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ABSTRACT: Nanostructured lipid carriers (NLC) have emerged
as innovative drug delivery systems, offering distinct advantages
over other lipid-based carriers, such as liposomes and solid lipid
nanoparticles. Benzocaine (BZC), the oldest topical local
anesthetic in use, undergoes metabolism by pseudocholinesterase,
leading to the formation of p-aminobenzoic acid, a causative agent
for allergic reactions associated with prolonged BZC usage. In
order to mitigate adverse effects and enhance bioavailability, BZC
was encapsulated within NLC. Utilizing a 23 factorial design,
formulations comprising cetyl palmitate (solid lipid), propylene
glycol monocaprylate (liquid lipid), and Pluronic F68 as surfactants
were systematically prepared, with variations in the solid/liquid
lipid mass ratios (60:40−80:20%), total lipid contents (15−25%),
and BZC concentrations (1−3%). The optimized formulation underwent characterization by dynamic light scattering, differential
scanning calorimetry, Raman imaging, X-ray diffraction, small-angle neutron scattering, nanotracking analysis, and transmission
electron microscopy (TEM)/cryo-TEM, providing insights into the nanoparticle structure and the incorporation of BZC into its
lipid matrix. NLCBZC exhibited a noteworthy encapsulation efficiency (%EE = 96%) and a 1 year stability when stored at 25 °C. In
vitro kinetic studies and in vivo antinociceptive tests conducted in mice revealed that NLCBZC effectively sustained drug release for
over 20 h and prolonged the anesthetic effect of BZC for up to 18 h. We therefore propose the use of NLCBZC to diminish the
effective anesthetic concentration of benzocaine (from 20 to 3% or less), thus minimizing allergic reactions that follow the topical
administration of this anesthetic and, potentially, paving the way for new routes of BZC administration in pain management.
KEYWORDS: benzocaine, nanostructured lipid carriers, local anesthetic, experimental design, drug delivery

1. INTRODUCTION
The International Association for the Study of Pain (IASP)
defines pain as “an unpleasant sensory and emotional
experience associated with, or resembling that associated
with, actual or potential tissue damage”,1 which is expressed by
organic reactions that vary from person to person, influenced
by biological, psychological, and social factors. Local
anesthetics (LAs) are largely used for pain control, either in
surgical (infiltrative route) or in minor invasive procedures
(mainly topical anesthesia). Benzocaine (BZC) is an ester-type
compound that, in contrast to other LAs, consistently
maintains an uncharged state at physiological pH; this results
in a log P octanol−water of 1.9 and low (4.4 mM) water
solubility,2 thereby limiting its systemic absorption and
confining its application solely to topical use. BZC is the
oldest topical anesthetic agent still in use, and in dental clinics,
20% of BZC gel is the most used topical LA with a fast onset of
action, excellent superficial analgesia, and short duration.3

However, the prolonged use of BZC can induce allergic
reactions due to p-aminobenzoic acid, a result from the action

of (ester bond hydrolysis) pseudocholinesterases.3,4 Although
serious toxicity with BZC is rare,5 the use of benzocaine
products to treat mouth pain has increased attention for signs
and symptoms of methemoglobinemia such as pale, gray, or
blue-colored skin, lips, and nail beds; shortness of breath;
fatigue; confusion; headache; lightheadedness, and fast heart
rate, deserving an FDA Drug Safety Communication.6

The development of innovative drug delivery systems
(DDS), able to carry and keep the LA at the site of application,
and slowing down their systemic metabolization are ways to
improve their bioavailability and reduce such adverse effects.
Lipid-based DDS such as nanostructured lipid carriers (NLC)
show many advantages for the encapsulation of LA, including
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high upload capacity, shelf stability, low cost, and safety,7

which make them very attractive for the pharmaceutical
industry. The literature reports the successful use of NLC to
improve the therapeutic activity of diverse LA agents, delaying
their systemic degradation and providing sustained release.8−17

NLC is composed of a mixture of solid and liquid lipids that
self-assemble into nanosized particles. This unique structure
allows for the encapsulation of hydrophobic drugs, such as LA,
improving their solubility and chemical stability. Additionally,
the small size of NLC enables them to penetrate the stratum
corneum, the outermost layer of the skin, more effectively than
conventional DDS. This enhanced penetration can improve
the delivery of benzocaine to the underlying tissues, resulting
in a faster onset of action and prolonged pain relief.
Furthermore, NLC can be tailored to release the encapsulated
drug in a controlled manner, allowing for sustained release and
a prolonged therapeutic effect. This is particularly advanta-
geous for local anesthetics, which typically have a short
duration of action and require repeated administration to keep
antinociception. By incorporating LA into NLC, the frequency
of application can be reduced, improving patient compliance
and overall treatment outcomes. In addition to improving drug
delivery, NLC offers other advantages for topical applications
of LA: while protecting the encapsulated drug from
degradation and metabolism, NLC increases drug bioavail-
ability and efficacy. Furthermore, the lipid excipients of NLC
can provide long shelf life stability to the formulation, reducing
the need for preservatives and other additives that may cause
skin irritation or allergic reactions. Overall, the use of NLC for
the topical delivery of LA is a promising approach to improving
pain management in various clinical settings. By enhancing the
penetration, retention, and release of local anesthetics, NLC
has the potential to increase the efficacy and safety of topical
anesthesia, leading to better patient outcomes and overall
satisfaction.

To fully explore the potential of NLC as a DDS for local
anesthetics, we describe here the preparation by design of
experiments (DoE), of a DDS engineered to effectively sustain
the release and prolong the anesthetic effect of benzocaine, a
quintessential topical LA. The optimized formulation effi-
ciently encapsulated BZC in its lipid core and reduced the
necessary dosage for effective anesthesia (from 20 to 3%),
mitigating the occurrence of possible allergic reactions
associated with its topical administration.

2. MATERIALS AND METHODS
Benzocaine and the nonionic surfactant Pluronic F68 (P68) were
purchased from Sigma-Aldrich (USA). The lipids cetyl palmitate
(CP) and propylene glycol monocaprylate (Capmul PG8-NF) were
supplied by Dhaymers Quiḿ. Fina (Brazil) and Abitec Corp. (USA),
respectively. All other reagents were of analytical grade.
2.1. Preparation of Nanostructured Lipid Carriers. NLC

formulations were prepared following the emulsification−ultra-
sonication method.18 Briefly, the solid lipid (SL) cetyl palmitate
was heated to 65 °C, above its melting point, followed by the addition
of liquid lipid (LL) propylene glycol monocaprylate. After that, BZC
was added to the oil phase until its complete dissolution. An aqueous
phase of P68 in deionized water was heated to the same temperature,
and both phases were blended under a high-speed agitation (3000
rpm) for 3 min with an Ultra-Turrax blender (IKA WerkeStaufen,
Germany). The mixture was then sonicated for 30 min using a
Vibracell tip sonicator (Sonics & Mat. Inc., Danbury, USA) operated
at 60 W and 20 kHz in alternating 30 s, on−off cycles. Finally, the
nanoemulsion was cooled down to room temperature in an ice bath to
form the NLC.

2.1.1. Design of Experiments. A 23 factorial design was performed,
with triplicate of the central points. The Design Expert software (Stat-
Ease Inc., Minneapolis) version 12.0.1.0 was used to optimize the
NLC formulations. Analysis of variance (ANOVA) was applied to
verify the adjusted model, considered significant for p-value < 0.05.19

The independent variable levels and desired responses are given in
Table 1. The amount of P68 was kept the same (5%) in all
formulations.

