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Abstract
Rose essential oil (REO) microcapsules were prepared using perilla protein isolate (PPI)-sodium alginate (NaAlg) complex 
coacervates as shells. PPI-to-NaAlg ratio of 6:1 and pH 3.8 were the optimum parameters for obtaining PPI-NaAlg coacer-
vates. The multicore morphology and large particle size of microcapsules indicated the successful encapsulation of REO in 
PPI-NalAg shells. The hydrogen bond between the core and wall and electrostatic interaction between PPI and NaAlg were 
confirmed by Fourier-transform infrared (FTIR) spectra. The encapsulation efficiency, payload, and encapsulation yield of 
the microcapsules were 89.80%, 53.17%, and 88.26%. Additionally, the microencapsulated REO displayed better thermal 
stability and sustained-release profile than free REO. Microencapsulation of REO in PPI-NaAlg shell matrix improved its 
antibacterial ability. Incorporation of REO microcapsules in ground beef increased its shelf life by 6 days at 4 ℃. Encapsula-
tion of REO in the PPI-NaAlg coacervates may be simple and effective way for improving its preservative effects on meat.
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Introduction

Meat and meat products are excellent resources of macro and 
micronutrients such as protein, phosphorus, iron, vitamin 
B12, and zinc. However, fresh meat is perishable, and its 
shelf life is limited to about 1 week at 4 ℃ due to the micro-
bial contamination and oxidative deterioration (Smaoui 
et al., 2021). Because of the increased contact area between 
meat fat and oxygen, and the higher availability of oxidation 

promoters, relatively rapid oxidation occurs in ground meat 
products (Rodrigues Arruda et al., 2022). Therefore, shelf-
life extension of meat products by inhibiting the microbial 
spoilage and oxidation are import considerations in meat 
industry.

Rose essential oil (REO) has been traditionally used in 
cosmetics and medical products for its pleasant rosy scent 
and pharmacological properties, respectively (antitussive, 
anti-inflammatory and antidiabetic effects) (Ulusoy et al., 
2009). Recently, several research works have shown that 
REO possesses antibacterial (Ulusoy et al., 2009), antifun-
gal (Mahajan & Pal, 2020), and antioxidant capacities (Liu 
et al., 2021). These properties make REO a potential option 
for meat preservation. However, several limitations of REO 
such as poor stability, high hydrophobicity and volatility 
have hindered its greater application as a food preservative 
(Liu et al., 2021).

Complex coacervation–based microencapsulation method 
is found to be suitable for the microencapsulation of many 
active and hydrophobic substances (Gomez-Estaca et al., 
2018). It can provide a controlled release profile and chem-
ical stability of the encapsulated compounds, prevent the 
interaction of additives with food ingredients, and hinder 
the undesirable flavor of the core materials (da Silva Soares 
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et al., 2021; Karagozlu et al., 2021; Tavares et al., 2019). 
Gelatin is the most extensively used protein source in the 
complex coacervation process of lipophilic/hydrophilic 
compounds such as thyme essential oil (Göktepe et al., 
2021), roasted coffee oil (Zanin et al., 2021), anthocyanins 
(Stănciuc et al., 2017), and oregano oil (Karagozlu et al., 
2021). Nevertheless, gelatin must be heated to dissolve in 
water before use but agglomerated at ambient temperature, 
which increased the operation difficulty of complex coacer-
vation based on gelatin (Gomez-Estaca et al., 2018). Addi-
tionally, glutaraldehyde, the commonly used cross-linking 
agent of gelatin-based system, can create damage to human 
health (Stănciuc et al., 2017). Consequently, other animal 
proteins and plant proteins have been explored as alternatives 
to gelatin as shell materials in complex coacervation-based 
microencapsulation technologies (Misra et al., 2022). Milk 
proteins and egg proteins are another two widely explored 
animal proteins to produce coacervates. For example, da 
Silva Soares et al. (2021) used ovalbumin and pectin as the 
wall materials for the microencapsulation of sacha inchi oil 
by complex coacervation. Recently, Tavares and Noreña 
(2020) and Tavares et al. (2019) employed whey protein/gum 
Arabic and whey protein/chitosan to study their encapsula-
tion effects on ginger essential oil and ginger extract, respec-
tively. However, the higher allergenic nature of these two 
animal proteins compared to plant proteins (except for a few 
plant proteins such as gluten and peanut protein) hindered 
their application in various food systems (Jawanda et al., 
2022). Due to the healthier nature and increased popularity 
of plant proteins, new plant proteins should be explored for 
the microencapsulation of REO to expand the applicability 
and scope of this technology.

