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Abstract

Small, monodispersed nanogels (~ 50-nm radius) were synthesized by free-radical precipitation
polymerization and characterized using a suite of light scattering and chromatography methods.
Nanogels were synthesized with either N-isopropylacrylamide or N-isopropylmethacrylamide as the
main monomer, with acrylic acid or 4-acrylamidofluorescein as a co-monomer and N, N'-
methylenebis(acrylamide) as a cross-linker. By varying the surfactant and initiator concentrations,
particle size was controlled while maintaining excellent monodispersity. An amine-containing shell
was added to these core particles to facilitate subsequent bioconjugation. Successful conjugation of
folic acid to the particles was demonstrated as an example of how such materials might be employed
in a targeted drug delivery system.
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Introduction

Hydrogel colloids, or nanogels, are nanoparticles consisting of randomly oriented, cross-
linked, water-soluble polymers. A subclass of nanogels, those based on responsive hydrogels,
are able to undergo transitions from a swollen to a deswollen state in response to external
simuli.1=8 In recent years, such nanogels have been the focus of research in the areas of drug
delivery, biomaterials, biosensing, tissue regeneration, and chemical separations. 9-17 some
of the most studied nanogels are composed of poly(N-isopropylacrylamide) (pNIPAm), a
thermoresponsive polymer with a lower critical solution temperature (LCST) of ~31 °C. 12,
57 Monodispersed nan 1gels over a wide range of sizes have been synthesized by a number
of different methods, 9 with free-radical precipitation polymerization being the most
common.” 18, 20-24

Perhaps the most interesting behavior of pNIPAm nanogels is the swelling/deswelling of the
gels in water upon reaching the lower critical solution temperature (LCST), which occurs
around 31 °C. Below this temperature, the particles are hydrophilic and swollen. Above this
temperature, the water is expelled, due to an entropically-driven polymer phase separation.ll

» 1 Particles composed of poly(N-isopropylmethacrylamide) (pNIPMAmM) behave in a
S|m|Iar manner, exhibiting an LCST around 44 °C, with the increased LCST arising from an
increase in the rigidity of the pNIPMAmM polymer, as is common for methacrylamides. 25-29
This behavior is important to this work due to the fact that our group has optimized core/shell
nanogel synthesis techniques that utilize this LCST behavior to drive the controlled nucleation
and growth of the particles.
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The focus of the work presented here is related to the size control of a variety of core/shell
nanogel constructs. Nanogels to be used for intravenous drug delivery applications such as
targeted chemotherapy must be around 100 nm in diameter to be efficient vehicles. Particles
of this size do not penetrate into healthy tissues, as pore sizes in the endothelia of blood vessels
in most healthy tissues are ~2 nm, while ~6 nm pores are found in postcapillary venules.30
However, the same resistance to particle penetration is not encountered in tumor targeting, as
the “leaky” discontinuous tumor vasculature has pore sizes ranging from 100 nm — 780 nm.
30-32 Typically, this leaky vasculature enables what is called the “enhanced permeability and
retention” (EPR) effect, which enables the enhanced deposition of nanoscale delivery vehicles
at the site of a solid tumor.33-35 Another problem that delivery vehicles encounter is non-
specific uptake by the reticuloendothelial system (RES). The surface characteristics of particles
can affect uptake by the liver, spleen, and the rest of the RES.36, 37 Hydrophilic particles tend
avoid the RES for much longer time periods than hydrophobic particles, thereby permitting
longer circulation times, which allow the particles a greater chance to target the site of interest.
36 Thus, both size and surface chemistry should be controllable in order to enable the synthesis
of effective tumor targeting vehicles.

