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Abstract

Nanogels based on poly(N-isopropylacrylamide) are attractive vehicles for prolonged duration
local anesthesia because of their tunable size, number of functional groups, thermoresponsiveness,
and their anionic charge. Nerve block durations of up to nine hours were achieved using acrylic
acid-loaded nanogels loaded with bupivacaine. Increasing the anionic charge density of the
nanogels or (for more highly acid-functionalized nanogels) decreasing the nanogel size facilitated
longer duration anesthetic release. Small (<300 nm diameter) nanogels formed dense aggregates
upon injection /in vivo and induced only mild inflammatory responses, while large (>500 nm
diameter) nanogels typically remained as liquid-like residues /n vivo and induced more severe
inflammatory reactions.
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1. INTRODUCTION

Prolonged duration local anesthesia after surgery is a significant current clinical need. To
meet this goal, bioerodible polymer implants[1, 2], liposomes[3-5], degradable
microparticles[6-11], hydrogels[12-15], viscous polymer formulations[16], drug-grafted
polymer solutions[17], or combinations thereof[18, 19] have all been applied as drug
delivery vehicles for local anesthetics. In most cases, injectable systems for local anesthetic
delivery are successful in prolonging local anesthesia over the course of several hours
relative to injections of the anesthetic solution alone, although the use of synergistic drug
combinations may extend this time period to several days[5].
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Nanogels, sub-micron hydrogel particles with colloidal properties, are interesting candidates
as drug delivery vehicles because the hydrogel nanostructure of nanogels can be engineered
to achieve controlled pore structures, chemical topologies, and swelling responses to
environmental stimuli[20], while the colloidal nanoparticle macrostructure of nanogels
offers the advantages of high specific surface areas and ready injectability. Thermosensitive
nanogels based on poly(N-isopropylacrylamide) (PNIPAM) offer the further potential
advantage of undergoing a volume phase transition as they are heated above a critical
temperature, resulting in significant gel deswelling and (in some cases) thermally-triggered
aggregation of the nanogel particles to form aggregates and/or physically-crosslinked
hydrogels[21]. Since thermosensitive nanogels can exhibit triggerable changes in pore size
and colloidal stability, they have been widely investigated for the “on-demand” delivery of
drugs or model drugs including acetylsalicylic acid[22], fluorescein-labelled dextran[23],
insulin[24], and bovine serum albumin[25], among others. /n vitro drug release has also
been demonstrated from macroscopic assemblies of nanogels, including polyelectrolyte-
assembled nanogel thin films[26, 27], surface-grafted nanogel monolayers[28], and bulk
hydrogels comprised of crosslinked nanogel particles[29].

Functionalized thermoresponsive nanogels could be particularly effective for controlling the
release of local anesthetics, which are generally cationic, given the ease of functionalizing
nanogels with high concentrations of anionic groups (enhancing the affinity between the
drug and the nanogel phase) and the potential application of the thermal phase transition to
induce nanogel aggregation to localize nanogels at a desired site. The ability of anionically-
functionalized PNIPAM nanogels to bind and release cationic drugs (such as commercially
available anesthetics) has been demonstrated [30, 31]. We have also previously shown the
potential of PNIPAM-based nanogels as highly effective binding agents and/or scavengers
for bupivacaine, a common local anesthetic[32]. Here, we investigate the capacity of
nanogels to facilitate controlled release of bupivacaine to provide long-term local anesthesia,
using a rat sciatic nerve animal model to assay the /n vivo performance of nanogel drug
delivery formulations.

2. MATERIALS AND METHODS

2.1 Materials

N-isopropylacrylamide (NIPAM, 99%), acrylic acid (AA, 99%), dimethylaminoethy!l
acrylate (DMAEA, 99%), N,N-methylenebisacrylamide (BIS, 99%), sodium dodecyl sulfate
(SDS, 99.5%), bupivacaine hydrochloride (bupivacaine, 99%), and bovine serum albumin
(BSA, 96%) were purchased from Sigma-Aldrich and used as received. Ammonium
persulfate (APS, 99%) was purchased from Fluka. Sterile saline for injections (0.15M NaCl)
was purchased from Baxter Pharmaceuticals. Phosphate buffered saline (PBS, 20mM buffer,
0.15M ionic strength) was purchased from Invitrogen. All water used in the synthesis and
purification was of Milli-Q grade.

