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Abstract

Background Blackcurrant is a rich source of polyphenols with proven physiological activity, that have lately been
classified as emerging prebiotics, making its extracts suitable for application in functional food and bioactive cosmet-
ics. However, these biomolecules are trapped in cell wall structures and nowadays, enzymatic hydrolysis is recognised
as powerful tool for extraction efficiency improvement in an environmentally sound manner. This study aimed to opti-
mize enzyme-assisted extraction to maximize yields of blackcurrant polyphenols. In addition, their prebiotic potential
was tested by examining their influence on typical skin microbiota representatives as model microorganisms—ben-
eficial coagulase-negative Staphylococcus epidermidis and two opportunistic pathogens, Staphylococcus aureus and
Cutibacterium acnes.

Results Among four examined commercial enzyme preparations, Viscozyme® L and Rohapect® MC, demonstrated
the highest potential as extraction enhancers by increasing antioxidant activity, total polyphenol, and flavonoid
contents. Furthermore, their synergetic effect enabled 95.3% increase in polyphenol concentration compared to con-
ventional extraction with a maximum of 27.6 mg gallic acid equivalents (GAE)/g dry matter (DM) at a total enzyme
concentration of 0.05 mL/g DM (Viscozyme® L to Rohapect® MC ratio 2:1) after 60 min. HPLC profiles of two samples
showed differences in polyphenol composition indicating simultaneous extraction—-biotransformation. At a concen-
tration of 0.025 mg GAE/mL, PAS (prebiotic activity score) values were 0.096 and 0.172 for conventionally and enzy-
matically obtained extract, respectively. Moderate inhibitory effect of optimal extract concentration on Cutibacterium
acnes was shown, as well. Hydrogel prepared with optimal extract concentration showed improved hydration effect,
decreased irritability and increased dermatological compatibility comparing to basic formulation.

Conclusions Overall results demonstrated that blackcurrant extract obtained under optimized conditions using
enzymes possesses an emerging prebiotic potential for selective skin microbiota stimulation.
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Background

With the growing awareness of producers and consum-
ers about current environmental problems, novel, more
efficient technologies for green products with ingredients
derived from plant material are becoming indispensa-
ble. The plant kingdom is a rich source of phytochemi-
cals with significant physiological activities, desirable
for application in food, cosmetics, and pharmaceuticals
[1, 2]. Among them, polyphenols are being of particu-
lar interest, representing a diverse group of secondary
metabolites, divided into several different classes depend-
ing on the number of rings and the structural elements
associated with the rings, namely, polyphenolic acids,
flavonoids, stilbenes and lignin [3]. Their benefits for
human health are still being discovered, but the current
research indicates that a polyphenols-rich diet protects
against the development of certain types of cancer, dia-
betes, cardiovascular diseases, gastrointestinal disorders,
and so on [3, 4]. In addition to improving health, poly-
phenols are employed in the food industry to prevent the
oxidation of other valuable food components, but also as
natural colorants and flavorants, enhancing the quality of
the final products [5]. The cosmetic and dermatological
significance of polyphenolic compounds stems from their
application as antioxidants, which minimize oxidative
stress-induced skin damage, making them a good alter-
native for treating and preventing premature skin aging
[6, 7].

To isolate and purify these health-promoting bioac-
tives from the raw materials, the extraction process is
required. Traditional solvent-based extraction methods
are frequently utilized due to easy performance but have
a low extraction yield of compounds that are covalently

bound to the cell wall matrix [5]. As a result, innovative
extraction strategies, such as enzyme-assisted extraction,
have been developed to increase the extraction efficiency
of phytochemicals from different plant parts. Enzyme-
assisted extraction is based on the use of carbohydrate-
hydrolysing enzymes (such as cellulases, hemicellulases,
pectinases, amylases, and glucanases [8, 9]), which dis-
rupt polysaccharide components of the cell wall (cellu-
lose, hemicellulose, pectin, and glucan), thereby enable
the penetration of solvents and facilitate diffusion of bio-
molecules. The key benefits of this extraction method are
the absence of hazardous solvents, the mild reaction con-
ditions, the lower energy consumption, and the ability to
achieve the higher recovery of bioactive compounds in a
shorter time thanks to high specificity and regioselectiv-
ity of enzymatic reactions [5, 8, 9]. The effectiveness of
enzyme-assisted extraction is influenced by a number of
factors and the optimal conditions for enzyme-assisted
extraction should be defined for each plant material to
maximize the quantity of polyphenols [5].

In this study, enzyme-assisted extraction was applied
and optimized to increase the yield of polyphenolic com-
pounds from blackcurrant, with special attention given
to the utilization of the skin prebiotic potential of this
plant. The blackcurrant (Ribes nigrum L.) predominantly
contains flavonoids, specifically anthocyanins and their
aglycone forms, and there are reports that it is a source of
the highest amount of phytochemicals with potent anti-
oxidant, antimicrobial, and anti-inflammatory activities
capable of improving overall human health, compared to
the other berries [10, 11]. Recently, polyphenolic com-
pounds have been recognized as potential gut prebiotics,
which stands for substances that are selectively utilized
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by host microorganisms, exhibiting positive effect on
the composition of human microbiota and consequently
beneficial influence on human health [12, 13]. Besides
gut, skin microbiota composition is attracting increased
attention of scientist, companies and consumers; there-
fore, International Cooperation on Cosmetics Regulation
(ICCR) defined cosmetics prebiotics as “substrates added
to a cosmetic product to be utilized by the host micro-
biome, with an intended cosmetic benefit to the host”
[14]. There is evidence that blackcurrant is a good candi-
date to be used as a source of skin prebiotics, since it was
observed that it inhibits the inflammation-causing bacte-
ria without affecting beneficial species [15]. For this rea-
son, in addition to selecting enzymes and conditions of
enzyme-assisted extraction with optimum effect on poly-
phenol yield and antioxidant activity of extracts, their
potential skin prebiotic activity was also investigated in
this study. This was performed by measuring the effect
of the obtained blackcurrant extracts on the growth of
two skin microbiota representatives, commensal bacte-
rium Staphylococcus epidermidis and an opportunistic
pathogen Staphylococcus aureus. Furthermore, the effect
of different extracts polyphenol dosage was examined to
determine the ideal polyphenol concentration for poten-
tial application in prebiotic-containing skin products.
Influence of optimized extract concentration on Cutibac-
terium acnes growth, as another important opportun-
istic skin pathogen, was examined as well. Finally, skin
irritability and hydration potential of the extract incor-
porated in model formulation was assessed for more
detailed evaluation of the prospects for future cosmetic
application.

