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Abstract
Gardenia jasminoides Ellis, a representative for “homology of medicine and food”, can be used to produce pigment and
edible oil. Here, aqueous enzymatic extraction (AEE) combined with puffing pre-treatment was explored to prepare oil from
gardenia seeds. Both wet-heating puffing (WP) at 90 °C and dry-heating puffing (DP) at 1.0 MPa facilitated the release of free
oil by AEE, resulting in the highest free oil yields (FOY) of 21.8% and 23.2% within 3 h, much higher than that of un-puffed
group. Additionally, active crocin and geniposide were also completely released. The FOY obtained was much higher than
mechanical pressing method (10.44%), and close to solvent extraction (25.45%). Microstructure analysis indicated that gar-
denia seeds expanded by dry-heating puffing (1.0 MPa) had a larger, rougher surface and porous structure than other groups.
Overall, AEE coupled with puffing pre-treatment developed is an eco-friendly extraction technology with high efficiency
that can be employed to oil preparation.
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Introduction

Gardenia jasminoides Ellis (GjJE), an evergreen shrub widely
distributed in Asian countries, is always used for making tea,
cooking porridge and coloring dishes, whose ripe fruit attain
a reddish yellow color (Li et al., 2020; Wang et al., 2022).
The desiccative ripe fruits of GjE have been applied in China
for centuries as both a food and medicinal substance (Chen
et al., 2020). Up to present, several useful chemical constitu-
ents have been isolated from GjE and characterized, mainly
including geniposide, geniposidic acid, genipin, crocins and
their derivatives. Various physiological function has been
reported, including anti-inflammatory, antioxidant prop-
erties, anti-hypertension, anti-hyperglycemia, anti-cancer,
anti-hyperlipidemia, neuroprotection and hepatoprotection.
Furthermore, the crude fat content takes up nearly 20% of
the dried fruit, and its oil level is equivalent to that of soy-
bean, which can be applied to oil production (Chyau et al.,
2022; Yin and Liu, 2018). According to previous study, gar-
denia oil are rich in unsaturated fatty acids, particularly pal-
mitic acid and linoleic acid, which exhibit pharmacological
effects on regulating blood pressure, body fat metabolism,
and reducing serum cholesterol (Cai et al., 2015). Tao et al.
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(2014) stated that the gardenia oil may contain effective con-
stituents to be used for depression therapy. Thus, gardenia
oil can be regarded as a kind of o0il with excellent quality and
health benefits. Nowadays, plant oils (especially nut oils)
have been applied by the food industry to develop nutraceu-
ticals due to their healthy fatty acid composition, richness in
sterols, fat-soluble vitamins, phenolic compounds and dis-
tinct flavors (Ferreira et al., 2022). However, a large amount
of gardenia meals is discarded as waste after extraction of
gardenia yellow pigment. Therefore, preparation of valued
oil from discarded gardenia meals is essential, not only for
increasing the value of GjE, but also for meeting the growing
demand for natural healthy plant oils.

Various methods have been used for extracting oil from
gardenia fruit, including cold pressing extraction (CPE),
solvent extraction (SE), supercritical fluid extraction
(SFE), ultrasound-assisted extraction (UAE) were com-
monly used methods, each with its own advantages and
limitations (Xiao et al., 2017). CPE can greatly preserve
the unique flavor of oils, but has low yield and high labor
intensity, resulting in higher production cost (Xu et al.,
2021). Three conventional extraction methods including
cold pressing, petroleum ether extraction and ultrasound-
assisted extraction (UAE) methods were compared by Cai
et al. (2015). The oil extraction yields of 8.59%, 7.4%,
5.6% and 10.89% were obtained for UAE, petroleum ether
extraction, cold pressing and Soxhlet extraction, indicated
the high extraction efficiency of UAE. Nevertheless, SE
is generally applied for on large-scale oil extraction.
Extensive refining can result in the loss of active com-
pounds and presence of residual solvent, which limited
the use of SE methods in minor oilseeds with high value.
He et al. (2010) and Tao et al. (2014) explored super-
critical carbon dioxide (SC-CO,) extraction of oil from
whole gardenia fruits; the extraction pressure, tempera-
ture and CO, flow rate were optimized and the highest
oil yields of 9.77% and 11.48% was obtained. However,
high investment costs and small extraction capacity may
hinder its widely use (Jha and Sit, 2022). Recently, AEE
has emerged as a promising plant oil extraction tech-
nology, which is eco-friendly, cost-saving, and mild in
reaction conditions,while preserving the health benefits
of plant oils. AEE has been applied in the extraction of
sunflower seeds, camellia seeds, rice bran, peanuts (De
Aquino et al., 2022; Jiang et al., 2010; Meng et al., 2018;
Xu et al., 2021). Gardenia fruit composition was unique
compared with these oilseeds. However, limited literature
is available on the extraction of gardenia oil by AEE, so
it is necessary to explore this method for oil preparation
from gardenia fruit.

