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Abstract: Interpenetrating networks (IPN)s have been conceived as a biomimetic tool to tune hydrogel
mechanical properties to the desired target formulations. In this study, the rheological behavior
of acrylamide (AAm) [2.5–10%] hydrogels crosslinked with N,N′-methylenebis(acrylamide) (Bis)
[0.0625–0.25%] was characterized in terms of the saturation modulus affected by the interaction of
silica nanoparticle (SiNP) nanofillers [0–5%] and dextran [0–2%] at a frequency of 1 Hz and strain
rate of 1% after a gelation period of 90 min. For single-network hydrogels, a prominent transition
was observed at 0.125% Bis for 2.5% AAm and 0.25% Bis for 5% AAm across the SiNP concentrations
and was validated by retrospective 3-level factorial design models, as characterized by deviation
from linearity in the saturation region (R2 = 0.86). IPN hydrogels resulting from the addition of
dextran to the single network in the pre-saturation region, as outlined by the strong goodness of
fit (R2= 0.99), exhibited a correlated increase in the elastic (G’) and viscous moduli (G”). While
increasing the dextran concentrations [0–2%] and MW [100 kDa and 500 kDa] regulated the increase
in G’, saturation in G” or the loss tangent (tan(δ)) was not recorded within the observed operating
windows. Results of multifactor analysis conducted on Han plots in terms of the elastic gains indicate
that amongst the factors modulating the viscoelasticity of the IPN hydrogels, dextran concentration
is the most important (RDex = 35.3 dB), followed by nanoparticle concentration (RSiNP = 7.7 dB)
and dextran molecular weight (RMW = 2.9 dB). The results demonstrate how the Han plot may be
systematically used to quantify the main effects of intensive thermodynamic properties on rheological
phase transition in interpenetrating networks where traditional multifactor analyses cannot resolve
statistical significance.

Keywords: hydrogel nanocomposites; rheological properties; interpenetrating polymer networks;
hydrogel–filler interactions; multivariate analysis; Han plot

1. Introduction

Hydrogels are highly porous three-dimensional polymer networks with physical and
biochemical properties that make them ideal for many biomedical applications such as
tissue scaffolds, drug delivery, cell supports, and corneal implants [1–5]. However, unmodi-
fied hydrogels typically have low mechanical strength, which limits their applicability such
as use for load bearing tissue scaffolds, for example, bone regeneration and artificial carti-
lage [1,3,6]. Recent studies have developed a number of ways to improve the mechanical
properties of hydrogels including through the incorporation of additives such as polymers
and nanoparticles [1,3,6–12]. The use of polymer additives, either to create interpenetrating
polymer networks (IPN) in which the hydrogel is made of two different crosslinked poly-
mers, or semi-IPNs in which only one of the polymers is crosslinked and the other polymer
is trapped within this crosslinked network, is a common way to improve the mechanical
properties [1,13–20]. For example, one study found that chitosan (CS)-poly(acrylic acid)
(PAA) IPNs resulted in a hydrogel with higher tensile strength and adsorption capacity
than either the CS or PAA hydrogels, resulting in a wider range of applications for the
hydrogel [21]. Incorporating nanoparticles such as clay nanoparticles and graphene oxide
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nanosheets into hydrogels can also improve the mechanical properties of single network
hydrogels [8–12]. Several studies have also demonstrated the use of nanoparticles such as
cellulose nanocrystals, zinc oxide nanoparticles, and modified bentonite nanoparticles to
improve the mechanical properties of IPN hydrogels [3,6,7]. Incorporating nanoparticles
can also add or enhance other properties of IPN hydrogels such as improving the refractive
index of the hydrogels, adding antibacterial properties, or improving absorbency [6,22,23].

Our lab has previously used both nanoparticles and polymer fillers to improve the
mechanical properties of hydrogels, and study the interactions between silica nanoparticles
and hydrogel networks. The addition of silica nanoparticles improved the mechanical
and thermal properties of the hydrogels, a finding also reported by other groups [24–26].
These works support the hypothesis that silica nanoparticles enhance hydrogel properties
by meditating pseudo crosslinking of pAAm networks. They also demonstrated that the
improvements in mechanical strength for both single-network and IPN hydrogels was
dependent on the nanoparticle–polymer interactions [24]. However, there appears to be an
upper limit to the gains in mechanical strength that can be achieved with the addition of
nanoparticles [27–29].

Various researchers have used statistical analysis translated into multifactorial model-
ing to study and optimize the combinatorial properties of hydrogels suitable for an array
of biomedical applications [20,30–32]. A number of research groups have used factorial de-
signs to optimize certain properties of hydrogel formulations such as swelling, drug release,
and cell seeding [20,30–32]. For instance, Gajra et al. used a factorial design to investigate
the effects of a number of factors including the number of freeze/thaw cycles and concen-
tration of poly(vinyl alcohol) on drug release time [31]. In parallel, several researchers have
used analysis of variance (ANOVA) in IPN hydrogel design in terms of attributes such as
mechanical strength [33], biocompatibility [34–36], and electrical properties [37,38].

