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Abstract
Gelatin-based systems have great potential in bio-medical applications. Here, we report the solvent uptake and DC conductiv-
ity of glutaraldehyde-crosslinked gelatin hydrogels and ferrogels. Both the parameters are found to depend on cross-linker 
(glutaraldehyde) and dopant (carbonyl iron) concentrations. Higher cross-linker proportions cause decrease in solvent uptake, 
equilibrium swelling ratio and DC conductivity. Solvent uptake is seen to increase while equilibrium swelling ratio and DC 
conductivity decrease with dopant concentration in the ferrogels. The solvent uptake and DC conductivity behaviour of the 
studied systems are explained on the basis of variations in pore size and polymer segmental mobility which, themselves, are 
functions of cross-linker and dopant concentrations. The diffusion process in the hydrogels and ferrogels obeys the second-
order kinetic model.
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1  Introduction

In recent times, the design, synthesis and study of “smart 
materials” have attracted much scientific interest [1]. Smart 
materials can change their physical properties in a desirable 
manner in response to a specific stimulus/input. Tempera-
ture, pressure, added chemicals, electric and magnetic fields, 
hydrostatic pressure and nuclear radiations can act as stimuli 
while shape, viscosity and material stiffness could be the 
associated changeable physical properties. Smart materi-
als are self-adaptable, self-sensing and possess “memory 
characteristics” and, therefore, have potential biomechani-
cal applications in engineering, manufacturing and infra-
structure systems. Magnetic hydrogels (i.e. ferrogels) are 
prime examples of wet and soft smart materials [2, 3]. Such 
hydrogels are composites comprising a soft gel matrix with 
a filler consisting of a magnetically-sensitive dopant [4, 5]. 
Ferrogels are mechanically soft, highly elastic and exhibit 
a strong magnetic response [6]. Their low elastic modulus 
leads to large deformations in response to even moderate 

magnetic fields. The desired application can be obtained in 
a non-contact (remote), smooth and rapid manner by apply-
ing an appropriate magnetic field to the ferrogel [7, 8]. Such 
magnetically-sensitive hydrogels can be formed through 
physical or chemical cross-linking of polymer chains within 
a ferrofluid.

Targeted drug delivery and fabrication of artificial mus-
cles are the two most promising applications of ferrogels 
[9]. In drug delivery-related applications, it is important 
to understand solvent uptake since drugs are generally 
incorporated as aqueous solutions. Swelling kinetics helps 
in understanding drug retention and release in polymer 
matrix-based sustained-release dosage formulations. This 
is because transport properties through gel systems depend 
on the amount of water present. Besides, it is necessary that 
artificial muscles closely mimic natural muscles. It is known 
that natural human muscles comprise proteins (about 20%) 
and multi-component aqueous solutions (about 80%) [10]. 
Natural muscles perform their functions through quick and 
reversible uni-directional contraction. They possess a special 
mechanism which transforms chemically-bound energy into 
mechanical work or locomotion. Since chemical-based actu-
ation is undesirable in artificial muscles, the basic materials 
that are used for their fabrication should be provided with a 
suitable process for the generation of an internal mechanical 
stress. As electrically-driven actuators are promising candi-
dates in this regard, it is necessary to understand electrical 
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conductivity in ferrogels. This would lead to the design and 
fabrication of electrically-driven artificial muscles.

