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Abstract: In this study, gelatin hydrogels were soaked in ammonium ferric citrate (AFC) solutions, and the effect of AFC 

content on the structure and properties of the as-prepared composite hydrogels was investigated in detail. The spectral 

data confirmed the formation of Fe-O and Fe-N bonds between Fe3+ and the amide groups of gelatin, and the hydrogen 

bonding and hydrophobic interactions between gelatin chains were strengthened. Structural analysis suggested that the 

crystallinity of gelatin hydrogels was increased due to an introduction of ammonium ions and citrate ions. The tensile 

strength of gelatin hydrogels underwent a significant enhancement with an increase of AFC content, due to the existence 

of multiple crosslinks including triple helices and Fe3+ in hydrogels. Meanwhile, the fracture toughness was also increased 

by soaking treatment. Differential scanning calorimetry (DSC) results suggested that the composite hydrogels showed 

good freezing resistance, attributed to the strongly hydrated ammonium ions and citrate ions. These observations demon-

strate that the structure and properties of gelatin composite hydrogels could be regulated by varying the AFC content.

Keywords: gelatin, composite hydrogels, freezing resistance, hydrogen bonds.

Introduction

Gelatin has good biocompatibility and biodegradability. In 

addition, this protein possesses excellent gelling properties, which is 

closely associated with its widespread application. However, 

the gelatin hydrogels have inherent disadvantages such as low 

mechanical strength, insufficient thermal stability, and poor 

anti-freezing properties,1-3 which greatly limit their applications

in areas of tissue engineering and biosensors. Thus the mod-

ification of gelatin hydrogels is urgent to meet the application 

requirements, especially in low-temperature conditions.4

The methods to enhance the tensile strength of gelatin hydro-

gels are mainly divided into chemical methods and physical 

methods. Among them, chemical crosslinking is an effective 

approach for the strengthening of gelatin hydrogels.5-7 None-

theless, the potential toxicity of residual cross-linking reagents 

may restrict their applications in biological and medical fields. 

In addition, the mechanical strength of gelatin hydrogels can 

be enhanced through blending with other components. For 

example, the introduction of -carrageenan, linear poly(methyl 

methacrylate), graphene oxide (GO) nanosheets, and carbon 

nanotubes into the matrix could reinforce gelatin hydrogels.8-11

Moreover, it has been demonstrated that a double-network (DN) 

structure can endow the hydrogel with simultaneously enhanced 

strength and toughness based on multiple energy dissipation 

mechanisms.12-14 Several gelatin-based DN hydrogels have been 

reported in previous literature, mainly including gelatin/sodium 

alginate,15 gelatin/chitosan,16 gelatin/glycyrrhizic acid,17 gelatin/poly-

acrylamide,18 and gelatin/pHEAA19 double-network hydrogels. 

However, these approaches usually involve cumbersome experimental 

steps or complex chemical reactions. Furthermore, some of these 

enhanced hydrogels are generally not biocompatible or biode-

gradable, and may carry potential side effects during use. 

Recently, a simple yet effective immersion method has been 
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widely applied to enhance the mechanical strength of gelatin 

