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Abstract

Spray drying is a well-established, energy efficient, and scalable process widely used in the food industry, however it may lead
to thermal degradation of susceptible compounds, such as (poly)phenols, resulting in biological activity loss to some extent. In
this study, we aimed to improve the physicochemical stability and bioaccessibility of (poly)phenols from Rosa pimpinellifolia
fruit extract (Rosa extract) loaded in liposomes by generating solid particles via spray drying. Liposomes were conjugated with
chitosan (Ch) and whey protein (Wp) to optimize the biopolymer concentrations by monitoring mean particle diameter, poly-
dispersity index, and surface charge. The mean diameter of liposomes ranged between 135 and 210 nm upon optimal addition
of Ch (0.4%, w/v) and Wp (4.0%, w/v) which also increased the entrapment efficiency of (poly)phenols from 74.2 to 77.8%
and 79.1%, respectively. After spray drying, about 65-76% of the antioxidant capacity were retained in biopolymer-conjugated
liposomes (Ch or Wp) while the retention rate was 48% in only spray-dried extract (Rosa extract powder). Compared to unen-
capsulated Rosa extract, spray drying (Rosa extract powder) and conjugation with Ch (Ch-Lip powder) or Wp (Wp-Lip powder)
significantly increased the bioaccessibility of (poly)phenols and preserved their antioxidant capacity. Based on the findings
of this study, Ch- or Wp-conjugation of liposomes prior to spray drying could improve physicochemical stability and protect
(poly)phenols loaded in liposomes against processing stress and passage through the digestive tract. Further in vitro and in vivo
investigations on a variety of bioactive compounds may draw more attention to their potential as functional foods.
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Introduction

The application of additives from natural sources, as alter-

native to synthetic sources, in food products has gained
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liposomes offer a greater stability of (poly)phenols during
storage (Yu et al., 2021). Spray drying is an easily scalable
and highly efficient dehydration technique which is widely
preferred in food and pharmaceutical industries (Lu et al.,
2020). The cost of drying is 30 to 50 times lesser in spray
drying compared to freeze drying (Desobry et al., 1997).
In order to retain susceptible (poly)phenols during this
hot drying process, suitable protectants, also known as
carrier materials, are applied. Nevertheless, spray drying
of liposomes with protectants could led to aggregation and
creaming, probably resulting from the exclusion of vesi-
cles (Karadag et al., 2013). Taken together, to overcome
these limitations of liposomes for industrial applications,
electrostatic deposition of biopolymers was suggested to
facilitate the rigidity of liposomal membrane (Tan et al.,
2021). In our previous work, we confirmed the occur-
rence of flocculation and phase separation in uncoated
liposomes after maltodextrin addition to aid spray drying
(Giiltekin-Ozgiiven et al., 2016).

Through intermolecular electrostatic interactions, biopoly-
mers can form conjugates (polyelectrolyte complexes) with
oppositely charged molecules. In the case of liposomes, the
biopolymer selection is restricted to water-soluble and bio-
compatible ones, which have generally recognized as safe
(GRAS) status (Madrigal-Carballo et al., 2010). Biopolymers
used to conjugate liposomes in previous studies include chi-
tosan (Hasan et al., 2016; Sarabandi & Jafari, 2020a; Shin
etal., 2013; Tan et al., 2016), whey protein (Dag et al., 2019;
Frenzel & Steffen-Heins, 2015; Pan et al., 2020), alginate
(Goémez-Estaca et al., 2021; Liu et al., 2016; Wang et al.,
2015), pectin (W. Zhou et al., 2014), and others (Alemén
et al., 2016; Dadashzadeh et al., 2010; Dag et al., 2019).
Although the majority of polysaccharides are either neutral
or negatively charged in an acidic condition, chitosan is a
polycationic linear aminopolysaccharide. It is derived from
partial deacetylation of chitin, which is the most abundant
polysaccharide biopolymer occurring in nature, from exo-
skeletons of crustaceans, insects, and the cell walls of fungi
(Cheung et al., 2015). On the other hand, whey protein iso-
late, a by-product from the dairy industry, contains globu-
lar proteins including p-lactoglobulin, a-lactalbumin, and
bovine serum albumin with a net positive charge under an
acidic environment (Kilara, 2015). The significant potential
of liposomes loaded with natural-derived antioxidant or anti-
microbial extracts from broccoli sprout (Azarashkan et al.,
2022), brown algae (Savaghebi et al., 2021), garlic (Pinilla
et al., 2020), green tea (Jara-Quijada et al., 2023), mulberry
waste (Giiltekin-Ozgiiven et al., 2016), myrtle leaf (Gorjian
et al., 2022), and thyme (Aziz & Almasi, 2018) in the manu-
facture of functional foods were well-established by the pre-
vious studies in aqueous, spray dried, or freeze-dried form.

In this study, the pseudo-fruits of the genus Rosa L.
were selected as source of (poly)phenols because of their
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high content of bioactive compounds (Zhou et al., 2023).
Rosa pimpinellifolia L. is a deciduous shrub with purple-
black fruits, rich in particularly anthocyanins. Rosa pimpi-
nellifolia fruit extract (Rosa extract) was obtained using
aqueous-ethanol-modified supercritical CO, extraction
which provides extracts that are safe for human consump-
tion (Kasapoglu et al., 2023). To the best of our knowledge,
liposomal encapsulation of Rosa extract through ethanol
injection method combined by microfluidization has not
been evaluated. To develop a food-grade formulation that
is stable over time and appropriate for industrial processes,
the aim of this study was to compare the conjugation of
liposomes with two frequently used polysaccharide- and
protein-based biopolymers, i.e., chitosan and whey pro-
tein, based on their retention of the antioxidant features
during spray drying and simulated gastrointestinal diges-
tion. It should be noted that spray drying is also a widely
preferred encapsulation technique in the food and phar-
maceutical sector to protect bioactive compounds as it is
a cost-effective one-step process (Murugesan & Orsat,
2012). Therefore, Rosa extract was encapsulated using both
liposomes and spray drying. The objectives of this study
were (i) conjugation of liposomes with varying concentra-
tions of chitosan (Ch) and whey protein (Wp) and selecting
the optimal treatment and (ii) to investigate the impact of
spray drying on retention and bioaccessibility of the (poly)
phenols content and antioxidant capacity of Rosa extract
loaded in biopolymer-conjugated liposomal powders.

Materials and Methods
Materials

Lecithin (Lipoid P75®) was a kind present from Lipoid
GmbH (Ludwigshafen, Germany). Tween®80 (P1754) and
cholesterol (C8667) were obtained from Sigma-Aldrich
(Steinheim, Germany). Chitosan with 80% DDA (degree
of deacetylation) was a gift from Primex (Siglufjordur,
Iceland). Whey protein isolate (Wp) (89% protein) was
purchased from Isopure Company, LLC (195 Engineers
Road Hauppauge, NY 11788, USA). Maltodextrin with
a dextrose equivalent of 16 (Glucidex®) was donated
(Roquette, France). Triton X100 and other chemicals
were obtained from Merck (Darmstadt, Germany). The
enzymes used for the in vitro digestion, pepsin from por-
cine gastric mucosa (P7000; > 250 units/mg), pancreatin
from porcine pancreas (P7545; 8xUSP specification),
porcine bile (B8631), bovine bile (B3883), and lipase
from porcine pancreas Type II (L3126) were from Sigma-
Aldrich (Steinheim, Germany). All the reagents were of
analytical grade throughout the study.
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Preparation of Rosa extract

The fruits of Rosa pimpinellifolia L. were collected from
Giimiigshane Province in Blacksea region of Turkey. Fresh
fruits were cleaned, milled (including seeds) using liquid
nitrogen, and freeze-dried (Christ Alpha 1-2 LD plus, Buch
& Holm, Denmark). (Poly)phenols were extracted from
fruits according to our previous study (Kasapoglu et al.,
2023). Ethanol-modified supercritical carbon dioxide (CO,)
extraction of (poly)phenols was performed using a super-
critical fluid extraction system (Waters SFE 1000, USA)
applying hydrated ethanol (25%, v/v) as entrainer (10%,
w/w). Freeze-dried powdered fruits were extracted at 60 °C
and 280 bar. The CO, mass flow rate was 50 g min~"! during
60 min. Ethanol content in the obtained extract was evapo-
rated (Buchi Rotavapor RII, Flawil, Switzerland), and the
remained extract was lyophilized and stored at— 20 °C.

Preparation of Liposomes

Liposomes were prepared using an ethanol injection method
followed by high-pressure microfluidization according to Zou
et al. (2014) with minor modifications. Lecithin (Lipoid®
P75), cholesterol, Tween 80, and Rosa extract were mixed in
a mass ratio of 8:2:4:1. The mixture was dissolved in ethanol
and injected into the same volume of phosphate buffer (pH
4.0, 0.01 M phosphate/0.1 M acetic acid) while stirring. After
1 h, the dispersion was transferred to a rotary evaporator, and
ethanol was removed under reduced pressure at 60 °C. Then,
liposomal dispersions were passed through a high-pressure
homogenizer (Microfluidizer Processor M-110L, Microfluid-
ics, Newton, USA) 5 times at 25.000 psi.

