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Figure 1. The calibration curves of the different types of coffee brew:
a) Espresso; b) Turkish; c) Filtered; d) Moka pot
*i.t. is the abbreviated form of inhibition time

The qualitative analytical information is the slope of the calibration
curve, a higher slope gives a higher antioxidant activity.

As can be observed from Table 1., the filtering method yields a brew
with the highest antioxidant activity. As such, it was chosen as the standard
for further studies.

The relative antioxidant activity (R.A.S.) was also calculated as the
ratio of the slope of each preparation method and that of the chosen standard
(i.e. filtered coffee).

R.A.S. = slope(method)/slope(standard). Equation (1)
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The antioxidant activity of different types of coffee, the effect of

decaffeination

As filtering proved to be the method that yields the highest antioxidant
activity, it was used for further studies regarding commercially available
coffee samples.
Six types of popular commercially available coffee were studied:
Lavazza, Lavazza (decaffeinated), Jacobs, Jacobs (decaffeinated), Fort,

The resulting calibration curves are presented in Figure 3.
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Figure 3. The calibration curves of coffee brews prepared by the filtering method
from different commercially available coffees a) Lavazza; b) Lavazza
(decaffeinated); c) Jacobs; d) Jacobs (decaffeinated); e) Fort; f) Tchibo

*i.t. is the abbreviated form of inhibition time
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The obtained fitted calibration curves can be seen in Table 2.
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Table 2. Analytical parameters of the calibration curves obtained for different
commercially available coffees with the filtering method

Coffee type Equations of the R?
calibration curve

Lavazza 6.20*10° cre1-361.87 0.9923
Lavazza (decaffeinated) 4.79*10° cre-407.82 0.9852
Jacobs 6.23*10° cre-553.65 0.9878

Jacobs (decaffeinated) 4.52*105 cre-341.58 0.9865
Fort 6.87*10° cre-357.27 0.9912

Tchibo 6.29*10° cre-429.68 0.9935

The relative antioxidant activity of each coffee brew was calculated
using Equation (1), regarding the R.A.S. values. Results are compiled in
Figure 4.
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Figure 4. Comparative study of the R.A.S. values of coffee brews prepared by
the filtering method from different commercially available coffees.

Results show that Fort brand coffee has the highest antioxidant
activity, however, the difference between coffee brands is relatively small in
the case of caffeine-containing samples (less than ca. 10%). This can be
explained by the fact that all ground coffee was prepared in similar conditions.
These results are in good accordance with literature data, which show similar
antioxidant contents for coffees even if the place of origin is different, both
when comparing green and roasted beans [3].
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According to the two-sample t-test (95% confidence level), results
show that decaffeinated coffee has a statistically significantly lower antioxidant
activity (calculated t value of 6.91, with a critical t value of 2.78) compared to
caffeine-containing samples. This effect of decaffeination meant that these
samples had an antioxidant strength of up to ca. 35 % lower than the
corresponding caffeine-containing coffees even though caffeine does not
inhibit the active BR system. The results are probably due to the caffeine
extraction process which decreases the concentration of antioxidants in the
coffee beans [22]. This is in good accordance with data from the literature,
showing that decaffeinated brews have ca. 30% lower antioxidant activity [3].

CONCLUSIONS

One purpose of this work was to study the influence of the coffee
brewing method on the antioxidant activity. For this, we compared four types
of brews: filtered, moka pot, turkish and espresso. It was determined that the
brewing method significantly affects the antioxidant activity of the resulting
coffee brew, and that the highest antioxidant activity can be obtained by the
filtering method.

This was followed by a comparative study of several commercially
available coffee samples. It can be concluded that in the case of caffeine-
containing samples, the antioxidant activity is similar regardless of the brand.
In comparison, the decaffeination process significantly reduced antioxidant
activity compared to the corresponding caffeine-containing samples.

Results show similar trends to data in literature obtained by other
methods, proving the effectiveness of the BR method to determine the
antioxidant activity of coffee samples. The fact that the pH of the testing
environment is similar to that of stomach acid constitutes an advantage when
analyzing samples meant for human consumption.

EXPERIMENTAL SECTION

The proposed method was implemented by connecting a double-
walled vessel with a volume of 10 mL to a FALC FA 90 thermostat. Water
circulation through the temperature jacket provided a constant temperature of
20°C [19]. The oscillations were monitored electrochemically with a handmade
Ag/Agl indicator electrode. The cell also contained a Pt-wire counter electrode.
The system was connected to a computer through a PCl 6036 E data-
acquisition interface.
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The coffee brew was prepared in all cases from 10 g of ground,
roasted coffee (used immediately after opening the commercial packaging)
and 200 ml of distilled water. The resulting coffee brew was also used
immediately after preparation. Several dilutions were prepared from this
stock solution. The relative concentrations of these were calculated as the
reciprocate of the dilution factor.

Chemicals and procedure

All chemicals were of analytical grade and were used without further
purification. Stock solutions with the following concentration were made:
[HzSO4]0=220 mM, [K|03]0=180 mM, [MA]0=200 mM, [MnSO4]0=260 mM,
[H202]0=5.28 mM by using double distilled water.

The mixing order was: malonic acid, MnSO4, H>SOs, KlO3, and H20..
Oscillations start after the addition of H.O,. At the third oscillation, 0.250 mL of
diluted coffee brew was added to the reactor using an automatic pipette [19].
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ABSTRACT. Medicinal plants are a valuable source of lead compounds and
novel drugs. The Hypericum L. species traditionally treats skin wounds,
sciatica, and depression. Presently, only a small percentage of the Hypericum
species have been phytochemically characterised and 60% still requires
analysis. Ethanolic and methanolic extracts were obtained by ultrasound
assisted extraction and maceration extraction methods. Polyphenols, sterols,
methoxyflavones, hyperforin and hypericin were detected through HPLC-MS
analysis. ABTS assay was used to evaluate the total antioxidant capacity.
H. maculatum and H. moserianum had the highest antioxidant capacity. The
most abundant polyphenol in H. humifusum, H. moserianum and H. miracle-
pistache was chlorogenic acid. For H. maculatum and H. perforatum, hyperoside
and rutoside were the most abundant polyphenols. Sterols and methoxyflavones
were quantified for the first time in all the species. B-sitosterol was the most
abundant sterol across all species and ergosterol was absent in all species.
Hispidulin was the only methoxyflavone (in small concentrations) found in all
species except H. miracle-pistache. Hypericin was absent in H. moserianum
and H. miracle-pistache and was most abundant in H. maculatum. Interestingly,
H. miracle-pistache had higher concentrations of hyperforin than H. perforatum.
The phytochemical profile of analysed Hypericum species prove to be a
valuable bioactive’s source.
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INTRODUCTION

The Hypericum L. genus belongs to the Hypericaceae family containing
484 species [1]. According to medicinal folklore, the Hypericum species can
be used both internally and externally with various therapeutic applications
such as a diuretic, used to treat sciatica, skin wounds, burns, eczema, and
depression [2]. Previous literature has identified flavonoids (e.g. quercetin and
hyperoside), phloroglucinol derivates (e.g. hyperforin) and naphthodianthrones
(e.g hypericin) as common constituents to the Hypericum species [3].
Presently, only a small percentage of the Hypericum species have been
phytochemically characterized and 60% still require analysis [4]. This propels
the need to screen more Hypericum species for novel bioactives with
pharmacological properties.

H. perforatum (St. John’s wort) is the most commercially recognized
member of the species, with a range of pharmacological properties [5]. These
include antiviral, anti-inflammatory, wound-healing, and apoptosis-inducing
properties [6]. Many studies have demonstrated its high efficacy in treating
mild to moderate depression with few adverse effects, making it safer compared
to other antidepressants [7]. Hyperforin (responsible for the antidepressant
activity) and hypericin (causes photosensitivity to the skin) are the two most
studied phytochemicals in H. perforatum. However, research has concluded
that the broad range of pharmacological activities of H. perforatum is not
dependent on a single compound [8] but is a result of the synergistic efforts of
several constituents, which cannot be separated into active compounds [10].

Hyperforin, a natural phloroglucinol [9], is the most neuroprotective
bioactive in the plant [10], eminent for its treatment of mild to moderate
depression with fewer side effects over other major antidepressants [11].
Hyperforin inhibits serotonin uptake by activating the transient receptor potential
channel protein 6 (TRPCB6) [12]. This increases the intracellular concentrations
of sodium and calcium, resulting in a decreased sodium gradient between the
neurons and synapse, which ultimately decreases monoamine neurotransmitter
reuptake. This mechanism differs from the conventional antidepressants,
possibly pointing to a new class of antidepressants [13]. Hyperforin also
displays antitumor, antiangiogenic, and antibacterial activity [16].

Hypericin is a polycyclic quinone [14] with four hydroxyl groups
adjacent to two carbonyl groups [15]. The hydroxyl hydrogen can transfer the
hydroxyl oxygen and carbonyl oxygen in the presence of fluorescent light due
to the resonance of the structure and relatively short distance between the
oxygen atoms (~2.5 A). As a result, when exposed to fluorescent light, the
hydrogen is constantly in flux between the two oxygen atoms. This makes
hypericin very photoreactive, as it can generate reactive oxygen species and
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singlet oxygen ('0.), acting as a sensitizer in photodynamic reactions (type Il
mechanism) [16]. This can lead to lipid peroxidation, severe necrosis and
sunburn to the skin when ingested excessively by humans [17]. However, the
photo-reactivity of hypericin has demonstrated antiviral properties, including the
inhibition of protein-kinase activity needed for replication of some viruses [18].

Considering the pharmacological and possible therapeutic uses of
hypericin and hyperforin, quantifying their concentrations in each Hypericum
species were of special interest. ldentifying more natural sources of these
compounds could be used for more clinical studies.

Lipid peroxidation and free radicals contribute pathogenically to some
chronic diseases such as atherosclerosis, coronary heart disease and cancer
[19]. The cardioprotective and anticarcinogenic effects of phenolic compounds
are attributed to their antioxidant activity which alleviates lipid peroxidation and
obviates free radicals [20]. Several epidemiological studies have agreed that
exogenous antioxidant intake effectively prevents or suppress such diseases.
Therapeutic use of natural antioxidants has gained global interest for preventing
oxidative damage. Numerous phytochemicals in Hypericum reportedly act as
antioxidants, such as flavonoids and tannins. These have displayed radical
scavenging in a dose-dependent manner, showing potential for therapeutic
drug use for conditions associated with free radical pathology [21].

Very few phytochemical and antioxidant reports exist for H. humifusum,
H. maculatum and H. moserianum and no previous study exist for H. miracle-
pistache. The present study aims to investigate the phytochemical profile and
total antioxidant capacity of H. moserianum, H. miracle-pistache, H. perforatum,
H. humifusum and H. maculatum, to assess whether they are good sources
of bioactives, with special interest in their hyperforin and hypericin content.

Polar solvents such as methanol and ethanol are extensively used to
extract various compounds from plants [22]. The diversified polarities and
chemical properties of bioactives influences their solubility in a solvent, which
then affects the extraction yield. As solvent type affects antioxidant capacity
and extraction yield, methanol 25% (v/v), ethanol 50% (v/v), and ethanol 70%
(v/v) were used as solvents to maximize the yield of phytochemical
compounds in the extracts.

RESULTS AND DISCUSSION

A thorough analysis of the phytochemical profile of five Hypericum
species was assessed. In addition, the antioxidant activity of the ethanolic
and methanolic extracts was performed by using the ABTS assay. The tested
vegetal extracts were obtained by two distinct methods: ultrasound assisted
extraction (UAE) and maceration (ME).
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UAE is known to increase the yield of extracts with shorter extraction
time. The acoustic cavitation destroys the cell walls and increases contact
between the phytochemicals and the solvent, by reducing particle size.
However, longer extraction periods with ultrasound (>20 minutes) can induce
degradation of some phytochemicals such as polyphenols, resulting in a lower
yield. Therefore, samples were subject to UAE treatment for 10 minutes only.
Compared to UAE, extraction by maceration (ME) carries no phytochemical
degradation risk and was applied to a separate batch of each sample, to
ensure all phytochemicals were in conditions favourable for their extraction.

Evaluation of polyphenols

A complex phenolic profile was displayed by all five Hypericum species,
as they contained most polyphenols including chlorogenic acid, hyperoside,
isoquercitrin, quercitrin, quercetol, epicatechin, and rutoside. The results of
the phytochemical analysis are summarized in Table 1 and are expressed as
mg/100 g of dry weight (d.w.) plant material.

