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Ellagitannin-rich bioactive extracts of Tuberaria
lignosa: insights into the radiation-induced effects

in the recovery of high added-value compoundsf
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Ellagitannins are polyphenols responsible for a number of bioactivities and health-promoting effects.

These industrially important molecules can be affected by post-harvest treatments and recovery pro-
cesses, but little is known about the irradiation-induced effects on their integrity, bioactivity and extracta-
bility. Herein, the impact of gamma radiation on the production of ellagitannin-rich extracts was investi-

gated using Tuberaria lignosa as a case study. These effects were compared with those induced in flavo-
noids and organic acids. The extracts were particularly rich in hydrophilic antioxidants (measured by
in vitro assays). The recovery of different phytochemicals was favoured by longer extraction times.
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1. Introduction

Medicinal plants play a critical role in the healthcare provision
of much of the world’s population. In addition to their use in
folk medicine, medicinal plants are used for isolation of bio-
active molecules, production of functional ingredients/extracts,
or as a starting material for the production of semi-synthetic
pharmacologically active substances.”” To date, a large
number of plant species have been studied for their compo-
sition of polyphenols, which have attracted considerable atten-
tion due to their health-promoting effects and growing com-
mercial value in food, pharmaceutical and cosmeceutical
industries. Among polyphenols, ellagitannins are hydrolysable
tannins defined as the esters of hexahydroxydiphenic acid and
a polyol, usually glucose or quinic acid, and form the largest
group of known tannins.® Punicalagins are the most abundant
ellagitannins in the perennial spotted rockrose (Tuberaria
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Ellagitannins (mainly punicalagin derivatives) were extracted better from samples irradiated at 5 kGy and
were not significantly affected by the 10 kGy dose. However, the total contents of flavonoids and organic
acids were decreased by the consequent increase in irradiation dose. Therefore, this study supports the
use of gamma radiation for processing T. lignosa, aiming to obtain ellagitannin-rich bioactive extracts.

lignosa (Sweet) Samp., Fam. Cistaceae).* These water-soluble
polyphenols contain ellagic and gallagic acids linked to a
sugar moiety and are naturally found in the forms of two
reversible a- and p-anomers. It has been shown that punicala-
gins inhibit oxidative stress, inflammatory responses and
apoptosis, along with other beneficial effects.””” Therefore, the
exploitation of ellagitannin (punicalagin)-rich natural sources
is of high industrial interest.

Industrial preservation and decontamination processes are
applied to prevent the growth of microorganisms on plant
materials and to facilitate their storage and transportation.**?°
Conventional decontamination methods are not suitable for
dried plant materials. Fumigation with chemical agents was
used in the past for disinfestation of dried commodities
during storage; but the use of these chemicals is now prohib-
ited or increasingly restricted in several countries due to
serious adverse effects on human health and environment."’
Heat treatments are not suitable, while ultraviolet radiation is
not effective in decontaminating large volumes due to its low
penetration capacity.'’ Among the non-thermal and non-
chemical methods, gamma radiation is by far the most
effective technique to preserve the chemical and hygienic
quality of plant commodities and reduce losses associated
with microbial contamination and insect infestation. Despite a
general bad feeling of consumers about food irradiation, the
treatment is widely accepted by the food industry and is a safer
alternative compared to chemical fumigants.'”> The joint
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FAO/IAEA/WHO Experts Committee ensures that any food irra-
diated up to a maximum dose of 10 kGy is safe and wholesome
for human consumption.

The gamma irradiation treatment is well established as a
non-thermal processing method. However, an inadequate
exposure to gamma rays might result in minimal availability of
health-promoting compounds. The integrity of phytochem-
icals/antioxidants may be affected by the direct action of
gamma rays or by interaction with radiolytic products (free
radicals and radiation-induced degradation products)."*"* The
chemical bonds of polyphenols can be broken, thereby releas-
ing soluble low-molecular-weight phenols, leading to a vari-
ation in the amount of bioactive molecules.>'® The levels of
physical and chemical modifications might vary depending on
the plant material under study, the sensitivity of the phyto-
chemicals/antioxidants towards irradiation, irradiation dose
delivered, and the type of radiation source employed.'>*”*?
Consequently, irradiation may affect the extraction yield and,
in some cases, improve the content (extractability) of poly-
phenols and the antioxidant properties of the obtained
extracts.® 2% To evaluate the effects of ionizing radiation on
the extraction/degradation of bioactive compounds from plant
matrices, it is important to evaluate the extraction kinetics by
monitoring the concentration changes over time using chro-
matographic and spectrometric techniques.

The content of phenolic compounds in infused and
decocted extracts prepared from irradiated wild samples of
T. lignosa was previously evaluated by Pinela et al.* However,
the impact of the irradiation treatment in the extraction/degra-
dation kinetics of the different phytochemicals was not evalu-
ated. This study was carried out to investigate the effects of
gamma radiation on the production of ellagitannin-rich bio-
active extracts from 7. lignosa using response surface method-
ology (RSM) for analysis. These effects were compared with
those induced in other compounds, namely in flavonoids and
organic acids. In addition, the presence of hydrophilic and
lipophilic antioxidants on the extracts was evaluated by dis-
tinct in vitro assays.

2. Materials and methods
2.1. Plant material, standards and reagents

Samples of T lignosa, available as dried rosettes of leaves and
inflorescences, were obtained from a local herbal shop in
Braganca (North-eastern Portugal). Botanical identification of
all plant materials used was previously confirmed. Amber
Perspex routine dosimeters, Batch V, were purchased from
Harwell Company (Oxfordshire, UK). Organic acids (oxalic,
quinic, shikimic and succinic acids) and trolox (6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid) were purchased
from Sigma (St. Louis, MO, USA). Acetonitrile (99.9%, HPLC
grade) was purchased from Fisher Scientific (Lisbon,
Portugal). Formic acid was purchased from Prolabo (VWR
International, France). The phenolic compound standards
(apigenin-6-C-glucoside, p-coumaric acid, ellagic acid, gallic
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acid, kaempferol-3-O-glucoside, kaempferol-3-O-rutinoside,
luteolin-6-C-glucoside, quercetin-3-O-glucoside and quercetin-
3-O-rutinoside) were purchased from Extrasynthese (Genay,
France). 2,2-Diphenyl-1-picrylhydrazyl (DPPH) was obtained
from Alfa Aesar (Ward Hill, MA, USA). All other chemicals and
solvents were of analytical grade and purchased from common
sources. Water was treated in a Milli-Q water purification
system (Merck Millipore, model A10, Billerica, MA, USA).

