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Abstract
Developing new approaches to improve the swelling, degradation rate, and mechanical properties of alginate hydrogels
without compromising their biocompatibility for biomedical applications represents a potential area of research. In this work,
the generation of interpenetrated networks (IPN) comprised from alginate–polyurethane in an aqueous medium is proposed
to design hydrogels with tailored properties for biomedical applications. Aqueous polyurethane (PU) dispersions can
crosslink and interpenetrate alginate chains, forming amide bonds that allow the structure and water absorption capacity of
these novel hydrogels to be regulated. In this sense, this work focuses on studying the relation of the PU concentration on the
properties of these hydrogels. The results indicate that the crosslinking of the alginate with PU generates IPN hydrogels with
a crystalline structure characterized by a homogeneous smooth surface with high capacity to absorb water, tailoring the
degradation rate, thermal decomposition, and storage module, not altering the native biocompatibility of alginate, providing
character to inhibit the growth of E. coli and increasing also its hemocompatibility. The IPN hydrogels that include 20 wt.%
of PU exhibit a reticulation index of 46 ± 4%, swelling capacity of 545 ± 13% at 7 days of incubation at physiological pH,
resistance to both acidic and neutral hydrolytic degradation, mechanical improvement of 91 ± 1%, and no cytotoxicity for
monocytes and fibroblasts growing for up to 72 h of incubation. These results indicate that these novel hydrogels can be used
for successful biomedical applications in the design of wound healing dressings.

Graphical Abstract

1 Introduction

Alginate is a polysaccharide comprised of both guluronic and
mannuronic acid units interconnected by β(1→ 4) glycosidic
bonds, this is part of the extracellular matrix of different
species of algae [1, 2]. Alginate chains have the ability to
physically crosslink in the presence of metal ions, such as Ca
(II), Mg (II), Ba (II), Zn (II), generating hydrogels with high
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biocompatibility, they are widely used in the food industry,
biomedicine, and tissue engineering [3, 4].

In the biomedical field, alginate hydrogels have been
modified by the incorporation of natural polymers (e.g.,
gelatin [5], chitosan [6], fibrin [7]), synthetic polymers (e.g.,
polyvinylpyrrolidone (PVP) [8], polyvinyl alcohol (PVA)
[9], polyethylene glycol (PEG) [10]), and inorganic agents
(e.g., hydroxyapatite [11], zinc (II) oxide [12], silver
nanoparticles [13]), tailoring their properties for successful
application. Specifically, in the development of wound
healing dressings, alginate hydrogels show potential appli-
cation because they have a high capacity to absorb exudates
from the wound, promoting healing [14, 15]; however, there
is currently the challenge to develop strategies to improve
the swelling capacity, controlling also the degradation rate
and mechanical properties of alginate hydrogels enhancing
their performance in this sector [16, 17]. The tailoring of
these properties should consider strategies that rule out the
use of organic solvents and crosslinking agents that tend to
decrease the native biocompatibility of alginate; further-
more, the structural modification should allow the genera-
tion of hydrogels with desired characteristics to favor the
wound healing process, such as the capacity to inhibit
bacterial growth and excellent hemocompatibility [18, 19].

In this sense, the generation of hydrogels comprised of
interpenetrated networks (IPN) based on alginate with
biocompatible synthetic polymers represents an innovative
strategy to meet these requirements.

It has been reported that aqueous polyurethane (PU) dis-
persions allow the generation of IPN hydrogels based on
biopolymers like collagen and chitosan with structure, prop-
erties, and biocompatibility dependent on the concentration
and chemical structure of this crosslinking agent [20, 21].
Furthermore, it has also been reported that these crosslinking
agents allow the coupling with inorganic silica particles,
providing the controlled release capacity of molecules with
interest in biomedical applications [22, 23]. In other words,
the use of this crosslinking agent also allows the generation in
an aqueous medium of semi-IPN hydrogels employing exo-
genous polymeric chains such as polyacrylate (PA) and cel-
lulose derived polysaccharides, generating hydrogels with
high biocompatibility, enhanced hemocompatibility, and
antibacterial inhibition capacity [24, 25].

Based on this, the present work studies the chemical
crosslinking and interpenetration of alginate chains with PU
in an aqueous medium to generate novel IPN hydrogels.
The isocyanate groups of the PU can be condensed with the
carboxylate groups of the alginate to generate inter-
polymeric crosslinking amide bonds. The generated amide
bonds, as well as the polymeric interpenetration, could tailor
the swelling behavior, degradation, and mechanical prop-
erties of these hydrogels, benefiting their use for biomedical
applications. The work focuses on studying the relation of

the PU concentration on the structure and properties of
these matrices in the hydrogel state (Fig. 1). With this in
mind, the work encompasses the synthesis, structural and
physicochemical characterization, as well as the evaluation
of the in vitro biocompatibility of these novel IPN hydro-
gels of alginate–PU.

2 Experimental section

2.1 Materials

Alginic acid sodium salt (Mn 120,000–240,000 gmol−1, 61%
mannuronic acid and 39% guluronic acid, extracted from
brown algae), hexamethylene diisocyanate, glycerol ethox-
ylate (1000 gmol−1), calcium chloride, sodium bisulfite, 3-
(4,5-dimethylthiazolyl)-2,5-diphenyltetrazoliumbromide
(MTT), phosphate buffer solution (PBS), sodium chloride,
sodium hydroxide, Alsever’s solution, Escherichia coli (E.
coli) bacterial strain, eosin-methylene blue (EMB) agar, and
other salts were purchased from Sigma-Aldrich. All reagents
were used as received without prior purification processes.

2.2 Synthesis of IPN hydrogels comprised from
alginate–PU

2.2.1 Preparation of aqueous polyurethane dispersions

The interpenetrating agent of alginate chains was synthe-
sized as previously described elsewhere [21, 23]. Briefly,
glycerol ethoxylated was heated to 40 °C and reacted with
hexamethylene diisocyanate in a molar NCO:OH ratio of
3:1 for 2 h at 100 °C. The remaining NCO end groups in the
polyurethane prepolymer product were reacted with sodium
bisulfite (40 wt.% in water) for 2 h at 40 °C, to generate
highly soluble carbamoylsulfonate ends.