Perilla protein isolate (PPI) is a by-product of perilla oilseed 
processing. PPI has high nutritive value, balanced amino acid 
composition, and superior protein efficiency, and thus it can 
be considered an alternative source of animal protein (Zhao 
et al., 2021a, b). Besides, PPI possessed a high emulsifying 
activity and emulsion stability; both of which are desirable 
properties of the wall materials used for microencapsulation 
(Zhao et al., 2021a, b). Nevertheless, the researches on PPI are 
mainly focused on extraction and modification (Yang et al., 
2022). The application of PPI as a wall material to prepare 
microcapsules containing bioactive substances (e.g., essential 
oil) has not been reported yet. Sodium alginate (NaAlg) is a 
polysaccharide with negative charge extracted from brown 
algae. It comes with advantages in terms of biodegradability, 
water solubility, non-toxicity, and resistance to oral and gas-
tric digestion making it an ideal encapsulating shell material. 
Furthermore, alginate can bind divalent cations and produce a 
hexagonal lattice which is known as an “egg-box” gel structure 
(Jadach et al., 2022). Colloidal delivery systems containing 
sodium alginate rapidly increase the viscosity upon contact 
with body environment which is advantageous for targeted 

sustained release (Jadach et al., 2022). According to the lit-
erature, NaAlg is commonly used for the preparation of hydro-
gel beads to encapsulate essential oils, such as clove essential 
oil (Faidi et al., 2019), Ziziphora clinopodioides-Rosmarinus 
officinalis essential oil (Karimifar et al., 2022), and lemongrass 
essential oil (Salvia-Trujillo et al., 2013). However, the NaAlg-
based capsules are instable in the release media due to the 
leaching of Ca when it complexes with other molecules and/or 
due to salt exchange (Matricardi et al., 2008). In addition, the 
high porosity of the beads usually leads to a burst effect or to 
uncontrolled active principle release (Matricardi et al., 2008). 
Nowadays, complex coacervation of NaAlg with oppositely 
charged polymers to prepare essential oil loaded microcap-
sules has been reported for gelatin (Bastos et al., 2020a, b, 
c), lactoferrin (Bastos et al., 2020a), and whey protein (Bajac 
et al., 2022). As reported, microcapsules prepared via complex 
coacervation displayed high thermal and oxidation stability 
(Faidi et al., 2019). Additionally, the controlled release of core 
materials from microcapsules can also be achieved via this 
technique (Bajac et al., 2022). However, there is no study that 
has elaborated the complex coacervation process between PPI 
and NaAlg and used these complex coacervates as wall mate-
rial to encapsulate REO. In addition, the freshness-keeping 
effects of REO and REO microcapsules on the meat products 
have also not been investigated.

This work focused on the feasibility of using PPI-NaAlg 
complex coacervates for the encapsulation process of REO. 
It involves characterization of microcapsules with REO 
(particle diameter, morphology, structure, thermal charac-
teristic), the measurements of REO release profile in model 
foods, and the determination of bacteriostatic effects of REO 
microcapsules. The freshness-keeping effects of REO micro-
capsules on ground beef were investigated as well.

Materials and Methods

Materials

Perilla seeds were purchased from Huannan Zisuyuan Tech-
nology Development Co., LTD. (Heilongjiang, China). Rose 
essential oil (REO) was obtained from Huamei Biotechnol-
ogy Co., Ltd. (Shandong, Pingyin, China). Freshly ground 
beef (immediately after grounding) was brought from a local 
China Resources Vanguard Supermarket in Wuxi. NaAlg 
(purity ≥ 90%, β-D-mannuronic/α-L-guluronic = 0.51), ace-
tic acid  (CH3COOH), hydrochloric acid (HCl), n-hexane, 
sodium hydroxide (NaOH), ethanol, potassium bromide 
(KBr), trichloroacetic acid, trichloromethane, methyl red, 
MgO, boric acid  (H3BO3), and potassium bromophenol 
green were of analytical level and were obtained from Bei-
jing Innochem Science & Technology Co., LTD. (Beijing, 
China).
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Extraction of Perilla Protein Isolate

The extraction of perilla protein isolate (PPI) was performed 
according to Zhao et al. (2021a, b) with slight modification. 
In brief, perilla seeds were milled using a household grinder 
(M150A, Baijie, China) for 5 min. The ground perilla seeds 
were defatted with n-hexane for 2 h, and the procedure was 
repeated 3 times. One hundred grams of the defatted flour and 
1000 mL distilled water were mixed thoroughly, and the mix-
ture was alkalized to pH 9.0. Then, the mixed suspension was 
stirred at 50 ℃ for 1 h, followed by centrifugation (5600 × g, 
20 min). Subsequently, the pH of the supernatant obtained 
was adjusted to 4.5 with  CH3COOH solution, and the precipi-
tate was gathered by centrifugation (5600 × g for 20 min). The 
precipitate was washed with deionized water for five times. 
The PPI obtained in this way was freeze dried and kept at 
– 18 ℃ until used. The contents of protein, moisture, fat, 
and ash of the PPI obtained in this way were 87.95 ± 3.64%, 
4.34 ± 0.23%, 1.34 ± 0.02%, and 1.91 ± 0.43%, respectively.

Preparation of PPI and NaAlg Stock Solutions

PPI (2%, w/v) solution was produced by dissolving the lyophi-
lized PPI in distilled water followed by stirring at 800 rpm for 
45 min at ambient temperature (25 ℃). The PPI solution was 
alkalized to pH 9.0 via NaOH (0.001–0.1 M) and stirred for 
3 h to facilitate hydration, followed by acidizing the solution to 
pH 7 with 0.01–1 M  CH3COOH solution. Gentle stirring was 
maintained for another 12 h using a magnetic stirrer to ensure 
complete dissolution. This PPI solution was subjected to cen-
trifugation (5520 × g for 15 min) again to remove insoluble com-
ponents. A fraction of PPI stock solution was thoroughly freeze 
dried to calculate the true protein concentration, and the result 
was 1.62 ± 0.07% (w/v). NaAlg stock solution (1%, w/v) was 
produced by dissolving the powdered NaAlg in deionized water 
by mechanically stirring at 600 rpm for 12 h. The pH of NaAlg 
solution was adjusted to pH 7 with 0.01–1 M  CH3COOH. Both 
PPI and NaAlg stock solutions were kept at 4 ± 1 ℃ until used.

