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ABSTRACT: The development of thermoresponsive nanogels
loaded with nanocrystals of the local anesthetic bupivacaine
nanocrystals (BNCs) for prolonged peripheral nerve pain relief is
reported here. BNCs were prepared using the antisolvent
precipitation method from the hydrophobic form of bupivacaine
(bupivacaine free base). The as-prepared BNCs were used stand-
alone or encapsulated in temperature-responsive poly(ethylene
glycol) methyl ether methacrylate (OEGMA)-based nanogels,
resulting in bupivacaine NC-loaded nanogels (BNC-nanogels) of
monodisperse size. The synthesis protocol has rendered high drug
loadings (i.e., 93.8 ± 1.5 and 84.8 ± 1.2 wt % for the NC and BNC-
nanogels, respectively) and fast drug dissolution kinetics in the
resulting composite material. In vivo tests demonstrated the efficacy of the formulation along with an extended duration of sciatic
nerve block in murine models of more than 8 h with a formulation containing only 2 mg of the local anesthetic thanks to the
thermoresponsive character of the polymer, which, at body temperature, becomes hydrophobic and acts as a diffusion barrier for the
encapsulated drug nanocrystals. The hydrophobicity of the encapsulated bupivacaine free base probably facilitates its pass through
cell membranes and also binds strongly to their hydrophobic lipid bilayer, thereby protecting molecules from diffusion to
extracellular media and to the bloodstream, reducing their clearance. When using BNC-nanogels, the duration of the anesthetic
blockage lasted twice as long as compared to the effect of just BNCs or a conventional bupivacaine hydrochloride solution both
containing equivalent amounts of the free drug. Results of the in vivo tests showed enough sensory nerve block to potentially relieve
pain, but still having mobility in the limb, which enables motor function when required. The BNC-nanogels presented minimal
toxicity in the in vivo study due to their sustained drug release and excellent biocompatibility. The encapsulation of nano-sized
crystals of bupivacaine provides a prolonged regional anesthesia with reduced toxicity, which could be advantageous in the
management of chronic pain.
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■ INTRODUCTION

Pain treatment is a clinical challenge owing to the short
duration of anesthetic effects, associated with the low
molecular weight of the drugs, and the potential systemic
toxicity provided by current existing treatments.1 At present,
clinical local or regional anesthetic effects rarely last beyond 12
h unless in case of using continuous catheter infusions.2,3 Most
common prescriptions are based on antipyretic analgesics and
opioids; nevertheless, these medications present severe adverse
side effects, such as dizziness, nausea, vomiting, constipation,
physical dependence, and respiratory complications.4,5 The
development of an effective injectable local anesthetic with
prolonged duration of action would enhance the quality of life
of patients affected by chronic or postoperative pain.6

Conventional free drugs present several disadvantages that
impair their optimal performance, such as short half-life in the

organism, high dosages administered, poor selectivity, and
associated side effects in healthy tissues. The incorporation of
drugs into nanoparticles can improve the therapeutic character-
istics of the formulations and outweigh some of those
drawbacks. Drug nanoencapsulation has been demonstrated
to reduce its systemic toxicity and opens up the possibility of
adding targeting characteristics that enhance the accumulation
of the nanomedicine at diseased sites.7 However, for an
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efficient treatment, the amount of drug loaded into the carrier
nanomaterial must be high enough. Usually, nanomedicines
have shown low drug-loading contents (in many cases less than
10 wt %).8−12 Therefore, efforts must be made to develop
nanomedicines in which the ratio of payload to nanomaterial
could be increased. Nanomedicines with high drug loadings
(DLs) can deliver large amounts of drug per nanomaterial unit.
Also, the reduction of the nanoparticulate carrier in the total
nanomedicine content can decrease the overall nanomaterial
fabrication cost and also reduce the potential side effects

associated with the carriers themselves.13 Drug loading
mechanisms driven by supramolecular interactions such as
electrostatic and physical adsorption often outcome low drug-
loading efficiencies; meanwhile, high drug loadings can be
obtained in the case of crystallization and when using covalent
and coordinative bonds.14−17 However, chemical modification
of the transported drug should be avoided to preserve its
therapeutic function.
Nanocrystals (NCs) have been used during the past 20 years

to improve the bioavailability and dissolution rate of poorly

Figure 1. (a) Scheme of the global synthesis of BNC-nanogels. The first stage is the preparation of BNCs using antisolvent precipitation method.
Second is the synthesis of thermoresponsive nanogels by in situ free-radical copolymerization of MEO2MA and OEGMA500 monomers in the
presence of as-prepared BNCs. (b) Representative TEM image of thermoresponsive nanogels. (c) Size distribution histogram with Gaussian-fitting
curve (solid line) for nanogels obtained from TEM images (N = 80). The average size was 64.7 ± 8.6 nm. (d) Size distribution dynamic light
scattering (DLS) plots obtained for nanogels at different temperatures. (e) Variations in the hydrodynamic sizes and volume change factor of
nanogels as a function of temperature measured using DLS. Data are mean ± standard deviation (SD) (N = 5). (f) TEM image presenting BNCs
size and morphology; inset: size distribution histogram obtained from TEM images (N = 80). The average size was 21.9 ± 7.2 nm. (g) X-ray
diffraction (XRD) diffractograms of bupivacaine, BNCs, and HPMC.
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water-soluble hydrophobic drugs in several formulations
intended for oral delivery.18,19 Nanocrystallization is recom-
mended for the enteral delivery of drugs belonging to the Class
II Biopharmaceutics Classification System (i.e., high perme-
ability and low solubility). In this way, by changing the size to
the nanosize range, the specific surface area is increased, giving
an enhancement in the rate of dissolution in physiological
media.20 In fact, several Food and Drug Administration (FDA)
approved nanocrystal-based drugs are already available on the
market.18 Those commercially available products are usually
prepared by top−down methods, including media milling and
high-pressure homogenization.21,22 The number of FDA-
approved products based on NCs prepared by bottom-up
methods is very limited, although they have been demon-
strated to potentially produce narrow NCs using low-cost
scalable procedures. For instance, Liu et al.23 prepared NCs of
two antitumoral drugs, paclitaxel and camptothecin, using
Pluronic 127 as a stabilizer to increase the circulation lifetimes
of both drugs. They achieved lower toxicity than the equivalent
dose of the free drugs, and an excellent antitumor activity,
besides, an easy scale-up manufacturing method was proposed.
Antisolvent precipitation methods have been used to obtain
NCs around 200 nm in size having different stabilizers, usually
methylcellulose derivatives,24,25 poly(vinyl alcohol) (PVA),26

using various solvent/antisolvent combinations and also, in
some cases, even without the use of any stabilizer.27 Stable
NCs of mean particle sizes in the range of 10−20 nm were
obtained using poly(ethylene glycol) (PEG300) as solvent for
the dissolution of the drug (carbamazepine), and an aqueous
solution of hydroxypropyl methylcellulose (HPMC) as
antisolvent.28 The presence of the cellulose derivative inhibits
crystal growth, and was found to decrease the particle size by
its adsorption on the surface of hydrophobic drugs limiting the
access for the dissolved drug in the medium to the growing
crystallization nuclei. The high surface activity of methoxy and
hydroxypropyl groups present in cellulose derivatives allows
the interaction with drug molecules via hydrogen bonding,
which inhibits crystal growth rendering crystals of a few
nanometers in diameter, being nucleation promoted and
crystal growth arrested. NCs have also been loaded within
polymeric particles to promote their sustained drug release.
For instance, Wang et al.29 developed poly(lactic-co-glycolic
acid) (PLGA) microparticles (MPs) loaded with breviscapine
(a naturally occurring flavonoid) NCs, using a water-soluble
polymer template method, having an improved drug loading
for a prolonged drug delivery representing a promising
approach for long-term delivery of therapeutic doses.
Several nanomaterials have been proposed as drug delivery

systems to obtain long-term analgesia in the management of
chronic pain.30 A sustained-release system with long-term
action is desired to satisfy the patients’ requirements, as well as
to maintain constant therapeutic levels. Current available local
anesthetics approved for single-injection with extended
duration of action are, for instance, liposomal formulations of
bupivacaine (Exparel) and morphine (DepoDur). Further-
more, on-demand triggerable nanoparticulated systems for
achieving pulsatile anesthetic release profiles have also been
reported. For instance, phototriggered local anesthesia was
achieved using liposomes attached to gold nanorods as
plasmonic nanoparticles that generate heat upon light
stimulation to trigger the release of a local anesthetic drug
(i.e., tetrodotoxin) on-demand.31

Herein, to achieve long-term local anesthesia, bupivacaine
nanocrystals (BNCs) were prepared and encapsulated within
biocompatible poly(ethylene glycol) methyl ether methacrylate
(OEGMA)-based nanogels. To the best of our knowledge, this
is the first time that BNCs are prepared and tested in vivo for
pain management applications and benchmarked against the
clinically used bupivacaine hydrochloride solution. One of the
objectives of this study was to synthesize thermoresponsive
biocompatible nanogels with high drug loadings. The ability of
the nanogels loaded with bupivacaine nanocrystals (BNC-
nanogels) to provide in vivo sciatic nerve blockade was
successfully evaluated. Moreover, the potential in vitro and in
vivo toxicity of the materials was assessed in this study.

■ RESULTS AND DISCUSSION
Characterization of Nanogels. The preparation of

thermoresponsive nanogels was performed in one-pot syn-
thesis by in situ free-radical copolymerization of MEO2MA and
OEGMA500 monomers, according to the procedure described
in the Experimental Section,32 and as it is depicted in Figure
1a. Transmission electron microscopy (TEM) images of empty
(i.e., drug-free) nanogels in Figure 1b show particles with
spherical-like morphology of uniform size. The size distribu-
tion histogram with Gaussian-fitting curve (solid line) for
nanogels shown in Figure 1c exhibits a narrow size
distribution. The average size of the empty nanogels measured
from TEM images (N = 80) was 64.7 ± 8.6 nm. The ζ
potential of the nanogels dispersed in Milli-Q water was
negative, with a value of −6.7 ± 0.9 mV. The negative surface
charge is attributed to the sulfate groups present in the anionic
surfactant used to stabilize the nanoparticles together with the
steric hindrance of the OEGMA groups. Indeed, the nanogels
obtained showed great stability, as they remained dispersed in
solution during weeks without sedimentation and showing the
same hydrodynamic size and ζ potential after at least 3 months
of storage (results not shown). Also, their stability in water is
the reason for the use of ultracentrifugation at 25 000 rpm to
precipitate them and recover the nanogels from water.
The thermoresponsive properties of nanogels were evaluated

using DLS. To accomplish this, the change in the hydro-
dynamic average size of nanogels dispersed in Milli-Q water
was determined at different temperatures from 22 to 65 °C.
Before each DLS measurement, the temperature was
equilibrated in the sample holder at least for 5 min. The
hydrodynamic size distributions shown in Figure 1d are highly
monodisperse, with polydispersity index (PDI) values between
0.001 and 0.09. Temperature-induced shrinking of nanogels
was observed in the plot. Hydrodynamic nanoparticle sizes are
consistent with TEM results, as the larger size obtained by
DLS is explained by the effective swelling of the nanogels in
aqueous dispersions. Conversely, the smaller size obtained by
TEM is the one of the dry dehydrated shrunken nanogels
under the high-vacuum conditions used.
The thermoresponsive behavior of the obtained nanogels is

presented in Figure 1e with the plot of hydrodynamic size
versus temperature, where the reduction in the size of nanogels
with the increase in temperature is due to the collapse of the
nanogels above their volume phase transition (VPT). The
inflection point of the hydrodynamic size versus temperature
curve is defined as the volume phase transition temperature
(VPTT) of the nanogels. The nanogels with VPTT above the
physiological temperature (37 °C) are suitable as drug carriers.
The VPTT obtained was 38.3 °C, which is in accordance with
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our previous studies on lower critical solution temperature
(LCST) of the equivalent OEGMA-based copolymers.33 The
produced nanogels were able to reduce their size from 107.9
nm at 25 °C (swollen) to 72.1 nm at 60 °C (shrunken), giving
a volume change factor of 3.3. Therefore, they undergo 70%
reduction in their volume and hydrophilic/hydrophobic
character, which allows them to be used as drug vehicles to
release their cargo upon temperature changes in a reversible
manner. Furthermore, rheological analysis was performed to
study the phase transition of the nanogels (Figure S1). VPTT
can be determined through tracking the evolution of storage
modulus (G′) and loss modulus (G″) in dynamic temperature
sweep tests. Results in Figure S1 show that below the transition
temperature G′ and G″ remained constant with temperature;
however, when the phase transition was reached, the
enhancement of the system elasticity resulted in a sharp
increase in G′ and G″ moduli. The critical temperature at
which G′ and G″ rapidly increase (40.5 °C) is considered the
VPTT. When the temperature increases until reaching the
VPTT, intermolecular and intramolecular attractive interac-

tions between polymer chains increase and dehydration occurs,
which causes an increase in the rigidity of nanogels and
therefore an abrupt increase in G′ and G″.34 The slight
difference in the VPTT obtained by DLS and by rheological
analysis can be ascribed to the difference in the analytical
technique used, since in DLS, we determined the volume
change of nanogels as colloidal suspensions, and in rheological
tests, we analyzed the changes in their viscoelastic properties.
Nevertheless, both methods displayed consistent results, giving
a close value for VPTT.

