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Featured Application: Stimuli-responsive hydrogels encompassing biobased polymers are an-
ticipated for utilization in various fields, starting from drug delivery systems through temporal
actuators and water reservoirs to biodegradable microelements and nutrient delivery depots.

Abstract: This paper describes the results of the radiation-induced crosslinking of polysaccharides
modified with hydroxypropyl and carboxymethyl functional groups, hydroxypropylcellulose (HPC)
and carboxymethylcellulose (CMC), respectively, without and with poly(ethylene glycol) diacrylate
(PEGDA) as a crosslinking agent, to obtain dual stimuli-responsive hydrogels. The gels were charac-
terized in terms of water uptake and gel fraction, parameters that mainly depend on the HPC–CMC
compositions, but also on the macromer crosslinker content and the absorbed dose. The swelling
of hydrogels is controlled by both the temperature, due to the amphiphilic character of HPC and
pH, due to the anionic functional groups of CMC. In spite of a similar degree of substitution in
both cellulose derivatives, 1.4 for HPC and 1.2 for CMC, the pH response of hydrogels with an
equal content of both polysaccharides is considerably higher—a reduction in swelling of up to 95%
with a decrease in the pH to 2 was recorded—than the response to thermal-stimulus—wherein a
reduction in swelling of less than 70% with an increasing in temperature to 55 ◦C was found. These
biopolymers-based hydrogels of specific, stimuli-responsive swelling properties are anticipated in
applications where a combination of two stimuli is essential and biodegradation may be required.

Keywords: hydrogel; stimuli-responsive; hydroxypropylcellulose; carboxymethylcellulose; PEGDA;
radiation crosslinking; thermo-responsive; pH-responsive; swelling

1. Introduction

Hydrogels are the three-dimensional structures of crosslinked polymer(s) and water,
where both components form interpenetrating continuous phases. The polymer network
is responsible for maintaining dimensional integrity and mechanical properties, whereas
the liquid phase provides a medium for diffusion and greatly contributes to the biological
compatibility of hydrogels [1,2]. Originally, hydrogels have been formed from hydrophilic
synthetic polymers, but nowadays, nature-originated macromolecules are often involved.

The formation and stabilization of the network may be of two kinds, i.e., physical
interaction, such as ionic or hydrophobic, or chemical covalent bonding, e.g., the most
common carbon–carbon bonds. The gels driven by the former are reversible, i.e., they may
change into solution, or sol, upon the alteration of physical factors, e.g., pH or temperature,
whereas the latter ones may not transit into sol unless some covalent bonds are ruptured,
which is why they are called chemical gels. Typically, chemical hydrogels are prepared by
the crosslinking polymerization of suitable mono- and multifunctional monomers or by
the crosslinking of hydrophilic polymers using chemical crosslinkers, photocrosslinkers, or
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ionizing radiation. Some other methods are infrequently employed and only for specific
applications, e.g., using enzymes. Particularly, the synthesis of hydrogels for biomedical
applications using radiation technology was successfully developed and commercialized.
Undoubtedly, manufacturing hydrogels using radiation has a weighty advantage, since
this technology may combine synthesis and sterilization in a single process [3].

With regard to the application of radiation technology for gels manufacturing, hy-
drophilic polymers, or alternatively monomers (principally avoided in biomedical appli-
cations) are irradiated, typically in aqueous solution, to form a network by crosslinking
between chains or by simultaneous polymerization and crosslinking, respectively. Upon
irradiation in solution, water radiolysis transient species, especially hydroxyl radicals, react
with macromolecules by hydrogen atom abstraction, leading to the formation of polymer
radicals. Radicals created at the mainchain or side-groups (if they are present) initiate fur-
ther chemical reactions, e.g., crosslinking, disproportionation, chain scission, radical shift
or addition to the double bonds of other molecules present in the investigated composition.
The single-radical reaction of the scission of bonds in the main-chain results in degradation,
that is, a reduction in molecular weight, whereas intermolecular crosslinking—involving
the recombination of two radicals localized at different macromolecules—contributes to
the increase in molecular weight and may eventually lead to the formation of macroscopic
gel [4].

A variety of synthetic polymers are applicable for radiation processing, however, some
successful trials and examples of gel formation with those of natural origin, particularly
polysaccharides and their derivatives, have been reported [5,6]. Basic radiation-induced
processes in polysaccharides are fairly well understood, and there is a common agreement
that the degradation of the main chain mainly occurs as a consequence of glycosidic linkage
scission. This can instantly proceed or be a consequence of the cyclic structure rupture
caused by the transformations of radicals created at various locations [7–9]. Nevertheless,
the application of specific conditions at radiation processing was also demonstrated to
induce opposite reactions, leading to the formation of crosslinking bonds. The probability
of two competing pathways, that is a shift in the balance between inherently present
glycosidic bonds scission and crosslinking, is controlled by various factors chiefly related
to the polymer used, the presence of additives, and irradiation conditions. At least five
synthesis methods of hydrogels based on polysaccharides can be remarked. Those are:
(a) using CCl4 crosslinker in a mixed water–alcohol solvent [10]; (b) using alkyne (gas)
as a crosslinking mediator during the irradiation of polysaccharides in solid phase [11];
(c) the irradiation of modified polysaccharides in an aqueous environment, where those
substituted moieties or side chains participate in crosslinking [12]; (d) the utilization of
crosslinkers—multifunctional monomers or macromers to link the macromolecules [13–15];
and (e) the utilization of chemically modified polysaccharides with polymerizable side
groups, i.e., having unsaturated bonds [16]. Characteristically, the macroscopic products
of (a) and (b) are suspensions—due to a significant increase in polymer molecular weight,
without achieving a continuous gel—whilst those of (c)–(e) are firm, continuous gels,
typically maintaining spatial integrity.

Hydrogels are used or under development as biomaterials in various medical appli-
cations, such as, for instance, wound treatment, including chronic wounds, systems for
the delivery of pharmaceuticals and biologically active compounds, scaffolds in tissue
engineering and for soft tissue, as well as cartilage and bone defect treatment; the products
more often include polysaccharide hydrogels [17–19]. The properties of hydrogels chiefly
result from used polymers, whilst irradiation conditions and additives may be diverse, and
should respond to the requirements of the anticipated application. An interesting feature
of some polymers used to construct biomaterials is their stimuli-responsive character. The
hydrogels made of such polymers are expected to retain this attribute. One typical example
is that of a synthetic, temperature-responsive poly(N-isopropyl acryl amide) (PNIPAAm)
with the earliest advanced application for cell-layer engineering [20,21]. Polysaccharides are
used in medical applications, including hydrogels, due to their biocompatibility and some-
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times unique bioactivity, e.g., the hemostatic and bacteriostatic properties of chitosan [22].
The reports indicate the stimuli-responsive characteristics of polysaccharide-based gels and
materials. [23,24].

