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Abstract: In this study, we studied the drying process, grinding characteristics and physicochemical
characteristics of broccoli sprouts (BS). The seeds of broccoli were germinated at 20 ◦C for 3 and 6 days.
Then, the seeds were air- and freeze-dried, and the Page model was used for prediction of drying
kinetics of broccoli sprouts. It was observed that the drying time of BS decreased about twofold as
the air-drying temperature increased from 40 to 80 ◦C. An increasing the air-drying temperature
from 40 to 80 ◦C decreased the drying time by approximately twofold. Freeze-drying of sprouts
took the longest drying time. Germination of seeds significantly decreased the value of grinding
energy requirements, and the ground sprouts exhibited a different grinding pattern in comparison to
ground non-germinated seeds. In terms of color parameters, the highest lightness and yellowness
were found for freeze-dried sprouts. Redness and yellowness of sprouts increased with an increase
in the air-drying temperature. The lowest total color difference was obtained for the freeze-dried
sprouts. Higher drying temperature resulted in lower total phenolics content (TPC) and decreased
antioxidant activity (AA). The highest TPC and AA were observed in air-dried sprouts (40 ◦C) and
freeze-dried sprouts after 6 days of germination.

Keywords: broccoli; germination; air-drying; freeze-drying; temperature; grinding energy; total
phenolics content

1. Introduction

Cruciferous are common vegetables popularly used as food but also used in traditional medicines.
They are recognized as functional foods because of their preventive role against various diseases
in addition to providing nutrition to the body [1]. Among all the cruciferous vegetables, especially
broccoli (Brassica oleracea L.) contains diverse bioactive compounds with chemopreventive effects, such
as isothiocyanates (especially sulforaphane), but also others, such as anthocyanins, glucosinolates,
phenolics, flavonoids and vitamins [2–5]. These compounds have considerable health benefits to the
consumer [5].
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During germination antioxidant properties of seed are enhanced and the nutrient inhibitors are
hydrolyzed, thereby releasing micronutrients, phosphate and vitamins [6–8]. Moreover, this process
stimulates various reactions and promotes the formation of new compounds, especially B-vitamins,
phenolics and gamma aminobutyric acid [6]. Moreover, it reduces the level of antinutrients present in
the seed and increases the availability of minerals [9].

Production of sprouts is simple and inexpensive [10]. Sprouts are one of the valuable alternatives
of increasing the consumption of seeds, which provide higher nutritive value than seeds. Especially
broccoli sprouts are considered as a functional food as a result of the presence high level of vitamins,
phenolic compounds and glucosinolates [11–13]. Moreover, the broccoli sprouts are inducers
of detoxifying enzymes and are rich in sulforaphane, which protect against carcinogens [14,15].
Furthermore, one-week consumption of the broccoli sprouts has shown to improve the metabolism of
cholesterol and reduce oxidative stress [16,17].

Sprouts as fresh food are characterized by short shelf life due to high water activity. Drying is one
of the best methods of food preservation. It allows for a longer period of storage and minimizes the
requirements of packing, transport, handling, and distribution [18,19]. The quality of dried sprouts is
determined based on drying conditions and methods. In particular, conditions of sprouts drying must
be chosen to preserve bioactive compounds and their nutritive value [20,21].

Grinding is very important unit operation in food processing. This process allows obtaining
appropriate size of particles for subsequent processes [22] but also increases nutritional and functional
properties of foods [23,24]. For example, size reduction of broccoli floret tissue positively influenced
on the extraction of vitamin C and antioxidants properties of broccoli florets [25,26].

To our best knowledge, the drying and grinding processes of broccoli sprouts were not studied
so far. Therefore, the aim of this study was to quantify the air-drying and freeze-drying kinetics of
broccoli sprouts, as well as to study the effect on drying on total phenolics content, antioxidant activity
and color changes. The grinding process of dried broccoli sprouts was also studied and the indices
characterizing the grinding process of dried broccoli sprouts were calculated.