Characterization of BNC-Nanogels. With the aim to
obtain high drug loading contents, the local anesthetic
bupivacaine was nanocrystallized. The NCs were prepared
from the hydrophobic form of bupivacaine (bupivacaine free
base) using the antisolvent precipitation technique, before
being introduced in the precursor solution for the synthesis of
nanogels. As far as we know, this is the first time that BNCs are
reported. TEM studies were performed to examine the size
distribution and morphology of the obtained BNCs. TEM
images showed spherical NCs of 21.9 ± 7.2 nm in size with a

Figure 2. Electron microscopy analysis of BNC-nanogels: (a) representative TEM images of BNC-nanogels. (b) Size distribution histogram
obtained from TEM images with a number of elements N = 80. The average size was 148 ± 35 nm. (c) High-resolution TEM image showing in
detail a nanogel embedding BNC. (d) Photograph of BNC-nanogels dispersed in aqueous solution. (e) XRD patterns recorded for BNCs, nanogels
loaded with BNCs and empty nanogels. (f) TGA (black) and derivative of TGA (blue) plots for BNC-nanogels. (g) Bupivacaine release profiles
from BNCs (nonencapsulated) and BNC-nanogels at 37 °C. Data are mean ± SD (N = 3).
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narrow size distribution (Figure 1f). The XRD technique was
used to characterize the BNCs crystallinity and the size of their
elementary crystallites (i.e., unit cell dimension). The most
representative XRD diffraction planes of bupivacaine reference
(Figure 1g) were located at 10, 16.2, 17.8, 20, 21.5, 23.8, and
25.5°. The spectrum of the obtained BNCs matched most of
the reference diffraction planes, indicating that the BNC
structure remains in a well-crystallized state. The XRD spectra
of HPMC used as a stabilizer agent and empty nanogels
showed the characteristic plots of amorphous compounds. The
mean size of the BNCs elementary crystallites can be
determined using Scherrer’s equation.35 Analyzing the five
most intense peaks of the spectra, the size of BNCs obtained
using the Scherrer constant for spherical crystallites (K = 0.94)
using the Voigt fitting model was 35.93 ± 1.1 nm. This value is
in good agreement with the microscopy characterization. The
drug loading obtained by GC-MS for BNCs was 93.8 ± 1.5 wt
%. BNCs are therefore mainly consisting of drug crystals
having a small fraction of HPMC.
To obtain BNC-nanogels of high drug content, the BNCs

were introduced during the synthesis of the nanogels, with the
purpose of growing the nanogels on the surface of the crystals.
The encapsulation of NCs could be mainly driven by
hydrophobic interactions of highly methylated glucose zones
in HPMC36 with the main polymer backbone having
hydrophobic character, keeping the drug in the core of the
nanoparticles. The overall scheme representing the synthesis of
BNC-nanogels is depicted in Figure 1a.

Figure 2a,b shows TEM images and size distribution
histogram of BNC-nanogels, respectively. It can be seen that
nanogels presented a uniform size with a high electronic
density in the core due to the BNCs embedded in their interior
(Figure 2a,c). The size of the BNC-nanogels was 148 ± 35 nm.
This size is twice the one of empty nanogels presented in
Figure 1b. The considerably larger size of the BNC-nanogels
indicates the encapsulation of the drug crystals inside.
Photographs of the obtained BNC-nanogels dispersed in
aqueous solution are shown in Figure 2d. The XRD
characterization of BNC-nanogels in Figure 2e shows the
characteristic bupivacaine diffraction planes, which demon-
strates that nanocrystals were present in the nanogels. The ζ
potential of the BNC-nanogels remains in the same range as
the one for empty nanogels, with a value of −6.91 ± 0.38 mV.
BNC-nanogels were analyzed by thermogravimetric analysis
(TGA) in the temperature range of 30−800 °C. Figure 2f
shows the weight loss of the nanogels embedding BNCs as a
function of temperature. The thermal decomposition of the
BNC-nanogels occurred between 150 and 400 °C. At 400 °C,
the weight loss corresponds to the total initial mass.
Bupivacaine hydrochloride total thermal decomposition takes
place at 266 °C (see Figure S2), and the polymer
P(MEO2MA-co-OEGMA500) decomposition occurs between
250 and 400 °C.37 The derivative of the weight loss (Figure 2f)
presented two defined peaks centered at 260 °C, attributed to
the bupivacaine thermal decomposition, and at 340 °C,
compatible with the polymer loss (Figure S2). Therefore, the
polymer content in the final formulation and drug content

Figure 3. Cell viability of BNC-nanogels, BNCs, empty drug-free nanogels, and bupivacaine hydrochloride in the four cell lines assayed after 24 h.
The red line depicts the threshold of 70% of cell viability in accordance with ISO 10993-5. Percentages are displayed as mean ± SD (N = 5).
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were estimated to be 13 wt % and 87 wt %, respectively. The
partial overlap of the pure polymer and drug curves does not
allow us to precisely determine the mass of each component by
this technique; however, the estimated value was consistent
with the DL% obtained using gas chromatography−mass
spectrometry (GC-MS).
The quantitative determination of the drug incorporated

into nanogels and its posterior in vitro release were performed
by GC-MS. The drug loading of BNC-nanogels determined by
GC-MS was calculated as 84.8 ± 1.2 wt %. To the best of our
knowledge, this is one of the highest bupivacaine loadings
reported in polymeric nanoparticles, even superior to the
results obtained by Curley et al.2 who obtained PLGA
microspheres loaded with 75 wt % bupivacaine free base
using oil-in-water (o/w) emulsification and solvent evapo-
ration method. The drug release profiles of BNC-nanogels and
BNCs are shown in Figure 2g. The dispersions were prepared
to have the same drug amount in both samples according to
the drug loading (0.196 mg for BNC-nanogels and 0.180 mg
for BNCs in 1 mL aqueous solution) and to work below the
drug saturation concentration of the bupivacaine free base
form (0.4 mg/mL) as working under sink conditions.38 Results
showed a fast release with an onset reached in less than 30 min
when the drug concentration was below the saturation
concentration. As it is shown in Figure 2g, the release of
BNCs and BNC-nanogels is quite similar and the dissolution of
the drug occurs in the first hours under conditions below the
drug saturation concentration. The dissolution rate of
nanocrystals composed of the bupivacaine free base will be
limited by the low aqueous solubility of this nonionized form
(0.4 mg/mL), in contrast to bupivacaine hydrochloride salt
having a solubility 10-fold higher (20−40 mg/mL).38 To
analyze the kinetics of drug release from BNCs and BNC-
nanogels, release results were fitted to different mathematical
models: zero order, first order, Higuchi, Korsmeyer−Peppas
and Hixson−Crowell. The best model was selected according
to the correlation coefficient (R2) determined from the linear
regression fit for each model. The obtained kinetic data for the
drug release together with the correlation coefficients (R2) are
listed in Table S1. According to the regression results, the
release profile of BNC-nanogels (R2 = 0.998) and BNCs (R2 =
0.999) followed the Korsmeyer−Peppas model with kinetic
constant KBNC‑nanogels = 0.884 h−n and KBNCs = 0.963 h−n. The
value of the kinetic constant decreased when BNCs were
encapsulated in the nanogels due to the increased viscosity and
governance of polymeric chain entanglement.39 The parame-
ters obtained for the release exponent (nBNC‑nanogels = 0.041 and
nBNCs = 0.021) less than 0.5 indicate that the drug release was
governed by Fickian diffusion as reported by other authors for
thermoresponsive polymeric nanoparticles.40 The initial rapid
drug release has been attributed to the fast dissolution rate of
small NCs41 and the presence of drug molecules that are
located close to the external surface, but embedded in the
polymeric matrix.42

In Vitro Biological Assays. The in vitro cytotoxic effects of
the synthesized materials were studied in four different cell
lines: human dermal fibroblasts, macrophages, mouse mesen-
chymal stem cells (mMSCs), and U251MG. After treatment
for 24 h, the effects on cell metabolism, apoptosis, and cell
cycle were assessed. Moreover, the endotoxin levels of BNCs
and BNC-nanogels were evaluated to ensure their safety for
their in vivo application.

The treatment of the cell lines described above for 24 h with
BNC-nanogels, BNCs, empty drug-free nanogels, and
bupivacaine hydrochloride solution produced the effects
depicted in Figure 3. The assays were performed at BNC-
nanogel concentrations ranging from 0.01 to 0.5 mg/mL and
at the equivalent drug concentrations, for BNCs and free
bupivacaine hydrochloride, or the equivalent polymer concen-
tration in the case of empty nanogels. Empty thermoresponsive
nanogels did not reveal cytotoxic effects as cell viability was
found in all concentrations and cell lines tested above 92% in
compliance with ISO 10993-5,43 which describes that a
reduction in cell viability higher than 30% compared to the
control sample is considered as cytotoxic. These results are in
accordance with previous results of our group in which the
thermoresponsive polymer P(MEO2MA-co-OEGMA500) syn-
thesized by photopolymerization exerted cell viability percen-
tages higher than 92% at concentrations up to 0.4 mg/mL.33

On the other hand, BNCs and bupivacaine hydrochloride
involved a decrease in cell viability (∼50%) at the highest
concentration assayed (0.5 mg/mL) except for THP1-derived
macrophages, which maintained cell viability in the same range
as the control sample. Finally, BNC-nanogels also showed
some cytotoxic effects in U251MG and mMSCs at the highest
concentration studied displaying viabilities around 59 and 50%,
respectively. However, percentages higher than 70% were
recorded in fibroblast and macrophage samples at all of the
concentrations assayed. It should be noted that at the highest
concentration assayed, BNC-nanogels displayed higher viabil-
ity percentages than BNCs pointing to the potential protective
effect of the nanogel by including inside its structure the
BNCs, except for macrophages whose percentages were in the
range of the control sample (100%). With these results, the
subcytotoxic dose for further experiments for BNC-nanogels,
BNCs, and bupivacaine hydrochloride was considered 0.1 mg/
mL, whereas for the empty nanogels, 0.5 mg/mL was selected.
Previous works in our group have revealed similar results
regarding the treatment of these cell lines with bupivacaine
loaded in hollow gold nanoparticles (HGNPs) functionalized
with the thermoresponsive polymer disulfide-P(MEO2MA-co-
OEGMA500),

