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In this study, we reported the hyaluronic acid (HA) on supramolecular structure of Pluronic F-127 (PLF-127) and/
or Pluronic F-108 (PLF-127) hydrogels, as well as their effects on release mechanisms, looking forward their ap-
plication as lidocaine (LDC) drug-delivery systems in arthroplastic surgeries.We have studied the HA-micelle in-
teraction using Dynamic Light Scattering (DLS), the micellization and sol-gel transition processes by Differential
Scanning Calorimetry (DSC) and Rheology., of PL-based hydrogels and. The presence of HA provided the forma-
tion of larger micellar dimensions from ~26.0 to 42.4 nm. The incorporation of HA did not change the micelliza-
tion temperatures and stabilized hydrogels rheological properties (G′ N G″), showing no interference on PL-
thermoreversible properties. Small-Angle-X-ray Scattering (SAXS) patterns revealed that HA incorporation ef-
fects were pronounced for PLF-127 and PLF-108 systems, showing transitions from lamellar to hexagonal
phase organization (HA-PLF-127) and structural changes from cubic to gyroid and/or cubic to lamellar. The HA
insertion effects were also observed on drug release profiles, since lower LDC release constants (Krel =
0.24–0.41 mM·h−1) were observed for HA-PLF-127, that presented a hexagonal phase organization. Further-
more, the HA-PL systems presented reduced in vitro cytotoxic effects, pointed out their tendency to self-
assembly and possible application as drug delivery systems.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Arthroplasty is a surgical procedure to relieve pain and restore range
ofmotion by realigning or reconstructing a join. Arthroplasties cause se-
vere tissue trauma, leading to intense postoperative pain, making anal-
gesia one of themain procedures to promote patient stability during the
post-surgical period. Patients are usually elderlywith comorbid diseases
and it is important to choose the anesthetic/analgesic regimen that will
minimize side effects as well as providing suitable pain relief. Analgesia
is typically achieved through bolus doses of short-acting local anes-
thetics (LAs) and/or with oral analgesics, such as opiates, which are as-
sociated with systemic side effects. In this sense, LAs have also been
used for regional blocks, inducing operative and/or post-operative anal-
gesia, for the treatment of acute and chronic pain [1].
rais e Humanas, Universidade
gú, Bloco A, Torre 3, Sala 623-3,

raujo).
Lidocaine (LDC) (Fig. 1A) is one of themostwidely used LA and con-
sidered prototype of amino-amide derivatives. It is a weak base (pKa
7.9) with lowwater solubility [2] (~0.12mg/mL) that promotes postop-
erative pain relief, decreased consumption of anesthetics inhalation and
opioids, rapid return of intestinal transit and decreased production of
interleukins. The analgesic effect of lidocaine on surgical trauma is due
to the neuronal blockade, attenuating the neurogenic response [3,4].
However, the short duration of sensory blockade and its reduced anal-
gesia intensity are still challenges for achieving long-duration pain re-
lief. For this reason, an alternative for reducing the LA toxic side effects
and prolonged analgesia is the development of new delivery-systems,
is of a great clinical interest.

Poloxamers or Pluronics® (PL), co-polymers composed of basic
units of ethylene oxide (OE) and propylene oxide (OP) (Fig. 1B), have
been investigated as drug-delivery systems, showing promising results
concerned to the improvement of biopharmaceutics, pharmacodynam-
ics and pharmacokinetics properties. PL self-assembly in response to
polymer concentration and temperature is the most important aspect
to be considered for the development of drug-delivery systems,
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Fig. 1. Chemical structures of Lidocaine (A), Pluronic copolymers (B,where x refers to the number of ethylene oxide-EO and y to the propylene oxide units-PO) and hyaluronic acidwith its
glucuronic acid and N-acetyl-glucosamine units (C).
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producing high-viscosity hydrogels, due to the transition from the liq-
uid to the soft gel, as a result of micellar aggregation and forming [5,6].

In the last years, the research for biocompatible osteotropic formula-
tions has been presented as a novel approach for the intra-articular in-
jection. Then, the use of hyaluronic acid (HA) (Fig. 1C) offers the
possibility of a therapy based on the viscosupplementation. HA is a nat-
urally polysaccharide which belongs to glycosaminoglycans (GAGs)
family. It consists of a basic unit of two sugars, glucuronic acid and N-
acetylglucosamine, polymerized into large macromolecules of over
Table 1
Temperatures (T), enthalpy (ΔHm) and Gibb's free energy (ΔG°) relative to the micellization fo

Formulations (% m/v) Additives (% m/v) Tonset (°C) Tm

PLF-127 (20) – 13.80 17
LDC 12.98 17
HA 0.025 13.53 17
HA 0.025-LDC 12.95 16
HA 0.05 13.57 17
HA 0.05-LDC 12.29 16

PLF-108 (20) – 17.92 22
LDC 17.35 17
HA 0.025 18.85 23
HA 0.025-LDC 17.72 22
HA 0.05 18.41 22
HA 0.05-LDC 16.77 21

PLF-127-PLF-108 (10-10) – 14.40 18
LDC 14.03 18
HA 0.025 14.13 18
HA 0.025-LDC 13.27 17
HA 0.05 14.36 18
HA 0.05-LDC 13.10 17

Note: Tonset and Tendset refer to the initial and final temperatures of the micellization process, r
30,000 repeating units. It is, therefore, one of the largest components
of the extracellular matrix of articular cartilage and plays an important
role in a variety of cellular processes [7]. HA also acts biochemically, de-
creasing the gene expression of cytokines and enzymes associated with
OA, decreasing the production of prostaglandins and the intra-articular
concentration of metalloproteinases. Its presence has an analgesic ef-
fect, reducing nerve impulses and sensitivity in nociceptive nerve end-
ings, stabilizing the cartilaginous matrix, stimulating chondrocyte
proliferation, increasing type 2 collagen production and chondrocyte
r PL hydrogels.

