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Abstract

Microencapsulation of partially purified microbial transglutaminase (mTG) was investigated using ultrasonic spray-freeze drying
(USFD), and the optimum coating materials (gum arabic, maltodextrin, inulin) ratio and the process parameters (flow rate and
nozzle frequency) were determined using a D-optimal combined design. Also, the microencapsulated samples by USFD were
compared with microencapsulated samples by conventional freeze drying (CFD) and conventional spray drying (CSD) in terms
of microencapsulation efficiency, enzyme stability at extreme pH and high temperature conditions, and the presence of metal
ions, physical (moisture content, particle morphology, particle and pore size, surface area, pore volume distribution, density and
flow properties, caking degree, color), and reconstitution (wettability and solubility) properties. As a result, the optimum coating
materials composition was determined as 60% gum arabic and 40% inulin, and process conditions were found to be flow rate of
6.83 ml/min and nozzle frequency of 48 kHz applying desirability function method. Microcapsules with smaller particle size,
pore volume, and porosity, with lower moisture content and good reconstitution characteristics, were obtained by USFD

with a maximum microencapsulation efficiency of ~97%.

Keywords Ultrasonic spray-freeze drying - Transglutaminase - Inulin - Particle morphology - Pore volume distribution

Introduction

Microencapsulation is a technology offering the protection of
foods and food components which are sensitive to external fac-
tors and processing conditions. It can be described as the incor-
poration of core bioactive compounds within coating material/
several coating materials by different techniques (Desai and Park
2005). Several methods can be used for microencapsulation
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such as spray drying (SD), freeze drying (FD), solvent evapora-
tion, gelation, fluidized bed coacervation, extrusion, and molec-
ular inclusion (Aghbashlo et al. 2013; Nesterenko et al. 2013).
Among these methods, SD is considered the most common
method for the production of free flowing powders in huge
quantities, being very compatible with different kinds of coating
materials and having a low cost (Karthik and
Anandharamakrishnan 2013). However, usage of high tempera-
tures limits the applicability of the SD method for heat-sensitive
bioactive materials such as enzymes (Sun-Waterhouse et al.
2013). Hence, FD, which is a low-temperature process, is more
useful for heat labile materials and it is frequently used for
the encapsulation of biomaterials (Heidebach et al. 2009;
Amid et al. 2014; Amine et al. 2014). Powdered products having
good rehydration properties can be obtained by FD due to the po-
rous structures which are formed as a result of the sublimation of
ice crystals during drying. However, FD has high operating costs
owing to low-temperature and high-vacuum requirements and it
is difficult to control particle size distribution of final products
(Stapley 2008).

To overcome the limitations of SD and FD, spray-freeze
drying (SFD) method, combining both processes, was devel-
oped (Ezhilarasi et al. 2013). SFD can be described as a three-
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step process involving atomization of the bulk solution/liquid,
freezing of the atomized droplets by contacting to cryogenic
fluid, followed by sublimation at low temperature and pressure
(Ishwarya et al. 2015; Wanning et al. 2015). The fine droplets
generated by atomization enable high heat transfer rates during
spray-freezing step; thus, uniform formation of fine ice crystals
can be achieved. The reduced product dimension provides en-
hanced sublimation rates and total drying time is reduced
(MacLeod et al. 2006). Since the freezing and freeze-drying
steps do not significantly alter the size of the droplet, the droplet
size distribution obtained during atomization determines the
particle size distribution of the final product. In addition to the
hydraulic and pneumatic nozzles used in the SFD process, four-
fluid nozzles and ultrasonic nozzles have been used in the dry-
ing of pharmaceutical products in recent years (Ishwarya et al.
2015). Ultrasonic nozzles that enhance the particle properties
and ensure narrower particle size distribution of the product can
operate at different frequencies. The size of droplets is con-
trolled by the frequency and in general high-frequency nozzles
produce smaller droplets (D’Addio et al. 2012). Although the
use of the SFD for the purpose of microencapsulation is rela-
tively new, it has been reported to be highly successful in terms
of microencapsulation efficiency and protection of the core ma-
terial (Kumar and Kar 2014). The SFD technique has been
successfully applied for the microencapsulation of
docosahexaenoic acid (Karthik and Anandharamakrishnan
2013), vitamin E (Parthasarathi and Anandharamakrishnan
2016), fish oil (Pang et al. 2017), vanillin (Hundre et al.
2015), Lactobacillus paracasei (Semyonov et al. 2010),
Lactobacillus plantarum (Dolly et al. 2011; Rajam and
Anandharamakrishnan 2015), and Lactobacillus casei (Her
et al. 2015).

Proteins are one of the most important components of
food products and modification of the food proteins can
provide to obtain novel products and can improve the
functional properties by chemical, physical, or enzymat-
ic methods (Gaspar and Goes-Favoni 2015). In this re-
gard, microbial transglutaminase (mTG) is the most ef-
fective enzyme which can modify functional properties
of proteins by acyl transfer reactions, deamidation of
protein-bound glutamines, and cross-linking glutamine
and lysine peptide residuals (Motoki and Seguro 1998;
Zhang et al. 2009; Popovi¢ et al. 2013). The mTG can alter
the mechanical and textural properties of meat, dairy, and
bakery products due to its cross-linking properties. Although
the mTG can be widely used for different food products, there
have been no reports regarding the preservation of the enzyme
against environmental conditions through microencapsula-
tion. The microencapsulation of the enzyme could prevent
the alteration or destruction of its natural morphology, which
causes a decrease in the activity and stability during the freeze
drying process as well as the storage time until required in the
industry (Amid et al. 2014).

In this study, the partially purified mTG, obtained from the
batch fermentation of S.mobaraensis, was microencapsulated
by ultrasonic spray-freeze drying (USFD) using gum arabic,
maltodextrin, and inulin as coating materials. The D-optimal
combined design was developed to determine the effects of
coating materials ratio and process parameters (flow rate and
nozzle frequency) on the enzyme activity. Also, the USFD
method was compared with other two conventional methods
(FD and SD) in terms of microencapsulation efficiency, en-
zyme stability in the presence of metal ions, extreme pH and
high temperature, and physical and reconstitution properties.

