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Christof Schröfl

1 Chemical design and synthesis
of superabsorbent polymers

Abstract: Chemical design and realization of superabsorbent polymers (SAPs) are
driven by most appropriate performance of the products in distinct applications.
Speed and final level of absorption as well as retention efficiency depend on the
ionic composition of the solutions to which the polymer is typically exposed.
Requirements originating from applications in sanitary products and healthcare
have dominated ever since. Further target fields include agriculture and cement-
based building materials.

Superabsorbers that are available are mostly based on acrylate chemistry, and
these are synthesized through free-radical copolymerization in bulk/solution or in-
verse suspension processes. Comonomers can be integrated into feature-specific ef-
fects, for instance, sulfonic or phosphonic, in addition to or instead of carboxylate
groups, cationic sites to form amphoteric polymers, nonionic but hydrophilic moie-
ties to dilute the density of the ionic density along the polymer chains, or biologi-
cally active motives. The primary products are commonly processed further by
elaborate postpolymerization treatments. Most important is surface postcross-link-
ing to minimize the stickiness of powdery superabsorbent products and the so-
called gel-blocking effect in superabsorber beds.

Research has recently focused on biopolymers and bioderived main monomers
and cross-linkers. Polysaccharides, such as cellulose, starch, alginate, chitin, and
chitosan, play most important roles, and proteins have also been utilized. These
natural substances can chemically be slightly modified or grafted by acrylate-based
network structures. A broad range from distinctly biobased superabsorbers to hy-
brids from petrochemical and biogenic sources can be generated.

1.1 Thermodynamics and kinetics of liquid
absorption by superabsorbent polymers

SAP particles take up aqueous solution in considerably larger mass and volume
than their individual dry weight. The absorption kinetics, final amount absorbed,
and the stability of the swollen product, that is, the hydrogel, depend on molecular
composition and grading as well as the ionic loading of the liquid phase. The poly-
mer particles remain individually particulate in their water-enriched state, because
the cross-linked primary polymer chains represent a three-dimensional network
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which is insoluble as an entity. Thermodynamically, Equation (1.1) describes the
equilibrium state [1]:

Δπ = Δπ(mix) + Δπ(elastic) + Δπ(ion) + Δπ(bath) = 0 (1.1)

At first, polymer–solvent interactions induce osmotic pressure Δπ(mix), which makes
the network to expand. Solvent molecules attach to each primary chain and, poten-
tially, cross-linking units of the SAP. However, these chains cannot move freely –
which would be denominated as dissolving – due to their chemically stable intercon-
nections. A counteracting elastic force Δπ(elastic) builds up, which limits the overall
expansion. Next, ionic groups along the chains deprotonate or protonate in nonneutral
aqueous solution. This makes the chains charged likewise, and they repel each other.
Another expansive pressure, Δπ(ion), initiates. The charge-balancing, dissolved ions
are mobile but they cannot leave the interior of the expanded network without replace-
ment by other ions. The hydrogel itself must remain electronically neutral as an entity.
Ingressing ions from the solution outside can penetrate the hydrogel, which results in
polyelectrolyte shielding Δπ(bath). The osmotic pressure is reduced pronouncedly and
may even be contractive [1]. Taking into account these stepwise processes, an optimum
swelling speed, final level of absorption, and, potentially, even delayed self-releasing
properties can be adjusted via chemical composition and grading of an SAP product in
the context of its intended application and conditions of its surroundings.

Besides diligently designing one SAP species for most beneficial sorption be-
havior in a distinct field of application, the sorption properties of an SAP product
can be fine-tuned by blending two or more well-defined types of SAP [2].

1.2 Polymer synthesis of petrochemical-derived SAPs

1.2.1 Radical (co)polymerization

SAPs have prevailingly been synthesized via free-radical (co)polymerization, the re-
action mechanism being well understood and mathematically modeled [3]. In brief,
the fundamental steps are:
– Initiation: Cleavage of an initiator molecule forming a radical, followed by

bonding of this initiator radical to one monomer molecule, forming a radical
site at the monomer.

– Chain growth by continued addition of monomer molecules forming the trunk
chains, whereby comonomers integrate; multifunctional comonomers may in-
tegrate in the primary chains and offer reactive sites for branching at their
pending functionality, that is, act as a cross-linking point.

– Termination by reaction of two radical sites with each other or by disproportionation.

2 Christof Schröfl



– Postpolymerization steps like cleaning from residual monomers and further
chemical processing with other substances by different types of reaction
mechanisms.

Using this reaction pathway, there are two prominent modes for synthesis of SAP
from procedural point of view:
– Block (co)polymerization, or (co)polymerization in aqueous solution, resulting in

a gel block, followed by drying and disintegrating the macroscopic, three-dimen-
sional body by milling, grinding, and sieving; irregular particles are received
and particle size distributions are adjusted in the postsynthesis processing steps
[3–12].

– Inverse suspension or emulsion (co)polymerization to prepare spherical par-
ticles; the particle size distribution and microstructure are determined by syn-
thesis parameters (e.g., agitation intensity, streaming conditions), choice of
(co)solvents, as well as chemical additions (e.g., types and dosages of emulsi-
fiers) [3, 13–18].

Postpolymerization treatments include reactive options, for example, surface post-
cross-linking, and reprocessing steps like drying to a distinct moisture content.

Looking backward from the utilization point of view, superabsorbers are opti-
mized toward characteristic fields of application, each of which may feature peculiar-
ities in terms of ionic composition and pH of the liquid to be uptaken, temperature,
pressure, and pressure gradients. In medical and hygiene or healthcare products, in
which quick and safe absorption and storage of any kind of body fluids from human
beings at most specific temperatures are essential, tolerance by the skin is also an
important factor. The latter requirement is less important for SAP in other large-scale
applications such as agriculture and horticulture, food processing, fresh and waste-
water treatment, or civil engineering. However, each of these fields may impose other
typical requirements on the SAP [3, 11, 19–48].

In free-radical copolymerization, the reaction rate is uncontrolled and fairly
high, resulting in a not well-controlled polymer structure. Miyajima et al. described
the application of iodine transfer polymerization for the synthesis of acrylate-based
SAP. The progress of the polymerization is well controlled by implementing an or-
ganoiodine compound as a chain transfer agent. Such compounds need to exhibit
groups that stabilize free-radical chain ends to increase the transfer, especially at
the early stage of polymerization. Figure 1.1 shows exemplary partial structural for-
mulae, as disclosed in the respective publication, which does not name specific
substances but only characteristic motives. Solely, 3-iododihydrofuran-2(3H)-one
has been sketched as a distinct molecule. Furthermore, they must be soluble in
water and stable against hydrolysis. Apart from a more homogeneous polymer
structure, the SAP products possessed pronouncedly increased absorption charac-
teristics. This method was selected among other reversible-deactivation radical
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polymerization strategies for practical reasons like no discoloration, nontoxicity,
cost, and no unnecessary additional purification steps [49].

1.2.2 Initiators, comonomers and cross-linkers
in acrylate-based SAP

Patent literature originating in the large-scale industrial sector majorly focuses on
SAP based on acrylic acid as the main monomer. Academic publications naturally
describe educts, procedures, processes, and additives more distinctly. Fundamental
substances and synthesis techniques include both industry and academia [3, 6, 7,
10–13, 18, 23–42, 45, 47, 50–55]:

The (co)polymerization is initiated by
– Free-radical initiators: Peroxodisulfate, tert-butyl hydroperoxide, hydrogen

peroxide, and 2,2-azobis(2-amidinopropane)dihydrochloride
– Redox systems are composed of a free-radical initiator and a reducing chemical

such as sodium sulfite, sodium hydrogensulfite, (2R)-2-[(1S)-1,2-dihydroxyethyl]-
3,4-dihydroxy-2H-furan-5-one (i.e., L-ascorbic acid), some reducible ferrous salt,
or various amines

– Irradiation with high-energy rays like radiations, electron beam, or ultraviolet
(UV) rays (wavelength 100–400 nm)

Main monomer: Acrylic acid (propenoic acid), methacrylic acid (2-methylprop-2-
enoic acid), or their alkali salts, which may beneficially contain a well-defined
amount of inhibitor such as ortho-/meta-/para-methoxyphenol, 5-methylidenefuran-
2-one (i.e., protoanemonin), or furan-2-carbaldehyde (i.e., furfural). Acrylates and
methacrylates may be used, which are indicated by { } brackets in the text.

I

CONH2

R1

R

I

CN

R1 R1 R1

R1 R1

R

I

CO2X

R

I

SO2R2

R

I

CONHR2

R

I

CO2R2

R
O

O

I

Figure 1.1: Organoiodine species for iodine transfer polymerization of acrylic acid-based SAP as
summarized in [49].
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Besides fossil substances, acrylic acid can be prepared from nonfossil raw ma-
terials. However, such sources may contain fairly high contents of propanoic (pro-
pionic) acid, which is unfavorable for radical polymerization reactions. Propanoic
acid is a by-product in the preparation of acrylic acid from acetic acid, propane-
1,2,3-triol (i.e., glycerine, which by itself stems from fats and oils in biodiesel pro-
duction), or 3-hydroxypropanoic acid (generated from cellulose or glucose fermen-
tation). Up to 0.5 wt% (percent by weight) of propanoic acid with respect to acrylic
acid has been reported to be tolerable. On the other hand, a remainder of 10–100 ppm
(parts per million) of propanoic acid in the final SAP produce is tolerated because it
causes antibacterial properties, whereas malodor or miscoloring does not occur at such
low concentrations.

Comonomers are incorporated to dilute the density of the carboxylic groups along the
polymeric backbone and to introduce further types of chemical functional groups:
– Anionic: Hydrophilic C=C unsaturated sulfonic acids such as vinyl sulfonic acid,

styrene sulfonic acid, and 2-acrylamido-2-methylpropanesulfonic acid (AMPS)
– Cationic: Hydrophilic quaternary amines with one C=C unsaturated moiety
– Nonionic but hydrophilic: Substituted acrylamides, hydroxyalkyl-{meth}acryl-

ates, {ω-methoxy} polyethylene glycol {meth}acrylate, vinyl pyridine, N-vinyl-
pyrrolidone, N-acryloylpiperidine, N-acryloylpyrrolidine, and N-vinylacetamide

Cross-linking forms the superabsorbent primary product. Internal cross-linkers
possess two or more polymerizable C=C unsaturated, or otherwise reactive, moieties
to react with two or more primary chains and form a chemically stable three-dimen-
sional network:
– Di-, tri-, or oligo-{meth}acrylates or {meth}acrylamides, mostly, N,N-methylene-

bisacrylamide (MBA), but also for example, 2-[2-(2-prop-2-enoyloxyethoxy)eth-
oxy]ethyl prop-2-enoate (i.e., triethylene glycol diacrylate)

– Di- or triallyl compounds such as 2,4,6-tris(prop-2-enoxy)-1,3,5-triazine (i.e., triallyl
cyanurate), 1,3,5-tris(prop-2-enyl)-1,3,5-triazinane-2,4,6-trione (i.e., triallyl isocyanu-
rate), 1,3,5-tris(2-methylprop-2-enyl)-1,3,5-triazinane-2,4,6-trione (i.e., trimethylallyl
isocyanurate), triallylphosphate, triallylamine, and poly{meth}allyloxyalkanes

– Substituted diglycidyl ethers or glycols or glycerols
– 2,2-Bis(hydroxymethyl)propane-1,3-diol (i.e., pentaerythritol), or ethylene di-

amine, or any alkylene carbonates

1.2.3 Use of other C=C unsaturated carboxylic acids
than acrylic acid

Besides monocarboxylic acid, C=C unsaturated bicarboxylic acids can be applied as
the main monomer in the synthesis strategy outlined above. Comonomers and
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cross-linkers can be varied at the same time [3]. 2-Methylidenebutanedioic acid (i.e.,
itaconic acid) is a promising main monomer; the major advantage of it being its
straightforward biosynthesis by bacteria and good biodegradability of polymers
made of it [54]. Any comonomers denominated above can be used. Exemplarily, ac-
rylamide-co-itaconic acid cross-linked with MBA has been described as a well-work-
ing SAP [56].

1.2.4 SAP with sulfonic moieties instead of carboxylic groups

For use in cement-based building composites, superabsorbers with sulfonic instead
of carboxylic moieties have been disclosed. Their sorption properties are less sensi-
tive to the Ca2+ dissolved in the liquid phase of such paste- or suspension-like mate-
rials because the sulfonic group cannot be complexed with Ca2+. AMPS is used as a
typical main monomer for such SAPs instead of the acrylic acid [57] or as a comono-
mer to acrylic acid [55]. The fundamental reactions and chemicals such as initiators,
comonomers, or cross-linkers of the AMPS-based SAP are in accord with the acry-
late-based ones.

A powdery accelerator mixture for cement-based building materials containing
nanosized calcium silicate hydrate phases (C–S–H) immobilized in SAP granules
has been described by Langlotz et al. [43]. It is specifically bound for dry mix mortar
preblends. Synthetic C–S–H particles (diameter smaller than 200 nm) are dispersed
in an aqueous solution and then immersed in the swellable SAP particles. After dry-
ing to a residual water content of approximately 10 wt% at temperatures below 80 °C,
a powdery product is obtained. Presumably, the C–S–H particles migrate out of the hy-
drogel after contact with the mixing water of the cement-based composite and act as
nucleation sites for hydration products. Specific sulfonate monomers can be AMPS, 2-
methacrylamido-2-methylpropanesulfonate, 2-acrylamidobutanesulfonate, or 2-acryl-
amido-2,4,4-trimethylpentanesulfonate.

An SAP with distinctly delayed swelling for oil well cementing has been de-
signed with AMPS. The most important monomers are AMPS, MBA, acrylate, and
two kinds of cross-linkers. The first cross-linking monomer possesses ester bonds
that are cleavable when in contact with cement pore solution or brine in time. The
typically elevated temperatures in boreholes of up to far more than 120 °C support
this reaction and a delayed swellability of the SAP results. However, such intensi-
fied swelling has to start during or after setting of the cement but must not start too
early. Potential chemicals include di-, tri-, or tetraacrylates (e.g., ethylene diacry-
late), polyethylene glycol di{meth}acrylate (number of ethylene glycol units being
2–30), glycerol dimethacrylate (GDMA), triglycerol diacrylate, ethoxylated glycerol
triacrylate, {ethoxylated} pentaerythritol tetraacrylate, pentaerythritol triacrylate,
and {ethoxylated} trimethylolpropane triacrylate. The second cross-linker is a com-
pound that forms chemically stable bonds between the primary chains, specifically,
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N,N'-methylenebis-{meth}acrylamide, N,N'-(1,2-dihydroxy-1,2-ethanediyl)bisacryla-
mide, N,N'-(1,2-ethanediyl)bisacrylamide, N,N'-[[2,2-bis(hydroxymethyl)-1,3-pro-
panediyl]bis(oxymethylene)]bisacrylamide, bis-(2-methacryloyl)oxyethyl disulfide,
N,N'-bis(acryloyl)cystamine, or 1-ethenylsulfonylethene (i.e., divinyl sulfone) [44].

Besides application in building materials, SAPs with AMPS have been described
efficient in wastewater treatment, that is, removal of inorganic and organic solutes
from aqueous solution [47].

1.2.5 SAP with phosphonic moieties instead of carboxylic groups

Besides carboxylate and sulfonate, the phosphonic group has been applied as the
major anionic functionality in SAP. 1-Hydroxyethylidene-1,1'-diphosphonic acid has
been claimed preferable by Hartnagel et al. [58]. Advantages of such SAP improved
the stability of color, that is, avoiding miscoloring, and enhanced permeability of
the gel during its formation in the synthesis and further processing steps [58].

1.2.6 Incorporation of purposeful comonomers for distinct
functionalities

SAP samples with fine-tuned viscoelastic characteristics were prepared from acrylam-
ide and N-(4-ethylphenyl)acrylamide, which represents a hydrophobic substance and
is incorporated in the backbones in small amount, and a C=C-unsaturated acid as a
further essential comonomer (Figure 1.2). The acidic comonomers were either acrylic
acid, AMPS, or 4-ethenylbenzenesulfonic acid (i.e., 4-styrenesulfonic acid) [59].

Poly(acrylamide-co-sodium 4-hydroxy-2-methylenebutanoate) hydrogel show en-
hanced phytotoxicological efficiency in a study bound to elucidate most suitable
SAPs for plant growth substrates with optimized water storage capacity for this field
of application. This polymer performed best when compared with polyvinyl alcohol
(PVA), poly(acrylamide), and poly(acrylamide-co-sodium acrylate), the latter three
being cross-linked with borate [46].

An antimicrobial SAP was synthesized via cross-linking of a prepolymer prepared
from trans-1,4-dibromo-2-butene and N,N,N',N'-tetramethyl-1,3-propanediamine with
tris(2-aminoethyl)amine. This cationic network was then swollen by 2-hydroxyethyl
acrylate and [2-hydroxy-3-(2-methylprop-2-enoyloxy)propyl] 2-methylprop-2-enoate
(i.e., GDMA) via photopolymerization and an interpenetrating hydrogel was formed
(Figure 1.3) [60].

Pronouncedly pH-dependent swelling is very important for self-sealing and
self-healing of cracks in cement-based building materials. The collapsed state
should not swell in the high alkaline pH during mixing but only later on do so
when rather neutral water enters the structural member. Exemplarily, SAP prepared
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from the comonomers, 2-(dimethylamino)ethyl 2-methylprop-2-enoate and tri-
methyl(2-prop-2-enoyloxyethyl)azanium chloride, implementing the cross-linker
MBA, initiated by ammonium peroxodisulfate, proved especially efficient for this
application [48].

1.2.7 Nonionic synthetic SAP based on poly(ethylene glycol)
diacrylate

Aiming at biomedical produces, poly(ethylene glycol) has been proposed as the
fundamental primary chains for the network formation. Diacrylated poly(ethylene
glycol) with a molecular weight of about 700 g/mol was physically polymerized as
well as cross-linked by UV [61].

H2C
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Figure 1.2: Monomers for SAP synthesis: nonionic but hydrophilic acrylamide, hydrophobic
N-(4-ethylphenyl)acrylamide, and one acidic component such as acrylic acid, AMPS, and/or
4-ethenylbenzenesulfonic acid as extracted from ref. [59].
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1.2.8 Postpolymerization treatments

1.2.8.1 Conventional strategies and chemicals

The primary SAP can be used as obtained. However, postpolymerization treatments
are commonly applied to generate practically applicable particles, improve distinct
features, or merely avoid problematic properties [6, 7, 13, 18, 23–42, 45, 50–53].

With gel-polymerized polymer blocks, such procedures typically include:
– Removal of remaining unreacted or potentially released liquid substances
– Crushing, grinding, milling, and sieving to achieve desired gradings
– Drying at 120–200 °C to achieve well-defined moisture contents and fine-tune

physical properties for further processing, which is a first drying step that can
be complemented by further drying right at the end of all processing just before
delivery.

With (inverse) suspension-polymerized primary SAPs, crushing, milling, and siev-
ing are not required because the synthesis reveals individual particles of intended
size. However, the other steps of chemical cleaning and adjustment of moisture
content apply for them as well.

Reactive, adsorptive, or blending steps may follow to add further functionalities
or adjust specific properties:

Surface postcross-linking, which typically affects about 10% of the particle
diameter, pronouncedly reduces the so-called gel-blocking effect. The “gel-block-
ing” effect describes the phenomenon of limited absorbency of a collective of pri-
mary SAP particles because the liquid is too quickly and intensely absorbed very
close at its entry point. These saturated particles tend to efficiently inhibit the liq-
uid penetration deeper inside the probe and hence, the entire SAP material is not
available for absorption. The individual SAP particles must be modified to let pass
a certain amount of liquid downstream. Surface postcross-linking is an efficient
measure to enhance the permeability of a macroscopic batch of individual SAP
particles. Stickiness and permeability of the particulate intermediate and final
products are improved as well. Strategies described include chemical reaction at
an elevated temperature and/or at a reduced pressure. Catalysts may be present
as well. Exemplary reactants are
– Hydrophilic compounds featuring at least two hydroxyl groups: (substituted)

diols, triols, or polyols, such as ethane-1,2-diol, propane-1,3-diol, propane-
1,2,3-triol, and butane-1,4-diol, as well as di- or triethanol amine

– Epoxy compounds with ester or ether moieties, for example, in form of glycidyl
esters

– Some polyamine or its inorganic or organic salt
– A polyisocyanate like 2,4-tolylene diisocyanate or hexamethylene diisocyanate
– Some polyoxazoline, for example, 1,2-ethylenebisoxazoline
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– An alkylene carbonate
– Some halo-epoxy compounds such as 2-(chloromethyl)oxirane (i.e., epichloro-

hydrin), 2-(chloromethyl)-2-methyloxirane (i.e., α-methylepichlorohydrin), 2-
(bromomethyl)oxirane (i.e., epibromohydrin), or respective polyamine adducts

– A silane, for example, γ-glycidoxypropyltrimethoxysilane or γ-aminopropyl
triethoxysilane;

– Inorganic water-soluble hydroxide or chloride salt with a multivalent metal cat-
ion (Mg2+, Al3+, Ca2+, Ti4+, Fe2+, Fe3+, Zn2+, or Zr4+), by name, mostly cited, alu-
minum sulfate

– X-ray amorphous Al(OH)3
– For irradiation with UV (100–400 nm) in conjunction with a polyunsaturated

organic compound, potentially supplemented by a Brønsted or a Lewis acid
(aluminum sulfate) as a catalyst: allyl-based substances including diallyl
dimethyl ammonium chloride, triallyl cyanurate or isocyanurate, pentaerythritol-
triallyl- or tetraallylether, tetraallylorthosilicate, tetraallyloxyethane, diallylphtha-
late, triallylamine, and triallylcitrate; various hydrophilic di-, tri-, or oligoacrylate
esters; allyl methacrylate, a squalene, MBA, eicosapentaenoic acid, (2E,4E)-
hexa-2,4-dienoic acid (i.e., sorbic acid), a vinyl-terminated silicone, or a pol-
ysiloxane carrying a quaternary ammonium group

– For irradiation with microwaves, using N,N-dimethylaniline as a catalyst: 2-[4-
(oxiran-2-ylmethoxy)butoxymethyl]oxirane (i.e., 1,4-butanediol diglycidyl ether),
2-[2-(oxiran-2-ylmethoxy)ethoxymethyl]oxirane (i.e., ethyleneglycol diglycidyl
ether)

Another prominent surface postsynthesis treatment is the addition of 10–990 ppm
of water-insoluble inorganic (nano)particles. They will reside on or close to the
surface of the SAP particles and mitigate the so-called gel-blocking effect. SiO2,
with a specific surface area between 30 and 330 m2/g (square meters per gram, mea-
sured according to the Brunauer–Emmett–Teller method), potentially having qua-
ternary amino groups on their particle surface to create ionic bonds to the polymer
resin, has frequently been focused on as well. TiO2 or any comparable nanoparticles
have been described or claimed for this step in the creation process of SAP
products.

Besides, a surfactant to hydrophobize the outer surface of the particles to a well-
balanced extent can be bonded to the SAP surface. This measure as well mitigates
the so-called gel-blocking effect. Such surfactant contains a functional group to bind
to the SAP resin. An ionic bond can be formed at reaction temperatures below 100 °C,
accomplished by primary, secondary, or tertiary amines. Alternatively, the surfactant
binds covalently at a reaction temperature between 120 and 240 °C, using a carbox-
ylic diester or a diol. The hydrophobic part of the surfactant is typically an aliphatic
hydrocarbon C16–C24 or poly(ethylene oxide)-co-poly(propylene oxide).
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Next, a cationic polymer compound can be incorporated in the surface region
of the primary SAP particles to increase the retention capacity and simultaneously
suppress the “gel-blocking” effect. Potential educts have been described as
– Polyalkyleneimines
– Various polyamines, such as polyether polyamines, polyvinylamines, polyalkyl-

amines, polyallylamines, polydiallylamine, poly(N-alkyl allylamine), monoallyl-
amine-diallylamine copolymer, N-alkylallylamine-monoallylamine copolymer,
monoallylamine-dialkyldiallyl ammonium salt copolymer, diallylamine-dialkyl-
diallyl ammonium salt copolymer, and polyalkylene polyamines

– Polyamide amine grafted with ethylene imine or a protonated polyamide amine
– Condensates of polyamide or amine with epichlorohydrin
– Distinctly, a salt of poly(vinylbenzyldialkylammonium) or poly(2-hydroxy-3-

methacryloyloxypropyl-dialkylamine), as well as partially hydrolyzed poly(N-
vinylformamide), partially hydrolyzed poly(N-vinylalkylamine), partially hydrolyzed
copolymer of N-vinylformamide and N-vinylalkylamide

– Polyvinyl-imidazole, -pyridine, -imidazoline, -tetrahydropyridine; polydialkyla-
mino-alkylvinylether, polydialkylaminoalkyl{meth}acrylate, polyallylamine,
and polyamidine

Preferred hydrophilic coupling agents include epoxides (i.e., alkylene oxides, sty-
rene oxide, and 1-phenylpropylene oxide), various glycidyl ethers, or silanes with
epoxide groups.

A combination of a multivalent cation and an organic acid (favorably hy-
drocarbon C9–C29) has also been described to increase the retention capacity and
simultaneously suppress the “gel-blocking” effect. The surface of an already post-
cross-linked SAP is reacted at 40–100 °C for 10–120 min with:
– Aluminum sulfate or a cationic polymer with a solubility of less than 1 g per

100 g water at 25 °C, combined with a polyethylenimine, polyalkylamine, modi-
fied polyamideamine denaturalized by graft of ethylenimine, protonated poly-
amideamine, condensates of amines or polyamideamine and 2-(chloromethyl)
oxirane epichlorohydrin, poly(vinylbenzyldialkylammonium) salt, poly(diallyl-
alkylammonium) salt, poly(2-hydroxy-3-methacryloyloxypropyldialkyl amine),
polyetheramine, modified polyvinylamine, partial hydrolysate of poly(N-vinyl-
formamide), partial hydrolysate of poly(N-vinylalkylamide), partial hydrolysate
of a copolymer of (N-vinylformamide) and (N-vinylalkylamide), polyvinylimid-
azole, polyvinylpyridine, polyvinylimidazoline, polyvinyltetrahydropyridine,
polydialkyl-aminoalkylvinylether, polydialkylaminoalkyl{meth}acrylate, poly-
allylamine, or polyamizine

– Cationic modified starch or cellulose; and an organic acid
– One of the fatty acids
– A petroleum acid, for example, benzoic acid, naphthoic acid, and naphthoxy-

acetic acid
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– A noncarboxylic organic acid, for example, alkylsulfuric acid (C9 or longer), al-
kylbenzene sulfonic acid, alkylphosphonic acid, alkylphosphine acid, or alkyl-
phosphoric acid

Further postsynthesis treatments can be accomplished to improve other properties
or to avoid chemical or physical drawbacks. Hereby, the SAPs that have already
passed the procedures outlined so far now react with:
– Chelating agents to limit the free contents of Fe2+, Fe3+, and Cr3+ or other metal

ions that are not intentionally used for surface postcross-linking. Such metal
ions may cause degradation of primary polymer chains and give rise to anes-
thetic discoloring of the final product. Chemicals include 2,2',2'',2'''-(ethane-
1,2-diyldinitrilo)tetraacetic acid (EDTA), [2-[bis(phosphonomethyl)amino]
ethyl-(phosphonomethyl)amino]methylphosphonic acid, or a mixture of (1-
hydroxy-1-phosphonoethyl)phosphonic acid (i.e., etidronic acid) and 2-hydroxy-2-
sulfonatoacetic acid or their respective salts

– Biocides and antibacterial admixtures to suppress decomposition or rotting, for
example, hexanoic acid, butanoate, or 3-methylcyclopent-2-en-1-one

– Deodorant substances like extracts of bamboo or tea

At the very end of the production process, SAPs are readjusted to a certain mois-
ture content. This, on the one hand, avoids dust formation and, on the other
hand, equalizes the absorption speed and quantity all over the bulk volume of
particles [8, 62].

Few distinct and recent examples of postpolymerization treatments following
conventional physical or chemical approaches should finally be mentioned by
name:
– Magnetic fields applied to extract metallic impurities from the product [9]
– Intercalation into graphite [17]
– Implementation of lithium chloride to boost moisture absorption and use of the

product as an air-desiccating agent [63]
– Incorporation of Fe3O4 particles to form magnetic SAP for use as easily separa-

ble water extracting agent from oil–water mixtures [64]

1.2.8.2 “Click” reaction as a reactive postpolymerization treatment

Moini et al. synthesized acrylate-based SAP cross-linked with poly(ethylene glycol)-
dimethacrylate and applied a catalytic “click” reaction for surface postcross-linking
[65]. The latter was a two-step process of a solvent-induced phase transition fol-
lowed by copper-catalyzed azide–alkyne cycloaddition. 1,2,3-Triazole groups were
formed in the surface region of the SAP particles (Figure 1.4). The product showed
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improved mechanical properties, that is, increased storage modulus of the swollen
polymer as assessed by oscillatory rheometry, and highly intensified antibacterial
activity [65].

