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ABSTRACT: In this feature article, we critically review the

physical properties of porous hydrogels and their production

methods. Our main focus is nondense hydrogels that have physical

pores besides the space available between adjacent cross-links in 'l
the polymer network. After reviewing theories on the kinetics of

swelling, equilibrium swelling, the structure—stiffness relationship, v K
and solute diffusion in dense hydrogels, we propose future Properties
directions to develop models for porous hydrogels. The aim is to
show how porous hydrogels can be designed and produced for
studies leading to the modeling of physical properties. Additionally,
different methods that are used for making hydrogels with physically incorporated pores are briefly reviewed while discussing the
potentials, challenges, and future directions for each method. Among kinetic methods, we discuss bubble generation approaches
including reactions, gas injection, phase separation, electrospinning, and freeze-drying. Templating approaches discussed are solid-
phase, self-assembled amphiphiles, emulsion, and foam methods.

Production

B INTRODUCTION hydrogels in the literature, but we believe this taxonomy should

- . : 1112
Hydrogels are three-dimensional polymeric networks that have be revised as will be described later:

the ability to absorb and maintain high contents of water and e nonporous hydrogels, which have molecular-sized open-
aqueous solutions.' The presence of networks enables hydrogels ing in the network on the order of the macromolecular
to swell in aqueous media without dissolving.” Hydrogels can be correlation length, £ (1~10 nm), also known as mesh size;
classified based on the origin of the polymer (i.., synthetic, e microporous hydrogels (closed pore), having a pore size
natural, or hybrid), composition of the polymer (e.g., in the 10—100 nm range;

homopolymer, copolymer, or composite), the nature of cross- e macroporous hydrogels having closed pores, usually
links (i.e., covalent, noncovalent/supramolecular interactions, between 100 nm and 1 ym; and

or combined), the type of networks (i.e., single, semi-
interpenetrating, interpenetrating, double network, or mechan-
ically interlocked®), the topology of polymer strands between
cross-links (linear, graft, branch, etc.), the polymer crystallinity
(amorphous or semicrystalline), the charge of the polymeric
network (ionic, nonionic, amphoteric, or zwitterionic), the
physical appearance (nanoparticles, microparticles, monoliths,
films, etc.),*™® the functionality (e.g., biodegradability, bio-
compatibility, stimuli-responsiveness, shape memory, tough-
ness, adhesion, extensibility, self-healing, or superabsorb-
ency),”"” and the porosity.""

The presence of voids (gas packets) in a solid material (matrix
or frame) can significantly change its properties. If voids are
more than random trapped air (nominally >5% by volume), then
the material is considered to be porous. Porous materials are
characterized by the pore-size distribution, the ordered/ Received:  August 19, 2022
disordered state of the pore structure, the interconnectivity of Revised:  December 29, 2022
pores (closed pore, open pore, or reticulated foams), and the
porosity (i.e., the ratio of the void volume fraction to the total
volume). The pore size is commonly used to categorize porous
materials. The following classification can be found for porous

e superporous hydrogels, which have interconnected pores
larger than 100 ym.

It should be noted that hydrogel foams are sometimes
classified as a subgroup of macroporous hydrogels containing a
percolated network of pores (pore fraction higher than 64 vol
%).

The preceding classification ignores the possibility of having
open-cell hydrogels with pore size on the order of 10 #m and
lower, something that is conveniently accessible by using
colloidal templating methods. Additionally, this classification is
not consistent with IUPAC’s widely accepted definition for
porous materials, which does not bind the pore interconnectivity
and pore size. In IUPAC’s classification, pores are classified
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based on the adsorption mechanisms during standard BET
experiment (i.e., N, isothermal adsorption at 77 K and 1 atm
pressure). Accordingly, macropores are larger than 50 nm and
mesopores are in the range of 3.0—50 nm, for which pores show
capillary condensation during N, adsorption. In this pore
classification, micropores are considered to have the size of <1.4
nm, which corresponds to four stacked molecular layers of N,
(kinetic diameter of N, is 0.364 nm)."’

Hydrogels have molecular-size openings in their network,
characterized and reported as the mesh size, defined as the
correlation length, £, or the end-to-end distance of the polymer
chain segment between cross-link points also known as the mesh
radius, £,,,."* We suggest adapting IUPAC’s definition based on
water diffusion in hydrogels, considering that the kinetic
diameter of a water molecule (0.265 nm) is slightly smaller
than that for N,, and a similar approximation is obtained for the
number of molecular-water layers in hydrogel pores. The
terminology “dense hydrogel” is sometimes used in the literature
for hydrogels without physically incorporated pores and with
mesh size on the order of 1—50 nm or so. Therefore, they can be
either microporous or mesoporous, depending on the cross-link
mesh size. Additionally, materials with pore size smaller than
100 nm are called nanoporous in some publications, suggesting
that nanoporous hydrogels can be micro-, meso-, or macro-
porous. While the term nonporous hydrogel (instead of dense
hydrogels) is sometimes used in the literature for hydrogels
without any discernible pores, this is terminologically contra-
dictory, considering that hydrogels are defined as materials into
which water molecules with 0.265 nm size can easily diffuse.
Thus, all swollen hydrogels can be considered as porous
materials since they have a mesh or pores, accommodating
external molecules. Our proposed taxonomy for porous
hydrogels is presented in Table 1.

Table 1. Classification of Hydrogels Based on IUPAC
Definitions

Mesh size/ ph}rsical Dominant water

Type” pore size” state®
Microporous hydrogels <1.4 nm mainly PBW
Supermicroporous 1.4-3 nm PBW and SBW

hydrogels
Mesoporous hydrogels 3—50 nm PBW, SBW, and
FW

Macroporous hydrogels >50 nm mainly FW

“Porous hydrogels with 1—100 nm pore size have also been labeled as
nanoporous. “Dense hydrogels are either microporous or meso-
porous, depending on the cross-link mesh size. ‘PBW: primary bound
water; SBW: secondary bound water; FW: free water.

We classify hydrogels as having closed or open pores,
regardless of the interconnection in the network (the space in
its network mesh), but rather suggest that the definition of
closed or open pores should be based on the significance of
capillary action vs diffusivity. In other words, if there are
physically interconnected pores that can induce capillary action
driven by surface tension, then the hydrogel is classified as open
pore. In contrast, if the swelling is controlled by the diffusion of
water inside the polymer network or in physically incorporated
channels, then the hydrogel is considered to have a closed-cell
structure.

Porous hydrogels have several applications in a variety of
fields, such as biomaterials,">™"* drug delivery systems,lg_21
catalysts,22’23 sensors,“’25 separation processes (such as

26,27 28-30 31-33 .
adsorbents and membranes ), foods, agricul-

ture,”>~*” and additives for concrete.’® In the next sections,
we discuss the physical properties and production methods that
incorporate physical pores in hydrogels. In other words, while
dense hydrogels have been widely reviewed in different
publications, there are few studies that provide an overview of
the challenges and opportunities in the production of nondense
hydrogels and the fundamental aspects related to their physical
properties. Therefore, the main scope of this work is to provide a
perspective on nondense hydrogels that have physical pores
besides the available space within the strands of the polymer
network, as schematically shown in Figure 1.
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Figure 1. Typical cross-section of a nondense hydrogel, which has an
open pore structure: D, is the pore size, D,, is the size of interconnection
between pores, and ¢ is the mesh size of the cross-link network.

B PHYSICAL PROPERTIES OF HYDROGELS:
EXTENSION TO POROUS HYDROGELS

Kinetics of Swelling. Aqueous-based solutions and hydro-
gel molecules are thermodynamically compatible. However,
since the network structure inhibits the dissolution of hydrogels,
the diffusion of water molecules with or without solutes into a
hydrogel network results in swelling. Most hydrogels are in the
glassy state, which makes the kinetics of swelling complicated. As
polymer chains are solvated, their behavior changes from a glassy
or partially rubbery state to a relaxed rubbery state, which
enhances the penetration of solvent molecules within the
hydrogel network. Consequently, there is a moving boundary
between the unsolvated glassy region and the solvated rubbery
phase.'" The diffusion of water in a dense and glassy polymer of
dried hydrogels is very slow. This issue can be resolved by
incorporating interconnected pores, which do not completely
collapse upon drying (i.e., they are different from the pores
created by swelling polymer networks which are characterized
by the mesh size).

Two fluid phases (e.g., water and air) within a small capillary
tube attain a curved interface, which subsequently induces a
pressure difference across the curved interface known as
capillary pressure. The Young—Laplace equation relates the
capillary pressure P to the interfacial tension between two fluids,
o, the effective radius of the tube, r, and the contact angle of the
wetting fluid, 6, as P_ = 20 cos 8/r. Capillary action is significant
in porous hydrogels, especially for open-cell macroporous
materials due to the hydrophilicity of hydrogels and thus a 6
value close to 0. Thus, it can lead to extremely fast swelling due
to the enhancement of solvent transport throughout the
specimen.'” Also, incorporating porosity will decrease the
thickness of polymer domains, which increases the kinetics of
swelling and decreases the time to reach equilibrium.

