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ABSTRACT
Chitosan-tripolyphosphate (CS-TPP) nanoparticles containing naproxen (NPX) were dispersed in
poloxamer (PL) as unique (PL407) or binary (PL407-PL403) systems. Nanoparticles presented diam-
eter of �250nm and zeta potential of �35mV with drug loading and encapsulation efficiency of
98.4 ±0.3% and 36.9 ± 0.12%, respectively. NPX-CS-TPP shifted the sol-gel transition and micelliza-
tion temperatures. PL407-PL403 systems presented G0 >G00 compared to PL407. SAXS patterns
revealed transitions from lamellar to hexagonal phase organizations with low drug release rates, in
the presence of CS-TPP nanoparticles. NPX-CS-TPP-PL407 induced lower cytotoxicity compared to
PL407-PL403 in fibroblasts and osteoblasts, making them promising systems for intra-articular
delivery.
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1. Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory process
characterized by the degeneration of cartilage and bone, and
the clinical signs include pain, redness, increased local tem-
perature, and swelling in the affected joints. These symp-
toms are the result of the infiltration of neutrophils, T and
B lymphocytes, and macrophages combined with the local
release of extracellular matrix metalloproteinases, cytokines,
and reactive oxygen species. These mediators induce the

inhibition of proteoglycan synthesis, resulting in cartilage
degeneration, progressive erosion, and bone loss[1,2].

Naproxen (NPX) is a non-steroidal anti-inflammatory
drug (NSAID) that inhibits the activity of COX1 and COX2

enzymes, thus reducing the biosynthesis and release of pros-
taglandins and other inflammation mediators[3]. As a single
therapy or in pharmacotherapeutic combinations, the thera-
peutic effects of NPX lead to the recovery of subchondral
bone lesions[4]. However, the oral administration of NPX
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can have significant adverse effects, such as toxicity to the
gastrointestinal tract. Thus, in order to reduce the systemic
side effects, alternative routes of administration have been
proposed, such as topical application[5–7] and especially
intra-articular injection[8–10]. The goal is to maintain clinic-
ally effective concentrations and increase drug residence in
the synovial space.

Different carriers systems have been studied for NPX
intra-articular delivery, such as PLGA microspheres[11] and
oily depot formulations (medium-chain triglycerides and
castor oil)[12–14], which show an increase of the drug resi-
dence time in synovial fluid. Similar results have also been
presented using dextran polymeric nanoparticles[13]. The
development of new formulations for NPX release could
make it possible to reduce the number of injections and
thus promote patient compliance.

We propose the use of chitosan (CS) nanoparticles cross-
linked with tripolyphosphate (TPP) for NPX encapsulation,
which have low cost, high biocompatibility, low toxicity, and
biodegradability. Additionally, few reports indicate that CS-
TPP is an attractive system for intra-articular drug-deliv-
ery[14–17]. However, the low viscosity of this system could
reduce the retention of the drug in the joints. Therefore, the
use of a thermosensitive hydrogel matrix such as poloxamer
(PL) would be of great interest for improving the rheological
properties and increasing the drug residence in the synovial
space. In fact, polymeric micellar systems have been used as
drug delivery matrices for several purposes including anti-
cancer[18–21]; cardiovascular, Parkinson’s disease[22] and gene
delivery[23]. However, specifically for arthritis treatment, a
recent study reported the development of CS-clodronate
nanoparticles loaded in PL gel and showed more pronounced
therapeutic effects compared to the free clodronate[15].

In this study, the incorporation of CS-TPP nanoparticles
in single or binary PL hydrogels with different hydrophilic-
lipophilic balance (HLB) values (PL407: PEO100-PPO70-
PEO100, HLB¼ 22; PL403: PEO39-PPO69-PEO39, HLB¼ 8)
was studied considering the formation of a dual release sys-
tem with different thermoreversible properties, sol-gel transi-
tion and rheological properties. We studied the drug
nanoparticles, micelles, and their interaction in the micelliza-
tion process by light scattering and differential scanning cal-
orimetry (DSC). Small-angle-X-ray scattering (SAXS) was
used to study the effects of CS-TPP nanoparticles incorpor-
ation on release kinetics and hydrogel supramolecular
structure. We also evaluated the cytotoxic effects for use of
the hydrogel formulation as possible formulation for intra-
articular injection.

2. Materials and Methods

2.1. Synthesis and characterization of chitosan-
tripolyphosphate nanoparticles (CS-TPP)

CS-TPP nanoparticles were prepared according to the
method described by Grillo et al.[24]. First, 0.1% CS solution
(Sigma Aldrich Chem Co., molecular weight: 27 kDa, deace-
tylation degree of 85%) in 0.2% acetic acid (Ph¼ 4.7) was
prepared under magnetic stirring for 12 h. Next, 0.1% TPP

solution was prepared under cooling at 4 �C. Both solutions
were filtered through a 0.45-mm filter, and then 5mL of
TPP was added to 20mL of CS solution and maintained
under magnetic stirring for 10min. The CS-TPP nanopar-
ticles were stored at 25 �C until use.

