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Durum wheat and rice brans are by-products deriving from the milling industry and
source of important phytochemicals, mostly phenolics in bound form. The objectives
of this work were to evaluate the most effective method for the extraction of phenolic
acids from these by-products with antioxidant and antimicrobial activity and to stan-
dardize the obtained extracts to encourage their commercialization in health field. Free
phenolics were extracted with ultrasound-assisted extraction (UAE) and bound pheno-
lics with alkaline hydrolysis (AH) and ultrasound-assisted alkaline hydrolysis (UAAH).
Extracts were analyzed with HPTLC (high-performance thin-layer chromatography) and
RPHPLC-DAD-ESIMS (reversed-phase high-performance liquid chromatography-diode array
detector-electrospray ionization mass spectrometry); the content of trans-ferulic acid,
p-coumaric acid, total phenolics were also quantified. The antioxidant activity was inves-
tigated using DPPH and ABTS methods. The antimicrobial activity was evaluated against
Staphylococcus aureus and Staphylococcus epidermidis strains. Results obtained using UAAH
showed the most interesting data, suggesting this method as the most effective to obtain
active extracts from the by-products. Durum wheat, extracted with UAAH, exhibited the
highest content of trans-ferulic acid (406.14 + 0.65 pg FA/mg extract), total phenolics (610.58
+ 57.60 mg GAE/g dried extract) and good antioxidant and antimicrobial activities and it has
been selected to formulate oil-in-water cosmetic products.

© 2020 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

Abbreviations: AH, alkaline hydrolysis; FA, trans-ferulic acid; p-CA, p-coumaric acid; UAAH, ultrasound-assisted alkaline hydrolysis;

UAE, ultrasound-assisted extraction.
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1. Introduction

Triticum durum (Desf.) and Oryza sativa L. are, after the primacy of maize,
the two most produced crops worldwide and they contribute to more
than a half of human dietary calories. Counting a production between
9 and 24 MMT in 2014, Europe contends the lead as the largest cereal
waste producer together with USA and industrialized Asia (Food and
Agriculture Organization (FAO, 2011); moreover, Italy is one of the major
European cereal producers. According to FAO, one-third of the edible
parts of food produced for human consumption gets lost or wastes glob-
ally, this amount corresponds to 1.3 billion ton per year with a global
cost of $750 billion every year (Food and Agriculture Organization (FAO,
2011). Until a few decades ago, food wastes were considered neither a
cost nor a benefit and they were only used as animal feed, landfilling or
composting. Faced with the issue of food waste management, which
is now particularly relevant with the COVID-19 pandemic crisis, the
exploitation of industrial wastes becomes a priority, as suggested by
the European “Circular Economy Action Plan” (European Commission,
2015). A key point stressed by the Commission in the European Par-
liament in 2015 refers to food waste as possible raw materials for
reuse and reinjection into the economy: organic wastes, for example,
could return to the soil as sustainable fertiliser. Moreover, the circular
economy approaches to biomolecules production fits with the United
Nations 2030 Agenda for Sustainable Development which declared
the 17 Sustainable Development Goals (European Commission, 2019;
Galanakis, 2020) where ‘sustainability’ and ‘circularity of processes’
are the key words for sustainable development in many industrial and
social sectors. In fact, the 2030 Agenda stresses the need of reducing
postharvest losses, of moving on to processing and retailing, and of
valorizing by-products by recapturing bioactive compounds from food
processing by-products.

According to Cordell (2017), natural product research, must nec-
essarily consider sustainability in its development, and beside its
sustainable aspect, the recovery of high value compounds must be
economically interesting to be applied in industry. Conventional extrac-
tion processes are expensive, time-consuming, not sustainable (as
they require amounts of energy and solvents) and quite laborious
(Cvjetko Bubalo et al., 2018), therefore, in past recent years, sev-
eral green alternatives which are safer, more efficient and in some
cases economic, have been considered. Ultrasounds assisted extraction
(UAE), considered one of the 10 most popular emerging technologies
(Galanakis, 2013), can be a valuable tool to increase the extraction
yield of biomolecules from agricultural waste while minimizing their
environmental impact. In this context, the possibility of using hybrid
extraction techniques by combining two or more extraction tech-
nologies is also receiving great attention. Various combinations of
extraction procedures have been investigated so far on plant materials:
in particular, the combination of UAE with conventional or uncon-
ventional methods have demonstrated to be effective thanks to the
ultrasounds mechanical effect which promotes the release of soluble
compounds by disrupting the cell walls (Wu et al., 2015; Xu et al., 2016;
Liew et al., 2016; Liu et al., 2017).

Cereal by-products, coming from the cereal supply chain, are
residues from the milling industry and consist predominantly of brans
and germs. The recovery of biomolecules from cereal wastes has
become a hot topic in the last years but the extraction techniques
proposed in literature are still unsustainable and require long working
times. Liyana-Pathirana and Shahidi (2005) optimized the extraction of
phenolics from wheat using response surface methodology (RSM), with
the same scope Zhu et al. (2011) used various ethanol concentration,
but both techniques proposed are focused on the soluble phenolics
fraction. Bound phenolics from cereal by-products have been success-
fully extracted with acid and alkaline hydrolysis by Kim et al. (2006)
and Zaupa et al. (2014) using strong hydrolysis conditions which can
potentially be improved from the point of view of extractive timing
and sustainability. Phenolics in cereal bran are, in fact, predominantly
bound to cell wall arabinoxylans and trans-ferulic acid (FA) is the most
abundant phenolic that characterizes cereal brans. Acosta-Estrada
et al. (2014) reported various bound phenolic percentages in wheat