The swelling ratio of a hydrogel, W, at a given time, ¢, is
defined as follows
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m(t) — my
m (1)

where m(t) is the hydrogel mass after being immersed in water
for a given time, ¢, and m is the mass of the dry sample. The state
of water in hydrogels plays an important role in their swelling
and transport properties. In the first stage of the swelling process,
most hydrophilic groups on polymer chains are solvated. The
water molecules involved in this step form primary bound water
(PBW, also known as strongly bound water). Upon hydration of
hydrophilic groups, the polymer network swells, which leads to
the exposure of hydrophobic segments of the polymer to the
water. The interaction of these hydrophobic segments with
water forms secondargy bound water (SBW, also known as
weakly bound water).” The total bound water is defined as the
sum of primary and secondary bound water. In the third stage, to
minimize the free energy, the osmotic force of the network
chains drives additional water into the polymer network.
Equilibrium is obtained when the osmotic pressure is balanced
by the elastic retraction force of the network. The additional
water driven by osmotic pressure is called free water (FW, also
known as bulk water), Wthh fills the space between the network
chains and larger pores.®” In nondense hydrogels, the majority of
water absorbed via capillary action ends up as FW. Table 1 lists
the dominant water states in different porous hydrogels. The
bound and free water can be estimated by small molecular
probes, differential scanning calorimetry (DSC), or nuclear
magnetic resonance (NMR).” It should be noted that external
conditions, such as pH, temperature, and ionic strength, can
influence the water content and swelling ratio.

Since there are no phenomenological models in the literature
for the swelling of nondense hydrogels, we first introduce
swelling models that have been proposed for dense hydrogels in
the next paragraphs. It should be noted that some of these
models are not based on a transport mechanism (e.g., kinetics
models), thus we will evaluate their applicability in capturing the
swelling behavior of nondense hydrogels. In addition, we will
discuss the models that have been developed for liquid
penetration in nonswelling porous media. Finally, we compare
the prediction of presented models with experimental data of
both dense and nondense hydrogels with the aim of showing the
research gap for the development of new models.

The kinetics of dense hydrogel swelling is controlled by water
diffusion within the hydrogel network. For dry polymer
networks in the rubbery state, solvent diffusion can be described
by a Fickian transport, for which the diffusion coefficient can be
corrected by a concentration dependency (also called case I). In
this case, the diffusion rate of solvent, Ry, is much lower than
the relaxation rate of polymer in the network (R, > Ryi).*
However, this model cannot properly predict the swelling of
glassy polymers and even polymers close to the glass transition.
The kinetics of swelling in such cases can be described by non-
Fickian diffusion (case II) when the diffusion rate is much faster
than the polymer relaxation rate Ry > R, and as anomalous
diffusion when these two processes have similar rates, Ryg ~
Ry’® To determine the mechanism of water diffusion into
dense hydrogels, swelling data at early times can be fitted by the
following exponential equation

w(t) =

— = kt"
Woo @)

where W, is the amount of water absorbed by the hydrogel in
the equilibrium state, k is a characteristic constant of the

hydrogel, and n is a characteristic exponent of the mode of
swelling. For Fickian transport, n = 0.5; for anomalous transport,
0.5 <n<1;and for case I, n = 1.*' It should be noted that this
fitting is usually done for W/W,, < 0.6, where the model
assumptions are valid.*”

Classical kinetics models can also be used to predict the
swelling rate of hydrogels, regardless of the porous structure.
The first-order kinetics model considers that the swelling rate is
proportional to the available swelling capacity, W, — W,

dw

a =M= W) ®
where k is the kinetic rate constant. By integration and applying
the boundary condition (W =0 at t = 0),

]

Inf ———| =kt

Weo =W (4)
It can be shown that the first-order model is aligned with

Fick’s laws of diffusion for a one-dimensional swelling of

hydrogel films. Explicitly, by assuming that the diffusion

coefficient, D, of the solvent and the film half-thickness, H, are

constant, a one-dimensional swelling of hydrogel films due to the

diffusion becomes****

We-W _ 8 Qi+ D)
W, _n22(21+1) [( H )Dt]

o i=0
()

For long swelling times, only the i = 0 term of the summation
in this equation is significant, thus

[

In| —=— |~ —t

W, -Ww H (6)
which is an identical form to the first-order kinetics model.
When the swelling ratio is significant, the assumption of constant
film thickness is not valid. However, since the swelled polymer
has enhanced water diffusivity, there is a possibility that the D/
H? ratio may remain approximately constant, and the first-order
kinetics model might sufficiently predict the swelling behav-
ior.”>* However, a good fitting may be obtained only in the
early and middle stages of swelling. Overall, many hydrogels do
not follow a first-order kinetics model, thus a second-order
kinetics model (also not a structure-based model) has been
proposed "**

w k(w, — w)?
dt

(7)

which can be integrated by considering W = 0 at t = 0 and
rearranged as follows:

t 1 t

= +
woEW) W, (8)

For long swelling times, the second term on the right-hand
side is dominant, which means the slope of a plot of t/ W against
time approaches 1/W,, as the swelling reaches equilibrium
conditions. Second-order kinetics has been explained in terms of
two simultaneous phenomena: the available swelling capacity at
time ¢ and the spec1ﬁc interfacial area separating the swollen and
unswollen regions.”” The second-order kinetics model has been
found to properly fit the kinetics of water uptake of hydrogels™
as well as interconnected macroporous polymers with a
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hydrophobic bulk and hydrophilic pore surface (note that the
porous polymer was not a hydrogel in this case).* Therefore,
this model is a good candidate for understanding the swelling
kinetics of porous hydrogels in future studies.

When models for first- or second-order kinetics do not
properly describe the swelling behavior, other kinetics models
can be evaluated. For example, the kinetics model of a phase-
boundary controlled reaction with contracting area has shown
the best prediction throughout the isothermal swelling process
of poly(acrylic acid) hydrogels in distilled water at different

temperatures:

wo—w)”
1 - = = kt
W

0 )

Note that this model predicts a finite time for reaching
equilibrium (¢ = 1/k) and is valid only up until that point in
time.*’

The swelling kinetics of hydrogels has also been modeled by
using a Voigt viscoelastic model.* This model was originally
used to describethe creep behavior (i.e., deformation over time)
for a viscoelastic material upon application of a constant stress,
Oy

e(t) = %(l — e_t/T) (10)

In this equation, the deformation, ¢, at time zero is considered
to be zero, 7 is the retardation time, and E is the Young’s
modulus. We can elaborate that the swelling process involves the
bulk deformation of a solid polymer network (volume change)
under a constant external force (i.e., osmotic pressure). The
Voigt model can be depicted as a spring and dashpot in parallel,
which are assigned to the resistance to expansion of the polymer
network and the resistance to permeation during swelling,
respectively.*® Therefore, the creep behavior and swelling of
hydrogels are governed by the same phenomenon, and the
following equation can be used to model the kinetics of swelling
based on eq 10:

W=w,(1-e"7) (11)

The rate of swelling for the Voigt model can be obtained by
differentiating the previous equation:

dW Woo —t/7
- =2
dt T (12)

This model has been used to successfully predict the swelling
behavior of dense hydrogels.***’ To determine the goodness of
the model, a linear fit of In(1 — W/W,,) against time can be
evaluated, in which the retardation time is obtained from the
slope (i.e., —1/7). This model predicts a zero intercept for this
linear fitting. While a zero intercept is commonly obtained for
dense hydrogels when this approach is used, a nonzero intercept
is observed for nanoporous hydrogels produced from nano-
emulsion templating.”’ The nonzero intercept can be attributed
to the fast water uptake through capillary action within the
pores.

If we have a porous material (nonhydrogel) in which the
swelling of the solid phase is negligible, then the Lucas—
Washburn (LW) approach can be used to predict the kinetics of
water uptake through capillary action®">*

\/cplza cos 0

m(t) = t => W=SJt

(13)

where m is the mass (kg) of fluid infiltrating the porous material,
¢ is the capillary constant (m*) of the porous material, 77 is the
viscosity (Pa's) of the penetrating fluid, p; is the density (kg-
m ™) of the penetrating fluid, & is the interfacial tension (N-m™")
of the fluid, ¢ is time (s), and @ is the contact angle between the
penetrating fluid and porous material. The right-side equation is
a simplification of the LW equation used for linear fitting of the
data, in which S shows the sorptivity. The equation has two
unknown parameters: ¢ and 6. However, if the surface of the
pores is very hydrophilic (as in hydrogels), then the water
contact angle will be very low (i.e., @ ~ 0) and ¢ can be found.
Note that this equation does not consider the swelling of the
polymer phase in the hydrogels.

A linear fitting of W vs t"/? frequently shows a nonzero
intercept, which can be attributed to the rapid filling of surface
pores.”” Additionally, deviations from linearity in fitting W vs t'/>
data could result from the retarding effect of gravity on vertical
capillary action® or the interaction of solutes present in the
aqueous media with the pore surface.”’ The W = t'/? scaling in
eq 13 can be extended to W ~ /21, where Dy is the fractal
dimension of the pore structure and is equal to 1 for straight
pores, between 1 and 2 for two-dimensionally distributed pores,
and between 2 and 3 for three-dimensional porous spaces.” It
should be noted that this equation has the same scaling with time
as eq 2 for Fickian diffusion. Thus, if an open-cell porous
hydrogel shows the same scaling behavior of fluid uptake with
time, it will be difficult to determine whether the Fickian
diffusion or LW-controlled capillary action is dominant. A
deviation from W ~ t'/? scaling in open-cell hydrogels should
conservatively be interpreted as a non-Fickian diffusion in the
polymer phase when the exponent is higher than 0.5 and may be
attributed to tortuosity in the porous structure when the
exponent is lower than 0.5.

