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Synthesis and Characterization of
Photoresponsive Macromolecule for
Biomedical Application

Juan Pang, Ziyu Gao, Long Zhang, Huiming Wang and Xiaohong Hu*

School of Material Engineering, Jinling Institute of Technology, Nanjing, China

Azobenzene, a photo switcher, has attracted increasing interest due to its structural
response to photo stimulus in the field of information science and chemical sensing
in the recent decades. However, limited water solubility and cytotoxicity restrained
their applications in the biomedical field. In research, HA-AZO has been designed as
a water soluble photo switcher in biomedical application. Synthesized HA-AZO had
good water-solubility and a stable w-7t* transition absorbance peak trans-isomer. With
exposure to UV, transformation from trans-isomer to cis-isomer of HA-AZO could be
realized according to UV spectra. Reversely, trans-isomer could be gradually recovered
from cis-isomer in the dark. Simultaneously, quick response and slow recovery could
be detected in the process of structural change. Moreover, repeated illumination was
further used to detect the antifatigue property of HA-AZO, which showed no sign of
fatigue during 20 circles. The influence of pH value on UV spectrum for HA-AZO was
investigated in the work. Importantly, in acid solution, HA-AZO no longer showed any
photoresponsive property. Additionally, the status of HA-AZO under the effect of UV light
was investigated by DLS results and TEM image. Finally, in vitro cytotoxicity evaluations
were performed to show the effects of photoresponsive macromolecule on cells.

Keywords: azobenzene, photo switcher, photoresponsive macromolecule, biomedical application, hyaluronic acid

INTRODUCTION

Photoresponsive molecules, which cause reversible changes, i.e., their chemical and physical
properties changes due to structural change with a light stimulus, have attracted increasing
interest in the field of information science and chemical sensing in the recent decades (Sun
et al, 2012; Li et al, 2014; Yuan et al, 2014; Kim et al, 2015). Among photo molecular
switches, azobenzenes have been intensively investigated due to the precise spatiotemporal control
(Li et al, 2014; Kim et al, 2015). Upon exposure to UV light, azobenzenes can isomerize
from the trans-form to the cis-form (Henzl et al., 2006; Kumar and Suresh, 2009; Schmidt
et al., 2010). However, the cis-form is unstable and liable to reversely isomerize to trans-form
under the action of visible light or slight heat (Henzl et al., 2006; Kumar and Suresh, 2009;
Schmidt et al., 2010). Given the fact that cis- and trans-isomers of azobenzenes have a different
spatial arrangement of the aromatic moieties, physical and chemical properties of azobenzenes
varied a lot, some examples being -7 stack interaction among molecules, dipole moments,
and surface wettability (Li et al., 2014; Yuan et al,, 2014; Lin et al,, 2016, 2017). Consequently,
azobenzenes became particularly popular as photoresponsive chromophores in a number of
research fields including biomedical fields (Deka et al., 2015; Liu et al, 2015; Bian et al,
2016a,b). Recently, on account of photo-controlled reversible supermolecular interaction between
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azobenzenes and cyclodextrins, hydrogels as well as films with
controllable pores or passages crosslinked by the supermolecular
interaction have been designed and synthesized to respond to
photo-stimuli from external environment (Chen et al., 2009;
Chiang and Chu, 2015; Wang et al., 2015). In addition to these
reports, visible light driven azobenzene-based photo-switching
molecules have been theoretically designed by different substitute
groups (Pang et al,, 2014, 2016; Ye et al,, 2015).

On account of aqueous physiological environments, chemicals
in the application of biomedicine-related fields should have
aqueous dissolvability (Gao et al., 2016; Wang et al., 2016; Gu
et al., 2017; Ha et al,, 2018). From this point, the application
of azobenzene in the biomedicine-related field is restricted
not only due to its low aqueous dissolvablity but also due to
cytotoxicity in water. In order to solve this problem, a water-
soluble photo switch was designed. From previous research, some
natural polysaccharides such as hyaluronic acid (HA), chitosan,
chondroitin sulfate (CS) and the like is proven to be water soluble
and have good biocompatibility especially for HA, which plays an
important role in the organization and stabilization of ECM, cell
proliferation, and differentiation (Hu et al., 2011; Hu and Gong,
2016). Moreover, HA can lubricate joints, adjust permeability of
vessel walls, improve transport of protein and ions, and accelerate
wound healing (Yue et al., 2017; Andreasen et al., 2018). Hence,
HA is assumed to be an ideal macromolecule or material in
biomedical application. In view of these facts, a photoresponsive
macromolecule was designed using HA as a backbone and AZO
as a side chain in this work.

In consideration of reactivity and carboxyl groups on HA
molecules, p-aminoazobenzene was grafted onto the main chain
of HA to obtain a photoresponsive macromolecule. In order
to clarify the properties of the photosensitive macromolecules,
molecular responsive properties as a function of irradiation time,
pH value, and recovered time as well as fatigue resistance of
the responsive property was characterized in the research. As
a macromolecule, its molecular aggregation in water is also
important to evaluate the interaction between molecules and
provide potential material for biomedical application. Therefore,
the macromolecule with different responsive status in water
was tracked by dynamic light scattering (DLS) and molecular
aggregation in water was also confirmed by transmission electron
microscope (TEM) images. Finally, cell viability and apoptosis
profile was used to evaluate the cytotoxicity of photoresponsive
macromolecule.

Although azobenzenes have been intensively investigated,
work still needs to be done to obtain a biocompatible
photoresponsive macromolecule for biomedical application,
characterize their structure and assess their properties including
cytotoxicity properties.

EXPERIMENTAL SECTION

Materials

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC), N-hydroxysuccinimide (NHS), 2-morpholinoethane
sulfonic acid (MES), and p-aminoazobenzene (AZO) was
purchased from Aladdin. Hyaluronate acid (HA, M,, = 1,000
kDa) was obtained from Shandong Furuida Co., China. Trypsin,

Dulbecco’s modified Eagle’s medium (DMEM), fluorescein
diacetate (FDA), and 3-(4, 5-dimethyl) thiazol-2,5-dimethyl
tetrazolium bromide (MTT) were obtained from Sigma. Fetal
bovine serum (FBS) was purchased from Sijiqing biotech. Co.,
China. All other reagents and solvents were of analytical grade
and used as received.

Synthesis of HA-AZO

HA-AZO was synthesized by amidation between HA and
aminoazobenzene (AZO). Briefly, 500 mg of EDC and 200 mg of
NHS were successively added to 10 mL of 2% HA solution with
magnetic stirring. Meanwhile, 10 mg of AZO was dissolved in
10 mL DMF. After 30 min, 100 mg of MES was further added to
HA solution. HA solution and AZO solution were subsequently
mixed together and the reaction was maintained for 5h at room
temperature. Then, the final solution was dialyzed with a dialysis
bag of 10 kDa cut-off molecular weight for 3 days to remove
unreacted chemicals and byproduct of small molecular weight.
Finally, HA-AZO was obtained by freeze drying at —60°C at a
pressure of 7-8 Pa.

Characterization of HA-AZO

HA-AZO was characterized by |H nuclear magnetic resonance
(1H NMR, Bruker, AV500) using D,O as solvent. HA-AZO water
solution, AZO water solution, and AZO DMSO solution was
characterized by UV spectroscopy (Cary 50). UV lamp (10 W)
was used as photosource to induce tran-to-cis transition of AZO
domain. In order to track the structural change of molecules, real-
time UV spectra as a function of irradiation time and recovery
time was recorded. Repeated irradiation and recovery method
were applied to demonstrate the fatigue resistance of molecules.
Macromolecule status in water solution was characterized by
dynamic light scattering (DLS, nano ZS) and transmission
electron microscope (TEM, Philips, Tecnai 12).

Cytotoxicity Evaluation of HA-AZO

HUVEC cells were incubated in a humidified atmosphere of
95% air and 5% CO; at 37°C. The used cells were detached
using 0.25% trypsin in PBS for the experiment. Simultaneously,
HA-AZO and AZO were dissolved in DMEM with certain
concentration separately with the same molar ratio. Then,
100 wL of above-mentioned solution was added into each
well of 96-well culture plate, and into which the 100 nL cell
suspension containing 5,000 cells was subsequently added. Cells
were characterized as a function of cultural time. MTT assay
was used to characterize cytoviability. Briefly, 20 pL MTT was
supplemented into wells of the culture plate, which were then put
back to continually culture cells for another 4h. Two hundred
microliters DMSO was added to dissolve the formed formazan
pigment. The absorbance of above solution at 490nm was
recorded by a microplate reader (Infinite M200 PRO).

Besides MTT assay, apoptosis profile of cells was characterized
by PI/FITC double staining (Annexin V). Briefly, 1 mL of above-
mentioned HA-AZO solution or AZO solution was added into
each well of 12-well culture plate, into which 1 mL cell suspension
containing 200,000 cells was subsequently added. Cells of each
well were detached using 0.25% trypsin without EDTA after
culturing for 24 h separately. Detached cells were washed with
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1 xbinding buffer, resuspended in 500 pL 1xbinding buffer, and
subsequently ordinal stained by PI solution and FITC solution for
15 min. The stained cells detected by flow cytometry (FCM, BD,
C6) within 1h in dark.

Statistical Analysis

Data were analyzed using the t-test for differences. Results were
reported as means =+ standard deviation. The significant level was
setat p < 0.05.

RESULT AND DISCUSSION

Synthesis of HA-AZO

Synthesized HA-AZO was characterized by ;H NMR as shown
in Figure 1. The details of chemical shift are listed as follows: the
chemical shift at 1.9 ppm is attributed to the protons of CH3-O at
1 position, the chemical shifts from 3.1 to 4.0 ppm are attributed
to the protons of pyranose ring, and the chemical shift at 7.9 ppm
is attributed to the protons of benzene ring of AZO at 2 position.
The chemical shift at 2 position confirmed successful grafting
of AZO onto HA main chain. Besides qualitative analysis, ;H-
NMR provided quantitative information since areas of resonance
peaks are proportional to number of protons. According to areas
in Figure 1 at 1 and 2 positions, the degree of substituent (DS)
could be calculated using the average proton intensity ratio of the
protons of benzene ring/CHjz-O, which is 2.2% (per two pyranose
ring).

Characterization of HA-AZO

It was found that HA-AZO had good water-solubility.
Hence, HA-AZO water solution was used for the following
characterization. Firstly, UV spectra of HA-AZO water solution

as a function of irradiation time and recovery time were shown
in Figures 2A,B. In one aspect, the peak at 360 nm belonging
to m-m* transition for trans-isomer decreased significantly
and the peak at 420nm belonging to n-m* transition for
cis-isomer increased a little with irradiation time until 60s,
which was an obvious sign to indicate that the trans-form
had been transferred to the cis-form (Figure 2A). In another
aspect, without irradiation, the peaks at 360 and 420 nm were
gradually recovered to their original state within 10 min, which
indicated that the recovery of trans-form for AZO domain of
HA-AZO was realized (Figure 2B). Structural change upon
photo guaranteed the molecular responsive property for HA-
AZOQO. Moreover, rapid transfer from trans to cis upon photo
exhibited quick responsive time for the macromolecule, and
simultaneously gradual recovering process indicated enough
controllable time. Effective structural change, rapid responsive
time, and enough operation time are all desirable properties
for a macromolecule photo switch. As a contrast, UV spectra
of AZO water solution showed no change after irradiation
without any change of isomer (Figure s1), although AZO DMF
solution showed some photo-responsive properties (Figure s2).
Secondly, fatigue resistance of molecular switch was essential
for its actual application, which was evaluated by repeated
irradiation and recovery and characterized by UV spectrum
as shown in Figures 2C,D. It was found that the minimum
absorbance at 346 nm for HA water solution after irradiation was
stabilized at 0.7-0.8 regardless of circle time, and simultaneously
maximum absorbance at 360 nm either initial or after recovery
was stabilized at 1.5-1.7 regardless of circle time (Figure 2C).
The results showed that cis-form could be stable and exist
after irradiation, whereas the trans-form could be recovered
after removal of irradiation. Furthermore, the response time

OH HO OH
HO o) Owo/
NHCOCH; CONH

7.32

FIGURE 1 | {H NMR spectrum of HA-AZO.
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FIGURE 3 | (A) UV spectra of HA-AZO water solution as a function of pH value. (B) UV spectra of HA-AZO water solution as a function of irradiation time in pH = 3.5

Abs

400 500
Wavelength (nm)
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with irradiation was stable at 1 min, and the recovery time was
stable at 10 min regardless of circle time (Figure2D). From
these results, it is inferred that HA-AZO has no sign of fatigue
or phenomenon of photobleaching. As a contrast, even in
DME, the photoresponsive property weakened as a function
of circle time (Figure s3A), and furthermore, the response
time and recovery time shortened with increase of circle time
(Figure s3B), which was unfavorable for its application as a
photo switch. By contrast, HA-AZO had obvious superiority
to AZO molecule as a photo switch, especially in water
solution.

Since pH value is also an important factor in physiological
environment, UV spectra of HA-AZO solution with different
pH value was tracked as shown in Figure 3A. With decreasing
pH value, the peak at 360 nm shifted to 320nm and a new
peak at 500 nm gradually increased when pH value was lower
than 6. The blue shift from 360 to 320nm was estimated to
protonation effect of benzene ring for w-m* transition and
emerging peak at 500nm was estimated to n-m* transition
in effects of protonation. In addition, in order to inspect
the influence of irradiation on structure of HA-AZO, UV
spectra of acid HA-AZO solution as a function of irradiation
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50

time was detected as shown in Figure3B. It was found
that the macromolecule has no responsive property in acid
environment since UV irradiation had no influence on its
UV spectra, which indicated that HA-AZO exhibited pH-
dependent photoresponsive property. Theoretically, no visible
trans-to-cis transition in acid environment might be the case,
for two reasons. One is unstability of cis-form structure with
very short existing time beyond characterization. The other
one is protonation of AZO induces cis-form structure (from
n-1t* transition) that coexists with trans-form structure in
natural state, which indicates that trans-to-cis transition is
induced in acid environment. However, no defined deduction
has been verified by sufficient proof. Furthermore, since AZO
molecule in water exhibited no trans-to-cis transition due to
aggregation of molecules according to Figure S1, AZO molecule
in water could not have pH-dependent photo responsive
property.

