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ABSTRACT: Nanocomposite in situ-gelling hydrogels containing
both superparamagnetic iron oxide nanoparticles (SPIONs) and
thermoresponsive microgels are demonstrated to facilitate
pulsatile, high-low release of a model drug (4 kDa fluorescein-
labeled dextran). The materials can be injected through a
minimally invasive route, facilitate a ∼4-fold enhancement of
release when pulsed on relative to the off state, and, in contrast to
previous gel-based systems, can maintain pulsatile release
properties over multiple cycles and multiple days instead of only
hours. Optimal pulsatile release is achieved when the microgel
transition temperature is engineered to lie just above the
(physiological) incubation temperature. Coupled with the demonstrated degradability of the nanocomposites and the
cytocompatibility of all nanocomposite components, we anticipate these nanocomposites have potential to facilitate
physiologically relevant, controlled pulsatile drug delivery.

Significant progress has been made in the development of
“smart” polymer-based biomaterials for the purpose of drug

delivery, exploiting polymers that are responsive to temper-
ature,1,2 pH,3,4 light,5,6 electric fields,7 or specific molecule
concentrations (such as glucose)8,9 to induce on-demand or
environment-specific release kinetics. Thermoresponsive hydro-
gels and microgels based on temperature-responsive poly(N-
isopropylacrylamide) (PNIPAM)10,11 that exhibit a volume
phase transition temperature (VPTT) upon heating12 have
been used to fabricate several potential drug delivery
biomaterials with temperature-dependent release kinetics.13−15

Composite materials that combine thermosensitive hydrogels
with nanomaterials that generate heat in response to specific
external signals, such as carbon nanotubes (near-IR),16,17 gold
nanorods (near-IR),18−20 or superparamagnetic iron oxide
nanoparticles (SPIONs, alternating magnetic field)21,22 have
attracted particular interest since the inorganic actuating
nanoparticles can be used to noninvasively induce temper-
ature-dependent swelling/deswelling responses in vivo without
the need for implanted electronics.14 The design of the
nanocomposite can regulate whether release occurs via bursts
of drug on-demand23 or via an up-regulation of release kinetics
over an extended period of time,24 with up to 20-fold on/off
state resolution having been reported.24

We have previously reported an injectable, degradable in situ-
gelling hydrogel nanocomposite material in which SPIONs
were covalently bound into the hydrogel network structure,
fabricated by reacting aldehyde-functionalized dextran with
hydrazide-functionalized PNIPAM-coated SPIONs.25−27 The
resulting hydrogel nanocomposite exhibited surprising mechan-
ical strength (up to ∼60 kPa shear modulus) and, notably, an
ability to deliver pulsatile releases of drug upon the induction of

an alternating magnetic field (AMF).28 Relative to previous
reports of materials or devices exhibiting pulsatile release
kinetics, the in situ-gelling hydrogel approach described offers
significant advantages in terms of representing an injectable,
minimally invasive method of creating a bulk implant inside the
body; the hydrogel portion of the material also helps to
minimize nonspecific protein adsorption. However, the
observed increase in drug release upon AMF application was
both too small relative to the baseline in the absence of the
AMF and too short-lived (i.e., exhausted in less than 1 day) for
practical use in on-demand drug delivery.
Herein, we report on the use of an injectable, degradable

hydrogel-thermoresponsive microgel-SPION nanocomposite
hydrogel that addresses these challenges. While microgels
themselves have been investigated for therapeutic delivery, they
are typically quickly sequestered by the lymphatic system.29,30