Materials and Methods
Materials

Production of the mTG was carried out by batch fermentation
of Streptomyces mobaraensis NRRL B-3729) provided from
the United States Department of Agriculture (USDA). A me-
dium (initial pH value 6.0) containing whey (1000 ml) and
molasses (30 g), that were obtained from commercial compa-
nies in Tokat, Turkey, as industrial food wastes, was used in
the fermentation processes. Ammonium sulfate (Tekkim
Chemicals, extra pure) and dialysis tubing cellulose mem-
brane (Sigma-Aldrich, ~flat width 76 mm, 14 kDa molecular
weight cut-off) were used for the partial purification of mTG.
The Z-GIn-Gly as a donor substrate and -glutamic acid y-
monohydroxamate as a standard for calibration curve were
obtained from Sigma Chemical Co., Ltd. Commercial forms
of gum arabic, maltodextrin (DE 20), and inulin were used as
coating materials for the microencapsulation process.

Preparation of Feed Solutions

Production and partial purification of the mTG was carried out
according to Isleroglu et al. (2018). After batch fermentation
(in the flasks for 4 days at 30 °C of incubation temperature and
150 rpm of shaking rate) and partial purification of the mTG
using ammonium sulfate (saturation of 80%) precipitation, the
precipitated particles were collected and subjected to dialysis
to obtain the crude enzyme solution. The dialysis process was
ended when the dry matter content of the solution was reduced
to ~ 10% which was determined by using an infrared moisture
analyzer; thus, the crude enzyme solution was obtained.
Maltodextrin, gum arabic, and inulin were dissolved in
water (10%, w/w) one night before the microencapsulation
processes and kept at 4 °C for rehydration. The ratio of dry
matter enzyme solution to coating material was fixed at 1:2 for
all runs. The calculated amount of coating materials from ex-
perimental design (Table 1) was homogenized for 5 min at
11200 rpm using a rotor-stator homogenizer (Ultra-Turrax
IKA T-18 Basic, USA). After homogenization of the coating
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Table 1 Microencapsulation efficiency (ME) and relative activity values (%) of USFD process

Flow rate  Nozzle frequency (kHz)  Gum arabic (%) Maltodextrin (%) Inulin (%) Relative activity Relative activity ME (%)

(ml/min) after freezing (%) after drying (%)
2.0 48 35 35 30 102.54 (£0.30) 89.07 (x0.02)  91.60 (£0.02)
8.0 48 100 0 0 104.01 (£0.27) 86.62 (+x0.50)  90.09 (£0.52)
2.0 120 40 0 60 102.22 (£1.11) 91.97 (£0.37)  94.01 (£0.38)
8.0 120 50 50 0 107.57 (£0.75) 82.32 (+0.70) 88.55 (£0.75)
5.0 48 100 0 0 105.03 (£0.27) 84.54 (£ 0.02) 88.79 (£0.02)
8.0 48 50 50 0 106.47 (+0.40) 84.28 (£0.08) 89.74 (£0.08)
2.0 48 40 0 60 102.81 (£0.28) 93.11 (+0.41)  95.73 (£0.42)
8.0 120 0 100 0 101.98 (£0.40) 86.86 (£0.33)  88.58 (+0.34)
6.5 48 70 0 30 102.61 (£0.28) 90.42 (£0.04)  92.78 (£0.04)
8.0 120 40 0 60 102.70 (£0.32) 94.01 (£0.14)  96.55 (£0.14)
5.0 120 0 100 0 103.88 (+0.20) 85.54 (£0.10)  88.86 (+0.10)
5.0 120 100 0 0 105.16 (+0.40) 86.08 (+x0.06)  90.53 (£0.06)
5.0 48 35 35 30 103.21 (£0.40) 89.67 (£0.23)  92.55 (+£0.24)
2.0 120 0 100 0 105.66 (+0.20) 83.09 (+0.40) 86.39 (£0.43)
8.0 48 40 0 60 103.13 (£0.16) 93.12 (£0.02)  96.04 (£0.02)
8.0 120 35 35 30 103.82 (+£0.40) 88.11 (+0.27)  91.48 (£0.28)
5.0 120 0 40 60 103.58 (£0.16) 90.52 (£0.12)  93.76 (£0.12)
8.0 48 35 35 30 103.57 (£0.16) 89.58 (x0.27)  92.78 (£0.27)
8.0 48 40 0 60 104.13 (£0.45) 9325 (£0.16)  97.10 (£0.16)
2.0 48 0 40 60 103.75 (£0.39) 90.24 (+£0.25)  93.63 (£0.26)
8.0 120 50 50 0 105.01 (£0.24) 84.00 (£0.13) 88.64 (£0.14)
2.0 120 35 35 30 105.92 (£0.59) 85.53 (+x0.36)  90.60 (+0.38)
2.0 120 100 0 0 104.62 (+0.40) 85.55 (£0.29) 89.51 (£0.30)
5.0 120 50 50 0 104.63 (£0.32) 84.34 (£0.23) 88.25 (£0.24)
2.0 48 0 100 0 103.73 (£0.16) 83.28 (£0.14) 87.80 (£0.14)
8.0 48 0 100 0 103.52 (+0.24) 84.45 (£0.14) 87.42 (£0.14)
8.0 120 100 0 0 104.78 (+0.44) 87.35(x0.13)  91.53 (£0.14)
8.0 48 0 40 60 103.69 (+0.12) 90.76 (£0.10) 94.11 (£0.10)
2.0 48 40 0 60 103.26 (+0.36) 91.97 (£0.27)  94.97 (£0.28)
35 120 70 0 30 102.31 (£0.23) 90.41 (£0.25)  92.50 (£0.25)
2.0 48 50 50 0 103.00 (£0.08) 86.32 (+0.14) 88.91 (+£0.14)
3.5 48 70 0 30 102.92 (£0.24) 89.26 (£0.08)  91.86 (+0.08)
8.0 120 40 0 60 103.77 (£0.76) 93.11 (+0.00)  96.63 (£0.00)
2.0 120 50 50 0 103.39 (£0.16) 85.15 (£0.08) 88.04 (£0.08)
5.0 48 0 100 0 103.81 (£0.04) 83.34 (£0.11) 86.51 (£0.11)
2.0 48 100 0 0 104.54 (£0.43) 83.05 (£0.34) 86.82 (£0.36)
5.0 48 40 0 60 101.96 (+0.44) 94.70 (£0.12)  96.56 (£0.12)
2.0 120 0 40 60 103.34 (+0.56) 89.56 (£0.10)  92.55 (+0.10)
8.0 120 0 40 60 103.57 (+0.16) 91.17 (£0.10)  94.43 (£0.10)
8.0 120 0 40 60 103.69 (+0.24) 90.98 (£0.06)  94.34 (£0.06)