In this study, prior data on the incorporation of silica nanoparticles into a pAAm hy-
drogel (single network) was first evaluated using factorial analysis to determine the impact
of the factors and their interactions on the elastic moduli of the hydrogels. Next, dextran
was added to the system to create IPN hydrogel nanocomposites and offer an additional or-
thogonal approach to further improve the mechanical properties of the hydrogels. Dextran
is a hydrophilic and nontoxic polysaccharide that has been used for several different tissue
engineering and biomedical applications due to its biocompatibility [13,39–41]. Studies
have shown that the fluidity and strength of hydrogels can be altered by the addition of
dextran of various molecular weights [39,42]. For instance, pAAm-dextran hydrogels have
higher responsiveness, swelling ratios, and enhanced mechanical properties compared to
pAAm gels [1,4,5]. Therefore, pAAm-dextran hydrogels that incorporate silica nanoparti-
cles were prepared and characterized to further investigate the relative and additive roles
of dextran and nanoparticles on the hydrogel mechanical properties. Design of experiments
was used to identify a baseline predictive region in the single network to further investigate
the viscoelastic properties and the ranking of the main effects of the chemical crosslinker,
silica nanoparticles, and dextran on the rheological properties of the IPN hydrogels.

2. Materials and Methods
2.1. Materials

All of the materials for the preparation of the single network and IPN hydrogels are
as follows: acrylamide (AAm, 40% w/v), N,N′-methylenebis(acrylamide) (Bis, 2% w/v),
ammonium persulfate (APS), N,N,N′,N′-tetramethyl ethylenediamine (TEMED), and low-
and high-molecular weight dextran (100 kDa and 500 kDa) were purchased from Sigma
Aldrich (St. Louis, MO, USA) and used as received. A Binzil silica nanoparticle (SiNP)
colloid solution with a mean particle size of 4 nm was obtained as a gift from AkzoNobel
Pulp and Performance Chemicals Inc. (Marietta, GA, USA). Tris–HCl buffer (pH 7.2) was
purchased from Life Technologies (Carlsbad, CA, USA).
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2.2. Polymerization Reaction

Single network hydrogel samples (pAAm) were prepared as previously reported [24].
Briefly, AAm and Bis stocks were diluted to their desired concentrations in pH 7.2, 250 mM
Tris-HCl buffer, followed by the addition of TEMED (0.1% of the final reaction volume)
and 10% w/v APS solution (1% of the final reaction volume). For the pAAm-dextran IPN
hydrogel samples, 100 kDa and 500 kDa dextran was first dissolved in Tris–HCl buffer
by stirring at room temperature, and then diluted to the desired concentrations before
adding it to the reaction mixture prior to the addition of APS and TEMED. Similarly, for
the nanocomposite hydrogels, various amounts of SiNPs were added to the single network
or IPN hydrogel reaction mixtures prior to the addition of APS and TEMED.

2.3. Rheological Measurements

Rheological measurements of the single network and IPN hydrogels with or without
nanoparticles were carried out using the MCR302 rotational rheometer (Anton Paar, Graz,
Austria) using parallel plate geometry, as described previously [27]. Briefly, 500 µL of
a well-mixed reaction mixture was pipetted onto the lower plate of the rheometer. The
upper plate was lowered until the desired gap distance (1 mm) was achieved. Amplitude
sweeps at a constant frequency of 1 Hz were then carried out to ensure measurements
were carried out in the linear viscoelastic regime of the hydrogels. Next, dynamic sweep
tests over frequencies ranging from 0.1 to 100 Hz were recorded in the linear viscoelastic
regimes (strain amplitude of 0.01) to determine the shear elastic modulus. Elastic and
viscous moduli were determined by following the gelation for 90 min (to ensure complete
gelation; gelation usually occurs within 20 min) at 1 Hz and 1% strain for all samples.
Relative elastic (G’) and viscous moduli (G”) were calculated by normalizing the values for
the pAAm-SiNP hydrogels to the corresponding values for the control pAAm gels. The
moduli are related by the tangent of the loss factor (delta) given by Equation (1).

tan(δ) =
G′′

G′
(1)

All measurements were carried out at room temperature and the final parameters
were reported as an average of three independent measurements.

2.4. Factorial Design

A retrospective design of experiments was carried out for the single network hydrogels
using the elastic shear modulus (G’) as a response. The effect of curvature was examined
by combinations of 3 level factorial designs generated using JMP-SAS v.16 (JMP Statistical
Discovery LLC, Cary, NC, USA) and conducted over the experimental ranges outlined
in Tables 1 and 2. Results were analyzed according to the methodology proposed by Box
et al. [43] and subsequently validated by software. The levels of coded and uncoded vari-
ables as well as respective responses and associated hydrogel network types are presented
throughout the study.

Table 1. Three level factorial designs for the single network data. Values in the table are substituted
for the levels on the left for the purpose of the factorial design. Each factorial design includes one Bis
set (Bis Low or Bis High), one SiNP set (SiNP Low, or SiNP High), and the acrylamide set.

Level Bis Low Bis High SiNP Low SiNP High AAm

−1 0.0625 0.125 0 3 2.5
0 0.125 0.25 1 4 5
1 0.25 0.5 2 5 10
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Table 2. Interpenetrating network factor levels for the MANOVA analyses for investigation into the
G’, G”, and tan(δ) responses.