37 bupivacaine loaded in a cleavable nano-
composite composed of CuS nanoparticles and POEGMA
(CuS-P(MEO2MA-co-OEGMA500)),

44 and in hybrid poly(N-
isopropylacrylamide) (PNIPAm)-based nanogels decorated
with plasmonic hollow gold nanoparticles (HGNPs-PNIPAm)
loading bupivacaine.45 At 0.1 mg/mL, these prior works
showed cell viability percentages lower than those displayed in
the present work, probably owing to the presence of free
bupivacaine, HGNPs, or CuS nanoparticles, except for
macrophages37 and U251MG.45

Cell membrane damage was assessed by means of cell
apoptosis studies developed by flow cytometry (Figures S3 and
S5). The results obtained did not reveal remarkable differences
between control and treated samples. Only BNCs treatment in
fibroblasts and macrophages involved a slight increase (≤10%)
in total apoptosis rate (early apoptosis + late apoptosis) and
necrosis percentage, respectively. Furthermore, U251MG
recorded an increase in the total apoptosis rate of 12−16%
in regard to the control sample when bupivacaine hydro-
chloride or BNCs were present in the samples. These results
are in accordance with our previous results related to cell
apoptosis after treatment for 24 h with PNIPAm-based
nanogels loaded with bupivacaine,45 where free bupivacaine
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treatment also involved a change in apoptosis, necrosis, and
viability percentages in U251MG cells.
The distribution of cell cycle phases was evaluated by flow

cytometry (Figures S4 and S5). Cell treatment with BNC-
nanogels, BNCs, empty drug-free nanogels, and bupivacaine
hydrochloride solution for 24 h did not exert significant
changes in cell cycle, displaying changes in percentages up to
10% which is in agreement with previously reported results for
bupivacaine-loaded HGNPs-PNIPAm nanogels.45 However, a
superior effect was observed in macrophages whose S phase
was increased (3−23%) with a countervailing reduction in the
G1 and G2 phases when cells were treated with the materials
assayed showing a higher effect when nanogels were present in

the sample. Therefore, cell treatment with these materials was
not detrimental for DNA and cell nuclei as cell cycle was not
significantly affected.
Finally, endotoxin levels in BNCs and BNC-nanogels were

quantified by means of the Pierce Chromogenic Endotoxin
Quant Kit as mentioned before. The endotoxin concentrations
obtained from these samples were much lower than the
approximate threshold pyrogen dose for humans (0.05 ng/mL
= 0.5 endotoxin unit (EU)/mL) for a nonintrathecal
administration, as indicated by the FDA.46 In conclusion, the
synthesized thermoresponsive nanogels loaded with BNCs did
not significantly affect cell metabolism, membrane, and cycle
on the cell types studied, as well as it did not involve potential

Figure 4. Sciatic nerve blockade effect for rats injected with free bupivacaine hydrochloride, nanogels embedding BNCs and BNC formulations. (a)
Sensory nerve blockade using the hot plate test. Behavioral reflexes: (b) paw withdrawal test scores and (c) adapted extensor postural thrust scores.
(d) Gait ability test scores. (e) Flexion contracture test scores. (f) Motor nerve blockade using weight bearing test. (g) Scheme showing the in vivo
mechanism proposed for the nerve blockade using BNC-nanogel formulations. Score 1 represented a normal reflex or response, while score 4
denoted the absence of reflex or response. The nonexistence of contracture was assessed as 0 and as 1 if the foot showed a flexion contracture. Data
are presented as mean ± SD (N = 4 per group) (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).
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detrimental endotoxin levels in a potential in vivo admin-
istration, pointing to their promising biomedical application in
peripheral nerve pain relief.
In Vivo Sciatic Nerve Blockade. Rats were injected close

to the sciatic nerve root with the drug formulations containing
all of the same bupivacaine equivalent dose of 2 mg. The
injected dispersions were: 43 mg/mL BNCs (94% bupivacaine
loading), 47 mg/mL BNC-nanogels (85% bupivacaine
loading), and 40 mg/mL bupivacaine hydrochloride solution.
The sensory nerve blockade was evaluated using the hot plate
test. Results in Figure 4a showed that all of the bupivacaine-
containing injected formulations, BNC-nanogels, BNCs, and
free bupivacaine hydrochloride, achieved the maximum
sensory nerve blockade (thermal latency higher than 8 s) by
the time of the first measurement, that is, 30 min after
injection. The nerve blockade remained 80% after 2 h for the
free bupivacaine hydrochloride administration, and the normal
sensory nerve behavior was recovered between 4 and 6 h after
treatment. In the case of BNCs, the sensory nerve blockade
gradually decreased in the first 6 h reaching at that time the
10% of the maximum effect. However, results in Figure 4a
indicated that BNC-nanogels produced a longer duration of
sensory nerve blockade in comparison to the effect of the
nonencapsulated BNCs and the one of the free bupivacaine
hydrochloride solution. The sensory nerve blockade for BNC-
nanogels was effective for at least 8 h after injection, remaining
at this time the 76% of the maximum nerve block. This
outcome suggested that the OEGMA-based nanogels were able
to retain the bupivacaine in the proximity of the sciatic nerve
prolonging the anesthetic effect more than 8 h with the same
dose of drug (2 mg) as the ones contained in the other
formulations. Probably, this effect is attributed to the
thermoresponsive character of the polymer, which, when
reaching physiological temperature, becomes hydrophobic,
shrinks, and packs the nanocrystals encapsulated in its interior
acting as a diffusion barrier for the drug remaining isolated
from the medium due to its hydrophobic nature and producing
a sustained release. Obviously, there is no correlation between
the in vitro (Figure 2g) and in vivo effect observed; therefore,
the interaction of the material with the tissues plays a very
important role in the prolonged duration of action observed.
The evaluation of the two behavioral reflexes or responses

pointed out the same trend as the sensory nerve block test. For
the free bupivacaine hydrochloride formulation, the paw
withdrawal tests showed a score of 4 (Figure 4b), with total
absence of mechanical sensitivity for 1 h after injection. Also,
for this formulation, the adapted extensor postural thrust
analysis showed no flexor function in the animals, the presence
of a flexor contracture in the treated hind paw, along with a
total lack of mobility in the limb during the first hour (Figure
4c−e). Two hours after the administration of the free
bupivacaine hydrochloride, the animals had almost recovered
the paw withdrawal reflex, the flexor contracture in the treated
hind paw was reduced, showing a half-open paw and they had
recovered partially the movement of the leg. The only
parameter that remained affected up to 4 h after administration
was the flexor function that was totally recovered after 6 h of
study. The BNCs showed anesthetic efficiency that lasted until
4 h of study (Figure 4a); however, differences can be observed
in the behavioral responses and in the scores analyzed
compared to the effect of the free bupivacaine hydrochloride
solution. Animals treated with the BNCs showed a delayed
mechanical sensitivity reflex and a weak grip (scores between 2

and 3 in Figure 4b,c), but the reflexes were not totally
impeded. The animals showed a slight hindered movement of
the limb (scores between 1.5 and 2.3 in Figure 4d) and a slight
flexor contracture in the treated hind paw (Figure 4e).
Therefore, the functionality of the limb was not totally lost as
in the case of bupivacaine hydrochloride solution. Finally, the
effect of administrating BNC-nanogels was different; they
exhibited a more prolonged anesthetic effect with an extended
duration of action persisting for more than 8 h (Figure 4a).
Again, the motor function of the leg was not completely
hindered, as the behavioral responses showed a slight response
to paw withdrawal and the adapted extensor postural thrust
analyses (Figure 4b,c). Also, the movement was slightly
hindered (scores between 2 and 3 in Figure 4d) and a flexor
contracture in the treated foot was somehow detected during 8
h (Figure 4e). These findings confirmed the prolonged
effectiveness produced by the encapsulation of BNCs into
nanogels. Saline controls were also performed, and no
anesthetic effect was found (results not shown). Motor nerve
blockade was analyzed for the different formulations using the
weight bearing test. Results in Figure 4f showed a slight
influence on motor block for BNCs and BNC-nanogel
formulations that is compatible with the preservation of
some reflexes in the limb, with exception of bupivacaine
hydrochloride solution during the first hour of administration,
where there was a superior motor nerve blockade.
Previous investigations using bupivacaine-loaded PLGA

microparticles to produce sciatic nerve blockade47 did not
achieve the maximal nerve block by the first 30 min although
they administrated 38.5 mg of bupivacaine hydrochloride. This
initial onset might be attributed to the slow degradation of
PLGA by hydrolysis of the ester bond present in the backbone,
facilitating a controlled release of encapsulated cargoes. These
PLGA microparticles achieved a duration of sensory block of
more than 11 h, providing a prolonged duration of the local
anesthesia. Other authors2 reported a nerve block duration of 6
h using PLGA microparticles loaded with a total dose of 50 mg
of bupivacaine hydrochloride. Other formulations reported in
the literature include bupivacaine-loaded liposomes,48 which
reached a duration of sciatic nerve block of 7.3 h, upon
administration of liposomes containing 6 mg of bupivacaine.
Our formulation achieved a continuous extended nerve
blockade, for more than 8 h, with a total dose of only 2 mg
of nanocrystallized bupivacaine. The hydrophobicity of
bupivacaine free base probably facilitates its pass through cell
membranes and also binds strongly to the hydrophobic lipid
bilayer, thereby protecting molecules from diffusion to
extracellular media and to the bloodstream, reducing their
clearance in comparison to the ionized form (hydrochloride
salt).49,50 Probably bupivacaine being a weak base diffused in
its unionized form from the BNC-nanogel formulations to the
interior of the cell, which ionized due to the slight acidic
interior environment blocking the inner surface of the voltage-
gated sodium channels avoiding action potential to propagate.
Moreover, this extended duration of blockage is probably also
explained by the immobilization of BNC-nanogels in the
injection site around the sciatic nerve due to their hydrophobic
character, preventing particle diffusion and fast drug clearance.
At 37 °C, the nanogels are partially collapsed to half of their
volume (Figure 1g), giving a transition to a more hydrophobic
structure reducing their elimination from the body, interacting
efficiently with the tissues and with the afferent nerve fibers.
The hydrophobic character of the partially collapsed nanogel
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could retain the formulation in the injection site maintaining
drug levels in the therapeutic window, which explains the
different effect between nonencapsulated and encapsulated
BNCs. A schematic illustration of the mechanism proposed for
the regional anesthesia effect obtained for BNC-nanogels is
depicted in Figure 4g. Other authors reported the immobiliza-
tion of PLGA microparticles (MPs) embedded in thermo-
sensitive macrogels based on PLGA−PEG−PLGA to obtain
high local drug concentration for long-acting analgesia.51

Those PLGA MPs were prepared using oil-in-water (o/w)
emulsification method for the encapsulation of bupivacaine
free base. PLGA MPs containing 40 mg of bupivacaine were
administrated embedded in a PLGA−PEG−PLGA solution
having a sol−gel transition when exposed at body temperature
(37 °C). They achieved a 22 h block of sciatic nerve, which is
more than twice the duration accomplish by our BNC-
nanogels, but using 20 times more amount of drug. In our
formulation, we used nanocrystallized bupivacaine, which
produced sustained release and enhanced the long-term
nerve block.
In general, for several applications, it is desirable to obtain a

longer duration of sensory block than motor block, for
instance, in obstetric anesthesia where the mother should
maintain the motor functionality while still obtaining pain
relief. In the case of peripheral nerve pain treatment,
something similar occurs; it is desirable for sensory block to
be of longer duration than motor block to relieve the pain but

not resulting in a paralyzed limb. Using BNC-nanogels, we
have obtained still mobility in the limb causing sensory nerve
block enough to relieve the pain. The amount of myelin
around the nerve axons is different in afferent (i.e., nociceptive
sensory fibers innervated in the direction toward the bone
marrow) than that in efferent (i.e., motor neurons that exit the
bone marrow innervating the skeletal muscles) nerve fibers;
therefore, a specific anesthetic dose is able to block the nerve
impulse transmission in one direction (sensory block) while
allowing the motor neurons to carry efferent impulses to the
effector in the other direction, which results in movement.
Another important aspect to take into account is the lack of
observed in vivo toxicity exhibited after the treatment with
BNC-nanogels. Other polymeric bupivacaine-loaded delivery
systems have reported local toxicity, myotoxicity, and
inflammation probably attributed to a fast release kinetics of
bupivacaine (burst release), and especially to the accumulation
of polymeric residues that remain attached to the tissues.52−54

