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To understand the efect of the interaction between wheat starch (WS) and wheat gluten (WG) on batter characteristics and oil
penetration of deep-fried breaded fsh nuggets, batters were prepared using a WS andWG blend at the ratios of 15 :1, 13 :1, 11 :1,
9 :1, and 7 :1 w/w, respectively, and batter-breaded fsh nuggets (BBFNs) were fried at 170°C for 40 s followed by 190°C for 30 s.
Moisture adsorption isotherms of WS and WG, viscosity, rheological behavior, and calorimetric properties of the batters were
measured, and pick-up of BBFNs, thermogravimetric properties of the crust, and oil transport were investigated. Te moisture
absorption capacity of WG was higher than WS at a low water activity (0.04–0.65), while the opposite trend was observed at
a highwater activity (0.65–0.88). As the proportion of WS decreased, the viscosity, G” and tan δ of batter, pick-up of BBFNs,
temperature and enthalpy change (ΔH) of protein denaturation andWS gelatinization, and oil penetration of BBFNs during deep-
fat frying, which are decreased until reaching a minimum value at the ratio of 11 :1 w/w, then increased (p< 0.05). However, G’ of
batter and thermogravimetry temperatures of crust exhibited the opposite trend. Tese results proved that the WS–WG in-
teraction signifcantly afected the batter characteristics and oil penetration of BBFNs during deep-fat frying, which can be used to
guide the manufacturing of low-fat fried BBFNs.

1. Introduction

Fried batter-breaded foods, with tender and crispy textures,
are popular food items all over the world [1–3]. However, the
golden protective layer (crust), formed during deep-fat
frying, contains excess fat while over-intake of these fried
foods may cause obesity and negatively impact human
health, leading to potential risks of cardiovascular disease
and hypertension [4, 5]. Terefore, there has been an in-
creasing interest to reduce the fat content of fried foods by
changing the formulation of batter in recent years [6].

A batter, typically consisting of four, water, seasonings,
and other ingredients, is a highly-complex system employed
for fried foods, and it is afected by the interactions among

components [7]. During deep-fat frying, the crust is formed
due to the gelatinization of starch and denaturation of
protein, which inhibits the evaporation of moisture and
changes the surface structure, resulting in the low-fat
content of fried foods [3, 8]. Te mechanism of fat-
absorption reduction may result from the interaction be-
tween wheat starch (WS) and wheat protein, which afects
the viscosity, rheological properties, and thermal properties
of batter and pick-up of batter-breaded foods [9, 10]. It was
reported that a starch-protein complex was formed when
gelatinized starch penetrated into the denatured protein
network during deep-fat frying, which made the gel network
tighter andmore compact [11, 12].Te formulation becomes
the key factor that afects the characteristics of the batter.
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However, the efect of the interaction betweenWS and wheat
protein on the batter characteristics, resulting in a reduction
of fat absorption, has not been clearly explained.

We had reported that WS-WG interaction in the batter
signifcantly afected the quality attributes of fried batter-
breaded fsh nuggets (BBFNs) and also inhibited oil pene-
tration, when fried BBFNs were prepared by treating fsh
with batters composed ofWS and wheat gluten (WG) blends
at fve ratios [13]. However, there is scarce information on
the efect of WS-WG interaction on the batter character-
istics, leading to a difcult understanding of the relationship
between quality attributes of fried BBFNs and formulations
of batter. Terefore, the main objectives of this present work
were to determine the rheological behavior and calorimetric
properties of batters prepared with WS and WG at various
ratios, pick-up of BBFNs, thermogravimetric properties of
the crust, and oil transport during deep-fat frying, and to
analyze the efect of WS–WG interaction on the batter
characteristics and oil penetration.

2. Material and Methods

2.1. Materials

2.1.1. Organic/Biological Materials. Frozen silver carp su-
rimi with 3.0% sodium tripolyphosphate was provided by
Honghu Jinli Aquatic Food Co., Ltd. (Honghu, China). WS
(starch content 87.2%, moisture content 10.9%, and dam-
aged starch content 10.8%) and WG (protein content 83.1%,
moisture content 7.6%) were purchased from Beijing Rui-
maijiahe Food Co., Ltd. (Beijing, China). Breadcrumbs of <
2mm particle size were provided by Wuxi Jinhuanghua
Food Co., Ltd. (Wuxi, China).

