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Abstract
Perilla oil is vulnerable to lipid oxidation owing to its high linolenic acid content. Microencapsulation using freeze- and 
spray-drying methods was applied to enhance the oxidative stability and change the physicochemical properties of perilla 
oil. Freeze-dried powder (FDP) possessed 11.77 to 38.48% oil content, whereas spray-dried powder (SDP) had 8.90–27.83% 
oil content. Encapsulation efficiency ranged from 51.22 to 85.71% by freeze-drying and from 77.38 to 90.74% by spray-
drying. The oxidative stability of powders depends on the oil content and production methods. Generally, FDP had higher 
oxidative stability and water solubility, and lower moisture content and water activity than SDP. The particle size of FDP 
(154.00–192.00 μm) in volume-weight mean diameter was 2.56–24.49 times larger than that of SDP (7.84–72.03 μm). SDP 
had a lower volatile content at the initial time of storage than FDP, while more volatiles were observed in SDP as storage 
time increased. The microencapsulation method should be selected appropriately depending on the target property or usage 
in food applications.
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Introduction

Perilla oil has a unique savory flavor and is used as a flavor 
enhancer and sauce in Korean cuisine (Lee et al., 2017). 
Perilla oil contains 54–64% linolenic acid and is one of the 
highest omega-3 rich vegetable oils known (Narisawa et al., 
1994). Consumption of vegetable oils with a high linolenic 
acid content could be effective in preventing various dis-
eases, including cardiovascular diseases, cancer, inflamma-
tory arthritis, and rheumatoid arthritis (Asif et al., 2011). 

Despite its health-beneficial effects, perilla oil is vulnerable 
to lipid oxidation due to its high linolenic acid content, mak-
ing it difficult to store and use.

Oxidation products from lipids possess a unique rancid 
odor that decreases consumer acceptance of lipid-rich foods. 
In addition, some chemicals generated by lipid oxidation, 
including formaldehyde, 2-hydroxyl nonenal, and 2-hydroxy 
hexanal, are toxic (Gutiérrez-del-Río et al., 2021). There-
fore, protection of perilla oil or linolenic acid-rich oils from 
lipid oxidation could be a critical point during production, 
storage, and transport (Hasani et al., 2018).

Microencapsulation using various wall materials has 
been widely applied as an appropriate solution to enhance 
the oxidative stability of lipids during storage (Ahn et al., 
2008). Preparation of an oil-in-water (O/W) emulsion matrix 
followed by drying techniques is a typical procedure for 
microencapsulating oil into a powder form. Maltodextrin, 
lactose, whey protein concentrate, and gum arabic are the 
most commonly used ingredients for the microencapsula-
tion of oils (Carneiro et al., 2013; Himmetagaoglu et al., 
2018; Jalali-Jivan et al., 2020). To increase the stability and 
applicability of bioactive compounds, spray-drying and/or 

HeeWon Koo and SungHwa Kim have contributed equally as first 
authors.

 * JaeHwan Lee 
 s3hun@skku.edu

 HeeWon Koo 
 canonkoo@naver.com

 SungHwa Kim 
 kkkn0505@skku.edu

1 Department of Food Science and Biotechnology, 
Sungkyunkwan University, 2066 Seobu-ro, Jangan-gu, 
Suwon, Gyeonggi-do 16419, Republic of Korea

http://crossmark.crossref.org/dialog/?doi=10.1007/s10068-023-01299-w&domain=pdf
http://orcid.org/0000-0003-0118-6233


1832 H. Koo et al.

1 3

freeze-drying that converts the liquid phase to a solid state 
has been performed.

Spray-drying is one of the most widely used drying 
methods in the food industry because of its low cost and 
flexibility (Fang and Bhandari, 2010). Spray-drying is well 
suited to the rapid production of micro-sized particles for 
encapsulation of flavor chemicals and oils (Nguyen et al., 
2004). However, core materials are inevitably exposed to 
high temperatures, which may lead to significant oxidation 
of unsaturated fatty acids during spray-drying (Elik et al., 
2021).

