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Abstract

This study aimed to determine the effect of enzymatic pre-treatment on the selected physical
properties and freeze-drying kinetics of blueberries. Fresh fruits were treated with commer-
cial pectinolytic and cellulolytic enzyme preparations for different durations (20-60 min).
The influence of enzyme type and treatment time on water content, water activity, colour,
mechanical properties, and drying kinetics was evaluated. The enzymatic treatment de-
creased the mechanical resistance of the fruits, but the colour changes were generally
minor. The freeze-drying time for fresh fruits was significantly reduced from 2855 min to
845-1190 min with enzymatic pre-treatment. The extent of this reduction depended on the
enzyme type used and the duration of the treatment. Pectinolytic enzymes were found to
be more effective than cellulolytic enzymes in reducing drying time. It can be concluded
that using pectinolytic enzymes for 30 min significantly reduced the drying time by a factor
of three. Additionally, this process improved the fruit’s physical properties compared to
fresh-dried blueberries.

Keywords: pectinolytic enzymes; cellulase; blueberry; drying kinetics; mechanical properties;
total colour change

1. Introduction

A variety of dietary guidelines underscore the importance of incorporating photogenic
foods into one’s diet. Blueberries (Vaccinium spp.) are classified as a superfruit, recognised
for their exceptional nutritional profile and health benefits, which are attributed to their
elevated levels of antioxidant phytochemicals [1,2]. Blueberries are an excellent source
of organic acids (citric, ascorbic, and phenolic acids), various polyphenols (including stil-
benoids, tannins, anthocyanins, flavanones, flavanols, and quercetins), essential minerals,
vitamins, pectin, fibres, and other biologically active compounds [1,3]. The distinct and
nutritionally advantageous composition of blueberries designates them as a nutraceuti-
cal entity and positions them among the most healthful food products [4]. Numerous
studies have demonstrated that blueberries possess not only significant antioxidant prop-
erties but also exhibit potential benefits, including anti-diabetic, anti-obesity, anticancer,
anti-inflammatory, osteoprotective, hepatoprotective, and neuroprotective effects [2,5,6].
However, the health-promoting potential of berries is significantly influenced by the specific
cultivar employed [7].
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Fresh berries are highly perishable, typically lasting only a few days even under
refrigeration, limiting their ability to withstand long-distance transportation and hindering
market expansion [8]. Additionally, the global geography of blueberry cultivation continues
to broaden significantly. Between 2016 and 2020, the overall blueberry yield increased from
622,900 to 850,900 tons, indicating significant growth in production [2]. To utilise the vast
fruit production and ensure its year-round availability, processing and preservation are
essential. Processing blueberries not only extends their shelf life but also increases their
versatility in culinary applications and food production. Blueberries serve as a significant
raw material in the production of various processed products, including juices, wines, jams,
jellies, vinegars, food colourants, and dried fruits [2,8].

Drying of blueberries reduces moisture content and metabolic activity, inhibiting
microorganism growth and adverse biochemical processes, thus prolonging shelf life [9,10].

Dried fruits, particularly varieties such as berries, are characterised by their high
concentration of biologically active compounds, which are retained in their natural ratios
through the drying process. Consequently, these foods serve as valuable dietary sup-
plements, providing essential nutrients and bioactive compounds [11]. The dehydration
techniques used for berries critically influence their post-drying characteristics. The choice
of drying method significantly affects bioactive compound retention, with traditional meth-
ods such as air-drying and fluidised-bed drying often favoured for their cost-effectiveness.
However, these methods can expose the fruit to high temperatures, potentially compro-
mising its nutritional properties. Thus, careful selection of drying techniques is essential
to optimise the quality of dried berries [8-10]. Freeze-drying is a highly effective method
for preserving the nutritional value of raw materials. It gently dehydrates fruits, retaining
many volatile and bioactive compounds. This method requires significant energy, sub-
stantial equipment costs, and pre-treatment that involves initial freezing. Additionally,
the long freeze-drying duration is important, as it contributes to the overall high process
costs [10,12]. Recent studies have employed various pre-treatment methods to reduce
berry drying time, including chemical [13,14] and mechanical approaches [11]. Advanced
techniques such as freezing and thawing [15], cold plasma [16], ultrasound [14,16], and
pulsed electric field [17] have also been utilised. Although the impact on certain quality
attributes of the dried materials was not consistently beneficial, these methods typically
reduced drying duration.