1.2.9 Composites of SAP with inorganic and organic particles

A filler material can be integrated inside the SAP network structure to improve the
absorption capacity and increase the mechanical strength.

SAPs were wrapped around TiO2 nanoparticles. The SAP gel was based on
acrylic acid and AMPS, and 3-triethoxysilylpropyl-2-methylprop-2-enoate acted as a
coupling agent. Motivation for this core–shell structure was to incorporate it into
an epoxy resin as a self-healing promoter [66].

Some natural pozzolan was incorporated as an inorganic filler into acrylic acid-
co-acrylamide-based SAP during the main synthesis of solution/bulk polymerization.
Interestingly, this study used a special type of cross-linker, by name 2-[hydroxy-[2-(2-
methylprop-2-enoyloxy)ethoxy]phosphoryl]oxyethyl 2-methylprop-2-enoate (i.e., bis
(methacryloyloxyethyl) hydrogen phosphate) [10].

SiO2 as the inorganic component was used both for the core and the shell in com-
posite SAPs. To generate core–shell particles with a SiO2 core covalently bonded in-
side a superabsorbent shell, silica particles were prepared in a sol–gel process from
tetraethyl orthosilicate (TEOS) and vinyl triethoxysilane first. The silica particles thus
featured vinyl groups. In the second step, these groups were polymerized with acryl-
amide and MBA as the cross-linker in a free-radical reaction initiated by potassium
peroxodisulfate (Figure 1.5) [67].

In an opposite approach, SAP was based on poly(methacrylate-co-ethylene gly-
col dimethacrylate) used as a template, or core, in the synthesis of SiO2 nanopar-
ticles. The sol–gel process of SiO2 formation from TEOS was modified by placing the
SAP in the solution and, hence, to generate the SiO2 attached to the polymer gran-
ules. Such produce can prospectively be utilized as a self-healing promoter in ce-
ment-based building materials [68].

As a biobased support inside SAP, sawdust from fir was used. It was simply
present as well in the monomer mixture when synthesizing the SAP from acrylic
acid, acrylamide, and MBA by radical copolymerization in solution [69].

1.2.10 Polyvinyl alcohol-based SAP

PVA substituted with styrylpyridinium groups through two ether bonds was cross-
linked to an SAP material by irradiation with UV. Due to insufficient mechanical
strength, cellulose nanocrystals were incorporated and composite hydrogel was
formed [70].
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Similarly PVA has been cross-linked with pentanedial (i.e., glutaraldehyde) [71].
Solution polymerization of sulfamic acid and acrylic acid together with starch re-
sulted in a highly salt-tolerant SAP [72].

1.3 Biobased superabsorbers

Petrochemical-based monomers and products often lack biocompatibility, biodegrad-
ability and, as a matter of fact, they are not renewable. To step beyond these funda-
mental drawbacks, much attention has been paid to biopolymers in the recent years.
Not only pure or just slightly modified substances were investigated for their super-
absorbing properties, but conventional superabsorbing moieties were grafted onto
the original biopolymers to form composite structures as well. Concise reviews have
recently been published to present the numerous directions evolving [3, 73–75].
Selected examples are discussed here.

1.3.1 Polysaccharides and grafted derivatives

Among the polysaccharides, cellulose, starch, alginate, and chitin/chitosan play es-
sential roles. The sources may be primary from nature but as well be recycled mate-
rials or by-products from other processes.

1.3.1.1 Cellulose

Shen et al. published a thorough review on cellulose- and chitin-based hydrogels in
2016 [73] and Ghorbani et al. provided a thorough further one on cellulose-based
SAP in 2018 [74]. They contain concise overviews of the synthesis strategies,
namely, chemically the radical solution and inverse suspension polymerizations
similar to the acrylate-based procedures as well as physical methods using micro-
wave and high-energy irradiation, chemical and physical (i.e., electrostatic) cross-
linking options, and beneficial solvent systems. Some examples of cellulose-based
SAP are treated in the following section.

Cellulose from eucalyptus pulp was oxidized with NaClO in the presence of a
catalytical amount of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl and ionically cross-
linked. The products obtained were cellulose nanofibers with superabsorbent prop-
erties [76]. In another study, cellulose was cross-linked with glycine to form easily
accessible SAP in one reaction step [77].

A vast majority of literature in this field describes composite structures made of
the eponymous biopolymer grafted with other polymerizable substances derived from
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conventional SAP chemistry, mainly acrylic acid and MBA, employing the free-rad-
ical reaction mechanism. The cellulose can stem from suitable waste materials or
side-products like agricultural waste [78–80] or pulp [81], or from distinct materials
such as kenaf fiber [82], corn straw [83, 84], or it could be harvested from bacterial
cultures [85, 86].

In a two-stage sequence, cellulose was first disintegrated to distinct degrees of
polymerization and then grafted by acrylic acid cross-linked with MBA by free-radi-
cal copolymerization [87].

Carboxymethylcellulose was described being successfully cross-linked with cit-
ric acid to generate an SAP [88]. Conversion to an SAP was as well accomplished by
reaction with acrylic acid and agar as the cross-linking agent under low-tempera-
ture plasma conditions. In this case, cellulose stemmed from bagasse pulp and was
substituted to carboxymethylcellulose [81]. In another approach, cellulose originat-
ing from bacterial production was first carboxymethylated by sodium 2-chloroace-
tate and then grafted with oxiran-2-ylmethyl 2-methylprop-2-enoate (i.e., glycidyl
methacrylate). Cross-linking of this intermediate product to form an SAP was ac-
complished by polyethylene glycol diacrylate with a molar mass of 400 g/mol,
initiated by ammonium peroxodisulfate and catalyzed by N,N,N',N'-tetramethyl-
ethane-1,2-diamine [86].

Besides introducing carboxylic moieties in the graft part, hydroxymethylcellulose
was grafted with the additional comonomer AMPS [89]. Cellulose fibers extracted
from corn straw were grafted with AMPS and MBA in a sodium peroxodisulfate-initi-
ated radical reaction [83].

A semi-interpenetrating polymer network working as an SAP for use as a fertil-
izer was synthesized from grafted corn straw cellulose and PVA by solution poly-
merization. The cellulose was extracted with nitric acid. Grafting of the cellulose
was accomplished radically with acrylic acid. Ammonium polyphosphate was in-
corporated as a nutrient [84].

Nonalkylene-based grafting of cellulose was described using supercritical carbon
dioxide. At a pressure of 200 bar and a temperature of 45 °C, carboxymethylcellulose-
co-hydroxyethylcellulose reacted with carbon dioxide to form a superabsorbing mate-
rial [90].

1.3.1.2 Starch

Similar to cellulose, starch can be used as the biopolymeric basis for grafting cross-
linked polycarboxylic acids onto it. Starch can stem from rice [91], corn [48, 92], or
maize bran [93]. In most cases, the grafts consisted of acrylic acid and MBA.

Maize bran, which consists of majorly starch and some cellulose, was copo-
lymerized with acrylic acid and MBA. The reaction was initiated by UV irradia-
tion and a composition of 2,2-dimethoxy-2-phenylacetophenone and ammonium
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peroxodisulfate as a radical initiator system [93]. Alternatives to acrylic acid/
MBA introducing carboxylate moieties include itaconic acid and citric acid as
monomer and cross-linker, respectively [94]. AMPS was used with starch as a
grafting comonomer together with acrylic acid, whereby MBA served as the
cross-linker, to introduce sulfonate in addition to the carboxylate groups. Salt
tolerance and reswelling capability were enhanced when compared with purely
carboxylate-type grafts [95]. Besides the acrylic acid in such grafting system, ac-
rylamide was used to copolymerize with starch, AMPS, and MBA in a free-radical
reaction initiated with ammonium peroxodisulfate [96].

Sulfonation of corn starch (food grade, containing 84% carbohydrate or 23%
amylose, respectively) was accomplished with di- or tetra-sulfonated triazinyl com-
pounds. The product was radically reacted with acrylonitrile, initiated by the redox
system of peroxodisulfate and bisulfite, in organic solvent and then hydrolyzed
with aqueous sodium hydroxide solution [97].

Similar to other types of SAP were magnetic Fe3O4 particles incorporated inside
starch-graft (polyacrylic acid)-based SAP. The inorganic nanosized particles were
present in the batch of the free-radical copolymerization and served as cores for the
SAP formed, resulting in magnetic core–shell composites [98].

1.3.1.3 Alginate

Alkali alginate, mostly sodium alginate, represents a further biopolymer suitable as
a substrate for SAP synthesis. Physical cross-linking of sodium alginate can electro-
statically be realized by reaction with calcium chloride. The product is efficient in
internal curing of concrete without impairing the mechanical strength of the hard-
ened building material [99, 100].

Acrylic acid-graft-sodium alginate cross-linked by MBA [101], as well as accordingly
cross-linked acrylamide-graft-sodium alginate [47, 55] and acrylamide/AMPS-graft-so-
dium alginate [47], can be prepared according to the free-radical polymerization mecha-
nism. Initiation is possible by a thermosensitive initiator such as a peroxodisulfate [47,
101] or gamma radiation emitted from 60Co [102]. Ampholytic SAP was synthesized from
sodium alginate, acrylic acid, trimethyl(prop-2-enyl)azanium chloride (i.e., allyltrimethy-
lammonium chloride), and MBA by free-radical copolymerization to form sodium algi-
nate-graft-(polyacrylic acid-co-allyltrimethylammonium chloride) [103].

Prior to grafting, alginate can be methacrylated by the reaction of its hydroxyl
moieties with methacrylic anhydride. This modified alginate features C=C double
bonds, which are the anchor groups in radical copolymerizations with acrylic
acid, acrylamide, and mixtures thereof [104, 105], as well as AMPS, acrylamide,
and mixtures thereof [106], or N-[3-(dimethylamino)propyl]-2-methylprop-2-enam-
ide [105]. Dimethylaminoethyl methacrylate or dimethylaminopropyl methacryla-
mide may be used correspondingly, to introduce amino functionalities [107]. Such
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SAP are very promising materials for application in concrete, not at least due to
their pronounced pH-responsive swelling ability for self-sealing and triggering
self-healing of cracks [105, 107].

1.3.1.4 Chitin and chitosan

Shen et al. [73] concisely covered the chemistry of chitin- and chitosan-based SAP.
The linear polysaccharides must be cross-linked physically or chemically to gener-
ate three-dimensional hydrogel structures. Exemplary molecules for cross-linking
chitin, as well as cellulose, include butane-1,2,3,4-tetracarboxylic acid, oxolane-2,5-
dione (i.e., succinic anhydride), 2-hydroxypropane-1,2,3-tricarboxylic acid (i.e., citric
acid), 2-(chloromethyl)oxirane (i.e., epichlorohydrin), 2-[2-[2-(oxiran-2-ylmethoxy)eth-
oxy]ethoxymethyl]oxirane (i.e., diethylene glycol diglycidyl ether), and 1-ethenylsul-
fonylethene (i.e., divinyl sulfone).

The deacetylated form of chitin, denominated as chitosan, is a further worth-
while polysaccharide educt for synthesis of SAP. Chemical cross-linkers for chitosan
include propanedial, pentanedial, hexamethylene-1,6-di-(aminocarboxysulfonate),
and methyl (1R,4aS,7aS)-1-hydroxy-7-(hydroxymethyl)-1,4a,5,7a-tetrahydrocyclo-
penta[c]pyran-4-carboxylate (i.e., genipin). Alternatively, irradiation can be applied
for cross-linking, which saves the use of chemical substances, for example, food ap-
plications of the SAP products [73].

Some distinct examples for chitosan-based hydrogels may be explained in detail.
Chitosan can be methacrylated and this primary product be reacted with dimethyl-
aminoethyl methacrylate or dimethylaminopropyl methacrylamide, to form superab-
sorbers [107]. Carboxymethyl-modified chitosan was cross-linked by glutaraldehyde.
Due to the weak mechanical stability, it was reinforced with cellulose nanofibers [108].
In a comparable manner, carboxymethylated chitosan was reacted with cellulose
aldehyde, the latter originating from bleached kraft pulp to form a fully biobased SAP
without any by-products except for water [109]. Chitosan with a degree of 85% of de-
acetylation was reacted with gelatin to generate a composite foam that behaves as an
SAP. A ternary solvent system of dioxane, acetic acid, and water was used at elevated
temperature. Finally, the produce was frozen at a temperature of –196 °C and lyophi-
lized for foam formation and removal of the solvents, respectively [110].

A mineral-modified composite SAP was synthesized from chitosan, basalt par-
ticles, acrylic acid, acryl amide, AMPS, and the cross-linker MBA using microwave
irradiation to generate chitosan-graft-poly(AMPS-co-acrylic acid-co-acrylamide)/
ground basalt (Figure 1.6). Interestingly, the basalt significantly improved the anti-
bacterial activity when compared with the mere polymer [111].
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1.3.1.5 Further saccharide-based SAP

Paste-like mixtures of predissolved carboxymethylcellulose and starch from pota-
toes were irradiated by gamma rays using 60Co. The cross-linking resulted in gel-
stiff solutions, which were dried to obtain a superabsorbent solid product [112].

Κ-carrageenan, which consists mainly of copoylmerized α-1,3- and β-1,4-linked
sulfate esters of D-galactose and 3,6-anhydro-D-galactose, respectively, was grafted
with acrylic acid, cross-linked by MBA according to the free-radical polymerization
mechanism. The product featured good ability to mitigate autogenous shrinkage of
cement-based building composites [113].
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chitosan first, followed by irradiation-initiated grafting and incorporation of basalt as suggested by
Atassi et al. [111].
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Equivalent to alginate and chitosan, agarose can be methacrylated. The product
of this reaction can further be treated with dimethylaminoethyl methacrylate or di-
methylaminopropyl methacrylamide to form according to superabsorbers [107].

Polysaccharide-based superabsorbers may suffer mechanical instability. To
overcome this issue, powdery ingredients were introduced in the synthesis process,
for example, kaolin [80], char [92], or rice husk ash [114].

Besides polysaccharides, monosaccharides can also be used as the educt for
SAP synthesis. Glucose was metabolized via mevalonate to isoprene carboxylic
acid, which was then radically solution-polymerized to a cross-linked network. An
extra prepared additional cross-linker was incorporated as well, by name butane-
1,4-bisisoprenecarboxylic acid ester [115].

1.3.2 Protein-based SAP

Wheat flour is the basis of biodegradable SAP based on proteins. After dissolution, it
was radically grafted with acrylamide using gamma rays [116]. In another procedure,
the protein chains (obtained from wheat gluten) were cross-linked by genipin (methyl
(1R,2R,6S)-2-hydroxy-9-(hydroxymethyl)-3-oxabicyclo[4.3.0]nona-4,8-diene-5-carbox-
ylate) via lysine residues. For mechanical stabilization of the resulting foam-like
structure, cellulose nanofibers were added, which are supposed to covalently bond
to residues of the genipin via carboxylate groups (Figure 1.7) [117]. An amphoteric
SAP with carboxylic and ammonium functionalities was prepared from leather waste,
acrylic acid, dimethyl-bis(prop-2-enyl)azanium chloride (i.e., dimethyldiallylammo-
nium chloride) and MBA. Proteins contained in the organic waste material were con-
sidered to be the essential substance for SAP formation [118]. Crucial synthesis steps
and a characteristic pattern of the product are sketched in Figure 1.8.

1.3.3 Other natural or nature-derived educts

From pectin, SAP were synthesized. Radical copolymerization for grafting was ac-
complished with acrylic acid and MBA [119, 120]. Exemplarily, the pectin can be ex-
tracted from passion fruit peel [119].

Lignin was used as a further biobased educt for SAP synthesis. Alkali lignin,
which had been reacted with ethylene glycol, as well as lignin nanoparticles were
grafted by free-radical copolymerization with acrylic acid and MBA [121].

In another example, sodium humate was added to a conventional free-radical
synthesis scheme of acrylic acid-co-AMPS SAP, cross-linked with MBA. The swelling
ability in saline solutions increased when compared with humate-free reference
products [122].
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Tannic acid was researched as a biobased cross-linker to replace petrochemical
substances. It was modified with alkene and epoxy groups to act as either an inter-
nal or an external cross‐linker, respectively (Figure 1.9) [123].

Apart from well-defined biobased substances, waste materials have been inves-
tigated as a resource for SAP, which have hardly been treated before the synthesis.
The major chemicals contained in such mixtures are supposed to be polysacchar-
ides and proteins that are cross-linked in the respective reactions. In this sense, por-
cine plasma protein was reacted with glycerol propane-1,2,3-triol [124]. Wu et al.
reacted soybean residue, which is mainly cellulose, with acrylic acid, poly(ethylene
glycol), urea, and kaolin to an SAP produce by irradiation with UV light [80].
Agricultural waste soybean dregs were grafted with acrylic acid, cross-linked with
MBA, by using UV radiation, to form a superabsorbent produce. The soybean dregs
contained 26.1% crude cellulose, 12.8% crude protein, 9.38% moisture, 2.77% crude
fat, and unspecifically bound nitrogen in the elemental proportion of 2.05% [78].

Cellulose fiber
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Protein
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Figure 1.7: Constitutional formula of protein-based superabsorber prepared with genipin as a
cross-linker and reinforced with cellulose nanofibers as it was proposed by Capezza et al. [117];
interestingly, the publication cited is inconsistent within itself with respect to the bond properties
in the cross-linking units stemming from the genipin – the representation at hand covers any of the
suggested ones.
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Costream proteins from potato processing, which cannot be used in the food produc-
tion, were acylated with succinic anhydride, citric acid, 1,2,3,4-butanetetracarboxylic
acid, EDTA, and EDTA-dianhydride, respectively, to obtain a superabsorbing gel
product [125].

1.4 Summary and conclusion

SAP developments have mainly been driven by requirements stemming from appli-
cations in sanitary products. Predominantly, SAPs are based on acrylate chemistry
and free-radical copolymerization. For distinct purposes, comonomers can be inte-
grated to obtain specific effects, that is, sulfonic groups for SAP in cement-based
building materials or biologically active moieties. After synthesis, the primary prod-
ucts are processed by elaborate postpolymerization treatments, being surface post-
cross-linking of utmost importance to minimize the so-called gel-blocking effect in
SAP beds or the stickiness of powdery SAP products.

A dynamically emerging field of SAP research is the use of biopolymers or bio-
derived main monomers and cross-linkers. The natural substances are either chemi-
cally modified just to a minor extent or they are heavily processed by grafting
conventional acrylate-based superabsorbing network structures onto them. This
opens up a broad field for chemical synthesis that ranges from pure biobased SAP
to hybrid products from petrochemical and biogenic resources. Hereby, polysac-
charides represent a most intensely researched class of substances.
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2 Superabsorbent polymers for nanomaterials

Abstract: The present chapter will focus on the use of superabsorbent polymers in
obtaining nanomaterials. Two main classes of products are identified: composites
containing a nanophase and a superabsorbent matrix (superabsorbent polymer
nanocomposites - SAPNCs) and superabsorbent nanometric formulations (superab-
sorbent nanogels - SAPNGs).

In SAPNC systems, the nanophase may act as filler, additional enhancer of water
retention or thermal stability, or platform for controlled release of active agents (drugs,
fertilizers, etc). Several factors must be considered when designing such complex materi-
als, among which the nature of both matrix and nanophase, their combination method
and interfacial interactions. The first part of this chapter discusses the above mentioned
factors, offering relevant examples for various systems and preparation particularities.

The second part of the chapter is dedicated to the preparative techniques of
SAPNGs, with the aim of combining the characteristics of hydrogels (e.g, internal struc-
ture and stimuli responsiveness) with the advantages derived from their nano-dimen-
sion (e.g, high surface-to-volume ratio), resulting in promising nanoplatforms that can
be engineered for various applications, such as drug delivery systems or bioimaging.

Regardless of the chosen approach (either SAPNCs or SAPNGs), designing su-
perabsorbent nanomaterials relies on merging high water retention ability with the
specific features derived from the high surface-to-volume ratio of nanosized materi-
als. This new generation of superabsorbent materials has the potential of being
used in a wide range of fields including agriculture, waste management or medical.

2.1 Introduction to superabsorbent polymers for
nanomaterials

Superabsorbent polymers (SAPs) and SAP nanocomposites (SAPNCs) define a fast-
advancing branch in the field of polymer science with their capacity of managing
high fluid absorption (averaging around 1,000 times the weight of the matrix) being
of paramount importance for different applications including agriculture [1–4],
hygienic products [5, 6], water purification treatments [7, 8], pharmaceuticals [9–11],
and constructions (in mortar and concrete fabrication) [12–15]. The continuous prog-
ress in nanotechnology additionally adjusted the properties of SAPs, enabling the
development of advanced SAP-based nanomaterials.

Since the term “nanomaterials” refers to materials with size features in the nano-
meter range, SAPNCs and superabsorbent nanogels (SAPNGs) may be considered as
main classes of the family of SAPs for nanomaterials, and this chapter focuses on them.
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When engineering predefined high absorption capacity materials tailored for
specific applications, the relationship between their structure and properties is a
key parameter. In general, the superabsorbent behavior of SAPs is dependent on
physicochemical features of the matrix, such as (i) hydrophilicity – involving chem-
ical functionality including hydroxyl, carboxyl, and amine; (ii) polyelectrolyte
nature; (iii) water insolubility due to network-like structures formed through cross-
linking; (iv) cross-linking degree; and (v) molecular weight of both macromolecules
and cross-linker. In addition to solid content, the degree of cross-linking, cross-link-
ing spacer length, and chemical nature are also main factors involved in adjusting
the water absorption capacity. The entrapment of water and aqueous solutions in
such materials has to be fast, with swelling equilibrium reached within minutes,
and has to enable the absorbed liquid that is difficult to be released from the matrix
even under mechanical stress. Regarding SAPNC materials, the properties of the
nanophase interfacing with the SAP matrix are of utmost importance as well.

While it became more common to enlarge the application fields of polymers by
developing composite materials, in addition to their utility as such, SAPs can be
employed in the fabrication of SAPNCs and SAPNGs. Engineering such materials
may provide controlled superabsorbent behavior while additionally improving
other functional properties for a specific application. Three main strategies to pre-
pare such materials are overviewed in Figure 2.1.

Cross-linkerMonomer

Macromolecule

Nanomaterial

Nanomaterial

(a) Nanocomposite
scaffolds

(a) Nanocomposite
scaffolds(b) Nanocomposite

particles

(b) Nanocomposite
particles

(c) Nanocomposite fibres
(c) Nanocomposite fibres (d) Nanogels

(I)

(II)
(III)

Cross-linker
Macromolecule

Nanomaterial
precursors Cross-linker

Figure 2.1: Routes to prepare SAPNCs and SAPNGs. I – starting from monomers, through network-
forming (co)polymerization in the presence of nanomaterials; II – starting from macromolecules,
through cross-linking in the presence of nanomaterials; and III – starting from macromolecules,
nanomaterial precursors, and cross-linking systems. Main classes of products: (a) nanocomposite
scaffolds, (b) nanocomposite particles with various microstructures of phase separation,
(c) nanocomposite fibrous scaffolds with homogeneous composition (left panel) or with phase
separation including core–shell structures (right panel), and (d) nanogels.

36 Andrada Serafim et al.



The first approach is to directly disperse a nanofiller in SAP precursors, with net-
work generation through polymerization of monomers in the presence of polymerizable
cross-linking agents (route I in Figure 2.1) or through cross-linking of superabsorbent
macromolecules using polyfunctional reagents (route II in Figure 2.1) in homogeneous
or heterogeneous reaction mixtures. Sometimes, combinatorial chemistries are applied
to achieve better properties. Different polymerization techniques may be used, such as
bulk polymerization, polymerization in the presence of water, solution polymerization
or cross-linking, suspension or inverse suspension polymerization, precipitation poly-
merization generating solid scaffolds, hydrated scaffolds, (nano)particles, nanofibers
and microfibers, and even three-dimensional printed products. A different strategy to
generate SAPNCs (route III in Figure 2.1) refers to the use of nanomaterial precursors
embedded into mixtures/solutions to be used for SAP generation. Depending on the
specific steps of each strategy, at one moment the precursors will generate in situ the
desired nanophase. System-specific spatial homogeneity will be obtained, with nano-
phase distributed homogeneously or generating heterogeneous or gradient structures
(Figure 2.1, route III).

2.2 Building nanomaterials with SAP matrix

2.2.1 Superabsorbent polymer-based nanocomposites

SAPNCs emerged as a new class of materials to expand the area of applications and
resolve some of SAP drawbacks, such as the lack of sustainability or degradability
of synthetic ones or, for example, the insufficient mechanical tunability of natural
ones. Such nanostructured materials typically integrate a natural or synthetic SAP
matrix interfacing with a nanomaterial of natural or nature derived. The typical role
of nanomaterials may be that of reinforcing phase, additional enhancer of water re-
tention, enhancer of thermal stability, or nanoplatform for controlled enhanced re-
lease of therapeutic agents or fertilizers. Figure 2.2 represents the improvement of
water affinity by the incorporation of a hydrophilic nanofiller into the SAP. Moreover,
the selection of the constituents, both SAP matrix and nanophase, as well as their
combination method and interfacial interactions are critical for the properties of the
resulting nanocomposite materials. For instance, the presence of clay nanostructures
improved the fire resistance of polymer and the mechanical stability while the exfoli-
ated structure of clays provided a more porous internal structured SAPNCs, which
might ensure a better aeration of the soil [16]. Furthermore, zero-dimensional dia-
mond nanoparticles were used in combination with alginate to prepare nanocompo-
sites with potential for sunlight-responsive release systems with agricultural use [17].
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2.2.1.1 Starting materials for SAPNCs

SAPs are the starting materials for the nanocomposite matrix, which are chosen
from three main categories, namely (1) natural or nature derived, (2) synthetic, and
(3) hybrid/semisynthetic polymers. Fundamental aspects regarding the polymer na-
ture, methods of synthesis, properties, swelling mechanisms, and uses of SAPs and
SAPNCs have been comprehensively reviewed [18–20]. An overview of literature re-
views on SAPs is given in reference [21].

The chemistry of synthetic polymers provides a huge library of compounds
and methods to obtain a diversity of controlled properties of the macromolecular
matrix. The most widely used macromolecules for SAP matrices include polyacryl-
amide, polyacrylic acid (PAA), sodium polyacrylate (PNaA), poly(vinyl alcohol) (PVA),
poly(N-isopropylacrylamide) (PNIPAm), polyvinylpyrrolidone (PVP), or polyvinylimi-
dazole. The main preparation routes involve the (co)polymerization of corresponding
monomers (e.g., acrylamide (AAm) and acrylic acid (AA)) in the presence of cross-
linking agents (e.g., N,N′-methylene bisacryamide (MBA)), macromolecules, and
dispersed nanophase [22–25].

Natural superabsorbent hydrogels typically include polysaccharides and pro-
teins. Polysaccharides are appealing macromolecular building blocks of SAPNC mate-
rials considering their ability to form gels with high water content. Starch (St),
sodium alginate (NaAlg), cellulose, guar gum (GG), chitosan (CS), and their deriva-
tives are some of the commonly used biopolymers for such applications. These natu-
ral macromolecules may be used as such or modified for improved water affinity.
Polysaccharide resins include oxidized, carboxymethylated, phosphated, sulfated,
and grafted macromolecules. Furthermore, proteins can also be used as such or mod-
ified, and may be of various origin (extracted from different species or from different
tissues). It should be stated here that for improved properties, in some situations, nat-
ural SAPs are used in combination with synthetic counterparts generating hybrid

(a) (b) (c) (d)

Figure 2.2: Dispersion of hydrophilic nanophase to poly(acrylamide) SAP matrix increases the
water affinity of the resulting SAPNC: (a) dried SAP sample, (b) equilibrium swollen SAP sample,
(c) dried SAPNC, and (d) equilibrium-swollen SAPNC.
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natural–synthetic SAP hydrogels. Tables 2.1 and 2.2 overview examples of SAPNCs
prepared with synthetic SAP matrices (Table 2.1) and natural and hybrid matrices
(Table 2.2).

Starting materials for the nanostructuring component. The nanophase used to
build SAPNCs may be organic or inorganic. It should be mentioned that SAPNCs are
not always referred to using the term nanocomposite, especially when the nanoma-
terial consists of nanostructured polymers such as cellulose nanofibrils, micellar
proteins (e.g., casein), or nanosized hyperbranched polymers (e.g., polyamidoamine
dendrimers). Such materials might be further combined with other nanospecies
leading to new materials with attractive properties for a wide range of applications.
The nature and intensity of the interactions between the nanophase and the mac-
romolecular matrix play a decisive role in the overall behavior of the resulting
SANPCs. Some representative examples are overviewed in Tables 2.1 and 2.2.

The morphology of the nanophase elemental constituents is also very impor-
tant for the final properties of the SAPNC-engineered products. The shape is an
additional key characteristic that directly impacts the surface-to-volume ratio
playing a critical role in the tendency of nanoparticle agglomeration.