The freeze-drying method can be used for the microen-
capsulation of heat-labile bioactive compounds owing to its 
low temperature processes (Papoutsis et al., 2018). Although 
the operational cost is relatively high compared to spray-dry-
ing, freeze-drying can deliver heat-sensitive biomolecules 
with minimal structural damage caused by oxidation (Anwar 
et al., 2011; Naik et al., 2014).

Several oils, such as krill oil (Aziz et al., 2014; Sánchez 
et al., 2021) and fish oil (Kagami et al., 2003; Ramos et al., 
2021), have been microencapsulated using various wall 
materials to enhance the oxidative stability and extend shelf 
life and applications in the food industry (Aziz et al., 2014; 
Sánchez et al., 2021). Although perilla oil requires protec-
tion against lipid oxidation due to high contents of lino-
lenic acid, microencapsulation of perilla oil has not been 
adequately studied.

The objectives of this study were to determine the micro-
encapsulation conditions of perilla oil in powder form and to 
evaluate the physicochemical properties and oxidative stabil-
ity of microencapsulated perilla oil powders.

Materials and methods

Materials

Queensbucket ™ perilla oil was obtained from SeoulMills 
(Seoul, Korea). Whey protein concentrate 80 (WPC80) was 
purchased from Herbnare (Seoul, Korea). Maltodextrin, gum 
arabic from acacia trees, iron (II) sulfate heptahydrate, and 
ammonium thiocyanate were purchased from Sigma-Aldrich 
(St. Louis, MO, USA). 1-Butanol and 2-propanol were pur-
chased from Samchun (Seoul, Korea). Other chemicals, 
including n-hexane, ethanol, isooctane, methanol, cumene 
hydroperoxide, hydrochloric acid, and barium chloride, were 
purchased from Daejung Chemical Co. (Seoul, Korea).

Preparation of encapsulated perilla oil powder

The microencapsulation of perilla oil was performed using 
a freeze dryer and spray dryer as described by El-Messery 
et al. (2020) and Murali et al. (2015), respectively. A 10% 

(w/v) of maltodextrin and WPC80 solution was prepared at 
a ratio of 4:1 (v/v) and used as the continuous phase. Perilla 
oil (1, 2, 3, and 4%, w/w) was dispersed in the continuous 
phase and homogenized using an HB873AKR device (Tepal, 
Rumily, Haute-Savoie, France) for 5 min. The coarse emulsion 
was passed five times through a high-pressure homogenizer 
(APV 1000; SPX Flow, Charlotte, NC, USA) at 40 MPa. After 
homogenization, gum arabic solution (2.5 mL) was added to 
the O/W emulsion, and the mixture was homogenized again 
for 5 min. To obtain powdered perilla oil, the O/W emulsion 
samples were lyophilized using a model LP30 pilot scale 
freeze dryer (IlShinBioBase, Seoul, Korea) for 72 h or spray-
dried using a model ADL 311/311SS spray dryer (Yamato 
Scientific Co., Ltd., Tokyo, Japan). For spray-drying, the rate 
of drying air flow was 0.42  m3/min and compressor air pres-
sure was 0.2–0.25 MPa. The inlet and outlet air temperatures 
were 180 ± 5 °C and 90 ± 5 °C, respectively. After the drying 
process, the obtained powders were stored in moisture-imper-
meable plastic bags at − 20 °C for further characterization of 
their properties.

For the oxidative stability tests, 2 g of microencapsulated 
powder was placed in a 10 mL- vial under airtight conditions 
and stored at 60 °C in a dry oven (HYSCLAB, Seoul, Korea) 
to accelerate the oxidation process. Samples were analyzed for 
1 week. All samples were prepared in triplicates.

Determination of encapsulation efficiency

Encapsulation efficiency was determined according to Brin-
gas-Lantigua et al. (2011), with slight modification. Encapsu-
lation efficiency can be defined as the ratio of the mass of the 
core material encapsulated in the wall material to the mass 
of the core material used in the formulation (Kaushik et al., 
2015). The content of surface oil indicates that not all the 
perilla oil was encapsulated inside the wall materials and some 
oils remained on the surface of the powder. The surface of 1 g 
of microencapsulated powder was washed with 10 mL n-hex-
ane and shaken for 10 min. The mixture was filtered through 
Whatman paper No. 1. After filtration, the remaining powder 
was washed three times with 10 mL of n-hexane. The solvent 
was evaporated at 60 °C in a dry oven for 24 h. Encapsulation 
efficiency (%) was calculated as:

where TO is the total oil content added to the powder sample 
and SO is the surface oil content remaining on the surface 
of the powder sample.

