1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Biomacromolecules. Author manuscript; available in PMC 2015 December 16.

-, HHS Public Access
«

Published in final edited form as:
Biomacromolecules. 2015 December 14; 16(12): 3740-3750. doi:10.1021/acs.biomac.5b00940.

Self-Healing and Thermo-Responsive Dual-Crosslinked Alginate
Hydrogels based on Supramolecular Inclusion Complexes

Tianxin Miao8, Spencer L. Fenn$, Patrick N. Charron™, and Rachael A. Oldinski8 1

8Bioengineering Program, College of Engineering and Mathematical Science, College of
Medicine, University of Vermont, Burlington, VT 05405, USA

TMechanical Engineering Program, College of Engineering and Mathematical Science, University
of Vermont, Burlington, VT 05405, USA

"Materials Science Program, College of Arts and Sciences, Department of Orthopaedics and
Rehabilitation, College of Medicine, University of Vermont, Burlington, VT 05405, USA

Abstract

B-cyclodextrin (B-CD), with a lipophilic inner cavity and hydrophilic outer surface, interacts with a
large variety of non-polar guest molecules to form non-covalent inclusion complexes. Conjugation
of B-CD onto biomacromolecules can form physically-crosslinked hydrogel networks upon mixing
with a guest molecule. Herein describes the development and characterization of self-healing,
thermo-responsive hydrogels, based on host-guest inclusion complexes between alginate-graft-f-
CD and Pluronic® F108 (poly(ethylene glycol)-b-poly(propylene glycol)-b-poly(ethylene glycol)).
The mechanics, flow characteristics, and thermal response were contingent on the polymer
concentrations, and the host-guest molar ratio. Transient and reversible physical crosslinking
between host and guest polymers governed self-assembly, allowing flow under shear stress, and
facilitating complete recovery of the material properties within a few seconds of unloading. The
mechanical properties of the dual-crosslinked, multi-stimuli responsive hydrogels were tuned as
high as 30 kPa at body temperature, and are advantageous for biomedical applications such as
drug delivery and cell transplantation.
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1. Introduction

Polymeric hydrogels are porous, 3-D networks of crosslinked macromolecules, able to retain
large amounts of water.! Injectable polymeric hydrogels, which are crosslinked and solidify
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in situ,? are advantageous for drug and cell delivery, and tissue engineering applications.24
Many existing injectable hydrogel systems polymerize to form covalent crosslinks, through
the use of photo-initiated systems, autonomous redox reactions, or Michael Addition
chemistries,® which can affect cytocompatibility® and protein bioactivity.” Furthermore,
covalently crosslinked hydrogels are unable to undergo reversible solid-liquid transitions.®
In contrast, the dynamic and reversible nature of non-covalent interactions, such as physical
crosslinks, demonstrate variable mechanical properties and stimuli responses which lead to
unique and programmable modifications in the network structure.®

Indeed, physically-crosslinked hydrogels avoid the limitations associated with permanently
crosslinked hydrogel networks.10 Gelation conditions are relatively mild, and reversible
physical crosslinks allow hydrogels to re-assemble, or self-heal, after deformation or a
disruption in the network.11-13 In addition, physically-crosslinked hydrogels offer a new
route toward innocuous, stable materials and components in vivo.14 Recently, the utilization
of supramolecular polymer chemistry, specifically host-guest chemistry, has enabled the
design of more sophisticated multi-functional materials.1>-18:5. 10,19, 20 g;ch hydrogels,
which mimic strain and stress-responsive tissues, are now being considered for biomedical
applications.?!

Several macrocyclic host-guest inclusion complexes are reported in the literature, including
crown ethers, cyclophanes, ctananes, and cavitands (such as cyclodextrins, calix[n]arenes
and cucurbit[n]urils).! Of particular interest is p-cyclodextrin (3-CD), which is easily grafted
onto polymer chains, exhibits negligible cytotoxic effects, and is an important attribute in
the pharmaceutical and food industries.?2 The covalent conjugation of p-CD onto large
biomacromolecules, such as alginate, increases the functionality of the large polymer.23-25
Alginate is a plant-derived polysaccharide, and alginate hydrogels have served as scaffolds
for tissue engineering, drug delivery vehicles, and models of extracellular matrices for
biological studies.26-2% Alginate hydrogel properties, including stiffness, swelling,
degradation, cell attachment, and binding or release of bioactive molecules, can be
optimized through the chemical or physical modification of the polysaccharide itself or the
inclusion of alginate into a hydrogel network.30: 31

[3-CD, with a lipophilic inner cavity and hydrophilic outer surface, interacts with a large
variety of non-polar guest molecules to form physical inclusion complexes.22 32 The
hydrophobic guest molecule is held within the cavity of 3-CD and the main driving force of
complex formation is the release of enthalpy-rich water molecules from the cavity.22: 32 The
binding activities between host and guest molecules are not fixed, but rather self-assemble in
a dynamic manner.22 Several guest molecules are reported for p-CD, including
adamantine,: 33 34 cholesterol,3% and other custom-designed molecular recognition
compounds.3® Macromolecules such as poly(propylene glycol), PPG, have also been
investigated as guest molecules for f-CD.15 3740 Djfunctional block copolymers, such as
PEG-b-PPG-b-PEG (i.e., Pluronic® F108), are utilized in drug delivery systems and cell
culture due to low cytotoxicity and innate thermo-responsive properties.*1-48