The pre-treatment process primarily aims to disrupt the structural integrity of the
wax layer that envelops blueberry fruits [9]. This intervention not only compromises skin
integrity but also increases cell membrane permeability. Consequently, these modifica-
tions improve water-removal efficiency during the drying process [8]. The outer layer of
blueberry fruits is covered by a hydrophobic substance known as cuticle, which primarily
comprises cutin and wax [18]. Cuticular wax of blueberries is rich in triterpenoids, par-
ticularly ursolic acid and oleanolic acid. Other components include alkanes, fatty acids,
alcohols, esters, and phenolic acids [19]. The cuticular wax present in blueberries has
been shown to significantly reduce the activity of cell wall-degrading enzymes, specifically
pectinase and cellulase. The presence of wax in berries slows down the depolymerisation
of pectin and cellulose, preserving the structural integrity of fruits and delaying softening
during storage [20,21]. The application of enzymatic methods for dewaxing represents a
highly efficient pre-treatment in the processing of wolfberries. This approach significantly
reduces energy consumption and mitigates chemical pollution associated with traditional
methods. The use of enzymes, specifically pectinase and cutinase, facilitates the degrada-
tion of cuticular components, thereby generating micropores within the fruit’s cuticle. Such
modifications enhance subsequent processing steps by improving the permeability of the
fruit skin, potentially resulting in higher extraction yields and better overall product quality.
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This process reduced vacuum-drying time while preserving bioactive compounds, such as
polyphenols and flavonoids [22]. The mixed enzymes, including cutinase, cellulase, and
pectinase, were also utilised to enhance the pericarp permeability of cherry tomatoes by de-
grading the cuticle. This approach, which is moderately controllable and environmentally
sustainable, might also be employed in the processing of dried tomatoes [23]. Enzymes can
recognise specific target substrates, and various enzyme classes exhibit distinct substrate
specificities, particularly for wax molecules. This specificity is critical for biochemical
processes, as each enzyme’s unique active site is tailored to accommodate certain structural
features of its substrates. The enzymatic pre-treatments of plant tissue mainly included
the use of pectinases (degrading pectin in the middle lamella), cellulases (acting on cellu-
lose in the cell walls) and chitinases (degrading cuticle-like components) [22]. Cutinase
creates pores in the cuticle, while pectinase effectively removes pectin from it. Additionally,
cellulase can facilitate the breakdown of cellulose-based structural components adjacent
to the cuticle, thereby increasing pectinase accessibility [24,25]. Some studies suggested
that pectinase and cellulase can degrade the cuticle and underlying layers, facilitating the
removal of waxes and pectin from cotton fibres [25]. A similar mechanism might apply
to blueberries.

The application of enzymes in juice production has been well documented; however,
instances of enzymatic pre-treatment before drying remain sparse in the existing literature.
The main objective of this study was to investigate the influence of different enzyme
preparations and their timing of application on the selected physical quality attributes of
blueberries and their subsequent freeze-drying process.

2. Materials and Methods
2.1. Materials

The highbush blueberry fruits (Vaccinum corymbosum L. cv. Lateblue) were sourced
from the Experimental Field of Warsaw University of Life Sciences (Prazméw, Poland).

2.2. Enzymatic Pre-Treatment

The fruits were subjected to enzymatic pre-treatment before freeze-drying. The
different commercial enzyme preparations provided by Brenntag (Kedzierzyn-Kozle,
Poland) were used: the pectinolytic enzymes BrenPect Berry Fruit (Pect-B) and Bren-
Pect Ultra Colour (Pect-C), the enzymatic complex of cellulase-xylanase, BrennZyme VR
(Cel-VR). According to producer information, the pectinolytic preparations were pro-
duced by controlled fermentation of a selected strain of Aspergillus niger. However, the
cellulolytic enzyme was obtained using a selected strain of Trichoderma reesei. Accord-
ing to the producer’s specifications, the pectinase activity of BrenPect Berry Fruit was
170,000-230,000 PBU (Pectinase Bio-unit)/g. The BrenPect UltraColor preparation con-
tained pectin lyase at activity of >110 U/g, polygalacturonase at >2200 U/g, and pectin
methylesterase at >550 U/g. BrennZyme (cellulase) had an activity of 100,000 U/mL.

The glass beaker containing acidified water with 1M HCI (pH 4, 130 mL) was heated
to 45 °C in a water bath with an appropriate dose of enzyme (5 g of pectolytic enzyme or
15 g of cellulolytic enzyme). The enzyme concentration in the solution was determined
through preliminary studies using various doses of preparations. The observed changes in
fruit texture and fruit skin structure were then analysed. The temperature, pH, and fruit-to-
solution ratio were selected based on the manufacturer’s recommendations for use of these
preparations. Enzymatic treatment times were pre-selected using a trial-and-error method.
Initial analyses showed that the minimum time required for the enzymatic treatment of
blueberries was 20 min. The fruits (130 g) were added to the solution and heated at 45 °C
for 20, 30, 40, 50, and 60 min. After enzymatic treatment, blueberries were immersed in
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cold water for 30 s and then dried on tissue paper. In the description of the results, raw
fruits after enzymatic treatment were marked as F, including the code of the enzyme and
the time of its application (e.g., F-Pect-B-20—fresh blueberries treated with BrenPect Berry
Fruit enzyme preparation for 20 min). Additionally, a control sample was prepared by
immersing the fresh fruits in water (without added enzymes) at 45 °C for a time similar
to that in enzymatic processing (e.g., F-control-20—fresh berries soaked in water at 45 °C
for 20 min).

