¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

Soft Matter

View Article Online

View Journal | View Issue

Biomass-derived isosorbide-based

".) Check for updates‘
thermoresponsive hydrogel for drug deliveryy

Cite this: Soft Matter, 2022,

18, 4963 d

Sebastian Bonardd, {2 £?° Binoy Maiti, i Santiago Grijalvo,
Jacqueline Rodriguez, (22 Hamidreza Enshaei,® Galder Kortaberria,"
Carlos Aleman (2 °9 and David Diaz Diaz {2 **°"

Herein, we describe the design and synthesis of a new variety of bio-based hydrogel films using a Cuf()-
catalyzed photo-click reaction. These films exhibited thermal-triggered swelling—deswelling and were
constructed by crosslinking a triazide derivative of glycerol ethoxylate and dialkyne structures derived
from isosorbide, a well-known plant-based platform molecule. The success of the click reaction was
corroborated through infrared spectroscopy (FTIR) and the smooth surface of the obtained films was
confirmed by scanning electron microscopy (SEM). The thermal characterization was carried out in
terms of thermogravimetry (TGA) and differential scanning calorimetry (DSC), from which the
decomposition onset and glass transition temperatures were determined, respectively. Additionally,
mechanical properties of the samples were estimated by stress—strain experiments. Then, their swelling
and deswelling properties were systematically examined in PBS buffer, revealing a thermoresponsive
behavior that was successfully tested in the release of the anticancer drug doxorubicin. We also
confirmed the non-cytotoxicity of these materials, which is a fundamental aspect for their potential use
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1. Introduction

Drug delivery technologies are rapidly developing fields and
constitute an important component of nanomedicine drug
development and therapeutics."” Controlled-release systems
are designed to deliver drugs at predetermined rates for desirable
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as drug carriers or tissue engineering matrices.

times or specific sites, and the use of polymers is increasing
nowadays in this area.> Such polymeric matrices are capable of
modifying the biokinetic behavior of the transported bioactive
molecule increasing its efficacy and stability, and reducing cyto-
toxicity on healthy peripheral tissues.

Within this context, hydrogels are a special class of poly-
meric networks, which can absorb and retain a large amount of
water while preserving their three-dimensional integrity. Due to
their high water content, many hydrogels are biocompatible
and show similar properties to natural tissue, which makes
them suitable for biomedical applications.*® In recent years,
increasing attention have been paid to stimuli-responsive
hydrogels that can sense and respond to external stimuli, such
as temperature, pH, light, electrical fields, etc.” > In particular,
thermoresponsive hydrogels are one class of the most widely
studied stimuli-responsive hydrogels with great potential for
drug delivery systems.'®™°

Recently, we have reported the synthesis of a new series of
hydrogels composed of glycerol ethoxylate and bisphenol
A-based monomers."” The water-swollen hydrogel membranes
displayed thermoresponsive actuation and lower critical solu-
tion temperature (LCST). In this work, motivated by the potential
of these materials as drug delivery systems, and considering
the potential toxicity of bisphenol A-derivatives, we decided
to redesign the formulation using glycerol ethoxylate and
biomass-derived isosorbide monomers.
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2. Experimental part
2.1. Materials

All reagents and solvents employed in this work were purchased
from commercial suppliers and used as received: Glycerol
ethoxylate (M, ~ 1000 g mol '), p-isosorbide (98%), sodium
azide (>99.5%), propargyl bromide (80 wt% solution in
toluene), CuSO,-5H,0 (98%), 2,2-dimethoxy-2-phenylaceto-
phenone (DMPA, 99%) and triethylamine (Et;N, >99%) were
obtained from Sigma-Aldrich. Methanesulfonyl chloride (98%)
and doxorubicin hydrochloride (DOX-HCl, >95%) were sup-
plied by TCI. N,N,N',N",N'-pentamethyldiethylenetriamine
(PMDETA, >98%) and ammonium chloride (>99.5%) were
purchased from Merck. Thiazolyl blue tetrazolium bromide was
purchased from Merck Sigma Aldrich (St. Louis, MO, USA),
Dulbecco’s Modified Eagle Medium (DMEM), phosphate-buffered
saline (PBS), fetal bovine serum (FBS), and trypsin-EDTA were
purchased from ThermoFischer Technologies (Waltham, MA, USA).