In this work, the formation and properties of hydrogels made of hydroxypropylcel-
lulose and carboxymethylcellulose and the mixture of these two biopolymers in various
compositions, with or without the addition of PEGDA as a crosslinker, were investigated.
Hydrogels were produced by irradiating these solutions with accelerated electrons at
various doses. The possibility of the crosslinking of various polysaccharides initiated
by ionizing radiation has been demonstrated before [6], however, whether combinations
of CMC and HPC with the crosslinking agent PEGDA can obtain hydrogels with dual
responses to stimuli has not been studied to date. The swelling characteristics in pH and a
temperature altering environment were explored.

2. Materials and Methods

The modified polysaccharides used in this research were carboxymethylcellulose
(CMC) of Mw = 250 kDa and a degree of substitution 1.2; hydroxypropylcellulose (HPC),
Mw = 100 kDa, and a degree of substitution 1.4; the macromer of poly(ethylene glycol)
diacrylate (PEGDA) was of Mn = 700 g/mol; all three components were purchased from
Sigma-Aldrich (Germany); 1 M hydrochloric acid, 1 M perchloric acid, and 1 M sodium
hydroxide were obtained from POCH (Poland). All compounds were used as received.

The hydrogels of HPC and/or CMC were manufactured by radiation method. In
order to obtain highly concentrated aqueous solutions of polysaccharides, the weighed
amount of the polymer/s was mixed with water, or with PEGDA aqueous solution of a pre-
determined concentration and left for dissolution and homogenization for two days, with
occasional mixing. Alternatively, viscous solutions, which were polysaccharide/s of lower
concentrations (2.5 or 5% wt/vol) after mixing with water or PEGDA aqueous solution,
were conditioned overnight. If the low pH of the polymeric solution was required, it was
prepared by the dissolution of polysaccharide/s in an aqueous solution of perchloric acid of
a predetermined concentration to end up with pH 2 of the resulting mixture. The samples
for irradiation were heat-sealed in polyethylene bags, impermeable to air, and assured a
uniform specimen thickness of ca. 1 mm, which was essential for swelling experiments.

The specimens were exposed to an electron beam (EB) from the ELU-6 linear accelera-
tor of 6 MeV energy. The actual absorbed dose was monitored by B3 WINdose film type
dosimeter (GEX Corporation, USA). Applied doses were in the range of 5–100 kGy, and the
dose rate was 5 kGy·min−1 ± 10%.

As the polymers irradiated in aqueous solution undergo simultaneous crosslinking and
degradation, the polymers comprising the resulting network do not constitute 100% of the
polymers used for the preparation of the initial mixture that was subjected for irradiation.
A part of the polymer is soluble (sol) and subsequently removed upon extraction. Therefore,
the classical method of sol–gel analysis [3] was employed to assess (a) the gel fraction (GF
(%)—the crosslinked part, Equation (1)) defined as a dry mass of the sample part that is
insoluble upon autoclaving (mg) divided per mass of polymer/s (and PEGDA if used)
in the initial mixture (mp); and (b) the equilibrium degree of swelling (EDS (gj/gdry gel),
Equation (2)), defined as a ratio of the mass of absorbed water (mw) over the dried mass of
the insoluble part (the aforementioned gel mass, mg).

GF = mg/mp × 100% (1)

EDS = mw/mg (2)

The extraction of sol was accomplished by immersing the sample in water (which was
regularly exchanged) for a prolonged amount of time—typically up to 7 days, until the
hydrogel attained its EDS—and subsequent autoclaving (121 ◦C, 2 atm, 15 min).

The HPC–CMC hydrogels were investigated in terms of thermo- and pH-responsive
swelling. Initially, the gel was swollen for one week in water to remove all soluble parts—
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non-crosslinked and degraded chains (sol)—and attained EDS, a routine which was applied
for all experiments. Then, its response to the temperature was examined—the gel was
placed in a water bath at a particular temperature. It was subsequently weighed after
10 min of conditioning and transferred to water with a 5 degree higher temperature, etc.
After reaching the highest temperature of 55 ◦C, the gel was placed in the room-temperature
water and conditioned there with occasional weighing, up to 7 days, to record the reswelling.
Similarly, the pH response experiment involved the media of various pH, adjusted with HCl
and NaOH, to which the gel was consecutively transferred and conditioned 10 min prior to
weighing. After the lowest pH of 1.5, the gel was placed in excess water, assuming pH about
7 (water was exchanged occasionally) and the gel was weighed to record the reswelling.
The degree of swelling (DS, Equation (1) applies) at each condition was determined as a
ratio of water mass to the mass of the dried insoluble part (gel).

The data accompanied with error bars representing the standard deviation resulted
from three independent measurements; the data without error bars were produced as the
average of two individual measurements.

3. Results
3.1. Hydrogels Formation and Swelling

The formation of HPC and CMC gels can be accomplished by the irradiation of their
solutions at high concentration. It was anticipated that the addition of a crosslinker would
reduce a dose necessary to create gels and increase the insoluble fraction or gel. Thus,
aqueous solutions of two water-soluble polysaccharides at concentrations of 2.5% (only
CMC), 5, 10, and 20% (only HPC) were irradiated, also with the addition of the crosslinker.
A high dose rate, as provided by electron beam (EB), is advantageous for the creation of
HPC gel, whereas CMC gels can be efficiently formed at high or low (1 kGy per hour or
less, as delivered by a typical gamma source) dose rate [25,26]. Therefore, in this study, EB
was employed as a means of radiation.

The two bottommost lines in Figure 1 represent the gel fraction (GF) of hydrogels man-
ufactured by the irradiation of HPC aqueous solutions at two concentrations of 10 and 20%.
The 10% HPC hydrogels formed with lower doses presented a consistency of soft, shape-
less gel; on the contrary, the 20% HPC hydrogels formed with high doses appeared as a
single piece or several pieces because of their brittleness, but after immersion in water and
swelling, the gels did not maintain their shape and became more like a slurry or mucous.
The gel fraction depends on the concentration and absorbed dose factors, and for irradiated
solutions of 10 and 20%, it increases with the increasing dose up to maxima of ca. 65 and
80%, respectively. For the solutions of low HPC concentration, the radiation dose at which
the first part of a gel can be obtained is higher in comparison to the dose necessary for
it to be delivered to highly concentrated solutions to obtain the gel. Moreover, the GF
decreases at the highest applied dose of 100 kGy. It is known that HPC may undergo
radiation-induced crosslinking, for instance, HPC with a degree of substitution 3.0 forms
gels efficiently—up to 90% GF—when irradiated with a high dose rate at a high concen-
tration, with 20% and over. In such a concentrated system, water acts like a plasticizer
allowing for chain mobility [26]. A much lower GF was reported for that material processed
with gamma rays—with a lower dose rate, ca. 10 kGy/h. Obviously, a lower degree of
substitution of HPC (1.4) in this study generally results in lower GF and its decrease at
higher doses, despite the fact that the energy for the initiation of reactions was delivered at
a high rate.

