
RSC Advances

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

/1
4/

20
26

 1
:0

2:
55

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A sodium alginat
Faculty of Chemistry and Environment

Zhanjiang 524088, China. E-mail: vickygirl7

Cite this: RSC Adv., 2020, 10, 39722

Received 14th May 2020
Accepted 19th October 2020

DOI: 10.1039/d0ra04316h

rsc.li/rsc-advances

39722 | RSC Adv., 2020, 10, 39722–
e-based sustained-release IPN
hydrogel and its applications

Zuhao Zou, Bijun Zhang, Xiaoqin Nie, Yu Cheng,* Zhang Hu, Mingneng Liao
and Sidong Li

Interpenetrating polymer network (IPN) hydrogels are crosslinked by two or more polymer networks,

providing free volume space in the three-dimensional network structure, and providing conditions for

the sustained and controlled release of drugs. The IPN hydrogels based on the natural polymer sodium

alginate can form a stable porous network structure. Due to its excellent biocompatibility, the loaded

drug can be sustained to the maximum extent without affecting its pharmacological effect. Sodium

alginate-based IPN hydrogels have broad application prospects in the field of sustained and controlled

drug release. This paper begins with an overview of the formation of alginate-based IPN hydrogels;

summarizes the types of alginate-based IPN hydrogels; and discusses the pharmaceutical applications of

alginate-based IPN hydrogels. We aim to give an overview of the research on IPN hydrogels based on

sodium alginate in sustained and controlled drug release systems.
Introduction

Hydrogels are colloids composed of a hydrophilic polymer with
a high water content and a three-dimensional (3D) crosslinked
networks structure,1 widely used in tissue engineering,
biomedicine and other elds.2–4 Traditional hydrogels have
defects such as poor mechanical properties5 and single perfor-
mance,6 and their application in biomedicine is signicantly
limited. In recent years, with the development of life sciences,
people have submitted higher requirements for hydrogels. It is
well-known that hydrogels can be widely used in the sustained
and controlled release of drugs, and good biocompatibility and
biodegradability are critical factors for their success.7

Interpenetrating polymer network (IPN) hydrogels are cross-
linked by two or more polymer networks (such as chitosan,
alginate, starch, polyacrylamide, polyacrylic acid, polyvinyl
alcohol, etc.). In semi-IPN hydrogels, a network with linear
polymers is embedded within the rst network. IPN hydrogels
contain two or more polymers, which can be cross-linked in the
presence of each other to give a 3D network structure,
producing a free volume for the easy encapsulation of drugs,8

and provide conditions for sustained and controlled release of
drugs. IPN hydrogels also have mechanical strengthening,9

biodegradation kinetics,10 in vivo dual polymer activity,11 new
nanostructures12 and other characteristics, which provide
biocompatibility and convenience for molecules ranging from
non-steroidal anti-inammatory drugs (NSAIDs) to proteins and
peptides and stable drug delivery systems.
Science, Guangdong Ocean University,
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Natural polymers have excellent biocompatibility and
biodegradability, and are widely distributed and easily ob-
tained.13,14 Among them, sodium alginate can be used as
amatrix to prepare macroporous hydrogels.15,16 Sodium alginate
is a linear block copolymer comprising 1,4-linked b-D-mannur-
onic and a-L-guluronic acid residues.17 It is considered to be
non-toxic and biocompatible,18 and its compatibility with drugs
does not affect the pharmacological effects, showing that it has
more natural advantages in the sustained and controlled
release of drugs. At present, scientists have conducted a lot of
research on IPN hydrogels made from the natural polymer
sodium alginate. This review discusses the formation and types
of alginate-based IPN hydrogels, and their pharmaceutical
application.
IPN hydrogels

IPNs are alloys of cross-linked polymers19 that are formed by
interpenetrating entanglement of two or more cross-linked
polymers. When only one polymer in the system is cross-
linked, it is called a semi-IPN. IPNs are oen created for the
purpose of conferring key attributes of one of the components
while maintaining the critical attributes of another. In some
cases, entirely new, and sometimes surprising properties are
exhibited by the IPN that are not observed in either of the two
single networks alone.20