Concentrations of chlorogenic acid ranged from 2.214 mg/100 g d.w.
in H. perforatum (sample 20) to 1350.072 mg/100 g d.w. in H. miracle-pistache
(sample 27). Chlorogenic acid was the most abundant polyphenol in H.
humifusum, H. moserianum and H. miracle-pistache (983.023 mg/100 g d.w.,
1160.206 mg/100 g d.w. and 1350.072 mg/100 g d.w. respectively). H. perforatum
had the least amount across all the extraction and solvent conditions.

Hyperoside was the most abundant polyphenol in H. maculatum and
concentrations ranged from 33.782 mg/100 g d.w. (sample 12) to 1689.227 mg/
100 g d.w. (H. maculatum, sample 8) across the five species. Methanolic extracts
of each species yielded the highest hyperoside concentrations, regardless of
the extraction method.

Rutoside was the most abundant polyphenol in H. perforatum
(1143.468 mg/100 g d.w., sample 6) and was not detected in H. miracle-
pistache under other conditions, except for sample 13 (1.005 mg/100 g d.w.).
H. humifusum had the lowest concentration of rutoside (0.857 mg/100 g d.w.,
sample 7) and was below levels of detection in other conditions. Methanolic
extracts of all five Hypericum species yielded the highest amount of rutoside,
particularly in the UAE batch.

The concentration of isoquercitrin ranged from 7.593 mg/100 g d.w. in
H. perforatum (sample 25) to 1130.729 mg/100 g d.w. in H. maculatum
(sample 8). Epicatechin was present in all five Hypericum species, ranging
from 14.517 mg/100 g d.w. in H. humifusum, (sample 16) to 290.829 mg/100 g
d.w. in H. maculatum (sample 8). Quercitrin concentration ranged from 1.861 mg/
100 g d.w. in H. miracle-pistache (sample 13) to 702.580 mg/100 g d.w. in
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H. moserianum, (sample 9). With regards to the experiment conditions, UAE
and methanolic extracts of all five Hypericum species had higher yields of
isoquercitrin, quercitrin and epicatechin than their counterparts.

Regarding H. humifusum, Toiu et al. [23] reported lower chlorogenic
acid concentration (<0.02 mg/100 g d.w.), but Nogueira et al. [24] reported a
significantly higher amount (4.18 mg/100 g d.w.) than the present study. Toiu
et al. [25] found higher levels of rutoside (1.4+0.09 mg/100 g d.w.) but
reported similar levels of hyperoside (229.8315.42 mg/100 g d.w.) and lower
levels of quercitrin (27.08+2.64 mg/100 g d.w.) in ethanolic extracts.

Oniga et al. [25] reported significantly lower levels of chlorogenic acid
(27.15+£0.19 mg/100 g d.w.) in methanolic extracts of H. maculatum, similar
levels of rutoside (11.00+£0.1 mg/100 g d.w.) and hyperoside (545.14+2.96
mg/100 g d.w.). However, UAE extracted significantly higher hyperoside
levels in the present study (sample 8).

The polyphenolic profile of H. perforatum reported by Silva et al. [26]
was congruent the present study. However, higher levels of p-coumaric acid
(32.2+0.16 mg/100 g d.w.) was reported by Wojdyto et al. [27] for H. perforatum.
For H. miracle-pistache, Crockett et al. [28] only qualitatively reported the
presence of isoquercitrin and quercitrin. Differences between the present study
and comparative studies can be accounted for by factors such as genetic
variation within the plant species, soil composition or geographical origins,
which can affect phytochemical composition [29].

Evaluation of methoxyflavones

Three distinct methoxyflavones (hispidulin, hypericin, and hyperforin)
were identified in the evaluated Hypericum species. The results are given in
Table 2 and are expressed as mg/100 g of dry weight (d.w.) plant material.

The concentration of hispidulin ranged from 0.010 mg/100 g d.w.
(H. moserianum, sample 28) to 0.432 mg/100 g d.w. (H. maculatum, sample 3).
Hispidulin was absent in H. moserianum (except in sample 28) and H. miracle-
pistache.

Hyperforin was absent in H. humifusum but was present in low
concentrations in the other species, ranging from 4.583 mg/100 g d.w. in
H. miracle-pistache (sample 4) to 0.022 mg/100 g d.w. in H. moserianum
(sample 28). Similar results for ethanolic extracts H. perforatum were reported
by Maggi et al. [30] Hyperforin was absent in all methanolic extracts, except
H. miracle-pistache (sample 23) and H. moserianum (sample 9 and 24),
suggesting methanol as the least favourable solvent for hyperforin extraction.
However, other studies have successfully extracted hyperforin in methanol
[32]. Ethanol 70% (v/v) yielded the highest amounts of hyperforin for both
extraction techniques, presenting as the most favourable solvent.

22



THE PHYTOCHEMICAL ANALYSIS AND ANTIOXIDANT CAPACITY DETERMINATION OF FIVE ...

Table 2. Concentration of hypericin and hyperforin (mg/100 g d.w.)
in five Hypericum species

S:g:f; I ::g;.fsl E)';:Z’(:gzn S‘()‘I;‘znt Hispidulin | Hypericin | Hyperforin
1 H. per UAE EtOH 70% 0.111 5.892 0.155
2 H. hum UAE EtOH 70% 0.061 0.884 ND
3 H. mac UAE EtOH 70% 0.432 5.695 0.051
4 H. m-p UAE EtOH 70% ND ND 4.583
5 H. mos UAE EtOH 70% ND ND 0.049
6 H. per UAE MeOH 25% 0.160 0.110 ND
7 H. hum UAE MeOH 25% 0.097 1.567 ND
8 H. mac UAE MeOH 25% 0.379 1.855 ND
9 H. mos UAE MeOH 25% ND ND 0.032
10 H. per UAE EtOH 50% 0.021 0.857 0.536
11 H. hum UAE EtOH 50% 0.053 0.181 ND
12 H. mac UAE EtOH 50% 0.063 2.829 0.082
13 H. m-p UAE EtOH 50% ND ND 0.091
14 H. mos UAE EtOH 50% ND ND ND
15 H. per ME EtOH 70% 0.087 5.092 0.352
16 H. hum ME EtOH 70% 0.062 0.023 ND
17 H. mac ME EtOH 70% 0.255 6.419 0.134
18 H. m-p ME EtOH 70% ND ND 2.056
19 H. mos ME EtOH 70% ND ND 0.069
20 H. per ME MeOH 25% 0.064 ND ND
21 H. hum ME MeOH 25% 0.056 1.631 ND
22 H. mac ME MeOH 25% 0.147 0.099 ND
23 H. m-p ME MeOH 25% ND ND 0.800
24 H. mos ME MeOH 25% ND ND 0.054
25 H. per ME EtOH 50% 0.019 1.482 0.357
26 H. hum ME EtOH 50% 0.064 0.260 ND
27 H. m-p ME EtOH 50% ND ND 0.062
28 H. mos ME EtOH 50% 0.010 ND 0.022

H. per - H. perforatum, H. hum - H. humifusum, H. mac - H. maculatum, H. m-p - H. miracle-
pistache and H. mos - H. moserianum. ND — Not determined. UAE-ultrasound assisted
extraction; ME-maceration. EtOH 70% - ethanol 70% (v/v), EtOH 50% - ethanol 50% (v/v),
MtOH 25% - methanol 25% (v/v).
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Hypericin was absent in H. moserianum and H. miracle-pistache.
H. maculatum (6.419 mg/100 g d.w., sample 17) had the highest amount of
hypericin, and H. humifusum (0.023 mg/100 g d.w., sample 16) had the lowest.
Similar results for methanolic extracts of H. maculatum were reported by
Martonfi et al. [31] in the stamen (0.058 mg/g d.w.), but higher concentrations
were found in the petals (0.096 mg/g d.w.). Ethanolic extracts (EtOH 70%)
obtained by UAE of H. perforatum had a significantly higher amount of
hypericin than H. humifusum (5.892 mg/100 g d.w., 0.884 mg/100 g d.w.
respectively) in the present study. However, Nogueira et al. [26] reported the
opposite and found higher concentrations of hypericin (0.24 mg/100 g d.w.) in
H. humifusum than in H. perforatum (0.07 mg/100 g d.w.). Ethanol 70% (v/v)
yielded the highest concentrations of hypericin (samples 1,3,15 and 17).

Considering the pharmacological and possible therapeutic use of
hypericin and hyperforin, quantifying their concentrations in each Hypericum
species were of special interest. Identifying more natural sources of these
compounds could be used for more clinical studies. Interestingly, H. miracle-
pistache had higher concentrations of hyperforin than H. perforatum (sample
4 and 18 compared to sample 1 and 15 respectively). This suggests that H.
miracle-pistache could be more efficacious in treating mild to moderate
depression with fewer chances of causing photosensitivity to the skin as no
hypericin was detected in the species (samples 4 and 18). However,
additional clinical research is required to verify this hypothesis.

Evaluation of sterols

The results for the identification and quantification of sterols in
Hypericum species are summarized in Table 3. All sterols (except ergosterol)
were identified in all five species in varying amounts. The concentration of
stigmasterol ranged from 0.338 mg/100 g d.w. (sample 3) to 16.008 mg/100
g d.w. (sample 23). B-Sitosterol was the most abundant sterol found in all
five Hypericum species, ranging from 0.582 mg/100 g d.w. (H. moserianum,
sample 19) to 386.767 mg/100 g d.w. (H. miracle-pistache, sample 23).
Campesterol concentrations ranged from 0.062 mg/100 g d.w. (H.
humifusum, sample 7) to 1.778 mg/100 g d.w. (H. maculatum, sample 22).

Hernandez et al. was the only previous study that identified
campesterol, B-sitosterol and stigmasterol in H. perforatum and confirmed
the absence of ergosterol [32]. However, the study did not quantify the
sterols. This is the first report to identify and quantify sterols in the aerial parts
of the assessed Hypericum species (except H. perforatum).
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Table 3. The concentration of sterols (mg/100 g d.w.)

in five Hypericum species extracts

Sample| Vegetal| Extraction| Solvent Stigmasterol Beta- Campesterol
code | species| method (v/v) Sitosterol
1 H. per UAE EtOH70% 2.658 75.335 0.582
2 H. hum UAE EtOH70% 1.349 13.345 0.202
3 H. mac UAE EtOH70% 0.338 9.306 0.068
4 H. m-p UAE EtOH70% 0.401 9.994 ND
5 H. mos UAE EtOH70% ND ND ND
6 H. per UAE MtOH25% 0.755 13.309 0.140
7 H. hum UAE MtOH25% 0.378 2.956 0.062
8 H. mac UAE MtOH25% ND 1.979 ND
9 H. mos UAE MtOH25% 15.808 365.674 0.767
10 H. per UAE EtOH50% ND ND ND
11 H. hum UAE EtOH50% ND ND ND
12 H. mac UAE EtOH50% ND 1.637 ND
13 H. m-p UAE EtOH50% ND ND ND
14 H. mos UAE EtOH50% ND ND ND
15 H. per ME EtOH70% 0.872 14.695 0.160
16 H. hum ME EtOH70% 0.987 10.304 0.174
17 H. mac ME EtOH70% 0.619 16.592 0.112
18 H. m-p ME EtOH70% 6.811 170.129 0.625
19 H. mos ME EtOH70% ND 0.582 ND
20 H. per ME MtOH25% 5.489 99.799 0.941
21 H. hum ME MtOH25% 3.338 35.187 0.547
22 H. mac ME MtOH25% 9.096 334.936 1.778
23 H. m-p ME MtOH25% 16.008 386.767 0.966
24 H. mos ME MtOH25% 9.643 214.720 0.507
25 H. per ME EtOH50% ND ND ND
26 H. hum ME EtOH50% ND ND ND
27 H. m-p ME EtOH50% ND ND ND
28 H. mos ME EtOH50% ND ND ND

H. per - H. perforatum, H. hum - H. humifusum, H. mac - H. maculatum, H. m-p - H. miracle-
pistache and H. mos - H. moserianum. ND — Not determined. UAE-ultrasound assisted
extraction; ME-maceration. EtOH 70% - ethanol 70% (v/v), EtOH 50% - ethanol 50% (v/v),
MtOH 25% - methanol 25% (v/v).
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A pattern was evident for all sterols with regards to extraction
techniques and solvents used. Ethanol 50% (v/v) extracted no sterols in all five
Hypericum species, except in H. maculatum where B-sitosterol (sample 12)
was extracted. This suggested that ethanol 50% (v/v) was the least favourable
solvent for sterol extraction. The richest extracts of each sterol were obtained
using methanol 25% (v/v) with ME, followed by ethanol 70% (v/v) with UAE.
For H. moserianum, methanol was the only solvent to successfully extract
stigmasterol (sample 9 and 24, UAE and ME respectively). This suggested
that the optimum conditions for B-sitosterol, campesterol and stigmasterol
extraction was methanol and ME.

