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Abstract The objectives of this study were to identify the
potential function of microwave-discharged cold plasma
(MCP) treatment in preparing starch citrate (SC) non-
thermally and to investigate the physicochemical properties
of MCP-induced starch citrates. SCs were prepared by
either dry heating in a convection oven (as a reaction
control; COV) or MCP treatment using N, (N,-MCP) and
N,—0; (N,/O,-MCP). Fourier transform-infrared spectra of
the MCP-induced SCs revealed new peaks indicating ester
bonds. The molar degree of substation was 0.013-0.015
depending on the reaction conditions. The plasma-formed
dents were observed more on the surfaces of granular
starch citrates (GSCs) treated with N,/O,-MCP than N,-
MCP. Relative to COV, MCP-induced GSCs possessed
lower resistant starch content, solubility, and gelatinization
temperatures and higher swelling power. The pasting vis-
cosities were higher with N,-MCP GSCs and lower with
N,/O,-MCP GSCs. The results suggest that MCP can be
used as a novel catalyst for non-thermal starch citration.
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Introduction

Cold plasma (CP) was generated throughout gas excitation
by means of corona discharge, dielectric barrier discharge,
plasma jet, and microwave discharge without a significant
increase in temperature in CP itself and the CP-treated
materials [1, 2]. CP comprises activated and reactive
chemical species (e.g., UV photons, electrons, free radi-
cals, atomic oxygen, ozone, hydroxyl group, nitric oxide,
and nitrogen dioxide) [1], which can function as initiators
and/or promotors of various chemical reactions (e.g.,
covalent bond decomposition/formation, oxidation, ami-
nation, and esterification) [1, 11, 12]. There have been
great interests in the application of CP treatment to the
non-thermal sterilization of food [1-5] and the surface
modification of packaging films made of synthetic and
natural polymers [6—12]. The surface modification includes
post-grafting functional monomers or natural polymers
onto their active surface [11, 12]. In contrast to the research
trends, few studies have studied in situ grafting of organic
chemicals onto natural polymers by CP treatment [13].
Popescu et al. [13] successfully grafted both butyric and
oleic acids to cellulose by CP treatment, suggesting that CP
catalyzes the esterification between carboxylic acid groups
of fatty acids and hydroxyl groups of cellulose. Conse-
quently, CP may have great potential in acting as a non-
toxic, eco-friendly catalyst in chemical modification of
starch and non-starch polysaccharides with functional
reagents.

Starch citrate has been considered or used as materials
for removing heavy metal ions and/or organic matters from
water waste [14], improving physical properties of
biodegradable films [15, 16] and enhancing resistance of
cotton or silk fabric against wrinkles [17]. In the field of
food, it was reported that starch citrates prepared with citric

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10068-017-0110-6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10068-017-0110-6&amp;domain=pdf

698

H.-S. Kim, S. C. Min

acid, a Generally Recognized as Safe-grade food additive
did not exhibit pathological changes in mice during feeding
[18, 19]. Also, the digestibility of starch citrates by pan-
creatin was inhibited with increasing their degree of sub-
stitution [19, 20]. Thus, citric acid has been considered as a
safe, multifunctional reacting agent for substitution and
cross-linking reaction of starches. Further, the citrate
derivatives of starches can be a potential material to
replace commercial resistant starches (RSs) synthesized
with phosphorus oxychloride and sodium trimetaphosphate
[18-20].