Measurement of Turbidity

A UV-8000A spectrophotometer (Metash Instruments Co., 
LTD, Shanghai, China) was applied to test the turbidity 
of the PPI/NaAlg mixtures with different mixing ratios at 
600 nm with pH ranging from 2.0 to 7.0. The concentration 
of the total biopolymer solid was fixed at 0.05% (w/v).

Measurement of Zeta Potential

The values of zeta potential of PPI, NaAlg, and the mixtures 
of these two molecules (0.05%, w/v) at different mixing 

ratios (PPI/NaAlg) were determined as a function of pH 
value (2.0–7.0) by a Zetasizer (NANOTRAC WAVE II, 
Microtrac MRB, USA). Experiments were carried out at 
25 ℃, and the refractive index of dispersed phase was 1.59.

Measurement of the Yield of Complex Coacervates

The yield of PPI-NaAlg complex coacervates produced 
at various PPI to NaAlg ratios was measured based on 
the method as previously described by Plati et al. (2021). 
Generally, the pH of these mixtures was acidified to the 
optimal values indicated by the highest turbidity. The pre-
cipitate was gathered and freeze dried after centrifugation 
(5600 × g, 20 min). The yield of complex coacervate was 
measured using the equation listed as follows:

where Mc, MPPI, and MNaAlg represent the mass (g) of PPI-
NaAlg complex coacervate, PPI, and NaAlg, respectively.

Fabrication of PPI‑NaAlg Coacervates and REO 
Microcapsules

PPI-NaAlg complex coacervates were prepared on the basis of 
Chen et al. (2021) with some modifications. One percent (w/v) 
of PPI solution was mixed with 1% (w/v) NaAlg solution with a 
ratio of 6:1. This ratio was chosen based on the optimum condi-
tions for the formation of complex coacervates. Subsequently, 
the mixture was acidified to pH 3.8 using  CH3COOH solution 
under constant stirring (300 rpm). The temperature of the mix-
ture was lowered to 4 ℃ and then stirred further at 150 rpm for 
30 min. The mixture was refrigerated at 4 ℃ for 24 h.

The fabrication of REO loaded microcapsules was carried 
out as proposed by Santos et al. (2021) with some minor 
modifications. REO emulsion was firstly produced by mixing 
REO with PPI-NaAlg solution (REO:PPI-NaAlg = 1.5:1.0) 
and homogenizing by a high pressure homogenizer (Nano-
Genizer20K, Genizer, USA) at 10,000 rpm for 5 min. Sub-
sequently, the pH of the mixture was adjusted to 3.8 with 
stirring (300 rpm), followed by stirring (150 rpm) at 4 ℃ for 
another 30 min. After refrigerating at 4 ℃ for 24 h, the PPI-
NaAlg coacervates and microcapsules containing REO were 
freeze dried and kept at 4 ℃ until analyzed.

Measurement of Particle Size and Microscopy

A laser particle diameter analyzer (PSA 1190, Anton Paar, 
Austria) was used to perform the measurements of parti-
cle size of the liquid REO microcapsules and coacervates 

(1)Cy =
Mc

MPPI +MNaAlg

× 100%
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before lyophilization. The samples were dispersed evenly 
into the wet dispersion sample tank of the analyzer for 
determination (Plati et al., 2021). The images of PPI-NaAlg 
coacervates and microcapsules with REO were obtained by 
an inverted fluorescence Microscope (Axio Vert A1, Carl 
Zeiss, Oberkochen, Germany) at 200 × magnification.

Measurement of Encapsulation Efficiency, Payload, 
and Encapsulation Yield

The total oil (TO) and surface oil (SO) contents of the pre-
pared lyophilized microcapsules containing REO were calcu-
lated as previously reported (Bakry et al., 2019). Generally, 
1.5 g of microcapsules with REO were mixed with 150 mL 
ethanol in a beaker (100 mL). The SO content of REO micro-
capsules was determined via slightly shaking the breaker for 
several times, followed by filtration using filter paper (What-
man No.1). The SO content was determined by the super-
natant obtained. The TO content of REO was extracted by 
ultrasound sonication at 40 ℃ for 30 min, followed by cen-
trifugation (10,000 × g, 20 min) at ambient temperature. The 
residues were washed using anhydrous ethanol for 3 times, 
and the supernatant was collected and used for the calculation 
of the TO content of REO microcapsules. The REO content 
in the ethanolic solution was determined at absorbance of 
230 nm using a spectrophotometer. The oil content of REO 
was calculated using a standard curve. The encapsulation 
efficiency (EE), payload (PL), and encapsulation yield (EY) 
of the prepared microcapsules with REO were measured 
applying Eqs. (2), (3), and (4), respectively:

where Wt and Ws represent the weight (g) of TO and SO of 
REO microcapsules. W1 and W2, represent the weight (g) 
of REO used microencapsulation and the weight (g) of the 
microcapsules, respectively.

