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Abstract

The objective of this research was to evaluate the influence of the enzymatic process on the physicochemical stability of a
colloidal system based on cape gooseberry pulp, skin, and seeds (CS_,). The pulp, seed, and skin mixture were homogenized by
shearing in a rotor-stator system at 10,000 rpm. A completely randomized factorial design was used, considering the independent
variables: Viscozyme' L enzyme concentration [Enzyme] (50, 125, and 200 ppm) and hydrolysis time (HT) (0, 30, 60, 90, and
120 minutes), and the dependent variables: viscosity (i), zeta potential ({), particle size (percentiles D , D, , and D, ), spectral
absorption index (R). Both independent variables had a significant impact on the process. [Enzyme] affected mainly y, D, , D,
and R and HT affected pand D, . The optimization of the formulation was performed under the criterion of obtaining a CS__
with higher physicochemical stability. The optimization showed desirability of 74.2% with [Enzyme] at 78.5 ppm and HT of
120 minutes. The dependent variables obtained experimentally were: 1 = 371.3 + 24.2 cP,{=-21.8 £ 0.3 mV, D, =3.5+ 0.3 um,
D, =135+ 3.6 um, D, = 565.7 + 25.5 um, and R = 0.655 + 0.007. The integration of homogenization processes and enzymatic
treatments contributed to obtaining a physicochemical stable colloidal system based on cape gooseberry pulp, skin, and seeds.

Keywords: Physalis peruviana L.; colloidal stability; enzymatic treatments; agro-industrial wastes; homogenization.

Practical application: Enzymatic hydrolysis and physicochemical stability of a colloidal cape gooseberry

1 Introduction

The cape gooseberry is a juicy berry of the Physalis peruviana
L. plant, its shape is spherical or ovular that contains seeds inside,
and its skin is thin and waxy. The cape gooseberry pulp represents
approximately 73.6% of the total weight of the fruit; while the
seeds and skin are 27.4% (Ramadan & Morsel, 2003), the latter
is little used in production systems (Ramadan et al., 2008).
The fruit is consumed naturally in salads, jams, and juices and
is an excellent source of vitamin A and C. It also has significant
amounts of B complex vitamins (thiamine, niacin, and vitamin
B,,) and high protein and phosphorus levels (Olivares et al., 2016).
On the other hand, it contains antioxidant compounds such as
tocopherols and carotenoids. Also have other compounds such as
withanolides have repellent, immunomodulatory, antibacterial,
anti-inflammatory, antitumor, and antihepatotoxic activity
(Puente et al., 2011; Ramadan, 2011a). The seeds are an essential
source of essential fatty acids that contain natural antioxidants
and high levels of phytosterols, which have cholesterol-lowering
effects. Notably, campesterol, B-sitosterol, and stigmasterol can
be responsible for the decrease in cholesterol levels in the blood
and LDL-cholesterol concentrations in plasma by inhibiting
cholesterol absorption in the intestine in a competitive process
structural similarity between plant sterols and cholesterol
(Nocetti et al., 2020).

Additionally, the skin and pulp contain important pectins,
such as the primary dietary fiber (4.9 g/100 g) (Ramadan, 2011b).
In general, these characteristics make the cape gooseberry
desired worldwide by the modern consumer, providing multiple
health benefits; it has besides been used as a natural medicine
to prevent degenerative diseases, as it has anti-cancer properties
(Mokhtar et al., 2018; Puente et al., 2011; Ramadan, 2011a).
It prevents metabolic alterations associated with obesity in the
liver and skeletal muscle (Fuente et al., 2020) besides exerts
cytoprotective and antioxidant effects on brain cells exposed
to neurotoxic stimuli (Areiza-Mazo et al., 2018).

