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Abstract: Double cross-linked dynamic hydrogels-dynagels have
been prepared through reversible imine bonds and supramolecular
interactions, which showed good pH responsiveness, injectability,
self-healing property and biocompatibility. With the further
encapsulation of heparin, the obtained hydrogels exhibited good
anti-bacterial activity and promotion effects for 3D cell culture.

Hydrogels are functional smart multi-responsive materials with
broad applications in various research areas, like drug delivery
and tissue engineering.™! Compared to 2D cell culture
environments, the 3D cross-linked hydrogels show advantages
in imitating the natural cell behaviours and revealing cell-cell and
cell-matrix interactions.”)  With the development of multi-
component materials, hydrogels with simultaneous various
functions have been developed.®! Moreover, adjustable
biochemical cues and mechanical properties can provide the

hydrogels with extracellular matrix (ECM)-like environment,
which became an ideal platform for 3D cell culture and control
the cell growth."*!

Most of the existing hydrogel scaffolds are covalently
cross-linked through the static networks that induce steric
limitations for the cell growth. On the other hand, imine,® acyl-
hydrazone,™ boronic-ester,®! disulfide,® Diels—Alder’” reversible
covalent bonds, opens up opportunities for the generation of
dynamic hydrogels- Dynagels, which are defined as hydrogels
that are dynamic on both covalent and supramolecular levels.™
With the constant broken down and restoration of their reversible
bonds, the dynamic hydrogels show excellent responsiveness
and functions,*Y i.e. self-healing,*? shape memory™ or
injectability,™ leading to broad applications in areas of enzyme
catalysis,™ recyclable plastics,*® membranes,*”  drug
delivery,™ wound healing,™* tissue engineering,*” etc.
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Figure 1. Synthesis of the Dynamer-O-CMCS-guanidinium dynagels for heparin encapsulation.



Heparin is a natural glycosaminoglycan able to interact
with diverse key proteins, showing numerous biological
activities.®! For example, besides well-known anticoagulation
function, heparin is also associated with anti-tumor,?? anti-
metastatic® and anti-microbial effects.”” In recent studies,
heparin have been incorporated into hydrogels, leading to
applications of inducing the formation of human renal tubules,?
hepatocyte culture,” delivery of drugs®” or growth factors,?®
promoting wound healing,” etc. The use of dynamic covalent
chemistry into heparin hydrogels is an unreported strategy, and
we speculate that may further lead to multi-functional materials
with  stimuli  responsiveness and spatial adaptiveness.
Meanwhile, chitosan is another natural polysaccharide with
antibacterial property and biocompatibility.®® In addition, the
abundant amino groups in chitosan structure can form reversible
imine bonds, showing potentials for the fabrication of dynamic
adaptive materials.*!

Herein, we have first designed imine-dynamers decorated
with positively charged guanidinium groups that interact with the
negatively charged heparin in water. The water-soluble O-
Carboxymethyl chitosan (O-CMCS) with exposed amine group
was then used as a secondary imine cross-linking scaffold for
hydrogel preparation. The resulted double-network constitutional
hydrogels cross-linked via reversible imine covalent bonds and
supramolecular H-bonding and electrostatic interactions showed
excellent pH responsiveness, injectability and self-healing
properties.  The  heparin-encapsulated  hydrogels are
biocompatible and show the promotion effects of cell
proliferation, for anti-bacterial and 3D cell culture biomedical
applications.

The fabrication of hydrogels was initiated by the synthesis
of Dynamer from 1,3,5-benzenetricarboxaldehyde, 1 poly
(ethyleneglycol)bis(3-aminopropyl)-terminated, 2 and amino-
guanidine hydrochloride, 3 in MeOH at 60 °C (Figure 1), in order
to react through imine bonds. From the *H NMR spectra of the
synthesized Dynamer (Figure S1), two new aldehyde peaks
(10.13 ppm and 10.06 ppm) and some high-field shifted
aromatic peaks and newly formed imine peaks showed up at
8.5-8.1 ppm, indicating the formation of mono and di-substituted
imine compounds. The molecular mass of the former dynamer
1-2 has been previously reported by using DOSY NMR: Mn= 15
000-18 000 g mol™ corresponding to ~10-12 PEG monomers.”*¥
With the addition of negatively charged heparin, dynamer can
interact through electrostatic interactions, but still in solution
state. Subsequently, variable amounts of O-CMCS were added
to the mixture to react with the remaining extra aldehydes, to
form the secondary dynamic imine cross-linked network of
hydrogels. The test for gelation time was replicated 3 times by
bottle-inversion method. With the increased content of O-CMCS
within ~200 pL of total sample, the gelation time can be
obviously shortened, from ~ 1 h to 85 s, when 2 eq. to 8 eq. of
NHz in O-CMCS /remaining aldehyde group in dynamer were
used. The use of 16 eqg. O-CMCS led to too fast gelation
process, resulting in an uneven distribution of the constituents
inside the hydrogel. Thus, 8 eq. of O-CMCS was chosen as
optimal for further studies, when various hydrogels with the
variable dynamer to heparin molar ratios of 1:2 (GHi.), 1:4
(GH1.4) and 1:6 (GH1.6) Were prepared.

