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Abstract: Centrifugal cryoconcentration has been shown to be effective in the desalination of seawater,
concentration of proteins, and liquid foods, mainly fruit juices; in the latter, it is particularly interesting to be a
non-destructive technology on various bioactive compounds, such as polyphenols, which have been found in
several fruit juices such as prickly pear. An important issue is related to centrifugation's effect on the
concentration efficiency of cryoconcentration. The present work's main objective was to study the Block
cryoconcentration assisted by centrifugation (BCCC), their effects on the polyphenols, and antioxidant activity
applied to prickly pear juice. Prickly pear juice was obtained, Bx, pH, titratable acidity, color, total reducing
sugars, total phenolic content (TPC), flavonoids, FRAP, DPPH, and process parameters (efficiency (1),
concentration index (Cl), and solute yield (Y)) were evaluated. Data obtained for physicochemical parameters
showed high values of °Bx in cryoconcentrated samples, pH values decreased in treated samples, and total
titratable acidity increased, total reducing sugars were higher in samples treated at the lower time of
centrifugation, all experimental samples showed noticeable color changes. Higher total phenolic and flavonoid
content were observed in samples treated at 15 min of centrifugation; DPPH and FRAP tests were highly
correlated with TPC and flavonoid content (R?> 0.96). High efficiency and concentration index were observed;
however, a low value of solute yield was found in cryoconcentrated juice. The use of cryoconcentration for
prickly pear juices shows good results for physicochemical parameters, preservation of bioactive, and process
parameters with the exception of solute yield.
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1. Introduction

Prickly pear (Opuntia ficus-indica L.) has been reported as a rich source of nutrients [1]. In
addition, several studies have indicated its exclusive characteristics since it grows in particular
environmental conditions such as low precipitation with high or low temperatures [2].
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Precisely, prickly pears belong to the Cactaceae family, commonly known as tuna. The fruits
are cultivated in many countries such as Mexico, Italy, South Africa, Argentina, the United States,
and Chile [3;4].

The fruits possess a wide genetic variability, reflected in the color diversities since it is possible
to find red, violet, green and yellow prickly pear fruits [5]. Furthermore, studies have reported that
they contain a high isorhamnetin and quercetin glycosides content, with significant betalains presence
in purple prickly pears [6;7].

In addition, Opuntia spp. fruits have been added as an ingredient in diverse food products
(juices, jams, concentrates, etc.). Traditionally, thermal treatment has been used to elaborate on
different prickly pear beverages. However, the high bioactive compounds degradation by heat
processing has been documented. Thus, the application of innovative non-thermal processing
technologies has emerged as a solution to the protection and retention of various bioactive components
[8].

Several investigations have described emerging non-thermal technologies to process prickly
pear juice without affecting its quality characteristics. Thus, microfiltration [9;10], high-pressure
processing (HPP) [5, 11], and pulsed electric fields (PEF) [12] were applied with excellent results in
bioactive components, antioxidant activity, and physicochemical properties terms.

An alternative to concentrating juices rich in thermosensitive bioactive components is
cryoconcentration (CC). Concretely, CC is an emerging technology used to concentrate liquids; in this
phenomenon, the water is frozen (below its freezing point), and the ice crystals fraction is separated
from the aqueous fraction (also called cryoconcentrate fraction) [13;14]. According to the authors,
block CC (BCC) has advantages over suspension CC systems in the simplicity of equipment terms
[15]. In BCC, the whole liquid food is frozen, and later, it is thawed, and the concentrated fraction is
separated from the ice phase. Different external forces have been applied in BCC to improve the
separation process [16], such as microwave [17], centrifugation [18], and vacuum suction [19], with
promising results in the total solid soluble content concentration and thermosensitive bioactive
compounds protection.

Specifically, diverse fruit juices have been concentrated by BCC. [20] produced a concentrate
with high total solid soluble content from pomegranate juice. [21] reported high polyphenols retention
in BCC assisted by centrifugation (BCCC) applied to blueberry juices. [22] concentrated strawberry
juice by BCCC, obtaining high anthocyanins retention. [23] informed high polyphenol, anthocyanin,
and flavonoid retention in pineapple juice.

Nevertheless, there are no reports on the BCCC use in prickly pear juices to our knowledge.
Therefore, the objective of the present work was to study the BCCC effects on the polyphenols and
antioxidant activity applied to prickly pear juice.