A summary of models is presented in Table 2. To evaluate and
compare the models reviewed in this section, we present the
swelling data for dense hydrogels as well as open-cell
macroporous hydrogels synthesized by high internal phase
emulsion (HIPE) and foam templating methods with different

Table 2. Summary of Models Available for Predicting the
Water Uptake of Porous Hydrogels

Model Equation Limitations/Assumptions
Fickian transport W = cot” 2 early uptake/penetration
and Lucas—
Washburn
modified Lucas- W = ¢ot'/2Pr early uptake/penetration
Washburn
anomalous W/W,, = kt"where 0.5 <n<1 W/W, <06
transport
case 11 W/W,, = kt" W/Wy <0.6
first-order In(Wo /W, — W) =kt proportionality of the
kinetics swelling rate and the

available swelling capacity

second-order t/W = 1/kW 2+ t/ Wy, unestablished physical
kinetics meaning

phase-boundary 1 — [(W,, — W/)W]"> =kt  valid up to t = 1/k, when
controlled equilibrium is reached
kinetics

Voigt W=W4(1—-e") improper fitting when water

uptake is fast due to
capillary action

https://doi.org/10.1021/acs.langmuir.2c02253
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pore sizes in the range of 9—130 ym. The maximum water
holding capacity of macroporous hydrogels is over 4000 wt %.>*
All hydrogels have the same monomer (2-acrylamido-2-methyl-
1-propanesulfonic acid, AMPS), cross-linker (N,N’-methylene-
(bis)acrylamide, MBA), and monomer to cross-linker ratio,
10:1.>* As seen in Figure 2, all hydrogels (dense and nondense in
this broad pore size and interconnectivity range) can properly be
fitted only by the second-order kinetics model.
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Figure 2. Evaluation of models for the water uptake of macroporous
hydrogels prepared via emulsion templating (ET) and foam templating
(FT) methods. The swelling behavior of the dense hydrogel (indicated
as a bulk sample) with the same chemistry is also provided for
comparison. The number after ET/FT shows the templated porosity,
which can be different from the final porosity of the hydrogels (e.g,
compare the templated volume fraction of pores with the actual
porosity of ET and FT samples shown by ¢) below sample names in (f)).
Fitting of eq 2 at low swelling rates is shown in (a). The slope of the data
is different from 0.5 except for dense hydrogel, which means that the
simple LW approach, eq 13, cannot explain the capillary action. The
results shown in (b), (d), and (e) are plotted according to eqs 4, 9, and
11 for linear fittings, respectively, but a linear dependence is not
observed for any specimens. Plot (c) shows the fitting of the second-
order kinetics model, with R* > 0.99. The pore size, D,, size of
interconnection between pores, D,,, and degree of openness, 0, for
studiseil samples in (a—e) are summarized in (f). Data are from Zowada
etal

The results in Figure 2 show that there is a need for
developing new models that can predict the water uptake of
porous hydrogels. These models should relate the water uptake
to the nature of the polymer phase, the porosity, pore size
distribution, and interconnectivity of the porous hydrogel.
While the second-order kinetics model well predicts the
behavior of several different dense and nondense hydrogels, it
is a semiempirical model. Future work may establish a
theoretical background and fundamental basis for correlating
the kinetics model constants and the structural parameters of the
porous hydrogel (e.g, the Flory—Huggins polymer—solvent
interaction parameter, porosity, pore-size distribution, and
interconnectivity of the porous hydrogel). Another challenge
in porous hydrogels is that the swelling of the polymer phase and

capillary action of pores take place simultaneously; therefore,
separating their effect on water uptake is not straightforward.
Future studies should perform control experiments using
solvents that induce minimal swelling in the polymer phase so
that the effect of capillary action can be distinguished from
swelling of the polymer phase.

Equilibrium Swelling Capacity. The key component in
the hydrogel swelling capacity is its cross-link structure. If
polymer chains are not cross-linked (physically and/or chemi-
cally), then they will eventually dissolve when immersed in the
solvent. Note that a poor solvent can swell a polymer without
chemical cross-links but may not dissolve it if the physical
interactions between polymer chains cannot be overcome. In
this case, the interactions between polymer chains induce
physical cross-links. Obviously, the main solvent in the hydrogel
literature is water, which mostly interacts through hydrogen
bonding with polymer chains in this case. However, the swelling
capacity in other solvents (e.g, solvents that do not form
hydrogen bonds with hydrogel chains) can be used to determine
the contributions of physical and chemical cross-links to the
network properties.>”

Similar to the swelling kinetics behavior, there is no
phenomenological model in the literature for the equilibrium
swelling of hydrogels with physically incorporated pores. Thus,
we first introduce models that have been proposed for dense
hydrogels, eqs 14 and 15). Then, we will discuss how the amount
of water entrapped in pores can be subtracted in nondense
hydrogels. Therefore, the equilibrium swelling of the polymer
phase in nondense hydrogels can be determined and used for the
calculation of network characteristics with these equations.

The equilibrium swelling of hydrogels is controlled by the
network structure, cross-link density, and average molecular
weight of polymer between cross-links in the network. There are
three states that are considered for modeling the swelling: dried,
relaxed, and swollen states. Since usually hydrogels are formed
by the polymerization of monomers in the presence of water, the
relaxed state is assumed to be the network structure obtained
immediately after cross-linking. In the relaxed state, there is no
force propagating through the network.’®®’ The formed
network can incorporate additional water until reaching the
equilibrium state (i.e., maximum swelling).

The equilibrium swelling can be modeled thermodynamically
by evaluating the effects of water addition to a hydrogel network.
The first equilibrium swelling model was proposed by Flory and
Rehner by considering the entropic contribution of mixing
polymer with solvent, which is balanced by the elastic energy of
the swollen polymer network containing additional solvent™*>

In(1 — @) + ¢+ x4°
Vi (8 = ¢/2) (14)

1 2

M, M

C n

where M, is the number-average molecular weight between
cross-links in the polymer network, M, is the average molecular
weight of the polymer chains prior to cross-linking, ¢ is the
polymer volume fraction in the swollen equilibrium state, y is the
polymer—solvent interaction parameter, V; is the molar volume
of the solvent, and p, is the dry density of the polymer network.
It should be noted that the y parameter is an average of
noncovalent and nonionic interactions between the polymer and
solvent. The interaction parameter changes with polymer
volume fraction due to the reduced affinity between polymer
and solvent upon cross-linking. Therefore, it should be corrected
for cross-link and volume-fraction dependencies.*’
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Richbourg and Peppas discussed how the Flory—Rehner
model can be extended to pH-dependent swelling of weakly
ionic hydrogels®'

) (1 _ ;)(1 _ r)Vl/)d¢r2/3¢51/3
M, = -

2M,

In(1 - @) + ¢+ xp” + 2Vl[1 — |+ ("“)2]
(15)

where f is the junction functionality (the number of chains
connected to a cross-link node) in a polymer network, I is the
frequency of chain-end defects, ¢, is the polymer volume
fraction in the relaxed state, I is the ionic strength, i is the degree
of ionization of the polymer repeat unit (note that for neutral
polymers, i = 0), and M, is the molecular weight of the polymer
repeat unit. The first two terms in the numerator of the right-
hand side, (1 — 2/f) and (1 — I'), correct nontetrafunctional
networks and network imperfections, respectively. For chemical
cross-links, the value of f can be approximated from the
chemistry (by neglecting the possibility of different f values for
the physical cross-links in the same system). A similar
approximation can be made to estimate I' from the
stoichiometry of functional groups participating in the cross-
linking scheme. When I = 0 and i = 0 (e.g., swelling of a neutral
hydrogel in deionized water), a modified version of the Flory—
Rehner equation is obtained in which network imperfections
and nontetrafunctional networks are taken into account.

The equilibrium water uptake of hydrogels significantly
increases by inducing greater porosity in their structure. While
the water absorbed by dense hydrogels can be in the form of
primary bound water, weakly bound water, and free water, the
water in the pores of mesoporous and macroporous hydrogels is
free water with minimal interaction with polymer chains.
Therefore, to estimate the polymer network parameters of these
porous hydrogels from equilibrium swelling models, the water
uptake by pores should be excluded. To subtract the water
content of pores from the total water uptake of mesoporous and
macroporous hydrogels, one should consider that the swelling of
a porous hydrogel can change the pore volume fraction,’” which
takes place to accommodate the increase in the swollen polymer
phase. To estimate the change in the pore volume fraction, one
can test a control dense hydrogel with the same polymer
composition as the polymer domain of porous hydrogels in
which a few visually measurable pores are incorporated.*’
Alternatively, a simple estimation can be made by assuming that
the swelling of the polymer phase is affine and takes place equally
in three dimensions; therefore, the pore volume decreases upon
swelling proportional to the change in volume of the polymer
phase of the hydrogel. However, this approximation is applicable
only to small swelling ratios because this method predicts a
complete disappearance of pores for swelling ratios higher than
the reciprocal of the pore volume fraction (i.e., 1/@por), Which
has not been reported so far.