For AEE process, the degree of disruption of the ole-
aginous materials cell walls by enzymes is an impor-
tant factor in term of oil yield and extraction efficiency.
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Puffing pre-treatment on gardenia seeds before hydroly-
sis, may be helpful in improving extraction efficiency.
Puffing involves subjecting the oleaginous material to a
sudden decline in pressure at high temperature and pres-
sure, resulting in a porous texture of food matrix (Kim
et al., 2018). High pressure can be achieved by heating
vaporization, superheated steam, mechanical extrusion,
compressed air treatment in a closed cavity. However, the
specific effects of each puffing method and their impact
on yield and quality of oil by AEE are not clear.

In this work, gardenia seeds are first pre-treated using
various puffing methods, followed by recovery of bioac-
tive crocin and geniposide using 60% isopropanol which
will decrease their involvement into the emulsion. The
obtained gardenia meals were used to prepare oil by AEE,
and puffing conditions and hydrolysis parameters were
optimized in term of FOY and retention of active compo-
nents. Furthermore, we evaluate the microstructure, spe-
cific surface area, pore volume, and pore size of puffed
gardenia seeds to investigate the degree of cell wall dam-
age. The quality of the gardenia seed oil was compared
with oil obtained through traditional methods in terms of
nutritional composition and quality.

Materials and methods
Plant materials and chemicals

Gardenia jasminoides Ellis fruits were purchased from the
local market (Hangzhou, China). Cellulase (EC 3.2.1.4 from
Aspergillus niger, enzyme activity, 10,000 U/g) and pecti-
nase (EC 3.2.1.15 from Aspergillus niger, enzyme activ-
ity, 30,000 U/g) were obtained from Aladdin Bio-Chem
Technology, Shanghai, China. Alcalase (alkaline serine
endopeptidase from Bacillus licheniformis, enzyme activ-
ity, 280,800 U/g) was purchased from Novozyme (TianJin,
China). Geniposide (>98%), crocin (=95%, composition:
crocin-1, 74.9%; crocin-II, 15.5%; crocin-III, 9.65%) and
chlorogenic acid (>98%) were obtained from Sigma-Aldrich
Co. (Shanghai, China). Rutin (>98%) and genipin-1-gentio-
bioside (>98%) were obtained from Shanghai Yuanye Bio-
technology Co., Ltd (Shanghai, China). All other chemicals
and solvents used were of analytical and chromatographic
grade.

Nutritional composition

The moisture (AOAC 934.06), protein (AOAC 950.48), fat
(AOAC 963.15) of the whole and the dehulled gardenia fruits
were determined according to the AOAC (1990) methods.
Carbohydrate was analyzed according to method reported by
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Rehman et al. (2001). The pectin and cellulose were determined
by colorimetric hydroxyl-phenyl-phenol method and anthrone
colorimetry method as described by Wang et al. (2021).

Puffing pre-treatment
Dry-heating puffing (DP)

The dehulled samples were first adjusted the moisture to
12%, then placed into puffing tank (B-H, Hangzhou Chengy-
uan Trading Co., LTD, Hangzhou). The puffing tank is
heated by charcoal fire while rotating and stirring until the
gauge inside the tank rises to 0.5, 0.6, 0.7, 0.8, 1.0 MPa, and
then the pressure is instantly released to atmospheric pres-
sure. The puffing process finishes.

Wet-heating puffing (WP)

The dehulled samples were soaked in deionized water to
rehydrate to 12%, and then sent it into the puffing tank. The
puffing tank was pressurized by air compressor, and steam
was injected into the puffing tank. When the temperature
rose to 80, 90, 100, 110, 120 °C, the pressure was adjusted
to 1.0 MPa and kept for 5 min. Vacuum valve connecting
vacuum tank and puffing tank was opened, the puffing pre-
treatment was completed at this moment. Then the puffed
sample was dried at 80 °C for 2-3 h until the desired mois-
ture content (4-5%) was reached (Zhang et al., 2021a).

Aqueous enzymatic extraction process

Dried gardenia seeds were pulverized by using a Moulinex
AR1044 grinder and screened through a 40-mesh sieve.
Before hydrolysis, the gardenia powder was first extracted
with methanol, ethanol or isopropanol at a ratio of 1:5 (w/v)
assisted by ultrasound (100 W for 30 min) to remove bioac-
tivities, which may facilitate the emulsification during AEE.
The residual pomace was mixed with distilled water at a
ratio of 1:7 (w/v), and subjected to heat treatment of 90 °C
for 10 min. When the mixture was cooled down to desired
temperature, various enzyme was added and enzymatic
hydrolysis processes was performed at optimal condition of
each enzyme. The specific enzyme hydrolysis conditions are
presented in Table 2.

