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Abstract
Thermoresponsive hydrogel nanoparticles composed of poly(N-isopropylmethacrylamide)
(pNIPMAm) and the disulfide-based cross-linker N,N’-bis(acryloyl)cystamine (BAC) have been
prepared using a redox-initiated, aqueous precipitation polymerization approach, leading to
improved stability of the disulfide bond compared to traditional thermally-initiated methods. The
resultant particles demonstrate complete erosion in response to reducing conditions or thiol
competition. This stands in contrast to the behavior of thermally-initiated particles, which retain a
cross-linked network following disulfide cleavage due to uncontrolled chain-branching and self-
cross-linking side reactions. The synthetic strategy has also been combined with the non-
degradable cross-linker N,N-methylenebisacrylamide (BIS) to generate “co-cross-linked”
pNIPMAm-BAC-BIS microgels. These particles are redox-responsive, swell upon BAC cross-link
scission and present reactive thiols. This pendant thiol functionality was demonstrated to be useful
for conjugation of thiol-reactive probes and in reversible network formation by assembling
particles cross-linked by disulfide linkages.

Introduction
Within the realm of biomaterials, disulfide bonds are of great interest due to their
characteristic degradation in response to physiologically relevant reducing conditions.1, 2

Polymeric drug delivery vehicles incorporating disulfide bonds as essential components of
vehicular integrity are expected to undergo selective erosion upon entering the intracellular
space, providing a means to trigger the delivery of payloads and improve physiologic
clearance. Several groups, using a variety of architectures, have exploited this strategy.2-6

For example, Matyjaszewski et al. have used inverse mini-emulsion atom transfer
polymerization to produce nanogels capable of triggered erosion for the delivery of small
molecules to cancer cells.4 Armes and co-workers have included disulfide cross-linking in
block copolymer micelles as a method to regulate the release of a payload in the micelle’s
interior.5 These examples represent only a small portion of the efforts in this domain.

Our group has worked extensively on the development of drug carriers based on
poly(alkylacrylamide) nano- and micro-particles (nanogels or microgels).7-12 However, one
limiting characteristic of these vehicles is their non-degradable nature, as the polymer is not
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erodible and the network is typically cross-linked covalently with non-cleavable units. Thus,
the use of cross-linkers containing disulfide bonds was envisioned as a potentially useful
approach, where disulfide incorporation would enable erosion of drug carrier in a triggered
fashion, while also offering introduction of thiol functionalities within microgels for
bioconjugation and controlled assembly. Bulk hydrogels that incorporate the reversible
disulfide cross-linker N,N’-bis(acryloyl)cystamine (BAC) have been described in the
literature,13-16 but there are few examples of microgels incorporating this
functionality,4, 17-19 and none of these syntheses utilize the aqueous precipitation
polymerization method.

Precipitation polymerization has been repeatedly demonstrated to be a useful and versatile
means of generating monodisperse micro- and nano-particles, and is enabling in the
synthesis of particles with core/shell topologies.7, 20, 21 A notable drawback is that the
method utilizes high temperatures (typically >70 °C) to promote the thermal decomposition
of a radical source, such as ammonium persulfate (APS). Incorporating a disulfide bond
during microgel synthesis by such a process is challenging, as there are numerous side
reactions that disrupt the sulfur-sulfur bond. The disulfide bond may be homolytically
cleaved at high temperatures, resulting in sulfur radical formation during the synthesis.22

Additionally, the disulfide bond may enable a chain-transfer reaction, wherein radical attack
at the disulfide leads to the formation of a thioether, with a second sulfur radical released as
a result (See Supplemental Information, Scheme S1).22 Finally, any conversion of the
disulfide to thiols during synthesis would promote a Michael addition between the thiol and
the vinyl groups of the monomers, again generating a thioether.23-26 Thioether formation
during synthesis is still an enabling mechanism for particle formation, however the cross-
links formed are no longer susceptible to reduction/cleavage.