2. Materials and Methods

2.1. Raw Material

The experiments were Investigations were conducted on the Polish broccoli cultivar (var. Cezar).
Filed experiment was conducted in 2017 in the experiment station in Lublin (Poland). Before
germination, seeds of broccoli (11.5% wet basis moisture content) were sterilized with 1% sodium
hypochlorite and soaked according to procedure described be Świeca et al. [27]. After soaking, seeds
were sown in sprouters (Bio-Natura, Poland, Wrocław). The seeds were germinated under dark
conditions for 3 and 6 days at 20 ◦C in a climatic chamber (ICH 256, Memmert, Düsseldorf, Germany).
During germination, the seeds were watered with distilled water.

2.2. Moisture Content and Water Activity

The moisture content in the seeds and sprouts was determined by drying 5 g samples for
8 h at 105 ◦C [28], and the water activity was evaluated using Labtouch-aw Basic, (Novasina,
Lachen, Switzerland).

2.3. Drying Process

After germination, the sprouts of broccoli (100 g of whole seedlings) were air-dried and freeze-dried.
The air-drying process was performed at three levels of temperature (40, 60 and 80 ◦C) with air flowing
over the material at a superficial velocity of 0.5 ms−1 by using a laboratory dryer constructed by
Promis-Tech (Wroclaw, Poland) [29]. The lyophilization was run by using Martin Christ’s dryer
ALPHA 1–4 (Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) according
to the method described by Rudy et al. [30]. Prior to this, the samples of the broccoli sprouts were
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frozen at −35 ◦C for 24 h in a freezer (MDF-U5412-PE, Panasonic, Osaka, Japan). Frozen sprouts were
immediately transferred to the freeze drier. The same weight of the sample (100 g) was lyophilized
each time at 40 ◦C and at a pressure of 52 Pa. The weight of the dried samples was recorded both
during air-drying and freeze-drying [29,30]. Both processes were continued until the moisture of the
samples decreased to 10% (±0.5%) wet basis (w.b.). Based on the values of the weight loss the moisture
ratio (MR) was calculated as a ratio of water content (u) during the course of experiment to the initial
water content (u0), using the Formula (1):

MR =
u
u0

. (1)

The drying curves were charted as function of MR versus time and Page model [31] was proposed
to fit the drying curves of broccoli sprouts, using the Formula (2):

MR = exp(−kτn), (2)

where, k is the drying coefficient (min−1), n is the exponent and τ is the time (min).
This model is often used both to describe freeze-drying and air-drying kinetics of different

food [32–35].
On the basis of non-linear regression analysis the parameters of proposed model were determined

and R2 (coefficient of determination) and RSME (root mean square error) were determined [36].

2.4. Grinding Process

The seeds and the dried sprouts of broccoli (10% moisture (w.b.)) were ground with a laboratory
knife mill (Grindomix GM, Retsch, Düsseldorf, Germany) equipped with two knives that are 1.5 mm
thick at a speed of 7000 rpm during 30 s and cooperated with electric current measurement system [37].
Sieving analysis of ground sprouts and seeds was performed. The materials were sieved using sieves
of various sizes for 3 min: 0.8, 0.6, 0.4, 0.2 and 0.1 mm sieve sizes by using a laboratory screen (RS 200,
Retsch, Düsseldorf, Germany) and the average particle size of the ground sprouts was determined.
Moreover, the grinding following energy indices were calculated: specific grinding energy, grinding
ability index and Sokołowski’s grinding index [38,39].

2.5. Color Evaluation

Three lightness (L*), redness (a*) and yellowness (b*) of the ground seeds and sprouts of broccoli
were determined using a Minolta CR-400 colorimeter (Konica-Minolta, Osaka, Japan) [RUDY]. The
analyses of the color values were performed six times with each dried sample by placing the sensor on
the ground sample. Based on the obtained data, the total color difference (∆E) was calculated according
to Equation (3) [40]:

∆E =

√
(L∗c − L∗)2 + (a∗c − a∗)2 + (b∗c − b∗)2 , (3)

where, the L∗c, a∗c and b∗c are the color parameters of the broccoli seeds, and the L∗, a∗ and b∗ are the color
parameters of the processed broccoli seeds.

2.6. Total Phenolics Content (TPC) and Antioxidant Activity (AA)

For the determination TPC and AA, we prepared the extracts from the ground seeds and sprouts
according to procedure described by Gawlik-Dziki et al. [41]. The TPC was estimated according to the
Folin–Ciocalteau method [42], with slight modification [21].

