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to contribute to a more comprehensive 
understanding of ion mediated structural 
organization of biomacromolecules within 
the extracellular matrix.

Gelatin is a water-soluble polypeptide 
derived from insoluble collagen through 
hydrolysis. The fibrous collagen molecule 
is formed by three individual protein 
strands and has the conformation of a 
triple helix.[4] Collagen extracted from skin 
and bones is composed of α-chains with 
molar mass ≈95 kDa, width ≈1.5 nm and 
length ≈300 nm.[5] Hydrolysis separates 
the collagen triple helix into three protein 
strands decomposing to gelatin. Each pro-
tein strand with left-handed proline helix 
conformation contains between 50 and 
1000 amino acids.[6] Gelatin molecules in 
aqueous solution exhibit various confor-

mations, which depend on the environmental conditions, such 
as the concentration, pH, temperature, and ionic strength.[7] An 
aqueous solution of 0.5–50 wt% gelatin above 40 °C is in a sol 
state and forms after cooling a thermoreversible gel due to the 
recovery of collagen-like right-handed triple helices via a transi-
tion from a random coil to triple-helix conformation.[8] Those 
hydrogels are built by a hierarchical assembly of many gelatin 
molecules (strands or filaments) in the range from few nanom-
eters to several micrometers. The interaction between gelatin 
molecules in the gel network is usually driven by hydrogen 
bonding, hydrophobic forces, and electrostatic forces.[9–11] The 
addition of salt or other small dissolved components could 
change the interactions between gelatin molecules, thereby 
leading to structural reorganization. Generally, gelatin hydro-
gels are attractive soft materials for biological applications[12–14] 
owing to their various functional groups (NH2, COOH), 
biocompatibility[15–17] and cavities inside the hydrogel protein 
scaffold. As a soluble polypeptide, gelatin molecules contain 
many carboxylic acid groups that can form ionic bonds in the 
presence of metal ions influencing the architecture of the gel-
atin gel network.[18] Moreover, we have found that metal ions 
strongly influence the conformation, the thermal stability, as 
well as mechanical properties of gelatin molecules. Although 
gelatin hydrogels as well as the modified hydrogels have been 
extensively studied,[1,4,5,18–24] there are only a few reports on the 
influence of ions on the structure and mechanical properties of 
gelatin hydrogels.[18]

The hierarchical structure of gelatin hydrogels mimics a natural extracellular 

matrix and provides an optimized microenvironment for the growth of 3D 

structured tissue analogs. In the presence of metal ions, gelatin hydrogels 

exhibit various mechanical properties that are correlated with the molecular 

interactions and the hierarchical structure. The structure and structural 

response of gelatin hydrogels to variation of gelatin concentration, pH, or 

addition of metal ions are explored by small and very small angle neutron 

scattering over broad length scales. The measurements of the hydrogels 

reveal the existence of a two-level structure of colloid-like large clusters and 

a 3D cage-like gel network. In the presence of Fe3+ ions the hydrogels show a 

highly dense and stiff network, while Ca2+ ions have an opposite effect. The 

results provide important structural insight for improvement of the design of 

gelatin based hydrogels and are therefore suitable for various applications.

1. Introduction

Metal ions play an essential role for the function of biomacro-
molecules (e.g., protein, DNA) which are implicated in a wide 
range of physiological process including ion signaling control,[1] 
muscle contraction,[2] enzyme interactions,[3] etc. Unlike in salt 
solutions, some metal ions are confined to the biomacromol-
ecule surface and can be accumulated in large number upon 
biomacromolecule organization. Thus, a study of structural 
aspects of ion/biomacromolecular interaction has the potential 
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As in case of a typical physical gel, the mechanical prop-
erties of gelatin hydrogels are based on the assumption of a 
3D, porous, interconnected network.[25] The architecture of 
the hydrogels on the length scale from 1 nm to several µm 
has strong impact on their mechanical properties. Limited 
information is known about the 3D original structure of gel-
atin hydrogels from microscopy methods.[22] To help under-
standing the interactions of biomolecules and biomolecular 
organization, we explored the structure and mechanical 
properties of gelatin hydrogels within a broad length scale by 
using small angle neutron scattering/very small angle neu-
tron scattering (SANS/VSANS), swelling, as well as rheology. 
As an important nondestructive technique for the determi-
nation of the structure of length scales from nanometer to 
several micrometers, an in situ SANS/VSANS measure-
ment provides information about the effect of structure on 
mechanical properties.[23,26] In this work, we have applied 
SANS/VSANS to study the structural response of gelatin 
hydrogels on gelatin concentration, pH, particularly affected 
by the metal cations Na+, Ca2+, and Fe3+. We found that 
hydrogels represent quite different mechanical properties 
with various metal ions. The increase in the elastic modulus 
of the hydrogel was accompanied by an enhancement of frac-
tion of triple helices in the presence of Fe3+. In contrast, Ca2+ 
ions are lowering the gel elastic modulus due to decreasing 
the triple helices in the hydrogels. These features were attrib-
uted to the stronger interaction between metal ions and 
gelatin polypeptide strands, which impacts the formation of a 
stiffer structure. The established structure–property relation-
ships have important implications for the design and use of 
gelatin hydrogels.