The inclusion of hydrophobic PPG chain segments into the inner cavity of p-CD affords a
high binding affinity to form a hydrogel network, while mobile PEG end-blocks entrap
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water molecules and provide an innocuous environment for cells.49-52 In addition, the
thermo-responsive property of Pluronic® F108 is advantageous for in vivo applications due
to the presence of PPG in the block copolymer - PPG is water-soluble at low temperatures
and reverts into an insoluble form at higher temperatures.#>: 3. 54 This behavior is similar to
poly(N-isopropyl acrylamide) (PNIPAAmM), a commonly synthesized thermo-responsive
polymer.16.53.55 However, the non-biodegradability and relatively weak mechanical
properties limit the wide application of PNIPAAmM.>6

The goal of this study was to create a host biomacromolecule, alginate-graft-p-CD, and
incorporate a difunctional guest molecule, Pluronic® F108, to create physically-crosslinked,
moderately stiff hydrogels. The hydrophobic guest molecule is held within the cavity of p-
CD and the main driving force of complex formation is the release of enthalpy-rich water
molecules from the cavity.22: 32 We hypothesized that the supramolecular inclusion complex
formation between alginate-graft-B-CD and Pluronic® F108 will generate non-cytotoxic,
dual-crosslinked, multi-stimuli responsive hydrogels with physiologically relevant
mechanical properties for biomedical applications.>®

2. Experimental Section

Materials

Sodium alginate (PROTANAL® LF200 FTS, M,, = 67-142 kg/mol) was generously donated
by FMC BioPolymer. Beta-cyclodextrin (3-CD), p-toluenesulfonyl chloride (TosCl),
acetonitrile, acetone, 1,6-hexanediamine (HDA), diethyl ether, dimethylformamide (DMF),
(benzotriazol-1-yloxy)tris-(dimethylamino) phophonium hexafluorophosphate (BOP),
dimethyl sulfoxide (DMSQ), ethylenediamine (EDA), and deuterium oxide (D,0) were
purchased from Acros Organics. Sodium hydroxide, ammonium chloride, hydrogen chloride
(HCI), ethanol, tetrabuylammonium fluoride (TBAF), phosphate buffered saline (PBS), 2-
morpholinoethanesulfonic acid (MES) buffer, alpha-modified eagle medium (a-MEM,
Hyclone), and bovine serum albumin (BSA) were purchased from Thermo Fisher Scientific.
Human mesenchymal stem cell-screened fetal bovine serum (FBS) was purchased from
Atlanta Biologics. Penicillin, streptomycin, and trypsin ethylenediaminetetraacetic acid
(EDTA) were purchased from Corning Cellgro. Tetrabutylammonium hydroxide (TBAOH),
N-ethyl-N’(3-dimethylaminopropyl) carbodiimide hydrochloric acid (EDC), N-
hydroxysuccinimide (NHS), Pluronic® F108 (M, ~ 14,600 g/mol), and an In Vitro
Toxicology Assay Kit (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, i.e.,
MTT-based) were purchased from Sigma Aldrich. BCA® Protein Assay Kit was purchased
from Life Technologies Inc.

Alginate-Tetrabutylammonium (Alg-TBA) Synthesis

Sodium alginate (Na-Alg, 2 g) was added to a mixture of HCI (0.6 N, 30 mL) and ethanol
(30 mL) and stirred overnight at 4 °C. After filtering under vacuum with filter paper and
washing with ethanol and acetone, pure alginic acid was obtained and dried overnight. The
dried powder was dispersed in DI water (100 mL). Aqueous TBAOH was added slowly
under continuous stirring and the pH was adjusted to between 7.0 and 10.0. The solution
was dialyzed and lyophilized to yield white Alg-TBA powder.>7-61
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B-CD-TosClI Synthesis

3-CD (20 g, 17.62 mM, 1 molar equivalent) was suspended in 125 mL ice DI water, and
TosCl (4.2 g) was dissolved in minimum acetonitrile (~10 mL) and added drop wise to the
aqueous phase. The reaction was stirred vigorously for 2 h at room temperature. Sodium
hydroxide (2.18 g) was dissolved in DI water (~10 mL) and added drop wise. After 30 min
of stirring at room temperature, solid ammonium chloride was added to adjust the pH to 8.5
and the solution was cooled on ice to collect precipitants. The product was washed with cold
DI water and acetone 3 times respectively and dried under vacuum; 6-o-monotosyl-6-deoxy-
B-CD was obtained (~25%).> 62. 63

B-CD-HDA Synthesis

B-CD-TosClI (5 g) was dissolved in DMF (25 mL) with 1,6-hexanediamine (20 g) and stirred
under nitrogen at 80 °C for 24 h using a condenser. The product was precipitated out of
solution using cold acetone (5 x 500 mL), washed with cold diethyl ether (2 x 100 mL), and
dried under vacuum to afford the final product mono-6-deoxy-6-aminohexaneamino-f-
CD).S’ 64

p-CD-EDA Synthesis

6-(6-aminohyxyl)amino-6-deoxy-#-cyclodextrin (1.5 g) was added to EDA (5 mL). The
reaction was performed at 60 °C for 24 h and cooled to room temperature. The precipitant
was collected from a large amount of ethanol and dried under vacuum to afford the final
product (mono-6-deoxy-6-aminoethylamino-f-CD).%°

