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A B S T R A C T

Finding an ideal anesthetic agent for postoperative pain control, with long action and low side effects, is still a
challenge. Local anesthetics have potential for such application if their time of action is improved. This work
introduces a new hybrid formulation formed by the association of a nanostructured lipid carrier with a biopo-
lymeric system to encapsulate bupivacaine (BVC). The hybrid formulation was physicochemical and structurally
characterized by DLS, TEM, DSC, XRD and FTIR-ATR, and it remained stable for 12 months at room temperature.
In vivo analgesia and imaging tests showed that the hybrid system was able to modulate the release, and to
increase the concentration of BVC at the site of action, by forming a nanogel in situ. Such nanogel improved over
5 times (> 24 h) the anesthesia duration, when compared to free BVC at clinical (0.5%) doses. Therefore, this
novel in situ-forming nanogel shows great potential to be used in postsurgical pain control, improving the action
of BVC, without losing its versatility of (infiltrative) application.

1. Introduction

Pain control, especially in the postoperative period, lacks advances
in terms of ideal agents - with low adverse effects and fast patients
recovery, so that to decrease medical expenses/length of hospital stay
[1]. Local anesthetics (LA) are extensively used for surgical pain con-
trol, with well-defined protocols. However, due to their (CNS and CVS)
systemic toxicity, and relatively short half-times (hours), LA become
useless to produce analgesia for prolonged periods such as in post-
operative period [2]. The development of Drug Delivery Systems (DDS),
that keep the local anesthetic in the site of application and retard their
systemic metabolization could increase the analgesia duration with no
adverse systemic effects. In this way LA-in-DDS could replace the use of
opioids - which have several side effects - in the postoperative pain
control [3].

Nanostructured lipid carriers (NLC) are nanometric lipid-based
carriers that show many advantages, such as increased upload capacity,
improving the therapeutic activity of drugs by retarding their systemic
degradation and providing sustained drug release [4]. NLC benefits

include safety - due to the use of biocompatible and functional ex-
cipients with reduced cytotoxicity, stability and low cost, making them
attractive for the pharmaceutical and cosmetic industries [5–8]. The
biopolymer alginate is a polysaccharide widely used in DDS because of
its biocompatibility and easy to obtaining. In the presence of bivalent
cations, such as Ca2+, alginate gets ionically crosslinked in an “eggbox
complex” [9,10]. These changes in alginate molecular structure result
in a gel of decreased solubility [11].

Biohybrid systems describe the association between two DDS (one
polymeric and another from organic material, e.g. lipids), which sepa-
rated, might not bring about the maximum pharmaceutical perfor-
mance of a chosen drug [12], as their association does. NLC are ex-
cellent carriers for local anesthetics, being able to prolong the
anesthesia time as reported for different agents, and mainly for topical
administration [2,13–15]. Alginate, by the other hand, allows the
production of a liquid, injectable formulation (versatile for a local an-
esthetic) that after in situ gelation [16,17] is able to keep the NLC at the
application site [18]. So, the association between these two carriers
could bring advantages for the therapeutic use of local anesthetics.
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BVC is the anesthetic of choice for surgical procedures, and its en-
antiomeric excess preparation (S75:R25, Novabupi®) has been suc-
cessfully encapsulated into NLC [13,19]. Thus, the present work aimed
at developing a hybrid formulation composed of NLC, alginate and
0.5% enantiomeric excess bupivacaine. The obtained hybrid formula-
tion was characterized using dynamic light scattering (DLS), transmis-
sion electron microscopy (TEM), differential scanning calorimetry
(DSC), powder X-ray diffraction (XRD) and infrared spectroscopy
(FTIR-ATR) and its physical chemical stability was accompanied over
12 months at ambient temperature. Then, in vitro release kinetics, in
vivo analgesic effect and NLC tracking imaging evidenced the sustained
release and efficiency of the developed DDS.

2. Materials and methods

2.1. Materials

Bupivacaine S75:R25 hydrochloride (BVC) was donated by Cristália
Prod. Quim. Farm. Ltda. (Brazil). Cetyl palmitate (CP) was purchased
from Dhaymers Química Fina (Brazil) and Capryol 90® was donated by
Gattefossé (France). The surfactant Pluronic® F68 (P68) and alginic
acid sodium salt from brown algae (medium viscosity; MW 216 g/mol)
(ALG) were supplied by Sigma (USA). The fluorescent dye DID (1,1′-
dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine perchlorate) was
supplied by Invitrogen Corp (Eugene, OR). Deionized water (18 MΩ)
was obtained from an Elga USF Maxima ultra-pure water purifier.