2. Experimental Section

2.1. Materials and Methods

2.1.1. Synthesis of Gelatin Hydrogels

Materials: Gelatin Type B (≈225 Bloom, Sigma-Aldrich), 
4-chloro-m-cresol (Fluka), methanol (VWR), D2O (99.8 at% 
D, ARMAR Chemicals), CaCl2 (Sigma-Aldrich), NaCl (Sigma-
Aldrich), FeCl3·6H2O (Sigma-Aldrich), DCl (35 wt% in D2O, 
99 at% D, Sigma-Aldrich), NaOD (40 wt% in D2O, 99.5 at% D, 
Sigma-Aldrich) were used.

Different amounts of gelatin were allowed to swell in water 
for 24 h at 5 (±1)°C. Homogeneous solutions were prepared 
by heating the gels for 2 h at 45 °C. In each case, ≈0.7 mL of 
solution was filled into a quartz cell waiting for cool down to 
room temperature 20 (±2)°C. To avoid decomposition by bac-
teria, a 5 wt% solution of 4-chloro-m-chresol in methanol was 
added. The hydrogel samples were stored at 5 (±1)°C before 
the measurements. All the samples for SANS/VSANS meas-
urements were prepared in D2O or a mixture of D2O and H2O. 
The metal ions were introduced into gelatin hydrogels by 
either direct addition in the gel synthesis process (Na+, Ca2+) 
or soaking the hydrogels in ion (0.3 M Fe3+) containing solu-
tions at 5 (±1)°C.

2.1.2. SANS and VSANS Experiments

SANS and VSANS experiments were carried out at, respectively, 
the KWS-1[27] and KWS-3[28] diffractometers operated by the 
Jülich Centre for Neutron Science (JCNS) at the Heinz Maier-
Leibnitz Zentrum in Garching, Germany. Four configurations 
were used at KWS-1, namely the sample-to-detector distances of 
1.3, 2, 8, and 20 m, the collimation length of 8 and 20 m, and 
wavelength of 7 Å (∆λ/λ = 10%). These settings allowed cov-
ering a Q-range from 0.002 to 0.35 Å−1. A 2D position sensitive 
detector was used to detect neutrons scattered from the samples. 
In order to cover a larger length scale of the network structure, 
very-small angle neutron scattering experiments were carried 
out at the KWS-3 diffractometer using a parabolic mirror as an 
optical element, and covering the smaller Q range from 0.0001 to  
0.0025 Å−1.[28] Hydrogels were filled into rectangular quartz cells 
with path length of 1 or 2 mm. Plexiglas was used as a secondary 
standard to calibrate the scattering intensity in absolute units at 
KWS-1[27] and the direct beam method was used at KWS-3.[28] The 
data correction and calibration were performed using the software 
QtiKWS.[29] Fitting the SANS/VSANS data was done using soft-
ware modules provided by JCNS QtiKWS and National Institute  
of Standards and Technology (NIST) Igor[30] analysis packages.

2.1.3. Differential Scanning Calorimetry (DSC)

Solid melting of gelatin hydrogel samples was measured by 
differential scanning calorimetry (DSC 8500, Perkin Elmer).

2.1.4. Rheological Experiments

Rheological properties of gelatin hydrogels (18 wt% in D2O) 
were measured on an Anton Paar Modular Compact Rheom-
eter (Physica MCR501) with 25 mm diameter parallel plate 
geometry and 0.05 mm gap distance. The rheometer was equili-
brated at 20 °C prior to sample loading. Frequency (ω) sweep 
experiments were performed with strain being 0.8%. Dynamic 
sweep experiments were performed in order to determine the 
storage modulus (G′) and loss modulus (G″) as a function of ω.

2.1.5. Swelling Experiments

The gelatin hydrogels were immersed in deionized water, 0.1 M 
NaCl, 1 M NaCl, 0.1 M CaCl2, 1 M CaCl2, and 0.3 M FeCl3 solu-
tions at room temperature (20 ± 2 °C), respectively. Before 
weighing, the excess water of each sample was removed with a 
tissue paper. All samples were weighed after a certain amount 
of time until equilibrium swelling was reached. The mass-
based swelling degree (Sd) of the investigated gels is given by 
the following equation

100%d
s 0

0

S
W W

W
=

−
×  (1)

where Ws is the weight of the swollen sample at a certain time 
and W0 is the initial weight of the sample.
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2.2. Theory

2.2.1. Small Angle Neutron Scattering

The SANS and VSANS diffractometers deliver scattering data 
from very small Q of the order of 10−4 up to 0.35 Å−1, covering 
length scales from about 20 Å up to 6 µm. Q is the scattering 
vector where Q = 4πsinθ/λ is determined by the scattering 
angle 2θ and the neutron wavelength λ. Some scattering laws 
applicable for hydrogels are described in the following parts.