Gelatin is a commercially available, biodegradable and 
biocompatible biopolymer obtained from the partial decom-
position of collagen [11]. Gelatin is non-toxic, possesses low 
immunogenicity and shows capacity for modification at the 
level of amino acids [12]. It has positively and negatively-
charged amino acids on its polymeric backbone [13]. Its 
polyampholyte nature permits the formation of complexes 
with oppositely-charged polymers. Gelatin is widely used 
in food, pharmaceutical, medical and cosmetic applications 
[14]. It is used as a matrix for implants, device coatings, vac-
cine stabilizers, wound dressings, hard and soft capsules and 
in drug delivery systems. Gelatin-based polymer matrices 
possess high capacity for water absorption. Gelatin can be 
used to form physically as well as chemically cross-linked 
hydrogel systems. Gelatin forms homogeneous solutions 
in water or hydrogen bond-friendly solvents above 32 ºC 
[11]. Such solutions form physically cross-linked hydrogels 
when cooled to room temperature. The physical hydrogels 
of gelatin have poor mechanical and chemical stability [15, 
16]. Also, since gelatin is highly soluble in aqueous environ-
ments, appropriate chemical cross-linking agents need to be 
used in order to stabilize the hydrogel network and improve 
its thermal, mechanical and water-sensitive properties for 
long-term usage. Gelatin can be chemically cross-linked 
through its amino, carboxyl or hydroxyl groups [13, 17].

Earlier, gelatin has been used in the preparation of physi-
cally cross-linked ferrogels [18]. The samples were relatively 
short-lived and highly temperature-sensitive due to their 
physical cross-linking. This makes it necessary to introduce 
chemical cross-links in the gelatin ferrogel matrices so as to 
make them long-lasting. With this in mind, in the present 
study, we have synthesized chemically cross-linked gelatin-
based ferrogels with glutaraldehyde (GA) as the cross-linker 
and micron-sized carbonyl iron as the magnetically-sensitive 
dopant. GA is a linear five-carbon di-aldehyde that is soluble 
in water, alcohol and organic solvents [13, 19]. It is inex-
pensive, easily available and rapidly forms cross-links when 
mixed with gelatin solutions [20–22]. GA is widely used 
as a cross-linking agent, in the fabrication of bio-prosthetic 
implants and tissues, and for enzyme immobilization [19]. 
In our samples, the gelatin content has been kept constant 
while GA and carbonyl iron concentrations have been var-
ied. These variations cause structural modifications within 
the undoped and doped (i.e. ferrogel) samples. In order to 
explore the potential applications of the samples in drug 
delivery and artificial muscles, we have studied their sol-
vent uptake and DC conductivity behaviour, with the aim of 
understanding the relationship with the structural changes. 
We have examined the two physical parameters viz. solvent 
uptake and DC conductivity as functions of cross-linker and 
dopant concentrations. The two parameters have been found 

to be significantly dependent on the pore size and polymer 
segmental mobility. A judicious choice of cross-linker and/
or dopant concentrations would, therefore, make it possible 
to develop suitable materials for optimal electric actuation 
in artificial muscles and for fine-tuned targeted drug delivery 
systems.

2 � Experimental

Gelatin and GA were procured from HiMedia Pvt. Ltd 
and Loba Chemie Pvt. Ltd, respectively. The carbonyl iron 
[Fe(CO)5] powder was provided by ISP Technologies on 
complimentary basis. According to the supplier, the car-
bonyl iron had a density of 2.1 g/cc and a median particle 
diameter of 7.3 µm. All the chemicals were used without 
further purification.

2.1 � Preparation of Samples

Two series of gelatin hydrogel samples were prepared 
with GA concentrations of 5 and 10 µL per mL of gelatin 
solution. Each series had five samples with carbonyl iron 
(dopant) concentrations of 0 (viz. the undoped/neat hydro-
gel), 10 mg/mL, 20 mg/mL, 30 mg/mL and 40 mg/mL.

Before the actual preparation of the samples, a 5 wt% 
solution of gelatin was made in double-distilled water 
by magnetic stirring for about 1 h at 50 ºC. The solution 
was permitted to cool to room temperature for about 2 h. 
Required quantities of the solution were measured and 
poured into flat-bottom culture tubes. Appropriate amounts 
of carbonyl iron powder were carefully weighed and added 
to the gelatin solution in each culture tube. Each solution 
was stirred for about 1 min using a vortex mixer in order to 
ensure uniform distribution of the dopant. The appropriate 
amount of GA was added to the mixture (in order to ensure 
the desired proportion of the cross-linker) and vortex stir-
ring was continued for about 5 min, at room temperature, 
until the formation of the ferrogels. A similar procedure was 
used for the preparation of the undoped hydrogels—though 
without the carbonyl iron powder—using a magnetic stir-
rer instead of a vortex mixer. Figure 1 is a photograph of 
the hydrogel (i.e. neat/undoped) and ferrogel (i.e. doped) 
samples.