2.2. Formulation preparation

The formulation was prepared in two steps. Firstly NLC were pro-
duced by the emulsification-ultrasonication method [20]. Briefly, the
mixture of lipids, with and without BVC in its base form (obtained from
the hydrochloride species, as described before [21]) was melted in a
water bath at 65 °C, above the melting point of the solid lipid (cetyl
palmitate), and a solution of P68 was heated to the same temperature.
Both phases were blended under high-speed agitation (10,000 rpm), for
3 min in an Ultra-Turrax blender (IKA WerkeStaufen, Germany). After,
the mixture was sonicated for 30 min at 500 W and 20 kHz, in alter-
nating 30 s (on and off) cycles, in a Vibracell tip sonicator (Sonics &
Mat. Inc., Danbury, USA). The resultant nanoemulsion was immediately
cooled to room temperature with an ice bath, to produce nanos-
tructured lipid carriers with bupivacaine (NLCBVC) and a control for-
mulation without the anesthetic (NLCFREE). In the second step, a solu-
tion of sodium alginate was prepared in deionized water, and the NLC
formulation was added to it under agitation for 15 min, until the for-
mation of a homogeneous liquid suspension. The hybrid formulation
(HybridBVC) and its control, prepared without bupivacaine (HybridFREE)
were stored at ambient temperature (25–30 °C) for further use. The
concentration of each excipient in the formulations is given in Table S1.

2.3. Characterization of the formulation

2.3.1. Particle size, polydispersity index, zeta potential
A Nano ZS90 analyzer (Malvern Instruments, UK) was used to de-

termine the hydrodynamic size and polydispersity index (PDI) of the
nanoparticles) - by dynamic light scattering (DLS) - and their zeta po-
tentials (ZP), by laser doppler microelectrophoresis [22]. All the ana-
lyzed samples were diluted in deionized water (n = 3).

2.3.2. Bupivacaine quantification and encapsulation efficiency (%EE)
determination

A Varian ProStar high performance liquid chromatography (HPLC)
equipment with a PS 325 UV–Vis detector, a PS 210 solvent delivery
module and Galaxy Workstation software for data collection, was used
for the quantification of BVC. The column used was a Gemini® 5 μm,
C18, 110 Å (150 mm × 4.6 mm) (Phenomenex®, Torrance, USA) with a

mixture of 0.1% v/v phosphoric acid:acetonitrile (70:30 v/v) as the
mobile phase, at a flow rate of 1 mL/min. The injection volume was
30 μL and the absorbance was followed in 210 nm [19]. The total
amount of BVC (BVCtotal) in the formulations was determined by di-
luting the samples in the mobile phase (n = 3) [19,23]. The en-
capsulation efficiency (%EE) was determined by the ultrafiltration-
centrifugation method, using cellulose filters (30 kDa, Millipore). The
initial concentration of BVC (BVCtotal) and that in the filtrate (BVCfree)
were measured, and %EE was calculated according to Eq. (1) [19,23]:

=
−

×EE
BVC BVC

BVC
% 100total free

total (1)

2.4. Structural analysis

2.4.1. Transmission Electron Microscopy
Micrographs of the samples were obtained using a JEOL 1200 EXII

microscope operated at 60 kV. For preparing the samples (1% (w/w) of
alginate (ALG), NLCFREE, NLCBVC, HybridFREE and HybridBVC), uranyl
acetate (2%) was added to the diluted samples (20×) to provide con-
trast. After, the aliquots were deposited onto copper grids coated with a
carbon film and dried at room temperature.

2.4.2. Differential scanning calorimetry (DSC) and X-Ray diffraction
analysis (XRD)

DSC thermograms were collected in a 2910 TA calorimeter (TA
Instruments, DE, USA) and analyzed with Thermal Solutions v.1.25 (TA
Instruments, DE, USA) software. Cetyl palmitate, BVC base (excipients)
and the freeze-dried samples of 1% ALG, 0.5% BVC in 1% ALG w/w
(ALG + BVC), NLCFREE, NLCBVC, HybridFREE and HybridBVC were he-
ated using a hermetic aluminium sample pan at the rate of 10 °C/min,
with the temperature ranging from 20 to 150 °C.

To obtain the powder X-ray diffraction (XRD) data, a Shimadzu
XRD7000 diffractometer (Tokyo, Japan), using a Cu-Kα source, was
used. The same samples described above (DSC) were analyzed.
Diffractograms were run at a scan step of 2°/min, between 2θ values (5
and 50°).