2.2.2. The Beaucage Expression

The Beaucage empirical expression is able to reasonably 
approximate the scattering from many different types of parti-
cles, including fractal clusters, random coils (Debye equation), 
ellipsoidal particles, etc.[31] The Beaucage expression is given 
according to

d

d
( )

d

d
(0)exp( /3) [( ( / 6)) / ]2 3∑

Ω
=

∑

Ω
− + αQ u P erf u Qa  (2)

representing a combination of Guinier’s and Porod’s law 
describing the scattering at low and large Q, respectively. More 
quantitatively both approximations are valid for the parameter 
u = RgQ smaller or larger than 1, u representing the product of 
the radius of gyration Rg and the scattering vector Q. Guinier’s 
law has the shape of a Gaussian function whereas for Q larger 
than 1/Rg (u > 1), a power law according to d∑/dΩ(Q) = PαQ−

α 
is contained. Those empirical expressions can also be used in 
a multilevel model for samples with a multiscale structure. In 
this paper, the scattering from a large inhomogeneous struc-
ture is fitted with the Beaucage expression to obtain size and 
fractal dimension of the gelatin structure.

2.2.3. The Fractal Cylinder Model

In the case of dense gelatin hydrogels, in which most of the 
gel networks are constructed by rigid rod-like triple-helices, the 
high Q scattering can be well described by the fractal-cylinder 
model.[32,33] The structure factor for a fractal network of spher-
ical aggregates was proposed by Texeira[34] and has been applied 
for rod-like structures by Justice et al.[32] The model is a combi-
nation of a cylinder form factor F(Q)cyl and a fractal structure 
factor S(Q)fractal
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where Γ(x) is the gamma function, r0 is the gauge of the meas-
urement and Ξ gives the size of the fractal. The mass fractal 
dimension Df is the power law exponent. The final equa-
tion for data fitting combines the form factor and the struc-
ture factor normalized with the contrast, volume fraction (φ), 
volume of the particles (Vp), and background (BKG) and can 
be written as

d

d
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2.2.4. The Correlation Length Model

The scattering from gelatin molecules and their clustering 
effect is well described by the empirical functional model devel-
oped by Hammouda et al.[35]
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In this equation, a scattering of the gelatin network is 
described by the first term A/Qn and is qualitatively similar to 
Porod-like scattering that usually is used to evaluate the clus-
tering strength of the primary scattering objects. Scattering 
at larger Q is expressed by the second term C/[1 + (Qξ)m] and 
has been used to characterize the polymer/solvent interaction 
and chain solvation characteristics.[35] The correlation length 
ξ represents a weighted average of interdistances between the 
gelatin molecules. In this paper, it identifies the gelatin mor-
phology and the structure on the nanoscale. The amplitudes 
of the Porod and Lorentzian terms (A and C, respectively), 
and the Porod and Lorentzian scattering exponents (n and m, 
respectively) were obtained by a nonlinear least-squares fit of 
the data.

3. Results and Discussion

The gelatin Type B used in the experiments has a molar mass 
of approximately 25–50 kDa. The thermal treatment (T ≈ 45 °C) 
occurs in the presence of water (D2O or H2O) and is necessary 
in order to reduce both hydrogen and electrostatic interactions. 
After cooling down below 30 °C (see Figures S1 and S2, Sup-
porting Information), the gelatin chains undergo a progressive 
conformational change of coil-to-helix transition.[8] As a result, 
a thermoreversible gel[36] is formed accompanied by a progres-
sively increasing solution viscosity. Such a sol–gel transition 
occurs due to the formation of triple helices, by which are 
based on polypeptide intermolecular hydrogen bonds between 
carbonyl oxygen and amide hydrogen. At the same time, gel-
atin loses its solubility at cooling owing to the coil-to-helix 
transition.[37]

3.1. The Multiscale Structure of Gelatin Hydrogels

The structure of the hydrogel of various gelatin concentrations 
between 6 and 30 wt% in D2O was determined by SANS and 
VSANS methods at room temperature (see Figures 1 and 2). 
The scattering cross-section of the investigated samples was 
obtained within the Q-range from 10−4 up to 0.35 Å−1, covering 
length scales from 10 Å up to 6 µm.

