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The impact of supercritical CO2 (SC-CO2 ) process on the quality attributes of fresh-cut coconut has been investigated to establish
the acceptability of SC-CO2 treated products by the consumers. Two process conditions, previously identified as optimal to reduce
the microbial content of the product, were studied: 12 MPa, 40∘ C, 30 min and 12 MPa, 45∘ C, 15 min. The results highlighted that both
conditions induced some effects on product attributes. After 30 min of treatment at 12 MPa and 40∘ C a decrease of lightness (8%),
pH (13%), fat content (24%), total phenol content (29%), flavonoid compounds (49%), antioxidant capacity (30%) and an increase of
dry matter (11%) and titratable acidity (51.1%) were observed while polyphenol oxidase (PPO) exhibited 35% and 98.5% inactivation.
Peroxidase enzyme activity increased by 77.8% and 30.4% at 12 MPa, 40∘ C, 30 min and 12 MPa, 45∘ C, 15 min, respectively. Sensory
evaluations revealed no significant differences in appearance, texture, taste, and aroma of treated fresh-cut coconut compared to
the untreated. The study confirms the feasibility of SC-CO2 process for the pasteurization of fresh fruits with a firm structure and
opens the door to the possibility of exploiting such a technology at industrial level.

1. Introduction
Fresh-cut fruits and vegetables, fresh raw products, are processed to supply ready-to-eat or ready-to-use foods [1, 2]. They
are becoming popular within the consumers who demand
hygienically safe [3] and economically convenient products,
with fresh-like characteristics. Coconut (Cocos nucifera L.)
prepared as fresh-cut fruit to be eaten and served as a
snack is gaining great appeal; however, the operations for
its production such as cutting and washing could fasten the
microbial growth and accelerate enzymes’ actions, shortening
its shelf-life in comparison with the fresh product [4]. To
avoid or retard microbial and enzymatic spoilage of the
product reducing or minimally compromising its quality
aspects, while maintaining a fresh appearance, its original
flavor and texture, several treatments are currently under
investigation such as sodium chloride treatments [5]; steam
blanching [6]; immersion in acid or basic solutions [7]; and
use of modified atmosphere packaging [8].

Supercritical carbon dioxide (SC-CO2 ) is a promising
alternative process potentially able to inactivate microorganisms and enzymes in liquid foods with minimal effects on
phytochemicals and organoleptic characteristics. The main
advantage of the technique consists of the relatively low temperature which avoids the thermal effects of the traditional
heat pasteurization, retaining the food freshness in terms of
physical, nutritional, and sensory qualities [9]. Concerning
solid foods, the research is still at its infancy: few papers have
been published so far in the field [10]. A deleterious effect
in terms of gross tissue destruction on strawberries, honeydew melon, cucumber [11], and pear [12] which negatively
influenced product aspect, discouraging the application of
the technology to products with soft structures, was reported.
Differently, Ji et al. [13] demonstrated that shrimps CO2 processed gained a cooked appearance, positively accepted by the
panelists, and proved that these changes could be attractive
for shrimps consumption in the Chinese diet custom. Their
findings demonstrated that modifications of the product
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appearance could not be a restraint but an improvement in
the development of an innovative pasteurization technique,
depending on people and cultural habits.
As concerns fresh-cut coconut, one study has been
recently published to assess the effectiveness of SC-CO2 as
nonthermal technique for the pasteurization of such a product, assuring its microbial safety. The results clearly demonstrated the potential of SC-CO2 pasteurization of freshcut coconut which significantly reduced total mesophilic
microorganisms, total coliforms, yeasts and molds, and lactic
acid bacteria naturally present on its surface. The optimal
process conditions identified were 12 MPa, 40∘ C, 30 min and
12 MPa, 45∘ C, 15 min at which 4 Log(CFU/g) reductions were
achieved for the mentioned microbial strains [14].
At this stage the investigation of the impact of such
technology on the quality attributes of the product is needed
in view of a possible development of SC-CO2 process at
industrial scale. In this concern, the aim of the present study
is the evaluation of the effects of SC-CO2 process on the
quality attributes of fresh-cut coconut in terms of color,
pH, titratable acidity (TA), fat content, dry matter (DM),
indigenous enzyme activity, total phenol content (TPC),
flavonoid compounds (FC), antioxidant capacity, and sensory
attributes (aroma, taste, appearance, and texture).