CS-TPP nanoparticles were characterized by dynamic
light scattering (hydrodynamic diameter, size distribution,
and polydispersion index) and the zeta potential
(NanoSeries ZS90, MalvernVR Instruments) before and after
NPX incorporation with a total concentration in the formu-
lation of 15mg.mL�1. The encapsulation efficiency was
determined by an ultrafiltration method using a microtube
containing a 10-kDa cellulose membrane (Microcon-
Millipore) under centrifugation (13,000� g). The amount of
non-encapsulated NPX was quantified in the filtrate by
HPLC. The encapsulation efficiency percentage (EE%) and
drug loading (DL%) were determined using the following
equations:

EE %ð Þ ¼ Drug total�Drug free
Drug total

x 100 (1)

DL %ð Þ ¼ Drug encapsulated mass
Polymer mass

x 100 (2)

2.2. Evaluation NPX solubility limit on PL407 and
PL407-PL403 solutions

Different solutions (0.5 a 10% m/v) composed of isolated
PL407 or in association with PL403 were prepared with
excess NPX (2.5mg.mL�1 or 10.9mM). The dispersions were
homogenized and stored for 24h at 25 �C. The samples were
then centrifuged (13,000� g for 15min). Aliquots (200lL)
from the supernatant were filtered (0.22-mm pores) and
diluted in a solution with a ratio of ethanol to water of 70:30
v/v. The NPX concentration was determined by HPLC.

2.3. Chromatographic conditions for NPX analysis

NPX chromatographic analysis was performed using a
UPLC system (UltiMateVR 3000, Thermo Sci.) with a quater-
nary pump (LPG-3400RS), diode array detector (DAD-
3000RS), C18 ODS Hypersil column (150mm � 4.6mm,
5 lm, PhenomenexVR at 25 �C), and mobile phase solution
composed of methanol (70%, v/v) and 0.1% acetic acid
(30%, v/v). The analysis was conducted with detection at
254 nm, a flow rate of 0.5mL.min�1, and injection volume
of 10lL. The analytical curve ranged from 1.25 to
20 mg.mL�1, and the analysis presented the following param-
eters: y¼ 0.20447þ 0.94187 x; R2¼ 0.99992; limit of
quantification¼ 1.19mg.mL�1; limit of detection¼ 0.39
mg.mL�1. The retention time was 7.5min.

2.4. Micellar hydrodynamic diameter

To simulate dilution conditions in physiological medium
and to study the drug-micelle or nanoparticle-micelle inter-
action, a particle analyzer Zetasizer ZS (MalvernVR , UK) was
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used to determine the micellar hydrodynamic diameter, the
average size, and the size distribution at an angle of 173�

and temperatures of 25� and 37 �C. After preparation and
filtering through a polycarbonate membrane with 0.22-mm
pores, solutions of isolated PL 407 or in association with PL
403 (5% m/v in water) were analyzed in the presence or
absence of CS-TPP nanoparticles, NPX, or NPX-CS-TPP
nanoparticles (n¼ 5/sample).

2.5. CS-TPP nanoparticles in poloxamer hydrogels
preparation and physico-chemical characterization

Hydrogels containing CS-TPP nanoparticles were prepared
by dispersion at 0.1% v/v relative to the final volume of
hydrogel in solutions of 18 or 20% (m/v) isolated PL407 or
in binary systems containing 2% PL403 (m/v). They
were then maintained at 4 �C under stirring (100 rpm) until
the total dissolution of the polymer and dispersion of the
nanoparticles. After preparation, the samples were stored at
4 �C until further use. The final concentration of NPX incor-
porated in the hydrogel system was 1mg.mL�1. The pre-
pared formulations were named as follows: F1 (18% PL407),
F2 (20% PL407), F3 (18% PL407 and 2% PL403), and
their respective combinations with NPX, nanoparticles
(CS-TPP), and nanoparticles and NPX together (CS-
TPP-NPX).

2.6. Differential scanning calorimetry (DSC) analysis

DSC analysis was performed by weighing 20mg of each
sample and sealing them in aluminum pans. The samples
were analyzed using a Q-200 DSC device (TA Instruments,
USA) with three thermal cycles of heat-cool-heat from 0 �C
to 50 �C at a rate of 5 �C/min. An empty pan was used as a
reference. Thermograms were obtained in triplicate, and the
results are presented as the heat flux (k.J.mol�1) versus tem-
perature (�C).

2.7. Rheological analysis

Rheological analysis was performed using a Kinexus rota-
tional rheometer (Malvern Instruments Ltd., England, UK)
with a cone-plate geometry (40mm in diameter). First, 1mL
of the sample was placed on the plate platform, and meas-
urements were performed in a temperature range of
10–50 �C. An experiment was then carried out at a fre-
quency of 1Hz and shear stress of 2 Pa to obtain the rheo-
logical parameters related to the elastic modulus (G0),
viscous modulus (G00), and viscosity (g). Rheograms were
obtained using rSpace for KinexusVR software.

2.8. Small Angle X-Ray Scattering (SAXS) experiments

SAXS experiments were carried out using an incident beam
energy of 8.3 keV (lambda¼ 1.488 Å). The distance between
the sample and detector was 1007mm (MarCCD detector
with a diameter of 165mm), and the measurement range
(brand measurement range) was 0:13–3:34 nm�1 at 37 �C.

