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Abstract The effect of the combination of maltodextrin DE
10 (MD) and native agave fructans (FR) in concentrations of
0, 2, and 4% (w/v) on the rheological properties, microstruc-
ture, and water sorption of spray-dried chayote and pineapple
powders was evaluated. A 10% (w/v) maltodextrin treatment
was used as a control to compare treatments added with
fructans. The scanning electron micrographs revealed spheri-
cal particles in a range from 16 to 105 um with shrinkage,
whereby greater caking and agglomeration occurred among
particles in treatments with native agave fructans. The flow
behavior of all juices can be described by the Bingham model
with low plastic viscosities (0.0026 to 0.0030 Pa s Dz the
isotherms of the powders show a sigmoid shape pointing to
the easy union of the fructans with water molecules. These
types of isotherms are common for non-porous foods, and are
indicative of physical adsorption in multi-layers where the
adsorbate conserves its identity.
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Introduction

Pineapple and chayote are highly regarded due to their taste
and nutritional value. Both pineapple and chayote are recog-
nized because of its high content in antioxidants such as poly-
phenols, carotenoids, and vitamin C, and chayote is addition-
ally an important source of folic acid. There is an increasing
interest in highly nutritious and instant foods, which is why
the concentrated juice powder of these fruits could be an ex-
cellent and profitable option for consumption. In this way,
chayote is mainly produced in Mexico and unknown in most
countries. Due to the physical characteristics of the different
types of fruit and the environmental conditions in the growing
regions, large amounts of the harvested fruit fall short of the
minimum quality standards for direct use and result in signif-
icant losses.

In recent years, new processes have been under develop-
ment in order to achieve commercialization for fruit that fails
to meet quality standards—the idea is to create products
higher in quality and with greater added value. In this sense,
the production of fruit powders is a better alternative for the
use of raw material that fails to meet quality standards for
exportation. Spray-drying is an alternative process for prod-
ucts which are sensitive to heat and has been used successfully
in fruit juices (Bhandari et al. 1993; Caliskan and Dirim
2016); the result is a product that has acceptable sensory char-
acteristics and that is also stable for storage. The use of addi-
tives is necessary to increase Tg in order to ensure proper
control of the spray-drying process in fruit juices and the qual-
ity of the obtained products (Mujumdar 1995). The average
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added amount has been reported between 30 and 75% (w/v)
(Fernandes et al. 2013a; Fernandes et al. 2013b; Shrestha et al.
2007), which stands in function of the total solid content of the
particular juice to be processed. One of the challenges in the
production of fruit powders is the reduction of viscosity to
improve their drying, handling, and storage. The stickiness
of fruit powders is mainly due to the presence of low molec-
ular weight sugars such as fructose, glucose, sucrose, and
some organic acids in the fruit. These sugars and organic acids
are very hygroscopic in their amorphous state and have low
glass transition temperatures (Sablani et al. 2008). To over-
come this undesirable situation, the use of different substances
high in molecular weight, such as gum Arabic and maltodex-
trin with different dextrose equivalents (DE), has been not-
ed—the aim being to increase glass transition temperature of
the sample, reduce stickiness, and produce free-flowing pow-
ders with improved handling and enhanced quality (Mosquera
et al. 2010). Maltodextrin is currently the most widely used
additive employed to obtain fruit powders; it satisfies produc-
tion demands and is low in cost (Dibtaxi et al. 2000; Tan et al.
2015). Maltodextrins consist of D-glucose units with mainly
1,4-glycosidic bonds and are classified according to their dex-
trose equivalent value.

The DE of a maltodextrin determines its stabilizing capac-
ity and is inversely related to its mean molecular weight
(Caliskan and Dirim 2013). Recent studies have attributed
agave fructans with thermal protective and encapsulating
properties, as well as technological functions as stabilizers
(Espinosa-Andrews and Urias-Silvas 2012). However, little
information is available on the influence of native agave
fructan concentration as a spray-drying stabilizer, nor on their
effect on water sorption and on the reconstituted powder’s
microstructure and rheology. These effects can be studied
through moisture absorption characterization of the products
with water sorption isotherms. This contributes to the correct
assessment of storage conditions, packaging, prediction of
shelf life, and comprehension of physico-chemical changes
that intervene in the production process (Tunc and Duman
2007). In this sense, numerous mathematical models have
been proposed to describe the behavior of moisture absorption
of foods. In general, these models can be divided into various
categories: kinetic models based on a monolayer (BET mod-
el), and kinetic models based on a multilayer and condensed
film (Guggenheim-Anderson-de Boer, GAB model).