Materials and methods

Materials

Lyophilized blackcurrant was supplied by Drenovac
d.o.o0., Arilje, Serbia. Analytical grade chemicals, includ-
ing sodium acetate trihydrate (CH;COONa-3H,0),
sodium chloride (NaCl), sodium carbonate (Na,COs,),
aluminium chloride (AICl,), iron(IlI) chloride hexahy-
drate (FeCl;-:6H,0) and iron(Il) sulphate (FeSO,) were
obtained from Centrohem (Stara Pazova, Serbia). HPLC
grade solvents (methanol and water), formic acid, tri-
fluoroacetic acid (TFA), 3,5-dinitrosalicylic acid and
2,4,6-tris(2-pyridyl)-s-triazine (TPTZ) were purchased
from Sigma-Aldrich (Schnelldorf, Germany). Antho-
cyanin HPLC standards, delphinidin 3-O-rutinoside
chloride, cyanidin 3-O-rutinoside chloride and cya-
nidin 3-O-glucoside chloride, were purchased from Carl
Roth (Karlsruhe, Germany). Gallic acid, quercetin, and
glucose were obtained from Merck (Darmstadt, Ger-
many). Folin—Ciocalteu phenol reagent was from Carlo
Erba (Arese, Italy). Glacial acetic acid (CH;COOH) and
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hydrochloric acid (HCI) were from Zorka Pharma (Sabac,
Serbia). Trypticase soy broth, agar, and yeast extract
were purchased from the Institute Torlak (Belgrade, Ser-
bia), while Mueller Hinton broth and brain heart infu-
sion broth were from Becton, Dickinson and Company
Sparks (Le Pont de Claix, France) and Xeboic Diagnostics
GmbH (Dusseldorf, Germany), respectively. Commer-
cial enzyme preparations Viscozyme® L, Pectinex® Ultra
SP-L and Cellic® CTec3 HS were obtained from Novo-
zymes (Bagsvaerd, Denmark), while Rohapect® MC was a
kind donation from AB Enzymes (Darmstadt, Germany).
Bacterial strains Staphylococcus epidermidis DSM 20044
was from Leibniz Institute DSMZ (German Collection of
Microorganisms and Cell Culture GmbH, Braunschweig,
Germany), while Staphylococcus aureus ATCC 25923 and
Cutibacterium acnes ATCC 11827 were purchased from
American-Type Culture Collection (Rockville, Mary-
land, USA), respectively. Aristoflex AVC (ammonium
acryloyldimethyltaurate/VP copolymer; Clariant Inter-
national Ltd., Basel, Switzerland) was used for the prepa-
ration of hydrogels. Zea mays protein, sodium dodecyl
sulphate (SDS) and isopropyl myristate were purchased
from Sigma-Aldrich Chemie GmbH (Steinheim, Ger-
many) and used for Zein and red blood cell (RBC) assays.

The optimization of enzyme-assisted extraction

The optimization of enzyme-assisted extraction of poly-
phenols from lyophilized blackcurrant was performed
using four commercial enzyme preparations—Viscoz-
yme® L, Pectinex® Ultra SP-L, Rohapect® MC, and
Cellic® CTec3 HS. The blackcurrant was mixed with
acetate buffer (pH 4.5) at different solid-liquid ratios and
various enzyme concentrations, defined for each experi-
ment individually, and incubated at 50 °C with shaking
at 150 rpm. The temperature and pH value were selected
based on the manufacturer’s recommendation. Dur-
ing extraction process, samples were taken for deter-
mining total reducing sugar, polyphenol and flavonoid
contents, and antioxidant activity. After the hydrolysis,
which lasted 60—120 min, the enzymes were deactivated
by heating the sample at 100 °C for 5 min. The control
sample was prepared in the same manner but without
enzymes. All prepared extracts were stored at —20 °C
until analysis.

Total reducing sugars content determination

The total reducing sugar content in extracts was deter-
mined by the 3,5-dinitrosalicylic acid (DNS) method
[16]. Briefly, 0.25 mL of properly diluted sample was
mixed with 0.25 mL of freshly prepared DNS reagent
and treated in boiling water for 5 min. After the addi-
tion of 2 mL of water, the absorbances were measured
at 540 nm against the blank. The blank was prepared in
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the same manner using water instead of a sample. The
concentration of reducing sugars released in extracts
was determined using a glucose standard curve and the
results were expressed as millimole glucose equivalents
(mmol GE) per gram of dry matter (DM) of lyophilized
blackcurrant.

Total polyphenol content determination

The total polyphenol content in extracts was determined
by the modified Folin—Ciocalteu method [17]. Briefly, 50
pL of the diluted extract was added to 0.25 mL of Folin—
Ciocalteu reagent, 1 mL of 15% Na,COj; solution, and
3.7 mL of distilled water. The mixture was vortexed for
1 min and incubated in the dark for 2 h. The absorbance
of samples was measured spectrophotometrically at the
wavelength of 750 nm using water incubated with all rea-
gents instead of extracts as a blank sample. Gallic acid
was used for the construction of the calibration curve.
The results were expressed as milligrams of gallic acid
equivalents (GAE) per gram of dry matter (DM) of lyo-
philized blackcurrant.