2. Materials and Methods
2.1. Sample Preparation. Coconut (Cocos nucifera) was purchased from a local market, deshelled, cleaned, washed
with water, and manually cut in pieces. The samples were
transferred into the reactor and treated at 12 MPa, 40∘ C for
30 min and 12 MPa, 45∘ C for 15 min. The process conditions
were chosen on the basis of the previous study on microbial
inactivation [14]: they assured the highest pasteurizing effect
(4.7 log reductions of mesophilic microorganisms, 2.6 log
reductions of lactic bacteria, 4.6 log reductions of total
coliforms, and 3.2 log reductions of yeasts and molds) on the
natural microbial flora occurred on fresh-cut coconut.
2.2. High Pressure Carbon Dioxide Equipment. SC-CO2
treatment was performed in the batch apparatus shown
in Figure 1. Liquid CO2 (99.990% purity, Messer Group
GmbH, Germany) was fed into a high pressure vessel by a
volumetric pump (LCD1/M910s, LEWA GmbH, Germany)
with a maximum flow rate of 11 l/h. The vessel consisted
of a 310 mL stainless steel cylinder (height: 110 mm, inner
diameter: 60 mm) and was equipped with a resistance temperature probe (Pt 100 Ω, Endress+Hauser, Milano, Italy)
and a pressure gauge (Gefran, Brescia, Italy). The sample was
loaded into the vessel, heated to a defined temperature, and
subsequently pressurized with CO2 . The system was kept at
the process conditions of temperature and pressure for the
time required for the treatment, and then slowly depressurized. Pressure and temperature were continuously recorded

TA (lauric acid g/L) =

by a real time data acquisition system (field point FP-1000
RS 232/RS 485, NATIONAL INSTRUMENTS, Austin, Texas,
USA) and monitored by a specific software (LabVIEW 5.0).
The depressurization step was performed by partially opening
two micrometric valves (2S-4L-N-SS, Rotarex, Brescia, Italy)
placed on the output line of the system, heated with an
electrical resistance (80 W, CSC2, Backer Fer, Ferrara, Italy)
to prevent CO2 freezing during the expansion to ambient
pressure. After each experimental run, the reactor was
washed with water and sterilized in autoclave (121∘ C, 15 min)
to prevent possible contaminations, while CO2 was flushed at
6 MPa through all tubes to ensure a good level of cleaning.
2.3. Color Measurements. Color parameters were measured
with a high resolution miniature spectrometer (HR2000+,
Ocean Optics Inc., Dunedin, FL) to which a fiber optic
reflection probe (QR600-7-UV-125BX, Ocean Optics Inc.,
Dunedin, FL) was connected. The probe transmitted the light
from a halogen lamp to the sample surface by the illuminating
fibers while the reflected light from the sample was acquired
by a reading fiber and measured by the spectrometer. After
calibration, the sample was placed on a holding device and the
signal acquired by a specific software (Spectra Suite, Ocean
Optics, Dunedin, FL, USA) which provides L∗ (lightness),
a∗ (redness) and b∗ (yellowness) parameters. Color analyses
were performed on samples treated three times at the same
process conditions and the mean values together with the
standard deviations reported. Additionally, in order to quantify the overall color differences, Δ𝐸 values were evaluated
based on the following equation [15]:
2

2

2

Δ𝐸 = √(𝐿∗1 − 𝐿∗2 ) + (𝑎1∗ − 𝑎2∗ ) + (𝑏1∗ − 𝑏2∗ ) ,

(1)

where L∗ , a∗ , and 𝑏∗ with subscript numbers represent
lightness, redness, and yellowness measured before and after
treatments, respectively. More details of the procedure can be
found elsewhere [16].
2.4. pH Determination. The sample (30 grams) was homogenized with 30 mL of distilled water and the pH was measured
using a digital pH meter (Eutech Instruments, Nijkerk,
The Netherlands), after calibration with commercial buffer
solutions at pH 7.0 and 4.0. The measurements, in triplicate
for each condition, were performed recording the pH of
10 mL of the homogenized solutions.
2.5. Titratable Acidity Measurements. 10 mL of a solution
obtained from the sample (30 grams), homogenized with
30 mL of distilled water, was titrated against standardized
NaOH (0.05 N) to the phenolphthalein end point (pH = 8.2 ±
0.1). The volume of NaOH was converted to grams of lauric
acid (considered the prevalent acid in fresh-cut coconut) per
mL of the homogenized solution and titratable acidity (TA)
calculated based on the following formula:

