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Abstract: Recently, fruit-drying industries are showing great interest in producing dry fruits that
preserve a high enzyme content. Therefore, this study aimed to investigate the effect of hot-air
convective drying on activity retention of amylase and invertase in dried mango of varieties Sindri,
Samar Bahisht (SB) Chaunsa, and Tommy Atkins. Convection drying was conducted under over-flow
mode at five temperatures (40, 50, 60, 70, and 80 ◦C), two air velocities (1.0 and 1.4 m s−1), and
constant specific humidity of 10 g kg−1 dry air. The enzymatic degradation data were fitted to
the first-order reaction kinetics model, in which the temperature dependence of the rate constant
is modelled by the Arrhenius-type relationship. Results showed that the maximum amylase and
invertase activity for dried mango of all three varieties was best preserved in samples dried at a
temperature of 80 ◦C and an air velocity of 1.4 m s−1. In contrast, a lower drying temperature
and an air velocity of 1.0 m s−1 contributed to a significant decrease (p < 0.05). Exploration of
different temperatures and air velocities to save amylase and invertase in dried mango is useful
from an industrial point of view, as mango can be a natural dietary source of digestive enzymes to
improve digestion.

Keywords: enzyme degradation; digestive enzyme; convective drying (over-flow); Sindri; Samar
Bahisht Chaunsa; Tommy Atkins

1. Introduction

The market of industrially produced dried mango is steadily growing due to its good
taste, unique flavor, attractive color, and nutritional value [1]. To produce high-quality dried
mangoes, fruit-drying industries are paying special attention to the activity preservation
of enzymes in the dried product. The ultimate challenge for the modern food industry
is not only to minimize the degradation of beneficial enzymes, but also to maximize the
preservation of these enzymes in the final dried product. As people are becoming more
conscious of their diet, the use of enzyme supplements has also increased considerably
in recent years. In this regard, raising consumer awareness and specifying a product by
its nutrients (enzyme units) could have a substantial effect on increasing its demand. The
advantage of producing dried mango, in which a high proportion of the enzymes amylase
and invertase is retained, is that it can be used in a wide range of applications such as
functional foods, bread making, brewing, food supplements, and animal feed.

As enzymes are proteins in nature, they must be characterized with regard to their
temperature-dependent behavior. In this study, amylase and invertase were selected as
the model enzymes. The selection was based on the enzymes that are most commonly
studied in fresh mango of different varieties and are present in a concentration that is easy
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to measure [2,3]. In addition, amylase and invertase are the most important carbohydrate
digestive enzymes, as they break down complex carbohydrates into simple sugars. Hence,
mango flesh can contribute as a source of natural digestive enzymes.

Fresh mango is extremely perishable and susceptible to rapid decay due to ripening
and biochemical degradation, resulting in a poor shelf life. Thus, in order to consume this
fruit all year long, drying is widely used technology in food processing and preservation. To
date, several drying methods, such as hot-air convective drying, infrared drying, vacuum
drying, microwave drying, and freeze drying have been applied to fruits, vegetables,
and herbs to prepare dehydrated products [4–8]. However, convective-air drying is most
commonly used due to its easy operation, as well as low investment and operating costs [9].
It is also well known that hot-air drying is primarily influenced by the drying temperature
and air velocity [10–12], whereas specific humidity has no major influence on the drying
rate, except that its higher value decreases the drying rate [13]. Mango and other tropical
fruits are commonly dried at temperatures ranging 40 ◦C to 80 ◦C, and air velocities of
0.2 to 2.0 m s−1, to a target moisture content of 10–15 g 100 g−1 wet basis [14–17]. Several
researchers have extensively documented the effects of the selected drying conditions
on the physicochemical and nutritional parameters of dried mango [6,15,18–20]. Only
a few studies, however, focus on the enzymatic activity in particular. In most of these
studies, considerable efforts have been undertaken to understand the inactivation of the
enzymes during fruit drying [21–23]. However, to the best of our knowledge, no study
is available dealing with the effect of drying temperature and air velocity on the activity
retention of amylase and invertase in dried mango. As enzymes are very diverse in nature,
drying at different temperatures and air velocities could contribute to different degradation
rates of enzymes due to differences in drying time, exposure to heat, light, and oxidation.
Consequently, the activity preservation of the enzymes in the final dried product may be
significantly affected under different drying conditions. Therefore, it is highly important to
obtain information about the drying operating parameters and its relationship with activity
retention of enzymes in dried mango, due to the health benefits of the enzymes.

