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a b s t r a c t
Ionically crosslinked hydrogels based on TEMPO nanocelullose and alginate were prepared to develop a generalized pH value, temperature and biopolymer concentration dependent mathematical model. The distinctive attention was in the demonstration of hydrogen bonds effects in the mathematical model, prevailing especially in the
ﬁeld of low crosslink densities of TEMPO nanocellulose hydrogel in acid medium. Accordingly, alginate hydrogels
were subjected to the research as comparable samples with less signiﬁcant hydrogel bonds effect. The equation
was built upon the determination of the average mesh size in a TEMPO nanocellulose and alginate hydrogel network and studying its changes in different pH release environments. Based on rheological measurements of
TEMPO nanocellulose and alginate from the basic and acidic release environment, the mechanism of swelling
and shrinkage was thoroughly discussed as well as the inﬂuence of substituent groups, ionic interactions and hydrogen bonds in different pH medium were evaluated. Due to the protonation of carboxylic groups, TEMPO
nanocellulose and alginate hydrogels shrink in an acid environment. The presented approach will accelerate, improve and reduce the cost of research in the ﬁeld of controlled release technology with target drug delivery.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
In the last few decades, bio-based hydrogels have been widely studied for biomedical applications, particularly in controlled drug delivery
and tissue engineering [1]. Still, they remain as one of the upcoming
promising classes of polymer-based systems that embrace numerous
advanced biomedical and pharmaceutical applications [2]. Several modiﬁcations to the functionality of biopolymers [3,4], blends of biopolymers [5–9], modiﬁer additives to biopolymer preparations [10], and
numerous hydrogels crosslinking methods [11] are offered to design
suitable hydrogels for targeted applications. Hydrogels in drug delivery
systems are most commonly used for the target drug delivery in the
treatment of certain diseases in the human body [12].
The design of hydrogels with desired speciﬁc properties is essential
in the ﬁeld of targeted controlled release drug delivery systems. In
doing so, it is crucial to identify the characteristics of hydrogel use,
with emphasis on the type of disease and target areas [13] alongside
with the knowledge of pharmacological factors related to the required
drug release rate [14]. Another important aspect of hydrogel design depends on the detail characterization of the used drug molecules (hydrodynamic radius, shape of the molecules, drug–hydrogel interactions,
hydrophilicity/hydrophobicity) [15] and proﬁciency of the release environment (pH, temperature and viscosity of release medium) [16,17].
⁎ Corresponding author.
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The essential requirement of such systems is the preservation and protection of drug molecules in the hydrogel network by avoiding degradation factors in the human body. In such a way, drug molecules are
entrapped and delivered to the targeted site of action in initial active
form and concentration, which signiﬁcantly improves the efﬁciency of
the treatment process, reduces side effects and lowers the cost of treatment [15]. In addition, a wide variety of pH environments can be found
in a human body, from acidic to the basic areas, which is why pHresponsive hydrogels are most frequently used. Anionic hydrogels
swell in the basic medium due to the deprotonation of negatively
charged functional groups on polymer chains, which cause repulsion
and hence responsibility for swelling. The average pore size of the hydrogel is changed (increased) due to the movement of the polymer
chains. The opposite applies for cationic hydrogels [17,18]. Accordingly,
the pH value of the release environment, in addition to the purpose of
the target delivery, can signiﬁcantly affect the release rate control [18].
The average pore size (correlation length, also called mesh size [19])
of the hydrogel network is the critical parameter for the controlled
drug release. It has been found that upon reduction of pore size, the release from hydrogels become slower due to the longer diffusion pathway of the drug from the hydrogel [20].
Hydrogel viscoelastic properties are, besides pH value, also
temperature-dependent. Elevated temperature increases the viscosity
of the medium and increases the diffusion coefﬁcients of the drug in
the release medium [15,17]. The change in temperature affects the
properties of the hydrogel as well. A lower temperature leads to a
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groups formed a link between the polymer chains. The number of
functional groups and the links between the polymer chains was determined by performing the conductometric titration measurements. Further on, changes in the structure of the hydrogel network were
determined by oscillatory measurements on the rheometer (frequency
sweep), where changes in elastic and shear modulus due to protonation/deprotonation were studied. We have developed a new equation
that represents a function of the average pore size depending on the pH
value of the release environment. In the same way, we examined the effect of temperature on the average mesh size in the hydrogel network.
Both equations were incorporated into a generalized mathematical
model developed by Kopač et al. [19]. The validity of the recorded
model and the inﬂuence of the size of the drugs were veriﬁed by tests
of the drug release from the hydrogels in different pH release medium
at different temperatures. FITC Dextran of different molecular weights
was used as model substances.

lower crosslink density (larger pores in the hydrogel network) and vice
versa [21]. In the case of drug delivery systems, the temperature is usually constant and equal to body temperature. However, after hydrogels
preparation at the room temperature, they are often kept at about 5 °C
to maintain the hydrogel structure prior to use. In this case, the rheological properties of the hydrogels, in particular the viscosity, which is crucial for the applications via injection, for example, can be signiﬁcantly
altered. Therefore, it is important to know the inﬂuence of temperature
on the properties of hydrogels [2,10,21].
Ultimately, an essential feature of controlled drug release systems is
the desired drug release rate dependent of the hydrogel and drug properties, their initial concentration in the hydrogel, and planned based on
the type of illness, the stage of treatment and use. In a particular case,
the drug release to the target site should be as rapid as possible in
order to increase the drug concentration at the treatment site, and on
the other hand, it is desirable to release at a low constant rate to maintain a low concentration of the drug at the treatment site [22]. As mentioned earlier, the main structural parameter of hydrogels for
controlling the drug release rate is mesh size, making the hydrogel design with a speciﬁc correlation length crucial for developing a drug delivery system with controlled drug release [15]. The mesh size can be
manipulated by varying the concentration of altered biopolymers and
crosslinking agent or by using different crosslinking methods [23,24].
However, controlled drug release technology also requires accurate
characterization of the drug molecules. When the hydrodynamic radius
of the drug is larger than the mesh size, drugs are physically entrapped
inside the network. A small drug relative to the mesh size diffuses rapidly through the hydrogel without steric barriers to diffusion, so the release, in this case, is reasonably faster than for larger molecules with
hydrodynamic radii comparable to pores in a hydrogel [15].
To summarize, hydrogels for targeted controlled drug release have
to achieve a number of characteristics to meet all requirements. The design of a suitable hydrogel requires many experimental measurements,
which can result in high research costs and waste of valuable time in developing a new drug delivery system. The development of a generalized
mathematical model for the designing hydrogels with respect to the desired target drug release rate would be a novelty in the scientiﬁc ﬁeld
and would signiﬁcantly shorten the design time of a suitable hydrogel
and lower the cost of the research. Such a mathematical model would
be useful in all research in the ﬁeld of drug delivery systems, and in particular for the designing of hydrogels suitable for clinical studies.
In this research, a generalized mathematical model for hydrogel design for controlled drug delivery preparation according to the required
target release rate demonstrated by us as shown in [19] was further developed. The carbohydrate polymers, sodium alginate (ALG) and
TEMPO modiﬁed nanocellulose (TOCNF) were used as a case study biopolymers. ALG, which has carboxyl groups presented in the whole polymer mass, is one of the most widely used biopolymers in the ﬁeld of
hydrogels, due to the outstanding properties for the development of
drug delivery systems [6,25,26]. At the same time, TOCNF (an anionic
modiﬁcation of nanocellulose) with carboxyl pendant groups on the
surface only, has also become an attractive choice for biomedical
applications. According to some outstanding properties such as biodegradability, non-toxicity, biocompatibility, renewable and easy accessibility, we expect that TOCNF hydrogels will assume one of the leading
roles in the ﬁeld of hydrogels in future research [27–29]. To form the hydrogel typically three–dimensional network structures, the biopolymers were crosslinked with calcium ions [11,29,30]. The afﬁnity of
linking biopolymer chains via calcium ions (ionic bond formation of calcium ions with carboxyl pendant groups) [19] was determined.
For supplementary development of the generalized mathematical
model for designing hydrogels with the desired drug release rate [19],
the changes in hydrogels after exposure to acidic and basic environments were examined. Additionally, instead of experimentally determined maximum crosslink density as presented in [19], the value in
this case was calculated theoretically assuming that all active functional

