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In this study, we reported the development and the physico-chemical characterization of poloxamer 407 (PL407)
and poloxamer 188 (PL188) binary systems as hydrogels for delivering ropivacaine (RVC), as drug model, and in-
vestigate their use in infiltrative local anesthesia for applications on the treatment of post-operative pain. We
studied drug-micelle interaction and micellization process by light scattering and differential scanning calorim-
etry (DSC), the sol-gel transition and hydrogel supramolecular structure by small-angle-X-ray scattering (SAXS)
and morphological evaluation by Scanning Electron Microscopy (SEM). In addition, we have presented the inves-

I;ﬁﬁiﬁ; tigation of drug release mechanisms, in vitro/in vivo toxic and analgesic effects. Micellar dimensions evaluation
Micelle showed the formation of PL407-PL188 mixed micelles and the drug incorporation, as well as the DSC studies
Hydrogel showed increased enthalpy values for micelles formation after addition of PL 188 and RV(, indicating changes
Ropivacaine on self-assembly and the mixed micelles formation evoked by drug incorporation. SAXS studies revealed that

Local anesthesia the phase organization in hexagonal structure was not affected by RVC insertion into the hydrogels, maintaining
their supramolecular structure. SEM analysis showed similar patterns after RVC addition. The RVC release follow-
ed the Higuchi model, modulated by the PL final concentration and the insertion of PL 188 into the system. Fur-
thermore, the association PL407-PL188 induced lower in vitro cytotoxic effects, increased the duration of
analgesia, in a single-dose model study, without evoking in vivo inflammation signs after local injection.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Ropivacaine (RVC) is an amino-amide local anesthetic (LA) widely
used in surgical procedures. Its clinical efficacy has been studied after
regional anesthesia, presenting moderate time onset and considerable
differentiation between the sensory and motor block, being an interest-
ing alternative for epidural administration, infiltrative anesthesia and
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postoperative pain relief. One of the main advantages of RVC is the
less toxicity to the central nervous and cardiovascular systems com-
pared to bupivacaine, a well-known amino-amide local anesthetic, es-
pecially regarding to arrhythmogenic capacity, changes in heart
function and occurrence of methemoglobinemia [1,2]. Numerous ap-
proaches have been used to extend the anesthetic effect and/or reduce
the local and systemic toxicity evoked by LA molecules, such as the or-
ganic synthesis or enantioseparation of other LA molecules, control of
the pH, association with analgesic drugs, as opioid, and also the devel-
opment of drug-delivery systems [3,4]. Unfortunately, LAs are often as-
sociated with short duration of action, local and systemic toxicity.
Different drug-delivery systems has been developed for RVC, such as
multivesicular [5] or unilamellar liposomes [6], PLGA microspheres [7,8]
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and cyclodextrin complexes [9,10]. Since, the desirable features for an
ideal LA are low systemic toxic potential, long duration of action and se-
lectivity for the sensory block compared to the block motor [11], some
of those systems have been achieved this goal. In this context, the devel-
opment of hydrogels has been pointing them as biocompatible alterna-
tives to avoid the rapid clearance of the drug and to extend the duration
of anesthesia.

Poloxamers (PL), co-polymers composed of polyethylene oxide
(PEO) and polypropylene oxide (PPO) units, have been investigated as
drug-delivery systems, showing promising results concerned to the im-
provement of biopharmaceutics, pharmacodynamics and pharmacoki-
netics properties of the incorporated drugs. One of the main
advantages of the PL is their capability of forming gels close to the
body temperature, due to their self-assembly in micelles. In response
to the temperature and concentration, the PPO hydrophobic units are
dehydrated and aggregate, while the PEO hydrophilic units remain hy-
drated, forming the micellar core and corona, respectively. Subsequent-
ly, these micelles are self-assembled in ordered cubic or hexagonal
phases, producing the thermoreversible hydrogels [12,13].

Previous studies reported the use of PL-based hydrogels for in situ
delivery of LA molecules [14-19]. However, none of those studies have
reported the relationships among physico-chemical characterization,
the binary hydrogels supramolecular structure and their influence on
biopharmaceutical parameters (such as release kinetics) and in vitro/in
vivo toxicity. Additionally, those studies have not employed RVC for
the development of a PL-based hydrogel. Then, in this work we devel-
oped hydrogels composed of PL 407 (PEO;o-PPO7o-PEO;¢p) as single
or forming binary system with PL 188 (PEO6-PPO,9-PEO7¢). In this con-
text, we studied the drug-micelle and micellization process interaction
by light scattering and differential scanning calorimetry (DSC), the sol-
gel transition and hydrogel supramolecular structure by small-angle-
X-ray scattering (SAXS), the release profiles and, finally, the cytotoxic
and pharmacological effects, looking forward their application for the
treatment of post-operative pain.