The aim of the present study is specifically focused on investigating and comparing
the effect of the most influential hot-air drying parameters, such as temperature and air
velocity, on the activity retention of amylase and invertase in dried mango slabs. The
results from this research work will provide information to select the appropriate drying
temperature and velocity to preserve a maximum of the digestive enzymes, amylase, and
invertase in dried mango.

2. Materials and Methods
2.1. Raw Materials

Mangoes (Mangifera indica L.) from three varieties, Sindri, Samar Bahisht (SB) Chaunsa,
and Tommy Atkins, were used for this study. Sindri and Samar Bahisht (SB) Chaunsa were
harvested from Khanewal, Pakistan, and transported by air to Frankfurt, Germany, where
they were obtained through local shipment. However, Tommy Atkins was purchased from
a local market in Stuttgart, Germany. During the experiments, the fruits were refrigerated
at a temperature of 11 ± 1 ◦C for no more than six weeks.

2.2. Drying Experiments

Convective drying was carried out using an over-flow chamber of a high precision
hot-air laboratory dryer designed at the Institute of Agricultural Engineering, University
of Hohenheim, Stuttgart, Germany [24], which ensured a highly accurate control of the
temperature, humidity, and velocity of the drying air. Before drying, the average initial
moisture contents (Sindri 86.96 ± 2.05, SB Chaunsa 82.12 ± 2.62, and Tommy Atkins
89.08 ± 2.22% w.b.) were measured when drying 24 h in an oven at 105 ◦C [25], as well as
the total soluble solids (Sindri 17.33 ± 1.71, SB Chaunsa 20.69 ± 1.46, and Tommy Atkins
13.95 ± 2.81 degree Brix) by digital refractometer (ATAGO PR-201 palette, ATAGO Co. Ltd.,
Tokyo, Japan) and the water activity (Sindri 0.922 ± 0.012, SB Chaunsa 0.920 ± 0.010, and
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Tommy Atkins 0.937 ± 0.012) using a ventilated hygrometer system (Rotronic A2, Rotronic
AG, Basserdorf, Switzerland) after 30 min in a thermostatic cell at 23 ◦C.

For drying, fruits were cut into slabs of 4 cm × 2 cm × 0.8 cm using a stainless steel
knife and a food dicer (MultiSchneider Serano 7, Ritter, Groebenzell, Germany). A fixed
dimension of mango slabs was used to achieve more homogeneity of the dried samples,
as fruit size and shape affect drying time and fruit quality loss by interfering with the
convective drying process [26]. Drying experiments were performed in duplication by
employing different temperatures (40, 50, 60, 70, and 80 ◦C) and air velocities (1.0 and
1.4 m s−1), while maintaining a constant specific humidity 10 g kg−1. As specific humidity
might vary over the experimental days, a constant specific humidity was set, which is a
typical value at temperate latitudes. During the dehydration process, mass reduction was
automatically recorded at a regular interval of 15 min until the target moisture content of
approximately 11% wet basis was achieved [2]. This moisture content is usually considered
to be under the hygienically safe microbial load with a water activity of ≤0.6 [27,28]. Final
samples were cooled, packed in airtight polyethylene bags, and stored in a dark place at
room temperature before use.