2.2. Nanoparticle Characterization. 2.2.1. Dynamic Light
Scattering and Nanotracking Analyses. The average diameters
(size) and polydispersity indices (PDIs) of the nanoparticles were
determined by dynamic light scattering (DLS) and zeta potentials
(ZP) by electrophoretic mobility in a Nano ZS90 analyzer (Malvern
Instruments, UK). The number of particles in suspension were
measured by Nanotracking analysis (NTA) in an NS300 instrument
(NanoSight Amesbury, UK), equipped with a green (λ = 532 nm)
laser. For measurement, the samples were diluted in deionized water
(n = 3).
2.2.2. BZC Quantification, Determination of Encapsulation

Efficiency, and Drug Loading. The quantification of BZC was
carried out in a Varian ProStar high performance liquid chromatog-
raphy (HPLC) equipped with a PS 325 UV−vis detector, a PS 210
solvent delivery module, and Galaxy Workstation software for data
collection. The column was a Luna 5e C18 100 mm × 250 mm × 4.6
mm, with a flux of 1 mL/min. The mobile phase was composed of
70:30 methanol/water. The injection volume was 20 mL, and the
absorbance was followed at 284 nm. The encapsulation efficiency (%
EE) of benzocaine by the optimized NLC was determined by the
ultrafiltration−centrifugation method (Müller et al., 2002), using 10
kDa molecular exclusion pore filters (Millex, Millipore). The amount
of nonencapsulated BZC (BZCfree) in the filtrates was quantified by
HPLC, and the percentage of the encapsulated BZC was calculated
according to eq 1

=%EE
BZC BZC

BZC
x100total free

total (1)

The amount of BZC encapsulated in the optimized nanoparticles
was also expressed in terms of drug loading (%), according to eq
220,21

= ×% Drug loading
weight of encapsulated BZC

weight of nanoparticles (NLC)
100

(2)

2.2.3. Transmission Electron Microscopy Measurements. Trans-
mission electron microscopy (TEM) and cryo-TEM were used to
elucidate the morphology of the optimized NLC formulation
(NLCBZC) and its control, prepared without benzocaine (NLC).
For TEM, uranyl acetate (2%) was added to the diluted samples to
provide contrast. After that, the aliquots were placed in copper grids
coated with a carbon film and dried at room temperature. After
drying, micrographs of the samples were analyzed at 60 kV in a Zeiss
LEO 906 microscope (Zeiss, Freiburg, Germany). For cryo-TEM, a

Table 1. 23 Factorial Design of NLC Formulations:
Independent Variables, Their Levels, and Desired
Responsesa

experimental variables low level high level central point

TL (m) 15% 25% 20%
SL/LL ratio (% w/w) 60:40 80:20 70:30
BZC (% w/w) 1 3 2

responses goal

particle size (nm) minimum
polydispersity index (PDI) minimum
ZP (|mV|) maximum

aVariables: TL, total lipid concentration; SL: LL ratio, solid: liquid
lipid mass ratio.
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300 Mesh Lacey carbon-supported copper grid (Ted Pella) was used.
It was submitted to a light discharge of 15 mA for 10 s, using the
Pelco easiGlow discharge system (Ted Pella, USA) to make it more
hydrophilic. After that, the grids were put in a Vitrobot (Mark IV,
Thermo Fisher Scientific, USA), where 3 μL of the samples was added
and left for 20 s to be fixed. Then, an automatic transfer (2−3 s) was
conducted to dry out sample’s excess, with a negative transfer force.
The grid was plunged quickly into liquid ethanol and kept in a liquid
nitrogen environment. The samples were analyzed in a JEOL-1400
Plus microscope, and images were treated with the Gatan Digital Suite
(Gatan Inc., Pleasanton, California).
2.2.4. Differential Scanning Calorimetry. Differential scanning

calorimetry (DSC) thermograms of the optimized NLC formulation
were obtained in a TA 2910 calorimeter and analyzed with Thermal
Solutions v.125 software (TA Instruments, Delaware). The samples
were dried and heated at a rate of 10 °C min−1 from 30 to 200 °C.22,23

Optimized nanoparticles (NLCBZC) and their control without
benzocaine (NLC), besides their main ingredients (CP, P68, and
BZC), were run.
2.2.5. X-ray Diffraction. Powder X-ray diffraction (XRD) data were

obtained from a Shimadzu XRD7000 diffractometer, using a Cu Kα
source, operating at 1.5418 Å, with a scan step of 1° min−1, between
2θ values from 5 to 50°. Samples of dried NLCBZC, NLC, physical
mixture, CP, P68, and BZC were analyzed at ambient temperature.
2.2.6. Small-Angle Neutron Scattering. Neutron scattering

measurements (SANS) were performed at a V16 time-of-flight
(very small-angle scattering) instrument in the Helmholtz Zentrum at
Berlin, Germany, in two configurations related to the distance from
the detector to the sample: 1.7 m with neutron wavelengths of 1.8−
3.8 Å and 11 m with neutron wavelengths of 1.6−9.2 Å. The samples
were placed in Hellma 110 QS cuvettes, and a waiting time of 30 min
between acquisitions was adopted to ensure temperature stabilization.
NLCBZC and NLC samples were prepared in D2O to reach a
significant contrast between the solvent and the nanoparticles, and
measured at 25, 37, and 40 °C. Corrections for sample transmission,
background detector counts, empty cell scattering, and detector
efficiency were included in the final data reduction. SANS data were
radially averaged and merged to give a total q range of 0.005−0.5
Å−1.24

To model the SANS data to get a further understanding of the
optimized nanoparticles, the empirical function in eq 3 was applied

= +
+

+I q A
q

B
q

( )
1 ( )

backn m
1 (3)

where A and B are constants, n and m are the power-law indices, back
is the incoherent background, and ξ1 is the wave correlation
length.25−27 The first term in the equation is a power-law decay,
known as Porod-like scattering, that describes the scattering from
clusters or aggregates (aggregate contribution) in the system. The
second term is the Lorentzian function that corresponds to the
scattering from the hydrophobic interactions between the lipids that
form the NLC (association contribution), where the key parameter is
ξ1.
2.2.7. Raman Imaging. The miscibility of excipients with BZC was

evaluated by Raman imaging in a preformulation sample. All
compounds were heated to 64 °C. 0.3 g of BZC was mixed with
1.0 g of propylene glycol monocaprylate (LL) until homogenization.
This mixture plus 0.5 g of P68 were added into 1.5 g of melted cetyl
palmitate (SL) and manually agitated until they formed a
homogeneous solution. This sample was deposited in an aluminum
Petri dish, and the Raman data were acquired after cooling to room
temperature (25 °C) for 30 min.

Raman images were collected in a Via Qontor confocal Raman
microscope (Renishaw, Gloucestershire, UK). The exposition time
was 5.0 s, 1 exposition/pixel, 5× objective, a laser excitation of 785
nm, and a laser power of 10 mW, in a spectral range of 715−1806
cm−1, at a 1 cm−1 spectral resolution and a step size of 20 μm, on both
x and y axes. The Raman maps were obtained in the same area but at
three different temperatures: 27.0, 37.0, and 40.0 °C using the

THMS600 (Linkam Scientific, UK) temperature controller at a rate of
10 °C min−1.

Cosmic rays were removed from Raman spectra using an
appropriate algorithm.28 The baseline was corrected using asymmetric
least-squares. The Savitzky−Golay algorithm (5 points window and
second-degree polynomial) was employed to reduce the noise, and
the data set was normalized using a unit vector. The chemical maps
were built using classical least-squares (CLS), a very useful bilinear
model for chemical image treatment. In this algorithm, a mixture
spectrum was considered as a linear combination of pure compound
spectra.29 The data cubes were unfolded into a matrix, and the
excipients and BZC spectra were used as input S. Afterward, the
scores matrix was refolded and generated chemical maps representing
the distribution of compounds on the analyzed surface. For data
preprocessing and CLS analysis, MATLAB version 8.3 (MathWorks
Inc., Natick, Massachusetts) and PLS toolbox version 8.6.2 were used.
2.3. Shelf-Stability Studies. The physicochemical stability of

NLC formulations was followed for 12 months at room temperature
(25 ± 2 °C) and 60 ± 5% humidity. The analyzed parameters were
nanoparticle size (nm), PDI, ZP (mV), number of particles/mL, pH,
and %EE. Analysis of variance (ANOVA, 95% confidence level) and
Tukey post hoc test were used to compare significant differences,
regarding the initial time and subsequent measurements.
2.4. In Vitro Release Tests. The release of BZC from the

nanoparticles was measured in a Franz diffusion cell system composed
of donor (400 μL) and acceptor (15 mL) compartments, separated by
a 0.1 μm pore size polycarbonate membrane (Nucleopore Track-Etch,
Whatman). The acceptor compartment was filled with a mixture of
propylene glycol/deionized water (70:30 v/v). The release of
benzocaine encapsulated in the optimized NLC (NLCBZC) was
compared to that of a solution of BZC dissolved in the same mixture.
The system was kept at 37 °C under magnetic stirring (400 rpm). At
predetermined intervals for 25 h, aliquots (200 μL) were taken from
the acceptor compartment for HPLC analysis, and the volume was
immediately replaced with buffer solution to keep the sink condition.
All measurements were performed in triplicate, and the amount of
BZC in the acceptor compartment was quantified by HPLC (see
Section 2.2.2).