On account of m-m stacking interaction between AZO
domains, HA-AZO macromolecule might be in aggregation
state, which was characterized by DLS and TEM as shown
in Figure 4. Before irradiation, the effective diameter of HA-
AZO solution was 405nm (Figure 4A). The effective diameter
increased after irradiation and then decreased gradually along
with time until 30min (Figure 4A). According to previous
research, m-7 stacking interaction between AZO molecules
could be disaggregated when the trans-form transferred to
cis-form, which made the interaction within aggregations
weakened. The weaker interaction could lead aggregations
to swell and dismiss at the end. However, since chain
movement of macromolecule need time, recovery process of
cis to trans came to procedure before aggregations dismissed
completely. In recovery procedure, dismissed aggregations
gradually reassembled again along with time. In further step,
HA-AZO aggregations were observed by TEM as shown
in Figure 4B. Spherical aggregations with diameter of 20-
100nm were homogeneously distributed in the TEM image.
Because HA-AZO aggregations in water were in swollen state,

diameter detected by DLS was much larger than that detected
by TEM.

Cytotoxicity of HA-AZO

Since biocompatibility of the macromolecule was an essential
factor for its biomedical application, preliminarily cytotoxicity
assessment was performed by in vitro culture of HUVEC
cells. In this method, cells were cocultured with HA-AZO
on TCPs, and simultaneously, cytoviability and cell apoptosis
profiles were used to evaluate the biocompatibility of HA-
AZO. As shown in Figure5, the viability of cells decreased
with HA-AZO concentration regardless of culture time. On
the first day, OD of cells with HA-AZO showed no obvious
decline, estimated 80% of that on TCPs even when HA-AZO
concentration was as high as 5 mg/mL, which indicated that
HA-AZO had no obvious acute cytotoxicity. However, cells
with HA-AZO showed much lower OD than cells without
HA-AZO after cells were cultured for some time. Moreover,
OD of cells increased with cultured time, which indicated that
cells proliferated along with time. However, it was inferred
from OD statistic data that cells with HA-AZO showed slower
proliferation rate than that of control (without HA-AZO),
and the proliferation rate decreased along with HA-AZO
concentration. These results indicated that proliferation of cells
might be inhibited by HA-AZO. As a contrast, equivalent AZO
exhibited great acute cytotoxicity and complete proliferation
inhibition (Figure s4).

In the cell apoptosis profile, live cells on TCPs without HA-
AZO were approaching 78% and the dead cells were estimated
to be 18% after cells were cultured for 3 days (Figure 6A).
Further live cells on TCPs decreased with the increase of
HA-AZO concentration (Figure 6B-D). Even when HA-AZO
concentration was 5 mg/mL, live cells had been estimated
60%. The results were consistent with their viability as shown
in Figure5. As a contrast, equivalent AZO exhibited great
cytotoxicity with less live cells and more dead cells in Figure s5.
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FIGURE 5 | Optical density of HUVEC cells after cultured different time as a
function of HA-AZO concentration. Cells was incubated with MTT.

CONCLUSION

HA-AZO was successfully synthesized with DS of 2.2%.
Synthesized HA-AZO had good water-solubility and a stable
m-1* transition absorbance peak trans-isomer. Upon UV for
5min, transformation from trans-isomer to cis-isomer of HA-
AZO could be realized according to UV spectra. Reversely,
trans-isomer could be gradually recovered from cis-isomer in
1h in dark. This characteristics revealed the reversible photo-
responsive property of HA-AZO molecule with quick response

and slow recovery. Moreover, antifatigue property of HA-AZO
was confirmed by repeated illumination. The blue shift from
360 to 320nm and emerging peak at 500 nm were found in
low pH value solution. In acid solution, HA-AZO no longer
showed any photo responsive property. HA-AZO was in small
aggregation and its size was influenced by irradiation and
varied with recovery time. Finally, in vitro evaluation showed
little acute cytotoxicity, but the cell growth could be inhibited
by HA-AZO. These properties indicated that HA-AZO was
an optimal photo responsive macromolecule for biomedical
application. The toxicity of AZO has been verified not only
by our results but also by other researchers. Hence, their
application in biomedical field is rarely reported. While the
AZO grafting product HA-AZO exhibits little acute cytotoxicity
from the result of both cell viability and cell apoptosis profile
after 1d, acute cytotoxicity is evaluated with 24h before cell
division. Theoretically, cell viability should multiply and increase
with cultured days, since cells divide in every 24h. Actually,
cell growth viability showed little increase with cultured days.
However, the increased rate is much lower than both that of TCPs
control and theoretical calculation. These results showed that
HA-AZO influenced cell proliferation and cell division, which
indicated that the grafting product might have some genetic
toxicity.

AUTHOR CONTRIBUTIONS

JP designed the macromolecule and predicted its property. ZG
synthesized the macromolecule. LZ and HW investigated the

Frontiers in Chemistry | www.frontiersin.org

July 2018 | Volume 6 | Article 217


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Pang et al.

Photoresponsive Macromolecule

properties of the macromolecule. XH was responsible for the
whole manuscript.

ACKNOWLEDGMENTS

This study was financially supported by Natural Science
Foundation of (21702082), Natural Science Foundation
of Jiangsu Province (BK20171113), Qing Lan Project, the

REFERENCES

Andreasen, C. M., Ding, M., Andersen, T. L., and Overgaard, S. (2018).
Effects of substitute coated with hyaluronic acid or poly-lactic acid on
implant fixation: Experimental study in ovariectomized and glucocorticoid-
treated sheep. J. Tissue Eng. Regener. Med. 12, e1122-e1130. doi: 10.1002/
term.2447

Bian, Q., Wang, W., Han, G., Chen, Y., Wang, S., and Wang, G. (2016a).
Photoswitched cell adhesion on azobenzene-containing self-assembled films.
Chemphyschem 17, 2503-2508. doi: 10.1002/cphc.201600362

Bian, Q., Wang, W., Wang, S, and Wang, G. (2016b). Light-triggered
specific cancer cell release from cyclodextrin/azobenzene and aptamer-
modified substrate. ACS Appl. Mater. Interfaces 8, 27360-27367.
doi: 10.1021/acsami.6b09734

Chen, X., Hong, L., You, X., Wang, Y., Zou, G., Su, W, et al. (2009). Photo-
controlled molecular recognition of a-cyclodextrin with azobenzene containing
polydiacetylene vesicles. Chemn. Commun. 1356-1358. doi: 10.1039/b820894h

Chiang, C. Y., and Chu, C. C. (2015). Synthesis of photoresponsive hybrid
alginate hydrogel with photo-controlled release behavior. Carbohydr. Polym.
119, 18-25. doi: 10.1016/j.carbpol.2014.11.043

Deka, S. R., Yadav, S., Mahato, M., and Sharma, A. K. (2015). Azobenzene-
aminoglycoside:  self-assembled ~ smart  amphiphilic  nanostructures
for drug delivery. Colloids Surf. B Biointerfaces 135, 150-157.
doi: 10.1016/j.colsurfb.2015.07.026

Gao, A, Wu, Q, Wang, D.,, Ha, Y., Chen, Z, and Yang, P. (2016). A
superhydrophobic surface templated by protein self-assembly and emerging
application toward protein crystallization. Adv. Mater. 28, 579-587.
doi: 10.1002/adma.201504769

Gu, J., Su, Y., Liu, P,, Li, P,, and Yang, P. (2017). An environmentally benign
antimicrobial coating based on a protein supramolecular assembly. ACS Appl.
Mater. Interfaces 9, 198-210. doi: 10.1021/acsami.6b13552

Ha, Y., Yang, J., Tao, F., Wu, Q,, Song, Y. J.,Wang, H., et al. (2018). Phase-transited
lysozyme as a universal route to bioactive hydroxyapatite crystalline film. Adv.
Funct. Mater. 28:1704476. doi: 10.1002/adfm.201704476

Henzl, J., Mehlhorn, M., Gawronski, H., Rieder, K. H., and Morgenstern, K. (2006).
Reversible cis-trans isomerization of a single azobenzene molecule. Angew.
Chem. 45, 603-606. doi: 10.1002/anie.200502229

Hu, X,, and Gong, X. (2016). A new route to fabricate biocompatible hydrogels
with controlled drug delivery behavior. J. Colloid Interface Sci. 470, 62-70.
doi: 10.1016/j.jcis.2016.02.037

Hu, X,, Li, D., Zhou, F., and Gao, C. (2011). Biological hydrogel synthesized
from hyaluronic acid, gelatin and chondroitin sulfate by click chemistry. Acta
Biomater. 7,1618-1626. doi: 10.1016/j.actbio.2010.12.005

Kim, D. Y., Lee, S. A., Park, M., Choi, Y. J.,, Kang, S. W., and Jeong, K. U. (2015).
Multi-responsible chameleon molecule with chiral naphthyl and azobenzene
moieties. Soft Matter 11, 2924-2933. doi: 10.1039/C5SM00073D

Kumar, B., and Suresh, K. A. (2009). Kinetics of trans-cis isomerization in
azobenzene dimers at an air-water interface. Phys. Rev. E Stat. Nonlinear Soft
Matter Phys. 80:021601. doi: 10.1103/PhysRevE.80.021601

Li, Z., Wang, P,, Liu, B, Wang, Y., Zhang, J., Yan, Y., et al. (2014). Unusual, photo-
induced self-assembly of azobenzene-containing amphiphiles. Soft Matter 10,
8758-8764. doi: 10.1039/C4SM01395F

Lin, L. R, Tang, H. H, Wang, Y. G, Wang, X., Fang, X. M., and Ma,
L. H. (2017). Functionalized Lanthanide(III) complexes constructed from
azobenzene derivative and beta-diketone ligands: luminescent, magnetic,

Scholarship of Jiangshu Government, Six talent peaks project in
Jiangsu Province (JY-071).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fchem.
2018.00217/full#supplementary-material

and reversible trans-to-cis photoisomerization properties. Inorg. Chem. 56,
3889-3900. doi: 10.1021/acs.inorgchem.6b02819

Lin, L. R, Wang, X, Wei, G. N,, Tang, H. H, Zhang, H., and Ma, L.
H. (2016). Azobenzene-derived tris-beta-diketonate lanthanide complexes:
reversible trans-to-cis photoisomerization in solution and solid state. Dalton
Trans. 45, 14954-14964. doi: 10.1039/C6DT01310D

Liu, G. F,, Ji, W., Wang, W. L., and Feng, C. L. (2015). Multiresponsive hydrogel
coassembled from phenylalanine and azobenzene derivatives as 3D scaffolds for
photoguiding cell adhesion and release. ACS Appl. Mater. Interfaces 7, 301-307.
doi: 10.1021/am506202s

Pang, J., Tian, Z. Q., and Mab, J. (2014). Theoretical design of visible light driven
azobenzene-basedphoto-switching molecules. Chem. Phys. Lett. 613, 110-114.
doi: 10.1016/j.cplett.2014.07.048

Pang, J., Ye, Y. F,, Tian, Z. Q., Pang, X. Y., and Wu, C. Y. (2016). Theoretical
insight into azobis-(benzo-18-crown-6) ether combined with the alkaline earth
metal cations. Comput. Theor. Chem. 1076, 17-22. doi: 10.1016/j.comptc.2015.
04.012

Schmidt, R, Hagen, S., Brete, D., Carley, R., Gahl, C., Dokic, J., et al. (2010). On
the electronic and geometrical structure of the trans- and cis-isomer of tetra-
tert-butyl-azobenzene on Au(111). Phys. Chem. Chem. Phys. 12, 4488-4497.
doi: 10.1039/b924409¢

Sun, Y., Yu, C, Liu, Z., Huang, C., Hao, Q., and Xu, L. (2012). Synthesis, structure,
photo-responsive properties of 4-(2-fluorobenzylideneamino)antipyrine: a
combined experimental and theoretical study. Spectrochim. Acta A Mol. Biomol.
Spectrosc. 97, 1013-1022. doi: 10.1016/j.saa.2012.07.117

Wang, D., Ha, Y., Gu, J, Li, Q,, Zhang, L., and Yang, P. (2016). 2D protein
supramolecular nanofilm with exceptionally large area and emergent functions.
Adv. Mater. 28, 7414-7423. doi: 10.1002/adma.201506476

Wang, D., Wagner, M., Butt, H. J, and Wu, S. (2015). Supramolecular
hydrogels constructed by red-light-responsive host-guest interactions for
photo-controlled protein release in deep tissue. Soft Matter 11, 7656-7662.
doi: 10.1039/C5SMO01888A

Ye, Y. F,, Pang, J., Zhou, X. J., and Huang, J. W. (2015). Understanding the torsion
effects on optical properties of azobenzene derivatives. Comput. Theor. Chem.
1066, 28-33. doi: 10.1016/j.comptc.2015.11.022

Yuan, K, Guo, Y. J, and Zhao, X. (2014). A novel photo-responsive
azobenzene-containing nanoring host for fullerene-guest facile encapsulation
and release. Phys. Chem. Chem. Phys. 16, 27053-27064. doi: 10.1039/C4CP0
3687E

Yue, C, Sun, H., Liu, W. J, Guan, B, Deng, X, Zhang, X, et al
(2017). Environmentally benign, rapid, and selective extraction of gold
from ores and waste electronic materials. Angew. Chem. 56, 9331-9335.
doi: 10.1002/anie.201703412

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Pang, Gao, Zhang, Wang and Hu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Chemistry | www.frontiersin.org

10

July 2018 | Volume 6 | Article 217


https://www.frontiersin.org/articles/10.3389/fchem.2018.00217/full#supplementary-material
https://doi.org/10.1002/term.2447
https://doi.org/10.1002/cphc.201600362
https://doi.org/10.1021/acsami.6b09734
https://doi.org/10.1039/b820894h
https://doi.org/10.1016/j.carbpol.2014.11.043
https://doi.org/10.1016/j.colsurfb.2015.07.026
https://doi.org/10.1002/adma.201504769
https://doi.org/10.1021/acsami.6b13552
https://doi.org/10.1002/adfm.201704476
https://doi.org/10.1002/anie.200502229
https://doi.org/10.1016/j.jcis.2016.02.037
https://doi.org/10.1016/j.actbio.2010.12.005
https://doi.org/10.1039/C5SM00073D
https://doi.org/10.1103/PhysRevE.80.021601
https://doi.org/10.1039/C4SM01395F
https://doi.org/10.1021/acs.inorgchem.6b02819
https://doi.org/10.1039/C6DT01310D
https://doi.org/10.1021/am506202s
https://doi.org/10.1016/j.cplett.2014.07.048
https://doi.org/10.1016/j.comptc.2015.04.012
https://doi.org/10.1039/b924409c
https://doi.org/10.1016/j.saa.2012.07.117
https://doi.org/10.1002/adma.201506476
https://doi.org/10.1039/C5SM01888A
https://doi.org/10.1016/j.comptc.2015.11.022
https://doi.org/10.1039/C4CP03687E
https://doi.org/10.1002/anie.201703412
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

1' frontiers
in Chemistry

ORIGINAL RESEARCH
published: 07 August 2018
doi: 10.3389/fchem.2018.00340

OPEN ACCESS

Edited by:
Weifeng Zhao,
Sichuan University, China

Reviewed by:

Lin Tan,

Sichuan University, China
Chong Cheng,

Freie Universitét Berlin, Germany

*Correspondence:
Agnes Schulze
agnes.schulze@iom-leipzig.de

Specialty section:

This article was submitted to
Polymer Chemistry,

a section of the journal
Frontiers in Chemistry

Received: 29 May 2018
Accepted: 19 July 2018
Published: 07 August 2018

Citation:

Glass S, Trinklein B, Abel B and
Schulze A (2018) TiO» as
Photosensitizer and Photoinitiator for
Synthesis of Photoactive TiOp-PEGDA
Hydrogel Without Organic
Photoinitiator. Front. Chem. 6:340.
doi: 10.3389/fchem.2018.00340

Check for
updates

TiO> as Photosensitizer and
Photoinitiator for Synthesis of
Photoactive TiO>-PEGDA Hydrogel
Without Organic Photoinitiator

Sarah Glass, Betsy Trinklein, Bernd Abel and Agnes Schulze*

Leibniz Institute of Surface Engineering (IOM), Leipzig, Germany

The replacement of potentially toxic photoinitiators is of increasing interest regarding the
synthesis of biomaterials by photopolymerization. Therefore, we present a new method
for the preparation of UV polymerized hydrogels with TiO» as a photoinitiator. Titania is
known to be an excellent photoactive compound which is non-toxic, inert, and cheap.
The so-formed hydrogels possess excellent mechanical properties, a high swelling ratio,
and high thermal stability. Furthermore, no TiOs is released from the hydrogels. Thus, the
material is highly suitable for medical applications. Additionally, the present TiO» in the
hydrogels remains photoactive as demonstrated by degradation of methylene blue. This
enables the application of TiO-hydrogels in photodynamic therapy.