Variable Level (s)

Bis (x1) 0.0625%, 0.125%
SiNP (x2) 0%, 2%

Dextran MW (x3) 100 kDa, 500 kDa
Dextran Concentration (x4) 0%, 0.5%, 1%, 2%

2.5. Multivariate Analysis of Variance

Multivariate analysis of variance (MANOVA) was conducted for the IPN hydrogels
using MATLAB version r2021b with a significance threshold of 0.05 according to the
variable and levels outlined in Table 2. The concentration of the acrylamide (AAm) was
fixed at 5%. The responses were G’, G”, and tan(δ).

2.6. Discriminant Analysis Using Han Plots

Han plots were generated to discriminate between the elastic and viscous rheological
behaviors of the polymer networks. This method is used to investigate the effect of intensive
thermodynamic properties on rheological phase transition [44,45]. As polymer, cross-linker,
and filler concentrations are also intensive properties governing the viscoelastic state,
the use of the method was justified. For each plot, the Euclidean distance between the
discrimination axis and datapoints, denoted as elastic gain, was calculated and averaged
across levels for the IPN hydrogel design variables outlined in Table 2 and ranked in order
of importance using Equations (2) and (3).

Di = 10 log10

(
∑
ij

X
L

)
(2)

Difference, Di, was given by Equation (2), where X is the Euclidean distance at a given
level averaged over the number of levels (L). Rank, R, expressing the significance of the
variable in terms of the range of difference Di, is given by Equation (3).

Ri = Maximum(Di)−Minimum(Di) (3)

Equations (2) and (3) will also be used to evaluate the change in elasticity in terms
of G’, from the single network initial condition to the final IPN hydrogel configuration
expressed by the variable ∆G’. A positive difference indicates an increase in G’ due to
dextran incorporation.

3. Results
3.1. Saturation in Nanoparticle Mediated Enhancement of Hydrogel Mechanical Properties

First, the impact of the incorporation of nanoparticles as well as different polymer and
crosslinker concentrations on the elastic modulus (G’) was investigated. Various concen-
trations of silica nanoparticles, AAm polymers, and Bis crosslinkers were used to create
single network hydrogels, and the G’ values were investigated for various formulations
of single network hydrogels. Upon preliminary investigation, the hydrogels exhibited
a saturation at 4% SiNPs, which can be visualized in the plot of G’ values versus SiNP
percentage (Figure 1a–c). The hydrogels also exhibited a saturation trend with respect to
Bis concentration, as shown in Figure 1d–f. The saturation behaviors for the hydrogels
with respect to Bis and SiNP concentrations were less pronounced for the highest AAm
concentration of 10%.
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Figure 1. Mechanical properties of the pAAm hydrogels prepared using different concentrations of
4 nm silica nanoparticles, Bis crosslinker, and acrylamide. (a–c) Elastic moduli (G’) as a function of
silica nanoparticle concentration for hydrogels prepared using different concentrations of the Bis
crosslinker—•: 0.0625% Bis, �: 0.125% Bis, N: 0.25% Bis, and H: 0.5% Bis and (a) 2.5% AAm, (b) 5%
AAm, or (c) 10% AAm. (d–f) Elastic moduli (G’) as a function of Bis concentration for hydrogels
prepared using different concentrations of nanoparticles—•: 0% SiNP, �: 1% SiNP, N: 2% SiNP,
H: 3% SiNP,
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each hydrogel preparation.

3.2. Factorial Design Models Identify the Significance of Hydrogel Nanocomposite Parameters

To further model the curvature observed at higher nanoparticle concentrations using
the design parameters, 3 level factorial designs (N = 27 runs) using either high or low Bis
concentration ranges were analyzed using the values presented in Tables S1–S3 at higher
SiNP values. The regression equation for the 33 design is given by Equation (4). Parameters
and their respective significance levels are reported in Table 3.

Ŷ = β0 + β1X1 + β2X2 + β3X3 + β12X1X2 + β23X2X3 + β13X1X3 + β123X1X2X3 (4)
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Table 3. Equation (4) coefficient estimates, standard error, t ratios, and p-values for the three models
depicted in Figure 1, with 2a corresponding to low Bis, high silica nanoparticles, 2b corresponding to
high Bis, high silica nanoparticles, and 2c corresponding to low Bis, low silica nanoparticle models,
respectively.

Estimate Std Error t Ratio Prob > |t|

Term 2a 2b 2c 2a 2b 2c 2a 2b 2c 2a 2b 2c

β0 7300.06 7758.30 6041.55 1318.13 1137.70 125.14 5.54 6.82 48.28 <0.0001 <0.0001 <0.0001
β1 5964.70 5356.50 4757.83 1571.32 1356.22 149.18 3.8 3.95 31.89 0.0012 0.0009 <0.0001
β2 1825.21 1530.29 2010.72 1571.32 516.50 149.18 1.16 2.96 13.48 0.2598 0.0080 <0.0001
β3 1231.53 883.41 1189.84 610.18 526.65 96.93 2.02 1.68 12.27 0.0579 0.1098 <0.0001
β12 580.62 1771.09 1665.38 1873.13 615.71 177.83 0.31 2.88 9.36 0.76 0.0097 <0.0001
β13 73.40 280.22 599.80 727.38 627.81 115.55 0.1 0.45 5.19 0.9207 0.6604 <0.0001
β23 −178.42 36.75 169.53 727.38 239.09 115.55 −0.25 0.15 1.47 0.8089 0.8795 0.1587
β123 295.50 66.60 155.33 867.09 285.02 137.75 0.34 0.23 1.13 0.737 0.8178 0.2735

