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Comparative study on the gel properties and nanostructures
of gelatins from chicken, porcine, and tilapia skin
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Abstract: To clarify the feasibility of replacing commercial gelatin with chicken
skin gelatin, we investigated the gel properties and nanostructures of chicken
skin gelatin (CG), commercial porcine skin gelatin (PG), and tilapia skin gelatin
(FG). Compared with PG and FG, CG exhibited the better gel strength, hardness,
chewiness, melting point, gelling temperature, and thermostability. The differ-
ent physicochemical properties of CG might be caused by its higher imino acid
content (25.43 residues/100 total residues), which make it more liable to form
intramolecular H-bonds (lower amplitude of amide A wave number). In addi-
tion, atomic force microscopy (AFM) result was shown that CG contained larger
spherical aggregates (483 nm) than PG and FG (334 and 224 nm, respectively),
and the lack of chain and ring-like structure promoted the formation of a dense
rigid gel. These results revealed that the intramolecular H-bond and the aggre-
gation behavior are the fundamental explanations for the different gel properties
of gelatins from three sources.

Practical Application: This research provides guidance for the application of
chicken skin gelatin as a replacer for commercial gelatin. And the results provide
a theoretical basis for the modification of chicken skin gelatin.

KEYWORDS
Gel properties, Atomic force microscopy (AFM), Nanostructure, gelatin, ingredient replace-
ment
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1 | INTRODUCTION

Gelatin is a biopolymer made from the partially hydrolyzed
collagen from animal skin, bones, tendons, and other
connective tissues (Sarbon et al., 2013; Sow, Tan et al.,
2019). Gelatin has good film-forming, gelling, foaming,
and emulsifying properties, thus it is often used in food,
pharmaceutical, photographic, and cosmetic industries
(Hernandez-Nava et al., 2019; Sarbon et al., 2013; Yu et al.,
2019). Worldwide, about 85% of gelatin is manufactured
from porcine skin, cattle hides, and bovine bones (Sow &
Yang, 2015). However, mammalian-based gelatin is often
not suitable for Muslims who cannot consume porcine or
bovine products. In recent years, as the demand for non-
mammalian gelatin has increased, it has become increas-
ingly important to develop alternative gelatin from other
sources, including fish skin gelatin, such as from squid
(Nagarajan et al., 2012), hoki (Mohtar et al., 2014; Mohtar
etal., 2010), cod (Cai et al., 2018), horse mackerel (Le et al.,
2015), and tilapia (Sow et al., 2019). In addition, by char-
acterizing the physicochemical properties and microstruc-
ture of gelatin, the difference between fish skin gelatin and
mammalian-based gelatin was analyzed. In general, fish
skin gelatin has poorer gel strength and rheological prop-
erties compared with bovine or porcine gelatin, limiting
its use as a substitute for mammalian-based gelatin (Feng
et al., 2017; Huang, et al., 2020; Pang et al., 2017).

Therefore, new resources of gelatin, such as chicken
gelatin, should be exploited. Chicken skin is a major
source of by-product scraps from poultry processing, with
general stronger gel strength and higher thermal stability
than bovine gelatin, making it a good potential substi-
tute for mammalian-based gelatin (Sarbon et al., 2013).
Gelatin’s gel strength, rheological properties, thermal
stability, and its ultimate application are closely related to
its amino acid composition, micromorphology, and nanos-
tructure (Sow et al., 2019). Therefore, it is important to
determine the microstructure characteristics and illustrate
the effects of structure on the physicochemical properties
of chicken skin gelatin for its future development and
application.

The purpose of our study was to examine whether
chicken skin gelatin could be a potential gelatin source,
which meets the religious requirement for ethnic groups.
The gel properties of chicken skin gelatin with those
of commercially available porcine skin gelatin and fish
skin gelatin were compared, including the determination
of the gel strength, texture properties, viscosity, melting
point, gelling temperature, and thermal properties. Mean-
while, the imino acid content, the secondary structure, and
nanostructure of different gelatins were further analyzed.
The results confirmed the differences between the gelatins
from different sources and revealed the underlying causes.
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Our work has theoretical significance for the modification
and application of chicken skin gelatin.