The reconstituted powders are fluids that can be classified
according to their response to deformation in the linear (LVR)
and non-linear viscoelastic (n-LVR) region. In particular, large
amplitude oscillatory shear (LAOS) deformation permits vary-
ing experiments depending on whether suitable conditions for
examining the material response within LVR are present, and to
obtain additional information in n-LVR. LVR is related to the
structural arrangement, while n-LVR is associated with the me-
chanical response when the food structure has been mostly
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deformed (Harte et al. 2007). The n-LVR is more related to
consumer perception than the LVR (Guggisberg et al. 2009;
Nuilez-Santiago et al. 2001).

Currently, few reports on the use of agave fructans as ad-
ditives in the spray-drying process of fruit, or their use in the
reduction of conventionally used materials, such as MD exist.
In this sense, the objective of this study was to evaluate the
effect of adding agave fructans and maltodextrin DE 10 on
rheology, microstructure, and water sorption in spray-dried
chayote (Sechium edule) and pineapple (Ananas comosus)
juices.

Materials and Methods
Raw Materials

Chayote and pineapple fruit in consumption degree of ripe-
ness were obtained in Tepic, Nayarit, and subsequently
washed and disinfected in a sodium hypochlorite solution
(NaClO) at 200 ppm (0.02%). Then, they were peeled and
the juice of these fruits was obtained using a conventional
extractor; maltodextrin D10 or native agave fructans were
added for homogenization using an electric laboratory homog-
enizer (PRO Scientific. Inc. 300 PC) at 350 rpm during 15 min
and filtered in a No. 50 filter sieve. One liter of homogenized
juice was used for each test.

Spray-Drying

A pilot dryer (model LPG-5, CIMA Industries Inc.) equipped
with a rotatory nozzle was used for the spray-drying process
with a feed rate of 15 mL min !, 2.5 bar and juice feed tem-
perature 25 °C, air inlet 9.4 m/s and temperature 120 °C,
maltodextrin concentration 10% (m/v), and three fructan con-
centrations 0, 2, and 4%. The inlet temperature and maltodex-
trin concentrations were determined in preliminary studies.

Physico-Chemical Properties of Powders
Moisture Content

The content of moisture was determined using the
thermobalance method (Nollet and Toldra 2015). A
thermobalance Sartorius MA 35 was used and operated at a
temperature of 75 °C at constant weight.

Water Activity

Water activity was determined by an Aqualab 4TEV
(Decagon devices). Five grams of sample was placed inside
the chamber where the water activity is determined by the dew
point principle.
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Hygroscopicity

This analysis was carried out according to the methodology
described by Al Kahatani and Hassan (Al-Kahtani and Hassan
1990; Tonon et al. 2011).

Solubility

The Eastman and Moore methodology, modified by Cano
et al., was used (Cano-Chauca et al. 2005).

Bulk Density

Twenty grams of sample was placed in a test tube of 100 mL,
then stirred in a vortex for 5 min. Bulk density was calculated
by the powder mass flow rate and the final volume; the result
was reported in grams per cubic centimeter (Goula and
Adamopoulos 2008).

Wettability

The static method described by Freuding was used. The wet-
tability was expressed as the necessary time for 1 g of powder
to disappear from the water surface (Fuchs et al. 20006).

Drying Yield

Spray-drying yield was evaluated by the determination of the
product recovery given by the percentual ratio (dry basis)
between the total mass of product recovered by the mass of
juice fed to the system (Fazaeli et al. 2012).

Scanning Electron Microscope

A scanning electron microscope (model SEC 3200 M,
SEMICOM Korea) with an accelerating voltage of 20 kV
was used. Two to 5 mg of sample powder were fixed on a
double-sided adhesive tape and placed onto a metallic slide.
The samples were then metalized with gold during 2 min.

Rheological Properties of Juices

The rheometric measurements were carried out with a con-
trolled stress rheometer (Model AR-G2 TA Instruments with
Software Trios v4.0.1) using concentric cylinder geometry
(exterior cylinder diameter 21.96 mm, interior cylinder diam-
eter 20.38 mm, height 59.50 mm, gap 500 um), under a con-
stant temperature of 25 °C, maintained in a circulating water
bath and AG2 heater. The flow behavior was analyzed in a
simple shear flow and low cutting speed in a range of 5 to
200 s . Juices were reconstituted based on the total soluble
solids of the fresh juice. The experimental data of fresh or
reconstituted juices were fitted to different flow models such

as Newtonian (Eq. 1), Bingham (Eq. 2), and Ostwald-de-
Waele (power law model) (Eq. 3).

T=1ry (1)
=0 = 177 (2)
T=KY' (3)

where 7 is the shear stress (Pa), 7 is the shear rate (sH, 7 1is the
viscosity (Pa s '), 1 is the plastic viscosity (Pa s '), 7 is the
yield stress (Pa), K is the consistency index (Pa'? s™), and n is
the flow behavior index.

The best rheological model for describing the flow behav-
ior of juices was selected by comparing the value of correla-
tion coefficient, R>.

