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ARTICLE INFO ABSTRACT

Keywords: Hypothesis: Triblock copolymers of poly(ethylene oxide) and poly(propylene oxide)-based matrices, such as
Block copolymer Poloxamer 407 (P407) or Pluronic® F127, are extensively utilized in drug delivery and permeation systems due
Rheology

to their FDA approval and listing in the US and European Pharmacopoeias. The study hypothesizes that incor-
porating 2-hydroxypropyl-p-cyclodextrin (HP-B-CD) and the celecoxib-HP-B-CD inclusion complex into a 16 wt%
P407 and chitosan blend in an aqueous acetic acid solution will affect the system’s rheological and structural
properties.

Experiments: Rheological, small-angle X-ray scattering (SAXS), and dynamic light scattering (DLS) experiments
were conducted to assess the impact of acetic acid and chitosan on the 16 wt% P407 and chitosan blend.
Additionally, in vitro drug release studies were performed to monitor the drug release profile over time.
Findings: The addition of HP-B-CD was found to inhibit gel formation in the 16 wt% P407 and chitosan blend.
However, the presence of the celecoxib-HP-B-CD inclusion complex showed no significant structural effects
compared to P407 blended with chitosan alone. Rheological and SAXS analyses demonstrated that acetic acid led
to the formation of a lamellar phase due to the lower pH, facilitating injectability. The presence of chitosan in
acetic acid resulted in the detection of a hexagonal phase, affecting the release of celecoxib.
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Table 1
All the samples under investigation are listed and the chemical composition is indicated.
Label P407 Chitosan (CS) in acetic HP-$-CD (CD) Celecoxib-CD Description pH
(wt.%) acid (wt.%) (wt.%) complex (wt.%)
P407 16 0 0 0 16 wt% of P407 in water 7.1+
0.2
P407Ac 16 0 0 0 16 wt% of P407 in an aqueous solution of 1 wt% acetic acid 31+
0.5
P407CS 16 0.5 0 0 16 wt% of P407 blended with 0.5 wt% of CS in an aqueous solution 3.9 +
of 1 wt% acetic acid 0.2
P407CS- 16 0.5 1.68 0 16 wt% of P407 blended with 0.5 wt% of CS and 1.68 wt% of CDin 3.9 &+
CD an aqueous solution of 1 wt% acetic acid 0.2
P407CS- 16 0.5 0 0 16 wt% of P407 blended with 0.5 wt% of CS and added of CEX 3.9+
CEX (1.27 mg/mL). 0.2
P407CS- 16 0.5 0 1.68 16 wt% of P407 blended with 0.5 wt% of CS and 1.68 wt% of CiCD 3.9 +
CiCD in an aqueous solution of 1 wt% acetic acid 0.2

1. Introduction

The block copolymers have been extensively researched as reliable
agents for targeted drug delivery and gene therapy [1-4]. Pluronic block
copolymers with a triblock poly(ethylene oxide)y-poly(propylene oxi-
de)y-poly(ethylene oxide)y structure abbreviated as PEO-PPO-PEO,
particularly Poloxamer 407 (P407), known as Pluronic® F127 (x =
97, y = 69), have gained attention for controlled drug delivery due to
their ability to undergo a tunable and thermo-reversible sol-gel transi-
tion. This transition occurs from a micellar solution L1 (sol) to a cubic
phase (gel), establishing a stable gel phase at body temperature
[3,5-13]. The Poloxamer sol-to-gel transition is due to a disorder-to-
order transition occurring at concentrations equal to or higher than
15 wt% as a function of temperature [10,11,14,15]. The micellization
process and phase diagram of pure Poloxamer 407 (P407) in water
depend on copolymer concentration, temperature, and additives
[10,11,14,16,17]. Several experimental techniques have been adopted
to characterize Poloxamer 407 phase behavior in water, including dif-
ferential scanning calorimetry (DSC), static and dynamic light scattering
(SLS and DLS), small-angle neutron scattering (SANS), small-angle X-ray
scattering (SAXS), rheology, and surface tension measurements
[10,11,14,16-22]. Specifically, as the temperature increases, an
isotropic micellar phase transforms into a face-centered cubic (FCC)
packing of the spherical micelles (up to 25 wt%) [19-21]. With further
concentration increase, a transition from FCC-to-body-centered cubic
(BCC) occurs, passing through a coexistence regime [19,20]. At a con-
centration higher than 60 wt% in water, a hexagonal phase coexists with
a lamellar phase at concentrations above 80 wt%, while values higher
than 90 wt% show a lamellar phase [19].