The nanogels used in this work were synthesized by free-radical precipitation polymerization.
In this approach, a free-radical initiator is used to initiate the reaction, while a surfactant is
used to stabilize the growing polymer globule. Classically, one would expect that increasing
both the surfactant and initiator concentrations would lead to a reduction in particle size.38
Ammonium persulfate (APS) is a free radical initiator, and as the reaction is heated, it creates
free radicals and hence growing oligoradicals that act as nucleation sites onto which growing
polymer can add. Increasing the initiator concentration leads to more free radicals being
formed, and this leads to an increase in number of particles that can potentially be formed.
Since the monomer is being consumed by more growing particles under such conditions, the
final particle size will be smaller as the same amount of monomer is spread among more
particles. Thus, we expect that an increase in the initiator concentration will yield a smaller
average particle size. The second control parameter to be explored is that of surfactant
concentration. Sodium dodecyl sulfate (SDS) is the surfactant used in the particle syntheses
described below. SDS acts to stabilize the growing nuclei against aggregation early in the
reaction. Thus, at lower [SDS], particles formed in the early stages of the reaction aggregate
to form larger particles, decreasing the number of particles that are formed in a reaction.
Conversely, an increase in [SDS] should increase the stability of the early nuclei, allowing
them to grow without extensive aggregation and therefore increasing the particle number while
decreasing the final particle size. Because of the simplicity of these reaction design
considerations, these control parameters are commonly used in dispersion polymerization to
control particle size.38 In this study, we demonstrate the ability to synthesize small,
monoadisperse core/shell nanogel particles. The syntheses are very well controlled, and give us
the ability to make a variety of particle sizes. We have also shown the ability to synthesize
these small nanogels with different co-monomers thereby producing particles with multiple
functionalities. These efforts were undertaken in support of our larger efforts in targeted
chemotherapy wherein such synthetic control is critical.

Experimental Section

All materials were purchased from Sigma-Aldrich unless otherwise noted. The monomers N-
isopropyl acrylamide (NIPAm) and N-isopropyl methacrylamide (NIPMAm) were
recrystallized from hexane (J. T. Baker) before use. The cross-linker N, N’-methylenebis
(acrylamide) (BIS), acrylic acid, N-(3-aminopropyl) methacrylamide hydrochloride (APMA)
(Polysciences), ammonium persulfate (APS), and sodium dodecyl sulfate (SDS) were used as
received. All water used in the experiments was distilled, and then deionized using a Barnstead
E-pure system operating at a resistance of 18 MQ. A 0.2 um filter was used to remove
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particulate matter. For folic acid conjugation, folic acid, 1-ethyl-3-methyl-(3-
dimethylaminopropyl)carbodiimide (EDC) (Pierce), and dimethyl sulfoxide (DMSO) (Fisher)
were used. The fluorescent monomer 4-acrylamidofluorescein (AFA) was synthesized via a
previously reported procedure.?’9

Nanogel Core Synthesis

Nanogel core/shell particles were synthesized by free-radical precipitation polymerization as
reported previously.22' 23 For all particles, the molar composition of core particles was 96%
NIPAmM (or 96% NIPMAmM), 2% BIS, and 2% AAc, or 98% NIPAm (or 98% NIPMAmM), 2%
BIS, and 0.1 mM AFA. A total monomer concentration of 70 mM was used for NIPAm
particles, while a total concentration of 140 mM was used for NIPMAm particles. All
polymerizations were carried out in a three-neck round bottom flask. As described below,
various concentrations of SDS were used as the surfactant, and various concentrations of APS
were used to initiate the reaction. In a typical synthesis, 100 mL of a filtered, aqueous solution
of monomer, BIS, and SDS were added to the flask and heated to 70 °C. The solution was
purged with N, gas and stirred vigorously until the temperature remained stable. The AAc was
then added (where appropriate). After 15 minutes, the reaction was initiated by addinga 1 mL
solution of the desired concentration of APS. The solution turned turbid, indicating successful
initiation. The reaction was allowed to continue for 4 hours while being purged by N5 gas with
constant stirring. For particles containing AFA, the AFA was added along with the main
monomer and cross-linker. After the synthesis, the solution was filtered through a Whatman
filter paper. Conditions for all of the core syntheses can be found in Tables 1 and 2. For all
syntheses, the batch to batch size variation was within 10%. Differences from batch to batch
can simply be attributed to slight thermal fluctuations during the synthesis.

Nanogel Shell Synthesis

Core particles were used as seeds for the addition of a shell hydrogel. The detailed procedure
of the shell synthesis has been reported in previous publications.2 » 23 In brief, 10 mL of the
core nanogel solution, 2 mM SDS, and 35 mL of deionized H,0 were added to a three-neck
round bottom flask and heated under N5 gas to 70 °C. Separately, a monomer mixture with the
following molar ratios was dissolved in 5 mL of deionized H,O: 97.5% NIPAm (or 97.5%
NIPMAmM), 2% BIS, and 0.5% APMA. This solution was added to the three-neck round bottom
flask and heated to 70 °C. The reaction was initiated by a 1 mL solution of 0.5 mM APS and
the reaction proceeded for four hours. Following the synthesis, the solution was filtered through
a Whatman filter paper and then centrifuged several times for purification.