2.3. Freeze-Drying and Kinetics of the Process

The fruits, with and without enzymatic treatment, were frozen at —40 °C in an Inrinox
freezer (Corbanese, Italy). The blueberries were freeze-dried after 0, 30 and 60 min of
enzymatic treatment. Freeze-drying was carried out in a Martin Christ LCG Gamma 1-16
LSC dryer (Osterode am Harz, Germany). The process employed a pressure of 63 Pa and
a shelf temperature of 25 °C. In preliminary investigations, the samples were dried for
72 h. To determine the precise drying time, a vacuum-weighing system (Mensor, Warsaw,
Poland) was placed within the drying chamber (Scheme 1). This setup enabled continuous
monitoring of sample mass at 5 min intervals for the first 120 min, then at 15 min intervals
for the remainder of the drying process. The samples were dried until equilibrium was
reached, as indicated by a constant sample mass over 15 min intervals. The same procedure,
fruit mass, and process parameters were used in each drying cycle.

Scheme 1. Measuring system for determining mass loss during drying in real time, installed in the
freeze-dryer: a—measuring transducer; b—measuring pan; c—sample lifting system for weighing;
d—control and monitoring system; e—support base.

During drying, the sample mass was recorded using the software of a vacuum-
weighing system (Mensor, Warsaw, Poland). The measurement of mass loss during freeze-
drying and the initial water content allowed the determination of the moisture ratio.

U — U
uo_ug

MR = (1)
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where MR—moisture ratio, dimensionless; u—water content at the time; u,—initial water
content; u,—the equilibrium water content. Water content was expressed as kilograms of
water per kilogram of dried material (kg/kg).

Changes in the moisture ratio during the drying process enabled plotting the drying
curves (MR vs. drying time). The detailed procedure of drying kinetics measurement was
described by Nowak and Jakubczyk [26]. The regression analysis was conducted using
Table Curve 5.01 (Systat Software Inc., Palo Alto, CA, USA), which enabled the description
of the drying curves using five kinetic models (Table 1). To evaluate the goodness-of-fit of
these models against the experimental data, the determination coefficient (R?) and the root
mean square error (RMSE) were calculated.

2

N
Y (MR;, — MR;
RMSE = \/Zl_l( IK] l'e) (2)

where MR; ,—the predicted moisture ratio, MR; .—the experimental moisture ratio,
N—number of experimental points.

Table 1. The mathematical models for freeze-drying of blueberries.

Model Equation Number Equation * Ref.

Page 3) MR = exp(—k-t") [27]
Newton 4) MR = exp(—k-t) [28,29]

Henderson and Pabis ) MR = a-exp(—k-t) [30]

Milidi et al. 6) MR = a-exp(—k-t") + b-t [31]

2-term ) MR = a-exp(—k-t) + b-exp(—k;-t) [32]

*a, b, k, k;, n—the model constants.

The freeze-dried material was packed in barrier packaging made of a polyester layer
and an aluminium layer. Dried samples were marked as D, along with the enzyme code and
enzymatic treatment time (e.g., D-Pect-B-30—freeze-dried blueberries with pre-treatment
of BrenPect Berry Fruit enzyme for 30 min).

2.4. Selected Physical Properties of Blueberries After Enzymatic Treatment and Freeze-Drying

The selected properties of the fruits from two independent batches were analysed after
enzymatic treatment and freeze-drying: water content, water activity, colour changes, and
mechanical parameters. The number of repetitions was given per batch.

2.4.1. Water Content

Water content (%) of fresh, enzymatically treated, and dried blueberries was measured
according to the procedure used by Jakubczyk and Jaskulska [33]. The grounded blueberries
with anhydrous sea sand were dried in a cabinet dryer (Wamed, SUP 65 W, Warsaw, Poland)
at 70 °C for 24 h in four repetitions.

2.4.2. Water Activity

The water activity of all samples was quantified at 25 °C using the Hydrolab C1
instrument (Rotronic AG, Bassersdorf, Switzerland), with a measurement accuracy of
£0.001. The measurement was repeated four times.

2.4.3. Total Colour Change

The colour attributes of all variants were quantitatively assessed using the CIE L*a*b*
colour space system. This measurement was conducted with a chromameter CM-5 (Minolta,

https:/ /doi.org/10.3390/app16136412


https://doi.org/10.3390/app16136412

Appl. Sci. 2026, 16, 6412

6 of 16

Osaka, Japan), employing illuminant D65 and a 10° observer angle. The measurements
were done in 15 repetitions. The measured values of L* (lightness) and the colour attributes
(a*, b*) were subsequently used to compute the total colour change AE after enzymatic
treatment and drying, compared with fresh fruits. The measured values of L* (lightness)
and the chromatic attributes a* (red-green balance) and b* (yellow-blue balance) were
analysed to determine the total colour change, represented as AE. This assessment was
conducted after the fruits were subjected to enzymatic treatment and subsequent drying,
enabling a comparison with the characteristics of fresh fruits.

AE = /(L —13)2 + (a* — a5)* + (b — b})? ®)

where L, aj, bj—colour attributes of fresh blueberries, L*, a*, b—colour attributes after
enzymatic treatment or drying of blueberries.

