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Abstract: The equilibrium swelling degree of a highly swollen charged gel has been thought to be
determined by the balance between its elastic pressure and ionic osmotic pressure. However, the
full experimental verification of this balance has not previously been conducted. In this study, we
verified the balance between the elastic pressure and ionic osmotic pressure of charged gels using
purely experimental methods. We used tetra-PEG gels created using the molecular stent method
(St-tetra-PEG gels) as the highly swollen charged gels to precisely and separately control their network
structure and charge density. The elastic pressure of the gels was measured through the indentation
test, whereas the ionic osmotic pressure was determined by electric potential measurement without
any strong assumptions or fittings. We confirmed that the two experimentally determined pressures
of the St-tetra-PEG gels were well balanced at their swelling equilibrium, suggesting the validity of
the aforementioned relationship. Furthermore, from single-strand level analysis, we investigated the
structural requirements of the highly swollen charged gels in which the elasticity and ionic osmosis are
balanced at their swelling equilibrium.

Keywords: swelling; elasticity; osmotic pressure; Donnan potential; tetra-PEG gel; molecular
stent method

1. Introduction

Charged gels, which have fixed charges on their polymer chains, exhibit a large de-
gree of equilibrium swelling in polar solvents and possess an environmentally responsive
swelling ability [1-5]. Therefore, charged gels have attracted great attention as super-
absorbents, soft actuators, and drug carriers for drug delivery systems [6-10]. As these
charged gels have such a wide range of possible applications, it is desirable to tune the
equilibrium swelling degree and mechanical properties of these gels by altering the charge
density, bath solution, network structure, etc. Therefore, experimental and theoretical
approaches to understand the swelling mechanism of charged gels are extremely useful,
and numerous studies have been conducted to date.

Generally, the equilibrium swelling state of a gel has been considered to be determined
by the balance between its elastic pressure, 11, and its osmotic pressure, 1, [11-15].
The origin of the elastic pressure of a common gel is the elastic energy of its polymer
network. When a gel absorbs solvent molecules and swells, its network strands are stretched,
and consequently, elastic energy is accumulated in the network [11]. On the other hand,
the osmotic pressure of a charged gel is separable into two terms. One term, called the
osmotic pressure of mixing, I'ly;y, is based on the free energy of mixing a polymer and a
solvent, which is generally explained by the classical Flory—-Huggins theory [13-15]. The
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other term, called ionic osmotic pressure, I1joy, is based on the difference in the concentration
of mobile ions inside and outside the gel, which is specific to charged gels [14,16-18]. The
other pressures of a charged gel, such as the pressure originating from electrostatic repulsion
between the fixed ions, were also taken into account in the rigorous modeling of a charged
gel, following some previous papers, which we assumed that such additional terms are
excessively small to be ignorable relative to Iy, [16,17]. As the pressure of a charged gel
should be balanced at its equilibrium swelling state, the equilibrium swelling state of charged
gels can be expressed by Equation (1):

I—[el + I_Imix + HiOl’l =0 (1)

Il is generally equal to its shear modulus, G [19,20], and can be determined from
mechanical tests:
My = -G ()

ITnix follows the scaling relationship for the osmotic pressure of semidilute polymer
solutions [21]:

_3v_
IMmix = K(P Sv-1, 3)

where ¢ is the polymer volume fraction, K is a parameter that depends on various factors
such as the gel preparation conditions, and v is the Flory exponent, which depends on the
polymer-solvent affinity (0.5 for theta solvent and 0.588 for the athermal solvent). ITjy,
originates from the difference in the activity of the total mobile ions between the gel and
the bath solution, Aajen, and is given by

iy = kT Z(wf - af””) — AionkT, @)

1

where k is the Boltzmann constant, T is the absolute temperature, and « is the activity of
the ion in the subsystem [16]. For «, the subscripts and superscripts denote the ion species
and subsystem (g is the gel and env is the bath solution), respectively.

Equation (1) can be simplified in the case of highly swollen charged gels. A charged
gel swells excessively in polar solvents of low salt concentration if it contains dense disso-
ciatable ionic groups, owing to the large Il;,, originating from dense mobile counterions
inside the gels. As the large swelling of such gels lowers their polymer volume fraction ¢
and corresponding Iy, the contribution of Iy to the total osmotic pressure of highly
swollen charged gels becomes negligible, as suggested by theoretical considerations [22-24]
and calculations [20,25]. Thus, the equilibrium swelling state of highly swollen charged
gels should be approximately determined by the balance between the elastic pressure and
ionic osmotic pressure, as shown in Equation (5):

- 1_[el ~ Hion (5)
The substitution of Equations (2) and (4) into Equation (5) obtains:
G =~ AwjonkT. (6)

Equations (5) and (6) describe the swelling equilibrium state of the highly swollen
charged gels. Figure 1a shows a schematic of these equations.
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Figure 1. (a) Schematic illustration of the balance between the elastic pressure (symbolically expressed
by green arrows) and ionic osmotic pressure (orange arrows) of a highly swollen charged gel at
swelling equilibrium, where + and — are cations and anions, respectively; (b) balance between
elasticity and ionic osmosis at a single-strand level; and (c) the synthesis pathway of the St-tetra-PEG
gels used in this work.