For bulk hydrogel synthesis, the accelerant N,N,N’,N’-tetramethylethylenediamine
(TEMED) is commonly used to enable room temperature syntheses. When paired with APS,
TEMED acts as a reducing agent, generating much higher levels of sulfate radical in
solution than are achieved by thermal dissociation at the same temperature. Recently, we
have shown that the use of the APS/TEMED pair is suitable for conducting microgel
synthesis using microfluidic devices at lower temperatures,27 and when utilized in
conjunction with precipitation polymerization allows in situ encapsulation of proteins and
the control of parasitic chain transfer reactions.28 To attempt to mitigate the effects of the
possible side reactions, we focused on the generation of thermoresponsive microgels
containing disulfide cross-links by producing the particles at temperatures only slightly
above the lower critical solution temperature (LCST) of the thermoresponsive polymer. In
this work, we demonstrate the synthesis of thermo-responsive microgels cross-linked with
the commercially available disulfide cross-linker BAC, utilizing aqueous precipitation
polymerization with a redox initiation pair. These particles are shown to erode in response to
reducing conditions, in contrast to comparable particles synthesized using the traditional
thermally-induced initiation approach. The improved control over disulfide incorporation
was used in combination with the non-degradable cross-linker BIS to generate thiol-bearing
microgels. These particles are shown to be suitable for iodoacetamide conjugation, and the
reversible nature of the disulfide bond is exploited to form and disperse doubly cross-linked
bulk gel networks of microgels, illustrating the potential utility of such particles in both
bioconjugation and gel assembly.

Experimental Section
Materials

All reagents were purchased from Sigma-Aldrich (St Louis, MO) and used as received,
unless otherwise noted. The monomer N-isopropylmethacrylamide (NIPMAm) was twice
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recrystallized from hexanes (VWR international, West Chester, PA) and dried in vacuo prior
to use. Reagents N,N’-bis(acryloyl)cystamine (BAC), N,N’-methylenebis(acrylamide) (BIS),
sodium dodecyl sulfate (SDS), ammonium persulfate (APS), N,N,N’,N’-
tetramethylethylenediamine (TEMED), dithiothreitol (DTT), sodium periodate, fluorescein
iodoacetamide, methanol, and dimethylsulfoxide (DMSO) were all used as received. Water
used in all reactions, particle purifications, and buffer preparations was purified to a
resistance of 18 MΩ (Barnstead E-Pure system), and filtered through a 0.2 μm filter to
remove particulate matter.

BAC Cross-linked Particle Synthesis - Redox
NIPMAm was dissolved in deionized water, to a final total monomer concentration of 140
mM. The solution was filtered, followed by the addition of SDS a final concentration of 6
mM. The solution was heated to 50 °C and purged under nitrogen for one hour. A solution
of 10% (by volume) TEMED in water was added, bringing the TEMED concentration to 2
mM. Polymerization was initiated ten minutes later by addition of an aqueous solution of 0.5
M APS (total concentration = 5 mM – an excess relative to TEMED to minimize interaction
with BAC), followed immediately by a 172 mM solution of BAC in methanol to achieve a
final molar ratio of 5 mol% cross-linker. The solution was allowed to stir at 50 °C for six
hours, then cooled to room temperature and filtered through a #2 Whatman filter paper.
(CHNS: Calculated for NIPMAm/BAC/APS 61.53 C, 9.52 H, 10.54 N, 4.04 S. Found 55.19
C, 9.41 H, 9.78 N, 5.01 S)

BAC Cross-linked Particle Synthesis - Thermal
NIPMAm was dissolved in deionized water, to a final total monomer concentration of 140
mM. The solution was filtered, followed by the addition of SDS a final concentration of 6
mM. The solution was heated to 80 °C and purged under nitrogen for one hour.
Polymerization was initiated by addition of an aqueous solution of 0.1 M APS (total
concentration 2 mM), followed immediately by a 172 mM solution of BAC in methanol to
achieve a final molar ratio of 5 mol% cross-linker. The solution was allowed to stir at 80 °C
overnight, then cooled to room temperature and filtered. (CHNS: Calculated for NIPMAm/
BAC/APS 63.08 C, 9.76 H, 10.81 N, 3.07 S. Found 57.20 C, 9.80 H, 9.89 N, 3.04 S).