2.2 � Measurements

2.2.1 � Swelling Tests

The swelling behaviour for each of the prepared samples was 
investigated using the gravimetric method. Prior to the inves-
tigation, portions of the samples were dried by exposure to 
the atmosphere for two days under ambient conditions. The 
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initial mass of each dried sample was determined. The sam-
ples were immersed in excess double-distilled water at room 
temperature. The swollen samples were removed from the 
water after pre-set time intervals, wiped using filter paper so 
as to remove any adhering water and weighed immediately. 
The solvent uptake at a specific pre-set time was calculated 
using the formula,

In Eq. 1, “swelling ratio” (in g/g) is defined as the grams 
of absorbed water per gram of the dry hydrogel; massfinal is 
the mass of the swollen sample at time t (in min); massinitial 
is the mass of the dry hydrogel. The swollen samples 
were weighed after 30, 60, 90, 120, 150 and 180 min of 
immersion.

2.2.2 � DC Conductivity

Due to the expected low conductivity nature of the samples, 
a two-probe resistivity set-up was used for the DC conduc-
tivity measurement. “Pellets” were created by capsizing 
each sample within a non-conducting cylindrical capsule 
with both ends open. It was ensured that the sample within 
the capsule did not contain fracture lines. The gel-loaded 
capsule was placed within the contact probes of a two-probe 
resistance measurement instrument which was indigenously 
designed, developed and manufactured by ADEC Embedded 
Technologies and Solutions Pvt. Ltd. The upper and lower 
faces of the gel-loaded capsule were placed in contact with 
the contact probes of the measuring instrument. A constant 
2 V electrostatic potential difference was applied across the 
sample during the measurement. The circuit current (I) was 
measured at room temperature. Two standard dimension-
measuring instruments viz. micrometer screw gauge and 
travelling microscope were used to quantify the length and 
diameter of the gel-loading capsule, respectively. The DC 

(1)Swelling ratio =

(

massfinal − massinitial

massinitial

)
resistivity (ρ) value was calculated, for each sample, using 
the equation,

In Eq. 2, A is the cross-sectional area of the sample in 
CGS units; I is the measured current (in A) flowing through 
the sample; L is the length of the capsule measured in CGS 
units; V = 2 V is the potential difference applied across the 
sample. The DC conductivity was calculated as the recipro-
cal of the DC resistivity.

3 � Results and Discussion

3.1 � Swelling Tests

The swelling behaviour exhibited by the samples of the 
present study is shown in Figs. 2 and 3 as plots of swell-
ing ratio versus time. In both Figures, the samples exhibit a 
rapid initial rise of the swelling ratios followed by a slower 
subsequent increase. This behaviour can be explained by the 
nature of the basic polymer network of the samples which 
has been formed by mixing gelatin and GA solutions. The 
mixing leads to the occurrence of a cross-linking reaction 
as shown in Fig. 4. The basic hydrogel framework of the 
samples may be modeled as a three-dimensional network 
of gelatin chains cross-linked by GA molecules. While GA 
molecules may combine with themselves, this will not affect 
the hydrogel network structure as the self-reacted molecules 
would be unavailable for cross-linking. Further, at very large 
GA concentrations, no significant increase of cross-links is 