2.3. Enzyme Extraction in Fresh and Dried Mango

The selected enzymes, amylase and invertase, were extracted according to the mod-
ified method of Hossain et al. [3]. Taking 120 mangoes per variety, twenty extractions
were prepared for fresh and dried mango of all three varieties. For the preparation of each
extraction from fresh samples, the flesh from six mangoes was randomly selected, cut into
small pieces and homogenized with the help of a vortex mixer (Polytron 2500E, Kinematica,
Luzern, Switzerland). The resultant homogenate 10 g (~1.8 g dry matter) was added to a
falcon tube with 10 mL of extraction buffer (0.1 M Potassium phosphate buffer, pH 7.0).
After mixing with a vortex mixer for 3 min, the samples were further centrifuged (Z326K,
HERMLE Labortechnik GmbH, Wehingen, Germany) at 13,400 rpm for 10 min at 4 ◦C.
The supernatants were collected and run separately in triplicates to test the amylase and
invertase activity. For dried samples, different dried slabs from the same treatment were
randomly selected, cut into small pieces, chopped and mixed with the help of a mixer. Next,
1.96 g (~1.8 g dry matter) of the dried mixture was homogenized into 10 mL of extraction
buffer, centrifuged under the same defined conditions. The supernatant was collected to
test the enzyme activity in the dried samples.

2.4. Amylase Activity Assay

Amylase activity was evaluated by estimating the release of maltose calculated from
the standard curve prepared by using maltose at concentrations of 0–6 mg ml−1 [29]. One
percent (w/v) starch solution was used as a substrate. Twenty freshly prepared enzyme
extracts (Section 2.3.) were analyzed separately in triplicate to measure amylase activity in
fresh and dried mango of all three varieties. For each activity assay, 2.9 mL of starch solution
were mixed with 100 µL of enzyme extract and incubated at 37 ◦C for 10 min. Then, after
adding 1 mL of 3,5-dinitrosalicylic acid, it was further heated in boiling water for 5 min to
complete the reaction. The reaction mixture was allowed to cool at room temperature and
9 mL of water were added to make a dilution. The mixture absorbance measured at 540 nm
by a spectrophotometer (DR-6000, Hach Lange GmbH, Berlin, Germany) and a sample
without enzyme extract was used as a control. One unit of enzyme activity was defined as
the amount of enzyme required to release 1 mg of maltose per min per g of sample at 37 ◦C.

2.5. Invertase Activity Assay

Invertase activity was measured by estimating the release of glucose calculated from
the standard curve prepared by glucose at concentrations of 0–2.5 mg ml−1 [29]. One
percent (w/v) sucrose solution was used as a substrate. Twenty freshly prepared enzyme
extracts (Section 2.3.) were tested separately in triplicate to measure invertase activity in
fresh and dried mango of all three varieties. For each invertase activity assay, 2.9 mL of
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sucrose solution and 100 µL of enzyme extract were mixed and incubated at 37 ◦C for
10 min. Next, 1 mL of 3,5-dinitrosalicylic acid was added and heated in boiling water for
5 min to complete the reaction. After cooling to room temperature, the mixture was diluted
by adding 9 mL of water. The absorbance was recorded at 575 nm by a spectrophotometer
(DR-6000, Hach Lange GmbH, Berlin, Germany) against the reaction mixture. The sample
without enzyme extract was used as a control. One unit of enzyme activity was defined as
the amount of enzyme required to release 1 mg of glucose per min per g of sample at 37 ◦C.

2.6. Kinetics Considerations of Amylase and Invertase

The kinetics or destruction rate of amylase and invertase was also investigated for
the variety Sindri during hot air convective drying. The samples were collected at regular
2-h intervals at 40 ◦C and 1-h intervals at 60 ◦C and 80 ◦C for analysis of residual enzyme
activity. The thermal degradation was expressed by a first-order kinetic model [30]:

A/Ao = exp (−kd × t), (1)

where A is the residual activity after the treatment time t (min), Ao is the initial activity, and
kd is the deactivation or destruction rate constant (min−1). The deactivation rate constant
(kd) is temperature-dependent according to Arrhenius-equations [31]:

kd = kdo × exp (−Ed/RT), (2)

where kd is the deactivation rate constant (min−1), kdo is the pre-exponential factor, Ed is
the energy of deactivations (J mol−1), R is the universal gas constant 8.314 (J mol−1 K−1),
and T is the absolute temperature (K).