Alginate-graft-Cg-Cyclodextrin (Alg-C6) Synthesis
TBAF (10 g) was dissolved in DMSO (100 mL) to afford a 10% (w/v) solution. Alg-TBA (2
g, 1 molar equivalent) and f-CD-HDA (2.96 g, 0.5 molar equivalent) were added to the
mixture and stirred at room temperature under nitrogen flow until a clear solution was
obtained.58 BOP (1.06 g, 0.5 molar equivalent) was dissolved in minimal DMSO (5 mL) and
added via syringe. The reaction was carried out at room temperature under vigorous mixing
for 24 h and then dialyzed against DI water (x 3), followed by 0.05 M sodium phosphate
dibasic solution until fully dissolved in water, and finally DI water (x 2). The final product
was frozen and lyophilized. The theoretical modification was 50%.°

Alginate-graft-C,-Cyclodextrin (Alg-C2) Synthesis
Sodium alginate (2.73 g) was dissolved in 0.1 M MES buffer (pH 5.6, 150 mL) to which
EDC (2 g) and NHS (1.2 g) were added. After mixing for 30 min at room temperature, 3-
CD-EDA (4.5 g) was added under vigorous mixing at room temperature for 1 day. The
alginate solution was dialyzed against DI water for 3 days, frozen, and lyophilized to afford
dry polymer.%®

IH-NMR Spectroscopy

To qualitatively verify the successful synthesis of Alg-C6 and Alg-C2, lyophilized polymer
was dissolved in D,0 and the result was confirmed via 1H-NMR (Bruker AVANCE 111 500
MHz high-field NMR spectrometer). In addition to standard *H-NMR, solvent (water)
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suppression IH-NMR, as well as diffusion edited TH-NMR at 95% strength (programmed in
Bruker NMR spectrometer), were also performed for alginate, Alg-C2, and Alg-C6, to
confirm the covalent conjugation of f-CD onto alginate. The detailed 1H-NMR spectra are
provided in the supplemental data.

Alginate Hydrogel Formation and Erosion

Alg-C2 and Alg-C6 hydrogels were prepared from solutions of the individual polymers in
PBS at desired concentrations. 4 and 6% (w/v) Alg-C2 and Alg-C6 solutions were prepared
in 10 mL syringes. Pluronic® F108 crystals were dissolved in DI water (10% w/v), frozen at
-80 °C, and lyophilized to obtain a white powder, which was added to the Alg-g-CD
solutions at Pluronic® F108:p-CD ratios of 1:4 and 1:2, respectively. Hydrogels and single
host and guest polymer solutions were injected into glass vials; the glass vials were stored at
either 25 or 37 °C. Optical images were taken at each time point after the injection to
analyze hydrogel stability. To qualitatively analyze hydrolytic erosion of the hydrogels,
images were taken of the hydrogels after adding a known amount of PBS on top of each
hydrogel to qualitatively visualize hydrogel surface erosion over a period of 14 days at 37
°C under gentle agitation in a shaking incubator (see additional Supplemental Materials).
Samples were sealed with parafilm to eliminate water evaporation.

Rheological Characterization

All experiments were performed using an AR2000 stress-controlled rheometer (TA
Instruments) fitted with a 40 mm diameter 1°59°47"” steel cone geometry and 27 pm gap at
37 °C, however, the temperature sweep study included a temperature range. Oscillatory time
sweeps for single polymer constituents (e.g., 4% (w/v) Alg-g-CD, 10% Pluronic® F108) and
hydrogels were deformed at 1% strain and 10 Hz over 250 s. Oscillatory frequency sweeps
were performed at 0.5% strain with increasing frequency from 0.1 to 100 Hz. Continuous
flow experiments used a shear rate linearly ramped from 0 to 1 s~1. Oscillatory strain sweeps
were performed at 10 Hz with increasing radial strain from 0.01 to 500%. Dynamic shear
strain tests were performed at high (250%) and low (0.5%) strains at 1 Hz and 37 °C for
certain lengths of time and the cycles were repeated three times to test the self-healing and
recovery properties of the hydrogels. Temperature sweeps were performed at 1 Hz and 1%
strain, with a heating rate of 0.5 °C*min~1 from 25 to 37 °C.

In Vitro Cytotoxicity Assay

Materials for the in vitro cell study were lyophilized and exposed to UV light overnight. The
hydrogels and polymer solutions were prepared with sterile PBS using similar protocols
stated above. Primary human mesenchymal stem cells (MSCs) were purchased from Rooster
Bio. MSCs (passage 4) were seeded in 48-well tissue culture polystyrene (TCPS) plates at a
density of 20,000 cells/well in 500 pL/well of standard MSC growth medium (a-MEM, 10%
FBS, 100 U mL~1 penicillin, 100 pg mL~1 streptomycin) and allowed to adhere for 24 h.
Cells were incubated in the presence of Alg-C6 hydrogels with ratios of 1:4 and 1:2 and
Alg-C2 hydrogels with ratios of 1:4 and 1:2. In addition, cells were incubated without
hydrogels under the same culture conditions as control group. After 24 h of incubation,
media containing the hydrogel and polymer solutions was removed, and cells were rinsed
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two times in sterile PBS then analyzed using a MTT-based In Vitro Toxicology Assay Kit
following the manufacturer's protocol. The optical density was measured at 570 nm using a
BioTek plate reader. Background absorbance at 690 nm was subtracted from the measured
absorbance. Absorbance values for the experimental and control samples were normalized to
non-modified TCPS controls.56

In Vitro BSA Release

BSA (10 mg) was added to 1 mL of different hydrogel solutions (prepared as stated above)
and injected into 24-well plates. The plates were incubated at 37 °C overnight to ensure
gelation complete. One mL of PBS was added to each well and the plate was gently agitated
at 37 °C in a shaker incubator. At each time point, 100 uL sample aliquots were removed
and replaced with 100 uL fresh PBS. The protein concentration was determined using a
BCA Protein Assay Kit according to the manufacture's protocol. The optical density was
measured at 562 nm using a BioTek plate reader. Background absorbance of non-modified
TCPS controls was subtracted from the measured absorbance; absorbance values for the
experimental, blank (i.e., containing no BSA), and control samples were reported.

