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SEM L. (D) LPSG

Figure (1). Images taken of nanocapsules containing barley sprout extract coated with WPI (A) and LPSG (B), rice sprout extract coated with
WPI (C) and LPSG (D) by SEM.
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Figure (2). Changes in the peroxide value of sunflower oiil' uring storage.
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Table (1). Names of nanocapsules prepared in this research.
Nanocapsule name Description
BCP-LPSG Nanocapsules with LPSG walls containing cold plasma-extracted barley sprout extract
BCP-WPI Nanocapsules with WPI walls containing cold plasma-extracted barley sprout extract.
BUAE- LPSG Nanocapsules with LPSG walls containing ultrasound-extracted barley sprout extract.
BUAE- WPI Nanocapsules with WPI walls containing ultrasound-extracted barley sprout extract.

BCP-UAE-LPSG Nanocapsules with LPSG walls containing barley sprout extract pretreated with cold plasma and then extracted with

ultrasound.
BCP-UAE-WPI Nanocapsules with WPl walls containing barley sprout extract pretreated with cold plasma and then extracted with
ultrasound.
RCP-LPSG Nanocapsules with LPSG walls containing cold plasma-extracted rice sprout extract.
RCP-WPI Nanocapsules with WPI walls containing cold plasma-extracted rice sprout extract.
RUAE- LPSG Nanocapsules with LPSG walls containing ultrasound-extracted rice sprout extract.
RUAE- WPI Nanocapsules with WPI walls containing ultrasound-extracted rice sprout extract.

Nanocapsules with LPSG walls containing rice sprout extract pretreated with cold plasma and then extracted with
ultrasound.

Nanocapsules with WPI walls containing rice sprout extract pretreated with cold plasma and then extracted with
ultrasound.

RCP-UAE-LPSG

RCP-UAE-WPI

T Abbreviations: B: Barley sprout; R: Rice sprout; CP: Cold plasma extraction; UAE: Ultrasound-assisted extraction; LPSG: Lepidium perfoliatum seed
gum; WPI: Whey protein isolate.
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Table (2). Total phenol and flavonoid content of rice and barley sprout extracts obtained from different extraction methods.

Samples TOtaLElgleg(:E/(g;tem Total fl(a::grg)ll;gc)ontent Extraction efficiency (/.)
BCP 2.81+0.13 © 2.14+0.07 ¢ 10.26+0.90 *
BUAE 3.2740.07 ° 2.90+0.10° 12.08+0.66 ™
BCP-UAE 4.11+0.09 3.65+0.07 * 14.010.71 *
RCP 2.23+0.18 © 1.21+0.04 9.63+0.84 °
RUAE 2.52+0.11 ¢ 1.77+0.08 11.37 £0.45
RCP-UAE 3.36+0.11° 2.55+0.07 ¢ 13.29+0.87

! Abbreviations: GAE: Gallic acid equivalent; QE: Quercetin equivalent. BCP (barley sprout extract extracted with cold
plasma), BUAE (barley sprout extract extracted with ultrasound), BCP-UAE (barley sprout extract obtained from cold
plasma pretreatment and extracted with ultrasound), RCP (rice sprout extract extracted with cold plasma), RUAE (rice
sprout extract extracted with ultrasound), RCP-UAE (rice sprout extract obtained from cold plasma pretreatment and
extracted with ultrasound).

2 Values are expressed as mean + standard deviation (n=3). Different lowercase superscript letters within a column indicate
statistically significant differences (p < 0.05).
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Table (3). DPPH radical scavenging activity of extracts obtained from different extraction methods.

