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SAZETAK

Razvijene su zelene metode ultrazvucne ekstrakcije bioaktivnih sastavnica biljnih droga
Berberidis radicis cortex, Echinaceae purpureae herba, Liquiritiae radix i Silybi mariani fructus
pomoc¢u mjeSavina glicerola i vode. Za optimizaciju ekstrakcija koriStena je metodologija
odziva povrSine prema Box-Behnkenovom dizajnu. Ispitan je utjecaj veceg broja neovisnih
varijabli, kao §to su udio glicerola u ekstrakcijskoj smjesi, temperatura, snaga ultrazvuka,
vrijeme ekstrakcije, dodatak askorbinske kiseline u reakcijsku smjesu te omjer droga/otapalo,
na ishode ekstrakcije. Ovisne varijable bile su koncentracija odabranih bioaktivnih sastavnica
te antiradikalna aktivnost ekstrakata. Na ishode UAE-a najviSe su utjecali udio glicerola i
vrijeme ekstrakcije te temperatura i snaga ultrazvuka. Na osnovi eksperimentalnih podataka
izradeni su ekstrakcijski modeli, a njihova prikladnost potvrdena je visokom podudarnoséu
eksperimentalno odredenih vrijednosti ovisnih varijabli s onima dobivenim teorijskim
modelima. Priredenim ekstraktima ispitan je antioksidativni uinak te ucinak na enzime i
procese koji utjecu na izgled i zdravlje koze. Glicerolni ekstrakti odabranih biljnih droga
djelovali su kao antioksidansi, te su ucinkovito inhibirali enzime tirozinazu, kolagenazu,
elastazu, hijaluronidazu i lipoksigenazu, kao i koagulaciju proteina. Posebno istaknut bio je
inhibitorni u¢inak ekstrakata Liquiritiae radix na enzime elastazu i tirozinazu, koji je bio
usporediv ili ja¢i od koriStenih standarda dok su ekstrakti droge Echinaceae purpureae herba
snazno inhibirali hijaluronidazu. Ekstrakti Echinaceae purpureae herba bili su biokompatibilni
s HaCaT stani¢nim kulturama te su potaknuli proces cijeljenja rana na in vitro modelu. Glicerol,
u koncentracijama koriStenim u ekstraktima, inhibirao je toplinom induciranu koagulaciju
proteina aktivno pridonose¢i ucinku ekstrakata. Sve navedeno Cini glicerolne ekstrakte
odabranog ljekovitog bilja potencijalnim aktivnim sastavnicama u dermatofarmaceutskim

proizvodima.

Kljucne rije€i: Berberis vulgaris, Echinacea purpurea, ekstrakcija potpomognuta

ultrazvukom, Glycyrrhiza glabra, Silybum marianum, zelena otapala.



EXTENDED SUMMARY

Introduction

Over time, due to the action of internal and external adverse factors, a number of
structural changes occur in the skin. Those changes include changes in pigmentation, elasticity
or hydration, which all manifest themselves as skin aging. To combat those changes, numerous
dermatopharmaceutical products are being developed with the aim of displaying positive effects
on the skin’s health and appearance. The bioactive components of such products are often
secondary metabolites of medicinal plants, such as polyphenols and alkaloids. They are known
for their beneficial effect on the skin including antioxidant, anti-inflammatory, and anti-
hyperpigmentation effects.

Besides their skin-related beneficial effects, contemporary cosmetic and dermatological
products are often prepared so that they meet the ethical and environmental demands for a
sustainable production. One of the pivotal aspects of producing eco-friendly plant extracts is
selection of eco-friendly extraction techniques and solvents, and ultrasound-assisted extraction
is one of the most used green extraction techniques. This technique achieves high yields with
lower energy and solvent use by applying sound waves to break cell walls, expediting
compound release. Furthermore, green solvents, characterized by their biodegradability, non-
toxicity and low flammability are an integral part of green extraction methods. Glycerol, a non-
toxic and biodegradable solvent of natural origin, is characterized by all the characteristics that
a green solvent should display. It also has an additional advantage which makes it highly
suitable for cosmetic applications due to its influence on viscosity and stability of the cosmetic
product and the moisture-retaining properties on the skin. Therefore, glycerol offers a valuable
eco-friendly option for plant-based extract production.

Numerous scientific studies show that herbal drugs Berberidis radicis cortex,
Echinaceae purpureae herba, Liquiritiae radix, and Silybi mariani fructus have a significant
dermatopharmaceutical potential. Therefore, in this dissertation, the optimization of glycerol-
based ultrasound-assisted extraction of the phenolic and other active components from these
drugs was performed using chemometric methods. The antioxidant activity of optimized
extracts was determined and their ability to inhibit the enzymes collagenase, elastase, tyrosinase
and lipoxygenase was examined. Additionally, their effect on hyaluronidase, biocompatibility

with HaCaT cells as well as their effect on wound healing in the "scratch" test was assessed.



Methods

The identity of the herbal drugs was confirmed by the procedures described in the
relevant pharmacopoeial monographs and other appropriate scientific literature. Prior to the
extraction, plant material was pulverized and sieved to obtain uniform particle size. In the
preliminary extractions, comparison of macerations using either glycerol/water or
ethanol/water mixtures was performed in order to select the optimal solvent. In addition to that,
the effectiveness of ultrasound assisted extraction with glycerol/water mixtures was compared
with the effectiveness of maceration performed using the same solvent. In order to obtain
extracts with desired chemical and biological characteristics ultrasound-assisted extraction was
optimized using response surface methodology. Box-Behnken design and two-level factorial
design were used for design of these experiments. Influences of several factors (independent
variables; glycerol concentration, extraction duration, ultrasound power, temperature, addition
of ascorbic acid to the extraction mixtures and the weight of herbal drug used for the extraction)
on the extraction outcomes (dependent variables) were assessed.

Concentrations of the selected bioactive ingredients in the extracts, berberine from
Berberidis radices cortex, cichoric and caftaric acid from Echinaceae purpureae herba, glabridin
and isoliquiritigenin from Liquiritiae radix, and silymarin (flavonolignans silibinin A and B,
isosilibinin A and B, silicristin and silidianin concentrations) from Silybi mariani fructus, were
determined by high-performance liquid chromatography. UV-VIS spectrophotometry was used
for determination of total phenolic compounds in Liquiritiae radix. Total phenolic acids in
Echinaceae purpureae herba was calculated as the sum of cichoric and caftaric acid
concentrations. Relative extraction efficiency of total phenols from Liquiritiae radix was
calculated as the ratio of total phenol content and the weight of the plant material used for the
extraction.

Antioxidant potential of the extracts was determined using several methods. Antiradical
activity of the extracts was tested spectrophotometrically with 2,2-diphenyl-1-picrylhydrazyl
radical. The inhibition of oxidative degradation of unsaturated fatty acids was tested by
monitoring the kinetics of -carotene degradation in the presence of linoleic acid at elevated
temperature, whereas the ability to chelate Fe** ions was determined in the reaction with
ferrozine. Butylated hydroxyanisole (BHA) and EDTA were used as positive controls,
respectively.

Appropriate spectroscopic methods were used to determine the ability of plant extracts,
as well as glycerol in the concentrations used in the extracts, to inhibit specific enzymes that

can affect the health and appearance of the skin. Tyrosinase inhibition was determined by



monitoring formation of dopaquinone from 3,4-dihydroxy-L-phenylalanine. Kojic acid was
used as a reference inhibitor. Elastase activity was tested with the substrate N-succinyl-Ala-
Ala-Ala-p-nitroanilide and oleanolic acid as a positive control. Collagenase activity was
determined by using N- 3-2-furyl-acryloyl-Leu-Gly-Pro-Ala as the substrate and gallic acid as
a positive control. Anti-hyaluronidase activity was performed in the assay with p-
dimethylaminobenzaldehide, while tannic acid was used as positive control. The anti-
inflammatory activity of plant extracts was tested by measuring the concentration of conjugated
diene resulting from the oxidation of linoleic acid by 5-lipoxygenase and in the reaction with
ovalbumin. Nordihydroguaiaretic acid and diclofenac were used as positive controls,
respectively. Evaluation of biocompatibility and wound healing effects were evaluated on
HaCaT cells, immortal keratinocyte cell line from human skin. Cell viability was assessed using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT test), while wound
healing effects were determined using the "scratch" test method.

Measurements were performed in triplicate and expressed as arithmetic mean + standard
deviation. The activities in the performed assays were calculated by regression analysis and
expressed as an ICso values. Statistical differences were examined using ANOVA and
corresponding post-hoc tests (Tukey's and Dunnett's post-hoc tests for comparison among the
extracts and the control, respectively). Validity of the response surface methodology models

was assessed using ANOVA.

Results

Preliminary experiments were focused on the comparison of the two extraction solvent
systems (glycerol/water mixtures vs. ethanol/water mixtures) and the two extraction techniques
(maceration vs. ultrasound assisted extraction). They were performed using the extraction of
phenolic acids from Echinaceae purpureae herba and silymarin from Silybi mariani fructus as
the models for further development of extraction procedures. Maceration results showed that
glycerol/water mixtures were equally effective solvents for the extraction of phenolic acids
from Echinaceae purpureae herba as ethanol/water mixtures. However, the efficiency of
glycerol/water for extraction of silymarin from Silybi mariani fructus was inferior to
ethanol/water mixtures. On the other hand, ultrasound-assisted extraction of target compounds
was superior to maceration in both cases. It achieved significantly higher yields of target
phenolics despite much shorter extraction time. In addition, the efficiency of glycerol/water for
ultrasound-assisted extraction of silymarin from Silybi mariani fructus reached the efficiency

of maceration using ethanol/water mixtures. Taking this into account, glycerolic ultrasound-



assisted extraction was proposed as the method of choice in further investigations performed
within this work.

Preliminary ultrasound-assisted extraction of Echinaceae purpureae herba, performed
according to the two-level factorial design, was used for initial selection of independent
variables for further extraction optimization. It was found that the extraction outcome was most
influenced by glycerol concentration, extraction time, temperature and ultrasound power. The
addition of ascorbic acid had a negative, time-dependent, influence on the concentration of all
the Echinaceae purpureae herba phenolic acids analyzed in this work.

Based on the results obtained in the preliminary experiments, further optimization of
the glycerol extraction of bioactive compounds from selected herbal drugs was performed.
Glycerol content and the temperature were used as independent variables in all the performed
extraction optimizations, while the other variables were selected on case-to-case basis.
Additional independent variable for optimization of berberine yield and antiradical activity in
Berberidis radicis cortex extraction was the ultrasonication power, while plant material to
solvent mass ratio was the additional variable for the extraction of total phenolic compounds,
glabridin and isoliquiritigenin from Liquiritiae radix. Extraction of Echinaceae purpureae herba
was optimized for the yield of caftaric acid, chicoric acid, total phenolic acids, and for
antiradical activity. Ultrasonication power and time were used as additional independent
variables, while time was the additional independent variable for preparation of Silybi mariani
fructus extracts optimized for the yield of silymarin and antiradical activity.

Further experiments were conducted based on the protocols established by Box-
Behnken design. Upon the preparation of the extracts and the determination of the target
dependent variables, the independent variables that significantly affected the extraction
efficiency were determined. The most important independent variables, the extraction
temperature and glycerol concentration, significantly influenced the efficiency in all the
performed experiments. In all the extractions conducted within this research, the extraction
outcome was proportional to the negative square value of the glycerol concentration. Also, a
negative linear effect of glycerol concentration was observed during the extraction of
Echinaceae purpureae herba, Berberidis radicis cortex and Liquiritiae radix. On the other hand,
the extraction temperature had a positive linear influence on the outcome of all the phenolic
compounds extractions performed within this work. Even though the other independent
variables were not employed in all the extractions performed herein, in individual cases they
also influenced extraction efficiency. For example, ultrasonication power influenced the

extraction of berberine from Berberidis radicis cortex, and the extraction of phenolic acids from



Echinaceae purpureae herba, while mass ratio of plant material to solvent influenced the
extraction of all the dependent variables from Liquiritiae radix. Extraction time significantly
influenced the content of target phenolic compounds from Echinaceae purpureae herba and
Silybi mariani fructus.

Based on the values of dependent variables in the prepared extracts (concentrations of
the target compounds and antiradical activity) response surface methodology was used to
propose the equations for extraction models and to calculate the values of independent variables
needed to achieve the extraction goals. Two extracts were prepared from Berberidis radicis
cortex. The extract optimized for berberine content contained 145.5 pg/mL of the alkaloid, and
it was prepared at 80 °C using 50% (w/w) glycerol and 144 W ultrasonication power. The extract
with maximum antiradical activity (ICso = 58.88 pL extract/mL) was prepared at the same
temperature, but using lower glycerol content (30 %, w/w) and stronger ultrasonication (720
W). The conditions necessary for preparation of the Echinaceae purpureae herba extracts
optimized for caftaric acid, cichoric acid and total phenolic acid contents were essentially the
same. Therefore, only one extract was prepared using the calculated conditions: 70% glycerol
(w/w), temperature of 60 °C and 360 W of ultrasonication power. The extraction lasted for 60
min. Contents of caftaric acid, cichoric acid and total phenolic acid the extracts were 31.82
pg/mL, 113.11 pg/mL and 144.93 pg/mL, respectively. The Echinaceae purpureae herba extract
displaying the strongest antiradical activity was prepared at 60 °C and using 177 W
ultrasonication power. The extraction was performed with 50%, glycerol (w/w) and lasted for
55 min.

Liquiritiae radix extract optimized for total phenolics, obtained using 20% glycerol
(w/w), 70 °C and using 0.93 g of plant material, contained 854.6 ug/mL of the target compounds.
The extract with the highest relative extraction efficiency of total phenols contained 791.6
ug/mL of phenols per g of plant material. It was prepared using 30% glycerol (w/w), at 70 °C
and using 0.7 g of plant material. The conditions required for preparation of the extracts
optimized for glabridin and isoliquiritigenin contents coincided and only one extract was
prepared. The most appropriate extraction solvent for its preparation was 85% glycerol (w/w).
The extract was prepared at 70 °C using 1 g of plant material. Concentrations of glabridin and
isoliquiritigenin in thus prepared extract were 21.89 pg/mL and 6.23 pg/mL, respectively. The
Silybi mariani fructus extract with strongest antiradical activity (ICso = 192.30 pL extract/mL)
was prepared at 60 °C, but using a rather low glycerol content (20%, w/w). The extraction was

performed for 60 min. The best conditions for the extraction of silymarin were 60 min at 80 °C



using 40% (w/w) glycerol. Silymarin content in the extract optimized for the highest
concentration of active substances, reached 99.6 pg/mL (expressed as silibinin).

The difference between the experimental results and the values calculated by the
theoretical models was less than 8% indicating the validity of the models. The prepared extracts
were used for further investigation of biological activities.

The optimized extracts displayed notable antioxidant activities in the performed
antioxidant assays. For example, Silybi mariani fructus extract optimized for antiradical activity
had a statistically equal effect to the employed positive control BHA, while the extract
optimized for silymarin content had a better effect than BHA in the test with (3-carotene and
linoleic acid. Both Echinaceae purpureae herba extracts showed a statistically better effect than
BHA in the test with B-carotene. The Liquiritiae radix extract optimized for glabridin and
isoliquiritigenin content showed a better radical scavenging activity than BHA, while the
extract optimized for total phenolic content was as effective an iron chelator as EDTA.

The optimized extracts effectively inhibited enzymes and processes that negatively
affected the appearance and health of the skin, indicating the potential for positive effects on
inflammatory processes, pigmentation, skin firmness, hydration and elasticity. The activity of
several extracts in the performed assays was equal to or statistically higher than the activity of
standard inhibitors. By far the most effective among the tested optimized extracts were the
extracts prepared from Liquiritiae radix. The extract optimized for glabridin and
isoliqiuritigenin content was a stronger inhibitor of protein coagulation, as well as elastase and
tyrosinase activity than the employed positive controls diclofenac, ursolic and kojic acid.
Compared to the standard inhibitors, the extract optimized for total phenolic content was an
equally effective elastase inhibitor and a better tyrosinase inhibitor, while the extract optimized
for extraction efficiency of total phenols was an equally effective elastase and tyrosinase
inhibitor. Echinaceae purpureae herba extracts also displayed notable efficacy in the performed
assays. For example, the extract optimized for the highest content of phenolic acids and the
extract optimized for the most pronounced antiradical activity were more effective than tannic
acid in the hyaluronidase inhibition test, while the extract optimized for total phenolic acid
content was a statistically equally effective tyrosinase inhibitor as kojic acid. Glycerol, at the
concentrations in which it was present in the extracts, inhibited heat-induced protein
coagulation, actively contributing to the effect of the extracts. This ability of glycerol further
confirms that the advantages of using glycerol extracts in cosmetics go beyond its use as a green

solvent.



Biocompatibility and wound healing activity was investigated using Echinaceae
purpureae herba glycerol extracts. When tested for biocompatibility, neither the extracts nor
glycerol, did significantly adversely affect the viability of HaCaT cells in concentration of up
to 25 pL/mL. When used for in vitro investigation of wound healing using the in vitro "scratch"
model wound, the extracts used in these concentrations significantly increased wound healing
rate. After 48 h, the scratch surface in the cell monolayer treated with the extract optimized for
antiradical activity in concentration of 2.5 pL/mL reduced by approximately 60 %. Similar
results were observed in the extract optimized for phenolic acid content, indicating excellent

wound healing activity.

Conclusion

The performed research confirmed that glycerol is an effective solvent for the extraction
of the active components of herbal drugs: Berberidis radicis cortex, Echinaceae purpureae
herba, Liquiritiae radix, and Silybi mariani fructus. Ultrasound-assisted extraction was the
extraction method of choice due to shorter extraction time and superior extraction results over
maceration. Application of glycerol resulted in eco-friendly extracts with pronounced
antioxidant properties that inhibited selected skin-related enzymes. In addition to its many
advantages over conventional solvents, such as humectant properties and biocompatibility, that
eliminates the need to remove the solvent from the extract, glycerol was also active in the
protein coagulation assay thus displaying anti-inflammatory properties. The observed
biocompatibility with HaCaT cells indicated that the prepared glycerol extracts could be used
in dermatopharmaceutical preparations without prior removal of the solvent, thereby reducing
energy consumption and negative environmental impact. The observed biological effects of the
tested plant extracts indicate that they have a promising role in development of innovative
dermatopharmaceutical products intended for diminishing the consequences of skin aging.
Additional research is needed to determine the method of incorporation of the extracts into

dermopharmaceutical cosmetics, as well as their exact dosage.

Keywords: Berberis vulgaris, Echinacea purpurea, Glycyrrhiza glabra, green solvents,

Silybum marianum, ultrasound-assisted extraction.



Popis kratica

BER — Berberin

BHA — Butilirani hidroksianisol

BRC — Berberidis radicis cortex

CAF — Kaftarna kiselina

CIC — Cikorijska kiselina

DPPH — Difenil-1-pikrilhidrazilslobodni radikal
ECM - Izvanstani¢ni matriks

EDTA — Etilendiaminotetraoctena kiselina
EPH — Echinaceae purpureae herba

GLA — Glabridin

IL-1pB — Interleukin-13

ISO — Izolikviritigenin

L-DOPA — Dihidroksifenilalanin

LOX — Lipoksigenaza

LR — Liquiritiae radix

MMP — Matriksna metaloproteinaza

MTT — 3-(4,5-dimetiltiazol-2-il)-2,5-difeniltetrazolijum bromid
NDGA — Nordihidroguajareti¢na kiselina

ROS — Reaktivni kisikovi spojevi

RSA — Antiradikalna aktivnost

RSM — Metodologija povrsine odziva

SMF — Silybi mariani fructus

SYL — Silimarin

TNF-a — Faktor nekroze tumora-o

TP — Ukupni polifenoli

TPA — Ukupne fenolne kiseline

TPy — Relativno iskoriStenje ekstrakcije

UAE — Ekstrakcija potpomognuta ultrazvukom

UV zracenje — UltraljubiCasto zracenje
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1.UVOD



1.1. Starenje koze

Koza je najveci organ ljudskog organizma, a ¢ini vise od 10 % njegove tjelesne mase.
Gradena je od tri sloja: epidermisa, dermisa i hipodermisa. Kako se nalazi na povrSini
organizma, koza je u neprekidnoj interakciji s okolinom, te kao takva ima vaznu ulogu u
odrzavanju homeostaze. Prvenstveno regulira tjelesnu temperaturu, ali sudjeluje 1 u regulaciji
krvnog tlaka kao i1 u izmjeni tvari organizma s okoliSem. To je najvaZzniji osjetilni organ za
osjete topline, dodira i1 boli, a predstavlja i barijeru ulasku toksina i mikroorganizama u
organizam. Da bi ispunila svaku od ovih funkcija, koza mora biti ¢vrsta, robusna i fleksibilna,
s ucinkovitom komunikacijom izmedu svake od svojih unutarnjih komponenti. Stoga je to
organ koji je u stalnom stanju regeneracije i popravka (1).

Koza je izloZzena razliCitim unutarnjim i vanjskim utjecajima koji djeluju na njezin
izgled i zdravlje te dovode do brojnih degenerativnih promjena poput hiperpigmentacije,
promjena u strukturi, elasti¢nosti 1 stupnju hidratacije koje se o€ituju kao starenje koze (2).
Ovisno o uzroku, nastale promjene se svrstavaju u intrinzicno i ekstrinzi¢no starenje.
Intrinzi¢no starenje je neizbjezan fizioloski proces koji rezultira tankom, suhom kozom, finim
borama i postupnom dermalnom atrofijom, dok je ekstrinzi¢no starenje uzrokovano vanjskim
¢imbenicima okoliSa poput izlaganja zagadenom zraku, puSenja, loSe prehrane i posebice
izlaganja sunc¢evom ultraljubi¢astom (UV) zra¢enju. Konacni rezultat ekstrinzi¢nog starenja je
opustena koza s grubim borama, bez elasti¢nosti i grubog izgleda. Postoje razlicita objasnjenja
za molekularne osnove starenja koze, ukljucujuci teoriju stani¢nog starenja i razli¢itih promjena
u stani¢noj DNK i drugih, a oksidativni stres u svima igra vaznu ulogu (3).

Oksidativni stres posreduje u velikom broju promjena koje se odvijaju tijekom starenja
(2). To je stanje koje se o€ituje kao povecana razina reaktivnih kisikovih spojeva (engl. reactive
oxygen species, ROS). ROS su normalni dio metabolizma te pri fizioloskim koncentracijama
imaju vazne funkcije u organizmu. Ipak, povecanje njihove koncentracije izaziva razlicita
oSte¢enja u tkivima i stanicama. Koza je opskrbljena brojnim sustavima zastite od ROS-a koji
se zajednic¢ki nazivaju endogenim antiradikalnim sustavom, a sastoji se od enzimatskih i
neenzimatskih antioksidansa. Primjeri enzimatskih antioksidansa su glutation peroksidaza,
reduktaza i katalaza te superoksid dizmutaza. To su enzimi koji razgraduju razli¢ite ROS-ove
poput lipidnih hidroperoksida, superoksidnog radikala i vodikovog peroksida. Medu
neenzimatske antioksidanse ubrajamo L-askorbinsku kiselinu (nalazimo je u vodenoj fazi),

glutation (zastupljen u stanicnom odjeljku), o-tokoferol (u membranama) i ubikinon (u



mitohondrijima) (4). lIako u fizioloSkim uvjetima endogeni antiradikalni sustav ucinkovito
odrzava homeostazu, u situacijama izloZenosti vanjskom oksidativnom stresu njegova
ucinkovitost postaje nedostatna. Primjerice, uslijed ozracivanja koznih fibroblasta UV-A
sunc¢evim zrakama, endogena aktivnost katalaze i superoksid dizmutaze reducira se, a ROS-ovi
pokrecu lancanu reakciju peroksidacije lipida u stani¢nim membranama i zadiru u kaskade
prijenosa signala ukljuenih u ekspresiju odredenih gena u stanicama koze. Dolazi do
prekomjerne ekspresije matriksnih metaloproteinaza (MMP) poput MMP-1 (kolagenaza),
MMP-3 (stromelizin) i MMP-9 (zelatinaza). Ovi enzimi kataliziraju razgradnju vlakana
kolagena, s posljedi¢nim gubitkom cvrsto¢e koze. Genski je materijal takoder podlozan
ostecenjima djelovanjem suncevih zraka budu¢i da DNK moze izravno apsorbirati UV-B
zraCenje, Sto dovodi do dimerizacije parova baza i greski u replikaciji DNK. Uz to, UV-A zrake
posjeduju sposobnost inhibicije popravka DNK §to povecava vjerojatnost nastanka brojnih
koznih ostecenja i bolesti (5). Osim toga, oksidativni stres izaziva blagu, ali kroni¢nu upalu u
procesu koji se naziva ,,inflammaging®. OSteCenje stanica i oksidacija lipida izazvani ROS-
ovima dovode do aktivacije i infiltracije makrofaga zaduzenih za njihovo uklanjanje.
Makrofagi, preoptere¢eni oksidiranim lipidima, taloze se na spoju dermisa i epidermisa te
oslobadaju proupalne citokine i dodatne ROS-ove (3). Suncevo zracenje izaziva i nastanak
melanina posredovan enzimom tirozinazom. Ukoliko je ta sinteza neravnomjerna, nastaju
hiperpigmentacije i melazme, S$to znacajno narusava izgled koze, a i jedna je od vidljivih
znacajki njezinog starenja (6).

Kako bi se takva oSte¢enja prevenirala ili postigli reparativni u€inci, uz endogene, mogu
se koristiti 1 egzogeni antioksidansi. Oni se unose prehranom ili nanose izravno na koZzu.
Egzogeni antioksidansi mogu direktno ili indirektno dovesti do inhibicije nastanka ili u¢inka
ROS-ova i MMP-a, §to rezultira normaliziranom proizvodnjom koznih strukturnih proteina (7).
Vazan izvor egzogenih antioksidansa za primjenu u kozmetici su prirodni produkti biljnog
porijekla. Osim antiradikalnih ucinaka, bioaktivne sastavnice biljnog porijekla pokazuju
protuupalne, antikancerogene, antihiperpigmentacijske i brojne druge ucinke na kozu, Sto

kozmeti¢kim proizvodima koji ih sadrzavaju daje dodanu vrijednost (8).

1.2.  Dermatofarmacija

Zdrav 1 mladolik izgled koze oduvijek se smatrao simbolom ljepote, a kako bi se taj

izgled odrzao, osmiSljeni su brojni kozmetic¢ki pripravei razli¢itih namjena. Osim za



uljepSavanje 1 usavrSavanje izgleda koze, kozmetika se rabila i za druge primjene poput
prikrivanja nedostataka, maskiranja odredenih dijelova tijela, pokazivanje socijalnog statusa,
cak 1 kao alat za zastraSivanje neprijatelja. Sve civilizacije imale su svoje oblike kozmetickih
pripravaka, pa tako nalazimo zapise o njihovoj izradi koji datiraju od 3000 godina p.N.E., jo$
iz doba stare Egipatske civilizacije. lako je sastojcima, izradom, na¢inom uporabe i izgledom
danas kudikamo drugacija, uporaba kozmetickih proizvoda je i dalje jednako, ako ne i viSe,
aktualna (9). Prema regulativi 1223/2009 Europske Unije, kozmetikom se smatra svaki
proizvod ili pripravak namijenjen koriStenju na vanjskim dijelovima ljudskog tijela (epidermis,
kosa, vlasiSte, nokti, usnice i vanjski spolni organi), zubima te sluznici. Primarna namjena
kozmeti¢kih pripravaka na kozi je ciS¢enje, parfimiranje, mijenjanje izgleda, zaStita i
odrzavanje dobrog stanja (10). U kozmeticke pripravke ubraja se Sirok spektar proizvoda poput
sapuna, Sampona, proizvoda za tuSiranje, sredstava za zaStitu od sunca, njegu koze i kose,
dentalnu higijenu, te bojanje kose i1 koze (dekorativna kozmetika), dezodoransa i mnogih
drugih, a medu njima se najvise koriste pripravci za njegu koze lica i tijela (11).

Zahtjevi potroSaca prema kozmetickim proizvodima postaju sve veci pa se tako od
krema za lice, osim hidratantne funkcije, o¢ekuje i da Cisti, zagladuje, obnavlja, jaca 1 stiti kozu
zahvaljujuéi svojim aktivnim sastavnicama (12). Dermatofarmacija je specijalizirano podrucje
unutar farmacije koje se fokusira na proucavanje lijekova i tretmana povezanih s dermatoloskim
stanjima i njegom koZe. Dermatofarmaceutski pripravei nerijetko sadrzavaju prirodne
sastavnice, najcesce u obliku biljnih ekstrakata, koji mogu djelovati antiradikalno i inhibirati
enzime koji oSte¢uju kozne strukture te sprijeciti nezeljene promjene koze (7). Osim toga,
brojne tvari biljnog porijekla djeluju kao ucinkoviti antioksidansi i prezervativi, Stitec¢i tako
ostale sastavnice dermatofarmaceutskih proizvoda od oksidacijske razgradnje tijekom
skladistenja i1 koristenja (13).

Zabrinutost potrosaca zbog nuspojava koje u odredenim sluc¢ajevima moze izazvati
konvencionalna kozmetika, poput alergijskog kontaktnog dermatitisa uzrokovanog pomo¢nim
ili aktivnim sastavnicama te toksi¢nosti uzrokovanom teskim metalima prisutnim u proizvodu,
dodatno potice razvoj kozmetike bazirane na proizvodima prirodnog porijekla jer potrosaci
smatraju da upravo oni pokazuju zeljeni Siroki spektar djelovanja, uz izvrstan sigurnosni profil
(14). Stoga uporaba biljnih ekstrakata i njihovih sastavnica u pripravcima kozmeti¢ke namjene
danas dozivljava znacajan porast (13). Medu mnogobrojnim biljnim sastavnicama s u¢inkom
na kozu, posebice se isticu polifenoli. Bilo uneseni prehranom ili naneseni na kozu, polifenoli
djeluju antiradikalno tako $to doniraju vodikove atome iz fenolne skupine. Osim toga, mogu

djelovati i kao posredni antioksidansi keliranjem teSkih metala poput Zeljeza i bakra,
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sprjecavaju¢i time njihov pro-oksidativni ucinak (15). U prirodne polifenole ubrajaju se
razli¢ite skupine biljnih sastavnica poput flavonoida, fenolnih kiselina, trijeslovina,
antracenskih derivata i dr. No, rasprostranjenos¢u i povoljnim uc¢incima na kozu, posebice se
isti¢u flavonoidi i fenolne kiseline. Brojne studije su pokazale da luteolin pozitivno utjece na
brojna stanja i bolesti kao §to su starenje koze, zacjeljivanje rana, melanom i upalne bolesti
koze, ukljucujuéi psorijazu, kontaktni i atopijski dermatitis (16). Pokazalo se da flavonoidi
mogu sprijeciti i oksidacijske promjene lipida u stani¢noj membrani. Tako katehin, epikatehin
1 kvercetin imaju snazan antiradikalni kapacitet u fosfolipidnom dvosloju izlozenom ROS-u
(15). Nadalje, 1 fenolne kiseline imaju znacajan potencijal za primjenu u kozmetickim
proizvodima. Dokazano je da feruli¢na kiselina, svojim antiradikalnim uc¢inkom, poboljSava
kemijsku stabilnost drugih spojeva u topikalnim formulacijama, a zbog fotoprotektivnih
svojstava prevenira fotooSte¢enja koze izazvanih UV zracenjem (17). K tomu, in vivo studije
ukazuju da ruzmarinska kiselina moZze ublaziti upalu psorijaticne koze u miseva blokiranjem
interakcije izmedu interleukina (IL) 17A i njegovog receptora. Osim fenolnih spojeva, i brojni
se alkaloidi poput kapsaicina, berberina, piperina i spilantola koriste u kozmetickim
proizvodima, gdje pokazuju antimikrobne, protuupalne i antihiperpigmentacijske ucinke,

ublazavaju znakove starenja i smanjuju vidljivost celulita (18).

1.3. Zelena ekstrakcija

Razvoj novijih kozmetic¢kih proizvoda ima integrativni pristup, usmjeren ne samo na
proces formulacije, ve¢ i na percepciju i zahtjeve potrosaca kao dio razvojne, ali i marketinske
strategije (11). Osim zeljenog ucinka i sigurnosnog profila, suvremeni potrosac ocekuje da se
prilikom proizvodnje i razvoja kozmetickih proizvoda postuju i odredena eticka nacela. Ona se
ne odnose samo na koristenje pokusnih zivotinja u kozmetickoj industriji ve¢ i na prekomjerno
iskori§tavanje prirodnih resursa i oneciS¢enje okoliSa u proizvodnji, uporabi i odlaganju
kozmetike (19). Sve to uvelike poti¢e potraznju za zelenom kozmetikom Sto dovodi do
na prirodnim pomoc¢nim i aktivnim tvarima (21). Jedan od klju¢nih koraka u primjeni biljnih
tvari kao aktivnih kozmetickih sastavnica je proces ekstrakcije aktivnih biljnih tvari iz sirovog
biljnog materijala. U tom se procesu odvajaju Zeljeni metaboliti poput alkaloida, flavonoida,
terpena ili saponina od inertnog ili neaktivnog materijala koriStenjem odgovarajuceg otapala i

odabrane ekstrakcijske tehnike. Ekstrakcija aktivnih sastavnica iz biljnog materijala koristi se



od najranije poznate povijesti. U danasnje vrijeme gotovo da se ne moze pronaci proizvodni
proces u kozmetic¢koj industriji koji ne koristi procese ekstrakcije, a odabir odgovarajuceg
ekstrakta za uklapanje u kozmeticki proizvod jedan je od klju¢nih koraka njegovog razvoja.
(12).

Postupke ekstrakcije, prema koriStenju tehnologije i nacela ekstrakcije, moZzemo ugrubo
podijeliti na konvencionalne (npr. maceracija, digestija, perkolacija) i nekonvencionalne (npr.
ekstrakcija superkritickim fluidom, ekstrakcija potpomognuta ultrazvukom ili mikrovalovima)
(22). Sve te tehnike imaju neke zajednicke ciljeve, a to su: (a) ekstrahirati ciljane aktivne
sastavnice iz slozenog biljnog uzorka, (b) povecati selektivnost, (c¢) povecati koncentraciju
aktivnih sastavnica, (d) pretvoriti aktivne sastavnice u prikladniji oblik za detekciju i odvajanje
1 (e) osigurati reproducibilnu metodu ekstrakcije koja je neovisna o varijacijama u matriksu
biljnog uzorka (23). U novije vrijeme sve se viSe vodi racuna o tome da ekstrakcijska metoda
pridonosi ocuvanju okolisa. Imajuci to na umu, kontinuirano se razvijaju ekoloski prihvatljive
1 odrzive metode ekstrakcije bioaktivnih prirodnih produkata iz ljekovitog bilja (24,25). Takve
zelene metode obi¢no postizu visoke prinose Zeljenog metabolita, imaju nisku potrosnju
energije i koriste prirodna, biorazgradiva i netoksi¢na otapala koja se mogu dobiti iz obnovljivih
izvora (26,27).

Ekstrakcija potpomognuta ultrazvukom (engl. ultrasound-assisted extraction, UAE)
jedna je od tehnika ekstrakcije koja se zbog kratkog vremena ekstrakcije, te niske potroSnje
energije 1 otapala smatra zelenom ekstrakcijskom tehnikom. Ultrazvuk je posebna vrsta
zvucnog vala izvan percepcije ljudskog sluha. U zvuénom spektru, ultrazvuk se svrstava u
frekvencijski raspon izmedu 20 kHz i 100 MHz. Kao i drugi zvuc¢ni valovi, ultrazvuk prolazi
kroz medij stvaraju¢i kompresiju i ekspanziju. Ovaj proces u biljnom materijalu proizvodi
fenomen koji se zove kavitacija, §to znaci stvaranje, rast i kolaps mjehuri¢a. U tom procesu
dolazi do pretvorbe dijela kineticke energije gibanja u toplinu (28). Ultrazvucna energija koja
se koristi za ekstrakciju takoder omogucuje ucinkovitije mijeSanje, brzi prijenos energije,
smanjene toplinskog gradijenta i temperature ekstrakcije, povec¢anu selektivnost, smanjenu
kompleksnost ekstrakcijske opreme, brzi odgovor na kontrolu procesa ekstrakcije, brzo
pokretanje i poveéanu proizvodnju (29). Ipak, glavna korist UAE-a je u tome $to ultrazvucna
energija uzrokuje pucanje stani¢nih stijenki i time olakSava ispiranje organskih i anorganskih
spojeva iz biljnog matriksa (30). Vjerojatni mehanizam je ultrazvucno pojacanje prijenosa mase
zbog fenomena kavitacije te prijenos i ubrzani pristup otapala unutraS$njosti stanice. Stoga
mehanizam UAE-a ukljucuje dvije glavne vrste fizickih fenomena: (a) difuziju preko stani¢ne

stijenke 1 (b) ispiranje sadrzaja stanice nakon razbijanja stijenki. Neki od ¢cimbenika koji utjecu
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na ucinkovitost ekstrakcije su sadrzaj vlage u uzorku, veli¢ina Cestica, otapalo, temperatura,
tlak, trajanje ekstrakcije 1 snaga te frekvencija ultrazvu¢nih valova (31). Zbog svoje
jednostavnosti i ekonomicnosti UAE se Cesto koristi za ekstrakciju prirodnih produkata, a
primjeri ukljucuju ekstrakciju kurkuminoida iz kurkume (32), polifenola iz lista masline (33)
ili polisaharida iz smokve (34).

Osim ekstrakcijske tehnike, vazan aspekt ekstrakcije je i ekoloska prihvatljivost otapala.
Idealno otapalo za zelenu ekstrakciju biljnog materijala trebalo bi biti netoksi¢no, bioloski
razgradivo, nezapaljivo i imati visoku mo¢ otapanja. Tradicionalna otapala dobivena iz fosilnih
goriva, iako dobre mo¢i otapanja, nisu povoljna za okoli§ jer nisu biorazgradiva, lako su
zapaljiva, lako hlapljiva i toksi¢na. Upravo zbog toga poseban je naglasak stavljen na zelena ili
alternativna otapala koja su dobivena iz obnovljivih izvora, netoksicna su i neSkodljiva te
sigurna za okolis. Etanol zbog svoje biorazgradivosti i prirodnog podrijetla ispunjava neke od
uvjeta za zelena otapalo, te je jo§ uvijek medu najkoriStenijim otapalima za ekstrakciju
prirodnih spojeva. Medutim, etanol je vrlo zapaljiv i dovodi do iritacije koze. Stoga se pokusava
zamijeniti drugim otapalima, po moguénosti prirodnog podrijetla (26).

Glicerol (propan-1,2,3-triol) je prirodna, cjenovno pristupacna, netoksi¢na i
biorazgradiva viskozna tekucina. Proizvodi se iz obnovljivih izvora, npr. kao nusprodukt
proizvodnje biodizela (35). Takoder ga je moguce proizvesti iz procesa fermentacije odredenih
kvasaca ili algi. Osim u kemijskoj industriji, glicerol se danas najvise koristi u prehrambenoj i
farmaceutskoj industriji. Dodatna prednost glicerola je njegova higroskopnost, $to ga Cini
jednim od najceSc¢e koriStenih sastojaka u kremama i losionima, gdje djeluje kao prirodni
humektant, denaturant, mirisni sastojak, regenerator kose, zastitnik koze i1 kao sredstvo za
regulaciju viskoznosti (36). Budu¢i da se glicerol koji se koristi za ekstrakciju moze lako
ugraditi u finalni proizvod, glicerolna ekstrakcija ljekovitog bilja vrlo je poZeljna sa stajaliSta
uStede energije (26). Zanimljivo je da je, unato¢ brojnim prednostima glicerola kao
ekstrakcijskog otapala, relativno nedovoljno iskori§ten u proizvodnji ekstrakata za
farmaceutske i dermatofarmaceutske svrhe. Neki noviji literaturni primjeri upotrebe glicerola
za ekstrakciju prirodnih proizvoda ukljucuju ekstrakciju polifenola iz mekinja rize (37) i oraha

(38).



1.4. Eksperimentalni dizajn

Aktivne biljne sastavnice s povoljnim farmakoloSkim djelovanjima samo su djeli¢ medu
mnogim sastavnicama koje se nalaze u biljnom materijalu. Njihova koncentracija u ekstraktima
uvelike ovisi o njihovim kemijskim znacajkama, izboru otapala, tipu ekstrakcije, kao i brojnim
drugim ¢imbenicima koji utjeu na ekstrakciju (ekstrakcijskim uvjetima). Zbog toga je jedan
od ciljeva odabira ekstrakcijske metode prona¢i onaj postupak koji donosi najvisi prinos
bioaktivnih sastavnica, uz minimalnu koli¢inu balastnih tvari. To je posebno vazno prilikom
razvoja postupaka zelene ekstrakcije kojim se ho¢e minimizirati potroS$nja energije, biljnog
materijala i ekstrakcijskog otapala uz zadrzani kemijski sastav i bioaktivnost ekstrakta. Stoga
se neprestano dizajniraju i razvijaju novi procesi ekstrakcije koji, uz smanjenje potroSnje
energije 1 otapala, koriste obnovljive prirodne materijale, te proizvode visokokvalitetne
ekstrakta. Racionalan razvoj takvih procese od iznimnog je znacaja kako bi se razvijeni proces
mogao prenijeti iz laboratorijskih eksperimenata u industrijske razmjere. Takva optimizacija
metode igra vaznu ulogu u procesu ekstrakcije (39).

Tradicionalne metode optimizacije ukljucuju proucavanje jednog po jednog ¢imbenika
Sto je naporno i1 dugotrajno, a ne omogucuje proucavanje medudjelovanja pojedinih
ekstrakcijskih uvjeta. Stoga se razvijaju statistiCke i kemometrijske metode kojima bi se taj
postupak mogao pojednostaviti i ubrzati. Metodologija povrSine odziva (engl. Response
Surface Methodology, RSM) zbirka je matematickih i statistickih tehnika koristenih za
konstrukciju modela ekstrakcije u kojima nekoliko ¢imbenika koji se mogu kontrolirati
(neovisne varijable) utjeCu na zeljeni ishod ili odgovor (ovisna varijabla). Stoga se RSM
intenzivno i koristi kao prikladna metoda za optimizaciju ekstrakcijskih uvjeta (40). Prednosti
RSM-a ukljucuju koriStenje manjeg broja eksperimentalnih mjerenja, pruzanje statisticke
interpretacije podataka i identificiranje potencijalnih interakcija medu varijablama. RSM je
uspjesno primijenjena metoda u optimiziranju uvjeta ekstrakcije niza polifenola, antioksidansa
1 drugih metabolita u biljkama (41-43).