Total flavonoid content determination

The total flavonoid content in extracts was determined
by the Aluminium chloride colorimetric method [17]. An
aliquot of 1 mL of adequate extract dilution was mixed
with 1 mL of 2% AICl;. After 10 min of incubation in
dark, the absorbances of samples were measured spec-
trophotometrically at 410 nm against blank sample con-
taining water instead of extract. A standard graph was
plotted for quercetin and the results were expressed as
milligrams of quercetin equivalents (QE) per gram of dry
matter (DM) of lyophilized blackcurrant.

Ferric reducing antioxidant power (FRAP) assay

For the evaluation of the antioxidant activity of extracts,
the FRAP method was used [18]. The FRAP reagent was
prepared by mixing 300 mM Na-acetate buffer at pH
3.6, 10 mM TPTZ dissolved in 40 mM HCI and 20 mM
FeCl;-3H,0 solution in a ratio 10:1:1 (v/v/v), respectively.
Then, 30 pL of the diluted extract was added to 900 pL of
FRAP reagent and vortexed for 30 s. After 5 min incuba-
tion in the dark, the absorbance of samples was measured
at 593 nm against blank sample containing FRAP reagent
without extract. The calibration curve was plotted using
FeSO, and the results were expressed in millimole of Fe**
ions per gram of dry matter (DM).

HPLC analysis

Quantitative analyses of samples and anthocyanin stand-
ards were done by Dionex Ultimate 3000 Thermo Scientific
(Waltham, USA) high-performance liquid chromatogra-
phy (HPLC) system and a reverse phase column (ZORBAX
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Eclipse Plus C18, 4.6150 mm, 5 um). The mobile phase was
composed of solvent (A) H,O:TFA=100:0.1% and solvent
(B) MeOH:TFA=100:0.1%. It was conducted by gradi-
ent elution in the following way: 0-5 min isocratic 5% B,
5-45 min gradient from 5% to 50% B, then 45-55 min
isocratic 50% B, 55—55.1 min gradient from 50% to 5% B,
55.1-60 min isocratic 5% B.A flow rate of 1 mL/min was
used and the column was thermostated at 45 °C. The injec-
tion volume of the samples was 15 pL. Detection of prod-
ucts and standards was carried out by a UV detector at
520 nm.

Assessment of extracts impact on the bacterial growth

The effect of investigated extracts was evaluated on three
gram-positive bacterial strains: S. epidermidis, S. aureus
and C. acnes. For both Staphylococci bacteria, inoculums
were prepared by transferring one colony to tryptic soy
broth containing 0.6% (w/v) yeast extract (TSBY) and
allowed to grow at 37 °C with agitation overnight. The
inoculum of C. acnes was prepared in brain heart infu-
sion broth and incubated overnight at 37 °C under anaer-
obic condition.

The effect of blackcurrant extracts on Staphylococci
bacteria growth was tested in liquid cultures spectro-
photometrically or using the plate count method. Briefly,
extracts were added to the 20 mL of fresh TSBY to obtain
final polyphenols concentration of 0.025-0.1 mg GAE
per mL of liquid broth. Then, an overnight inoculum
of S. epidermidis or S. aureus was added to the growth
medium to achieve a final concentration of 10’ CFU/mL
(based on a standard curve relating colony-forming units
and optical density at 600 nm) and incubated at 37 °C
with constant shaking at 150 rpm. The TSBY inoculated
with bacteria and appropriate volume of buffer used
for extraction served as control samples. Samples were
taken, diluted, and placed on a tryptic soy agar plate with
yeast extract after 24 h. The effect of the extracts on the
tested bacteria was evaluated after 24 h of incubation at
37 °C by CFU counting. For optical density determina-
tion, aliquots were taken from liquid cultures and absorb-
ance measurements were done at 600 nm against TSBY
as control. Experiments with C. acnes were conducted
using a spectrophotometric iMark” microplate reader
(Bio-Rad, Hercules, USA). A 96-well microtiter plate was
filled with predefined amounts of blackcurrant extract,
Mueller Hinton (MH) broth and inoculum, resulting in a
final well volume of 200 pL. The positive control was MH
broth containing inoculum, while the negative control
was only MH broth. The optical density of all wells was
measured at 595 nm immediately after inoculation and
after 24 h of incubation.
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The results of OD measurements were expressed as
the percentage change in bacterial growth between the
treated and control samples, calculated using Eq. 1. Posi-
tive values indicate growth stimulation, while negative
values indicate growth inhibition:

ODsample — ODcontrol

100.
ODontrol

(1)
The results of CFU counting were used to calculate
Prebiotic activity score (PAS) employing Eq. 2, previously
reported by Huebner et al, with slight modifications
[19]. Although PAS was initially designed for gut micro-
biota, this approach was adopted to compare the growth
of beneficial cutaneous bacteria (S. epidermidis) in the
presence and absence of prebiotics, in relation to the
growth of skin opportunistic pathogen (S. aureus) under
the same conditions. PAS values greater than zero indi-
cate that the examined compound have positive effect
on two microorganisms’ ratio, highlighting its prebiotic
potential. Conversely, negative PAS values suggest a bet-
ter growth stimulation of pathogenic bacteria, while val-
ues equal to zero indicate that the extract has no effect on
bacterial growth:

Inhibition or Stimulation (%) =

(SEPy4 — SEPy) (SAPy4 — SAPy)
(SECyq — SECp)  (SACys — SACy)

PAS =

where SEP,, and SEP, is log,, CFU/mL of S. epidermidis
with extract after 24 h and 0 h of fermentation, respec-
tively. SEC,, and SEC,, is the log;, CFU/mL of S. epider-
midis without extracts (control sample), after 24 h and
0 h of fermentation, respectively. SAP,,, SAP,and SAC,,,
SAC, are the S. aureus log,, CFU/mL with and without
extracts after 24 h and 0 h, respectively.