Measurement of Molecular Interaction by FTIR

The structure of and molecular interaction among compo-
nents of samples (PPI, NaAlg, REO, PPI-NaAlg coacervates, 
and microcapsules with REO) were carried out based on the 
approach of Ren et al. (2019) using a FTIR spectrometer 

(2)EE (%) =
W

t
−W

s

W
t

× 100

(3)PL (%) =
W

t

W
2

× 100

(4)EY (%) =
W

t

W
1

× 100

(IS10, Nicolet, USA). Each sample was determined at a 
range of wavenumber from 4000 to 400  cm−1. The resolu-
tion and scanning speed of the FTIR test was set as 4  cm−1 
and 0.2 cm/s, respectively.

Measurement of Thermal Stability

A thermal gravimetric analyzer (TGA2, Mettle Toledo Instru-
ments, Switzerland) was used to perform the thermogravi-
metric analysis (TGA) of free REO, PPI-NaAlg coacervates, 
and microcapsules containing REO. Approximately 2 mg of 
the test sample was used for analysis, and the change or loss 
of mass was recorded ranging from 25 to 500 ℃. The heating 
rate was set as 10 ℃/min, and the nitrogen gas (20 mL/min) 
was used as the medium for heating process.

Measurement of Release Characteristics in Different 
Food Simulants

The REO release kinetics in different food media including 
deionized water, 3% acetic acid, and 10% and 50% anhydrous 
ethanol were studied to simulate the release characteristics of 
REO microcapsules in aqueous, alcoholic, oily, and acidic 
food systems according to Chen et al. (2021). Specifically, 
20 mg of REO microcapsule samples were added into 50 mL 
of the abovementioned model fluid solution and stirred at 
25 ℃ (100 rpm). The released REO from REO microcap-
sules was analyzed through determining the absorbance of 
the solution at wavelength of 230 nm at proper time intervals.

To further investigate the release mechanism of REO 
from microcapsules to different food simulants, Weibull’s 
Eq. (5) is used for data fitting (Macheras & Dokoumetzidis, 
2000):

where Mt

M∞

 , α , and � represent released fraction of REO, scale 
parameter, and shape parameter, respectively.

Measurement of the Growth Behavior of E. coli 
and S. aureus in the Presence of REO and REO 
Microcapsules

The growth curves of E. coli and S. aureus was determined 
according to Bansal et al. (2021) with proper modifica-
tion. Generally, 50 � L of the cultured bacterial suspension 
 (106 CFU/mL) was added into 50 mL broth followed by 
adding REO (1.00 mg/mL) or REO (1.88 mg/mL) micro-
capsules and incubated at 37 ℃ for 24 h. The optical den-
sity  (OD600) values of these samples were determined at 
2 h interval.

(5)
Mt

M∞

= 1 − exp(−αt�)
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Preservative Effect of REO Microcapsules on Ground 
Beef During Storage

Treatment of Beef Sample

The ground beef samples (pH 5.6) were prepared into 3 groups: 
neat ground beef (control), beef samples containing 0.40% 
(w/w) REO, and beef samples containing 0.75% (w/w) REO 
microcapsules (calculated from the payload value of REO 
microcapsules). These samples were sealed into polyethylene 
bags and stored at 4 ℃ in a refrigerator for until analyzed.

Measurement of Total Bacterial Count

The total bacterial count (TBC) was measured according 
to Sun et al. (2021). Briefly, 10 g of the above-mentioned 
ground beef samples were homogenized with 90 mL of 
normal saline (0.85%, w/v). The agar plate method was 
used to measure TBC after culturing at 37 ℃ for 48 h.

Measurement of TVB‑N Value

The total volatile basic nitrogen (TVB-N) value of beef samples 
was determined according to Liu et al. (2020) using semimicro-
Kjeldahl method. After 6 min of distillation, the distillate was 
titrated with HCl solution (0.01 M), and the TVB-N values of 
ground beef samples were expressed as mg/100 g.

Measurement of TBARS Value

A method used by Wang et al. (2020) was used in this work to 
measure the thiobarbituric acid reactive substance (TBARS). 
The absorbance values were recorded 532 and 600 nm and used 
to calculate TBARS value (mg malondialdehyde (MDA)/kg).

Statistical Analysis

All experiments and determinations were carried out in tripli-
cate and the results were expressed as mean ± standard devia-
tion (SD). Differences between mean values were established 
using Duncan’s new multiple range tests at a confidence level 
of 95%. Statistical analysis was performed using SPSS version 
22.0 (SPSS Inc., Chicago, IL, USA).

Results and Discussion

Influence of pH Variations on the Formation 
of Complex Coacervation

Complex coacervation, a typical process of electrostatic inter-
action between two biopolymers with opposite charge, can 
occur under controlled conditions within a typically narrow 

pH range. The degree of complex coacervation and the 
strength of electrostatic interaction between two biopolymers 
during the coacervate formation process can be significantly 
affected by the pH value (Bastos et al., 2020a). Therefore, 
pH optimization is essential to achieve the best condition for 
the complex coacervation process between PPI and NaAlg. 
The zeta potential and turbidity values of the PPI-NaAlg solu-
tions between pH 2.0 and 7.0 were applied to estimate the 
optimal pH value for complex coacervation. Zeta potential 
of PPI ranged from − 32.20 to 28.07 mV in the pH range of 
2.0 to 7.0 (Fig. 1A). This can be attributed to the ampho-
teric characteristics of PPI due to the presence of -NH2 and 
-COOH (Timilsena et al., 2016). The isoelectric point (pI) 
of PPI was found to be about pH 4.9, as indicated by the 
close to 0 mV zeta potential. This value is close to the pI 
value of 5.0 reported by Zhao et al. (2021a, b). Within the 
testing pH range, the NaAlg solution was always negatively 
charged (Fig. 1A). Hence, complex coacervation between PPI 
and NaAlg would occur below pH of 4.9 due to the opposite 
charge of these two biopolymers.