Medu vrstama eksperimentalnog dizajna prikladnih za optimizaciju ekstrakcijskih
procesa putem RSM-a svojom se jednostavnoscu istiCe Box-Behnkenov dizajn, vrsta
faktorijalnog dizajna na tri razine. To znaci da svaki faktor (ili neovisna varijabla) varira na tri
razine: niska, srednja i visoka (-1, 0, +1). Ukoliko se prostor dizajna predstavi kao kocka, tocke
dizajna sastoje se od njezine centralne tocke i polovista bridova. Ipak, iako se za opis dizajna
Cesto koristi analogija kocke, Box-Behnkenov dizajn je u svojoj naravi sferican i okretljiv

dizajn. Stoga su predvidanja koja Box-Behnkenov dizajn omogucuje jednako precizna u svim



tockama unutar eksperimentalnog prostora. Zbog svoje jednostavnosti u usporedbi s drugim
vrstama dizajna Box-Behnkenov dizajn zahtijeva znatno manje eksperimenata za postizanje
istog ucinka $to ga €ini jednostavnijim i isplativijim (44). Stoga se ucestalo koristi u optimizaciji
ekstrakcije razli€itih skupina prirodnih biljnih sastavnica poput polisaharida (45), polifenola

(46) ili alkaloida (47).

1.5. Odabrane biljne droge

Berberidis radicis cortex (kora korijena Zutike, BRC) dobiva se od vrste Berberis
vulgaris (L.), Berberidaceae. To je listopadni grm s dugom povijeséu medicinske i prehrambene
upotrebe u Europi, Aziji i Americi. Dok se plodovi B. vulgaris uglavnom koriste kao hrana,
kora korijena i stabljike imaju ljekovita svojstva. Za njih je mahom zasluzan berberin (BER),
izokinolinski alkaloid prisutan u tim organima (48). BER pokazuje brojne farmakoloske ucinke,
ukljucujuéi protuupalni, antiradikalni (48), antibakterijski (49) i antifungalni uc¢inak (50) bez
znacajnijih nuspojava. U kozmeti¢kim se proizvodima koristi zbog svog antimikrobnog uc¢inka
(18). Smatra se da ga izvrstan antibakterijski u€inak Sirokog spektra ¢ini prikladnijim od
pojedinacnih klinickih antibiotika za zacjeljivanje inficiranih rana na kozi i sluznicama (51).
BER sprjecava ekspresiju MMP-1 izazvanu UV zracenjem i smanjenje razine prokolagena tipa
I'u ljudskim dermalnim fibroblastima (52). Ovisno o dozi inhibira bazalnu ekspresiju i aktivnost
MMP-9 kao i ekspresiju nastalu indukcijom tkivnim aktivatorom plazminogena. K tomu, BER
suprimira i kemijski induciranu ekspresiju IL-6 §to upucuje na to da moze sprijeciti upalu koze
i razgradnju proteina izvanstanicnog matriksa (engl. extracellular matrix, ECM), ukljucujuci
kolagen (53). BER =znacajno poboljSava prezivljenje koZznih reZnjeva promicanjem
angiogeneze, inhibicijom upale, ublazavanjem oksidativnog stresa i smanjenjem apoptoze (54).
Osim toga, BER moZe pospjesiti i prolazak hidrofilnih lijekova kroz kozu (55). Topikalni
uc¢inak BER na zacjeljivanje rana potvrden je i u klinickim ispitivanjima. Pokazalo se da
ucinkovito ubrzava zacjeljivanje rana nastalih kao posljedica aftoznog stomatitisa te smanjuje

simptome upale kod periodontitisa (56).

Echinaceae purpureae herba (zelen purpurne rudbekije, EPH) dobiva se od vrste

Echinacea purpurea L. Moench, Asteraceae, jedne od najistaknutijih ljekovitih biljaka na



svijetu. Najpoznatija po svojem imunostimuliraju¢em i protuupalnom djelovanju, E. purpurea
se najcesce koristi kod smanjenja simptoma obi¢ne prehlade (57). Prema Europskoj agenciji za
lijekove, ekstrakti nadzemnih dijelova E. purpurea tradicionalno se koriste kod koznih
oboljenja i kao pomo¢ pri zacjeljivanju manjih rana (58). Smatra se da su tri skupine bioaktivnih
sastavnica odgovorne za ljekovita svojstva E. purpurea, a to su derivati kavene kiseline,
polisaharidi i alkilamidi (59). Medu derivatima kavene kiseline najzastupljenija je cikorijska
kiselina (CIC), nakon koje slijedi kaftarna kiselina (CAF). CIC pokazuje Siroku lepezu
povoljnih ucinaka na kozi, poput antivirusnog, antiradikalnog i protuupalnog uc¢inka. Osim
toga, CIC je u kulturama stanica miSeva ublazio upalu izazvanu lipopolisaharidima, kao 1
usporio starenje dermalnih fibroblasta izazvano UV-A zracenjem inhibicijom aktivnosti MMP-
3. Time se otvara mogucnost blagotvornog djelovanja CIC-a na starenje koze (60). CAF takoder
pokazuje antiradikalni, protuupalni u¢inak, antimutageni i antikarcinogeni uc¢inak (61). CAF je
i kompetitivni inhibitor tirozinaze, $to ju ¢ini prikladnom za ukljucivanje u kozmeticke
proizvode s antihiperpigmentacijskim uc¢inkom (62). Osim toga, jedna manja dermatoloska
studija pokazala je da pripravci s ekstraktom E. purpurea mogu ucinkovito poboljsati
hidrataciju koze i smanjiti bore bez izazivanja iritacije (63), kao i smanjiti djelovanje ROS-a

pomocu inhibicije ciklooksigenaze 1 i 2 i 5-lipoksigenaze (5-LOX) (64).

Liquiritiae radix (korijen sladi¢a, LR; Glycyrrhiza glabra L., Fabaceae) viSegodiSnja je
biljka poznata po svom korijenu slatkog okusa. G. glabra se tradicionalno koristi za
pospjesivanje zacjeljivanja rana. Sadrzi Siroku lepezu bioaktivnih prirodnih sastavnica ¢esto
koriStenih u kozmetickim i dermatoloskim pripravcima. Ekstrakti LR-a pokazuju snazan
antibakterijski i antivirusni ucinak, a djeluju i antiradikalno, antifungalno, antikancerogeno,
protuupalno i citotoksi¢no (65). Glicirizin, sastavnica koja LR-u daje slatki okus, je saponin
triterpenskog tipa koji ima antivirusne, protuupalne, antitumorske i antimikrobne znacajke (66).
Osim glicirizina, i polifenolne komponente LR-a, kalkon izolikviritigenin (ISO), izoflavonoid
glabridin (GLA) i flavon likviritin, takoder su vazni za njegovu biolosku aktivnost. ISO
pokazuje snazan antiradikalni, protuupalni i antitumorski ucinak (67). GLA djeluje kao
antioksidans, fitoestrogen 1 protuupalno sredstvo (68). Taj izoflavonoid uzrokuje i
depigmentaciju koZe inhibicijom tirozinaze pa se ukljucuje u proizvode za topikalnu primjenu
namijenjene posebno za tu svrhu (69). Likviritin je flavonoid koji ne djeluje na tirozinazu, ali
uzrokuje depigmentaciju rasprSivanjem melanina. Jedno je istrazivanje pokazalo da je lokalna

primjena kreme koja sadrzi 2 % i 4 % likviritina tijekom Cetiri tjedna bila u¢inkovito sredstvo
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za smanjenje pigmentacija nastalih kao posljedica melazme (70). Ekstrakti LR-a $tite kozu od
ozljeda uzrokovanih oksidativnim stresom (71,72), ubrzavaju epitelizaciju rana, poboljSavaju
remodeliranje na mjestu rane (73), a pojedine in vivo (74) i klinicke studije (74) ukazuju na to
da uc¢inkovito smanjuju simptome atopijskog dermatitisa te da djeluju antihiperpigmentacijski

(70).

Sikavica (Silybum marianum (L.) Gaertn, Asteraceae) je dvogodiSnja ljekovita biljka
¢iji se plod, Silybi mariani fructus (SMF), tradicionalno koristi u lijecenju bolesti jetre (75).
Najvaznija fitokemijska komponenta SMF-a je kompleks flavonolignana zvani silimarin (SYL)
koji se sastoji od dva stereoizomera nazvana silibinin A i silibinin B, s udjelom od 60 % do
70 %, a zatim slijede silikristin, silidianin i izosilibinin. SYL je zanimljiv i kao sastavnica za
primjenu u kozmetici jer su mnoga njegova djelovanja povezana s ucincima na kozu.
Flavonolignani SMF-a pokazuju antiradikalni u€inak in vivo. SYL smanjuje edem koze,
sprjecava indukciju epidermalne hiperplazije i peroksidaciju lipida kod miSeva uzrokovanu 12-
O-tetradekanoil-13 forbol acetatom, a posredovane oksidativnim stresom. Izomeri silibinina
djeluju 1 protuupalno inhibicijom mijeloperoksidaze, ciklookisigenaza, LOX, faktora nekroze
tumora i IL-1a, a induciraju i apoptozu (76). SYL ima i snazan fotoprotektivni ucinak (77).
Time silibinin posredno S§titi od fotokarcinogeneze, opeklina i hiperplazije epiderme
uzrokovane UV-B zracenjem. Silibinin $titi od oSte¢enja DNK uzrokovanih UV-B zrakama u
stanicama epiderme koZe, a neke studije upucuju i na to da bi silibinin mogao popravljati i
oste¢enja epidermalne DNK izazvanog UV-B zrac¢enjem (76). Dodatno, ekstrakt SMF-a i SYL-

a mogu inhibirati enzime koji sudjeluju u razgradnji ECM-a (77).
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1.6. Hipoteze i ciljevi istraZivanja

1. Uporabom kemometrijskih metoda optimizirat ¢e se postupci ekstrakcije djelatnih
sastavnica glicerolom, uz primjenu ultrazvuka, iz sljede¢ih biljnih droga: Liquiritiae radix,
Echinaceae purpureae herba, Silybi mariani fructus i Berberidis radicis cortex.

2. Odredit ¢e se antioksidacijska aktivnost optimiziranih ekstrakata te ispitati njihova

sposobnost inhibicije enzima kolagenaze, elastaze, tirozinaze i lipoksigenaze.

1. Glicerol je ucinkovito otapalo za ekstrakciju djelatnih sastavnica biljnih droga:
Liquiritiae radix, Echinaceae purpureae herba, Silybi mariani fructus i Berberidis radicis cortex.
2. Primjenom glicerola mogu se prirediti ekoloski prihvatljivi ekstrakti s izraZzenim

antioksidacijskim svojstvima koji mogu inhibirati odabrane enzime srodne onima u kozi.
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Abstract: A green ultrasound-assisted extraction (UAE) method using glycerol/water mixtures
for extraction of licorice (Glycyrrhiza glabra) bioactive constituents was developed in this study.
The response surface method, according to the Box-Behnken design, was employed to optimize the
extraction parameters: glycerol concentration (X;), temperature (X;), and the amount of herbal drug
used in the production (X3). The responses were content of total phenols (TP), TP extraction efficiency
(TPy) and the content of licorice characteristic constituents, glabridin (Gla) and isoliquiritigenin (Iso).
Response surface analysis predicted the optimal extraction conditions for maximized amounts of
TP, Tpy, Gla, and Iso. The extracts were prepared using the calculated conditions. The analysis of
the selected constituents confirmed the validity of the model. Furthermore, biological activity of the
extracts was tested. The results demonstrate that UAE using glycerol is a fast and efficient method
for preparation of extracts with excellent radical scavenging, Fe?" chelating and antioxidant activity.
Furthermore, the observed notable tyrosinase and elastase inhibitory activity of the extracts, as well
as their anti-inflammatory activity, indicate the anti-aging properties of the investigated extracts.
The fact that the extracts were prepared using the safe, cosmetically active solvent, glycerol, makes
them suitable for direct use in specialized cosmeceutical formulations.

Keywords: licorice; anti-inflammatory; antioxidant; cosmetic; elastase inhibitory activity; green
extraction; tyrosinase inhibitory activity

1. Introduction

The growing importance of physical appearance in the last century has led to an expansion of
sophisticated beauty products purported to have high, almost pharmaceutical, efficacy, sensorial
advantages, and safety. Such products, popularly called cosmeceuticals, are applied on the human skin,
making it appear younger and healthier. Even though the word “cosmeceutical” is a marketing, rather
than a legal term, it is often used in lay language because it reflects both the intended dual activity of
such products, as well as the consumers’ expectations. Furthermore, the products that are derived
from natural sources, such as plants, are in special demand, not only due to the consumers preferences
for natural skincare, but also because of their numerous beneficial effects on human skin [1].

Before being incorporated into cosmetic products, the bioactive principles of plants need to be
extracted from crude plant material. The selection of an appropriate extraction method is one of
the key steps to consider before proceeding to cosmeceutical formulation development. Failure to
do so could lead to the loss of active compounds, hence resulting in the loss of biological activity.
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However, in addition to displaying the desired biological properties, the extracts used in modern
cosmetic products have to fulfill other requirements. Besides stability, safety, and sensory properties,
new concerns about environmental impact or animal welfare with respect to the cosmetic development,
manufacturing, and quality control are constantly emerging, and new products are being developed in
order to meet such needs [2]. For example, the design of green and sustainable extraction methods for
natural products is currently a hot research topic in the multidisciplinary area of applied chemistry,
biology, and technology. Solvents used for extraction should ideally have a high dissolving power,
be biodegradable, non-toxic, and non-flammable. Ethanol, due to its biodegradability and natural
origin, fulfills some of the requirements for a green solvent, and it is still among the most used solvents
for extraction of natural compounds. However, besides being a relatively good solvent for a wide
range of natural products, ethanol is highly flammable and has skin-irritant properties. Thus, efforts
are being made to replace ethanol with other solvents, preferably of natural origin [3].

One of the solvents that could effectively replace ethanol is glycerol, a natural, non-toxic,
biodegradable liquid, manufactured from renewable sources [4]. Due to the hygroscopic nature of
glycerol, it is already widely used for formulation of creams and lotions [3]. Therefore, the glycerol
extracts of medicinal plants have a dual role in cosmetic products—as humectants and active agents [3].
Furthermore, the use of glycerol in the finished product means that the removal of the solvent from
the cosmeceutical extract is redundant. This renders the glycerolic extraction of medicinal plants
highly acceptable from an energy-saving point of view. Interestingly, in spite of all the aforementioned
favorable characteristics of glycerol extraction, the use of this solvent for extraction of natural products
is still under-researched. Relatively few examples include the use of glycerol for extraction of phenolic
antioxidants from two Artemisia species [5], grapefruit peels [6], Hypericum perforatum, and olive
(Olea europaea) leaves [7]; as well as stevioside from Stevia rebaudiana [8].

Licorice (Glycyrrhiza glabra L., Fabaceae) is a perennial plant, well-known for its sweet-tasting root.
It contains a wide array of bioactive natural products. Glycyrrhizin, the sweet principle of licorice root
is a triterpene-type saponin that displays antiviral, anti-inflammatory, antitumor, and antimicrobial
properties [9]. Besides glycyrrhizin, phenolic components, such as chalcone isoliquiritigenin and
isoflavonoid glabridin are also important for the observed biological activity of licorice root. G. glabra
has been traditionally used for promotion of wound healing. Licorice root extracts protect the skin
against oxidative stress injuries [10,11], accelerate wound epithelization, ameliorate remodeling at
the wound site [12], and efficiently reduce the symptoms of atopic dermatitis (AD). Furthermore,
isoliquiritigenin was also found to be beneficial for the treatment of AD-like skin lesions in mice, giving
hope that it could be a potential therapeutic agent for the treatment of AD in humans [13]. Glabridin
has many properties potentially beneficial in cosmeceutical products. It acts as antioxidant, estrogenic,
anti-inflammatory, and skin-whitening agent [14]. It displays skin depigmentation activity and is being
incorporated in topical products intended specifically for that purpose [15].

G. glabra extracts and its constituents display a wide array of activities potentially useful in cosmetic
and dermatologic products. The aim of this work was extraction optimization of phenolic compounds
from licorice root using glycerol, a non-toxic and eco-friendly solvent. Skin-related biological activities
(antioxidant, enzyme inhibiting and anti-inflammatory) of the prepared extracts were investigated
with the aim of obtaining highly active extracts suitable for use in cosmeceutical products.

2. Materials and Methods

2.1. Chemicals

Reagents, standards and enzymes were purchased from Sigma-Aldrich (St. Louis, MO, USA).
The purity of the standards was butylated hydroxyanisole (BHA, >98.5%), glycyrrhizic acid ammonium
salt (295.0%), glabridin (Gla) (=98.0%), and isoliquiritigenin (Iso) (=98.0%). Methanol and acetonitrile
were HPLC grade. Other reagents and chemicals were of analytical grade.
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2.2. Plant Material

The plant material (licorice root) was donated by the Suban company (Samobor, Croatia). The exact
licorice species was determined using HPLC. The material was confirmed to be G. glabra based on
the presence of Gla [16]. The presence of other related species was excluded by the absence of
quercetine (G. uralensis) [17] and licochalcone A [16]. The identity was additionally confirmed
using a pharmacopoeial monograph [18]. A voucher specimen is deposited in the Department of
Pharmacognosy, Faculty of Pharmacy and Biochemistry, University of Zagreb.

2.3. Preparation of the Extracts

The root was milled and passed through a sieve of 850 pm mesh size. Powdered plant material
of differing weights (0.6-1 g) was suspended in 10 g of the appropriate solvent (10-90% glycerol
in water, w/w) in a 50 mL Erlenmeyer flask. The extraction was performed in an ultrasonic bath
(Bandelin SONOREX® Digital 10 P DK 156 BP, Berlin, Germany) at ultrasonication power of 360 W
and frequency of 35 Hz during 20 min. The bath was temperature-controlled (20-70 °C). Upon the
extraction, the mixtures were filtered. All the extracts were stored at —20 °C, in the dark.

2.4. Spectrophotometric Determination of Total Phenol Content

Total phenols (TP) content was determined using the modified Folin—Ciocalteu colorimetric
method [19], by mixing 80 pL extract solution, 80 uL of Folin—Ciocalteu reagent and 80 pL of 10%
sodium carbonate solution. After 1h, absorbance at 630 nm was measured (The FLUOstar® Omega,
BMG Labtech, Offenburg, Germany and Stat Fax 3200 reader, Awareness Technologies, Palm City,
FL, USA). TP was expressed as mg/g of dry weight from calibration curve recorded for gallic acid.

2.5. Spectrophotometric Determination of Total Flavonoid Content

Total flavonoid (TF) content was determined using modified Folin—Ciocalteu colorimetric
method [20], by mixing 120 uL extract solution and 120 uL of 0.2% AICl; solution. After 1 h,
absorbance at 420 nm was measured. TF was expressed as mg/g of dry weight from calibration curve
recorded for quercetin.

2.6. RP-HPLC-DAD Determinations of Glycyrrhizin, Glabridin and Isoliquiritigenin

Prior to the analysis, the extracts were filtered through a 0.45 um PTFE syringe filter. Quantifications
were performed using an HPLC instrument (Agilent 1200 series, Agilent Technologies, Santa Clara,
CA, USA) equipped with an autosampler and a DAD detector. Injection volume was 10 pL. The peak
assignment and identification was based on comparison of UV/VIS spectra and retention times of peaks
in sample chromatogram with that of the standards. Quantification was performed using the respective
standard calibration curve. The calibration curves, limit of detection (LD), and limit of quantification
(LQ), were determined according to [21] (Table 1). For determination of glycyrrhizin, the modified
European pharmacopoeia method [18] was used. Separation was performed on a Nucleodur 100-5 C18
column (Macheray-Nagel, Diiren, Germany) column. A mixture of glacial acetic acid, acetonitrile,
and water (6:30:64 V/V/V) was used as mobile phase. Separation was performed at 25 °C using
flow rate of 2 mL/min. Glycyrrhizic acid ammonium salt was used as a standard for construction
of calibration curve. The content of Gla and Iso was determined by a modified method described
by Tada et al. [22] on the Zorbax Eclipse XDB-C18 (5 pm, 12.5 mm X 4.6 mm, Agilent, Santa Clara,
CA, USA). Mobile phase (water:acetonitrile) was used according to the following protocol 0-3 min (7:3),
53-60 min (2:8). Flow rate was 1.0 mL/min. Gla and Iso were used as standards for the construction of
calibration curves.
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Table 1. Slope, intercept and coefficient of determination (%) of the calibration curves *, limits of
detection (LD) and quantification (LQ) for glycyrrhizin, glabridin, and isoliquiritigenin.

Analyte Slope (a) Intercept (b) r? LD (ug) LQ (ug)
Glycyrrhizin 257.96 1.54 0.99998638 0.006112 0.018522
Gla 3402.71 26.12 0.9999998 0.000741 0.002246

Iso 5079.81 21.21 0.9999931 0.005013 0.015191

* calibration curves are represented as y = ax + b, where y is the absorbance at the selected wavelength, and x is the
weight of the analyte (ug).

2.7. Extraction Optimization

The experiment was planned using Box-Behnken design (BBD) in Design Expert software v. 8.0.6
(Stat-Ease, Minneapolis, MN, USA). The ranges of design parameters (independent variables) were:
glycerol concentration (X;, 10-90%, w/w), temperature (X;, 20-70°C), and drug weight (X3, 0.6-1g)
used for the extraction. TP content, TP/X; ratio (TPy), as well as the Gla and Iso content of the extracts
were dependent variables. Response-surface methodology was used to find the relationship between
dependent and independent variables. Experimental data was analyzed by multiple regression analysis
and fitted to the appropriate polynomial models. The validity of the model was confirmed by the
analysis of variance (ANOVA). p values < 0.1 were considered statistically significant.

2.8. Radical Scavenging Activity

Radical scavenging activity (RSA) was evaluated using the stable 2,2-diphenyl-1-picrylhydrazyl
(DPPH) free radical [23]. In short, DPPH solution (0.21 mg/mL, 70 uL) was added to the extract solution
(130 uL). After 30 min, the absorbance was recorded at 545 nm. DPPH solution with methanol instead
of the extract served as the negative control. RSA was calculated according to the following equation:

Acontrol = Asampl
RSA (%) = —2 ~ % « 100
Acontrol
where Ao is the absorbance of the negative control and Aggypie is the absorbance of the respective
extract. Concentration of the extract, which scavenges 50% of free radicals present in the solution
(RSA ICsp), was calculated. BHA was used as the standard radical scavenger.

2.9. Fe?* Chelating Activity

The chelating activity (ChA) of the investigated substances toward ferrous ions was studied,
as described in [24]. To the solution of extract in methanol (150 uL), 0.25 mM FeCl;, solution (50 pL)
was added. After 5 min, 100 pL of 1.0 mM ferrozine solution was applied. Absorbance at 545 nm was
recorded after 10 min. Reaction mixture containing methanol (150 pL) instead of extract served as
a control. ChA was calculated using the following equation:

ChA <%) _ Acontrol _Asample %100
Acontrol
where Aconror is the absorbance of the negative control and Aggype is the absorbance of the respective
extract. Concentration of the extract, which chelates 50% of Fe?" present in the solution (ChA ICsj),
was calculated. EDTA was used as the chelating standards.

2.10. Antioxidant Activity in f-Carotene-Linoleic Acid Assay

AOA was evaluated using the (3-carotene-linoleic acid system according to modified literature
procedure [25]. Aliquots (200 puL) of the emulsion containing 3-carotene (6.7 pg/mL), linoleic acid
(0.7 mg/mL), and Tween 40 (6.7 mg/mL) were added either to methanol (50 uL) (control) or to the
solutions of the extract in methanol (50 uL). The reaction mixture was incubated at 50 °C. The antioxidant
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activity in (3-carotene linoleic acid assay (AACL) was calculated based on the absorbances recorded
after 60 min using the following equation:

Asample

AACL (%) = x 100

control
where Acoptror and Agampie are the absorbances of the water control and antioxidant, respectively.
Concentration of the extract that protects 50% (3-carotene present in the solution (AACL ICsy) was
calculated. BHA was used as the standard antioxidant.

2.11. Tyrosinase Inhibitory Activity

Tyrosinase inhibition activity by the extracts was determined following a method described by [19]
with some minor modifications. In 80 pL extract solution, 40 pL of tyrosinase solution (in 16 mM
pH 6,8 phosphate buffer) was added. The solution was incubated in dark at 25 °C. After 10 min,
80 puL of L-DOPA solution (0.19 mg/mL in phosphate buffer) was added. After an additional 10 min,
the absorbance at 492 nm was measured. Negative control contained a buffer instead of the extract
solution. Tyrosinase inhibitory activity (TyInh) was calculated as:

Acontrol = Asampl
Tylnh (%) = ———— " %100
Acontrol
where Agonror is the absorbance of the negative control and Aggype is the absorbance of the respective
extract. Concentration of the extract, which inhibits 50% of tyrosinase activity (TyInh ICsp),
was calculated. Kojic acid was used as the standard inhibitor.

2.12. Elastase Inhibitory Activity

To 100 pL of plant extract solution, 1 mM N-succinyl-(Ala)s-nitroanilide in Tris-HCl buffer (0.1 M,
pH 8.0) was added. After 10 min, 25 °C, 25 ul of porcine pancreatic elastase solution was added.
The mixture was further incubated at 25 °C for 10 min and absorbance was measured at 410 nm.
A reaction mixture containing buffer instead of extract served as the control. Elastase inhibitory activity

(ElInh) was calculated as:

Acontrol = Asampl
Ellnh (%) = ”’”Z—t;“"mxmo
CoNntro

where Ao is the absorbance of the negative control and Aggypie is the absorbance of the respective
extract. Concentration of the extract, which inhibits 50% of elastase activity (ElInh ICs), was calculated.
Ursolic acid was used as the standard inhibitor [26].

2.13. Anti-Inflammatory Activity

Anti-inflammatory activity was evaluated by the heat-induced ovalbumin coagulation method [27]
using Perkin Elmer Lambda 25 spectrophotometer (Perkin Elmer, Waltham, MA, USA). The reaction
mixture consisted of 0.4 mL of ovalbumin solution, 2.8 mL of phosphate buffered saline (pH 6.4),
and 2 mL of the extract solution. The mixtures were incubated at 37 °C for 15 min and then heated at
70 °C for 5 min. After cooling, their absorbance was recorded at 660 nm. The percentage inhibition of
ovalbumin denaturation (OvInh) was calculated using the following formula:

Acontrol = Asampl
Ovlnh (%) = —— ~ " %100
Acontrol
where Aol is the absorbance of the negative control and Aggpie is the absorbance of the respective
extract. Concentration of the extract, which inhibits 50% of the ovalbumin coagulation (OvInh ICs),
was calculated. Diclofenac sodium was used as the standard inhibitor.
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2.14. Statistical Analysis

The measurements were performed in triplicate and the results presented as mean + standard
deviation. In order to establish the ICsy values, the experiments were performed using different
concentrations (4-7 concentrations, depending on the assay). Statistical comparisons were made using
one-way ANOVA, followed by Tukey’s post-hoc test for multiple comparisons (GraphPad Prism,
San Diego, CA, USA). p values < 0.05 were considered statistically significant.

3. Results and Discussion

3.1. Response Surface Methodology

In this work, efforts were undertaken to optimize the extraction of bioactive phenolics from
licorice root. Special attention was given to G. glabra’s most prominent phenolic compounds, Gla and
Iso. In order to develop a method that is not only efficient but also environmentally friendly,
ultrasound-assisted extraction (UAE) was performed using glycerol/water mixtures.

UAE was used as the extraction technique due to its many advantages in comparison with
conventional extraction methods, such as maceration and hot reflux extraction. It is characterized
by shorter extraction time, reduced organic solvent consumption, and low energy costs [28]. During
the UAE procedure, the extraction efficiency was influenced by numerous extraction parameters.
These parameters interacted with each other, affecting the extraction efficacy in a more complex way.
Therefore, it is important to evaluate the interactions among these parameters. Response surface
methodology (RSM) could be adopted to optimize the parameters and obtain the maximum yields of
target compounds [29]. In this work, RSM based on BBD was used to optimize the extraction conditions.
Selection of solvent greatly influences extraction efficiency due to its physical-chemical properties,
such as polarity, viscosity, and volatility. In this work, the proportion of glycerol in water was used
as the first independent variable (X;). In addition to solvent, temperature, the second independent
variable (X,), may strongly affect the efficiency of UAE. High temperature may improve the extraction
process by reducing the viscosity of the solvent and increasing kinetic energy of the molecules in the
solution. However, it may also lead to degradation of sensitive phytochemicals, including phenolic
compounds. The influence of weight of the herbal material used for the extraction was investigated
as the final independent variable (X3). A higher weight of the drug used for the extraction may
increase the content of target molecules in the extracts. However, when larger amounts of herbal drugs
are extracted with organic/solvent water mixtures, swelling of the herbal material with water may
change the proportions of the solvents in the mixture and consequently the polarity of the extraction
mixture [30]. In addition, too high drug/solvent ratio may lead to unnecessary waste generation.

The aim of this study was to not only maximize the total extraction yield of the target compounds
(TP, Gla and Iso) within the studied extraction parameters range, but also to achieve better utilization
of the crude herbal drug. Therefore, maximized TP extraction yield (TPy) calculated as TP/X3 was
also investigated. The influence of the independent variables on the amount of target substances
is presented in Table 2. The results clearly show that the extraction variables have a great impact
on the success of the extraction. Depending on the extraction parameters, the amount of TP and
Iso change approximately threefold and range from 279.5 pug/mL to 790.6 ng/mL, and 2.00 pg/mL to
5.76 ug/mlL, respectively. However, the most dramatic change is observed in the more-than-fourfold
increase of the Gla concentration (3.99-17.30 pg/mL). Keeping in mind the skin-related biological
activities of Gla, this finding confirms the importance of careful selection of the extraction conditions
for cosmeceutical ingredients. Detailed influence of extraction parameters on the selected responses
will be presented later.
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Table 2. Independent variables, their levels for the Box-Behnken design, and the responses obtained.

R X1 Xz X3 TP TPy Gla Iso
un
(%. wiw) (CC) (g (ug/mL) (ug/gmL) (ug/mL) (ug/mL)
1 50 70 0.6 605.3 1008.8 9.12 3.20
2 10 45 0.6 529.6 882.7 4.37 2.48
3 50 70 1.0 753.9 753.9 14.11 5.20
4 50 45 0.8 606.3 757.8 5.29 3.31
5 10 70 0.8 790.6 988.3 6.56 3.11
6 50 45 0.8 779.1 973.9 6.56 2.86
7 50 45 0.8 676.8 846.0 6.09 2.79
8 90 20 0.8 279.5 349.3 12.9 2.00
9 10 45 1.0 748.7 748.7 6.96 4.27
10 10 20 0.8 633.6 792.0 3.99 3.47
11 50 45 0.8 582.2 727.7 4.40 2.07
12 90 70 0.8 518.7 648.3 17.30 5.76
13 90 45 0.6 302.1 503.4 10.14 247
14 50 45 0.8 620.8 776.0 6.39 3.29
15 50 20 1.0 638.3 638.3 7.63 3.79
16 90 45 1.0 346.6 346.6 16.18 4.26
17 50 20 0.6 447 .4 745.7 5.48 2.02

Independent variables: X; = glycerol content, X, = temperature, X3 = weight of the plant material in 10 mL of
solvent. TP, TPy, Gla, Iso: concentration of total phenols, TP/X3 ratio, glabridin and isoliquiritigenin, respectively.

3.2. Fitting the Model

Multiple regression analysis was used to analyze the experimental results. Table 3 shows the
relationship between the independent and dependent variables in the form of polynomial equations.
Furthermore, Figure 1 shows the three-dimensional surface and contour plots of the models, which
allowed visualizing the effects of the three selected parameters on dependent variables. It can be
observed that the glycerol content influenced all the dependent variables as linear term. Furthermore,
TP, TPy and Gla were influenced by glycerol content as quadratic term (Table 3). This is clearly visible
in Figure 1(al,2,b1,2), where relatively low glycerol concentration beneficially influenced both TP
and TPy extraction efficiency. Gla and Iso concentration, on the other hand, were more favorably
influenced by the higher glycerol content (Figure 1(c1,2,d1,2)). This indicates that, unlike the Gla and
Iso, the majority of phenols in G. glabra root are relatively hydrophilic in nature. Known examples
include flavonoid glycosides liquiritin, isoliquiritin, 5,8-dihydroxy-flavone-7-O-beta-p-glucuronide,
and others [15].

Table 3. Polynomial equations of the models in terms of coded factors.

Response Unit The Equation Coefficients: a X X12 + b x X2 + ¢ X X32 +d X X1 X Xa + e X Xy X Xz +f X Xg X X3 + g X Xg +h X Xo +i X X3 + ]
a b c D e f g h i j
TP mg/mL -113.4822 16.020 -57.818P 20547  -43.631 -1056  —156.966 2 83.702 2 75.393 2 653.045
TPy  mg/gmL  —144.0842 22.256 -51.862 25.684 5703 -36.864  —195.4952 1092352 -81.6422  816.306
Gla pg/mL 23842 20582 1.2832 0.459 0.863 0.708 43292 21352 1.9722 5.746
Iso pg/mL 0.271 0.451 0.237° 1.0322 -0.003 0.055 0.146 0.748 2 09192 2.864

X = glycerol content, X, = temperature, X3 = weight of the plant material in 10 mL of solvent. TP, Gla, Iso: concentration
of total phenols, glabridin and isoliquiritigenin, respectively. *® = The significant equation terms ® = p < 0.05,% =p <0.1.
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Figure 1. Response surface plots for content of phenols in licorice root extracts: Total phenols (TP)
(a1-3), TP/X;3 (TPy) (b1-3), glabridin (Gla) (¢1-3), and isoliquiritigenin (Iso) (d1-3). For significant
model terms, see Table 3.

Table 3 shows that the influence of temperature was observed either as linear term (all the
dependent variables), quadratic term (Gla), or as the interaction of temperature with glycerol content
(Iso). In general, the elevated temperature positively influenced the extraction of phenolics from
G. glabra root, indicating their good thermostability G. glabra (Figure 1(al,3,b1,3,c1,3,d1,3)). This may be
explained by the decreased viscosity of the solvent at high temperature, an effect particularly important
in case of viscous solvents such as glycerol.

The positive influence of drug weight as linear term was, expectedly, observed in all the dependent
variables (Table 3, Figure 1(a2,3,b2,3,c2,3,d2,3)). In addition, its mild positive influence as quadratic
term was observed in Iso extraction. It is interesting to note that a negative, albeit weak, influence of
drug weight as quadratic term was observed in case of TP concentration. This may be explained by the
property of dry plant material to re-hydrate in a water solution. It may be postulated that the swelling
of the material caused the increase in glycerol content, thus changing the composition and polarity of
the solvent. This effect is less pronounced with smaller amounts of the herbal drug.

3.3. Model Analysis

ANOVA (Table 4) has shown that the relationship between the response variables and independent
variables can be satisfactorily expressed using quadratic polynomial equations (Table 3, Figure 1).
The statistical significance of each model was calculated using the F-test and p-values. The calculated
F-values were higher than 10, while the p-values were lower than 0.003. This indicates that the models
are highly significant and that they can be used to optimize the extraction variables. Lack-of-fit
in the models was statistically insignificant, relative to the pure error which demonstrated that the
fitting model is adequate to describe the experimental data. The determination coefficients (r*) were
relatively high (0.9307 < 2 < 0.9739), showing that the observed values are well replicated by the
model. The predicted 2 were in reasonable agreement with the adjusted ones, further confirming that
the models may be used to predict and optimize the amount of target substances in the extracts.
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Table 4. Analysis of variance (ANOVA) for the fitted quadratic models for optimization of G. glabra
extraction process.

TP TPy
2 2 =0.9329; rp2 = 0.8467; rp2 = 0.8027 2 = 0.9325; rp2 = 0.8457; rp2 = 0.8389
Source SS df MS FValue  p-value SS df MS FValue  p-value
Model 3799617 9 42,218 10.82 0.0024  565610.6 9  62,845.62 1074213  0.0025
Lack of Fit 2607.6 3 869 0.14 0.9305  2337.216 3 779.072 0.0807 0.9671
Pure Error 24,713.9 4 6178 38,615.51 4 9653.877
Gla Iso
2 2 = 0.9739; rp2 = 0.9403; rp2 = 0.7444 2 = 0.9307; rp2 = 0.8415; rp2 = 0.6810
Source SS df MS F Value p-value SS df MS F Value p-value
Model 277.3 9 30811 29.01 <0.0001 17.23 9 1.915 10.44 0.0027
Lack of Fit 424 3 1.412 1.76 0.2926 0.27 3 0.09 0.36 0.7892
Pure Error 3.2 4 0.8 1.01 4 0.253
2

SS = Sum of Squares; df = degrees of freedom; MS = Mean Square. 1,2 = adjusted r%; rp? = predicted 2.
TP, TPy, Gla, Iso: concentration of total phenols, TP/X3 ratio, glabridin and isoliquiritigenin, respectively.

3.4. Validation of Optimal Extraction Conditions

Based on the experimental results and statistical analysis, numerical optimizations were conducted
in order to establish the optimum levels of independent variables (Table 4). As previously mentioned,
the most important extraction factor for majority of the investigated parameters was glycerol
concentration. It is well known that the extraction solvent greatly affects extraction efficiency.
In this work, the glycerol content needed for optimal extraction of specific phenolic compounds varied
according to the response. In general, TP were best extracted using moderate glycerol concentration,
as reflected in the maximized TP at 20%. Similar solvent composition was the most suited for extraction
of phenolics from grapefruit peels [6]. However, using a slightly higher percentage of ethanol
(30% instead of 20%) resulted in better usage of the crude drug, albeit with somewhat lower TP. Gla and
Iso, on the other hand, were most efficiently extracted using 85% glycerol. The extraction temperature
of 70°C was the best suited for all the desired responses, while the amount of drug needed for the
optimal extraction was, expectedly, lowest in the case of TPy. The selected conditions were applied for
the preparation of extracts with the desired properties. The predicted results matched well with the
experimental ones, with relatively low deviations from calculated values, indicating good suitability of
the selected models (Table 5).

Table 5. Predicted and observed values for the optimized extracts.

X1 X2 X3
Extract Measured Response Resppred Respms  RD (%)
%, wiw) (°C) (g)
TP-opt TP (ug/mL) 20 70 093 830.2 854.6 29
Tpy-opt TP (ug/mL) 30 70 07 734.8 791.6 7.7
Gla-Iso-opt Glabridin (ug/mL) 85 70 1 20.67 21.89 5.9
Gla-Iso-opt  Isoliquiritigenin (pug/mL) 85 70 1 6.51 6.23 -4.3

Xy = glycerol content, X; = temperature, X3 = weight of the plant material in 10 mL of solvent. Resppred/ms —
Predicted and measured response, respectively (units are as in the Measured response column). RD = Response
deviation, calculated as (Respms — Resppred)/Resppred X 100.

3.5. Chemical Composition of the Optimized Extracts

In order to test the hypothesis that the optimized extracts are potentially valuable cosmeceutical
ingredients, their biological activity was determined using several methods. In addition to that,
the prepared extracts were chemically characterized with respect to the main bioactive constituents
(Table 6). In accordance with licorice root chemical composition, the prepared extracts were relatively
rich in phenolics, especially flavonoids, with notable amounts of their most important representatives,
glabridin and isoliquiritigenin. However, the most prominent constituent of the extracts was the
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saponin glycyrrhizin, the main constituent of licorice root [15]. It was well dissolved in all the applied
solvents, and its concentration depended mostly on the weight of the drug used for the extraction
(Table 5).

Table 6. Chemical composition of the optimized extracts.

TP TF Gla Iso Glycyrrhizin
Extract
(ug/mL) (ng/mL) (ng/mL) (ug/mL) (mg/mL)
TP-opt 854.6 +42.7 6675+427 9.62+072  4.02+0.26 431+0.22
Tpy-opt 791.6+480 5214+89  838+0.17 3.51+0.18 420+0.17

Gla-Iso-opt 5354 +32.1 692 +324  21.89+1.09 6.23+0.16 4.67 +0.34

TP, TF, Gla, Iso: concentration of total phenols, total flavonoids, glabridin and isoliquiritigenin, respectively.

3.6. Antioxidant Activity of the Optimized Extracts

Antioxidant activity of the ingredients in cosmetic products is of utmost importance. Firstly,
the right antioxidant protects the product against oxidation that occurs during its storage and use [31].
Such influences include free radicals- or metal ions-induced peroxidation of polyunsaturated fatty
acids that natural cosmetics are especially rich in. For this reason, the presence of pro-oxidant Fe?* and
other ions may, in time, negatively impact not only quality but also safety of the product [32]. Finally,
functional cosmeceutical ingredients may have a more active role in such products. They also offer
protection against oxidative damage of skin macromolecules associated with the effects of free radicals
and UV radiation on the skin [33,34]. Thus, in this work, the influence of the prepared extracts on the
free radicals (as modeled by DPPH free radical), chelating activity on Fe?* ions, and the activity in
heat-induced unsaturated fatty acid degradation {3-carotene-linoleic acid system, were investigated.

Figure 2 depicts the results of the antioxidant assays performed in this work. Even though
the activity of the extracts may not be directly compared to the standard antioxidants due to the
fact that the activity is expressed in different measurements units (the activity of the extracts and
standards was expressed as pL/mL and pg/mL, respectively), it is interesting to note that the activity
of the extracts and the standards solutions was rather similarly pronounced in all the assays, except
for the (3-carotene-linoleic acid assay, where BHA was a notably stronger antioxidant (Figure 2a—c).
The activity of the individual extracts differed according to the assay. The prepared optimized extracts
were similarly efficient radical scavengers with ICsy values of approximately 10 pL of extract per mL of
solution. In addition, the extracts were able to efficiently chelate Fe>* ions. Among the extracts, TP-opt
was the most active ion chelator, followed by TPy-opt. Finally, the extracts inhibited thermally induced
degradation of the (3-carotene-linoleic acid system (Figure 2). TP-opt and TPy-opt also displayed the
strongest, and statistically equal, AACL activity. Comparable activity of TP-opt and TPy-opt indicates
that similar effects may be obtained with about 25% less crude drug, which is a finding important
from both economical and ecological points of view. In order to test if the solvent contributed to the
observed antioxidant activity, the solutions of glycerol, diluted in the same concentrations as it was
present in the solutions of the TP-opt, TPy-opt and Gla-Iso-opt at their ECs, was tested. However,
glycerol displayed no measurable activity in any of the applied antioxidant assays.
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Figure 2. Antiradical (a), chelating (b), and activity in 3-carotene-linoleic acid assay (c) and positive
controls BHA (butylated hydroxyanisole) and EDTA (ethylenediaminetetraacetic acid). Different
uppercase letters indicate statistical significance (p < 0.05). Asterisk (*) indicates that the ICsp unit is
placed on the right y-axis.