Encapsulating microgels in a hydrogel both prevents this rapid
sequestration and limits the burst release of drugs typically
observed from hydrogels to permit sustained release of even
small molecule drugs over several weeks.31 Furthermore, by
using SPIONs as an actuator, thermosensitive microgels can be
driven to deswell via externally mediated heating, generating
free volume in the hydrogel to enhance drug release.
The in situ-gelling hydrogel matrix consists of thermosensi-

tive hydrazide-functionalized PNIPAM (PNIPAM-Hzd) cross-
linked with aldehyde-functionalized dextran (Dex-Ald); these
materials form a hydrolytically degradable hydrazone cross-
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linked network within seconds following coextrusion from a
double-barrel syringe. Two types of SPIONs were incorporated
into these networks: (1) PNIPAM-Hzd functionalized SPIONs
that covalently cross-link directly to the hydrogel matrix
(hypothesized to enhance the mechanics and dimensional
stability of the bulk gel network) and (2) polyethylene glycol
(PEG)-functionalized SPIONs that are physically entrapped
within the hydrogel (facilitating enhanced SPION mobility that
may lead to more homogeneous heating responses). The
thermoresponsive microgels were prepared by copolymerizing
NIPAM with N-isopropylmethacrylamide (NIPMAM) to
obtain microgels that exhibit a 90% decrease in volume when
heated from 37 to 43 °C (i.e., from physiological temperature
to the maximum temperature before which local tissue damage
is observed,32 Figure S1). These microgels are physically
entrapped inside the hydrogel upon in situ gelation to form
microgel-filled macropores within the bulk gel. When an AMF
is applied, the heat generated by SPIONs raises the local
temperature of the microgels above their VPTT, creating free
volume within the composite that promotes increased drug
diffusion through the hydrogel (Figure 1). Upon removal of the
AMF, the microgels reswell, refilling the pores and decreasing
the rate of drug release, facilitating high-low pulsatile release
behavior dependent on the time over which the AMF was
applied. While this mechanism has been demonstrated with
bulk reservoir-based, nondegradable devices that would require
surgical implantation,24,33 such behavior has not been
demonstrated with a matrix that can undergo in situ gelation
upon injection from easily injectable, low-viscosity precursor
components and ultimately degrades into cytocompatible
materials that would have significant advantages from a
practical utilization standpoint.
Composites were fabricated by mixing 10 mM PBS solutions

of the reactive hydrogel precursors (8 wt % for each polymer,
loaded into separate barrels of the double-barrel syringe) with 5
wt % SPIONs (loaded in both barrels), 1 wt % of 4 kDa FITC-
dextran (used as the model therapeutic for tracking release,
loaded in both barrels), and (if present) 8 wt % (by dry weight)
microgels (loaded in both barrels; Figure 1). Thermogravi-
metric analysis confirmed that all final composites contained
∼5 wt % SPIONs (Figure S2), and SQUID analysis confirmed
that the nanocomposite hydrogels as a whole exhibited
superparamagnetic properties (Figure S3). In addition, the
nanocomposites are confirmed to be degradable in accelerated
hydrolysis conditions (∼240 h lifetime in pH 1 buffer, Figure

S4), a similar time frame to our previously reported PNIPAM-
SPION nanocomposites that degrade over ∼8 months in in
vitro physiological conditions.28

To examine the potential of using an AMF to control release
from these injectable superparamagnetic nanocomposites,
samples with 5 wt % PEG-SPIONs, 8 wt % p(NIPAM-
NIPMAM) microgels, and 1 wt % 4 kDa FITC-dextran were
placed in our AMF apparatus that maintains a baseline
temperature of 37 °C (Figure S5) and exposed to a 2 h
continuous AMF application, heating the nanocomposites to an
equilibrium temperature of ∼43 °C. Figure 2 shows the
cumulative release of FITC-dextran from composites prepared
with both microgels and PEG-SPIONs, microgels but no PEG-
SPIONs, and PEG-SPIONs but no microgels.

Significantly more release was observed from the nano-
composite prepared with both microgels and SPIONs than
composites excluding either component (p < 0.05). Hydrogel
nanocomposites lacking SPIONs do not heat significantly in
response to AMF (i.e., there is no stimulus to drive microgels
deswelling), while nanocomposites without microgels do heat
but have no mechanism by which to generate free volume upon
heating. Of note, Figure 2 indicates that the longer the AMF is
left on, the more differential release can be achieved, suggesting

Figure 1. Fabrication of nanocomposites and their proposed mechanism of externally AMF-controlled enhanced drug release.