The measured scattered intensity is displayed as a function
of the scattering vector modulus q¼ 4psin(h)/k. The scatter-
ing angle is 2h, and k is the radiation wavelength. The typ-
ical q range was 0.075–0.23 Å�1. The SAXS measurements
were carried out at the SAXS 1 beamline (National
Laboratory of Synchrotron Light-LNLS, Campinas, SP,
Brazil) at two different temperatures (25 and 37 �C).

2.9. In vitro release studies

In vitro release assays were carried out in vertical-diffusion
Franz-type cells (1.76-cm2 area, Microette PlusVR Hanson
Research, CA, USA) with an artificial membrane as a barrier
(cellulose acetate sheets, MWCO 1000Da., Spectrum Lab).
The donor compartment was filled with 1 g of each hydro-
gel, and the receptor compartment was filled with 5mM
Hepes and 154mM NaCl buffer at pH 7.4 and 37 �C, which
was maintained under constant magnetic stirring (350 rpm).
Aliquots from the receptor compartment were withdrawn
(1mL) and analyzed by HPLC at determined intervals (0.5,
1, 2, 4, 8, 12, and 24 h). Data were expressed as the percent-
age of NPX released for each sample (n¼ 6).

The in vitro release data were analyzed using the follow-
ing mathematical models:

Qt ¼ Q0 þ K0:t (3)

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

Qt ¼ KH:t1=2 (4)

KH is the release coefficient, which follows Fick’s law,
and Qt is the amount of drug released.

Mt=M1 ¼ KKP:t
n (5)

Mt/M1 is the fraction of drug released at time t, KKP is
the release constant, and n is the release exponent. An n
value of 0.45 represents Fickian diffusion, 0.45 < n< 0.89
indicates anomalous (non-Fickian) diffusion, n¼ 0.89 indi-
cates case-II transport, and n> 0.89 indicates super case-
II transport.

2.10. In vitro cytotoxicity assays

Cytotoxicity assays were carried out according to the ISO
10993-5 recommendations using two cell lines: MC3T3 pre-
ostheoblasts and VERO kidney epithelial cells. Cells were
seeded in 96-well plates and cultured for 48 h (1.104 cells/
well) in a specific medium (Ham F-10 and DMEM for
MC3T3 and VERO cells, respectively) supplemented with
10% fetal bovine serum (pH 7.2–7.4, humidified atmosphere
at 37 �C and 5% CO2), and 100lg.mL�1 of penicillin/
streptomycin cells.

Before cell treatment, the hydrogel formulations were
sterilized by autoclaving at 121 �C for 15min[25], and ali-
quots of 1mL were diluted in 4mL of cell culture medium
(5% m/v, PL final concentration). The cells were then incu-
bated for 24 h with NPX, PL 407, PL407-PL403, and their
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formulations combined with CS-TPP nanoparticles. The
NPX concentrations tested were 0.5, 1, 2, and 4mM. PL407
or PL407-PL403 control groups (with no NPX) were added
to cell cultures at the same volume (0.2mL) for the systems
containing NPX. The molar ratio of drug to PL (NPX:PL)
was 1:4 for all formulations tested. Cell viability was deter-
mined by a MTT reduction test, and the sample absorbance
was determined at 570 nm. For morphological analysis, cells
were seeded in 12-well plates (1.104 cells/well) and observed
under an inverted microscope before and after staining with
toluidine blue (0.05% m/v).

2.10.1. Statistical analysis
Data are expressed as the mean± standard deviation and ana-
lyzed by one-way analysis of variance (One-way ANOVA)
with a Tukey-Kramer test. The analyses were done using
Graph Pad Prism (Graph Pad Software Inc., USA) and
Origin 6.0 (MicrocalTM Software, Inc., Northampton, MA,
USA). Statistical differences were defined using p< 0.05.

3. Results and Discussion

3.1. Characterization of chitosan-tripolyphosphate
nanoparticles (CS-TPP)

CS-TPP nanoparticles were characterized by their hydro-
dynamic diameter, mean distribution size, polydispersity
index, and zeta potential, which are important parameters to
consider for the development of colloidal carriers[26]. In gen-
eral, the size distribution of the CS-TPP nanoparticles pre-
sented a main portion with a hydrodynamic diameter of
318.3 ± 30.6 nm (68.8 ± 3.2%) and a minor portion with a
diameter of 92.4 ± 11.6 nm (31.2 ± 2.9%). After NPX incorp-
oration, the nanoparticle dimensions were 230.2 ± 28.5 nm
(76.3 ± 12.2%) and 108.66 ± 18.8 nm (21.2 ± 15.6%).

Reports have shown differences in the hydrodynamic
diameters of CS-TPP nanoparticles as a function of the TPP
concentration. This is related to the high availability of
anionic groups in the preparation medium, which are cap-
able of interacting with the positive amino-groups in CS[27].
Diameters of �250 nm were observed at CS:TPP ratios of
0.16:0.15[27], 0.4:0.095[28], and 0.3:0.08[29]. Lower ratios of
CS:TPP (0.1: 0.1) resulted in the formation of particles with
�300-nm diameter[24], which is consistent with the results
reported in this work.

