessive inflammation, minimize tissue damage, decrease the
associated pain, overcome the inflammatory phase of the physiological

activity process of wound healing, and to prevent the chronicity of the wound and
scar formation.
To ensure the biocompatibility with implied cell lines (HaCaT, BJ), o
s increase fibroblast and keratinocytes proliferation, and stimulate the Maximize
Cell viability

growth factors involved in the process of healing (e.g., FGF—fibroblast
growth factor, EGF—epidermal growth factor).

Wound-healing activity

To stimulate the growth factors involved in the process of healing and the
migration of the cells and to hasten the wound closure.

All the above may be enhanced by increasing the content of polyphenols and flavonoids.

Total

polyphenol content (TPC)

To exert the antioxidant, antibacterial, anti-inflammatory, and

wound-healing activities. o
Maximize

Total
flavonoid content (TFC)

To exert the antioxidant, antibacterial, anti-inflammatory, and
wound-healing activities.

3.1.2. Results of the Risk Analysis

Aiming for the quality attributes revealed by the QTPP, the materials and the available
extraction processes were screened for critical characteristics and parameters that could
impact the quality. For a thorough risk source identification, they were divided into
four categories, materials, process, equipment, and methods-related risks, and for each of
them, the possible variables were identified, as shown in the Ishikawa diagram (Figure S1).
FMEA is a tool that allows risk ranking; all the variables previously identified were included
and analyzed, and results are presented in Table S6. The scores were attributed for each
variation factor according to its occurrence (O), severity (S), and detectability (D), and the
greatest scores were registered for the extraction solvent, method of extraction, and time of
extraction [23,26]. The extraction process’s effectiveness is known to be highly dependent
on the extraction solvent. An ideal solvent should have low toxicity and should also exhibit
a preservative effect on the extract. It is well known that ethanol is a safe alternative to
other organic solvents and serves effectively as a polar solvent for polyphenol extraction.
Similarly, water, the solvent most used for plant extraction, offers advantages in the recovery
of phytocompounds from the chosen plant materials. Both ethanol and water contain
hydroxyl groups, allowing them to form hydrogen bonds with the phytocompounds,
making their ratios in a hydroethanolic mixture a critical factor that influences the quality
of the final extract [65]. Thus, we chose mixtures of ethanol and water in different ratios
as the extraction solvents. Extraction yield and biological activities not only are critically
dependent on the solvent, but also on the extraction methods, with all their parameters
or characteristics. In this study, two non-conventional extraction methods, USE and UTE,
were selected for comparison. To ensure a consistent comparison, the rest of the parameters
were constant within the DoE. To the best of our knowledge, these two extraction methods
have not been compared previously. USE employs an elastic mechanical wave to increase
cell wall permeability and to induce cavitation, significantly reducing extraction time and
temperature, lowering solvent usage, and improving yield compared with conventional
extraction methods [65]. The ultra-turrax is a high-speed shearing homogenizer widely
used for homogenizing immiscible liquid/liquid systems and for dispersing raw powder
crystals into a liquid phase. Due to the very strong mass transfer forces and speed that
the ultra-turrax can impart on the material, it was hypothesized that high-speed stirring
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could be appropriate for the extraction of the phytocompounds from the plant materials
dispersed in a suitable solvent [66], and good results were previously reported [24,67].
Additionally, extraction time plays an important role in determining the quality of the
extracts. While longer times can increase extraction yield, extended exposure to heat can
lead to oxidation and degradation of the unstable or thermolabile phytocompounds [65].
Therefore, to obtain the greatest outcomes, different extraction times were also tested.

In summary, the key parameters considered for the DoE were the extraction method,
the ethanol ratio in the solvent, and the extraction time. Our goal was to minimize the risk
of failure and assess the impact of modifying these parameters. To guarantee that the HEs
were consistently of high quality and composition, each of these was investigated.

3.1.3. Summary of Fit

For each response, Multiple Linear Regression was used to generate mathematical
models that best fit the experimental data. As observed in Table 4, overall, the results of
the data fitting were acceptable, except for the results for Y1 (TPC) for Sambucus nigra HE,
which is not further discussed; the optimization was made by maximizing only Y2 (TFC).
The results showed the minimum R? values of 0.589, the minimum Q? values of 0.335,
and the maximum difference between these two parameters of 0.30. The model validity
values ranged between 0.443 and 0.795, and reproducibility between 0.835 and 0.999. R?
represents the percentage of the variation in the response explained by the model (the fit
between the data and the model), while Q? is defined as the percentage of the variation in
the response predicted by the model (the predictive power of the model). A good model is
shown by high values for these two parameters and by reduced differences between these
two values. The model validity parameter indicates whether the appropriate model type
has been developed, and the reproducibility shows the response variation under identical
conditions. High values of the model validity and reproducibility show a high significance
of the chosen model [23]. Table 3 shows that the p-values were below 0.05, while the lack of
fit values were above 0.05, except for the results for Y1 (TPC) for Sambucus nigra HE. These
values indicated statistically significant models.

Table 4. Statistical parameters for ANOVA test and quality of fit.

HEs Response R? Q? p-Value Lack of Fit Model Validity Reproducibility
Sambucus Y1-TPC 0.562 —0.797 0.386 0.001 —0.200 0.999
nigra Y2-TFC 0.672 0.430 0.004 0.165 0.549 0.913
Lythrum Y1-TPC 0.698 0.418 0.010 0.285 0.685 0.835
salicaria Y2-TFC 0.589 0.335 0.012 0.108 0.443 0.931
Epilobium Y1-TPC 0.917 0.690 0.000 0.440 0.795 0.912
hirsutum Y2-TFC 0.870 0.794 0.000 0.124 0.477 0.975

Y1-TPC, total polyphenolic content, expressed as pg gallic acid equivalent (GAE)/mL HE; Y2-TFC, total flavonoid
content, expressed as uM quercetin equivalent (QAE)/HE.
3.1.4. The Influences of Extraction Conditions on the TFC and TPC of the HEs

In Table 5, the matrix of the DoE is presented with the results of the TFC and TPC of
the HEs.
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Table 5. DoE matrix.
Input Variables Obtained Output Variables
Exp. No. All HEs Sambucus nigra HE Lythrum salicaria HE  Epilobium hirsutum HE

X1 X2 X3 Y1-TPC  Y2-TFC Y1-TPC Y2-TFC Y1-TPC Y2-TFC
4889.61 2296.96 6591.62 638.97 6530.52 1554.6

NI UTE 3 30 +19558 £4593 + 131.83 + 25.55 + 19591 £ 31.09
4749.95 1032.13 6059.20 328.26 5587.87 729.71

N2 USE 3 30 +42749  £20.64 +121.18 +29.54 + 167.63 +14.59
5282.38 1969.75 6757.46 471.24 6705.09 1714.08

N3 UTE 10 30 +369.76  £39.39 +405.44 +9.42 =+ 536.41 + 68.56
4802.32 1897.16 6094.11 306.27 5552.96 823.19

N4 USE 10 30 +240.11 £5691 =+ 243.76 +18.37 + 166.58 +57.62
5230.01 1695.89 5344.48 157.79 5413.31 677.46

N5 USE > 30 +10460 £3391 +213.77 +473 + 108.26 +20.32
4976.89 2481.18 7158.96 773.7 6582.89 1906.55

N6 UTE 3 70 +44792 +£173.68  +143.17 + 38.68 + 65.82 +38.13
N7 USE 3 70 5718.79 2663.76 6478.15 1023.92 5491.86 1131.16
+28593 +£159.82  £583.03 + 40.95 =+ 439.34 + 56.55