The size of the P407 micelles and their phase behavior in water
undergo dramatic changes in the presence of certain additives. Loose
large aggregates or clusters are usually observed in these block copol-
ymer systems below their corresponding CMC/CMT due to the presence
of more hydrophobic triblock/diblock copolymer chains (sometimes
denoted “impurities”) [23]. When the anionic surfactant sodium
dodecyl sulfate (SDS) is present with P407, it leads to the formation of
mixed micelles [16,17,24-27]. Another type of additive, such as single-
walled carbon nanotubes, causes variations in the phase diagram. In the
case of nanotubes, a hexagonal phase can be observed between 20 and
25 wt% of P407 [19]. Hydrophobic drug molecules can interact with the
core, made of PPO, of the Poloxamer micelles, forming micellar block
copolymer-drug complexes. The hydrated coronas of the Poloxamer
micelles, composed of PEO, are nontoxic and prevent the drug molecules
from being removed from the core, thus increasing the solubility of
hydrophobic drugs and enhancing their bioavailability [28].

Chitosan (CS) can be used to enhance the bioadhesive properties of
P407 [29]. The cationic polysaccharide CS is obtained from chitin, a
natural polymer, with positive charges in its structure, providing
excellent bioadhesive characteristics. Furthermore, CS exhibits excellent
biocompatibility, biodegradability, and non-toxic properties [30,31].
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The impact of chitosan on the critical micellization temperature (CMT),
critical gelation temperature (CGT), and dissolution behavior of P407
aqueous solutions has been investigated [32,33]. Acetic acid (Ac) is
required to dissolve chitosan, and consequently, a solution of CS/Ac is
introduced into the P407 /water system. In the case of 20 wt% P407, the
CGTs of mixtures containing 0 %, 0.2 %, and 0.5 % CS/Ac are slightly
increased compared to P407 alone in water [32,33]. Generally, the
literature reports that CS/Ac causes only minor changes in the gelation
temperature of the 20 wt% aqueous P407 system. However, the addition
of CS/Ac to 18 wt% and 17 wt% P407 leads to a more significant in-
crease in the CGT (3-4 °C). Nevertheless, there has been no in-depth
investigation into the effect of Ac on the thermogelation of P407.
Therefore, this study will also explore the impact of Ac on the P407/
water system.

Cyclodextrins (CD), such as 2-hydroxypropyl-f-cyclodextrin (HP-
B-CD), have been utilized as excipient in pharmaceutical formulations
due to their ability to form inclusion complexes with poorly soluble
drugs [34,35]. Some studies have investigated the interaction between
CD and Poloxamers [36-42]. However, only a few studies have
considered the potential interactions between CD inclusion complexes
and Poloxamer-based binary systems with different hydrophilic-
lipophilic balances [43-46]. Valero et al. investigated the impact of
CD as a micellization-modulator for P407 micelles loaded with salicylic
acid at pH = 1 across various temperatures [47].

Using SAXS, it has been observed that the cluster dimension of 18 wt
% P407 decreases in the presence of HP-3-CD, while an increase in the
cluster dimension has been reported in the presence of the HP-B-CD
inclusion complex, where the hydrophobic cavity is occupied by bude-
sonide [43]. Similar behavior was also observed for 20 wt% P407, with a
decrease in cluster size in the presence of HP-B-CD, remaining similar
after inclusion complex incorporation (31). The reduction of cluster size
when HP-$-CD is present suggests an interaction between the hydro-
phobic cavity of HP-B-CD and the PPO. Conversely, when the HP-3-CD
hydrophobic cavity is already loaded with budesonide, it affects the
interactions between the Poloxamer micelles [43].

