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Abstract: Over the past few decades, research studies have established that the mechanical properties
of hydrogels can be largely impacted by the addition of nanoparticles. However, the exact mechanisms
behind such enhancements are not yet fully understood. To further explore the role of nanoparticles
on the enhanced mechanical properties of hydrogel nanocomposites, we used chemically crosslinked
polyacrylamide hydrogels incorporating silica nanoparticles as the model system. Rheological
measurements indicate that nanoparticle-mediated increases in hydrogel elastic modulus can exceed
the maximum modulus that can be obtained through purely chemical crosslinking. Moreover,
the data reveal that nanoparticle, monomer, and chemical crosslinker concentrations can all play an
important role on the nanoparticle mediated-enhancements in mechanical properties. These results
also demonstrate a strong role for pseudo crosslinking facilitated by polymer—particle interactions
on the observed enhancements in elastic moduli. Taken together, our work delves into the role
of nanoparticles on enhancing hydrogel properties, which is vital to the development of hydrogel
nanocomposites with a wide range of specific mechanical properties.
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1. Introduction

Hydrogels have recently emerged as potential candidates for various biomedical and biotechnological
applications owing to their unique physical and biochemical properties. Composed of highly porous
and hydrated networks, they allow cell encapsulation for tissue engineering applications and
support the loading and release of various bioactive molecules for drug delivery applications [1-3].
The use of hydrogels in bioseparations and biosensing and as tissue-adhesives has also been recently
proposed [4,5]. Latest advances in polymer chemistry and synthesis as well as progress in the
development of interpenetrating polymer network hydrogels have opened up new possibilities in
developing hydrogel-based biomaterials with advanced properties. However, their poor mechanical
properties have been a significant barrier to their widespread adoption for these applications. Over
three decades of research have shown that the addition of nanoscopic filler particles to a variety
of polymer systems (melts, elastomers, hydrogels, etc.) can have a large effect on their mechanical
properties [6-9]. Both experimental studies [10-12] and modeling analyses [13-15] have indicated
that the enhancements in nanocomposite properties relative to those of pure polymers are due in
large part to an increase in polymer crosslink/entanglement density mediated by strong interactions
with nanoparticles.

In this study, we investigate whether nanoparticle-mediated enhancements in polymer
mechanical properties extend to hydrogel nanocomposites. Current research investigating the effects
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of incorporating nanoparticles reports enhanced mechanical properties for hydrogel nanocomposites
relative to neat hydrogels [16-19]. However, barring a few studies [16,20], little research has been
performed to understand the role of chemical or covalent crosslinking on nanoparticle-mediated
changes in hydrogel properties. Such studies are crucial to developing a quantitative understanding
of how pseudo-crosslinking or crosslinking density plays a role in the reinforcements observed due
to the addition of nanoparticles. In our study, we performed rotational rheological measurements
to evaluate the changes in the elastic modulus of chemically crosslinked polyacrylamide (pAAm)
hydrogels due to the addition of silica nanoparticles. pAAm hydrogels are synthesized as a networked
structure of repeating acrylamide (AAm) subunits chemically crosslinked using the bifunctional
crosslinking agent N,N’-methylenebisacrylamide (Bis). Silica nanoparticles (SiNPs) are known to
hydrogen bond with polyacrylamide [21,22] and so we expect there to be a strong interfacial binding
energy between the polymer and nanoparticle surface. Strong interactions between nanoparticles and
polymer chains have been shown to facilitate nanoparticle-mediated reinforcement of hydrogels in
previous studies [23]. Therefore, this system allowed us to evaluate the effects of nanoparticle-mediated
physical crosslinking in comparison to chemical crosslinking, by varying the degree of both chemical-
and nanoparticle-mediated crosslinking as well as the monomer concentration.

2. Results

2.1. Influence of Crosslinker Concentration on Hydrogel Elastic Modulus

Our initial experiments focused on the impact of crosslinker concentration on hydrogel modulus.
PAAm hydrogels prepared using various monomer and crosslinker (AAm/Bis) ratios, as shown in
Table 1, were characterized using rotational rheometry. When elastic modulus is plotted against the
concentration of Bis, the hydrogel elastic modulus initially increases with crosslinker concentration for
all concentrations of the monomer. However, above a threshold crosslinker concentration, the elastic
modulus for each hydrogel reaches a plateau value (Table 1).

Table 1. Elastic modulus, G/, for neat hydrogels for various monomer and crosslinker ratios.

Elastic Modulus, G’ 2

%Bis
10% AAm 5% AAm 2.5% AAm
1 (1.96 + 0.14) x 10* (3.72+0.13) x 103 (4.22 + 0.42) x 102
0.5 (1.98 & 0.36) x 10* (3.57 £ 0.19) x 10> (4.07 £ 0.49) x 10?
0.25 (1.03 £ 0.03) x 10* (3.67 £0.27) x 103 (4.27 4 0.22) x 10?
0.125 (5.78 £ 0.86) x 103 (1.95 £ 0.09) x 10°  (4.14 & 0.59) x 102
0.0625  (2.67 & 0.35) x 10° (5.98 +0.17) x 10> (4.78 £ 0.81) x 101

2 Each data point represents an average of triplicate measurements.

Next, in Table 2, we show elastic modulus as a function of %Cp;,, relative concentration of the
crosslinker Bis, which is defined by Equation (1):

%Chis = ——be— M
Mpis + MAAm
where m a4, is the concentration of the monomer and mg;; is the concentration of the crosslinker.