Figure 2. Cumulative release of 4 kDa FITC-dextran over 2 h of AMF
exposure from a nanocomposite with 5% PEG-SPION and 8%
p(NIPAM-NIPMAM) microgel content compared to control
composites prepared without SPIONs and without microgel,
respectively.
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the potential for dosing of a drug as a function of pulse time.
Qualitatively similar behavior is also shown for the release of
sodium fluorescein (Figure S6), showing that an AMF
significantly enhances drug release in dual nanoparticle-based
nanocomposites for drugs of significantly different molecular
weights.
Pulsatile release experiments were then conducted in which

the AMF was applied for a 10 min period and then shut off; the
temperature of the composites increases from their baseline
temperature of 37 °C to ∼43 °C over this time. A typical
release result is shown in Figure S7. Significantly enhanced
release of 4 kDa FITC-dextran was observed immediately after
each AMF application, followed by a rapid return to a baseline
release rate when AMF was shut off. While the total dose of
drug decreased over time as the concentration gradient of drug
was reduced, multiple AMF applications (n = 4−6) performed
on days 1, 2, and 3 following composite fabrication confirm that
significant pulsatile release relative to the baseline can be
achieved at each time point. The AMF-induced percent
increases in FITC-dextran release (relative to the nonpulsed
baseline release) for composites containing cross-linked
PNIPAM-SPIONs and entrapped PEG-SPIONs with and
without microgels are shown in Figure 3a. The corresponding
swelling responses of the nanocomposites during the time
frame of the release experiment are shown in Figure 3b.

Both composites with entrapped PEG-SPIONs and cross-
linked PNIPAM-SPIONs displayed AMF-mediated enhanced
release over multiple days when microgels were incorporated.
The application of short AMF pulses (<10 min) resulted in a
∼4-fold increase in the release rate relative to the baseline after
the first day, an enhancement that is repeatable over multiple

pulsing cycles. The percentage increase in FITC-dextran release
facilitated by the PEG-SPION and PNIPAM-SPION-based
nanocomposites was not significantly different (p > 0.05, Figure
3a), despite the storage modulus of nanocomposites prepared
with PNIPAM-SPIONs being significantly higher than that of
nanocomposites based on PEG-SPIONs (p < 0.05, Figure S8);
this result suggests that it is the microgel phase rather than the
properties of the bulk network that primarily drives pulsatile
drug release. This hypothesis is further supported by the
observation that both composites prepared without microgels
showed limited enhanced release after the first day, while
microgel-impregnated nanocomposites continued to facilitate
pulsatile release over at least 3 days (Figure 3a), which, to the
best of our knowledge, is unique for any hydrogel-based system.
The macroscopic hydrogel swelling responses (Figure 3b)

can be used to rationalize the differences in release behavior
between nanocomposites with or without microgels. Microgel-
embedded composites tend to initially swell (attributable to the
higher solids fraction of the microgel relative to the bulk
hydrogel phase that creates an enhanced osmotic gradient),
followed by a period of deswelling as the gel equilibrates at 37
°C (attributable to PNIPAM-Hzd collapse); in contrast,
nanocomposites without microgels deswell throughout the
entire release period. As such, on day 1 bulk swelling would
promote higher baseline (non-AMF) FITC-dextran release
from the microgel-containing nanocomposites, resulting in
similar observed percentage increases in FITC-dextran release
relative to nanocomposites prepared without microgel despite
the higher absolute values of drug release achieved on each
pulse. After 1 day, the microgel-containing composites have
also deswelled, reducing their baseline release to the point that
the microgels (and the accompanying enhancement in
nanocomposite free volume upon AMF triggering) can
significantly enhance the amount of FITC-dextran released
upon triggering. Nanocomposites lacking SPIONs exhibit a
similar swelling response to nanocomposites prepared with
both SPIONs and microgels but show no discernible increase in
FITC-dextran release in response to AMF pulses, confirming
that the AMF is specifically driving pulsatile release in this
system (Figure S9).
To further elucidate the proposed microgel deswelling