3.7. Enzyme Inhibiting and Anti-inflammatory Activity of the Optimized Extracts

The activity of the plant extracts in cosmetic products extends beyond simple hydration and
antioxidant protection. Therefore, in this work, tyrosinase and elastase inhibitory activity, as well as
anti-inflammatory activity against protein coagulation, were investigated. Melanin is a macromolecular
pigment that has a photoprotective function in human skin. However, the accumulation of an abnormal
amount of melanin in specific skin parts results in hyperpigmented areas and represents an esthetic
problem for the affected individual. Tyrosinase is the enzyme responsible for the first step of
melanogenesis by catalyzing tyrosine oxidation to dopaquinone. The remainder of the reaction
sequence proceeds spontaneously at a physiological pH value. Therefore, tyrosinase inhibitors block
melanogenesis and prevent hyperpigmentation of the skin [35]. Specific plant metabolite may protect
the skin macromolecules against enzymatic degradation. For example, skin aging and inflammation
induced by exposure to UV radiation or other environmental stressors are related to the reduction
of production of skin proteins and increased levels of elastase enzymes, which are responsible for
elastin breakdown [36]. This damage results in distinctive degenerative changes of the upper dermal
connective tissue [37]. Clinical trials confirm that the inhibition of elastase activity indicates the
important anti-aging potential of the natural product and other compounds that display it [38].
Skin inflammation can be defined as a skin response to injury, infection, or destruction, normally
characterized by heat, redness, pain, swelling or disturbed skin physiological functions [36]. One of the
characteristic and causes of inflammatory processes is the denaturation of tissue proteins. Therefore,
the suppression of protein denaturation hinders the development of inflammation-related skin changes,
which is another important aspect of anti-aging activity [27].

As presented in Figure 3, the investigated extracts were excellent tyrosinase and elastase inhibitors,
as well as anti-inflammatory agents. Similar to previously described antioxidant assays, the extracts
displayed a notable activity in all the assays relative to the positive controls. Keeping in mind
the well-established anti-tyrosinase activity of glabridin, the excellent activity of Gla-Iso-opt in this
assay was not surprising. However, the other extracts displayed statistically equal activity in this
assay. The anti-elastase activity of the Gla-Iso-opt extract, however, was much better pronounced and
statistically higher than the activity of the other extracts. Although all the investigated extracts were
able to inhibit heat-induced ovalbumin coagulation, the best anti-inflammatory activity was displayed
by the Gla-Iso-opt. It is interesting to note that, in accordance with previous findings [39], glycerol itself
has a role of an active solvent that prevents the denaturation of proteins such as collagen. Therefore,
the influence of glycerol on the heat-induced protein denaturation was also investigated. In order to
estimate the proportion of the glycerol activity in the overall activity of the extracts, glycerol was diluted
to the same concentration as present in the solutions of the respective extract at its ECsy. The activity
of glycerol, when tested in concentrations present in TP-opt, TPy-opt and Gla-Iso-opt extracts at their
ECs5g, was 4.69%, 8.53% and 23.07%, respectively. This means that, at the respective extract’s ECsg
(e.g., when the activity of the extracts was 50%), glycerol used for preparation of TP-opt only marginally
influenced the assay outcome (less than 10%), while glycerol in TPy provided approximately 20%
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of protection against protein denaturation. However, glycerol presence in the Gla-Iso-Opt extract,
which was prepared using 85% glycerol, accounted for 46% of the observed stabilization, while the rest
of the activity could be contributed to the specific compounds in the extract and/or their interaction
with glycerol. Even though glycerol, when tested at concentrations present at ECsg of the extracts in
the respective assays did not demonstrate any measurable elastase- or tyrosinase-inhibitory activity,
its ability to hinder protein denaturation furthers confirms that the benefits of glycerol extraction for
cosmeceutical production extend beyond its application as a green extraction solvent.

b c
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Figure 3. Tyrosinase (a) and elastase (b) inhibitory, and anti-inflammatory (c) activity of the extracts
and positive controls KA (kojic acid), UA (ursolic acid) and DF (diclofenac). Different uppercase letters
indicate statistical significance (p < 0.05). Asterisk (*) indicates that the ICs unit is placed on the right
y-axis.

4. Conclusions

Licorice root contains numerous bioactive natural products, many of which are potent
cosmeceutical ingredients. In this work, the UAE method for preparation of licorice root bioactive
extracts was optimized. The extraction was performed using mixtures of water with glycerol,
a biodegradable, safe, cosmetically active solvent. The prepared extracts displayed excellent radical
scavenging, Fe?* chelating, and antioxidant activity. In addition, tyrosinase and elastase inhibitory
activity of the extracts, as well as their anti-inflammatory activity, indicated excellent anti-aging
properties. Such attractive array of skin-related biological activities makes glycerolic licorice extracts
promising constituents of specialized cosmeceutical formulations.
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Abstract: Berberis vulgaris is rich in berberine, an isoquinoline alkaloid, with antidiabetic activity,
often used topically for skin-related problems. The aim of this work was to develop a “green” method
for berberine extraction using mixtures of water with glycerol, a non-toxic, environmentally-friendly
solvent. Response surface methodology based on Box-Behnken design was used to optimize the
experimental conditions for ultrasound-assisted extraction of berberine and anti-radical components
from B. vulgaris root bark. The independent variables were temperature (X;), glycerol concentration
(X2), and ultrasound power (X3), while the responses were berberine concentration and DPPH radical
scavenging activity of the extracts (RSA ICsp). The response values of the extracts prepared at
optimum conditions were (response, X1, Xy, X3): berberine yield (145.5 ug/mL; 80 °C, 50%, 144 W) and
RSA ICs (58.88 uL/mL; 80 °C, 30%, 720 W). The observed values deviated from the predicted values by
—3.45% and 6.42% for berberine and RSA ICs, respectively, thus indicating the validity of the selected
models. The prepared extracts demonstrated antioxidant, anti-melanogenic, and anti-inflammatory
activity, as well excellent x-glucosidase and «-amylase inhibitory activity. The displayed biological
properties and lack of glycerol toxicity makes the prepared extracts suitable for direct inclusion into
antidiabetic and dermatologic food supplements and topical products.

Keywords: berberine; Berberis vulgaris; green extraction; glycerol; response surface methodology

1. Introduction

Berberis vulgaris L., Berberidaceae, is a deciduous shrub with a long history of medicinal and
nutritional use in Europe, Asia, and America. While its fruit is mostly used as food, the root bark and
stems of B. vulgaris have medicinal properties due to berberine, an isoquinoline alkaloid, mostly present
in these organs [1]. Berberine and Berberis species display many pharmacological effects, including
antidiabetic, anti-inflammatory, antioxidant [2], antibacterial [3], and antifungal effects [4]. Berberine
is used in food supplements and dermatologic products. It is most commonly taken by mouth for
diabetes, high cholesterol, and high blood pressure, or applied directly to the skin to treat burns and
canker sores [5]. Although it is not suitable for use by children or during pregnancy and breastfeeding,
berberine is considered safe for short-term use by adults when taken by mouth or applied to the
skin [5].

Metabolic syndrome and type 2 diabetes are ailments that affect over 30-40% of the population older
than 65 [6]. They are characterized by insulin resistance, hyperglycemia, as well as by overproduction
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of reactive oxygen species and a constant state of enhanced oxidative stress [7]. High blood glucose
concentration in diabetes may cause polyol and hexosamine pathways, advanced glycation end-product
formation, activation of protein kinase C, mitochondrial dysfunction, and consequently reactive
oxygen species (ROS) accumulation. This leads to cellular damage and the development of diabetic
complications, such as neuropathy, nephropathy, and retinopathy, as well as liver damage [7,8].
Berberine is well known for its anti-diabetic effects. For example, berberine lowers blood-glucose
concentrations in healthy and diabetic people, and improves insulin secretion in healthy individuals [9].
In addition to this, it may reduce fasting and postprandial blood glucose, food, and water intake, as
well as enhance antidiabetic effects of other drugs such as canagliflozin [10].

In addition to anti-diabetic activity, berberine has many properties that may be utilized for the
development of cosmeceutical products. The word “cosmeceutical” is a marketing term often used in
lay language to denote a topical product that possesses both cosmetic and dermatologic characteristics.
In addition to hydrating properties, such products may display other activities, such as antioxidant,
anti-wrinkle, skin-whitening, and anti-inflammatory activity among others. Among cosmeceuticals,
the products that are derived from natural sources such as plants, are in special demand, not only
because of the consumers’ preferences for natural skin-care, but also because of their numerous
beneficial effects on human skin [11]. The documented antioxidant [2] and anti-inflammatory activity
of barberry extracts and berberine [12], as well as its notable anti-wrinkle properties [13] make them
suitable for inclusion in cosmeceutical products.

In order to incorporate berberine and other bioactive plants principles into the final products
they need to be extracted from crude plant material. Ultrasound-assisted extraction (UAE) is an
inexpensive and simple extraction technique, appropriate for extraction in solid/liquid systems. UAE
is characterized by relatively high reproducibility, short time of extraction, low solvent consumption,
as well as low extraction temperature and energy input. Among the numerous factors that may
influence the efficiency of UAE, solvent type selection has been recognized as the most important.
An efficient UAE process should maximize the recovery of target compounds with minimal degradation,
resulting in an extract with high biological activity. Ideally, this should be accomplished using “green”
environmentally friendly technologies and low-cost raw materials and solvents [14]. Because of
its wide availability and lack of toxicity, water is the most appropriate solvent for the extraction of
medicinal plants’ bioactive principles. It is often combined with ethanol to make it suitable for the
extraction of non-polar bioactive molecules from plant material. However, in spite of its natural origin,
the use of ethanol is limited by its flammability and skin-irritability. Furthermore, internal use of
ethanol is not appropriate for children and members of certain religions. One of the solvents that could
effectively replace ethanol for preparation of cosmetic products and food supplements is glycerol,
a non-toxic, biodegradable liquid manufactured from renewable sources [15]. These characteristics
make the extracts prepared using glycerol appropriate for the direct application in the formulation of
the desired product, without the need for solvent removal. Interestingly, as opposed to optimization
of ethanolic extraction, glycerol use for extraction of natural products is still under-researched. Few
examples include the use of glycerol for extraction of polyphenolic antioxidants from two Artemisia
species [16], olive (Olea europaea) leaves [17], and rice bran [18].

Seemingly similar extraction procedures can significantly affect the yield and the composition of
plant extracts. Response surface methodology (RSM) is a statistical model-based methodology that
determines the relationship between the extraction condition and one or more studied responses, thus
decreasing the required time and cost of the experiments [19]. The aim of this work was to perform
a comprehensive investigation of the influence of the extraction variables: temperature, glycerol
concentration, and ultrasonication power (USP) on berberine content and radical scavenging activity
(RSA) of B. vulgaris extracts using RSM. An additional goal was to test the biological activity of the
prepared extracts using selected assays. Even though berberine can exert numerous beneficial effects
on the human organism, its low oral bioavailability greatly limits its clinical application [20]. However,
during the topical or oral application, the bioactive ingredients of B. vulgaris extracts may come into
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direct contact with skin or digestive tract enzymes, respectively. Therefore, in this work, the biological
activity of B. vulgaris extracts was tested, targeting the activities relevant to cosmeceutical and digestive
tract-related anti-diabetic applications.

2. Results

2.1. Response Surface Analysis of Berberine and RSA

UAE was employed to prepare B. vulgaris root bark extracts with high berberine content, as well as
low RSA ICsg value. The independent variables selected for optimization were extraction temperature,
concentration of glycerol in water, and USP. The research was carried out according to a three-factor
Box-Behnken design (BBD) (Table 1). Preliminary experiments showed that water/glycerol mixtures
are more suitable for B. vulgaris extraction than either pure water or glycerol. Therefore, 10-90%
solutions of glycerol in water were used for the extraction in this work. Other extraction parameters
were selected according to the maximum and minimum specifications of the ultrasonication bath.

Table 1. Independent variables and their levels for Box-Behnken design.

Levels
Independent Variables Code
-1 0 1
Temperature °C X1 20 50 80
Glycerol concentration (%, w/w) X2 10 50 920

Ultrasonication power (USP) (W) X3 144 432 720

Table 2 shows the process variables and experimental data of 17 runs. The amount of extracted
berberine greatly differed among extracts (Table 2). For example, run 13 contained only 32.46 ug/mL of
berberine while run 17 contained as much as 146.65 ug/mL of the alkaloid. The radical scavenging
activity of the extracts, investigated using 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radicals, also
varied significantly. In the presented work, RSA ICsj values of B. vulgaris extracts ranged between
55.35 uL/mL and 262.95 uL/mL. Butylated hydroxyanisole (BHA), used as the positive control in this
assay, presented an RSA ICs of 5.13 + 0.18 pug/mL. Even though the results are not directly comparable
because of different units, this indicates rather modest radical scavenging abilities of the extracts.

Table 2. The Box—Behnken design and results of experiments.

Run  Standard z(l ) Xz X3 Berberine RSA ICs

(@) (%, wfw) W) pg/mL uL/mL
1 1 20 10 432 57.11 108.73
2 15 50 50 432 75.06 103.47
3 9 50 10 144 84.58 134.14
4 16 50 50 432 69.00 90.84
5 14 50 50 432 83.33 83.79
6 4 80 90 432 89.79 74.37
7 10 50 90 144 68.53 128.59
8 12 50 90 720 59.98 113.51
9 5 20 50 144 69.27 98.35
10 17 50 50 432 84.28 83.63
11 2 80 10 432 111.03 72.98
12 13 50 50 432 72.56 86.46
13 3 20 90 432 32.46 262.95
14 8 80 50 720 120.8 55.35
15 7 20 50 720 95.58 87.74
16 11 50 10 720 69.62 72.59
17 6 80 50 144 146.65 78.86

Xj = temperature, X, = glycerol content, X3 = ultrasonication power; RSA = radical scavenging activity.
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By applying multiple regression analysis on the experimental data, it was found that the
relationship between the response variables and the independent variables can best be expressed by
the quadratic polynomial equations. In order to achieve a better fit and thus observe the influence
of the extraction conditions on RSA more clearly, the data were transformed using negative power
(Table 3).

Table 3. Polynomial equations of the models in terms of coded factors.

The Equation Coefficients: a X X12 + b X Xo? + ¢ X X32 + d X X3 X Xo + e X X1 X Xz + f X Xo X X3 +
gxX1+hxXog+ixXXz+j

a b c d e f g h i j
Berberine (ug/mL) 16.57* -20.82* 14.65* 085 -13.04* 1.60 26.73* -8.95* -2.88 76.85

Response Unit

ICRS_AUS (mL/mL) 0.089 * -0.12* 0.039 0.045 0.081* —0.074* 0.16 * -0.061* 0.11* 0.36
50
Xj = temperature (°C), X, = glycerol content (%, m/m), X3 = ultrasonication power (W). * = the significant equation
terms (p < 0.05).

In order to enable visualization of the interactions between the independent and independent
variables, the results are also presented as response surface plots. Figure 1 shows the surface plots of the
influence of investigated UAE parameters on the berberine content (Figure 1a) and RSA ICs (Figure 1b).
From the plots and from Table 3, it is evident that the independent variables influenced the extraction in
different manner. For example, temperature positively influenced the berberine concentration and RSA
ICs50~178 value both as linear and quadratic factors. This means that both berberine and the substances
responsible for radical scavenging activity are better extracted at higher temperature. However, the
combination of strong ultrasound and high temperature seemed to affect the berberine concentration
negatively, while the effect on RSA IC5y~178
before quadratic and linear glycerol concentration, both berberine and substances with antiradical
properties are better extracted using medium to low glycerol content. On the other hand, USP alone
enhanced both berberine extraction efficiency (as quadratic factor) and RSA ICs507178 (as quadratic and
linear factors).

The analysis of variance (ANOVA) for the selected models (Table 4) has shown that the models are
suitable for the description of the relationship of dependent and independent variables. The F-values
of the models were higher than 26, while the p-values were lower than 0.0001. This indicates that
both models are significant and that they were suitable for optimization of the extraction variables.
Lack-of-fit test in both models was statistically insignificant relative to the pure error, meaning that the
fitting model is adequate to describe the experimental data. The determination coefficients for both
responses were relatively high (12 > 0.97) showing good predictability of the results by the selected
models. The adjusted and predicted > for both models were rather high and in good agreement.
This further confirms the suitability of the models for the description of experimental data (Table 4).

remained positive. As evidenced by negative coefficients
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Figure 1. Response surface plots: influence of pairs independent variables on (a) berberine yield, and
(b) radical scavenging activity (RSA ICsg).

Table 4. Analysis of variance (ANOVA) for the fitted quadratic polynomial model for optimization of
extraction parameters.

Berberine RSA (ICsp)
2 = 0.9720; r,g;> = 0.9359; rp,> = 0.7850 12 = 0.9740; r,g;> = 0.9406; rp,> = 0.9034
Source SS df MS F-Value  p-Value SS df MS F-Value  p-Value
Model 10834.44 9 120383  26.957 0.0001 435x1077 9  484x1078 29.17 <0.0001
Lack of fit 132178 3 44.06 0.977 0.4870 1.74x10° 3 579x10% 0.23 0.8683
Pureerror 180436 4 45.11 9.87x10™° 4  247x107°

radjz = adjusted %; rprz = predicted 12; RSA = radical scavenging activity; SS = sum of squares; df = degrees of
freedom; MS = mean square.

2.2. Optimization of Extraction Parameters and Model Validation

The aim of this study was to maximize the berberine extraction yield, as well as to minimize
the RSA ICs of the B. vulgaris extracts. In order to establish the optimum levels of the independent
variables, numerical optimizations have been conducted based on the experimental results and the
statistical analysis. Two extracts, one with maximized berberin content (B-opt) and the other with
minimized RSA ICsy value (RSA-opt) were prepared. Optimal extraction conditions and the predicted
values of corresponding responses are presented in Table 5. As expected from the polynomial equations,
high temperature beneficially affected both berberine concentration and RSA. Somewhat higher glycerol



Molecules 2019, 24, 3613 60of 17

content and lower USP was needed for optimal berberine yield in comparison to those needed for
optimal RSA of the extracts.

Table 5. Predicted and observed values for the optimized response variables.

Extract Optimized Aim of the X1 Xa X3 . o

Name Response Optimization °C % W Predicted Observed RD (%)

B-opt Berberine (ug/mL) maximized 80 50 144 150.7 145.5 -3.45
RSA-opt  RSA ICs5p (uL/mL) minimized 80 30 720 55.33 58.88 6.42

X; = temperature, X, = glycerol content, X3 = ultrasonication power; RD = response deviation, calculated as
(observed — predicted)/predicted x 100.

Berberine content and RSA ICs value were determined in both extracts. In addition to the values
presented in Table 5, B-opt had an RSA ICsg value of 77.37 uL/mL, while the berberine content in
RSA-opt was 116.9 ug/mL.

2.3. Antioxidant Activity of the Extracts

RSA, chelating activity on Fe?* ions, and the activity in heat-induced degradation of
[3-carotene-linoleic acid system were investigated (Figure 2). It is important to note that the activity
of the extracts may not be directly compared to the standard antioxidants due to the fact that the
activity was expressed in different measurements units (the activity of the extracts and standards were
expressed as pL/mL and pg/mL, respectively). However, for comparison purposes, it is possible to
regard the activity of the standards as volume equivalents of 1 mg/mL solutions.
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Figure 2. Antioxidant activity of the extracts and positive controls—BHA (butylated hydroxyanisole)
and EDTA (ethylenediaminetetraacetic acid): (a) antiradical activity, (b) chelating activity, and (c) the
activity in 3-carotene-linoleic acid assay. Different uppercase letters indicate statistical significance
(p < 0.05). Asterisks (*) indicate that the ICsy unit is placed on the right y-axis.

The data presented in Figure 2 indicate mild to moderate antioxidant activity of the extracts in
comparison to the standards. Expectedly, RSA-opt was a stronger radical scavenger, while a somewhat
lower level of scavenging activity is demonstrated by B-opt (Figure 2a). Similarly, RSA-opt was better
capable of hindering oxidation of linoleic acid in a 3-carotene-linoleic acid assay (Figure 2c), while the
capability of the extracts to chelate Fe?* ions was statistically equal (Figure 2b).

2.4. Tyrosinase-, Lipoxygenase-, and Coagulation-Inhibiting Activity

The cosmeceutical potential of the prepared extracts was investigated by studying their tyrosinase-
and lipoxygenase (LOX)-inhibiting properties. Furthermore, the ability to inhibit heat-induced protein
coagulation was also investigated. Both extracts were active in the performed assays but to varying
degrees (Figure 3).
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Figure 3. Cosmeceutical activity of the extracts and positive controls—kojic acid (KA),

nordihydroguaiaretic acid (NDGA), and diclofenac (DF): (a) tyrosinase-inhibiting activity,
(b) lipoxygenase (LOX)-inhibiting activity, and (c) coagulation-inhibiting activity. Different uppercase
letters indicate statistical significance (p < 0.05). Asterisks (*) indicate that the IC5( unit is placed on the
right y-axis.

Although the extracts displayed some level of anti-tyrosinase activity, their activity was rather
low in comparison to kojic acid, the standard skin-whitening substance (Figure 3a). It may also be
noted that the RSA-opt was significantly more active than B-opt in this assay. Furthermore, RSA-opt
was a stronger LOX inhibitor than B-opt. Its activity was relatively close to the activity of 1 mg/mL
nordihydroguaiaretic acid (NDGA) solution (Figure 3b). Even though both extracts were weaker
inhibitors of heat-induced protein coagulation compared with diclofenac, B-opt displayed stronger
activity than RSA-opt in this assay (Figure 3a).

2.5. a-Glucosidase- and o-Amylase-Inhibiting Activity

The anti-diabetic potential of the extracts was investigated by studying their potential to inhibit
two enzymes involved in carbohydrate digestion: a-glucosidase and o-amylase. The extracts displayed
a similar and rather notable inhibition of these two enzymes (Figure 4).
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Figure 4. Antidiabetic activity of the extracts and positive control acarbose (Acb):

(a) x-glucosidase-inhibiting activity and (b) x-amylase-inhibiting activity. Different uppercase letters
indicate statistical significance (p < 0.05). Asterisks (*) indicate that the IC5y unit is placed on the
right y-axis.

The tested extracts were equally able to impair «-glucosidase activity. Interestingly, their activity
was even higher than the activity of 1 mg/mL acarbose solution (Figure 4a). Similarly, the extracts
were rather strong a-amylase inhibitors. The ICs5q values of the extracts amounted to approximately
one-half and one-third of the ICsy value of the acarbose solution in x-glucosidase and x-amylase
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assays, respectively. Although the activities of the extracts were rather similar, RSA-opt displayed
slightly better inhibiting properties in the x-amylase assay.

3. Discussion

3.1. Response Surface Analysis and Optimization of Extraction Parameters

Berberis vulgaris root bark is a rich source of berberine, an isoquinoline alkaloid, with various
beneficial health-related properties [3]. In this work, a “green” UAE extraction of bioactive principles
from B. vulgaris root bark was optimized using RSM. Since this work was directed at the preparation of
extracts suitable for direct use in cosmeceutical products and anti-diabetic food supplements, mixtures
of water with glycerol, a non-toxic and environmentally friendly liquid of natural origin with humectant
properties and a very low glycemic index, was chosen as the extraction solvent.

The extraction conditions for bioactive natural products must be carefully selected to ensure that
the prepared extracts have the desired characteristics [21]. In order to achieve this, various RSM models
are used. In this work, BBD was successfully applied for the optimization of berberine and antiradical
compound extraction from B. vulgaris root bark. The first of the two optimized parameters, berberine
concentration, was chosen because berberine is the most important and well-known constituent of
B. vulgaris root. Most of the observed bioactivity of this herbal drug is attributed specifically to its
berberine content [2,5]. The other dependent variable, the antioxidant activity of the extracts, was
selected because it is important for both potential antidiabetic and cosmeceutical activity, as will be
discussed later. Various phytochemicals present in B. vulgaris and other medicinal plants may display
antioxidant activity. When investigating extraction with solvents of changing polarity, it is possible that
one group of substances is the main responsible for the activity in predominantly hydrophilic extracts
and the other in hydrophobic extracts. Therefore, the activity is not necessarily directly correlated
either with the concentration of one antioxidant or even the sum of all antioxidants present in the
solution (e.g., in case of synergism). Thus, instead of quantifying various phytochemicals, the target
activity itself was determined and optimized. Among the many assays described in the literature,
DPPH assay was selected as a simple, reliable and straightforward test, suitable for determination
of antiradical activity of a large number of natural extracts in relatively short time. In spite of some
limitations, these characteristics render the DPPH assay one of the most commonly used models for
the determination of antioxidant activity in the scientific literature today [22].

While UAE may greatly improve the yield of the extraction in comparison to classical techniques
such as maceration, it may also affect the composition and the biological activity of the prepared
extracts, especially if target compounds are sensitive to degradation. It has been previously noted that
the UAE extraction conditions strongly influence the biological activity of the extracts from different
Berberis sp., such as in the antitumor activity of B. amurensis extracts [23].

In this work, high temperature positively affected the berberine content of the extracts. Similar
to this, USP also positively influenced berberine concentration, while the influence of glycerol
concentration was predominantly negative. While this is the first detailed analysis of the USP effect
on berberine concentration, the positive influence of high temperature was previously recorded for
ethanolic UAE of Rhizoma Coptidis [24]. High temperature and USP may improve the extraction
process by reducing the viscosity of the solvent and increasing the kinetic energy of the molecules in
the solutions. In addition to this, higher USP induces more damage to cell walls, thus releasing more
intracellular components which can then partition into the extracting solvent [25]. It is interesting
to note that, in this work, the combination of high USP and high temperature acted detrimentally
on berberine concentration. The observed reduction of berberine concentration may be attributed
to its degradation caused by hydroxyl radicals [26] whose production is initiated by ultrasonication,
especially at high temperatures [27].

The negative influence of glycerol concentration on extraction of antiradical principles of B.
vulgaris indicates relatively high polarity of the substances responsible for radical scavenging effects of
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the extracts. Temperature, USP, and their interaction, on the other hand, positively affected RSA of the
extracts. Even though there are no specific studies investigating influence of those parameters on RSA of
B. vulgaris, some reports show that low USP [28] or temperature [29] are beneficial for DPPH antiradical
activity of plant extracts, while others demonstrate that the moderate-to-high temperature [30] or
USP [31] may beneficially affect RSA. This is not surprising, as numerous plant components with
different physicochemical properties may display RSA, and extraction conditions are do not influence
all of them in the same manner. The overall positive influence of temperature and USP on RSA found
in this work thus indicates good thermal and chemical stability of the radical scavengers present in
the extracts. It is important to note that, even though berberine shows some degree of antiradical
activity [32], the RSA ICs of the extracts in this work was not in correlation with berberine content.
This means that, besides berberine, other phytochemicals also contribute to the observed antiradical
effects, as discussed below.

3.2. Antioxidant Activity of the Extracts

Antioxidant activity is a very important characteristic for the proper storage and function of
cosmeticeutical products and anti-diabetic food supplements. Antioxidants may protect the product
against the oxidation that occurs during its storage and use. Free radical or metal ions may induce
peroxidation of polyunsaturated fatty acids in liquid and semi-solid dosage forms, thus impacting
not only the quality but also the safety of the product [33]. In addition to this, antioxidant functional
ingredients may have a more active role in such products. For example, antioxidants in topical
products may offer protection against oxidative damage of skin macromolecules associated with
the effects of free radicals and UV radiation [34]. Antioxidants have a very important role in the
prevention and treatment of type 2 diabetes. It is well known that chronic exposure to high glucose
concentration, as is the case in diabetes, depletes the levels of endogenous antioxidants and produces
oxidative stress in various tissues. This may trigger irreversible damage of the affected cells, ultimately
leading to apoptosis. Natural metabolites and extracts may prevent oxidative changes, normalize
the concentration of intracellular antioxidants, and thus prevent or even reverse cell damage in vivo
and in vitro [35]. The relatively modest antioxidant activity of the extracts observed in this work was
not surprising. Some studies have demonstrated good RSA, chelating activities, and other types of
antioxidant activity of B. vulgaris fruit [36] and leaves [37,38]. However, the activity of B. vulgaris root,
although measurable, was always significantly lower than the activity of controls, such as ascorbic
acid [39,40]. Previous studies have shown that the phenolics substances [37] (e.g., cannabisin G and
(+)-lyoniresinol [41]) are the main substances responsible for RSA activity of the B. vulgaris root bark
extracts. Furthermore, it was found that polysaccharides are the important radical scavengers in B.
dasystachya [42]. In addition to this, berberine also displays some degree of DPPH radical scavenging
and iron chelating activity. However the same work also reports that the activity in both assays was
much lower than the activity of the used standard, ascorbic acid [32]. Although determining the exact
structures and quantities of the substances responsible for the observed in vitro activity is outside of
scope of this research, it was most likely that numerous antiradical compounds contributed to the
observed RSA. This may have included berberine together with other phytochemicals present in the
root bark, such as various phenolics and polysaccharides. Although the antioxidant activity of the
extracts in the performed assays was rather modest, it still positively contributes to their potential use
in various food supplements and cosmeceutical products.

3.3. Tyrosinase-, Lipoxygenase-, and Coagulation-Inhibiting Activity

Besides simple hydration and antioxidant protection, cosmeceutical products should also display
other biological properties beneficial for skin. Previous research has shown that berberine and the
plants and formulations that contain berberine may have an anti-inflammatory effect. Berberine
can suppress the release of interleukins in the eosinophil culture and decrease the expression of
tyrosinase [43]. In order to further assess the cosmeceutical potential of the prepared extracts,
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anti-tyrosinase and anti-LOX, as well as anti-inflammatory activity against protein coagulation,
were investigated. Tyrosinase inhibitors block melanogenesis by inhibiting tyrosine oxidation to
dopaquinone, thus preventing hyperpigmentation of the skin. They are used in treatment of skin
discolorations, such as in the treatment of melasma or lentigo solaris [44]. Anti-inflammatory activity
is also important for cosmeceutical products. Skin inflammation can be defined as the skin response
to an injury, infection, or destruction. It is usually characterized by heat, redness, pain, swelling, or
disturbed skin physiological functions. Many dermatologic diseases, such as atopic dermatitis or acne
vulgaris, are characterized by inflammatory processes [45]. In this work, anti-inflammatory potential
of the extracts was investigated using two assays. The first was the LOX-inhibition assay. LOX is
the enzyme involved in arachidonic acid metabolism and the release of various pro-inflammatory
eicosanoid substances, such as leukotrienes and lipoxins. LOX plays an important role in the elicitation
of skin inflammation and mediates the inflammatory events that are developed as a result of various
environmental factors, such as ultraviolet radiation, inflammation mediators, and allergens [46].
The second assay was the inhibition of protein coagulation. Denaturation of tissue proteins is one of the
characteristics that causes inflammatory processes. Therefore, the suppression of protein denaturation
hinders the development of inflammation-related skin changes, which is another important aspect
of anti-aging activity [47]. While the direct tyrosinase-inhibiting and anti-inflammatory activity of B.
vulgaris was not investigated before, the standardized B. aristata extracts were mixed-type tyrosinase
inhibitors [48]. In addition to this, berberine from the antipsoriatic plant Mahonia aquifolium displayed
only a very weak anti-LOX activity [49]. The extracts prepared in this study were active in all the
applied assays. Their ability to inhibit the melanogenesis and inflammatory changes caused by LOX
activity and protein coagulation makes the extracts potentially good candidates for inclusion into
cosmeceutical products.

3.4. a-Glucosidase- and a-Amylase-Inhibiting Activity

Antidiabetic activity of plant extracts may be related to their influence on the enzymes that
participate in polysaccharide digestion, thus impairing their degradation to glucose and other
monosaccharides. The enzyme x-amylase is secreted in saliva and pancreatic juice. It catalyzes
the hydrolysis of starch to a mixture of smaller oligosaccharides, which are then degraded to
glucose by a-glucosidase, an enzyme located in the mucosal brush border of the small intestine.
Therefore x-amylase and «-glucosidase inhibitors of natural origin can be of importance in the
development of drug leads intended for the treatment of diabetes, obesity, and hyperlipemia.
In accordance with some previous findings obtained using ethanolic [50] and methanolic [51] B.
vulgaris extracts, the extracts used in this study demonstrated excellent inhibition of «-glucosidase and
a-amylase. An increasing number of studies have shown that berberine significantly accumulates in
the intestines [52]. Therefore a-glucosidase and «x-amylase inhibitory activity of glycerol and other B.
vulgaris extracts can certainly contribute to well-established antidiabetic properties of berberine and
plants that contain it.

4. Materials and Methods

4.1. Plant Materials and Chemicals

Root bark of Berberis vulgaris was a gift from Suban (Samobor, Croatia). Berberine chloride
(298.5%), BHA (298.5%), kojic acid, diclofenac, x-glucosidase, x-amylase, LOX, and tyrosinase were
purchased from Sigma-Aldrich (St.Louis, MO, USA), while soybean LOX was from purchased from
TCI chemicals (Tokyo, Japan). Acetonitrile was of HPLC grade. Other reagents and chemicals were of
analytical grade.
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4.2. Preparation of Extracts

Prior to the extraction, plant material was grinded and passed through a sieve of 850 um mesh
size. Powdered plant material (0.2 g) was suspended with 10 mL of the appropriate solvent in a
50 mL Erlenmeyer flask. The extraction was performed in an ultrasonic bath (Bandelin SONOREX
Digital 10 P DK 156 BP, Berlin, Germany) at 35 Hz suitable USP. The bath was temperature-controlled.
The extraction conditions were chosen according to the Box-Behnken design (Tables 1 and 2). Upon the
extraction, the mixture was filtered using folded filter papers S&S 589/1 1/2 (Schleicher & Schuell,
Keene, NH, USA). All the extracts were stored at +4 °C in the dark until use.

4.3. Experimental Design

Design Expert software version 8.0.6 (Stat-Ease, Minneapolis, MN, USA) was employed for the
regression analysis and the optimization of the results. A three-level-three-factor BBD was employed to
determine the best combination of independent extraction variables for the selected dependent variables.
The coded values for design parameters (dependent variables) were chosen as presented in Table 1.
Berberine concentration (Y;) and RSA ICs; (Y,) were selected as the responses (Table 2). Experimental
data were fitted to a quadratic polynomial model, as described by the quadratic Equation (1):

k k k-1 k
Y=Ag+ Y AXi+ Y A+ Y x Y AKX )
i=1 i=1 i=1 j=1+1

where Y is the dependent variable; Ay, A;, Aj;, and Ai]- are the regression coefficients for the intercept,
linearity, square, and interaction, respectively; X; and Xj are the independent variables.

4.4. Berberine Quantification

Berberine was quantified using an HPLC instrument (Agilent 1200 series, Agilent Technologies,
USA) equipped with a diode array detector (DAD) and Zorbax Eclipse XDB C18 column (5 pm,
250 mm X 4.6 mm, Agilent Technologies, Santa Clara, CA, USA). The injection volume was 20 pL.
Before the injections, the solutions of the standard (0.2 mg/mL solution of berberine) and the extracts
were filtered through a 0.45 um PTFE-syringe filter. Triethylamine-adjusted 0.02 mol/L H3PO4 (pH 4.82)
with 25% acetonitrile was chosen as the mobile phase. The flow-rate was 1.0 mL/min. The peaks were
observed and quantified at 254 nm. The peak assignment and identification was based on a comparison
of retention times and the spectra of peaks in the sample chromatogram with those of the standard.
Berberine was quantified according to its respective standard calibration curve. The calibration curve
was plotted as area under curve (AUC) of berberine peak (y, arbitrary units) against the weight
of berberine in the sample (x, ug). Limit of detection (LD) and limit of quantification (LQ) were
determined according to [53]. LD and LQ were 0.0186 pg, 0.0564 ug, respectively, while the calibration
curve is presented in Equation (2):

y = 2834.4x + 22.08 (2 = 0.9999) )

4.5. Free Radical Scavenging Activity

RSA was evaluated as described by Fumic¢ et al. [30]. Methanolic solution of DPPH (70 uL,
0.21 mg/mL) was added to 130 puL of either the methanolic solution of the extract (sample) or methanol
(negative control). After 30 min in the dark at room temperature, the absorbance was read at 545 nm
using microplate reader (Stat Fax 3200, Awareness Technologies, Palm City, FL, USA). RSA was
calculated according to Equation (3):

A -A
RSA ((Vo) _ control sample %100 3)
Acontrol
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where Aot is the absorbance of the negative control and Asample 18 the absorbance of the DPPH
solution containing extract. Concentration of the extract, which scavenged 50% of DPPH free radicals
present in the solution (RSA ICsg), was calculated and expressed as pL of extract/mL of solution
(uL/mL). BHA was used as the standard radical scavenger.

4.6. Fe** Chelating Activity

The chelating activity (ChA) of the investigated substances toward ferrous ions was studied, as
described by Bljaji¢ et al. [8]. To the solution of the extract in methanol (150 puL), 0.25 mM of FeCl,
solution (50 L) was added. After 5 min, 100 uL of 1.0 mM ferrozine solution was applied. Absorbance
at 545 nm was recorded after 10 min. Reaction mixture containing methanol (150 uL), instead of the
extract, served as a negative control. ChA was calculated using Equation (4):

ChA (0/0) _ Acontrol — Asample %100 (4)
Acontrol
where Acpiror is the absorbance of the negative control and Aggypie is the absorbance of the respective
extract. Concentration of the extract, which chelated 50% of Fe?" present in the solution (ChA ICs),
was calculated and expressed as pL of extract/mL of solution (uL/mL). Ethylenediaminetetraacetic acid
(EDTA) was used as the chelating standard.

4.7. Antioxidant Activity in p-Carotene-Linoleic Acid Assay

Antioxidant activity in [-carotene-linoleic acid assay (AOA) was evaluated using the
-carotene-linoleic acid system according to modified literature procedure published by Raji¢ et al. [54].
Aliquots (200 pL) of the emulsion containing 3-carotene (6.7 pg/mL), linoleic acid (0.7 mg/mL), and
Tween 40 (6.7 mg/mL) were added either to water (50 uL) (control) or to the solutions of the extract in
methanol (50 pL). The reaction mixture was incubated at 50 °C. The antioxidant activity in 3-carotene
linoleic acid assay (AACL) was calculated based on the absorbance recorded after 60 min using
Equation (5):

Asumple

AACL (%) = x 100 ®)

control
where Agonror and Aggmple are the absorbances of the water control and the antioxidant, respectively.
Concentration of the extract, which protected 50% [3-carotene present in the solution (AACL ICs),
was calculated and expressed as pL of extract/mL of solution (uL/mL). BHA was used as the
standard antioxidant.

4.8. Tyrosinase Inhibitory Activity

Tyrosinase inhibition activity of the extracts was determined following the method described by
Masuda et al. [55] with minor modifications. In 80 pL extract solution or water (negative control),
40 puL of mushroom tyrosinase solution (in 16 mM, pH 6, 8 phosphate buffer) was added. The solution
was incubated in the dark at 25 °C. After 10 min, 80 pL of 3,4-dihydroxy-L-phenylalanine (L-DOPA)
solution (0.19 mg/mL in phosphate buffer) was added. After the additional 10 min, the absorbance at
492 nm was measured. The negative control contained buffer instead of the extract solution. Tyrosinase
inhibitory activity (TyInh) was calculated as described in Equation (6):

Tylnh (0/0) _ Acontrol Asample %100 ©)
Acontrol
where Acoptror is the absorbance of the negative control and Aggypie is the absorbance of the respective
extract. Concentration of the extract, which inhibited 50% of tyrosinase activity (Tylnh ICsg), was
calculated and expressed as puL of extract/mL of solution (uL/mL). Kojic acid was used as the
standard inhibitor.
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4.9. Lipoxygenase Inhibitory Activity

LOX inhibitory activity was determined spectrophotometrically [56]. A volume of 50 uL of
different concentrations of extracts or water (negative control) was mixed with 150 uL phosphate buffer
(pH 8, 100 uM) and 20 pL of soybean LOX solution. Finally, 30 uL of linoleic acid was added to initiate
a reaction. The mixtureas incubated at 25 °C for 10 min and the absorbance was determined at 234 nm.
LOX inhibitory activity (LOXInh) was calculated as presented in Equation (7):

LOXInh (%) — “acontrol ~ Asamle _ @)
Acontrol
where Aoniror is the absorbance of the negative control and Aggype is the absorbance of the respective
extract. Concentration of the extract, which inhibited 50% of LOX activity (LOXInh ICs), was calculated
and expressed as pL of extract/mL of solution (uL/mL). Nordihydroguaiaretic acid (NDGA) was used
as a positive control.

4.10. Anti-Inflammatory Activity

Anti-inflammatory activity was evaluated using the heat-induced ovalbumin coagulation
method [47]. The reaction mixture consisted of 0.4 mL of ovalbumin solution (50% fresh hen’s
albumen), 2.8 mL of phosphate buffered saline (pH 6.4), and 2 mL of the extract solution or water
(negative control). The mixtures were incubated at 37 °C for 15 min and then heated at 70 °C for
5 min. After cooling, their absorbance was recorded at 660 nm. The percentage inhibition of ovalbumin
denaturation (OvInh) was calculated by using the following Equation (8):

Ovlnh (%) = Acontrol — Asample 109 ®)
Acontrol
where Acpiror is the absorbance of the negative control and Asgypie is the absorbance of the respective
extract. Concentration of the extract, which inhibits 50% of the ovalbumin coagulation (OvInh ICs),
was calculated and expressed as pL of extract/mL of solution (uL/mL). Diclofenac sodium was used as
the standard inhibitor.

4.11. a-Glucosidase Inhibition Assay

Inhibition of a-glucosidase was determined spectrophotometrically [8] with slight modification.
In brief, 20 puL of test samples or water (negative control) were incubated with 50 pL of a-glucosidase
from Saccharomyces cerevisiae (0.2 U/mL dissolved in 0.1 M phosphate buffer, pH 6.8) for 10 min at 37 °C.
Afterwards, 50 uL substrate (1 mM p-nitrophenyl-a-D-glucopyranoside prepared in same buffer) was
added to the reaction mixture and the release of p-nitrophenol was measured at 405 nm after 5 min of
incubation. Percentage of a-glucosidase inhibition (Agllnh) was calculated as follows, according to
Equation (9):

control — Asample

A
Agll?’lh (0/0) = A—tl x 100 (9)
CONtLro

where Agoniror is the absorbance of the negative control and Asgypie is the absorbance of the reaction
mixture containing extracts. Concentration of the extract, which inhibited 50% a-glucosidase activity
(AglInh ICsp), was calculated and expressed as pL of extract/mL of solution (uL/mL). Standard reference
acarbose was used.