The relationship described by Equation (6) is related to the network structure of highly
swollen charged gels. According to the molecular-based approaches to determine the
elasticity of gels, the shear modulus of a gel is the sum of the elastic energy of each network
strand of the gel. By using the average elastic energy of a network strand, Feo, G of the gel
can be expressed as

g = —G = —CugFy, )

where v, is the number density of elastically effective network strands in the gel, Cis a
pre-factor taking a value between f.-2/f. and 1, which represents the fluctuation of the
cross-linking points, and f. is the functionality of the cross-linking points [26]. Combining
Equations (6) and (7) leads to the relationship between the elastic energy per strand
(considering the fluctuation of the cross-linking points) and the ionic osmotic pressure of
highly swollen charged gels as follows:

CF) ~ Allion . (8)
Uel

Equation (8) denotes the balance between elasticity and the ionic osmosis of a highly
swollen charged gel at the single-strand level. Figure 1b shows a schematic of this equation.
The right side of Equation (8) is the ionic osmotic pressure of the gel divided by the effective
network strand density, which corresponds to the average stretching energy applied to
each effective strand. The left side of Equation (8) is the average elastic energy borne by

each effective strand. At the swelling equilibrium, the two energies should be balanced.
Equations (6) and (8) have quite simple forms compared to the general equations of
state equilibrium swelling of gels, although their applicability should be limited to the high
swelling regime. The validity of Equation (6) or similar relationships has been suggested
by some previous experimental and theoretical works [4,16,22,24,27-29]. However, the
completely experimental validation of these equations has rarely been reported, especially
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for Equation (8), due to the following three difficulties. The first difficulty was with the
direct experimental determination of ionic activities, which makes it difficult to determine
Aajon and Iljpn. In many experimental studies, Ax;on and the corresponding Ili,, are not
directly determined by experiments but are theoretically calculated considering Donnan
equilibrium and Manning’s counterion condensation theory [30]. However, because this
calculation process requires assumptions or fittings for some parameters, it is hard to say
that ITj,n, has been completely experimentally determined using these methods. In contrast,
several reports have attempted to estimate ionic osmotic pressure through measuring
electric potential [29,31,32]. For example, Utz et al. measured the Donnan potential of the
charged gel, which corresponds to the experimental determination of Aa;,,, and reported
that the obtained swelling and elastic properties of the charged gels were consistent with
their Donnan potential to some extent [29]. Unfortunately, their research has been limited
to qualitative discussions. The second difficulty is the random and highly inhomogeneous
network structure of gels, which makes it difficult to determine v, [33,34]. Although the v,
of rubbery materials has been theoretically estimated from their modulus using the as-
sumption that the network strands follow Gaussian statistics [14,15], the reliability of such
indirect information remains questionable. The third difficulty is in controlling the network
structure and ion concentrations independently. For the verification of the effect of ionic
osmotic pressure on gel swelling, it is desirable to synthesize a series of gels having a
constant network structure but different fixed polyion densities. One of the easiest ways
to achieve this is to co-polymerize ionic and non-ionic monomers having the same total
concentration but different mixing ratios in the presence of cross-linkers [35]. However,
even if the total monomer and cross-linker concentrations are constant, the network struc-
ture changes depending on the monomer mixing ratio due to the different reactivity ratios
of the monomers and the cross-linker for the co-polymerization. Thus, the independent
control of the ion concentrations and network structure of charged gels is complicated by
using this method. Another conventional method involves controlling the dissociation of
counterions by controlling the pH of the bath solution [36]. However, because the high
ionic strength of the bath solutions at these pH levels suppresses swelling, charged gels do
not swell as much in these pH-controlled bath solutions.

The purpose of this study was to overcome these three difficulties and to verify
Equations (6) and (8), which describe the balance between the elasticity and ionic osmosis
of a highly swollen charged gel at the macroscale and single-strand scale, using fully
experimental methods. First, following previous reports, the microelectrode technique was
used to determine the ionic osmotic pressure. In this method, a charged gel equilibrated in a
salt solution was prepared, and the electric potential difference between the gel and the bath
solution was determined by inserting a reference electrode into the solution and a working
electrode into the gel. The obtained potential difference is equal to the Donnan potential of
the gel if the concentration of the salt solution is sufficiently low and the working electrode
is thin enough [32]. Ao, and the corresponding I1;,,, can be determined from the obtained
Donnan potential. Second, tetra-PEG gels were used to determine v, where PEG stands for
polyethylene glycol. Tetra-PEG gels are known as gels with well-defined structures, which
are synthesized by an end cross-coupling reaction between the two reactive four-armed
prepolymers with controlled molecular weights [37,38]. Owing to the network regularity,
the v, of tetra-PEG gels has been determined based on the conversion ratio of the end
cross-coupling reaction, which can be directly clarified by spectroscopic methods [39,40].
The obtained v, of the tetra-PEG gel corresponds well with its elastic properties, suggesting
the high reliability of the determined v [41,42]. The tetra-PEG-like system has been used
to investigate the swelling mechanism of a moderately swollen charged gel [21]. Third, the
molecular stent method was adopted for the independent control of the network structure
and polyion density in the gel. In this method, an original gel is first synthesized, and
linear polyelectrolyte chains (molecular stents) are then introduced into the original gel
network [43]. The long linear polyelectrolyte chains are trapped in the tetra-PEG network
within a certain experimental time. The gel incorporated with the molecular stent, called St-
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gel, greatly swells in polar solvents because of the large ionic osmotic pressure originating
from the dissociated counterions of the molecular stent. The elastic pressure of a St-gel
is borne by the tetra-PEG network, whereas its ionic osmotic pressure mainly originates
from the counterions of the molecular stent. Thus, elasticity and ionic osmosis can be
controlled separately. Moreover, if a St-gel is made from a nonionic network, there is no
fixed charge on its network strands. Therefore, the effect of the interactions between fixed
charges on the swelling of a St-gel should be negligible, which simplifies the gel swelling
problem. The molecular stent method has already been used for tetra-PEG gels [26,44],
and the relationship between elasticity and swelling degree was investigated.

The following experiments were performed. First, the tetra-PEG gels were prepared as
the original materials (reference state). Subsequently, tetra-PEG gels containing molecular
stents with various concentrations (St-tetra-PEG gels) were prepared and immersed in 10~
M NaCl aqueous solution until the swelling equilibrium (state of interest) was reached.
The synthesis pathway of the St-tetra-PEG gels is illustrated in Figure 1c. The swelling
ratio, Q, was determined from the volume of the gel at the reference state and at the
state of interest. The v of the St-tetra-PEG gels was determined from the preparation
condition, reaction conversion, and Q. The shear modulus, G, of each St-tetra-PEG gel, was
determined by the indentation test. The potential difference, A¢, was determined using the
microelectrode technique, and Ax;o, was calculated from A¢. The validity of Equations (6)
and (8) was directly confirmed using the obtained experimental parameters without any
strong assumptions or fitting parameters.