Single enzymatic hydrolysis

Single enzymatic hydrolysis means only one kind of enzyme
was used throughout the hydrolysis process. The enzyme
was added after adjusting the pH of hydrolysis solution to
the optimal pH for each enzyme (using 0.1 M NaOH or

HCI aqueous solutions). The enzyme hydrolysis was car-
ried out with constant horizontal shaking at rate of 150 rpm
under optimal temperature (Table 2). After the reaction,
the mixture was heated to 100 °C for 10 min to deactivate
the enzyme. The enzymatic hydrolysate was centrifuged at
8000xg for 20 min at 4 °C. The upper free oil was extracted
three times using 15 ml of n-hexane. The extraction was
subjected to rotary evaporation to remove the hexane, and
free oil yield was calculated (Diaz-Suarez et al., 2021).

Stepwise enzymatic hydrolysis

Stepwise enzymatic hydrolysis means that the enzymatic
hydrolysis was performed step by step, one kind of enzyme
was used each step and multi enzymes were involved this
process. After hydrolysis by the one enzyme finish, the
resulting oil may or may not be removed, then the mixture
was adjusted to the optimal pH and temperature for another
enzyme, the next stage enzymatic hydrolysis by another
enzyme was proceeded. Last, the free oil was recovered and
calculated the free oil yield. The optimal conditions includ-
ing solid to liquid ratio (w/w), pH, temperature and extrac-
tion time of the hydrolysis were obtained through single-
factor experiments. Free oil yield (FOY) was calculated as
the mass of free oil extracted (g) divided by the mass of the
oil seeds used (g) and then multiplied by 100.

Cold pressing extraction and Soxhlet extraction
process

Cold pressing extraction (CPE) and solvent extraction (SE)
process were proceeded according to the previous publica-
tion with minor modifications (Polmann et al., 2019; Tang
et al., 2021). Gardenia fruits was placed into a CA 59G
KOMET press (IBG Monforts GmbH & Co., Germany) at
the speed of 25 r/min, the whole process is allowed to pro-
ceed under 70 °C. The oil was recovered by centrifugation
(4500 r/min, 10 min). For Soxhlet extraction, 5 g gardenia
powder and 150 mL petroleum ether were added into a Sox-
hlet apparatus, extraction was performed under 80 °C for 8 h.
After extraction, the extract was collected and evaporated
under reduced pressure with a rotary evaporator Model RE-
2000A (Yarong Biochemical Instrument Factory, Shanghai,
China) at 45 °C. The remained oil was dried under nitrogen
flow, weight and calculate the oil yields. The oil obtained
was kept at 4 °C until use.

Scanning electron micrographs (SEM)

The morphology of raw gardenia seed powder or puffed
gardenia powder was investigated with the field emission

@ Springer



2046

C.Jinetal.

scanning electron microscope (SEM, Zeiss Gemini 500,
Germany). Firstly, samples were fixed on the aluminum plate
with double-sided carbon tape, then sprayed with a thin layer
of gold—palladium at 5 kV. Finally, samples were observed at
an accelerating voltage of 5 kV with a magnification factor
of X2500 (Hu et al., 2019).

Brunauer-Emmett-Teller (BET) specific surface area,
pore volume and pore size

The BET specific surface area, the volume and size distribu-
tion of pores in puffed gardenia seeds were determined by
an automatic rapid surface area and microporous analyzer
(ASAP 2010, Micromeritics, USA). N, was selected as the
adsorption and desorption gas. Puffed gardenia seeds were
placed in the measuring cell to degas water by heating at
150 °C for 12 h at least. Afterwards, the measuring cell was
placed in an insulated tank filled with liquid nitrogen to keep
the sample at — 196 °C throughout the measurement. The
specific surface area was determined by the BET isotherm
multipoint method in the relative pressure (P/P,) range of
0-1.0. Pore volume and pore size distribution were obtained
from the desorption isotherms by Barrett-Joyner—Halenda
method (Beluns et al., 2021).

HPLC and HPLC-MS analysis for bioactive
compounds

Geniposide, crocin and other bioactive compounds in raw
and puffed gardenia seeds were extracted with 60% ethanol
under reflux in triplicate according to our previous research
(Meng et al., 2020). The extraction was used for analysis of
bioactive compounds by HPLC and HPLC-MS.

Geniposide and crocin in extraction were determined by
a HPLC (Waters E2695) coupled with a Agilent SB-C18
(4.6 X 250 mm, 5 pm) column. For hydrolysate from
AEE, it was first subjected to vacuum freeze drying, then
extraction and determination as the same method above.
Acetonitrile:water =50:50 was used as mobile phase for iso-
metric elution. The flow rate was 1.0 mL/min, and the injec-
tion volume was 10 pL. Peak area at 238 nm and 440 nm
were measured respectively for quantitation of geniposide
and crocin according to each calibration.

