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Innovative Thermosensitive Composite Materials: Merging
Poloxamer PF-127 and Polysaccharides for Enhanced

Functional Properties

Marcos Blanco-Lépez, Inmaculada de Dios-Pérez, Alvaro Gonzdlez-Garcinuio,

Antonio Tabernero,* and Eva Martin del Valle

Currently, new cancer treatment options are being developed following tumor
resection surgery, with a focus on minimizing invasiveness and reducing
systemic toxicity to lower the risk of recurrence. In this context, the
thermosensitive poloxamer Pluronic Acid F-127 (PF-127) is modified by
incorporating polysaccharides with varying structures—xanthan gum (XG),
alginate (ALG), gellan gum (GG), and levan (LEV). Hydrogels are synthesized
using different ratios of polysaccharides and PF-127. Rheological results reveal
that adding polysaccharides to the hydrogel matrix increases storage moduli
from 8 to 11-18 kPa and viscosity from 4.5 to 6.1-7.1 Pa s. Additionally, the
micellar aggregation capacity (MAC) and gelation temperature shift from

34 °C to between 22 and 31 °C. Studies on 5-fluorouracil (5-FU) release from
these composites indicate that enhanced MAC prolongs drug release 4 times
longer compared to the hydrogel made with PF-127 alone. A mathematical
model is applied to analyze these experimental results, taking into account
polymer chain release. Hydrogel’s degradation rate and viscosity are primary
determinants of drug release duration. Thus, by modifying the hydrogel

particular, breast cancer’s high heterogene-
ity complicates treatment strategies, since
conventional therapies, like radiotherapy
and chemotherapy, are often associated
with severe side effects and systemic toxi-
city that also impact healthy breast tissue
cells.'] To improve efficacy, selectivity, and
patient quality of life, research is increas-
ingly directed toward developing personal-
ized and more effective therapies.
In cases requiring tumor resection, cur-
rent surgical techniques aim for mini-
mal invasiveness to preserve surround-
ing healthy tissue. Adjuvant therapies,
including immunotherapy and targeted
therapy, focus on selectively eliminating
residual cancer cells while safeguarding
healthy cells in the peritumoral region.?]
One promising approach in personalized
treatment strategies involves alternative

composition, MAC, thermosensitivity, and drug release profile can be finely

controlled based on the polysaccharide used.

1. Introduction

Cancer remains a significant medical and societal burden, posing
an ongoing challenge for healthcare and scientific research. In
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methods of drug delivery post-tumor re-
moval, using advanced localized drug
delivery systems. Such localized de-
livery is particularly advantageous in
breast cancer treatment, as it provides
sustained release of therapeutic agents directly at the tumor site,
reducing unwanted systemic distribution and thus minimizing
the risk of recurrence.?!

Biocompatible compounds are at the forefront of these al-
ternative treatment systems, acting as drug delivery systems
(DDSs). The primary DDS options being explored include lipo-
somes, nanoparticles, and hydrogels. Among these, hydrogels
offer unique advantages: they have the potential for stimulus-
responsive synthesis, and can fill tissue cavities, serving as ma-
trices for embedding additional therapeutic particles.>=!

Hydrogels have long demonstrated versatile applications, es-
pecially in tissue engineering,®! cell growth matrices,l’] and drug
encapsulation and delivery.®! For drug delivery, hydrogels offer
significant potential for localized breast cancer treatment, partic-
ularly after tumor resection, as they allow for drug protection,
targeting, and efficient encapsulation.l’! Postresection, the hy-
drogel can be directly injected into the cavity, aiming to prevent
recurrence through a more precise delivery method that mini-
mizes harm to healthy cells and systemic toxicity.l'”] Moreover,
injectable hydrogels for localized drug delivery provide several
advantages over conventional methods like oral or intravenous
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delivery, which often suffer from low bioavailability and lack tar-
get specificity.'!]

This localized approach positions the drug close to the lesion,
preventing local relapse of breast tumors after breast-conserving
therapy.l'?l Consequently, it offers a promising alternative fo-
cused on minimizing side effects and enhancing targeted drug
delivery to cancerous cells.[?]

However, hydrogels often face limitations for injectability and
initially rapid drug release, typically addressed by incorporating
thermosensitivity to respond to temperature changes.['*] Ther-
mosensitive injectable hydrogels have been explored in applica-
tions like DNA vaccine delivery,['* bone regeneration,!'*! wound
healing, and cancer therapy.!'®!”] For localized drug release, ther-
mosensitive hydrogels are particularly valuable as they adapt to
temperature variations, enabling controlled drug delivery and re-
ducing the initial burst release.'% Their aqueous, injectable form
transitions to a gel state within the body, where they control re-
lease and fill cavities in a stable matrix, a key advantage for alter-
native treatments aimed at maximizing therapeutic efficiency.!8]

Thermosensitive hydrogels are also highly versatile, biocom-
patible, and biodegradable.l'®] They undergo gelation at a spe-
cific transition temperature. This gelation process involves a shift
from a liquid solution at room temperature (25 °C) to a gel at
physiological temperature (37 °C) within the body.[?! This transi-
tion allows the gel to serve as a drug reservoir, gradually releasing
the encapsulated agent at the injection site.[2!]

A widely studied compound for thermosensitive hydrogel syn-
thesis is Pluronic Acid F-127, or Poloxamer P407 (PF-127), a bio-
compatible, FDA-approved poloxamer capable of forming said
hydrogels.[?!] PF-127 is a nonionic surfactant composed of tri-
block polymers with two hydrophilic polyethylene oxide (PEO)
ends and a hydrophobic polypropylene oxide (PPO) center. Con-
cretely, it is a Pluronic (P) presented in flakes at room temper-
ature (F) with a molecular weight of ~#12 600 g mol~! (12), pre-
senting the following structure: (PEO)gy—(PPO)g—(PEO)qgo. This
structure determines a PPO/PEO ratio of ~0.70 (7).22!

The gelation transition of PF-127 falls within the target range
for this application (25-37 °C), allowing the polymer micelles to
gel through its micellar aggregation capacity (MAC) when heated,
which leads to a stable hydrogel network as water evaporates.[?]
Pluronic triblock copolymer structures present lipotropic and
thermotropic behaviors. This means that PF-127 undergoes two
different aggregation phenomena when in aqueous solution: mi-
cellization over the critical micellization temperature (cmt) when
their concentration is higher than the minimum micellar con-
centration, and gellification, starting at critical gelation tempera-
ture (cgt) and stabilizing at the gelation completion temperature
(get). 2

The transition from unimers to micelles comes from the dehy-
dration of the PPO blocks, caused by an endothermic heat of mi-
cellization. After micellization, PF-127 has been reported to self-
assembly in spherical micelles, since PEO/PPO ratio is higher
than 0.5. The spherical micelles constitute a liotropic liquid phase
(L,) with isotropic behavior in aqueous solutions. Additionally,
thermotropic behavior is expected. This implies that there is no
need to increase the PF-127 concentration in order to appreci-
ate a phase transition or structure reorganization, as presented
in the phase diagram in Figure 1. When the temperature is in-
creased, at a constant concentration, the spherical micelles un-
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Figure 1. Phase diagram of PF-127. Reproduced with permission.[?%]
Copyright 1994, American Chemical Society.

F 127

dergo a first order transition by hard sphere interaction into a
cubic phase (BCC) (Q,) which is transparent, optically isotropic,
highly viscous, and more elastic.®] This cubic phase can present
crystals when the concentration is closer to 100 wt%. Moreover,
only a tight two-phase region is presented between the L, and
the Q, phase, coinciding the MAC gelling transition. It must be
noted that for other Pluronic compounds, such as P123, L122, or
L121, this cubic phase is decreased in their diagram in order to
promote the hexagonal or lamellar phase, due to the decrease of
the PEO/PPO ratio.”! Phase diagram for PF-127 is presented in
Figure 1 below.