2.2. Irradiation of plant materials

Plant samples were packaged in sterilized polyethylene bags
and subjected to the predicted ionizing radiation doses of 5
and 10 kGy. A non-irradiated control (0 kGy) followed all the
experiments. The irradiation process was performed in a
cobalt-60 experimental chamber (Precisa 22, Graviner
Manufacturing Company Ltd, UK) with four sources and a
total activity of 177 TBq (4.78 KkCi), located at the Centre for
Nuclear Sciences and Technologies (C2TN), Portugal. During
the irradiation process, amber Perspex routine dosimeters
were used to measure the distribution of the absorbed energy
and to determine the maximum (D) and the minimum
(Dmin) dose absorbed by the samples, following the procedure
previously described by Fernandes et al’' The measured
average doses were 4.85 + 0.47 and 9.92 + 0.52 kGy for the
samples irradiated at the predicted doses 5 and 10 KkGy,
respectively. The estimated dose rate for the irradiation posi-
tion, obtained with a Fricke dosimeter, was 1.9 kGy h™" and
the dose uniformity ratio (Dmax/Dmin) Was 1.1.

2.3. Extraction method

The non-irradiated and irradiated plant materials were sub-
jected to a solid-liquid extraction as defined in the 3> full fac-
torial design presented in Table 1. Boiling water (0.2 L) was
used as an extraction solvent since it is low-priced, easily avail-
able and non-toxic. After extraction, the obtained solutions
were filtered through Whatman No. 4 paper and a portion was
lyophilized (Free Zone 4.5, Labconco, Kansas City, MO, USA)
for the subsequent chromatographic analysis of organic acids
and phenolic compounds. The screening of antioxidants was
performed on the obtained solutions. The extraction yield was
expressed as percentage (%, w/w).

2.4. Screening of antioxidants

The obtained solutions were redissolved in water (final con-
centration: 1 mg mL™") and further diluted to different con-
centrations in order to evaluate the antioxidant capacity in a
dose-response format using in vitro assays based on hydro-
philic and lipophilic reaction mechanisms.*

2.4.1. Hydrophilic antioxidants

DPPH free-radical scavenging activity. The solutions at
different concentrations (30 pL) were mixed with a methanolic
solution (270 pL) containing DPPH free-radicals (6 x 107> M)
in a 96-well plate. The reaction mixture was left to stand for
60 min in the dark. After that, the reduction of DPPH free-
radicals was determined by measuring the absorbance at 515 nm
in an ELX800 Microplate Reader (Bio-Tek Instruments, Inc.,

This journal is © The Royal Society of Chemistry 2017
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Table 1 Results of the three-level full factorial design combining the effects of extraction time (X;) and irradiation dose (X,) on the recovery of phytochemicals from T. lignosa. The experimental
domain of the variables X; and X; is presented in natural and coded values (used to compute the RSM factorial design)

Experimental design

Observations 1 4 5 2 6 7 3 8 9 10 13 14 11 15 16 12 17 18 19 22 23 20 24 25 21 26 27
Natural values  (X;): Time (t) (min) 0 5 5 ©0 5 10 0 10 10 0 5 5 0 5 0 0 10 10 0 5 5 0 5 10 0 10 10
(X,): Dose (D) (kGy) 0 0 5 5 10 0o 10 5 10 0 0 5 5 10 0 10 5 0 0 0o 5 5 10 0 10 5 10
Coded values (X;): Time (t) -1 0 0 -1 0 1 -1 1 1 -1 0 0 -1 0 1 -1 1 1 -1 0 0 -1 0 1 -1 1 1
(X,): Dose (D) -1 -1 0 0 1 -1 1 0 1 -1 -1 0 0 1 -1 1 0 1 -1 -1 0 0 1 -1 1 0 1
Responses for RSM application
Antioxidant DPPH’ (IC50 mg 0.0 270 341 0.0 408 199 0.0 192 215 0.0 269 339 0.0 4074 199 0.0 1916 216 0.0 268 338 0.0 408 199 0.0 190 216
activity Scavenging per g P)
activity
Reducing (IC50 mg 0.0 218 260 0.0 327 162 0.0 135 141 0.0 211 265 0.0 327 161 0.0 136 142 0.0 211 265 0.0 327 161 0.0 136 142
power per g P)
p-Carotene (IC50 mg 0.0 181 322 0.0 324 294 0.0 175 119 0.0 116 266 0.0 328 355 0.0 156 129 0.0 160 934 0.0 227 280 0.0 150 177
bleaching per g P)
inhibition
TBARS (IC50 mg 0.0 12.4 119 0.0 714 71.8 0.0 14.1 31.0 0.0 13.4 115 0.0 78.0 52.3 0.0 18.8 33.3 0.0 12.3 111 0.0 64.3 66.3 0.0 20.6 30.8
formation per g P)
inhibition
Organic acids Oxalic acid (mgpergP) 0.0 1.29 1.28 0.0 3.72 4.14 0.0 3.57 1.47 0.0 1.26 1.28 0.0 3.61 3.94 0.0 3.65 1.38 0.0 1.27 1.28 0.0 3.67 4.04 0.0 3.61 1.43
Quinic acid (mgpergP) 0.0 1.82 1.50 0.0 1.75 1.07 0.0 2.69 2.62 0.0 1.77 1.93 0.0 1.74 0.76 0.0 1.85 3.93 0.0 1.79 1.72 0.0 1.75 0.92 0.0 2.27 3.28
Shikimic acid (mgpergP) 0.0 517 4.19 0.0 4.60 4.93 0.0 6.47 4.85 0.0 5.06 4.18 0.0 4.59 4.98 0.0 6.43 4.89 0.0 5.11 4.18 0.0 4.59 4.96 0.0 6.45 4.87
Succinic acid (mgpergP) 0.0 0.0 0.0 0.0 0.0 10.9 0.0 561 3.56 0.0 0.0 0.0 0.0 0.0 9.92 0.0 5.64 3.55 0.0 0.0 0.0 0.0 0.0 10.4 0.0 5.62 3.55
Total (mg pergP) 0.0 8.28 6.96 0.0 10.1 21.1 0.0 18.3 12.4 0.0 8.09 7.39 0.0 9.95 19.6 0.0 17.5 13.7 0.0 8.18 7.18 0.0 10.1 20.3 0.0 17.9 13.13
Ellagitannin Punicalin® (mg pergP) 0.0 0.64 0.47 0.0 0.49 1.08 0.0 1.24 0.88 0.0 0.64 0.47 0.0 0.48 1.10 0.0 1.28 0.88 0.0 0.64 0.47 0.0 0.48 1.09 0.0 1.26 0.88
derivatives Punicalagin (mgpergP) 0.0 1.51 1.32 0.0 1.27 2.26 0.0 3.35 2.39 0.0 1.67 1.32 0.0 1.27 2.31 0.0 3.35 2.40 0.0 1.59 1.32 0.0 1.27 2.28 0.0 3.35 2.40
(isomer 1)*
Punicalagin (mg pergP) 0.0 0.20 0.14 0.0 0.08 0.16 0.0 0.35 0.30 0.0 0.20 0.13 0.0 0.07 0.14 0.0 0.34 0.28 0.0 0.20 0.13 0.0 0.08 0.15 0.0 0.35 0.29
gallate
(isomer 1)*
Punicalagin (mg pergP) 0.0 3.24 2.73 0.0 2.70 5.38 0.0 6.77 5.31 0.0 3.25 2.65 0.0 2.69 5.38 0.0 6.78 5.33 0.0 3.25 2.69 0.0 2.69 5.38 0.0 6.77 5.32
(isomer 2)*
Punicalagin (mg perg P) 0.0 0.08 0.07 0.0 0.06 0.10 0.0 0.71 0.81 0.0 0.09 0.06 0.0 0.06 0.09 0.0 0.75 0.84 0.0 0.08 0.07 0.0 0.06 0.09 0.0 0.73 0.82
gallate
(isomer 2)*
Total (mgpergP) 0.0 5.66 4.74 0.0 4.60 8.96 0.0 12.4 9.69 0.0 5.85 4.63 0.0 4.58 9.01 0.0 12.5 9.73 0.0 5.76 4.69 0.0 4.59 8.99 0.0 12.4 9.71
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where B, and 4,0 are the remaining equivalent quantities of
B-carotene at the start (¢ = 0) and after 120 min of the oxidation
process, respectively.