2. Materials and Methods

2.1. Materials.

Prickly pear fruits (without apparent damage) were acquired in a local market in Santiago
(Region Metropolitana, Chile), and immediately, the fruits were transported in a refrigerated truck to
Chillan (Region del Nuble, Chile) and then were stored under refrigeration condition until use.
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2.2. Juice preparation.

Prickly pears were washed and peeled manually, and the fruits were processed in a mechanical
pulper (Tecnint, Pouso Alegre, Brazil) to obtain the pulp. It was filtered to separate any solids from
the juice.

2.3. BCC procedure.

Prickly pear juice (45 mL) into centrifuge tubes (internal diameter =22 cm was insulated with
polystyrene (8 mm thickness, thermal conductivity K=0.035 W/m K) in order to obtain an
unidirectional frozen propagation, and later, the tubes were frozen in a static freezer at -20°C for 12 h
[24]. After the freezing process was complete, the tubes were separated under different experimental
(centrifugal, RCF and time, min) conditions.

2.4. Physicochemical parameters.

Total soluble solids (TSS) were obtained using a digital refractometer PAL-3 (range: 0-93
°Brix, precision: 0.1 °Brix, Atago Inc., Tokyo, Japan). The pH of samples was analyzed using a pH-
meter HI 2221 (Hanna Instruments, Woonsocket, RI, USA). Total titratable acidity (TTA) was
measured by using 4 mL of sample mixed with 40 mL of degassed deionized water. The pH was
adjusted to 8.2 with 0.1 M NaOH solution. The TTA was expressed as grams of citric acid per 100
mL of sample (g CA/100 mL). The maturity index was calculated by dividing the TSS by TTA. Total
reducing sugars (TRS) were evaluated using the dinitrosalycilic acid (DNS) method reported by [26].
Color parameters were investigated using the CIE L*a*b* scale (L*: black-white, a*: red—green and
b*: yellow — blue) in a Konica Minolta CR-400 (Ramsey, NJ, USA), with D65 illuminant and the 10°
standard observer. The total color difference (AE*) between cryo-concentrated samples and fresh juice
was calculated according to [27].

2.5. Total bioactive compounds.

The total polyphenol content (TPC) of samples was estimated colorimetrically by the Folin—
Ciocalteu method [28], with some modifications. Briefly, 25 pL of the sample was mixed with 500
pL of 10-fold diluted Folin-Ciocalteu reagent and 80 pL of Na,COz (7.5%). The mixture was kept in
the dark at room temperature for 30 min (incubation), and the absorbance was measured at 750 nm.
The TPC was calculated using gallic acid (GA) as a standard curve, and the results were expressed as
mg GA equivalents (GAE) per liter of the sample (mg GAE/L).

Total flavonoid content (TFC) was determined by the aluminum chloride colorimetric method
following the procedure reported by [29], with minor modifications. 250 pL of the sample was mixed
with 1000 pL of distilled water and 6 pL of NaNO2 (5%) solution. After 6 min, 12.5 pL of AICls
(10%) solution, 40 puL of NaOH (1M), and 122 uL of distilled water were added to the solution. The
solution was kept in the dark at room temperature for 5 min (incubation), and later, the absorbance
was measured at 515 nm. TFC was calculated using catechin (C) as a standard curve, and the results
were expressed as mg C equivalent per liter of the sample (mg CE/L).

TPC and TFC were quantified on a UV/vis spectrophotometer (T70, Oasis Scientific Inc.,
Greenville, USA).
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2.6. Bioactive compound retention (BCR).

BCR is the TPC (or TFC) percentage in the Cs with respect to the fresh juice. The BCR was
calculated using the following equation (Eq. (1)) [16].
BCR (%) = (@) * (TPCC) (1)
c.) \TPC,
where Co is the TSS (°Brix) in the initial solution, Cc is the TSS (°Brix) in cryo-concentrated fraction,
TPC. is the total polyphenol (or flavonoid) content in cryo-concentrated fraction, and TPCy is the total
polyphenol (or flavonoid) content in the fresh juice.

2.7. Antioxidant capacity.

DPPH (2,2-diphenyl-1-picrylhydrazyl) assay was assessed based on [30] method, with minor
modifications. 10 puL of the sample was mixed with 2990 uL of DPPH methanolic solution. The
mixture was kept in the dark at room temperature for 30 min (incubation). Later, the absorbance was
measured at 515 nm.