5046.72 3642.62 6713.82 913.93 5692.61 2068.78

N8 UTE 10 70 +£25233 +£21855  £268.55 + 36.55 +170.77 + 186.19
4907.07  2143.53 5989.37 473.99 5291.11 759.95

N9 USE 10 70 +196.28 +150.04 £ 59.89 + 23.69 +211.64 + 68.39
4959.44 2931.02 7246.25 575.733 6635.27 1606.84

N10 UTE > 50 +£297.56 20517  +434.77 + 34.54 + 597.17 + 16.06
4872.15 1778.47 5178.39 148.78 5238.74 612.23

N1l USE > 50 +£389.77 12449 126891 +1.48 £ 52.38 +24.48
4854.70 1921.36 5665.67 185.28 5247.47 522.73

N12 USE > >0 +£97.09 +£115.28 + 54.65 +11.12 =+ 367.32 +47.04
N13 USE 5 50 4872.15 2125.85 5422.04 210.78 5509.32 575.73

+ 146.16 £ 148.81 +271.10 +6.32 £ 220.37 £ 34.54

UTE—ultra-turrax-assisted extraction, USE—ultrasound-assisted extraction; X1—extraction method; X2—
extraction time; X3—ethanol ratio in the extraction solvent; Y1-TPC, total polyphenolic content, expressed
as ug gallic acid equivalent (GAE)/mL HE; Y2-TFC, total flavonoid content (TFC), expressed as uM quercetin
equivalent (QAE)/HE.

For Sambucus nigra HE, the TPC ranged between 4749.95 and 5282.38 ug GAE/mL HE,
while the TFC varied between 1032.13 and 3342.00 as pM QAE/HE. For Lythrum salicaria
HE, the TPC ranged between 5178.39 and 7246.25 ug GAE/mL HE, and the TFC varied
from 148.78 to 1023.92 uM QAE/HE. For Epilobium hirsutum HE, the TPC varied from
5238.74 to 6705.09 ng GAE/mL HE, while the values of TFC ranged between 522.73 and
2068.84 uM QAE/HE, as shown in Table 4. The model coefficients, shown in Figure 1 as
histograms, indicate the effects the extraction conditions had on the extraction yields of the
phytocompounds. The recovery of TPC and TFC for all three HEs was increased by using
UTE compared with USE, which decreased their extraction. To the best of our knowledge,
this is the first paper exploring the UTE of phytocompounds from Sambucus nigra HE and
the UTE and USE from Lythrum salicaria HE, respectively. The positive influence of UTE
upon the extraction yield of TPC and TFC from Epilobium species was previously observed
by Vlase et al. [24]. The better extraction yield using UTE compared with USE can be
explained by the mechanical force employed in homogenization, which can reduce the
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particle size of the plant material, improving solvent penetration into the plant cells and
aiding the extraction of intracellular substances. The processing time did not affect the
extraction yield for any of the plant materials, which could be due to the narrow range of
time evaluated. Increasing the percentage of ethanol in the solvent extraction (by using 70%
ethanol) favored the TFC extraction for Sambucus nigra flowers HE. Conversely, Dominguez
et al. observed an inverse correlation of the ethanolic ratio in extraction solvent and the
TFC content from Sambucus nigra fruits HEs [68]. However, thus far, no reports have been
made regarding the impact of the ethanol ratio in the extraction solvent on the HEs from
Sambucus nigra flowers.

Sambucus nigra Sambucus nigra

X1-UTE X1-USE X2

0.05

. | ‘

X3 Xl- X1 - X1 - X1- X2*X3

Y1-TPC Y2 - TFC

= 0.154

0.10+

— [ — * ¢
.

0.05
0.10
-0.15

X1-UTE X1-USE X3

0.06
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UTE*X2 USE*X2 UTE*X3 USE*X3
Epilobium hirsutum Epilobium hirsutum
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D:[l‘l— 0.1 i =0
-0.01+ ’
0.1
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Lythrum salicaria Lythrum salicaria
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0.2
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Figure 1. The influence of extraction conditions on TPC (total phenolic content) and TFC (total
flavonoid content) of the vegetal extracts of Sambucus nigra, Lythrum salicaria, and Epilobium hirsutum,
presented as centered and scaled coefficient plots. Y1-TPC, expressed as pug gallic acid equiva-
lent (GAE)/mL HE; Y2-TFC, expressed as uM quercetin equivalent (QAE)/HE; UTE—ultra-turrax-
assisted extraction; USE—ultrasound-assisted extraction, X1—extraction method, X2—extraction
time, X3—ethanol ratio in the extraction solvent.

3.1.5. The Optimization of the HEs

The optimization was aimed at the extraction conditions that led to the best extraction
yields. This involved the application of constraints to mathematical models. Namely,
the TPC and TFC values were maximized, and Modde software generated the working
conditions to obtain the optimized HEs after the targets were set. The OHEs were prepared,
and the obtained results are presented in Table 6 together with the theoretical values
predicted by the software and the differences between them.
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Table 6. The variation factors for obtaining the OHEs and the results of their analysis.

Extraction conditions for obtaining the OHEs

Variation factors Sambucus nigra Lythrum salicaria Epilobium hirsutum

X1 UTE UTE UTE
X2 (min) 6 3 3
X3 (% EtOH) 70 70 70

Results of analysis of the OHEs

Sambucus nigra Lythrum salicaria Epilobium hirsutum

TPC TFC TPC TEC TPC TFC
Predicted 5459.17  3208.05 7067.61 923.85 6628.25 1925.44
maximal values
Experimental 575001  3030.39 7653.11 1025.74 6950.35 1973.03
values +17321  +4221  +974226  +39.01  +790.811  +21.31

UTE—ultra-turrax-assisted extraction; Y1-TPC, total polyphenolic content, expressed as pg gallic acid equivalent
(GAE)/mL OHE; Y2-TFC, total flavonoid content, expressed as uM quercetin equivalent (QAE)/OHE.

The TPC and TEC of the OHEs were very high, as established in QTPP of the HEs,
to guarantee beneficial properties for wound-healing applications that will be further
investigated. The TFC results were very close to the predicted values, confirming the
validity of the model. On the other hand, the TPC results were found to be greater than the
values predicted by the software. The complexity and inherent variability of the HE matrix
may have contributed to the differences observed in the model. Despite these prediction
limitations, the actual experimental results post-optimization exceeded the predicted values,
even increasing the quality of the OHEs and underscoring the importance of experimental
validation in conjunction with theoretical predictions.