Preparation of hydrogel

Wiater solution of commercial hydrogel Aristoflex® AVC
in a concentration of 2% (w/v) and predefined amount
of blackcurrant extract were mixed on magnetic stirrer
at 800 rpm for 5 min until gel formation. Control for-
mulation (without added extract) was prepared in the
same way and further analysed in parallel with hydrogels
enriched with extract.

Transepidermal water loss (TEWL)

For measuring transepidermal water loss, a condensed-
type closed chamber (Aquaflux Biox System Ltd.,
London, U.K.) was used in accordance with the manufac-
turer’s instructions. The method determines the evapora-
tion rate of water from the skin surface or a model system
based on the following equation:
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dm dp
ikl AL 2
det dx

= 3)
where dm/d¢ is the water evaporation rate, D is the dif-
fusion constant, A is the surface, p is the water vapour
pressure and x is the distance of the measuring points.
The change in water vapor pressure over the surface was
measured using a 1 mm Teflon semipermeable mem-
brane, both with applied hydrogel and without applied
cream (control sample), every 2 h during the period of
24 h. For the results processing, the surface evaporation—
sorption isotherm model was applied and the results are

presented as the time curve of the evaporation flux (g/m?
h).

Test of irritability (Zein test)

The Zein irritability test was done according to Invit-
tox Protocol No. 26. [20, 21], in which 1 g of Zea mays
protein is solubilized in 10 g/L cosmetics formulation
sample (dissolved in demineralized water, 18 MQ). The
protein and hydrogel were mixed using a vibro mixer
(SM-30, Edmund Buhler GmbH) for 60 min at 100 rpm.
The amount of protein that was dissolved by a sample
was determined by Kjeldahl method using a UDK 159
automatic Kjeldahl analyzer (Velp Scientifica, Italy).
The results were expressed as Zein numbers—mil-
ligrams of nitrogen in 100 mL of sample solution. The
values of the Zein number should be less than 5 for skin
care products, whereas the products with very low irri-
tability have results lower than 1 [21].

RBC test

The red blood cell (RBC) assay was performed accord-
ing to the procedure described by Lagarto et al. based
on Invittox Protocol No. 37. [22]. To isolate red blood
cells, citrated blood samples obtained from rats were
centrifuged. Aliquots of RBC suspension with concen-
trations of the cells ~7 x 10° cells/mL and 9.5 g/L test
substances were dissolved in PBS pH 7.4 and incubated
for 10 min at 25 °C temperature. After incubation, sam-
ples were centrifuged during 1 min at 9000 rpm. As an
internal standard, SDS to a concentration of 0.75 g/L
was used. The degree of haemolysis was determined
by comparing supernatants absorbance at 560 nm with
that of control samples totally haemolysed with distilled
water, while the half-maximal concentration (H50)
was calculated based on the concentration-response
curve. Haemoglobin release, as an indicator of protein
denaturation, was monitored spectrophotometrically
(Thermo Scientific Evolution 600 spectrophotometer)
in the wavelength range from 450 to 700 nm. Product
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irritancy classification was done based on the relation-
ship between the haemolytic (H50) and denaturing
potential (denaturation index, DI) L/D ratio as non-irri-
tant (> 100), weak irritant (> 10), moderate irritant (> 1),
irritant (>0.19) and very irritant (< 0.1).

Statistical analysis

All experiments were repeated twice, with the exception
of the plate count experiment, which was conducted in
triplicate. The results of experiments were provided as
mean + standard deviation. To establish the statistical sig-
nificance of mean value differences for multiple compari-
sons of the plate count (CFU) results (a one-way analysis
of variance (ANOVA) followed by a post hoc Tuckey’s
test) OriginPro 8.5 was used. Differences at p <0.05 were
regarded as significant.

Results and discussion

Enzyme-assisted extraction

Selection of enzyme preparations

The enzyme-assisted extraction of blackcurrant was per-
formed using four different commercial enzyme prepa-
rations Viscozyme® L, Pectinex® Ultra SP-L, Cellic®
CTec3 HS, and Rohapect® MC, all of them being car-
bohydrate-degrading enzyme mixtures (with different
primary and side activities) required for the breakdown
of the plant cell wall [23-27]. As indicators of extraction
process efficiency, reducing sugar, polyphenol, and flavo-
noid contents, as well as extract antioxidant activity were
monitored and presented in Fig. 1.

The enzymatic hydrolysis increased the reducing
sugar content (Fig. 1a) in all of the samples compared
to the untreated one (control sample), which confirms
that hydrolysis of carbohydrate components of the cell
wall occurred. The highest efficiency in cell wall degra-
dation was achieved with Viscozyme® L. Steep increase
in reducing sugar concentration occurs during the first
hour in all enzyme-assisted extractions, and there were
nonsignificant changes in second hour. In addition, the
concentration of extracted compounds and antioxidant
activities plateaued after 1 h (Fig. 1b—d), hence it was
chosen as the optimal extraction time. Thus, after 1 h of
enzyme-assisted extraction, the total polyphenol con-
tents were 13.29 mg, 14.77 mg, 17.75 mgand 19.50 mg
GAE/g DM with Pectinex® Ultra SP-L SP-Ultra, Cellic®
CTec3 HS, Viscozyme® L and Rohapect® MC, respec-
tively, which is 1.4-2.1 times higher than control. The
lowest flavonoid amount was achieved by Cellic® CTec3
HS (1.85 mg QE/g DM), while the highest was obtained
with Rohapect® MC (2.54 mg QE/g DM), which is 26.7%
and 74.0%, respectively, greater than the control (1.46 mg
QE/g DM). As result of increased total polyphenol and
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flavonoid contents, the antioxidant activity in the extracts
was increased, as well. It was improved by 100% (from
0.13 to 0.26 mmol Fe**/g DM) with the most effective
enzyme preparation used, Rohapect® MC, while second
best was Viscozyme® L with 63.4% increased antioxidant
activity. It is worth mentioning that this is the first time
that Rohapect® MC was used and proven as an efficient
polyphenol extraction enhancer.