Ferric reducing antioxidant power (FRAP) assay was performed according to [31] procedure,
with some modifications. Briefly, FRAP reagent was prepared with 50 mL of sodium acetate buffer
(300 mM, pH 3.6), 5.0 mL of TPTZ (10 mM in hydrochloric acid (40 mM)), and 5.0 mL of
FeCl3-6H20 (20 mM) (10:1:1 ratio), respectively, and then, the mixed solution was incubated at 37
°C for 30 min. 150 pL of the sample was mixed with 3000 pL of FRAP reagent. The solution was
kept in the dark at room temperature for 10 min (incubation), and the absorbance was measured at 595
nm.

For all assays, Trolox (T) was used as a standard curve, and the results were expressed as UM
Trolox equivalents (TE) per liter of the sample (UM TE/L).

DPPH and FRAP were quantified on a UV/vis spectrophotometer (T70, Oasis Scientific Inc.,
Greenville, USA).

2.8. Process parameters.

Efficiency (n), solute yield (Y), and concentration index (Cl) were evaluated for each
experimental condition, according to Equations 2, 3, and 4, respectively [32].

n (%) = [(CCC,;Q)] * 100 (2)

where ) is the efficiency (%), Ccand C; are the solutes (°Brix) in cryo-concentrated and ice fractions,
respectively.
mg
Y (kg/kg) = — (3)
mo
where Y is the solute yield (kg solute per 1 kg initial), ms is the solute mass in concentrated solution,
and mp is the initial solute mass.
Cl = Ce 4
-z @
where Cl is the concentration index, and Co is the solute (°Brix) in the initial solution.
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2.9. Experimental design.

A factorial design of 22 (centrifugal force (RCF) at two levels and time (min) at two levels)
was used to identify the desirable separation conditions. Specifically, two independent variables and
three dependent variables were selected for optimization. The independent variables were centrifugal
force and time. The dependent variables were the process parameters, physicochemical parameters,
bioactive compound, and antioxidant capacity—Table 1 shows in detail the factors and levels of the
experimental design.

Table 1. Experimental design used in the experimental work.

Name Sample Centrifugal force Time

(RCF) (min)
FJ Fresh juice -- --
a Cryoconcentrated 1860 15
b Cryoconcentrated 2910 15
c Cryoconcentrated 1860 20
d Cryoconcentrated 2910 20
a* Ice 1860 15
b* Ice 2910 15
c* Ice 1860 20
d= Ice 2910 20

2.10. Statistical Analysis.

Data were reported as mean value + standard deviation. All examinations were analyzed by
analyses of variance (ANOVA) combined with the Tukey test (a =0.5) to determine the statistical
differences. All data were statistically analyzed with Statistica 12.5 (Stat-Soft, Tulsa, OK, USA).

3. Results and Discussion

3.1. Physicochemical parameters.

Physicochemical parameters are presented in Table 2. Firstly, the fresh prickly pear juice has
a TSS value of approximately 13 °Brix. This TSS value has been related to fruits with high water
content [18], a condition that was mentioned in prickly pear fruit by [33].

In cryoconcentrate samples, all TSS values were higher than the fresh juice (13.8 °Brix), with
30.3 °Brix, 33.1 °Brix, 25.4 °Brix, and 25.3 °Brix, for the combination 1860 RCF at 15 min, 2910
RCF at 15 min, 1860 RCF at 20 min and 2910 RCF at 20 min, respectively. These values were higher
than other centrifugal CC studies with fruit juices such as pineapple juice [18], blueberry juice [16],
and orange juice [21], in which the first cycle presented values between 18-20 °Brix. These results
could be related to fresh juice since prickly pear juice was filtered, and it avoids any interference in
the CC process. Thus, when the temperature decreased, the ice/cryoconcentrate separation was
performed better than the other juices since these had seeds or some solids that complicated the ice
growth purity.

The TSS values were lower than the initial sample in ice fraction terms, with values between
8.5-12 °Brix. The results indicate that the CC process applied to natural fruit juice without added
components and/or any previous treatment allows a significant separation in the centrifugal step since
few cryoconcentrate solution remains between the ice crystals [34].
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Table 2. Physicochemical parameters in Prickly pear juice.