2.4.4. Mechanical Properties

The mechanical characteristics of the fresh and dried blueberries were obtained using
a TA-HD Plus texture analyser (Stable Micro Systems, Surrey, UK). A compression test
was applied to the samples until a strain of 80% was reached, conducted at a speed of
1 mm/s. The test was carried out in 20 repetitions for all sample types. The maximum
force observed at the final strain (referred to as Max Force) and the force measured at the
inflexion point (designated as Force 1) were subjected to analysis for both fresh blueberries
and those treated with enzymes (Figure 1). For the dried fruits, the analysis was limited
to Force 1.

15
Max Force
12
7z 9 Force 1
o
H J
s}
58] 6 -
3 J
0
0 20 40 60 80 100
Strain, %

Figure 1. Example of compression curves of blueberry after enzymatic treatment: Force 1—inflexion
point N; Max Force—maximal force at strain of 80%, N.

2.5. Statistical Analysis

The investigation was conducted on blueberries harvested during the same period to
ensure consistency among the samples. Two distinct freeze-drying cycles were performed,
and samples were extracted from each batch for assessment of their physical properties.
Given the inherent variability in the biological material, certain measurements necessitated
multiple assessments, particularly concerning mechanical properties and colour character-
istics. The selection of the number of repetitions was guided by established protocols from
prior research studies.
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The measurements were analysed statistically using Statistica software (version 13.3
by StatSoft Inc., Tulsa, OK, USA). A one-way ANOVA was conducted to assess significant
differences in the values obtained. To evaluate the impact of enzymatic treatment and
drying processes on blueberry properties, Tukey’s Honest Significant Difference method
was applied at a 95% significance level. The results are expressed as means accompanied
by their respective standard deviations.

3. Results and Discussion
3.1. The Selected Properties of Blueberries
3.1.1. Fresh and Enzymatically Treated Blueberries

The average water content of fresh blueberries was 85.13% (Table 2). Upon exposure
to water at a temperature of 45 °C for a duration of 20 min, the water content of the
fruit remained unchanged. However, with an extended 60 min soaking period, a slight
increase in water content to 87.77% was observed. This increase may be attributed to the
diffusion of dry-matter components, such as carbohydrates and minerals, from blueberry
tissue into the surrounding water. A similar phenomenon was observed when blueberries
were pre-treated with a pectolytic enzyme (Pect-C), resulting in a water content increase
of up to 88.07%. Conversely, the application of alternative enzymatic preparations at
different processing times (Pect-B, Cel-VR) did not yield a statistically significant difference
in water content when compared to that of the fresh fruit. The use of enzymes had only
a slight effect on water content in fresh blueberries, and only after prolonged exposure.
In this study, the water content of fresh blueberry fruits (v. “Lateblue’) was found to be
similar to that of Aurora variety fruits (85.40%) sourced from a different plantation [9]. The
moisture content of blueberries is influenced by cultivar, ripening stage, and environmental
conditions. Lin et al. [34] reported significant variations in water content, noting that
Bluecrop blueberries exhibited a decrease from 93.19 to 75.23% throughout the ripening
process, while Northblue samples decreased from 91.74 to 81.94%.

Table 2. The water content, water activity, and total colour change after pre-treatment of

fresh blueberries.
Kind of Material Water Content, % Water Activity AE
Fresh 85.13 +£ 0.354 0.956 + 0.006 P -
F-control-20 86.12 =+ (.56 bed 0.954 + 0.008 P 1.05+0.35¢
F-control-30 87.45 + 0.48 P 0.953 + 0.004 P 112 +0.27¢
F-control-40 87.02 + (.57 abe 0.954 + 0.007 P 1.36 + 0.30 de
F-control-50 87.09 + 0.53 abe 0.958 + 0.005 b 1.47 +0.32¢<d
F-control-60 87.77 +0.59 2 0.959 + 0.008 @b 1.55 + 0.45 <d
F-Pect-B-20 85.16 + 0.32 4 0.951 + 0.004 P 1.45 + 0.30 <d
F-Pect-B-30 85.66 + 0.53 <d 0.960 + 0.010 2P 1.79 + 0.40 be
F-Pect-B-40 85.48 + 0.35 4 0.966 + 0.009 b 1.96 +0.42°P
F-Pect-B-50 85.67 + 0.62 < 0.969 + 0.008 ab 2.19 4+ 0.45 b
F-Pect-B-60 86.07 -+ (.48 bed 0.972 + 0.003 @ 291 +0.432
F-Pect-C-20 85.73 4+ 0.42 <d 0.964 + 0.003 @b 1.28 + 0.46 de
F-Pect-C-30 85.37 + 0.32 4 0.961 + 0.006 2P 1.62 + 0.44 be
F-Pect-C-40 85.55 + 0.33 4 0.962 + 0.009 b 1.98 +0.53P
F-Pect-C-50 86.11 =+ (.32 bed 0.957 + 0.006 2P 237 + 0572
F-Pect-C-60 88.07 + 0.47 2 0.976 + 0.003 @ 243 + 0.56 2
F-Cel-VR-20 85.51 + 0.42 d 0.960 + 0.008 ab 1.07 + 0.46°¢
F-Cel-VR-30 85.55 + 0.56 4 0.964 + 0.009 @b 1.35 + 0.57 de
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Table 2. Cont.
Kind of Material Water Content, % Water Activity AE
F-Cel-VR-40 85.84 + 0.33 <d 0.968 + 0.004 @b 1.45 +0.71 «d
F-Cel-VR-50 85.87 + 0.61 <d 0.960 + 0.006 2P 1.93 + 0.58 be
F-Cel-VR-60 86.97 + 0.35 bed 0.970 + 0.002 @ 1.98 +0.48 P

Values do not sharing the same letter in the column show significant differences (p < 0.05).