The different hydrolytic activities and modes of
action of enzyme preparations and the composition of
blackcurrant cell wall can be used to explain differences
in their efficacy. Blackcurrant cell wall polysaccha-
rides comprise cellulose, hemicellulose (dominated by
xylans, xyloglucans, and galactomannans), and a signifi-
cant amount of pectin (with the ratio of partially methyl
esterified homopolygalacturonan being twice that of
rhamnogalacturonan I as well as a minor proportion
of rhamnogalacturonan II) [28]. The key enzyme activ-
ity of Viscozyme® L is endo-j-glucanase that catalyses
hydrolysis of (1,3)- or (1,4)-linkages in 8-D-glucans pre-
sent in cellulose and xyloglucans. In addition, it has the
side activities of xylanases, hemicellulases, pectinases,
and arabinanases, which further increase the degree of
cell wall disintegration in blackcurrant [23, 29]. Several
studies of various berry pomace subjected to extrac-
tion aided by Viscozyme® L revealed significantly
greater polyphenol and sugar content yields. In light
of this, it was reported that hydrolysis of cranberry
pomace under the same extraction conditions as in
the current study (solid-liquid ratio 1:10 g/mL, 50 °C,
1 h) and ten times lower concentration of Viscozyme®
L (0.04 mL/g DM) resulted in 11% better polyphenol
recovery and 3.6 folds higher oligosaccharides con-
tent than control [30]. When Viscozyme® L was used
for enzyme-assisted extraction of bilberry pomace (at
46 °C, 1 h, and 2 active units of Viscozyme® L/g) 30%
and 36.5% more polyphenols and saccharides, respec-
tively, were obtained compared to control [31]. Both
studies noted that enzymatic hydrolysis of glucan-type
hemicellulose polymers in pomaces increases the level
of sugars in extracts indicating that the Viscozyme® L
has high cellulase activity. Thus, blackcurrant cell wall
(hemi)cellulose degradation seems to be important, but
not crucial for high reducing sugar level obtained by
Viscozyme® L-assisted extraction, since cellulase and
hemicellulase complex, Cellic® CTec3 HS, gave signifi-
cantly lower reducing sugar concentration. Similarly,
two tested pectinolytic enzyme mixtures—Pectinex®
Ultra SP-L (primarily endopolygalacturonase [32]) and
Rohapect® MC (primarily pectin (methyl)esterase with
significant pectin lyase activity [26]) demonstrated dif-
ferent efficiency in blackcurrant cell wall disruption
and polyphenols extraction. In general, pectinolytic
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Fig. 1 Total reducing sugars (a), polyphenol (b), and flavonoid (c) contents and antioxidant activity (d) of blackcurrant extract obtained
without enzyme and with four different enzyme preparations: Pectinex® Ultra SP-L, Viscozyme® L, Cellic® CTec3 HS and Rohapect® MC.
Enzyme-assisted extraction was performed at 0.4 mL/g DM enzyme concentration. Experiment was conducted in duplicate

enzymes aid in the disintegration of the cell middle
lamella and primary wall, thereby increasing reducing
sugar content and releasing polyphenolic compounds
located in the cell vacuoles [29]. Using Rohapect® MC
only 15.1% more reducing sugars were liberated com-
pared to Pectinex® Ultra SP-L, but polyphenol content

was 46.7% higher. It can be assumed that the main rea-
son for such results is low pectin methylesterase activ-
ity (11.5 times lower compared to polygalacturonase)
in the Pectinex® Ultra SP-L mixture, as endopolygalac-
turonase is unable to attack cell wall pectin efficiently
without concurrent demethylation of the pectin [32].
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Having taken all results into account, it can be con-
cluded that the most efficient preparations for enzyme-
aided extraction of blackcurrant are Rohapect® MC and
Viscozyme® L, so further optimization was performed
with these two enzymes.
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Determination of optimal conditions for enzyme-assisted
extraction

Further experiments were focused on examining the
effect of solid-liquid ratio and enzyme dosage on
enzyme-assisted extraction with Rohapect® MC and
Viscozyme® L. Three solid-liquid ratios (1:4 g/mL,
1:10 g/mL, and 1:40 g/mL) were tested for extraction
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Fig. 2 Comparison of extraction efficiency assisted by Viscozyme® L and Rohapect® MC at different solid-liquid ratios (1:4 g/mL, 1:10 g/mL,
and 1:40 g/mL) on the released total reducing sugar (a), polyphenol (b) and flavonoid (c) contents, and antioxidant activity (d). Experiments were
conducted at 0.4 mL/g DM enzyme concentration. Experiment was conducted in duplicate
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efficiency and obtained results are shown in Fig. 2. As can
be seen, polyphenol and reducing sugar content increase
as the mixture dilution increases. This is in accordance
with the mass transfer principles, because a higher sol-
vent amount provides a lower concentration in bulk fluid
and consequently higher concentration gradient between
the solid and the bulk of the solvent [33]. However, it
is notable that the highest flavonoid content and anti-
oxidative capacity were achieved for a solid-liquid ratio
1:10 g/mL with Rohapect® MC, while this solid—liquid
ratio enabled highest flavonoid yield with Viscozyme® L.
Others observed a similar trend demonstrating that an
increase of solid-liquid ratio does not necessarily lead to
an increase in the extraction yield when trans-f-carotene
was extracted from citrus peels [34]. Interestingly, at a
solid—liquid ratio of 1:10 g/mL Rohapect® MC treatment
gave higher reducing sugar and polyphenol content,
while at 1:40 g/mL ratio, Viscozyme® L-assisted extrac-
tion was more efficient. Given that a solid-liquid ratio of
1:10 g/mL yielded satisfactory results and that more con-
centrated extracts are obtained, it was chosen for further
examinations.