The following methods of antioxidant activity of the obtained extracts were determined:
the ability to chelate metal ions (CHEL) [21,43], the antiradical estimated activity by ABTS
(2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) method [21,44], quinoa and reducing
power [45]. All antioxidant activities were expressed as EC50 (mg DM/mL) [21].
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2.7. Statistical Analysis

We performed germination of the seeds in three independent occasions and calculated the mean
and standard deviation. The analysis of variance (ANOVA) was performed and the Tukey’s test was
used to compare the differences between means at a significance level of α = 0.05 using Statistica 13.0
by StatSoft.

3. Results and Discussion

3.1. Moisture Content and Water Activity

The water activity (aw) of fresh broccoli sprouts was 0.999 ± 0.03 and moisture content 82.6%
(w.b.). Drying reduced the value of aw (between 0.287 ± 0.04 (freeze-dried sprouts) and 0.293 ± 0.06
(air-dried sprouts at 40 ◦C)). Water activity is an important parameter to estimate storage stability of
food [46]. Food with aw < 0.6 is considered as microbiologically stable [47]. According to our results,
the aw value of powders prepared from broccoli seeds and sprouts were less than 0.3, which indicates
that the powders were microbiologically stable.

3.2. Drying Results

Figure 1 show a comparison of the experimental data and the predicted data related to sprouts
drying based on the Page model. The air-drying temperature significantly increased the drying rate
(DR), whereas the germination time had a little influence on DR. The average time of sprouts air-drying
at temperature of 40 ◦C was about 60 min. The drying time decreased approximately twofold with the
increase in air temperature up to 80 ◦C. The longest time of drying was observed during freeze-drying
(about 145 min and 135 min for seeds germinated for 3 and 6 days, respectively) than that of air-drying.
Usually the drying time during freeze-drying is longer when compared to other methods of drying
because the sublimation takes a long time [48,49]. Moreover, freeze-drying is time consuming because it
is usually performed in low temperature and overheating can cause lower quality of dried material [50].

Table 1 shows the values of the parameters in the Page equations describing the drying kinetics of
broccoli sprouts (BS). All the calculated R2 values fell in the range of 0.997–0.999, whereas the values
of RMSE changed from 0.0070 to 0.0208. It indicated that proposed model well describes the drying
kinetics of BS. Especially, the highest values of coefficient of determination and the loves root mean
square error were found far air-dried sprouts (SAD40, Table 1) at 40 ◦C. Moreover, the k coefficient
increased with the increasing air drying temperature from 0.0519 to 0.1309 for BS germinated for three
days and from 0.052 to 0.9001 for BS germinated from six days. The lowest values of these coefficients
were obtained for freeze dried sprouts (0.0070 and 0.0055, respectively). Literature with regard to the
drying kinetics of sprouted seeds is limited. Other authors [32] found that drying kinetics of 4-day
germinated wheat sprouts was also best described by the Page model.

Table 1. Coefficient values, R2 and root mean square error (RSME) in the Page model describing the
drying process of broccoli sprouts.

Germination Time (Days) Drying Method k (min−1) n R2 RSME

3

SPD40 0.0519 0.9368 0.999 0.00698
SPD60 0.0822 0.9584 0.997 0.01609
SPD80 0.1309 0.9215 0.998 0.02083

SPF 0.0070 1.2053 0.997 0.01540

6

SPD40 0.0520 0.9367 0.999 0.01495
SPD60 0.0773 0.9667 0.997 0.01687
SPD80 0.9001 0.1310 0.997 0.01262

SPF 0.0055 1.2469 0.997 0.01687

SPD40, SPD60 and SPD80—sprouts air dried at 40, 60 and 80 ◦C, respectively, SPF—freeze-dried sprouts.
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Figure 1. Drying curves of dried broccoli sprouts with experimental and predicted data based on
the Page model: MR—moisture ratio, SPD40, SPD60 and SPD80—sprouts air-dried at 40, 60 and
80 ◦C, respectively, SPF—freeze-dried sprouts, (A)—after 3 days of germination and (B)—after 6 days
of germination.

3.3. Grinding Results

Table 2 presents the granulometric distribution of comminuted particles of BS and seeds. The
highest percentage of coarse particles (>0.8 mm) was obtained in the case of ground broccoli seeds,
whereas the lowest percentage was obtained in the case of ground freeze-dried sprouts. We observed a
reverse tendency in the case of the smallest particles (below 0.2 mm), which indicates that sprouts of
broccoli give during size reduction different grinding pattern than broccoli seeds. Similar results were
found by others authors for sprouted wheat [32].