In Figure 1 the scattering cross-section of 18 wt% gelatin in 
D2O is shown. The scattering curve could be divided into two 
regimes separated by the so-called “knee point” at Qc ≈ 0.025 Å−1.  
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Scattering from large gelatin clusters dominates within “Regime 
I” (Q < Qc), whereas “Regime II” (Q > Qc) reveals information 
from the internal gelatin structure. The scattering below 0.01 Å−1  
within “Regime I” shows a Guinier profile of a large-scale inho-
mogeneous structure. This scattering is well described by the 
light-blue-line representing the best fit of the data using the 
Beaucage expression[31] (Equation (2)) with radius of gyration 
of Rg = 1590 ± 30 Å and fractal dimension α ≈ 2.7. The forward 
scattering dΣ/dΩ(0), amplitude of the Porod’s law Pα, as well 
as other parameters of the fits are presented for samples with 
different gelatin concentration in Figure 2 and Table S1 in the 
Supporting Information.

A possible multiscale structure of a reconstructed gelatin 
hydrogel is shown in Figure 3. In Figure 3a is a model showing 
the large clusters with a dense inner phase and a loose surface. 
The scattering curve above 0.01 Å−1 follows two power laws 
namely a crossover from Q−1 (higher Q part) to Q−3 (lower Q 
part in the “Regime II”) as Q decreases. The crossover at Qc 
tracks a change from a regime in which scattering from single 
rods dominates (at high Q) to one in which collective effects 
prevail (at low Q). Thereby for gelatin hydrogels, the scattering 
indicates domination of rod-like structure of gelatin helix bun-
dles with fractal-like aggregation. At the crossover position Qc, 
a length scale Rm = 2π/Qc could be considered as the 3D-cage 
size of the hydrogel network.

In case of the 18 wt% gelatin sample, most of the gel net-
work is build up by rigid rod-like triple-helices. The high Q 
scattering (Q > 0.01 Å−1) can be well described by the green 

solid lines representing the best fit of the fractal-cylinder 
model.[32,33] The obtained parameters of the fit (Equation (3))  
are compiled in Table S1 in the Supporting Information. 
Inspection of the obtained values in Table S1 in the Supporting 
Information clearly indicates that long rod-like objects with a 
length of >190 Å and cross-section diameter of ≈9.8 Å aggre-
gate to a mass fractal network. The value of the rod diameter is 
in fairly good agreement with the collagen triple-helix derived 
from crystallographic data as presented in Figure 3e. The char-
acteristic length Ξ (Equation (3)) of ≈249 Å is very close to the 
value calculated from Qc representing the size of the hydrogel 
3D cage. Thus, the three characteristic length scales Ξ, 3D cage 
size Rm, and length of gelatin helices L are correlated with the 
crossover position Qc.

3.2. Structure as a Function of Gelatin Concentration

It is well known that the mechanical properties of gelatin hydro-
gels depend on gelatin concentration. We therefore explored the 
hydrogel structure of several gelatin concentrations between 
6 and 30 wt% as shown in Figure 2. In this figure, the scat-
tering curves were normalized with gelatin volume fraction φ. 
The scattering from the large aggregates of all shown samples 
follows a master curve with approximately the same normal-
ized forward scattering. The scattering from the local struc-
ture shows a continuous transition of the power low exponent 
from 2 to 1. This increase of the exponent could be explained 

Figure 1. SANS/VSANS scattering profile of 18 wt% gelatin in D2O 
is measured at T = 20 ± 2 °C. The light-blue solid line (Q > 0.01 Å−1) 
represents fitting by Equation (2) (Beaucage expression). The dark-blue 
solid line (Q < 0.01 Å−1) represents fitting by Equations (3) and (4) (fractal 
cylinder model). The dashed-dotted-red line represents a cylinder form 
factor with a polydispersity of 0.2. The right bottom inset picture is a 
cylinder model for gelatin triple helix.

Figure 2. SANS/VSANS scattered intensity versus scattering vector Q for 
gelatin in D2O as a function of gelatin concentration (T = 20 ± 2 °C). The 
scattering cross-section was normalized with gel volume fraction, ϕ. At 
low Q (<0.002 Å−1), VSANS data are also presented after rescaling. The 
solid lines represent the fitting by the Beaucage model (Equation (2), 
Q < 0.01 Å−1) and correlation length model (Equation (5), Q > 0.01 Å−1).
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by the conformational change of the gelatin molecules such as 
a transition from Gaussian-chain to triple helix conformation. 
The scattering data at the high Q range were fitted with the cor-
relation length model (Equation (5)) as plotted by the solid line 
representations. The extracted parameters of both regimes are 
plotted in Figure 4 and listed Table S2 in the Supporting Infor-
mation, respectively.