2.4.3. Quantification of the antioxidant activity through
dose-response analysis. Each sample obtained under the
experimental design presented in Table 1 was studied in a
dose-response format. Among all the different standardized
formats for presenting the results of the hydrophilic and lipo-
philic antioxidant determinations, the Weibull cumulative dis-
tribution function®® was selected to computed the dose-
response of each sample as discussed in other studies.>* Thus,
the variation of each antioxidant response (A) as a function of
increasing concentration of an antioxidant extract (E) can be
satisfactorily described using the Weibull model rearranged
for our own purposes as follows:

R(E) = K{1 — exp[—In(2)(E/ICs0)"]} (3)

The parameter K is the maximum asymptotic value of the
response, the parameter a is a shape parameter related to the
slope that can produce potential profiles (a < 1), first order
kinetic ones (a = 1) and a variety of sigmoidal profiles (a > 1),
and the IC;, is the concentration needed to reach 50% of
maximum response. The results are expressed in ICs, values

(mg per g P).

2.5. Analysis of organic acids

Organic acids were determined following the procedures pre-
viously described by Pereira et al.>® and optimized by Barros
et al.®® The lyophilized extracts (~10 mg) were dissolved in
1 mL of meta-phosphoric acid and filtered through 0.2 pm
nylon filters. The analysis was performed using a Shimadzu
20A series UFLC (Shimadzu Corporation, Kyoto, Japan).
Separation was achieved on a SphereClone (Phenomenex,
Torrance, CA, USA) reverse phase C;g column (5 pm, 250 X
4.6 mm i.d.) thermostated at 35 °C. The elution was per-
formed with sulphuric acid (3.6 mM) using a flow rate of
0.8 mL min~'. Detection was carried out in a photodiode
array detector (PDA) at 215 nm. The organic acids found were
quantified by comparison of the area of their peaks with
calibration curves obtained from commercial standards.
The results are expressed in mg per g of plant material

(mg per g P).

2.6. Analysis of phenolic compounds

The lyophilized extracts (~10 mg) were dissolved in water and
filtered through 0.22 pm disposable LC filter disks.
Chromatographic analysis was performed using a Dionex
Ultimate 3000 UPLC (Thermo Scientific, San Jose, CA, USA)
system equipped with a diode array detector coupled to a elec-
trospray ionization mass detector (ThermoFinnigan, San Jose,
CA, USA). The chromatographic system and analytical pro-
cedures were previously described by Bessada et al.>” The phe-
nolic compounds were identified using 280 nm and 370 nm as
preferred wavelengths and by comparing their retention times
and UV-vis and mass spectra with those obtained from auth-
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entic standards, when available. For quantitative analysis, cali-
bration curves were prepared by injection of known concen-
trations of different standard compounds. The results are
expressed in mg per g of plant material (mg per g P) for the
major compounds (ellagitannin derivatives) and in mg per
100 g of plant material (mg per 100 g P) for the minor ones
(other phenolic compounds).

2.7. Response surface methodology

The RSM was applied to analyse the impact of the ionizing
radiation treatment in the extraction or degradation kinetics of
different phytochemicals from T. lignosa aerial parts. This stat-
istical tool allows modelling processes in which a response of
interest is affected by different independent variables (in this
case t and D) and accessing possible interactions using a
reduced number of experimental trials.

