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Abstract

The utility and efficacy of thermoresponsive poly(A-isopropylacrylamide) (PNIPAAm) hydrogels
as smart materials is limited by their physical properties. In this study, we sought to design
PNIPAAmM nanocomposite hydrogels which displayed enhanced mechanical properties as well as
deswelling—reswelling kinetics but without reducing equilibrium swelling or altering the
convenient volume phase transition temperature (VP77) of PNIPAAmM. PNIPAAm hydrogels
were formed as double networks (DN) comprised of a tightly crosslinked 1st network and a
loosely crosslinked 2nd network. In addition, polysiloxane nanoparticles of two different average
diameters (~50 nm and ~200 nm) were incorporated during formation of the 1st or 2nd network.
The influence of the hydrogel composition on VPT7T, morphology, equilibrium swelling,
deswelling—reswelling kinetics and mechanical properties was evaluated. We observed that DN
hydrogels formed with ~200 nm polysiloxane nanoparticles introduced during formation of the 1st
network achieved the best combination of the desired properties.

Introduction

Thermal modulation reversibly switches crosslinked poly(A-isopropylacrylamide)
(PNIPAAmM) hydrogels between a water-swollen, hydrophilic state and a deswollen,
hydrophobic state.12 A volume phase transition temperature (VP7T) of ~33-35 °C makes
PNIPAAmM hydrogels particularly useful to prepare “smart” materials for biological
applications.3-® These applications include microfluidic actuation,”10 separation,’:11:12
controlled drug delivery”-13-15 and controlled detachment of adsorbed cells and proteins for
cell sheet tissue engineering,”16:17 anti-fouling coatings,18-20 and “self-cleaning”
membranes for implanted biosensors.21-24

In these applications, conventional PNIPAAM hydrogels prepared via copolymerization of
N-isopropylacrylamide (NIPAAm) and a crosslinker such as N,V -methylenebisacrylamide
(BIS) have limited efficacy due to poor mechanical properties as well as slow deswelling—
reswelling kinetics (/.e. thermosensitivity).2® It is typical to employ strategies which reduce
equilibrium swelling in order to improve hydrogel mechanical properties such as increasing
crosslink density26:27 and introducing discrete fillers.28 However, a highly swollen state is
critical for certain applications involving transport or separation. In addition, many strategies
useful to enhance the thermosensitivity of PNIPAAm hydrogels (without altering the VPTT)
diminish mechanical properties, including: comb-type networks,2%-31 heterogeneous
morphologies,32-3° poration36-39 or open channel structures.

TElectronic supplementary information (ESI) available: Table S1. See DOI: 10.1039/c1sm06105d/
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Nanocomposite hydrogels, including those based on PNIPAAm, have attracted recent
attention, particularly for biological applications.41:42 PNIPAAm-based nanocomposite
hydrogels have been prepared with various fillers such as iron oxide nanoparticles,* gold
nanoparticles,** silicate nanoplatelets,*>46 graphene,*”48 carbon nanotubes*® and silica.>%
We recently reported PNIPAAmM nanocomposite hydrogels prepared by introduction of
hydrophobic polysiloxane nanoparticles with average diameters of ~50 nm>®1 and ~200
nm.>2 Without changing the VPTT, the polysiloxane nanoparticles produced an increase in
hydrogel rigidity. However, this was at least due in part to a decrease in equilibrium
swelling of the nanocomposite hydrogels. Notably, we also observed that nanocomposite
hydrogels containing ~50 nm particles exhibited an exceptionally enhanced rate of
deswelling.>1

