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Abstract

Local anesthetics are effective in relieving pain, but their duration of action is short. Therefore, the
development of injectable sustained release systems to prolong the effect of local anesthetics

has been of interest. In such systems delivering conventional local anesthetics, it has been
challenging to achieve long durations of effect, particularly without incurring tissue toxicity. To
overcome these challenges, we created a platform comprising a protein hydrogel incorporating
hydrophobic local anesthetic (bupivacaine) nanoparticles. The nanoparticles were prepared by
anti-solvent precipitation stabilized with bovine serum albumin (BSA), followed by cross-linking
with glutaraldehyde (GA). The resulting BSA hydrogels prolonged release of bupivacaine /in
vitro. When bupivacaine nanoparticles within crosslinked BSA were injected at the sciatic

nerve in rats, a duration of nerve block of 39.9 h was obtained, compared to 5.5 h for

the commercial bupivacaine liposome suspension EXPAREL®. Tissue reaction was benign.

We further demonstrated that this system could control the release of the amphiphilic drug
diphenhydramine and the hydrophobic paclitaxel.
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Introduction

Local anesthetics are extremely effective at preventing the perception of pain when injected
at a painful body location, or at a nerve leading to the site. However, one shortcoming is
their relatively short duration of effect [1]. For decades, investigators have been developing
injectable sustained release systems to prolong that duration, investigating a wide range of
vehicles [2-4]. Initial interest was driven by the desire to alleviate pain and suffering, and
to prevent physiological derangements associated with it. Since the advent of the opioid
epidemic, interest in prolonged local anesthesia (PLA) has also been driven by the potential
to replace opioids in the treatment of relatively localized pain (e.g., after shoulder surgery
[5,6]) for the duration of the perioperative period (a few days).

The effect of conventional local anesthetics delivered by injectable PLA systems is typically
several fold, but — in the absence of adjunctive drugs such as glucocorticoid steroids — they
rarely achieve even a day of nerve block in established models [7]. As one example, in our
animal model, the commercially available liposomal bupivacaine formulation EXPAREL®
only provides 4-8 h of nerve block [8]. One important limitation in this regard is that
conventional local anesthetics are relatively low in potency, which limits the effectiveness of
the payload [9,10].

Here we developed a hybrid nanoparticle-hydrogel approach to extending the effect of
conventional local anesthetics, using the commonly used agent bupivacaine as an example.
We self-assembled bupivacaine in the hydrophobic free base form into nanoparticles, to
maximize loading and slow release. The bupivacaine nanoparticles were formed in the
presence of bovine serum albumin (BSA) to enhance nanoparticle stability [11] and prevent
aggregation [12-14]. Since BSA also binds hydrophobic drugs such as bupivacaine, it could
also slow release. Moreover, BSA can be cross-linked to create a macroscopic hydrogel [15],
further slowing the release of bupivacaine, and maintaining the nanoparticles at the site of
administration. We demonstrated that this approach could be generalized by showing that
different drugs (diphenhydramine and paclitaxel) incorporated into the platform had slowed
release compared to free drugs.

The increased loading and slowed release that could be achieved by nanoparticles of carrier-
free hydrophobic bupivacaine in a cross-linked albumin matrix could lead to extended nerve
block. Equally importantly, the reduction in release rate could mitigate the severity of local
tissue injury. Local anesthetics can cause inflammation at the site of injection, as well as
injury to muscle and nerve. These toxicities can be worsened by sustained release, in a
manner dependent on the level and duration of release. This toxicity can limit the duration of
effect of systems releasing conventional local anesthetics.

Results
2.1. Synthesis and characterization of BNP@BSA-X

A glutaraldehyde-crosslinked bovine serum albumin hydrogel (BSA-X) containing
bupivacaine free base nanoparticles (BNPs), abbreviated BNP@BSA-X, was made by a
one-pot approach (Scheme 1). In brief (see Methods) the free base of the amphiphilic drug
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bupivacaine was produced by alkaline precipitation of bupivacaine hydrochloride. The free
base was then dissolved in methanol and introduced dropwise into bovine serum albumin
(BSA) in phosphate-buffered saline (PBS) at pH 7.4, yielding bupivacaine nanoparticles
within BSA (BNP@BSA). The methanol was evaporated by rotary evaporation. Finally,
glutaraldehyde (GA) was added to crosslink the BSA and form a BSA hydrogel with
embedded BNPs (BNP@BSA-X).

The hydrodynamic diameter of BNPs in BSA prior to crosslinking was ~190 nm by dynamic
light scattering (DLS) (Fig. 1A), with a narrow size distribution. There was also a population
of ~7 nm NPs, corresponding to BSA protein [16]. After washing to remove excess BSA
[11,17], BNP@BSA measured 70-100 nm by transmission electron microscopy (TEM; Fig.
1B). The discrepancy between diameters by TEM and DLS is because the latter measures
the hydrodynamic diameter [18].

While the interaction between bupivacaine and serum albumin has been extensively studied
[19-23], the interaction between BNP and serum albumin has not been reported. We
investigated the interaction between BNP and BSA by measuring their fluorescence and
UV-Vis spectra (Fig. 1C and Figure S1 in Supporting Information) [24-27]. Upon adding
BNP (0.05, 0.1, and 0.2 mg/ml) to the BSA solution (1 mg/ml), there was quenching of the
emission peak of BSA at around 335 nm upon excitation at 280 nm (Fig. 1C). This peak

is associated with the intrinsic fluorescence of tryptophan residues in BSA. The observed
quenching suggests potential molecular interactions, possibly induced by energy transfer or
molecular rearrangement of BSA [24-30]. BNP alone in PBS did not show any emission in
this wavelength range upon the same excitation, indicating that these changes in spectra are
related to BSA.