PF-127 hydrogels have been proved to many different applica-
tions, not only as a vehicle for DDS but also as an active agent for
being able to modify multidrug resistant cancer cells. The PF-127
binds with the plasma membrane of said cells affecting its flu-
iditation, induces inner mitochondrial membrane polarization,
and depletes ATP, decreasing antiapoptotic defense.!?*] Rheolog-
ical properties put this compound as an eligible support mate-
rial for 3D printing tissue for biomimetic scaffolds,?’! due to the
thermoplastic nature and yield stress it exhibits in gel form. This
last application is also derived from tissue engineering, where
noninvasive methods, such an injectable scaffold, are also a main
objective.[?] More concretely, it can be included in regenerations
of cartilage,?° bone, 3%l and even accelerates wound healing.[3!]

Some of the most novelty applications for this material may
also include neuroregeneration of the peripheral nervous sys-
tem, where PF-127 with PLGA semipermeable nanosized porous
structure would serve as a nerve guide and would allow blood ves-
sels to grow and supply nutrients to growing axons,*”) or gene
therapy, where PF combined with polyethileneimine (PEI) and
conjugated with cell-penetrating peptide to the DR5-receptor in
cancerous cells was used as a biodegradable and nontoxic system
which showed higher gene transfection to cancerous cells than
PEI alone.l**]

Moreover, PF-127-based hydrogels can effectively deliver drugs
while adhering to biological tissues and minimizing surface
tension, which aids in tissue targeting and protects the drug
from degradation.**l However, PF-127 hydrogels often dissolve
quickly in physiological fluids, limiting their residence time, sta-
bility, and mechanical strength.[*>3¢ These limitations can be ad-
dressed by structural modifications, such as incorporating con-
jugated nanoparticles or copolymers to enhance strength and

© 2025 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH

85U8017 SUOWWOD SAIERID 3|(dedl|dde aupy Aq peusenob ase sooiie O ‘85N JO Sa|n 10y Aiq1T8UlUO /8|1 LD (SUOTHPUOD-PUR-SLLIBI/IOD 4B | 1M ARe.d 1 jBu[UO//:SdhL) SUORIPUOD Pue SWLB | 8L 88S *[5202/80/62] U0 Akeidiauljuo A1 eouewe S 8 PepsioAlN AQ /SY00rZ0Z SWeL/Z00T OT/I0p/W00" A8 1M Alelq 1 ul|uo//Sdily Wiy pepeojumod ‘. ‘G202 ‘¥S0Z6ErT


http://www.advancedsciencenews.com
http://www.mame-journal.de

ADVANCED
SCIENCE NEWS

M8

Olecular
Materiols and Engineering
— D

www.advancedsciencenews.com

promote tumor-specific drug delivery.l*’! For instance, Ju et al.
achieved localized delivery of paclitaxel using PF-127 hydrogels
modified with carboxymethyl chitosan, resulting in a 40% in-
crease in drug retention at the tumor site through cross-linking
with glutaraldehyde.®®) Interaction with some drugs (overall
when they are hydrophobic) may cause changes in the micel-
lization and gelation process, presenting a more resistant struc-
ture depending on the drug concentration. This was described
by Wei et al. with Ibuprofen interpenetrating micelles and re-
stricting their motion.[?*] In this context, hydrophobic materials
have been used to modify the PF-127 network and enhance its
effectiveness.*!

Thus, modifying PF-127 with additional copolymers can mit-
igate rapid drug release without compromising thermosensi-
tivity or injectability.[**#! Other approaches embed intelligent
nanoparticles into the hydrogel matrix, enhancing drug target-
ing and providing resistance against rapid degradation. Exam-
ples include alginate (ALG) microparticles, which have shown
10 times slower drug release rates than PF-127 alone,[*?! den-
drimers like polyamidoamine, which increase drug loading effi-
ciency and exhibit cytocompatibility and anticancer activity,!*3*4]
and liposomes, which improve bioavailability and prolong drug
residence time in treatments like retinal drug delivery.[*]

Another strategy is to create micelle systems with other
Pluronics or surfactants, such as Tween 80,%! P105,*
P123,[484] or PF-68, optimizing drug release profiles for biomed-
ical applications.[?1°%°1] Additionally, incorporating polysaccha-
rides can stabilize micelles and improve gel network properties
without increasing toxicity, as polysaccharides are inherently bio-
compatible and biodegradable.

In this context, Bhowmick et al. studied the integration of
xanthan and guar gum with PF-127 for ophthalmologic use,[5?!
and Dewan et al. found that adding tamarind seed polysaccha-
ride improved elasticity, reduced porosity, and increased diffu-
sion rates.l>*] Brambilla et al. explored PF-127 with various poly-
meric excipients, including xanthan gum (XG), carrageenan, and
HPMC, correlating sol-gel transition temperature, viscosity, and
drug release.>* Lupu et al. demonstrated that adding xanthan
gum, >l k-carrageenan, alginate, and gellan gum enhanced the
hydrogel’s elastic modulus and viscosity.*®) De Dios-Pérez et al.
(2023) observed that adding gellan gum and cyclodextrin com-
plexes increased the elastic modulus up to 15 kPa in optimized
formulations.’]

While many approaches have improved localized delivery, cy-
totoxicity, and stability, few focus on the structural modifica-
tions that optimize the hydrogel properties for controlled drug
release. Therefore, this work investigates the implementation of
polysaccharides with distinct structures to PF-127 to precisely
tune its thermosensitive properties. Rheological studies examine
how polysaccharide-PF-127 networks alter gelation temperature
and control drug release, specifically for 5-fluorouracil (5-FU).

Four polysaccharides are tested: XG with a helical structure;
ALG and gellan gum (GG) with linear structures (GG also ex-
hibits branches); and levan (LEV), a fructose polysaccharide that
forms nanoparticles via self-assembly in water. Finally, a mathe-
matical model correlates hydrogel stability and drug release be-
havior, accounting for transport resistance in the matrix.!>®!

This study establishes a methodology for enhancing PF-127
hydrogels through polysaccharide incorporation, creating ther-
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mosensitive systems with customed properties for precise drug
release and gelation control.

2. Experimental Section

2.1. Materials

Poloxamer PF-127 (#G2443), 5-FU (#G2443) and the following
polysaccharides: XG (#G1253) with an average molecular weight
around 1000 kDa, alginic sodium salt from brown algae (#G2033)
with an average molecular weight around 150 kDa and a man-
nuronic to guluronic acid ratio of #1.56, and GG as Gelzan
CM Gelrite (#1910) low acyl, with an average molecular weight
around 1000 kDa were all purchased from Sigma-Aldrich. For
levan synthesis p(+)-sucrose pure, pharma grade of molecular
weight 342.30 Da was purchased from PanReacc AppliChem, the
levansucrase enzyme (fructosyltransferase 68A) from Creative
Enzymes, and ethanol (98% w/v) from Honeywell.

2.2. PF-127 Hydrogel Synthesis

10 mL of distilled water was poured in a beaker and left stirring
at 4 °C. Once the water reached this temperature, the PF-127 was
slowly added to the water while stirring to prevent aggregates.
This mixture was left stirring overnight at 4 °C for PF-127 to be
completely dissolved and obtain a homogeneous liquid hydrogel
solution. The concentrations of PF-127 in these solutions were
10, 20, or 30% w/v.

2.3. Levan Synthesis

For levan synthesis, a cell-free methodology was used (molecu-
lar weight of the obtaining levan around 2000 kDa) described in
references.®! The levansucrase enzyme was added (0.2 mg L™!)
to a water solution of sucrose (90 g L™!) in an AFORA reactor
of 250 mL at 37 °C. After 72 h, the reaction was stopped, and
the polymer was isolated by adding three volumes of ethanol to
the reaction mixture. This new mixture was left at —20 °C for
24 h so the polymer precipitation could be induced. Afterward,
the mixture was taken to centrifugation, using a tube Falcon cen-
trifuge 5804 from Eppendorf (Madrid, Spain) at 10 000 rpm dur-
ing 10 min, so levan could be separated from the supernatant.
Finally, the polymer was taken to lyophilization, in a freeze dryer
Telstar LyoQuest (Barcelona, Spain), prior freezing (—85 °C for
5 min), at =55 °C and 0.005 bar for 24 h.