and rice brans which were calculated to be between 60 and 80% of the
total phenolic content; the hydrolysis step is, thus, required to extract
the majority of cereals bran phenols. Recent studies focused on the
extraction of bound phenolics from plant matrices (Gonzales et al,,
2014; Burlini et al., 2020) suggest the use of UAE in association with
alkaline hydrolysis in order to enhance bound phenolics extraction
and reduce the extraction time. Phenolics from cereal brans exhib-
ited strong antioxidant activity in various literature reports (Esposito
et al., 2005; Abozed et al., 2014); moreover, a 0.5% of FA, in addition
to 15% L-ascorbic acid and 1% alpha-tocopherol increased the stabi-
lization of a UV protector topical preparation (Murray et al., 2008). The
antimicrobial activity of various wheat brans has been demonstrated
by Elhassan et al. (2017) towards gram-positive and gram-negative
bacteria. In 2013, Borges et al. explained that FA antibacterial mech-
anism of action is due to hydrophobicity, decrease of negative surface
charge and occurrence of local rupture and pore formation which
cause irreversible changes in the cell membranes. The antioxidant and
antimicrobial activities of the extracts obtained in our research have
been therefore evaluated to find possible applications of cereal by-
products in the dermo-functional and cosmetic industries, as natural
preservatives, but other exploitations in the food sector as fortification
agents and antioxidant additives may be considered (Galanakis, 2018).
Starting to the fact that WHO or any regulatory bodies stress on the
importance of qualitative and quantitative methods for characterizing
botanicals (quantifying biomarkers and chemical markers and finger-
printing their profiles) with the aim of achieving the standardization of
botanicals and guaranteeing a reproducible safety and efficacy (Khan
et al.,, 2019), we chemically characterized the obtained extracts with
various approaches. Briefly, the main goals of the present study were
to investigate the contribution of the sonication effect during chemical
hydrolysis in order to apply a more sustainable and effective extraction
method from durum wheat and rice by-products, compared to those
commonly used, to standardize the obtained extracts and to propose a
possible industrial application.

2. Materials and methods
2.1. Plant material

Triticum durum (Desf.) bran was provided by Molino Grassi
(Parma - Italy) and obtained after decortication of durum
wheat caryopsis; Oryza sativa L. bran was provided by Grandi
Riso S.p.a (Pontelangorino, Ferrara - Italy) and obtained after
the rice husking phase. All plant materials derived from a
homogenous batch and the supplied samples were about 1
kg. After being received, all plant materials were stocked at
—20 °C until used. Prior to any extraction, all plant materials
were milled through a 2 mm sieving ring of a Variable Speed
Rotor Mill (Fritsch, Germany).

2.2. Chemicals

All the solvents and reagents employed for analyses were
chromatographic grade. Trans-ferulic acid (FA) standard,
Trolox, DPPH (1,1-diphenyl-2-picrylhydrazil), ABTS (2,2’-azino-
bis (3-ethylbenzothiazoline-6-sulfonic acid), methanol, ethyl
acetate, ethanol, formic acid, acetic acid, toluene, natu-
ral products-polyethylene glycol reagent (NP/PEG), Folin &
Ciocalteu’s reagent and gallic acid were purchased from
Sigma-Aldrich Milano (Italy). Muller Hinton broth (MHB)
and Muller Hinton agar (MHA) were obtained from Oxoid
S.A. Madrid (Spain). Two clinical isolates of Staphylococcus
aureus (Methicillin-Resistant S. aureus 185087 and Methicillin-
Sensitive S. aureus 185960) and one clinical isolate of
Staphylococcus epidermidis (185240) were obtained from the Hos-
pital Universitario Reina Sofia (Cérdoba, Spain). One reference
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strain of S. aureus (ATCC 29213) Culti-Loops was obtained from
Oxoid S.A. Madrid (Spain). All antimicrobial agents were pur-
chased from Oxoid, S.A. Madrid (Spain).

2.3. Ultrasound-assisted extraction (UAE)

In order to extract free phenolics from cereal by-products
matrixes, 5 g of each bran were placed into a volumetric flask
(100 mL), filled with a 65% ethanolic solution as extraction sol-
vent and sonicated at room temperature. Ultrasound-assisted
extractions were performed in an ultrasonic bath (Ultrasonik
104X, Ney Dental International, MEDWOW, Cyprus) under a
working frequency of 48 kHz. Wheat bran extraction time was
25 min in according to Wang et al. (2008); rice bran extrac-
tion time was 45 min in according to Tabaraki and Neteghi
(2011). The obtained extracts have been filtered, the ethanol
was removed with a rotary evaporator (100 rpm, 25 °C), finally
extracts were lyophilized until use and weighed to calculate
the extraction yields.

2.4. Bound phenolics extractions

Bound phenolic compounds were extracted as reported by
Verma et al. (2009) from all UAE residues, which have previ-
ously had the free phenolics removed. Briefly, 2.5 g of each
matrix was hydrolyzed with 50 mL of 2 M sodium hydroxide
at room temperature for 1 h (alkaline hydrolysis, AH). After
AH, the pH of the mixture was adjusted to 3 with 6 M HCL
Bound phenolics were then extracted three times with ethyl
acetate. The ethyl acetate extracts were evaporated to dry-
ness under a stream of nitrogen at room temperature and
the residue was dissolved again in ethyl acetate, centrifuged
10 min at 4000 rpm. All samples were evaporated to dryness
under a stream of nitrogen at room temperature and finally
weighed to calculate the extraction yields. Bound phenolics
were also extracted coupling sonication to alkaline hydrolysis
(ultrasound-assisted alkaline hydrolysis, UAAH) as described
by Gonzales et al. (2014), thus following the same procedure
described above for the alkaline conditions but for 30 min
instead of 60. After the extraction, all samples were evaporated
to dryness under a stream of nitrogen at room temperature
and finally weighed to calculate the extraction yields.

2.5.  High performance thin layer chromatography
(HPTLC)

HPTLC silica gel 60 F254-precoated high performance thin
layer chromatographic plates (CAMAG, Muttenz, Swiss) were
used for the analyses with the Linomat V automatic sam-
pler (CAMAG). WinCATS Planar Chromatography Manager
software (CAMAG) was used for the analyses. Twin Trough
Chambers (20 x 10 cm) have been used and pre-saturated for
20 min with the eluent mixtures.