Bioactive compounds in extraction including chlorogenic
acid, genipin-1-gentiobioside and rutin were subjected to
HPLC-MS analysis. HPLC conditions followed the same
method above. MS conditions were as follows: negative ion
mode, ESI capillary voltage: 3.0 kV, capillary temperature:
325 °C, nebulizing gas N,: 10 L/min, drying gas N,: 10 L/
min, scan range between 100 and 1200 m/z (Feng et al.,
2023).
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Evaluation of gardenia seed oil properties
Physicochemical features

Samples were characterized according to the official methods
of AOCS (1997) as follows: acid value (Cd 3d-63), peroxide
value (Cd 8-53), iodine value (Cd 1d-92). Saponification value
was determined based on the protocol issued by the Ministry
of Agriculture (China) of GB/T 5534-2008 (Gai et al., 2013).

Fatty acid composition analysis

The fatty acid composition was determined according to the
TUPAC method 2.301, after fatty acid methyl esters (FAMEs)
of gardenia seed oil (Nguyen et al., 2020). GC-MS analysis
was performed on a Thermo 1300 gas chromatography/mass
spectrometer (Varian, Santa Clara, CA, USA), equipped with
an DB-Wax silica capillary column (60 mx0.32 mmx0.25 u).
The mass spectrometer was operated in positive ion mode with
an ionization energy of 70 eV. The GC-MS analysis condi-
tions were as follows: initial capillary operated temperature of
90 °C (held for 5 min), raised to 200 °C at 10 °C/min (kept for
10 min), increased to 220 °C at 0.5 °C/min (kept for 5 min),
raised to 240 °C at 5 °C/min, and maintained for 10 min.The
temperatures for injector, detector and ion source were 230,
250 and 230 °C, respectively. Oxygen-free nitrogen was used
as carrier gas with a split ratio of 1:40. Mass units were moni-
tored from m/z 40 to 500. The components were designated by
comparison to the NIST library mass spectra. The quantity of
fatty acids was calculated by the peak area normalization law
and represented as the relative percent of each fatty acid to the
total fatty acids (Liu et al., 2019).

Statistical analysis

All the samples (each sample with replicates data) were ana-
lyzed and the average value for each sample was performed
using the tool available in OriginLab 2022b (MA, USA).
The results are expressed as the mean + standard error. The
difference between data groups were tested by one way
ANOVA and Duncan’s multiple range tests (SPSS for Win-
dows software release 18; SPSS Inc., New York, USA). The
chosen level was considered significant when p <0.05.

Results and discussion

Nutritional composition analysis for gardenia fruits
and gardenia seeds

Table 1 shows the proximate composition of gardenia
fruits including geniposide, and crocin. The moisture
content of the whole gardenia fruit contained moisture
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Table 1 Proximate composition, geniposide and crocin content in the gardenia fruit

Samples Moisture (%) Fat (%) Protein (%) Cellulose (%) Pectin (%)  Geniposide (%) Crocin (%) Visual appearance
of oil obtained

Whole fruit 553+£0.19 19.99+£0.92 9.97+0.58 14.11+0.8 14.29+0.57 6.32+0.17 9.56+0.13

Dehulled fruit 6.04+0.14 24.92+0.06 11.79+0.16 11.93+0.29 11.74+0.24 7.68+0.06 1045+0.07

(seed)

was 5.53+0.19%, the crude fat was 19.99+0.92%, crude
protein 9.97 +0.58%, cellulose 14.11 +£0.57%, pectin
14.29 +£0.57%, geniposide 6.32+0.17% and crocin con-
tent was 9.56 +0.13%. The nutritional composition was
similar to those reported by Chyau et al. (2022). After the
removal of shell, the contents of moisture, fat, protein,
geniposide and crocin in gardenia seed were increased to
6.04+0.14%, 24.92 +0.06%, 11.79+0.16%, 7.68 +0.06%,
and 10.45+0.07%, while cellulose and pectin decreased to
11.93+0.29% and 11.74 +0.24%, indicating that the lipids,
geniposide and crocin tend to be enriched in the gardenia
seeds, while the peel is rich in cellulose and pectin. It is
worth noting that the crude fat content account for nearly
25% of the gardenia seeds, equivalent to the oil content of
soybean, which showed a tremendous potential of garde-
nia seeds to be used as valuable oil crop. The full gardenia
fruit and dehulled gardenia seed were hydrolyzed with cel-
lulase with a pH of 6.0 at 50 °C for 1.5 h. The pictures for