2. Materials and methods
2.1. Materials

Poloxamer 407 (MW 12600 Da, PL407) and poloxamer 188 (MW
5800 Da, PL188) was purchased from Sigma Chem. Comp. (St. Louis,
MO, USA). Ropivacaine hydrochloride (attested purity of 98.5%) was do-
nated by Cristalia Prod. Quim. Farm. Ltda (Itapira, SP, Brazil). Salts and
other reagents were of analytical grade.

2.2. Physico-chemical characterization

2.2.1. Micelles and hydrogels preparation

For micellar solutions preparation, PL solutions (5% m/v, in water)
containing PL 407 alone or in binary systems with PL 188 (in the pres-
ence or absence of drug) were filtered using a polycarbonate membrane
(pore 0.22 um). All measurements were determined at least five times
for each sample. Hydrogels composed of PL 407 (PL188) at 20, 25 or
30% w/w alone or in association with poloxamer 188 (PL 188) at 5 or
10% w/w (30% PL final concentration), were dispersed in deionized
water until complete dissolution and kept at 4 °C under magnetic stir-
ring (150 rpm) [20,21]. RVC hydrochloride was dispersed into PL solu-
tions or hydrogels at 0.5% (m/v) final concentration. The polymeric
dispersions were then left at 4 °C until the use.

2.2.2. Micellar hydrodynamic diameter

The micellar hydrodynamic diameter and the size average distribu-
tion size were determined using a particle analyzer Zetasizer ZS
(Malvern®, UK) at a fixed angle of 173° and temperatures of 25° and
37 °C, in order to simulate the micelles behavior at room and physiolog-
ical temperature. After prepared and filtered (polycarbonate membrane

with pore 0.22 pm), 5 wt% PL 407 solutions were analyzed in the pres-
ence or absence of RVC. All measurements were determined at least
five times for each sample.

2.2.3. Differential scanning calorimetry (DSC) analysis

PL hydrogels (35 mg) were placed in sealed aluminum pans and
submitted to three successive thermal cycles of heating-cooling from
0 °Cto 50 °C at a rate of 5 °C/min, using a TA Instruments (USA) Q-
200 DSC apparatus. An empty pan was used as reference. All analyzes
were performed in triplicate and thermograms represented by heat
flux (kJ-mol™ 1) versus temperature (°C).

2.24. Rheological analysis

The rheological analysis of the hydrogels samples were carried out
using a Kinexus rotational rheometer (Malvern Instruments Ltd., En-
gland, UK). Measurements were performed at a temperature range
from 10 to 50 °C using a cone-plate geometry (40 mm of diameter
size), a sample volume of 1 mL, a gap between the plates of 1 mm, fre-
quency of 1 Hz and shear stress of 2 Pa. The oscillatory measurements
were used to determine parameters related to the elastic modulus (G
"), the viscous modulus (G”) and viscosity (7). rSpace for Kinexus® soft-
ware was used to analyze the data.

2.2.5. Small-angle X-ray scattering (SAXS)

The SAXS measurements were carried out at SAXS 1 beamline (Na-
tional Laboratory of Synchrotron Light-LNLS, Campinas, SP, Brazil),
using an incident beam energy of 8.3 keV (lambda = 1.488 A) with dis-
tance between sample and detector 1007 mm (MarCCD detector with a
diameter of 165 mm) and measuring range (brand measuring range)
from 0:13 to 3:34 nm~ . Measurements were performed at two differ-
ent temperatures (25 and 37 °C). The measured scattered intensity was
displayed as a function of the scattering vector modulus q = 4msin(0)/\,
where 20 is the scattering angle and N is the radiation wavelength. The
typical q range was from 0.075 to 0.23 A= 1.

2.2.6. Scanning Electron Microscopy (SEM)

Morphological features of RVC, PL-based formulations were ana-
lyzed by Scanning Electron Microscopy (SEM). For samples preparation,
PL hydrogels were placed in a glass slide, forming a thin film, incubated
at 40 °C for 24 h and analyzed by a scanning electron microscope with a
magnification of 250 times and accelerating voltage of 1 kV.

