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Injectable thermosensitive hydrogels based on hyaluronic acid (HA) grafted with lower critical solution
temperature (LCST) polyoxazoline (copolymers of poly(isopropyl-co-butyl oxazoline)) or P(iPrOx-co-
BuOx) have been elaborated with tunable solution/gel temperature transitions and gel state elastic
modulus. A suitable HA-g-P(iPrOx-co-BuOx-67/33)-0.10 sample with an iPrOx/BuOx ratio of 67/33, a
polymerization degree (DP) of 25, a substitution degree (DS) of 10%, and displaying thermally induced

Received 10th September 2023, gelling character with elastic (G’) and viscous (G”) moduli crossover points at 25 °C and a G’ at 37 °C

Accepted 14th February 2024 around 80 Pa has been chosen for medical application. Hydrogels obtained with HA-g-P(iPrOx-co-
BuOx-67/33)-0.10 exhibited high stability at 37 °C and excellent injectability properties with full and

quick reversibility. The incorporation of a secondary network (HA), until 35 wt%, into the thermosensitive
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1. Introduction

Hydrogels are tridimensional crosslinked networks soluble
in water made from artificial or natural polymers. They can
be created under several shapes such as coatings and films,
micro and nanoparticles, etc."* Hydrogels are present in a lot
of applications, especially in tissue engineering,’ regenerative
medicine,” diagnostics,® cell immobilization,” and controlled
delivery of active agents.® Hydrogels can be classified into
chemical or physical hydrogels, with chemical hydrogels being
made of covalent crosslinking,® while physical hydrogels'® are
instead made of non-covalent bonds (ionic interaction, van der
Waals interactions, hydrogen bonds, etc.). Physical hydrogels
are preferred for injection treatments because of their reversi-
bility, and in some cases, they can respond to external stimuli
such as temperature, pH, electric field, etc.

The number of studies on injectable hydrogels has been
growing steadily in the biomedical field for many years. This is
because injectable hydrogels offer several advantages over
conventional methods of administration (intravenous, intrana-
sal, and oral). In fact, injectable hydrogels enable the therapy to
be delivered directly to the target site, thus avoiding problems
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hydrogel also demonstrated very good stability and injectability.

of diffusion into ‘“healthy” areas of the human body. This
method also overcomes certain barriers (such as the blood-
brain barrier) which limit access to certain molecules, so that
the dose of delivered therapy is better controlled.'*™**

For in situ injection, thermosensitive physical hydrogels that
undergo a transition from the liquid state at room temperature
to the gel state once they arrive at the desired site with the help
of body temperature are very interesting materials as they make
the injection process easier.*'>™"” They can be obtained by
grafting LCST (lower critical solution temperature) polymers
onto a water-soluble polymer. LCST polymers are water soluble
below the LCST temperature and precipitate above the LCST
temperature. This phenomenon is explained by the fact that
heat causes the polymer/polymer interactions to be favorable
over the polymer/solvent interactions. As a matter of fact,
thermosensitive polymers lead to physical crosslinking nodes
between the LCST polymer chains at a given temperature
making it possible to form a gel.'®*872°

At present, there are several types of LCST polymers known,
such as some polyether amines (Jeffamine™), PNIPAM, or some
types of polyoxazolines (POXs).*®2*2> However, we’ll be focus-
ing solely on polyoxazolines because, unlike Jeffamine®™ or
PNIPAM, POXs appear more biocompatible, allow easier con-
trol of the gelation temperature, and, even more strikingly, an
almost spontaneous resulting sol-gel transition.>*>¢2°

During this work, we chose to create an injectable thermo-
responsive hydrogel thanks to hyaluronic acid (HA). Hyalur-
onic acid is an anionic polysaccharide that is completely
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biocompatible and biodegradable due to its ubiquity in the
human body especially in the extracellular matrix but also in
various conjunctive tissues.'®3°33 Unfortunately, hyaluronic
acid doesn’t naturally form a heat-sensitive hydrogel, so we
decided to graft polyoxazoline (POX) copolymers displaying an
LCST behavior on it. This work follows our previous study
focusing on the sol-gel transition of HA grafted with suitable
POX copolymers (ie., poly(isopropyl-co-butyl-oxazoline) or
P(iPrOx-co-BuOx)).>* The thermal transition can then be per-
fectly controlled by adjusting the IPrOx/BuOx ratio, the degree
of polymerization (DP), and the degree of substitution (DS) of
the LCST polymer.***?