Statistical Methods

All experiments were performed in triplicate; results are reported as mean + standard
deviation. Statistical analysis was performed on the storage moduli for 25 and 37 °C
between each of the treatment groups and in vitro cytotoxicity data respectively, using one-
way ANOVA with Tukey multiple comparisons (o = 0.05) via the SAS statistics program in
the GLM procedure as the post-test to compare all of the groups. P < 0.05 was considered
significantly different.

3. Result & Discussion

3.1 Dual Strategies for Synthesizing Alginate-graft-Cyclodextrin (Alg-g-CD)

Two strategies were employed to synthesize Alg-g-CD (i.e., host macromolecules) using a
short-chain methylene group to conjugate 3-CD onto the alginate backbone, providing
mobility and thus crosslinking efficiency. While one reaction was performed in an organic
solvent with six methylene groups (-CHo-) connecting the alginate backbone to f-CD (Alg-
C6),12 the other reaction was performed in aqueous solution with two methylene groups (-
CH,-) connecting the alginate backbone to B-CD (Alg-C2).5° The detailed chemical
synthesis for both reactions are presented in Figure 1A. Briefly, B-CD was first reacted with
TosCl to obtain B-CD-TosCl. In one reaction scheme, 3-CD-TosCl was reacted with HDA in
DMF at 80 °C for 18 h. Amine groups reacted with carboxyl groups (pre-neutralized with
TBA salt) on alginate in DMSO in the presence of BOP. Alternatively in the aqueous
solution method, -CD-TosCl was reacted with EDA at 60 °C for 12 h to obtain §-CD-EDA.
The standard H-NMR spectra for the final products, Alg-C6 and Alg-C2, are provided in
supplemental materials.

In addition to standard *H-NMR, solvent suppression (water) *H-NMR as well as diffusion
edited TH-NMR at 95% strength for alginate, Alg-C2 and Alg-C6, were performed to
confirm the covalent conjugation of B-CD onto alginate. The detailed 1H-NMR spectra are
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provided in the supplemental data. The spectra indicated that p-CD was covalently
conjugated onto alginate in both Alg-C2 and Alg-C6. By comparing alginate, Alg-C2 and
Alg-C6 spectra, peaks between 1 — 3 ppm were only presented in the final product of Alg-
C2 and Alg-C6 rather than alginate, suggesting the covalent conjugation of methylene
groups, as linker between 3-CD and alginate. The degree of 3-CD modification, i.e., B-CD
density, may generate an effect on the hydrogel physical and mechanical properties.12 The
theoretical reaction ratio of f-CD to alginate repeat units (CgH7NaOg),, was 50%. However,
by calculating the ratio of hydrogen integration of sugar units (both on alginate backbone
repeat units and on B-CD repeat units), and hydrogen integration of the methylene groups on
the linker between the backbone and p-CD,%° the actual B-CD modification for both reaction
methods was 28% and 30%, respectively for Alg-C2 and Alg-C6, indicating no significant
differences in alginate modification for the different Alg-g-CD reaction schemes. There are
limitations with using 1H-NMR to calculate the B-CD degree of modification due to the high
molecular weight and polydispersity of the alginate (M,, 67-142 kg/mol) starting material;
however, using either standard 1H-NMR or diffusion edited H-NMR is common in this
type of polymer chemistry characterization.> 12 48

3.2 Hydrogel Formation and Rheological Analysis

A self-assembled hydrogel network formed almost immediately upon mixing Alg-g-CD and
Pluronic® F108 solutions (quantity based on constituent molar ratios). The formation of a
pseudo-plastic hydrogel occurred through the complexation of host-guest moieties, i.e., -
CD conjugated alginate (Alg-g-CD) and PPG, as part of the Pluronic® F108 structure. In
addition to the supramolecular inclusion complex formation between Alg-g-CD and
Pluronic® F108, a dual-crosslinked hydrogel was created via the innate thermo-response of
Pluronic® F108. Such dual-crosslinking capabilities significantly increased the storage
moduli compared to a single physical crosslinking technique based on host-guest chemistry
alone (Figure 1B).