Co-Cross-linked Particle Synthesis
NIPMAm and BIS (2 mol%) were dissolved in deionized water, to a final total monomer
concentration of 140 mM. The solution was filtered, followed by the addition of SDS a final
concentration of 1 mM. The solution was heated to 50 °C and purged under nitrogen for one
hour. A solution of 10% (by volume) TEMED in water was added, bringing the TEMED
concentration to 2 mM. Polymerization was initiated ten minutes later by addition of an
aqueous solution of 0.5 M APS (total concentration 5 mM), followed immediately by a 235
mM solution of BAC in methanol to achieve a final molar ratio of 5 mol% BAC. The
solution was allowed to stir at 50 °C overnight, then cooled to room temperature and filtered
through a 1.2-μm Acrodisc filter. (CHNS: Calculated for NIPMAm/BAC/BIS/APS 61.29 C,
9.44 H, 10.70 N, 4.02 S. Found 55.95 C, 9.70 H, 9.98 N, 3.45 S).

Particle Characterization
The microgels were size analyzed via dynamic light scattering (DLS) using a Dynapro DLS
(Wyatt Technology, Santa Barbara, CA) and by asymmetrical flow field-flow fractionation
coupled to multi-angle light scattering (A4F-MALS) using the Eclipse 1 Separation System
(Wyatt) and DAWN-EOS (Wyatt) detector. To characterize their degradation, samples with
an identical particle concentration were prepared in pH 8.6 HEPES buffer. To one solution,
an excess of DTT was added and allowed to incubate for 90 minutes. The two samples were
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analyzed using A4F-MALS using an identical procedure. The eluent was a 10 mM ionic
strength (7 mM NaNO3 + 3 mM NaN3) aqueous buffer, and particle separation was
achieved using a variable crossflow method wherein the initial crossflow rate of 1.0 mL/min
was reduced over a period of 30 minutes to 0.1 mL/min. This same protocol was used to
distinguish the thermally initiated particles. Particle radii (rrms) values are reported as the
average of three separations.

Elemental (CHNS) analysis was performed in duplicate on purified and lyophilized particles
by Atlantic Microlabs, Norcross GA.

Fluorescent Labeling
Two (2) mL of a 4.5 mg/mL stock solution of co-cross-linked particles were suspended into
two centrifuge tubes. The particles were pelleted by centrifugation at 18,000 × g for 10 min.
The supernatant was removed from each tube and 1.5 mL of a 10 mM solution of DTT in
pH 8.6 HEPES buffer was added to each. After four hours of reduction, the particles (now
presenting reactive thiols) were purified by sequential centrifugation and the supernatant
replaced with pH 7.4 HEPES buffer. Each time the particles were pelleted at 18,000 × g for
25 min, and the process was repeated five times. 200 μL of cleaned particle stock was added
to 1.1 mg of fluorescein iodoacetamide, along with 1.0 mL of pH 7.4 HEPES buffer + 200
μL of DMSO. The microgels were allowed to react at room temperature in the dark
overnight. The labeled particles were purified by sequential centrifugation and the
supernatant replaced with pH 7.4 HEPES buffer. The particles were stored in the dark while
redispersing, and the process was repeated ten times until the fluorescence signal from the
supernatant was indistinguishable from that of buffer. Fluorescence was measured using a
steady-state fluorescence spectrophotometer (Photon Technology International), equipped
with a Model 814 PMT photon-counting detector. Samples were prepared by diluting
labeled particles into pH 7.4 HEPES buffer. The excitation wavelength used was 494 nm,
and emission spectra were collected from 500-600 nm. Unlabeled particles were diluted to a
similar concentration and spectra were collected under the same conditions. Additionally,
co-cross-linked particles that were not exposed to DTT were also reacted with fluorescein
iodoacetamide under the same conditions, similarly purified and spectra collected under the
same conditions.