2. Experimental
The experimental part covers various techniques of hydrogels characterization: conductometric titration, rheological measurements and
drug release tests. The content of carboxyl pendant groups of ALG and
TOCNF hydrogels was determined using conductometric titration,
which is the basis for ionic crosslinking of hydrogels. This data enables
the development of a simple equation for determining the crosslink
density. Frequency tests under the rheological characterization domain
have yielded shear modules of hydrogel samples in different pH environments. The shear modulus directly determines the crosslink density,
so by comparing the results calculated from conductometric titration
data and rheological measurements, the validity of the developed
crosslink density equation was conﬁrmed. By controlling the crosslink
density through the crosslinker and biopolymer concentration accompanied by the pH value of the release environment, the release rate of
the drug from the swollen hydrogels can be controlled via adjusting
the average pore size in the hydrogel network, which was conﬁrmed
by the release tests.
2.1. Materials
Sodium alginate (high α-L-guluronic acid content ~70%), sodium
azide (NaN3, an assay of ≥99.5%) sodium hydroxide (NaOH pellets, an
assay of ≥98% (acidimetric)) and hydrochloric acid (HCl, an assay of
36.5–38.0%) were supplied by Sigma-Aldrich (St. Louis, USA). Fluorescein isothiocyanate–dextran (FITC Dextran) different average molecular
weight (10, 20, 70 and 150 kDa molecular weight) was also supplied by
Sigma-Aldrich (St. Louis, USA). 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) - oxidized cellulose nanoﬁbers (TOCNF) with the chemical
formula [(C6H10O5)x(C6H9O4COONa)y] and the carboxylate level of
0.2–2 mmol/g solids was purchased from The Process Development
Centre, University of Maine (UMAINE PDC), USA. Calcium chloride
was used as received from Merck (Darmstadt, Germany).
2.2. Hydrogel samples preparation
To control the pore size and to establish three-dimensional structures in the hydrogel network, we prepared hydrogel samples by
crosslinking the biopolymer solution/dispersion (ALG forms a clear solution in water unlike TOCNF is obtained in form of dispersion) with
an aqueous solution of divalent ions. Biopolymer solutions/dispersions
of concentrations of 1–3 wt% were prepared by adding dry biopolymer
(sodium alginate or TEMPO-oxidized cellulose nanoﬁbers) to
demineralized water containing 0.02 wt% NaN3. The solutions/dispersions were then stirred with a Rushton turbine at 750 rpm until a
clear solution was formed. Solutions/dispersions were treated in an ultrasonic bath for faster and more efﬁcient solution establishment. In addition, different concentrations of crosslinking agent solutions (from
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graph shows three linear stages: (1) titration of excess HCl, (2) titration
of carboxyl pendant groups on the biopolymer, and (3) excess of NaOH.
From the volume of NaOH required for titration of the second stage, the
content of carboxyl pendant groups can be calculated [33]:

0.17 to 2 wt%) were prepared by dissolving calcium chloride in
demineralized water.
For the rheological characterization of the hydrogels, samples were
prepared with the help of 3D-shaped round moulds that had the same
characteristics as the measuring plate on the rheometer (5 cm in diameter). The biopolymer solution/dispersion was applied to the mould up
to the marked height of 1 mm and the crosslinking agent solution was
applied to the upper surface with a crosslinking agent to the mark.
The mould was designed to apply the same volume ratio between the
biopolymer solution and the crosslinker solution.
FITC Dextran different average molecular weight at a concentration
of 2 g/l was added to the biopolymer mixture and crosslinking agent solution. Next, hydrogel samples for release tests were prepared the same
as in the case of rheological measurements. Crosslinking took place
overnight. Prior to the release tests, the hydrogel samples were washed
with demineralized water so there were no traces of the FITC Dextran
on the surface of the hydrogels.

N¼

2.3.2. Rheological measurements
Rheological tests were performed to obtain data on the dependence
of the shear modulus (G) on the pH value and the temperature changes
of the environment in which the hydrogels are located. The shear modulus directly determines the crosslink density (Eq. (1)) and the average
mesh size of the hydrogel network (Eq. (2)). The shear modulus is determined by the storage (G′) and loss (G″) modulus via most commonly
used oscillatory rheological tests. During oscillatory tests, the measuring
geometry oscillates around the rotation axis instead of moving constantly in one direction. Therefore, the measured values show not only
viscous behaviour but also the stiffness (elasticity) of the sample. The
oscillatory tests include the amplitude and frequency sweep tests. Amplitude sweep is performed to determine the linear viscoelastic range,
within which frequency tests are performed. Frequency sweep tests
monitor the response of the storage (G′) and the loss (G″) module to
the oscillation frequency at a constant shear strain. The obtained experimental data were described with the generalized Maxwell model equations for describing the frequency dependence of viscoelastic modules
[8,34]:

Hydrogels are crosslinked polymeric materials absorbing large
quantities of water or biological ﬂuids through hydrophilic groups
existed in the structure without dissolving and subsequently form a
characteristic three-dimensional network. Polymer chains are connected through crosslinking and immersed in an aqueous solution
[31]. Critical parameters for hydrogel network characterization are molecular weight between crosslinks, crosslink density (ρx) and mesh size
(ε).
The mesh size is deﬁned as the distance between crosslinkers and
represents an average diameter of pore size in the hydrogel network.
The crosslink density directly determines the mesh size of the hydrogel
network, which means that the mesh size can be determined by
performing rheological measurements [8,32]:

ε rheo

G
RT

φp
φp0

ð3Þ

where cNaOH is the concentration of titer [mol/L], V23 – V12 is the titer
volume required for titration of second phase [mL], m0 is the mass of
dry biopolymer [g] and N is the content of carboxyl pendant groups deﬁned as the amount of carboxyl content per gram of dry biopolymer
[mmol/g].

2.3. Characterization of hydrogel network structure

ρx ¼

ðV 23 −V 12 Þ cNaOH
m0

!2=3

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
6
3
¼
πρx NA

ð1Þ

G0 ¼ Ge þ ∑i¼1
n

ð2Þ

G00 ¼ ∑i¼1
n

where G is shear modulus obtained from rheological measurements, NA
is the Avogadro number, R is a gas constant and T is the temperature in
Kelvin while φp0 and φp are polymer volume fraction in the crosslinked
conditions (the volume of a dry polymer divided by the volume of the
sum of dry polymer and water) and rheological measurement conditions (change in volume of water due to effect of mechanical force present during rheological measurements – see description below Eq. (10))
[8].
Rheological measurements were performed at different pH values of
the environment and at constant temperature (temperature of the
human body) in order to analyse the effect of pH (of the environment)
on hydrogel rheological properties, which determine the average mesh
size of the hydrogel network. Based on obtained results, the generalized
mathematical model [19] for predicting the drug release rate with respect to the interdependence of the hydrogel properties and the required properties of the area of action was supplemented.