In Figure 4 and Table S2 in the Supporting Information the 
concentration dependence of the “low-Q” cluster radius of gyra-
tion (Rg) and the “high-Q” polymer chain correlation length (ξ) 
for the gelatin samples at room temperature are compared. The 
radius of gyration increases with gelatin concentration from 
1110 to 1700 Å. The scattering intensity at zero angle dΣ/dΩ(0) 
increases linearly with gelatin concentration. The SANS/
VSANS results show a power law where α in “Regime I” slight 
increase with increasing gelatin concentration, from 2.5 to 
2.7 for 6–30 wt% of gelatin, respectively. This implies that the 

gelatin network consists of large phase-separated domains (col-
lapsed polymer coils) showing a surface fractal conformation 
with increasing concentration of gelatin.

From the data in Figure 4 and Table S2 in the Supporting 
Information, the correlation length ξ significantly decreases 
with gelatin concentration from 80 to 10 Å. An enhanced 
compactness of the network with concentration is related to 
an increase in the number of interaction points (hydrogen 
bonding interactions) and an associated reduction in the inter-
chain (random coils) distance at these points. Moreover, the 
crossover at Qc (sample Gelatin 18 wt% in D2O of ≈0.024 Å−1)  
allows to estimate the gelatin average 3D cage size of Rm = 
2π/Qc ≈ 258 Å−1. The average cage size of different samples 
seems independent on the concentration of gelatin hydrogels. 
The power law exponent β in the “Regime II” correlates with 
the gel concentration and decreases from 1.7 to 0.98 with 
increasing of the gelatin concentration. The trend to β = 1, 

Figure 3. Schematic representation of the gelatin structure from larger scale to molecular level: a) Gelatin large clusters. b) Sketch of the gelatin 
hydrogel structure with large clusters and gel network. c) 3D Cage-like Gel matrix. d) Gelatin triple-helix and random coil. e,f) Macromolecular structure 
of a collagen-like triple-helical structure reconstructed from (Protein Database code 1BKV).[22]
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i.e., scattering from rigid rod-like particles, indicates enhanced 
triple helix bundles.

The parameters of the clustering strength (A/Qn) for the 
“Regime II” are presented versus the gelatin concentration in 
Figure 4 and Table S2 in the Supporting Information. High 
clustering strength corresponds to networks while low clus-
tering strength corresponds to dissolved chains. The interme-
diate case corresponds to branched structures. Thus, the higher 
concentration gelatin samples show network features (e.g., gel-
atin 30 wt% of 1.1) while lower concentration gelatin samples 
show a branched structure with partially dissolved chains in 
solution (e.g., gelatin 6 wt% of 0.44). Clustering and solvation 
increases and decreases, respectively.[38]

Thus, the SANS/VSANS results demonstrate the existence 
of two phases in pure gelatin gels: one consists of colloid-like 
clusters of densely packed gelatin molecules (“dense phase”); 
the other phase is formed as a 3D cage-like gel network com-
posed of gelatin triple-helices and random coils (“dilute phase”). 
In the “dilute phase” the ratio between gelatin triple-helices 
and random coils is a function of gelatin concentration. On the 
small-scale structure level, SANS reveals the changes of the gel-
atin conformation which can results in changes in the overall 
gel strength. The correlation length ξ significantly decreases 
with increasing gel concentration and that corresponds to an 
increase in the number of interaction points. A conformational 
change is accompanied by changing the gel concentration and 
more rigid rod-like triple helix bundles have been found in con-
centrated gels. On the large-scale structural level, the number 
density of gelatin large clusters is proportional to the gel 
concentration.

3.3. The pH Effects on the Hydrogel Structure

The pH of the gelatin (Type B) hydrogels is about 5, varies 
slightly with concentration, and is close to the isoelectric point 
(IEP, pH = 4.7–5.3). Comparing with the other pH conditions, 
the viscosity and gel strength of Type B gelatin is at a minimum 
and maximum respectively with the pH around 5 reflecting the 
importance of the pH for rheological properties and thereby 
industrial applications.[39,40]

Figure 5a shows the effects of pH on the SANS/VSANS 
scattering profiles of gelatin hydrogels with pH around 5.1 (in 
D2O), 3.4 (with 0.1 M DCl in D2O), and 10.7 (with 0.1 M NaOD 
in D2O). The pH of a sample in D2O was recalculated by the 
pH meter reading (pH*) with the following relationship: pH = 
0.929pH* + 0.42.[41] In the “Regime II” (Figure 5a), the SANS 
results show the same scattering in 0.1 M DCl in comparison 
with the sample in D2O (pH ≈ 5.1). The large structure in 
Regime I increased in size between the values found for the 
two samples (from 1590 ± 30 Å of gelatin in D2O to 2096 ± 
60 Å of gelatin 0.1 M DCl, Table S3, Supporting information). 
Moreover, there is nearly no change of the crossover point, Qc, 
indicating the same cage size in the two samples. Figure 5b 
displays the effects of higher pH of around 10.7 on the SANS/
VSANS scattering profiles of gelatin hydrogels (gelatin in 
0.1 M NaOD). Scattering shows a significant enhancement at 
the low Q of the power law exponent from almost 0 (Guinier 
regime) to ≈3 (fractal structure, see the inset of Figure 5b; as 
a result of a higher clustering strength factor, see Table S3, 
Supporting Information) revealing the large clusters in the 
sample. In “Regime II,” scattering has a lower scattering 