The mechanism of the crosslinking of polysaccharide derivatives in water, without
chemical crosslinkers, is generally known. Upon the radiolysis of water, transient reactive
species are formed, namely hydrated electron (eaq

−), hydrogen atom (•H), and hydroxyl
radical (HO•), along with molecular products which are mainly those of hydrogen peroxide
and the hydrogen molecule. These species, mainly hydroxyl radical but also hydrogen atom
(produced with lower yield and reacting with the polymer at lower reaction rate), abstract
hydrogen atoms from the polymer to form carbon-centered radicals, i.e., macroradical;
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other reactions also occur. Macroradicals can also be created by the direct action of ionizing
radiation, and the ratio of the direct and indirect formation of macroradicals depends on
the concentration of the polymer in water, with irradiation conditions, etc. Consecutive
one-radical and bi-radical reactions take place resulting, among others, in the two most
important macroscopic effects of degradation, namely scission and crosslinking. Scission
causes a reduction in molecular weight but its increase is a consequence of crosslinking
reactions. Under specific irradiation conditions, intermolecular crosslinking may outweigh
the cleavage of glycosidic linkages in the main chain of polysaccharide derivatives. Higher
irradiation dose rates are beneficial for the crosslinking of polymers because recombination
requires the presence of two radicals at the same time—simultaneously at neighboring
chains—and bi-radical reactions are likely possible. This increases the probability that they
can recombine to form a crosslink. Conversely, if the radical creation rate is low (and/or
their decay is fast), i.e., the temporal number of radicals is low, they rather tend to react by
breaking bonds, and then the degradation of polymer chains occurs. In some polymers, the
dose rate is a critical factor for crosslinking [5].
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Figure 1. The gel fraction of hydrogels manufactured by the irradiation of HPC and HPC–PEGDA in
aqueous solutions.

The handling and mechanical properties of polysaccharide-based hydrogels may be
an issue with regard to applications. The performance of the product could be improved
by several approaches, for instance, selecting a proper composition of the admixture of a
plasticizer, typically synthetic polymer, and the manufacturing of interpenetrating polymer
networks, where one of the components is the polysaccharide and the other is a synthetic
polymer, by using the internal (polymerizable side groups) or external crosslinker and/or
an application of the most advantageous dose. Moreover, the crosslinking reactions in
polysaccharide derivatives are driven by the recombination of side group radicals; therefore,
a higher degree of substitution causing an increase in the probability of radical creation
at the side groups is advantageous. HPC hydrogels formed from the polysaccharide
of the degree of substitution 1.4 change their appearance from their previous shapeless
form, through very weak consistency to brittle in the order of an increasing absorbed
dose. Therefore, the improvement was proposed by the employment of a crosslinker. It is
known that crosslinking agents—typically bi- or multi-functional monomers or macromers,
inevitable in chemical methods of crosslinking—may be used in radiation processing in
order to reduce the necessary dose or enhance the properties of the resulting modified
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materials, which are also hydrogels. Nevertheless, one should be aware that some doubts
and inconsistencies exist in the literature on the rather of polysaccharides [27].

Poly(ethylene glycol) diacrylate is a water-soluble prepolymer or macromer that un-
dergoes instant polymerization and crosslinking when irradiated in aqueous solution [28].
Upon the consumption of all the double bonds of acrylate, the formed polymer or network
lose its toxicity which is characteristic of the PEGDA macromer. Therefore, PEGDA may be
used in biomedical applications [29–31]. This is in line with the anticipated applications of
polysaccharides that are biocompatible and biodegradable. The solutions of HPC and of
CMC and subsequently of both polysaccharides were irradiated in the presence of PEGDA
to form hydrogels. The GF of HPC-PEGDA gels increases with an increase in the absorbed
dose, as depicted in Figure 1. A general feature can be remarked, which is that the more
PEGDA there is in the composition, the higher the GF is, e.g., as is evident in a comparison
of 2.5% and 5% PEGDA gels for every concentration of HPC. On the other hand, an increase
in HPC concentration from 5%, through 10%, and up to 20% reduces the GF. Gels formed in
the middle range of the absorbed dose, 20–50 kGy, are relatively strong, easy to handle, and
not brittle. The crosslinking of HPC is less efficient than the polymerization and crosslink-
ing of PEGDA, however, HPC undoubtedly contributed to the gel formation—GF is over
the minimum of 50 and 20%, respectively, for the HPC/PEGDA initial percentage composi-
tions of 5/5 and 20/5, which are required to confirm the participation of the polysaccharide
in the network. This was further demonstrated in thermo-responsive swelling experiments.

Similarly to HPC, concentrated aqueous solutions of carboxymethylcellulose form
gels with a yield depending on the concentration and the degree of substitution. This
polysaccharide derivative undergoes crosslinking initiated by either the electron beam or
gamma rays—with two orders of magnitude difference in the dose rate—with a comparable
outcome [25]. According to the available data on the radiation-induced crosslinking of
CMC, the polysaccharide with the degree of substitution of 1.32 may form a gel at a
concentration of 5% or more [32]. This was also observed in the current study (Figure 2)—
the GF of under 35% could be isolated from the gels formed at a relatively high dose, namely
60 kGy and above. However, in an acidic environment, the gel is created from the CMC
solution of the respective concentration at a much lower dose (the so-called gelation dose),
20 kGy, and with a relatively high GF. The same characteristic was found for 10% CMC. It
is apparent that, for the radical recombination reaction to occur, a high concentration of this
polyion is indispensable. Then, the chains interleave or overlap and their physical proximity
circumvent the electrostatic repulsion of ionized carboxylate groups. The recombination of
CMC macroradicals at a neutral pH is restricted; hence, it is less efficient in competition
with the single-radical-initiated scission of glycosidic bonds. This is demonstrated at a
low polymer concentration in an irradiated solution [33]. The protonation of carboxylate
moieties—which occurs at a low pH—removes the electrostatic barrier, and thus two
macroradical reactions are not constrained, and the CMC may intra-molecularly crosslink
at an even low concentration. Moreover, when exploring the reasons for more effective
macroradical recombination, one may refer to the water radiolysis products dependent
on the pH. At a low pH, the eaq