Citric acid (tricarboxylic acid) forms single and/or
multiple ester bonds with starch molecules through con-
densation involving dehydration when heated over 120 °C
for 1-7 h in a convection oven [19]. This traditional
reaction induces higher contents of RS in starch citrates
with increasing reaction temperature and time [19, 21].
However, the degree of browning also increases with
reaction temperature and time [19, 21]. To enhance the
reaction efficiency between citric acid and starch molecules
during short reaction time (~ 1 h), a toxic reducing agent,
sodium hypophosphite, is occasionally used [15]. Heating
of starch-citric acid mixtures in a microwave oven is also
applied as the reaction method [18], but requires consid-
erable care due to their burning (or carbonization) from
dramatic temperature increase. In addition, a lower RS
content (2-8%, db) is obtained from microwave-assisted
starch citrates [18] relative to those by the traditional
reaction [19, 21]. Recently, an alternative method has been
developed using a reactive extrusion technique [22, 23].
Although it can produce starch citrates with higher RS
contents (up to 90%) within 1 h reaction time, their gran-
ular structure is destroyed due to higher shear from a
concurrent rotating twin-screw extruder [22, 23]. Thus, the
objective of this study was to investigate the effects of
microwave-discharged CP (MCP) on the reactivities and
physicochemical properties of starch citrates in granular
state so as to design the non-thermal reaction process using
CP as a non-toxic and eco-friendly catalyst for esterifica-
tion between starch granules and citric acid.

Materials and methods
Materials

Normal corn starch (12.4% moisture, 24.3% amylose), a
commercial product of Samyang Genex Co. (Seoul,
Korea), was used as a starch source without additional
purification. A total RS assay kit and anhydrous citric acid
(CA) were purchased from Megazyme International Ltd.
(Wicklow, Ireland) and Duksan Pure Chemicals Co., Ltd.
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(Ansan, Gyeonggi, Korea), respectively. All reagents and
chemicals used in this study were of ACS grade.

Preparation of reaction mixtures

The reaction mixtures for GSCs were prepared according
to the method of Kim and Kim [22]. CA was dissolved in
deionized water (DIW), and then adjusted to pH 3.5 with
10 N NaOH. The CA concentrations were 10 and 20% on
a dry starch weight basis (sb). Normal corn starch (1 kg,
db) was mixed for 30 min at room temperature (~24 °C)
with a CA solution (1 kg) using a mixer (5 L; Hobart Co.,
Troy, OH, USA). The mixture was transferred into a
stainless-steel tray (36 x 32 x 6 cm?) and dried at 50 °C
using a forced convection oven (OF-G; Jeio Tech Co.,
Ltd., Daejeon, Korea) until its moisture content was
<7.5%. The dried reaction mixtures were ground with a
blender (HMF-3450S, Hanil Electric, Incheon, Korea),
passed through a 50 mesh sieve (No. 50; Chunggye,
Seoul, Korea), and stored in Teflon bottles at room
temperature.

MCP treatment

The reaction mixtures were treated using MCP system
(SWU-2; Seoul Women’s University, Seoul, Korea) as
outlined by Kim et al. [1] and Song et al. [3]. The reaction
mixture (5 g) was evenly spread on a Teflon plate (16 cm
diameter), which was placed in the treatment chamber of
the MCP system. MCP treatment was conducted for
20 min at 900 W independently under N, (1 L/min,
0.7 kPa) and N,-O, (80:20, v/v; 2.5 L/min, 1.3 kPa)
environments, forming stable plasma. The surface tem-
perature of the reaction mixtures was ~32 °C during
treatment according to the measurement using an infrared
thermometer (DT 44L; DIAS Infrared GmbH, Dresden,
Germany). For a reaction control (COV in Table 1) of
MCP treatments (LPaG1-2 and LPbG1-2 in Table 1), the
reaction mixture (20 g, db) prepared with 10% CA was
dry-heated for 60 min at 135 °C in a convection oven (FO-
600 M; Jeio Tech Co., Ltd., Daejeon, Korea) [24]. MCP-
treated and dry heat-treated reaction mixtures were washed
three times with 50% (v/v) aqueous ethanol and then once
with absolute ethanol to remove the unreactive CA, and
dried at 45 °C for 24 h [22]. The reaction conditions for
preparing GSCs are presented in Table 1. LPaG1-2 and
LPbG1-2 are the starch citrates treated by MCP under the
different gas environments of N, alone and the mixture of
N, and O, (80:20, v/v), respectively. Also, LPaGl and
LPaG2 (or LPbG1 and LPbG2) refer to the starch citrates
prepared by MCP treatment using the reaction mixtures
with different CA concentrations of 10 and 20% (sb).
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Table 1 Reaction conditions ] N . ) o