Conjugation of Liposomes with Chitosan and Whey
Protein

Negatively charged liposomes were conjugated with
positively charged biopolymers as previously described
(Kasapoglu et al., 2022). To determine the optimum biopol-
ymer concentrations for conjugation, empty liposomes
and Rosa extract-loaded liposomes were added to chitosan
(Ch) (0.2-1.0%, w/v) and whey protein (Wp) solutions
(2.0-10.0%, w/v) dissolved in distilled water containing ace-
tic acid (pH 3.0) with 1:1 weight ratio and stirred overnight
at room temperature. The experimental design to estimate
the effect of spray drying on physicochemical stability and
antioxidant capacity of Rosa extract-loaded liposomes con-
jugated with Ch or Wp is displayed in Fig. 1.

Spray Drying of Liposomes

Spray drying of conjugated liposomes was performed
after addition of pre-hydrated maltodextrin (20%, w/v) in
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Fig. 1 Experimental design to determine the effect of spray drying
on physicochemical and in vitro antioxidant stability of Rosa extract-
loaded liposomes conjugated with chitosan or whey protein

phosphate buffer (pH 4.0). The resulting liposomal feed con-
sisted of 20% (w/v) maltodextrin, 0.05% (w/v) Rosa extract,
0.5% (w/v) lecithin, and 0.2% (w/v) Ch or 2.0% (w/v) Wp
and dried at a feed rate of 2.5 cm*/min and 0.67 m*/min air
flow using mini spray dryer B-290 equipped with a 1.5-mm
nozzle atomizer (BUCHI, Switzerland). The inlet air temper-
ature was set at 150+ 5 °C resulting in an outlet temperature
of 85+ 5 °C. Rosa extract (0.05%, w/v) dissolved in ethanol-
maltodextrin solution was also spray dried to represent the
process control. All spray-dried powders were collected,
packed in airtight bags, and placed in a desiccator at 4 °C.

Physicochemical Characterization of Particles
Measurement of Particle Diameter and Zeta Potential

The particle diameter, polydispersity index, and zeta ({)
potential of liposomes were determined by static light
scattering using a Mastersizer 2000 (Malvern Instru-

ments, Malvern, UK). Liposome dispersions were diluted
to 1:5 with phosphate buffer solution (pH 4.0) prior to all
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measurements. The refractive index used for lecithin and
aqueous phase was 1.44 and 1.33, respectively. Mean parti-
cle diameters were reported using the volume mean diameter
(dy3). The powders were redispersed in phosphate buffer
with a ratio of 1:5 (w/v) for measurement of the particle
diameter, PDI, and {-potential after spray drying.

Estimation of Total (Poly)phenols Content
and Antioxidant Capacity

Folin-Ciocalteu reagent was used to determine the total
(poly)phenols content (TPC) (Altin et al., 2018). For the
determination of antioxidant capacity (AOC), cupric ion
reducing antioxidant capacity (CUPRAC) and DPPH
(2,2-diphenyl-1-picrylhydrazyl free radical scavenging)
assays were performed (Kasapoglu et al., 2022). Empty
liposomes without extract were taken as blank in the cal-
culations. TPC and AOC were expressed as pg gallic acid
equivalents (GAE) mL~! and pg trolox equivalents (TE)
mL~!, respectively.

Entrapment Efficiency of Liposomes

Liposome entrapment efficiency was evaluated using the
dialysis method for separating the non-entrapped compounds.
Briefly, a 5 mL aliquot of liposomal dispersion was placed into
cellulose dialysis bag (molecular weight cutoff, 10 kDa, Sigma
Aldrich, Germany) and immersed in 100 mL of phosphate
buffer (pH 4) with mild stirring. The buffer was refreshed every
2 h. After 6 h, liposomes were destabilized with Triton X-100
(0.15%, w/v) to unbound the encapsulated (poly)phenols. EE
was interpreted in terms of the ratio of the TPC or AOC before
and after dialysis in percentage as given in Eq. (1):

TPC or AOC in dialyzed fraction
TPC or AOC before dialysis

x 100
(H

Entrapment efficiency (%) =

Retention Rate of TPC and AOC After Spray Drying

In order to estimate the effect of the spray drying on Rosa
extract encapsulated in conjugated liposomes, retention rate
was calculated by means of the TPC and AOC in powders
after redispersion in dry weight as given in Eq. (2):

TPC or AOC in spray dried powder

TPC or AOC in feed solution 00

@

Retention rate (%) =

FTIR-ATR Analysis
Fourier transform infrared spectroscopic method with attenu-

ated total reflectance (FTIR-ATR) spectra of samples were
examined in the mid-IR interval (400-4000 cm™') using a
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Bruker Alpha-P FTIR spectrometer with a diamond ATR
crystal module (Bruker Optik GmbH, Ettlingen, Germany)
and OPUS v7.5 software.

Morphology

The particle morphology was observed for the resultant
spray-dried powders based on micrographs taken by ZEISS
EVO LS 10 scanning electron microscope (SEM; Carl Zeiss,
Oberkochen, Germany).

Other Physical Properties

Powder recovery after spray drying was computed by the mass
ratio of the resultant powder to the initial total solid content
in the feed solution. The moisture content and solubility of
the obtained powders were analyzed as described previously
(Rehman et al., 2021). The CIELAB color space parameters
(L*, a*, b* values) were measured using a Minolta colorim-
eter (CR 400, Japan). Whiteness index (WI), chroma, and hue
angle were computed accordingly (Granato & Masson, 2010).

Simulated Gastrointestinal Digestion

The in vitro digestion was carried out as previously described
(Kasapoglu et al., 2022). The final digests were centrifuged
(4,700 % g, 60 min, 4 °C) and then filtered through a 200-nm
membrane filter (Filtropur S, Sarstedt, Germany) to obtain the
bioaccessible fraction. The bioaccessibility (%) refers to the
TPC or AOC measured after the gastrointestinal digestion by
comparison with the value for the undigested sample.

Statistical Analysis

Minitab Statistical Software v.16 (Minitab Inc., State College,
PA, USA) was used for statistical analysis of the results. Unless
stated otherwise, all analyses were conducted at least in tripli-
cate, and the results were given as mean + standard deviation
(SD). Differences were analyzed by Turkey’s post-hoc test
comparisons and considered significant at a p <0.05.

Results and Discussion
Liposome Characteristics

The PDI, mean particle diameter, and {-potential of uncon-
jugated loaded liposomes with Rosa extract and empty
(unloaded) liposomes are given in Table 1. The polydis-
persity index (PDI) values represent the heterogeneity of
the particle size distribution and can range between 0 and
1, where values <0.1 are considered highly monodisperse,
or polydisperse with moderate (0.1-0.4), broad (0.4-0.7),
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and very broad distribution (>0.7) (Estrada-Fernandez
et al., 2018). Liposomes conjugated with Ch or Wp exhib-
ited a moderate polydisperse classification with PDI val-
ues ranging between 0.25 and 0.41 (Table 1). Small uni-
lamellar liposomes with a mean diameter of 86.1 nm were
obtained which increased slightly to 95 nm (p < 0.05) upon
loading with the Rosa extract. The surface charge of the
empty (—5.9+0.5 mV) and Rosa extract-loaded liposomes
(—6.8+0.5mV; p>0.05: Table 1) were similar to previously
reported liposomes loaded with tea polyphenols obtained
by ethanol injection combined with dynamic high-pressure
microfluidization as in our current study (Zou et al., 2014).

To select the optimal biopolymer concentration, the effect
of different concentrations of Ch and Wp on the particle
diameter and {-potential of liposomes was evaluated. The
colloidal stability of liposomes is highly dependent on the
biopolymer concentration used in the surface modification.
In other words, inadequate amounts of biopolymers could
result in incomplete conjugation of the liposomal membrane
with the biopolymer molecules, whereas excessive biopoly-
mer concentrations can lead to depletion flocculation (Jo
et al., 2020). The surface charge of the anionic unconju-
gated liposomes (— 6.8 mV) increased (11.4-16.8 mV)
when cationic Ch (0.1 to 0.5% (w/v) was added, suggesting
successful conjugation (Table 1). The greatest {-potential
was 16.8+ 1.4 mV for a Ch concentration of 0.4% (w/v).
The more positively or negatively charged a particle is,
the more stable it will be as the particles tend to repel one
another electrostatically, thereby reducing or eliminating
agglomeration. In another study employing ethanol injec-
tion method, curcumin-loaded nanoliposomes had a sur-
face charge of — 14.1 mV while the {-potential increased
to 24.3 mV after conjugation with Ch (Shin et al., 2013).
Furthermore, the liposomal dispersions were reported to
remain stable after 3 months of storage at 4 °C. The addi-
tion of 4.0% w/v whey protein increased the particle diam-
eter from 95.4 +0.8 to 207.3 +5.0 nm with a {-potential of
5.2+ 1.0 mV (Table 1). However, a further increase in whey
protein concentration (5.0%, w/v) exhibited a significant rise
in the particle diameter (341.7 +8.1 nm) but not a significant
increase in the {-potential (p > 0.05). Therefore, we chose a
Ch concentration of 0.4% (w/v) or Wp concentration of 4.0%
(w/v) to fabricate conjugated liposomes for all subsequent
experiments as these samples had the highest {-potential,
without substantial increases in mean particle diameter.
These concentrations are in agreement with an earlier
report (Gﬁltekin-()zgﬁven et al., 2016; Pan et al., 2020). The
incorporation of thyme extract-loaded liposomes into Wp
(5, 10, and 15% w/w) film to provide antioxidant and anti-
microbial properties was studied earlier (Aziz & Almasi,
2018). However, to our knowledge, no other group employed
optimization using Ch and Wp for conjugation of liposomes
in the same experimental setting.