8 pL of each free phenolics extract (20 mg/mL in 60%
ethanolic solution) were put on the chromatographic plate
using the automatic sampler. The chromatographic separa-
tion of free phenolics have been performed following the
guidelines of Wagner and Bladt (2009) with some modifica-
tions. A two steps elution has been performed. First phase:
ethyl acetate/formic acid/acetic acid/water (100:11:11:20,
v/v/v/v); second mobile phase: toluene/ethyl acetate/acetic
acid (100:90:10, v/v/v). For the chromatographic separation of
bound phenolic acids, the method described by Barberousse
et al. (2008) was chosen with some modifications. 8 uL of each

bound phenolics extract (7 mg/mL in ethyl acetate) were put
on the plate using the automatic sampler. The mobile phase
was: chloroform:/ethyl acetate/methanol (7:2.5:0.5, v/v/v) +
1% acetic acid. Plates were captured at 254 nm and 366 nm
before and after derivatization with NP/PEG in order to high-
light the presence of phenolic compounds with TLC Visualizer
(CAMAG).

2.6. (HP)TLC bioautographic assay for radical
scavenging activity evaluation

HPTLC bioautographic assay was employed to determine
antioxidant compounds of the extracts using DPPH radical and
ABTS, following the method described by Rossi et al. (2011).
Each extract was applied to HPTLC plates as described for
HPTLC analyses. After development, plates were sprayed with
DPPH (i) and ABTS (ii).

(i) After development plates were sprayed with a methano-
lic solution of 2,2-diphenyl-1-picryl-hydrazyl radical (2
mg/mL) and photographed at visible light after 30 min;

(ii) After development, plates were sprayed with 2,2-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) solu-
tion obtained after the reaction of 2 mM ABTS and 70 mM
of potassium persulfate (K2S,0g) and immediately pho-
tographed at visible light.

2.7.  RP-HPLC-DAD-MS analyses

The analyses of phenolic acid extracts for the identification
and the quantification of FA and p-CA acids were performed
using a Waters modular HPLC system (MA, model 1525)
coupled to a diode array detector-DAD (model 2998) and a
FinniganMAT LCQ (TermoQuestCorp./FinniganMAT; San Jose,
CA, USA) mass spectrometer module linked to an injec-
tion valve with a 20 pL sampler loop, following the method
described by Robbins and Bean (2004). The separation of
phenolic acids was achieved with a Luna C18 column (Phe-
nomenex, 250 x 4.6 mm; particle size 5 pm); the mobile phase
consisted of methanol (B) and 0.1% aqueous formic acid (A) as
the binary solvent system. The solvent gradient in volumetric
ratios was as follows: 5-30% B over 50 min, held at 30% B for
an additional 15 min; at 65 min the gradient was increased to
100% B and held at 100% B for an additional 10 min to clean up
the column. The column was thermostatically controlled at
30 °C. The mass experiments were carried out on a Finnigan-
MAT LCQ (TermoQuest Corp./FinniganMAT; San Jose, CA, USA)
mass spectrometer module, equipped with an ion trap mass
analyzer and an ESI ion source electrospray, in negative ion
mode. For ESI-MS and MS? experiments, the parameters were
set as follows: the capillary voltage was 3.5 kV, the nebulizer
(N3) pressure was 20 psi, the capillary temperature was 300
°C, the auxiliary gas (N) fow was 9 L/min, and the skimmer
voltage was 40 V. The mass spectrometer was operated in the
negative ion mode in the m/z range 100-1000. Injection vol-
ume was set to 20 pL. Dedicated JASCO software (ChromNAV
ver 2.02.01) was used to calculate peak area by integration. Fol-
lowing chromatogram recording, sample peaks identification
was carried out by comparison of UV spectra and retention
time (RT) with those of the pure standard. Each tested extract
was prepared in a methanolic solution (methanol/water, 80:20,
v/v) at the concentration of 0.5 mg/mL. Four different con-
centration of trans-ferulic acid and p-coumaric standard were
prepared in methanol (5-500 pg/mL) and each solution was
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injected in triplicate. The obtained calibration graphs allowed
the determination of trans-ferulic and p-coumaric acids con-
centrations. Limit of detection (LOD) and limit of quantitation
(LOQ) were calculated following the approach based on the
standard deviation of the response and the slope as presented
by European Medicine Agency (1995).

2.8. Total phenolics content

The Folin-Ciocalteu spectrophotometric assay was used to
determine total phenolics content of all extracts with a Ther-
moSpectronic Helios-y spectrophotometer and performed
according to previously described methods (Singleton et al.,
1999; Tacchini et al., 2018). The mean of three readings was
used and the total phenolics content was expressed as mg of
gallic acid equivalents (GAE)/g of dry extract. Bound phenolics
percentage was calculated with the following formula: bound
phenolics % = (TPCpound X 100)/(TPChound + TPCfree)-

2.9.  DPPH radical scavenging activity

The method of Cheng et al. (2006) was followed to
evaluate the radical scavenging activity of the extracts
with DPPH (1,1-diphenyl-2-picrylhydrazyl) spectrophotomet-
ric assay. Extracts were tested at the following concentrations:
UAE 48.88-3000 p.g/mL; AH: 1.95-125 ng/mL; UAAH: 0.49-31.25
wg/mL. Eight different concentrations of Trolox (20-0.16
ng/mL) were prepared and used as positive control. After
40 min of incubation in the dark at room temperature,
microplates were analyzed with a microplate reader (Biorad,
680 XL, Hercules, California, USA) and the absorbance was read
at 515 nm in triplicate against a blank. The DPPH inhibition in
percentage was determined by the following formula: IDPPH%
=[1- (A1/A2)] X 100; where Al was the DPPH absorbance with
the extract and A2 without extract. Antioxidant activity of the
extract was expressed as IC50, concentration providing 50%
inhibition of the radical, and calculated as described by Nostro
et al. (2016). All experiments were assessed in triplicate and
values were reported as mean + standard deviation (SD).