In terms of the enzyme concentration, the enzyme dose
of 0.4 mL/g DM is considerably greater when compared
to those used in previous investigations for plant cell wall
degradation [30-32]. However, it enabled the selection
of the most suitable preparations and amount of solvent
for which further concentration optimization was per-
formed to increase process cost efficiency. Therefore, the
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influence of Viscozyme® L and Rohapect® MC dosage
(0.001-0.1 mL/g DM) on the course of the blackcurrant
polyphenol extraction was examined. The effect of differ-
ent concentrations of enzyme preparations on the poly-
phenol levels is shown in Fig. 3.

The results demonstrated that all concentrations
of both preparations showed notable effectiveness in
enhancing polyphenol extraction efficiency. Regarding
Viscozyme® L, it can be noted (Fig. 3a) as the concentra-
tion rose from 0.001 to 0.01 mL/g DM, 0.05 mL/g DM,
and 0.1 mL/g DM, respectively, after 120 min, polyphenol
levels increased by 12.1%, 15.0%, and 15.9%. Very slight
variation in yields suggests that the enzyme at a concen-
tration of 0.01 mL/g DM was already saturated with the
substrate, and that further increase in concentration was
not needed, since it had no effect on enzymatic hydroly-
sis. When it comes to Rohapect® MC, the polyphenol
yield increased with increasing enzyme concentration
until a value of 0.01 mL/g DM was reached, after which it
stayed almost unchanged.

A comparison of total polyphenol and sugar content
in blackcurrant extracts obtained after extraction aided
by Viscozyme® L and Rohapect® MC at a concentration
of 0.01 and 0.05 mL/g DM is shown in Fig. 4. As it can
be seen, both concentrations of the cellulolytic prepara-
tion Viscozyme® L exhibited a higher rate of hydrolysis
of blackcurrant polysaccharides than Rohapect® MC and
attained a similar sugar level of about 1.8 mmol GE/g
DM after only 60 min. This leads to the conclusion that
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Fig. 3 Effect of different concentration dosages (0.001 mL/g DM, 0.01 mL/g DM, 0.05 mL/g DM, 0.1 mL/g DM) of Viscozyme® L (a) and Rohapect®
MC (b) on the total polyphenol content. The control was a sample without enzyme. Experiment was conducted in duplicate
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Fig. 4 Comparison of total reducing sugar (a) and total polyphenol (b) contents in blackcurrant extracts obtained after enzyme-assisted extraction
with Viscozyme® L and Rohapect® MC at a concentration of 0.01 and 0.05 mL/g DM. The extract without enzyme served as control. Experiments
were performed at solid-liquid ratio of 1:10 g/mL. Experiment was conducted in duplicate

Viscozyme® L is superior in breaking down the cell wall
even at lower concentrations than Rohapect® MC. On
the other hand, when Rohapect® MC was applied higher
polyphenol levels were achieved than with Viscozyme®
L at both tested concentrations, indicating that the effi-
ciency of active compound extraction is not simply pro-
portional to the extent of cell wall degradation. That may
be because plant material also contains insoluble-bound
polyphenols, in addition to soluble polyphenols. While
soluble phenolics are known to be trapped in plant cell
vacuoles and can be successfully extracted after cell wall
disintegration, insoluble phenolic compounds are cova-
lently linked to cell wall components, such as cellulose,
hemicellulose, arabinoxylans, structural protein, and pec-
tin, through ester, ether or carbon—carbon bond, and it is
necessary to break these bonds to liberate the polyphe-
nols [35, 36]. Hence, it can be assumed that the enzyme
activities including pectin (methyl)esterase activity of
Rohapect® MC are responsible for breaking down pectin
as well as covalent bonds between polyphenols and the
cell wall contributing to a higher content of polyphenols.
Since no notable significant improvement was accom-
plished using higher amounts of biocatalyst, the applica-
tion of enzyme concentrations above 0.01 mL/g DM was
not justified.

Since the difference in composition and modes
of action of the enzymes included in preparations
Rohapect® MC and Viscozyme® L is most probably

responsible for the observed result variations, as the last
part of this stage of the experiment, the combined effect
of two enzymes at a ratio of Viscozyme® L:Rohapect®
MC=1:1, 2:1, 1:2 and a total concentration of enzyme
of 0.01 ml/g DM and 0.05 ml/g DM on the course of the
extraction were tested. The progress of enzyme-assisted
extraction was monitored by the yields of reducing sugar
and polyphenol content, which are shown in Fig. 5.
According to presented data of the total concentration
of reducing sugars, it seems that these enzyme combina-
tions are able to release higher sugar amounts compar-
ing to individual enzymes, especially when it comes to
Rohapect® MC at 0.01 mL/g DM concentration. This
suggests that the simultaneous breaking of glycoside and
ester linkages allows more efficient hydrolysis of the plant
cell wall. As already mentioned, the cell wall disruption
facilitates the diffusion of molecules, and thus the extrac-
tion. It can be seen that combined enzyme application
enabled higher polyphenol content compared to single
preparations at the same overall concentration, as well.
Polyphenol content was additionally increased when two
enzymes were used at a total concentration of 0.05 mL/g
DM, while prolonged extraction did not lead to signifi-
cant improvements. In that way, a maximum of 27.6 mg
GAE/g DM was extracted at Viscozyme® L to Rohapect®
MC 2:1 ratio after 60 min. For comparison, the effect of
a cellulase/pectinase mixture on the extraction of poly-
phenols from blackcurrant press cake was investigated



Petrov lvankovi¢ et al. Chem. Biol. Technol. Agric. (2023) 10:125

[
i

S| a 60 min 120 min
o
o
i}
o - - N
o - & -
£ nonon
= 2 000
c ===
2 ®, e @
s FrER i)
] ® 0 @
o oo o
s T ® ®
© L £ o
=) C G ©
H xoee
o O dd
< S e 0 ©
© Q99 o O
] OEEEE
=1 D >> > >
I O NN NN
e 00 0 0
—= c 00 0 O
s SO0 8 @
o x>>> >
F ol :  oEEEO
0es 0‘&‘ 0“ 0es
\)Q \>°" QQ \>°»
& & & &
S & S &
Q° Q° Q° Q°