2.4. PF-127 and Polysaccharide Hydrogel Synthesis

For hydrogel solutions with added polysaccharides (XG, ALG,
GG, LEV), the process was similar to the one previously described
in Section 2.2, with the only difference that the PF-127 was now
dissolved in a polysaccharide aqueous solution instead of distilled
water. For these polysaccharide aqueous solutions of 10 mL, con-
centrations of 0.5% and 1.0% w/v of the polysaccharides were
added to distilled water at room temperature, except from gellan
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Table 1. Formulations of polysaccharides and PF-127 hydrogels.
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Formulation Hydrogel [% w/v] Formulation Hydrogel [% w/v] Formulation Hydrogel [% w/v]

1 10% PF 10 0.5% ALG + 10% PF 19 1.0% GG + 10% PF
2 20% PF n 0.5% ALG + 20% PF 20 1.0% GG + 20% PF
3 30% PF 12 0.5% ALG + 30% PF 21 1.0% GG + 10% PF
4 0.5% XG + 10% PF 13 1.0% ALG + 10% PF 22 0.5% LEV + 10% PF
5 0.5% XG + 20% PF 14 1.0% ALG + 20% PF 23 0.5% LEV + 20% PF
6 0.5% XG + 30% PF 15 1.0% ALG + 10% PF 24 0.5% LEV + 30% PF
7 1.0% XG + 10% PF 16 0.5% GG + 10% PF 25 1.0% LEV + 10% PF
8 1.0% XG + 20% PF 17 0.5% GG + 20% PF 26 1.0% LEV + 20% PF
9 1.0% XG + 30% PF 18 0.5% GG + 30% PF 27 1.0% LEV + 30% PF

gum, which dilution was obtained at 85 °C, and stirred for 1 h
on a heating and magnetic stirring plate Isotemp from Fisher-
brand (Madrid, Spain). After this time, homogeneous polysac-
charide solutions were achieved. In this context, Table 1 indicates
the compositions of the different formulations PF-127 with the
polysaccharides.

Once the polysaccharide solutions were at room temperature
(GG solution needed an extra step cooling down from 80 °C to
room temperature), these were taken to the cold chamber and
were left with stirring at 4 °C until this temperature was reached.
After that, the PF-127 was added with the same concentrations
and following the procedure in Section 2.2. Finally, all of the hy-
drogels presented transparency in both solution and gel state, ex-
cept from the LEV ones, which presented turbidity due to their
characteristic Tyndall effect.>®! This turbidity slightly increased
with the LEV concentration. The hydrogel samples can be seen
in Figures S1 and S2 in the Supporting Information.

2.5. Rheology

The rheometer used was an AR 1500ex model from TA instru-
ments (Madrid, Spain), equipped with a 4 cm diameter alu-
minum plate and a 1 mm gap. The rheological analysis was per-
formed once the solutions were fully prepared and taken back
to room temperature. Samples of 1.5 mL of the hydrogel (in lig-
uid state) were loaded on the peltier and geometry gap was set
to 1 mm.[2057:6961] Also, a solvent trap was used in the rheolog-
ical measurements in order to control water evaporation. This
solvent trap used vacuum grease and lightweight, low-viscosity,
nonvolatile machine oil placed in the surroundings of the flat ge-
ometry head.

Both temperature and frequency sweep tests (oscillatory anal-
ysis) were performed on the hydrogels. The main variables mea-
sured were the elastic or storage (G) modulus and the viscous or
loss (G”) modulus, obtaining the gct and elasticity of the gel sys-
tems. For temperature sweep tests, the temperature range stud-
ied was from 15 to 45 °C with a 1 °C min~! rate, as described.[6203]
Also a temperature 5 °C min~" rate was used in order to study the
poloxamer’s hysteresis. Fixed variables were frequency (10 Hz)
and strain percentage (0.2%) so that the hydrogel provided re-
sults within its linear viscoelastic region. For frequency sweep
tests, the frequency range studied was 0.5-500.0 rad s~'. Fixed
variables were temperature (37 °C), so that measured gel proper-
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ties were the ones at physiological conditions, and strain percent-
age (0.2%).

Temperature ramp static flow analyses (static analysis) were
also performed. For this type of analysis, the measured variable
was the viscosity of the hydrogel, which provided information
about the sol-gel transition. Tests kept the same temperature
range studied in the oscillatory analysis (1545 °C). Temperature
ranges took into account storage temperature, operating room
temperature,!® and physiological temperature. The fixed vari-
able for this analysis was the shear rate at 50 s™! in order to ob-
serve the MAC effect on viscosity.[?’]

2.6. Synthesis of the Loaded Hydrogels

Hydrogels were loaded with the antimetabolite drug 5-FU fol-
lowing previous Sections 2.2 and 2.4. For these hydrogels, a 5-
FU standard solution was added to the distilled water or polysac-
charide aqueous solution once it was stirring at 4 °C and prior
to adding PF-127. The final concentration of 5-FU was 50 ppm,
since it was reported as the ICy, in MTT assays.[%]

Let it be noted that, although PF-127 was proven to improve
drugs solubility in aqueous phases,!®! the 5-FU ICs, was lower
than its saturated concentration in water and a higher amount of
5-FU might promote side effects if the formulation was admin-
istered.

2.7. Drug Release Experiments

For drug release experiments, 5 mL of the loaded synthesized hy-
drogels (liquid state at 25 °C) was weighed in a 35 mm diameter
Petri dishes and taken to incubation at 37 °C for 30 min. This
time enabled the samples to fully undergo the gelification pro-
cess in the incubator EN025, Nuve Incubator (Ankara, Turkey).
Afterward, the Petri dish was placed in a support inside a 100 mL
beaker full of distilled water, on a heating and stirring plate at
37 °Cand 100 rpm. This system was connected to the spectropho-
tometer Cary 60 UV-vis from Agilent Technologies (Santa Clara,
CA, USA) via a probe that enabled continuous measurements of
the bulk. The temperature was controlled as well via probe con-
nected to the plate. The bulk was measured periodically by the
spectrophotometer probe at 260 nm (peak of 5-FU detection) at a
temperature of 37 °C.I] An experimental diagram explaining all

© 2025 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH

85U8017 SUOWWOD SAIERID 3|(dedl|dde aupy Aq peusenob ase sooiie O ‘85N JO Sa|n 10y Aiq1T8UlUO /8|1 LD (SUOTHPUOD-PUR-SLLIBI/IOD 4B | 1M ARe.d 1 jBu[UO//:SdhL) SUORIPUOD Pue SWLB | 8L 88S *[5202/80/62] U0 Akeidiauljuo A1 eouewe S 8 PepsioAlN AQ /SY00rZ0Z SWeL/Z00T OT/I0p/W00" A8 1M Alelq 1 ul|uo//Sdily Wiy pepeojumod ‘. ‘G202 ‘¥S0Z6ErT


http://www.advancedsciencenews.com
http://www.mame-journal.de

ADVANCED
SCIENCE NEWS

{M}%br

Materials and Enging

Open Acces

www.advancedsciencenews.com

PF-127

XG

ALG

GG

LEV

@

www.mame-journal.de

o PF-127 If loaded with 5-
stirring .
; hydrogel p FU, added right
zxgrnlght / before adding
| ; PF-127
U1 Store hydrogels
PF-127'@ stiring  PF127+XG at 4°C
stirring overnight  hydrogel —
~.__30min I= 4°C
» | —  »
‘ 30 min at 37°C
G PF-127 + ALG I to obtain strong
PF-127 < stirring
stirring ‘ overnight hydrogel gel texture
30 min \— 4°C
z | ———
85°C PF-127 < stirring P':1§7 -+ (I;G
stirring No stir _ overnight ~ "Y4roge
85°C . &= _ Cool ==l 4°C
Th || Tunti25°C Em—
PF127@~,  stiring PF127+LEV
stirring overnight Ydroge
_30mn | | 4cC
| —
a)
o § 590000000 :
k>
=]

cjooooo

b)

Figure 2. a) Experimental diagram of hydrogels synthesis processes, and b) scheme of the system setup for drug release experiments. This figure was

created with BioRender.

of the hydrogels’ synthesis and these experiments’ setup is fur-

ther illustrated in Figure 2.