UV-Vis absorption studies revealed a shift in the spectra of BSA around 260 nm with
introduction of BNP (Figure S1 in Supporting Information). This shift can be attributed to
the it — w* transition of aromatic amino acids, including Trp, Tyr, and Phe in BSA [30-32].
Additionally, alterations in the spectra of BSA in the 210-230 nm range indicated changes in
the structural conformation of BSA following the addition of BNP [30-32]. The BNP alone
in PBS did not show distinct absorbance in this range of wavelengths, demonstrating that
these absorbance changes are related to structural changes in BSA.

BNP@BSA-X was synthesized using 50 mg/ml or 100 mg/ml of BSA and 5 mg/ml or 10
mg/ml of GA. In contrast to BNP in PBS and BNP@BSA, which did not form hydrogels,
all BNP@BSA-X samples formed hydrogels (Figure S2 in Supporting Information). In all
hydrogel samples, gelation occurred in ~1 s. Residual glutaraldehyde was not detected by
high-performance liquid chromatography (HPLC) after the 24 h incubation of BNP@BSA-
X in PBS (Figure S3 in Supporting Information; see method) [33].

The BNP@BSA-X hydrogels had a storage modulus (G”) greater than the loss modulus
(G”) at all concentrations of BSA and GA, indicating solid-like properties (Figure S4 in
Supporting Information). 10 mg/ml GA resulted in a higher G’ (e.g., at 102 rad/s angular
frequency) than 5 mg/ml GA with BSA at 50 mg/ml (p = 0.045) and 100 mg/ml (o=

0.021), likely due to increased crosslinking between BSA proteins (Fig. 1D and Figure S4 in
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Supporting Information). Since all the BNP@BSA-X formed hydrogels, we used those with
50 mg/ml BSA (with 5 or 10 mg/ml of GA) in downstream experiments, to minimize the
mass to be injected /n vivo.

Here, drug nanoparticles are contained within a cross-linked albumin hydrogel. Cross-
linking would occur prior to administration a) to ensure that the cross-linking occurs within
the drug delivery system rather than with tissues, b) to minimize the extent to which

the system will dissipate after injection, c) to reduce the need for rapid cross-linking /n

vivo. For this purpose, it would be desirable to have shear-thinning properties, i.e., for

the material to be highly elastic prior to injection, be readily injectable, then to regain
elasticity after injection [34]. We evaluated the mechanical properties of BNP@BSA-X
formulations by rheometry through step-strain oscillations (Fig. 1E and Figure S5 in
Supporting Information). For BNP@BSA-X (5 mg/ml GA), the application of high strain
(500 %) led to liquid-like properties, with G* < G” (Fig. 1E). Upon the removal of excess
strain (to 0.1 %), G exceeded G” within seconds. Over repeated cycles, near-complete
healing was achieved. BNP@BSA-X (10 mg/ml GA) exhibited a decrease in G” with
repeated strain cycles at 0.1 % (Figure S5 in Supporting Information). When exposed to high
strain, G” closely approached G”, suggesting a lack of shear-thinning behavior. BNP@BSA
with 10 mg/ml GA was hard to inject through a 23-gauge needle. BNP@BSA-X with 50
mg/ml BSA and 5 mg/ml GA was used in downstream studies.

Scanning electron microscopy of BNP@BSA-X showed a pore size of approximately 5—
10 um, suggesting a large surface area and high water-absorption capacity (Figure S6 in
Supporting Information).

The release of bupivacaine from BSA formulations containing bupivacainesHCI was similar
to that of bupivacainesHCI alone (for the comparison of the latter to bupivacainesHCI@BSA
at 24h, p = 0.18; to bupivacainesHCI@BSA-X; p = 0.54)(Fig. 1F). In contrast, the release

of bupivacaine from BNP (formed in the absence of albumin) was slower than from
bupivacainesHCI (p = 0.0005 at 24 h). The hydrophobic nature of the free base, and the
particulate nature of BNP could have contributed to the slower release. These findings
highlight the importance of nanoparticle formation in achieving sustained release.

Bupivacaine release from BNP@BSA and BNP@BSA-X was much slower than from BNP
in PBS (both p <0.0001 at 24 h), underscoring the significant role of BSA in slowing
release.

The release kinetics of BNP@BSA and BNP@BSA-X were similar (p = 0.085 at 24 h). This
similarity /n vitro could be due the fact that the dialysis device physically constrained the
BSA solution within a fixed volume at the same concentration as BSA-X, i.e., mimicking a
cross-linked hydrogel.

Release of other compounds

To illustrate the broader applicability of this approach to different drugs, we used
diphenhydramine, an antihistamine, as an example of another amphiphilic drug (water
solubility: 683 mg/ml for the hydrochloride salt form [35], log P: 3.50 for the free base form
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[36]), and paclitaxel, a hydrophobic chemotherapy drug (water solubility <0.1 ug/ml, log P:
3.20 [37]) (Fig. 2 and Figure S7 in Supporting Information). Nanoparticles were prepared
from both drugs and incorporated into crosslinked BSA. In brief, the free base form of
diphenhydramine was generated by adding triethylamine (TEA) to diphenhydraminesHCI

in methanol then added dropwise to a 50 mg/ml BSA solution in pH 7.4 PBS. After
evaporating the methanol, glutaraldehyde (GA) was added to crosslink the BSA, forming
diphenhydramine nanoparticles in cross-linked BSA (DHNP@BSA-X). Paclitaxel was
dissolved in methanol and added to a 50 mg/ml BSA solution in pH 7.4 PBS. Methanol

was evaporated, then GA was added to create paclitaxel nanoparticles in cross-linked

BSA (PNP@BSA-X). The diameter of DHNP (~10-30 nm) and PNP (~10-20 nm) before
crosslinking was verified by TEM (Figure S7B in Supporting Information). The mechanical
properties of DHNP@BSA-X and PNP@BSA-X were assessed by rheometry (Figure S7C
in Supporting Information), confirming that both cross-linked hydrogels exhibited a higher
storage modulus (G”) than the loss modulus (G”), indicative of solid-like properties. Release
from DHNP@BSA-X and PNP@BSA-X was significantly slower than that of the respective
free drugs (p < 0.0001 at 24 h).