2. Results and Discussion
2.1. Swelling Ratio and Modulus of the St-tetra-PEG Gels

We synthesized tetra-PEG gel from prepolymer solutions at overlapping concentra-
tions. The as-prepared tetra-PEG gel had a shear modulus G of 6.35 &+ 0.40 kPa. In addition,
the vg of the as-prepared tetra-PEG gel of the same composition was estimated to be
1.97 x 10** m~3 based on the tree-like theory with the reaction efficiency of the cross-end
coupling determined by infrared spectroscopy [26,40]. Thus, CFY, the elastic energy per
strand considering the fluctuation of the cross-linking points of the as-prepared tetra-PEG
gel was calculated as CFS = G/vg = 3.22 x 10721 J. We think that this value is reasonable
because it is on the order of kT (4.11 x 102! J at 298 K). Then, the linear poly(2-acrylamido-
2-methylpropanesulfonic acid sodium salt (PNaAMPS) of various concentrations, working
as a molecular stent, were synthesized in the tetra-PEG gel to obtain the St-tetra-PEG gels.
Although the actual concentration of the introduced PNaAMPS in the St-tetra-PEG gels
was not determined, it could be controlled by the NaAMPS monomer concentration in the
precursor solutions for the molecular stent synthesis, cnaamps. Thus, we used cnaaMPs as
an index of the initial concentration of the molecular stent in the as-prepared St-tetra-PEG
gels. The obtained St-tetra-PEG gels were first immersed in pure water or a 10~ M NaCl
aqueous solution.

Figure 2a shows the equilibrium swelling ratio, Q, of the St-tetra-PEG gels in these
solutions as a function of cyaamps. The Q of the St-tetra-PEG gels increased as the amount
of molecular stent increased, reaching a maximum of approximately 170. This is because the
concentration of mobile ions in the gels increases as the amount of molecular stent introduced
increases, and thus I1;,, increases with cnaamps. The Q of the St-tetra-PEG gels in the NaCl
solution is slightly lower than the corresponding Q in pure water because the introduction of
mobile ions in the bath solution decreases the difference in the concentration of mobile ions
inside and outside the gels. The vg of the St-tetra-PEG gels was estimated by ve) = veyp/ Q,
where vy is the v of the as-prepared tetra-PEG gel, as shown in Figure 2b. v, decreases with
CNaAMPS because increases in Q with cnaamps lead to the dilution of the network strands of the
St-tetra-PEG gels.
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Figure 2. (a) Relationship between the swelling ratio, Q, and cnaamps Of the St-tetra-PEG gels in pure water or 10~* M NaCl
aqueous solution; (b) relationship between the number density of the elastically effective network strands, ve;, and cnaamps
of the same St-tetra-PEG gels.

Figure 3a depicts the shear modulus, G, of the St-tetra-PEG gels in pure water or in
10~* M NaCl aqueous solution as a function of cyaamps. For the St-tetra-PEG gels, G was
in the order of several kPa and tended to increase with cnaamps in this observation range.
Subsequently, we calculated the CF of the St-tetra-PEG gels by dividing G by v and
plotted this against Q, as shown in Figure 3b. The two series of data collapse into one master
curve because the elasticity of the (St-)tetra-PEG gels should only depend on the network
structure, which is directly controlled by the swelling ratio [26]. CFY monotonically
increased with Q owing to the swelling-induced stretching of the tetra-PEG network
strands. Note that the empirical slope of the plots was 1.24, which is much larger than
the theoretical value of 2/3 for a polymer network whose network strand obeys Gaussian
statistics [19]. This large slope indicates that the elasticity of the highly swollen St-tetra-PEG
gels no longer obeys the Gaussian model owing to the finite extensibility of the strands,
as pointed out in a previous study [26].
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Figure 3. (a) Relationship between the shear modulus, G, and cnxaamps of the St-tetra-PEG gels
swollen in pure water or 10~* M NaCl aqueous solution; (b) relationship between CFS1 and Q for the
same St-tetra-PEG gels.

2.2. Donnan Potential of the St-tetra-PEG Gels

Figure 4a shows a schematic illustration of the microelectrode technique used to
measure the electric potential difference between the gel and the solution. The reference
electrode was immersed in a bath solution (10~* M NaCl aq.), and a thin working electrode
was inserted into the gel. Figure 4b shows a typical potential difference-insertion displace-
ment curve. When the working electrode reached the gel bulk, the potential difference
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reached a plateau value, A¢. Under these measurement conditions, A¢ was almost equal
to the Donnan potential of the gel, ¢p [32]. Figure 4c demonstrates that A¢ (= ¢p) of the
St-tetra-PEG gels equilibrated in 10~* M NaCl aqueous solution as a function of cNaaMPS-
The measured A¢ is negative due to the anionic nature of PNaAMPS and is almost constant
despite the variation in cnaamps. This independency of A¢ from cnaamps is because the Q
of the St-tetra-PEG gels increases with cnaamps; therefore, the concentration of the molecu-
lar stent PNaAMPS in the swollen state becomes almost constant despite the difference in
the initial PNaAMPS concentration.

3IM 0 Ll-hn--- ]
Ag/AgCl
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Figure 4. (a) Schematic illustration of how to perform the electric potential measurement; (b) a typical
potential difference—insertion displacement curve; (c) effect of cxaamps On A¢ of the St-tetra-PEG
gelsina 10~* M NaCl aqueous solution; and (d) Aajy, of the St-tetra-PEG gels in a 10~* M NaCl
aqueous solution.