(2)� =
VA

IL

Fig. 1   Photograph of the undoped and doped hydrogels

Fig. 2   Effect of time on swelling ratios of undoped and doped hydro-
gels with GA concentration 5 µL/mL (the solid lines are only to guide 
the eye)
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observed due to formation of pendant GA molecules [23]. 
Pore size would, therefore, be determined by the GA mol-
ecules which are available for cross-linking. The pores 
(voids) of the network are occupied by the solvent (water). 
The flexibility of polymer segments between adjacent GA 
cross-links permits them some degree of mobility within 
the solvent. This motion of the polymer segments occurs 
in co-ordination with other parts of the polymer chain. The 
increase of swelling ratios with sorption time, as observed 
in Figs. 2 and 3, is indicative of solvent uptake being a con-
tinuous process of transition from an unsolvated glassy or 
partially rubbery state to a relaxed rubbery one [24]. In gen-
eral, the swelling behaviour of polymer hydrogel matrices is 
governed by osmotic pressure and viscoelastic forces. When 
first immersed in water, the high difference in osmotic pres-
sures within and outside the dried hydrogel causes water 

molecules to enter and diffuse into the network structure 
leading to rapid initial swelling. The swelling process causes 
gradual extension of the polymer segments between adja-
cent GA cross-links. With increasing water content inside 
the matrix, the difference in osmotic pressures within and 
outside the network decreases. For higher sorption times, 
though solvent uptake continues, the osmotic force is 
opposed by the viscoelastic force. The opposition balances 
the stretching of the network and prevents its complete 
deformation. The balance between the osmotic and elastic 
forces leads to a gradual approach towards an equilibrium 
value for the absorbed solvent leading to a slower increase 
in swelling ratio as a function of time, as observed for our 
samples. Swelling of polymer hydrogels involves three steps 
viz. (a) the diffusion of solvent molecules into the polymer 
network; (b) the relaxation of hydrated polymer chains; and, 
(c) network expansion into the surrounding aqueous solution 
[25]. When the swelling behaviour of the neat (undoped) 
samples of Figs. 2 and 3 is compared, it is noticed that the 
hydrogel with GA concentration 5 µL/mL exhibits relatively 
higher solvent uptake. At this GA concentration, the num-
ber of cross-linker molecules is relatively lower leading to 
a smaller number of GA cross-links on each gelatin chain. 
The correlation length (i.e. the average distance between 
consecutive cross-links in the three-dimensional network), in 
this case, is larger and the cross-links are formed at relatively 
higher distances from one another. This phenomenon has 
been confirmed by Small Angle Neutron Scattering (SANS) 
measurements performed on gelatin-GA systems [20]. The 
average length of the gelatin chains between adjacent GA 
cross-links is also relatively greater for the samples with 
cross-linker concentration 5 µL/mL. The lower degree of 
cross-linking of the neat hydrogel with GA concentration 
5 µL/mL results in pores of relatively larger volume. The 
availability of more free space permits greater quantities 
of water to penetrate into the network yielding relatively-
larger swelling ratios for the hydrogel with GA concentration 

Fig. 3   Effect of time on swelling ratios of undoped and doped hydro-
gels with GA concentration 10  µL/mL (the solid lines are only to 
guide the eye)

Fig. 4   The reaction of gelatin 
with glutaraldehyde
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5 µL/mL. Further, the process of swelling causes increase in 
membrane free volume. It is known that lower cross-linker 
proportions lead to relatively higher membrane free volumes 
resulting in higher water sorption capacity [26]. In contrast, 
the higher cross-linker concentration in the hydrogel with 
GA concentration 10 µL/mL reduces the membrane free vol-
ume and decreases free space within the network thereby 
lowering the swelling ratios.