The water activity (aw) of fresh blueberries and those soaked in water did not differ
significantly. However, fruits treated with enzymes for 60 min showed slightly higher
water activity than fresh blueberries without pre-treatment (Table 2). It can be posited
that prolonged enzymatic treatment may alter membrane permeability and increase water
accessibility, thereby elevating water activity.

The colour of blueberries primarily depends on the concentrations of bioactive com-
pounds, particularly flavonoids like anthocyanins, which influence the colouration of the
fruit’s surface skin [35]. Cuticular waxes, which are found on the surface of blueberries,
play a critical role in modulating the spectral characteristics of fruit lightness [36]. The
complete or partial removal of the epicuticular wax layer can significantly influence the
chromatic attributes of blueberries. This phenomenon is attributable to oxidative and enzy-
matic reactions that occur during processing, as well as the effects of thermal treatments.
Such reactions contribute to the degradation of bioactive pigments, leading to observable
alterations in blueberry colouration [5,37]. Table 2 presents the total colour difference
between blueberries at various times of enzymatic treatment compared to fresh fruit. A
colour difference of 0.5-1.5 is slightly noticeable; a difference of 1.5-3.0 is just noticeable but
still acceptable [38,39]. After soaking in water, a slight colour difference AE was observed
only at 50 and 60 min of treatment. After enzyme application, with longer treatment, the
colour change increases from 1.45 to 2.91 for the pectinolytic enzyme (Pect-B). Similar
changes were also observed in blueberries treated with the pectinolytic enzyme (Pect-C).
However, the enzymatic complex of cellulase-xylanase (Cel-VR) caused a less intensive
change in the colour of blueberries (AE from 1.07 to 1.98). The time of enzymatic treatment
and the type of enzymes or enzymatic preparation can affect the degree of colour change
in blueberries.

The mechanical properties are essential features of fruits for evaluating overall quality,
predicting softening [40]. Figure 1 shows the typical behaviour of berries during com-
pression. A gradual linear increase in force was observed when loading was applied at
the inflexion point (Force 1), followed by an initial significant peak and a subsequent
decline. This part of the compression curve for strawberries, as described by An et al. [41],
corresponds to elastic and local plastic deformation.

Figures 2 and 3 show the changes in Force 1 and Max Force during treatment with
different enzymatic preparations. The force recorded at the inflexion point for fresh fruits
and for blueberries soaked in water for up to 60 min did not differ significantly (Figure 2).
The same tendency was observed for force at a strain of 80% (Figure 3). Force 1 primarily
represents the mechanical resistance of the fruit skin. Observations indicated that after a
20 min enzymatic treatment with cellulase (Cel-Vr), there were no significant differences
in force values at the inflexion point compared with the fresh fruit (Figure 2). Conversely,
the application of pectinolytic preparations (Pect-B and Pect-C) resulted in a significant
reduction in this parameter, suggesting a differential effect of the enzymatic treatments on
the fruit skin’s structural integrity. After 30 min of enzymatic treatment, Force 1 decreased
by more than twofold. Prolonging the enzymatic treatment did not significantly alter the
Force 1 for most enzyme preparations. The force measured at the final strain (Max Force)
exceeded the values observed at the inflexion point (Figure 3). During the loading process
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of blueberries, both the skin and parenchyma tissues deform, which increases the value
of force. Similarly to Force 1, the greatest Max Force drop was observed at 30 min of
enzymatic treatment, and longer processing did not significantly change the mechanical
resistance of the fruits. Differential activity between the two pectinolytic enzymes was
noted in the experimental observations. Specifically, blueberries subjected to treatment
with Pect-B exhibited lower force values relative to those treated with Pect-C. Commercial
pectinolytic preparations typically encompass a combination of enzymes, including pectin
methylesterase, pectin lyase, and endo-polygalacturonase. The synergistic activity observed
in these enzyme preparations facilitates pectin degradation. However, it should be noted
that the Pect-B preparation has inactivated anthocyanase activity. This aspect is a significant
consideration in evaluating the overall influence on fruit phenolic compounds, as antho-
cyanase (-glucosidase) degrades anthocyanins [42]. Treatment with those enzymes results
in softening and structural degradation, as pectin methyl esterase demethylates pectins,
which are then further degraded by polygalacturonase [43]. Both pectinases and cellulases
are used to enhance juice extraction or fruit pulp production [44]. The results indicated
that the use of pectinolytic enzymes may alter the structure of the fruit skin, loosening it
and potentially improving subsequent fruit processing. Konopacka et al. [40] found that
treating carrot slices with pectin lyase altered the diluted alkali-soluble pectin fraction,
specifically reducing its structural length. This led to increased carotenoid retention in
dried carrot chips.