The in vivo sustained-release kinetics of the BNC-nanogels
among with the excellent biocompatibility of PEG-based
nanogels are the reasons for the low toxicity exhibited by these
nanomaterials. Therefore, BNC-nanogels can be potentially
used in postoperative pain control by local infiltration, for
instance, in mammoplasty, total knee arthroplasty, hemor-
rhoidectomy, and inguinal hernia repair. BNC-nanogels are
excellent candidates for epidural uses as they allow motor
functionality while obtaining pain relief. In this sense, they

Figure 5. Tissue sections of the sciatic nerve root area collected 4 days post-inoculation (dpi): (a−c) Rat injected with bupivacaine nanocrystals
(BNCs) nanogels. No significant changes in nerve, muscular, and adipose tissues are observed. (a) Hematoxylin−eosin (HE) 4×, (b) Masson′s
trichrome 10×, and (c) Luxol fast blue 10×; (d−f) rat injected with BNCs. Mild to moderate lesions around the injection site including fibroplasia
and muscular fiber regeneration. (d) HE 4×, (e) Masson’s trichrome 4×, and (f) Luxol fast blue 4×; (g−i) rat injected with free bupivacaine
hydrochloride. No significant changes are observed. There is a mild fibrous reaction along the injection site (arrow). (g) HE 4×, (h) Masson’s
trichrome 10×, and (i) Luxol fast blue 10×.
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could be used in peripheral nerve blockage as a promising
treatment for the management of sciatica, which is the most
common cause of chronic neuropathic pain.
Tissue Reaction. Sciatic nerve and surrounding tissues

were collected 4 days after administration, and formalin-fixed,
paraffin-embedded sections were stained with HE, Masson,
and Luxol Fast Blue staining to evaluate the response of the
connective, adipose, and nervous tissues against the inoculated
substances. Our findings (Figure 5) suggest that BNC-nanogel
administration elicited minimal tissue reaction with no
discernible influence on the sciatic nerve (Figure 5a−c).
However, the BNC group (Figure 5d−f) showed a mild to
moderate tissue reaction around the injection site, including
moderate fibroblastic proliferation and mild muscle fiber
regeneration. These findings highlight a minimal damage of
the polymer for the tissue. On the other hand, the free
bupivacaine group (Figure 5g−i) did not show significant
tissue lesions apart from mild fibroblastic proliferation and
edema. These promising results support the potential clinical
use of BNC-nanogels regarding their effectiveness in sciatic
nerve blockage and their biocompatibility in the tissues.
Overall, the incorporation of BNCs into nanogels has shown

superior drug loading compared to other reported polymeric
nanocarriers.2 In comparison to other authors reporting the
encapsulation of bupivacaine in thermosensitive systems, at an
equivalent dose administered, our vector achieves at least 3
times longer duration of action in sciatic nerve block.2,47,48,51

In addition, the advantage of BNC-nanogels is that they
produce a sensory block that lasts longer than motor block,
which still allows mobility in the limb but causes sufficient
sensory nerve block to relieve pain. The histology results
showed a lack of in vivo toxicity in contrast to the reported
toxicity observed for other delivery systems based on
bupivacaine.52−55 Exparel, a commercially available multi-
vesicular liposomal formulation of encapsulated bupivacaine,
has been tested in vivo for sciatic nerve blockade in rats56

following a similar output to the one reported in this work.
Exparel injection containing 7.8 mg of bupivacaine hydro-
chloride caused a sciatic nerve blockade in rats lasting 4 h
compared to more than 8 h for our BNC-nanogels containing
only 2 mg of bupivacaine free base. Moreover, the previously
reported histological study 4 days after the injection showed
that inflammation scores for Exparel group were higher than
those reached in animals treated with the same dose of
bupivacaine solutions. In contrast, myotoxicity scores in
animals treated with Exparel were not significantly different
from the group containing the same dose of free bupivacaine
solution. In our case, the outstanding biocompatibility of BNC-
nanogels resulted in low cytotoxicity and no inflammatory
response according to the in vivo studies.

■ CONCLUSIONS
In this work, thermoresponsive nanogels loaded with BNCs
were developed having a high drug loading content for a
prolonged duration of regional anesthesia. BNCs were
prepared from bupivacaine free base using the antisolvent
precipitation method and subsequently encapsulated in
poly(ethylene glycol) methyl ether methacrylate (OEGMA)-
based nanogels by in situ free-radical copolymerization. The
resulted BNC-nanogels were monodisperse in size and
rendered a drug content of 84.8 ± 1.2 wt. %. The nanogels
presented a VPTT above the physiological temperature at
which they suffer a reduction of 70% in their volume,

becoming a more hydrophobic structure and affecting the
release of the contained cargo. The in vivo administration of
BNC-nanogels containing 2 mg of drug achieved more than 8
h of sciatic nerve block in rats, whereas the same amount of
free bupivacaine solution produced only 2−4 h of anesthetic
effect. The hydrophobic character of the bupivacaine free base
present in the nanogels probably facilitates its pass through cell
membranes and also binds strongly to the hydrophobic cellular
lipid bilayer, thereby protecting molecules from diffusion to
extracellular media and to the bloodstream, reducing their
clearance in comparison to its ionized form. Moreover, this
extended duration of action can also be explained by the
regional immobilization of the BNC-nanogels in the injection
site around the sciatic nerve due to their hydrophobic
character, preventing particle diffusion and fast drug clearance
while interacting efficiently with the tissues and with the
afferent nerve fibers. In addition, the BNC-nanogels presented
low cytotoxicity and no inflammatory response in the in vivo
administration in murine models due to the sustained drug
release and the excellent biocompatibility of the OEGMA-
based nanogels. The encapsulation of drug nanocrystals is a
promising strategy for prolonged local anesthesia, reducing the
total amount of drug necessary to produce pain relief with the
consequent benefits obtained from their reduced associated
toxicity.

■ EXPERIMENTAL SECTION
Materials and Methods. Di(ethylene glycol) methyl ether

methacrylate (MEO2MA, 95%), poly(ethylene glycol) methyl ether
methacrylate (OEGMA500, Mn 500), ethylene glycol dimethacrylate
(EGDMA, >98%), sodium dodecyl sulfate (SDS, ≥98%), potassium
persulfate (KPS, ≥99%), hydroxypropyl methylcellulose (HPMC, Mn
∼10 000), poly(ethylene glycol) (PEG300, Mn 300), bupivacaine
hydrochloride monohydrate (≥99%), and (S)-(−)-limonene (96%)
were purchased from Sigma-Aldrich. All of these chemicals were used
as received.

The drug content of the formulations was determined using a gas
chromatograph−mass spectrometer (GC-MS QP2010 SE, Shimadzu,
Kyoto, Japan) equipped with an AOC-20i autoinjector. The mass
spectrometer was set at an interface temperature of 280 °C and an ion
source temperature of 200 °C, with a mass range of 35−300 m/z and
a solvent cut time of 2.5 min. The capillary column used to separate
the compounds was a Zebron ZB-50 (Phenomenex) having
dimensions 30 m (length) × 0.25 mm (diameter) × 0.25 μm (film
thickness). The injector temperature was adjusted at 250 °C, and the
split mode was used at a 10:1 ratio. The GC oven temperature was
initially set at 50 °C and further increased to 170 °C using a ramp rate
of 30 °C/min, then raised at 45 °C/min to 250 °C (0.5 min hold),
and finally raised at 10 °C/min to 300 °C and held there for 1.5 min.
The carrier gas used was helium (>99.999%) with a flow linear
velocity of 31 cm/s. The system was programmed with 11 mL/min of
total flow rate and 0.73 mL/min of column flow. Bupivacaine was
identified by its retention time (RT) and mass fragmentation pattern.
Bupivacaine was quantified by the peak area comparison relative to
the one of limonene used as an internal standard. Data peak
processing was carried out by means of Shimadzu GC-MS solution
software.

The hydrodynamic size of the nanogels and their volume phase
transition vs temperature were measured using dynamic light
scattering (DLS) on a Brookhaven 90Plus particle size analyzer
with a detection angle of 90°. Measurements were made at different
temperatures ranging from 20 to 65 ± 0.1 °C. The ζ potential of the
nanogel-based colloidal suspensions was measured on a Brookhaven
90Plus particle size analyzer using ZetaPALS software in 1 mM KCl
aqueous solution at a pH = 6 and 25 ± 0.1 °C. The ζ potential was
determined by studying their electrophoretic mobility and then
applying the Smoluchowski equation. Thermogravimetric analysis
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(TGA; Mettler Toledo TGA/STDA 851e) was carried out in a
temperature range between 30 and 800 °C using a heating rate of 10
°C/min, under nitrogen atmosphere with a flow rate of 50 mL/min.
The nanogels were also characterized by rheological assays using a

stress-controlled rotational rheometer HAAKE Rheostress 1 (Thermo
Fisher Scientific, Waltham, MA). All samples were tested using a
cone-plate configuration with a 35 mm diameter and a cone angle of
1°. The protocol used in the measurements was the following: 500 μL
of nanogel (1 mg/mL) was pipetted on the lower plate of the
rheometer at 25 °C. Then, the upper plate descended until the gap
between both plates was that required by the sensor specifications
(0.051 mm). A solvent trap was used to avoid nanogel dehydration.
After allowing the nanogels to stabilize for 5 min at 25 °C, the
oscillatory shear test was executed applying a fixed torque of 5 μN/m
at a frequency of 0.1 Hz. The storage G′ and loss modulus G″ of
nanogels were recorded, while the temperature gradually increased
from 25 to 50 °C at a constant heating rate.
X-ray diffraction (XRD) was used to assess the crystallinity of

BNCs. The diffractograms were recorded in a Philips X’Pert
diffractometer with a monochromatized Cu Kα radiation source (λ
= 1.54060 Å, 40 kV, 20 mA) with 2θ ranging from 5 to 60° with a step
of 0.013 and analysis time of 5 s.
Transmission electron microscopy (TEM) images were recorded in

a T20-FEI Tecnai thermionic microscope operated at an acceleration
voltage of 200 kV. High-resolution TEM (HRTEM) images were
acquired using an FEI Tecnai F30 microscope operated at 300 kV.
Samples were dropped in carbon-coated copper grids, dried at room
temperature, and stained with a negative staining agent (3%
phosphotungstic acid) when necessary to improve the contrast of
the polymeric nanoparticles. TEM images were analyzed using the
open-source image processing software ImageJ to obtain size
distributions of nanoparticles.
Synthetic Procedures. Synthesis of Bupivacaine Free Base.