In Fig. 2, the ferrogels (i.e. the hydrogels doped with car-
bonyl iron) are observed to exhibit higher swelling ratios 
in comparison with the neat hydrogel. The carbonyl iron 
dopant is the only additional component in the ferrogel sam-
ples. The higher swelling ratios of the ferrogels can be attrib-
uted to the presence of the dopant particles in the matrix. 
Though the dopant particles are not chemically bonded to 
the polymer network, their presence leads to a structural 
re-arrangement of the matrix. Small Angle Neutron Scatter-
ing (SANS) have shown ferrogels to have higher correlation 
length (ξ) values as compared to neat hydrogels (those data 
are being published separately). This entails longer chain 
lengths between successive cross-links and larger pore sizes 
within the ferrogels. As swelling rate is determined by the 
extent of porosity, ferrogels exhibit higher solvent uptake as 
seen in Fig. 2. Increase in dopant concentration to 20 mg/mL 
causes further increase in correlation length and enhance-
ment in solvent uptake. It is noted that the swelling ratio for 
the ferrogel with dopant concentration 30 mg/mL is lower 
than for 20 mg/mL. Carbonyl iron particles exhibit sedimen-
tation in aqueous gelatin solutions and tend to aggregate 
during gel formation [27, 28]. Consequently, at this dopant 
concentration (30 mg/mL), there are fewer newer (and, 
smaller) carbonyl iron sites created in the network while 
the existing dopant clusters increase in size. The higher 
amount of dopant in the matrix reduces the space avail-
able for occupation by the polymer chains and causes lower 
correlation length and smaller pore size, as also shown by 
SANS measurements. Further, the hindered flexibility of the 
chains enwrapped around the larger-sized clusters permits 
lesser solvent uptake leading to the observed lower swelling 
ratios of this sample. The ferrogel with dopant concentration 
40 mg/mL, owing to further increase in dopant concentra-
tion, has newer smaller carbonyl iron sites in addition to the 
larger clusters. The flexibility of gelatin chains around the 
smaller dopant clusters is higher than those enwrapping the 
larger-sized ones. This increases pore sizes and enhances 
swelling ratio, as observed in Fig. 2.

From Fig. 3, it is observed that the undoped and doped 
hydrogels with GA concentration 10 µL/mL show behaviour 
similar to that of samples with lower cross-linker propor-
tions. This includes the observed decrease in solvent uptake 
for the ferrogels with dopant concentration of 30 mg/mL. 
The explanation for this behaviour is similar to that nar-
rated above for gelatin hydrogels having GA concentration 

of 5 µL/mL (presented in Fig. 2). Comparison of Figs. 2 
and 3 shows the swelling ratios to be lower for the ferrogel 
samples with GA concentration 10 µL/mL. The higher GA 
concentration within these samples lead to greater cross-link 
density. Consequently, the samples are more compact, pos-
sess smaller pore sizes and exhibit lower solvent uptake vis-
à-vis the samples with cross-linker proportions of 5 µL/mL.

Schott’s second-order kinetic model was applied to the 
entire swelling process, for all the samples of the present 
study, using the equation [29, 30]:

In Eq. 3, Seq (in g/g) is the swelling ratio of the particular 
sample at equilibrium, S (in g/g) is the swelling ratio at a 
given time t (in minutes), k2 (in min− 1) is the second-order 
swelling rate constant. The coefficient of determination (R2) 
was used to evaluate the fitting of the experimental data with 
the model. The plots of t/S versus t are shown in Figs. 5 and 
6 for the samples with GA concentrations of 5 and 10 µL/
mL respectively. The values of Seq = 1

Slope
 and k

2
=

1

Intercept∗S2
eq

 

were calculated from the plots. The corresponding calcu-
lated values of Seq, k2 and R2 are listed in Table 1 for both 
sets of samples.

In Figs. 5 and 6, it is observed that the fitting yielded 
straight lines while Table 1 shows that the linear correla-
tion coefficient (R2) has values in the range 0.974–0.997 
confirming that the data were well-fitted by Schott’s sec-
ond-order kinetic model. Clearly, the model is suitable for 
describing the entire swelling behaviour of the samples 
of the present study. From Table 1, it is observed that the 