(mL NaOH used) ⋅ (Normality of NaOH) ⋅ (Molecular weight of lauric acid)
.
mL homogenized sample

(2)
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Figure 1: Schematic of the SC-CO2 apparatus. V1 to V4: valves; R1, R2: electrical resistance; PT: pressure transducer; T: thermocouple; PI:
pressure manometer.

Measurements were performed in triplicate and mean values
and standard deviations were evaluated.

All measurements were performed in triplicate and mean
values and standard deviations were evaluated.

2.6. Dry Matter Content. Dry matter (DM) was determined
according to the official AOAC method [17] by drying the
samples at 105∘ C to reach a constant weight. The dry matter
content, measured as the remaining weight of sample after
drying, was expressed as percentage of the fresh sample.

2.7.3. HPLC Analysis of Phenolic Compounds. Coconut
extracts were analyzed for their phenolic acids content
according to the IOOC [21] method with some modifications.
The samples were filtered through a 0.45 𝜇m filter (Nylon
Membranes, Supelco, Bellefonte, USA), and 20 𝜇L were analyzed using a HPLC device (Agilent 1100/1200 Series, Santa
Clara, USA) with a Diode Array detector (scanning between
200 and 400 nm, with a resolution of 1.2 nm) and a reversedphase column (250 × 4.6 mm, 5 𝜇m i.d.) (Nucleosil C-18, Phenomenex, Torrance, USA). The solvents used for the analyses
consisted of 0.2% orthophosphoric acid (solvent A), HPLC
grade methanol (solvent B), and HPLC grade acetonitrile
(solvent C) at a flow rate of 1.5 mL/min. The elution was
performed with a gradient starting from 2% B and 2% C to
reach 25% B and 25% C in 40 min with a column temperature
of 30∘ C. Chromatograms were recorded at 280 nm. Phenolic
compounds were identified by comparing the retention times
and the spectral data with the standards. Data acquisition
and elaboration were carried out using a specific software
(Chemstat 32, Scientific Software Group, Utah, USA). All the
analyses were performed in triplicate and mean values and
standard deviations were evaluated.

2.7. Determination of Phenolic Compounds and
Antioxidant Capacity
2.7.1. Preparation of the Samples. Fresh-cut coconut endocarp
and mesocarp were ground in a domestic blender and dried
in a conventional laboratory dryer for 3 hrs at 60∘ C. In order
to eliminate lipids, each sample was subjected to extraction
for 48 hrs with petroleum ether using a Soxhlet apparatus
[18]. The defatted samples were air-dried for 24 hrs to remove
the residual organic solvent and extracted with 20 mL of 50%
ethanol/water solution (v/v) for 1 hr in an ultrasonic bath
(Elmasonic S 120, Elma, Singen, Germany). After extraction,
the mixture was centrifuged for 10 min at 4000 rpm, and the
supernatant was decanted and filtered to remove the residual
particles and obtain 20 mL of extract. The flask containing
the extract was flushed with nitrogen, stored in a freezer at
–18∘ C, and subsequently analyzed for the determination of
total phenol content (TPC) and antioxidant capacity.
2.7.2. Total Phenol and Flavonoid Content. Total phenol content (TPC) was determined spectrophotometrically according to the modified method of Lachman et al. [19]. Total
flavonoids were precipitated using formaldehyde, which
reacted with the hydroxyl groups at the C-6 or C-8 positions in the benzene rings of 5,7-dihydroxy flavonoids. The
condensed products of these reactions were removed by
filtration and the remaining nonflavonoid phenols determined, according to the procedure for total phenol content
determination. Flavonoid content (FC) was calculated as the
difference between total phenol and nonflavonoid content.
Gallic acid was used as standard and the results were
expressed as mg gallic acid equivalents (GAE)/g of DM [20].