Particle Characterization

Static light scattering

Multi-angle laser light scattering (MALLS) (Wyatt Technology Corporation) detection
following asymmetric field flow fractionation (AFFF) was used to determine the distribution
of z-average radii (R;) for all particles. The AFFF separation method uses a cross flow method
to separate the particles as a function of hydrodynamic volume. The cross flow acts to force
larger particles against a cellulose membrane, while smaller particles elute to the MALLS
detector faster. For all separations, a cross flow of 0.5 mL/min was used. The MALLS detector
is equipped with a Peltier device to maintain a flow cell temperature of 25 °C and collects
scattered light from 16 different fixed angles to determine the R, of the particles. By measuring
R; as a function of elution time, we construct a chromatogram that permits the determination
of the weight fraction of particles as a function of radius, thereby providing a sample
polydispersity. ASTRA 5.1.5.0 software was used to determine R, values using the Debye fit
method.
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Particle LCST values were measured from turbidity curves collected on a steady-state
fluorescence spectrophotometer (Photon Technology International), equipped with a Model
814 PMT photon-counting detector. Scattering was measured through slits that were set to
attain a spectral bandwidth of 2 nm. The scattering was measured at a wavelength of 600 nm,
and the temperature ramp was set from 25 °C to 60 °C. An integration time of 1 s was used
and data was collected every 0.1 °C, with the temperature increasing at a rate of 1 °C per minute.

Folic acid conjugation

Nanogel core/shell particles were conjugated with folic acid by a method previously described
by Dube et al.40 The core/shell nanogel solution was freeze-dried and then resuspended in 40
mL of 10 mM phosphate buffer pH 4.7. A 2:1 molar ratio of folic acid to amine in the shell
was dissolved in 1 mL DMSO. To this, a 2x equivalent of EDC was added to activate the folic
acid. This solution was mixed for 15 minutes, and then added to the core/shell nanogel solution.
The reaction was stirred in the dark overnight. The particles were then centrifuged/resuspended
several times for purification.

Absorbance measurements

The absorbance of folic acid, core/shell particles, and folate-conjugated core/shell particles
was determined using a Shimadzu UV 1601 spectrophotometer. Freeze-dried samples were
dissolved in DMSO for absorbance measurements.

Results and Discussion

Table 1 shows the very straightforward progression we have followed in the synthesis of
pNIPAmM nanogels. These data show our ability to make core particles composed of p(NIPAm-
co-acrylic acid), as well as pNIPAm core particles containing AFA as a fluorescent marker.
For pNIPAmM-co-AAc core particles, a 70 mM total monomer concentration was used for all
reactions. The surfactant and initiator concentrations were gradually increased until the particle
size approached the target 50-nm radius. As described above, MALLS coupled to the AFFF
separation technique was used to characterize particle size and polydispersity. Examples of
such data are shown in Figure 1, wherein highly monodisperse particle size distributions are
evident from the differential weight fraction. Figure 1 also shows the overlay of the radius data
with the raw detector signal, illustrating the high degree of monodispersity possible with these
syntheses. The initial synthesis resulted in particles that were 86 nm in radius. This synthesis
used 2 mM SDS and 2 mM APS. After increasing these concentrations to 3 mM each, the
resulting particles were 73 nm in radius. Particles of appropriate size were synthesized when
the SDS and APS concentrations were increased to 4 mM each. These particles had a radius
of 53 nm. An interest in fluorescent tracking for future targeted chemotherapy studies led to
our use of AFA as a co-monomer in the particle synthesis. Using the same synthesis conditions
as described earlier, with the exception of 0.1 mM AFA being used instead of 2 % AAc, the
particles slightly increased in size to 57 nm in radius, still close to the desired particle size.
This data is shown in Figure 2. A further attempt to decrease the core particle size was
successful, (Figure 3) where the particle size was further reduced in size to 44 nm in radius for
pNIPAm-co-AFA. The decrease in size was achieved by increasing [BIS] and decreasing the
total monomer concentration. Increasing the [BIS] caused the particles to be more highly cross-
linked, resulting in the tighter, smaller particles. The reduction of total monomer concentration
results in smaller particles due to the decreased amount of monomer that can be added during
the polymerization.