2 | MATERIALS AND METHODS

2.1 | Sample preparation
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Tilapia skin gelatin and porcine skin

Commercial tilapia (Oreochromis aureus) skin gelatin
(type B, 180 bloom), porcine skin gelatin (type B, 240
bloom) were purchased from Huachang Food Ingredients
Company (Huachang, Co., Qingdao, Shandong, China).

2.1.2 | Chicken skin gelatin extraction
The preparation of chicken skins followed the extraction
procedures of Yang et al. (2008) with slight modifications.
Fresh chicken skins bought from the local market (Lian-
hua market, Zhengzhou, Henan, China) and delivered to
the laboratory were immediately washed under running
water. After removing the visible fat, the skins were cut into
2 to 3 cm squares, washed, and degreased with petroleum
ether under running water, then wrapped in four layers of
cheesecloth and squeezed to remove excess moisture.

The extraction method of chicken skin gelatin followed
a previous report by Sarbon et al. (2013) with slight
modifications. The defatted chicken skins were soaked in
1.0 mol/L NaOH solution (1:6 w/v) first, shaken evenly
at 25 °C for 2.5 hr, then drained and squeezed using a
cheesecloth. Drained skins were washed with running
pH neutral water and soaked in 1.0 mol/L HCI solution
(1:6 w/v). After that, the solution shaken evenly at 25 °C
for 1 hr, then drained and rinsed thoroughly. Thereafter,
the gelatin of chicken skin was extracted with deionized
water (1:2 w/v, 55 °C, 3 hr). The extracted gelatin solution
was filtered with a Biichner funnel and deionized by an
Amberlite mixed bed resin (Life Technologies Corpora-
tion, Applied Biosystems AB, MB-6113). Finally, the filtrate
was condensed to 1/10 of its original volume with a rotary
evaporator, and then freeze-dried to obtain the chicken
skin gelatin powder.

2.2 | Physicochemical properties
2.2.1 | Proximate chemical compositions, pH,
and turbidity

The proximate chemical compositions (moisture, ash, and
protein content) of the gelatin samples were assayed
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according the method reported by Muyonga et al. (2004),
and a nitrogen conversion factor of 5.4 was applied (Eas-
toe & Eastoe, 1952). According to the method of Almeida
and Lannes (2013), the pH of gelatin solutions (1% w/v)
was determined using a pH meter (PHS-3C, Shanghai
Leizi Company, Shanghai, China) at 25 °C. The modified
method of Sow et al. (2017) was used to measure the tur-
bidity of gelatin solutions (6.67%, w/v). The solutions were
incubated at 10 °C for 1 hr, and their absorbance at 600 nm
was determined using a UV-Spectrophotometer (SP-1920,
Shanghai Guangpu, Shanghai, China). The calculation of
turbidity was based on the following equation,

)

where, 7is the turbidity (cm™), L is the optical path length
(cm), I is the transmitted radiation intensity, and I is the
incident radiation intensity (Sow, Chong et al., 2018).
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Gel strength and texture profile

Different sources gelatin gels (6.67%, W/V) were prepared
using the method reported by Sow, Toh et al. (2019) for test-
ing gel strength and texture profile analysis (TPA). After
swelling with distilled water, the gelatin power was heated
and stirred in a water bath (60 °C, 30 min) until completely
dissolved. Finally, all gelatin solutions were placed imme-
diately in a flat bottom glass container (35 mm dia X 45 mm
height) and stored at 10 + 2 °C for 17 + 1 hr. The gel strength
and textural parameters of the gelatin were measured after
the gels had matured evenly. Twenty gelatin gel from each
source of gelatin were randomly selected for gel strength
and TPA measurement.