2.2.2 Synthesis of IPN hydrogels

20 mL of alginate solution (1 wt.%) was heated at 60 °C for
30 min; subsequently, different proportions in weight of the
PU crosslinking agent were added. Under these reaction
conditions, the polyurethane prepolymer condenses to
generate a polyurethane-based network that can be chemi-
cally interpenetrated with the alginate (Fig. 1a). Table 1
shows the formulations of the hydrogels developed in this
work. Alginate is the polymeric component found in the
highest proportion in hydrogels to ensure biocompatibility.
A maximum concentration of 35 wt.% of PU was estab-
lished, since higher concentrations of this synthetic agent
generate highly insoluble sponges, while concentrations
lower than 20 wt.% of PU did not exhibit a significant
increment in the viscosity of the system.
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Once the PU was added, the formation of the IPN matrix
of alginate–PU in the hydrogel state was carried out by
heating at 60 °C for 2 h adjusting the pH to 7.8 using 5 mL
of PBS (0.1 M), under constant stirring (400 rpm) (Fig. 1a).

Finally, to induce the physical crosslinking of the algi-
nate chains, 5 mL of CaCl2 solution (0.1 M) were added, at
room temperature under constant stirring (400 rpm) for
30 min (Fig. 1b). The formed hydrogels were filtered by

Fig. 1 Representative scheme for the generation of novel IPN hydrogels using alginate and aqueous dispersions of PU
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simple decantation and stored for their structural, physico-
chemical, and biological characterization. Physical cross-
linking was done with calcium ions as a constant condition
for all systems. In the case of Alg–PU hydrogels, these are
formed without adding the Ca (II) ions; however, the Alg
control hydrogel is not formed without this physical
crosslinking. With this in mind, it was considered to use Ca
(II) as a constant condition in all systems under study.
Therefore, the variation in structure and properties of
hydrogels is due solely to the concentration of PU.

2.3 Structural and physicochemical characterization

To measure the reticulation index of the hydrogels, acid-
base titration was used. For this, 100 mg of each dry
hydrogel was taken and mixed in 50 mL of 0.01M HCl.
The system was heated at 60 °C for 30 min and subse-
quently filtered. The decanted solution was titrated using
0.1 M sodium hydroxide, and phenolphthalein to detect the
turning point. The reticulation index was determined based
on the ratio of the volumes of titrant (vol. NaOH) for
neutralize 100 mg of pure alginate (sample without cross-
linking) and the volume used in the hydrogel systems,
according to Eq. 1:

Reticulation index %ð Þ
¼ vol:NaOH used in hidrogel

vol:NaOH used in 100mg de alginate
� 100

ð1Þ

The microstructure of the dry hydrogels (xerogels) was
inspected using scanning electron microscopy (SEM), using
a Jeol JSM 7600 F microscopy. The samples were covered
with a thin layer of metallic gold to ensure the image quality
of their microstructure using a Sputter-Coater metallizer.
The chemical structure of dried hydrogels was evaluated
employing Fourier transform infrared spectroscopy (FTIR),
using a diamond attenuated total reflectance (ATR) acces-
sory, for this a Frontier equipment of Perkin Elmer was
used, the spectra were recorded with a 16 cm−1 resolution in
an interval of 4000 to 650 cm−1 using an average of
16 scans. The crystalline structure of the interpenetrated
alginate–polyurethane systems was also analyzed by Wide
Angle X-ray Scattering (WAXS), using a SAXS-Emc2
Anton Paar diffractometer with a Cu Kα X-ray source

(λ= 1.54 Å). The storage (G‘) and loss (G“) moduli of each
type of hydrogel were obtained by oscillatory rheology,
using an MCR 300 Anton-Paar rheometer, the samples were
analyzed using a 40 mm diameter dish-dish geometry; with
a solvent trap to avoid the evaporation of water. All
experiments were carried out using 10% of the deformation
to ensure the linear viscoelastic behavior of the dynamic
response. The thermal behavior of the dried hydrogels was
evaluated by thermogravimetric analysis (TGA), a TGA-
4000 Perkin Elmer thermoanalyzer was used. The operating
conditions used: temperature range from 30 to 800 °C,
heating rate of 20 °C/min using nitrogen as an inert atmo-
sphere up to 600 °C (20 ml/min) and oxygen from 600 to
800 °C (20 ml/min).

The mass variation profiles (related to the swelling,
degradation, and shrinkage processes of hydrogels) were
evaluated by mass variation kinetics in different hydro-
lytic media (pH 2, 7.4, and 12). For this, a 100 mg sample
of each type of dried hydrogel was introduced into 50 ml
of each type of study solution. The masses per day of
each hydrogel were recorded to observe the swelling and
degradation profiles thereof, during a time of 30 days.
The mass variation of the hydrogels was evaluated using
Eq. 2:

Mass variation of hydrogel %ð Þ ¼ mass at time t

mass at t0
� 100

ð2Þ
where the mass at time t is the mass of the hydrogel
corresponding to the measurement to the day of incubation,
and mass at t0 is equal to 100 mg.

2.4 Evaluation of in vitro biocompatibility

The variation of metabolism of human monocytes or por-
cine dermal fibroblasts (got from primary culture) growing
on every hydrogel was assessed. Cell suspensions in
DMEM culture medium were added to the wells containing
hydrogels (50,000 cells/well) and control (without hydro-
gels), and these were incubated for 12, 24, and 72 h. The
cells were inoculated on the surfaces of the hydrogels
(200 mg) and allowed to incubate for the times mentioned.
Independent experiments were used for each type of cell.
The cell viability was determined by the ratio of cells with
dynamic metabolism to transform MTT salts in formazan
growing on hydrogels, with respect to control. The MTT
(1% w/v) was added to wells with hydrogels and controls,
and afterward, the cells were kept up under culture condi-
tions for 3 h at 37 °C. At that point, the medium was tapped,
the blue formazan was diluted in isopropanol, and the
absorbance of the solutions was estimated at 560 nm, using
a Synergy HTX Multi-Mode Reader Biotek spectro-
photometer. The absorbance of generated formazan by cells

Table 1 Formulation and designation of synthesized hydrogels

Hydrogel Alginate content (mg) Polyurethane content (mg)

Alg 200 0

Alg–PU 20 200 40

Alg–PU 35 200 70
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growing in wells without hydrogels is equal to 100% of
viability (controls).

The hemolysis test was performed to determine the
hemocompatibility of the hydrogels. This test measures the
hemoglobin released when the red blood cell membrane is
destroyed. A human blood sample was obtained, then it was
centrifuged at 3000 rpm for 5 min, the plasma was decanted
and the erythrocytes were obtained. Red blood cells were
washed with 5 mL of Alsever’s solution. Then, 100 μL of
purified erythrocytes were taken and diluted in 10 mL of
Alsever´s solution. A quantity of 150 µL of this solution
was added in tubes containing 5 mg of each dry hydrogel, in
addition 1850 µL of Alsever’s solution was added too. The
tubes were incubated with shaking at 37 °C for 30 min.
Finally, the tubes were centrifuged to measure the released
hemoglobin at a wavelength of 415 nm. The hemolytic
capacity (%) of hydrogels was calculated by the ratio of the
absorbance value obtained for hydrogels with respect to
absorbance values of positive control (water) and negative
control (Alsever´s solution).