Table 2 shows the synthetic progression for pNIPMAmM nanogel syntheses. The introductory
synthesis used the same conditions as that of the successful pNIPAm synthesis. However, using
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70 mM total monomer concentration did not result in good particle formation. This was most
likely due to the lower propagation rate constant for NIPMAm versus NIPAm, which would
result in slower particle nucleation.29 The total monomer concentration was increased to 140
mM to achieve a successful synthesis. Since the synthesis required a higher monomer
concentration, the surfactant and initiator concentrations had to be further increased to attain
a particle size near 50 nm in radius. Figure 4 clearly shows that monodisperse particles can be
made over a range of sizes using this straightforward synthetic approach. The progression of
particle sizes is shown with error bars that denote the full width of the differential weight
fraction, indicating very monodisperse particles obtained from each synthesis. The pNIPMAM
syntheses were also performed using AFA, for fluorescent tracking, instead of acrylic acid as
a co-monomer. Figure 4 shows these particles also had a slight increase (51 nm radius) over
the acrylic acid particles, but were still close to 50 nm in radius. A further attempt to decrease
the core particle size was also successful with pNIPMAmM-co-AFA (pNIPMAmM-co-AFA #6,
Figure 4). The particle size was decreased to 45 nm by increasing [BIS] and decreasing the
total monomer concentration.

A thin, hydrogel shell was added to the 57 nm-radius pNIPAm-co-AFA core particles using a
total monomer concentration of 20 mM in the feed solution. The shell consisted of pNIPAM,
BIS, and APMA.. The shell synthesis is a seeded precipitation polymerization reaction. The
core particles are heated well above the LCST and the deswollen particles act as nuclei onto
which growing polymer can be added. The thin shell compresses the core particle, and upon
reswelling, the particle is actually smaller in size. Our group has previously shown shell
compression, wherein the thin shell does not allow a complete reswelling of the core.24 Figure
5 shows that the shell compression creates a particle that is 52 nm in radius, versus the 57 nm
radius core. The addition of APMA incorporates primary amines in the shell to provide
additional functionality to the particles.

In order to add a shell to the 51 nm-radius pNIPMAmM-co-AFA core, the shell’s monomer
concentration had to be increased from that of pNIPAm, to 50 mM. The shell consisted of
pNIPMAmM, BIS, and APMA. With the increase in monomer concentration, the particles did
not see a dramatic compression as with the pNIPAm particles. Compression of the core most
likely still occurs, but the increase in monomer concentration (and hence the increase in shell
thickness) was enough to overtake the amount of compression, and increase the total size of
the particles. The pNIPMAm core/shell particles increased in size from 51 nm in radius for the
core to 55 nm radius for the core/shell particles (Figure 6).

Figure 7 shows turbidity curves measured for both pNIPAm and pNIPMAmM core/shell
particles. The pNIPAm core/shell particles exhibited an LCST of ~ 31 °C, while the pNIPMAM
core/shell particles exhibited an LCST of ~ 44 °C. Both of these values were as expected given
the literature precedent referenced above. Future studies will compare targeting efficiencies of
both sets of particles, as pNIPAm core/shell particles will be mainly deswollen at 37° C, while
pPNIPMAmM core/shell particles will be mainly swollen at 37° C. The deswollen pNIPAmM
particles are hydrophobic, which can lead to the particles being taken up by the RES. The
swollen pNIPMAm particles are hydrophilic, which may lead to avoidance of the RES and
longer circulation times in the body.