The interaction between HP-B-CD and the celecoxib-HP-B-CD inclu-
sion complex on a Poloxamer matrix is intrinsically related to drug
release, but it becomes more complex when chitosan (CS) in acetic acid
(Ac) is added to enhance the bioadhesive properties of the gels. This
study elucidates the effect of acetic acid on the order-disorder transition
of 16 wt% P407 in water, as well as the impact of CS on the packing
process that leads to gel formation at 37 °C, using rheology and SAXS.
Furthermore, the effect of HP-p-CD and the celecoxib-HP-$-CD inclusion
complex on the P407CS blend and the relative celecoxib release were
investigated. The size distribution of the HP-B-CD and celecoxib-HP-
B-CD inclusion complex in an aqueous solution of 1 wt% acetic acid was
investigated using DLS.
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2. Materials and methods
2.1. Materials

The Poloxamer 407, known as Pluronic® F127, a triblock copolymer
made of poly(ethylene oxide)g7-poly(propylene oxide)go-poly(ethylene
oxide)g7, was obtained from BASF (Ludwigshafen, Germany) and used
without further purification. Hydroxypropyl-p-Cyclodextrin (HP-p-CD)
(degree of substitution 7.5) was generously provided by Farmalabor
(Canosa, Italia). Reagent grade chemicals, including low-viscosity chi-
tosan (CS) (50 kDa MW), Celecoxib (CEX), and acetic acid solution (96
%), were purchased from Sigma-Aldrich.

2.2. Preparation of HP--CD and the celecoxib inclusion complex

The CEX-HP-B-CD (CiCD) inclusion complex was made starting from
a1 % v/v aqueous solution of acetic acid containing 1.68 % by weight of
HP-B-CD. Then an excess of CEX was added and the suspension was
allowed to equilibrate at room temperature for 48 h under constant
magnetic stirring to allow for the interaction between CEX and HP-p-CD.
After this time, the mixture was filtered through a 0.45 pm CA filter and
the CEX loaded into the inclusion complex was determined by HPLC,
following the procedure described below.

2.3. Formulations

The Poloxamer 407, referred to as P407, was prepared at a concen-
tration of 16 wt% in distilled water or in an aqueous solution of 1 wt%
acetic acid (P407Ac). The samples were prepared using the cold pro-
cedure: the desired polymer and aqueous solutions were weighed and
placed in vials with a small magnetic stirrer, then stored at 4 °C.
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The P407 systems were blended with chitosan (CS) and subsequently
with 2-hydroxypropyl-p-cyclodextrin (HP-p-CD) and the celecoxib-HP-
B-CD inclusion complex (CiCD). In the P407CS formulation, 0.5 wt% of
chitosan was first dissolved in an aqueous solution of 1 % v/v acetic acid
at room temperature. Then, the temperature was lowered to 4 °C, and an
exactly weighed quantity of P407 was added to reach a content of 16 wt
%. The P407CS-CD and P407CS-CEX formulations were prepared
following the above P407CS formulation, with the addition of HP-3-CD
at 1.68 wt% for P407CS-CD or the addition of CEX (1.27 mg/mL) for
P407CS-CiCD. For both formulations, the addition of HP-B-CD or CEX
occurred after complete dissolution of chitosan at r.t., before dissolving
P407 at 4 °C.

Lastly, for the P407CS-CiCD formulation, in the solution of inclusion
complex (CiCD) 0.5 wt% of chitosan was added, and the temperature
was lowered to 4 °C before adding 16 wt% of P407.

All the prepared samples are listed in Table 1.