Analysis of Moisture Adsorption

The isotherms were determined using a vapor sorption ana-
lyzer (VSA) (Aqualab, Decagon Devices, Inc. Pullman,
W.A.) SOFTWARE VSA Dowlander. The isotherms were
obtained at a temperature of 45 °C using approximately
300 mg of the sample—models were adjusted with BET and
GAB models (Eq. 4 and Eq. 5).

my.C.a,,

M= a0+ (1) “)

whereby:

M moisture content, kg water/kg dry mass
mo monolayer moisture content

C  material constant, related to heat sorption.
a,, water activity

my .C.k.aw

M = kan) (1 (C-1) ) )

whereby

M moisture content, kg water/kg dry mass

mo monolayer moisture content

C  Guggenheim constant, product characteristics and
related to monolayer heat sorption

K Correction factor related to multi-layer heat sorption

a,, ~ water activity

The performance of non-linear models has been approved
in different branches as irrigation (Valipour 2016a), climate
change (Valipour et al. 2017), meteorology (Valipour 2016b),
and food engineering (Shamsudin et al. 2013).
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Differential Scanning Calorimetry

The glass transition temperatures (Tg) of the treatments at
different concentrations of native agave fructans were estimat-
ed using a calorimeter (DSC, Q2000 TA-Instruments, New
Castle, DE, USA). In general, 4 mg of sample equilibrated
at 25 °C was heated in hermetic aluminum crucibles. A
heating ramp of 20 to 200 °C at 10 °C/min was used. An
empty hermetically sealed aluminum crucible was used as
reference. The DSC was calibrated with metallic Indian stan-
dard for temperature. The calorimeter was purged with nitro-
gen at a flow rate of 50 mL/min. All measurements were made
in triplicate. The data were analyzed using the Universal
Analysis 2000 software, version 4.7a (TA Instruments, New
Castle, USA); Tg was calculated by evaluating the midpoint
of the inflection region in the heat flow signal.

Results and Discussion

The physicochemical properties of juices with different con-
centrations of maltodextrin showed that there is no difference
between juices at 10 and 30%, which is the percentage of
maltodextrin used in the fruit powder industry. This data al-
lows selection of 10% maltodextrin concentration with which
the combinations with the agave fructans were made. The
increase in the concentration of maltodextrin has a significant
effect causing a decrease in the moisture content, and being
the variable which other physicochemical properties depend
on, these variables also have a decrease in relation to the
concentration of maltodextrin (Table 1).

Powder Microstructure

The microcapsule micrographs obtained with maltodextrin pre-
sented rounded outer surfaces with cavities and dents; this is
attributed to mechanical atomization, air-drop interaction, and
capsule cooling, and are stages that occur during spray-drying
(Rosenberg et al. 1985; Phisut 2012; Crispin-Isidro et al. 2014).
Irregular surfaces were observed for the chayote particles; this
corresponds to findings in previous studies that found cracks
and cavities in the spray-dried mango powder particles, while
pineapple particles presented a smooth surface without cracks
(Caparino et al. 2012).

The electron scanning microscope showed particles with
shrinkage, lumps, and caking between them. It also showed
a size distribution range between 17 and 105 um. According
to the obtained microscopy, the samples with fructans showed
the highest agglomeration and caking. Temperature and the
water absorption capacity of the stabilizer are factors that con-
trol structure collapse, adhesiveness, and caking; these factors
are time-dependent in the drying process (Le Meste et al.
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2002; Roos 2010). Thus, the irregularity found in the particles
is caused by the hygroscopicity of the native agave fructans
and the temperature of the spray-drying process. At tempera-
tures below 130 °C, the fructans have a mass loss that is
related to water evaporation and thermal decomposition or
stickiness causing shrinkage in the particles (Espinosa-
Andrews and Urias-Silvas 2012).

The ramified structure of the agave fructans allows for a
greater water absorption capacity and leads to higher particle
plasticization in powders containing native agave fructans
(Espinosa-Andrews and Urias-Silvas 2012). The effect that
the ramified structure of native agave fructans has as a reducer
of the glass transition temperature (Tg) is a known result of
internal plasticization caused by spray-drying (Bizot et al.
1997; Kurozawa et al. 2009). The presence of 3 (2—6) bonds
in native agave fructans leads to higher flexibility in the bio-
polymer chains that decrease the Tg value (Espinosa-Andrews
and Urias-Silvas 2012). The agglomeration and caking of the
particles treated with fructans could be attributed to the tem-
perature (120 °C) used in the spray-drying process. The glass
transition temperatures for pineapple were 42.45, 52.68, and
55.24 °C and 48.04, 49.68, and 52.95 for chayote for 0, 2, and
4% fructan concentrations, respectively. The Tg values obtain-
ed in this study indicate a positive effect of the addition of
fructans since these have a higher molar mass than maltodex-
trin and Tg is positively correlated to the molar mass (Truong
et al. 2005; De Barros Fernandes et al. 2014); consequently,
the treatments with fructans increased the value of Tg. It has
also been established that the water absorption of the carbo-
hydrates and their plasticization product implies not only the
formation of hydrogen bridge bonds and the structural disor-
ganization of the particles but also changes in matrix volume,
resulting in amorphous particles (Kilburn et al. 2004;
Roussenova et al. 2010). This explains the deformations and
caking observed in the spherical particles of the chayote and
pineapple powders as observed in the micrographs (Fig. 1).