The evaluation of antioxidant activity

The ABTS assay is widely used to assess antioxidant capacity. Total
antioxidant capacity (TAC) indicates the additive and synergistic action of all
antioxidants present in a complex sample [33]. The results of this assay are
expressed as Trolox equivalents (TE) per L of plant extract and are given in
Table 4.

As the TAC for each Hypericum species were tested under a
combination of six different conditions, the highest antioxidant level for each
species were compared. The total antioxidant capacity ranged from 83.788
mM TE/L for H. moserianum (sample 14) and H. maculatum (sample 3 and 8)
to 46.288 mM TE/L in H. humifusum (sample 7). Sample 9 for H. moserianum
(15.227 mM TE/L) presents as an outlier as it was much lower than other
results for H. moserianum in their respective conditions (samples 5,14, 19 and
28). Most of the extracts displayed the greatest antioxidant capacity in ethanol
50% (v/v). All Hypericum species (except H. miracle-pistache), displayed their
highest antioxidant activity under UAE, however the ME counterparts also
displayed similar antioxidant levels (see Table 4).

The strong TAC of H. maculatum (101.8 + 1 uM TE/g) was supported
by Zheleva-Dimitrova et al. [34] The same study reported significant
scavenging ability for H. perforatum (81.2% + 0.4 for ABTS), however the
present study found moderate scavenging ability (568.788 mM TE/L, sample 10)
for H. perforatum.

Flavonoids and polyphenols are major contributors to antioxidant
activity, due to their ability to limit the oxidative degradation of lipids [35].
Phenolic compounds act as hydrogen donors, reducing agents and free
radical scavengers [36]. The number of hydroxyl groups in the aromatic ring
of a phenolic compound contributes to the difference in antioxidant activity
between phenolic compounds. According to Zhang et al. [37], phenolic
compounds with five hydroxyl groups (such as catechin and epicatechin),
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present as the most active free radical scavengers. For flavonoids, the 4-
carbonyl (ring Z), 3’,4’-orthodihydroxy structure (ring Y), and 3,5-OH groups
(creating a catechol-like structure in ring Z) ensures effective radical
scavenging. The C2=C3 double bond in configuration with the 4-keto
arrangement is responsible for electron delocalization from ring Y, resulting
in increased radical-scavenging activity. The catechol structure in ring X
compensates for antioxidant capacity in absence of the o-dihydroxy structure
(ring Y) (see Figure 1) [27].

Quercetin (OH -3’, 4, 5, 7)

Figure 1. General structure of flavonoids with annotations for quercetin. For
quercetin, the catechol structure (ring Y), 2,3-double bond joined to the 4-
carbonyl group (ring Z) allows delocalization of the phenoxyl radical electron
to the flavonoid nucleus. Increase in resonance stabilization for electron
delocalization is attributed to the 3-hydroxy group with the 2,3-doube bond,
resulting in higher antioxidant value [27]

Glycosides formed from quercetin (a flavonoid) such as isoquercitrin,
hyperoside and quercitrin, also display antioxidant activity. However, compared
to quercetin, the glycosides are more water soluble due to the sugar portion
of the molecules and a higher degree of absorption, leading to greater
bioavailability in the body [38].

The highest concentration of quercitrin (794.800 mg/100 g d.w.,
sample 17) was found in H. maculatum, which also had a high concentration
of hyperoside (1689.227 mg/100 g d.w., sample 8) and isoquercitrin
(1130.729 mg/100 g d.w., sample 8) (Table 1). H. moserianum had high
levels of chlorogenic acid (1160.206 mg/100 g d.w., sample 9) with high
quercitrin levels (702.580 mg/100 g d.w., sample 9). The present study supports
the correlation of antioxidant capacity to phenolic compounds as species that
contained the highest concentrations of polyphenols and flavonoids corresponded
with species that displayed high antioxidant activity.
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Table 4. Trolox equivalent antioxidant capacity (TEAC) of five Hypericum species
(expressed as mM TE/L - Trolox equivalent/L plant extract)

Sample Vegetal Extraction Solvent (v/v) TEAC
code species method (mM TE/L)
1 H. per UAE EtOH70% 35.682
2 H. hum UAE EtOH70% 44.015
3 H. mac UAE EtOH70% 83.788
4 H. m-p UAE EtOH70% 59.167
5 H. mos UAE EtOH70% 77.727
6 H. per UAE MtOH25% 56.894
7 H. hum UAE MtOH25% 46.288
8 H. mac UAE MtOH25% 83.788
9 H. mos UAE MtOH25% 15.227
10 H. per UAE EtOH50% 58.788
11 H. hum UAE EtOH50% 41.742
12 H. mac UAE EtOH50% 72.424
13 H. m-p UAE EtOH50% 70.909
14 H. mos UAE EtOH50% 83.788
15 H. per ME EtOH70% 47.424
16 H. hum ME EtOH70% 40.606
17 H. mac ME EtOH70% 74.318
18 H. m-p ME EtOH70% 60.303
19 H. mos ME EtOH70% 75.076
20 H. per ME MtOH25% 27.727
21 H. hum ME MtOH25% 36.818
22 H. mac ME MtOH25% 48.561
23 H. m-p ME MtOH25% 58.030
24 H. mos ME MtOH25% 78.485
25 H. per ME EtOH50% 53.106
26 H. hum ME EtOH50% 39.467
27 H. m-p ME EtOH50% 72.803
28 H. mos ME EtOH50% 78.485

H. per - H. perforatum, H. hum - H. humifusum, H. mac - H. maculatum, H. m-p - H. miracle-
pistache and H. mos - H. moserianum. UAE-ultrasound assisted extraction;, ME-maceration.
EtOH 70% - ethanol 70% (v/v), EtOH 50% - ethanol 50% (v/v), MtOH 25% - methanol 25% (v/v).
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CONCLUSIONS

In this study, H. perforatum, H. humifusum, H. maculatum, H. miracle-
pistache and H. moserianum were investigated for their phytochemical profile
and antioxidant activity. To the best of the authors knowledge, stigmasterol,
campesterol, B-sitosterol and hispidulin were quantified for the first time in all
assessed species. Among the polyphenols determined, chlorogenic acid,
hyperoside, rutoside, isoquercitrin, quercitrin and quercetol were abundant
across all five species. H. maculatum had the highest hypericin concentration
and can be further investigated for photo-induced cytotoxic activity. H. miracle-
pistache contained the highest hyperforin concentration which was of interest
as H. perforatum is commercially marketed due to its antidepressant activity.
However, with considerably higher amounts of hyperforin found in H. miracle-
pistache, it may prove more effective than H. perforatum with even slimmer
chances of photosensitivity as no hypericin was detected. However, more
clinical research regarding its efficacy, therapeutic dose and safety for
consumption is suggested before it can also be considered for commercial
use. H. maculatum and H. moserianum exhibited the highest antioxidant
activity, while H. humifusum presented with the lowest. Therefore, the
Hypericum species serve as a useful source of bioactives, to the nutraceutical
and pharmaceutical industry.

A key finding of this study was that H. miracle-pistache contained higher
amounts of hyperforin than H. perforatum and hypericin was absent in the
species. Several factors such as genetic variation within the plant species, soil
composition or geographical origins can affect the phytochemical composition
and consequently in vitro and in vivo activity. More specific to this study, the use
of different extraction methods (UAE and ME) and different solvents influence
the yield. Little comparative studies exist for H. miracle-pistache, so further
phytochemical research should be conducted on the species to account for
these factors and further certify the chemical composition of the species.

Further research into the clinical safety of ingesting H. miracle-
pistache could also be conducted. This should highlight any adverse effects
and a safe maximum amount which can be consumed daily. Finally, the
clinical efficacy for mild to moderate depression could be assessed and
compared to H. perforatum, with a safe and effective therapeutic dose identified.
As H. miracle-pistache contained high amounts of chlorogenic acid and
hyperoside, other clinical applications to conditions such as diabetes or
Alzheimer’s disease could be assessed.
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EXPERIMENTAL SECTION

2.1 — Collection and identification of plant materials

Hypericum perforatum, Hypericum humifusum and Hypericum
maculatum were gifted by Prof. Laurian Vlase. Fresh Hypericum moserianum
and Hypericum miracle-pistache plants were store bought from a local supplier
in Cluj-Napoca, Romania. Dr. Vlase Ana-Maria confirmed the authenticity of
the plants, and a voucher specimen was deposited for each species at the
Department of Pharmaceutical Botany, Faculty of Pharmacy. Aerial parts of
each Hypericum species were prepared for lyophilisation by freezing for
three hours at -20°C. The samples were lyophilised (SP Scientific Advantage
2.0, USA) at -55°C, 200 mTorr for one day and at -25°C, 200 mTorr for
another four days. The samples were then milled into a powder and stored
in amber glass bottles.

2.2 - Preparation of methanolic and ethanolic extracts

200 mg of each Hypericum species were mixed with the extraction
solvents (2 ml of methanol 25% (v/v), ethanol 70% (v/v) and ethanol 50%
(v/v)) in separate test-tubes for each solvent. An aliquot of each sample was
filtered by centrifuge (Sigma 3-30 KHS, Sigma Laborzentrifugen GmbH,
Germany) at the following settings: 25°C for 10 minutes at 10000 min-', 9168 g,
12154 rotor. Ultrasound-assisted extraction (UAE) was performed (Transsonic
700, Elma D-788224, Singen, Germany) at 35 kHz, for 10 minutes every
hour, for five hours daily, for nine days. For maceration (ME) the mixtures
were shaken hourly, for five hours daily, for nine days.

2.3 - Determination of total antioxidant capacity

Total radical scavenging capacity was measured by ABTS assay
previously described [39]. The Trolox equivalent antioxidant capacity (TEAC)
assay reflects the ability of antioxidants to decolourise the blue-green 2,2-
azinobis(3-ethylbenzothiazoline-6-sulphonate)) (ABTS*) radical, to a degree
proportional to their concentration [40]. The ABTS reaction mixture consisted
in 0.4 M acetate buffer (pH=5.8) and 10 mM ABTS"* solution in 30 mM acetate
buffer (pH=3.6). 12.5 UL of each extract was assessed spectrophotometrically
(Analytik Jena Specord® 200 plus, Germany) at 660 nm, after 5 minutes reaction
time with ABTS radical solution. Trolox, dissolved in a phosphate buffer (20
mmol/L, pH 7.4) with five-fold serial dilutions (0.05 mM — 1 mM), was used
to make the calibration curve with a good regression coefficient (R*>0.9972).
The results of the assay were expressed in mM Trolox equivalents (TE)/L of
plant extract.
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2.4.1 - General HPLC and mass spectrometer equipment

The experiment was conducted on an Agilent 1100 HPLC series system
(Agilent Technologies, Santa Clara, CA, USA) equipped with a G13311A
gradient pump, column thermostat, G1322A binary degasser, G1313A auto
sampler and a G1316AUV detector coupled with an Agilent 1100 mass
spectrometer (MS) (LC/MSD lon Trap VL).

2.4.2 - Qualitative and quantitative determinations of polyphenols

The HPLC-MS/MS method described by Viase et al. [41,42] was
adopted, with modifications of acetic acid replacing potassium phosphate in
the mobile phase. 18 polyphenols were analysed: apigenin, caffeic acid,
chlorogenic acid, caftaric acid, fisetin, ferulic acid, gentisic acid, hyperoside,
isoquercitrin, kaempferol, luteolin, myricetol, patuletin, p-coumaric acid,
quercitrin, quercetin, rutoside and sinapic acid. For chromatographic separation
a reverse-phase analytical column was employed (Zorbax SB-C18, 100 x 3.0
mm i.d., 3.5 um), with a mixture of methanol:acetic acid 0.1% (v/v) as the
mobile phase and binary gradient [43]. The elution began with a linear
gradient, starting with 5% methanol then 42% methanol, for 35 minutes. For the
next 3 minutes isocratic elution followed with 42% methanol, rebalancing with
5% methanol in the next 7 minutes. The flow rate was 1 mL min-', the injection
volume was 5 pL, with a column temperature of 48°C [44].

Compound detection was performed in UV and MS mode. Each
compound was detected at wavelengths corresponding to the maximum
absorption of their respective UV spectrum. Therefore, the UV detector was
set at 330 nm for 17 minutes for polyphenolic acid detection, then 370 nm
until 38 minutes to detect flavonoids and their aglycones. For quantitative
determination, a calibration curve with a 0.5 ug-5 pg/ml range was made for
each compound [45].