18 —& -F-Pect-C
—m— F-Pect-B
16 - -& - F-Cel-VR.
F-control

14

12

o
(=]

Force 1, N
oo

O T T T T T T
0 10 20 30 40 50 60 70

Time of treatment, min

Figure 2. Changes in Force 1 with time of enzymatic treatment of blueberry: effect of treatment time
for a given enzyme—the same lowercase letter means no statistical difference, effect of enzyme type
for the same treatment time—the same capital letter indicates no statistical difference (p < 0.05).

Comparing the force values recorded at the inflexion point (Figure 2) and at 80%
deformation of blueberries (Figure 3) shows that the smallest differences between these
parameters occur with the Pect-B preparation. This suggests that Pect-B had a more
pronounced effect on skin structure and pectin degradation. Yuan et al. [22] reported
that enzymatic treatments, specifically pectinase and cutinase, disrupted the wax layer of
wolfberry, facilitating dehydration. The application of these enzymes led to the breakdown
of the cell wall’s structural matrix and the formation of pores with higher connectivity.
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Figure 3. Changes in maximal force with time of enzymatic treatment of blueberry: effect of treatment
time for a given enzyme—the same lowercase letter means no statistical difference, effect of enzyme
type for the same treatment time—the same capital letter indicates no statistical difference (p < 0.05).

3.1.2. Freeze-Dried Blueberries

A study on fresh blueberries subjected to various enzymatic treatments found no
significant differences in the fruit’s properties after treatment durations of 40, 50, or 60 min.
However, the type of enzymatic preparation used did affect the properties of the blueberries.
The fruit was also freeze-dried, with three different enzymes applied for 30 and 60 min. Ad-
ditionally, fresh blueberries were included as a control group with no enzymatic treatment.

Table 3 presents the water content values obtained from the freeze-drying of blueber-
ries, both with and without enzymatic treatment. The water content of the dried fruits
ranged from 4.97 to 6.69%. Notably, the majority of the dried blueberries subjected to
enzymatic treatment exhibited either slightly higher or comparable water content to that
of the fresh-dried samples. The increased water content in these dried blueberries is not
inherently negative, but it may affect the fruit’s textural properties. The water activity of the
dehydrated samples ranged from 0.230 to 0.354. Some studies on freeze-dried blueberries
have reported the following findings: the water activity and moisture content for various
Bluegold blueberries were measured at 0.190 and 10.7%, respectively [45]. In contrast, the
V. Aurora cultivar displayed a moisture content of 4.80% and a higher water activity of
0.267 [9]. Water content and water activity can exhibit significant variability depending
on the cultivar used and the specific pre-treatment methods employed. Nonetheless, the
values obtained for these parameters are critical, as they contribute to the formulation of
stable and safe dried products. Some studies showed that blueberries with a moisture
content reduced to below 10-13% exhibit enhanced stability and microbial safety, making
them suitable for prolonged storage [46,47]. The application of enzymatic pre-treatment
with pectinase, cellulase, and chitinase reduced the water activity (aw) of vacuum-dried
wolfberry from approximately 0.5 to 0.4 [22]. However, this degree of water activity remains
significantly higher than that observed in freeze-dried blueberries.
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Table 3. The selected physical properties of dried blueberries with different enzymatic pre-treatments.

Kind of Material Water Content, % Water Activity AE Force1, N
Dried fresh 497 +0.08d 0.230 + 0.008 © 3.95 + 0.62 bc 283+7.14d
D-Pect-B-30 498 +0.214 0.241 + 0.010 de 3.35+0.63°¢ 49.3 + 10.1 abe
D-Pect-B-60 6.29 + 0.25 b 0.303 + 0.013 P 5.81 +0.512 64.7 £9.72
D-Pect-C-30 6.36 + 0.08 P 0.273 + 0.005 © 3.73+0.58¢ 52.5 + 7.1 abe
D-Pect-C-60 5.82 +0.12°¢ 0.249 + 0.010 <de 490 + (.44 b 55.5 +£10.9 @b
D-Cel-VR-30 551 +0.14°¢ 0.258 + 0.008 <d 4.03 £ 0.73 be 35.5 +9.3¢d
D-Cel-VR-60 6.69 +0.122 0.354 + 0.009 @ 421+ 0.64° 40.5 + 8.8 bed

Values do not sharing the same letter in the column show significant differences (p < 0.05).

Colour is one of the physical properties crucial to the quality evaluation of dried
materials [33]. The total colour change (AE) demonstrated no significant difference between
dried fresh blueberries and the majority of fruits subjected to enzymatic pre-treatment, except
D-Pect-B-60. Furthermore, prolonged pre-treatment with pectolytic enzymes, specifically
Pect-C and Pect-B, resulted in a more pronounced colour difference when compared to fresh
fruit samples. Diaz-Alvarez et al. [48] noted that applying high voltage electrical discharge
pre-treatments before freeze-drying led to only slight variations in colour (AE = 1.91-3.60)
when compared to untreated freeze-dried blueberries, indicating that freeze-dried fruits gener-
ally maintained good colour quality. The application of hot-air drying to berries resulted in a
significant increase in colour differences, with values ranging from 7.90 to 8.21 [49]. The drying
method and pre-treatment can significantly influence colour change. The colour difference
value for freeze-dried wolfberry with various enzymatic pre-treatments ranged from 8.24
to 15.86 [22], which was notably higher than observed for freeze-dried blueberries.