for the synthesis of granular Treatment CA (%, s.b) pH T (°C) t (min) Gas composition (%, v/v) E W)

starch citrates by dry heat and N, 0,

microwave-discharged cold

plasma treatments Native - - - - - - -
Ccov 10 35 135 60 - - -
LPaGl1 10 35 32 20 100 - 900
LPaG2 20 3.5 32 20 100 - 900
LPbGl1 10 3.5 32 20 80 20 900
LPbG2 20 3.5 32 20 80 20 900

CA, anhydrous citric acid; T, temperature; t, time; E, electric power; COV, granular starch citrate prepared
through dry heat treatment in a convection oven; LPaG1-2 and LPbG1-2, granular starch citrates prepared
through microwave-discharged cold plasma treatment

Morphology

Starch samples were viewed at 1200 times magnification
with a field-emission scanning electron microscope (FE-
SEM, JSM-6700F; Jeol Ltd., Tokyo, Japan) following the
method of Kim and Kim [25].

Fourier transform-infrared spectroscopy (FT-IR)

FT-IR spectra of starch samples were obtained using
Spectrum One System (Perkin-Elmer, Waltham, MA,
USA). The tablets prepared from the starch sample and
potassium bromide (FT-IR grade, >99%; Sigma-Aldrich
Co., St. Louis, MO, USA) were scanned at the wavelength
range of 400—-4000 cm ™! with a resolution of 4 cm™! [22].

Molar degree of substitution (MS)

CA bound to GSCs was quantified according to the method
outlined by Kim and Kim [24]. MS was calculated as the
ratio of moles of anhydrous CA to that of anhydroglucose
units of starch.

X-ray diffraction (XRD)

XRD patterns of starch samples were investigated with an
X-ray diffractometer (D8 Advance; Bruker AXS GmbH,
Karlsruhe, Germany), following the method of Shin et al.
[26]. The relative crystallinity (RC) was calculated as the
percent ratio of the difference in the diffractogram area
between granular and amorphous starches to the diffrac-
togram area of granular starches [27]. An amorphous starch
was prepared through autoclaving-cooling treatment with
native starch [28].

RS content

The GSC paste was prepared by mixing GSC (100 mg, db)
with DIW (4 mL), and heating for 30 min in a boiling

water bath, followed by cooling to 37 ‘C [24]. The RS
contents of GSC and GSC paste were determined using a
total RS assay kit (Megazyme International Ltd., Wicklow,
Ireland) according to the Approved Method 32-40 [29].

Swelling power (SP) and solubility

The SP of the starch samples was measured at 75 °C
according to the method outlined by Shin et al. [26]. SP
was defined as the ratio of weights of the swollen GSC to
the initial counterpart. For solubility, the total sugar con-
tents in the supernatant recovered from SP measurement
were measured by a sulfuric acid-phenol method [30].
Solubility was defined as the percent (%) ratio of weights
of total sugar (converted into starch) in the supernatant to
the initial starch samples.

Differential scanning calorimetry (DSC)

Gelatinization property of starch samples was investigated
with DSC (Q2000; TA Instruments, New Castle, DE,
USA). A starch sample (5 mg, db) was weighed into alu-
minum pans, and DIW was added to a total weight of
20 mg, followed by hermetical sealing. The pan was held
overnight at room temperature (24 °C) for equilibrium,
after which it was scanned from 20 to 100 °C at a heating
rate of 5 °C. The empty pan was used as the Ref. [26].