For each hydrogel, irrespective of the monomer concentration, the threshold point occurs at the
same relative crosslinker concentration (%Cp;; = 4.76) (Supplementary Figure S1). Such saturation
of hydrogel elastic modulus at a threshold relative chemical crosslinker concentration has been
demonstrated previously [24], and has been shown to be the result of the formation of highly
crosslinked “microgels” connected by a percolating network of linear polymer chains. Each microgel
forms a mesoscale crosslink point, so that the overall crosslink density becomes a function of the
number of microgels rather than the number of chemical crosslinking molecules. Since the kinetics
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of microgel formation are governed by the local concentration of the crosslinker, the number of
microgels per unit volume reaches a maximum at a particular crosslinker concentration relative to the
monomer [24,25].

Table 2. Elastic modulus, G/, for neat hydrogels for various monomer and relative crosslinker ratios.

Elastic Modulus, G’ 2
10% AAm 5% AAm 2.5% AAm

9.09 (1.96 + 0.14) x 10* (357 +£0.19) x 103 (4.27 £ 0.22) x 102
4.76 (1.98 & 0.36) x 10* (3.67 £0.27) x 10°  (4.14 + 0.59) x 102
2.44 (1.03 4 0.03) x 10* (1.95 + 0.09) x 103 (4.78 + 0.81) x 10!
1.23 (5.78 & 0.86) x 103 (5.98 £ 0.17) x 102 N/AP

2 Each data point represents an average of triplicate measurements. ® This condition was below the limits of reliable
detection using rotational rheology.

0/0 CBlS

2.2. Influence of Nanoparticles on the Elastic Modulus of Chemically Crosslinked Hydrogels

We proceeded to study the influence of nanoparticles on the chemically crosslinked pAAm
hydrogels. When silica nanoparticles were added to the pAAm hydrogel, we observed a
concentration-dependent increase in the elastic modulus (Figure 1a). Moreover, the experiments
revealed that addition of nanoparticles increase the elastic modulus beyond the maximum modulus
observed for the purely chemically crosslinked system (Figure 1b). It is interesting to note that
even at sub-saturation values of the relative crosslinker concentration, incorporation of nanoparticles
allows enhancements beyond the plateau modulus achieved using chemical crosslinking (Figure 1b).
This behavior was observed for hydrogels over a range of monomer concentrations. These results are
consistent with previous studies, including our investigations that have indicated hydrogen bonding
mediated interactions between pAAm chains and SiNP surfaces enable silica nanoparticles to serve as
pseudo crosslinkers and increase the extent of crosslinking in the hydrogel network, thereby facilitating
reinforcements in the mechanical properties [22,26].

A 0% SiNPs Il 2% SiNPs @ 4% SiNPs
@ 1% SiNPs X 3% SiNPs == 5% SiNPs ‘Do.oszs% Bis [l 0.5% Bis‘
. 1.4E+04 . 1A4E+04
£ 126404 S 'y & 1.2E+04 g =
‘_g 1.0E+04 e % X 3  1.0E+04 *
3 80603 ? 5 3 80E+03 = $
£ 60E+03 | X n . S 60403 n FTL]
o [ | ® . ]
= 4.0E+03 e A A § 4.0E+03 po - — - _ _ TP
& 2.0E+03 ¢ A & 2.0E+03 O
wl A wl
0.0E+00 0.0E+00
0123 4586 7 8 910 o 1 2 3 4 5
%Cpis %NP
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Figure 1. Elastic moduli of 5% pAAm hydrogels as a function of (a) relative crosslinker concentration
(%Cpis) prepared using different concentrations of 4 nm silica nanoparticles—0% SiNPs (triangles),
1% SiNPs (diamonds), 2% SiNPs (squares), 3% SiNPs (Xs), 4% SiNPs (dashes), and 5% SiNPs (circles)
and (b) nanoparticle concentration (%NP) prepared using different concentrations of the chemical
crosslinker—0.0625% Bis (open squares) and 0.5% Bis (closed squares). Data shown are the mean of
triplicate measurements + standard deviation and have been repeated at least three times with similar
results. Dashed line in panel (b) represents elastic modulus of 5% pAAm hydrogel prepared using 0.5%
Bis and 0% SiNPs and acts as a guide to the eye.
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We also compared the effects of chemical crosslinking and nanoparticles on the viscous modulus,
G”. These experiments revealed similar increases in the values of G’ and G”, when plotted against the
concentration of Bis. However, we observed significant increases for G” relative to G, when plotted
against the nanoparticle concentration (Figure 2a). Not surprisingly, the ratio of G” /G’ (tan 6) exhibited
a significantly higher slope for tan $ plotted against the nanoparticle concentration compared to tan
b plotted against the concentration of Bis (Figure 2b). These experiments, therefore, indicate that
nanoparticle-mediated reinforcements are independent from those mediated by chemical crosslinking.

