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Drying may alter the microstructure of vegetables and influence the release of bioactive compounds 
during digestion. The effects of convective drying (at 60 °C and 2 m s−1; CD) and freeze-drying (at −50 °C 
and 30 Pa; FD) on the microstructure (evaluated using scanning electron microscopy (SEM) and image 
analyses with ImageJ software) of beetroot and the kinetics of biocompound release (total polyphenol 
content (TPC) and antioxidant activity (AA)) during 180 min of in vitro gastric digestion have been studied. 
Raw beetroot was used as the control. Drying promoted the collapse of cell walls causing volume shrink- 
age that resulted in a greater cell number per area unit; meanwhile in vitro digestion caused cell structure 
disruption, which resulted in a lower cell  number per area unit. Drying promoted decreases of TPC (42%  
in CD and 29% in FD) and AA (66% in CD and 63% in FD) of beetroot. However, release of TPC and AA 
from dried samples during digestion was 82% (CD) and 76 (FD) % higher than from the raw sample. The 
Weibull model allowed the satisfactory modelling of the TPC and AA release kinetics (mean relative error  
of simulation lower than 8.5%). 

 

1. Introduction 
Beetroot is a cultivated form of Beta vulgaris subsp. vulgaris 
(conditiva) and describes a number of varieties of edible tap- 
roots that are grown throughout America, Europe, and Asia.1 
In recent years, the root vegetable Beta vulgaris L. has attracted 
significant attention as a health-promoting functional food 
product.2 This scientific interest has arisen because of the 
composition of its various nutrients. Beetroot is rich in valu- 
able active compounds such as carotenoids, betalains, poly- 
phenols and flavonoids, and saponins.3–5 The high concen- 
tration of antioxidant substances called betalains has ben- 
eficial effects on human health, including stimulation of the 
immune and hematopoietic systems, and anti-inflammatory, 
antitumor, and hepatoprotective properties.6 

Beetroot is a seasonal product; thus, drying is an alternative 
for consumption during the off-season. Drying is one of the 
most widely used methods for food preservation, its main 
objective being to remove water from food in order to prevent 
microbial spoilage and deterioration reactions.7 Moreover, 
smaller spaces are needed for storage and lighter weight for 

 
 

 
transportation. The drying method applied may affect the 
colour, shape, structure, and nutritional and nutraceutical 
components in various ways, therefore, it is very important to 
find an optimal drying temperature and rational heat dosage.8 

Convective and freeze-drying are two methods among the 
several that exist. On the one hand, convective drying is the 
most common drying method, which consists of removing 
water with air, via simultaneous heat, mass and momentum 
transfer. The required heat is conducted to the food by a  
stream of air. The energy is transferred to the surface of the 
product by convection and from there, enters by different 
mechanisms, depending on the product structure. This heat  
flux causes a product temperature increase and water 
evaporation.9,10 Convective drying can have a negative impact 
on the physico-chemical properties of vegetables.4 On the 
other hand, freeze-drying is one of the most preferred drying 
techniques for high-quality products, partially because of its 
ability to yield highly porous microstructures that contribute  
to the high rehydration capacity of the freeze-dried foods.11 In 
freeze-drying, food is initially frozen to induce water crystalliza- 
tion and it is subsequently dehydrated by sublimation of the 
ice and desorption of the unfrozen water. It is also known that 
freeze-drying demands significant energy consumption. 

The quality of the dried products is usually characterized by 
their flavor, aroma and nutrient retention as well as cellular 
structure, texture and reconstitution properties. To see the 



 

 

 

effect of processing on the cellular structure of food generally 
requires microscopic examination. The light microscope is the 
principal tool, but confocal microscopy, electron microscopy, 
atomic force microscopy, magnetic resonance or computer 
tomographic imaging, among other methods, can be also used 
for different purposes. The image that these techniques gene- 
rate is usually digitized and analyzed using computer techno- 
logy. Measurement of the image characteristics to obtain 
microstructural information can be efficiently carried out  
using different analysis techniques. Among the different types 
of image texture analysis, that of statistical texture is one of 
the most widely used in the food industry for its high accuracy 
and shorter computation time. This methodology analyzes the 
gray spatial distribution and derives a set of statistics from the 
distributions of local characteristics.12 

On the other hand, in vitro digestion could be used to 
assess the effect of  processing  on  the  release  of  nutrients. 
In vitro digestion assays simulate the physiological conditions 
of digestion in vivo and are useful tools for studying and 
understanding changes, interactions, as well as the bioaccessi- 
bility of nutrients.13 Paustenbach (2000) defined the bioacces- 
sibility of a substance as the fraction that is soluble in the gas- 
trointestinal environment and is available for absorption.14 The 
application of in vitro simulated digestion  has  demonstrated 
that food components or food matrices have different effects on 
bioactive compounds, and, in some cases, only a minor fraction 
of the total quantity of these compounds in foods is potentially 
bioaccessible.15,16 In the present study, the release of com- 
pounds during the gastric phase will be evaluated. 

Thus, the objective of this study was to evaluate the effects 
of two different drying methods (convective and freeze-drying) 
on the cellular matrix of beetroot (Beta vulgaris) and on the 
release of its bioactive compounds during in vitro gastric 
digestion. 

 
 
2. Materials and methods 
2.1. Samples 

Beetroot (Beta vulgaris var. conditiva) was purchased from a 
local supermarket (initial moisture content of 6.67 ± 0.04 g g−1 
dm and total soluble solids of 10.8 ± 0.4° Brix). It was stored at 
4 °C for a maximum of one week before processing. Cubes 
were cut (0.01 m edge) from the central parts of the beetroot 
tissue, not including the peel, and immediately processed. 

 
2.2. Convective-drying- and freeze-drying processes 

Convective drying (CD) was carried out in a laboratory-scale 
hot air dryer previously described,17 operating at 60 °C with an 
air velocity of 2 m s−1. Samples were dried to a final moisture 
content of 0.17 ± 0.03 g water per g dm. 

Freeze-drying (FD) of the cubes was carried out in a freeze- 
drier (Telstar LyoQuest, Barcelona) operating at −50 °C and a 
vacuum pressure of 30 Pa, to a final moisture content of 0.07 ± 
0.01 g water per g dm. 

Before in vitro digestion, CD and FD samples were rehy- 
drated by immersion in distilled water (25 : 100 (g beetroot per 
ml water)) at 37 °C until they reached a final moisture content 

similar to that of the raw samples (6.67 ± 0.04 g g−1 dm) 
(approx. 90 and 80 min, respectively). 