The charge zeta potential values of mixed PPI-NaAlg 
solutions at different mixing ratios (PPI:NaAlg = 1:1, 2:1, 
4:1, 6:1, and 8:1, w/w), as a response to the variation of pH, 
are presented displayed in Fig. 1B. A charge-neutral state 
(zeta potential = 0) in these PPI-NaAlg mixed systems was 
observed between pH 3.0 and 4.5 at which the highest degree 
of complex coacervate was expected to occur due to the strong 
electrostatic attraction between PPI and NaAlg (Timilsena 
et al., 2016). It was also observed that the pH of the charge 
neutral state shifted to higher pH values when the PPI-to-
NaAlg ratio increased. This could be explained by the pres-
ence of excess amount of PPI above the amount required to 
saturate NaAlg in terms of electrostatic interactions (Bastos 
et al., 2020a; Chen et al., 2021; Timilsena et al., 2016). These 
findings suggest that the formation of complex coacervate 
between PPI and NaAlg at tested mixing ratios would occur 
between pH 3.0 and 4.5.

The change in turbidity of PPI-NaAlg mixtures at various 
mixing ratios as a response to pH change was determined 
to further confirm the optimal pH value for complex coac-
ervation. The turbidity of the mixed suspensions increased 
with the decrease of the pH value when the pH was above pI 
(Fig. 1C). The suspensions became more or less transparent 
when the pH decreased well below the pI due to the dissolu-
tion of the coacervates. This observation indicated the fact 
that the complex coacervation occurs in a narrow pH range 
and is a reversible process. The highest turbidity values for 
PPI-NaAlg systems with PPI to NaAlg ratios of 1:1, 2:1, 4:1, 
6:1, and 8:1 (w/w) were observed at pH of 3.1, 3.2, 3.6, 3.8, 
4.0, and 4.1 which is around the pI of the PPI-NaAlg sys-
tems. Milošević et al. (2020) also reported that the optimum 
pH for the formation of complex coacervation was around 
the pI of the protein-fiber system.
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Influence of PPI‑to‑NaAlg Ratio on the Formation 
of Complex Coacervation

The mixing ratio is another determining parameter affecting 
the complex coacervation process. Turbidity and coacervate 
yield are considered two important indicators for confirm-
ing the optimum mixing ratio between protein and poly-
saccharides. As shown in Fig. 1C, the maximum turbidity 
was observed at the PPI-to-NaAlg mixing ratio of 6:1. The 
reason for the lower turbidity at mixing ratio of 1:1, 2:1, and 
4:1 may be due to the excess negative charge and also steric 
repulsion caused by the excess amount of NaAlg. On the 

other hand, higher PPI-to-NaAlg ratios (8:1 and 10:1) would 
have increased the interaction among protein molecules, thus 
decreasing the turbidity (Naderi et al., 2020).

The yield of coacervate at different PPI-to-NaAlg ratios is 
presented in Fig. 1D. The mixing ratio of biopolymers signifi-
cantly (P < 0.05) affected the yield of complex coacervate. The 
coacervate yield as a function of PPI to NaAlg ratios followed 
the trend observed in turbidity data (Fig. 1C). The highest coac-
ervate yield (79.50%) was observed at the PPI-to-NaAlg ratio of 
6:1 (pH 3.8). On the basis of turbidity, zeta potential, and coac-
ervate yield, the optimal parameters for the fabrication of PPI-
NaAlg coacervates were PPI-to-NaAlg ratio of 6:1 and pH 3.8.

Fig. 1  The effects of pH and PPI/NaAlg mixing ratio on the forma-
tion of PPI-NaAlg complex coacervates. Zeta potential of PPI and 
NaAlg solutions (A). Zeta potential of different PPI-NaAlg systems 

(B). Turbidity of different PPI-NaAlg systems with the variation of 
pH (C). The coacervate yield of different PPI-NaAlg systems at the 
optimum pH value (D)
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Characterization of PPI‑NaAlg Coacervates 
and Microcapsules Containing REO

The particle diameter and micromorphology of PPI-NaAlg 
coacervates and REO microcapsules formed under the opti-
mal conditions (PPI-to-NaAlg ratio = 6:1, pH = 3.8) before 
drying are displayed in Fig. 2. From Fig. 2, the complex 
coacervates of PPI-NaAlg processed an average particle 
diameter of 22.45 � m with an irregular network structure 
(Fig. 2A and B). Multicore structure (Fig. 2C) was observed 
in REO microcapsules indicating REO was successfully 
encapsulated. It was reported that microcapsules with mul-
ticore structure are superior to single-core ones in terms of 
mechanical strength, release properties, and thermal stability 
(Bylaitë et al., 2001). Meanwhile, the incorporation of REO 
into the complex coacervates increased the particle size from 
22.45 to 33.43 � m (Fig. 2A). The increased particle size 
of REO microcapsules can be attributed to the interaction 
between core and wall materials altered the shape and parti-
cle size. These results are in accordance with earlier report 
on complex coacervates produced using sodium alginate and 
β-lactoglobulin (Bastos et al., 2020b). 