2.7.4. Antioxidant Capacity
DPPH Radical Scavenging Assay. Antioxidant capacity of
coconut extracts was determined using the DPPH (𝛼,𝛼Diphenyl-𝛽-picryl-hydrazyl) radical scavenging assay by
measuring the absorbance at 515 nm after 30 min of reaction
at room temperature, as described by Brand-Williams et al.
[22]. The results were expressed as 𝜇mol/g of DM Trolox
equivalents, using the calibration curve of Trolox (100–
1000 𝜇M). All measurements were performed in triplicate
and mean values and standard deviations were evaluated.
ABTS Radical Scavenging Assay. Trolox equivalent antioxidant capacity (TEAC) of coconut extracts was estimated
by the ABTS (2, 2 -azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)) radical cation decolourisation assay [23].
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2.8. Enzymatic Activity Determination
2.8.1. Enzyme Extraction. Ground coconut (5 grams) was
extracted at 4∘ C with a phosphate buffer solution (0.1 M,
pH 7) containing 5 grams of polyvinylpyrrolidone using a
magnetic stirrer for 15 min. The homogenate was filtered
(Whatman No. 41 filter paper), centrifuged at 3500 rpm for
20 min and subsequently the supernatant was filtered again
(Whatman No. 42 filter paper) to collect enzyme extract [24].

2.8.2. Polyphenol Oxidase and Peroxidase (PPO and POD)
Enzymatic Activity. Polyphenol oxidase (PPO) activity was
determined using a spectrophotometric method based on the
increase in absorbance at 410 nm, according to the procedure
described by Soliva et al. [25] with some modifications.
Enzyme extract (50 𝜇L) was mixed with 1.95 mL of phosphate
buffer solution and 1 mL of catechol (0.1 M) in a 1 cm path
length cuvette. The absorbance was continuously recorded at
25∘ C for 5 min.
Peroxidase (POD) activity was assayed spectrophotometrically at 470 nm using guaiacol as a phenolic substrate with
hydrogen peroxide [26]. The reaction mixture containing
0.15 mL of 4% (v/v) guaiacol, 0.15 mL of 1% (v/v) H2 O2 ,
2.66 mL of phosphate buffer solution, and 40 𝜇L of enzyme
extract was transferred to a 1 cm path length cuvette for the
absorbance measurements. Enzyme activity was reported in
enzyme Units (U), defined as the change of 0.001 in the
absorbance value per min under the conditions of the assay.
Volume activity of both enzymes was calculated from the
slope of the linear portion of the Δ𝐴 curve as a function of
time according to the following formula:
V.a. =

Δ𝐴
VT
⋅
,
(𝜀 ⋅ 𝑑 ⋅ VE) Δ𝑡

(3)

where VT is for the total volume of the reaction mixture,
VE the volume of the extracted enzyme, 𝑑 the cuvette
path length (1 cm), 𝜀 the molar absorptivity of 4-methylquinoline (1010 M−1 cm−1 ) for PPO and tetraguaiacol (2.66 ⋅
104 M−1 cm−1 ) for POD, and Δ𝑡 the time interval. All measurements were performed in triplicate and the results were
expressed as specific activity (S.a.) in enzyme units per g of
product (U/g).
2.9. Sensory Analysis. Samples were evaluated by a panel of
10 untrained judges, 5 males and 5 females between 21 and
50 years old, using a descriptive analysis based on a modified
procedure described by Komes et al. [27]. The evaluations
were conducted the day after the samples preparation, in a
quiet room with sufficient space between the testers, adequate
light, and ventilation at mid-morning, considered the best
time before extraneous aromas and odours fill the air. A rank
order test was performed and the panelists were asked to
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The results, obtained from triplicate analyses, were expressed
as Trolox equivalents in 𝜇mol/g of DM and were derived
from a calibration curve determined for this standard (100–
1000 𝜇M).
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Figure 2: Color parameters of untreated and treated fresh-cut
coconuts: lightness, 𝐿∗ ; light grey, 𝑎∗ ; dark grey, 𝑏∗ . Values with
similar letters within bars are not significantly different.

independently evaluate four sensory characteristics: appearance, texture, taste, and aroma for each sample, presented
in plastic white cups at ambient temperature. The volunteers
were asked to judge three samples using a 10-point scale (1
corresponded to the lowest preference and 10 to the highest):
one untreated and two SC-CO2 fresh-cut coconut treated at
12 MPa, 40∘ C, 30 min and 12 MPa, 45∘ C, 15 min, respectively.
The results were expressed as the average for each sensory
attribute with the standard deviations.
2.10. Statistical Analysis. Differences between mean values
were tested using the analysis of variance followed by multiple
comparisons between means with the Tukey’s Studentized
Range test. The general procedure of Statistica 7.0 software
(StatSoft Inc., Tulsa, OK, USA) was used. All the data were
analyzed at a significance level of 𝑃 > 0.05.