Particle size distribution

The size distribution of powder particles was determined 
using a Mastersizer3000 laser light diffraction instrument 

Encapsulation efficiency(%) = (TO − SO)∕TO × 100
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(Malvern Instruments, Malvern, England). The particle 
size distribution were expressed as the volume-weighted 
mean diameter D[4,3] and surface-weighted mean diameter 
D[3,2]. D[4,3] is volume or mass moment mean of spheres 
while D[3,2] is the diameter of a sphere that has the same 
volume/surface area ratio. Each powder sample was meas-
ured in triplicate.

Moisture content and water activity

The moisture content of the microencapsulated powders was 
determined using a model C20 coulometric Karl Fisher titra-
tor (Mettler-Toledo Intl., Columbus, OH, USA). Approxi-
mately 10 mg of powder was mixed with 10 mL of methanol 
and titrated with Karl Fisher reagent (Fluka, Bushs, Swit-
zerland) until the endpoint was reached. The water activity 
 (Aw) of the powder samples was measured using a Series 
4TE DUO Aqualab Water Activity Meter (Decagon Devices 
Inc, Pullman, WA, USA) at 25 °C.

Water solubility

The water solubility of the microencapsulated powders was 
determined according to the method proposed by Fernandes 
et al. (2013) with slight modifications. Powders (0.5 g) 
were dissolved in 25 mL distilled water by vortex mixing 
for 5 min. The solution was then centrifuged at 3000 g for 
10 min using a table top centrifuge (VS-5500N, Vision Co., 
Seoul, Korea). Twenty milliliter aliquots of the supernatant 
were transferred to crystal dishes and dried overnight at 
105 °C in a dry oven. Water solubility (%) was calculated as 
the percentage of dried supernatant relative to the amount 
of powder originally added (0.5 g).

Scanning electron microscopy (SEM)

The external microstructures of the microencapsulated pow-
ders were observed by SEM using a model SNE-3000 M 
microscope (SEC Inc., Suwon, Korea). The samples were 
glued onto an adhesive tape mounted on the specimen stub, 
and the particles were covered with gold–palladium prior 
to analysis. Representative SEM images of freeze-dried and 
spray-dried samples are shown.

Headspace oxygen content analysis

The headspace oxygen content in airtight sample bottles of 
microencapsulated powders was analyzed according to the 
method of Kim et al. (2022). Briefly, 40 μL of headspace 
gas in the 10 mL vial was injected to a gas chromatograph 
(GC) with a thermal conductivity detector and peak area of 
oxygen molecules was calculated.

Lipid hydroperoxides analysis

Lipid hydroperoxides of the microencapsulated powders 
were determined as previously described (Yi et al., 2018). 
The samples were incubated for 20 min at room tempera-
ture and the absorbance at 510 nm was measured using 
a model UV-1650PC UV/VIS-spectrometer (Shimadzu, 
Kyoto, Japan). The concentration of lipid hydroperoxide 
was calculated using the cumene hydroperoxide standard 
curve.

Volatile analysis by solid phase microextraction‑gas 
chromatography/mass spectrometry (SPME‑GC/MS)

The headspace volatiles in encapsulated powders were 
determined using SPME-GC/MS (Agilent Technologies, 
Inc., Santa Clara, CA, USA) as previously described (Kim 
et al., 2016). Each powder sample (0.5 g) was put in a 
10 mL vial and tightly air-sealed with a rubber septum and 
aluminum cap. All samples were prepared in triplicate.

Volatile identification was carried out by a combination 
of NIST Mass Spectra and retention index, which was cal-
culated using standard hydrocarbon mixtures (C6–C17).

Statistical analysis

All data were statistically analyzed by analysis of vari-
ance (ANOVA) and Duncan’s multiple range test using the 
SPSS program version 19 (SPSS Inc., Chicago, IL, USA). 
A p-value < 0.05 was considered statistically significant.