2.4.3. Infrared analysis (ATR-FTIR)
The spectra of freeze-dried pure excipients (ALG, CP, P68, BVC),

physical mixture (alginate + P68) and samples (ALG + BVC, NLCFREE,
NLCBVC, HybridFREE, HybridBVC) were collected using an Agilent Cary
630 FTIR instrument equipped with ATR module. The data were col-
lected between 4000 and 650 cm−1, with 4 cm−1 of resolution.

2.5. Physicochemical stability

The physicochemical stability of the hybrid systems stored at room
temperature (25–30 °C) was followed for 12 months. Nanoparticle size
(nm), PDI and ZP (mV) were the measured parameters. Analysis of
variance (one-way ANOVA, 95% confidence level) and Tukey post hoc
test were employed to compare inter-groups significant differences,
regarding the initial time measurements.

2.6. In vitro release experiment

The in vitro release of BVC (pKa = 8.1 [2]) was studied using a
12 mL Franz diffusion cell system, with 5 mM PBS buffer (pH 7.4) and
2.5 mM CaCl2 as the receptor solution, separated from the acceptor
chamber by a polycarbonate membrane (Nucleopore Track-Etch,
19 mm diameter, 0.1 μm pore size, Whatman®); the samples were kept
at 37 °C under stirring at 300 rpm (n= 6) [24]. The formulations tested
(100 μL added in the donor chamber) were: 0.5% enantiomeric excess
bupivacaine hydrochloride (BVC), ALG + BVC, NLCBVC and Hy-
bridBVC. At determined time intervals (0.15, 1, 2, 4, 6, 8, 22, 24, 28 h)
samples of 200 μL were collected of the sampling port and replaced
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with fresh receptor solution, not to surpass the solubility of BVC
(0.57 mM according to [25]). The amount of BVC in the collected
samples was quantified by HPLC. The KinetDS 3.0 software was used for
the quantitative analysis of the total data of the obtained release curves
[26]. Several kinetic models were tested (zero order, first order, Wei-
bull, Higushi, Hiscon-Crowell and Korsmeyer-Peppas) and, according to
the R2 coefficient, the best fit for the hybrid formulation was obtained
with the Weibull model (Eq. (2)):

= − ⎡
⎣

− ⎤
⎦

m exp t
a

1
n

(2)

where, m is the amount of BVC released as a function of time (t), and a
denotes a scale parameter that describes the time dependence of the
release.

2.7. In vivo tests

2.7.1. Analgesic efficacy (paw withdrawal threshold test)
The experimental protocol for the in vivo tests was approved by the

UNICAMP Institutional Animal Care and Use Committee (CEUA-
UNICAMP protocol #4155–1), which follows the recommendations of
the Guide for the Care and Use of Laboratory Animals. Briefly, adult
male Wistar rats (Rattus norvegicus albinus, weighting 250–350 g) were
randomly divided in batches of 5 animals with no restriction to water
and food; the animals were previously acclimated for 15 days at the
place of experimentation under 12 h light/dark cycles and controlled
temperature and humidity. For the tests, 0.2 mL of each formulation
was injected into the popliteal space, posterior to the knee joint, in the
sciatic nerve area [27] in the right rat paws. An analgesimeter (Ugo
Basile, Varese, Italy) was used to measure the sensory nerve block, by
the paw pressure test [28]. The Paw Withdrawal Threshold to Pressure
(PWTP) was determined taking into account the registered force (in
grams) on the injected paw. The cut-off value was 180 g and baseline
values of 30–50 g were selected as the pain threshold; animals with
lower or higher values than the baseline were excluded. The first
measurements were carried out 30 min and 1 h after injection. After
that, the measurements were done in 1 h intervals, for 30 h. The ob-
tained values were converted into maximum possible effect (% MPE)
data, according to Eq. (3) [29]:

= −
−

MPE treshold baseline
cutoff baseline

% ( )
( ) (3)

where %MPE is the percentage of maximum possible effect, threshold
corresponds to the measured pressure values, baseline is the standard
value of each animal, and cut-off refers to the limit (180 g) pressure
adopted, to avoid skin injury.

The area under the curve (AUC) of analgesic effect was calculated
through the %MPE plot. Statistical analyses were performed by One-
Way ANOVA with Tukey-Kramer post-test, using GraphPad Prism ver-
sion 6.00 for Windows (California, USA).