Page 11 of 15

=
=
o
o
o
w
< nno
o - N -
o nnon
£ [sYsXs}
= ===
£ é.¢.¢,
[ 00O
b= 0D
< Q9 Q
o © © ©
o =g ¥ =
° 00O
c xoo
g Slelglel
S 6 VOO
> D EEEE
g S RRRR
= 259000
© £ 0000
° cLLNY
L 5555
|  OEEEO

Fig. 5 Comparison of total sugar (a) and total polyphenol (b) content in blackcurrant extracts obtained after enzyme-assisted extraction
with a mixture of\/iscozyme® L and Rohapect® MC (at a total concentration of 0.01 and 0.05 mL/g DM and different ratios) and with individual
enzyme preparations, after 60 min and 120 min. Experiments were conducted at 1:10 g/mL solid-liquid ratio. Experiment was conducted

in duplicate

by others. It was reported that the combined effect of
cellulases with pectinesterase and polygalacturonase
obtained higher polyphenol content than their individual
activity, which is in accordance with the results obtained
in the current study [37]. Further experiments dedicated
to the examination of inhibitory/stimulatory effect on
skin microbiota representatives were conducted using
blackcurrant extracts obtained after 60 minat a total
enzyme concentration of 0.05 mL/g DM (Viscozyme®
L:Rohapect® MC =2:1) as optimal conditions.

Investigation of skin prebiotic activity of blackcurrant
extracts

After determining the optimal parameters under which
the proportions of polyphenolic compounds and anti-
oxidant activity were maximized, the influence of the
extracts obtained with Rohapect® MC and Viscozyme®

L combination and untreated one, on the growth of two
representatives of skin microbiota, S. aureus and S. epi-
dermidis, was examined. Although S. aureus can be found
on various locations of healthy skin and mucous mem-
branes (e.g., nasal passages, throat, armpits and groin)
without causing any harm, a weakened host immune sys-
tem may result in an overgrowth of this bacterium, lead-
ing to reduced bacterial diversity or exacerbating various
dermal diseases, such as atopic dermatitis, requiring anti-
biotic therapy. On the other hand, S. epidermidis might
be regarded as a beneficial bacterium due to its ability to
antagonize the pathogenic S. aureus through several bio-
logical mechanisms, contributing to the improvement of
the skin condition [38—41]. The latest research indicates
that polyphenols can act as prebiotics by increasing the
number of beneficial microorganisms while simulta-
neously reducing pathogens, demonstrating how the

Table 1 Effect on S. qureus and S. epidermidis growth by different polyphenol concentrations after 24 h measured as OD600

Extract obtained without enzyme

Extract obtained with Viscozyme® L and

Rohapect® MC

Concentration S. epidermidis S. aureus S. epidermidis S. aureus

mg GAE/mL %

0.01 3151027 —269+0.17 4.23+0.35 —6.13+041
0.025 14.61+0.85 —-9.12+0.71 30.15+233 —14.55+0.78
0.05 13494081 —1047+0.85 22.42+1.70 —16.65+049
0.0625 11.62+0.56 —14.27+0.73 16.89+£0.56 —20.79+£1.56
0.08 7.23+042 —-2038+1.56 11.17+£0.99 —2415+1.77
0.1 —13.84+0.71 —22.72+141 9.77+0.71 —2565+049

The positive values represent stimulation, while the negative values represent inhibition
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interaction between microbiota and polyphenols can
influence the host health [13, 42].

The impact of blackcurrant extracts on the growth of
both bacteria was tested to select the best-performing
polyphenol concentration (in terms of the extract addi-
tion as mg GAE per mL of growth medium) and the
results are presented in Table 1 as the percentage of
inhibition/stimulation of bacterial growth, measured
as optical density at 600 nm (OD600). The preliminary
screening revealed that both enzymatically treated and
untreated extracts suppressed S. aureus at all tested
polyphenol doses. The increasing polyphenol concentra-
tions resulted in a dose-dependent inhibition effect on
the growth of S. aureus and ranged from 2.7% to 22.7%
for untreated sample and 6.1-25.6% for enzymatically
treated extract. The antibacterial activity of polyphenols
can be explained by several mechanisms of action (e.g.,
enzyme inactivation, damage of the bacterial cell wall,
inhibition of biofilm formation), that may differ depend-
ing both on the structure of the polyphenol compounds
and bacteria species [43, 44]. On the other hand, the low-
est concentration of both extracts had a very mild effect
on S. epidermidis, while a polyphenol concentration of
0.025 mg GAE/mL exhibited a notable stimulating effect
on S. epidermidis growth, which diminished as polyphe-
nol content increased. According to the analysis of vari-
ance (ANOVA followed by a post hoc Tuckey’s test), the
concentration of 0.025 mg GAE/mL of both extracts
exhibited the highest stimulation of S. epidermidis, with
simultaneous inhibition of S. aureus, while a further
increase in polyphenols led to a significant growth reduc-
tion of both bacteria. Hence, based on this, it can be con-
cluded that the polyphenol concentration of 0.025 mg
GAE/mL had the most favourable effect on S. aureus and
S. epidermidis rebalancing; therefore, it was selected for
further testing by viable cell count method.