mechanism of AMF-regulated enhanced release, further
pulsatile release tests were performed using the PEG-SPION
composites preincubated at different baseline temperatures:
room temperature (22 °C), physiological temperature (37 °C),
and the maximum temperature that magnetic composites reach
during AMF application (43 °C; Figure 4a). The corresponding
swelling results are shown in Figure 4b.
Significantly enhanced FITC-dextran release was observed

for composites incubated at 37 °C relative to the other two test
temperatures upon AMF triggering. Given that the microgel
experiences a 90% volume change from 37−43 °C (Figure S1),
heating via AMF application will only drive a significant phase
transition in the microgel phase at a 37 °C baseline
temperature; nanocomposites incubated at 22 °C would not
heat up enough to drive microgel deswelling while nano-
composites incubated at 43 °C would contain microgels that
are already largely collapsed above their VPTT, resulting in a
high, “on”-state baseline release. Figure 4b again confirms that
these release kinetics results are attributable directly to microgel
swelling and not bulk gel swelling, as the 22 and 43 °C baseline
tests both exhibit similar, significantly lower pulsatile release
kinetics (Figure 4a) but highly divergent bulk swelling

Figure 3. (a) Increase in release rate of FITC-dextran and (b) swelling
characteristics for nanocomposite hydrogels prepared with PNIPAM-
SPIONs and PEG-SPIONs. *p < 0.05 in a pairwise comparison.
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responses (Figure 4b). Note that the relatively higher
percentage increase in release observed for the 43 °C baseline
test on day one is likely attributable to the large burst release
observed for hydrogel composites incubated at higher temper-
atures.
In conclusion, incorporating thermoresponsive microgels

inside injectable, degradable magnetic hydrogel composite
materials significantly improves externally regulated enhanced
release via an AMF. In important contrast to previous hydrogel
nanocomposites, these enhancements in release persist over
several days instead of just hours. AMF pulses can increase the
release rate of the 4 kDa FITC-dextran model drug used herein
by a factor of 4; based on our proposed release mechanism, a
drug with a higher molecular weight may experience even
further enhanced externally modulated release. The increase in
release is related to the relationship between the baseline
incubation temperature and the microgel VPTT; manipulation
of both these variables may be used to create pulsatile releasing
hydrogel-based nanocomposites for other, nonphysiological
applications. All of the components of these nanocomposites
also exhibit good cytocompatibility in vitro (Figure S10),
suggesting that these materials may be promising candidates as
externally controlled release platforms for a variety of different
drugs in applications that would benefit from repeated, pulsatile
release (e.g., chronic local pain management or insulin delivery
for diabetes treatment, among others).

■ EXPERIMENTAL SECTION
Synthesis of Nanocomposite Components. NIPAM-Hzd was

produced via copolymerization of NIPAM and acrylic acid, followed by
EDC-mediated coupling of a large excess of adipic acid dihydrazide.34

Dextran-Ald was prepared via sodium periodate-mediated oxidation of
dextran.34 Microgels were prepared by precipitation polymerization of
NIPAM (36.2 mol % monomer), N-isopropylmethacrylamide (58.0
mol % monomer), and acrylamide (5.8 mol % monomer) using N,N-
methylenebis(acrylamide) as the cross-linker and ammonium
persulfate as the initiator.33 SPIONs were prepared via redox of
iron(II) chloride and iron(III) chloride salt precursor solutions using
ammonium hydroxide as the base, followed by peptization of the
surface with either PEG (8 kDa) or PNIPAM-Hzd at 80 °C. See
Supporting Information for full protocols.
Composite Formation. Entrapped SPION hydrogel nano-

composites were fabricated by first making 10 mM PBS solutions of
the reactive hydrogel precursors (8 wt % PNIPAM-Hzd in barrel 1, 8
wt % Dex-Ald in barrel 2) with 5 wt % PEG-SPIONs, 1 wt % 4 kDa
FITC-dextran, and 8 wt % microgels (each added in both barrels).