Rheological Analysis

Table 2 shows the fitted parameters of the Newtonian,
Bingham, and Power Law rheological models for chayote
and pineapple fresh or reconstituted juices with different
contents of fructans. For all the considered juices, the best
adjustment of flow data was obtained for the Bingham
model with high values of R* ranging between 0.9992 and
0.9999. These results are in agreement are in agreement with
those of Shamsudin et al. (2013) who found that the flow
curves of Yankee pineapple juices were described by the
Bingham model.

Bingham model describes plastic fluid that behaves as a
rigid body at low stresses but flows as a viscous fluid at high
stress. Then this type of fluid is characterized by a yield stress
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Table 1  Physicochemical properties of pineapple and chayote powder
Treatment Moisture (%)  Solubility (%)  Wettability (s)  Bulk density (g/mL) a,, Hygroscopicity (%)  Yield (%)
FT (%) MD (%)
Pineapple
0o 5 324+021la 97.23+0.09a 16.24+0.56a  0.6024 +0.02a 0.2112 £0.02a 17.4 £0.08a 244 +£0.22a
0o 7 2.86+024b 98.13+0.13a 1633 +0.51a  0.5987 +0.04a 0.1856 £0.02a 17.3 +0.07a 27.6+0.12a
0 10 274+030b 97.34+0.18a 15.55+0.22ab  0.5913 £ 0.07ab 0.1623 £0.03ab  16.9 +0.09b 37.0 +0.25b
0 30 245+0.05b 98.45+0.34a 13.19+031b  0.5523+0.11b 0.1234£0.17b 15.1+0.21b 46.4+0.11b
Chayote
0o 35 2.57+023a 97.15+0.12a 1632+045a  0.6156 +0.08a 0.1973 £0.05a 14.1 £0.15a 21.8+0.14a
0 261 +£026a 9822+0.15a 15.53+042a  0.5978 +0.11a 0.1729 £0.03a 13.5+0.12a 24.2 +0.09a
0 10 234+034b 97.93+0.54a 15.45+0.11ab 0.5776 £ 0.09ab 0.1572 £0.03ab  12.8 +0.16ab 31.2+0.21b
0 30 218+041b 99.73+0.14a 13.51+£0.18b  0.5461 =0.21b 0.1361 £0.13b 10.1 +£0.09b 41.8+0.11b

Values followed by the same lowercase letter within a row are not significantly different at p > 0.05

MD maltodextrin, FT fructan native agave

Fig. 1 Photographs by scanning
electron microscope Chayote: a/
10% MD and 0% FT, a2 10%
MD and 2% FT, a3 10% MD and
4% FT. Pineapple b1 10% MD
and 0% FT, b2 10% MD and 2%
FT, b3 10% MD and 4% FT.
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Table 2  Experimental data fitted to parameters of rheological models (Newtonian, Bingham, and Power Law)

Sample Newtonian Bingham Power Law
n R? To n R? n K R’
Chayote juice
Fresh N/A 0.0030 0.9974 0.0158a 0.0028 0.9996 0.8225 0.0069 0.9815
0% FT 0.0029 0.9996 0.0028b 0.0029 0.9997 0.8981 0.0046 0.9890
2% FT 0.0028 0.9992 0.0064¢ 0.0028 0.9996 0.8903 0.0047 0.9924
4% FT 0.0029 0.9991 0.0082¢ 0.0028 0.9997 0.8794 0.0050 0.9913
Reconstituted 0% FT 0.0032 0.9995 0.0041b 0.0032 0.9997 0.9393 0.0043 0.9967
2% FT 0.0031 0.9991 0.0040b 0.0030 0.9992 0.9260 0.0043 0.9961
4% FT 0.0028 0.9985 0.0094¢ 0.0027 0.9994 0.8965 0.0046 0.9953
Pineapple juice
Fresh N/A 0.0030 0.9940 0.0252a 0.0028 0.9999 0.9961 0.0029 0.9997
0% FT 0.0031 0.9912 0.0306b 0.0028 0.9999 0.7795 0.0088 0.9878
2% FT 0.0031 0.9875 0.0366b 0.0028 0.9999 0.7516 0.0103 0.9849
4% FT 0.0032 0.9819 0.0441b 0.0028 0.9999 0.7211 0.0121 0.9815
Reconstituted 0% FT 0.0030 0.9945 0.0237a 0.0028 0.9999 0.8430 0.0064 0.9960
2% FT 0.0032 0.9920 0.0302b 0.0029 0.9999 0.8305 0.0072 0.9968
4% FT 0.0027 0.9988 0.0073¢ 0.0027 0.9994 0.9309 0.0037 0.9955