Furthermore, the time of germination had a minor influence on the grinding pattern of BS (Table 3).
Seeds germinated for 6 days were characterized by a slightly lesser quantity of fine particles than
that of seeds germinated for 3 days. This might be due to the changes occurring during germination.
Sprouting increases activity of different enzymes and it leads to degradation the bran layer and
endosperm [51] thereby making the process of grinding more effective. In consequence, the particle
size of powdered sprouts was lower than that of ground seeds (Table 3). Similar results were reported
by other authors [52] for sprouted wheat. The specific grinding energy ranged from 8.5 kJ kg−1 for
freeze-dried sprouts after 6-day germination to 12.2 kJ kg−1 for seeds. Furthermore, other grinding
energy indices confirmed that sprouted seeds of broccoli required less energy for grinding in comparison
to non-germinated seeds. The values of grinding ability index ranged from 0.74 m2 kJ−1 for seeds
to 1.26 m2 kJ−1 for freeze-dried sprouts after 6-day germination, whereas the values of Sokołowski’s
grinding index changed from 10.5 kJ kg−1mm0.5 for freeze-dried sprouts after 6-day germination
to 17.7 kJ kg−1mm0.5 for seeds. These results suggest that broccoli sprouts required less energy for
grinding in comparison to the values of grinding indices obtained for other seeds or sprouts [33,37].
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Table 2. Particle size distribution (%) of ground broccoli seeds and sprouts.

Range of Class,
mm

Seeds
SPD40 SPD60 SPD80 SPF

After 3 Days of Germination

>0.8 8.2 ± 0.21 fD 7.1 ± 0.18 fC 6.9 ± 0.15 bC 5.8 ± 0.11 fB 4.9 ± 0.08 aA

0.6–0.8 21.9 ± 0.53 eC 8.8 ± 0.26 eA 8.0 ± 0.45 eA 8.8 ± 0.36 eA 8.5 ± 0.87 eB

0.4–0.6 35.8 ± 0.79 dA 39.6 ± 1.12 dB 42.1 ± 1.18 dC 43.2 ± 1.36 dC 43.6 ± 1.02 dB

0.2–0.4 28.9 ± 0.63 cA 35.1 ± 0.99 cD 33.3 ± 1.32 cC 32.6 ± 1.18 cC 31.6 ± 0.65 cB

0.1–0.2 4.1 ± 0.11 bB 7.2 ± 0.11 bC 6.9 ± 0.13 bCD 7.4 ± 0.08 bA 7.3 ± 0.21 bD

<0.1 1.1 ± 0.08 aA 2.2 ± 0.05 aB 2.8 ± 0.11 aC 2.2 ± 0.07 aB 4.1 ± 0.19 bD

After 6 days of germination

>0.8 8.2 ± 0.21 fD 6.7 ± 0.26 fC 6.6 ± 0.31 bC 5.4 ± 0.23 fB 4.3 ± 0.18 aA

0.6–0.8 21.9 ± 0.53 eC 8.7 ± 0.33 eA 8.2 ± 0.38 eA 8.9 ± 0.31 eA 8.3 ± 0.65 eB

0.4–0.6 35.8 ± 0.79 dA 41.3 ± 1.26 dB 41.6 ± 1.72 dC 42.1 ± 1.88 dC 43.5 ± 1.13 dB

0.2–0.4 28.9 ± 0.63 cA 33.2 ± 1.28 cD 33.5 ± 1.32 cD 33.8 ± 1.18 cD 31.2 ± 0.82 cB

0.1–0.2 4.1 ± 0.11 bB 6.6 ± 0.23 bC 6.6 ± 0.18 bCD 7.2 ± 0.14 bA 6.9 ± 0.19 bD

<0.1 1.1 ± 0.08 aA 2.5 ± 0.07 aB 3.5 ± 0.12 aC 2.6 ± 0.11 aB 4.8 ± 0.23 bD

SPD40, SPD60 and SPD80—sprouts air dried at 40, 60 and 80 ◦C, respectively, SPF—freeze-dried sprouts, small
different letters in the columns and capital different letters in rows mean significant differences between means,
respectively (α = 0.05).