Keywords: hydrogels, titania, biomaterial, photopolymerization, photodynamic therapy

INTRODUCTION

Hydrogels are three-dimensional polymeric networks made out of highly hydrophilic monomers
(Wichterle, 1960; Hoare and Kohane, 2008). They can be produced from natural materials like
chitosan, dextran, and gelatin (Cabral et al., 2014; Wisotzki et al., 2014; Chan et al.,, 2015), or
from artificial monomers [e.g., poly(ethylene glycol), polyamides, and several more] (Fujishige and
Ando, 1989; Lin and Anseth, 2009). Mixtures of both are also possible (Jiang et al., 1999). Of course,
the choice of material influences its properties (Ahmed, 2015) and therefore its application. Typical
applications for hydrogels are artificial tissues (Lee and Mooney, 2001), wound dressings (Frykberg
and Banks, 2015), contact lenses, drug delivery systems (Hoare and Kohane, 2008) and several
other biomedical applications (Peppas et al., 2000; Ahmed, 2015; Calé and Khutoryanskiy, 2015;
Chai et al., 2017).

Hydrogels are very often synthesized by photopolymerization (Peppas and Khare, 1993;
Fairbanks et al., 2009). Herein a photoinitiator is used which produces reactive species, such
as radicals, when irradiated with light. These radicals can initiate polymerization reactions
for hydrogel synthesis. In general, a non-cytotoxic and biocompatible material is required for
biomedical applications. Nevertheless, some photoinitiators are known to be cytotoxic (Williams
et al., 2005; Mironi-Harpaz et al., 2012; Xu et al., 2015). The toxicity of photoinitiators is usually
dependent on the concentration and exposed tissue (Sabnis et al., 2009). Consequently, crosslinking
efficiency and cytotoxicity have to be considered (Mironi-Harpaz et al., 2012). Therefore, an
alternative biocompatible photoinitiator is preferable. A promising photoinitiator candidate could
be TiO; (titania), which has been used as an inorganic photoinitiator for materials synthesis in
previous studies (Wan et al., 2006; Liao et al., 2014; Lobry et al., 2016).
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TiOo as Photoinitiator and Photosensitizer

Titania is a well-studied photoactive compound with
excellent mechanical, optical, and physical properties (Kazuhito
et al., 2005 Chen and Mao, 2007; Gupta and Tripathi,
2011). Furthermore, TiO, possesses high chemical stability,
superhydrophilicity (Gan et al., 2007), biocompatibility (Lopez-
Huerta et al., 2014), reusability, and can be produced at low cost
(Kumar and Bansal, 2013). Therefore, it has been investigated
regarding several applications such as water purification (Kumar
and Bansal, 2013), antifogging (Gan et al., 2007), disinfectant
(Kumar and Bansal, 2013), and anticancer therapy (Lee et al.,
2010) in the last centuries (Kazuhito et al., 2005).

TiO, is a semiconductor and has a band gap of 3.2eV
(N < 390nm). It exists in an amorphous phase that is
non-photoactive (Henderson, 2011). Furthermore, there are
three natural crystalline modifications: anatase, rutile, and
brookite (Gupta and Tripathi, 2011). Rutile and anatase have
been especially investigated since the 1950s (Kazuhito et al,
2005). Anatase was found to be more photoactive than rutile
and brookite (Auguliaro et al, 1990; Zhang et al, 2014).
Therefore, anatase is favored in photocatalytic applications.
The composition of titania is dependent on various conditions
during the preparation such as temperature (Gupta and Tripathi,
2011), pressure, and others (Fischer et al., 2017). A well-known,
commercially available TiO, composite to be mentioned here is
Degussa P25. Here, the anatase to rutile ratio is 70:30.

Given the fact that TiO, has such outstanding properties, it is
widely used in various (hybrid) materials. Typical examples are
concretes (Qin et al., 2015), ceramics (Bianchi et al., 2017), and
also polymeric materials like membranes (Fischer et al., 2017)
and hydrogels (Zhang et al., 2013). Such polymeric materials may
also be used for photocatalytic or photomedical applications like
photodynamic therapy (PDT). In PDT, so called photosensitizers
(either organic dyes or photoactive pigments) are employed. A
photosensitizer can produce singlet oxygen or other reactive
oxygen species like hydroxyl radicals when irradiated with light
(Raab, 1900). For several years this mechanism has been used
very effectively in photomedicine (Rehman et al., 2016) because
these reactive oxygen species are highly toxic against cancer
cells (Dolmans et al., 2003). Moreover, photosensitizers have
been used for the treatment of bacteria, viruses and fungi for
some years (Juzeniene et al., 2007). Consequently, they are used
in non-oncologic applications like infected or badly healing
wounds.

As a result, TiO; is an ideal candidate as a photoinitiator
and photoactive compound in polymeric hybrid materials. In the
present study, TiO; was used with two functions at the same time
as shown in Figure 1:

(1) photoinitiator: initiation of the photopolymerization to
prepare the biocompatible hydrogel

(2) photosensitizer: formation of singlet oxygen/reactive
oxygen species as a possible application in photodynamic
therapy.

A hydrogel prepared with TiO, remains photoactive, and because
no organic photoinitiator is used it is non-cytotoxic. Because of
the mechanical properties of the hydrogel it can also be applied
as a wound dressing or bandage. Furthermore, this new method

enables, in general, the synthesis of materials for biomedical
applications.

MATERIAL AND METHODS

Materials
Poly(ethylene glycol)diacrylate with an average mass of
700 gmol_1 (PEGDA), titanium isopropoxide (97% in

isopropanol, TTIP), 37 wt% hydrochloric acid, nutrient
solution, fetal bovine serum and phosphate buffer saline (PBS)
were purchased from Sigma-Aldrich (St. Louis, USA). A stock
solution of 50 wt% PEGDA in water was used to prepare the
formulations.  1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-
methyl-1 propane 1-one (a-HAP) was bought from IGM Resins
B.V. (Waalwijk, Netherlands). Resazurin solution (Alamar blue)
was purchased from Thermo Fisher Scientific (Waltham, USA).

A Merck ultrapure water system was used to purify water. All
chemicals were used without further purification.

Preparation of Crystalline
TiO>-Nanoparticles

The TiO, nanoparticle synthesis follows the method recently
employed for polymer membranes (Fischer et al, 2017). In
that process, 8.1 ml TTIP was slowly added to 80 ml of 0.1 M
hydrochloric acid. The mixture was transferred to a temperature-
and pressure-safe Teflon beaker and was shaken at 300 rpm for
4h. Afterwards, it was heated to 60°C for 20h. Once cooled
down, the clear liquid on top of the solution was removed and
22.5ml of water were added. An opaque and white suspension
was received. The amount of TiO; in the solution was determined
gravimetrically to be 5 wt%. The solution was used within 2 days
after preparation to avoid agglomeration.

XRD

The TiO, particles were dried at room temperature and crushed
to a fine powder. X-ray diffractograms of these nanoparticles were
recorded with a Rigaku Ultima IV X-ray diffraction spectrometer
with Cu Ko radiation with the following parameters: 40 kV,
40 mA, scanning speed of 1.0° min~!, and in increments of 0.02°
in a 10-75° range.

The weight fractions (W) of anatase (A), brookite (B), and
rutile (R) were calculated from the peak integrals by using the
following equation, where A corresponds to the peak areas and k
corresponds to the XRD response factors of the respective crystal
phases:

KA RB) - A(ARB)
ka-Ap + kr. AR + kg . Ap

Warp) = (1)
The response factors were set to (ka = 0.886, kg = 1 and kg =
2.721) (Liu et al., 2016).

Hydrogel Synthesis

All hydrogels were prepared with 30 wt% PEGDA, PBS, and a
photoinitiator. The formulations were sonicated for 15 min and
afterwards irradiated with a medium pressure mercury lamp (UV
Technik Meyer GmbH, Germany) on a conveyor. The light dose
corresponded to 7,000 m] cm~2 and 2,500 mJ cm 2 for the TiO,
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gels and the a-HAP gels, respectively. Afterwards, the gels were
washed with PBS for 24h and then shaken in water for 2h at
200 rpm. Finally, the gels were dried at 40°C for 24h in a N,
atmosphere. The hydrogels were synthesized either with 1 wt%
crystalline TiO, or with 0.1 wt% of a commercial initiator (o-
HAP) as a reference (Pelras et al., 2017). a-HAP was used because
it is also known to be cytocompatible (Williams et al., 2005).

UV/VIS Spectroscopy

An UV-2101PC UV-Vis spectrometer from Shimadzu was used
to record transmittance curves of the dried hydrogels. The
studied range was 200-800 nm with 0.5 nm resolution. Samples
had an average thickness of 1 mm.

Rheology

Rheological measurements of the dried hydrogels were
performed on a MCR300 rheometer from Anton Paar (Graz,
Austria). The rheometer was equipped with a planar 25mm
diameter head. The frequency was varied from 0.16 to 16 Hz. The
probe head was pressed on the sample with a pressure of 10 N.

Swelling Ratio
The swelling ratio q was calculated as a ratio of the mass of the
wet hydrogel directly after preparation and washing (myyet), to
the mass of the dry hydrogel (mdry) as shown in equation (2).
Swelling ratios are given in percent.
_ Miyet

Mgry

2)

Scanning Electron Microscopy

The freshly dried hydrogels were sputtered with a 30nm
chromium layer using a Leybold Z400 sputter system.
Afterwards, scanning electron microscopy (SEM) was performed
using an Ultra-55 microscope equipped with a Gemini Detector
both from Zeiss (Jena, Germany) at a pressure of 2 x 10~ mbar
and 5 kV voltages. The top, bottom, and cross-section of all gels
were analyzed.

Release Study

The dried hydrogels were immersed in 10 mL PBS buffer at
37°C. The TiO, particles were allowed to release for 24h.
Afterwards the PBS buffer was changed completely. The process
was repeated twice. The solutions after 24, 48, and 72h were
analyzed photometrical with an infinite M200 reader from
Tecan (Maennedorf, Switzerland). The absorbance of TiO, at
300 nm was detected. Furthermore, the amount of TiO, lost
to the solution was observed with inductively coupled plasma
atomic emission spectroscopy (ICP-OES) with a Ciros vision
spectrometer from spectro (Kleve, Deutschland).
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FIGURE 3 | (A) Photo of hydrogels prepared with TiOo nanoparticles as photoinitiator (left) and with the commercial photoinitiator a-HAP (right). (B) UV/VIS
transmittance spectra of the aforementioned.

Determination Of the Photoactivity TABLE 1 | Mechanical properties of the hydrogels. Rheological data were

Photoactivity was measured by monitoring the decomposition ~ recordedat 1Hz.

of methylene blue as reported before (Fischer et al., 2014). PEGDA hydrogel PEGDA hydrogel

Therefore, the gel was immersed in a 20 WM methylene blue PBS with TiO, with a-HAP

solution for 24h in the dark to make sure the dye uptake of

the gel was complete and equilibrium was established. A circle & 55.2kPa 181.3kPa

of a diameter of 1 cm was cut in the gels. Afterwards the gels & 3.1 kPa 3.6 kPa

were placed in 8ml of a 20 M solution of methylene blue &’ 55.2 kPa 131.3kPa

and irradiated with a sunlamp (Heraus Original Hanau Suncare tan(®) 0'0?3 0'0209

tanning tube 21/25 slim) for 2h in total. For the first 40 min q a92% saze

the concentrations were detected every 10 min, afterwards every

20 min. The concentrations were recorded with an infinite M200

reader from Tecan (Maennedorf, Switzerland). 20 il Alamar Blue were added to 180 pl of the cell suspension.
The cells (L929, mouse fibroblasts) were bred over night at 37°C

Thermal Degradation in a 5% CO; atmosphere. After 24, 48, and 72 h the fluorescence

The thermal stability of the produced dried hydrogels was  of Alamar Blue at 590 nm was determined with an infinite M200
observed by thermos gravimetric analysis. A Pyris 1 TGA from  reader from Tecan (Maennedorf, Switzerland).
Perkin Elmer was used to perform this measurement. Air was
used as purge gas. The temperature range was 20-800°C with a RESULTS AND DISCUSSION
heat rate of 10°C min ™.

Crystallinity of TiO> Nanoparticles
Cytotoxicity The prepared TiO; nanoparticle suspension was dried for 24 h
Hydrogels were sterilized by autoclaving. Afterwards they were  at room temperature and crushed by mortar and pestle. The fine
extracted in RPMI-1640 medium. A 1ml solution was used  powder was analyzed by XRD to determine the crystal phases.
per 3 cm? hydrogel surface. The cell concentration was set to  The diffractogram is presented in Figure 2. The main reflexes
6.7 x 10% cells ml~!. Afterwards, 20 pl fetal bovine serum and  were detected at 25.5°, 27.4°, 30.2°, 36.1°, 37.7°, 47.8°, 54.3°,
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FIGURE 4 | SEM images of the hydrogels with TiO» as the photoinitiator. Pictures (A) and (D) show the cross section, (B) and (E) the top side and (C) and (F) the
bottom side. In figures (A) to (C) the magnification is enlarged compared to figures (D) to (F).
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FIGURE 5 | Methylene blue degradation in hydrogels with TiOo as
photoinitiator. Black crosses represent the degradation, when the top side is
up, red circles when the bottom side is up.