2.2 Nanogel Synthesis

Nanogels were prepared as previously described[32]. Briefly, all required monomers and
surfactants were dissolved in 150 mL water inside a 500 mL round-bottom flask and heated
to 70°C under a N5 purge and 200 RPM magnetic mixing. After 30 minutes, 0.10 g of APS
was dissolved in 5 mL water and injected into the reactor to initiate polymerization. After
four hours of reaction, the nanogels were cooled, purified over 8 cycles of dialysis using a
500 kDa MWCO poly(vinylidene fluoride) membrane, and lyophilized for storage. Note that
no significant turbidity changes are observed after 30-40 minutes of reaction time,
suggesitng the nanogels are largely formed by this time.
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The recipes used to synthesize the nanogels for this work are summarized in Table 1
together with the particle size and electrophoretic mobility of the resulting nanogels,
measured in PBS at 25°C. Nanogel particle size was measured using a Zeta Plus dynamic
light scattering instrument operating at 90° (Brookhaven Instruments Inc.) while nanogel
electrophoretic mobility was measured using the Zeta Plus instrument (Brookhaven
Instruments Inc.) operating in phase analysis light scattering mode. The nanogel codes
represent the type of functional monomer used to prepare the nanogel (AA or DMAEA), the
mole percentage of functional monomer used to prepare the nanogel (6 mol%, 20 mol%, or
33 mol%), and the relative size of the nanogel (S = small, M = medium, L = large).

2.3 In Vitro Cytotoxicity Evaluation

A MTT assay was used to evaluate the biocompatibility of the nanogels with mouse-derived
C2C12 myoblasts (cultured in Invitrogen DMEM medium supplemented with 10% fetal
bovine serum and 1% penicillin streptomycin), mouse-derived 3T3 fibroblasts (cultured in
ATCC DMEM medium supplemented with 10% calf serum albumin and 1% penicillin
streptomycin), and mouse-derived J.1774 macrophage-like cells (cultured in Invitrogen
DMEM medium supplemented with 10% fetal bovine serum and 1% penicillin
streptomycin). Each cell line was plated in ImL aliquots in a 24-well plate at a density of
30,000 cells/well and permitted to adhere and stabilize over 24 hours. For differentiating
myoblasts into myotubes, the FBS growth medium was replaced with 2% horse serum and
1% penicillin streptomycin-supplemented DMEM media and cultured an additional eight
days prior to material addition, with regular media changes every 3 days. Cell culture
passages 3-35 were used for biocompatibility studies. Materials were sterilized as dry
powders under a UV lamp over three hours. Nanogels were resuspended in sterile 0.9%
saline under gentle mixing at the desired concentration. 0.1mL aliquots of nanogels
(materials wells) or sterile saline (control wells) were then added to cultured cells. Four
replicate wells were tested for each material together with media-only and cell-only controls.
At time points of 24 hours and 4 days after material addition, both the media and the test
material was removed and replaced with 1 mL of fresh media and 100 pL of MTT reagent.
Solubilization solution (Promega) was added after four hours of incubation and the plates
were mixed on an orbital stirrer for 24 hours. The absorbances of each of the wells were
then measured in duplicate in a 96-well plate using a multi-well plate reader (Molecular
Devices) operating at 570 nm. Results were baseline-corrected to eliminate the impact of
media absorbance and are normalized relative to the cell-only results. Reported cell
viabilities represent averages of four repeat experiments, with errors representing the
standard deviation of the replicates.

2.4 In Vivo Nerve Blocks

Young adult male Sprague-Daley rats with weights ranging between 350-450 g were
purchased from Charles River Laboratories (Wilmington, MA) and housed in pairs using a
7AM-7PM light-dark cycle. Animals were cared for in compliance with protocols approved
by the Animal Care and Use Committee at the Massachusetts Institute of Technology. NIH
guidelines for the care and use of laboratory animals (NIH Publication #85-23 Rev. 1985)
have been observed. Each rat was injected only once to ensure the blockade effect was
attributable exclusively to the tested formulation.

Rats were briefly (< 2 minutes) anesthetized with isofluorane in 100% oxygen prior to
injection. A 25G needle was introduced postero-medial to the greater trochanter, pointing in
an anteromedial direction. Upon contact with the bone, 0.3 mL of a nanogel suspended in a
bupivacaine solution was injected into the left leg of the rat. Nanogel concentrations ranging
from 20-160 mg/mL and bupivacaine concentrations ranging from 5-15 mg/mL were
evaluated, all prepared in sterile saline. Nanogels were also injected without drug at the
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same concentrations to assess the tissue biocompatibility of the nanogels; no effective nerve
blocks were achieved upon nanogel injection in the absence of bupivacaine for any of the
compositions tested. The right leg was used as a control. Both sensory and motor block were
evaluated at half hour time points by a blinded experimenter for the first 1.5 hours of the
block and 45 minute time points for the remainder of the block. Two data points were also
obtained after the completion of the nerve block, one on the next scheduled time point of the
test and the other 24 hours post-injection, to ensure complete recovery of normal
neurological function. Sensory blocks were evaluated using a modified hotplate test, while
motor block was assessed by measuring the weight each animal could bear on a single leg[9,
33]. Four rats were analyzed for each treatment; animals only participated in one
experiment. Durations of nerve block durations are represented as means with standard
deviations.