 
2.3. In vitro digestion procedure 

The  beetroot   samples  were  digested   following   the  in   vitro 
gastric digestion method reported by Bornhorst and Singh.18 
Briefly, simulated saliva was prepared with 1.000 g l−1 mucin, 
2.000 g l−1 α-amylase (1500 U ml−1), 0.117 g l−1 NaCl, 0.149 g 
l−1 KCl and 2.100 g l−1 NaHCO3 solution at pH 7.0. Simulated 
gastric juice was prepared with 1.000 g l−1 pepsin (25 000      
U ml−1), 1.500 g l−1 mucin, and 8.780 g l−1 NaCl, mixed in de- 
ionized water at a pH of 1.8–2.0. All solutions were prepared 
daily. 

The beetroot cubes (ca. 200 g) were mixed with 80 ml of 
simulated saliva for 30 s, followed by immersion in 800 ml of 
simulated gastric juice previously heated to 37 °C.18 The 
mixture was incubated in a shaking water bath (Unitronic 320 
OR, Selecta, Spain) at 37 °C and 100 rpm for up to 3 h. 
Sequential samples were taken initially (no digestion), 30 s 
after mixing with saliva, and after 10, 20, 30, 45, 60, 90, 120, 
180 min and then 24 h of gastric digestion, in triplicate, 
assessing moisture, acidity, total polyphenol content (TPC) 
and antioxidant activity (AA); and also, initially (no digestion) 
and after 180 min of gastric digestion, for microstructural ana- 
lyses. Sequential samples of gastric juice were taken in tripli- 
cate, after 10, 20, 30, 45, 60, 90, 120, 180 min and 24 h of  
gastric digestion for total polyphenol content (TPC) and anti- 
oxidant activity (AA) analyses. 

All digestion experiments were performed at least in tripli- 
cate, and results were expressed on an initial dry matter basis 
(dmo) to better compare the different samples. 

2.4. Microstructural analyses 

2.4.1. Scanning electron microscopy (SEM). Cell walls of 
raw and dried beetroot before (CD and FD samples) and after 
(raw180, CD180 and FD180) 180 min of in vitro gastric diges- 
tion were observed using scanning electron microscopy (SEM). 
For SEM observation, samples were soaked in liquid nitrogen 
in order to be cut with a sharp razor blade and freeze-dried. 
Gold coating was performed using a Bio-Rad E-5400 sputter 
coater (Polaron, UK) (10−4 mbar, 20 mA, 80 s). Samples were 
then observed in an S-3400N Hitachi SEM (Germany), acceler- 
ated at 15 kV and under a vacuum pressure of 40 Pa. 

2.4.2. Image analysis. Scanning electron microscope photo- 
graphs were analyzed using an automatic image processing 
method with ImageJ 2.0.0 software (Creative Commons 
license). The images were calibrated by the application “Set 
scale” of the same software. Subsequently, the images were 
transformed to a binary image. Finally, the images were ana- 
lyzed with the application “Analyze particles” of the software.19 
To establish a representative structural analysis, fifteen scan- 
ning electron microscope photographs of each sample were 
analyzed. 
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The percentile profile of cell areas and the cell number per 
unit of tissue surface of each sample were calculated using the 
“prctile” function of Matlab 2017b software (The Mathworks 
Inc., USA). 

in vitro digestion in both the beetroot matrix and the gastric 
juice were analyzed and fitted to the Weibull model (eqn (3)). 
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 2.5. Chemical analyses 
The moisture content of all beetroot samples was determined 

Ci  - Ceq: e  
-ðα 

Co - Ceq: 

: ð3Þ 

according to the AOAC official method no. 934.06 (AOAC, 1997) 
and expressed in g water per g initial dry matter (dmo). The 
acidity of the samples was determined according to the AOAC 
official method no. 942.15 (AOAC, 1998) and expressed in 
malic acid equivalent/100 g of initial dry matter (dmo). 

To determine the total polyphenol content (TPC) and the 
antioxidant activity (AA), methanol extracts from the samples 
were prepared according to the methodology described by Eim 
et  al.20  with  minor  modifications.  Samples  were  accurately 
weighed (∼2.0 g), and 20 ml of methanol (MeOH) extraction 
solvent was added. The mixtures were homogenized using an 
Ultra-Turrax homogenizer (T25 Digital,  IKA,  Germany)  at 
13 000 rpm for 1 min at 4 °C, and the solutions were refriger- 
ated overnight. They were centrifuged at 2700g for 10 min fol- 
lowed by filtration, and then refrigerated at 4 °C until analysis. 
Gastric juice samples were analyzed directly without further 
extraction. 

Total polyphenol content (TPC) was determined by means 
of the Folin–Ciocalteu assay according to Eim et al.20 
Antioxidant activity (AA) was determined using the ABTS 
(radical cation scavenging activity), FRAP (ferric reducing anti- 
oxidant power assay), and CUPRAC (cupric reducing anti-  
oxidant capacity) assays according to Gonzalez-Centeno et al.21 
In all assays, absorbance measurements were carried out at 
25 °C in an UV/Vis/NIR spectrophotometer (MultiSkan 
Spectrum, Thermo Scientific, Finland) and correlated with 
standard curves. TPC was expressed as mg gallic acid equi- 
valent (GAE) per g initial dry matter (dmo) and AA was 
expressed as mg Trolox per g initial dry matter (dmo) for beet- 
root.22 The dimensionless release (ψ) of TPC and AA from beet- 
root cubes has been defined as indicated in eqn (1), and the 
dimensionless release measured in gastric juice (θ), is indi- 
cated in eqn (2); both are presented as a percentage. 

ψ ¼ C0 - Ci X 100 ð1Þ 

θ  Ci 100 2 
Cmax 

where C0 is the initial concentration, Ci is the concentration at 

The equilibrium release, represented by Ceq,. was assumed 
to be equal to the experimental value after 24 h of in vitro 
digestion.21 The fitting parameters of the model were α and β. 
The α parameter can be related to the inverse of the change 
rate. As such, a lower α indicates a faster rate of change. The 
shape parameter β represents a behavior index of the material 
during the process.23 When β is equal to 1, the model corres- 
ponds to a first-order kinetic with a constant input rate.20 
However, when β has a value above or below 1, this parameter 
denotes the concavity (increasing change rate over time) or 
convexity (decreasing change rate over time) of the curve, 
respectively. 

 
 
 

2.7. Statistical analysis 

Statistical analyses were performed using R 3.1.0 software. 
Results are presented as mean values with their corresponding 
standard deviations. Parametric ANOVA and Tukey’s tests were 
used to evaluate the existence of significant differences among 
samples (moisture content, TPC and results from image ana- 
lysis). These statistical analyses were replaced by the Kruskal– 
Wallis and pairwise-Wilcox (BH corrected) tests, when data 
were not normally distributed and/or showed heterogeneity of 
variances (AA measured using the ABTS, CUPRAC and FRAP 
methods). Differences at p < 0.05 were considered significant. 