Concentration (ppm)

Samples
200 400 600 800 1000
BCP 35.63+1.52° 50.15+1.73 ¢ 64.29+1.14 € 66.8+0.66 ° 70.27+0.51°
BUAE 41.27+¢1.38° 56.82+1.17°¢ 65.00£0.82 ¢ 71.44+153°¢ 74.00+1.22 ©
BCP-UAE 49.82+0.36° 65.3740.40 ° 75.01£0.94 ° 79.6940.93 ° 83.51+0.42 °
RCP 28.40+0.41° 41.00£0.82 © 50.57+0.89 ° 56.57+1.17 66.39+0.50 1
RUAE 33.98+1.15° 48.22+0.43 ¢ 58.34+0.90 63.84+0.85 ° 72.23+1.35 %
RCP-UAE 42.53+0.49 ¢ 56.08+1.61° 65.29+1.18 66.42+1.11° 75.68+2.18
TBHQ 92.25:0.97 ° 92.25+0.97 ° 92.25+0.97 ° 92.25+0.97 ° 92.25:0.97 °
(100 ppm)

' Abbreviations: BCP (barley sprout extract extracted with cold plasma), BUAE (barley sprout extract
extracted with ultrasound), BCP-UAE (barley sprout extract obtained from cold plasma pretreatment and
extracted with ultrasound), RCP (rice sprout extract extracted with cold plasma), RUAE (rice sprout extract
extracted with ultrasound), RCP-UAE (rice sprout extract obtained from cold plasma pretreatment and
extracted with ultrasound).

2 Values are expressed as mean * standard deviation (n=3). Different lowercase superscript letters within a
column indicate statistically significant differences (p < 0.05).
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Table (4). Reducing power of extracts obtained from different extraction methods.

Concentration (ppm)

Samples
200 400 600 800 1000
BCP 22.51+0.52 ¢ 35.00£0.03 44.24+0.03 ° 51.3340.72 ¢ 55.50+0.51 °
BUAE 28.16+0.66 € 41.20+1.33° 51.00£0.75 ° 57.8440.93 ¢ 61.10+1.04 °
BCP-UAE 34.9410.80 ° 48.61+1.00° 36.5810.11 65.4610.77 70.64+1.63°
RCP 18.92+0.80 30.53+0.41f 38.9940.62 ° 44.57+0.79 53.2040.64
RUAE 23.46+0.64 ° 36.1610.80 ° 44.67+0.33° 49.78+1.18° 59.61+1.21°
RCP-UAE 30.5540.75 ° 44.08+1.47 ¢ 53.2410.82° 53.61:0.81° 64.3340.57
TBH a a a a a
(100 p:}m) 91.3840.57 91.38+0.57 91.38+0.57 91.38+0.57 91.38+0.57

" Abbreviations: BCP (barley sprout extract extracted with cold plasma), BUAE (barley sprout extract
extracted with ultrasound), BCP-UAE (barley sprout extract obtained from cold plasma pretreatment and
extracted with ultrasound), RCP (rice sprout extract extracted with cold plasma), RUAE (rice sprout extract
extracted with ultrasound), RCP-UAE (rice sprout extract obtained from cold plasma pretreatment and
extracted with ultrasound).

2 Values are expressed as mean * standard deviation (n=3). Different lowercase superscript letters within a
column indicate statistically significant differences (p < 0.05).
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Table (5). Nanocapsule specifications

Nanocapsules
name

Particle size (nm)

PDI

Zeta potential (mV)

Encapsulation
efficiency (%)

BCP-LPSG
BCP-WPI
BUAE- LPSG
BUAE — WPI
BCP-UAE-LPSG
BCP-UAE-WPI
RCP-LPSG
RCP-WPI
RUAE- LPSG
RUAE — WPI
RCP-UAE-LPSG
RCP-UAE-WPI

185.77+12.20 **
180.26+10.61 **
192.73+14.85 **
180.39+11.45 **
166.01+13.38
161.40£10.95 °
195.22412.25 %
191.04£11.84 **
210.49+16.33°
200.06+14.70 *
174.12412.97 ™
170.35+10.61 ™

0.20 +0.005 °f
0.19+0.002
0.23+0.003 ¢

0.21+0.001 %
0.19+0.004 ®
0.18+0.004 8
0.23+0.006 ©
0.22+0.007

0.27+0.005 °
0.25£0.002°

0.21+0.008 *

0.20 +0.024

-33.01+2.11 **

-35.43+2.02 %
-30.33+2.87 ™
-32.38+1.83 ¢

-36.5242.00°

-37.11#1.07°
-29.23+2.32 “*
-30.96+1.43 "%

-26.33+2.87 °
-28.18+3.49 %
-33.13+2.41 *¢
-34.00+2.16 **

79.01£3.41
81.2642.31 ™
75.2543,58 “*°
78.3343.68
83.00£2.45 *
85.20+1.76 °
77.36£2.95 %
79.00£3.27 2%
72.48+3.88°
74.2942.72 %
80.05+2.83 >
82.1842.14 **

' Abbreviations: PDI: Polydispersity index; See Table 1 for nanocapsule name codes.