Aujon can be determined from the obtained Donnan potential, ¢p, as follows. There are
two monovalent mobile ions, Na* and CI’, in the system. At the swelling equilibrium,
the Donnan equilibrium was established between the gel and bath solution. Thus, the Don-
nan potential of the gel is given by

KT ol kT ad
Na™ cl

where ¢ is the elementary charge [16]. From Equation (9), the activity of each mobile ion in
the gel is given by

g _ e¢p
My = A+ eXp (kT)’ (10)

g _ e¢p
we- = )’ exp (kT) (11)



Gels 2021, 7, 39 8of 14

According to the Debye-Hiickel theory, if the ion concentration in a solution is suffi-
ciently low, the ion activity is almost equal to the ion concentration:

env env
Mt = KC- A CNaCl- (12)

Thus, Awjop, is given by
Ao = (a§a+ + txé,) - ( T+ al ”) A CNaCl (exp( ¢D) + exp<e¢D) - 2). (13)

The calculated Aa;op of the St-tetra-PEG gels equilibrated in a 10~* M NaCl aqueous
solution is shown in Figure 4d. The corresponding I1j, is then given by

[Tion = AwionkT =~ kTenaca (exp( Ifﬁ) + ex p( Z;?) — 2). (14)

Finally, Ag—:“‘kT, which is on the right side of Equation (8), can be calculated from the

measured ¢p as
Ation ~ kTenact (PD (PD -
ol kT =~ ol exp( —2T + exp T 2. (15)

2.3. Balance between Elasticity and Ionic Osmosis

Now, we can directly validate the two equations that describe the equilibrium swelling
condition of strongly charged gels, Equations (6) and (8), because both sides of these
equations have been experimentally determined without any fitting parameters. First, the
validity of Equation (6), which shows the balance of elastic energy and ionic osmotic
pressure at the macroscale, was investigated. Figure 5a shows the relationship between
G (= —Tlg) and AajonkT (= TTiopn) of the St-tetra-PEG gels immersed in a 10~* M NaCl
aqueous solution. The dashed line in the graph represents G = Aa;jonkT. All the data
points are close enough to the dashed line, suggesting that Equation (6) works with
sufficient accuracy in the St-tetra-PEG gel system. Then, the validity of Equation (8),
which shows the balance between elasticity and ionic osmosis at the single-strand level,
was investigated. Figure 5b shows the relationship between CFJ and Aion kT of the St-
tetra-PEG gels. As shown in Figure 5a, all data points were located near tiie dashed line
corresponding to the balance between elasticity and ionic osmosis. This indicates that
Equation (8) is valid for this system. Thus, in this study, we succeeded in clarifying the
balance between the elasticity and ionic osmosis of the St-tetra-PEG gels immersed in
10~* M NaCl solution, at both the macro-and single-strand levels, by the experimental
determination of both effects.
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Figure 5. Relationships between elastic pressure and the ionic osmotic pressure of the St-tetra-PEG
gels; (a) G vs. AajonkT (macro scale) and (b) CFg1 vs. Al‘j‘—e‘;’“kT (single strand scale). Note that the Aw;q,
was experimentally determined through the potential measurement.

2.4. St-tetra-PEG Gels in a Strong Ionic Environment

The validity of the measured Donnan potentials of the St-tetra-PEG gels should be
further confirmed. Thus, we performed another set of experiments, which involved the
immersion of the St-tetra-PEG gels with various cnaamps in NaCl aqueous solutions of
higher concentrations. Figure 6a,b show the Q and G of the series of St-tetra-PEG gels
swollen in NaCl aqueous solutions with varied cn, ;. For the swelling ratio, Q remarkably
decreased with increasing cn,c), suggesting that the ionic osmotic pressure of the St-tetra-
PEG gels was effectively suppressed by the large mobile ion concentration of the bath
solutions.
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Figure 6. (a) Swelling ratio and (b) shear modulus of the St-tetra-PEG gels with varied cnaamPs
depending on cnjc; (€) G vs. AajonkT; and (d) CI-"eO1 Vs. Al’f—eil“‘kT of the St-tetra-PEG gels depending on
cNacl- Note that Axjon, was not directly measured but estimated with Equations (16) and (17).
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As discussed in a previous report, when cn,c is too high, the Donnan potential
inside the gel cannot be determined precisely using our microelectrode technique [32].
As illustrated in Figure 4a, a microcrack is formed ahead of the inserted working electrode.
If the ionic strength is sufficiently low, the effective measurement range ahead of the
microelectrode is very large because of the large Debye length; therefore, the measured
A¢ certainly reflects the bulk properties of the gels. However, if the ionic strength is large,
the effective measurement range is so small that the measured A¢ is strongly affected by
the presence of microcracks. As a result, when cn, ¢y is too high, the absolute values of the
measured A¢ of the St-tetra-PEG gels were smaller than the actual Donnan potential ¢p.
Therefore, we calculated Axjo, of the gels with large cn,c1 from the Donnan potential of
the gels in 10~* M NaCl aq. with several assumptions. Considering the electroneutrality
in the gel and the Donnan equilibrium, one can derive the following equation under the
assumptions of a quasi-infinite volume of the bath solution and low concentration of mobile
ions both in the gel and the bath solution [17]:

1_Iion = A‘XionkT = kT(\/ 7C§—2 + 4CNaCl2 - 2CNaCl)/ (16)

where Cf; _ is the concentration of the fixed negative charges on the molecular stent in the
St-tetra-PEG gel and v is the ratio of mobile counterions among the total counterions in
the gel. When cn, ¢y is 10~* M, the I,y of the St-tetra-PEG gel with certain cnaaMPs can be
determined from the Donnan potential using Equation (14). Here, we additionally assume
that -y is independent of cnacy, as in previous studies [16,21,32]. As cf; _ should be inversely
proportional to the swelling ratio Q, the 'ycf; _ of the St-tetra-PEG gel in the bath solution of
any cn,ci can be calculated by the following equation:

Qatenaar: 1074 M
0 .

By using the 'yci _ estimated using Equation (17), the I,y of the St-tetra-PEG gels with

_ wf,, at cnacr - 1074 M x (17)

large cnac1 can be obtained by applying Equation (16) without the separate determination
of ¥ and cf; .

