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We describe investigations of insulin release from thermoresponsive microgels using variable temperature1H
NMR. Microgel particles composed of poly(N-isopropylacrylamide) were loaded with the peptide via a swelling
technique, and this method was compared to simple equilibrium partitioning. Variable temperature1H NMR
studies suggest that the swelling loading method results in enhanced entrapment of the peptide versus equilibrium
partitioning. A centrifugation-loading assay supports this finding. Pseudo-temperature jump1H NMR measurements
suggest that the insulin release rate is partially decoupled from microgel collapse. These types of direct release
investigations could prove to be useful methods in the future design of controlled macromolecule drug delivery
devices.

Introduction

Within the past decade, the fabrication of stimuli-responsive
hydrogels1,2 has been increasingly investigated for controlled
drug release applications.3-8 Poly(N-isopropylacrylamide)
(pNIPAm)9 has been one of the most heavily explored polymers
for the fabrication of thermosensitive hydrogels. These gels
undergo a reversible volume phase transition at a characteristic
volume phase transition temperature (VPTT) of 31°C, where
the network goes from a highly solvent swollen state to a
collapsed dehydrated network. Above this VPTT, the hydrogel
collapses upon itself expelling water in an entropically driven
fashion. This reversible deswelling event has been used as a
means to control uptake and release of various model drugs.

In recent years, a significant amount of work has focused on
using responsive gels as carriers for peptide delivery both in
monolithic, bulk gels10-13 and discrete microgel systems.14-17

Among these numerous studies on protein delivery, much work
has focused on macroscopic hydrogel insulin release systems.18-20

For example, Peppas et al. employed pH sensitive hydrogels
for insulin delivery with the main goal being oral release.21-26

Self-regulating insulin delivery systems that utilize pH respon-
sivity as a means to respond to increases in free glucose
concentration have also been investigated.27,28 Superporous
hydrogel networks29 and biodegradable hydrogel networks are
yet another area of insulin release devices that have been
researched.30-32 Insulin is a therapeutic agent that is known to
be endogenously released in a pulsatile manner33-37 and hence,
oscillatory insulin release from hydrogel systems has also been
explored.38 Work done by Siegel et al. has proposed a general
strategy for pulsatile drug release39 and these studies have been
extended to self-regulated hormone release systems.40,41The use
of discrete microgel particles for controlled insulin delivery has
also been described.42-45

Our group has previously reported on the thermally modulated
insulin release from layer-by-layer (LbL) assembled pNIPAm-
co-acrylic acid (pNIPAm-AAc) microgel thin films.46 In that

work, insulin was loaded by increasing the pH above the AAc
pKa, thereby driving a microgel swelling transition. It was
hypothesized that this swelling drove insulin incorporation. The
thin films were then shown to release insulin in a temperature
dependent fashion due to the thermally induced deswelling of
pNIPAm. A more dramatic swelling response that can be used
for loading is that which occurs when the dried polymer is
allowed to rehydrate in a solution of the molecule to be loaded.
This “breathing-in” technique has been used previously to entrap
solutes in hydrogel networks. In this paper, we take advantage
of this spongelike nature of the microgels, thereby allowing
solute molecules to partition into the porous network. This
technique was directly compared to a simple equilibrium
partitioning strategy where an already swollen microgel solution
was mixed with an insulin solution. To directly monitor the
thermally triggered insulin release into solution, we utilized1H
NMR as a probe, considering the fact that similar release events
have been previously studied in such a manner.47 These studies
suggest that this method could be broadly applied to the
monitoring of solute release from dispersed microgels.