Rapid visco analyzer (RVA)

Pasting viscosity profiles of starch samples were investi-
gated with RVA (RVA-3D; Newport Scientific, NSW,
Australia). The starch sample (2.0 g, db) was directly
weighed into an aluminum canister, and DIW was added to
a total weight of 28 g. The starch slurry was manually
stirred for 30 s with a spatula and plastic paddle, followed
by its insertion into RVA. The rotation speed of the plastic
paddle was maintained at 160 rpm over the programmed
temperature profile: holding at 50 °C for 1 min, heating
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from 50 to 95 °C at a heating rate of 12 °C/min, holding at
95 °C for 2.5 min, cooling to 50 °C at a cooling rate of
12 °C/min, and holding at 50 °C for 2 min.

Statistical analysis

GSC preparation was repeated three times according to the
reaction conditions (Table 1), and all measurements were
repeated three times for analysis. All experimental data
were analyzed using one-way ANOVA and expressed as
mean =+ standard deviation. Significant differences in
characteristics among treatments were analyzed with
Tukey’s HSD test at p < 0.05. All statistical analyses were
conducted with Minitab 16 (Minitab Inc., State College,
PA, USA).

Results and discussion
FT-IR

FT-IR spectra of native starch and reaction mixtures treated
by MCP were investigated to verify if the esterification
between starch molecule (ST) and CA occurred under MCP
(Fig. 1). The well-known starch citrate (SC; COV in
Table 1) prepared by dry heating in a convection oven was
used as a reaction control of MCP-treated reaction mixtures
[21-24]. A typical FT-IR spectrum was obtained for native

Natjve
cov

2 !
[72] LPaG1
c
o t
o
=
E’ LPaG2
1]
o
=
o LPbG1 T
=
<

LPbG2 N
'

4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm™)

Fig. 1 FT-IR spectra of native starch and granular starch citrates
prepared by dry heat (COV) and microwave-induced cold plasma
(LPaG1-2 and LPbG1-2) treatments. See Table 1 for the detailed
reaction conditions
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starch, consistent with that reported in literature [21-24].
Similar to COV, the reaction mixtures treated with MCP
revealed a new peak generated from the stretching vibra-
tion of carbonyl groups in ester bonds at the wavelength
range of 1710-1760 cm™! (Fig. 1 arrows) [15, 16, 21-24].
Consequently, MCP appeared to catalyze the formation of
ester bonds between ST and CA, which could synthesize
SC in a non-thermal manner.

MS

The reactivity of COV and MCP-induced SC was assessed
with their respective MS (Table 2). In general, the MS of
SC prepared by dry heating in a convection oven increased
with reaction temperature and time at a given CA con-
centration [14, 18, 19, 23, 24]. Nevertheless, for compar-
ison of the reaction efficiency of MCP treatment that was
completed within 20 min to that of a traditional reaction,
the reaction mixture for COV was dry-heated at 135 °C
only for 60 min (a minimal reaction time to form ester
bonds between ST and CA over 120 °C). The MS of COV
was 0.016, compatible with that of SC prepared under
reaction conditions identical to those in this study [23].
Accordingly, the method adopted in this study to determine
the MS of SC was appropriate for investigating the reac-
tivity of MCP-induced SCs. For MCP-induced SCs
(LPaG1-2 and LPbG1-2), MS ranged from 0.012 to 0.015
and was slightly lower (but statistically significant) than
that of COV (Table 2). Within a given CA concentration,
SCs treated with MCP by N, (N,-MCP) exhibited slightly
lower MS than those with MCP by N,—O, (N,/O,-MCP)
(not significant for LPaG1 vs. LPbG1; statistically signifi-
cant for LPaG2 vs. LPbG2) (Table 2). Despite minute
differences in the MS of SCs between N,-MCP and N,/O5,-
MCP treatments, N,/O,-MCP (relative to N,-MCP) may be
more effective for dehydrogenation and dehydroxylation of
STs and CA due to the presence of oxygen atom, hydroxyl
group, and ozone in N,/O,-MCP [9, 13]. For a given MCP-
forming gas, the difference in the MS of SCs was 0.001 for
LPaG1 vs. LPaG2 and 0.002 for LPbG1 versus LPbG2
(Table 2), suggesting that the MS of MCP-induced SCs
was less dependent on CA concentration. Oh et al. [5]
noted CP-affected polymer films to be 10 nm or less in
depth, which implies that MCP catalyzed the reaction of
ST with CA at their periphery.