Figure 6¢ shows the balance between the elastic pressure and ionic osmotic pressure
of the St-tetra-PEG gels in NaCl solutions of various cn,cp concentrations. When cn,cp was
1072 M or lower, where the gels are highly swollen, the estimated ionic osmotic pressure
was well balanced with the elastic pressure. This result implies that the estimated ionic
osmotic pressure of the St-tetra-PEG gels with cy,c) = 107 M is reliable. On the other
hand, when cyj,c] was 1072 M, some data points shifted downward from the dashed line.
Moreover, when cy,c; was 1071 M, all data points were located far from the dashed line.
These shifts indicate that the estimated ionic osmotic pressure was remarkably lower than
the elastic pressure. The deviation of ionic osmosis from elasticity becomes clear, as shown
in Figure 6d, which illustrates the balance between elasticity and ionic osmosis at the
single-strand level. When CFJ (elastic energy per strand) is sufficiently large, elasticity
and ionic osmosis are balanced. However, when CFSI is relatively small, the measured

Al”]‘—ii’“kT is smaller than CFgl, and the relative difference between the two increases as CFS1
e

decreases. The deviation of ionic osmosis from elasticity appears around Ag—*\;’“kT =4
x1072Y ], corresponding to ~10 kT per strand. Thus, one can roughly assume that:

{ Mion < —TTgp, 252 < 10 .

Hion = 71—1911 Aff;’“ > 10 ‘
The first regime, where Ilj,, < —Ilj, can be called a low-swelling regime. In this

regime, the ionic osmotic pressure of the St-tetra-PEG gels is small because of either the
high ionic environment of the bath solution or the low initial concentration of the molecular
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stent. As a result, the equilibrium swelling ratio, Q, of the St-tetra-PEG gels is not large, and
the polymer volume fraction, ¢, is non-negligible. Thus, the contribution of the osmotic
pressure of mixing, I\ (¢), to the total swelling pressure of the gels must be considered.
The second regime where I1;,, = —Il can be called the high-swelling regime. In this
regime, because the I1j,, of the St-tetra-PEG gels is sufficiently large, the gels swell in
the bath solution. The resulting ¢ of the swollen St-tetra-PEG gels is so small that the
contribution of I'lix to the total swelling pressure is negligible, and Equations (6) and (8)
are valid for this regime. One active mobile ion in the gel adds a free energy of kT, and the

average contour length of the network strand of the St-tetra-PEG gel used in this study was

82 nm [26]. Thus, for this system, the requirement for a high-swelling regime (M—éi’“ > 10)

%
corresponds to the situation where one excess active mobile ion exists per 8 nm or less of
the network strands in the gel. These values are the threshold conditions that divide the
low-and high-swelling regimes of the St-tetra-PEG gels. The authors believe that these
values vary depending on the system and may be affected by several conditions, such as
the average contour length of the network strands and initial polymer volume fraction.
The effects of the preparation conditions of charged gels on these threshold values should
be investigated further.

Finally, we should mention the limitations of the applicability of our findings. In this
study, we used semi-interpenetrating gels consisting of a non-ionic network and a linear
polyelectrolyte and experimentally confirmed the balance of I1;,, and Ily. However, it is
not clear whether the same results can be obtained for a typical polyelectrolyte gel (ionic
network with fixed charges). If the network itself has fixed charges, other contributions,
such as electrostatic interactions between the fixed charges, should also affect the swelling
pressure. Thus, the applicability of our results to general polyelectrolyte gels should be
confirmed in future studies.

3. Conclusions

In this study, we experimentally verified Equations (6) and (8), which describe the
balance between elasticity and the ionic osmosis of the highly swollen charged gels at
both the macroscale and single-strand scales. The conditions necessary for applying
these equations were also analyzed. Both the elastic and ionic osmotic pressures were
directly determined experimentally using the indentation test and the microelectrode
technique. Using tetra-PEG gels with the molecular stent method enables analysis at the
single-strand level. This fully experimental study on the swelling of charged gels will
further understanding of their swelling behavior and lead to improvement in their swelling
theories.

4. Materials and Methods
4.1. Materials

Amine-terminated 4-arm polyethylene glycol SUNBRIGHT PTE-200PA (TAPEG) and
NHS-terminated 4-arm polyethylene glycol SUNBRIGHT PTE-200HS (TNPEG) were pur-
chased from NOF Corporation; Tokyo, Japan and used as received. The average molecular
weight of each pre-polymer was 20 k. 2-Acrylamido-2-methylpropane sulfonic acid sodium
salt (NaAMPS: Toa Gosei Co. Ltd.; Tokyo, Japan), 2-oxogultaric acid (FUJIFILM Wako Pure
Chemical Industries, Ltd.; Osaka, Japan), and sodium chloride (NaCl: Wako Pure Chemical
Industries, Ltd.) were used as received.

4.2. Preparation of the St-tetra-PEG Gels

St-tetra-PEG gels were synthesized as previously reported [26]. Briefly, TAPEG and
TNPEG were dissolved in phosphate buffer (pH 7.4) and citrate-phosphate buffer (pH 5.8),
respectively, at a concentration of 40 mg/mL, which is equal to their overlapping con-
centration. Equal amounts of each pre-polymer solution were mixed and injected into
rectangular glass molds using a plastic syringe throughout the filter membrane. The tetra-
PEG gels were obtained by leaving the molds filled with solutions for at least 12 h at room
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temperature. The as-prepared tetra-PEG gels were used as the reference state. The tetra-
PEG gels were then immersed into the aqueous solution of NaAMPS with concentrations,
cNaamps, of 0.3-1.5 M and 2-oxoglutaric acid with a concentration of 0.1 mol% (relative to
the monomer) for at least 24 h. The gels were then sandwiched between two glass plates
and irradiated with 365 nm UV light (intensity: 4 mW cm~2) for at least 3 h to synthesize
PNaAMPS as a linear polyelectrolyte (molecular stent) in the tetra-PEG gels. The obtained
tetra-PEG gels containing linear PNaAMPS were called St-tetra-PEG gels. The St-tetra-PEG
gels were immersed in pure water or an aqueous solution of 10~#-~10° M NaCl for 1 week
until swelling equilibrium was reached. The swelling ratio of the equilibrated St-tetra-PEG

gels was determined by

\%
Q=1 (19)

where V and V) are the volumes of the gel at the state of interest and at the reference state,
respectively.