Smart SAPNCs may be built with SAP matrix responsive to external or envi-
ronmental stimuli, such as temperature, pressure, moisture, pH, ionic strength,
or light. These properties, corroborated with their high water absorbency, recom-
mend them for a variety of applications, ranging from wastewater management
[26–28] to controlled drug release [9, 11, 29]. Some of the most used smart SAPNCs
are pH responsive, possessing reactive groups such as carboxylic, amine, or sul-
fonic that allow the formation of ions at particular pH values, causing them to at-
tract or repel each other. These functional groups, responsible for the pH-active
behavior, can belong either to the polymeric matrix or to the nanofiller. For exam-
ple, the addition of Fe3O4 nanoparticles in a starch-polyacrylic acid (St-PAA) sys-
tem increased the material adsorption of heavy metals and dye, but the efficiency
of the removal of both metals and anionic and cationic dyes is strongly influenced
by the charges of the nanocomposites [30]. pH sensitivity can be explored in drug
delivery systems in cancer therapy or controlled release of active principles for the
gastrointestinal tract [11]. Temperature-responsive polymeric matrices, both natu-
ral and synthetic, are also employed in the synthesis of SAPNCs. In this respect,
gelatin (Gel) [31–33], PNaA [34], and PNIPAm [35, 36] homo- or copolymers may be
used.

2.2.1.2 Nanocomposite preparation methods

The polymer matrix may be obtained by (co)polymerization of monomers, cross-
linking of macromolecules, or combinations of the both. For example, cellulose
nanocrystal-g-PAA-based nanocomposites were obtained through the free-
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radical polymerization of AA in the presence of cellulose nanocrystals and phos-
phorescent Eu2+/Dy3+-doped SrAl2O4. The superabsorbent character was proved
by uptaking more than 300 g/g water and 30 g/g saline solution. In addition, the syn-
thesized SAPNC showed the ability to retain moisture even in extreme conditions
(80 °C) for more than 3 h [37].

The nanocomposite preparation may have different degrees of complexity. It
may involve the incorporation of nanofillers into the polymer matrix mainly using
physical dispersion but also through in situ synthesis (as suggested in Figure 2.1).
For example, silver nanoparticles are typically obtained in situ, through the reduc-
tion of AgNO3 by NaBH4 during the preparation of the SAP matrix.

The selection of the appropriate methods and their combination represents key
elements of the synthesis strategy and decides the performances of the resulting
nanocomposite materials.

Molecular self-assembly is also an important process that has to be considered, espe-
cially when biopolymers such as proteins are used. Alternating positively and negatively
charged sequences may generate nanodomains such as nanofibrils within hydrogels.

Physical interactions and associations between the constituents of the nanocom-
posites are essential as well. The functionality of the polymer building blocks and
of the nanophase has to be carefully analyzed prior to selecting the preparation
method of the nanocomposite material since it can provide synthesis routes un-
available for the individual components.

Complex situations are also possible with combined mechanisms and prepara-
tive steps, in correlation with the desired application. The effect of experimental
steps and order of combining starting materials is often neglected or insufficiently
explained, while it may provide many opportunities to obtain new composites with
finely tuned performances.

2.2.1.3 Interfacial interactions between the SAP matrix and the nanophase

The compatibility and the physicochemical interactions between their components
represent important factors influencing the properties of SAP nanocomposites, in ad-
dition to the composition and individual characteristics of both polymer and nano-
phase. The very specific relationship nanophase–polymer application should be
considered for the best possible outcome in terms of improvement of properties.
Different characteristics are important to control such dependency. The interfacial in-
teractions between the macromolecular resin and the nanofiller, and accordingly the
chemical composition of the nanofiller surface, are recognized as critical for both the
polymer-to-filler compatibility and nanoparticle-to-nanoparticle interactions, further
deciding the dispersibility and adhesion with the SAP continuous phase.

The nature, functional groups, and presence of positive or negative charges are
characteristics of each constituent in a nanocomposite. The composition, way of
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combining the building blocks and their interactions, further decides the identity of
the resulting nanomaterial. Interfacial interactions between different constituents
play a key role in describing the properties of the SAPNCs. Various physical or chemi-
cal interactions are possible, often occurring simultaneously or in complex competi-
tion. Hydrogen bonds between the matrix and carboxylate-ended nanoparticles,
electrostatic interactions between base and acidic polymers and nanofillers, and
ionic gelation of macromolecules at the surface of the nanophase are only few ex-
amples. It is widely known that alginates can gel fast due to ionic cross-linking.
Therefore, alginate-based SAP nanocomposites reinforced with calcium carbonate
nanofillers may be obtained by dispersion of the nanomaterial into the polymer
solution with ionic cross-linking of the macromolecules at the interface with the
nanophase.

Furthermore, nanofillers may be pretreated with monomers or other com-
pounds for a better dispersion and predefined interactions with the polymer matrix.

The interactions between SAP and clay nanofillers are among the most interest-
ing, and they can be controlled through the nature of the macromolecular matrix and
the fabrication method. The exfoliated configuration corresponds to the separation of
the nanoclay platelets followed by their individual dispersion in the macromolecular
matrix. Such configuration intensifies SAP–nanofiller interactions [22]. Laponite, for
example, is a nanoclay used to prepare nanocomposites with exfoliated nanophase
in a poly(methacrylic acid) matrix. Interestingly, SAPNCs can be obtained only at low
concentration of the nanophase, with a maximum increase of the water retention
(around 91 ± 2 g/g) at concentration of only 5% nanoclay [22]. At such a ratio between
the matrix and the nanomaterial, the cations from laponite are dispersed in the poly-
meric network enhancing the overall hydrophilic character and the gradient of osmotic
pressure. Electrostatic repulsions between the anionic groups of the SAP matrix and
the negatively charged nanoplatelets are responsible for higher water uptake. Very im-
portantly, the nanophase/SAP ratio is critical, beyond 5% of the nanofiller behaving as
a physical cross-linker [22].

Bentonite (BT) is another nanomaterial with exfoliating nanostructure that can
play multiple roles when modified with methacrylic acid and used to generate a su-
perabsorbent nanocomposite with a PNaA matrix [38]. In this case, the BT plays
multiple roles, from cross-linker for the polymer to cost reduction and reinforcing
agent [38]. The resulting SAPNC achieved a water absorbency of 1,287 g/g after only
45 min in distilled water. The clay addition to the synthetic base improved its ther-
mal stability as well as the water uptake capacity (from 660 g/g for the pristine
PNaA to 1,280 g/g for the nanocomposite). In saline solution, the water absorbency
was decreased by the ionic strength when compared with distilled water, reaching
only 200 g/g [38]. The authors emphasized the important effect of the initiator con-
centration on the water uptake ability of the resulting SAPNC. An increased dose of
initiator determined a swift polymerization process, which leads to nonhomoge-
nous cross-linking points and further to a decreased water absorbency [38].
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2.2.1.4 Effect of nanophase over the SAP matrix

The addition of a nanofiller in a polymeric matrix is expected to lead to modification
of the resulting material, not only in terms of mechanical properties but also with re-
spect to water or aqueous solutions uptake, swelling and/or degradation rate, ability
to generate porous structures, and so on. In the case of functionalized nanofillers,
these influences are even more severe, since the interactions between the functional
groups on the nanophase surface and the groups of the polymeric matric may lead to
significant changes in the overall behavior of the synthesized materials. For example,
St-based SAPNCs reinforced with clinoptilolite (clino) were prepared using one-pot
synthesis of a semi-IPN formed of clino-filled AA–AAm-grafted St and PVA [49]. The
finite element-scanning electron microscopy micrographs registered for both the com-
posite and the neat hydrogel showed that the addition of clino leads to more porous
scaffolds with a higher contact surface area. An in-depth characterization of the syn-
thesized materials was performed regarding water absorbency and swelling kinetics,
swelling capacity at various pH values and in NaCl solution, water absorbency under
load, and water retention behavior. The study revealed that, when compared with the
neat hydrogel, the superabsorbent nanocomposite exhibited a higher swelling capacity
and reached the swelling equilibrium faster. The authors attributed this behavior to (1)
the higher contact surface area of the nanocomposites and (2) the electrostatic repul-
sive forces between the hydroxyl groups on the polymeric backbone and the negative
charges on clino’s surface, leading to a more expanded network. Similar behavior was
exhibited when the swelling capacity was investigated under load. The tests regarding
the absorbency potential at various pH values and in saline solutions showed that the
presence of clino improves the swelling ability of the materials, higher values being
registered for the St-g-p(AA-co-AAm)/PVA/clino when compared with the St-g-p(AA-co-
AAm)/PVA samples for all studied pH values and NaCl concentrations, respectively.
The presence of clino was also considered to be responsible for the higher water
retention capacity exhibited by the SAPNCs due to the strong hydrogen bonding
between the absorbed water and the nanospecies. Similar results in terms of
water absorbency were also registered for other systems, such as St-g-poly(AAm-AA)/
SiO2 and St-g-poly(AAm-AA)/Ca2+ [50], St-g-poly(AM–AA)/MMT [51], and CS-g-poly
(AA)/MMT [52]. Moreover, several studies showed that higher water absorbency was
registered when the materials were incubated in monovalent salt solution when
compared with polyvalent salt solutions due to the formation of intramolecular
complexes between the carboxylate groups and the multivalent cations present in
the incubation media [51, 53].

Swelling–deswelling tests in a preestablished pH range are also often per-
formed when characterizing SAPNCs, a good reusability recommending them for
applications such as drug release [54]. Several systems showed remarkable pH re-
versibility [54, 55] behavior that was attributed to the supplementary cross-linking,
which may be established between the functional groups of the nanofiller and the
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polymeric matrix. Other effects of the nanofiller addition on the SAP phase are over-
viewed in Tables 2.1 and 2.2.

2.2.2 SAPs for preparation of SAPNGs

Although considerable research has been focused on macroscopic SAP hydrogels,
the development of their structures with micro- and nanoscale dimensions gained
increasing attention in the last decades. SAPNGs were proposed as innovative and
versatile structures in various areas of polymer chemistry and physics, material sci-
ence, pharmaceutical, and medical fields. SAPNGs are nanosized particles synergis-
tically combining characteristics of hydrogels such as their internal structure and
stimuli responsiveness with selected advantages derived from their nanodimension
such as high surface-to-volume ratio, resulting in promising nanoplatforms that
can be engineered for various applications, including drug delivery systems and bi-
oimaging [2, 83–85]. A large variety of biomaterials, including Gel, collagen, fibrin,
polypeptides, CS, NaAlg, methyl cellulose, and PNIPAm, were used for nanogel
(NGs) formulations. Different preparative techniques for hydrogel synthesis were
adapted for SAPNGs development: dispersion polymerization, precipitation poly-
merization, nanoprecipitation, miniemulsion, microemulsion, cross-linking of mi-
celles, and micro-molding techniques [86–89]. An overview on preparation routes,
stimuli sensitivity, and biomedical applications of NGs is comprehensively reviewed
in reference [90]. The successful preparation of NGs depends on three key factors:
the chemical composition of the polymer, the control over the particles size, and
the cross-linking procedure [91].

Nanoengineering SAPNGs in comparison to other SAPs determine significant
advantages, especially for drug delivery applications. Their dimension, charge, soft-
ness property, hydrophilicity, swelling degree, and degradability can be tailored by
varying the chemical composition and the concentration of components [90]. The
outstanding physicochemical features of NGs are related to their nanoscaled dimen-
sion, and refers mainly to their high water uptake in a controlled manner, electro-
mobility, superior colloidal stability, considerable mechanical integrity, structural
flexibility, dispersibility in biological fluids, biodegradability, and stimuli-respon-
sive behavior [84, 89, 92].

Considering that one of the main uses of NGs is related to pharmaceutical and bio-
medical fields to deliver smart drug carriers, such nanosized structures do not induce
negative biological responses at molecular, cellular, or organ level [91]. NGs are gener-
ally biocompatible without toxicity, aspects largely attributed to the high water con-
tent and hydrophilic nature due to the functional groups in the polymeric chains [91].

Currently, SAPNGs are involved in considerably more applications compared to
their macrosize counterparts, especially as smart nanocarriers in drug and gene deliv-
ery, cancer treatment, and cholesterol controlling, as well as for enzymes encapsulation
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to increase the biocatalytic activity and stability [12]. Such tendency is dictated by the
physical and chemical properties of SAPNGs systems that facilitate an increase of the
therapeutic efficiency of the encapsulated drug and reduction of nonspecific toxicity
due to the enhanced permeation and retention effect, overcoming the limitations of mi-
cron-size structures [87, 91]. The large surface area of SAPNGs is essential for enhanced
bioconjugation, high water uptake, appropriate biocompatibility, and high loading effi-
ciency of various bioactive compounds. Therefore, the versatile architecture and
appealing properties of SAPNGs are those that recommend them as attractive nano-
carriers to bring therapeutic cargos through various biological membranes and re-
lease them at the target site upon a biological, chemical, or physical trigger. A large
variety of molecules, such as bioactive molecules (drugs, peptides, proteins, anti-
gens, genes, and DNA) and inorganic molecules (quantum dots, AgNPs and AuNPs,
and magnetic nanoparticles), can be used with SAPNGs, in comparison with their
macro-sized hydrogels that have some limitations [84, 93].

The incorporation of cargo molecules into the NG network requires physiochemi-
cal interaction between the functional groups of polymeric chains and the loaded
molecule [83]. This type of functional groups from the polymeric network has a
remarkable influence on drug delivery and release properties [84]. The physical
interactions of hydrogen bonding or van der Waals forces, involved in the biocon-
jugation of therapeutic agents and functional groups, facilitate the drug-carrying
efficiency [84, 91]. For instance, the small drug molecules can be loaded through the
combination of electrostatic and hydrophobic interactions or by hydrogen bond for-
mation [91]. Other benefits of SAPNGs over conventional and macro-sized delivery
systems include high stability for maintaining the desired dimensions for passive tar-
geting through the enhanced permeation and retention effect, and absence of drug
leakage that is avoided due to their cross-linked structure [84, 85, 87, 93]. The size
control of SAPNGs during drug delivery can also influence the cytotoxicity. Their me-
tabolization into harmless components inside the body highly depends on the prepa-
ration method. NGs can be proficiently metabolized by the target cells, avoiding the
accumulation in non-desired tissues; their efficiency as nontoxic delivery vehicle is
proved by the lower therapeutic dosage used and by minimizing the harmful side ef-
fects [83]. NGs varying between 10 and 100 nm can cross the biological barriers
through tissue diffusion, can improve the blood circulation time, and can escape
from hepatic filtration [84, 91, 92]. Such drug-loaded NGs can be injected directly to
the blood stream due to their small size and can cross the blood–brain barrier while
inhibiting rapid clearance mechanisms at the same time [92].

The mechanism for drug release mostly depends on the polymer type used in the
SAPNGs network, applied cross-linking method, and other factors such as environ-
mental or biological triggers [84, 91]. For a specific drug release, smart SAPNGs charac-
terized by a stimuli responsiveness behavior were proposed. Such systems undergo
adequate transitions under endogenous (redox potential, reactive oxygen species, pH,
and enzymes activity) or exogenous stimuli (light, ultrasound, electricity, temperature,
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voltage, and magnetic fields) [87, 89, 91, 93]. The responses to such stimuli commonly
cause conformational or structural differences in the SAPNG network, which dictate
the on-demand triggered release of any entrapped cargo [89, 90]. For instance, volume
phase transitions of SAPNGs were manifested due to the interaction with fluid mole-
cules determining the swelling or deswelling of the cross-linked network [90]. The
swelling rate depends on the structural characteristics of the SAPNGs, chemical com-
position, hydrophilicity, and cross-linking degree, which controls the freedom of con-
formational mobility of the polymeric chains [84, 86, 94].

Currently, pH-responsive SAPNGs have received significant attention due to their
release mechanism of various cargos with biological relevance, highlighting their po-
tential applications in drug delivery systems. Among SAPNGs with pH-sensitive func-
tionalities, those based on poly (L-histidine), poly(L-lysine), poly(L-aspartic acid), and
poly(L-glutamic acid) have been reported as novel smart nanocarriers [9]. Poly(L-histi-
dine)-based SAPNGs have determined a selective drug release at lower pH, while
other types of SAPNGs with potential for the treatment of multidrug resistance tumors
have showed a reversible swelling and a drug release after alternating the pH [9]. In
addition, various SAPNGs based on natural, synthetic, and hybrid systems are over-
viewed in Table 2.3.

The pH-dependent release behavior of loaded cargo can be correlated to the
swelling property. SAPNGs can be designed to reach their highest swelling degree
in acidic media and, subsequently, release the entrapped cargo due to major in-
crease in the volume [91, 93]. This approach gained interest as there are significant
variations in pH value inside the body fluids, pH 1.2 in the stomach or the pH 6.8 in
the intestine. For example, the water solubility at physiological pH and the pH-re-
sponsive swelling of CS SAPNGs highlight their potential as attractive carriers for
a large variety of biomedical applications [94]. The SAPNGs based on PNIPAm func-
tionalized with amino-phenylboronic acid have also presented a selective release
profile under physiological conditions and have released the insulin as response to
fluctuating glucose level according to the pH media [90, 95].

Besides the pH-triggered swelling of SAPNGs, other external triggers, such as the
ionic strength and temperature of the environment, can also influence the swelling
behavior [84, 85]. SAPNGs respond faster to swelling capacity when compared to the
conventional hydrogels with micro- and macrosizes, due to their large surface area
that facilitates a greater possibility of fluid exchange with the environment. The swell-
ing rate is affected by the presence of salt solutions and can be adjusted considering
the preparation method, including the initiator concentration, temperature, and cross-
linking density [86]. PNIPAm colloidal SAPNGs with temperature-responsive core and
pH-responsive shell were developed due to their considerable and reversible volume
changes in aqueous fluids upon heating between 30 and 35 °C, at pH 2 and 7 [36].

Considerable effort has been devoted to design smart delivery formulations for
cancer treatment using SAPNGs for the increase of effectiveness and safety of certain
anticancer drugs (see Table 2.3). The type of polymer chains in the network
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dictates a pattern of drug release for cancer therapy, using, for example, stimuli-
responsive polymers for an efficient drug release at the tumor site [91]. The release
can be stimulated due to an environmental reductive stimulus in the cancer cells
caused by an increased glutathione level [85].

The outstanding properties and advantages of stimuli-responsive SAPNGs have
unlocked the opportunities in the field of biomedical applications and drug delivery
by their promising development.

2.3 Conclusions and perspectives

The wide library of natural and synthetic SAP, the broad family of nanospecies with
specific characteristics, and the different physical and chemical methods of combi-
nation hold promise for engineering SAP-based nanomaterials with controlled
properties. Despite impressive evolution of SAP nanomaterials, the field is still
underexplored, and it can bring added value to both SAP and nanofillers, enlarging
their applications and overcoming the limitations of the individual constituents.
The interest for designing nanomaterials using SAP is based on merging the high
water retention capacity of the latter with the extraordinary properties derived from
the high surface-to-volume ratio of the nanosized materials, leading to a new gener-
ation of superabsorbent materials to be used in a wide range of fields including ag-
riculture, waste management, and pharmaceutical and medical uses.
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3 Biomedical applications of hydrogels
in the form of nano- and microparticles

Abstract: Hydrogels are hydrophilic three-dimensional networks of polymeric chains
randomly cross-linked by physical or chemical bonds that are able to adsorb large
amounts of water. They can be shaped into different physical conformations such as
films, tablets, sponges, fibers, or particles in the range of nano- and microscale. This
last conformation that includes numerous multiparticulated forms – from particles
without any form to spheres – has directly been used in different biomedical applica-
tions or as a part of another conformation. Normally, a particulate form of a hydrogel
is used when the biomedical application aims at delivering, immobilizing, and/or puri-
fying a biomolecule, or when a biological fluid adsorption capacity is necessary. Here,
the role of different hydrogels in the form of particles – with different polymer nature,
composition, polymerization, cross-linking, and chemical modification – will be dis-
cussed. Special attention has been given to the specific polymer characteristics that
bring a desired property to the final product in the areas of drug delivery, gene carriers,
tissue engineering and scaffolds, biosensors, cosmetics, and diagnostic imaging.

3.1 Introduction

Hydrogels are hydrophilic three-dimensional networks of polymeric chains ran-
domly cross-linked by physical or chemical bonds. These systems have the ability
to swell and adsorb large amount of water or biological fluids in the interstitial
spaces between the chains without losing their structure. This water sorption capac-
ity of the hydrogels especially depends on the nature and density of the used poly-
mer, the molecular weight, the presence of functional groups (–OH, –CONH, –
CONH2, –SO3H, etc.), the use of a cross-linker, among other factors [1–3].

The spread and development of hydrogels began around the 1960s, when
Wichterle and Lim synthesized poly(2-hydroxyethyl methacrylate) (pHEMA) gels to
be used in contact lenses. Since those years and especially during the last two deca-
des, a high number of polymers (natural or synthetic) with diverse properties were
developed and applied for different biomedical purposes. Nowadays, a high number
of commercial products based on hydrogels are already in the market [3].

Generally, hydrogels could be classified according to different criteria (Figure 3.1).
According to the original source of the polymer, hydrogels could be prepared using
natural and/or synthetic polymers. In addition, according to the type of cross-linking,
hydrogels could have chemical cross-linking when the polymer chains interact with
each other to form permanent bonds, or physical cross-link, when physical and chemi-
cal reversible interactions are formed between the polymer chains by Van der Walls
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forces, hydrophobic, hydrogen, and/or ionic interactions. Table 3.1 summarizes the dif-
ferent methods for synthesizing physical and chemical hydrogels [4].

Other types of hydrogels that have attracted attention are the “stimulus-responsive
gels” or “smart hydrogels,” which undergo reversible phase transitions in response to
external stimuli (Figure 3.1). These gels can reversibly change their volume and/or
shape in response to a slight alteration of the external stimuli, such as pH, tempera-
ture, ionic strength, light, electric or magnetic field, and biological stimulus [2]. In addi-
tion, hydrogels could be classified by their polymeric composition as homopolymers,
when the polymer network derives from a single monomer, or copolymers, when two
or more different monomer types were used [5].

According to the required application, a determined type of hydrogel should be
developed. For example, the choice of natural polymers in hydrogels –hyaluronic acid
(HA), cellulose, heparin, dextran, alginate, collagen, chitosan, and so on – for biomedi-
cal applications is advantageous due to their biocompatibility, biodegradability, and
nontoxicity, whereas the choice of synthetic polymers – pHEMA, polyacrylamide
(PAAm), polyvinyl alcohol (PVA), polymethyl methacrylate (PMMA), and so on – is rel-
evant when mechanical strength and durability are required. Furthermore, the type of
chemical cross-linker used usually implies a rigorous process of validation. In some
cases, the cross-linker has to be absent in the final product, especially for drug delivery
applications, due to its toxicity [1, 6].

Hydrogels could adopt different physical conformations, such as films, tablets,
sponges, fibers, or particles, in the range of nano- and microscale. This last conforma-
tion that includes numerous multiparticulated forms, from particles without any form
to spheres, has directly been used in different biomedical applications or as a part of
another conformation (scaffolds, films, sponges, etc.). Generally, a particulate form of

Stimulus responsiveness
“Smart hydrogels”
– Sensitive to pH, antigens, enzymes,
temperature, pressure, photo irradiation,
and electric/magnetic field

– Natural

– Homopolymers
– Copolymers

– Chemical
– Physical

– Films
– Tablets
– Sponge
– Fibers
– Multiparticulated (nano-,
micro-, and miniparticles)

– Synthetic
– Combined

Polymeric matrix

Polymeric composition

Biodegradability

Electrical charge

Physical conformation

Cross-link

Hydrogels

Figure 3.1: Classification of hydrogels.
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a hydrogel is used when the biomedical application requires delivering, immobilizing,
and/or purifying a biomolecule or when a high water – or biological fluid – adsorption
capacity is necessary. The use of hydrogels in the form of particles increases the super-
ficial contact of the fluid with the material, improves the velocity of the diffusion pro-
cess when required, and adds load capacity of a specific biomolecule per gram of
material.

Solute transport inside and outside the hydrogels occurs by diffusion across the
water-filled regions in the space delineated by the polymer chains. Several factors
could influence the movement of a molecule. Such factors include the size of the
molecule in relation to pore size determined by the polymer chains, polymer chain
mobility, and the existence of charged groups on the polymer, which may interact
with the molecule. Polymer chain mobility is an important factor governing mole-
cule movement within the hydrogel. Also, the diffusivity of the molecule through
cross-linked hydrogel decreases as cross-linking density increases, as the size of the
molecule increases, and as the volume fraction of water inside the gel decreases [7].
In addition, the hydrophobic character of the molecule and the polymer and how
they interact have an impact on the solute transport. The water filling of a hydrogel

Table 3.1: Methods for synthesizing physical and chemical hydrogels [4].

Physical methods Chemical methods

– Warm a polymer solution to form a gel (e.g.,
PEO–PPO–PEO block copolymers).

– Cool a polymer solution to form a gel (e.g.,
agarose or gelatin).

– “Cross-link” a polymer in aqueous solution,
using freeze–thaw cycles (e.g., PVA).

– Lower pH to form an H-bonded gel between
two different polymers in the same
aqueous solution (e.g., PEO and PAAc).

– Mix solution of a polyanion and a
polycation to form complex coacervate gel
(e.g., sodium alginate plus polylysine).

– Gel a polyelectrolyte solution with a
multivalent ion opposite charge (e.g., Na+

alginate‒ + Ca2+ + 2Cl‒).

– Cross-link polymers in the solid state or in
solution with radiation (e.g., irradiate PEO),
chemical cross-linkers (e.g., treat collagen
with glutaraldehyde or a bis-epoxide), and
multifunction reactive compounds (e.g.,
PEG + diisocyanate).

– Copolymerize a monomer + cross-linker in
solution (e.g., HEMA + EGDMA).

– Copolymerize a monomer + a
multifunctional macromer (e.g., bis-
methacrylate terminated PLA + PEO + PLA +
photosensitizer + visible light radiation).

– Polymerize a monomer within a different
solid polymer to form an interpenetrating
network gel (e.g., acrylonitrile + starch).

– Chemically convert a hydrophobic polymer
to a hydrogel (e.g., partially hydrolyze PVAc
to PVA or PAN to PAN/PAAm/PAAc).

PEO, polyethylene oxide; PPO, polypropylene oxide; PVA, polyvinyl alcohol; PAAc, polyacrylic acid;
PEG, polyethylene glycol; HEMA, hydroxymethyl methacrylate; EGDMA, ethylene glycol
dimethacrylate; PLA, polylactic acid; PVAc, polyvinyl acetate; PAN, polyacrylonitrile; PAAm,
polyacrylamide.

3 Biomedical applications of hydrogels in the form of nano- and microparticles 77



with certain hydrophobicity implies the ordering of the water molecules around the
polymer chains with less randomness and better hydrogen bonding than in the
bulk water. Then, the interaction of a molecule with this kind of material results in
the displacement of the ordered structure of water molecules in the immediate vi-
cinity of the polymer chains, increasing the entropy of the system.

3.2 Formatting hydrogels into particles

For the preparation of nano- and microparticles, the physical and chemical cross-
linking shown in Table 3.1 could be used. However, it is necessary to develop different
polymerization strategies to form the particles instead of polymer aggregates. Most
methods used for the preparation of particles are carried out in emulsified systems
involving two steps: preparation of an emulsified system and the formation of the par-
ticles by precipitation/gelation or by polymerization of the monomers (Figure 3.2) [8].
To create an emulsified system, a high-energy emulsification technique such as me-
chanical shearing is used. An oil-in-water emulsified system forms droplets of uni-
form size where the polymer, or the monomer, is contained. Even though agitation
(stirring or shaking) is the most common method to prepare an emulsion, new pro-
cesses and machines have significantly evolved in the last decade to scale up the pro-
duction and to control the dispersion size of the particles [9]. Once the emulsified
system is achieved, the hydrogel particles are synthesized by physical or chemical
cross-linking. The size and the form of the emulsified droplets determine the final
size, form, and porosity of the final hydrogel particles depending on the polymer na-
ture, the organic solvent, the viscosity of the system, the intensity of the stir, and the
relation between organic solvent:water:polymer, among other factors. The second
step involves a precipitation method. In this step, emulsion solvents can be removed
from the organic phase by various pathways such as solvent evaporation, fast diffu-
sion after dilution, salting out process, or by gelation of the droplets in the emulsion
(Figure 3.2a) [9, 10]. In addition, an in situ polymerization could be occurring when
one or two monomers are added instead of a polymer to the emulsified system. These
polymerization reactions are often initiated by thermal, photo, or radiation free-
radical polymerization. In these cases, it is necessary to slow down the reaction to
allow the formation of particles instead of aggregates. This is accomplished by chang-
ing the temperature, the pH, and the concentration of the monomers in the reaction
process (Figure 3.2b). The main problem for the emulsion polymerization method is
that some unreacted monomer or oligomer may be present in the formed particle,
while this may cause toxicity for clinical uses [9].

In addition to polymerization through emulsion systems, polymers soluble in
aqueous media could form particles using different techniques such as solvent/nonsol-
vent precipitation, ionic gelation, and self-assembling (polymers that can associate
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together to form supramolecular nanoassemblies of spherical shapes by themselves)
(Figure 3.3) [9]. These techniques are frequently selected to develop hydrogel particles
from natural polymers such as alginate, chitosan, dextran, and HA – whereas emulsi-
fied systems are commonly selected for synthetic polymers such as polyethylene glycol
(PEG), PVA, and pHEMA.

