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The challenges for developing new pharmaceutical formulations based on natural and synthetic polymers
has led to innovation into the design of systems responsive environmental stimuli such as temperature.
However, the presence of hydrophilic or hydrophobic molecules, charged groups, or metallic elements
can affect their structural behavior and their biopharmaceutical performance This work aims to study
and characterize the morphology and structure of polymeric formulations based on Poloxamer (PL)
407 (15 % and 30 % m/v) and its binary with PL 338 (15 % PL 407 + 15 % PL 338) and hyaluronic acid
(0.5 % m/v), as drug delivery systems of local anesthetic bupivacaine (0.5 % m/v) and ropivacaine
(0.5 % m/v) hydrochloride. For this, it was performed SANS analysis for determination of supramolecular
organization and lattice parameters; calorimetry was done to characterize their thermodynamic param-
eters; rheological analysis flow curve, consistency and adhesion calculation, Maxwell model study. Also,
it was performed drug release profiles and calculation of diffusion coefficients. It was identified lamellar
structures in PL 407 15 % formulations, and coexistence of cubic and hexagonal phases in PL 407 30 % and
binary formulations, however hyaluronic acid, bupivacaine or ropivacaine seem do not affect the type of
supramolecular structure. In addition, these additives can modulate viscosity among poloxamers chains,
increasing micelle-micelle interactions as it happens in presence of bupivacaine. On the other hand, addi-
tion of hyaluronic acid can promote increased structural stabilization by hydrophilic interactions
between hyaluronic and micellar corona. It reflects the ability how to control the drug release, as in case
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Fig. 1. Chemical structures of (A)
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of binary system that retained bupivacaine for longer time than other systems, as well it happens when
hyaluronic acid is added in PL 407 15 % and PL 407 30 %.

� 2022 Elsevier Inc. All rights reserved.
1. Introduction

The possibility of designing new pharmaceutical formulations
based on natural and synthetic polymers has led to the develop-
ment of systems that can respond to distinct stimuli such as tem-
perature, pH gradient, chemical and light, and electrical and
magnetic fields. However, the presence of hydrophilic or
hydrophobic molecules, charged groups, or metallic elements can
affect their structural behavior and impact the drug release rate
and biopharmaceutical performance [1,2].

Poloxamers (PL) are copolymers composed of hydrophilic poly-
ethylene oxide (PEO) and hydrophobic polypropylene oxide (PPO)
blocks, represented as PEOx-PPOy-PEOx (Fig. 1 A), where x and y
confer different physicochemical properties and enable their inter-
action with hydrophilic and hydrophobic interfaces. In aqueous
solutions, these copolymers self-organize into micelles at appro-
priate temperatures and concentrations [3–5]. With increasing
temperature, micelles tend to enhance their structural order, with
dehydrating PPO units organizing themselves (‘‘packing”) into
lamellar, cubic, and hexagonal phases, producing partially rigid
structures with high elastic moduli [6]. This reversible phe-
nomenon, known as gelation, is characterized by the temperature
(or temperature range) of sol–gel transition (Tsol-gel), as they
remain fluid or viscoelastic semi-solid gels depending on the envi-
ronmental temperature [7,8].

Over the last two decades, studies on PL-based binary systems
(for example, PL407 + PL338) as drug-delivery matrixes have accu-
mulated; however, controversies regarding the supramolecular
structure and interference of drug incorporation and other addi-
tives (as different polymers) persist, along with how they impact
biopharmaceutical properties of pre-formulations. Indeed, these
Poloxamer (PL), (B) hyaluronic acid
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critical questions need to be resolved, as interferences between
the copolymer concentration and temperature are necessary for
micellization processes and gelation in binary systems, an alterna-
tive strategy to modulate the micellar structure, hydrogel rheolog-
ical properties, formulation stability over physical condition
changes, solubility, and drug release rate [2,6,9]. Having said that,
we investigated the binary systems phase behavior composed of
two hydrophilic PL, PL407 and PL338. Despite their structural sim-
ilarities, both polymers show some differences regarding to molec-
ular weight, ethylene oxide (EO): propylene oxide (PO)
relationships and CMC (Fig. 1), which determines their differential
phase organization behavior and supramolecular organization
according to their final concentration and ratio into the formula-
tion. Other important point is their potential low cytotoxicity, jus-
tifying their selection as hydrogels matrices [9,10].

Previous studies have discussed interactions between PL and
natural polymers [10–12]. However, establishing how additive
incorporation can impact hydrogel phase organization could, in
turn, determine the structural requirements for modulating their
release rates and mechanisms [7,9]. Conversely, negative charges
and hydroxyl groups in hyaluronic acid (HA) chains at physiologi-
cal pH afford the HA molecule hydrophilic characteristics (Fig. 1 B).
In addition, its high molar mass confers unique viscoelastic and
rheological properties [10,13,14]. We have previously reported
the influence of low HA concentrations on the PL407-PL338 hydro-
gel matrix for intra-articular applications; however, the drug
model used, lidocaine base, also had a differential function in
structural changes [9].

Herein, we investigated two chemically related amino-amide
local anesthetics, bupivacaine hydrochloride (BVC) and ropivacaine
hydrochloride (RVC), widely used for intraoperative and postoper-
(HA), and (C) drugs; bupivacaine (BVC) and ropivacaine (RVC).
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ative pain relief (Fig. 1 C). BVC is more hydrophobic than RVC,
mainly due to the butyl group in its chemical structure, whereas
RVC presents a propyl radical. This primary chemical difference
determines their mechanism of action mediated by blocking
sodium channels, the duration of anesthetic effects, and cardiac
toxicity [1]. Although both drugs have been investigated in several
nanocarrier systems, in the present report, we aimed to present a
physico-chemical look at how the molecular study of drug and
hydrogel component interactions should also be explored from
an active drug role perspective, considering their chemical struc-
ture and availability as salt forms. We synthesized HA-loaded PL
hydrogels containing BVC or RVC and performed small-angle neu-
tron scattering (SANS), differential scanning calorimetry (DSC), and
rheological property examinations to determine viscoelasticity,
flow resistance, adhesion, and cohesion, as well as their release
profiles.
2. Materials and methods

2.1. Excipients, drugs and salts

Poloxamers 407 and 338 (Sigma-Aldrich, Chem. Corp. Saint Luis,
MO, USA), and HA (98.5 % purity, 150 kDa; Viafarma Ind. Farmc.,
São Paulo, Brazil) were used as excipients. BVC and RVC (hy-
drochloride form) were a gift from Cristália Produtos Químicos Far-
macêuticos LTDA (Itapira, São Paulo, Brazil). Sodium chloride,
monobasic phosphate, and basic salts were purchased from
Sigma-Aldrich Chem. Corp (Saint Luis, MO, USA). All other chemi-
cals were of analytical grade.