3. Discussion and Results
3.1. Color. Figure 2 reports color measurements of untreated
and SC-CO2 treated coconuts. The results indicated that
a∗ and b∗ parameters did not significantly change after
treatments, while L∗ significantly decreased, in agreement
with Ferrentino et al. [16] who found that a∗ and b∗ measured
on coconut samples were approximately zero before and after
processes at 12 MPa, 40∘ C, for 10, 20, and 30 min, while L∗
significantly decreased just after 10 min of treatment. Color
differences, in terms of Δ𝐸, were equal to 6.92 and to 8.15
for samples treated at 12 MPa, 40∘ C, 30 min and at 12 MPa,
45∘ C, 15 min, respectively, suggesting that a trained observer
could detect visible differences between untreated and SCCO2 treated coconut. On the other hand, it must be said that
the Δ𝐸 threshold value often depends on the type of matrix
[28].
3.2. Titratable Acidity and pH. Table 1 reports pH and TA
values of untreated and treated fresh-cut coconuts. A slight
but significant pH decrease was observed: from 6.07 to 5.82
and 5.85 for samples treated at 12 MPa, 40∘ C, 30 min and at
12 MPa, 45∘ C, 15 min, respectively. As expected, an opposite
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Table 1: pH, TA, DM, fat content, TPC, FC, and antioxidant capacity of untreated and SC-CO2 treated coconut.
TA

DM

Fat content

TPC

TFC

Antioxidant capacity

(g Lauric Acid/L)

%

%

(mg GAE/g
DM)

(mg GAE/g
DM)

ABTS
DPPH
(𝜇mol
(𝜇mol
Trolox/g DM) Trolox/g DM)

pH

Untreated
Treated at
12 MPa, 40∘ C,
30 min
Treated at
12 MPa, 45∘ C,
15 min

6.07 ± 0.02a

5.46 ± 1.51a

39.11 ± 2.34a 35.98 ± 2.58a

1.50 ± 0.15a

1.06 ± 0.12a

5.88 ± 1.04a

6.26 ± 0.52a

5.82 ± 0.02b

8.25 ± 0.25b

43.31 ± 1.71b 27.33 ± 4.07b

1.07 ± 0.31b

0.54 ± 0.18b

4.13 ± 1.23b

5.01 ± 0.63b

5.85 ± 0.08b

7.41 ± 0.10c

42.77 ± 0.06b 29.77 ± 0.89b

0.95 ± 0.11b

0.45 ± 0.12b

3.95 ± 0.28b

4.79 ± 0.82b

Data are mean values ± standard deviations. Values with similar letters within rows are not significantly different (𝑃 > 0.05). TA: titratable acidity, DM: dry
matter, TPC: total phenol content, TFC: total flavonoid content.