2.3. Sciatic nerve blockade

We injected 0.3 ml of various formulations at the left sciatic nerve and conducted
neurobehavioral testing to evaluate the duration of sensory and motor functional deficits,

in both hind paws (Fig. 3, Figure S8 and Figure S9 in Supporting Information). Deficits

in the left (injected) hindpaw reflect nerve block, while deficits in the right (uninjected)
hindpaw reflect effects of systemically distributed bupivacaine [38,39]. Importantly, none of
the formulations caused deficits in the uninjected hindpaw throughout the study (Figure S9
in Supporting Information).

BSA (50 mg/ml) and BSA-X did not cause any nerve block in the absence of bupivacaine
(Fig. 3). Bupivacaine at 5 mg/ml — 0.5 % v/w, a concentration in common clinical use —
achieved a sensory block duration of 2.6 h. Block from 5 mg/ml BNP in uncrosslinked
BSA (BNP@BSA) lasted 2.5 h (p= 0.827 compared to free bupivacaine). The duration
of sensory block from BNP@BSA did not have a statistically significant increase with
increasing bupivacaine nanoparticle concentration (2.9 h for 10 mg/ml and 3.8 h for 20
mg/ml). Cross-linking the BSA (BNP@BSA-X) markedly increased the duration of block
at every bupivacaine loading. The durations of block were 4.2-fold longer at 5 mg/ml
bupivacaine (p= 0.077), 6.4-fold at 10 mg/ml (p=0.011), and 10.6-fold at 20 mg/ml (p
<0.0001). At 20 mg/ml bupivacaine, BNP@BSA-X achieved 39.9 h nerve block. By way
of comparison, the duration achieved by the same volume of commercially available 13.3
mg/ml bupivacaine liposomes (EXPAREL®) was 5.1 h, i.e., 8-fold shorter (v <0.0001).

Sensory nerve block with 20 mg/ml bupivacainesHCI@BSA-X (7.3 h) was 5.4-fold shorter
than with BNP@BSA-X (39.9 h, p <0.0001), demonstrating the importance of the
nanoformulation of bupivacaine. This observation is consistent with the /n vitro release
kinetics (Fig. 1F).

There was no difference in the durations of sensory and motor block for any formulation
(Figure S8 in Supporting Information).
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2.4. Tissue retention

To evaluate drug retention in tissue, we employed the hydrophobic near-infrared (NIR)

dye indocyanine green (ICG) as a model drug (excitation 790 nm, emission 810 nm).
Nanoparticles containing ICG and bupivacaine nanoparticle (ICG-BNP) were formed by the
same process as for BNP except that ICG was co-dissolved in methanol with bupivacaine
free base. When free ICG and ICG-BNP@BSA were injected at the sciatic nerve (Fig.

4A and B), the associated fluorescence became undetectable within 24 h. Cross-linking of
the BSA markedly enhanced retention of ICG. With cross-linked BSA, release of ICG
incorporated in BNP (ICG-BNP@BSA-X) was slower than from ICG incorporated in
bupivacainesHCI (ICG-bupivacainesHCI@BSA-X) (51 % vs. 82 % respectively at 28 days,
p = 0.006). These data suggest that both nanoformulation and the cross-linking of BSA
contributed to prolonging retention in tissue.

To track tissue retention of BSA-X, the dye Cy5.5 was bound covalently to BSA (Cy5.5-
BSA; excitation 660 nm, emission 710 nm). When free Cy5.5 or non-cross-linked cy5.5-
BSA containing BNP (BNP@ Cy5.5-BSA) was injected at the sciatic nerve, the associated
fluorescence decreased by approximately 80 % within 7 days. In contrast, when BSA was
crosslinked (BNP@Cy5.5-BSA-X), the fluorescence decreased by only 36.2 % over the
same period (p = 0.004 when comparing to free Cy5.5 and p= 0.005 when comparing to
BNP@Cy5.5-BSA; Fig. 4C and D).

The duration of the nerve block from formulations correlated (RZ = 0.9949) with the
half-life of tissue retention (calculated from data in Fig. 4B) of the model drug ICG (Fig.
5A). (The half-life is the time to a 50 % reduction in fluorescence relative intensity.) The
durations of nerve block and tissue retention from bupivacainesHCI@BSA-X were much
shorter than from BNP@BSA-X, supporting the importance of nanoformulation. Notably,
the duration of nerve block and tissue retention from crosslinked BSA (BNP@BSA-

X and bupivacainesHCI@BSA-X) were much longer than from non-crosslinked BSA
(BNP@BSA), confirming the importance of BSA cross-linking. The duration of nerve
block also correlated (R? = 0.9593) with the percentage of fluorescence relative intensity of
Cy5.5 dye remaining on day 2 (Fig. 5B), as calculated from data in Fig. 4D. In particular,
cross-linking of BSA (BNP@BSA-X vs. BNP@BSA) was associated with much longer
duration of block.