A Model TA-XT plus Texture Analyzer (TA.XT.PLUS,
Stable Micro System, Godalming, UK) was used to deter-
mine the gel strength and TPA of the gelatin gels (6.67%,
w/v), which were placed in the flat bottom glass contain-
ers. The gelatin gels were measured at 10 °C according
to the procedure described by Sow and Yang (2015). The
gel strength was determined with the force used when a
P/10 flat cylinder probe extrudes the sample downward at
aheight of 4 mm at arate of 0.5 mm/s. For TPA, the gel sam-
ples were compressed using the P/10 flat cylinder probe
until the deformation reached 40% of its original height.
The detailed test parameters were: pretest speed: 1.0 mm/s;
test speed: 0.5 mm/s; posttest speed: 0.5 mm/s; trigger
force: 0.05 N; time: 5.0 s; trigger type: Auto. The hardness,
springiness, cohesiveness, and chewiness of gelatin gels
were obtained from the TPA curve.

2.2.3 | Viscosity

The viscosity (cP) of 30 mL of the gelatin solutions (6.67%,
w/v) was determined using a viscometer (Brookfield DV
II, AMETEK Brookfield, Middleboro, MA, USA) using the
method described by Sow and Yang (2015). The test speed
was 100 rpm, the temperature was 60 °C, and the time was
3 min. The calculation of viscosity was based on the follow-
ing equation,

vV=tXcXp ©)

where, v is the viscosity (cP), t is the effluent time (s), c is
the viscometer constant (cSt/s), and p is the density of the
measured solution (g/mL).

2.2.4 | Melting temperature and gelling
temperature

Melting temperature (Tpepingy and gelling temperature
(Tgelling) Of the gel samples (6.67%, w/v, 10 + 2 °C) were
studied using a controlled stress rheometer (Model MARS
60, HAAKE, Vreden, Germany) following the method of
Sow, Kong et al. (2018) with slight modifications. The gel
samples were cut into disks (2.5 cm diameter, 1 mm thick-
ness), then placed on a 3.5 cm diameter parallel plate.
A temperature sweep process was performed from 10 to
40 °C (for Tyelting) and back to 10 °C (for Tgejjing) With
a 1 °C/min change rate, 0.1592 Hz frequency, and 100 Pa
stress. The Tyeting and Tgeping Were determined as the
temperature when storage modulus (G’) and loss modulus
(G") crossed over during heating and cooling temperature
sweep, respectively. In order to confirm that the applied
frequency and stress were within the linear viscoelastic
range, the sweep tests were conducted from 0.1 to 10 Hz
and 0.1 to 1,000 Pa at 10 °C prior to the test.

2.2,5 | Thermal properties

Accurately weighed gel samples (6.67%, w/v, 10 + 2 °C)
were sealed separately into an aluminum pan of a differ-
ential scanning calorimeter (DSC) (Model Q 20, TA Instru-
ments, New Castle, DE, USA). The samples were scanned
in inert atmosphere (100 mL/min of N,) over a range of 10
to 50 °C with a 5 °C/min heating rate. The temperature
at which an endothermic peak occurred was calculated
as helix-coil transition temperature (T;), and the transi-
tion enthalpy (AH,,,) was depended on the area under the
endothermic peak (Sarbon et al., 2013).
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2.2.6 | Amino acid analysis

Amino acid composition was analyzed according to
the method reported by Badii and Howell (2006) with
slight modifications. Gelatins were hydrolyzed with HCI
(6.0 mol/L) for 24 hr at 110 °C. The filtered hydrolysate
(1 mL) was evaporated to dryness, and then dissolved in
1 mL of sodium citrate buffer. Then, the samples were fil-
tered through a 0.45 um membrane filter and analyzed on
an amino acid analyzer (Model S-433D, Sykam, Eresing,
Germany). The amino acids content was calculated and
expressed as residues/100 total amino acid residues.