Maltodextrin is widely preferred as a carrier to trap the
core materials during spray drying process against heat and
can protect the vesicular membrane without a substantial
loss of the loaded compounds after redispersion (Wang et al.,
2015). To assess whether particle properties were affected
by addition of maltodextrin, the vesicle characteristics of
the liposomal dispersions mixed with maltodextrin were
also analyzed prior to spray drying (Table 2). As expected,
the particle diameter, PDI, and {-potential of both Ch- and
Wp-conjugated liposomes did not change after addition of
maltodextrin (p > 0.05), as it is not a surface-active polysac-
charide (Fang & Bhandari, 2012).

Total (Poly)phenols Content, Antioxidant Capacity,
and Entrapment Efficiency of Liposomal Dispersions
Before and After Spray Drying

The Rosa extract-loaded (0.2%, w/v)-unconjugated
liposomes (Lip) contained 230.9 + 1.3 ug GAE mL™! total
(poly)phenols content (TPC) and had a cupric ion reducing
antioxidant capacity of 380.1+27.7 ug TE mL~" (Table 3).
As expected, when the concentration of extract was reduced
(0.1 and 0.05%), so was the TPC and the antioxidant capac-
ity (AOC) (p <0.05). The TPC of the Rosa extract was
positively related to its respective antioxidant potential,
as previously demonstrated in fruits from different Rosa
pimpinellifolia L. cultivars (Liaudanskas et al., 2021). The
entrapment efficiency is a major parameter for the applica-
tions of liposomal delivery systems, reflecting the incor-
poration ability of the vesicles. The entrapment efficiency
of the TPC in the unconjugated liposomes was 74.2 +2.8%
while 64.9 +3.2% of the AOC was maintained (Table 3). In
our work, Ch or Wp conjugation did not result in remark-
able increases in entrapment efficiencies (p > 0.05), which
was probably due to the adsorption of biopolymers onto the
surface of the liposomal membrane (Nguyen et al., 2014).
The same was also observed by Zhou et al. where no sig-
nificant change in the entrapment efficiency (~49%) of
vitamin C-loaded liposomes was reported after conjuga-
tion with various concentrations of pectin (W. Zhou et al.,
2014). On the other hand, Gorjian et al. (2022) studied two
lipid-based nanovesicles encapsulated myrtle leaf extract
and reported a stronger antioxidant activity in nanoliposo-
mal extract compared to nanoniosome formulation and free
extract by means of DPPH assay due to rapid release and
interaction of (poly)phenols with lipid layers (Gorjian et al.,
2022). However, the authors did not investigate the effect of
biopolymer conjugation or drying on antioxidant properties
of nanoliposomal extract unlike our study. As the shelf-life
of aqueous liposomes is limited, the development of more
stable liposomal surface through the conjugation of biopoly-
mers and dehydration is important to ensure a prolonged
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Table 3 Total (poly)phenols
content (TPC), antioxidant

Liposomal dispersions (Lip)

capacity (AOC), entrapment
efficiency, and retention rate of

TPC (ug GAE mL™!), [Entrap-
ment efficiency, %]

AOC (ug TE mL™Y), [Entrapment
efficiency, %]

Rosa extract-loaded liposomes

before and after spray drying Lip (0.2%, w/v)
Ch-Lip (0.1%, w/v)

Wp-Lip (0.1%, w/v)

230.9+1.3*[74.2 +2.8%
125.0+7.5° [77.8+0.2%]
154.6+21.0° [79.1 +7.8%]

380.1£27.7% [64.9+3.2%
211.1+29.9°[65.1 +£2.1]
280.0+27.4° [69.5 +0.6]

Redispersion of powders after spray drying with maltodextrin

TPC (ug GAE mL™"), [Retention

AOC (ug TE mL_l), [Retention rate,

rate, %] %]

Rosa extract powder (0.05%,
w/v)

Ch-Lip powder (0.05%, w/v)

52.2+0.5" [53.5+1.0°

50.0+0.6° [64.7 + 8.5%]
Wp-Lip powder (0.05%, w/v) 65.9+0.8" [62.5+2.8%]

78.8+5.6" [47.6+2.3°]

94.4+10.0* [76.0+0.9%]
86.8+9.8% [65.1 +4.8%)

Means in the same column with the different superscripts (a, b, c) are statistically differrent (p <0.05)

AOC was assessed by CUPRAC assay. Entrapment efficiency refers to the ratio of TPC or AOC recovered
after dialysis. Retention rate refers to the ratio ot TPC or AOC retained after spray drying process

Lip unconjugated liposome, Ch-Lip chitosan-conjugated liposome, Wp-Lip whey protein-conjugated liposome

shelf-life product and to avoid the use of the “cold chain”
during distribution (Yu et al., 2021).

After spray drying, the lowest amount of TPC (~53.5%)
retained in Rosa extract (powder), while significantly
higher retention was observed in liposomal powders con-
jugated with both Ch (64.7%) and Wp (62.5%) (Table 3).
As discussed, electrostatic conjugation of liposomes should
increase the stability of liposomal membrane, thus, improv-
ing retention of the encapsulated TPC. These rates con-
firmed our previous work in which liposomes prepared using
a different technique and conjugated with Ch (62.9%) and
Wp (65.6%) (p>0.05) (Kasapoglu et al., 2022). In another
study, when Wp:Ch coacervates containing garlic extract
were spray dried, the range of the TPC retention was 51.0 to
61.4% (Tavares & Zapata Norefia, 2019). Ch-Lip and Wp-
Lip powders had high retention rates of 76.0+0.9% and
65.1+4.8% in terms of AOC (p <0.05), respectively, where
spray-dried Rosa extract only retained 47.6 +2.3%. The
higher retention of the AOC in the Ch-conjugated liposomes
may indicate that the Ch layer protects the thermo-sensitive
antioxidant compounds better than the Wp (p <0.05).

FTIR-ATR Results

FTIR-ATR spectroscopy was performed to examine the sub-
tle changes in the configuration of spray-dried Rosa extract
and conjugated liposome powders. The peaks in frequencies
between 2800 and 3700 cm™! were related to the hydro-
gen bonds (O—H stretch), carboxylic acids, and residual
water in all samples (Fig. 2) (Sarabandi et al., 2019a, b).
As shown in (Fig. 2a) freeze-dried Rosa extract, the peaks
around 1604, 1397 to 1100 cm™! are ascribed to stretching
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C=C aromatic ring and the carbonyl group (C=0), C-OH
stretching vibrations, respectively, due to the phenolic and
anthocyanin content in Rosa extract (Edelmann et al., 2001;
Li et al., 2018). Furthermore, the peaks at 2933, 1604,
1522, 1397, 1268, 1198, 1102, 1047, 865, and 818 cm™"
were observed could be attributed to proanthocyanidins in
accordance with the bands exhibited by berries from Vac-
cinium species (Esquivel-Alvarado et al., 2020). The pres-
ence of proanthocyanidins in Rosa spinosissima fruits was
reported previously (Dabi¢ Zagorac et al., 2020). The pre-
dominant peak at 1604 cm™! disappeared in all Rosa extract
containing powder samples implying that the extract was
covered by the carrier agent (maltodextrin) during spray
drying. Moreover, pure maltodextrin presented its charac-
teristic fingerprint region of 1637 (C=O stretching), 1360
(O—H bending), 1148 (C-O stretching and C—O—H bend-
ing), 1077, 1015 (angular deformation of =CH and =CH,
bonds), 760, and 705 cm™! (vibrations of the pyranoid ring),
in accordance with earlier investigations (Sarabandi et al.,
2018). The slightly shifted peaks in domain of pure malto-
dextrin appeared in FTIR spectra of all spray-dried samples,
suggesting the formation of some hydrogen bonds, hydro-
phobic and ionic interactions between the wall materials
(Sarabandi & Jafari, 2020a).