behavior was recorded for TA values. A similar trend has
been already reported by other authors for TA measurements
performed on liquid matrices processed by SC-CO2 [29, 30].
The increase in acidity could be related to the presence of
CO2 dissolved into the liquid phase forming carbonic acid.
Data were in agreement with another study on fresh-cut
conference pears treated at 10 MPa, 40∘ C, 10 min whose pH
was unaffected by the treatment, while acidity increased [12].
3.3. Dry Matter and Fat Content. DM and fat content of
untreated and SC-CO2 treated coconut samples are reported
in Table 1. DM of coconut ranged from 39.11 ± 2.34% for
untreated coconut to 43.31±1.71% and 42.77±0.06% for samples treated at 12 MPa, 40∘ C, 30 min and 12 MPa, 45∘ C, 15 min
while fat content varied from 35.98 ± 2.58% for the untreated
to 27.33 ± 4.07% and 29.77 ± 0.89% for treated samples. As
noticed, an opposite trend was observed comparing DM and
fat content: fresh untreated coconuts were characterized by a
lower DM and a higher fat content. DM increase in treated
products could be related to water loss from the samples
during the treatment while fat content decrease could be
linked to CO2 high affinity for lipophilic substances that in
supercritical phase exerts a high extractive power.
3.4. Total Phenol Content, Flavonoid Content, and Antioxidant
Capacity. Higher TPC (1.495 ± 0.15 mg GAE/g DM) and
FC (1.056 ± 0.12 mg GAE/g DM) were measured in the
untreated coconut compared to the treated one, indicating
some negative effects induced by CO2 on these beneficial
bioactive compounds: on average 32% and 53% decrease in
TPC and FC was observed after SC-CO2 treatments, respectively (Table 1). Additionally, also the antioxidant capacity,
determined by both ABTS and DPPH assays, decreased in the
treated samples (on average 31% by ABTS and 22% by DPPH)
compared to the untreated ones. Published studies reported
contrasting results regarding the effects of SC-CO2 treatment
on total phenol content and antioxidant capacity in foods.
Pozo-Insfran et al. [31] observed no changes in anthocyanins,
soluble phenolics, and antioxidant capacity of muscadine
grape juice processed by dense phase CO2 at 34.5 MPa, 30∘ C
for 6.25 min. Similar conclusions were drafted by Ferrentino
et al. [30] where no effects were observed on TPC of a

red grapefruit juice treated by dense phase CO2 (34.5 MPa,
40∘ C, 7 min) while slight differences were observed in the
ascorbic acid content and antioxidant capacity of the juice
after treatment and after 4 weeks of storage at 4∘ C. On the
contrary other studies demonstrated that vitamin C content
of pears [12] and betanin and isobetanin contents of red beet
[32] significantly decreased leading to the conclusion that SCCO2 treatment differently and selectively affected bioactive
compounds probably depending on the characteristics of the
food product. In the present study the decrease of polyphenolic compounds of coconut was attributed to the employed
combination of high temperatures and long processing times
of SC-CO2 treatment and to the increase in the food acidity
due to the formation of carbonic acid which contributed to
the modification and lowering contents of these compounds.
3.5. HPLC Determination of Phenolic Compounds. As reported in Table 2, ferulic acid was the most abundant compound detected in the sample (with a content of 60.93 ±
3.48 𝜇g/g DM in the fresh untreated coconut and of 56.69 ±
3.20 𝜇g/g DM in the treated one at 12 MPa, 45∘ C, 15 min),
followed by p-coumaric acid (from 55.74 ± 1.45 𝜇g/gDM in
the untreated coconut to 48.13 ± 1.56 𝜇g/g DM in the treated
one at 12 MPa, 45∘ C, 15 min) and chlorogenic acid (from
13.30 ± 0.035 𝜇g/g DM in the untreated coconut to 10.28 ±
0.025 𝜇g/gDM in the treated one at 12 MPa, 45∘ C, 15 min).
The data obtained are in agreement with the ones obtained
by Bankar et al. [33] even though in the present study
much lower concentrations of all polyphenolic compounds
were obtained, probably because of differences in coconut
variety, degree of ripeness, geographical origin, or extraction
technique. As a whole, from Table 2 it can be observed that
fresh untreated coconut exhibited higher content of total
polyphenolic compounds compared to treated samples. It
could also be observed that vanillic acid was present only
in the untreated sample, highlighting that CO2 treatments
affected both content and composition of polyphenolic compounds. Compared to TPC results in Table 1, a much lower
content of total phenolic acids was measured by HPLC
analysis; this result was not surprising since it has been well
established that spectrophotometric assays are not selective
and often overestimate the results [34, 35].
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Table 2: Phenolic acids content of untreated and treated coconut extracts.
Phenolic acids (𝜇g/g DM)

Untreated
Treated at 12 MPa, 40∘ C, 30 min
Treated at 12 MPa,45∘ C, 15 min

Total

SA

VA

ChlA

p-coumA

FA

47.08 ± 1.12a
55.98 ± 2.27b
54.79 ± 4.83b

31.76 ± 0.78
n.d.∗
n.d.∗

13.30 ± 0.035a
12.97 ± 0.011b
10.28 ± 0.025c

55.74 ± 1.45a
59.75 ± 2.65b
48.13 ± 1.56c

60.93 ± 3.48a
55.47 ± 2.91a
56.69 ± 3.20a

208.81
184.17
169.89

Data are mean values ± standard deviations. Values with similar letters within rows are not significantly different (𝑃 > 0.05). ∗ Not detected. SA: syringic acid,
VA: vanillic acid, ChlA: chlorogenic acid, p-coumA: p-coumaric acid, FA: ferulic acid.