Fig. 1 The extraction rate of 12

the obtained products were shown in Table 1. Apparently,
severe emulsification was found for the full gardenia hydro-
lysate so as to no free oil was extracted. This may due to
too much polysaccharide (especially pectin) was released
from peel, being involved into the emulsion. For gardenia
seeds hydrolysate, clear oil-water interface was found, and
free oil yield of 9.07 +0.22% was obtained. Based on these
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subsequent experiments.
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neuroprotective, anti-inflammatory, antioxidant, antitu-
mor, anti-apoptotic and anti-diabetic activities (Tian et al.,
2022). Hence, before AEE process, recovering geniposide
and crocin by solvent was essential for value-added full
utilization of gardenia crop. The solvent used should be
polar enough to extract geniposide and crocin, but against
hydrophobic oil. So, methanol, ethanol and isopropanol
solutions at different concentration were used to extract
geniposide and crocin, the residual meal were hydrolyzed
by cellulase to prepare gardenia seed oil. Yields for geni-
poside, crocin and FOY were shown in Fig. 1. Result indi-
cated that 60% ethanol extraction resulted in the optimum
crocin yield of 6.42 +0.17%, while 60% isopropanol gave
the best geniposide yield of 6.18 +0.34% and the high-
est free oil yield of 11.46 +0.30%. The higher removal
for amphiphile geniposide and crocin by 60% isopropanol
may decreased their involvement into emulsion, produced
a higher FOY. Thus, the removal of geniposide and crocin
with 60% isopropanol was desired before performing AEE
for gardenia seeds.

Gardenia seed oil preparation by various aqueous
enzymatic extraction processes

In the oil crop cells, oils are usually present in lipid cells
surrounded by components such as lignin, pectin, hemicel-
lulose, cellulose and protein in form of a complex that binds
other macromolecules (Li et al., 2011). In view of charac-
teristics composition, embodied by high level of cellulose,
pectin and low level of protein and carbohydrate, for garde-
nia seeds, cellulase (Cel), pectinase (Pec), protease (Pro) or
their combination was used to disrupt the cell wall and lipid
complex. Under each optimal conditions including pH, tem-
perature, and enzyme load, AEE processes were performed.
The FOY and geniposide, crocin level in hydrolysate were
determined and compared, as shown in Table 2. For single
enzymatic hydrolysis, regardless of using Cel, Pec or Pro,
FOYs were all between 12.42 and 12.58%, no significant
difference was found among groups. However, the optimal
hydrolysis time for Cel is the shortest with value of 1.5 h
compared with 2.5 h for Pec and 4 h for Pro.

To enhance the oil preparation performance, sequen-
tial combined hydrolysis by multiple enzymes was per-
formed. Data suggested that Cel — Pec increase the FOY
to 13.03%, but did not reach our expected level. Pec — Pro
and Cel — Pro further improve the FOY to 14.52% and
14.96% within 6.5 and 5.5 h, respectively. Moreover,
Cel — Pec — Pro produced the highest FOY of 15.32% in
8 h. This results was in line with those reported by Liu et al.
(2019) and Wei et al. (2022) reported when preparing S.
mukorossi seed kernels oil and Cinnamomum camphora
seeds oil by using AEE method. Commonly, the choice of
enzyme depends on the cell composition of the oil-bearing

material. Cellulose, hemicellulose and pectin are the three
main phytochemical components that constitute the primary
wall, secondary wall and middle lamella of the cell of oil
crops (Hu et al., 2020). In addition, the protein network of
the lipid-based membranes surrounding the lipid corpuscles
need to be effectively dissolved and hydrolyzed to release
oil from the cell. Nevertheless, complex hydrolysis process
and long hydrolysis time as 8 h for Cel - Pec — Pro group
were not desired industrially. During stepwise hydrolysis,
oil product removal between stage-hydrolysis did not fur-
ther improve the FOY for Cel — Cel, Pec — Pec, Pec — Cel
and Cel — Pec combinations, with values between 13.36%
to 13.75%.