Characteristic bands of soy phospholipids were con-
firmed (Fig. 2b) by the absorptions at about 1735 cm™!
(due to the C=O0 vibration of ester group), 1172 cm™! (due
to the PO, vibration), 1058 cm™! (due to P—O-C vsym
vibration), and 969 cm™! (due to both P—O—C and PO,
vibrations) (Vergara & Shene, 2019). Moreover, asymmet-
ric and symmetric stretching of PO, ™ in the phosphatidyl-
choline group was detected at 1235 cm™! and 1086 cm™!,
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respectively. In conjugated liposomes, the characteris-
tic peak of phospholipids at 1465 cm™! had a weakened
intensity, because of the electrostatic bonding between
biopolymers and liposomes. Phosphate groups are among
the functional groups present in the structure of liposomes
being able to form bonds with Ch (amino polysaccharide)
through electrostatic interactions, as can be deducted from
the shift of the absorption band of phosphate groups of
lecithin to a higher frequency (from 1235 to 1243 cm™)
(Hasan et al., 2016). The specific absorption peaks of pure

Wave number (cm™)

Wp were observed between 1600 and 1700 cm™~! owing to
the amide type I vibratory stretching (C=0 and C-N) and
between 1400 and 1550 cm™' owing to the amide type II
bending (N-H) (Aziz & Almasi, 2018). The amide type
I bond shifted from 1627 to 1636 cm™! in Wp-Lip pow-
der, representing a linkage between Wp-conjugated lipo-
some with maltodextrin. Overall, small variations between
stretching of these functional groups indicated the incorpo-
ration of conjugated liposomes in the carrier matrix upon
spray drying.

@ Springer
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Characterization of Spray-Dried Liposomal Powders

A considerable (p <0.05) increase in the particle diameter
and PDI of unloaded and Rosa extract-loaded-conjugated
liposomes was observed after redispersion. Possible explana-
tions are the reduction of hydration capability of liposomes
during particle reconstruction (Wang et al., 2015) and the
sticking of some nanoparticles together due to damage of the
liposomal membrane (Sarabandi et al., 2019a, b). In a simi-
lar study, the mean diameter of redispersed Ch-conjugated
liposomes raised from 132 to 233 nm after spray drying
(Sarabandi & Jafari, 2020a).

The SEM micrographs revealed concave shape of
dried particles with shrinkage and dents on the particle
surface (Fig. 3). During the spray drying process, the
liquid feed was atomized into droplets that shrink upon
solvent removal in hot drying medium, and subsequently
form particles (Lu et al., 2020). Most of the particles had
average diameter of less than 10 ym. When Rosa extract-
loaded-conjugated liposome powders (Fig. 3a, b) com-
pared to spray-dried Rosa extract powder (Fig. 3c), the
mean diameter of liposomal formulations was generally
bigger than Rosa extract powder. This finding agrees
with the particle diameter data (Table 2). The absence
of cracks or holes on the particle surfaces indicates con-
tinuous biopolymer coating and stability of conjugated
liposomes during spray drying process. No considerable
difference was observed among Ch- and Wp-conjugated
liposome powders.

The moisture contents of the powders were ~5%, and the
production recovery exceeded 70% with no significant dif-
ferences among formulations (p > 0.05; Table 4), which were
consistent with our earlier work (Gﬁltekin-()zgﬁven et al.,
2016). The residual water content of the resultant powder
was an indicator of a long shelf-life of powders and remark-
ably affected by the operating conditions such as feed rate
and inlet/outlet temperature in spray drying process (Ding
et al., 2020). A high water dispersibility rate (>90%) found
for all spray-dried formulations (p > 0.05) using malto-
dextrin as carrier agent could be attributed to the superior
water solubility of maltodextrin (Fazaeli et al., 2012). The
dispersibility of spray-dried powders is a crucial parameter
indicating ease of redispersion (reconstruction). When algi-
nate was used as a carrier biopolymer during spray drying
of liposomes, approximately 81% water dispersibility was
reported (Gomez-Estaca et al., 2021).

As an indication of white color, the L* values (luminos-
ity, maximum 100) of the samples without Rosa extract
were substantially greater (p <0.05) than those contain-
ing Rosa extract (Table 4). Whiteness index values dem-
onstrated similar results to L* values, implying that the
empty formulations were lighter than Rosa extract con-
taining samples. The samples containing Rosa extract had
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high values of color parameter a* due to the anthocyanin
content with the following order: Wp-Lip powder > Rosa
extract powder > Ch-Lip powder. Although all samples
had the same concentration of the Rosa extract (0.05%
w/w), it can be observed that the highest a* value was
obtained with Wp-Lip possibly due to the color enhance-
ment and protection of anthocyanins in the presence of
Wp (Ren & Giusti, 2021). Similarly, the chroma values
of samples were also correlated to the strength of the
red color, suggesting the higher stability of Rosa extract
anthocyanins in Wp-Lip as confirmed by the higher values
of TPC in Wp-Lip (Table 3). Chroma represents colorful-
ness quantitatively, so the higher the chroma value, the
higher the perceived color intensity (Granato & Masson,
2010). In addition, the hue angle demonstrated the influ-
ence of the white carrier agents added to the formulations.
As expected, there was significant (p < 0.05) difference
in the proportion of hue angle values for Rosa extract
containing liposomes than their empty counterparts. The
visual appearance of the resultant powders is presented in
Supplementary Fig. 1.

Effects of Simulated Gastrointestinal Digestion
on Stability of Rosa Extract

To estimate the effect of the human gastrointestinal diges-
tion on the stability of Rosa extract in the different formu-
lations, the TPC and AOC of unencapsulated freeze-dried
extract (Rosa extract), spray-dried extract (Rosa extract
powder), and the extract loaded in conjugated liposo-
mal powders (Ch- and Wp-Lip powder) (Fig. 4), after an
in vitro digestion, were compared. The TPC and AOC of
the unencapsulated Rosa extract were the most suscepti-
ble to degradation during the in vitro digestion, result-
ing the highest reduction rates (values). Spray drying of
the Rosa extract improved the bioaccessibility of TPC
approximately 2.3-fold (p < 0.05), probably due to encap-
sulation of sensitive (poly)phenols within maltodextrin.
Montero et al. (2016) achieved a sixfold enhancement of
astaxanthin bioaccessibility by spray drying using malto-
dextrin as encapsulating agent (Montero et al., 2016). The
spray-dried Rosa extract powder had higher antioxidant
capacity (40%) than the unencapsulated Rosa extract
(11%) (p <0.05).

On the other hand, biopolymer-conjugated liposomal
powders; the Ch-Lip and Wp-Lip had 5.1- fold and 5.2-
fold more TPC, respectively, after the in vitro digestion,
compared to the Rosa extract (unencapsulated, 17%). The
higher bioaccessibility of TPC observed in the case of
liposomal powders was in line with the retention of AOC
as discussed above (“Effects of Simulated Gastrointestinal
Digestion on Stability of Rosa Extract”). After digestion,
the AOC of the Ch-Lip powder (37.9-73.1%) and Wp-Lip
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Fig.3 SEM images of Rosa extract powder (a), Rosa extract-loaded Ch-Lip powder (b), and Rosa extract-loaded Wp-Lip powder (c). Pictures

were taken at magnifications x4000 (1) and x8000 (2)

powder (51.5-63.4%) were much higher than the unencap-
sulated Rosa extract (6.1-13.7%), but rather similar to the
spray-dried Rosa extract powder (34.9-44.9%) (p < 0.05).
These results are in agreement with the values obtained
for digested (poly)phenols encapsulated in liposomes
combined with spray drying (Gémez-Estaca et al., 2021;
Giiltekin-Ozgiiven et al., 2016; Kasapoglu et al., 2022)

as well as in other biopolymer-based nanoparticle sys-
tems combined with spray drying (Hamad et al., 2020;
Nalawade & Gajjar, 2015; Zhang et al., 2020). Recently,
Jara-Quijada et al. (2023) reported that green tea (poly)
phenols loaded in liposomal dispersions formed by etha-
nol injection had greater stability against thermal treat-
ments when conjugated with Ch (Jara-Quijada et al.,
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Table 4 Characterization of Rosa extract powder and Rosa extract-loaded biopolymer-conjugated liposomal powders

Rosa extract powder

Empty Ch-Lip powder

Ch-Lip powder Empty Wp-Lip powder Wp-Lip powder

Moisture content (%) 5.1+04° 48+1.1%
Water dispersibility (%) ~ 97.4+1.3% 94.5+0.6°
Powder recovery (%) 71.5+1.1* 75.2+0.9*
WI (%) 95.5+0.34° 98.0+0.04*
L* 97.0+0.58" 99.4+0.08
a* 3.31+0.17° —-0.27+0.01¢
b* 0.38+0.18° 1.90+0.06®
Chroma 3.33+0.15° 1.92+0.06¢
Hue angle 6.7+3.38¢ 98.0+0.27*

5.5+0.9% 5.2+1.0% 48+1.7°
97.1+2.1° 94.5+0.4° 94.2+0.9°
74.7+0.72 732+1.5% 731142
96.7+0.15° 97.9+0.02° 94.4+0.134
97.7+0.23" 99.7 +0.06 96.9 +0.06°
1.69+0.01° —0.26+0.01¢ 4.28+0.15*
1.73+0.03° 2.04+0.03 1.70+0.16"
2.42+0.02¢ 2.06+0.03¢ 4.61+£0.20°
45.7+0.54° 97.2+0.29° 21.6+1.04°