The polydispersion index was 0.261 ± 0.02, and the zeta
potential was þ 35 to 40mV. These parameters are import-
ant information related to the nanoparticles’ homogeneity
and reduced aggregation due to the nanoparticle repulsion
caused by the positive charges of CS. Positively charged par-
ticles tend to present enhanced bioadhesive properties[30].
These results agree with a previous study that reported a
polydispersion index of 0.26 and positive zeta potential of þ
21mV[15] for CS-TPP nanoparticles cross linked with gluta-
raldehyde. In addition, the EE and DL percentages were
98.4 ± 0.3% and 36.9 ± 0.12%, respectively, which are import-
ant features for maintaining effective drug ratios in the
intra-articular microenvironment.

3.2. Evaluation of NPX solubility limit in PL407 and
PL407-PL403 solutions

Concentrations of 0.5–10% (m/v) PL407 or PL407-PL403
were used to determine the NPX solubility in the different
formulations. For both systems, a linear increase in NPX
solubility was observed (R2¼ 0.95104 and 0.95264 for PL407
and PL407-PL403, respectively), which indicates drug
incorporation in the micelles. However, the highest NPX
concentrations were observed after incorporation in the
PL407-PL403 binary system (4.06–6.75mM) and were statis-
tically different from those observed for the PL407 system
(p< 0.01). The differences in HLB values between PL407
(HLB¼ 22) and PL403 (HLB¼ 8)[31] and the incorporation
of a more hydrophobic copolymer (PL403) are essential
points for enhancing the drug solubility in the formulations.

The concentration of NPX added to the PL solutions was
10.86mM (2.5mg.mL�1), which is based on the incorpo-
rated NPX percentages of 62.4% in PL407-PL403 and 51.6%
in the PL407 systems. The solubilization process occurs by
replacing the water in the micelle cores with the drug, and
NPX presents low aqueous solubility (25mg.L�1)[32]. Thus,
this factor favors the possible incorporation of the drug in
the micellar core and increases the solubility in PL formula-
tions. These results are consistent with other studies on the
solubility and partitioning of NPX in micellar phases with
different surfactants, such as Brij, CTAB, SDS[27], and
PL407[33, 34].

3.3. Micellar hydrodynamic diameters and size
distribution: drug-micelle interaction and its
influence on PL 407 and PL407/PL403 systems

The micellar hydrodynamic diameter, mean size distribu-
tion, and polydispersity were evaluated for all PL-systems in
the presence and absence of CS-TPP nanoparticles and NPX
at 25 and 37 �C. At 25 �C, the hydrodynamic diameter of
the PL407 micelles was mostly �45 nm (88%) and a minor
portion with �5-nm diameter (12%). The micellar dimen-
sions of PL407-PL403 before and after NPX incorporation
were 42 nm and 46 nm (both 95%), respectively. However,
increasing the temperature resulted in changes in those
parameters. At 37 �C, the micellar diameters were 23–30 nm
for both PL407 and PL407-403 (�100% mean distribution).
The polydispersion index values were 0.5–0.2 at 25 and
37 �C, respectively, indicating homogeneity and organization
of the micellar systems.

Reductions in the micellar hydrodynamic diameter are
directly related to the increase of temperature, which pro-
moted by the dehydration of propylene oxide (PPO) units
in the micellar core[35]. Moreover, the increase in tempera-
ture also influences the hydrophobicity of the micellar core
by favoring the formation of a colloidal system with low
polydispersivity[36]. There are similar results reporting the
influence of temperature on PL micelles composed of a single
polymer (PL 407)[34, 37] and also for other types of PL407-
based particles such as, PL407-polyethylenimine[38].

These observations can be applied to micelles composed
of isolated PL407 or combined with PL403. Despite the
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difference in hydrophobicity (Hidrophilic Lipophilic
Balance-HLB of 22 for PL407 and HLB¼ of 8 for PL 403),
the number of PPO units is similar (65 and 69 for PL 407
and PL 40, respectively). This demonstrates that there are
no significant differences in hydrodynamic diameter. The
incorporation of NPX in the PL407-PL403 binary systems
also changed the micellar hydrodynamic diameter, which
demonstrates the probable influence of NPX incorporation
in the micellar core. In general, the highest hydrodynamic
diameter values were found for the formulations containing
the dispersed CS-TPP nanoparticles in micellar systems
(220.4 ± 0.850 at 25 �C and 233.63 ± 6.26 at 37 �C), with pol-
ydispersity indexes between 0.2 and 0.4. The temperature
variation did not change the diameter of the CS-TPP nano-
particles and were only different for the micellar systems,
even in the presence of NPX.

3.4. Differential Scanning Calorimetry (DSC) and
rheological analysis

The temperatures and enthalpy variation in relation to the
micellization process were determined by DSC. Table 1 shows
the values for Tonset, Tm, Tendset, and enthalpy (DHm) for
the different formulations. Thermal analysis of the CS-TPP
nanoparticles showed no peaks related to the phase transi-
tions, even after NPX incorporation. However, the analysis of
the hydrogels presented endothermic peaks with a small dis-
placement related to the increase in the copolymer concentra-
tion and the variations in the composition of the hydrogels
(PL407 or PL407-PL403). Representative thermograms are
available on Supporting Information.