Indeed, the present work exploits this synthesis route to
design an easily and controlled injectable thermo-sensitive
hydrogel that is stable at 37 °C with suitable, quick, and
reversible gelation. In contrast to our previous study,** we have
here set the synthesis conditions to obtain these injectable
heat-sensitive hydrogels compatible with biomedical use. How-
ever, in this study, no specific application or specific site of
injection was sought; hence, the following study focuses on the
simulated injectability of a thermosensitive and biocompatible
system in the body at 37 °C.

The injectability of the hydrogel will be thoroughly evaluated.
Moreover, the robustness of the hydrogel properties when insert-
ing a secondary HA network will be assessed. The secondary HA
network could then be grafted with drug molecules to devise a
hydrogel-based drug delivery system.

2. Experimental
2.1 Materials

Hyaluronic acid sodium salt (Na-HA) from streptococcus equi
bacterial glycosaminoglycan polysaccharide (1.2 MDa), tetra-
butylammonium hydroxide (TBAOH), 2-n-isopropyl-2-oxazoline
(iPrOx), 2-n-butyl-2-oxazoline (BuOx), methyl-p-toluenesulfonate,
chloroform-D (CDCl;), sodium deuteroxide (NaOD), deuterium
oxide (D,0O), boric acid, (4-(dimethylamino)benzaldehyde)
(DMAB), acetic acid 96%, hyaluronidase from bovine testes type
IV-S and anhydrous acetonitrile were purchased from Sigma-
Aldrich. Dimethylsulfoxide anhydrous (DMSO), sodium chloride
(NaCl), sodium hydroxide pellets (NaOH), and acetone were
purchased from VWR. Potassium hydroxide (KOH) and hydro-
chloric acid 35% were purchased from Prolabo. Potassium hydro-
gen phthalate was purchased from Fisher Chemicals and
potassium nitrate from Wako. The phosphate buffer (0.1 M; pH
7.4) was made from sodium dihydrogen phosphate monohydrate
from AppliChem and di-sodium hydrogen phosphate dihydrate
from Merck-Millipore. Milli-Q water used was purified using the
Milli-Q water reagent system from Millipore (MA, USA).

2.2 Synthesis of HA-PiPrOx-co-PBuOx

HA-g-P(iPrOx-co-BuOx) was synthesized as shown previously.>*
Briefly, Na-HA was converted into tetrabutylammonium hya-
luronate (TBA-HA) in order to be soluble in a polar aprotic
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solvent (DMSO). The polymerization of 2-n-isopropyl-2-oxa-
zoline (iPrOx) and 2-n-butyl-2-oxazoline (BuOx) (at a theoretical
molar ratio of 68/32, and a theoretical polymerization degree
(DP) of 30) has been done through living cationic ring-opening
polymerization (CROP) at 70 °C during 24 h, using methyl-p-
toluenesulfonate as the initiator. After that, the termination
step was realized with the use of TBA-HA (dissolved in DMSO)
as a termination agent for 24 h at 60 °C.*’ Dialysis (with
Spectra/Por4 dialysis membrane MWCO: 12-14 kDa from
Repligen), lyophilization, and acetone washing were performed
to purify the product. '"H NMR (in D,O and NaOD) and
rheological (in NaCl 0.9% (0.15 M)) measurements have been
successful in confirming the efficiency of the grafting.

2.3 Characterization methods

2.3.1 'H NMR. The HA-g-P(iPrOx-co-BuOx) samples were
characterized by 'H NMR spectroscopies (300 MHz from
Bruker). Samples were prepared and analyzed as shown in the
previous article.>® Briefly, the P(iPrOx-co-BuOx) polymer was
dissolved in deuterated chloroform, and HA-g-P(iPrOx-co-BuOx)
samples were prepared in D,0/NaOD (NaOD 0.125 M) at a
concentration of 5 g L™ ', P(iPrOx-co-BuOx) was characterized to
determine the polymerization degree of the copolymer but also
to confirm the complete polymerization before the termination
step. HA-g-P(iPrOx-co-BuOx) samples were characterized to
evaluate the efficiency of grafting by determining the substitu-
tion degree (DS) after purification.