In Situ Erosion
The erosion of pNIPMAm-BAC nanogels was monitored in situ, using a previously reported
light scattering method.29 Using Multiangle Light Scattering (MALS) detection, the particle
weight-average molar mass (Mw) was monitored in real-time during the erosion reaction.
Reactants were introduced to the MALS detector using the Calypso syringe pump system
(Wyatt Technology Corporation, Santa Barbara, CA). The Calypso hardware consists of a
computer-controlled triplet syringe pump and a multichannel degasser, equipped with in-line
filters, mixers and valves to allow rapid and automated batch measurements. MALS was
performed using the DAWN-EOS (Wyatt Technology Corporation, Santa Barbara, CA)
equipped with a temperature-regulated K5 flow cell with a GaAs laser light source (λ = 685
nm). Additional description of MALS analysis is provided in the supporting information.
Data collection and subsequent analysis was performed using the Astra software Version
5.3.4.14 (Wyatt Technology Corporation, Santa Barbara, CA). Differential refractive index
analysis was performed via composition-gradient static light scattering using the Calypso
syringe pump and the OptilabrEX systems, equipped with an LED light source (λ = 690
nm).

In a typical erosion reaction, nanogels were prepared via dilution to a concentration of 3.5 ×
10−2 mg/mL in 0.1 μm-filtered pH 7.0 phosphate buffer (ionic strength = 20 mM). To
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initiate erosion, the BAC nanogel solution and 20 mM DTT or 40 mM cysteine (prepared in
the same buffer) were co-administered to the MALS flow cell via the Calypso syringe pump
system. Final concentrations of particles and reducing agent were 1.74 × 10−2 mg/mL and
10 mM DTT and 20 mM cysteine, thus yielding 20 mM reactive thiolate in both cases. The
particle Mw was monitored at stopped flow using the Astra software with a determined dn/
dc value of 0.158 for BAC nanogels. The dn/dc was measured in triplicate using the Calypso
syringe pump system coupled with dRI detection using a five-step calibration curve for BAC
particles (1.75 × 10−1 mg/mL − 3.50 × 10−2 mg/mL) suspended in filtered pH 7.0 phosphate
buffer (I = 20 mM).

Reversible Gelation
Two large centrifuge tubes were filled with eight (8) mL of a 4.5 mg/mL stock solution of
particles cross-linked with both BIS and BAC. The particles were purified by sequential
centrifugation at 15,500 × g for 25 min followed by re-dispersion in pH 7.4 HEPES buffer.
After cleaning, the supernatant was replaced with 8 mL of 10 mM DTT in pH 8.6 HEPES
buffer. The particles were allowed to erode with light agitation overnight. The now thiol-
bearing particles were again purified using sequential centrifugation at 15,500 × g for 60
min, replacing the supernatant with additional 10 mM DTT. After cleaning, the supernatant
was replaced with 7 mL of 12 mM NaIO4 in pH 7.4 HEPES. After addition, the solution was
centrifuged at 15,500 × g for 60 min. The resulting pellet was a solid gel, which was scraped
from the bottom of the centrifuge tube and provided for rheology measurements.

The reversible nature of the double-network was demonstrated by equilibrating a large piece
of the oxidized network in pH 8.6 HEPES buffer. The piece was then split into two
approximately equal sized pieces and each piece placed into their own well plate. To one
was added 5 mL of a solution of 22 mM DTT in pH 8.6 HEPES, while the other received
only an equivalent volume of buffer. The two were allowed to shake for 24 hours until
complete dissolution of the reduced network in the DTT-containing solution occurred.