(°C) Tendset (°C) ΔHm (kJ·mol−1) ΔG° (kJ·mol−1·K)

.64 30.23 52 −22.81

.28 31.09 50 −22.78

.11 29.18 51.85 −22.76

.15 25.46 38.90 −22.70

.33 29.66 54.13 −22.78

.37 28.23 44.73 −22.71

.38 32.28 30.62 −23.55

.28 31.09 26.77 −23.14

.10 34.00 33.18 −23.60

.22 33.43 36.11 −23.53

.75 34.43 34.70 −23.58

.16 31.04 34.38 −23.45

.65 32.52 0.006 −23.06

.80 29.90 0.004 −23.07

.07 31.95 0.005 −23.01

.36 28.09 0.004 −22.95

.50 31.71 0.004 −23.04

.71 30.71 0.006 −2298

espectively. Tm is the peak for micellization process. LDC concentration was (0.2%).



1247M.H.M. Nascimento et al. / International Journal of Biological Macromolecules 111 (2018) 1245–1254
aggregates, and decreasing the degradation of type 2 collagen [8].
Reports in the literature showed that, based on pain relief and im-
provement on joint function, the effectiveness of intra-articular HA
treatment was comparable to that of non-steroidal anti-
inflammatory drugs (NSAIDs), highlighting the safety of a local treat-
ment with no systemic action [9]. In fact, different PL and HA
hydrogels have been studied for improving rheological and
mucoadhesive properties of ocular delivery formulations [10], the
incorporation of polycaprolactone microspheres in sodium
hyaluronate-PL 407 hydrogels for intradiscal drug-delivery [11]
and the synthesis of PL-sodium hyaluronate macromers for delivery
applications [12, 13]. However, those studies were devoted to chem-
ical synthesis and formulations composed of one PL-type.

For this study, we have selected the binary system composed of
PL F-127 (PEO100-PPO70-PEO100) and PL F-108 (PEO133-PPO49-
PEO133). Considering properties such as molecular weight (PL F-
108 = 14,600 g·mol−1 and PL F-127 = 12,400 g·mol−1) and
hydrophilic-lipophilic balances (HLB, PL F-127 = 22 and PL F-108
= 28), this system can present differential structures regarding to
Fig. 2.Rheograms presenting frequency sweep analysis (A, C, E) and temperature curves (B, D, F
(E, F). Arrows indicate the Tsol-gel (sol-gel transition temperature).
HA interaction and controlled release profiles due to the presence
of PL F-108, a more hydrophilic (~1:5 PPO:PEO ratio) when com-
pared to PL F-127 (~1:3 PPO:PEO ratio). We present here the devel-
opment and physicochemical characterization of HA-PLF-127/PLF-
108 hydrogels associating their thermoreversible properties and
the articular extracellular matrix component, for LDC local release.
In this context, we have studied the HA-PL systems micellization
process, the sol-gel transition, the hydrogels supramolecular organi-
zation and, especially, its influence on LDC release profiles and
cytotoxicity.

2. Experimental methods

2.1. PL F-127/PL F-108–HA hydrogels preparation

PL-HA hydrogels were prepared by dispersing HA (0.025 and 0.05%
m/v) in PL 407 or PL 108 at 20%, alone or in association PL407-PL108
(10–10% m/v). The PL-HA mixtures were kept at 4 °C under stirring
(100 rpm), until the complete dissolution (transparent solution), and
) for the systems containing 0.05%HA: PLF-127 (A, B), PLF-108 (C, D) and PLF-127-PLF-108



Table 2
Values referring to the G′ (elastic) and G″ (viscous) moduli, viscosity (η, mPa·s) at 25 °C
and 37 °C, sol-gel transition temperatures (Tgel) for each formulation.