For six other polyphenols (catechin, epicatechin, vanillic acid, gallic
acid, protocatechic acid and syringic acid) a Zorbax SB-C18 column, 100 x
3.0 mmi.d., 3.5 ym, with a mixture of methanol:acetic acid 0.1% (v/v) as the
mobile phase and binary gradient was used to carry out chromatographic
separation (starting with 3% methanol at 3 minutes, 8% methanol at 8.5
minutes, 20% methanol until 10 minutes then rebalance column with 3%
methanol). The flow rate was 1 ml/min with a 5 pL injection volume [46].

The mass-spectrometer operated with an electrospray-ion source in
negative mode (nebulizer 60 psi (nitrogen), drying gas nitrogen at 12 L/min
flow rate, 360°C temperature, +3000 V capillary potential). The analysis
mode was specific ion monitoring for polyphenolcarboxylic acids and AUTO
MS for flavonoids and their aglycones. ChemStation and DataAnalysis software
from Agilent USA processed the chromatographic data [47].
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2.4.3 - Qualitative and quantitative determinations of
methoxyflavones

The separation of methoxyflavones (acacetin, casticin, eupatilin,
eupatorine, hispidulin and jaceosidin), was performed on a Zorbax SB-C18
analytic column (100 x 3.0mm i.d., 3.5 ym) at 48°C, in MS/MS, MRM
mode [48]. Acetic acid 0.1% (v/v) and methanol made up the mobile phase
beginning with 45% methanol and ending at 50% methanol for 8 minutes.
The injection volume was 5 pL with a 0.9 ml/min flow rate and a gradient. The
mass-spectrometer operated using an electrospray ion source in negative
mode, under the following optimized conditions: nitrogen gas at 325°C, 12 L/min
flow rate, 60 psi (nebulizer pressure), +2500 V capillary voltage and MS/MS
specific ion monitoring analysis mode. To quantify each flavone in the extracts,
the intensity of the selected ions from the mass spectra was considered. To
construct the five point plot calibration curves, the standard solutions of each
flavones were dissolved in methanol and successive dilutions were made in
methanol:water (75:25 v/v).

2.4.4 - Qualitative and quantitative determinations of sterols

A previously described method was used to identify and quantify the
phytosterols in Hypericum sp. extracts [49]. The following analytical standards
were used: B-Sitosterol, campesterol, ergosterol and stigmasterol. Zorbax SB-
C18 (100 x 3.0mm i.d, 3.5 ym) reverse-phase analytical column fitted with a
Zorbax SB-C18 guard column was used for sterol separation, at 40°C under
isocratic conditions in MS/MS, MRM mode. Acetonitrile:methanol (30:70 v/v)
mixture made up the mobile phase, with a 1 ml/min flow rate and a 4 L injection
volume. The mass-spectrometer operated using an atmospheric pressure
chemical ionization (APCI) interface, in positive mode, under these conditions:
nebulizer 50 psi, gas (nitrogen) at 7 L/min flow rate, 250°C temperature, -4000 V
capillary potential. Multiple analysis mode was used instead of single ion
monitoring to limit background interference (MS/MS instead of just MS).

2.4.5 - Qualitative and quantitative determinations of hyperforin
and hypericin

HPLC/ESI-MS (ion trap) analysis of hyperforin and hypericin was
performed on a Zorbax SB-C18 (100 x 3.0 mm i.d, 3.5 ym) analytical column
with a 0.2-micron filter (Agilent) at 45°C with a 1 ml/min flow rate [50,51].

Hypericin: The mobile phase was acetonitrile:ammonium acetate (1 mM)
(50:50 v/v) solution with a 5 pL injection volume. The mass-spectrometer
functioned using an electrospray ion source in negative mode, under the
following optimized conditions: nitrogen gas at 325°C with a 12 L/min flow
rate, nebulizer pressure of 60 psi and a 3000 V capillary voltage. The
analysis mode was set to ion monitoring m/z 503 [52].
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Hyperforin: For the mobile phase, 1 mM ammonium acetate solution
was mixed with acetonitrile 35:65 (v/v). For detection, the mass-spectrometer
operated using an electrospray ion source in negative MS/MS mode under
the following optimized conditions: nitrogen gas at 350°C with a 12 L/min flow
rate, nebulizer pressure of 60 psi and a 2500 V capillary voltage. The
analysis mode used was transition monitoring m/z 535.4.

REFERENCES

1. K. Doukani, A.S.M. Selles, H. Bouhenni. Naturally Occurring Chemicals Against
Alzheimer's Disease, 1st ed.; Academic Press - Elsevier Inc., Amsterdam,
Netherlands, 2021, Chapter 3.1.11, pp. 155-165.

. A. Smelcerovic, V. Verma, M. Spiteller, S. Ahmad, S. Puri, G. Qazi. Phytochemistry,
2006, 67(2), 171-177.

. A. Nahrstedt, V. Butterweck. Pharmacopsychiatry, 1997, 30(2), 129-34.

. S.L. Crockett, N.K.B Robson. Med Aromat Plant Sci Biotechnol, 2011, 5(Special
Issue 1), 1-13.

. F. Pellati, S. Benvenuti, M. Melegari. J Chromatogr A, 2005, 1088(1), 205-17.

. G. Roscetti, O. Franzese, A. Comandini, E. Bonmassar. Phytother Res, 2004,
18(1), 66-72.

7. A.R. Bilia, S. Gallori, F.F. Vincieri. Life Sci, 2002, 70(26), 3077—3096.

8. M. Brolis, B. Gabetta, N. Fuzzati, R. Pace, F. Panzeri, F. Peterlongo. J Chromatogr

A, 1998, 825(1), 9-16.

9. B.I.P. Schiavone, A. Rosato, M. Marilena, C. Franchini, F. Corbo, L. Verotta L et
al. Anti-Cancer Agents Med Chem, 2014, 14(10), 1397-401.

10. R.H. Poppenga. Clin Tech Small Anim Pract, 2002, 17(1), 6-18.

11. M.A. Medina, B. Martinez-Poveda, M.l. Amores-Sanchez, A.R. Quesada. Life
Sci, 2006, 79(2), 105-111.

12. K. Leuner, V. Kazanski, M. Muller, K. Essin, B. Henke, M. Gollasch et al. FASEB
J, 2007, 21(14), 4101-4111.

13. D. Gatea, L. Vlase, M. Tamas, |. Oniga. Contrib Bot, 2010, 45, 35-40.

14. D. Gétea, M. Sipos, M. Tamas, B. Pasca. Analele Univ din Oradea, Fasc Biol,
2010, Tom XVII, 111-115.

15. J.W. Petrich. Int Rev Phys Chem, 2000, 1(3), 479-500.

16. L.P. Christensen. Polyphenols in Human Health and Disease, 1st ed.; Elsevier
Inc., Amsterdam, Netherlands, 2014, Chapter 62, pp. 793-818.

17. K.M. Klemow, A. Bartlow, J. Crawford, N. Kocher, J. Shah, M. Ritsick. Herbal
medicine: Biomolecular Clinical Aspects, 2nd ed.; CRC Press/Taylor & Francis,
London, UK, 2011, Chapter 11.

18. P. Agostinis, A. Vandenbogaerde, A. Donella-Deana, L.A. Pinna, K.T. Lee,
J. Goris J et al. Biochem Pharmacol, 1995, 49(11), 1615-22.

AW N

[©2N¢)]

33



19.

20.
21.

22.

23.

24,

25.

26.

27.
28.

290.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

34

A. A. ADEHUWA-OLABODE, A. SAUTREAU, L. VLASE, A.-M. VLASE, D. MUNTEAN

D. Zheleva-Dimitrova, P. Nedialkov, G. Kitanov. Pharmacogn Mag, 2010, 6(22),
74-78.

J.D. Potter. Lancet, 2005, 366(9485), 527-530. ] )

E. Czinner, K. Hagymasi, A. Blazovics, A Kéry, E Sz6ke, E Lemberkovics.
J Ethnopharmacol, 2001, 77(1), 31-35.

A. Pop, |. Fizesan, L. Vlase, M.E. Rusu, J. Cherfan, M. Babota, A-M. Gheldiu,
I. Tomuta, D-S. Popa. Antioxidants, 2021, 10(4), 607.

A. Toiu, L. Vlase, C.M. Dragoi, D. Vodnar, |. Oniga. Farmacia, 2016, 64(5), 663-
667.

T. Nogueira, M.A. Medeiros, M.J. Marcelo-Curto, B.E. Garcia-Pérez, J. Luna-
Herrera, M.C. Costa. Ind Crops Prod, 2013, 47(1), 126-131.

I. Oniga, A. Toiu, D. Benedec, |. Tomuta, L. Vlase. Farmacia, 2016, 64(2), 171—
174.

B.A. Silva, F. Ferreres, J.O. Malva, A.C.P. Dias. Food Chem, 2005, 90(1-2),
157-167.

A. Wojdyto, J. Oszmianski, R. Czemerys. Food Chem, 2007, 105(3), 940-949.
S.L. Crockett, N.K.B. Robson. Med Aromat Plant Sci Biotechnol, 2011, 5(Special
Issue 1), 1-13.

B. Bozin, N. Kladar, N. Gruji¢, G. Anackov, |. Samojlik, N. Gavari¢ et al.
Molecules, 2013, 18(10), 11733—-11750.

F. Maggi, G. Ferretti, M. Ricciutelli, N. Pocceschi, L. Menghini. Fitoterapia, 2004,
75(7-8), 702-711.

P. Martonfi, M. Repc¢ak, L. Martonfiova. Biologia, 2006, 61(4), 473-478.

D. Hernandez-Saavedra, I.F. Pérez-Ramirez, M. Ramos-Gémez, S. Mendoza-
Diaz, G. Loarca-Pifa, R. Reynoso-Camacho. Med Chem Res, 2015, 25(1), 163-
172.

M.E. Rusu, I. Fizesan, A. Pop, A Mocan, A-M. Gheldiu, M. Babota et al.
Molecules, 2020, 25(9), 2187.

D. Zheleva-Dimitrova, P. Nedialkov, G. Kitanov. Pharmacogn Mag, 2010, 6(22),
74-78.

A. Toiu, A. Mocan, L. Vlase, A.E. Parvu, D.C. Vodnar, A-M. Gheldiu et al.
Molecules, 2019, 24, 1597.

A. Toiu, L. Vlase, D.C. Vodnar, A-M. Gheldiu, I. Oniga. Molecules, 2019, 24,
2666.

Z. Zhang, L. Liao, J. Moore, T. Wu, Z. Wang. Food Chem, 2009, 113(1), 160—
165.

J. Pei, A. Chen, L. Zhao, F. Cao, G. Ding, W. Xiao. J Agric Food Chem, 2017,
65(29), 6042-6048.
A. Toiu, L. Vlase, A-M. Gheldiu, D. Vodnar, |. Oniga. Farmacia, 2017, 65(3), 351-
355.

M.E. Rusu, C. Georgiu, A. Pop, A. Mocan, B. Kiss, O.Vostinaru et al.
Antioxidants, 2020, 9, 424.



THE PHYTOCHEMICAL ANALYSIS AND ANTIOXIDANT CAPACITY DETERMINATION OF FIVE ...

41. D. Hanganu, D. Benedec, L. Vlase, I. Popica, C. Bele, O. Raita et al. Farmacia,
2016, 64(4), 498-201.

42. D. Benedec, D. Hanganu, L. Filip, I. Oniga, B. Tiperciuc, N-K. Olah et al.
Farmacia, 2017, 65(2), 252-256.

43. A.D. Farcas, C. Zagrean-Tuza, L. Vlase, A-M. Gheldiu, M. Péarvu, A.C. Mot.
Studia UBB Chemia, 2020, LXV (2), 209-220.

44. M. Parvu, L. Vliase, A.E. Parvu, O. Rosca-Casian, A-M. Gheldiu, O. Parvu. Not
Bot Horti Agrobo, 2015, 43(1), 53-58.

45. A. Mocan, L. Viase, D.C. Vodnar, A-M. Gheldiu, R. Oprean, G. Crisan.
Molecules, 2015, 20, 15060-15071.

46. M.E. Rusu, I. Fizesan, A. Pop, A-M. Gheldiu, A. Mocan, G. Crisan et al.
Antioxidants, 2019, 8(10), 460.

47. C.N. Tiboc Schnell, G.A. Filip, N. Decea, R. Moldovan, R. Opris, S.C. Man et al.
Inflammopharmacology, 2021, 29, 753-769.