Table 3. Average particle size (d) and grinding energy indices of ground broccoli seeds and sprouts.

Sample Time of Germination
(Days) dp (mm) Er (kJ kg−1) Ef (m2 kJ−1) Ks

(kJ kg−1 mm0.5)

Seeds - 0.508 ± 0.026 b 12.2 ± 0.63 d 0.74 ± 0.042 a 17.7 ± 0.92 e

SPD40
3 0.457 ± 0.011 b 10.5 ± 0.57 c 0.98 ± 0.051 b 13.5 ± 0.56 d

6 0.452 ± 0.008 b 10.1 ± 0.51 c 1.03 ± 0.055 bc 12.8 ± 0.84 cd

SPD60
3 0.449 ± 0.013 ab 9.8 ± 0.46 c 1.05 ± 0.017 bc 12.6 ± 0.78 c

6 0.447 ± 0.007 ab 9.5 ± 0.35 bc 1.09 ± 0.056 bc 12.2 ± 0.61 bc

SPD80
3 0.449 ± 0.023 ab 9.5 ± 0.34 b 1.08 ± 0.062 bc 12.2 ± 0.43 bc

6 0.445 ± 0.027 ab 9.4 ± 0.44 b 1.10 ± 0.068 bc 12.0 ± 0.72 bc

SPF
3 0.434 ± 0.013 a 9.1 ± 0.42 ab 1.16 ± 0.049 c 11.4 ± 0.35 b

6 0.430 ± 0.012 a 8.5 ± 0.38 a 1.26 ± 0.073 d 10.5 ± 0.37 a

SPD40, SPD60 and SPD80—sprouts air-dried at 40, 60 and 80 ◦C, respectively, SPF—freeze-dried sprouts, dp—average
particle size, Er—specific grinding energy, Ef—grinding efficiency index, Sk—Sokołowski’s grinding index. The
values designated by the different letters are significantly different (α = 0.05).

The air drying temperature in the range of 40–60 ◦C had no significant influence on the average
particle size and grinding energy indices of BS. An increase in the drying temperature to up 80 ◦C
caused the grinding process more effective and lower values of average particle size and specific
grinding energy were obtained in comparison to the values of these indices obtained for sprouts dried
at 40 ◦C (Table 3). Drying of seeds in higher temperature decreases their strength properties [53]
and as a result of this the grinding process of such material is more effective. Probably the similar
phenomenon occurred if sprouts dried in higher temperature.

3.4. Color

Table 4 shows the values of color coordinates of the ground seeds and sprouts. The highest
value for lightness (L*) was obtained for freeze-dried sprouts and seeds (average L* = 61). Air-drying
decreased the lightness of broccoli sprouts. Redness and yellowness were found to 2.6–8.6 and
28.2–32.2, respectively. The lowest value of redness and the highest value of yellowness were obtained
for freeze-dried sprouts, whereas the highest redness and the lowest value of yellowness were obtained
for air-dried sprouts. Time of germination had less influence on the color coordinates of BS. The
lowest values of L* were observed when sprouts were dried at 40 and 60 ◦C (average L* = 43.8). It was
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found that as the air-drying temperature increased, the lightness of sprouts slightly but significantly
increased up to 45.2 (average value of L* for 3 days and 6 days germinated seeds). The total difference
of color (∆E) between the seeds and sprouts ranged from 4.4 to 17.1 and increased with the increase of
air-drying temperature from 60 to 80 ◦C. The value of ∆E above 3.5 shows a clear difference in color [54].
The highest value of ∆E was obtained for air-dried spouts at 40 and 60 ◦C. With an increase in the
air-drying temperature from 60 to 80 ◦C, there was a decrease in the value of ∆E. Other studies have
also confirmed that drying time, temperature and drying methods strongly affect the color parameters
of dried food [30,55]. Usually, the longer the drying time, the more deterioration of the color takes
place in the dried material [55]. Moreover, freeze drying is one of the best methods to keep the natural
color of dried foods [56]. In our study also the lowest value of ∆E was obtained for freeze-dried sprouts.
Color changes in dried biological materials are mainly caused by the degradation of pigments and the
formation of brown pigments by Maillard and enzymatic reactions [57].