(3)
t

S
=

1

k
2
S2
eq

+
t

Seq

Fig. 5   Plots of t/S against t for hydrogel and ferrogels samples with 
glutaraldehyde concentration 5 µL/mL and varying carbonyl iron pro-
portions
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value of k2 decreases upon increase of cross-linker concen-
tration. This is indicative of the polymer network becom-
ing more compact with increase in cross-link density 
thereby causing a higher degree of difficulty for solvent 
penetration into the matrix. The ferrogels show higher val-
ues of k2 as compared to the corresponding (neat) hydro-
gels. This indicates greater ease of solvent penetration into 
ferrogels vis-à-vis hydrogels which may be attributed to 
the presence of carbonyl iron particles within the matri-
ces. The ferrogels with GA concentration 10 µL/mL have 
relatively lower k2 values. Cross-linking density, there-
fore, also plays a role in solvent uptake in the ferrogels. 
For both sets of samples, the ferrogels exhibit lower Seq 
values pointing to lesser maximum solvent absorption and 
retention abilities. The presence of carbonyl iron parti-
cles in the matrices seems to lessen the volume available 

for the expansion of gelatin segments between adjacent 
cross-links. Higher GA concentration also reduces the val-
ues of Seq in the hydrogel and ferrogel samples. The rela-
tive closeness of the cross-links, in this case, reduces the 
length of the gelatin segments which inhibits their ability 
for stretching when solvent (water) enters the pores of the 
matrix. These findings are of immense importance for the 
design and fabrication of gelatin ferrogel-based drug deliv-
ery systems as it increases the possibility of well-tuned 
incorporation, uptake, retention and controlled release of 
drugs.

The suitability of second-order kinetic model for the 
solvent uptake of our samples indicates that the rate of 
swelling is directly proportional to two factors viz., (a) 
the relative amount of unrealized uptake of swelling 
medium i.e. the fractional amount of swelling capacity 
still available; and, (b) the internal specific boundary area 
Aint which encloses the sites that have not interacted with 
water but will be hydrated and get swollen in due course 
of time [29]. Aint is the specific boundary area separat-
ing the un-hydrated sites capable of swelling from areas 
that are already hydrated and swollen and from crystalline 
regions that never swell. Aint may be also described as 
the sum of the surface areas encapsulating the swellable 
sites in a given volume and is directly proportional to the 
percent unrealized swelling capacity. Initially, Aint has a 
large value owing to the high availability of un-hydrated 
sites. The expansion of the network due to progressive 
swelling increases the stress on the cross-links that hold 
the network together. The stressed cross-links resist further 
swelling and slow down the rate of swelling in direct pro-
portion to the relative swelling capacity. As sorption time 
increases, the percent unused swelling capacity diminishes 
leading to decrease in the value of Aint. Taken together, the 
two factors cause retardation in the swelling, as observed 
in Figs. 2 and 3, and asymptotically lead to the attainment 
of an equilibrium value of swelling.

Fig. 6   Plot of t/S against t for hydrogel and ferrogels samples with 
glutaraldehyde concentration 10  µL/mL and varying carbonyl iron 
proportions

Table 1   Second-order swelling kinetic model parameters of the doped and undoped gelatin hydrogels having GA concentrations of 5 and 10 µL/
mL

Carbonyl iron 
concentration
(in mg/mL)

GA concentration: 5 µL/mL GA concentration: 10 µL/mL

Equilibrium swell-
ing ratio Seq
(in g/g)

Second-order swell-
ing rate constant 
k2
(in min− 1)

Coefficient of 
determination
R2

Equilibrium 
swelling ratio 
Seq
(in g/g)

Second-order swell-
ing rate constant 
k2
(in min− 1)

Coefficient of 
determination
R2

0 (undoped) 2.39 1.87 × 10− 3 0.9885 2.38 1.66 × 10− 3 0.9881
10 2.08 4.67 × 10− 3 0.9987 2.08 3.83 × 10− 3 0.9984
20 1.82 7.64 × 10− 3 0.9969 1.80 6.81 × 10− 3 0.9815
30 1.42 11.94 × 10− 3 0.9748 1.39 10.91 × 10− 3 0.9872
40 1.81 7.47 × 10− 3 0.9785 1.79 7.40 × 10− 3 0.9979
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3.2 � DC Conductivity Studies

Tables 2 and 3 show the measured DC resistivity and its 
transformed conductivity for the samples having GA con-
centration 5 µL/mL and 10 µL/mL, respectively. The reason-
ably high resistivity and low conductivity values shown by 
the samples are consistent with their low current-conducting 
behaviour. Figure 7 is a graphical representation of the DC 
conductivity values of the samples.