At lower Bis concentrations, the regression model was dominated by the effects of
AAm (X1) and SiNP (X3) at a significance threshold of 0.1 (p = 0.1), as deviation from
linearity is characterized by an R2 value of 0.86 (Figure 2a). At higher Bis concentration, the
regression model was dominated by the effects of AAm (X1), Bis (X2), and their respective
interaction (X1 × X2) (p = 0.1), characterized by an adequate coefficient of determination
of 0.97. For the former, the effect of curvature could be observed in the mid-section of the
surface plot due to the gap between the experimental data and predicted model (Figure 2a).
For the latter, the superimposition of the empirical and theoretical was seamless, except for
the lower limit region of the AAm (2.5%) (Figure 2b).
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Figure 2. Factorial design surfaces for (a) pAAm hydrogels with low Bis and high silica nanoparticle
concentrations, (b) high Bis and high silica nanoparticle concentrations, and (c) low Bis and low silica
nanoparticle concentrations. The predicted Y surface (Pred Formula Y) modeled by Equation (4) is
shown in grey to which the actual experimental surface (Y) is superimposed in black for all three
models in Table 3, where X1 is represents the AAm concentration.
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In order to operate in a region where the rheological behavior of the system is below
the saturation region, as presented in Figure 2a (G’ vs. SiNP), another 33 factorial design,
outlined in Table S3, was conducted in the lower SiNP range. This model is dominated
by the main effects (X1, X2, X3) and AAm/Bis (X1 × X2) as well AAm/SiNP (X1 × X3)
interactions. The fact that the significance threshold has the same magnitude (p < 0.0001)
for the main effects as well as the interactions is indicative of the onset of the competitive
mechanisms for crosslinking between the Bis and SiNP. The strength of the model is re-
flected by an R2 value of 0.9912 and the superimposition of the theoretical and experimental
findings in the surface response plots except for the lower limit region of the AAm (2.5%)
(Figure 2c). Combining the analytical results from the models above, the operating window
for the IPN hydrogels at the mid AAm level (5%) and below saturation was proposed.

3.3. Design of the Interpenetrating Network Hydrogel Nanocomposite Studies

Dextran was used to make IPN hydrogels to study the combined effects of dextran
and SiNPs on the hydrogel elastic moduli, as previous studies have demonstrated addi-
tive effects of different fillers on hydrogel properties [1,3,6–12]. As described previously,
one of the goals of the work was to investigate the individual and additive impacts of
incorporating different fillers. It was therefore important to use SiNP values in the linear
range of the single network. In a similar vein, Bis concentrations below saturation were
used—in the previous study, the G’ values saturated at 0.25% Bis, so Bis concentrations at
and below 0.25% were selected [29]. Dextran concentrations and molecular weights were
chosen based on the literature [4]. Additionally, a single AAm concentration was selected
to study the interpenetrating networks because AAm (X1) was a highly significant factor
for the single network data throughout the three models proposed by Equation (4), as the
goal was to focus more on the impact of dextran and the interactions between the variables
for the IPN hydrogel studies.

3.4. Effect of Dextran on the Elastic and Viscous Properties of Hydrogel Nanocomposites

Using the parameter selection outlined in Section 3.3., pAAm-Dex-SiNP IPN hydrogel
samples were prepared to investigate the role of dextran on hydrogel nanocomposites.
Although there was no evidence of the saturation of G’ for dextran with a molecular
weight of 100 kDa (Figure 3a), an onset of saturation was observed at 1% dextran for
the higher molecular weight (500 kDa) (Figure 3b). This saturation was more prominent
for hydrogel nanocomposites prepared with a higher concentration of Bis (Figure S1 and
Table S4). Furthermore, the effect of dextran on G’ was more pronounced for pAAm
hydrogels with SiNP (2% SiNP samples) compared to those without SiNP (0% SiNP).
Collectively, the results indicate an interaction between dextran and SiNP for the IPN
hydrogel nanocomposites that was more pronounced at higher Bis concentrations.

Leveraging previous results that demonstrated the independent effect of nanoparticles
and polymer fillers on hydrogel viscous modulus, this study also investigated the combined
impact of these fillers on the viscous modulus of pAAm hydrogels [28,39,40]. As the dextran
concentration and molecular weight increased, there was also an increase in G” (Figure 3c,d).
However, in contrast with G’, there was no saturation for G”, and correspondingly for tan(δ),
at higher concentrations of dextran. These results suggest that the maximum potential for
fluidity of the pAAm-Dex IPN hydrogel nanocomposites has not been reached (Figure 3e,f).
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Figure 3. Mechanical properties of pAAm hydrogels as a function of dextran concentration prepared
using different concentrations of silica nanoparticles and Bis crosslinker—#: 0% SiNP/0.0625%
Bis, •: 2% SiNP/0.0625% Bis, �: 0% SiNP/0.25% Bis, and �: 2% SiNP/0.25% Bis, and different
molecular weights of Dex—elastic moduli (G’): (a) 100 kDa and (b) 500 kDa Dex; viscous moduli
(G”): (c) 100 kDa and (d) 500 kDa Dex; and loss tangent (tan(δ)): (e) 100 kDa and (f) 500 kDa Dex.
N = 3 for each hydrogel preparation.