2.2. Hydrogel preparation

Each sample was carefully prepared by weighting appropriate
amounts of each PL considering 15 to 30 g / 100 mL (m/v) for
PL407 or PL338 as unique or binary systems. All samples were pre-
pared in ultrapure water and kept under constant magnetic stirring
(300 rpm) in ice bath until complete dissolution and transparency.
Polymeric solutions were then stored overnight at 8 �C until conve-
nient use. For preparation of samples in deuterated water, were
used 2 mL of D2O to reduce the incoherent scattering produced
by hydrogen [15], for rheological analysis, and 10 mL for SANS
analysis.

2.3. SANS

The SANS experiments were performed at Helmholtz-Zentrum
Berlin für Materialien und Energie-Berlin (HZB, Berlin, Germany)
using a V16 (VSANS) instrument. Data were obtained in a two-
dimensional detector at two different distances: (a) 1.7 m with
wavelengths from 1.8 Å to 3.8 Å and (b) 11 m with wavelengths
from 1.6 Å to 9.2 Å. The results were added and averaged radially
in the range of q from 0.006 to 0.5 Å�1. The samples were measured
at temperature intervals from 20 to 50 �C. To ensure temperature
stability and homogeneity of samples, a waiting time of 30 min
was used. Data were normalized by detector background, empty
sample holder, and detector efficiency and were scaled to absolute
intensities using standard measurements of 1 mm H2O. The sol-
vent backgrounds were corrected for each SANS measurement.
All structures were determined by Micellar Supramolecular Struc-
ture Software (MiSS), developed by our group (registered at Brazil-
ian Institute of Industrial Property, BR 51 2021 000746-8).

To analyze the structural orientational order of hydrogels, 2D

SANS patterns, 0.07175 _A�1 < q < 0.556894 _A�1, were converted
to intensity profiles as a function of azimuthal angle IðhÞ, assuming
uniaxial symmetry [16,17], using SasView 5.0.4 software. Azi-
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muthal plots were then fitted by the Gaussian model. From the
second-order Legendre polynomial, the order parameter S is
defined as (Eq. (1)):

S ¼ 3
2

R 2p
0 exp � h� hcð Þ2=2r2

n o
sin hcos2hdh

R 2p
0 exp � h� hcð Þ2=2r2

n o
sin hdh

� 1
2

ð1Þ
2.4. Differential scanning calorimetry (DSC)

All DSC analyses were performed using a Netzsch DSC Polyma
calorimeter (Netzsch, Selb, Germany). The hydrogel samples were
weighed in aluminum pans and analyzed under three cooling-
heating cycles (5 �C/min. ratio) as follows: 1) heating from 0 to
50 �C (cycle 1); 2) cooling from 50 to 0 �C (cycle 2); 3) heating from
0 to 50 �C (cycle 3). All analyzes were performed in triplicate, and
the thermograms are represented by heat flow (cal/g. s) as a func-
tion of the temperature (�C).

2.5. Rheological analysis

Rheological analyses were performed using an oscillatory
rheometer with cone-plate geometry (KinexusLab, Malvern Instru-
ments, Malvern, UK) at temperatures from 10 to 50 �C, a shear
strain of 1 %, and a frequency of 1 Hz for obtaining values of elastic
modulus (G0) and viscous modulus (G00). Oscillatory scanning anal-
yses were performed at 37 �C and 0.1 to 10 Hz. Rheological data
modeling was obtained considering the frequency values, and this
range was converted to rad/s using the relation x ¼ 2pf . Each
analysis was performed in triplicate for each formulation.

For all formulations, plots of G0;G00ðTÞ and gðTÞ were plotted to
analyze viscoelastic behavior. To obtain the gelation temperature,
Tsol�gel, the Boltzmann sigmoidal function was fitted to the viscosity
plot, gðTÞ [18] (Eq. (2)):

g Tð Þ ¼ g 0ð Þ þ gmax � gð0Þ
1þ exp Tsol�gel�T

m

� � ð2Þ

where g 0ð Þ is the lowest viscosity measure, gmax is the highest vis-
cosity measure, and m is defined in Eq. (3) as follows:

m ¼ d
dT

g Tð Þ ð3Þ

G0 as a function of frequency x typically follows the power-law
model described by Eq. (4):

G0 ¼ A �xn ð4Þ
where A is related to adhesion property and n is the viscoelastic
exponent.

Adhesion is defined as a property that is proportional to the
force required to remove material from a surface. This model is
ideal for studying the relationship between the formulation used,
the environment in which the formulation is applied, and the
strength of this interaction [19]. Some polymeric solutions can be
modeled as a spring-dashpot system because chains can respond
to an applied force and return to their previous state as an elastic
component [20,21]. According to this model, the elastic component
(spring) is serially connected to the viscous component (dashpot).
Chain elasticity is dependent on the entanglements among poly-
meric chains, in addition to the hydrophilic and hydrophobic
effects, which can be modeled based on the Maxwell model
described in (Eqs. (5) and (6)):

G0 xð Þ ¼ G1ðsxÞ2
1þ ðsxÞ2

ð5Þ
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G00 xð Þ ¼ G1sx
1þ ðsxÞ2

ð6Þ

where s is the relaxation time (or reciprocal of the chain-end disen-
gagement rate). Based on the Green and Tobolosky theory [22] for
transient networks, G1 is proportional to the number density of
the effective temperature-dependent elastic chains. As G1 is related
to G0, the polymer concentration critically impacts enhanced entan-
glement [20,21].

To determine the flow curves of all formulations, we used a
range of shear rates c between 0 and 100 s�1. All curve flows were
obtained at 25 �C and analyzed using the power-law model (Eq.
(7)):

r ¼ K � cm ð7Þ
where K is related to the formulation consistency and m is the flow
or consistency index. For hydrogel systems, m < 1:0 was expected
due to its shear-thinning quality.

2.6. In vitro release profiles and elucidation of release mechanisms

In vitro release tests were performed using a membraneless
model to simulate contact between the sample and biological flu-
ids, as described in our previous study [23]. Briefly, hydrogel sam-
ples (1 mL) were placed in a donor compartment, while the
receptor compartment was filled with 25 mL of sodium phosphate
buffer (5 mM) and sodium chloride (154 mM) at pH 7.4 and 37 �C
under magnetic stirring at 100 rpm. Aliquots (1 mL) were with-
drawn at intervals of 30 min, 1, 2, 4, 5, 6, 7, and 24 h, and the same
volume was replaced by sodium phosphate buffer (5 mM, with
154 mM NaCl, pH 7.4). Aliquots were analyzed by UV � Vis spec-
trophotometry according to previously determined analytical
curves (k = 263 nm, y = 0.08656 + 0.001323x, R2 = 0.9778; y = 0.
1075 + 0.001234x, R2 = 0.9980 for BVC and RVC, respectively).

To determine the drug release mechanisms of different formu-
lations, zero-order, Higuchi, and Korsmeyer-Peppas mathematical
models were applied [24], as described below (Eqs. (8), 9 and 10):

QðtÞ ¼ Q0 þ K0t ð8Þ
where Q is the amount of drug released at time t, Q0 is the initial
drug amount, and K0 is the zero-order release constant.