Analysis of mechanical properties enables evaluation of texture and provides information
on the level of structural changes. To enhance the analysis of mechanical characteristics, we
focused solely on a single parameter: Force 1 (Table 3). The lowest value of this parameter
was obtained for fresh-dried fruits. The inflexion point recorded for the freeze-dried blueber-
ries treated with pectolytic enzymes (Pect-B and Pect-C) showed no significant differences.
Furthermore, increasing the treatment duration did not have a notable effect on the Force 1
values of the dried samples treated with the various enzymes. Among enzyme-treated fruits,
the lowest value for this mechanical attribute was found in freeze-dried blueberries treated
with a cellulase-xylanase preparation for 30 min (Cel-VR-30). Notably, the values recorded for
the treatment with cellulase (Cel-VR) were comparable to those of the fresh-dried samples,
suggesting that the impact of this enzyme preparation on the mechanical properties of the
dried blueberries was minimal. This finding highlights the limited effectiveness of this treat-
ment on the texture of dried fruit. Research on freeze-dried Aurora blueberries found that
using a pectolytic enzyme preparation resulted in a rigid solid matrix with significantly more
small pores. In contrast, the fresh-dried fruits showed lower mechanical resistance because
some of the internal contents of the blueberries had leaked out. This leakage led to larger
holes and cavities within the structure, reducing the material’s hardness [9].

3.2. Characteristic of Freeze-Drying Kinetics

A mathematical model for drying is a valuable tool for understanding how various ma-
terials behave during the drying process [11]. The five models were applied to characterise
the blueberry drying kinetics (Table 4).
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Table 4. Assessment of the fit of selected drying kinetics models (R?> and RMSE).

Model

Dried Fresh

D-Pect-B-30

D-Pect-B-60

D-Pect-C-30

D-Pect-C-60

D-Cel-VR-30

D-Cel-VR-60

Page RMSE

0.998
0.0159

0.997
0.0183

0.997
0.0194

0.997
0.0189

0.996
0.0211

0.998
0.0161

0.996
0.0194

RZ

Newton RMSE

0.983
0.0438

0.979
0.0517

0.972
0.0588

0.973
0.060

0.976
0.0538

0.976
0.055

0.978
0.050

Henderson RMSE

0.993
0.0270

0.986
0.0414

0.984
0.0456

0.984
0.0456

0.985
0.0435

0.985
0.042

0.987
0.0347

R2

Milidi et al. RMSE

0.999
0.0121

0.999
0.0103

0.999
0.0111

0.999
0.0110

0.999
0.0115

0.999
0.0100

0.999
0.0113

2-term RMSE

0.994
0.0258

0.987
0.041

0.983
0.0469

0.984
0.0459

0.984
0.0044

0.986
0.042

0.986
0.0349

The degree of fit between the experimental data and the model was evaluated using
two parameters: the root mean square error (RMSE) and the coefficient of determination
(R?) (Table 4). The optimal model should be identified as the one with the lowest RMSE and
the highest R? [50]. The Milidi et al. model demonstrated a strong fit to the data, yielding
an R? of 0.999 across all freeze-dried blueberry samples. Additionally, the root mean square
errors (RMSE) ranged from 0.0100 to 0.0121, indicating high predictive precision.

The parameters of the Milidi et al. model for freeze-dried berries are shown in
Table 5. This model is semi-empirical and is based on Fick’s law of diffusion [51]. The
parameter k relates to the drying rate, while the parameter n can be influenced by the
initial water content or any pre-treatment applied [52,53]. Values of n greater than 1
indicate that the drying curve follows a sigmoidal shape. The drying curves were defined
by n values ranging from 1.29 to 1.42. Only freeze-dried blueberries treated with the
enzymatic preparation Cel-VR for 30 min showed a significantly different parameter,
yielding values markedly higher than those recorded for other dried materials. Furthermore,
the k parameter was observed to have the lowest value for this sample (Table 5). This
decrease in the k parameter may serve as a compensatory mechanism for an increase in the
n parameter [53]. Elevated values of the parameter k may suggest an increased drying rate.
In enzyme-treated dried samples, this parameter consistently showed higher values than
those recorded for fresh blueberries. The extended duration of enzymatic treatment before
drying increased this kinetic parameter.

Table 5. Parameters of the Milidi et al. kinetics model and drying time of fresh and enzymatically
treated blueberries.