One finding that deserves to be further evaluated is the effect
of the pore formation process on the network structure of the
polymer phase. For example, our recent study shows that the
polymer network is influenced by the pore packing in porous
hydrogels which have been produced through an emulsion
templating method.” In other words, while the samples have the
same porosity and pore size, they show different swelling kinetics
and equilibrium swelling for different packing of pores.>

Structure—Stiffness Relationship. The rubber elasticity
model relates the stiffness of a swollen dense hydrogel to the
entropy loss due to the extension of polymer chains in the
network. For hydrogels highly swollen with water, the phantom
network model developed by James and Guth® provides a
better approximation than the affine network model suggested
by Flory and Rehner.”**” The former assumes that junctions
move independently of chains, whereas the latter considers the
movement of junctions proportional to the macroscopic
deformation. The original model assumes that the shear
modulus, G, of the swollen hydrogel is related to the number
of chains in the polymer network 0*?

G = vRT (16)

where R is the ideal gas constant and T is the temperature.
However, the model should be corrected for swollen polymer
networks, nontetrafunctional networks, and network imperfec-
.61

tions:
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(17)

Among these parameters, pg, ¢, and ¢, are determined
straightforwardly, whereas fand I" can be approximated from the
chemistry as described in the previous section. Thus, the value of
M., can be estimated. This model has some limitations since it
ignores the effects of polymer chain stiffness, the chain length
distribution between cross-links, and higher-order bonding.
Consequently, the estimation of M, by using rubber-elasticity
theory involves some systematic errors.

For mesoporous and microporous hydrogels where the
contribution of free water becomes significant, the prediction
of hydrogel structure from this model involves significant errors.
By assuming negligible contributions from the water phase to
the mechanical properties, we suggest that the simplest remedy
for this miscalculation is to correct the shear modulus with either
isostrain (upper bound) or isostress (lower bound) mixing rules,
respectively:

Gisostrain = (1 - ¢pore)G (183)
1
Gisostress = 7(;
- %ore (18b)
G and G; are the measured shear moduli of the

isostrain isostress

porous hydrogels, which are used to estimate the G value of the
swollen polymer phase. However, systematic studies are needed
to determine which correction provides a more realistic
prediction. The corrected shear modulus, G, can then be used
in eq 17 to determine the structural parameters of the polymer
network.

Hydrogels have both solid and liquid phases; therefore, they
are not pure elastic materials and have time-dependent behavior.
Two approaches are usually considered for materials havin
both solid and fluid phases: viscoelasticity and poroelasticity.
The viscoelastic behavior of hydrogels can be described by
common models, such as the Maxwell, generalized Maxwell,
Kelvin—Voigt, and four-element models. To measure the
viscoelastic behavior of hydrogels, small-amplitude oscillatory
shear (SAOS) experiments can be performed. In these
experiments, the hydrogels undergo a sinusoidal strain (y = ¥,
sin wt, where ¥, and t are the maximum strain amplitude and
time, respectively) at an angular frequency of w. The viscoelastic
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hydrogels will respond with an out-of-phase sinusoidal stress
(0), from which the storage and loss moduli are defined

o = y[G'(w)sin wt + G"(w)cos wt] (19)

where G’(w) is the frequency-dependent storage modulus and
G"(w) is the frequency-dependent loss modulus, which are
independent of the strain amplitude. The former shows the
elastic response, whereas the latter is an indication of the viscous
behavior of the hydrogels. The tangent of the phase angle, which
provides a measure of damping, is defined as follows:

"

tand = —
G (20)

From this equation, a tan ¢ value that is close to zero indicates
solid-like behavior (note that for § = 0, stress and strain are in
phase), and tan & higher than 1 shows liquid-like behavior (note
that for § = 90°, stress and strain are completely out of phase).
Hydrogels usually exhibit solid-like behavior and tan & values
close to zero. The viscoelastic measurements of hydrogels
mostly show a plateau in G’ in the 0.01—100 Hz frequency range
and a minimum in G” in the mid-frequency of this range. In
other words, they are in the rubbery zone of general viscoelastic
behavior. Consequently, determining the relaxation times from
fitting viscoelastic models involves errors (i.e., the relaxation
time may be estimated from extrapolation only if a G' — G”
crossover is not apparent). In addition, the G” minimum shows a
change in relaxation mechanism from the network level (low
frequencies) to segmental level of the network (high
frequencies).' %%

For estimating the structural parameters from eq 16 or 17, the
shear modulus of hydrogels is commonly estimated from the
storage modulus in the linear viscoelastic regime due to their
solid-like behavior. There are very limited reports of models
correlating the structure and viscoelastic parameters of hydro-
gels or even experimental viscoelastic measurements on
hydrogels with carefully designed structures. The challenge to
perform such studies as future work is to produce porous
hydrogels with designed porosity and interconnectivity, which
can be addressed by methods summarized in the next sections.

Another advanced approach to modeling the mechanical
properties of porous hydrogels is to employ poroelastic (also
called biphasic) constitutive equations. In poroelastic models,
the contributions of fluid flow through pores are also considered
in the stress—strain behavior under deformation. Biot was a
pioneer in establishing poroelasticity,’® which has been
developed for hydrogels since then.”” "’ The most important
parameters that control the poroelasticity of hydrogels are the
elastic modulus of the solid (polymer) phase, the Poisson’s ratio
of dried and swollen hydrogels, fluid—solid interactions, intrinsic
permeability, and viscosity of the solvent (which is water for
hydrogels).”*

Indentation techniques have been widely used to simplify the
poroelastic characterization of hydrog7els,67‘68 which still require
complicated numerical simulations’””" or at best can be
approximated by linear poroelasticity at small deformations.*®
By digging into the literature, one can identify some macro-
porous hydrogels from the authors’ description of synthesis
approaches and the physical appearance of the hydrogels, for
which poroelastic studies have been performed.”’ We believe the
future direction for correlation between the structure and
stiffness of porous hydrogels is to further expand studies on
poroelasticity and poroviscoelasticity. In particular, there are

challenges to decoupling the characteristic times associated with
the poroelasticity (mainly controlled by intrinsic permeability)
and viscoelasticity (mainly controlled by the relaxation of
swollen polymer chains) of hydrogels® and evaluating the
structure—stiffness relationship in relaxed/unrelaxed states of
poroelasticity and viscoelasticity.”' For functional hydrogels
such as self-healing ones, there is a lack of study on the
correlation of mechanical-property evolution with porous and
molecular structures.

Solute Diffusion in Hydrogels. Mesh-size theory estimates
the reduction in solute diffusivity due to physical interactions of
a solute with a polymer chain and the mesh size of the network,
£. The mesh size, which represents the distance between two
connected junctions, is the average correlation length of a chain
in the swollen hydrogel. £ determines if the solute can pass
through the space between polymer chains in the network. This
model assumes that the chemical potential gradient, convective
flow, and solute—polymer binding within a homogeneous
hydrogel are not significant, thus the transport is described by
the effective diffusivity. The mesh size can be measured by
correlation technig{ues, including swelling data as proposed by
Canal and Peppas’”

_\1/2

‘e ¢_1/3(12C 2, ]

S M (21)
where [is the carbon—carbon bond length in the polymer and C,
is the characteristic ratio for a polymer chain of # repeat units.
This equation was developed for vinyl polymers, so the 2 in the
equation accounts for two carbon—carbon bonds per repeat
unit. This model has been improved by converting it from an
affine model to a phantom network model, assuming chains are
long enough to have a Gaussian distribution, and using a
backbone bond factor, 4, instead of a vinyl-specific prefactor’’

_\1/2
L, M
£= 42‘”3[(1 - 3]1 *Cq ]
f M, (22)

where 1 is the weighted average of the bond lengths per repeat
unit and C,, is the characteristic ratio for a long polymer chain.

The Stokes—Einstein equation can be used to determine the
diffusion coeflicient of a solute in the solvent in the absence of
convective flow

kT
Dy = —
67, (23)

r

where 7 is the solvent viscosity, r; is the effective radius of the
solute molecules, kg is the Boltzmann constant, and T is the
temperature. Two models have been developed to determine the
change in the diffusivity of solute, D, within the hydrogel
network, the free volume model’>”* and the competing-
obstruction scaling model,”® which are as follows, respectively,

e f-thlots
D, ¢ 1-¢ (24a)

+
D exp(— hTh ¢1/2]

Dy s

2

(24b)

where ¢ is the polymer volume fraction in the hydrogel and r¢is
the radius of polymer fibers in the hydrogel network. The
current mesh-size theories do not consider the effects of solute
shape, free-volume void spaces, and the mesh openings.®'
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Figure 3. Different methods for the production of porous hydrogels, classified as templating and kinetic methods.

The diffusion of solutes in the pores of mesoporous and
macroporous hydrogels, which contaln free water, can be
modeled as diffusion in porous media.”* However, this approach
has not received enough attention. Saying that, one should note
that the solute diffusion in hydrogels is intended for controlled
delivery applications (i.e., solutes are incorporated into the
polymer network and will be released slowly as the hydrogel is
placed in contact with the target environment). If pores beyond
the mesh size of the polymer network are incorporated, then the
diftusion of solute will be enhanced; therefore, the range of
controlled release rates will be broadened. A potential area for
future work is to provide a multimode diffusion model including
the diffusion within both the polymer network (e.g., as in eqs 24a
and 24b) and the interconnected mesoporous or macroporous
network. The hypothesis here is that the closed pores in
hydrogels have an insignificant effect on the solute diffusion in
hydrogels. There will be a need for experimental studies to
confirm this hypothesis.