4.12. a-Amylase Inhibition Assay

The assay was performed according to Apostolidis et al. [57]. Extracts (0.5 mL) at different
concentrations, or water (negative control), and 0.5 mL of 20 mM phosphate buffer (pH 6.9) containing
a-amylase from porcine pancreas (0.8 U/mL) were preincubated at 25 °C for 10 min. This was followed
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by the addition of 0.5 mL soluble starch (0.5% solution in the same buffer). The reaction mixtures were
incubated at 25 °C for 10 min and then the reaction was stopped with 1 mL of 96 mM 3.5-dinitrosalicylic
acid color reagent. Afterwards, the test tubes were incubated in a boiling water bath for 5 min and
cooled to room temperature. The reaction mixtures were diluted by adding 10 mL distilled water and
absorbance was measured at 540 nm, and percentage of x-amylase inhibition (AmInh) was calculated,
as shown in Equation (10):

Acontrol = Asumple

AmlInh (0/0) = A—tl x 100 (10)
contro

where Acontror is the absorbance of the negative control and Aggypie is the absorbance of the reaction
mixture containing extracts. Concentration of the extract, which inhibited 50% amylase activity (AmInh
ICsp), was calculated and expressed as pL of extract/mL of solution (uL/mL). Acarbose was used as the
positive control.

4.13. Statistical Analysis

The measurements were performed in triplicate and the results are presented as mean =+ standard
deviation. In order to establish the IC5y values, the experiments were performed using different
concentrations (four to seven concentrations, depending on the assay). Statistical comparisons were
made using one-way ANOVA, followed by Tukey’s post-hoc test for multiple comparisons (GraphPad
Prism, San Diego, CA, USA). p < 0.05 was considered statistically significant. ICsy values were
calculated by applying the appropriate regression analysis.

5. Conclusions

Glycerolic UAE procedure of berberine and antiradical components from B. vulgaris was developed
using RSM. The prepared extracts were efficient radical scavengers and Fe?* ion chelators. Furthermore,
they were able to impair heat-induced degradation proteins and linoleic acid and. In addition to
this, the prepared extracts were efficient tyrosinase, LOX, a-glucosidase, and x-amylase inhibitors.
Because of their excellent cosmeceutical and anti-diabetic properties, as well as the non-toxicity of
the solvent used for the extraction, the prepared extracts are suitable candidates for direct use in
antidiabetic and dermatologic food supplements and topical products.
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Abstract: Echinacea purpurea is used in herbal medicinal products for the prevention and treatment of
the common cold, as well as for skin disorders and minor wounds. In this study, the efficiency of
traditional maceration using water and ethanol was compared with the maceration using mixtures of
water and glycerol, a non-toxic, biodegradable solvent from renewable sources. It was found that
the glycerol-water mixtures were as effective as ethanol/water mixtures for the extraction of caffeic
acid derivatives. All the prepared extracts demonstrated notable antiradical properties. Furthermore,
an efficient ultrasound-assisted extraction using glycerol-water mixtures was developed using six
independent variables. Their levels needed for the maximum extraction of caffeic acid derivatives
were as follows: glycerol 90% (m/m), temperature 70 °C, ultrasound power 72 W, time 40 min,
and ascorbic acid 0 mg/mL. Under the optimized conditions, ultrasound-assisted extraction was
superior to maceration. It achieved significantly higher yields of phenolic acids in shorter extraction
time. The presence of zinc in plant material may contribute to the beneficial effects of E. purpurea
preparations. Since glycerol is a non-toxic solvent with humectant properties, the prepared extracts
can be directly used for the preparation of cosmetics or oral pharmaceutical formulations without the
need for solvent removal.

Keywords: antioxidant; Echinacea purpurea; glycerol; green extraction; phenolic acids

1. Introduction

The use of plants for medicinal and cosmetic applications is undergoing an unprecedented rise.
For example, over 200 official monographs with scientific and regulatory standards related to the
efficacy and safety of medicinal herbal preparations in the European Union have been published so
far, and the number is constantly growing. The indications for such preparations include a variety
of specific applications, such as skin, sleep, gastrointestinal, and circulatory disorders [1], as well as
a broad spectrum of less specific activities, such as antioxidant and anti-inflammatory activities [2].
In addition to displaying the desired activity and safety profile, modern phytopharmaceuticals and
cosmetics should fulfill additional requirements, such as the appropriate stability and sensory properties.
Furthermore, new concerns about the environmental impact and animal welfare are constantly emerging
and new products are being developed in order to meet such needs [3].
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One of the emerging research areas of cosmetic and phytopharmaceuticals research is the design
of green and sustainable methods for the extraction of bioactive natural products for medicinal and
cosmetic purposes. Besides the high yield of the desired natural product, the ideal extraction procedure
should have low energy consumption and employ biodegradable, non-toxic, and non-flammable
solvents [4,5]. One such solvent is glycerol, a natural, low-cost, non-toxic, biodegradable liquid. It is
manufactured from renewable sources, e.g., as a by-product of biodiesel production [6]. An additional
advantage of glycerol is its hygroscopic nature, which makes it one of the most widely used ingredients
in creams and lotions, where it acts as a natural humectant, denaturant, fragrance ingredient,
hair conditioning agent, oral care agent, skin protectant, and viscosity decreasing agent [7]. Furthermore,
itis often used in cough syrups, as a solvent, or as a thickening agent. However, glycerol also significantly
contributes to the efficacy of cough syrups due to its special properties of lubrication, demulcent
effects, sweetness, and humectant activity [8]. Since the glycerol used for the extraction may easily be
incorporated into the final product, glycerolic extraction of medicinal plants is very desirable from
an energy saving point of view [4]. Interestingly, in spite of the numerous advantages of glycerol as
an extraction solvent, it is relatively underutilized in the production of extracts for pharmaceutical
and cosmeceutical purposes. Some newer literature examples of glycerol use for extraction of natural
products include the extraction of saponins and polyphenols from licorice [9], alkaloids from barberry
bark [10], as well as polyphenols from bran rice [11] and walnut [12].

Echinacea purpurea (L.) Moench (Asteraceae) (purple coneflower) is a perennial medicinal herb with
importantimmunostimulatory and anti-inflammatory properties. According to the European Medicines
Agency, E. purpurea and preparations thereof may be used in herbal medicinal products for prevention
and treatment of the common cold, as well as for alleviation of skin disorders and minor wounds [13].
In addition, numerous scientific studies have demonstrated antioxidant, antimicrobial, antianxiety,
antidepression, cytotoxicity, and antimutagenicity activities of E. purpurea [14,15]. Some of those activities
may be related to the anti-inflammatory activity of Echinacea extracts, which is based on cyclooxygenase-1
(COX-1), cyclooxygenase-2 (COX-2), and 5-lipoxygenase inhibition (LOX) [16]. E. purpurea aerial
parts contain diverse bioactive phytochemicals, including essential oils, polysaccharides, nitrogen
compounds (such as alkylamides and small amounts of alkaloids), and numerous bioactive phenolics.
Among these, phenolic acids are among the most prominent ones [17]. Due to the numerous health
benefits that phenolic acids display, they are used to estimate the quality of raw herbal materials and
their preparations according to the European Pharmacopoeia [18].

The most important phenolic acids in E. purpurea are derivatives of caffeic acid. Cichoric acid is
the most abundant among them. It exhibits a wide array of activities, such as antidiabetic, antiviral,
antioxidant, anti-inflammatory, neuroprotective, and obesity prevention activities [19]. In particular,
various studies on different models have found that cichoric acid may ameliorate inflammation induced
by lipopolysaccharides (LPSs) in both cell cultures and mice. Reduced inflammation was associated
with downregulation of nuclear factor kB (NF-«kB) and tumor necrosis factor « (TNF-«), two major
regulators of inflammation responses. Several other proinflammatory factors, including nitric oxide
synthase, COX-2, prostaglandin E2, interleukin-1(3 (IL-1§3), IL-12, and IL-18, have also been reported to
be downregulated by chicoric acid [19]. In addition, cichoric acid may augment the immune response
through the modulation of the CD28/CTLA-4 and Th1 pathways [20].

Caftaric acid, another caffeic acid derivative present in E. purpurea, acts as an antioxidant,
anti-inflammatory, antimutagenic, and anticarcinogenic agent [21]. Caftaric acid was shown to be
a competitive tyrosinase inhibitor, making it suitable for inclusion in cosmetic products with skin
whitening properties [22]. Other phenolic acid derivatives may also add to the beneficial effect on
wound healing. For example, chlorogenic acid, a caffeic acid derivative, plays several important
therapeutic roles, such as having antioxidant activity, as well as antibacterial, hepatoprotective,
cardioprotective, anti-inflammatory, antipyretic, neuroprotective, antiobesity, antiviral, antimicrobial,
antihypertensive, and central nervous system stimulating effects [23].
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Bearing in mind the importance of glycerol in the pharmaceutical and cosmetic industry, as well as
the beneficial effects exerted by phenolic acids present in E. purpurea, the aim of this work was to
compare and optimize maceration and ultrasound-assisted extraction (UAE) of phenolic acids from
E. purpurea aerial parts using glycerol, a non-toxic and ecofriendly solvent.

2. Results

2.1. Macerations

The macerations were performed using protic solvents of different polarities and viscosities,
allowing for the comparison of glycerol extraction with the more common ethanol/water extraction.
The conditions used for the macerations are presented in Table 1.

Table 1. The conditions and the extracts prepared by maceration.

Extract Solvent Duration (Days)
W-1D Water 1
E50-1D Ethanol 50% (my/m) 1
E-1D Ethanol 1
G50-1D Glycerol 50% (my/n) 1
G90-1D Glycerol 90% (m/m) 1
W-3D Water 3
E50-3D Ethanol 50% (my/m) 3
E-3D Ethanol 3
G50-3D Glycerol 50% (m/m) 3
G90-3D Glycerol 90% (my/m) 3

While pure water and ethanol were suitable for the extraction, it was not possible to use pure
glycerol due to its high viscosity. Therefore, 90% (m/m) glycerol was used instead. In order to investigate
the influence of time on the composition of the extracts, macerations were performed for either 1 or
3 days. The contents of phenolic acids in the extracts are shown in Figure 1.
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Figure 1. Contents of phenolic acids: (a) caftaric acid; (b) cichoric acid; (c) total phenolic acids (TPA);
(d) radical scavenging activity (RSA) of the extracts prepared by maceration.



Molecules 2020, 25, 5142 40f 16

While the extracts were rich in cichoric and caftaric acids, the amount of chlorogenic acid in the
extract was below limit of detection (LOD). Thus, it was omitted from Figure 1. Generally, cichoric acid
was the most abundant phenolic acid in the extracts. Its concentration ranged between 2.1 (in W-3D)-
and 3.3 (in E50-1D)-fold higher than the amount of caftaric acid in the corresponding extracts.
Thus, the cichoric acid content was the main contributing factor to the total phenolic acid content
(TPA), calculated as the sum of caftaric, chlorogenic, and cichoric acid contents. The concentrations
of caftaric and cichoric acids correlated significantly (r* = 0.9346), implying that similar parameters
affected their concentrations in the extracts.

The amounts of caftaric acids in the extracts varied greatly depending on the solvent used for
the extraction. For example, E-1D and E-3D did not contain any detectable amounts of caftaric acid,
while G90-1D and G90-3D contained about 20 pg/mL of phenolic acid. Similarly, in E-1D and E-3D,
cichoric acid was present in very low amounts, while its content in G90-1D and E50-3D reached
over 60 ug/mL. While the maceration duration did not significantly affect the contents of the target
compounds, the influence of the solvent on the extraction efficiency was observable but rather low.
The extraction efficiency levels for 50% ethanol, 50% glycerol, and 90% glycerol did not statistically
differ from one another.

2.2. Radical Scavenging Activity

The radical scavenging activity (RSA) results for the extracts prepared by maceration are presented
in Figure 1d. The extract prepared using ethanol did not display any observable RSA, and thus
is not presented in the figure. Unlike the phenolic acid content, the radical scavenging activity of
the extracts was influenced by the solvent, and in some cases the duration of the maceration. After
one day of maceration, water and 50% ethanol yielded the extracts with the highest IC5; values
(and thus the lowest RSA), while the activity levels of 50% and 90% glycerol extracts were more
pronounced. However, the activity levels of the 50% ethanol and water extracts prepared by 3-day
maceration were significantly better than their 1 day counterparts. On the other hand, the activity
levels of 50% and 90% glycerol extracts did not significantly change with prolonged maceration.
The 3 day water extract was the best radical scavenger in the study, with an RSA ICsq value of
8.79 ug/mL + 0.44 png/mL, followed by the 50% ethanol (RSA ICsy = 15.00 pg/mL + 0.96 ug/mL) and
90% glycerol (RSA ICs5p = 22.88 ng/mL + 0.41 ug/mL) extract. The RSA activity levels of these three
extracts did not statistically differ (Dunnett’s test) from the activity of positive control, butylated
hydroxyanisole (BHA), with an RSA ICs value of 6.12 ug/mL + 0.17 pg/mL. In the present study,
the RSA and the contents of phenolic acids were not correlated (2 < 0.1).

2.3. Effects of UAE Variables on Phenolic Acid Extraction Yield

In this work, the efforts were undertaken to optimize the UAE of phenolic acids from E. purpurea.
For this purpose, a two-level factorial design was used. The effects of the glycerol concentration (A),
temperature (B), ultrasound power (C), time (D), ascorbic acid concentration (E), and the amount of
solvent (F) were investigated. The independent variables and their levels are presented in Table 2.

Table 2. The independent variables and their levels for the two-level factorial design.

Factor Code Factor Units Minimum (-1) Maximum (+1)
A Glycerol concentration % (w/w) 10 920
B Temperature °C 20 70
C Ultrasound power 4 72 720
D Time min 10 40
E Ascorbic acid concentration mg/g 0 2
F Amount of solvent g 10 30
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The effects of the independent variables on the amount of target substances are presented in
Table 3. The results clearly show that the extraction variables have a great impact on the success of the
extraction. Depending on the extraction parameters, the concentrations of caftaric and cichoric acid
changed from 6.64 to 50.26 ug/mL and from 7.49 to 155.31 pg/mL, which are approximately seven-
and twenty-fold increases, respectively. The levels of independent variables needed for the maximum
extraction of caffeic acid derivatives were as follows: glycerol 90% (im/m), temperature 70 °C, ultrasound
power 72 W, time 40 min, and ascorbic acid 0 mg/mL.

Table 3. Independent variables, their levels for the two-level factorial design, and the responses obtained.

A B c D E F CFTA CLA CCA TPA
Std - Run o) O W) min) mgp) g  CAE (ugmp) (CAE  (CAE
’ pg/mL) ug/mL) ug/mL)
26 1 90 20 72 40 2 30 23.01 <LD 55.32 78.33
17 2 10 20 72 10 2 30 29.54 0.63 55.62 85.79
14 3 90 20 720 40 0 30 41.47 0.56 136.71 178.74
24 4 90 70 720 10 2 10 31.71 0.35 86.96 119.02
31 5 10 70 720 40 2 10 32.83 0.52 77.46 110.81
19 6 10 70 72 10 2 10 27.82 0.29 53.77 81.88
25 7 10 20 72 40 2 10 15.90 <LD 26.59 42.49
5 8 10 20 720 10 0 30 11.55 <LD 19.98 31.53
3 9 10 70 72 10 0 30 30.83 <LD 84.48 115.31
8 10 90 70 720 10 0 30 34.29 0.33 99.25 133.87
22 11 90 20 720 10 2 30 11.71 <LD 32.86 44.57
21 12 10 20 720 10 2 10 6.64 <LD 7.49 14.13
32 13 90 70 720 40 2 30 42 .38 0.49 114.59 157.46
6 14 90 20 720 10 0 10 20.90 <LD 63.53 84.43
18 15 90 20 72 10 2 10 15.08 <LD 41.48 56.56
30 16 90 20 720 40 2 10 25.45 0.43 71.45 97.33
1 17 10 20 72 10 0 10 15.57 <LD 31.40 46.97
18 10 20 72 40 0 30 26.73 0.37 50.66 77.76
23 19 10 70 720 10 2 30 35.97 0.6 90.77 127.34
29 20 10 20 720 40 2 30 13.01 <LD 20.4 33.41
16 21 90 70 720 40 0 10 45.38 0.94 145.02 191.34
7 22 10 70 720 10 0 10 32.96 0.48 98.06 131.5
27 23 10 70 72 40 2 30 40.41 0.56 88.48 129.45
20 24 90 70 72 10 2 30 34.01 0.57 89.1 123.68
2 25 90 20 72 10 0 30 14.14 <LD 443 58.44
15 26 10 70 720 40 0 30 45.31 0.61 132.99 17891
11 27 10 70 72 40 0 10 37.39 0.58 103.09 141.06
28 28 90 70 72 40 2 10 39.05 0.74 109.48 149.27
4 29 90 70 72 10 0 10 35.04 0.56 107.71 143.31
12 30 90 70 72 40 0 30 50.26 0.63 155.31 206.2
10 31 90 20 72 40 0 10 32.99 0.59 101.58 135.16
13 32 10 20 720 40 0 10 14.34 <LD 30.98 45.32

Independent variables: A = glycerol concentration; B = temperature; C = ultrasound power; D = time; E = ascorbic
acid concentration; F = amount of solvent. Abbreviations: <LOD = below level of detection; CAE = chlorogenic
acid equivalents; CCA = cichoric acid; CFTA = caftaric acid; CLA = chlorogenic acid; TPA = total phenolic acids.

Cichoric acid accounted for about two-thirds of the total phenolic acids (TPA) present in the extracts.
Similar to maceration findings, the concentrations of caftaric and cichoric acids correlated significantly
(r* = 0.9169). In addition, their concentrations showed a week but significant correlation with
chlorogenic acid (2 = approximately 0.7), indicating that similar factors affected their concentrations.
The concentrations of chlorogenic acid ranged from below LOD to 0.94 pug/mL, and contributed to the
TPA at less than 1%.

In order to characterize the significance of independent variables and to select the most significant
variables based on their output responses, a Pareto chart was used. The Pareto chart depends on the
standard deviation to estimate the sampling errors of variables. Two important limits in the Pareto
chart are the Bonferroni limit and the f-value limit. Variables with coefficients above the Bonferroni
limit are significant model factors. On the other hand, the terms that fall between the Bonferroni limit
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and the t-value limit are considered likely to be significant, while the coefficients below the t-value
limit are insignificant [24]. The blue color on the charts indicates a negative and the orange color
refers to a positive effect of independent variables. The ANOVA analysis confirmed that the selected
models were highly significant (P < 0.0001), with high ? values (>0.92), as well as confirming that
only the statistically significant effects and the terms supporting the hierarchy were included in the
model (details are presented in the Supplementary Materials). The Pareto charts, along with the actual
vs. predicted charts for the selected responses (caftaric acid, chlorogenic acid, and TPA), are presented
in Figures 2—4. Due to the very low amounts of chlorogenic acid in the extracts, its chart was omitted

from the analysis.
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Figure 2. Caftaric acid content model: (a) Pareto chart; (b) actual vs. predicted results. Independent

variables: A =

glycerol concentration; B = temperature; C = ultrasound power; D = time; E = ascorbic

acid concentration; F = amount of solvent. Blue color on the chart (a) indicates a negative and the orange
color refers to a positive effect of independent variables. The color points on the chart (b) represent the
value of caftaric acid (blue: lowest value; red: highest value).
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Figure 4. Total phenolic acid content model: (a) Pareto chart; (b) actual vs. predicted results.
Independent variables: A = glycerol concentration; B = temperature; C = ultrasound power; D = time;
E = ascorbic acid concentration. Blue color on the chart (a) indicates a negative and the orange color
refers to a positive effect of independent variables. The color points on the chart (b) represent the value
of total phenolic acid (blue: lowest value; red: highest value).

The Pareto chart of the effects of the extraction conditions on caftaric acid content (Figure 2a)
shows that the factors B and D are above the Bonferroni limit (t-value of effect = 3.6739), and thus are
significant model factors. Both of them exert positive influence on the caftaric acid content. On the
other hand, not all the variables above the t-value limit (t-value of effect = 2.093) influence the content
of caftaric acid positively. While its content increased together with A, F, and AD, the increase of
variables E, DE, and ABC lead to the decrease of caftaric acid content. The actual vs. predicted result
graph (Figure 2b) shows a good agreement between the actual values and the values predicted by
the model.

The Pareto charts illustrating the effects of the extraction conditions on the contents of cichoric acid
(Figure 3a) and TPA (Figure 4a) were rather similar due to the cichoric acid being the most abundant
phenolic acid and contributing largely to TPA. The Bonferroni limit and the t-value limit were also
rather similar, with the t-values of the effects being approximately 3.6 and 2.09, respectively. Variables
with coefficients above the Bonferroni limit, such as A, B, D, and E, were significant model factors.
Similarly, the terms AD, DE, and ABC, which fell between the Bonferroni limit and the ¢-value limit,
were considered likely to be significant factors. The color codes indicate that A, B, D, and AD positively
affected extraction efficiency, while E, DE, and ABC influenced the extraction negatively. The predicted
and measured values were in good agreement (Figures 3b and 4b).

2.4. Metal Content in E. Purpurea Aerial Parts

The contents of selected transition and second group metals were determined (Table 4). It was
found that the plant material contains several elements, the presence of which may influence the anti-
or pro-oxidant behavior of ascorbic acid during extraction. On the other hand, the zinc present in the
sample may beneficially affect the skin- and immunity-related properties of E. purpurea preparations.

Table 4. Contents of selected metals in E. purpurea aerial parts.

Element C (mg/kg)
Mn 71.32 + 6.65
Fe 255.48 £ 11.75
Cu 8.07 +4.70

Zn 37.74 £ 0.32
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The plant material was especially rich in iron (255.48 mg/kg) and manganese (71.32 mg/kg).
Copper, on the other hand, was present in significantly lower quantities.

3. Discussion

3.1. Phenolic Acid Contents in the Extracts Obtained by Maceration

Medicinal plants and plant extracts contain a myriad of secondary metabolites. While some of
them have desirable pharmacological properties, the others may influence the overall activity of the
natural extracts in either a positive or negative manner. Thus, medicinal plant extraction procedures
aim to increase the amounts of desired metabolites while simultaneously decreasing the amounts of
undesired or harmful ones. The amounts of secondary metabolites in the extracts depend on their
physicochemical properties, extraction solvents, types of extraction, as well as on numerous extraction
parameters related to the specific type of the extraction [5]. Finding the extraction procedures that
yield the maximum amount of the target compound(s) with the minimum amount of the undesired
ones may be a tedious, costly, and time consuming procedure.

In this work, efforts were undertaken to efficiently optimize the green extraction of bioactive
phenolic acids from aerial parts of E. purpurea and to obtain the extracts ready to use in pharmaceutical
and cosmetic products. In order to achieve this, classical maceration performed using glycerol or water
mixtures was compared with maceration using ethanol, water, and mixtures thereof. Furthermore,
the UAE of phenolic acids from E. purpurea using glycerol-water mixtures as the extraction solvent
was developed.

Maceration is the oldest of the solid-liquid extraction methods and is characterized by the
simplicity and low cost of the procedure, as well as by the long duration needed for the achievement of
an equilibrium concentration of the extracted metabolite in the solvent [25]. The use of glycerol for
maceration of phenolic secondary metabolites is relatively rare [11,26]. Bergeron et al. used glycerol for
maceration of E. purpurea [27], but detailed and focused reports on the influence of glycerolic extraction
conditions and comparisons with ethanol are still lacking.

In this work, the amount of phenolic acids extracted by using different solvents varied slightly.
Although the previous research indicated that the E. purpurea phenolics are poorly extracted with
ethanol [17], it was still interesting to note that the ethanol extracts did not contain any detectable amounts
of caftaric acid, while the cichoric acid was present in very low amounts. In addition, chlorogenic acid was
absent in the extracts prepared by maceration, even though Bergeron et al. [27] noted that unlike in glycerol
extract, it should be present in ethanol extracts of E. purpurea. Previous reports indicated that 50% ethanol
was the most efficient solvent for extraction of phenolic acids from potato peel (Solanum tuberosum) [26].
However, its extraction efficiency in this work did not statistically differ from the efficiency of the
investigated glycerol-water mixtures. Bearing in mind the importance of glycerol in the cosmetic and
pharmaceutical industry, as well as the aforementioned advantages of glycerol from ecological and
biological points of view, this is an important finding with numerous practical implications.

3.2. Radical Scavenging Activity

Antioxidants in the pharmaceutical and cosmetic industry may be regarded as prophylactic
and therapeutic agents. They prevent the damage caused by free radicals and other reactive oxygen
species, thus hindering the pathogenesis of various disorders such as aging, cancer, diabetes, as well as
cardiovascular, autoimmune, and neurodegenerative disorders [28]. Furthermore, antioxidants protect
pharmaceutical and cosmetic products against the oxidation that occurs during their storage and use.
Such influences include UV radiation [29], as well as free radicals- or metal-ion-induced peroxidation
of polyunsaturated fatty acids, in which natural cosmetics and pharmaceuticals are especially rich [30].
In this work, the RSA of the extracts prepared by maceration was determined. The RSA of the
extracts prepared by UAE was not determined, because those extracts contained ascorbic acid,
a strong antioxidant, the activity of which would clearly outperform the activity of phytochemicals
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from E. purpurea and would indicate a falsely strong RSA. All the extracts prepared by maceration
showed notable RSA. In general, 3 day maceration yielded the extracts with stronger RSA levels,
with most 3 day extracts showing equal radical scavenging activity to BHA. The correlation between
the phenolic content and the radical scavenging activity levels of the extracts was not significant.
Similar observations were also reported by other authors [31]. This is not surprising, because caffeic acid
derivatives are not the only substances with radical scavenging abilities in E. purpurea. Various other
phytochemicals, which were not determined within scope of this work but are present in E. purpurea,
such as phylloxanthobilins [32] and polysaccharides [33], may act as strong antioxidants and free
radical scavengers.

3.3. Effect of UAE Variables on Phenolic Acid Extraction Yield

UAE is often used for extraction in solid-liquid systems because it is a simple and cost- and
time-effective method, characterized by low CO, emissions and solvent consumption [34]. It is especially
suitable for preparation of natural extracts due to its high reproducibility and short time of extraction.
The cavitation, vibration, crushing, and mixing effects in media produced by ultrasound can break the
cell wall and effectively increase the mass transfer process [35,36]. An efficient UAE process should
maximize the recovery of target compounds with minimal degradation, resulting in an extract with
high biological activity. Ideally, this should be accomplished using “green” environmentally friendly
technologies and low-cost raw materials and solvents [10]. However, in order to determine the best
UAE conditions for extraction of bioactive constituents, it is often necessary to perform multiple
experiments and evaluate not only the direct influence of extraction variables, but their interactions as
well. In order to achieve this, a two-level factorial design with six independent variables was employed.

The selection of the solvent greatly influences the UAE extraction efficiency due to the solvent’s
physical-chemical properties, such as the polarity, viscosity, and volatility. Therefore, the proportion of
glycerol in water was used as the first independent variable. In accordance with their moderately polar
nature, E. purpurea phenolic acids were best extracted using relatively high glycerol concentrations.
Several studies reported that water—glycerol mixtures were more efficient extraction media than water.
Examples include the UAE of chlorogenic acid and other caffeic acid derivatives from spent filter
coffee [37] and polyphenols from red grape pomace [38].

In addition to the solvent, the temperature and ultrasound power may strongly affect the efficiency
of UAE. High temperature and ultrasound power levels may improve the extraction process by
reducing the viscosity of the solvent and by increasing the kinetic energy of the molecules in the
solution. However, they may also lead to degradation of sensitive phytochemicals, including phenolic
compounds [10]. Similarly, long extraction times may increase the amount of the extracted target
compounds. However, long extraction times can also increase the chances of degradation of sensitive
molecules. In this work, high temperature positively affected extraction. This is possibly related to
the reduction of the glycerol viscosity and increase of the kinetic energy of the solvent molecules.
Such an effect was observed in previous UAE glycerolic extractions of phenolics from G. glabra [9].
The extraction using the highest glycerol concentration seemed to be a relatively slow process. This was
evidenced by the observation that the duration of the extraction exerted a positive influence on the
extraction efficiency, as well as by the positive influence of the interaction of glycerol content and time.
Other researchers also reported similar findings. For example, previous kinetic studies of eggplant peel
extractions suggested that diffusion of phenolics in water—glycerol mixtures was slower compared with
that attained with water—-ethanol, but both systems had the ability to recover essentially the same levels
of total polyphenols [39]. Similar results were presented in a study of the glycerolic UAE of caffeic acid
derivatives from spent filter coffee [37]. It was noted in this work that the interaction of the glycerol
concentration, temperature, and higher ultrasonication power exerted a negative effect on the phenolic
acid extraction. This effect may be due to the generation of hydroxyl radicals, whose production is
initiated by ultrasonication, especially at high temperatures [40], and their subsequent reaction with
caffeic acid derivatives [41].



Molecules 2020, 25, 5142 10 of 16

The influence of the amount of solvent used for the solid-liquid extraction of a fixed amount of
herbal material was also assessed. In this study, the employed amounts of solvent did not significantly
affect the extraction efficiency of cichoric acid or TPA. This indicates that the concentrations of the
target phenolic acids did not significantly change, even when a larger volume of solvent was employed.
This finding has numerous positive ecological and economical implications, because a larger amount
of product may be obtained from a fixed amount of herbal material without compromising the quality
of the extract. In this way, the expensive herbal material may be more efficiently utilized.

Finally, in order to impede the oxidative degradation of phenolic acids that may occur during the
extraction, water-soluble antioxidant ascorbic acid was added to the reaction mixture and its influence
on the phenolic acid concentration was investigated as the final independent variable. The intention
of the ascorbic acid addition was to improve the extraction of phenolic acids by impeding oxidation
processes that may occur during the extraction. Previous researchers have found that the addition
of antioxidants to the previously prepared E. purpurea glycerol extracts may improve the stability of
the phenolic acids present therein [27]. It is well known that ascorbic acid hinders the oxidation of
chlorogenic acid [42]. Thus, it was expected that the addition of ascorbic acid to the glycerol-water
extraction mixtures would have the same effect on other phenolic substances. Surprisingly, the presence
of ascorbic acid in the reaction mixture had a negative influence on all of the phenolic acids analyzed
in this work. The process seemed to be time-dependent, as evidenced by the negative influences of
time and ascorbic acid interaction. A possible explanation is that ascorbic acid either reacted with
the analyzed phenolic acids or enabled their reaction with other natural substances present in the
extracts [43]. The presence of transition metal ions (e.g., ferro ions) in the solution may also be of
importance, as discussed below.

In accordance with previous research [44], the results of this study showed that under the optimized
conditions, UAE extraction was superior to classical maceration, because it achieved significantly
higher yields of the desired phenolic acids within a much shorter extraction time than maceration.
It was found that caffeic acid derivatives were best extracted using a high glycerol concentration
without added ascorbic acid, a high temperature, and a low ultrasound power using a longer extraction
time. This results correspond well with the described influences of independent variables. Application
of those conditions led to an approximately 1.7-fold increase in caftaric acid concentration and up
to a 2.6-fold increase in both the cichoric acid content and TPA in comparison with the best results
achieved using the maceration protocol. Moreover, chlorogenic acid, which was absent from the
extracts prepared by maceration, was present in the extracts prepared by UAE, albeit in rather low
concentrations. The selected UAE variables affected the contents of targeted phenolic acids in a similar
manner, which was rather expected due to their significant structural similarities. The results of this
study may be used for direct preparation of the glycerol extracts suitable for use in the cosmetic
and pharmaceutical industry, or for detailed investigation and optimization of the extraction using
one of the designs suitable for response surface methodology, such as a Box-Behnken or central
composite design.

3.4. Metal Contents in E. Purpurea Aerial Parts

In order to explain the observed degradation of caffeic acid derivatives in the presence of ascorbic
acid, the contents of selected transition metal were assessed. Several elements, the presence of which
may influence the anti- or pro-oxidant behavior of ascorbic acid during extraction, such as iron, copper,
zinc, and manganese, were determined in E. purpurea aerial parts. It is known that ultrasonication
may initiate the production of hydroxyl radicals, especially at high temperatures [40]. In addition,
caffeic acid and its derivatives may react with hydroxyl radicals, forming an array of degradation
products [41]. However, this effect was not pronounced enough to reduce the contents of phenolic acids
in the extracts prepared without ascorbic acid. In addition to antioxidant activity, ascorbic acid in the
presence of catalytic metal ions can also exert pro-oxidant effects. For example, in the Fenton reaction,
ascorbic acid may enhance hydroxyl radical generation. Fe?* reacts with H,O, to generate Fe>* and
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the hydroxyl radical. The presence of ascorbate can lead to recycling of Fe* back to Fe**, which in
turn will catalyze the formation of highly reactive oxidants from H,O, [45]. Furthermore, Mn2* and
Zn?* catalyze the reaction of ascorbic acid with oxygen by increasing the rate of radical formation,
while copper promotes the oxidation and formation of free radicals of ascorbic acid, even without the
presence of oxidizing agents [46]. All of these processes may generate hydroxyl and other radicals,
and consequently may cause degradation of caffeic acid and its derivatives [41].

Besides possible negative effects on the UAE of phenolic acids in the presence of ascorbic acid,
some metals may also display beneficial bioactive properties. Since according to European legislation,
E. purpurea may be used in traditional medicines for prevention and treatment of the common cold
and alleviation of skin disorders and minor wounds [13], the content of zinc, the metal that may
support skin- and immunity-related properties of E. purpurea, was also determined. The micronutrient
zinc is important for maintenance and development of immune cells of both the innate and adaptive
immune system [47]. Furthermore, zinc deficiency has detrimental effects on wound healing [48].
While the content of zinc in the plant material was not sufficient to grant the recommended dietary
allowances [49], it may likely contribute to wound healing when applied locally, as it has been found
that the amount of zinc in the wound increases during the healing process. This may induce the
keratinocyte proliferation, as it has been shown that keratinocyte proliferation and differentiation are
controlled by zinc [50].

4. Materials and Methods

4.1. Chemicals

Reagents and standards were purchased from Sigma-Aldrich (St. Louis, MO, USA). The purity of
the standards was as follows: BHA (>98.5%), chlorogenic acid (European Pharmacopoeia Reference
Standard), and gallium (99.99%). Acetonitrile was HPLC grade. Other reagents and chemicals were of
analytical grade.

4.2. Plant Material

Plant material was supplied by the Suban company (Samobor, Croatia). The identity was
confirmed by the authors using the EU pharmacopoeial monograph for E. purpurea [18]. A voucher
specimen was deposited in the Department of Pharmacognosy, Faculty of Pharmacy and Biochemistry,
University of Zagreb, Croatia (FG-2018-EPS).

4.3. Maceration

Powdered plant material (0.1 g) was passed through a sieve of 850 pum mesh size and suspended
in 30 g of appropriate solvent, namely water, ethanol, glycerol, or their mixtures, then macerated for
either 1 or 3 days in the dark (details in Table 1). Upon extraction, the mixtures were filtered and stored
in the dark at —20 °C until further analysis. For each set of conditions, three independent extracts were
prepared and analyzed.

4.4. Radical Scavenging Activity

Radical scavenging activity (RSA) was evaluated using the sTable 2,2-diphenyl-1-picrylhydrazyl
(DPPH) free radical [10]. In short, DPPH solution (0.21 mg/mL, 70 uL) was added to the extract solution
(130 pL). After 30 min, the absorbance was recorded at 545 nm (FLUOstar Omega, BMG Labtech,
Ortenberg, Germany). DPPH solution with methanol instead of the extract served as the negative
control. RSA was calculated according to the following equation:

A -A
RSA (%) _ control sample %100 (1)
Acontrol
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where Ao is the absorbance of the negative control and Aggypie is the absorbance of the respective
extract. The concentration of the extract, which scavenged 50% of the free radicals present in the
solution (RSA ICsg), was calculated. BHA was used as the standard radical scavenger. The results
were expressed as pL of extract in mL of reaction solution (1L extract/mL).

4.5. Preparation of the Extracts According to Two-Level Factorial Design

A preliminary extraction was carried out using a two-level factorial design with the following
independent variables and their ranges: glycerol concentration (10%-90%, w/w), temperature (20-70 °C),
ultrasound power (72-720 W), time (1040 min), ascorbic acid concentration (0-2 mg/g), and amount
of solvent (10-30 g). The numbers in brackets represent the low (-1) and high (+1) limits of the
corresponding variables. Detailed conditions are presented in Table 3. Powdered plant material (0.1 g)
was suspended in the appropriate amount and concentration of glycerol-water mixtures with or
without addition of ascorbic acid in a 50 mL Erlenmeyer flask. The extraction was performed in an
ultrasonic bath (Bandelin SONOREX® Digital 10 P DK 156 BP, Berlin, Germany) using the frequency
of 35 Hz at various temperatures, ultrasonication strengths, and time intervals. Upon extraction,
the mixtures were filtered and stored in the dark at —20 °C until further analysis.

4.6. RP-HPLC-DAD Determinations of Phenolic Acids

For determination of phenolic acids, the modified European Pharmacopoeia method [18] was used.
Prior to the analysis, the extracts and the standard used for the construction of the calibration curve
(chlorogenic acid, 0.025 mg/mL in 70% ethanol) were filtered through a 0.45 um PTFE syringe filter.
Quantifications were performed using an HPLC instrument (Agilent 1200 series, Agilent Technologies,
Santa Clara, CA, USA) equipped with an autosampler and a DAD detector. Separation was performed
on a Zorbax Eclipse XDB-C18 column (5 pm, 12.5 mm X 4.6 mm, Agilent, Santa Clara, CA, USA).
A mixture of phosphoric acid and water (1:999 V/V) was used as mobile phase A, while acetonitrile
was used as mobile phase B. Separation was performed at 35 °C using a flow rate of 1.5 mL/min
according to the following protocol: 0—-13 min (90%—-78% A), 13-14 min (78%—60% A), and 14-20 min
(60%—40% A). Quantification was carried out at 330 nm. The calibration curve of chlorogenic acid with
the corresponding coefficient of determination (%) was y = 1834.03x + 7.12 (r? = 0.99964), where y is
the absorbance at 330 nm and x is the weight of the analyte (ug). The limit of detection (LOD) and
limit of quantification (LOQ), determined according to [51], were 0.0314 p and 0.095 ng, respectively.
Retention times (tr) of the analytes were 6.40 + 0.01, 7.03 + 0.02, and 16.27 + 0.01 min for caftaric,
chlorogenic, and cichoric acids, respectively. The contents of caftaric and cichoric acids were calculated
as chlorogenic acid equivalents (CAE). Total phenolic acids (TPA) were calculated as the sum of caftaric,
chlorogenic, and cichoric acid contents. An example of a chromatogram is presented in Figure 5.

mal & Cichoric acid

an0 o
600 o

400 —
Caftaric acid

/ Chlorogenic acid

2
200 o o

K

T T T T
2.5 g s o 12.6 16

7037
7884
5728
[=0.846
16.920
=
- 17 841

20 224 mi

Figure 5. An example of a chromatogram (run 21) recorded at 330 nm.
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4.7. TXRF Determination of Metals in the Plant Material

TXRF analysis was performed using a commercial benchtop 52 PICOFOX TXRF spectrometer
(BrukerNano, GmbH, Berlin, Germany) equipped with a low-power tungsten X-ray tube (50 kV, 1 mA)
and a silicon drift detector (SDD) with a resolution < 150 eV at Mn-K_(«). The evaluation of the TXRF
spectra and calculation of the analyte net peak areas were performed using Spectra Plus 5.3 software
(Bruker AXS Microanalysis GmbH, Berlin, Germany) linked to the equipment. The measurement
time was established as 2000 s. The vegetation samples were sieved through a sieve (diameter less
of 63 um). Sample suspensions were prepared by weighing 20 mg of sample and adding 1 mL of
de-ionized water containing 10 ug of Ga as an internal standard. Duplicates were prepared for each
sample and 5 min sonication in an ultrasonic bath was applied. After this, an aliquot of 10 pL of the
internal standardized sample was transferred onto a quartz glass sample carrier and dried using an
infrared lamp, as described in [52].

4.8. Statistical Analysis

The extraction experiments were planned using Design Expert software v. 8.0.6 (Stat-Ease,
Minneapolis, MN, USA). The validity of the model was confirmed by the analysis of variance (ANOVA).
For macerations, measurements were performed in triplicate and the results were presented as the
mean + standard deviation. Statistical comparisons were made using one-way ANOVA, followed by
Tukey’s post-hoc test for multiple comparisons between extracts (JMP, SAS, San Diego, CA, USA) and
Dunnett’s test for comparison with the control. P values < 0.05 were considered statistically significant.

5. Conclusions

In this work, the extraction of bioactive phenolic acids from E. purpurea was performed using
mixtures of water with glycerol, a biodegradable, safe, affordable solvent available from renewable
sources. The extracts prepared by maceration were rich in phenolic acids and potent radical scavengers.
The 3 day maceration with either water, 50% ethanol, or 90% glycerol afforded extracts with activity equal
to the activity of synthetic antioxidant, BHA. The UAE method, on the other hand, showed superior
extraction characteristics, yielding up to 2.6-fold higher phenolic acid contents within shorter extraction
times. The composition of the solvent, the time, and the temperature of the extraction significantly
affected the efficiency of the extraction. Furthermore, the presence of ascorbic acid in the extraction
medium lead to decreased phenolic acid contents in the prepared extracts. In addition, the presence
of zinc in the plant material may contribute to the beneficial effects of E. purpurea preparations.
Since glycerol is a non-toxic solvent with humectant properties, the prepared extracts can be directly used
for preparation of cosmetics or oral pharmaceutical formulations without the need for solvent removal.

Supplementary Materials: The following are available online. Tables S1-53: Analysis of variance (ANOVA) for
the caftaric, cichoric, and total phenolic acid content models, as well as post-ANOVA and prediction equations
using Design Expert software.
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ARTICLE INFO ABSTRACT

Keywords: Silybum marianum fruit is rich in silymarin, a flavonolignan mixture with hepatoprotective properties, whose
Antioxidant favourable effects on skin make it a valuable ingredient in cosmetic products. The scope of the present study is to
Cosmeceutical

compare the efficiency of classic ethanol/water maceration with the maceration using mixtures of water with
glycerol, a non-toxic, biodegradable, and affordable solvent, available from renewable sources. Furthermore, a
glycerol-based ultrasound-assisted extraction (UAE) method was developed and optimized for silymarin content
and antiradical activity. The prepared extracts were tested for their antioxidant and cosmeceutical activity.