63.5°, and 69.2°. They were related to the main crystal phases
of titania [anatase (Horn et al., 1972), rutile (Swope et al., 1995),
and brookite (Meagher and Lager, 1979)] in Figure 2. Moreover,
the weight fractions were calculated with equation (1) to result
in a ratio of anatase 61%, rutile 19%, and brookite 20%. A high

fraction of anatase like in this sample is reported to be favorable,
because anatase is known to be the most photoactive crystal
phase. (Zhang et al., 2014)

Hydrogel Appearance and Optical

Properties

Figure 3A shows a picture of the dried hydrogels with TiO, (left)
and a-HAP (right) after photopolymerization. The TiO, gels
were about 1 mm thick and had a white, opaque, homogeneous,
and shiny appearance. The diameter of the swollen gels was
about 35mm, while the dried gels had a diameter of 23 mm.
The hydrogels prepared with the commercial photoinitiator a-
HAP were transparent and had the same diameter and size
like the hydrogels prepared with TiO, as the photoinitiator.
The white color of the TiO,-PEGDA-hydrogel was generated by
the embedded TiO,. Therefore it can be assumed that TiO, is
homogeneously distributed in the gel.

The hydrogels synthesized with TiO, as the photoinitiator
were white and absorbed light in the entire range of visible light.
In Figure 3B the UV/VIS transmittance spectra of both hydrogels
are displayed. The transmittance of the hydrogel matrix is about
70% starting from 350 nm. The overall transmittance was lower
than 1% when TiO; was present in the hydrogel matrix.

Mechanical Properties

In Table 1 the rheological data at a shear frequency of 1Hz
are shown. Dynamic modulus (G*), loss modulus (G’), storage
modulus (G”), and loss factor [tan(8)] were determined. The
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FIGURE 6 | Thermogravimetric analysis of the hydrogels prepared with
commercial photoinitiator a-HAP (red, dotted line) compared to the ones with
TiOy (blue, solid line).

TABLE 2 | Cell viability.

Time [h] PEGDA hydrogel PEGDA hydrogel
with TiO5 (%) with «-HAP (%)

24 98 99

48 97 97

72 97 99

complete graphs can be seen in Supplementary Figure 1. The
moduli of the TiO,-PEGDA hydrogels were much smaller
compared to the PEGDA hydrogels with the commercial
initiator. This means on the one hand that the gels with TiO,
are much softer and less elastic (and therefore more viscous)
than the gels with a-HAP. Higher softness could be beneficial
for a medical application on tissue because the gels can adjust
better with the tissue. On the other hand, an about three times
smaller storage modulus (55.200 kPa compared to 131.333 kPa)
corresponds to a larger mesh size (Lohmann et al., 2017) and a
lower crosslinking density (Hajighasem and Kabiri, 2013). This
influences the swelling ratio, too.

The swelling ratio of the TiO,-hybrid-hydrogels was 392 +
28%. This is significantly higher than the swelling ratio of the
gels made with the commercial photoinitiator (342 4 3%.). This
indicates higher mesh sizes and therefore confirms the results
of the rheological characterization. A further possible reason
for the higher swelling ratio is the increased hydrophilicity of
the hydrogel due to the presence of superhydrophilic TiO,
nanoparticles (Wang et al., 1997, 1998; Gan et al, 2007). A
higher swelling ratio is favorable for wound dressing applications
because more wound exudate can be taken up and the dressing
can be changed less often.

Morphology
In Figure4 the SEM images of the TiO, gels are shown.
The top side was the side which was facing the lamp during

photopolymerization. This side of the gels (Figures4B,E)
was very smooth. The TiO, nanoparticles were displaced
as small, white spots in and on the surface. They had a
size of about 10 to 20nm. On the top side only some few
particles can be seen (see Figure4B). The main part of
the TiO, particles was finely distributed in the polymer
matrix as it is demonstrated in Figure4A and on the
bottom side (Figure4C). However, as can be seen in
Figure 4C, there were some small aggregates found. The
bottom side had a foam-like structure with several pores and
holes. This can probably explain the higher swelling ratio
compared to the smooth and dense gels with the commercial
photoinitiator (Supplementary Figure 1), because those pores
could encapsulate water. The hydrogels with a-HAP had a
highly smooth top and bottom surface without any defects
(Supplementary Figure 2).

TiO> Release and Photoactivity

In the release and photoactivity experiments only the hydrogels
with TiO as the photoinitiator/photosensitizer were investigated
because the hydrogels with the commercial initiator a-HAP
contained no photoactive substance.

The loss of TiO, nanoparticles is a main problem of many
hybrid materials. If TiO, is released from the material the
photoactivity decreases. Furthermore, nanoparticles are under
suspicion to cause Alzheimer’s disease (Maher et al., 2016).
Therefore, aloss of TiO; in materials must be avoided for medical
applications.

For this reason, a possible TiO, release was investigated
as described in section Release Study after 24, 48, and
120h by UV/VIS spectroscopy and by ICP-OES, respectively.
Neither in UV/VIS analysis nor in ICP-OES measurements was
TiO, detected. Consequently, the unwanted release of TiO,
nanoparticles can be excluded; the particles were embedded
permanently within the polymer network of the hydrogel.

The photoactivity was monitored by degradation of methylene
blue over 180 min. As discussed in section Morphology of
top/bottom side of the gel differs. Therefore, the top and bottom
sides of the hydrogels with TiO, as the photoinitiator were
investigated separately by turning each side up. The hydrogels
were immersed in 20 wM methylene blue solution for 24 h in the
dark.

The degradation of methylene blue is presented in Figure 5.
In the first 10min of irradiation a slight increase in the
methylene blue concentration (about 5%) was detected. This can
be explained by photodesorption as discussed for photochemical
processes on TiO; (Becerril et al, 2013). Afterwards, the
photodecomposition takes place. Approximately 20% methylene
blue was degraded per hour. The degradation rate stayed nearly
constant over the whole time of observation. This indicates
a zeroth order reaction, which is typical for reactions on
catalytic surfaces. After 180 min about 60% of the methylene
blue had been degraded. Furthermore, the degradation profile
of the top/bottom sides was comparable. Consequently, the
different surface morphology does not affect the photoactivity
of the hydrogel. However, it should be considered that the
morphology that was detected by SEM showed dried samples,
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while the hydrogels used in photocatalytic degradation tests
were used in their swollen state. The recyclability of the
hydrogels was not tested because they are meant for a one-time
usage.

Thermal Stability

The thermogravimetric analysis of the dried hydrogels is
presented in Figure 6. Both hydrogel types showed a small
weight loss of 2 and 4%, respectively, at a temperature of
100°C. This corresponds to a loss of water, which was absorbed
under atmospheric conditions. Here, it can be concluded again,
that the hydrogels with TiO, have a slightly higher ability to
absorb water (as already found for the swelling behavior in
section Mechanical Properties). With increasing temperature,
the weight of the hybrid gels stayed stable up to 150°C.
This is very important to ensure a possible sterilization by
autoclaving, which normally takes place at 121°C or 134°C. At
higher temperatures thermal degradation was observed. First,
there was a weight loss of about 35% up to a temperature
of 330°C, followed by a degradation step of nearly 50% of
the weight within the next 100°C. Above 450°C there was
a forth weight loss of 5%. At 550°C the degradation was
complete. There was a residual weight of about 2.2%, which
corresponds to non-degradable TiO,. The degradation of the
hydrogel that was produced with the commercial initiator
was almost the same, except the second weight loss was
smaller (just 15% up to 400°C). This means the hydrogels
produced with the commercial photoinitiator were more stable
at higher temperatures than the ones produced with TiO;. In
all probability, the lower degradation temperature is induced by
the lower crosslinking which was shown in section Mechanical
Properties.

Cytotoxicity

For biomedical applications like bandages or photodynamic
therapy, cytocompatibility is very important. To prove this, the
cytotoxicity was studied by investigation of the viability of mouse
fibroblasts. The viability of the cells in the hydrogel extracts is
shown in Table 2. It was not possible to investigate the viability
directly on the gels, because cells cannot adhere to the very
smooth surface. For that reason the cytotoxicity of the extracts of
the hydrogels was monitored. Nearly 100% of the cells survived
up to 72 h in the extracts. We found no indication of toxicity of
the material from the above experiments such that we assume
non-toxicity of the gel as well. Further studies will shed more
light into this. This may be of relevance for future medical
applications.

CONCLUSION

In this study it was shown that nanosized crystalline TiO,
can be used as a photoinitiator for polymeric PEGDA
hydrogels. The TiO, used here consisted mainly of anatase.
Using TiO, as a photoinitiator is beneficial for medical
applications because commercial organic photoinitiators (or

their photocleavage products) are often toxic, while TiO; is
known to be biocompatible. The synthesized hydrogels have a
high dynamic modulus (55.2 kPa at 1Hz) and are therefore
decidedly mechanically stable while still elastic (tan(8) ~ 0.06).
Additionally, they can be sterilized by autoclaving due to their
sufficient thermal stability. We found no indication of toxicity
of the hydrogel material. These outstanding properties make the
hydrogels very promising candidates for medical applications
such as usage as a wound patch. Furthermore, the TiO, was
well distributed in the matrix and was still photoactive when
irradiated with a sunlamp. Therefore, it can be used not only as
a photoinitiator during polymerization of the hydrogels, but also
as a photosensitizer in photodynamic therapy.

However, the photoactivity of the TiO; in the hydrogels must
be improved in further studies. To do so, the transparency of the
hydrogels shall be increased. This will enable the activation of
TiO; below the polymer matrix and will allow the photosensitive
material to be applied directly on a wound. Furthermore,
additional biological tests like viability of further cell lines or
antibacterial tests shall be done.

Nevertheless, TiO, may have great potential as a
photoinitiator in hydrogel materials for medical applications,
especially because of the photosensitizing effect of the hydrogels
with TiO, which can be used in photodynamic therapy.

AUTHOR CONTRIBUTIONS

BT performed and interpreted the experiments (rheology, TGA,
hydrogel production and swelling ratio). SG planned, designed
and performed particular experiments (UV/VIS and release
studies), and wrote the manuscript. AS designed the experiment,
gave scientific support, revised, and improved the manuscript.
BA supervised the project and revised the manuscript.

FUNDING

SG is grateful for internal funding of a PhD-position within the
IOM Junior Research Group Schalten mit Licht. BT is thankful
for funding by a DAAD RISE Germany project.

ACKNOWLEDGMENTS

The authors thank Andrea Prager and Mathias Kithnert for
preparing the SEM images and Andrea Prager additionally
for measuring ICP-OES. Furthermore, they thank Dr. Jan
Griebel for preparing the diffractograms, Susann Richer for the
cytotoxicity studies, and Ingrid Reinhardt for measuring the
thermogravimetric analysis.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fchem.
2018.00340/full#supplementary-material

Frontiers in Chemistry | www.frontiersin.org

17

August 2018 | Volume 6 | Article 340


https://www.frontiersin.org/articles/10.3389/fchem.2018.00340/full#supplementary-material
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Glass et al.

TiOo as Photoinitiator and Photosensitizer

REFERENCES

Ahmed, E. M. (2015). Hydrogel: preparation, characterization, and applications: a
review. J. Adv. Res. 6, 105-121. doi: 10.1016/j.jare.2013.07.006

Auguliaro, V., Davi, E., Palmisano, L., Schiavello, M., and Sclafani, A. (1990).
Influence of hydrogen peroxide on the kinetics of phenol photodegradation
in aqueous titanium dioxide dispersion. Appl. Catalysis 65, 101-116.
doi: 10.1016/S0166-9834(00)81591-2

Becerril, J. J., Arce, Z., and Hernandez, A. M. (2013). Methylene blue and 4-
chlorophenol photodegradation using gamma-irradiated titanium oxide. J.
Chem. Soc. Pak. 35, 23-26.

Bianchi, C. L., Sacchi, B., Capelli, S., Pirola, C., Cerrato, G., Morandji, S., et al.
(2017). Micro-sized TiO2 as photoactive catalyst coated on industrial porcelain
grés tiles to photodegrade drugs in water. Environ. Sci. Pollut. Res. Int. 25,
20348-20353. doi: 10.1007/511356-017-9066-6

Cabral, J. D., Roxburgh, M., Shi, Z., Liu, L., Mcconnell, M., Williams, G., et al.
(2014). Synthesis, physiochemical characterization, and biocompatibility of
a chitosan/dextran-based hydrogel for postsurgical adhesion prevention. J.
Mater. Sci. Mater. Med. 25, 2743-2756. doi: 10.1007/s10856-014-5292-3

Cald, E., and Khutoryanskiy, V. V. (2015). Biomedical applications of hydrogels:
a review of patents and commercial products. Eur. Polym. J. 65, 252-267.
doi: 10.1016/j.eurpolym;j.2014.11.024

Chai, Q., Jiao, Y., and Yu, X. (2017). Hydrogels for biomedical applications:
their characteristics and the mechanisms behind them. Gels 3:6.
doi: 10.3390/gels3010006

Chan, M., Brooks, H. J., Moratti, S. C., Hanton, L. R, and Cabral, J. D. (2015).
Reducing the oxidation level of dextran aldehyde in a chitosan/dextran-
based surgical hydrogel increases biocompatibility and decreases antimicrobial
efficacy. Int. ]. Mol. Sci. 16, 13798-13814. doi: 10.3390/ijms160613798

Chen, X., and Mao, S. S. (2007). Titanium dioxide nanomaterials: synthesis,
properties, modifications, and applications. Chem. Rev. 107, 2891-2959.
doi: 10.1021/cr0500535

Dolmans, D. E.J. G.J., Fukumura, D., and Jain, R. K. (2003). Photodynamic therapy
for cancer. Nat. Rev. Cancer 3, 380-387. doi: 10.1038/nrc1071

Fairbanks, B. D., Schwartz, M. P, Bowman, C. N, and Anseth, K. S.
(2009). Photoinitiated polymerization of PEG-diacrylate with lithium phenyl-
2,4,6-trimethylbenzoylphosphinate: polymerization rate and cytocompatibility.
Biomaterials 30, 6702-6707. doi: 10.1016/j.biomaterials.2009.08.055