2.4. Rheology

Rheological measurements were conducted using the MCR302e
stress-controlled rheometer (Anton Paar Gmbh, Graz, Austria) equipped
with a Taylor-Couette geometry, specifically, concentric cylinder ge-
ometry with an inner diameter of 16.662 mm and a gap of 0.704 mm.
The temperature was controlled using a Peltier system, and a water
circulator apparatus (+£0.2 °C) controlled the reference temperature.
Two types of dynamic shear experiments were performed: frequency
sweep and dynamic temperature sweep tests. All experiments were
performed in the linear viscoelastic regime, previously tested by an
amplitude sweep test [48].

The storage modulus, G, and the loss modulus, G”, were collected as
a function of the angular frequency from 0.1 to 100 rad/s in the
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Fig. 1. Frequency sweep tests were performed to measure the storage modulus, G/, and loss modulus, G”, of Poloxamer 407 at 16 wt% in water (P407) at 15, 25, and
37 °C (A). Dynamic temperature sweep tests were conducted from 15 to 55 °C for P407 and the corresponding temperature test for P407 at 16 wt% in a 1 wt%
aqueous solution of acetic acid (P407Ac) is shown in green color, followed by cooling down and ramping up again, shown in red color (B). Frequency sweep tests of
P407Ac at 15, 25, and 37 °C were performed after the ramp tests (C). The small-angle X-ray scattering intensity, I(q), as a function of the scattering wave vector, g, for
P407 and P407Ac was collected at 37 °C after dynamic temperature sweep tests (D).
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frequency sweep experiments. The Maxwell model can be adopted to
provide a correlation between G' and G" and the angular frequency
[49,50]

/ 07
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Gl0) =Gy @

where G represents the storage modulus at its high-frequency plateau,
while the characteristic relaxation time of the Maxwell model is denoted
as 7. The characteristic relaxation time is equal to the value of »~!, with
o being the angular frequency of the G-G” crossover..

The storage modulus, G, and the loss modulus, G”, were collected as
a function of temperature from 15 °C to 55 °C with a heating rate of
1 °C/min to determine the gel point. The gel point is typically defined as
the temperature at which a viscous solution transforms into a visco-
elastic gel. The gel point can be identified by analyzing the variations in
G’ and G*“ as a function of temperature and angular frequency, o, in the
linear viscoelastic regime. According to the Winter and Chambon cri-
terion [51], gelation is reached when G” and G’ are both proportional to
®"n, where n is the relaxation exponent. However, in this study, the gel
point was qualitatively identified by the G’-G* crossover temperature at
a fixed o of 10 rad/s.

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

SAXS measurements were conducted using the Xenocs XEUSS 3.0
system (Xenocs SA, Sassenage, France). The scattering intensity, I1(q),
was recorded with the 2D Pilatus detector (Dectris Ltd, Baden,
Switzerland), positioned at 1800 mm from the sample, providing a
scattering vector range of 0.015 A~1 < q < 0.15 A1, The samples were
loaded into disposable 1.5 mm diameter quartz capillaries and then
sealed (Hilgenberg GmbH, Malsfeld, Germany). The exposure time was
fixed at 2400 s. A Peltier system was used to control the temperature,
which was set to 15 °C and 37 °C. The two-dimensional (2D) scattering
pattern was radially averaged using SasView software (https://www.sas
view.org/) to obtain I(q). The measured scattering curves were
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corrected for background scattering.

2.6. Dynamic light scattering (DLS)

The DLS measurements were performed using the Zetasizer Nano ZS
instrument (Malvern Instruments, Ltd., Worcestershire, UK), which was
equipped with a 4 mW He — Ne laser, an automatic laser attenuator, and
an avalanche photodiode detector. The measurements were taken at an
angle of 6 = 173°, and the temperature was set to 20 °C. The autocor-
relation functions of the scattered intensity were converted into size
measurements using the non-negatively constrained least-squares anal-
ysis (general-purpose mode), with the regularizer parameter fixed at
0.01 for all samples. The size distributions were reported based on
volume-weighted measurements. The viscosity of the medium was set to
that of water, which is 0.08872 mPa-s, with a refractive index of 1.33.