The core/shell particles are suitable for bioconjugation due to the amines incorporated in the
shell. A variety of bioconjugation strategies can be used to create targeting moieties on the
shell of the particles using pendant amines.12: 41-43 | this case, we have used carbodiimide
coupling to attach folic acid to the particles. Folic acid is biologically important, as it is needed
by the body as vitamin B9. In addition, the folate receptor is overexpressed in many tumor
cells. This makes folic acid and its receptor a prime candidate for targeting studies. Figure 8
shows the incorporation of folic acid on the core/shell particles. Particles were conjugated with
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folic acid and cleaned several times by centrifugation to remove any free folic acid. Absorbance
measurements for folic acid show a peak 285 nm. Unconjugated particles do not show this
peak, while conjugated particles do show an absorbance peak at 285 nm, indicating folic acid
has been conjugated to the particles. Future studies will use these bioconjugated core/shell
particles for in vitro and in vivo targeting of cancer cells.

Conclusions

In this investigation, it has been shown that small, bioconjugated nanogels can be produced
using a very straightforward synthetic approach. Through our synthetic methods, we have
shown control over particle size, with the ability to synthesize a wide range of diameters. The
particles are highly monodisperse at all sizes and core/shell compositions. The ability to
incorporate acrylic acid in the core allows greater functionality among the particles (i.e. for
additional chemoligations), while the AFA-incorporated core allows fluorescent tracking. The
incorporation of amines in the shell gives the particles multiple functionalities, allowing simple
conjugation to acid groups present on a number of biologically important targeting moieties.
We have illustrated this ability with the addition of folic acid to the particles in this contribution.
We are currently evaluating the efficacy of these particles as drug carriers, as their near-50 nm
radii make them appropriate for intravenous delivery of therapeutics.
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Abbreviations

NIPAmM

N-isopropylacrylamide
LCST

lower critical solution temperature
NIPMAmM

N-isopropylmethacrylamide
EPR

enhanced permeability and retention
RES

reticuloendothelial system
APS

ammonium persulfate
SDS

sodium dodecyl sulfate
BIS

N, N’-methylenebis(acrylamide)
APMA

N-(3-aminopropyl) methacrylamide hydrochloride
EDC

1-ethyl-3-methyl-(3-dimethylaminopropyl)carbodiimide
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DMSO
dimethyl sulfoxide
AFA
4-acrylamidofluorescein
MALLS
multi-angle laser light scattering
AFFF
asymmetric field flow fractionation
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Overlay of radius data as sample elutes to detector and is shown as voltage (a,c,e) for pNIPAm-
co-AAc core particles, and corresponding differential weight fraction plots, as determined by
AFFF-MALLS (b,d,f). Synthetic parameters for (a,b) are shown in Table 1, row 1; (c,d) are

shown in Table 1, row 2; (e,f) are shown in Table 1, row 3.

Colloid Polym Sci. Author manuscript; available in PMC 2008 September 3.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Blackburn and Lyon

Page 10

0.25

0.20

0.15

Differential weight fraction

0.10

| | | | |

55 56 57 58 59
Radius, nm

Figure 2.
Differential weight fraction plot for pNIPAmM-co-AFA core particles, as determined by AFFF-
MALLS. Synthetic parameters are shown in Table 1, row 4.
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Figure 3.
Differential weight fraction plots for pNIPAmM-co-AFA core particles, as determined by AFFF-
MALLS. Synthetic parameters are shown in Table 1, row 5.
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Figure 4.

Particle sizes determined for the pNIPMAmM core particle sytheses. Error bars do not indicate
a standard deviation, but rather the total width of the differenatial weight fractions for each
synthesis.
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Figure 5.

Change in size of pNIPAm core particles versus pNIPAm core/shell particles. Error bars

indicate the total width of the differential weight fractions.

Colloid Polym Sci. Author manuscript; available in PMC 2008 September 3.



1duasnuely Joyiny Vd-HIN 1duosnuey JoyIny vd-HIN

1duasnuely Joyiny vd-HIN

Blackburn and Lyon

70
60
50
40
30
20
10

0

Radius, nm

Page 14

EpNIPMAmM core
H pNIPMAmM core/shell

PNIPMAmM core vs. core/shell

Figure 6.
Change in size of pNIPMAmM core particles versus pNIPMAmM core/shell particles. Error bars

indicate the total width of the differential weight fractions.
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Figure 7.

Temperature-dependent turbidity measurements for (a) pNIPAm core/shell particles and (b)
pNIPMAmM core/shell particles.
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Figure 8.
Absorbance of free folic acid (red), and pNIPAm core/shell particles before (black) and after
(blue) folic acid conjugation.
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