The next section discusses the role of different hydrogels in the form of par-
ticles – with different polymer nature, composition, polymerization, cross-linking,
and chemical modification – for diverse biomedical applications where they are
used (Table 3.2). Special attention will be given to the specific polymer characteris-
tics that bring the desired property to the final product.

Free radical
activation

+ Agitation

+ Agitation

+ Initiator

EmulsificationPhases preparation

Monomer

Phases preparation in situ polymerization

(a)

(b)

Polymer

Particles

Particles

– Temperature
– Light

– Evaporation

Precipitation

– Dilution
– Salting out
– Gelation

Figure 3.2: Preparation of nano- and micro-particles carried out in emulsified systems. (a) An oil-in-
water emulsified system forms droplets of uniform size where the polymer is contained and after
precipitation the particles are formed. (b) An oil-in-water emulsified system forms droplets of
uniform size where the monomer is contained, and after a free-radical activation, the particles are
formed.
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Polymer

Polymer A

(a)

(b)

Polymer B

Self-assembling

Solubilization Particles

Solubilization Particles

Solvent/nonsolvent
precipitation
Ionic gelation

– Time

– pH
– Temperature
– Salts

Figure 3.3: Preparation of nano- and microparticles carried out in aqueous media. (a) Formation of
particles using solvent/nonsolvent or gelation precipitation. (b) Self-assembling particles –
polymers that can associate together to form supramolecular nanoassemblies of spherical shapes.

Table 3.2: Summary of polymers in the form of particles most used for biomedical applications.

Application Size Natural polymer Synthetic
polymer

Combined polymers

Drug delivery Nano- and
microparticle

HA, chitosan,
dextran, and
alginate

PEG,
PLGA, and
PLA

Alginate–chitosan,
alginate–dextran, PEG–
chitosan, and PEG-PLGA

Gene carriers Nanoparticle Chitosan and
atelocollagen

PLGA PLGA–chitosan, PLGA–PEI,
PEI–PEG, PEI–PEO, PLL–PEG
and PLGA–PLL

Tissue engineering
and scaffolds

Nano- and
microparticle

Chitosan PLGA and
PPy

Dextran–PEG and PLGA–PEG

Biosensors using
immobilized peptides
and proteins

Nano- and
microparticle

Dextran and
chitosan

PLGA –

Cosmetics Microparticle HA – Collagen–PMMA

Diagnostic imaging Nano- and
microparticle

Chitosan,
dextran, and
carboxydextran

PLL PLA–PEG and PLGA–PEG

HA, hyaluronic acid; PLGA, polylactide-co-glycolide ; PLA, polylactic acid; PEI, polyethylenimine;
PEO, polyethylene oxide; PLL, polylysine; PPy, polypyrrole; PMMA, polymethyl methacrylate.
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3.3 Biomedical applications using nano- and
micro-particles

3.3.1 Drug delivery

In drug delivery systems, pharmaceutically active compounds are loaded into a hy-
drogel, which is then injected into the body where the drugs are released. Including
the drug into a hydrogel, instead of injecting the free drug, has the advantages to
increase the bioavailability and water solubility and to reduce the antigenic activity
and systemic toxicity of the loaded drug [8]. In particular, hydrogels are used to de-
liver their contents to a target area in the body. The hydrogel structure might pro-
tect drug from hostile environments and control drug release by changing the gel
structure in response to environmental stimuli. Hydrogel’s physical properties,
such as swelling, surface characteristics, and mechanical strength, can be modu-
lated by physicochemical reactions (cross-linking, thermal treatments, freeze-dried,
etc.) to improve elasticity and mechanical resistance, which are important features
to consider when developing delivery systems.

In general, drug load into the hydrogel takes place during the polymerization
process – compounds are entrapped between polymeric chains – or by an adsorption
process when the hydrogel particles are already synthesized. The kind of interactions
between the drug and the polymer (Van der Walls forces, hydrophobic, hydrogen
and/or ionic interactions) impacts lately in its release. According to the rate-limiting
step, drug release could be diffusion controlled, which depends on the drug diffusiv-
ity across the polymeric matrix; swelling controlled, which depends on the time nec-
essary for the solvent to penetrate inside the polymeric matrix and solubilize the
drug; and chemically controlled – usually called “erosion of the matrix” – which de-
pends on enzymatic or nonenzymatic degradation of the matrix [10].

Different materials – including natural, synthetic, and combined polymers –
are used as carrier for various active agents such as antibiotics, growth factors,
anti-inflammatory drugs, and proteins/peptides [11]. One of the greatest challenges
that limit the success of nanoparticles in general is their ability to reach the thera-
peutic site at necessary doses while minimizing accumulation at undesired sites.
Hydrogel nanoparticles are stable systems with the particularity of accumulating in
tumors and inflammatory and infectious sites because these pathologies exhibit a
nonhealthy endothelium, and nanoparticles are able to permeate and accumulate
in the surrounding tissues. Furthermore, some hydrogel nanoparticles can be deco-
rated with an antibody, antigen, protein, or integrin for the specific delivery to a
particular tissue or organ [8, 12].

The desirable size range for particles used for drug delivery is between 10 and
100 nm in order to have effective body bioavailability and circulation times [13].
Their small size enables them to adhere to mucosal surfaces and, when parenterally
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administered, to traverse the smallest blood vessels and avoid phagocyte system. In
this way, nanoparticles extend the circulation half-time of attached drugs and po-
tentially reduce the toxic effects due to their accumulation at undesired sites [14].
Hydrogel particles can be engineered to entrap either hydrophilic or hydrophobic
drug molecules, as well as macromolecules such as proteins and nucleic acids.

Polysaccharides represent the most important group of natural polymers used
for drug delivery systems. These kinds of materials have important advantages
since they are biodegradable, nontoxic, biologically compatible, and nonimmuno-
genic. Moreover, most polysaccharides have the advantage of having antimicrobial,
anti-inflammatory, and mucoadhesion properties [11]. Therefore, HA, chitosan, dex-
tran, and alginate are widely used in this kind of applications.

Since HA has been discovered in 1934 by scientists from Columbia University in
New York, it has been clinically applied in numerous cases. HA is a polysaccharide
composed of repetitive polymeric disaccharides of D-glucuronic acid and N-acetyl-D-
glucosamine (GlcNAc) linked by β-bonds, which is ubiquitous in the human body
and is crucial for many cellular and tissue functions (Figure 3.4). Its structure exhibits
functional groups (–OH and –COOH) that promote and facilitate the conjugation of
drugs via strong electrostatic interactions [8]. Moreover, these functional groups
allow to modify HA flexibility and structure via chemical modifications of addition,
condensation, or radical polymerization [1]. HA receptors are abundant in some spe-
cific tissues such as liver, kidney, and most tumor tissues, and HA is known to pro-
mote medicinal advantages when used, including tissue healing, cell proliferation
and migration, angiogenesis, and inflammatory response control [15, 16].

Due to its physical, chemical, and biological characteristics, HA has been ap-
plied in drug delivery through ophthalmic, nasal, vaginal, pulmonary, parenteral,
and topical routes [17]. By encapsulating recombinant human insulin with HA, a
suitable dry powder for inhalation was obtained by spray drying, this allowed ex-
periments for its inhalation into the lungs in beagle dogs. These insulin–HA micro-
particles, with 1–4 µm of diameter, prolonged the average retention time and the
final half-life of the hormone [18].

In delivery through parental route, HA has been studied as a new protein and
peptide drug carrier [19]. Each individual chain of HA can conjugate with a different
protein or peptide, making multiple targets and drug effects possible [20]. Several prod-
ucts using HA as a carrier for tumor treatment are in development for potential future
commercial products. Lee et al. synthesized amphiphilic HA-5β cholic acid polymer as
an antitumor drug carrier, which effectively increased the uptake of tumor cells.
Nanoparticles, with an average size between 250 and 350 nm, were accumulated more
easily into tumor tissues than larger particles [21]. Galer et al. synthesized a HA–pacli-
taxel (PTX, a cytotoxic drug) conjugate (HA–PTX) in order to reduce the toxicity of PTX
drugs family (derived from taxol) and improve the antitumor activity [22]. Recently,
an Italian multinational company developed and patented a HA–PTX conjugate
(Oncofid®P-B) for patients with bladder carcinoma, and it reached clinical trials. The
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preliminary results to evaluate the safety, tolerability, and efficacy of the product
were positive, showing minimal toxicity, absence of systemic absorption, excellent
tolerability for prolonged treatment, and good efficacy [23].

Chitosan is a biopolymer composed of randomly distributed units of β-D-
glucosamine and GlcNAc (Figure 3.4) and is produced by partial deacetylation of
chitin. The degree of deacetylation modifies the interaction between chitosan and
cells and the biodegradation of chitosan [24]. The primary hydroxyl and amine
groups found on the backbone of chitosan allow chemical changes that modify its
physical properties. As well as other natural polymers, chitosan is widely used due
to its biocompatibility, biodegradability, nontoxicity, and resistance to chemical
and biological degradation. Also, chitosan has a structure that exhibits functional
groups that facilitate its modification and the adsorption of the biomolecules to de-
liver. Chitosan nano/microsized spherical particles are easy to obtain, and drugs or
other bioactive substances such as proteins or enzymes can be incorporated inside
them for their transport [24]. Furthermore, the mucosal adhesion and absorption
characteristics of chitosan, which are due to their partial hydrophobic character, af-
fect the rate of the drug release into the gastrointestinal tract, a fact that will in turn
improve the bioavailability of various drugs [25]. Although chitosan was approved for
dietary and wound dressing applications, it has not been approved for drug de-
livery in Europe and in the USA yet. However, several applications using chitosan
nano/microparticles as carriers are in continuous development for potential future
commercial products.

Several studies have shown the effective delivery of different anticancer drugs
(cisplatin, 1-norcholesterol, PTX, and doxorubicin) when loaded into nano- and mi-
croparticles of chitosan [24, 26]. Moreover, chitosan nanoparticles were tested for de-
livery of protein/peptides and growth factors. For example, insulin showed better
medical results and faster release when loaded into chitosan nanoparticles (size be-
tween 80 and 400 nm) compared with control solutions [27–29]. Likewise, carboxy-
methyl-β-cyclodextrin/chitosan nanoparticles were developed, and bovine serum
albumin (BSA) was entrapped as a model protein for oral delivery. Results showed
that this kind of nanoparticles (around 190 nm) based on chitosan constituted prom-
ising nanocarriers for oral delivery of protein drugs since the BSA release could be
controlled in simulated gastric fluid, intestinal fluid, and colonic fluid [30]. In other
studies, chondroitin sulfate immobilized onto chitosan hydrogel showed favorable re-
sults for cartilage formation [31], and the release of endothelial growth factor from
chitosan–albumin microspheres (size between 400 and 600 µm) locally enhances the
angiogenesis as evidenced by in vivo studies in rats [24]. Anti-inflammatory drugs
were also loaded in chitosan particles (size between 1 and 2 mm), and their release
was demonstrated so they could be potentially used for diseases such as arthritis,
tendinitis, bursitis, and gout [32]. Moreover, antimicrobial peptides and nitric oxide
were loaded in chitosan microparticles (size around 1.2 µm) and tested for their
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release, which demonstrated their potential use for the treatment of different infec-
tions from harmful bacteria [33].

Dextran is a polysaccharide formed by numerous glucose molecules. It has a linear
1,6-glycosidic bond with certain degree of branching through 1,3-linkage (Figure 3.4).
Since dextran demonstrated biodegradability and biocompatibility in various organs
of the human body, it is widely used in the field of medicine, particularly as a vehicle
for drugs, proteins, bioactive agents, and as an antithrombotic agent [34]. In addition,
it has numerous hydroxyl groups that support chemical modifications and alterations,
allowing to conjugate different drugs and develop new types of dextran hydrogels, in-
cluding glycidyl methacrylate dextran, hydroxyethyl methacrylate dextran, dextran
hydroxyethyl methacrylate lactate, and dextran urethane [35]. Animal and human
studies have shown that both the distribution and elimination of dextran are depen-
dent on the molecular weight and electrostatic charge of this polymer. Drugs and pro-
teins conjugated with dextran have resulted in increasing their half-life, preserving
their therapeutic properties, altering their toxicity profile, and reducing the immunoge-
nicity of drugs and/or proteins [36, 37]. Dextran nanoparticles and microspheres
were conjugated with different anticancer or antiviral drugs obtaining promising
results, especially for colon delivery, since their efficacies were higher compared
to the free drugs [38–41].

Alginate is a natural polymer of (1→4′)-linked β-D-mannuronic acid and α-L-
guluronic acid residues, which is biocompatible, easily available, and has high water
sorption capacity [1, 42]. Since alginate does not induce a specific biological re-
sponse, it has been used for biomedical applications such as wound dressings – with
commercial products already in the market –, living cells encapsulation, and drug
delivery [1, 3, 43]. The most common technique to form alginate particles is by ionic
gelation using Ca2+ as counter ion of the negatively charged polymer chains. Usually,
an alginate solution is dropping in a CaCl2 solution to form particles. However,
Madzovska-Malagurski et al. used Cu2+ instead of Ca2+ to develop Cu-alginate mi-
crobeads (size between 530 and 650 µm) in order to have a bactericidal effect against
Escherichia coli and Staphylococcus aureus due to the presence of this cation. In
addition, the authors demonstrated that the slow release of Cu2+ was suitable for
promoting and maintaining chondrogenic phenotype of bovine calf chondrocytes
in three-dimensional culture. These results demonstrated their potential for bio-
medical applications as part of antimicrobial wound dressing, tissue engineering
scaffolds, or articular cartilage implants [42].

The use of alginate–CaCl2 microspheres (size between 25 and 65 µm) was pro-
posed as potential protein carriers for oral vaccine delivery [44]. Recently, alginate
was used in combination with chitosan for oral mucosal immunization using hepa-
titis B antigen. Alginate-coated chitosan nanoparticles loaded with hepatitis B anti-
gen (size around 605 nm) induce the immune response and the production of
specific antibodies against this antigen (IgA at mucosal secretions and IgG anti-
bodies in systemic circulation, in mice) [45]. Moreover, hepatitis A antigen using
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alginate–chitosan nanoparticles (size around 654 nm) as adjuvant/carrier improved
the immunogenicity in mice by increasing the seroconversion rate, the hepatitis A
antibodies level, and the splenocytes proliferation in comparison with conven-
tional hepatitis A vaccine with alum [46]. In another approach, nanoparticles of
alginate–dextran loaded with insulin were coated with chitosan–albumin and
tested in oral delivery observing interaction with intestinal model cells. The devel-
oped system demonstrated clinical potential for the oral delivery of insulin and
therapy of type 1 diabetes mellitus.

Alginate nanoparticles are widely studied for use in anticancer drugs delivery. In
this sense, the development of alginate nanoparticles in combination with other poly-
mers – especially chitosan – for cancer treatment has been described. Different can-
cer drugs such as bortezomib, curcumin, resveratrol, and doxorubicin were loaded in
these nanoparticles and resulted in higher drug stability and less toxicity [47–51].

Hydrogel particles made of synthetic – hydrophobic or amphiphilic – polymers,
such as PEG, polylactide-co-glycolide (PLGA), and polylactic acid (PLA) (Figure 3.5)
are promising for drug delivery applications, although they have the disadvantage of
requiring the use of organic solvents and surfactants for their synthesis, which can
be harmful for cells. In addition, it can be necessary to remove the unreacted mono-
mers or oligomers from the formed particles to avoid toxicity for clinical use [52]. The
use of synthetic polymers is relevant in the cases where a hydrophobic drug with poor
solubility has to be entrapped for drug delivery. PEG has negligible immunogenicity
and toxicity and was approved by the U.S. Food and Drug Administration (FDA) for
some pharmaceutical formulations as an excipient [8]. Peptides/proteins–PEG com-
plexes have emerged as therapeutics treatment due to low immunogenicity and low
clearance and pharmacokinetics [53]. Furthermore, peptide/protein loaded into poly-
meric nanoparticles has the advantage of protecting the therapeutic molecules from
degradation. In this sense, Zhang et al. developed and tested insulin–PEG–chitosan
nanoparticles (size between 150 and 300 nm) for insulin nasal administration in rab-
bits, and they observed better results than using insulin solution or suspension of
PEG–chitosan [54].

In other examples, PLA and derivative nanoparticles were conjugated with vari-
ous antitumor drugs such as docetaxel (DTX) and PTX [8]. However, for better re-
sults block copolymers can be formed. For example, PEG-b-PLGA nanoparticles
(size between 60 and 140 nm) conjugated to therapeutic agent such as DTX were
developed and were in phase II studies for the treatment of advanced or metastatic
solid cancers [55, 56]. It is important to mention that PLGA and PLA were already
approved for human use by the European Medicine Agency and FDA [57].
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3.3.2 Gene carriers

The use of hydrogels as gene carriers improves the physiological stability of the
DNA/RNA complex and safety; however, they have lower transfection efficiency
than classical viral carriers. Some polymers such as polyethylenimine (PEI), polyly-
sine (PLL), and chitosan have been already used for gene therapy for in vitro and
in vivo experiments. In recent years, PLA and PLGA are other promising polymers
as nonviral carriers for nucleic acid encapsulation [8].

PEI (Figure 3.5) is widely used and studied for gene transfection applications. PEI
of high molecular weight have better transfection efficiency; however, its aggregation
can cause cytotoxicity, and the DNA complex formation is affected by the polymer
degree of branching [9, 58]. In order to overcome these drawbacks, PEI structure was
chemically modified. The most utilized strategy is its combination with PEG to im-
prove the in vivo half-life and cell viability [59]. A high density of short PEG chains
conjugated to DNA, ribozymes, or oligonucleotides has better transfection rate,
whereas a low density of longer PEG chains is more effective for double-stranded
small interfering RNA (siRNA) [58]. Copolymer hydrogels of cross-linked PEI and PEO
were reacted with polynucleotides [13]. This copolymer demonstrated good gene
transfer activity. The modification of PEI nanoparticles with targeting ligands – like
FA (a cellular penetrating peptide), TAT (the RGD peptide), or galactose – was also
investigated to improve cell–particle interaction [59].

PLL (Figure 3.5) is a polypeptide formed with repeated units of amino acid ly-
sine and tested in vitro and in vivo for delivery of genes [60]. PLLs with molecular
weights greater than 3,000 Da are capable of forming a complex with DNA, but
these complexes exhibit high cytotoxicity and form aggregates [58]. To overcome
these disadvantages, derivatives or copolymers can be generated. For example, the
addition of PEG increases the transfection efficiency and decreases the toxicity [8].
Lee et al. developed a PLL–PEG copolymer for the expression of an antisense mRNA
using a plasmid and obtained excellent gene transfer results for both in vitro and
in vivo experiments [61]. Likewise, Bikram et al. conjugated plasmid DNA with PLL–
PEG nanoparticles (size between 150 and 200 nm) for gene delivery, obtaining better
transfection efficiency [62]. In another study, Choi et al. synthesized and compared
different PLL–PEG nanoparticles (size around 300 nm). The use of PLL–PEG nanopar-
ticles demonstrated an increase in transfection efficiency using HepG2 cells com-
pared to nanoparticles without PEG [63]. Park et al. also incorporated PLGA to PLL
(size between 50 and 500 nm) to reduce cytotoxicity [64].

The effective use of chitosan for nonviral gene delivery has been demonstrated
from various studies [52]. In this sense, it has been seen that the chitosan molecular
weight, degree of deacetylation, chitosan/DNA ratio, and cell type affect the effi-
ciency of transfection [24, 65]. Chitosan–DNA complexes are more stable using
high-molecular-weight polymers, and an increased transduction efficiency was ob-
served in correlation with a higher deacetylation degree [58]. Some authors studied
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the use of chitosan–plasmid DNA nanoparticles to treat hepatitis B. These nanopar-
ticles (size between 300 and 400 nm) showed good efficacy in vivo after nasal mucosal
administration [66]. Katas et al. developed and tested chitosan–siRNA nanoparticles
(size between 280 and 710 nm) as a therapeutic agent to induce specific gene silencing
mediated by siRNA. They explored chitosan as an siRNA vector due to its advantages
such as low toxicity, biodegradability, and biocompatibility. In vitro studies using two
different cells lines revealed that these nanoparticles succeeded in gene silencing and
showed potential as viable vector for safer and cost-effective siRNA delivery [67]. Han
et al. demonstrated the efficient use of chitosan nanoparticles (size around 200 nm)
with Arg–Gly–Asp peptide (RGD peptide) attached for siRNA delivery system in animal
models of ovarian cancer [68]. Likewise, several studies have used atelocollagen (type
I collagen of calf dermis treated by pepsin) as a biomaterial for gene delivery (size be-
tween 100 and 300 nm) [69].

PLGA (Figure 3.5) nanoparticles are biocompatible, biodegradable, and widely
used for in vitro and in vivo gene delivery [57]. DNA can be entrapped into or adsorbed
onto the nanoparticles. For example, PLGA nanoparticles (600 nm size) with encapsu-
lating plasmid DNA (with the reporter gene alkaline phosphatase) demonstrated high
expression levels of protein product in in vitro and in vivo studies. Specifically, after
intramuscular administration of these PLGA nanoparticles in rats, alkaline phospha-
tase protein expression (using as a model gene) increased at days 7 and 28. In other
examples, PLGA nanoparticles (280 nm size) loaded with p53 gene DNA (a tumor sup-
pressor protein), vascular endothelial growth factor DNA, or pigment epithelial-derived
factor gene were tested in breast cancer cell line, for the treatment of ischemic heart
disease or on mouse colon carcinoma cells in vitro and in vivo, respectively. These
nanoparticles demonstrated a controlled release of the DNA, evidencing good results
for therapeutic use [57]. Copolymerization of PLGA with other polymers such as chito-
san and PEI has been reported to improve different characteristics. For example,
PLGA–chitosan–plasmid DNA nanospheres (size around 60 nm) improved its cellular
adsorption compared to nanospheres without chitosan [70]. In order to protect DNA
against enzymatic degradation, PEI was incorporated into PLGA nanoparticles (size
between 207 and 231 nm) and tested for gene expression in the human airway submu-
cosal epithelial cell line Calu-3. Results demonstrated the presence of DNA inside the
cells after 6 h of nanoparticle application [71].

3.3.3 Tissue engineering and scaffolds

Regenerative medicine provides the elements required for in vivo repair of damaged
organs. In particular, tissue engineering seeks to repair and regenerate damaged
tissue by combining a biodegradable matrix with living cells and/or biologically ac-
tive molecules [72]. The natural or synthetic polymers used for tissue repair have
different advantages and disadvantages. On the one hand, natural polymers (such
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as chitosan, alginate, and dextran) generally have low toxicity, good cell adhe-
sion, and degradation and are economical but have low mechanical and chemical
stability and can be rejected by the immune system. On the other hand, synthetic
polymers (such as PLGA, poly ε-caprolactone (PCL), and polypropylene fumarate
(PPF); Figure 3.5) have tunable physical and chemical properties and are easy to
process but lack cell interaction properties. In addition, PLGA and PCL have the
FDA approval for various medical applications [72]. For tissue repair, polymer
nano/microparticles could be used in injectable formulations or alternatively can
be impregnated as a part of the main polymer scaffold, which is not necessarily
composed of the same material. The use of nano/microparticles tends to better
control the release, improve the mechanical and porous properties, act as cell ve-
hicles, and increase their biodegradability [9, 72].

Different growth factors were used in tissue engineering, such as bone morpho-
genetic proteins (BMP), transforming growth factor-beta (TGF-β), and insulin-like
growth factor-I (IGF-I), for the differentiation of progenitor and/or stem cells [73].
Chen et al. developed microspheres of glycidylmethacrylated dextran–PEG with
BMP loaded (size between 0.5 and 1.5 µm) for periodontal tissue regeneration.
Microspheres that are used as part of scaffolds for periodontal therapy promoted
the attachment, proliferation, and osteogenic differentiation of human periodontal
ligament cells [74]. In addition, recombinant human BMP (rhBMP) combined with
PLGA microspheres was tested in vitro demonstrating an enhancement of osteo-
blastic genes expression (in mouse pluripotent fibroblastic C3H10T1/2 cells and
bone marrow stromal cells) and in vivo bone regeneration in rats and rabbit models
[75–77]. Likewise, rhBMP was encapsulated into PLGA nanospheres (size around
300 nm) and then, these nanospheres were seeded onto a three-dimensional L-PLA
scaffold, showing bone formation in vivo in rats and rhBMP delivery [78]. Niu et al.
generated a scaffold of nanohydroxyapatite/collagen/L-PLA with chitosan micro-
spheres (size between 10 and 60 µm) containing BMP-2 derived synthetic peptide.
This novel microsphere–scaffold system demonstrated the stimulation of rabbit
marrow mesenchymal stem cells during in vitro experiments [79].

In other possible applications, Jaklenec et al. developed scaffold containing
PLGA microspheres with IGF-I and TGF-β1 encapsulated (size between 7 and 37 µm).
The sequential release of these growth factors (for up to 70 days) make them useful
for cartilage tissue engineering [73]. Furthermore, PLGA–PEG microparticles with re-
combinant human TGF‐β (size between 19 and 23 µm) were tested for controlled re-
lease (up to 28 days) demonstrating to be a good vehicle for long-term delivery of this
growth factor [80]. Similarly, Hedberg et al. synthesized and tested different PLGA–
PEG microparticles with HA entrapped (17 µm size). The controlled release of HA
from PLGA–PEG microparticles stimulates cell proliferation in various types of tissues
for several days, demonstrating its potential use for tissue regeneration [81].

The use of smart hydrogels that respond to an electrical field has applications
in neural prostheses and tissue engineering. This kind of polymers, like polypyrrole
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(PPy), polyaniline, and polythiophene, promote cell growth and cell migration
through electrical stimulation [82]. However, this class of polymers has the disad-
vantage of being nondegradable. In this way, several groups have developed de-
gradable polymer materials, such as PLA and chitosan, with a low percentage of
conducting polymers [82]. PPy (Figure 3.5) is a conducting polymer that has been
shown to be biocompatible with cells and tissues in vitro and in vivo. Shi et al. syn-
thesized membranes composed of the L-isomer of PLA and PPy nanoparticles (size
between 100 and 300 nm) [83]. These membranes allowed cell adhesion and prolif-
eration and also showed an increase in interleukins expression in the presence of
electrical stimulation. Similarly, Huang et al. demonstrated Schwann cell adhesion
and proliferation, as well as the expression and secretion of neurotrophic factors
with electrical stimulation, using chitosan membranes with PPy nanoparticles (size
around 30–120 nm) [84].

3.3.4 Biosensors using immobilized peptides and proteins

Bioresponsive or “smart” hydrogels are able to undergo structural modification
(swelling or deswelling, degradation or erosion, and mechanical deformation) me-
diated by biological reactions. These structural modifications take place in response
to different stimuli such as the increasing concentration of a specific biomolecule
(protein, peptide, enzyme, antibody, etc), a change in the physiological environ-
ment or under pathological processes. [6]. In cellular environments, most stimuli-
responsive mechanisms are under the fine control of different proteins, including
enzymes. Thus, peptide/protein-responsive hydrogels can be a promising approach
to respond directly to a target molecule and may provide important signals to monitor
biological functions, detect physiological changes, or for the diagnosis of diseases.

Generally, three different types of strategies using responsive hydrogels could
be found. The first type is related to the use of enzymes. Their immobilization into
hydrogel particles could trigger a response according to the concentration of a sub-
strate for the enzyme or changes in the surrounding environment. The second type
of responsive hydrogels contain a short peptide, polysaccharide, or a molecule that
can be programmed to respond to a specific enzyme. The third type is represented
by antigen-responsive hydrogels. The immobilization of an antigen could be recog-
nized by an antibody, and a specific response could be triggered [2].

An important example using enzymes for control release of insulin is the de-
velopment of glucose-responsive hydrogels for diabetes treatment. Glucose oxi-
dase enzyme (GOX) could be immobilized in different supports, as biosensors
could compensate the inability of the pancreas to control glucose levels in the
blood. The polymer used to entrap GOX in these cases showed pH responsiveness.
When glucose concentration increases in the blood, GOX converts glucose to glu-
conic acid and H2O2, which lowers the pH inside the hydrogel. As a result, this pH

3 Biomedical applications of hydrogels in the form of nano- and microparticles 91



reduction induces the ionization of functional groups and polymer chain repulsion
inside the hydrogel network, leading to hydrogel swelling and insulin permeation
throughout the network to reach the blood [85]. Sometimes, a catalase enzyme (CAT)
forms part of the hydrogel particles to transform – and not accumulate – the H2O2

product of the GOX reaction in water and oxygen. Different materials have been used
for insulin delivery by responding to a pH change. GOX immobilized on acryloyl
cross-linked dextran dialdehyde nanoparticles (size between 48 and 74 nm) showed
successful in vitro insulin release under artificial gastric fluid and artificial intestinal
fluid conditions. These findings are promising to overcome problems related to sub-
cutaneous insulin therapy [86]. In another example, PLGA nanoparticles (size below
200 nm) were prepared using a double-emulsion solvent diffusion method and
were loaded with GOX and CAT enzymes. In addition, positively charged chitosan
nanoparticles (size around 250 nm) were prepared using ionic gelation method
and were loaded with insulin. Formulation of both nanoparticles and in vivo ex-
periments using diabetic rats showed significant glycemic regulation up to 98 h
after subcutaneous administration. These smart self-regulated drug delivery sys-
tems for insulin administration constitute desirable biosensors to achieve glyce-
mic control and to decrease the long-term vascular complications in diabetes
patients [87].