2.3 | Structure characterization
2.3.1 | TFourier transform infrared
spectroscopy

The gelatin samples from different sources were exam-
ined using a Fourier transform infrared spectroscopy
(FTIR) spectrometer (Model WQF-510, Beijing Beifen-
Ruili Analytical Instrument [Group] Company Limited,
Beijing China) according to the method of Zhou and Yang
(2019) with some modifications. The gelatin samples were
lyophilized and grinded with KBr at least five repetitions
performed in scanning. The scan range was set between
4,000 and 450 cm™! with a resolution of 4 cm™.

2.3.2 | Atomic force microscopy (AFM)
Different sources gelatin gels (1.0%, w/v) were heated in
a 60 °C water bath for 1 hr to dissolve completely and
homogenized with a Vortex mixer (Fisher Scientific, Pitts-
burgh, PA, USA). After that, the gelatin solutions were
diluted to 10 to 40 pg/mL and then rapidly pipetted onto
a freshly cleaved mica sheet surface using a rubber pipette
bulb (Sow et al., 2017; Yang et al., 2007). The mica sheet was
dried in a desiccator before imaging. The micromorphol-
ogy of gelatin was observed using AFM (MicroNano AFM-
III, Shanghai Zhuolunwei Nanometer Equipment Com-
pany Limited, Shanghai, China). The tapping mode and
the line profile extraction function were used for imaging
and quantitative analysis, respectively.

2.4 | Statistical analysis

Three independent experiments were conducted and at
least triplicate samples within each run were collected.
In order to obtain reliable, representative and statistically
valid results, dozens of parallel AFM images were con-
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TABLE 1 Proximate chemical compositions, pH, turbidity, gel
strength, viscosity, and texture profile analysis (TPA) parameters of
gelatins from different sources

Samples PG FG CG

Moisture (%) 1210 + 0.00° 11.90 + 0.10°  8.68 + 0.01°
Ash (%) 0.14 + 0.02° 0.76 + 0.02°  1.74 + 0.02*
Protein (%) 87.30 + 0.10° 86.56 + 0.53* 87.62 + 1.12°
pH 5.3 + 0.0 5.7 + 0.0° 5.0 + 0.0°
Turbidity (cm™) 0.29 + 0.01° 273 + 0.01® 14.05 + 0.08*
Gel strength (g) 289 + 2° 184 + 1° 366 + 12
Viscosity (cP)  25.67 + 0.33° 24.67 + 0.33 30.00 + 0.58°
Hardness (g) 743 + 49° 660 + 22° 2233 + 72
Springiness 0.979 + 0.010* 1.005 + 0.008* 1.002 + 0.014*
Cohesiveness 0.63 + 0.06* 0.38 + 0.01°>  0.62 + 0.02?
Chewiness (g) 459 + 14b 250 + 11° 631 + 4%

Different lowercase superscript letters in the same row indicate significant dif-
ferences within the different groups (P < 0.05).
PG, porcine skin gelatin; FG, tilapia skin gelatin; CG, chicken skin gelatin.

ducted. The results are reported as the mean + standards
deviation. Statistical analysis was performed using the
SPSS Statistics 20 software (IBM Corporation, Armonk,
NY, USA). The differences in the results among the gelatin
from different sources were determined using one-way
analysis of variance (ANOVA) (P < 0.05) and Duncan’s
multiple range tests.

3 | RESULTS AND DISCUSSION
3.1 | Proximate chemical compositions,
pH, and turbidity

The proximate chemical compositions, pH, turbidity of PG,
FG, and CG are presented in Table 1. The moisture content
of CG was significantly lower compared with those of PG
and FG (P < 0.05). And the ash content of CG was signif-
icantly higher than those of PG and FG (P < 0.05). Even
so, the natural ash in chicken skin gelatin in this study did
not exceed the recommended maximum ash content (2.6%)
for edible gelatin (Muyonga et al., 2004). It was noted that
the protein content of CG was similar to those of PG and
FG. The results of proximate chemical compositions indi-
cated that chicken skin has similar protein content with
porcine and tilapia skin, which makes chicken skin have
the potential to be a source of commercial gelatin. The pH
values of gelatin solutions from different sources were dis-
tributed between 5.0 and 6.0. These differences in pH val-
ues were the result of the chemical treatments employed
during the extraction procedure (Almeida & Lannes, 2013).
In addition, the chicken skin gelatin was more turbid than
PG and FG. This might have resulted from the influence
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TABLE 2
gelatins from different sources