Rheology
Oscillatory rheology was carried out using a stress-controlled rheometer (Anton-Parr
Physica MCR 501) with cone-plate geometry and a roughened cone with 25 mm diameter
and 2° aperture. Before measurement, the instrument was calibrated to account for different
sources of instrument error: motor and air bearing noise due to imperfections in motor
operation, air bearing surface, turbulence in the air bearing and the effect of the tool’s inertia
on stress-strain measurements without sample. All measurements were taken above the
instrument’s minimum torque of 0.1 μNm. Though the rheometer is stress-controlled, strain-
controlled measurements can be made because of a feedback loop: stress is applied and the
resulting strain is measured, and the loop enables the rheometer to adjust the applied stress
to keep strain at the desired value. The time to complete the loop is on the order of
milliseconds, so the accessible frequency range has an upper limit of about 100 rad/s. About
0.2 mL of the double network sample was compressed beneath the cone and plate at room
temperature. A linearity test was performed at 10 rad/s between 0.1% and 1% strain; for
strains below ~0.3%, the system can be safely assumed in the linear regime, as shown in
Figure 5a. The frequency measurements were done at constant strain of 0.1% and
frequencies on a logarithmic scale decreasing from 100 to 0.01 rad/s with 6 points per
decade.
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Results and Discussion
Particle Synthesis & Characterization

In order to minimize interaction between TEMED and BAC, two modifications to
conventional precipitation polymerization were necessary: an excess of APS relative to
TEMED was utilized, and the BAC was added immediately following initiation by APS.
Particle formation was confirmed by DLS, and was successful under the two synthetic
protocols described, with the differences limited to the reaction temperature and hence the
method of radical generation from APS. Elemental analysis confirms sulfur incorporation
for both the thermally and redox-initiated particles with BAC and APS being the two
potential sources of sulfur in the monomer feed. For the redox-initiated particles, the
reported sulfur values are slightly higher than expected from the feed composition. This may
arise from the bifunctional reactivity of the cross-linker, which likely contributes to faster
incorporation into the microgels, along with the high sulfate radical yield that is typical for
redox initiation. In contrast, the thermally-initiated particles were in close agreement with
their theoretical composition. This also likely represents efficient incorporation of BAC,
with perhaps a lower overall degree of sulfate incorporation.

To more directly probe the cross-link density of the particles, DLS was used to determine
the swelling ratio for the particles by determining the hydrodynamic radius above and below
pNIPMAm’s LCST. The work by Senff and Richtering, Varga et al., and Duracher et al.
focused on systematically studying the effect of cross-linking density on the swelling ratio
and particle topology (the ratio rrms/rh) of thermoresponsive microgels.30-32 The data from
the Varga study, which included swelling values in the regime seen for the disulfide cross-
linked particles, was used to estimate the BAC particles’ cross-link density. By plotting the
cross-link density vs. swelling ratio for the Varga data and using least-squares regression to
determine a model which best fit the data, we were able to use our swelling data to estimate
the cross-linking density of the BAC cross-linked particles (see Supporting Information).
For the redox-initiated particles, the determined swelling ratio of 1.82 when mapped onto
the Varga cross-link model yields an estimated cross-link density of 5.1%, in good
agreement with the monomer feed composition. In contrast, the thermally-initiated particles
exhibited a higher apparent cross-linking (swelling ratio = 1.45), corresponding to an
estimated cross-link density of 8.4%. The higher apparent cross-linking may be a result of
chain-transfer located at the disulfide bond, Michael addition, or any of the other potential
cross-link forming side reactions described above.