In this study, we sought to design a PNIPAAmM nanocomposite hydrogel which displayed
enhanced mechanical properties as well as deswelling—reswelling kinetics and without
reducing equilibrium swelling or altering the VP7T. Compared to conventional or single
network (SN) hydrogels, double network (DN) network hydrogels are associated with
enhanced mechanical properties as well as a high degree of swelling.23:>4 DN hydrogels are
a class of interpenetrating polymer networks (IPNs) comprised of two highly asymmetrically
crosslinked networks. Gong and co-workers reported the first DN hydrogels consisting of a
tightly crosslinked, ionizable 1st network comprised of poly(2-acrylamide-2-methyl-propane
sulfonic acid) (PAMPS) and a sparsely crosslinked, neutral 2nd network comprised of
poly(acrylamide) (PAAm).>%56 DN hydrogels consisting of poly(ethylene oxide) (PEQO) and
poly (acrylic acid) (PAA) have also been prepared which are essentially the inverse of those
prepared by Gong et a/.®’ These are comprised of a tightly crosslinked, neutral 1st network
of PEO and a loosely crosslinked, ionizable 2nd network of PAA. Several other DN
hydrogels have been reported but are similarly non-thermoresponsive.>8:52 Zhang et a/.
reported PNIPAAm IPNs but the crosslinking designs do not qualify them as DNs.89 Also,
while these PNIPAAm IPNs achieved enhanced mechanical properties, equilibrium swelling
was correspondingly decreased.

Herein, we report thermoresponsive PNIPAAmM DN hydrogels containing inorganic
polysiloxane nanoparticles (Table 1, Fig. 1). Colloidal polysiloxane nanoparticles with
average diameters of ~50 nm®! and ~200 nm>2 prepared via emulsion polymerization were
utilized. Nanocomposite DN hydrogels were prepared with a tightly crosslinked PNIPAAmM
1st network and a loosely crosslinked PNIPAAm 2nd network by altering the amount of BIS
crosslinker. Nanoparticles were introduced during the formation of the 1st or 2nd network.
The VPTT, morphology, equilibrium swelling, deswelling—reswelling kinetics, and
mechanical properties were evaluated.

Experimental

Materials

Octamethylcyclotetrasiloxane (D4) and 1,3,5,7-tetra-methyl-1,3,5,7-
tetravinylcyclotetrasiloxane (D4Y') were purchased from Gelest, Inc. Brij 35, Brij 78, A-
isopropylacrylamide (NIPAAmM, 97%) and Tergitol NP-40 (70% in H,O) were obtained
from Aldrich. Dodecylbenzenesulfonic acid (DBSA, BIO-SOFT® S-101) was purchased
from Stepan Co. Potassium persulfate (K,S,0g) was purchased from Mallinchrodt
Chemicals. N,V ~methylenebisacrylamide (BIS, 99%) was purchased from ACROS. 1-[4-
(2-Hydroxy)-phenyl]-2-hydroxy-2-methyl-1-pro-pane-1-one (Irgacure 2959) was purchased
from Ciba.
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Synthesis of crosslinked polysiloxane colloidal nanoparticles

Crosslinked polysiloxane nanoparticles having two different average diameters (54 nm>°1
and 219 nm®2) were prepared as previously reported.

Preparation of single network (SN) hydrogels

SN hydrogels were prepared via in situ photocure of aqueous precursor solutions containing
NIPAAmM monomer, BIS crosslinker, Irgacure-2959 photoinitiator, DI water and, optionally,
crosslinked polysiloxane nanoparticles (2 wt% solid nanoparticles based on NIPAAmM wt).
In a 50-mL round bottom (rb) flask equipped with a Teflon-covered stir bar, NIPAAm (1.0
g), BIS (0.04 g), and Irgacure-2959 (0.08 g) were dissolved in DI water (the total volume
equal to 7 mL including the volume of water introduced by the nanoparticle emulsion).
Finally, the required amount of nanoparticle emulsion was optionally added.

Hydrogel sheets were prepared by pipetting the precursor solution into a rectangular mold
formed by sandwiching polycarbonate spacers (1.5 mm thick) between two clamped glass
microscope slides. The mold was submerged in an ice water bath (~7 °C) and subjected to
UV light (UV-Transilluminator, 6 mw/cm?2, 365 nm) for 30 min. After removal from the
mold, the hydrogel sheet was rinsed with DI water and then soaked in DI water for 2 days
with daily water changes to remove impurities.