2.1.2. Chemicals. Sudan Red B was purchased from
Shanghai Hengdailao Biological Co., Ltd. (Shanghai, China).
Sulfuric acid was purchased from Sinopharm Chemical
Reagent Co., Ltd. (Beijing, China).

2.2. Determination of Moisture Adsorption Isotherm. Two
groups of WS and WG (1.5 g, fve samples for each group)
were individually aliquoted into aluminum cups, then these
cups were placed in a desiccator with a controlled water
activity (aw) of 0.88, 0.75, 0.56, 0.34, and 0.04 at 20± 0.5°C,
respectively, via diferent concentrations of sulfuric acid
solutions [14]. Te weight of aluminum cups was measured
every 12 h until they reached a constant weight. Te
moisture content at equilibrium was determined through
a mass balance according to the AOAC [15]. Adsorption
isotherms (curves of equilibrium moisture content vs. aw)
were analyzed according to the Guggenheim-Anderson-de
Boer (GAB) classical model, which assumes a multilayer
adsorption [16–18].

X � X0
CKaw

1 − Kaw(  1 − Kaw + CKaw( 
, (1)

where X and X0 refer to the moisture content and the
saturated adsorption capacity of water, respectively; K

represents the equilibrium constant for adsorption; C is
a constant that represents the diference in free enthalpy of
the water molecules in the pure liquid and adsorbed states.

2.3. Preparation and Characterization of Batters

2.3.1. Batter Preparation. Batters were prepared according
to the method given in a published report [13] with slight
modifcations. Te mixture of WS and WG (100 g) at fve
ratios (15 : 1, 13 : 1, 11 : 1, 9 : 1, and 7 : 1, w/w) and
deionized water (98 g) were mixed according to Table 1,
and the resultant batter was prepared by stirring at
1000 rpm for 10min using an electric mixer (R-30, Yuhua
Instrument Co., Ltd., Shanghai, China) to form homo-
geneous batters.

2.3.2. Measurement of Batter Viscosity. Te batter viscosity
was measured based on the method developed by [19]. Te
batter was poured into No. II thermostat cup to ensure the
rotor is covered over 1mm. Te NDJ-7 viscometer
(Shanghai Jingke Tianmei Trading Co., Ltd., Shanghai,
China) was employed for the measurement and the oper-
ating temperature was set at 25°C. Once the reading was
stable, the data was recorded. Te thermostat cup was
thoroughly cleaned and dried after each use. Te batter
viscosity (η; MPa·s) was calculated according to the fol-
lowing equation:

η � kA, (2)

where k and A represent the coefcient of the rotor and the
reading of the viscometer, respectively.

2.3.3. Determination of Rheological Moduli. Te rheological
behavior of the batter was evaluated with temperature sweep
in the oscillation mode using a DHR-2 dynamic rheometer
(TA Instruments, New Castle, DE, USA) according to the
method described in the previous study [20]. An aliquot of
2 g batter in an aluminum plate was placed on the test
platform of the rheometer with a 60mm diameter and 2° gap
angle of cone-plate geometry. To avoid moisture evapora-
tion, the batter samples were enclosed within an air escape
cover. Te determination of the dynamic rheological be-
havior of the batters was conducted by ramping the tem-
perature from 0°C to 90°C at a heating rate of 2°C/min with
a stress amplitude of 0.01 and frequency of 1Hz. Te storage
modulus (G’), the loss modulus (G”), and the loss tangent
(tan δ � G”/G’) were recorded.

Table 1: Formula of the batter (WS andWG represent wheat starch
and wheat gluten, respectively).

WS :WG, w/w WS (g) WG (g) Water (g)
15 :1 93.7 6.3 98.0
13 :1 92.9 7.1 98.0
11 :1 91.7 8.3 98.0
9 :1 90.0 10.0 98.0
7 :1 87.5 12.5 98.0
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2.3.4. Diferential Scanning Calorimetric (DSC) Analysis.
Te determination of the calorimetric properties of the
batters was performed using a Q-2000 diferential scanning
calorimeter (TA Instruments, New Castle, DE, USA). An
aliquot of 5mg batter was added to a stainless-steel pan and
hermetically sealed. An empty pan was served as the ref-
erence. Te pans were equilibrated at 25± 1°C for 5min and
then heated to 130°C within 9min. Te onset temperature
(T0,i), peak temperature (Tp,i), and enthalpy change (ΔHi) of
starch gelatinization or protein denaturation for component
i (i represents WS or WG) were analyzed with the TA
Universal Analysis 2000 software.