2.5 Rat Sciatic Nerve Dissection

Rats were sacrificed one and four days post-injection. The thermoaggregation of nanogels /n
vivowas assessed by qualitative inspection of the nanogel residue in the nanogel 1 day post-
injection. Adhesions within the tissue were qualitatively scored on the scale 0 = no adhesion,
1 = weak adhesion easily separated by low forces, 2 = moderate adhesion separable by
gentle dissection, 3 = strong adhesion separable only by blunt dissection. The sciatic nerve
was removed together with surrounding tissues[35] by a blinded dissector (TH) and placed
immediately in Accustain formalin-free fixative. The nerve was sectioned and stained with
hematoxylin-eosin to prepare histology slides using standard techniques. Slides were
analyzed by an observer (MWL) blinded to the nature of the material injected into the
animal being observed.

2.6 In vitro Nanogel Aggregation Assays

Aggregation temperatures of nanogels were measured by suspending nanogels at
concentrations between 1 mg/mL to 80 mg/mL in saline (0.15M NaCl), both in the presence
and absence of 0.1mM BSA. This BSA concentration was chosen to mimic the approximate
protein concentration in interstitial fluid[34]. Starting at 20°C, the temperature of the
suspensions was ramped up at intervals of 5°C, with a ten minute wait time between
temperature steps. Aggregation temperatures were tracked both visually (all samples formed
discrete, macroscopic aggregates at a harrow temperature range) and by UV/VIS
spectrophotometry (by the rapid increase in transmission as the aggregates settle). Once the
rough aggregation temperature was identified, smaller temperature step experiments were
performed to identify the precise aggregation temperature (0.2°C) using the same methods.
Four replicates were performed to confirm the reproducibility of the aggregation transition,
with the reported results representing the average of the four replicates.

2.7 Statistical Methods

Cytotoxicity data are presented as means with standard deviations. The durations of nerve
blockade from /n vivo neurobehavioral testing are expressed as means with standard
deviations. Comparisons between sensory and motor blocks for a given group are made
using a paired t-test while those between different groups are made using unpaired t-tests.
Linear regressions and t-tests are performed using Microsoft Excel.

3. RESULTS

3.1 Nanogel Characterization

The nanogels synthesized for this study ranged in size from ~100 hm to ~1 m with
functional monomer loadings ranging from 6 mol% to 33 mol% acrylic acid (AA) or
dimethylaminoethyl methacrylate (DMAEA), as shown in Table 1. Each nanogel tested
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exhibited a low polydispersity (<0.01) by dynamic light scattering, such that the particles
can all be considered essentially monodisperse. For each acrylic acid loading tested,
nanogels were synthesized in the size ranges 800-1000 nm (“large”, L), 250-450 nm
(*medium”, M), and 100-200 nm (*small”, S) in order to decouple the effects of nanogel
size and nanogel functionalization on the observed durations of nerve block. Note that each
of the tested nanogels were at least 96% ionized at pH 7.4 (Supplementary Data, Figure S1),
such that the functional group content and the charge content of the nanogels can be
considered equal. Nanogels with higher degrees of functionalization had higher average pKj;
values (Supplementary Data, Figure S2), as anticipated based on the polyelectrolyte effect.
The cationic DMAEA nanogel had a comparable size to the “small” acrylic acid-
functionalized nanogels, making it a useful control to evaluate the impact on drug delivery
of the type of functional group incorporated into the nanogel. The DMAEA-functionalized
nanogel exhibited a negative net charge in the zeta potential measurement in PBS due to
divalent counterion condensation on the surface of the nanogel; a cationic charge (+0.22 x
1078 m2/Vs) was measured in a ImM NaCl solution. The nomenclature of the particles is:
TYPE-NN-SIZE, where TYPE is the functional group, NN is the % functional group
loading, and the SIZE is S, M, or L (corresponding to the size ranges defined above).

3.2 Cytotoxicity

To confirm the potential utility of nanogels for drug delivery /n vivo, nanogel cytotoxicity
was assayed using 3T3 mouse fibroblasts, J1774 macrophage-like cells, and C2C12 mouse
myoblasts in cell culture (Figure 1). Nanogels had minimal impact on cell viability after 1
and 4 days of exposure, although nanogels with lower degrees of acid functionalization
maintained slightly higher cell viability than those with higher degrees. For example, cell
viability in the presence of AA-6L was higher than that of AA-20L for fibroblasts (p =
0.02), macrophages (p = 0.006), and myablasts (p = 0.0004) despite the similar particle size
of both nanogels. This difference may be related to the particle itself and/or the acidity of the
non-buffered nanogel suspension in saline added to the cell wells. Indeed, due to the highly
acidic nature of the AA-20 and AA-33 nanogels tested (pH~3.5 when suspended in saline),
the media changed in color from red to light orange when 2 mg/mL nanogel was added.
Such local acidity might be neutralized /n vivo, where there is continuous fluid turnover.
Indeed, no significant myotoxicity was observed even when a 40-fold higher concentration
of nanogels was administered /n vivo (see section 3.3). Nanogels functionalized with the
same percentage of the basic comonomer DMAEA (DMAEA-20) exhibited no significant
cytoxicity for any cell type.