2.2. Characterization techniques

2.2.1. 'H and "C nuclear magnetic resonance spectroscopy.
'H and C-NMR measurements were recorded in a Bruker
Avance 500 at room temperature. Chemical shifts are reported
in parts per million (ppm) using as reference the residual CDCl;
peak, centered at 7.26 ppm. The notation employed for the
multiplicity of detected signals in NMR experiments was
the following: s = singlet, d = doublet, t = triplet, q = quartet,
m = multiplet.

2.2.2. Fourier transform infrared spectroscopy (FTIR).
FTIR spectra of hydrogel’s precursors and hydrogel films were
obtained using a Thermo Nicolet Avatar 360 FTIR spectrometer
and a Nicolet Nexus 670 FTIR spectrometer equipped with a
single horizontal Golden Gate ATR cell with ZnSe cell/crystal,
respectively. All spectra were recorded between 4000 and
600 cm " after 20 scans with a resolution of 2 em™".

2.2.3. Scanning electron microscopy (SEM). SEM micro-
graphs of gold-coated samples were obtained in a ZEISS EVO
15 scanning electron microscope (Zeiss, Germany), operating at
an acceleration voltage of 10 kv for imaging. The surface
metallization of samples was conducted using a QUORUM
Q150R S PLUS sputtering instrument.

2.2.4. Thermogravimetric analysis (TGA). The thermal
characterization of samples was carried out in a TGA/SDTA851
Mettler-Toledo thermobalance. TGA thermograms were mea-
sured under Air/O, (80:20) atmosphere between 25 °C and
600 °C at a heating rate of 10 °C min~" using a dried piece of
hydrogel film.

2.2.5. Differential scanning calorimetry (DSC). DSC mea-
surements were carried out using a METTLER TOLEDO DSC
821e provided with an electric intracooler as a refrigeration
unit. DSC analysis of a 24 h swollen film was conducted using
a heating program consisting of 6 consecutive steps described
as follows: (i) dynamic heating process from 25 to 120 °C at
2 °C min™", (ii) dynamic heating process from 120 to 200 °C at
20 °C min~", (iii) static heating process maintaining 200 °C
during 3 min, (iv) cooling process from 200 to —80 °C at
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10 °C min~', (v) static cooling process maintaining —80 °C
for 3 min, ending with a (vi) dynamic heating process from —80
to 100 °C at 10 °C min ™",

2.2.6. UV-Vis spectroscopy (UV-Vis). UV-Vis spectra were
collected from an UV-2450 SHIMADZU between 350 nm and
650 nm with a resolution of 2 nm.

2.2.7. Tensile testing. Mechanical properties of obtained
films were measured using a Zwick Z2.5/TN1S testing machine
in stress—strain experiments conducted at a deformation rate of
3 mm min . Calculated parameters were averaged considering
a minimum of 5 samples for each system, which were cut from
films in dimensions of 10 x 1.5 x 0.15 mm (length, width and
thickness).

2.3. Synthesis of monomers

Reactions performed to obtain the molecular precursors
of hydrogels were carried out using degassed solvents and
flame-dried glassware connected to a Schlenk line. The purifi-
cation of intermediates and final products was achieved by using
conventional protocols such as evaporation under reduced
pressure, precipitation, and column chromatography (using as
stationary phase silica gel with particle size 63-200 pm acquired
from Sigma-Aldrich). The irradiation process was conducted on a
RPR-100 Photochemical Reactor (Rayonet) equipped with six long
ultraviolet lamp life (365 nm).

2.3.1. Triazide derivative of glycerol ethoxylate (1a). The
synthesis of this precursor was performed in two consecutive
steps. First, glycerol ethoxylate (5.00 g, 5.00 mmol) (ESIt) was
dissolved in 150 mL of dry dichloromethane (DCM) and cooled
at 0 °C. Then, Et;N (3.48 mL, 25.00 mmol) was added and,
under constant stirring, methanesulfonyl chloride (2.57 g,
23.00 mmol) was added dropwise into the cooled reaction
mixture. After 18 h, the suspension was filtered to obtain a
clear and homogeneous yellow solution, which was then washed
twice with 100 mL of distilled water and once with 100 mL of
brine. The organic phase was dried overnight using Na,SO, and
concentrated under reduce pressure affording the desired
compound which was used in the next step without further
purification.