The values of encapsulation efficiency, pay load, and 
encapsulation yield of the fabricated microcapsules contain-
ing REO were 89.80%, 53.17%, and 88.26% respectively 
(Fig. 2C). These results demonstrated that PPI-NaAlg com-
plex coacervates could be successfully applied as the wall 
material to encapsulate REO.

FTIR Spectra Analysis

The structural characteristics of REO, PPI, NaAlg, and the 
interaction among them were investigated by FTIR analysis. 
As presented in Fig. 3, the band at 3298.91  cm−1 observed on 
the spectra of PPI could be correspond to the O–H and N–H 
stretching vibrations of free amino acid (Kord Heydari et al., 
2021). The characteristic peaks located at 1238.74, 1538.56, and 
1654.81  cm−1 could be resulted from the groups of C-H, N–H, 
and C = O in PPI molecules, respectively (Vera et al., 2020). 
The stretching vibration contributed by the C-H groups on the 
spectrum of PPI was appeared at 2960.94 and 1449.78  cm−1.

As for NaAlg, the band appearing at 2927.05 and 3428.53   
cm−1 could be related to the stretching vibration of C-H and 
O–H. Additionally, absorption peak found at 1615.69  cm−1 
corresponds to CO−

2
 present in carboxylic acid salts  (RCOO−). 

Similarly, the absorption band appearing at 1415.78  cm−1 could 
be due to C-O bond of the acid groups (RCOOH); the absorp-
tion bands appearing at 1031.23 and 1095.70  cm−1 assigned to 
the asymmetric vibrational stretch caused by C-O and C–O–C 
groups.

The interaction between PPI and NaAlg can also be dem-
onstrated from the spectral data presented in Fig. 3. The 
typical absorption peak of uncomplexed NaAlg appearing 
at 1615.69  cm−1 disappeared on the FTIR spectra of PPI-
NaAlg coacervates. Furthermore, the strong peaks of PPI at 
3298.87  cm−1, corresponding to O–H stretching vibration, 
shifted to 3293.91  cm−1 in PPI/NaAlg coacervates. These 

Fig. 2  Particle diameter analysis 
(A), morphology observation 
of PPI-NaAlg coacervates (B), 
and microcapsules containing 
REO (C)
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results suggest the generation of hydrogen banding between 
O–H group of PPI molecules and C = O group of NaAlg 
molecules. Compared to uncomplexed PPI, the absorption 
peaks associated with amide I, II, and III bands shifted from 
1654.89, 1538.56, and 1238.74  cm−1 to 1658.32, 1538.21, 
and 1246.69   cm−1, respectively, in PPI-NaAlg complex 
coacervates, suggesting that electrostatic attraction had 
occurred between PPI and NaAlg (Li et al., 2021).

REO exhibited characteristic absorption peaks of C = C–C 
and O–H groups at 2957.97 and 3443.69  cm−1, respectively 
(Fig. 3). The symmetric and asymmetric C-H stretching 

vibrations of methylene were presented as two absorption 
peaks appearing at 2855.12 and 2925.82   cm−1, respec-
tively. An intense absorption peak located at 1715.81  cm−1 
on the spectrum of REO was corresponded to the exist-
ence of esters. The characteristic band observed in REO 
at 2925.74  cm−1 was also observed in REO microcapsules 
suggesting a successful microencapsulation of REO in PPI-
NaAlg coacervates. In addition, the shift of the absorption 
bands of REO observed at 3443.69  cm−1 to 3290.54  cm−1 
in REO microcapsules indicated the generation of hydrogen 
bond among the core and wall materials after microcapsula-
tion (Duhoranimana et al., 2017).

Thermal Stability

The thermal stability of the tested samples was evaluated by 
thermogravimetric (TGA) analysis. The curves of differen-
tial thermogravimetric (DTG) and TGA of REO, PPI-NaAlg 
coacervates, and microcapsules with REO are displayed in 
Fig. 4. The data of TGA analysis of REO showed a mass 
reduction of 4.70% below 100 ℃ due to the evaporation of 
moisture and volatilization of REO (Duhoranimana et al., 
2018; Zhang et al., 2021). Due to the boiling point of REO 
was reported to be about 275 °C (Xiao et al., 2019), the 
sharp mass loss of 79.51% of REO observed from TGA and 
DTG curves between 100and 200 ℃ may be attributed to the 
massive REO volatilization (Zhang et al., 2021).

A considerable weight loss (8.41%) of PPI-NaAlg coacer-
vates was shown around 100 ℃ according to the TGA data due 
to the evaporation of water. A rapid thermal degradation of the 
PPI-NaAlg coacervates (55.46%) was noticed between 200 
and 500 ℃. The pattern of weight loss in REO microcapsules 

Fig. 3  FTIR spectra of PPI, NaAlg, PPI-NaAlg coacervates, REO, 
and REO microcapsules

Fig. 4  The curves of A TGA and B DTG analysis of free REO, PPI-NaAlg coacervates, and microcapsules with REO
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was similar to that in PPI-NaAlg coacervates; mass loss of 
8.78% below 100 ℃ is related to the evaporation of mois-
ture and unprotected REO. A rapid weight loss (57.69%) of 
the microcapsules occurred between 200 and 500 °C could 
be contributed by the breakdowns of wall materials, and the 
volatilization and degradation of the core materials (REO) 
have been unencapsulated. The findings indicate that the PPI-
NaAlg complex coacervate shell matrix could enhance the 
thermal stability of free REO by microencapsulation technol-
ogy. This finding is in agreement with several publications, 
for example, encapsulation of sesame oil in gelatin- gum Ara-
bic complex coacervates (Dai et al., 2020), ginger essential 
oil in whey protein isolate-gum Arabic (Tavares & Noreña, 
2020), and chia seed oil in chia seed protein-chia seed gum 
complex coacervates (Dai et al., 2020).