Morphology

The morphological characteristics of native starch and SCs
were observed with FE-SEM, and shown in Fig. 2. Native
starches exhibited polygonal and round shapes with smooth
surfaces (Fig. 2 Native), as commonly reported in literature
[21, 23]. Although COV (reacted in a convection oven as a
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Fig. 2 FE-SEM images of
native starch and granular starch
citrates prepared by dry heat
(COV) and microwave-induced
cold plasma (LPaG1-2 and
LPbG1-2) treatments (scale bar
10 pm). See Table 1 for
detailed reaction conditions

Native

impossible to infiltrate into GSC granules as supported by
previous suggestion that it acts at their periphery. The
results suggest that MCP did not affect amylopectin double
helices and/or clusters (responsible for starch crystal
structure) of their interior, leading to no changes in their
XRD patterns and RCs.

RS content

Resistance of native starch and GSCs to amylolytic
enzymes was assessed with their RS contents (Table 2). In
uncooked state, all GSCs (11.5-21.6%) exhibited signifi-
cantly higher RS contents than native starch (6.1%). It was
consistent with previous reports that bulky CA groups
within SCs restricted attack or action of amylolytic
enzymes to ST [18, 19, 23]. For GSCs, the RS contents of
MCP-induced GSCs (11.5-14.7%) were significantly lower
than that of COV (21.6%). The noted differences in RS
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contents may be a result of the deviation in MS among
GSCs, because RS contents of SCs were positively corre-
lated with their MS [19, 24]. Within a given MCP-forming
gas, MCP-induced GSCs appeared to follow the general
relationship between RS content and MS of SCs, as men-
tioned above (Table 2). However, in the case of LPaG1 and
LPbGl1 treated with N,-MCP and N,/O,-MCP, respec-
tively, the RS content was significantly lower in LPbG1
relative to LPaG1, even though both possessed similar MS
(Table 2). This finding may result from the partial scission
of ST throughout plasma oxidation by active oxygen spe-
cies in N,/O,-MCP [12]. On the other hand, there is a
report that activated surfaces of the defatted soybean meal-
based film by CP treatment may be partially restored to its
untreated state during storage [5], implying instability of
CP-induced activation effects. To examine the stability of
MCP-induced ester bonds between ST and CA, aqueous
suspensions of GSCs were cooked in a hot water bath,
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Fig. 3 XRD patterns (A) and pasting viscosity profiles (B, C) of native starch and granular starch citrates prepared by dry heat (COV) and
microwave-induced cold plasma (LPaG1-2 and LPbG1-2) treatments. See Table 1 for detailed reaction conditions

followed by determination of their RS contents (Table 2).
The deviation in RS content between uncooked and cooked
GSCs was 2.8% points for COV and 0.7-2.8% points for
MCP-induced GSCs (Table 2). More thermally stable ester
bonds might be formed by MCP (relative to dry heating)
treatment.

Solubility and SP

The solubility and SP of native starch and GSCs were
determined at 75 °C (Table 2). The solubility and SP were
significantly higher for GSCs (7.4—16.8% and 10.8—-12.1 g/
g, respectively) relative to native starch (5.6% and 10.1 g/
g, respectively) (Table 2). Both solubility and SP of SCs
were much lower than those of their respective untreated