In liquids and liquid-like substances (e.g. gels), electrical 
conduction occurs through the diffusion of charge carriers 
towards the oppositely-charged electrode upon the appli-
cation of a potential difference. The conductivity path for 
charge diffusion is provided by the solvent contained within 
the pores of the three-dimensional polymer matrix. The 
structure of the polymer network, which is the solid phase 
of gels, plays a significant role in the diffusion process. For 
polymer gels, the motion of charge carriers through the sol-
vent phase is dependent on internal viscosity rather than 
on bulk viscosity [31]. In general, transport properties are 
dependent on the concentration and velocities of the dif-
fusing materials and on local viscosity [32]. In the case of 
electrical conductivity, the velocity of the diffusing material 

depends on the applied electric field. For gels, the length 
of polymer segments between adjacent cross-links affects 
segmental mobility, leads to variations in internal (local) 
viscosity and significantly affects DC conductivity. Charge 
carriers jump between energetically-equivalent neighbouring 
sites aided by polymer conformation change due to segmen-
tal motion [31]. The resulting hopping process of the charge 
carriers constitutes the flow of current [33]. From Tables 2 
and 3, the DC conductivity of samples with GA concentra-
tion 5 µL/mL is seen to be higher than in those with 10 µL/
mL. Owing to their lower GA concentration, the former 
series of samples have greater correlation lengths leading 
to adjacent cross-links being situated at relatively-larger dis-
tances. As a result, the matrices have greater solvent content, 
lower local viscosity and higher segmental mobility. The 
higher solvent content of these samples – which has also 
been shown by the swelling tests—provides a conductiv-
ity path with relatively-lower hindrance for the diffusion of 
charge carriers leading to the higher observed DC conductiv-
ity values in these samples.

In Tables  2 and 3, DC conductivity is observed to 
decrease when the carbonyl iron dopant is present in the 
matrix. The decrease occurs despite the higher correlation 
length (ξ) in ferrogels as compared to the corresponding 
neat hydrogel samples. Each ferrogel can be modeled as a 
network of gelatin chains cross-linked by GA and swollen 
with a ferrofluid comprising carbonyl iron particles dis-
persed in water. The mean diameter of the dopant particles 
(7.3 µm) is substantially higher than the correlation length 
of the ferrogels (50–90 Å). The significant disparity in the 
dimensions permits the carbonyl iron particles to be modeled 
as large bodies surrounded by the dense mesh-like cross-
linked gelatin network. Though not chemically bonded to the 
network, the enwrapping by the cross-linked gelatin chains 
prevents the dopant particles from diffusing through the sol-
vent upon the application of a potential difference. Never-
theless, the presence of the dopant particles reduces the DC 
conductivity values of the ferrogel matrices. Within each 
series of samples, the neat hydrogel and the ferrogels possess 
the same polymer and cross-linker concentrations leading 
to similar cross-link density. Consequently, the number of 

Fig. 7   DC conductivity of the hydrogel and ferrogel samples with 
varying GA concentrations (the solid lines are only to guide the eye)

Table 2   DC resistivity and conductivity values of the the gelatin 
hydrogels having GA concentration of 5 µL/mL

Carbonyl iron concen-
tration
(in mg/mL)

DC resistivity
(in Ω-cm)

DC conductivity
(in S/cm)

0 7724.68 1.2946 × 10− 4

10 7996.74 1.2506 × 10− 4

20 8072.89 1.2387 × 10− 4

30 8665.34 1.1540 × 10− 4

40 9565.71 1.0454 × 10− 4

Table 3   DC resistivity and conductivity values of the the gelatin 
hydrogels having GA concentration of 10 µL/mL

Carbonyl iron concen-
tration
(in mg/mL)

DC resistivity
(in Ω-cm)

DC conductivity
(in S/cm)