2.8. Mathematical Modeling of the Drug Release Experiments

Drug release experimental results were fitted to a mathemati-

and degradation rate was a function of the relative loss of mass

of both polymers involved (W) and the fraction of chains released
from the internal structure of the hydrogel (F).°®! This was ex-
pressed in the kinetic equation for these experiences Equation (1)

below

cal model in order to determine the constants values which ex-

plained the contribution of the polysaccharide and the PF-127 to
the drug release. It was stated that the mass released of 5-FU was
directly proportional to the degradation rate of the hydrogel,*”!

Macromol. Mater. Eng. 2025, 310, 2400457
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MrelSFU =K, - (WPF “Fpp+ Wy - FX) (1)
being M™; the percentage of mass for 5-FU released, K, the

release constant, including all the resistances taking place in the
transport phenomena (dimensionless), W and F the paremeters

© 2025 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH

85U8017 SUOWWOD SAIERID 3|(dedl|dde aupy Aq peusenob ase sooiie O ‘85N JO Sa|n 10y Aiq1T8UlUO /8|1 LD (SUOTHPUOD-PUR-SLLIBI/IOD 4B | 1M ARe.d 1 jBu[UO//:SdhL) SUORIPUOD Pue SWLB | 8L 88S *[5202/80/62] U0 Akeidiauljuo A1 eouewe S 8 PepsioAlN AQ /SY00rZ0Z SWeL/Z00T OT/I0p/W00" A8 1M Alelq 1 ul|uo//Sdily Wiy pepeojumod ‘. ‘G202 ‘¥S0Z6ErT


http://www.advancedsciencenews.com
http://www.mame-journal.de

ADVANCED
SCIENCE NEWS

M8

Olecular
Materiols and Engineering
— D

www.advancedsciencenews.com

explained before, and subtitles PF and X the reference to the com-
pound being either the poloxamer (PF) or the polysaccharide, if
any, respectively.

In order to estimate the F value, the model described another
parameter P, a variable function of time according to Equation (1)
and that depended on the degradation rate parameter, k;. This
parameter was further defined in Equation (2) shown below

P=1-exp(k;-t) )

being P the unitary fraction of degradation (dimensionless), k;
the degradation rate of the hydrogel chains (s7!), and ¢ the time
(s). Once defined P, the released chains of both polymers of the
system could now be calculated following Equations (3) and (4)
shown below

Fy=(1-(1-P)" (3)
Fpp=P>+P-(1-P)-Fy (4)

being N the erosion parameter (dimensionless, and ranges from
0 to 1 values). As a conclusion, three parameters would be esti-
mated for this model: the release constant, the degradation rate,
and the erosion parameter.

Parameter estimation was carried out by Solver add-in com-
plement in Excel, where the relative error was the function that
should be minimized by varying the three parameters mentioned
above. This relative error definition followed the Equation (5)
shown below
_ Vlh - Vexp
Vth

100
n

®)

being E, and E,, the relative and absolute errors, Vy, and V., the
theoretical and experimental values, respectively, and » the total
number of experimental values collected during the experiences.
All parameters of Equation (5) were dimensionless.
Furthermore, the Stokes—Einstein equation was also discussed
in order to relate the diffusion coefficient/bulk diffusion and the
viscosity of the hydrogels. This equation was shown below as

Equation (6)

kg T
"~ 67uR,

(©)

being D the diffusion coefficient (m? s7!), k; the Boltzmann’s
constant (5.67 X 1078 W m=2 K™*), T the temperature (K), p the
solvent viscosity (Pa s), and R, the solute’s radius (m).

3. Results and Discussion

3.1. Rheological Results

First, the rheological characterization of the hydrogels is pre-
sented evaluating parameters such as gct (which is determined as
the first temperature presenting gel behavior)!?*! in the tempera-
ture sweep test, and values of the storage moduli in the frequency
sweep tests. Gcet is the studied parameter concerning hydrogel
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injectability and thermal response to room and tissue tempera-
tures. Let it be noted that thermosensitivity needs to happen be-
tween 25 and 37 °C (gct between these values) in order for formu-
lations to be eligible for injectability and filling properties.[3>>8]
This is why these two temperatures are marked in the rheologi-
cal analyses graphs below.

Also, the MAC is studied through temperature ramp tests.
MAC is defined as the aggregation which causes the phase transi-
tion from isotropical aqueous solution to the BCC solid-like struc-
ture with increasing temperature. This phase transition has been
studied by many authors in references for Pluronics.?2242557]
More concretely, this characterization of the MAC is described
by Shriky et al.[?] Results are taken into account for deciding the
best hydrogel systems, based on their elastic and viscous proper-
ties that depend on their formulation.

3.1.1. PF-127 Hydrogel System

The hydrogel based off of PF-127 alone was first studied and char-
acterized by all the rheological tests explained in Section 2.5. The
main results of the poloxamer concentrations at 10, 20, and 30%
w/v (formulations 1 to 3) are illustrated in Figure 3.

Figure 3a shows the temperature sweep test (oscillatory flow
analysis) results for 10, 20, and 30% w/v concentrations of PF-
127 hydrogels. As it can be seen in this figure, hydrogels with
concentrations higher than 10% w/v underwent gelation when
the temperature increased. This was represented when the G’in-
creased exponentially from unstable measurements at low val-
ues, below 10 Pa, until a stable gel region, reaching values higher
than 10 and 30 kPa for formulations 2 and 3, respectively.

This analysis not only proved that PF-127 hydrogels needed
a concentration higher than 10% w/v in order to be thermosen-
sitive and reach a gel state (since formulation 1 never reached
it), but also that this gelation process showed a lower gct (34
and 23 °C) and a higher elastic nature (G’ of around 11 and
25 kPa) when the concentration of PF-127 increased (formula-
tions 2 and 3). This confirms previous studies about the ther-
mosensitivity of PF-127.205¢1 In addition, let it be noted that for
formulations 2 and 3, the elastic nature was confirmed since the
storage moduli prevailed over the loss moduli. This is shown
in Figure S3a (Supporting Information). Moreover, another in-
teresting data that could be considered are the temperature
where the hydrogel starts transitioning from liquid to solid (T ys),
found in the onset of the steep increase of the complex modu-
lus (G*). T;g values are shown in Table 2, and representation
of this complex moduli can be found in Figure S9a (Supporting
Information).

Moreover, additional measurements were performed in order
to confirm their reproducibility, as shown in Figure S4a (Sup-
porting Information). Also, the hysteresis cycle of the poloxamer
was studied. A cooling stage was added and it showed that the
system returned to a solution state in a solid-to-liquid transition
temperaturel®®®’] around 17 °C as reported.l®] Besides, the hys-
teresis cycle breadth was proven to shrink when the heating and
cooling rates were lowered, as well as proven with other Pluronics
like F68.1°¢7] These results can be seen in Figure S4b (Support-
ing Information). Moreover, expanding the temperature sweep
to lower temperatures determines the cmt for F2 at 7.5 °C,
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Figure 3. Rheological analyses of PF-127 hydrogels: a) temperature sweep oscillatory flow test, b) frequency sweep oscillatory flow test, and c) temper-

ature ramp steady flow test.

corresponding to a minimum loss modulus valuel®! when fit-
ting experimental data to a polynomic trend, as shown in Figure
S4c (Supporting Information). The cmt is found to be lower than
other Pluronics like F68 at higher concentrations.**] This might
be due to the PEO/PPO ratio in the compounds.[?’!

Figure 3b shows the angular frequency sweep of the PF-127 hy-
drogels at 37 °C. This test was performed in order to find a strong
gel behavior of the systems specifically at physiological tempera-
ture. This fact was demonstrated since the elastic moduli of the
systems were independent of the frequency. Also, these were al-
ways higher than the viscous moduli, exhibiting the elastic nature
of the gel, as shown in Figure S3b (Supporting Information).