Melting temperature (Tyejing)> gelling temperature (Tgeyjing), denaturation temperature (T;), and enthalpy value (AH,,) of

Samples Tmetting (°C) Tgetting (°C) Td (°C) AH,, (J/g)
PG 34.90 + 0.07° 18.82 + 0.06" 28.14 + 0.28° 0.31 + 0.09*P
FG 3121 + 0.04° 14.49 + 0.02° 25.98 + 0.82¢ 0.12 + 0.05°
CG 37.58 + 0.04% 21.83 + 0.04° 32.75 + 0.182 0.43 + 0.09

Different lowercase superscript letters in the same column indicate significant differences within the different groups (P < 0.05).

PG, porcine skin gelatin; FG, tilapia skin gelatin; CG, chicken skin gelatin.

of inorganic proteinaceous and mucosubstance contami-
nants that are difficult to remove during gelatin extraction
(Elavarasan et al., 2016).

3.2 | Gelstrength, viscosity, and TPA

The gel strength and texture parameters are important
quality characteristics of gel products (Cai et al., 2016).
As shown in Table 1, compared with PG and FG, the gel
strength of CG gels had markedly higher values (P < 0.05).
This phenomenon was probably controlled by the intrinsic
characteristics of different sources of skin, such as the size
of the protein chains, the protein molecular weight distri-
bution, and the imino acid content (Ali et al., 2018; Sar-
bon et al., 2013; Tu et al., 2015). Furthermore, the chemical
treatment during the extraction process, the gel concentra-
tion, the gelation time, and the temperature also affect gel
strength (Babin & Dickinson, 2001).

To further study the TPA of the gelatin gels from dif-
ferent sources, hardness, springiness, cohesiveness, and
chewiness were evaluated. As shown in Table 1, CG had
higher hardness and chewiness than the other samples
(P < 0.05). The hardness and chewiness value represents
the maximum force required to compress the gel and the
work required to masticate the gel into a ready-to-swallow
state, respectively (Sow & Yang, 2015). Thus, the higher
hardness and chewiness of CG suggests a firmer texture
of gel. In addition, there was no difference between the
cohesiveness of CG and that of PG, which was signifi-
cantly higher than of FG. This phenomenon indicated
that compared with FG, CG and PG could maintain
the original structure when the gels were compressed,
and have a better ability to reform the structure after
compression.

The viscosity values of gelatins from all sources are also
given in Table 1. Among the different gelatin samples, the
viscosity of CG was the highest, followed by PG and FG.
The molecular weight and molecular size distribution of
proteins in skin are related to viscosity (Zhou et al., 2006).
Overall, CG had high gel strength, hardness, chewiness,
and viscosity, suggesting a strong gel.

3.3 | Melting temperature (Tpeiting)s
gelling temperature (T ng), denaturation
temperature (T,;), and enthalpy value
(AH,,)

The results of Tyejiing and Tyepiing analyses of the gelatins
from different sources are summarized in Table 2. Among
all the samples, the Tpejiing and Tgepiing measured in CG
was highest, respectively, while that of FG was the low-
est (P < 0.05). From Table 2, it can also be seen that the
highest T; measured was for CG, which was significantly
higher than that for PG and FG (P < 0.05). This result might
be caused by an acid-base interaction during the gelatin
extraction procedure, which would inhibit the degradation
of sub components, an important factor for the stability of
gelatin (Yang et al., 2008). Similarly, compared with the
enthalpy values (AH,;,) of FG, CG, and PG had significantly
higher values (P < 0.05). The AH,, of CG was 0.43 J/g,
which was consistent with the result of Sarbon et al. (2013).