The above mesityl derivative (4.00 g, 3.00 mmol) was dis-
solved in 50 mL of dry N,N-dimethylformamide (DMF), after
which sodium azide (0.98 g, 15.00 mmol) was added in one
single portion allowing the reaction to proceed under constant
stirring at 70 °C overnight. After this time, the mixture was
noted to be a fine white suspension that was filtered affording
a clear, homogeneous yellow-brown supernatant. DMF was
removed under reduce pressure and the resultant crude oil
triturated with 100 mL of ethyl acetate. The mixture was then
sonicated for 15 min and filtered using 30 mL medium fritted
glass funnel. The achieved brown filtrate was washed twice with
100 mL of distilled water and once with 100 mL of brine. The
organic phase was dried overnight using Na,SO, and concen-
trated to afford the triazide derivative in 70% yield. Spectro-
scopic data were in good agreement with those reported in the
literature."® "H NMR (CDCl,): 6 3.64-3.54 (m, ~CH,-CH,-0-),
3.33 (t, -CH,-N;).

This journal is © The Royal Society of Chemistry 2022
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NOTE: Although we have not experience any safety problem
handling triazide 1a, it should be emphasized that small
organic azides can be heat- and shock-sensitive. As a general
recommendation, they should never be distilled to dryness or
stored in the absence of solvent.

2.3.2. Bis(alkyne) isosorbide (1b). This isosorbide derivate
was synthesized following a previously reported protocol by
Beghdadi et al. In a round bottom flask, p-isosorbide (2.00 g,
13.68 mmol) was dissolved in 20 mL of dry DMF. Under
constant stirring, NaH (1.64 g, 68.40 mmol) was added, followed
by the addition of propargyl bromide (7.70 mL, 68.00 mmol). The
reaction was allowed to proceed at room temperature overnight.
Then, the solvent was removed under reduce pressure, the residue
extracted with ethyl acetate (2x 100 mL) and the organic phase
washed successively with distilled water and brine. The organic
phase was dried with Na,SO, and concentrated to get crude
compound, which was purified by column chromatography using
ethyl acetate:hexane (2:1, v/v) as eluent. The final product was
obtained as a pale-yellow viscous oil in 53% yield. Spectroscopic
data were in good agreement with those reported in the
literature.’® "H NMR (CDCl,): 6 4.62 (t, J = 5 Hz, 1H), 4.51 (d, J =
5 Hz, 1H), 4.31-4.10 (m, 6H), 3.97-3.89 (m, 3H), 3.57 (t,/ = 10 Hz,
1H), 2.44 (m, 2H). *C NMR (CDCl,): J 86.03, 83.24, 80.20, 79.29,
79.15, 78.65, 75.24, 75.09, 73.10, 69.96, 57.60, 56.78.

2.4. Hydrogel films

2.4.1. Preparation of hydrogel films. Bio-based hydrogel
films were prepared as follows: In a 5 mL glass vial protected
from light, triazide glycerol ethoxylate (0.30 g, 0.84 mmol of
azide groups) and isosorbide dialkyne (0.09 g, 0.84 mmol of
alkyne groups) were mixed and well-dissolved in 0.5 mL of dry
DMF containing CuSO,-5H,0 (4.2 mg, 0.017 mmol, 0.02 equiv.
of alkyne), PMDETA (5.8 mg, 0.034 mmol, 2 equiv. of Cu™®) and
DMPA (8.6 mg, 0.034 mmol, 0.04 equiv. of alkyne). The above
mixture was disposed on glass Petri dishes (4.0 cm diameter)
and UV irradiated (365 nm) for 90 min. After the irradiation
step, the sample was annealed at 100 °C overnight in order to
remove DMF. Then, so-formed membranes were incubated and
gently stirred in 0.02 M EDTA aqueous solution (8 h), distilled
water (8 h) and acetone (8 h), consecutively. The membranes
were finally dried at 80 °C for 24 h affording flexible and
transparent yellowish films.