Results and discussion

Physicochemical properties

The physicochemical properties, including encapsulation 
efficiency, particle size, moisture,  Aw, and water solubil-
ity of the freeze-dried powders (FDP) and spray-dried 
powders (SDP) are shown in Table 1. As the perilla oil 
content increased in the powders, the encapsulation effi-
ciency of the powder samples decreased, regardless of 
the drying method. As the perilla oil content increased 
from 1 to 4%, the encapsulation efficiency decreased from 
85.71 to 51.22% in FDP and from 90.74 to 77.38% in SDP. 
Spray-drying produced 1.04 to 1.51 times higher encap-
sulation efficiency values than freeze-drying. The finding 
implies that spray-drying is a more economical technique 
that decreases the loss of core materials during encap-
sulation. A certain amount of oil cannot be wrapped in 
the wall materials and remains on the external surfaces 



1834 H. Koo et al.

1 3

of the powders (Table 1), which could react with oxygen 
molecules and lower the oxidative stability of the perilla 
oil powder.

Generally, SDP had smaller particle sizes than FDP. The 
D[4,3] and D[3,2] values in the FDP increased from 154.0 to 
192.0 μm and 52.17 to 73.07 μm, respectively as the amount 
of perilla oil increased from 1 to 4%. For SDP, the D[4,3] 
and D[3,2] values increased proportionally as the content 
of perilla oil increased from 1 to 3%, whereas SDP4 had a 
smaller particle size than the other samples (Table 1). Spray-
drying transforms the O/W emulsion into powder through a 
complexation procedure, and the oil positioned on the sur-
face of the powder may inhibit the complexation procedure, 
which could limit the growth of powder size when perilla 
oil was present at 4% in the O/W emulsion. This specula-
tion is supported by observations of Guo et al. (2022) that 
when the oil-holding capacity of the wall materials was not 
sufficient to encapsulate all the amounts of oil, surplus oil 
on the surface of the droplets prevented aggregation during 
the spray-drying stage and resulted in a smaller particle size 
of the microcapsule.

The corresponding size distributions of the FDP and 
SDP powders are shown in Fig. 1. The particle size of FDP 
(154.00–192.00 μm) in volume-weight mean diameter was 
2.56–24.49 times larger than that of SDP (7.84–72.03 μm) 
(Table 1). The diameter of most freeze-dried microparticles 
are approximately 100 μm, while the diameters of spray-
dried particles are approximately 10 μm (Guo et al., 2020). 
Usually, freeze-drying tends to generate larger particles than 
spray-drying. The processing temperature is the major factor 

Table 1  Encapsulation efficiency, particle size, moisture content, water activity and water solubility of powders using a freeze dryer and a spray 
dryer

Number after FDP and SDP indicate the oil content in O/W emulsion before drying process
FDP freeze dried perilla oil powder, SDP Spray dried perilla oil powder
Mean ± standard deviation (n = 3)

FDP1 FDP2 FDP3 FDP4 SDP1 SDP2 SDP3 SDP4

Encapsulation 
efficiency 
(%)

85.71 ± 0.01 86.96 ± 0.00 64.65 ± 1.43 51.22 ± 3.98 90.74 ± 2.62 90.24 ± 1.99 88.19 ± 0.98 77.38 ± 0.84

Volume-
weighted 
mean 
diameter-
D[4,3] (μm)

154.00 ± 10.23 167.33 ± 12.81 184.67 ± 4.50 192.00 ± 2.94 14.27 ± 2.17 37.87 ± 10.91 72.03 ± 5.24 7.84 ± 0.36

Surface-
weighted 
mean diam-
eter -D[3,2] 
(μm)

52.17 ± 1.46 58.00 ± 0.99 71.93 ± 0.96 73.07 ± 1.09 6.11 ± 0.33 9.59 ± 0.67 12.2 ± 0.082 6.26 ± 0.21

Moisture 
content 
(mg/kg)

264.73 ± 23.89 294.73 ± 4.14 265.60 ± 2.47 310.10 ± 18.92 551.50 ± 1.57 605.20 ± 23.00 629.40 ± 6.20 711.90 ± 7.58