Fresh Cryo-concentrate fraction name Ice fraction name
Juice a b c d a* b* c* d*
JISS 138+0a| 303+1b | 331x1c | 20%% |253+16d|12+08e| 9% |83:08f|8505f
(°Brix) 1.8d 0.2e
pH 6.2+0a | 59+0.0b | 6+0.1ab | 6.1+0ab 6.2+ 0a 6.5+0c | 65+0c | 65+0c | 65+0c
TTA 0.006 0.006 +
(g CA/100 mL) 0.013+0a | 0.019 £0b | 0.019+ 0b | 0.016+0c | 0.017+0c od 0d 0.006+ 0d | 0.006+ 0d
Reducing
sugars 49.4+0.1a | 140.4+2.1b | 150.1+2.6¢c | 92+2d 90.8+2.1d | 47.240e |47.1+0.1e | 28.9+ 0.6f | 30.3+ 0.9f
(g/L)
AE* - 47+0l1a | 53+04a | 48+0.1a | 42+0.3b -

Data showed mean =+ standard deviation. Different literals in the same row indicate statistical differences (p<0.5)

The pH of the cryo-concentrates decreased in relation to the fresh juice, and the acidity has a
contrary effect due to it increasing with respect to the initial value.

Both pH and TTA values presented significant statistical differences with the fresh juice. This
inverse performance has been accredited to the TSS values since as the TSS concentration increases,
the organic acid content in the sample increases [20].

TRS, in all experimental conditions, indicated a high increase in the cryoconcentrate samples,
which equivalent an increase up to 2.8 (1860 RCF at 15 min), 3.0 (2910 RCF at 15 min), 1.9 (1860
RCF at 20 min), and 1.8 (2910 RCF at 20 min) times compared to the initial value (=49.4 g/L). The
presence of sugars in water or ice is important because the presence of sugar molecules in the water
cluster model [35], the increasing distance among water cluster model, means a structure-breaker a
produce more fragile ice [36], opposite, an increase of sugars content as obtained at 15 min of
centrifugation time, increase solute — solute interaction reaches a more stable cluster that induces more
strong ice, this condition was named as water structure-maker by [36], resulting in higher efficiency
of the cryo-concentration process.

Color difference (Table 2) shows the difference (p<0.05) at 15 min and 2910 RCF of speed.
The total color difference (AE*) indicates the magnitude of the color difference. Depending on the
value of AE, the color difference between samples can be described as not noticeable (0-0.5), slightly
noticeable (0.5-1.5), noticeable (1.5-3.0), well visible (3.0-6.0) [37], in all experimental conditions,
well visible changes were observed, however, obtained AE values was lower than reported for other
fruits juices as pineapple [23]. Several authors reported that color change could be attributed to the
increase in solutes (°Bx), which in turn facilitates the increase of different components such as
bioactive and volatile compounds [22].

3.2. Bioactive compounds and antioxidant activity.

Total Phenolic Content (TPC) data are shown in Table 3. Higher total polyphenol content
(TPC) was observed at 15 min of centrifugation, independent of the RCF (centrifugation speed).
Freeze block concentrate at any experimental condition showed a higher value of (TPC) than prickly
pear fresh juice. Similar behavior has been reported for different fruit juices and herbal infusions [38].
The increase of TPC was related to the concentration effect; TPC at 15 min of centrifugation showed
an increase of 1.9 — 2 times the fresh prickly pear juice values. On the other side, the concentration
range of TPC for samples treated at 20 min showed a concentration increase of 1.38 — 1.47 times.
However, in the present work, no differences of TPC in ice fraction were observed (p>0.05). [39]
indicate that the process efficiency in cryoconcentration decreased when the retention of phenolic
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compounds increased in ice fraction. These results are highly related to the phenolic content thus.
They could also be related to the presence of soluble polysaccharide molecules or insoluble dietary
fiber (IDF), then in prickly pear fruits, has been mainly reported as pectin [5]. Therefore, a weak gel
could be formed at the moment of increasing concentration, trapping polyphenols present into the
prickly pear juice and reaching higher retention values. However, this behavior could be related to the
solid soluble content, as can be seen by the high determination coefficient (r> = 0.92) observed by
multiple correlations of the linear model (Total phenolic content vs. °Bx).

Results obtained for total flavonoid content (TFC) (Table 3) showed similar behavior to TPC,
i.e., only centrifugation time on the concentrate fraction showed a significant effect (p<0.05). This
result is interesting because [5] did not find flavonoids content in prickly pear juices from four
different varieties, although several authors have already reported the presence of flavonoids in prickly
pear juices [7].

The importance of bioactive has been related to their antioxidant capacity, as obtained results
shown in Table 3. A higher linear correlation was found between the TPC and DPPH results (r =
0.96), similar behavior was founded for TFC and DPPH data (r? = 0.96). These results indicate that
the antioxidant capacity shown by prickly pear juice (fresh, cryo-concentrated, or present into the ice
fraction) is related mainly to the presence of flavonoids. Also, similar behavior was observed for
FRAP results with a slightly higher value of R? (0.97 for the relationship of FRAP vs. TPC and FRAP
vs. TFC). Also, it is interesting to note the high levels of total polyphenolic content present in the ice
fraction and high antioxidant capacity. Therefore, more studies need to be addressed to use these
residues.