2.4.2. Swelling and deswelling kinetics of hydrogel films.
The ability of these bio-based hydrogels to absorb water was
quantified in terms of the equilibrium swelling ratio parameter
(SRe), which is defined in eqn (1):

sR.(%) = V=4 100 1)
Wi
where Wy and W, are defined as the weight of the sample
completely dried and the weight of the sample after a period t
immersed in the aqueous solution, respectively. Thereby, the
maximum amount of absorbed water by the sample can be
measured. The above experiment was carried out as follows:
A piece of dry membrane, previously lyophilized during
24 h, was weighted in order to determine Wy, after which was

This journal is © The Royal Society of Chemistry 2022
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immersed in a thermoregulated flask containing PBS buffer
solution at 22 °C. Then, the swollen sample was taken out and
carefully dried with wet tissue paper, aiming to remove all the
non-absorbed solution from the films’ surface and weighted to
record W, values at different time intervals. The experiment was
ended after reaching a stable SR, value.

Once the maximum swollen state was established, the
deswelling process of these samples was evaluated in terms
of the water retention parameter (WR, eqn (2)). The initially
swollen sample of weight W,,, equilibrated at 22 °C, was rapidly
transferred to a PBS buffer solution at 37 °C or 50 °C aiming to
evaluate this process at two different temperatures. Then,
similar to the above protocol, after different time intervals the
film was withdrawn from the hot solution, gently dried with
tissue paper and weighted to record W, values.

W, — Wy

2.4.3. Cytotoxicity of hydrogel films. HeLa cells were grown
in DMEM supplemented with 10% FBS and were regularly
passaged in order to maintain exponential growth. Prior to
put in contact the hydrogel with cells, the film material was
sterilized under ultraviolet for 2 h, submerged in DMEM
(15 mL) and incubated at 37 °C overnight. HeLa cells were
transferred to a 96-well plate (3 x 10 cells) in 200 L to favor
the adhesion process. DMEM was discharged from the wells
and replaced by DMEM that was previously in contact with the
material (200 pL). Three concentrations were selected (6.07,
3.03 and 0.76 mg mL ') and cells were incubated for 24 h at
37 °C. The media was removed and freshly DMEM (200 pL) was
added again incubating both non-treated and treated cells for
12 h at 37 °C. Finally, a MTT solution (5 mg mL ") (20 uL) was
added. HeLa cells were incubated for 3 h. DMEM was removed
and the resulting formazan crystals were dissolved in 200 pL of
DMSO. Absorbance was measured at 570 nm using a BioTek
Synergy H1 Multimode Reader (Agilent, Santa Clara, CA, USA)
and normalized cellular viabilities were obtained by analyzing
the ratio between non-treated and treated cells. Experiments
were carried out in triplicate (SD = 3).

2.4.4. Adsorption and release of doxorubicin. A piece of
dried hydrogel membrane (&~ 80 mg) was placed into a glass
vial containing 10 mL of DOX-HCI aqueous PBS buffer solution
(1 x 10~* M). Using a UV-VIS spectrophotometer, the diminishing
of the drug solution’s absorbance was recorded at constant
intervals of time by following the band centered at 480 nm. These
absorbances were transformed into concentration values through
a calibration curve, allowing the calculation of the absorption
efficiency parameter (AE) through eqn (3):

_ [Drug], — [Drug],

Drug], x 100 (3)

Where [Drug], and [Drug]; are the concentrations of drug in the
dissolution at the beginning of the experiment and at time ¢,
respectively.
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For release experiments, the above preswollen drug-loaded
membranes were rinsed with PBS buffer prior to be introduced
into glass vials containing 10 mL of PBS buffer solutions
preheated at 37 °C and 50 °C. Immediately after membrane
immersion, the absorbance of the supernatant was measured at
different time intervals by extracting 1 mL of the receptor phase,
while the total volume of the experiment was maintained by
adding 1 mL of fresh PBS solution. Cumulative drug release
profiles were used to evaluate the evolution of the process.

Additionally, three kinetic models were selected to fit to the
cumulative DOX released as a function of time: (i) Peppas-
Sahlin equation (eqn (4)); (ii) Weibull model (eqn (5)); and
(iii) Korsmeyer-Peppas (eqn (6)). M; and M, are the cumulative
and maximum of drug released at time “¢’. In eqn (4), K; is a
constant that corresponds to the release rate of the diffusion
process whereas K, corresponds to the polymer relaxation.?® In
Weibull equation model, K is a constant and b corresponds to
the diffusion mechanism. A Fickian mechanism is described
when b < 0.75. Other processes involving complex release
mechanisms are described when 0.75 < b < 1. Finally, Ky
is a constant value and # is the diffusional exponent, in the case
of eqn 6.>> An Excel plugin namely DDSolver”® was used to
evaluate the DOX release data and be interpreted with various
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kinetic models in order to estimate the appropriate release
mechanism of DOX from the composite material.