All samples contain 10% maltodextrin. Values followed by the same lowercase letter are not significantly different at p > 0.05

FT fructans, N/A no additives

and a plastic viscosity. These parameters were statistically
compared in Table 3 for each formulation of juices. Whether
for pineapple or chayote juices, the addition of maltodextrin

Table 3

and plastic viscosity (7, Pas ') of juices

Influence of fructans and spray-drying on yield stress (7, Pa)

Sample Flow parameters
To 0

Fresh N/A 0.0145 £ 0.0017a 0.0030 + 0.0003a
0% FT 0.0029 + 0.0002b 0.0032 + 0.0004a
2% FT 0.0062 =+ 0.0002¢ 0.0033 +0.0008a
4% FT 0.0078 =+ 0.0006¢ 0.0032 +0.0007a

Reconstituted 0% FT 0.0039 + 0.0002b 0.0029 + 0.0004a
2% FT 0.0042 + 0.0003b 0.0029 +0.0001a
4% FT 0.0091 + 0.0004d 0.0029 + 0.0003a

Fresh N/A 0.0266 +0.0021a 0.0026 + 0.0002a
0% FT 0.0301 + 0.0006b 0.0029 + 0.0002a
2% FT 0.0354 +£0.0017b 0.0029 +0.0001a
4% FT 0.0432 £ 0.0013¢ 0.0027 +0.0001a

Reconstituted 0% FT 0.0216 + 0.0028a 0.0026 + 0.0002a
2% FT 0.0310 £ 0.0011b 0.0027 +0.0003a
4% FT 0.0087 + 0.0025d 0.0028 +0.0001a

Values followed by the same lowercase letter within a row are not signif-
icantly different at p > 0.05

@ Springer

(10% w/v) and fructans (0-4% w/v) and the step of spray-
drying had no significant influence on the plastic viscosity
of juices as compared to fresh juices. Moreover, all the con-
sidered juices (Table 3) presented a low plastic viscosity that
ranged from 0.0026 to 0.0030 Pa s ' at 25 °C. In contrast,
yield stresses were impacted by the addition of maltodextrin
or fructans or by the step of spray-drying. Yield stress values
were correlated to the presence and the degree of entangle-
ment of colloids in fluids. For chayote juices, the addition of
maltodextrin decreases significantly the value of the yield
stress from 0.0145 Pa (fresh juice) to 0.0029 Pa. The addition
of maltodextrin to chayote juice induces a significant decrease
of the yield stress of juice. This effect may be attributed to the
interactions between maltodextrin and the other polysaccha-
rides, which do not allow these polysaccharides to fully ex-
tend in solution (Goula and Adamopoulos 2008). According
to Grabowski et al. 2008 who studied the rheological proper-
ties of spray-dried sweet potato-maltodextrin powders, a
maltodextrin polysaccharide interaction facilitates a decreased
solution viscosity, since longer molecules have a larger hydro-
dynamic volume, which increases solution viscosity.

The additional supplementation of fructans up to 4% in-
duced a slight but significant increase of the yield stress of
fresh chayote juice up to 0.0078 Pa. Furthermore, spray-
drying did not seem to deeply impact the rheological behavior
of chayote juices (Table 3). Pineapple juices presented higher
yield stresses than chayote, while they had the same plastic
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viscosity. These findings could be due to the fact that fruit
juices contain colloidal systems. These colloids are part of
the fruit itself or may be formed by microorganisms during fruit
ripening. Most of the colloids come from the plant itself. The
amount of colloids present in fruit juice is in the range of 100—
1000 mg/L. An examination of colloids in the juice after press-
ing show that they are basically polysaccharides such as pectins
and starch (Barrosi et al. 2004; Echavarria et al. 2012). In this
sense, pineapple contains more pectins than chayote and pectins
are responsible for the turbidity and high viscosity of fruit
juices. The addition of maltodextrin and fructans up to 4%
(w/v) also induced a slight but significant increase of the yield
stress of pineapple juices. However, a decrease of this rheolog-
ical parameter was observed for reconstituted juices after
spray-drying especially for samples with 4% of fructans,
which could be due to the solubility of fructans above 95%
(Espinosa-Andrews and Urias-Silvas 2012).