Experimental Section

Materials. All chemicals were obtained from Sigma Aldrich unless
otherwise stated. The monomerN-isopropylacrylamide (NIPAm) was
recrystallized from hexanes (J. T. Baker) prior to use. The cross-linker
N,N′-methylenebis(acrylamide) (BIS), sodium dodecyl sulfate (SDS),
ammonium persulfate (APS), deuterium oxide (D2O), deuterated
hydrochloric acid (DCl), sodium deuterioxide (NaOD), deuterated
acetone, and insulin (from bovine pancreas) were used as received.
For purification purposes, 0.2µm nylon membrane disks and a Spectra/
Por 10 000 MWCO dialysis membrane were purchased from VWR.
Water used in all experiments was distilled and then purified using a
Barnstead E-Pure system operating at a resistance of 18 MΩ. A 0.2
µm filter was incorporated into this system to remove particulate matter.

Particle Synthesis.Microgels cross-linked with 2 mol % BIS were
synthesized by precipitation polymerization via a method slightly
modified from that previously described.48 The total monomer con-
centration was 100 mM in all reactions. The surfactant was SDS, and
APS was used as the free radical initiator. The NIPAm monomer, cross-
linker, and surfactant (0.01 g) were dissolved in 200 mL of distilled,
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deionized water, filtered through a 0.2µm nylon membrane filter to
remove any particulate matter, and then continuously stirred in a three-
neck, 250 mL round-bottom flask. This solution was heated to 70°C
while being purged with N2 gas. Approximately 1 h later, the
temperature of the solution was stable at 70°C. After 15 min, the
reaction was initiated by adding a solution of APS (1 mM final
concentration). The solution turned turbid within 10 min, indicating
successful initiation. The reaction proceeded for 6 h under a constant
stream of N2. Following synthesis, the microgels were filtered using a
P2 Whatman filter paper and then dialyzed (using 10 000 MWCO) for
2 weeks against distilled, deionized water with a daily exchange of the
water.

Photon Correlation Spectroscopy (PCS).Hydrodynamic radii and
light scattering intensities were obtained by PCS (Protein Solutions,
Inc.). Prior to analysis, the purified microgels were diluted in filtered,
distilled, deionized water (using 0.2µm filters) until a count rate of
350 kCt/s was obtained. The suspensions were then held at each
temperature for 15 min to achieve thermal equilibration before
measurements were taken. Longer equilibration times did not result in
variations of particle radius, polydispersity, or light scattering intensity.
The data points presented here are an average of 5 measurements with
a 60 s acquisition time. Hydrodynamic radii were calculated from the
measured diffusion coefficients using the Stokes-Einstein equation.
All correlogram analyses were performed with manufacturer-supplied
software (Dynamics v.5.25.44, Protein Solutions, Inc.).

Impregnation of Microgels with Insulin. Two insulin loading
strategies were compared. The first was to swell lyophilized microgels
in a concentrated solution of insulin for 24 h. Insulin is difficult to
dissolve from the powdered from in neutral pH media but is quite
soluble under acidic conditions.29 Thus, the insulin was first dissolved
in DCl to prepare the stock solution,29 and then the pH was increased
by addition of NaOD until a pH of 7.4 was achieved. A final insulin
concentration of 31 mg/mL was achieved. A known volume of diluted
stock solution was then added to a known mass of lyophilized microgels
(15.2 mg), and the particles were allowed to swell in this solution for
24 h. The overall concentration of insulin in the final solution was 15
mg/mL.

For the physical mixture, the same mass of lyophilized microgels
(15.2 mg) was dissolved in D2O and allowed to swell overnight on a
shaker table. The already swollen dispersion of microgels was then
physically mixed with a known volume of diluted insulin stock solution
to yield the same overall concentration of insulin (15 mg/mL). This
mixture was allowed to equilibrate overnight on a shaker table. Note
that the “free” insulinwas notremoved by centrifugation prior to the
NMR measurements. This allowed us to analyze the relative strengths
of the insulin and polymer resonances between the two loading methods
for samples with identical concentrations of each component. As
discussed below, these differences in peak area can presumably be
related to the relative degrees of mobility for each component.