Gi λ2i ω2
1 þ λ2i ω2

Gi λi ω
1 þ λ2i ω2

ð4Þ

ð5Þ

where Ge is the equilibrium modulus, Gi are Maxwell elements which
determine relaxation modules, λi is the corresponding relaxation time
of the ith Maxwell element, n is the number of considered Maxwell elements and ω is frequency [34].
Shear modulus G is then estimated from the sum of Maxwell's elastic
elements G0 and Gk [35]:
G¼

n
X

G0 þ Gk

ð6Þ

k¼1

Oscillatory rheological tests were performed using rheometer Anton
Paar Physica MCR 301 equipped with 50 mm diameter crosshatched
plate (PP50/P2). The thickness of the hydrogel sample corresponded
to 1 mm gap between plates. Hydrogels were crosslinked in 3D printed
moulds to achieve the same characteristics as the measuring plate in the
rheometer. To evaluate the effect of pH values of the environment on
shear modulus of the hydrogel, the samples in moulds were kept in solution of hydrochloric acid (solution of pH 1.2) or sodium hydroxide
(solution of pH 12) overnight. To consider the effect of temperature
on shear modulus of samples, the rheological tests were performed at
a temperature of 5 °C, 25 °C and 37 °C. These temperatures were chosen
purposefully, because of the potential clinical applications of these
hydrogels in the human body.

2.3.1. Conductometric titration
To determine the quantity of the carboxyl pendant groups on the
ALG and TOCNF biopolymers, 0.1 g of dry biopolymer was suspended
in an aqueous solution of a hydrochloric acid solution of pH 3. The solution was titrated against a 0.01 M sodium hydroxide solution (the exact
concentration was determined using a pH meter) while stirring on a
magnetic stirrer. The result of the conductometric titration is the plot
of the conductivity as a function of the volume of the titer added. The
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examined directly from the release tests. From the experimental data
obtained, we further developed a new mathematical approach to
predict the release rate of various active substances from hydrogels according to their composition and the required properties (pH and temperatures) of the release environment.

2.3.3. Release tests
At the end of the experimental work, drug release tests at 25 and 37
°C were performed to obtain the drug diffusion coefﬁcients in swollen
hydrogels. The drug release tests from the hydrogels were carried out
in a dissolution apparatus (Agilent Varian VK 7025), and the content
of the drug in medium with different pH values was determined by
UV-VIS spectroscopy (Agilent Varian Cary 50 Scan UV–Vis). The adsorption peak of FITC Dextran (for all of different average molecular weight)
in neutral, basic and acidic release environment falls at 490 nm (all calibration curves provide R2 at least of 0.99). Release tests represent a
comprehensive study investigating the characteristics of the hydrogel
network affecting the drug release and to accurately determine the
drug diffusion coefﬁcient in hydrogels in the required release environment. The release tests were performed in acidic (HCl solution of pH
1.2) and basic (NaOH solution of pH 12) release environment at the
temperature of 37 °C. The detailed study of the hydrogel network was
performed based on release tests using FITC-Dextran with different molecular weights as model drugs for predicting the effect of mesh size on
drug release rate. The drug release rate was mathematically evaluated
by calculating the diffusion coefﬁcients via the Fick diffusion equation
in the one-dimensional system (see our study [19] where the release
test setup for one-way diffusion process in the axial direction is illustrated and the solution of Fick diffusion equation with the early-time
and the late-time approximation is shown):

3.1. Determination of carboxyl pendant groups and crosslink density
Biopolymers such as ALG and TOCNF have carboxyl pendant groups
on polymer chains. With the addition of an ionic crosslinking agent, carboxylic pendant groups of different polymer chains are associated together via divalent ions forming an ionic bond (ionic crosslinking).
Given that the ionic bonds are signiﬁcantly stronger than the hydrogen
bonds still formed upon crosslinking, it can be reasonably assumed that
ionic bonds between the carboxyl pendant groups determine the
crosslink density in the hydrogel network [11,29,42]. On this assumption, a mathematical model to predict the crosslink density of a hydrogel
was developed allowing the calculation of the theoretical value of the
shear modulus and the average mesh size of the hydrogel network.
Conductometric titration measurements were performed to determine the content of carboxyl pendant groups on ALG and TOCNF biopolymer as shown in Fig. 1. The graph shows three typical stages of
titration with NaOH of precise concentration, with the ﬁrst and third
stage corresponding to the acidic and basic environments, respectively.

2

∂C
∂ C
¼ Dg 2
∂t
∂x

ð7Þ

where C is the concentration of the drug, t is time, Dg is drug diffusion
coefﬁcient in swollen hydrogel and x is the length in the onedimensional system [36].
3. Results and discussion
The design of the hydrogel depends primarily on its scope and the
mechanism that triggers the initiation of drug release from the hydrogel
matrix. This mechanism may be based on a change in pH value, a change
in temperature, ionic strength, and an electric or magnetic ﬁeld. Given
the chemical-biological characteristics of the human body, pH stimulation is predominant among the mechanisms of substance release
[17,22]. A key step in the controlled and targeted drug delivery is the desired pH value of the area of action, which means that the properties of
the hydrogel are adjusted to such an extent that a change in the pH
value causes a change in its structure [37]. More precisely, the basic information for the (in)sufﬁcient substance release from the hydrogel is
pH-responsiveness of hydrogel network (distance between polymer
chains) [21]. The hydrogel must be able to retain the active substance
inside the network before the site of action (network size is smaller
than the size of the active substance), and after stimulation, there is a
change in the properties of the network (deformation, swelling, rupture
of the structure) causing the release of the active substance at the desired site of action [38].
The presented results represent a study of the hydrogel network and
its response to changes in pH and temperature in the release environment. The study is focused on the movement of chemical bonds between polymer chains, which signiﬁcantly determine the crosslink
density and the average pore size in the hydrogel network. To facilitate
understanding of the discussion, it is necessary to carefully study and
compare similarities/differences in chain structures (repeating units
structure), types of functional groups and possible interactions between
functional groups and crosslinking agent of tested biopolymers (presented in [39–41]). Conductometric titration determined the content
of carboxyl pendant groups. The results of a detailed rheological study
of the response of the storage and loss modulus to the change in the
pH of the environment in which they are located, are presented
below. The effect of pH and temperature on the drug release rate was

Fig. 1. Conductometric titration curve of TOCNF biopolymer titrated against 0.011 M NaOH
(A) and ALG biopolymer titrated against 0.017 M NaOH (B).
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The second stage represents the titration of the carboxyl groups from
which the required titer volume can be determined (V23 – V12). The
slope of the linear sections in Fig. 1 was determined by evaluating the
ﬁrst derivative of experimental points. In doing so, the linearity slope
was dictated by the constant ﬁrst derivative of each section. The read
volume used in Eq. (3) allows the calculation of the content of carboxyl
pendant groups per gram of dry biopolymer [mmol/g]. The pKa of
TOCNF and ALG substituent group was determined from the titration
curve as the pH halfway to the equivalence point [33]. The results are
shown in Table 1 and show the average values of the three parallels
(the value of the standard deviation σst is also added).
Based on the obtained results of the carboxyl content, a mathematical approach to calculate the maximum crosslink density of ionically
crosslinked hydrogels is presented. The maximum crosslink density is
achieved when all polymer chains are connected by ionic interactions
via all carboxyl groups. The crosslink density is deﬁned by the density
of chains or segments that connect two inﬁnite parts of the polymer network [24]. Simpliﬁed, crosslink density represents the number of moles
of crosslinks per volume [35]. Accordingly, the maximum crosslink density can be written by Eq. (8).
ρx; max ¼

number of moles of crosslinks N mp
¼
volume of hydrogel
2

Fig. 2. Comparison of developed Eq. (9) (black symbols) and Eq. (10) (orange symbols) for
calculating the shear modulus of TOCNF hydrogel sample.