3.5. Statistical Analyses of the Interpenetrating Network Hydrogel Nanocomposites

Multifactor statistical methods aimed at characterizing the additive effect of dex-
tran enabling the formation of the IPN hydrogels are summarized below. Results of the
MANOVA analysis investigating the main effects in terms of the rheological parameters
for the interpenetrating network are presented in Table S4. All factors were significant
(p < 0.05) for the related rheological parameters examined, the exception being the MW of
the dextran for the viscous modulus and loss factor.

As this preliminary result does not lend itself to a quantitative pareto effect, the
analysis was extended to Han plots. Han plots displaying the discrimination between
elastic and viscous behavior as a function of dextran concentration are presented across
the SiNP, Bis, and molecular weights of dextran in Figure 4a–d. All datapoints reside
over the 45◦ discrimination axis, indicating that the system is cross-linked. Furthermore,
the data demonstrates the effect of dextran on the viscous modulus of the IPN hydrogel
nanocomposites, as exhibited by the higher elastic than viscous behavior at lower dextran
concentrations.
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Figure 4. Han plots for pAAm hydrogels prepared using different concentrations of the Bis
crosslinker—•: 0.0625% Bis and �: 0.25% Bis, and different concentrations of Dex—0, 0.5, 1, and 2%,
with increasing concentration going from left to right in each plot, and (a) 0% SiNPs and 100 kDa
Dex, (b) 0% SiNPs and 500 kDa Dex, (c) 2% SiNPs and 100 kDa Dex, (d) 2% SiNPs and 500 kDa Dex.

Figure 5 shows the elastic gains calculated using the Euclidean distance in the Han
plots. For the dextran (Figure 5a) and SiNP (Figure 5b) concentrations, the elastic gain
decreased monotonously, in contrast to the effect of MW (Figure 5c). In terms of ranking the
factors modulating the viscoelastic behavior, dextran concentration was the most important
(RDex = 35.3 dB), followed by the effects of nanoparticles (RSiNP = 7.7 dB) and the dextran
molecular weight (RMW = 2.9 dB).

Nanomaterials 2022, 12, x FOR PEER REVIEW 10 of 14 
 

 

 

Figure 5. Euclidean distance from the Han plots for (a) dextran concentration, (b) dextran molecular 

weight, and (c) silica nanoparticle concentration. 

The increase in the elastic moduli computed from the comparison of single and in-

terpenetrating network formulations due to dextran incorporation, in terms of G’ values, 

are presented in Table 4. In terms of ranking the factors modulating the elastic behavior, 

dextran concentration was the most important (RDex = 4.46 dB), followed by the effects of 

the dextran MW (RMW = 1.53 dB) and nanoparticles (RSiNP = 1.21 dB). 

Table 4. G’ values in units of decibel, computed from transitioning from single to interpenetrating 

network hydrogel nanocomposites. 

Bis (%) Dex (%) 
Dex 100 kDa Dex 500 kDa 

SiNP 0% SiNP 2% SiNP 0% SiNP 2% 

0.0625 0 6.77 3.39 8.34 5.3 

0.0625 0.5 4.81 2.21 6.78 3.88 

0.0625 1 3.1 1.21 4.45 2.28 

0.0625 2 0 0 0 0 

0.125 0 4.68 4.82 5.05 5.89 

0.125 0.5 4.05 3.66 4.61 5.11 

0.125 1 3.23 2.52 3.81 4.05 

0.125 2 2.75 1.53 2.75 1.53 

4. Discussion and Future Work 

The goal of this work was to investigate the impact of incorporating two different 

additives on the mechanical properties of hydrogels. Other groups have previously ex-

plored combining two different additives: (a) nanoparticles to form nanocomposites, and 

(b) other polymers to form an IPN hydrogel to increase the mechanical strength of hydro-

gels [29,39]. To combine these approaches, dextran was added to the pAAm-SiNP nano-

composite hydrogels to form an IPN hydrogel nanocomposite. By combining SiNPs and 

dextran, the mechanical properties of the hydrogels increased beyond the saturation point 

for SiNPs, consistent with studies reported by other groups [24,46,47]. Results from these 

experiments also indicated a saturation behavior in the increases in elastic modulus for 

the IPN hydrogel nanocomposites, which indicates the existence of a ‘global’ saturation 

point, beyond the ‘local’ saturation observed for either Bis- or SiNP-mediated enhance-

ments. Interestingly, the viscous modulus did not saturate, and, in fact, increased with 

increasing dextran concentrations, as confirmed by the Han plots (Figure 4). As stated in 

previous literature, the incorporation of additives that do not lead to chemical 

Figure 5. Euclidean distance from the Han plots for (a) dextran concentration, (b) dextran molecular
weight, and (c) silica nanoparticle concentration.

The increase in the elastic moduli computed from the comparison of single and
interpenetrating network formulations due to dextran incorporation, in terms of ∆G’ values,
are presented in Table 4. In terms of ranking the factors modulating the elastic behavior,
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dextran concentration was the most important (RDex = 4.46 dB), followed by the effects of
the dextran MW (RMW = 1.53 dB) and nanoparticles (RSiNP = 1.21 dB).

Table 4. ∆G’ values in units of decibel, computed from transitioning from single to interpenetrating
network hydrogel nanocomposites.