1H NMR. A Bruker Avance DRX 500 MHz NMR spectrometer
was used for the insulin release investigations. Lyophilized microgels
(1.0 mg) and insulin (8.0 mg) were separately dissolved in 1 mL of
D2O and the spectra of each were recorded at 25°C. Spectra of insulin
loaded microgels were also recorded at 25°C. For the variable
temperature studies, spectra of loaded microgels were taken at 25, 28,
31, 34, and 37°C. For these studies, before taking measurements, the
samples were thermally equilibrated for 15 min at each temperature.
No changes in the signal intensities were observed if the equilibration
time was prolonged. For the temperature jump study, the NMR
spectrometer probe was set at either 34, 37, or 40°C and a cool (25
°C) insulin impregnated sample was inserted into the spectrometer.
Spectra were immediately recorded every 7.5 s; a total of 39 spectra
were recorded. For all variable temperature studies, a deuterated acetone
external standard was used, where the acetone solution was inserted
into a microcapillary, which was then sealed. This standard was then
directly inserted into the center of the NMR tube containing the insulin-
loaded microgel solutions. The integrated ratios of the main pNIPAm

peak at 1.1 ppm and the insulin peaks from 6.6 to 7.4 ppm were
normalized with respect to the residual protons in the deuterated acetone
standard. The main pNIPAm peak was chosen for integration due to
its strong signal, whereas the insulin peaks from 6.6 to 7.4 ppm were
chosen due to the lack of spectral overlap with polymer resonances.

Centrifugation Loading Assay.Following 1H NMR analyses, both
types of insulin loaded microgels (swollen and mixed) were transferred
to 2 mL Eppendorf tubes and centrifuged at 16 000g rcf at 26°C for
20 min. Following this, 250µL of supernatant was extracted from each
sample and then diluted with 4 mL of 20 mM PBS. The absorption
spectra of these samples were analyzed via UV/vis spectroscopy along
with a control sample containing the same overall concentration of
insulin as the loaded samples without any microgels present. The percent
of insulin loaded was then calculated against the control sample.

Results and Discussion

As described above, 2 mol % BIS cross-linked pNIPAm
microgels were chosen for these insulin loading and release
investigations. We have previously reported results on insulin-
impregnated microgels that contained pH sensitive acrylic acid
groups.46 This pH responsivity allowed the microgels to swell
under neutral pH conditions and was hypothesized to be the
main driving force allowing for insulin partitioning into the
particles. In this current study, we wanted to remove any
contributions from pH responsivity of the microgel in order to
simplify the analysis. Hence, microgels without acrylic acid
comonomer were investigated. Two loading strategies were
compared. The first was to swell lyophilized microgels in a
concentrated solution of insulin for 24 h. The second method
entailed a simple equilibrium partitioning technique whereby
an already swollen microgel solution was physically mixed with
an insulin solution. Both strategies utilized the same mass of
dried microgels to start with and used the same overall
concentration of insulin so they could be directly compared to
one another.

To probe the effect that insulin impregnation has on the phase
transition behavior of 2 mol % BIS cross-linked microgels, the
hydrodynamic radius was measured as a function of temperature
for both insulin loaded microgels (via the swelling technique)
and unloaded microgels using PCS. Figure 1a shows the volume
phase transition behavior of these two samples, where the open
circles represent the loaded sample and the filled circles
represent the microgels alone. At low temperatures, both sets
of particles display approximately the same average hydrody-
namic radius of 190 nm. The loaded and unloaded microgel
networks both undergo a sharp volume phase transition at
approximately 32°C after which they deswell to a minimum
hydrodynamic radius of approximately 90 nm. The VPTT for

Figure 1. (a) Volume phase transition curves for pNIPAm microgels
(filled circles) and those particles loaded with insulin via swelling of
dried particles (open circles); (b) corresponding light scattering profiles
for pNIPAm microgels (filled circles) and those particles loaded with
insulin via swelling of dried particles (open circles).
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both sets of particles corresponds well with the VPTT of typical
pNIPAm microgels.49 Figure 1b shows the corresponding light
scattering profiles of the same samples. Both sets of particles
display very little scattered light intensity at temperatures below
the VPTT. This is because these porous microgel networks are
highly solvent swollen and are therefore nearly index matched
to their environment (water). When the microgels collapse into
dense globules at temperatures above the VPTT, the microgels
display a higher scattering cross section, and a concomitant
increase in scattered light intensity is observed from the
suspensions above the VPTT. These results suggest that
impregnation of the microgels with insulin does not perturb the
deswelling thermodynamics or swelling capacities to a signifi-
cant extent.