B PRODUCTION OF POROUS HYDROGELS

Basics. Fabrication Methods. Further development of
models for the physical properties of porous hydrogels requires
more experimental studies on hydrogels with different porous
structure. In the next sections, therefore, different methods that
are used for making hydrogels with physically incorporated

pores are briefly reviewed and the potentials, challenges, and
future direction for each method are discussed. The aim is to
show how porous hydrogels can be designed and produced for
systematic studies on modeling their physical properties.
Production methods can be classified as either kinetic or
templating approaches (Figure 3). Frequently used kinetic
methods are bubble generation from reaction, gas injection,
phase separation, electrospinning, and freeze-drying methods. In
these methods, the microstructure of the system is dynamically
evolving until it is arrested. In templating methods, the porous
polymer is a replicate of the original template. The challenge in
kinetic methods is to control the porosity and pore size
independently, whereas the retention of templated structure in
templating methods may not always be straightforward.
Air-in-Liquid Dispersions. Techniques involving bubble
generation from reaction, gas injection, and foam-templating
methods have an intermediate stage where air is dispersed in a
liquid phase. The classification of air-in-liquid dispersions is
based on the liquid volume fraction, ¢. If ¢ < 0.05, then the
dispersion is considered a “dry foam”; if ¢ < ¢, (where ¢ = 0.36
for polydisperse foams), then we have a “wet foam”; and a
dispersion with ¢ > ¢ is a “bubbly liquid”.”” Most reported
cases using these methods in the literature have dealt with wet
foams and bubbly liquids. To obtain an open-pore cellular
polymer, the dry foam and wet foam dispersions are of interest,
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whereas a closed-pore cellular polymer is very likely if the
intermediate stage is a bubbly liquid. However, it should be
noted that the air—liquid interfacial properties play a significant
role. In other words, there are cases that the liquid volume
fraction is low but a closed-pore cellular polymer is obtained. As
discussed recently, the formation of interconnections between
pores in a porous polymer is controlled by the depletion-induced
drainage of the interdroplet/interbubble layer”® (also known as
a foam film in the foam literature).

Nucleation and Growth Mechanisms. Another important
phenomenon in making porous hydrogels through gas
generation or injection is the nucleation and growth of bubbles.
Atlow concentrations and/or high pressures, the gas is dissolved
in the liquid phase. The first stage of phase separation of
dissolved gas from liquid is nucleation, in which the density and
energy fluctuations in a metastable system lead to the formation
of microbubbles. Microbubbles, which may diminish or grow,
are submicrometer-sized bubbles originating from the clustering
of gas molecules. The critical nuclei size is the minimum
microbubble size above which the nuclei are thermodynamically
stable, meaning that the Gibbs free energy of having a gas phase
dominates the energy required to form new interfaces. It should
be noted that in the presence of phase boundaries (e.g,
impurities and surfaces), heterogeneous nucleation takes
place.””" Since the phase boundaries decrease the barrier for
the formation of new interfaces, heterogeneous nucleation is
more common than homogeneous. After the nucleation of
microbubbles, their growth kinetics will be governed by several
physical factors, such as gas mass transfer, elongational viscosity,
viscoelasticity, and bubble—bubble interactions.”’** However,
these factors have not been comprehensively studied for pore
formation with different gases in porous hydrogel synthesis.
Additionally, considering that there is a strong move toward the
addition of nanoparticles to hydrogels to improve the
mechanical properties or incorporate certain functionalities,"®
one of the current challenges is how to control or exploit the
effect of shape and size distributions of nanoparticles on the
nucleation process.

Stability of Liquid Foams. The stability of wet foams is
mainly controlled by Ostwald ripening, drainage, and
coalescence. As the bubble size in foams is not commonly
monodisperse, the difference in Laplace pressure between
bubbles (as well as with external atmospheric air) can induce
Ostwald ripening, in which the gas in smaller droplets is driven
toward larger bubbles or the external atmosphere. The solubility
of gas in the continuous phase controls Ostwald ripening. If a
porous hydrogel precursor undergoes Ostwald ripening, then
the bubble size increases with time with d ~ t'/* scaling.** Since
Ostwald ripening intensifies as the temperature is increased,”
the pore size increase becomes more significant upon polymer-
ization at high temperatures and for exothermic polymerization
reactions. The other mechanism of instability is coalescence, in
which the film between bubbles undergoes drainage and
subsequent rupture. If coalescence is dominant in a porous
hydrogel precursor, then the bubble size increases with time with
d ~ t'/% scaling. It should be noted that creaming instability is
also possible in a dispersion of bubbles due to the density
difference of the continuous and dispersed phases inducing the
drainage of the liquid phase. However, creaming can also be
exploited to produce porous hydrogels with a gradient in
porosity.

Bubble Generation from Reaction. One of the techniques
used to form pores in polymers is to generate a gas phase upon

polymerization or other side reactions. The classical example of
this method is polyurethane (PU) foams, in which a small
amount of water reacts with isocyanate groups of the monomers
to generate CO, gas.”® Consequently, the polymer contains both
urethane and urea groups in the chain, where the latter can phase
separate to form hard segments. The competition between the
kinetics of polymerization and the CO, formation and diffusion
controls the morphology of the final polymer. If the former is
much faster than the latter, then a closed-cell PU foam with low
porosity is obtained. The opposite scenario will result in the
foam collapses before solidification. Clearly, these two processes
can be adjusted to produce open-pore PU foams with controlled
interconnectivity. However, the degree of interconnectivity will
not be independent of pore density. This is a major challenge
with most of the nontemplating methods. The chemistry of
polyurethane can be adjusted to make them hydrophilic and
suitable for hydrogel applications. Another system in which the
polymerizing phase is also involved in the formation of the gas
phase is the polymerization of acidic monomers, such as acrylic
acid and AMPS, in the presence of metal carbonates.'”

Gas generation can also be achieved by side reactions through
thermal or chemical decomposition. The chemicals that are used
to induce gas-generation reactions are called blowing agents
(e.g., water is the blowing agent in PU foams). The major gas
products from chemical blowing agents are as follows:*

e CO, (e.g, sodium bicarbonate reaction with acids and
thermal decomposition of zinc carbonate);

e H, (e.g, sodium borohydride reaction with water and
magnesium hydride reaction with water);

e O, (e.g, decomposition of hydrogen peroxide); and
e N, (e.g,, decomposition of azo-compounds and hydrazine
derivatives).

Similar to PU foam synthesis, gas generation by side reactions
usually takes place during polymerization or cross-linking of the
hydrogel, so the bubbles are trapped more efficiently by the
increasing viscosity. The bubble formation undergoes a
nucleation and growth process, which will be effectively
suppressed when the 3D network forms in the polymer phase.
Usually, the reported pore sizes range from 50 to 1000 ym and
porosity varies between 35 and 85% depending on the system
and additive.” There are many parameters in these systems that
affect the initial and final foam structure such as the additive
(e.g, to enhance the nucleation or to stabilize the formed
bubbles), rate of gas generation, rate of cross-linking, and foam
stability. The generated gas will lead to bubble formation and
consequently foaming if it undergoes a phase separation from
the liquid cross-linking medium. In other words, if the generated
gas has high solubility in the polymerizing phase, then a porous
hydrogel may not form.

Since hydrogel synthesis often takes place in aqueous media,
the gas solubility in water can play a detrimental role. Among
commonly generated gases, CO, has higher solubility than N, in
water, thus the liquid foam of CO, coarsens faster due to
enhanced Ostwald ripening, generating larger pore sizes under
similar conditions. Also, high solubility can suppress the
nucleation in the liquid phase, resulting in limited bubble
formation and insufficient imbedded porosity. As expected, the
chemistry of components in the aqueous media, most
importantly monomers and polymers, influences the solubility
and bubble nucleation of generated gas. However, the
thermodynamics (solubility and diffusivity of gas in hydrogel
precursors) and kinetics (nucleation and growth of bubbles) of
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such a complicated system have not been studied. A technical
challenge is the limited solubility of many chemical blowing
agents in aqueous media (e.g., azodicarbonamide). Also, when a
thermally activated blowing agent is used in producing hydrogels
from water-based precursors, one should consider that water can
be lost due to evaporation and the stability of foam usually
decreases as the temperature is increased.

Bubble growth is affected by the elongational rheology of the
continuous phase and the interfacial rheology. For example,
surfactants can be included in the hydrogel precursor to stabilize
generated bubbles and decrease the dissolution of the gas phase,
or thickeners can be added to enhance the elongational viscosity.
However, there is a lack of reliable data on the evolution of these
properties as the polymerization progresses and their effect on
the structure of the porous hydrogel produced.