The viscosity of agave fructan solutions (Agave tequilana
Weber blue var.) at different concentrations and temperatures
has been studied by Ponce et al. (2008). They observed that
solutions with concentrations inferior to 30% (w/v) at temper-
atures ranging between 30 and 60 °C presented a low viscos-
ity—similar to water. Meanwhile, the viscosity of solutions
with concentrations superior or equal to 30% (w/v) increased
when increasing the concentration up to 70%, forming a high-
ly viscous fluid. The results obtained in this work are in agree-
ment with previous findings; lower viscosity was observed in
fructan powders with lower concentrations. This shear thin-
ning behavior at low shear rate (20 s 1 followed by thicken-
ing behavior at high shear rate (300 s ') in low fructan con-
centrations (Cgycrans < 30% in weight) could be due to flow
instabilities such as vortices, since the viscosity of the samples
is close to that of water.

The effect of adding maltodextrin on tomato pulp during
spray-drying has been studied by Goula and Adamopoulos
(2008). They observed that reconstituted tomato pulp from
the resulting powder showed a non-Newtonian behavior with
low stress, and a decrease in viscosity when the maltodextrin
concentration and dextrose equivalent increase. This same ef-
fect is observed in the reconstituted chayote and pineapple
powders and is attributed to the fact that the 10% maltodextrin
concentration is higher in comparison to that of fructans.

Chayote and pineapple juices (fresh and
reconstituted) did not present the same rheological be-
havior (specially for the yield stress). In this sense,
studies have found that a decrease in sweet potato
solids, as well as an interaction between maltodextrin
and sweet potato polysaccharides, contributed to a de-
crease in viscosity of the reconstituted purée (Grabowski
et al. 2008). In general, the flow behavior of fresh and
reconstituted sweet potato solutions was different sug-
gesting that the solid concentration was modified by
the molecular changes during spray-drying. This could

also explain the distinct rheological behavior for each
reconstituted fruit powder in the present study.

Sorption Isotherms

Each analyzed sample of pineapple and chayote presented a
different behavior. One to four days were required within the
AquaLab VSA equipment in order to obtain a complete sorp-
tion isotherm. The required time for each sample depends on
the grade or sorption; the obtained isotherms correspond to the
sigmoid form and to the type II and III isotherms according to
the classification by Brunauer (Brunauer et al. 1940; Yang
1987), where they proposed that this type of isotherms com-
monly represents non-porous foods. This is indicative of a
physical adsorption in multilayers. The same behavior was
reported for cornmeal without nixtamalization (Vega et al.
2006). A similar behavior was also observed in camu-camu
pulp studies and with spray-dried pineapple pulp using malto-
dextrin (Silva et al. 2006; Gabas et al. 2007). Two regions
stand out in this sigmoid-shaped adsorption isotherm; the first
region is found around the a,, values between 0.2 and 0.4, and
the second at values 0.6 and 0.7, and is a result of the changes
in magnitude that go from the physical to the chemical effects;
this would be the formation of multilayers and the filling of
small pores in the region with low a,, values followed by the
filling of large pores and dilution of solutes in the region of
elevated a,, values (Chen and Lai 2008). The studied variable
in each spray-dried fruit juice was fructan concentration. The
effect of the native agave fructans at a higher concentration
reflects an increase in the degree of water adsorption, this with
an approximate 14% increase and thereby projecting the curve
above 50% water retention for the higher fructan concentra-
tion in chayote (Fig. 2) and 60% in the case of pineapple with
2% fructan concentration. In this way, these results indicate
the effect of fructans on powder stability in chayote at 4% and
in pineapple since 2%. The isotherms of chayote with an in-
crease in the concentration of fructans indicated a deficient
desorption, which was evidenced by the greater percentage
of humidity at the end of desorption, indicating a greater sat-
uration of the pores and greater size in the hysteresis loop. For
pineapple, water absorption capacity followed an increasing
fructan concentration; however, the final region of the desorp-
tion isotherm was below the isotherm of the treatment using
only maltodextrin, since they reached lower percentages of
humidity. For all fruits and in all treatments, isotherms indicate
acceptable stability. This behavior can be credited to the dif-
ferent sizes and forms of the obtained particles, as well as the
amount of fructans of a low, medium, and high grade of po-
lymerization present in the native agave fructans. The chayote
particles with only maltodextrin presented smooth surfaces
with greater dispersibility while treatments added with
fructans presented amorphous particles with contractions, as
well as agglomeration; this prevents complete desorption and