3.3. Process parameters.

Results of CI are shown in Figure 1A. About obtained results,[18] reported a CI of 2.5 for
pineapple juice, similar to the value found in the present work. The low relative concentration of
solutes found in prickly pear juice could be affected solute yield (), a) diffusion rate of solutes lower
at high initial solute values, b) increase of viscosity limit separation of liquid at thawing stage, c)
dendritic growth of crystal ice occluding higher amount of solutes in ice, and d) high concentration
of solutes, a lower amount of water can be frozen and separated. solute yield (Y) was low in
comparison to other cryo-concentrated fruit juices as orange juice (kg solute/kg initial) (0.4 — 0.8)
[24], Blueberry juice (0.78 kg solute/kg initial), [16] and apple juice (0.79 — 0.83 kg solute/kg initial)
[23].

In the block freeze concentration process, separating solutes from the concentrated phase of
prickly pear juices is a consequence of using an external driving force (i.e., centrifugation). Under
these conditions, the ice block acts as a porous solid through which the concentrated solution
percolates by drainage channels among ice crystals in a similar fashion as reported for centrifugal
freeze concentration of sucrose solutions [13]. Several authors have demonstrated that assuming a
local surface porosity in a porous media (as an ice matrix in block freeze concentration) does not
depend on the pore pressure itself; it depends on its difference from the hydrostatic pressure. Thus,
solutes in the frozen sample were discharged with melting and with a solute diffusion from the cryo-
concentrated phase. Reference [40] suggested that ice-melted concentration in a freeze-thawing
process is governed by the inter-phase equilibrium and the kinetics of mass transfer during the phase
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transition, increasing () value on the ice fraction and diminishing the (Y) value into the concentrated
phase.

On the opposite, a good value of cryo-concentration efficiency (1) was observed (Figure 1B)
(60 — 74%) for all conditions; similar values were reported by [18] for blueberry and pineapple juice.
No influence of time and speed centrifugation were observed in the experimental range used, which
could be related to a high level of solutes found in the prickly pear juice. The presence of the high
efficiency and low yield of solutes has been observed for cryoconcentration of orange juice at the first
cycle of the process, [24], they claimed that as the solute content is high, a large mass accumulates at
the solid-liquid interface, and then extracted by centrifugation, however, if solutes are not transported
to the interface, thus, solute yield is low, as can see in the present work.

Concentration efficiency
Concentration index

4] a
B -
a A 70
25
ab : 65 H
20 = 2 .
, L ' 60
r
15 55
1.0 S0
0.5 45
0.0 : ‘ o
a b c d 2 » : ¢

Figure 1. (A), Concentration index; (B) concentration efficiency of cryo-concentrated prickly pear juice. Different
literals indicate statistical differences (p<0.05, Tukey test).

Table 3. Bioactive compounds and antioxidant activity in Prickly pear juice.

Fresh Cryo-concentrate fraction name Ice fraction name
Juice a b c d a* b* c* a*
Bioactive compounds
TPC (mg GAE/L) 307+12c | 584+53a | 645+22a | 451+22b | 424+3b | 38.4+0.2d | 43+4d | 42+1d 41+1d
TFC (mg CE/L) 89.5+1d | 156+6a | 163+la | 122+6b | 109.#40.2c | 12+le |10+le|9.4+0.4e | 11+0.2¢
Antioxidant capacity
DPPH (UM TE/L) 252+5c | 597+12b | 699+19a | 664+2a | 554+40b 84+2d | 72+0d| 77+7d 91+7d
FRAP (uM TE/L) 277£7d | 492+14b | 537+1la | 516+1ab | 458+14c 69+4e | 52+le| 60+de 73tle

Data showed mean * standard deviation. Different literals in the same row indicate statistical differences (p<0.5).

4. Conclusions

The use of cryoconcentration assisted by centrifugation for prickly pear juice show good
results for physicochemical parameters (°Bx, total titratable acidity, total reducing sugars, pH, color),
preservation of bioactive (total phenolic content and flavonoids), and antioxidant capacity (DPPH and
FRAP) and process parameters (Concentrate index, efficiency), however, a low solute yield was
observed.
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