. Obtained results were expressed as PAS values
to establish correlation between extract type and S.
epidermidis/S. aureus ratio. ANOVA statistical analy-
sis followed by post-hoc Tukey test showed statistically
significant difference between PAS values obtained with
two extracts (p<0.05). Conventionally obtained extract
showed moderate effect on S. epidermidis/S. aureus ratio
(PAS value 0.096), while extract obtained in enzymati-
cally assisted process demonstrated more pronounced
positive effect (PAS value 0.172). The differences in
influences between untreated and enzymatically treated
extracts could be due to the release of different types
and amounts of polyphenols or their possible modifica-
tion during enzymatic hydrolysis. This assumption was
confirmed by RP-HPLC, since chromatograms obtained
when untreated and enzymatically treated samples were
analysed had different profiles at 520 nm (Additional
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file 1: Fig. S1) Differences in anthocyanin composition
can be seen at 520 nm, where it is evident that diglyco-
sides (cyanidin rutinoside and delphinidin rutinoside)
amount decreased, while corresponding monoglucosides
concentration increased, indicating that simultaneous
extraction and biotransformation occurred. It is possible
that glycosyl hydrolases present in enzyme preparations
break glycosidic bonds in anthocyanins and that formed
monoglucosides demonstrate the altered effect on exam-
ined bacterial strains. This is in accordance with litera-
ture data, since alteration of several flavonoid glycosides
effect on human microbiota representatives after partial
deglycosylation was previously reported [45]. Variation
in the polyphenol composition (at the same concentra-
tion of polyphenols) may, therefore, be responsible for
the enhanced stimulation of S. epidermidis compared
to the untreated sample, while inhibition of S. aureus
growth was not significantly changed. In addition, it was
previously proven that released carbohydrates can serve
as nutrients for microorganisms and promote bacterial
growth [30]. Therefore, the positive value of prebiotic
activity score that was demonstrated by blackcurrant
extract may be the result of the combined effect of differ-
ent biomolecules present in the extract.

After determining optimum extract concentration
regarding influence on two cutaneous Staphylococci rep-
resentatives, effect of extract on C. acnes growth was
examined as well. Although it is one of the most impor-
tant members of commensal skin microbiota, overgrowth
of C. acmes is associated with acne vulgaris; therefore,
influence of perspective cosmetic prebiotics on this
bacterium is highly significant. Experiment in which C.
acnes growth after 24 h was monitored by OD values in
a medium with and without added extract demonstrated
that blackcurrant active compounds inhibit microbial
growth by 50.0% comparing to control sample. This result
implies that blackcurrant extract obtained in enzyme-
assisted process not only improves S. epidermidis/S.
aureus balance, but also possess inhibitory potential
against C. acnes, which altogether can serve as a good
basis for further investigations.

Determination of hydration effect, dermatological
compatibility and irritability

After maximizing polyphenol content and antioxidant
capacity of blackcurrant extract and determining con-
centration with highest skin microbiota rebalancing
potential, its additional cosmetic properties were finally
examined. Aristoflex® AVC-based hydrogel was prepared
as basic formulation to assess hydration effect, derma-
tological compatibility and irritability of extract concen-
tration that showed best performance in liquid culture
medium (0.025 mg GAE/g formulation), as well as two
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higher concentrations (0.1 mg and 0.4 mg GAE/g formu-
lation). Such choice of extract concentrations was made
due to the fact that future examinations on skin mod-
els and clinical studies could reveal concentration opti-
mums alterations. Effect of hydrogels with incorporated
extract was compared to control formulation (hydrogel
without added extract) in three tests. Regarding TEWL
test, results obtained during 24 h of monitoring revealed
that enzymatically derived blackcurrant extract dem-
onstrates enhanced hydration effect comparing to con-
trol formulation at all tested concentrations (Additional
file 1: Table S3). This influence was dose-dependent and
reached its maximum at 0.4 mg GAE/g formulation for
which no differences in flux density were detected within
24 h. Such result indicates the ability of extract-enriched
formulation to compensate water loss during the TEWL
process by water from the formulation, namely, surface
achieves the dynamic equilibrium of water evapora-
tion and sorption [21]. Moreover, Zein irritability test
was performed and obtained results revealed that nei-
ther control nor test samples are expected to cause skin
irritation (Additional file 1: Table S4). Control sample
had Zein number of 4.34, which is close to the accept-
able limit for skin care products, while extract enriched
formulations showed significantly lower or no irritancy
described by Zein number values of 1.23, 1.00 and 0.00
for concentrations of 0.025 mg, 0.1 mg and 0.4 mg GAE/g
of hydrogel, respectively. Additional examination of der-
matological compatibility for prepared hydrogels was
conducted by RBC test. According to results for control
and test formulations (Additional file 1: Table S4) black-
currant extract addition led to dermatological com-
patibility increase which is presented by the increased
hemolytic and denaturing potential ratio of hydrogels.
Formulations enriched with two lower extract concentra-
tions were classified as weak irritants, while the one with
highest extract concentration was nonirritant. Overall
results demonstrated that, besides antioxidant and skin
microbiota rebalancing potential, enzymatically derived
blackcurrant extract obtained under optimized condi-
tions is suitable for application in skin care cosmetics due
to hydration effect, low irritancy and good dermatologi-
cal compatibility.

Conclusions

Blackcurrant is a good source of polyphenols and
enzyme-assisted extraction is a prospective method for
their isolation. This study proved that both individual
and combined applications of cellulolytic (Viscozyme®
L) and pectinolytic (Rohapect® MC) preparations at
optimized conditions increase extraction efficiency by
enabling increased reducing sugar, total polyphenol,
and flavonoid yields, as well as improved antioxidant
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activity. Moreover, the extract obtained under opti-
mized conditions showed significantly higher poten-
tial to be used as a skin prebiotic for the regulation of
altered skin microbiota, since it stimulated growth the
of S. epidermidis and inhibited S. aureus and C. acnes.
Hydrogel with incorporated extract obtained under
optimized conditions showed good hydration effect,
high dermatological compatibility and low irritancy.
Future research will be directed towards the influence
of blackcurrant extracts on skin microbiota using ade-
quate in vitro or ex vivo skin models, but also towards
establishment of the more detailed structure—function
relationship of the extracted compounds.
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