2.7. Maltose and Glucose Concentrations in Fresh and Dried Mango

Maltose and glucose concentrations in Sindri, SB Chaunsa, and Tommy Atkins were
determined by using the dinitrosalicylic acid method [32]. Six extractions were prepared for
each of the fresh samples and those were dried at 40 ◦C, 60 ◦C, and 80 ◦C by following the
same defined conditions (Section 2.3). The supernatant was collected and run separately
to test the maltose and glucose concentrations. For the assay, 100 µL of the extracted
supernatant from fresh and dried samples, 2.9 mL of water and 1 mL of 3,5-dinitrosalicylic
acid color reagent were pipetted into the test tubes. The reaction mixtures were mixed well
with the help of a vortex mixer. The test tubes were heated for 5 min in a boiling water bath
and after cooling to room temperature, the reaction mixture was diluted by adding 9 mL of
water. The absorbance was measured against the reaction mixture at 540 nm for maltose
and 575 nm for glucose by a spectrophotometer (DR-6000, Hach Lange GmbH, Berlin,
Germany). The concentration of maltose and glucose was estimated from the calibration
curve obtained by different concentrations of maltose (y = 4.1892x − 0.3397, R2 = 0.9997)
and glucose (y = 8.6824x − 0.4638, R2 = 0.9981).

2.8. Statistical Analysis

The statistical analysis was performed by analysis of variance (ANOVA) and Tukey’s
honestly significant difference (HSD) test using IBM statistical package SPSS 22.0 at
p < 0.05 significance level. The data were plotted by using Origin Pro 2020 (OriginLab Co.,
Northampton, MA, USA).

3. Results and Discussion
3.1. Amylase Activity in Fresh and Dried Samples

Figure 1 shows the amylase activity in fresh and dried samples of the varieties Sin-
dri, SB Chaunsa, and Tommy Atkins. For the fresh samples, SB Chaunsa displayed the
highest activity (4.08–4.66 units min−1 g−1), followed by Tommy Atkins (2.10–2.95 units
min−1 g−1), whereas Sindri revealed the lowest activity (1.09–2.15 units min−1 g−1). This
finding may be due to the differences in varieties, climatic origin, and compositional varia-
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tions. Similar results were also observed in previous studies for fresh mango by Hossain
et al. [3] and De Lima et al. [33]. However, after hot-air convective drying, the amylase
activity of the dried samples was distinctly influenced by the drying temperature and air
velocity. At drying temperatures from 40 ◦C to 80 ◦C and an air velocity of 1.0 m s−1,
the highest amylase activity (4.67 ± 0.49, 4.30 ± 0.46, and 7.22 ± 0.73 units min−1 g−1,
respectively) in all three varieties was preserved in samples dried at 80 ◦C, and the lowest
(3.33 ± 0.14, 3.07 ± 0.37, and 4.93 ± 0.94 units min−1 g−1, respectively) was observed in
samples dried at 40 ◦C. This could be delineated by the fact that drying at 80 ◦C required a
shorter drying time (277 ± 35 min) than drying at 40 ◦C (965 ± 171 min) [2]. As amylase is
a heat-resistant enzyme, a decrease in drying time has a positive effect on the activity reten-
tion of amylase in dried samples. It is also generally known that the thermal stability of
heat-resistant enzymes is markedly enhanced as a result of water evaporation [34,35]. This
means that rapid water evaporation at higher drying temperatures contributes to a better
preservation of enzyme activity. However, the elevated drying temperature must not be
greater than the resistance limit. Alternatively, prolonged drying time at low temperature
is associated with the degradation of amylase, which may be attributed to many different
reasons that include the longer exposure to heat or oxidation, low water evaporation
rate, product accumulation, unavailability of the substrate, and other physicochemical
alterations. The related results were also reported by Samborska et al. [36] that extending
drying times and high moisture content enhanced amylase degradation during drying of
commercial fungal alpha-amylase.
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Furthermore, the results also revealed that an increase in air velocity from 1.0 m s−1