IPNs and semi-IPNs used in biomedicine include lms,21

microspheres22 and hydrogels.20 They are used as scaffold
materials for tissue engineering,23 drug delivery systems24 and
in many other biomedical elds. IPN-based hydrogels have
attracted the attention of researchers in the biomedical eld
This journal is © The Royal Society of Chemistry 2020
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due to their excellent properties. Hydrogels prepared from IPNs
have various properties, including better mechanical strength,24

stability,25 and stimulus responsiveness.26

Sodium alginate is a polymer based on natural poly-
saccharides. In the presence of divalent cations, it exhibits
unique gelation characteristics in aqueous solutions, but the gel
is accompanied by shortcomings such as instability and
fragility. It can be combined with polymers with temperature
responsiveness, electric eld responsiveness and other
responsiveness, which can not only make up for the original
defects, but also prepare various intelligent IPN hydrogels with
the help of IPN technology. The fruitful precedent of combining
sodium alginate with different polymers has promoted the
development of IPN hydrogels, which have sustained and
controlled release of drugs,27 high porosity28 and multiple
responsiveness.28–30
Fig. 1 Schematic drawing of the multiple-step binding of Ca to
alginate with a considerable chain length. The zigzag lines, smooth
lines, and dots stand for G-block, M-block, and Ca2+, respectively.
R[Ca]/[G] is the feeding ratio of added Ca2+ to unit G residue. This figure
has been adapted from ref. 50 with permission from American
Chemical Society, Copyright © 2007.

Fig. 2 Physically cross-linked sodium alginate-based semi-IPN
hydrogel film formation mechanism. This figure has been adapted
from ref. 52 with permission from JohnWiley & Sons, Ltd., Copyright ©
2008.
Formation of alginate-based IPN
hydrogels

The main chain of sodium alginate contains a large number of
–COO� reactive groups, and the anions in aqueous solution
exhibit aggregation behavior, so it has some adhesiveness and
can be used as a drug carrier for the treatment of mucosal
tissues.31 The pH sensitivity of sodium alginate also originates
from the –COO� group. Under acidic conditions, –COO� is
converted to –COOH, and the hydrogen bond interaction
between the carboxyl groups of sodium alginate molecules is
enhanced, which causes the molecular chain to shrink.32 When
the pH value increases, the –COOH group tends to ionize and
produce –COO�.33 At that time, the hydrophilicity of sodium
alginate also increases,34 so that the molecular chain can be
extended.

Sodium alginate hydrogels have a wide range of applications
in sustained and controlled release of drugs,35–37 and its pH
sensitivity can be a key element of its selective release in the
stomach.38 Sodium alginate has unique gelation properties in
aqueous solution in the presence of divalent cations.39 The
sodium ion of gurouronic acid exchanges with the divalent
cation, and the divalent cationic association proximal fraction
belongs to carboxyl groups on different sodium alginate
molecular chains to form a hydrogel with a cross-linked
network structure.40 Such a 3D network structure provides
a large number of drug-loading sites41 and is used to manu-
facture various drugs, proteins and even cellular controlled
release systems.42,43 Because sodium alginate can have
extremely mild gelation conditions, it has the stability required
for preparation of pharmaceutical excipients,44 which also
prevents the inactivation of pharmaceutically active
substances.45

Under normal circumstances, the burst release of drug
molecules from sodium alginate hydrogels which formed by
Ca2+ cross-linking (Fig. 1) is a common issue in the eld of
controlled drug delivery systems, leading to suddenly burst
release.16 In recent years, a lot of work has been conducted to
improve the performance of sodium alginate hydrogels as drug
This journal is © The Royal Society of Chemistry 2020
carriers. Compounds of sodium alginate with other polymers
such as polyvinyl alcohol (PVA),46 gelatin,47 or hydroxypropyl
methyl cellulose,48 and the coating of sodium alginate beads
with cationic polymers such as chitosan has been found to
improve the problems of drug leaking and encapsulation rate.49

Cross-linking of sodium alginate and ovalbumin alone has also
been successful.50 The formation of hydrogels may be the
product of one or more cross-linking methods.