hydrogels.1,20-24 For instance, the immersion of pure gelatin hydro-

gels in (NH4)2SO4 solutions could obtain strong and tough hydrogels 

with a tensile strength of 3 MPa and an elongation at break of 

500%, respectively.1 Similar results were observed in gelatin-

based DN hydrogel systems.4,25 In addition, the soaking treatment 

of gelatin hydrogels with sodium citrate (Na3Cit) solutions resulted 

in a significant enhancement of both tensile strength and tough-

ness.20,23 In these studies, the strengthening of immersed gelatin 

hydrogels is generally associated with the Hofmeister effect.20

A recent study found that the Hofmeister effect could be used 

to enhance effectively the mechanical strength of polyisocya-

nide hydrogels without changing their microstructure.26 Although 

it is generally accepted that the kosmotropic ions can significantly 

improve the mechanical strength of gelatin hydrogels, the 

strengthening mechanism is still controversial. Some authors 

attributed it to the hydrophobic interactions between gelatin 

molecules,1 whereas others ascribed it to the electrostatic 

interactions between gelatin and kosmotropic ions.27 There-

fore, the molecular mechanism behind this ion-specific effect 

remains unclear.28

In addition to the Hofmeister effect, ionic crosslinking can 

also effectively regulate the structure and properties of gelatin 

hydrogels. The mechanical properties of gelatin hydrogels could 

be improved significantly with multivalent metal ions. For 

instance, Wang et al.29 studied the immersion of gelatin hydro-

gels in FeCl3 solutions, and found that the compression strength 

and strain reached up to 65 MPa and 99%, respectively. In 

addition, a novel double-network hydrogel was obtained by the 

addition of Fe3+ into PVA/PA mixtures through metal coordina-

tion bonds as well as hydrogen bonding, and the mechanical 

strength of as-prepared hydrogels was significantly improved.30

Moreover, this strengthening phenomenon was also observed 

in a P(AM-AA)-Fe3+ physical hydrogel system.31

The freezing of water is generally hindered by the introduc-

tion of salts due to the ion hydration effect, resulting in an improved 

freezing resistance of hydrogels.32 For instance, Morelle et al.33

found that the immersion of SA/PAM double-network hydro-

gels in calcium chloride solutions could effectively improve 

their frost resistance, and their freezing temperature could reach 

as low as -57 ℃. This strategy has been used in the gelatin sys-     

tem to improve its anti-freezing performance. It was reported 

that the introduction of sodium chloride could endow gelatin/

polyvinyl alcohol hydrogels with excellent flexibility at -20 ℃.34     

Recently, it was reported that the freezing point of gelatin/poly-

vinyl alcohol hydrogels decreased to -46.3 ℃ with the addition of     

(NH4)2SO4.
35

The introduction of kosmotropic ions inevitably affects the 

interactions between gelatin chains, such as hydrogen bonds and 

hydrophobic interactions, and further influences the structure 

as well as properties of the hydrogels. In addition, the strong 

coordination interactions between gelatin and multivalent metal 

ions can also cause changes in protein structure and properties. 

However, there is a lack of systematic studies on the influences 

of kosmotropic ions as well as multivalent ions on the struc-

ture-property relationship of gelatin hydrogels. Ammonium ferric 

citrate is highly soluble in water and can produce kosmotropic 

citrate and ammonium ions as well as multivalent ferric ions. 

Thus, a deep understanding of how these ions influence the 

structure and properties of gelatin hydrogels at the molecular 

Scheme 1. Schematic illustration of the preparation of gelatin/AFC composite hydrogels.
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level is of great importance.

In this study, strong gelatin hydrogels with good anti-freez-

ing performance were fabricated by immersing gelatin hydro-

gels in ammonium ferric citrate (AFC) solutions (Scheme 1). 

The effects of AFC content on the structure, mechanical prop-

erties, and freezing resistance of gelatin hydrogels were inves-

tigated in detail. In addition, the structure-property relationship 

of immersed gelatin hydrogels was studied based on the Hof-

meister effect and multivalent ionic cross-linking effect. This 

work aims to reveal the strengthening mechanism of gelatin 

hydrogels at the molecular level, and to provide theoretical 

guidance for the design and development of gelatin-based 

hydrogel material with desirable performances.

Experimental

Materials. Gelatin (type B, ~220 Bloom) and ammonium ferric        

citrate (AFC) were purchased from Sinopharm Chemical Reagent 

Co., Ltd (China), and were used without further purification. In 

addition, ultrapure water (17.44 MΩ) was obtained from an 

ultra-pure water system (Sichuan ULUPURE Ultrapure Tech-

nology Co., Ltd, China).

Preparation of Gelatin Hydrogels. First, a 10 wt% gelatin        

solution was prepared as follows: a certain amount of gelatin 

powder was dispersed in ultra-pure water, and swelled at room 

temperature (RT) for 40 min, subsequently, it was stirred at 50 ℃           

for 30 min, and then a transparent gelatin solution was obtained. 

Second, this gelatin solution was deposited onto a Teflon mold, 

and kept at 4 ℃ for 12 h to form the original gelatin hydrogels.

Preparation of Gelatin/ammonium Ferric Citrate (AFC)     

Composite Hydrogels. The gelatin/ammonium ferric citrate-     

composite hydrogels were fabricated by the soaking method. 