2.3.2 Rheology. Rheological measurements were per-
formed using a Discovery H-2 hybrid-controlled stress rhe-
ometer from the TA instrument (Waters, UK) in order to
monitor different behaviors. Most of the studied solutions were
based on HA-g-P(iPrOx-co-BuOx-67/33)-0.10 prepared at 15 g L
in 0.9% NaCl (cold magnetic stirring for 48 h). Double wall
concentric cylinder geometry (dimensions: inside cup dia-
meter: 30.21 mm; inside bob diameter: 32 mm; outside bob
diameter: 35.02 mm; outside cup diameter: 37.02 mm; inner
cylinder height: 54.98 mm and immersed height: 54.48 mm
from TA Instrument) was used for all measurements. Dynamic
measurements were conducted in the linearity domain of
viscoelastic properties. Temperature ramps (Peltier tempera-
ture control) in the dynamic mode (at 1 Hz) were then carried
out from 10 to 60 °C at a heating rate of 0.5 °C min~" (0.1 Pa
and 1 Hz). A round trip was performed to prove the reversibility
of the system.

Hydrogel stability was then monitored by tracking elastic
(G') and viscous (G") moduli over time at 37 °C for 24 hours
(0.1 Pa and 1 Hz).

For injectability measurements, the samples were subjected
to various stresses ranging from 5 to 100 Pa for 5 min at 20 °C
or injected in the geometry using different types of syringes and
needles. They were then placed under a stress of 0.1 Pa for
5 min at 20 °C. Finally, the temperature was raised to 37 °C
(0.1 Pa) for 10 min.

Flow measurements have been carried out with up (10’) and

down (10') applied shear rates scans between 0.1 to 1000 s~ .

This journal is © The Royal Society of Chemistry 2024
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2.3.3 Total organic carbon (TOC) measurements. TOC
measurements were carried out using a Shimadzu total organic
carbon analyzer (Japan). Calibration curves were made with
potassium hydrogenophthalate (HPP) at 500 ppm. The purpose
of these analyses was to monitor the possible dissolution of the
hydrogel in an excess of solvent (in this case NaCl 0.1 5 M) at
37 °C. To this end, an experiment was set up at 37 °C, in which
the hydrogel was gelled in a flask, and excess solvent (10 mL)
was placed on top (supernatant). Samples (7 mL of supernatant)
were then taken at different times and replaced with fresh
supernatant. Then, these samples are diluted twice and ana-
lyzed using the total organic carbon analyzer. The objective was
to determine the carbon content of the supernatant over time,
and thus return to the potentially released polymer concen-
tration in the supernatant.

2.3.4 Swelling measurement and stability. Swelling mea-
surements have been done to confirm the results obtained by
TOC and rheology on hydrogel stability with or without excess
solvent. To summarize, the dry hydrogel was weighed and then
dissolved (at 4 °C) with NaCl 0.15 M to achieve a concentration
of 15 g ™', Once in solution, it was gelled at 37 °C and weighed
again. Once the hydrogel was obtained in its gelled form, excess
solvent was added to its surface. At different times, the excess
solvent was removed, and the mass of the hydrogel was
remeasured. This analysis was repeated throughout the study.
The swelling ratio (Q) was calculated according to eqn (1):

hydrated hydrogel — dry hydrogel

0= dry hydrogel

1)

2.3.5 Enzymatic degradation (Reissig method). To evaluate
the stability of the hydrogel in the human body, a preliminary
enzymatic degradation study was carried out using hyaluroni-
dase (HAase). Indeed, hyaluronidase is the enzyme that natu-
rally hydrolyzes glycosaminoglycan (hyaluronic acid), so it is
found in large amounts in the human body. Its activity depends
not only on its location in the body but also on whether the
surrounding tissue is healthy or infected/inflamed.*® For exam-
ple, in many tumors, hyaluronidase is overexpressed in the
tumor microenvironment.?” To study the hydrogel’s enzymatic
degradation, we used the Reissig method (1955).® To sum up,
this method quantifies the amount of reducing sugar (N-acetyl-
glucosamine) resulting from the cutting of B(1-4) glycosidic
bonds via a colorimetric titration method. To quantify the
reducing ends groups of the hydrogel, a calibration curve
for the method was first prepared, ranging from 0.0045 to