2.4. BBFN Preparation and Pick-Up. Frozen silver carp su-
rimi was cut into small pieces followed by thawing at room
temperature (25± 1°C). An aliquot of 300 g thawed silver
carp surimi was added to a Model HR 7633 chopper mixer
(Philips Household Appliances Co., Ltd., Zhuhai, China),
and fnely chopped at 1200 rpm for 5min. Subsequently, an
aliquot of 3 g salt with NaCl (food grade) was added, and the
mixture was chopped for another 7min at 2000 rpm. Te
minced surimi was processed into fsh nuggets (5.8± 1 g,
6 cm× 1.5 cm× 1.5 cm). Te fsh nuggets were immediately
immersed into the batter for 10 s and then allowed to drain
for 15 s. Te process was repeated until the liquid drainage
disappeared. Finally, the fsh nuggets were rolled with
breadcrumbs to obtain uniform coverage.

Te pick-up (the weight ratio of batter to BBFNs) was
calculated according to the following equation reported by
Salvador et al. [21]:

Pick − up/% �
A1 − A2

A1
× 100, (3)

whereA1 andA2 represent the total weight of BBFNs (g) and
the weight of fsh nuggets (g), respectively.

2.5. Process and Analyses of Fried BBFNs

2.5.1. Frying Process. A blast drying oven (101-BS, Shanghai
Yuejin Medical Equipment Co., Ltd, Shanghai, China) was
employed for the frying process. BBFNs were frst fried at
170°C for 40 s and then fried at an increased temperature
(190°C) for 30 s. Before the analysis of the thermodynamic
properties of the crust, the fried BBFNs were drained to
remove excess oil and cooled at room temperature (25± 1°C)
for 1 h in a stainless-steel strainer.

2.5.2. Termogravimetric Analysis (TGA) of Crust. Te crust
of fried BBFNs was peeled of and crushed with
a FW80 high-speed pulverizer (Zhengzhou Kefeng In-
strument Co., Ltd., Zhengzhou, China), then sieved with
a 100-mesh sieve. An aliquot of 5 g crushed crust was added
to aluminum oxide pans equipped with the TGA/DSC1
thermogravimetric analyzer (Mettler-Toledo International
Co., Ltd., Shanghai, China), and the temperature was in-
creased from 20°C to 700°C at a rate of 10°C/min, then cooled
from 700°C to 500°C at a rate of 20°C/min under a nitrogen

fow rate of 60mL/min. An empty aluminum oxide pan was
used as the reference. Te diferential thermogram (DTG)
curve of the crust was obtained by converting the thermal
weight (TG) spectrum to derivative weight percent using the
STARe evaluation software [22].

2.5.3. Oil Transport Examined by Optical Microscopy.
Sudan red B (0.75 g) was dissolved in the soybean oil (1.5 L)
and heated at 60°C for 4 h to make a uniform dyed oil [23].
BBFNs were fried according to the aforementioned frying
procedure. After being cooled to room temperature
(25± 1°C), fried BBFNs were cut into thin slices
(5mm× 3mm× 3mm) from the junction between the crust
and core. An optical microscope (Shanghai BM optical
instrument manufacturing Co., LTD, Shanghai, China) was
used to observe the oil transport phenomenon across the
cross-section at 4x magnifcations in the refective mode.

2.6. Statistical Analysis. Analyses were performed in trip-
licate. Te results were expressed as a mean± standard
deviation. Te data obtained were subjected to statistical
analysis using the SPSS software (Version 17.0; SPSS Inc.,
Chicago, IL, USA).Te comparison of means was performed
by Duncan’s multiple range tests, and the statistically sig-
nifcant diference was defned at a level of p< 0.05.