Briefly, a series of ammonium ferric citrate solutions with dif-

ferent concentrations of 0.1, 0.2, 0.3, 0.4, and 0.5 g/mL could 

be obtained by dissolving a certain amount of AFC in ultra-pure 

water. Then the original gelatin hydrogel was soaked in AFC 

solutions at various concentrations (0.1, 0.2, 0.3, 0.4, and 0.5 

g/mL), afterwards, the immersed hydrogels were taken out, 

rinsed with ultra-pure water to remove surface residues and the 

gelatin/AFC hydrogels were formed. For convenience, the gel-

atin/AFC hydrogels are denoted as Gel/AFC-x, where Gel rep-

resents gelatin, AFC is ammonium ferric citrate, and x stands 

for the AFC concentration.

Characterization. The Composition of Gel/AFC-x Hydrogels:     

The gelatin content (PGel), AFC content (PAFC), and water con-

tent (PH2O) of Gel/AFC-x hydrogels were determined by Equa-

tions (1), (2) and (3), respectively, where Wg was the mass of 

pure gelatin hydrogel, Cg was the gelatin concentration (10 wt%). 

In addition, Ww and Wd were the masses of immersed hydrogels 

and corresponding dry gels (kept in a vacuum oven for 48 h at 

60 ℃), respectively. 

(1)

(2)

(3)

Attenuated Total Reflection Fourier Transform Infrared    

(ATR-FTIR) Spectroscopy. The ATR-FTIR experiments were    

conducted on a Nicolet iS20 spectrophotometer (Thermo Fisher 

Scientific Inc, USA). The FTIR spectra were collected in a 

wavenumber region of 400-4000 cm-1 at a resolution of 4 cm-1

during 16 scans.

Anti-freezing Experiments: All the hydrogel samples were    

stored in refrigerators at -22 ℃, and kept for 48h. Subsequently,    

the anti-freezing properties of hydrogels were examined by 

visual analysis as well as manual deformation.

X-ray Photoelectron Spectroscopy (XPS): The XPS experi-    

ment was carried on an X-ray photoelectron spectrometer 

(ESCALAB250Xi, USA) to explore the chemical composition 

of the gel samples. Prior to the XPS experiment, the gelatin/

AFC hydrogels were freeze-dried and the dry gel samples were 

used for the XPS experiment.

X-ray Diffraction (XRD): To explore the microstructure of    

the hydrogel samples, XRD experiments were performed on a 

SmartLab SE X-ray diffractometer (Rigaku Co., Ltd, Japan), 

equipped with a multi-channel detector via utilizing a Cu Kα1 

( = 0.1542 nm) monochromatic X-ray beam. All hydrogel sam-

ples were characterized in the 2θ range of 5~50° with a scan-

ning rate of 20°/min.

Differential Scanning Calorimetry (DSC): The DSC experiment    

was carried out with a Q2000 DSC (TA Instrument, USA). The 

hydrogel sample with a mass of approximately 5~10 mg was 

hermetically sealed in an aluminum pan. The sample was first 

equilibrated at 10 ℃ and then heated to 50 ℃ with a rate of 10 ℃    

/min. Moreover, the low-temperature DSC experiment was per-

formed to characterize the anti-freezing properties of hydrogel 

samples. Briefly, the hydrogel sample was first equilibrated at 

-80 ℃, and then heated to 40 ℃ with a rate of 5 ℃/min. Each    

sample was tested at least three times.

Tensile Testing: The tensile experiment of the hydrogel sam-    
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ples was carried out on a WDL-005 electronic universal testing 

machine (New Century Experimental Instrument Co., Ltd., Jinan, 

China). Briefly, the hydrogel sample was cut into rectangular 

strips with a length of 40 mm and a width of 5 mm. The exper-

iment was conducted with a constant tensile rate of 50 mm/min. 

Each hydrogel sample was tested at least five times.

Results and Discussion

The Composition of Gel/AFC-x Composite Hydrogels.     

The dependence of hydrogel weight on immersion time in AFC 

solutions at different concentrations is displayed in Figure 1. It 

is seen that the weight of all composite hydrogels is nearly 

invariable at around 26 hours, indicating that the diffusions of 

salt ions in soaking solutions and water molecules in hydrogels 

tend to equilibrium. Moreover, the relative weight of immersed 

hydrogels gradually decreased with an increase in AFC con-

centration. For example, the hydrogel sample swelled in a 0.1 g/

mL AFC solution, and its weight was increased by about 45%, 

which was raised by only about 10% in a 0.4 g/mL AFC solution. 