The KinetDS 3.0 software was used for the quantitative analysis of
the obtained release curves (Mendyk et al., 2012). Among the several
kinetic models tested (zero order, first order, Higuchi, Korsmeyer−
Peppas, Hixson Crowell, Weibull, and Baker−Lonsdale) and
according to the determined R2 coefficient, the best fit was observed
with the Baker−Lonsdale model, described by eq 430,31

= [ ]M
M

k t t l1 1 ( )t n
1 (4)

where Mt and M∞ refer to the quantity of released BZC in time “t”
and infinity time, respectively.
2.5. In Vivo Anesthetic Effect. Adult male Swiss mice (30−35 g)

obtained from CEMIB-UNICAMP (Centro de Bioterismo da
Unicamp, Brazil) were used. The animals (4 animals per cage) were
submitted to 12 h light/dark cycles, with water and food ad libitum at
22 ± 3 °C, for 7 days prior to tests. The animals were randomly
separated (n = 7) to receive the treatment. The antinociceptive effects
of the formulations were determined by the tail-flick test, following a
protocol approved by the Unicamp Institutional Animal Care and Use
Committee (#5428-1/2019) that obeys the IASP rules.

The samples were topically administered at the tails’ base in the
region of the caudal nerve. To turn the formulations suitable for
topical use, a 5% Carbopol gel was prepared and the samples were
dispersed into the gel prior to polymerization. The tested samples
were 1.5 and 3% NLCBZC gel, 3% free BZC in gel, 20% Benzotop
(commercial BZC), and Carbopol gel (blank).

Tail-flick test: for baseline determination, the animal was placed in
a horizontal restraint support and a portion of the tail (2 cm from the
tip) was exposed to an analgesimeter with a projector lamp (55 ± 1
°C) connected to a control switch and a timer. The time interval
between temperature exposure and tail-flick was recorded (in
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seconds) and referred to as the latency time. A cutoff time of 10 s was
used to prevent any thermal injury to the tail tissue. Baseline latency
times were recorded for all animals prior to the experimental
treatment. Results were expressed as the percentage of maximum
possible effect (% MPE), duration of the analgesic effect (min), and
area under the efficacy curve for each experimental group.32,33 The
area under the curve (AUC0−25) of the analgesic effect was calculated
through the % MPE plot. Statistical analyses were performed by one-
way ANOVA with the Tukey−Kramer post-test, using GraphPad
Prism software version 8.00 for Windows (La Jolla, California).

3. RESULTS AND DISCUSSION
The selection of a suitable composition (lipid matrix plus
surfactant) is the first step in the development of nano-
structured lipid carriers. Several types of lipid mixtures have
been described in the literature for NLC preparation, which are
compatible with biomedical applications.14,16,34−36 The main
criteria for the choice of NLC excipients is the solubility of the
drug in the lipid matrix,37 but formulations with appropriate
physicochemical features such as low particle size and
polydispersity and ZP different from zero were also
important.38,39 In the case of BZC, preliminary tests were
conducted with 3 kinds of solid and liquid lipids, as shown in
Table S1, Supporting Information, and the best fit for such
criteria was found with cetyl palmitate (SL) and propylene
glycol monocaprylate (LL), the proportion of which was
established through DoE. The total lipid concentration (20%)
and the tested SL/LL lipid ratios (60:40−80:20) took into
account the previous experience from the group, as well as the
choice of P68 (5%) as a surfactant.
3.1. Design of Experiments. DoE is a multivariate tool

useful in pharmaceutical development, particularly in the
optimization of formulations. By employing this tool, it is
possible to efficiently test various combinations of excipients
and proportions, saving time and resources. This is especially
significant in the field of nanotechnology, where the
interactions between excipients and drugs can significantly
impact key parameters such as nanoparticle size, polydispersity
index, and ζ potential.40 A 23 factorial design was performed in
triplicate at center point (11 formulations in total) for the
NLC plus BZC system. The Design Expert software was used
to perform the design, with variables and responses as given in
Table 1. For optimizing the formulation designed for the
topical application, the chosen criteria included particles of
smaller sizes (for better skin permeation), minimal PDI
(monodisperse systems), and higher ZP values�in mod-
ule.38,39 As evaluated by ANOVA, significant linear mathe-
matical models were obtained without lack of fit these models
described the influence of the excipients and their interactions
on the properties of interest (Table 2) and in the response-
surface graphs in Figure 1A−C.

The particle sizes (140−280 nm) of the NLC lay in a
suitable range for infiltrative DDS administration, and all tested

variables had a positive effect on it (the increase of their levels
caused an increase on the response). As expected, the greater
the concentration of the major NLC components (TL) is, the
greater the nanoparticle size. Also, the increase in the SL/LL
ratio had a positive effect. Therefore, a high concentration of
cetyl palmitate (SL) possibly reflected in higher lipid viscosity,
reducing the efficacy of the homogenization process, resulting
in particles of higher size.41−45

The polydispersity index (PDI) gives an indication of the
size homogeneity in the system, with values in the range of
0.1−0.2 reflecting a monodisperse distribution,39 as observed
here. The SL:LL ratio and its interaction with BZC had
positive effects on PDI (Table 2), whereas the total lipid
showed a negative effect (decreased polydispersity).

The ζ potential is a parameter inferred from the electro-
phoretic mobility of nanoparticles that is related to the surface
charges at the Stern−Volmer layer. ZP values give an
indication of the repulsion forces between nanoparticles, and
the higher it is (in modulus), the lower the aggregation
tendency. The determined ZP lied between |19.8 and 31.8|
mV, what is compatible with good shelf stability.42,46 Since
BZC interacts differently with the solid and liquid lipids in the
NLC core (see XRD, SANS, and Raman imaging data), we
hypothesize that the more negative ZP values observed at
higher lipid and BZC concentrations reflect the lipid
displacement promoted by benzocaine. This results in a
more superficial distribution of cetyl palmitate at the slipping
plane of the NLC, as previously observed with the BZC
analogue butamben.47

Based on the results for each response, the desirability
region shown in Figure 1D was determined. The optimal
formulation was composed of 25% TL, 60:40 SL/LL ratio, and
3% BZC plus 5% P68, and subsequent experiments were
conducted with this selected composition.

The optimized NLCBZC formulation showed particles with
180.8 ± 3.6 nm average diameters, 0.090 ± 0.024
polydispersity indices, and negative |35.2 ± 0.8 mV| ζ
potentials (Table S2). The size and homogeneity of the size
distribution (Span index < 0.8) of the nanoparticles were
confirmed by NTA, which also revealed the number of
particles in suspension: 1.9 × 1014/mL (Table S3).
Interestingly, both technique (DLS and NTA) data revealed
a slight increase in the nanoparticle average size after drug
encapsulation (NLC vs NLCBZC).
3.2. Encapsulation Efficiency and Drug Loading

Capacity of the NLC. Encapsulation efficiency (%EE)
describes the nanocarriers’ ability to encapsulate the drug.
The lipid matrix of the optimized NLC showed excellent
capacity to encapsulate BZC: 96.0 ± 0.4%, corresponding to a
drug loading capacity of 11.52% (eq 2). Similar results
(loading capacity = 11%) were reported for the ester-type-LA
tetracaine35 encapsulated in NLC. The high upload capacity of
the NLC is probably due to the hydrophobic character of BZC
and its compatibility with the chosen mixture of solid and
liquid lipids, whose low crystallinity index afforded spaces to
accommodate BZC molecules48,49 in the NLC core.

These results confirm the efficiency of the NLC
optimization process and the high lipophilicity of BZC,
which was inserted within the lipid matrix of the optimized
nanoparticles.
3.3. TEM and Cryo-TEM Analyses. Information about the

morphology of NLC was obtained by TEM and cryo-TEM.
Both techniques (Figure 2) revealed spherical nanoparticles

Table 2. Significant Positive and Negative Effects on the
Properties of Interest in the 23-Experimental Design of
Benzocaine-Loaded NLC1

response range of values positive effect negative effect

size (nm) 142.1−278.0 A, B, C AC
polydispersity index 0.080−0.182 B and BC A
ζ potential (mV) −19.8 to −31.8 AC

1Variables: A = TL; B = SL/LL ratio; C = BZC.
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Figure 1. Surface graphs for the studied responses as a function of the significant variables: (A) particle size, (B) PDI, and (C) ζ potential. (D)
Desirability graph for the NLC containing benzocaine.