ð8Þ

where mp is the mass concentration of dry polymer in the solvent. According to the Eq. (1) the crosslink density directly determines the shear
modulus of the hydrogel. Based on a mathematical model developed by
Kopač et al. as shown in [19] (Eq. (9)) the written model to calculate the
shear modulus of ionically crosslinked hydrogels depending on the concentration of added crosslinking agent can be upgraded to Eq. (10):
G ¼ Gs ðφ−φ0 Þ e−x

ð9Þ

N mp −a
e x
2

ð10Þ

a

G ¼ RT

measurement on the rheometer. It should be noted that in weakly
crosslinked hydrogels it is easier to squeeze free water out of the hydrogel, while in more crosslinked hydrogels the polymer volume fraction is
constant during the measurement. Changes in polymer volume fraction
during measurement lead to a reduction of shear modules compared to
ideal conditions (Eq. (10)). The differences between Eqs. (9) and (10)
also occur at the highest concentrations of polymer (3% in our case).
We assume that this is due to the measurement error coming from
the rheological measurements of highly crosslinked hydrogels. According to Eq. (2), smaller deviations at such high shear modules have a negligible effect on the calculation of the average mesh size of the hydrogel
network and therefore also on the control of the drug release rate. Apart
from the deviation of the boundary values, the excellent agreement of
the other results can be conﬁrmed. Fig. 2 thus proved the validity of
Eqs. (8) and (10) respectively, as it shows very similar results as the already established Eq. (9), and at the same time, the calculated theoretical values precisely cover the experimental data shown in Table 2. To
conclude, previously developed Eq. (9) represents an experimental

where G [Pa] is shear modulus, Gs [Pa] is biopolymer dependent shear
slope, φ is polymer volume fraction, φ0 is a minimum polymer volume
fraction with the ability of hydrogel formation, R is gas constant, T is
the temperature in Kelvin, a is crosslinker functionality afﬁnity per unit
% of the crosslinking agent and x is a crosslinker concentration in a form
of % (w/V). The precise characterization and the method of evaluations
of the symbols φ, φ0 and a are presented in our recent study [19]. The
validity of the developed Eq. (10) (orange symbols in Fig. 2) was proved
by comparing the results calculated from Eq. (9) (black symbols in
Fig. 2). The results shown in Fig. 2 predicts the values of shear moduli
of differently crosslinked (x) hydrogels based on TOCNF in different
concentrations of biopolymer (1–3%, symbols in Fig. 2). A satisfactory
match of the results of the two equations is observed. Slightly larger deviations occur only at lower biopolymer concentrations (1%). As explained in our previous research [19], hydrogels with low crosslink
density are more non-homogeneous, which is why the extended experimental deviations could be expected. Additionally, hydrogels contain
water in free, interstitial or bound form, where free water (from the
top layer) can be easily removed by mechanical compression (present
in rheological measurements) [43]. The reduction of water affects the
polymer volume fraction and the determination of the shear modulus
of hydrogel samples (last term in Eq. (1)). The mass of extruded free
water was determined by weighing the samples before and after

Table 2
Values of TOCNF shear moduli in dependence of pH value, biopolymer concentration and
crosslinker concentration. The values were calculated from Eq. (6) as the sum of ﬁtting parameters of Eqs. (4) and (5).
CCaCl2
CTOCNF
1.0%
1.5%
2.0%
2.5%
3.0%
CTOCNF
1.0%
1.5%
2.0%
2.5%
3.0%
CTOCNF
1.0%
1.5%
2.0%
2.5%
3.0%

Table 1
Substituent content and pKa of TOCNF and ALG.

TOCNF
ALG

N [mmol/g]

σst

pKa

σst

1.20
2.60

0.09
0.02

3.90
3.57

0.1
0.1
699

0%

0.17%

4.03
5.58
7.11
14.1
21.9

4.05
16.6
17.8
31.4
50.3

/
0.02
0.07
0.27
0.37

0.30
0.57
0.78
1.28
1.42

/
/
/
/
/

/
/
0.17
0.39
0.41

0.26%

0.34%

0.43%

0.51%

0.75%

1.0%

G [kPa] in ACIDIC environment (pH = 1.2)
5.05
5.35
7.90
9.03
10.6
10.7
17.9
19.6
19.7
20.4
21.9
21.9
22.3
29.8
30.2
34.4
35.0
39.5
36.8
45.7
49.2
49.2
51.7
54.7
58.2
70.2
70.6
71.7
73.9
76.6
G [kPa] in NEUTRAL environment (pH = 7)
0.52
1.22
2.58
3.70
5.08
5.76
1.08
1.95
5.64
6.85
8.51
10.2
1.39
3.27
8.33
10.3
12.2
15.0
2.24
5.25
12.9
15.5
17.0
20.2
2.33
6.58
12.5
19.2
24.1
28.5
G [kPa] in BASIC environment (pH = 12)
/
/
/
/
/
/
/
/
/
/
/
/
0.83
2.43
4.67
6.77
8.71
13.4
1.30
3.92
9.42
11.4
16.2
19.2
1.47
5.95
10.6
13.4
20.3
27.1

2.0%
13.2
22.1
40.7
56.4
78.4
6.49
12.7
19.4
28.8
41.9
/
/
19.2
24.8
37.5
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parameters in Eq. (6), the values of shear moduli for different samples
in the total pH environment are obtained and shown in Table 2. An increasing trend of shear modulus at higher concentrations of biopolymer
or crosslinking agent is examined. The change in the hydrogel structure
upon exposure to a basic or acidic (release) environment was carefully
studied, especially the size of the pores in the hydrogels network, which
directly affect the rheological measurements of the frequency tests.
From the data in Table 2, it is ascertained that the shear modules are
the lowest for samples from the basic environment and the highest for
samples from the acidic environment (Fig. 3). It can be observed that
for samples of hydrogels with lower crosslink density, based on 1%
and 1.5% TOCNF, regardless of the addition of crosslinking agent, the
hydrogels, after the exposure to the basic environment for 24 h, no longer have hydrogel properties. The same applies to samples with the addition of a crosslinking agent at a concentration of 0.17% regardless of
the concentration of the biopolymer. Hydrogels with lower crosslink
density also show signiﬁcant changes in different pH environments
(changes in shear modulus by >50 times), while in samples with higher
crosslink density the effect of the change in the structure is less obvious
(minor changes in shear modulus). Therefore, it made sense to present
in Fig. 3 an example of the change of the mechanical spectrum in different pH environments for a sample with a low crosslink density (to exceptional illustrate the change in the hydrogel structure).
The results presented above serve to understand the change in the
structure of hydrogels in an acidic or basic release environment. A detailed study of the pH-responsive hydrogels can be better understood
by Fig. 4. Anionic biopolymers such as TOCNF and ALG, which were
studied in this experimental work, contain acidic (anionic) carboxyl
pendant groups on the monomer. These are the main reason for the
pH response of hydrogels based on the presented biopolymers. The hydrogel is protonated in an acidic environment due to the presence of
acidic hydrogen protons (or more precisely hydronium ions) [44]. The
force of the interaction between the charges is attractive because of
the opposite signs between substituent group and hydrogen protons,
which is the reason for attraction the polymer chains even more
[45,46]. Therefore, some of the water that diffuses into the internal
structure during the swelling of the hydrogel is excreted, the hydrogel
consequently shrinks, which reduces the pore size in the hydrogel network and increases the storage module. The viscoelastic properties of
the hydrogel are hence even more similar to solids. Such hydrogels
have a low swelling ratio and a low release rate due to the smaller average mesh size [17]. The reverse process takes place in a hydrogel exposed to a basic release environment. Deprotonation of carboxyl
groups due to negative basic hydroxide ions in the release environment
takes place. The substituent groups are repelled in this case, so a reﬂective electrical force is created, which expands the polymer chains in the
hydrogel network, allowing additional diffusion of water into the interior of the hydrogel network (swelling). Such hydrogels have a high
swelling ratio, a larger average mesh size and accordingly a higher release rate [17,45,46].
Depending on the substituent groups and its concentration (deﬁned
in Section 3.1), hydrogels at different pH value begin to change the
structure. Conductometric titration was performed to determine the
pKa of the substituent group for ALG at 3.57 (determined for ALG used
with high α-L-guluronic acid content ~70%) and 3.90 for TOCNF
[33,47]. At values lower than pKa, the protonation process begins. The
opposite applies for cationic biopolymer-based hydrogels, such as chitosan, for example, which contains amino functional groups. From the results of conductometric titration, it is evident that ALG has several
carboxyl groups, for a factor of approximately 2.2 times higher than
TOCNF (see the value of N speciﬁed in Table 1). As can be seen from
Fig. 4, in ionic crosslinking (Ca2+ was used as a crosslinking agent in
this study), the polymer chains are linked via carboxyl groups accordingly. Substituent groups bind to the ionic bond via Ca2+ ions [45],
therefore the conclusion that ALG hydrogels can achieve a higher
crosslink density than TOCNF is unambiguous. Furthermore, samples