To design direct release experiments,1H NMR spectra of
insulin in D2O (pH 7.4) and 2 mol % BIS cross-linked microgels
were first taken at 25°C to determine if spectral resolution could
be achieved. The spectrum of insulin is shown in Figure 2a;
this spectrum is in agreement with literature reports of its
spectrum acquired at neutral pH.50 Figure 2b shows the spectra
obtained for the 2 mol % BIS cross-linked microgels; the proton
assignments for the pNIPAm polymer also suitably correspond
to its chemical structure.33,34 The peak at 1.1 ppm can be
attributed to the methyl protons of theN-isopropyl group. The
resonance for the methylene proton of the isopropyl group is
observed at 3.8 to 4.0 ppm, whereas the resonances from 1.2 to
2.2 ppm are attributed to the protons on the polymer backbone.
In all 1H NMR spectra, the peak at approximately 4.7 ppm is
the suppressed solvent water peak. Although there is some
spectral overlap within the region of 0.0 to 4.0 ppm, the most
intense peak from the pNIPAm polymer at approximately 1.0
ppm is somewhat spectrally distinct. Furthermore, there is no
spectral overlap for the downshifted insulin peaks from 6.6 to
7.4 ppm. It is these two peak signals that will be interrogated
as a function of temperature to try and probe direct insulin
expulsion from impregnated particles.

To probe feasibility of detecting an increase in insulin signal
due to expulsion from the microgels using NMR, spectra of
insulin-loaded 2 mol % BIS cross-linked microgel samples were
recorded at temperatures both below and above the VPTT of
the particles. These results are shown in Figure 3. Panels a and
b show the spectra for insulin-loaded microgels prepared via
the breathing-in technique at 25 and 37°C, respectively. In these
spectra, as mentioned in the Experimental Section, the residual
proton signal from a deuterated acetone external standard was
used for normalization and its resonance is observed at ap-
proximately 2.9 ppm. This resonance is somewhat shifted from
what is expected since the water peak at 4.7 ppm was used as
a reference. The spectra shown in panels c and d correspond to

the sample loaded via simple equilibrium partitioning at
temperatures below and above the VPTT, respectively. For both
sets of particles, at 25°C the pNIPAm resonances dominate
the spectra and only relatively small insulin peaks are observable
in the aromatic region of the spectrum. Under these conditions,
it is presumed that most of the insulin is impregnated within
the microgel interior. Hence, the signal due to insulin is
diminished due to lack of free rotation in the microgel network.
When the temperature is raised above the VPTT to 37°C, the
particles deswell and release insulin into surrounding solution
resulting in an increase in the insulin signal with respect to the
acetone standard. It is clearly evident that for both types of
insulin-loaded microgels a relative increase in the ratios of
insulin/acetone occurs upon elevation in temperature from 25
to 37 °C, whereas a concomitant decrease in the pNIPAm/
acetone ratios is observed upon particle collapse. At elevated
temperatures, the pNIPAm resonances become significantly
depressed due to the fact that as the microgel collapses it
becomes denser and more solidlike.51-53 These results suggest
that microgel deswelling results in osmotically driven insulin
expulsion from the network as the free volume in the microgel
interior decreases.

To probe this release event in more detail,1H NMR spectra
were obtained every three degrees from 25 to 37°C. The results
for these experiments are shown in Figure 4. Figure 4a shows
the normalized pNIPAm/acetone peak ratios as a function of
temperature for the microgels that were loaded by the breathing-
in technique (open circles) and by equilibrium partitioning (open

Figure 2. 1H NMR spectra of (a) insulin (pH adjusted to 7.4) and (b)
pNIPAm microgels in D2O at 25 °C.