(native) starches in the case that ST within SCs was pri-
marily cross-linked (relative to substituted) with CA [23].
Thus, COV and MCP-induced GSCs in this study may be
formed mainly by substitution (single esterification) of ST
with CA, although there may still be cross-linking among
starch molecules by CA [19] to lesser extents. Within
GSCs, COV revealed higher solubility than MCP-induced
GSCs, while slightly higher (but statistically significant) SP
was obtained for MCP-induced GSCs (relative to COV)
(Table 2). Assuming that ST was substituted with CA only
by single esterification, COV with the highest MS should
have revealed higher solubility and SP than MSP-induced
GSCs [23]. However, in this study, the smallest SP was
found for COV among GSCs. Both substitution and cross-
linking reaction were known to simultaneously occur in
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starch citration [19, 23], although their relative frequency
could be different depending on the reaction conditions. As
mentioned above, mono-starch mono-citrate (MSMC; by
substitution) may be much more dominant within all GSCs
than di-starch mono-citrate (DSMC; by cross-linking),
based on comparison between the solubility and SP of
GSCs to those of native starch. The highest MS of COV
likely possessed the highest contents of MSMC and DSMC
relative to other GSCs, which might result in restriction of
its swelling due to its relatively high DSMC. On the other
hand, MSP-induced GSCs did not follow the common
trend that the solubility and SP of SCs increased (dominant
for substitution) or decreased (dominant for cross-linking)
with increasing MS [18, 19, 23]. For example, LPaG2
revealed lower solubility and higher SP than LPbGl1, even
though they possessed the same MS (0.013). Accordingly,
the solubility and SP of MCP-induced GSCs were contra-
dictory to general trends in starch citration and may not be
appropriately interpreted with the experimental results
provided in this study.

DSC

The gelatinization properties of native starch and GSCs
were investigated with DSC, and exhibited in Table 2.
Relative to native starch, gelatinization onset, peak, and
completion temperatures of COV shifted toward high
temperature (Table 2). This result implies that citration
reaction (substitution and cross-linking) by dry heating
occurred on the surfaces as well as in the internal matrices
of starch granules, enhancing their resistance to thermal
melting [23]. However, the gelatinization temperatures of
MCP-induced GSCs, regardless of CA concentration and
MCP-forming gas, were commonly similar to those of
native starch, although there were minute differences in
their gelatinization temperatures (Table 2). It may further
support that MCP functions only at the peripheries of
starch granules, as previously suggested. On the other
hand, the gelatinization enthalpies (10.0-10.9 J/g) did not
significantly differ for native starch, COV, and MCP-in-
duced GSCs, as supported by their XRD patterns and RC
that were not significantly changed according to the reac-
tion conditions (Fig. 3(A), Table 2). Consequently, MCP
treatment did not affect the granule stability, crystal for-
mation, and crystalline perfection of starches.