ICG was retained in tissue longer with ICG-BNP@BSA-X than with ICG-BNP@BSA, BSA
was retained longer with in BNP@Cy5.5-BSA-X than BNP@Cy5.5-BSA, and nerve block
was longer with formulations with BSA-X. These findings are consistent with the view that
cross-linking of BSA slows release from BNPs, and that the similarity of the release of
bupivacaine from BNP@BSA and BNP@BSA-X /n vitro (Fig. 1F) is due to restriction of
the diffusion of BSA by the dialysis membrane.

2.5. Tissue reaction

Tissue reaction was assessed 4 days after the injection of BNP@BSA-X (20 mg/ml
bupivacaine), a time frame when acute inflammation and muscle injury are typically
well-established following perineural injection of drugs and biomaterials (Fig. 6) [9]. The
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sciatic nerves and adjacent tissues were harvested, processed into hematoxylin-eosin (H&E)
stained sections and inflammation and myotoxicity were assessed (inflammation scores
0-4; myotoxicity scores 0-6). In all rats treated with BNP@BSA-X, discrete eosinophilic
deposits (indicating protein) were found in close proximity to the sciatic nerve (Fig. 6A).
On histological examination, the response to BNP@BSA-X was characterized by a mixed
inflammatory infiltrate (median score: 2) primarily composed of macrophages, along with a
smaller population of lymphocytes and occasional neutrophils in the soft tissues surrounding
the muscle. BNP@BSA-X caused mild myotoxicity (median score: 1), with degenerating
and regenerating myocytes predominantly located in perifascicular muscle. Injection of the
same volume of the commercially available EXPAREL® (bupivacaine concentration 13.3
mg/ml[40]), had a similar degree of inflammation (median score: 2, p= 0.5) but had more
myotoxicity (median score: 3, p=0.019).

3. Discussion

We have engineered an injectable depot platform of drug nanoparticles within a protein-
based hydrogel system that is formed by a one-pot synthesis that does not require additional
purification steps. We demonstrate that it could be applied to three different small molecule
drugs. We provide proof of concept /n vivo with the local anesthetic bupivacaine, and
demonstrate that this system can provide very prolonged nerve block.

For /n vivo demonstration of safety and efficacy, we used sciatic nerve blockade with
bupivacaine, a commonly used relatively long-acting local anesthetic. The nanoparticulate
and cross-linked protein components were both important in achieving prolonged nerve
block. The effect of nanoformulation of BNP on release kinetics was at least in part due

to the fact that the bupivacaine was in hydrophobic free base form, which would slow
diffusion away from the depot. BSA slowed release by binding of bupivacaine nanoparticles
[23]. Drug binding to BSA may have had a greater effect than cross-linking per se, as
evidenced by the fact that bupivacaine release was similar for BNP@BSA and BNP@BSA-
X in vitro, i.e., when diffusion/dilution of BSA was prevented by containment within

a dialysis membrane. However, BNP@BSA-X resulted in much longer block durations
than BNP@BSA in vivo, where disappearance of BSA from the site of injection was not
limited. Moreover, the micron-scale pore size of BSA-X is unlikely to have a marked effect
on diffusion of bupivacaine. This view is supported by the experience with cross-linked
hyaluronic acid hydrogels, which had a relatively modest effect on the release and duration
of block from bupivacaine hydrochloride, and had a similar pore size to BSA-X [41, 42].
Incorporation of BNP within BSA-X could also have an effect by slowing removal of
nanoparticles from the site of injection [43].

Injectable drug delivery systems almost invariably entail local inflammation [44,45]. When
they deliver conventional local anesthetics, there is also myotoxicity [2,9,10,40,46,47].
Although such injury generally recovers spontaneously, it is not desirable and can result

in serious injury [46,48]. At high concentrations of local anesthetics or particularly toxic
compounds, there can be nerve injury [46,49-51]. The concentration of local anesthetic
administered is a primary determinant of tissue injury. We have argued that tissue reaction
can be a limiting factor with sustained release systems for conventional local anesthetics,

Biomaterials. Author manuscript; available in PMC 2024 August 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Choi et al.

Page 8

preventing the achievement of very long block [46]. Here, nerve block from BNP@BSA.-

X lasted 8 times longer than block from EXPAREL® (13.3 mg/ml bupivacaine), a
commercially available liposomal bupivacaine product, and had comparable or better tissue
reaction [40], even though it contained more bupivacaine (20 mg/ml). Also of note, none

of the animals tested had neurobehavioral deficits in the contralateral (un-injected) hindpaw,
suggesting that there was no effect from systemically distributed drug. This is important
because of the potential for systemic toxicity with conventional local anesthetics [38].

The systemic toxicity of a given dose of a drug decreases (often linearly) with increasing
mass and volume of the animal to which it is administered, while the local anesthetic
efficacy diminishes much less with increasing mass [38]. Moreover, as animals increase in
size, it is possible to inject more mass of a drug delivery system. Consequently, the duration
of block from sustained release local anesthetic systems might be longer in humans than it
was here in rats (~200-fold difference in mass). The potential for longer blocks in humans
is seen in the fact that a polymeric microspheres delivering bupivacaine and dexamethasone
caused nerve block lasting ~2 days, while the same formulation in sheep lasted ~13 days
[52]. These considerations and our data suggest the potential for prolonged and safe local
anesthesia.