2.7.1 Experimental design. The combined effects of the
variables’ extraction time (¢) and irradiation dose (D) were
tested under a full factorial design involving the combination
of three values for each factor (minimum, mean and
maximum) and three replicates per condition. The number of
experiments n for k factors is given as n = 3%, Experimental
runs were randomized to minimize the effects of unexpected
variability in the observed responses. The variables were coded
according to the following equation:

X = (xa — x0)/Ax, (4)

where X is the coded value for the variables ¢ and D, x, is the
corresponding actual value, x, is the actual value in the centre
of the domain, and Ax is the increment of x, corresponding to
a variation of 1 unit of X. The natural and coded values are pre-
sented in Table 1.

2.7.2. Mathematical model. The response surface model
was fitted by means of least-squares calculation using the fol-
lowing Box-Behnken design equation:

n n—1 n n
Y = b + ZbiXi + Z Z byXiX; + Z biX:”, (5)
s =1 j=2 s
J>i

where Y is the dependent variable (response variable) to
be modelled, X; and X; define the independent variables,
bo is the constant coefficient, b; is the coefficient of linear
effect, b; is the coefficient of interaction effect, b; is the
coefficients of quadratic effects and n is the number of
variables.

2.8. Numerical methods and statistical analysis

All fitting procedures, coefficient estimates and statistical cal-
culations were performed using a Microsoft Excel spreadsheet.
The model fitting and statistical analysis of the experimental
results according to the proposed equations were carried out
in four phases:

Coefficient determination: —Parametric estimates were
obtained by the minimization of the sum of quadratic differ-
ences between observed and model-predicted values using the
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nonlinear least-square (quasi-Newton) method provided by the
macro Solver in Microsoft Excel 2003*® which allows a quick
testing of a hypotheses and its consequences.>’

Coefficient significance: The determination of the parametric
confidence intervals was done using the “SolverAid”.*® The
model was simplified by dropping the terms that were not stat-
istically significant for a p-value > 0.05.

Model consistency: The Fisher F-test (a = 0.05) was used to
determine whether the constructed models were adequate to
describe the observed data.*'

Other statistical assessment criteria: To recheck the uni-
formity of the model the following criteria were applied: (a)
the “SolverStat” macro was used for the assessment of para-
meter and model prediction uncertainties;** (b) the R* was
interpreted as the proportion of variability of the dependent
variable explained by the model; (c) the adjusted coefficient
of determination (R’,q;) was a correction to R* taking into
account the number of variables used in the model; (d)
bias and accuracy factors of all equations were calculated to
evaluate the quality of the fitting to the experimental data
such as the mean squared error (MSE), the root mean
square error (RMSE) and the mean absolute percentage
error (MAPE); (e) the Durbin-Watson (DW) coefficient
was used to check if the residuals of the model were not
autocorrelated; and (f) the analysis of variance (ANOVA)
table was used to evaluate the explanatory power of each
variable.

3. Results and discussion
3.1. Response criteria for RSM analysis

3.1.1 Extraction yield. Extraction yields ranging from 8.98
to 17.6% were obtained when the plant materials irradiated at
10 and 5 kGy were extracted for 5 and 10 min respectively
(Table 1). Slightly higher yields (19.7-21.2) were obtained by
Pinela et al.* when T. lignosa samples were prepared by decoc-
tion (method in which the dried plant is boiled for 5 min and
the mixture is then left to stand at 25 °C for 5 min more).
Based on the amount of extracted residue the results were ana-
lyzed in terms of plant materials (Table 2) and extracted resi-
dues (Table S1t). The last form of expressing the results was
selected for the detailed discussion. However, the fitting coeffi-
cients obtained after applying the Box-Behnken model and
the statistical information of the fitting analysis are similar for
both cases.

3.1.2. Hydrophilic and lipophilic antioxidants. Antioxidants
may act in various ways by scavenging free radicals by chelat-
ing metal ions and by decomposing peroxides.** Therefore the
presence of hydrophilic and lipophilic antioxidant compounds
in the different extracts was evaluated using distinct in vitro
assays with known reaction mechanisms. The results of the
screening of antioxidants are presented in Table 1. The hydro-
philic responses were measured via DPPH free-radical scaven-
ging activity and reducing power while the p-carotene bleach-
ing inhibition and TBARS formation inhibition assays were
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used to evaluate the lipophilic ones. The results were
expressed in ICs, values (mg per g P) corresponding to the con-
centration of plant material (or extract) needed to reach 50%
of the maximum response. Thus, the lower the ICs, value the
higher the antioxidant activity. As shown in Table 2 no statisti-
cally significant results were found for the lipophilic anti-
oxidant responses (R> < 0.54). This demonstrates that hydro-
philic antioxidants were predominant in the extracts which
was somewhat expected as the extraction solvent was water. To
accurately assess the effects of the different gamma irradiation
doses on the lipophilic fraction of antioxidants the use of
apolar extraction solvents would be required. Additionally the
measured antioxidant responses may be attributed to the phe-
nolic fraction constituted by ellagitannin polyphenols with
several hydroxyl functional groups in ortho positions in their
structures which could provide hydrogen atoms and support
the unpaired electron.?

3.1.3. Organic acids and phenolic compounds. The results
of the organic acids and phenolic compounds analysis are
presented in Table 1. Shikimic acid was the most abundant
organic acid in T. lignosa. Oxalic quinic and succinic acids
were also quantified. Ellagitannin derivatives namely punica-
lin punicalagin isomers and punicalagin gallate isomers
were found to be the predominant phenolic compounds
representing approximately 90% of the total phenolic frac-
tion. Among them punicalagin (isomer 2) was the most
abundant. A phenolic acid (5-O-p-coumaroylquinic acid), fla-
vones (luteolin-6-C-glucose-8-C-glucose luteolin-8-C-gluco-
side and luteolin-6-C-hexoside) and flavonols (apigenin-8-C-
glucoside apigenin-6-C-glucoside quercetin-3-O-rutinoside
and kaempferol-3-O-rutinoside) were also identified in the
studied plant material. The presented phenolic profile
(shown in Fig. 1) is similar to that previously characterized
by our research team in commercial samples of this species.”
All quantified phytochemicals were grouped in organic acid
ellagitannin derivatives and other phenolics and the quanti-
fication values were used as dependent variables in the RSM
analysis.