2.10. ABTS radical scavenging activity

The ABTS, 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid), radical scavenging activity was performed using the
method of Horszwald and Wilfried (2011). The same concen-
trations prepared for the previously described DPPH assay
were used for both extracts and Trolox. 7 mmol/L aqueous
solution of ABTS (10 mL) and 51.4 mmol/L aqueous solution of
K»S5,04 (0.5 mL) were mixed to obtain a radical cation solution
that has been adjusted spectrophotometrically to 0.7 & 0.05 at
734 nm. After 6 min of incubation in the dark at room tem-
perature, microplates were analyzed with a microplate reader
(Biorad, 680 XL, Hercules, California, USA) and the absorbance
was read at 734 nm in triplicate against a blank. Antioxidant
activity of the extract was expressed as IC50, the concentration
providing 50% radical inhibition, and calculated as described
for DPPH. All experiments were assessed in triplicate and val-
ues were reported as mean =+ SD.

2.11. Antimicrobial susceptibility test
The antimicrobial susceptibility of the bacteria was deter-

mined on Mueller-Hinton agar (Oxoid S.A. Madrid, Spain)
using the disk diffusion method. Six different antimicrobial

agents, widely used in human clinical, were studied: ampi-
cillin (10 ng/disk), penicillin (10 pg/disk), chloramphenicol (30
ng/disk), kanamycin (30 pg/disk), ciprofloxacin (5 ng/disk) and
doxycycline (30 pg/disk). S. aureus reference strain ATCC 25923
was used as a quality control. Each antimicrobial agent has
been tested against all bacteria strains and incubated overnight
at 37 °C. The measurement and interpretation of growth
inhibition diameters was performed following the CLSI guide-
lines for human antimicrobial susceptibility tests for human
pathogens (Clinical and Laboratory Standards Institute (CLSI,
2015).

2.12.  Microdilution assay for MIC calculation

The antimicrobial activity test was performed on the most
interesting extracts in terms of FA content because of its
already well-known antimicrobial properties described in
literature by Borges et al. (2013). Minimum inhibitory concen-
tration (MIC) of hydrolyzed extracts were determined using
the microbroth dilution method. One reference strain (ATCC
29213), two clinical isolates strains of S. aureus (Methicillin-
Resistant S. aureus, MRSA 185087 and Methicillin-Sensitive S.
aureus MSSA 185960) and one clinical isolate of S. epidermidis
(185240) were used for the antimicrobial activity assay of alka-
line hydrolyzed extracts. The MICs were determined through
microdilution method in accordance with the Clinical and Lab-
oratory Standards Institute (Clinical and Laboratory Standards
Institute (CLSI, 2015). All strains have been sub-cultured
overnight in Muller-Hinton Agar (MHA) before testing. An
inoculum was prepared for each bacterium using a 0.85% saline
solution and adjusting its ODsgspm to 0.08 £ 0.1 (1 x 108
CFU/mL). 100 pL of each extract was put in a sterile u-shaped
96-well PS-microplate (Greiner bio-one, USA) and twelve dif-
ferent concentrations (serial two fold dilutions) were tested
(starting from a value of 2048 pg/mL to arrive at 1 pg/mL) and
the same volume of bacteria has been put in the microplates;
penicillin has been used as positive control and eight different
concentrations of it (4.00 + 0.06 ng/mL) were tested too. Bac-
teria suspensions without extracts and Muller-Hinton Broth
(MHB) were used as controls. The microplates have been then
incubated overnight at 37 °C. MIC results were determined
as the lowest concentrations of extracts at which no bacte-
ria growth was detected. A re-count of bacteria concentration
was performed after each test by diluting 10 uL of each bac-
teria suspension (negative control) in 10 mL of sterile water:
100 pL of this final suspension have been put on MHA plate at
37 °C for 24 h in order to count the CFU. All tests have been
performed in triplicate and compared with controls.

2.13. Cosmetic formulation

Starting from the interesting antioxidant and antimicrobial
activity results obtained, one extract has been selected to be
inserted in a cosmetic formulation, in order to propose a prac-
tical application of cereal by-products in the cosmetic market.
We decided to formulate the finished products using durum
wheat bran UAAH extract in two concentrations: 0.3% (F1) and
0.5% (F2).

The phenolics extract was included in cosmetic for-
mulations (oil-in-water emulsion) with the following INCI
(International Nomenclature of Cosmetic Ingredients):

- Aqua, Cocoglycerides, Coco-caprylate, Glycerine stearate citrate,
Glyceryl stearate, Glycerin, Cetearyl alcohol, Benzyl alcohol,
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Ethylhexylglycerin, Durum wheat UAAH extract (INCI: Triticum
turgidum durum seed extract), Xanthan gum.

A common oil-in-water base protocol was used for all for-
mulations. Phase 1 (hydrophilic) was prepared by weighting
each raw material and heating the phase up to 70 °C. Phase
2 (lipophilic) was prepared and heated up to 40 °C and sub-
sequently added to phase 1 by pouring the lipophilic phase
into the hydrophilic one with the use of a turboemulsifier
mixer (Silverson®, East Longmeadow, MA, USA). Finally, the
emulsion obtained was divided into aliquots to add phase 3
(extract). The final pH was adjusted within the range 5-5.5
to which all preservative systems work best and to make the
preparations suitable for topical application. The stability of
the cosmetic products was evaluated at both ambient tem-
perature and at 40 °C in oven for 1 month.