− reacts with hydronium ions to produce hydrogen atoms
(H•) [34]. A hydrated electron barely reacts with simple poly-carbohydrates, whereas the
hydrogen atom reacts with the polymer in the same manner as the HO•, i.e., abstracting the
hydrogen to create a macroradical. Consequently, at a low pH, there may be more radicals
formed on the polymer chains—as a lower irradiation dose is necessary to attain a similar
outcome to that at neutral pH. What is more, due to the abovementioned phenomenon, the
temporal concentration of macroradicals may be higher, and this favors biradical reactions,
as the crosslinking is. It was reported that for CMC with a high degree of substitution, 2.3,
the gel was formed from solutions of concentrations as low as 0.5 and 1% at the dose of
<5 kGy [35]. The data in Figure 2 demonstrate that the extent of gel formation from CMC
of 1.2 degree of substitution also depends on the pH of the solution.
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Figure 2. Gel fraction of hydrogels manufactured by the irradiation of CMC and CMC–PEGDA in
aqueous solutions.

The radiation processing of CMC aqueous solution in the presence of the crosslinker
greatly increases the gel content. The application of the 25 kGy dose results in the GF
of over 70% for all samples. A tendency similar to that of HPC is noted, which is that
the solutions of a certain concentration of CMC (2.5, 5, or 10%) produces gels with an
increasing GF when the PEGDA content increases. If the PEGDA amount is constant, the
GF is reduced upon an increase in the polysaccharide content. The explanation is the
same as for HPC–PEGDA systems. The decrease in GF at higher doses for lower-PEGDA
concentration gels is evidence of the prevailing degradation, which was small but noticeable
but also observed in the 5%–2.5% HPC–PEGDA system. The maximum irradiation doses
in the experiments did not exceed 100 kGy, however, it is known that for most polymers
undergoing radiation-induced simultaneous degradation and crosslinking, the GF does not
increase infinitely and eventually decreases at high doses [36]. The possible crosslinking
sites are exhausted, or restricted segmental mobility in the network prevents bi-radicals
reactions (e.g., recombination); therefore, the insoluble fraction decreases. It is possible that
all double bonds of the crosslinker added in 2.5% were used—which was not observed
at 10% CMC content—and this may have a positive implication, which is essentially the
absence of cytotoxicity. Moreover, a high GF and its stability at doses of 25–40 kGy (such
a dose range may be used for simultaneous sterilization) make the hydrogels suitable for
prospective biomedical applications.

The exemplary results of the manufacturing of the gels comprising both subject
polysaccharides, without the crosslinker, are shown in Figure 3. Hydrogels of 5/5 HPC/CMC
are shapeless, with minor GF, which is even smaller than that of 5% CMC gels. This might
suggest the better crosslinking ability of CM-substituted cellulose than HPC. Surprisingly,
a lower pH does not improve gel forming—the experiment performed with only HPC in
acidic solutions resulted in a reduction in the crosslinking ability of this polysaccharide (not
shown here). The reasons for these are indeterminate, however, it might be related to the
higher hydrophilicity of the ionic polymer than of the iso-propyl oxide pendant groups of
HPC. The pH has a positive impact on the gel formation of a higher CMC content—10/10
HPC/CMC solution, when the polyion impact is strong. In general, these gels resemble
those of CMC in texture, gel content, and their high swelling ability. Hydrogels with an
HPC/CMC ratio of 2:1 possess a comparable, continuously increasing GF through the
range of irradiation doses applied. However, making a consistent network with a high gel
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content requires doses of 100 kGy. As in the previous examples, to reduce the dose and
obtain firm gels, the application of the crosslinker was experimented with.
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The GF array of HPC–CMC–PEGDA hydrogels, with the same polysaccharide con-
tents and two crosslinker concentrations, is presented in Figure 4. The employment of the
lowest irradiation dose of 5 kGy resulted in a GF of up to ca. 25% when 2.5% PEGDA
was used, and the GF at the minimum dose was generally higher for gels formed with 5%
crosslinker. This tendency is also continued throughout the following irradiation doses,
although the insoluble fraction (for instance, 50% indicated in the graphs) increases earlier
(at lower doses) for solutions with a higher PEGDA content. Exploring the influence of
CMC on the gels, one may compare 2.5 and 5% CMC in the gels formed with 5% HPC for
both contents of PEGDA—a higher concentration of CMC results in a higher GF. However,
this is exceptional, because in the case of a higher HPC content, especially with a 10/10
polysaccharides ratio, the tendency is not obvious. The general observation is that moderate
concentrations of polysaccharides in the triple-component system may be advantageous for
obtaining practical gels. At low polysaccharide concentrations, the gels are weak, even at
the highest absorbed doses. On the other hand, high polysaccharide concentrations result
in gels of satisfactory properties at relatively low doses; nevertheless, they become brittle at
the highest ones. It must be noted that high doses are required for such systems, because
the unsaturated carbon–carbon bonds present in the crosslinker have to react completely to
avoid any toxicity to the resulting hydrogel. The other reason that moderate concentrations
are preferred is also straightforward preparation, i.e., the uniform mixing and complete
dissolution of the components within reasonable time of 24 h, which is difficult to achieve
for systems with high concentrations of macromolecular components. Although there were
no direct examinations of gel stability, it may be speculated that they are stable since the
autoclaving treatment (for the extraction of sol to evaluate the GF) demonstrated their dura-
bility. Moreover, the known features of polysaccharides and gels manufactured with the
same method (creating permanent, i.e., covalent bonds linking individual macromolecules)
suggest stability [25]. The hydrolysis of polysaccharides proceeds relatively slowly, how-
ever, if the medium contains enzymes, particularly cellulases, the degradation is quick [6].
The incorporation of the crosslinker will not change this character, assuming that it is the
network of polysaccharide chains connected with the crosslinker, but not the network of
PEGDA itself. Nowadays, biodegradation in nature is a desired feature for materials, and
hydrogels based on cellulose fulfill this requirement.
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The swelling phenomenon is characteristic for hydrogels. This is distinct from the
behavior of a linear (or branched) polymer that is not inter-connected and dissolves in
water. The spatial distribution of macromolecules dissolved in a good solvent is the same in
its whole volume. Whether they fill the volume uniformly at the molecular level depends
on the concentration of the polymer, which occurs over the so-called critical concentration;
below that, however, polymeric chains, typically free coils, fill the space irregularly, leaving
substantial parts of the solvent free of polymer. With reference to hydrogels, swelling
leads to an increase in volume uniformly occupied by the polymer, however, it is finite. In
general, the chains in the gel relax by absorbing and interacting with the solvent and this
process is restricted by the network elasticity or stiffness. The attained balanced state is
referred to as the degree of swelling in equilibrium or the equilibrium degree of swelling
(EDS) [17]. Therefore, the swollen gel does not uniformly fill the whole volume of the
solvent being in excess.