In vitro bacterial inhibition tests were performed using
EMB agar and a bacterial strain of E. Coli. The agar was
prepared by dissolving 37.5 g of dehydrated agar in 1 L of
distilled water and was heated until dissolved. The culture
medium was sterilized between 121–124 °C for 15 min.
Once the medium was ready, it was poured into Petri dishes
which were previously sterilized. Dry hydrogel samples
were placed in the center of the culture medium dishes, with
the finality to measure the inhibition halo. Doxycycline
prepared at 20 ppm was used as a control. The bacterial
strain was seeded homogeneously in the Petri dishes,
including hydrogels and control using a sterile loop. The
bacterium was incubated for 24 h at 37 °C to measure its
growth in the presence of the hydrogels. The inhibition
capacity of E. Coli was calculated by comparing the

diameter of the halo formed by the hydrogel with respect to
the diameter generated by the control.

2.5 Statistical analysis

The experiments were done in triplicate. The values of
mean and standard deviation are considered for each
experiment. Data means were compared using one-way
analysis of variance (ANOVA). The difference of the means
was checked with a Tukey test and was considered statis-
tically significant at level p < 0.05.

3 Results and discussions

3.1 Structural and physicochemical characterization

PU dispersions can generate IPN hydrogels with alginate
chains in an aqueous medium when this synthetic polymer
is used in concentrations ranging from 20–35 wt.%. In this
concentration range of PU, a significant increment in visc-
osity is observed, indicating the formation of an IPN matrix
in the hydrogel state; the appearance of the dried hydrogels
(xerogels) obtained is shown in Fig. 2a.

The alginate hydrogel (Alg) shows a brittle texture with
very poor manageability; in the case of hydrogels inter-
penetrated with PU (Alg–PU 20 and Alg–PU 35), homo-
geneous xerogels with high manageability are obtained,
their capacities to withstand deformation is higher than Alg
hydrogel, since the alginate chains are crosslinked and
interpenetrated with the PU chains significantly improving
their manageability.

The increment in the PU concentration increases the
rigidity of the obtained xerogels. By increasing the con-
centration of PU the material becomes more opaque;

Fig. 2 a Appearance of studied
xerogels and (b) determination
of the reticulation index by acid-
base titration
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however, Alg–PU 20 hydrogels have good transparency
that can be used for applications such as dressings. By using
concentrations higher than 35 wt.% of PU, segmented PUs
based on alginate are obtained characterized by having a
sponge structure, this type of material has other character-
istics and properties for biomedical applications different
from hydrogels based on alginate [26, 27].

In Fig. 2b, the values of the reticulation indices determined
by the quantification of the free carboxylic acid groups of the
alginate chains with and without interpenetration with PU are
presented. The values determined are 30 ± 4, 46 ± 5, and 49 ±
4%, for Alg, Alg–PU 20, and Alg–PU 35, respectively. The
carboxylic acid groups involve important crosslinking inter-
actions with calcium (II) ions and intermolecular, generating
the hydrogel state [1–4]. Statistically, significant differences
are found when comparing the reticulation value of the Alg
hydrogel with the IPN hydrogels. The carboxylate groups of
the alginate form chemical crosslinking bonds of amide nature
with the isocyanate-reactive ends present in the aqueous dis-
persions of PU, during the condensation process, thus gen-
erating an IPN matrix. These amide bonds are stable products
of the decarboxylation of the generated anhydrides by the
addition of the alginate carboxylate with the isocyanate group
of the PU. Different crosslinkers to form alginate hydrogels
with adapted properties have been used, such as glutar-
aldehyde [28, 29], and carbodiimides [30]. In the case of PU, it
has also shown a direct relation in the modulation of the
crosslinking index with its concentration in hydrogel systems
for biomedical applications based on collagen [20, 21]. In this
way, this proposed approach represents a favorable method in
an aqueous medium for the control of the reticulation of

reactive alginate to isocyanate groups to generate IPN
hydrogels.

Based on the concentrations of used PU, no significant
differences could be determined in the crosslinking indexes
of the IPN matrices; this may be associated with aspects of
matrix formation in the hydrogel state. High crosslinking
indices (higher than 60%) generate materials such as seg-
mented alginate-based PU which are characterized by
having a sponge structure. Concentrations higher than 35
wt.% of PU produce higher crosslinking indices with algi-
nate, generating insoluble sponges that lose the ability to
absorb water, not representing systems in the hydrogel state.

The modification of the chemical structure of alginate by
the crosslinking and interpenetration of the PU chains was
evaluated by FTIR; the spectra of the hydrogels are shown
in Fig. 3a. The Alg hydrogel shows stretching bands at
3372, 2949, 1636, 1410, and 1085 cm−1 related to the
hydroxyl bonds (–OH) of the alcohol, –CH of the glucosidic
skeletons, C=O of the alginate carboxylate, C–O, and
C–O–C characteristic of polysaccharides, respectively [28].
In the FTIR spectra of the Alg-PU hydrogels, the alginate
carboxylate band at 1636 cm−1 is no longer seen, indicating
that this functional group is directly related to the formation
of new amide bonds. Crosslinking amide bonds are
observed at 1610 cm−1 in IPN hydrogels. The pKa values
for the carboxylic acid and alginate–OH are 4 and 13,
respectively. These values indicate that at the pH at which
the hydrogels were designed (pH 7.8), the carboxylate
groups are deprotonated, being better nucleophiles to con-
dense with the PU isocyanates generating amide bonds,
compared to the –OH groups of the alginate skeleton that

Fig. 3 Evaluation of the (a)
chemical structure by FTIR, (b)
crystal structure by WAXS and
(c) microstructure by SEM of
the IPN hydrogel-based
alginate–PU
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have poor nucleophilic character. In the condensation
reaction among an isocyanate group and a carboxylate, an
intermediate carbonic anhydride is produced. This anhy-
dride decomposes releasing CO2, generating crosslinking
amides bonds among the PU and the alginate. The amide
bands observed by FTIR in the IPN systems confirm this
mechanism of IPN hydrogel formation.

The decrease in the signal intensity of the –OH bonds at
3372 cm−1 in IPN hydrogels indicates that the polymeric
interpenetration process originates short-range interactions
of the hydrogen bridge type, directly evidencing the for-
mation of IPN systems. The urethane bond band for PU is
around 1680 cm−1 with higher intensity. In the Alg–PU IPN
hydrogels indicate a displacement of the urethane bond
band at 1697 cm−1 with a decrease in intensity, evidencing
the formation of an IPN system.