Another strategy to sense glucose levels includes the immobilization of lectins,
such as concanavalin A (Con A) into hydrogel particles. Lectins are proteins that
can recognize sugar moieties. This system exploits the higher affinity of Con A for
glucose over the glycosylated insulin. The hydrogel contains Con A and glycosy-
lated insulin, which binds to the lectin via its sugar moiety. When free glucose is
detected, glycosylated insulin would be released from inside of the hydrogel by dif-
fusion [85, 88].

The last mechanism of glucose-responsive hydrogels is based on phenylboronic
acid (PBA). PBA has affinity for polyol molecules (sugar alcohols) and, therefore,
could sense free glucose. Phenylborate groups exhibit an equilibrium between un-
charged and charged forms. Since the reaction between PBA and glucose occurs
through the cationic form of the PBA, the equilibrium is displaced toward the cat-
ionic charged species. The increasing charge density in the hydrogel promotes poly-
mer chains repulsion and increases the hydrophilicity, leading to swelling and
therefore the release of the insulin from inside the hydrogel. PBA could be linked to
a determined polymer to form hydrogel particles. For example, porous PLGA micro-
spheres (size around 10 µm) were prepared and loaded with insulin. Then micro-
spheres were coated using PVA and a novel boronic acid-containing copolymer –
poly(acrylamide phenyl boronic acid-co-N-vinylcaprolactam)–. The insulin-loaded
microspheres could regulate drug release in response to varying glucose concentra-
tion in in vitro experiments. In in vivo studies using diabetic mice model, these
smart microspheres showed effective control of blood sugar level over at least
18 days, retaining their glucose-sensitive properties during this time [89].
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Some responsive hydrogels that contain a short peptide, polysaccharide, or
other molecule are also widely exploited to release some drugs in response to a spe-
cific enzyme. For example, some PEG-based hydrogels are cross-linked using a met-
alloproteinase-sensitive peptide (MMP). The metalloproteinases are a family of
proteases that are normally upregulated in cartilage repair, promoting the chondro-
cyte differentiation [90, 91]. In addition, metalloproteinases are present in tumor
tissues, and this kind of strategy could be used to deliver a specific drug inside the
MMP–PEG particles. MMP–PEG particles will be degraded by metalloproteinases,
and encapsulated drugs could be liberated specifically in tumor tissues [92, 93].

Other responsive hydrogels are exploited to release drugs specifically in the
colon. The use of pH-sensitive monomers (acrylamide derivatives and acrylic acid)
cross-linked with azo-aromatic bonds allows the degradability of the system to be
restricted to the colon environment. When the particles arrive to the colon, the hy-
drogels reach their highest swelling degree. Then, the cross-link bonds are de-
graded by the action of azo-reductase enzymes or mediators, and the drug can be
released. Other biodegradable polymers that are enzyme cleavable are promising
materials for developing site-specific drug release systems by enzymatic decomposi-
tion. Naturally derived polymers such as pectin, amylose, gellan gum, chitosan,
chondroitin sulfate, alginate, and dextran or synthetic polymers such as PEG, PEO,
pHEMA, and poly(N-isopropylacrylamide) are in continuous study for this kind of
biomedical applications [2].

The third strategy to develop responsive hydrogels involves the use of antibod-
ies and biomolecules that can recognize specific antigens. In the presence of an an-
tigen, hydrogels with immobilized antibodies in their structure are able to undergo
structural or volume changes as a consequence of the antigen–antibody interaction.
Several polymers were used for coupling different antibodies and to develop this
kind of biosensors. The system swelling was dependent on the antigen concentra-
tion, pH, and temperature [94–97].

In the last decade, in addition to the use of biosensors for disease treatment as
discussed earlier, the development of nanobiosensors has seen great advancements
for the characterization and quantification of biomolecules to improve clinical diag-
nosis of genetic and infectious diseases. Different types of electrochemical biosen-
sors based their detection on amperometric changes due to a specific enzyme
reaction or protein–ligand interaction. The immobilization of proteins directly in a
metallic electrode often promotes their denaturalization and leads to the impossibil-
ity of reusing them, while the deposition of proteins previously immobilized onto
hydrogel particles – especially using chitosan – avoids their denaturation, allows
their reuse, and increases the sensitivity due to the high surface-area-to-volume
ratio of the hydrogel nanoparticles [98].

Finally, it is important to remark that all the peptides, proteins, antibodies, and
enzymes used for medical treatment and diagnosis discussed earlier are initially pu-
rified using hydrogel particles. Commercial chromatographic supports are based on
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cross-linked and modified agarose, dextran, cellulose, or PAAm hydrogel particles.
For their commercialization, these materials have different particle sizes, ranging
from 15 to 300 µm, and are usually porous, to give a high internal surface area. This
area of research is in continuous development and the use of new hydrogels – such
as chitosan, alginate, and methacrylate derivatives – in the form of nano- and mi-
croparticles and in other forms is proposed for the purification of numerous biomo-
lecules with biomedical applications [99–104].

3.3.5 Cosmetics

Since the introduction of the first filler material approved by the FDA – the bovine col-
lagen – 30 years ago, the studies in this field have increased, and nowadays, there are
numerous filler producer companies around the world. Global dermal filler market will
reach USD 8.5 billion by 2024, probably due to an increase in the demand of antiaging
and wrinkle treatments [3].

Biodegradable fillers have been used to adjust facial soft tissue defects. They
are eventually metabolized by the body, usually in a period ranging from months to
a year, offering safety without health complications. Biodegradable fillers can be
divided into two main classes, according to their duration in the human body: the
nonpermanent fillers, such as collagen or HA, and the semipermanent fillers, such
as PLA and calcium hydroxyapatite [105]. The most used filler hydrogels in cosmetic
industry are made of bovine collagen and HA (Figure 3.4), both biodegradable.
PAAm hydrogel, a nonbiodegradable filler, is also used when a long-lasting effect is
desired. The hydrogel concentration in the filler determines the longevity and the
stability of the correction intervention. Gels with higher stiffness can provide a bet-
ter support in facial muscles and they better resist the dynamic forces acting during
their movements. On the other side, gels with low modulus are more suitable for
areas with static and superficial wrinkles, where the mechanical resistance is not a
critical factor. Rheological behavior and particles size affect the flow of the filler
passing through a syringe. Hydrogels tend to swell post injection; thus, this behav-
ior has to be considered before the application [106].

Usually, the filler formulation provided by the manufacturers includes both cross-
linked gels and a fluid component of the hydrogel. This latter one is easily metabolized
by the human body and does not contribute to the duration and effectiveness of the
product. Furthermore, some commercial products include hydrogels in their formula-
tion in the form of nano- and microparticles that help to maintain the desired results
much longer and also stimulate natural collagen and HA production [58, 107].

Collagen is the major structural component of the dermis, and it has a funda-
mental role in providing strength and support to human skin [108]. For example,
the product Artefll® (known in Europe as Artecoll®) is a mixture of bovine collagen
and homogeneous PMMA (Figure 3.5) microspheres. This product helps to maintain
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the desired results much longer and also stimulate natural collagen production. In
the case of HA, it is commonly adopted by elderly people to correct facial lines and
reduce wrinkling. Restylane® and Perlane® products are nonanimal-stabilized HAs
obtained from bacterial cultures. Both of them are cross-linked with butanediol di-
glycidyl ether. Restylane® was the first nonanimal-stabilized HA approved in the
USA in 2003 [106]; Perlane® was approved later, in 2007. The only difference be-
tween these two products is the particle size: the largest fraction of gel particles for
Perlane® is between 940 and 1,090 μm, whereas the largest fraction for Restylane®
is between 250 and 500 μm. HA fillers have the advantage over collagen of being
instantly reversible by the application of hyaluronidase, an enzyme that degrades
HA [3, 109].

3.3.6 Diagnostic imaging

Another interesting biomedical application developed in the recent years that in-
volves the use of hydrogel particles is diagnostic imaging. Polymeric particles could
be used as bioimaging probes for diagnostic applications improving the imaging
signals, protecting the contrast agent, and ensuring the correct body or tissue distri-
bution [8]. Polymeric bioimaging probes have prolonged half-life, enhanced stabil-
ity, reduced toxicity, and improved targeting, along with reduced nonspecific
binding [110]. Polymer-conjugated probes can prolong blood retention time result-
ing in better images. However, it is necessary to use biodegradable polymers to
avoid toxicity for the possible incomplete probe clearance [111].

Magnetic resonance imaging (MRI) is used in medical settings to produce high-
quality images of the internal organs. This technique measures the changes in the
characteristics of hydrogen nuclei in water and other nuclei with similar chemical
shift across the image slice. Bioimaging probes – in combination or not with other
contrast agents – could be used in MRI to enhance the contrast between soft tis-
sues. Typically contrast agents like gadolinium (Gd) and iron oxide were conjugated
with different biocompatible polymers, such as chitosan, dextran, polyamine, PEG,
and/or PLL [26, 111]. Gd conjugated with PLL particles with various molecular
weights are already commercially available [111]. Chitosan microspheres loaded
with Gd diethylenetriaminopenta acetic acid (size around 11.7 µm) were tested and
showed good results of in vitro Gd release that are promising for its application in
MRI [112]. Likewise, iron oxide conjugated to dextran or carboxydextran nanopar-
ticles are commercially available as nanoparticles with the name of Feridex® (size
between 50 and 200 nm) and Resovist® (size around 60 nm), respectively [111]. In
all the cases exemplified earlier, the combination of the metal ion with these poly-
mers as a coating can decrease their toxicity, prolong their presence in circulation,
and improve tissue specificity.

3 Biomedical applications of hydrogels in the form of nano- and microparticles 95



For nuclear imaging, such as single-photoemission computed tomography and
positron emission tomography, radioactive agents are commonly used and their
combination with polymers – such as PLL, dextran, and PEG – improved the speci-
ficity, prolonged the circulating time, and amplified the signal [111].

The most commonly used X-ray computed tomography contrast agent is the
low-molecular-weight iodine. The probe can be attached to polymeric nanoparticles
of PLA–PEG and/or PLGA–PEG in order to reduce the acquisition image time and
the heavy atom toxicity [9, 113].

Indocyanine green and quantum dots are used as contrasts agents for fluores-
cence imaging [111]. Polymers conjugated to fluorescent agents solve the problems
of short circulation time and lack of specificity [8]. One of the polymers used for
this purpose is PEG–PLL copolymer [111].

3.4 Future remarks

Hydrogels have been used in biomedical applications since the 1960s, and during
these years, it attracted the attention of numerous researchers. The studies devoted
to the development of new hydrogel applications are exponentially increasing, and
uncountable hydrogel modification using synthetic, natural, or blend polymers are in
constant development. However, only a small part of these developments has re-
sulted in the invention of a new product for people’s daily life. Many processing tech-
niques concerning hydrogels that are performed at lab scale are difficult, or even
impossible to be reproduced/implemented at industrial scale. Moreover, a deep poly-
mer characterization concerning nature, molecular weight, and chemical modifica-
tion, among others is necessary to validate homogeneity of the initial material in
each batch of production. These requirements are sometimes difficult to implement
in hydrogels development using natural polymers, which generally present high
polydispersity. Finally, the type of chemical cross-linker used usually implies a rigor-
ous process of validation of its absence in the final product. Sometimes these and
other requirements are not considered during the academic development of new
products, and this fact would impair their approval for commercial purposes by the
pertinent authorities.
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4 Hydrogels for mesenchymal stem cell
behavior study

Abstract: Mesenchymal stem cells (MSCs) are self-renewing, multipotent stem cells with
the ability to differentiate into mesoderm-type cells, such as adipocytes, osteocytes, and
chondrocytes. MSCs have also been reported to differentiate into other cell types such as
neurons, smooth muscle cells, and hepatocytes in vitro. Consequently, they constitute
an interesting candidate for tissue engineering and regenerative medicine purposes.
However, the perfect control of MSC commitment toward a desired lineage has still not
been achieved, which is an obstacle for their use in clinical applications. In this context,
hydrogels have been identified as a promising tool to mimic the properties of the native
extracellular matrix of cells and to investigate the response of cells to many different fea-
tures. Indeed, hydrogel properties, such as topography, porosity, mechanical properties,
and biomolecule presentation, are easily tunable and can lead to significantly different
cell behavior in terms of cellular attachment, proliferation, and differentiation. In addi-
tion, hydrogels offer the possibility to encapsulate cells, and therefore compare cell re-
sponse between two-dimensional environments, typically used in traditional cell culture
experiments, and three-dimensional environments, more representative of the cell in
in vivo environment. Therefore, this chapter aims at gathering the accumulated knowl-
edge on the control of MSC behavior by using hydrogels as a cell culture material, which
might help designing appropriate biomaterials for clinical applications.

4.1 Introduction

The interest in hydrogel materials is growing rapidly, considering their unique
swelling properties, coupled with a high versatility and a high tunability of mate-
rial’s features, which opened the door to many applications such as disposable
diapers, filters for water purification, separation materials for chromatography
and electrophoresis, biosensors, cosmetic products, and drug delivery [1]. In par-
ticular, hydrogels have broad uses in biomedical research, including regenerative
medicine and tissue engineering [2]. While most of the current understanding of
cell processes is based on experiments performed on flat and stiff materials, such
as polystyrene and glass, it became clear that these materials are not representa-
tive of the physiological environment of cells, and that culture systems that better
mimic cells native in in vivo environments were needed [3]. In this context, hydro-
gels have proven useful in many cell culture applications, shedding light on
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mechanisms regulating cell behavior and providing the appropriate conditions for
the expansion and controlled differentiation of various cell types. Hydrogels con-
stitute a powerful tool to mimic the properties of the native extracellular matrix
(ECM) of cells and to investigate the response of cells to different features such as
topography, porosity, mechanical properties, and biomolecule presentation. They
are also gaining attention due to their ability to encapsulate cells [2], and there-
fore compare cell response between two-dimensional (2D) and three-dimensional
(3D) environments.

Because of their self-renewal ability and potential to differentiate into multili-
neages, stem cells became a prominent subject in medical research for regenerative
medicine and tissue engineering purposes [4]. Among stem cells, pluripotent stem
cells, such as embryonic stem cells (ESCs) or induced pluripotent stem cells (iPSCs),
are attractive because they can give rise to all the cell types in the body [4]. However,
the use of ESCs in research and clinic is restricted due to ethical considerations. In
addition, they can cause an immune response of the patient, as the cells come from
another person, and can form tumors after they are cultivated in vitro and subse-
quently implanted in vivo [5]. iPSCs are an ethical alternative to ESCs as they can be
obtained by reprogramming adult cells. Nevertheless, the cell reprogramming effi-
ciency is quite low and the use of iPSCs in clinic is still limited because of the lack of
knowledge regarding their manipulation and behavior [5, 6]. Considering the need
for stable, safe, and highly accessible stem cell sources, adult stem cells, and par-
ticularly mesenchymal stem cells (MSCs), constitute interesting candidates. Indeed,
they are self-renewable, multipotent, easily accessible, and can be expanded in vitro
with high genomic stability and few ethical issues [4]. MSCs can be extracted from
various tissues like bone marrow, adipose tissue, and dental pulp, and they are capa-
ble of in vivo differentiation into mesoderm-type cells such as osteoblasts, chondro-
cytes, and adipocytes, as well as other cell types such as neurons, smooth muscle
cells, and hepatocytes when cultured in vitro [4]. Although MSCs exhibit several ad-
vantages, their clinical use is hindered by their tendency to uncontrollably proliferate
and differentiate, which can lead to tumor formation [7]. Moreover, the perfect con-
trol of MSC differentiation toward a desired lineage has still not been achieved.
Consequently, a better understanding of their biological behavior is required to pro-
vide tools to control their fate and allow their use in clinical applications.

Therefore, the objective of this chapter is to provide a broad overview of the use
of hydrogels as cell culture substrate and the modulation of hydrogel properties to
study and direct MSC adhesion, proliferation, and differentiation.
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4.2 Impact of hydrogel properties on mesenchymal
stem cell fate

4.2.1 Surface topography

In vivo, behavior of stem cells is controlled by the interplay of many different signals
coming from cells surrounding microenvironment. This microenvironment is composed
of chemical and mechanical cues, which will be reviewed in the following sections, as
well as topographical cues at the micro- and nanoscale [8]. Surface topography is there-
fore considered as an interesting tool to alter cell growth, morphology, and differentia-
tion. Indeed, micron-scale topographic features such as ridges, grooves, and pillars
have been shown to influence cell spreading, migration, and differentiation [9–11].
Nanostructures including pits, pillars, and grooves have also been shown to elicit spe-
cific cell responses on several materials [12–14]. However, most of the studies per-
formed so far have been conducted with solid substrates. Consequently, new methods
have been developed for the fabrication of micro- and nanotopographies on the surface
of hydrogel substrates, as hydrogels present the benefit of having similar features to
ECM. The strategy consists in fabricating hydrogel substrates with micro- or nanotopo-
graphical patterns, on which the cells spread, elongate, and align through a phenome-
non called contact guidance [15], which will determine cell shape and differentiation.

Li et al. developed different topographies on polyacrylamide hydrogels functional-
ized with type I collagen to promote cell adhesion, to study the effect of rat bone marrow
MSC spreading, proliferation, and differentiation[16]. Substrate topography was set in
square pillars or grooves, with three sets of dimensions. The width of the patterns and
the distance between them were set to 5/15, 10/10, or 15/5 µm, for both squares and
grooves. In addition, substrate stiffness was varied to 6 kPa (soft) and 47 kPa (stiff). This
research team showed that both stiffness and dimension affect MSC proliferation, as
stiffer and more unevenly dimensioned substrates (15/5 µm) lead to more cell growth.
However, there was no difference in the multiplication rate between square pillars and
grooves. Substrate topography is a key factor to regulate MSC morphology as a grooved
topography promotes the directed alignment of cells and a reduced cell area compared
to square pillars (Figure 4.1a and b). Finally, it has been shown that osteogenic differ-
entiation was promoted on the stiff substrate with uneven square pillars (15/5 µm),
while neurogenic differentiation was predominant on the soft substrate with evenly
dimensioned grooves (10/10 µm), as grooved topography favors cell alignment and
axon growth [16]. Similarly, Hu et al. molded rectangular microplates onto poly(2-
hydroxyethyl methacrylate) (pHEMA) hydrogels [15]. The dimensions of the hydrogel
microplates were 20 µm in height and 2 µm in width, and 10, 25, and 50 µm in length. The
interplate spacing varied between 5 and 10 µm and the intercolumn spacing was 5 µm. It
has been observed that human MSCs adhered and spread on a regular cell culture Petri
dish but did not spread on a flat pHEMA hydrogel, due to the hydrophilicity of the
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pHEMA hydrogels and the lack of anchor point on the flat surface. However, cells ad-
hered on microstructured pHEMA hydrogels and spread into elongated geometries in re-
sponse to the topographical cues, as observed in the previous study, staying in between
the parallel plates and conforming to the gaps (Figure 4.1c). Cell length increased as the
interplate spacing decreased, as cells need to stretch more in the longitudinal direction
to fit into a smaller space between the parallel plates. In addition, the cells tend to elon-
gate more on longer plates. Finally, after 32 days of culture, the cells formed a dense and
interconnected layer, with cells connecting in vertical direction through the intercolumn
spacing. This is one of the advantages of having plate-patterned substrate over groove-
patterned substrate, as it allows cell–cell connections and interactions (Figure 4.1c) [15].
Although many studies focused on polygonal patterns, as squares, grooves, and plates,
some researchers also investigated the impact of circular patterns on cell behavior. For
example, Yang et al. produced chitosan hydrogels with uniform microhills of 10 µm and
dispersed microhills of 5–30 µm in diameter [17]. Spacing between microhills was deter-
mined as 4 µm for uniform hills and 14 µm for dispersed hills. They observed that rat
MSCs on uniform hills were flat, polygonal, and well spread, while the majority of MSCs
on dispersed hills were fusiform with cells that adhered to the hills, forming a bridge-like
structure across the hills, or that fell between the hills. Therefore, cells on dispersed hills
would spread and migrate along the spacing between microhills, leading to orientation
by contact guidance. No difference in cell adhesion was found between flat and
patterned hydrogels; however, MSCs proliferation was higher for dispersed hills
followed by uniform hills and at last, flat hydrogels [17]. Although the spatially
and dimensionally dispersed microhills were found to promote MSCs alignment
and proliferation, it is not certain whether this effect is due to microhills size,
shape, or to the spacing between the hills.

Figure 4.1: (a, b) Spreading of rat MSCs on a stiff (47 kPa) polyacrylamide hydrogel patterned with
square pillars (a) or (b) grooves. The grooved topography promoted cell alignment by contact
guidance and led to a reduced cell area compared with square pillars. Scale bars: 20 µm. Adapted
from ref. [16]. (c) Human MSCs cultured on a microplate-patterned pHEMA hydrogel substrate. After
7 days of culture, cells elongated and aligned along the direction parallel to the plates and
connected through the intercolumn spaces. Adapted from ref. [15].
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Besides pillars and grooves, other hydrogel topographies consisting in wrinkles and
cavities with various shapes have been studied. Poellmann et al. prepared polyacryl-
amide hydrogels with square or hexagonal cavities, varying the size of the cavities
(from 3 to 20 µm) and the width of the borders separating the cavities (from 1 to
20 µm) [18]. They observed that the proportion of well-spread mouse bone marrow
MSCs was higher for 10 and 15 µm borders than for 1 and 2 µm borders, with no effect
of cavity shape and size. However, cell area was higher for square patterns with large
borders (15–20 µm) than for hexagonal patterns or small borders (2–5 µm). Finally,
square patterns induced cell alignment along the borders, with cells on smaller bor-
ders becoming more elongated, while they did not align on substrates with hexago-
nal cavities. This is explained by the fact that borders on square substrates are
similar to continuous grooves, which is consistent with the results of the precedent
studies, while borders between hexagonal cavities frequently change direction on a
scale shorter than most cells [18]. Guvendiren et al. investigated the effects of pattern
geometry and size on stem cell morphology and spreading by molding lamellar and
hexagonal patterns with a periodicity (λ) of 50 or 100 µm and a height of 20 µm on
pHEMA hydrogels [19]. For lamellar patterns with λ = 50 µm, most of the cells formed
bridges between the patterns and spread randomly without recognizing the pattern,
while for λ = 100 µm, the majority of cells aligned themselves along the patterns. For
hexagonal patterns with λ = 50 µm, one-third of the cells attached inside the patterns
and remained rounded, while for λ = 100 µm, the majority of the cells were found to
be inside the patterns with a round morphology but a larger cell area. Lamellar pat-
terns with λ = 100 µm and hexagonal patterns with λ = 50 µm were chosen to study
human MSCs differentiation as they induced aligned cells which could stimulate os-
teogenesis and round cells which could favor adipogenesis, respectively. The differ-
entiation on patterned surfaces was also compared with that observed on flat
surfaces. As expected, MSC osteogenic differentiation was found to be upregulated
for lamellar patterns, while adipogenic differentiation was higher for hexagonal pat-
terns. In addition, osteogenesis was found only for cells that were elongated and
aligned by taking the shape of the lamellar pattern, whereas only cells inside the hex-
agonal patterns which remained round with low spread area stained positive for adi-
pogenesis [19]. These observations confirm that surface topography can direct cell
shape, which in turn modulates cell differentiation. Finally, Randriantsilefisoa et al.
synthesized polyethylene glycol (PEG) hydrogels presenting both micro- and nano-
wrinkles or creases to study the morphology of human MSCs [20]. On wrinkled hydro-
gels, cells developed a branched morphology with many cell interconnections and
created additional wrinkles due to cell contractile forces. For hydrogels presenting
creases, the cells were preferentially oriented and gathered along the creases, pro-
moting a tissue-like formation by being close to one another [20].

4 Hydrogels for mesenchymal stem cell behavior study 107



Finally, less defined structures such as random surface roughness might also influ-
ence cell spreading and differentiation. For example, Hou et al. developed gelatin
methacryloyl (GelMA) hydrogels with two different values of stiffness (4 kPa as soft gel
and 31 kPa as stiff gel) and with varying surface roughness (Rs) from the nano- to mi-
croscale (from 200 nm to 1.1 µm) to study the effect on human MSCs adhesion, spread-
ing, and osteogenic differentiation [21]. They found that cell-spreading area on soft
hydrogels increased with increasing surface roughness, and that cells presented de-
fined and aligned actin stress fibers for a roughness greater than 500 nm. On stiff hy-
drogels, the spreading of MSCs was slightly enhanced by increasing the roughness
from 200 to 500 nm, but was restricted for higher roughness. In addition, focal adhe-
sions were observed on soft gels from a roughness of 500 nm, whereas on the stiff gels,
the maximum size of focal adhesions was obtained for an intermediate roughness of
500 nm. These results are correlated with MSC osteogenic differentiation (Figure 4.2) as
the increase of surface roughness on soft hydrogels induced a higher expression of os-
teogenic markers. On the stiff hydrogels, the osteogenic differentiation increased line-
arly with the surface roughness, but decreased for roughness greater than 500 nm.
Thus, the highest levels of osteogenic differentiation were observed for the conditions
inducing the highest cytoskeletal and nuclear tension [21].
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Figure 4.2: Osteogenic differentiation of human MSCs on roughness gradient hydrogels. Alkaline
phosphatase staining of MSCs cultured on (a) soft (4 kPa) and (b) stiff (31 kPa) hydrogels in
osteogenic-induced media for 7 days. Quantification of ALP positive cells on (c) soft and (d) stiff
hydrogels. Scale bar: 200 µm. The designations R5%, R10%, R30%, R50%, R75%, and R95% refer to
roughness values (Rs) of 200, 300, 400, 500, 700, and 1,100 nm, respectively. On soft gels, MSC
osteogenic differentiation increased with the roughness. On stiff gels, the differentiation was
maximal for an intermediate roughness of 500 nm. From ref. [21].
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4.2.2 Two-dimensional versus 3D culture systems

As previously mentioned, hydrogel materials are gaining popularity for cell culture ap-
plications, thanks to their ability to encapsulate cells [2], which allows cell response
comparison between 2D and 3D environments. Expansion of MSCs is typically being
conducted using traditional 2D-adherent culture conditions. This technique is relatively
easy, but it has been demonstrated that cells produced in this manner eventually lose
their stemness and differentiation potential, which is accompanied by replicative cell
senescence and reduced paracrine capabilities [22]. Drawing inspiration from the native
stem cell microenvironment, hydrogel platforms have been developed to drive stem
cells fate by controlling parameters such as matrix mechanical properties, degradabil-
ity, presence of cell-adhesive ligand, local microstructure, and cell–cell interactions
[23, 24]. Consequently, the understanding of the differences in cell behavior as cell
cultures are shifted from 2D surfaces to 3D substrates is highly needed. In general, 3D
culture systems can be divided into two categories. The first category includes macro-
porous substrates that present interconnected pores with a pore size on the length
scale of a single cell or greater (>10 µm) [25]. In these substrates, the pore size and ar-
chitecture can influence cell behavior in terms of migration and differentiation [25, 26].
The second category comprises nonmacroporous substrates for which cells are fully en-
capsulated within the 3D substrate and are immobilized by contact with the substrate.
Depending on the stiffness of the substrate and the ability of cells to degrade the hy-
drogel, the possibilities for cells to migrate or probe the surrounding environment will
vary, which is likely to influence stem cell fate [25].