Oil preparation by AEE from puffed gardenia seeds
under various conditions

In view of high crude fat content of 25% for gardenia seeds,
however only 15% oil was extracted. Even after eliminat-
ing product inhibition, sequential enzymatic hydrolysis still
could not reach a satisfied FOY. These indicated that oil-
seed structure was not destroyed completely by AEE pro-
cess resulted in inadequate release for bound oil. Puffing
was reported to be an effective method to create a porous
structure so as to expand the apparent volume of oilseed.
Before AEE, the dry-heat puffing (0.6 MPa) and wet-heat
puffing (100 °C) were performed for gardenia seed, and the
FOYs were compared with those from un-puffed seeds and
listed in Table 2. The data suggested that the effect of puff-
ing is obvious, and dry-heat puffing is superior to wet-heat
puffing in term of oil release by AEE. For single enzymatic
hydrolysis process, the FOYs increased from about 12% for
control to 14.08-15.64% for wet-heat puffing at 100 °C and
14.46-16.81% for dry-heating puffing at 0.6 MPa. While
for stepwise enzymatic hydrolysis process, the FOYs were
further increased to 15.31-18.30% and 16.46-19.65%,
respectively. What should be particular noted is when dry-
heating gardenia seeds puffed at 0.6 MPa was hydrolyzed by
Cel — Cel produced the highest FOY of 19.65% within 3 h.
Thus, Cel — Cel two-stage hydrolysis was used to compare
impacts of puffing at various temperatures (80—120 °C) and
pressures (0.5-1.0 MPa) on FOY. In addition, to prevent
emulsion involved by hydrolysate, calcium iron was added
to precipitate polysaccharide according to our previous find-
ings (Meng et al., 2018; Peng et al., 2019). The selection
for range of puffing parameter (temperature and pressure)
referred to those reported by Yang et al. (2022) and Zhang
et al. (2021a) with minor modifications. The results were
showed in Fig. 2, for dry-heating puffing, FOYs increased
from 20.52 to 23.16% as puffing pressure increased from
0.5 to1.0 MPa. In view of higher free oil recovery of
93.0% (yields of 23.16%) by puffing at 1.0 MPa, no further
increased pressure was considered, otherwise which would
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result in much loss of active compound in gardenia seeds
(refer to Table 3). When wet-heat puffing was performed
with pressure was set at 1.0 MPa, the puffing temperature
point is between 80—120 °C, and corresponding FOY's fall
into range of 20.38-21.76%. The optimal temperature for
WP was 90 °C, the corresponding FOY is 21.76%, which
is slightly lower than that for dry-heating puffing. Both are
higher than that of non-pre-treatment group with value of
68.44% and 58.25% higher, respectively. With respect to this
obvious enhancing effects on oil yields during AEE by puff-
ing pretreatment, the possible mechanism was elucidated as
following: The rapid evaporation of water and air inside the
seed resulted from a sudden pressure drop by puffing (both
DP and WP) would produce a strong tearing force, which
broke down the microstructure of oilseeds, expanded its
volume, produced rough and porous structures, and enable
large ratio surface area exposed to enzyme and solvent. One
aspect, high destroy degree for cell structure of gardenia
seeds facilitate the enzymatic hydrolysis performances,
resulted in higher oil release from seeds. Another aspect,
larger surface area exposed to isopropanol may enhance the
extraction of amphiphilic crocin and geniposide as well as
polysaccharides, decreasing their involvement into emulsifi-
cation during AEE. The amphiphilic substance would result
in emulsification embedding large amount of oil. The poly-
saccharides may help stabilizing the emulsion formed (Meng
et al., 2018). Both aspects all accounted for the enhanced oil
yields during AEE process acted by puffing.

Besides of puffing, microwave (Gai et al., 2013; Liu
et al., 2022), ultrasonic (Liu et al., 2019; Liu et al., 2022),
extrusion (Jung et al., 2009), high pressure (Zhang et al.,
2021b) are also commonly used pretreatment method for
oil preparation by AEE. It was reported that these methods
enhanced oil extraction, with increases in oil yield varied
from 8.3 to 44.4% (Ferreira et al., 2022). This highlighted
the advantages of puffing compared with other pretreatment
methods when coupled with AEE for oil preparation. Puffing
technique was mature and easy to scale up industrially. It is
also suitable for samples with high moisture content, unlike
other pre-treatment methods that require deeper drier mate-
rial (Sun et al., 2021).

Microstructure morphology of gardenia seeds
puffed under various conditions

The morphology of microstructure for gardenia seeds puffed
by various ways were characterized by using the field emis-
sion scanning electron microscope, and shown in Fig. 3. It
was observed that electron micrographs for raw gardenia
seed presents a compact structure and a smooth surface.
After puffing, the microstructures for gardenia seeds became
rough, full of irregular pore sizes and occasional large cavi-
ties, indicating that the rapid evaporation of water resulted
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from a sudden pressure drop by puffing produces a strong
tearing force, which broke down the microstructure of gar-
denia seeds and exposed large ratio surface area to enzyme
and solvent. Obviously, dry-heating puffing creates more
destructive power in comparison with wet-heating puffing,
and expansion degree increased as puffing pressure raised
from 0.6 to 1.0 MPa. For wet-heating puffing at 1.0 MPa,
less difference in microstructure for oilseeds was observed
when temperature is increased between 90 and 100 °C,
however it seems that puffing at 90 °C produce more rough
structure which is more suitable for oil extraction by AEE
(Wen et al., 2022).