2.7. Invitro drug release

The in vitro release study of CEX from P407CS-CiCD and P407CS-CEX
was conducted after gelation of 1.4 mL of the P407CS-CiCD and P407CS-
CEX formulations, which contained 1.27 mg CEX, at 37 °C. Then, 26.6
mL of a solution of 25 mM phosphate buffer at pH 7.4, containing 2.5 %
w/v of HP-$-CD, was added on top. HP-B-CD was added to prevent the
precipitation of released CEX due to its low aqueous solubility. The in
vitro drug release studies were performed in an orbital shaker at 37 °C
with an agitation of 100 rpm. At predetermined time intervals of 0, 15,
30, 60, 120, 180, 240, 300, 360, 1440, and 2880 min, 1 mL aliquots were
withdrawn and replaced with fresh buffer. The aliquots were then
analyzed using High-Performance Liquid Chromatography (HPLC) to
estimate the drug content in the acceptor medium. For the HPLC anal-
ysis, an Agilent Station was used, consisting of a 1260 Infinity Quater-
nary LC System equipped with a variable wavelength UV detector, a
Rheodyne injector (Rheodyne, Model 7725i) equipped with a 20 pL
loop, and OpenLAB CDS ChemStation software (Agilent, Santa Clara,
CA). A reverse-phase Column Zorbax C18 Plus (5 um particle size; 4.6 x
250 mm, Agilent) was chosen as the solid phase. The mobile phase
consisted of a mixture (85/15 V/V) of methanol and water (HPLC grade)
with 0.1 % V/V of trifluoroacetic acid (TFA) added. The flow rate was set
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Fig. 2. Dynamic temperature sweep tests were conducted to study the storage modulus, G', and loss modulus, G, as a function of the temperature for Poloxamer 407
(P407) at 16 wt% blended with 0.5 wt% of Chitosan (CS) in a 1 wt% aqueous solution of acetic acid (P407CS). The black color represents the first temperature ramp
up, while the blue color represents the second temperature ramp up after cooling (A). Additionally, small-angle X-ray scattering intensity, I(q), was measured as a
function of the scattering wave vector, g, for P407CS at 37 °C after the second dynamic temperature ramp up test (B).
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Fig. 3. The normalized autocorrelation functions of the scattered intensity of HP-B-CD (CD) and the Celecoxib-CD inclusion complex at 20 °C is shown, while the
inset displays the corresponding volume-weighted size distribution.

at 1.0 mL/min, and the run time was 10 min with an oven temperature 3. Results and discussion

of 35 °C and a detection wavelength of 251 nm. A linear calibration

curve was obtained by dissolving a known amount of CEX in methanol 3.1. pH effect on the P407 thermogelation

(1 mg/mL) and progressively diluting it, resulting in a calibration curve

in the range of 65.2-0.652 ug/mL (R? = 0.9997). The order-disorder transition of Poloxamer 407 (P407) in water

results in gel formation at body temperature, 37 °C, across a wide range
of concentrations [10,11,14,20,52]. In the frequency sweep of P407 at
16 wt% in water at 15 °C, a predominant loss modulus, G, is observed

G'P407CS-CD | i i Al 107 e P407CS-CiCD37°C| ! B
G" P407CS-CD : : : : ] : : :

G' P407CS-CiCD | :
G" P407CS-CiCD | !