The formation and physical integrity of the supramolecular inclusion complex hydrogels
were quantified using rheometry. Hydrogels and their pre-curser solutions were exposed to
varying shear forces to examine steady-state shear moduli with time, the effect of frequency
on shear moduli, and the effect of shear rate on the shear stress and viscosity of hydrogel
pre-curser solutions. To examine the hydrogels in their least compliant states, experiments
were performed at 37 °C. In Figure 2A, the shear rate was linearly ramped from 0 to 1 s™2
to investigate the effect of shear rate on viscosity and resultant shear stress; the Alg-C2
group generated an increase in shear stress from approximately 40 Pa to 400 Pa while shear
rates increased from 0 to 0.3 s~ and then plateaued until 1 s~1. The viscosity decreased from
near 3500 to 300 Pa*s while shear rates increased from 0 to 0.7 s™1. For the Alg-C6
hydrogels (Figure 2B), the shear stress increased from approximately 5 to 50 Pa for 4%
(w/v) Alg-C6 hydrogels and from 100 to 400 Pa for 6% and 8% Alg-C6 hydrogels. While
maintaining the same molar ratio between Alg-g-CD and Pluronic® F108, a more distinct
concentration-dependent behavior was seen in the Alg-C6é groups compared to the Alg-C2
groups. This may be due to the self-crosslinking of the Alg-C2 polymers, as the material
properties were less dependent on polymer concentration, as the 3-CD conjugation for both
materials was ~30%.5°
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Shear storage and loss moduli were measured to both verify and quantify the formation of
the supramolecular inclusion complex hydrogel from independent measurements of pre-
curser solutions. Oscillatory rheology confirmed that the individual Pluronic® F108 and
Alg-g-CD precursers were solutions at high frequencies and that an increase in moduli of
several orders of magnitude occurred immediately upon mixing of the two components.
While the individual polymer solutions (i.e., hydrogel constituents) displayed viscous
behaviors associated with intermolecular entanglement in solution, the formed
supramolecular inclusion complex hydrogel was stable during a qualitative inversion test.
Pluronic® F108 remained unstable and free flowing at room temperature and formed small
micelles (size ~20nm) at body temperature.87: 68 The micelles were inter-connected with
each other and therefore, higher concentrations of Pluronic® F108 formed a soft network in
solution, also shown by the slight increase in viscosity. For the Alg-C2, the G’ increased
from 300 Pa to 12 kPa (Figure 2C). The multi-arm structure of EDA on 3-CD may also
react with various carboxyl groups on neighboring alginate molecules, to create an
intramolecular-crosslinked network beyond the host-guest interaction. Previous literature
has shown the concept that such crosslinking will increase the stiffness of the hydrogel,
although only slightly.[32] For Alg-C6, the G’ increased from 300 Pa for the polymer
solution, to near 10 kPa for the Pluronic® F108:Alg-g-CD hydrogel (1:2), and G” increased
from 50 Pa for the polymer solution to 10 kPa for the Pluronic® F108:Alg-g-CD hydrogel.
The large increase in shear moduli that occurred after mixing the two polymer constituents
verified that an interaction took place to form a more permanent network, compared to
polymer solutions alone; the formation of the supramolecular inclusion complex resulted in
the 100-fold increase in shear moduli (Figure 2C,D). Thus, the bulk material response
indicated that the chemical modification of alginate was successful, through the formation of
a stiff hydrogel network upon mixing with Pluronic® F108.

Shear storage and loss moduli were also measured to determine effect of frequency during
dynamic shear application. Oscillatory frequency sweeps were performed on 4% Alg-C6
and Alg-C2 hydrogels with a ratio Pluronic® F108:Alg-g-CD 1:4 at 0.5% radial strain and
37 °C. The hydrogel exhibited steady-state behavior up to 10 Hz, after which the moduli
increased in response to the increasing shear rate. The effect followed an exponential trend
for frequencies greater than 10 Hz for the Alg-C2 hydrogels (Figure 2E). In addition, the
hydrogels were stable at lower frequencies and not responsive to frequency as an input
parameter. The Alg-C6 hydrogels displayed noisy data, which suggested a less stable
network, especially at increasing frequencies (Figure 2F).

3.3 Strain Responsive Properties and Self-Healing

Multi-chain entanglements of macromolecular guest polymers create a unique structure
upon crosslinking which affords a high modulus hydrogel with shear-thinning behaviors.
Reversible, dynamic physical crosslinks allow supramolecular inclusion complex hydrogels
to exhibit flow and recovery characteristics under mechanical radial strain. To validate and
optimize the shear-shinning properties of the injectable delivery systems, hydrogels were
tested using oscillatory strain sweeps from 0.01% to 500% radial strain at a frequency of 10
Hz. Both Alg-C2 and Alg-C6 (Figure 3A, B) groups were more elastic at low strains, with
storage moduli (G') greater than the loss moduli (G”). At 1% strain, the G' and G” curves for
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Alg-C2 began to cross over, indicating a transition from an elastic solid material to a
compliant, viscous liquid. The crossover of G' and G” for Alg-C6 hydrogels occurred near
10% strain, suggesting that the inter-molecular crosslinking density for Alg-C6 was higher
compared to Alg-C2; this may be attributed to a longer amine chain, which may have
provided more mobility to allow Pluronic® F108 to enter the B-CD cavity. The shear-
thinning characteristics were also dependent on the de-association of host-guest polymers.
Alg-C2 hydrogel networks were more easily strained to failure compared to Alg-C6
hydrogels, and the Alg-C2 hydrogels exhibited a lower transition strain (%) compared to
Alg-C6 hydrogels.