materials mixture, the crude enzyme solution was mixed with
the prepared coating materials to achieve a total dry matter
content of 10%. The resulting mixture containing crude en-
zyme and coating materials were homogenized once more for
5 min at 11200 rpm to achieve the feed solution.
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Microencapsulation by Ultrasonic Spray-Freeze
Drying Process

The microencapsulation of the mTG by USFD process was
carried out using the system described in Isleroglu et al.
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(2018). The feed solution was fed with a syringe pump
(Syringe Pump TI, SonoTek Inc., USA) at different flow rates
(2-8 ml/min) and was atomized by ultrasonic nozzles
(SonoTek Inc., USA) operating at two different frequencies
(48 kHz and 120 kHz) using an ultrasonic generator (ECHO,
SonoTek Inc., USA). The atomized fine droplets were frozen
using liquid nitrogen. A distance of 7 cm was kept constant
between the ultrasonic nozzle and liquid nitrogen surface, and
the stainless steel liquid nitrogen container was stirred with a
magnetic agitator constantly to prevent clumping of the parti-
cles. Approximately 50 ml of feed solution was atomized for
each run. After freezing, the excess liquid nitrogen was sub-
sequently removed from the slurry by evaporation, and the
resulting pellet containing the frozen droplets was transferred
to a pre-cooled shelf (~—35 °C) of a freeze dryer (CHRIST,
Alpha 1-4 LSC, Germany). The frozen particles were subject-
ed to main drying for 12 h at 1 mbar, and then to secondary
drying for 4 h with a shelf temperature at 30 °C under a
vacuum of 0.01 mbar. Also, the partially purified crude en-
zyme solution was dried by USFD without coating materials
to demonstrate the effect of microencapsulation and the ob-
tained samples called as USFD-CE.

Determination of Microencapsulation Efficiency
and Experimental Design

The microencapsulation efficiency (ME, %) was defined as the
enzyme activity of the final product over the initial activity of
the feed solution (Eq. 1). The mTG activity was determined
using the colorimetric hydroxamate method with the specific
substrate of Z-GIn-Gly (Turker et al. 2016; Isleroglu et al.
2018). One unit of mTG activity in 1 ml of sample (U/ml)
was described as the amount of enzyme that caused the for-
mation of 1.0 pmole of hydroxamate per minute by catalyzing
the reaction between Z-GIn-Gly and hydroxylamine at pH 6.0
and 37 °C (Bourneow et al. 2012)

ME (%) Activity of the final product (U/ml)

= 1 1
Activity of initial feed solution (U/ml) x 100 (1)

Moreover, to determine the effects of atomizing-freezing
and the freeze-drying steps on the enzyme activity during
USFD process, Eq. 2 and Eq. 3 were used, respectively.

Activity after freezing (U/ml)

Relati tivi 1 ing (%) = - - 100
elative activity after freezing (%) Activity of initial feed solution (U/ml) x
(2)
Activi the final product (U/ml
Relative activity after drying (%) = ¢ M[y_ Df ?ﬁna pl.o uct (U/ml) x 100
Activity after freezing (U/ml)
(3)

A D-optimal combined design was performed to investi-
gate the effects of the coating materials mixture and process
variables on microencapsulation efficiency during USFD

(Table 1). A combined design, combination of mixture com-
ponents and process factors, was used to optimize the coating
material composition and processing parameters. Gum arabic,
maltodextrin, and inulin ratio; flow rate; and nozzle frequency
were selected as independent mixture and process variables,
respectively, and experimental design including 40 runs was
given in Table 1. All experimental data was fitted to a second-
order polynomial model and the optimum mixture and process
conditions providing the maximum microencapsulation effi-
ciency were estimated using the desirability function method.

Conventional Freeze-Drying and Spray-Drying
Process

As a result of the optimization process, the feed solution prepared
with ratios determined for the coating materials was frozen at —
80 °C for 4 h without atomization and transferred to a pre-cooled
shelf (~— 35 °C) of the freeze dryer. The same drying conditions
used in the USFD (12 h of main drying +4 h of secondary
drying) were also carried out for the CFD process.
Furthermore, the same feed solution was dried using a spray
dryer (Biichi Mini Spray Dryer B-290, Switzerland) with a de-
termined flow rate at the optimum point of USFD. The inlet-
outlet temperatures were 150 °C and 79 °C for CSD, respectively.

Analyses

Effects of Different Metal lons, Extreme pH, and High
Temperature

The relative activities of the four different types of powders
obtained from different drying operations (USFD-CE, USFD,
CFD and CSD) were investigated in the presence of different
metal ions (EDTA.2H,0, ZnS0,4.7H,0, FeCl;.6H,0,
CaCl,.XH,0, and CoCl,.6H,0). Furthermore, the effects of
extreme pH (3.0 and 8.0) and temperature (80 °C) on the
enzyme activity were evaluated and the relative activity was
calculated as a percentage of activity remaining after incuba-
tion at mentioned conditions (presence of reagents, at different
pH levels and/or high temperature) to the activity of final
product. The details about the procedure were given in
Isleroglu et al. (2018).