3. Results and Discussion

3.1. Moisture Adsorption Isotherms for WS and WG. Te
moisture adsorption isotherm represents the relationship
between aw and moisture content (the weight of water per
unit weight of dry matter) at a constant temperature, refects
the ability of WS and WG to bind water [24]. As depicted in
Figure 1, the equilibrium moisture content of WS increased
steadily with an increase of aw for aw <0.74, and to an even
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Figure 1: Moisture adsorption isotherms for WS andWG.WS and
WG represent wheat starch and wheat gluten, respectively.
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greater extent for aw >0.74, which represents a type III
isotherm [25]. For the moisture adsorption isotherm of WG,
the equilibrium moisture content of WG increased rapidly
when the aw was between 0.04 and 0.56. However, the
equilibrium moisture content experienced a slower increase
when aw ranged from 0.56 to 0.75. Finally, it rose sharply
again after 0.75 with the fastest rate. Tis indicated that the
WG adsorption isotherm had a type II characteristic, and the
shape was an anti-“S” type. Both equilibrium adsorption
isotherms of WG and WS ft well into the GAB model. Te
equation with the relationship between moisture content (X)
and aw forWG (X � 0.2483aw/(1 − 7.4521aw)(1+ 44876aw))
and WS (X � 0.0625aw/(1 − 0.6468aw)(1+ 0031aw)) were
ftted, and the R2 was 0.9577 and 0.9972, respectively. Te
results were similar to those of Roman–Gutierrez et al. [25] and
Moreira et al. [26].

Before the WS adsorption curve exceeded WG (i.e., aw

with 0.04–0.65), the equilibrium moisture content of WS
was lower than WG. However, the equilibrium moisture
content of WS rose faster than that of WG after the in-
tersection. Te initial moisture content (total content of
bound water and free water) ofWS andWGwas 0.11 g/g and
0.08 g/g, respectively (Figure 1). According to the equation
of the GABmodel, the initial water activity (aw � 0.83) ofWS
was slightly higher than WG (aw � 0.74). Tis observation
suggested thatWG had a stronger water-binding ability than
WS. In addition, the water in isothermal interval II (aw of
0.15–0.7) is multilayer bound water, which can bind to the
acylamino and sulfhydryl groups in protein and hydroxyl
groups in starch by hydrogen bonds, the equilibrium
moisture content of the WS and WG in the isothermal
interval II at a certain temperature and aw refects its water
absorption capacity [27]. Figure 1 indicates that WG had
a stronger water absorption capacity than WS.

3.2. Characteristics of Batters

3.2.1. Viscosity and Pick-Up. Te viscosity of batter and the
pick-up of BBFNs at fveWS :WG ratios are shown in Table 2.
It is apparent that the lowest viscosity (340MPa.s) and pick-
up (27.1%) were obtained for a WS :WG ratio of 11 :1 w/w.
For WS :WG ratios below 11 :1 w/w, the viscosity and pick-
up decreased with the increasing ratio of WS :WG, while the
opposite trend occurred for the ratios above 11 :1 w/w. Other
studies also suggested the importance of starch/protein

concentration on viscosity [21, 28, 29]. Te surface of high-
purity WS granules often sufered mechanical damage
during an extraction process [30]. Since the swelling power
of starch granules in cold and hot water increased with the
degree of damage (except when the damage was excessively
severe) [31], exposed starch granules were expected to be
more soluble in water, thereby increasing the batter vis-
cosity [32, 33]. When starch was added to the batter at
a high ratio (WS :WG ratio of 15 : 1 w/w), the damaged WS
granules underwent full-swelling during the stirring pro-
cess, which increased the batter viscosity (397MPa.s),
resulting in a high pick-up (36.0%). A similar pick-up
(36.1%) was obtained by adding low cross-
linking tapioca starch into the batter of fried chicken [34].
As the WS :WG ratio decreased from 15 :1 w/w to 11 :
1 w/w, a decrease in viscosity and pick-up was observed,
resulting from the greater difusion of swollen and de-
formed WS granules into the WG gel network during the
stirring process [35], with the enhancement of WS–WG
interaction (through intermolecular hydrogen bonds
formed by the high levels of glutamic acid and hydroxylated
amino acids in WG), which led to enhanced fuidity of the
batter, thereby resulting in the decrease of batter viscosity
[27]. Besides, the interaction between WS and WG could
alter the behavior of moisture absorption, perhaps through
an exterior layer formed by WG that would hinder the
difusion and absorption of water [36, 37]. Te high vis-
cosity observed for the lowest WS :WG ratio could be
ascribed to a strongerWG gel network, which led to a larger
retention of moisture.