The reversibility and repeatability of the self-healing properties of the hydrogels were
independent of host:guest ratios or polymer concentration. To assess material recovery,
hydrogels were subjected to cycles of high amplitude oscillatory strain (250%) followed by
low amplitude oscillatory strain (0.5%) at 1 Hz. Storage moduli (G') decreased 1/100 fold
with a change from low to high amplitude strain (i.e., each time step with strain variation). A
decline in moduli was concurrent with the presence of solid-liquid transitions during the
application of high strain. During transitions from high to low strains, the initial mechanical
properties were recovered in a short time period of 10 s. These results indicate that the novel
hydrogels exhibit shear-shinning behavior, recovering mechanical properties immediately
upon un-loading. Various hydrogel formulations demonstrated a variety of strain-induced
shear moduli values: D) Alg-C6 (1:2) (Figure 3D) and Alg-C2 (1:4) (Figure 3E) hydrogels
exhibited a change in G' over 3 orders of magnitude, whereas the Alg-C2 (1:2) (Figure 3C)
and Alg-C6 (1:4) (Figure 3F) exhibited a change in G' by 2 orders of magnitude. Despite
that the crossover transient points for both Alg-C2 and Alg-C6 upon strain changes in strain
were relatively low, the mechanical properties were as high as 10 kPa, indicating a dynamic
material with a range of achievable moduli.

3.4 Thermo-Responsive Properties

The alginate-based supramolecular inclusion complex hydrogels are thermo-responsive and
exhibit secondary crosslinking effects with increasing temperature, due to the incorporation
of Pluronic® F108. To demonstrate the thermo-responsive properties of the Alg-g-CD and
Pluronic® F108 hydrogels, temperature sweeps were performed from 25 to 37 °C at a
heating rate of 0.5 °C min~1 (1% strain; 1 Hz). The significant transition temperatures
occurred near 30 °C. For all hydrogel groups tested, the storage moduli (G") increased with
increasing temperature (Figure 4A,B). The shear moduli for all hydrogel samples were
statistically different between 25 and 37 °C for all samples within the same group (Figure
4C,D), with G' values significantly higher at body temperature compared to room
temperature. Independent of polymer concentration, hydrogels fabricated using Pluronic®
F108:Alg-g-CD ratios of 1:2 were significantly stiffer compared to ratios of 1:4 at both 25
and 37 °C. The differences in G' within the same group at the different temperatures were
elevated due to the addition of Pluronic® F108 in the hydrogel system, indicating that
Pluronic® F108 played a significant role in the thermo-response of the host-guest hydrogels.
Furthermore, considering only hydrogels with a Pluronic® F108:Alg-g-CD ratio of 1:4, 6%
(w/v) Alg-g-CD hydrogels were significant higher compared to 4% hydrogels, for both Alg-
C2 and Alg-C6 formulations. Alg-C6 (1:2) hydrogels exhibited G' values near 30 kPa at 37
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°C, which corresponded to a ~3% increase in stiffness compared to hydrogels at 25 °C (< 10
kPa). The thermo-transition from room temperature to body temperature was markedly
higher compared to existing literature,59 suggesting potential in vivo applications of the
thermal-responsive hydrogel in drug delivery and tissue engineering. The novel Pluronic®
F108:Alg-g-CD hydrogels were strain-responsive, i.e., shear-thinning, in addition to
exhibiting thermo-responsive behavior. Strain-responsive alginate-based supramolecular
inclusion complexes presented in the literature do not exhibit thermo-responsive behavior.”0
Likewise, thermo-responsive alginate hydrogels presented in the literature do not exhibit
shear-thinning and self-healing behavior.”1-73

3.5 Hydrogel Stability

The physical integrity of the hydrogel network (i.e., supramolecular inclusion complex) was
visually analyzed by examining hydrogel stability over 5 days at both room temperature and
37 °C. The 4% (w/v) Alg-g-CD hydrogels, with Pluronic® F108:Alg-g-CD ratios of 1:4 and
1:2, solidified (i.e., physically crosslinked) quicker when exposed to 37 °C compared to
those hydrogels exposed to room temperature. For 4% Alg-C2 (1:4 and 1:2) and 4% Alg-
when C6 (1:4) formulations, a solid hydrogel was only formed at 37 °C rather than at room
temperature, indicating the significant impact of the secondary physical crosslinking arising
from the micelle formation of Pluronic® F108. This effect was evident for hydrogels formed
from lower concentration solutions (supplemental infor mation 8). For higher concentration
solutions, the hydrogel formed upon mixing of the pre-curser solutions at room temperature
(Figure4E). In summary, hydrogels remained stable for up to 5 days after initial formation
of the supramolecular inclusion complex, in a non-disturbed, static state. Further observation
was performed of Alg-C2 and Alg-C6 hydrogels (see supplemental material) at room
temperature for over 6 months (sealed with parafilm to eliminate water evaporation); optical
photographs are shown in supplemental information 9 under “day 0. They remained solid
and crosslinked, demonstrating the stability of the hydrogels in air. However, in order to
assess the stability of the hydrogels under physiological conditions, a degradation or erosion
experiment must also be performed.