Physical Properties

Moisture Content The moisture content of the powder samples
was determined using an infrared moisture analyzer
(Shimadzu, MOC 63u, Japan) at 90 °C and the results were
validated by the standard oven method (AOAC 1990).

Water Activity The values of water activity in powder samples
were measured using a water activity measurement device
(Aqualab 3 TE, USA).

@ Springer



2008

Food Bioprocess Technol (2019) 12:2004-2017

Particle Morphology The particle morphology of four different
types of powders (USFD-CE, USFD, CFD, and CSD) was
determined using scanning electron microscopy (SEM)
(Zeiss Evo LS 10, Germany). Samples were placed onto alu-
minum stages using adhesive carbon conducting tape and the
particles were coated with gold for 200 s. The accelerating
voltage for scanning was 20 kV, and vacuum was applied at
9.75 %10 torr.

Particle Size Analysis The particle size distribution of the four
different types of powders (USFD-CE, USFD, CFD, and
CSD) was measured using a laser light diffraction particle size
analyzer (Malvern Mastersizer 2000, UK). Analyses were
done in five successive trials and data was reported as average.
The particle size of the samples was expressed as D, 3 (mean
volumetric size, Eq. 4), and the particle size distribution of the
powder was measured as the span (Eq. 5).Equation ID=t=t

Znid‘}
SR (4)
doo—d
span = 210 (5)
dso

where, n; is the number of particles having diameters d;; dgy,
d10, and ds are the equivalent volume diameters at cumulative
volumes of 90, 10, and 50%, respectively.

Surface Area and Pore Volume Analysis The N, adsorption-
desorption isotherms of four different types of powders
(USFD-CE, USFD, CFD, and CSD) were obtained un-
der relative pressures (P/Py) ranging from 0.01 to 1 at
77 K (Autosorb 6-B, Quantachrome Corp., USA). The
surface area (m”/g), pore volume (cm’/g), and pore size
(nm) of the samples were determined using BJH
(Barrett-Joyner-Halenda) method. Prior to the measure-
ments, the samples were degassed at 40 °C for 16 h.

Density and Flow Properties The particle (p,,), bulk (pp), and
tapped (p,) densities, and the porosity (¢) of four different types
of samples (USFD-CE, USFD, CFD, and CSD) were deter-
mined according to Isleroglu et al. (2018). Also, the flowing
behavior of the samples was stated in terms of the Carr index
(CI) and Hausner ratio (HR), and they were calculated using
Eq. 6 and Eq. 7, respectively (Carr 1965; Hausner
1967).Equation ID=t=t

CI = (Ppy) /

HI =7/, x 100 (7)

x 100 (6)

P

According to Carr (1965), the flowing behavior of powders
is classified as very poor, poor, fair, good, and very good for
CI values greater than 45, 3545, 20-35, and 15-20 and less
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than 15, respectively. The flowability is defined as good where
the HR value is less than 1.2, it is medium between 1.2 and
1.4, and poor if greater than 1.4 (Hausner 1967).

Caking Degree The caking degree of four different types of

samples (USFD-CE, USFD, CFD, and CSD) was determined

according to Isleroglu et al. (2018) and calculated by Eq. 8.
100 x b

Caking degree (%) = (100 x 6) P ) (8)

where, a is the amount of the sample (g) and b is the amount of

powder (g) remaining in the sieve.

Color Measurement The color measurements of four different
types of samples (USFD-CE, USFD, CFD, and CSD) were
carried out with a 3NH Colorimeter NR-200 (Chinese), and
CIE L* (lightness), a* (redness), and b* (yellowness) values
were detected.

Reconstitution Properties

Wettability The wettability test of the samples was determined
using a system comprising a beaker and a glass funnel.
The glass funnel was clamped at a height of 10 cm
from the 250 ml beaker, which contained 100 ml of
water. A glass test tube was placed inside the funnel
and the powder sample (0.1 g) was located around the
test tube. The tube was lifted while the stop watch was
started at the same time and the time was recorded
when the powder became completely wetted (Jinapong
et al. 2008).

Solubility One gram of the sample was diluted in 25 ml of
distilled water and was stirred for 15 min at 3000 rpm
with a magnetic stirrer to analyze solubility. The
resulting mixture was placed in Eppendorf tubes and
centrifuged at 3000 rpm for 5 min. After centrifugation,
the supernatant was transferred to metal drying plates
and dried in an oven at 105+2 °C for 4 h. The solu-
bility (%) was calculated by the weight difference (mass
after drying/initial mass) (Cano-Chauca et al. 2005).

Statistical Analysis

The significant terms in the models, which described the
effects of the coating materials mixture (gum arabic
(Cy1), maltodextrin (C,), inulin (C3)), and process vari-
ables (flow rate (X;) and nozzle frequency (X)) on mi-
croencapsulation efficiency during USFD, were found
through the analysis of variance (ANOVA) by using
the software (Design Expert-version 7.0 Stat-Ease Inc.,
USA). The model for microencapsulation efficiency



Food Bioprocess Technol (2019) 12:2004-2017

2009

created for regression analysis of the obtained data was
given by Eq. 9.

k k k-1
ME (%) = By + 3, BiXi+ ¥, BX? +
i=1 i=1 i=

)

1

k
Y BXy k=1 (9)
“TH1

Two experiments were achieved at the estimated optimum
conditions, that provide the maximum microencapsulation ef-
ficiency, and one sample ¢ test was performed to verify the
optimization. The relative activity results and physical prop-
erties obtained by different microencapsulation methods (ex-
treme pH, high temperature, presence of metal ions) were
analyzed using SPSS 22.0 statistics package program (IBM
Corp., New York, NY) and the data was evaluated using a
Duncan significant difference test at a confidence level of
p <0.05.