Q tð Þ ¼ KH

ffiffi
t

p
ð9Þ

where KH is the release coefficient, and.

MðtÞ
M1

¼ KKPtn ð10Þ

where MðtÞ=M1 is the drug released fraction at time t. KKP is a rate
constant, and n is the release index. The release obeys Fickian diffu-
sion when the value of n is 0.45. When 0.45 < n < 0.89, it obeys non-
Fickian or anomalous diffusion; it obeys case-II transport when
n = 0.89 and super case-II transport when > 0.89. Data were
adjusted using linear regression, and the determination coefficient
(R2) was assessed.

In addition, the drug transference rate was determined consid-
ering a diffusional parameter as a function of the square root of
time, as described by Equation (11):

MðtÞ
M1

¼ b

ffiffiffiffiffiffi
Dt

p

h
ffiffiffiffi
p

p ð11Þ

where MðtÞ is the amount of drug released at time t, M1 is the ini-
tial amount of drug, D is the diffusion coefficient in the system, t is
the time, and h is the thickness of the hydrogel in the donor com-
partment. The coefficient b is dependent on the ratio C0=Cs, where
C0 is the initial concentration of the drug in the donor compartment
and Cs is the solubility of the drug in the hydrogel [25].
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2.7. Statistical analysis

Data from rheological analysis and SANS parameters are repre-
sented as mean ± standard deviation and correlation coefficient
(R2). Drug release profiles were analyzed using a one-way analysis
of variance (one-way ANOVA), followed by the Tukey-Kramer test
or two-tailed unpaired t-test. All data were analyzed using Graph
Pad Prism (Graph Pad Software Inc., USA), and rheological results
were analyzed using rSpace software for Kinexus�. Statistical sig-
nificance was defined as p < 0.05.
3. Results and discussion

3.1. SANS analysis: supramolecular structure of hydrogel is
differentially influenced by BVC, RVC, and HA

The structural study of polymeric hydrogels is an important
strategy for determining their biopharmaceutical properties and
establishing relationships with their biological functions. Studies
assessing hydrogel structural organization using SANS have shown
promising results in terms of understanding interactions between
their components and the influence of additives (such as drugs) on
formed structures [26–28].

Comparisons between PL concentrations and isolated and bin-
ary systems showed that PL407 15 % samples exhibited a lamellar
structure, typically observed in hydrogels with low PL final concen-
trations [15,29]. However, cubic and hexagonal structures coex-
isted in the PL407 30 % system, as well as in the binary system
(PL407 15 % + PL338 15 %). Previous studies have reported the pre-
dominance of hexagonal structures in 30 % PL, along with cubic
structures at high PL concentrations [6,29,30], to minimize osmotic
constraints [29,30].

The total PL concentration is an important component for defin-
ing the supramolecular organization [6]. Moreover, the chemical
characteristics of each component are responsible for this internal
organization and, consequently, particle dimensions. BVC, RVC, and
HA are known to affect the structure of 15 and 30 % PL407 hydro-
gels. In addition, the incorporation of both drugs seems do not
affect the structural size of P15 formulations, although it seen that
hyaluronic acid can be more sensitive to bupivacaine presence:
P15 + HA (from � 19.3 nm in P15 + HA to 21 nm in P15 + HA +
BVC). The lattice parameter decreased into both cubic and hexago-
nal structures on adding P30 (Table S1).

Conversely, the binary system BP 407–338 was more stable to
changes, considering both temperature and the presence of addi-
tives, despite exhibiting a lower viscosity than P30 systems. A pos-
sible reason for this characteristic is the formation of a mixed
hydrogel structure, although both polymers possess different
molecular masses and hydrophilicities [31].

As shown in Fig. 2 and Table S2, the intensity peaks are slightly
shifted from theoretically expected positions, given the presence of

additives [7,15]. The shoulder observed at � 0.4 _A coincides with
the expected peak for the cubic structure; however, this wide peak
is caused by the possible formation of polymer-drug clusters in
samples.

For P30 hydrogels, different phase organizations coexist, with
both Fm3m cubic and hexagonal structures identified. No struc-
tural differences were observed at 25 and 37 �C (Table S1), as the
systems were in a gel state, organized such that the lattice param-
eters were unaltered over this short temperature range. Indeed,
P30 samples were more sensitive to the presence of RVC than
BVC (Fig. 2B, E), given that RVC tends to influence the systems at
high temperatures, causing a disturbance in micelle-micelle inter-
actions. In contrast, this effect was not observed in the presence of



Fig. 2. Intensity profiles of PL 407 15 % (P15, graphs A, D), PL 407 30 % (P30, graphs B, E), and PL 407 15 % + PL 338 15 % (BP, graphs C, F) formulations, with hyaluronic acid
(HA), bupivacaine (BVC), and ropivacaine (RVC), obtained from SANS measurements at 37 �C. It is observed lamellar structures in all P15 formulations (with reflections at qm,
2qm and 4qm). There is coexistence of phases in P30 and BP systems, with Fm3m cubic (–), (with reflections at qm,

p
(4/3) qm,

p
(8/3) qm) and hexagonal supramolecular

structures (-.-) (with reflections at qm,
p
3 qm,

p
7 qm). For clarity, identification of the peaks are shown on Table S2.
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HA, suggesting the potential interaction with the hydrophilic cor-
ona in intermicellar spaces.

Similarly, Nascimento et al. [9] have shown that PL407 20 %
exhibits lamellar supramolecular organization, although it tends
to become hexagonal in the presence of lidocaine or HA (0.025
and 0.05 % m/v) at 37 �C. Additionally, both HA concentrations
helped stabilize these hexagonal structures by interacting with
the micellar corona and intermicellar spaces. However, in PL338
20 % and binary PL407 10 % + PL338 10 %, HA incorporation of
HA did not alter the supramolecular structure (body-centered
cubic for PL 338 20 % and lamellar for PL407 10 % + PL338 10 %).
Although we noted the coexistence of cubic and hexagonal struc-
tures in PL407 15 % +PL338 15 % (Fig. 2C, F), the presence of HA
favored structural stabilization via hydrophilic interactions
between hydroxyl groups of HA chains and the PEO portion of
PL. Furthermore, we identified that both BVC and RVC did not alter
supramolecular type in P15, P30, and BP formulations, although
Nascimento et al. [9] have reported that lidocaine modified the sys-
tem from a lamellar to hexagonal structure with PL407 20 %, and
from lamellar to cubic structure in PL407 10 % + PL338 10 %. This
may be attributed to the low polymer concentration, which can
be more easily aggregated than in a higher concentration system.

Binary formulations seem to be structurally more stable than
other hydrogels, given that temperature variation and additive
incorporation did not significantly alter their structural organiza-
tion. Although BP formulations contain PL 338, a more hydrophilic
poloxamer than PL407 (because the PEO:PPO ratio of PL 407 is 3:1,
while for PL338, the ratio is 5:1, reflecting the higher hydrophilic-
lipophilic balance of PL338 than PL407), the size of the BP micelles
displayed dimensions approximating the PL407 30 % systems
(�30 nm for cubic and � 18 nm for hexagonal structures), suggest-
ing the formation of a mixed system (Table S1).