Figure 2. Cryo-TEM and TEM images of the optimized NLC formulations: without (A−D) and with BZC (E−H). Cryo-TEM images (A, B, E,
and F). Scale = 1 μm (A, E) and 200 nm (B, F). TEM images (C, D, G, and H) at magnitudes of 60.000× (C, G) and 100.000× (D, H).
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with regular and defined borders. Addition of BZC did not
change the NLC morphology. Moreover, the observed sizes of
the nanoparticles agreed well with those determined by DLS
(Table S2 and Figure 1A) and NTA (Table S3).
3.4. Calorimetric, X-ray Diffraction, Small-Angle

Neutron Scattering, and Raman Analyses. To further
analyze NLC and to correlate its internal excipients’ arrange-
ment with drug encapsulation, DSC, XRD, SANS, and Raman
imaging analyses were conducted. Differential scanning
calorimetry was performed for BZC, NLC major excipients
(CP, P68), their physical mixture, and the optimized NLC
formulation, with and without BZC (Figure S1, Supporting
Information).

The thermograms of BZC, CP, and P68 revealed sharp
endothermic peaks at 92.3, 56.4, and 54.7 °C, respectively,
related to their melting points.15,50 For NLC, just one thermal
event was observed at 53.0 °C, probably reflecting the melting
transition of CP, the major component of the nanoparticle.
When BZC was added, there was a slight decrease in this
transition temperature (from 53.0 °C in NLC to 52.9 °C�
NLCBZC) and enthalpy (from 190.8 to 164.7 J/g). These data
also show that the fraction of BZC encapsulated in the NLC
(96%, according to %EE) decreased the crystallinity of the

lipid core (NLCBZC vs NLC), as observed previously, with
other local anesthetics encapsulated in NLC.51−54 The absence
of the melting point of pure BZC in the NLCBZC sample is
another indicator of BZC dissolution into the lipid matrix of
the NLC.

Powder X-ray diffraction (XRD) is a useful technique to
reveal polymorphic structural changes in NLC dispersions.35

X-ray measurements were carried out for BZC, NLC major
excipients (CP and P68), physical mixture, and the optimized
NLC, with and without BZC (Figure 3). The diffractogram of
BZC confirmed its crystalline nature.55,56 The XRD of the
major lipid excipient CP showed intense reflexions at 21.54
and 23.92°, which indicates its crystalline structure.11 No
replections from BZC were noticeable in the optimized NLC
formulation sample (Figure 3D), and there was a loss in
intensity (from the physical mixture to NLCBZC) compatible
with the insertion of BZC into the lipid matrix.54

Small-angle neutron scattering has become a routine
technique for the structural characterization of macromolecular
assemblies of polymers, micelles, and even NLC35 in the spatial
range of a few to hundreds of nanometers. SANS measure-
ments were performed to probe the structural organization of
the optimized NLC, with and without benzocaine (Figure 4).

Figure 3. X-ray diffractograms for the samples: BZC (A), CP (B), P68 (C), physical mixture, and NLC and NLCBZC (D). Data were obtained at an
ambient temperature, with a Cu Kα source, at a scan step of 2° min−1.
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SANS data, collected at 25, 37, and 40 °C, revealed several
systematic tendencies in the internal arrangement of the NLC.
The behavior of NLC without BZC (Figure 4A) was modeled
using the Guinier−Porod equation, while that of NLCBZC
(Figure 4B) used eq 3 (see Section 2). BZC inclusion into the
nanoparticles significantly affected the packing of the lipids. A
peak in the 0.1396 Å−1 position was observed in the NLCBZC
sample but not in the control (NLC). Such a peak, related to a
45.0 Å net parameter, denotes the existence of a lamellar
arrangement in the lipid matrix, induced by BZC. Lamellar
arrangements in the lipid core of NLC prepared with cetyl
palmitate (as in here) have also been observed after
incorporation of the local anesthetics dibucaine,53 tetracaine,35

or the antineoplastic docetaxel57 into the nanoparticles.
Moreover, the half-height width of this peak diminished from
0.11 (25 °C) to 0.03 Å−1 (40 °C), indicating an increase in the
crystallite size.

Interestingly, the Guinier−Porod exponent, providing
information on the nanoparticle surface, remained the same:
−4.0 (NLC) and −4.2 (NLCBZC) at 25, 37, and 40 °C.
According to it, both NLC and NLCBZC exhibited smooth
surfaces, which can indicate drug dispersion into the lipid
matrix, without the adsorption of unencapsulated molecules in
the nanocarrier surface.58 BZC did not change the radius of
gyration nor change the surface of the nanoparticle, as
observed in other NLC systems,57 confirming the dispersion
of the anesthetic inside the nanoparticles.

The lamellar structures in the interior of the NLC agree with
DSC and XRD data that revealed a decrease in the crystallinity
of the lipid core (Figure 3) and give clear evidence that BZC
interacts differently with the solid and liquid lipids. Indeed, in a
previous Raman imaging study with NLC composed of CP and
propylene glycol monocaprylate, the interaction of butamben
(n-butyl-p-aminobenzoate) with the liquid lipid (but not CP)
was demonstrated.47

Raman analyses were used to evaluate the miscibility of BZC
with the NLC excipients in a preformulation.59 Figure 5 shows
the Raman spectrum of BZC and each NLC excipient. The
spectrum of propylene glycol monocaprylate (green) was very
noise�because of the lower LL proportion in the
formulation�but it shows bands around 1300−1500 cm−1,
related with −CH2 bonds60 and COOH-carbonyl groups.61

The spectra of the solid compounds (CP, P68, and BZC)
displayed sharper and thinner vibrations than those of the LL
because of higher order. The BZC signal at 1680 cm−1 is

assigned to its carbonyl group, while signals at 1600 and 1573
cm−1 are related to the C�C bonds and those at 1630 and
1277 cm−1 to N−H and C−N bonds, respectively.62

The chemical maps obtained after CLS analyses are shown
in Figure 6, as well as the Raman images, at 27.0, 37.0, and
40.0 °C. According to the bar, colors near red (blue) represent
regions with higher (lower) concentrations. It is possible to see
that cetyl palmitate (SL) is mainly in the border area, while the
LL and BZC are mostly in the central part of the sample, and
P68 can be found in both regions. Looking at the visible
images (Figure 6, right), the gray part of the sample is
composed mainly of CP and P68; the white part is where the
LL and BZC are concentrated, but some P68 can be found, as
well. The white part of the sample melted while increasing the
temperature. As for the chemical maps, the blue spots on CP
maps seemed to have melted and decreased at increasing the
temperature from 27.0 to 40.0 °C (as highlighted by black
ellipses in Figure 6). Similarly, the red areas on the LL and
BZC maps also decreased at higher temperatures, while P68

Figure 4. SANS data measured at 25, 37, and 40 °C for (A) control NLC and (B) optimized (NLCBZC) formulation.

Figure 5. Raman spectra of cetyl palmitate, propylene glycol
monocaprylate, P68, and BZC.
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showed a more homogeneous distribution. SANS data (Figure
4) have pointed to the formation of lamellar structures inside
the NLC, with increased interlamellar distances at higher
temperatures. The Raman imaging data in Figure 6
corroborate the changes in Q values observed by SANS,
showing that the incorporation of P68 and BZC between the
lipids is favored at higher temperatures.
3.5. Shelf-Stability Analyses. Physicochemical evaluation

of pharmaceutical nanoformulations is an essential step to
confirm that the structural properties were preserved over time.
Therefore, the optimized formulation and its control (without

BZC) were stored at room temperature (25−30 °C) and
observed for 12 months, regarding size, PDI, ZP, number of
particles/mL, %EE, and pH. Even after 1 year of storage, no
statistically significant differences were observed for any
parameter (Figure 7), in comparison to freshly prepared
samples. Moreover, the encapsulation of BZC did not modify
the colloidal system (NLCBZC vs NLC), keeping it stable
during storage.
3.6. In Vitro BZC Release Curves. In vitro release kinetics

tests shed light on the drug release profile of the DDS. Using

Figure 6. Chemical maps obtained at 27.0, 37.0, and 40.0 °C for the NLC components (cetyl palmitate, propylene glycol monocaprylate, P68) and
BZC plus visible images (right), where the yellow square represents the sampled area. The black ellipses highlight areas of maximum changes
according to the temperature (see the text).