Figure 4. Parameters of gelatin hydrogels with different concentrations in D2O obtained from the SANS/VSANS fitting results by Equations  
(2) and (5). a) Forward scattering dΣ/dΩ(0) and the average cage size of the hydrogels, Rm. b) Radius of gyration obtained from “Regime I,” Rg(I) 
and “Regime II,” Rg(II). c) The power law exponent at intermediate Q (α) and high Q (β). d) The clustering strength, A/Qn (Q = 0.02 Å−1) and 
correlation length ξ.
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intensity indicating a lower amount of triple helices in the 
hydrogels.

The fitting parameters of SANS/VSANS in Table S3 in 
the Supporting Information show that the correlation length 
decreases from 25.0 to 13.8 Å and to 11.5 Å for the samples 
in D2O, under acidic conditions, and under basic conditions, 
respectively. The change of the correlation length is accompa-
nied by a change of the parameter C, which reflects declining 
amount of triple helices at a sample pH far away from the IEP. 
In gelatin molecules, the triple helices of native collagen are 
stabilized by two noncovalent interactions: hydrogen bonding 
and dipolar interactions. As the pH deviates from the isoelectric 
point, more polar groups such as COOH, NH2 partly trans-
form to their charged groups COO−(pH > IEP) and NH3

+ 
(pH < IEP) so that a majority of positive groups exists over 
the negative or vice versa depending on the pH value. Those 
changes are breaking the interaction between gelatin residues 
thus influencing the stability of gelatin triple helices. Therefore, 
either at much higher or lower pH than the IEP, gelatin hydro-
gels have less triple helix conformational units, thus leading to 
poorer mechanical properties.

3.4. Effect of Metal Ions on the Hydrogel Structure

Ions of salt could affect the gelatin structure via tuning the 
electrostatic interaction strength, the formation of salt bridges, 
hydration, and hydrogen bonding.[39] The influence of several 
salts on the SANS/VSANS scattering profile of 18 wt% gelatin 
in D2O is shown in Figure 6. Chloride salts with cations of 
different valences, namely monovalent (Na+), divalent (Ca2+), 
and trivalent (Fe3+) of different concentrations were added. 
The scattering profiles were fitted both with the Beaucage and 
correlation length model in Regimes I and II respectively. The 
extracted parameters are plotted Figure 7 and listed in Table S4 
in the Supporting Information. The scattering of the gelatin 
network shows various changes depending on the species and 

concentration of salts. The forward scattering dΣ/dΩ(0) of the 
clusters in “Regime I” increases after adding salt with monova-
lent NaCl 0.1 and 1 M in Figure 6a. Low Q scattering shows that 
the salt impact on the structure occurs without dramatically 
increasing the size instead of increasing the number density 
and/or contrast of the larger clusters. In Figure 6a “Regime 
II,” the addition of monovalent ions Na+ in the hydrogels does 
not show clear changes in the scattering in comparison to the 
salt-free gels (also see Figure 6d). A small reduction of Rg and 
the correlation length ξ is observed. However, the difference 
between the sample in 0.1 M NaCl and 1 M NaCl (with variable 
ionic strength) shows that the electrostatic interaction strength 
does not influence the interhelix interactions. At room tem-
perature of 20 ± 2 °C, all of the gelatin samples with a large 
amount of NaCl (up to 2 M) are in the gel state. These results 
indicate that Na+ ions have only a weak interaction with the 
gelatin molecules.

Divalent metal ions such as Ca2+, Cu2+, Zn2+, and Co2+ play 
a different role in gelatin interhelix interactions in comparison 
with monovalent metal ions.[18,42] In nature, calcium ion–col-
lagen interactions play an important role for bone tissue min-
eralization.[43] Those divalent metal ions can form ionic bonds 
with the carboxylic acid groups of the gelatin polypeptides, 
thereby influencing the organization of the gelatin network. 
In the inset of Figure 6d, we see that the addition of divalent 
cations decreases the scattering intensity when compared to 
the sample with Na+ and without additional salts. The Rg of the 
samples with divalent ions becomes smaller and is around 2/3 
of the salt-free hydrogels (Table S4, Supporting Information). 
This result is correlated with a smaller 3D-cage size of the gel-
atin network. From another side, increasing of Ca2+ ion con-
centration from 0.1 to 1 M significantly decreases the clustering 
strength A/Qn. Thus, Ca2+ ions have the ability to deform the 
gelatin triple-helix gel network in the range of applied salt con-
centrations. The results are consistent with the phase behavior 
of the gelatin hydrogel in the presence of Ca2+ ions as the 
gel phase changes into the solution phase beyond a critical 