Values with different superscript letters within the same row are significantly different (p <0.05)

Ch chitosan, Wp whey protein, Lip liposome, WI whiteness index, L* lightness, a* red/green value, b* blue/yellow value

2023). On the other hand, Ang et al. (2023) investigated
the in vitro release profile of hydrophobic apigenin in
liposomes and showed that Ch-coated liposomes spray
dried with maltodextrin gave significantly slower release
of apigenin (77.0 +6.2%) than that of uncoated liposomes
(94.0+£5.3%) at 12 h (Ang et al., 2023). The authors did
not report on the release of apigenin from only spray dried
with maltodextrin. In the present study, we compared
Rosa extract-loaded liposomal powders with Rosa extract
powder (spray-dried extract with maltodextrin), and thus,
it was also possible to compare micro- and nano-encap-
sulation techniques. According to the results, preparation
of conjugated nanoliposomes prior to spray drying con-
tributed to the stability of (poly)phenols by providing one
more protection layer when compared to only spray-dried
counterpart. Recently, researchers microencapsulated
hydrolyzed flaxseed proteins using maltodextrin as carrier
in spray dryer. The combination of surfactant (Polysorb-
ate-80) was displayed as a good strategy to improve the
retention of antioxidant properties during spray drying
process (Sarabandi & Jafari, 2020b).

100+
EZd Rosa extract
X 801 [ Rosa extract powder
2 3 Ch-Lip powder
3 60 B Wp-Lip powder
[}
8 40-
o
©
2 20
)
0

TPC  AOCoppy  AOCquprac

Fig. 4 Total (poly)phenols content (TPC) and antioxidant capac-
ity (AOC) (evaluated by DPPH free radical scavenging activity
assay and (CUPRAC) cupric ion reducing antioxidant capacity
assay) of formulations in the bioaccessible fraction after in vitro
gastrointestinal digestion
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Conclusion

This study sought to optimize, characterize, and evaluate
the processability and bioaccessibility of Ch- and Wp-
conjugated liposome formulations loaded with Rosa pimp-
inellifolia (poly)phenols. The particle diameter, PDI, and
C-potential of liposomal dispersions were optimal after
conjugation with concentrations of 0.4% (w/v) Ch and
4.0% (w/v) Wp. Although Ch or Wp conjugation did not
result in remarkable increases in entrapment efficiencies
of TPC and AOC, greater retention rates were obtained
after spray drying in conjugated liposomal powders.
Microcapsules were formed through electrostatic interac-
tions and hydrogen bonds between the (poly)phenols and
encapsulating agents (lecithin, Ch, Wp, and maltodextrin)
after spray drying, which was shown to appear in their IR
spectrums with characteristic absorption peaks. Ch layer
protected the thermo-sensitive antioxidant compounds
better than the Wp during spray drying; however, no sig-
nificant difference was found between two biopolymers
by means of their stability during in vitro digestion. The
bioaccessibility of (poly)phenols and their antioxidant
capacity varied significantly according to the formula-
tions followed a decreasing order of Ch-Lip powder ~
Wp-Lip powder > Rosa extract powder > unencapsulated
Rosa extract. Overall, these contribute to knowledge about
the processability behavior of (poly)phenols from plant
extracts and could be interesting for their incorporation
into food and beverage formulations through loading into
biopolymer-conjugated liposomes. Although our results
revealed valuable information on the bioaccessibility of
(poly)phenols encapsulated by spray drying technique,
further in vitro intestinal cell model and in vivo studies
are warranted to confirm the efficacy of these formula-
tions. Future research investigating different food matri-
ces during storage should be conducted to expand their
practical applications.



Food and Bioprocess Technology

Acknowledgements We thank Dr. Seyma Duman from Bursa Techni-
cal University for the valuable discussions concerning the FTIR analy-
ses. KNK acknowledges The Scientific and Technological Research
Council of Turkey for providing an International Doctoral Research
Fellowship (application number 1059B141800225).

Author Contribution KNK: conceptualization, methodology, software,
validation, formal analysis, investigation, data curation, writing—original
draft preparation; MG-O: conceptualization, methodology, validation,
investigation, writing—review and editing; PB: investigation, formal
analysis; AB-D; investigation, resources; JK: conceptualization, data cura-
tion, visualization, writing—review and editing; JF: resources, writing—
review and editing; BO; conceptualization, resources, writing—review
and editing.

Funding Open access funding provided by the Scientific and Tech-
nological Research Council of Tiirkiye (TUBITAK). No funding was
received to assist with the preparation of this manuscript.

Data Availability The authors confirm that the data supporting the find-
ings of this study are available within the article.

Declarations

Competing Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aleman, A., Mastrogiacomo, 1., Lopez-Caballero, M. E., Ferrari, B.,
Montero, M. P., & Gémez-Guillén, M. C. (2016). A novel func-
tional wrapping design by complexation of e-polylysine with
liposomes entrapping bioactive peptides. Food and Bioprocess
Technology, 9(7), 1113-1124. https://doi.org/10.1007/S11947-
016-1703-4/FIGURES/3

Altin, G., Giiltekin-Ozgiiven, M., & Ozcelik, B. (2018). Chitosan
coated liposome dispersions loaded with cacao hull waste extract:
Effect of spray drying on physico-chemical stability and in vitro
bioaccessibility. Journal of Food Engineering, 223, 91-98. https://
doi.org/10.1016/J JFOODENG.2017.12.005

Ang, S. S., Thoo, Y. Y., & Siow, L. F. (2023). Encapsulation of hydro-
phobic apigenin into small unilamellar liposomes coated with
chitosan through ethanol injection and spray drying. Food and
Bioprocess Technology, 2023(1), 1-16. https://doi.org/10.1007/
S11947-023-03140-Y

Azarashkan, Z., Motamedzadegan, A., Ghorbani-HasanSaraei, A.,
Rahaiee, S., & Biparva, P. (2022). Improvement of the stabil-
ity and release of sulforaphane-enriched broccoli sprout extract
nanoliposomes by co-encapsulation into basil seed gum. Food
and Bioprocess Technology, 15(7), 1573-1587. https://doi.org/
10.1007/S11947-022-02826-Z/FIGURES/6

Aziz, S. G. G., & Almasi, H. (2018). Physical characteristics, release
properties, and antioxidant and antimicrobial activities of whey
protein isolate films incorporated with thyme (Thymus vulgaris
L.) extract-loaded nanoliposomes. Food and Bioprocess Tech-
nology, 11(8), 1552—1565. https://doi.org/10.1007/S11947-018-
2121-6/TABLES/2

Cheung, R. C. F,, Ng, T. B., Wong, J. H., & Chan, W. Y. (2015). Chi-
tosan: An update on potential biomedical and pharmaceutical
applications. Marine Drugs, 13(8), 5156-5186. https://doi.org/
10.3390/MD13085156

Dabié Zagorac, D., Fotiri¢ Aksi¢, M. M., Glavnik, V., Gasi¢, U. M.,
Vovk, 1., Tesi¢, Z. L., & Natié, M. M. (2020). Establishing the
chromatographic fingerprints of flavan-3-ols and proanthocyanidins
from rose hip (Rosa sp.) species. Journal of Separation Science,
43(8), 1431-1439. https://doi.org/10.1002/JSSC.201901271

Dadashzadeh, S., Mirahmadi, N., Babaei, M. H., & Vali, A. M. (2010).
Peritoneal retention of liposomes: Effects of lipid composition,
PEG coating and liposome charge. Journal of Controlled Release,
148(2), 177-186. https://doi.org/10.1016/J.JCONREL.2010.08.026

Dag, D., Guner, S., & Oztop, M. H. (2019). Physicochemical mecha-
nisms of different biopolymers’ (lysozyme, gum arabic, whey pro-
tein, chitosan) adsorption on green tea extract loaded liposomes.
International Journal of Biological Macromolecules, 138, 473—
482. https://doi.org/10.1016/J. 1IJBIOMAC.2019.07.106

Desobry, S. A., Netto, F. M., & Labuza, T. P. (1997). Comparison
of spray-drying, drum-drying and freeze-drying for f-carotene
encapsulation and preservation. Journal of Food Science, 62(6),
1158-1162. https://doi.org/10.1111/J.1365-2621.1997.TB12235.X

Ding, Z., Tao, T., Wang, X., Prakash, S., Zhao, Y., Han, J., & Wang,
Z. (2020). Influences of different carbohydrates as wall material
on powder characteristics, encapsulation efficiency, stability and
degradation kinetics of microencapsulated lutein by spray dry-
ing. International Journal of Food Science & Technology, 55(7),
2872-2882. https://doi.org/10.1111/1JFS.14544