Figure 3. 1H NMR spectra of insulin-loaded pNIPAm microgels at
temperatures below and above the volume phase transition temper-
ature (overall pH 7.4). (a) Spectrum taken at 25 °C of microgels loaded
with insulin via the breathing-in technique, (b) spectrum taken at 37
°C of microgels loaded with insulin via the breathing-in technique,
(c) spectrum taken at 25 °C of microgels loaded via equilibrium
partitioning at 25 °C, and (d) spectrum taken at 37 °C of microgels
loaded via equilibrium partitioning at 25 °C.
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squares). This plot illustrates that the temperature at which both
sets of loaded microgels deswell corresponds well with the well-
known phase transition temperature of 32°C.49 These profiles
also correlate well with the VPTT curves obtained for the loaded
and unloaded samples shown in Figure 1a. Figure 4b shows
the peak ratios of insulin/acetone as a function of temperature
for both insulin-loaded samples. A distinct difference in the
release profiles is observed here where the normalized insulin
signal for the physical mixture (open squares) is consistently
higher than that for the swollen sample (open circles) at all
temperatures. This suggests that the breathing-in technique
results in enhanced entrapment of the peptide versus simple
mixing, and hence, not as much insulin is free in solution to be
detected. The slopes of the two profiles are also distinctly
different. The sample loaded by the breathing-in technique (open
circles) does not display a significant increase in normalized
insulin signal until 34 and 37°C, whereas the sample loaded
via equilibrium partitioning shows a steady increase over the
entire temperature range. We hypothesize that the microgels
loaded by mixing perhaps contain a significant amount of
surface-adsorbed insulin, which may result in a temperature
dependent release that is less coupled to the phase transition of
the hydrogel itself. The sample impregnated via the breathing-
in technique, however, effectively entraps insulin in the particle
interior, and it is not until the microgel partially or fully deswells
that entrapped species are expelled into solution.

The early stages of insulin release were studied using a1H
NMR temperature jump investigation. In this study, an insulin-
impregnated sample (via breathing in) held at 25°C was quickly
inserted into the NMR spectrometer that was equilibrated at
34, 37, or 40°C. Following insertion, spectra were collected
every 7.5 s. The results of this experiment are shown in Figure
5. Figure 5a shows the profiles for microgel collapse as a
function of time and temperature. It is clear that differences in
microgel deswelling rates occur depending upon the temperature

differential used, with the 40°C temperature jump resulting in
fastest equilibration. Note that all “rates” shown here are
convoluted with the thermal equilibration of the NMR tube itself,
and therefore, what is really being measured is the rate of
thermal equilibration with the probe. Thermal equilibration of
course will be dependent on the temperature difference between
the sample and the probe. The magnitudes of deswelling are
also distinctly different depending upon the applied temperature
differential. Figure 5b illustrates the corresponding insulin
release profiles for each temperature jump. The 34°C jump
shows that some insulin release occurs within the first 110 s,
and then this profile plateaus. This is most likely due to the
fact that the microgels at this temperature are not fully deswollen
and some of the insulin remains embedded within the microgel
interior after an initial burst of release. The 37°C temperature
jump shows a somewhat different profile. Some release occurs
within the first 60 s corresponding to the time course of the
deswelling event at this temperature. This release, however,
levels off after this up until approximately 220 s where slightly
more insulin expulsion occurs. The 40°C temperature jump
experiment shows higher insulin/acetone ratios at all times, thus
indicating a significant amount of insulin gets immediately
released once the sample is inserted. This release profile
gradually increases with time suggesting gradual insulin parti-
tioning out of the network.