OH
i
oo, Cinangeresn OHHO oHHO
yo - HO- /\\‘ TBAOH o
pY ° o W > tos o \uy TOAOH_
%% ~

r// CN

Na+ CHs cn;

@s oo, oK o

I ﬁ/ Acelan trile

70°C, overnight

/\«)(”\/N/Lo

g
+ o )to
(]
P(iPrOx-co-nBuOx) Tosylate counter ion

iPrOx nBuOX

0. OHHO o OH HO o
)R\ "6 1) DMSO, acetonitrile HO 3 o
KA X NH/n  60°C, overnight Yo NH
o

HA-NA* f H HA-TBA r

View Article Online

Paper
2 mmol L' of N-acetylglucosamine in NaCl 0.15 M. For the
hydrogel, a 15 g L™ " solution in NaCl 0.15 M was prepared and
10 mL of this solution was placed at 37 °C while 10 mL were
placed at room temperature. This experiment allowed the
comparison of the appearance of the reducing end groups
when the hydrogel was in liquid or in gel form in the presence
of HAase (100 pL at 1 mg mL™"). Various samples were taken
throughout the study, and 200 pL of hydrogel was kept at 100 °C
for 3 min to turn off the enzyme. Next, 50 puL of a potassium
tetraborate solution (4.94 g of boric acid and 1.98 g of potas-
sium hydroxide dissolved in 100 mL ultrapure water, half-life at
4 °C of 15 days) were added to the solution which was homo-
genized through stirring and then returned to 100 °C for 3 min
to create the complex between potassium tetraborate and
N-acetylglucosamine ends groups that reacts with DMAB to
create the colored complex. After that, 1.5 mL of a dilute
solution (1/10) of DMAB obtained by diluting the stock solution
(5 g of DMAB dissolved in 6.25 mL of 12 M HCl and made up to
50 mL with glacial acetic acid, can be stored for 1 month at
4 °C) were added to the samples which were kept at 37 °C
during 15 min, and then analyzed in a UV-visible spectro-
photometer (Cary 100 bio, Varian, USA) in a range of 400 at
700 nm.

3. Results and discussions
3.1 Synthesis of HA-g-P(iPrOx-co-BuOx)

HA-g-P(iPrOx-co-BuOx) was prepared from the CROP (cationic
ring-opening polymerization) reaction between 2-n-isopropyl-2-
oxazoline (iPrOx), 2-n-butyl-2-oxazoline (BuOx), and tetrabutyl-
ammonium hyaluronate as shown on the reaction mechanism
in Fig. 1.>*%° The "H NMR characterization for HA-g-P(iPrOx-co-
BuOx) and P(iPrOx-co-BuOx) is shown in the ESIt (S1 and S2).
The DS, DP, and the IPrOx/BuOx ratio are determined as
explained in our previous work.>* The substitution degree
(DS) was determined according to eqn (2) (more information
in the ESIY}).

3 X I3 sppm-10
DS =~ 2P 2
4><DP><I]vggppm ( )

Ideal conditions for hydrogel injection/gelation were
achieved at an experimental iPrOx/BuOx ratio of 67/33 (£1/1),
a DS of 10 (£3), and a DP of 25 (+5).

Rheological measurement of this sample has been done
to check its gelation ability when heated to 37 °C (body

R —
2) dialysis and
acetone washing

-nBuOX) (Hydrogel)

Fig. 1 Reaction mechanism for grafting the P(iPrOX-co-BuOx) copolymer onto hyaluronic acid.
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Fig. 2 Evolution of rheological profile of HA-g-P(iPrOx-co-BuOx-67/33)-0.10 015 g L~ in NaCl 0.15 M in function of temperature (shear stress: 0.1 Pa;

frequency: 1 Hz and rate: 0.5 °C min™?).

temperature). As shown in Fig. 2 (see part 2.3.2 for conditions),
it can be observed that below 20 °C, G” is largely above G’
indicating the viscous state of the system, which is therefore
expected to be easily injectable. In this range both moduli
decrease with the temperature according to thermal agitation,
this behavior is typical of water-soluble polymer dynamic. After
20 °C, both moduli increase with the temperature as the grafted
POX chains start to associate themselves (explained by their
LCST character). The associative behavior is reinforced with the
increase of the temperature. Thus, and logically, G’ increases
more than G” leading to a critical temperature, sometimes
called transition temperature (Tsoi/gel), that corresponds to the
crossover of both moduli. Finally, the elastic modulus seems to
reach a plateau (~ 100 Pa) from about 35 °C. It is largely higher
than the G” (more than 1 decade), which means that the elastic
behavior of the material is predominant over its viscous
behavior.