Fruit juices are complex and heterogeneous colloidal
insoluble particles dispersed in a continuous medium rich in
soluble compounds, including sugars, organic acids, soluble
pectins, phenolic compounds, and salts. The dispersed material
is formed mainly by fragments of cellular tissues derived in
its composition (Dahdouh et al., 2016). Colloidal systems are
thermodynamically unstable, governed by Brownian motion;
they depend on various physicochemical components: surface,
electrostatic, adsorption, molecular, and interparticle interactions,
as well as hydrocolloid properties (Wan et al., 2019). Among
the forces responsible for the physicochemical stability of the
colloidal system, the attractive or Van der Waals forces and the
repulsive or electrostatic forces stand out; in addition, there
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are others such as steric, hydration, hydrophobic, and phase
separation forces (Hennart et al., 2010). The use of shear or
other homogenization processes and the modification of the
rheology of the continuous phase contribute to the stability
of the colloidal system by decreasing the attractive forces (<
particle size) and the mobility of the particles (Chen et al., 2014;
Hua et al., 2017; Ozyurt & Otles, 2016). Dahdouh et al. (2016)
reported that the physicochemical interactions between the
particles are closely related to the biochemical composition of
the fruit juice, particularly by the presence of polysaccharides,
such as pectins, cellulose, and hemicellulose. In this sense, the
insoluble particles present (pectin, cellulose, hemicellulose,
lignin, among others) are responsible for turbidity and phase
separation (sedimentation). The development of this turbidity
results from the previous formation of polymeric complexes
between polysaccharides, low molecular weight solutes (sugars
and metal ions), and proteins (Uzuner & Cekmecelioglu, 2018).
In this sense, various parameters and methods have been used
to evaluate the stability of colloidal systems: spectral absorption
index (R), zeta potential (), viscosity (), distribution and size
of particles, total solids (TS), surface tension, among others
(Matusiak & Grzadka, 2017).

Hydrolytic enzymes and enzyme complexes (amylases,
pectinases, cellulases, and hemicelluloses) have been used in the
beverage industry to the improvement of the final properties
of the product: yield, clarification, and reduction of sediments,
extraction of bioactive components from fruits (Alvarez, 2018;
Ramadan, 2018; Singh et al., 2019; Uzuner & Cekmecelioglu,
2018). In this context, pectinase enzyme has been used in litchi
juice concentrate (100-500 ppm, 40 °C, and 2 h), at 500 ppm
facilitated the reduction of insoluble solids and produced lychee
juice whit less viscosity (Vijayanand, Kulkarni, & Prathibha, 2010).
Pectinex SP-L°® (pectinases, hemicellulases, and beta-glucanases)
and Rapidase TF® (pectinase, cellulase, and hemicellulase) (100-
300 ppm, 35-55 °C, 2 h) have been used in umbu pulp, where
100 ppm of Rapidase - 35 °C - 40 min, enabled the viscosity
reduction and greater preserving the vitamin C (Gouvéa et al.,
2017). Pectinex SP-L° with a-amylase and Pectinex SP-L*® with
cellulase (1.5-0.5% v/w;, 50 °C - 2 h) has been used in soursop
puree, where Pectinex SP-L* with cellulase reduced the viscosity
up to 50%, and puree produced had a lower pH, and more
content of total sugar and organic acid (Chang et al., 2018).
In cape gooseberry pulp, Ramadan & Moersel (2007) evaluated
the influence of enzyme complexes (pectinase, protease and
hemicellulase, polygalacturonase and cellulase) at 250 ppm,
50 °C for 2 h. The authors report that the treatments increased
the juice yield and the macro and micro component contents.
Besides, juices with higher pulp content, higher acidity, and a
higher quantity of total soluble solids (SS) are produced.

In this context, the objective of this research was to evaluate
the influence of the enzymatic process on the physicochemical
stability of a colloidal system based on pulp, skin, and cape
gooseberry seed (CS_); allowing the full use of the cape gooseberry
matrix (sustainable process) and more excellent added value.