Bubble generation from reaction is an economical method in
terms of energy and material. It does not require specialized
equipment, and the porosity can be created via reaction rather
than a sacrificial template. This is a favorable method for specific
applications such as tissue engineering because it minimizes the
use of toxic chemicals and solvents and reduces the necessity of
removing artifacts of the templating process. The main
disadvantages with this method is that the pore size and
porosity are difficult to control and have unreliable reproduci-
bility since they are generated via reaction.*® The main approach
in controlling the structure is the cross-linking rate of the
polymer solution which already needs to be rapid in order to
preserve the unstable foam structure. The pores can be
extremely polydisperse, and interconnectivity can be achieved
only at high porosities due to high liquid—air interfacial tension.
There can also be a pore-size gradient within the resulting
hydrogel due to the creaming instability. The reaction kinetics of
the polymer phase needs to be considered as the primary tool for
controlling this instability.

Gas Injection in Polymer Melt or Precursor. Instead of
generating gas from a reaction, a gas phase can be injected in a
polymer or polymer precursor. The injected gas is known as a
physical blowing agent, which can be injected under pressure
and expands upon reducing pressure. Alternately, low-boiling-
point liquids can be used. Examples of the former are CO, and
butane, whereas short aliphatic chain molecules and hydro-
fluoroolefins are commonly used in the latter case.®” The low
cost and nontoxicity of CO, have made it a favorite physical
blowing agent. We distinguish this method from foam
templating in which bubbles are entrapped in the precursor by
agitation, frothing, insufflating, or similar constant-pressure
manufacturing. This classification is based on the mechanism of
bubble formation. The key elements in forming porous polymers
by gas injection are (1) the dissolution of gas in the liquid/melt
under high pressure and/or low temperature and (2) reaching
supersaturation by decreasing pressure or increasing temper-
ature, after which (3) nucleation and growth take place.”””’ The
porous structure is stabilized either by reaching a glassy state
(note that gas dissolution can lower the glass-transition
temperature of polymers and make them rubbery) or the
formation of a network. However, the former is more common,
and there is a lack of comprehensive studies on the latter case.
While gas solubility in the liquid phase is essential in this
method, the high gas solubility can suppress foaming or
destabilize the foaming in the bubble generation from reaction
(described in a previous section). Therefore, these two methods
are put into two separate classes.

While the gas injection method is industrially used to prepare
polyolefin foams, its use to prepare porous hydrogels is not
common. The main challenge is that among gases, even CO, has
low solubility in hydrophilic polymers and prepolymers (i.e.,
high solubility is essential to achieveing high porosity).”" A
solution for this challenge is to use a cosolvent to enhance the
solubility and thus subsequently form pores. To avoid concerns
related to organic cosolvents, more studies on ionic liquids can
be envisioned.”” Another solution to overcoming the challenges
of foaming hydrogels through gas injection is to use supercritical
CO, (sc-CO,), which has gas-like viscosity and liquid-like
density and can be easily obtained under conditions above T, =
31 °C and P, = 7.38 MPa. Although supercritical conditions for
CO, can be achieved with current polymer processing
equipment, foaming of hydrogels with sc-CO, is still not
economical. The main drawbacks of the gas injection method
are that the interconnectivity between pores is limited
(approximately 10—30% of pores are interconnected)’” and
the pore size and porosity cannot be controlled independently.
In addition, so far this method has been applied only to a few
synthetic hydrophilic polgfmers and some natural polymers for
hydrogel applications.”””* The current successful pore for-
mation in hydrogels through the gas injection method is mainly
done on swollen cured hydrogels (i.e., in a batch process). To
use this method in a continuous process similar to that used for
polyolefin foams, more fundamental studies on simultaneous
cross-linking and pressurizing/depressurizing should be done to
define the phase diagram.

Phase Separation. Polymer solutions and blends will
undergo phase separation if the free energy of mixing is positive.
Phase separation continues until the complete separation of
mixtures into multiple phases, which are not pure components.
For example, if a polymer solution undergoes phase separation,
we will have a polymer-lean and a polymer-rich phase. There are
three mechanisms for phase separation: nucleation and growth,
spinodal decomposition, and viscoelastic phase separation.”* ™
Phase separation can be exploited to make porous polymers,
mainly through changing the temperature or adding an extra
component to induce immiscibility. The commercialized phase
separation method to produce porous polymers is non-solvent-
induced phase separation (NIPS), which is widely used to
produce membranes for water treatment.”” Since hydrogels have
a 3D molecular network, inducing porosity through phase
separation can be rather complicated. The following approaches
can be envisioned:

e nonsolvent dewatering of the as-synthesized hydrogels, in
which an organic solvent (e.g., methanol or acetone) is
used to remove the water from a swollen hydrogel leaving
residual pores;”®

e polymerization-induced phase separation, where the
cross-linking and increases in molecular weight trigger
the immiscibility of polymer in the water phase (in this
process, microgels of the polymerizing phase can form
and separate through aggregation);””

e cross-linking of phase-separating polymer solutions (e.g.,
the NIPS process on biopolymer solutions followed by
cross-linking with diamine); and

o selective removal of a sacrificial phase in Iphase-separated
polymer blends or block copolymers.'* !

It should be noted that the latter can also be classified as a
templating method. Most of these methods have not been
widely applied to produce porous hydrogels because they are not
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efficient for large-scale production. In fact, there are debates on
the phase diagram of water-soluble polymers, especially
biopolymers, due to the presence of hydrogen bonding and
electrolytes,"*>'* which should be further studied to mature
this method. Additionally, there is a need to evaluate how the
porosity, pore size, and pore interconnectivity can be controlled
by phase-separation methods.

Electrospinning. High electrical potentials can be used to
draw charged threads with a submicrometer size from a polymer
solution or melt. The electrical potential is applied between the
spinning nozzle and a collector. During the spinning process, the
fiber solidifies (through losing solvent, crystallization, gelation,
etc.). The collected fibers, in the nanometer to micrometer
range, are loosely connected and form a 3D mat that is porous.
Electrospinning can be used to fabricate porous hydrogels,
which are in the form of a mat of hydrogel fibers. The fiber
diameter, porosity, and morphology of the porous mat are
dependent on the solution variables (viscosity, solvent proper-
ties, electrical conductivity, and surface tension) and environ-
mental conditions (temperature, humidity, and air velocity) but
can be controlled by processing conditions (orifice size and
shape, electrical potential, and the distance between the tip and
the collector).'**'%

Cross-linking is a critical step in the fabrication of porous
hydrogels through electrospinning. Since the spinning process
requires a sol/melt state for pumping through the nozzle and
drawing toward the collector, the cross-linking step should be
done postspinning or simultaneously. Apparently, the latter is
more challenging since the molecular network formation should
start after the ejection of sol/melt from the nozzle. Both physical
and chemical cross-linking can be induced by exposure to bond-
forming reagents, elevated temperature, and/or irradiation.
There are reports in the literature on electrospun porous
hydrogels from synthetic polymers, such as poly(acrylic acid)/
poly(vinyl alcohol),'*® and natural polymers, such as gelatin and
hyaluronic acid."”'°® However, electrospinning has limitations
in making 3D shapes (i.e., mainly planar shapes with limited
thickness can be produced). Also, the mechanisms to control the
porosity and pore size are the least developed compared to other
techniques. The range of operational conditions to achieve
uniform fibers is very narrow in many formulations. Addressing
these three shortcomings can push electrospinning to become
more viable for the large-scale production of porous hydrogels.

Freeze-Drying. If the solvent (usually water) in a
synthesized hydrogel is crystallized and removed through
sublimation (under high vacuum), then an interconnected
macroporous structure will form. There is no limitation of the
type of hydrogel that can be used in this technique, and the only
requirement is the sublimation of the frozen solvent.'”” There
have been reports on controlling the porous structure of freeze-
dried hydrogels. For example, glutaraldehyde-cross-linked
collagen—chitosan hydrogels have an open disordered pore
structure when freeze-dried at —20 and —80 °C but show long
planar-shaped pores when freeze-dried at —196 °C."'* In other
words, since the solvent crystals act as porogens, the shape and
size of the pores replicate the formed crystals. However, we do
not classify this method as a templating technique since the
hydrogel 3D molecular network is formed prior to freeze-drying.
In addition to the growth kinetics of solvent crystals, the
nucleation of solvent strongly influences the porous structure.
Morphological studies on the evolution of structure show that
each pore is several orders of magnitude greater than the mesh

size of the cross-linked network and is formed from the growth
of one to a few ice grains.'""

Heat transfer can also be exploited to direct the porous
structure. For example, porous hydrogels with uniaxial linear
pores are created by exposing only one side of the hydrogel to
cooling (e.g, contacting with dry ice), inducing a uniaxial
thermal gradient.''” The current challenges with freeze-drying
methods for the fabrication of porous hydrogels are as follows:
lack of control over the pore size, weak mechanical properties,
poor structural integrity, and collapse of pore structure if the
material undergoes repeated swelling/deswelling cycles. On the
fundamental side, to predict and design the porous structure via
freeze-drying, future work can be done to better understand the
thermodynamics and kinetics of water crystallization in hydrogel
networks under isothermal and nonisothermal conditions.