For tensile tests, hydrogels were prepared with a “ring” geometry. First, hydrogels were
prepared as a hollow tube with a double walled tubular mold composed of an inner glass
mandrel (diameter = 3.2 mm) and an outer glass cylinder (diameter = 7.9 mm) secured with
machined Teflon stoppers at each end. After removing one stopper, the tubular mold was
filled with the precursor solution, stoppered, and photocured while submerged in an ice
water bath (~7 °C) for 30 min under constant rotation such that each surface point received
equal UV intensity and exposure time. The hydrogel tube was removed from the mold and
similarly purified as above. For tensile tests of SN, ~ 3 mm wide pieces were cut from the
central portion of the resulting hydrogel tube.

Preparation of double network (DN) hydrogels

The designated SN hydrogel was soaked in a solution of NIPAAm (6.0 g), BIS (0.012 g),
Irgacure-2959 (0.24 g), DI water (the total volume equal to 21 mL including the volume of
water introduced by the nanoparticle emulsion) and optionally cross-linked polysiloxane
nanoparticles (2 wt% solid nanoparticles based on NIPAAm wt) for 24 h. The hydrogel
sheet was then transferred to a rectangular mold (2.3 mm thick), photocured and purified as
above.

For tensile tests, DN hydrogels with a ring geometry were prepared by soaking the
previously prepared SN hydrogel tube in the aforementioned solution as above. The
hydrogel tube was then transferred to a double walled tubular mold composed of an inner
glass mandrel (diameter = 3.2 mm) and an outer glass cylinder (diameter = 12.5 mm),
secured with Teflon stoppers at each end and cured as above (~7 °C, 30 min). Following
purification, the central portion of the hydrogel tube was cut into ~ 3 mm wide pieces to
produce the ring specimens.

Extent of crosslinking

The amount of uncrosslinked material in select hydrogels was determined by weight loss
following soaking in dichloromethane (CH,Cl,). For a given hydrogel, three hydrogel discs
(13 mm diameter, 1.5 mm thickness) were punched from a single hydrogel sheet with a die
and dried in a vacuum oven [30 in. Hg, room temperature (RT), 24 h] and weighed. Each
dried discs was soaked in 10 mL of CH,Cl, for 24 h and weighed after similarly drying in a
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vacuum oven. The percentage of uncrosslinked material was calculated as the average
weight difference of the extracted versus unextracted weight divided by the unextracted
weight.

Volume phase transition temperature (VPTT)

The VPTT of swollen hydrogels was determined by differential scanning calorimetry (DSC,
TA Instruments Q100). Water-swollen hydrogels were blotted with Kim Wipe and a small
piece sealed in a hermetic pan. After cooling to —50 °C, the temperature was increased to 50
°C at a rate of 3 °C min~1 for 2 cycles. The resulting endothermic phase transition peak is
characterized by the initial temperature at which the endotherm starts ( 7,) and the peak
temperature of the endotherm ( 7,;,x). Reported data is from the 2nd cycle.

Morphology

To retain their morphology, swollen hydrogel specimens were immersed in liquid nitrogen
and subsequently freeze-dried with a lyophilizer (Labconco Centri VVap Gel Dryer System)
overnight. Specimen cross-sections were subjected to Pt-sputter coating and viewed with a
field emission scanning electron microscope (FEI Quanta 600 FE-SEM) at an accelerated
electron energy of 10 keV.

Equilibrium swelling

Three discs (13 mm diameter) were punched from a single sheet with a die. Each disc was
placed in a sealed vial containing 20 mL DI water, immersed in a temperature controlled
water bath for 24 h at the designated temperature (10-50 °C), removed, blotted with a Kim
Wipe to remove surface water and weighed (IW}). After the last measurement, each disc was
vacuum dried (30 in. Hg, 60 °C, 24 h) and weighed (/). Equilibrium swelling ratio (SR) is
defined as: SR= Wy/W.