This result seems to indicate that this sample is well adapted
for human body medical sol/gel application in terms of the
temperature of final gelation (~37 °C) and of the magnitude of
the elastic modulus.

3.2 Hydrogel stability at 37 °C

To ensure that the hydrogel remains in the gel state at 37 °C, a
24-hour rheological analysis was set up in oscillatory mode
(measurement of G’ and G” moduli for 24 h at 37 °C, 0.1 Pa,
and 1 Hz).

As shown in Fig. 3, it can be seen that the elastic modulus G’
remains higher than the viscous modulus G” for at least 15 h at

2810 | J Mater. Chem. B, 2024,12, 2807-2817

37 °C, above this time, solvent evaporation probably occurs
leading to an increase in both moduli. This confirms that the
hydrogel remains stable at 37 °C for at least 15 h (maximum
operating conditions). One can notice a very slight diminishing
of both moduli over time that could be explained by a possible
reorganization in the associations, without changing the main
behavior.

A second study on the same sample (i.e. HA-g-P(iPrOx-co-
BuOx-67/33)-0.10) was designed to confirm whether the hydro-
gel remained stable in an excess of solvent at 37 °C. The
hydrogel was immersed in an excess of a 0.15 M NaCl solution.
Then, supernatant samples were taken off every day to check if
some polymer was extracted from the gel toward the super-
natant. These samples were analyzed by TOC to follow the
variation in carbon content in the supernatant as a function of
time for 5 days, and thus to trace the release polymer concen-
tration in the supernatant, as shown in Fig. 4(A).

Regarding this sample, it appears that only 0.9 g L ™" has
been released after 5 days which represents less than 6% of the
initial amount of polymer in the gel. This result clearly
indicates that the gel is strongly stable in an excess of solvent
at the body temperature. The burst effect observed during the
first 6 hours can be explained by the diffusion of polymers
which should not be correctly crosslinked with a major part of
hydrogel in the supernatant.

To confirm these results, a third study was carried out to
control the swelling rate of the hydrogel over time in order to
prove that the hydrogel remains in the gel state for at least
5 days even with the presence of a solvent excess applied to its

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Stability studies of HA-g-P(iPrOx-co-BuOx-67/33)-0.10 at 37 °C (15 g L' in NaCl 0.15 M) for 24 h (0.1 Pa and 1 Hz).
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Fig. 4 HA-g-P(iPrOx-co-BuOx-67/33)-0.10 concentration released in the supernatant over time at 37 °C. B-Swelling rate (Q) of HA-POX over time at

37 °C.

surface. As can be seen in Fig. 4(B), 80% of the initial swelling is
conserved after 5 days. The swelling loss observed seems to be
correlated to the loss of polymer (6%) observed during the TOC
analysis described above. Finally, over the experimental time of
15 hours induced by rheological limits, our swelling and
polymer release results confirm that the gel state is globally
preserved over 5 days.

3.3 Enzymatic degradation

The enzymatic degradation preliminary study of the hydrogel in
the presence of hyaluronidase (Fig. 5(A)) shows that the redu-
cing ends groups (N-acetylglucosamine or NAG) concentration
is higher when the HA-g-POX degradation is done at 20 °C than
at 37 °C after 72 h (1.3 mmol L™* at 20 °C vs. 0.3 mmol L' at
37 °C). More importantly, the HA-g-POX degradation at 37 °C
reaches a plateau after one hour, whereas HA-g-POX degrada-
tion at 20 °C increases over time. This plateau may be explained
by the fact that, at 37 °C, the hydrogel’s polyoxazoline grafts
limit access to the glycosidic B (1-4) bond of hyaluronic acid, in

This journal is © The Royal Society of Chemistry 2024

addition to the gel structure, which greatly slows down the
enzyme.