48. A. Mocan, D. Vodnar, L. Vlase, O. Crisan, A-M. Gheldiu, G. Crisan. Int J Mol Sci,
2015, 16, 21109-21127.

49. A. Toiu, A. Mocan, L. Viase, A.E. Parvu, D.C. Vodnar, A-M. Gheldiu et al. Front
Pharmacol, 2018, 9, 7.

50. A. Coste, L. Vlase, A. Halmagyi, C. Deliu, G. Coldea. Plant Cell Tiss Organ Cuilt,
2011, 106, 279-288.

51. A.C. Raclariu, R. Paltinean, L. Vlase, A. Labarre, V. Manzanilla, M.C. Ichim et al.
Sci Rep, 2017, 7, 1291.

52. A.C. Sevastre-Berghian, V.A. Toma, B. Sevastre, D. Hanganu, L. Vlase,
D. Benedec et al. J Physiol Pharmacol, 2018, 69(5), 789-800.

35






STUDIA UBB CHEMIA, LXVII, 3, 2022 (p. 37-44)
(RECOMMENDED CITATION)
DOI:10.24193/subbchem.2022.3.03

OPTIMIZATION OF THE ECO-FRIENDLY SYNTHESIS OF
SILVER NANOPARTICLES USING GOJI BERRIES’
BIOACTIVE COMPOUNDS

LUMINITA DAVID?, BIANCA MOLDOVAN?*

ABSTRACT. The numerous applications of metallic nanoparticles in different
fields such as materials science, medicine, biology, led to the rapid development
of various synthesis methods of these nanomaterials, among which the biogenic
approach in obtaining nanoparticles has been proved to be an efficient
alternative compared to other methods. The present study aims to investigate
the potential of goji berries extract as source of bioactive compounds able to
reduce the silver ions and to stabilize the resulting nanoparticles. Reaction
parameters such as pH and AgNOs concentration were analyzed and optimized
in order to obtain spherical, well dispersed and high yield silver nanoparticles.
Five different pH values (6; 7; 8; 9; 10) and five ratios fruit extract: silver nitrate
solution (1:1; 1:3; 1:7; 1:10; 1:15) were investigated and it was found that the
silver nanopatrticles obtained at pH=9 and 1:10 ratio demonstrated the highest
monodispersity and were obtained in the highest yield. The obtained
nanoparticles were characterized in terms of their size and shape using
transmission electron microscopy (TEM) and UV-vis spectroscopy.

Keywords: silver nanoparticles, goji berries

INTRODUCTION

The wide range of applications of nanosized materials led in the last
decades to an explosion of nhanotechnology research. Metallic nanopatrticles
are of a great interest due to their important uses in medicine, materials
science, environment remediation, catalysis, biology, pharmacy [1-3]. There is
a strong relationship between the size and shape of the nanoparticles and
their properties and, consequently, their applications. These parameters are
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strongly influenced by the synthesis methods used to obtain the nanopatrticles.
Physical and chemical approaches such as thermal decomposition, chemical/
electrochemical reduction, laser ablation, attrition, mechanical milling, sol-gel
techniques, have been developed but usually these methods involve either
the use of hazardous reagents or expensive instruments, high temperature or
pressure and can lead to low fabrication rate, significant energy consumption,
poor size control and low stability of the obtained nanoparticles. Compared to
these methods, the green synthetic approaches offer solutions to all these
disadvantages, being fast, simple, non-toxic, low cost, and environmentally
friendly [4-6]. Various biological resources can be used in the green synthesis
methods of metallic nanoparticles, such as microorganisms, enzymes and
plants. There are numerous studies which report the biosynthesis of metal
nanoparticles by exploiting the reductive properties of phenolics, proteins,
flavonoids and carbohydrates from various plant extracts, such as: Camellia
sinensis [7], Cornus sanguinea [8], Cornus mas [9], Citrus limon [10], Solanum
licopersicum [11].

Among metallic nanoparticles, silver nanoparticles are essential
materials, especially because of their medical uses, possessing strong
antibacterial, antifungal and antiviral properties [12] and also because of their
high catalytic activity.

The plant extracts, especially those with pharmacological properties,
have been widely used for the green synthesis of the AgNPs. Goji berries
have been intensively used for medicinal purposes, especially in Asia as they
contain a wide range of compounds with health promoting properties being
a good source of phenolic compounds, proteins, carotenoids, fibres and
minerals. Goji berries are the fruits of Licium barbarum L., a perennial shrub
from Solanaceae family originating from South-West Asia and nowadays
naturalized in America and Europe [13].

Goji berries extract has been reported to possess various biological
properties, such as antioxidant, antimicrobial, antidiabetic, anti-inflammatory
and anti-obesity effects. Their potent antioxidant activity originates in the
presence of polyphenols in the goji berries, among which caffeic acid is the main
compound [14]. Kaempferol, myricetin, catechin, apigenin, rutin, chlorogenic,
coumaric, ferulic, ellagic and gallic acids are also identified in these fruits [15].

The presence of these compounds and their high reductive properties
enabled us to choose goji berries as source of reducing and capping agents
for the green synthesis of AgQNPs. The aim of the present study was to exploit
goji phytocompounds in the reduction reaction of the silver ions and to
optimize the reaction conditions (pH and reactants’ ratio) to obtain low
dimensions, monodispersed, spherical in shape silver nanopatrticles.
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RESULTS AND DISCUSSION

The goji berries are well known for their remarkable antioxidant
capacity, due to the presence of inherent metabolites, of which flavonoids
and phenolic acids confer them this property. The presence of high amounts
of chlorogenic acid, scopoletin, coumaric acid, rutin, caffeic acid, N-feruloyl
tyramine [16] recommend them as suitable fruits for the plant assisted
mediated green synthesis of metallic nanoparticles, as all these compounds
can successfully act as reducing agents of metallic ions as well as capping
and stabilizing agents of the obtained metallic nanoparticles.

The total phenolic content of the goji extract used in this study,
assessed by the widely applied Folin-Ciocalteu method, was 7125+216.42
mg GAE/L.

The antioxidant activity of the extract was evaluated using the ABTS
free radical scavenging assay and was found to be 1038.46+32.48 uM Trolox.

The optimal synthesis conditions of the silver nanoparticles using goji
berries extract were determined by evaluating two synthesis parameters: pH
value and fruit extract: AgNOs mixing ratio (v/v). These factors are known as
key parameters in obtaining AgNPs using natural compounds. The impact of
the pH value on the size, morphology and yield of the obtained AgNPs was
investigated at 6; 7; 8; 9 and 10. The formation of silver nanoparticles was
first visually observed by a colour change of the reaction mixture from faint
orange to yellowish brown or deep brown, depending on pH of the reaction
medium. The synthesis of AQNPs was validated using UV-vis spectroscopy.
Silver nanoparticles possess unique optical properties due to their surface
plasmon resonance (SPR). The surface plasmon vibration excitation of
colloidal silver results in absorption peaks between 400-500 nm [17]. The
UV-Vis spectra of the obtained silver nanopatrticles are depicted in Figure 1.

426,87nm, 0.57A

443.98nm, 0.35A

432 4Qm, 0.324,

45102nm, 0.23A

Figure 1. UV-Vis spectra of AQNPs obtained at different pH values
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The synthesized AgNPs at all the investigated pH values presented the
characteristic SPR peaks of silver nanoparticles between 426 and 454 nm. It
can be observed that the intensity of the absorption bands decreases with the
value of pH. As higher intensity of these bands can be attributed to higher
concentration of nanoparticles, one can conclude that pH=10 conducted to the
highest reaction yield. As predicted, acidic pH values could not stabilize the
silver nuclei for subsequent growth of silver nanoparticle. By increasing the
reaction medium pH, a gradually red shifted absorption band, until 426 nm for
pH=10 was observed, indicating the obtain of smaller sized AgNPs [18]. At
alkaline pH, the bioactive metabolites from the goji extract act as capping agents
of the obtained nanoparticles, stabilizing these by preventing agglomeration.

' . -t u'e -'g' |

‘o
e

pH=10
Figure 2. TEM images of AgNPs obtained at different pH values

[
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The size and morphology of the goji berries mediated synthesized
silver nanopatrticles was analysed using the Transmission electron Microscopy
(TEM) (Figure 2).

At pH = 6 and 7 the TEM images show the formation of mostly
spherical nanoparticles with two broad size distributions, some presenting a
diameter in the range of 20-30 nm and others being larger and of irregular
shapes. There was also noticed an agglomeration tendency of the obtained
nanoparticles, especially at pH=6. For the pH values in the range 8-10,
smaller sized, dispersed nanoparticles, with more regular shapes were
obtained. The alkaline conditions proved to be more appropriate for the
synthesis of the AgNPs using goji extract, resulting uniform size and shape
and small diameter nanopatrticles, the influence of the pH on their properties
being less important in this pH range, result in accordance with other studies
reporting the phytomediated synthesis of silver nanopatrticles [19]. The size
of the nanoparticles obtained in alkaline conditions was in the range of 10-
20 nm, with an average size of 17 nm at pH=10. All the obtained results
indicated that the synthesis of AgNPs with the goji berry phytocompounds
occurred with the highest yield at pH=10, resulting regular in shape,
monodispersed and small sized nanopatrticles.

The concentration of the reducing phytocompounds from the fruit
extract has a strong influence on the size, shape and stability of the metallic
nanoparticles [20]. Thus, establishing the optimal ratio between the fruit
extract and silver nitrate solution could be of a great importance for obtaining
small, uniform and stable AgNPs.

—_— 1.7 ratio
s Sample561.Sample  1:10 rafio
SampleS62 Sample 1,15 ratio

Figure 3. UV-Vis spectra of AQNPs obtained at different fruit extract: AgNOs ratios
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Five different ratios: 1:1; 1:3; 1:7; 1:10 and 1:15 were analysed, the
reaction being conducted at the optimum determined pH value, pH=10. The
UV-Vis spectra of the silver nanoparticles obtained at these ratios (Figure 3)
indicate that no reaction occurred at 1:1 and 1:3 ratio as no characteristic
absorption band of the silver nanoparticles was noticed. The AgNPs obtained
at 1:7; 1:10 and 1:15 displayed similar position of the SPR absorption band
with a maximum in a very narrow range of wavelengths between 429 and
431 nm. This fact indicates that for ratios between 1:7 to 1:15, the size of the
obtained nanoparticles was not influenced by this parameter. The highest
yield was obtained for the 1:10 ratio.

CONCLUSIONS

The present study reports the green synthesis of silver nanoparticles
using goji berries as source of phytocompounds which act as reducing and
stabilizing agents. By optimizing the reaction conditions, among which pH
and reactants ratio is very important, our protocol confers an easy way to
obtain in high yield small sized uniform nanopatrticles, spherical in shape,
using a green method which involves non-toxic chemicals. The optimum
determined pH value was 10, while the optimum fruit extract: metal precursor
ratio was 1:10.

EXPERIMENTAL SECTION

Chemicals and reagents

All chemicals and reagents were purchased from Merck (Darmstadt,
Germany), were of analytical grade and were used without further purification.
A TYPDP1500 Water distiller (Techosklo LTD, Drzkov, Czech Republic) was
used to obtain the distilled water.

Fruit extract preparation

Commercially available dried goji berries were used to obtain the fruit
extract, by mixing 5 grams of milled fruits with 100 mL distilled water. After 1
hour of stirring at room temperature, the mixture was vacuum filtered and the
filtrate was further used to obtain the desired silver nanopatrticles.

Determination of total phenolic content

The method developed by Singleton [21] using the Folin-Ciocalteu
reagent was applied to determine the total phenolic content (TPC).
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A 0.2 N Folin-Ciocalteu solution (1.5 mL) was mixed with goji berries
extract (0.3 mL) and incubated in the dark for 5 min. After that, 1.2 mL of 0.7N
Na,COs solution were added. After 2 hours incubation at room temperature,
the absorbance of the resulting solution was measured at 765 nm, using an
UV-VIS Perkin Elmer Lambda 25 double beam spectrophotometer. A
calibration curve of gallic acid was used for quantitative determinations. The
results were expressed as mg gallic acid equivalents (GAE)/L fruit extract.

Determination of antioxidant capacity

The antioxidant activity of the extract was evaluated using the ABTS*
assay of Re et al. [22]. 360 mg of 2,2-azinobis-(3-ethylbenzothiazoline-6-
sulfonate) (ABTS) were dissolved in 100 mL distilled water. To this solution,
100 mL potassium persulfate solution (2.45 mM) were added, in order to
generate the stable ABTS radical cation. The mixture was allowed to react for
24 hours in the dark at room temperature. The resulting radical solution was
diluted to an absorbance of 0.8 with distilled water. To 6 mL diluted ABTS
solution, 0.1 mL goji extract were added and the absorbance was measured
at 734 nm after 15 min. Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid) was used as standard to determine the antioxidant capacity of
the investigated fruit extract, which was expressed in uM Trolox equivalents.