Figure 7. Physicochemical stability of the optimized formulation (NLCBZC) and its control (NLC) over time and at room temperature. (A) Size,
(B) PDI, (C) ζ potential, (D) number of particles/mL, (E) %EE, and (F) pH. One-way ANOVA: p < 0.05.
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vertical diffusion Franz cells, the release of BZC was followed
for a period of 25 h at 37 °C (Figure 8).

Free BZC was completely released after 6 h of experiment,
in agreement with previous reports in the literature.63,64 As for
the kinetics of BZC released from the optimized formulation, it
reached 70% of release after 12 h of experiment and 100% in
24 h. So, as also observed for other LA agents (dibucaine,53

tetracaine35), the optimized NLC formulation significantly
reduced BZC release, compared to its control.

The release curves were analyzed with Kinect DS3 software.
Using different mathematical models (Table S4) and
accordingly to the coefficient of determination (R2 =
0.9472), the Baker−Lonsdale equation offered the best fit,
regarding the release of benzocaine from the NLCBZC. This
result is reasonable since the Baker−Lonsdale model, a
derivation of the Higuchi model, describes a sustained drug
release from a spherical matrix, combining diffusion and
nanoparticle degradation as the responsible factors for the
sustained release mechanism.31,65

3.7. In Vivo Anesthetic (Tail-Flick Test) Effect of
NLCBZC. The tail-flick test, described by D’Amour and Smith,66

was used to evaluate the antinociceptive activity of the samples,
which were topically applied to the tail-base region of male
adult Swiss mice. No skin irritation was observed in the
animals treated with the formulation or its control. The
maximum antinociceptive effect (% EMP) achieved after the
administration of 3% free benzocaine or NLCBZC (at 1.5 and

3.0%) incorporated in 5% Carbopol gel is shown in Figure 9A,
in comparison to that elicited by Benzotop, a commercial BZC
gel formulation.

As expected, the 5% Carbopol gel (blank) produced no
anesthetic effect. All of the other tested gels induced anesthesia
after 30 min of application. The maximum effect observed with
free BZC (3.0%) and 1.5% BZC encapsulated in NLCBZC
occurred in 1 h, and the return to basal values was after 4 h. In
a different manner, 3% NLCBZC showed an anesthetic effect
that lasted for 18 h, equivalent to the effect of Benzotop, the
commercial product that contains 20% BZC. These exciting
results confirm the increase in BZC bioavailability achieved
with vehiculation in the lipid nanoparticles. Indeed, 3%
NLCBZC evoked topical anesthesia similar to that of Benzotop,
with ca. 7 times higher LA concentration, as also shown in the
AUC plots of Figure 9B. The potentiation of the anesthetic
effect after encapsulation in NLC has also been observed with
other LA agents such as lidocaine, prilocaine, tetracaine,
butamben, articaine, and bupivacaine.10,12,14,15 In the case of
BZC, the risk of systemic toxicity associated to PABA
formation is significantly reduced with the use of lower (3%)
benzocaine concentrations. Finally, 3% is the clinical
concentrations for infiltrative anesthesia of lidocaine, prilo-
caine, mepivacaine, and articaine67 so that the 3% NLCBZC
formulation opens the possibility of using benzocaine by the
infiltrative route.

4. CONCLUSIONS
An innovative lipid-based DDS designed for the delivery of
benzocaine was developed through the utilization of DoE. The
optimized formulation, characterized by different biophysical
techniques, exhibited favorable physicochemical properties,
prolonged shelf stability and enhanced the bioavailability of
BZC, a LA exclusively administered via the topical route.
NLCBZC effectively promoted a sustained drug release (ca. 20
h), and a prolonged anesthetic effect of benzocaine (∼18 h), in
mice. In this way, NLCBZC reduced the required effective BZC
concentration for topical anesthesia, thereby diminishing side
effects such as methemoglobinemia and allergic reactions
associated with benzocaine use. While further research and
development in this area are warranted to fully explore the
potential of NLC as a DDS for local anesthetics, the proposed

Figure 8. In vitro release profile of benzocaine: free (BZC) or
encapsulated (NLCBZC), measured at 37 °C.

Figure 9. Tail-flick antinociceptive test. (A) Maximum possible effect of BZC (free and encapsulated in NLC) gel topically applied to the tail-base
of adult Swiss mice, in comparison to the effect promoted by the commercial Benzotop formulation. Statistic analysis by one-way ANOVA plus
Tukey−Kramer post hoc, p < 0.05. (B) Area under the (time-effect) curve after topical gel application of Benzotop (20% benzocaine), 3% free
benzocaine (BZC), and optimized formulations: 1.5 and 3.0% NLCBZC. Statistical analysis: one-way ANOVA with the Tukey−Kramer post hoc:
(a) 3% BZC × Benzotop; (b) Benzotop × 3.0% NLCBZC; (c) 3.0% NLCBZC × 1.5% NLCBZC; (d) 3%BZC × 1.5% NLCBZC; (e) Benzotop × 1.5%
NLCBZC. *p < 0.05, ***p < 0.001, and ****p < 0.0001.
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lipid-based nanoformulation opens new possibilities for the
administration of benzocaine through the infiltrative route.

Finally, the results here show how different scattering
techniques can afford complementary information and be used
together, providing details on the physical, chemical, and
structural changes in the organization of DDS, such as the
preferential binding of BZC with the liquid lipid, propylene
glycol monocaprylate.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsbiomaterials.4c00585.

DSC thermograms (Figure S1); preliminary tests for the
preparation of NLCBZC employing different solid and
liquid lipids (Table S1); DLS: average particle size,
polydispersity index, and zeta potential (Table S2);
NTA: average and cumulative data of particle size
(Table S3); and mathematical models applied to the
release kinetic curves of NLC and NLCBZC (Table S4)
(PDF)

■ AUTHOR INFORMATION
Corresponding Author
E. de Paula − Departamento de Bioquímica e Biologia
Tecidual, Instituto de Biologia, Universidade Estadual de
Campinas (Unicamp), 13083-862 Campinas, Sa ̃o Paulo,
Brazil; orcid.org/0000-0003-4504-5723;
Email: depaula@unicamp.br

Authors
A. D. Souza − Departamento de Bioquímica e Biologia
Tecidual, Instituto de Biologia, Universidade Estadual de
Campinas (Unicamp), 13083-862 Campinas, Sa ̃o Paulo,
Brazil

G. H. Rodrigues da Silva − Departamento de Bioquímica e
Biologia Tecidual, Instituto de Biologia, Universidade
Estadual de Campinas (Unicamp), 13083-862 Campinas,
São Paulo, Brazil; Laboratório Nacional de Biocien̂cias,
Centro Nacional de Pesquisa em Energia e Materiais, 13083-
100 Campinas, São Paulo, Brazil

L.N.M. Ribeiro − Departamento de Bioquímica e Biologia
Tecidual, Instituto de Biologia, Universidade Estadual de
Campinas (Unicamp), 13083-862 Campinas, Sa ̃o Paulo,
Brazil; orcid.org/0000-0001-6097-5449

H. Mitsutake − Departamento de Bioquímica e Biologia
Tecidual, Instituto de Biologia, Universidade Estadual de
Campinas (Unicamp), 13083-862 Campinas, Sa ̃o Paulo,
Brazil; Niels Bohr Institute, University of Copenhagen, 2100
Copenhagen, Denmark; orcid.org/0000-0002-8769-0301

H. N. Bordallo − Niels Bohr Institute, University of
Copenhagen, 2100 Copenhagen, Denmark; orcid.org/
0000-0003-0750-0553

M. C. Breitkreitz − Departamento de Química Analítica,
Instituto de Química, Unicamp, 13083-862 Campinas, São
Paulo, Brazil

P. C. Lima Fernandes − Departamento de Bioquímica e
Biologia Tecidual, Instituto de Biologia, Universidade
Estadual de Campinas (Unicamp), 13083-862 Campinas,
São Paulo, Brazil

L. D. Moura − Departamento de Bioquímica e Biologia
Tecidual, Instituto de Biologia, Universidade Estadual de

Campinas (Unicamp), 13083-862 Campinas, São Paulo,
Brazil

F. Yokaichiya − Departamento de Física, Universidade Federal
do Paraná (UFPR), 81531-980 Curitiba, Paraná, Brazil

M. Franco − Instituto de Pesquisas Energéticas e Nucleares,
IPEN-CNEN/SP, 05508-000 Sa ̃o Paulo, São Paulo, Brazil

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsbiomaterials.4c00585

Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.
Funding
This research was funded by the Fundação de Amparo a ̀
Pesquisa do Estado de São Paulo (FAPESP grant #2019/
17784-0), the Conselho Nacional de Desenvolvimento
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Active Apigenin-Loaded Nanostructured Lipid Carriers for Cancer
Treatment. Int. J. Nanomed. 2023, 18, 6979−6997.