The EDS of individual polysaccharide hydrogels, produced without and with the
crosslinker, is shown in Figure 5. All samples display typical behavior for hydrogels
produced by the irradiation of polymer solution (this refers to hydrophilic polymers that
are of crosslinking types, or simultaneously undergoing crosslinking and scission with a
predomination of the former process). The EDS is the highest at the lowest dose and it
gradually decreases with an increase in the irradiation dose that the gel was formed with.
Upon the formation of the gel, the part of the polymer comprising the network becomes
insoluble and absorbs the solvent. At low irradiation doses, but over the gelation dose,
the crosslinking density is the smallest, and therefore water uptake by scarcely connected
macromolecules is the highest—and the network stretches broadly. [37]. The EDS is a few
hundred for HPC hydrogels and in the case of CMC even several thousand grams of water
per a gram of the polymer constituting the gel. The gel ability for water absorption is driven
down as the network density increases due to the formation of more and more crosslinks
at higher irradiation doses. Table 1 collates the EDS data of hydrogels manufactured
with 25 kGy and with the highest applied dose. In general, CMC gels swell in water more
extensively than gels made of non-ionic polysaccharides of the same concentration or rather
of the same GF. The swelling of CMC hydrogels is imposed by high hydrophilicity and the
electrostatic repulsion of this polyion. On the other hand, it is limited, as in HPC gels, by the
crosslinking density and stiffness of the network. Moreover, as can be seen in Figure 5a,c
and Figure 6a, the swelling of the gels formed with 100 kGy is higher than those formed
with lower doses. This is often observed in polymers that partly degrade, in parallel to
crosslink formation, as in polysaccharides. The network becomes looser as the interpolymer
linking is already limited by either/or movement restrictions or the consumption of all
sites able to crosslink, but the degradation occurs gradually. The HPC–CMC hydrogels
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with a high polymer content have the lowest swelling at 100 kGy (Figure 6a), however, a
preliminary experiment with a high dose of 180 kGy (data not shown) proved the increase
in EDS to reach a few hundred.
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degree of substitution used in this study, swell extensively without maintaining their orig-
inal form and the gel fractures into weak pieces. The crosslinker present in the system 
during irradiation, in addition to inducing gelation at lower doses, greatly reduces EDS. 
The gels maintain their dimensions—the diameter of round slabs increases moderately 
but they become thicker—water absorption is essentially reflected in the thickness in-
crease—Figure 6d. In general, the EDS of two polysaccharide gels is reduced as the con-
centration of PEGDA increases, the examples of which are shown in Figure 6b,c. As indi-
cated in Table 1, a roughly 3-fold smaller EDS was recorded for gels formed with 5% 
PEGDA than for those formed with 2.5% of the crosslinker. Nevertheless, the high content 
of polysaccharides in the hydrogels with PEGDA induces higher swelling. This may indi-
cate lower the crosslinking density of the network: polysaccharide scission causes the cre-
ation of larger voids as compared to the network of lower polymer content. Moreover, the 
involvement of a highly hydrophilic character due to the hydroxyls and carboxyls of cel-
lulose itself and the substituent groups enhances the water uptake. 
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(b) HPC–PEGDA; (c) CMC formed at two pH; and (d) CMC–PEGDA.

Typically, the hydrogels of neat HPC and/or CMC, both polysaccharides of medium
degree of substitution used in this study, swell extensively without maintaining their
original form and the gel fractures into weak pieces. The crosslinker present in the system
during irradiation, in addition to inducing gelation at lower doses, greatly reduces EDS.
The gels maintain their dimensions—the diameter of round slabs increases moderately but
they become thicker—water absorption is essentially reflected in the thickness increase—
Figure 6d. In general, the EDS of two polysaccharide gels is reduced as the concentration of
PEGDA increases, the examples of which are shown in Figure 6b,c. As indicated in Table 1,
a roughly 3-fold smaller EDS was recorded for gels formed with 5% PEGDA than for those
formed with 2.5% of the crosslinker. Nevertheless, the high content of polysaccharides
in the hydrogels with PEGDA induces higher swelling. This may indicate lower the
crosslinking density of the network: polysaccharide scission causes the creation of larger
voids as compared to the network of lower polymer content. Moreover, the involvement of
a highly hydrophilic character due to the hydroxyls and carboxyls of cellulose itself and
the substituent groups enhances the water uptake.

Using various compositions of the initial mixture to be irradiated, one can design
the swelling extent of the resulting hydrogels. The absorbed dose is the other factor
controlling EDS. Furthermore, the gels made of stimuli-responsive polymers displaying
variation in chain conformation due to environment changes should preserve that feature
when crosslinked.
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Table 1. EDS of hydrogels manufactured at two doses of 25 and 100 kGy (pH 2 denotes the acidic
character of polymeric solution subjected to irradiation).

Composition
Dose

Composition
Dose

25 100 25 100

C
M

C

5% - 1100

C
M

C
–H

PC

5%–5% - 140

5% pH 2 >3500 450 5%–5% pH 2 - 120

10% >2000 500 10%–10% >2500 900

10% pH 2 >1500 250 10%–10% pH 2 1700 125

H
PC

10% - 100 5%–10% - 81

20% 300 25 10%–20% - 72

C
M

C
–P

EG
D

A

2.5%–2.5% 50 30

C
M

C
–H

PC
+

2.
5%

PE
G

D
A

2.5%–5% 185 152

5%–2.5% 120 80 2.5%–10% 180 156

10%–2.5% 150 80 5%–5% 195 148

2.5%–5% 28 26 5%–10% 205 150

5%–5% 63 40 10%–5% 350 220

10%–5% 60 50 10%–10% 410 250

H
PC

–P
EG

D
A

5%–2.5% 32 14

C
M

C
–H

PC
+

5%
PE

G
D

A

2.5%–5% 40 25

10%–2.5% 30 15 2.5%–10% 53 35

20%–2.5% 17 12 5%–5% 69 39

5%–5% 19 13 5%–10% 84 50

10%–5% 16 12 10%–5% 175 95

20%–5% 35 12 10%–10% 280 200
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Figure 6. EDS in the water of hydrogels manufactured by the irradiation of CMC–HPC aqueous 

solutions (a) without PEGDA and with the crosslinker of (b) 2.5% and (c) 5% concentration, and (d) Figure 6. EDS in the water of hydrogels manufactured by the irradiation of CMC–HPC aqueous
solutions (a) without PEGDA and with the crosslinker of (b) 2.5% and (c) 5% concentration, and
(d) photographs of CMC hydrogels formed with 50 kGy: swollen without PEGDA and initial and
swollen with the crosslinker (the same tray in all pictures).
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3.2. Stimuli-Responsive Swelling