3.2. Modelling and fitting the model

The RSM experiment was designed based on the responses dis-
cussed above. The multivariable characterization performed by
the RSM technique allows a simultaneous analysis of vari-
ables, reduces the number of coefficients used to describe the
responses, provides better estimations of parameters, reduces
the interval of confidence of the coefficients and minimizes
the effects of experimental errors. This simultaneous descrip-
tion of all curves is very efficient when the experimental results
obtained do not span the full range and some of them fail to
provide information about one or more of the parameters of
the equation. In addition standardizing the response optimal
data analysis is performed independently of the experimental
values of the variables which is one of the common issues
when analysing several factors.**>*

The variables ¢ and D notably altered the efficiency of
the extraction process. A full factorial RSM design of three
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Table 2 Parametric results of the three-level Box—Behnken full factorial design presented in eqgn (5) combining the effects of extraction time (X3) and irradiation dose (X,) on the recovery of

phytochemicals from the T. lignosa plant material. The analysis of significance of the parameters (a« = 0.05) and the statistical information of the fitting procedure to the model are presented

Fitting coefficients obtained after applying the Box-Behnken model

Statistical information of the fitting analysis

Linear effect

Quadratic effect

Intercept Interactive effect
bo by (t) b, (D) b1, () bs, (D?) by, (tx D) Obs R* R’,j MSE RMSE MAPE DW
Extraction yield Residue 10.17 £ 0.56 8.49+0.39 -0.89+0.39 -1.69+0.68 ns —0.48 + 0.27 27 0.9902 0.988 64.1 8.2 5.6 2.3
Antioxidant activity DPPH’ scavenging 339.1+£19.9 101.1+14.1 25.9+14.1 -238.0+24.4 ns ns 27 0.9678 0.961 26370 162 8.9 1.3
activity
Reducing power 268.5 £19.1 73.4 £13.5 15.7 £13.5 —-195.2+23.3 ns ns 27 0.9528 0.944 16486 128 10.7 1.3
f-Carotene 317.9 £105.7 102.3 +74.8 ns —215.6 +129.5 ns ns 27 0.4678 0.408 47560 218 42.4 2.5
bleaching inhibition
TBARS formation 66.5 = 20.3 18.8 £14.4 ns —47.6 +24.9 ns ns 27 0.5053 0.462 1885 43 102 2.7
inhibition
Organic acids Oxalic acid 1.70 + 0.36 1.51+0.44 ns ns ns —0.65 £ 0.54 27 0.6988 0.664 3.2 1.8 43.3 2.0
Quinic acid 1.75 £ 0.25 1.08 £ 0.18 0.39+0.18 —-0.67+0.31 ns 0.59 +0.22 27 0.9121 0.891 1.6 1.3 19.1 2.0
Shikimic acid 4.63 +0.34 2.71 £ 0.24 ns -1.92+0.42 ns ns 27 0.9625 0.959 7.6 2.8 9.6 3.3
Succinic acid 1.76 £ 0.17 3.26+0.42 -1.14 +0.42 1.51+0.71 ns -1.71+0.51 27 0.8986 0.845 15.7 4.0 8.9 1.5
Total 8.53 £ 0.54 8.57 £0.66 —0.89 £0.66 ns ns —1.80 + 0.81 27 0.9703 0.964 67.4 8.2 12.3 2.0
Ellagitannin derivatives Punicalin 0.58 £ 0.06 0.54 £0.04 -0.06 £0.04 ns —0.06 + 0.03 —0.05 +0.05 27 0.9734 0.937 0.53 0.73 20.90 2.1
Punicalagin 1.56 £ 0.25 1.34+£0.14 ns ns —-0.30+0.14 ns 27 0.9500 0.930 1.63 1.28 12.89 3.0
(isomer 1)
Punicalagin gallate 0.16 = 0.04 0.13 £0.03 ns ns —0.04 + 0.04 0.04 + 0.03 27 0.8449 0.795 0.02 0.14 43.09 1.6
(isomer 1)
Punicalagin 3.15+0.27 2.91+0.19 ns ns —0.38£0.34 ns 27  0.9757 0.950 7.71 2.78 1233 2.5
(isomer 2)
Punicalagin gallate 0.07 £ 0.01 0.27 £ 0.06 0.12 + 0.06 0.20+0.10 ns 0.18 + 0.07 27 0.8844 0.760 0.02 0.14 75 1.7
(isomer 2)
Total 5.71+£0.81 5.19+£0.44 ns ns —0.87+0.04 ns 27 0.9641 0.947 26.2 5.1 13.6 2.2
Other phenolic compounds Luteolin-6-C- 4.71+0.31 4.59+0.17 -0.33+0.17 -0.47+0.29 0.52 +0.29 ns 27 0.9931 0.992 18.41 4.29 4.0 2.7
glucose-8-C-glucose
5-O-p- 4.91+0.28 5.08£0.35 —1.63 £0.35 ns ns —2.02 + 0.42 27 0.9799 0.980 27.30 5.23 9.8 1.7
Coumaroylquinic
acid
Luteolin- 9.07 £1.97 11.65 £ 1.08 1.31 £ 1.08 4.07 +1.87 —2.24 +£1.87 2.27 +1.32 27 0.9631 0.954 131.8 11.5 16.8 2.5
8-C-glucoside
Apigenin- 13.66 £0.80 12.36 £+ 0.57 —-0.98 +0.57 —1.30+0.99 ns ns 27 0.9889 0.987 133.7 11.6 6.4 2.2
8-C-glucoside
Quercetin- 2.33 £0.30 3.23 +£0.21 0.24 +£0.21 0.90 +£0.36 ns 0.52 £ 0.26 27 0.9798 0.975 9.58 3.09 11.9 1.5
3-O-rutinoside
Apigenin- 12.05 £0.48 11.92+£0.59 -0.78 +0.59 ns ns ns 27 0.9865 0.984 123.9 11.1 7.2 2.5
6-C-glucoside
Kaempferol- 6.64 + 0.33 8.62 £0.23 —1.51+0.23 1.98 £0.40 ns —1.18 £ 0.28 27 0.9966 0.996 67.8 8.23 4.7 1.6
3-O-rutinoside
Luteolin- 0.15 £ 0.05 0.34 £0.04 -0.05+0.04 0.19+0.06 ns ns 27 0.9459 0.935 0.12 0.34 47.9 2.0
6-C-hexoside
Total 52.30£3.19 57.79+£2.25 -3.72+2.25 5.49+3.90 ns ns 27 0.9920 0.990 2906 53.9 6.2 2.1