Surface area, pore volume, and pore size of puffed
gardenia seeds

The porous structure of seeds had a positive effect on the
contact between enzymes and active sites during AEE pro-
cess. Figure 3(F) showed the N, adsorption—desorption iso-
therm for raw gardenia seeds, DP and WP treated seeds.
According to the IUPAC classification, all groups of garde-
nia seeds exhibited characteristic type-IV hysteresis loop,
related to the mesoporous structures (Wang et al., 2022).
Based on the BET analysis, the results of BET surface
area, pore volume, and pore size were listed in Table S1.
Compared with un-puffed seeds (0.3336m?%/g), seeds under
1.0 MPa DP pre-treatment (1.4219m?/g) exhibited a much
larger BET surface area and similar rule was found for pore
volume, indicating more porous property. This was due to
the extreme explosion conditions which provided the seeds
with DP pre-treatment (1.0 MPa) with excellent porosity,
thus the enhanced performance of DP pre-treatment was
verified from effective destroys of the cell structure of gar-
denia seeds, Moreover, the average pore radius of DP pre-
treatment seeds was smaller than that of non-pre-treatment
seeds by 1.7-7.5%, which might be explained by the dense
structure of DP pre-treatment seeds at the surface (Huang
et al., 2022).

HPLC-MS analysis of the heat-sensitive bioactive
compounds in puffed gardenia seeds

The preparation of gardenia yellow pigment is the primary
application for gardenia fruit. While the functional compo-
nents like crocin in gardenia seed are thermally unstable.
Higher temperature and pressure environment generated dur-
ing puffing may be detrimental. Hence, its specific impact on
active components should be clarified. Here, the main func-
tional components in raw gardenia seeds and puffed garde-
nia seeds were extracted by 60% isopropanol, and the main
products including chlorogenic acid (Rt 1.967 min), genipin-
1-gentiobioside (Rt 2.808 min), geniposide (Rt 3.343 min),
rutin (Rt 5.438 min), crocin (Rt 7.318 min) were identified
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Fig.2 The yields of free oil
from gardenia seeds puffed at

Tempreature (°C)

different conditions obtained by 25 80 90 100 110 120 25
using AEE method. Different = : ? i d : Ei
< (5 . . —— DP
letters (a—c) over bars represent -
significant differences among "
FOY with various pressures/ il 1
temperatures (p <0.05)
23 - -1 23
o 22 F —4220
& X
R -
= acd =
@) o
B 21 |- - 21 &=
20 - -1 20
19 - -1 19
l 8 L 1 1 1 1 1 1 I 8

0.5

0.6

0.7 0.8 1.1

Pressure (MPa)

0.9 1.0

Table 3 Effects of different pre-treatments on the content of bioactive compounds in gardenia seeds

Peak RT (min) ESI-MS Identification Bioactive compounds content (%)
Raw seed DP pre-treatment WP pre-treatment (90 °C)
(1.0 MPa)
1 1.967 353 [M—H]~ Chlorogenic acid 0.47 +£0.04% 0.41+0.02° 0.23 +0.005¢
2 2.808 595 [M+HCOO]~ Genipin-1-gentiobioside 1.65+0.07% 1.54+0.30* 1.53+0.008*
3 3.343 433 [M+HCOO]™ Geniposide 7.68 +0.06% 6.86+0.37° 6.83+0.05°
4 5.438 609 [M—H]~ Rutin 0.63+0.13% 0.57+0.02° 0.59+0.002%
5 7.318 975 [M—-H]™ Crocin 10.45+0.07% 6.67 +0.06° 9.20+0.02°

Values were the mean+SD of three gardenia seed oils which was analyzed in triplicate. The average values in the same row followed by the

same superior letters were not significantly different (p > 0.05)

using HPLC-ESI-MS, and quantified with HPLC coupled
diode array detector by monitoring absorption at 240 nm and
440 nm for geniposide and crocin. The chromatograph and
composition were shown in Fig. S1. The impact of puffing
ways on their composition was showed in Table 3. Except for
genipin-1-gentiobioside, all the active components includ-
ing geniposide, crocin, rutin and chlorogenic acid decreased
significantly through puffing pre-treatment against non-pre-
treatment group. The worst loss was observed for chloro-
genic acid, with values of 51.1% and 12.8% for wet-heating
puffing and dry-heating puffing, indicating its sensitivity to
damp heat than to dry heat. On the contrary, crocin is more
prone to be destroyed upon dry heat puffing, with content
decreased to 6.67% from 10.45% (control group), compared

t0 9.20% for wet heat puffing. Geniposide, similar with rutin,
about 10% loss against control group was found through
puffing pretreatment regardless of puffing ways.