2.3. Drug loading and in vitro release assays

For drug loading determination, samples of the hydrogel (1 g) were
solubilized in 100 mL of pH 7.4 20 mM Hepes buffer plus 154 mM NaCl
and stored for 48 h. Samples were then centrifuged (5000 rpm for
20 min) and 1 mL of the supernatant was analyzed by UV-VIS spectro-
photometry. The percentage drug loading (DL, %) was determined ac-
cording to the Eq. (1):

DL (%) = (mass of drug in hydrogel samples/mass of samples)
x 100 (1)

In vitro release assays were carried out in a membrane diffusion
model in vertical Franz-type cells with 1.76 cm? permeation area (Au-
tomatized Microette Plus® Hanson Research, CA, USA), with artificial
membrane (cellulose acetate sheets, MWCO 1000 Da., Spectrum Lab)
as barrier. The donnor compartment was filled with 1 g of the hydrogels
containing RVC (0.5% or 5 mg-mL™ "), while the receptor compartment
with 5 mM Hepes with 154 mM NaCl buffer, pH 7.4, at 37 °C under con-
stant magnetic stirring (350 rpm). At predetermined time points, ali-
quots from receptor compartment were withdrawn (1 mL) and
analyzed by UV-VIS spectrophotometry (263 nm,
y = —0.00337 + 0.44401 %, R> = 0.99974, LQ = 0.0078 mg-mL™!;
LD = 0.02406 mg-mL™~", analytical curve previously obtained). Data
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were expressed as percentage of RVC cumulative release for each sam-
ple (n = 6).

Then, the in vitro release data were analyzed according to the math-
ematic models:

Qr = Qo + Ko (2)

where, Q; is the cumulative amount of drug released at time t, Qg is the
initial amount of drug, Ky the zero-order release constant, and t is time;

Q = K¢ 3)

Ky is the release coefficient, following the Fick's law and Q; is the
amount of drug released;

Q0" Qi = Kuce (4)

Qo is the initial amount of drug, Qt is the cumulative amount of drug
released, Kjc is the release constant and t is the time.

2.4. In vitro citotoxicity assays

Cell viability tests were performed using Balb/c fibroblasts (3T3
cells) cultured in DMEM supplemented with 10% fetal bovine serum
(pH 7.2-7.4, humidified atmosphere at 37 °C and 5% CO,), seeded in
96-wells tissue culture plates and cultured for 48 h (2.10* cells/well).
Cells were incubated for 3 h with RVC, PL 407 and the system PL407-
RVC. Drug concentrations tested were 1; 2 and 4 mM (0.312; 0.625
and 1.25 mg/mL, respectively) and PL 407 or PL 407-PL188 control
groups (RVC-free) were added into the cell cultures at the same volume
for the systems containing RVC. The drug:poloxamer (RVC:PL) propor-
tion was maintained at 1:10 (mg/mL) for all formulations into the cell
culture wells, at final volume of 0.1 mL. The number of viable cells
was determined by measuring the MTT converted to formazan. The pro-
duced formazan crystals were solubilized in a 1 N HCl-isopropyl alcohol
mixture (1:24 v/v). After that, the dye-containing solution was removed
and the sample absorbance determined at 570 nm [22].

2.5. In vivo local toxicity and pharmacological evaluation

Male adults Wistar rats (300-350 g) were obtained from Sdo
Francisco University (Biotério Central, Sdo Francisco University-USF,
Braganca Paulista, SP, Brazil). Experimental protocol was approved by
the USF Institutional Animal Care and Use Committee, which follows
the recommendations of the Guide for the Care and Use of Laboratory
Animals (protocol number 0011209).

The paw edema test was performed as model to assess the in vivo
local toxicity and the capability of PL407, PL 407-PL188, RVC and PL
407-RVC or PL 407-PL188-RVC for inducing inflammation after
intraplantar injection. This animal model is based on carrageenan mech-
anism of action, a mucopolysacharide from Irish Sea mosses (Chondrus),
which stimulates an inflammatory process without systemic effects. For
this test, carrageenan solution (1%) was used as positive control and
154 mM NaCl solution as negative control. Before the test, animals
were anesthetized with 40 mg-kg ™! of sodium thiopental (intraperito-
neal route) and the paw limit evidenced. Then, the paw baseline volume
was measured for each animal and, after that, test and control solutions
were administered by intraplantar injections (0.1 mL). At regular inter-
vals, 60, 120, and 180 min after injection the rat paw volume was mea-
sured with a plethysmometer (Ugo-Basile, Varese, Italy) and expressed
in milliliters, as the difference between the baseline and the injected
paw volume [10,23-24].