ns: non-significant coefficient; R*: correlation coefficient; Rzadj: adjusted coefficient of determination; MSE: mean squared error; RMSE: root mean square errors; MAPE: mean absolute percentage
error; and DW: Durbin-Watson statistics.
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Fig. 1 HPLC profile of phenolic compounds in T. lignosa extracts obtained from non-irradiated (0 kGy; —) and irradiated (5 kGy; ---) samples

processed for 10 min recorded at 280 nm. (1): Punicalin; (2): punicalagin (isomer 1); (3): punicalagin gallate (isomer 1); (4): punicalagin (isomer 2);
(5): punicalagin gallate (isomer 2); (6): luteolin-6-C-glucose-8-C-glucose; (7): 5-O-p-coumaroylquinic acid; (8): luteolin-8-C-glucoside; (9): apigenin-
8-C-glucoside; (10): quercetin-3-O-rutinoside; (11): apigenin-6-C-glucoside; (12): kaempferol-3-O-rutinoside; (13): luteolin-6-C-hexoside.

levels was applied and the second-order polynomial model
of eqn (5) with interactive terms was used to predict each
response. The experimental results obtained after running
27 trials (9 genuine combination conditions and 3 replicates
per condition) for each response are presented in Table 1.

3.2.1. Theoretical response surface model. Table 2 shows
for each response the estimated coefficient values of eqn (5)
obtained by non-linear least-squares analysis, the coefficient
parametric intervals and several numerical statistical criteria
used to test the validity of the fitting procedure. The coefficients
that showed effects with p-values higher than 0.05 were con-
sidered not significant (ns) at the 95% confidence level and
were discarded for the model development. Therefore math-
ematical models were built according to the second-order poly-
nomial model of eqn (5) obtaining the expressions described
below.

When the response of the extracted residue (%) was
considered:

Residue:

Y =10.17 + 8.49t — 0.89D — 1.69t - 0.48tD (6)

When the antioxidant responses (ICs, values mg per g P)
were considered:
DPPH’ scavenging activity:

Y =339.1 4+ 101.1¢ 4 25.9D — 238.1¢> (7)
Reducing power:

Y = 268.5 + 73.4t + 15.7D — 195.2¢> (8)

2492 | Food Funct., 2017, 8, 2485-2499

B-Carotene bleaching inhibition:
Y = 317.9 4 102.3t — 215.6t> (9)
TBARS formation inhibition:
Y = 66.5 + 18.8t — 47.6t> (10)

When the response of organic acids (mg per g P) was
considered:
Oxalic acid:

Y =1.70 + 1.51¢ — 0.65tD (11)
Quinic acid:
Y = 1.75 4 1.08¢ + 0.39D — 0.67t> 4 0.59¢D (12)
Shikimic acid:
Y = 4.63 +2.71t — 1.92¢2 (13)
Succinic acid:
Y =1.76 + 3.26t — 1.44D + 1.51¢* - 1.71tD (14)
Total:
Y = 8.53 + 8.57t — 0.89D — 1.80tD (15)

When the response of ellagitannin derivatives (mg per g P)
was considered:
Punicalin:

Y = 0.58 4 0.54¢ — 0.06D — 0.06D? — 0.05¢tD (16)

This journal is © The Royal Society of Chemistry 2017
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Punicalagin (isomer 1):
Y = 1.56 + 1.34¢t — 0.30D (17)
Punicalagin gallate (isomer 1):
Y = 0.16 4 0.13¢ — 0.04D* + 0.04tD (18)
Punicalagin (isomer 2):
Y = 3.15 4 2.91¢ — 0.38D? (19)
Punicalagin gallate (isomer 2):
Y = 0.07 4 0.27t + 0.12D + 0.20t> + 0.18tD (20)
Total:
Y = 5.71 +5.19¢t — 0.87D> (21)

When the response of other phenolic compounds (mg per
100 g P) was considered:
Luteolin-6-C-glucose-8-C-glucose:

Y = 4.71 + 4.59t — 0.33D — 0.47t* + 0.52D> (22)
5-O-p-Coumaroylquinic acid:
Y =491+ 5.08t—1.63D — 2.02tD (23)
Luteolin-8-C-glucoside:
Y = 9.07 + 11.65¢ + 1.31D + 4.07¢t* - 2.24D* +2.27tD  (24)
Apigenin-8-C-glucoside:
Y = 13.66 + 12.36t — 0.98D — 1.30t> (25)
Quercetin-3-O-rutinoside:
Y = 2.33 + 3.23t + 0.24D + 0.90¢> + 0.52¢D (26)
Apigenin-6-C-glucoside:
Y =12.05+11.92t — 0.78D (27)
Kaempferol-3-O-rutinoside:
Y = 6.64 4 8.62¢t — 1.51D + 1.98t2 — 1.18tD (28)
Luteolin-6-C-hexoside:
Y = 0.15 + 0.34¢ — 0.05D + 0.19¢> (29)
Total:
Y = 52.30 + 57.79¢ — 3.72D + 5.49¢> (30)

In all cases, ¢ corresponds to extraction time, D corresponds
to the irradiation dose and Y is the response. Only the signifi-
cant parameters of the second-order polynomial model of eqn (5)
were used since some terms were non-significant (Table 2).
Although the obtained model coefficients are empirical and
cannot be associated with physical or chemical significance
their numerical values can be used for direct comparisons
because they are presented based on the coded values of the
variables in the experimental plan. In addition the model is
useful for many operational purposes such as predicting
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results of untested operating conditions. The sign of the effect
marks the performance of the response. In this way when a
factor has a positive effect the response is higher at the high
level and when a factor has a negative effect the response is
lower at the high level. The higher the absolute value of a
coefficient the more important the weight of the corres-
ponding variable.