Pasting viscosity

Pasting viscosity profiles and characteristics of native
starch, COV, and MCP-induced GSCs were investigated
and are presented in Fig. 3(B, C) and Table 3, respectively.
Their pasting viscosity profiles were typical, as observed
for native and modified starches [23], although there were
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differences in the levels of pasting viscosity among them
(Fig. 3(B), (C)). Compared to the pasting viscosity profile
of native starch, COV began to rapidly develop its pasting
viscosity (lower pasting temperature) and exhibited higher
peak, lower trough, and similar final viscosities (Fig. 3(B),
(C)), resulting in higher breakdown and setback viscosities
(Table 3). The noted trends in pasting viscosity were found
for relatively lower MS of SCs, which were more fre-
quently substituted than cross-linked [18, 23, 24]. The
pasting viscosity profiles of LPaG1 and LPaG?2 treated with
N,-MCP were similar to the profile of COV, but higher at
all points over the programmed temperature profile
(Fig. 3(B)). Due to the differences in their pasting viscosity
profiles, LPaG1 and LPaG2 revealed higher peak, trough,
and final viscosities, causing higher breakdown and lower
setback viscosities (Table 3). The observed phenomena
were opposite to those of substituted starches, whose
pasting viscosities increased with their MS [32]. It can be
explained by the previously mentioned suggestion that
relative frequency of DSMC is higher for COV than MCP-
induced GSCs due to their relative differences in MS.
Further, LPaG1 showed higher pasting viscosities (except
for setback viscosity) than LPaG2 (Fig. 3(B); Table 3),
which may be explained by the fact that LPaG1 possessed
higher solubility and SP than LPaG2 (Table 2). On the
other hand, for LPbG1 and LPbG2 treated with N,/O,-
MCP, the pasting viscosity profiles were lower at all and
partial points (relative to native starch and COV, respec-
tively) over the programmed temperature profile
(Fig. 3(C)). Their pasting viscosity development was faster
than native starch, but later than COV (Table 3), as the
results of differences in MS between MCP-induced GSCs
and either native starch or COV (Table 2). Moreover, their
peak, trough (except for LPbG2), breakdown, final, and
setback viscosities were lower than those of COV
(Table 3). The observed phenomena may not be explained
by differences in either MS or solubility and SP among
them depicted in Table 2, due to inconsistency in general
patterns observed for lower MS of SCs [18, 23, 24] and
hydroxypropylated starches [32]. Based on their lower
solubilities (Table 2), their reduced pasting viscosities may
not result from the partial hydrolysis of starch granules by
CA during preparation of the reaction mixture [33] and
plasma oxidation [12] during MCP treatment. The most
possible explanation might be the reduction of swollen
granule rigidity of LPbG1 and LPbG2 (treated by N,/O,-
MCP) against continued shear. As shown in this study
(Fig. 2 LPbG1-2), the more dents (likely damaged by
bombardment of reactive oxygen species within MCP) on
the surfaces of LPbG1 and LPbG2 granules than others
might weaken their granule integrity, resulting in rupturing
their swollen granules before arrival at maximum granule
swelling by continued shear during RVA analysis. The
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Tab.l e3 .Mearll values for. . Treatment TB (°O) Pasting viscosity (mPa s)

pasting viscosity characteristics

of native starch and granular Peak Trough Breakdown  Final Setback

starch citrates
Native 90.1 £+ 0.6° 12215 +2.19 936.5 £2.1° 285.0 £ 0.0° 1201.0 + 8.5° 264.5 + 6.49
COV® 80.9 £ 0.00 1318.5+£9.2° 761.0 £5.7¢ 557.5 +£3.5° 1220.0 + 7.1*°® 459.0 + 1.4*
LPaG1°¢ 83.6 + 0.5¢ 1435.0 + 8.5° 817.0 £ 5.7° 618.0 £2.8° 1238.0 £ 9.9 421.0 & 4.2°
LPaG2®  81.7 £0.4° 13719 £ 94> 7934 +£87° 5785+ 0.6° 1231.5+9.2° 4381 +0.5"
LPbGI® 852 4+ 0.4° 1083.5 +6.4° 7250 +£57° 3585+0.7° 989.3 439 2643+ 1.8°
LPbG2°¢ 86.9 £ 0.6° 1019.0 + 8.57 802.0 £9.9° 217.0 + 1.4° 1027.5 +£92* 2255+ 0.7°

# Mean values of three replicate measurements; Values sharing the same lowercase letters within a column
are not significantly different at p < 0.05

® Pasting temperature

¢ COV, LPaGl1-2, and LPbG1-2 indicate the granular starch citrates prepared through the dry heat and
microwave-discharged cold plasma treatments, respectively. The detailed reaction conditions for granular
starch citrates are depicted in Table 1

results indicate that pasting viscosities decreased in LPbGl1
and LPbG2. Kim and Kim [22] suggested that the structural
damage of SC granules reduced their pasting viscosity.

In conclusion, this study demonstrated the physico-
chemical properties of SCs non-thermally prepared by
MCP treatment. Overall results revealed that MCP suc-
cessfully esterified ST with CA, and MCP-induced GSCs
(relative to native starch) altered their physicochemical
properties, similar to those of SC prepared by a traditional
reaction method. Thus, MCP would possess great potential
for functioning as a novel catalyst in in situ non-thermal
grafting of CAs on starch molecules. Nevertheless, it is
likely that overcoming the limitation of CP, which has a
narrow penetrating depth of the matters, will be an
important area of future research to enhance the reaction
efficiency of MCP treatment.
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