Table 4. Color coordinates of the ground seeds and sprouts and total color difference (∆E).

Sample Germination Time (Days) L* (mm) a* b* ∆E

Seeds - 59.9 ± 1.28 b 6.7 ± 0.23 d 30.9 ± 1.22 dc -

SPD40
3 44.6 ± 1.16 a 7.8 ± 0.31 e 29.1 ± 1.17 bc 15.4 ± 0.37 c

6 43.1 ± 1.52 a 7.3 ± 0.25 e 28.2 ± 1.31 ab 17.1 ± 0.46 d

SPD60
3 44.2 ± 1.23 a 4.8 ± 0.18 c 27.8 ± 1.28 a 16.4 ± 0.58 d

6 43.2 ± 0.94 a 7.4 ± 0.37 e 28.4 ± 1.09 ab 16.7 ± 0.64 d

SPD80
3 44.8 ± 0.88 a 7.6 ± 0.32 e 28.7 ± 1.23 ab 15.3 ± 0.45 c

6 45.5 ± 0.96 a 8.6 ± 0.41 f 31.1 ± 1.52 cd 14.8 ± 0.46 c

SPF
3 62.3 ± 1.27 c 1.5 ± 0.12 a 29.6 ± 1.19 bc 5.9 ± 0.38 b

6 60.9 ± 1.33 bc 2.6 ± 0.22 b 32.2 ± 1.07 d 4.4 ± 0.31 a

SPD40, SPD60 and SPD80—sprouts air dried at 40, 60 and 80 ◦C, respectively, SPF—freeze-dried sprouts. Means
with different letter in the same column are significantly different (α = 0.05).

3.5. TPC and AC

Germination caused an increase in the TPC and enhanced AA (Table 5). Other studies have also
reported that sprouting increases TPC and AA of different seeds [7,58]. Moreover, Vale et al. [11]
found that broccoli sprouts germinated under dark conditions are characterized by higher level of
phenolic compounds than those germinated under light conditions. The highest value of TPC was
obtained for the extract obtained from 6-day sprouts + freeze-dried and 6-day sprouts + air-dried
at 40 ◦C (14.7 and 14.2 mg GAE/g DM, respectively). Sprouts obtained after 6 days of germination
were characterized by higher values of TPC and AA than that of 3-day germinated broccoli seeds.
Vale et al. [11] reported similar results for kale sprouts. The highest AC (the lowest values of EC50)
was obtained for freeze-dried sprouts. This tendency was found for all the methods applied to test AA.
The average values of EC50 for seeds were 164.3, 76.3 and 53.3 mg DM/mm, for ABTS, CHEL and RED,
respectively. The values of 6-day germinated + freeze-dried broccoli sprouts were as follows: 104.2,
57.3 and 31.2 mg DM/mm respectively for ABTS, CHEL and RED. Only some works concerning drying
process of sprouts are reported.

An increase in the drying temperature to up 80 ◦C caused a decrease in both TPC and AA,
whereas an increase from 40 to 60 ◦C had little or no significant effect on the values of TPC and AA.
Złotek et al. [21] found that drying temperature up to 45 ◦C has no significant influence on TPC and
AC in extracts obtained from quinoa sprouts. Mattioli et al. [20] revealed, that that lyophilization
better maintains the content of bioactive compounds compared to air-drying. On the other hand,
Gan et al. [59] found that hot air-drying (at 70 and 80 ◦C) increased TPC and AA in mung bean
sprouts in comparison to freeze-dried sprouts. Their explained this phenomenon as a result of sprouts
browning during drying (Maillard reaction).
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Table 5. Total phenolics content and antioxidant activity of seeds and dried sprouts.