(23) Li, X.; Wang, D.; Zhang, J.; Pan, W. Preparation and
Pharmacokinetics of Docetaxel Based on Nanostructured Lipid
Carriers. J. Pharm. Pharmacol. 2010, 61 (11), 1485−1492.
(24) Vogtt, K.; Siebenbürger, M.; Clemens, D.; Rabe, C.; Lindner,

P.; Russina, M.; Fromme, M.; Mezei, F.; Ballauff, M. A New Time-of-
Flight Small-Angle Scattering Instrument at the Helmholtz-Zentrum
Berlin: V16/VSANS. J. Appl. Crystallogr. 2014, 47 (1), 237−244.
(25) Hammouda, B.; Ho, D. L.; Kline, S. Insight into Clustering in

Poly(Ethylene Oxide) Solutions. Macromolecules 2004, 37 (18),
6932−6937.
(26) Hammouda, B.; Ho, D.; Kline, S. SANS from Poly(Ethylene

Oxide)/Water Systems. Macromolecules 2002, 35 (22), 8578−8585.
(27) Asadujjaman, A.; Kent, B.; Bertin, A. Phase Transition and

Aggregation Behaviour of an UCST-Type Copolymer Poly-
(Acrylamide- Co -Acrylonitrile) in Water: Effect of Acrylonitrile
Content, Concentration in Solution, Copolymer Chain Length and
Presence of Electrolyte. Soft Matter 2017, 13 (3), 658−669.
(28) Sabin, G. P.; Souza, A. M.; Breitkreitz, M. C.; Poppi, R. J.

Desenvolvimento de um Algoritmo para Identificação e Correção de
Spikes em Espectroscopia Raman de Imagem. Quim. Nova 2012, 35
(3), 612−615.
(29) Amigo, J. M.; Ravn, C. Direct Quantification and Distribution

Assessment of Major and Minor Components in Pharmaceutical
Tablets by NIR-Chemical Imaging. Eur. J. Pharm. Sci. 2009, 37 (2),
76−82.
(30) Dash, S.; Murthy, P. N.; Nath, L.; Chowdhury, P. Kinetic

Modeling on Drug Release from Controlled Drug Delivery Systems.
Acta Pol. Pharm. 2010, 67 (3), 217−223.
(31) Shi, K.; Jiang, Y.; Zhang, M.; Wang, Y.; Cui, F. Tocopheryl

Succinate-Based Lipid Nanospheres for Paclitaxel Delivery: Prepara-
tion, Characters, and in Vitro Release Kinetics. Drug Delivery 2010, 17
(1), 1−10.
(32) de Araujo, D. R.; Padula, C.; Cereda, C. M. S.; Tófoli, G. R.;

Brito, R. B.; De Paula, E.; Nicoli, S.; Santi, P. Bioadhesive Films
Containing Benzocaine: Correlation between in Vitro Permeation and
in Vivo Local Anesthetic Effect. Pharm. Res. 2010, 27 (8), 1677−
1686.
(33) Saia Cereda, C. M.; Brunetto, G. B.; de Arauj́o, D. R.; de Paula,

E. Liposomal Formulations of Prilocaine, Lidocaine and Mepivacaine
Prolong Analgesic Duration. Can. J. Anesth. 2006, 53 (11), 1092−
1097.
(34) Muller, R. H.; Shegokar, R.; Keck, C. M. 20 Years of Lipid

Nanoparticles (SLN & NLC): Present State of Development &
Industrial Applications. Curr. Drug Discovery Technol. 2011, 8 (3),
207−227.
(35) Castro, S. R.; Ribeiro, L. N. M.; Breitkreitz, M. C.; Guilherme,

V. A.; Rodrigues da Silva, G. H.; Mitsutake, H.; Alcan̂tara, A. C. S.;
Yokaichiya, F.; Franco, M. K. K. D.; Clemens, D.; Kent, B.;
Lancellotti, M.; de Arauj́o, D. R.; de Paula, E. A Pre-Formulation
Study of Tetracaine Loaded in Optimized Nanostructured Lipid
Carriers. Sci. Rep. 2021, 11 (1), 21463 DOI: 10.1038/s41598-021-
99743-6.
(36) Rodrigues da Silva, G. H.; Moura, L. D. de.; Carvalho, F. V. de.;

Geronimo, G.; Mendonça, T. C.; Lima, F. F. de.; de Paula, E.
Antineoplastics Encapsulated in Nanostructured Lipid Carriers.
Molecules 2021, 26 (22), 6929.
(37) Mitsutake, H.; Ribeiro, L. N. M.; Rodrigues da Silva, G. H.;

Castro, S. R.; de Paula, E.; Poppi, R. J.; Breitkreitz, M. C. Evaluation
of Miscibility and Polymorphism of Synthetic and Natural Lipids for
Nanostructured Lipid Carrier (NLC) Formulations by Raman
Mapping and Multivariate Curve Resolution (MCR). Eur. J. Pharm.
Sci. 2019, 135, 51−59.
(38) Han, F.; Li, S.; Yin, R.; Liu, H.; Xu, L. Effect of Surfactants on

the Formation and Characterization of a New Type of Colloidal Drug
Delivery System: Nanostructured Lipid Carriers. Colloids Surf., A
2008, 315, 210−216, DOI: 10.1016/j.colsurfa.2007.08.005.
(39) Müller, R. H.; Mäder, K.; Gohla, S. Solid lipid nanoparticles

(SLN) for controlled drug delivery−a review of the state of the art.

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Article

https://doi.org/10.1021/acsbiomaterials.4c00585
ACS Biomater. Sci. Eng. 2024, 10, 4958−4969