approximation of the shear modulus of the crosslinked hydrogel. However, it had to be noted that the model parameters values Gs(ρ – ρ0) are
the reﬂection of the measured ones at the excess of crosslinker considering the explained measurements deviations. Since the term Gs(ρ – ρ0)
in the Eq. (9) is expressed as a slope, which can vary signiﬁcantly (see
the results in [19]), the deviations between the idealistic formulation
of Eq. (10) and designed Eq. (9) are somehow expected.
The most important advantage of the newly developed Eq. (10)
compared to the previous Eq. (9) is in the data needed to predict the
shear modulus of hydrogels according to their composition (concentration of biopolymer and crosslinking agent). In Eq. (10) only the substituent group content N through which ionic bonds are formed, which
creates crosslinks in the hydrogel network, needed to be known. The N
is usually generally known given by the product speciﬁcation, data in
the literature or can be simply determined as demonstrated in
Section 3.1. By such an approach, the time-consuming experimental determination of Gs and φ0 can be avoided and possible measurement errors exempted. Additionally, Gs is also a function of the temperature,
which is already considered in Eq. (10).
The mathematical model shown by Eq. (10) allows the calculation of
the average mesh size of the hydrogel via Eq. (2), which is the main parameter for controlling the drug release rate. The response of the mesh
size to the different pH and temperatures of release environment was
further studied followed by the appropriate upgrade of the written
mathematical model.
3.2. Rheological properties of hydrogels in different pH and temperature
conditions
Fig. 3 shows the mechanical spectra of 2% (w/v) TOCNF samples
crosslinked with a 0.17% (w/V) solution of calcium ions exposed to different pH environment at a constant temperature of 37 °C. The squares
and circles show the dependence of the storage (G′) and the loss (G″)
moduli respectively on the angular frequency. The prepared samples
were left in a different pH environment for 24 h. The black colour represents samples exposed to an acidic environment (HCl with a concentration of 0.01 M), the orange colour is for a neutral environment
(demineralized water at approx. pH of 7) and the purple colour shows
the results of samples in a basic environment (NaOH with a concentration of 0.01 M). The 2% TOCNF samples in the acidic environment have
higher values of storage and loss modulus than in the neutral one. The
exact opposite applies if the sample is exposed to a basic environment
where the hydrogel storage and loss modulus decreases, as shown in
Fig. 3 indicating that TOCNF-based hydrogels are pH-responsive. The
mechanical spectra were ﬁtted using the generalized Maxwell model
shown in Eqs. (4) and (5). Taking into account the obtained ﬁtted

Fig. 3. Mechanical spectra of 2% TOCNF + 0.17% CaCl2 hydrogel sample in different pH
environment at 37 °C.
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Fig. 4. Schematic representation of the response of TOCNF hydrogel polymer chains to the pH release environment due to the generation of attractive/reﬂective electrostatic forces. To
comprehend, the counterions are not presented (see TOCNF structure [39]).

which proves that there were no changes in the structure of hydrogel
samples (no volume change - swelling/shrinkage) and consequently
it is proved that TOCNF hydrogels are not temperature responsive
(no LCST or UCST temperature) in the range of 5–37 °C, as it is
conspicuous from Fig. 5. [49,50]. The literature contains a few studies
of testing TOCNF and ALG temperature responsivity. Faster drug
release rate (lower storage and loss module) from these hydrogels
can be expected above 55 °C (LCST temperature), but for the application of temperature-responsive hydrogels, the additional modiﬁcation would be required [51,52]. Nevertheless, the proposed
temperature of above 55 °C is out of the range to provide a hydrogel
applicable to be used in the human body.

with a higher crosslink density have low swelling ratio in the acidic or
basic environment compared to a neutral environment as demonstrated in Table 2. By higher crosslinker concentration, more ionic
bonds occur in the tridimensional polymer network formation leading
to fewer free carboxyl groups availability (Fig. 4). As a result, after the
process of (de)protonation, weaker repulsive/attractive forces are
created, which make it more difﬁcult to change the structure of the hydrogel since strong ionic interactions prevail. The reverse is true for
non-crosslinked/weakly crosslinked hydrogels with low crosslink
density [45,46].
Eqs. (1) and (2) prove that the shear modulus of hydrogels directly
determines the average mesh size of the hydrogel network, with
which the drug release rate from hydrogels can be controlled. Obviously, the higher the shear modulus, the smaller the pores in the hydrogel network. The presented detailed study of rheological measurements
and calculation of shear modules shown in Table 2 are the basis for designing a mathematical model to predict the drug release rate from
ionically crosslinked anionic hydrogels in the entire pH release environment, which can be controlled by preparing hydrogels in different biopolymer and crosslinking agent concentrations. This would be of great
importance for further pH-responsive hydrogel design.
In addition, Fig. 5 shows the temperature dependence of the storage and loss modulus of hydrogels on the angular frequency in the
temperature range from 5 to 37 °C. The temperature of the polymer
solution is important for predicting the hydrogel volume change response: (1) lower critical solution temperature (LCST) and (2) upper
critical solution temperature (UCST). Polymer-based hydrogels with
LCST temperature swell at temperatures below LCST, as hydrophilic
interactions between polymer chains predominate in this state. If
the environment temperature is raised above LCST, hydrophobic interactions between the polymer chains begin to predominate and
therefore shrinkage occurs in the hydrogel structure [48]. The opposite applies for polymer-based hydrogels with UCST temperature. It
is evident that the curves for storage and loss module almost overlap,

Fig. 5. Mechanical spectra of 2% TOCNF + 2% CaCl2 hydrogel sample in neutral
environment at different temperatures.
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A detailed study of Fig. 5 shows the trend of higher storage and loss
modules at higher temperatures. Evident differences were observed
only in samples of hydrogels with the highest crosslink density. For
that reason, Fig. 5 only shows the demonstration results of 2% TOCNF
samples with the addition of crosslinking agent at a concentration of
2% Ca2+. However, even at the highest crosslink density, shear modules
deviate minimally and have almost no effect on the mesh size change
and predictable drug release from hydrogels. The ascending trend of
the shear modulus of biopolymer with increasing temperature presents
shear slope Gs (see Eq. (9)) temperature dependence. Rheological measurements at the target temperature must be performed accordingly to
accurately determine Gs. In fact, the rheological properties of hydrogel
samples depend on temperature regardless of whether the polymers
used are temperature-responsive or not (regardless of LCST or UCST, respectively) [17]. In order to avoid determining the parameter Gs, the
Eq. (10) was developed, which already contains the temperature term
and thus accurately predicts the dependence of the shear modulus (consequently drug release rate) on the hydrogel composition and environment temperature (see Section 3.3).