2.14. Photochemiluminescence (PCL) method

The PCL assay, based on the methodology of Popov and Lewin
(1994), was used to measure the antioxidant activity of cos-
metic products and of the selected extract in collaboration
with Ambrosialab Srl (www.ambrosialab.it). The antioxidant
activity was measured with a Analytik Jena Photochem® appa-
ratus (Leipzig, Germany) against superoxide anion radicals
generated from luminol, a photosensitizer, when exposed to
UV light (Double Bore. phosphorus lamp, output 351 nm, 3
mWatt/cm?), using ACL (antioxidant capacity of liposoluble
substance) kit designed to measure the antioxidant activity of
lipophilic compounds (Popov and Lewin, 1994). In ACL studies,
the kinetic light emission curve was monitored for 180 s and
expressed as micromoles of Trolox per gram of dry matter. The
areas under the curves were calculated using the PCL soft con-
trol and analysis software. As greater concentrations of Trolox
working solutions were added to the assay medium, a marked
reduction in the magnitude of the PCL signal and hence the
area calculated from the integral was observed. This inhibition
was used as a parameter for quantification and related to the
decrease in the integral of PCL intensities caused by varying
concentrations of Trolox. The observed inhibition of the signal
was plotted against the concentration of Trolox added to the
assay medium. The concentration of the added extract solu-
tion was such that the generated luminescence during the 180
s sampling interval fell within the limits of the standard curve.
The extract for ACL measurements was centrifuged (5 min
at 16,000 g) prior to analysis. The antioxidant assay was car-
ried out in triplicate for each sample, and 20 pL of the diluted
extract (1:40, v/v) HPLC-grade methanol (ACL), was sufficient
to correspond to the standard curve.

2.15. Statistical analysis

All results were means of three independent experiments.
The presented data show mean values + SD. The results were
evaluated for statistical significance using Student’s t-test for
two groups (GraphPad Software, San Diego, California, USA)
considering a significant difference of P < 0.05 and univariate
analysis of variance for more than 2 groups with Statistica 6.0
software (StatSoft, Inc., Tulsa, OK, USA) and Tukey’s post hoc
test to investigate significant differences (P < 0.05) between the
tested samples.

Table 1 - Phenolic extraction yields (%). Different
uppercase letters indicated significant differences in

each group of data (P < 0.05) for durum wheat bran and
rice bran (analysis of variance).

Cereal by-products Extracts Yields (%, w/w)
UAE 17.29 + 1402
Durum wheat bran AH 0.41 + 0.04°
UAAH 0.48 + 0.01°
UAE 19.73 + 1.45¢
Rice bran AH 0.54 + 0.09 4
UAAH 0.54 + 0.04 4
3. Results and discussions

The yields obtained with the various extraction method
applied are reported in Table 1: free phenolics extracts (UAE)
gave the highest extraction yields (around 17-20%) due to the
hydroalcoholic solvent used which enable the extraction of
other molecules with a low extractive specificity. Bound phe-
nolics (AH and UAAH) yields are much lower but more selective
for our phenolic target. In contrast to what was previously
verified with maize germ (Burlini et al., 2020), no significant
differences in yields have been obtained coupling sonication
to alkaline hydrolysis (P > 0.05).

A slightly higher percentage of yield was found by extract-
ing the rice (0.54%) than durum wheat bran (0.41-0.48%).

Fig. 1 shows the screening qualitative analyses performed
with high-performance thin-layer chromatography (HPTLC):
plates were captured at 254 nm (A) and 366 nm (B) after
derivatization with NP/PEG solution to verify the presence of
phenolic acids and of trans-ferulic acid (FA), in particular. UAE
and hydrolyzed extracts have been eluted with two different
eluent mixture and, for this reason, FA is reported in both
HPTLC plates: HPTLC plate of UAE extracts, on the left, shows
few phenolic spots mainly between R¢ 0—0.3 but no spots were
detected at FA Rf (0.78). The HPTLC plates on the right, are
those related to hydrolyzed extracts which report a blue spot
at R¢ 0.55 corresponding to FA. This analysis was adopted as
a rapid screening for the extracting efficacy of the techniques
used, and from its results both type of hydrolysis allowed the
extraction of FA.

HPTLC bioautographic assays results are reported in Fig. 2;
this technique was performed to screen the antioxidant capac-
ity of the extracts with DPPH (C) and ABTS (D). Extracts 1,
2, 3, 4 are characterized by a discoloration at R¢ 0.55, corre-
sponding to that of FA, suggesting that it could be the main
molecule responsible for the radical scavenging activity of the
extracts. The presence of CH=CHC—OOH group in the hydrox-
ycinnamic acids is, in fact, considered as the main responsible
for the higher antioxidant activity compared to hydroxyben-
zoic acids characterized by the COOH group (White and Xing,
1997). Moreover, the same extracts exhibited antiradical activ-
ity at Rf 0.1—0.3 for the presence of other phenolic compounds.
UAE-1 and UAE-2 extracts shows some active molecules at R¢
0.9-0.95, particularly with ABTS.

The RP-HPLC-DAD analyses confirmed FA and revealed
the presence of the p-coumaric acid (p-CA), previously not
detected with HPTLC probably because of the dark blue color
that characterizes its spot at 366 nm and for the R¢ very sim-
ilar to that of FA. The identification of the phenolic acids in
the hydrolyzed extracts was performed thanks to the compari-
son of experimental chromatograms, UV spectra and retention
times with those of the reference standards and literature
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Fig. 1 - HPTLC plates detected at 254 nm and 366 nm after derivatization with NP/PEG. Plates: (A) 254 nm; (B) 366 nm.
Tracks: UAE-1 - durum wheat bran UAE; UAE-2 - rice bran UAE; 1- durum wheat bran AH; 2- rice bran AH; 3- durum wheat

bran UAAH; 4- rice bran UAAH; FA- ferulic acid standard.
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Fig. 2 - HPTLC plates detected visible light after derivatization with DPPH (A, B) and ABTS (C, D). Tracks: UAE-1 - durum
wheat bran UAE; UAE-2 - rice bran UAE; 1- wheat bran AH; 2- rice bran AH; 3- wheat bran UAAH; 4- rice bran UAAH.
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Fig. 3 - RP-HPLC-DAD of hydrolyzed extracts. Peaks: FA-
ferulic acid; p-CA: p-coumaric acid. Extracts: 1- durum
wheat bran AH; 2- rice bran AH; 3- durum wheat bran
UAAH; 4- rice bran UAAH.