In addition, the levels of geniposide and crocin in hydrol-
ysis solution released by AEE process were determined and
presented in Table 2. With geniposide and crocin in hydro-
lysate and those extracted into isopropanol considered, their
sum of amount is equivalent to those in gardenia seeds, indi-
cating that geniposide and crocin were completely released
by AEE. The highest contents of geniposide and crocin in
hydrolysis solution of 1.52 +0.04% and 0.61 +0.03% respec-
tively, were obtained for Pec hydrolysis using raw oilseeds,
the secondary is for Cel — Cel group with values of 1.08%
and 0.41%. Compared to raw gardenia seeds, puffing resulted
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Fig.3 Microstructure analysis
of puffed gardenia seeds. (A-E)
SEM images of gardenia seeds
under different pre-treatment
methods [A raw seeds, B DP
(0.6 MPa), C DP (1.0 MPa), D
WP (90 °C), E WP (100 °C)].
(F) Nitrogen adsorption iso-
therms and pore size distribu-
tion of gardenia seeds under
different pre-treatment methods
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in lower levels of crocin in hydrolysate by AEE regardless of
hydrolysis ways, and much low level of crocin in hydrolysate
for dry-heating puffing than for wet-heating puffing (about
20% lower), which also supported that puffing resulted in
observable loss of crocin. While the level of geniposide had
not changed that much as crocin. These findings also verified
the analytical results of HPLC to some degree.

Characterization of gardenia seed oil prepared
by various methods

The yields of the gardenia seed oil by various preparation
methods and their fatty composition, active components,
and quality index were compared. The color of all the oil
extracted by various methods presents light yellow to yel-
low. For all the oil preparation method, Soxhlet extraction
gave the highest yield of 25.45%, CPE produced the lowest
yield of 10.44%. The oil yield for AEE is much higher than
pressing method, with values of 13.75%, 21.76% and 23.16%
upon raw seed, WP seeds and DP seeds. The PV for oils
did not show significant difference among all the extraction
methods, with values between 1.75 and 2.36 meq/g. For AV
of oils, pressing method, solvent extraction and AEE with
raw seed showed similar AVs of 1.25, 1.94 and 1.81 mg
KOH/g, while puffed seed oils with higher AVs of 3.92 and
3.83 mg KOH/g. This is disadvantageous from view of oil
quality (Xu et al., 2021). Slightly high AV should arise from
hydrolysis of triglyceride under high-temperature and high-
pressure conditions during puffing. In addition, content of
active crocin and geniposide in oils are varied dependent
on oil extraction methods. Higher levels of geniposide and
crocin with value of 150.76 and 247.46 pg/g were obtained
for oil prepared by AEE method, compared to levels of 14.13
& 102.16 pg/g for SE and 136.60 & 190.36 pg/g and for
CPE method, embodied the advantage of enriching high
value-added by-products. Moreover, the composition of fatty
acid in oil prepared by various methods were compared.
Results showed that there is no significant difference among
oils prepared by five extraction methods. Typically, garde-
nia seed oil mainly includes palmitic acid C16:0, oleic acid
C18:1, linoleic acid C18:2, stearic acid C18:0 etc., with each
content of 16.11-19.16%, 32.93-35.08%, 37.02-43.81%
and 3.1-4.28%. Unsaturated fatty acids account for about
80% of total fatty acid, plus enrichment of active genipo-
side and crocin in oil, indicating high nutritional value of
gardenia seed oil produced by AEE coupled with puffing
pretreatment.

Generally, the gardenia fruit is the seed of shrubs, which
is apparently different from most other oilseeds with respect
to its low starch, protein content, and high cellulose content.
Its seed coat is tough and resistant to enzymatic hydrolysis,

hence, its FOY obtained by any combined AEEs is low as
12-14%. 1t is difficult to puffing for the gardenia seed, and
few reports on puffing were found. Although, the puffing
performances of gardenia seed for both DP and WP were
not comparable to those for other oilseeds, such as Camelia
seed (Peng et al., 2019), Torreya grandis seed (Wen et al.,
2022), pumpkin seed (Jiao et al., 2014), the results on micro-
structure, pore size as well as its distribution of puffed seeds
indicated that the relative higher surface exposure created by
puffing meet the requirements for oil preparation by AEE.
The related oil recovery is around 93%. The increased ratio
surface area of seeds exposed to enzyme and solvent by puff-
ing, resulted in higher hydrolysis degree of substrate and
removal of crocin, geniposide and polysaccharides by iso-
propanol, leading to more oil set free and less involved into
emulsification, accounted for the enhanced oil yields during
AEE process by puffing.

Another aspect, WP and DP pretreatment, each has its
own characteristics. DP showed slightly higher puffing per-
formances including destruction of oilseed structure and oil
yields than WP. However, its high temperature is disadvan-
tages to retention of heat sensitive active substances. WP
produced puffing effects under lower temperature, hence
better protect the active components and is more energy-
saving, and green. This hot and humid steam may also be
helpful to break down the cellulose tissue in seed (Li et al.,
2022), which facilitate the enzymatic hydrolysis. One can
choose WP or DP pretreatments against practical require-
ments. These findings indicated that puffing pretreatment
combined with combined AEE process may be a promising,
high efficiency, economic and green process for oil prepara-
tion from gardenia seed by AEE.
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