When the hydrogel was soaked in a 0.5 g/mL AFC solution, its 

weight decreased by about 5%, suggesting that the hydrogel 

dehydrated and shrank. The dehydration of gelatin hydrogels 

was observed in K3Cit solution with high concentration.20 The 

swelling and deswelling of the gelatin hydrogels may be related 

to different osmotic pressures of gelatin hydrogels and the AFC 

solutions. A similar observation was reported for the immersion 

of gelatin hydrogels in a deep eutectic solvent (DES).36 Inter-

estingly, except for Gel/AFC-0.1 hydrogel, other hydrogel sam-

ples underwent an initial shrink and then a swelling at the early 

immersion stage. This may be associated with the different dif-

fusion rates of water molecules and salt ions. Similar results were 

also observed for the Ca-alginate/PAAm hydrogels immersed 

in a glycerol solution.37

The component content of Gel/AFC-x hydrogels is displayed 

in Table 1. With an increase in the concentration of immersion 

solutions, the AFC content of hydrogels increased continuously 

and the gelatin content showed a similar change. On the con-

trary, the water content decreased with an increase of AFC 

solution concentration. This may be due to the absorption and 

swelling of the AFC solution. Similar results have been observed 

in the immersion of gelatin hydrogels in K3Cit solutions.20

Molecular Interactions in Gel/AFC-x Composite Hydrogels.     

The FTIR spectra of gelatin and immersed hydrogels are shown 

in Figure 2. It can be seen that three main characteristic peaks 

locate at 3308 cm-1, 1637 cm-1, and 1554 cm-1 in the gelatin hydro-

gel. The broad characteristic peak that appeared at 3308 cm-1

was associated with the stretching vibration overlap of -NH 

and -OH groups, suggesting the existence of a large number of 

hydrogen bonds in the gelatin hydrogel. In addition, the char-

acteristic absorption peak at 1637 cm-1 belonged to the amide 

I band, corresponding to the stretching vibration of C=O in 

gelatin, while the characteristic absorption peak at 1554 cm-1 

was assigned to the amide II band, attributing to the bending 

vibration of N-H groups. 

After the hydrogels were immersed in ammonium iron citrate 

solutions, the characteristic absorption peak at 3308 cm-1 broad-

ened slightly and shifted gradually towards lower wavenum-

bers with the increasing of AFC concentration. For instance, this 

absorption peak shifted to 3285 cm-1 for the Gel/AFC-0.5 hydro-

gel. The red shift of this absorption peak suggests that the hydro-

gen bonding is enhanced by immersion of the hydrogels.38 A 

similar observation was reported for the immersed gelatin hydro-

gels in DES solutions.36 Moreover, the amide I band at 1637 

cm-1 was broadened significantly and showed an apparent red 

Table 1. The Compositions of Gel/AFC-x Hydrogels

Samples Gelatin (w/w%) AFC (w/w%) Water (w/w%)

Gel 15 0  85

Gel/AFC-0.1 10.75 5.49  83.76

Gel/AFC-0.2 12.15 11.14  76.71

Gel/AFC-0.3 12.80 15.70  71.50

Gel/AFC-0.4 14.14 19.97  65.89

Gel/AFC-0.5 16.48 22.79  60.73

Figure 1. The dependence of hydrogel weight on immersion time in 

AFC solutions at different concentrations (Mt: the weight of hydro-

gels at t time, M0: initial weight of hydrogels).
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shift with increasing AFC content, which shifted to low wav-