4.3. Indentation Test

The moduli of the St-tetra-PEG gels were measured by an indentation test using a
universal mechanical testing device (Tensilon RTC-1150A: Orientec Co.; Tokyo, Japan)
equipped with a hemispherical steel indenter, as previously reported [26]. The shear
modulus of the St-tetra-PEG gels was obtained based on Hertz’s contact theory as follows:

= %Z’%fR’%, (20)

where G, [, f, and R are the shear modulus, displacement of the indenter, force, and radius
of the indenter (2 mm), respectively [26]. It should be noted that we assume that the
Poisson’s ratio of the gels is 0.5 for the derivation of Equation (20). The Poisson’s ratio
of the gels depends on their deformation rates. It is very close to 0.5 if the deformation
rate is sufficiently large but deviates from 0.5 if the deformation rate is small due to
solvent migration [45]. In this experiment, the indentation velocity was set to 1 mm/min,
the solvent migration was negligible and the Poisson’s ratio of the gel was assumed to be

0.5[26,46]. G was determined from the slope of the linear regime of the f—l% curve obtained
at a small displacement (0-0.1 mm) based on Equation (20). The values of G are the average
of at least four measurements. All the experiments were performed at room temperature.

4.4. Electric Potential Measurement

The electric potential difference between the St-tetra-PEG gels equilibrated in a 1074
M NaCl aqueous solution and the bath solution was measured by the microelectrode
technique, as shown in Figure 4a [32]. A carbon electrode was used as the reference
electrode. For the working electrode, thin glass capillary tubes (tip diameter: <1 pum)
were first prepared by pulling the original glass capillary tube (outer diameter 1.0 mm,
inner diameter 0.78 mm, Sutter Instrument Co.; Novato, CA, USA) using a puller (P-
1000, Sutter Instrument Co.). A 3 M KCl solution was added to the glass capillary and
a reversible silver/silver chloride electrode (Ag/AgCl) was inserted into it to prepare
the working microelectrode. Both electrodes were connected to an oscilloscope (DS-4264,
Iwatsu electric Co, Ltd. ; Tokyo, Japan) via a high-impedance intracellular preamplifier
(Model 8700 Cell Explorer, Dagan Co.; Minneapolis, MN, USA) to determine the potential
difference. The reference electrode was immersed in the bath solution, and the working
electrode was inserted into the gel at a constant speed of 395 nm/s using a microma-
nipulator (DMA-1511, Narishige Scientific Instrument Lab.; Tokyo, Japan) to obtain the
potential difference—insertion displacement curve. A potential difference plateau is typ-
ically observed when the working electrode reaches the bulk gel. The average potential
difference between the gel and bath solution, A¢, was determined by taking the average of
the potential differences in this plateau region. The values of A¢ are the averages of at least
three measurements. All the measurements were performed at room temperature.



Gels 2021, 7, 39 13 of 14

Author Contributions: Conceptualization: T.N. and K.-i.H.; gel synthesis: K.-i.H.; mechanical
measurement: K.-i.H.; electric potential measurement: K.-i.H., H.G., and T.K.; data analysis: K.-
i.H. and T.N.; writing: T.N., supervision, T.N., and J.P.G. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by JSPS KAKENHI grant numbers 17H04891 and 17H06144
and by JST, PRESTO grant number JPMJPR2098, Japan.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The Institute for Chemical Reaction Design and Discovery (WPI-ICReDD) was
established by the World Premier International Research Initiative (WPI), MEXT, Japan.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Breitenbach, ].W.; Karlinger, H. Uber Quellung von vernetzter Polymethacrylsaure. Mon. Chem. 1949, 80, 312-313. [CrossRef]

2. Katchalsky, A.; Michaeli, I. Polyelectrolyte gels in salt solutions. J. Polym. Sci. 1955, 15, 69-86. [CrossRef]

3. Tanaka, T; Fillmore, D.; Sun, S.-T.; Nishio, I.; Swislow, G.; Shah, A. Phase Transitions in Ionic Gels. Phys. Rev. Lett. 1980, 45,
1636-1639. [CrossRef]

4. Skouri, R,; Schosseler, F.; Munch, ].P.; Candau, S.J. Swelling and Elastic Properties of Polyelectrolyte Gels. Macromolecules 1995, 28,
197-210. [CrossRef]

5. Horkay, F; Tasaki, I; Basser, P.J. Osmotic Swelling of Polyacrylate Hydrogels in Physiological Salt Solutions. Biomacromolecules
2000, 1, 84-90. [CrossRef] [PubMed]

6.  Guilherme, M.R.; Aouada, FA ; Fajardo, A.R.; Martins, A.F.; Paulino, A.T.; Davi, M.ET.; Rubira, A.F; Muniz, E.C. Superabsorbent
hydrogels based on polysaccharides for application in agriculture as soil conditioner and nutrient carrier: A review. Eur. Polym. ].
2015, 72, 365-385. [CrossRef]

7. Osada, Y.; Okuzaki, H.; Hori, H. A polymer gel with electrically driven motility. Nature 1992, 355, 242-244. [CrossRef]

8. Ionov, L. Biomimetic hydrogel-based actuating systems. Adv. Funct. Mater. 2013, 23, 4555-4570. [CrossRef]

9.  Peppas, N.A.; Khare, A.R. Preparation, structure and diffusional behavior of hydrogels in controlled release. Adv. Drug Deliv. Rev.
1993, 11, 1-35. [CrossRef]

10. Hoare, T.R.; Kohane, D.S. Hydrogels in drug delivery: Progress and challenges. Polymer 2008, 49, 1993-2007. [CrossRef]