Fischer, K., Gawel, A., Rosen, D., Krause, M., Abdul Latif, A., Griebel,
J., et al. (2017). Low-temperature synthesis of anatase/rutile/brookite tio2
nanoparticles on a polymer membrane for photocatalysis. Catalysts 7:209.
doi: 10.3390/catal7070209

Fischer, K., Gldser, R., and Schulze, A. (2014). Nanoneedle and nanotubular
titanium dioxide-PES mixed matrix membrane for photocatalysis. Appl.
Catalysis B Environ. 160-161, 456-464. doi: 10.1016/j.apcatb.2014.05.054

Frykberg, R. G., and Banks, J. (2015). Challenges in the treatment of chronic
wounds. Adv. Wound Care 4, 560-582. doi: 10.1089/wound.2015.0635

Fujishige, S. K., Ando, K. L. (1989). Phase transition of aqueous solutions of poly(n-
isopropylacrylamide) and poly(n-isopropylmethacrylamide). J. Phys. Chem. 93,
3311-3313. doi: 10.1021/j100345a085

Gan, W. Y., Lam, S. W., Chiang, K., Amal, R., Zhao, H., and Brungs, M. P. (2007).
Novel TiO2 thin film with non-UV activated superwetting and antifogging
behaviours. J. Mat. Chem. 17, 952-954. doi: 10.1039/b618280a

Gupta, S. M., and Tripathi, M. (2011). A review of TiO2 nanoparticles. Chin. Sci.
Bull. 56:1639. doi: 10.1007/s11434-011-4476-1

Hajighasem, A., and Kabiri, K. (2013). Cationic highly alcohol-
swellable gels: synthesis and characterization. J. Polymer Res. 20:218.
doi: 10.1007/s10965-013-0218-1

Henderson, M. A. (2011). A surface science perspective on TiO2 photocatalysis.
Surf. Sci. Rep. 66, 185-297. doi: 10.1016/j.surfrep.2011.01.001

Hoare, T. R., and Kohane, D. S. (2008). Hydrogels in drug delivery: progress and
challenges. Polymer 49, 1993-2007. doi: 10.1016/j.polymer.2008.01.027

Horn, M., Schwerdtfeger, C. F., and Meagher, E. P. (1972). Refinement of the
structure of anatase at several temperatures. Zeitschrift fiir Kristallographie 136,
273-281.

Jiang, H., Su, W., Mather, P. T., and Bunning, T. J. (1999). Rheology
of highly swollen chitosan/polyacrylate hydrogels. Polymer 40, 4593-4602.
doi: 10.1016/S0032-3861(99)00070-1

Juzeniene, A., Peng, Q., and Moan, J. (2007). Milestones in the development of
photodynamic therapy and fluorescence diagnosis. Photochem. Photobiol. Sci.
6, 1234-1245. doi: 10.1039/b705461k

Kazuhito, H., Hiroshi, L., and Akira, F. (2005). TiO, Photocatalysis: a historical
overview and future prospects. Jpn. J. Appl. Phys. 44:8269. doi: 10.1143/JJAP.
44.8269

Kumar, J., and Bansal, A. (2013). Photocatalysis by nanoparticles of titanium
dioxide for drinking water purification: a conceptual and state-of-art review.
Mat. Sci. Forum 764, 130-150. doi: 10.4028/www.scientific.net/MSF.764.130

Lee, C., Hong, C., Kim, H., Kang, J., and Zheng, H. M. (2010). TiO2 nanotubes
as a therapeutic agent for cancer thermotherapy. Photochem. Photobiol .86,
981-989. doi: 10.1111/j.1751-1097.2010.00731.x

Lee, K. Y., and Mooney, D. J. (2001). Hydrogels for tissue engineering. Chem. Rev.
101, 1869-1879. doi: 10.1021/cr000108x

Liao, C., Wu, Q,, Su, T,, Zhang, D., Wu, Q., and Wang, Q. (2014). Nanocomposite
gels via in situ photoinitiation and disassembly of tio2-clay composites with
polymers applied as uv protective films. ACS Appl. Mater. Inter. 6, 1356-1360.
doi: 10.1021/am404515b

Lin, C. C, and Anseth, K. S. (2009). PEG hydrogels for the controlled
release of biomolecules in regenerative medicine. Pharm. Res. 26, 631-643.
doi: 10.1007/s11095-008-9801-2

Liu, C, Yu, T., and Tan, X. (2016). Characterization and photocatalytic activity
of mixed nanocrystalline TiO2 powders prepared by xerogel-hydrothermal
method in different acid solutions. Transa. Tianjin Uni. 22, 473-479.
doi: 10.1007/s12209-016-2776-x

Lobry, E.,, Bt Bah, A. S, Vidal, L., Oliveros, E., Braun, A. M., Criqui, A.,
et al. (2016). Colloidal and supported TiO2: toward nonextractable and
recyclable photocatalysts for radical polymerizations in aqueous dispersed
media. Macromole. Chem. Phys. 217, 2321-2329. doi: 10.1002/macp.2016
00150

Lohmann, N, Schirmer, L., Atallah, P., Wandel, E., Ferrer, R. A., Werner, C., et al.
(2017). Glycosaminoglycan-based hydrogels capture inflammatory chemokines
and rescue defective wound healing in mice. Sci. Translat. Med. 9:eaai9044
doi: 10.1126/scitranslmed.aai9044

Lopez-Huerta, F., Cervantes, B., Gonzdlez, O., Herndndez-Torres, J., Garcia-
Gonzélez, L., Vega, R, et al. (2014). Biocompatibility and surface properties
of TiO2 thin films deposited by dc magnetron sputtering. Materials 7:4105.
doi: 10.3390/ma7064105

Mabher, B. A., Ahmed, 1. A., Karloukovski, V., MacLaren, D. A., Foulds, P. G.,
Allsop, D., et al. (2016). Magnetite pollution nanoparticles in the human
brain. Proc. Nat. Acad. Sci. U.S.A. 113, 10797-10801. doi: 10.1073/pnas.16059
41113

Meagher, E. P., and Lager, G. A. (1979). Polyhedral thermal expansion in the TiO,
polymorphs: refinement of the crystal structures of rutile and brookite at high
temperature. Can. Mineral. 17, 77-85.

Mironi-Harpaz, I, Wang, D. Y., Venkatraman, S., and Seliktar,
D. (2012). Photopolymerization of cell-encapsulating  hydrogels:
crosslinking efficiency versus cytotoxicity. Acta Biomater. 8, 1838-1848.
doi: 10.1016/j.actbio.2011.12.034

Pelras, T., Glass, S., Scherzer, T., Elsner, C., Schulze, A., and Abel, B.
(2017). Transparent low molecular weight poly(ethylene glycol) diacrylate-
based hydrogels as film media for photoswitchable drugs. Polymers 9:639.
doi: 10.3390/polym9120639

Peppas, N. A, Bures, P., Leobandung, W., and Ichikawa, H. (2000). Hydrogels
in pharmaceutical formulations. Eur. J. Pharm. Biopharm. 50, 27-46.
doi: 10.1016/5S0939-6411(00)00090-4

Peppas, N. A., and Khare, A. R. (1993). Preparation, structure and diffusional
behavior of hydrogels in controlled release. Adv. Drug Deliv. Rev. 11, 1-35.
doi: 10.1016/0169-409X(93)90025-Y

Qin, Z. B, Zhang, W. T, Qian, G. P, Wu, X. L, and Li, Y. (2015).
The effects of different ways of adding nano-TiO2 to concrete on the
degradation performance of NO2. Mat. Res. Innovat. 19, S10-148-S110-154.
doi: 10.1179/1432891715Z.0000000002127

Raab, O. (1900). Ueber die wirkung fluoreszierender stoffe auf infusorien. Z. Biol.
39, 524-546.

Rehman, F. U,, Zhao, C,, Jiang, H., and Wang, X. (2016). Biomedical applications
of nano-titania in theranostics and photodynamic therapy. Biomater. Sci. 4,
40-54. doi: 10.1039/C5BM00332F

Frontiers in Chemistry | www.frontiersin.org

18

August 2018 | Volume 6 | Article 340


https://doi.org/10.1016/j.jare.2013.07.006
https://doi.org/10.1016/S0166-9834(00)81591-2
https://doi.org/10.1007/s11356-017-9066-6
https://doi.org/10.1007/s10856-014-5292-3
https://doi.org/10.1016/j.eurpolymj.2014.11.024
https://doi.org/10.3390/gels3010006
https://doi.org/10.3390/ijms160613798
https://doi.org/10.1021/cr0500535
https://doi.org/10.1038/nrc1071
https://doi.org/10.1016/j.biomaterials.2009.08.055
https://doi.org/10.3390/catal7070209
https://doi.org/10.1016/j.apcatb.2014.05.054
https://doi.org/10.1089/wound.2015.0635
https://doi.org/10.1021/j100345a085
https://doi.org/10.1039/b618280a
https://doi.org/10.1007/s11434-011-4476-1
https://doi.org/10.1007/s10965-013-0218-1
https://doi.org/10.1016/j.surfrep.2011.01.001
https://doi.org/10.1016/j.polymer.2008.01.027
https://doi.org/10.1016/S0032-3861(99)00070-1
https://doi.org/10.1039/b705461k
https://doi.org/10.1143/JJAP.44.8269
https://doi.org/10.4028/www.scientific.net/MSF.764.130
https://doi.org/10.1111/j.1751-1097.2010.00731.x
https://doi.org/10.1021/cr000108x
https://doi.org/10.1021/am404515b
https://doi.org/10.1007/s11095-008-9801-2
https://doi.org/10.1007/s12209-016-2776-x
https://doi.org/10.1002/macp.201600150
https://doi.org/10.1126/scitranslmed.aai9044
https://doi.org/10.3390/ma7064105
https://doi.org/10.1073/pnas.1605941113
https://doi.org/10.1016/j.actbio.2011.12.034
https://doi.org/10.3390/polym9120639
https://doi.org/10.1016/S0939-6411(00)00090-4
https://doi.org/10.1016/0169-409X(93)90025-Y
https://doi.org/10.1179/1432891715Z.0000000002127
https://doi.org/10.1039/C5BM00332F
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Glass et al.

TiOo as Photoinitiator and Photosensitizer

Sabnis, A., Rahimi, M., Chapman, C., and Nguyen, K. T. (2009). Cytocompatibility
studies of an in situ photopolymerized thermoresponsive hydrogel nanoparticle
system using human aortic smooth muscle cells. J. Biomed. Mat. Res. 91, 52-59.
doi: 10.1002/jbm.a.32194

Swope, R. J., Smyth Joseph, R., and Larson Allen, C. (1995). H in rutile-type
compounds: I. Single-crystal neutron and X-ray diffraction study of H in rutile.
Am. Mineralogist 80, 448-453. doi: 10.2138/am-1995-5-604

Wan, T., Wang, Y. C, and Feng, F. (2006). Preparation of titanium
dioxide/polyacrylate nanocomposites by sol-gel process in reverse micelles
and in situ photopolymerization. J. Appl. Polymer Sci. 102, 5105-5112.
doi: 10.1002/app.24166

Wang, R., Hashimoto, K., Fujishima, A., Chikuni, M., Kojima, E., Kitamura,
A, et al. (1997). Light-induced amphiphilic surfaces. Nature 388, 431-432.
doi: 10.1038/41233

Wang, R., Hashimoto, K., Fujishima, A., Chikuni, M., Kojima, E., Kitamura,
A, et al. (1998). Photogeneration of highly amphiphilic tio2 surfaces. Adv.
Mat. 10, 135-138. doi: 10.1002/(SICI)1521-4095(199801)10:2&lt;135::AID-
ADMA135&gt;3.0.CO;2-M

Wichterle, O. L. D. (1960). Hydrophilic gels for biological use. Nature 185,
117-118. doi: 10.1038/185117a0

Williams, C. G., Malik, A. N., Kim, T. K., Manson, P. N., and Elisseeff, J. H.
(2005). Variable cytocompatibility of six cell lines with photoinitiators used
for polymerizing hydrogels and cell encapsulation. Biomaterials 26,1211-1218.
doi: 10.1016/j.biomaterials.2004.04.024

Wisotzki, E. I., Hennes, M., Schuldt, C., Engert, F., Knolle, W., Decker, U, et al.
(2014). Tailoring the material properties of gelatin hydrogels by high energy

electron irradiation. J. Mater. Chem. B 2, 4297-4309. doi: 10.1039/C4TB0
0429A

Xu, L., Sheybani, N., Yeudall, W. A, and Yang, H. (2015). The effect of
photoinitiators on intracellular AKT signaling pathway in tissue engineering
application. Biomater. Sci. 3, 250-255. doi: 10.1039/C4BM00245H

Zhang, H., Shi, R.,, Xie, A, Li, J, Chen, L, Chen, P, et al. (2013).
Novel TiO2/PEGDA hybrid hydrogel prepared in situ on tumor cells for
effective photodynamic therapy. ACS Appl. Mater. Inter. 5, 12317-12322.
doi: 10.1021/am4025559

Zhang, J., Zhou, P., Liu, J., and Yu, J. (2014). New understanding of the difference
of photocatalytic activity among anatase, rutile and brookite TiO2. Phys. Chem.
Chem. Phys. 16, 20382-20386. doi: 10.1039/C4CP02201G

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The reviewer LT and handling Editor declared their shared affiliation.

Copyright © 2018 Glass, Trinklein, Abel and Schulze. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Chemistry | www.frontiersin.org

19

August 2018 | Volume 6 | Article 340


https://doi.org/10.1002/jbm.a.32194
https://doi.org/10.2138/am-1995-5-604
https://doi.org/10.1002/app.24166
https://doi.org/10.1038/41233
https://doi.org/10.1002/(SICI)1521-4095(199801)10:2&lt;135::AID-ADMA135&gt;3.0.CO;2-M
https://doi.org/10.1038/185117a0
https://doi.org/10.1016/j.biomaterials.2004.04.024
https://doi.org/10.1039/C4TB00429A
https://doi.org/10.1039/C4BM00245H
https://doi.org/10.1021/am4025559
https://doi.org/10.1039/C4CP02201G
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

'." frontiers
in Chemistry

REVIEW
published: 25 September 2018
doi: 10.3389/fchem.2018.00439

OPEN ACCESS

Edited by:
Baolin Guo,
Xi’an Jiaotong University, China

Reviewed by:

Yue Pan,

Soochow University, China
Zhigiang Yu,

Southern Medical University, China

*Correspondence:
Huixu Xie
aitian007@126.com
Zhipeng Gu
guzhp@mail.sysu.edu.cn

T These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Polymer Chemistry,

a section of the journal
Frontiers in Chemistry

Received: 24 July 2018
Accepted: 03 September 2018
Published: 25 September 2018

Citation:

Liu G, Ding Z, Yuan Q, Xie H and Gu Z
(2018) Multi-Layered Hydrogels for
Biomedical Applications.