The analgesic effects were evaluated using the tail-flick test, after an-
imals treatment with 0.5% RVC or hydrogels at the same drug concen-
tration. For the baseline measurement (normal response to the
noxious stimulus) the animal was placed in a horizontal acrylic restraint

and fixed on an analgesimeter with the tail region (5 cm fromits tip) ex-
posed to heat from a projector lamp (55 + 1 °C. 150 W). The time for
normal response (in seconds) was recorded by a control switch and a
timer simultaneously activated when the rat tail flicks. The formulations
(RVCin water or hydrogels) were injected on the tail base (0.1 mL total,
where 0.05 mL for each tail side). After 1 min, the tail was exposed to the
heat and the interval between switching on the light and flick of the tail
was recorded (latency time). A 30-s cut-off time was used to avoid ther-
mal injury. The evaluation was started 10 min after application of the
formulations and at the same interval until the baseline values. All ex-
periments were carried out by the same observer. Data were expressed
as maximum percentual effect (MPE %), duration of the analgesic effect
(minutes) and area under the efficacy curve (AUEC) for each experi-
mental group.

MPE = (latency time-baseline/cutoff-baseline) x 100

2.6. Statistical analysis

Data were expressed mean =+ S.D. and analyzed by One-way analysis
of variance (One-way ANOVA) with Tukey-Kramer post hoc test. Graph
Pad Instat (Graph Pad Software Inc., USA) or Origin 6.0 (Microcal™ Soft-
ware, Inc., Northampton, MA, USA) programs were used. Statistical dif-
ferences were defined as p < 0.05.

3. Results and discussion

3.1. Drug-micelle interaction: micellar hydrodynamic diameter and aver-
age size distribution

The drug-micelle interaction was assessed by Dynamic Light Scatter-
ing (DLS), being possible to observe the effects of the temperature, mi-
celle composition and also the drug incorporation on micellar
hydrodynamic diameter and size distribution parameters. Table 1 sum-
marizes the results.

The micelle hydrodynamic diameter, at 25 °C, for the systems com-
posed only of PL 407 was ~30 nm and 8.6 nm, with 87% and 12% of av-
erage size distribution, respectively. However, at 37 °C, it was observed
a micellar population with reduced diameter (~25 nm with 100% of size
distribution), showing a shift from bimodal to unimodal system with
low polydispersity index values (from 0.246 to 0.143 at 25 °Cand 37 °
C). On the other hand, for binary systems PL 407/PL 188 it was observed
higher values of hydrodynamic diameter (~47 to 60 nm) for both pro-
portions and temperatures evaluated, and also high polydispersion
index (~0.4), suggesting the formation of mixed micelles composed of

Table 1
Hydrodynamic diameter (nm) and average distribution (%) of PL407 isolated or associated
to PL188 micelles before and after ropivacaine incorporation.

Formulations 25°C 37°C

Hydrodynamic Average Hydrodynamic Average
diameter (nm) distribution (%) diameter (nm) distribution (%)

PL 407 324 £ 0.1 87.3 254 + 0.3 100
8.6 + 1.6 12.7
PL 407-RVC 307 +£ 04 88.5 248 £ 04 100

62405 115 - -
PL407-PL188 582+06 864 564+01 843

(2:1)° 65+01 136 56+02 156
PL407-PL188 602 +04  89.1 566+ 06 852

(2:1)-RVC 53+ 0.1 109 55+ 0.1 14.8
PL407-PL188  475+07 823 437+£05 869
(5:1)° 59+ 0.7 187 51+04 131
PL407-PL188  48.7 + 0.2 754 427+06 873
(5:1)-RVC 62+03 246 54+ 0.1 126

Note: PL407-PL188 ratios are expressed as % w/v, with 2:1 and 5:1 corresponding to the
formulations PL407-PL188 20-10 and PL407-PL188 25-5, respectively.
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copolymers with high molecular mass (PL 407 = 12.600 and PL 188 =
8400) and hydration, since PL 188 is more hydrophilic than PL 407
(with hydrophilic lipophilic balances-HLB of 29 and 22, respectively)
[25].

Previous works reported the reduction on micellar dimensions for
poloxamer-based delivery systems, as a function of temperature. In
fact, other authors [26] have described that the micellar hydrodynamic
radius was reduced at 35 °C, showing a relationship between this pa-
rameter, the dehydration of PPO units and also the viscosity of the for-
mulation, favoring the formation of a colloidal system with
homogeneous spherical micelles [27]. Also, in this work, micellar hydro-
dynamic diameter determination was important to observe the drug-
micelle interaction, since the incorporation of RVC did not change the
micellar dimensions.

3.2. Differential scanning calorimetry (DSC)

The temperatures (Ty,) and enthalpy (AH,,°) relatively to the micell-
ization were determined by differential scanning calorimetry (DSC).
Data are presented on Table 2. In general, all formulations showed a
thermoreversible behavior since transition peaks were observed in
both heating and cooling cycles. Besides, it was also possible to verify
the homogeneity between both copolymers, since only one transition
phase was observed in the thermograms, even for the systems contain-
ing RVC.