2 Materials and methods

2.1 Materials

Colombian Ecotype cape gooseberries from the eastern
municipalities of Antioquia, Colombia, were selected with
degrees of maturity 3 and 4, according to the Colombian
Technical Standard NTC 4580 (Instituto Colombiano de Normas
Técnicas y Certificacion, 1999). The fruits were disinfected by
immersion in a 1400 ppm solution of Citrosan® (0.25% v/v)
(Diken International, Mexico) for 10 minutes; then, the mixture
of pulp, skin, and seed, was homogenized in a rotor and stator
type equipment (Silverson Machines Ltd, England, model L5M)
for 10 minutes at 10,000 rpm until obtaining the CS_ ..

On the other hand, Viscozyme' L (Novozymes, Denmark),
a multi-enzyme complex from a strain of the fungus Aspergillus
aculeatus, was used because it contains a wide range of carbohydrases
(arabanase, cellulase, B-glucanase, hemicellulose, and xylanase)
with an activity of 2100 fungal f-glucanase units/g. The Enzyme
also has activity against the branched pectin-like substances
found in fruits and vegetables (Vong & Liu, 2019).

2.2 Enzymatic process

Batches of 4000 g of homogenized CS_, were processed
by enzymatic hydrolysis using Viscozyme™ L (Novozymes,
Denmark). Initially, the homogenized pulp was subjected to
a sonication process (Branson 3510 Ultrasonic Cleaner, USA)
for 15 minutes, 40 Hz, and controlled temperature (=30 °C).
Subsequently, the Enzyme was added, and the mixture was
incubated in a thermostated bath (Memmert WNB, Germany)
(30 + 0.5 °C) under slow stirring (Sammic TR-350) during the
HT. A control sample was additionally prepared without the use
of enzymes, and the enzymatic hydrolysis was evaluated, taking
2200 mL aliquot every 30 minutes, and enzyme inactivation was
performed at the end of each treatment, heating the CS , at 90 °
C for 5 minutes. (Ramadan & Moersel, 2007). The enzymatic
process applied to CS_ was evaluated through a completely
randomized factorial design (15 experiments), considering the
independent variables: enzyme concentration [Enzyme] (50,
125, and 200 ppm) and hydrolysis time (HT) (0, 30, 60, 90, and
120 min), and the dependent variables: y, {, particle size (D,
D,,D,)andR.

2.3 Characterization methods

o pH was determined according to the standard AOAC
981.12 (Association of Official Analytical Chemists, 2012)
with a potentiometer (Hanna, USA, model pH 211) after
calibrating the equipment with pH buffer solutions = 4
and pH =7 at 25 °C.

o pwas determined in arheometer (Brookfield DV-III Ultra,
Brookfield Engineering Laboratories, Inc, USA) coupled to
a temperature-controlled bath (25 °C) (Brookfield, model
TC-502, USA) with an RV3 spindle. The test was carried
out with deformation speeds from 0.01 to 100 rpm, and
the value was reported at 100 rpm (Wardy et al., 2014).
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o {was determined according to the methodologies described
by Wellala et al. (2020), with some modifications. For this,
a Zetasizer Nano ZS90 equipment (Malvern Instruments
Ltd., Worcester, UK) was used, the suspension was diluted in
deionized water (1: 100) and injected into a 1 mL capillary
electrophoresis cell.

« Particlesizes (D, 0. Dspp and D, percentiles) were determined
by laser light diffraction in a Mastersizer 3000 Hydro LV
system (Malvern Instrument Ltd, Worcestershire, UK),
according to the methodology of Dahdouh et al. (2018),
where the CS_ refractive index was set to 1.368, the water
refractive index at 1.33, the particle absorption index (0.45),
and the level of laser obscuration at 15.

o R was determined in a UV-Visible spectrophotometer
(Thermo Scientific Evolution 60, USA), according to the
methodology described by Gallén et al. (2020). It was
defined as the absorbance ratio at 800 nm over 400 nm
(A800/A400); the sample was diluted in deionized water
(1:100). As a blank, was used deionized water

2.4 Statistical Analysis

The results were analyzed with the Statgraphics Centurion
XVILII software, through an analysis of variance (ANOVA) at
a significance level of 5% (p < 0.05). The experimental process
optimization was carried out according to defined and desirable
criteria in the CS_; while, the impacts and weights were defined
based on the results of the ANOVA. The results of the dependent
variables were adjusted to a second-order polynomial model
(Equation 1), where Y is the dependent variable, B, is constant,
B, and B are the linear coefficients; p,> and ,* are the quadratic
coefficients, and B, , is the coefficient of the linear interaction
of the factors.