The signals related to the glycosidic backbones in the
spectra of the hybrid hydrogels indicate that the PU chains are
able to chemically and physically crosslink the alginate chains,
forming a hydrogel system of IPN networks. The modification
of the intensities of the signals for the C–O–C bonds between
1250–1000 cm−1 indicate direct evidence with the crosslinking
and/or physicochemical reticulation among the two polymeric
agents; that is, system with highest crosslinking and inter-
penetration exhibits the highest intensity of these signals, as
seen for the hydrogel with 35 wt.% of PU. The detection of
reticulation bonds and their dependence on the concentration
of the reticulation agent is decisive for developing IPN
hydrogels with adapted properties. Previously, it has been
reported that this synthetic agent shows direct evidence of urea
crosslinking bond formation when generating hydrogels
comprised from collagen–PU [20, 21].

The presence of crystalline phases in the prepared
hydrogels was evaluated by WAXS, in Fig. 2b the dif-
fractograms of the materials are shown. The alginate-based
hydrogel has an amorphous structure without diffraction
signals that prove crystalline planes within its chemical
structure. PU shows diffraction signals at 18°, 20°, 21°, and
26° associated with a structure with low crystallinity. The
Alg–PU 20 and Alg–PU 35 IPN hydrogels present signals
with significant intensity at 2θ equal to 21°, 27°, and 32°;
evidencing that the chemical crosslinking and inter-
penetration of the alginate chains with the PU generate
regions with structures with crystalline order. By increasing
the concentration of PU, the signals at 27° and 32° increase
in intensity, indicating that the chemical crosslinking by
amide bonds increments the crystallinity of the Alg-PU IPN
hydrogels, as seen in the Alg–PU 35 hydrogel.

It has been shown that the generation of interpenetrating
polymeric matrix systems generates regions with char-
acteristic crystallinity, this is associated with the cross-
linking, entanglement, and interpenetration interactions of
polymeric agents producing regions with molecular order

that can diffract X-rays [24, 25, 31]. Hydrogel systems
based on IPN networks with crystalline regions provide
sites with selective modulation in cellular processes opti-
mizing the biological response in biomedical applications;
cell–material interaction is important to regulate cell meta-
bolism; in this way, cells that adhere to crystalline or
amorphous surfaces would experience characteristic stimuli
that affect their metabolism and secretion of important
cytokines in the healing process [32]; this could be bene-
ficial to favor the wound healing processes if these matrices
are applied as wound healing dressings.

The microstructure of these novel hydrogels was studied
by SEM, the micrographs of these systems are provided in
Fig. 3c. Alg hydrogel shows a surface microstructure with a
granular appearance, the texture is rough and these granules
do not have a homogeneous size, which is characteristic for
alginate [33]. In Alg--PU 20 hydrogel, its microstructure
exhibits a surface with a moderately smooth and homo-
geneous texture, the characteristic granules of Alg disappear
almost entirely; finally, the microstructure for the Alg–PU
35 hydrogel presents a completely homogeneous and
smooth surface. The interpenetration of the linear alginate
chains with the PU elastomeric agent generates structures
with surface homogeneity; thus evidencing that polymeric
interpenetrating amide bonds provide crystalline order to
alginate hydrogels as confirmed by WAXS. This type of
surface can be used to make bandages in the hydrogel state
that are attached to the wound bed, ensuring biomedical
efficacy due to the exhibited surface homogeneity [13–16].

The variation of the mechanical behavior of the alginate
hydrogels interpenetrated with PU was evaluated by oscilla-
tory rheology. The studied hydrogels presented storage mod-
ulus values higher than the loss modulus, indicating that these
matrices are characterized by having a viscoelastic behavior
associated with the hydrogel state. The storage modules of the
hydrogels under study are shown in Fig. 4a.

Fig. 4 Determination of (a) Storage module by oscillatory rheology
and (b) thermal degradation evaluated by TGA for hydrogels
under study
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The obtained G’ at an oscillation frequency of 10 Hz for
Alg, Alg–PU 20, and Alg–PU 35 is 54 ± 2 Pa, 103 ± 3 Pa,
and 280 ± 2 Pa, respectively. Indicating that a mechanical
improvement of 91 ± 1 and 418 ± 3% are registered for
Alg–PU 20 and Alg–PU 35, respectively, this comparing
with the G´ value of the hydrogel without interpenetration
with PU. The crosslinking and interpenetration of the algi-
nate chains with the PU chains obtains a notable change in
the capacity in which the matrix supports mechanical loads,
significantly improving the storage modulus, this relation is
also dependent on the PU concentration.

The presence of the reticulation amide bonds among the
carboxylate groups of the alginate with the isocyanates of
the PU is responsible for this significant mechanical
improvement, as well as the physical crosslinking and
entanglement that exists in this IPN system, regulated by
hydrogen bonds among the –OH groups of the poly-
saccharide backbones and the –NH of urethane bonds
abundant in the matrix. The WAXS results also confirm that
the material with the highest crystallinity is the one that
significantly improves its storage modulus (Alg–PU 35),
indicating that these short-range interactions are involved in
increasing the storage modulus of these IPN matrices in the
hydrogel state. From the point of view of application as
wound healing dressings, this mechanical improvement can
be used to avoid the contraction of the hydrogel induced by
the growth of the cells involved in the healing process,
optimizing its period of use for a successful application
[34]. Various works have reported various strategies to
improve the mechanical properties of alginate hydrogels to
enhance their biomedical performance [10–12, 30–32].
Also, the G´ improvement of alginate hydrogels can be used
for the encapsulation of molecules with therapeutic interest
such as anti-inflammatories, vasodilators, vasoconstructors,
dermoregenerators; without compromising the structure of
the hydrogel, thus improving its performance in wound
healing. The encapsulation of therapeutic agents within
matrices in the hydrogel state requires improved storage
moduli to ensure the mechanical integrity of the 3D matrix

avoiding the deformation, also allowing a controlled release
thereof [10–12, 22].