IPN technology can use polymers with certain special prop-
erties to improve the deciencies of sodium alginate. Taking
sodium alginate/polyvinyl alcohol (PVA) hydrogels as an
example, the PVA molecule is so, and the sodium alginate gel
is rigid, and the introduction of PVA can increase the elasticity
of the gel.51

Jao52 et al. chose not to use chemical cross-linking agents but
physical cross-linking-prepared semi-IPN hydrogel, which
relied on Ca2+ cross-linking between alginate chains and
hydrogen bonding interaction between PVA chains (Fig. 2). In
RSC Adv., 2020, 10, 39722–39730 | 39723
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Fig. 4 Formation mechanism of sodium alginate-based IPN gel
microspheres with double cross-linking of Ca2+ + GA. This figure has
been adapted from ref. 53 with permission from Elsevier B.V., copy-
right © 2015.

Fig. 3 Formation mechanism of chemically cross-linked sodium
alginate-based IPN hydrogel. This figure has been adapted from ref. 46
with permission from Elsevier B.V., copyright © 2010.
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such systems, the PVA network can provide mechanical
enhancement and temperature sensitivity, while the alginate
network can provide pH sensitivity. They showed that when the
pH value is 4, the swelling is minimal, and the swelling ratio
increases with pH value. The enthalpy of alginate/PVA hydrogel
suddenly increases between 37 and 45 �C, which may be caused
by hydrogen bond dissociation of alginate/PVA hydrogel. The
elastic modulus and effective cross-linking density of the
composite increases with increase of alginate content, which
may be due to the increase of hydrophobic interaction and
polymer interaction. Alginate/PVA hydrogels are sensitive to pH
and temperature and can be invoked as controlled release
systems in biomedical elds.

Kulkarni46 and others used glutaraldehyde as a cross-linking
agent to prepare sodium alginate/PVA IPN hydrogel membranes
by chemical cross-linking (Fig. 3), which was used for the sus-
tained release of the antihypertensive drug prazosin hydro-
chloride. Prazosin hydrochloride is a widely used drug for the
treatment of hypertension and congestive heart failure that
requires multiple doses to maintain blood levels of the drug.
The IPN hydrogel membranes extend the drug release up to
24 h, while sodium alginate and PVA hydrogel membranes
discharge the drug quickly. Cineole has shown greater
enhancement in drug permeation. A study of skin irritation and
skin histopathology has indicated that the prepared IPN
hydrogel membranes are perfectly safe for transdermal drug
delivery applications.

Boppana53 et al. used a Ca2+ + glutaraldehyde double cross-
linking method to prepare IPN microspheres with ketoprofen-
preloaded, polyacrylamide-graed gum ghatti and sodium
39724 | RSC Adv., 2020, 10, 39722–39730
alginate (Fig. 4). Ketoprofen is an NSAID currently being utilized
to treat musculoskeletal and joint diseases. It is easily absorbed
from the gastrointestinal tract and has a short half-life of only
2 h. Aer oral administration, gastric irritation, ulcer, bleeding
and other adverse reactions occurred. Therefore, in order to
effectively treat musculoskeletal diseases and patient compli-
ance, IPN hydrogel microbeads prepared in this study were used
to control the release of ketoprofen and avoid its release in the
stomach. As IPN microbeads contain –COO� reactive groups,
they are un-ionized in the stomach pH, leading to small
amounts of drug release. In contrast, the microbeads undergo
ionization in the intestinal pH, leading to greater drug release.
In vivo experiments in Wistar rats also conrmed this conclu-
sion. The pH-sensitive IPN microbeads blocked the release of
drugs in the stomach and reduced ulcers, bleeding andmucosal
erosion. The controlled release effect of ketoprofen was also
conrmed. Therefore, IPN microbeads are useful for gastro-
protective controlled delivery of NSAIDs.