Y=p,+B,A+B,B +p A +p, B +p 4B ()

Table 1. Results of the dependent variables of CS_..

3 Results and discussion

3.1 Design of the colloidal system based on cape gooseberry
pulp, skin, and seeds

The mean pH values CS . were within the range (3.6 - 3.7);
these values are within the optimal pH range of the Viscozyme’
L enzyme complex (3.3-5.5) (Kitryté et al., 2017).

Table 1 and 2 present the mean values + standard deviation
and the ANOVA results as a function of the p-value of CS__
dependent variables treated by enzymatic hydrolysis, respectively.
On the other hand, Figure 1 presents the response surface graphs.

The p presented statistically significant differences (p < 0.05)
with respect to the dependent variables [Enzyme], HT, the
linear interaction [Enzyme]-HT, and the quadratic interaction
of [Enzyme], because of fluctuations in their mean values
(620.0-240.5 cP). The pof CS . is a function of the intermolecular
forces and the water-solute interactions, and these forces depend
on the intermolecular spaces and the forces of the H, bond
(Lopez-Esparza et al., 2015). It is observed that the p of CS, at
the beginning of the enzymatic processes presented the lowest
values, conferring a modification in enzymatic activity based
on HT and being higher at high [Enzyme].

This could be attributed to the fact that the multi-active enzyme
complex Viscozyme' L effectively hydrolyzes polysaccharides in
plant cells, breaks the bonds within the polysaccharide matrix,
and facilitates the release of more intercellular components, such
as proteins, fatty acids (linoleic, oleic, palmitic, and stearic), and
phytosterols, among others (Agarwal & Bosco, 2014; Puente et al.,
2011; Ramadan & Morsel, 2003).

This action is enhanced by the prior homogenization by
shearing that defragments the structure, increasing the enzyme
action due to the increase in the surface area of the particles,
mainly seeds, and skin. When added to the water-soluble

[Enzyme] . Particle size
Treatment (pp};n) HT (min) u (cP) {(mV) D,, (um) D,, (um) D,, (um) R
1 50 0 357.0£1.0 -17.0 £ 0.9 11.1+04 1363+ 7.4 477.3 £ 53.8 0.635 = 0.004
2 125 0 269.0 £ 2.0 -17.7 £ 0.5 11.2+£0.1 129.0+ 7.0 515.0 £ 46.9 0.669 £ 0.005
3 200 0 356.5£8.5 -17.6 £ 0.8 12.7 £ 0.6 156.0 £ 3.6 600.3 = 21.1 0.702 = 0.002
4 50 30 373.0 £20.0 -18.2+04 6.5+0.2 109.0 £ 5.6 454.3 + 36.7 0.631 = 0.003
5 125 30 240.5 £ 6.5 -20.8 £ 0.5 43+0.5 129.1 £22.8 590.9 £ 87.0 0.540 £ 0.007
6 200 30 5185+75 -17.5+0.3 55+0.2 137.7£5.5 559.7 £10.5 0.743 £ 0.010
7 50 60 383.0 £23.0 -18.9+ 0.9 54+0.2 104.1+4.1 459.0 £ 10.0 0.636 = 0.003
8 125 60 308.0 £ 8.0 -20.1+0.9 3.1+£0.1 116.5 £ 15.5 511.3 +£41.0 0.585 £ 0.018
9 200 60 521.0 £10.0 -17.4+0.3 4.0+0.3 1423 £ 11.6 649.3 + 31.8 0.773 £ 0.005
10 50 90 4145+ 7.5 -17.3+£0.9 4.0+0.1 107.6 + 6.7 465.7 + 31.0 0.671 +0.002
11 125 90 308.5+8.5 -17.3+£0.9 24+0.2 105.0 £ 15.2 449.3 + 48.8 0.559 = 0.027
12 200 90 582.0 £ 13.0 -16.2 £ 0.6 3.5+0.1 135.0 £ 10.6 586.0 £ 31.3 0.784 £ 0.012
13 50 120 416.0 = 8.0 -17.0+ 0.4 3.2+0.1 1157+ 7.1 495.0 £22.9 0.668 = 0.004
14 125 120 374.0 £24.0 -20.8 £0.7 24+0.1 130.3 £ 17.6 502.0 £26.5 0.574 £ 0.007
15 200 120 620.0 £ 8.0 -16.3+0.7 33+0.1 161.0 + 20.2 629.0 + 38.0 0.764 = 0.002
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Table 2. p values for the response surface model of CS__ .