To better visualize the phenomenon, the evolution of the
number average molar mass (M,, determined using eqn (3))
was plotted as a function of time for the hydrolysis undergone
by the gel.

_ [Hydrogel]

Mn = [E'R]mol L-! (3)

As shown in Fig. 5(B), for the solution at 20 °C, the molar
masses decrease to reach an M, of around 10 000 g mol " after
5 days, unlike the gel at 37 °C, which degrades to around
52000 g mol . If we compare this result with the literature,*
the total degradation of native hyaluronic acid leads to a M;, of
about 1600 g mol ™, that means about 4 disaccharide units.

Thus, our results show that HAase leads to a degradation of
HA-g-POx which is largely less important as compared to native
HA. This is due to the presence of the grafted POx groups which
limit the accessibility of the enzyme. Moreover, at the gel state,

J. Mater. Chem. B, 2024, 12, 2807-2817 | 2811
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Fig. 5 (A) Enzymatic degradation of HA-g-P(iPrOx-co-BuOx-67/33)-0.10 in presence of hyaluronidase (100 plL at 1 mg mL~* for 10 mL hydrogel at 15 g L™
over time at 20 °C and 37 °C. (B) Molar mass evolution of HA-g-P(iPrOx-co-BuOx-67/33)-0.10 over time in presence of hyaluronidase at 20 °C and 37 °C.

the degradation is more limited than at the sol state due
probably to the hindering of the network. As reported in part
3.2 this slight enzymatic degradation at the gel state does not
lead to the destructuration of the network. These results are
very encouraging for future applications.

3.4 Hydrogel injectability

3.4.1 Hydrogel injectability at 20 °C. To ensure the feasi-
bility of an in vivo injection, it was essential to check that the
injection did not cause any irreversible damage to the hyaluro-
nic acid chains, thus preventing gelation. To this end, a
rheological protocol was set up. In the first step, the flow
behavior of the modified HA-g-P(iPrOx-co-BuOx-67/33)-0.10
solution at 15 ¢ L™" in 0.9% NaCl was followed at 20 °C
(Fig. 6). It can be observed that the hydrogel presents a mainly
Newtonian behavior followed by a starting shear thinning one

from 50 s~' approximately. One can also notice the non-
thixotropic behavior. This flow can be correctly modelized

thanks to the Williamson empirical relation (eqn (4)):

o
g=— 4

where 7, is the Newtonian viscosity, K is the consistency (time
of disentanglement), and 7 is the shear thinning index.

The Williamson model well fits the experimental flow curve
of the solution (R* = 0.9996) and gives the following result:
o =155 mPa s '; K= 5 ms; n = —0.77. This behavior is a good
indication and prognostic of potential easy injectability.

In the following, G’ and G” (at 1 Hz) are measured under
various conditions of stress and temperature. Step 0 gives the
original elastic state of the hydrogel at 37 °C in the linearity
domain (low stress: 0.1 Pa, 1 Hz). Then, the hydrogel was

1 ¢
E Shear rate scan from 0.1 to 1000s-1
L e Shear rate scan from 1000 to 0.1s-1
r 5Pa
. r 10 Pa
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Fig. 6 Flow curve for HA-g-P(iPrOx-co-BuOx-67/33)-0.10 at 20 °C; 15 g L%

2812 | J Mater. Chem. B, 2024, 12, 2807-2817

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3tb02108d

Published on 15 February 2024. Downloaded on 4/1/2026 4:36:36 PM.

View Article Online

Journal of Materials Chemistry B Paper
G'(Pa)-5Pa  eeceenene G" (Pa)-5Pa G'(Pa)-10Pa eeeeeeene G" (Pa)-10Pa
G'(Pa)-20Pa e G" (Pa)-20Pa G'(Pa)-40Pa  eeeeeeens G" (Pa) - 40 Pa
G' (Pa)-50 Pa G" (Pa) - 50 Pa G' (Pa) - 100 Pa G" (Pa) - 100 Pa

Step 0 Step 1 Step 2 Step 3
A | A
100 o
10 E
[ 37°C
1 E
E 0=0.1Pa
© 0.1
©® i
b 0.01 ?
0.001 y=5Pa
é o=10Pa
[ a=;d P;
0.0001 E 0Pa
000001 1 1 1 1 1 1 1 1 1 1 e l 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400