The first analysis showed that low values of temperatures for micell-
ization (T,,) were observed for the high copolymer concentration, con-
sidering the systems composed only of PL 407. In a different manner, T,
values for binary systems (PL 407-PL 188) were similar, even after RVC
incorporation.

Formulations containing only PL 407 presented similar AH® values.
This result was also observed for PL 407-RVC. On the other hand, for bi-
nary systems, the enthalpy of micelles formation changed after the ad-
dition of PL 188 and RVC. Despite the same copolymer total
concentration, different ratios PL 407/PL 188 induced high AH® values,
when compared to the PL 407 formulations. For example, the system
PL 407-PL 188 (20:10% w/w, PL 407:PL 188 proportion 2:1) showed
AH° value of 31.7 kJ-mol~'. However, for PL 407-PL 188-RVC the AH®
was 39.2 kJ-mol ™. More pronounced changes were obtained for PL
407-PL 188 (25:5% w/w, PL 407:PL 188 proportion 5:1). RVC is an
amino-amide local anesthetic relatively hydrophobic (with partition co-
efficient lipid/water of 132) [6]. Even RVC incorporation did not influ-
ence the micellar dimensions, changes were observed on self-
assembly and the mixed micelles formation (as seen by the differences
on enthalpy variation values) especially for the binary systems with
high concentration of PL407. It is important to notice that RVC is pre-
sented as its salt form (RVC hydrocholide), which alters the tendency
of micelles to “package” after the addition of a salt, due to dehydration
of PPO units into the micellar core.

In this context, the association between copolymers with different
HLB values induces conformational changes on micellar assembly,

Table 2
Temperature micellization (Ty,) and enthalpy variation (AH’y,) for PL407 isolated or in as-
sociation with PL188.

Formulations PL (% w/v) Tm (°C) AH°, (k]-mol 1)
PL 407 20 15.1 49.6
25 12.8 524
30 10.6 54.4
PL407-RVC 20 14.7 479
25 124 50.8
30 10.2 514
PL 407/PL188 20/10 12.8 31.7
25/5 115 56.4
PL 407/PL188-RVC 20/10 124 39.2
25/5 11.7 80.9

since PL 188 (HLB = 29) is a more hydrophilic copolymer than PL 407
(HLB = 22) the hydration of the micellar corona is increased, due to
the high number of PEO units into the PL 188 monomers [25,26],
explaining the low AH® values for the binary system PL 407-PL 188
(25-5% w/w, PL 407:PL188).

3.3. Rheological analysis

Rheological analysis was performed for all formulations considering
the different compositions and the presence or absence of RVC,
being possible to determine the elastic (G’) and viscous (G”) mod-
ules, viscosity (1) and the temperature where it was observed the
more pronounced viscosity variation, being considered as the sol-
gel temperature (Tsol-gel). Fig. 1 shows representative rheograms
with variations in G’ and G” versus temperature range from 0 to
50 °C. All results for other hydrogels formulations are presented at
Table 3.

In general, were observed higher G’ values in relation to G” for most
of formulations, even after RVC incorporation, revealing a viscoelas-
tic behavior for the different formulations, since the G’ values 2-40
times higher than those observed for G”. It is important to highlight
that this behavior is temperature dependent, as observed for the
more pronounced viscosity values at 37 °C, in relation to 25 °C. How-
ever, PL407-PL188 20-10% binary hydrogel presented lower G’ and
viscosity values when compared to the formulations composed of
isolated PL407 (20, 25 or 30%) or at 25-5% PL407-PL188, showing
that high concentrations of PL188 changed the rheological
parameters.

The results obtained here are in agreement with other studies, since
for an injectable hydrogel as depot formulation the elastic modulus
should predominate over the viscous modulus, making them inject-
able (liquid form) at low temperatures and hydrogels at

100000-
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10000 o G (Pa)
& 1000-
3 100 .
e 104
)
1_
0.14
0 10 20 30 40 50
A T{°C)
100000
-8 G (Pa)
10000 o G' (Pa)
& 1000}
% 1004
e 10
)
1_
0.14
0 10 20 30 40 50
B T(°C)

Fig. 1. Rheograms for hydrogels composed of PL407-PL188 (25-5% w/w) in the absence (A)
or presence of RVC (B). The arrows indicate the sol-gel transition temperature (Ts-ge1).
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Table 3

Rheological analysis presenting the elastic (G’) and viscous modules (G”) at sol-gel transition temperature, viscosity (1, at 25 and 37 °C) and sol-gel transition temperature (T sol-gel) for

PL407 or PL407-PL188 hydrogels.