2.7.2. In vivo imaging
For the in vivo imaging, NLC were labeled with the fluorescent dye

DID (0.01% w/w, ~6 × 10−4 mol%), added to the lipid phase [30].
Four-week-old male C57BL/6JUnib mice were kept in appropriate
micro-isolators, under 12 h light-dark cycles, with controlled tem-
perature and humidity, receiving water and food ad libitum (Committee
for Ethics in Animal Use CEUA-UNICAMP protocol #4999–1). 50 μL of
the formulations (NLCFREE and HybridFREE,) were injected in the right
paw into the popliteal space, posterior to the knee joint, in the sciatic
nerve area (n = 5). After one hour of application, and after 1, 2, 3, 4, 7,
9, 11 and 14 days after injection, the animals were imaged using an in
vivo imaging analyzer (in vivo FX-PRO, Bruker, TX, USA). For that,
fluorophore excitation and emission wavelengths were set to 630 and
700 nm, respectively, and the imaging time was 1 min. Additionally,
mice were X-rayed for the anatomical localization of the labeling.

During the imaging procedures, mice were kept under anesthesia (iso-
flurane 3%). The images and data of area and intensity were collected
using the Molecular Imaging (Bruker, v. 7.1.3.20550) software, and the
statistical analyses were done using GraphPad Prism version 6.00 for
Windows (California, USA).

3. Results

In the development of hybrid DDS formulations, the possible in-
terference of one carrier system over the other should be considered.
Thus, Table 1 compares the nanoparticles size, polydispersity and sur-
face charge in four samples: nanostructured lipid carriers without en-
antiomeric excess-bupivacaine (NLCFREE), nanoparticles with bupiva-
caine (NLCBVC) and nanoparticles in the hybrid systems (NLC plus
alginate and without bupivacaine, HybridFREE) and nanoparticles plus
alginate and bupivacaine (HybridBVC). The encapsulation efficiency of
bupivacaine in the NLCBVC and HybridBVC formulations is also given.

3.1. Structural analyses

3.1.1. Transmission electron microscopy
This technique is often used to obtain information about the mor-

phology of the nanoparticles [31–33]. In Fig. 1A and B, we can see
images of the alginate polymer mesh. Fig. 1C and D show the shape of
control NLCs, spherical and regular, with defined borders. Addition of
alginate (to form the hybrid system) did not change NLC's morphology,
and the nanoparticles got inserted inside the polymer alginate mesh, as
evidenced in Fig. 1E, F, G and H. In the same way, no differences in
morphology were found between the formulations, with and without
bupivacaine in enantiomeric excess (Fig. 1E, F vs. Fig. 1G, H).

3.1.2. Differential scanning calorimetry (DSC) and X-ray diffraction
analysis (XRD)

The combination of DSC and XDR is usually applied to study the
crystalline structure of NLC [8] as well as to collect evidences of drug
encapsulation [34,35]. Fig. 2A and Table S2 show the results of DSC
analysis. For NLCFREE, where CP (transition temperature: 57.7 °C) and
P68 (transition temperature: 54.5 °C) are excipients, just one thermal
event was registered at 54.4 °C. When BVC is present (NLCBVC), there is
a decrease in the transition temperature (to 54.1 °C) and enthalpy (from
221.9 to 106.3 J/g), relatively to NLCFREE. These data indicate that the
fraction of BVC that gets encapsulated in the NLC (%EE = 54.5%,
Table 1) decreases the crystallinity of the lipid core, as previously ob-
served with other local anesthetics [35]. In relation to alginate, results
are indicative of its association with the nanoparticles, since it induced
an increase in the transition temperature of the nanoparticles (from
54.4 °C in NLCFREE to 57.2 °C in HybridFREE). The same increase in the
transition temperature was observed (54.1 to 56.0 °C) in the presence of
the anesthetic (NLCBVC vs. HybridBVC, Table S2). This result indicates
that the presence of BVC does not influence the interaction of alginate
with the NLC.

The results of X-ray diffraction (XRD) show that cetyl palmitate, the

Table 1
Physicochemical results of nanostructured lipid carriers - without and with
bupivacaine (NLCFREE and NLCBVC, respectively) - and Hybrid formulations -
without and with bupivacaine (HybridFREE and HybridBVC, respectively) - re-
garding size (nanometers, nm), polydispersity index (PDI), Zeta potential (mV)
and encapsulating efficiency (%EE).

Formulation Size (nm) PDI Zeta potential
(mV)

%EE

NLCFREE 181.4 ± 1.4 0.130 ± 0.017 −29.8 ± 1.0 –
NLCBVC 185.6 ± 1.5 0.134 ± 0.006 −34.4 ± 0.3 54.5 ± 1.2
HybridFREE 196.8 ± 3.1 0.150 ± 0.014 −39.4 ± 0.8 –
HybridBVC 198.4 ± 1.5 0.170 ± 0.015 −44.2 ± 0.8 59.1 ± 2.0
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Fig. 1. TEM images of pure alginate (A, B), and nanostructured lipid carriers in samples: NLCFREE (C, D), HybridFREE (E, F) and HybridBVC (G, H). Magnification:
10000× (A), 35,970× (E), 60,000× (B) and 100,000× (C, D, F, G, H).