to 1.4 m s−1 at drying temperatures of 40 ◦C to 80 ◦C had a beneficial effect on the
activity retention of amylase in dried mango of all three varieties, and helped to preserve
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4.81–42.50% more amylase units in the final product. This behavior might be attributed
to the fact that at the same drying temperature higher air velocity results in a significant
reduction in drying time [2,15]. Thus, a decreased drying time has positively influenced the
decrease in the thermal degradation of amylase. Therefore, at the same drying temperature,
the samples dried at the higher air velocity of 1.4 m s−1 retained a higher amylase activity.

3.2. Invertase Activity in Fresh and Dried Samples

The invertase activity in fresh and dried mango of the varieties Sindri, S.B. Chaunsa,
and Tommy Atkins was also analyzed, and the results are displayed in Figure 2. Invertase
activity was the highest in fresh samples of Tommy Atkins (0.95–1.37 units min−1 g−1), fol-
lowed by SB Chaunsa (0.93–1.21 units min−1 g−1), and Sindri (0.45–0.77 units min−1 g−1).
During drying however, as for amylase, both the drying temperature and the air velocity
showed a significant influence on the invertase activity retention in dried samples. In all
three varieties, the maximum average invertase activity (3.12–9.99 units min−1 g−1) was
retained in samples dried at 80 ◦C and 1.4 m s−1 air velocity compared to those dried
at lower temperatures and 1.0 m s−1 air velocity. As invertase is also a thermotolerance
enzyme, this finding corroborates that the preservation of heat-resistant enzymes in dried
mango is directly related to the drying time. Drying at 80 ◦C and air velocity of 1.4 m
s−1 exhibited a higher moisture loss and shorter drying time compared to low drying
temperatures at an air velocity of 1.0 m s−1 [2,13]. Consequently, a reduction in drying
time could effectively lead to the preservation of invertase in dried samples. On the other
hand, many studies have also reported that prolonged heat exposure to invertase above
the optimal temperature of 37 ◦C causes its destruction or degradation, due to thermal
denaturation of enzyme protein [37,38]. Thus, mango slabs dried at a low temperature
required a longer drying time to remove moisture up to its target level, and eventually the
invertase activity decreased.
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3.3. Residual Activity of Amylase and Invertase during Mango Drying

For a better understanding of the activity degradation of amylase and invertase along
with the changes in water activity during mango drying, see Figure 3a–e. The results reveal
that at an air velocity of 1.0 m s−1, drying at 40 ◦C, 60 ◦C, and 80 ◦C exhibited destruction
rates (kd) for amylase of 0.0013, 0.0020, and 0.0029 min−1, and for invertase 0.0008, 0.0017,
and 0.0023 min−1, respectively (Figure 3a,c). The maximum degradation rate (kd), both for
amylase and invertase, was found at 80 ◦C compared to 60 ◦C and 40 ◦C. The related results
on heat inactivation of different enzymes were also found in previous studies [21,38,39].
In addition, at temperatures 40 ◦C, 60 ◦C, and 80 ◦C, an increase in the air velocity to
1.4 m s−1 increased the destruction rate (kd) values of amylase (7.57–13.13%) and invertase
(7.24–14.08%). Vega-Gálvez et al. [12] reported that the heat diffusion capacity of a high air
velocity is more pronounced than that of a lower one. Therefore, it was believed that drying
at 1.4 m s−1 air velocity causes a larger destruction of enzymes. Related information was
also discussed in our previous study [2] where higher product surface temperature and
internal temperature were observed at an air velocity of 1.4 m s−1 compared to 1.0 m s−1.
Furthermore, this finding can be explained well by comparing the energy of deactivation
(Ed) values for both air velocities, 1.0 m s−1 and 1.4 m s−1, that was measured from the
slope of Arrhenius plot, ln kd versus reciprocal of temperature, 1/T (K) (Figure 3b,d). It
was found that the air velocity 1.4 m s−1 exhibited a higher Ed value for amylase (0.32%)
and invertase (6.94%) compared to an air velocity of 1.0 m s−1, confirming that more
energy is involved to denature the enzyme at a higher air velocity. Hence, a larger enzyme
destruction was observed at air velocity of 1.4 m s−1. Despite all these facts, the residual
enzyme activity is also directly related to the drying time or heat exposure time [40]. The
mango slabs dried at 80 ◦C and air velocity of 1.4 m s−1 needed less time 240 min to reach
the safe water activity level ≤ 0.6, as it required 1080 min at 40 ◦C and air velocity of
1.0 m s−1 (Figure 3e). Many studies have shown that prolonged drying time causes cell
lysis or disruption, and could modify the biochemical reactions inside the fruits by raising
their exposure to heat, light, and oxidation [41,42], which may negatively influence the
activity retention of amylase and invertase in dried mango. Therefore, the mango slabs
dried at 40 ◦C and air velocity of 1.0 m s−1 could eventually be retaining a minimum of
enzymes although the destruction rate was lower. Moreover, it is also well-known that
the optimum temperature and high water activity stimulate the enzyme activity inside the
fruit. During drying at a low temperature of 40 ◦C, the amylase and invertase retained
near their optimal temperature and a good water activity level for a longer duration, where
they can perform their maximum activity, and may involve in self-denaturation due to
accumulation of end products or unavailability of the substrate which could be verified
further by measuring their end products.