The Tgepiing is related to the number of cross-linked
hydrogen bonds in the gel structure (Sarbon et al.,
2013). And the higher Tpeying indicates that more energy
required to break the cross-linked junction zones dur-
ing heating, indicating high thermal stability (Sow et al.,
2018). Moreover, the higher T; and AH,, suggested fewer
helix-coil transitions during temperature variation, which
indicated a more stable collagen structure. Gelatin from
different sources have different thermodynamic proper-
ties, which are mainly affected by their imino acid com-
position (Gomez-Guillén et al., 2002). The amino groups
of proline and the hydroxyl group of hydroxyproline in
gelatin can form hydrogen bonds with the side chains of
other amino acids and water molecules during gel for-
mation. These hydrogen bond interaction have a posi-
tive effect on stabilizing the triple helix structure, which
has a significant effect on the thermal stability of gelatin
(Gémez-Guillén et al., 2011).

The results detailed in Tables 1 and 2 showed that CG
had the highest gel strength, hardness, chewiness, melting
point, gelling temperature, and denaturation temperature.
Therefore, it is necessary to further elucidate the essential
reasons for the gelatin properties of CG.
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TABLE 3 Amino acid analysis of gelatins from different
sources (residues/100 total amino acid residues)

Amino/% PG FG CG

Asp 531 + 0.02* 534 + 0.04* 541 + 0.07
Glu 1014 + 0.04* 10.02 + 0.07°® 9.96 + 0.02°
Ser 2.60 + 0.00° 270 + 0.01*  2.13 + 0.03°
Arg 791 + 0.05* 770 + 0.06°  7.82 + 0.10*°
Gly 22.76 + 0.08* 22.72 + 0.12*  21.67 + 0.18°
Thr 168 + 0.00° 1.83 + 0.01°  1.88 + 0.03?
Pro 13.36 + 0.08* 1157 + 0.12° 12.84 + 0.18°
Ala 8.65 + 0.04* 873 + 0.05* 871 + 0.11°
Val 2,64 + 0.04* 239 + 0.02° 2.44 + 0.00*
Met 0.55 + 0.01°> 0.54 + 0.01° 0.70 + 0.01*
Cys 0.15 + 0.00° 0.7 + 0.01* 012 + 0.00°
Ile 114 + 0.00° 143 + 0.02*  1.37 + 0.02°
Leu 3.03 £ 0.01° 297 +0.03° 317 + 0.04°
Phe 199 + 0.02° 191 + 0.01° 2.06 + 0.00°
His 101 + 0.01° 0.96 + 0.01° 1.05 + 0.00?
Lys 3.66 + 0.01°> 3.56 + 0.02° 3.79 + 0.05°
Tyr 0.58 + 0.00* 0.45 + 0.00° 0.61 + 0.01°
Hyp 11.34 + 0.03° 10.70 + 0.10° 12.59 + 0.17°
Total imino acid 24.70 + 0.10° 22.27 + 0.21° 25.43 + 0.35°

Different lowercase superscript letters in the same row indicate significant dif-
ferences within the different groups (P < 0.05).
P, porcine skin gelatin; FG, tilapia skin gelatin; CG, chicken skin gelatin.

3.4 | Amino acid analysis

The results of amino acid compositions of gelatins from
different sources are shown in Table 3. Glycine (21.67%
to 22.76%) was the major amino acid of gelatin, followed
by proline (11.57% to 13.36%), and hydroxyproline (10.70%
to 12.59%), respectively. The main amino acids of gelatin
also included glutamic acid, alanine, and aspartic acid,
with less of the essential amino acids, which is a charac-
teristic of Nile perch skin, bone gelatin, and gelatins from
other sources (Alfaro et al., 2014; Muyonga et al., 2004). In
addition, among all gelatin samples, CG had the highest
imino acid (proline and hydroxyproline) content (25.43%,
PG: 24.70%, FG: 22.27%).