3.6 Hydrogel Erosion

To visualize hydrolytic erosion of Alg-C2 and Alg-C6 supramolecular inclusion complex
hydrogels, a qualitative surface erosion study was performed. Freshly prepared hydrogels
were injected into glass vials, the hydrogels flowed out of the needle to take the shape of the
container before completion of crosslinked, and solidified at 37 °C. PBS was added to the
vials, and the vials were inverted days 1 — 7, followed by static incubation for an additional
7 days. The surface erosion of 4% and 6% Alg-C6 (1:4) hydrogels was observed as the
height of the solidified hydrogels getting shorter until day 14, which was different compared
to the response of the Alg-C2 hydrogels. The 4% (w/v) Alg-C2 hydrogels exhibited
decreased stability and less resistance to flow after 3 days of culture in PBS during physical
inversion; however, when the vials were returned to a static state, the hydrogels solidified;
after day 3, the Alg-C2 hydrogels appeared to reach a swollen equilibrium state and
remained at the bottom of the vial until day 14 (supplemental information 9 under newly
injected from day 0 with PBS to day 14). Over time the hydrogels appeared to continue to
crosslink, indicative of self-healing characteristics, which were quantified above.
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Interestingly, the 6% Alg-C6 (1:2) hydrogel swelled and incorporated the PBS into the
network, and solidified the solution. This was likely due to surface erosion releasing Alg-C6
and Pluronic® F108 polymers into the PBS. In addition, the Alg-C6 hydrogels may have
inherently enabled more flexibility to the CD functional group compared to the Alg-C2 due
to the longer methylene group. The recovery and stability characteristics of the Alg-C6
hydrogels were more evident compared to the Alg-C2 over the 14 day period.

3.7 In Vitro BSA Release

The inner cavity of B-CD undergoes hydrophobic interactions, not only with PPG but with
other organic molecules, and such interactions have been extensively employed as drug
carriers. Specifically, drug release profiles for supramolecular inclusion network hydrogels
utilizing B-CD as a physical crosslinker are of recent interest.> For this study, BSA, a
moderately sized biomolecule (66.5 kDa) with a globular structure, was encapsulated and
released from Alg-g-CD hydrogels. BSA release was quantified for up to 14 days for both
4% (w/v) and 6% Alg-C6 and Alg-C2 hydrogels with ratios of 1:2 and 1:4. For each sample,
BSA exhibited a sustained release over 14 days to afford a release amount of 40% of the
encapsulated drug (Figure5). A lower amount of BSA was released from hydrogels
formulated with a Pluronic® F108:Alg-g-CD ratio of 1:4, suggesting that the reduction in
Pluronic® F108 content created a moderately crosslinked hydrogel, resulting in a greater
release of BSA. Alg-C2 hydrogels (Figure 5A) released less BSA compared to Alg-C6
hydrogels (Figure 5B) over a period of 14 days, due to a swollen host-guest intermolecular
network also observed in the qualitative surface erosion study (supplemental information).
Alg-C2 hydrogels swelled after the addition of PBS. Thus, the hydrogel structure was
weakened and compromised, resulting an enhanced BSA release compared to Alg-C6
hydrogels, which exhibited primarily surface degradation.

3.8 In Vitro Cytotoxicity

The safety and efficacy of the alginate-based hydrogels for biomedical applications were
tested using a 24 h mitochondrial activity (i.e., MTT content) based assay. 4% (w/v) and 6%
Alg-g-CD hydrogels, with Pluronic® F108:Alg-g-CD ratios 1:2 and 1:4, were co-cultured
with primary human MSCs for 24 h. An in vitro cytotoxicity assay showed no toxic effects
related to the presence of the hydrogels. Alg-C2 hydrogels were slightly less cytotoxic
compared to Alg-C6 hydrogels; however, there were no significant differences between
experimental groups (Figure 5C) and the control group (non-modified tissue culture
polystyrene).

4. Conclusions

In summary, we have developed the first dual-crosslinked, self-healing, and strain and
thermo-responsive alginate-based hydrogels with moderate mechanical properties, based on
the supramolecular inclusion complex formation between Pluronic® F108 and Alg-g-CD.
The intermolecular entanglements of guest polymers (e.g., PPG) and Alg-g-CD host
molecules create a unique structure upon crosslinking which affords shear-thinning
behavior. Furthermore, Pluronic® F108 affords a thermo-responsive behavior of the
injectable hydrogel, generating a dual-crosslinked hydrogel upon an increase to body
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temperature. Indeed, the shear storage moduli of the hydrogel reached as high as 30 kPa at
body temperature, exhibiting biologically-relevant mechanical properties for biomedical

ap

plications.
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Refer to Web version on PubMed Central for supplementary material.
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Pluronic® F108

A) Schematic of Alg-g-CD synthesis using organic solvents or aqueous-based solutions.
Alg-C6 was the product of the organic synthesis (top), and Alg-C2 was the product of the
aqueous synthesis (bottom). B) Schematic of physical crosslinking between Alg-g-CD
macromolecules and Pluronic® F108, and the effect of Pluronic® F108 on the thermo-
response of the hydrogel network; Pluronic® F108 forms micelles and self-crosslinks at
body temperature due to the triblock structure of PEG-b-PPG-b-PEG. B-CD conjugated onto
the alginate backbone served as the host (Alg-g-CD), which formed a physically-crosslinked
supramolecular inclusion complex with the guest, the PPG component (green) of Pluronic®

F108.

Biomacromolecules. Author manuscript; available in PMC 2015 December 16.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Miao et al.