@ Springer



2076

Food Bioprocess Technol (2017) 10:2069—-2080
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causes the powder to rehydrate as shown by the isotherms. In
the case of pineapple, the treatments with fructans showed
smooth spherical particles, caking, and agglomeration; this
agglomeration causes a greater hysteresis loop due to the ca-
pacity of the fructans to bond with water molecules. With the
addition of fructans, the powders presented larger particles,
meaning a lower contact surface and therefore a lower effi-
ciency in the mass transfer process. It has also been found that
tomato powder with larger particles presented lower mass
transfer. Due to the hydroxyl groups of the native fructans,
however, a higher water retention capacity was observed
(Goula and Adamapoulos 2005; Cal and Sollohub 2010).
The characteristic stages were observed in the two fruit
powder isotherms. First, the hydration of highly polar hydro-
philic groups related to the hydration of the monolayer in stage
I. Stage II is characterized by the conformation of small water
molecule conglomerates. This stage includes multi-layer hy-
dration in which water is relatively mobile. In the third stage,
empty capillaries were filled and swelling of the amorphous
region was observed. This phenomenon gives way to a future
hydration. This water located in the capillaries is relatively
free to react (Labuza et al. 1985; Vega-Galvez et al. 2008).
The adsorption and desorption curves did not coincide,
thus enabling the formation of a hysteresis that indicated that
more water was retained during desorption compared to
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adsorption, according to Fig. 2; chayote has a minor degree
of adsorption with respect to pineapple and due to the final
values of moisture in desorption in fructan-added treatments,
where each is always on the maltodextrin value treatments.
Labuza et al. (1985) established three reasons that give rise to
the differences in water content between the two isotherms
when dealing with foods: super-saturation of a,, during dry-
ing, and capillaries which can empty differently towards de-
sorption due to the differences in shape of the capillary and the
effects of surface tension (Labuza et al. 1985; Vega-Galvez
et al. 2010). Due to the hysteresis representing a moment in
which capillary condensation occurs, it has been used to eval-
uate pore-form in porous materials (Do 1998).

Hysteresis

Foods are complex matrices; the different components that
constitute them behave differently and make it difficult to
generalize water sorption behavior for a determined group of
foods. The study of water sorption presents two phenomena:
adsorption and desorption. The desorption isotherm is always
larger than the adsorption isotherm, forming a loop called
hysteresis that generally decreases when the temperature of
the isotherm increases (Martinez et al. 1998; Aguirre-Cruz
et al. 2010). This is due to the moisture content decreasing at
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a higher temperature to a constant aw. An exothermic phenom-
enon in moisture adsorption exists; increasing the isotherm
temperature translates to a loss in moisture in equilibrium with
a given relative humidity (Dalgig et al. 2012). The hysteresis
loop is observed beginning at the monolayer in the a,, range
from 0.18 to 0.90 (Fig. 2). In the same manner, it was ob-
served that the hysteresis zone is larger in those samples that
had the highest agave fructan concentration—showing a
higher moisture content for the same a,, value; this shows that
the samples rehydrate. This is because foods that have capil-
laries in their structure close or contract upon water extraction.
This makes it more difficult for water to re-enter and in many
occasions not entering at all. This leaves a larger amount of
water available and increases the value of water activity
(Barbosa-Canovas et al. 2005; Caparino et al. 2012).

In order to interpret this difference, it is necessary to con-
sider that the hysteresis is frequently explained in terms of
filling and emptying empty spaces in foods’ structure. Thus,
the dynamics of water molecules moving into capillaries’ in-
teriors during the adsorption process can be illustrated.
However, it is clearly observed that these capillaries are not
efficiently emptied during the desorption process, thus giving
rise to the hysteresis phenomenon. In this sense, the larger
hysteresis observed in the chayote and pineapple samples with
higher fructan concentration suggests that the capillaries of
this porous material were not emptied the same way as the
samples without fructans. This significant difficulty in elimi-
nating water from the capillaries could have been caused by
diverse factors such as pore-form or marked differences in the
mobility of the powders’ structure.

The hysteresis curves can vary for different foods (Bello
2000); even identical foods can present different isotherm pat-
terns when a variable in the process is altered. This diversity
can be interpreted as a consequence of the variability that
comes with different concentrations of chemical components,
as well as some changes produced in the factors influencing
capillary porosity that characterize the food.

This hysteresis loop presented in foods’ sorption isotherms
as in pineapple and chayote powders is generally influenced by
factors such as isotherm generation temperature. Considering
that for two sorption isotherms obtained at different tempera-
tures, different hysteresis loops have been observed for the
same product, the existence of an exothermic phenomenon
in moisture adsorption provides an explanation. Increasing
the isotherm’s temperature translates to a loss of moisture at
equilibrium with a given relative humidity, with an approxi-
mation of the isotherm towards the axis of water activity with
the same moisture content.

GAB and BET Modeling

The degree of adjustment of each model was evaluated with
the help of the correlation coefficient (Rz), which is
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Table 4  Parameters calculated by GAB model

Chayote

Parameter 0% FT 2% FT 4% FT
C 1.079134 1.607928 3.188129
K 0.897614 0.918893 0.989556
mo 8.007383 7.071692 5.751305
R? 0.997083 0.993827 0.994901

Pineapple

Parameter 0% FT 2% FT 4% FT
C 4.773839 7.779896 4.810554
K 1.027164 1.029021 1.032285
my 3.554575 4.551035 4.060551
R? 0.992045 0.989755 0.993895

recommended to be above 0.85 to achieve an adequate model
of the experimental data. The isotherm predicted by the GAB
model presents a better adjustment with the adsorption iso-
therm’s experimental data; a maximum R? value of 0.998 cor-
relating the data was obtained in a majority of the samples.
Meanwhile, the BET model presented a maximum R* of 0.965
(Tables 4 and 5).