Bis (%) Dex (%)
Dex 100 kDa Dex 500 kDa

SiNP 0% SiNP 2% SiNP 0% SiNP 2%

0.0625 0 6.77 3.39 8.34 5.3
0.0625 0.5 4.81 2.21 6.78 3.88
0.0625 1 3.1 1.21 4.45 2.28
0.0625 2 0 0 0 0
0.125 0 4.68 4.82 5.05 5.89
0.125 0.5 4.05 3.66 4.61 5.11
0.125 1 3.23 2.52 3.81 4.05
0.125 2 2.75 1.53 2.75 1.53

4. Discussion and Future Work

The goal of this work was to investigate the impact of incorporating two different ad-
ditives on the mechanical properties of hydrogels. Other groups have previously explored
combining two different additives: (a) nanoparticles to form nanocomposites, and (b) other
polymers to form an IPN hydrogel to increase the mechanical strength of hydrogels [29,39].
To combine these approaches, dextran was added to the pAAm-SiNP nanocomposite hy-
drogels to form an IPN hydrogel nanocomposite. By combining SiNPs and dextran, the
mechanical properties of the hydrogels increased beyond the saturation point for SiNPs,
consistent with studies reported by other groups [24,46,47]. Results from these experiments
also indicated a saturation behavior in the increases in elastic modulus for the IPN hydrogel
nanocomposites, which indicates the existence of a ‘global’ saturation point, beyond the
‘local’ saturation observed for either Bis- or SiNP-mediated enhancements. Interestingly,
the viscous modulus did not saturate, and, in fact, increased with increasing dextran con-
centrations, as confirmed by the Han plots (Figure 4). As stated in previous literature, the
incorporation of additives that do not lead to chemical crosslinking into hydrogels can lead
to increases in G” [29,39]. These results demonstrate that the use of different additives may
allow us to independently control the elastic and viscous modulus of hydrogels.

Statistical modeling was used to interpret the data and plan subsequent experiments.
For the single network hydrogel, a factorial design was used to model the data, thereby
narrowing down the experimental space for the IPN hydrogel tests, a by-product of which
may be the reduction of environmental waste. First, the impact of incorporating nanopar-
ticles (SiNPs) into pAAm hydrogels was analyzed. The G’ values for pAAm hydrogels
saturated at higher concentrations of SiNPs, indicating a maximum impact of SiNPs on the
elastic modulus. This saturation behavior was observed using a 33 factorial design, which
illustrated the curvature of the system in a 3D space, along with 2D plots of the data, which
also present the curvature (Figure 2a–c). The experimental space bound by the ranges of
the variables in Equation (4) highlight the saturation of G’ with increasing concentrations
of Bis and Aam, and, as a result, subsequent experiments focused on low concentrations of
Bis, and one concentration of AAm, to better see the impact of dextran on the hydrogels.
As the use of factorial ANOVA did not discriminate between the main effects of the IPN
hydrogel design matrix outlined in Table 2, the Euclidean distance to the 45◦ discrimination
axis in the Han plot was used as an optimization parameter to rank the factors (Figure 5).

Future studies will encompass the effect of frequency on complex moduli explored
through the Carreau Yasuda model used for the characterization of shear-thinning behavior
of the modeled polymer nanocomposite formulations [48,49]. Frequency sweep analysis
will in turn shed light on whether the rheological transition/saturation as a function of
SiNP rheology modifiers is accompanied by the previously recorded conductive percolation
limit [27] to expand the extrusion-based 3D printing processing capabilities of the custom
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AAm networks as well as expand the applications to SMART conductive gels [50]. The ap-
plications of this work fall into two major categories: (1) increasing the mechanical strength
and (2) independent control of viscous and elastic modulus. First, the addition of dextran
enabled us to increase the mechanical properties of the single network nanocomposites,
exceeding the saturation point due to the addition of SiNPs, thus indicating an additive
effect between the SiNPs and dextran. This allows for applications that require high me-
chanical strength such as its use as bone or cartilage scaffolds for tissue engineering [1,3].
Second, adding dextran allows researchers to tailor hydrogels with specific mechanical
properties because the addition of dextran regulated increases in G’ and G” to different
extents. For instance, different concentrations of dextran would allow for preparations
of hydrogel nanocomposites with similar values of G’, but significantly different values
of G”. These efforts will entail frequency dependent studies to confirm the correlated
spectra of the elastic versus viscous modulus across custom multivariate nanocomposites.
Future applications will include the development of hydrogels for drug delivery and 3D
bioprinting, where tunable viscoelastic properties may increase the ease of printing and
extrusion [51–53].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12244461/s1, Tables S1–S3: Factorial design parameters
for pAAm hydrogels with low Bis and high silica nanoparticle concentrations, corresponding to
Figure 2a (Table S1); Figure 2b (Table S2), and Figure 2c (Table S3); Figure S1: Elastic Moduli (G’) of
pAAm hydrogel nanocomposites as a function of dextran concentration; Table S4: Linear regression
parameters for the elastic moduli plots of pAAm dextran IPN hydrogel nanocomposites; Table S5:
MANOVA results summarized by response in terms of p-values.