3.2. Results of the Characterization of the OHEs

Identification and Quantification of Bioactive Compounds

Table 7 provides the qualitative and quantitative analysis of polyphenolic compounds,
sterols, tocopherols, and procyanidins in the three OHEs, grouped according to their
respective chemical classes.

Table 7. Identification and quantification of bioactive compounds from the OHEs.

Bioactive Compounds

Sambucus nigra Epilobium hirsutum Lythrum salicaria

Caftaric acid - <LOQ -

Chlorogenic acid 598.838 + 35.930 <LOQ 3.422 4+ 0.239
4-O-caffeoylquinic acid 40.811 + 2.856 - -
Phenolic acids ~ p-coumaric acid <LOQ <LOQ -
(ng/mL) Gentisic acid <LOQ - -

Gallic acid 2.199 + 0.087 36.827 + 1.104 29.366 + 2.348

Protocatechuic acid 8.395 £ 0.755 - 0.167 £ 0.009
Vanillic acid 0.155 + 0.012 - -

(+)-Epicatechin 0.331 4+ 0.003 0.081 £+ 0.001 0.082 + 0.002

(-)-Catechin 0.042 4+ 0.001 0.213 4 0.008 0.022 4+ 0.001

Flavanols Epigallocatechin 0.415 + 0.004 1.147 £ 0.068 0.126 + 0.009
/mL) Epigallocatechin gallate - 0.538 4= 0.021 -
(kg Procyanidin Al 0.216 4+ 0.014 0.067 4 0.004 -
Procyanidin B1 0.138 + 0.010 - -

Procyanidin B2 0.321 4+ 0.006 0.113 4+ 0.009 0.147 4+ 0.007
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Table 7. Cont.

Bioactive Compounds

Sambucus nigra

Epilobium hirsutum

Lythrum salicaria

Hyperoside - 33.160 + 1.658 0.507 + 0.045
Isoquercitrin 151.530 + 10.607 5.744 + 0.344 10.830 4 0.758
Flavonols Rutin 916.193 + 27.485 1.302 £ 0.091 <LOQ
L) Myricetin - 22.618 £ 0.227 -

(kg/m Quercitrin 250.889 + 12.544 82.627 + 2.478 <LOQ
Quercetol 1.935 4+ 0.135 <LOQ -
Kaempferol-3-Rhamnoside - 5943 £ 0.118 -

Flavones Luteolin 88.966 + 5.338 - 1.781 £ 0.053

(ng/mL) Apigenin - - 0.285 + 0.014
Ergosterol 0.441 £ 0.022 - -

Sterols Stigmasterol 11.219 + 0.561 - 2.714 + 0.108

(ug/mL) Beta-Sitosterol 417.593 + 12.527 638.215 + 51.057 256.391 + 12.819
Campesterol 11.296 4+ 0.225 1.883 £ 0.094 1.104 £ 0.066
Brassicasterol 1.163 4+ 0.034 3.210 + 0.096 0.845 + 0.059

Tocopherols a-tocopherol 2273.811 + 181.904 290.202 + 17.412 837.842 + 50.268

(ng/mL) d-tocopherol 29.419 + 0.295 159.665 + 4.788 8.212 + 0.656
y-tocopherol 202.909 + 2.031 847.473 + 25.422 103.864 + 2.076

<LOQ—Dbelow the quantification limit of the analytical method (compounds identified based on MS spectra but
not quantified).

Rutin (rutoside) was the major compound from the Sambucus nigra OHE (916.193 pug/mL),
this result being in line with another research [69]. Chlorogenic acid (598.838 pg/mL),
quercitrin (250.889 pg/mL), isoquercitrin (151.530 ug/mL), a-tocopherol (2273.811 ng/mL),
campesterol (11.296 ug/mL), and stigmasterol (11.219 ug/mL) were also found in high
concentrations in the Sambucus nigra OHE. The major constituents from the Epilobium
hirsutum OHE were quercitrin (82.627 pg/mL) and (-sitosterol (159.665 ng/mL), and from
the Lythrum salicaria OHE, isoquercitrin (10.830 ug/mL) and (-sitosterol (256.391 pug/mL).
The implication of rutin in accelerating the wound-healing process was investigated in
recent years. Based on appearance and histopathological assay after being tested on
hyperglycemic rats, rutin promoted wound healing, reduced oxidative stress, inhibited
the production of inflammatory cells, and affected angiogenesis by reducing vascular
endothelial growth factor (VEGF) protein expression in the late stage of wound healing [70].
Chlorogenic acid (quercetin 3-O-rutinoside) is also considered to have a major impact on
wound healing, owing to several studies of its properties. Moghadam et al. showed that
chlorogenic acid induced an efficient wound closure on NHEKSs (normal human epidermal
keratinocytes) and had a high proliferative effect on NHDFs (normal human dermal
fibroblasts). Moreover, chlorogenic acid exhibited pro-angiogenic activities on HUVECs
(human umbilical vein endothelial cells) [71,72]. Chlorogenic acid has been proved to have
anti-inflammatory activity by decreasing the secretion of TNF-« and IL-6 and having a
re-epithelializing effect by the stimulation of L929 (mouse fibroblasts) cell growth [72]. The
stimulation effect in epithelialization, angiogenesis, fibroblast proliferation, and collagen
formation, together with the inhibition of polymorph nuclear leukocytes infiltration, were
also demonstrated by Bagdas et al. and Chen et al. [73,74]. Together with each of these
effects, the potent antioxidant activity by increasing superoxide dismutase, catalase, and
glutathione, and decreasing lipid peroxidation, make chlorogenic acid a promising wound-
healing agent [74]. Quercitrin (Quercetin-3-O-rhamnoside) has also been studied for its
wound-healing properties. Gémez-Florit et al. have demonstrated that quercitrin promoted
scarless wound healing in human gingival fibroblasts (HGFs), increased collagen IIloc1 and
decorin levels, downregulated IL-6 messenger RNA levels, and decreased inflammatory
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mediator prostaglandin E2, the expression of profibrotic markers during wound healing,
the MMP1/TIMP1 ratio (matrix metalloproteinase-1/Tissue Inhibitor of Metalloproteinases-
1), and the ROS levels [75,76]. The efficacy of isoquercitrin was studied by Bhatia et al.
after its incorporation in a cream for wound care. The study showed an increase in the
percentage of wound contraction and a significant decrease in the period of epithelialization
in isoquercitrin-based cream-treated groups compared with the control group, with a
significant rise in Thiobarbituric Acid Reactive Substances (TBARS) and a decrease in
reduced glutathione (GSH) levels [77].