Wen54 et al. prepared IPN hydrogels composed of gelatin and
sodium alginate by the double cross-linking method of enzymes
and ions (Fig. 5). The gel can support cell adhesion and diffu-
sion in vitro. Surprisingly, IPN hydrogels can even withstand
traditional steam sterilization, which may seriously damage the
morphology and mechanical properties of traditional hydro-
gels. The enzymatic and calcium cross-linking methods are
straightforward, efficient and free of harmful and toxic chem-
icals. The results show that the sodium alginate IPN hydrogel
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Formation mechanism of sodium alginate-based IPN hydrogel
with double cross-linked of Enzyme and ion. This figure has been
adapted from ref. 54 with permission from WILEY-VCH Verlag
GmbH&Co. KGaA, Weinheim, copyright © 2014.
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has excellent biocompatibility and robust mechanical proper-
ties, and provides an opportunity to be used as a tissue engi-
neering scaffold.
Types of IPN hydrogels based on
sodium alginate

In recent years, researchers have controlled the release of drugs
by changing the structure of hydrogels, and can sense changes
in environmental information such as temperature,55 pH
value,56 or chemical substances57 at the lesion site to achieve the
effect of sustained and controlled release, increasing the safety
of drug-loaded hydrogels, and other advantages. Although
a single component sodium alginate hydrogel is pH sensitive,
no matter what kind of cross-linking method is used, the sus-
tained and controlled release of drugs is not ideal. Therefore,
sodium alginate is generally used in combination with other
polymer compounds, and researchers have prepared a series of
smart IPN hydrogels with the help of IPN technology.
Fig. 6 Mechanism of temperature/pH double-sensitive IPN hydrogels
based on sodium alginate release at physiological temperature. This
figure has been adapted from ref. 29 with permission from American
Chemical Society, copyright © 2017.
The pH-sensitive hydrogels

Khalid58 et al. prepared PVA-graed poly(acrylic acid)/sodium
alginate semi-IPN hydrogel by chemical cross-linking, and the
hydrogels supported loxoprofen sodium. The prepared hydro-
gels had a high pH sensitivity, and showed maximal swelling
and drug loading and release at pH 7.4, and lower at pH 1.2. The
biodegradability and biocompatibility of sodium alginate and
poly(methacrylic acid) semi-IPN hydrogel has been used to
control the release of theophylline.59 Upadhay and others60 used
the natural polymers locust bean gum and sodium alginate to
develop an IPN sodium alginate hydrogel for capecitabine. In
vitro drug release studies have shown sustained release for 12 h.
Basu61 et al. developed a nano-silver composite semi-IPN
hydrogel of sodium alginate and acrylamide, and explored its
drug-release characteristics. The encapsulated nano-silver
particles and ciprooxacinmolecules showed sustained release.

Due to the addition of the second component, the pH-
responsive sodium alginate-based IPN hydrogels show better
sustained and controlled release of drugs, as well as excellent
mechanical strength.
This journal is © The Royal Society of Chemistry 2020
Temperature/pH double-sensitive hydrogels

It can be seen from the above that sodium alginate hydrogels
have pH sensitivity. However, single responsive hydrogels can
no longer respond to the needs of contemporary medicine. IPN
hydrogels prepared by various cross-linking methods from two
or more non-interfering, single sensitive polymer monomers
have double/multiple responsiveness. In addition to tempera-
ture changes,62 the focal site of patients with cancer or inam-
mation oen has localized acidication. These two
characteristics usually could be used for specic drug delivery.63

Recent in-depth study of multiple responsive hydrogels has
broadened the potential applications of smart hydrogels.
Research hotspots are concentrated on the preparation of
temperature/pH dual-response hydrogels and their applications
in the eld of biomedicine. This is because temperature and pH
are important physiological parameters in human systems, and
they are also easy to sense and control stimulus signals.64–67