Particle Erosion—Successful incorporation of BAC within the microgel network should
lead to particles that undergo cross-link scission via disulfide reduction. Generally, a
reduction in the amount of cross-linking in a particle would cause an increase in particle
swelling as the network becomes more flexible. In the extreme case wherein all cross-
linking points within the particle are labile, complete dissolution of the microgel should
follow reduction. A comparison of the chromatograms shown in Figure 1 highlights the
impact the initiation method has on particle erosion following cross-link cleavage. When the
thermally-initiated particles were exposed to the reductant DTT, a small increase in the A4F
retention time and a reduction in the intensity of the scattering signal were observed (Figure
1a). The increased retention time in the variable cross-flow separation is indicative of
decrease in the particle diffusion coefficient, which we propose occurs due to cross-link
scission and the concomitant increase in particle swelling and rh. The accompanying
reduction in scattering intensity is further indicative of particle swelling and thus a reduction
in refractive index. The increase in particle rh suggests a decrease in nanogel density as a
result of cross-link scission. Offline analysis of the particles before and after erosion by DLS
confirmed the expected changes accompanying cross-link scission, as shown in Table 1.
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Nanogel erosion resulted in an increase in the swelling ratio from 1.45 to 2.18, which
correlates to a remnant cross-link density of 2.4%. A large increase in rrms from 33 nm to 43
nm also resulted from scission, which was further indicative of network expansion.
Interestingly, the particle mass distribution remained consistent throughout erosion reaction
for thermally-initiated nanogels. The mass distribution may be inferred through the ratio of
the rrms (weighted-size by the mass distribution about the center of mass) and the rh
(determined from the diffusion coefficient of the particle). Monitoring changes in mass
distribution following erosion is a useful way to characterize the distribution of the labile
bonds within the nanogel architecture. For example, changes in mass distribution following
erosion would indicate that the labile cross-links were preferentially located in a particular
region of the particles. The value of rrms/rh for the thermally initiated particles (~0.56) is
indicative of a radially heterogeneous segment density, with the periphery having a lower
density of polymer. This value is frequently observed for nanogels prepared by precipitation
polymerization, where dissimilar reactivity between the monomers results in greater
polymer segment density towards the interior of spheres.30 Although erosion caused a shift
in the size and molar mass of the particles, there was no measureable change in rrms/rh. This
result suggests that cross-link scission from BAC featuring intact disulfide bonds occurred
evenly throughout the structure. As such, the heterogeneous segment density suggests the
non-labile and labile cross-link distributions are similar. However, additional work may be
necessary to verify this hypothesis.

In contrast to thermally initiated nanogels, the redox-initiated particles showed complete
dissolution after exposure to DTT; as evidenced by the disappearance of the peak associated
with the nanogel and the emergence of a peak at very short retention times with diminished
scattering signal. The loss of particle retention via A4F is indicative of a drastic decrease in
the polymer diffusion coefficient, whereas the loss of scattering signal is indicative of a
significant reduction in particle density, suggesting potential mass loss from the polymer.
Together, those data suggest complete dissolution of the nanogel into low molar mass,
oligomeric products (Figure 1b). The differential response seen in the A4F results for the
two types of particles is indicative of the difference in network structure between the two.
The failure of thermally-initiated particles to completely erode into oligomeric chains
reveals the presence of non-erodible residual cross-links in the structure, likely thioethers
resulting from side reactions. In the redox-initiated case these parasitic reactions are limited,
leading to a particle whose network integrity is completely controlled by disulfide cross-
links.

In Situ Erosion
In the presence of a strong reducing agent, such as DTT, the nanogels synthesized at lower
temperatures via redox initiation completely dissolved into low molar mass components.
Thus, we hypothesized that those networks would be similarly sensitive to the presence of
cysteine and other thiols in their environment, resulting in thiol-disulfide exchange reactions
that would disrupt connectivity in the nanogel network. The timescale of erosion for thiol
competition under physiologically relevant reducing conditions, such as those found in the
cytoplasm, is of interest in drug delivery applications. Nanogel erosion was monitored in
situ via MALS detection, using a similar method as reported previously.29 Through this
approach, changes in the apparent Mw of nanogels were monitored in real-time, enabling a
direct comparison of erosion kinetics for particles in response to DTT and cysteine (Figure
2).