Final composites with 1 wt % 4 kDa FITC-dextran, 5 wt % PEG-
SPIONs, and either 0 or 8 wt % microgel were produced by mixing the
additives in both barrels of the double barrel syringes and ejecting the
reactive cross-linking materials into silicone molds (Figure 1). The
hydrogel precursors gel in situ within 30 s and the resulting
nanocomposites take the shape of the silicon mold that they are
placed in. Cross-linked PNIPAM-SPION-based nanocomposites were
generated in a similar way, but instead, including 10 wt % PNIPAM-
SPIONs in the hydrazide polymer-containing barrel only (to avoid
premature cross-linking), leading to final gels with similar polymer
contents and 5 wt % overall SPION contents.28 Control composites
were made similarly but excluding one component.

Physical Characterization. SPION size and morphology was
characterized by transmission electron microscopy (JEOL Ltd., Japan,
Figure S11). The magnetic properties of both SPIONs and
nanocomposites were determined using a Superconducting Quantum
Interface Device (SQUID, Quantum Design MPMS SQUID
Magnetometer). Storage and loss moduli of nanocomposites were
measured using an ARES parallel-plate rheometer at room temper-
ature (1 mm sample height, 8 mm diameter), using a frequency sweep
from 0.1 to 100 rad/s at a constant strain within the linear viscoelastic
region of the nanocomposite (n = 6). Nanocomposite swelling was
measured by placing 6.3 mm diameter × 3.2 mm height samples in
preweighed, perforated cell culture inserts and incubating the samples
in 5 mL of 10 mM PBS at 37 °C (n = 5). The composites were
weighed immediately after gelation and then at predetermined time
intervals, following the removal of nonbound (surface) water via gentle
wicking with a Kimwipe, to track percentage mass change over time.
Nanocomposite degradation assays were performed in a similar
manner, but using samples 9.5 mm in diameter × 6.3 mm in height
and replacing the 10 mM PBS with a pH 1 buffer to accelerate the rate
of hydrolysis.

Drug Release Experiments. A magnetic drug release apparatus
was assembled to hold multiple (n = 4) composites in equivalent
positions within the magnetic field while maintaining a constant
temperature of 37 °C (Figure S5). A jacketed flask, heated to 37 °C via
a water bath for the base experiments or 22 or 43 °C for the varying
temperature experiments, was placed within a 2-coiled, 8 cm diameter
solenoid operated at 200 kHz, 30 A, and 1.3 kW to facilitate the
application of an AMF. For the constant AMF experiments,
nanocomposites (n = 4, 6.3 mm diameter × 3.2 mm height) were
immersed in test tubes with 4 mL of 10 mM PBS and placed in the
AMF for 2 h. For pulsed AMF experiments, the same setup was used
but samples were collected at 10 min intervals before and after 10 min
AMF pulsed applications, with separate pulses applied every 40 min
and 4−6 pulses applied during each day of testing. In either case, at
each sampling step, 3 × 200 μL samples were removed from each test
tube and 600 μL fresh, 37 °C (or, for the varying incubation
temperature experiments, 22 or 43 °C) 10 mM PBS was added. The

Figure 4. (a) Percentage increases in FITC-dextran release (relative to the baseline release in the absence of an AMF) and (b) relative swelling of the
nanocomposites for PEG-SPION nanocomposites incubated at different baseline temperatures. *p < 0.05 in a pairwise comparison.
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concentration of released 4 kDa FITC-dextran in each sample
collected was then measured using a fluorescence plate reader
(PerkinElmer Victor3 V multilabel plate reader, 485 nm excitation/
535 nm emission wavelength). The effect of the magnetic pulse on
release was calculated as the percent increase in release rate between
the measured value and the baseline release rate, which was
determined based on a linear interpolation of the measured release
rates at the two time points immediately prior to and the two points
immediately after the pulse. Control gels (n = 4) were run
concurrently with the pulsatile release tests using the same protocol
and sampling times but without exposing the samples to the AMF.
Error and Statistical Significance. All error bars represent

standard deviations (n ≥ 4). Statistically significant differences
between any pair of samples were determined using a two-tailed t
test with p < 0.05 assuming unequal variances.
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