To ascertain the actual loading efficiency of each strategy, a
centrifugation loading assay was performed following NMR
analyses. The loaded samples were allowed to reswell at 4°C
overnight and were then centrifuged and analyzed as described
in the Experimental Section. The results for these experiments
are shown in Table 1 along with a summary of the normalized
pNIPAm and insulin ratios obtained in the1H NMR release
studies. Note that these values represent the results obtained
from a single sample set. Replicates of these experiments were
performed on a lower field strength instrument, and were
therefore not rigorously comparable from a statistical analysis
point of view. However, we estimate from those measurements
that the loading method is reproducible with a precision of
approximately (10%. These results confirm the previous
conclusions that the breathing-in technique does result in
enhanced loading of insulin. The fact that the normalized insulin
signal at 25°C is higher for the physical mixture versus the
sample loaded by swelling suggests effective peptide entrapment
with the breathing-in technique.

The results presented above clearly indicate that the two
methods of insulin loading produce very different final products.
For the physical mixture, it is apparently the case that the peptide
does not diffuse into the microgel interior to a very great extent
and may simply adsorb to the periphery of the microgel. This
conclusion is based on our observations of an almost 2-fold
lower loading efficiency and a strong decoupling of the insulin
release from the volume phase transition of the microgels. If
the insulin were loaded and/or strongly associated with the
network polymer, we would expect the large change of the

Figure 4. Plots of the normalized ratios of (a) pNIPAm/acetone and
(b) insulin/acetone as a function of temperature. Open circles
represent microgels loaded via the breathing-in technique; open
squares represent microgels loaded via equilibrium partitioning.

Figure 5. Plots of microgel deswelling (a) and insulin release (b) for
an insulin loaded microgel sample (via swelling) subjected to a
temperature jump from 25 to 34 (open circles), 37 (open squares),
or 40 °C (open upward triangles).

Table 1. Insulin Loading Results for 2 mol % BIS Cross-Linked
Microgels and 1H NMR Normalized Ratios of pNIPAm and Insulin.

obtained
via UV/vis

obtained via
1H NMR at 25 °C

insulin loaded
microgel sample

% loaded
insulin

pNIPAm/acetone
ratio

insulin/acetone
ratio

via swelling 40 45 1.5
via equilibrium
partitioning

23 46 2.0
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microgel’s volume at the phase transition to result in insulin
expulsion, as we have observed previously for hydrogel thin
films loaded with insulin46,54and doxorubicin.55 We hypothesize
that the interactions between the microgel and insulin under
these loading conditions are primarily due to hydrogen bonding
to the amide groups on the polymer side chains. Penetration of
the peptide deeper within the microgel may be sterically prohib-
itive due to the torturous path through the hydrogel network.
Although we have not undertaken rigorous studies of longer
equilibration times in order to investigate whether penetration
occurs on a longer time scale, it is clear that any such penetration
does not occur to an appreciable extent on the time scale of
10-20 h (the equilibration times used in these studies).

Conversely, the particles loaded by “breathing-in” display a
higher degree of loading and a release of insulin that is very
strongly coupled to particle deswelling. In this case, it is likely
that the insulin is adsorbed within the microgel both by hydrogen
bonding as well as simple physical entrapment. The hypothesis
in this case is that insulin incorporation is largely driven by the
rapid influx of water into the polymer network, which would
result in a similarly rapid transport of solutes. Once inside the
network, the insulin could associate with the polymer or simply
reside in pores in the network. The ability of the peptide to
passively diffuse out of the polymer would be opposed by the
sterically (entropically) disfavored motion through the torturous
hydrogel network. This type of entrapment has been demon-
strated previously for nano- and microstructured gels in a set
of brilliant experiments reported by Liu and Asher.56

Conclusions

A macromolecular therapeutic agent, insulin, was rapidly and
effectively impregnated into thermoresponsive pNIPAm micro-
gels via a breathing-in technique that proved to be superior over
simple equilibrium partitioning. Thermally induced release was
directly monitored using1H NMR, which suggested that the
swelling strategy results in efficient entrapment of the peptide.
A 1H NMR temperature jump study was also performed. This
study suggests that the rate at which insulin is released from
the loaded network is partially decoupled from its collapse and
that multiple stages of release exist as a function of temperature.
These types of direct release experiments could prove as useful
templates in the future design of controlled macromolecule
release devices utilizing functionally modified thermoresponsive
particles.
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