Particle size also had a mild impact on nanogel cytotoxicity in nanogels with high acid
functionalization. While AA-6L and AA-6S did not exhibit significantly different
cytotoxicity with any cell type (p> 0.06), AA-20L exhibited slightly higher cytotoxicity to
myoblasts (o= 0.0008) compared to AA-20S despite having an equivalent number of —
COOH groups. Neither macrophages (p = 0.41) nor fibroblasts (o= 0.06) showed a
significant sensitivity to particle size, even with the AA-20 nanogels. From the above result,
particle size had a minor influence on cytotoxicity for more highly functionalized nanogels,
but the acidity of the nanogels seemed to have a greater effect. Nonetheless, cytotoxicity
was relatively minor in all cases, suggesting that the nanogels are appropriate for use /n
Vivo.

3.3 Tissue Response

Figure 2 shows the tissue response four days after injection of a 80 mg/mL suspension of
blank (no drug) AA-6 nanogels of different sizes at the rat sciatic nerve. Injection of the
large, 840 nm nanogels (AA-6L) induced an extensive inflammatory response resulting in
the formation of a thick inflammatory capsule (Figure 2(a) inset) around a white, low
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viscosity residue (volume 0.2 — 0.3 mL) consistent with the properties of the original
injected nanogel suspension. Significant matting of the tissues (tissues stuck to each other,
planes difficult to separate) was also observed, with score 3 adhesions (see Methods) noted
between the inflammatory complex and the surrounding tissue and significant local bleeding
observed upon dissection due to increased vascularization around the inflammatory
complex. This complex persisted up to at least one month post-injection (data not shown). In
contrast, when the nanogel size was reduced to 265 nm (AA-6M), a dense, gel-like deposit
was recovered that consisted of a mixture of nanogels and inflammatory cells according to
histological analysis. Score 1 adhesions were observed between the gel deposit and the
surrounding tissues, and no significant bleeding occurred upon dissection. When nanogel
size was further reduced to 100 nm (AA-6S), no nanogel deposit whatsoever was observed
upon dissection. No adhesions or tissue matting were observed between the injection site
and the surrounding tissues, with the tissues visually appearing similar to pristine tissue.

A similar trend was observed with the AA-20 nanogels, as shown in Figure 3. The large
AA-20L nanogels remained as a suspension and induced formation of a thick capsule around
the suspended gel after 4 days. After 14 days, the inflammatory complex persisted but the
liquid nanogel suspension observed inside the complex after four days became a solid, gel-
like inner core, a condition which persisted at least one month post-injection (data not
shown). The area around the injection was highly vascularized and matted, with score 2-3
adhesions consistently observed. The smaller AA-20S nanogels showed a small aggregate
on the nerve after 4 days and complete resorption of the aggregate after 2 weeks. No
significant adhesions or visual signs of inflammation were observed at either time point for
AA-20S.

With AA-33 nanogels, the general trend observed with AA-6 and AA-20 nanogels was
again seen, with large nanogels inducing a large apparent inflammatory response while
small nanogels induced less inflammation (Supplementary Data, Figure S3). However, in
contrast to the AA-6 and AA-20 results, no free-flowing suspension was found inside the
inflammatory capsule in AA-33L; instead, the residue was gel-like in nature, similar to
residues observed for the smaller nanogels.

Histological analysis of hematoxylin and eosin-stained paraffin-embedded sections of tissue
confirmed that the apparent differences in inflammation between large and small nanogels
observed visually during dissections reflected differences in tissue reaction. Figure 4 shows
representative histology four days after injection for AA-20S (Fig. 4a) and AA-20L (Fig.
4b). At this time point, some minimal degree of inflammatory response and granulation
tissue formation is normal in the area of the injection due to post-surgical wound healing;
these findings were seen to a variable extent for all nanogels, but would not account for the
different degrees of inflammation seen with different nanogel injections. AA-20S nanogels
(particle size ~200 nm, Fig. 4a) produced a typical inflammatory response at the site of
injection consisting of lymphocytes and macrophages that was restricted to the surface of the
muscle and the surrounding fibroadipose tissue, with minimal infiltration into muscle tissue.
In contrast, AA-20L nanogels (particle size ~1000 nm, Fig. 4b) elicited a considerably
greater inflammatory response, both in terms of the area affected by the inflammation and
the degree to which muscle infiltration occurred. Given the identical injection volumes, total
nanogel masses administered, and chemical compositions of AA-20S and AA-20L, these
findings suggest that nanogel size is a major determinant of the tissue response to
implantation, with small nanogels exhibiting a significantly lower inflammatory response.
No significant difference in inflammation was noted between nanogels with similar sizes but
different acrylic acid loadings.
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Injection of the DMAEA-functionalized nanogels (particle sizes 145-245 nm at 37°C)
yielded similar biological responses to the small AA-20 and AA-6 nanogels, with zero
adhesions, zero residual nanogel, and no significant inflammation or adhesions observerable
four days post-injection. Histological analysis indicated only minor inflammation similar to
that observed for small acrylic acid-functionalized nanogels. .