Table 3
Values of Eq. (9) ﬁtting parameters referring to TOCNF and ALG hydrogels in basic release
environment. The right column represents the values in neutral for comparison.

TOCNF
ALG

Gs [Pa]
(basic)

Gs [Pa]
(neutral)

Gs [Pa]
(acid)

a [%]

φ0 [/]

2.772·106
8.587·106

3.018·106
9.080·106

/
12.43·106

0.562
0.546

4.045·10−3
4.298·10−3

are presented in Table 3. Reasonably, the Gs values of the hydrogels in
the basic release environment are lower than in the neutral one for
the same reasons as reported in Section 3.2. The proportion by which
Gs decreased is slightly lower in the case of ALG hydrogels than in the
case of TOCNF hydrogels, due to the higher number of ionic interactions
in the ALG hydrogel resulting from more substituent group per monomer unit (see Section 3.1). In this case, the repulsive forces generated
between the polymer chains in the basic release environment have
less of effect on swelling than in the case of TOCNF hydrogels.
In the acidic release environment, attractive forces are created between the polymer chains in the anionic hydrogel (Fig. 4), which displaces some water from the hydrogel network and thus increases the
G of the hydrogels. In contrast to the results shown in Fig. 6, samples
of TOCNF hydrogels exposed to an acidic release environment do not
present a typical S-shaped crosslinking agent concentrationdependent G values curve. Instead, Fig. 7A shows two phases of G modulus increase: (1) a linear increase of the G with the addition of
crosslinking agent to a concentration of 0.34% and (2) a stabilization region, where the G values do not change with increasing crosslinking
agent concentration. At low crosslinking agent concentrations (up to
0.34%) a linear increase in G have been observed. The presence of
three hydroxy groups on each β-(1–4)-glucopyranosyl unit of TOCNF
repeating unit contributes to the formation of intra- and intermolecular
hydrogen bonding (the formation of hydrogen and ionic bonds in
TOCNF polymers and TOCNF-Ca2+ hydrogels could be seen from FTIR
spectra in [53]) that plays a pivotal role in the physical and chemical
properties of TOCNF hydrogels [54]. The effects of hydrogen bonds
(which are the function of biopolymer concentration) in the ﬁeld of
low crosslink densities have a signiﬁcant impact on hydrogel structure,
so we can conclude that a linear growth phase occurs (shown by red in
Fig. 7A). At higher crosslink densities, stronger ionic interactions predominate over hydrogen bonds reﬂected in a form of stabilization region. On the other hand, the maximum value of G (Gmax deﬁned in the
article [19]) applies to hydrogel samples, above which a transition of
polymer chains is no longer possible. As can be seen from Fig. 7A, this
state is achieved with the addition of a crosslinking agent in a concentration of 0.34%. In addition to increasing the crosslinking agent concentration, the ALG hydrogels crosslink by establishing ionic interactions
between the polymer chains, giving the typical S-shape of the curve
shown in Fig. 7B. In contrast to TOCNF, ALG without a crosslinking
agent does not form a 3D hydrogel structure, therefore it can be concluded that the ionic interactions, established during ionic crosslinking,
are predominant and other intramolecular forces have a negligible inﬂuence on hydrogel network formation (the formation of hydrogen
and ionic bonds in ALG polymers and ALG\\Ca2+ hydrogels could be
seen from FTIR spectra in [55,56]).
As previously reported, TOCNF and ALG have very similar repeating
units, contrasting mainly in the number of carboxyl pendant groups
(see Table 1). ALG can form multiple ionic interactions during its
crosslinking by the reason of numerous carboxylic groups. Differently,
TOCNF is rich in hydroxyl groups between which hydrogen bonds are
formed in the aspect of ageing. In an acidic release environment, attractive forces also take place between hydrogen protons and oppositely
charged carboxyl groups (which are protonated). Fig. 7A (TOCNF
hydrogels) shows that the attractive forces at lower crosslinking agent
concentrations (up to 0.34%, where there are few ionic interactions
and hydrogen bonds predominate between the polymer chains in this

3.3. Mathematical approach for predicting drug release rate
TOCNF hydrogels in a basic or acidic release environment begin to
swell or shrink, which signiﬁcantly affects the shear modulus and consequently the pore size in the hydrogel network, as already reported
in Section 3.2. Fig. 6 shows the lowering effect of the hydrogel shear
modulus upon exposure to a basic release environment due to electrostatic repulsion between the chains leading to swelling of the hydrogel
network [46,48]. The repulsion forces create an osmotic pressure that
allows water to diffuse into the hydrogel network. Over time, a balance
is created between elastic retractive forces of the chains and osmotic
pressure, as described in Flory and Rehner theory [18]. Despite the
swelling of the hydrogel, the typical S-shape crosslinking agent
concentration-dependent G values is still evident. It is understandable
that Eq. (9), developed in the article [19], also applies to hydrogels exposed to the basic release environment. According to the deﬁnition,
the value of parameter a is not pH-dependent since its correlation to
the afﬁnity of crosslinking agent (Ca2+ ions) for the connection of carboxyl groups. Besides, the basic environment does not affect the minimal biopolymer volume fraction possessing the ability of hydrogel
formation (φ0). Accordingly, we ﬁxed the value of a and φ0 from the article [19] and ﬁtted Eq. (9) on a log shear modulus-concentration of
crosslinking agent plot. The results and ﬁtting parameters of Eq. (9)

Fig. 6. Shear modulus of TOCNF hydrogel samples in neutral and basic environment.
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calculation of G, it is necessary to include the effect of change of the
crosslink density due to swelling/shrinkage of the hydrogel in different pH environment:
G ¼ RT