Another component from the studied OHEs, a-tocopherol, is an important member of
the tocopherols’ family and the biologically active variant of vitamin E in the mammalian
body. a-tocopherol is known to exhibit high antioxidant and anti-inflammatory activity and
to have promising potential to support the wound-healing process [78,79]. This bioactive
compound may protect the polyunsaturated lipids and cell membrane against oxidative
stress and regulate multiple cell signaling pathways [80]. Regarding its effect on wound
healing, a-tocopherol may stimulate the polarization and migration of human keratinocytes
through the protein kinase signaling cascade [81]. Also, it has been demonstrated that it
may prevent wound infections with agents like methicillin-resistant Staphylococcus aureus
(MRSA) by modulating the expression of connective tissue growth factors. Recently, some
innovative topical systems were developed using a-tocopherol for accelerating the wound-
healing process [80]. From the group of phytosterols, stigmasterol, campesterol, and, mostly,
[3-sitosterol have been found in our extracts. Stigmasterol can relieve oxidative stress
inflammation and can inhibit cellular apoptosis [82], having also antifungal, antibacterial,
and antioxidant potential [83]. Campesterol derivatives present biological potential as
anti-inflammatory agents [84]. Moreover, (3-sitosterol has been recently gaining interest in
research [85] due to its antioxidant activity [86-88] and wound-healing effect [89] and for
its analgesic, anti-inflammatory [90], and antimicrobial properties [91].

These OHEs contain a large variety of bioactive phytocompounds that can act on
multiple pathways or phases in wound healing management. The phytochemical complex
constituents can work together in synergy and complementarity through a multi-targeted
approach, enhancing the therapeutic and protective effects for injured skin.

3.3. Results of Biological Activities Evaluation of the OHEs
3.3.1. Results of the Antioxidant Activity of the OHEs

In Table 8, the results of the three assays for the antioxidant capacities of the OHEs
and for the composed extract are presented (mean values & SD, n = 3).

Table 8. The antioxidant capacities of the OHEs.

OHEs DPPH Assay FRAP Assay TEAC Assay
Sambucus nigra 7.5394 £ 0.3982 29.5620 £+ 1.0730 48.8131 + 15.6024
Lythrum salicaria 12.0192 =+ 0.9553 69.1414 & 9.0016 65.8586 =+ 4.9098

Epilobium hirsutum 11.6666 + 0.5266 21.5528 £ 5.1290 156.8182 £ 0.9185

DPPH assay—results expressed as Trolox Eq (TEs) mg/mL OHE; FRAP assay—results expressed as Trolox Eq
(TEs) mM/OHE; TEAC assay—Trolox Eq (TEs) mM/OHE.

The most important antioxidant activities have been demonstrated for the Lythrum sali-
caria OHE (12.0192 TEs mg/mL OHE, 69.1414 TEs mM/OHE) and the Epilobium hirsutum
OHE (156.8182 TEs mM/OHE). The Epilobium hirsutum OHE had the best antioxidant activ-
ity according to the TEAC assay and almost the same antioxidant activity as the Lythrum
salicaria OHE through DPPH assay. The Sambucus nigra OHE showed a lower antioxidant
potential. Phenolic acids and flavonoids are responsible for important antioxidant activity,
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deactivating free radicals based on their structural ability to donate hydrogen atoms to
free radicals [64,92]. Tundis et al., who measured the antioxidant effects of ethanolic and
methanolic HEs from the flowers and leaves of Sambucus nigra, also indicated an antioxi-
dant activity through DPPH, FRAP, and ABTS assay [93]. Dawidowicz et al. showed that
the scavenging potential of the DPPH radical by Sambucus nigra flowers or fruits HEs had
higher antioxidant activities than that of the leaves HE [94]. Tunalier et al. also demon-
strated good antioxidant activity of Lythrum salicaria HE, revealed by DPPH and FRAP
assays. The aqueous methanolic extract was the best iron (III) reducer, with activity similar
to that of butylated hydroxytoluene, the most potent DPPH scavenger [45]. A good antioxi-
dant activity was demonstrated by Jamshidi et al., who concluded that in general, flower
HEs showed better activity than leaf extracts and that the phenolic and flavonoid contents
may be responsible for this property [95]. High antioxidant activity of Epilobium hirsutum
HE was also observed by Kustova, using the same assays, supporting our findings [96].
Using DPPH assay, Karakaya et al. also observed an antioxidant effect of the Epilobium
hirsutum HE [36]. High antioxidant activity was recorded by DPPH and TEAC assay after
UTE in another study performed by Vlase et al. [24].

Antioxidant effects of herbal extracts in wound care are crucial [3]. It is well established
that skin injuries are often linked to elevated oxidative species levels [12]. Specifically,
reactive oxygen species (ROS) play a dual role in wound healing. On the one hand, they act
as intracellular signaling mediators and are essential for immune defense against invading
pathogens in dermal injuries. However, excessive ROS production leads to free radical
generation and oxidation of cellular components, which can be detrimental. If ROS levels
are not effectively neutralized, the wound-healing process may be delayed, resulting in
chronic wounds, impaired tissue repair, or even neoplastic transformation [13,14]. Polyphe-
nolic compounds, effective plant-derived antioxidants, have demonstrated their ability to
neutralize ROS generated during inflammation while also mitigating the harmful effects of
oxidative species on human tissues. By modulating the redox balance, they contribute to
accelerating the wound-healing process [12,13,15,16,97].

3.3.2. Results of the Antibacterial Activity of the OHEs
The results of the antibacterial activity of OHEs are presented in Table 9.

Table 9. Antibacterial activity of the OHEs.

Bacterial Strains

Sambucus nigra  Lythrum salicaria  Epilobium hirsutum NC PC

Zone of Inhibition (mm)

Escherichia coli,

TG 2592 9.67 + 058 *** 1633+ 1.15* 20.00 + 0.00 * 0 18.5 £ 0.00
ﬁﬁg’gl‘ﬁ?g Jooggy 833 E 058 20.17 + 0.29 18.00 + 1.00 ** 0 20.0 + 0.00
i”é’fi{oi’fé”é Dmoys 9004 1.00 % 20.33 + 0.57 18.00 + 0.50 ** 0 20.0 + 0.00

P Se”di’,’;‘é”gsz‘;egggi”‘m’ 9.33 4+ 1.15 ***+ 15.00 + 1.73 * 15.67 + 1.52 * 0 18.5 & 0.00

NC =negative control (solvent—EtOH 70%), PC = positive control (gentamycin). Data are expressed as mean + SD
(n = 3). Asterisks (*) indicate statistically significant differences in comparison with positive control (ANOVA test),
where *** = p < 0.0001, * =p < 0.01, * = p < 0.05)

In the current study, the agar disk diffusion method revealed that all samples had a
good inhibitory effect on both Gram-positive (S. aureus MSSA and S. aureus MRSA) and
Gram-negative bacteria (E. coli and P. aeruginosa) compared with the negative control,
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represented by the solvent of the extracts (EtOH 70%) (p value < 0.0001) (Table 10). It can
be observed that for all the studied bacterial strains, the most intense antibacterial activity
was presented by the Lythrum salicaria OHE, followed by the Epilobium hirsutum OHE.
Compared with the positive control, represented by gentamycin, the Lythrum salicaria OHE
had approximately the same antibacterial effect as the positive control (non-significant
difference) for S. aureus MSSA and MRSA. A weak inhibition was recorded with the
Sambucus nigra OHE.

Table 10. Minimum inhibitory concentration (MIC) values of the OHEs on the tested strains.