Results and Discussion

The experimental relative activity values obtained according
to D-optimal design (Table 1) were evaluated for microencap-
sulation efficiency (%) to determine the optimum composition
of coating materials (gum arabic, maltodextrin, inulin) and
optimum process conditions (flow rate (m/s) and nozzle fre-
quency (kHz)). When the relative activity values after freezing
were investigated, it was observed that the enzyme activity
increased at all conditions regardless of the type of coating
material and process conditions. This phenomenon indicated
that the ultrasonic atomization and freezing steps did not dam-
age the structural configuration of mTG; to the contrary, ac-
tivity was affected in a positive manner. Small ice crystals
were formed due to the rapid freezing of small droplets gen-
erated by the ultrasonic atomization. The conformational
changes that occur in the tertiary structure of the enzyme as
a result of these small ice crystals may enhance the activity
(Breda et al. 1992). Furthermore, the atomizing process that
promotes small droplets may lead to accessibility to the en-
zyme surface for the substrate, and so the measured relative
activity after freezing was increased.

The relative activity values after drying are also given in
Table 1 to represent the effect of drying step on the enzyme
activity. The results clearly showed that the reduction in en-
zyme activity mainly caused by the drying step. Although the
freeze-drying process is a suitable method for heat-sensitive
components, it can cause different types of stresses such as
low-temperature stress, dehydration stress, and ice crystal for-
mation which can deactivate and destabilize the enzymes
(Ramos et al. 1997). Isleroglu et al. (2018) revealed that the
activity loss of mTG occurred in the drying step of USFD,
while the enzyme activity was enhanced by ultrasonic atom-
izing, and they recommended further researches to preserve
the enzyme activity during the drying step. According to

the results, the relative activities after drying were maintained
over 90% where the ratio of inulin was 60% in the mixture of
coating materials. On the contrary, the lowest relative activity
values (~ 84%) were obtained when the maltodextrin ratio was
high (Table 1). Desai and Park (2005) indicated that the struc-
ture of the carbohydrate may affect the encapsulation yield of
final products containing proteins. Accordingly, one of the
most possible reasons of different behaviors of coating mate-
rials can be the linking properties of carbohydrates with pro-
tein (enzyme) molecules. When proteins are subjected to
freezing and drying processes, they lose their hydration shells
and that phenomenon may cause the formation of intramolec-
ular hydrogen bonds within proteins which may change their
tertiary structure (Carpenter and Crowe 1989; Allison et al.
1999; Anchordoquy et al. 2001). If carbohydrates are added
before drying, the hydrogen bonds between protein and hy-
droxyl groups of carbohydrates take place of the hydrogen
bonds between protein molecules and water. This mechanism
provides preserving the tertiary structure of protein molecules
(Tonnis et al. 2015). The polysaccharides such as maltodextrin
may interact with protein molecules but they may leave some
open gaps on the interaction surface. However, inulin, which
is composed of flexible furanose groups and has a backbone
composed of polyethylene oxide giving the molecule greater
freedom and flexibility, can cover an enzyme molecule tighter
than a rigid protein-maltodextrin matrix and preserve the mTG
activity much better. In literature, the success of inulin as an
effective protein-protector for freze-drying operations has
been explained in several studies (Eriksson et al. 2002;
Furlan et al. 2012; Grasmeijer et al. 2013; Tonnis et al. 2014).

The microencapsulation efficiency (ME, %) values, which
indicate the relative activity after USFD, are also given in
Table 1. According to the results, the lowest ME (86.39%)
occurred at a 2.0 ml/min flow rate, 120 kHz nozzle frequency,
and 100% maltodextrin concentration. On the other hand, the
highest ME (97.1%) was obtained at an 8.0 ml/min flow rate,
48 kHz nozzle frequency, and the mixture of gum arabic and
inulin with the ratios of 40% and 60%, respectively. When the
process parameters (flow rate and nozzle frequency) were ex-
amined, it was observed that the ME (%) increased at increas-
ing flow rates, and decreased when the 120 kHz nozzle fre-
quency was used (Table 1). Ultrasonication can cause me-
chanical stress developed by eddies arising from ultrasound
waves in the nozzle and this mechanical stress can affect the
enzymes inversely (Feng et al. 2011). When the frequency to
flow rate ratio was high, ultrasonic vibrational energy which
created more mechanical stress on the enzyme molecule in-
creased and caused lower relative activity values.