3.2.2. Statistical and experimental verification of the pre-
dictive models. Three basic groups of analysis were used to
verify the model significance: (1) coefficient significance (a =
0.05); (2) model consistency (Fisher F-test); and (3) other stat-
istical criteria (R?, R?,qj, MSE, RMSE, MAPE, DW coefficient,
and ANOVA). Only in three cases (p-carotene bleaching inhi-
bition, TBARS formation inhibition and oxalic acid) the stat-
istical verification failed in at least one of the groups or sub-
groups described. In all other cases the models are workable
and can be applied in the subsequent prediction and optimi-
sation stages showing a good agreement between the experi-
mental and predicted values which implies that the variation
is explained by the independent variables.

All significant models presented high values of R* and R’,;
(Table 2) which indicates the percentage of variability of each
response explained by the models. The statistical lack of fit
(MSE, RMSE, MAPE, and DW coefficient) used to test the ade-
quacy of the developed models demonstrated that a non-con-
siderable improvement was achieved by the inclusion of the
statistically non-significant (ns) parameters (Table 2). In
addition the ANOVA results for the regression equations are
presented in Tables S2-S5 of the ESL.f The linear and quadra-
tic terms were highly significant (p < 0.01). The lack of fit
(used to verify the adequacy of the model) was not significant
(p > 0.05) which indicates that the model fits adequately to the
experimental data.

In general the behaviour of the extraction kinetics can be
understood by the second-order polynomial models described
in eqn (6)-(30). To make more explicit the RSM combinations
and visually present the tendencies the effects of irradiation in
the kinetics of the extraction process are discussed below in
detail.

3.3. Analysis of the response surfaces

The combined effects of the ionizing radiation dose and
extraction time on the extraction yield and on the extractability
of organic acids ellagitannin derivatives and other phenolic
compounds (flavonoids and a phenolic acid) from 7. lignosa
are presented in Fig. 2. On the left-hand side are presented the
3D response surface plots as a function of the studied inde-
pendent variables. The grid surface was built using the theore-
tical values predicted with the second order polynomial of
eqn (5). The points (@) represent the experimental results pre-
sented in Table 1. The statistical information is illustrated on
the right-hand side using two basic graphical criteria depicting
the capacity to predict the obtained results (based on R* coeffi-
cients) and the residual distribution as a function of each vari-
able. The distribution of residuals is shown always randomly
scattered around zero and grouped data and autocorrelations
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Fig. 2 Graphical results of the effects of irradiation dose on the extraction kinetics of different groups of phytochemicals from T. lignosa aerial
parts. On the left-hand side is presented the joint graphical 3D analysis as a function of each variable involved (t and D) for total organic acids, total
ellagitannins and total other phenolic compounds and for the extracted residue. The grid surfaces were built using the theoretical values predicted
with the second order polynomial of eqn (5). Points (®) represent the obtained experimental results presented in Table 1. The estimated parametric
values are shown in Table 2. The goodness of fit is illustrated on the right-hand side based on two basic graphical criteria depicting the capacity to
predict the obtained results (based on R? coefficients) and the residual distribution as a function of each variable.

are not observed. This means that these models are workable be explained by the independent processing variables. The
and can be applied in subsequent prediction stages. It also estimated parametric values are shown in Table 2.

indicated a good agreement between the experimental and pre- The extraction yield was improved by longer extraction
dicted values (R*> > 0.95) which implies that the variation can times through a nonlinear interactive manner (Fig. 2 and
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Table 2) whereas the irradiation treatment led to a linear
decrease in the amount of the extracted residue (the extraction
process efficacy was decreased to 13.28% by the maximum
dose tested; Table 3).

The higher levels of total organic acids were obtained from
non-irradiated materials extracted for 10 min (Fig. 2). The
extraction yield of the total of these compounds decreased to
22.16% by the action of the irradiation treatment (Table 3).
A decrease of the total organic acid content was also verified
by Fernandes et al.*® in dried samples of the wild mushrooms
Boletus edulis Bull. and Russula delica Fr. electron-beam ir-
radiated at 10 kGy. This phenomenon can be explained by the
direct decomposition effect of gamma (or electron-beam) radi-
ation on these organic compounds. Regarding the impact on
specific organic acids (Fig. 3) it was observed that the extracta-
bility of quinic acid increases with the consequent increase in
extraction time and ionizing radiation dose. Due to these non-
linear and linear interactive effects respectively when extract-
ing the plant material irradiated at 10 kGy for 10 min the
maximum value of 3.93 mg of quinic acid per g of plant
material was obtained. Furthermore a negative quadratic effect
on the extraction time was also found, i.e. when extracting the
non-irradiated plant material (0 kGy) for 10 min the extraction
yield of this compound decreased. On the other hand, the
extraction time had a positive quadratic effect on the extracta-
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bility of succinic acid and interacted negatively with the ioniz-
ing radiation dose which means that increasing the dose
decreases the yield of this compound (in 39.32%) in accord-
ance with the trend verified for the total organic acid content.
Shikimic acid, the most abundant organic acid in T. lignosa,
was not affected by the irradiation dose (Table 3). The preser-
vation of this compound was also verified by Pereira et al.*’ in
Ginkgo biloba L. samples gamma irradiated at doses up to 10
kGy. The results for oxalic acid were not statistically significant
(R* £ 0.69).

Concerning the group of ellagitannins (manly punicalagin
derivatives) it was verified that a linear effect of the extraction
time leads to a higher yield of these compounds at 10 min of
extraction. Intermediate ionizing radiation doses promoted
the extractability of these added-value compounds. Thus the
higher yields (~12.4 mg per g P) were achieved with the obser-
vations 8, 17 and 26 corresponding to the 5 kGy dose and
10 min of extraction (Table 1). This effect can also be seen in
Fig. 1 which shows a comparison of the HPLC phenolic profile
of the extracts obtained from samples non-irradiated (0 kGy)
and irradiated at 5 kGy processed for 10 min. The 10 kGy dose
did not induce significant effects on the total content of ellagi-
tannins (Table 3). In the case of punicalin (Fig. 3) this ellagi-
tannin was degraded with the consequent increase in
irradiation dose and a slight negative interaction between both

Table 3 Global variable effect (%) computed from the developed Box—Behnken model (eqn (5)) presented in Table 2 for each evaluated response.
The effect of the variable was linear (L) or non-linear (NL) and in both cases there was or not an interactive effect (I). The arrows represent the effect
of increasing (1) or decreasing (|) the extraction. The percentage of this effect is presented between brackets