Release Characteristics of REO in Different Food 
Simulants

The REO release characteristics from PPI-NaAlg coacer-
vates in four food models are displayed in Fig. 5A. As can 
be observed, REO was rapidly released within first 11 min 
in all food simulants with cumulative release percentage of 
25.8%, 29.7%, 36.0, and 23.4% in aqueous, ethanol (10% and 
50%, v/v) and acetic acid (3%, v/v) solutions, respectively. 
A sustained (slow) release behavior of REO from microcap-
sules was found in all solvents from 11 to 24 min, indicat-
ing its controlled release in these model foods. The highest 
cumulative release of REO was observed in 50% ethanol, 
followed by 10% ethanol, deionized water, and 3% acetic 
acid solutions.

This observation was in accordance with the findings 
of Bastos et al. (2020b), who used β-lactoglobulin/NaAlg 
for the microencapsulation of black pepper oil. Conversely, 
Chen et al. (2021) found that eugenol loaded microcapsules 
prepared using quinoa protein and gum Arabic as wall mate-
rials were most stable in water, followed by 10% ethanol, 3% 
acetic acid, and 50% ethanol. According to Muhoza et al. 
(2019), the multinuclear structure of the microcapsules 
prepared and the molecular/viscosity of the wall materials 
could affect the release characteristics of the core materials. 
Therefore, the different release rate of REO in food models 
could be due to the difference of wall materials, which play 
a principal role in the release characteristics of REO (core) 
(Qiu et al., 2022). REO exhibits poor solubility in water for 
its lipophilic nature, leading to the lower release rate of REO 
in aqueous solution (deionized water) compared to 10% and 
50% ethanol solutions (Mahajan & Pal, 2020). Furthermore, 
the pH of the solution with acetic acid (3%, v/v) is about 
4.3, which is closer to the isoelectric point (pH = 3.8) of the 
PPI-NaAlg system compared to other solutions, thus play-
ing protective effects on the microcapsules containing REO 
owing to the stronger electrostatic interaction among PPI 
and NaAlg molecules at this pH.

The release profiles of the encapsulated REO were further 
fitted by Weibull model to gain insight on the release mechanism 
of REO from microcapsules. As shown in Fig. 5B, the release 
profile of REO from microcapsules in four different simulants 
fitted well by the Weibull model with correlation coefficient (R2) 
of 0.99. As previously reported, β ≤ 0.75 suggests that the release 
mechanism is Fickian diffusion; 0.75 < β ≤ 1 suggests the pres-
ence of swelling release behavior and diffusion, also recognized 

Fig. 5  Cumulative release curves of encapsulated REO (A) and release data of encapsulated REO fitted to Weibull model (B)
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as non-Fickian diffusion (Macheras & Dokoumetzidis, 2000). 
According to Fig. 5B, the β value of the Weibull model fell 
between 0.47 and 0.58, indicating that the main release mecha-
nism of REO from PPI/NaAlg coacervates in all food models 
occurred as a result of Fickian diffusion. Therefore, the swell-
ing of the microcapsules can be neglected at this process. This 
phenomenon may be attributed to the poor swelling ability of the 
shell materials in these food simulants and the gradual diffusion 
of REO in these solutions.

Effect of REO and REO Microcapsules on E. coli and S. 
aureus

The effects of REO or REO microcapsules on the growth curves 
of E. coli (a gram-negative) and S. aureus (gram-positive) bac-
terial strains are presented in Fig. 6. A logarithmic growth was 
observed for both E. coli and S. aureus strains in the first 12 h 
followed by a slow growth stage (12–16 h). The  OD600 value 
remained almost unchanged or even slightly decreased in the 
later stage of culture due to the lack of nutrients. In addition, 
the growth of E. coil and S. aureus was significantly restricted 
by the presence of REO, and the encapsulated REO displayed 
stronger inhibitory effect against these two bacteria compared 
to free REO. This phenomenon may be contributed by the slow-
release behavior of the REO encapsulated in the microcapsules, 
which extend the action time of REO. Moreover, the growth 
of E. coil in the presence of REO or REO microcapsules was 
much higher than that of S. aureus, indicating that S. aureus 
was more sensitive to REO. This result is in accordance with 
those of Kang et al. (2022), who reported that REO showed a 
stronger inhibition effect on S. aureus than on E. coil. This may 
be attributed to the cell membrane difference of these bacteria 
strains (Cui et al., 2019).