Glycerol
Green extraction
Silybum marianum

Siymarin Maceration with glycerol/water mixtures was somewhat less efficient than the ethanol/water maceration.
However, the extraction efficiency was significantly improved by means of ultrasonication. When UAE was
conducted with 40 % (w/w) glycerol during 60 min at 80 °C the amount of extracted silymarin in the extracts
was similar to that in the ethanol/water macerates (107.19 pg/mL vs. 116.17 pg/mL, respectively). Antiradical
activity of the extracts was related to the silymarin content. The prepared extracts displayed mild Fe?* chelating
activity and hindered heat-induced degradation of polyunsaturated fatty acids, as well as elastase activity.
Glycerol showed additive effects on the anti-tyrosinase activity of the extracts and was responsible for anti-
inflammatory activity in the heat-induced coagulation assay. The presence of zinc, magnesium and other min-
erals with beneficial skin-related properties in S. marianum fruit further substantiate its use in cosmetics. The
results indicate that glycerol extraction of S. marianum eliminates the need and energy necessary for solvent
removal and enhances the desired functional and anti-ageing properties of the prepared extracts.

1. Introduction judge them to be environmentally friendly, safe, and able to beneficially

affect health and appearance of human skin (Yahya et al., 2018).

The growing global concern for the future of our planet has led to a Environmentally friendly and sustainable methods of extracting
rise in public environmental awareness, including in relation to nature bioactive natural products from medicinal plants are continuously being
preservation, as well as reducing carbon emissions and pollution. This developed (Fu et al., 2020; Huang et al., 2019). Such methods are
resulted in an expansion of the market for products consisting solely of typically achieving high yields of the desired metabolite, have low en-
natural ingredients and produced using eco-friendly materials and pro- ergy consumption and use natural, biodegradable, non-toxic solvents,
cedures. Cosmetic users in particular show strong preference for prod- obtainable from renewable sources (Chemat et al., 2019, 2012). Glyc-
ucts derived from plant extracts and other natural sources because they erol is one of the few solvents that fully fits this description. In addition

Abbreviations: AACL, Antioxidant activity in p-carotene linoleic acid assay; ANOVA, Analysis of variance; BHA, Butylated hydroxyanisole (BHA); ChA, Chelating
activity; DF, Degrees of freedom; DPPH, 2,2-diphenyl-1-picrylhydrazyl; EDTA, Ethylenediaminetetraacetic acid; Ellnh, Elastase inhibitory activity; ICP-OES,
Inductively Coupled Plasma Optical Emission Spectrometry; HRS, Herbal reference standard; IL-1a, Interleukin 1 alpha; MS, Mean Square; OvInh, Inhibition of
ovalbumin denaturation; RSA, Radical scavenging activity; SS, Sum of Squares; TNF, Tumour necrosis factor; TXRF, Total Reflection X-ray Fluorescence Spectros-
copy; TyInh, Tyrosinase inhibitory activity; UAE, Ultrasound-assisted extraction.
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to its natural origin, safety, and biodegradability, glycerol is manufac-
tured at a very low-cost, as a by-product of biodiesel production
(Wolfson et al., 2007). Glycerol is a ubiquitous ingredient in topical
formulations due to its hygroscopic nature and humectant properties. It
is employed as a light fragrance, skin protectant, and as a
viscosity-decreasing, hair-conditioning and oral care agent (Becker
et al., 2019). Thus, the preparation of glycerolic extracts for pharma-
ceutical and cosmetic purposes has an additional advantage in that such
extracts may be easily incorporated into the final product. This makes
the extraction of medicinal plants with this solvent ecologically
acceptable due to low waste, reduced carbon footprint, and energy
consumption. Unlike the use of ethanol, another natural solvent widely
used for extraction of plant bioactive principles, the use of glycerol in
cosmetics and pharmaceuticals is acceptable in all cultural, religious,
and age groups (Chemat et al., 2012). Glycerol/water mixtures were
shown to be effective solvents for natural polyphenols from e.g. Echi-
nacea purpurea (L.) Moench aerial parts (Momchev et al., 2020), bran
rice (Aalim et al., 2019), and leaves of walnut trees (Juglans regia L.)
(Vieira et al., 2020). However, despite the obvious advantages of glyc-
erol as an extraction solvent, it remains relatively underutilised in the
production of extracts for pharmaceutical and cosmeceutical purposes.

Ultrasound-assisted extraction (UAE) is one of the prevailing tech-
niques for extraction of secondary metabolites due to its simplicity, high
reproducibility, low CO; emissions, limited solvent use, as well as low
cost- and high time-effectiveness (Caldas et al., 2018; Delgado-Povedano
and Luque de Castro, 2015; Hou et al., 2019). The efficiency of UEA may
be explained by the capillary effects, cavitation, and cell disruption
which enables an improved mass transfer, penetration of the solvent into
the cell, as well as the release of cellular components into the sur-
rounding medium (Drouet et al., 2019). Despite its wide availability and
low price, the use of glycerol as a solvent for UAE of secondary metab-
olites is relatively uncommon. Nevertheless, good extraction yields and
mild reaction conditions that characterised glycerolic UAE extraction of
natural products in the examples published to date (Ciganovic et al.,
2019; Dulic et al., 2019; Katsampa et al., 2015) give hope that the use of
this eco-friendly solvent for extracting natural products will only in-
crease in the future.

Silybum marianum (L.) Gaertn (Asteraceae) (milk thistle) is a biennial
medicinal herb whose fruit (Silybi mariani fructus) is traditionally used
for therapy of liver disorders. According to the European Medicines
Agency, S. marianum and preparations thereof may be used to relieve
digestive disorders, the sensation of fullness and indigestion, and sup-
port the liver function (European Medicines Agency, 2018). The most
important phytochemical component of the fruit is a flavonolignan
complex called silymarin. The greatest proportion of silymarin consists
of two stereoisomers called silibinin A and silibinin B (about 60-70 %),
followed by silicristin, silidianin, and isosilibinin. Silymarin and its
components are safe and powerful antioxidants with detoxifying, pre-
ventive, protective, and regenerative properties. Silibinin isomers, for
example, down-regulate lipoxygenase, cyclooxygenase, tumour necrosis
factor (TNF), and interleukin 1 alpha (IL-1a), as well as induce apoptosis
(Singh and Agarwal, 2009). Silymarin is also very interesting as a
cosmetic and dermatologic ingredient because many of its activities are
related to its action on the skin. It seems that silymarin and the milk
thistle fruit extract may inhibit the enzymes involved in the cleavage of
extracellular matrix components, as well as offer powerful antioxidant
and UV-protective effects for the skin (Drouet et al., 2019).

The multiple biological activities of milk thistle fruit and silymarin
are of particular interest to those researching cosmetic applications and
point to the necessity of developing efficient green extraction protocols
for its extraction. Therefore, this work aimed to compare the efficacy of
the extraction of bioactive flavonolignans and other antioxidants from
S. marianum fruit using glycerol/water maceration with ethanol/water
maceration. Furthermore, glycerol/water UAE of S. marianum fruit was
optimised using response surface methodology based on Box-Behnken
design. The anti-ageing activity of the optimized extracts was assessed
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with the aim of preparing extracts ready to use in topical formulations.

2. Materials and methods
2.1. Chemicals

Butylated hydroxyanisole (BHA), ethylenediaminetetraacetic acid
(EDTA), gallium, kojic, and ursolic acid were purchased from Sigma-
Aldrich (St. Louis, MO, US), while diclofenac was purchased from TCI
Chemicals (Tokyo, Japan). The purity of the employed standards was
higher than 98.5 %. For quantification of silymarin, European phar-
macopoeia milk thistle dry extract herbal reference standard (HRS) was
used. Mushroom tyrosinase and porcine pancreas elastase were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). For chromatographic
separations, HPLC grade solvents were used. Other reagents and
chemicals were of analytical grade.

2.2. Plant material

The identity of plant material, supplied by the Suban company
(Samobor, Croatia), was confirmed according to the EU pharmacopoeial
monograph for S. marianum fruit (European Pharmacopoeia, 2013). A
voucher specimen was deposited at the Department of Pharmacognosy,
Faculty of Pharmacy and Biochemistry, University of Zagreb, Croatia
(FG-2018-SM).

2.3. TXRF and ICP-OES determination of metals in the plant material

Microwave acid digestion, based on the United States Environmental
Protection Agency method 3052, was employed for inductively coupled
plasma optical emission spectrometry (ICP-OES) sample preparation. A
sample of about 70 mg was added to PTFE vessel with 6 mL of nitric acid
and 0.6 mL of hydrogen peroxide. The vessels were closed, heated for
5 min to reach 180 °C and then for additional 10 min at constant tem-
perature. The solutions were then transferred to a 10 mL flask and
brought to volume with ultrapure de-ionized water. For ICP-OES mea-
surement, Agilent ICP-OES 5100 spectrometer (Agilent Technologies,
Santa Clara, CA, USA) with a pneumatic concentric nebuliser, radio
frequency power of 1200 W, plasma flow of 12 L min~! radial torch
configuration and multichannel charge transfer detector, was used. The
metals were quantified at the following wavelengths: 259.372 nm (Mg),
202.548 nm (Zn) and 238.204 nm (Fe). The strontium and calcium
content was determined using total reflection x-ray fluorescence (TXRF).
For the TXRF analysis plant material was sifted through a sieve with a
diameter of 63 pm. Then, 20 mg of sample were suspended in 1 mL of
de-ionized water containing 10 pg of Ga as an internal standard and the
mixture was homogenized by means of ultrasonication. Finally, an
aliquot (10 pL) of prepared mixture was placed onto the carrier made of
quartz glass and dried using an infrared lamp (Dalipi et al., 2017).
Spectrometer (S2 PICOFOX TXRF BrukerNano, GmbH, Berlin, Germany)
with a tungsten X-ray tube (50 kV, 1 mA) and a silicon drift detector
with resolution <150 eV at Mn-K,, was used for the analysis. The
measurement time was set at 2000s. Spectra Plus 5.3 software (Bruker
AXS Microanalysis GmbH, Berlin, Germany) was used to evaluate the
TXRF spectra.

2.4. Maceration

An aliquot (0.1 g) of dry plant material, previously sieved through
the mesh size of 850 um, was suspended in 30 g of the appropriate
solvent and left to stand in the dark. After either 1 or 3 days (details in
Table 1), the macerates were filtered and stored in the dark at —20 °C
until further analysis. Three independent extraction procedures were
performed for each extract.
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Table 1
Maceration conditions.

Extract Extraction solvent Extraction time
(Days)
E100-1D Ethanol 1
E50-1D Ethanol 50 % (w/w) 1
G50-1D Glycerol 50 % (w/w) 1
G90-1D Glycerol 90 % (w/w) 1
W100-1D Water 1
E100-3D Ethanol 3
E50-3D Ethanol 50 % (w/w) 3
G50-3D Glycerol 50 % (w/w) 3
G90-3D Glycerol 90 % (w/w) 3
W100-3D Water 3

2.5. Ultrasound assisted extraction

Box-Behnken design with three independent variables: glycerol
concentration (20 %-80 %, w/w), temperature (40-80 °C) and time
(20-60 min) was performed. Aliquots (0.1 g) of powdered S. marianum
fruit were placed in 50 mL Erlenmeyer flasks, suspended in 30 g of
glycerol-water mixtures, and placed in an ultrasonic bath (Bandelin
SONOREX® Digital 10 P DK 156 BP, Berlin, Germany). The ultra-
sonication frequency and power of 35 Hz and 350 W, respectively, were
employed. Extraction details are presented in Table 2 (Box Behnken
design) and Table 5 (optimized extracts). Upon the extraction, the
mixtures were filtered and stored in the dark at —20 °C until further
analysis.

2.6. RP-HPLC-DAD determination of silymarin

For quantification of silymarin flavonolignans, the modified Euro-
pean Pharmacopoeia method was used (European Pharmacopoeia,
2013). Analysis was performed on EC 125/4 Nucleodur 100—5 column
(Macherey-Nagel, Diiren, Germany) using an Agilent 1200 series HPLC
instrument equipped with an autosampler and DAD detector. Mobile
phase A was a mixture of phosphoric acid, methanol, and water
(0.5:35:65 V/V/V), while mobile phase B consisted of phosphoric acid,
methanol, and water (0.5:50:50 V/V/V). A 0.8 mL/min flow rate was
used as follows: 0-28 min (100 %-0% A), 28-35 min (0% A), 35-36 min
(0%-100 %A), and 36-51 min (100 % A). Quantification was carried out
at 288 nm. Total silymarin content was calculated as described in Eu-
ropean Pharmacopoeia from the areas under peaks (AUCs) of fla-
vonolignans (silicristin, silidianin, silibinin A and B, isosilibinin A and B)
present in the chromatogram of milk thistle dry extract HRS, and
expressed as silibinin content. Example of the extract’s and the stan-
dard’s chromatogram are presented in Fig. 1.

2.7. Radical scavenging activity

Aliquot of the extract solution (130 pL) and 70 pL of 2,2-diphenyl-1-
picrylhydrazyl (DPPH) solution (0.21 mg/mL) were mixed (Duli¢ et al.,
2019) and the absorbance at 545 nm recorded after 30 min (FLUOstar
Omega, BMG Labtech, Ortenberg, Germany). Negative control was the
mixture where methanol (130 pL) was used instead of the extract. RSA
was calculated as:

Table 2
Mineral content of S. marianum fruit.
Element Concentration
(mg/kg)
Fe 116 +5
Zn 106 + 4
Mg 180 + 10
Sr 33+2
Ca 9020 + 50
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RSA (%) = (Acontrol'Asample)/Acomrol x100 (1)

where A oniro is the absorbance of the negative control and Asgpie is the
absorbance of the solution with the extract. BHA (1 mg/mL) was used as
the standard. The results were expressed as pL of extract in mL of the
reaction solution (pL extract/mL).

2.8. Fé?* chelating activity

To determine the chelating activity (ChA) (Koncic et al., 2011), FeCly
solution (0.25 mM, 50 pL) was added to the extract solution in methanol
(150 pL). After 5 min incubation at room temperature, ferrozine solu-
tion (100 pL, 1.0 mM) was added and the resulting absorbance
measured at 545 nm after 10 min. A reaction mixture with 150 pL
methanol used instead of extract served as the negative control. ChA was
calculated as follows:

ChA (%) = (Acomrol'Asample)/Aconlrol x100 (2)

where Aconiror is the absorbance of the negative control and Aggrmpe is the
absorbance of the solution containing the respective extract. The iron
chelator EDTA (1 mg/mL) was used as the standard.

2.9. Antioxidant activity in f-carotene-linoleic acid assay

The activity in p-carotene linoleic acid assay (AACL) was determined
according to (Ciganovic et al., 2019). The emulsion (200 pL) containing
91 pg/mL p-carotene, 0.46 pg/mL linoleic acid, and 4.1 mg/mL Tween
40, was added to the methanolic extract solution (50 pL). Negative
control was the reaction mixture where 50 pL of methanol was used
instead of the extract. After 60 min, the absorbance at 520 nm was
measured and AACL calculated as:

AACL (%) = Asample/Acomrol x100 (3)

where Aconiror and Aggmple are the absorbances of the water control and
antioxidant, respectively. The antioxidant BHA (1 mg/mL) was used as
the standard.

2.10. Tyrosinase inhibitory activity

Extract solution (80 pL) and tyrosinase solution (40 pL) prepared in
16 mM pH 6.8 phosphate buffer were mixed (Dulic et al., 2019). After
10 min in the dark, 80 pL of L-3,4-dihydroxyphenylalanine (L-DOPA)
solution (0.19 mg/mL in the same buffer) was added and the absorbance
at 492 nm measured after 10 min. The negative control contained a
buffer instead of the extract solution. Tyrosinase inhibitory activity
(TyInh) was calculated using the equation:

Ty]“h (%) = (Acontrol'Asample)/Acontml x100 ()]

where Aoniro1 is the absorbance of the negative control and Aggnmpie is the
absorbance of the solution containing respective extract. Kojic acid
(1 mg/mL) was used as the standard tyrosinase inhibitor.

2.11. Elastase inhibitory activity

For elastase inhibitory activity determination (Bose et al., 2017),
100 pL of extract solution in Tris-HCI buffer (0.1 M, pH 8.0) was added
to 1 mM N-succinyl-(Ala)s-nitroanilide in the same buffer. Elastase so-
lution was added after 10 min and the absorbance was measured at
410 nm after additional 10 min. Elastase inhibitory activity (Ellnh) was
calculated as follows:

Ellnh (%) = (Aconlrol'Asample)/Aconlrol x100 (5)

where A onirol is the absorbance of the negative control (solution where
instead of extract the Tris-HCL buffer was used) and Aggmple is the
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Fig. 1. Chromatogram of milk thistle dry extract reference standard a) and extract example (Run 5) b) recorded at 288 nm.

absorbance of the respective extract. Ursolic acid (1 mg/mL) was used as
the standard elastase inhibitor.

2.12. Anti-inflammatory activity

The reaction mixture to determine the anti-inflammatory activity by
the heat-induced ovalbumin coagulation method (Chandra et al., 2012)
consisted of ovalbumin solution (0.4 mL), phosphate buffered saline (pH
6.4, 2.8 mL), and the extract solution (2 mL). After 15-min incubation at
37 °C, the temperature was increased to 70°C and the heating
continued for additional 5 min. Perkin Elmer Lambda 25 spectropho-
tometer (Perkin Elmer, Waltham, MA, USA) was used for the absorbance
measurement at 660 nm. The inhibition of ovalbumin denaturation
(OvInh) was calculated using the following formula:

OvInh (%) = (Acomrol'Asample)/Acomrol x100 (6)

where A oniror is the absorbance of the negative control and Asgmpe is the
absorbance of the respective extract. Diclofenac sodium (1 mg/mL) was
used as the standard inhibitor.

2.13. Statistical analysis

Design Expert software v. 8.0.6 (Stat-Ease, Minneapolis, MN, USA)
was used for the experimental design preparation (Box Behnken) and
validation (ANOVA). The results were presented as the mean + standard
deviation of three measurements. The activities were calculated as half
maximal inhibitory concentrations (ICsp) using regression analysis as
the concentration of the extract that displayed 50 % of the measured
activity. Statistical comparisons were made using one-way ANOVA,
followed by Tukey’s post-hoc test for multiple comparisons between the
extracts and Dunnett’s test for comparison with the control. Paired t-test
was used for comparison between the extracts prepared using different
maceration times. PrismGraphPad 9 (GraphPad Software, Inc., san
Diego, USA). P values<0.05 were considered statistically significant.
The differences between 1-day and 3-day macerations were investigated
using a paired t-test.

3. Results and discussion
3.1. Metal content of S. marianum fruit

Metals in the plant material were determined using two methods:
ICP-OES (Fe, Zn, and Mg) and TXRF (Sr and Ca). As it is shown in
Table 2, the plant material contained iron, the presence of which may
have dual influence in cosmetic products. While high iron levels in
cosmetic products may negatively affect their stability, this mineral also
has a beneficial influence on the skin. It plays an essential role in the
regulation of the inflammatory response, wound healing process, and
maturation of skin collagen (Coger et al., 2019). S. marianum fruit

contained several other minerals that may beneficially affect the skin.
The most abundant among them was calcium, a mineral that serves as a
modulator of keratinocyte proliferation and differentiation. It has also
been postulated that calcium is a central regulator of wound healing. In
wound repair, calcium is predominantly involved as Factor IV in the
haemostatic phase, but it is expected to be required in epidermal cell
migration and regeneration patterns in the later stages of healing
(Lansdown, 2002). Magnesium, either alone or combined with calcium,
accelerates skin barrier recovery (Denda et al., 1999).

One of the most important minerals for skin health, also rather
abundant in S. marianum fruit, is zinc. It is well known that numerous
skin disorders, such as acrodermatitis enteropathica, pellagra, alopecia,
and delayed wound healing, are accompanied by the dysregulation of Zn
metabolism (Ogawa et al., 2018). It has been repeatedly shown that
differentiation and proliferation of keratinocytes are closely related to
zinc concentration, and it is well-accepted that the presence of this
mineral in a cosmetic product may contribute to wound healing (Coger
et al., 2019). Another interesting mineral in the plant material was
strontium, the metal whose salts are often used in dentistry for reducing
the sensitivity of gums in periodontal disease. Dermal use of strontium
salts, namely strontium chloride hexahydrate, may cause a reduction in
inflammation related to lower TNF levels (Berksoy Hayta et al., 2018).

3.2. Maceration

Maceration was used as a screening step in the development of the
green extraction of bioactive flavonolignans from S. marianum fruit.
Maceration is the simplest of solid-liquid extraction methods, charac-
terised by long durations due to the low kinetic energy of solvent mol-
ecules and slow achievement of an equilibrium concentration between
the solid and the liquid phase (Mosca et al., 2018). However, as it does
not require any specialised equipment, it remains one of the most
commonly used extraction procedures. The most usual maceration sol-
vent is ethanol, and it has been successfully used for the preparation of
extracts of numerous medicinal plants, including S. marianum (Wallace
et al,, 2005). However, to the best of our knowledge, despite its
numerous advantages compared with ethanol, the use of glycerol for the
extraction of bioactive metabolites from S. marianum has never been
described in the scientific literature.

In order to make a preliminary observation of the influence of solvent
and extraction duration on the content of silymarin in the extracts,
maceration was performed using several mixtures of glycerol or ethanol
with water. Ethanol and water are fairly common solvents for the
extraction of natural compounds and, together with their mixtures of
different proportions, offer a spectrum of extraction media of different
polarities. For the ethanol/water extraction, pure solvents, as well as
their 1:1 (w/w) mixture was used. On the other hand, pure glycerol is a
highly viscous solvent and thus unsuitable for preparation and subse-
quent filtration of the extracts in its pure form. Therefore, in addition to
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the 1:1 glycerol/water (w/w) mixture, 90 % glycerol was used. Macer-
ation is usually performed by adding the solvent to the required amount
of the drug, which is allowed to soak at room temperature for the
required amount of time before it is strained (Gurib-Fakim, 2006). The
time required for maceration may take as much as 21 days (Turrini et al.,
2019). However, it usually ranges from 6 h (Gurib-Fakim, 2006) to 24 h
(Masota et al., 2020). As the glycerol’s viscosity, as well as the size of its
molecules may negatively affect the extraction kinetics, macerations,
aimed to assess the influence of the extraction time on the composition
of the extracts, were performed for either 1 or 3 days (Table 2).

The content of flavonolignans in the extracts is shown in Fig. 2a.
Even though silymarin is generally considered the most represented
flavonolignan in S. marianum fruit (European Medicines Agency, 2018;
Singh and Agarwal, 2009), silidianin was the most abundant fla-
vonolignan in the analyzed sample. It was followed by silicristin, sili-
binin A and silibinin B, that were present in similar amounts, with some
variations depending on the solvent. Silymarin content ranged from
9.24 pg/mL to 106.67 pg/mL in G90-1D and E50-3D, respectively. This
represents an almost tenfold difference in the quantity of silymarin,
indicating the strong influence of solvent and duration on the extraction
effectiveness. Statistical analysis has shown that the amount of silymarin
in the 3-day macerates was significantly higher than in those prepared
during one day (paired t-test, P < 0.05). As shown in Fig. 2, 50 %
ethanol was the most efficient solvent for extracting flavonolignans from
S. marianum, followed by pure ethanol and 50 % glycerol. The content of
individual flavonolignans followed a similar pattern. For example, after
3-day maceration, the content of silidianin was almost 7 fold greater
(7.43 pg/mL vs. 50.67 pg/mL) if 50 % ethanol was used for extraction
instead of 90 % glycerol.

While the extraction conditions exhibited remarkable influence on
the silymarin content, they influenced RSA relatively mildly (Fig. 2). The
RSA activity of all the prepared extracts was lower than the activity of
positive control, BHA, which displayed the RSA ICsg value of 8.25 pg/
mL +0.55 pg/mL. The extraction time did not influence the RSA of the
extracts (paired t-test, P> 0.05). In general, extraction using 50 %
ethanol yielded the two most active radical scavengers, E50-1D and E50-
3D. Nonetheless, it is important to note that G50-1D was just as active as
a radical scavenger as the two extracts prepared using 50 % ethanol.
Aqueous extraction, on the other hand, yielded the extracts with rather
low RSA. While the maceration time did not influence 50 % ethanol and
aqueous extraction, the RSA activity of the extracts prepared using
glycerol was better if a shorter maceration time was employed. On the
other hand, the RSA of ethanol extracts decreased with prolonged
maceration time. The silymarin content and RSA correlated significantly
(r? =0.3285, P = 0.0009), indicating that silymarin flavonolignans
play an important role in the overall antiradical activity of the prepared
extracts.

When used at their boiling temperatures, pure ethanol was shown to
be best solvent for extraction silibinin A and B from S. marianum fruit,
surpassing water, methanol, acetonitrile and acetone (Wallace et al.,

a) Silicristin
140+ Silidianin
1204 Silibinin A

Silibinin B
1004 Isosilibinin A
80 isosilibinin B

Silymarin (ug/mL)
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2005). The results presented herein indicate that glycerol maceration is
a viable alternative to ethanol extraction, characterised by similar yields
and lower solvent-induced toxicity of the prepared extracts. Ethanol
presence in cosmetic and dermatologic products may have a disadvan-
tage that this alcohol may remove the protective lipid barrier on the
surface of the skin. Glycerol is, therefore, often added into alcoholic
hand sanitizers to prevent skin dryness (Gold et al., 2020). In addition,
glycerol is frequent ingredient of topical formulations of S. marianum,
where it acts as a humectant (Sampatrao et al., 2011). In that light, the
use of glycerol for the extraction has an important advantage that the
extraction solvent can be directly used in the final cosmetic product as a
functional ingredient.

3.3. Ultrasound-assisted extraction

Different procedures for extraction of S. marianum constituents were
employed to make the process of silymarin extraction efficient and
sustainable. The examples include UAE, microwave-assisted extraction,
pressurized liquid extraction, enzyme-assisted extraction, supercritical
fluid extraction, and subcritical water extraction. Among them, UAE was
distinguished by its lower cost and higher quality of extracts because it
avoids flavonolignans degradation caused by the high-temperature
treatment (Wianowska and Gil, 2017). With the aim of developing a
sustainable, time- and cost-efficient procedure for silymarin extraction,
glycerol UAE, based on a three factor Box-Behnken design, was used.
Various factors may influence the effectiveness of the UAE and other
types of extraction. Different solvents, with their characteristic
physical-chemical properties, such as the polarity, viscosity, and vola-
tility, may extract different types and proportions of secondary metab-
olites from plant material. Glycerol content, employed in the UAE with
glycerol/water mixtures, was found to be an important extraction var-
iable in several studies investigating the influence of the solvent on the
phenolic antioxidants content (Ciganovic et al., 2019; Katsampa et al.,
2015). Two other important parameters were the extraction duration
and temperature. By increasing the kinetic energy of the molecules in
the solution, high temperature enhances the interaction of the solvent
and target molecules. While this may lead to the more rapid dissolution
process, it also increases the chances of degradation of sensitive phy-
tochemicals, such as phenolic compounds. Thus, chances for both,
dissolution and degradation, increase with the elevated temperature and
prolonged extraction time. Temperature and time are consistently
identified as the important factors affecting the UAE. Glycerol-based
UAE are no exception and previous studies demonstrate that time and
temperature should be carefully selected to achieve the optimal
extraction conditions (Ciganovic et al., 2019; Momchev et al., 2020).
The maceration yields in this study also indicate that the extraction time
and solvent composition may significantly influence the silymarin con-
tent, and to a lesser extent the RSA of the extracts. Thus, the glycerol
content, temperature and time were selected as independent variables
for the Box-Behnken design. Apart from the silymarin content, the RSA
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Fig. 2. Content of Individual flavonolignans and their total content (silymarin, expressed as silibinin) (a) and radical scavenging activity (RSA) of the extracts (b)
prepared by maceration. Values are average of three replicates + SD. The abbreviations are presented in Table 2. A-E = differences between the extracts (extracts not
connected with the same capital letter are statistically different, Tukey post-test, P < 0.05).
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of the extracts was also subjected to the optimisation procedure. The
extraction conditions, the content of individual flavonolignans, their
combined content (silymarin), as well as RSA are presented in Table 3.

The selected independent variables significantly affected silymarin
content. Depending on the extraction conditions, its concentration
changed fourfold, from 22.81 pg/mL (Run 17) to 100.51 pg/mL (Run 8).
The comparison between the most silymarin-rich extract prepared by
glycerol maceration (G50-3D) and UAE (Run 8) showed that UAE at
higher temperatures was able to increase the efficiency of 50 % glycerol
extraction by almost twofold, almost reaching the efficacy of 50 %
ethanol (100.51 vs. 106.67 pg/mL), despite the much shorter extraction
time (60 min vs. three days). Other studies reported similar findings. For
instance, kinetic studies of phenolics extraction from aubergine peel
suggested that extraction of phenolics by water-glycerol mixtures was
slower than the extraction using water-ethanol, but both mixtures
recovered similar levels of total polyphenols (Philippi et al., 2016). As it
could be expected from maceration results, silidianin was the most
represented flavonolignan in the extracts, followed by silicristin and
silibinin A and B. Content of each flavonolignan was the highest in Run
8, while Run 5 and Run 17 contained similarly low amounts of the in-
dividual isomers.

In addition to silymarin content, extraction conditions affected RSA,
although to a lesser extent. The ICsy value of the strongest radical
scavenger (Run 6) was approximately two-and-a half-fold lower than the
ICsp value of the weakest radical scavenger (Run 5) (Table 3). It seems
that the ultrasound did not have a positive impact on RSA because the
activity of the UAE extracts was similar or even slightly less pronounced
than the antiradical activity of the glycerol/water or ethanol/water
macerates.

In order to assess the relationship between the extraction conditions
and the two selected response variables, silymarin content and RSA of
the extracts, multiple regression was used. Statistical analysis resulted in
polynomial equations of degree two and degree one, for the silymarin
content and RSA, respectively. The polynomial equations for the sily-
marin content and the RSA ICs( values are presented in the Egs. (7) and
(8), respectively. Significant model factors are denoted with an asterisk.

Silymarin (ug/mL) = -6.41 x X3(*) + 4.55xX3 - 1.40xX3 - 1.02xX;xX; -
3.06xX X X5 + 7.79x Xy x X3(*) - 247x X + 26.90xX,(*) 4 7.62%x X3(*) +
50.93 %)

RSA (pL extract/mL) = 26.57xX-75.21 xX(*)-19.85xX3+303.92 (8)

In order to calculate the statistical significance of the obtained
models, F-test and P-values were used (ANOVA, Table 4). While the

Table 3
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calculated F-values of models were higher than 5, the P-values for the
models were lower than 0.05. On the other hand, P-values for the lack-
of-fit in the models were higher than 0.05. This demonstrates the sig-
nificance of the models, as well as their suitability for the description of
the experimental data. The predicted r? were in reasonable agreement
with the adjusted ones, further confirming the ability of the models to
predict and optimise the selected responses. The determination co-
efficients (%) for silymarin extraction were relatively high (0.9815),
showing that the observed values are well replicated by the model.
However the RSA model had a relatively low r® value indicating that the
selected extraction conditions can only partially predict the observed
ICsq values.

In order to allow for easy visualisation of the extraction conditions on
the dependent variables, three-dimensional surface plots of the models
are constructed and presented in Fig. 3. Whereas the equation describing
silymarin concentration contained quadratic factors, RSA activity could
be satisfactorily described only using a linear equation. The temperature
was the most important variable for glycerol extraction of S. marianum
as it influenced both, silymarin concentration and RSA, as a linear term.
The relationship between the RSA ICs¢ and temperature was negative,
meaning that higher temperatures produce extracts with lower RSA ICsq
values and thus higher activity (Table 3, Fig. 3b1,3). The effect of
temperature on silymarin concentration is even more pronounced
because temperature influences silymarin concentration positively, both
as the linear factor and through its positive interaction with another
significant factor, time. As it may be observed in Fig. 3al-3, the extracts
produced by long extraction times at high temperature have the highest
silymarin concentrations. On the other hand, temperature did not seem
affect the efficiency of 50 % (v/v) ethanol to extract silymarin from
S. marianum fruit (Drouet et al., 2019). Unlike 50 % ethanol, glycerol is a
relatively viscous solvent. Therefore, such a strong influence of the
temperature on the glycerol extraction outcomes may be primarily
related to the reduced viscosity of glycerol/water mixtures at higher
temperatures. Such an effect was observed in previous UAE glycerolic
extractions of phenolics from Glycyrrhiza glabra L. (Ciganovic et al.,
2019).

Similarly to the observation that the extracts prepared by 3-day
maceration were richer in silymarin than 1-day maceration extracts,
the time of UAE extraction positively affected the extraction efficiency.
This was evidenced by the positive and statistically significant influence
of the extraction time on silymarin concentration. The increased sily-
marin concentrations with an increased extraction time also indicate
that the extracted flavonolignans are stable in the applied extraction
conditions. This is in contrast with the observation that the silymarin

Levels of independent variables in the Box-Behnken design, silymarin concentration and half maximal inhibitory concentrations (ICso) value of the radical scavenging

activity (RSA ICsp) of the extracts.

Run Standard X1 Xo X3 Silicristin® Silidianin® Silibinin A*  Silibinin B? Isosilibinin A? Isosilibinin B? Silymarin® RSA ICsq
% w/w)  (°C)  (min)  (pg/mL) (pg/mL) (pg/mL) (ng/mL) (pg/mL) (ng/mL) (ng/mL) (pL extract/mL)

1 20 80 40 9.66 46.39 4.46 6.95 6.08 3.81 77.35 77.35

2 17 50 60 40 6.63 29.81 4.37 5.78 5.38 3.31 55.28 55.27

3 4 80 80 40 8.32 36.99 5.06 6.54 7.31 4.58 68.8 68.79

4 16 50 60 40 5.66 26.70 3.37 4.83 4.91 3.08 48.55 48.56

5 9 50 40 20 2.71 12.54 2.07 2.54 2.18 1.19 23.23 23.23

6 7 20 60 60 6.39 33.55 3.16 4.38 4.22 2.58 54.28 54.27

7 15 50 60 40 5.85 28.49 3.99 4.84 5.05 3.14 51.36 51.36

8 12 50 80 60 12.87 56.42 6.69 9.04 9.47 6.02 100.51 100.50

9 8 80 60 60 5.71 21.18 4.38 4.94 5.34 3.23 44.78 44.77

10 11 50 40 60 2.92 13.44 2.54 2.74 2.39 1.30 25.33 25.32

11 6 80 60 20 4.41 23.88 2.36 3.24 2.69 1.50 38.08 38.08

12 10 50 80 20 8.42 37.13 4.68 6.30 6.62 4.10 67.25 67.25

13 5 20 60 20 4.26 18.67 2.71 3.50 3.88 2.31 35.33 35.33

14 14 50 60 40 6.06 25.12 3.53 4.66 4.57 2.77 46.71 46.72

15 13 50 60 40 6.37 28.26 3.87 5.86 5.20 3.15 52.71 52.71

16 1 20 40 40 2.90 17.07 2.04 2.47 1.85 0.96 27.29 27.29

17 2 80 40 40 2.56 12.03 2.14 2.55 2.32 1.21 22.81 22.82

X; = glycerol content, X, = temperature, X3 = time. * = Expressed as silibinin.
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Table 4
Analysis of variance (ANOVA) of the models for the optimisation of S. marianum extraction.
Silymarin RSA

r r? = 0.9815; 1z = 0.9576; 1% = 0.7976 r? = 0.5396; rz = 0.4333; r§ = 0.2382
Source SS DF MS F Value P-value SS DF MS F Value P-value
Model 6846.48 9 760.72 41.17 <0.0001 54050.92 3 18016.97 5.08 0.0152
Lack of Fit 83.80 3 27.93 2.45 0.2030 26145.56 9 2905.06 0.58 0.7707
Pure Error 45.53 4 11.38 19973.38 4 4993.34

SS = Sum of Squares, DF = degrees of freedom, MS = Mean Square.

% = adjusted 7% r3 = predicted r* RSA = radical scavenging activity.

Table 5

Comparison of the predicted and experimental values for the optimised extracts.
Extract Response Optimisation goal X, X5 X3 RSPpred Rspms RD

(%, w/w) [§9) (min) (%)

SM-S Silymarin® (pg/mL) maximise 40 80 60 98.1 99.6 +1.5
SM-R RSA (pL extract/mL) minimise 20 80 60 185.3 192.3 +3.8

X; = glycerol content, X, = temperature, X3 = time, RSA = radical scavenging activity.
Rspprea = predicted response, Rspy,s = measured response. The units for Rsppreq and Rspp are given in the respective Response column.

RD = Response deviation, calculated as (RSpms — RSPpred) / RSPpred x 100.

SM-S = the extract optimized to the highest silymarin content, SM-R = the extract optimized to the best antiradical activity.

@ = Expressed as silibinin.

yield of 50 % ethanol UAE is decreased when the extraction time
exceeded 45 min (Drouet et al., 2019). The favourable effects of time on
extraction yields recorded in this study, as well as in the study of the
glycerolic UAE of phenolics from spent filter coffee (Michail et al.,
2016), indicate good stability of silymarin flavonolignans and other
phenolic compounds in glycerol/water mixtures.

The silymarin content was dependent on glycerol concentration as a
quadratic term. This is visible in Fig. 3a1-2, where changes in glycerol
concentration produced a curvature of silymarin content surface. These
results agree with several studies that reported that water-glycerol
mixtures of similar proportions were more efficient extraction media
than those with predominant content of one of those solvents. Examples
include the UAE of chlorogenic acid and other caffeic acid derivatives
from spent filter coffee (Michail et al., 2016) and polyphenols from
Echinacea purpurea (Momchev et al., 2020).

Concentrations of individual flavonolignans were significantly
influenced by temperature and time as linear terms (all flavonolignans),
as well as by their interaction (all except silibinin A). While those in-
fluences were positive, glycerol concentration affected all fla-
vonolignans as a negative quadratic term. The exception again was
silidianin whose content was influenced by glycerol as a negative linear
term. In addition, interaction of glycerol and time exerted a positive
influence on isosilibinin A and B content, and a negative influence on
silidianin content. The relationships between the concentration of in-
dividual flavonolignans and extraction conditions could be satisfactorily
described by quadratic equations. The only exception was silidianin
whose content followed a two-factor-interaction equation. All the re-
lationships had relatively high determination coefficients (r2 > 0.95)
with good agreements between r®> adjusted and r? predicted
(Supplement).

The silymarin content and the observed ICsy values RSA of UAE
extracts correlated significantly (r? = 0.4802, P = 0.0020). It seems
that silymarin plays one of the most important roles in the RSA of UAE of
glycerolic extracts. However, a relatively low coefficient of determina-
tion may indicate that other antioxidants present in S. marianum fruit
such as flavones apigenin, chrysoeriol, eriodictyol, and flavonols taxi-
folin, quercetin, dihydrokaempferol, and kaempferol (European Medi-
cines Agency, 2018), or tocopherols (Fathi-Achachlouei et al., 2019),
may also significantly contribute to the observed radical scavenging
activity. Strong influence of the temperature on the RSA may confirm
this hypothesis because the extraction of the more polar phenolic

constituents of S. marianum, such as taxifolin and silychristin, was effi-
ciently conducted with boiling water, while the extraction at 50 °C
resulted in 75 % lower yields (Wallace et al., 2005).

3.4. Validation of the models

In order to prepare the extracts for further biological evaluation and
confirm the validity of the obtained models, two optimised extracts were
prepared, one calculated to have the highest silymarin content (SM-S),
and the other to display the best antiradical activity (SM-R) (Table 5).
Silymarin content and RSA of the prepared extract were determined and
they only slightly deviated from the calculated values, indicating the
validity of the obtained models. The approximate yield of the extraction,
expressed as silymarin/herbal material, may be calculated using the
weight of the solvent and the herbal material used for the extraction, as
well as the density of the 40 % glycerol (w/w) (1.10 mg/mL) employed
for preparing the SM-S extract. The calculated result (2.7 % silymarin in
herbal material, w/w), is well above the pharmacopoeial limit of min-
imum 1.5 % of total silymarin in dried drug (European Pharmacopoeia,
2013). However, it is important to note that the calculated value is the
ideal yield that may be obtained only if all the extraction solvent is
recovered in form of the extract. The actual yields, calculated when
solvent recovery is taken into account, may vary significantly (e.g.
because the filtration speed decreases with time, herbal material absorbs
one part of the extraction solvent etc.). Thus, 100 % recovery is unlikely
even when the extraction is performed with a less viscous solvents such
as ethanol (He et al., 2019). In the case of SM-S, the amount of the
extract obtained from 30 g solvent was 26.5 g, indicating that 2.4 g of
silymarin was actually obtained from 1 g of herbal material, a value still
in accordance with pharmaceopoeial requirements.

3.5. Antioxidant activity of the optimised extracts

Oxidative changes that occur during the storage and use of cosmetic
products negatively affect not only chemical stability and appearance of
the product but also its biological activity. Natural extracts and me-
tabolites are especially rich in various antioxidants which makes them
especially valuable in the cosmetic industry (Mlakar et al., 1996). Such
ingredients in cosmetic products may be regarded as both preservatives
and therapeutic agents. They protect both, fatty acid present in the
cosmetic product and those naturally present in the skin, against UV



M. Jabtonowska et al.

100

Industrial Crops & Products 168 (2021) 113613

at
) g0 b1)
80 =
€
o n 3
£ 60 ©
s =
g2 s %
= 40 2
© 30 %
§. 20 4
&
80.00 / - 80.00 80.00 y = 80.00
70.00 - 70.00 . 2 70.00
g - 60.00 70.00 60.00
60.00 = 50.00 60.00 " " 50.00
50.00 “3000 0% o % wh ~ - 40.00
o 40.00 20.00 ycerol (%, vii ° :
Temperature (°C) Temperature (°C) 40.00  20.00 Glycerol (%, whw)
b2)
a2) .
2
jary =
£ 8
2 3
£ 2
5 <
[72]
£ o
3
60.00 N o000 60.00 Py " 7000%0%
50.00 ~ - 70.00 - o 2 60.00
5 - 60.00 40.00 - 75000
40.00 ) - 50,00 30,00 - 40.00
30.00 3 Time (min) : - 30.00
) : - 730,00
Time (min) 20.00  20.00 Glycerol (%, vifw) “0:00-20.00 Glycerol (%, whw)
b3) 690
a3) 500
_. 400
E
g 3 300
5 £ 200
= (=
= <3- 100
© (2]
é o
@» 60.00 = 80.00
60.00 . 000 50.00 ) i 70.00
50.00 = . 70.00 40.00 . = 60.00
40.00 60.00 Time (niny 30.00 20007 30,00 50.00 T e (€)
. ) 30, _ ime (min . . emperature (°
Time (min) 20.00 ~40.00 Temperature (°C)

Fig. 3. Response surface plots of relationships between extraction conditions and a) silymarin content (al-3) and b) radical scavenging activity (RSA) (b1-3). For

significant model terms, see Egs. (7) and (8).

radiation, free radicals- or metal-ions (Coelho et al., 2018). Further-
more, oxidative stress is known to be involved in pathogenesis and
progression of numerous skin diseases such as contact-, seborrhoeic- and
atopic dermatitis, as well as vitiligo, acne, psoriasis, and many others.
Thus, it has been postulated that the use of antioxidants may serve as

simple and effective strategy for improving these conditions (Baek and
Lee, 2016).