It has been reported that the content of proline and
hydroxyproline significantly affects the stability of the
gel helix structure when forming gel networks (Farris
et al., 2011). In addition, the pyrrolidine rings of the imino
acids and the hydrogen bonds formed between amino acid
residues are also crucial for the stability of the gelatin gel
(Chen et al., 2014). Therefore, its higher imino acid con-
tent allows the CG to form a better gel helix structure,
which is essential for a stable gel, and promotes an increase
in the melting temperature and denaturation temperature,
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FIGURE 1
spectra of porcine skin gelatin (PG), tilapia skin gelatin (FG), and
chicken skin gelatin (CG)

Fourier transform infrared spectroscopy (FTIR)

thereby enhancing the gel strength and texture properties
of gelatin (Tables 1 and 2) (Chakka et al., 2016).

3.5 | FTIR spectroscopy analysis

The major amide bands (amide A, B, I, II, IIT) detected
in the FTIR spectra of gelatin from different sources are
shown in Figure 1. Though there was no significant shift-
ing of amide B, I, I, and IIT among the samples, the amide
A band of CG was found at wave numbers of 3,326 cm™,
which was lower than that of FG (3,347 cm!) and PG
(3,334 cm™). According to Sow and Yang (2015), the amide
A band (in the range of 3,400 to 3,440 cm™) is related to a
free N-H stretching vibration coupled with intramolecular
H-bonds. The shifting of the amide A bands to a lower wave
number indicated more hydrogen bonds and the higher
density of H-bonds in the sample (Cai et al., 2016). The
H-bonds could be formed between the -NH residues and
-C=0 groups on the gelatin’s peptide chains (Sow & Yang
2015; Sow et al., 2017). In this study, the chicken skin gelatin
contained more imino acids (proline and hydroxyproline)
(Table 3), making it more prone to form hydrogen bonds.
Therefore, the location of amide A was found to be at lower
wave number than in the other gelatin.

3.6 | Nanostructural analysis

The macroscale properties of the gel molecules depend
not only on the amino acid composition and secondary
structure of the gelatin, but also on the microaggrega-
tion state of the gelatin. AFM is an effective method for
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FIGURE 2
gelatin, (c, d) tilapia skin gelatin, (e, f) chicken skin gelatin imaged
by atomic force microscopy. Sp, spherical aggregate; Ch, chain
structure; Ir, irregular aggregate; Po, pore structure; Ri, ring-like

Nanostructure morphology of (a, b) porcine skin

structure

the analysis of the heterogeneity of aggregation struc-
tures in the biomacromolecules (Zhong & Yan, 2015). As
shown in Figure 2, different micromorphologies were
observed in gelatins from different source. The morphol-
ogy of aggregates is determined by hydrogen bonding, the
hydrophobic interaction of gelatin peptides in aqueous
solution, and the electrostatic interactions between oppo-
sitely charged peptide fragments (Pang et al., 2014). Vari-
ous kinds of gelatins contain more spherical aggregation
structures, which are formed based on the triple helical
structure of the gelatin (Mackie et al., 1998). Interestingly,
CG contained spherical aggregates (Figures 2e, 2f) (aver-
age diameter = 483 nm) that were larger than those of PG
and FG (334 and 224 nm, respectively) (Table 4). In addi-
tion, for PG, a low amount of chain structure was observed,
which was considered to represent unaggregated free pep-
tides (Figure 2a). These free peptide chains may be related
to the low molecular weight molecules formed after the
degradation of the subunits of gelatin, which is not con-
ducive to the formation of a high-quality gel. Meanwhile,
a ring-like structure with an annular pore at the center

TABLE 4 Summary of nanostructures present in different
sources of gelatins
Nanostructures PG FG CG
Spherical aggregate + + +
Diameter (nm) 334 +12° 224 +15° 483 + 852
Height (nm) 3.5+ 0.4° 0.6+ 0.0° 18.8 + 7.42
Irregular aggregate + + +
Chain + - -
Pore = + =
Ring - + -

PG, porcine skin gelatin; FG, tilapia skin gelatin; CG, chicken skin gelatin.
Different lowercase superscript letters in the same row indicate significant dif-
ferences within the different groups (P < 0.05).