of Nerve Block

Nanogels (80 mg/mL) suspended in 5 mg/mL bupivacaine solution were injected at the
sciatic nerve and the duration of nerve blockade was measured, with the results of both
latency and motor blocks as well as the thermoaggregation temperature observed /in vitro for
each nanogel tested shown in Table 2. DMAEA-20 nanogels, which contained cationic
monomers (i.e. the same charge as bupivacaine) achieved nerve block durations which were
not significantly longer than that achieved via injection of a 5mg/mL bupivacaine solution
without nanogels (p = 0.14), despite the high (20 mol%) degree of functionalization of these
nanogels. This result suggests that drug does not partition within the DMAEA nanogels,
resulting in unchanged release kinetics versus a simple bupivacaine solution injection. In
contrast, acrylic acid-functionalized nanogels (which were largely ionized at pH 7.4 and thus
contained a net anionic charge and ionic binding sites for cationic bupivacaine) significantly
increased the duration of block to a degree related to the number of —-COO™ groups in the
nanogel. AA-6 nanogels of all sizes achieved higher durations of nerve block than
bupivacaine-only injections (p = 0.005 for AA-6L, p=0.0007 for AA-6M, and p = 0.001 for
AA-6S). Correspondingly, AA-20 nanogels of all sizes exhibited longer durations of block
than AA-6 nanogels of the same size (p = 0.002 for pair-wise comparisons in all cases).
Based on previous studies of bupivacaine-nanogel binding[32], the presence of more —
COO™ groups in the nanogel phase promotes more and stronger interactions between the
nanogel and cationic bupivacaine, retarding drug release.

Particle size had no significant impact on block duration with AA-6 nanogels (p> 0.10 for
all pair-wise comparisons). For AA-20 nanogels, smaller nanogels prolonged the duration of
block to a greater extent than larger nanogels (p = 0.03 comparing AA-20L and AA-20S). In
contrast, for the AA-33 nanogels, smaller particles facilitated shorter nerve blocks than
larger particles (p=0.002). It should be noted that the nanogel residue associated with
AA-20L injections was a liquid-like, free-flowing suspension while AA-33L exhibited a gel-
like residue, suggesting different interparticle interactions may occur between the two
different nanogels /in vivo.

To attempt to generate longer durations of block, experiments were conducted in which
higher concentrations of bupivacaine were loaded into nanogels and compared to the
durations of block from bupivacaine solutions without nanogels (Table 3). As shown in
previous work[36], the injection of higher concentrations of bupivacaine solution increased
the duration of nerve block, although non-linear increases in nerve block duration are
observed with the concentration of anesthetic administered (Table 3). Co-injection of
AA-6M prolonged the duration of nerve block by ~80 minutes relative to bupivacaine alone
regardless of the total concentration of bupivacaine loaded into the nanogels. In contrast, co-
injection of AA-33M induced a ~1.5 hour prolongation of nerve blockade in the presence of
5 mg/mL bupivacine and a much longer ~4.5 hour prolongation in the presence of 15 mg/
mL bupivacaine relative to the drug solutions alone. Thus, nanogels with higher
concentrations of acid functional groups (i.e. higher concentrations of ionic binding sites for
bupivacaine) facilitated longer nerve blocks when loaded with higher concentrations of
bupivacaine, while less functionalized nanogels with fewer ionic binding sites did not
demonstrate this trend.
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Nanogel concentration could also be modified to tune the duration of drug release and thus
the duration of nerve block, as shown in Figure 5. In general, slower drug release (and thus
prolonged anesthesia) would be expected as the nanogel concentration increased, given that
a higher number of bupivacaine binding sites would be available. AA-20S nanogels
followed this trend, with the duration of nerve block increasing linearly with the
concentration of nanogel added up to 160 mg/mL nanogel concentration (/2 = 0.98).
AA-20L nanogels showed a similar linear correlation between nanogel concentration and
nerve block duration up to 80 mg/mL nanogel (/2= 0.92) but then exhibited a decrease in
the duration of effective nerve block at higher nanogel concentrations. A similar trend was
observed for AA-33M, with the observed decrease in nerve block duration occurring at
nanogel concentrations above 40 mg/mL. This curve shape suggests that drug release
becomes sufficiently slow at higher nanogel concentrations that it falls below the minimum
rate of drug release required for anesthesia.