It was shown that this strong gel state was present at 37 °C
for concentrations higher than 10% w/v, agreeing with previous
results.[20535¢] Ag stated before, when the PF-127 concentration
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increased (formulations 2 and 3), so did the elastic nature of the
systems at any temperature, since elastic moduli values increased
from 8 to 19 kPa. Moreover, the difference between elastic and
loss moduli increased from 7 to 18 kPa, shown in Figure S3b
(Supporting Information).

Figure 3c shows the 1 °C min
flow analysis. The heating rate was chosen as described.!
It has been reported that this rate can affect the hysteresis cy-
cle of Pluronic F68, but does not cause a significant difference
(%1 °C) in the temperatures where the Pluronic F68 starts gelling
or the gct.[%®”] This test is essential in order to understand the
MAC that PF-127 exhibits. According to Figure 3c, three different
stages were found. The first one (solution with liquid-like behav-
ior) corresponds with a Newtonian formulation, since the viscos-
ity values are low and only depend on the PF-127 concentration.

~1 ramp temperature in static

62,63]
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Table 2. Rheological analyses results, being Ty;ac the temperature where MAC stabilizes at the start of the third stage.[20]

Form Hydrogel [% w/V] Rheology
Oscillatory flow Steady flow
TSweep FreqSweep Tramp
Tis [°C] get°C] G’ [kPa] G’ G” [kPa] Tuac [°€] u[Pas]
1 10% PF No gelation process®
2 20% PF 26 34 8.63 +2.36 7.16 £ 0.77 34 4.53 +0.21
3 30% PF 19 24 19.40 + 1.94 18.68 + 0.90 24 11.21+£2.19
4 0.5% XG + 10% PF No gelation process
5 0.5% XG + 20% PF No gelation process
6 0.5% XG + 30% PF 24 28 8.89 +1.20 8.33 +0.26 No MACP)
7 1.0% XG + 10% PF No gelation process
8 1.0% XG + 20% PF 27 28 6.74 + 2.45 6.12 + 0.25 No MAC
9 1.0% XG + 30% PF 20 24 11.49 + 1.61 10.66 + 0.87 No MAC
10 0.5% ALG + 10% PF No gelation process
1 0.5% ALG + 20% PF 26 31 11.00 + 3.07 9.74 +0.92 29 7.04 +1.67
12 0.5% ALG + 30% PF 18 23 1031+ 1.92 9.06 +0.75 22 13.15 £ 3.30
13 1.0% ALG + 10% PF No gelation process
14 1.0% ALG + 20% PF 26 31 10.76 + 0.69 10.76 + 0.69 29 7.18 £0.15
15 1.0% ALG + 30% PF 17 22 29.33 + 1.64 28.36 + 1.56 No MAC
16 0.5% GG + 10% PF No gelation process
17 0.5% GG + 20% PF 26 32 15.88 +3.54 14.65 + 0.58 32 6.98 + 0.60
18 0.5% GG + 30% PF 18 25 10.31+ 1.92 9.06 +0.75 No MAC
19 1.0% GG + 10% PF No gelation process
20 1.0% GG + 20% PF No gelation process
21 1.0% GG + 30% PF 17 22 25.59 + 5.60 2321+ 1.49 No MAC
22 0.5% LEV + 10% PF No gelation process
23 0.5% LEV +20% PF 25 30 18.69 + 2.46 17.31+2.02 30 6.11+0.86
24 0.5% LEV + 30% PF 19 23 8.38 +2.16 7.32+247 No MAC
25 1.0% LEV + 10% PF No gelation process
26 1.0% LEV+ 20% PF 25 28 18.09 + 2.54 17.12 £ 1.55 30 6.39 + 0.62
27 1.0% LEV + 30% PF 18 22 34.52 + 2.60 32,98 +2.53 21 11.42 +3.04

a)

No gelation process was observed in the temperature sweep oscillatory flow analysis;

analysis.

The gelation process starts in a second phase, where the viscosity
starts being dependent and directly proportional to the temper-
ature. Micelles start associating in the Q, phase since the water
molecules evaporate. Finally, a more ordered structure and sta-
ble gel behavior is reflected in the third and final stage, where
the viscosity becomes an independent variable from the temper-
ature again.

Figure 3c also shows that an increase on the PF-127 concen-
tration from formulation 2 to 3 affects the MAC, making the gel
transition (when the third stage begins) decrease from 34 to 23 °C
and the viscosity increase from 4 to 11 Pa s, respectively.

3.1.2. PF-127 and XG Hydrogels

In order to study the effect of the implementation of XG to the
PF-127 hydrogels, the concentrations of 0.5 and 1.0% w/v of said

b . -
)No MAC was observed due to unstable viscosity in temperature ramp steady flow

polysaccharide were implemented to the system (formulations 4—
9). The results obtained are shown in Figure 4.

Figure 4a,b represents the temperature sweep test for said for-
mulations. The first observation was that the implementation of
this polysaccharide never reached a gel state if the PF-127 concen-
tration is 10% w/v (formulations 4 and 7). The other PF-127 con-
centrations underwent this gelation process. However, formula-
tion 5 gel state did not show a clear stabilization, since the elastic
modulus starts decreasing toward the end of the test. This is due
to steric hindrance problems of few micelles linking with high
ordered XG helix structure. These mentioned formulations were
consequently discarded from future analyses.

Analyzing the XG implementation on the elastic moduli, it
was observed that for formulations 6, 8, and 9, the storage mod-
uli values were around 11, 7, and 16 kPa, respectively. This
shows that increasing the XG concentration also increases the G’
values.
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Figure 4. Rheological analyses of PF-127 and XG hydrogels: a) temperature sweep oscillatory flow test for 0.5% w/v XG, b) temperature sweep oscillatory
flow test for 1.0% w/v XG, c) frequency sweep oscillatory flow test on gel formulations, and d) temperature ramp steady flow test on gel formulations.

However, these results obtained did not present any higher G’
values than the hydrogels based off of PF-127 only. This means
that XG implementation also caused difficulties to reach gel
states as strong as PF-127 hydrogels. This was also shown with
the gct values of these formulations, being 28, 28, and 24 °C for
formulation 6, 8, and 9, respectively.

The stable gel state formulations shown in the temperature
sweep test (formulations 6, 8, and 9) were taken to the frequency
sweep testat 37 °C. In Figure 4, this analysis showed a strong gel
behavior for all formulations at this temperature. Storage mod-
uli values reported were around 9, 7, and 12 kPa for formula-
tions 6, 8, and 9, respectively. These results confirmed that the
PF-127 concentration had a higher effect on gellation, since for-
mulations with high XG concentration did not present higher G’
values than those with low XG, or PF-127 alone hydrogels. Once
again, XG implementation does not improve elastic nature of the
hydrogels. Moreover, this elastic nature of XG and PF-127 hydro-
gels was confirmed in Figure S5a (Supporting Information), and
G* is shown in Figure S9b (Supporting Information).

Macromol. Mater. Eng. 2025, 310,2400457 2400457 (9 of 17)

Figure 4d shows the temperature ramp for the steady flow anal-
ysis. These results clearly showed that none of the formulations
6, 8, or 9 showed the MAC zones compared to PF-127 alone, since
there is never a gel state stabilization. In this context, XG is a he-
licoidal polysaccharide,®®! which has a complex helix 3D struc-
ture that, according to the results, is difficult to coexist with the
micelles present as colloids in the liquid bulk of the aqueous so-
lution. This means that, as the temperature increased, the mi-
celles started associating among them, increasing the viscosity
but ended collapsing at the fixed shear rate of the static flow ex-
periments, as shown in Figure 4d.17%) Therefore, a gel was formed
with an internal structural disorder that provided the system with
low viscosity values.