Fig. 2. A) DSC thermograms, obtained at a heating rate of 10 °C/min. B,C) X-ray diffractograms obtained with a Cu-Kα source, at a scan step of 2o/min, graphed in
the same scale, for: B) cetyl palmitate (CP), alginate (ALG), NLC and hybrid formulations without bupivacaine (NLCFREE and HybridFREE); C), bupivacaine in
enantiomeric excess (BVC), BVC in alginate (ALG + BVC), NLC and hybrid formulations with bupivacaine (NLCBVC and HybridBVC).

G.H. Rodrigues da Silva, et al. Materials Science & Engineering C 109 (2020) 110608

4



main lipid component and responsible for the solid core of the nano-
particles, shows intense peaks at 7, 11, 21 and 24o, indicating its
crystalline structure (Fig. 2B) [35]. As expected, the intensity of these
CP peaks decreased, both in NLC and hybrid formulations (Fig. 2B).
However, there was no difference in the decrease of intensity relatively
to pure CP, when the hybrid formulation is compared to the NLC,
suggesting that alginate seems not to interfere with the organization of
cetyl palmitate into the NLC core. Also the crystalline structure of BVC –
mainly its main peak at 10° [36] – is affected in all formulations
(Fig. 2C). Altogether DSC and XRD analyses endorsed the %EE data,
showing that BVC is incorporated in the lipid core of NLC and interacts
also with alginate.

3.1.3. Infrared analysis
Infrared analysis (FTIR-ATR) is another useful tool for the char-

acterization of nanostructured lipid carriers [14], and alginate [37].
The spectra of the main components of the hybrid system (cetyl pal-
mitate, Pluronic F68, alginate and BVC) are given in Fig. S1 (supple-
mentary material). Fig. 3A shows the spectra of the studied formula-
tions. The infrared spectra of NLC and hybrid formulations (HybridFREE
and HybridBVC) show similarities to the spectrum of nanoparticles'
major lipid component, cetyl palmitate [35]. We observed that the
difference in the hybrid formulations is the appearance of bands in
3374 and 1605 cm−1, corresponding to ƲOH (and OH) and ƲasCO
(—COO−) that are distinctive of pure alginate [38] (Fig. S1). All the
remaining spectra seem to be unchanged, indicating that alginate does
not interact with the lipid core of NLC, in agreement with results ob-
tained in the previous analyzes (TEM and XRD).

Since Infrared spectrum is dominated by the lipid-core components,
mainly CP, which apparently does not interact with alginate, we

removed the lipid core from the nanoparticles aiming at detecting any
interaction between the hydrophilic (polyethyleneglycol) chain of the
P68 surfactant (Fig. S2) and alginate (Fig. S3). Thus, a formulation
containing P68 and alginate, in the same concentrations used in the
NLC and hybrid formulations, respectively, was prepared. Considering
that at the concentration used (5% w/w), P68 in solution is in its mi-
cellar form [39], it is reasonable to expect that only its hydrophilic
portion gets exposed, in order to interact with alginate (in a similar way
to the orientation of P68 molecules in NLC). Also, a physical mixture
(simple mixture of freeze-dried alginate and P68) was prepared for
comparative reasons.

Fig. 3 shows the FTIR-ATR spectra of the physical mixture prepared
with P68, after addition of alginate and subsequent freeze-drying. The
spectrum of a formulation of the same composition in also given.
Fig. 3B shows that the, in the formulation the characteristic band of
alginate around 1600 cm−1 is shifted towards higher wavenumbers in
the presence of P68, in comparison to the physical mixture. Another
information came from the disappearance of the band at 843 cm−1

referring to CH stretching of the PPO chain of P68 (hydrophobic region,
Fig. S2), confirming the micellar conformation [40] of the detergent in
the formulation, but not in the physical mixture. Thus, FTIR-ATR results
are indicative of interaction between the hydrophilic portion of the P68
molecules and alginate, on the surface of the NLC.

3.2. In vitro release experiment

The results of the in vitro release experiments are shown in Fig. 4.
While free BVC was completely released after 1 h, the NLCBVC for-
mulation extended the anesthetic release up to 28 h, with a burst phase
in the initial hours, due to the unencapsulated BVC fraction (see
Table 1). A control formulation, containing bupivacaine in alginate
(ALG + BVC) showed fast initial release, and total equilibrium release
in 7 h. As for the hybrid formulation, it exhibited the longest equili-
brium profile (> 28 h) with no pronounced burst release in the first
hours. At this point, aiming at showing the nanogel formation by the
addition of Ca2+ in the donor solution, pictures from the Franz cell
donor compartment were taken after the experiment (Fig. S4).