The DSC analysis also showed that Tm, DH�, and DG�

were similar for all formulations. For all formulations, ther-
mograms presented two peaks corresponding to the micelles
formation and aggregation in solution[39]. The Tm values
for PL-based systems were �12–26 �C, depending on the PL
type and NPX incorporation. In addition, for PL 403
systems, Tm was reduced by about 2–5 �C, and the DHm
values decreased by approximately 0.5 J/g when compared

to the system containing only PL407 (20%). This suggests an
essential influence of PL403 on micelles self-assembly.

The results highlight that the incorporation of CS-TPP
nanoparticles in the hydrogels promoted significant interfer-
ence on polymeric systems self-organization, showing
reduced Tm and DH values. However, the most significant
effect of CS-TPP addition to the hydrogels was observed for
PL407 (18%), which made the hydrogels thermosensitive.
When the NPX was incorporated in the PL407-CS-TPP
(20%) or PL407-PL403-CS-TPP (18-2%) hydrogels, the rela-
tive micellization temperature and the enthalpy variation
increased, as a probable result from shifting the hydrogel
self-assembly by the insertion of NPX-CS-TPP, which
changed the systems structural organization due to possible
interaction of the PL with the CS-TPP networks, as also
described by a previous study[39].

Rheological analysis was performed for all formulations
while considering their different compositions, the CS-TPP
nanoparticle incorporation, and the presence or absence of
NPX. The analysis made it possible to determine the elastic
(G0) and viscous (G00) modulus, the viscosity (g), and the
sol-gel transition temperature (Tsol-gel). Figure 1 shows rep-
resentative rheograms for PL407-PL403 hydrogels and their
analysis with respect to temperature and frequency.

The rheological profiles for CS-TPP nanoparticles pre-
sented no changes in G0, G00, and viscosity, which shows
that the nanoparticles are not thermosensitive systems
(Figures 1A and 1B). However, the hydrogels composed of
PL407 alone or in a binary system with PL403 presented
viscoelastic behavior, with G0 predominating over G00

(Figures 1C and 1D). In general, G00 showed an unstable
profile, but the oscillations seem to be reduced after adding
PL403 (2%) to the formulation.

The effects of CS-TPP nanoparticle incorporation in the
hydrogels were more pronounced for PL407 systems at 18%,
which changed the behavior from non-Newtonian above the
gelation temperature to Newtonian behavior. The incorpor-
ation also affected the viscosity values (Table 2).
Furthermore, CS-TPP incorporation in the PL407 hydrogels
reduced G0 when compared to the isolated PL407 system
(Table 2). This probably occurred by disturbing the micelle-
micelle interactions and the hydrogels structural organiza-
tion. In contrast, for PL403-PL407 hydrogels, there were no
pronounced shifts after the addition of CS-TPP nanopar-
ticles (Figures 1E and 1F).

The differences between G0 and G00 after PL403 addition
can be attributed to their physico-chemical properties, such
as a lower HLB value (HLB¼ 8) in relation to PL407
(HLB¼ 22). These properties provide stabilization in the
structural organization of the hydrogels. The addition of
NPX improved G0 and led to high G0/G00 relationships for
the 20% PL407 and 18-2% PL407-PL403 systems (Table 2).
This was probably due to the drug insertion in the hydrogels
systems. The viscosity showed constant values at up to 20 �C
but the increased after this point until the sol-gel transition
phase, which occurred between 28 and 32 �C. These results
support reports in the literature, where high PL407 concen-
trations showed Tsol-gel between �25 and 33 �C[40]. In fact,

Table 1. Temperatures (T) and enthalpy variation (DH) relative to the micelli-
zation for PL-based hydrogels.

Formulations Tonset (�C) Tm (�C) Tendset (�C) DH (J/g)

CS-TPP – – – –
CS-TPP-NPX – – – –
18%
PL407 14.0 17.3 25.9 2.2
PL407-NPX 13.7 18.2 28.3 2.7
PL407-CS-TPP – – – –
PL407-CS-TPP-NPX 12.0 17.1 24.8 3.2

20%
PL407 12.9 16.7 26.1 3.1
PL407-NPX 12.5 16.6 26.8 3.0
PL407-CS-TPP 9.4 14.4 21.1 2.2
PL407-CS-TPP-NPX 11.4 15.8 23.2 3.6

18-2%
PL407-PL403 12.0 16.0 23.7 2.8
PL407-PL403-NPX 10.5 15.6 21.8 2.6
PL407-PL403-CS-TPP 8.9 13.8 21.0 2.5
PL407-PL403-CS-TPP-NPX 9.7 14.7 23.7 3.5

Tonset, Tm and Tendset are the initial, peak and final micellization tempera-
tures, respectively.
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previous reports in the literature presented discussions about
the influence of other polymers and solutes on PL sol-gel
transition phenomenon. The unique properties of PL binary
systems can be attributed to their capability for forming
mixed micelles (for PL with similar PEO chains lengths but
different PPO blocks lengths) and/or the coexistence of
micelles populations composed of each PL independently[41],
being essential for gelling process. In the case of PL407 and
PL403, differences on their PEO:PPO relationships (�3:1
and 1:5, respectively) can also influence on sol-gel transition
temperature variations, since micelles aggregations seems to

be dependent on PPO chains assembly[41]. Additionally,
hydrogels formed by PL with different HLB values creates
systems with particular physico-chemical properties, struc-
turally influenced by the presence of ions, co-solutes[42] and
also nanoparticles[39].