3.2.2. Rheological Moduli. Dynamic rheology was used to
determine the viscoelastic moduli for the batter prepared
using fve WS :WG ratios, to judge whether the batter is
mainly viscous or elastic. Te G’ refects changes in the
conformational entropy of curled polymeric chains and is
expressed as the elasticity of batter, while G” refers to the
viscosity deformation caused by the relative movement of
segments, molecular chains, and the energy loss caused by
internal friction, which is expressed as the viscosity of batter
[38]. Te tan δ was used to express the relative viscoelastic
characteristics. When the tan δ is less than 1, it represents
a dominant elastic feature; if the value is larger than 1, it is
characterized by viscosity [39].

Te rheological behaviors of batters are depicted in
Figure 2. Te trend of the G’ and G” vs. temperature profles
at fve WS :WG ratios were similar (Figures 2(a) and 2(b)).
Te profles can be divided into three stages. G’ and G” of fve
batters increased slowly with an increasing temperature at
the frst stage (<40°C). As the temperature rose, the gel
network formed by denatured WG would be flled with the
swollen and deformed WS granules, which might promote
cross-linking between WG and WS molecules into a three-
dimensional gel, leading to increasing viscoelasticity
[28, 38, 40].

Among fve WS :WG ratios, the lowest G’ of batter was
observed for a WS :WG ratio of 7 :1 w/w at the frst stage of
heating (<40°C), while G’ for the 15 :1 w/w ratio was the

Table 2: Efect of the WS :WG ratios on the viscosity of batter and
the pick-up of BBFNs (WS and WG represent wheat starch and
wheat gluten, respectively; data are presented as mean value±
standard deviations from triplicate experiments (n� 3); mean
values listed in columns with diferent letters indicate statistically
signifcant diferences (p < 0.05)).

WS :WG (w/w) Viscosity (MPa.s) Pick-up (%)
15 :1 397± 6b 36.0± 0.6a
13 :1 373± 6c 29.6± 0.5c
11 :1 340± 10d 27.1± 0.7d
9 :1 387± 6b 30.1± 0.4c
7 :1 443± 6a 33.8± 0.7b
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lowest at the third stage (>60°C). At a WS :WG ratio of 11 :
1 w/w, G′ was the highest in the frst and the third stages,
suggesting the highest gel elasticity of batter; in contrast,G″ of
batter was the highest for the lowestWS :WG ratio (7 :1 w/w)
throughout the entire temperature range, refecting a high
viscosity occurred at the highest WG content. Te lowest G″
(i.e. the lowest viscosity) was observed for an 11 :1 w/wWS :

WG ratio at all temperatures, allowing the batter to more
readily undergo polymerization [38]. Among the composite
gels formed, the lowest gel elasticity and the weakest gel were
obtained for aWS :WG ratio of 15 :1 w/w, while an 11 :1 w/w
ratio provided the strongest elastic gels because the gel had the
best moisture-holding capacity and the lowest fat absorption
[13]. A similar result was also reported by Xue andNgadi [29].

As depicted in Figure 2(c), tan δ vs. temperature profles
at fve WS :WG ratios were similar and can be divided into
four stages. At the initial stage of heating (0–45°C), tan δ was
mostly above 1.0 but fuctuated with time, and the batter
presented a viscous sol. When the heating temperature was
higher than 45°C (the second stage), tan δ increased sharply

as a result of the batter viscosity increased due to the
water-swellable starch particles, which strengthen the
degree of hydrogen bonding between starch and gluten
[40]. Te parameter tan δ was maximized at 54°C except
for the 9 : 1 w/wWS :WG ratio, coincident with the
maximum viscosity of the batter. At the third stage
(54–65°C), tan δ decreased sharply with an increase in
temperature. It can be seen that as the temperature
approached 60°C, tan δ decreased below 1.0, suggesting
that gel began to form because of denatured WG and
gelatinized WS [38]. At 65°C, the tan δ declined to its
lowest value (<0.2), under which conditions the batter was
the most elastic. Ten, tan δ slightly rose again at the
fourth stage of heating (65–90°C), indicating that stable
WS-WG composite gels were formed [41].

When tan δ approached 1.0, the ratio of 11 :1 w/w
produced the lowest (gel point) temperature, which meant
the gel formation time was the shortest, and the elasticity was
the highest among all fve batters [38]. With a protective
layer, the formation of a mixed WS/WG gel could inhibit
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Figure 2: Efect of theWS :WG ratios on the rheological behavior of the batter. (a), (b), and (c) represent the storage modulus (G′), the loss
modulus (G″), and the loss tangent (tan δ), respectively. Values of the WS :WG ratio (w/w) are given in the legend.
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moisture evaporation and alleviate oil penetration during
deep-fat frying. Te oil transport experiment supported this
premise (described later).