Bacterial OHEs Concentration mg/mL
Strains 100 50 25 125 625 312 16 08 04 02 01 C+
S Sambucus nigra — — — + + + + + + + + +
. aureus
MSSA Epilobium hirsutum — — - - + + + + + + + +
ATCC 25923 Lythrum salicaria — - - — — + + + + + + +
S Sambucus nigra - — + + + + + + + + + +
. aureus
MRSA Epilobium hirsutum — - - — + + + + + + + +
ATCC 700699 Lythrum salicaria - - - - - + + + + + + +
Sambucus nigra — — — + + + + + + + + +
E. coli - ;
ATCC 25922 Epilobium hirsutum + + + + + + +
Lythrum salicaria — — — - + + + + + + + +
Sambucus nigra — — — + + + + + + + + +
P. aeruginosa o ;
ATCC 27853 Epilobium hirsutum + + + + + + + + +
Lythrum salicaria — — — — + + + + + + + +

C+ positive control; (+) presence of growth, (—) absence of growth.

Aqueous HEs of Sambucus nigra flowers and leaves were previously investigated
for their antibacterial properties but with no inhibitory effects observed on E. coli and
S. aureus [98]. Conversely, another study demonstrated that lower concentrations of Sambu-
cus nigra flowers aqueous HEs were needed to eradicate Gram-positive bacteria (S. aureus),
but the HE showed a lesser effect on P. aeruginosa [99]. The HEs obtained from Sambucus
nigra fruits were found to be very effective on S. aureus, P. aeruginosa [100], and E. coli [101].
In another study, it was established that the Sambucus nigra flowers HEs were the most toxic
to all the bacteria tested, including MRSA, compared with the other HEs [102]. In prior work,
a hydro-methanolic HE from Lythrum salicaria aerial parts demonstrated a clear antibacterial
activity against E. coli and a slight antibacterial activity against S. aureus [103]. Another study
reported that methanolic HE of Lythrum salicaria aerial parts showed antibacterial effects on
S. aureus but no effects on E. coli or P. aeruginosa [104]. However, another study reported that
ethanolic HE of Lythrum salicaria aerial parts had antibacterial activity on S. aureus, E. coli,
and P. aureus, supporting our results [44,105]. The HE’s efficacy on multi-drug-resistant
P. aeruginosa was also demonstrated by another study [44,106]. The antibacterial effects of
ethanolic HEs from the aerial parts of Epilobium hirsutum were previously reported. The re-
sults showed that the HE had antibacterial effects on S. aureus and P. aeruginosa, in alignment
with our findings [107]. Thus, the hydroethanolic HEs from these species have not been
widely examined for their antibacterial activity on these bacterial strains, and the results are
very different from one study to another, so our findings broadened the current knowledge
in this field. The quantitative antimicrobial potential using the MIC method was tested, and
the MIC values ranged from 6.25 to 50 mg/mL (Table 10).
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The MIC values for antibiotics typically fall between 0.01 and 10 pg/mL, while herbal
extracts are regarded as antimicrobials when their MICs range from 100 to 1000 pg/mL.
Some researchers even suggest varying thresholds based on the specific compound. Varying
thresholds based on the specific compound were reported, making it difficult to obtain
comparable and reliable results [108].

Of all the extracts, the Sambucus nigra OHE exhibited the highest MIC value against
S. aureus MRSA (>25 mg/mL). A MIC value of 25 mg/mL was exhibited by Sambucus
nigra OHE against S. aureus MSSA, E. coli, and P. aeruginosa and by the Epilobium hirsutum
OHE against P. aeruginosa. Lower MIC values, of 12.5 mg/mL, were observed for the
Epilobium hirsutum OHE against both Staphylococcus strains and for the Lythrum salicaria
OHE against P. aeruginosa. The lowest MIC values (6.25 mg/mL) were recorded for the
Epilobium hirsutum OHE against E. coli, and for the Lythrum salicaria OHE against both
Staphylococcus strains.

Antibacterial effects of wound care products are essential, as one of the main causes
of morbidity and mortality worldwide is bacterial infection of wounds. This can lead to
various complications, such as abscess formation and even sepsis in severe cases. Wound
infections can also delay the healing process of wounds and cause chronic or impaired
healing [3,18,19]. The bacterial strains chosen for the evaluation of antibacterial activity
are among those found most often in wound infections. It has been noted that S. aureus
is the bacterium most often isolated from various wound types, and a significant por-
tion of S. aureus are methicillin-resistant S. aureus (MRSA). Furthermore, anaerobes like
P. aeruginosa are commonly found in wounds from burns and surgical incisions, whereas
facultatively anaerobic bacteria like E. coli are commonly found in chronic wounds [18].
It was previously documented that the polyphenols and phenolic acids contained in our
extracts, like quercetin and chlorogenic, p-coumaric, caffeic, ferulic, gallic, vanillic, and
protocatechuic acids, may be responsible for inhibiting the growth of S. aureus, E. coli, and
P. aeruginosa bacteria [99,101,103].

3.3.3. Results of the In Vitro Cell Culture Assays for the OHEs
Results of the Cell Viability

The results of the cell viability assay are presented in Table 11. The biocompati-
ble concentrations of HEs were further used for the evaluation of antioxidant and anti-
inflammatory activities, and the highest non-toxic (biocompatible) concentrations for OHEs
were used for the wound-healing assay.

Table 11. Non-toxic concentrations of the OHEs.

Levels Sambucus nigra Lythrum salicaria Epilobium hirsutum
Non-toxic concentrations of OHEs on HaCaT (ng/mL)
H 400 150 50
M 100 75 25
L 25 25 1
Non-toxic concentrations of OHEs on BJ (ng/mL)
H 400 50 25
M 100 25 10
L 25 1 1
Non-toxic concentrations of OHEs on RAW 264.7 (ug/mL)

H 400 50 150
M 100 25 75
L 25 1 25

H—high, M—medium, L—low concentrations.
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For the Sambucus nigra OHE, no cytotoxic effects were observed. To the best of our
knowledge, the cell viability of Sambucus nigra flowers HEs on HaCaT was not previously
reported; only the extracts of fruits and leaves have been evaluated so far. The biocom-
patibility of Sambucus nigra leaves HE (5-100 ng/mL) was demonstrated by Skowronska
et al. on HaCaT and NHDFs (normal human dermal fibroblasts) [27]. In a study conducted
by Pereira et al., Sambucus nigra flowers HE showed biocompatibility with human fibrob-
last cells (MRC-5) used to compare the activity in cancer cells, showing selectivity [69].
Wojciak et al. observed that the Sambucus nigra fruits HEs could stimulate the activity
of keratinocytes, but in the case of fibroblasts, they observed a slight inhibition of cell
viability after exposure to two higher concentrations (250 and 1000 pg/mL) [30]. Pei Lin
et al. also demonstrated that cell proliferation was improved by Sambucus nigra fruits
HESs in UVB-irradiated HaCaT [109]. Concerning fibroblast viability, some other papers
are in accordance with our findings. Filip et al. reported that Sambucus nigra fruit HE is
biocompatible with human gingival fibroblasts, even at high doses (50-100 ng polyphenols
(GAE)/mL). After including the extract in silver nanoparticles, it was observed that viability
increased in a dose-dependent manner up to the dose of 50 ng/mL [110]. An increase in the
proliferation of human skin fibroblast Hs27 cells was also observed by Studzinska-Sroka
et al. after treatment with some Sambucus nigra leaves HE [31]. On the other hand, for
Lythrum salicaria and Epilobium hirsutum HEs, a dose-dependent increase in cytotoxicity
was observed. The Epilobium hirsutum HE was also evaluated for anticancer activity by
Vlase et al., showing a dose-dependent toxicity on BJs [24].