Formulations (%
m/v)

Additives
(% m/v)

G′
(Pa)

G″
(Pa)

G′/G″
(1
Hz)

η (25
°C)

η
(.103,
37 °C)

Tgel
(°C)

PLF-127 (20) – 10,600 573 18.5 153.2 1690 27
LDC 7870 323.9 24.3 120.4 1250 26
HA 0.025 6740 527.8 12.8 97.5 1076 29
HA
0.025-LDC

6520 448.1 14.5 87.0 1040 28

HA 0.05 6890 521.8 13.2 102.6 1112 29
HA
0.05-LDC

6920 461.9 15 104.2 1104 28

PLF-108 (20) – 7190 1350 5.3 42.7 1164 34
LDC 6830 1260 5.4 36.7 1105 34
HA 0.025 8560 1560 5.5 78.7 1384 34
HA
0.025-LDC

8020 1290 6.2 56.3 1266 33

HA 0.05 6800 1200 5.6 119 1099 34
HA
0.05-LDC

6810 1070 6.4 86.3 1079 33

PLF-127-PLF-108
(10-10)

– 6410 1190 5.4 45.8 1038 33
LDC 6840 452.4 15.1 61.3 1090 30
HA 0.025 4520 1000 4.5 52.3 749.2 33
HA
0.025-LDC

5970 867.2 6.9 66.5 966.1 31

HA 0.05 3750 907 4.1 56.4 614.6 33
HA
0.05-LDC

5720 912.4 6.2 72.6 910 31

Note: LDC concentration was (0.2%, in water).
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maintained at 8 °C for future use. The LDC base (0.2%m/v) was incorpo-
rated in all hydrogels.

2.2. Physico-chemical characterization and in vitro release assays

2.2.1. Micellar hydrodynamic diameter
For PL-HA and/or drug-PL interactions studies, themicellar hydrody-

namic diameter, mean distribution and polydispersity parameters were
determined by Dynamic Light Scattering (DLS). Measurements were
performed using a particle analyzer Zetasizer ZS (Malvern®, UK) at a
fixed angle of 173 at 25 and 37 °C in order to simulate the micelles be-
havior at room and body temperatures. PL systems (5% w/v) were fil-
tered through a polycarbonate membrane (pore 0.22 μm), and the
measurements were performed at least five times for each sample.

2.2.2. Differential Scanning Calorimetry (DSC) analysis
Differential Scanning Calorimetry (DSC) experiments were per-

formed with a TA Instruments (New Castle, DE) Q-200 DSC apparatus.
PL hydrogels were weighed and placed in sealed aluminum pans and
analyzed by three successive thermal cycles of heating and cooling (0
to 50 °C, at 5 °C/min), using an empty pan as reference. Thermograms
were presented as heat flux (kJ·mol−1) versus temperature (°C). Ther-
modynamic parameters such as the Gibbs free energy (ΔG°), enthalpy
variation (ΔH°, calculated by the area under the phase-transition peak
on the heating cycle), and entropy (ΔS°) were also determined, accord-
ing to the following equations [6]:

ΔG ° ¼ RTCMT ln xð Þ ð1Þ
ΔG ° ¼ ΔH−TΔS ° ð2Þ

where R is the gas law constant (8.31 J·mol−1·K−1), T is the micelliza-
tion temperature (Tm) in K, and x is the PL concentration expressed as
mole fraction units.

2.2.3. Rheology
For the sol-gel transition temperature (Tsol-gel) determination, rheo-

logical analyzes were performed by, an oscillatory rheometer (Kinexus
Lab., Malvern Instruments) with a cone-plate geometry, using the tem-
perature range from 10 to 50 °C and frequency at 1 Hz. Subsequently,
the temperature was set at 37 °C under a frequency sweep from 0.1 to
10 Hz. From the oscillatory measurements were obtained parameters
related to the elastic (G′), viscous modulus (G″) and viscosity (η).
Data were analyzed by rSpace for Kinexus® software.

2.2.4. Small Angle X-ray Scattering (SAXS) studies
Morphological observations were performed using Small Angle X-

ray Scattering (SAXS). The experiments were carried out at the D11A-
SAXS1 beamline at the Brazilian Synchrotron Light Laboratory (LNLS)
in Brazil. A parallel X-ray beam irradiates a cylindrical sample holder.
The radiation wavelength was 1.55 Å and a Pilatus detector at
936 mm distance was used to give a scattering vector (q = 4π/λ sin
(θ)), where 2θ is the scattering angle ranging from 0.06 to 2.00 nm−1.
Water scattering curves were collected and subtracted from the sam-
ples scattering curve, taking into account its attenuation. All the mea-
surements were performed at 37 °C.

2.2.5. In vitro release assays
In vitro release assays were performed using a membrane diffusion

model in vertical Franz-type cells with 1.76 cm2 area (Microette
Plus®, Hanson Research, CA, USA) with cellulose acetate membranes
(MWCO 1000 Da.) as barrier. The donor compartment was filled with
1 g of the hydrogels formulations while the receptor compartment
with simulated synovial fluid (NaCl 8 g/L, KCl 0.2 g/L, NaHPO4 1.44 g/L,
NaH2PO4 0.24 g/L), pH 7.4, at 37 °C, under magnetic stirring
(350 rpm). Aliquots (1 mL) from receptor compartment were with-
drawn at intervals from30min until 24 h and analyzed by UV–VIS spec-
trophotometry (λ = 263 nm), using a previously determined
calibration curve (y = 0.0654 + 0.455x, LQ = 0.448 mM and LD =
0.147 mM, R2 = 0.998), for determining the LDC concentration.

Release profiles were analyzed according to zero-order, Higuchi,
Korsmeyer−Peppas models, as described by following equations, re-
spectively:

Qt ¼ Q0 þ K0
t ð3Þ

where Qt is the cumulative amount of drug released at time t, Q0 is the
initial amount of drug, K0 is the zero-order release constant, and t is
time.