All formulations presented low orientational order (ranging
between S = 0.14 and S = 0.40) at both tested temperatures,
although S was slightly increased under high polymer concentra-
tions (S = 0.20 ± 0.05 in P15, S = 0.31 ± 0.07 in P30, and S = 0.20 ±
0.06 in BP), but was unaltered by temperature (Fig. 3). In P30 + BVC
and P30 + RVC formulations, S values were reduced (S = 0.24 ± 0.05
in P30 + BVC, and S = 0.27 ± 0.05 in P30 + RVC), demonstrating a
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disturbance in the organization of all components, which indicates
that water molecules were expelled from the PL structure due to
the presence of the drug in a salt form (hydrochloride form), acting
as structure retractor. This effect could also explain the increased
viscosity, especially in the presence of BVC, as it is more hydropho-
bic than RVC.

In contrast, the opposite occurred when BVC or RVC was incor-
porated into BP. The orientational order in BP + BVC (S = 0.34 ± 0.
06) and BP + RVC (S = 0.22 ± 0.06) was increased when compared
with systems composed of only one PL type. These effects sug-
gested that the presence of PL 338 plays a role in the final system
organization and in improving the matriX arrangement. The addi-
tion of HA tends to fix S at 0.21 in the P15, P30, and BP samples,
indicating that HA acts as a linker among the PL structures, con-
firming their possible chain location in the intermicellar spaces.
However, the presence of BVC or RVC augmented S in the
P30 + HA and BP + HA formulations, owing to enhanced HA-
water interactions (Table S1). Based on these observations, a struc-
tural organization model is displayed in Fig. 4.

3.2. DSC assays: Drugs and HA maintained thermosensitive properties
of hydrogels

Table 1 shows the results obtained from the thermodynamic
analysis of all hydrogel formulations. In general, neither HA nor
drugs can markedly impact PL-based systems and, consequently,
their thermosensitive properties [9,32], maintaining micellization
as an endothermic process. At high polymer concentrations (e.g.,
30 % m/v), the micellization temperature decreased almost 50 %
in PL30 samples when compared with PL15, with values ranging
from 19 to 10 �C, which was in line with previous studies
[33,34]. Binary systems have slightly higher micellization temper-
atures (Tm) than P30 samples, resulting in lower enthalpy values
for BP samples than those observed for P15 and P30 samples, prob-
ably attributed to structural disorganization in the presence of PL
338 owing to its more hydrophilic character than PL 407. Enthalpy
variation is a measure of system complexity. According to previous
studies [9,35], polymer concentration and drug incorporation can
influence the enthalpy values of each system. The analysis of ther-



Fig. 3. (A) Scheme of orientational order parameter S: As increasing order parameter S, more organized in such orientation the material is. 2D scattering images were
converted in intensity I as function of azimuthal angle, which is fitted with a Gaussian where hc and r are used to calculate S. (B) S values of all P15, P30 (C) and BP (D)
samples, at 25 �C, are shown.

Fig. 4. Proposed model for formulations of PL 407 at 15 % and 30 %, and binary PL 407 + PL 338 at 15 % / 15 %. As shown by the SANS results, lamellar structures are observed at
low poloxamer concentration. However, with the increase in the total concentration of PL, greater structuring of the formulations is promoted with the coexistence of cubic
and hexagonal phases. The addition of hyaluronic acid (HA) is not able to change the type of supramolecular organization, but it does modify the rheological properties and
the form of the release of bupivacaine and ropivacaine.
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Table 1
Thermodynamic and rheological parameters for P15, P30 and BP hydrogels.

Formulation (% m/v) Additives Tm (�C) DH(kJ mol�1) Tsol-gel (�C) dg=dT(Pa s /�C) G’/G’’ g (Pa s)

15 18.6 38.8 45.5 ± 0.02 1.3 ± 0.02 0.18 0.30
BVC 17.9 40.6 43.3 ± 0.07 2.00 ± 0.05 0.16 0.77
RVC 18.2 39.0 24.8 ± 0.05 1.5 ± 0.04 0.46 0.70
HA 18.0 42.4 49.0 ± 0.2 2.0 ± 0.05 0.20 0.86
HA + BVC 17.9 43.1 41.7 ± 0.1 2.6 ± 0.06 0.70 4.99
HA + RVC 17.9 42.3 34.0 ± 0.04 1.6 ± 0.04 3.30 32.2

30 10.5 54.1 12.4 ± 0.1 4.7 ± 0.3 48.3 5.5∙103

BVC 10.1 63.7 13.2 ± 0.8 4.5 ± 0.3 64.1 6.2∙103

RVC 10.3 62.8 12.8 ± 0.8 4.6 ± 0.3 53.2 4.6∙103

HA 10.6 57.4 14.4 ± 0.3 3.3 ± 0.2 16.8 5.1∙103

HA + BVC 10.2 59.0 10.6 ± 1.2 4.8 ± 0.3 67.9 5.4∙103

HA + RVC 10.4 58.2 11.7 ± 0.9 4.6 ± 0.3 58.9 5.1∙103

15–15 11.3 37.3 13.16 ± 1.0 5.22 ± 0.4 67.0 4.8∙103

BVC 10.8 41.5 13.93 ± 0.8 4.78 ± 0.3 89.9 4.4∙103

RVC 10.9 39.9 13.92 ± 0.8 4.72 ± 0.3 74.1 4.4∙103

HA 11.0 38.4 19.57 ± 0.2 3.06 ± 0.2 41.8 3.7∙103

HA + BVC 10.7 38.0 19.58 ± 0.2 3.46 ± 0.2 45.5 3.9∙103

HA + RVC 10.8 38.1 19.36 ± 0.20 3.14 ± 0.16 45.44 3.96∙103

Note: Ratio G’/G’’ and viscosity g are parameters measured at 37 �C (n = 3/formulation). Additives concentrations were: 0.5 % BVC or RVC and 1 % for HA.
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modynamic parameters can help assess the stability and micelliza-
tion processes for hydrogel formation. It is expected that highly
concentrated hydrogels or some complex systems (such as poly-
meric blends, the addition of salts, drugs, and other polymers)
would exhibit low micellization temperatures as a strategy to min-
imize the free energy in the system [33,35,36]. Some representa-
tive thermograms are displayed on Supplementary Material.