4. DISCUSSION

Nanogels are attractive materials for drug delivery given that their size, porosity, and bulk
and surface compositions can be well-controlled by tuning the synthesis procedure. This is
particularly true for the delivery of charged drugs, since the nanogel can be designed to have
optimized ionic (and/or hydrophobic) partitioning affinities specific to a particular drug.
Acid-functionalized poly(N-isopropylacrylamide)-based nanogels are specifically useful for
the controlled release of bupivacaine given the ionic attractions between the anionic charges
on the nanogels and cationic bupivacaine molecules. This effect facilitates both higher-
capacity loading of bupivacaine into the nanogel phase via ion exchange and slower release
of bupivacaine release from the nanogel phase via diffusion, prolonging drug delivery rates
and thus the clinical effectiveness of bupivacaine and other anesthetics. The acrylic acid-
functionalized nanogels primarily used in this study are particularly useful in that
copolymerization kinetics impart a relatively uniform distribution of anionic AA residues
throughout the nanogel[20], facilitating improved cationic drug binding relative to more
surface-functionalized nanogels[31].

Smaller (<300 nm) nanogels induced only mild inflammatory responses and cytotoxicity,
while larger (>800 nm) nanogels induced slightly higher toxicity in cell culture and
significantly more severe tissue responses, with thick, highly vascularized inflammatory
capsules forming around the injected nanogel suspension and inflammation occurring deep
within adjacent muscle tissue. Large and small nanogels may interact differently with
macrophages[37] or be partitioned within the body by a different pathway, contributing to
the different inflammatory response observed. For example, it is known that smaller
particles are more likely to leave the site of injection than are larger ones[38]; they usually
are then distributed to the reticulondothelal system, particularly the liver and spleen.

It is well-known that PNIPAM-based nanogels are prone to aggregation at temperatures
above their volume phase transition temperature in high-salt environments such as the body,
given that the nanogels are predominantly electrostatically stabilized following a phase
transition and the high local salt concentration results in charge screening[39]. The potential
occurrence of thermoaggregation for some nanogels but not others was therefore
investigated as a possible explanation for the different tissue responses observed through /n
vitro aggregation experiments and the different durations of anesthesia achieved. Figure 6
shows /n vitro measurements of AA-6 nanogel stability in saline solutions with and without
the addition of 0.1mM bovine serum albumin. This solution mimics both the total protein
concentration in the interstitial fluid environment of the injection site and the ionic strength
and pH of the injected nanogel suspensions. Both in the presence and absence of protein,
AA-6S nanogels aggregated at lower temperatures than AA-6L nanogels, presumably due to
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the higher surface area-to-volume ratio (and thus larger driving force for surface area
reduction via particle aggregation) of smaller nanogels. When protein was added, protein
adsorption to the nanogel surface increased the aggregation temperature such that the
aggregation temperature of the AA-6L nanogels was above physiological temperature while
the aggregation temperature of both AA-6M and AA-6S nanogels remained below
physiological temperature. Correspondingly, a free-flowing suspension was recovered inside
the inflammation complex formed following /7 vivo injection of AA-6L nanogels while a
gel-like aggregate (with similar mechanical and optical properties to the aggregates formed
in the /n vitro experiment) was observed following AA-6M injections (Fig. 2). /n vitro
aggregation measurements similarly predicted whether a free-flowing suspension or a gel-
like aggregate was recovered from the injection site upon injection of both AA-20 nanogels
(Fig. 3 and Supplementary Data, Figure S4) and AA-33 nanogels (Supplementary Figures
S3 and S5); larger nanogels and nanogels with lower acid contents aggregated at higher
temperatures, consistent with the /n vivo observations of nanogel residues.

The phenomenon of nanogel thermoaggregation /n vivo may also explain drug release
kinetics that were not consistent with predictions based on simple diffusional path length or
drug affinity arguments. As the net anionic charge density of the nanogel increases (i.e. at
higher degrees of acrylic acid functionalization), more ionic bupivacaine binding sites are
present; as a result, more bupivacaine bound to the nanogel and the overall rate of
bupivacaine release was reduced. In cases in which the nanogels are more likely to
aggregate upon injection (i.e. smaller and more highly acid-functionalized nanogels, Fig. 6
and Supplementary Figures S4 and S5), the fabrication of a macroscopic aggregate from a
nanoscopic nanogel increases the average diffusional path length for drug release from the
nanogel, thus reducing the bupivacaine release rate relative to what would be predicted
based on the nanogel particle size alone. However, if the drug affinity / binding capacity or
diffusional path length is too high, drug release can be slowed below the clinically effective
dose of bupivacaine to maintain anesthesia, resulting in a shorter duration of effective block
in these systems even though the actual rate of drug release is slower.