Qt ¼ KHt1=2 ð4Þ

where the rate of drug release is linear as a function of square root of
time and the drug is the only component that diffuses through the me-
dium. In this equation, the releasemechanism is described as a diffusion
process according to Fick law. KH is the release coefficient, and Qt is the
drug released amount.

Mt=M∞ ¼ KKPtn ð5Þ

where Mt/M∞ is the fraction of drug released at time t, KKP is a rate con-
stant, and n is the release exponent. An n value of 0.45 represents
Fickian diffusion, 0.45 b n b 0.89 is anomalous (non-Fickian) diffusion,
n = 0.89 is case-II transport, and n N 0.89 super case-II transport.

2.2.6. In vitro cytotoxicity evaluation
Vero cell line, established from kidney cells of African greenmonkey

(Cercopithecus aethiops) (CCIAL 057, Adolfo Lutz Institute, São Paulo,
Brazil), was used for the in vitro experiments. Vero cells were cultured
in Ham-F-10 medium (Sigma-Aldrich Chem. Co.), with fetal bovine
serum (10%; Sigma-Aldrich Chem. Co.), 100 μg/mL penicillin/strepto-
mycin, and maintained at 37 °C with 5% CO2. Assays were performed
in triplicate. The tests were performed by direct contact test according
to ISO 10993-5 (2009). For the MTT (MTT-3-(4,5-dimethylthiazol-2-



Fig. 3. SAXSpatterns (at 37 °C; A, B, C) and LDC release profiles (D, E, F) for different PL-basedhydrogels before and afterHA (0.025 and 0.05%) incorporation. PLF-127 (A andD); PLF-108 (B
and E); PLF-127-PLF-108 (C and F).
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yl)-2,5-diphenyltetrazolium bromide) assay Vero cells were seeded (1
× 104 cells/well) in 96-well plates (TPP). After 24 h, the culturemedium
was then replaced and 100 μL of the formulations in culture medium
was added. After incubation for 24 h, 100 μL of MTT solution
(5 mg/mL, in phosphate buffered saline) was added to each well and
cells treated for 4 h. After removing the MTT solution, 50 μL of DMSO
was added to each well for 10 min, and the absorbance measured at
570 nm. As a negative control, non-cytotoxic, it was only used in and
culture medium as described above. As a positive control, cytotoxic, it
was used a 0.25% solution of phenol in the described culture medium.
For the morphological assay Vero cells, were seeded in 24-well plates
(TPP). After 24 h, at a confluence of 80%, forming a monolayer, the
culture medium was removed and substituted by hydrogels diluted.
The cells were observed by inverted and direct light microscope (A1
Axiovert, Zeiss, Axioscope A1, Zeiss).
2.3. Statistical analysis

Each experimentwas carried out in triplicate unless otherwise spec-
ified. All results are presented as mean ± standard deviation (SD). The
experimental data were analyzed using GraphPad Prism software, ver-
sion 6.0 and Microsoft Excel. For comparisons among more than two
groups was used ANOVA (One and TwoWay) and the post hoc Tukey



Table 3
Structure and lattice parameters (at 37 °C) for different PLF-127, PLF-108 and PLF-127-
PLF-108 hydrogels.

Formulations (% m/v) Additives (% m/v) Lattice parameter (nm) Structure

PLF-127 (20) – 20.8 ± 0.1 Lamellar
LDC 18.0 ± 0.002 Hexagonal
HA 0.025 17.9 ± 0.03 Hexagonal
HA 0.025-LDC 17.9 ± 0.03 Hexagonal
HA 0.05 18.0 ± 0.02 Hexagonal
HA 0.05-LDC 18.0 ± 0.03 Hexagonal

PLF-108 (20) – 24.0 ± 0.03 BCC
LDC 18.3 ± 0.1 Lamellar
HA 0.025 24.4 ± 0.07 BCC
HA 0.025-LDC 43.1 ± 0.07 BCC
HA 0.05 24.1 ± 0.03 BCC
HA 0.05-LDC 42.4 ± 0.7 BCC

PLF-127-PLF-108 (20) – 19.6 ± 0.09 Lamellar
LDC 25.7 ± 0.2 BCC
HA 0.025 19.5 ± 0.06 Lamellar
HA 0.025-LDC 19.6 ± 0.07 Lamellar
HA 0.05 19.5 ± 0.07 Lamellar
HA 0.05-LDC 19.5 ± 0.07 Lamellar

Note: BCC – body centered cubic.
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test. To comparison between two groups was used the Student's t-test.
Statistical significance was set at a p-value of ≤.05.