In the present study, both BVC and RVC affected the structuring
of hydrogel, increasing system enthalpy. An enhanced enthalpy
value indicates that BVC and RVC can induce PL chain interactions
(evoking polymer self-assembly). Considering that both drugs are
in salt form, the system tends to be dehydrated owing to the move-
ment of water molecules from the PPO core in the direction of the
PEO blocks present in boundaries [36]. In addition, as BVC (log
P = 798) is more hydrophobic than RVC (log P = 592) [1], the micel-
lization temperature decreased, especially for the binary system
(from 11.3 �C in BP to 10.8 �C in BP + BVC), while increasing
enthalpy (from 37.3 kJ/mol in BP to 41.5 kJ/mol in BP + BVC). Addi-
tionally, as HA is a highly hydrophilic polymer, it could impact sys-
tem structuring, as observed by SANS analysis, owing to the
increased enthalpy values observed for all formulations (42.4 kJ/-
mol in P15 + HA, 57.4 kJ/mol in P30 + HA, and 38.4 kJ/mol in
BP + HA).
3.3. Rheological studies: drugs, poloxamer type, and HA shifted the
sol–gel transition and improved viscoelastic properties of formulated
hydrogels

The sol–gel transition temperature (Tsol-gel) is one of the main
properties to be considered for developing thermosensitive phar-
maceutical formulations, as polymer concentration, drugs, and salt
incorporation can modulate hydrogel formation and mechanical
properties [2,33,37]. Therefore, thermosensitive formulations
should be available in the sol state for better handling or injection,
whereas the gel state affords requisite conditions for sustained
drug release [2,9,38]).

Intermolecular interactions among various structures in the
system, which are affected by the presence of additives, can inter-
fere with the behavior of materials under different physical condi-
tions. Tsol-gel decreases as a function of the final polymer
concentration, owing to the greater probability of polymer–poly-
mer interactions [20,33]. Likewise, BP formulations displayed low
Tsol-gel values at higher PL concentrations, demonstrating a linear
PL concentration-dependent behavior for the PL examined in the
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present study. Conversely, Tsol-gel for BP PL407 15 % + PL338
15 % approximated the value obtained for PL407 30 % (approxi-
mately 13 �C); therefore, the hydrophilic character of PL338
(Table 1, Fig. 5) at low concentrations did not impact the gelation
process, as previously reported [9].

The presence of HA slightly affected the gelation temperature of
hydrogels composed of PL, which was altered from 12.4 to 14.4 �C
in the P30 + HA formulation. Nevertheless, HA interferes with the
gelation process of the binary system, probably due to the hydro-
philic interaction between HA hydroxyl radicals and the PEO block
of the PL338 structure, given that lower entropy values were
observed for the BP + HA formulation than the BP formulation, as
shown by DSC results.

The incorporation of both BVC and RVC altered the structural
organization of hydrogels, as well as their responsiveness to tem-
perature variation (Fig. 5). In the hydrochloride form, BVC and
RVC increased the interactions between PL407 and PL338 unimers,
resulting in lower Tsol-gel values following salting-out due to the
Hoffmeister effect [39,40]. This indicated that the presence of
specific ions could disturb the aggregation state by promoting
increased interactions between polymeric chains.

For P15 + HA formulations, the drug influence was more pro-
nounced, as the addition of RVC induced a sol–gel shift
from � 49 to 34 �C. Although BVC or RVC did not significantly alter
Tsol-gel in PL407 30 % systems (Tsol-gel � 13� C), both drugs
tended to decrease Tsol-gel of P30 + HA systems. Furthermore,
HA incorporated into PL407 15 % + PL338 15 % led to a shift in
Tsol-gel values from 13 to 20 �C (Fig. 5, Table 1).

In general, PL-based hydrogels tend to exhibit elastic behavior
or a more rigid state at high polymer concentrations, as observed
by the G0 (elastic modulus)/G00 (viscous modulus) ratio (Table 1).
This parameter can be influenced by hydrophilic and hydrophobic
interactions among polymeric chains and is altered in the presence
of additives in formulations.

Above a 15 % PL concentration, the hydrogel stiffness increased
with increasing temperature (for P30, for example, G’/G’’�42- and
48-times at 25 and 37 �C, respectively), owing to the progressive
dehydration of PEO blocks. The increased G0 values observed for
BP samples (G0=G00 = 67 at 37 �C) suggested that the hydrogen
bonds between PEO blocks of PL38 chains are stronger than those
observed in PEO chains of PL407.

In contrast, HA insertion could decrease the G0=G00 relationship
and hydrogel viscoelastic properties. The enhanced hydration
capacity induced by HA incorporation, and subsequent water



Fig. 5. G’ and G’’ moduli as a function of temperature and frequency variation for P15, P30 and BP formulations. As expected, P30 and BP samples have lower sol–gel
transition temperature than P15 ones. The incorporation of hyaluronic acid (HA), bupivacaine (BVC) or ropivacaine (RVC) did not change the materials stability against
oscillatory variation. (1) P15 + HA, (2) P15 + HA + BVC, (3) P15 + HA + RVC, (4) P30 + HA, (5) P30 + HA + BVC, (6) P30 + HA + RVC, (7) BP + HA, (8) BP + HA + BVC, (9)
BP + HA + RVC. Graphs are represented as comparative analysis, as follows: A- 1 and 2; B- 1 and 3; C-4 and 5; D- 4 and 6; E- 7 and 8; F- 7 and 9 for Tsol-gel analysis; G- 1 and 2;
H- 1 and 3; I-4 and 5; J- 4 and 6; K- 7 and 8; L- 7 and 9 for frequency sweep.

A.F. Sepulveda, M. Kumpgdee-Vollrath, Margareth K.K.D. Franco et al. Journal of Colloid and Interface Science 630 (2023) 328–340
retention, reduced possible micelle-micelle interactions, impacting
hydrogel stiffness. As the presence of HA in the P30 + HA formula-
tion decreased the G0=G00 ratio by � 3-times when compared with
P30 (from� 48 in P30 to � 17 in P30 + HA, at 37 �C), HA could exert
a ‘‘linker-like” function between aqueous and polymeric interfaces,
resulting in a low-viscosity material, as determined by SANS anal-
ysis and the interaction model (Fig. 4). Additionally, BP + HA rheo-
logical analysis revealed that HA exerted a polymer–polymer
disaggregating role in this binary system [32]; Nascimento et al.,
2013), favoring hydrophilic interactions among formulation com-
ponents and decreasing hydrogel viscosity when compared with
P30, P30 + HA, and BP formulations (Fig. 4), which is in line with
previous studies in the literature.

For samples composed of PL407 30 % or PL407 15 % + PL 338
15 %, BVC incorporation increased G0=G00 (from 48 to 164 and from
67 to 90 in P30 + BVC and BP + BVC, respectively). Subsequently,
the presence of BVC could increase interactions between polymeric
chains, resulting in hydrogel rigidity. Therefore, BVC and RVC act as
elements that facilitate aggregation of PL unimers, owing to the
dehydration of hydrophobic PPO blocks in the micellar core. In
their salt forms, both drugs can promote the expulsion of water
molecules from the micelle core, thereby increasing inter-chain
interactions among PL monomers. As observed, the rheological
behavior of BP differs following drug incorporation into the formu-
lation, as there is a tendency to decrease variations in viscosity,
although BP binary systems are hydrogels with high viscosity (Fig-
ure S1). This can be attributed to the hydration of PL338 hydrophi-
lic chains, as this poloxamer exhibits a higher proportion of PEO:
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PPO than PL407 (5:1 in PL338 and 3:1 in PL407), reflecting the
higher hydrophilic-hydrophobic balance of PL338. In contrast,
water molecules are potentially retained by the HA chains in the
intermicellar space.