In sustained release systems for conventional local anesthetics, the biomaterial and the drugs
can cause inflammation which lasts as long as there is residual material present [9]. The
inflammation resolves completely when both are gone, with no apparent sequelae [51]. The
local anesthetic itself can also cause myotoxicity, which also resolves completely once the
drug is gone [9]. This resolution was verified through histological examination conducted 30
days post-injection of BNP@BSA-X (Figure S10 in Supporting Information).

4. Materials and methods

4.1.

Reagents

All materials and reagents, unless otherwise noted, were purchased from Sigma-Aldrich (St.
Louis, MO, USA), and used as received.

4.2. Synthesis of bupivacaine free base

4.3.

Bupivacaine hydrochloride was dissolved in 50 ml of deionized water, and a 0.2 M NaOH
solution was slowly added under stirring. The free base form began to precipitate as a white
solid, and the NaOH solution was continuously added until a pH of 11 was achieved (pKa =
8.4). The resulting white solid was filtered under vacuum and washed with deionized water
multiple times. The solid was subsequently dried under vacuum overnight.

Preparation of bupivacaine nanoparticle (BNP) in PBS

Adding bupivacaine free base directly to PBS without BSA resulted in immediate
aggregation, especially at a high concentration of bupivacaine free base (20 mg/ml)

(Figure S11 in Supporting Information). In Fig. 1F—a low concentration (5 mg/ml) of
bupivacaine free base was used for the BNP, as this concentration did not result in immediate
aggregation.
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4.4. Preparation of bupivacaine nanoparticle (BNP) in BSA-X (BNP@BSA-X)

Bupivacaine free base was dissolved in methanol to prepare a stock solution. Bovine serum
albumin (BSA) was dissolved in pH 7.4 phosphate-buffered saline (PBS). The BSA solution
was vigorously stirred while rapidly adding the bupivacaine free base solution. Methanol
was removed by rotary evaporation. Subsequently, glutaraldehyde (GA) was added to the
solution at a final concentration of 5 mg/ml or 10 mg/ml to create the a BSA hydrogel with
embedded bupivacaine nanoparticles (BNP@BSA-X).

4.5. Detection of residual glutaraldehyde (GA) in BNP@BSA-X samples

As glutaraldehyde lacks a chromophore, we chemically modified both aldehyde functional
groups of GA with 2,4-dinitrophenylhydrazine (DNPH), forming DNPH-GA, which could
be detected by HPLC by measuring absorbance at 365 nm [33].

To prepare the 2,4-dinitrophenylhydrazine (DNPH) standard solution, 5 mg of DNPH was
added to 25 pl of 85 % phosphoric acid, followed by the addition of 5 ml acetonitrile (ACN)
to create a 1 mg/ml DNPH standard solution. The solution was shaken until fully dissolved.

10 mg of BNP@BSA-X was placed in 1 ml of PBS. After 24 h, 50 pl of the supernatant was
collected then added to 2 ml of DNPH standard solution (1 mg/ml), and acetonitrile (ACN)
was added to reach a final volume of 5 ml. This sample was then analyzed by HPLC.

To establish the standard curve, 50 pl of a 500 mg/ml GA solution was diluted with 5 ml
ACN to prepare a 1 mg/ml GA stock solution. Subsequently, 50 ul of the GA stock solution
(1 mg/ml) was added to 2 ml of DNPH standard solution, and ACN was added to reach a
final volume of 5 ml, making DNPH modified GA (DNPH-GA) stock solution (10 pg/ml of
GA concentration).

Each dilution of DNPH-GA stock solution (0.01, 0.1, 0.5, and 1 pg/ml of GA concentration)
was injected into the HPLC system (Agilent 1260 Infinity, Agilent, Santa Clara, CA, USA)
equipped with a C18 column (Poroshell 120 EC-C18, 4.6 x 100 mm, i.d. 2.7 um, Agilent,
Santa Clara, CA, USA) using an acetonitrile/water (75:25) mobile phase at a flow rate of 0.5
ml min~L. Detection of DNPH-GA was achieved through UV absorbance at A = 365 nm.
The calibration curve was generated using concentrations of 0.01, 0.1, 0.5, and 1 pg/ml of
GA (Figure S3 in Supporting Information).

In the supernatant of BNP@BSA-X, no peak for DNPH-GA was observed, confirming the
absence of residual glutaraldehyde in the BNP@BSA-X after synthesis.

4.6. Preparation of diphenhydramine nanoparticle (DHNP) in BSA-X (DHNP@BSA-X)

Diphenhydramine hydrochloride was dissolved in methanol at a concentration of 100 mg/ml,
and triethylamine (TEA) was added at a volume ratio of 1 % (v/v). After 30 min of

stirring, this solution was introduced into the BSA solution, previously prepared in pH 7.4
PBS at a concentration of 50 mg/ml. This addition resulted in a final diphenhydramine
concentration of 1 mg/ml. Methanol was removed by rotary evaporation. Subsequently, GA
was added to the solution at a final concentration of 5 mg/ml to create the diphenhydramine
nanoparticle-embedded hydrogel, denoted as DHNP@BSA-X.

Biomaterials. Author manuscript; available in PMC 2024 August 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Choi et al. Page 10

4.7. Preparation of paclitaxel nanoparticle (PNP) in BSA-X(PNP@BSA-X)

Paclitaxel was dissolved in methanol to create a stock solution with a concentration of

100 mg/ml. Concurrently, bovine serum albumin (BSA) was dissolved in pH 7.4 phosphate-
buffered saline (PBS) at a concentration of 50 mg/ml. The BSA solution was vigorously
stirred while the paclitaxel solution was added to reach a final paclitaxel concentration of 1
mg/ml. Methanol was removed by rotary evaporation. Subsequently, GA was added to the
solution at a final concentration of 5 mg/ml to create the paclitaxel nanoparticle-embedded
hydrogel, denoted as PNP@BSA-X.