In the presence of DTT, the Mw of nanogels decays by an order of magnitude, eventually
reaching equilibrium after ~40 minutes of the reaction (Figure 2). This indicates that
swelling is accompanied by mass loss and that both effects give rise to the decrease in light
scattering intensity observed via A4F analysis (Figure 1). Erosion also proceeds in the
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presence of cysteine, but at a much slower rate. The higher reaction rate for DTT may result
from differences in the erosion products. Following exchange DTT is released from the thiol
by a cyclization reaction, reverting to an internal oxidized disulfide bond and leaving behind
a pair of thiols on the microgel. In contrast, cysteine likely disrupts the BAC by participating
in a single thiol-disulfide exchange reaction; the resulting product is therefore a mixed-
disulfide. This leads to the possibility of reverse reactions and continued thiol-exchange
reactions that are not productive towards cross-link scission.

Reactive Thiol Incorporation
The disulfide content imparted by BAC may enable the conjugation of thiolated molecules
within the nanogel network by thiol-disulfide exchange reactions, as shown in Figure 2 for
cysteine. However, BAC may also be reduced to yield reactive thiols within nanogel
networks, which prepares those networks for a variety of other bioconjugation chemistries.
For example, reactive thiols within nanogels are of great utility due to their selective
reactivity with maleimides, iodoacetamides, and other thiols under mild, aqueous
conditions.33 Yet as depicted in our results, complete reduction of BAC within the colloid
results in particle decomposition. We therefore synthesized co-cross-linked particles
containing both BAC and a non-degradable cross-linker, BIS. The resultant nanogels
underwent a significant size increase in response to the reductant DTT, from an rh of 183 nm
to 232 nm at 20 °C and a pH of 8.6, accompanied by a large decrease in turbidity due to a
decrease in the cross-link density in the network (photographs of these dispersions are
available in the supporting information). The reduced form of the co-cross-linked particles
presented free thiols available for conjugation with an iodoacetamide derivative of
fluorescein, yielding fluorescent particles. In contrast, particles containing BAC in the
oxidized form showed significantly reduced fluorescence (Figure 3). Epifluorescence
microscopy images of the labeled particles are available in Supporting Information.

Reversible Gelation
The reversible nature of the disulfide reduction enables cross-link formation between thiols
resulting from BAC reduction. Placing the thiolated particles together at high concentration,
such as by centrifugation, enabled the thiols to react under oxidizing conditions and form a
double network “gel of microgels”, wherein the individual microgels retain their identity
through incorporation of the non-degradable BIS cross-linker, yet are tethered to one another
by the resulting inter-particle disulfide linkages.

Centrifugation of the co-cross-linked particles resulted in a dense pellet (Figure 4-left),
whereas nanogels reacted with DTT, due to their decreased density, required a two-to-three
fold increase in centrifugation time at the same relative centrifugal force to form a sediment.
The resulting pellet of the reduced particles was less turbid in comparison to non-degraded
particles (Figure 4-center). Despite those differences, both degraded and non-degraded
nanogels were fluid in their highly concentrated, sedimented form, with water-like viscosity
rendering them readily capable of being drawn up via pipette for the suspended drop images
shown in Figure 4. Exposure of the thiol-bearing particles to the oxidant sodium periodate
during centrifugation dramatically increased the viscosity of the particle dispersion as a
result of interparticle cross-linking. The volume and turbidity of the pellet was similar to the
disulfide particles prior to reduction, indicative of the cross-link re-formation (Figure 4-
right). However, the pellet did not flow when inverted, indicating the formation of a
viscoelastic solid capable of being handled with tweezers, as shown in Figure 4.

Through rheological characterization of the resultant solids, we find that the storage
modulus of our double-network is ~2000 Pa, while the loss modulus is ~100 Pa, as shown in
Figure 5b. As a result, within the experimental frequency range, the complex shear modulus
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(G*) is dominated by the contributions from the elastic character of the network. We note
that the value of the shear modulus is comparable to that of a variety of disulfide cross-
linked hydrogel networks,34, 35 acrylamide-based hydrogels,36 and densely-packed microgel
assemblies.37 The shear modulus is also comparable to similar work by Hu et al.38 wherein
microgels composed of pNIPAm, internally cross-linked with BIS, and bearing N-
hydroxymethacrylamide form a self-cross-linked “gel of microgels” upon drying that is
analogous to the double-network discussed in this work.