Figure 5. SANS/VSANS scattering cross-sections versus scattering vector Q for gelatin 18 wt% in D2O with 0.1 M DCl a) and gelatin 18 wt% in D2O 
with 0.1 M NaOD b). Gelatin 18 wt% in D2O without turning the pH values (pH ≈ 5.1) was plotted for comparison. The solid lines represent the fitting 
by the Beaucage model (Equation (2), Q < 0.01 Å−1) and correlation length model (Equation (5), Q > 0.01 Å−1).
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concentration of 0.9 M Ca2+ (at 20 °C). In the presence of 1 M 
Ca2+ (at 20 °C), the gelatin has been transformed into a solution 
phase indicating that the Ca2+ ions have a strong influence on 
the gelation properties (inset picture of Figure 6d).

The stabilization or destabilization effects induced by salts 
in driving conformation transitions of macromolecules are 
following the well-known Hofmeister series.[44,45] Sodium 
chloride ions have only minor influence on the structure of 
gelatin hydrogels even at a very high concentration (1.3 M). 
In the presence of calcium chloride, the interaction of Ca2+ 
cations and carboxylic acid groups of the gelatin polypeptide 
deteriorate the cohesion of the triple helix constituents results 
a relatively soft structure. An early study shows that the ion-
peptide group interaction plays an important role on gela-
tion.[46] Calcium-carboxylic ligand complexes in a Ca2+-gelatin 
solution inhibit triple helix formation and thus gelation of the 
gelatin macromolecules. The inhibition of the triple helix for-
mation is due to the calcium-peptide complex but not to the 
side chain. Thus at concentrations above 0.9 M of Ca2+ cations, 
18 wt% gelatin solution contains enough calcium ion-peptide 

complexes inhibiting the triple helix formation to suppress 
gelation (at 20 °C).

In “Regime I” (Figure 6c), trivalent cations, Fe3+ indicate a 
strong effect of aggregation of large gelatin clusters as evident 
in the lower Q scattering (power law exponent of 3). In “Regime 
II,” the Fe3+ ions stimulate a significant increase of the scat-
tering intensity in conjugation with a dramatically enhanced 
Rg, clustering strength, and 3D-cage size. These changes indi-
cate formation of a larger number of triple helices and aggrega-
tion of triple helices (increasing the rod-like species diameter). 
Therefore, the Fe3+ ions show a strong crosslinking effect on 
the gelatin network, which leads to additional junctions of the 
gelatin chains in between the triple helical crosslinks. When 
compared with divalent cations, the binding strength of triva-
lent cations with gelatin is strongly enhanced. It is important 
to note that the trivalent Fe3+ ions could interact with three 
carboxylic acid groups of different chains,[47] thus serving as a 
coordination center for triple helices. So, it is possible to form 
more gelatin triple-helices in the presence of Fe3+. Furthermore, 
introducing Fe3+ to the gelatin hydrogel yielded an additional 

Figure 6. SANS/VSANS scattered intensity versus scattering vector Q for gelatin 18 wt% in D2O and salt solutions with different concentration and 
counter ion valence. a) Gelatin 18 wt% in D2O with additional 0.1 M NaCl and 1 M NaCl. b) Gelatin in D2O with additional 0.1 M CaCl2 and 1 M CaCl2.  
c) Gelatin sample (18 wt%) swollen in 0.3 M FeCl3 in D2O. d) The plot represents the scattering intensity of samples at Q = 0.05 Å−1. The insert pictures 
show the appearance of the ions-gelatin interactive samples.
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structuring effect to the network by providing more crosslinks 
between the gelatin network chains and through metal ligand 
interactions. This enhanced crosslinking strongly improved the 
gel mechanical properties.

3.5. Mechanical Properties

The mechanical properties of gelatin hydrogels are greatly 
dependent on the physical interaction and the degree of 
crosslinking of the gelatin molecule. The different inter and 
intra molecular interactions of the gelatin molecules result in 
different network structures, which change the mechanical 
properties of the hydrogels. Rheological studies were carried 
out on gelatin hydrogels and gels in the presence of different 
metal ions. The angular frequency dependence of the storage 
modulus G′ and loss modulus G″ is presented in Figure 8.