Edelmann, A., Diewok, J., Schuster, K. C., & Lendl, B. (2001).
Rapid method for the discrimination of red wine cultivars
based on mid-infrared spectroscopy of phenolic wine extracts.
Journal of Agricultural and Food Chemistry, 49(3), 1139—
1145. https://doi.org/10.1021/JF001196P/ASSET/IMAGES/
LARGE/JF001196PF00007.JPEG

Esquivel-Alvarado, D., Mundz-Arrieta, R., Alfaro-Viquez, E., Madrigal-
Carballo, S., Krueger, C. G., & Reed, J. D. (2020). Composition of
anthocyanins and proanthocyanidins in three tropical Vaccinium
species from Costa Rica. Journal of Agricultural and Food Chem-
istry, 68(10), 2872-2879. https://doi.org/10.1021/ACS.JAFC.
9B01451/ASSET/IMAGES/LARGE/JF-2019-01451G_0005.JPEG

Estrada-Fernandez, A. G., Roman-Guerrero, A., Jiménez-Alvarado,
R., Lobato-Calleros, C., Alvarez-Ramirez, J., & Vernon-Carter,
E.J. (2018). Stabilization of oil-in-water-in-oil (O1/W/02) pick-
ering double emulsions by soluble and insoluble whey protein
concentrate-gum Arabic complexes used as inner and outer inter-
faces. Journal of Food Engineering, 221, 35-44. https://doi.org/
10.1016/J JFOODENG.2017.10.006

Fang, Z., & Bhandari, B. (2010). Encapsulation of polyphenols — a
review. Trends in Food Science & Technology, 21(10), 510-523.
https://doi.org/10.1016/J.TIFS.2010.08.003

Fang, Z., & Bhandari, B. (2012). Comparing the efficiency of pro-
tein and maltodextrin on spray drying of bayberry juice. Food
Research International, 48(2), 478—483. https://doi.org/10.1016/J.
FOODRES.2012.05.025

Fazaeli, M., Emam-Djomeh, Z., Kalbasi Ashtari, A., & Omid, M.
(2012). Effect of spray drying conditions and feed composition
on the physical properties of black mulberry juice powder. Food
and Bioproducts Processing, 90(4), 667-675. https://doi.org/10.
1016/J.FBP.2012.04.006

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/S11947-016-1703-4/FIGURES/3
https://doi.org/10.1007/S11947-016-1703-4/FIGURES/3
https://doi.org/10.1016/J.JFOODENG.2017.12.005
https://doi.org/10.1016/J.JFOODENG.2017.12.005
https://doi.org/10.1007/S11947-023-03140-Y
https://doi.org/10.1007/S11947-023-03140-Y
https://doi.org/10.1007/S11947-022-02826-Z/FIGURES/6
https://doi.org/10.1007/S11947-022-02826-Z/FIGURES/6
https://doi.org/10.1007/S11947-018-2121-6/TABLES/2
https://doi.org/10.1007/S11947-018-2121-6/TABLES/2
https://doi.org/10.3390/MD13085156
https://doi.org/10.3390/MD13085156
https://doi.org/10.1002/JSSC.201901271
https://doi.org/10.1016/J.JCONREL.2010.08.026
https://doi.org/10.1016/J.IJBIOMAC.2019.07.106
https://doi.org/10.1111/J.1365-2621.1997.TB12235.X
https://doi.org/10.1111/IJFS.14544
https://doi.org/10.1021/JF001196P/ASSET/IMAGES/LARGE/JF001196PF00007.JPEG
https://doi.org/10.1021/JF001196P/ASSET/IMAGES/LARGE/JF001196PF00007.JPEG
https://doi.org/10.1021/ACS.JAFC.9B01451/ASSET/IMAGES/LARGE/JF-2019-01451G_0005.JPEG
https://doi.org/10.1021/ACS.JAFC.9B01451/ASSET/IMAGES/LARGE/JF-2019-01451G_0005.JPEG
https://doi.org/10.1016/J.JFOODENG.2017.10.006
https://doi.org/10.1016/J.JFOODENG.2017.10.006
https://doi.org/10.1016/J.TIFS.2010.08.003
https://doi.org/10.1016/J.FOODRES.2012.05.025
https://doi.org/10.1016/J.FOODRES.2012.05.025
https://doi.org/10.1016/J.FBP.2012.04.006
https://doi.org/10.1016/J.FBP.2012.04.006

Food and Bioprocess Technology

Frenzel, M., & Steffen-Heins, A. (2015). Whey protein coating
increases bilayer rigidity and stability of liposomes in food-like
matrices. Food Chemistry, 173, 1090-1099. https://doi.org/10.
1016/J.FOODCHEM.2014.10.076

Gomez-Estaca, J., Pérez-Garcia, A., Aleméan, A., Gomez-Guillén, M.
C., & Montero, P. (2021). Drying soy phosphatidylcholine lipo-
somal suspensions in alginate matrix: Effect of drying methods
on physico-chemical properties and stability. Food Hydrocolloids,
111,106357. https://doi.org/10.1016/J.FOODHYD.2020.106357

Gorjian, H., Raftani Amiri, Z., Mohammadzadeh Milani, J., & Ghaffari
Khaligh, N. (2022). Influence of nanovesicle type, nanoliposome
and nanoniosome, on antioxidant and antimicrobial activities
of encapsulated myrtle extract: A comparative study. Food and
Bioprocess Technology, 15(1), 144—164. https://doi.org/10.1007/
S$11947-021-02747-3/TABLES/6

Granato, D., & Masson, M. L. (2010). Instrumental color and sen-
sory acceptance of soy-based emulsions: A response surface
approach. Food Science and Technology, 30(4), 1090-1096.
https://doi.org/10.1590/S0101-20612010000400039

Gﬁltekin-@zgijven, M., Karadag, A., Duman, §, Ozkal, B., & Ozgelik,
B. (2016). Fortification of dark chocolate with spray dried black
mulberry (Morus nigra) waste extract encapsulated in chitosan-
coated liposomes and bioaccessability studies. Food Chemistry,
201, 205-212. https://doi.org/10.1016/J FOODCHEM.2016.01.091

Hamad, A., Suriyarak, S., Devahastin, S., & Borompichaichartkul, C.
(2020). A novel approach to develop spray-dried encapsulated
curcumin powder from oil-in-water emulsions stabilized by com-
bined surfactants and chitosan. Journal of Food Science, 85(11),
3874-3884. https://doi.org/10.1111/1750-3841.15488

Hasan, M., Ben Messaoud, G., Michaux, F., Tamayol, A., Kahn,
C. J. F., Belhaj, N., Linder, M., & Arab-Tehrany, E. (2016).
Chitosan-coated liposomes encapsulating curcumin: Study of
lipid—polysaccharide interactions and nanovesicle behavior.
RSC Advances, 6(51), 45290-45304. https://doi.org/10.1039/
C6RA0S5574E

Jara-Quijada, E., Pérez-Won, M., Tabilo-Munizaga, G., Lemus-
Mondaca, R., Gonzalez-Cavieres, L., Palma-Acevedo, A., &
Herrera-Lavados, C. (2023). Liposomes loaded with green tea
polyphenols—optimization, characterization, and release kinet-
ics under conventional heating and pulsed electric fields. Food
and Bioprocess Technology, 1, 1-13. https://doi.org/10.1007/
S11947-023-03136-8/TABLES/4

Jo, M., Park, K. M., Park, J. Y., Yu, H., Choi, S. J., & Chang, P. S.
(2020). Microfluidic assembly of mono-dispersed liposome and
its surface modification for enhancing the colloidal stability. Col-
loids and Surfaces a: Physicochemical and Engineering Aspects,
586, 124202. https://doi.org/10.1016/J.COLSURFA.2019.124202

Kalajahi, S. E. M., Amjadi, S., & Ghandiha, S. (2022). Development of
the spray-dried nettle (Urtica dioica L.) extract-loaded nanolipo-
some powder for application as a natural additive in cake. Journal
of Food Processing and Preservation, 46(12), e17229. https://doi.
org/10.1111/JFPP.17229

Karadag, A., Ozgelik, B., Sramek, M., Gibis, M., Kohlus, R., & Weiss,
J. (2013). Presence of electrostatically adsorbed polysaccharides
improves spray drying of liposomes. Journal of Food Science,
78(2), E206-E221. https://doi.org/10.1111/1750-3841.12023

Kasapoglu, K. N., Demircan, E., Gﬁltekin-ézgﬁven, M., Kruger, J.,
Frank, J., Arslaner, A., & Ozgelik, B. (2022). Recovery of poly-
phenols using pressurized hot water extraction (PHWE) from
black rosehip followed by encapsulation for increased bioacces-
sibility and antioxidant activity. Molecules, 27(20), 6807. https://
doi.org/10.3390/MOLECULES27206807/S1

Kasapoglu, K. N., Kruger, J., Barla-Demirkoz, A., Gﬁltckin-Ozgﬁven,
M., Frank, J., & ()delik, B. (2023). Optimization of supercriti-
cal carbon dioxide extraction of polyphenols from black rosehip
and their bioaccessibility using an in vitro digestion/Caco-2 cell