The IPN hydrogel formed by doxorubicin (DOX)-loaded
sodium alginate and poly(N-isopropylacrylamide) copolymer
showed sustained-release of the drug at physiological pH and
temperature (Fig. 6). DOX released from the hydrogels is
encapsulated in themicelles formed by the co-polymers, i.e., the
hydrogels release DOX-encapsulated micelles in a sustained
manner that has been found to be effective in cancer treat-
ment.29 Eswaramma and others19 prepared IPN hydrogel
microbeads based on sodium alginate and functionally modi-
ed guar gum. They showed that the microbeads may be
sensitive to both pH and temperature. At 37 �C and pH 7.4, the
release time of zidovudine (an anti-HIV drug) was extended to
34 h. Jalababu and others68 used modied sodium alginate, N-
isopropylacrylamide and acrylamide as raw materials, and
adopted a single-step free radical polymerization reaction to
cross-link with N,N0-methylenebisacrylamide to synthesize
a new polymer. The pH/temperature dual-response type was
used to control the IPN hydrogel released by the anticancer drug
was extended to 48 h. Vasanta Madhavi and others69 used locust
bean gum and sodium alginate to prepare IPN hydrogels beads
through glutaraldehyde cross-linking to study the controlled
release of the anti-inammatory drug nimesulide. In vitro
dissolution experiments showed that nimesulide had pro-
longed release of 48 h.

The sustained release capability of these newly developed
drug-loaded temperature/pH dual-response IPN hydrogels may
RSC Adv., 2020, 10, 39722–39730 | 39725
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be advantageous because it can achieve the purpose of reducing
the dosing interval and is benecial to patient compliance. The
temperature/pH dual-response IPN hydrogels can be a prom-
ising candidate preparation for targeted and sustained release
of anti-cancer and anti-inammatory drugs.
Electric eld/pH double-sensitive hydrogels

Electric-eld-sensitive hydrogels control the release of drugs by
monitoring the on/off of electrical signals. Sodium alginate is
a polymer polyelectrolyte, and its hydrogels are responsive to
electrical stimulation.

Shi30 et al. prepared a semi-IPN hydrogel based on bacterial
cellulose nanobers and sodium alginate. This semi-IPN is
a double-stimulated drug release system. The system has the
characteristics of swelling and drug release in response to pH
and electric eld stimuli. The swelling rate of sodium alginate
bacterial cellulose increased from <8 times (pH 1.5) to >13 times
when the pH value was 11.8. In addition, the swelling rate is
impacted by the electric eld. When the electric eld changes
from 0 to 0.5 V, the expansion rate of the semi-IPN system
increases from 8 to 14 times in the dry state. This kind of IPN
hydrogel uses the change in its swelling rate in the electric eld
to realize the electric eld control of the drugs release.
Researchers have used this semi-IP system to study the loading
and release of the NSAID ibuprofen. The drug release can be
controlled by deprotonation or protonation of sodium alginate
in hydrogels under different pH conditions. The system
demonstrates that the drug release is faster under alkaline
conditions and slower under acidic conditions.
Salt/pH double-sensitive hydrogels

The characteristic of salt-sensitive hydrogels is that the swelling
properties of the gel can undergo abrupt changes under the
Table 1 Sodium alginate-based IPN sustained and controlled release hy

Route of
administration Components of IPN

Oral Poly(vinyl alcohol), xanthan gum
Locust bean gum
Locust bean gum, methacrylic acid
Polyacrylamide,Gum ghatti
Locust bean gum
Carboxymethyl cellulose
N-Acryloyl-L-phenylalanine, ethylene glycol vinyl
hydroxyethyl acrylate
Locust bean gum
Carboxymethyl locust bean gum
O-Carboxymethyl tamarind gum
Functional modied guar gum
Modied karaya gum
Starch, poly(acrylic acid)
Acrylic acid-divinyl benzene
Karaya gum

Subcutaneously Poly(N-isopropyl acrylamide)
Poly(ethylene glycol) Methacrylate,
N-isopropyl acrylamide

Transdermal Poly(vinyl alcohol)

39726 | RSC Adv., 2020, 10, 39722–39730
action of added salt. Salt is one of the most important
substances for human survival, and can regulate the osmotic
balance between cells and blood as well as normal water and
salt metabolism.