The statistical analysis of the effect of independent variables
on ME (%) is shown in Table 2. The results showed that the
regression model was statistically significant at 99% confi-
dence level (p <0.01). The lack of fit value for the generated
model was not statistically significant (p > 0.05). Moreover, the
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Table 2 ANOVA results of optimization process in terms of  vyalye was quite low (0.44%) establishing that experimental
microencapsulation efficiency values were very close to the mean values. The Adeq.
Variation SD Coefficient Sum of Fvalue p value Precision value higher than 4 and low PRESS values of the
source squares model showed that the model is suitable for precision of the
relative activity values. The polynomial model obtained for
Model 29 i 386.8003 83.588 ~ <0.0001 determination of ME (%) was given as coded factors in Eq. 10.
Linear 2 - 349.2797 1094.453 < 0.0001
mixture ME (%) = +89.60C; + 87.67C; + 100.90C; + 1.31C1X; (10)
G, 1 1.32 0.0879 0.551 0.475
C,Cs 1 —1.11 0.0133 0.083  0.7788 +1.01C1X, + 0.82C>X»,—5.98C, C2. X,
Ci.X, 1 1.31 6.9782 43.732 <0.0001
C1X 1 1.01 6.3209 39.612  <0.0001
0,0 | 607 02624 1644 02287 When a desirability function. gpproach was appl%ed, the
O 1 045 08141 5102 0.0475 optimum USFD process conditions were determined as
C.X, 1 0.82 40754 25540 0.0005 6.83 ml'/mln of ﬂow rate and 48 kHz of nozzlf: frequency;
o, 1 14 02002 1255 0.2888 and optlmurp mixture corgpos@on was determined as .40%
X, I —058 0.0673 0.422 0.5308 of gum arabic and 60% of inulin. The ME (%) was predlcte.d
C.OX, ) 203 07818 4.900 0.0513 as 96.62% at thesg (?ptlmum condlnqns. To validate the opti-
COX, | _s98 8.5537 53.605 <0000  Mum USFD §ond1t10ns, three experiments were performed,
C.Cux, | 109 0,038 0.205 0.6602 and the experimental (96.96 i.0.48%) and predlcted. ME (%)
CCx, | 18 0.0950 0.601 04561 V?llues were compareq according to the ttes.t. No 51gn1ﬁcar.1t
difference was determined between the predicted and experi-
Ci X1 X, 1 -0.30 0.3675 2.303 0.1601 mental values (p > 0.05).
GG ! -109 0.0321 0201 06632 The samples produced by conventional microencapsula-
GGX ! -1.05 0.0373 0234 06391 tion techniques (CFD and CSD) using optimum coating ma-
XA ! ~0.06 0.0143 0.090 07706 terials ratios (60% gum arabic, 40% inulin) were compared
C}X‘)gz ! 147 0.3350 2099 0-178 with the samples microencapsulated by USFD in terms of
C‘X'2 ! —0.12 0.0198 0124 0.7321 microencapsulation efficiency and relative activity values at
G ! —0.13 0.0216 0135 0.7205 different conditions and the results are given in Table 3. The
Gy’ : — 147 0.0678 0425 0.5291 highest relative activity value after microencapsulation (mi-
GGXX ! 0.42 0.0343 0.215 0.6528 croencapsulation efficiency) for different drying processes
12 2 1 —1.74 0.0829 0.519 0.4876 was obtained by USFD (p <0.05). The remaining activity
GGXX 1 -219 0.1302 0.816 0.3876 values were listed as USFD>CFD>CSD among the microen-
o 1 0.00 233x10° 1463107 09997 capsulated samples and in the USFD-CE sample obtained at
o 1 1.84 0.0224 0.140 0.7159  the optimum process conditions (flow rate 6.83 ml/min and
G0 1 1.94 0.0199 0.124 0.7316 nozzle frequency 48 kHz), and the remaining activity value
Residual 10 1.5957 was found to be lower than all microencapsulated samples
Lack of fit 5 0.739 0.5618 (p <0.05) (Table 3). This result clearly revealed the positive
Pure error 5 0.8560 effect of the microencapsulation process for preserving the
Total 39 388.3960 activity of mTG. The presence of coating materials in the
R 0.9959 environment reduced the loss of activity even if different
Adj-R* 09840 methods were used. Longer freezing time of CFD process than
Ade.q-. 30.006 USFD caused more stress on mTG; hence, the relative activity
]f}r{e]glsséon 578 values were found to be lower than USFD. Also, larger ice
’ crystals generated as a result of slow freezing damaged the
C.V. (%) 0.44

C; gum arabic (%), C, maltodextrin (%), C5 inulin (%), X; flow rate (ml/
min), X, nozzle frequency (kHz)

R? value, which indicates the ratio of the variation explained by
the model, was calculated as 0.9959 and it was determined that
the major part of the variation could be explained by the model.
The adj-R?* value was also calculated as 0.9840, which indicat-
ed that there were no insignificant terms in model. The C.V. (%)
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enzyme molecules during sublimation (Ishwarya et al. 2015).
Similarly, in a study that produced powdered tetrahydrocan-
nabinol (THC) by SFD and CFD using inulin as a coating
material, a more stable form of THC was obtained by
the SFD process rather than the CFD (van Drooge et al.
2005). According to comparison results, it was also observed
that the CSD samples had the lowest relative activity values
among microencapsulated counterparts and this situation
could be explained by the high temperature used during
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Table 3 Relative activity values
of crude and microencapsulated
enzymes by different methods

Condition

Relative activity (%)

USFD-CE USFD CFD CSD
After process 65.08 (£0.18) 96.96 (+0.48)° 79.26 (£0.14)° 73.09 (£0.29)¢
pH3.0 74.93 (£0.47) 88.00 (+0.60)" 84.59 (£0.78)° 76.19 (+0.87)
pH 8.0 35.20 (£0.06) 49.51 (+£0.74)° 49.95 (+2.88)° 4591 (+0.73)°
80 °C 12.59 (+0.03)* 18.26 (+0.56)° 16.40 (+0.10)° 13.03 (£0.13)
EDTA 114.36 (+ 1.16)* 107.72 (+0.28)° 110.05 (+0.45)° 111.40 (£0.33)°
Fe** 43.98 (+0.40)* 68.38 (+2.21)° 60.87 (£0.08)° 43.38 (+0.40)*
Ca** 84.84 (+0.47)® 87.37 (£1.25)° 82.85 (+0.10)* 86.26 (+0.13)*
Co** 57.60 (x0.07) 57.66 (£0.49)° 53.17 (£0.57)° 50.18 (£0.47)°
Zn** nd nd nd nd

nd not determined

4 The mean values on the same line having different superscripts are significantly different (p < 0.05)

CSD process (Ratti 2001; Mujumdar 2014). Although the
comparison studies of different microencapsulation methods
including SFD are limited, the current results are in accor-
dance with the studies of Karthik and Anandharamakrishnan
(2013), Ishwarya and Anandharamakrishnan (2015), and
Parthasarathi and Anandharamakrishnan (2016).

The relative activities at different pH values and high tem-
perature of different samples were also determined (Table 3).
The USFD samples showed the highest activity at pH 3.0 and
80 °C (p <0.05). However, when the pH value was 8.0, the
relative activities of microencapsulated samples was not differ-
entiated significantly (p > 0.05) due to approaching the isoelec-
tric point of pH 8.9 (Bourneow et al. 2012). Nevertheless, all
microencapsulated samples showed higher relative activity at
pH 8.0 than USFD-CE, which could be explained by the pro-
tective effect of the coating materials. EDTA, which is a che-
lating agent, had an increasing effect on relative activity for all
samples due to making complexes with the metal ions present
on the active site of mTG (Table 3). The fact that the USFD-CE
samples did not contain any coating material caused EDTA to
show the chelating effect better than microencapsulated sam-
ples and the highest activity values were obtained for USFD-
CE samples (p <0.05). When Fe**, Ca**, and Co”* were pres-
ent in the assay medium, the relative activity values were de-
creased, and Zn>* inhibited mTG activity in all samples
(Table 3).