The imine-bond formation was confirmed by Fourier
transform infrared (FTIR) spectroscopy. As shown in Figure S2,
the aldehyde vibration band vc-o at 1692 cm™ from 1 and
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dynamer spectra completely disappeared, while a new vc-y
vibration band can be observed at 1640 cm™ in the final
hydrogels’ spectra. Thereafter, Scanning Electron Microscopy
(SEM) were used to analyse the cross-sectional morphology of
the hydrogels, where porous structures were observed in all the
tested hydrogels, with no obvious differences among the
hydrogels bearing varied amounts of heparin (Figure S3-4).

Scaffolds with desirable mechanical stability are highly
important for biomedical applications. According to the results of
amplitude sweep, 1% strain value was selected to determine the
rheological behaviours of the hydrogels (Figure S5a). Under this
strain, the storage modulus (G’) of GH;, was recorded as
700 Pa. When the amount of O-CMCS was doubled, the G’
value can be increased to as high as 2000 Pa (Figure S5b).
Lowering the concentration of O-CMCS, led to significantly
decreased G’ values, indicating the critical strengthening role of
the O-CMCS for the mechanical properties of the hydrogels via
double cross-linking. Oppositely, an increased content of
heparin did not make a large difference for G’ values, with the
biggest number obtained from GH;,. These results also
indicated that the mechanical behaviours of the hydrogels can
be easily adjusted according to the specific application
requirements.
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Figure 2. a) Self-healing from two halves and mashed pieces, b) pH
responsiveness acid-base sol-gel transition cycles and c¢) good injectability of
the hydrogel GH;.,.

The reversible nature of the double cross-linked networks
can contribute to the self-healing properties of the hydrogels.
Therefore, continuous step changes of oscillatory strain (1 to
300 %) were performed under the same frequency (10 rad/s) to
estimate the strain-induced damage and re-healing efficiency of
the hydrogels (Figure S6b-d). Under a high strain of 300%, G"
values were higher than G', indicating the damaged structures
for all hydrogels. When the strain was switched to 1%, both G'
and G" were recovered to the near original value, with the
restoration of the internal structure of the hydrogels. GHi.»



hydrogel showed the best self-healing property, after three times
consecutive step strains tests, the transient recovery rate of
deformation was about 93%. Meanwhile, the G' of the GH;4 and
GHi6 can only reach 68% and 84% of the initial value,
respectively, probably coming from the weak interactions
induced by extra charges. In order to further check the self-
healing properties of the hydrogels, two red and blue stained
halves of GHi., respectively, were put next to each other with
tweezers, and the entire gel can be lifted after 20 min, leaving no
visible gaps in the jointed interface (Figure 2a). Moreover, the
other two halves of GH;., were completely mashed and mixed
into a heart shape, leading after 20 min to a whole piece of self-
standing hydrogel. These experiments showed the excellent,
strong and fast re-healing ability of the hydrogels from either two
halves or mashed pieces.

Owing to the reversible imine bonds, the dynamic hydrogels
possess pH responsiveness. By adding 1 M HCI onto the
hydrogel surfaces until pH = 5, significant gel-sol transitions
were observed for all samples, resulting in turbid liquid solutions
(Figure 2b). In addition, this transformation was completely
reversible to sol-gel transitions by addition of 1 M NaOH solution
until pH=7. The reversible pH responsiveness and sol-gel
transition have been illustrated during five repeated acid-base
additions cycles, suggesting that such dynamic hydrogels can
be used in interesting applications like targeted drug delivery,
cell culture and tissue engineering. Moreover, as shown in
Figure 2c, GHi, presents good injectability, which can be
injected directly into the PBS solution, making a more
convenient usage for biomedical applications. This injectability
was also measured with the viscosity plotted against varied
shear rates. As can be seen in Figure S7, the cohesive forces of
hydrogels were destroyed at high shear rates, making the
viscosity of the hydrogels low enough to be injected through
syringe.