Synthesis and characterization of silver nanoparticles

Silver nitrate solution (ImM) was used as silver ions source for the
phytomediated synthesis of the silver nanoparticles. 2 mL goji fruit extract
was mixed with 20 mL AgNOs solution at room temperature. The pH values
of the resulting reaction mixtures were adjusted in the range 6 to 10 by
dropping 0.1 M NaOH solution. After 2 hours of stirring, the obtained
nanopatrticles were purified by centrifugation at 10.000 rpm for 20 min and
washing with double distilled water. In order to investigate the influence of
reactants’ ratio on the reaction yield and on the size and shape of the
obtained AgNPs, different volumes of silver nitrate solution were mixed with
2 mL fruit extract in order to achieve the desired ratios.

The obtained silver nanoparticles were characterized using consecrated
methods, such as UV-Vis spectroscopy (using a Perkin EImer Lambda 25
double beam spectrophotometer) and transmission electron microscopy (using
a H-7650 120 kV Automatic transmission electron microscope, Hitachi,
Tokyo, Japan).
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POSSIBLE ZINC DIETARY SUPPLEMENT ONTO
RED GRAPE POMACE (VITIS VINIFERA L.) SUPPORT

SILVIA BURCA?, CERASELLA INDOLEAN=*

ABSTRACT. This paper presents a report about the extraction of resveratrol
with ethanol (EtOH) from red grape pomace (RGP) Vitis vinifera L. (Cluj,
Transylvania region, Romania) and obtaining a dietary supplement with zinc
on grape pomace support. The concentration of resveratrol (Rv) from the extract
was spectrophotometrically determined at 305 nm wavelength, and was found
to be 145 mg Rv/L. The material resulting after the extraction of resveratrol was
processed to obtain a zinc dietary supplement support. The thermodynamic
parameters, including Gibbs free energy (AG®), enthalpy (AH®) and entropy
(AS®°) of Zn?* biosorption were calculated and the results indicate that the
process is endothermic and spontaneous. The Zn?* biosorption kinetics was
analysed using pseudo-first- and pseudo-second-order models. The results
indicate that biosorption of Zn?* aqueous solution onto grape pomace
support is best described by the pseudo-second-order model.

Keywords: zinc, resveratrol, red grape pomace, food supplement, biosorption,
kinetics

INTRODUCTION

Zinc is an essential trace element for all forms of life. This metal plays
important roles in growth and development, has an immune function, and is
essential for neurotransmission, vision, reproduction, or intestinal ion transport.
Many proteins in humans have functional zinc-binding sites, over 50 enzymes
depend on the vital chemical reactions catalysed by zinc. Zinc may have a
regulatory function, modulating the activity of cell-signalling enzymes and
transcription factors [1-5].

a Babeg-Bolyai University, Faculty of Chemistry and Chemical Engineering, Department of
Chemical Engineering, 11 Arany Janos str., RO-400028, Cluj-Napoca, Romania
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Clinical zinc deficiency in humans was first described in 1961, when
the consumption of diets with low zinc bioavailability due to high phytate
content was associated with adolescent nutritional dwarfism in the Middle
East. Zinc insufficiency has been recognized by experts as an important
public health issue, especially in low-resource countries [6-14].

The elderly population above the age of 60—65 years shows a higher
risk of developing nutritional disorders caused by the ageing process, and
zinc deficiency is an important factor in the origin of certain common diseases
that affect and cause morbidity among this age group [15].

Zinc deficiency in humans is quite prevalent, affecting over two billion
people [16]. Nutritional zinc deficiency is widespread throughout developing
countries.

Therefore, the production of food supplements based on zinc is a field
of interest in recent years.

Zinc supplements including zinc acetate, zinc gluconate, zinc picolinate,
and zinc sulphate are commercially available. The recommended dietary
allowance for adult men and women is 11 mg/day and 8 mg/day of zinc,
respectively. Long-term consumption of zinc in excess of the tolerable upper
intake level (UL, 40 mg/day for adults). Zinc bioavailability is relatively high
in meat, eggs, and seafood; zinc is less bioavailable from whole grains and
legumes, due to their high content in phytate that inhibits zinc absorption [17-23].

Grape pomace is a waste which, due to the significant quantities of
wine produced throughout the world, pollutes the environment.

Discharging grape pomaces were shown to have a negative impact
on flora and fauna due to their high pollution load [24]. Using grape pomace
as fertilizer inhibits seeds germination, and the presence of lignin prevents
the waste to be used as animal feed, reducing digestibility [25].

The red grape pomace (RGP) is a form of biomass that together with
other organic residues from wine production can be used to obtain food
supplements or to obtain bioethanol. It is composed of: bark, stems, seeds and
moisture, but also of other components, among the main constituents would
be organic acids and polyphenols, unsaturated lipids and sterols, vitamins and
antioxidants, mineral elements (potassium, calcium, magnesium, iron, etc.),
which gives it the quality of a functional ingredient.

Resveratrol  (3,5,4’-trihydroxystilbene)  and piceid (3,5,4-
trihydroxystilbene-3-3-D-glucoside) are two of the major stilbene phytoalexins
which remain in significant quantities in grape pomace, after wine production.
Therefore, their extraction from the RGP is an essential step for obtaining
products with high antioxidant properties, before using the biomass as a
support for zinc biosorption.
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Consulting the literature it was found that grape pomace contains
significant amounts of substances that can be considered beneficial to health
[26, 27]. The most abundant in grape pomace are dietary fibres that are
present in high levels (up to 85% depending upon the grape variety) and
polyphenolic compounds that mainly (about 70%) remain in pomace after the
winemaking process [27].

The proximate composition of RGP based on dry weight (quantity
g/100 g) is: pH 3.6, ash, 6.8 wt %, humidity 74.3 w/w, residual sugars 1.6 %
w/w, cellulose 19.6% w/w, hemicellulose 12.0 % w/w, protein 10.4 % w/w [28].

The aims of this study are to perform the extraction of resveratrol from
red grape pomace (RGP) originating from the organic residues resulting from
Vitis vinifera L. wine production (Cluj, Transylvania region) and, also, to study
the Zn?* biosorption onto RGP support in order to obtain a possible dietary
supplement.

RESULTS AND DISCUSSION

Characterization of red grape pomace (RGP) biosorbent

The graphs from figure 1 showed different sample appearances
before (a) and after (b, c) wine production.

(b) (c)
Figure 1. Different grape types - (a). Residual grape pomace biomass, resulting
from the wine processing of white grapes - (b) and red grapes (RGP) - (c).

The results of elemental analysis showed the presence of C
(59.62%), N (3.1%), O (29.4%), Na (0.7%), Mg (0.1%), P (0.07%), K (0.31),
Zn (0.21%) from RGP. The high carbon content of biomass makes RGP a
good precursor material for biosorbents. Our results are in good agreement
with the literature data [29].
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The real density of RGP reflects the ratio of the mass material to its
volume, without taking into account pore volume. The real density of RGP
was also determined, resulting in an average particle diameter of 1.0-1.6 mm.
Particle size was gravimetrically determined [30].

The apparent density of a biosorbent expresses the ratio of the mass
of the material to its volume, including the volume of the pores. The apparent
density of RGP obtained, with 1.0-1.6 mm, is gravimetrically determined. The
porosity of RGP reflects the ratio between the pores volume and the total
volume of material. The establishing of RGP specific surface area, with 1.0-
1.6 mm, is achieved by using the gravimetric method for the desorption
isotherm determination.

The BET equation will be used to calculate the specific surface area of
the RGP biomass [13, 14, 17]. The results for physico-chemical characterization
of RGP are: Sger 324.3 m?/g, apparent density 1.234 g/cm3, real density 0.892
g/cmd, porosity 38.34%.

A defining feature of the adsorption process is the porosity of the
RGP. The higher its value is, the higher the adsorption capacity of material is.

Extraction of resveratrol from red grape pomace

Resveratrol (3,5,4’-trihydroxystilbene), (Rv), is a stilbenol, a polyphenol
and a member of resorcinols, in which the phenyl groups are substituted at
the positions 3, 5, and 4' by hydroxyl groups. It has a role as a phytoalexin,
an antioxidant and a glioma-associated oncogene inhibitor, figure 2.
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Figure 2. The chemical structure trans- (A) and cis- (B) of Rv.

The RGP Vitis vinifera (Cluj, Transylvania region) was treated with
96% EtOH, for 24 hours to extract Rv. To determine the extracted
polyphenolic components, the Janway 6305 spectrophotometer was used,
the UV-VIS spectrum was obtained for the wavelength range between 190-
and 800 nm, figure 3.

48



POSSIBLE ZINC DIETARY SUPPLEMENT ONTO RED GRAPE POMACE (VITIS VINIFERA L.) SUPPORT

To determine the Rv content from the RGP extract, it was worked at
305 nm, with a dilution of 1:100.

The spectrophotometer was calibrated, using standard solutions in
the concentration range 0.1 — 1 x 104 M. With the absorbance values measured
at 305 nm, the concentration of Rv in the alcoholic solution was calculated,
this being 145 mg / L, for a ratio of mass of RGP / solvent of 1:20.

The effect of zinc ions concentration on the biosorption process

The experiments were conducted using 100 mL Zn?* aqueous
solutions with the Zn?* concentrations between 181-341 mg Zn?*/L, in batch
conditions, with magnetic stirring at 200 rpm, at room temperature (T=293K,
20°C) and 2 g RGP biosorbent, with grain size of 0.6-1.0 mm. The variation
of the Zn?* concentration over time, until the equilibrium is established
(constant residual concentration of Zn?*) is presented in figure 4.

Sean Spectrum Curve
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Figure 3. UV-VIS spectrum of the red grape extract
(extraction in EtOH, 20°C (293K), dilution 1:100).

From the recorded experimental results, it was possible to reach
equilibrium after about 90 minutes, the maximum adsorption capacity of Zn?*
on the obtained biomass being 11.92 mg Zn?*/g (for initial concentration 341
mg Zn?*/L), the efficiency calculated based on values obtained from
experimental data being 88%
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Figure 4. The influence of the initial Zn?* concentration over the time evolution for
biosorption onto RGP (181-341 mg Zn?*/L, 2 g RGP, 0.6-1.0 mm,
293 K, pH= 6.3, 200 rpm).

The effect of the stirring rate

The study was conducted under the following conditions: room
temperature (293K, 20°C), concentration of zinc solution 275 mg Zn?*/L,
grain size of RGP 0.6 - 1 mm, the ratio of addition of biomass/volume of zinc
solution is 2 g RGP/100 mL; the stirring rates were 200, 300 and 400 rpm.

From the data collected after the experiment it can be seen that,
after about 90 minutes, equilibrium is reached (until constant residual
concentration), the adsorption capacity of the prepared biomaterial RGP
being 10.94 mg Zn?*/g for experiments conducted at 300 rpm. As the stirring
rate increases from 200 to 300 rpm, the liquid layer around the adsorbent
particles decreases and the amount of Zn?* retained on the surface of the
adsorbent material increases. If the experiment is carried out at 400 rpm, a
decrease of adsorption capacity (qe, mg/g) is observed, as a result of the
increase of mechanical disorder, which probably leads to a slower establishment
of the biosorption conditions, and, consequently, to a decrease of the biosorption
efficiency (E, %), figure 5.
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Figure 5. The maximum efficiency and adsorption capacity for Zn?* biosorption
process onto RGP biomass; the influence of stirring rate.

The effect of the grain size of RGP biosorbent

This study was performed under the following conditions: the room
temperature (293K, 20°C), the concentration of zinc solution was 224 mg
Zn?*/L, magnetic stirring rate 300 rpm, grain size biomass granulation 0.4-
0.6, 0.6 - 1 mm and >1mm, the ratio of RGP biomass/volume of zinc solution
was 2 g RGP/100 mL Zn?* solution.

The study of the particle granulation influence on the biosorption
process revealed that, for the RGP material with granulation between 0.6-1
mm, the maximum adsorption capacity was 6.89 mg Zn?*/g.

The increase of the RGP granulation leads to a decrease of the
specific surface of the adsorbent material, which determines the decrease of
the adsorption capacity (6.49 mg Zn?*/g for grain size >1 mm), figure 6.

The influence of temperature on the biosorption process.
Thermodynamic

The Zn?* biosorption onto RGP was conducted using three different
temperatures (20°C, 30°C and 40°C). It was observed that an increase in
temperature leads to an increase in the biosorption efficiency, suggesting
that the adsorption process is endothermic. Higher temperatures conduct to
a decrease in biosorption efficiency, due to the fact that, after 40°C (313 K)
desorption process begin, figure 7.