4968

https://doi.org/10.1208/s12249-009-9287-1
https://doi.org/10.1208/s12249-009-9287-1
https://doi.org/10.1002/jps.22416
https://doi.org/10.1002/jps.22416
https://doi.org/10.1002/jps.22416
https://doi.org/10.1016/j.ijpharm.2017.06.066
https://doi.org/10.1016/j.ijpharm.2017.06.066
https://doi.org/10.1016/j.ijpharm.2017.06.066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ejps.2016.08.030
https://doi.org/10.1016/j.ejps.2016.08.030
https://doi.org/10.1016/j.ejps.2017.05.060
https://doi.org/10.1016/j.ejps.2017.05.060
https://doi.org/10.1002/jctb.6715
https://doi.org/10.1002/jctb.6715
https://doi.org/10.1002/jctb.6715
https://doi.org/10.1038/s41598-020-76751-6
https://doi.org/10.1038/s41598-020-76751-6
https://doi.org/10.1016/j.msec.2019.110608
https://doi.org/10.1016/j.msec.2019.110608
https://doi.org/10.1016/j.msec.2019.110608
https://doi.org/10.1016/j.msec.2019.110608?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.msec.2019.110608?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1BM00077B
https://doi.org/10.1039/D1BM00077B
https://doi.org/10.3390/ph16040546
https://doi.org/10.3390/ph16040546
https://doi.org/10.3390/ph16040546
https://doi.org/10.1016/0168-3659(94)90047-7
https://doi.org/10.1016/0168-3659(94)90047-7
https://doi.org/10.1016/0168-3659(94)90047-7
https://doi.org/10.1016/j.ejmech.2012.01.001
https://doi.org/10.1016/j.ejmech.2012.01.001
https://doi.org/10.1039/C4RA16434B
https://doi.org/10.1039/C4RA16434B
https://doi.org/10.1016/j.colsurfa.2014.10.046
https://doi.org/10.1016/j.colsurfa.2014.10.046
https://doi.org/10.1016/j.colsurfa.2014.10.046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2147/IJN.S429565
https://doi.org/10.2147/IJN.S429565
https://doi.org/10.2147/IJN.S429565
https://doi.org/10.1211/jpp/61.11.0007
https://doi.org/10.1211/jpp/61.11.0007
https://doi.org/10.1211/jpp/61.11.0007
https://doi.org/10.1107/S1600576713030227
https://doi.org/10.1107/S1600576713030227
https://doi.org/10.1107/S1600576713030227
https://doi.org/10.1021/ma049623d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma049623d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma011657n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma011657n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6SM02262F
https://doi.org/10.1039/C6SM02262F
https://doi.org/10.1039/C6SM02262F
https://doi.org/10.1039/C6SM02262F
https://doi.org/10.1039/C6SM02262F
https://doi.org/10.1590/S0100-40422012000300030
https://doi.org/10.1590/S0100-40422012000300030
https://doi.org/10.1016/j.ejps.2009.01.001
https://doi.org/10.1016/j.ejps.2009.01.001
https://doi.org/10.1016/j.ejps.2009.01.001
https://doi.org/10.1016/S0928-0987(01)00095-1
https://doi.org/10.1016/S0928-0987(01)00095-1
https://doi.org/10.3109/10717540903431578
https://doi.org/10.3109/10717540903431578
https://doi.org/10.3109/10717540903431578
https://doi.org/10.1007/s11095-010-0151-5
https://doi.org/10.1007/s11095-010-0151-5
https://doi.org/10.1007/s11095-010-0151-5
https://doi.org/10.1007/BF03022876
https://doi.org/10.1007/BF03022876
https://doi.org/10.2174/157016311796799062
https://doi.org/10.2174/157016311796799062
https://doi.org/10.2174/157016311796799062
https://doi.org/10.1038/s41598-021-99743-6
https://doi.org/10.1038/s41598-021-99743-6
https://doi.org/10.1038/s41598-021-99743-6
https://doi.org/10.1038/s41598-021-99743-6?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41598-021-99743-6?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/molecules26226929
https://doi.org/10.1016/j.ejps.2019.05.002
https://doi.org/10.1016/j.ejps.2019.05.002
https://doi.org/10.1016/j.ejps.2019.05.002
https://doi.org/10.1016/j.ejps.2019.05.002
https://doi.org/10.1016/j.colsurfa.2007.08.005
https://doi.org/10.1016/j.colsurfa.2007.08.005
https://doi.org/10.1016/j.colsurfa.2007.08.005
https://doi.org/10.1016/j.colsurfa.2007.08.005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0939-6411(00)00087-4
https://doi.org/10.1016/S0939-6411(00)00087-4
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.4c00585?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Eur. J. Pharm. Biopharm. 2000, 50 (1), 161−177, DOI: 10.1016/
S0939-6411(00)00087-4.
(40) Tavares Luiz, M.; Santos Rosa Viegas, J.; Palma Abriata, J.;

Viegas, F.; Testa Moura de Carvalho Vicentini, F.; Lopes Badra
Bentley, M. V.; Chorilli, M.; Maldonado Marchetti, J.; Tapia-Blácido,
D. R. Design of Experiments (DoE) to Develop and to Optimize
Nanoparticles as Drug Delivery Systems. Eur. J. Pharm. Biopharm.
2021, 165, 127−148.
(41) Rahman, Z.; Zidan, A. S.; Khan, M. A. Non-Destructive

Methods of Characterization of Risperidone Solid Lipid Nano-
particles. Eur. J. Pharm. Biopharm. 2010, 76 (1), 127−137.
(42) Zhang, X.; Liu, J.; Qiao, H.; Liu, H.; Ni, J.; Zhang, W.; Shi, Y.

Formulation Optimization of Dihydroartemisinin Nanostructured
Lipid Carrier Using Response Surface Methodology. Powder Technol.
2010, 197 (1−2), 120−128.
(43) Fangueiro, J. F.; Andreani, T.; Egea, M. A.; Garcia, M. L.;

Souto, S. B.; Souto, E. B. Experimental Factorial Design Applied to
Mucoadhesive Lipid Nanoparticles via Multiple Emulsion Process.
Colloids Surf., B 2012, 100, 84−89, DOI: 10.1016/j.col-
surfb.2012.04.014.
(44) Lason,́ E.; Sikora, E.; Ogonowski, J. Influence of Process

Parameters on Properties of Nanostructured Lipid Carriers (NLC)
Formulation. Acta Biochim. Pol. 2013, 60 (4), 773−777.
(45) Pradhan, M.; Singh, D.; Murthy, S. N.; Singh, M. R. Design,

Characterization and Skin Permeating Potential of Fluocinolone
Acetonide Loaded Nanostructured Lipid Carriers for Topical
Treatment of Psoriasis. Steroids 2015, 101, 56−63.
(46) Chen, Y.; Pan, L.; Jiang, M.; Li, D.; Jin, L. Nanostructured Lipid

Carriers Enhance the Bioavailability and Brain Cancer Inhibitory
Efficacy of Curcumin Both in Vitro and in Vivo. Drug Delivery 2016,
23 (4), 1383−1392.
(47) Mitsutake, H.; Rodrigues da Silva, G. H.; Breitkreitz, M. C.; de

Paula, E.; Bordallo, H. N. Neither Too Little nor Too Much: Finding
the Ideal Proportion of Excipients Using Confocal Raman and
Chemometrics. Eur. J. Pharm. Biopharm. 2022, 181, 136−146.
(48) Hu, F.-Q.; Jiang, S.-P.; Du, Y.-Z.; Yuan, H.; Ye, Y.-Q.; Zeng, S.

Preparation and Characterization of Stearic Acid Nanostructured
Lipid Carriers by Solvent Diffusion Method in an Aqueous System.
Colloids Surf., B 2005, 45 (3−4), 167−173, DOI: 10.1016/
j.colsurfb.2005.08.005.
(49) Tiwari, R.; Pathak, K. Nanostructured Lipid Carrier versus

Solid Lipid Nanoparticles of Simvastatin: Comparative Analysis of
Characteristics, Pharmacokinetics and Tissue Uptake. Int. J. Pharm.
2011, 415 (1−2), 232−243.
(50) Fulias,̧ A.; Ledeti̧, I.; Vlase, G.; Popoiu, C.; Heghes,̧ A.; Bilanin,

M.; Vlase, T.; Gheorgheosu, D.; Craina, M.; Ardelean, S.; Ferechide,
D.; Mar̆ginean, O.; Mos,̧ L. Thermal Behaviour of Procaine and
Benzocaine Part II: Compatibility Study with Some Pharmaceutical
Excipients Used in Solid Dosage Forms. Chem. Cent. J. 2013, 7 (1),
140.
(51) Saupe, A.; Wissing, S. A.; Lenk, A.; Schmidt, C.; Müller, R. H.

Solid Lipid Nanoparticles (SLN) and Nanostructured Lipid Carriers
(NLC)-Structural Investigations on Two Different Carrier Systems.
Bio-med Mater. Eng. 2005, 15, 393−402.
(52) Ali, H.; El-Sayed, K.; Sylvester, P. W.; Nazzal, S. Molecular

Interaction and Localization of Tocotrienol-Rich Fraction (TRF)
within the Matrices of Lipid Nanoparticles: Evidence Studies by
Differential Scanning Calorimetry (DSC) and Proton Nuclear
Magnetic Resonance Spectroscopy (1H NMR). Colloids Surf., B
2010, 77 (2), 286−297, DOI: 10.1016/j.colsurfb.2010.02.003.
(53) De M Barbosa, R.; Barbosa, R.; Ribeiro, L.; Casadei, B.; da

Silva, C.; Queiróz, V.; Duran, N.; de Arauj́o, D.; Severino, P.; de
Paula, E.; de, M. Solid Lipid Nanoparticles for Dibucaine Sustained
Release. Pharmaceutics 2018, 10 (4), 231 DOI: 10.3390/pharmaceu-
tics10040231.
(54) Torres, L. H.; de Carvalho, M. Z.; Melo, P. S.; de Paula, E.;

Saczk, A. A.; Pinto, L. M. A. Characterization and Cytotoxicity of a
Benzocaine Inclusion Complex. J. Inclusion Phenom. Macrocyclic Chem.
2018, 91 (1−2), 9−15, DOI: 10.1007/s10847-018-0791-3.