The identification of the Weibull model parameters α and β 
was carried out using the ‘fitnlm’ function of the optimization 
toolbox of MATLAB R2017 (The MathWorks Inc., USA), which 
estimates the coefficients of a nonlinear regression function 
and the residuals using the least number of squares. To deter- 
mine the 95% confidence intervals (CI) and the standard error 
of the estimated parameters (SE), the ‘coefCI’ function and the 
covariance matrix were used, respectively. To statistically evalu- 
ate the accuracy of the proposed mathematical model and its 
capacity to simulate the experimental results and predict vari- 
ations within the system, the mean  relative  error  (MRE)  
(eqn (4)) was estimated by the comparison of experimental 
and simulated data. The lower the MRE, the better the fit pro- 

time i and C  
max is the maximum concentration released from vided by the model.24 

the beetroot to the gastric juice (experimentally measured after 
24 h of gastric digestion). All the analyses were performed in 
triplicate on samples from each digestion. 

 

2.6. Mathematical model 
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Changes in total polyphenol content and antioxidant activity 
(ABTS, FRAP, and CUPRAC assays) at different times during 

where Vexp and Vcalc are the experimental and calculated  
values and n is the number of experimental data. 
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3. Results and discussion 
3.1. Changes in food matrix structure during in vitro gastric 
digestion 

3.1.1. Microstructural images (SEM). The images of raw 
and processed samples before and after 180 min of in vitro 

gastric digestion are shown in Fig. 1. Fig. 1a1 shows the micro- 
structure of the raw sample prior to in vitro gastric digestion. 
Raw samples are composed of almost isodiametrical and poly- 
hedral cells with few intercellular spaces, as was previously 
observed by Nayak et al.25 After 180 min of digestion (Fig. 1a2) 
a significant cell lysis was observed, resulting in a smaller 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 SEM images of beetroot samples: a-Raw, b-CD and c-FD. 1-Before in vitro gastric digestion. 2-After 180 min of in vitro gastric digestion. 



 

 

 

number of cells per unit area along with increases in the inter- 
cellular space between remaining cells. Carnachan et al.26 
studied the microstructure of kiwi pulp after in vitro gastric 
digestion for 30 min, followed by in vitro intestinal digestion 
by stirring for 120 min. Similar to the current study, these 

Table 1 Cell number per unit of  tissue surface of  raw  and  dried 
(CD and FD) beetroot before and after 180 min of in vitro gastric 
digestion. Significant differences ( p < 0.05) before and after in vitro 
digestion are indicated by different lowercase letters, among raw and 
processed samples by different capital letters and among digested 
samples by numbers (Tukey’s test, p < 0.05) 

authors observed an increase in the intercellular space after    
in vitro digestion. 

Cell walls act as the main natural structural physical bar- 
riers governing biocompound release. Pectin composition and 
the presence of other polysaccharides in the cell wall influence 
the bioaccessibility of biocompounds by interacting differently 
with the target compounds.27,28 Moreover, a strong correlation 

Sample Cell number/mm2 
 

 

Raw 289 ± 4 aC 
Raw180 171 ± 5 b2 
CD 425 ± 1 aB 
CD180 250 ± 18 b1 
FD 370 ± 40 aA 
FD180 190 ± 20 b2 

between the physical state of the chromoplast  substructures    
and the efficiency of biocompound release during digestion 
were found in previous studies.29–31 It has been observed32–34 
that drying may alter the microstructure of fruits and veg- 
etables by breaking or/weakening the cell walls, and therefore, 
modifying the release of biocompounds during digestion. 

Cells exhibited shrinkage after convective drying, as can be 
observed in Fig. 1b1, resulting in a disruption of the cellular 
structure. Several authors13,17 have agreed that during convec- 
tive drying, one of the most important phenomena is cell 
shrinkage, which leads to a major modification of the product 
structure and allows the release of water. Smith et al.35 
observed that convective drying caused cell rupture and dis- 
location resulting in a denser food porosity. This can be seen 
in Fig. 1b2, after in vitro gastric digestion, where the open 
pores on the surface of the structure have been eliminated and 
many of the interior cell walls ruptured. Fig. 1c1 shows the 
microstructure of the FD sample before in vitro digestion. A 
certain disruption and shrinkage of the cell structure was 
observed, although to a lesser extent than in convective drying. 
This effect was also observed in freeze-dried Red Fuji apple by 
Huang et al.36 and in freeze-dried Idared apple by Lewicki and 
Pawlak.37 Also, Smith et al.35 observed that freeze-dried carrots 
shrank very little but had visible surface cracks and loss of 
color. An increase in the destruction of cell-wall material can 
be observed as a result of the in vitro gastric digestion process 
(Fig. 1c2). Changes resulted in an almost complete elimination 
of the initial porous structure seen in undigested raw beetroot. 
A similar result was observed by Dalmau et al.38 in freeze-dried 
Granny Smith apples after 180 min of in vitro gastric digestion, 
when changes during digestion eliminated most of the pore 
structure observed in undigested raw apple. 

Overall, microstructural changes were observed as a result 
of both drying and in vitro gastric digestion compared to the 
undigested raw beetroot microstructure. Compared to raw 
beetroot, CD beetroot exhibited the greatest changes, both 
before and after digestion. 

3.1.2. Image analysis. Using the previously described 
method, the scanning electron microscope photographs were 
analyzed and the  cell number per unit of tissue surface and  
the cell area percentile profiles of untreated and dried beetroot 
samples before (raw, CD and FD samples) and after in vitro 
gastric digestion (raw180, CD180 and FD180) were estimated. 
Results are presented in Table 1 (cell number per unit of 

tissue surface) and Fig. 2 (cell area percentile  profiles).  In  
Fig. 2, the percentiles represent the percentages of cells whose 
areas are equal or smaller to the value obtained; thus, they can 
help to evaluate changes in the microstructure, reflecting and 
quantifying the cell size change observed in SEM images. 