The physical and reconstitution properties of the samples
were compared and the results are given in Table 4. According
to the moisture and water activity results, all samples were
statistically different in terms of moisture and water activity
values (p <0.05), and the lowest values were obtained in the
CSD samples due to the application of high temperature
(Table 4). Small ice crystals were formed with the increase
in nucleation rate during the USFD process, and the droplets
with small ice crystals increased the heat and mass transfer
coefficients, resulting in lower moisture content at the end of

the drying process. The samples having a lower moisture con-
tent obtained by USFD showed that the USFD process can be
applied with shorter drying times, and therefore, it will be a
more cost-effective process than CFD. When the bulk and
tapped density values were considered, the highest values
were obtained in USFD and CFD samples while the lowest
values were obtained in USFD-CE and CSD samples
(Table 4). It was thought that the low bulk density values of
the USFD-CE and CSD samples were related to their smaller
particle size compared with USFD and CFD samples.
Although the particle density values were found to be close
to each other in all samples, the samples microencapsulated by
USFD and CFD were found to be lower than the particle
density of USFD-CE and CSD samples (p <0.05). As the
highest porosity values were obtained for the USFD-CE and
CSD samples (p <0.05), the USFD and CFD had similar
porosity values (p > 0.05). While the caking degree was low
in USFD-CE, USFD, and CFD samples, it was determined
that the caking degree values were higher than 70% in the mi-
croencapsulated samples by CSD (Table 4). The agglomera-
tion of very small particles formed in the CSD process caused
the caking degree values to increase in the CSD samples.
When the CI values of all the samples were examined, the
flow properties were considered to be very poor (CI>45);
however, the microencapsulated samples by USFD were
found to have medium flowability according to HR values
(Table 4). In general, it is known that the wider particle size
distribution affects the light transmittance of the materials,
leading to a decrease in the color strength (Heinrich 2003).
The low L”, a", and b" values of CFD samples supported this
situation (Table 4). The good solubility of the coating mate-
rials used and the enzyme in the water allowed the solubility
values obtained in all conditions to be quite high (> 95%). The
term of wettability is water absorption capacity on the surface
of the particle. It can characterize the dissolution properties of
the powder and thus indicate how fast the enzyme exhibits
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Table 4 Physical and

reconstitution properties of crude Property Sample
and microencapsulated enzymes
by different methods USFD-CE USFD CFD CSD
Moisture (%) 4.94 (£0.02)* 5.19 (£0.03)° 5.89 (£0.07)° 450 (+0.01)
aw 0.199 (+0.002)* 0.293 (£0.002)° 0.378 (£0.016)° 0.113 (£0.005)
BD (kg/m®) 434.1 (£2.9) 583.5 (+8.8)° 5842 (+4.8)° 444.1 (£18.2)°
TD (kg/m) 555.5 (£8.2)" 7283 (+7.5)° 773.0 (£17.4)° 666.2 (+18.2)°
PD (kg/m’) 1454.8 (£2.4)" 1420.8 (+10.2)° 1429.9 (£4.9)° 1457.4 (= 10.7)*
Porosity (%) 70.2 (£0.1)* 58.9 (£0.8)° 59.1 (£0.4)° 69.5 (£0.2)°
CI (%) 61.8 (£0.5)° 48.7 (£0.4)° 459 (£ 1.4)° 543 (£1.5)
HR 1.28 (£0.01)® 1.25 (£0.03)° 1.32 (£0.03) 1.50 (£0.03)°
Caking degree (%) 34.5 (1.0 35.9 (£6.9) 35.2 (+13.97 74.7 (£3.2)°
L* 56.3 (£0.5)" 58.4 (+2.0)* 448 (+13)° 81.7 (£2.1)°
a* 11.7 (0.2)* 11.7 (£ 0.4)° 3.6 (£0.5)° 5.8 (£0.5)°
b* 26.8 (=0.4) 27.0 (£0.6)* 10.1 & 1.1)° 16.1 (£0.4)°
Dy, 3 (um) 136.72 (+5.74)* 238.10 (+25.59)° 348.45 (£32.54)° 7.44 (£0.08)°
Span 1.49 (£0.08)* 423 (+0.83)° 6.94 (£0.83)° 1.87 (£0.01)
Solubility (%) 95.5 (£0.3)* 962 (£0.2)° 96.6 (+0.1)° 96.6 (£0.16)°
Wettability (s) 14.0 (0.2)* 32020 1.1 +12)° 26.9 (£4.0)°

All data are reported as means (+ standard deviations) of at least 2 parallel measurements
BD bulk density, 7D tapped density, PD particle density, C/ Carr index, HR Hausner ratio, a,, water activity

4 The mean values on the same line having different superscripts indicate that the means are statistically different

(p <0.05)

activity. When the wettability values were examined, it was
determined that the microencapsulated samples with USFD
could get wet faster than other samples (Table 4). The high
wettability value obtained for the CSD samples was thought to
result from the agglomerates formed by combining the small
particles which prevented the contact of the individual parti-
cles with water.

Particle size and morphology in microencapsulated prod-
ucts are affected by the type of coating materials, the rheolog-
ical properties of the feed solution, atomizing method, and
drying conditions (Dima et al. 2016). Even if the same coating
material is used, different microencapsulation methods result
in different particle size and distribution in the final product
which affect the physical and reconstitution properties
(Parthasarathi and Anandharamakrishnan 2016). The mean
volumetric particle size (D4, 3)) and span values are given in
Table 4 and the particle size distribution of the samples are il-
lustrated in Fig. 1. It was determined that the samples with the
lowest particle size were obtained by CSD method, while the
samples with the highest particle size were obtained by micro-
encapsulation by CFD (Table 4). Although preventing over
particle size has the advantage of reducing drying times, very
small particle size of CSD samples can enhance total particle
surface area which may led to agglomeration by increased
moisture holding capacity (Kurozawa et al. 2009). As seen
in Fig. 1, the particle size distribution of the CSD and
USFD-CE samples was mono-modal indicating the fine
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droplets generated by the atomizing step. Also, the lowest
span value of the USFD-CE samples showed that the droplets
maintained their size and shape until the end of the process, in
agreement with the other studies (Maa et al. 1999; Ishwarya
et al. 2015; Wanning et al. 2015). The higher particle size
values of USFD samples compared with USFD-CE samples
could be explained by the effect of coating materials. The
microencapsulation of the enzyme molecules resulted in the
formation of larger molecules, and therefore, the particle size
and span values of the microencapsulated products were
higher than the crude enzyme samples. Although the particle
size distributions of the USFD and CFD were similar, there
were more agglomerations in increasing particle sizes of CFD
samples (Fig. 1).