3.1.3. PF-127 and ALG Hydrogels

For the polysaccharide ALG, the rheological analyses are the ones
shown in Figure 5 (formulations 10-15).
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Figure 5. Rheological analyses of PF-127 and ALG hydrogels: a) temperature sweep oscillatory flow test for 0.5% w/v ALG, b) temperature sweep
oscillatory flow test for 1.0% w/v ALG, c) frequency sweep oscillatory flow test on gel formulations, and d) temperature ramp steady flow test on gel

formulations.

Figure 5a,b shows the results for all formulations 10-15 of the
hydrogels in the temperature sweep tests. As it can be seen, once
again, it was confirmed that for low concentrations of PF-127
(10% w/v, formulations 10 and 13), the gelation process was non-
viable, no matter the ALG concentration added. However, the rest
of the other formulations showed an efficient gelation process.

For this case, the gcts were 31 and 23 °C for formulations 11
and 12, and 31 and 22 °C for formulations 14 and 15, respectively.
For this polysaccharide, only the increasing PF-127 concentration
established an acceleration in the gelation process.

Moreover, the G’ values were found to be equal or higher than
the ones for PF-127 hydrogels. It was shown, for a 20% w/v PE-
127 concentration, that ALG effect was more visible in its lower
concentration (formulation 11), since its G’ value does not pro-
mote with increasing ALG concentration.

These four formulations were taken to frequency sweep tests
in order to confirm the strong gel behavior at the physiological

temperature of 37 °C. Test results in Figure 5c first confirmed
the strong gel behavior. The G’values were 11, 19, 11, and 29 kPa
for formulations 11, 12, 14, and 15, respectively. First, these G’
values were shown to be higher than the ones for PF-127 hydro-
gels, confirming the positive effect of ALG implementation.

As it can be seen, for a 20% w/v of PF-127 concentration, the
alginate addition promoted the storage modulus value indepen-
dently of its concentration, suggesting that lower ALG concentra-
tion was optimal for this PF-127 concentration.

Besides, when it came to considering the difference between
the storage and loss moduli, the reported values were around 9,
18, 11, and 28 kPa, respectively. These are represented with their
G” in Figure S6 (Supporting Information) and G* is shown in
Figure S9c (Supporting Information). For (G’ — G”) values, the
ALG effect was more visible. When increasing ALG concentra-
tion, so did the elastic nature of the gels. This was also due to the
elastic nature that ALG solutions have as well.”!]

Macromol. Mater. Eng. 2025, 310, 2400457 2400457 (10 of 17)  © 2025 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH

85U8017 SUOWWOD SAIERID 3|(dedl|dde aupy Aq peusenob ase sooiie O ‘85N JO Sa|n 10y Aiq1T8UlUO /8|1 LD (SUOTHPUOD-PUR-SLLIBI/IOD 4B | 1M ARe.d 1 jBu[UO//:SdhL) SUORIPUOD Pue SWLB | 8L 88S *[5202/80/62] U0 Akeidiauljuo A1 eouewe S 8 PepsioAlN AQ /SY00rZ0Z SWeL/Z00T OT/I0p/W00" A8 1M Alelq 1 ul|uo//Sdily Wiy pepeojumod ‘. ‘G202 ‘¥S0Z6ErT


http://www.advancedsciencenews.com
http://www.mame-journal.de

ADVANCED
SCIENCE NEWS

M8

Olecular
Materiols and Engineering
— D

www.advancedsciencenews.com

Figure 5d shows the ramp temperature with steady flow analy-
sis. First, formulation 15 clearly showed that the micelles are not
stable and collapse at the fixed shear rate. The rest of the formu-
lations did show a successful MAC. On the other hand, it was
also observed a big difference in the gel stabilization tempera-
tures when increasing PF-127 concentration, being these 29 °C
for both formulations 11 and 14, and 22 °C for formulation 12.
ALG hydrogels also reached higher viscosity values of 7, 13, and
7 Pa s, greater than the ones of PF-127 hydrogels. Moreover, it
was shown that increasing ALG concentration did increase the
viscous properties and confers the structure more strength to-
ward external deformation forces. Finally, regarding formulation
12 gct, it is shown that the gelation occurs at lower temperatures
than room temperature (25 °C).

In these systems, the PF-127 hydrophilic blocks (PEO) tend to
mainly form hydrogen bonds with other functional groups with
hydrogen in them (mainly alcohols and carboxylic acids). In the
alginate case, the carboxylic acid groups can easily tend toward
these interactions, as well as other electrostatic interactions.l’!7?]
The PF-127 and alginate system has been reported to form mesh
macrostructures that increase their size when the PF-127 concen-
tration does. Basically, the pluronic micelles are organized in cu-
bic domains and induce the distortion of alginate chains.[”* Fol-
lowing this, different size meshes coexist in a nonhomogeneous
spatial distribution of the micelles in the polymeric network, as
long as the PF-127 concentration exceeds the value of 10% w/v, as
shown in the results. The micelles organize into dense aggregates
in which packing increases with the PF-127 concentration.!”*
This also explains why the PF-127 concentration was more de-
terminant in the experimental results in Figure 5d. For PF-127
formulations 11 and 14, the ones with 20% w/v PF, are the ones
in which structure is potentially compatible for the application.

3.1.4. PF-127 and GG Hydrogels

The same procedure was followed to study GG implementation
to the PF-127 hydrogels (formulations 16-21). The rheological
analyses are shown in Figure 6.

First, looking at the temperature sweep tests in Figure 6a,b,
it was once again proven that GG was not an exception for low
concentrations (10% w/v) of PF-127 to undergo the gelation pro-
cess. Moreover, for formulation 20, this process never occurred
as well. Thus, we could first state that high concentrations of GG
were not able to show the gelation process, since probably the
branched and more spatially complex structure of the GG caused
a collapse in the hydrogel structure.”]

For the rest of the formulations, this gelation process was ob-
served. The gcts were 32, 25, and 22 °C, for formulations 17, 18,
and 21, respectively. All of these results did not present a signifi-
cant increase when comparing with the PF-127 hydrogels. There-
fore, GG did not interrupt the PF-127 gelation process, but surely
did not promote it.

Results for the frequency sweep test in Figure 6¢ at 37 °C
showed strong gel behavior for all the potential formulations.
Storage moduli values were around 16, 10, and 25 kPa, which did
not imply a significant difference for formulation 21 compared to
formulation 3 (without polysaccharides). However, for formula-
tion 17, it was found that the gel had significantly improved elas-

www.mame-journal.de

tic properties compared to formulation 2, showing higher storage
modulus value, and a higher difference between this one and the
viscous one, around 15 kPa. This can be seen in Figure S7 (Sup-
porting Information) and G* is shown in Figure S9d (Supporting
Information).

Figure 6d shows the temperature ramp steady flow test. As it
can be seen, only the formulation 17 was able to reach the sta-
bilization of its viscosity at a value close to 7 Pa s, greater than
PF-127 hydrogel viscosity, and similar to the ones reported in the
ALG systems.

In these formulations, the PF-127 also interacts via hydrogen
bonds, with its strength increasing when the polysaccharide con-
centration does too. However, if the concentration increased from
0.5% w/v, the GG and its structure interfered with the PF-127
network making it unstable and collapsing the MAC at the fixed
shear rate in Figure 6d.I7>]

3.1.5. PF-127 and LEV Hydrogels

The last polysaccharide to be added to the system was LEV that
was synthesized enzymatically from a sucrase solution, as de-
scribed in previous sections (formulations 22-26). The results are
the ones shown in Figure 7.

For LEV systems in Figure 7a,b, it was also confirmed that
without enough PF-127 concentration, the gelation mechanism
did not happen (formulations 22 and 25). There was also an ex-
ception concerning formulations 23 and 24, where the increasing
PF-127 concentration caused a negative effect on the elastic mod-
ulus of the system. This can be seen in Figure 7a.

Nonetheless, the gel state was efficiently achieved for formu-
lations 23, 24, 26, and 27. The gcts for these were 30, 23, 28, and
22 °C, respectively. These results implied that, apart from the ex-
ception, LEV effect was shown positive, since the gcts were low-
ered when it was added. Moreover, it is shown that LEV imple-
mentation improved the desired elastic properties of the PF-127
hydrogels, comparing their G values with G’ from PF-127 hydro-
gels.