@ Springer

model. Foods, 12(4), 781. https://doi.org/10.3390/FOODS 12040
781/S1

Kilara, A. (2015). Whey and whey products. In Dairy Processing and
Quality Assurance (pp. 349-366). John Wiley & Sons, Ltd. https://
doi.org/10.1002/9781118810279.CH15

Li, Y., Kong, D., & Wu, H. (2018). Comprehensive chemical analy-
sis of the flower buds of five Lonicera species by ATR-FTIR,
HPLC-DAD, and chemometric methods. Revista Brasileira De
Farmacognosia, 28(5), 533-541. https://doi.org/10.1016/J.BJP.
2018.06.007

Liaudanskas, M., Noreikiené, 1., Zymoné¢, K., Juodyté, R., Zvikas, V.,
& Janulis, V. (2021). Composition and antioxidant activity of phe-
nolic compounds in fruit of the genus Rosa L. Antioxidants 2021,
Vol. 10, Page 545, 10(4), 545. https://doi.org/10.3390/ANTIO
X10040545

Liu, W, Liu, W,, Ye, A., Peng, S., Wei, F., Liu, C., & Han, J. (2016).
Environmental stress stability of microencapsules based on
liposomes decorated with chitosan and sodium alginate. Food
Chemistry, 196, 396-404. https://doi.org/10.1016/J. FOODCHEM.
2015.09.050

Lu, W., Wang, S., Lin, R., Yang, X., Cheng, Z., & Liu, W. (2020).
Unveiling the importance of process parameters on droplet shrink-
age and crystallization behaviors of easily crystalline material dur-
ing spray drying. 40(2), 326-336. https://doi.org/10.1080/07373
937.2020.1793772

Madrigal-Carballo, S., Lim, S., Rodriguez, G., Vila, A. O., Krueger, C.
G., Gunasekaran, S., & Reed, J. D. (2010). Biopolymer coating
of soybean lecithin liposomes via layer-by-layer self-assembly
as novel delivery system for ellagic acid. Journal of Functional
Foods, 2(2), 99-106. https://doi.org/10.1016/J.JFF.2010.01.002

McClements, D. J. (2015). Encapsulation, protection, and release of
hydrophilic active components: Potential and limitations of colloi-
dal delivery systems. Advances in Colloid and Interface Science,
219, 27-53. https://doi.org/10.1016/J.CIS.2015.02.002

Montero, P., Calvo, M. M., Gémez-Guillén, M. C., & Gomez-Estaca, J.
(2016). Microcapsules containing astaxanthin from shrimp waste
as potential food coloring and functional ingredient: Characteriza-
tion, stability, and bioaccessibility. LWT, 70, 229-236. https://doi.
org/10.1016/J.LWT.2016.02.040

Murugesan, R., & Orsat, V. (2012). Spray drying for the production
of nutraceutical ingredients-a review. Food and Bioprocess Tech-
nology, 5(1), 3—14. https://doi.org/10.1007/S11947-011-0638-Z/
TABLES/3

Nalawade, P., & Gajjar, A. (2015). Assessment of in-vitro bio acces-
sibility and characterization of spray dried complex of astaxanthin
with methylated betacyclodextrin. Journal of Inclusion Phenom-
ena and Macrocyclic Chemistry, 83(1-2), 63-75. https://doi.org/
10.1007/S10847-015-0541-8/TABLES/3

Nguyen, T. X., Huang, L., Liu, L., Elamin Abdalla, A. M., Gauthier,
M., & Yang, G. (2014). Chitosan-coated nano-liposomes for the
oral delivery of berberine hydrochloride. Journal of Materials
Chemistry B, 2(41), 7149-7159. https://doi.org/10.1039/C4TB0
0876F

Pan, L., Zhang, X., Fan, X., Li, H., Xu, B., Li, X., Pan, L., Zhang,
X., Fan, X., Li, H., Li, X., & Xu, B. (2020). Whey protein iso-
late coated liposomes as novel carrier systems for astaxanthin.
European Journal of Lipid Science and Technology, 122(4),
1900325. https://doi.org/10.1002/EJLT.201900325

Pinilla, C. M. B., Reque, P. M., & Brandelli, A. (2020). Effect of oleic
acid, cholesterol, and octadecylamine on membrane stability of
freeze-dried liposomes encapsulating natural antimicrobials. Food
and Bioprocess Technology, 13(4), 599-610. https://doi.org/10.
1007/S11947-020-02419-8/FIGURES/4

Rehman, A., Tong, Q., Jafari, S. M., Korma, S. A., Khan, I. M., Moh-
sin, A., Manzoor, M. F., Ashraf, W., Mushtaq, B. S., Zainab, S.,
& Cacciotti, I. (2021). Spray dried nanoemulsions loaded with


https://doi.org/10.1016/J.FOODCHEM.2014.10.076
https://doi.org/10.1016/J.FOODCHEM.2014.10.076
https://doi.org/10.1016/J.FOODHYD.2020.106357
https://doi.org/10.1007/S11947-021-02747-3/TABLES/6
https://doi.org/10.1007/S11947-021-02747-3/TABLES/6
https://doi.org/10.1590/S0101-20612010000400039
https://doi.org/10.1016/J.FOODCHEM.2016.01.091
https://doi.org/10.1111/1750-3841.15488
https://doi.org/10.1039/C6RA05574E
https://doi.org/10.1039/C6RA05574E
https://doi.org/10.1007/S11947-023-03136-8/TABLES/4
https://doi.org/10.1007/S11947-023-03136-8/TABLES/4
https://doi.org/10.1016/J.COLSURFA.2019.124202
https://doi.org/10.1111/JFPP.17229
https://doi.org/10.1111/JFPP.17229
https://doi.org/10.1111/1750-3841.12023
https://doi.org/10.3390/MOLECULES27206807/S1
https://doi.org/10.3390/MOLECULES27206807/S1
https://doi.org/10.3390/FOODS12040781/S1
https://doi.org/10.3390/FOODS12040781/S1
https://doi.org/10.1002/9781118810279.CH15
https://doi.org/10.1002/9781118810279.CH15
https://doi.org/10.1016/J.BJP.2018.06.007
https://doi.org/10.1016/J.BJP.2018.06.007
https://doi.org/10.3390/ANTIOX10040545
https://doi.org/10.3390/ANTIOX10040545
https://doi.org/10.1016/J.FOODCHEM.2015.09.050
https://doi.org/10.1016/J.FOODCHEM.2015.09.050
https://doi.org/10.1080/07373937.2020.1793772
https://doi.org/10.1080/07373937.2020.1793772
https://doi.org/10.1016/J.JFF.2010.01.002
https://doi.org/10.1016/J.CIS.2015.02.002
https://doi.org/10.1016/J.LWT.2016.02.040
https://doi.org/10.1016/J.LWT.2016.02.040
https://doi.org/10.1007/S11947-011-0638-Z/TABLES/3
https://doi.org/10.1007/S11947-011-0638-Z/TABLES/3
https://doi.org/10.1007/S10847-015-0541-8/TABLES/3
https://doi.org/10.1007/S10847-015-0541-8/TABLES/3
https://doi.org/10.1039/C4TB00876F
https://doi.org/10.1039/C4TB00876F
https://doi.org/10.1002/EJLT.201900325
https://doi.org/10.1007/S11947-020-02419-8/FIGURES/4
https://doi.org/10.1007/S11947-020-02419-8/FIGURES/4

Food and Bioprocess Technology

curcumin, resveratrol, and borage seed oil: The role of two dif-
ferent modified starches as encapsulating materials. International
Journal of Biological Macromolecules, 186, 820-828. https://doi.
org/10.1016/J.IIBIOMAC.2021.07.076

Ren, S., & Giusti, M. M. (2021). The effect of whey protein concen-
tration and preheating temperature on the color and stability of
purple corn, grape and black carrot anthocyanins in the presence
of ascorbic acid. Food Research International, 144, 110350.
https://doi.org/10.1016/J. FOODRES.2021.110350

Sarabandi, K., & Jafari, S. M. (2020a). Effect of chitosan coating on
the properties of nanoliposomes loaded with flaxseed-peptide
fractions: Stability during spray-drying. Food Chemistry, 310,
125951. https://doi.org/10.1016/J.FOODCHEM.2019.125951

Sarabandi, K., & Jafari, S. M. (2020b). Improving the antioxidant sta-
bility of flaxseed peptide fractions during spray drying encapsula-
tion by surfactants: Physicochemical and morphological features.
Journal of Food Engineering, 286, 110131. https://doi.org/10.
1016/J.JFOODENG.2020.110131

Sarabandi, K., Jafari, S. M., Mahoonak, A. S., & Mohammadi, A.
(2019a). Application of gum Arabic and maltodextrin for encap-
sulation of eggplant peel extract as a natural antioxidant and color
source. International Journal of Biological Macromolecules, 140,
59-68. https://doi.org/10.1016/J.IJBIOMAC.2019.08.133