As can be seen in Table 1, dried samples (CD and FD) 
before digestion exhibited significantly higher cell numbers 
per area unit ( p < 0.05) than raw beetroot, the CD sample 
being the one with the highest cell number ( p < 0.05) (47 ± 2% 
higher than in raw sample). As can be seen in Fig. 2, different 
percentile profiles were obtained for each sample. The percen- 
tage of larger areas was higher ( p < 0.05) in the raw sample 
than in CD and FD samples; for example, 80% of areas were 
smaller than 0.067 mm2 in the raw sample but smaller than 
0.016 mm2 and 0.025 mm2 in CD and FD samples, respect- 
ively. Therefore, 80% of cells were approximately 76% and 63% 
smaller ( p < 0.05) when samples were dried by convective 
drying or freeze-drying, respectively. Although both CD and FD 
samples exhibited important cell shrinkage, this effect was 
greater when beetroot was dried convectively. From these 
results it can be concluded that drying caused a collapse of the 
cell walls causing volume shrinkage, which resulted in bigger 
cell numbers per area unit and smaller sizes according to the 
percentile profiles.39,40 

All samples after gastric in vitro digestion presented signifi- 
cantly ( p < 0.05) lower cell numbers per area unit (41–49% 
less) than samples before in vitro digestion (Table 1). Ramírez 
et al.41 also observed reductions of cell numbers per area unit 
between 34 and 66% after different treatments, which can 
affect the original microstructure, such as immersion  in 
boiling water, vacuum impregnation, freezing/thawing and 
compression. Also, significantly ( p < 0.05) larger cell sizes were 
measured after in vitro gastric digestion; for example, 80% of 
areas were smaller ( p < 0.05) than 0.067 mm2 and 0.310 mm2 
in raw samples before and after 180 min of gastric in vitro 
digestion, respectively; smaller ( p < 0.05) than 0.016 mm2 and 
0.116 mm2 in CD samples before and after 180 min of gastric 
in   vitro   digestion,  respectively;  and  smaller  ( p   <  0.05) than 
0.025 mm2 and 0.130 mm2 in  FD  samples  before  and  after 
180 min of gastric in vitro digestion, respectively. However, the 
integrity of the dried samples was higher exhibiting smaller  
sizes. 



 

 

 

 
 

Fig. 2 Cell area percentile profiles of raw, convectively dried and freeze-dried samples before and after 180 min of gastric in vitro digestion. 
 

 
Therefore, in vitro gastric digestion caused considerable dis- 

ruption of the cell wall structure, which resulted in a notable 
decrease of the cell number per area unit and, at the same  
time, relevant increase of the measured areas, which could be 
attributed not only to hydration and swelling of cells but also 
to the holes left by several broken cells or cell walls. 

3.1.3. Moisture content and acidity. Table 2 shows the 
changes in moisture and acidity contents of raw and dried 
beetroot during in vitro gastric digestion.  The  initial  
moisture content (6.67 ± 0.04 g water per g dm) of raw beetroot 
was similar to  the  previously  reported  value  for  beetroot  
by Ng et al.42 No significant differences ( p < 0.05) were 

observed among the initial moisture content of raw and dried 
samples. 

The moisture content increased significantly (p < 0.05) in all 
samples after 180 min in vitro gastric digestion by about 73, 153, 
and 79% dm in raw, CD and FD samples, respectively. However, 
the most important change in moisture took  place  during  the  
first 45 min of digestion (48, 119 and 41% dm significant increase 
(p < 0.05) for raw, CD and FD samples, respectively). The CD 
sample exhibited the highest capacity (p < 0.05) to absorb water 
(153% dm) after 180 min of digestion. The equilibrium moisture 
content, measured after 24 h of in vitro gastric digestion, corre- 
sponded to significant moisture increases (p < 0.05) of 107% 

 
 

 

 

Table 2 Changes in moisture and acidity content of raw and dried beetroots during in vitro digestion. 9 replicates for each sample were done. The 
results are expressed as value ± standard deviation 

 

 Moisture content 
(g water per g dmo) 

   Acidity (g malic 
acid per g dmo) 

 

Digestion        
time (min) Raw CD FD  Raw CD FD 

0 6.67 ± 0.04Aa 6.64 ± 0.02Aa 6.60 ± 0.03Aa  0.79 ± 0.02Aa 0.85 ± 0.01Ba 0.77 ± 0.03Aa 
0.5 7.16 ± 0.01b 8.65 ± 0.02b 6.78 ± 0.02b  0.76 ± 0.01b 1.02 ± 0.05b 0.89 ± 0.02b 
10 8.28 ± 0.02c 10.39 ± 0.03c 6.93 ± 0.03c  0.82 ± 0.02c 0.98 ± 0.20b 1.00 ± 0.03c 
20 8.78 ± 0.03d 11.56 ± 0.03d 7.09 ± 0.04d  0.94 ± 0.03d 1.21 ± 0.01c 1.06 ± 0.03c 
30 8.90 ± 0.03e 12.03 ± 0.02e 7.93 ± 0.02e  1.03 ± 0.01e 1.39 ± 0.13d 1.13 ± 0.03d 
45 9.32 ± 0.04f 13.70 ± 0.02f 8.42 ± 0.02f  1.22 ± 0.01f 1.67 ± 0.15e 1.22 ± 0.06e 
60 9.89 ± 0.04g 14.60 ± 0.01g 9.31 ± 0.02g  1.43 ± 0.01g 1.81 ± 0.14f 1.26 ± 0.02f 
90 10.62 ± 0.01h 16.14 ± 0.02h 10.23 ± 0.01h  1.40 ± 0.01g 1.83 ± 0.01f 1.29 ± 0.04g 
120 10.80 ± 0.02i 16.46 ± 0.02i 10.52 ± 0.03i  1.45 ± 0.02g 1.83 ± 0.03f 1.34 ± 0.06h 
180 11.61 ± 0.03j 16.82 ± 0.01j 11.87 ± 0.01j  1.44 ± 0.02g 1.82 ± 0.05f 1.42 ± 0.04i 
Ceq. 13.82 ± 0.02k 18.12 ± 0.02k 14.96 ± 0.02k  1.43 ± 0.11g 1.80 ± 0.06f 1.58 ± 0.09j 

Different lowercase letters for the same parameter and same sample indicates significant differences in time. Different capital letters for the same 
parameter indicate significant differences between initial samples. 



 

 

 

dmo, 153% dmo and 109% dm for raw, CD and FD samples, 
respectively. This could be due to the damage of the cellular struc- 
ture caused by drying, which facilitated water transport within the 
food matrix.43 Previous in vitro and in vivo studies have also 
reported increases in food moisture content during gastric diges- 
tion. For example, Bornhorst et al.44 observed moisture content 
increases of 75 and 23% dm in white and brown rice after 
180 min of in vivo  digestion in pigs, and  Bornhorst  et  al.45 
observed moisture content increases of  79  and  95%  dm  in  raw  
and roasted almonds after  120  min  of  in vitro  digestion.  Dalmau 
et al.38 reported that the  moisture  content  increased  after  180 min 
of in vitro digestion in raw, freeze-dried and convective-dried  
Granny Smith apples by 6 ± 1, 8 ± 1 and 11 ± 2% dmo, respect- 
ively, the convectively dried  sample  being  the  one  with  the 
highest water content. 