M, 5
=K x "+ K" 4
M, xR (4)
M, 5
M=% (1 —exp(—kt")) (5)
M,
=K 1" 6
M, KR ()

3. Results and discussion

The first part of the present work consisted in the preparation
of the clickable triazide (1a) and dialkyne (1b) membrane
precursors, which were successfully obtained following the
standard synthetic routes shown in Scheme 1A and B. Then,
based on our previous experience,'” the fabrication of films was
achieved by inducing the reaction between both precursors,
from a reaction mixture in which the molar ratio [azide groups]/
[alkyne groups] = 1 condition was fulfilled. This reticulation

OH 1) MsCl, Etz;N Ns
A r” DCM, 0 °C T 1a
0 o e 0
? our 76 BN
o_L_jo . o o
Hot ™~ ~Ton  DMR70°C N~ ~

N
X
5 Py S e
—_—
NaH
© OH DMF, RT © AN
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.0, ,0
C I:S O\ i\
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o PMDETA JSH Ney
[ — . N/\
OWO DMPA, DMF =l
e \/l?.Ns 365 nm o) Of” o
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0

Scheme 1 Synthetic protocols employed in the preparation of (A) triazide glycerol ethoxylate and (B) bis-alkyne isosorbide derivates. (C) Synthesis of

hydrogel films via Cu(l) mediated photo-click reaction.
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process was achieved by means of a photo-triggered Cu(i)-
catalyzed click reaction (Scheme 1C), where the generation of
DMPA derived radicals mediated by light allows the photo-
chemical reduction of Cu(u) to Cu(i) transient species that
promote the cycloaddition process between terminal azide
and alkyne moieties. It should be noted that in this case the
use of photo-click chemistry enables an optimum homogeniza-
tion of the reaction mixture during the polymerization.
Qualitatively, the success of this protocol was initially con-
firmed after obtaining a transparent and bendable solid film
from both liquid precursors (Fig. 1A). A direct comparison
between FTIR spectra recorded for 1a, 1b and the film can be
conducted from Fig. 1B. The spectrum of the triazide precursor
revealed an intense band centered at 2106 cm™ "' demonstrating
the presence of the azide group, while the presence of the
terminal alkyne functionality in the isosorbide derivate was
confirmed by the detection of a broad and high intensity band
positioned around 3270 cm™" (C-H vibration) as well as a low
intensity signal centered at 2115 cm ™' (C=C vibration mode).
Moreover, as was expected, the FTIR spectra of both precursors
allow the detection of aliphatic C-H vibrations appearing in the
range between 3000-2800 cm ' where, in the case of 1b, two
separated signals can be observed. This could be attributed to
the cyclic structure of this precursor, which has been previously
reported for other aliphatic cycles.>® Furthermore, the presence
of C-O-C linkages in both molecules was demonstrated
through the presence of a strong and broad signal centered
around 1120 and 1080 cm™ . Using the above information, the
FTIR analysis of films confirmed the success of the photo-click
reaction due to the complete absence of signals ascribed to
azides and alkynes functionalities, while bands related to the
presence of C-H and C-O-C structures remained in the spectrum.
In addition, a small group of signals (pointed by a black arrow
in Fig. 1B) appeared between 1600-1500 cm ' that could be

C=C-H c-0-C

Transmittance (a.u.)

C-0-C

T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm')
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assigned to the presence of triazole structures.”*’ Finally,
Fig. 1C exhibits a SEM image showing a smooth and homoge-
neous surface morphology, along with a rougher edge that could
be caused by the cutting process used to prepare the sample.