Water activity 0.032 ± 0.0001 0.033 ± 0.001 0.033 ± 0.001 0.033 ± 0.001 0.221 ± 0.0455 0.295 ± 0.036 0.339 ± 0.031 0.231 ± 0.048
Water solubil-

ity (%)
76.50 ± 2.18 74.00 ± 3.74 71.00 ± 2.24 67.50 ± 0.87 75.50 ± 3.84 73.50 ± 0.87 69.50 ± 3.57 65.00 ± 1.73

Fig. 1  Particle size of perilla oil powders with different oil con-
tents using a freeze drier (A) and a spray drier (B). ‘FDP1’, ‘FDP2’, 
‘FDP3’, and ‘FDP4’ are freeze-dried powders containing 1%, 2%, 
3%, and 4% perilla oil in O/W emulsion before encapsulated, respec-
tively. ‘SDP1’, ‘SDP2’, ‘SDP3’, and ‘SDP4’ are spray-dried powders 
with aformentioned oil content. Different letters on the graph were 
significantly different at 0.05
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that determines the particle size. Relatively low processing 
temperatures can produce large particles, whereas high tem-
peratures can produce small particles (Pellicer et al., 2019). 
Therefore, spray drying is recommended for the purpose of 
obtaining particles with a small size less than 100 μm.

Moisture content of FDP powders ranged from 264.73 
to 310.10 ppm, while those of SDP powders ranged from 
551.50 to 711.90 ppm. The  Aw of FDP and SDP powders 
ranged from 0.032 to 0.033, and 0.221 to 0.339, respec-
tively. Moisture content and  Aw are two essential param-
eters that affect the powder quality and shelf life (Papout-
sis et al., 2018). The moisture content represents the water 
composition in a food system, whereas  Aw represents the 
availability of free water in a food system that is responsi-
ble for biochemical reactions (Yamashita et al., 2017). The 
moisture content of the powders produced by spray-drying 
was significantly higher than that produced by freeze-drying 
(p < 0.05) (Table 1). The finding agrees with that of Ramírez 
et al. (2015), who reported that the microparticles produced 
by freeze-drying had a lower moisture content than those 
produced by spray-drying. The higher moisture content in 
SDP could be due to the relatively short treatment time com-
pared to that of the freeze-drying procedure. Spray-drying 
takes approximately 5 h to produce SDP, while at least 48 h 
is required to produce FDP through freeze-drying. The rela-
tively short treatment time of hot air may allow sufficient 
time for solidification through denaturation of whey pro-
teins and gelatinization of maltodextrin, but is not a suf-
ficient time for the complete removal of moisture from the 
wall materials.

The water solubility of FDP ranged from 67.50 to 76.50%, 
whereas that of SDP ranged from 65.00 to 75.50%. For both 
the FDP and SDP powders, the samples with lower moisture 
content showed higher water solubility. Tuyen et al. (2014) 
reported that lower moisture content leads to increased water 
solubility of the encapsulated powders. Water solubility 
describes the rate and extent to which the powder particles 
dissolve into water, and low water solubility can be attrib-
uted to the higher oil concentration, which results in a reduc-
tion in their affinity for water (Barroso et al., 2014). Even 
though the measured results of water solubility were similar 
for FDP and SDP, FDP was immediately dissolved in water 
at room temperature, whereas SDP required handshaking or 
vortex mixing to disperse the particles.

SEM images of the external microstructure of the FDP 
and SDP powders are shown in Fig. 2. The FDP particles 
had sharp edges and were amorphous and porous. These 
porous microstructures may be formed by freeze-drying 
using the principle of sublimation and dehydration (Silva 
et al., 2013). The SDP particles appeared spherical and 
homogenous without cavities or wrinkles on the surface 
of the samples. Similar morphological observations were 
reported by El-Messery et al. (2020) and Eratte et al. (2014). 

Pores of SDP powders than the FDP indicate lower perme-
ability of external oxygen into the core and inhibit perilla 
oils as core materials from leaking out of powders. For this 
reason, SDP powders may have a higher encapsulation effi-
ciency than FDP powders, as mentioned previously.