H ¢ 10 Dso D90 R
A: [Enzyme] 0.0001* 0.4350 0.7246 0.0000* 0.0007* 0.0027*
B: HT 0.0002* 0.7899 0.0000* 0.1641 0.8758 0.6633
AA 0.0000* 0.0180* 0.0582 0.0498* 0.3281 0.0006*
AB 0.0129* 0.6048 0.6053 0.1376 0.8491 0.7524
BB 0.7153 0.3964 0.0004* 0.0012* 0.7438 0.6908

*Statistical significance (p value < 0.05).

components leached from the particles and the original ones
from the aqueous phase, it increases total solids and p of CS__.

On the other hand, the hydrolysis of cellulose present in the
skin and the seed shell acts on the crystalline part. In other words,
it breaks the crystallinity of the cellulose fraction because of the
endo-p glucanase action occurring in the enzymatic complex,
generating amorphous polymers (celluoligosaccharides) with
more significant interaction with water molecules through
H, bonds. A greater number of OH groups exposed, restricting
their mobility, and therefore, it contributes to the increased p
of CS_, (Chami Khazraji & Robert, 2013).

Some authors have reported an opposite behavior in the
u of the filtered gooseberry juice when treated by enzymatic
hydrolysis with Pectinex at different contents of total solids and
[Enzyme] (Ramadan & Moersel, 2007). This has been attributed
to the pectinases present, which decompose the pectic groups
or polysaccharide substrates contained in the cell walls of the
plant system.

The response surface graph 1A shows that the main effect
of [Enzyme] and HT on the high u of CS__ occurs when they
are at levels above 150 ppm and 60 minutes, respectively. This
is potentiated by the positive HT-[Enzyme] interaction; that
is to say, p tends to be maximized (620 cP) at 200 ppm and
120 minutes. By increasing the [Enzyme], there are more enzyme
molecules available to cleave the polysaccharide matrix of the
cell wall, releasing more compounds present inside the cells (de
Figueiredo et al., 2018)

In CS_, the value of { is a parameter of great importance
related to its physicochemical stability and composition. It is mainly
an indicator of the magnitude of the repulsive or electrostatic
forces between adjacent colloidal particles (Yu et al., 2016).
{ presented significant statistical differences (p < 0.05) only with
respect to the quadratic interaction of the [Enzyme] with mean
values fluctuating between -16.2 and-20.8 mV. This identifies
a layer of co-ions (Stern’s layer) that is negatively charged and
adsorbed at the interface of particles, mainly constituted by
the insoluble material and the fatty component (Puente et al.,
2011). On the other hand, the negative charge of the Stern layer
is mainly composed of dissociated anions in the aqueous phase
of CS_, and by a non-hydrolyzed pectin coating that retains
its negative charge (Cano-Sarmiento et al., 2018). In addition,
the second electrical layer or positively charged and densely
populated diffuse layer by the dissociated cations (Ca, P, Fe)
of the aqueous phase make up the double electrical layer that
allows stabilizing the adjacent particles due to the electrostatic