The initial acidity of  raw  beetroot  (0.79  ±  0.02  g  per 
100 g dmo) was within the range (0.7–0.9 g malic acid per  
100 g dmo) previously reported by Chandra et al.46 No signifi- 
cant differences were observed between the acidity of the raw 
and dried samples. The acidity of all samples significantly 
increased during in vitro digestion, the highest increases 
taking place during the first 60 min (82 ± 1, 113 ± 1 and 57 ± 
1% dmo, in raw, CD and FD  samples,  respectively).  After 
180 min of digestion, the acidity gains were of 83 ± 1, 114 ± 1 
and 78 ± 1% dmo, in raw, CD and FD samples, respectively. 

CD samples exhibited acidity gains significantly ( p < 0.05) 
higher during digestion than the raw sample. The microstruc- 
tural changes during drying and digestion promoted the 
damage of cell walls resulting in different rates of acid uptake. 
The equilibrium acid content in CD and FD samples (1.80 and 
1.58 g per 100 g dmo, respectively) was significantly higher ( p < 
0.05) than that of the raw sample (1.43 g per 100 g dmo). The 
results obtained in this study are the opposite to those obtained 
by Dalmau et al.,38 where they observed that raw, CD and FD 
acidity of Granny Smith apples significantly decreased during 
in vitro digestion. The decreases in acidity during digestion 
observed in this previous study were hypothesized to be caused 
by the higher acidity of raw apples before digestion (5.1 ± 0.2 g 
per 100 g malic acid), which might be higher than the acidity of 
the gastric  juice. However, the acidity of  raw  beetroot  before 

digestion was 0.79 ± 0.02 g per 100 g dmo malic acid, which was 
significantly lower than the acidity of the gastric juice,  resulting 
in acid uptake by beetroot when immersed in gastric juice. 
Similarly, Mennah-Govela et al.47 observed acidity increases in 
sweet potatoes, during in vitro gastric digestion. 

3.2. Release of bioactive compounds 

Table 3 shows the TPC and AA (measured using the ABTS, 
CUPRAC and FRAP methods) of raw and dried samples. The 
same initial TPC in raw samples (4.2 ± 0.2 mg GAE per g dm) 
was previously  reported  for  Beta  vulgaris  beetroot  by   
Kujala et al.48 

Beetroot samples after processing (drying followed by 
rehydration, CD and FD  samples)  exhibited  significant  
changes ( p < 0.05) in their  bioactive  compound  content.  
When comparing the results for the  dried  samples  (CD  and  
FD) to those for the raw one, it can be seen that processing 
promoted higher ( p < 0.05) TPC losses in the FD  sample  
(74%) than in the CD  sample  (41%).  Guiné  et  al.49  reported 
no significant TPC changes due to convective drying and freeze-
drying of cucumber,  concluding  that  these  processes  do not 
affect the TPC. In other cases, the TPC of the samples decreased 
due to drying, exhibiting similar behavior to that observed in  
this  study.  Vega-Gálvez   et   al.50   and   Ferreira et  al.51  
reported TPC  decreases  of  74%  and 68% after convec- 
tive drying (60 °C and  2 m s−1) of red pepper and sun-drying 
of pear, respectively, compared to raw samples. Asami et al.52 
reported TPC decreases of 33% in strawberries after freeze- 
drying. 

Three methods were used to evaluate  the  antioxidant  
activity (AA) of both the beetroot samples and the gastric juice: 
ABTS, CUPRAC and FRAP analyses. Due to the fact that each 
method is based on a different chemical system  and/or  reac-  
tion, different results of AA could be expected, depending on   
the method used for analysis. The  selection  of  different  
methods allows a better understanding of the wide variety and 
range of action of antioxidant compounds present in  beet-  
root.53  The  average  values  for  the  AA  of  raw  beetroot  were 
12.4 ± 0.9, 25.5 ± 0.9 and 12.1 ± 0.8 mg Trolox per g dmo as 
measured by the ABTS, CUPRAC and FRAP methods, respect- 

 
 

 

Table 3 TPC and AA (measured using the ABTS, CUPRAC and FRAP methods) of raw and dried samples. 9 replicates for each sample were done. 
The results are expressed as value ± standard deviation 

Antioxidant activity (mg Trolox per g dmo) 
 

 TPC (mg GAE per g dmo) ABTS CUPRAC FRAP 

Co Beetroot cubes Raw 4.2 ± 0.2 a 12.4 ± 0.9 a 25.4 ± 0.9 a 12.1 ± 0.8 a 
 CD 2.5 ± 0.2 b 6.3 ± 0.3 b 9.7 ± 0.8 b 5.8 ± 0.4 b 
 FD 1.1 ± 0.2 c 8.3 ± 0.7 c 9.1 ± 0.8 b 5.8 ± 0.4 b 
Ceq. Beetroot cubes Raw 2.20 ± 0.02 a 4.46 ± 0.18 a 4.24 ± 0.18 a 5.3 ± 0.2 a 
 CD 0.77 ± 0.03 b 0.12 ± 0.02 c 0.09 ± 0.02 b 0.84 ± 0.07 b 
 FD 0.51 ± 0.02 b 0.41 ± 0.03 b 0.09 ± 0.02 b 0.37 ± 0.02 c 
Ceq. Gastric juice Raw 5.21 ± 0.02 a 31.16 ± 0.09 a 54.63 ± 0.06 a 43.78 ± 0.06 a 
 CD 5.28 ± 0.02 b 17.83 ± 0.08 b 35.77 ± 0.06 b 30.21 ± 0.08 b 
 FD 2.25 ± 0.02 c 13.46 ± 0.11 c 16.07 ± 0.06 c 25.63 ± 0.06 c 

Different lowercase letters for the same parameter indicates significant differences between samples. 



 

 

 

ively. The same initial values of ABTS and FRAP in raw 
samples was previously reported for Beta vulgaris beetroot by 
Sawicki et al.54 and Raikos et al.,55 respectively. 

After processing, the AA decreased more ( p < 0.05) in the 
CD sample (49%) than in the FD  sample (33%) according to    
the ABTS method, and by approximately the same according to 
CUPRAC (62–64% decrease) and FRAP (52% decrease) 
methods. Loncaric et al.56 measured an AA decrease (ABTS 
method) in freeze-dried Fuji apples of ca. 64%. 

In order to evaluate the release of bioactive compounds 
during the in vitro gastric digestion of  beetroot  samples  
(raw, CD and FD samples), the total polyphenol content (TPC) 
and the antioxidant activity (AA) were measured at different 
times during the experiments in both the food and gastric 
juice. 