The swelling properties of the hydrogels were next

evaluated. All hydrogels hold high swelling ratios, and the
equilibrium state was reached in 6 h (Figure 3a). GHi.s showed
the highest swelling ratio of 1500 %, followed by GHj.4 (1400 %)
and GHi, (1300%). These results indicated that increased
excess amount of heparin did not contribute to higher cross-
linking networks, oppositely, slightly loosen structures were
found in GHi4 and GHis. The high swelling ability of the
hydrogels can also be correlated to the release of heparin from
the gel networks. Based on the previously recorded alcian blue-
heparin standard curve (Figure S9), hydrogel GHi., showed a
release of 30% heparin in the first 6 h, and finally reached 85%
heparin release rate in 7 d. In.comparison, GH;., and GH;.¢ had
a higher heparin burst release in the first 6 h, and the cumulative
release were reached about 80% and 85%, respectively, in a
shortened time frame of 36 h (Figure 3b).
All hydrogels showed fast degradation degrees in vitro (Figure
S8) within the first day, recorded as 20%, 25% and 28% for GH;.
2, GHi14 and GHis, respectively. Then the degradation rates
slowed down and reached equilibrium around 25 days, with the
degradation degrees of 53%. The loss of hydrogel masses can
be contributed to the breaking down of imine bonds and the de-
crosslinking of the main components after long time incubation
in PBS (pH 7.4), leading to the loosened structures, which can
provide the cells with more space inside the hydrogels for
continuous growth.
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Since both O-CMCS and heparin have been reported with
anti-bacterial effect, the hydrogels were subjected for in vitro
anti-bacterial assays. First, turbidity method was used to analyze
the influences of heparin containing hydrogels on the bacterial
growth curves. Compared to the control group with the absence
of hydrogels, the OD values for the bacterial suspensions
containing hydrogels stayed very low, close to zero for the initial
12 h for the case with GHy, while the presence of GHi., and
GHy.4 led to increased OD values of around 0.4 (Figure S10a).
These results indicated good bacterial inhibitory property of the
prepared hydrogels. Moreover, by using poured-plate method,
the inhibition zone measurement was conducted for GH1.,, GH1.4
and GHie. As a result, the inhibition zones were clearly
observed for all hydrogels (Figure S10b), with the bacteriostatic
diameter of GH1¢ recorded as 15 mm, slightly higher than as
measured for GHi-, (12 mm) and for GH1.4, (13 mm), consistent
with the amounts of heparin encapsulated inside the hydrogels.
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Figure 3. a) Swelling (n=4) and b) heparin release (n=3) of the hydrogels.

Then, MTT assays were carried by incubation of 3T3
fibroblasts with gradient concentration of hydrogel extractions
from GH1.2, GH1.4 and GHj., and the cell viability was quantified.
With culture media as the control group, although lower cell
viability was observed with the increased concentration of
hydrogel extractions, the relative cell viability value still remained
higher than 80% after co-culture with 100% hydrogel extractions
for 48 h (Figure 4a), proven good biocompatibility of the
hydrogels GHi.;, GH1.4 and GHy..



Considering the interactions between heparin and basic
fibroblast growth factor (bFGF), the heparin containing hydrogels
can also be a bFGF carrier for beneficial influences on further
3D cell culture applications. As a result, the presence of bFGF
effectively promoted the cell proliferation, with the relative cell
viability recorded as higher than 150% for the group of 100%
hydrogel extraction (Figure 4b), much higher than all the other
tested samples. Compared with the traditional 2D cell culture,
3D hydrogel environment can better mimic the actual cell growth
situation in ECM. In the current study, 3T3 cells were incubated
with the dynamer first, before the initiation of gelation processes
for GH1.2, GH1.4 and GH16. After 72 h of 3D culture, the 3T3 cells
were stained with calcein acetoxymethyl ester (calcein-AM,
green-fluorescence) and propidium iodide (PI, red-fluorescence)
for the observation of live and dead cells respectively by using
confocal laser scanning microscopy (CLSM). As can be seen in
Figure 4c-e, the cells in GH;, were basically all alive (green
colour), while the cells in GH;.4» and GH;¢ showed sporadic red
colour (dead), accompanied by decreased cell density,
indicating better mechanical and biocompatible environment of
GHys., for cell growth, which was in consistent with MTT results.
This phenomenon can be probably attributed to the absence of
heavily excessed heparin and the tighter cross-linked structures
in GHy.,. Furthermore, GH;., was selected to load bFGF and
used for 3D culture of 3T3 cells under the same conditions. By
comparing the images from cell culture of 72 h (Figure 4f), 3T3
cells were confirmed to maintain good proliferating inside the
hydrogel containing bFGF, with even higher cell density than
GHs.» alone, demonstrating the ideal 3D environment provided
by these dynamic hydrogels.
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Figure 4. Cytotoxicity assay of a) GH;.,, GHy.4, GH1.6s and b) GH;., carrying
growth factor bFGF. Data are represented as mean +SD (n=6). Confocal laser
scanning microscopy (CLSM) images of 3T3 cells 3D cultured inside
hydrogels ¢) GHi.,, d) GH1.4, €) GH1.6 and f) GH;., with bFGF for 72h in vitro,
cells were stained green with Calcein-AM and red with Propidium lodide (PI).
Scale bar: 100 um
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In conclusion, we present here an imine-PEGylated
dynamer containing positively-charged guanidinium groups,
used for encapsulation of heparin and for the formation of
dynamic biocompatible hydrogels via double cross-linking with
O-CMCS. The dynagels have displayed interesting advantages
over other existing covalently or physically cross-linked heparin
hydrogels with excellent pH responsiveness, injectability and
self-healing properties. In the subsequent applications, the
dynagels showed good anti-bacterial activity and exhibited as an
excellent growth matrix for the 3T3 cells, where the presence of
growth factor bFGF highly promoted the 3D cell culture rate. The
current study exemplified a new method for the fabrication of
heparin hydrogels through double cross-linked dynamic
PEGylated / O-CMCS networks, showing great potentials for
wider biomedicine research, for example, tissue engineering
directed biomaterials design.
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