Kind of Material

a

10~5-b

104k

n

Drying Time, Min

Dried fresh
D-Pect-B-30
D-Pect-B-60
D-Pect-C-30
D-Pect-C-60
D-Cel-VR-30
D-Cel-VR-60

1.023 £ 0.003
0.991 + 0.004
0.989 £ 0.004
0.980 + 0.004
0.986 + 0.005
0.975 + 0.003
0.980 + 0.004

0.60 = 0.06
—5.96 = 0.59
—5.59 £ 0.64
—3.07 £ 0.40
—713+£0.76
—0.89+ 0.14
—5.53+ 0.58

3.74 £ 0.36
5.07 £ 0.55
5.74 £ 0.65
4.30 + 047
6.05 £ 0.85
220+ 021
5.97 + 0.69

1.31 £0.01
1.29 £ 0.02
1.30 + 0.02
1.31 £+ 0.02
1.26 £ 0.02
1.42 £0.02
1.26 £ 0.02

2855 £ 10
955 £ 5
845 £+ 10
1085 £ 5
860 £ 5
1190 £ 5
975 £5

The comparison of final drying time and drying curves (Figure 4) indicates that enzy-
matic treatment increased the process rate and reduced the drying time compared with
fresh samples (Table 5). The most significant differences in the drying curve between
fresh fruit and enzyme-treated fruit were observed during the first hour of freeze-drying.
The sublimation process for the untreated fruit was slower. The application of enzymatic
treatments may significantly modify the structural characteristics of blueberries, partic-
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ularly by enhancing the integrity of the pericarp, thereby facilitating improved vapour
diffusion through cellular membranes. Specifically, the freeze-drying duration for fresh
fruit was markedly reduced from 2855 min to 845 min when treated with a pectinolytic
enzyme for 60 min (designated as Pect-B-60). This reduction indicated a significant impact
of enzymatic pre-treatment on the moisture-removal rate during freeze-drying (Figure 4).
Vega-Gélvez et al. [54] observed that using a solution of the commercial enzymatic prepara-
tion Pectinex 3XL for 30 min, the drying rate increased by enhancing the permeability of
blueberry cell membranes, thereby improving water diffusion during air-drying. The type
of enzymatic preparation significantly reduced drying time. The use of pectolytic enzymes
decreased the drying time of blueberries more effectively than cellulase enzyme (Table 5).
The application of different enzymes before vacuum dehydration of wolfberries resulted
in a notable reduction in drying time by up to 57.29%. The enzymatic treatment played a
critical role in degrading the fruit’s waxy cuticle, thereby enhancing evaporative surface
area through the established pores. Pectinase showed significantly greater efficacy than
cellulase, highlighting its potential to enhance vacuum drying [19]. This is consistent with
our results. Increasing the enzymatic treatment from 30 to 60 min decreased drying time
by 10-20%, depending on the type of enzyme (Table 5, Figure 4). An et al. [55] applied
ethyl oleate solution pre-treatment of blueberries and observed a decrease in drying time of
17.78-43.02% relative to air temperature and treatment time. A greater reduction in drying
time occurred with longer dipping.

1 -

Dried fresh
0.9 D-Pect-VR-30
D-Pect-C-30
0.8 D-Pect-VR-60
,-. D-Pect-B-30
0.7 D-Pect-C-60
06 D-Pect-B-60
.8
=
& 05
e
& o4
o
=
0.3
0.2
0.1
~280000000088000000 000000
0 ——
0 200 400 600 800 1000 1200 1400

Figure 4. Drying curves of the freeze-dried blueberries with and without enzymatic treatment;
symbols—experimental data, lines—predicted data from kinetic model.

4. Conclusions

Enzymatic pre-treatment affected both the selected physical properties of blueberries.
However, enzyme application resulted in slight changes in water content, water activity,
and colour compared with fresh fruits. A reduction in mechanical resistance after the
application of enzymes (especially, pectinolytic Pect-B and Pect-C) was observed. The most
pronounced changes in fruit texture were observed after 30 min of treatment, indicating that
this duration was sufficient to disrupt the integrity of the skin and cell wall components.
The enzymatic treatment led to a substantial reduction in freeze-drying time. The process
duration decreased by more than threefold compared to untreated samples, likely due
to structural modifications in the fruit. This led to improved transport of water vapour

https://doi.org/10.3390/app16136412


https://doi.org/10.3390/app16136412

Appl. Sci. 2026, 16, 6412 14 of 16

during the freeze-drying process. Among the tested preparations, pectinolytic enzymes
proved to be more effective than the cellulolytic complex, confirming the critical role of
pectin degradation. Extended pre-treatment with pectolytic enzymes resulted in a more
pronounced colour difference in dried blueberries when compared to fresh fruit samples.
The total change in colour of dried blueberries with enzymatic treatment was no greater
than 4.03 for a 30 min treatment. The observed changes may indicate that the fruit colour
changed slightly during drying, which is crucial in the preservation process and obtaining
a high-quality product. Enzyme treatment effectively reduced the structural damage to
blueberries that typically occurs during drying. Considering the freeze-drying duration and
the corresponding alterations in the physical properties of fruits, it can be concluded that the
optimal pre-treatment condition for blueberries is the application of pectinolytic enzymes
for a duration of 30 min. This approach significantly enhances the quality and preservation
of blueberries during freeze-drying. However, it is important to note that results may vary
based on the specific composition of the commercial enzyme preparations utilised.
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