The thermal degradation behavior of the hydrogels was
analyzed by TGA; in Fig. 4b the thermograms obtained for
this work are shown. Thermograms are characterized by
having 3 stages of mass loss: from 25 to 120 °C the dehy-
dration of the hydrogels is presented, from 200 to 550 °C
the endothermic decomposition of organic matter is
observed, generating gaseous by-products that decrease the
mass of the hydrogels, and finally, from 600 to 800 °C the
exothermic decomposition is fostered for the formation of
inorganic ashes under the action of oxygen. Taking as a
reference the endothermic decomposition of organic matter
at 400 °C, there are mass losses of 51 ± 3% in Alg hydrogel,
45 ± 4% in Alg–PU 20 hydrogel and 25 ± 3% in Alg–PU 35
hydrogel. According to these data, an improvement in
resistance to thermal degradation of 12 ± 3 and 51 ± 4% are
calculated for Alg–PU 20 and Alg–PU 35, respectively,
compared with the Alg hydrogel. To increment the PU
concentration also improves the resistance to thermal
degradation. The increment in the reticulation index, as well
as the generation of the IPN alginate–PU matrix, generates
regions with crystal order characterized by resisting the
thermal degradation requiring more heat to remove the
short-range interactions such as intermolecular hydrogen
bonds (associated with molecular entanglements) and
crosslinking bonds, this is strong evidence for the char-
acterization of an IPN system [35]. This improvement in
resistance to thermal degradation is in accordance with the
increment in the crystallinity and mechanical improvement,
as has been reported in various works where other biopo-
lymers are modified [24, 25].

Finally, in the physicochemical characterization, the
mass variation profiles of the hydrogels on different
hydrolytic media (pH 2.0, 7.4, and 12) were evaluated; in
order to study their swelling, degradation and/or shrinkage
behaviors. The results are seen in Fig. 5.

Waste metabolites are produced in the wound bed, these
tend to acidify the pH of the medium, this change in pH is

Fig. 5 Evaluation of mass
variation profiles of hydrogels
by varying the pH: (a) acid pH,
(b) physiological pH, and (c)
alkaline pH
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responsible for altering the structure of the hydrogel causing
its disruption; therefore, studying the effect of pH on the
swelling, degradation, and/or shrinkages behaviors of these
IPN hydrogels represents a key factor for a successful
performance [36].

At acidic pH (Fig. 5a), maximum swelling capacities of
245 ± 11% at 7 days, 421 ± 16% at 10 days, and 212 ± 9%
at 8 days, are exhibited for the Alg, Alg–PU 20, and
Alg–PU 35 hydrogels, respectively; later, the IPN matrices
with PU undergo diffusion of the absorbed water,
decreasing the swelling at 236 ± 14 and 106 ± 16% for Alg-
PU 20 and Alg–PU 35 after 30 days of incubation at this
pH; while that the alginate matrix shows complete mass loss
at 26 days of incubation; which is caused by the acid
hydrolysis reactions that produce the decomposition of this
matrix, benefiting the degradation and shrinkage of the
hydrogel. In this sense, the interpenetration and crosslinking
of alginate with PU produce hydrogels with resistance to
lose mass in acidic conditions. The amide bonds that keep
the interpenetrated polymeric chains delay the mass loss at
the time evaluated. Furthermore, statistically significant
differences are determined when comparing the swelling
values of the Alg–PU 20 hydrogel with respect to the Alg
and Alg–PU 35 hydrogels; indicating that at this PU con-
centration the swelling capacity is enhanced; generating a
surface with permeability and capacity to absorb high
masses of water.

At physiological pH (Fig. 5b), the IPN matrices exhibit
higher swelling capacities than at acid pH, registering
values of 302 ± 16% at 3 days, 368 ± 19% at 4 days and
549 ± 18% at 7 days, for Alg, Alg–PU 20 and Alg–PU 35,
respectively. Later, the alginate hydrogel undergoes total

mass loss at 10 days of incubation; while interpenetrated
systems with PU report mass losses of 25 ± 4 and 38 ± 6%
for Alg–PU 20 and Alg–PU 35%, respectively, after
30 days of incubation. These improvements in the swelling/
mass loss behavior depend on the bulk material, generating
high water-absorbent matrices. The presence of the cross-
linking amide bonds, as well as the rich composition in
ethoxy groups of the PU are responsible for this improve-
ment in the swelling capacity, however, there is no direct
relation between the concentration of PU with the increment
in the capacity of swelling; this is associated with the fact
that high concentrations of PU generate matrices with
higher crystallinity that tend to decrease the permeability
and diffusion of water [20, 25]. By the other hand, this
interpenetration with PU delays that the alginate being
hydrolytically degraded and/or shrunken at neutral pH, thus
improving the application time of these hydrogels for
potential use as wound dressing dressings, allowing also the
removal of wound exudates.

By increasing the concentration of hydroxyl ions, at
alkaline pH, it can be seen that the matrices completely lose
their mass after 2 days of incubation under these conditions
(Fig. 5c), indicating that IPN hydrogels are highly suscep-
tible to hydrolytic degradation/shrinkage in basic medium.
Hydroxyl ions tend to hydrolyze the amide crosslinking
bonds, as well as the glycosidic bonds of the alginate,
disintegrating the matrices in the hydrogel state. These
results suggest that these matrices would not have useful
applicability in systems with alkaline exudates [36]; since
the disintegration of the matrix would begin before the
wound healing [37]. On the other hand, knowing the mass
variation profiles of these novel matrices allows to visualize

Fig. 6 In vitro biocompatibility:
(a) Hemolysis tests using
erythrocytes and metabolic
activity evaluated by the MTT
test for (b) monocytes, and (c)
fibroblasts

Journal of Materials Science: Materials in Medicine (2021) 32:70 Page 9 of 13 70



their potential application for the encapsulation and con-
trolled release of therapeutic agents by modifying the pH. In
this sense, several drug encapsulation studies with biome-
dical interest and their release profiles have been reported
using alginate hydrogels [38]. With this in mind, these
novel matrices that exhibit diffusion-induced swelling of
water molecules into the hydrogel, could release an
encapsulated drug in a controlled manner as water enters
inside the matrix; representing devices in the hydrogel state
with the capacity for controlled release.

3.2 Studies of in vitro biocompatibility

The modification of the structure and physicochemical
properties that the alginate undergoes to generate these IPN
hydrogels with PU directly could influence its biocompat-
ibility; therefore, studying the effects that this inter-
penetration process produces on the behavior of cells with
interest in the wound healing process represents a funda-
mental objective so that hydrogels can be applied in bio-
medical strategies. The in vitro experiments using cells on
IPN hydrogels have the objective of allowing to evaluate
the modification of the biocompatibility of alginate. In Fig.
6, the results for the in vitro biocompatibility tests carried
out are shown.