Table 2 - Phenolic acids identified with RP-HPLC-ESI-MS.

Compound name RT (min) [M-H]~ (Frag. m/z)
p-CA (p-coumaric acid) 31 163 (119, 153)
FA (trans-ferulic acid) 37 193 (134, 117, 149, 179)

(Kim et al., 2006; Tilay et al., 2008). Fig. 3 reports RP-HPLC-
DAD chromatograms of hydrolyzed extracts where it can be
noticed a main peak characterizing all extracts at RT 37 min,
corresponding to that of the FA and a second minor peak,
corresponding to p-CA, at RT 31 min (Table 2).

FA and p-CA acids quantifications are reported in Table 3.
Both matrices exhibited a higher concentration of FA when
extracted with UAAH compared to the AH commonly used.
The ultrasounds irradiation allowed the sodium hydroxide to
better break the ester linkages of FA thanks to the several
mechanisms involved in the sonication, described by Chemat
et al. (2017) such as: fragmentation, erosion, sonocapillar-
ity effect, sonoporation, local shear stress and destruction of
plant structures. UAAH wheat bran extract exhibited a con-

tent of FA of 406.14 + 0.65 pg/mg extract which is significantly
higher than the quantity obtained with the commonly used
alkaline treatment: 386.20 + 10.44 pg FA/mg extract (P < 0.05).
Similar results were obtained with rice bran that counted
387.36 + 1.33 pg FA/mg extract with UAAH compared to 369.05
+4.91 ng FA/mgextract (P <0.05). Durum wheat bran exhibited
the highest difference among the two hydrolysis techniques
and the highest trans-FA quantity. p-CA was found mainly
present in hydrolyzed rice bran extracts (82.90 + 1.00 mg p-
CA/g extract for AH; 92.20 £ 0.10 mg p-CA/g extract for UAAH)
compared to wheat where the quantity found is much lower
(1.50 £ 0.10 mg p-CA/g extract for AH; 1.10 + 0.1 mg p-CA/g
extract for UAAH).

The total amount of phenolics was quantified for UAE and
hydrolyzed extracts and reported in Table 4. Both matrices
showed a greater amount of bound phenols than the solu-
ble ones. Free phenolics quantification showed that wheat
and rice brans have a very similar free phenolics content
(respectively of 80.90 + 8.60 mg GAE/g dry extract and 79.02 +
2.20 mg GAE/g dry extract). The quantification of total bound
phenolics showed significant higher concentrations with the
UAAH compared to the AH (P < 0.05): wheat bran hydrolyzed
extract exhibited the highest difference in TPC between the
two hydrolysis techniques and showed also the highest con-
centration. Wheat, in fact, showed a total of 437.58 + 9.90 mg
GAE/g of dry AH extract and 610.58 + 57.60 mg GAE/g of dry
UAAH extract. Bound phenolics percentage has been calcu-
lated for both wheat and rice matrices and reported in Table 4:
wheat brans exhibited a bound phenolics of 84.40% with AH
and 88.3% with UAAH; and rice bran exhibited percentages of
bound phenolics of 86.51% with AH and 86.87% with UAAH.
These numbers are in line with those of literature data that
show a range of bound phenolics respectively of 62.12-83.18%
and 62-88% (Adom and Liu, 2002; Acosta-Estrada et al., 2014).
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Table 3 - RP-HPLC-DAD FA and p-CA quantifications. Different uppercase letters indicated significant differences in each

group of data (P < 0.05) for durum wheat bran and rice bran (Student’s t-test).

Cereal by-products Extracts ng FA/mg extract ng p-CA/mg extract
AH 386.20 + 10.44 ¢ 1.50 + 0.1t

Durum wheat bran UAAH 406.14 : 0.65f 1.10 : 0.1

. AH 369.05 + 4918 82.90 + 1™
Rice bran UAAH 387.36 + 1360 92.20 + 01m
Statistical parameters
LOD 0.342 pg/mlL 0.221 pg/mL
LOQ 1.14 pg/mL 0.74 pg/mL
i 0.9991 0.9993

Table 4 - Total phenolics content (TPC) and bound phenolics (BP) percentages. Different uppercase letters indicated

significant differences in each group of data (P < 0.05) for durum wheat bran and rice bran (analysis of variance).

Cereal by-products Phenolics Extracts TPC (mg GAE/g dried extract) % BP
Free UAE 80.90 E= 8.60 "

Durum wheat bran AH 437.58 e 9.90° 84.40
e UAAH 610.49 + 57.60P 88.00
Ereel UAE 79.02 e 2.204

Rice bran AH 506.80 + 2607 86.51
o) UAAH 552.80 4 550 86.87

Table 5 - Radical scavenging activity with DPPH and ABTS. Different uppercase letters indicated significant differences in

each group of data (P < 0.05) for durum wheat bran and rice bran (analysis of variance).

Cereal by-products Extracts DPPH ICs (ng/mL) ABTS ICs (ng/mL)
UAE 1194.8 EE 44934 250.80 EE 18.79F
Durum wheat bran AH 36.61 + 0.65B 4.96 + 0.28 G
UAAH 3.61 EE 0.09 ¢ 1.16 EE 0.10 ¢
UAE 275.1 E= 13.79D 63.45 Ei= 6.21H
Rice bran AH 55.00 + 5.37F 10.3 EE 0.96!
UAAH 38.01 + 0.52F 4.22 + 0.09!
Trolox 3.45 EE 0.32 1.36 EE 0.12