4.8. General method to prepare BSA gel (BSA-X)

500 mg/ml glutaraldehyde (GA) in water was added to the stirring BSA protein solution to
achieve the desired final concentration of 5 mg/ml or 10 mg/ml.

4.9. Preparation of bupivacainesHCI in BSA (BupivacainesHCI@BSA)

To prepare bupivacainesHCI in BSA (BupivacainesHCI@BSA), the bupivacainesHCI was
dissolved in water, and then a solution of BSA in a pH 7.4 buffer was added to the mixture.
The resulting mixture was then stirred to create BupivacainesHCI@BSA.

4.10. Preparation of ICG and BNP in BSA (ICG-BNP@BSA)

A stock solution was prepared by dissolving ICG (0.5 mg/ml) and Bupivacaine free base
(200 mg/ml) in methanol. In a separate solution, bovine serum albumin (BSA) (50 mg/ml)
was dissolved in pH 7.4 phosphate-buffered saline (PBS) and vigorously stirred. The
Bupivacaine free base and ICG solution were then added to the BSA solution while stirring.
The final concentration of BNP and ICG was 20 mg/ml and 0.05 mg/ml, respectively.
Methanol was removed by rotary evaporation.

4.11. Preparation of ICG and bupivacainesHCI in BSA hydrogel (ICG-BupivacainesHCI
@BSA-X)
To prepare ICG and bupivacainesHCI in BSA, a solution was created by dissolving both ICG
and bupivacainesHCI in BSA solution. The resulting solution was then treated with addition
of a 500 mg/ml glutaldehyde solution in water to achieve the desired final concentration of 5
mg/ml.

4.12. Preparation of BNP in Cy5.5 dye conjugated BSA hydrogel (BNP@Cy5.5-BSA-X)

Bupivacaine free base was dissolved in methanol to prepare a stock solution. Then, a
solution of Cy5.5 dye-conjugated BSA (Cy5.5-BSA, purchased from Nanocs Inc, New York,
NY, USA) was mixed with BSA to create a mixture with a final concentration of 50 mg/ml
BSA. The concentration of Cy5.5 dye in the solution was 0.05 mg/ml. The mixture was
vigorously stirred while the bupivacaine free base was added. Methanol was removed by
rotary evaporation. The resulting solution was then treated with addition of a 500 mg/ml
glutaldehyde solution in water to achieve the desired final concentration of 5 mg/ml.
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4.13. Dynamic light scattering (DLS)

The particle size was measured with a Malvern Nano ZetaSizer (Malvern Panalytical,
Westborough, MA, USA).

4.14. Transmission electron microscopy (TEM)

The BNP@BSA solution was prepared by subjecting it to centrifugation to remove any
excess BSA protein. The resulting pellet was then washed three times and resuspended in
water. Carbon-coated 400 mesh copper grids (Ted Pella, Inc., Redding, CA, USA) were
subjected to glow charging for 90 s before BNP@BSA solution were deposited on them.
A volume of 5 pl of resuspended BNP@BSA was placed on the grid and allowed to settle
for 5 min. The grid was then washed with distilled water, stained with 1 % (w/w) uranyl
acetate, and wicked dry with filter paper. Transmission electron microscopy (TEM) images
were acquired using a Tecnai G2 Spirit BioTWIN transmission electron microscope (FEI
company, Hillsboro, OR, USA) operating at an acceleration voltage of 80 kV.

4.15. Scanning electron microscope (SEM)

The surface morphology of the hydrogel was examined using a Hitachi S-4700 Field
Emission Scanning Electron Microscope (FE-SEM) at an accelerating voltage of 10 kV and
12 uA. The BSA hydrogel was prepared, flash-frozen in liquid nitrogen, and subsequently
lyophilized. Prior to imaging, the sample cross-sections were obtained using a razor blade
and mounted on SEM stubs with double-sided carbon tape. To enhance conductivity, the
samples were further coated with an Au/Pd alloy using sputter coating techniques.

4.16. Rheological testing

4.17.

The rheological characteristics of the formulations were evaluated by means of a TA DHR-2
rheometer (TA instruments, NewCastle, DE, USA) furnished with a temperature regulator.
A parallel plate with a diameter of 20 mm was implemented in all tests. The distance
between the plates was set at 0.3 mm. Frequency sweeps were conducted within the range
of 0.63-628 rad/s with a strain of 0.1 %. The choice of 102 rad/s in Fig. 1D is based on

its alignment within the range associated with muscle tremor and vibration (62.83-251.3
rad/s), synchronized with the central nervous system [53]. Step-strain oscillation tests were
performed with a shear strain of 0.1 % for 60 s, followed by 500 % for 60 s, repeated for
three cycles at a frequency of 6.28 rad/s. All measurements were taken at 25 °C.