Nonmacroporous substrates have been proven useful for MSC chondrogenic differ-
entiation as 3D cell encapsulation would allow rounded cell morphology and particular
cell/cell or cell/matrix interactions, which are critical to obtain chondrocytes [27–29].
Merceron et al. used cellulose-based hydrogels to study the chondrogenic differentia-
tion of human adipose tissue MSCs when cultured in 2D or 3D environments in vitro
and in vivo [27]. After 3 weeks of culture in monolayers on top of the gel (2D) or encap-
sulated in gel pellets (3D) and in the presence of control or chondrogenic culture
media, this team of scientists found that the expression level of four different chondro-
genic markers was the highest for cells cultured in pellets and in the presence of chon-
drogenic medium. In addition, it has been shown that only 3D culture in the presence
of chondrogenic medium supported the production of both glycosaminoglycan (GAG)
and type II collagen, normally found in cartilage matrix. This study therefore demon-
strated that 3D culture of MSCs was more suitable for chondrogenic differentiation
in vitro, although a chondrogenic medium was required. Cells from the in vitro experi-
ment were then collected and encapsulated in the hydrogels before being subcutane-
ously injected to mice, to ascertain whether cells were able to form cartilaginous tissue
in vivo. After 5 weeks of implantation, cartilaginous tissue formation was achieved for
MSCs treated with a chondrogenic medium in both 2D monolayer and 3D pellet cul-
tures. While MSCs cultured in 2D chondrogenic medium failed to achieve chondrogenic
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differentiation in vitro, they formed a cartilaginous tissue to the same extent as MSCs
precultured in 3D when they were transferred in 3D structures and implanted in vivo
[27]. Although cells cultured in 2D and 3D led to the same result in vivo after 5 weeks of
implantation, studying tissue formation at shorter time points might have revealed dif-
ferences in tissue formation rate. Another study, conducted by Varghese et al., showed
the benefit of 3D culture for MSC chondrogenic differentiation [30]. Nevertheless, this
study highlighted that 3D culture alone was not sufficient to direct MSC differentiation
toward the chondrogenic phenotype and that the physicochemical properties of the
matrix were determinant to guide cell fate. Indeed, by encapsulating goat MSCs into
PEG hydrogels or PEG hydrogels containing chondroitin sulfate (CS) moieties, it has
been shown that PEG-CS hydrogels promoted self-aggregated cell clusters homo-
geneously distributed within the hydrogels and producing cartilaginous tissues, while
no cell aggregation was observed for PEG hydrogels. Cell aggregation was correlated
with chondrogenic differentiation as MSCs in PEG-CS hydrogels exhibited earlier acti-
vation and higher expression of chondrogenic markers compared with MSCs in PEG
hydrogels. The authors explained these observations by the fact that CS moieties en-
hanced the aggregation of cells, possibly by interacting with various growth factors
from the culture medium and enhancing their activity, leading to the formation of
large cell clusters, which is recognized as a requirement for chondrogenesis. In addi-
tion, they showed that the immobilized CS segments of the scaffold underwent degra-
dation in response to the cellular processes, which facilitated large cell cluster growth
and matrix deposition [30]. Besides the presence of specific chemical moieties, the ad-
dition of ECM proteins or peptides into the 3D environment can also influence cell dif-
ferentiation. For example, Jung et al. entrapped different proteins, such as type I
collagen, laminin (LN), and fibronectin(FN) into PEG hydrogels, allowing cell encapsu-
lation to study human MSC differentiation in 3D environments versus the situation
where cells were cultured on 2D protein films [31]. For 2D culture, after 14 days, they
found that myogenic differentiation was enhanced for a film of FN when compared
with cells cultured on plastic dishes in the presence of differentiation medium, while
none of the protein films was able to promote osteogenic, adipogenic, and chondro-
genic differentiations to higher levels than the differentiation medium. For 3D matrices,
after 28 days, hydrogels containing collagen were found to upregulate the expression
of each lineage gene (myogenic, osteogenic, adipogenic, and chondrogenic) compared
to hydrogels with LN and FN. In addition, ECM proteins in a 3D environment stimu-
lated adipogenic and osteogenic differentiation at higher levels than in 2D culture [31].
However, even within a 3D environment, cell differentiation might not be homoge-
neous. Song et al. encapsulated human bone marrow MSCs within alginate hydrogels
and directed their differentiation using osteogenic or adipogenic culture medium [32].
After 3 and 7 days, they observed homogeneous osteogenesis with similar amounts of
calcium deposition through the hydrogel. Conversely, in the case of adipogenesis,
more lipids were observed at the bottom of the gel than at the top [32]. Finally, while
the above-mentioned studies have been conducted using covalently cross-linked
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hydrogels, the question that arises is whether the type of cross-linking (chemical or
physical) could impact stem cell fate when encapsulated within the hydrogel. Huebsch
et al. showed that within nondegradable, ionically cross-linked alginate hydrogels
functionalized with RGD (Arg-Gly-Asp) peptides, encapsulated MSCs differentia-
tion was dictated by matrix stiffness with osteogenic commitment occurring primarily
at intermediate stiffness (11–30 kPa) and adipogenic lineage predominating in softer
(2.5–5 kPa) microenvironments (Figure 4.3a) [33]. These observations were explained
by two phenomena. First, it appeared that cell interaction with integrins was dif-
ferent depending on hydrogel stiffness, with, for example, a higher number of in-
tegrin α5-RGD bonds for a stiffness of 22 kPa. Second, it has been shown that cells
used traction forces to mechanically reorganize the RGD peptides presented within
these hydrogel matrices. These tractions forces are dependent on matrix stiffness as
cells cultured on very compliant substrates cannot assemble their cytoskeleton and
adhesion complexes while this is required to exert the so-called traction forces. On the
contrary, on very rigid substrates, the cells cannot generate enough force to deform
the matrix, which in turn will influence stem cell fate [33]. The possibility for cells to
generate forces when encapsulated within these hydrogels is likely to be attributed to
the physical cross-linking of alginate which allows matrix reorganization as physical
cross-links can break and reform [28]. On the contrary, the study of Khetan et al.
showed that human MSCs encapsulated within covalently cross-linked RGD-modified
methacrylated hyaluronic acid (MeHA) hydrogels underwent almost exclusively adi-
pogenesis relative to osteogenesis for all the tested stiffnesses from 4 to 91 kPa
(Figure 4.3b and 4.3c) [34]. In addition, MSCs showed limited focal adhesion forma-
tion and unpolymerized actin in 3D matrices, while MSCs seeded on 2D MeHA gels of
similar elastic modulus (25 kPa) exhibited focal adhesion and underwent primarily
osteogenic differentiation. These results are correlated with the measurement of
very minimal deformation of the surrounding gels by encapsulated MSCs in all
formulations. To confirm that cell differentiation was related to the ability of cells
to deform the matrix, MSCs were encapsulated in hydrogels with cleavable cross-
links (CCs) allowing cell degradation or with permanent cross-links (PCs) inhibit-
ing cell degradation. MSCs in CC gels developed a robust network of stress fibers
and focal adhesions which were not observed in PC gels. In addition, MSCs spread
within CC gels and deformed the surrounding matrix to a greater extent than in PC
gels. When switching the culture medium to a mixed adipogenic/osteogenic medium,
MSCs in CC and PC gels underwent primarily osteogenesis and adipogenesis, respec-
tively (Figure 4.3d). Thus, for hydrogels of the same stiffness, osteogenesis was favored
when cells were able to spread and pull on the surrounding matrix, and adipogenesis
was favored when cells remained rounded and were unable to displace the surround-
ing matrix [34, 35]. Stem cell fate is therefore regulated by cell-generated tension that
can be disabled by the presence of nondegradable covalent cross-links, which indi-
cates that stem cells response to biophysical cues is highly dependent on the type of
hydrogel used, as well as the dimensionality of the system.
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In the case of macroporous substrates, the size and the architecture of pores are
likely to affect MSCs differentiation. For example, Phadke et al. fabricatedPEG diacry-
late-co-N-acryloyl 6-aminocaproic acid hydrogels with either randomly oriented pores
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Figure 4.3: (a) (i) Staining of encapsulated mouse MSCs for ALP activity (fast blue: osteogenic
marker, blue) and neutral lipid accumulation (oil red O: adipogenic marker, red) after 1 week of
culture in the presence of combined osteogenic and adipogenic culture medium within RGD-modified
alginate hydrogels with different stiffness. Adipogenesis was favored for soft substrates while
osteogenesis occurred at intermediate stiffnesses. (ii) Actin staining of mouse MSCs 2 h after
encapsulation into alginate matrices with varying stiffnesses. MSC differentiation was dictated by
matrix stiffness irrespective of cell morphology as MSCs remained rounded independently of
stiffness. Scale bars:
(i) 100 µm and (ii) 10 µm. Adapted from ref. [33]. (b) Representative bright-field images and (c)
percentage differentiation of human MSCs within MeHA gels following 7 days of incubation in mixed
osteogenic/adipogenic culture medium. Adipogenesis was predominant regardless of the stiffness.
Scale bars: 100 and 5 µm (insets). (d) (i) Percentage of human MSC differentiation toward osteogenic
or adipogenic lineages in gels with cleavable cross-links (CCs) or permanent cross-links (PCs)
(#p < 0.005). (ii) Representative bright-field images of MSC staining for ALP (osteogenesis) and lipid
droplets (adipogenesis) in CC or PC hydrogels. (iii) Representative immunocytochemistry for
osteocalcin (OCN, osteogenesis, green) and fatty acid binding protein (FABP, adipogenesis, red) of
MSCs in CC or PC hydrogels. Osteogenesis was favored for CC gels where cells were able to pull on
the surrounding matrix, and adipogenesis was favored for PC gels where cells were unable to
displace the surrounding matrix. Scale bars: (ii) 25 µm and (iii) 20 µm. Adapted from ref. [34].
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of 50–60 µm (spongy gel) or lamellar pores of 100–150 µm (columnar gel) and showed
that human MSCs cultured in spongy gels presented a more spread morphology when
compared with cells seeded in columnar gels, which tended to form small cellular
aggregates along the pore walls [36]. Although both pore architectures supported
MSC osteogenic differentiation, cells in spongy gels exhibited significantly higher
expression of several osteogenic markers and higher calcium deposition, suggest-
ing that the spongy gels promoted faster osteogenic differentiation than the co-
lumnar gels. The enhanced osteogenic differentiation of MSCs in spongy gels
could be explained by the highly interconnected porous network, which facilitated
nutrients transport. The difference in tortuosity of the pores might also influence cell
differentiation. Finally, the higher pore surface area in the spongy gels allowed for
increased available area for cell spreading, leading to more spread cells which favor
osteogenesis [36]. In another study, oligo(poly(ethylene glycol) fumarate) hydrogels
were synthesized with a fixed pore size (50–100 µm) and with varying porosity of 0%,
20%, and 40%. It has been found that the gel with 40% porosity prolonged cell viabil-
ity, which has been accounted for enhanced nutrient transfer. In addition, alkaline
phosphatase (ALP) activity of rat bone marrow MSCs was higher for a porosity of 40%
after 8 days, showing that greater porosity enhances osteogenic differentiation [37].
Using the same hydrogels but with constant porosity of 75% and pore size of 100, 300,
and 400 µm, Dadstean et al. showed that rat bone marrow MSCs tended to aggregate
on the edge and inside the pores of the interconnected porous network [38]. ALP activ-
ity and calcium deposition after 14 days were found to be significantly higher within
porous hydrogels than on regular tissue culture plastic, but no difference was observed
for the various pore sizes [38]. In addition to osteogenesis, hydrogel porosity has been
found to influence chondrogenesis. Recently, Yang et al. developed covalently cross-
linked type I collagen hydrogels with different pore architecture to study the impact on
rat bone marrow MSCs chondrogenesis [39]. They fabricated hydrogels presenting a po-
rous network with large and solid walls (the P group) with a pore size of 35 µm for P1
and 20 µm for P2, or hydrogels displaying a fibrous network with abundant micropores
(the F group) with a median pore size of 0.7 µm for F1 and 0.3 µm for F2 (Figure 4.4a).
MSCs were found to form clusters for all samples, but with larger clusters within the F2
gel. Cell proliferation was faster for the F group than for the P group, with F2 promoting
the fastest proliferation. On the contrary, the cell area was higher for the P group, with
a well-organized actin network after 7 days of culture, while cells presented a round
morphology for the F group after 1 day and more spread cells but with dispersed actin
cytoskeleton after 7 days (Figure 4.4b), indicating that chondrogenic phenotype was
favored in the F group. Regarding cell differentiation, the expression of five different
chondrogenic markers was higher in the F group after 7 days, with the highest gene
expression observed for F2. Furthermore, GAGs and collagen II, produced in cartilage,
were found in the F group but much less in the P group, suggesting a more chondro-
genic cell type in the F group. Finally, cells in the P group presented calcium deposi-
tion indicating that more MSCs in the P group underwent osteogenic differentiation
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than in the F group. Similar observations were made in vivo, leading to the conclusion
that the F group hydrogels facilitated chondrogenesis. Similar to previous studies, the
higher cell proliferation rate of the F group was explained by the abundant well-
interconnected micropores facilitating proteins and cell metabolic wastes circulation.
In addition, the dense porous network of F group hydrogels provided a confined space
for cells which resulted in cells with decreased spreading area, dispersed actin cyto-
skeleton, and spherical morphology, directing cells toward the chondrocyte phenotype.
On the contrary, the P group hydrogels had a larger porous network with relatively flat
pore walls, providing flat surfaces for cells to spread, which was beneficial for osteo-
genic differentiation. This study also confirmed the results obtained by Khetan et al.
[34] showing that MSCs tended to undergo osteogenic differentiation in degradable 3D
hydrogels, as hydrogels from the P group exhibited faster degradation and higher oste-
ogenic differentiation [39]. Finally, collagen–hyaluronic acid (HA) hydrogels with three
distinct mean pore sizes (94, 130, and 300 µm) allowed an increase in rat bone marrow
MSCs attachment by increasing the pore size [40]. In addition, for smaller pore size,
cells adopted a flat morphology, whereas cells presented a rounded morphology for a
larger pore size of 300 µm, which is correlated with a higher expression of chondro-
genic markers for the largest pores. The chondrogenic differentiation occurring prefera-
bly for the largest pores can be explained by a better transport of chondrogenic factors
and nutrients as well as a lower specific surface area which would result in lower cell
adhesion ligand density, promoting rounded morphologies and therefore directing
cells toward the chondrocyte phenotype [40].

Figure 4.4: (a) SEM images of covalently cross-linked type I collagen hydrogels with different pore
architecture. Hydrogels of the P group presented a porous network with large and solid walls
(pore size of 35 µm for P1 and 20 µm for P2) and hydrogels from the F group displayed a fibrous
network with abundant micropores (median pore size of 0.7 µm for F1 and 0.3 µm for F2). (b)
Phalloidin (cytoskeleton in red)/DAPI (nuclei in blue) staining of rat bone marrow MSCs
encapsulated in the hydrogels. Cell area was higher in hydrogels from the P group. Scale bars:
25 µm. Adapted from ref. [39].

114 Emilie Prouvé, Gaétan Laroche, Marie-Christine Durrieu



4.2.3 Mechanical properties

The key to control and direct stem cell commitment into specific cell types required
for regenerative medicine is thought to lie in mimicking the properties of the ECM
of cells. This goes through surface conjugation with biomolecules, which will be
discussed in the next section, and the control of the mechanical properties of the
matrix. Indeed, considering that cells’ mechanical microenvironments can be as
physically diverse as brain, muscle, cartilage, or bone, it is thought that glass or
plastic dishes, commonly used for standard in vitro cell culture, fail to provide
proper environment for cell growth and differentiation[41]. Hence, over the past
15 years, a particular effort has been devoted to the development of hydrogels with
tunable stiffness mimicking native tissues to study the impact of stiffness on cell
adhesion, proliferation, and stem cells differentiation.

In particular, covalently cross-linked polyacrylamide hydrogels have been ex-
tensively used for such studies, as they offer the possibility to simply modulate hy-
drogel stiffness by varying their cross-linked content [42]. In pioneering work,
Engler et al. synthesized polyacrylamide gels with varying stiffness and coated
them with type I collagen to evaluate the effect of stiffness on human bone marrow
MSC differentiation (Figure 4.5a) [43]. They demonstrated that MSCs grown on soft
matrices mimicking brain tissue (0.1–1 kPa) tended to develop branched morphol-
ogy and to express higher level of neurogenic differentiation markers, whereas on
matrices with intermediate stiffness close to the modulus of muscle (8–17 kPa),
cells exhibited a spindle-shaped typical of myoblasts, with greater expression of
myogenic markers [43]. Finally, MSCs cultured on more rigid matrices mimic the
stiffness of osteoid (25–40 kPa), a collagen matrix secreted by osteoblasts, became
polygonal in shape, similar to osteoblasts and showed an upregulation of osteo-
genic markers [43]. These results suggest that optimizing the matrix mechanical
properties could be a powerful tool to direct stem cells differentiation into a specific
lineage. This hypothesis has been confirmed ever since by many other studies
which are summarized in Table 4.1. Briefly, neurogenic [43–46] and adipogenic [33,
47–50] differentiation have been found to be predominant on soft matrices (from
0.1 to 5 kPa), myogenic commitment has been shown to be mostly encouraged for
stiffnesses between 8 and 40 kPa [43, 45–47, 51, 52], while tenogenic differentiation
was favored for stiffnesses between 30 and 50 kPa [53]. In addition, Yang et al. dem-
onstrated that a soft matrix, with a stiffness close to that of bone marrow (2 kPa),
would allow MSCs to maintain their stem cell phenotype [54]. Finally, the results
obtained for chondrogenic and osteogenic differentiation were more heterogeneous,
with chondrogenic differentiation reported both on soft matrices (0.5–1.5 kPa) [55, 56]
and stiffer matrices (80 kPa) [46], and osteogenic differentiation mentioned for a
wide range of stiffnesses going from 1.5 up to 190 kPa [33, 43, 44, 46, 48–51, 53–60],
although it would be predominant between 20 and 90 kPa. Such inhomogeneity in
the results could be explained by the use of a broad range of techniques to evaluate
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hydrogels stiffness, which complicates the comparison between the different studies.
In addition, Trappmann et al. showed different results depending on the substrate
used, as they obtained a stronger adipogenic differentiation of MSCs on soft poly-
acrylamide gels (0.5 kPa) and a stronger osteogenic differentiation for stiffer matrices
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(20 and 115 kPa) (Figure 4.5b and c), but they did not observe any effect of the stiff-
ness on MSC differentiation for PDMS substrates [47]. These results have been ex-
plained by the fact that cells do not directly pull the hydrogel matrix, but the
covalently attached collagen on the surface of the gel. Consequently, the strains ap-
plied by cells are resisted by the attached collagen and the resistance is correlated to
the number of anchorage points of collagen on the underlying matrix. Thus, by re-
ducing the anchoring density of collagen on a gel with a stiffness of 20 kPa, cells did
not exhibit the typical behavior for a stiffness of 20 kPa but behaved as if they were
on a gel with a stiffness of 2 kPa [47]. These findings can explain the different behav-
ior of cells between polyacrylamide hydrogels and PDMS, as well as the discrepancies
observed over the literature. Finally, as most in vitro studies focused on cell state
under static conditions at a particular time point, Lee et al. studied whether changing
the biophysical aspects of the substrate could modulate the degree of MSCs lineage
specification [44]. They explored MSC osteogenic and neurogenic differentiation on
soft (0.5 kPa) or stiff (40 kPa) hydrogels followed by transfer of the cells to gels of the
opposite stiffness. They observed that transferred MSCs, from soft to stiff gels, tended
to decrease the expression of neurogenic markers and to increase the levels of osteo-
genic markers to levels that were comparable to cells that were cultured on the stiff
gels alone. In the same way, transferred MSCs from stiff to soft gels showed a de-
creased expression of osteogenic markers and an increased expression of neurogenic
markers as compared to cells maintained in culture on stiff substrates which mostly
express osteogenic markers. Though the expression of osteogenic marker remained
elevated compared to MSCs that were cultured on soft gels, indicating that transfer-
ring MSCs from stiff to soft substrates does not lead to a complete lineage reversal
[44].

Besides cell differentiation, it has been shown that matrix stiffness has a great
impact on cell adhesion, spreading, and proliferation. Many studies agree on the
fact that cell area increases with matrix stiffness, with small and round cells with
few stress fibers and focal adhesions on soft substrates, and highly spread cells
with organized actin cytoskeleton and focal adhesions on stiff substrates [43, 48,
51, 54, 55, 61]. In addition, cell attachment and proliferation have been reported to
be greater on stiffer matrices [45, 51, 52, 55, 60]. These observations would be ex-
plained by the fact that MSCs, as well as other cell types, can sense the rigidity of
the substrate by exerting contractile forces, thanks to cell receptors as integrins,
which can cluster into complexes known as focal adhesions that allow cell adhe-
sion to the matrix. Focal adhesions can connect the substrate to cell cytoskeleton,
providing physical links between mechanical environment and intracellular con-
tractile architecture [62]. It is believed that cells on soft gels need to be less contrac-
tile than on stiff gels to adhere to the matrix. This is correlated with highly spread
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cells with organized actin cytoskeleton and stable focal adhesions on stiff gels,
which maintain cell contractility, and more round cells with dynamic adhesions
and no cytoskeleton organization on soft substrates [63]. Finally, as the cytoskele-
ton is associated with nuclear structures, the physical properties of cells are linked
to gene expression [64]. In summary, matrix stiffness influences cell spreading and
cytoskeleton organization which, in turn, drives cell differentiation through differ-
ent pathways that have unfortunately not all been elucidated yet.

In this context, hydrogel substrates can also serve as a powerful tool for the mea-
surement of traction forces exerted by cells on the ECM. The general method consists
in cultivating cells on top of hydrogels containing thousands of fluorescent beads and
following the displacements of the beads to calculate cell generated forces. For exam-
ple, polyacrylamide [65, 66] or agarose [67] hydrogels have been used to study the dis-
tribution of forces exerted by fibroblasts or even metastatic breast adenocarcinoma
cells in 2D culture. This method enabled to follow the dynamic mechanical interaction
of the cells and their substrate and to characterize the location and magnitude of the
traction forces. The same methodology was applied for 3D cell culture as it is more rep-
resentative of the in vivo cell behavior. As such, Legant et al. encapsulated fibroblasts
in 3D PEG hydrogels containing around 70,000 fluorescent beads and tracked the dis-
placements of the beads in the vicinity of each cell to obtain a 3D map of cell-induced
deformations [68]. Although these studies can provide useful results for the under-
standing of cell–matrix interactions, they have been conducted mainly with fully differ-
entiated fibroblasts. Consequently, individual studies are required to investigate the
behavior of different cell types, as the results obtained with fibroblasts are not directly
transposable to other cells.

Although it is clear that matrix stiffness has a great impact on stem cell fate, it
is now acknowledged that the mechanical properties of hydrogels and living tissues
are not limited to elasticity, but include viscoelastic properties. Viscoelastic materi-
als first resist cell-generated forces because of their elasticity, and then dissipate
the applied forces over time due to their viscoelastic response, which can dramati-
cally alter cell behavior [64]. However, only few studies investigated the impact of
hydrogels viscoelastic properties on cell adhesion, proliferation, and stem cell dif-
ferentiation. For example, Cameron et al. varied the formulation of polyacrylamide
hydrogels to obtain matrices with a constant elastic modulus (4.7 kPa) and with
varying viscous modulus (1, 10, and 130 Pa) [69]. They showed that human bone
marrow MSCs’ spread area and proliferation increase with the viscous modulus. In
addition, adipogenic, myogenic, and osteogenic differentiation were enhanced for
the highest viscous modulus in the presence of differentiation supplements [69].
Similarly, Charrier et al. developed polyacrylamide hydrogels with constant elastic
modulus (5 kPa) and with varying viscous modulus (0, 200, and 500 Pa) by entrap-
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ping linear polyacrylamide into the hydrogel network [70]. They observed that
mouse fibroblasts had overall smaller areas on viscoelastic gels than on purely elas-
tic gels. In addition, they showed that the percentage of rat hepatic stellate cells
undergoing myofibroblast differentiation decreased as the viscous modulus in-
creased, and that differentiated cells had the ability to dedifferentiate on substrates
with higher viscous modulus [70]. Chaudhuri et al. compared the effect of cova-
lently cross-linked alginate hydrogels (elastic substrates) and chemically cross-
linked alginate hydrogels (stress relaxing substrates) of varying elastic modulus
(1.5, 3, and 9 kPa) on the spreading of human osteosarcoma cells and mouse fibro-
blasts [71]. They confirmed that the cell-spreading area increases with the hydrogel
stiffness and they observed enhanced cell spreading on stress-relaxing substrates
relative to elastic substrates, with greater cell focal adhesion formation and higher
number of cells forming stress fibers [71]. Using similar hydrogels, Bauer et al.
showed that mouse myoblasts had a significantly higher cell-spreading area as the
elastic modulus was increased from 2.8 to 49.5 kPa on elastic gels, while for stress-
relaxing gels, the cell-spreading area increased from 2.8 to 12.2 kPa, but did not fur-
ther increase with higher modulus [72]. However, myoblast proliferation was higher
on stress-relaxing substrates as compared to elastic substrates for all investigated
elastic moduli [72]. In another study, Chaudhuri et al. developed alginate hydrogels
using different molecular weight polymers in combination with different cross-
linking densities of calcium to obtain matrices with constant elastic modulus but
different relaxation time [73]. They evidenced that both spreading and proliferation
of mouse fibroblasts increase with faster stress relaxation for a constant elastic
modulus of 9 kPa. Moreover, they observed adipogenic differentiation of human
MSCs for an elastic modulus of 9 kPa, with the level of adipogenesis decreasing in
rapidly relaxing gels, and very low levels of osteogenic differentiation. In contrast,
no adipogenic differentiation was observed for a higher initial elastic modulus of
17 kPa, while osteogenic differentiation was significantly enhanced in gels with
faster stress relaxation (Figure 4.6) [73]. These studies highlight the importance of
considering the effect of both elasticity and viscoelastic properties on cell behavior,
as they can have great impact on cell adhesion, proliferation, and differentiation.
In addition, these results seem to show that cell response to varying viscoelastic
properties might depend on cell type. Consequently, more efforts should be dedi-
cated to such studies in order to provide tools for the control of cell behavior for
regenerative medicine purposes, as they are still lacking today. Finally, hydrogel
materials offer many possibilities for mimicking the mechanical properties of the
ECM and providing a suitable environment for controlled cell growth and fate.
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4.2.4 Biofunctionalization

Over the past years, the conception of biomaterials has evolved from “inert” materi-
als, which do not interact with the cells of the host organism, to sophisticated sub-
strates with the capability to communicate with cells and direct their fate [74, 75].
Specifically, tuning the biochemical cues of the substrate has been identified as a
promising way to direct cell fate. Many studies have therefore investigated the im-
pact of several signaling molecules, such as growth factors, ECM proteins, and pep-
tides, on cell behavior in terms of adhesion, spreading, and differentiation [74]. If
these cues can be presented to cells in a soluble form, their immobilization on the
material generally improves their stability and provides better control over their
density and orientation [74, 75]. In the natural in vivo environment, it is acknowl-
edged that cell adhesion and differentiation are partly mediated by the interaction
with various proteins anchored in the ECM, which is mainly driven by integrin
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Figure 4.6: (a) Representative images of oil red O (ORO) staining (red), indicating adipogenic
differentiation, and alkaline phosphatase (ALP) staining (blue), indicating early osteogenic
differentiation, for human MSCs cultured in alginate gels of indicated modulus and timescale of
stress relaxation for 7 days. Gels were functionalized with RGD peptide to promote cell adhesion.
Scale bars: 25 µm. (b) Quantification of the percentage of cells staining positive for ORO, and a
quantitative assay for ALP activity from lysates of cells in gels from the indicated conditions at
7 days in culture. *, **, and **** indicate p < 0.05, 0.01, and 0.0001, respectively. Adipogenesis
occurred preferably for a soft gel with long relaxation times, while osteogenesis was favored on a
stiffer gel with short relaxation times. Adapted from ref. [73].
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receptors [75]. MSCs reside in a niche made up of neighboring cells and the ECM in-
fused with autocrine and paracrine soluble growth factors notably [76]. Cellular be-
havior depends on the abundance and distribution of bioactive factors in the ECM,
which undergoes remodeling [77] as a result of cells self-renewal and differentiation
[78]. For instance, during MSCs proliferation, the native ECM has a higher concentra-
tion in fibroblast growth factor-2 [79], while the ECM is richer in bone morphogenic
protein-2 (BMP-2) during osteogenic differentiation. Therefore, the classical approach
in materials biofunctionalization consists in mimicking the cellular microenviron-
ment through interaction with growth factors, proteins, and peptides [75]. Growth
factors are soluble molecules that stimulate cell growth, differentiation, survival, and
tissue repair through specific binding of transmembrane receptors on target cells
[80]. The immobilization of growth factors and proteins to biomaterials prevents the
loss of bioactivity caused by their progressive release from the material in the soluble
form [80]. Nevertheless, the use of full-length proteins is limited by the complexity
and high costs of production and purification, as well as their lack of stability, as
they are very susceptible to changes of pH, temperature, and solvents-induced con-
formational changes [75]. In addition, proteins generally present different binding
sites that interact with various cell receptors and might trigger unwanted cellular re-
sponses [74]. The use of synthetic peptides, derived from a particular sequence of a
full-length protein, might circumvent these limitations as they can be produced in
large quantities with high purity and at low cost. Moreover, they are more stable to
pH and temperature changes, and they can be tuned to introduce anchoring units to
allow their binding to the surfaces without losing their biological activity [75].
Finally, besides biomolecules, some attention is also given to studying the effect of
different chemical functional groups on cell behavior.