In this sense, for studying the water molecules influence into
hydrogels mechanical properties, frequency sweep and viscosity
analysis were also performed for comparing samples prepared in
D2O and H2O. Comparative rheograms (frequency sweep and vis-
cosity analysis) are presented on Figures S3 and S4 (Suppl. Mat)
as well as G’/G’ relationship and Tsol-gel on Table S4 (Suppl.
Mat). Systems containing BVC were selected for those analysis,
since most pronounced structural changes were detected by SANS
analysis for those hydrogels formulations. In general, rheological
properties were similar for samples prepared in H2O and D2O. Vis-
cosity values were slightly decreased, compared with H2O samples.
However, the addition of D2O seems do not change hydrogels rigid-
ity and G’/G’’ ratio parameters (Table S4), and even in presence of
D2O, rheology results are similar as in presence of H2O (Figure S3
and S4). Tsol-gel values resulted into the same intervals (from 10
to 19 �C and 14 to 19 �C, for H2O and D2O, respectively), but some
particular changes were observed for hydrogels containing
HA + BVC (prepared in D2O), which can possible be attributed to
stronger hydrogen bonding formed by D2O and hydroxyl groups
from HA or PEO. In fact, some studies in the literature have
reported those structural differences by rheology and SAXS tech-
niques for different compositions of supramolecular hydrogels
[41–43], being an essential approach to compare possible experi-
mental interferences on colloidal materials phase organization.
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It should be noted that drug-delivery materials must be stable
when subjected to conditions simulating physiological behaviors.
Hydrogel analysis under frequency variation did not considerably
alter the elastic and viscous moduli at 37 �C (physiological temper-
ature) and low frequencies (normally between 0 and 10 Hz)
[2,19,37]. All formulations showed low G0 and G00 variations over
the frequency range, indicating material stability. Moreover, we
observed that G0 was greater than G00 throughout the frequency
range, indicating that the hydrogel remains in a gel state when
the frequency increases; that is, the interactions between the par-
ticles are sufficiently strong to hold together and resist high shear
stress conditions (Fig. 5).

The flow curves were also determined to evaluate formulation
stability. However, under flow and high shear stress, such as when
using a syringe for application, it is expected that the hydrogel will
be organized to return to its original structural organization and
consistency after injection. Otherwise, the sustained-release capa-
bility is lost [19,44–46].

Typically, hydrogels exhibited flow stability; however, the
BP + RVC system showed a higher hysteresis area than that of
BP + BVC, possibly due to the influence of the additive homogene-
ity in hydrogels [44]. Additionally, RVC incorporation promoted an
increase in viscosity against flow variation. Therefore, greater
destabilization of the hydrogel mechanical properties was
observed following RVC incorporation than with BVC addition, as
demonstrated by the higher hysteresis of RVC than that of BVC.
In contrast, the highly hydrated binary system BP + HA probably
presented the weakest polymer–polymer interactions. Incorporat-
ing BVC or RVC did not alter the material organization under flow
variations, even when sufficiently stable to maintain the hydrogel
structure after flow (Fig. 6).

The hydrogel flow properties are listed in Table 2, displaying the
consistency (K) and flow index (m). Consistency is a material prop-
erty that describes the resistance in response to a material under-
going an external force. This property is especially important for
examining the application of formulations on mucous tissues and
sensitive surfaces, that is, the importance of formulation rigidity
for application. Thus, consistency is a numerical representation of
the level of interaction between all components in the system.
All formulations showed non-Newtonian behavior, exhibiting
Fig. 6. Flow curves of P15, P30 and BP formulations. all formulations show structural sta
(2) P15 + HA, (3) P15 + BVC, (4) P15 + HA + BVC, (5) P15 + RVC, (6) P15 + HA + RVC,
P30 + HA + RVC, (13) BP, (14) BP + HA, (15) BP + BVC, (16) BP + HA + BVC, (17) BP + RV
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shear-thinning and pseudoplastic characteristics, as the flow index
m was <1 [19,47]. This feature favors the utilization of these mate-
rials for pharmacological and cosmetic use, as the hydrogel can
flow more easily and allow surface spreading with stress applica-
tion [19]. In addition, when stress is removed, the material is orga-
nized again [19,44,45]. The consistency index K showed that P30
samples were almost 3000-times more rigid than the P15 samples
(Table 2). Additionally, PL407 30 % was three-times stiffer than the
binary formulation PL407 15 % + PL338 15 %, confirming the role of
water in hydrogel structuring of BP systems. Conversely, the addi-
tion of HA to the P30 and BP formulations did not induce major
changes in stiffness, although a slight decrease in K values was
noted in the BP samples due to chain hydration.

The m values (Table 2) revealed the ability of formulation com-
ponents to alter the mechanical properties of materials. As
expected, the P15 hydrogels behaved as Newtonian liquids
(m � 1), given the low PL concentration. P30 and BP are strictly
pseudoplastic materials (m � 1); however, superior hydration
affords BP samples greater fluidity than P30 samples.

Examining the adhesive properties of hydrogel systems is criti-
cal to clarifying the material’s potential to be retained on a specific
surface [46,47] [19] based on the analysis of G0 and G00 as functions
of frequency and fitting, data on the adhesion and viscosity index
were obtained. As the rheological measurements were performed
on a smooth surface, the results are consistent with this type of
surface [19,47]. The adhesion value or gel strength A is another
parameter that reflects the structural organization of the system.
As shown in Table 2, adherence was mainly affected by the compo-
sition of the PL matrix and, to a lesser extent, by additives (drugs
and HA). Therefore, the main elements for hydrogel structuring
were the percentage and type of PL. However, RVC has a destabiliz-
ing role in the structure, decreasing the A parameter when com-
pared with P30. In contrast, the inclusion of BVC slightly
increased structural organization.

The mechanical properties of a material composed of polymeric
networks can be clarified both experimentally and by modeling.
The level of interactions between chains can be inferred by analyz-
ing material behavior by frequency and using the Maxwell model
[20,21].
bility when they are subjected to flow, with low hysteresis being observed. (1) P15,
(7) P30, (8) P30 + HA, (9) P30 + BVC, (10) P30 + HA + BVC, (11) P30 + RVC, (12)
C, (18) BP + HA + RVC. Arrows indicate the initial and final frequency variations.



Table 2
Consistency (K) and flow index (m) of P15, P30, and BP samples at 25 �C.