The release curves in Fig. 4 were analyzed with the KinectDS3
software [26], using different mathematical approaches (zero order,
first order, Weibull, Higushi, Hiscon-Crowell and Korsmeyer-Peppas)
(Table S3). For the release of bupivacaine from the NLC, the Korsmeyer-
Peppas model was the best-fit model, considering the R2 values [13]. As
for the hybrid formulation, the best-fit model was the Weibull

Fig. 3. FTIR-ATR spectra of: A) NLC and hybrid formulations; B) physical
mixture and formulation of Pluronic F-68 and alginate (see text).

Fig. 4. In vitro release profiles of bupivacaine determined at 37 °C: in solution
(BVC), in alginate solution (ALG + BVC), encapsulated in the nanostructured
lipid carriers (NLCBVC), and in the hybrid formulation (HybridBVC). (n = 6).
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(R2 = 0.97), in which the K parameter describes the shape of the curve
(Eq. (2)). The determined value of K for the HybridBVC formulation
(K = 1.49) was higher than unit, indicating a sigmoidal release curve
with a turning point [41]. Considering the other curves in Fig. 4
(NLCBVC and ALG + BVC), the slower release phase of the HybridBVC
curve is probably explained by BVC release from the lipid NLC core into
the alginate polymer, while the fast release regimen is due to BVC re-
lease from the alginate polymer.

3.3. Physicochemical stability

Alterations in the physicochemical features of NLC, such as poly-
morphic modifications in the lipid matrix [42–44], and any possible
instability caused by addition of alginate are important to follow over
the time. Thus, the physicochemical stability at room temperature of
the HybridFREE and HybridBVC samples was followed for one year. The
results are shown in Fig. 5 and Table S4. For the analyzed parameters
(size, PDI, ZP), no statistically significant differences were observed, in
comparison to the initial values.

3.4. In vivo tests

3.4.1. Anesthetic efficacy
The anesthetic efficacy of the hybrid formulation was determined by

the blockage of the rat sciatic nerve. With the paw withdrawal
threshold test (PWPT), it was possible to quantify the duration and
intensity of the sensory block induced by bupivacaine [45–47]. The
maximum possible effect (MPE) found in formulations containing
equivalent BVC (0.5%, clinical dose) concentration changed according
to each formulation type and, as can be seen in Fig. 6A. BVC in solution

showed the shortest anesthetic duration (~4 h), followed by the
ALG + BVC formulation (~7 h), NLCBVC (~10 h) and the Hybrid for-
mulation (26–28 h). The curve in Fig. 6A shows that after achieving the
maximum effect, the hybrid formulation sustained analgesia at the
maximum for more than a day. Also, HybridBVC took longer to reach the
maximum effect, a result predicted by the release test, where no burst
release effect was observed. The hybrid formulation showed a pro-
longed anesthesia effect – ca. 650% higher than that of free BVC – as
revealed by the area under the curve (AUC) data in Fig. 6B. To de-
monstrate the gel formation in vivo, control animals (those receiving
formulations without bupivacaine) were euthanized shortly after (1 h)
injection (Fig. 6C and D). In these animals, one can easily notice the
nanogel formation near the region of anesthetic application, while the
NLC formulation cannot be seen.

3.4.2. In vivo imaging
In vivo imaging is a technique that has been gaining prominence in

the development of nanoparticles because it opens the possibility of
studying their properties in an organism without functional alterations
[48]. Through the insertion of probes, it is possible to quantify, for
instance, the fluorescence of the nanoparticulated systems, to follow
their biodistribution and degradation [49]. Fig. 7 shows the results of
the in vivo imaging experiments performed after the injection of
NLCFREE and HybridFREE (labeled with DID fluorophore) in the sciatic
nerve region of mice. Fig. 7A shows the decay of the fluorescence area
in the same individual, after injection of the formulations. With the
passage of the days, it is possible to see the decay of fluorescence area,
confirming the degradation of the formulations in the organism.
Looking at the NLC sample, at the fourth day of the experiment it was
almost not possible to detect the nanoparticles in the injection region,