3.5. Supramolecular structure and release kinetics

Figure 2 presents the SAXS results obtained for all hydrogels
before and after the incorporation of CS-TPP nanoparticles
and NPX. The results show the presence of a hexagonal
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Figure 1. Representative rheograms obtained for CS-TPP nanoparticles (A, B), PL407-PL403 (C, D) and PL407-PL403-CS-TPP (E, F) hydrogels before and after NPX
incorporation, against temperature and frequency sweep analyzes.
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Table 2. Elastic (G0) and viscous (G0) moduli, viscosity (g, mPa.s) at 25 �C and 37 �C and sol-gel transition temperatures (Tsol-gel, �C) for PL-CS-TPP nanoparticles
hydrogels formulations

Formulations G0 (Pa) G00 (Pa) G0/G00 (1 Hz) (mPa.s, 25 �C) (mPa.s, 37 �C) Tsol-gel (�C)
CS-TPP 0.157 0.003 52.3 26.7 26.5 –
CS-TPP-NPX 0.165 0.004 41.2 25.3 25.1 –
18 %
PL407 7740 575.9 13.4 7142 1,230,000 29.0
PL407-CS-TPP 0.165 0.04 4.1 2648 2628 –
PL407-NPX 9150 466.1 19.6 7224 1,458,000 24.9
PL407-CS-TPP-NPX 0.156 0.05 3.1 2481 2478 –

20 %
PL407 9449 697.4 13.5 8121 1,508,000 27
PL407-CS-TPP 5079 473.9 10.7 9882 125,600 29
PL407-NPX 9037 626.2 14.4 8007 866,000 28
PL407-CS-TPP-NPX 5802 468.5 12.4 10,790 145,900 33

18-2%
PL407-PL403 51930 1717 30.2 48,460 827,900 28
PL407-PL403-CS-TPP 48410 4227 11.4 48,660 771,600 31
PL407-PL403-NPX 48780 1393 35.0 109,300 790,600 29
PL407-PL403-CS-TPP-NPX 54090 1150 47.0 125,800 878,900 31

PL and CS-TPP refer to poloxamer and chitosan-tripolyphosphate nanoparticles.

Figure 2. SAXS patterns obtained for 18% PL407 (A), 20% PL407 (C) and 18-2% PL407-PL403 (E) hydrogels before and after NPX or CS-TPP nanoparticles incorpor-
ation. NPX release profiles from are shown on panel A and D for 18 and 20% PL407, respectively, and panel F for 18-2% PL407-PL403 hydrogels before and after
CS-TPP nanoparticles incorporation (n¼ 6/formulation).
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structure with the following scattering peaks: q � (main
peak), � �3q �, �4q �, and �7q �. The data were found
through the relationship of q � value (main peak) to the
relative position of the Bragg peaks from the scattering gen-
erated by the secondary planes. The symmetry of the three-
dimensional arrangements could then be determined. For
most systems, the results showed the presence of a lamellar
structure (q � and �4q �), which was preserved after NPX
incorporation in the PL407 (18 and 20%) and PL407-PL403
(18-2%) formulations.

The maintenance of the lamellar phase organization was
observed for the PL407-CS-TPP systems at 18% PL407, even
after NPX encapsulation in the nanoparticles. For 20%
PL407, the incorporation of CS-TPP nanoparticles modified
the system organization, which resulted in changes from
hexagonal to lamellar phase. This this behavior was main-
tained for PL407-CS-TPP-NPX. For the PL407-PL403 sys-
tem, the phase organization was shifted from lamellar to
hexagonal following the addition of CS-TPP-NPX, indicating
structural organization of the systems after drug encapsula-
tion. Similar patterns were obtained for PL-based binary
hydrogels containing different drugs, such as sumatriptan
succinate[43], ropivacaine hydrochloride[44], and lidocaine[45].

Comparative analysis of the formulations containing 18
and 20% PL407 showed the influence of the final PL con-
centration on the system organization and their interactions
with the CS-TPP nanoparticles. The hexagonal phase organ-
ization observed for 20% PL407-CS-TPP hydrogels showed a
possible interaction of PL407 with the CS-TPP surfaces.
However, the interaction was altered when encapsulating
NPX in the CS-TPP nanoparticles, as indicated by the shifts
from hexagonal to the lamellar phase organization.