Time (s)

Fig. 7 Rheological injection simulation for HA-g-(PiPrOx-co-PBuOx-67/33)-0.10 via different stress apply at 20 °C to mimic the injection phenomenon

(15 g L™ in NaCl 0.15 M).

subjected to various stresses at 20 °C ranging from 5 to 100 Pa
during 5 min (step 1 in Fig. 7). Thus, this step simulates the
applied stress when the hydrogel is injected via a syringe with a
needle or capillary. These stresses were reported with their
corresponding viscosities in Fig. 6 (flow curve), which evidences
that the tested stresses correspond to the shear thinning behavior
range. The hydrogel is then left to rest at 20 °C under very low
stress (0.1 Pa) for 5 minutes (step 2 in Fig. 7). This stage mimics
the moment when the gel exits the syringe/needle and enters the
human body (with no stress applied and not heated at 37 °C yet).
Finally, during step 3 (Fig. 7), the geometry is heated to 37 °C to
mimic the introduction in the human body in the same condi-
tions as step 0. In a second stage (Fig. 8), the same analysis was
carried out, but instead of applying stress to the hydrogel via the
rheometer, it was injected into the device geometry using different
syringes, needles, micropipettes, and capillaries (¢f S3 ESIt for
capillaries experiments).

As shown in Fig. 7 and 8, whatever the applied stress and
whatever the used injection method, the hydrogel will regain its
initial properties at 37 °C very quickly. The time frame between
the temperature set and the beginning of the modulus increase
is about 150 s. It can be easily explained and has to be
subtracted to the time of gelation. Indeed, the time needed
by the Peltier temperature control to reach the set temperature
inside the geometry (double wall concentric cylinder) was
found to be 290 s. This time becomes largely lower if another
geometry with less metal envelope, such as a cone-plate

This journal is © The Royal Society of Chemistry 2024

geometry, is used. Otherwise, these results also indicate that
injections do not cause irreversible damage to the polymer and
do not affect the thermo-gelling behavior. Thus, we confirm
that such thermosensitive hydrogels are perfectly injectable,
whatever the injection used method.

3.4.2. Hydrogel injectability at 37 °C. Although the injec-
tion does not take place at 37 °C, we wanted nevertheless to
study the behavior of the system if injected at 37 °C, i.e., in the
gelled state. To this end, a rheology protocol was set up to apply
various stresses to the hydrogel at 37 °C. Between each stress
application, it was ensured that the system returned to its
initial state (step 0 in Fig. 8: 0.1 Pa, 1 Hz, 30 minutes in contrast
to the stress application, which only lasted for 5 minutes).

Excepted for both 50 and 100 Pa which are not strong
enough to completely break the structure of the hydrogel at
37 °C, the results of Fig. 9 show that the high shear stresses lead
to a decrease in moduli due to the disorganization of the physically
associated network. This becomes noticeable from 150 Pa with G’
lower than G” (that means a liquid and viscous state). Whatever the
applied stress, once the stress is removed, the hydrogel returns very
quickly to its initial gelled state without irreversible damage.

3.5 Incorporation of a secondary network (semi-
interpenetrating network (IPN))

For future applications, we could be led to add new properties
to the hydrogel, such as contrast agents, drug delivery mole-
cules, and others. Thus, it appears to be easier to modify a new
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Fig. 8 Rheological in situ injection via different syringes and needles for HA-PiPrOx-co-PBuOx-66/34-0.10 at 20 °C to mimic the injection
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Fig. 9 Elastic and viscous moduli during different stresses applications (ranging from 50 to 250 Pa) to the hydrogel (HA-PiPrOx-co-PBuOx-66/34-0.10,
15 g L=t in NaCl 0.15 M) at 37 °C (1 Hz) with a rest time (0.1 Pa, 1 Hz) between stresses.
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native HA than an already thermo-sensitive HA. Indeed, the chosen
strategy for a potential medical application will be to graft the
various molecules onto new native HA chains and blend them into
the thermosensitive hydrogel network. It must then be ensured that
the incorporation of a secondary network based on native HA does
not prevent the thermosensitive hydrogel from gelling.