11.  Flory, PJ.; Rehner, J. Statistical Mechanics of Cross-Linked Polymer Networks II. Swelling. J. Chem. Phys. 1943, 11, 521-526.
[CrossRef]

12. Hong, W.; Zhao, X.; Zhou, J.; Suo, Z. A theory of coupled diffusion and large deformation in polymeric gels. J. Mech. Phys. Solids
2008, 56, 1779-1793. [CrossRef]

13.  Quesada-Pérez, M.; Maroto-Centeno, J.A.; Forcada, J.; Hidalgo-Alvarez, R. Gel swelling theories: The classical formalism and
recent approaches. Soft Matter 2011, 7, 10536-10547. [CrossRef]

14.  Flory, PJ. Principles of Polymer Chemistry; Cornell University Press: Ithaca, NY, USA, 1953.

15.  Rubinstein, M.; Colby, R.H. Polymer Physics; Oxford University Press: Oxford, UK, 2003.

16. Ricka, J.; Tanaka, T. Swelling of Ionic Gels: Quantitative Performance of the Donnan Theory. Macromolecules 1984, 17, 2916-2921.
[CrossRef]

17.  Morozova, S.; Muthukumar, M. Elasticity at Swelling Equilibrium of Ultrasoft Polyelectrolyte Gels: Comparisons of Theory and
Experiments. Macromolecules 2017, 50, 2456-2466. [CrossRef]

18. Barenbrug, TM.A.O.M.; Smit, ].A.M.; Bedeaux, D. Highly swollen gels of semi-flexible polyelectrolyte chains near the rod limit.
Polym. Gels Netw. 1995, 3, 331-373. [CrossRef]

19. Treloar, L.R.G. The Physics of Rubber Elasticity; Clarendon Press: Oxford, UK, 1976.

20. Nakajima, T.; Chida, T.; Mito, K.; Kurokawa, T.; Gong, ].P. Double-network gels as polyelectrolyte gels with salt-insensitive
swelling properties. Soft Matter 2020, 16, 5487-5496. [CrossRef] [PubMed]

21. Tang, J.; Katashima, T.; Li, X.; Mitsukami, Y.; Yokoyama, Y.; Sakumichi, N.; Chung, U.-I.; Shibayama, M.; Sakai, T. Swelling
Behaviors of Hydrogels with Alternating Neutral/Highly Charged Sequences. Macromolecules 2020, 53, 8244-8254. [CrossRef]

22. Katchalsky, A.; Lifson, S.; Exsenberg, H. Equation of swelling for polyelectrolyte gels. J. Polym. Sci. 1951, 7, 571-574. [CrossRef]

23. Hasa, J.; llavsky, M.; Dusek, K. Deformational, swelling, and potentiometric behavior of ionized poly(methacrylic acid) gels. I.
Theory. J. Polym. Sci. Polym. Phys. Ed. 1975, 13, 253-262. [CrossRef]

24. Rubinstein, M.; Colby, R.H.; Dobrynin, A.V.; Joanny, J.-F. Elastic modulus and equilibrium swelling of polyelectrolyte gels.
Macromolecules 1996, 29, 398-406. [CrossRef]

25.  Vamvakaki, M.; Patrickios, C.S. Polyelectrolytic Amphiphilic Model Networks in Water: A Molecular Thermodynamic Theory for
Their Microphase Separation. J. Phys. Chem. B 2001, 105, 4979-4986. [CrossRef]

26. Hoshino, K.-i.; Nakajima, T.; Matsuda, T.; Sakai, T.; Gong, ].P. Network elasticity of a model hydrogel as a function of swelling

ratio: From shrinking to extreme swelling states. Soft Matter 2018, 14, 9693-9701. [CrossRef] [PubMed]


http://doi.org/10.1007/BF00906477
http://doi.org/10.1002/pol.1955.120157906
http://doi.org/10.1103/PhysRevLett.45.1636
http://doi.org/10.1021/ma00105a026
http://doi.org/10.1021/bm9905031
http://www.ncbi.nlm.nih.gov/pubmed/11709847
http://doi.org/10.1016/j.eurpolymj.2015.04.017
http://doi.org/10.1038/355242a0
http://doi.org/10.1002/adfm.201203692
http://doi.org/10.1016/0169-409X(93)90025-Y
http://doi.org/10.1016/j.polymer.2008.01.027
http://doi.org/10.1063/1.1723792
http://doi.org/10.1016/j.jmps.2007.11.010
http://doi.org/10.1039/c1sm06031g
http://doi.org/10.1021/ma00142a081
http://doi.org/10.1021/acs.macromol.6b02656
http://doi.org/10.1016/0966-7822(94)00002-O
http://doi.org/10.1039/D0SM00605J
http://www.ncbi.nlm.nih.gov/pubmed/32490502
http://doi.org/10.1021/acs.macromol.0c01221
http://doi.org/10.1002/pol.1951.120070513
http://doi.org/10.1002/pol.1975.180130203
http://doi.org/10.1021/ma9511917
http://doi.org/10.1021/jp003307t
http://doi.org/10.1039/C8SM01854E
http://www.ncbi.nlm.nih.gov/pubmed/30460959

Gels 2021, 7, 39 14 of 14

27.

28.
29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Nisato, G.; Skouri, R.; Schosseler, F.; Munch, J.; Candau, S.J. Elastic behaviour of salt-free polyelectrolyte gels. Faraday Discuss.
1995, 101, 133-146. [CrossRef]

Barrat, J.-L.; Joanny, J.-F,; Pincus, P. On the scattering properties of polyelectrolyte gels. J. Phys. II 1992, 2, 1531-1544. [CrossRef]
Prudnikova, K.; Utz, M. Electromechanical equilibrium properties of poly(acrylic acid/acrylamide) hydrogels. Macromolecules
2012, 45, 1041-1045. [CrossRef]

Manning, G.S. Limiting Laws and Counterion Condensation in Polyelectrolyte Solutions I. Colligative Properties. ]. Chem. Phys.
1969, 51, 924-933. [CrossRef]

Safronov, A.P.; Shklyar, T.F,; Borodin, V.S.; Smirnova, Y.A.; Sokolov, S.Y.; Pollack, G.H.; Blyakhman, F.A. Donnan Potential in
Hydrogels of Poly(Methacrylic Acid) and its Potassium Salt. In Water and the Cell; Springer: Dordrecht, The Netherlands, 2006;
pp- 273-284. ISBN 9781626239777.