Yin28 et al. synthesized an IPN super-porous hydrogel con-
taining sodium alginate. The results show that these hydrogels
have a large number of interconnected pores and IPNs at the
same time. Their swelling rate is lower than that of super-
porous hydrogels, with an increased sodium alginate/
monomer ratio and lower. The in situ lactate dehydrogenase
test was conducted on AD293 cells by the thiazole blue method,
and morphological observation of the rat intestinal tissue was
performed. The results showed that the polymer caused no
obvious cell and mucosal damage to the rat intestinal tissue.
The good news is that the rapid swelling of this hydrogel,
superior mechanical properties, pH responsiveness, salt sensi-
tivity and biocompatibility indicate that it is a potential candi-
date in the eld of drug delivery systems.

Application of sodium alginate-based
IPN sustained and controlled release
hydrogels in pharmacy

Sodium alginate has the characteristics of degradability, good
biocompatibility, non-toxicity, easy availability, low cost, and no
immunogenicity, so that it has an excellent performance in the
eld of biomedicine. IPN sustained and controlled release
hydrogels based on sodium alginate have been extensively
studied for targeted drug and protein administration.

Delivery of small chemical drugs

Inherent pH sensitivity of sodium alginate makes it an ideal
agent for colon-specic drug delivery. It has been used
drogels and its latest progress in small chemical drug delivery

Drugs Entrapment efficiency

Noroxacin 83% (ref. 79)
Nimesulide 74% (ref. 69)
Simvastatin 70% (ref. 80)
Ketoprofen 90% (ref. 53)
Capecitabine 81% (ref. 60)
Melbine 73% (ref. 81)

ether, Curcumin 73% (ref. 82)

Capecitabine 84% (ref. 83)
Glipizide 93% (ref. 84)
Acyclovir 70% (ref. 85)
Zidovudine 68% (ref. 19)
D-Penicillamine 71% (ref. 86)
Diclofenac sodium 72% (ref. 87)
Ciprooxacin 92% (ref. 88)
Fluorine formamide 74% (ref. 89)
Adriamycin —29

Diclofenac sodium —90

Prazosin hydrochloride —46

This journal is © The Royal Society of Chemistry 2020
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extensively as a drug carrier because of its ability to encapsulate
and release multiple drugs in a gentle and biocompatible
manner. Aer oral, subcutaneous, vascular, mucosal, pulmo-
nary and transdermal administration of sodium alginate,70–76

biocompatibility in vivo has been veried. Sodium alginate-
based IPN hydrogels can be used for continuous and local
administration of traditional small chemical drugs. Traditional
methods of administration (mostly oral administration) oen
result in the burst release of the drug, and poor targeting,
leading to adverse effects and ineffectiveness. Oral preparations
are now the most common and most preferred method in
pharmaceutical applications. The design of oral dosage forms
generally follows one of the following two principles: (1) the
entire drug dose is in the same physical unit; or (2) the dose is
encapsulated in an assembly of small subunits.77 In the latter
case, the subunits are further compressed into tablets, thereby
creating a barrier that can provide controlled release properties.
The sodium alginate hydrocolloid immediately hydrates,
forming a high viscosity layer around it, acting as a diffusion
barrier, thereby reducing the migration of small chemical drugs
and maintaining drug delivery. By adjusting the drug-sodium
alginate interaction, the release kinetics of low molecular
weight drugs in the sodium alginate gel can be monitored.
When there is no chemical reaction between the drug and the
polymer, the release mainly depends on the charge polarization
of the molecule; that is, the hydrophilic molecule diffuses
quickly, while the hydrophobic drug diffuses slowly through the
pores of the gel.78 Table 1 summarizes the latest progress of
sodium alginate-based IPN slow-release controlled hydrogels
and their delivery in small chemical drugs.