These formulations were taken to the fixed temperature 37 °C,
and were analyzed by a frequency sweep test in Figure 7c, show-
ing that all of the hydrogels had a strong gel behavior. Let it also
be noted that formulations 23 and 24 overlap each other, regard-
less of the polysaccharide concentration (green and purple lines
in Figure 7c). As previously said, the results for this PF-127 con-
centration were improved by LEV addition, but not its concentra-
tion increase. The elastic moduli values reported were around 19,
8, 18, and 34 kPa, respectively. For formulations 23 and 26, LEV
concentration had the same effect, while for formulations 24 and
27, the LEV effect was clear and visible, reaching G” higher than
30 kPa for both high concentrations.

For all the cases, besides formulation 24, the LEV addition
caused a clear improvement over the elasticity of the PF-127 hy-
drogels. Not only when it came to elastic moduli values but also
the difference between this and the viscous ones, being around
17,7,17, and 33 kPa, respectively. G” of the formulations can be
seen in Figure S8 (Supporting Information) and G* is shown in
Figure S9e (Supporting Information).

Studying the MAC through the temperature ramp test in
Figure 7d, it was seen that the formulation 24 failed to show
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Figure 6. Rheological analyses of PF-127 and GG hydrogels: a) temperature sweep oscillatory flow test for 0.5% w/v GG, b) temperature sweep oscillatory
flow test for 1.0% w/v GG, c) frequency sweep oscillatory flow test on gel formulations, and d) temperature ramp steady flow test on gel formulations.

a stable MAC at the studied shear rate. However, the rest of
the formulations achieved this structure stabilization at temper-
atures of 30, 30, and 21 °C for formulations 23, 26, and 27. Re-
ported viscosity values were around 6, 7, and 11 Pa s, respec-
tively. These values were once again higher than the ones re-
ported in PF-127 hydrogels, but the lowest of all polysaccharide
systems. In order to explain the structure collapse of the for-
mulation 24, it is important to take into account that levan is a
self-assembly polysaccharide constituted of fructose units (—OH
groups for hydrogen bonds), that forms nanoparticles inside the
PF-127 micellar network. The addition of the nanoparticles ex-
plains why, if there was not enough PF-127 concentration, this
ordered structure can collapse with high concentrations of LEV
at a fixed shear rate, as shown in Figure 7d.*”] However, for for-
mulations 23 and 26, both concentrations of LEV present the
desired characteristics. Finally, observing the gct, it was possi-
ble to affirm that the formulation 27 had a gel state at room
temperature.

It is therefore shown that the LEV effect highly improved
the elastic nature of the hydrogels, since LEV is a self-assembly
polysaccharide that does not present any complex structure to col-
lapse the MAC. Besides, it also improved viscous properties, over-
all with higher concentrations, since more concentration means
more viscosity taken by the hydrogel matrix to be more resistant
against flow.

3.1.6. Selection of Optimal Formulations for Drug Release
Experiments

Taking into account all the results obtained by the rheological
analyses, Table 2 summarizes the final results for all formula-
tions.

It is important to emphasize that for its use after a tumor re-
section, a strong gel has to be obtained at the physiological tem-
perature (37 °C). This formulations need to present the MAC (ob-
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Figure 7. Rheological analyses of PF-127 and LEV hydrogels: a) temperature sweep oscillatory flow test for 0.5% w/v LEV, b) temperature sweep oscillatory
flow test for 1.0% w/v LEV, c) frequency sweep oscillatory flow test on gel formulations, and d) temperature ramp steady flow test on gel formulations.

served in the temperature ramp steady flow analyses), reaching
a stable higher viscosity once the gel state is achieved. It is also
essential to present liquid state and aqueous solution behavior
at room temperature (25 °C) in order to be injectable.[*!! These
characteristics must be studied through the understanding of in-
teraction between the polysaccharides and the PF-127 hydrogel
network.

Consequently, the potential formulations that were considered
as potential DDS for the application mentioned were: 20% w/v
PF-127,0.5% and 1.0% w/v ALG with 20% w/v PF-127, 0.5% w/v
GG with 20% w/v PF-127, and 0.5% and 1.0% w/v LEV with 20%
w/v PF-127 (2, 11, 14, 17, 23, and 26, respectively).

3.2. Drug Release Experiments
All of these selected hydrogel systems were then loaded as de-

scribed in Section 2.6 with a 5-FU concentration of 50 ppm, and
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then, the drug release experiments were performed as described
in Section 2.7. Results for these experiments are shown in both
Figure 8 and Table 3 below.

As it can be seen in Figure 8 and Table 3, for every sys-
tem with any implemented polysaccharide at any concentra-
tion, the drug release was highly delayed, proving the point
that polysaccharide structural implementation improved rhe-
ological properties and suits the hydrogels better for the de-
sired application.[**] The PF-127 alone hydrogel presented a ¢,
lower than 1 min, t;, of 16 min, and t,,, of 87 min. How-
ever, with polysaccharide structural effects, these times were
delayed to 5-30 min for t,,, 70-145 min for t,, and 260-
440 min for t,,,. This implied a minimum delay of 173 min
(198% delay from PF-127 hydrogel) and a maximum delay of
353 min (405% delay from PF-127 hydrogel). Therefore, it can
be stated that polysaccharides implemented systems contributed
from double to quadruple the drug release time of the PF-127
hydrogels.
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Table 3. Drug release studied parameters, being ty, tso, and t1qq the times where 10%, 50%, and 100% of the drug concentration was released, respec-

tively.

Form Hydrogel [% w/v] t1o [Min] tso [min] t100 [Min] G’ [kPa] Viscosity [Pa s]
2 20% PF-127 <1 16 87 8.63 +2.36 4.53 +£0.21
11 0.5% ALG + 20% PF-127 9 81 315 11.00 + 3.07 7.04 + 1.67
14 1.0% ALG + 20% PF-127 31 145 440 11.49 + 1.83 7.18 £0.15
17 0.5% GG + 20% PF-127 12 96 430 15.88 +3.54 6.98 + 0.60
23 0.5% LEV + 20% PF-127 5 70 260 18.69 + 2.46 6.11+£0.86
26 1.0% LEV + 20% PF-127 10 86 335 18.09 + 2.54 6.39 + 0.62

Systems exhibiting prolonged drug release correlated with
higher viscosities rather than elevated G’ values. This phe-
nomenon is attributed to the structural characteristics of the
polysaccharides and their interactions with PF-127 via hydrogen
bonds.

Among the polysaccharides studied, LEV demonstrated the
shortest drug release times, primarily due to its self-assembly or-
ganization. This configuration forms a lower pore interconnected
and higher elastic, but more permeable gel matrix. In drug re-
lease experiments, water permeated the structure, leading to an
easier dissolution of the micelles. The distilled water established
hydrogen bonds with the network compounds, promoting disag-
gregation into colloids, accelerating its drug release.

Rheological analysis further supports this explanation, as LEV
exhibited the lowest viscosity among the polysaccharide-based
gels (observed in temperature ramp tests). Although LEV hydro-
gels were the most elastic systems, their viscous properties were
the weakest. This indicated that its ability to resist against exter-
nal stresses was lower than the other formulations, resulting in
faster disaggregation. However, higher levan concentrations in-
creased the system viscosity, enhancing resistance and extending
drug release times.

By contrast, alginate showed relatively slower drug release due
to its linear structure. This linear structure limits water per-
meability and resists disaggregation due to spatial constraints.
This is due to the alginate matrix, which is organized as chains
entrapped within micelle domains, that forms more hydrogen

C/Cmax
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Figure 8. Drug release experiments with 5-FU-loaded PF-127 hydrogels.

bonds per polysaccharide unit. Consequently, while ALG did not
exhibit an elastic modulus as high as LEV, it provided greater re-
sistance to drug release.

This effect was also observed in the increased viscosity values
in the temperature ramp test, showing higher values than PF-127
and LEV systems. Additionally, as the concentration of polysac-
charide increased, so did the viscous properties and drug release
time.