Author Contributions: Conceptualization, P.A. and M.M.-M.; Methodology, P.A. and M.M.-M.;
Software, E.B.-C., K.P. and M.M.-M.; Validation, E.B.-C. and K.P.; Formal analysis, P.A., M.M.-M.,
E.B.-C. and K.P.; Investigation, P.A.; Resources, P.A.; Data curation, E.B.-C. and P.A.; Writing—original
draft preparation, E.B.-C.; Writing—review and editing, P.A., M.M.-M., E.B.-C. and K.P.; Visualization,
E.B.-C., K.P. and M.M.-M.; Supervision, P.A. and M.M.-M.; Project administration, P.A.; Funding
acquisition, P.A. and E.B.-C. All authors have read and agreed to the published version of the
manuscript.

Funding: The research received no external funding. The work was supported by an internal grant
from the School of Engineering at Santa Clara University. The funders had no role in the study design,
data collection, or analysis.

Data Availability Statement: Data will be made available upon request to the corresponding author.

Acknowledgments: Silica nanoparticles were a kind gift from AkzoNobel Pulp and Performance
Chemicals Inc.

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

References
1. Dragan, E. Design and Applications of Interpenetrating Polymer Network Hydrogels. A Review. Chem. Eng. J. 2014, 243, 572–590.

[CrossRef]
2. Yu, Z.; Zhang, Y.; Gao, Z.J.; Ren, X.Y.; Gao, G.H. Enhancing Mechanical Strength of Hydrogels via IPN Structure. J. Appl. Polym.

Sci. 2017, 134, 44503. [CrossRef]
3. Naseri, N.; Deepa, B.; Mathew, A.P.; Oksman, K.; Girandon, L. Nanocellulose-Based Interpenetrating Polymer Network (IPN)

Hydrogels for Cartilage Applications. Biomac 2016, 17, 3714–3723. [CrossRef] [PubMed]
4. Dinu, M.V.; Schwarz, S.; Dinu, I.A.; Drăgan, E.S. Comparative Rheological Study of Ionic Semi-IPN Composite Hydrogels Based

on Polyacrylamide and Dextran Sulphate and of Polyacrylamide Hydrogels. Colloid Polym. Sci. 2012, 290, 1647–1657. [CrossRef]
5. Dinu, M.V.; Perju, M.M.; Drăgan, E.S. Composite IPN Ionic Hydrogels Based on Polyacrylamide and Dextran Sulfate. React.

Funct. Polym. 2011, 71, 881–890. [CrossRef]
6. Wang, J.; Hu, H.; Yang, Z.; Wei, J.; Li, J. IPN Hydrogel Nanocomposites Based on Agarose and ZnO with Antifouling and

Bactericidal Properties. Mater. Sci. Eng. C Mater. Biol. Appl. 2016, 61, 376–386. [CrossRef]
7. Kheirabadi, M.; Bagheri, R.; Kabiri, K. Swelling and Mechanical Behavior of Nanoclay Reinforced Hydrogel: Single Network vs.

Full Interpenetrating Polymer Network. Polym. Bull. 2015, 72, 1663–1681. [CrossRef]

https://www.mdpi.com/article/10.3390/nano12244461/s1
https://www.mdpi.com/article/10.3390/nano12244461/s1
http://doi.org/10.1016/j.cej.2014.01.065
http://doi.org/10.1002/app.44503
http://doi.org/10.1021/acs.biomac.6b01243
http://www.ncbi.nlm.nih.gov/pubmed/27726351
http://doi.org/10.1007/s00396-012-2699-6
http://doi.org/10.1016/j.reactfunctpolym.2011.05.010
http://doi.org/10.1016/j.msec.2015.12.023
http://doi.org/10.1007/s00289-015-1362-z


Nanomaterials 2022, 12, 4461 12 of 13

8. Haraguchi, K.; Murata, K.; Takehisa, T. Stimuli-Responsive Nanocomposite Gels and Soft Nanocomposites Consisting of Inorganic
Clays and Copolymers with Different Chemical Affinities. Macromolecules 2012, 45, 385–391. [CrossRef]

9. Haraguchi, K.; Farnworth, R.; Ohbayashi, A.; Takehisa, T. Compositional Effects on Mechanical Properties of Nanocomposite
Hydrogels Composed of Poly(N,N-Dimethylacrylamide) and Clay. Macromolecules 2003, 36, 5732–5741. [CrossRef]

10. Haraguchi, K.; Li, H.-J. Mechanical Properties and Structure of Polymer-Clay Nanocomposite Gels with High Clay Content.
Macromolecules 2006, 39, 1898–1905. [CrossRef]

11. Haraguchi, K.; Song, L. Microstructures Formed in Co-Cross-Linked Networks and Their Relationships to the Optical and
Mechanical Properties of PNIPA/Clay Nanocomposite Gels. Macromolecules 2007, 40, 5526–5536. [CrossRef]

12. Liu, R.; Liang, S.; Tang, X.-Z.; Yan, D.; Li, X.; Yu, Z.-Z. Tough and Highly Stretchable Graphene Oxide/Polyacrylamide
Nanocomposite Hydrogels. J. Mater. Chem. 2012, 22, 14160–14167. [CrossRef]

13. Zoratto, N.; Matricardi, P. 4-Semi-IPNs and IPN-Based Hydrogels. In Polymeric Gels; Pal, K., Banerjee, I., Eds.; Woodhead
Publishing Series in Biomaterials; Woodhead Publishing: Sawston, UK, 2018; pp. 91–124. ISBN 978-0-08-102179-8.