3. Results and discussion

3.1. Micellar hydrodynamic diameter

Micellar hydrodynamic diameters were determined in order to eval-
uate the size distribution and interaction drug-micelles for different
PLF-127 and/or PLF-108 formulations, before and after HA and/or LDC
incorporation. Results present themicellar mean hydrodynamic diame-
ter and the average size distribution for the different systems at 25 °C
and 37 °C, simulating a possible dilution of the hydrogelwhen in contact
with biological fluids. At 25 °C, PL F-127 systems presented a bimodal
distribution and micellar diameters of 37.4 ± 0.3 nm, as well as a
smaller size population of ~5 nm (mean distribution ~ 10 nm) relative
to the presence of unimers in solution [6, 14, 15]. On the other hand,
PL F-108-based system presented a greater distribution of hydrody-
namic diameter of 6.7 ± 0.24 (76.13 ± 1.91%) nm and small popula-
tions with larger size (475.6 ± 46 nm). These results are due to
differences in HLB and Critical Micellar Temperature (CMT) values for
PL F-127 and PL F-108. The HLB value for PL copolymers (whose values
are from 1 to 30) characterizes their amphiphilic nature in a depen-
dence on the number PEO and PPO units [15, 16], since high HLB refers
to a more hydrophilic copolymer, representing a predominance of PEO
units relative to the PPO units (such as in this case for PL F-127, HLB
= 22). On the other hand, a low HLB indicates a more lipophilic copol-
ymer, which has lower PEO content than PPO (as observed for PL F-108,
Table 4
Release constants and determination coefficients obtained for LDC from different HA-PLF-127,

Formulations (% m/v) Zero order Hi

K0 (mM·h−1) R2 KH

LDC (0.2) 0.38 ± 0.1 0.96 0.6

PLF-127 (20) 0.115 ± 0.007 0.98 0.5
PLF-127-HA (20-0.025) 0.075 ± 0.005 0.99 0.5
PLF-127-HA (20-0.05) 0.078 ± 0.004 0.98 0.4
PLF-108 (20) 0.34 ± 0.02 0.98 0.6
PLF-108-HA (20-0.025) 0.24 ± 0.06 0.98 0.5
PLF-108-HA (20-0.05) 0.41 ± 0.07 0.99 0.6
PLF-127-PLF-108 (10-10) 0.33 ± 0.006 0.98 0.5
PLF-127-PLF-108-HA (10-10-0.025) 0.35 ± 0.06 0.98 0.4
PLF-127-PLF-108-HA (10-10-0.05) 0.24 ± 0.05 0.99 0.4
HLB= 29) [17]. The differences between PLF-127 and PLF-108 are also
observed considering their CMT values (~19.5 and 24.5 °C, for PLF-127
and PLF-108, respectively, explaining the high percentage of monomers
for PLF-108 [18].

In the case of binary systems PL F-127/PL F-108, the micellar hydro-
dynamic diameter and size distribution percentage were similar than
that observed for PL F-127-based systems. At 37 °C, it was observed
the predominance of a homogeneous systems with unimodal distribu-
tion, indicating that the increase in temperature favored the aggregation
and leads the formation of mixed micelles with lower values of hydro-
dynamic diameters (21.71 ± 0.74 and 30.4 ± 3.5 nm). The decrease
on micellar diameters, at physiological temperature, can be due to the
transition of sol-gel phases and the consequent increase in the viscosity
of the formulation caused by the dehydration of PPO units into the mi-
cellar core [19, 20].

The presence of HA into the systems provided the formation of ag-
gregates with larger hydrodynamic diameters, proportional to the HA
concentration (0.025 and 0.05%). At 37 °C, it was possible to observe av-
erage diameters of 26.0 ± 0.75 nm and 42.42 ± 7.54 nm for PLF-127
+HA 0.05% and PLF-108+HA 0.05%, respectively. This increase onmi-
cellar dimensions can be attributed to the high molecular weight of HA
(MM = 15KDa), corroborating to the previous work of [10], where the
addition of HA at 1 and 2% to PL-based systems led to the formation of
larger micellar aggregates. Additionally, the incorporation of the LDC
did not, significantly, change themicellar diameters and the polydisper-
sity values for all systems, indicating the homogeneity and organization
of the micellar systems.

3.2. Differential Scanning Calorimetry (DSC) analysis

Table 1 shows the values for Tonset, Tm and Tendset, as well as the en-
thalpy (ΔHm) and Gibbs free energy (ΔG°) relative to the micellization
process for different associations of HA and PL-based hydrogels. All for-
mulations showed endothermic peaks with a small displacement,
which is directly related to the increase of the copolymer concentration
and the variations on formulations composition. As also observed by
previous studies [6,20], the association kinetics are different since the
micelles formation involves the PPO units dehydration and themicelles
dissociation are dependent on the PEO units hydration.

DSC analysis showed that the Tm, ΔH° and ΔG° were similar for all
formulations. The Tm values for PLF-127 based systems were from ~12
to 23 °C, according to the PL type and/or the HA incorporation. For
PLF-108 systems it was observed a decrease in ΔH° values, compared
to the PLF-127 systems, showing the influence of PLF-108 hydrated mi-
cellar corona on micelles self-assembly. However, the binary systems
presented more pronounced changes on thermodynamic parameters
compared to the PLF-127 formulations. Even considering the different
HLB values for PLF-108 (HLB= 28) and PLF-127 (HLB= 22), the asso-
ciation of both PL at 1:1 proportion (PLF-127-PLF-108 at 10:10% m/v)
seems to be sufficient to induce conformational changes on micellar
PLF-108 or PLF-127-PLF-108 hydrogels.