Fig. 5. Physicochemical stability of the hybrid formulation (HybridBVC) and its control (HybridFREE) considering size (A); PDI (B), and ZP (C) of the nanoparticles
during 12 months of storage at room temperature. No statistically significant differences were observed (one-way ANOVA with Tukey post hoc test) in comparison to
the initial results.
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Fig. 6. Anesthetic efficacy measured trough
the PWPT test. (A) Maximum possible effect
(MPE %) over time for formulations con-
taining 0.5% bupivacaine: in solution
(BVC), in alginate (ALG + BVC), en-
capsulated in nanostructured lipid carriers
(NLCBVC) or in the hybrid formulation
(HybridBVC), n = 5. (B) Area under the
anesthesia curves (effect-time), according to
A. C and D show, images of euthanized
control animals, after injection of nanos-
tructured lipid carriers (left) and hybrid
formulation without bupivacaine (right).
Statistical tests: One-way ANOVA plus
Tukey–Kramer post hoc: a, HybridBVC x BVC;
b, HybridBVC x NLCBVC; c,
HybridBVC × Alginate + BVC, d, NLCBVC x
BVC. * p < 0.05, ****p < 0.0001.

Fig. 7. In vivo imaging results. A, X-ray merged with fluorescent images of nanoparticles lipid carriers (NLCFREE) and the hybrid formulation (HybridFREE) in the
different time points, in the same animal. B, changes in fluorescent area of the samples, in relation of initial area (%, mean and SEM) over the period. C, changes in
intensity of fluorescent area (x107 photons/s/mm2, mean and SEM) over the time. Statistical tests: One-way ANOVA plus Tukey–Kramer post hoc in the same time
point; ** p < 0.01. (n = 5).
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posterior to the knee of the animal, while the fluorescent area in the
hybrid formulation is still large. Furthermore, at the end of 14 days,
while animals treated with the NLCFREE formulation showed almost no
fluorescence, the hybrid formulation still elicited a fluorescence emis-
sion in the treated paw. This visual result is clearer after quantification
(Fig. 7B and C). Fig. 7B shows the decay of the fluorescent area over
time, showing that for the NLC formulation degradation starts one day
after the application, whereas the hybrid formulation does not show
any significant decrease in the first 2 days. Furthermore, Fig. 7C shows
that detection of nanoparticles is higher in the hybrid formulation than
in NLC formulation. This data corroborates the nanogel formation in
vivo - the nanoparticles being more concentrated at the injection site,
allowing a better detection in relation to the NLC formulation, which
gets dispersed easily.

4. Discussion

Drug delivery systems that provide safer administration of drugs,
being easy to administer and containing biodegradable materials are
highly desirable. In this work we combined two DDS carriers (NLC and
alginate) which alone have good aptitudes for the encapsulation of local
anesthetics, but that are not able to prolong anesthetic activity beyond
a few hours [13,35,47,50]. The formulation joined the advantages of
nanostructured particles that, dispersed in a polymeric matrix formed a
new hybrid system that was effective in controlling pain for more than a
day, using the regular clinical dose of enantiomeric excess bupivacaine
(0.5%).

In relation to the structure of the developed system, the increase in
size (~10 nm) and surface charge of the nanoparticles (ΔZP = 10 mV,
in modulus), as well as TEM images (Fig. 1G) show that NLC and al-
ginate did form a new hybrid DDS. TEM images also revealed that NLC
got distributed inside the alginate matrix, as expected for the interac-
tion between the two carriers. Together, DSC and XRD evidenced a
decrease in the crystalline structure inside NLC and Hybrid formula-
tions, as well as after BVC encapsulation, in good agreement with the
high %EE values in Table 1. Besides, XRD and FTIR-ATR data provided
evidences that alginate did not interfere with the internal structure of
the nanoparticles, while TEM analysis suggested an interaction between
the NLC external components and alginate. According to FTIR-ATR
spectra, when only the P68 surfactant (representing the exterior shell of
the NLC) and alginate were analyzed, evidences from association be-
tween the two excipients were registered, from changes in the carbonyl
groups of alginate and hydrophilic (PEO) groups of P68 (see structures
in Figs. S2 and S3). Similar results were observed by Fan and colleagues
[38] for the interaction between alginate and gelatin (that like P68,
have hydroxyl groups in its structure) in blend fibers of these com-
pounds, at different proportions.