14. Myung, D.; Koh, W.; Ko, J.; Hu, Y.; Carrasco, M.; Noolandi, J.; Ta, C.N.; Frank, C.W. Biomimetic Strain Hardening in Interpenetrat-
ing Polymer Network Hydrogels. Polymer 2007, 48, 5376–5387. [CrossRef]

15. Myung, D.; Waters, D.; Wiseman, M.; Duhamel, P.-E.; Noolandi, J.; Ta, C.N.; Frank, C.W. Progress in the Development of
Interpenetrating Polymer Network Hydrogels. Polym. Adv. Technol. 2008, 19, 647–657. [CrossRef] [PubMed]

16. Gu, Z.; Huang, K.; Luo, Y.; Zhang, L.; Kuang, T.; Chen, Z.; Liao, G. Double Network Hydrogel for Tissue Engineering. WIREs
Nanomed. Nanobiotechnol. 2018, 10, e1520. [CrossRef]

17. Haque, M.A.; Kurokawa, T.; Gong, J.P. Super Tough Double Network Hydrogels and Their Application as Biomaterials. Polymer
2012, 53, 1805–1822. [CrossRef]

18. Nonoyama, T.; Gong, J.P. Double-Network Hydrogel and Its Potential Biomedical Application:A Review. J. Eng. Med. 2015, 229,
853–863. [CrossRef]

19. Panteli, P.; Patrickios, C. Multiply Interpenetrating Polymer Networks: Preparation, Mechanical Properties, and Applications.
Gels 2019, 5, 36. [CrossRef] [PubMed]

20. Levin, A.; Sharma, V.; Hook, L.; García-Gareta, E. The Importance of Factorial Design in Tissue Engineering and Biomaterials
Science: Optimisation of Cell Seeding Efficiency on Dermal Scaffolds as a Case Study. J. Tissue Eng. 2018, 9, 2041731418781696.
[CrossRef]

21. Wang, J.; Li, J. One-Pot Synthesis of IPN Hydrogels with Enhanced Mechanical Strength for Synergistic Adsorption of Basic Dyes.
Soft Mater. 2015, 13, 160–166. [CrossRef]

22. Zhang, Q.; Fang, Z.; Cao, Y.; Du, H.; Wu, H.; Beuerman, R.; Chan-Park, M.; Duan, H.; Xu, R. High Refractive Index
Inorganic−Organic Interpenetrating Polymer Network (IPN) Hydrogel Nanocomposite toward Artificial Cornea Implants.
ACS Macro Lett. 2012, 1, 876–881. [CrossRef] [PubMed]

23. Olad, A.; Doustdar, F.; Gharekhani, H. Starch-Based Semi-IPN Hydrogel Nanocomposite Integrated with Clinoptilolite: Prepara-
tion and Swelling Kinetic Study. Carbohydr. Polym. 2018, 200, 516–528. [CrossRef] [PubMed]

24. Chang, A.; Babhadiashar, N.; Barrett-Catton, E.; Asuri, P. Role of Nanoparticle–Polymer Interactions on the Development of
Double-Network Hydrogel Nanocomposites with High Mechanical Strength. Polymer 2020, 12, 470. [CrossRef] [PubMed]

25. Lu, X.; Mi, Y. Characterization of the Interfacial Interaction between Polyacrylamide and Silicon Substrate by Fourier Transform
Infrared Spectroscopy. Macromolecules 2005, 38, 839–843. [CrossRef]

26. Wu, L.; Zeng, L.; Chen, H.; Zhang, C. Effects of Silica Sol Content on the Properties of Poly(Acrylamide)/Silica Composite
Hydrogel. Polym. Bull. 2012, 68, 309–316. [CrossRef]

27. Zaragoza, J.; Babhadiashar, N.; O’Brien, V.; Chang, A.; Blanco, M.; Zabalegui, A.; Lee, H.; Asuri, P. Experimental Investigation of
Mechanical and Thermal Properties of Silica Nanoparticle-Reinforced Poly(Acrylamide) Nanocomposite Hydrogels. PLoS ONE
2015, 10, e0136293. [CrossRef]

28. Zaragoza, J.; Chang, A.; Asuri, P. Effect of Crosslinker Length on the Elastic and Compression Modulus of Poly(Acrylamide)
Nanocomposite Hydrogels. J. Phys. Conf. Ser. 2017, 790, 012037. [CrossRef]

29. Zaragoza, J.; Fukuoka, S.; Kraus, M.; Thomin, J.; Asuri, P. Exploring the Role of Nanoparticles in Enhancing Mechanical Properties
of Hydrogel Nanocomposites. Nanomaterials 2018, 8, 882. [CrossRef]

30. Lam, J.; Kim, K.; Lu, S.; Tabata, Y.; Scott, D.W.; Mikos, A.G.; Kasper, F.K. A Factorial Analysis of the Combined Effects of Hydrogel
Fabrication Parameters on the in Vitro Swelling and Degradation of Oligo(Poly(Ethylene Glycol) Fumarate) Hydrogels. J. Biomed.
Mater. Res. A 2014, 102, 3477–3487. [CrossRef]

31. Gajra, B.; Pandya, S.S.; Singh, S.; Rabari, H.A. Mucoadhesive Hydrogel Films of Econazole Nitrate: Formulation and Optimization
Using Factorial Design. J. Drug Deliv. 2014, 2014, e305863. [CrossRef]
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