Thermo-reversible swelling of HPC-containing hydrogels was investigated. Figure 7a,b
show the dependence on the temperature, from 25 to 55 ◦C of the DS of hydrogels formed
from 20% HPC solution. Typically, hydrogels manufactured with various radiation doses
present different initial degree of swelling (here, EDS) at ambient temperature, which are
approximately 85 and 21 g/g at 50 kGy and 100 kGy, respectively. The degree of swelling
for both hydrogels decreases with an increase in temperature, to approximately 19 g/g
(reduction of ca. 78%) and 6.6 g/g (ca. 69%) for the gels manufactured with lower and
higher irradiation doses, respectively. When the temperature increases, the hydrophobic
interactions between the hydrophobic moieties of a polymer displaying a lower critical
solution temperature (LCST) prevail over the hydrophilic ones and consequently, the
hydrogel will shrink or collapse [38]. The hydrogel manufactured with 100 kGy is fully
reversible, and it returns back to the initial DS upon temperature decrease (compare red
triangles here and afterwards). The hydrogel produced with 50 kGy returned back to its
original mass, over 80 g/g, after 7 days at room temperature (not shown). This means that
hydrophobic interaction becomes strong enough to expel free water out of the network
within minutes upon increasing the temperature, however, relaxing the gel after returning
to room temperature, when hydrophilic groups take control by binding water, requires
a longer amount of time. Besides the polymer nature, the relaxation time depends on
the network density, and is controlled by the maximum amount of water to be absorbed.
However, the swollen/shrunk ratio is only a little less than that for the 100 kGy gel, however,
what makes the difference is the amount of water to be absorbed—whilst the EDS factor
for 50/100 kGy is 4. This and the following changes in swelling are collected in Table 2.
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(33%) with an increase in temperature from 25 to 55 °C, as shown in Figure 8a. In order to 
induce higher thermo-responsiveness and reduce EDS, making the gels more firm (these 
are practical aspects), the hydrogels with a lower content of CMC (2.5%) and an increased 
PEGDA content of 5% produced with two doses were examined. As shown in Figure 8b,c, 
the initial EDS of approximately 56 and 42 g/g (gels formed with 25 and 50 kGy, respec-
tively) decreased to ca. 32 and 25 g/g at 55 °C (reductions of over 40% for both). Addition-
ally, in this case, there is a continuous decrease in DS in function of the temperature. The 
HPC containing hydrogels did not instantly increase their mass upon temperature de-
crease, however, because the large EDS observed at room temperature, they could nearly 
return to their initial DS in 7 days. There is an influence of the CMC co-component that 
combined with the PEGDA crosslinker to reduce the thermo-responsiveness driven by the 
HPC temperature-sensitive polymer. 
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Figure 7. Temperature-dependent swelling of HPC hydrogels containing PEGDA; HPC%/PEGDA%
composition: (a,b) 20/0; (c) 20/2.5, (d) 20/5, (e) 10/2.5, and (f) 10/5. Gels produced with 50 kGy,
except (b): 100 kGy.
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Table 2. Change in DS of the HPC and CMC hydrogels formed with or without PEGDA in response
to an increase in temperature (room temperature to 55 ◦C) or a decrease in pH (7 to 1.5).

Hydrogel Composition, %
Dose (kGy)

DS % Decrease
in Response to Change in

HPC CMC PEGDA Temperature pH

0 2.5 2.5 25 67.3

0 2.5 5 25 71.4

0 5 2.5 25 82.5

0 5 5 25 76.2

0 10 * 0 100 93.2

0 10 2.5 25 87.3

0 10 2.5 50 77.5

5 0 2.5 50 73.8

5 0 5 50 65.8

5 2.5 2.5 50 48.6 61.0

5 2.5 5 25 41.8 57.9

5 2.5 5 50 40.5 53.8

5 5 2.5 50 35.7 78.3

5 5 5 25 72.5

5 5 5 50 67.3

5 10 2.5 25 89.3

5 10 2.5 50 86.8

5 10 5 25 80.0

5 10 5 50 76.8

10 0 2.5 50 73.8

10 0 5 50 66.9

10 2.5 2.5 50 43.6 61.9

10 2.5 5 25 31.6 50.9

10 5 2.5 25 84.7

10 5 2.5 50 65.8

10 5 5 25 60.7

10 5 5 50 52.5

10 10 * 0 100 30.7 95.2

10 10 2.5 25 93.0

10 10 2.5 50 88.8

10 10 5 25 88.1

10 10 5 50 80.0

20 0 0 50 77.6

20 0 0 100 68.6

20 0 2.5 50 73.7

20 0 5 50 64.7

20 10 0 90 71.0 82.4
* gels formed at pH 2.
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Hydrogels comprising 10 and 20% HPC and 2.5 and 5% PEGDA, respectively, manu-
factured at doses of 50 and at 100 kGy, were also examined. Figure 7c,d show the swelling
dependence on the temperature of 20% HPC—PEGDA hydrogels. As previously noted,
an increase in PEGDA concentration results in a reduction in water uptake, however, the
thermal response does not differ significantly. At room temperature, the EDS is approx-
imately 19 and 17 g/g—which changes to approximately 5.3 (72%) and 5.8 g/g (66%),
respectively, at 55 ◦C. As mentioned above, the transition is slightly bigger for the gel
without PEGDA (Figure 7a), obviously due to a significantly higher DS, resulting from
the lower crosslinking density. As for the 20% HPC hydrogel manufactured with 50 kGy,
the networks with PEGDA are fully reversible after 2 and 3 days. The EDS of 10% HPC
hydrogels is approximately 140 g/g (data not shown), 26 and 14 g/g for the composition
without and containing 2.5 and 5% PEGDA, respectively (Figure 7e,f). Consequently, the
DS decreases with an increase in temperature, respectively, for PEGDA containing compo-
sitions of approximately 6.9 and 4.5 g/g (a reduction of ca. 70% for both). HPC gel without
the crosslinker was somewhat difficult to evaluate in this experiment involving multiple
weighting, which is due to very low gel fraction. The 10% HPC hydrogels with 2.5 and 5%
PEGDA are fully reversible after a few days.