To confirm this strategy, a 15 g L' solution of the heat-
sensitive HA-g-P(iPrOx-co-BuOx-67/33)-0.10 was mixed with
15 g L' native HA solution at different volume ratios at 4 °C
and the gelation of the resulting mixture were then monitored.
To begin, a mixture with a volume ratio of 75/25 thermosensi-
tive/native HA was studied (Fig. 10). One can notice a slight
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Fig. 11 Rheological ramp of different mixture between HA-g-P(iPrOx-co-BuOx-67/33)-0.10 and native HA (15 g L™ in NaCl 0.15 M; 0.5 °C min™?,

0.1 Pa and 1 Hz).
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decrease in G’ modulus for the hydrogel/HA mixture compared
with the hydrogel alone. This drop in modulus can be explained
by the secondary hyaluronic acid network which will prevent
certain physical cross-linking nodes from forming that leads to
a weakened 3D network. Nevertheless, the respective gelation
temperature of the mixture and the corresponding thermosen-
sitive HA remain identical, which is a promising feature for
future research.

Then, the native HA content in the mixture ratio was
increased to find out whether a limit should not be exceeded
to preserve the gelation of the mixture. To this end, different
HA-g-P(iPrOx-co-BuOx-67/33)-0.10/native HA ratios were tested,
and the results are presented in Fig. 11.

The first thing to note is that the more secondary network is
added to the mixture, the more G’ decreases. This confirms that
the secondary network will prevent certain cross-linking nodes
from forming as was hypothesized above. Indeed, the more
secondary network is added, the more difficult it becomes for
the polyoxazoline chains to associate with each other to form
the gel, up until a critical point is reached where gelation
becomes impossible. Indeed, the absence of a crossover point
between G’ and G” moduli is evidenced for a 60/40 ratio (green
curves) in Fig. 11, with G” being higher than G’ throughout the
temperature range. This behavior indicates the absence of
gelation in the system, implying that it will be impossible to
add a secondary network in proportions greater than 35%
without losing the thermosensitive character of the mixture at
15 g L~ " This is an encouraging result, as it indicates that the
incorporation of hyaluronic acid modified with molecules of
interest should be feasible for future studies.

Studies of stability (S6 supporting data, ESIt), flow behavior
(S7 supporting data, ESIT), and injectability (S8 supporting
data, ESIt) of the 75/25 ratio mixtures are perfectly similar in
terms of interpretation to the pure thermosensitive systems
discussed above.

Conclusions

Following on from our previous work,** the thermoresponsive
HA-g-P(iPrOx-co-BuOx) copolymer was designed to be ideally
suited to an injectable biomedical application. We obtained a
grafting of the P(iPrOx-co-BuOx) copolymer (67/33 molar ratio;
DP: 25) with a grafting rate of around 10%. This grafting results
in a reversible thermosensitive hydrogel (at 15 g L™ ') with a ¢/,
G" crossover point of around 25 °C (for a G’ at 37 °C of around
80 Pa + 20). We have shown that this hydrogel is perfectly
stable at 37 °C for at least 5 days. We have also demonstrated
that the gel is maintained when submitted to HAase action for
4 days, even if some chain cuts occur. These are very encoura-
ging results for future applications in the human body, but
further studies will be necessary notably in vivo for which other
variables could occur. In addition, the slight shear thinning
behavior of the solution at 20 °C led to comfortable injectability
conditions. Nevertheless, in the gel state, injectability measure-
ments showed high resistance, requiring the hydrogel to be
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subjected to high stresses leading to the breaking of the 3D
network. However, once the stress is removed, the gel network
reforms very quickly without causing irreversible damage to the
polysaccharide chains. These good results prompted us to try
the incorporation of a secondary network (HA) inside the heat-
sensitive hydrogel, with the aim of grafting therapeutic mole-
cules onto it at a later stage. The results obtained showed that a
secondary network could be added to the hydrogel in a max-
imum proportion of 35 wt%. The mixed gel showed a slight loss
of G’ modulus at 37 °C but remained stable at 37 °C for at least
3 days and had the same injection ability as the hydrogel alone.
These results are very encouraging and allow us to envisage the
incorporation of therapeutic molecules in the future.
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