Oxidative stability

The changes in the headspace oxygen content of the FDP 
and SDP powders are shown in Fig. 3. The headspace oxy-
gen content of FDP1, FDP2, FDP3, and FDP4 was15.45, 
13.80, 5.98, and 4.96% on day 5, respectively, implying that 
FDP1 and FDP2 had higher oxidation stabilities than the 
others. However, FDP2 had a headspace oxygen content 
similar to that of FDP3 and 4 on day 7. Therefore, FDP1 
exhibited the highest oxidative stability under these experi-
mental conditions. Considering the encapsulation efficiency 
of FDP (Table 1), the oil remaining on the surface of the 
powders may play an important role in determining its oxi-
dative stability.

The headspace oxygen content of SDP1 and SDP4 on 
day 5 was 11.34 and 11.01%, respectively, while those of all 
the SDP samples were approximately 5% on day 7, imply-
ing that SDP had lower oxidative stability than FDP. These 
results showed a similar trend in the results of  Aw, and it 
could be inferred that samples with a lower  Aw of approxi-
mately 0.221 and 0.231 compared to the SDP2 and 3 sam-
ples, which had a high headspace oxygen content on day 5.

Changes in the lipid hydroperoxides of FDP and SDP 
are shown in Fig. 4. The lipid hydroperoxides of FDP 1 and 
SDP1 increased to 55.96 and 114.66 mmol/kg oil, respec-
tively, while other samples had lower lipid hydroperoxide 
values (Fig. 4). More than two lipid hydroperoxides have 
been identified in SDP1. Lipid hydroperoxides in both FDP1 
and SDP1were the highest after 7 days of storage, which did 
not agree with the results of the headspace oxygen content 
(Fig. 3). SDP1 and FDP1, which have high encapsulation 
efficiency, should have high oxidative stability because of 
the small amount of oil remaining on the surface, which 
is not consistent with the results shown in Fig. 3. An assay 
using lipid hydroperoxides may not be appropriate for evalu-
ating the oxidative stability of powders.

Volatile compounds

The volatile profile changes of FDP4 and SDP4 before and 
after 7 days of storage at 60 °C are shown in Table 2. RI can 
help to identify the peaks of volatiles in GC chromatogram. 
The amount of total volatile compounds of FDP increased 
from 4.25 to 212.45 (×  106) ion count after 7 days storage, 
while those of the SDP increased significantly from 4.17 to 
154.56 (×  106) ion count. Although fewer than four vola-
tiles were detected in both the FDP and SDP samples, the 
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Fig. 2  External microstructures of powders with 4% perilla oil before and after 7 days of storage produced using a freeze drier (A) and a spray 
drier (B) by SEM. Images were taken in different magnifications (a: FDP in 500 × ; b: SDP in 5000 ×)

Fig. 3  Changes of headspace 
oxygen content of perilla oil 
powders with different oil con-
tents using a freeze dryer (A) 
and a spray dryer (B) at 60 °C. 
Figure symbols are listed in the 
Fig. 1 legend. Different letters 
are significantly different in the 
same time at 0.05
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Fig. 4  Changes of lipid hydrop-
eroxides of perilla oil powders 
with different oil contents using 
a freeze dryer (A) and a spray 
dryer (B) at 60 °C. Figure 
symbols are listed in the Fig. 1 
legend. Different letters are sig-
nificantly different in the same 
time at 0.05

Table 2  Volatile profile changes of powders before and after 7 days of storage using a freeze dryer and a spray dryer

RT retention time, RI retention index, N.D not detected
Mean ± standard deviation (n = 3)

RT (min) RI Volatile compound Peak areas (×  106 ion count)