enumbers of 1604 cm-1 for the Gel/AFC-0.5 hydrogel. In gen-

eral, the strong hydration of citrate and ammonium ions enhances 

the dehydration of the gelatin chains, and promotes the occur-

rence of hydrogen bonding between gelatin chains, leading to 

a red shift and broadening of the amide I band. Meanwhile, the 

amide II band at 1554 cm-1 moved gradually to higher wave-

numbers and its intensity decreased until it disappeared with 

the increasing of AFC content. This may be due to the coor-

dination of ferric ions with the amide groups on the gelatin 

chains. It was reported that Fe–N and Fe–O coordination bonds 

could be formed between 2,6-pyridine dicarboxamide and Fe3+.39

Furthermore, this metal-ligand interaction could result in a red 

shift of the amide I band and a blue-shift of amide II band in 

the diamide pyridine/Fe3+ complex.40

Noteworthy, all the composite hydrogels showed an obvious 

absorption peak at 1392 cm-1, attributing to the bending vibra-

tion of C-H groups and the symmetric deformation vibration of 

-CH3 groups.20 Additionally, the intensity of this peak gradually 

increases with an increase in AFC content. This result strongly 

suggests an enhancement of hydrophobic interactions between 

gelatin chains, which is induced by the dehydration of gelatin 

molecules due to the strong hydration of citrate and ammonium 

ions. Similar observations have been reported previously by other 

researchers for gelatin-based hydrogels with the incorporation 

of strongly hydrated ions.1,21,23,24

XPS Analysis. To further exploit the interaction of gelatin        

with AFC, XPS experiments were conducted, and the results 

were shown in Figure 3. In this study the 1s orbitals of the O 

and N elements of gelatin were mainly investigated. For pris-

tine gelatin films (Figure 3(a)), two characteristic signals of O 

1s appeared at 532.8 eV and 531.1 eV, which could be attributed 

to C-O and C=O, respectively.41 After the gelatin hydrogel was 

immersed in ammonium iron citrate solutions, a new peak at 

529.9 eV appeared for composite films (Figure 3(b)), which 

could be assigned to the Fe-O bonds.42 This observation indi-

cates that the ferric ions were coordinated with the oxygen of 

the amide groups in protein. Noteworthy, in this work the car-

boxyl groups on the backbone of gelatin should not be ionized 

due to the pH of sample solutions below the isoelectric point 

(IEP) of protein. Meanwhile, the amino groups of gelatin were 

protonated to -NH3
+, which is confirmed by the characteristic 

peak of N 1s appeared at 401.2 eV in pristine gelatin films 

(Figure 3(c)). Another peak of N 1s at 399.7 eV was attributed 

to -CONH.43 After the gelatin hydrogel was treated with ammo-

nium iron citrate solutions, a new signal at 402.1 eV appeared 

in the composite film (Figure 3(d)), which could be assigned 

to Fe-N bonds. These results strongly suggested that the nitro-

gen, as well as oxygen of the amide groups in gelatin could coor-

dinate with ferric ions. A similar observation has previously 

been made by Li et.al that the Fe(III)–N and Fe(III)–O bonds 

were formed in Fe(III)-2,6-pyridine dicarboxamide coordina-

tion complex.39

Structure of Gel/AFC-x Composite Hydrogels. To explore     

the influence of salt concentration on the microstructure of 

Gel/AFC-x composite hydrogels, a wide-angle X-ray diffraction 

(WAXD) experiment was conducted and the result was dis-

played in Figure 4. It can be observed that two broad peaks 

appear at 2θ = 11° and 27° for pristine gelatin hydrogels. The 

former can be attributed to the ordered triple helix structure, 

while the latter is related to the random coils of protein mole-

cules.36 In general, the broad diffraction peak at 2θ = 11° indi-

Figure 2. FTIR spectra: (a) enlarged spectra; (b) gelatin and immersed hydrogels.
 Polym. Korea, Vol. 50, No. 1, 2026
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cates a low periodicity in the lateral stack of the triple helices 

in the hydrogels. This can be explained by the fact that a large 

number of water molecules existing in the hydrogels can pen-

etrate into the triple helices, causing them to move away from 

each other and reducing the crystallinity of gelatin hydrogels.

After the hydrogels were soaked in ammonium iron citrate 

solutions, the broad diffraction peak at 2θ = 11° slightly narrowed 

and moved gradually to lower angles with increasing AFC

content. For instance, this diffraction peak became sharper and 

moved to low angles of 2θ = 8° for the Gel/AFC-0.5 hydrogel, 

indicating an enhanced crystallinity of hydrogels. This may be 

due to the strong hydration of citrate and ammonium ions, which 

cause the dehydration of gelatin chains. As a result, the gelatin 

molecules move closer to each other and induce the formation 

of triple helices, resulting in an increase in the crystallinity of 

gelatin hydrogels. Similar results were reported for gelatin hydro-

gels immersed in K3Cit solutions.20

Figure 3. The high-resolution XPS spectra: (a) O 1s; (c) N 1s in gelatin films; (b) O 1s; (d) N 1s in Gel/AFC-0.5 films.