In vitro drug release for bupivacaine and diphenhydramine containing formulations

Drug release was performed by placing test formulations (BupivacainesHCI (5 mg/

ml), BupivacainesHCI@BSA (5 mg/ml), BupivacaineeHCI@BSA-X (20 mg/ml), BNP

(5 mg/ml), BNP@BSA (20 mg/ml), BNP@BSA-X (20 mg/ml); the value inside the
parentheses represents the concentration of bupivacaine. DiphenhydraminesHCI (1 mg/ml),
DHNP@BSA-X (1 mg/ml); the value inside the parentheses represents the concentration
of diphenhydramine.) into a Slide-A-Lyzer MINI dialysis device (Thermo Fisher Scientific,
Waltham, MA, USA) with a 3000 MW cut-off, further dialyzed with 14 ml 0.9 % saline
and incubated at 37 °C on a Isotemp Incubator (Fisher Scientific, Hampton, NH, USA).
The concentration of at each time point, the dialysis solution was exchanged with fresh,
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pre-warmed 0.9 % saline. 0.5 ml of the dialysis solution was saved for drug analysis. The
concentration of bupivacaine or diphenhydramine in release media was quantified by HPLC
(Agilent 1260 Infinity, Agilent, Santa Clara, CA, USA) using a C18 column (Poroshell 120
EC-C18, 4.6 x 100 mm, i.d. 2.7 ym, Agilent, Santa Clara, CA, USA) with a acetonitrile/
water (60:40) mobile phase and a flow rate of 0.5 ml min~1 [54-57]. Bupivacaine and
diphenhydramine was detected by UV absorbance at A = 250 nm. The drug release half-time
was calculated based on the time taken for the released drug accumulation equals to half of
the drug loaded.

In vitro release kinetics for paclitaxel containing formulations

Drug release were performed by placing test formulations (Paclitaxel (1 mg/ml),
PNP@BSA-X (1 mg/ml), the value inside the parentheses represents the concentration of
paclitaxel) into a Slide-A-Lyzer MINI dialysis device (Thermo Fisher Scientific, Waltham,
MA, USA) with a 3000 MW cut-off, further dialyzed with 14 ml 0.9 % saline and incubated
at 37 °C on a Isotemp Incubator (Fisher Scientific, Hampton, NH, USA). The concentration
of at each time point, the dialysis solution was exchanged with fresh, pre-warmed 0.9 %
saline. 0.5 ml of the dialysis solution was saved for drug analysis. The concentration of
paclitaxel in release media was quantified by UV-Vis spectrometer (Agilent Cary UV-Vis
Compact Peltier, Agilent, Santa Clara, CA, USA) at 224 nm.

4.19. Analysis of interaction between BNP and BSA by fluorimetry

4.20.

All fluorescence measurements were conducted using a BioTek® Synergy™ Mx microplate
reader (BioTek, Winooski, VT, USA). Fluorescence spectra at 37 °C were recorded from
310 to 450 nm with an excitation wavelength of 280 nm. The excitation and emission slit
widths were set to 9 nm. In these measurements, the concentration of BSA was maintained
at 1 mg/ml in PBS, while the concentrations of BNP were 0.05, 0.1, and 0.2 mg/ml. As a
control, fluorescence was measured for 0.2 mg/ml of BNP in PBS.

Interaction between BNP and BSA using UV-vis spectrometry

UV-vis absorption spectra at 37 °C were recorded on a UV-Vis spectrometer (Agilent
Cary UV-Vis Compact Peltier, Agilent, Santa Clara, CA, USA) across a wavelength
range of 190-350 nm. The concentration of BSA was fixed at 1 mg/ml in PBS, and the
concentrations of BNP were 0.02, 0.04, 0.06, and 0.08 mg/ml. As a control, UV-Vis
absorption was measured for 0.08 mg/ml of BNP in PBS.

4.21. Animal care and studies

All experiments were conducted in accordance with the Boston Children’s Hospital Animal
Care and Use Committee in accordance with the guidelines of the International Association
for the Study of Pain. Adult male Sprague-Dawley rats were purchased from the Charles
River Laboratories (Wilmington, MA, USA) weighing 300-400g were housed in groups
under a 12-hr/12-hr light/dark cycle with lights on at 6:00 AM.
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4.22. Invivo imaging system (IVIS) imaging

Rats were administered 0.3 ml of each formulation under isoflurane-oxygen anesthesia
and subsequently shaved. /n vivo fluorescence images were captured at predetermined
time points post-injection, with fluorescence intensity evaluated using a Spectrum VIS
(PerkinElmer, Waltham, MA, USA) under brief isoflurane-oxygen anesthesia. Whole body
animal images were recorded non-invasively using the following settings: excitation 780
nm, emission 845 nm (Free ICG, ICG-BNP@BSA, ICG-B@BSA-X, ICG-BNP@BSA-X);
excitation 660 nm, emission 710 nm (Free Cy5.5, BNP@Cy5.5-BSA, BNP@Cy5.5-BSA-
X).

4.23. Sciatic nerve block

Injections at the left sciatic nerve were administered using a 23-gauge needle under brief
anesthesia with isoflurane-oxygen. The needle was inserted in a postero-medial direction to
the greater trochanter, pointing in an anteromedial direction. Upon contact with bone, the
formulations were injected. Neurobehavioral testing was conducted on both hindquarters.
Deficits in the left extremity reflected nerve block, deficits in the right (uninjected) extremity
were used as an indicator of systemic drug distribution. Sensory nerve blockade was
assessed using a modified hotplate test. In brief, the hind paws were exposed sequentially
(left then right) to a 56 °C hotplate (Stoelting, Wood Dale, IL, USA), and the time the
animal allowed its paw to remain on the hotplate (thermal latency) was measured. A thermal
latency of 2 s indicated no nerve blockade (baseline), and a thermal latency of 12 s was
considered maximal latency. Successful nerve blockade was defined as achieving a thermal
latency above 7 s. The hind paws were removed from the hotplate after 12 s to prevent
thermal injury. Measurements were repeated three times in each animal at each time point,
and the median was used for data analysis.