Bupivacaine free base was obtained using the procedure reported by
Parshad et al.57 with modifications. Bupivacaine hydrochloride (1 g)
was dissolved in 50 mL of deionized water; after complete dissolution,
its free base form was obtained by adding a 0.2 M NaOH solution
dropwise under stirring. The free base form started to precipitate as a
white solid, and the NaOH solution was continuously added until a
pH of 11 was obtained (pKa = 8.4). The resulting white solid was
filtered under vacuum and washed with deionized water several times.
The solid was dried under vacuum overnight, and its melting point
was determined by differential scanning calorimetry (DSC),
corroborating the synthesis of free base (m.p. = 107−108 °C) with
a 70% yield.
Preparation of Bupivacaine Nanocrystals (BNCs). Bupivacaine

nanocrystals (BNCs) were prepared using the antisolvent precip-
itation technique adapted from methods previously used for other
hydrophobic drugs.25,28 Bupivacaine free base (50 mg) was dissolved
in 1.5 mL of PEG300. The antisolvent solution was prepared by
adding 100 mg of the HPMC polymer in 3.5 mL of water. To allow
HPMC dissolution in water, the solution was heated at 80 °C under
stirring until the polymer powder was well dispersed; subsequently,
the polymer solution was cooled down in an ice bath to reach the
temperature at which HPMC becomes water-soluble. The drug
dissolved in PEG300 was quickly added to the HPMC solution under
continuous stirring at 400 rpm and room temperature for 2 min. The
final organic and aqueous phase ratio was maintained at 3:7, where
HPMC was 2% w/w in the final dispersion. After the addition of drug
solution, the clear solution turned into a stable opaque dispersion,
indicating the formation of BNCs. To precipitate the BNCs, the final
dispersion was centrifuged at 25 000 rpm for 40 min using an
ultracentrifuge (Beckman Coulter, Avanti J-20 XP equipped with a
JA25.50 rotor), the supernatant was replaced with water, and the solid
was redispersed. The BNCs were washed with water to remove the
excess of unreacted polymer. Finally, the obtained BNCs were
dispersed in 5 mL of deionized water.
Synthesis of Bupivacaine Nanocrystal-Loaded Nanogels (BNC-

Nanogels). Thermoresponsive P(MEO2MA-co-OEGMA500) nanogels
were prepared using the aqueous precipitation polymerization method

by in situ free-radical copolymerization based on the protocol
reported by Tian and co-workers,32 with several modifications
including the use of a different cross-linker, EGDMA. The drug-
loaded nanogels were grown introducing the as-prepared BNCs in the
nanogel synthesis medium. Briefly, a typical synthesis was performed
in a 100 mL Schlenk tube, in which the as-prepared BNCs were mixed
with 1.56 mmol of MEO2MA monomer, 0.21 mmol of OEGMA500
monomer, and 0.06 mmol of EGDMA as a cross-linker. To maintain
the lower critical solution temperature (LCST) of the nanogels in the
physiological range, we used an [MEO2MA]/[OEGMA500] monomer
molar ratio of 88:12.33 SDS surfactant (2 mL, 0.035 mmol) was used
as a stabilizer; then, the reagents were dissolved in Milli-Q water,
reaching a final volume of 40 mL. The reaction mixture was purged
with argon under stirring for 30 min, then the solution was heated to
70 °C, and polymerization was initiated by the addition of KPS (2
mL, 0.037 mmol). The polymerization reaction was carried out for 6
h at 70 °C. The obtained BNC-nanogels were centrifuged at 10 000
rpm (10 min) and 10 °C and washed three times with water to
remove unreacted substances. The protocol for the preparation of
empty nanogels was identical to the previous one in the absence of
BNCs, except for the purification procedure. To recover empty drug-
free nanogels after the synthesis, it was necessary to ultracentrifugate
them at 25 000 rpm for 60 min at 15 °C (Beckman Coulter, Avanti J-
20 XP equipped with JA25.50 rotor) due to the excellent stability of
the nanogels in aqueous solution. This makes the separation of empty
nanogels from loaded nanogels (that precipitate effectively at 10 000
rpm) possible by repeated washing cycles.

Bupivacaine In Vitro Release. The in vitro release profiles of
BNCs and BNC-nanogels were determined using 1 mL of 0.180 and
0.196 mg/mL dispersions in water, respectively. The dispersions were
selected to have the same drug amount in both samples according to
their corresponding drug loading, and to work below the drug
saturation concentration. The samples were incubated in a
thermoshaker at 37 °C with mechanical agitation at 600 rpm (Biosan
TS-100C, Riga, Latvia). For each release time point, three samples
were taken out and centrifuged (13 000 rpm, 10 min) and the
supernatant was removed and filtered with a 0.22 μm syringe filter.
The amount of bupivacaine released at each time was calculated from
the supernatant using GC-MS. Each sample (100 μL) was mixed with
850 μL of ethanol and 50 μL of limonene solution in methanol as an
internal standard. Drug loading (DL%) in the nanoparticles was
determined using GC-MS by extraction of the drug in ethanol. The
drug loading was calculated using the following formula

drug loading % (DL%)
weight of drug in nanoparticles

total weight of nanoparticles
100= ×

In Vitro Biological Studies. Cell Cultures. The in vitro effects in
cell cultures of the synthesized BNC-nanogels and BNCs were
determined at different levels: cell metabolism, cell membrane
(apoptosis), and cell nucleus (cell cycle phase distribution). These
in vitro studies were carried out in human dermal fibroblasts (Lonza,
Belgium), the human monocytic cell line THP1 (American Type
Culture Collection), and mouse mesenchymal stem cells (mMSCs)
and human glioblastoma cells (U251MG), both donated by Dr. Pilar
Martiń-Duque. Cytotoxicity was evaluated in a battery of different cell
lines of different origins (human and murine) to give a general
overview of the potential cytotoxicity in different cell lines including
somatic (fibroblasts and macrophages), tumoral (U251MG), and
multipotent stromal cells (mMSCs). This general cell-based assay
represents a screening of different physiological environments,
addressing biological activities and potential toxicity issues. Human
dermal fibroblasts and U251MG cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) high glucose (Biowest, France),
whereas mMSCs were cultured in DMEM-F12 (Biowest, France).
Both types of culture media were supplemented with 2 mM L-
glutamine (Biowest, France), 10% v/v fetal bovine serum (FBS;
Gibco, U.K.), and 1% penicillin−streptomycin−amphotericin B
(Biowest, France). On the other hand, THP1 cells (monocytes)
were cultured in Roswell Park Memorial Institute (RPMI) 1640
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(Biowest, France) supplemented with 2 mM L-glutamine, 10% v/v
FBS (Gibco, U.K.), 1% N-(2-hydroxyethyl)piperazine-N′-ethanesul-
fonic acid (HEPES), 0.1% 2-mercaptoethanol 50 mM, 1%
nonessential amino acids, 1% sodium pyruvate (100 mM), and 1%
penicillin−streptomycin−amphotericin B (Biowest, France). THP1
cells were in vitro differentiated to macrophages by adding 1 μM
phorbol 12-myristate 13-acetate (Sigma-Aldrich) to the cell culture
medium for 72 h. All cell types were cultured at 37 °C and 5% CO2,
except for mMSCs, which were grown under hypoxic conditions (3%
O2).
Subcytotoxic Concentration Determination. The blue cell

viability assay (Abnova, Taiwan) was employed to determine the
viability related to cell metabolism after cell culture treatment with
BNC-nanogels, BNCs, empty nanogels, and bupivacaine hydro-
chloride solution (0.01−0.5 mg/mL) for 24 h. The reagent was added
to the cell cultures (10%) and incubated for 4 h (37 °C, 5% CO2).
Then, the emitted fluorescence was read (535/590 nm ex/em) in a
Synergy HT microplate reader (Biotek). Control samples to evaluate
the potential interference of the BNCs and BNC-nanogels in the
assays were also assayed. Viability percentages were calculated by the
interpolation of the emitted fluorescence from the treated samples
and control samples (control samples = 100% viability).
Cell Membrane Damage. The potential effects of BNC-nanogels,

BNCs, empty nanogels, and bupivacaine hydrochloride treatment in
cell membrane were evaluated through the quantitative analysis of cell
death by either apoptosis or necrosis by flow cytometry. In brief, cells
were treated with these materials at a subcytotoxic concentration
determined from the viability assay described above. After 24 h (37
°C, 5% CO2), the samples were washed with phosphate-buffered
saline (PBS) and collected after centrifugation (1500 rpm, 5 min).
Then, the cells were washed and centrifuged again to be further
resuspended in 100 μL of Annexin V binding buffer (Annexin V
fluorescein isothiocyanate (FITC) kit, Immunostep). Later, the cells
were stained in the dark with 50 μL of Annexin V FITC and
propidium iodide (15 min, room temperature). Finally, 150 μL of
Annexin-binding buffer was added to the samples to be immediately
analyzed by flow cytometry (FACSARIA BD equipment and
FACSDIVA BD software).
Cell Cycle Distribution. The potential changes in the distribution

of the cell cycle phases after BNC-nanogels, BNCs, empty nanogels,
and bupivacaine hydrochloride solution treatment were studied by
flow cytometry. Briefly, the cells were treated with the materials at a
subcytotoxic concentration determined from the viability assay
described above. After 24 h (37 °C, 5% CO2), the cells were
harvested in PBS, fixed in 70% ice-cold ethanol, and kept at 4 °C for
at least 24 h. Then, DNA staining was carried out through the
addition of a solution containing 50 μg/mL propidium iodide and 100
μg/mL RNase A in PBS. Finally, the DNA content was assessed by
flow cytometry (FACSARRAY BD equipment and MODIFIT 3.0
Verity software). Control samples were also analyzed to compare the
basal status of the cells to that obtained after material treatment.
Endotoxin Content Determination. Endotoxin concentration in

nanomaterials is required to be sufficiently low for their biomedical
application. Endotoxins are lipopolysaccharides (LPS) present in the
outer wall of Gram-negative bacteria that can trigger different
detrimental effects such as inflammation, immune response, or even
the impairment of organ function.58 To prevent these harmful effects,
the quantification of the endotoxin content in BNCs and BNC-
nanogels was determined prior to their application in in vivo studies.
The Pierce Chromogenic Endotoxin Quant Kit (Thermo Fisher

Scientific) was carried out to quantify the endotoxin content in the
different materials (0.1 mg/mL) following the manufacturer’s
indications. Briefly, diluted samples (50 μL; 1:100−1:500 in
endotoxin-free water) of BNCs and BNC-nanogels were added in a
96-well plate together with the limulus amebocyte lysate (LAL)
reagent (37 °C, 10 min). After incubation, the chromogenic substrate
solution was added (37 °C, 6 min). Then, the blocking reagent was
added and the absorbance was read at 405 nm (Synergy HT
microplate reader, Biotek). The endotoxin concentration in BNCs
and BNC-nanogels was calculated as indicated by the manufacturer.

In Vivo Sciatic Nerve Blockade. In vivo sciatic nerve blockade
produced by the different formulations was evaluated using 6−9
weeks old male Sprague−Dawley rats weighing 280−370 g, obtained
from Janvier (France). All procedures were carried out under Project
License PI01/16 approved by the Ethic Committee for Animal
Experiments from the University of Zaragoza. The care and use of
animals were performed in accordance with the Spanish Policy for
Animal Protection RD53/2013, which meets the European Union
Directive 2010/63 on the protection of animals used for experimental
and other scientific purposes. The animals were housed in the
laboratory animal facilities of the University of Zaragoza. The rats
were housed in a conventional animal room (temperature, 20−24
°C), with a relative humidity of 50 ± 5% and a light/dark cycle of 12/
12 h. The rats were trained for 1 week before the tests to familiarize
them with the experimental procedures (i.e., hot plate and weight
bearing test) and handling methods, thus diminishing stress-derived
effects. Their behavior and the presence of signs of stress were
evaluated and scored every day before starting the procedure.
Eighteen rats were randomly divided into experimental groups of four
animals, except in the case of the control group, in which two animals
were used. The animals were initially anesthetized in a chamber with
5% isoflurane under an oxygen flow of 1 L/min and maintained with
2% isoflurane administered via a facemask. The right hind limb of
each rat was shaved, and the samples were administered through a 21-
gauge needle introduced laterally and perpendicularly to the great
trochanter upon contact with bone and placed onto the sciatic nerve
root. The volume injected was 50 μL containing dispersions of 47
mg/mL BNC-nanogels, 43 mg/mL BNCs, or 40 mg/mL free
bupivacaine hydrochloride all having the same equivalent dose of
bupivacaine. In this way, in all of the formulations, the total amount of
bupivacaine administrated was 2 mg, to compare the anesthetic effect
of the nanocrystallization and the nanogel encapsulation. Saline
control groups were injected with 50 μL of saline solution, while
control groups were not. When the animals recovered from the
isoflurane anesthesia, evaluation of the nerve blocking effects of
bupivacaine was carried out.