In order to assess the antioxidant activity of the prepared extracts,
factors such as the DPPH free radicals scavenging activity, Fe?* ions
chelating activity, and the activity in heat-induced degradation of
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Fig. 4. Antiradical (a), chelating (b), and activity in p-carotene-linoleic acid assay (c) of the extracts SM-S (the extract optimized for silymarin content) SM-R (the
extract optimized for radical scavenging activity) and the standards BHA (butylated hydroxyanisole) and EDTA (ethylenediaminetetraacetic acid). Values are average
of three replicates & SD. Asterisk (*) indicates that the ICsq unit is placed on the right y-axis. Columns not connected with the same capital letter are statistically
different: A,B = differences between the extracts (Students t-test, P < 0.05), X = differences with the 1 mg/mL standard solution (Dunnet’s post ANOVA
test, P<0.05).
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unsaturated fatty acid in p-carotene-linoleic acid system were investi-
gated. Since it was not possible to evaporate glycerol due to its high
boiling point, the unit for ICsy values of the extracts is expressed pL
extract/mL (reaction solution). Thus, a direct comparison of the ex-
tracts’ ICsy values with the ICsg values of standard antioxidants,
expressed as pig /mL, was not possible. However, as this ICso value of the
standards was numerically equal to the ICs( value of the tested 1 mg/mL
standard solution the comparison is presented herein for informative
purposes. Fig. 4a-c depicts the activity of the extracts and the standards
assessed using the three assays. Glycerol/water mixtures used for the
preparation of the optimized extracts did not display the activity in the
performed antioxidant assays.

From Fig. 4a it is evident that, although the RSA ICs( values of the
extracts were higher than RSA ICso of 1 mg/mL BHA solution, the ex-
tracts demonstrated a notable antiradical activity indicating that they
may offer a significant degree of protection against free radicals. It is
also important to note that the ICsy value of the extract SM-S
(200.00 pL/mL) was equal to the ICsy value predicted by the model,
further confirming the model’s validity.

The extracts have shown a mild but observable chelating activity
(Fig. 4b), indicating that they were able to chelate ions of transition
metals and thus retard the oxidation processes. It has been recently
suggested that metal chelators in cosmetic products may help prevent
photoageing (Kitazawa et al., 2006). It seems that exposure of the skin to
UV radiation leads to an increase in cutaneous intracellular catalytic
iron levels and subsequently to the generation of free radicals. By
binding the free iron, metal chelators may thus prevent UV-induced
photodamage to the skin. The observed antiradical activity may add
additional beneficial effects to the products containing S. marianum
glycerol extracts, especially considering the iron content observed in the
plant material.

The p-carotene linoleic acid assay gives an insight into the behaviour
of the extracts in the mixtures with polyunsaturated fatty acids (PUFA-
s). The activity in the p-carotene linoleic acid was rather well pro-
nounced (Fig. 4c) and statistically equal to the activity of 1 mg/mL BHA
solution. This is important because cosmetic products often contain
natural oils rich in linoleic and other polyunsaturated fatty acid. Such
products are often used to treat atopic dermatitis, seborrheic dermatitis,
and other skin diseases (Lin et al., 2017). The extracts that impede un-
saturated fatty acid degradation beneficially affect the shelf life and
activity of products that contain them.

3.6. Enzyme inhibiting and anti-inflammatory activity of the optimised
extracts

Apart from their antioxidant properties, plant extracts in cosmetic
products may act as functional ingredients and delay or prevent pro-
cesses that negatively influence skin health and appearance. In order to
assess the potential influence of S. marianum glycerol extracts on the skin
pigmentation and elasticity, their tyrosinase- and elastase-inhibitory
activity were investigated. Furthermore, the anti-inflammatory
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activity against heat-induced protein coagulation was determined.

Melanin is a photoprotective substance responsible for the pigmen-
tation of human skin. However, the uneven accumulation of melanin in
specific skin parts, such as in melasma, liver spots or even freckles, re-
sults in hyperpigmented areas and represents an aesthetic problem for
the affected individual. Tyrosinase is an enzyme that catalyses tyrosine
oxidation to dopaquinone, which is the rate-limiting first step of mela-
nogenesis. As a result, tyrosinase inhibitors impede production of
melanin and prevent hyperpigmentation of the skin (Pillaiyar et al.,
2017). Skin-whitening formulations containing S. marianum have been
clinically tested (Rasul et al., 2011), and it seems that silymarin mixture
is responsible for tyrosinase-inhibiting properties (Zhao and Li, 2015).
Tyrosinase-inhibiting properties of the prepared extracts are presented
in Fig. 5a. Even though its activity was not as pronounced as the activity
of the standard tyrosinase inhibitor, kojic acid, the SM-S extracts pre-
sented a favourable tyrosinase-inhibiting activity, while the activity of
SM-R was significantly lower. It is important to note that, when tested
parallel to the extract, glycerol was found to be responsible for 10 % and
7% of the observed activity of SM-S and SM-R, respectively. Thus, it
seems that S. marianum bioactive constituents and glycerol present in
the solution show additive effects on the tyrosinase-inhibiting properties
of the investigated extracts. This finding may further support the use of
S. marianum glycerol extracts in cosmetic products.

Plants and natural products derived thereof may protect the mac-
romolecules of skin extracellular matrix against the activity of hydro-
lytic enzymes. Inflammation, caused by UV radiation, injury or
chemicals, reduces synthesis of skin proteins and increases the concen-
tration of proteolytic enzymes, such as elastases, enzymes responsible
for the breakdown of elastin fibres. Elastin is a vital protein of the
extracellular matrix, responsible for the firmness and shape of the skin.
Thus, damage to elastin macromolecules results in typical degenerative
changes of the upper dermal connective tissue. Clinical trials confirm
that the possession of elastase-inhibitory activity indicates a substantial
anti-ageing potential of the plant extracts and natural products they
contain (Yasin et al., 2017). While neither of the extracts has shown the
activity comparable to the activity of the standard, ursolic acid, SM-R
was the stronger elastase inhibitor (Fig. 5b). Mild elastase-inhibiting
properties of S. marianum ethanolic extracts have been recorded previ-
ously (Drouet et al., 2019). It seems that elastase inhibition was unaf-
fected by the glycerol presence because, unlike its effects on tyrosinase,
the effects of glycerol on elastase in the tested concentrations were
negligible.

Chronic, low-grade inflammation is recognised as a significant
characteristic of the ageing process in all organs, including the skin.
Inflammatory processes in the skin may lead to denaturation of tissue
proteins, which further exacerbate the inflammation progression. Thus,
the inhibition of protein denaturation delays the development of
inflammation-induced skin changes, and contributes to the anti-ageing
activity of the product (Chandra et al., 2012). Both SM-S and SM-R
were able to inhibit heat-induced ovalbumin coagulation (Fig. 5c¢), but
SM-R displayed significantly better activity. It is important to note that
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glycerol may have an active role in preventing denaturation of proteins
such as collagen (Penkova et al., 1999). With this in mind, the influence
of glycerol on the heat-induced albumin denaturation was also investi-
gated. When appropriate glycerol concentrations were tested in parallel
with the extracts, it was found that the glycerol present in the extracts
accounted for most of the observed activity. Thus, even though it is well
known that silymarin acts as an anti-inflammatory agent through the
inhibition of lipoxygenase, cyclooxygenase, and TNF (Singh and Agar-
wal, 2009), it seems that the presence of silymarin or other antioxidants
present in the extract did not enhance the activity of glycerol in this
assay. The ability of glycerol to hinder protein denaturation further
confirms that the benefits of glycerol extraction for production of
anti-ageing S. marianum extracts extend well beyond its application as a
green extraction solvent.

4. Conclusions

The UAE using glycerol was superior to maceration, yielding up to
2.6-fold higher silymarin content within shorter extraction times. The
UAE extracts prepared using 40 % (w/w) glycerol during 60 min at
80 °C extraction contained a comparable amount of silymarin to the
most silymarin-rich ethanolic extracts prepared by maceration. Sily-
marin content correlated well with the RSA of the extracts. The excellent
toxicological and bioactivity profile of glycerol, good silymarin yields,
as well as the observed antiradical, antioxidant, Fe?t chelating, anti-
elastase, anti-tyrosinase, and anti-inflammatory activity indicate that
the prepared glycerol extracts may be used for the preparation of high-
value anti-ageing products. The presence of zinc and other minerals with
favourable skin-related properties further contribute to the potential use
of S. marianum in cosmetics. Glycerol extraction of S. marianum not only
reduces the time and energy necessary for solvent removal but also
enhances the desired functional properties of such extracts.
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Abstract: Echinacea purpurea is a plant with immunomodulating properties, often used in topical
preparations for treatment of small superficial wounds. In the presented study, the best conditions for
ultrasound-assisted extraction of caffeic acid derivatives (caftaric and cichoric acid) (TPA-opt extract),
as well as the conditions best suited for preparation of the extract with high radical scavenging activity
(RSA-opt extract), from E. purpurea aerial parts were determined. A Box-Behnken design based on
glycerol content (%, w/w), temperature (°C), ultrasonication power (W) and time (min) as indepen-
dent variables was performed. Antioxidant, antiaging and wound healing effects of the two prepared
extracts were evaluated. The results demonstrate that glycerol extraction is a fast and efficient method
for preparation of the extracts with excellent radical scavenging, Fe?* chelating and antioxidant abili-
ties. Furthermore, the extracts demonstrated notable collagenase, elastase and tyrosinase inhibitory
activity, indicating their antiaging properties. Well-pronounced hyaluronidase-inhibitory activities,
with ICsg values lower than 30 pL extract/mL, as well as the ability to promote scratch closure in
HaCaT keratinocyte monolayers, even in concentrations as low as 2.5 pL extract/mL (for RSA-opt),
demonstrate promising wound healing effects of E. purpurea. The fact that the investigated extracts
were prepared using glycerol, a non-toxic and environmentally friendly solvent, widely used in
cosmetics, makes them suitable for direct use in specialized cosmeceutical formulations.

Keywords: antioxidant; cosmeceutical; elastase; Echinacea purpurea; green extraction; tyrosinase;
wound healing

1. Introduction

The use of plants in topical preparations for medicinal and cosmetic applications is
experiencing an unprecedented rise. Such products often display a broad spectrum of
activities such as antiaging, antioxidant, anti-inflammatory, antipigmenting and many
others. Such efficacy, which surpasses that of cosmetic products and more closely resembles
the efficacy of pharmaceutical agents, led to the introduction of the popular new term
“cosmeceutical”. Cosmeceutical is a topical preparation that is sold as a cosmetic product
but has the performance characteristics that suggest a pharmaceutical action. As the term
corresponds well with consumers’ expectations, it is often used in lay language even though
it has no regulatory meaning [1]. In addition to displaying the desired activity and safety
profile, modern cosmeceutical products should also have a satisfactory stability and sensory
properties. Furthermore, as consumers are increasingly aware of the environmental impact,
new, eco-friendly products are constantly being developed in order to meet such needs [2].
As plant-derived products originate from natural sources, they are in special demand in the
cosmetic market, due to consumers’ perception of their extraordinary safety and bioactivity.
It is widely considered that they can prevent and delay skin aging and deterioration.
Indeed, numerous studies have shown that phenolics and other compounds, present in the
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plants and plant extracts, are desirable preservatives and functional ingredients in cosmetic
products due to their antioxidant activity and their ability to impede numerous processes
that negatively affect skin health and appearance [3].

One of the areas of cosmeceutical research is the design of green and sustainable
extraction methods for bioactive natural products. For that purpose, the selection of an
appropriate solvent is of utmost importance. Besides the high dissolving power, the ideal
solvent should be safe, easy to handle and environmentally friendly [4,5]. One such solvent
is glycerol, a natural, cost-efficient, non-toxic, biodegradable liquid with the additional
benefit that it is manufactured from renewable sources, e.g., as a by-product of biodiesel
production [6]. Furthermore, glycerol is one of the most widely used ingredients in cosmetic
products, where it acts as humectant and viscosity-regulating agent [4]. Therefore, glycerol
extracts of medicinal plants may have a dual role in cosmetic products, as active agents or
excipients. Finally, the fact that glycerol may be incorporated into the final product makes
glycerolic extraction highly attractive from the energy-saving point of view.

Echinacea purpurea (L.) Moench (Asteraceae) (purple coneflower) is a perennial medici-
nal herb with important immunostimulatory and anti-inflammatory properties. It is most
frequently used for alleviation of common cold symptoms [7]. However, according to the
European Medicines Agency, preparations of the aerial parts of E. purpurea are traditionally
used for alleviation of skin disorders and minor wounds [8]. E. purpurea aerial parts contain
diverse bioactive phytochemical constituents including essential oil, polysaccharides, phe-
nolics, as well as nitrogen compounds, such as alkylamides, and small amounts of alkaloids.
Among numerous constituents, caffeic acid derivatives and other phenolic acids are among
the most prominent ones [9]. According to the European pharmacopoeial monograph for
Echinaceae purpureae herba, caffeic acid derivatives are used for estimation of the quality
of raw herbal material and its preparations [10].

The most abundant among caffeic acid derivatives in E. purpurea is cichoric acid,
followed by caftaric acid. Cichoric acid displays a wide array of beneficial skin-related
activities, such as antiviral, antioxidant and anti-inflammatory activity. In addition, ci-
choric acid may ameliorate inflammation induced by lipopolysaccharides (LPSs) in both
cell culture and mice, as well as ameliorate UVA irradiation-induced dermal fibroblast
senescence by inhibition of matrix metalloproteinase-3 activity. This opens the possibility
of beneficial effects of cichoric acid on aging [11]. Caftaric acid may act as an antioxidant,
anti-inflammatory, antimutagenic and anticarcinogenic agent, which adds to the beneficial
effect on the skin [12]. In addition, a small dermatological study has shown that E. purpurea
preparations may effectively improve the hydration of the skin and decrease skin wrinkling
without inducing skin irritation [13].

Having in mind the traditional use and phytochemical composition of E. purpurea,
the aim of this work was to optimize extraction of phenolic acids from E. purpurea aerial
parts using glycerol, a non-toxic and eco-friendly solvent. Skin-related biological activi-
ties (antioxidant, enzyme inhibiting and wound healing effects) of the prepared extracts
were investigated with the aim of obtaining highly active extracts suitable for use in
cosmeceutical products.

2. Results and Discussion
2.1. Box—Behnken Design

Natural materials often contain a myriad of secondary metabolites among whom only
a selected few have desirable pharmacological properties. Their amount in the extracts
depends on their physicochemical properties, extraction solvent, type of extraction, as well
as on numerous extraction parameters related to the type of extraction. Thus, finding the
extraction procedure which yields the maximum amount of the target compound(s) may be
a tedious and time-consuming procedure. In this work, efforts were undertaken to optimize
ultrasound-assisted extraction (UAE) of caftaric and cichoric acids from E. purpurea. UAE
is often used for extraction in solid /liquid systems because it is a simple, cost- and time-
effective method, characterized by low CO; emissions and solvent consumption.
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Conditions for UAE were optimized using response surface methodology (RSM). It is
a collection of mathematical and statistical techniques that enable building an empirical
model between the response(s) of interest (dependent variables) and a number of associ-
ated independent variables. RSM is frequently applied for optimization of extraction of
phenolic acids from various natural sources such as potatoes [14], birdsfoot trefoil [15] and
Rheum moorcroftianum [16].

The results of a previous study have shown that, for the extraction of bioactive phe-
nolic acids from E. purpurea, the concentration of glycerol used as solvent is of utmost
importance. In that study, high glycerol content positively affected the extraction efficiency
of phenolic acids [17]. Thus, for this study, glycerol concentrations higher than or equal to
50% (w/w) were used for the extraction. Furthermore, the temperature and the duration
of the extraction, as well as the power of ultrasound, significantly affect the content of the
target compounds. In order to fine-tune the extraction procedure and obtain the extracts
with the maximum yields of phenolic acids and the most pronounced radical scavenging
activity (RSA), RSM based on Box-Behnken design was used. The results are presented in
Table 1. The extraction conditions greatly influenced the selected responses. For example,
caftaric acid concentration varied greatly, from 13.07 pg/mL to 31.55 pg/mL in Run 4 and
Run 5, respectively. Similarly, cichoric acid concentration spanned from 61.11 ug/mL to
103.26 ug/mL, again in Run 4 and Run 5, indicating that the same factors influence the
extraction of both phenolic acids, which is expected due to their similar chemical structure.
Similarly, the minimum and the maximum content of total phenolic acids (TPAs) was
again reached in Run 4 and Run 5, respectively. Somewhat lower content of caffeic acid
derivative in comparison with previous glycerol extraction of E. purpurea [17] may have con-
tributed to the variability of plant material. RSA of the extracts varied greatly, from 8.17 uL
extract/pL (Run 2) to 54.03 pL extract/uL (Run 18). While, expectedly, TPA correlated well
with cichoric (* = 0.9969) and caftaric (> = 0.9773) acid content, no such correlation was
found between TPA and RSA ICsj. This means that, even though caffeic acid derivatives
are strong antioxidants [18], other substances also contribute to the observed antiradical
activity of the prepared extracts.

Table 1. Levels of independent variables in the Box-Behnken design, concentration of phenolic acids
and ICsq value of the radical scavenging activity (RSA ICsg) of the extracts.

Run Std X1 Xz X3 Xy Caf Cic TPA RSA ICs5p
1 14 70 70 72 40 28.17 91.39 119.56 14.53
2 19 50 55 360 40 27.58 88.74 116.32 8.17
3 6 70 55 360 20 28.68 92.21 120.89 8.65
4 2 90 40 216 40 13.70 61.11 74.81 19.9
5 5 70 55 72 20 31.55 103.26 134.81 18.29
6 1 50 40 216 40 21.23 65.28 86.51 19.2
7 21 70 40 216 20 23.19 79.58 102.77 41.58
8 26 70 55 216 40 29.24 96.86 126.1 14.9
9 13 70 40 72 40 25.82 85.41 111.23 15.51

10 11 50 55 216 60 29.25 94.15 123.4 10.75
11 3 50 70 216 40 23.93 77.59 101.52 11.07
12 12 90 55 216 60 21.37 759 97.27 16.33
13 25 70 55 216 40 27.38 90.33 117.71 8.33
14 17 50 55 72 40 29.03 90.58 119.61 8.32
15 7 70 55 72 60 29.62 98.63 128.25 9.16
16 20 90 55 360 40 22.36 78.6 100.96 23.53
17 29 70 55 216 40 27.41 86.64 114.05 14.3
18 10 90 55 216 20 20.37 73.95 94.32 54.03
19 16 70 70 360 40 28.39 92.58 120.97 9.76
20 8 70 55 360 60 30.82 103.02 133.84 8.27
21 24 70 70 216 60 28.46 94.37 122.83 9.43
22 23 70 40 216 60 29.13 97.92 127.05 23.53
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Table 1. Cont.

Run

Std

X] X2 X3 X4 Caf Cic TPA RSA IC50

23
24
25
26
27
28
29

15
28

22

18
27

70 40 360 40 22.72 78.13 100.85 23.52
70 55 216 40 21.91 74.26 96.17 8.67
50 55 216 20 26.76 84.36 111.12 19.66
70 70 216 20 27.4 89.79 117.19 8.71
90 70 216 40 20.06 65.24 85.3 17.28
90 55 72 40 20.74 76.8 97.54 19.1
70 55 216 40 28.7 91.82 120.52 12.79

X1 = Glycerol concentration (%, w/w), X, = Temperature (°C), X3 = Ultrasonication power (W), X4 = Time (min),
Caf = Caftaric acid concentration (ug/mL), Cic = Cichoric acid concentration (1g/mL), TPA = Total phenolic acid
concentration (ug/mL), RSA ICsy = Radical scavenging activity ICsy (uL extract/uL).

2.2. Model Analysis

Multiple regression analysis was used to analyze the experimental results. Table 2
shows the relationship between the independent and dependent variables in the form
of polynomial equations. The contents of phenolic acids (caftaric acid, cichoric acid and
TPA) were influenced by all the selected independent variables as quadratic terms. Glyc-
erol content and temperature were preceded with positive coefficients, while negative
coefficients preceded the USP and time. This means that the extreme values of glycerol
content and temperature negatively affect the content of phenolic acids, while the opposite
is true for USP and time. Additionally, glycerol content and temperature influenced the
phenolic acid content as negative and positive linear terms, respectively. Interestingly,
high glycerol content positively affected the extraction efficiency of phenolic acids in an
earlier study [17], while glycerol’s influence was negative in this study. This apparent
discrepancy is due to difference in lowest and highest glycerol contents. Namely, the first
study used a much wider range of glycerol content (10-90%, w/w) and only the highest
concentrations from that study (50-90%, w/w) were those selected for this investigation.
On the other hand, independent variables influenced the antiradical activity’s square root
as linear terms preceded with either a positive (glycerol content) or negative (temperature
and time) coefficient. This means that relatively high glycerol content, as well as lower tem-
perature and extraction time, will produce extracts with high RSA ICsy and consequently
low RSA activity.

Table 2. Coefficients of the models’ polynomial equations (a x XP2+bxXp2+cx X2 +d x X2 +e
XXy X Xp+f XXy xXzg+g XXy X Xg+hXxXXogXXg+ixXyxXg+7xXgxXg+kxXg+IxXp
+m x X3 +n X X4 + 0) in terms of coded factors.

Response

Unit

a

The Equation Coefficients

b c d e g h i j k 1 m n o

~

Caf

Cic

TPA
(RSA ICs50)~1/2

pg/mL
ug/mL
pg/mL
uL
extract/ pL

—43*
—12.4*
—18.4*

0

—24* 1.8* 1.9* 0.9 8 —0.4 0.8 —-1.2 1.0 -33* 1.7* —0.4 0.9 26.9
—6.6* 6.0* 7.0* -2.0 .9 -2.0 21 3.4 39 -58* 3.6* -1.1 34 88.0
-10.7* 8.6% 9.7* 3.9 7 -23 29 —4.7 49 -107* 7.0% —-14 43 114.9

0 0 0 0 0 0 0 0 0 0.7* —0.7* -01 —06* 3.9

—oo

X1 = Glycerol concentration (%, w/w), X, = Temperature (°C), X3 = Ultrasonication power (W), X4 = Time (min),
Caf = Caftaric acid concentration (ug/mL), Cic = Cichoric acid concentration (p1g/mL), TPA = Total phenolic acid
concentration (ng/mL), RSA ICsy = Radical scavenging activity ICs (1L extract/uL). * = Significant model terms.

As demonstrated by ANOVA (Table 3), the relationship between the response variables
and independent variables is satisfactorily expressed using the polynomial equations
presented in Table 2. The statistical significance of each model was calculated using the
F-test and p-values. The calculated F-values were higher than 5, while the p-values were
0.002 or lower. This indicates that the models are highly significant and that they can
be used to optimize the extraction variables. Lack-of-fit in the models was statistically
insignificant relative to the pure error which demonstrated that the fitting model is adequate
to describe the experimental data. The determination coefficients (R?) for phenolic acid
content were approaching 0.9, showing that the observed values are well replicated by
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the model. However, in the case of antiradical activity, R? was rather low (0.4928). The
predicted R? were in reasonable agreement with the adjusted ones, further confirming
that the models may be used to predict and optimize the amount of target substances in
the extracts.

Table 3. Analysis of variance (ANOVA) for the fitted quadratic models for optimization of
E. purpurea extraction.

R? =0.8958; R,2 = 0.79158; Rp% = 0.6933

Caf Cic
R? = 0.8765; R, = 0.7531; Rp? = 0.6634

Source
Model
LoF
PE

SS
436.6
16.7
34.1

df
14
10
4

MS F Value p-value SS df MS F Value p-value

31.2 8.59 0.0001 4264.7 14 304.6 6.85 0.0005
1.6 0.20 0.9833 333.5 10 33.3 0.46 0.8535
8.5 289.1 4 72.3

R? =0.8823; R,? = 0.7647; Rp?* = 0.5814

TPA ICs50 RSA
R? = 0.4928; R,” = 0.4083; Rp? = 0.2382

Source
Model
LoF
PE

SS
7380.8
467.9

516.4

df
14
10
4

MS F Value p-value SS df MS F Value p-value
527.2 7.50 0.0003 15.9 4 4.0 5.83 0.0020

46.8 0.36 0.9121 15.5 20 0.8 3.60 0.1111
129.1 0.9 4 0.2

SS = Sum of squares, df = Degrees of freedom, MS = Mean square, r A2 = Adjusted 12, rp? = Predicted 72, LoF = Lack
of fit, PE = Pure error, Caf = Caftaric acid concentration (ug/mL), Cic = Cichoric acid concentration (ug/mL), TPA
= Total phenolic acid concentration (ug/mL), RSA ICsy = Radical scavenging activity ICsq (UL extract/uL).

2.3. Validation of Optimal Extraction Conditions

Based on the experimental results and statistical analysis, numerical optimizations
were conducted to establish the optimum levels of independent variables (Table 4). As pre-
viously mentioned, the most important extraction factor for all the investigated parameters
was glycerol concentration. It is well known that the extraction solvent greatly affects the
extraction efficiency. In this work, the glycerol content needed for optimal extraction of
specific phenolic compounds varied according to the response. In general, phenolic acids
were best extracted using moderate glycerol concentration as reflected in the maximized
TPA at 70%. The values for extraction temperature, USP and time were approaching the
maximum values used in the Box-Behnken design, indicating their relatively good stability
in the extraction medium. The best antiradical activity, on the other hand, was achieved
using low glycerol concentration and lower ultrasonication power, indicating that, in addi-
tion to phenolic acids, other compounds of relatively lower polarity and higher sensitivity
are partly responsible for the observed antiradical effects. The predicted results matched
well with the experimental ones, with relatively low deviations from calculated values, in-
dicating good suitability of the selected models (Table 4). The HPLC-DAD chromatograms
of the two prepared extracts are shown in Figure 1.

Table 4. Predicted and observed values for the optimized extracts.

Extract

Measured
Response

X1 Xz X3 X3 RD

(%. wlw) €0) (W) (min) ResPpred Respums (%)

TPA-opt
TPA-opt
TPA-opt
RSA-opt

Caf
Cic
TPA
RSA ICs

70 60 360 60 32.37 31.82 -1.7
70 60 360 60 107.16 113.11 5.6
70 60 360 60 139.53 144.93 39
50 70 144 55 4.90 5.32 8.6

X1 = Glycerol concentration (%, w/w), X, = Temperature (°C), X3 = Ultrasonication power (W), X4 = time
(min), Caf = Caftaric acid concentration (ug/mL), Cic = Cichoric acid concentration (ug/mL), TPA = Total
phenolic acid concentration (ug/mL), RSA IC50 = Radical scavenging activity IC50 (uL extract/uL), Rsppred /ms—
RD = Response deviation, calculated as (Rspms — Rsppred)/Rsppred x 100.



Molecules 2023, 28,1177

6 of 19

Cichoric acid

/

Caftaric acid

y I e
-

TPA-opt

T T T T T T
25 5 15 10 25 15

T T
20 25 mi

Figure 1. Chromatograms of RSA-opt and TPA-opt recorded at 330 nm.

2.4. Antioxidant Activity of the Optimized Extracts

Botanical ingredients represent one of the largest categories of natural active substances
used in dermatology. In order to investigate E. purpurea extracts as potentially valuable
cosmeceutical ingredients, their biological activity was determined using several methods.
Antioxidant activity of cosmetic product ingredients is of utmost importance because
they may act both as preservatives and active components in cosmeceutical products.
Antioxidants may protect the cosmetic product against the oxidation that occurs during
its storage and use by scavenging free radicals [19]. Chelation of metal, such as pro-
oxidant Fe?* and other ions, is also very important because they may induce peroxidation
of polyunsaturated fatty acids that natural cosmetics are especially rich in [20]. Finally,
functional cosmeceutical ingredients may have a more active role in such products. They
offer protection against oxidative damage of skin macromolecules associated with the
effects of free radicals and UV radiation on the skin [21,22]. Thus, in this work the influence
of the prepared extracts on the free radicals (as modeled by DPPH free radical), chelating
activity on Fe?* ions and the activity in heat-induced unsaturated fatty acid degradation
in a -carotene-linoleic acid system were investigated and compared with the activity of
standard antioxidants, butylated hydroxyanisole (BHA) and ethylenediaminetetraacetic
acid (EDTA). Even though the activity of the extracts may not be directly compared to
the activity of standard antioxidants, due to the fact that they are expressed in different
measurements units (the activity of the extracts and standards was expressed as uL/mL
and pg/mL, respectively), it is possible to regard the activity of the standards as volume
equivalents of 1 mg/mL solutions. Thus, it was reported for general comparison purposes.

Figure 2a—c depict the results of the antioxidant assays performed in this work. Anti-
radical and chelating activities of the extracts were lower than the activity of the standards
solutions. However, in the (3-carotene-linoleic acid assay, the extracts were notably stronger
antioxidants than BHA. The activity of the individual extracts differed according to the
assay. The prepared optimized extracts were similarly efficient Fe?* ion chelators with
ICsp values of approximately 120 pL of extract per mL of solution. However, expectedly,
RSA-opt was a stronger radical scavenger than TPA-opt. Both extracts inhibited thermally
induced degradation of the [3-carotene-linoleic acid system. Since this assay is based on the
ability of the mixture components to react with linoleic radical and other radicals formed
in the solution, the high activity of RSA-opt, the extract optimized to display pronounced
antiradical activity, is not surprising. Caffeic acid and its derivatives are strong antioxidants.
For example, in many antioxidant assays caffeic acid shows activity that often surpasses
the activity of standard antioxidants, ascorbic acid and trolox. Additional advantages of
caffeic acid include higher stability than ascorbic acid and, unlike trolox, the possibility
of extraction from natural sources [18]. Furthermore, cichoric acid, the main caffeic acid
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derivatives in E. purpurea extracts [23], as well as caftaric acid [12] also display potent
antioxidant activity. However, it seems that caffeic acid derivatives are not the only an-
tioxidant molecules in E. purpurea because RSA-opt, the most active radical-scavenger,
contained lower amounts of caffeic derivatives than TPA-opt.
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Figure 2. Antiradical activity (a), chelating activity (b) and the activity in 3-carotene-linoleic acid
assay (c) of the extracts and positive controls BHA (butylated hydroxyanisole) and EDTA (ethylene-
diaminetetraacetic acid). *P = Differences between the extracts within a column (t-test, p < 0.05).
X = differences from the positive control (Dunnett’s post-test, p < 0.05). Columns not sharing the same
letter are statistically different. Asterisk indicates that the unit is placed at the right ordinate.

2.5. Cosmeceutical Activity of the Optimized Extracts

In addition to hydration and antioxidant protection, contemporary cosmetic products
are expected to have additional properties that beneficially affect skin appearance. Exces-
sive enzymatic activity in the skin, caused by environmental factors and aging, can cause
premature breakdown of skin proteins, such as elastin or collagen, as well as breakdown of
polysaccharides, such as hyaluronic acid. By inhibiting the enzymes responsible for degra-
dation of skin macromolecules, plant metabolites may decelerate the skin aging process
and reduce its aesthetically visible effects, such as dehydrated skin, reduced elasticity, dark
spots and the appearance of wrinkles [24].

Skin proteins play a pivotal role in maintaining not only the function and form,
but also youthful appearance, of the skin. Fibrillar collagen is the most abundant skin
protein that constitute three-quarters of skin’s dry weight, while the amount of elastin
fibers is substantially lower. Collagen is responsible for the strength and stability of
skin tissue because sliding and realignment of collagen fibrils allows skin to deform
while maintaining its integrity and preventing damage. On the other hand, elastin fibers
contribute extensibility and reversible recoil to skin, which allows for skin to return to
its resting state after external force is removed [25]. Collagenase is the enzyme active in
the extracellular matrix that catalyzes degradation of collagen. As a reaction to aging or
external influences (e.g., UV radiation), its activity increases. This leads to the formation
of wrinkles and loss of skin tone [26]. Degradation of elastin is induced by the enzyme
elastase, which is directly related to skin aging and oxidative stress [27]. Clinical trials
confirm that natural products and other compounds that display inhibition of elastase have
significant antiaging potential [28]. The collagenase- and elastase-inhibitory effects of the
extracts are shown in Figure 3a,b. Even though the extracts were weaker collagenase and
elastase inhibitors than the 1 mg/mL solutions of positive controls, gallic and ursolic acid,
respectively, they still showed a significant degree of inhibition of these two enzymes. In
both assays, RSA-opt was the more active extract. Previously, it was found that aqueous
E. purpurea extract was a potent collagenase and elastase agent [29]. In addition, grape
pomace extracts, rich in caftaric acid and other phenolic acids, showed inhibitory effects
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on both collagenase and elastase enzyme activities [30], indicating contribution of this
phenolic acid to the observed activity of the extracts.
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Figure 3. Collagenase (a), elastase (b) and hyaluronidase (c) inhibitory activity of the extracts and
positive controls gallic acid (GA), ursolic acid (UA) and tannic acid (TA). ab = Differences between
the extracts within a column (¢-test, p < 0.05). * = Differences from the positive control (Dunnett’s
post-test, p < 0.05). Columns not sharing the same letter are statistically different. Asterisk indicates
that the unit is placed at the right ordinate.

Reduced hydration of skin is characterized by a reduced turgor, resilience and elastic-
ity and loss of youthful appearance. Hyaluronic acid is a polysaccharide found in human
skin that possesses extreme water retaining capacity. As such, it is one of the most im-
portant molecules responsible for skin hydration [31]. In various pathological processes,
as well as during physiological skin aging, hyaluronic acid is increasingly degraded by
hyaluronidase, the enzyme that controls the turnover of hyaluronic acid [32]. Thus, inhibi-
tion of hyaluronidase leads to retention of skin moisture and is one of the most promising
approaches for the prevention of premature skin aging. As presented in Figure 3¢, both
extracts were excellent hyaluronidase inhibitors, with the activity surpassing that of the
positive control, tannic acid. This is in line with a previous observation that aqueous
E. purpurea extract possessed a significant antihyaluronidase activity [29]. This activity may
be mediated by caffeic acid derivatives present in the extracts. Previous research shows
that chicoric and caftaric acid have excellent antihyaluronidase activity [33]. Furthermore,
chicoric acid, the main ingredient of TPA-opt, was found to inhibit human hyaluronidase 1,
the enzyme that degrades high molecular weight hyaluronic acid [34]. Other caffeic acid
derivatives may also add to the beneficial effect on wound healing. For example, echinaco-
side displays antihyaluronidase properties [35] and thus contributes to the observed effects
of E. purpurea extracts.

Damage caused by UV radiation may be prevented by melanin, a photoprotective
macromolecular pigment synthetized in the epidermis, with the enzyme tyrosinase catalyz-
ing the first, rate-determining step. Most of the time, production of melanin is a beneficial
or welcomed physiological reaction. However, in some cases, such as aging or melasma,
irregularly distributed production of melanin results in uneven skin pigmentation and
represents an esthetic problem for the affected individual. As tyrosinase inhibitors block
melanogenesis and prevent hyperpigmentation of the skin, their inclusion in cosmetic
products is desirable from an aesthetic point of view [36]. Although both investigated
extracts showed notable antityrosinase activity (Figure 4a), the effectiveness of the TPA-opt
extract was much more pronounced and statistically equal to the activity of the standard,
kojic acid. Caftaric acid, present in TPA-opt, was shown to be a competitive tyrosinase



Molecules 2023, 28,1177 9 of 19

inhibitor, and proposed as a promising ingredient in cosmetic products with skin whiten-
ing properties [37].
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Figure 4. Tyrosinase inhibiting (a) and anti-inflammatory (b) activity of the extracts and positive
controls kojic acid (KA) and diclofenac (DF). ab — Differences between the extracts within a column
(t-test, p < 0.05). * = Differences from the positive control (Dunnett’s post-test, p < 0.05). Columns
not sharing the same letter are statistically different. Asterisk indicates that the unit is placed at the
right ordinate.

Denaturation of tissue proteins is one of the characteristics and causes of inflammatory
processes in the body [38]. Therefore, the suppression of protein denaturation may impede
the development of inflammatory skin changes which is another important aspect of anti-
aging activity [39]. Although all the investigated extracts were able to inhibit heat-induced
ovalbumin coagulation (Figure 4b), better anti-inflammatory activity was displayed by
RSA-opt. Caftaric acid may be partly responsible for the observed effect because it was
previously demonstrated that it acts as an anti-inflammatory agent [12]. It is important
to say that glycerol probably plays a crucial role in this assay. Namely, the OVInh ICsg
of glycerol in this assay was 19.55 £ 0.01 pL/mL, indicating that most of the observed
activity in this assay is due to the presence of glycerol in the extracts. The role of glycerol
as an active solvent that prevents the denaturation of proteins such as collagen has been
previously established [40]. This experiment further confirms that the benefits of glycerol
for the preparation of cosmeceutical extracts extend beyond its application as a green
extraction solvent.

2.6. Evaluation of Cell Viability

In order to determine not only the toxicity of the prepared extracts, but also the
concentration range in which the wound healing assay should be conducted, the influence
of the prepared E. purpurea glycerol extracts and the solvents used for their preparation
(glycerol in the appropriate dilutions) on cell viability was tested. An experiment was
performed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide test
(MTT test) on HaCaT cells, a long-lived, spontaneously immortalized human keratinocyte
line, able to differentiate in vitro [41]. HaCaT cells are often used as a suitable model for
testing of wound healing activity [42]. Different concentrations (2.5-250 uL/mL) of the
extracts and corresponding solvents, diluted in Hanks’ balanced salt solution (HBSS), were
used to estimate the toxicity of the extracts and solvents to HaCaT cell cultures.
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The results are presented in Figure 5. Except for the difference between the highest
and the lowest concentration of the extract, the viability of the cells treated with TPA-
opt did not differ across concentrations. Among the RSA-opt dilutions, the cells treated
with 25 pL/mL concentration showed the highest viability. Differences in dilution of the
70% (w/w) glycerol did not significantly affect viability. Among the different dilutions
of 50% (w/w) glycerol, lower viability was recorded in the cells treated with the highest
concentrations (one-way ANOVA followed by Tukey’s post-test, p < 0.05, comparisons of
different dilutions of the same extract/glycerol concentration). Relatively high viability of
the cells treated with most extracts and solvent dilutions, recorded in this assay, indicates
their low toxicity. The comparison of equal concentrations of the extracts and the solvents
used for their preparation shows that the cells treated with the same concentrations of
RSA-opt and 50% (w/w) glycerol most often show no statistically significant difference in
their viability. On the other hand, HaCaT cells treated 70% (w/w) glycerol generally showed
significantly lower viability than those treated with TPA-opt (paired f-test, p < 0.05). This
could indicate the protective effect of E. purpurea extract and the phytochemicals contained
in it. Based on the results of the MTT assay, 10 samples were tested for their wound healing
activity: TPA-opt and 70% (w/w) glycerol (in concentrations 2.5 uL/mL and 12.5 uL./mL),
as well as RSA-opt and 50% (w/w) glycerol (in concentrations 2.5 uL/mL, 12.5 uL/mL
and 25 puL./mL).

Bl TPA-opt
d T GL (70%, wiw)
) o f L mm RSA-opt
2 “1 . g ¢ 9 _ == GL (50%, wiw)
ab b | e ©
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Figure 5. The influence of different extracts and glycerol (GL) dilutions on the survival of HaCaT cells.
Cell survival is expressed as a percentage when compared to cells treated with HBSS. The results are
shown as the mean + SD (n = 3). P = Differences between the different dilutions of TP-opt extracts.
¢d = Differences between the different dilutions of RSA-opt extracts. ¢ = Differences between the
different dilutions of 70% (w/w) glycerol. h — Differences between the different dilutions of 50%
(w/w) glycerol (one-way ANOVA followed by Tukey’s post-test, p < 0.05). Columns prepared from
the same concentration of extract and glycerol not sharing the same letter are statistically different.
* = Difference between the extract and the corresponding solvent (paired t-test, p < 0.05).

2.7. Wound Healing Effects of E. purporea

Wound healing is a process of dynamic cellular and molecular mechanisms, divided
into several stages, which may overlap over time: hemostasis, inflammation, prolifera-
tion/migration and maturation or remodeling, characterized by the formation of new
tissue. In the proliferation phase, the migration of keratinocytes and fibroblasts recovers
the network of blood vessels and participates in the granulation process. This characteristic
is used for the in vitro “scratch” test method. In this procedure, a scratch that leaves an
empty space (“wound”) on the well bottom is created in a cell monolayer. If the conditions
are satisfactory, cell movement and proliferation occur, followed by the gradual closure of
the cell model wound [43].
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(8)

In our research, cells were treated with different dilutions of E. purpurea extracts and
glycerol. HBSS was used as a negative control. The wound-closure process was followed
over 48 h. Figure 6 depicts the closure of the wounds treated with different samples. For
this depiction, the extracts were used in a 2.5 uL/mL concentration and quantitatively
compared with HBSS. Both extracts accelerated wound closure in a confluent cell layer
(Figure 6a—c). The model wounds of the HaCaT cells treated with the extracts tended to
be reduced over time. The RSA-opt sample was especially active. After 48 h, the scratch
surface in the cell monolayer treated with that extract was barely visible, indicating excellent
wound healing activity. On the other hand, the reduction of the wound surface in cells
treated with the negative control was barely noticeable.

(b)

()

(h) ()

Figure 6. The influence of the HBSS (a—c), TPA-opt (d,e) and RSA-opt (g—i) in 2.5 pL extract/mL
dilutions on the closure of scratch in HaCaT cell monolayer after 0 h (a,d,g), 24h (b,e,h) and 48 h
(¢ f,1) after being incubated with the extracts or HBSS for 2 h.