repulsion between them (Fustier et al., 2010). However, CS__
global stability is governed mainly by the balance of the repulsive
and attractive forces (Van der Waals forces). The latter is directly
related to the permanent or induced dipole interactions and the
interactions of non-polar molecules, which are enhanced by the
larger particle sizes (Genovese & Lozano, 2006). Other types of
forces could be participating but to a lesser extent, and these
include: steric, hydration, hydrophobic, and phase separation
(Yu et al., 2016; Zhu et al., 2020).

The behavior of { in the response surface graph 1B shows
a curvilinear trend, characteristic of the quadratic interaction.
The greatest negative charge (<{) was in the vicinity of the
Stern layer and is reached when CS_ is enzymatically treated
at [Enzyme] between 100 - 150 ppm. The observed behavior
may be attributed to insoluble particles (fibers) when subjected
to both enzymatic hydrolysis and shear stress, tend to decrease
in size and, thus, increase the surface area and optical density
(Zhou et al., 2017). Therefore, the enzymatic effect causes the
chemical composition to vary (hydrolyzed polymers of lower
molecular weight), and the interactions of H, bonds increase
because of greater exposure of the glucose OH groups, which
produces more excellent solubility and stability. If the size is
smaller, it also reduces the gravitational effects and power CS
Brownian motion, reducing the possible precipitation of the
particles. This phenomenon is evidenced by the increase in |{],
inferring that the electrostatically repulsive interactions increase
when the number of species resulting from enzymatic hydrolysis
increases (Yu et al., 2016).

The ( results are comparable with the data reported by Zhu et al.
(2020) for apple juice at different particle sizes (-12 to -16 mV),
where the lowest values (> negative charge) are obtained at smaller
particle sizes. On the other hand, Zhou et al. (2017) reported
that mango juice presented mean values between —15.9 and
—-17.0 mV at high pressures. Wan et al. (2019) reported mean
values between -19.0 and -20.5 mV for carrot juice fermented
by probiotics. Some authors recommend that the limit of { in
colloidal systems should be on |30| mV (Cano-Sarmiento et al,,
2018). However, other researchers have reported physicochemically
stable colloidal systems based on cape gooseberry, strawberry,
and blackberry, due to the synergistic effect between p and {
(Gallon et al., 2020).

The D, and D, percentiles presented statistically significant
differences (p <0.05) concerning the HT and [Enzyme] variables,
respectively, in addition to the quadratic interactions of HT.
The D, percentile presented statistically significant differences
(p <0.05), only concerning [Enzyme]. The mean values of D, D_,
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and D, fluctuated between (2.4 - 12.7 um), (104.1 - 142.3 ym),
and (449.3 - 649.3 um), respectively. This denotes a lower effect of
the D enzymatic treatments (< degree of variability), followed by
D, and D, and the latter condition was the most representative
or critical. Consequently, the cumulative 10% corresponds to
individual cells and/or cell fragments; whereas, D, values>
100 pm can be small groups of cells or tissue fragments that
grow due to the attractive forces of these particles, which finally
up in larger groups that represent the D, values.

According to the response surface graphs, the behavior shows
that D (Figure 1C) decreases with the increase in HT; however,