Motor nerve block was assessed using a weight-bearing test to determine the motor strength
of the rat’s hind-paw. In brief, the rat was positioned with one hind-paw on a digital balance
and allowed to bear its weight. The maximum weight that the rat could bear without the
ankle touching the balance was recorded, and motor block was considered achieved when
the motor strength was less than half-maximal. Measurements were repeated three times at
each time point, and the median was used for further data analysis.

The duration of sensory block was calculated as the time required for thermal latency to
return to 7 s (halfway between baseline and maximal latencies). The duration of motor block
was defined as the time it took for weight-bearing to return to halfway between normal and
maximal block.

4.24. Tissue harvesting and histology

At 4 days and 28days after injection, rats were sacrificed to evaluate both acute and chronic
inflammation and myotoxicity. The sciatic nerve was harvested along with surrounding
tissues, and the dissector was blinded to the solution injected into each rat. Muscle samples
were fixed in 10 % neutral buffered formalin, and standard techniques were employed

to process them for histology (hematoxylin-eosin stained slides). An observer blinded to
individual sample nature analyzed the slides. The specimens were scored for inflammation
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(0-4 points) and myotoxicity (0-6 points), where inflammation severity was subjectively
assessed as: 0, no inflammation; 1, peripheral inflammation; 2, deep inflammation;

3, muscular hemifascicular inflammation; 4, muscular holofascicular inflammation.
Myotoxicity was scored based on two characteristic features of local anesthetic myotoxicity,
namely nuclear internalization and regeneration. Nuclear internalization refers to myocytes
with nuclei located away from their usual position at the cell periphery but with normal

size and chromicity. Regeneration refers to shrunken myocytes with scant eosinophilic
cytoplasm and hyper-chromatic nuclei. Scoring ranged from 0 (normal) to 6 (holofascicular
regeneration), with the grade for a sample indicating the worst area (most severe damage)
present on the slide.

4.25. Statistical analysis

The statistical analysis was performed using Prism 7 statistical software (GraphPad
Software, San Diego, CA, USA), and a two-sided Student’s t-test was used unless otherwise
specified. Differences between groups were considered statistically significant when p <
0.05. Statistical significance was defined as follows: 775 (0 > 0.05), * (p< 0.05), ** (p<
0.01), ***(p< 0.001), and **** (p< 0.0001).
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Characterization of BNP@BSA-X. (A) Size distribution by volume percent of BSA

and BNP@BSA measured by dynamic light scattering (DLS). (B) Transmission electron
micrograph (TEM) of BNP@BSA. Scale bar: 100 nm. (C) Fluorescent emission spectra

of BSA solution with different concentrations of BNP using fluorescence spectroscopy.
Excitation: 280 nm, Emission: 310-450 nm. (D) Comparison of the storage moduli (G”) at
an angular frequency of 102 rad/s for BNP@BSA-X with varying concentrations of BSA
and GA. Data are means £ SD (n = 4). (E) Mechanical properties of BNP@BSA-X (50:5; 50
mg/ml of BSA and 5 mg/ml of GA) determined by rheometry in response to repeated shear
strain. Strain was applied at 0.1 % for 60 s (white regions), followed by 500 % for 60 s (blue
regions). This was repeated three times. (F) Cumulative bupivacaine release (as a percentage
of the total amount loaded) from formulations. Data are means + SD (n = 4).
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DiphenhydramineHCI
Paclitaxel
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Cumulative drug release (as a percentage of the total amount loaded) from free drugs
(diphenhydraminesHCI and paclitaxel) and their corresponding nanoparticles in BSA-X.

Data are means + SD (n7= 4). p-values compare groups at 24 h.
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Sc%atic nerve blockade. Sensory block duration from bupivacainesHCI (5 mg/ml), and
various concentrations of bupivacaine nanoparticles in uncrosslinked and crosslinked BSA
(BNP@BSA and BNP@BSA-X, respectively). Also shown are the durations of block from,
bupivacainesHCI@BSA-X (20 mg/ml) and EXPAREL® (13.3 mg/ml). Data are means + SD
(n = 4-9). p-values compare groups at 20 mg/ml of bupivacaine.
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Fig. 4.
Tissue retention of fluorescently labeled formulations injected at the sciatic nerve, detected

by IVIS. (A) Representative time courses of retention of ICG-containing formulations. (B)
Quantification of the fluorescence intensity over time, derived from data such as those in
(A). Data are means + SD (n = 4). p-values compare groups at 28 days. (C) Representative
time courses of retention of Cy5.5-containing formulations. (D) Quantification of the
fluorescence intensity over time, derived from data such as those in (C). Bupivacaine
concentration was 20 mg/ml. Data are means + SD (n = 4). p-values compare groups at

7 days.
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Comparison of tissue retention and the duration of sensory nerve block for different
formulations. Correlation of duration of sensory nerve block with (A) the half-life of tissue

retention of ICG and (B) tissue retention of Cy5.5 on day 2.
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Fig. 6.
Representative hematoxylin-eosin stained sections of muscle and nerve 4 days after

injection. (A and B) BNP@BSA-X with 20 mg/ml bupivacaine. (C and D) EXPAREL®.
Scale bar: 200 um (magnification 100%, panels A and C), 40 um (magnification 400%, panels
B and D). M: muscle, Mtox: myotoxicity, N: nerve, Infl: inflammation, BSA-X: crosslinked
BSA. (E) Scores for tissue reaction on day 4. Data are medians with interquartile ranges (n =
4-6). pvalues are calculated from Mann-Whitney Utest.
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Scheme 1.

Synthetic scheme of BNP@BSA-X, a glutaraldehyde-crosslinked bovine serum albumin
hydrogel (BSA-X) containing bupivacaine free base nanoparticles (BNPs).
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