In the presence of PL403, a more hydrophobic copolymer
(HLB¼ 8) was observed in comparison to PL407
(HLB¼ 22), and there were no structural changes. However,
SAXS analysis showed interesting results after the incorpor-
ation of CS-TPP nanoparticles. In the presence of encapsu-
lated NPX, the phase organization of the system changed
from lamellar to hexagonal. This can be explained by the
possible adsorption of the drug in the CS-TPP surface allow-
ing interactions with PL403 in the hydrogel formulation.

When drugs, salts, or polymers are incorporated in the
PL systems, new supramolecular structures can be created

due to their insertion in the intermicellar spaces[46].
Additionally, CS is a polymer with hydrophilic features,
which lead to more pronounced hydration effects, especially
for PL407-PL403 systems. This could explain the hydrogels
structural changes in the presence of CS-TPP nanoparticles.
In a previous study, the addition of lipophilic components
such as triglycerides or vitamin A in systems based on gly-
cerol oleate (GMO) and PL407 favored the formation of
hexagonal structure[47]. In this case, PL407 was used as dis-
persant medium. However, the systems are quite sensitive
and can undergo structural variations according to compo-
nent changes, the addition of different drugs, solvent, pH,
and stability over time[48]. In this context, the formation of
body-centered cubic and hexagonal phases is reported for
PL407 concentrations of 25 to 63 and 63 to 80% (w/v),
respectively. However, the preparation method included a
step for removing hydrophobic impurities using hexane
solvent[49], which was not used for the formulations
described in this work. This could explain the differences
observed for the reported results. In special, for other self-
assembled systems, such as, cucurbit-8-uril, the solvent evap-
oration allowed the formation of hydrogels and microcrystals
with frameworks driven by their aromatic units[50].

The NPX release profiles from different formulations
(CS-TPP nanoparticles and hydrogels) were evaluated using
a two-compartment system separated by a cellulose acetate
membrane (with MWCO 1000Da.). The system contained
artificial intra-articular fluid in the receptor medium to
simulate physiological conditions for intra-articular adminis-
tration. The results of the drug release assays are presented
on Figure 2 and Table 3.

The NPX release from the solution was fast, and the final
percentage (�100% NPX released) occurred within 6–24 h.
A regular release profile occurred during the whole period
for the 18 and 20% PL407-NPX formulations or the com-
bined PL407-PL403 (18-2%). The drug release percentages
were lower than that of the NPX solution (p< 0.001). The
results within 24 h were the following: 18% PL 407
(47.9 ± 7.1%); 20% PL 407 (58.9 ± 4.4%), 18-2% PL407-PL403
(67.9 ± 4.2%), CS-TPP nanoparticles (36.9 ± 3.5%), 18%
PL407-CS-TPP nanoparticles (63.3 ± 1.8%), 20% PL407-CS-
TPP nanoparticles (55.5 ± 1.5%), and 18-2% PL407-PL403-
CS-TPP nanoparticles (54.2 ± 3.0%).

Table 3. Release constants and determination coefficients obtained for NPX release from PL407 and PL407-PL403 hydrogels before and after CS-TPP
nanoparticles incorporation.

Formulations

Zero Order Higuchi Korsmeyer-Peppas

K0 (%.h
�1) R2 KH (%.h�1/2) R2 KKP (%.h

�n) R2 n

NPX� 11.4 ± 3.2 0.804 38.9 ± 7.2 0.907 1.58 ± 0.05 0.902 0.56
CS-TPP 5.6 ± 2.3 0.862 17.2 ± 5.3 0.779 0.36 ± 0.08 0.954 1.38
18 %
PL407 3.9 ± 0.6 0.940 12.2 ± 2.7 0.872 0.93 ± 0.04 0.984 1.26
PL407-CS-TPP 5.5 ± 1.7 0.871 16.2 ± 1.3 0.719 0.33 ± 0.06 0.963 1.21

20 %
PL407 5.9 ± 1.6 0.819 20.2 ± 3.6 0.914 0.83 ± 0.11 0.930 1.14
PL407-CS-TPP 4.3 ± 0.3 0.843 14.5 ± 1.8 0.726 0.30 ± 0.03 0.945 1.19

18-2 %
PL407-PL403 5.1 ± 1.1 0.874 17.8 ± 2.6 0.833 0.75 ± 0.12 0.874 0.88
PL407-PL403-CS-TPP 4.0 ± 0.3 0.821 13.8 ± 0.9 0.787 0.26 ± 0.08 0.929 1.25

Data presented as mean ± S.D. (n¼ 3/formulation). �Sodium naproxen at 1mg/mL (0.9% NaCl solution).
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The release profiles were evaluated using mathematical
models (Zero order, Higuchi, and Korsmeyer-Peppas). The
results showed higher constant values (Krel) for NPX in
solution than the formulations of PL407, PL407-PL403, CS-
TPP nanoparticles, and CS-TPP nanoparticles combined
with hydrogels. In general, the Krel values for hydrogel for-
mulations were similar and followed the Korsmeyer-Peppas
model, and the best correlation coefficients intervals were
obtained (R2¼ 0.87� 0.98), as shown in Table 3.