Guo, H.; Kurokawa, T.; Takahata, M.; Hong, W.; Katsuyama, Y.; Luo, F; Ahmed, J.; Nakajima, T.; Nonoyama, T.; Gong, J.P.
Quantitative Observation of Electric Potential Distribution of Brittle Polyelectrolyte Hydrogels Using Microelectrode Technique.
Macromolecules 2016, 49, 3100-3108. [CrossRef]

Shibayama, M. Spatial inhomogeneity and dynamic fluctuations of polymer gels. Macromol. Chem. Phys. 1998, 199, 1-30.
[CrossRef]

Seiffert, S. Origin of nanostructural inhomogeneity in polymer-network gels. Polym. Chem. 2017, 8, 4472-4487. [CrossRef]
Okay, O.; Durmaz, S. Charge density dependence of elastic modulus of strong polyelectrolyte hydrogels. Polymer 2002, 43,
1215-1221. [CrossRef]

Li, J.; Suo, Z.; Vlassak, J.J. A model of ideal elastomeric gels for polyelectrolyte gels. Soft Matter 2014, 10, 2582-2590. [CrossRef]
[PubMed]

Sakai, T.; Matsunaga, T.; Yamamoto, Y.; Ito, C.; Yoshida, R.; Suzuki, S.; Sasaki, N.; Shibayama, M.; Chung, U.-I. Design and
fabrication of a high-strength hydrogel with ideally homogeneous network structure from tetrahedron-like macromonomers.
Macromolecules 2008, 41, 5379-5384. [CrossRef]

Sakai, T. Experimental verification of homogeneity in polymer gels. Polym. J. 2014, 46, 517-523. [CrossRef]

Akagi, Y.; Katashima, T.; Katsumoto, Y.; Fujii, K.; Matsunaga, T.; Chung, U.-I.; Shibayama, M.; Sakai, T. Examination of the
theories of rubber elasticity using an ideal polymer network. Macromolecules 2011, 44, 5817-5821. [CrossRef]

Lange, F; Schwenke, K.; Kurakazu, M.; Akagi, Y.; Chung, U.-I.; Lang, M.; Sommer, ].U.; Sakai, T.; Saalwéchter, K. Connectivity
and structural defects in model hydrogels: A combined proton NMR and Monte Carlo simulation study. Macromolecules 2011, 44,
9666-9674. [CrossRef]

Akagi, Y.; Gong, ].P.; Chung, U.-L; Sakai, T. Transition between phantom and affine network model observed in polymer gels
with controlled network structure. Macromolecules 2013, 46, 1035-1040. [CrossRef]

Akagi, Y.; Katashima, T.; Sakurai, H.; Chung, U.-I; Sakai, T. Ultimate elongation of polymer gels with controlled network
structure. RSC Adv. 2013, 3, 13251-13258. [CrossRef]

Nakajima, T.; Sato, H.; Zhao, Y.; Kawahara, S.; Kurokawa, T.; Sugahara, K.; Gong, J.P. A universal molecular stent method to
toughen any hydrogels based on double network concept. Adv. Funct. Mater. 2012, 22, 4426-4432. [CrossRef]

Nakajima, T.; Fukuda, Y.; Kurokawa, T.; Sakai, T.; Chung, U.-I.; Gong, ].P. Synthesis and fracture process analysis of double
network hydrogels with a well-defined first network. ACS Macro Lett. 2013, 2, 518-521. [CrossRef]

Konda, A.; Urayama, K.; Takigawa, T. Strain-rate-dependent poisson’s ratio and stress of polymer gels in solvents revealed by
ultraslow stretching. Macromolecules 2011, 44, 3000-3006. [CrossRef]

Hu, Y.; Zhao, X.; Vlassak, ].J.; Suo, Z. Using indentation to characterize the poroelasticity of gels. Appl. Phys. Lett. 2010, 96, 121904.
[CrossRef]


http://doi.org/10.1039/fd9950100133
http://doi.org/10.1051/jp2:1992219
http://doi.org/10.1021/ma2024683
http://doi.org/10.1063/1.1672157
http://doi.org/10.1021/acs.macromol.6b00037
http://doi.org/10.1002/(SICI)1521-3935(19980101)199:1&lt;1::AID-MACP1&gt;3.0.CO;2-M
http://doi.org/10.1039/C7PY01035D
http://doi.org/10.1016/S0032-3861(01)00723-6
http://doi.org/10.1039/c3sm52751d
http://www.ncbi.nlm.nih.gov/pubmed/24647731
http://doi.org/10.1021/ma800476x
http://doi.org/10.1038/pj.2014.28
http://doi.org/10.1021/ma201088r
http://doi.org/10.1021/ma201847v
http://doi.org/10.1021/ma302270a
http://doi.org/10.1039/c3ra41580e
http://doi.org/10.1002/adfm.201200809
http://doi.org/10.1021/mz4002047
http://doi.org/10.1021/ma102767t
http://doi.org/10.1063/1.3370354

	Introduction 
	Results and Discussion 
	Swelling Ratio and Modulus of the St-tetra-PEG Gels 
	Donnan Potential of the St-tetra-PEG Gels 
	Balance between Elasticity and Ionic Osmosis 
	St-tetra-PEG Gels in a Strong Ionic Environment 

	Conclusions 
	Materials and Methods 
	Materials 
	Preparation of the St-tetra-PEG Gels 
	Indentation Test 
	Electric Potential Measurement 

	References