Front. Chem. 6:439.

doi: 10.3389/fchem.2018.00439

®

Check for
updates

Multi-Layered Hydrogels for
Biomedical Applications

Guiting Liu', Zhangfan Ding?, Qijuan Yuan', Huixu Xie?* and Zhipeng Gu ™

" Key Laboratory of Sensing Technology and Biomedical Instrument of Guangdong Province, School of Biomedical
Engineering, Sun Yat-sen University, Guangzhou, China, 2 State Key Laboratory of Oral Diseases, Department of Head and
Neck Oncology, National Clinical Research Center for Oral Diseases, West China Hospital of Stomatology, Sichuan University,
Chengdu, China

Multi-layered hydrogels with organization of various functional layers have been
the materials of choice for biomedical applications. This review summarized the
recent progress of multi-layered hydrogels according to their preparation methods:
layer-by-layer self-assembly technology, step-wise technique, photo-polymerization
technique and sequential electrospinning technique. In addition, their morphology and
biomedical applications were also introduced. At the end of this review, we discussed
the current challenges to the development of multi-layered hydrogels and pointed out
that 3D printing may provide a new platform for the design of multi-layered hydrogels
and expand their applications in the biomedical field.

Keywords: multi-layered hydrogel, layer-by-layer self-assembly, step-wise, photo-polymerization, sequential
electrospinning, biomedical application

INTRODUCTION

Hydrogels are three-dimensional polymeric networks cross-linked by physical, chemical
interactions or a combination of both. Due to the hydrophilicity of the polymer chains in network,
hydrogels can absorb and retain large amounts of water while immersed in aqueous solutions
(Ahmed, 2015). A key property of hydrogel matrices is that they have not only viscoelastic
properties like many soft tissues but also permeability to different types of molecules, such as
proteins, bioactive agents and growth factors (Pan et al., 2011; Gupta et al., 2014; Lau and Kiick,
2015). Therefore, hydrogels have been frequently utilized in the field of drug delivery and tissue
engineering (Hoffman, 2001; Highley et al.,, 2016; Fundueanu et al., 2017). In most instances,
hydrogels are used as homogeneous soft materials with uniform bulk properties (Elisseeff, 2008). To
better mimic anisotropic and complex structure of body tissues, hierarchical hydrogels containing
multiple layers with different biochemical cues and various mechanical properties play crucial role
for biomedical applications (O’Leary et al., 2011; Hu and Chen, 2014; Martinezsanz et al., 2016).
Further, multi-layered hydrogels, formulated by the combination of multiple cell types, drugs or
some other exogenous factors, could realize the controlled release behavior or cell interactions.
With the emergence of biomaterials and fabricated technologies, the multi-layered hydrogels have
been widely design for achieving adequate perfusion in biomedical applications (Christensen et al.,
2018; Wang et al., 2018).

In the past decade years, significant advances have been made in generating various multi-
layered hydrogels. Most of these efforts so far have focused on engineering preparation of hydrogels
with mimetic structure by different fabricating technologies. Since layer-by-layer (LBL) technology
has attracted scientists to develop structure-controlled multi-layered hydrogels in the second half
of the twentieth century, much important advancement has been brought in this field aim to ever

Frontiers in Chemistry | www.frontiersin.org

20 September 2018 | Volume 6 | Article 439


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2018.00439
http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2018.00439&domain=pdf&date_stamp=2018-09-25
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://creativecommons.org/licenses/by/4.0/
mailto:aitian007@126.com
mailto:guzhp@mail.sysu.edu.cn
https://doi.org/10.3389/fchem.2018.00439
https://www.frontiersin.org/articles/10.3389/fchem.2018.00439/full
http://loop.frontiersin.org/people/613429/overview
http://loop.frontiersin.org/people/502181/overview

Liu et al.

Preparation, Properties and Applications

Step-wise technique

f W

Growing layer  Growing layer
N \Outsidevinner fashion Inside-out fashion

~
~
LBL self-assembly technology -

B

Controlled release

GRAPHICAL ABSTRACT | The preparation of multi-layered hydrogels and their biomedical applications.

Multi-layered hydrogel

Tissue engineering

Photo-polymerization technique

Sequential electrospinning technique

a!—i’wi maﬁ?—.@m

closer achieving structural functions. In recent years, in addition
to the development of multi-layered hydrogels by LBL technique,
an increasing number of scientists are also becoming involved in
step-wise technique, photo-polymerization technique, sequential
electrospinning technique and 3D printing technique ect. Owing
to their simplicity, versatility and robustness, multi-layered
hydrogels could be manufactured as promising biomaterials
for clinical applications. Until now, however, the overview,
challenges and outlook of the multi-layered hydrogels in the
field of biomedical applications have not been systematically
reported. Herein, this review aims to summarize the recent
progress in the fabrication of multi-layered hydrogels and their
applications in biomedical fields. Further, the development of
multi-layered hydrogels will be reviewed according to their
preparation methods from four aspects and their morphology
and biomedical applications will also be introduced. At the
end, current challenges and future perspectives of multi-layered
hydrogels for biomedical applications are mainly discussed.

MULTI-LAYERED HYDROGEL BASED ON
LAYER-BY-LAYER (LBL) SELF-ASSEMBLY
TECHNOLOGY AND ITS BIOMEDICAL
APPLICATIONS

At present, various technologies have emerged for the fabrication
of multi-layered hydrogels. Among them, lay-by-layer (LBL) self-
assembly technology has developed into the most commonly
utilized method. In 1966, Iler et al. proposed the concept
of LBL self-assembly for the first time. They used oppositely
charged colloidal particles to alternately assemble on the glass
substrate, and a film with controllable multi-layered structure
was obtained (Iler, 1966). Since this pioneering work, LBL self-
assembly technology has been extensively studied in the past
few decades. The classic LBL self-assembly technology used
the electrostatic interaction as a diving force to realize the
process of assembly. With the deepening of study, a variety of

driving forces have been developed to achieve LBL self-assembly,
such as hydrogen bonding, covalent bonding, supramolecular
complexation, biospecific recognition, charge transfer complex,
etc. (Hoshi et al., 2002; Stuart et al., 2010; Xue et al., 2017). The
development of LBL self-assembly technology provides a versatile
tool for the preparation of multi-layered hydrogels, which
generally possess ultrathin and alternating layered structure.
Takeoka et al. prepared flexible, adhesive and robust
polysaccharide nanosheet for surgical repair of tissue defects
(Fujie et al, 2010). Alginate and chitosan, both of which
are biocompatible and biodegradable, were selected as the
building blocks to construct the nanosheet by spin-coating-
assisted LBL method (Figure 1). The alternating layered structure
of nanosheet was characterized by ellipsometric and IR
spectroscopic test, which revealed that the thickness of one
layer pair was about 2.9 nm, interfacial bonded by electrostatic
interactions. The mechanical and physiological properties of
the nanosheet could be easily modulated by the regulation of
the concentration of polymers and the number of layers. The
in vivo test showed that a nanosheet of 75nm was suitable
for the repairing of a visceral pleural defect in beagle dogs
without any pleural adhesion. Such polysaccharide nanosheet
has great potential as a novel tissue-defect repair material
for various organs. In addition to the regulation of building
blocks and the number of layers, the regulation of secondary
structure could also contribute designable performance to
the multi-layered hydrogels. For example, Hammond et al.
prepared poly(ethylene oxide)-block-poly(e-caprolactone) (PEO-
b-PCL) micelles to carry the model drug triclosan. Then a
multi-layered hydrogel film was fabricated by the alternating
assembly of PEO-b-PCL micelles and poly(acrylic acid) (PAA)
based on the hydrogen bond interactions in acidic solutions.
Due to the weakness of hydrogen bonding, the multi-layered
film disintegrated and released the PEO-b-PCL micelles under
physiological conditions. Furthermore, the release period of
triclosan could be extended by cross-linking the carboxylic acid
groups of PAA layer (Kim et al, 2008). Li et al. prepared a
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glucose-sensitive multi-layered hydrogel film based on glucose
oxidase (GOD) and insulin as well as a 21-arm star polymer by
LBL self-assembly technology, driving by electrostatic interaction
(Chen et al., 2011). The in vitro study indicated that such multi-
layered hydrogel film could act as a responsive system switch to
glucose, due to the pH-sensitivity of star polymer. Furthermore,
this kind of multi-layered film had the potential to realize the
multiple controlled release of insulin by the further modify of star
polymer.

In the past few decades, the application of implantable
biomedical devices has achieved rapid development, such
as artificial blood pump, intraocular lenses, artificial joint
and cardiovascular stent (Moro et al., 2004; Mani et al,
2007; Guan et al, 2018). However, such applications face
various problems, including metal hypersensitivity, infection
and inflammation (Anderson, 2008; Lichter et al.,, 2016). In
order to solve these problems, Ishiharas group did a lot
of significantly work by the use of bioactive agents-loaded
multi-layered hydrogel coatings on the implanted surface.
For example, Ishihara et al. constructed a hydrogel coating
with alternating six-layer structure on the surface of titanium
alloy based on the synthesized phospholipid polymer (PMDV)
and alginate by LBL technology, through the combination of
electrostatic interaction and covalent bonding between PMDV
and alginate (Choi et al., 2009b). Vascular endothelial growth
factor (VEGF), a potent angiogenic signal transduction molecule,
was selected as the model drug and loaded into the alginate
layer by dispersing in alginate solutions in the process of
self-assembly. The in vitro study showed that such multi-
layered hydrogel coating achieved the sustained release of
VEGF during one week. In another work, Ishihara et al
constructed a multi-layered hydrogel coating on titanium alloy
surface based on another synthesized phospholipid polymer
(PMBV) and poly(vinyl alcohol) (PVA) by LBL technology,

driving by the reversible covalent bonding between boronic
acid groups of PMBV and hydroxyl groups of PVA (Choi
et al., 2009a). Paclitaxel (PTX), a poorly water-soluble anti-
neoplastic agent, was dispersed in PMBV aqueous solutions
due to the amphiphilicity of PMBV. During the layer stacking
process of LBL technology, the PTX-loaded PMBV layer could
be located on the designated layer of the multi-layered hydrogel
coating. And the content of PTX increased with the number
of PTX-loaded PMBV layer. The additional layers of PMBV
and PVA, without PTX, could work as diffusion-barrier. In
this way, the multi-layered hydrogel coating could enable the
controlled release of PTX depending on the location and number
of PTX-loaded PMBV layer (Figure2). In a further work,
Ishihara et al. studied the regulation of cellular proliferation
by the PTX-loaded PMBV/PVA multi-layered hydrogels (Choi
et al., 2012). The cell culture experiments showed that the
cell proliferation of human epidermal carcinoma A431 cell
could be controlled by the amount of released PTX. A
desirable cell proliferation could be achieved by the PMBV/PVA
multi-layered hydrogel with PTX loaded on an appropriate
layer. These works suggested that the multi-layered hydrogel
coatings fabricated by the LBL technology have the huge
potential applications for the loading and surface-mediated
delivery of bioactive agents from implantable biomedical
devices.

As Dbacterial infection, especially related to the biomedical
implants, is a great threat to patients, significant efforts
have recently been focused on the design and fabrication of
antibacterial materials (Pavlukhina and Sukhishvili, 2011;
Busscher et al, 2012). Among these researches, the study of
antibacterial hydrogel coating fabricated by LBL technology
has attracted extensively attentions (Moskowitz et al., 2010;
Xu et al.,, 2017). For example, Zhu et al. constructed ultrathin
multi-layered hydrogel films based on the two synthesized
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FIGURE 2 | Schematic representation of PVA/PMBV multi-layered hydrogels with PTX incorporated in bottom and top layers.

PEG-based polymers POEGDMAM containing multi-enes and
POEGMS containing multi-thiols by LBL technology, driving by
the thio-ene “click” reaction (Wang et al., 2014). Owing to the
presence of quaternary ammonium groups in the POEGDMAM,
such multi-layered films exhibited significant antibacterial
activity against both gram-positive and gram-negative bacteria,
and the more layers the better the effect. Werner et al. fabricated
bio-hybrid hydrogel coating on the surface of thermoplastic
polyurethane substrates based on amino functionalized star-
shaped PEG and EDC-s-NHS activated heparin (Fischer et al.,
2015). Then silver nanoparticles were encapsulated into the
star-PEG/heparin hydrogel when immersed into AgNO3 buffer
solutions. Moreover, in order to regulate the release of silver
ion, a silver-free star-PEG/heparin hydrogel was coated on
the top of silver-loaded star-PEG/heparin hydrogel layer. The
inhibition assay and blood incubation assay indicated that such
multi-layered hydrogels could effectively combine antibacterial
activity and hemocompatibility. In contrast to the traditional
antibacterial hydrogel coating, Sukhishvili et al. fabricated
bacteria-responsive hydrogel coatings without any antibacterial
agents based on the self-defensive concept (Lu et al, 2015).
They developed a family of polyanionic poly(2-alkylacrylic
acids) (PaAAs) whose hydrophobicity could be modulated
by their alkyl side chain length. Multi-layered hydrogels with
varying hydrophobicity were constructed based on PaAAs
and polyvinylpyrrolidone (PVPON) by LBL technology. The
antibacterial activity assay indicated that when the medium
turned acidic resulted from the bacterial proliferation, the
PaAAs/PVPON hydrogels became more hydrophobic and
dehydrated, and killed the bacterial contacted with the surface of
hydrogel coatings. The more hydrophobic the PaAAs/PVPON
hydrogels were, the better the killing efficiency was. Furthermore,
the cell viability assays showed that such multi-layered
hydrogel coatings exhibited no cytotoxicity to human
osteoblasts.

MULTI-LAYERED HYDROGEL BASED ON
STEP-WISE TECHNIQUE AND ITS
BIOMEDICAL APPLICATIONS

Nature inspired materials have attracted increasing attentions
in the biomedical field for the past decades (Zhao et al., 2014;
Zhang et al., 2016). Like onion, spinal disc and egg, all of
which having many different layers organized in a concentric
fashion, inspired the fabrication of onion-like multi-layered
hydrogels. These onion-like hydrogels have great potential
application in biomedical fields, such as cell bioreactors,
drug delivery, evaluation of cell-cell interactions and tissue
engineering (Kunze et al., 2011; Baek et al, 2013). More
recently, the step-wise technique has developed into the most
commonly utilized method for the construction of hydrogels
with onion-like architectures in an inside-out or outside-inner
fashion.