In Figure 8a, the storage modulus and loss modulus are 
relatively independent of the angular frequency in range from 
0.1 to 500 s−1. These hydrogels are typical viscoelastic mate-
rials exhibiting G′ that is one order of magnitude higher than 
G″.[48] The storage modulus decreases with the NaCl concentra-
tion. This indicates that a change on the electrostatic interac-
tion influences the hydrogel mechanical properties. Figure 8b 
compares the rheological properties of the gelatin hydrogel and 

gels with different Ca2+ concentrations. The results show that 
G′ is decreased in the presence of low Ca2+ concentration. The 
hydrogels in the presence of larger Ca2+ concentration (1 M) 

Figure 7. Parameters of Gelatin hydrogels in D2O with different concen-
tration and counter ion valence obtained from the SANS/VSANS fitting 
results by Equations (2) and (5). a) Radius of gyration and correlation 
length obtained from “Regime II.” b) The clustering strength, A/Qn (Q = 
0.02 Å−1) and the average cage size of the hydrogels, Rm.

Figure 8. Comparison of storage G’ and loss G’’ moduli of gelatin hydro-
gels with different metal ions: a) 0.1 M with additional 0.1 M NaCl and 
1 M NaCl, b) 0.1 M CaCl2 and 1 M CaCl2, c) gelatin sample (18 wt%) 
swollen in 0.3 M FeCl3 solutions.
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show the behavior of a viscous solution like G′ with a higher 
G″ than G′ between 0.5 and 100 s−1. These results are con-
sistent with the SANS experiments showing that the loss of a 
rigid network in the presence of 1 M Ca2+ is resulting in poor 
mechanical properties. With the addition of Fe3+ to the hydro-
gels, G′ becomes one order of magnitude higher than in pure 
gelatin hydrogels indicating the significant strengthening of 
the gelatin gel (Figure 8d). Rheology and SANS results confirm 
that gelatin hydrogels show the best structural enhancement by 
adding Fe3+ ions.

3.6. Swelling Properties

The swelling ratio (Sd) has been widely used as a simple 
method to characterize water absorption and stability of 
hydrogels. In addition, the swelling degree is associated to 
the crosslinking density as treated for example in the Flory–
Rehner theory.[49] The swelling behavior of gelatin hydrogels 
(18 wt%) in deionized water and different salt solutions as 
a function of time is depicted in Figure 9. All samples have 
reached an equilibrium swelling after 150 h at room tem-
perature (20 ± 2 °C). For hydrogel swelling in 1 M CaCl2, the 
gel will dissolve in the salt solution after 24 h indicating that 
Ca2+ has the ability to break the gel network. Hydrogels in 1 M 
NaCl have the highest swelling ratio of 230% in 150 h, while 
in deionized water the swelling ratio is less than 50%. The gel 
swelling in 0.1 M CaCl2 is higher than in 0.1 M NaCl, which 
may be due to the different ionic strength. The hydrogels in 
Fe3+ ion solutions show distinguished swelling properties in 
comparison with other solvents. At the early stages (1 h), the 
swelling ratio development was negative (≈−8%), the ratio 
becomes positive after being in iron solutions for more than 
6 h and finally the hydrogels reached a ratio of ≈110%. The 
reason for the early time negative swelling is caused from the 
iron induced crosslinking of the gelatin molecules. The final 
positive swelling in the presence of Fe3+ ions may be caused 
by the hydrolysis of Fe3+ ions or the intermedium products. 
This process broke the crosslinking points which crosslinked 
by iron ions in the gels. Without the crosslinking effect, the 
hydrogel continues swelling until it reaches the equilibrium 
value.

4. Conclusions

In this work, the ion dependence of gelatin hydrogel structure 
has been investigated by small and very small angle neutron 
scattering, which is well described by a multilevel model. On 
the small length scale level of the hydrogel structure, the vari-
ation of external parameters such as gelatin concentration, 
pH, or addition of different metal ions affect the conforma-
tional state of the gelatin molecule, the physical interaction, 
and crosslinking. In the gelatin hydrogels, triple helices are 
more efficient achieving a higher stiffness of the networks. 
Trivalent ions have a high ability to enhance triple-helix con-
formations and the degree of crosslinks through metal ligand 
interactions in the gelatin molecules, which strongly improve 

the gel mechanical properties. Divalent ions have the ability to 
deform the gelatin triple-helix gel network at higher salt con-
centrations. Thus, metal ions remarkably change the gelatin 
molecule interchain and intrachain physical/chemical inter-
actions, which have a strong impact on a stiffer structure. On 
the large length scale level, addition of protons (lower pH) or 
mono/divalent ions have no significant influence on the size of 
the dispersed gelatin clusters. Higher charge ions (Fe3+) or less 
protons (higher pH) increase the crosslinks thereby favoring 
aggregation of large clusters in the gel network structure. The 
aggregation of the larger clusters directly correlates with a 
higher stiffness of the networks.

Overall, the systematic investigation presented here yields 
detailed structural and mechanistic information on gelatin 
hydrogels in the presence of different additives and, in par-
ticular, their ability to tune the gel structure by adding metal 
ions. This knowledge should help to better control the hydrogel 
structure and stability for biomedical applications that require 
higher stiffness and water resistance.
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