If it is known that the ECM is composed of different proteins, it can also be consid-
ered at a smaller scale as it contains specific chemical functional groups depending on
the type of tissue. Indeed, carboxylic acid functionalities are typical of cartilage, as it is
rich in GAGs, while phosphates are highly present in mineralized tissue forming bone,
and hydrophobic functional groups are characteristics of adipose cells as they are rich
in lipids and release fatty acids [81]. For example, Wang et al. synthesized PEG hydro-
gels (PEG), PEG hydrogels containing phosphate groups (PhosPEG), or copolymer hy-
drogels of PEG and PhosPEG (PhosPEG-PEG), and showed that only PhosPEG–PEG
gels promoted osteonectin, collagen I, and ALP production of goat MSCs, indicating an
enhanced osteogenic differentiation[82]. In addition, calcium deposition was higher for
the copolymer hydrogels. The authors explained these differences by the degradation
rate of the various hydrogels, arguing that the presence of cleavable phosphoesters al-
lowed PhosPEG-PEG hydrogels degradation which promoted mineralization by con-
verting the phosphoesters into insoluble calcium phosphate, which did not occur for
PEG gels. Finally, for PhosPEG gels, the degradation rate might be too high to promote
differentiation and matrix deposition [82]. Using polyacrylamide hydrogels modified by
plasma treatment to create surfaces with amino groups, carboxyl groups, or phosphate
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groups, Lanniel et al. evidenced that human MSC differentiation was impacted by the
combination of surface chemistry and matrix stiffness [83]. MSCs exhibited higher neu-
rogenic differentiation for matrices with carboxyl groups and a stiffness of 6.5 kPa,
while myogenic differentiation was enhanced for a stiffness of 10 kPa and carboxyl
groups, and osteogenic differentiation was favored for a stiffness of 41 kPa and phos-
phate groups [83]. Similarly, Benoit et al. demonstrated that human MSCs cultured on
PEG hydrogels carrying acid, phosphate, and t-butyl groups tended to differentiate into
chondrocytes, osteoblasts, and adipocytes, respectively [81]. However, it is not clear
whether these observations are due to direct interactions with the functional groups or
with proteins that would be preferentially adsorbed on materials presenting specific
chemical environments. Indeed, it has been demonstrated that human bone marrow
MSCs had limited attachment on PEG hydrogels or phosphate-functionalized PEG hy-
drogels (PhosPEG) without serum in the culture medium, while PhosPEG gels pro-
moted significantly higher cell attachment and spreading in the presence of serum
compared to control PEG hydrogels, as PhosPEG hydrogels promoted higher protein
adsorption [84]. In the same way, Ayala et al. controlled surface hydrophobicity of
polyacrylamide-based hydrogels by varying the alkyl chain length of pendant side
chains, terminated by a carboxylic acid function, to evaluate the impact on human
MSCs behavior and protein adsorption [85]. It has been observed that cell adhesion
and cell surface area increased progressively when increasing the length of the alkyl
chain from one carbon (C1) to five carbons (C5), but decreased for six (C6), seven (C7),
or ten carbons (C10). After 14 days of culture in osteogenic culture medium, several
osteogenic markers were expressed for cells on C5 hydrogels while they were not de-
tected for cells on C3 hydrogels (Figure 4.7). When cultured with myogenic culture me-
dium, MSCs stained positive for myogenic markers on C5 hydrogels, while they
underwent cell death on C3 hydrogels. These results were correlated with protein ad-
sorption as these hydrogels were found to selectively adsorb FN and LN from the
serum, with little proteins found on C1, C3, and C7 hydrogels, and abundant proteins
adsorbed on C5 hydrogels. These observations were explained by the fact that the side
chain must be sufficiently long to allow the terminal carboxyl groups to reach the bind-
ing sites on the proteins, explaining the small adsorption of proteins for hydrogels with
short alkyl chains. However, when the side chains are too long, they become more hy-
drophobic and collapse onto the surface of the hydrogel, decreasing the accessibility of
carboxyl groups for binding [85]. Therefore, MSCs response to surface chemistry is
likely to be attributed to differences in protein adsorption rather than direct interaction
with varying chemical groups (acid, phosphate, t-butyl groups, and alkyl chains).

The ECM is composed of different proteins, which interact with cell surface recep-
tors as well as growth factors. If growth factors are usually solubilized in the culture
medium for in vitro culture, the in vivo configuration is different as these molecules
are sequestered in the ECM and interact with nearby cells [86]. In addition, as pro-
teins and growth factors have short serum half-lives, their immobilization can in-
crease the persistence of signaling and allows control of the delivered dose [86]. For

4 Hydrogels for mesenchymal stem cell behavior study 125



example, Rowlands et al. immobilized various ECM proteins (collagen I, collagen IV,
FN, and LN) on polyacrylamide hydrogels with varying stiffness (0.7, 9, 25, and
80 kPa) and studied the impact on myogenic and osteogenic differentiation of
human bone marrow MSCs (Figure 4.8) [51]. It has been found that MSCs osteogenic
differentiation occurred predominantly on the stiffest gel (80 kPa) coated with colla-
gen I, which may be attributed to the fact that this combination best mimics the natu-
ral microenvironment of bone. The osteogenic marker expression was very low on
both collagen IV and LN-coated gels, regardless of gel stiffness, which suggests that
cell differentiation is mediated by substrate stiffness in combination with the pre-
sented ECM molecule. For myogenic differentiation, the maximum expression of
myogenic marker occurred on FN-coated gel with a stiffness of 25 kPa. Moreover, it
has been observed that collagen I- and LN-coated gels showed the highest expression
at a stiffness of 80 kPa, while cells cultured on FN- and collagen IV-coated gels had
the greatest expression for a stiffness of 25 kPa, which confirms the interplay between
stiffness and adhesive ligand presentation [51]. As different proteins and different
combinations of proteins are susceptible to influence the cell fate, Dolatshahi-Pirouz
et al. developed miniaturized human MSC-laden gelatin hydrogel constructs entrap-
ping various proteins, including FN, LN, and OCN, to study the impact of these

OCNCol1ARALP

Cvs

C3

C5

Figure 4.7: Osteogenic differentiation of human MSCs cultured on polyacrylamide-based hydrogels
carrying surface alkyl chains with three (C3) or five (C5) carbons and on glass coverslips. Alkaline
phosphatase (ALP) staining at 14 days in osteogenic medium. Alizarin red S (AR) and
immunofluorescent (green) staining for collagen I (Col1) and osteocalcin (OCN) after 21 days. White
(C5 hydrogels) and black (glass coverslips) arrowheads, in alizarin red S staining, point to calcium
nodules. Scale bars: 200 µm (ALP), 100 µm (AR and Col1), and 50 µm (OCN). The C5 hydrogels led
to higher osteogenesis. Adapted from ref. [85].
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proteins on MSCs osteogenic differentiation [87]. They evidenced that constructs com-
bining several proteins, and especially FN–OCN and LN–FN–OCN, resulted in higher
ALP expression and calcium deposition, as compared to individual incorporation of
ECM proteins. The authors explained that the functional properties of ECM proteins
can be changed through protein–protein interactions, as it causes structural altera-
tions that might expose hidden osteogenic regions on combined proteins, thereby
enhancing the osteogenic differentiation of MSCs [87]. While functionalizing the
hydrogel with ECM proteins is an approach to direct cell differentiation, the strategy
of Benoit et al. consisted of immobilizing heparin on a PEG hydrogel, as heparin is
capable of interacting with numerous proteins associated with osteogenic differentia-
tion [88]. The authors showed that hydrogels functionalized with heparin led to
higher expression of osteogenic markers of human MSCs as compared to functionali-
zation with RGD peptide (a cell adhesion peptide present in several matrix proteins
such as FN, vitronectin, osteopontin (OPN) and bone sialoprotein [89]) or with both
heparin and RGD. These results were explained by a higher binding affinity of hepa-
rin with the proteins and growth factors from the culture medium, therefore promot-
ing osteogenic differentiation [88]. The immobilization of growth factors such as
transforming growth factor β (TGF-β), which regulates multiple biological processes
including embryonic development, adult stem cell differentiation, immune regula-
tion, wound healing, and inflammation [90], was also studied for its potential to di-
rect cell fate. For example, Kopesky et al. observed that adsorbed TGF-β1 onto
peptide or agarose hydrogels induced increased chondrogenesis of equine and bo-
vine MSCs over MSCs cultured in TGF-β1-free conditions, and similar chondrogenesis
to MSCs cultured with TGF-β1 in the culture medium [91]. In addition, agarose hydro-
gels with adsorbed TGF-β1 stimulated the production of full-length aggrecan, a constit-
uent of cartilage, while the presence of TGF-β1 in the culture medium led to aggrecan
cleavage. However, tethered TGF-β1 neither stimulated accumulation of cartilage com-
ponents nor induced proliferation of MSCs encapsulated in hydrogels, which might be
explained by a lower accessibility of TGF-β1 and by the accumulation of newly secreted
matrix proteins that may block tethered TGF-β1 from cell receptors [91]. On the con-
trary, McCall et al. showed that tethered TGF-β on PEG hydrogels, with a concentration
higher than 10 nmol/L, promoted human MSC chondrogenic differentiation to a similar
extent than chondrogenic culture medium containing soluble TGF-β [86]. Finally, Ding
et al. recently evaluated human MSCs differentiation into vascular smooth muscle cells
(vSMCs) on PEG hydrogels functionalized with RGD peptides or with both RGD and
TGF-β1 [92]. They demonstrated that all hydrogels led to higher gene expression com-
pared to undifferentiated MSCs or primary vSMCs cultured on plastic, showing that the
expression of vSMCs markers was predominantly regulated by soft matrix environment
(stiffness of 5 kPa) regardless of the presence of soluble or tethered TGF-β1. However,
cells on hydrogels with tethered TGF-β1 exhibited greater calcium intake and higher
levels of intracellular calcium signaling, as well as greater cell contractility, which are
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typical features of vSMCs. These results suggested that tethered TGF-β1 is more per-
formant in directing MSCs differentiation toward functional vSMCs compared to soluble
TGF-β1 that is generally used [92].

Synthetic peptides derived from ECM proteins represent a good alternative to the
use of full-length proteins for materials biofunctionalization as they are readily
available by synthetic methodologies, with tunable structure and high purity, and
their use is exempt of immunogenic risks [75]. One of the first peptidic sequences
used for biomaterial functionalization, which is still among the most widely used,
is the cell-adhesion sequence Arg–Gly–Asp (RGD), isolated from FN [74]. Various
studies have tethered RGD peptides on hydrogels, showing that peptides length,
structure, and concentration could impact MSCs adhesion and differentiation. For
example, Shin et al. showed that MSC adhesion was not enhanced on hydrogels
surface if the molecular weight of the peptide was smaller than the molecular
weight between hydrogel cross-links, as the peptide was buried inside the network
and no receptor–ligand complex was formed [93]. The structure of the peptide is
also likely to influence cell behavior as human MSC osteogenic differentiation was
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Figure 4.8: Representative images of human MSCs stained for MyoD1 (myogenic marker) and
Runx2 (osteogenic marker) cultured on gels of various stiffness and protein coating. Runx2
expression was higher on stiff gels coated in collagen I, whereas MyoD1 was expressed in varying
amounts on substrates with a stiffness higher than 9 kPa, regardless of protein coating. Adapted
from ref. [51].
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enhanced when encapsulated in alginate hydrogels presenting cyclic RGD peptides
over linear RGD peptides, as cyclic peptides might promote more stable cell–ligand
bonds [94]. Finally, peptide concentration is another parameter to consider to direct
cell fate. It has been evidenced that the production of OCN and ALP of goat MSCs,
encapsulated in PEG hydrogels functionalized with RGD peptides, increased with
the RGD concentration (from 0.025 to 2.5 mmol/L), suggesting greater osteogenesis
for the highest RGD concentration [95]. However, no influence of RGD concentration
(from 0.1 to 2.5 mmol/L) was observed on the osteogenic differentiation of human
ASCs cultured on 2D polyacrylamide gels [49]. Peptides derived from other proteins
or designed to bind to specific molecules were also investigated. For example,
MSCs encapsulated within alginate hydrogels functionalized with RGD or DGEA
(Asp-Gly-Glu-Ala) peptides (derived from the α2β1 integrin-binding domain of colla-
gen I) expressed the highest level of osteogenic markers for hydrogels presenting
the DGEA peptide [96]. Parmar et al. showed that the incorporation of HA-bound
and CS-bound peptides, designed to bind HA and CS respectively, into collagen
based hydrogels significantly enhanced the chondrogenic differentiation of human
MSCs [97]. Specifically, the HA-bind hydrogels directed the highest increase in
chondrogenic genes expression, leading to the greatest total collagen and GAGs ac-
cumulation as compared to CS-bound hydrogels, RGD hydrogels or hydrogels with-
out surface conjugated peptides [97]. Similarly, HA hydrogels functionalized with
a collagen mimetic peptide ((GPO)8–CG–RGDS) promoted greater chondrogenic
differentiation of rabbit bone marrow MSCs as compared to gels without surface
conjugated peptides [98]. On the contrary, Connelly et al. reported that agarose hy-
drogels functionalized with three different peptides (a RGD peptide, a collagen mi-
metic peptide containing the GFOGER motif [Gly-Phe-hydroxy Pro-Gly-Glu-Arg], or
a fragment of FN FnIII7-10) led to inhibition of cartilage matrix synthesis and chon-
drogenic gene expression of calf bone marrow MSCs [99]. These results support
their previous observations that RGD peptides inhibited chondrogenic differentia-
tion of calf MSCs encapsulated in alginate gels. In addition, this inhibition in-
creased with increasing bulk densities of RGD in the gel [100]. Vega et al. observed
the same trend of chondrogenic differentiation inhibition of human MSCs in HA hy-
drogels when increasing RGD concentration (from 0 to 5 mmol/L) [101]. However,
they highlighted that a peptide containing the HAV (His-Ala-Val) motif extracted
from N-cadherin, a transmembrane protein that mediates cell–cell adhesion and
that is important for chondrogenesis, enhanced MSCs chondrogenic differentiation
in a dose-dependent manner (Figure 4.9a, b, and c) [101]. These findings corrobo-
rate with the study of Kwon et al., as they evidenced that the inclusion of a HAV
peptide into HA hydrogels enhanced human MSCs chondrogenesis in a dose-
dependent manner. In addition, this effect was lost when the peptide was not perman-
ently linked to the substrate [102]. Similarly, Bian et al. reported that conjugating
a HAV peptide to HA hydrogels promoted chondrogenesis of MSCs and cartilage-
specific matrix production as compared to unmodified gels or gels modified with
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a scrambled peptide [103]. Subcutaneous implantation of MSC-seeded hydrogels
in mice also led to superior neocartilage formation in implants functionalized
with the N-cadherin mimetic peptide compared with controls [103]. As N-cadherin
would also be involved in the early stage of osteogenesis, Zhu et al. investigated
the impact of a HAV peptide on human MSCs osteogenic differentiation [104].
It has been demonstrated that HA hydrogels functionalized with the combination
of HAV and RGD peptides upregulated the expression of osteogenic markers, in-
cluding type I collagen, OCN, ALP, and Runx2, and led to higher calcium content,
as compared to hydrogels with RGD peptide or without peptide. The opposite ef-
fect was observed when the N-cadherin peptide was supplemented in the culture
medium [104]. BMPs are a group of bioactive proteins that constitute important
inducing factors during embryonic development and are closely related to os-
teoinduction [105]. Among them, BMP-2 plays a significant role in stimulating the
differentiation of MSCs into osteoblasts by regulating the transcription of osteo-
genesis-related genes such as ALP, type-I collagen, OCN, and bone sialoprotein
genes [105]. Consequently, several studies have used peptide sequences derived
from the BMP-2 protein to promote MSCs osteogenic differentiation. Particularly,
the peptide sequence corresponding to residues 73–92 of the knuckle epitope of
recombinant human BMP-2 is mainly used as it would be implicated in osteogenic
differentiation of bone marrow MSCs [106]. Alginate hydrogels functionalized with
this peptide have been shown to promote higher MSCs ALP activity, as well as cal-
cium and phosphate deposition, than hydrogels functionalized with RGD or DWIVA
(Asp-Trp-Ile-Val-Ala, also extracted from BMP-2 protein) peptides, although the use
of full-length BMP-2 protein led to the highest ALP activity, and calcium and phos-
phate deposition [107]. On polyacrylamide-based hydrogels, it has been found
that surface modification with BMP-2 mimetic peptides engaged the commitment
of human MSCs into osteogenic lineage regardless of the mechanical properties of
the substrate (for stiffnesses of 15 and 47 kPa), except for very soft gels (stiffness
of 0.76 kPa) [108]. In addition, synergistic effects have also been found between
the BMP-2 mimetic peptide and other peptides. For example, He et al. showed that
the functionalization of poly(lactide-co-ethylene oxide-co-fumarate) hydrogels
with both RGD and BMP-2 peptides led to significantly higher ALP activity and
calcium production than RGD conjugated or BMP grafted hydrogels [109]. Later,
using the same hydrogels, this group confirmed that ALP activity of BMP-2 pep-
tide-grafted gels was significantly higher than RGD grafted gels [110]. In addition,
they found that gels grafted with a combination of RGD, BMP-2, and OPD (isolated
from OPN) peptides presented the highest ALP activity and calcium deposition of
rat MSCs. This combination has also proven to induce the strongest expression of
vasculogenic markers (Figure 4.10) [110]. OPN is one of the noncollagenous pro-
teins present in bone matrix. OPN is expressed in cells of the osteoblastic lineage
and plays a critical role in the maintenance of bone [111]. Another peptide sequence
isolated from OPN (ODP peptide) and containing the RGD motif has been grafted
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onto oligo(poly(ethylene glycol) fumarate) hydrogels to investigate the effect of the
biomimetic surface on MSCs differentiation into osteoblasts [112, 113]. It has been
found that the presence of signaling peptides (RGD and ODP) was favorable for MSCs
osteogenic differentiation, although the differentiation and mineralization of the
MSCs was not dependent on the peptide sequences used [112, 113]. Identifying pro-
teins sequences responsible for a defined cell response is a key to control cell fate, as
Lee et al. showed that the peptide corresponding to the residues 150–177 of human
OPN allowed for higher ALP activity and mineralization of human MSCs when immo-
bilized on alginate gels as compared to the peptide corresponding to the 53–80 se-
quence of OPN [114]. Finally, as the peptides sequences and the combination of
peptides used are susceptible to influence cell fate, the development of microarrays
might be an interesting tool for high-throughput screening of cellular behavior in
multivariate microenvironments [115].

In addition to the composition and density of adhesion ligands on a substrate, the spa-
tial distribution of these ligands has also been shown to influence MSCs behavior. For
example, Kasten et al. designed adhesive lines of FN with varying width (between 10
and 80 µm) and spacings (between 5 and 20 µm) onto NCO-sP(EO-stat-PO) cell-
repellent hydrogels [116]. This study revealed that human MSCs presented highly
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aligned actin filaments with decreasing size of FN lines and a directed migration of
cells was observed along the lines as opposed to homogeneous surface coating, with
a higher migration rate with decreasing line width. These constructions enabled di-
rect stem cells migration which would be important for tissue formation and regener-
ation. In addition, fabricating substrates with line patterns that allow cell bridging
over nonadhesive gaps would mimic the ECM architecture as it is comprised of a fi-
brous network to which cells adhere and form bridges to cross the micron-sized gaps
inside the filamentous network [116]. Patterning the adhesive ligands to form different
shapes has also proven to be useful for directing MSCs differentiation. Microislands of
RGD peptide, with different sizes (from 177 to 5,652 µm2) and containing single cells,
were made on PEG hydrogels to study the impact of cell size on MSCs differentiation
(Figure 4.11a and b) [117]. It has been found that small cells preferred adipogenic
commitment (from 177 to 1,413 µm2), while large cells preferably underwent osteo-
genic differentiation (from 2,826 to 5,652 µm2) [117]. Nanosized patterns might also
influence cell fate as RGD nanopatterns with different spacing (37, 53, 77, 87, and
124 nm) made on PEG hydrogels showed a decreased cell density and spreading
area with the increase of nanospacing, unexpectedly related to a higher MSCs os-
teogenic and adipogenic differentiations, under differentiation culture media,
with the increase of RGD nanospacing [118]. These results indicate that micro- and
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expression of vasculogenic markers (mOPD, mutant OPD peptide). From ref. [110].
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nanopatterns both allow direct stem cells differentiation, although the effects are
different. By varying the patterns shape of several proteins immobilized on poly-
acrylamide gels, Lee et al. demonstrated that smaller circular features promoted a
higher expression of adipogenesis markers (1,000 µm2 > 3,000 µm2 > 5,000 µm2),
while cells in anisotropic features such as four-branched stars and ovals preferred
neurogenic differentiation (Figure 4.11c) [119]. In addition, MSCs cultured on FN
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tended to express elevated adipogenic markers while MSCs on collagen tended to
express elevated neurogenic markers [119]. In another study, this research team
cultured MSCs on unpatterned soft or stiff polyacrylamide gels for 10 days, and
then transferred the cells to different stiffness substrates containing patterns of
FN (circle, oval, star, or unpatterned; 5,000 µm2) [44]. They highlighted that trans-
ferred cells (from soft to stiff) in oval and star shapes showed a higher expression
of osteogenic markers compared to cells in other shapes, presumably because
these shapes increase cytoskeleton tension which is known to promote osteogene-
sis. Then, MSCs that were transferred from stiff gels to oval and star shapes on
soft gels showed an increased expression of neurogenic markers, demonstrating
the importance of anisotropic geometries in guiding the extension of neuron-like
processes [44]. These findings corroborated with a third study in which patterned
MSCs in circular shapes displayed a disordered cytoskeleton without expression
of osteogenic markers, while MSCs cultured in geometries that promoted an
increased cytoskeletal tension (elongated oval shape and concave shape) showed
a higher expression of osteogenic markers, particularly for a stiffness of 30 kPa
[120].

4.3 Conclusions

It has become clear that biomimetic approaches to modulate cell–material interac-
tions are essential to understand and further control cell behavior, which constitutes
invaluable knowledge for the use of stem cells for regenerative medicine purposes. In
this context, hydrogels have proven to be good candidates to mimic the in vivo ECM
and to provide a suitable environment for cell growth, whether they are made of syn-
thetic or natural polymers. Indeed, owing to their ability to absorb large amounts of
fluids and allow nutrients and growth factors circulation, as well as their capacity to
encapsulate cells, hydrogels have shown to maintain cell viability and promote cell
growth. In addition, they can be tuned to mimic the properties of the ECM known to
affect stem cell behavior and fate, such as physical properties including stiffness, vis-
coelasticity, pore size, and porosity. Spatial properties are also considered including
dimensionality (2D or 3D) of the scaffold, degradation, and micro- and nanoscale to-
pography of the surface with varying size, shape, and level of disorder. Finally, bio-
chemical properties are also regarded through the presence of diverse proteins,
growth factors or peptides and their spatial distribution. However, experimental stud-
ies often focus on some of these aspects, neglecting other important parameters,
while the synergy between different cues from ECM is still little studied but is essen-
tial to provide long-term robust cell function. Furthermore, the variety of conditions
used for cell culture might complicate the interpretations and comparisons between
studies using different cell types (MSCs from bone marrow or adipose tissue, and
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from different animals) and different cell culture media (growth medium or differenti-
ation media, addition of various supplements and growth factors). Although some
clues and promising conditions have been identified to control stem cells fate, the dif-
ferentiation of a population of cells is still not homogeneous and often requires the
presence of differentiation culture medium. Nevertheless, the understanding of the
influence of these physical, spatial, and biochemical properties on cell fate will en-
able the development of scaffolds with tailored properties adapted for specific regen-
erative medicine applications.
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Didier Snoeck

5 Superabsorbent polymers as a solution for
various problems in construction
engineering

Abstract: One of the most-used man-made materials is concrete, a mixture of ce-
ment, sand, aggregates, water, and admixtures. It can be seen everywhere: in tun-
nels, bridges, and high-rise buildings. Ever since concrete was rediscovered two
centuries ago, it has been studied in detail in order to optimize the material and
to solve its inherent problems. Most people know that concrete is gray, hard, and
strong, and expect it to last decades and even centuries. Unfortunately, this is
not always the case. Concrete is a material which can cope with high compressive
forces but when it is subjected to tensile forces, it may crack. This cracking is based
on several environmental and loading conditions, but the fact that concrete is prone
to crack is a big issue. When cracking occurs and potentially harmful substances
enter the interior of concrete, the concrete matrix may be damaged and even be de-
stroyed. That is the reason why a lot of maintenance and repair works are due in
order to increase the durability and lifetime of structures in civil engineering. One
way of dealing with these issues is the modification of the material itself, making it
less prone to cracking and the durability-related consequences. An example is the
use of reinforcements, coping with the tensile forces when concrete cracks. Cracks
are not harmful but intruding substances may trigger the corrosion of the iron rebars
leading to structural failure, which is again unwanted. In consequence, along the his-
tory, different materials were investigated and added to concrete to solve the previ-
ous adverted problems. So, why not try adding the white powder superabsorbent
polymers in the cementitious material in order to solve these issues?

5.1 Introduction

Almost two decades ago [1, 2], superabsorbent polymers (SAPs) found their way
into concrete technology and ever since were investigated in detail [3–7]. The typi-
cal SAPs used have the feature to absorb up to several hundred times their own
weight in aqueous solutions due to osmotic pressure, resulting in the formation of a
swollen hydrogel. Typically, SAPs made by polyacrylates (using acrylic acid and
acryl amide as main chains) or natural polymers (such as alginates) [3, 6] are added
dry to a cementitious mixture and used to solve various problems, which will be
discussed in the following sections. SAPs could have different shapes. The use of
SAPs with irregular shapes obtained by bulk polymerization or spheres obtained by
suspension polymerization are the most studied and used in this area. Moreover,
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grape-shaped and fiber types are studied as well [8]. As SAPs swell, they will absorb
part of the mixing water causing the loss in workability of the fresh cementitious
mixture. It is commonly accepted to add additional water to compensate for this
loss in workability [3, 9–11]. How much they swell and which tests could be per-
formed to quantify the swelling ability are found in literature [5, 9, 12]. The main
tests to determine the swelling characteristics upon application in concrete are the
filtration test and tea bag test. For the filtration test, a predetermined amount of
SAPs is weighed. Next, an amount of liquid (water, seawater, sulfate solution, ce-
ment filtrate solution, etc.) is added. The SAPs are then able to absorb the liquid. At
a certain time interval, the whole is filtered and the amount of liquid not absorbed
by the SAPs is determined. Using the weight difference of the added liquid and the
remaining liquid over the initial mass of the SAPs, the absorption capacity is deter-
mined. When looking at the tea bag method, a predetermined amount of dry SAPs is
added in a sealed tea bag, which is submerged in the testing liquid. By weighing the
tea bag at regular time intervals, the amount of liquid absorbed can be determined
and used to calculate the absorption capacity. In case the swelling time is needed, a
vortex test can be used [5, 13]. This test uses a magnetic stirrer in a cup and a prede-
termined amount of SAPs to exactly absorb the amount of testing fluid. By measuring
the time for a vortex created by magnetic stirring to disappear, the swelling time can
be estimated. The swelling characteristics, next to the absorption and desorption
kinetics, are important parameters for the application in a cementitious material.
Furthermore, the stability of the polymer over time must be used during the ser-
vice life of a concrete structure [14].

In the following sections, various problems occurring in cementitious materials
are addressed. The first one is the control of rheology and the second is the occur-
rence of shrinkage cracks. Third, concrete is susceptible to freeze-thawing and scal-
ing in general. Fourth, it is permeable and, at last, it cracks. In all these cases, the
addition of SAPs to the cementitious mixing could solve these issues and their ap-
plication will be discussed in detail.

5.2 Changing the rheology by absorbing mixing
water

As SAPs are mixed in, they will absorb a fluid they may encounter. In this way,
they may change the interaction in a cementitious system, due to partial absorption
of the mixing water. The SAPs cause a change in rheology due to their swelling abil-
ity [1, 2, 15–17]. This swelling capacity is dependent on the composition of the mix-
ture and the composition of the SAPs. The resulting osmotic pressure is dependent
on the external fluid composition and the chemical structure, length, and cross-link-
ing degree of the SAP [14, 16–18]. Due to the uptake of mixing water by the SAPs, the
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workability decreases as less water is available in the cementitious matrix itself. Later
on, this water will be released for mitigating shrinkage, as will be discussed in the
next section.

In addition, the workability can be controlled, which is interesting for 3D printing
technologies using cementitious materials [19, 20]. Linked to shrinkage- and durability-
related issues, the 3D printing of cementitious materials still faces some problems such
as autogenous shrinkage, which may be counteracted using SAPs. Continuous layering
of printed specimens with SAPs (Figure 5.1) already proved to be successful [19]. This is
a recent field of study and many parameters may be investigated.

5.3 Shrinkage mitigation by internal curing

The first application of SAPs in cementitious materials was the use of their swelling
behavior and water-retention capability to induce internal curing in order to coun-
teract occurring shrinkage cracks [1, 2, 21–25]. Concrete, composed of the hydrating
cement and water, possesses the problem of shrinking when water is receding,
especially in systems with low water-to-binder ratios. The latter systems, such as
(ultra)high-performance concrete [26, 27], are used more often due to their denser
matrix, high strength, and featured workability. In the following sections, the dif-
ferent forms of shrinkage, the role that they play in a cementitious material and
the use of SAPs for its mitigation are discussed.