guchi Korsmeyer-Peppas

(mM·h−1/2) R2 KKP (mM·h−n) R2 n

7 ± 0.05 0.98 0.46 ± 0.05
0.95

0.58

7 ± 0.06 0.96 0.15 ± 0.01 0.96 0.84
1 ± 0.05 0.96 0.1 ± 0.02 0.96 1.0
6 ± 0.02 0.94 0.18 ± 0.06 0.97 0.74
2 ± 0.02 0.96 0.28 ± 0.01 0.97 0.72
8 ± 0.02 0.93 0.24 ± 0.02 0.96 0.77
5 ± 0.02 0.95 0.56 ± 0.03 0.98 0.52
± 0.05 0.95 0.28 ± 0.01 0.95 0.66
1 ± 0.03 0.92 0.57 ± 0.05 0.95 0.43
9 ± 0.02 0.95 0.41 ± 0.07 0.90 0.53
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Fig. 4. Effects of LDC (A), PL-F127-HA (B) and PLF-108-HA (C) on Vero cells evaluated by
MTT reduction test. Positive control (0.25% phenol) and negative control (cells cultured in
the culture plate) byMTT assay. Values are reported asmean± standarddeviation (SD) (n
= 3). a*** - statistical differences relatively to positive control, ***p b .001.
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assembly. In fact, similar resultswere observed for systems composed of
PLF-127 (HLB = 22) and PLF-68 (HLB = 29), where pronounced
changes were also reported for enthalpy variation values considering
higher PL proportions (2:1 and 5:1) [15]. On the other hand, the pres-
ence of different concentrations of HA and LDC incorporation did not
have an obvious impact on the micellization temperatures., except for
PL-108 (20) based systems, it was observed an increase in the Tm
values, which corroborates with the data obtained by DLS, where we
noticed the greater influence of the EO: PO ratio of themicellization pro-
cess [18]. Showing that they do not alter on PL thermoreversible prop-
erties even considering different concentrations or formulation
compositions.

3.3. Rheological analysis

The rheological behavior plays an essential role in PL-based formula-
tions providing information about thermogelling process as a function
of frequencies and temperatures variations. In this context, those rheo-
logical parameters, such as elastic (G′) and viscous (G″) moduli, viscos-
ity (η) and sol-gel transition temperature (where is observed the most
pronounced viscosity variation) were determined for all hydrogels for-
mulations considering the incorporation of HA and/or LDC. All results
are presented on Fig. 2 and Table 2.

Fig. 2 shows representative rheograms for hydrogels composed of
HA (0.05%) associated to PLF-127 (A and B), PLF-108 (C, D), PLF-127-
PLF-108 (E, F), before and after LDC incorporation, under frequency
and temperature variation. The incorporation of HA did not shift the
Tsol-gel obtained for all hydrogels, but differences were observed after
comparisons between both PL type, since Tsol-gel (~29 °C) values for
PLF-127 systems were lower than that observed for PLF-108 and PLF-
127-PLF-108 hydrogels (~34 and 33 °C, respectively). Considering that
PLF-108 is a more hydrophilic copolymer than PLF-127, the formation
of binary systems with PLF-127 evoked a reduction on viscosity values
and a possible structural reorganization of the hydrogel, since Tsol-gel is
dependent on the PL concentration and hydrophobicity [21, 22].

Table 2 shows that at 37 °C (recommended for the development of in
situ hydrogel systems for injectable use, formulations were structurally
liquid-viscous) the values for the elastic modulus (G′) were ~4.1 to 24
times higher than those observed for the viscousmodulus (G″), favoring
the hydrogels formation. These results are in agreement with the find-
ings in the literature [6, 20], showing that the elastic properties of an in-
jectable hydrogel should predominate over its viscous properties,
thereby facilitating the injection [6]. Similarly, published reports re-
vealed an increase in viscosity values, changes of viscoelastic properties
and Tsol-gel values after the addition of drugs [23, 24].

3.4. Hydrogels supramolecular structure: Small Angle X-ray Scattering
(SAXS)

The scattering patterns, obtained for all hydrogels before and after
HA and/or LDC incorporation are presented on Fig. 3 and lattice param-
eters are shown on Table 3. All hydrogels presented structural transi-
tions according to the PL-type and incorporation of HA or LDC. In the
case of PLF-127 systems, it was observed a transition from lamellar to
hexagonal phase while PLF-108 hydrogels phase organization were
from body centered cubic (BCC) to gyroid. However, for the binary sys-
tems PLF-127-PLF-108 the lamellar phase organization was preserved
for the most of formulations.

The effects of HA incorporation were more pronounced for PLF-127
and PLF-108 isolated systems. For the system PLF-127, the addition of
both HA concentrations favored and stabilized the transitions from la-
mellar to hexagonal phase organization, probably due to its interaction
with themicellar corona and/or intermicellar spaces. On the other hand,
HA did not evoke structural changes on PLF-108 hydrogels, since the
BCCorganizationwasmaintained for bothHAconcentrations. Those dif-
ferences can be attributed to the PLF-108 hydrophilicity and higher OE:
OP ratio (5:1) when compared to PLF-127, allowing the HA hydroxyl
groups interaction with PL more superficial PEO units. This effect was
also observed for the binary system PLF-127-PLF-108, where the lamel-
lar phase organization was preserved after HA addition.