After confirming the success of the light-triggered cross-
linking process, the obtained films were subjected to stress—
strain measurements in order to evaluate their mechanical
properties (Fig. S1, ESIt). From the above results, values of
5.75 £ 1.55 MPa, 114.03 + 27.22 MPa and 1.90 + 0.12 MPa were
calculated for stress at break, elongation at break and Young’s
modulus parameters, respectively. In previous works,'” we have
successfully carried out the reticulation of glycerol ethoxylate
derivatives using diverse bifunctional molecules, such as
bisphenol A diazide and 4,4’-methylenebis(cyclohexyl isocya-
nate), among others."” Thus, taking the aforementioned mate-
rials as reference, the values of the mechanical properties
obtained in this work are within the same range as those
obtained previously."” However, a deeper comparison between
the obtained material and its previously published counter-
parts shows higher values of Young’s modulus and stress at
break, along with a lower elongation at break for the former.
These parameters have been previously associated with the
nature of the hard segments in these crosslinked materials,"”
which in this case would correspond to the isosorbide structure.
Unlike the previously used molecules,'” isosorbide is charac-
terized by its lower size and its more strained structure. Thereby,
the reticulation process of glycerol ethoxylate units by
isosorbide-based structures seems to induce the formation of
polymer films exhibiting greater mechanical strength but lower
elongation capacity. Notwithstanding the above, with an elonga-
tion at break value above 100%, the as-prepared film can be
considered as a material with an adequate elasticity. Furthermore,
thermal properties of synthesized membrane was investigated by
TGA and DSC (Fig. 2).

Fig. 1 (A) Digital images of obtained flexible hydrogel films (diameter of circular film = 4 cm). (B) FTIR spectra of 1a, 1b and the film. (C) SEM image of the

hydrogel film. Scale bar = 300 pm.

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (A) TGA and DTGA profiles obtained for a dry film. (B) DSC curves

TGA analysis reveals two weight loss steps, being the first
one (centered at ca. 100 °C) assigned to the volatilization of
adsorbed moisture and remaining water retained within the
film coming from the washing process. In contrast, the second
step would be ascribed to the degradation of the material itself.
This decomposition is represented in the DTGA profile as a
peak centered at 384 °C (labeled as Typ), temperature at which
the maximum degradation rate is reached. However, a more
detailed analysis of the peak revealed that, at higher tempera-
tures, its symmetry is broken accusing the presence of a third
process merged with this degradation step. Considering the
chemical structure of the material, abundant in ether bonds
coming from both precursors, a feasible degradation mecha-
nism could be interpreted as the random fragmentation of the
polymer network through this type of linkages, giving way to
the volatilization of low molecular weight species. In addition
to the above, the merged process identified at higher tempera-
tures could originate after the cleavage of more thermally stable
chemical structures, such as remains of isosorbide-based enti-
ties and/or triazole units responsible for the crosslinking sites
in the polymer matrix. Finally, the onset degradation tempera-
ture (Tonset), referred as the temperature at which the material
loses 5% of its initial weight, occurs at 355 °C. Thus, this
material meets most of the thermal requirements to be con-
sidered in a wide spectrum of applications, including bio-
medical ones. On the other hand, since DSC was carried out
between temperatures where no degradation phenomena take
place, we decided to conduct the experiment starting from a
24 h water-swollen film to study its thermal behavior in the
presence and absence of water, aiming to start focusing the
present study towards the analysis of these films in hydrogel
state. It is well-known that PEG-based materials exhibit a LCST
behavior which, in some cases, can be detected as an endo-
thermic process during DSC measurements.*”**73° Above this
temperature, hydrogen bonds between water molecules and
polymer chains are disrupted, generating the dehydration of
the material along with a phase separation that is usually
evidenced by the appearance of turbidity in the sample. For
pure PEG systems, the LCST behavior is achieved near to
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boiling conditions,*** whereas by adjusting the amphiphilic

nature of the system, for example, by adding hydrophobic
structures into the polymer backbone, the LCST temperature
can be notably decreased.**?** In previous works, by means of
DSC, our group has been able to detect LCST temperatures
in different glycerol ethoxylate membranes cross-linked with
molecules of marked hydrophobic character."” Some of these
membranes also acquired an opalescent appearance when
heated above this temperature. Unfortunately, contrary to the
above, in this case we were not capable of detect a clear LCST
behavior instead, an intense and asymmetric endothermic peak
centered at 87.6 °C was visualized during the heating process of
the swollen film (Fig. 2B). This transition would be mostly
related to the evaporation of water; however, it should be noted
that the observed asymmetry is generated by a subtle increase
of the recorded signal starting from temperatures far enough
from volatilization processes (~ 35 °C, the dotted line in Fig. 2B
is just for orientational purposes), therefore, we cannot discard
the occurrence of other phenomena (e.g. water evaporation) that
are eclipsed by the main signal at lower temperatures. We will
complement this discussion later, during the evaluation of the
swelling-deswelling properties of the material. Finally, after
completing the first heating process, now the dry sample was
subjected to two consecutive cooling and heating steps, in
which a completely amorphous behavior was observed in the
whole temperature range, detecting a glass transition tempera-
ture (T,) centered at —27.1 °C (pointed by black arrows in
Fig. 2B). After completing the structural, mechanical and
thermal characterization of films, the properties of these mate-
rials as swellable hydrogels for drug delivery applications were
evaluated (Fig. 3).