Page 18

10000

Viscosity (Pa*s)

—e—4% Alg-C6 (122) G'
—0—4% Alg-C5 (12) G
—a— 4% Alg-C6 G
—t—4% Alg-C6 G

—e—4% AlgC6 (1:2) G'
—o—4% Alg-C6 (1:2) G"
—e—6% AlgC6 (1:2) G'
—o—6% Alg-C6 (1:2) G*

A 1000 10000 B 1000
. . 1000
© v ©
o 100 14 o 100
0 ]
g : 1
& 1000 2 £ » 100
7] g 7]
1 o s
@ 10 @ o 10
= O S £ §
@ U & —e—4% AIg-CS (1:4) shear stress 10
~—4—6% Alg-C2 (1:4) shear stress —4—6% Alg-C6 (1:4) shear stress
—0—4% Alg-C2 (1:4) viscosity —0—4% Alg-C6 (1:4) viscosity
—o—6% Alg-C2 (1:4) viscosity —o—6% Alg-C (1:4) viscosity
1 100 1 1
0 02 04 06 08 1 0 02 04 06 08 1
Shear Rate (s*') Shear Rate (s*)
C 100000 D 100000
10000 | gqq, 10000 b
& ——anAgc2(12)6 O
= —o—4%AIgC2(12) 6" —
3 1000 [00000000VOCOPC00 —am % Alg-C2 G* S 1000
g —a—4% AlgC2 G* E
o %G = AR AT MM 100, 1108 G
. s " .
@ 400 [DODOODIOOHIHD TG - 10% 1086 2 1w —0—10% 108 G
L A v A A 7
10
0 100 200 0 100 200
Time (s)
E F 100000
g g
= =10000
E El
B ]
] S [,
= =
= 5 1000
'] 1
F £
7 »
100
01 1 10 100
Frequency (Hz)

Figure2.

Rheological experiments were performed at 37 °C to verify formation and physical integrity
of the supramolecular alginate network. (A, B) Continuous, increasing shear rates allowed
for the determination of viscosity and shear stress of formed hydrogels; A) Alg-C2 and B)
Alg-C6. The shear stress increased with an increase in shear rate from 0 to 1 572,
demonstrating viscoelastic behavior. (C, D) Oscillatory time sweep experiments for
hydrogel pre-curser solutions, Alg-g-CD and Pluronic® F108, and formed hydrogels at 1%

strain, 10 Hz, 37 °C; C) Alg-C2 and D) Alg-C6. The storage moduli
for single polymer constituents to 10 kPa for 4% (w/v) Pluronic® F1

increased from 100 Pa
08:Alg-g-CD hydrogels.

(E, F) Oscillatory frequency sweeps were performed at 0.5% radial strain; E) Alg-C2 and F)

Alg-C6.
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Figure 3.

(A?, B) Oscillatory strain sweeps were performed at 10 Hz and 37 °C using a 40 mm
1°59'47” steel cone geometry on F108:Alg-g-CD hydrogels: A) Alg-C2 and B) Alg-C6
hydrogels. The storage moduli (G") and loss moduli (G”) of the hydrogels crossed at high
strains, demonstrating a solid-liquid transition. (C — F) Dynamic shear testing of hydrogels
was performed to demonstrate a self-healing, physically crosslinked network. Dashed gray
lines represent the radial strain (%) input parameters and the solid black lines represent shear
storage moduli (G") results. All of the groups tested demonstrated a repeatable ability to
deform and reassemble upon loading and un-loading, resulting in radial shear deformations.
Hydrogels consisting of 4% (w/v) Alg-g-CD were analyzed at various ratios of Pluronic®
F108:Alg-g-CD; C) Alg-C2 (1:2), D) Alg-C6 (1:2), E) Alg-C2 (1:4), F) Alg-C6 (1:4). The
hydrogels exhibited higher storage moduli values at 0.5% strain while exhibiting lower G'
values at 250% strain. Compared to alginate supramolecular inclusion complexes formed
with B-CD, the novel Pluronic® F108:Alg-g-CD hydrogels presented here are shear-
thinning, and amendable to injectable biomaterials applications.2°
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(A, B) Oscillatory temperature sweeps were performed at 1 Hz and 1% radial strain on Alg-
g-CD hydrogels: A) Alg-C2 and B) Alg-C6. (C, D) Shear storage moduli (G") for Alg-g-CD
hydrogels at 25 °C (white bars) and 37 °C (black bars) (n = 3, average * standard deviation),

specifically C) Alg-C2 and D) Alg-C6. The ratio of Alg-g-CD to Pluronic® F108 was
critical to the magnitude of the thermo-responsive properties. The greater the ratio of
Pluronic® F108, the stiffer the hydrogel and more responsive the thermal behavior.

Significant differences, of the same hydrogel sample between 25 and 37 °C, were observed

in both Alg-g-CD hydrogel formulations. E) Images of Alg-g-CD and Pluronic® F108

solutions, and Alg-g-CD hydrogels formed after mixing the two pre-cursers and waiting 10
min, 1 day, and 5 days. Images were taken of hydrogels incubated at room temperature (RT)

and 37 °C, respectively.
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Figureb5.
(A,B) In vitro BSA release from Pluronic® F108:Alg-g-CD hydrogels. Experiments were

performed at 37 °C under mild agitation in PBS, pH 7.4, investigating A) Alg-C2 and B)
Alg-C6 hydrogels. Black circles represent 6% (w/v) Alg-g-CD solutions, and open circles
represent 4% Alg-g-CD solutions. Solid lines represent Pluronic® F108:Alg-g-CD hydrogels
with ratios of 1:2, and dashed lines represent hydrogels with ratios of 1:4. C) In vitro MTT-
based cytotoxicity assay results for hydrogels cultured with primary human MSCs indicated
no toxic effects compared to the non-modified tissue culture polystyrene control group.
There were no significant differences between each group.
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