[ ]
jo
1 @

O

Temperature [°C] q A

Fig. 4. Dynamic temperature sweep tests with storage modulus, G/, and loss modulus, G’, as a function of the temperature ramp-up of Poloxamer 407 (P407) at 16 wt
% blended with 0.5 wt% of Chitosan (CS) in 1 wt% aqueous solution of acetic acid and 1.68 wt% cyclodextrin (P407CS-CD) or Celecoxib-CD inclusion complex
(P407CS-CiCD), represented by black and blue colors respectively (A). The small-angle X-ray scattering intensity, I(q), as a function of the scattering wave vector, g,
for P407CS-CiCD is collected at 37 °C after the dynamic temperature ramp-up test (B).
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due to the disordered (isotropic micellar) phase (Fig. 1A) recognised by
SAXS analysis (Fig. S1). At 25 °C, interactions between micelles in-
crease, leading to a slightly viscoelastic (weak gel) behavior with a
relaxation time of T = @ = 0.11 s. Further increasing the temperature to
37 °C results in a strong viscoelastic behavior with t = 0.83 s, and both
G’ and G” moduli are significantly higher compared to 25 °C. As the
temperature rises, the hydrophilic chains of the copolymer undergo
desolvation, promoting hydrophobic interactions among the PPO do-
mains, thereby contributing to gel formation (ordered phase). This
phenomenon is typically characterized by the PPO block becoming more
dehydrated, leading to micellar growth and subsequent micellar
aggregate formation before transitioning into the gel cubic phase [53].
Hence, the gel transition is attributed to micellar growth and the sub-
sequent bridging of long PEO chains, resulting in increased attractive
inter-micellar interactions and the formation of micellar aggregates
[54-56]. The temperature sweep test reveals the G-G” crossover as a
function of the temperature of the P407 at 16 wt% in water leading to a
sol-gel transition of 30.5 °C, Fig. 1B. Here, the G-G” crossover as a
function of temperature is considered qualitatively as the sol-gel tran-
sition temperature. All these rheological data are perfectly in agreement
with the literature [11]. The corresponding 1D-SAXS profile of P407 at
16 wt% at 37 °C shows a series of peaks with ratios of peak positions
characteristic of an FCC phase [19]. However, this well-documented
transition from isotropic micelles to the FCC phase can be influenced
by pH [57-60]. Nevertheless, most of the literature focuses on the effect
of pH concerning a drug in a P407 matrix. In this study, we primarily
focus on the effect of pH on P407. A first dynamic temperature sweep
test was performed on the P407 16 wt% in a 1 wt% aqueous solution of
acetic acid with an acidic pH of 3.1, contrasting with a pH of 7.1 in water
(Table 1). The test was conducted from 15 °C to 55 °C (ramp up) and
resulted in a G-G” crossover at 38 °C, as shown in the green profile in
Fig. 1B. The frequency sweep experiments conducted on the P407Ac 16
wt% provided consistent results with the temperature tests, providing
insight into the gel phase. Specifically, the G' and G” moduli were two
orders of magnitude lower compared to the corresponding sample in
water at pH 7.1 (Fig. 1C). The sample was then cooled down, and a
second temperature ramp-up test (green profile) was performed, leading
to a G-G” crossover at 35.5 °C. The lower temperature of the crossover
value is attributed to water evaporation, resulting in higher acetic acid
concentration. The different rheological behavior is attributed to a
structural change, identifiable by the 1D SAXS profiles, which revealed a
lamellar phase in the presence of acetic acid at 37 °C instead of the FCC
phase observed in water at the same temperature (Fig. 1D).

Fasolin et al., while studying the impact of short-chain organic acids
as co-surfactants in microemulsions, noted that acetic acid was more
susceptible to dissociation due to its higher polarity, reducing its pres-
ence near the oil-water interface [61]. Here, the phase behavior of P407
containing acetic acid is divergent from P407 with acetic acid differs
from that of P407 in pure water, possibly due to the surface-active
properties of acetic acid. Therefore, the interactions between the poly-
mer chains, as well as between the polymer aggregates, are less favored,
and the gelation process occurs at higher temperatures.