To determine the hemocompatibility of the materials
with blood, the hemolysis test was performed using human
erythrocytes. If the composition of the degradation products
and the structure of the hydrogels that come into contact
with these cells tend to modify their membrane and break it
down, then these cells die and release the hemoglobin that
they carry. The results for this test are shown in Fig. 6a.
Hemolytic capacities of 8.2 ± 0.7, 3.7 ± 0.3, and 2.5 ± 0.3%
are determined for the Alg, Alg–PU 20, and Alg–PU 35
hydrogels, respectively. Statistically significant differences
are found when comparing IPN hydrogels with PU with
respect to alginate hydrogel alone; indicating that the pre-
sence of this synthetic interpenetration agent decrements the
hemolytic capacity of the alginate, improving its hemo-
compatibility. According to the ASTM F 756-08, IPN
materials are classified as non-hemolytic hydrogels, thus
they could be easily applied to the wound beds, avoiding
blood lysis. It has been reported that the interpenetration of
biopolymers with this type of crosslinking agent increases
the hemocompatibility of hydrogels developed for biome-
dical applications [24, 25]. The flexible structure of PU and
the ability it provides to the IPN matrix to absorb high
amounts of water prevents the erythrocyte cell membranes
from breaking, improving hemocompatibility. Hydrogels
with high swelling capacity have been reported to prevent
cell lysis due to diffusion control of water molecules from
the hydrogel-liquid interface. On the other hand, the control
of the disintegration that the PU has on the matrix, benefits

that fewer degradation products are releasing not altering
the ionic strength of the medium significantly, avoiding the
lysis of erythrocytes; in this sense, the degradation products
can interact with the cell membrane and alter its ionic and
osmotic balance, favoring its breakdown.

Studying the effect of the degradation products of
hydrogels on cell metabolism is important since it allows
monitoring if there are cytotoxic events that prevent that
important cells in the wound healing process from growing
and proliferating on these matrices; or if the composition
alters their metabolism, which may promote metabolic
routes that influence tissue remodeling [39, 40]. The eva-
luation of the modification of the cellular metabolism of
monocytes growing on these hydrogels was determined by
the MTT assay. The results are displayed in Fig. 6b.
Monocytes are important cells of the immune system that
are responsible for the internalization of macrophages and
fibroblasts that regulate the processes of inflammation and
tissue reconstruction, respectively [40, 41]. Based on the
results, all the hydrogels exhibit monocyte viability values
higher than 80% at the evaluated culture times, indicating
that these matrices do not present a cytotoxic character for
monocytes. Statistically significant differences are deter-
mined by comparing the monocyte viability values at 72 h
of Alg–PU 20 with respect to the other hydrogels and the
control; indicating that this composition tends to increase
the metabolic activity of monocytes to reduce the salts of
MTT to formazan. The structure of this novel hydrogel, as
well as its improved swelling capacity, influences the
metabolic activation of monocytes; this can be taken
advantage of to generate wound healing strategies with
shorter healing times. It has been reported that various
chronic wounds require that monocytes be metabolically
activated to benefit the healing process [16, 40]; in this
sense, the modulation of monocyte metabolism via the
composition and structure of the hydrogel represents an
innovative strategy for a successful biomedical application.

The effect of hydrogel composition on fibroblast meta-
bolism is presented in Fig. 6c. For the three evaluated
incubation times, fibroblast viabilities higher than 80% were
determined, also indicating that the structure and composi-
tion of the hydrogels studied do not represent a cytotoxic
character for these important cells in tissue remodeling.
Fibroblasts can breathe actively in the presence of degra-
dation products derived from these hydrogels, without sig-
nificantly influencing the composition of the hydrogel with
respect to fibroblasts growing without the presence of
hydrogels (controls); reducing similar MTT concentrations
to formazan for all compositions at incubation times of 12 h
and 24 h; however, at 72 h there is a decrease in fibroblast
viability in IPN hydrogels; this could be associated to the
fact that the degradation products of these hydrogels mod-
ulate the metabolic activity of fibroblasts at long incubation
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periods, and this modulation could influence that this type
of cells tend to generate cytokines associated with the
construction of new tissue, such as has been reported for
various biomedical strategies involving fibroblasts for
wound healing [41, 42].

On the other hand, an important characteristic that a
hydrogel should possess for potential application as a
wound healing dressing is that it has the ability to inhibit the
growth of bacteria that develop infections in the wound bed.
Chronic wounds make healing difficult due to the presence
of these infections [43]. The E. coli bacterium is a micro-
organism that tends to symbiosis with other types of bac-
teria associated with infections in soft tissue wounds such as
S. aureus [43]; therefore, developing strategies that prevent
this microorganism from growing on the matrices in the
hydrogel state would enhance its biomedical application. To
evaluate whether the developed hydrogels have this prop-
erty, the halo of inhibition test was used with an E. coli
strain. The results are shown in Fig. 7.

Colonies of E. coli bacteria grow in the presence of EMB
medium, forming a characteristic metallic green coloration.
The obtained antibiograms show the formation of inhibition
halos (regions where E. coli colonies did not grow) in the
culture medium in the presence of the studied hydrogels;
these halos grow in diameter when increasing the con-
centration of PU reticulation agent. The inhibition capacities
of E. coli at 24 h of incubation, determined with respect to
the reference control (doxycycline), are 43 ± 4, 84 ± 6, and
132 ± 9% for Alg, Alg–PU 20 and Alg–PU 35, respectively.
Statistically, significant differences are found when com-
paring the inhibition value of the Alg–PU 35 hydrogel with
respect to Alg and Alg–PU 20 hydrogels. Thus, a propor-
tional relation between the capacity to inhibit the growth of
E. coli and the concentration of PU is determined;

indicating that these IPN hydrogels exhibit enhanced inhi-
bition capacity of this bacterium.

The surface modification that the alginate experiments
with the reticulation and interpenetration produced by the
PU is responsible for preventing the growth of bacteria in
the agar, showing a clear anti-bacterial effect, and that the
leachates from the hydrogel also impede their growth. It has
been reported that the chemical structure of alginate pre-
vents bacterial growth, therefore it is widely used in the
food industry and in biomedical controlled release devices;
this is mainly associated with the presence of Ca (II) ions
and polysaccharide skeletons with a specific structural
configuration that inhibits bacterial growth [44]. Other
cellulose-derived polysaccharides such as starch have also
provided the ability to inhibit bacterial growth in hydrogels
for biomedical applications [24]. Furthermore, the use of
this synthetic crosslinking agent in hydrogels based on
semi-IPN collagen with polyacrylate has shown to provide
the capacity to inhibit the growth of E. coli [25]. Increased
crystallinity of IPN hydrogels is also an indication of
increasing bacterial inhibition character [45].