Results of the Antioxidant Activity in Cell Cultures

The results of antioxidant activity in cell cultures are presented in Figures 2 and 3.
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Figure 2. Antioxidant effects of the three OHEs on HaCaT. The data are expressed as relative
means £ standard deviation of three biological replicates, each one including six technical repli-
cates. The values were expressed as relative values compared with the negative control (DMSO
0.2%) (100%). Asterisks (*—compared with negative control, x—compared with medium + H,O5)
indicate statistically significant differences in comparison with positive control (ANOVA test), where
R 00X = p < 0.0001. S—Sambucus nigra OHE, L—Lythrum salicarin OHE, E—Epilobium hirsutum
OHE, H, M, L = high, medium, low biocompatible concentrations of each OHE (Table 10).

To assess the potential antioxidant effects of the extracts, three concentrations that did
not affect the cellular viability were selected (Table 11). In the HaCaT cell line, exposure
to the Lythrum salicaria OHE alone at all three concentrations (H-150, M-75, L-25 ug/mL)
and to the Epilobium hirsutum OHE alone at the two higher concentrations (H-50, M-
25 ug/mlL) significantly lowered the basal oxidative status compared with the negative
control (p < 0.0001). Similarly, N-acetylcysteine (NAC) treatment significantly decreased
ROS levels under non-stimulated conditions (p < 0.0001), while the Sambucus nigra OHE
showed no effect on ROS production in this state. In the BJ cell line, under non-stimulated
conditions, only the highest concentrations of the Lythrum salicaria (H-50 pg/mL) and
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Epilobium hirsutum (H-25 pg/mL) OHEs produced a significant reduction in basal oxidative
status (p < 0.01). Exposure to H,O, alone caused a statistically significant increase in
ROS levels relative to the negative control. However, pre-incubation with the Lythrum
salicaria OHE (H-150, M-75, L-25 ng/mL) and the Epilobium hirsutum OHEs (H-50, M-25,
L-1 pg/mL) at all three concentrations partially inhibited ROS formation in the HaCaT cell
line (p < 0.0001).
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Figure 3. Antioxidant effects of OHEs on B]. The data are expressed as relative means =+ standard
deviation of three biological replicates, each one including six technical replicates. The values were
expressed as relative values compared with the negative control (DMSO 0.2%) (100%). Asterisks
(*—compared with negative control, x—compared with medium + Hy0O,) indicate statistically sig-
nificant differences in comparison with positive control (ANOVA test), where **** /X% = p < 0.0001,
** =p <0.01, * = p < 0.05, NAC—N-acetylcysteine, S—Sambucus nigra OHE, L—Lythrum salicaria OHE,
E—Epilobium hirsutum OHE, H, M, L = high, medium, low non-toxic concentrations of each OHE
(Table 11).

Compared with HaCaT, the BJ cell line was less responsive at the extracts’ pre-
treatment; only the Sambucus nigra OHE, at the highest concentration tested (H-400 pug/mL),
was able to reduce the ROS formation in a significant manner (p < 0.0001). As expected,
under stimulated conditions, NAC treatment significantly reduced ROS levels in both
cell lines (p < 0.0001). The results are in agreement with the colorimetric antioxidant as-
say results, emphasizing the antioxidant activity of the Lythrum salicaria and Epilobium
hirsutum OHEs. Our results are in accordance with other research, which demonstrated
the capacity of Epilobium hirsutum extracts to reduce the production of ROS from f-MLP
(formyl-met-leuphenylalanine) and PMA (4beta-phorbol-12beta-myristate-alphal3-acetate)-
induced neutrophils [40]. For Sambucus nigra leaves HE, Skowronska et al. observed a
dose-dependent inhibition in the production of ROS by human neutrophils stimulated with
the bacteria-derived peptide (f-MLP). A dose-dependent scavenging activity of superoxide
anion and nitric oxide and a HyO, scavenging activity for ethanolic HEs, compared with
aqueous extracts, were also observed [111]. The antioxidant effect of the Lythrum salicaria
HE was studied by Piwowarski and Kiss, showing inhibition of f-MLP- and PMA-induced
ROS production [43].

Results of the Anti-Inflammatory Activity in Cell Cultures

The results depicted in Figure 4 show that the Sambucus nigra OHE (H-400 ug/mL) in-
hibited IL-6 secretion from LPS-stimulated BJs. For the Lythrum salicaria OHE, the two high-
est concentrations tested (H-50, M-25 pg/mL) exhibited a statistically significant inhibition
of IL-6 production, while in the case of the Epilobium hirsutum OHE, no effect was observed
in the LPS-stimulated BJs. In the case of IL-8 production, the Epilobium hirsutum OHE
(H-25, M-10, L-1 pg/mL) and the Lythrum salicaria OHE (H-50, M-25, L-1 pg/mL) inhibited
the secretion of IL-8, each at the two highest concentrations tested. To the best of our
knowledge, this is the first research that studied the anti-inflammatory effects of Sambucus
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nigra flower and Lythrum salicaria HEs on BJs. The inhibition of IL-6 secretion by Sambucus
nigra flowers HE (1, 10, 100 pg/mL) was previously demonstrated on LPS-stimulated
neutrophils and macrophages, correlated with the same anti-inflammatory effects as rutin,
the major compound of the HE [34]. Conversely, the secretion of IL-8 from neutrophils
was previously found to be increased or not influenced by Sambucus nigra leaves HEs [111].
Wojciak et al. have reported that extracts of Sambucus nigra leaves exhibited a concentration-
dependent inhibition of IL-6 secretion from LPS-stimulated fibroblasts. Their research
also showed that the protocatechuic acid, a phenolic acid found in the composition of the
extract, suppressed the levels of IL-6 [30]. Other research demonstrated that Sambucus nigra
fruit HEs suppressed mRNA expression of IL-6 and, consequently, the secretion of IL-6 in
RAW 264.7 macrophages [112]. Skowronska et al. reported that Sambucus nigra leaves HEs
inhibit TNF-« secretion by LPS-stimulated human neutrophils, but no effect or increase
in the IL-8 levels was observed. They also demonstrated an inhibition of the activity of
lipoxygenase, confirming the anti-inflammatory effects by multiple mechanisms [111]. In
another study, they demonstrated that UVB-irradiated HaCaT cells treated with the Sam-
bucus nigra leaves HEs increased IL-6 levels but decreased IL-8 levels. Regarding TNF-o
and IFN-y stimulation of HaCaT cells, Sambucus nigra leaves HE increased IL-6 secretion
and slightly decreased IL-8 secretion. Concerning lipoteichoic acid-stimulated fibroblasts
(NHDFs), their findings showed a decrease in IL-8 and IL-6 release [27]. The inhibition of
IL-6 and IL-8 release from BJs after treatment with Epilobium hirsutum HE was previously
investigated by Vlase et al., with promising results [24]. Decreasing the gene expression
of IL-8 was also demonstrated by Ak et al. in human prostate cancer PC3 cells [41]. Other
research demonstrated that the Epilobium hirsutum HEs exhibited anti-inflammatory effects
by other mechanisms, namely, by the inhibition of myeloperoxidase release from stimu-
lated neutrophils [40], and that they reduced the gene expression of COX-2 and TNF-«
in human prostate cancer PC3 cells [41]. For Lythrum salicaria HE, a scarce amount of
data exists regarding its anti-inflammatory effects. In the study performed by Piwowarski
and Kiss, the aqueous extract was shown to have a moderate inhibitory effect toward
the lipopolysaccharide (LPS)-triggered production of IL-8 by neutrophils, possibly due to