In vitro release experiments are capable of identifying changes in the
discharge of drugs from DDS, predicting their in vivo behavior. The pKa
of BVC is 8.1 [2] so, in the buffer used, the concentrations used guar-
antee the sink condition. Besides, the in vitro formation of a nanogel was
simulated: alginate gelation was induced by adding Ca2+ in the re-
ceptor compartment of Franz cells, to the same concentration of cal-
cium in the serum [51]. As previously reported [13], the in vitro release
profile of the anesthetic from NLCBVC followed the Korsmeyer-Peppas
model. It indicated an anomalous non-Fickian transport for NLCBVC,
where more than one mechanism rule BVC release: fast diffusion caused
by the non-encapsulated drug fraction, and slow diffusion of the en-
capsulated anesthetic molecules. On the other hand, the sigmoidal re-
lease curve of the HybridBVC formulation was better described by the
Weibull model. 3 phases of release were observed: the first – from time
zero to 2.5 h – in which ca. 20% of BVC was fast liberated; the second -
from 2.5 to 9 h – where ~ 55% of the anesthetic was discharged; and
the third, with the slowest release rate, which last until the end of the
experiment. Since gelification requires a drastic change in the mole-
cular structure of alginate (that gets ionically crosslinked in an egg box

arrangement) we believe that such rearrangement restricted BVC dif-
fusion, determining a more complex release profile. Indeed, in the hy-
brid system BVC displayed the most extended release, with a decrease
in the initial burst release (Fig. 4) in comparation to NLCBVC. These
results confirmed the prolonged release of HybridBVC, allowing us to
predict its longer anesthetic time, confirmed after by the in vivo tests.

In vivo tests confirmed the distinguishing anesthetic effect achieved
with the hybrid formulation, the formation of the nanogel in vivo
(Fig. 6) and the reduction in nanoparticles degradation by the or-
ganism, favoring the drug release in the site of application for a longer
time (Fig. 7). The goal of this formulation was to achieve greater
modulation of bupivacaine release, at constant rates, effectively at the
site of the action. Yet, using the usual clinical dose of bupivacaine
(0.5%), the anesthesia duration could be improved by> 5 times. In
addition, literature shows that 0.5% bupivacaine when incorporated in
other DDS such as polymeric alginate nanoparticles [47] or multi-
vesicular liposomes [52] promoted significantly shorter anesthesia
times in sciatic nerve blockade, even in a gel formulation [53].
Equivalent anesthesia times (24 h) were reported only for racemic BVC
in poly-lactide-co-glycolide microspheres, but at higher concentration
(60% w/w) [54]. Therefore, the hybrid system described here achieved
long lasting anesthesia with the clinical BVC dose, ensuring the sys-
temic safety of its application.

The encapsulation of BVC in the lipid core of NLC (showed by %EE,
DSC and XRD) and the interaction of NLC with alginate (DSC and FTIR
data), with NLC surrounded by the polymeric alginate mesh (TEM),
determined the complex release profile and prolonged in vivo analgesia
time of the BVC hybrid formulation. As depicted in Fig. 8 for the Hy-
bridBVC formulation, we believe that the lipid core of the NLC serve as a
reservoir in which bupivacaine was concentrated, while the alginate
mesh involving the nanoparticles completes the modulation of the an-
esthetic release at the site of injection. The different release regimens in
the release kinetics curves (Fig. 4) can be ascribed to at least two me-
chanisms: the fast release of BVC from the alginate polymer (k1 con-
stant in Fig. 8), and the slower release of BVC from the lipid NLC core
into the alginate polymer (k2 constant, Fig. 8), towards the medium.
Thus, connecting the in vitro release data, the large increase in an-
esthesia time (PWPT test), and retention of the formulation at the site of
action - measured by in vivo imaging, the hybrid system here described
was found ideal for the delivery of local anesthetics. Moreover, other
lipophilic drugs such as antitumor, antibiotics and anti-inflammatory
could benefit from such binary drug delivery system, where a carrier
serve as drug reservoir, and the other (gel) helps to regulate drug re-
lease. In addition, we foresee that to further increase the analgesia time,
higher BVC doses can be tested, without impacting the systemic toxicity
of the hybrid formulation, due to its ability to keep the anesthetic at the
site of application.

5. Conclusion

This work describes the development of a hybrid formulation by the
coupling of a lipid carrier system (NLC) with a biopolymer (alginate).
The hybrid system was physicochemically and structurally character-
ized, with evidences of interactions that explain its stability for a year.
In physiological environment, where Ca2+ ions are present, gelification
took place in situ, favoring the formulation to remain longer at the site
of injection, increasing by>5 times the duration of bupivacaine an-
esthesia, at its usual clinical dose (0.5%). Therefore, NLC formed a lipid
reservoir of bupivacaine molecules - that was protected from clearance
and metabolization – while alginate matrix modulated the release of the
local anesthetic at the application site, in a very efficient delivery
system, ideal for local anesthetics. This formulation is injectable (easy
to apply), composed of safe and biodegradable excipients, do not re-
quire higher (toxic) BVC concentrations, being promising for the post-
operative pain management to replace opioids and drugs of higher
systemic effects.
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