Figure 7 presents the percentage of wound closure (percentage of wound surface
reduction relative to the wound surface at the beginning of the treatment at 0 h) after 48 h.
The activity of the different glycerol dilutions was also tested, but since their activity was
equal to or even lower than the activity of the HBSS control, they were omitted from the
figure and the subsequent analysis. The lack of solvent activity also indicates that the
phytochemical constituents were responsible for promotion of the proliferation of HaCaT
cells during the tested incubation time. Interestingly, the wound healing activity of RSA-opt
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was not dose-dependent. For example, RSA-opt in a concentration of 2.5 pL extract/mL
showed better wound healing activity than in a concentration of 12.5 pL extract/mL.
Concentration-independent wound healing activity of herbal extracts is an occurrence
that is not uncommon. The reason may be a complex interplay between the extracts’
components, both those that accelerate wound healing and those that oppose it. Thus, one
of the future research directions may be focused towards finding the components that are
primarily responsible for the observed wound healing activity of the E. purpurea extracts, as
well as the optimal dose range for the application of the extracts. Similar behavior of plant-
based preparations has also been recorded in vivo, e.g., with ointment containing Ocimum
gratissimum leaf extract [44]. The best activity was recorded in TPA-opt and RSA-opt extracts
in the concentration of 12.5 pL extract/mL and 2.5 uL extract/mL, respectively. The activity
among the other tested extracts and concentrations did not statistically differ (one-way
ANOVA followed by Tukey’s post-test, p < 0.05). This confirms the traditional indication of
the European Medicines Agency, that E. purpurea and preparations thereof may be used in
herbal medicinal products for alleviation of skin disorders and minor wounds [8].

TPA-opt (12.5 uL extract /mL)
TPA-opt (2.5 uL extract /mL)
RSA-opt (25 uL extract /mL)
RSA-opt (12.5 pL extract /mL)

RSA-opt (2.5 uL extract /mL)
HBSS

.
_QERNRNY §

Figure 7. The influence of the different extract dilutions on 48 h wound closure in HaCaT cells.
a=¢ = Differences between the extracts (one-way ANOVA followed by Tukey’s post-test, p < 0.05).
X = Differences from the negative control (one-way ANOVA followed by Dunnett’s post-test, p < 0.05).
Columns not sharing the same letter are statistically different.

3. Materials and Methods
3.1. Chemicals

Butylated hydroxyanisole (BHA, >98.5%), chlorogenic acid (European Pharmacopoeia
Reference Standard), diclofenac (>98%), kojic acid (>98.5%), (3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide, collagenase from Clostridium histolyticum, hyaluronidase
from bovine testes, mushroom tyrosinase and porcine pancreas elastase were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Soybean LOX was a product from TCI chemicals
(Tokyo, Japan). Acetonitrile was HPLC grade. Other reagents and chemicals were of
analytical grade.

3.2. Plant Material

The commercially available E. purpurea aerial parts, consisting of leaves, stalks and
flowers, were supplied by the company Suban. The identity was confirmed by the authors
(P.C. and M.Z.K\) using the Echinaceae purpureae herba monograph of the European
Pharmacopoeia [10]. Plant material was milled and passed through a sieve of 850 um mesh
size. A voucher specimen (EP-2021) was deposited in the Department of Pharmacognosy,
Faculty of Pharmacy and Biochemistry, University of Zagreb.
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3.3. Preparation of the Extracts According to Box—Behnken Design

For the Box-Behnken design, the following independent variables were used: glycerol
concentration of 50-90%, w/w, temperature of 40-70 °C, ultrasound power of 72-360 W
and time of 20-60 min. Powdered plant material (0.1 g) was suspended in 30 mL of a
glycerol /water mixture in a 50 mL Erlenmeyer flask. The extraction was performed in an
ultrasonic bath using frequency of 35 Hz at various temperatures, ultrasonication strengths
and time intervals. The details are presented in Table 1. Upon the extraction, the mixtures
were filtered and stored in the dark at —20 °C until analysis.

3.4. HPLC Determinations of Caffeic Acid Derivatives

The content of caffeic acid derivatives was determined according to the method
described in the monograph of Echinaceae purpureae herba in the European Pharma-
copoeia [10]. For the analysis, an Agilent 1200 series (Agilent Technologies, Santa Clara,
CA, USA) equipped with an autosampler and a DAD detector was used. Separation was
performed on a Zorbax Eclipse XDB-C18 column (5 pm, 12.5 mm x 4.6 mm, Agilent, Santa
Clara, CA, USA). The prepared extracts and the standard (0.025 mg/mL chlorogenic acid in
70% ethanol) were filtered through a PTFE syringe filter with pore size of 0.45 um. Mobile
phase A (phosphoric acid and water, 1:999 V/V) and mobile phase B (acetonitrile) were
used according to the following protocol: 0-13 min (90-78% A), 13-14 min (78-60% A),
14-20 min (60-40% A). The analysis was performed at 35 °C using flow rate of 1.5 mL/min,
and the chromatograms were recorded at 330 nm. TPA was calculated as the sum of caftaric
and cichoric acid content.

3.5. Radical Scavenging Activity

Radical scavenging activity (RSA) was assessed using the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) free radical [45] method. To 130 uL of the extract or BHA (1 mg/mL) solution in
methanol, 70 uL of DPPH (0.21 mg/mL) solution was added. After 30 min of incubation at
room temperature, the absorbance was recorded at 545 nm. RSA was calculated according
to Equation (1):
Ag — Ag

A

where A is the absorbance of the negative control which used methanol instead of the

extract and Ag is the absorbance of the respective extract. Concentration of the extract
which scavenged 50% of free radicals present in the solution (RSA ICs)) was calculated.

RSA (%) = % 100 1)

3.6. Fe** Chelating Activity

The chelating activity (ChA) was studied as described in [46]. To the solution of the
extract in methanol (150 pL), 0.25 mM FeCl, solution (50 nL) was added. After 5 min of
incubation, ferrozine solution was added (1.0 mM, 100 pL). Absorbance at 545 nm was
recorded after 10 min. ChA was calculated using Equation (2):

AO _As

ChA (%) = =1
0

x 100 ()

where A is the absorbance of the negative control (which used methanol instead of the
extract) and A is the absorbance of the respective extract. Concentration of the extract
which chelates 50% of Fe?* present in the solution (ChA ICsy) was calculated. EDTA
(1 mg/mL) was used as positive control.

3.7. Antioxidant Activity in B-Carotene—Linoleic Acid Assay

The activity was evaluated according to a modified literature procedure [47]. The
extract solution in methanol (50 pL) was added to 200 puL of emulsion containing 3-carotene
(6.7 ug/mL), linoleic acid (0.7 mg/mL) and Tween 40 (6.7 mg/mL). The reaction mixture
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was incubated at 50 °C. The antioxidant activity in the 3-carotene-linoleic acid assay
(AACL) was calculated based on the absorbances recorded after 60 min using Equation (3):

A
AACL (%) = —2mPle o 10 ®)
control
where Acontrol and Agample are the absorbances of the methanol control and the extract,
respectively. Concentration of the extract that protects 50% of (3-carotene present in the
solution (AACL ICsp) was calculated. BHA (1 mg/mL) was used as positive control.

3.8. Collagenase Inhibitory Activity

In 50 mL of citrate buffer (0.2 M, pH 5.0), 80 mg of SnCl, x 2H,O was dissolved [48].
Ninhydrin solution was prepared by dissolving 0.5 g of ninhydrin in 10 mL of DMSO.
The ninhydrin reagent for color development was made by mixing SnCl, solution with an
equal volume of ninhydrin solution before use. To the solution of the extract, gelatin (7 uL,
2 mg/mL) and collagenase (7 puL, 1 mg/mL) were dissolved in reaction buffer (50 mM
Tris-HCl, pH 7.5, 5 mM CaCl; and 1 uM ZnCl,). Quench buffer contained 12% (w/v) PEG
6000 and 25 mM EDTA. The inhibition of collagenase (Collnh) was calculated by using the
following Equation (4):

Ag — As
Collnh (%) = x 100 4)
Ao
where A is the absorbance of the negative control (water) and A is the absorbance of
the respective extract. Concentration of the extract which inhibits 50% of the ovalbu-
min coagulation (Collnh ICsj) was calculated. Gallic acid (1 mg/mL) was used as the
positive control.

3.9. Elastase Inhibitory Activity

Elastase inhibitory activity was determined as described previously [49]. To the 100 uL
of extract solution in Tris-HCl buffer (0.1 M, pH 8.0), 1 mM N-succinyl-(Ala)s-nitroanilide
in the same buffer was added. Elastase solution was added after 10 min and the absorbance
was measured at 410 nm after an additional 10 min. Elastase inhibitory activity (Ellnh) was
calculated as follows (Equation (5)):

Apg — As

Ellnh (%) = = 3-=* x 100 ®)

where A is the absorbance of the negative control (solution where instead of extract the
Tris-HCL buffer was used) and A is the absorbance of the respective extract. Ursolic acid
(1 mg/mL) was used as the standard elastase inhibitor.

3.10. Hyaluronidase Inhibitory Activity

For hyaluronidase (LOX) inhibitory activity [50], 25 uL of the extract solution and
20 pL of hyaluronidase solution (4 mg/mL) were mixed and incubated for 20 min at 37 °C.
After 20 min, 40 uL of 12.5 mM CaCl, was added and incubated for an additional 20 min at
37 °C. Sodium hyaluronate (50 pL, 3.5 mg/mL) was added and incubated for at 37 °C with
constant shaking. After 40 min, the reaction was stopped by adding 20 pL of 0.9 M NaOH
and 40 pL of 0.2 M sodium tetraborate and heating for 3 min at 100 °C. Then, 160 uL of
p-dimethylaminobenzaldehide reagent (DMABA) (0.25 g DMABA dissolved in 4.4 mL of
acetic acid and 0.6 mL of 10 M HCI) was added and the reaction mixture was incubated at
37 °C for an additional 10 min. Absorbance was measured at 585 nm. Tannic acid was used
as positive control. Hyaluronidase inhibitory activity (Hyallnh) was calculated as shown
in Equation (6):
Ag — As

Ag

Hyallnh (%) = x 100 6)
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where Ay is the absorbance of the negative control and A is the absorbance of the cor-
responding extract. Hyallnh ICsy was calculated as the concentration of the extract that
inhibited 50% of hyaluronidase activity and is expressed as uL of extract/mL of solution.

3.11. Tyrosinase Inhibitory Activity

The activity was determined following the method described in [49]. To the extract
solution (80 pL), 40 pL of tyrosinase solution (in 16 mM pH 6.8 phosphate buffer) was
added. After 10 min in the dark at 25 °C, 80 uL of L-DOPA solution (0.19 mg/mL in
phosphate buffer) was added. The absorbance was measured at 492 nm after 10 min.
Tyrosinase inhibitory activity (Tylnh) was calculated as (Equation (7))

AO - As
——x1 7
Ag x 100 )

TyInh (%) =
where A is the absorbance of the negative control (where buffer was used instead of the
extract) and A is the absorbance of the respective extract. Concentration of the extract
which inhibits 50% of tyrosinase activity (TyInh ICsq) was calculated. Kojic acid (1 mg/mL)
was used as positive control.

3.12. Inhibition of Heat-Induced Ovalbumin Coagulation

The activity was evaluated by the heat-induced ovalbumin coagulation method [39].
To 0.4 mL of fresh ovalbumin solution, 2.8 mL of phosphate buffered saline (pH 6.4)
and 2 mL of the extract solution were added. After 15 min at 37 °C, the solutions were
heated at 70 °C for 5 min. Upon cooling of the reaction mixture, the absorbance was
recorded at 660 nm. The inhibition of denaturation (OvInh) was calculated by using the
following Equation (8):
o\ _ Apg — As
OvInh (%) = “Ag
where A is the absorbance of the negative control (water) and Ag is the absorbance of
the respective extract. Concentration of the extract which inhibits 50% of the ovalbumin
coagulation (OvInh ICsp) was calculated. Diclofenac sodium (1 mg/mL) was used as the
positive control.

x 100 8)

3.13. Cell Culture Conditions

The HaCaT human keratinocyte cell line (CLS Cell Line Services, Heidelberg, Ger-
many) was cultivated using Dulbecco’s modified Eagle medium (DMEM) (St. Louis, MO,
USA) supplemented with fetal bovine serum (10%, Biosera, Boussens, France), penicillin,
streptomycin and amphotericin B (5%, Lonza, Basel, Switzerland). The cells were passaged
at 80-90% confluence. The medium was changed approximately every 48 h. The cultures
were maintained at 95% humidity and 37 °C in an atmosphere of 5% CO,.

3.14. Cell Viability Study

Cell viability was determined with the colorimetric MTT assay. HaCaT cells were
seeded onto 96-well plates at a density of 2 x 10* cells/well and allowed to reach confluence
over 24 h. Solutions of the extracts were mixed with Hank’s balanced salt solution (HBSS;
pH 6.0, Capricorn Scientific, Ebsdorfergrund, Germany). Prior to the treatment with the
extracts, the cell culture medium was withdrawn, and the cells washed with HBSS. The
cells were then exposed to the solutions of the extracts in concentrations of 2.5-250 uL/mL
for 2 h. Cells incubated in HBSS were used as a negative control. After 2 h of treatment
with the extracts, the cells were washed twice with HBSS and incubated with fresh medium
(500 puL/well) for 24 h. A total of 50 uL of the MTT solution (5 mg/mL) was added to each
well. After 1 h at 37 °C, the medium was removed, and the cells were lysed. Formazan was
dissolved with acidic isopropanol and its quantity quantified spectrophotometrically at
570 nm (1420 Multilabelcounter VICTORS3, PerkinElmer, Waltham, MA, USA). Metabolic
activity was expressed as relative to control (untreated cells incubated in HBSS).



Molecules 2023, 28,1177

16 of 19

3.15. In Vitro Scratch Wound Healing Assay

In vitro scratch wound healing assay was performed according to BlaZevi¢ et al.,
2016 [42]. The HaCaT cells were seeded onto 24-well plates at a density of 10° cells/well
and a volume of 500 uL /well and allowed to reach adequate confluence over 24 h in DMEM
supplemented with 10% FBS and 5% antibiotic. Thereafter, the medium was removed
and replaced with serum-free medium. After 24 h, a sterile 10 uL pipette tip was used
to scrape across each well, creating a “wound” with a cell-free area. The cell monolayer
was washed gently with HBSS (pH 6.0) to remove detached cells and cell debris. The
wounds were exposed to the extracts’ solutions in HBSS for 2 h. Each well was marked
below the plate surface to allow the identification of the same scratched area. Aftera2h
treatment, the cells were washed with HBSS and incubated with serum-free medium in a
volume of 500 pL/well. Wounds exposed to HBSS were used as a negative control. In vitro
wound epithelization was monitored over 48 h, every 24 h, using phase-contrast microscopy
(10x magnification; Primovert, Carl Zeiss AG, Oberkochen, Germany). The scratch area
was measured using the Image] software (National Institutes of Health, Bethesda, MD,
USA). The percentage of wound closure (PWC) was expressed as the percentage of scratch
closure in relation to the initial scratch area, according to Equation (9):

Ag — Ay y
0

PWC (%) = 100 )

where A is the scratch area at time 0 and Ay is the corresponding scratch area at 24 or 48 h.

3.16. Statistical Analysis

Design-Expert software v. 8.0.6 (Stat-Ease, Minneapolis, MN, USA) was used for
the experimental design preparation (Box-Behnken) and validation (ANOVA) of Box—
Behnken results. For evaluation of antioxidant and enzyme inhibiting activity, the results
were presented as the mean =+ standard deviation of three measurements. ICsy values
were calculated using regression analysis. For wound healing assay, two independent
experiments were performed, using three wells for each treatment. Statistical comparisons
were made between the extracts using Students’ t-test (GraphPad Prism) and Dunnett’s
post hoc test was used for comparison with the control. p-values < 0.05 were considered
statistically significant.

4. Conclusions

E. purpurea aerial parts contain caffeic acid derivatives, potent cosmeceutical ingre-
dients. In this work, the UAE method for preparation of E. purpurea bioactive extracts
was developed. The extraction was performed using mixtures of water with glycerol,
an environmentally friendly and safe solvent, used as a vehicle and active ingredient in
cosmetic products. The extraction was optimized to obtain the extracts with the highest
amount of phenolic acid and the best antiradical activity. The prepared extracts displayed
excellent radical scavenging, Fe?* chelating and antioxidant activity. In addition to that,
collagenase, elastase and tyrosinase inhibitory activities, as well as their anti-inflammatory
activity, indicate excellent antiaging properties of the extracts. The hyaluronidase inhibiting
and wound healing effects were especially pronounced. The conducted research confirms a
significant potential of E. purpurea extracts as valuable ingredients of cosmeceuticals with
antiaging and wound healing properties.
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3.1. Odabir ekstrakcijskog otapala

Tijekom vremena, uslijed djelovanja nepovoljnih ¢imbenika dolazi do niza strukturnih
promjena u kozi poput promjena u pigmentaciji, elasticnosti ili hidrataciji koje se ocituju kao
starenje koZe. Djelomi¢no se takvi procesi mogu usporiti primjenom kozmetickih pripravaka,
pri ¢emu naroc€itu popularnost uzivaju proizvodi s prirodnim tvarima. Bioaktivne sastavnice
takvih proizvoda Cesto su sekundarni metaboliti ljekovitih biljaka, poznati po blagotvornom
ucinku na kozu. Znanstvene studije pokazuju da biljne droge BRC, LR, EPH i SMF imaju
zna¢ajan dermatofarmaceutski potencijal. Stoga je u ovom radu uporabom kemometrijskih
metoda optimizirana ultrazvukom potpomognuta glicerolna ekstrakcija djelatnih sastavnica
biljnih droga BRC-a, LR-a, EPH-a i SMF-a. Cilj optimizacije bila je izrada ekoloski
prihvatljivih ekstrakata s najve¢im prinosom odabranih biljnih sastavnica koji se potencijalno
mogu Kkoristiti u razvoju inovativnih dermatofarmaceutskih pripravaka bez prethodnog
uklanjanja otapala, ¢ime se smanjuje potro$nja energije i negativan utjecaj na okolis.

Pored ucinkovitosti samog kozmetickog proizvoda, suvremeni potroSac pridaje sve veci
znacaj etickim nacelima u proizvodnji kozmetike. Ona se odnose ne samo na izbjegavanje
koriStenja pokusnih zivotinja u kozmetickoj industriji, ve¢ i na prekomjerno iskoriStavanje
prirodnih resursa i onecis¢enje okoliSa u proizvodnji, uporabi i odlaganju kozmetike. Stoga je
ekstrakcija biljnih sastavnica u ovom radu provedena koriStenjem zelenih otapala. U prvom
koraku istrazivanja odabrano je ekstrakcijsko otapalo koje najbolje odgovara zadanom cilju
izrade bioloski uc¢inkovitih i ekoloski prihvatljivih ekstrakata. Za tu svrhu usporedena je
ekstrakcijska ucinkovitost tri zelena otapala: vode, etanola i glicerola.

Razli¢ite fizikalno-kemijske znacajke otapala, poput polarnosti, viskoznosti i hlapljivosti,
znacajno utjeu na ucinkovitost ekstrakcije (78). U svrhu odabira najprikladnijeg otapala za
daljnje ekstrakcije bioaktivnih biljnih sastavnica, preliminarno je koriStena maceracija zbog
svoje jednostavnosti. Preliminarni pokusi provedeni su na EPH-u i SMF-u, a rezultati su praé¢eni
nakon jednog odnosno tri dana. Kao ekstrakcijska otapala koriSteni su voda i razli¢iti udjeli
glicerola i etanola u ekstrakcijskom otapalu. Kako su etanol i voda otapala koja se ¢esto koriste
za ekstrakciju biljnih sastavnica, vodeno-etanolna ekstrakcija SMF-a (79) i EPH-a (80) opisane
su u literaturi. S druge strane, glicerolna ekstrakcija aktivnih biljnih sastavnica je, usprkos
brojnim prednostima glicerola u odnosu na etanol, relativno rijetko zastupljena u znanstvenim

istrazivanjima.
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Preliminarni rezultati pokazali su da je ekstrakcijska u¢inkovitost vode bila relativno
slaba, dok je ucinkovitost glicerola i etanola u ekstrakciji ukupnih fenolnih kiselina iz EPH-a
maceracijom bila usporediva. Sli¢ni rezultati dobiveni su i prilikom ekstrakcije flavonolignana
iz SMF-a. Kao §to je ve¢ spomenuto, pored uloge otapala, glicerol ima i aktivnu ulogu u
kozmeti¢kim proizvodima. Naime, zbog svoje higroskopne prirode na kozi moze djelovati kao
humektant te kao sredstvo za regulaciju viskoznosti (36). Dodatna prednost primjene glicerola
je netoksi¢nost gotovog ekstrakta koji se, sukladno tomu, moze uklopiti u kozmeticki proizvod
bez potrebe za prethodnim uklanjanjem otapala (27). Time se Stedi vrijeme i energija, Sto
postupak ekstrakcije €ini i cjenovno prihvatljivim i manje Stetnim za okolis (29). Uzevsi sve to

u obzir, glicerol je predlozen kao otapalo izbora u daljnjim istrazivanjima.

3.2.  Odabir ekstrakcijske metode

U sljede¢em koraku istrazivanja provedena je usporedba ucinkovitosti UAE-a s
klasicnom maceracijom. Preliminarno ispitivanje provedeno je na modelu EPH-a. Kao ovisne
varijable odabrane su koncentracija fenolnih kiselina i antiradikalna aktivnost (engl. radical
scavenging activity, RSA) ekstrakata odredena pomocu 2,2-difeni-1-pikrilhidrazil slobodnog
radikala (DPPH) i izraZzena kao ICso vrijednost.

Maceracija je jedna od najstarijih tradicionalnih ekstrakcijskih metoda. Odlikuje se
jednostavnos$cu 1 pristupacnoscéu, ali i dugim trajanjem postupka koje u nekim slucajevima
iznosi 1 do 21 dan (81). Stoga su u sklopu istrazivanja provedeni napori da se maceracija
zamjeni nekom od metoda kojom bi se vrijeme ekstrakcije moglo znacajnije skratiti. Jedna od
novijih, nekonvencionalnih metoda ekstrakcije koju krasi krace vrijeme ekstrakcije, niska
emisija COz, mala potros$nja otapala i relativno niska cijena je UAE (82). Zbog toga je u ovom
radu usporedena ucinkovitost prethodno provedene klasi¢ne maceracije s UAE-om, a odredene
su i neovisne varijable koje u najve¢oj mjeri utjecu na ishode reakcije.

Zbog vece slozenosti UAE-a u odnosu na maceraciju, na njezin u¢inak moze utjecati i
znatno veci broj ekstrakcijskih varijabli. lako je primjena glicerolne UAE relativno rijetko
opisana u literaturi, neka novija istrazivanja spominju njezinu primjenu za ekstrakciju
polifenola iz mekinja rize i oraha (37,38). U ovom je radu prije detaljnog postupka optimizacije
glicerolne UAE odredeno koji Cimbenici znacajno utjeCu na njezinu ucinkovitost. To je
ucinjeno pomocu niza preliminarnih ekstrakcija, ¢iji su uvjeti utvrdeni pomocu dvorazinskog

faktorskog dizajna. U njima je ispitan utjecaj ve¢eg broja neovisnih varijabli, kao $to su udio
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glicerola u ekstrakcijskoj smjesi, temperatura, snaga ultrazvuka, vrijeme ekstrakcije, dodatak
askorbinske kiseline u reakcijsku smjesu te omjer droga/otapalo. Rezultati su pokazali da su na
ishode UAE-a najviSe utjecali udio glicerola i vrijeme ekstrakcije te temperatura i snaga
ultrazvuka.

Razli¢iti udjeli glicerola u vodi daju ekstrakcijske smjese razli¢ite polarnosti, pa je
sukladno oc¢ekivanjima ta neovisna varijabla znacajno utjecala na ucinkovitost ekstrakcije. I
druga istrazivanja navode vaznost utjecaja udjela, odnosno koncentracije glicerola u na ishode
ekstrakcije. Jedan od primjera je glicerolna UAE koriStena pri odredivanju klorogenske kiseline
i ostalih derivata kavene kiseline u ostatku nakon filtriranja kave. Pokazano je da je smjesa
glicerola i vode ucinkovitija pri ekstrakciji ukupnih polifenola (engl. total polyphenols, TP) od
vode (83). Nadalje, prilikom ekstrakcije polifenola iz komine crvenog grozda pokazalo se kako
je visiudio glicerola u otapalu poboljSao ekstrakciju TP-a, §to su autori pripisali nizoj polarnosti
otapala, poviSenoj aktivnosti vezivanja duSika, kao i sterickim efektima (84). Vrijeme
ekstrakcije je takoder igralo klju¢nu ulogu u ishodu procesa ekstrakcije biljnih spojeva. U
nacelu, dulje vrijeme ekstrakcije moze povecati prinos bioaktivnih tvari budu¢i da omogucuje
1 dulju interakciju izmedu otapala i biljnog materijala, Sto olakSava otapanje i prijenos spojeva
u otapalo. No, produzeno trajanje ekstrakcije takoder povecava rizik od degradacije osjetljivih
biljnih sastavnica, poput polifenolnih spojeva (85). Primjerice, istrazivanja ekstrakcije
polifenola iz masline su pokazala da dulje vrijeme ekstrakcije moze dovesti do znacajnog
povecanja prinosa polifenolnih spojeva u pocetnim fazama procesa, ali je takoder zabiljezeno
da nakon odredene tocke, produzena ekstrakcija moze uzrokovati degradaciju tih spojeva kao
rezultat reakcija oksidacije ili toplinske razgradnje fenolnih kiselina i flavonoida, §to je ujedno
smanjilo 1 antiradikalnu aktivnost ekstrakta (86). Kod ekstrakcije bioaktivnih tvari iz biljnih
izvora prekomjerno vrijeme ekstrakcije moze rezultirati ekstraktom loSije kvalitete s veéim
udjelom nepozeljnih spojeva (87). Tako prilikom duge ekstrakcije moze doci i do oslobadanja
nezeljenih spojeva, poput trjeslovina i lignina, koji mogu negativno utjecati na okus, boju ili
stabilnost ekstrakta, osobito u prehrambenim i kozmetickim proizvodima (88).

Temperatura i snaga ultrazvuka znacajno utjecu na ekstrakciju na nacin da poboljSaju
ucinkovitost ekstrakcije kroz smanjenje viskoznosti otapala i povecanje kineticke energije
molekula u otopini. Povecanjem temperature dolazi do smanjenja povrSinske napetosti otapala,
Sto omogucuje bolji kontakt izmedu otapala i Cestica biljnog materijala, ¢ime se ubrzava
prijenos bioaktivnih tvari iz biljnog matriksa u otapalo te posljedi¢no pospjesuje topljivost
biljnog materijala (85). Nadalje, visoke temperature olaksavaju difuziju molekula, omogucujuéi

bolju penetraciju otapala u biljne stanice (89). Snaga ultrazvuka, s druge strane, generira
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mehanicke efekte u otopini zbog fenomena kavitacije. To je proces koji nastaje zbog brzog
stvaranja i kolapsa mjehurica u tekucini pod djelovanjem ultrazvucnih valova, a generira mikro-
mlazove 1 visoki tlak koji mehanicki razaraju biljne stanice, olakSavaju¢i oslobadanje
bioaktivnih tvari (90). Navedeni procesi poboljSavaju otapanje ciljanih spojeva, $to moze
znacajno skratiti vrijeme ekstrakcije 1 povecati prinos. Ipak, kao §to je to sluc¢aj s vremenom
ekstrakcije, visoka temperatura i povecana snaga ultrazvuka takoder nose odredene rizike.
Visoke temperature mogu uzrokovati termalnu degradaciju osjetljivih spojeva, §to moze
rezultirati smanjenjem antioksidacijske aktivnosti ekstrakta (91,92). Takoder, ultrazvucéni
valovi mogu uzrokovati oksidaciju spojeva tijekom ekstrakcije, osobito kod dugotrajne
izlozenosti ultrazvuku, i time smanjiti kvalitetu ekstrakta (93). Pored djelovanja na prinos
aktivnih sastavnica, temperatura i snaga UZV-a djeluju i na antioksidativnu aktivnost
pripremljenih ekstrakata jednakim mehanizmima buduéi da je ista proporcionalna koli¢ini
bioaktivnih sastavnica u ekstraktima (94). Suprotno oc¢ekivanjima, dodatak askorbinske kiseline
u ekstrakcijsku smjesu negativno je utjecao na koncentraciju ukupnih fenolnih kiselina (engl.
total phenolic acids, TPA) EPH-a, izraCunatu kao zbroj koncentracija CAF-a i CIC-a. Prijasnja
su istrazivanja, naime, pokazala kako dodatak antioksidansa u prethodno pripremljenu
ekstrakcijsku smjesu s EPH-om usporava oksidacijsku degradaciju fenolnih spojeva te je bilo
oc¢ekivano da ¢e askorbinska kiselina imati pozitivan utjecaj na ishod ekstrakcije (95,96). Ipak,
to nije bio slucaj. Jedno od potencijalnih objasnjenja je $to askorbinska kiselina, iako djeluje
kao antioksidans, pod odredenim uvjetima moze ispoljavati i prooksidativni u¢inak, osobito u
prisutnosti metalnih iona poput Zeljeza ili bakra. Ti metali kataliziraju Fentonovu reakciju koja
dovodi do stvaranja slobodnih radikala koji mogu oksidirati fenolne kiseline i druge polifenolne
spojeve (97) i tako smanjiti ukupnu koli¢inu polifenolnih spojeva u ekstraktu. Dodatno,
askorbinska kiselina moze reagirati s fenolnim kiselinama, stvaraju¢i kompleksne spojeve koje
nije bilo moguce detektirati koriStenom farmakopejskom metodom kvantifikacije fenolnih
kiselina (98).

Nakon usporedbe koncentracije fenolnih kiselina i RSA ICso u ekstraktima priredenim
maceracijom i UAE-om, rezultati su pokazali kako se koncentracije CAF-a i CIC-a u
ekstraktima EPH-a priredenim maceracijom nisu statisticki znacajno razlikovale u odnosu na
one u UAE ekstraktima iako je vrijeme UAE-a bilo znatno kra¢e (40 min za UAE u odnosu na
1 dan, odnosno 3 dana u slu¢aju maceracije). Pove¢ana ucinkovitost UAE-a moze se dobro
objasniti fenomenima poput kavitacije, povecane kineticke energije, poboljSanog bubrenja,

razbijanja stanicne stijenke i izljeva sadrzaja stanice u otapalo (99—-101), dok je maceracija
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znatno pasivnija metoda. Stoga se u daljnjim istrazivanjima pristupilo optimizaciji glicerolne

ekstrakcije potpomognute ultrazvukom.

3.3.  Optimizacija ekstrakcijskih uvjeta

Prethodno provedena preliminarna istrazivanja posluzila su i1 za odabir
ekstrakcijskih parametara koji znacajno utjecu na ishod glicerolne UAE. U slijede¢em koraku
koriSteni su odabrani parametri kako bi se provela detaljna optimizacija ekstrakcije odabranih
aktivnih sastavnica odabranih biljnih droga. Ekstrakcija EPH-a optimizirana je na prinos TPA,
ekstrakcija BRC-a optimizirana je na prinos BER-a, a ekstrakcija SMF-a optimizirana je na
prinos SYL-a. Osim toga, ekstrakcija te tri navedene biljne doge optimizirana je i tako da su
priredeni 1 ekstrakti s najviSom RSA. S druge strane, ekstrakcija LR-a optimizirana je na TP,
kao 1 relativno iskoriStenje ekstrakcije (TPy), veli¢inu koja je uzela u obzir prinos TP-a po
jedinici mase biljnog materijala, te koncentraciju GLA i ISO. Za odredivanje optimalne
vrijednosti ekstrakcijskih parametara, primijenjena je RSM metodologija temeljena na Box-
Benhken dizajnu. RSM uklju€uje stvaranje matematickog modela koji predvida odgovore
(ovisne varijable) na temelju eksperimentalnih parametara (neovisnih varijabli) i njihovih
razina (40). RSM se Cesto primjenjuje za optimizaciju ekstrakcije polifenolnih spojeva iz raznih
prirodnih izvora kao Sto su krumpir (102), Lotus corniculatus (103) 1 vrsta Rheum

moorcroftianum (104).

Kao prva neovisna varijabla u optimizaciji ekstrakcije odabran je udio glicerola.
Uporaba glicerola kao suotapala u vodenoj ekstrakciji omogucuje poboljSanu topljivost i
stabilnost fenolnih i drugih bioaktivnih spojeva, pri ¢emu se smanjuje uporaba konvencionalnih
organskih otapala i umanjuje ekoloski otisak (26,87). Primjerice, Mouratoglou i sur. koristili su
prirodne eutekticke smjese na bazi glicerola u kombinaciji s UAE-om. Njihova je primjena
rezultirala znacajnim poboljSanjem ucinkovitosti ekstrakcije polifenola iz biomase
prehrambenog otpada poput kore limuna, lista masline, krutog otpada luka, komine crvenog
grozda, ostatka nakon filtracije kave te pSeni¢nih mekinja. Uz poboljSan prinos ekstrakcije,
dodatak glicerola smanjio je i ekoloski otisak ekstrakcijskog procesa (105). Nadalje, Kowalska
1 sur. optimirali su proces ekstrakcije bioaktivnih spojeva iz metvice i koprive koriStenjem

mjeSavine glicerola i vode, ¢ime je povecana ucinkovitost ekstrakcije polifenolnih spojeva uz
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istovremeno oCuvanje njihove bioaktivnosti i smanjenje upotrebe toksi¢nih otapala (106). Ovi
primjeri ukazuju na znacajan potencijal glicerola kao zelenog otapala u razvoju odrzivih i
ekoloski prihvatljivih ekstrakcijskih postupaka u farmaceutskoj, prehrambenoj 1 kozmetickoj
industriji.

Udjeli glicerola u istrazivanjima provedenim u ovom radu u pravilu su bili izmedu 10
% 190 % (w/w). Ocekivano, udio glicerola u ekstrakcijskom otapalu uvelike je utjecao na prinos
fenolnih spojeva i drugih biljnih sastavnica prema kojima je optimizirana ekstrakcija. U svim
istrazivanjima provedenim u sklopu ovoga rada, koncentracija odabranih sastavnica u
ekstraktima bila je proporcionalna negativnoj kvadratnoj vrijednosti udjela glicerola. Nadalje,
primijecen je i negativno linearan utjecaj udjela glicerola prilikom ekstrakcija EPH-a, BRC-a i
LR-a. Najbolji prinos ekstrakcije TPA iz EPH-a postignut je s umjerenim udjelima glicerola (50
% do 70 %, w/w). Sli¢ni rezultati zabiljeZzeni su u brojnim literaturnim navodima, poput
ekstrakcije polifenolnih spojeva iz kore patlidzana (107) ili iz nadzemnih dijelova vrste Jasione
montana (108). S druge strane, udio glicerola potreban za maksimalni prinos TP-a iz LR-u bio
je relativno nizak (20 %). Visok sadrzaj polifenola u ekstraktima priredenim s niskim udjelu
glicerola tek se djelomi¢no moze objasniti prisutnoSéu vece koli€ine polarnih polifenola. Iako
poznati primjeri polifenolnih spojeva iz LR-a ukljucuju flavonoidne glikozide likviritin,
izolikviritin, 5,8-dihidroksi-flavon-7-O-beta-D-glukuronid i druge (69), sastav LR-a obuhvaca
1 znacajnu koli¢inu njihovih aglikona i brojnih drugih polifenolnih spojeva relativno niske
polarnosti poput kumarina (likopiranokumarin, glabrokumarin), izoflavonoida (formononetin,
GLA, hispaglabridin B) i kalkona (gliciglabron, paratokarpin B, kanzonol Y) (109). Niski udio
glicerola optimalan za ekstrakciju TP-a mogao bi se objasniti ¢injenicom da glicirizin moze
djelovati kao surfaktant, smanjujuci povrsinsku napetost vode i povecavajuci topljivost manje
polarnih spojeva u polarnim otapalima (110). Dodatno, u LR-u se nalaze vodotopljivi
polisaharidi koji pokazuju antioksidacijski u¢inak te stoga potencijalno mogu reagirati s Folin
Ciocaltau reagensom koriStenim za odredivanje polifenolnih spojeva (111). Slican sastav
otapala karakteriziran relativno niskim udjelom glicerola zabiljeZen je i u ekstrakciji polifenola
iz kore grejpfruta (112). Visoki udjeli glicerola (90 %, w/w) u provedenim istraZivanjima nisu
pozitivno utjecali na prinos TP-a $to je dijelom i ocekivano zbog povecane viskoznosti otopine,
koja otezava difuziju molekula polifenola i smanjuje penetraciju otapala u biljni materijal.
Visoka viskoznost glicerola moze takoder ograniciti prijenos topline, smanjujuci u¢inkovitost
ekstrakcije, dok smanjena topljivost polifenola u visoko koncentriranom glicerolu dodatno

utjece na ukupni prinos (87).
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U radu je provedena optimizacija ekstrakcije ispitivanih biljnih droga na maksimalan
prinos odabranih aktivnih sastavnica. Udio glicerola potreban za najbolji prinos varirao je u
ovisnosti o sastavnicama. Tako su se flavonolignani iz SMF-a najbolje ekstrahirali pri
umjerenim udjelima glicerola (40 % do 50 %, w/w), dok je za najvisi prinos CIC-a i CAF-a iz
EPH-a bila potreban relativno visoki udio glicerola (70 %, w/w). I za ekstrakciju GLA-a i ISO-
a iz LR-a bio je potreban visoki udio glicerola (85 %) unato¢ ¢injenici da je najveéi prinos TP-
a, odreden pomocu Folin-Ciocalteu reagensom, postignut s tek 20% (w/w) glicerola. Navedeno
bi i8lo u prilog hipotezi o interferenciji polisaharida sladi¢a s rezultatima odredivanja ukupnih
polifenola. Udio glicerola potreban za izradu ekstrakata s maksimalnom antiradikalnom
aktivno$¢u, odnosno minimalnom RSA ICso, ovisio je o biljnom materijalu, ali je u pravilu bio
relativno nizak (do 50 % w/w kod BRC-a). Utjecaj koncentracije glicerola na pripremu
ekstrakata s minimalnom RSA ICso kod EPH-a bio je pozitivno linearan, §to je u skladu s
negativno linearnim utjecajem udjela glicerola na ekstrakciju TPA te upucuje na to da je,
sukladno visokoj antiradikalnoj aktivnosti CAF-a (113) i CIC-a (114), antiradikalna aktivnost
rasla na sli¢an nacin kao koncentracija TPA. Naime, u jednoj studiji su CAF i CAC pokazale
znacajno bolju antiradikalnu aktivnost prema superoksidnom i hidroksilnom radikalu od same

kavene kiseline (115).

Osim udjela glicerola, temperatura, kao druga neovisna varijabla, snazno je utjecala na
ucinkovitost UAE-a. U istrazivanjima provedenim u sklopu ovog rada primijenjene su
temperature od 10 °C do 90 °C. RSM je pokazao kako je utjecaj temperature na ishod
ekstrakcije EPH-a pored linearne, imao i komponentu negativnog kvadratnog modela, §to
ukazuje da nakon odredene (optimalne) vrijednosti temperature, prinos ukupnih fenolnih
kiselina opada, vjerojatno zbog toplinske degradacije sastavnica biljnog materijala. Sli¢an
primjer negativne kvadratne ovisnosti temperature i koncentracije polifenola u glicerolnim
ekstraktima moZe se pronaci u ekstrakciji polifenolnih spojeva iz nadzemnih dijelova vrste
Medicago lupulina (116). Nasuprot tomu, ekstrakcija odabranih sastavnica iz ostalih ispitivanih
biljnih droga pratila je pozitivnu kvadratnu krivulju, sli¢no studiji ekstrakcije polifenola iz
riznih mekinja (37). U svim provedenim ekstrakcijama poviSena temperatura je imala pozitivan
linearan utjecaj na ishod ekstrakcije TP-a i pojedinih aktivnih sastavnica jer je za sve provedene
optimalna temperatura ekstrakcijske smjese iznosila od 60 °C do 80 °C. Ovi rezultati ukazuju,

izmedu ostalog, na dobru termostabilnost spojeva, ¢ija je koncentracija odabrana kao ovisna
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varijabla buduci da visoke temperature mogu smanyjiti prinos termolabilnih polifenolnih spojeva
kao Sto su Marete i sur. primijetili prilikom ekstrakcije vrste Tanacetum parthenium (117). S
druge strane, povecanjem temperature ekstrakcijske smjese s visim udjelom glicerola smanjuje
se viskoznost otopine, $to moze znacajno poboljsati ishod ekstrakcije (118). Dent i sur. pokazali
su kako, izmedu ostalog, povecanje temperature povoljno utjece na maseni udio polifenola u
ekstraktima divlje kadulje (119), dok su Vergara-Salinas i sur. pokazali da poviSena temperatura
pozitivno utjeCe na sadrzaj TP-a i antiradikalnu aktivnost ekstrakata timijana dobivenih
ekstrakcijom pod pritiskom vruée vode (120).

Temperatura potrebna za izradu ekstrakata s minimalnom RSA ICso bila je razmjerno
visoka, 1 za sve ispitivane biljne droge iznosila je preko 70 °C te ukazuje na relativno visoku
termostabilnost spojeva odgovornih za antiradikalnu aktivnost u ispitivanim drogama. Sli¢ni
rezultati zabiljeZeni su i1 u drugim studijama, primjerice prilikom optimizacije RSA ekstrakata
nadzemnih dijelova vrste Jasione montana (108). Ipak, treba naglasiti da je utjecaj temperature
na antiradikalnu aktivnost glicerolnih ekstrakata specifi¢an za svaki pojedini biljni materijal.
Primjerice, promjena temperature nije utjecala na RSA glicerolnih ekstrakata rizinih mekinja

(37).

Za razliku od ispitivanja utjecaja temperature i udjela glicerola na ucinkovitost
ekstrakcije, ispitivanje ostalih parametara nije bilo ukljueno u sva istrazivanja provedena u
sklopu ovog rada. Tako su utjecaj snage ultrazvuka i vremena ekstrakcije ispitani u dvije biljne
droge, dok je utjecaj omjera mase otapala i biljnog materijala ispitan samo na primjeru
ekstrakcije polifenolnih sastavnica iz korijena LR-a.