“«_»

“+” indicates the presence of a structure. “—" indicates the absence of a struc-
ture.

was discovered in FG (Figure 2c). This phenomenon was
similar to previous report by Sow and Yang (2015), which
indicated conjoined multimeric aggregates formed during
gelation.

3.7 | Schematic model

From the different gel properties, imino acid con-
tent, intramolecular hydrogen bonds, and nanostructure
images of gelatins, we deduced that gelatins from different
sources exhibited different molecular aggregation behav-
iors, which are the fundamental reasons for the differ-
ent gel properties of the gelatins (Figure 3). We specu-
lated that minimal aggregated water and ions penetrate
into the CG molecules during hydrolysis (Yang et al, 2007),
and then the CG molecules are inclined to form irregular
aggregates and spherical aggregates after water evapora-
tion (Figure 3a). Based on our experiments, CG had the
highest content of imino acids in all samples (Table 3),
which would promote the formation of intramolecular
hydrogen bonds (lower amplitude of amide A wave num-
ber, Figure 1). Therefore, compared with PG and FG, the
strong hydrogen bonding force of the CG peptide chains
are more likely to allow the CG chains to gather and form
larger size spherical aggregation structures (Duconseille
et al., 2015). Finally, a dense rigid gel network could form,
with the highest gel strength, hardness, chewiness, melt-
ing point, Tgejing » and denaturation temperature (Tables 1
and 2).

PG was not only crosslinked as irregular and spherical
aggregates, but also formed small amounts of chain struc-
tures, representing the unaggregated free peptides of PG.
These aggregate structures allow PG to form a moderately
strong gel network that is weaker than that of the CG gel
(Figure 3b). However, for FG, because of its low content
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Hypothetical schematic images for the behavior of (a) chicken skin gelatin (CG), (b) porcine skin gelatin (PG), (c) tilapia skin
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structure

of imino acids and weak intramolecular hydrogen bond-
ing, plenty of water with salt ions would enter into the
gelatin molecules during hydration, forming large water
pools. After evaporation, the FG molecules that accumu-
late around the water pool and the annular pores in the
center form a ring-like structure, which leads to the forma-
tion of a loose and weak gel (Figure 3c). The loose network
structure results in poor gel strength, hardness, chewiness,
melting point, Tyejjing, and thermostability. These results
revealed that the intramolecular H-bond and the molec-
ular crosslinking behavior are the fundamental explana-
tions for the varying gel properties of the gelatin from dif-
ferent sources.

Of course, further research is needed to verify and mod-
ify this proposed model. It is necessary to systematically
determine the subunit composition, sol-gel transformation
behavior, network structure and water holding ability of
gelatins from different sources. In addition, the coil-helix
transformation closely related to gel formation and stabi-
lization also needs to be clarified.

4 | CONCLUSIONS

Compared with commercial porcine skin gelatin and
tilapia skin gelatin, chicken skin gelatin exhibited higher
gel strength, hardness, chewiness, melting point, Tyejjing

, and denaturation temperature (P < 0.05). The different
physicochemical properties of CG might reflect its higher
imino acid content (25.43 residues/100 total residues),
which would promote the formation of intramolecular
hydrogen bonds (lower amplitude of amide A wave num-
ber). From the nanostructure images of the gelatin, we
deduced that minimal aggregated water and ions pene-
trate into CG molecules during hydrolysis, allowing the
CG molecules to form irregular aggregates and spherical
aggregates (average diameter was 483 nm) that were larger
than those of PG and FG (334 and 224 nm, respectively)
after water evaporation. However, the PG and FG also form
small amounts of chain structure and ring-like structure,
respectively, because of the unaggregated free peptides of
PG and the large water pools penetrates into FG. These
results revealed that the intramolecular H-bonds and the
aggregation behavior could explain the varying gel proper-
ties of the gelatin from different sources. The results indi-
cated that chicken skin gelatin has the potential to become
a commercial gelatin which meets the religious require-
ment for ethnic groups.
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