Variable effects

Responses Time (%) Dose (%)

Extraction yield Residue NL-I 1 (100) L1 (13.28)

Antioxidant activity DPPH’ scavenging activity NL 1 (79.60) L 1 (20.40)
Reducing power NL 1 (82.41) L1 (17.59)
p-Carotene bleaching inhibition NL 1 (100) ns
TBARS formation inhibition NL 1 (100) ns

Organic acids Oxalic acid L-11 (100) L1 (30.15)
Quinic acid NL-I 1 (63.59) L-11(36.41)
Shikimic acid NL 1 (100) ns
Succinic acid NL-I 1 (100) L1 (39.32)
Total L1 1 (100) L1 (22.16)

Ellagitannin derivatives Punicalin L-11 (100) NL-I | (16.78)
Punicalagin (isomer 1) L 1 (100) ns
Punicalagin gallate (isomer 1) L-11(78.25) NL-I | (21.75)
Punicalagin (isomer 2) L 1 (100) ns
Punicalagin gallate (isomer 2) NL-I 1 (56.57) L-11(43.43)
Total L 1 (100) ns

Other phenolic compounds Luteolin-6-C-glucose-8-C-glucose NL 1 (100) NL | (6.64)
5-O-p-Coumaroylquinic acid L-11 (100) L1 (35.22)
Luteolin-8-C-glucoside NL-I 1 (77.48) NL-I 1 (22.52)
Apigenin-8-C-glucoside NL 1 (100) L (7.33)
Quercetin-3-O-rutinoside NL-I 1 (82.15) L-11(17.85)
Apigenin-6-C-glucoside L 1 (100) L | (6.12)
Kaempferol-3-O-rutinoside NL-I 1 (100) L1 (21.56)
Luteolin-6-C-hexoside NL 1 (100) L | (13.53)
Total NL 1 (100) L | (6.05)

ns: no significant effect was found.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Graphical results of the effects of irradiation dose on the extraction kinetics of selected phytochemicals from T. lignosa aerial parts. The grid
surfaces were built using the theoretical values predicted with the second order polynomial of eqgn (5). Points (®) represent the obtained experi-
mental results presented in Table 1. The estimated parametric values are shown in Table 2.
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independent variables was also observed (Table 2). In contrast,
punicalagin gallate (isomer 2) was better extracted from plant
material irradiated at higher doses. The 10 kGy dose improved
the extraction efficacy of this compound by 43.43% (Table 3)
leading to amounts of 0.82 mg per g P. A positive interaction
between both variables was also found for both isomers of
punicalagin gallate. As far as we know studies regarding the
impact of processing by ionizing radiation on ellagitannin
derivatives are very scarce. In addition, it is important to high-
light the antioxidant properties of punicalagin and punicalin.
According to previous studies these compounds have a strong
free-radical (DPPH ABTS and hydroxyl radicals) scavenging
capacity’®*™*! that has been attributed to their high degree of
hydroxylation.**

The extraction kinetics of the other phenolic compounds
present in the phenolic fraction (one phenolic acid and seven
flavonoids) was also affected by the applied treatment. As veri-
fied for organic acids and ellagitannins longer extraction times
favoured the extraction of the total content of these com-
pounds (Table 2) but a linear decrease of 6.05% was caused by
the irradiation dose (Table 3). Irradiation also decreased the
hydrophilic antioxidant responses (which had higher ICs,
values). Comparable extraction trends were reported by
Martins et al.;** longer preparation procedures led to a higher
recovery of flavonoids and total phenolic compounds from
thyme and oregano (Origanum vulgare L.). In the particular
case of luteolin-6-C-glucose-8-C-glucose (Fig. 3) its extractabi-
lity decreases by 6.64% with the increase of the irradiation
dose up to 10 kGy. In turn the extractability of luteolin-8-C-glu-
coside and quercetin-3-O-rutinoside was improved by the dose
in 22.52 and 17.85% through nonlinear interactive and linear
interactive effects respectively. 5-O-p-coumaroylquinic acid (the
only quantified phenolic acid) was greatly affected by the
irradiation treatment.

3.4. Industrial relevance

Ionizing radiation is the most effective technique for preser-
ving the phytochemical composition and bioactive properties
of plant commodities to ensure their hygienic quality and
reduce losses associated with insect infestation and microbial
contamination.">'”?**” For the different industrial sectors
interested in plant materials (in particular medicinal plants
and herbs) the use of suitable preservation/decontamination
treatments is critical to obtain high quality raw material.
Ionizing radiation has been increasingly used and for this
reason it is important to know how the treatment affects the
integrity and extractability of different biomolecules. This
study provides information little explored so far on the ioniz-
ing radiation effects on the extraction/degradation kinetics of
high added-value phytochemicals from 7. lignosa aerial parts.
This medicinal plant was selected due to its interesting com-
position in ellagitannins namely punicalin and punicalagin
derivatives (whose levels can reach 221 mg g™ ' extract),” bio-
active polyphenols with several medical and pharmaceutical
applications.>”’

This journal is © The Royal Society of Chemistry 2017
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4. Conclusions

Chromatographic and spectrometric methods were success-
fully combined with RSM for evaluating the impact of gamma
radiation on obtaining ellagitannin-rich extracts from
T. lignosa. The extracts were particularly rich in hydrophilic
antioxidants (measured by in vitro assays) and the content of
different phytochemicals was improved by longer processing
times. In general the ellagitannin derivatives (~90% of the
phenolic fraction) were not significantly affected by the
highest irradiation dose. However the group consisting of
flavonoids and a phenolic acid and the group of organic acids
were negatively affected by irradiation. Therefore, depending
on the dose the irradiation treatment (applied for decontami-
nation/quarantine purposes) will preserve the ellagitannins’
content or improve their extraction. The obtained functional
extracts could be used in the development of functional foods
and nutraceuticals. This study also highlights 7. lignosa as a
source of high added-value molecules, which may be respon-
sible for the therapeutic properties attributed to this plant
highly regarded in the Northeastern region of Portugal.
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