Solid-Phase Templating. Solid particles can be employed
as a template in forming pores within hydrogels. In this method,
solid particles are often referred to as porogens and are typically
added to the hydrogel precursor prior to cross-linking. The
particles used are typically water-soluble, so they must reside in
either the polymer phase or an organic solvent to prevent
dissolution (e.g,, the hydrogel polymer network is formed in an
organic solvent containing NaCl particles). Once the hydrogel is
cross-linked, the porogen is removed via leaching (e.g., through
a water-washing step that dissolves the porogen and leaves a
pore space). There are many water-soluble porogens that have
been employed such as salt," >~ sugar,''® and water-soluble
polymer particles."'”''®

Through this method, hydrogels can reach 40—74% porosity
depending on the porogen and with the pore size ranging widely
between 10 and 700 ym in diameter due to the various sizes of
porogens.''” Since this is a templating method, the resulting size
of the pore is primarily determined by the size of the porogen.
One of the most common porogen materials used is NaCl due to
its abundance, grain-size range, and solubility. Particles of
hydrophilic water-soluble polymers have also been used as
porogens since their size can be tuned, for example when they
are formed into beads throu%h the precipitation of preformed
polymers in (nano)droplets.'”® These beads can then be added
to polymer solutions during cross-linking and leached out via
water washing. For example, gelatin microbeads have been
incorporated in poly(ethylene glycol)-diacrylate (PEGDA) that
is cross-linked in an organic solvent. Then, the gelatin
microbeads are removed by water washing, resulting in pore
sizes ranging between 125 and 250 ym and materials with up to
60% porosity.'"® Cross-linked hydrophilic polymers can also be
formed into beads and added as a solid-particle template
wherein the cross-link bonds would then be disrupted in the
leaching process.

The advantages of solid-particle templating methods are that
they are economical in terms of both energy and material, do not
require specialized equipment, and do not require the use of
surfactants to stabilize the system. However, there could be
difficulties in controlling the porosity as the porogen needs to be
dispersed and distributed evenly into the hydrogel precursor.
Also, this method does not guarantee an open-cell morphology.
To increase the likelihood of interconnectivity, the volume
fraction of salt to polymer needs to be >50 vol %."*' The
effectiveness of the porogen leaching is also a concern because it
would be difficult to remove trapped porogen material when
closed cell morphology is a possibility.** Organic solvent-based
fabrication is common for this method to incorporate hydro-
philic porogens but has environmental issues for large-scale
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manufacturing and cytotoxicity concerns for biomedical
applications. The time required to leach out the porogens and
dry the hydrogels is also another issue for large-scale fabrication.

To overcome some of these concerns, other methods have
been used in tandem with particle leaching (e.g., gas
generation' > and freeze-drying'**). Having two concurrent
pore-generation methods can increase porosity and enhance
interconnectivity. This also reduces the amount of porogen
required to create porous hydrogels, making the leaching
process more feasible. One main criterion for these dual pore-
generation methods is that the porogen cannot be soluble in the
solvent containing the polymer system.

An alternative to using solid particle additives as a porogen is
the use of solvent crystals. This method, also known as freeze
thawing and cryogelation, involves cooling the reaction mixture
to form solvent crystals. Then, the polymerization step is
performed. Finally, the interconnected porous structure is
formed upon elimination of the solvent crystals.'’” This method
should not be confused with freeze-drying in which the frozen
crystals in the preformed hydrogel are removed through
sublimation. Also, cryogelation involves solvent crystallization
and is different from the sol—gel transition that takes place with
decreasing temperature as, for example, in agarose or gelatin
solutions. The interconnectivity of cryogels is due to the
continuous fractal structure of solvent crystals.'”” While freeze-
dried porous hydrogels are rigid and brittle, freeze—thawed
porous hydrogels are soft and more elastic.'*> The structure and
properties of cryogels are dependent on the composition and
concentration of precursor, cross-linking type and reaction
kinetics, cryogelation temperature, polymer molecular weight,
water/organic cosolvent ratio, pH and ionic strength of the
precursor, and cooling rate.'”'*® Additionally, the pore size
control in cryogels should be investigated by using nucleating
agents and the manipulation of crystallization kinetics by
additives. The long list of parameters that influence the structure
may suggest that controlling the pore size and porosity of
cryogels is not as straightforward as the porous hydrogels
fabricated via external solid-particle porogens.

Self-Assembled Amphiphile Templating. Surfactants
self-assemble above a critical concentration to form micelles.
Typically, at sufficiently high concentrations, lyotropic liquid-
crystal (LLC) phases are obtained from the arrangement of
micelles. LLCs are thermodynamically stable ordered structures
that occur in mixtures of surfactants with one or several solvents.
Depending on the shape of surfactants and the interfacial
curvature, LLCs have different mesomorphic structures, such as
lamellar, hexagonal, gyroid, and face-centered cubic."*” Another
class of thermodynamically stable systems is microemulsions,
which are isotropic dispersions of oil and water stabilized by a
surfactant system that provides ultralow surface tension.
Microemulsions have nanometer-sized droplets or bicontinuous
domains, described by Winsor classification. In phase diagrams
of surfactant and selective solvent mixtures, LLC phases and
microemulsion regions always seem disconnected.'”® While
LLCs are highly ordered soft-condensed assemblies with specific
nanometer-scale geometries, microemulsions have disordered
structure.

Porous hydrogels have been synthesized from LLCs
and microemulsion'*’ templates. Two common approaches are
synergistic and transcriptive templating methods. In synergistic
templating, polymerizable surfactants are used, in which the
obtained material is the cross-linked template.'*" This method is
not cost-effective and requires a new surfactant if a change in

127,129

chemistry or domain size is desired. If monomers are used in the
oil or water phase, then the templating process is called
transcriptive, which results in a copy of the self-assembled
structure.'”' Since commercially available monomers and
surfactants can be used in this method, it is relatively more
viable economically. There is a possibility that the template
structure is not retained during polymerization (especially in
transcriptive templating), but the self-assembled structure can
still direct the polymer growth. Consequently, hierarchical
morphologies can be formed, and such indirect templating is
called reconstructive synthesis."*"'*

Templating within LLCs and microemulsions is a complex
process. The polymerization reaction progresses within a highly
dynamic self-organized medium in a continuously changing
physicochemical environment. In addition, since domains are in
the nanometer range, a confinement effect is induced upon
polymerization.'>® Many monomers show some degree of
surface activity and consequently segregate at the interfaces."*"
Consequently, the polymerization can cause phase transitions by
driving changes in the interface curvature. More severe effects
may arise due to the loss of entropy or chemical incompatibility
of the polymer with the surfactant, which sometimes drives
phase separation and the concomitant disruption of the initial
structure.””' Retaining the nanosized domains in the micro-
emulsion templates is an ongoing challenge, as only a limited
number of studies show nanometer-sized porous hydrogels.'*’
In contrast, more reports can be found on nanoporous hydrogels
from LLC templating.'”” This observation can be attributed to
the very low viscosity of microemulsions, which minimizes the
kinetic stability against phase separation during polymerization,
as well as their sensitivity to any increase in the interfacial
tension between water and oil phases. While the templates of
self-assembled amphiphiles, especially LLCs, provide unique
control over the pore structure, pore size, and porosity,
predictive tools for determining their phase diagram and domain
size are still underdeveloped. In other words, most of the studies
realize the domain size after the successful templating. Finally, a
future direction is to perform systematic studies on the
properties of ordered nanoporous hydrogels with the same
composition but different mesomorphic structures to determine
the constant for a second-order kinetic model and to validate
models for structure-stiffness relationships and solute diffusion
in porous hydrogels.

Emulsion Templating. Emulsions are kinetically stable
dispersion of two or more immiscible liquids, which are
stabilized by using surfactants or particles in the case of
Pickering emulsions. High internal phase emulsions (HIPEs)
are usually defined as emulsions in which the droplets are
jammed and have a polyhedral shape (usually volume fraction ¢
> 0.74). If the continuous phase of the HIPE is polymerized and
the dispersed phase is removed, then porous polymers known as
polyHIPEs are obtained.'** Therefore, this method is known as
emulsion templating or HIPE templating.

PolyHIPEs have an interconnected porous structure in which
pores (also called voids) are replicas of emulsion droplets. Also,
interconnecting holes, known as pore throats (or windows),
usually exist between neighboring pores. The pore throats are
formed due to the depletion-induced partial coalescence during
polymerization and are influenced by the interdroplet
interaction, drainage of the interdroplet layer, and interfacial
rheology of the surfactant layer.”*'*> PolyHIPEs typically have
pore sizes in the range of 1 to 30 #m and a pore throat size on the
order of 0.5 to 3 um. However, there are also reports on closed-
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pore polyHIPEs (e.g., in poly-Pickering-HIPEs).”*"*® Open-cell

porous polymers have also been made with medium internal
phase emulsion (MIPE) templates."*” However, if the volume
fraction is below 60%, achieving an interconnected porous
structure is hardly possible. To make porous hydrogels, usually
an oil-in-water emulsion is used, although hydrophilic porous
polymers for hydrogel applications can also be produced from
water-in-oil emulsions with careful selection of the two phases
and the surfactant."**

One challenge with emulsion templating is to produce
interconnected porous structures when the volume fraction of
the dispersed phase is below 60%. Also, there are two areas for
further development in emulsion templating: broadening the
pore size range below 1 ym and beyond 30 pm and better
control over the pore-throat size. To address the former,
nanoemulsion templating should be considered to produce
porous hydrogels with submicrometer pore size.’® The pore size
can be increased either by the polymerization of coarsening
emulsions'*® or the development of new emulsifier szfstems.
Alternatively, a foam templating method can be used,”* which
will be discussed in the next section. There are limited studies on
controlling the pore-throat size. Successful approaches have
reported the use of surfactant mixtures'” and particle—
surfactant mixtures."*”'*° However, fundamental studies should
be done to correlate the pore-throat size with interdroplet
interaction and interfacial rheology.