Table 5 reports the ICso results of the radical scaveng-
ing activity of the extracts investigated both with DPPH and
ABTS radicals. The tests showed the same trend of activ-
ity with the highest ICso obtained by UAE, particularly with
wheat bran (1194.80 =+ 44.93 pg/mL and 250.00 + 18.79 pg/mL
for DPPH and ABTS, respectively). Results obtained with rice
bran UAE gave a greater activity than wheat with both tests
(275.10 + 13.79 ng/mL and 63.45 + 6.61 png/mL for DPPH and
ABTS, respectively) despite the content of calculated free phe-
nolic molecules was equivalent. This result may be due to
a lipophilic fraction contained in rice bran that, during the
hydrolcoholic extraction process, may have contributed to the
extract’s activity. The lipophilic fraction of rice bran is, in
fact, higher than that characterizing wheat bran (jiang and
Wang, 2005) and it is the food source with the highest phytos-
terol content, class of molecules that have demonstrated to be
antioxidants (Lerma-Garcia et al., 2009; Wang et al., 2002). In
relation to the different activity, it should also be noted that
the relative amount of p-CA is much greater in the rice bran
extracts and may contribute in the radical scavenging varia-
tion. Regarding bound phenolic extracts, durum wheat bran
exhibited the best results both with DPPH (ICsg of 3.61 + 0.09
wg/mL) and ABTS (ICsp of 1.16 + 0.1 pg/mL); in particular, DPPH
activity of UAAH durum wheat extract is significantly higher
than AH (P < 0.05). Moreover, the same result is comparable to
that obtain with Trolox (DPPH: 3.43 + 0.32 png/mL) suggesting
that the association of ultrasounds to alkaline hydrolysis can
be a valid technique to effectively obtain antioxidant extracts
from cereal wastes. Similar results have been obtained with
rice bran extracts, although with slightly lower activity than

durum wheat bran: bound phenolics obtained with AH and
UAAH gave ICs, respectively of 55.00 + 5.37 pg/mL and 38.01
+ 0.52 pg/mL with DPPH and ICsg respectively of 10.3 &+ 0.96
wg/mL and 4.22 + 0.09 pg/mL with ABTS.

Although the evaluation of DPPH and ABTS radical scaveng-
ing activities are basic techniques for antioxidant properties
evaluation, Masisi et al. (2016) affirmed that polyphenols
(mainly ferulic and phenolic acid) were the main contributors
in the antioxidant capacity of cereal grains both in vitro and
in vivo studies. In light of the good content of total polyphenols
and FA, our research might indicate DPPH and ABTS methods
as fast and reliable techniques capable of driving the choice of
the best promising antioxidant extract, with the least money
and time consuming, in line with eventual future industrial
application. Correlations between antioxidant properties and
other types of components remain to be deeply investigated
and they could be an opportunity to combine the preliminar
methods we considered so far with more sophisticated tech-
niques to confirm their potential. Therefore, by-products from
durum wheat and rice industry could be interesting sources
of antioxidant compounds and FA has been demonstrated to
be the main responsible for the activity of the hydrolyzed
extracts; this can be inferred thanks to the results obtained
through bioautographic and spectrophotometric assays and to
the comparison with literature data (Anson et al., 2008; Zhou
et al., 2004).

The antimicrobial susceptibility test was used to evaluate
the susceptibility of the bacteria strains against six antimi-
crobial agents which are commonly used to treat human
infections with S. aureus and S. epidermidis. Fig. 4 shows bacte-
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Fig. 4 - Bacteria growth diameter of each bacterium evaluate with disk diffusion method. (A): S. aureus ATCG; (B): S. aureus

MRSA,; (C): S. aureus MSSA; (D): S. epidermidis.

Table 6 - Antimicrobial susceptibility test (R: resistant; S: sensitiv

: Intermediate).

Antimicrobial agent S. aureus S. epidermidis 1gs240
ATCC 29213 MRSA 185087 MSSA 185960
Ampicillin AK 30 S S S} S
Penicillin P10 R R R R
Chloramphenicol C 30 S S S S
Kanamicin K30 S R S R
Ciprofloxacin CIP 5 S R S I
Doxycycline DO 30 S S 5 S

ria growth diameters which has been used to decide whether
the bacterium was susceptible (S), intermediate (I) or resis-
tant (R) to each antimicrobial agent. In Table 6 results of the
antimicrobial susceptibility tests are summarized for each
antimicrobial agent: Ampicillin (AK30), Penicillin (P10), Chlo-
ramphenicol (C30), Kanamycin (K30), Ciprofloxacin (CIP 5) and
Doxycycline (DO30). S. aureus MRSA and S. epidermidis demon-
strated to be resistant to two or more antimicrobial agents
(Clinical and Laboratory Standards Institute (CLSI, 2015).

The Minimum inhibitory concentration (MIC) results are
reported in Table 7. The mostinteresting results were obtained
against the S. aureus MRSA strain with MICs of 16 pg/mL
and 32 pg/mL for wheat and rice brans, respectively. Regard-
ing the S. aureus ATCC reference strain, the MIC of UAAH
extracts of wheat bran (128 wg/mL) and rice bran (128 pg/mL)
were higher than AH extracts (respectively 521 pg/mL and
256 pug/mlL). The same results were obtained by comparing
wheat bran UAAH extract on MSSA clinical isolated strain
(128 pg/mL) and the AH one (256 pg/mL) even if a differ-
ence of one or two dilutions is not considered significant by
the CLSI (Clinical and Laboratory Standards Institute (CLSI,
2015). Extracts tested against S. epidermidis showed high MICs
values (>1024 ng/mL) suggesting that the clinical isolated bac-
terium was resistant to all treatments. Finally, according to
CLSI guidelines (2015), all strains have been shown to be resis-
tant to penicillin with MICs above 0.25 pg/mL, as previously
verified by the antimicrobial susceptibility test (disk diffusion
method). The antimicrobial activity test defined wheat and
rice brans potentially good antimicrobial sources. They could
be use as active ingredients in cosmetic or dermo-functional
products with antimicrobial activity or as additives for micro-
biological stability and therefore as natural preservatives in
finished preparations.