Kinetic deswelling

Three discs (13 mm diameter) were prepared as above. Each disc was placed in a sealed vial
containing 20 mL DI water, immersed in a water bath for 24 h at 22 °C to reach equilibrium
(W) and quickly transferred into a 50 °C water bath. At 10, 20, 40, 80, 120, 180 min, each
disc was removed, blotted with a Kim Wipe, immediately weighed (14/) and returned to the
vial for subsequent measurements. After 180 min, the discs were dried in a vacuum oven (30
in. Hg, 60 °C, 24 h) and weighed (IW/,). Water retention (WF) is defined as: WFR= (W;-
Wl W

Kinetic re-swelling

Three discs (13 mm diameter) were prepared as above. Each disc was placed in an open vial,
dried in a vacuum oven (30 in. Hg, 60 °C, 24 h) and weighed (/). To each vial was added
20 mL DI water and the sealed vial immersed in a water bath at 22 °C. At 10, 20, 40, 80,
120, 200, 320, 450 and 640 min, each disc was removed, blotted with a Kim Wipe and
weighed (W)). Kinetic reswelling ratio is defined as: SR= WyW,.

Dynamic mechanical analysis (DMA)

Five discs (13 mm diameter) were prepared as above. DMA of discs was measured in the
compression mode with a dynamic mechanical analyzer (TA Instruments Q800) equipped
with parallel-plate compression clamp with a diameter of 40 mm (bottom) and 15 mm (top).
The swollen disc (13 mm diameter) was blotted with a Kim Wipe, clamped between the
parallel plates and silicone oil placed around the exposed hydrogel edge to prevent
dehydration. Following equilibration below the VPTT at 25 °C (5 min), the specimens were
tested in a multi-frequency-strain mode (1 to 25 Hz).
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Compression tests

Three discs (13 mm diameter) were prepared as above. Compressive tests were performed
with an Instron 3340 at RT. A swollen disc (13 mm diameter) was blotted with a Kim Wipe
and clamped between the parallel plates with an initial pre-load force of ~0.5 N.
Compressive strain was applied at a rate of 1 mm min~1 until the disc fractured. The
following parameters were determined: (1) compressive modulus; (2) ultimate compressive
strength (UCS), and (3) % strain at break. The modulus was obtained from the slope of the
stress-strain curve between 0 and 10% strain.58

Tensile tests

A ring geometry rather than a rectangular strip or dog bone was used to measure tensile
properties for improved accuracy.5261 Three hydrogel rings (~3 mm width) were cut from
the central portion of the designated hydrogel tube using a razor blade and dimensions
measured with an electronic caliper. The ring was blotted with a Kim Wipe and loaded onto
custom aluminum bars gripped directly into DMA tension clamps so that the upper and
lower bars were located inside the ring. At RT, samples were subjected to a constant strain
(1 mm min~1) until they broke at the center of one side of the ring. Stress was calculated
from the measured force divided by the cross-sectional area of two rectangles with sides
equal to the width and wall thickness of the ring. The gauge length corresponded to the outer
diameter of the ring less the wall thickness. The following parameters were determined: (1)
tensile modulus, (2) ultimate tensile strength (UTS), and (3) % strain at break. The tensile
modulus was obtained from the slope of the linear part of the stress-strain curve between 0
and 10% strain. The U7S represents the maximum stress prior to failure. % Strain at break
was calculated from the measured displacement divided by the gauge length.

Result and discussion

Preparation of SN and DN hydrogels

SN hydrogels (including “SA’) were formed by photo-polymerization of aqueous solutions
containing NIPAAm monomer and BIS crosslinker (4 wt% based on NIPAAm) and
optionally polysiloxane nanoparticles (Table 1, Fig. 1). DN hydrogels (including “DN)
were formed sequentially in two steps by swelling the designated SN hydrogel with an
aqueous solution containing NIPAAm and BIS crosslinker (0.2 wt% based on NIPAAm)
and optionally polysiloxane nanoparticles followed by subsequent photocure. For all DN
hydrogels, the % uncrosslinked material extracted was less than 2% (Table S1). The DN
hydrogels are thus comprised of a relatively high crosslink density 1st network and an
interpenetrating low crosslink density 2nd network (Fig. 1a). The SN and DN hydrogels
prepared without nanoparticles were optically clear indicative of a homogeneous
morphology associated with curing at low temperatures ( 7, < 20 °C) (Fig. 1b).5262,63
Upon incorporation of polysiloxane nanoparticles, the DN hydrogels became somewhat
opaque and, as expected, more so with the larger ~200 nm nanoparticles. It was observed
that DN hydrogels in which the polysiloxane nanoparticles were introduced into the 1st
network (7.e. 50-1 and 200-1) were relatively more opaque versusthe corresponding DN
hydrogel in which the nanoparticles were incorporated into the 2nd network (7.e. 50-2and
200-2, respectively). Because of the relatively high crosslink density of the 1st network,
subsequent integration of polysiloxane nanoparticles was apparently somewhat inhibited.
However, 50-2and 200-2 were more opaque versus DN (no nanoparticles), indicating
incorporation of some polysiloxane nanoparticles.