Evaluation of the Nerve Blocking Efficiency. The local
anesthetic effect was assessed through several behavioral tests to
evaluate the functional nerve recovery of the animals.59 In all of them,
the investigators were blinded to the experimental group evaluated.
Sensory nerve block was evaluated using a hot plate device;
meanwhile, motor nerve block was measured using the weight
bearing test. Additionally, two animal reflexes or responses were
qualitatively evaluated in the treated paws: paw withdrawal and an
adaptation of the extensor postural thrust analysis. Also, the gait
ability and the flexion contracture associated with the treated paw
position were qualitatively evaluated. Moreover, the rat general
behavior, focusing on several qualitative stress signals such as absence
of intake or reduced activity, was also daily assessed to monitor the
changes and the potential effects of sciatic nerve blocking.

Hot plate test was used to test the nociception or sensory nerve
block following previously reported protocols.60,61 The intensity of
sensory nerve blockade (thermal latency) was measured by placing
the plantar surface of the rat’s hind paw on a preheated hot plate
(Hot/Cold Plate NG for screening of thermal hyperalgesia/allodynia;
Ugo Basile, Italy) at 56 °C. The time required by the animal to
remove its foot (thermal latency) was registered using a foot-operated
stopwatch. Animals that did not retract the paw after 8 s were
removed from the equipment considering a total sensory block to
avoid thermal damage in their hind paws. Each measurement was
repeated three times using the average of them for the thermal latency
analysis. Sensory nerve block was defined as the ratio between the
difference in the reaction time observed in one measurement and in
the baseline measurement, with respect to the difference between the
total blocking time (8 s) and the basal time of each animal.

sensory nerve block (%)
thermal latency basal thermal latency

8 basal thermal latency
100=

−
−

×
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Weight bearing test was performed to evaluate motor nerve blockade
following previously reported protocols and correlating with the
Randall and Sellito test.60,61 Motor block was tested by placing the rat
into a holder where the animal is comfortably maintained while its
hind paws were placed on two separate sensor weighting plates and
letting the animal bear its weight on them (Bioseb Incapacitance Test
or Static Weight Bearing (SWB Touch) Test; Bioseb, France). This
equipment is based on the equal distribution of weight on both paws
in normal rats, whereas the ratio of weight distribution between
damaged/impaired and normal paws correlates with the level of
discomfort in the rat damaged/impaired paw. Each measurement (10
s) was repeated 10 times using the average of them for the analysis.
The motor nerve block was defined as the ratio of the difference
between the distribution of weights between the right and left paws at
baseline and at the time analyzed, in relation to the said distribution at
baseline for each animal. The variable was defined in absolute value
since it was observed that the animals with the nerve affected changed
their weight distribution toward the right or left leg in the same way.

weight distribution
right paw weight
left paw weight

=

i
k
jjjjj

y
{
zzzzz

motor nerve block (%)

abs
weight distribution basal weight distribution

basal weight distribution
100=

−
×

Two animal behavioral reflexes or responses were also tested in the
paws: paw withdrawal and an adaptation of the extensor postural
thrust analysis. Paw withdrawal represents the animal nociception and
defines the move-away reflex of the animal’s paw after mechanical
stimulation when tightening it with the operator’s fingers and shows
the presence or absence of pain sensitivity among others.62−64 It
involves the contraction of flexor muscles in the hip, stifle (knee), and
hock (ankle).65−68 To qualitatively evaluate the responses, values
from 1 to 4 were assigned to the observation, where 1 represents a
normal withdrawal reflex, 2 a slightly slow reflex, 3 when it only had a
slightly delayed reflex, and 4 when there was no reflex. An adaptation
of the extensor postural thrust analysis65,69 was assessed to study
motor function by holding up the rat and placing the two hind limbs
extended on a grid and testing if it could hold its body weight and had
the reflex of gripping on it with the paw under study. This test
evaluates the flexor function of the rat. To qualitatively evaluate the
reaction of the animal, values from 1 to 4 were assigned, where 1
represented a normal uphold and grip, 2 to a slight uphold and grip, 3
to a very light uphold and forceless grip, and 4 to the absence of
uphold and grip, showing decreased extensor muscle tone and thus a
deficit of motor function.65

Flexion contracture was assessed following previously reported
protocols.70,71 Sciatic nerve injuries may cause joint contractures as
well as nerve and motor blockage, so the rats use the dorsum of the
hurt foot. The lower or less complete reinnervation of the extensor
muscles compared to the flexor ones may be the origin of this type of
contracture.71,72 Therefore, the presence or absence of this
contracture was studied to determine the functionality of the sciatic
nerve after drug/particles administration. The nonexistence of this
contracture was assessed as 0, that is, a fully open stretched foot, and
as 1 if the foot showed a flexion contracture.
Gait analysis was assessed adapting previously reported proto-

cols.73,74 After nerve injury, the muscles are innervated selectively, so
the activation of the muscles during locomotion is abnormal.
Therefore, the use of gait analysis provides a noninvasive method
to assess the functional status of the sciatic nerve. The animal’s ability
to walk was analyzed, assessing this capacity between 1 and 4. It was
considered (1) a normal movement and gait of the studied limb, (2) a
slightly hindered movement of the limb and gait, (3) a very impaired
movement and gait, and (4) total impairment of the gait due to the
total lack of movement in the treated hind limb.
Animals were initially tested before anesthetizing them, to know

the basal behavior of each of them. After administering the treatment

corresponding to their experimental group, the animals were tested,
on the first day of treatment, after 0.5, 1, 2, 4, 6, and 8 h after
injection. The same parameters were analyzed after 24, 30, 48, 54, 96,
and 102 h after administration.

Histopathological Analysis. All rats were euthanized with
carbon dioxide 4 days after injection, and a full postmortem
procedure was followed. The sciatic nerve and surrounding tissues
were harvested, and all treated rat hind paws were dissected.
Moreover, samples from internal organs (i.e., gastrointestinal tract,
liver, lungs, heart, spleen, and kidneys) were also collected. All
samples were fixed in 4% buffered paraformaldehyde, paraffin-
embedded, and 5 μm tissue sections were obtained. Slides were
routinely stained with hematoxylin and eosin (HE). Additionally,
Masson’s trichrome staining was used to elucidate the connective
tissue reaction elicited by the administered drug or nanomaterials.
Finally, Luxol Fast Blue staining was also performed to stain myelin
and better define possible sciatic nerve damage.

Statistical Analysis. Statistical analysis was performed using
ordinary two-way analysis of variance (ANOVA) by means of Prism 7
statistical software (GraphPad Software, San Diego, CA). Statistically
significant differences among groups were considered when p ≤ 0.05.
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(1) Šimurina, T.; Mraovic, B.; Zupcic, M.; Zupcic, S. G.; Vulin, M.
Local Anesthetics and Steroids: Contraindications and Complications
- Clinical Update. Acta Clin. Croat. 2019, 58, 53−61.
(2) Curley, J.; Castillo, J.; Hotz, J.; Uezono, M.; Hernandez, S.; Lim,
J. O.; Tigner, J.; Chasin, M.; Langer, R.; Berde, C. Prolonged Regional
Nerve Blockade. Injectable Biodegradable Bupivacaine/Polyester
Microspheres. Anesthesiology 1996, 84, 1401−1410.
(3) Ilfeld, B. M. Continuous Peripheral Nerve Blocks: An Update of
the Published Evidence and Comparison With Novel, Alternative
Analgesic Modalities. Anesth. Analg. 2017, 124, 308−335.
(4) Ramirez, M. F.; Kamdar, B. B.; Cata, J. P. Optimizing
Perioperative Use of Opioids: a Multimodal Approach. Curr.
Anesthesiol. Rep. 2020, 10, 404−415.
(5) Kaye, A. D.; Armstead-Williams, C.; Hyatali, F.; Cox, K. S.; Kaye,
R. J.; Eng, L. K.; Anwar, M. F. A.; Patel, P. V.; Patil, S.; Cornett, E. M.
Exparel for Postoperative Pain Management: a Comprehensive
Review. Curr. Pain Headache Rep. 2020, 24, No. 73.
(6) Santamaria, C. M.; Woodruff, A.; Yang, R.; Kohane, D. S. Drug
Delivery Systems for Prolonged Duration Local Anesthesia. Mater.
Today 2017, 20, 22−31.
(7) Begines, B.; Ortiz, T.; Perez-Aranda, M.; Martinez, G.; Merinero,
M.; Arguelles-Arias, F.; Alcudia, A. Polymeric Nanoparticles for Drug
Delivery: Recent Developments and Future Prospects. Nanomaterials
2020, 10, No. 1403.
(8) Zhang, J.; Li, S.; An, F.-F.; Liu, J.; Jin, S.; Zhang, J.-C.; Wang, P.
C.; Zhang, X.; Lee, C.-S.; Liang, X.-J. Self-Carried Curcumin
Nanoparticles for In Vitro and In Vivo Cancer Therapy with Real-
Time Monitoring of Drug Release. Nanoscale 2015, 7, 13503−13510.
(9) Yildiz, T.; Gu, R. P.; Zauscher, S.; Betancourt, T. Doxorubicin-
Loaded Protease-Activated Near-Infrared Fluorescent Polymeric
Nanoparticles for Imaging and Therapy of Cancer. Int. J. Nanomed.
2018, 13, 6961−6986.
(10) Wang, Q.; Wei, N.; Liu, X. F.; Chang, A.; Luo, K. Q.
Enhancement of the Bioavailability of a Novel Anticancer Compound
(Acetyltanshinone IIA) by Encapsulation within mPEG-PLGA
Nanoparticles: A Study of Formulation Optimization, Toxicity, and
Pharmacokinetics. Oncotarget 2017, 8, 12013−12030.
(11) Lakhani, P.; Patil, A.; Wu, K. W.; Sweeney, C.; Tripathi, S.;
Avula, B.; Taskar, P.; Khan, S.; Majumdar, S. Optimization,
Stabilization, and Characterization af Amphotericin B Loaded
Nanostructured Lipid Carriers for Ocular Drug Delivery. Int. J.
Pharm. 2019, 572, No. 118771.
(12) Ruiz-Gatón, L.; Espuelas, S.; Huarte, J.; Larraneta, E.; Martin-
Arbella, N.; Irache, J. M. Nanoparticles from Gantrez (R) AN-
poly(ethylene glycol) Conjugates as Carriers for Oral Delivery of
Docetaxel. Int. J. Pharm. 2019, 571, No. 118699.
(13) Lu, Y.; Lv, Y. J.; Li, T. L. Hybrid Drug Nanocrystals. Adv. Drug
Delivery Rev. 2019, 143, 115−133.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c00894
ACS Appl. Mater. Interfaces 2021, 13, 17220−17235