Ispitan je utjecaj snage ultrazvuka na ishode ekstrakcije EPH-a i BRC-a. U oba primjera
je utjecaj ultrazvuka na ishod ekstrakcije bio proporcionalan pozitivnom kvadratnom modelu,
Sto znaci da utjecaj pozitivno raste prema rubovima eksperimentalnog prostora. U obje studije
je za ekstrakciju pojedinih aktivnih sastavnica spomenutih biljnih droga (BER-a iz EPH-a, CIC-
a te CAF-a iz EPH-a) te RSA ekstrakata EPH-a, najpovoljnija bila slaba do umjerena snaga
ultrazvuka (144 W 1360 W), dok su ekstrakti BRC-a bili iznimka od pravila jer se pokazalo da
je visa snaga ultrazvuka (720 W) pogodna za pripremu ekstrakata s nizim RSA ICso. Snaga
ultrazvuka na biljni materijal moze djelovati dvojako. Naime, preniska snaga ultrazvuka nece

prouzrociti dovoljne promjene u biljnom materijalu kako bi se isti optimalno ekstrahirao, dok
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¢e prevelika snaga uzrokovati degradaciju biljnog materijala §to negativno utje¢e na ishod
ekstrakcije (121). Snaga ultrazvuka optimalna za ekstrakciju ne ovisi samo o vrsti sastavnice
nego i o prirodi biljnog materijala te smjestaju odredenih sastavnica unutar biljnog tkiva i
stanica. Povecanje snage ultrazvuka Cesto pozitivno utjee na ekstrakciju biljnih sastavnica iz
¢vrs¢ih biljnih organa poput korijena, kore ili stabljike. Tako su Hemwimol i sur. pokazali kako
UAE antrakinona iz korijena biljke Morinda citrifolia postaje ucinkovitija s povecanjem
intenziteta ultrazvuka, ¢ime se smanjuje viskoznost otopine i povecava prijenos mase (122).
Sli¢ne pronalaske navode i Patil i sur. koji su prilikom ultrazvu¢ne ekstrakcije kamptotekina iz
stabljike vrste Nothapodytes nimmoniana uocili da poveéanje intenziteta ultrazvuka znacajno
smanjuje vrijeme potrebno za ekstrakciju, uz ocuvanje bioaktivnih spojeva (123). S druge
strane, previsoka snaga ultrazvuka moze negativno utjecati na ishod ekstrakcije (124). Primjer
je smanjenje ukupnih antocijana u vinu pod utjecajem vece snage ultrazvuka (125). Jedan od
razloga su hidroksilni radikali koji reagiraju s fenolnim spojevima i razgraduju ih, a koji nastaju
pod utjecajem ultrazvuka velike snage (126).

Vrijeme ekstrakcije takoder je znafajan faktor u svim vrstama ekstrakcije budu¢i da
odreduje trajanje kontakta biljnog materijala s ekstrakcijskim otapalom, $to direktno utjece na
ishod ekstrakcije. Produljenje vremena ekstrakcije moze povecati prinos ekstrakcije. No, nosi i
rizik od razgradnje bioaktivnih komponenti zbog produljenog izlaganja ultrazvu¢nim valovima
1, posljedi¢no, eventualno prisutnim hidroksilnim radikalima (124). U sklopu ovog istrazivanja,
utjecaj vremena na ishod UAE-a ispitan je prilikom ekstrakcije SMF-a i EPH-a. U studijama
provedenim u okviru ovog rada vremenski raspon bio je od 20 min do 60 min, a vrijeme preko
55 min bilo je optimalno vrijeme ekstrakcije po svim ispitivanim ishodima. Tako visoko vrijeme
ekstrakcije moglo bi biti povezano s relativno visokom viskoznos$éu glicerolno-vodenih
otopina. RSM analiza pokazala je kako je odnos koncentracije analiziranih fenolnih spojeva
proporcionalan pozitivnoj kvadratnoj vrijednosti duljine ekstrakcije. Slicne rezultate zabiljezili
su drugi istrazivaci, pa su tako Komes i sur. ispitali utjecaj vremena ekstrakcije na fenolni sastav
ekstrakata i njihov antioksidacijski kapacitet, te zakljucili da vrijeme ekstrakcije korelira s
prinosom bioaktivnih sastavnica, ali takoder moze rezultirati i oksidacijom nekih sastavnica
(127). Dent 1 sur. analizirali su ekstrakciju polifenola iz divlje kadulje te istakli da je vrijeme
kljuan ¢imbenik za postizanje optimalnog prinosa i ocuvanja bioaktivnosti spojeva (119).
Navedeno potvrduje da je vrijeme ekstrakcije kritican parametar koji utjece na prinos i kvalitetu
biljnih spojeva te da ga treba pazljivo optimizirati, ovisno o koristenoj metodi i ciljanim

spojevima.
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Kao posljednja neovisna varijabla ispitivan je utjecaj omjera mase biljnog materijala i
otapala koriStenog za ekstrakciju. Odredivanje optimalne koli¢ine otapala koje se koristi u
procesu ekstrakcije ima znacajnu ekonomsku vaznost, a optimizacija omjera otapala i biljnog
materijala kljucna je za maksimiziranje ekstrakcijske u€inkovitosti i postizanje vecih prinosa.
U pravilu, ve¢i volumen otapala povecava ukupni prinos ekstrakcije pove¢anjem ucinkovitosti
otapanja ciljnog spoja. To se moze pripisati ¢injenici da povecani omjer otapala i materijala
smanjuje gusto¢u smjese. Kao rezultat toga, brzina Sirenja ultrazvucnih valova je povecana, dok
je prigusenje ultrazvucne snage smanjeno. Smanjenje gustoce smjese omogucuje ucinkovitiji
prijenos energije, ¢cime se poboljSava ucinkovitost ekstrakcije. Osim toga, smanjena gustoca
smjese pojacava ucinak kavitacije, dodatno pridonoseci poboljsanoj ekstrakciji (124). S druge
strane ve¢a masa biljnog materijala koja se koristi za ekstrakciju moze povecati sadrzaj trazenih
aktivnih sastavnica u priredenim ekstraktima. No, kada se vece koli€ine biljnih materijala
ekstrahiraju mjeSavinama otapala i vode, bubrenje biljnog materijala u prisutnosti vode moze
promijeniti udjele otapala u smjesi, a posljedi¢no i polaritet ekstrakcijske smjese. Osim toga,
visoki omjer biljnog materijala i otapala moze dovesti do nepotrebnog stvaranja otpada (118).
Utjecaj mase biljne droge u ovom je istrazivanju ispitivan u ekstrakciji LR-a. Dobiveni rezultati
ukazuju kako je vecéa koli¢ina biljne droge uglavnom povoljno utjecala na ishode ekstrakcije
TP-a, GLA 1 ISO, $to se ocituje 1 kroz pozitivan linearan utjecaj omjera biljnog materijala i
otapala s koncentracijom TP-a, GLA-a i ISO-a te u dobivenom pozitivnom kvadratnom modelu
utjecaja mase biljne droge na prinos GLA-a i ISO-a. S druge strane, TPy se smanjio s
povecanjem omjera mase biljnog materijala i otapala. Sli¢ne rezultate dobili su Alupului i sur.
analiziraju¢i u¢inak mase biljnog materijala na ucinkovitost mikrovalne ekstrakcije te su
zakljucili da povecanje mase povecava koncentraciju aktivnih tvari u ekstraktu, ali prekomjerne

mase mogu smanjiti u¢inkovitost zbog smanjene dostupnosti otapala (128).

3.4. Validacija modela
Kako bi se priredili ekstrakti za daljnje odredivanje bioloSke aktivnosti i potvrdila valjanost
dobivenih modela, pripremljeni su takozvani optimizirani ekstrakti. To su ekstrakti priredeni na
osnovi podataka dobivenih RSM-om, odnosno koriStenjem uvjeta za koje su modeli predvidjeli
da ¢e imati najvecu koncentraciju odabranih bioaktivnih sastavnica, odnosno najbolju RSA.
Priredena su dva ekstrakta EPH-a, ekstrakt optimiziran na prinos TPA (zbroj koncentracija

CAF-a 1 CIC-a) te ekstrakt optimiziran maksimalnu RSA. Prireden je ekstrakt BRC-a
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optimiziran je na prinos BER-a te ekstrakt s maksimalnim RSA. Medu priredenim ekstraktima
SMF-a jedan je bio optimiziran je na prinos SYL-a, a drugi na maksimalnu RSA. Medu
priredenim ekstraktima LR-a prvi je bio optimiziran je na TP, drugi na relativno iskoriStenje
ekstrakcije (TPy), veliinu koja je uzela u obzir prinos TP-a po jedinici mase biljnog materijala,
a trec¢i na koncentraciju GLA i ISO. Koncentracije odabranih aktivnih sastavnica u priredenim
ekstraktima (BER, CAF, CIC, GLA, ISO, SMF) odredene su HPLC-om, a koncentracija TP-a
te RSA prikladnim spektroskopskim metodama, pomocu Folin Ciocalteu reagensa te DPPH
slobodnog radikala. Dobiveni rezultati usporedeni su s rezultatima predvidenim RSM
modelima. Odstupanje stvarnih vrijednosti od onih koji su predvidene modelima u pravilu je
bilo manje od 5 %, Sto je ukazalo na valjanost modela. Prikladnost Box-Behnken dizajna za
optimizaciju ishoda UAE-a je u skladu s drugim literaturnim primjerima poput ekstrakcije
klorogenske kiseline iz vrsta roda Lonicera (129). Priredeni ekstrakti koriSteni su za istrazivanje

bioloske aktivnosti u daljnjem radu.

3.5. BioloSka aktivnost optimiziranih ekstrakata

U zadnjem dijelu istrazivanja odredena je antioksidacijska aktivnost odabranih biljnih
ekstrakata te ispitan inhibicijski u¢inak na enzime i procesa koji utjecu na izgled i zdravlje koze.
Tako je ispitan utjecaj ekstrakata na enzim tirozinazu koja djeluje na pigmentaciju, te na enzime
kolagenazu, elastazu i hijaluronidazu koji utje¢u na ECM koze. Protuupalna aktivnost ispitana
je testovima inhibicije LOX-a i toplinom inducirane koagulacije ovalbumina. Navedene
aktivnosti izrazene su kao ICso vrijednosti. U svim testovima koriSteni su referentni standardi
¢ija je aktivnost ispitana u odnosu na aktivnost ekstrakta. lako se ICso vrijednosti standarda i
ekstrakta nisu mogle direktno usporediti zbog toga §to su spomenute aktivnosti izrazene u
drugacijim vrijednostima (aktivnost standarda izrazena je u pg/mL, dok je aktivnost ekstrakta
izrazena u pl./mL), navedene vrijednosti su posluzile kao orijentacija jer se broj¢ana vrijednost
aktivnosti standarda moZe promatrati i kao volumni ekvivalenti otopine standarda koncentracije
1 mg/mL. Dodatno, ispitan je u€inak ekstrakta EPH-a na cijeljenje rana u scratch testu na
monosloju HaCaT stani¢ne kulture (engl. human adult low calcium temperature keratinocytes).
Glicerol je u svim testovima podvrgnut ispitivanju bioloske aktivnosti u udjelima u kojima je
bio koriSten u ekstraktima sa ciljem da se utvrdi potencijalni utjecaj otapala na biolosku

aktivnost ekstrakta.
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Antioksidacijski uc¢inak pojedinih sastojaka kozmeti¢kih proizvoda od iznimne je
vaznosti jer antioksidansi mogu djelovati kao konzervansi, ali i kao njihove bioaktivne
komponente. Komponente s antiradikalnim u¢inkom mogu zastititi kozmeticki proizvod od
oksidacije do koje dolazi tijekom njegovog skladiStenja i koriStenja (130). Keliranje
prooksidativnih metalnih iona, poput Fe* i drugih, takoder je vrlo vazno jer oni mogu izazvati
peroksidaciju viSestruko nezasi¢enih masnih kiselina kojima je prirodna kozmetika posebno
bogata (131). Nedavno je ustanovljeno da kelatori metala u kozmetickim proizvodima mogu
pomo¢i u sprje¢avanju starenja koze uzrokovanog UV zrakama. Cini se da izloZenost koze UV
zraCenju dovodi do povecanja intracelularne razine Zeljeza i posljedi¢no stvaranja slobodnih
radikala. Vezivanjem slobodnog Zeljeza, kelatori metala mogu sprijeciti oStecenje koze
uzrokovano suncevim zrakama (132). U ovom istrazivanju je pomo¢u DPPH slobodnog
radikala ispitana antiradikalna aktivnost pripremljenih ekstrakata. Kelirajuc¢a aktivnost na Fe**
ione ispitana je pomocu ferozina kao kelatora, a ispitana je i sposobnost ekstrakata da zaustave
toplinski induciranu razgradnju nezasi¢enih masnih kiselina u sustavu B-karoten-linolenska
kiselina. Rezultati su usporedeni s aktivno$¢u referentnih antioksidansa butiliranog
hidroksianisola (BHA) i etilendiamintetraoctene kiseline (EDTA).

Antiradikalna aktivnost optimiziranih ekstrakta u pravilu je bila manja od aktivnosti
BHA. Medu svim ispitivanim ekstraktima, aktivnost ekstrakata LR-a bila je najbliza aktivnosti
standarda. Oc¢ekivano, ekstrakti BRC-a i EPH-a optimizirani na RSA imali su neSto manju ECs
od ekstrakata optimiziranih na druge sastavnice. lako je odredivanje to¢ne strukture i
koncentracije tvari odgovornih za uoceni in vitro ucinak izvan dosega ovog istrazivanja,
najvjerojatnije je da su sekundarni metaboliti razlicitih struktura pridonijeli antiradikalnoj
aktivnosti. Prethodne studije pokazale su da su polifenoli, poput kanabisina G 1 (%)-
lionirezinola, glavne tvari odgovorne za antiradikalnu aktivnost ekstrakata BRC-a, ali da 1
odredeni polisaharidi takoder ispoljavaju antiradikalni u¢inak (133-135). Spagnol i sur.
pokazali su kako CAF i CIC u ekstraktima EPH-a posjeduju snaZan antiradikalni ucinak,
nadmasujuci aktivnost koriStenih standarada, askorbinske kiseline i Troloksa. Kao dodatne
prednosti derivata kavene kiseline u navedenom istrazivanju istaknute su veca stabilnost od
askorbinske kiseline i moguénost dobivanja iz prirodnih izvora (za razliku od Troloksa) (136).
Ekstrakti SMF-a takoder su pokazali znacajnu antiradikalnu aktivnost koja je ipak bila manja
od referentnih antioksidansa. Oba ispitivana ekstrakta (ekstrakti optimizirani na SYL odnosno
na RSA) bila su jednako ucinkovita, $to u skladu s relativno slicnim ekstrakcijskim uvjetima

pri kojima su ekstrakti priredeni, a govori 1 o vaznosti uloge SYL-a u ukupnoj antiradikalnoj
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aktivnosti biljne droge. Naime, svi flavonolignani koji se nalaze u sastavu SYL-a su snazni
hvataci slobodnih radikala, a njihov u¢inak se medusobno znacajno ne razlikuje (137). Smatra
se da je upravo antiradikalni u¢inak SYL-a odgovoran za njegov hepatoprotektivni ucinak
(138).

Poput antiradikalne aktivnosti, i keliraju¢a aktivnost optimiziranih biljnih ekstrakata
bila je niza od EDTA. Zanimljivo je kako su ekstrakti BRC-a, EPH-a i SMF-a optimizirani na
RSA pokazali priblizno jednaku u¢inkovitost keliranja Fe** iona kao i ekstrakti optimizirani na
pojedine sastavnice istih biljnih droga, Sto bi moglo ukazivati na snazan keliraju¢i ucinak
odabranih sastavnica. Navedeno potvrduju i dostupni literaturni podaci. Primjerice, Koksal 1
sur. pokazali su kako je SYL jednako uc¢inkovit kelator Fe?* iona kao i Troloks, dok su Garcia-
Munoz i sur. uocili vaznu ulogu BER-a u keliranju iona bakra i Zeljeza ¢ime BER ne pridonosi
samo sprjeCavanju stvaranja hidroksilnih radikala, ve¢ i pomaze u odrzavanju stani¢ne
homeostaze smanjenjem ukupnog oksidativnog opterecenja stanice, kao i ocuvanju lipidne
strukture stani¢nih membrana (139,140). S druge strane, kod ekstrakta LR-a su upravo TP-
optimizirani ekstrakti pokazali najistaknutiju sposobnost keliranja, koja je bila najbliza
aktivnosti otopine standarda. Slicne zakljucke navode Castangia i sur., kao i Kotian i sur. u
svojim istrazivanjima odredivanja antioskidativne aktivnosti LR-a (71,72).

U pB-karoten-linoleatnom testu koji ukazuje na potencijal ekstrakta da inhibira
oksidacijsku razgradnju nezasic¢enih masnih kiselina, aktivnost inhibicije nezasi¢enih masnih
kiselina u ekstraktima BRC-a i LR-a bila je niza od aktivnosti standarda, BH-a. S druge strane,
ekstrakti SMF-a i EPH-a pokazali su izrazito visoku sposobnost inhibicije koja je bila jednaka
ili viSa od aktivnosti otopine BHA. Kod SMF-a je izraZeniju aktivnost pokazao SYL-
optimiziran ekstrakt, dok je kod EPH-a to bio ekstrakt optimiziran na RSA. Ovo je posebno
vazno jer brojni kozmeticki proizvodi sadrzavaju prirodna ulja bogata linolenskom kiselinom,
kao druge (poli)nezasi¢ene masne kiseline. Takvi se proizvodi nerijetko koriste u terapiji
atopijskog ili seboroi¢nog dermatitisa, kao i ostalih koznih oboljenja. Ekstrakti koji inhibiraju
razgradnju nezasi¢enih masnih kiselina povoljno djeluju na aktivnost, kao 1 trajnost

kozmetickih proizvoda koji ih sadrzavaju (141).

Pored hidratacijskog i antioksidacijskog u€inka od modernih se dermatofarmaceutskih
proizvoda oc¢ekuju i dodatni povoljni ucinci na kozu. Prejaka enzimatska aktivnost koze, do
koje dolazi zbog brojnih ranije opisanih promjena uzrokovanih prirodnim starenjem, ali i

vanjskim utjecajima, dovodi do preuranjene ili pretjerane razgradnje vaznih strukturnih
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proteina u kozi poput elastaze ili kolagenaze (142). Kolagenaza i elastaza kljucni su
proteoliti¢ki enzimi ukljuceni u remodeliranje ECM-a kozZe, s bitnom ulogom u odrZavanju
normalne funkcije koZze, ali i u patoloskim procesima poput starenja, upala i oStecenja tkiva.
Njihova aktivnost regulirana je slozenim mehanizmima koji osiguravaju ravnotezu izmedu
sinteze i razgradnje dermalnih komponenti (143). Regulacija aktivnosti ovih enzima provodi se
putem tkivnih inhibitora metaloproteinaza i serinskih proteinaza te lokalne koncentracije cinka
i kalcija, ¢ime se osigurava o¢uvanje integriteta dermisa. No, povecana ekspresija proupalnih
citokina (poput IL-1fB i TNF-a) moZe dovesti do povecane sinteze kolagenaza i elastaza, ¢ime
se dodatno narusava ravnoteza u ECM-u (144). Razumijevanje uloge kolagenaze i elastaze u
fiziologiji 1 patologiji koze od kljucnog je znacaja za razvoj novih terapijskih pristupa
usmjerenih na inhibiciju ovih enzima, osobito u kontekstu proizvoda protiv starenja.

Kolagenaze pripadaju velikoj obitelji cink-ovisnih proteoliti¢kih enzima koje specificno
razgraduju kolagen, dominantni strukturni protein ECM-a koze (145). U ljudskoj kozi
najzastupljenije kolagenaze su MMP-1, MMP-8 i MMP-13 (146). One kataliziraju razgradnju
trostruko spiralne strukture kolagena, posebno tipova I, II i III, koji ¢ine osnovu dermisa. Ta
razgradnja klju¢na je za fizioloSke procese kao $to su rana regeneracija tkiva, angiogeneza,
zacjeljivanje rana, remodeliranje tkiva i uklanjanje oSte¢enog kolagena. Prekomjerna aktivnost
kolagenaza povezana je sa stanjima poput artritisa, tumorske invazije, fotooste¢enja koze i
kroni¢nih rana, gdje dolazi do disbalansa u sintezi i razgradnji ECM-a (147,148). Elastaza, s
druge strane, pripada serinskim proteinazama te ima primarnu ulogu u razgradnji elastina,
proteina odgovornog za elasticnost koze. Elastaza se najces¢e izlucuje iz neutrofila kao dio
imunosnog odgovora, ali i keratinociti i fibroblasti imaju ulogu u njezinoj aktivnosti (149). Do
povecane aktivnosti elastaze moze do¢i uslijed unutarnjih i vanjskih faktora poput starenja i
izlaganja UV zracenju, a klinicki se manifestira borama i smanjenom elasticno$¢u koze. Osim
toga, disbalans u aktivnosti elastaze doprinosi razvoju kroni¢nih koznih bolesti poput psorijaze
1 atopijskog dermatitisa (150).

Rezultati pokazuju kako su ekstrakti EPH-a bili dobri inhibitori kolagenaze i elastaze.
Ipak, njihove su aktivnosti i dalje bile nize od aktivnosti refrentnih inhibitora, galne i ursolne
kiseline. RSA-optimizirani ekstrakt snaznije je inhibirao oba enzima, Sto daje naslutiti kako
spojevi s izrazenim antiradikalnim u€inkom imaju vaznu ulogu u tom procesu. Istrazivanja
pokazuju da antioksidansi prisutni u biljnim ekstraktima mogu neutralizirati slobodne radikale
koji aktiviraju kolagenazu i elastazu, te time posredno doprinose inhibiciji tih enzima (20,151).
I ekstrakti SMF-a su relativno dobro inhibirali aktivnost elastaze. Flavonolignani skupine SYL-

a poput silibinina direktno inhibiraju elastazu, ali djeluju i posredno, putem svojeg
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antiradikalnog ucinka (77,152). Drouet i sur. pokazali su da silibinin smanjuje i razgradnju
kolagenskih vlakana i pomaze u prevenciji degenerativnih promjena povezanih sa starenjem
koze (77).

S druge strane, svi ekstrakti LR-a izvrsno su inhibirali elastazu, pri ¢emu se posebno
istaknuo ekstrakt optimiziran na GLA 1 ISO ¢ija je aktivnost premaSila aktivnost referentnih
inhibitora. U literaturi se navodi da glicirizin, jedna od glavnih bioaktivnih sastavnica LR-a,
izrazito potentan inhibitor elastaze te da njegova aktivnost premasuje aktivnost ursolne kiseline.
Ovo opazanje dodatno podupire Cinjenica kako glicirizin s ursolnom kiselinom dijeli osnovnu
triterpensku kemijsku strukturu (153,154). Nadalje, in silico studije pokazale su snazan afinitet
glicirizina na vezna mjesta elastaze na koja se veze kao kompetitivni inhibitor (155,156). U
sklopu ovog istrazivanja proveden je i eksperiment kojim se Zeljelo utvrditi utjece li otapalo
(glicerol) direktno na aktivnosti elastaze. Dobiveni rezultati ukazuju da glicerol u udjelima u
kojima se nalazio u ekstraktima nije znacajno utjecao na ispitivane enzime. Ipak, moglo bi se
ocekivati da bi glicerol u ve¢im koncentracijama mogao pokazati posredan utjecaj. Prema
dostupnoj literaturi, glicerol moze sprijeciti ili odgoditi oksidaciju i degradaciju bioaktivnih
sastavnica ekstrakata, $to moze ocuvati njihove bioloske ucinke ukljucujué¢i i njihovu
sposobnost inhibicije enzima poput elastaze i kolagenaze (157). Dodatno, njegova viskoznost
moze utjecati na kinetiku enzimskih reakcija, smanjujuéi brzinu reakcije izmedu enzima i
supstrata, ujedno omogucujuci dulji kontakt inhibitora s enzimom (158).

Hijaluronska kiselina je jedan od glavnih sastojaka ECM-a koze. To je polisaharid koji
ima visoku sposobnost zadrzavanja vode, $to doprinosi hidrataciji, elasticnosti i mladolikom
izgledu koze. Hijaluronidaze su skupina enzima koji razgraduju glikozidne veze unutar lanaca
hijaluronske kiseline i cijepaju je na manje fragmente. Time reguliraju njezinu koncentraciju i
molekulsku masu, utjecu na njezina funkcionalna svojstva te na razlicite fizioloske i patoloSke
procese u kozi (159). Aktivnost hijaluronidaze moze i¢i u dva smjera. Dok je kontrolirana
razgradnja hijaluronske kiseline klju¢na za odrZavanje homeostaze koZze te za njezinu
regeneraciju, povecana aktivnost hijaluronidaze u kombinaciji sa smanjenom sintezom
hijaluronske kiseline pridonosi stanjenju koze, gubitku ¢vrstoce i pojavi bora. Ove promjene
dodatno pogorsavaju okolisni ¢imbenici poput UV zracenja, koje moze potaknuti ekspresiju
hijaluronidaza, ubrzavajuci procese starenja (160).

Ispitivani ekstrakti EPH-a su snazno inhibirali hijaluronidazu. Uc¢inak je vjerojatno
povezan s prisutnosti derivata kavene kiseline koji posjeduju snaZzan antihijaluronidazni u¢inak
(161,162). Taj uc¢inak moze se objasniti pomoc¢u nekoliko mehanizama. Fenolne i karboksilne

skupine derivata kavene kiseline omogucuju stvaranje vodikovih veza i hidrofobnih interakcija

103



s klju¢nim aminokiselinama u aktivnom mjestu hijaluronidaze Sto ometa katalitiCku funkciju
enzima, blokiraju¢i hidrolizu hijaluronske kiseline (163) kompetitivnim mehanizmom
inhibicije (164). Osim toga, derivati kavene kiseline pokazuju i snazna antiradikalna svojstva.
Smanjenjem oksidacijskog stresa koji moze aktivirati hijaluronidazu posredno se smanjuje
aktivnost enzima (165). Oba ispitana ekstrakta su inhibirala enzim, a u¢inak je bio usporediv s
taninskom kiselinom. Hijaluronska kiselina ima dobar potencijal za primjenu u pripravcima za
zacjeljivanje rana jer zadrzava vlagu u okruZenju rane, ¢ime poboljSava migraciju stanica i
potiCe zacjeljivanje (166). Stoga se primjena EPH-a u biljnim pripravcima koji se prema
Europskoj agenciji za lijekove mogu koristiti kao tradicionalni biljni lijekovi za lijeCenje manjih
rana (58) djelomi¢no moze temeljiti upravo na inhibiciji razgradnje hijaluronske kiseline.

Tirozinaza je bakar-ovisna monooksigenaza koja igra klju¢nu ulogu u biosintezi
melanina  kroz oksidaciju fenolnih supstrata, prvenstveno L-tirozina 1 L-DOPA
(dihidroksifenilalanina). Enzim katalizira dvije klju¢ne reakcije na putu sinteze melanina:
hidroksilaciju tirozina u L-DOPA (monofenolazna aktivnost) i naknadnu oksidaciju L-DOPA-
e u dopakinon (difenolazna aktivnost). Ove reakcije dovode do niza neenzimatskih
polimerizacijskih reakcija koje zavrSavaju proizvodnjom melanina (167). U koZi ¢ovjeka se
tirozinaza nalazi unutar melanosoma melanocita, gdje je njezina sinteza strogo regulirana kako
bi se odrzala fizioloSka proizvodnja pigmenta. Prekomjerna aktivnost tirozinaze, kao i
posljedi¢na prekomjerna proizvodnja melanina, povezuje se s poremecajima hiperpigmentacije,
poput melazme i starackih pjega. S druge strane, smanjena aktivnost tirozinaze povezana je s
poremecajima poput albinizma (168). Aktivnost ovog enzima ovisi o genetskim, hormonskim 1
okoli$nim ¢imbenicima, §to ukljucuje i UV zracenje koje inducira ekspresiju tirozinaze kao dio
zaStitnog odgovora koze. Razumijevanje regulacije i inhibicije tirozinaze ima znacajne
implikacije u dermatologiji i kozmetologiji, osobito u razvoju tretmana za poremecaje
pigmentacije i sredstava za izbjeljivanje koze (169).

U istrazivanjima provedenim u sklopu ovog rada svi ispitivani ekstrakti su u vecoj ili
manjoj mjeri inhibirali tirozinazu. Glicerol je u udjelima prisutnim u ekstraktima pokazao blagi
ucinak na inhibiciju tirozinaze, primjerice do 10% kod ekstrakta SMF-a optimiziranog na SYL.
Taj relativno mali u¢inak nije zabiljezen u svim studijama i je moguce ga je pripisati utjecaju
koji povecana viskoznosti medija ima na brzinu reakcije izmedu enzima i supstrata (158).
Svojom aktivno$¢u posebno su se istaknuli ekstrakti EPH-a i LR-a, kod kojih su ucinci
pojedinih ekstrakata bili statisticki jednaki ili bolji od u€inaka koji¢ne kiseline koja je koristena
kao inhibicijski standard. Medu ekstraktima EPH-a najaktivniji je bio ekstrakt optimiziran na

prinos TPA, $to ne ¢udi jer su Honisch i sur. pokazali kako je CAF snazan kompetitivni inhibitor
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tirozinaze (62). I CIC takoder pokazuje vrlo snazan antitirozinazni u¢inak (170). Svi ispitivani
ekstrakti LR-a bili su iznimno ucinkoviti, a ekstrakti optimizirani na TP te na ukupni prinos
GLA 1ISO bili su u€inkovitiji od koji¢ne kiseline. Nerya i sur. pokazali su da se medu aktivnim
sastavnicama LR-a, svojim anti-tirozinaznim u¢inkom posebno isticu GLA, ISO i glabren koji
djeluju kao kompetitivni inhibitori tog enzima (171). Stoga se namece zakljucak da bi se
ekstrakti biljnih droga koji su bogati ovim sastavnicama mogli koristiti u proizvodima za

izbjeljivanje koze.

Kao i kod drugih organa, koza tijekom starenja prolazi kroz funkcionalno propadanje,
postaje krhkija i osjetljivija na infekcije. Jedan od izazova oc¢uvanju zdravlja i mladenackog
izgleda koze u starijoj zivotnoj dobi mogao bi biti povezan s prisutnos¢u kroni¢ne upale niske
razine koja je Cesto povezana sa starenjem. Tu vrstu upale karakteriziraju povecane razine
cirkuliraju¢ih proupalnih citokina kao i stani¢no starenje. Nakupljanje senescentnih stanica u
kozi smanjuje njezinu protuupalnu obranu te negativno utjece na zastitnu funkciju. Konstantna
upala dovodi i do smanjene sposobnosti popravljanja strukturnih o$te¢enja, a posljedi¢no
remodeliranje ECM-a koze rezultira promjenama u njezinoj arhitekturi i klinickom izgledu
(172). Denaturacija tkivnih proteina jedan je od uzroka, ali i jedna od posljedica upalnih procesa
u kozi (173). Stoga se smatra da bi supresija denaturacije proteina koze mogla usporiti daljnji
razvoj upalnih promjena (174). Za ispitivanje u¢inka na denaturaciju proteina, u radu je koriSten
test inhibicije toplinom inducirane koagulacije ovalbumina. Svi ispitivani ekstrakti pokazali
relativno dobar u€inak u odnosu na standardni inhibitor diklofenak. Za razliku od prethodnih
testova glicerol, koriSten u koncentracijama u kojima je prisutan u ekstraktima, znacajno je
inhibirao denaturaciju ovalbumina te je tako aktivno sudjelovao u ukupnoj opazenoj aktivnosti
ekstrakata. Ucinak glicerola na denaturaciju kolagena (175) i drugih proteina opisan je u
literaturi. Ta sposobnost glicerola dodatno potvrduje prednost uporabe glicerola, ali i glicerolnih
ekstrakata u dermatofarmaceutskim proizvodima.

LOX je enzim koji je ukljucen u metabolizam arahidonske kiseline te je odgovoran za
sintezu proupalnih eikozanoida poput leukotriena i lipoksina. LOX igra vaznu ulogu u aktivaciji
upale koze i1 posreduje u upalnom odgovoru koZe na razne okoliSne ¢imbenike poput UV
zraCenja i alergena (176). Ovim radom obuhvaceno je istrazivanje anti-LOX uc¢inka ekstrakata
BRC-a. lako je u literaturi BER iz vrste Mahonia aquifolium pokazao vrlo nisku anti-LOX
aktivnost (177), aktivnost ispitanih ekstrakata BRC-a bila je relativno dobra. Toc¢nije, anti-LOX

uc¢inak RSA-optimiziranog ekstrakta bio je usporediv s aktivno$éu 1 mg/mL otopine
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nordihidroguajareticne kiseline (NDGA). Za ovaj ucinak vjerojatno su odgovorne i druge
sastavnice BRC-a jer se metanolni ekstrakt korijena Zutike pokazao izvrsnim inhibitorom LOX-
a (178). Sve navedeno ukazuje na to da bi priredeni glicerolni ekstrakti mogli imati znacajan

protuupalni potencijal i time blagotvorno djelovati na starenje koze.

Integritet zdrave koZe igra klju¢nu ulogu u odrzavanju fizioloske homeostaze ljudskog
tijela. Ukoliko se taj integritet narusi dolazi do nastanka rana, a njihovo neadekvatno
zacjeljivanje nerijetko zahtijeva medicinsku intervenciju. Primjerice, akutne traume kao $to su
uklanjanje dijelova koze ili toplinske ozljede velikih razmjera prac¢ene su gubitkom funkcije
koznih organa S$to organizam c¢ini ranjivim na infekcije, dovodi do toplinske disregulacije i
gubitka tekucine, dok kroni¢na stanja poput dijabetesa ili periferne vaskularne bolesti mogu
dovesti do trajnih poremecaja u zacjeljivanju rana (179). Brojne biljne sastavnice pokazale su
pozitivan ucinak na cijeljene rana. Jedan od najpoznatijih primjera je tradicionalna primjena
cvijeta nevena (180) te lista vrste Centella asiatica (181) ¢iji su ucinci dobro dokumentirani
brojnim klinickim studijama. I druge biljne vrste mogu pozitivno utjecati na cijeljenje rana,
poput ekstrakta lista vrste Ocimum gratissimum (182) 1 Sambucus nigra (183).

Zacjeljivanje rana je proces koji se odvija u nekoliko faza, koje se tijekom vremena
mogu medusobno preklapati: hemostaza i upala, proliferacija te remodeliranje, karakterizirano
stvaranjem novog tkiva (184). U fazi proliferacije odvija se migracija keratinocita i fibroblasta
S$to obnavlja mrezu krvnih zila i utjece na proces granulacije. Ta pojava temelj je za scratch test,
in vitro metodu ispitivanja cijeljenja rana "grebanjem". U ovom postupku se u stanicnom
monosloju izraduje ogrebotina koja ostavlja prazan prostor na dnu jaZice ¢ime se stvara
imitacija rane. Ako su uvjeti zadovoljavajuci, dolazi do migracije i proliferacije stanica, nakon
¢ega slijedi postupno zatvaranje stani¢nog modela rane (185). Za tu metodu se Cesto koristi
kultura HaCaT stanica, dugovjecna, spontano besmrtna linija ljudskih keratinocita, sposobna
za diferencijaciju u uvjetima in vitro (186).

Prije testa cijeljenja utvrden je ucinak ekstrakata i odabranih koncentracija glicerola na
vijabilnost HaCaT stanica te raspon koncentracija u kojemu je bilo moguée provesti test
cijeljenja rana. Za tu svrhu koriSten je MTT test s 3-(4,5-dimetiltiazol-2-il)-2,5-
difeniltetrazolijum bromidom. Oba ispitivana EPH ekstrakta su u ispitivanim koncentracijama
bila kompatibilna s kulturom keratinocita te su ubrzala zatvaranje modela rane, pri ¢emu je
potonji pokazao nesto bolji u¢inak. Glicerol nije pokazao zamjetan ucinak, $to ukazuje na to da

su upravo aktivne sastavnice ekstrakta bile odgovorne za poticanje proliferacije. Zanimljivo,
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ucinak RSA optimiziranog ekstrakta nije ovisio o dozi. Sposobnost biljnih ekstrakata na
cijeljenje rana, neovisno o koncentraciji istih, nije neobi¢na pojava. Razlog moze biti slozeno
medudjelovanje pojedinih aktivnih sastavnica u ekstraktu (187). Sukladno tomu, jedan od
buducih istrazivackih pravaca moze se usmjeriti na pronalaZenje sastavnica ekstrakata EPH
koje su prvenstveno odgovorne za uocenu aktivnost cijeljenja rana, kao i optimalni raspon doza
za primjenu istih. Ovo istraZivanje potvrduje primjenu pripravaka EPH u tradicionalnim biljnim
lijekovima za ublazavanje koZnih oboljenja i pospjesivanje zacjeljivanja manjih rana odobrenu
od strane Europske agencije za lijekove (58). lako ispitivanje u€inaka ekstrakata preostalih
biljnih droga na cijeljenje rana nije obuhvaceno ovim radom, nekoliko studija ukazuje na njihov
potencijal da utjecu na taj proces. Ekstrakti vrste G. glabra su u brojnim ispitivanjima pokazali
znacajan ucinak, bilo kao samostalni ekstrakti u in vitro (188) ili in vivo studjama (189), te u
kombinaciji s drugim biljnim ekstraktima. Primjerice, kombinacija ekstrakta vrste Spartium
junceum 1 ufasoma s ekstraktom LR-a ubrzala je cijeljenje rana u ispitivanju na in vitro modelu
s fibroblastima (190). Sli¢no tomu, nekoliko klini¢kih studija ukazalo je na izvrstan potencijal
ekstrakata i sastavnica vrste S. marianum da ubrzaju cijeljenje rana_(191,192). Ekstrakt vrste

Berberis aristata, bogat BER-om, ubrzao je zacjeljivanje rana u jednoj in vivo studiji (193).
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4. ZAKLJUCAK



Uporabom kemometrijskih metoda optimiziran je postupak glicerolne, ultrazvukom
potpomognute ekstrakcije djelatnih sastavnica biljnih droga BRC, LR, EPH i SMF.
Odredena je antioksidativna aktivnost optimiziranih ekstrakata te su ispitani bioloski u¢inci
odabranih ekstrakata. Uz sposobnost inhibicije enzima koji utje¢u na izgled koze poput
kolagenaze, elastaze, tirozinaze i lipoksigenaze ispitan je i njihov u¢inak na hijaluronidazu,

kao 1 biokomplatibilnost s HaCaT stanicama, te uc¢inak na cijeljenje rana u scratch testu.

e Glicerol se pokazao u¢inkovitim otapalom za ekstrakciju aktivnih sastavnica odabranih

biljnih droga, s u¢inkom otapanja usporedivim s onim etanola.

e Zbog vece ulinkovitosti 1 kratkog vremena ekstrakcije, vodeno-glicerolna UAE se

pokazala boljom ekstrakcijskom metodom u odnosu na maceraciju istim otapalom.

e Na ishode UAE-a, ovisno o odabranoj drogi i cilju ekstrakcije, prvenstveno su utjecali
koncentracija glicerola i temperatura, dok su i1 drugi ispitivani parametri, poput snage
ultrazvuka, vremena ekstrakcije, mase biljnog materijala te dodatka askorbinske
kiseline u ekstrakcijsku smjesu, utjecali na ekstrakcijske ishode u pojedinim

slucajevima.

e (Odabrani biljni ekstrakti pokazali su snaznu antiradikalnu 1 kelirajucu aktivnost te su
ucinkovito inhibirali toplinom induciranu razgradnju nezasi¢enih masnih kiselina, $to
ukazuje na njihov pozitivan utjecaj na stabilnost dermatofarmaceutskih proizvoda i

zaStitu koze od oSte¢enja uzrokovanih oksidacijskim stresom.

e Ekstrakt SMF-a optimiziran na RSA imao je ucinak statisticki jednak, a ekstrakt
optimiziran na sadrzaj SYL ucinak bolji od u¢inka BHA u testu s B-karotenom i
linoleinskom kiselinom. Oba ispitivana EPH ekstrakta pokazala su ucinak statisticki
bolji od standarda u testu s B-karotenom. Ekstrakt LR-a optimiziran na sadrzaj GLA i
ISO pokazao je bolju RSA od BHA, dok je ekstrakt optimiziran na sadrzaj TP-a bio
jednako ucinkovit kelator Zeljeza kao EDTA.

e Ispitivani ekstrakti u¢inkovito su inhibirali enzime i procese koji negativno utjeCu na
izgled i zdravlje koze, Sto ukazuje na potencijal pozitivnog utjecaja na upalne procese,
pigmentaciju, ¢vrstocu i elasti¢nost koze. Aktivnost ekstrakata EPH-a i LR-a u

pojedinim testovima bila je jednaka ili veca od aktivnosti standardnih inhibitora.
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Najucinkovitiji medu ispitivanim ekstraktima bili su ekstrakti LR-a. Ekstrakt
optimiziran na sadrzaj GLA i ISO snaZnije je inhibirao koagulaciju proteina, aktivnosti
enzima elastaze i tirozinaze od diklofenaka, ursolne i koji¢ne kiseline koji su koriSteni
kao standardi u navedenim testovima. U odnosu na standardne inhibitore, ekstrakt
optimiziran na sadrzaj TP bio je jednako ucinkovit inhibitor elastaze i bolji inhibitor
tirozinaze, dok je ekstrakt optimiziran na TPy bio jednako u€inkovit inhibitor elastaze i
tirozinaze. Ekstrakti EPH-a optimizirani na sadrzaj TPA i antiradikalnu aktivnost bili su
uc¢inkovitiji od taninske kiseline u testu inhibicije hijaluronidaze, a ekstrakt optimiziran

na sadrzaj TPA bio je jednako ucinkovit inhibitor tirozinaze kao koji¢na kiselina.

Glicerol je, u koncentracijama u kojima je bio prisutan u ekstraktima, inhibirao toplinom

induciranu koagulaciju proteina aktivno pridonose¢i u¢inku ekstrakata.

EPH ekstrakti pokazali su izvrsnu biokompatibilnost s HaCaT stanicama te pozitivan

utjecaj na cijeljenje in vitro modela rane.

Rezultati istrazivanja ukazuju na to da je glicerolna ekstrakcija ekoloski prihvatljiva
alternativa klasicnoj ekstrakciji bioaktivnih biljnih sastavnica etanolom i drugim

organskim otapalima.

Utvrdeni antioksidacijski ucinak priredenih glicerolnih ekstrakata, inhibicija enzima
koji negativno utjecu na izgled i zdravlje koze te pozitivan ucinak na cijeljenje in vitro
modela rane ukazuju na zna¢ajan potencijal primjene priredenih ekstrakata kao aktivnih

sastavnica inovativnih dermatofarmaceutskih proizvoda.

Biokompatibilnost priredenih ekstrakata ukazuje na moguénost primjene u
dermatofarmaceutskim pripravcima bez prethodnog uklanjanja otapala, ¢ime se

smanjuje potroS$nja energije i negativan utjecaj na okolis.

Glicerol se pokazao uc¢inkovitim otapalom za ekstrakciju djelatnih sastavnica biljnih
droga BRC, LR, EPH i SMF, te su priredeni ekoloski prihvatljivi ekstrakti s izrazenim
antioksidacijskim svojstvima koji mogu inhibirati odabrane enzime srodne onima u

kozi.
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e Dodatna istrazivanja su potrebna kako bi se utvrdio nacin ugradnje spomenutih
ekstrakata u dermatofarmaceutske proizvode, kao i odredili njihova sigurnost primjene,

doza 1 klini¢ki uc¢inak.
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