ellagitannins [43].
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Figure 4. The effects of the OHEs on IL-6 and IL-8 production. Data are expressed as mean + SD
(n > 3). Asterisks (*) indicate statistically significant differences in comparison with positive control
(ANOVA test, where **** = p < 0.0001, *** = p < 0.001, * = p < 0.05), LPS—lipopolysaccharide,
S—Sambucus nigra OHE, L—Lythrum salicaria OHE, E—Epilobium hirsutum OHE, H, M, L = high,
medium, low non-toxic concentrations of each OHE (Table 11).

Results of the Measurement of Nitric Oxide (NO) Production

Macrophages play important roles in inflammation through the production of several
pro-inflammatory molecules, including NO. To measure the inhibitory effect of plant
extracts on pro-inflammatory mediator production, NO levels were investigated using
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RAW 264.7 cells stimulated by LPS. The results depicted in Figure 5 show that the nitrite
accumulation in the cells increased following the LPS treatment in a statistically significant
manner compared with cells exposed to cell medium. Treatment with Sambucus nigra and
Epilobium hirsutum OHEs, each at the highest concentrations tested, achieved a statistically
significant decrease in NO production in cells stimulated by LPS, comparable with the one
observed after dexamethasone exposure. In the case of the Lythrum salicaria OHE, effects
were noticed for the two higher concentrations in a dose-dependent manner (p < 0.005).
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Figure 5. The effects of the OHEs on NO production. Data are expressed as mean + SD (n > 3).
Asterisks (*) indicate statistically significant differences in comparison with positive control (ANOVA
test), where *** = p < 0.0001), LPS—lipopolysaccharide, Dx—dexamethasone, S—Sambucus nigra
OHE, L—Lythrum salicarin OHE, E—Epilobium hirsutum OHE, H, M, L = high, medium, low non-toxic
concentrations of each OHE (Table 11).

In a previous work, Ferreira et al. tested the anti-inflammatory effects of extracts
from three cultivars of Sambucus nigra HEs from fruits (Sabugueiro, Sabugueira, and
Bastardeira) in concentrations up to 100 ng/mL. The results showed a significant decrease
in NO production: Sabugueira reduced NO production by approximately 75%, Sabugueiro
reduced NO production by 69.56%, and Bastardeira reduced NO production by 41.22%. In
our case, the Sambucus nigra flower HE at 400 ug/mL, the highest concentration tested, led
to a NO scavenging rate of 34.35%, not so high as the three extracts used by Ferreira, but
comparable to the effects observed in the case of the Bastardeira cultivar. The difference
in the results could be explained by the fact that fruit extracts, due to their concentrated
polyphenol and antioxidant content, may often have a higher overall anti-inflammatory
effect compared with flower extracts [113]. On the other hand, in vivo studies conducted on
an animal model of rhinosinusitis confirmed the anti-inflammatory potential of Sambucus
nigra HE after oral administration [29]. Kim et al. investigated water HE from Lythrum
salicaria leaves and reported a NO scavenging rate of 46.9%. In our study, conducted on
the aerial parts of the plant, the highest extract concentration showed a NO scavenging
rate of 24%. This significant difference suggests that the leaf extract has a stronger anti-
inflammatory effect than the extract from the aerial parts, indicating variability in the
chemical composition or effectiveness of different parts of the plant in reducing LPS-
induced NO production [114]. Regarding the Epilobium hirsutum HE, our study confirms
the ability of Epilobium sp. HE to reduce NO secretion in RAW 264.7 cells, as observed in
the literature at concentrations of 1000 and 100 pg/mL, further validating its capacity to
modulate oxidative stress [115].

Results of the Wound Healing Assay

In Table 12, the results concerning the wound-healing activity of the three optimized
HEs are presented in the highest biocompatible concentration from Table 10. Thus, the
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wound closure and cell migration were calculated after 24 h. Moreover, Figure 6 presents
the wound-healing properties of the assessed HEs after scratch assay performed on HaCaT
and BJ cell lines incubated for 24 h.

Table 12. Wound closure and cell migration of HaCaT and BJ after treatment with the OHEs for 24 h.

Wound Closure After 24 h (%) Cell Migration After 24 h (mm/h)
OHEs HaCaT BJ HaCaT BJ
Sambucus nigra 59.87 +13.33 * 53.62 +11.70 450 £0.83* 3.85+1.76
Lythrum salicaria 49.54 +5.13 40.16 + 16.34 3.97 + 0.67 426+ 1.44
Epilobium hirsutum 98.49 + 2.60 *** 7649 4+ 8.20 * 5944+ 0.64* 4.66 +1.73
NC 44.01 +£17.32 37.31 £6.25 3.26 +1.31 4.29 4+ 3.54
NC—negative control (medium). Data are expressed as mean £ SD (n > 3). Asterisks (*) indicate statistically
significant differences in comparison with positive control (ANOVA test), where *** = p < 0.001, * = p < 0.05.
Sambucus nigra OHE Epilobium hirsutum OHE  Lythrum salicaria OHE Negative control
T,
HaCaT
T24h
T,
BJ
T24h

|
i

Figure 6. Graphical representation of wound-healing properties of the OHEs after scratch assay on
HaCaT and BJ incubated for 24 h.

The most effective wound-healing effect on HaCaT and BJ after 24 h was found for the
Epilobium hirsutum OHE (H-50 pug/mL in HaCaT and H-25 ug/mL in BJ), having signifi-
cantly higher wound closure (p < 0.001) and cell migration (p < 0.05) values compared with
the negative control. Thus, the Epilobium hirsutum OHE determined almost the total closure
of the wound in 24 h. A significant wound-healing effect was also observed for the Sambucus
nigra OHE in HaCaT (p < 0.05). The results for the Sambucus nigra flowers OHE are similar
to those obtained by Skowronska et al. for Sambucus nigra leaves HE with 70% ethanol on
HaCaT cell lines (wound closure 50.03 £ 4.05% and negative control 23.74 £ 7.32%) [13].
Another study made by Studzinska-Sroka evaluated the wound-healing properties of Sam-
bucus nigra leaves HE on the human skin fibroblasts Hs27. It was shown that the most active
HE that was studied closed the wound by 64.4 &+ 3.7% (24 h) and 79.0 &= 3.0% (36 h) [17]. The
wound-healing effects of Lythrum salicaria HE were assessed in second-degree burn wounds
in rats when the wound contraction percentage was 89.5 & 3.7%, and a well-organized
epidermal layer and normal appearance in the dermis layer were observed [46]. A Lythrum
salicaria HE was previously analyzed on normal human epidermal keratinocytes (NHEKSs),
reconstructed human epidermis, and full-thickness reconstructed skin to determine the
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effects from gene expression to skin morphology. It was shown that HE helped in the
structuration of the cornified layer and promoted the production of proteins, allowing for
proper and efficient epidermis functions and the differentiation of its constitutive cells [47].