%NP %NP
1 2 3 4 1 2 3 4
T 150 |O,m e, 6" vs. %Bis 25802 1 5 vs. %Bis
= N, N G, G” vs. %NP § 2.0E-02 || Tan & vs. %NP
o N|
e 10.0 §\ c 1.56-02 E
@ \| =&
. % 1.0E-02 I
2 s
& \ o
3 § 50603 | o
0.0 2 & 0.0E+00
0.0625 0.125 0.25 0.5 0.0625 0.125 0.25 0.5
%Bis %Bis
(a) (b)

Figure 2. (a) Relative elastic (white bars) and viscous (grey bars) moduli of 5% pAAm hydrogels
as a function of crosslinker concentration (%Bis) (solid bars) prepared using 1% 4 nm SiNPs and
nanoparticle concentration (%NP) prepared using 0.0625% Bis (hashed bars), and (b) tan 5 (ratio of
G”/G’) as a function of the crosslinker (white circles) and nanoparticle concentration (black squares).
Data shown are the mean of triplicate measurements =+ standard deviation and have been repeated at
least three times with similar results.

2.3. Influence of Chemical Crosslinking on Nanoparticle Mediated Enhancements of Hydrogel Elastic Modulus

Finally, we explored the combined effects of chemical and nanoparticle-mediated crosslinking
on the pAAm elastic modulus. We compared the enhancements afforded by the incorporation
of nanoparticles (G'Np/Gg, the ratio of elastic modulus of hydrogels that incorporated or did
not incorporate nanoparticles) over a range of both crosslinker and monomer concentrations.
Interestingly, these experiments revealed a diminishing impact of nanoparticles on the elastic modulus
at higher chemical crosslinker and monomer concentrations (Figure 3 and Supplementary Figure S2).
The decreasing role of nanoparticles with increasing crosslinker concentrations indicates a saturation
point in the overall hydrogel crosslinking density and thereby enhancements in mechanical properties
afforded by either covalent- or pseudo crosslinking and a combination thereof.

To better understand the role of monomer concentration on the nanoparticle-mediated
enhancements in elastic modulus, we defined a new variable (%Cyp) that refers to the concentration of
SiNPs relative to the monomer concentration in a manner similar to %Cp;; (Equation (2)).

MNP
% Cnp = ——m——— 2
NP MNP + MAAm @)

where 44, is the concentration of the monomer and myp is the concentration of the nanoparticles.
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Figure 3. Relative elastic moduli of pAAm hydrogels as a function of (a) monomer concentration
(%AAm) prepared using 5% 4 nm SiNPs and different concentrations of the chemical crosslinker—
0.0625% Bis (white bars) and 0.5% Bis (grey bars) and (b) nanoparticle concentration for 2.5% pAAm
(white circles), 5% pAAm (grey squares), and 10% pAAm (black triangles) hydrogels prepared using
%Cpis = 4.76. Data shown are the mean of triplicate measurements + standard deviation and have been
repeated at least three times with similar results.

The enhancements in elastic modulus afforded by the incorporation of nanoparticles for various
AAm concentrations at saturation (%Cpg;s = 4.76) and sub-saturation (%Cp;s = 1.23) concentrations of Bis,
previously plotted against the absolute nanoparticle concentration (%NPs), were plotted against the
relative nanoparticle concentration (%Cpp) (Figure 4 and Supplementary Figure S3). The enhancements
mediated by nanoparticles for various monomer concentrations (Figure 3b) can be collapsed onto a
single curve (Figure 4) upon the introduction of %Cyp, which accounts for relative reinforcement due to
nanoparticles at specific concentrations of the chemical crosslinker. These results thereby indicate that
the nanoparticle mediated enhancements in hydrogel modulus scales with the relative nanoparticle
concentration, not unlike the enhancements mediated by chemical crosslinking.
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Figure 4. Relative elastic moduli of 2.5% pAAm (white circles), 5% pAAm (grey squares), and 10%
PAAm (black triangles) hydrogels prepared using %Cp;s = 4.76 as a function of relative nanoparticle
concentration (%Cyp). Data shown are the mean of triplicate measurements + standard deviation and
have been repeated at least three times with similar results.

2.4. Influence of Hydrophobic Side Chains on the Hydrogel Backbone on Nanoparticle Mediated Enhancements

To validate our hypothesis that suggests a saturation point in the overall hydrogel crosslinking
density mediated by a combination of chemical (Bis) and physical (SiNPs) crosslinking, we repeated
the mechanical characterization studies using poly(N-isopropylacrylamide) (pNIPAAm) hydrogels.
PNIPAAm is a temperature-responsive hydrogel with a lower critical solution temperature (LCST)
of ca. 32 °C in aqueous solutions [27,28]. The presence of hydrophobic side groups on the