3.2.3. Calorimetric Properties. Te efect of the WS :WG
ratio on the calorimetric parameters is shown in Table 3. T0,i
and Tp,i refer to the temperatures of starch gelatinization or
protein denaturation required for the initial and maximum
peak values, respectively, and ΔHi represents the amount of
crystal melting during gelatinization for component i. ΔH
for starch refects the breaking of hydrogen bonds, which
turns starch from a semicrystalline state into a soluble state;
ΔH for protein represents the net caloric change, which was
involved in the unfolding of the native structure and the
formation of new bonds among protein molecules [42, 43].

Te gelation temperatures for WS and WG, 59.3°C (Tp,WS)
and 91.0°C (Tp,WG), respectively, were consistent with the results
of Yu et al. [39]. Te formation of a WS-WG mixture did not
changeTp,WS appreciably.However, it led to a signifcant decrease
of enthalpy forWS andWG and an increase ofT0,WG,Tp,WG, and
T0,WS, the latter trend is indicative of an increase in thermal
stability [43]. Compared to individualWS orWG, allmixtures of
WS-WG reduced the free water of batter and inhibited the
gelatinization of starch by limiting the swelling ofWS due toWG
strong absorption of water. Ribotta et al. found that the denatured
polypeptides would also form a gel network to envelop some
starch granules and inhibit the swelling and gelatinization ofWS,
leading to an increase in T0,WS and a decrease in ΔH for starch
gelatinization [44]. In the case of protein denaturation, the in-
creased T0,WG and Tp,WG might result from hydrophilic in-
teraction with water, which reduced the free water content,
leading to less efcient heat transfer to the unfolding of initiate
protein [45]. Te WS–WG interaction decreased ΔH or energy
requirement for starch gelatinization or protein denaturation and
promoted batter gelation during deep-fat frying [44, 45].

Tere were no signifcant diferences in values of T0,WS,
Tp,WS, and ΔHWS among the fve WS :WG ratios (p> 0.05).
When the ratio of WS :WG was 11 :1 w/w, the T0,WG, Tp,WG,
and ΔHWG were the lowest, which indicated that the gel
point temperature was the lowest among the fve batters, and
the thermal stability of gel was the highest [46]. Tis result is
consistent with the rheological behavior of the batter
(Figure 2).

3.3. Analyses of Fried BBFNs

3.3.1. TGA of Crust. TG and DTG curves represent the
relationship between weight change and temperature, and
between the rate of weight change and temperature, re-
spectively. Te temperature corresponding to the peak for
a given heating stage of the DTG is used to analyze thermal
stability [47]. Te efect of the WS :WG ratio on TG and
DTG curves for the crust of fried BBFNs is depicted in
Figure 3. It could be seen from the curves that the weight loss
of the crust was divided into two stages. Te weight loss of
the frst stage might be determined by the evaporation of
moisture and decomposition of fat, while the weight loss of
the second stage resulted from the depolymerization of WS
-WG gel. Meanwhile, a small peak appeared in the DTG
curve at approximately 220°C in all fve crusts, indicating
that the crusts started to lose moisture, after which the rate of
weight loss increased rapidly. At the initial stage of heating,
the DTG curve did not vary signifcantly with the WS :WG
ratio (285–287°C). With continued heating, de-
polymerization and decomposition of high-molecular
weight WS and WG would occur, resulting in the loss of
WS-WG gel weight [48, 49]. As theWS :WG ratio decreased
from 15 :1 w/w to 11 :1 w/w, the maximum temperature
increased. However, a further ratio decrease led to a slight
decrease in the temperature. Te 11 :1 w/wWS :WG ratio
showed a maximum decomposition rate at 393°C, indicating
the highest thermal stability, a thermostable gel was formed
during deep-fat frying that was not easy to decompose,
which hindered the moisture evaporation in the crust and
further reduced the fat content of fried BBFNs [13, 50].