0 8213.56 1.2175 × 10− 4

10 8619.08 1.1602 × 10− 4

20 8765.91 1.1408 × 10− 4

30 10,279.13 0.9729 × 10− 4

40 10,834.87 0.9230 × 10− 4
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cross-links within the samples of a particular series is simi-
lar. The actual length of the gelatin chains between consecu-
tive cross-links is the same within a particular series for the 
undoped and ferrogel samples though the correlation length 
of the latter is higher. The resulting higher tautness of the 
polymer segments in the ferrogels decreases their flexibility 
and restricts their motion. The consequent slowing of charge 
carriers through the solvent causes the observed decrease 
in DC conductivity. In the ferrogels with dopant concentra-
tion of 20 mg/mL, a further decrease in DC conductivity is 
observed despite their relatively higher correlation length 
values. Texeira et al. have found carbonyl iron particles to 
coagulate during the formation of polyacrylamide ferrogels 
[27]. The cluster sizes of the coagulated particles were found 
to be higher within the gels as compared to un-enclosed 
ferrofluids. The carbonyl iron particles may be assumed 
to exhibit a similar behaviour in our doped samples. The 
increase in dopant concentration causes larger-sized clusters. 
The relatively-larger density of the dopant particles vis-à-
vis the gelatin chains and GA cross-links leads to a smaller 
number density. The coagulation causes the restriction of 
dopant clusters to a lesser number of regions within the 
polymer matrix. The higher correlation length of the ferro-
gel samples with dopant concentration 20 mg/mL increases 
the tautness of the polymer segments between consecutive 
cross-links. The combination of the two factors further 
decreases polymer segmental mobility, reduces the diffusion 
of charge carriers and diminishes DC conductivity. A dopant 
concentration of 30 mg/mL is observed to cause a larger 
decrease in DC conductivity. This is despite the smaller cor-
relation length of this sample that leads to the polymer seg-
ments possessing a smaller degree of tautness. The higher 
dopant concentration entails larger-sized coagulates con-
straining the cross-linked gelatin chains to occupy a smaller 
volume. The denser packing of the gelatin chains offsets the 
reduced tautness arising from the lower correlation length. 
The consequently higher local viscosity, combined with 
smaller pore size, reduces the diffusion of charge carriers 
leading to the observed diminished DC conductivity value. 
The higher correlation lengths when dopant concentration 
is 40 mg/mL leads to increased tautness of the polymer seg-
ments. Concomitantly, the higher dopant concentration leads 
to larger-sized clusters co-existing with newer/smaller ones 
and, thereby, causing the polymer chains between consecu-
tive carbonyl iron particles to be more densely packed. The 
resulting increase in local viscosity hinders the diffusion of 
charge carriers and decreases DC conductivity.

In summary, our measurements indicate solvent uptake 
and DC conductivity to be dependent on the mesoscopic 
structure of the hydrogel and ferrogel samples which is a 
function of cross-linker and dopant concentrations. The 
two parameters can be used as tools for the description 
and understanding of matrix structure and in the design 

of fine-tuned materials for potential applications e.g. drug 
delivery and electrically-driven soft actuators.

4 � Conclusions

Two series of gelatin hydrogels and ferrogels, chemically 
cross-linked with glutaraldehyde (GA), were prepared. The 
solvent uptake and DC conductivity/resistivity of the fer-
rogels were measured in comparison with the correspond-
ing neat hydrogels. The structural modifications caused by 
changes in cross-linker and dopant (carbonyl iron) con-
centrations affect the pore size of the samples leading to 
variations in the two parameters. Solvent uptake is found 
to be a continuous process until the gradual attainment of 
equilibrium and obeys the second-order-kinetic model. 
Higher cross-linker concentration leads to smaller correla-
tion lengths, lesser swelling ratios and reduced DC conduc-
tivity. The presence of dopant particles causes increase in 
solvent uptake, and decrease in equilibrium swelling ratio 
and DC conductivity. Besides pore size, DC conductivity is 
also dependent on internal viscosity and polymer segmental 
mobility within the matrices.
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