Soft Matter. Author manuscript; available in PMC 2013 January 03.
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When heated above its VPTT, PNIPAAm hydrogels exhibit an endothermic peak due to
breaking of the hydrogen bonds of surrounding water molecules.64:65 Measured by DSC, the
onset (7,) or the maximum temperature ( 7,45 Of the endothermic peak designates the
VPTT.6-68 |n this way, the VPTT of swollen hydrogels were determined (Table 2, Fig. 2).
When the hydrogel matrix was changed from a SN (“SN’) to DN (“DN’) design, the VPTT
was not altered. The VPTT was also unchanged when polysiloxane nanoparticles were
incorporated into DN hydrogels. This effect was similarly observed when ~50 and 200 nm
polysiloxane nanoparticles were incorporated into SN hydrogels.51:°2 The lack of change to
the VPTT s attributed to the discrete nature of the nanoparticles which apparently do not
interfere with dissociation of water molecules around the PNIPAAm propyl moieties during
heating.

The morphology of hydrogels was studied by SEM. Morphology was dramatically changed
according to composition (Fig. 3). For 200-1, pores were notably larger versus other
hydrogels. This may be the result of its combination of larger nanoparticles (7.e. ~200 nm)
and higher nanoparticle content (versus 200-2) which facilitated the expansion of the pores
due to the hydrophobicity of the polysiloxane nanoparticles.

Equilibrium swelling

Equilibrium swelling ratios of the hydrogels were measured gravimetrically from 10 to 50
°C (Fig. 4). At temperatures below the VPTT (~33 °C), the hydrogels exist in a swollen
state. Enhanced swelling below the VPTT is desirable for PNIPAAm-based hydrogels in
applications involving transport and delivery. DN/ did not exhibit enhanced swelling versus
SN. Thus, the enhanced swelling of previously reported DN hydrogel systems likely stems
from the electrostatic nature of the ionizable network.%5-57 However, for 200-1, the swelling
ratio was dramatically enhanced below the VP77 and without compromising the extent of
deswelling above the VPTT. The enhanced swelling of 200-1 may be explained by its
particularly large pores (Fig. 3).

Kinetic deswelling—re-swelling properties

A rapid and extensive response to thermal modulation (/.e. thermosensitivity) of PNIPAAmM-
based hydrogels is essential for release and delivery applications. The thermosensitivity of
hydrogels were determined by measuring the rate and extent to which they deswelled at 50
°C (> VPTT) (Fig. 5) and subsequently reswelled at 22 °C (< VPTT) (Fig. 6).

DN exhibited an enhanced rate and extent of deswelling versus SNV due to the former’s
crosslink inhomogenity. Furthermore, upon incorporation of polysiloxane nanoparticles, the
resulting DN hydrogels exhibited an additional increase deswelling. The hydrophobicity of
the nanoparticles may facilitate water expulsion during deswelling. DN hydrogels containing
~200 nm nanoparticles exhibited somewhat enhanced deswelling versusthe corresponding
DN hydrogels containing ~50 nm nanoparticles.