In order to understand the contribution to the release
exponent (n), the Korsmeyer-Peppas model is used when
the release mechanism is not well known or when there is a
combination of two processes: drug transport that follows
the Fick Law (diffusion) and when erosion is an important
component to evaluate, as in the case of polymer matrices
(which is considered as a relaxation of polymer chains).
Thus, variations in the n value are described according to
these mechanisms and the geometric form of the release
matrix (carrier). When n¼ 0.5, the release mechanism corre-
sponds to a Fickian diffusion, while n¼ 0.89 means that the
drug release is controlled by the carrier erosion. When
n> 0.89, there is a contribution of both processes, which is
described as anomalous transport[51]. The drug diffusion
and polymer chain relaxation are considered as essential
factors for the NPX release from the hydrogels and CS-TPP
nanoparticles. Thus, the possible mechanisms involved in
the NPX release control in vivo refer to the dissolution and
erosion of the hydrogel by synovial fluid at the site of

administration, which are combined with the drug
diffusion through the micelles until possibly reaching the
bloodstream.

3.6. Cell viability assays

Cell viability assays were done with fibroblasts (VERO) and
osteoblasts (MC3T3) using isolated PL407 formulations or
combined with PL403 in the presence or absence of CS-TPP
nanoparticles and NPX. Positive (phenol 0.25%) and nega-
tive controls (cultured cells in culture plates and treated
with DMEM medium only) were also examined, as pre-
sented on Figure 3 (graphs and micrographs). In general, all
formulations were significantly different from the positive
control (p< 0.001), which resulted in different cytotoxic
effects for both cell lines.

The cell viability values did not decrease after treatment
with PL407 formulations. NPX incorporation and CS-TPP
nanoparticles did not alter the cell viability profiles and pre-
sented similar results to the negative control (non-cytotoxic).
Those results suggest the biocompatibility of the systems
CS-TPP-PL-hydrogels, as also observed for other types of
polymeric carries, including polylactic acid-metal complexes
(gold, silver, zinc, magnesium)[52], polylactic acid-chitosan
nanofibers[53] and polyethylene glycol-serum bovine albu-
min[54], in different cells line such as human bone marrow
(UE7T-13) and HeLa. Additionally, results obtained from
the Vero and MC3T3 cell lines showed that treatment with

Figure 3. Effects PL407 hydrogels (A- MC3T3 cells and B- Vero cells) and NPX (C) evaluated by MTT reduction test. Positive control (þ control ¼ 0.25% phenol) and
negative control (- control¼ cells seeded in culture medium). Micrographs obtained after direct cytotoxicity assay. Phase contrast microscopy and toluidine blue
staining. Note the presence of reduced cells number for positive control.
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NPX did not reduce cell viability (Figures 3A, B and C).
However, the combined PL407-PL403-CS-TPP-NPX reduced
the cell viability percentage in comparison to the PL407 for-
mulations (p< 0.001 for MC3T3 cells).

The reduction in cell viability after treatment with
PL407-403 formulations could be related to the possible cel-
lular uptake of hydrophobic PL, as observed by Gu et al.[55]

for cells with the MDR phenotype. Furthermore, it may also
be associated with constant drug release after the incorpor-
ation in CS-TPP in PL407-PL403 hydrogels. No cytotoxic
effects were reported for PL403 after treating glioblastoma
cells[56], which highlights possibilities for future in vivo
investigations.

4. Final Considerations and Perspectives

The intra-articular administration of new pharmaceutical
formulations could reduce the drug uptake to the systemic
circulation and maintain it in the synovial fluid at clinically
relevant concentrations. In order to achieve this goal, we
presented the development of PL-based hybrid hydrogels
containing NPX in CS-TPP nanoparticles and considered
their structural characterization, drug release performance,
and effects on two different cell lines. The addition of CS-
TPP nanoparticles to the hydrogels shifted the micellization
temperatures and enthalpy variation, possibly by interfering
in the micellar self-assembly and hydrogel formation due to
possible interactions between PL and CS networks surround-
ing the nanoparticles.

In order to confirm this hypothesis, SAXS assays pro-
vided information about the hexagonal phase organization
obtained for 20% PL407-CS-TPP nanoparticles. However,
the PL-based systems supramolecular structures changed
after NPX or CS-TPP nanoparticle incorporation, which
showed hexagonal phases depending on the hydrogels com-
positions. In the presence of PL403, a more hydrophobic
copolymer (HLB¼ 8) than PL407 (HLB¼ 22), the phase
organization shifted from lamellar to hexagonal, where NPX
low release constants were observed for both phase organi-
zations. Those results indicate that there is a possible drug
adsorption on the CS-TPP nanoparticle surfaces, which
allowed interaction with PL403 in the surrounding hydrogel
system. The rheological characterization of the hydrogels
showed that the formulations presented a well-organized
structure indicated by high G0/G00 values. In vitro release
assays revealed that the associated CS-TPP-PL hydrogels
induced low NPX release constants, as a contribution of the
drug diffusion and polymeric chain relaxation for release
mechanisms, suggesting that slow drug uptake from the syn-
ovial cavity would occur. Finally, the cell viability assays
showed low cytotoxic effects, especially for PL407 systems,
which makes the systems promising matrices for possible
NPX intra-articular release.
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