Ladet et al. firstly reported the fabrication of onion-like
hydrogels by controlling the kinetic gelation process of alginate
or chitosan in an outside-inner fashion (Ladet et al., 2008).
The precursor hydrogel could be easily prepared by evaporating
water from the chitosan solution with water/1,2-propanediol
mixed solvent. After the soaking of precursor hydrogel in
NaOH and NaCl mixture solutions, the chitosan molecular chain
was neutralized and physically cross-linked by hydrophobic
interactions and hydrogen bonding due to the conversion of
NHJ to NH,. By controlling the kinetics of neutralization, the
first membrane of precursor hydrogel could be formed. After
the multi-step interrupted gelation process, the multi-layered
chitosan hydrogel with onion-like architecture was obtained
(Figure 3). By the same method, the onion-like alginate hydrogel
was also prepared by the neutralization of precursor hydrogel
in CaCl, baths. In a further study, Ladet et al. investigated
the bioactivity of the prepared onion-like chitosan hydrogel as
chondrocytic cell bioreactors (Ladet et al., 2011). In this work,
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the articular rabbit chondrocytes were entrapped into the inter-
membrane spaces of onion-like chitosan hydrogel and cultured
for 45 days. This kind of multi-layered architecture had the
ability to create the hypoxic physiological environment similar
to the inter-vertebral disc tissues and cartilage. In addition,
this multi-layered structure could prevent the cell penetration
within the hydrogel matrix but allowed the protein diffusion
throughout the hydrogel. The in vitro study revealed that
chondrocytes not only formed cell aggregates and proliferated,
but also produced numerous cartilage-type matrix proteins.
Furthermore, no inflammatory markers were observed during
the period of culture. Similarly, Hu et al. prepared multi-
layer chitosan hydrogel by controlling the gelation process of
chitosan solution, induced by acidic aqueous medium (Nie
et al., 2015). Once the surface of chitosan solutions contacted
with NaOH aqueous solutions, gelation started and the contact
area transformed into a hydrogel layer instantly. Then the
formed primary hydrogel acted as the medium between chitosan
solutions and OH™ source. As the OH™ continued to diffuse,
the onion-like chitosan hydrogel was formed with a layer-
wise characteristic. By the utilization of such mechanism,
multi-layered chitosan hydrogels with various architectures and
shaped could be easily constructed in such an outside-inner
fashion.

Besides the outside-inner fashion, the step-wise technique
with an inside-out fashion, in which the precursor hydrogel
core was constructed first and followed by the next different
layers, was also commonly utilized to prepared multi-layer
hydrogels with onion-like architecture. For example, Zhang et al.
constructed onion-like cellulose hydrogel with high compressive
strength and controllable architecture by a rapid contact of
solid-liquid interface (He et al., 2014). Firstly, the agarose gel
was prepared and worked as the precursor hydrogel core, and
then soaked into acetic acid aqueous solutions. Subsequently,
the agarose gel core with acetic acid was contacted with the
cellulose solution with NaOH/urea mixture as solvent by a
solid-liquid interface contact fashion. In this way, the first
cellulose layer on the surface of agarose gel was formed,
induced by the self-aggregation of cellulose chains resulted
from the acid triggered destruction of cellulose inclusion
complex in the NaOH/urea solutions. After the repeating of
the above gelation process, the onion-like cellulose hydrogel
was prepared. The architecture of the onion-like cellulose

hydrogel, such as layer thickness, inter-membrane space and
size, could be regulated by controlling the morphology of
precursor hydrogel core and the time of solid-liquid interface
contact time, as well as cellulose concentrations. The in vitro
study showed that such cellulose hydrogel exhibited excellent
biocompatibility and the L929 cells could adhere and proliferate
in the inter-membrane space. This kind of biocompatible multi-
layered cellulose hydrogel with controlled architecture has bright
application prospects in biomedical application. Zarket and
Raghavan developed a novel strategy to constructed onion-
like hydrogels in an inside-out fashion (Zarket and Raghavan,
2017). Normally, a precursor hydrogel core within water-soluble
initiator was prepared first, and then was immersed into a
solution containing a monomer (monomer A) and a cross-
linker. With the diffusion of initiator into the surrounding
solution, the polymerization of monomer A was trigged and
the first layer on the surface of precursor hydrogel core
was formed. By repeating such immersion process in another
solution containing monomer B and a cross-linker, the second
layer was formed. In this way, various layers with controlled
compositions and properties could be systematically constructed
around the precursor hydrogel core (Figure4). As a result,
the mechanical properties and architectures of the prepared
onion-like hydrogels could be easily regulated. These multi-
layered hydrogels prepared by such strategy have great potential
applications in the field of multi-stimuli responsive drug
delivery.

MULTI-LAYERED HYDROGEL BASED ON
PHOTO-POLYMERIZATION TECHNIQUE
AND ITS BIOMEDICAL APPLICATIONS

Photo-polymerization is a process that utilizes light to initiate
a polymerization reaction to obtain a linear or cross-linked
polymer structure (Shi et al, 2016). Photo-polymerization
technique has been frequently utilized to construct hydrogels,
which were generally formed in situ with a non-invasive manner
(Sudhakar et al., 2015; Brown et al., 2018). Recently, the photo-
polymerization technique has developed into a powerful tool
to prepare multi-layered hydrogels with complex architectures,
which were generally used for tissue engineering.
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Roy et al. prepared a novel kind of multi-layered hydrogel
with spatially-varying mechanical properties and composition
by photo-polymerization technique (Nguyen et al, 2011).
Articular cartilage with spatially-varying structure is comprised
of four zones: the superficial, transitional, deep, and calcified
zones. In order to mimic the architecture and function
of native articular cartilage, the authors prepared a multi-
layered hydrogels with three distinctive layers, corresponding
to the superficial, transitional and deep zones, respectively. The
pre-designed each layer of the hydrogel, possessing gradual
biochemical and mechanical properties, was assembled in a
layer-by-layer fashion (Figure 5). Such strategy could also be
applied to mimic other complex tissues with spatially-varying
properties, such as artificial skin, joints and blood vessels.
Similarly, Bryant et al. constructed a poly(ethylene glycol)-based
hydrogel with spatially-varying biochemical and mechanical
properties for osteochondral tissue engineering by sequential
photo-polymerization (Steinmetz et al., 2015). Such hydrogel
with three distinctive layers was fabricated to mimic the
cartilage, calcified cartilage and bone zones of osteochondral

tissues, respectively. The mechanical property of each layer
was regulated by the concentration of macromer. And the
biochemical property of each layer was modulated by varying
the concentrations of chondroitin sulfate and RGD, both of
which were selected as the extracellular matrix (ECM) molecules.
Furthermore, the differentiation of human mesenchymal stem
cells (hMSCs) within the multi-layered hydrogel matrix under
intermittent dynamic compression was studied. The results
indicated that dynamic mechanical stimulation could spatially
guide hMSC differentiation efficiently. In another study, Bryant
et al. constructed a multi-layered poly(ethylene glycol) (PEG)
hydrogel with microchannels to promote the alignment of muscle
cells (Hume et al., 2012). The inverse master mold with pre-
designed width and depth was prepared by CLiPP polymerization
first, then poly(ethylene glycol)diacrylate (PEGDA) solution was
filled around the mold and irradiated by UV. After the removal of
mold, PEG hydrogel with specific dimensions of macrochannels
was formed. The in vitro study indicated that such three-
dimensional long channels with width varying from 40 to 200 pm
and depth varying from 100 to 200 wm promoted the muscle cell
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alignment significantly, and the smaller the channel dimensions ~ be regulated by modulating the content of PCL nanofibers.
was, the better the improvement was. Such mechanical property-enhanced hydrogels based on
biocompatible polymer have great application as biomedical
implants. Tuan et al. constructed a novel composite hydrogel

MULTI-LAYERED HYDROGEL BASED ON scaffold based on fibrous poly-g-caprolactone (PCL) and

SEQUENTIAL ELECTROSPINNING methachlted gelatin (mGL) for tendon tisue enginceing
TECHNIQUE AND ITS BIOMEDICAL S o e

electrospinning, composite scaffold could convert into composite
APPLICATIONS hydrogel with uniform composition by photo-crosslinking

retained mGLT. In this way, multi-layered composite hydrogels,
mimicking native tendon tissues, could be fabricated by the
photo-crosslinking of stacked scaffold sheets. Furthermore,
cell seeding and photo-crosslinking could be performed
simultaneously and the cell proliferation tests revealed that
human ASCs impregnated into the multi-layered hydrogel still
kept response to topographical cues and external tenogenic
factors.

Electrospun fibers have attracted numerous attentions due to
their unique features, such as excellent mechanical properties,
broad source of raw materials, high surface-area-to-volume
ratio and designable morphology (Zucchelli et al., 2015; Wang
and Windbergs, 2017). Sequential electrospinning technique,
combining the advantages of electrospinning and multi-layering
methodology, has also developed into a commonly used tool
to construct multi-layered hydrogels for biomedical application
(Kidoaki et al., 2005).

Kidoaki et al. constructed a dual drug loaded multi-layered 3D PRINTING TECHNIQUE
hydrogel with time-programmed combination release behavior
by sequential electrospinning technique (Okuda et al., 2010).
Four function layers were sequential fabricated: first drug-
loaded layer, barrier layer, second drug-loaded layer and
basement layer (Figure6). The model drug was dissolved

in electrospinning solutions and loaded in situ during the  }ave been attracted by the hydrogels prepared by 3D printing
electrospinning process. The in vitro experiments indicated {5 biomedical applications. For example, Shang et al. used
that the release behavior of each drug could be controlled , onventional 3D printer to fabricate 3D calcium alginate
by the fiber diameter and the layer thickness. Thereby, the hydrogels (Shang et al, 2017). Sodium alginate and CaCOs
combination release of the dual drugs could be achieved by nanoparticles were premixed and filled into the syringe as
the pre-designed architecture of the multi-layered hydrogels.  3p printing ink. Such mixture could be ejected onto a
Such strategy has bright future in the fabrication of multi-  conductive substrate continuously by syringe nozzle and cross-
layered hydrogels for combination therapy application. Cho  Jinked by the Ca" released from the CaCO; particles after
et al. prepared polycaprolactone (PCL) nanofibers reinforced  the applying of a DC voltage between the substrate and the
alginate (SA) hydrogels by sequential electrospinning technique  nozzle. A hydrogel formation model can be established by the
(Jang et al., 2013). Briefly, PCL electrospun fibers were treated  consideration of several parameters, such as deposition time
with ethanol, improving cohesion with SA hydrogel matrix,  and applied voltage. The cell viability test revealed that the
and evenly distributed on SA/CaCO; mixture solution, encapsulated cells can maintain 99% survive rate after the
which was reapplied every five layers. With the repeating  gelation. In addition, 3D printing can fabricate calcium alginate
of such process, multi-layered SA hydrogels with various  hydrogels with controllable geometry, which expanded their
PCL nanofibers content were prepared. Compared with the  biomedical applications (Figure 7). The layer-by-layer printing
pure SA hydrogels, the compressive strength and stiffness of  characteristics of 3D printing inspired us to construct multi-
PCL nanofibers reinforced SA hydrogels were improved by  layered hydrogels by the alternating printing of various materials.
about 121 and 334%, respectively. In addition, the mechanical = Preparation of multi-layered hydrogels by 3D printing has
properties of such multi-layered composite hydrogels could  many advantages, such as controllable hydrogel morphology,

3D printing is a kind of rapid prototyping technology. It
is a technology based on a digital model file and uses a
powdery metal or plastic adhesive material to build an object
by layer-by-layer printing (Rengier et al, 2010; Sun et al,
2013; Chia and Wu, 2015). Recently, numerous attentions

The first drug-loaded layer ——> | €e

Barrier layer ——>

The second drug-loaded layer

B t layer

FIGURE 6 | Schematic representation of four-layered hydrogels with time-programmed combination release behavior by sequential electrospinning technique.
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engineering preparation, etc. However, similar work is rarely
reported. Maybe in the near future, multi-layered hydrogels
prepared by 3D printing will emerge in the field of biomedical
applications.

CONCLUSIONS AND OUTLOOK

In the past decades, multi-layered hydrogels with organization
of various functional layers have been attracting extensive
attentions, due to their ability to meet the diverse needs of
biomedical applications. Although the preparation of multi-
layered hydrogels has made great progress, some challenges
still remained. For example, LBL self-assembly technology,
the most commonly used methods for the preparation of
multi-layered hydrogel, faces the following problems: (i) The
construction process is carried out in a layer-by-layer fashion
and the operation is cumbersome, which is not conducive
to the construction of hydrogels with numerous layers and
the engineering preparation of multi-layer hydrogels. (ii)
The thickness of each layer within multi-layered hydrogels
cannot be adjusted flexibly. (iii) The range of drugs suited
to such operation is narrow and the efficiency of drug
loading is low. For the other remaining preparation methods,
they not only face the similar challenges as LBL self-
assembly technique, but also cannot achieve the fine control
of architecture structure of multi-layered hydrogels. These
problems limit the performance regulation and engineering
preparation of multi-layered hydrogels, which seriously restricts
their application prospects in the biomedical field. Therefore, in
order to overcome the shortcomings of the existing preparation
techniques and further increase the application potential of
multi-layered hydrogels, it is urgently needed to develop a

completely new methodology for the preparation of multi-
layered hydrogels. More recently, 3D printing has developed
into a versatile tool to create a three-dimensional object
with almost any shape or geometry (Rengier et al., 2010;
Ladd et al, 2013). Such process is rapid and intelligent, and
is very suitable for the engineering preparation of objects
with special structures. 3D printing was used to print metal
powders in the early days, now it can print numerous
polymer materials (Schubert et al, 2014; Ruminski et al,
2018; Tahayeri et al., 2018). Up to now, a large amount of
literature has reported on the biomedical application of hydrogels
generated by 3D printing (Bose et al, 2013; Gross et al,
2014; Muth et al., 2014). However, as far as we known, little
literature reported the preparation of multi-layered hydrogels
via 3D printing. Maybe in the near future, 3D printing
can provide a new platform for the design of multi-layered
hydrogels and expand their applications in the biomedical
field.
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As a new carbon-based nanomaterial, graphene has exhibited unique advantages
in significantly improving the combination properties of traditional polymer hydrogels.
The specific properties of graphene, such as high electrical conductivity, high thermal
conductivity and excellent mechanical properties, have made graphene not only a
gelator to self-assemble into the graphene-based hydrogels (GBH) with extraordinary
electromechanical performance, but also a filler to blend with small molecules and
macromolecules for the preparation of multifunctional GBH. It fully exploits the practical
applications of traditional hydrogels. This review summarizes the preparation methods,
properties, and the applications of GBH. Further developments and challenges of GBH
are also prospected.