Fig. 5.Michrographies obtained after direct cytotoxicity assay. Phase contrast microscopywith toluidine Blue staining for (A) LDC 0.025%; (B) LDC 0.05%; (C) LDC 0.1%; (D) LDC 0.2%. Note
the presence of vacuolization and decrease in the number on cells number.
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Regarding to LDC addition, structural changes were observed for all
hydrogels. In the case of PLF-127-HA and PLF-108-HA, the phase organi-
zation was maintained as hexagonal and lamellar, respectively. Those
differential effect can be attributed to the possible insertion of LDC
base into the micellar core and HA accommodation on the micellar co-
rona. These results suggest that the HA addition favored the structural
stabilization of the systems, since in the presence of LDC associated to
PL-HA systems, the network parameters are almost unchanged, in a dif-
ferent manner than that observed in the absence for HA. As reported
previously [25], when the additives (drugs, salts and other polymers
etc.) into the PL systems, new supramolecular can be created due to
the formation of “channels” (such as the intermicellar spaces observed
for hexagonal and cubic phase organizations) that allow the encapsula-
tion of the drugs. Also, an interesting point is after LDC addition on PLF-
108 hydrogels, the network parameter decreased. However, in the pres-
ence of HA and after LDC incorporation, the network parameter, for PLF-
108 systems, changed from 24.39 ± 0.07 (0.025% HA) to 24.10 ± 0.03
(0.05% HA) and from 43.07 ± 0.07 (0.025% HA) to 42.38 ± 0.66
(0.05% HA). Those differences can be attributed to the PLF-108 higher
HLB and molecular weight values (HLB= 28 and MW= 14,600) com-
pared to PLF-127 (HLB = 22 and MW = 12,400), leading to more pro-
nounced hydration effects on themicellar corona surface and a swelling
process on BCC structure evoked by HA interference on micellar corona
associated to the additional insertion of LDC into the PLF-108 micellar
core (Table 3).
3.5. In vitro release assays

Fig. 3 and Table 4 show the LDC release profiles from the different
formulations. The LDC release in solution (at 0.2% or 8.5 mM, in
water) was progressive, reaching a peak at 8 h (2.05 ± 0.05 mM). On
the other hand, PLF-127, PLF-108 or PLF-127-PLF-108 formulations
evoked a sustained LDC release profile up to ~12 h remaining in a
slowprogress for all the experiment. The concentrations of LDC released
were 1.39±0.02mM(PLF-127), 1.78±0.03mM(PLF-108) and 1.77±
0.08 mM (PLF-127-PLF-108).
The incorporation of different HA concentrations into the hydrogels re-
duced the LDC release with more pronounced effects for the system HA-
PLF-127 (1.4 ± 0.02 mM and 1.6 ± 0.04 mM, for 0.025 and 0.05% HA, re-
spectively)when compared toHA-PLF-108 andHA-PLF-127-PLF-108with
p b .01 for both HA concentrations. The prolongation in the release of LDC
through systems containing HA can be attributed to formation of a more
closed polymer network. According to literature reports, the addition of a
hydrophilic anionic mucopolysaccharide, such as HA, to PL-based
hydrogels may cause topological interactions with the other molecules
(such as drugs), thus contrasting the release of the same [10, 26, 27].

The analysis of the curves, using mathematical models, such as Zero
order, Higuchi and Korsmeyer-Peppas showed differences with related
to the LDC release mechanisms, since the highest correlation coefficient
values were obtained by fitting curves to the Zero-order model (0.96
N R2 N 0.99). The in vitro LDC release value decreased when HA was
added to the PLF-127 hydrogel (Krel = 0.075 and 0.078 mM·h−1, for
0.25 and 0.5% HA, respectively) when compared to HA-PLF-108 (Krel
= 0.24 to 0.41 mM·h−1) and HA-PLF-127-PLF-108 (Krel = 0.24 to
0.35 mM·h−1), indicating that LDC release from hydrogels is a
concentration-independent phenomena.

Differentmathematicmodels describe drug release profiles from im-
mediate andmodified release dosage forms. In fact, releasemechanisms
from some systems can be explained by controlled diffusion or erosion,
but most systems present a combination of these mechanisms. In this
case, high correlation coefficients were also observed for Higuchi and
Korsmeyer-Peppas models, with best fits for Zero-Order model, show-
ing that the LDC release rate was independent of the residual drug con-
centration. Additionally, for Korsmeyer-Peppas model the n values
obtained for the most of formulations were from 0.52 to 0.84
(Table 4) being characteristic of anomalous and super case-II kinetics,
possibly suggesting a combination of diffusion and erosion for LDC re-
lease from hydrogels.

3.6. Cytotoxicity assays

Biological assays for evaluating the biocompatibility of pharmaceuti-
cal formulations may be carried out through a wide variety of in vitro



Fig. 6.Michrographies obtained after direct cytotoxicity assay. Phase contrast microscopywith toluidine Blue staining for (A) LDC 0.025%; (B) LDC 0.05%; (C) LDC 0.1%; (D) LDC 0.2%. Note
the presence of vacuolization and decrease in the number on cells number.
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and in vivo tests. Such tests may provide useful information regarding
the interaction of the system with the physiological environment and
the possible risks associatedwith its application, thus allowing the iden-
tification of formulations that do not present characteristics suitable for
use in clinical studies [28]. TheVero cells used in cytotoxicity assays rep-
resent a standard feature for international studieswith biomaterials and
have fibroblast like features [29–32].