N mp −a
e x
2



−b

1 þ 10pK a −pH

þ c−

d
1 þ 10pK b −pH


φ

ð11Þ



N mp −a
−b
d
e x
þ
c−
φ
2
1 þ 10pK a −pH
1 þ 10pK b −pH
ð132:7 φÞ
þ 1:5193 e

GTOCNF ¼ RT

ð12Þ

where shrink-swell indexes represent b as protonation swelling parameter, c as neutral stabilization parameter and d as deprotonation shrinking parameter. Eq. (11) presents a general mathematical model to
predict the shear modulus as a function of biopolymer and crosslinking
agent concentration as well as the response of ionic pendant groups to
pH release environment. The effect of swelling/shrinkage of the hydrogel was mathematically described in the form of the fraction of molecules that occupy the (de)protonated state [22,57]. The fraction was
supplemented with shrink-swell indexes (see Table 4) which express
the strength of the (attractive/repulsive) forces that cause the hydrogel
network to shrink/swell. In the case of polymers forming a 3D hydrogel
structure without an added ionic crosslinking agent, the model needs to
be modiﬁed with a term describing the increase in crosslink density due
to the formation of intermolecular interactions. In the case of TOCNF
hydrogels, which swell in water without the addition of crosslinking
agent, the hydrogel structure is formed by coupling the hydroxyl functional groups with hydrogen bonds. In Eq. (12), an additional term is
added, which represents the ﬁtted values of the shear modulus (in units
of kPa) in dependence of the hydrogel on the TOCNF concentration
without an added crosslinking agent (the experimental values can be
seen in Table 2).
Fig. 8A reports the experimental data in log shear moduluscrosslinking agent concentration plot together with the Eq. (11)
curves, which provides a satisfactory ﬁtting to experimental data of
ALG hydrogel measurements. As previously reported, ionic interactions predominate in ionically crosslinked ALG hydrogel networks
leading to the excellent prediction of the pH-dependent shear modulus of ALG hydrogels. A similar procedure was used in the case of
TOCNF hydrogels, with a slight modiﬁcation of the model due to
the hydrogen bonds formation [54]. At low crosslinking agent concentrations, the combined effect of hydrogen and ionic interactions
occurs, while at higher concentrations of crosslinker, stronger ionic
interactions predominate over hydrogen bonds. The reported phenomenon is well described by the modiﬁed Eq. (12) (model ﬁt presented in Fig. 8B). The effect of hydrogen bonds on hydrogels
exposed to an acidic release environment is particularly evident by
the signiﬁcant increase in the G with no crosslinker added. In an
acid medium, in addition to the mentioned hydrogen bonds, attractive interactions are created also between the polymer chains due
to the protonation of carboxyl functional groups. As a result, the
polymer chains shrink and the free substituent groups for the ionic
crosslinking are further converged, allowing calcium ions (used as
an ionic crosslinking agent) to more easily form ionic bonds between
the polymer chains (at lower crosslinking agent concentrations).
Consequently, in the case of TOCNF hydrogels exposed to acidic pH

Fig. 7. Effect of acidic environment on shear modulus of TOCNF (A) and ALG (B) hydrogels
due to attractive forces between polymer chains.

manner) are stronger than the interactions between the polymer chains
in the hydrogel (sum of ionic and hydrogen bonds between polymer
chains). Since the attractive forces in the hydrogel predominate over
the hydrogen bonds, the shear modulus in the ﬁrst stage increases linearly with the crosslinking agent concentration (with the formation of
ionic interactions). In the stabilization region, due to the higher
crosslinking agent concentration, enough ionic interactions are created
that the attractive forces between the carboxyl groups are no longer
predominant over the interactions between the polymer chains. On
the other hand, due to the higher concentration of carboxyl groups
and a lower concentration of hydroxyl groups, ALG has enough strong
interaction between polymer chains that the attractive forces generated
in an acidic release environment do not prevail even at low crosslinking
agent concentrations. Therefore, ALG hydrogels retain the characteristic
of typical S-shape dependence of the shear modulus on the crosslinking
agent concentration even in an acidic release environment, as evident in
Fig. 7B.
Based on the data shown in Fig. 7, a mathematical model for determining G over the entire pH range was developed by further adaptation of Eq. (10), which represents the variation of G as a function of
biopolymer and crosslinking agent concentration. For the exact

Table 4
Shrink-swell ﬁtting parameters from Eqs. (11) and (12) with standard deviation values σ.

TOCNF
σTOCNF
ALG
σALG
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b

c

d

14.6
2.04
20.4
2.80

74.3
1.42
104
1.95

8.44
0.01
11.2
2.78
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and Peppas Eq. [19], a generalized mathematical approach has been developed to predict the drug release rate from ionically crosslinked
hydrogels throughout the pH release environment:
0
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where Dg is drug diffusion coefﬁcient in swollen hydrogel [m2 s−1], DAB
is a drug diffusion coefﬁcient in the release environment [m2 s−1], rH is
hydrodynamic radius of the drug [m], φ is polymer volume fraction [/]
and yp is therefore the ratio of the critical volume required for a successful translational movement of the solute molecule and the average free
volume per molecule of the liquid [/] [19]. The validity of Eq. (13) was
proven by comparing the calculated Dg values with the actual values obtained from the drug release tests (further presented in Table 5). To conclude, it has to be realized that single hydrogel systems were tested,
while most hydrogels are multi-component, which may be even more
complicated. Biopolymers have different numbers of active crosslinking
points and crosslinking agents have different afﬁnities of polymer chain
binding. However, this does not alter the mechanism of drug release,
but only affects the rate of it. Consequently, the designed mathematical
model also applies to more complex hydrogel systems, in which case it
is only necessary to adjust the characteristic constants. The mathematical model presented has the potential for many improvements, especially the drug release correlation models between in vitro and in vivo
studies to predict the actual release of hydrogels. As follows, the preparation of hydrogels for clinical studies in medicine and pharmacy could
be predicted.
3.4. Release tests in various pH and temperature release environments
Figs. 9 and 10 report the cumulative release of FITC-Dextran of different molecular weights from 2 wt% differently crosslinked TOCNF
hydrogels in acidic, neutral and basic pH release environments at 25
and 37 °C. The points represent the experimentally determined values
and the curves serve as the solution of the second Fick's law (Eq. (7)),
which was ﬁtted to the experimental values. In this way, the value of
the drug diffusion coefﬁcients can also be determined (step by step approach is shown in the article [19]).
The drug release rate from hydrogels was predicted with rheological
measurements (Section 3.2) supplemented by a newly developed
mathematical model (Eq. (13)). Release tests conﬁrm the hypothesis
that drugs are released more rapidly from TOCNF (anionic) hydrogels

Fig. 8. Shear modulus experimental data ﬁtted with Eq. (11) for ALG (A) and with Eq. (12)
for TOCNF (B) in dependence of biopolymer, crosslinking agent concentration and pH of
release environment.

environments, the crosslinker functionality afﬁnity a is reduced to
0.14 per unit % of the crosslinking agent. A more detailed study of
the 1% TOCNF sample in the acid medium interestingly shows the
lag of the ﬁt curve model from the experimental data (Fig. 8B). In
this range, the concentration of the biopolymer is still too low for
the crosslinking agent to have a signiﬁcant effect (ionic interactions
have a signiﬁcant impact) or the hydrogel has underequipped substituent groups to create such strong attractive forces that the
crosslinking afﬁnity decreases due to the convergence of polymer
chains. It can be concluded that the afﬁnity of the crosslinking
agent remains the same as in the neutral and basic release environment in this case (or being somewhere in the range of 0.14 to
0.562 per unit % at lease). To conﬁrm this thesis, it would be necessary to perform additional measurements on samples of TOCNF
hydrogels in a biopolymer concentration between 1.0 and 1.5%.
The Eq. (11) (which is an upgrade of a conventional Eq. (1)) deﬁnes
the dependence of the crosslink density on the biopolymer concentration, crosslinking agent concentration and swelling/shrinkage effect depending on the pH release environment. Taking Eq. (2) into account the
calculation of the average mesh size in a hydrogel network is straightforward. By incorporating the newly developed model into the Lustig

Table 5
Diffusion coefﬁcients corresponding to the ﬁt curves in Figs. 9 and 10 determined experimentally from release tests and theoretically from Eq. (13). The * value was calculated
using a modiﬁed Eq. (13) with the contribution of hydrogen bonds (see Eq. (12)).
Sample

704

Figure

Mark

9A
10A
10A
10B
10B
10C
10C
10D
10D

Acid
Basic
Neutral
Basic
Neutral
20 kDa
70 kDa
Orange
Violet

Experimental
Dg·107 [cm2/s]

Theoretical
Dg·107 [cm2/s]

1.02
2.08
0.89
12.3
11.1
8.03
3.62
2.37
2.81

0.83*
1.87
0.72
11.1
11.0
6.86
2.45
2.09
2.47
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Fig. 9. Cumulative release of FITC-Dextran (molecular weight 20 kDa) from 2% TOCNF in addition of crosslinking agent of 0.17% (Ca2+) in various release environment (A) at 37 °C and
cumulative release of FITC-Dextran (molecular weight 10 kDa) from 2% TOCNF in addition of crosslinking agent of 2% (Ca2+) in neutral release environment at different temperatures (B).