2 Values are expressed as mean * standard deviation (n=3). Different lowercase superscript letters within a
column indicate statistically significant differences (p < 0.05).
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Table (6). Release rate (%) of phenolic compounds from prepared nanocapsules.

Nanocapsules Storage time (Day)

name

0 4 8 12 16 20 24
BUAE — WPI 16.54+0.19 © 22.00£0.51 30.21+0.64 € 39.36+0.96 ™" 49.7610.94 58.65+0.53 *" 65.29+0.44 "¢
BUAE- LPSG 14.75+0.97 ©* 20.29+0.52 "® 28.29+0.63 " 36.8240.48 ™ 45.49+0.66 <" 53.94+0.60 * 61.0140.19 ¥
BCP-WPI 13.72+0.73 * 24.08+0.19 M 32.57+0.43 & 42.27+0.43 > 51.96+0.40 © 61.070.09 °% 68.40+1.04 *°
BCP-LPSG 15.85+0.62 21.5240.47 & 29.77+1.14 %" 38.94+1.20 ™ 48.26+0.14 @ 57.16+0.73 © 63.50£0.26 *"
BCP-UAE- LPSG 15.76+0.25 & 26.97+0.40 © 36.7610.23 ©° 47.55£0.24 °° 58.8410.46 © 58.8410.42 ®° 74.10£0.19 *°
BCP-UAE- WPI 12.2740.62 27.26+0.64 7 38.42+1.85 % 49.73+0.37 » 61.88+0.11 “ 70.09+0.17 * 76.47+0.46 "
RUAE — WPI 15.29+0.81 ® 20.8740.54 8 29.09+0.91 " 37.89+0.79 ** 47.07+0.78 ® 55.52+0.58 ¥ 62.35+0.41 "
RUAE- LPSG 11.83+0.86 25.10£0.41 34.06+1.35 © 43.3740.65 °* 53.65+0.60 63.07+0.85 ™ 70.04+0.29 *
RCP-WPI 15.88+0.43 21.3840.53 8 30.69+1.00 40.54+0.50 *¢" 51.18+0.75 60.3640.26 %8 66.82+0.93
RCP-LPSG 13.15+0.51 23.50+0.98 32.1640.41 ©f 41.6310.46 °% 52.04+0.27 © 61.83£0.49 °f 68.20+0.16 *°
RCP-UAE-WPI 12.7240.76 26.7140.63 7° 35.50£1.46 ©* 45.13+0.66 ™ 56.41+0.28 < 65.90+0.72 * 72.1240.77 "¢

RCP-UAE-LPSG 12.57+0.46 25.63+0.88 ™ 34.34£0.65 © 44.59+0.71 " 54.78+0.96 “ 64.27+0.13 ™ 70.97+0.38

' Abbreviations: See Table 5.
2 Values are expressed as mean * standard deviation (n=3). Different uppercase superscript letters within a row indicate statistically significant differences
over time (p < 0.05). Different lowercase superscript letters within a column indicate statistically significant differences between samples at a specific time

(p < 0.05).
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Introduction: Oxidative rancidity is a major challenge for the shelf-life of polyunsaturated vegetable oils like
sunflower oil. While synthetic antioxidants are effective, safety concerns have increased demand for natural
alternatives. Barley and rice sprouts are rich sources of bioactive phenolic and flavonoid compounds with high
antioxidant potential. Efficient extraction of these compounds requires novel, non-thermal technologies. Cold
plasma (CP) and ultrasound-assisted extraction (UAE) are two promising green methods. CP modifies surface
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structure via active species, while UAE enhances mass transfer through cavitation. Their combination may have
synergistic effects. Furthermore, the low stability and bioavailability of plant extracts in food matrices necessitate
encapsulation. Nanocapsulation using natural biopolymers like whey protein isolate (WPI) and Lepidium sativum
seed gum (LPSG) can protect bioactive compounds and enable controlled release. This study aims to: 1) Evaluate
and compare the efficiency of UAE, CP, and combined CP-UAE methods for extracting bioactive compounds from
barley and rice sprouts, 2) Investigate the impact of encapsulating the best-performing extracts in WPI and LPSG on
the physicochemical properties of nanocapsules, and 3) Determine the efficacy of optimized nanocapsules in
enhancing the oxidative stability of sunflower oil, presenting an integrated natural alternative to synthetic
antioxidants.