Although the swelling of HPC hydrogels is reduced upon the temperature increase in
a continuous manner, in either case, the biggest change may be observed over 45 ◦C, which
is higher than the LCST of this polymer between 35 and 40 ◦C. The LCST of HPC slightly
depends on the degree of substitution [39]. The temperature of conformation change as
a function of the substitution degree should also be reflected in the DS of the respective
HPC hydrogels. For instance, hydrogels manufactured from HPC of a degree of molecular
substitution of 3 (more than twice of the HPC used in this work) in 20% solution with
80 kGy displayed thermoreversible swelling from ca. 17 to ca. 2.5 g/g—representing a
reduction of 85% [26]. This is higher than most of the DS changes of hydrogels in this work,
particularly those formed with high irradiation dose, as in the abovementioned reference.
The peak transition at a higher temperature might have resulted from the size of hydrogel
specimens. They were circular slabs with an initial thickness of ca. 1 mm, which could be
too big for instant diffusion towards the surface and gel shrinking within a short time of 10
min of incubation at each specific temperature. The swelling kinetics partially depends on
the dimensions of the sample, so in these semi-stationary experiments, the gel size exerted
its impact.

The hydrogels of HPC–CMC composition were expected to demonstrate dual thermo-
responsive and pH swelling. Initially, the temperature response was investigated. At
room temperature, the hydrogels of mixed composition present different swelling, which is
controlled by the dose and by the presence of the crosslinker, as demonstrated earlier. The
EDS of 5/5 HPC/HPC is approximately 210 and 50 g/g for gels produced by irradiation
with 50 kGy of polysaccharides solution containing 2.5 and 5% PEGDA, respectively. The
DS of the former decreases nearly constantly to approximately 133 g/g (33%) with an
increase in temperature from 25 to 55 ◦C, as shown in Figure 8a. In order to induce higher
thermo-responsiveness and reduce EDS, making the gels more firm (these are practical
aspects), the hydrogels with a lower content of CMC (2.5%) and an increased PEGDA
content of 5% produced with two doses were examined. As shown in Figure 8b,c, the
initial EDS of approximately 56 and 42 g/g (gels formed with 25 and 50 kGy, respectively)
decreased to ca. 32 and 25 g/g at 55 ◦C (reductions of over 40% for both). Additionally,
in this case, there is a continuous decrease in DS in function of the temperature. The HPC
containing hydrogels did not instantly increase their mass upon temperature decrease,
however, because the large EDS observed at room temperature, they could nearly return to
their initial DS in 7 days. There is an influence of the CMC co-component that combined
with the PEGDA crosslinker to reduce the thermo-responsiveness driven by the HPC
temperature-sensitive polymer.
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Figure 8. Temperature-depending swelling of 5% HPC hydrogels, containing CMC and the cross-
linker; CMC%/PEGDA% composition and dose: (a) 5/2.5, 50 kGy; (b) 2.5/5, 25 kGy; (c) 2.5/5, 50 kGy. 
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Additionally, the increase in the amount of crosslinker to 5% reduced the EDS to ca. 28 
g/g (Figure 9d), but did not change the pH response compared to the aforementioned 2.5% 
CMC gels, which is unapparent in the view of the following findings. Accordingly, the 
effect of PEGDA crosslinker on 5% CMC hydrogels formed with 50 kGy is significant, as 
shown in Figure 10a,b. The DS changes from the initial EDS of ca. 207 and 52 g/g of ca. 78 
and 67%, respectively, for 2.5 and 5% PEGDA. This is obviously due to the higher cross-
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CMC in the starting mixture before irradiation, the number of carboxyl moieties in the gel 
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tracted beforehand. 

As demonstrated above, in the double polysaccharide gels, the EDS greatly depends 
on the HPC content, and the data in Figure 11 show that the HPC also influences the pH 
responsivity. For hydrogels of 5/5 CMC/PEGDA formed with 25 kGy, the initial EDS is ca. 
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Figure 8. Temperature-depending swelling of 5% HPC hydrogels, containing CMC and the
crosslinker; CMC%/PEGDA% composition and dose: (a) 5/2.5, 50 kGy; (b) 2.5/5, 25 kGy;
(c) 2.5/5, 50 kGy.

Upon irradiation, aqueous carboxymethylcellulose solutions generate anionic hy-
drogels, which are pH-responsive. These deprotonate and swell extensively when the
external pH is about and above the pKa of carboxyl groups. This somewhat depends on
the substitution degree of CMC, but generally is above pH 4. However, at a pH below 3.5,
a considerable number of carboxyls are ionized in their stationary state [40]. Therefore,
investigations of the pH dependence of gels were conducted in a wide pH range from
ca. 7 down to 1.5. The pH-sensitive swelling of—and an influence of the ionic strength
on—CMC hydrogels synthesized by either classical chemical methods and with radiation
technique has been reported [41,42]. Nevertheless, investigations have covered different
CMCs in terms of molecular weight or degree of substitution, so in order to compare the
swelling properties of mixed, i.e., two polysaccharide hydrogels, to those of the sole one,
the actual CMC was examined. Additionally, the macromer crosslinker and the dose factors
do influence the properties. The current examples in Figure 9a,c show the pH-driven
changes in the DS of CMC gels formed with 2.5% crosslinker by irradiation with 25 kGy.
The DS of 2.5, 5, and 10% CMC gels decreases, respectively, from ca. 52, 120, and 150 g/g
of 67, 83, and 87% upon lowering the pH to below 2. Thus, as one might have expected,
the pH responsivity of CMC hydrogels is large, and dependent on the CMC concentration.
Additionally, the increase in the amount of crosslinker to 5% reduced the EDS to ca. 28 g/g
(Figure 9d), but did not change the pH response compared to the aforementioned 2.5%
CMC gels, which is unapparent in the view of the following findings. Accordingly, the
effect of PEGDA crosslinker on 5% CMC hydrogels formed with 50 kGy is significant,
as shown in Figure 10a,b. The DS changes from the initial EDS of ca. 207 and 52 g/g of
ca. 78 and 67%, respectively, for 2.5 and 5% PEGDA. This is obviously due to the higher
crosslinking density and lower initial EDS at pH 7. Additionally, despite the same amount
of CMC in the starting mixture before irradiation, the number of carboxyl moieties in the
gel might slightly differ as some uncrosslinked or degraded fragments of chains were
extracted beforehand.