Formulations G’ (Pa) G” (Pa) G'/G" 1 (mPa-s) T gel (°C)
25°C 37°C

PL407 20% 10,160 475.5 214 111.2 1.6 x 10° 271
PL407 20%-RVC 10,120 480.2 21.1 117.7 1.7 x 108 27.6
PL407-25 % 19,640 489.2 40.1 2.1 x 108 3.1 x 106 22.7
PL407 25% - RVC 13,454 362.2 37.1 1.5 x 10° 2.3 x 108 23.0
PL407-30% 62,980 25310 2.5 3.3 x 10° 42 %108 194
PL407-30%-RVC 4124 810 5.1 2.9 x 108 3.6 x 106 20.2
PL407-PL188 25-5% 1400 400 35 1.6 x 10* 1.8 x 10° 32.6
PL407-PL188 25-5%-RVC 362.1 202.8 1.8 14 x10° 1.5 x 10° 33.1
PL407-PL188 20-10% 0.18 3.2 0.05 61.5 70.2 >50
PL407-PL188 20-10%-RVC 0.19 3.1 0.06 61.6 70.2 >50

physiological temperature. Those features can modulate biopharma-
ceutical properties such as dissolution and release rates [16,17]. In
this context, we observe that the formulation PL407-PL188 25-5%
presented the Tso1_gel Close to the physiological temperature being
adequate for the purpose of an injectable hydrogel.

3.4. Hydrogels structural characterization: SAXS

The scattering patterns are shown in fig. 2. At 25 °C all systems pre-
sented lamellar structure with spacing D = 2m/q* ~17.6 nm, for PL
407 20% and ~19 nm for PL 407 25% associated to PL 188 at 5%. How-
ever, considering the temperature at 37 °C, exhibited a phase organi-
zation in hexagonal structure, as can be seen from the peak positions
at q* 31/2q* 2q* and 71/2q*, with q* ~0.352 nm ™! for PL 407 20%
and q* ~0.349 nm ™! for PL 407 25%/PL 188 5%, corresponding to a
distance of roughly 18 nm between micellar centers in both systems.

In addition, the inclusion of RVC did not affect the supramolecular
structure of the systems, since the position and intensity of the
peaks were not changed by its presence. For the smaller g region ob-
served in the patterns, the scattering intensity presented a discrete
change with temperature and incorporation of RVC. This result
might indicate that RVC interfere in the macrostructure of the sys-
tem, since the hexagonal phase organization can facilitate the drug
incorporation into the intermicellar spaces. Our results are in agree-
ment with previous study that reported the formation of hexagonal
phase for PL-based binary systems, indicating that the gelation pro-
cess is due to the ordered assembly of micelles in a dependent man-
ner of the incorporation of PL with intermediate or low hydrophilic
lipophilic balance values [28,29].

3.5. Morphological evaluation: SEM analysis

Fig. 3A illustrates the arrangement of typical RVC crystals with mor-
phology elongated, sharp and a cubic-rectangular shape. On the other
hand, all PL-based systems presented a layered morphology, as particu-
larly observed for PL407 (25%) (Fig. 3B), PL407-RVC (25%) (Fig. 3C),
PL407-PL188 (25-5%) (Fig. 3D) and PL407-PL188-RVC (25-5%) (Fig.
3E), where it was not found similar structures than that observed for
RVC crystals, indicating that the drug was incorporated into the
hydrogels, in agreement with patterns observed in a previous study
[30].

3.6. Drug loading and in vitro release studies
Drug loading (DL) experiments were performed for all hydrogels

formulations using a membraneless model in order to simulate a condi-
tion of total dissolution of the hydrogels. In general, the DL was ~96%

(after 48 h), showing the homogeneity of the drug content into
hydrogels (Table 4). Fig. 4 shows the RVC release profiles, across artifi-
cial membrane (cellulose acetate), from the different hydrogels formu-
lations. The drug release, in solution (commercially available for
injection), was progressive and the total release was reached at 8 h

10A; T w T
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s 107 1
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‘»
==
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=
10* : .
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q(nm’")
10° T M T
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.‘é’
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2
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B Z
" 01 1
-1
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Fig. 2. SAXS profiles for the binary hydrogel PL407-PL188 at 25 °C (A) and 37 °C before and
after ropivacaine (RVC) incorporation (A-PL407-PL188-RVC and A-PL407-PL188).
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Fig. 3. Scanning Electron Microscopy obtained for ropivacaine (RVC, A), PL 407-PL188 (B) and PL407-PL188-RVC (C).