Figure 5.1: Three-dimensional printing of cementitious materials with SAPs by continuous layering.
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5.3.1 Plastic shrinkage mitigation

Shrinkage occurs from the start, due to drying and harsh environmental conditions.
This so-called plastic shrinkage may cause cracking during the first few hours after
casting [28]. Due to the quick drying and bleeding of concrete, high capillary
pressures are exerted in the cementitious matrix. If deformations are restrained,
for example, due to the formwork or the reinforcements, the concrete will show
cracking [29]. That is why concrete is postcured when possible. External curing,
for example, by (fog-)spraying or covering with a plastic sheet, is not as sufficient
as an internal curing approach. By using SAPs, internal curing is possible. The
approach is still new and a lot of research needs to be performed in order to opti-
mize the mitigation of plastic shrinkage. Currently, the SAPs were only able to
partially mitigate this type of shrinkage. It was found that by adding 0.6 m% of
SAPs (versus cement weight), the capillary pressures and plastic deformations
were reduced, while the settlement deformations increased [27]. A study using
nuclear magnetic resonance (NMR) to monitor the water kinetics with SAPs when
plastic shrinkage conditions were imposed showed that 0.22 m% of SAPs were
able to reduce plastic settlement and reduced plastic shrinkage cracking but were
not able to completely mitigate it [30]. The SAPs were able to protect the cement
paste internally from the harsh ambient drying conditions and were able to sus-
tain the internal relative humidity (RH) below 5 mm of the cementitious surface.
Results by the RILEM TC-260 RSC support these findings in an international
round robin test [31]. In this study, concrete slabs were subjected to harsh drying
and wind conditions in order to stimulate plastic shrinkage. SAPs were added
during mixing in amounts of 0.15 and 0.3 m%. The results on plastic shrinkage
mitigation seemed to be dependent on the type of SAP and whether they possess
retentive properties. The water can be released early to influence the bleeding
characteristics or can be released after setting to aid with internal curing. Both
effects seem to play a role. No additional information on the SAPs was disclosed,
and the main difference seemed to be the cross-linking degree [31, 32].

5.3.2 Autogenous shrinkage mitigation

Other forms of shrinkage include autogenous shrinkage as a result of cement hydra-
tion, thermally induced shrinkage, drying shrinkage due to the loss of water to the
surroundings, and shrinkage due to carbonation. As cement reacts with water, hy-
dration products precipitate in the water-filled spaces between the solid particles in
the cementitious material. The water in the remaining small capillaries forms me-
nisci and exerts hydrostatic tension forces. These capillary forces reduce the dis-
tance between the solid particles, leading to autogenous shrinkage. Chemical and
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autogenous shrinkage are theoretically shown in Figure 5.2 and autogenous shrink-
age will be the focus point in this section.

The formed hydrostatic tensile forces, especially in systems with a low water-to-
binder ratio, induce cracking. At first, these small and narrow cracks do not seem to
impose such a big problem but intruding substances may cause failure of the ma-
terial. The shrinkage is caused by the lowering of the internal RH [1, 2, 33] and
self-desiccation when no external water source is present. The internal micro-
cracks may interconnect flow paths for penetrating water and gases, possibly con-
taining harmful substances during the service life of concrete structures. By
maintaining the internal RH, this can be counteracted. That is why SAPs were first
used to mitigate autogenous shrinkage due to their internal curing effect. The ap-
plication of SAPs for this purpose proved to be successful as autogenous shrink-
age was reduced and even counteracted in time [1, 2, 21–25].

The principle of the SAPs for internal curing is found in Figure 5.3. During prep-
aration of a cementitious mixture, the SAPs will take up mixing water. The SAPs
will form water-filled inclusions, useful for internal curing [21] as the water is re-
leased again in time. The water released due to self-desiccation during cement
hydration can be used for further hydration and reduction of the autogenous
shrinkage [22]. The water present in the SAP will hereby be released into the cementi-
tious matrix due to the imminent drop in RH. Due to this water release, the internal
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Figure 5.2: Definition of chemical and autogenous shrinkage.
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RH is maintained. The SAP particles shrink and an empty macropore remains as
shown by means of neutron tomography measurements [34–38]. The macropore
showed a densification around its perimeter [39–41]. Due to the internal curing the
autogenous shrinkage can be completely mitigated in systems with pure cement, com-
bined with silica fume, fly ash, and blast furnace slag [10, 23, 24, 42–44].

For internal curing, the water kinetics of the SAPs are important [45]. If this
water is released too soon, it leads to a significant decrease in compressive strength.
But if this water is released at the ideal stage (beginning of concrete setting as the
earliest point), this water would serve as internal curing water [18]. It is very im-
portant to use a SAP with the ideal properties. If the water is released too fast (i.e.,
before setting), the microstructure will be completely different and if the water is
released too late (i.e., after a couple of days onwards), the purpose of internal cur-
ing vanishes. This was studied in detail using NMR where the entrained water signal
was distinguishable from the free water in the cementitious system. In time, the water
released from the SAPs toward the cementitious matrix could be studied [45]. More
recently, elastic wave nondestructive testing may also be a way to monitor the water
kinetics by the SAPs [46].

Typical amounts of 0.2–0.6 m% of cement weight of SAPs are used [3]. The
amounts are based on the theory of powers [47] stating the amount of additional
water needed to counteract autogenous shrinkage. Again, the type of polymer is im-
portant, as the absorption and release kinetics in a cementitious environment are
different [33, 48, 49]. The type of polymer and the interaction with specific ions and
cations play a role in terms of the absorption and release kinetics and were less re-
lated to the cross-linking density [18].

HardenedFresh state

Swelling of SAPs Water-filled
inclusions

Water for
internal curing

Remaining
macropores

Figure 5.3: Different steps for internal curing when SAPs are used in cementitious materials [8].
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5.4 Changing the microstructure to increase
the freeze–thaw resistance by the formation
of an internal void system

As soon as cement and water come into contact, hydration reactions start. The hy-
dration of a concrete mixture determines the microstructural development and
SAPs influence this formation. This was already extensively studied. Hardened mix-
tures with SAPs showed less capillary porosity at later ages if additional water was
used (compared to if no additional water was used). The water released from the
SAPs resulted in continued hydration, decreasing the microporosity at later ages
[23, 50], except from the macropores created by the SAPs. A reduction of the
amount of smaller capillary pores was seen [51]. This is due to two effects: (1) the
filling of the existing pores with hydration products due to internal curing [26] and
(2) the reduction of the initial microcracks in the interior of a cementitious matrix,
as autogenous shrinkage is partially reduced. Mixtures with the same effective water-
to-cement ratio (ratio of the mixing water not held by the SAPs over the cement con-
tent) showed the same capillary porosity [52–55]. The microstructure in between
SAPs was denser due to internal curing and the possible stimulated additional hydra-
tion caused by this release of water. The structure of a cementitious material was af-
fected by the apparent water-to-cement ratio. As SAPs take up the mixing water, the
apparent water-to-cement ratio appears lower, resulting in a closely packed matrix
and subsequent hydration due to the release of the stored water. Samples without
SAPs do not have access to this stored water. Therefore, the permeability was lower
in between SAP macropores in samples containing SAPs than of reference samples.
This was also shown by using neutron radiography [35, 36] and supported by model-
ing on mesoscale level [56, 57].

As can be expected due to the swollen size of the SAPs and the remaining mac-
roporosity, mixtures with SAPs showed a higher total porosity due to macropore for-
mation when additional water was used [21, 39, 58]. If no additional water was
added, the total porosity may be lower for mixtures with SAPs [39] as the overall po-
rosity decreased due to the densification even though macropores remain.

Microstructural properties, and especially the macropore formation, directly affect
the strength characteristics of the cementitious material. The flexural and compressive
strength decrease when SAPs and additional water are added [2, 3, 21–23, 36, 48, 53,
59–63]. Internal curing leads to further hydration and the effect of SAPs on strength
loss is reduced at later ages. The further hydration improves the mechanical proper-
ties but is mostly counteracted by the strength loss caused by macropore formation
due to the absorption of mixing water by the SAPs [64]. SAPs thus have both a posi-
tive and a negative effect on the mechanical properties. A decrease in strength is ob-
served at earlier testing ages (<7 days) while sometimes increases are obtained at later
ages [65], especially in systems with supplementary cementitious materials where the
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internal curing reservoirs are available for the longer term pozzolanic reactions. These
characteristics depend on the polymer, mixture composition, water-to-binder ratio,
amount of additional water, concrete versus mortar or paste, amount of SAPs added,
curing conditions, testing age, and so on. For example, an amount of 0.2–0.6 m% ver-
sus cement weight of SAP was used to reduce the autogenous shrinkage [3], while for
sealing and healing purposes, this amount was up to 1 m% [35, 66, 67]. This will influ-
ence the impact on the observed mechanical properties. Generally, in literature, a de-
crease in compressive strength is found [18, 26, 48, 68–73] as there is a change in
microstructure [53, 55, 58, 68, 71, 72, 74–76]. When no additional water is added, there
is a shift in effective water-to-cement ratio and a possible densification of the cementi-
tious matrix. One should be very careful when comparing the mechanical properties
of these different cementitious systems. Typical values are a decrease of 10–20% for
acrylate SAPs with a size of 300–500 µm and 30–50% for smaller SAPs with a size of
50–150 µm [53, 68] when 0.2–0.5 m% of SAPs are added. Even though the system of
macropores reduces the mechanical properties, this property is interesting consider-
ing the improvement of the impact strength in strain-hardening mixtures [60]. The
macropores serve as stress activators, increasing the ductility [77] and impact absorb-
ing features [60].

To limit the influence of the swelling SAPs on the mechanical properties, pH-sen-
sitive SAPs [78–82] or coated SAPs [83, 84] may be used. Alginates, for example, do
not reduce the strength due to their low absorption capacity [82, 85]. This lower swell-
ing capacity is interesting in order to limit the absorption in the initial stage and aim-
ing at other applications such as sealing and healing, needing a later swelling
capacity at later ages [66, 79, 80, 82, 83]. The strength can also be compensated by
the use of colloidal silica nanoparticles upon addition of SAPs [86–88]. The strength-
loss due to the macropore formation is compensated by incorporating these nanoma-
terials which strengthen the overall cementitious matrix.

As SAPs create an internal void system (Figure 5.4), they increase the freeze–
thaw resistance if properly designed [39, 40, 58, 89–94]. The voids act in the same
way as if an air-entraining agent is added. In case of this internal void system, the
freezing water has a pathway to expand, limiting the formation of cracks, scaling,
and general expansion of the cementitious matrix. Compared to a system with an
air-entraining agent, the SAP mixtures increase the freeze–thaw resistance without
extreme strength loss [89] and with proper mix stability. When using an air-entrain-
ing agent, the air bubbles may migrate upon long mixing times. The SAPs are thus
an interesting material to add to the cementitious matrix. As the absorption capac-
ity in the cementitious matrix is known, the formed macroporosity can be designed
to have the optimal sizes and spacing factors for a specific application. The addition
of SAPs in the range of 0.10–0.34% in relation to the mass of cement has been re-
ported to promote a reduction of at least 50% in the scaling after more than 25
freeze–thaw cycles in both cement mortars and concrete mixtures [95, 96]. Not only
the amount of SAPs but also their particle size and production process might have
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an impact on the scaling resistance. In addition, the time of adding the polymers dur-
ing plant-scale mixing is of importance. The addition of SAPs directly in the truck,
after the mixing procedure at the plant mixer, showed no significant impact on the
compressive strength of the concrete but an agglomeration of air void particles and
an inferior performance in terms of shrinkage reduction occurred [33, 49, 97]. Adding
SAPs on the materials’ belt, along with the dry materials, or in water-soluble bags
has shown promising results. This is of importance when using a specific concrete
for road construction applications.

5.5 Regaining the water impermeability through
self-sealing of cracks

Due to their swelling capacity upon contact with fluids, SAPs may cause a decrease in
permeability of cracked cementitious materials. When liquids enter a crack, SAP par-
ticles along the crack faces will swell and block the crack [7, 8, 35, 36, 38, 66, 98–105].

Figure 5.4: Internal void system with air bubbles and SAP pores, for increasing the freeze–thaw
resistance, using a thin section and fluorescent light microscopy. This picture has been partly
redrafted with (CC BY) license from [94].
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In this way, the impermeability of cracked cementitious materials can be regained
(Figure 5.5). Application of a superabsorbent resin in situ to repair concrete leak-
age can also be used, but this is rather considered to be manual applications [7,
106] while mixed in SAPs are always present to immediately seal the occurring
cracks. In 100–300 µm wide cracks, SAPs with a size of approximately 500 µm
were better in terms of sealing compared to 100-µm-sized SAPs as the latter were
washed out and were not able to fill cracks, even though high amounts (1 m% of ce-
ment weight) were used [8, 35, 67]. It was also found that due to the swelling effect of
the SAPs, the reduced water movement speed, which was critical to obtain autogenous
healing, was optimal as cracks were able to close due to deposited crystals. In refer-
ence specimens, the amount of autogenous healing – inherent part of a cementitious
system, see later on – was less compared to the specimens with SAPs. In water-retain-
ing structures like quays or cellars the SAPs may prove to be useful as the flow will be
reduced, sealing the cracks, but the crack may be sealed by deposited crystals as well.
This is also the case in large-scale specimens or observed underneath bridges and in
tunnels [107]. As studied by cryofracture scanning electron microscopy, SAPs swell
across voids including cracks, causing a sealing of the cementitious material [103].

Self-sealing is related to the initial decrease in permeability and is not permanent. This
is important to know, as a possible temporal self-sealing effect may not lead to a regain
in mechanical properties. This regain, on the other hand, is the result of self-healing.

Figure 5.5: Self-sealing concrete showing a cracked cementitious material with a 1 cm diameter and
20 mm height without SAPs (top) and with SAPs (bottom). The imposed water head is not stopped
in the reference material while a sealing effect is noticed with SAPs due to their swelling ability.
The time is mentioned in the upper right corner in seconds. This picture has been partly redrafted
with permission from Elsevier from source [35].
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5.6 Regaining the mechanical properties due
to promoted autogenous healing

Concrete already possesses the natural capacity of autogenous crack healing [4], as
first found by the French Academy of Science in 1836 (as stated in [108]). It seems
strange that this solid and gray material possesses this feature, but it can be seen
everywhere around us. When passing underneath a concrete bridge or through a con-
crete tunnel, whitish crystals can be seen near and on cracks throughout the mate-
rial. This is considered to be healing. One can design a concrete material to include
an additional healing capacity, the so-called autonomous healing (such as polymeric
foams and vascular systems) but autogenous healing is also inherent to concrete.
This latter term means that concrete is able to heal its own crack, using its initial con-
stituents or already formed products.

Four main mechanisms and their combined effect contribute to autogenous
healing of concrete cracks [108–117] (as shown in Figure 5.6):

1) The matrix may expand due to swelling of calcium silicate hydrates (C-S-H) as
the layering system of the gel becomes wider.

2) Loose and broken-off particles or impurities in the matrix, fluid, or surround-
ings may block the crack.

(b)

(a)

(1) (2)

(3) (4)

Figure 5.6: The four different healing mechanisms responsible for autogenous crack healing: (1)
expansion of calcium silicate hydrates, (2) blockage by loose particles, (3) crystallization of
calcium carbonate, and (4) further hydration combined with pozzolanic activity [8].
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3) Dissolved carbon dioxide from the ambient air in water may react with Ca2+

ions present from hydration products in the concrete matrix to form the often
observed white calcium carbonate (CaCO3) crystals.

4) Unhydrated cement grains present in the matrix and on the crack surfaces may
further hydrate when these particles are exposed to water. In addition, supple-
mentary cementitious materials such fly ash or blast furnace slag can still react
through pozzolanic or latent hydraulic activity. Pozzolans promote further hy-
dration as these materials react with water and Ca(OH)2 to form C-S-H.

The first two mechanisms (C-S-H expansion and blockage by impurities and other par-
ticles) are the inferior ones while the further hydration and calcium carbonate crystal-
lization are the dominant mechanisms in order to receive a strength regain. The
strength is mainly gained by further hydration as CaCO3 crystals do not have sufficient
strength compared to the cementitious hydration material [118]. However, the white
crystals are most often observed, in combination with the grayish further hydration
[111, 112, 119, 120], providing an aid in sustained promoted autogenous healing, even
up to several years [118]. In high-strength concretes showing a low water-to-cement
ratio, the healing is mainly due to the hydration of unhydrated cement grains on the
crack surfaces as more unhydrated cement remains present [113, 121, 122]. Also, the
younger the material is, the more healing will occur due to the higher amount of
unhydrated particles [118]. As the cement further hydrates in time, the healing ma-
terial formed at early ages is a combination of CaCO3, C-S-H, and Ca(OH)2. At later
ages, the healing material is mainly CaCO3 [110, 114, 118].

Assuming that specific chemical substances (Ca2+, CO2, etc.) are present in the
mixture composition or from the specific hydration products, the exposure to humid
environmental conditions (wet/dry cycles, submersion in water, etc.) and restricted
crack widths up to 30–50 µm for strain-hardening mixtures [67, 109] are the main
areas of focus. Only when building blocks, abundant water, and restricted crack
widths are present, the material may show optimal healing. In dry conditions, that is,
without the presence of liquid water such as at 95% RH, there was no healing visible
and it was concluded that the presence of water as a curing medium was essential.
As water is needed in all mechanisms [109, 111, 113, 123, 124], the role of SAPs be-
comes clear [67, 125]. Of course, the crack width and mixture composition play a
huge role. Pozzolanic fly ash [126, 127], blast-furnace slag [128], lime [129], or alkaline
activators [130] can be added to receive more autogenous healing. Additives like ex-
pandable geomaterials [131] or crystalline admixtures [132–136] stimulate the crack-
healing capacity even further. The use of SAPs has also been explored in combination
with expansive agents such as calcium sulfoaluminate in sulfur composites [137]. The
stimulated autogenous healing has also been studied in specimens containing pH-
sensitive SAPs or natural polymers in combination with a synthetic backbone [79, 80,
82, 85, 138]. In order to further increase the amount of calcium carbonate precipita-
tion in a wide crack of several hundreds of micrometers, SAPs can be combined with
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bacteria [139, 140]. The cross-linking of the SAPs is performed after addition of car-
bonate-precipitating bacterium, such as Bacillus sphaericus, in order to properly en-
trap them and protect them from the harsh alkaline environment.

As the cementitious material has a problem with healing large “fractures” or
“cuts” like the human body, the crack width should be restricted. This can be
achieved by adding synthetic microfibers to the cementitious mixture [4, 67, 109,
123, 141–148], or by using natural fibers as a greener solution [149, 150]. The use of
glass fibers can even be combined to have additional translucent properties of the
gray cementitious material [151]. So, as mentioned, SAPs can be added to further
stimulate the autogenous healing [8, 38, 60, 61, 66, 67, 107, 118, 125, 152–155], due
to their retentive capacity as shown in Figure 5.7. Closely resembling bone healing,
the links are made toward cementitious healing of narrow cracks. When a crack oc-
curs, the SAPs will be exposed to the environment. They will start to absorb a fluid
upon contact and/or the SAPs will start to adsorb moisture from the environment.
This will cause a physical sealing of the crack, slowing down the fluid flow through
a crack. This is related to the bleeding and clogging found in the human body. The
SAPs will release their absorbed water for stimulating the autogenous healing
mechanisms, especially during the drier periods. This process, like human bone re-
construction, continues until the complete crack is closed or the building blocks are
consumed or exhausted. In the end, and the ideal case, a healed cementitious mate-
rial is obtained with the same or even better mechanical properties compared to an
uncracked material. SAPs will remain present at their location and will be available
for subsequent healing if the conditions are again optimal with sufficient building
blocks, water or moisture, and narrow healable cracks.

When not completely submerged in water, only samples containing SAPs showed
self-healing properties due to moisture uptake [36, 67]. Even in an environment with
RH > 90%, there was noticeable healing, due to their moisture uptake capacity. If ref-
erence samples were stored in a climate room with a certain RH, there was almost no
autogenous healing, as water was not present to form the healing products. The sam-
ples with SAPs showed a regain in strength when stored in an RH of more than 90%.
The moisture uptake by SAPs (up to four times their own weight in moisture [55])
seemed to be sufficient to promote a certain degree of autogenous healing, especially
in the interior of the crack in the form of further hydration. In the RH condition of
more than 90%, the material with 1 m% showed a regain of 60%. At the crack
mouth, the crack was still clearly open and only at some distinct places, there was
some bridging of a crack by healing products.

Cracks smaller than 30 µm exposed to wet/dry cycles healed completely both
with and without SAPs after a healing period of 28 days. SAPs can contribute to the
internal healing of a crack after performing wet/dry cycles [67, 125]. Cracks between
50 and 150 µm healed partly in samples without SAP, but sometimes even some
cracks closed completely after 28 wet/dry cycles in a specimen containing SAPs
[67], as shown in Figure 5.8. Cracks larger than 200 µm showed almost no healing.
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The cracks are considered too wide to be healed properly within a 28-day period,
even though SAPs are promoting autogenous healing.

This healing product formation could be visualized by means of X-ray microto-
mography [155], as shown in Figure 5.9. The figure shows horizontal slices of small
6 mm wide samples without (top) and with SAPs (bottom), stored at high RH (>90%,
left) and in wet/dry cycling (right). The cracks are clearly seen in black, together with
the spherical air porosity. The irregular-shaped voids in the bottom part of the figure
are macropores formed by the swollen SAP right after final setting. The yellow colors
in the figure show the material that is adhered after performing the 28-day healing
cycle. This information was obtained by comparing the microtomograms prior and
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Figure 5.7: Use of superabsorbent polymers in cementitious materials to stimulate autogenous
healing, as a biomimicry of bone healing found in living creatures [8].
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Figure 5.8: Example of a specimen containing 1 m% of SAP after performing 28 days of wet/dry
cycling. The whitish healing products are mainly calcium carbonate with some further hydration [8].

(a) (b)

(c) (d)

Figure 5.9: (a, b) Cross sections of the specimens without (c, d) and with (a, c) superabsorbent
polymers stored at more than 90% RH (b, d) and in wet/dry cycling. Black depicts the porosity and
the crack, and yellow visualizes the formed healing products. The diameter of the specimen is
6 mm. This picture has been partly redrafted with permission from Elsevier from source [155].
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after healing. No healing was observed in specimens without SAPs when no liquid
water is present (Figure 5.9a), while some crystal formation was present near the vicin-
ity of SAPs in SAP specimens (Figure 5.9c). This amount of healing was comparable to
the amounts found in SAP-less specimens healed in wet–dry cycling (Figure 5.9b).
The largest amount of healing was observed in specimens with SAPs and stored in
wet/dry cycling (Figure 5.9d). Almost the complete crack was closed. Some other con-
clusions could also be drawn in the research performed. The largest amount of healing
was found in the region 0–100 µm below the surface. In the interior of a crack, the
amount of healing products was less and only at some distinct places, the healing
products bridge a crack, probably in the vicinity of a fiber (as they act as a nucleation
site for the calcium carbonate crystals [8, 118]). The healing at high RH occurred in the
vicinity of the SAP particles, stitching the crack at distinct locations [155]. This healing,
as well as in wet/dry cycling, was still stimulated in samples with 8 years of age [118].

The autogenous healing capability of cementitious materials was maintained
during subsequent loading cycles to a certain degree. SAP particles promote the self-
healing ability by renewed internal water storage upon crack formation and this
leads to regain mechanical properties such as the first cracking strength. In wet/dry
cycles, the plain material without SAPs was able to regain 45% of its first cracking
strength after a first healing cycle. After the second healing cycle, this regain was
28%. When SAPs were used, the regain was 75% and 66%, respectively [61]. The bet-
ter healing in specimens containing SAPs during first and second loading and
healing was also confirmed by natural frequency analysis [60]. Possible explana-
tions are the storage of a calcium-rich fluid (i.e., the pore solution) in the swollen
SAPs, and the reduced permeation through the crack. This provides the possibility
of the formation of the CaCO3 crystals in the crack. This caused the ideal condi-
tions for promoted autogenous healing. The regain in mechanical properties was
noteworthy.

The promoted healing capacity in systems with SAPs was also studied by means
of NMR testing [156]. This will prove to be essential for model verification and to in-
crease the simulations for this new type of material in future research. Adding 1 m%
of SAP to a cementitious material stimulated further hydration with nearly 40% in
comparison with a cementitious material without SAPs, in wet–dry cycling. At 90%
RH, no healing was observed in reference samples while specimens with SAPs
showed up to 68% of further hydration compared to a reference system without
SAPs healed in wet/dry cycling, due to the uptake of moisture by the SAPs. This
proved the differences in observed regain in mechanical properties.
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5.7 Practical applications of SAPs in the
construction industry

In 2006, a pavilion was built for the FIFA World Cup [3, 157]. It was a thin-walled
structure with very slender columns without conventional reinforcement. The low
water-to-binder structure did not show any kind of cracks due to the prevention of
autogenous shrinkage cracks by the included SAPs and the sustained internal
curing.

In China, SAPs have already been applied in several civil engineering construc-
tion projects. Examples are the Lanzhou–Urumqi railway where SAPs were used to
prevent massive concrete slabs from cracking. The concretes with SAPs were less
sensitive to moisture loss because of evaporation [63, 158]. Two other field applica-
tions were performed in southern China [159]. A shear wall structure that had di-
mensions of 20 × 50 x 0.85 m cast in one time did not show surface cracks after
7 days when SAPs were added. A cast-in-place concrete floor slab was cast in one
time and had dimensions of 12 × 8 x 0.12 m3 and no curing methods were used. No
cracks were observed and the used gel-type SAP showed potential to mitigate early-
age cracking.. SAPs were also applied in the China Zun tower [160]. It was found that
the SAPs reduced shrinkage by 46% and that the later age compressive strength was
not affected when 0.56 m% of SAP was added to the mixture.

A project on large-scale tunnel elements in Belgium, iSAP, will include the appli-
cation of large-scale elements for tunnel construction [97]. SAPs will hereby be added
as a mitigation measure for autogenous shrinkage. In this way, occurring shrinkage
cracks may be avoided. The SAPs will also possess self-sealing and self-healing prop-
erties. In this way, some remaining shrinkage cracks may be sealed and healed and
the structure will possess some sealing potential for observed cracking during its life-
time. This is interesting for the application in tunnels and other ground-retaining
structures, as the flow of harmful substances is stopped [33, 49].

5.8 Conclusions

In conclusion, there is still a lot of unraveling to do in order to apply SAPs into
practice. Possible applications of the self-sealing and self-healing material are
widely spread. Water-retaining structures may benefit and construction companies
may be interested. The principle of using SAPs has its possible applications for the
industry. Contractors are searching for a way to decrease shrinkage cracks and to
obtain a watertight structure. This is especially important for tunnel elements, un-
derground parking garages, basements, liquid containing structures, pavements,
and so on. Nowadays, contractors are often forced to apply crack repair right after
construction, due to the formation of shrinkage cracks and thermal cracks at early
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age. The shrinkage could be overcome by using SAPs as they may provide internal
curing to the construction element: they absorb water in the fresh concrete mix,
and provide it to the cement particles at the right moment in the hydration process,
in this way reducing the autogenous shrinkage. In hardened concrete, they may
seal occurring cracks, as they swell in contact with intruding water. This may re-
duce the uptake of harmful substances, most likely leading to an enhanced long-
term durability and service life. The SAPs will subsequently promote autogenous
healing of the crack since they provide water for further hydration of yet unhy-
drated cement particles and calcium carbonate precipitation, leading to even more
tight structures and possible regain of the mechanical properties. More research is
needed in terms of the long-term durability of these novel cementitious materials
with SAPs [161].

Microfiber-reinforced strain-hardening cementitious composites possess the qual-
ities of a high-strength concrete combined with tensile ductility and crack width con-
trol. Their small cracks are interesting in terms of autogenous healing where only
small cracks are able to heal completely, further stimulated by SAPs. Combined with
(promoted) self-healing it is a durable material and very promising to use in the fu-
ture. In regions with wet/dry cycles, water remains present in the SAPs during the
dry periods. Therefore, self-healing can prevail at all times. However, performance-
based durability concepts are still required to get a durability design framework for
these strain-hardening materials [162].

Furthermore, due to the self-compacting properties of the strain-hardening mix-
ture, thin forms are achievable [120]. Nature fits form to function. This is also true for
this material; the accretion of material to places where it is most needed, resulting in
adaptive structures. The form should be ideal to transfer loads, so that an excess of
material can be removed. This material will result in lighter and safer structures,
leading to a reduced safety factor as the structure may reach its optimal design.

The role of autogenous healing on corrosion prevention will also be important
in the future. If cracks are not sealed, water containing aggressive substances will
break down the passive film on the reinforcements. This aspect needs to be consid-
ered when autogenous healing is used in real-life structures. The maintenance and
longevity of these structures is hereby very important. The close investigation on
plastic shrinkage mitigation and other promising pathways for inclusion of SAPs in
cementitious materials are also key for the near future. This white powder thus will
be more accepted in the conservative building industry.

One general conclusion can be made; one should continue to build with na-
ture’s rules. The bleeding (water for SAPs), blood cells (building blocks), blood flow
vascular network (porous concrete), blood clothing (formation of healing products
near synthetic microfibers), skeleton and bone healing (crystallization) are only a
few properties studied in the field of construction healing. By mimicking nature to
enhance performance, constructions that are more durable will be designed, lead-
ing to a higher service life and better overall life quality.
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