3.3.2. Oil Transport Examined by Optical Microscopy.
Sudan red B, a thermostable and fat-soluble dye, possesses
similar penetration behavior as a frying oil, which can be
used as a marker to locate oil present within fried batter-
breaded foods [23, 51]. Te penetration of frying oil into
fried BBFNs was observed by frying the BBFNs in oil dyed
with Sudan red B (Figure 4). Te oil penetration mainly
occurred within the crust and with the interface between the
crust and core, and the oil did not reach up to the core
region, except for the 15 :1 w/w and 7 :1 w/wWS :WG ratios.
Te WS :WG ratio signifcantly infuenced the oil

Table 3: Efect of the WS :WG ratios on the calorimetric parameters of batter (WS and WG represent wheat starch and wheat gluten,
respectively; T0,i and Tp,i refer to the temperatures of starch gelatinization or protein denaturation required for the initial andmaximum peak
values, respectively, and ΔHi represents the amount of crystal melting during gelatinization for component i; data are presented as mean
value± standard deviations from triplicate experiments (n� 3); mean values listed in columns with diferent letters indicate statistically
signifcant diferences (p < 0.05)).

WS :WG (w/w) T0, WS
(°C)

Tp, WS
(°C) ΔHWS (J/g)

T0, WG
(°C)

Tp, WG
(°C) ΔHWG (J/g)

WS 47.0± 0.1 59.3± 0.4 28.3± 0.3
WG 86.4± 0.52 91.0± 0.3 33.6± 0.2
15 :1 55.4± 0.1a 60.6± 0.5a 2.1± 0.1a 101.3± 0.0a 105.9± 0.0a 0.64± 0.0a
13 :1 54.7± 1.0a 60.0± 1.2a 2.2± 0.0a 97.3± 0.1a 98.9± 0.2c 0.49± 0.1a
11 :1 55.5± 0.3a 60.3± 0.5a 2.6± 0.3a 93.5± 0.1a 94.3± 0.0e 0.32± 0.0a
9 :1 55.5± 1.6a 60.6± 0.4a 2.1± 0.1a 94.8± 0.2a 96.0± 0.3d 0.39± 0.0a
7 :1 57.9± 1.7a 60.0± 0.9a 2.5± 0.4a 98.3± 0.3a 100.3± 0.5b 0.58± 0.1a
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Figure 3: Efect of theWS :WG ratios on the thermal parameters of the crust. (a–e) refer to theWS :WG ratios of 15 :1, 13 :1, 11 :1, 9 : 1, and
7 :1 w/w, respectively.
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penetration into fried BBFNs. Te depth of oil penetration
was frst decreased and then increased as the WS :WG ratio
was decreased, and the 11 :1 w/wWS :WG ratio produced
the lowest oil penetration within the crust and at the in-
terface between the crust and the core. Furthermore, the red
illumination was observed in the core region with the 15 :
1 w/w and 7 :1 w/wWS :WG ratio. Results from the oil
transport analysis were in accordance with the rheological
behavior, calorimetric properties of the batters, and ther-
mogravimetric properties of the crust, confrming that the
WS-WG interaction signifcantly afected the batter

characteristics, leading to the change in oil penetration of
BBFNs with fve WS :WG ratios during deep-fat frying [13].

4. Conclusions

TeWS :WG ratio strongly impacted the viscosity, rheological
behavior, and calorimetric properties of a wheat starch-based
batter, the pick-up of BBFNs, the thermogravimetric charac-
teristics of crust, with an 11 :1 w/wWS :WG ratio producing
theminimum value (p< 0.05) of them, leading to the lowest oil
penetration. WG acted as a water absorbent, inhibited the

Crust

Core

(a)

Crust

Core

(b)

Core

Crust

(c)

Crust

Core

(d)

Crust

Core

(e)

Figure 4: Efect of the WS :WG ratios on oil penetration of fried BBFNs. All the images were taken at 4x magnifcation in refective mode.
(a–e) refer to the WS :WG ratios of 15 :1, 13 :1, 11 :1, 9 :1, and 7 :1 w/w, respectively.
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swelling of WS, and increased the gelatinization temperature
due to competitively binding-free water in the batter. In ad-
dition, the WS-WG interaction promoted the gelatinization of
starch and the formation of a protein gel network, further
reinforcing the thermal stability of the batter, and resulting in
the ridged crust. For these two reasons, more moisture in
BBFNs was retained during deep-fat frying, which hindered oil
penetration. Tese results could provide theoretical support to
reduce the fat content of fried BBFNs.
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