Cytotoxicity assays were performed by varying concentrations of
LDC, PL 407 and PL 108 formulations in the presence and absence of
LDC and HA. Cytotoxicity was assessed by MTT reduction (Fig. 4).
After 24 h in contact with formulations, the cells were observed for
their morphology by phase contrast microscopy and stained with tolu-
idine (Figs. 5 and 6).

Cell viability assays for PLF-127 and PLF-108 in the presence or ab-
sence of HA or LDC did not show toxicity to the Vero cells. The percent-
age of cell viability for PLF-127 systems ranged from 100% for the
system isolated to ~90% in the presence of HA and LDC. Whereas for
the PLF-108 systems cell viability was from 90 to 80% (Fig. 4). These re-
sults demonstrate that the formulations analyzed present no statistical
difference in relation to the negative control showing no cytotoxicity
to the Vero cells. In the case of LDC, it was observed that the mean per-
centages of cell viability ranged from 86% to 35% of the lowest (0.02%)
for the highest (0.2%) LDC concentrations, respectively. This result
shows that the isolated drug tested in the higher concentration showed
cytotoxicity while this same concentration carried in the release sys-
tems presented cellular viability above 80%.

In Fig. 5 we observed the cell viability percentage for different con-
centrations of LDC when in contact with Vero cells. In the case of 0.1
and 0.2% concentrations, the presence of vacuolization and decrease in
the number of cells can be noted, resulting from drug toxicity.

Those results were also confirmed using q qualitative morphologic
assay. The negative, non-cytotoxic control presented a confluentmono-
layer of cells, typically fibroblastic-like, according to the growth pattern
of Vero cells. The cells were quite scattered and elongated, without the
presence of cellular debris or evidence of cell degeneration. In the posi-
tive control (phenol 0.25%) the presence of few cells and debris, were
observed, typical characteristics of cytotoxicity. Fig. 6 shows the cyto-
toxicity results of the cells in contact with the PLF-127-HA 0.05%-LDC
and PLF-108-HA 0.05%-LDC. In all cases, cells presented a growth pat-
tern similar to that obtained with the negative, non-cytotoxic control,
without changes in their morphology, such as vacuolization or signs of
cell degeneration, and forming a confluent monolayer.

4. Final considerations and perspectives

Most articular surgeries (hip, knee, ankle, elbow, shoulder etc.) are
usually performed when medical or conventional non-surgical proce-
dures treatment has not diminished the patient symptoms for
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improving the motor function in the affected joint. Those surgeries in-
volve joint resection and interpositional reconstruction. For joint resec-
tion, a portion of the bone is removed from a stiffened joint, increasing
the space between the bone and the socket to improve the range of mo-
tion. Scar tissue eventually fills the gap, narrowing joint space again. In
those cases, pain relief is achieved and jointmotion is restored, but with
less stability. On the other hand, interpositional reconstruction reshapes
the joint and inserts a prosthetic disk between the two bones, forming
the joint. When this reconstruction fails, total joint replacement may
be necessary, remaining a long and painful post-operative period [1,3].

In this context, the intra-articular injection of HA
(viscosupplementation) has been reported as an effective therapeutic
approach to restoring the viscoelasticity of the synovial joint, as a lubri-
cant and shock absorber during joints movement. Those effects are at-
tributed to its unique rheological properties (related to a high-
molecular weight in a gel formulation), which themain clinical benefits
are: i) reduction of the articular friction; ii) chondroprotection during
mechanical stress; iii) induction of proteoglycan and glycosaminogly-
can synthesis, as well as anti-inflammatory and analgesic actions [33].
All those features can be also useful for patient recovery after
arthroplasties.

Here,we presented the development of different hydrogels associat-
ing the HA viscoelastic with PL thermosensitive properties. In special,
we reported the influence of viscoelastic features, inherent toHA, on su-
pramolecular structure of PL-based hydrogels and its consequent effects
on drug release. In fact, after HA incorporation, PL hydrogels presented
similar Tsol-gel temperatures and no interference on PL-
thermoreversible properties was observed. However, the HA pro-
nounced structural effect was observed on drug release profiles, since
lower release constants were observed for the system HA-PLF-127,
that presented a hexagonal phase organization, as observed by SAXS
patterns. Additionally, when the HA concentration was raised from
0.025 to 0.05%, the drug release was faster when compared to the
other formulations. Those different behaviors seem to be a result of
the influence of HA insertion into the systems composed of PLF-108,
more hydrophilic compared to PLF-127, leading to phase organization
transitions from BCC to gyroid and/or from BCC to lamellar, as observed
for the binary hydrogels (HA-PLF-127-PLF-108). However, those phase
transitions were not associated to lower release constants, showing
that the hexagonal phase organization is essential for a sustained drug
release performance. Finally, the evaluation of cytotoxicity showed
that the hydrogels formulation containing HA and/or LDC, were non-
cytotoxic to the VERO cells. Those results pointed out the tendency to
self-assembly of the systems based on HA-PL and their possible applica-
tion as drug delivery systems.
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