Table 3: Enzymatic activity of untreated and SC-CO2 treated coconut.
Untreated
Treated at 12 MPa, 40∘ C, 30 min
Treated at 12 MPa, 45∘ C, 15 min

PPO Activity (U/g)
(10.440 ± 0.001) ⋅ 10−3a
(7.594 ± 1.687) ⋅ 10−3b
(0.202 ± 0.081) ⋅ 10−3c

POD activity (U/g)
(9.910 ± 1.652) ⋅ 10−3a
(17.620 ± 0.001) ⋅ 10−3b
(12.923 ± 0.001) ⋅ 10−3c

Data are mean values ± standard deviations. Values with similar letters within rows are not significantly different (𝑃 > 0.05). PPO: polyphenol oxidase, POD:
peroxidase.

3.6. Polyphenol Oxidase and Peroxidase Activity. PPO and
POD enzymatic activities of untreated and treated coconut
samples are reported in Table 3. As noticed, both process
conditions induced PPO inactivation: 35% and 98.5% inactivation was achieved at 12 MPa, 40∘ C, for 30 min and at
12 MPa, 45∘ C, for 15 min, respectively.
According to the results, the combination of higher temperature (45∘ C) and shorter processing time (15 min) is highly
effective to inactivate PPO in coconut. The experimental findings are in agreement with Park et al. [36] who reported that
PPO activity in carrot juice decreased after a combined high
pressure CO2 and high hydrostatic pressure treatment. PozoInsfran et al. [37] also observed 40% decrease in PPO activity
in muscadine grape juice by dense phase CO2 processing.
As regards POD, an increase of its activity was observed
at both process conditions tested, as reported in Table 2: POD
was activated by 77.8% at 12 MPa, 40∘ C, 30 min and by 30.4%
at 12 MPa, 45∘ C, 15 min. However, no off-flavors and offcolors of the sample were detected although these enzymes
are supposed to be empirically related to the deterioration
of fresh-cut vegetables and fruits [38]. Further, a storage
study (4∘ C for 4 weeks) of the processed product was also
performed and no enzymes reactivation, with consequently
sample off-flavors and off-colors, was detected probably
thanks to the low storage temperature employed in the study
that was chosen considering the final use of the product
as ready-to-eat fruit. The resistance of POD extracted from
vegetables and fruits has been reported in several studies [39]:
thermal processes (∼90∘ C for 5 s) are needed to induce complete inactivation of this enzyme. Fricks et al. [40] performed
a high pressure CO2 treatment on POD extracted from radish
(Raphanus sativus L.) suspended in a buffer solution: an
increase of the specific activity of this enzyme up to 212% was
observed at 7 MPa, 30∘ C and 1 hr treatment. Further, Primo et
al. [41] evaluated the effects of compressed CO2 treatment on
the specificity of oxidase enzymatic complexes extracted from
mate tea leaves: they showed that 30∘ C, 7.05 MPa and 1 hr
treatment led to 25% enhancement of POD activity and 50%
loss of PPO activity. Some literature results also demonstrated