these changes were not considered critical since these particles
are coupled within CS__ particle Brownian motion. On the
other hand, the D, percentile (Figure 1D) showed a tendency to
decrease with low [Enzyme], presenting the lowest values under
HT conditions (45 - 75 minutes) and [Enzyme] (50 - 75 ppm).
In addition, the effect of the HT quadratic interaction was
observed, presenting a curvilinear behavior, which causes the
curvature minima to increase with the increase of [Enzyme].
For the case of D, (Figure 1E), a directly proportional relationship
was observed between the HT and [Enzyme], which favors the
lowest D, values when the [Enzyme] was <125 ppm. In general,
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Figure 1. Response surfaces of the dependent variables as a function of the independent variables of CS__. (A) Viscosity; (B) Zeta Potential;
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D,, and D, behaved similarly, and this could be attributed to
the resulting main phenomena: 1) weakening of the insoluble
structure caused during the enzymatic hydrolysis process (Alvarez
Garcia, 2018), which confers a decrease in particle sizes; 2)
saturation of enzymes on particle surfaces when the formulation
contains high [Enzyme]. This second effect inhibited enzyme
action without effectively reducing particle sizes and favoring
attractive forces, which could confer aggregates and/or phase
separations in CS_ (Carlos et al., 2018).

Dahdouh et al. (2018) stated that juices could be considered
polydisperse suspensions that appear based on the predominant
particle size. Thus, these colloidal systems can fit between those
particle sizes <1 um, the supracolloidal systems between 1 pm
and 100 pm, and those whose particles are much larger (>
100 um), where gravitational effects become more evident and
physicochemical instability is more frequent. In general, most
research evaluates the effect of high shear homogenization pressures
on the particle size of juices or suspensions of plant structures
such as cashew (Leite et al., 2015), pineapple (Silva et al., 2010),
sugar beet (Huang et al., 2020), and tomato (Augusto et al.,
2012), among others, and they concluded that higher pressures
or homogenization times result in reduced particle size. Various
investigations evaluate the effect of enzymatic hydrolysis in fruit
juices or suspensions. However, the objectives are principally
oriented to evaluate the influence on turbidity, rheology, disposition
and extraction of bioactive compounds, clarification, and yield
(Borchani et al., 2019; Cerreti et al., 2016; Chang et al., 2018;
Gouvéa et al.,, 2017; Handique et al., 2019; Machado et al., 2016;
Maktouf et al., 2014; Phuong & Tuan, 2016). It is considered
that the integration of shear homogenization processes with
enzymatic treatments generates greater synergy in size reduction;
however, the literature does not report studies in this regard.

The Ris an indirect indicator of the stability of the particles
in CS, which relates the particle size distributions with the
light scattering at different wavelengths. Furthermore, the
scattering of light in a colloidal system increases as the particle
size decreases, and the light wavelength shortening results in
the more significant scattering of light (Kaufman & Garti, 1981).
The absorbance ratio at 400 and 800 nm (R = A800 / A400) has
been associated with the level of light absorption in colloidal
systems and is related to their stability. It is more stable when
R is lower because of the higher number of smaller particles,
which absorb more light (Horie et al., 1976).

The R presented statistically significant differences (p < 0.05)
concerning [Enzyme]. Moreover, its quadratic interaction was

reflected in the high fluctuations observed in its mean values
(0.540 - 0.784). This allows for determining the main effect of
larger sizes and more considerable variations of D, (104.1-
142.3 ym) and D, (449.3 - 649.3 um), which causes them to
absorb less incident light (Mirhosseini et al., 2008). This is
corroborated by the response surface graph (Figure 1F), which
shows more similar R behaviors between D, and D, . A trend of
higher R values is noted when CS__ operates at higher [Enzyme]
(150-200 ppm). This is related to the larger size of the dispersed
material in CS_, (skin and seed of the gooseberry that does not
achieve effective hydrolysis by the enzyme complex); however,
the quadratic interaction enhances low R values for [Enzyme]
between 100 and 125 ppm. In all cases, an influence of HT is not
observed, and this study is highlighted as the first that evaluates
the enzymatic effect on R.

3.2 Mathematical modeling and experimental optimization
of multiple responses.

Table 3 presents the estimated regression coefficients of the
2" order polynomial model for CS_ and their respective R*.
The R* values for the dependent variables y, D, , D_, D, , and
R showed a good fit for the mathematical model; whereas, the
adjustment for the rest of the variables is considered acceptable.
This is because the conditions imposed during mixing in the HT
could have affected these variables, making the error concerning
the value predicted by the model more excellent. A random
distribution of the residuals was observed in all the variables,
making it possible to ensure that the data can be parameterized
according to a normal distribution. Therefore, the models are
adequate to describe the behavior of the observed results.