Fig. 3 shows the release of TPC (Fig. 3a) and AA (measured 
using the ABTS method in Fig. 3b, CUPRAC method in Fig. 3c, 
and FRAP method in Fig. 3d) of raw and dried beetroot matrix 
during 180 min of in vitro gastric digestion. The equilibrium 
values (after 24 h of in vitro gastric digestion) used to estimate 
the release according to eqn (1) are shown in Table 3. It can be 
seen that both TPC and AA initial (before digestion) were lower 
in processed samples than raw samples. 

The TPC releases from the raw, CD and FD samples (after  
180 min of in vitro gastric digestion) were 1.9 ± 0.1, 1.6 ± 0.1 
and 0.6 ± 0.1 mg gallic acid per g dmo, respectively. Also, the  
AA measured using the CUPRAC method was decreased ( p < 
0.05) by 14.6 ± 0.6 mg Trolox per g dm in the raw sample, but 
by 6.8 ± 0.4 and 6.0 ± 0.4 mg Trolox per g dmo in CD and FD 
samples, respectively. However, when the AA was measured 
using the ABTS and FRAP methods, decreases ( p < 0.05) were 
less different. These results indicate that although the biocom- 
pound contents were significantly ( p < 0.05) lower in processed 
samples, the total quantity released from these samples was 
comparable, probably due to the  damaged  microstructure  
which eased the mass transfer  between  the  solid  and  the 
gastric juice. 

Dried beetroot exhibited higher release ( p < 0.05) of TPC 
(64.1 ± 0.6 and 53.6 ± 0.9% in CD and FD samples, respect- 
ively) than in the raw  sample  (46.6 ± 0.2%) after 180  min of   
in vitro gastric digestion. Similar decreases in TPC (of 44.6%) 
were reported by  Bouayed et  al.57 in Jonaprinz apples  during 
60 min of in vitro  gastric digestion. Kamiloglu et  al.58 observed 
a 65% decrease in the TPC of black carrots after 120 min of       
in vitro gastric digestion. Chen et al.59 observed that TPC sig- 
nificantly decreased in 25 of the 33 studied fruits (8–73%) and 

 
 

 

 

Fig. 3 Release of TPC (A) and AA (B: ABTS, C: CUPRAC and D: FRAP) from the raw and dried beetroot samples during in vitro digestion. 



 

 

 

increased in the remaining eight, during the gastric stage of   
in vitro digestion. These results indicate that not only the 
initial TPC value, but also the structure of the food matrix, 
may be important in the release of nutrients from food 
matrices during digestion. 

Although raw beetroot exhibited the highest AA  figure  
before digestion, this sample had the smallest  release  ( p <  
0.05) (53 ± 1% as the average of the three ABTS, CUPRAC and 
FRAP methods) after 180 min of in vitro gastric digestion. The 
AA releases in dried samples after 180 min of digestion were 
higher ( p < 0.05) (82% in the CD sample and 76% in FD 
samples, as averages).  Thus,  both  drying  treatments  altered 
the cellular structure resulting in samples with higher release. 

The total polyphenol content (TPC) and antioxidant activity 
(ABTS, CUPRAC, and FRAP methods) were also measured in 
the gastric juice at different times, including 24 h to estimate 
the equilibrium figure, during the in vitro gastric digestion of 
raw and dried samples. 

To facilitate the interpretation of the results, the TPC and 
AA figures measured in the gastric juice, including the equili- 
brium figures measured after 24 h of in vitro gastric digestion, 

were expressed in mg g−1 dm taking into account the mass of 
sample/volume of gastric juice ratio used in the experiments 
and the moisture content of beetroot samples at each time 
during the in vitro gastric digestion experiments. The equili- 
brium TPC and AA figures, expressed using this methodology, 
are also shown in Table 3. 

It can be seen in Table 3 that the equilibrium TPC and AA 
were significantly higher than the expected values, taking into 
account the initial figures in the solid matrix. After 24 h of     
in vitro gastric digestion, the TPC in the gastric juice was 25%, 
114% and 104% higher ( p < 0.05) than the initial concen- 
tration in raw, CD and FD beetroot, respectively. Similarly, the 
AA in the gastric juice increased more than was expected, the 
equilibrium AA being 61–182% (ABTS method), 76–270% 
(CUPRAC method) and 262–420% (FRAP method) higher than 
the initial AA in beetroot samples. It is worth mentioning that 
the highest increases were observed in CD samples. These TPC 
and AA increases in gastric juice after in vitro digestion could 
be due to the degradation of molecules with no original anti- 
oxidant activity, present in the food matrix, to smaller mole- 
cules with antioxidant activity; it may also be that there are 
molecules with initial antioxidant activity but then they 
degrade and lose that activity. However, the balance between 
the two effects is positive and there is a release greater than 
100%. Wootton-Beard et al.60 pointed out that the pH of a sub- 
stance is known to affect the racemisation of molecules, poss- 
ibly creating two chiral enantiomers with different biological 
reactivities. In the literature, there is also the suggestion that 
depending on the structural changes which occur, the result- 
ing metabolites may react differently across different assays. 
Fazzari et al.61 indicated that moderate increase in the total 
phenolics and a slight increase in anthocyanins for frozen 
sweet cherries following pepsin digestion were possible 
because pepsin digestion released phenolic compounds from 
the cherry fruit matrix. Additionally, further increases in anti- 

oxidant activity could be caused by the acid pH of digestion 
(∼2), which favors the formation of some anthocyanin deriva- 
tives. Similar increases in anthocyanins following pepsin 
digestion have been observed for pomegranate juice.62 
Furthermore, Rodríguez-Roque et al.63 indicated that the low 
pH and the enzyme action of gastric digestion could hydrolyze 
phenolic compounds bound to proteins and carbohydrates 
from orange, kiwi and pineapple juice, increasing the concen- 
tration of phenolic compounds after digestion. There is also 
the suggestion that depending on the structural  changes  
which occur during digestion, the resulting metabolites may 
react differently across different assays. The release of certain 
antioxidant components from food constituents with no orig- 
inal antioxidant activity such as amino acids, sugars and 
uronic acids may increase the values of certain total anti- 
oxidant capacity assays, leading to overestimated results if the 
antioxidant activity of a specific compound is compared before 
and after digestion.64 Also, it has been previously reported that 
polyphenols and other food constituents such as glucids, 
amino acids and proteins in aqueous solutions may produce a 
positive result in ORAC and TEAC antioxidant capacity 
assays.65 

In order to estimate the release of the biocompounds in the 
gastric juice according to eqn (2), the maximum concentration 
was considered to be equal to the initial concentration in the 
beetroot sample before digestion (Table 3). Results of release    
in gastric juice are shown in Fig. 4 (for TPC in Fig. 4a; for AA 
according to ABTS, CUPRAC and FRAP methods in Fig. 4b, c 
and d, respectively). 