Figure 4. WAXD Spectra of Gelatin and Immersed Hydrogels.
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To further confirm the helix structural changes in the gelatin 

hydrogels immersed in ammonium iron citrate solutions, the 

melting behaviors of composite hydrogels were investigated with 

DSC (Figure 5). It can be seen that an endothermal peak appears 

around 30 ℃ in pristine gelatin hydrogel, which corresponds to         

the melting temperature (Tm) of the gelatin hydrogel. After 

soaking in AFC solutions, the melting transition temperature 

(Tm) of composite hydrogels is improved. With an increase of 

AFC content, the Tm is increased to 33.44, 33.98, 33.78, 34.41, 

and 34.65 ℃ for the Gel/AFC-0.1, Gel/AFC-0.2, Gel/AFC-0.3,       

Gel/AFC-0.4, and Gel/AFC-0.5, respectively. In addition, their 

melting enthalpies are also increased with AFC content. In gen-

eral, the Tm of gelatin hydrogels depends on the length of triple 

helices, while their melting enthalpies are closely related to the 

helix content.44 This result indicates that the introduction of 

citrate and ammonium ions facilitates the growth of triple heli-

ces due to their strong hydration characters, and hence causes an 

increase of Tm of hydrogels. Meanwhile, the dehydration of 

gelatin molecules induces the bundling of gelatin chains and 

the formation of triple helices. A similar observation was reported 

for gelatin hydrogels soaked in K3Cit solutions.20 Noteworthy, 

the broadening of the melting peaks of composite hydrogels 

was mainly due to the length distribution of triple helices.45

Mechanical Properties of Gel/AFC-x Composite Hydrogels.     

The stress-strain curves of gelatin and Gel/AFC-x composite 

hydrogels are shown in Figure 6, and the results are illustrated 

in Table 2. It is seen that the pristine gelatin hydrogel has low 

strength (~1 KPa) and poor toughness (~16.9%), due to the low 

helix content of gelatin, and these triple helices act as physical 

crosslinks in the gels. After the gelatin hydrogel was immersed 

in ammonium iron citrate solutions, the mechanical properties 

of the hydrogels were significantly enhanced. Furthermore, both 

the mechanical strength and elongation at break were simultane-

ously improved with an increase in AFC content. For example, 

the tensile strength and elongation at break are increased up to 

13 KPa and 49.8%, respectively, for the Gel/AFC-0.5 compos-

ite hydrogel. Compared with pristine gelatin hydrogel, its strength 

and toughness are increased by approximately 12 times and twice, 

respectively. This significant enhancement of mechanical strength 

can be explained by the fact that the strong hydration effects of 
 Polym. Korea, Vol. 50, No. 1, 2026

Table 2. The Mechanical Properties of Hydrogels

Sample Tensile strength (kPa) Elongation at break (%) Tensile modulus (kPa) Toughness (kJ/m3)

Gel 0.9 16.9 2.9 7.6

Gel/AFC-0.1 1.6 28.2 7.2 26.9

Gel/AFC-0.2 2.3 30.0 10.6 42.9

Gel/AFC-0.3 8.0 40.0 25.8 185.2

Gel/AFC-0.4 9.9 39.2 32.2 225.8

Gel/AFC-0.5 13.0 49.8 33.0 369.5

Figure 5. DSC thermograms of gelatin and immersed hydrogels. Figure 6. Stress−strain curves of gelatin and immersed hydrogels.
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citrate and ammonium ions promote the formation of helix 

structure. The strength of gelatin hydrogels is directly related to 

the content of triple helices, which act as physical crosslinks in 

the gels. In addition, the sheer decrease in water fraction (Table 

1) also contributes in the rise in tensile strength. Therefore, the 

strength of the hydrogels is significantly increased by soaking 

treatment. Similar results were reported by other researchers 

for gelatin hydrogels immersed in the Hofmeister series of salt 

solutions.1,20-23

It should be noted that the mechanical strength of Gel/AFC 

composite hydrogels was much lower than those of immersed 

gelatin hydrogels via Fe3+ or ammonium salt treatments. For 

instance, Wang et al. reported the compression strength of

gelatin hydrogel treated with 0.5 M Fe3+ solution reached up to 

65 MPa.29 In addition, the gelatin hydrogels soaked in 30 wt% 

(NH4)2SO4 solution possessed a high tensile strength of 4.0 MPa.1

These discrepancies in strength may be due to different gelatin 

concentration, salt concentration and testing mode.