Similar results were reported in literature for the biosorption of Zn2*
onto different vegetal fibres wastes, [31].
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Figure 6. The effect of grain size biosorbent over the amount of Zn?* uptake onto
RGP biosorption (224 mg Zn?*/L, 300 rpm, grain size biomass granulation 0.4-0.6,
0.6-1 mm, >1 mm, 2 g RGP/ 100 mL).

For each experiment, performed at a certain temperature, values of
biosorption capacity (qe) and Zn?* concentration in solution, at equilibrium
(Ce) were determined.

The equilibrium constant Kd, of the biosorption process, calculated
as qe/Ce, can be used to estimate the thermodynamic parameters, due to its
dependence on temperature.

E%

70.00

68.00

66.00

64.00

Figure 7. The influence of temperature over the adsorption efficiency of Zn?* onto
RGP (272 mg Zn?*/L, 300 rpm, grain size biomass 0.6 - 1 mm, 2 g RGP/ 100 mL).
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In order to describe the thermodynamic behaviour of the biosorption
of Zn?* onto RGP biomass, standard thermodynamic parameters, including
the changes in standard free energy (AG°®), enthalpy (AH®) and entropy (AS°®)
were calculated using the following equations:

AG° = —RTInkK, (1)

AG® = AH® — TAS® (2)

where, R is the universal gas constant (8.314x10-3 kJ/K-mol), T is absolute
temperature (K), and Kd is the distribution coefficient (L/g) calculated as
ge/Ce, Where qe is biosorption capacity (mg/g) and Ce is Zn?* concentration in
solution at equilibrium.

The AH° and AS° parameters were estimated from the following
equation:

Kd = qe/Ce (3)

from the slope and intercept of the InKd versus 1/T plot [13, 32].

The plot of In(Kd) as a function of 1/T (Figure 8) yields a straight line
(R? =0.999) from which AH°® and AS° were calculated, Table 1. The values
of AG® for Zn?* biosorption onto RGP were found to be negative for the
experimental range of temperatures (Table 1) corresponding to a favourable
process.

Table 1. The thermodynamic parameters for Zn?* biosorption onto RGP biomass,
at various temperatures.

Biomas AH° AS° AG®
(kJ/mol) (kJ/K*mol) (kJ/mol)
RGP 9.150 0.31 293K 303K 313K
-1.996 -5.187 -8.378
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Figure 8. Plot of InKd versus 1/T for Zn?* biosorption onto RGP
(Ci=272mg Zn?/L, 2 g RGP, 0.6 <d < 1.0 mm, 300 rpm).

Furthermore, the decrease in the values of AG° with temperature
increasing indicates that the biosorption is more favoured at higher
temperatures.

The positive value of AH® (Table 1) confirms the endothermic nature
of the overall biosorption process. This means that, as the temperature
increases, more energy is available to enhance the biosorption, but, until
40°C, desorption process begin. Our results are in good agreement with
other literature data [30-32].

The endothermic process shows that the diffusion from bulk solution
to RGP biosorbent surface may require energy to overcome interaction of
dissolved ions with solvation molecules.

Moreover, the positive value of AS° (Table 1) points out the increased
randomness at the solid/liquid interface during the biosorption of Zn?* onto
RGP [17-19].

Biosorption kinetics

Pseudo-first-order (Lagergren, [33]) and pseudo-second-order (Ho,
[34]) models were used to study the biosorption kinetic.

Linear regression was used to determine the best fitting kinetic rate
equation (coefficient of determination, R?).
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Lagergren suggested a first-order equation for the adsorption of
liquid/solid system based on solid capacity, which can be expressed as
follows:

dq;

T k1(qe — q¢) (4)

Integrating equation (4) from the boundary conditionst=0to t=tand
qg=0to qt=q, gives:
In(ge — qr) = Inqe — kqt (5)

where: ge and q: are the amounts of Zn?* biosorbed (mg Zn?*/g) at equilibrium
and time t, respectively, ky is the rate constant of first order adsorption
(1/min).
The pseudo-second-order kinetic model is derived based on the
adsorption capacity of the solid phase, expresses as'®:
dq;

At =kz(qe — Qt)z (6)

Integrating eq. (6) from the boundary conditions t =0 tot =t and
g:=0 to qi= qy, gives:

1
kot 7
@e—q)  qe ° "

where: ge and q: are the amounts of Zn?* biosorbed (mg Zn?*/g) at equilibrium
and time t, respectively, ko is the rate constant of first order adsorption
(g/mg-min).
Equation (7) can be rearranged in linear form, as follows:
t 1 t

_—— 4+ —
aG  kaGe? | Qo (8)

Because the correlation coefficients are modest (between 0.92 and
0.95), and calculated adsorption capacities values show great differences by
comparison to experimental values (values are not shown) it can be
concluded that the Zn?* biosorption onto RGP biomass cannot be classified
as pseudo-first-order.

The linear plots of t/q: versus t representation (Figure 9) allows the
calculation of kz, ge values and the coefficient of determination, R? (Table 2),
when pseudo-second-order kinetic model was applied for the considered
adsorption process.
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Table 2. Pseudo-first and pseudo-second order rate constants, calculated and
experimental ge values for Zn?* biosorption onto RGP.

(C Pseudo-first order Pseudo-second order
mg
an"'/L) Qe exp Qe calc K1 R? Qe calc k2 R2
(mg/g) | (mg/g) | (min™) (mg/g) | (9/mg-min)
181 6.61 4.034 0.034 | 0.923 6.72 0.046 0.998
275 7.94 6.19 0.033 | 0.946 9.09 0.026 0.996
341 9.92 7.22 0.029 | 0.951 10.23 0.022 0.998

Values of 0.996-0.998 for R2 were obtained for all concentrations

considered (181-341 mg Zn?*/L).
In addition, the calculated qe values are very close to the experimental

ones (Table 2).
Therefore, it was concluded that Zn?* biosorption on RGP obey the

pseudo-second-order kinetic model.

@181 mg/lL ©275mg/L @341 mg/L

100

t, min

Figure 9. Plots of the pseudo-second-order kinetic model of Zn?*
biosorption, onto RGP biomass.

56



POSSIBLE ZINC DIETARY SUPPLEMENT ONTO RED GRAPE POMACE (VITIS VINIFERA L.) SUPPORT

CONCLUSIONS

The study have shown that resveratrol (Rv) can be separated from
grape pomace Vitis vinifera L. (Cluj, Transylvania region, Romania) with good
efficiency, the extraction of Rv with EtOH from RGP biomass being 145 mg/L.
The biosorption of Zn?* aqueous solutions using red grape pomace (RGP) Vitis
vinifera L. has been investigated under different experimental conditions, in
batch mode. Biosorption process followed pseudo-second-order kinetic
model. The positive enthalpy (AH® = 9, 15 kJ mol-1) change for the adsorption
process confirms the endothermic nature of the adsorption. The negative
values of AG° suggest the spontaneous nature of the adsorption process.

EXPERIMENTAL SECTION

Preparation and characterization of the biosorbent

The biomass used in this work was red grape pomace, RGP (Vitis
vinifera L., Cluj, Transylvania region) from the winemaking process. After
fermenting for ten days, the by-product was pressed and collected. The
sample was dehydrated in a forced-air-drying oven at 50 °C/24 h.

The RGP was treated with 96% EtOH, for 24 hours to extract Rv [28],
washed with water to remove traces of alcohol, dried and then treated with a
5% sodium hydroxide solution for 24 hours, to remove organic matter from
carbon matrix (with the role of cleaning the internal channels and holes and
obtaining a specific surface as large as possible).

The obtained biomass was washed with distilled water, then dried at
105 °C, for 24 hours. The biomass was ground and sieved. The granulation
biosorbent material was obtained: 1.0-1.6 mm, 0.6 - 1.0 mm and 0.2 - 0.6 mm
which was stored in plastic containers and used in the determinations of the
experiments.

Representative RGP samples were investigated using gravimetric
method (humidity, apparent density, real density, porosity humidity) [12] and
elemental analysis using a Thermo Finnigan Flash EA 1 Series equipment.

The adsorption capacity of a porous material is correlated with
properties, such as surface area, pore volume and porosity, these properties
are specific to each material [35-38].

Preparation of Zn?* solutions

The Zn?* stock solution (1000 mg/L) was obtained by dissolving the
necessary quantity of solid substance, ZnSO4x7H.0 (analytical purity
reagent) in distilled water. From this solution, the solutions with known
concentration in 181-341 mg/L range were further prepared.
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The study of the biosorption process of the Zn?* onto RGP

To determine the optimal parameters of the zinc ion biosorption process
on the RGP (working temperature, biosorbent granulation), the pomace
samples was contacted with the zinc solution of different concentrations, under
magnetic stirring, using a Heidolph MR Hei device, standard equipped with a
probe for recording temperature Heidolph EKT Hei-Con.

To determine the residual zinc concentration, samples were taken at
different time intervals: 5, 10, 15, 25, 35, 45, 60, 75 and 90 minutes. Samples
were appropriately diluted for spectrophotometric determination of zinc
concentration using 100 ml graduated flasks. Zinc reagents were added to
the collected samples. 10 minutes after the addition of the reagents, the
absorbance readings were taken using the Jenway 6305 molecular absorption
spectrophotometer, at a wavelength of 420 nm.

The experiments were repeated three times and concentration values
were calculated using averaged concentration values.

The experimental data were used to determine the equilibrium time,
the equilibrium concentrations, the amounts adsorbed at equilibrium and the
efficiency.

The biosorption process capacity and efficiency was calculated with
the equation (9) and (10):

Co — C, % 9
G — 8 T mere) ®)

q:

Co— G

0

(10)

E (%) = X 100

where: q — biosorption capacity (mg Zn?*/g);
Co — Zn?* initial concentration (mg/L);
Ct— Zn?* time t concentration (mg/L);
V — aqueous solution volume (mL);
m — biosorbent quantity (g);
E — efficiency (%)
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LEVENTE ZSOLT RACZ? GERTRUD-ALEXANDRA PALTINEAN?,
IOAN PETEAN?, GHEORGHE TOMOAIA®¢ | LUCIAN CRISTIAN POP?,
GEORGE ARGHIRY, ERIKA LEVEI®, AURORA MOCANU?,
CSABA-PAL RACZ?, MARIA TOMOAIA-COTISEL?¢"

ABSTRACT. Curcumin (CCM) has beneficial effects on human health due to
its pharmacological activities, which have a protective role against many
diseases. Whey protein concentrate (WPC) is a product from the milk industry
that is often used to improve and stabilize different foods. It helps curcumin
improve its water solubility, poor bioavailability, low stability, and efficacy.
Atomic force microscopy (AFM) was employed to highlight the surface
topography of adsorbed films of pure curcumin, pure whey protein concentrate,
and their CCM-WPC complex. The obtained results show that individual
nanopatrticles, NPs, were mobilized into the aqueous dispersion and successfully
adsorbed onto the glass slides as thin films. Their NPs shape is rounded, and
their diameter differs on each sample, namely about 30 nm for CCM, around
55 nm for WPC, and about 40 nm for the CCM-WPC complex. It proves that
both CCM and WPC molecules generate a complex that embeds them in a
compact structure. The surface roughness was also monitored, and pure CCM
produces the smoothest and uniform film, meanwhile, the presence of WPC
makes several pores in the film surface which increases the roughness value.
The obtained results provide useful evidence for the application of whey
protein as an effective carrier of curcumin, a bioactive polyphenol compound.
In addition, this work supports the application of the CCM-WPC complex as
health supplements.
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INTRODUCTION

Curcumin (CCM) is a nutraceutical substance with many
pharmacological activities such as antioxidant, anticancer and analgesic, anti-
inflammatory, antiseptic, antiviral, antidiabetic, and antiparasitic, for which
researchers' attention was directed to its study in the biomedical field [1]. This
aspect is well documented in the literature: CCM prevents inflammatory
diseases, inhibits carcinogenesis, controls neurological, respiratory,
cardiovascular, metabolic, autoimmune diseases, and some cancers [2, 3]. It
is a small molecular weight compound extracted from the rhizomes of the
Curcuma longa plant and is used as a yellow spice in the food industry.
Specialized literature and the Food and Drug Administration declared that
curcumin utilization is safe and without toxic effect [4]. It is known as
diferuloylmethane or (1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-heptal,6-
diene-3,5-dione). Its structure contains two aromatic rings having phenolic o-
methoxy groups, connected by a (-diketone fragment.