that POD residual activity was closely related to the SC-CO2
applied pressure [42]: as the applied pressure was increased
up to 30 MPa, the enzyme residual activity was reduced
down to 12% indicating that the three-dimensional structure
of enzymes could be significantly altered under extreme
conditions, causing their denaturation and a consequent loss
of their activity. If the conditions are less adverse, the protein
structure could largely be retained. Minor structural changes
could induce an alternative active protein state with altered
enzyme activity, specificity, and stability [43]. However, to our
knowledge, clear explanations and extensive investigations on
the relationship between the activity of enzymes treated with
supercritical fluids and supercritical operating conditions
have never been provided.
3.7. Sensory Analyses. Panelists did not perceive significant
differences in terms of appearance, texture, taste, and aroma
attributes between untreated and treated samples (Table 4).
Treated coconuts were judged similar to the fresh one, and
no losses of product or discoloration of edible parts were
observed. These results differed from the color instrumental
measurements here reported, where significant differences in
L∗ of the untreated and treated samples were detected and in
Δ𝐸 values which indicated high overall color differences.
Concerning the texture, the panelists could not detect
any noticeable differences between untreated and treated
products: SC-CO2 treated coconuts were judged firm,
hard, and crispy and ranked sweet and harmonious with
no detection of bitter or off-taste. These findings are also
supported by the instrumental measurements performed to
evaluate the hardness of fresh-cut coconut processed at the
same SC-CO2 conditions [14]. As regards aroma attributes
and coconut like taste, the untreated fresh-cut coconut
was rated with low scores indicating a higher panelists’
preference towards the SC-CO2 treated samples. Probably
CO2 in supercritical state, acting in the extraction of volatile
compounds associated to the flavor of fresh-cut coconut,
had the ability to enhance the palatability and perception to
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Table 4: Sensory evaluations of fresh-cut coconut before and after SC-CO2 treatments.
Untreated

Product loss
Discoloration

2.25 ± 2.49a
2.60 ± 2.26a

Crispy
Hard
Firmness
Fracturability
Grainy
Fibrous
Moistness

6.83 ± 2.01a
6.95 ± 2.44a
7.30 ± 2.08a
3.75 ± 2.77a
1.75 ± 2.49a
5.40 ± 3.45a
3.35 ± 2.70a

Coconut like
Harmonious
Sweet
Bitter
Off taste

6.45 ± 2.28a
6.80 ± 2.75a
5.10 ± 2.40a
1.10 ± 0.31a
1.15 ± 0.49a

Fresh coconut
Nutty
Rancid
Off odor

3.85 ± 2.11a
1.65 ± 1.73a
1.65 ± 2.01a
1.85 ± 1.76a

Treated at 12 MPa, 40∘ C, 30 min
Appearance
2.20 ± 2.57a
2.7 ± 1.95a
Texture
7.33 ± 1.50a
6.60 ± 2.22a
7.40 ± 1.07a
4.30 ± 2.79a
1.80 ± 2.53a
5.30 ± 3.56a
4.60 ± 1.96a
Taste
7.00 ± 2.21a
6.70 ± 2.98a
5.40 ± 2.32a
1.50 ± 0.85a
1.30 ± 0.67a
Aroma
5.10 ± 2.33a
1.90 ± 1.91a
1.60 ± 1.26a
1.80 ± 1.48a

Treated at 12 MPa, 45∘ C, 15 min
2.10 ± 2.60a
2.30 ± 1.77a
7.00 ± 1.73a
6.80 ± 1.87a
7.20 ± 1.32a
4.00 ± 2.71a
1.70 ± 2.21a
5.20 ± 3.36a
3.80 ± 2.44a
6.10 ± 2.18a
6.10 ± 2.51a
5.00 ± 2.32a
1.40 ± 1.40a
1.40 ± 0.84a
4.40 ± 2.50a
2.20 ± 2.20a
1.20 ± 0.63a
1.60 ± 1.35a

Data are mean values ± standard deviations. Values with similar letters within rows are not significantly different (𝑃 > 0.05).

the panelists of these compounds. A study published by Ji
et al. [13] also demonstrated that the color modifications of
shrimps induced by SC-CO2 treatment positively influenced
panelist’s decision who attributed higher grade scores to
treated shrimps compared to the untreated.
Overall, the results presented in this study clearly
demonstrated that SC-CO2 treatments did not influence
the organoleptic attributes of the product highlighting the
acceptability of the product by the consumers.

the potentials of SC-CO2 pasteurization of solid ready-to-eat
products with firm structure. Nevertheless, further studies
are needed to investigate the application of the technology on
other products, looking at microbiological as well as nutritional aspects. Additionally, in view of a possible exploitation
at industrial level, both an economic feasibility and design
and scale-up studies are needed to develop a continuous plant
to integrate in the existing process lines.
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