In addition to triple helices, the ferric ions also function as 

crosslinks between the gelatin chains due to the coordination 

of Fe3+ with gelatin, resulting in enhanced mechanical strength 

of hydrogels. This interchain metal-ligand interaction has been 

previously investigated in relation to its influence on the mechan-

ical properties of protein-based hydrogels.29,46 Moreover, an 

increase in the triple-helix content could improve the tough-

ness of the gelatin hydrogels.47 Thus the elongation at break of 

composite hydrogels also increases with an increase in AFC 

content. In addition, both the tensile modulus and toughness 

increased with an increase in AFC content. These observations 

indicate that both the strength and toughness of hydrogels can 

be simultaneously enhanced by soaking treatment.

Anti-freezing Performances of Gel/AFC-x Composite    

Figure 7. (a) The appearances of hydrogels stored at room temperature; (b) -22 ℃ for 1 h; (c) -22 ℃ for 48 h; (d) photographs of hydrogels  

stored at -22 ℃ for 48 h under the fold.
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Hydrogels. The freezing resistance of Gel/AFC-x composite      

hydrogels was studied, and the result was displayed in Figure 7. 

It is observed that all hydrogels are transparent and elastic at 

room temperature (Figure 7(a)). After being stored at -22 ℃         

for 1 hour, the pristine gelatin hydrogel (Gel) could easily turn 

into white solid, and the frozen hydrogel became hard, brittle, 

and prone to be broken by bending. Additionally, the Gel/AFC-

0.1 and Gel/AFC-0.2 composite hydrogels also froze with 

reduced transparency. However, no apparent freezing phenom-

enon occurred in the Gel/AFC-0.3, Gel/AFC-0.4, and Gel/AFC-

0.5 composite hydrogels, which maintained good transparency 

(Figure 7(b)). When the hydrogels were stored at -22 ℃ for 48           

hours, only the Gel/AFC-0.5 composite hydrogel did not freeze 

and still retained good flexibility, and other hydrogels were fro-

zen and susceptible to bending and breaking (Figure 7(c) and 

7(d)). These observations reveal that the introduction of ammo-

nium iron citrate can enhance the freezing resistance of gelatin 

hydrogels.

To further evaluate the anti-freezing performances of hydro-

gels, DSC experiments were carried out and the result was dis-

played in Figure 8. It is observed that a significant exothermic 

peak appeared at -10.52 ℃ for the pristine gelatin hydrogel,         

which is caused by the freezing transition of water molecules 

existed in the hydrogels. After soaking in AFC solutions, this 

exothermic peak moved to low temperatures and the freezing 

point decreased gradually with an increase in AFC content. For 

instance, the freezing temperature decreased from -16.85 ℃       

for Gel/AFC-0.1 to -29.85 ℃ for Gel/AFC-0.5. This result indi-         

cates that the introduction of ammonium iron citrate endows 

hydrogels with good frost resistance. It can be explained by the 

fact that the introduction of strongly hydrated ions (citrate and 

ammonium ions) destroys the hydrogen bonds between water 

molecules. As a result, the formation of ice crystals is hampered, 

resulting in a decrease in the freezing point. This enhancement 

of frost resistance has been reported previously by Qin et al.23

for the gelatin hydrogels soaked in sodium citrate solutions. 

Noteworthy, the freezing-transition peak broadened and weak-

ened with an increase in AFC content. The former was attributed 

to the obstruction of ice crystal formation owing to the destruc-

tion of hydrogen bonds between water molecules, while the 

latter is associated with a reduction of water content due to the 

dehydration of gelatin molecules. A similar result was observed 

for the gelatin-DES hydrogel system.36

Conclusions

Gelatin/ammonium ferric citrate (AFC) composite hydrogels 

were successfully fabricated using a simple soaking technique. 

The introduction of ammonium ion and citrate ion promoted 

the dehydration of gelatin chains, and the hydrogen bonding, 

as well as hydrophobic interactions between gelatin molecules 

were enhanced, leading to the formation of a helix structure. 

Consequently, the crystallinity of gelatin hydrogels was increased, 

endowing hydrogels with simultaneously enhanced strength and 

toughness. Furthermore, the ferric ions could crosslink gelatin 

chains through the coordination of Fe3+ with N and O on the 

amide groups in gelatin, which also contributed to the mechan-

ical strength of hydrogels. Moreover, the thermal stability and 

freeze resistance of the gelatin hydrogels were significantly 

improved. It is noteworthy that the introduction of Fe³⁺ may 

create cytotoxicity concerns that cannot be overlooked. 
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