Curcumin has low water solubility that contributed to its poor
bioavailability, stability, adsorption, and efficacy, limiting its therapeutic potential
[5-9]. Approaches to improving this limitation of curcumin properties were
highlighted in some research studies by the preparation of complex systems
between curcumin and phospholipids, curcumin and proteins (whey protein,
pea proteins, soy proteins or rice bran proteins), curcumin and 3-cyclodextrins
(BCD), and other colloidal systems for encapsulation or drug delivery based on
liposomes, micelles and polymers [10-12]. CCM binds to proteins molecules
through hydrogen bonds forming a complex that can improve the dispersibility,
bioavailability and biological activity of curcumin [13]. B-Lactoglobulin is the
main component of the whey protein which has the capacity to bind to CCM
due to its hydrophobic core and its resistance to pepsin digestion. Therefore,
the complex made by (-lactoglobulin and CCM can be an effective carrier of
CCM in the intestinal tract to treat inflammatory bowel disease [14, 15]. In the
case of cyclodextrins, the dedicated literature reveals that cyclodextrins are the
best carriers for enhancing the solubility of CCM. The conical cavities of
cyclodextrins are able of including various organic guests and form inclusion
complexes. Regarding the CCM-BCD inclusion complexes, the literature
emphasizes the release of drug and drug stability [16-20].

Whey protein concentrated (WPC) is a product resulting from cheese
manufacturing in the milk industry. Whey protein is used as an ingredient in
foods such as dairy, bakery products, beverages, and meat products [21]. It
is a low-cost chemical product that is non-toxic and presents good
biocompatibility. WPC is a mixture of B-lactoglobulin (57%), a-lactalbumin
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(19%), immunoglobulins which are actually some glycoprotein molecules (13%),
bovine serum albumin (7%) and specific polypeptides (4%), additional minor
protein/peptide components (lactoferrin, lactoperoxidase), glycomacropeptide,
carbohydrates such as lactose, minerals, vitamins, fatty acids, and cholesterol
(a lipid) [22-25]. The data in the literature highlighted that the whey protein
possesses some functional attributes which allowed the encapsulation of
molecules such as curcumin, to improve the solubility and bioavailability. In
addition, it can form gels, foams, or emulsions when is used in food products
[26]. Whey proteins are in 3 forms on the market: concentrates, isolates, and
hydrolysates. The difference between them is given by the percentage of
protein; the concentrate has fat, lactose, and proteins 29-89%, the isolate 90
% proteins and the hydrolysates represent the partial digested type of
proteins. All these forms of whey proteins have some biological activity such
as anticancer, antioxidant, antidiabetic, antihypertensive [6, 23, 27, 28].

The benefits of the CCM-WPC complex are highlighted in the
literature as: high resistance under gastric conditions; antitumor effects
against skin melanoma cells and its ability to decrease blood glucose and
liver oxidative stress and inflammatory damage [6, 28, 29]. Some studies use
nano-ionization to fabricate curcumin-whey protein composite particles and
show that denaturation of whey protein improves the protein-curcumin
interactions [30].

According to the fact that whey proteins, such as B-lactoglobulin,
have internal and external binding sites for hydrophobic molecules, such as
curcumin, and varied interactions, such as hydrophobic and electrostatic
interactions, as well as hydrogen bonding can occur between these proteins
and curcumin.

The curcumin-whey protein complex in the 1:1 mole ratio was
previously investigated by FTIR and XRD, and the encapsulation of CCM in
the WPC was revealed [6].

In the present research, our aim was to gain an understanding of the
binding between curcumin and whey protein concentrate nanopatrticles using
the AFM images. To the best of our knowledge, this is the first study with
whey protein concentrate as a nano-carrier and curcumin under physiological
condition. This investigation could be of support for the stabilization and delivery
of curcumin under different environmental conditions to increase its
bioavailability and biological effects.
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RESULTS AND DISCUSSION

AFM is a useful technology for the characterization of the materials
microstructure, nanostructure, and nanomechanical properties [31]. It represents
multidisciplinary research in the field of bio nanostructures [32-34], thin films
[35, 36], multifunctional biomaterials [37-43], and environmental pollution
[44, 45]. AFM is a complex investigation method that allows: measuring
surface roughness and characteristics of samples [46-54], analyzing the
interaction of the cell membrane with drugs [55-59]. Also, it is useful to
visualize the self-assemblies of biomolecules and allows measuring the
average particles diameter [60].

AFM may be operated in three modes: contact mode, non-contact,
and tapping mode. In this research we use AFM in tapping mode to evaluate
the surface morphology and roughness of the samples.

The curcumin powder dispersed in ultrapure water ensures a
mobilization of nanoparticles that are in Brownian agitation. Glass slide
immersion into the curcumin dispersion for 10 seconds facilitates these
nanoparticles to reach the lamella surface and to be adsorbed on it. They
remain well fixed, ensuring a very well-formed film after natural drying, as
observed from the macroscopic examination of the sample. AFM imaging
allows us to observe the nanostructure of this thin film, Figure 1.

The topography of the surface reveals curcumin nanoparticles with
spherical shape uniformly adsorbed ensuring a good cohesion of the film,
Figure 1a. They are adsorbed in a uniform manner avoiding sticking. This
aspect is due to the low solubility of curcumin in aqueous medium. Therefore,
the nanoparticles remain sharp and keep their diameter unchanged in
contact with water. At the same time, these nanoparticles are very well
individualized, appearing well outlined in the phase image, Figure 1b, where
they have a brown nuance, and the space between them (the boundary
between them) appears with a yellow colour. This is due to the well-defined
nanoparticle boundaries. The amplitude image sustains the good structuring
of the adsorbed film, Figure 1c, evidencing the uniformity of the adsorbed
nanopatrticles layer. The profiles in the topographic image show the rounded
appearance of the nanoparticles and their diameter around 30 nm, fact
confirmed by the particle size distribution histogram in Figure 1f. The
regularity of the film leads to very low values of surface roughness expressed
as the quadratic mean of the profile height deviations as root mean square,
RMS of about 4.76 nm, and arithmetic average roughness, Ra nearby 3.82
nm. The obtained values are comparable to the ones for similar thin films
reported in the literature [35, 36].
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Figure 1. AFM images of CCM NPs adsorbed on glass and naturally dried:
a) topographic image, b) phase image, c) amplitude image, d) profiles along
the arrows in panel (a), e) tridimensional image and f) histogram
of particle size distribution. Scanned area 2 pm x 2 um.

A prolonged adsorption time could lead to the WPC nanoparticles
dissolution due to their particular water solubility. The adsorption time control
is one of the most important parameters when working with whey protein.
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The whey protein concentrate was successfully dispersed in an aqueous
environment, ensuring optimal conditions for the transfer of nanoparticles on
the glass support by adsorption for 10 seconds, Figure 2.
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Figure 2. AFM images of WPC NPs adsorbed on glass and naturally dried:
a) topographic image, b) phase image, ¢) amplitude image, d) profiles along
the arrows in panel (a), e) tridimensional image and f) histogram
of particle size distribution. Scanned area 2 um x 2 um.
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The topography of the obtained film highlights a uniform adsorption of
the nanoparticles. They present a rounded shape and a high agglomeration
tendency being adsorbed very close to each other. The revealed
topographical aspect in Figure 2a confirms the success of adsorption. On the
other hand, the agglomeration tendency is explained by the partial solubility
of WPC in aqueous environment. The nanoparticles surface become sticky
in such humid conditions and tends to bond them together, forming clusters.
Several pores were observed in some places with diameters between 60 and
180 nm as well as a slight tendency to form clusters as can be seen in the
upper right corner of the image. Cluster formation is inhibited by the short
adsorption time and the dilution in the dispersion; Figure 2a. However, most
of the film areas are uniform and show a good individualization of the
nanoparticles, although they are very close to each other. This is supported by
the phase image, Figure 2b, where the boundary between the nanoparticles is
very small and appears yellow, while the nanoparticles are brown. The
tendency to form clusters is, however, very weak because they cannot be
observed in the amplitude image, Figure 2c, but instead, in this image one can
see the porosity of the sample. This leads to a roughness RMS of around 6.53
nm and Ra of about 5.09 nm. These aspects are perfectly correlated with
the 3D topographic image in Figure 2e. The cross-section profiles of the
topographic image highlight the rounded shape of the nanoparticles and
indicate their average diameter around 55 nm. This is in full agreement with
the data from the particle size distribution histogram, Figure 2f. It seems
that the partial solubility on WPC nanoparticles in aqueous environment
determined the appearance of the pores in the adsorbed film topography.

Complexation between curcumin and whey protein concentrate
shows significant changes in the morphology and behaviour of the resulting
powder. Its dispersion in ultrapure water releases nanoparticles that are
adsorbed in a uniform way on the glass surface. AFM images prove to be
strong evidence of this effect, Figure 3.

The surface topography shows a thin film of round nanoparticles
uniformly adsorbed on the glass slide. The resulted morphology is complex
containing elements from both components: from curcumin is observed the
good individualization of the nanoparticles and from whey protein the tendency
for pore formation is observed (pore size situated in the range of in 60 to 90
nm). The nanoparticles were adsorbed very close to each other, but they are
not bonded together, keeping their individuality, fact very well evidenced by
the phase and amplitude image, Figures 3b and 3c.

The appearance of the 3D image is smooth and uniform, but the
significant presence of pores determines the roughness values of RMS about
6.62 nm and Ra nearby 5.00 nm. The cross-section profiles in Figure 3d
show the nanoparticles rounded shape and the average diameter of 40 nm,
fact in accordance with the particle size distribution in Figure 3f. Data in the
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literature indicates diameters of WPC nanoparticles of about 40 nm [61, 62].
The pores presence in the CCM-WPC thin film is collateral evidence of
complex solubility increasing. Pore development within the tin film may occur
due to the local dissolution of some WPC nanoparticles in the contact with
humid environment.
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Figure 3. AFM images of the CCM-WPC complex, obtained at pH 7.4, adsorbed
on glass and naturally dried: a) topographic image, b) phase image, c) amplitude
image, d) profile along the arrow in panel (a), e) tridimensional image and
f) histogram of particle size distribution. Scanned area 2 um x 2 pm.

68



CURCUMIN AND WHEY PROTEIN BINDING AND STRUCTURAL CHARACTERISTICS
OF THEIR COMPLEX EVIDENCED BY ATOMIC FORCE MICROSCOPY

The nanostructure evolution in the CCM — WPC system reveals that
the complex nanoparticles have a larger diameter than that of pure curcumin,
but smaller than that of concentrated whey protein. This is a proof of the
interpenetration of the CCM and WPC, in good agreement with the
microscopically observation in the literature [61]. Therefore, the initial state
of the CCM-WPC complex is a dry powder just like many other dietary
supplements on the market. The present research evidences the CCM-WPC
ability to release nanoparticles into the aqueous environment that is similar to
the one release in the stomach medium. AFM investigation sustains the CCM-
WPC nanoparticles affinity to be adsorbed on the surfaces. It may be a useful
behavior during digestion to enhance contact with the small intestine walls.

The observations within present research allow us to figure out two
ways of CCM-WPC delivery into the gastric system: the direct one using a
classic dissolvable capsule with complex powder at the proper dosage or a
pressed pill; and the indirect delivery which is supposed to encapsulate the
complex powder into a microsphere. The CCM-WPC powder encapsulation
in a microsphere made of dissolvable material presents the benefit of
controlled release during digestion, avoiding premature contact of the
nanopatrticles with the digestive juice and the intestine wall. These aspects
represent a challenge for the future.

CONCLUSIONS

The nanostructures of the CCM-WPC system were successfully
investigated by atomic force microscopy which is a fundamental method for
the nano characterization of materials. Both initial CCM and WPC powders
were able to form nanoparticles into agueous environment. These nanoparticles
were adsorbed onto a glass substrate, forming thin films. Their shape is
rounded, and their diameter differs on each sample: about 30 nm for CCM,
around 55 nm for WPC.

The complexation involved between CCM and WPC leads to an
intermediary diameter of approximately 40 nm. CCM nanoparticles are
uniformly adsorbed on the glass surface, generating a smooth film with low
roughness. WPC tends to generate pores on the adsorbed film, which leads
to relatively higher values of the roughness. The CCM-WPC complex forms
a smooth thin film, but the influence of WPC within the composition still
generates some pores that affect the roughness value.

These results might support the development of functional foods
including curcumin and whey protein, with new uses in yoghourt and
nutritional supplements.
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EXPERIMENTAL SECTION

Materials

Curcumin from Curcuma longa powder = 65%, ethanol (CH3;CH,OH)