The obtained powders (USFD-CE, USFD, CFD, and
CSD) were analyzed using the BJH method for the sur-
face area, pore volume, and pore size. For this purpose,
the porous structure of the samples investigated through
nitrogen adsorption-desorption isotherms is illustrated in
Fig. 2. The shapes of the isotherms were similar to type
IV standard defined by the International Union of Pure
and Applied Chemistry for all samples. The type IV
isotherms could suggest that the pores of these samples
were dominated by micropores (diameter <2 nm) and
mesopores (diameter <50 nm); however, macropores
(diameter > 50 nm) also found to exist since the adsorp-
tion isotherm rises rapidly near unity (Gregg and Sing
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Fig. 1 Particle size distribution of
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crude and microencapsulated
enzymes by different methods 9
—8— USFD-CE
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1982). The surface area of the USFD-CE, USFD, CFD, microencapsulation on the surface area. Yu et al.
and CSD samples were calculated as 18.97, 1.80, 2.66,  (2006) reported that the higher surface area of protein-
and 4.59 m?/g, respectively. The significant difference  based materials accelerates protein denaturation due to
(p <0.05) between the crude enzyme and the increased contact of the particles with air; hence,
microencapsulated samples demonstrated the effect of = USFD samples having low surface area were expected
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Fig. 3 Pore volume distribution
of crude and microencapsulated
enzymes by different methods.
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—a— USFD-CE

—&—USFD
CFD

——CSD

to be the most stable ones among all samples. As seen
from Fig. 2, all the samples exhibited a hysteresis indi-
cating that there were mesopores and macropores. Also,
low-pressure hysteresis was observed which is attributed
to the presence of the micropores (Gregg and Sing
1982). De Boer (1958) identified five types of hystere-
sis loops and correlated them with various pore shapes.
According to this classification, type A hysteresis is
attributed to cylindrical pores and type B is associated
with slit-shaped pores (Labani et al. 2013). It was ob-
served that the pore shape was dominated by the

Fig. 4 SEM micrographs of
USFD-CE (a), USFD (b), CFD
(c), and CSD (d). Magnification
ratio: 3000x
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cylindrical pores followed by the slit-shaped pores for
the USFD-CE, USFD, and CSD samples, whereas
the slit-shaped pores with type B hysteresis were dom-
inant in the CFD samples. The distributions of pore
volume with respect to pore size (pore size distribution)
of the samples are shown in Fig. 3. According to Fig.
3, a similar pore size distribution was observed between
the USFD-CE and CSD samples. A peak at 1.88 nm
was observed in the plot for both samples indicating
the presence of pores in the microporous range. While
most of the pores in the USFD and CFD samples
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seemed to be in the mesoporous range (a peak at
2.39 nm for USFD, 2.68 nm for CFD), a steep increase
in the volume of pores whose size was smaller than
1.66 nm was observed in the USFD sample (Fig. 3).
This indicated that a large quantity of micropores was
also present in the USFD samples. The highest pore
volume determined in USFD-CE samples could be at-
tributed to the internal pores generated by both ultrason-
ic atomizing and freeze-drying steps, since the forma-
tion of the small ice crystals in fine droplets was
followed by sublimation. Hence, some studies in the lit-
erature have revealed the porous structure of SFD par-
ticles (Constantino et al. 2000; Sonner et al. 2002;
Nguyen et al. 2004).

The SEM images showed the morphological differences
among the samples (Fig. 4). The USFD-CE particles had
sphere-like shapes with irregular and a sponge-like surface,
whereas the USFD particles showed more uniform-shaped
spheres with a porous surface together with smooth regions.
The sponge-like surface of the USFD-CE particles is extreme-
ly porous, revealing a network structure of solids interspersed
with empty space, and this porous surface structure was cov-
ered by microencapsulation as can be seen in the USFD par-
ticles (Fig. 4b). Similarly, Niwa et al. (2010) stated that by
SEM images they had fluffy and porous powder phenytoin
by USFD method; however, this structure was disap-
peared after usage of coating materials. The CFD sam-
ples exhibited irregular and flaky structures, whereas the
CSD samples consisted small particles having spherical
shapes with small agglomerates (Fig. 4). Although the
CSD samples had spherical and smooth surfaces, high
temperatures affected the enzyme activity negatively and
very small particle size led to an increase in powder
agglomeration and caking.

Conclusion

The present study demonstrated that the USFD is an appro-
priate process to obtain microencapsulated mTG powder with
high enzyme activity. Optimization of the USFD conditions
was performed and the remaining enzyme activity was main-
tained at ~ 97%. Furthermore, the microencapsulated samples
by USFD were compared with microencapsulated samples by
CFD and CSD in terms of microencapsulation efficiency and
various physical properties as well as wettability and solubil-
ity. Microcapsules with smaller particle size, pore volume, and
porosity, with lower moisture content and good reconstitution
characteristics, were obtained by USFD with the highest mi-
croencapsulation efficiency. Thus, this study indicated that
USFD technique could potentially be used for encapsulation of
protein-based bioactive materials such as enzymes. However,
in the drying stage of the USFD process, operating costs can

be increased, especially when conventional freeze drying is
required, which requires vacuum application. The USFD pro-
cess may find application for high value foods containing
bioactive molecules, especially when compared with conven-
tional drying methods in terms of the properties of the product
obtained. To date, most of the studies related to USFD process
are laboratory scale, and hence, scale-up studies are required
in this field for the food applications.
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