The first test conducted was the evaluation of the swelling
kinetics during the immersion of a dried piece of material
into PBS buffer at 22 °C. Fig. 3A exhibits the evolution of
the swelling ratio (eqn (1)) through time showing that after
60 min of immersion a plateau is reached. This plateau is
characterized by a maximum swelling ratio of 366%, being
more than 3 times higher than the one previously reported for
glycerol ethoxylate membranes reticulated with bisphenol entities."”

This journal is © The Royal Society of Chemistry 2022
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measured at different pH values. (D) Cell-viability assay.

The hydrophobic character of the isosorbide-based monomer is
lower than that of the bisphenol-based monomer. Therefore, by
using isosorbide structures as crosslinking agents, the well-
known hydrophilic property of glycerol ethoxylate would be less
affected, being traduced not only in a higher swelling ratio but
also in a faster swelling process. Then, the deswelling process of
a fully PBS-swollen hydrogel film was evaluated at two tempera-
tures, 37 °C and 50 °C, separately. Surprisingly, at both tempera-
tures the hydrogel showed deswelling, being more pronounced
at the higher temperature. The deswelling kinetics was achieved
by measuring the evolution through time of the water retention
parameter (eqn (2)), which results are shown in Fig. 3B. It can be
seen that at both temperatures this parameter drops rapidly at
the beginning of the process, and then gradually decreases as
the hydrogel reaches a certain dehydrated state. More impor-
tantly, at higher temperatures, lower values are achieved, and the
process takes place more rapidly. The calculated water retention
values from the plateau regions were 77% and 69% at 37 °C and
50 °C, respectively. The value recorded at 50 °C is notably higher
than the one previously reported for the system reticulated with
bisphenol units, meaning that the deswelling process in this
material is less pronounced. Again, this could be ascribed to
the more hydrophilic character of the system which would
require higher temperatures to favor the hydrogel dehydration.
Although this system managed to exhibit a thermoresponsive

This journal is © The Royal Society of Chemistry 2022

behavior attributed to its swelling-deswelling ability, the mark-
edly less favored deswelling process along with the absence of a
clear LCST behavior could be related to the poor hydrophilic-
hydrophobic balance achieved in the material. Nevertheless, we
show that once the plateau value is reached, the water retention
value can continue to decrease by transferring the sample to a
warmer medium (Fig. S2, ESIt). Finally, the stability against the
pH of these hydrogels was assessed by immersing them for
prolongated times into different aqueous buffer solutions.
Results displayed in Fig. 3C demonstrate that these materials,
regardless the pH value, did not reveal quantifiable mass losses
even after 96 h of incubation. Therefore, since no traces of
material should be released to the surrounding media, we
decided to attempt the evaluation of the biocompatible pro-
perties of our system in cell culture using the MTT assay’”
(Fig. 3D). Thus, high and low concentrations of the film (6.07,
3.03, and 0.76 mg mL™ ') were selected to study the effect
induced by the material on cellular proliferation. To do so,
HelLa cells were used as a model cell line and were incubated in
the presence of appropriate material concentrations for 24 h at
37 °C. As shown in Fig. 3D, the three tested concentrations
showed similar behavior if compared with non-treated cells
with cellular viabilities over 90% suggesting that the material is
non-cytotoxic. These results might confirm the potential use of
our material for biomedical applications, supporting the idea
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of using isosorbide structures as crosslinking agents in PEG-
based materials.

Finally, motivated by the thermoresponsive behavior showed
by these hydrogels, along with their adequate biocompatibility,
we test our material as a temperature-controlled delivery system
using anticancer drug doxorubicin (Fig. 4).