3.4. Study Limitations

A potential limitation of this study is the absence of advanced biological assays that
could further elucidate the precise mechanisms involved in wound healing, such as matrix
metalloproteinase (MMP) activity related to collagen remodeling (e.g., MMP-1 and MMP-
9), protease activity, growth factor levels (e.g., platelet-derived growth factor—PDGEF),
stem/progenitor cell recruitment (SPCs), microRNA (miRNA) expression, and C-X-C motif
chemokine ligand 6 (CXCL-6) levels.

However, the primary objective of this study was to establish the bioactive potential of
the OHEs through comprehensive antioxidant, antibacterial, and anti-inflammatory assess-
ments, serving as an essential preliminary step in understanding their broader applicability.
Given the complexity of wound healing and the multitude of contributing factors, we
focused on evaluating cellular viability and cytokine-mediated anti-inflammatory effects,
which are particularly relevant in the early stages of the wound-healing process.

While further studies are warranted to explore additional mechanisms and validate
the therapeutic potential of these extracts in wound healing, our findings provide valuable
insights into their biological activity. Considering the limited existing data on the bioactive
properties of the tested extracts, this study makes a significant contribution by demon-
strating their antioxidant, antibacterial, and anti-inflammatory effects alongside potential
wound-healing-promoting activities, as evidenced by the scratch assay.

4. Conclusions

There is limited scientific research on the application of Lythrum salicaria HE, Epilobium
hirsutum aerial parts HE, and Sambucus nigra flower HE in wound care, despite their
use in traditional medicine. Using the QbD method provided an important advantage
in developing high-quality extracts and understanding the influence of the extraction
parameters on the phytocompounds’ extraction. The optimal extraction conditions to reach
the maximization of total polyphenol (TPC) and flavonoid (TFC) contents were obtained for
each analyzed plant material: UTE with 70% ethanol for 3 min for Epilobium hirsutum and
Lythrum salicaria, and 6 min for Sambucus nigra. Rutin was the major compound from the
Sambucus nigra OHE. Chlorogenic acid, quercitrin, isoquerictrin, a-tocopherol, campesterol,
and stigmasterol were also found in high concentrations in the Sambucus nigra OHE. The
major constituents from the Epilobium hirsutum OHE were quercitrin and (3-sitosterol, and
those from the Lythrum salicaria OHE were isoquecitrin and 3-sitosterol. For all the studied
bacterial strains (Escherichia coli, Staphylococcus aureus MSSA, Staphylococcus aureus MRSA,
and Pseudomonas aeruginosa), all the OHEs presented statistically significant differences
compared with the negative control. Compared with the positive control, represented by
gentamycin, the Lythrum salicarian OHE had approximately the same antibacterial effect as
the positive control (non-significant difference) for S. aureus MSSA and MRSA.

Regarding the in vitro evaluations on both HaCaT and BJ, the Sambucus nigra OHE
displayed an increase in cell viability. The Lythrum salicaria and Epilobium hirsutum OHEs
showed important antioxidant capacity in the HaCaT cell line, significantly lowering the
basal oxidative status compared with the negative control.

The Sambucus nigra and Lythrum salicaria OHEs showed anti-inflammatory effects
by significantly decreasing IL-6 and IL-8 levels. The Sambucus nigra and Epilobium hirsu-
tum OHESs at the highest concentrations tested significantly decreased NO production in
macrophages stimulated by LPS, comparable with that observed after dexamethasone expo-
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sure, while in the case of the Lythrum salicaria OHE, effects were noticed for the two higher
concentrations in a dose-dependent manner. The wound closure and cell migration were
significantly increased, especially in HaCaT, for the Epilobium hirsutum and Sambucus
nigra OHEs.

Thus, these OHEs showed great potential for future uses in various types of wounds
and phases of the physiological wound-healing process due to the combination of anti-
inflammatory, antimicrobial, antioxidant, and wound-healing activities. These effects could
be crucial in treating infected wounds, in overcoming the inflammatory phase, and in
mitigating oxidative stress-related damage, thus potentially reducing the risk of delayed
healing and chronicization. In addition, by promoting tissue regeneration, they could
efficiently aid in the proliferative phase of wound healing. By comparing the composition
and biological effects of these OHEs, we observed that their properties may be synergistic
and complementary, suggesting the potential for combining the three OHEs in future topical
systems for wound care. More research is needed for in vivo demonstrations of these effects
to further develop formulations that can use the full potential of these herbal phytochemical
complexes to accelerate the overall healing process. This study could serve as a valuable
reference for future research, providing scientific validation for the traditional use of these
widely distributed plants from European wild flora in wound care by investigating their
biological effects.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antiox14050521/s1, Figure S1. Ishikawa diagram for the preparation
of HEs; Table S1. Equations of the calibration curves for the polyphenols analyzed with the first
analytical method and the limits of detection (LOD) and quantification (LOQ), respectively; Table S2.
Equations of the calibration curves for the polyphenols analyzed with the second analytical method
and the limits of detection (LOD) and quantification (LOQ), respectively; Table S3. Equations of the
calibration curves for the analyzed sterols and the limits of detection (LOD) and quantification (LOQ),
respectively; Table S4. Equations of the calibration curves for the analyzed tocopherols and the limits
of detection (LOD) and quantification (LOQ), respectively; Table S5. Equations of the calibration
curves for the analyzed procyanidins and the limits of detection (LOD) and quantification (LOQ),
respectively; Table S6. FMEA risk assessment on the quality of the HEs.
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OHEs Optimized herbal extracts of Sambucus nigra, Epilobium hirsutum, and Lythrum
salicaria after being optimized in this study

UTE Ultra-turrax-assisted extraction

USE Ultrasound-assisted extraction

TPC Total polyphenol content, mg GAE/mL HE = mg gallic acid equivalents/mL of HE

TEC Total flavonoid content, mM QAE/mL HE = mM quercetin equivalents/mL of HE

MIC Minimum inhibitory concentration

2,2-diphenyl-1-picrylhydrazyl radical scavenging capacity, Trolox equivalents (TEs)

mg/mL of OHE.

FRAP Ferric reducing antioxidant power, Trolox equivalents (TEs) mM/OHE.

TEAC Trolox equivalent antioxidant capacity, Trolox equivalents (TEs) mM/OHE.
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