the data from Table 2, the average pore size in the hydrogel network
can be calculated via Eq. (2). A 2% TOCNF hydrogel crosslinked with
0.17% Ca2+ is considered to have a pore size of 21.88 nm upon swelling
in a neutral pH medium. If the pH of the release environment is

in a basic release environment, as shown in Figs. 9A and 10A. A minimal
change in the drug release rate from the same hydrogel can be observed
in Fig. 9A, while in Fig. 10A the drug is released in the neutral release environment signiﬁcantly more slowly than in the basic medium. Using

Fig. 10. Release tests of FITC Dextran various molecular weight from differently crosslinked 2% TOCNF hydrogels in basic and neutral release environment at 37 °C.
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excellent ﬁt of the Eq. (11) curve with the experimental data for
hydrogels with a high crosslink density can be visible. The lag of the
curve ﬁtting is observed only for hydrogels with the lowest crosslink
density value, where the model proved to be less accurate (as shown
in Fig. 8). Therefore, release tests were performed on samples of
TOCNF hydrogels with the lowest crosslink density (using the
crosslinker concentration of 0.17 and 0.26%), which still form a hydrogel
structure in the entire pH range, to intentionally examine the most critical area of the prepared samples. Table 5 shows that all theoretical
calculations according to Eq. (13) are slightly lower than the experimentally determined values due to the model exaggeration in G calculations at lower crosslinker concentration (Fig. 8). In addition, TOCNF in
acidic forms a 3D hydrogel structure without ionic bonding (without
the addition of a crosslinking agent), which is due to the many hydrogen
bonds that are formed between the hydroxyl groups (Eq. (12)). In
overall, due to the aforementioned, Table 5 demonstrates the largest
deviations of experimental data from theoretical values, while the experimental errors have to be noted. Nevertheless, the validity of the
developed mathematical model for predicting Dg from TOCNF hydrogels
in the whole pH environment as a function of biopolymer and
crosslinking agent concentration can be conﬁrmed.

changed, the pore size of the same hydrogel in the basic medium increases to 36.43 nm and decreases in the acidic to 7.72 nm (the exact
mechanism and reasons for changes in the hydrogel network are explained in detail in Section 3.3). Fig. 9A shows the time-dependent release results of FITC-Dextran with an average molecular weight of 20
kDa, having a hydrodynamic radius rH of 3.3 nm (rH obtained from the
supplier: Sigma-Aldrich), and Fig. 10A used FITC-Dextran with an average molecular weight of 150 kDa, with an rH of 8.5 nm. It is evident that
the change in the structure of the hydrogel (neutral/basic switch) in the
case of the use of minor drugs (signiﬁcantly smaller than the pores in
the hydrogel network) has a minimal effect on the release rate
(Fig. 9A). The opposite is true in the case of larger drugs (Fig. 10A),
where the pores operate as steric barriers and therefore extend the diffusion pathway of the drug molecules from the hydrogels [19,32]. In the
basic release environment, the FITC-Dextran 150,000 is completely
released from the hydrogel no earlier than after 7 days, while in the neutral release environment it reaches about 80% cumulative release. FITCDextran 20,000 is completely released from the same hydrogels within
72 h. The above data show that the average pore size of the hydrogel in
an acidic release environment is less than rH of FITC-Dextran 150,000,
therefore the drug is trapped in the hydrogel network and no release
is observed in Fig. 10A. The drug release in an acidic release environment is shown in Fig. 9A, where the shrinkage of the hydrogel reduces
the pores to such an extent that they signiﬁcantly affect the diffusion
of the drugs through the hydrogel network. It can be observed that
after 72 h, up to 30% less drug is released from the hydrogel in an acidic
medium than in a neutral or basic release environment.
Fig. 9B conﬁrms the ﬁnding shown in Fig. 5 that the TOCNF hydrogel
is not temperature responsive in the range of 25–37 °C. The drug release
rate is the same at both temperatures, as the hydrogel network does not
change. The minimal differences seen in Fig. 9B are due to the small difference in the drug diffusion coefﬁcients in the release medium at different temperatures (according to the Stokes-Einstein equation).
Fig. 10 illustrates the various options for controlling the drug release
rate. The required drug release rate can be achieved by knowing the
properties of the release environment and the response of the hydrogel
network in such an environment, as well as by knowing the properties
of the drug molecule. A detailed analysis of the release mechanisms as
presented in this paper allows the mathematical design of hydrogels
with the desired drug release rate at the target site. As previously reported, Fig. 10A reports a rapid drug release from hydrogels with a
higher swelling ratio. In the case of anionic hydrogels (e.g. TOCNF and
ALG), such condition is reached in a basic release environment
(Fig. 4). It is necessary to know the rH molecule of the drug, which if it
is several times smaller than the pore size in the hydrogel network, allows unimpeded diffusion through the hydrogel network. In this case,
even the swelling/shrinkage of the hydrogels does not affect the release
(Fig. 10B) of many small organic molecules that are used nowadays to
treat various diseases. The effect of molecule size (rH) on the drug release rate from hydrogels is shown in Fig. 10C. It can be observed that
FITC-Dextran 10,000 is almost completely released from the hydrogel
after 24 h, with FITC-Dextran 150,000 achieving only 50% cumulative
release. In order to achieve the same release rate for both model
drugs, it would be necessary to change the crosslink density of the hydrogel network as remarkably shown in Fig. 10D, which prominently illustrates the possibility of designing different hydrogels with the same
drug release rate, depending on the molecule size of the drug. It can
be concluded that molecules of different drugs of various sizes can be released at the same release rate if the crosslink density in the hydrogel
network is carefully planned (by varying the concentration of
crosslinking agent or biopolymer). All possible inﬂuences on the design
of TOCNF and ALG hydrogels with the desired release rate, which can be
seen in Fig. 10, are included in the newly developed Eq. (13).
The validity of the newly developed mathematical model (Eq. (13))
was proved by comparing the experimentally obtained diffusion coefﬁcients corresponding to the ﬁt curves in Fig. 10 (Table 5). From Fig. 8, an

4. Conclusions
Ionically crosslinked hydrogels based on 1–3 wt% TOCNF and ALG
were prepared for a detailed study of the crosslinker effect, temperature
and different pH release environment on the drug release rate of molecules with different sizes. Conductometric titration was used to determine the content of substituent groups and their pKa value, which
have a key inﬂuence on the ionic crosslinking process and the subsequent pH-dependent swelling/shrinkage mechanism. Accordingly, rheological measurements of hydrogels were performed in acidic and basic
release environments at different temperatures followed by a detailed
explanation of the hydrogel shrinkage and swelling mechanism. In particular, the clariﬁcation of the difference between TOCNF and ALG
hydrogels upon the change of the hydrogel network in an acidic environment represents an important added value in the ﬁeld. From the results of the mechanical spectra, the altered Gs for ALG in acidic
(12.43·106 Pa) and basic (8.587·106 Pa) release environment and for
TOCNF in basic medium (2.772·106 Pa) was determined. In line with
the updated knowledge, the novel mathematical model was proposed
for predicting drug release rate based on the hydrogel composition in
the complete pH environment and the temperature range of 5–37 °C
(see Eq. (13)). The predicted model was satisfactorily conﬁrmed and
validated by drug release tests of differently crosslinked hydrogels in
various pH release environments. The developed mathematical model
for the hydrogel design of the targeted drug delivery of controlled release allows the rapid and efﬁcient start of various researches to predict
suitable hydrogel composition for targeted and controlled release without any experiments. This approach shortens the research time, lowers
the cost of research and makes more time available to investigate the
targeted problems.
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