Furthermore, it presents the theoretical results obtained by
the 2" order polynomial models and the experimental results
obtained at the determined optimal condition. Table 4 presents
the criteria, weights, and impacts of the dependent variables
considered for the experimental optimization of a physiochemically
stable CS_, and considering the ANOVA results. In addition,
the theoretical values predicted by the mathematical model are
presented; as well as the experimental values validated from
3 replicates in the optimal condition obtained and the relative
mean error RME = |(theoretical-experimental)/theoretical)
*100|. The results obtained from the optimization defined the
dependent variables: [Enzyme] = 78.5 ppm and HT = 120 min,
with a desirability of 74.2%. RME values were less than 20% in
all cases; therefore, it is considered that the multiple response
optimization models present an acceptable level of prediction

Table 3. Polynomial regression coefficients and R? for the surface model of CS_

Coeflicients u (cP) {(mV) D,, (um) D,, (um) D,, (um) R
[30 618.8 -13.6 13.5 141.0 480.8 0.8
ﬁA -6.6 -0.1 -0.05 -0.2 0.2 -0.0045
ﬁB 0.2 -0.03 -0.2 -0.9 -0.4 -0.0004
[SAB 0.01 0.0001 0.0001 0.0012 0.0008 -
AZ 0.03 0.0004 0.0002 0.0002 0.0042 -
[3; -0.002 0.0003 0.0010 0.0055 0.0024 -
R’ 95.0 53.0 93.8 90.5 74.9 83.1
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Table 4. Comparison of model prediction results against experimental values under optimal conditions.

Variable Criterion Impact Weight Predicted value Experimental value RME (%)
u(cP) Maximize 0.8 4.0 356.9 3713 +24.4 4.0
{(mV) Minimize 0.8 4.0 -18.5 -21.8+£0.3 18.0
Dm(pm) Minimize 0.5 3.0 3.2 35+03 9.4
D,,pm) Minimize 0.8 4.0 118.3 135+ 3.6 14.2
Dy, (um) Minimize 1.0 5.0 480.8 565.7 £25.5 17.6
R Minimize 0.8 4.0 0.605 0.655 + 0.007 8.2

for the experimental data. In their work, Handique et al. (2019)
optimized banana juice based on the desirability, obtaining a
value of 74.25%, similar to this study.

4 Conclusions

The present research allowed for the development of a
sustainable process that integrated shearing homogenization
with enzymatic treatments. Cape gooseberry pulp, skin, and
seed were used to obtain a colloidal system, which can be used
in various agro-industrial processes. In the enzymatic hydrolysis
process, the independent variable [Enzyme] mainly influenced the
dependent variables y, D_, D, and R; while the HT influenced
the u, SS,and D . Furthermore, the [Enzyme] - HT interaction
affects the increase in y. The enzymatic hydrolysis process
conferred a decrease in the size of the particles (minors attractive
forces) in the CS__; therefore, the physicochemical stability was
improved compared to CS__ without enzymatic treatment (D :
16.8 um, D, : 166 pum and D, : 660 um). However, the low values
of £ (371.3 cP) and { (-21.8 mV) and high values of particle size
(D,,:3.5um, D_: 135 um, and D, : 565.7 um), and R (0.655) do
not guarantee that the CS__ will have good long-term stability.
Therefore, it is recommended that 1) monovalent ions (Na*! and
CI'") be added to increase the ionic strength and the width of
the electric double layer to increase the repulsive forces of the
colloidal system; 2) a hydrocolloid be added to increase the
viscosity of the continuous phase and decrease the mobility
of the particles; and 3) achieve greater disintegration of the
particles, using high-pressure homogenization systems, which
would reduce the attractive or Van der Waals forces.
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