Formulation K (Pas�m) m R2 SðPas�nÞ n R2

P15 0.14 ± 0.02 0.94 ± 0.02 0.9953 1340 ± 32.5 0.107 ± 0.009 0.8841
P15 + BVC 0.38 ± 0.03 0.76 ± 0.02 0.9929 1546 ± 35.6 0.101 ± 0.009 0.8805
P15 + RVC 0.16 ± 0.01 0.82 ± 0.01 0.9999 1134 ± 30.9 0.107 ± 0.010 0.8563
P15 + HA 0.38 ± 0.02 0.80 ± 0.01 0.9969 1101 ± 16.4 0.084 ± 0.006 0.9199
P15 + HA + BVC 0.27 ± 0.03 0.83 ± 0.02 0.9927 1608 ± 36.3 0.093 ± 0.009 0.8645
P15 + HA + RVC 0.34 ± 0.03 0.83 ± 0.01 0.9955 1606 ± 29.3 0.092 ± 0.007 0.9049

P30 306.6 ± 6.5 0.140 ± 0.004 0.9856 31342 ± 468.3 0.017 ± 0.005 0.5714
P30 + BVC 368.7 ± 4.9 0.128 ± 0.003 0.9923 31857 ± 362.5 0.023 ± 0.004 0.7481
P30 + RVC 185.0 ± 2.1 0.132 ± 0.003 0.9946 26925 ± 292.6 0.016 ± 0.004 0.6490
P30 + HA 302.8 ± 1.8 0.136 ± 0.002 0.9980 33283 ± 351.5 0.021 ± 0.004 0.7736
P30 + HA + BVC 268.1 ± 1.6 0.134 ± 0.002 0.9979 30538 ± 227.5 0.012 ± 0.003 0.7399
P30 + HA + RVC 378.1 ± 2.2 0.126 ± 0.002 0.9978 31999 ± 96.4 0.008 ± 0.001 0.8464

BP 98.0 ± 1.2 0.219 ± 0.003 0.9987 26976 ± 149.1 0.018 ± 0.001 0.9418
BP + BVC 95.8 ± 0.6 0.209 ± 0.002 0.9983 27141 ± 103.2 0.013 ± 0.001 0.8628
BP + RVC 348.5 ± 4.8 0.198 ± 0.003 0.9955 23702 ± 237.4 0.021 ± 0.004 0.7615
BP + HA 243.8 ± 1.9 0.216 ± 0.002 0.9989 21,987 ± 87.5 0.017 ± 0.001 0.9202
BP + HA + BVC 280.7 ± 1.7 0.203 ± 0.002 0.9992 21694 ± 283.6 0.037 ± 0.004 0.8848
BP + HA + RVC 284.1 ± 1.8 0.204 ± 0.002 0.9992 23773 ± 151.1 0.023 ± 0.002 0.8658
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Table S2 shows G1, which, according to Maxwell’s model, refers
to the number of entanglements that exist in the network or the
interaction between the chains [20,21]. It is proposed that G1 is
proportional to the viscosity of the material; hence, a high value
can be determined based on interactions among materials compo-
nents. An increase in PL concentration enhanced interactions
between both polymers: PL 15 % presented a G1 value of
1807 Pa, which exceeded 33.000 Pa at PL 30 %.

In contrast, the hydrophilic character of PL338 decreased the
organization between the chains, owing to features such as a high
hydrophilic-lipophilic balance and molecular weight when com-
pared with PL407. Given that the PEO:PPO relationship of PL338
was greater than that of PL407 (5:1 vs 3:1), a relatively small
decrease in G1 in BP formulations may indicate the presence of
structures formed by both PL407 + PL338 and exclusively by PL
407 or PL 338, dispersed within the same hydrogel. Additionally,
HA caused a small decrease in polymer interactions of PL407
15 % + PL338 15 %, probably via disorganization of the corona
region in the BP formulation.

Regarding drug influence, RVC molecules possibly cause mini-
mal structural disorganization, while the opposite occurs with
BVC incorporation into structures, where sample components are
present, favoring interaction. This effect was confirmed by the
relaxation time s in P30 gels, which was proportional to the
inverse of the disengagement rate of chains. The presence of BVC
in P30 increased s from � 2 s to nearly 5 s; in P30 + HA, BVC addi-
tion increased s from � from nearly 3 s to appromimately 8 s. The
presence of a butyl group in the BVC molecule may hinder chain
relaxation and consequently, the return of the polymeric matrix
to its initial state [20].

3.4. In vitro drug release assays

The main purpose of drug release analysis is to examine the
capacity of the hydrogel formulation to retain the drug and modu-
late its release into the medium [2,24,38,48,49]. Fig. 7 shows the
gradual drug release concentrations. All release constant values
(Krel) and their mathematical modeling are shown in Table 3.

P30 and BP samples, exhibiting higher consistency than P15,
could retain BVC for a longer time than P15 + BVC. However, the
presence of PL338 and HA seemed to hinder BVC release, probably
due to the formation of a second polymeric matrix (composed of
HA chains) within intermicellar spaces, in agreement with the
results from structural studies. In addition, we observed that both
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P30 + HA and BP + HA controlled the release in a similar manner;
however, they were more efficient than the P30 and BP
formulations.

After approximately 8 h, with greater BVC concentrations
detected in the medium with the P15 formulation (�1.5 mM) than
with systems composed of P30 (�0.6 mM) and BP (�0.7 mM) with
p < 0.001. Similar results were obtained for RVC-loaded systems,
where P15 (�1.4 mM), P30 (�1.1 mM), and BP (�0.6 mM) distinc-
tively modulated drug release. However, statistical differences
were observed only between P30 and BP, suggesting that the poly-
meric composition binary system markedly impacted the reduced
RVC release concentrations (p < 0.01).

Considering mathematical modeling data (Table 3), it was
observed that drug release from hydrogels followed different
mechanisms based on the PL final concentration, drug hydropho-
bicity, and HA insertion.

For RVC-loaded systems, in the absence of HA, the best correla-
tion coefficients (0.55 < R2 < 0.98) were obtained from the
Korsmeyer-Peppas model for P15, P30, and BP formulations, with
super case-II kinetics determining the contribution of both diffu-
sion and erosion mechanisms [9,36,50]. However, BVC-loaded
hydrogels followed Korsmeyer-Peppas and zero-order mathematic
models, suggesting that BVC release can be modulated by the final
drug concentration and polymer composition, given that P15 and
P30-BVC followed zero-order and Korsmeyer-Peppas models,
respectively. The higher PL407 concentration in the P30 hydrogel
than in the P15 hydrogel could explain this differential drug mod-
ulation. Accordingly, the final PL concentration was maintained,
but hydrophilic PL (PL338) was incorporated into the systems, pro-
moting a modulatory behavior similar to that observed with P15.

In the presence of HA, drug release profiles were not homoge-
neous. Different release mechanisms were observed, with drug dif-
fusion predominant over erosion mechanisms. Although cubic and
hexagonal phase organizations were maintained in the hydrogels
before and after HA, their incorporation reduced both BVC and
RVC Krel values, indicating that their presence plays an important
role in modulating drug release by diffusion and/or erosion mech-
anisms. Similar results were also reported by Nascimento and
coworkers (2018) [9] for PL-based systems containing lidocaine
base with low HA concentrations (0.05 %) when compared with
systems reported in the present study (0.5 %).