Sample Germination
Time (Days)

TPC
(mg GAE/g DM)

ABTS EC50
(mg DM/mL)

CHEL EC50
(mg DM/mL)

RED
(mg DM/mL)

Seeds - 7.6 ± 0.26 a 164.3 ± 6.8 h 76.3 ± 3.7 e 53.2 ± 2.1 e

Fresh sprouts 3 12.6 ± 044 e 111.2 ± 4.3 c 48.8 ± 2.6 b 28.4 ± 1.2 a

6 13.5 ± 0.39 fg 99.7 ± 4.2 a 56.7 ± 2.8 c 30.6 ± 2.5 ab

SPD40
3 11.8 ± 0.36 cd 125.8 ± 6.2 e 65.6 ± 4.2 d 30.1 ± 1.6 a

6 14.2 ± 0.28 g 119.6 ± 5.7 cd 72.3 ± 4.1 e 32.8 ± 1.5 cd

SPD60
3 11.4 ± 0.42 c 132.3 ± 5.8 f 88.4 ± 4.8 f 31.7 ± 1.8 bc

6 12.5 ± 0.18 e 117.8 ± 4.5 cd 91.4 ± 4.5 f 32.6 ± 1.1 bc

SPD80
3 10.4 ± 0.12 b 150.9 ± 6.7 g 112.5 ± 5.3 g 33.2 ± 1.3 bc

6 13.1 ± 0.21 f 146.7 ± 6.3 g 132.8 ± 4.2 h 35.6 ± 1.6 d

SPF
3 12.2 ± 0.32 de 121.2 ± 3.2 de 42.1 ± 1.7 a 30.5 ± 0.7 a

6 14.7 ± 0.17 h 104.2 ± 5.2 b 57.3 ± 2.3 c 31.2 ± 1.9 a

SPD40, SPD60 and SPD80—sprouts air dried at 40, 60 and 80 ◦C, respectively, SPF—freeze-dried sprouts, TPC—total
phenolics content, ABTS—antiradical activity, CHEL—chelating power, RED—reducing power. Means with different
letter in the same column are significantly different (α = 0.05).

4. Conclusions

The Page model exhibited a very good fit to the experimental data obtained by both air-drying and
freeze-drying techniques. The time of germination had less effect on the drying kinetics of the broccoli
sprouts. According to our results, the broccoli sprouts showed lower values of specific grinding
energy and exhibited a different grinding pattern in comparison to non-germinated seeds. More
importantly, the highest efficiency of grinding was obtained for freeze-dried broccoli sprouts. In the
case of color parameters, air-drying decreased the lightness of broccoli sprouts. An increase in the
air-drying temperature from 60 to 80 ◦C increased the redness and yellowness of the ground sprouts
and caused a decrease in TPC and AC. The highest TPC and AA were observed in air-dried sprouts
(40 ◦C) and freeze-dried sprouts after 6 days of germination. The best quality broccoli sprouts powder
was obtained using the freeze-drying technique, however, the powder obtained from BS air-dried at
40 ◦C also is recommended. Such a kind of material can be used as a functional additive in many
food products.
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1. Šamec, D.; Pavlović, I.; Radojčić Redovniković, I.; Salopek-Sondi, B. Comparative analysis of phytochemicals
and activity of endogenous enzymes associated with their stability, bioavailability and food quality in five
brassicaceae sprouts. Food Chem. 2018, 269, 96–102. [CrossRef] [PubMed]

2. Tian, M.; Xu, X.; Liu, Y.; Xie, L.; Pan, S. Effect of se treatment on glucosinolate metabolism and health-promoting
compounds in the broccoli sprouts of three cultivars. Food Chem. 2016, 190, 374–380. [CrossRef] [PubMed]

3. Steevens, J.; Schouten, L.J.; Goldbohm, R.A.; van den Brandt, P.A. Vegetables and fruits consumption and
risk of esophageal and gastric cancer subtypes in the Netherlands Cohort Study. Int. J. Cancer 2011, 129,
2681–2693. [CrossRef] [PubMed]

4. Moon, J.K.; Kim, J.R.; Ahn, Y.J.; Shibamoto, T. Analysis and anti-Helicobacter activity of sulforaphane and
related compounds present in broccoli (Brassica oleracea L.) sprouts. J. Agric. Food Chem. 2010, 58, 6672–6677.
[CrossRef]

http://dx.doi.org/10.1016/j.foodchem.2018.06.133
http://www.ncbi.nlm.nih.gov/pubmed/30100490
http://dx.doi.org/10.1016/j.foodchem.2015.05.098
http://www.ncbi.nlm.nih.gov/pubmed/26212985
http://dx.doi.org/10.1002/ijc.25928
http://www.ncbi.nlm.nih.gov/pubmed/21960262
http://dx.doi.org/10.1021/jf1003573


Processes 2020, 8, 97 9 of 11
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