(~100% RVC released). However, the hydrogel formulations showed
regular release profiles and lower RVC released percentages were ob-
served for 25% PL 407 (75.1 4+ 1.3%); 30% PL 407 (73.7 4+ 2.3%); 25-
5% PL 407-PL188 (83.2% + 0.5%) and 20-10% PL407-PL188 (96.5 +
2.1%), when compared to the drug in solution, at 24 h. The release con-
stants (K) were, then, calculated according to the Zero Order, Higuchi
and Hixson-Crowel models.

After comparisons, statistical differences were observed for
hydrogels formulation in relation to the RVC solution (p < 0.05),

Table 4

presenting higher correlation coefficient values obtained for the Higuchi
model (0.92 > R?>> 0.96) and indicating that the RVC release follows the
Fick's law, associated to the diffusion of the drug through the hydrogels
until reach the site of action.

The lower K¢ values were observed for 25% or 30% PL407 and its bi-
nary system 25-5% PL407-PL188, showing that the PL final concentra-
tion and also the insertion of PL 188 into the formulations were able
to modulate the RVC release. Then, considering the K. values, the for-
mulation composition and the PL407 concentration, the hydrogels

Drug release constants, correlation coefficients and drug loading percentage obtained for PL407 isolated or in association with PL188 hydrogels.

Formulations Zero-order Higuchi Hixson-Crowel Drug loading (% at 48 h?)
Ko (%.h") R? Ky (%.h7172) R? Kuc (%.h717) R?

RVC 52+ 06 0.806 195+ 06 0.920 278 £ 2.7 0.870 -

PL407-25% 324027 0.769 142 + 14" 0.961 195 + 2.1 0.833 96.7 + 1.1%

PL407-30% 3.1 +£05 0.738 134+ 08" 0.937 16.0 + 0.5 0.822 96.2 + 0.4%

PL407-PL188 (25-5%) 35+03" 0.737 135+ 1.2 0.941 203 +0.7" 0.818 96.2 + 0.7%

PL407-PL188 (20-10%) 46+ 03" 0917 16.0 + 0.6" 0918 242 4+ 0.5 0.907 96.5 + 1.8%

Note: Data presented as mean 4 S.D. (n = 6/formulation).
* p < 0.05: statistical difference compared to RVC solution (in water).
2 Drug loading was determined using a membraneless model.
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120- g A formulations RVC-PL407-PL188 (25-5%) and its similar RVC-PL407
i - PL407-30% _(25%) were evaluated according to in vitro/in vivo toxicity and anesthet-
2 = & PL407-188-25-5% ic effects.
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ﬁ S nomenon refers to the interaction between the units of the copolymer.
% 60+ The monomers of these copolymers, above the critical micelle concen-
5 40+ tration (CMC), are organized in micelles (when in aqueous medium)
E 208 in order to minimize the free energy. As the temperature increases,
the equilibrium between micelles and unimers is favored towards mi-

0 . . . T . . cellization due to dehydration of propylene oxide units, providing a

0 4 8 12 16 20 24 structural change. The connection of the polymer network, with subse-

Time (h) quent gel formation, is due to the micelles aggregation assuming hexag-

onal and/or cubic structures (depending on the type and concentration
of copolymers). This phenomenon is reversible and when the tempera-
ture decreases, it occurs the hydration of the propylene oxide units and

Fig. 4. Release profiles for ropivacaine (RVC) from PL 407 and PL 407-PL188 hydrogels
(n = 6/formulation).
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Fig. 5. Effects of PL407 or PL407-PL188 systems on 3T3-fibrolasts viability (A), paw edema (B) and tail flick test (C). Data expressed as mean = S.D. a-PL407-RVC vs. RVC; b-PL407-PL188-
RVC vs. RVC; c-PL407 or PL407-PL188 hydrogels vs. carrageenan group. One-way ANOVA with Tukey-Kramer post hoc test. *p < 0.05; *** p < 0.001 (n = 6-7/formulation).
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the micelles self-assembly and aggregation in solution, from phase or-
ganization lamellar to hexagonal [21,31]. In this work, we have studied
a binary hydrogel associating PL with different HLB values. Since PL 188
(HLB = 29) is hydrophilic compared to PL 407 (HLB = 22) the hydra-
tion of the micellar corona is increased, but the incorporation of RVC hy-
drochloride (as a salt drug form) reduces the hydration of the micelles,
promoting their self-assembling into a gel structure [21,31,32] and
showing that release rate is affected by the hydrogel composition.