As with equilibrium swelling, the rate and extent of reswelling of DA/ are not enhanced
versus that of SAV. In most cases, incorporation of polysiloxane nanoparticles into DN
hydrogels did not significantly change reswelling behaviour. However, 200-1 exhibited a
pronounced increase in the rate as well as extent of swelling. The enhanced
thermosensitivity of 200-1is attributed to its particularly large pores (Fig. 3).
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Mechanical properties

Mechanical properties of PNIPAAmM-based hydrogels are critical to maintain structural
integrity when subjected to mechanical forces both /n vitroand in vivo. During DMA,
hydrogel stiffness was measured in terms of the storage modulus (G ) as a function of
frequency of the applied strain in compression (Fig. 7). G “of DN was nearly twice that of
SN. Because the swelling ratio of DA and SN are very similar at RT, the enhanced stiffness
of DNis attributed to its asymmetrically crosslinked network rather than reduced
hydration.?6:69 With the exception of 200-1, incorporation of polysiloxane nanoparticles did
not substantially change the RT swelling ratio of DN hydrogels versusthat of DN and SN.
However, the G “of these DN hydrogels were lower than that of DA but remained higher
than that of SA. It was also observed that for a given nanoparticle size, their incorporation
into the 2nd rather than the 1st network produced DN hydrogels with higher G “values. As
noted by their relative opacity, less nanoparticles are incorporated into the DN hydrogel
when introduced during formation of the 2nd network. Apparently, nanoparticles somewhat
alter the asymmetrically crosslinked network of the PNIPAAmM matrix so as to relatively
diminish its ability to resist deformation.

As was observed for G, the compressive and tensile moduli of all DN hydrogels were
greater than that of SNV (Table 2). Quasi-static compression and tensile tests permitted
assessment of strength. Ultimate compressive strength (UCS) has been observed to be
dramatically enhanced for previously reported DN hydrogels.>>->7 This is attributed to the
ability of the asymmetrically crosslinked networks to dissipate the applied force.6:6%9 yCS
and UT7Sof all DN hydrogels were dramatically enhanced versusthat of SN. 200-2
exhibited particularly high strength. However, given the substantially higher swelling of
200-1, its high moduli and strength values are particularly notable.

Conclusions

Thermoresponsive nanocomposite double network (DN) PNIPAAm hydrogels were
prepared by introducing polysiloxane nanoparticles (~50 nm and ~200 nm) during formation
of the 1st, tightly crosslinked network or the 2nd, loosely crosslinked network.
Nanoparticles were more readily incorporated during formation of the 1st network. Neither
the DN matrix nor nanoparticles altered the convenient VPTT of conventional, single
network (SN) PNIPAAmM hydrogels. However, other key physical properties were enhanced.
In the absence of nanoparticles, a DN hydrogel (7.e. DN) essentially maintained equilibrium
swelling and reswelling kinetics but exhibited an increase in the extent and rate of
deswelling as well as an increase in hydrogel stiffness and strength. Incorporation of
polysiloxane nanoparticles into DN hydrogels further altered these properties depending on
size and whether introduced during formation of the 1st or 2nd network. The DN hydrogels
formed with ~200 nm polysiloxane nanoparticles in the 1st network (/.e. 200-1) exhibited
exceptional properties. For 200-1, equilibrium swelling was dramatically enhanced as well
as deswelling—reswelling kinetics. Despite higher equilibrium swelling at RT, its modulus
and strength values surpassed that of the SN hydrogel (7.e. SN).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

(a) Schematic depiction of double network (DN) hydrogels in which polysiloxane
nanoparticles were introduced during formation of the “1st network” (/.e. 50-1 & 200-1) or
the subsequent “2nd network” (i.e. 50-2 & 200-2). (b) Photograph of hydrogels series.
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Fig. 2.
DSC thermograms of hydrogels.
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Fig. 3.
SEM micrographs of hydrogels. All scale bars = 20 pm.
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Fig. 4.
Hydrogel equilibrium swelling ratio (by mass).
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Fig. 5.
Hydrogel deswelling kinetics at 50 °C (by mass).
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Fig. 6.
Hydrogel reswelling kinetics at 22 °C (by mass).
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Fig. 7.
Storage modulus (G”) of hydrogels in the compression mode.
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Hydrogel composition

1st Network

2nd Network

Notation %BIS NP (size) %BIS NP (size)
SN 4% — — —

DN 4% — 0.2% —

50-1 4% ~50 nm 0.2% —

50-2 4% — 0.2% ~50 nm
200-1 4% ~200nm  0.2% —

200-2 4% —_ 0.2% ~200 nm
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