17233

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+Prieto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cristina+Yus+Argo%CC%81n"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sara+Garcia-Salinas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ricardo+de+Miguel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana+Rodri%CC%81guez-Largo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Silvia+Irusta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-2966-9088
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Victor+Sebastian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-6873-5244
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manuel+Arruebo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-3165-0156
https://pubs.acs.org/doi/10.1021/acsami.1c00894?ref=pdf
https://doi.org/10.20471/acc.2019.58.s1.08
https://doi.org/10.20471/acc.2019.58.s1.08
https://doi.org/10.1097/00000542-199606000-00017
https://doi.org/10.1097/00000542-199606000-00017
https://doi.org/10.1097/00000542-199606000-00017
https://doi.org/10.1213/ANE.0000000000001581
https://doi.org/10.1213/ANE.0000000000001581
https://doi.org/10.1213/ANE.0000000000001581
https://doi.org/10.1007/s40140-020-00413-6
https://doi.org/10.1007/s40140-020-00413-6
https://doi.org/10.1007/s11916-020-00905-4
https://doi.org/10.1007/s11916-020-00905-4
https://doi.org/10.1016/j.mattod.2016.11.019
https://doi.org/10.1016/j.mattod.2016.11.019
https://doi.org/10.3390/nano10071403
https://doi.org/10.3390/nano10071403
https://doi.org/10.1039/C5NR03259H
https://doi.org/10.1039/C5NR03259H
https://doi.org/10.1039/C5NR03259H
https://doi.org/10.2147/IJN.S174068
https://doi.org/10.2147/IJN.S174068
https://doi.org/10.2147/IJN.S174068
https://doi.org/10.18632/oncotarget.14481
https://doi.org/10.18632/oncotarget.14481
https://doi.org/10.18632/oncotarget.14481
https://doi.org/10.18632/oncotarget.14481
https://doi.org/10.1016/j.ijpharm.2019.118771
https://doi.org/10.1016/j.ijpharm.2019.118771
https://doi.org/10.1016/j.ijpharm.2019.118771
https://doi.org/10.1016/j.ijpharm.2019.118699
https://doi.org/10.1016/j.ijpharm.2019.118699
https://doi.org/10.1016/j.ijpharm.2019.118699
https://doi.org/10.1016/j.addr.2019.06.006
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c00894?rel=cite-as&ref=PDF&jav=VoR


(14) Shen, S.; Wu, Y.; Liu, Y.; Wu, D. High Drug-Loading
Nanomedicines: Progress, Current Status, and Prospects. Int. J.
Nanomedicine 2017, 12, 4085−4109.
(15) Zhang, R.; Xing, R.; Jiao, T.; Ma, K.; Chen, C.; Ma, G.; Yan, X.
Carrier-Free, Chemophotodynamic Dual Nanodrugs via Self-
Assembly for Synergistic Antitumor Therapy. ACS Appl. Mater.
Interfaces 2016, 8, 13262−13269.
(16) Ribeiro, C. A. S.; de Castro, C. E.; Albuquerque, L. J. C.;
Batista, C. C. S.; Giacomelli, F. C. Biodegradable Nanoparticles as
Nanomedicines: Are Drug-Loading Content and Release Mechanism
Dictated by Particle Density? Colloid Polym. Sci. 2017, 295, 1271−
1280.
(17) Cai, K.; He, X.; Song, Z.; Yin, Q.; Zhang, Y.; Uckun, F. M.;
Jiang, C.; Cheng, J. Dimeric Drug Polymeric Nanoparticles with
Exceptionally High Drug Loading and Quantitative Loading
Efficiency. J. Am. Chem. Soc. 2015, 137, 3458−3461.
(18) Al-Kassas, R.; Bansal, M.; Shaw, J. Nanosizing Techniques for
Improving Bioavailability of Drugs. J. Controlled Release 2017, 260,
202−212.
(19) Jahangir, M. A.; Imam, S. S.; Muheem, A.; Chettupalli, A.; Al-
Abbasi, F. A.; Nadeem, M. S.; Kazmi, I.; Afzal, M.; Alshehri, S.
Nanocrystals: Characterization Overview, Applications in Drug
Delivery, and Their Toxicity Concerns. J. Pharm. Innovation 2020, 12.
(20) Mori, D.; Jalpa, M.; Ekta, S.; Kiran, D. Drug Nanocrystals: A
Comprehensive Review with Current Regulatory Guidelines. Curr.
Drug Delivery 2020, 17, 470−482.
(21) Möschwitzer, J. P. Drug Nanocrystals in the Commercial
Pharmaceutical Development Process. Int. J. Pharm. 2013, 453, 142−
156.
(22) Gigliobianco, M. R.; Casadidio, C.; Censi, R.; Di Martino, P.
Nanocrystals of Poorly Soluble Drugs: Drug Bioavailability and
Physicochemical Stability. Pharmaceutics 2018, 10, No. 134.
(23) Liu, F.; Park, J.-Y.; Zhang, Y.; Conwell, C.; Liu, Y.; Bathula, S.
R.; Huang, L. Targeted Cancer Therapy with Novel High Drug-
Loading Nanocrystals. J. Pharm. Sci. 2010, 99, 3542−3551.
(24) Dong, Y.; Ng, W. K.; Shen, S.; Kim, S.; Tan, R. B. H.
Preparation and Characterization of Spironolactone Nanoparticles by
Antisolvent Precipitation. Int. J. Pharm. 2009, 375, 84−88.
(25) Raghavan, S. L.; Schuessel, K.; Davis, A.; Hadgraft, J. Formation
and Stabilisation of Triclosan Colloidal Suspensions Using Super-
saturated Systems. Int. J. Pharm. 2003, 261, 153−158.
(26) Xia, D.; Quan, P.; Piao, H.; Piao, H.; Sun, S.; Yin, Y.; Cui, F.
Preparation of Stable Nitrendipine Nanosuspensions Using the
Precipitation−Ultrasonication Method for Enhancement of Dissolu-
tion and Oral Bioavailability. Eur. J. Pharm. Sci. 2010, 40, 325−334.
(27) Zhang, J.-Y.; Shen, Z.-G.; Zhong, J.; Hu, T.-T.; Chen, J.-F.; Ma,
Z.-Q.; Yun, J. Preparation of Amorphous Cefuroxime Axetil
Nanoparticles by Controlled Nanoprecipitation Method without
Surfactants. Int. J. Pharm. 2006, 323, 153−160.
(28) Douroumis, D.; Fahr, A. Stable Carbamazepine Colloidal
Systems Using the Cosolvent Technique. Eur. J. Pharm. Sci. 2007, 30,
367−374.
(29) Wang, H.; Zhang, G.; Ma, X.; Liu, Y.; Feng, J.; Park, K.; Wang,
W. Enhanced Encapsulation and Bioavailability of Breviscapine in
PLGA Microparticles by Nanocrystal and Water-Soluble Polymer
Template Techniques. Eur. J. Pharm. Biopharm. 2017, 115, 177−185.
(30) Beiranvand, S.; Sorori, M. M. Pain Management Using
Nanotechnology Approaches. Artif. Cells, Nanomed., Biotechnol.
2019, 47, 462−468.
(31) Zhan, C.; Wang, W.; McAlvin, J. B.; Guo, S.; Timko, B. P.;
Santamaria, C.; Kohane, D. S. Phototriggered Local Anesthesia. Nano
Lett. 2016, 16, 177−181.
(32) Tian, Y.; Bian, S.; Yang, W. A Redox-Labile Poly(Oligo-
(Ethylene Glycol)Methacrylate)-Based Nanogel with Tunable
Thermosensitivity for Drug Delivery. Polym. Chem. 2016, 7, 1913−
1921.
(33) Alejo, T.; Prieto, M.; García-Juan, H.; Andreu, V.; Mendoza,
G.; Sebastián, V.; Arruebo, M. A Facile Method for the Controlled
Polymerization of Biocompatible and Thermoresponsive Oligo-

(Ethylene Glycol) Methyl Ether Methacrylate Copolymers. Polym. J.
2018, 50, 203−211.
(34) Hadaeghnia, M.; Goharpey, F.; Yeganeh, J. K. Characterization
and Phase-transition Behavior of Thermoresponsive PVME Nanogels
in the Presence of Cellulose Nanowhiskers: Rheology, Morphology,
and FTIR Studies. Polym. Eng. Sci. 2019, 59, 899−912.
(35) Patterson, A. L. The Scherrer Formula for X-Ray Particle Size
Determination. Phys. Rev. 1939, 56, 978−982.
(36) Nasatto, P. L.; Pignon, F.; Silveira, J. L. M.; Duarte, M. E. R.;
Noseda, M. D.; Rinaudo, M. Methylcellulose, a Cellulose Derivative
with Original Physical Properties and Extended Applications. Polymers
2015, 7, 777−803.
(37) Alejo, T.; Andreu, V.; Mendoza, G.; Sebastian, V.; Arruebo, M.
Controlled Release of Bupivacaine Using Hybrid Thermoresponsive
Nanoparticles Activated via Photothermal Heating. J. Colloid Interface
Sci. 2018, 523, 234−244.
(38) Shah, J. C.; Maniar, M. pH-Dependent Solubility and
Dissolution of Bupivacaine and its Relevance to the Formulation of
a Controlled Release System. J. Controlled Release 1993, 23, 261−270.
(39) Arora, G.; Malik, K.; Singh, I. Formulation and Evaluation of
Mucoadhesive Matrix Tablets of Taro Gum: Optimization Using
Response Surface Methodology. Polim. Med. 2011, 41, 23−34.
(40) Torkpur-Biglarianzadeh, M.; Salami-Kalajahi, M. Multilayer
Fluorescent Magnetic Nanoparticles with Dual Thermoresponsive
and pH-Sensitive Polymeric Nanolayers as Anti-Cancer Drug
Carriers. RSC Adv. 2015, 5, 29653−29662.
(41) Gao, L.; Liu, G. Y.; Ma, J. L.; Wang, X. Q.; Zhou, L.; Li, X.
Drug Nanocrystals: In Vivo Performances. J. Controlled Release 2012,
160, 418−430.
(42) Pettinelli, N.; Rodriguez-Llamazares, S.; Farrag, Y.; Bouza, R.;
Barral, L.; Feijoo-Bandin, S.; Lago, F. Poly(Hydroxybutyrate-Co-
Hydroxyvalerate) Microparticles Embedded in Kappa-Carrageenan/
Locust Bean Gum Hydrogel as a Dual Drug Delivery Carrier. Int. J.
Biol. Macromol. 2020, 146, 110−118.
(43) ISO 10993-5:2009Biological Evaluation of Medical Devices.
Part 5: Tests for In Vitro Cytotoxicity. http://www.iso.org/iso/
catalogue_detail.htm?csnumber=36406 (accessed Nov 27, 2020).
(44) Ortiz De Solorzano, I.; Alejo, T.; Abad, M.; Bueno-Alejo, C.;
Mendoza, G.; Andreu, V.; Irusta, S.; Sebastian, V.; Arruebo, M.
Cleavable and Thermo-Responsive Hybrid Nanoparticles for On-
Demand Drug Delivery. J. Colloid Interface Sci. 2019, 533, 171−181.
(45) de Solorzano, I. O.; Prieto, M.; Mendoza, G.; Sebastian, V.;
Arruebo, M. Triggered Drug Release from Hybrid Thermoresponsive
Nanoparticles Using Near Infrared Light. Nanomedicine 2019, 15,
219−234.
(46) Bacterial Endotoxins/Pyrogens. https://www.fda.gov/
inspections-compliance-enforcement-and-criminal-investigations/
inspection-technical-guides/bacterial-endotoxinspyrogens (accessed
Nov 27, 2020).
(47) Kohane, D. S.; Lipp, M.; Kinney, R. C.; Lotan, N.; Langer, R.
Sciatic Nerve Blockade with Lipid-Protein-Sugar Particles Containing
Bupivacaine. Pharm. Res. 2000, 17, 1243−1249.
(48) Epstein-Barash, H.; Shichor, I.; Kwon, A. H.; Hall, S.; Lawlor,
M. W.; Langer, R.; Kohane, D. S. Prolonged Duration Local
Anesthesia with Minimal Toxicity. Proc. Natl. Acad. Sci. U.S.A.
2009, 106, 7125−7130.
(49) Nau, C.; Wang, G. K. Interactions of Local Anesthetics with
Voltage-Gated Na+ Channels. J. Membr. Biol. 2004, 201, 1−8.
(50) Bailard, N. S.; Ortiz, J.; Flores, R. A. Additives to Local
Anesthetics for Peripheral Nerve Blocks: Evidence, Limitations, and
Recommendations. Am. J. Health-Syst. Pharm. 2014, 71, 373−385.
(51) Zhang, W.; Ning, C.; Xu, W.; Hu, H.; Li, M.; Zhao, G.; Ding, J.;
Chen, X. Precision-Guided Long-Acting Analgesia by Gel-Immobi-
lized Bupivacaine-Loaded Microsphere. Theranostics 2018, 8, 3331−
3347.
(52) Kohane, D. S.; Lipp, M.; Kinney, R. C.; Anthony, D. C.; Louis,
D. N.; Lotan, N.; Langer, R. Biocompatibility of Lipid-Protein-Sugar
Particles Containing Bupivacaine in the Epineurium. J. Biomed. Mater.
Res. 2002, 59, 450−459.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c00894
ACS Appl. Mater. Interfaces 2021, 13, 17220−17235