3.7. Cell viability studies, in vivo local toxicity and pharmacological
evaluation

Fig. 5A show the cell viability percentage after 3T3-fibroblasts cells
treatment with RVC at three different concentrations (0.312; 0.625
and 1.25 mg/mL). RVC treatment reduced the cell viability percentages,
determined by MTT reduction test, showing cytotoxic effects at 0.625
and 1.25 mg/mL with 60 and 45% of viable cells, respectively. On the
other hand, higher fibroblasts viability percentages (from 90 to 75%)
were observed after cell treatment with PL407 and PL407-PL188. The
association PL407-PL188 induced lower cytotoxic effects in 3T3-fibro-
blasts when compared to PL 407, which is in agreement with previous
studies, using V79-fibroblasts and hepatocytes [33], 3T3 fibroblasts
[34] and brain barrier vessels [35], as a result of more pronounced fluid-
izing effect in cell membranes for PL407 (HLB = 22) compared to PL188
(HLB = 29). In addition, the RVC incorporation in PL407-PL188
hydrogels reduced its cytotoxic effects, when compared to the drug
(p<0.001).

The pharmacological evaluation by the paw edema test showed that
the treatment with free RVC did not induce rat paw edema, as previous-
ly reported for other local anesthetics, such as prilocaine [36] and
mepivacaine [37], in a similar manner than that observed for the control
group (0.9% NaCl). On the other hand, even considering that hydrogels
evoked an increase on paw volume compared to the control or RVC
group (p < 0.001), this effect was less pronounced when compared to
carrageenan group (p < 0.001), indicating that hydrogels formulations
did not induce possible local inflammatory effects (Fig. 5B), which is
in agreement with previous study presenting histological evaluation
after intramuscular injection of PL407 hydrogels [17]. The discrete in-
crease on paw volume, observed here, can be attributed to the in situ
gelling properties for all formulations, since were not observed inflam-
mation signs (redness and local heating), as reported after carrageenan
intraplantar injection [38,39].

Fig. 5C presents the evaluation of analgesic effects showing the time
curve of percentual Maximum Possible Effect (MPE) obtained after
treatment with RVC solution and incorporated into the hydrogels for-
mulations. The binary hydrogel PL407-PL188 prolonged the analgesic
effect (until ~150 min after injection) when compared to RVC solution
(100 min) and RVCPL407 (110 min). In addition, the Area Under Effect
Curve (AUEC) was also more pronounced after injection of RVCPL407-
PL188, with AUECy_1g0 of 11,737 + 549, against 7934 + 247 and
8965 + 621 for RVC and RVCPL407-PL188, respectively (p < 0.001).

One of the most strategies used for the treatment of acute or chronic
pain is the therapy with local anesthetics. However, due to their short
duration of action prolonged postoperative analgesia is not achieved
[40,41]. Then, several drug delivery systems for local anesthetics have
been developed, including injectable termosensitive hydrogels [41]. Dif-
ferent systems have been described such as those composed of PL407
plus sodium hyaluronate and bupivacaine [19,42], bupivacaine-PLGA-
Chi microparticles in a PL407 hydrogel [43], a mixed hydrogel contain-
ing PL407-PL188, aminocaproic acid, povidone iodine, lidocaine and
chitosan [34] and also a chitosan thermogel containing ropivacaine
[44]. However, none of them considering the incorporation of RVC in
PL407-PL188 binary systems. In addition, even considering that PL-
based hydrogels dissolution is relatively fast (a desirable feature for
local anesthetics delivery systems) it is necessary to note that those co-
polymers are considered nontoxic, there are no requirements of organic

solvents, neither pH variations for their hydrogels preparation. Then,
the results obtained here showed the influence of composition, concen-
tration and poloxamer physico-chemical properties evoking low in vitro
cytotoxicity and in vivo local tissue reactions. In addition, the incorpora-
tion of RVC into PL407-PL188 increased the analgesic effects. Even con-
sidering this is a single-dose study, is possible to obtain prolonged
analgesia associated to possible reduced local injections, especially for
future applications in post-operative pain relief and/or nerve blockade
studies.

4. Conclusions

This study showed the development of PL407 and its binary systems
PL407-PL188 for delivering RVC and its local tissue application for post-
operative pain relief application. The physico-chemical characterization
provided information about the drug-micelle interaction and its influ-
ence on hydrogel formation. The incorporation of RVC did not change
the micellar dimensions, but evoked changes on micellar self-assembly
for hydrogel formation, due to its possible incorporation into the
intermicellar spaces and maintaining the system organization in hexag-
onal phase. In addition, the incorporation of PL188 into the hydrogels
was able to modulate the RVC release kinetics and prolong its analgesic
effects without evoking cytotoxicity or in vivo inflammation signs after
local injection.
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