3.2. P407-Chitosan blended system

Chitosan (CS) can be blended to enhance the adhesive properties of
Poloxamer 407 in the presence of acetic acid, which is needed to solu-
bilize CS [32,62]. In the P407CS 16 wt% blend containing 0.5 wt%
chitosan in 1 wt% acetic acid, the G-G” crossover temperature decreases
to 25.8 °C compared to the first temperature ramp up where the cross-
over was located at 31.9 °C (Fig. 2A), due to the evaporation of acetic
acid as observed in paragraph 3.1. The transition temperature is also
lower than the previous P407 in water alone, with G’ and G” moduli one
order of magnitude lower. The structural changes due to the presence of
CS are confirmed by the 1D SAXS profiles, where a hexagonal packing
can be appreciated at 37 °C (Fig. 2B).
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Fig. 5. The release profile of celecoxib from the inclusion complex entrapped in
the P407CS at 16 wt% of P407 and 0.5 wt% of chitosan in an aqueous solution
of 1 wt% acetic acid (P407CS-CiCD) and celecoxib in the P407CS (P407CS-CEX)
matrix in the absence of the inclusion complex is shown in the figure. The lines
are guides for the eyes. The inset is the Higuchi plot, where the straight lines are
linear fittings made in the region before 12 h.

3.3. HP-$-CD and the celecoxib inclusion complex

The 2-hydroxypropyl-p-cyclodextrin (HP-B-CD) is commonly used as
an excipient in pharmaceutical formulations due to its ability to form
inclusion complexes with poorly soluble drugs such as Celecoxib
[63,64]. The shape of B-CD is well-represented by a truncated cone
rather than perfect cylinders, owing to the chair conformation of the
glucopyranose units. The hydroxyl functions, including the 2-HP groups
of the HP-B-CD derived are oriented to the cone exterior, making its
outer surface hydrophilic, while the central cavity is lined with the
skeletal carbons and ethereal oxygen of the glucose residues, imparting a
lipophilic character [65,66]. For this reason the DCs (host) are used to
form inclusion complexes with lipophilic molecules (guest) called
host-guest complexes. To investigate the effect of HP-3-CD (indicated
simply as CD) and the Celecoxib-CD inclusion complex (CiCD) on the
P407CS blend, dynamic light scattering measurements were performed
on the CD and CiCD in an aqueous solution of 1 wt% acetic acid.

Fig. 3 shows the correlation functions of the scattered intensity of the
CD and CiCD in aqueous solutions of 1 wt% acetic acid at 20 °C, where
the CiCD correlation function decays much faster than that of CD.
Moreover, the CD correlation function is clearly represented by multiple
decays, which may be due to impurities or aggregates. The volume-
weighted distributions provide a good description of the systems by
minimizing the influence of a few larger aggregates. The CD in the
aqueous solution of 1 wt% acetic acid shows a distribution centered at
4.5 nm. The diameter is in agreement with the HP-p-CD samples with a
degree of substitution of ~ 6 [64], which is consistent with the hydro-
dynamic diameter corresponding approximately to the geometrical
diameter of a single -CD molecule. On the other hand, the CiCD pre-
sents a distribution centered at 3 nm due to the interaction between the
CD cavity and the Celecoxib molecule. The intensity-weighted size dis-
tributions (Fig. S2) align with the volume-weighted size distributions
discussed, yet they also showcase a multimodal distribution, as antici-
pated from the non-monoexponential decay observed in the correlation
functions. This occurrence is likely due to a few cyclodextrin aggregates,
as documented in the literature [46].
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3.4. Celecoxib inclusion complex in the P407-Chitosan matrix

The presence of the Celecoxib-CD inclusion complex (CiCD) in the
P407CS matrix with 16 wt% of P407 (P407CS-CiCD) decreases the G'-G”
crossover temperature to 25.8 °C, which is the same value obtained for
the corresponding chitosan blend (P407CS) in the aqueous solution of 1
wt% acetic acid. This indicates almost no effect on the thermogelation
process. Surprisingly, the presence of CD alone in the P407CS (P407CS-
CD) leads to no order—disorder transition, meaning no gelation process
as a function of temperature, with G” always higher than G in the overall
temperature range investigated (Fig. 4A). The CD might interact with
the PPO fraction of the P407, preventing, or partially preventing, the
self-assembly of the polymeric micelles. This evidence is supported by
previous work on similar systems [44,47]. However, after acetic acid
evaporation, the CS is no longer solubilized in the system, CD interacts
with CS, and the gel formation reappears (Fig. S3 in the supporting in-
formation). The 1D SAXS profile of the P407CS-CiCD system at 37 °C
(Fig. 4B) shows no changes compared to the P407CS (Fig. 2B), indicating
the presence of a hexagonal packing.