Preservative Effect of REO Microcapsule on Ground 
Beef During Storage

TBC and TVB‑N Analysis

Bacterial contamination is one of the most significant food-
borne hazards in fresh meat products that affect public health 
(Zhao et al., 2020a, b). The change of TBC in ground beef 
during cold storage is shown in Fig. 7A. Although the TBC 
of all samples increased, the ground beef samples containing 
REO microcapsules showed the lowest growth TBC during 
cold storage. It further confirmed that REO microcapsules 
imparted sustained release effect on REO which prolonged 
its antibacterial properties. The TBC of the control samples 
on the 6th day was 6.4  log10 CFU/g, which exceeded the 
safety standard (6.0  log10 CFU/g) (Wan et al., 2020). This 
finding agreed with that of Mitsumoto et al. (2005), who 
reported that the shelf-life of fresh ground beef samples at 
4 ℃ was about 7 days. Our ground beef samples containing 
REO and REO microcapsules had acceptable TBC values 
(TBC < 6.0  log10 CFU/g) up to 9 days of storage indicating 
to a good degree of antibacterial effects.

TVB-N is an important indicator for accessing freshness 
or shelf-life of meat/meat products (Huang et al., 2014). 
The microbial and enzymatic spoilage of proteins or other 
nitrogenous substances in meat are two main reasons for the 
production of TVB-N (Guo et al., 2021). Based on the Chi-
nese Standard (GB/5009.228–2016), the TVB-N contents in 
fresh meat/meat products should not exceed 15 mg/100 g. 
As shown Fig. 7B, the values of TVB-N of ground beef 
samples increased in varying amount during storage. The 
control group showed a rapidly increasing trend of TVB-N 
value with the storage time reaching 16.38 mg/100 g at the 

Fig. 6  Growth curves of Escherichia coli (A) and Staphylococcus aureus (B) with the presence of REO and REO microcapsules
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6th day due to the growth and reproduction of spoilage bac-
teria (Fig. 7A) and higher activity of endogenous enzyme 
(Chen et al., 2020). The values of TVB-N of the ground 
beef products treated with REO and REO microcapsules on 
the 9th (12th) day were 14.81 mg/100 g (21.28 mg/100 g) 
and 11.71 mg/100 g (14.36 mg/100 g), suggesting that the 
shelf-life of the refrigerated ground beef was prolonged to 9 
and 12 days, by REO and REO microcapsules, respectively. 
These results show that REO microcapsules can prolong the 
shelf life of ground beef more effectively (P < 0.05) than 
REO.

TBARS Analysis

TBARS is an implicit indicator for measuring the degree 
of lipid peroxidation in meat products as it measures the 
malondialdehyde content produced from the oxidative 
decomposition of meat fat (Sun et al., 2021). An improve-
ment of TBARS values was noticed in all beef products dur-
ing 12 days of storage (Fig. 7C). Generally, the TBARS of 
the tested samples was around 0.36 mg MDA/kg of ground 
beef samples. The TBARS values of the samples without 
treatment was significantly higher (P < 0.05) compared to 
other samples in the entire storage period (3–12 days), sug-
gesting that the degree of fat oxidation in the control samples 
was the highest. The ground beef samples containing REO 
microcapsules showed the lowest level of increase of TBARS 
value (0.63 mg MDA/100 g) at the end of storage than that of 
untreated sample (1.28 mg MDA/100 g) and sample contain-
ing free REO (0.74 mg MDA/100 g). These results showed 
that the oxidation of lipid in beef could be suppressed by 
incorporating of REO and REO microcapsule (Fernández-
Pan et al., 2014).

Conclusion

The objective of this research was to obtain the optimum con-
dition of the complex coacervation process occurring among 
PPI and NaAlg, use the PPI-NaAlg complex coacervates to 
produce REO microcapsules, and finally use these microcap-
sules, as preservative, to prolong the shelf-life of the ground 
beef samples. PPI-to-NaAlg ratios of 6:1 and pH 3.8 were 
found to be the optimum parameters for the preparation of 
these complex coacervates. REO microcapsules showed mult-
inuclear structures with a particle size of 33.43 � m. Electro-
static interactions between PPI and NaAlg as well as hydrogen 
bonds among the wall matrix and REO (core) were found to 
be main molecular level interactions. The dried REO micro-
capsule had high encapsulation efficiency (89.80%), encap-
sulation yield (88.26%), and payload (53.17%). Microencap-
sulation of REO improved its thermal stability as indicated 
by the increase of degradation temperature from 100–200 
℃ to 200–500 ℃. REO microcapsules also displayed good 
sustained-release profile in model foods. A more effective 
inhibition of E. coil and S. aureus strains was achieved by 
REO microcapsules compared to free REO. REO microcap-
sules showed better antibacterial and antioxidant capacities 
compared to free REO when used as preservative in ground 
beef as indicated by the lower TBC, TVB-N, and TBARS val-
ues during storage. These results provide valuable information 
for preparing REO microcapsules using PPI-NaAlg complex 
coacervates and using these coacervates as preservatives for 
extending the shelf-life of ground beef. Our research provides 
an alternative path way for comprehensive utilization of PPI. 
In addition, the study also offers valuable information on the 
development of microcapsules with natural antibacterial and 
antioxidant substances for the preservation of meat products.

Fig. 7  The changes of A TBC, B TVB-N, and C TBRAS values of 
ground beef during cold storage (4 ℃). Note: Columns with different 
lowercase letters and different uppercase letters indicate significant 

difference (P < 0.05) among different samples at the same day and 
significant difference (P < 0.05) among the same ground beef samples 
at different storage periods, respectively
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