17234

https://doi.org/10.2147/IJN.S132780
https://doi.org/10.2147/IJN.S132780
https://doi.org/10.1021/acsami.6b02416
https://doi.org/10.1021/acsami.6b02416
https://doi.org/10.1007/s00396-016-4007-3
https://doi.org/10.1007/s00396-016-4007-3
https://doi.org/10.1007/s00396-016-4007-3
https://doi.org/10.1021/ja513034e
https://doi.org/10.1021/ja513034e
https://doi.org/10.1021/ja513034e
https://doi.org/10.1016/j.jconrel.2017.06.003
https://doi.org/10.1016/j.jconrel.2017.06.003
https://doi.org/10.1007/s12247-020-09499-1
https://doi.org/10.1007/s12247-020-09499-1
https://doi.org/10.2174/1567201817666200512104833
https://doi.org/10.2174/1567201817666200512104833
https://doi.org/10.1016/j.ijpharm.2012.09.034
https://doi.org/10.1016/j.ijpharm.2012.09.034
https://doi.org/10.3390/pharmaceutics10030134
https://doi.org/10.3390/pharmaceutics10030134
https://doi.org/10.1002/jps.22112
https://doi.org/10.1002/jps.22112
https://doi.org/10.1016/j.ijpharm.2009.03.013
https://doi.org/10.1016/j.ijpharm.2009.03.013
https://doi.org/10.1016/S0378-5173(03)00299-0
https://doi.org/10.1016/S0378-5173(03)00299-0
https://doi.org/10.1016/S0378-5173(03)00299-0
https://doi.org/10.1016/j.ejps.2010.04.006
https://doi.org/10.1016/j.ejps.2010.04.006
https://doi.org/10.1016/j.ejps.2010.04.006
https://doi.org/10.1016/j.ijpharm.2006.05.048
https://doi.org/10.1016/j.ijpharm.2006.05.048
https://doi.org/10.1016/j.ijpharm.2006.05.048
https://doi.org/10.1016/j.ejps.2006.12.003
https://doi.org/10.1016/j.ejps.2006.12.003
https://doi.org/10.1016/j.ejpb.2017.02.021
https://doi.org/10.1016/j.ejpb.2017.02.021
https://doi.org/10.1016/j.ejpb.2017.02.021
https://doi.org/10.1080/21691401.2018.1553885
https://doi.org/10.1080/21691401.2018.1553885
https://doi.org/10.1021/acs.nanolett.5b03440
https://doi.org/10.1039/C6PY00057F
https://doi.org/10.1039/C6PY00057F
https://doi.org/10.1039/C6PY00057F
https://doi.org/10.1038/s41428-017-0004-8
https://doi.org/10.1038/s41428-017-0004-8
https://doi.org/10.1038/s41428-017-0004-8
https://doi.org/10.1002/pen.25035
https://doi.org/10.1002/pen.25035
https://doi.org/10.1002/pen.25035
https://doi.org/10.1002/pen.25035
https://doi.org/10.1103/PhysRev.56.978
https://doi.org/10.1103/PhysRev.56.978
https://doi.org/10.3390/polym7050777
https://doi.org/10.3390/polym7050777
https://doi.org/10.1016/j.jcis.2018.03.107
https://doi.org/10.1016/j.jcis.2018.03.107
https://doi.org/10.1016/0168-3659(93)90007-R
https://doi.org/10.1016/0168-3659(93)90007-R
https://doi.org/10.1016/0168-3659(93)90007-R
https://doi.org/10.1039/C5RA01444A
https://doi.org/10.1039/C5RA01444A
https://doi.org/10.1039/C5RA01444A
https://doi.org/10.1039/C5RA01444A
https://doi.org/10.1016/j.jconrel.2012.03.013
https://doi.org/10.1016/j.ijbiomac.2019.12.193
https://doi.org/10.1016/j.ijbiomac.2019.12.193
https://doi.org/10.1016/j.ijbiomac.2019.12.193
http://www.iso.org/iso/catalogue_detail.htm?csnumber=36406
http://www.iso.org/iso/catalogue_detail.htm?csnumber=36406
https://doi.org/10.1016/j.jcis.2018.08.069
https://doi.org/10.1016/j.jcis.2018.08.069
https://doi.org/10.2217/nnm-2019-0270
https://doi.org/10.2217/nnm-2019-0270
https://www.fda.gov/inspections-compliance-enforcement-and-criminal-investigations/inspection-technical-guides/bacterial-endotoxinspyrogens
https://www.fda.gov/inspections-compliance-enforcement-and-criminal-investigations/inspection-technical-guides/bacterial-endotoxinspyrogens
https://www.fda.gov/inspections-compliance-enforcement-and-criminal-investigations/inspection-technical-guides/bacterial-endotoxinspyrogens
https://doi.org/10.1023/A:1026470831256
https://doi.org/10.1023/A:1026470831256
https://doi.org/10.1073/pnas.0900598106
https://doi.org/10.1073/pnas.0900598106
https://doi.org/10.1007/s00232-004-0702-y
https://doi.org/10.1007/s00232-004-0702-y
https://doi.org/10.2146/ajhp130336
https://doi.org/10.2146/ajhp130336
https://doi.org/10.2146/ajhp130336
https://doi.org/10.7150/thno.25276
https://doi.org/10.7150/thno.25276
https://doi.org/10.1002/jbm.1261
https://doi.org/10.1002/jbm.1261
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c00894?rel=cite-as&ref=PDF&jav=VoR


(53) Kohane, D. S.; Langer, R. Biocompatibility and Drug Delivery
Systems. Chem. Sci. 2010, 1, 441−446.
(54) Padera, R.; Bellas, E.; Tse, J. Y.; Hao, D.; Kohane, D. S. Local
Myotoxicity from Sustained Release of Bupivacaine from Micro-
particles. Anesthesiology 2008, 108, 921−928.
(55) Milburn, A. The effect of the local anaesthetic bupivacaine on
the muscle spindle of rat. J. Neurocytol. 1976, 5, 425−446.
(56) McAlvin, J. B.; Padera, R. F.; Shankarappa, S. A.; Reznor, G.;
Kwon, A. H.; Chiang, H. H.; Yang, J. S.; Kohane, D. S. Multivesicular
Liposomal Bupivacaine at the Sciatic Nerve. Biomaterials 2014, 35,
4557−4564.
(57) Parshad, H.; Frydenvang, K.; Liljefors, T.; Cornett, C.; Larsen,
C. Assessment of Drug Salt Release from Solutions, Suspensions and
In Situ Suspensions Using a Rotating Dialysis Cell. Eur. J. Pharm. Sci.
2003, 19, 263−272.
(58) Giannakou, C.; Aimonen, K.; Bloois, L. V.; Catalán, J.;
Geertsma, R. E.; Gremmer, E. R.; de Jong, W. H.; Keizers, P. H.;
Schwillens, P. L.; Vandebriel, R. J.; Park, M. V. Sensitive Method for
Endotoxin Determination in Nanomedicinal Product Samples.
Nanomedicine 2019, 14, 1231−1246.
(59) Dijkstra, J. R.; Meek, M. F.; Robinson, P. H.; Gramsbergen, A.
Methods to Evaluate Functional Nerve Recovery in Adult Rats:
Walking Track Analysis, Video Analysis and the Withdrawal Reflex. J.
Neurosci. Methods 2000, 96, 89−96.
(60) Shankarappa, S. A.; Sagie, I.; Tsui, J. H.; Chiang, H. H.;
Stefanescu, C.; Zurakowski, D.; Kohane, D. S. Duration and local
toxicity of sciatic nerve blockade with coinjected site 1 sodium-
channel blockers and quaternary lidocaine derivatives. Reg. Anesth.
Pain Med. 2012, 37, 483−489.
(61) Rwei, A. Y.; Lee, J.-J.; Zhan, C.; Liu, Q.; Ok, M. T.;
Shankarappa, S. A.; Langer, R.; Kohane, D. S. Repeatable and
adjustable on-demand sciatic nerve block with phototriggerable
liposomes. Proc. Natl. Acad. Sci. U.S.A. 2015, 112, 15719−15724.
(62) Bester, H.; Beggs, S.; Woolf, C. J. Changes in Tactile Stimuli-
Induced Behavior and C-Fos Expression in the Superficial Dorsal
Horn and in Parabrachial Nuclei After Sciatic Nerve Crush. J. Comp.
Neurol. 2000, 428, 45−61.
(63) Decosterd, I.; Allchorne, A.; Woolf, C. J. Progressive Tactile
Hypersensitivity After a Peripheral Nerve Crush: Non-Noxious
Mechanical Stimulus-Induced Neuropathic Pain. Pain 2002, 100,
155−162.
(64) Caillaud, M.; Chantemargue, B.; Richard, L.; Vignaud, L.;
Favreau, F.; Faye, P.-A.; Vignoles, P.; Sturtz, F.; Trouillas, P.; Vallat,
J.-M.; Desmoulier̀e, A.; Billet, F. Local Low Dose Curcumin
Treatment Improves Functional Recovery and Remyelination in a
Rat Model of Sciatic Nerve Crush Through Inhibition of Oxidative
Stress. Neuropharmacology 2018, 139, 98−116.
(65) Thalhammer, J. G.; Vladimirova, M.; Bershadsky, B.; Strichartz,
G. R. Neurologic Evaluation of the Rat During Sciatic Nerve Block
with Lidocaine. Anesthesiology 1995, 82, 1013−1025.
(66) Creed, R. S.; Denny-Brown, D.; Eccles, J. C.; Liddell, E. G. T.;
Sherrington, C. S. Reflex Activity of the Spinal Cord; Clarendon Press:
Oxford, England, 1932; pp 183−183.
(67) Schouenborg, J.; Kalliomäki, J. Functional Organization of the
Nociceptive Withdrawal Reflexes. I. Activation of Hindlimb Muscles
in the Rat. Exp. Brain Res. 1990, 83, 67−78.
(68) Schouenborg, J.; Holmberg, H.; Weng, H. R. Functional
Organization of the Nociceptive Withdrawal Reflexes. II. Changes of
Excitability and Receptive Fields After Spinalization in the Rat. Exp.
Brain Res. 1992, 90, 469−478.
(69) Biazar, E.; Heidari Keshel, S.; Pouya, M. Behavioral Evaluation
of Regenerated Rat Sciatic Nerve by a Nanofibrous PHBV Conduit
Filled with Schwann Cells as Artificial Nerve Graft. Cell Commun.
Adhes. 2013, 20, 93−103.
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