The inter-particle disulfide bonds that bind the microgels within the double-network can be
reduced to restore the constituent thiol-bearing particles. Exposure of the double-network to
DTT resulted in network dissolution. As shown in Figure 6, a significant loss in gel turbidity
and a clouding of the solution occurred within 2 hours. The loss in turbidity likely resulted
from a reduction in cross-link density as the inter-particle disulfides are cleaved, and the
clouding was the result of dispersion of liberated microgels. The double network gel
completely decomposed within 24 hours. Such a system may be enabling for numerous
potential applications, such as creating erodible gels with tunable mechanical properties, or
acting as a reservoir for delivery of either a drug trapped within the matrix or for the release
of microgel delivery vehicles themselves.

Conclusions
In this work, we have demonstrated the ability to incorporate disulfide cross-links into
thermoresponsive microgels using the commercially available cross-linker N,N’-
bis(acryloyl)cystamine while utilizing aqueous precipitation polymerization. Conventional,
thermally-initiated free radical precipitation polymerization leads to uncontrolled side (self-
cross-linking) reactions, leading to significant disruption of the central disulfide bond and
generation of a non-degradable network. The use of a redox pair as the radical source during
the polymerization leads to a reduction in the temperature needed to conduct the synthesis,
while also reducing the rate of parasitic side reactions. Chemical reduction or thiol exchange
of the disulfide cross-links leads to fully erodible nanogels, which may be enabling for drug
delivery applications. We have demonstrated that these particles erode under mild
conditions in the presence of reducing agents or a competing thiol on a timescale of minutes
to hours. Furthermore, by incorporating a non-degradable second cross-linking element,
intact thiol-bearing microgels can be generated through disulfide reduction, with such
particles being amenable to bioconjugation and reversible double-network formation. The
ability to incorporate disulfides and thiols into microgels via precipitation polymerization
enables these functionalities to be used in parallel with well-characterized techniques to
control particle size, topology, and functionality. We envision this additional capability to be
enabling for the design of future generations of microgels for numerous applications.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A4F-MALS separation of pNIPMAm-BAC (5%) microgels formed by the (a) thermal and
(b) redox initiation methods. Incubating the particles with DTT increased retention of the
thermally-initiated particles, yet led to degradation of the redox-initiated particles.
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Figure 2.
Nanogel erosion via cross-link scission occurs in presence of DTT (red) or cysteine (blue),
monitored in situ via MALS. Error bars (black) represent one standard deviation about the
mean of measurements.
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Figure 3.
Fluorescence spectra (λex = 494 nm) of (dark green) fluorescein-labeled pNIPMAm-BAC-
Bis particles, (orange) unlabeled particles, (blue) pH 7.4 HEPES buffer, and (red) the
supernatant following purification by centrifugation. Particles that were not reduced and
therefore retained their disulfide linkages (light green) had much lower coupling efficiency
than that of the reduced particles.
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Figure 4.
Gelation of pNIPMAm-BAC-BIS particles. Sedimented particles with intra-particle
disulfides form a dense pellet, yet retain fluidity (left). Reduction by DTT leads to the
production of thiol-bearing particles, a reduction in pellet density, and the retention of
particle fluidity (center). Oxidation by NaIO4 restores pellet density, but the resulting solid
is a double-network of microgels cross-linked by interparticle disulfides (right).
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Figure 5.
Storage and loss moduli as determined by oscillatory rheology for the pNIPMAm-BAC-BIS
oxidized double-network. The linearity test (a) shows G’ (closed symbols) and G” (open
symbols) as a function of strain at constant frequency of 10 rad/s. (b) shows both moduli as
a function of frequency at constant strain of 0.1%. The storage modulus is an order of
magnitude larger than the loss modulus, indicative of the solid-like properties of the
microgel double-network.
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Figure 6.
Images depicting the erosion of the pNIPMAm-BAC-BIS double-network. In response to
the addition of DTT, the network dissolves leading to the reversion of the particles to their
dispersed state in a matter of hours.
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