It can be seen from the above table that oral dosing of the
drug dosing way great proportion, because oral drug adminis-
tration has the characteristics of convenience, economy and
safety; however, short residence time of drugs in the gut limits
the use of the oral route. The inherent pH responsiveness of
sodium alginate makes them into an excellent agent for colon-
specic drug delivery. The IPN between various functional
polymers and sodium alginate gives hydrogels multiple
responses, among which the temperature response is the most
commonly used. They can be used as targeted control drug
delivery systems. A large number of sodium alginate-based IPN
hydrogels have been developed for controlled release of targeted
drugs. The potential of sodium alginate IPN hydrogels as sus-
tained drug delivery formulations has been demonstrated.
Reports in the literature of alginate-based IPN hydrogels
Table 2 Sodium alginate-based IPN sustained and controlled release hy

Route of administration Components of IPN

Oral Sodium acrylate, N-vinylpyrrolidone
L-Arginine
Carboxymethyl chitosan

Subcutaneously Poly(ethylene glycol) methacrylate, N-is
Dextran methacrylate derivative

Pulmonary Modied N-phthalyl chitosan

This journal is © The Royal Society of Chemistry 2020
indicate that the drug release time can be extended from several
hours to several days.

Protein delivery

Route of administration. The inside of sodium alginate is
almost an inert aqueous environment. Its organic solvent-free
encapsulation process and high gel porosity at room tempera-
ture can achieve a high diffusion rate of macromolecules. Not
only that, the porosity can be easily controlled through a simple
procedure, and the system can be biodegraded under normal
physiological conditions. These unique characteristics make it
a matrix for the encapsulation and delivery of multiple protein
drugs.91 In order to realize the sustained release of protein
drugs, the protein diffuses out via the porosity. There have been
some reports on the controlled release of proteins in sodium
alginate-based IPN hydrogels. Table 2 summarizes them.

As with IPN hydrogels for delivery of small chemotherapeutic
agents, oral delivery is still the main route for protein drug
delivery, but in the oral delivery route, the drug must overcome
several obstacles before getting into the systemic circulation. In
the gastrointestinal tract, protein drugs can be affected by
digestive enzymes. Sodium alginate has strong biological
adhesion, which can help the contact time between drugs and
the conjunctival mucosa. Many unique characteristics make it
a substrate for the encapsulation and delivery of various protein
drugs. Bovine serum albumin has served as a model drug to
evaluate the drug delivery effect of hydrogels. Surprisingly, the
drug's release lasted for about 15 days. These hydrogel
controlled-release proteins have been recorded to validate their
effectiveness as a continuous protein delivery system for
improving patient compliance.

Pharmaceutical excipients. Momoh and others96 conducted
a study in which they delivered an IPN hydrogel dressing made
of sodium alginate and glycerin containing therapeutic proteins
to the wound, and found that the protein could be released for
more than 72 h. This dressing also shows ideal moisture
content, which is required for protein conformation, and shows
a good balance between exibility and toughness.

Tissue engineering. Pescosolido97 et al. have developed an
IPN hydrogels based on a physical network of alginate, inter-
penetrated with a chemical one based on hydroxyethyl-
methacrylate-derivatized dextran. In about 15 days, bovine
serum albumin was gradually released from the hydrogel. They
showed that these IPN hydrogels had the potential to serve as
a scaffold for the proliferation and differentiation of encapsu-
lated cells.
drogels and its latest progress in protein delivery

Protein Entrapment efficiency

BSA —92

BSA —93

BSA —16

opropyl acrylamide BSA —90

Myoglobin —94

BSA 90% (ref. 95)

RSC Adv., 2020, 10, 39722–39730 | 39727
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Conclusions

Alginate-based IPN hydrogels have been extensively used for the
delivery of drugs and proteins or as basic materials for tissue
repair and regeneration. They have potential research applica-
tions in the eld of sustained and controlled drug release.

However, at present, most of the sodium alginate hydrogels
are still limited to the theoretical research stage in the labora-
tory. Their actual application still needs to be improved
considerably. Not only that, sodium alginate is highly hydro-
philic, which results in poor sustained and controlled release of
water-soluble drugs. Single-response and dual-response sodium
alginate-based IPN hydrogels have been reported in a large
number of studies, and most of them are only for one drug.
Today, the treatment of diseases oen involves the synergy of
multiple drugs or some diseases are subject to a considerable
variety of complications. The development of multiple-response
intelligent sodium alginate hydrogels that can release multiple
drugs accurately and in an orderly manner, and how to improve
the targeting of drug-loaded hydrogels will be important
directions in future research.
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