Foam Templating. Foam templating methods vary by
degree of complexity. The simplest method of creating a foam
template is through simple mechanical mixing or frothing. As the
aqueous precursor solution is mixed rapidly, air is entrapped in
the liquid. The foam then undergoes cross-linking to solidify the
foam structure."*' """ This produces a polydisperse porous
structure that typically can reach high porosity of up to 80% and
vary in pore size between 150 and 500 um in diameter.”
Interconnections between pores form with the same mechanism
as described in the emulsion templating method (i.e., depletion
induced partial coalescence during polymerization). The oldest
report on making porous polymers via mechanical mixing was
performed on air-whipped latex."**

For monodisperse foam templates, microfluidics devices are
used to create uniform open-cell foams. Microfluidics inject gas
bubbles individually in an extremely controlled system.'*’~">°
The major drawback to microfluidic systems is their limited
scalability associated with their low production rate.** Foam
templating can be incorporated into other templating methods
such as emulsions termed “foamulsions”."**™"*” This is where
the gas is injected into the emulsion during mixing and trapped
due to the emulsion’s high viscosity. This results in two sources
of porosity from the dispersed phase in the emulsion and the gas
phase in the foam. This method also requires specialized
equipment to inject gas into the emulsion since mechanically
mixing the emulsion at high speeds for frothing can result in
phase separation. The focus for the rest of this section will be on
simple mechanical foaming.

Due to high interfacial tension and the difference in density of
gases and liquids, foam templates are inherently unstable. The
two main factors in foam stability for this method are viscosity' **
and interfacial tension.”* The former, which is controlled by
various factors (e.g, polymer structure, water content, and
addition of thickening agents), can influence the rate of foam
aging by changing the rate of gas diffusion through the liquid
phase as well as coalescence. The liquid—air interfacial tension
can be influenced by using stabilizers such as surfactants or

particles that help reduce interfacial tension and are typically the
cause of foaming for low-viscosity solutions. The rate of cross-
linking is a major consideration due to the inherent instability of
foam templates.

Synthetic porous polymers are typically difficult to make using
this type of mechanical foaming due to their rather slow nature
of cross-linking. Common methods of initiating polymerization
include thermal, photo, and redox initiation. Unfortunately,
increasing the temperature of the foam template impacts its
stability, and UV light cannot effectively penetrate an opaque
foam system. However, redox initiation is one possible method
since it can occur rapidly at room temperature. The other main
concern with synthetic polymers is the oxygen inhibition of free-
radical polymerization, which means that air cannot be used as a
dispersed gas phase. This requires either an enclosed inert gas
atmosphere during the mechanical mixing or closed systems
where the gas is added such as in an interconnected syringe
method.>*

Biopolymers are typically sought for this type of mechanical
foaming for two reasons. First, they are typically water-
thickening agents, thus their solution viscosity is high. Second,
they have rapid cross-linking by either a covalent or ionic
mechanism. For example, chitosan can be rapidly covalently
cross-linked using an agent such as glutaraldehyde'® or
genipin,'®" while alginate can be ionically cross-linked
instantaneously by a multivalent cation such as calcium (Ca*")
or iron (Fe**).'®

The main advantage to using a foam templating method is
that the sacrificial template is a low-cost gas phase and
processing typically requires only basic equipment. The porosity
and pore morphology can be tuned through process parameters
such as mixing geometry (e.g., whisk and blade), longer mixing
times, and higher mixing speeds to trap more of the gas phase
and increase the pore size uniformity (similar to that of emulsion
templates). The volume fraction of the gas phase in the foam
system can also be controlled via either the amount of gas
injected or the amount of mixing to reach a desired change in
volume of the foam template. The main disadvantage to using
this method is the foam instability, making the control of pore
size and porosity challenging. To trap the desired pore size and
porosity, the cross-linking mechanism needs to be rapid enough
to prevent foam coalescence or collapse. There is also typically a
lack of pore interconnectivity for this method due to the higher
interfacial tension of the liquid—gas system. In addition, foam
templating is less developed than other methods, but it is
material-efficient, does not need porogens to form the porous
structure, and needs less energy than the gas injection method.
However, better mixing and frothing methods should be
developed to enable large-scale production.

B CONCLUDING REMARKS

In this feature article, we described the classification of porous
hydrogels and distinguished between the spaces within the
polymer network itself and the imbedded pores. Two
mechanisms control the performance of porous hydrogels:
diffusion and capillary action. We defined porous hydrogels as
hydrogels in which the latter is not negligible. We proposed new
routes to model the physical properties of porous hydrogels by
elaborating on current theories for dense hydrogels with respect
to swelling kinetics, equilibrium swelling capacity, structure—
stiffness relationships, and solute diffusion. The reviewed
models were compared with experimentally measured swelling
kinetics of dense and nondense hydrogels, which clearly showed
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Figure 4. Summary of methods for producing porous hydrogels. Moving from the center outward, the production stages are schematically shown. In
addition, the common pore size and porosity ranges for each method are also included.

that except for the second-order kinetics model, none of them
deliver a satisfactory prediction. Since further development of
these models requires more experimental studies on hydrogels
with different porous structure, we described methods for
making porous hydrogels. In this regard, the basics of kinetic and
templating methods and their governing parameters were
discussed as schematically shown in Figure 4. Then, the
limitations of each method and potential future work were
elaborated, as summarized in Table 3.

Considering that there is a wide variation in pore size and
porosity in each of the listed methods, it is impossible to specify
how physical properties will be different among these methods
(as can be seen in Figure 2 as an example) and their comparison

will need detailed systematic studies. We believe that the
templating methods can produce porous hydrogels with
controlled pore size, shape, and interconnectivity. Therefore,
systematic studies can be performed on the physical properties
of such hydrogels to improve current models, which may lead to
new understanding. Beyond what is discussed in the different
sections, environmental concerns should be considered for
making porous hydrogels. For example, the fabrication method
should have minimum waste, production energy, and need for
recovery of byproducts and the template (note that in this sense,
foam templating has the greatest potential). In addition, it is
preferred to have biobased monomers or precursors for hydrogel
synthesis and to produce biodegradable porous hydrogels with
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Table 3. Comparison of Methods for Making Porous Hydrogels

Method

bubble generation
from reaction

gas injection in
polymer melt or
precursor

phase separation

electrospinning

freeze-drying

solid-phase templating

Challenges

Opportunities

o limited solubility of many chemical blowing agents in aqueous e effect of elongational rheology of the continuous phase and the
media interfacial rheology on bubble growth

® water loss due to evaporation for thermally activated blowing
agents porosity

o difficulty in controlling and reproducing the pore size and
porosity

 high gas solubility can suppress foaming or destabilize the
foaming in the bubble generation from reaction

@ high gas solubility can suppress foaming or destabilize the
foaming in the bubble generation from reaction

® noneconomical foaming of hydrogels with sc-CO,

® using surfactants and nanoparticles to control the pore size and

o effect of elongational rheology of the continuous phase and the
interfacial rheology on bubble growth

® simultaneous cross-linking and pressurizing/depressurizing for
continuous processing

e controversy in the phase diagram of water-soluble polymers due e determining the phase diagram of water-soluble polymers and

to the presence of hydrogen bonding and electrolytes

e controlling porosity, pore size, and pore interconnectivity

polymerizing systems in the presence of water and nonsolvent

o preforming cross-linking simultaneously or as a postspinning step @ co-spinning of hydrogels with different chemistries for synergistic

properties
o limitations in making 3D shapes

o Jeast-developed methodologies for controlling the porosity and
pore size

e controlling porosity, pore size, and pore interconnectivity
@ poor structural integrity and mechanical properties

o structural collapse upon undergoing repeated swelling/
deswelling cycles

o even dispersion and distribution of porogen into the hydrogel
precursor

® no guarantee of resulting in an open-cell morphology

o time for leaching out the porogen and the cost of recovering it

o multilayer hydrogel mats

o directing the porous structure by controlling heat transfer

® determining thermodynamics and kinetics of crystallization of water
in hydrogel networks

o candidate for dual-pore-generation formulations

self-assembled e can be costly if synergistic templating is used
amphiphiles o retaining the nanosized domains
templating

emulsion templating
fraction of the dispersed phase is <60%

o templating pore size below 1 ym and beyond 30 ym

o limitations on controlling the pore-throat size

foam templating
fraction of the dispersed phase is <60%

® noticeable instability of foam templates

e producing interconnected porous structures when the volume

o producing interconnected porous structures when the volume

® making isoporous hydrogels for fundamental studies and high-end
applications

o underdeveloped predictive tools for determining domain size

® nanoemulsion-templated porous polymers

© 3D printing

® implementation of covalent or ionic co-crosslinking or double
network

® enhanced mixing methods for large-scale production

minimal side effects on living species. Another consideration is
to use green solvents, such as ionic liquids, if the process cannot
be carried out in a solvent-free approach.
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