For the GAB model, the value of C (Guggenheim constant)
increased alongside an increment to fructan concentration
with the exception of pineapple, with 2% fructans that pre-
sented a C value greater than the 4% fructans. The K-value
(correction factor related to heat sorption of the multi-layer)
showed a tendency to increase with the addition of fructans.

The parameter that represents the water content of the
monolayer (m) rose with the increase of fructan concentra-
tion—indicating that a higher concentration increases the
bonding energy of the first adsorbed layer; that is to say, the
adsorbent-adsorbate interactions are weak and endothermic.
This can be linked to the endothermic dissolution of fruit sugar
in the absorbed water (Quirijns et al. 2005; Moreira et al.
2008). This agrees with recent studies that reported endother-
mic reactions for spray-dried tamarind pulp powder (Muzaffar
and Kumar 2016). In some fructan varieties, a higher concen-
tration of monosaccharides can exist, increasing the m values

Table S  Parameters calculated by BET model

Chayote

Parameter 0% FT 2% FT 4% FT
C 0.230697 0.272244 0.749467
my 20.554078 20.908463 11.504842
R? 0.982696 0.956841 0.966782

Pineapple

Parameter 0% FT 2% FT 4% FT
C 0.207975 0.301583 0.275967
m 24.357815 25.251130 22.031853
R? 0.973458 0.900257 0.965960
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in the spray-dried powder (Caparino et al. 2012). The amount
of moisture in the monolayer was greater during the desorption
process and linked to the increase in fructan concentration,
indicating that water removal was not that efficient. In this
sense, the samples with 4 and 2% fructans retained a larger
amount of water during desorption as compared to the sam-
ples that only contained maltodextrin.

In all cases, as was expected, the value of the C parameter
of the GAB model was much greater than 1, and the K con-
stant had values smaller than or equal to 1. K considers the
modified properties of the sorbate in the multi-layer region
and the properties of the liquid. The results obtained in this
study were found to be within the range reported for foods in
different studies compiled by Rahman (2009). They also co-
incide with results in which the values of m for pure pineap-
ple pulp were reduced from 14.6-16.6 to 6.0-6.3% in juice
containing 18% maltodextrin (Gabas et al. 2007).

The BET model is applicable in predicting the sorption
isotherms in a range of water activity from 0.1 to 0.495. For
water activity ranging from 0.1 to 0.9, the GAB model was
applied since it is attributed with obtaining a better correlation.
The GAB model makes better predictions, because it includes
an additional constant (K) with a small average deviation of
6.5% from experimental results (Lomauro et al. 1985;
Perdomo et al. 2009).

The glass transition of a product has been described as a
phase change of a solid structure to a semi-solid or pseudo-
plastic (Slade and Levine 1991; Roos 2010). Upon analysis of
the isotherms of each one of the samples with different fructan
concentrations, one can observe linearity in the water activity
range from 0.2 to 0.82 in the sample without agave fructans,
from 0.2 to 0.78 with 2% fructans and from 0.2 to 0.72 with
4% fructans. This shows that when fructan concentration is
increased, an inflection in a lower water activity level is ob-
served. Based on this inflection on the sample’s isotherm, it is
believed that there is a transition phase equivalent to the glass
transition phase in the sample. At the end of the test, the
sample presented a plasticized or semi-solid texture. This in-
flection zone provides the critical @,, information for a phase
change in the fruit powder.

Conclusion

The addition of native agave fructans contributes to a signif-
icant decrease in the mass fraction of maltodextrin added in
this type of industrial products. All fresh or reconstituted
juices present a flow behavior typical of plastic fluids
(Bingham model). The addition of maltodextrin (10%) and
fructans (up to 4%) as well as the step of spray-drying did
not change significantly the plastic viscosity of juices. Only
the yield stresses, which represent the behavior of fluids at
rest, were impacted by these parameters. The combination of
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native agave fructans with maltodextrin as a stabilizer pro-
duced spherical particles with shrinkage, lumps, and caking
between them. The isotherms showed evidence of a non-
porous food or a food with micropores. The sorption proper-
ties were modified in the multi-layer region as a result of
physical adsorption. Consequently, the adsorbent-adsorbate
interactions are weak (hydrogen bonds, dipole-dipole bonds,
or Van der Waals forces), and therefore endothermic. These
findings represent a breakthrough in the use of agave native
fructans in the spray-drying process. However, agave native
fructans are a mixture of fructans with high, medium, and low
polymerization degrees. In this way, the behavior observed in
this study gives the guideline to evaluate fractions with differ-
ent degrees of polymerization, in order to determine the frac-
tion with better technofunctionality.
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