In order to propose a practical application of the most active
extract, a cosmetic product has been formulated (O/W emul-
sions) and tested for its stability both at ambient temperature
and at 40 °C. The high quantity of FA, characterized by a deep
yellow color, which was contained in durum wheat extract,
caused a slight alteration of final preparation’s color, in par-
ticular with 0.5% of extract concentration. However, a slight
color variation did not affect the pleasantness of the finished
product and it was not indication of a depletion of the product
but enhance its naturalness. Its fragrance was characteristic
and pleasant.

The cosmetic products showed excellent stability at room
temperature while a slight alteration occurred at 40 °C, with a
slight surfacing of the oily phase, probably due to the reduced
quantity of product taken for the investigation. Furthermore,
in both stability tests, a slight modification in the pH has been
noted (Table 7) which was in any case within the suggested
limits for cosmetic formulations (pH: 3.5-6).

Since previous studies demonstrated that the type of cos-
metic formulation, the pH and storage conditions significantly
influence the antioxidant activity of a functional ingredient
(such could be natural extracts), it is necessary to evaluate
the antioxidant activity of a finished product in relation to
that of the single active ingredient (Ziosi et al., 2010). There-
fore, the antioxidant activity has been tested and compared
with PCL method which can provide evaluation of both cos-
metic formula and extract activities, consenting an effective
comparison. The PCL results are reported in Table 8 and are
expressed as pmoL equivalent of Trolox per gram of sample.
The higher the value expressed in pmol TE/gram the greater
is the activity. The results verified durum wheat UAAH extract
high activity (1728.20 &+ 21.76 pmol Trolox/g), but its presence
inside the final product performs in proportion to the con-
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Table 7 - Microdilution assay for MIC calculation.

Cereal by-products Extracts MIC (pg/mL)
S. aureus S. epidermidis
ATCC MRSA MSSA

D heat b AH 512 32 256 1024

urum wheat bran UAAH 128 32 128 >2048
Rice b AH 256 16 128 >2048

1ce bran UAAH 128 16 128 >2048
Penicillin 0.5 1 >4 >4

Table 8 - PCL and stability results of the cosmetic formulation.

Samples PCL assay (nmol Trolox/g) pH variations (stability)

pH To pHT, pH T,
1 Durum wheat bran UAAH extract 1728.20 + 21.76 nd nd nd
2 O/W F1 (extract 0.3%) 4.65+0.01 5.04 4.40 5.50
3 O/W F2 (extract 0.5%) 7.89+£0.30 5.04 3.84 5.50

Notes: nd: not detected; pH To: at the moment of formulation; T;. after 1 month at ambient temperature; T,: after 1 month at 40 °C.

centration: having tested low concentrations of extract, the
formulation activity exhibited average results. Even if such
potencies are compatible with a potential efficacy on skin
(Mota et al., 2014), it would be sufficient to increase the con-
centration of the extract by up to 2% to obtain a very active
product.

The antioxidant and antimicrobial activities of the extracts
suggested possible applications of cereal by-products in the
dermo-functional and cosmetic industries, as natural preser-
vatives, but also in the food sector as fortification agents and
antioxidant additives (Galanakis, 2018).

The overall advantages of this study concern the timing of
extraction and the quality of the extracts obtained in terms
of phenolic molecules and in vitro biological activity. As far as
the working time is concerned, in fact, associating sonication
with alkaline hydrolysis allows to reduce the extraction time
from 60—30 min, thus halving the working hours to obtain
the product. Despite the speed, the extracts obtained were
standardize with respect the quantification of FA and p-CA
content, the determination of total amount of phenolics and
the HPTLC fingerprint. They show high quantities of phenolic
acids, ferulic acid in particular, and good results of antioxidant
and antimicrobial activity.

In future perspective may be interesting for durum
wheat and rice brans by-products evaluating the potential-
ity of other techniques as ultrafiltration for separation of
functional macromolecules and micromolecules (Galanakis,
2015), MAE (microwave assisted extraction) (Sarfarazi et al,,
2020), complexation of bioactive compounds (Nagarajan
et al, 2019) in comparison to our results also in term
cost-benefit analysis. Moreover, the use of modern and
performing in vitro techniques for the evaluation of antiox-
idant activity will certainly be considered for the verifi-
cation of the bioactivity of the extracts and the cosmetic
products.

4, Conclusions

Cereal by-products are already well-known sources of inter-
esting phytochemicals but, although their extraction has been
the subject of numerous literature studies, precisely because
of the great application potential of these matrices, the extrac-

tion techniques used up to now require long extraction times
and methods that are still not sustainable. The overall results
of the present study confirm the possibility to apply a more
sustainable and effective method for the release of bound
phenolic acids from cereal by-products. In particular, durum
wheat and rice bran by-products are interesting sources of
phenolic acids, mostly in bound form, whose extraction can be
improved by combining ultrasonication to alkaline hydrolysis.
Extracts obtained with this technique demonstrated higher
content of FA and total phenolics compared to the commonly
used chemical hydrolysis, despite the reduction of extraction
time from 60 to 30 min. Moreover, the same extracts exhibited
the highest antiradical and antimicrobial activities results. For
this reason, durum wheat UAAH extract has been used for the
formulation of an oil-in-water emulsion for cosmetic use. The
extract and the formulations obtained have been tested for
the antioxidant activity with PCL, obtaining interesting results
given the application potential in the cosmeticfield. Since FAis
already widely used as an active ingredient and preservative in
various topical cosmetic formulations, its extraction with this
hybrid technique, makes it possible to boost its application
in the health sector, such as in the cosmetic market. Bound
phenolic molecules have been previously underrated in lit-
erature but they are attracting increasing attention in recent
years because they characterize most of the waste biomasses
of the agricultural industry, especially cereals, and have shown
great potential applications in health, nutraceutical and cos-
metic fields. For these reasons, applying the most innovative
and green techniques for their extraction is of particular inter-
est nowadays. Even though further studies are necessary for a
careful cost-benefit analysis that will certainly be the subject
of research in the short term for the scale-up of the extraction
method, the reduction of extraction time and the high amount
of bound phenolic molecules are promising starting point for
developing more sustainable, advantageous and cheaper pro-
cesses.
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