Sarabandi, K., Jafari, S. M., Mohammadi, M., Akbarbaglu, Z., Pez-
eshki, A., & Khakbaz Heshmati, M. (2019b). Production of recon-
stitutable nanoliposomes loaded with flaxseed protein hydro-
lysates: Stability and characterization. Food Hydrocolloids, 96,
442-450. https://doi.org/10.1016/J. FOODHYD.2019.05.047

Sarabandi, K., Sadeghi Mahoonak, A., Hamishekar, H., Ghorbani, M.,
& Jafari, S. M. (2018). Microencapsulation of casein hydrolysates:
Physicochemical, antioxidant and microstructure properties. Jour-
nal of Food Engineering, 237, 86-95. https://doi.org/10.1016/J.
JFOODENG.2018.05.036

Savaghebi, D., Ghaderi-Ghahfarokhi, M., & Barzegar, M. (2021).
Encapsulation of Sargassum boveanum algae extract in nano-
liposomes: Application in functional mayonnaise production.
Food and Bioprocess Technology, 14(7), 1311-1325. https://doi.
org/10.1007/S11947-021-02638-7/FIGURES/5

Shin, G. H., Chung, S. K., Kim, J. T., Joung, H. J., & Park, H. J. (2013).
Preparation of chitosan-coated nanoliposomes for improving the
mucoadhesive property of curcumin using the ethanol injection
method. Journal of Agricultural and Food Chemistry, 61(46),
11119-11126. https://doi.org/10.1021/JF4035404/ASSET/
IMAGES/LARGE/JF-2013-035404_0008.JPEG

Tan, C., Feng, B., Zhang, X., Xia, W., & Xia, S. (2016). Biopolymer-
coated liposomes by electrostatic adsorption of chitosan (chito-
somes) as novel delivery systems for carotenoids. Food Hydrocol-
loids, 52, 774-784. https://doi.org/10.1016/J. FOODHYD.2015.
08.016

Tan, C., Wang, J., & Sun, B. (2021). Biopolymer-liposome hybrid systems
for controlled delivery of bioactive compounds: Recent advances.
Biotechnology Advances, 48, 107727. https://doi.org/10.1016/J.
BIOTECHADV.2021.107727

Tan, C., Xue, J., Lou, X., Abbas, S., Guan, Y., Feng, B., Zhang, X., &
Xia, S. (2014). Liposomes as delivery systems for carotenoids:
Comparative studies of loading ability, storage stability and
in vitro release. Food & Function, 5(6), 1232—-1240. https://doi.
org/10.1039/C3FO60498E

Tavares, L., & Zapata Noreiia, C. P. (2019). Encapsulation of garlic
extract using complex coacervation with whey protein isolate
and chitosan as wall materials followed by spray drying. Food
Hydrocolloids, 89, 360-369. https://doi.org/10.1016/J. FOODH
YD.2018.10.052

Vergara, D., & Shene, C. (2019). Encapsulation of lactoferrin into
rapeseed phospholipids based liposomes: Optimization and phys-
icochemical characterization. Journal of Food Engineering, 262,
29-38. https://doi.org/10.1016/J.JFOODENG.2019.05.012

Wang, L., Hu, X., Shen, B., Xie, Y., Shen, C., Lu, Y., Qi, J., Yuan,
H., & Wu, W. (2015). Enhanced stability of liposomes against
solidification stress during freeze-drying and spray-drying by
coating with calcium alginate. Journal of Drug Delivery Science
and Technology, 30, 163—170. https://doi.org/10.1016/J.JDDST.
2015.10.012

Yu, J. Y., Chuesiang, P., Shin, G. H., & Park, H. J. (2021). Post-pro-
cessing techniques for the improvement of liposome stability.
Pharmaceutics, 13(7), 1023. https://doi.org/10.3390/PHARM
ACEUTICS13071023

Zhang, J., Zhang, C., Chen, X., & Quek, S. Y. (2020). Effect of spray
drying on phenolic compounds of cranberry juice and their stability
during storage. Journal of Food Engineering, 269, 109744. https://
doi.org/10.1016/J.JFOODENG.2019.109744

Zhou, W., Liu, W., Zou, L., Liu, W., Liu, C., Liang, R., & Chen, J.
(2014). Storage stability and skin permeation of vitamin C
liposomes improved by pectin coating. Colloids and Surfaces B:
Biointerfaces, 117, 330-337. https://doi.org/10.1016/J.COLSU
RFB.2014.02.036

Zhou, M., Sun, Y., Luo, L., Pan, H., Zhang, Q., & Yu, C. (2023).
Road to a bite of rosehip: A comprehensive review of bioactive
compounds, biological activities, and industrial applications
of fruits. Trends in Food Science & Technology, 136, 76-91.
https://doi.org/10.1016/J.TIFS.2023.04.006

Zou, L. Q., Liu, W., Liu, W. L., Liang, R. H., Li, T., Liu, C. M., Cao,
Y. L., Niu, J., & Liu, Z. (2014). Characterization and bioavail-
ability of tea polyphenol nanoliposome prepared by combining
an ethanol injection method with dynamic high-pressure micro-
fluidization. Journal of Agricultural and Food Chemistry, 62(4),
934-941. https://doi.org/10.1021/JF402886S/SUPPL_FILE/JF402
886S_SI_001.PDF

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/J.IJBIOMAC.2021.07.076
https://doi.org/10.1016/J.IJBIOMAC.2021.07.076
https://doi.org/10.1016/J.FOODRES.2021.110350
https://doi.org/10.1016/J.FOODCHEM.2019.125951
https://doi.org/10.1016/J.JFOODENG.2020.110131
https://doi.org/10.1016/J.JFOODENG.2020.110131
https://doi.org/10.1016/J.IJBIOMAC.2019.08.133
https://doi.org/10.1016/J.FOODHYD.2019.05.047
https://doi.org/10.1016/J.JFOODENG.2018.05.036
https://doi.org/10.1016/J.JFOODENG.2018.05.036
https://doi.org/10.1007/S11947-021-02638-7/FIGURES/5
https://doi.org/10.1007/S11947-021-02638-7/FIGURES/5
https://doi.org/10.1021/JF4035404/ASSET/IMAGES/LARGE/JF-2013-035404_0008.JPEG
https://doi.org/10.1021/JF4035404/ASSET/IMAGES/LARGE/JF-2013-035404_0008.JPEG
https://doi.org/10.1016/J.FOODHYD.2015.08.016
https://doi.org/10.1016/J.FOODHYD.2015.08.016
https://doi.org/10.1016/J.BIOTECHADV.2021.107727
https://doi.org/10.1016/J.BIOTECHADV.2021.107727
https://doi.org/10.1039/C3FO60498E
https://doi.org/10.1039/C3FO60498E
https://doi.org/10.1016/J.FOODHYD.2018.10.052
https://doi.org/10.1016/J.FOODHYD.2018.10.052
https://doi.org/10.1016/J.JFOODENG.2019.05.012
https://doi.org/10.1016/J.JDDST.2015.10.012
https://doi.org/10.1016/J.JDDST.2015.10.012
https://doi.org/10.3390/PHARMACEUTICS13071023
https://doi.org/10.3390/PHARMACEUTICS13071023
https://doi.org/10.1016/J.JFOODENG.2019.109744
https://doi.org/10.1016/J.JFOODENG.2019.109744
https://doi.org/10.1016/J.COLSURFB.2014.02.036
https://doi.org/10.1016/J.COLSURFB.2014.02.036
https://doi.org/10.1016/J.TIFS.2023.04.006
https://doi.org/10.1021/JF402886S/SUPPL_FILE/JF402886S_SI_001.PDF
https://doi.org/10.1021/JF402886S/SUPPL_FILE/JF402886S_SI_001.PDF

	Effect of Spray Drying on Physicochemical Stability and Antioxidant Capacity of Rosa pimpinellifolia Fruit Extract-Loaded Liposomes Conjugated with Chitosan or Whey Protein During In Vitro Digestion
	Abstract
	Introduction
	Materials and Methods
	Materials
	Preparation of Rosa extract
	Preparation of Liposomes
	Conjugation of Liposomes with Chitosan and Whey Protein
	Spray Drying of Liposomes
	Physicochemical Characterization of Particles
	Measurement of Particle Diameter and Zeta Potential
	Estimation of Total (Poly)phenols Content and Antioxidant Capacity
	Entrapment Efficiency of Liposomes
	Retention Rate of TPC and AOC After Spray Drying
	FTIR-ATR Analysis
	Morphology
	Other Physical Properties

	Simulated Gastrointestinal Digestion
	Statistical Analysis

	Results and Discussion
	Liposome Characteristics
	Total (Poly)phenols Content, Antioxidant Capacity, and Entrapment Efficiency of Liposomal Dispersions Before and After Spray Drying
	FTIR-ATR Results
	Characterization of Spray-Dried Liposomal Powders
	Effects of Simulated Gastrointestinal Digestion on Stability of Rosa Extract

	Conclusion
	Acknowledgements 
	References