Since hydrogels show the capacity to inhibit the growth
of pathogenic bacteria, it would not be necessary to use
exogenous antibiotics in the wound bed. Therefore,
hydrogels based on interpenetrated alginate–PU networks
presented in this work that show potential bacterial inhibi-
tion, could be very useful for successful biomedical appli-
cation, specifically as wound healing dressings.

4 Conclusion

The interpenetration and reticulation of alginate chains with
PU, in an aqueous medium, generates hydrogels with structure

Fig. 7 Results of the test of E.
coli inhibition halo in the
presence of the alginate-PU IPN
hydrogels
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and physicochemical properties tailored with the concentration
of this synthetic polymer. Concentrations up to 35 wt.% allow
to obtain materials in the hydrogel state, without modifying the
native biocompatibility of the alginate. The control of the
structure and properties is influenced by the generation of
amide bonds that influence the reticulation and interpenetration
capacity of the polymeric components to generate these novel
matrices in the hydrogel state. The hydrogel containing 20 wt.
% of PU exhibits a high capacity to absorb water, improved
storage modulus, slower degradation rate in neutral and acidic
media; also showing improved hemocompatibility and bac-
terial inhibition capacity, not representing cytotoxic character
for monocytes and fibroblasts up to 48 h of contact. Due to
this, these hydrogels can be excellent materials for potential
application as dressings for wound healing since they cover
the properties required for such.

Acknowledgements The authors thank to Consejo Nacional de
Ciencia y Tecnología (CONACYT) for supporting the FORDECYT-
PRONACES/6660/2020 project, to the Secretaría de Educación Púb-
lica (SEP) for the support for the realization of the UACOAH-PTC-
489 project, and finally to the Autonomous University of Coahuila for
supporting the CGEPI-UADEC C01-2019-56 project.

Compliance with ethical standards

Conflict of interest The authors declare no competing interests.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Lee KY, Mooney DJ. Alginate: properties and biomedical appli-
cations. Prog Polym Sci. 2012;37:106–26.

2. Liu J, Yang S, Li X, Yan Q, Reaney MJT, Jiang Z. Alginate
oligosaccharides: production, biological activities, and potential
applications. Compr Rev Food Sci Food Saf. 2019;18:1859–81.

3. Reakasame S, Boccaccini AR. Oxidized alginate-based hydrogels
for tissue engineering applications: a review. Biomacromolecules.
2018;19:3–21.

4. Neves MI, Moroni L, Barrias CC. Modulating alginate hydrogels
for improved biological performance as cellular 3D micro-
environments. Front Bioeng Biotechnol. 2020;8:665.

5. Saarai A, Sedlacek T, Kasparkova V, Kitano T, Saha P. On the
characterization of sodium alginate/gelatine-based hydrogels for
wound dressing. J Appl Polym Sci. 2012;126:E79–88.

6. Straccia MC, d’Ayala GG, Romano I, Oliva A, Laurienzo P.
Alginate hydrogels coated with chitosan for wound dressing. Mar
drugs. 2015;13:2890–908.

7. Pandima Devi MSM, Chamundeswari M, Moorthy A, Krithiga G,
Selva Murugan N, Sastry TP. A novel wound dressing material —
fibrin–chitosan–sodium alginate composite sheet. Bull Mater Sci.
2012;35:1157–63.

8. Singh R, Singh D. Radiation synthesis of PVP/alginate hydrogel
containing nanosilver as wound dressing. J Mater Sci Mater Med.
2012;23:2649–58.

9. Kamoun EA, Kenawy E-RS, Tamer TM, El-Meligy MA, Mohy
Eldin MS. Poly (vinyl alcohol)-alginate physically crosslinked
hydrogel membranes for wound dressing applications: Char-
acterization and bio-evaluation. Arab J Chem. 2015;8:38–47.

10. Mahou R, Meier RPH, Buhler LH, Wandrey C. Alginate-poly
(ethylene glycol) hybrid microspheres for primary cell micro-
encapsulation. Materials. 2014;7:275–86.

11. Yu W, Jiang Y-Y, Sun T-W, Qi C, Zhao H, Chen F, et al. Design
of a novel wound dressing consisting of alginate hydrogel and
simvastatin-incorporated mesoporous hydroxyapatite micro-
spheres for cutaneous wound healing. RSC Adv.
2016;6:104375–87.

12. Mohandas A, Kumar PTS, Raja B, Lakshmanan VK, Jayakumar
R. Exploration of alginate hydrogel/nano zinc oxide composite
bandages for infected wounds. Int J Nanomed. 2015;10:53–66.
Suppl 1

13. Sharma S, Sanpui P, Chattopadhyay A, Ghosh SS. Fabrication of
antibacterial silver nanoparticle—sodium alginate–chitosan com-
posite films. RSC Adv. 2012;2:5837.

14. Aderibigbe BA, Buyana B. Alginate in wound dressings. Phar-
maceutics. 2018;10:42.

15. Zhang M, Zhao X. Alginate hydrogel dressings for advanced
wound management. Int J Biol macromolecules.
2020;162:1414–28.

16. Salehi M, Ehterami A, Farzamfar S, Vaez A, Ebrahimi-Barough S.
Accelerating healing of excisional wound with alginate hydrogel
containing naringenin in rat model. Drug Deliv Transl Res.
2021;11:142–53.

17. Kuznetsova TA, Andryukov BG, Besednova NN, Zaporozhets
TS, Kalinin AV. Marine algae polysaccharides as basis for wound
dressings, drug delivery, and tissue engineering: a review. J Mar
Sci Eng. 2020;8:481.

18. Urzedo AL, Gonçalves MC, Nascimento MHM, Lombello CB,
Nakazato G, Seabra AB. Cytotoxicity and antibacterial activity of
alginate hydrogel containing nitric oxide donor and silver nano-
particles for topical applications. ACS Biomater Sci Eng.
2020;6:2117–34.

19. Notara M, Scotchford CA, Grant DM, Weston N, Roberts GA.
Cytocompatibility and hemocompatibility of a novel chitosan-
alginate gel system. J Biomed Mater Res Part A. 2009;89:854–64.

20. Claudio-Rizo JA, Mendoza-Novelo B, Delgado J, Castellano LE,
Mata-Mata JL. A new method for the preparation of biomedical
hydrogels comprised of extracellular matrix and oligourethanes.
Biomed Mater. 2016;11:035016.

21. Claudio-Rizo JA, Rangel-Argote M, Munoz-Gonzalez PU, Cas-
tellano LE, Delgado J, Gonzalez-Garcia G, et al. Improved
properties of composite collagen hydrogels: protected oligour-
ethanes and silica particles as modulators. J Mater Chem B.
2016;4:6497–509.