As demonstrated above, in the double polysaccharide gels, the EDS greatly depends
on the HPC content, and the data in Figure 11 show that the HPC also influences the pH
responsivity. For hydrogels of 5/5 CMC/PEGDA formed with 25 kGy, the initial EDS is ca.
63, 69, and 84 g/g, and the DS change is of approximately 76, 72, and 62%, dependently on
the HPC concentration, and 0, 5, and 10% HPC, respectively. As the second polysaccharide
concentration rises, in addition to the network being looser, the molar number of the
carboxyl moieties is lower, and consequently, the pH responsivity is reduced. The general
observation is that the gels collapsed at a low pH return approximately return to their
initial EDS after several days at a neutral pH.
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Figure 9. pH-dependent swelling of CMC hydrogels formed with 25 kGy in the presence of PEGDA; 
CMC%/PEGDA% content: (a) 2.5/2.5, (b) 5/2.5, (c) 10/2.5, and (d) 2.5/5. 
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Figure 10. pH-dependent swelling of CMC%/HPC% 5/5 formed with 50 kGy; with PEGDA of (a) 
2.5% and (b) 5%. 

Figure 9. pH-dependent swelling of CMC hydrogels formed with 25 kGy in the presence of PEGDA;
CMC%/PEGDA% content: (a) 2.5/2.5, (b) 5/2.5, (c) 10/2.5, and (d) 2.5/5.
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Figure 10. pH-dependent swelling of CMC%/HPC% 5/5 formed with 50 kGy; with PEGDA of (a) 
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Figure 11. pH-dependent swelling of 5% CMC hydrogels formed with 5% PEGDA, 25 kGy; HPC% 
content: (a) 0, (b) 5, and (c) 10. 
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Hydrogel Composition, % 
Dose (kGy) 

DS % Decrease  
in Response to Change in 

HPC CMC PEGDA Temperature  pH 
0 2.5 2.5 25  67.3 
0 2.5 5 25  71.4 
0 5 2.5 25  82.5 
0 5 5 25  76.2 
0 10 * 0 100  93.2 
0 10 2.5 25  87.3 
0 10 2.5 50  77.5 
5 0 2.5 50 73.8  
5 0 5 50 65.8  
5 2.5 2.5 50 48.6 61.0 
5 2.5 5 25 41.8 57.9 
5 2.5 5 50 40.5 53.8 
5 5 2.5 50 35.7 78.3 
5 5 5 25  72.5 
5 5 5 50  67.3 
5 10 2.5 25  89.3 
5 10 2.5 50  86.8 
5 10 5 25  80.0 
5 10 5 50  76.8 

10 0 2.5 50 73.8  
10 0 5 50 66.9  
10 2.5 2.5 50 43.6 61.9 
10 2.5 5 25 31.6 50.9 
10 5 2.5 25  84.7 
10 5 2.5 50  65.8 
10 5 5 25  60.7 
10 5 5 50  52.5 
10 10 * 0 100 30.7 95.2 
10 10 2.5 25  93.0 
10 10 2.5 50  88.8 
10 10 5 25  88.1 
10 10 5 50  80.0 

Figure 11. pH-dependent swelling of 5% CMC hydrogels formed with 5% PEGDA, 25 kGy; HPC%
content: (a) 0, (b) 5, and (c) 10.

The summary of swelling variation as a function of either temperature or pH of
HPC/CMC gels is presented in Table 2. Typically, the EDS at room temperature and in
the neutral pH depends on the composition, foremost on the crosslinker content, and
the absorbed dose. The hydrogels comprising the anionic CMC, formed with or without
the crosslinking agent, significantly reduce their volume/mass upon the decrease in the
pH of the swelling medium. The presence of HPC as a co-component somewhat alters
the pH-responsive character of the gels, but renders the material temperature sensitive.
Therefore, the hydrogels display double-stimuli responsive characteristics. Analogous
systems were chemically synthesized using CMC and a synthetic polymer of PNIPAAm as
interpenetrating polymer networks to be used for drug delivery [43]. Those gels responded
to the temperature by 20–50% with the peak transition characteristic to PNIPAAm at
34–37 ◦C or at lower temperature that depended on the gel composition and the pH of
the medium. In current studies, deswelling in response to decreasing pH is greater than
that in response to the increasing temperature, assuming a similar molar content of side
groups, carboxyl and 2-hydroxypropyl, which provide the polysaccharide with an ionic
and amphiphilic character. For instance, for the gel of 10/2.5/5 HPC/CMC/PEGDA
(Table 2) formed with 25 kGy, the DS change is ca. 32% and 51% as a response to the
temperature and pH change, respectively. Note that this was observed despite a molar
ratio of carboxyl groups in CMC of approximately one to four with respect to the side
chain substituents in HPC. Equimolar amount of the side groups in gels formed with 5/5
HPC/CMC with 2.5% crosslinker, and resulted in a decrease in DS of ca. 36% and 78%
upon increasing the temperature and lowering the pH, respectively, demonstrating the
advantage of pH-responsive swelling.

4. Conclusions

The formation of networks from natural or semi-synthetic polymers is not straightfor-
ward, particularly when chemical initiation may be unacceptable, e.g., due to restrictions
in the use of initiators that may limit biomedical applications, or the use of high tem-
peratures that may cause the decomposition of thermolabile drugs or, more generally,
biologically active compounds to be incorporated in situ into the matrix. In this work, it
was demonstrated that the use of ionizing radiation to induce crosslinking reactions in
polysaccharide derivatives in order to produce functional materials is possible with some
prerequisites. Since polysaccharide-only gels (alone) are weak with extensive swelling, the
efficient compensation of polysaccharide degradation reactions and increased network den-
sity were achieved with a PEGDA crosslinker, the use of which is known to be acceptable
in biomaterials.

The combination of temperature and pH-stimuli-responsive polymers resulted in
hydrogels of dual-stimuli-responsive properties, the extent of which depends on the
HPC/CMC ratio in the gel. In general, despite the almost equal degree of substitution in
HPC and CMC, gels with the same content of both cellulose derivatives are significantly
more sensitive to pH changes than to temperature changes. Electrostatic repulsion causes
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the ionized CMC to swell significantly, however, with the neutralization of the carboxy-
late groups, the elastic recoil of the chains is no longer counterbalanced and the network
contracts. If temperature-responsiveness is also desired for the envisaged application, it
is necessary to use a higher concentration of the temperature-sensitive component in the
blend or to use HPC with a substantially higher degree of substitution than that of CMC
to achieve the same level of responsiveness as to the change in pH. Last but not least, the
radiation doses applicable for the synthesis of HPC/CMC with PEGDA are within the
typical sterilization range of 20–40 kGy, which may be beneficial for the designing of a
technological process in which network synthesis and sterilization are accomplished in
one step.
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