These diffusional and drug affinity arguments can be used to rationalize the release results
observed for nanogels with varying sizes and varying degrees of functionalization. Note that
bupivacaine was not explicitly loaded into the nanogel phase in this work; a total of 1.5 mg
of bupivacaine was present in each injection, with drug partitioned between the PBS
solution and nanogel phases based on the affinity of bupivacaine for the nanogel. At low
degrees of functionalization (AA-6), relatively few ionic binding sites were present inside
the nanogels such that a greater proportion of the bupivacaine present was in the bulk
solution. As a result, irrespective of whether thermoaggregation occurred or not, the
majority of bupivacaine was not loaded into the nanogel phase in AA-6 nanogels and thus
nanogel size and/or aggregation state had no significant impact on the duration of effective
block achieved (Table 2). It should be noted however that a significant prolongation in nerve
block was still observed for all AA-6 nanogels relative to a bupivacaine-only injection (p <
0.005), due to the fraction of bupivacaine that did bind to the nanogel phase (Table 2).
Similarly, no significant increase in nanogel-related nerve block prolongation was observed
when the bupivacaine concentration was increased from 5 mg/mL to 15 mg/mL, with the
addition of nanogel increasing the block duration by an equivalent ~80 minutes relative to
the corresponding bupivacaine-only injection at both tested bupivacaine concentrations
(Table 3).

At intermediate degrees of functionalization (AA-20), more ionic binding sites were present
and a greater fraction of bupivacaine was loaded into the nanogel phase. As a result, if
nanogels aggregated, the effective diffusional path length for drug release would be
significantly larger, resulting in a slower overall drug release rate and a prolonged duration
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of anesthesia. Correspondingly, nanogels that exhibited residues upon dissection and lower
aggregation temperatures in the /n vitro assay (AA-20M and AA-20S) facilitated longer
nerve blocks than nanogels in which liquid-like residues were recovered following injection
and which exhibited higher aggregation temperatures in the /n vitro assay (AA-20L, Table
2).

At high degrees of functionalization (AA-33), the nanogel phase had the highest affinity for
cationic bupivacaine, resulting in significant slowing of drug release due to partitioning of a
large fraction of added bupivacaine into the nanogel phase. In this case, the combined
effects of the high nanogel-drug affinity and the longer average diffusional path length
resulting from potential nanogel thermoaggregation (gel-like residues were observed
following dissection for both AA-33 nanogels tested) reduced the rate of bupivacaine release
to such a degree that the dose delivered was below the effective dose for anesthesia. As a
result, the drug release rate in AA-33M remained in the effective clinical window for a
shorter period of time than with nanogels containing lower acid contents; consequently,
AA-33M vyielded a shorter duration of anesthesia than AA-20M (Table 2). When the
bupivacaine concentration was increased from 5 mg/mL to 15 mg/mL, the large excess of —
COO™ binding sites for available bupivacaine in the highly functionalized AA-33 nanogels
(5-fold excess even at the higher bupivacaine concentration tested) facilitated significantly
higher overall drug loading into the nanogel phase. Consequently, a larger overall larger
concentration gradient existed to drive drug release from the nanogels and the overall mass
of drug released per unit time was increased. Correspondingly, the observed duration of
nerve block increased by a factor of three as the loading concentration of bupivacaine
increased from 5 mg/mL to 15 mg/mL (i.e. anesthetic release could be sustained in the
clinical window for a longer period of time than was possible in nanogels loaded with less
drug).

The observed nanogel concentration effects can similarly be rationalized based on the
combined effects of drug affinity and nanogel aggregation. As more nanogel was added,
more bupivacaine could bind to the nanogel phase, resulting in slower drug release. For
nanogels with high concentrations of bupivacaine binding sites (AA-33), increasing the
nanogel concentration from 40 mg/mL to 80 mg/mL increased the fraction of total
bupivacaine bound and thus slowed bupivacaine release to the point that the release rate was
lower than that required to maintain clinical anesthesia; as a result, a decrease in nerve block
duration was observed (Fig. 5). A similar trend was observed for AA-20L, although the
observed decrease in nerve block duration occurred at higher nanogel concentrations than in
AA-33M due to the lower total functional group content (and thus lower bupivacaine
binding capacity) of AA-20L nanogels. It should be noted that the observed decrease in
block duration with AA-20L also coincided with the conversion of the nanogel residue after
four days of injection from a free-flowing liquid at lower nanogel concentrations to a gel-
like residue at higher nanogel concentrations. This observation suggests that the spontaneous
thermogelation of the nanogel (and the corresponding increase in effective diffusional path
length to drug release) at concentrations greater than 120 mg/mL may also contribute to the
shorter duration of anesthesia achieved. We expect a similar trend to occur in AA-20S at
higher gel loadings, but could not test these higher concentrations due to the very high
viscosity of such systems that made injection through a 25G needle impractical.