3.5. Celecoxib release

The release profile of CEX from P407CS-CiCD and P407CS-CEX
(Fig. 5) was investigated to evaluate how the presence of HP-$-CD and
the consequent formation of the inclusion complex affects the release of
the drug from the gel. Both formulations show the same behavior with
continuous release of CEX over time. The partial release of the drug
resulted in a maximum value of 44.99 % from P407CS-CiCD and 36.26
% from P407CS-CEX after 24 h. After 48 h, a 50.36 % release of CEX
from the P407CS-CiCD formulation is observed compared to the 72.00 %
release of CEX obtained from the P407CS-CEX formulation. The release
of CEX from the P407CS-CiCD and P407CS-CEX is regulated in the first
stage by the diffusion through the polymer matrix, which provides a
constant release as a function of time. The experimental data were
plotted using the Higuchi square-root equation [67]. The high values
obtained for the correlation coefficients from P407CS-CiCD (R? =
0.9857) and P407CS-CEX (R? = 0.9803) confirmed that, for both for-
mulations, the kinetic release of CEX was controlled by a diffusion
process in the initial stage. In the final stage the matrix network is now
retained anymore and the release is regulated by the inclusion complex
in the case of the first formulation (P407CS-CiCD), while the drug is free
in the second formulation (P407CS-CEX), allowing a higher release. The
raw data on the release profile are reported in Table S1 (supporting
information).

4. Conclusions

In the presence of Poloxamer 407 at 16 wt%, a gel is formed at
30.5 °C, transitioning from an initial isotropic micellar solution in water
with a pH of 7.1 to a face-centered cubic phase (FCC). However, the
addition of acetic acid (pH of 3.1) significantly alters the gelation pro-
cess. The formation of a lamellar phase instead of the FCC phase is most
likely due to the surface-active properties of acetic acid, which acts as a
co-surfactant. From an application perspective, the assembly of the
lamellar phase is preferred due to its injectability. Moreover, after acetic
acid evaporation, the resulting gel exhibits a higher storage modulus.

When chitosan is blended with Poloxamer 407, a hexagonal phase is
observed at 37 °C, indicating a distinct structural arrangement. The
impact of 2-hydroxypropyl-f-cyclodextrin (HP-$-CD), termed CD, and
the celecoxib inclusion complex (CiCD) on the P407CS system is studied
using rheology and small-angle X-ray scattering (SAXS). CD hinders
gelation by interacting with the hydrophobic PPO unit of P407. In
contrast, CiCD does not significantly affect the P407CS structure. Dy-
namic light scattering data on CD and CiCD in acetic acid solutions
reveal that CD’s dimensions are larger than CiCD’s due to interactions
between CD and the hydrophobic celecoxib.
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These findings confirm our hypothesis that incorporating HP-$-CD
and the celecoxib-HP-B-CD inclusion complex into a 16 wt% P407 and
chitosan blend in an aqueous acetic acid solution affects the system’s
rheological and structural properties.

Regarding celecoxib release, the P407CS-CiCD system demonstrates
a partial release of celecoxib, reaching a maximum of approximately 50
% after 48 h. In contrast, without the inclusion complex, around 72 % of
the drug is released. Initially, release is attributed to polymer matrix
diffusion, while after 24 h, when the matrix gel is no longer retained, the
release is regulated by the presence of the inclusion complex or the free
drug.
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