The loading of the drug within hydrogel films was con-
ducted by immersing a dry piece of sample into an aqueous PBS
buffer solution of DOX-HCIl. The process was followed by
recording the absorbance of the supernatant at different
time intervals as is shown in Fig. 4A. Moreover, aiming to a
more quantitative analysis, the adsorption efficiency parameter
(eqn (3)) was calculated and evaluated as function of time
(Fig. 4B). The adsorption profile reveals that the material was
able to remove from the solution 80% of the drug during the
first 5 h of the experiment, approaching to a plateau state after
10 h. Based on the above, the dye adsorption efficiency after
24 h was 92%. During the process, the solution was gradually
decolored while the hydrated film adopted an intense red color.
It should be noted that, while the equilibrium swelling is
reached at 60 min, the drug adsorption process continues for
at least 10 more hours. Therefore, based on our results, it is
plausible to infer that most of the drug adsorption takes place
once the material reaches its maximum state of hydration.

4970 | Soft Matter, 2022,18, 4963-4972

In this sense, the adsorption process would be mostly com-
manded by non-covalent interactions taking place between the
drug and the hydrogel structure rather than water uptake.
Then, the in vitro drug release of DOX-loaded hydrogels was
evaluated in PBS buffer solution at 37 °C and 50 °C for 24 h
(Fig. 4C). Interestingly, the encapsulated DOX displayed an
initial burst release at early stage (17% and 25% in the first
30 min for incubations at 37 °C and 50 °C, respectively). The
release profiles followed a controlled behavior in both cases
reaching a plateau value within a period of 24 h. Specifically,
the amount of DOX released was about 38% at 37 °C and 40% at
50 °C, respectively. As expected from deswelling measurements,
release profiles obtained at 50 °C showed faster release kinetics
along with slightly higher drug release. Thus, decreasing the
temperature of the experiment from 50 to 37 °C enabled to
increase the release time period from 150 to 300 min at which
the maximum amount of drug is released.

Three models were used to describe the DOX release kinetics
from the hydrogel film: (i) Peppas-Sahlin, (ii) Weibull distri-
bution, and (iii) Korsmeyer-Peppas. These models have been
extensively selected to give insight into the release mechanism
of drugs from polymeric drug delivery systems making distinc-
tion between Fickian or non-Fickian diffusions. The release
kinetic parameters are displayed in Table S1 (ESIt). The best
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correlation coefficient (R°) was obtained from the Weibull
distribution (0.98) if compared with the Peppas-Sahlin (0.97)
and Korsmeyer-Peppas (0.89) equations by plotting % cumula-
tive DOX release against time (min). Taking the Weibull model
as the most consistent one, we noticed the diffusion exponent
was less than 0.75 (b = 0.56) indicating a Fickian diffusion
mechanism of DOX (Fig. S3, ESIf). However, this model is
empirical and faces some deficiencies®® so the comparison with
other semi-empirical release models is common. In this sense,
we selected the Peppas—Sahlin model to describe the release
behavior of DOX. This model showed a diffusional exponent m
of 0.45 which confirmed the Fickian diffusion mechanism
during the incubation process as described with Weibull.

4. Conclusions

In conclusion, bio-based hydrogel films can be rapidly fabricated
by reacting a glycerol ethoxylate-based triazide and a dialkyne
derived from isosorbide via Cu(i)-catalyzed photo-click reaction.
These films are thermally stable up to ca. 350 °C and exhibit
thermal-triggered swelling-deswelling behavior with a maxi-
mum swelling ratio of 366%, being also stable regardless the
PpH value. From a mechanical point of view, the films display
values at break of 5.75 + 1.55 MPa (stress), 114.03 + 27.22 MPa
(elongation) and a Young’s modulus of 1.90 £+ 0.12 MPa. The
materials are non-cytotoxicity with cellular viabilities over 90%
for a variety of concentrations. The foregoing properties make
these materials suitable candidates for the delivery of therapeu-
tic molecules. Thus, adsorption of anticancer drug doxorubicin
can be achieved with an efficiency of 92% over 24 h. Subsequent
release of doxorubicin is characterized by an initial burst release
(i.e. 17% and 25% in the first 30 min for incubations at 37 °C and
50 °C, respectively), followed by a controlled release reaching
a plateau value of ca. 40% within a period of 24 h. The fitting of
the release kinetics to Korsmeyer-Peppas model suggest a quasi-
Fickian diffusion mechanism of doxorubicin. We plan to carry
out future studies for fine-tuning the thermoresponsive and
release kinetics profile of this type of hydrogel films.
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