It can be speculated that formulations with considerably orga-
nized structures best control the output of molecules. Drugs are
incorporated into micelles even at temperatures below the gela-



Fig. 7. Drug release profiles for P15, P30 and BP formulations containing bupivacaine (BVC) and ropivacaine (RVC). As expected, samples with high concentration of
poloxamer present much augmented release control than lower concentrated formulation (n = 6/ formulation). Controls refer to BVC or RVC solutions (0.5 % m/v in ultrapure
water).

Table 3
Release constants and determination coefficients for BVC or RVC from differente hydrogels formulations.

Higuchi model Zero-order model Korsmeyer-Peppas model

Kh R2 K0 R2 Kk n R2

BVC 0.32 ± 0.02 0.789 0.51 ± 0.09 0.65 nd nd nd
RVC 0.45 ± 0.09 0.789 0.62 ± 0.10 0.58 nd nd nd

P15 + RVC – – 0.08 ± 0.01 0.8117 0.037 ± 0.0001 0.29 ± 0.03 0.9247
P30 + RVC 0.23 ± 0.007 0.9487 0.104 ± 0.004 0.9671 0.010 ± 0.001 0.82 ± 0.03 0.9822
BP + RVC 0.21 ± 0.02 0.8521 0.026 ± 0.003 0.8609 0.010 ± 0.002 0.77 ± 0.03 0.9446
P15 + HA + RVC – – 0.017 ± 0.004 0.8981 0.015 ± 0.001 0.35 ± 0.04 0.8741
P30 + HA + RVC 0.18 ± 0.03 0.9468 0.069 ± 0.011 0.6789 0.007 ± 0.003 0.89 ± 0.15 0.6549
BP + HA + RVC 0.14 ± 0.02 0.9629 0.030 ± 0.002 0.9253 0.012 ± 0.001 0.45 ± 0.03 0.9477

P15 + BVC 0.68 ± 0.04 0.6680 0.16 ± 0.030 0.6733 0.011 ± 0.007 0.20 ± 0.05 0.5918
P30 + BVC 0.04 ± 0.018 0.5733 0.083 ± 0.006 0.7733 0.009 ± 0.002 0.77 ± 0.09 0.9077
BP + BVC 0.20 ± 0.04 0.8466 0.018 ± 0.002 0.8930 0.011 ± 0.0003 0.73 ± 0.03 0.7554
P15 + HA + BVC 0.150 ± 0.005 0.6262 0.029 ± 0.001 0.9437 0.014 ± 0.001 0.42 ± 0.02 0.9540
P30 + HA + BVC 0.130 ± 0.005 0.9262 0.051 ± 0.005 0.8534 0.011 ± 0.003 0.64 ± 0.04 0.8272
BP + HA + BVC 0.093 ± 0.011 0.4233 0.036 ± 0.007 0.4996 0.006 ± 0.003 0.69 ± 0.04 0.8826

Note: data are expressed as mean ± standard deviation (n = 6/ formulation). Nd- non determined since no correlation was found.
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tion temperature, and above this limit, the drugs are retained in
intermicellar spaces, especially considering drugs available in salt
forms, such as BVC and RVC hydrochloride.

Based on diffusion coefficients, a high PL concentration reduced
molecular diffusion, which was potentially attributed to entangle-
ment (Table S5). The diffusion of RVC molecules through these sys-
tems was faster than that in BVC-composed hydrogels. As
expected, RVC molecules could diffuse more easily than BVC mole-
cules, given their hydrophilic character. Drug release profiles and
calculated diffusion coefficients revealed that high poloxamer con-
centrations blocked drug release, owing to the highly packed
arrangements of PL matrixes with a diminished number and size
of water channels [6,51]. These robust intermolecular interactions
in the PL chains increased the viscosity response to altering tem-
perature; however, more hydrophilic components tend to decrease
338
this response and block drug diffusion. Additionally, FTIR results
suggested that PL interactions could be affected by hydrogen bonds
between the ether oxygen (CAOAC) and amine and amide groups
of BVC [6], thereby facilitating intermolecular interactions and
consequently reducing the sol–gel transition temperature
[6,9,51], confirming our findings.
4. Conclusions

In the present study, we aimed to examine and characterize PL-
based hydrogels to control local anesthetic release and determine
the required structural organization for promising sustained drug
release profiles. The polymer matrix concentration and physico-
chemical properties could influence both the supramolecular
structure and drug release mechanisms of hydrogels.
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Based on the structural analysis, we established the formation
of a mixed hydrogel and that both polymers exhibited distinct
molecular masses and hydrophilicities. In addition, different phase
organizations were found to coexist, with both cubic and hexago-
nal phase organizations identified. Regarding drug incorporation,
hydrogels with the highest PL concentrations were more sensitive
to the presence of RVC than to BVC, causing a disturbance in
micelle-micelle interactions. However, this effect was absent after
HA incorporation, suggesting its location in the intermicellar
spaces probably interacting with the hydrophilic corona, thereby
allowing structural stabilization via hydrophilic interactions
between hydroxyl groups and PEO blocks from HA and PL, respec-
tively. Indeed, the formation of a more hydrated system induced by
HA incorporation reduced the micelle-micelle interactions, impact-
ing hydrogel stiffness, as observed by rheological analysis. In addi-
tion, the presence of BVC increased the interactions between
polymeric chains, thereby affecting hydrogel rigidity. Therefore,
BVC and RVC facilitate the aggregation of PL unimers due to the
dehydration of hydrophobic PPO blocks into the micellar core.

These structural features were essential to elucidate the drug
release mechanisms, with a predominance of diffusion over ero-
sion mechanisms detected. Cubic and hexagonal phase organiza-
tions were maintained in hydrogels before and after HA addition;
however, HA incorporation reduced both BVC and RVC release con-
stant values, indicating that its presence plays an important role in
modulating drug release, despite considering both phase organiza-
tions. This presents a wide potential for manipulation for designing
and planning drug-delivery materials with distinct properties, such
as thermosensitivity (poloxamers) and high biocompatibility (HA),
modulated by their internal phase organization.

In special, this work reveals a new look to those structural
requirements comparing the hydrogels performance according to
both polymeric composition and two chemically related drugs,
showing that even considering their similarities (chemical struc-
ture, physico-chemical properties, and clinically available dosage
forms), drugs can modulate their incorporation into different
hydrogels phases, such as micellar core or intermicellar spaces
(in the case of hexagonal phase organization). Additionally, the
presence of hyaluronic acid enhances the systems hydrophilicity
(due to its numerous hydroxyl groups) and the capability to carry
high amounts of drug. Then, the formulations proposed here pre-
sents important vantages in physiological medium: i) the slow
hydrogel dissolution and possible drug controlled release at the
site of action adjacencies (such as peripheral nerves or spinal cord
surroundings); ii) the high drug solubility into the hydrogels, facil-
itating the drug diffusion across the system; iii) the hydrogels
easily dispersion when in contact with the dissolution medium,
which possibly simulates the dissolution into the interstitial bio-
logical liquids.
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