22. Rangel-Argote M, Claudio-Rizo JA, Castellano LE, Vega-Gon-
zález A, Mata-Mata JL, Mendoza-Novelo B.
ECM–oligourethene–silica hydrogels as a local drug release

70 Page 12 of 13 Journal of Materials Science: Materials in Medicine (2021) 32:70

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


system of dexamethasone for stimulating macrophages. RSC Adv.
2017;7:10443–53.

23. Munoz-Gonzalez PU, Rivera-Debernardi O, Mendoza-Novelo B,
Claudio-Rizo JA, Mata-Mata JL, Delgadillo-Holtfort I, et al.
Design of silica-oligourethane-collagen membranes for inflam-
matory response modulation: characterization and polarization of
a macrophage cell line. Macromol Biosci. 2018;18:e1800099.

24. Claudio-Rizo JA, Hernandez-Hernandez NG, Cano-Salazar LF,
Flores-Guía TE, Cruz-Durán FN, Cabrera-Munguía DA, et al.
Novel semi-interpenetrated networks based on collagen‐poly-
urethane‐polysaccharides in hydrogel state for biomedical appli-
cations. J Appl Polym Sci. 2020;138:49739.

25. Claudio-Rizo JA, Gonzalez-Lara IA, Flores-Guia TE, Cano-
Salazar LF, Cabrera-Munguia DA, Becerra-Rodriguez JJ. Study of
the polyacrylate interpenetration in a collagen-polyurethane
matrix to prepare novel hydrogels for biomedical applications.
Int J Biol macromolecules. 2020;156:27–39.

26. Zia KM, Zia F, Zuber M, Rehman S, Ahmad MN. Alginate based
polyurethanes: a review of recent advances and perspective. Int J
Biol macromolecules. 2015;79:377–87.

27. Solanki A, Das M, Thakore S. A review on carbohydrate
embedded polyurethanes: an emerging area in the scope of bio-
medical applications. Carbohydr Polym. 2018;181:1003–16.

28. Saarai A, Kasparkova V, Sedlacek T, Saha P. On the development
and characterisation of crosslinked sodium alginate/gelatine
hydrogels. J Mech Behav Biomed Mater. 2013;18:152–66.

29. Vijaya Y, Popuri SR, Reddy AS, Krishnaiah A. Synthesis and
characterization of glutaraldehyde-crosslinked calcium alginate
for fluoride removal from aqueous solutions. J Appl Polym Sci.
2011;120:3443–52.

30. Chhatbar MU, Prasad K, Chejara DR, Siddhanta AK. Synthesis of
sodium alginate based sprayable new soft gel system. Soft Matter.
2012;8:1837–44.

31. Naseri N, Deepa B, Mathew AP, Oksman K, Girandon L.
Nanocellulose-based interpenetrating polymer network (IPN) hydro-
gels for cartilage applications. Biomacromolecules. 2016;17:3714–23.

32. Dos Anjos S, Mavropoulos E, Alves GG, Costa AM, de Alencar
Hausen M, Spiegel CN, et al. Impact of crystallinity and crystal
size of nanostructured carbonated hydroxyapatite on pre‐osteo-
blast in vitro biocompatibility. J Biomed Mater Res Part A.
2019;107:1965–76.

33. Zhao F, Qin X, Feng S. Preparation of microgel/sodium alginate
composite granular hydrogels and their Cu2+ adsorption proper-
ties. RSC Adv. 2016;6:100511–8.

34. Zhang T, Day JH, Su X, Guadarrama AG, Sandbo NK, Esnault S,
et al. Investigating fibroblast-induced collagen gel contraction
using a dynamic microscale platform. Front Bioeng Biotechnol.
2019;7:196.

35. Mathew SPAP, Thomas S. Studies on the thermal stability of
natural rubber/polystyrene interpenetrating polymer networks:
thermogravimetric analysis. Polym Degrad Stab. 2001;72:423–39.

36. Schneider LA, Korber A, Grabbe S, Dissemond J. Influence of pH
on wound-healing: a new perspective for wound-therapy? Arch
dermatological Res. 2007;298:413–20.

37. Zhang H, Zhou L, Zhang W. Control of scaffold degradation in
tissue engineering: a review. Tissue Eng Part B, Rev.
2014;20:492–502.

38. Hariyadi DM, Islam N. Current status of alginate in drug delivery.
Adv Pharmacol Pharm Sci. 2020;2020:8886095–16.

39. Ma C, Kuzma ML, Bai X, Yang J. Biomaterial‐based metabolic
regulation in regenerative engineering. Adv Sci. 2019;6:1900819.

40. Ogle ME, Segar CE, Sridhar S, Botchwey EA. Monocytes and
macrophages in tissue repair: Implications for immunor-
egenerative biomaterial design. Exp Biol Med.
2016;241:1084–97.

41. Zhao X, Psarianos P, Ghoraie LS, Yip K, Goldstein D, Gilbert R,
et al. Metabolic regulation of dermal fibroblasts contributes to skin
extracellular matrix homeostasis and fibrosis. Nat Metab.
2019;1:147–57.

42. Park SRPSH, Chung SI, Pai KS, Min BH. Tissue-engineered
cartilage using fibrin/hyaluronan composite gel and its in vivo
implantation. Artif Organs. 2005;29:838–45.

43. Nagoba BS, Wadher BJ, Rao AK, Kore GD, Gomashe AV, Ingle
AB. A simple and effective approach for the treatment of chronic
wound infections caused by multiple antibiotic resistant Escher-
ichia coli. J hospital Infect. 2008;69:177–80.

44. Ye J, Ma D, Qin W, Liu Y. Physical and antibacterial properties of
sodium alginate-sodium carboxymethylcellulose films containing
Lactococcus lactis. Molecules. 2018;23:2645

45. Wyszogrodzka BMG, Gil B, Dorożyński P. Metal-organic fra-
meworks: mechanisms of antibacterial action and potential
applications. Drug Discov Today. 2016;21:1009–18.

Journal of Materials Science: Materials in Medicine (2021) 32:70 Page 13 of 13 70


	Highly absorbent hydrogels comprised from interpenetrated networks of alginate&#x02013;nobreakpolyurethane for biomedical applications
	Abstract
	Introduction
	Experimental section
	Materials
	Synthesis of IPN hydrogels comprised from alginate&#x02013;nobreakPU
	Preparation of aqueous polyurethane dispersions
	Synthesis of IPN hydrogels
	Structural and physicochemical characterization
	Evaluation of in�vitro biocompatibility
	Statistical analysis

	Results and discussions
	Structural and physicochemical characterization
	Studies of in�vitro biocompatibility

	Conclusion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