Materials and Methods: Barley and rice sprouts were germinated,dried, and powdered. Extracts were obtained
using three methods: UAE (35 kHz, 35°C, 30 min), CP (Dielectric Barrier Discharge, nitrogen, 30 kV, 5 min), and a
combined method (CP pre-treatment followed by UAE). Extraction yield, total phenolic content (TPC, Folin-
Ciocalteu), and total flavonoid content (TFC, aluminum chloride method) were measured. Antioxidant activity was
evaluated via DPPH radical scavenging and FRAP assays at concentrations of 200-1000 ppm. Selected extracts were
nanocapsulated using an emulsification-sonication method with WPI and LPSG as wall materials, followed by
freeze-drying. Nanocapsule properties (particle size, PDI, zeta potential, encapsulation efficiency (EE), phenolic
release rate) were characterized. The oxidative stability of sunflower oil fortified with free extracts, nanocapsules,
synthetic TBHQ (100 ppm), and a control (no antioxidant) was assessed during 24 days of accelerated storage at
60°C by measuring peroxide value (PV) and para-anisidine value (p-AV) at 4-day intervals. Statistical analysis was
performed using one-way ANOVA and Duncan's test (p<0.05).

Results and Discussion: The combined CP-UAE method yielded the highest extraction efficiency, TPC, and TFC
for both sprouts, with barley sprout extract (BCP-UAE) showing the best results (14.01% yield, 4.11 mg GAE/g,
3.65 mg QE/g). This is attributed to the synergistic effect of CP-induced cell wall permeability and UAE-enhanced
mass transfer. Antioxidant activities (DPPH & FRAP) of all extracts were concentration-dependent. BCP-UAE
exhibited the strongest activity among natural extracts (83.51% DPPH inhibition at 1000 ppm), correlating with its
higher phenolic content. TBHQ showed superior activity at a much lower concentration (100 ppm). Nanocapsules
exhibited nanometric particle sizes (161.40-210.49 nm), low PDI (<0.3), high negative zeta potential (up to -37
mV), and good EE (72.48-85.20%). The smallest particle size and highest EE were observed for BCP-UAE-WPI
nanocapsules (161.40 nm, 85.20%). SEM images confirmed spherical, smooth, and crack-free morphology for
optimal nanocapsules (BCP-UAE-WPI, BCP-UAE-LPSG, etc.). The phenolic release from nanocapsules increased
over 24 days, with BCP-UAE-WPI showing the highest release rate. In the oxidative stability test, all antioxidant
treatments significantly delayed oil oxidation compared to the control. Nanocapsules outperformed their
corresponding free extracts. The BCP-UAE-WPI nanocapsules demonstrated the most effective protection among
natural treatments, showing the lowest PV and p-AV values after 24 days. Its performance was statistically
comparable to that of TBHQ, indicating its high potential as a natural alternative. The superior performance of BCP-
UAE-WPI is attributed to the high antioxidant potency of the combined-method extract and the effective protection
and controlled release provided by the WPI nanocapsule matrix.

Conclusions: The integrated strategy of combined CP-UAE extraction followed by nanocapsulation within a WPI
matrix proved highly effective. This approach maximized the recovery of bioactive antioxidants from barley sprouts
and successfully delivered them in a protected, controlled-release format into sunflower oil. The resulting BCP-
UAE-WPI nanocapsules significantly enhanced the oil's oxidative stability, performing comparably to the synthetic
antioxidant TBHQ. This study provides a promising, green, and effective protocol for developing natural antioxidant
systems from cereal sprouts to replace synthetic additives in lipid-based food products.

Keywords: Oxidation, Cold Plasma, Ultrasound, Nanoencapsulation.