Bupivacaine-loaded nanogels provided durations of nerve block which compare favorably
with other drug delivery systems and, in particular, other /n situ-gelling hydrogel-based
systems previously studied. Block durations up to 5 hours were achieved using
polysaccharide-based rheological blends[40] and 2.5 hours using an /n situ-gelling
hyaluronic acid-based hydrogel[14] to deliver bupivacaine; a 5 hour block was achieved
using a thermally-gelling Pluronic copolymer to deliver lidocaine[41]. In comparison,
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AA-20S nanogels at high concentrations (160mg/mL) provided block durations up to 8-9
hours. This block duration is comparable to that achieved using lipid-protein-sugar
microparticles (~5 hours)[42] and PLGA microparticles (~8 hours)[7]. Furthermore,
administration of nanogels avoids the long-duration inflammatory foreign body response
observed when PLGA microparticles are used as the delivery vehicle[43]. However, the
nanogels used in this paper are not biodegradable through an obvious mechanism as
synthesized here (via free radical copolymerization). Nonetheless, this work provides proof-
of-concept of the value of nanogels with these properties for the delivery of local anesthetics
and cationic drugs in general.

5. CONCLUSIONS

Acid-functionalized poly(N-isopropylacrylamide)-based nanogels are useful as drug
delivery vehicles for the delivery of local anesthetics. Acid-functionalized nanogels had high
affinity for bupivacaine via ionic partitioning, permitting efficient drug loading and release
using nanogel delivery vehicles. Cytotoxicity studies indicated that nanogels had a minimal
impact on the viability of myoblasts, fibroblasts, and macrophages /n vitro. Large (~800-
1000 nm) acid-functionalized nanogels provided moderate durations of nerve block (~5-6
hours) which were comparable to those from previous hydrogel-based systems. However,
large nanogels also induced an extensive inflammatory response in which a thick
inflammatory capsule formed around the injected nanogel suspension. In contrast, small
acid-functionalized nanogels resulted in durations of sciatic nerve blockade of up to ~8-9
hours while inducing only a mild inflammatory response. Drug release kinetics can be
rationalized based on the relative affinities of different nanogels for bupivacaine and the
potential thermoaggregation of some nanogels upon injection to create a macroscopic drug
release vehicle. On this basis, nanogels are potentially attractive vehicles for prolonged local
anesthesia.

Supplementary Material

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

Cell viability (expressed as a ratio to viability of cells not exposed to particles) of 3T3
fibroblasts, J1774 macrophages, and C2C12 myoblasts in the presence of 2 mg/mL of
nanogels after (a) 1 day and (b) 4 days of incubation. The dotted line represents cell viability
in the absence of nanogels. Data are means + standard deviation (17 =4).
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Figure 2.

Tissue response after 4 days to injection of AA-6 nanogels of different sizes at the sciatic
nerve (a) AA-6L, particle size = 840 nm; (b) AA-6M, particle size = 265 nm; (c) AA-6S,
particle size = 100 nm. Arrows point to the residual nanogel deposit/inflammatory complex.
The inset to (a) is the cross-section of the inflammatory capsule shown in panel (a).
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After 4 Days After 14 Days

Figure 3.

Tissue response to sciatic nerve injection of AA-20L (particle size = 815 nm) and AA-20S
(particle size = 170 nm) nanogels, four and fourteen days after injection. Arrows point to the
residual nanogel deposit and/or inflammatory complex.
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Figure 4.

Histological findings on hematoxylin-eosin stained sections 4 days after injection of
AA-20S (Fig. 4a) and AA-20L (Fig. 4b) nanogels. An inflammatory reaction consisting of
lymphocytes and macrophages was elicited with both types of nanogel, but the degree of
inflammation (area with dense blue nuclei) was much greater for AA-20L. Bar = 200 wm.
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Figure 5.
Duration of sensory nerve block as a function of nanogel concentration and acid
functionalization; 5 mg/mL total bupivacaine (n =4)
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Figure 6.

Critical aggregation temperature of AA-6 nanogels with varying sizes measured in saline
(0.15M NaCl) in the absence and presence of 0.1 mM bovine serum albumin (BSA),
representative of the total protein concentration in interstitial fluid (n= 4)
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Table 2

Duration of sensory and motor nerve blocks from sciatic nerve injection of nanogel suspensions (80 mg/mL)
loaded with in 5 mg/mL bupivacaine (n=4). Corresponding thermoaggregation temperature (as measured in
saline with 0.1mM bovine serum albumin added) at 80 mg/mL nanogel concentration are also shown (n=4).

Nanogel Latency Nerve Block (min) | Motor Nerve Block (min) | Thermoaggregation Temperature (°C, saline+0.1mM BSA)
No Nanogel 117 + 27 119+21 N/A
DMAEA-20 139 £ 25 159 + 17 35.0

AA-6L 199 + 36 203 +43 375

AA-6M 220 + 26 222 30 34.9

AA-6S 201 £ 27 213 +23 34.2

AA-20L 300 =20 309 =30 37.2

AA-20M 345+ 41 365 + 33 34.8

AA-20S 390 + 84 409 + 83 34.6

AA-33L 306 + 25 318 £12 36.3

AA-33M 205+1 2104 324
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