The addition of branches in GG introduces further structural
complexity. However, this structural conformation can interfere
with the PF-127 gel stabilization, which limited the GG con-
centrations to 0.5% w/v, as discussed earlier (see Sections 3.1.4
and 3.1.6).

In terms of drug release, GG performed better than ALG at
the same concentration, due to its viscous properties. The struc-
tural complexity of GG created a denser, more tortuous matrix,
reducing pore size and hindering water permeability more effec-
tively than simpler polysaccharides at the same low concentration
range.

Ultimately, the system with ALG yielded the best drug release
results, as its higher concentration compensated for the struc-
tural GG structure. A similar trend was observed with LEV, which
outperformed the GG system due to its higher concentration.
Notably, higher drug release times order nearly correspond with
higher viscosity (see Section 3.3 for model fittings).

Additionally, it has been demonstrated that the structural char-
acteristics of these polysaccharides enhance the hydrogel matrix,
resulting in increased elasticity, a more consistent gel state, and
overall, greater viscosity and resistance against external stresses.
Consequently, drug release times in these composite hydrogels
are slowed to between half and a quarter of those in PF-127 hy-
drogels alone.

3.3. Modeling and Parameter Estimation of Drug Release
Experiments

As previously explained in Section 2.8, experimental results
shown in Figure 8 were fitted to a model previously described.
The results of this modeling are shown in Table 4.

Taking into account the previous results, after a first estima-
tion it was decided to fix the K, value of the formulation 2 to 1.000,
since the release constant includes all of the resistances against
the phenomena transport. This model stablishes that almost
all of the release phenomenon is due to the hydrogel degrada-
tion, with added resistance when adding polysaccharides. These
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Table 4. Drug release modeling.

Form  Formulation concentrations k4 [s7'] N K, E.s  E [%]
[% w/v]
2 20% PF-127 2.521 0.010 1.000 3.172 2.665
11 0.5% ALG and 20% PF-127 0.469 0.010 1.063 3.209 2.697
14 1.0% ALG and 20% PF-127 0.256 0.435 1.181 5.942 4.993
17 0.5% GG and 20% PF-127 0.416  0.027 1.063 1.345 1.130
23 0.5% LEV and 20% PF-127 0.667  0.010 1.003 3.556 2.988
26 1.0% LEV and 20% PF-127 0.512 0.101 1.038 4.099 3.445

PF-127 hydrogels were observed to not swell while studying their
degradation process, with a good fitting to a model adapted to
study this mechanism,l*”] indicating the main contribution for
degradation was the PF-127 and polysaccharide chain disaggre-
gation. Also, let it be noted that the parameter N must be a posi-
tive value between 0 and 1, since erosion has an influence in the
drug release mechanism.

As shown in Table 4, the degradation rate constant k; de-
creased with increasing polysaccharide concentration, indicating
a slower drug release. The highest k; value was observed in the
PF-127 alone hydrogel, presenting its weak resistance against
degradation.®] In fact, k; was reduced until 10 times in the
polysaccharide systems, confirming the necessity of their imple-
mentation to achieve controlled drug release. The most delayed
release (lowest k,) was observed in the formulation 14 (1.0% w/v
ALG), attributed to the high concentration of the second-most
structurally complex polysaccharide, showing the highest viscos-
ity value, as discussed in Section 3.2.

Analyzing the k, values from the highest (fastest degrading)
to the lowest (slowest degrading), it is shown that the degra-
dation rate strongly influenced the drug release order, and was
closely correlated with the viscosity of each formulation. This
suggests that increased viscosity correlates with a lower degra-
dation rate, indicating that more viscous systems resist against
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®  Experimental
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0.0 L s . . L
0 100 200 300 400 500 600

Time (min)
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external stresses more effectively, and thus delays drug release
time.

The N factor, related to erosion, increased with polysaccharide
concentration, and all values remained below 0.5, suggesting that
the erosion process is predominantly controlled by water diffu-
sion through the gel matrix (permeability). This permeability de-
creased with increasing polysaccharide concentrations, since the
entangled structures hindered water permeation.

The highest N value was observed for the formulation 14, af-
firming that the most controlled release occurred in the structure
that limited water permeability the most. Polysaccharide systems
at 1.0% w/v showed the highest N values, confirming their in-
creased resistance to permeation. The high N for formulation 26
(1.0% w/v LEV) may explain its slightly higher drug release time
compared to formulation 23 (0.5% w/v ALG), despite showing a
lower k, value. On the other hand, the 0.5% w/v formulations 11
and 23 had the lowest N values, similar to PF-127. Additionally,
the branched structure of the formulation 17 (0.5% w/v GG) hin-
dered permeation more than simpler polysaccharide systems at
the same concentration, explaining its lower kj.

When observing the release constant K, it was noted that
this parameter reflected both degradation and additional trans-
port phenomena. All systems exhibited K, values greater than
1.000, indicating diffusion as the gel degraded. Comparing the
PF-127 to polysaccharide implemented systems, it was noted that
polysaccharides reduced the gel porosity and increased the sys-
tem tortuosity, consequently lowering effective diffusion com-
pared to bulk diffusion.

This contribution to tortuosity was the highest in ALG, fol-
lowed by GG, and finally LEV implemented systems, correlating
with each polysaccharide structural organization. Moreover,
it was observed that higher viscosity correlated with lower
bulk diffusion, supporting more consistent and sustained re-
lease. For K, formulation 14 showed the highest resistance
to drug release, also corresponding to the highest viscosity
among all of the systems. This correlation between K, and
viscosity further supports the conclusion that hydrogel matrix

08 -
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e Fitting
0.0 . A . . \
0 100 200 300 400 500 600

Time (min)

b)

Figure 9. Graphical fittings to experimental drug release data for: a) formulation 17 and, b) formulation 14.
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viscosity plays an essential role in controlling drug release
kinetics.

Finally, commenting on the error values (E,), as it can be seen
in Table 4, all errors obtained are lower than 5.000%, which imply
these models can be considered valid. A graphic proof of the mod-
els can be observed below in Figure 9 showing the lowest (for-
mulation 17) and the highest (formulation 14) errors (1.33% and
4.99%, respectively) obtained in the systems in Figure 9a,b, re-
spectively. For the rest of the fittings, these can be seen in Figure
S10 (Supporting Information).

4. Conclusions

This work examined the impact of the implementation of vari-
ous polysaccharides to PF-127 hydrogels on their gelation behav-
ior and control of 5-FU release. Analysis of gelation revealed that
PF-127 concentrations above 10% w/v significantly increased the
rheological properties of the system, enhancing elasticity, viscos-
ity, and resistance to flow. Generally, the addition of polysaccha-
rides increased the storage modulus and strengthened the gel
structure at 37 °C, with higher viscosity values due to the sup-
ported MAC.

Six formulations were confirmed to undergo gelation between
25 and 37 °C, synthesizing consistent gels. These formulations
included 20% w/v PF-127 alone, and in combination with 0.5%
and 1.0% w/v ALG, 0.5% w/v GG, and 0.5% and 1.0% w/v LEV.

Drug release experiments with 5-FU-loaded hydrogels demon-
strated that polysaccharide implementation significantly delayed
release times by 2-4 times compared to the PF-127 hydrogel
alone. Results indicated that higher polysaccharide concentra-
tions and increased structural complexity promoted the systems
viscosity and further delayed their drug release time.

Kinetic modeling of the drug release data confirmed polysac-
charide and PF-127 chain disaggregation as the primary mecha-
nism. Degradation rates, erosion factors, and release constants
were calculated, showing that systems with higher viscosity,
greater structural complexity, and prolonged drug release times
exhibited lower degradation rates.

Finally, the release constant revealed that polysaccharide-
implemented systems showed greater resistance to transport
phenomena, resulting in reduced effective diffusion and en-
hanced viscosity. This release constant order correlated with vis-
cosity trends from temperature ramp rheological analysis, con-
firming the relationship between viscosity and controlled release
in the hydrogel systems.
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Supporting Information is available from the Wiley Online Library or from
the author.
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