3.4. Reducing Sugar (Maltose and Glucose)

The end products of amylase (maltose) and invertase (glucose) were evaluated in fresh
samples and those dried at 40 ◦C, 60 ◦C, and 80 ◦C (Figure 4a,b). The results revealed that,
for all three varieties, the maltose and glucose contents varied significantly (p < 0.05) under
different drying temperatures. The samples dried at 40 ◦C contained a maximum amount
of maltose and glucose in the ranges (25.96–44.45, 22.06–27.51 g 100 g−1 d.w.) compared
to the fresh samples (15.49–23.92, 9.77–14.10 g 100 g−1 d.w.) and those dried at 60 ◦C
(19.18–39.80, 17.27–20.65 g 100 g−1 d.w.) and 80 ◦C (16.40–25.57, 12.92–17.20 g 100 g−1 d.w.).
These findings may be due to the fact that, during drying at 40 ◦C, the amylase and
invertase remained active for a longer period of time, and exhibited their maximum activity,
compared to drying at 60 ◦C and 80 ◦C. Related results were also discussed in our previous
study during heat incubation trials of amylase and invertase, where we found the maximum
amylase and invertase activity at 40 ◦C [2]. However, it has also been documented in the
literature that continuous generation and accumulation of end products have a negative
influence on enzyme activity by disturbing the equilibrium needed to maintain their natural
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structure and can lead to enzyme degradation [3,33,43,44]. Consequently, the mango slabs
dried at 40 ◦C preserved the least amylase and invertase units.
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4. Conclusions

This study showed that both the drying temperature and air velocity had a noticeable
influence on the activity retention of the target enzymes, amylase and invertase, in dried
mango slabs. The results for the drying kinetics of amylase and invertase revealed an
increase in the destruction rate (kd) by increasing temperature and air velocity. However,
increased drying temperature and air velocity significantly reduced the drying time. As the
activity retention of amylase and invertase in dried mango is not only affected by the heat
treatment, but also by the exposure time at high water activity, a decrease in drying time
positively influenced the preservation of amylase and invertase units in dried samples.
Thus, drying at 80 ◦C with 1.4 m s−1 air velocity preserved more enzyme units of amylase
(4.55–12.56 units min−1 g−1) and invertase (3.12–9.99 units min−1 g−1) in the dried product.
These results also highlight new possibilities of using hot-air convective drying to produce
dry mango that retains a larger amount of the digestive enzymes amylase and invertase.
Further research on the stability of the enzymes during storage, and their correlation with
other nutritional components of mango, as well as the influence of maturity on enzymatic
activity during convective drying, should be conducted.
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