It can be seen in Fig. 4 that the TPC and AA  release 
measured in the gastric juice after 180 min of in vitro gastric 
digestion was higher than 100% in all cases. TPC release 
increased ( p < 0.05) by 132%, 188% and 140% in raw, CD and 
FD samples, respectively, in comparison with the maximum 
estimated quantity (initial TPC in beetroot samples before 
digestion). These increments were even higher ( p < 0.05) in the 
AA release (154–279% according to the ABTS method; 168–
331% according to the CUPRAC method; and 369–537% 
according to the FRAP method). When comparing among beet- 
root samples, it can be observed that the CD sample exhibited 
the highest release in all cases. 

These trends may indicate that drying treatments altered  
the cellular structure such that the dried beetroot released a 
higher amount of polyphenols and antioxidant compounds  
and provoked the degradation of molecules with no original 
antioxidant activity to smaller molecules with antioxidant 
activity during in vitro gastric digestion. 

3.3. Mass transfer kinetics 

The Weibull model was used to mathematically describe the 
release kinetics for both the release of the total polyphenol 
contents and the antioxidant activity from the beetroot matrix 
and their uptake by gastric juice during in vitro digestion. 
Using the experimental results obtained at different digestion 
times, the α and β parameters of the Weibull model were 
identified for each measured quantity in each sample, and the 
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Fig. 4 Release of TPC (A) and AA (B: ABTS, C: CUPRAC, and D: FRAP) in the gastric juice from the raw and dried beetroot samples during in vitro 
digestion. 

 

Table 4 Release of the TPC (A) and AA (B: ABTS, C: CUPRAC and D: FRAP) from raw and dried beetroot samples during in vitro digestion. 
Equilibrium values, identified parameters of the Weibull model and confidence interval (CI) and standard error (SE) associated with each parameter 

 

 Ψeq. α × 10–3 (s) CI (s) SE β CI SE MRE 

TPC Raw 47.3 ± 0.2 1.219 [1.114, 1.673] 0.121 0.465 [0.430, 0.643] 0.046 1.9 
 CD 68.1 ± 0.3 3.889 [3.538, 4.239] 0.152 0.942 [0.817, 1.068] 0.054 2.2 
 FD 53.6 ± 0.8 0.990 [0.974, 2.724] 0.379 1.137 [0.218, 0.508] 0.063 5.9 
AA (ABTS) Raw 63.9 ± 1.8 4.340 [3.618, 5.063] 0.313 0.351 [0.301, 0.402] 0.022 1.5 
 CD 98.0 ± 0.1 3.538 [2.835, 4.242] 0.305 0.904 [0.642, 1.165] 0.113 7.0 
 FD 95.1 ± 0.3 1.208 [0.890, 1.527] 0.138 0.313 [0.254, 0.372] 0.025 5.6 
AA (CUPRAC) Raw 83.4 ± 1.8 7.221 [5.620, 8.894] 0.710 0.524 [0.438, 0.684] 0.053 3.9 
 CD 99.09 ± 0.09 8.035 [6.816, 9.254] 0.528 0.619 [0.527, 0.712] 0.040 3.2 
 FD 98.96 ± 0.02 9.092 [6.217, 16.54] 2.238 0.610 [0.336, 0.691] 0.077 5.7 
AA (FRAP) Raw 56 ± 2 2.406 [2.090, 2.722] 0.137 0.708 [0.587, 0.829] 0.053 2.0 
 CD 85.6 ± 0.7 2.277 [1.867, 2.687] 0.178 0.740 [0.562, 0.918] 0.077 5.2 
 FD 93.7 ± 0.2 8.902 [3.801, 27.57] 5.154 0.482 [0.179, 0.410] 0.050 6.0 

 
corresponding confidence intervals and the standard error 
associated with the parameters were estimated. Also, the mean 
relative error (MRE, eqn (4)) was calculated by comparing 

the definitions described in eqn (3) and (4), together with the 
Weibull model (eqn (3)). 

experimental and predicted values. Tables 4 (measurements     h t)β 
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carried out on the food matrix) and 5 (measurements carried 
out on the gastric juice) show these results. The simulated 
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dashed lines. The release in beetroot cubes and in gastric juice 
(eqn (5) and (6), respectively) is calculated taking into account 

The obtained MREs (Tables 4 and 5) were similar to or 
lower than 8.5% in most of the cases. From these results 
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Table 5 Uptake of TPC (A) and AA (B: ABTS, C: CUPRAC, and D: FRAP) in the gastric juice during in vitro digestion. Equilibrium values, identified 
parameters of the Weibull model and corresponding confidence interval (CI) and standard error (SE) associated with each parameter 

 

  Ψeq. α × 10–3 (s) CI (s) SE β CI SE MRE 

TPC Raw 125 ± 7 2.451 [2.213, 2.501] 0.061 1.355 [1.246, 1.602] 0.077 1.5 
 CD 210 ± 10 3.387 [2.994, 3.984] 0.215 0.848 [0.622, 0.916] 0.064 6.5 
 FD 204 ± 7 6.542 [2.832, 7.855] 1.089 0.285 [0.220, 0.510] 0.063 3.9 
AA (ABTS) Raw 252 ± 7 2.652 [2.082, 2.937] 0.185 0.888 [0.677, 1.150] 0.103 8.4 
 CD 282 ± 3 1.890 [1.424, 2.002] 0.125 0.805 [0.625, 1.035] 0.089 5.9 
 FD 161 ± 3 2.044 [1.687, 2.248] 0.122 0.609 [0.571, 0.826] 0.055 4.0 
AA (CUPRAC) Raw 214 ± 2 2.812 [2.519, 2.901] 0.079 0.850 [0.776, 0.946] 0.037 3.9 
 CD 370 ± 9 3.583 [3.208, 3.937] 0.158 0.820 [0.659, 0.867] 0.045 5.0 
 FD 176 ± 9 2.909 [2.266, 3.012] 0.162 0.570 [0.539, 0.770] 0.050 3.5 
AA (FRAP) Raw 360 ± 10 0.823 [0.624, 1.486] 0.098 0.777 [0.569, 1.471] 0.063 5.0 
 CD 520 ± 4 2.097 [1.669, 2.112] 0.091 0.820 [0.698, 0.974] 0.060 3.7 
 FD 443 ± 9 2.204 [1.844, 2.437] 0.060 0.871 [0.776, 0.958] 0.039 2.3 

 

(Tables 4 and 5), and the comparison with the experimental 
results shown in Fig. 2 and 3, it can be concluded that the pro- 
posed model successfully simulated the release kinetics of the 
different measured quantities in raw and drying beetroots 
during in vitro gastric digestion. Dalmau et al.38 also simulated 
satisfactorily the mass transfer kinetics of the different com- 
pounds using the Weibull model in raw and processed apples 
during in vitro gastric digestion. 