FDP4 before FDP4 after SDP4 before SDP4 after

1.93 600 Hexane 1.89 ± 0.053 N.D 0.58 ± 0.08 N.D
2.02 609 Acetic acid N.D 1.69 ± 0.23 N.D N.D
2.24 633 2-Butenal N.D 1.42 ± 0.12 N.D N.D
2.49 660 1-Penten-3-ol N.D N.D N.D 21.83 ± 0.83
2.52 663 2,2,3,3-Tetramethylbutane N.D N.D 2.54 ± 0.09 N.D
2.63 675 2-Ethylfuran N.D 20.28 ± 0.69 N.D 11.89 ± 1.14
3.35 722 2-Pentenal N.D 23.45 ± 1.94 N.D 8.22 ± 1.04
3.52 730 Methylbenzene 0.51 ± 0.02 N.D N.D N.D
4.18 760 1-Hexanal 0.76 ± 0.01 42.77 ± 5.60 N.D 13.42 ± 1.71
4.75 786 (2E)-2-Methyl-2-Pentenal N.D 3.55 ± 0.69 N.D 2.46 ± 0.23
4.96 796 3-Hexen-2-one N.D 2.52 ± 0.05 N.D 1.08 ± 0.09
5.31 818 2-Hexenal N.D 4.57 ± 0.40 N.D 3.08 ± 0.25
5.91 859 Hexan-2,4-dione, enol N.D N.D N.D 1.46 ± 0.40
6.24 882 2-Heptanone N.D 8.04 ± 0.26 N.D N.D
6.88 912 2,4-Hexadienal N.D 6.13 ± 0.47 N.D 3.67 ± 0.47
8.39 958 2-Heptenal N.D 18.59 ± 3.81 N.D 8.28 ± 1.64
8.50 961 Benzaldehyde N.D N.D N.D 2.43 ± 0.41
9.12 981 1-Octen-3-ol N.D N.D N.D 4.52 ± 0.67
9.44 990 2-Pentylfuran N.D 16.91 ± 1.35 N.D 7.69 ± 1.76
10.25 1014 2,4-Heptadienal N.D 16.11 ± 1.73 N.D 31.92 ± 2.07
10.86 1031 3-Ethyl-2-Methyl-1,3- Hexadiene N.D 6.32 ± 0.35 N.D N.D
11.12 1038 (3E)-3-Octen-2-one N.D N.D N.D 1.28 ± 0.28
11.98 1062 2-Octenal N.D 40.10 ± 1.83 N.D 14.02 ± 2.86
13.14 1095 3,5-Octadien-2-one 2.98 ± 0.16 N.D N.D 12.96 ± 1.73
15.79 1169 3,5,5-Trimethyl-2-cyclohexenone N.D N.D N.D 1.65 ± 0.30
20.35 1314 1,3-Isobenzofurandione N.D N.D 1.05 ± 1.02 N.D
22.59 1524 3-(3-Methyl-2-Butenyl)Indole N.D N.D N.D 2.70 ± 0.24
Total 4.25 212.45 4.17 154.56
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number of volatiles increased to 15 and 19 in FDP and SDP, 
respectively, after oxidation at 60 °C. Hexanal and 2-octe-
nal, which are typical lipid oxidation products, increased 
more in FDP than in SDP. However, some volatiles, includ-
ing 1-penten-3-ol, 1-octen-3-ol, (3E)-3-octen-2-one, and 
3,5-octadien-2-one, were only detected in SDP, implying 
that a relatively high treatment temperature (inlet:180 °C 
and outlet:90 °C) during the drying process could acceler-
ate volatile formation. In addition, straight-chain alcohols 
were detected only in SDP, and ketones were detected more 
frequently in SDP than in FDP. According to Curioni and 
Bosset (2002), ketones can be formed from related fatty 
acids via β-oxidation. These compounds can break down 
to the corresponding secondary alcohols. Spray-drying was 
adapted to a relatively high temperature for a short time, 
which could induce lipid oxidation, whey protein denatura-
tion, and maltodextrin gelatinization. Although freeze-dry-
ing may not accelerate the above chemical reactions, lipid 
oxidation may take place quickly in FDP with relatively high 
surface areas.

In conclusion, FDP showed higher oxidative stability 
and water solubility than SDP, whereas SDP had a higher 
encapsulation efficiency and smaller particle size than FDP. 
Although perilla oils were successfully transformed into 
powder forms, the oxidative stability of the powders requires 
substantial improvement. Unencapsulated oils or oils on the 
surface may play a critical role in relatively low oxidative 
stability. Appropriate drying methods should be selected 
depending on the application of the powders in food matri-
ces because encapsulated powders possess different water 
solubility and oxidative stability.
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