(55) Paczkowska, M.; Wiergowska, G.; Miklaszewski, A.; Krause, A.;
Mroczkowka, M.; Zalewski, P.; Cielecka-Piontek, J. The Analysis of
the Physicochemical Properties of Benzocaine Polymorphs. Molecules
2018, 23 (7), 1737.
(56) Chan, E. J.; Rae, A. D.; Welberry, T. R. On the Polymorphism

of Benzocaine; a Low-Temperature Structural Phase Transition for
Form (II). Acta Crystallogr., Sect. B: Struct. Sci. 2009, 65 (Pt 4), 509−
515, DOI: 10.1107/S0108768109018898.
(57) de Moura, L. D.; Ribeiro, L. N. M.; de Carvalho, F. V.;

Rodrigues da Silva, G. H.; Lima Fernandes, P. C.; Brunetto, S. Q.;
Ramos, C. D.; Velloso, L. A.; de Arauj́o, D. R.; de Paula, E. Docetaxel
and Lidocaine Co-Loaded (NLC-in-Hydrogel) Hybrid System
Designed for the Treatment of Melanoma. Pharmaceutics 2021, 13
(10), 1552.
(58) Schmidt, C.; Yokaichiya, F.; Doğangüzel, N.; Dias Franco, M.;

Cavalcanti, L.; Brown, M.; Alkschbirs, M.; de Araujo, D. R.;
Kumpugdee-Vollrath, M.; Storsberg, J. An Abraded Surface of
Doxorubicin-Loaded Surfactant-Containing Drug Delivery Systems
Effectively Reduces the Survival of Carcinoma Cells. Biomedicines
2016, 4 (3), 22.
(59) Mitsutake, H.; Castro, S. R.; de Paula, E.; Poppi, R. J.; Rutledge,

D. N.; Breitkreitz, M. C. Comparison of Different Chemometric
Methods to Extract Chemical and Physical Information from Raman
Images of Homogeneous and Heterogeneous Semi-Solid Pharma-
ceutical Formulations. Int. J. Pharm. 2018, 552 (1−2), 119−129.
(60) Patnaik, P. Infrared and Raman Spectroscopy. In Dean’s
Analytical Chemistry Handbook, 2nd ed.; McGraw Hill, 2004 https://
www.accessengineeringlibrary.com:443/browse/deans-analytical-
chemistry-handbook-second-edition/p2000ad3299707_1001.
(61) Zhao, Y.; Ma, C.-Y.; Yuen, S.-N.; Phillips, D. L. Study of

Succinylated Food Proteins by Raman Spectroscopy. J. Agric. Food
Chem. 2004, 52 (7), 1815−1823.
(62) Alcolea Palafox, M. Raman Spectra and Vibrational Analysis for

Benzocaine. J. Raman Spectrosc. 1989, 20 (12), 765−771.
(63) Noshi, S. H. Lipid-Based Drug Delivery Systems Forthe

Enhancement of Topical Delivery of Benzocaine IOSR J. Pharm. Biol.
Sci., 13 313 19 DOI: 10.9790/3008-1303011319.
(64) Basha, M.; Abd El-Alim, S.; Kassem, A.; El Awdan, S.; Awad, G.

Benzocaine Loaded Solid Lipid Nanoparticles: Formulation Design,
in Vitro and in Vivo Evaluation of Local Anesthetic Effect. Curr. Drug
Delivery 2015, 12 (6), 680−692.
(65) Baker, R. W.; Richard, W. Controlled Release of Biologically
Active Agents; Wiley: New York, 1987.
(66) D’Armour, F. E.; Smith, D. L. A Method for Determining Loss

of Pain Sensation. J. Pharmacol. Exp. Ther. 1941, 72, 74−79.
(67) Lagan, G.; McLure, H. A. Review of Local Anaesthetic Agents.
Curr. Anaesth. Crit. Care 2004, 15 (4−5), 247−254.

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Article

https://doi.org/10.1021/acsbiomaterials.4c00585
ACS Biomater. Sci. Eng. 2024, 10, 4958−4969

4969

https://doi.org/10.1016/S0939-6411(00)00087-4?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0939-6411(00)00087-4?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ejpb.2021.05.011
https://doi.org/10.1016/j.ejpb.2021.05.011
https://doi.org/10.1016/j.ejpb.2010.05.003
https://doi.org/10.1016/j.ejpb.2010.05.003
https://doi.org/10.1016/j.ejpb.2010.05.003
https://doi.org/10.1016/j.powtec.2009.09.004
https://doi.org/10.1016/j.powtec.2009.09.004
https://doi.org/10.1016/j.colsurfb.2012.04.014
https://doi.org/10.1016/j.colsurfb.2012.04.014
https://doi.org/10.1016/j.colsurfb.2012.04.014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.colsurfb.2012.04.014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.steroids.2015.05.012
https://doi.org/10.1016/j.steroids.2015.05.012
https://doi.org/10.1016/j.steroids.2015.05.012
https://doi.org/10.1016/j.steroids.2015.05.012
https://doi.org/10.3109/10717544.2015.1049719
https://doi.org/10.3109/10717544.2015.1049719
https://doi.org/10.3109/10717544.2015.1049719
https://doi.org/10.1016/j.ejpb.2022.11.008
https://doi.org/10.1016/j.ejpb.2022.11.008
https://doi.org/10.1016/j.ejpb.2022.11.008
https://doi.org/10.1016/j.colsurfb.2005.08.005
https://doi.org/10.1016/j.colsurfb.2005.08.005
https://doi.org/10.1016/j.colsurfb.2005.08.005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.colsurfb.2005.08.005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijpharm.2011.05.044
https://doi.org/10.1016/j.ijpharm.2011.05.044
https://doi.org/10.1016/j.ijpharm.2011.05.044
https://doi.org/10.1186/1752-153X-7-140
https://doi.org/10.1186/1752-153X-7-140
https://doi.org/10.1186/1752-153X-7-140
https://doi.org/10.1016/j.colsurfb.2010.02.003
https://doi.org/10.1016/j.colsurfb.2010.02.003
https://doi.org/10.1016/j.colsurfb.2010.02.003
https://doi.org/10.1016/j.colsurfb.2010.02.003
https://doi.org/10.1016/j.colsurfb.2010.02.003
https://doi.org/10.1016/j.colsurfb.2010.02.003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/pharmaceutics10040231
https://doi.org/10.3390/pharmaceutics10040231
https://doi.org/10.3390/pharmaceutics10040231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/pharmaceutics10040231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10847-018-0791-3
https://doi.org/10.1007/s10847-018-0791-3
https://doi.org/10.1007/s10847-018-0791-3?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/molecules23071737
https://doi.org/10.3390/molecules23071737
https://doi.org/10.1107/S0108768109018898
https://doi.org/10.1107/S0108768109018898
https://doi.org/10.1107/S0108768109018898
https://doi.org/10.1107/S0108768109018898?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/pharmaceutics13101552
https://doi.org/10.3390/pharmaceutics13101552
https://doi.org/10.3390/pharmaceutics13101552
https://doi.org/10.3390/biomedicines4030022
https://doi.org/10.3390/biomedicines4030022
https://doi.org/10.3390/biomedicines4030022
https://doi.org/10.1016/j.ijpharm.2018.09.058
https://doi.org/10.1016/j.ijpharm.2018.09.058
https://doi.org/10.1016/j.ijpharm.2018.09.058
https://doi.org/10.1016/j.ijpharm.2018.09.058
https://www.accessengineeringlibrary.com:443/browse/deans-analytical-chemistry-handbook-second-edition/p2000ad3299707_1001
https://www.accessengineeringlibrary.com:443/browse/deans-analytical-chemistry-handbook-second-edition/p2000ad3299707_1001
https://www.accessengineeringlibrary.com:443/browse/deans-analytical-chemistry-handbook-second-edition/p2000ad3299707_1001
https://doi.org/10.1021/jf030577a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf030577a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jrs.1250201203
https://doi.org/10.1002/jrs.1250201203
https://doi.org/10.9790/3008-1303011319
https://doi.org/10.9790/3008-1303011319
https://doi.org/10.9790/3008-1303011319?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2174/1567201812666150703115126
https://doi.org/10.2174/1567201812666150703115126
https://doi.org/10.1016/j.cacc.2004.08.007
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.4c00585?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