It can be seen in Table 4 that the α parameter for TPC 
release increased 219% in CD samples and decreased 18.5% in 
FD samples compared to the value for the raw sample. This 
indicates a decrease in the rate of change of TPC of CD 
samples, and a slight increase in the FD sample. The β para- 
meter for TPC loss kinetics was 0.465 in the raw sample but 
close to 1 in CD and FD samples. This indicates that, in dried 
samples, the kinetic was close to a first-order kinetic with a 
constant input rate.20 

Regarding the AA change kinetics measured by the ABTS 
method, α decreased by 23 and 72% in CD and FD samples, 
compared to the raw sample. The α figure for the AA change 
kinetics measured using CUPRAC and FRAP was similar in 
both raw and CD samples (only 11% higher and 5% lower in 
the CD sample according to the CUPRAC and FRAP assays, 
respectively) but was much higher in the FD sample (26% and 
270% higher in the FD sample according to CUPRAC and 
FRAP assays, respectively). The identified β parameter for AA 
change kinetics was lower than 1 in all cases, indicating con- 
vexity in the change curves and thus, a decreasing change rate 
over time. However, the β figures showed different trends 
depending on the method used to measure the AA. It can be 
seen that the β parameter for the CD sample according to all 
methods was higher than those for the other samples.  This 
may indicate that convective drying eased the release of pheno- 
lic compounds during in vitro digestion. These different ten- 
dencies may indicate that although graphical trends are  
similar, their fundamental mechanisms of mass transport may 
have been modified by the processing method. 

With regard to the identified figures for the Weibull model 
parameters for the kinetics of TPC increases in the gastric 
juice, α values for the raw and CD samples were similar and 
significantly lower than those for extraction from the FD 

samples (increased 167% in comparison with that for the raw 
sample), reflecting the slower process of TPC release from the 
FD sample to the gastric juice. As can be seen in Fig. 4, most 
of the TPC release from the FD sample took place during 
the first 10 min of the digestion, the release kinetic later on 
being slower. On the other hand, the β parameter was higher 
than 1 for the extraction rate of TPC for gastric juice from the 
raw sample but lower than 1 for the rest of the samples. This 
could be explained by the fact that the original cellular struc- 
ture of the raw sample prevents the TPC release. Thus, the 
extent of the effects of the gastric juice components in modify- 
ing the structure to facilitate the release increased with time. 
In dried samples, the TPC extraction rate remained high from 
the beginning of the gastric digestion probably because the 
original structure of the food matrix was already altered. 

Results of AA in gastric juice during in vitro digestion fol- 
lowed trends similar to those observed for the TPC. The gastric 
juice from FD sample digestion exhibited the lowest AA, 
together with those for the CD sample, both with higher  α  
figures and lower equilibrium values (Table 5) than those 
obtained for the raw sample. On the other hand, the  β  para- 
meter was lower than 1 for the extraction rate of AA for gastric 
juice for all samples with all assays. The β parameters for the  
raw and CD samples  were  similar  and  significantly  higher 
than that for extraction from the FD samples with ABTS and 
CUPRAC assays (increased 32% in comparison  with  that  for 
the raw  sample). This could also be explained by the fact that   
the original cellular structure of the raw sample prevents AA 
release, and in the same way, the extent of the effects of the 
gastric juice components in modifying the structure  to  facili- 
tate the release increased with time. 

These results further confirm the above-mentioned finding 
that drying of beetroot affects the microstructure facilitating 
the extraction of polyphenols and antioxidant  compounds 
from the beetroot matrix during in vitro gastric digestion. 

 
 
4. Conclusions 
Drying modified the microstructure and initial composition of 
dried beetroot compared to raw beetroot. Microstructural ana- 



 

 

 

lyses indicated significant cellular damage and changes as a 
result of drying and in vitro gastric digestion. These structural 
modifications resulted in behavioral changes in beetroot 
during in vitro gastric digestion. In general, dried beetroot 
showed faster decreases in titratable acidity while moisture  
content increases were higher in processed samples, compared 
to raw beetroot, during in vitro gastric digestion. Although 
drying promoted decreases in total polyphenol content and 
antioxidant activity before in vitro gastric digestion, dried beet- 
root showed higher release and better release of bioactive com- 
pounds (TPC and AA). However, the TPC and AA increases in 
gastric juice were higher than the corresponding decreases in 
beetroot during in vitro digestion, possibly due to the degra- 
dation of molecules with no original antioxidant activity, 
present in the food matrix, to smaller molecules with anti- 
oxidant activity. Moreover, it was observed that the CD sample 
exhibited both a higher loss of phenolic compounds and a 
higher gain of these compounds in gastric juice, leading to the 
conclusion that this drying process favors the release of the 
phenolic compounds of beetroot more than in the  FD  
samples. Furthermore, the Weibull model allowed the satisfac- 
tory description of the mass transfer process occurring during 
in vitro digestion, of both the antioxidant compounds leaving 
the beetroot matrix,  and the uptake of these compounds by  
the gastric juice. Weibull model parameters were utilized to 
compare the rate of release/uptake of antioxidant and pheno- 
lic compounds from beetroot, and it was observed that drying 
increased the release of antioxidant and phenolic compounds 
during in vitro gastric digestion. Given the limited knowledge 
that is available on this subject at present, it would be inter- 
esting to investigate further to better understand how proces- 
sing can modify the structural characteristics of the ingested 
foods to modulate the release of active compounds in food  
matrices. 

 
 
Nomenclature 
AA Antioxidant activity (mg Trolox per g dmo) 
Cmax Maximum concentration (g g−1 dmo or g per 100 g dmo) 
Co Initial concentration (g g−1 dmo or g per 100 g dmo) 
Ccalc Calculated concentration (g g−1 dmo or g per 100 g dmo) 
Ceq Equilibrium concentration (g g−1 dmo or g per 100 g dmo) 
Cexp Experimental concentration (g g−1 dmo or g per 

100 g dmo) 
CD Convective drying 
Ci Concentration at time i (g g−1 dmo or g per 100 g dmo) 
CI Confidence intervals 
dm Dry matter (g) 
dmo Initial dry matter (g) 
FD Freeze-drying 
GAE Gallic acid equivalent 
MRE Mean relative error (%) 
SE Standard error of the estimated parameters 
SEM Scanning electron microscopy 
TPC Total polyphenol content (mg GAE per g dmo) 

α Inverse kinetic reaction constant of the Weibull model (s) 
β Shape parameter of the Weibull model 
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