Keywords: graphene, graphene oxide, hydrogels, applications, preparation

INTRODUCTION

Graphene is a new nanomaterial with strict two-dimensional layers structure (Geim, 2009; Shi et al.,
2018). With excellent mechanical, high electrical and thermal properties, graphene is the ideal filler
for polymer-based nanocomposites (Li and Kaner, 2008). Hydrogel is the moderate crosslinked
and branched polymer with three dimensional network structures (Yuk et al., 2017). It is widely
studied and applied because of the ability to absorb large quantities of water, swell quickly, soft,
elastine, and biologic compatibility (Smith et al., 2010; Qiu and Park, 2012). Graphene has exhibited
unique advantages in significantly improving the combination properties of traditional polymer
hydrogels (Xu et al., 2010a; Kostarelos and Novoselov, 2014). Graphene in hydrogels plays two
roles: the gelator to self-assemble into the hydrogels, and the filler to blend with small molecules
and macromolecules for the preparation of multifunctional hydrogels, which are collectively called
graphene-based hydrogels (GBH) (Wang et al., 2016; Zhao et al., 2017).

This review aims to demystify the preparation methods, performance aspects, and the
applications of GBH. Further developments and challenges of GBH are also prospected.
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PREPARATION METHODS AND
PROPERTIES

Self-Assembly Method

Self-assembly method means that the basic structure of graphene
oxide (GO) is spontaneously translated into a stable 3D graphene
structure under the interaction of non-covalent m-m bond.
It is considered an effective approach for fabricating GBH.
Various self-assembly methods such as hydrothermal process
(Liu et al, 2017), chemical reduction (Sheng et al., 2011),
and metal ion induced process (Cong et al., 2012) have been
developed for 3D GBH. They can obtain some unique structures
and characteristics, such as porous network structure, ultra-
low density, excellent thermal properties, and thermal stability
(Kuang et al., 2015).

Self-assembled GBH was first prepared by one-step
hydrothermal method from GO solution in 2010 (Xu et al,
2010a). The moisture content of the GBH reached up to 97.4
wt%, and it demonstrated high levels of strength. Furthermore,
the electrical conductivity of the GBH was 5 x 107° S/cm,
and the storage modulus (450-490 kPa) was greater several
orders than the traditional hydrogels. The 3D multifunctional
GBH, which was self-assembled by combining DNA and GO
sheets, possessed good mechanical property, big dye-adsorption
capacity, and excellent self-cure capability (Xu et al., 2010b). In
order to further improve the reduction degree of graphene for
better GBH, some chemical reducing agent, such as hydrazine
hydrate (Zhang and Shi, 2011), oxalic acid (Zhang et al.,, 2012),
ascorbic acid (Shi et al., 2014) et al., were added to GO solution.

Compared with traditional hydrogel, an increase in strength
and excellent energy storage performance has been found from
self-assembled GBH. However, the applications of pure self-
assembled GBH are restricted by their relatively low mechanical
properties. Therefore, graphene used as high quality nano-fillers
for polymer composite hydrogels is the focus of nowadays
researches.

Mixed Solution Method

It is a great challenge that single graphene sheets are easily caused
agglomeration in the process of preparation and application,
which leads to multilayer graphite. Compared with graphene,
there are many oxygenous groups at the surface of GO, which can
make GO perfect dispersion in polar solvents (water, ethanediol,
DME and so on) (Paredes et al., 2008). The stable colloidal
dispersion system usually occurs due to the strong hydrogen-
bonds between GO and aqueous solution. In this case, mixed GO
solution method is a very useful technology for fabricating GBH.

The graphene/gelatin hydrogel composite was fabricated
by mixing graphene and gelatin solution (Tungkavet et al,
2015). The storage modulus response obviously enhanced with
the graphene concentration increasing from 0 to 0.1%. The
maximum of the highest storage modulus response and storage
modulus sensitivity of graphene/gelatin hydrogel were 1.25 x
10® Pa and 3.52, respectively. The sulfonated graphene (SG)/
poly(vinyl alcohol) (PVA) hydrogel, which was made by SG and
PVA mixed solution, showed good mechanical property and
intelligent adsorption property for cationic dyes compared to

ordinary pure PVA hydrogel (Li et al., 2015). The tensile strength
of the SG/PVA hydrogel increased with increasing SG, and the
strength peak was as high as 37.34 kPa with 0.5wt% SG.

In-situ Polymerization

As a joint result of mixed GO, monomer-polymer, initiating
agent, and other additives under certain conditions, in-situ
polymerization of monomer-polymer occurs on the surface of
GO, which leads to the final GO/polymer composite hydrogels.
In-situ polymerization can be divided into two types based
on the GO: the GO with and without treatment. The latter
approach is grafting functional groups on the surface of GO, or
stripping the nano-sheet layer from GO under ultrasonic and
reacting with other monomers. GO also plays the role of cross-
linking agent during the reaction. Such GO/polymer composite
hydrogels possesses favorable dispersibility of GO, and uniform
performance.

GO/polyacrylic acid (PAA) composite hydrogel was
synthesized via cross-linking reaction of PAA at low temperature
(Tai et al, 2013). The composite material displayed more
excellent swelling characteristics and electrical response
than the pure PAA hydrogel. GO/polyacrylamide (PAM)
composite hydrogel was fabricated through in situ acrylonitrile
polymerization in GO-water solution (Liu et al, 2012). The
tensile strength of GO/PAM hydrogel was about 4.5 times higher
than the pure PAM hydrogel, and the breaking elongation was
30 times exceeded than the PAM, but the content of GO was
only 0.0079 wt%. GO/PAA hydrogel was prepared by in situ
free radical polymerization triggered by graphene peroxide (Liu
et al., 2013). It has the ability to self-heal when the fracture
surfaces have maintained contact at low temperature or even
room temperature for short periods. The recovery rate of the
hydrogel can reach up to 88% at a prolonged healing time.

APPLICATIONS

The excellent performance of GBH is based on the inseparable
synergy between hydrophobicity and w-conjugated structure in
graphene sheets. GBH integrates mechanical strength, electrical
conductivity, adsorption, hydroscopicity, water retention,
controlled-release and biocompatibility together, and it will
have broad application prospect in biomedical, supercapacitor,
water treatment, dye absorption, catalyst carrier and intelligent
response for microfluidic system (as shown in Figure 1).

Biomaterials in Biomedical Field

The water-rich GBH is similar to natural soft tissues, in
addition to the high conductivity, good mechanical strength,
favorable biocompatibility, and the non-covalent bonds between
graphene/GO and some polymer (chitosan (CS), poly(N,N-
dimethylacrylamide) (PDMAA), etc.), GBH are attracted much
attention in tissue engineering. Jing et al. studied the mussel-
inspired GO/CS composite hydrogel, which was prepared by
incorporating protein polydopamine (PDA) (Jing et al., 2017).
As the GO concentration increases to a suitable quantity,
the electrical conductivity of the hydrogel could reach up to
1.22 mS/cm. Meanwhile the strength was 3 times higher than
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FIGURE 1 | Applications of GBH.
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pure CS hydrogel. More importantly, GO/CS hydrogel could
improve cellular activities and proliferation of human enhancer
of filamentation 1 (HEF1) and cardiomyocytes (CMs).
Meanwhile intelligent GBH prepared by graphene/GO
and stimuli-responsive polymer (PAA, PVA, Poly(N-isopropy-
lacrylamide) (pNIPAAm), etc.) has shown attractive prospects
in drug controlled release system on account of the huge
specific area of GO or graphene. The graphene/Ag (mass
ratio of 1:5) composite hydrogel, which was made through
the cross-linking reaction of graphene with acrylic acid and
methylene bisacrylamide, exhibited good biocompatibility, and
high swelling ratio (Fan et al., 2014). It displayed a significant
acceleration of healing with the hydrogel in the treatment
of artificial wounds in rats. More importantly, the composite
hydrogel was used to facilitate complete reconstruction in 15-day
wound-healing. Bai et al. prepared GO/PVA composite hydrogel
and applied it in selective drug release under physiological pH
(Bai et al.,, 2010). They found that 84% vitamin B;; molecules
can be diffused from the hydrogel into neutral PBS solution (pH

= 7.4) after 42h. However, only 51% vitamin B, molecules
can be released in the acidic medium (pH = 1.7) at the same
time. Li et al. successfully fabricated an NIR-responsive GBH
as an active cell scaffold by pNIPAAm derivative solution and
arginine-glycine-aspartic acid (RGD). The NIR-responsive GBH
could efficiently capture cells, but also could release the cells on
the stimulus of NIR light (Li et al., 2013).

Supercapacitor
As the major electrochemical components for energy storage and
release, supercapacitor should possess high specific capacitance,
big reversible capacity, and long cycle life. GBH can be used as
innovative electrode materials for supercapacitor, because of their
unique surface structures and excellent conductive properties.
Tan et al. researched the viscoelastic properties and electrical
conductivity of self-assembly GBH. They found that the apparent
electrical conductivity of the GBH can be controlled in a
range from 0.01 to 6 S/cm, which is sufficient for many
electrical applications (Tan et al., 2014). Wang et al. prepared
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graphene/VO, nanobelt composite hydrogel by using V,0s5
and GO as precursors. They found that the graphene/VO,
hydrogel exhibited big specific capacitance (426 F/g), good
cycling performance and high rate capability (Wang et al., 2013).

Water Treatment

The rapid development of petrochemical industry leads to a
large number of industrial waste water, which contains significant
amounts of acid, alkali salt, organic solvent, harmful dyes, or
heavy metal ions. Hydrogel owns good hydrophilicity, at the
same time it will not dissolve in water. The unique 3D crosslinked
network structure makes hydrogel can be effective absorption
and adsorption to high amounts of chemicals. The adsorptive
abilities and adsorptive selectivity of hydrogel can be further
improved by the huge specific surface area and electronegativity
of graphene. Therefore hydrogel has shown a perfect foreground
applied in sewage treatment and dye absorption.

LA/F/rGO hydrogel with good amphiphobicity was
synthesized by hydrothermal process at low temperature
with reduced GO, 1H,1H,2H,2H-perfluorodecanethiol (PF) and
L-ascorbic acid (LA). The hydrogel possessed high selectivity
to oil-water separating by pre-soaking (Hu et al., 2018). Dong
et al. found that the Fe304/GO/polyacrylamide (PAM) hydrogel
exhibited excellent mechanical property, high Photo-Fenton
activity and big adsorption capacity. The hydrogel was achieved
a 90% degradation of Rhodamine B (RhB, 20 mg/L) and a 72.7%
degradation of chemical oxygen demand (COD, 2840 mg/L) in
wastewater for 1 h under visible light (Dong et al., 2018). Organic
pollutants and heavy metal ions could also be removed at the
same time by the Fe304/GO/PAM hydrogel.

CONCLUSION

The specific properties of graphene, such as high electrical
conductivity, high thermal conductivity, and excellent
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Hydrogels, which are crosslinked polymer networks with high water contents and
rheological solid-like properties, are attractive materials for biomedical applications.
Self-healing hydrogels are particularly interesting because of their abilities to repair
the structural damages and recover the original functions, similar to the healing of
organism tissues. In addition, self-healing hydrogels with shear-thinning properties can
be potentially used as the vehicles for drug/cell delivery or the bioinks for 3D printing by
reversible sol-gel transitions. Therefore, self-healing hydrogels as biomedical materials
have received a rapidly growing attention in recent years. In this paper, synthesis
methods and repair mechanisms of self-healing hydrogels are reviewed. The biomedical
applications of self-healing hydrogels are also described, with a focus on the potential
therapeutic applications verified through in vivo experiments. The trends indicate that
self-healing hydrogels with automatically reversible crosslinks may be further designed
and developed for more advanced biomedical applications in the future.

Keywords: self-healing hydrogel, synthesis mechanism, reversible crosslink, biomedical application, animal model

INTRODUCTION

Hydrogels are constructed by the crosslinked polymer networks as water-swollen gels. Hydrogels
have received significant attention as the extracellular matrix mimics for biomedical applications
because of their water-retention abilities, appropriate elasticities, and network structures (Wang
and Heilshorn, 2015). The self-healing properties, originated from phenomena of wound healing in
organisms, are used to describe materials with the ability to restore the morphology and mechanical
properties after repeated damages. The microcapsule-laden hydrogels were developed that released
healing agents at damage sites (White et al., 2001; Toohey et al., 2007). However, the irreversible
healing process and potential interference of fillers limited their applications (Bergman and Wudl,
2008; Syrett et al., 2010). Besides, many dynamic hydrogels typically relied on external stimuli,
such as high temperature, low pH, and light, to trigger dynamic crosslinks (Murphy and Wudl,
2010; Harada et al., 2014). The external stimuli would have adverse effects on the cells and living
tissues. In this review, self-healing hydrogels are referred that automatically and reversibly repair
the damages and recover the functions.

Self-healing hydrogels can be prepared through dynamic covalent bonds and non-covalent
interactions. The dynamic equilibrium between dissociation and recombination of various
interactions leads the hydrogel to heal damages and reform shapes. Commonly, dynamic covalent
bonds exhibit stable and slow dynamic equilibriums, while non-covalent interactions show
fragile and rapid dynamic equilibriums (Zou et al., 2017). With versatile mechanical properties,
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self-healing hydrogels can be manufactured with robust, shear-
thinning, or cell-adaptable properties for a broad range of
applications, such as soft robots, 3D printing, and drug/cell
delivery. In this review paper, we will take a detailed look at
the current synthesis and biomedical applications of self-healing
hydrogels. Firstly, various advanced strategies are introduced
about the preparations and the mechanisms of self-healing
hydrogels. Subsequently, biomedical applications of the self-
healing hydrogels are described, especially, the ones that have
been evaluated by animal models.

SELF-HEALING MECHANISMS

Self-healing hydrogels have been synthesized based on different
chemistries and mechanisms as shown in Figure 1, including
dynamic covalent bonds, non-covalent interactions, and multi-
mechanism interactions. Each will be elaborated below.

Dynamic Covalent Bonding

Dynamic covalent chemistry, including imine formation,
boronate ester complexation, catechol-iron coordination, Diels-
Alder reaction, and disulfide exchange, is widely applied in the
formation of self-healing hydrogel. Dynamic covalent bonds
exhibit the stronger but slower dynamic equilibrium compared
to non-covalent interactions.

The imine (or referred as Schiff base) is a compound with a
carbon-nitrogen double bond formed by nucleophilic attack of
amine to aldehyde or ketone. A number of self-healing hydrogels
have been developed by aliphatic Schiff bases (Lii et al., 2015;
Zhu, D. et al., 2017; Huang et al., 2018) or aromatic Schiff bases
(Karimi and Khodadadi, 2016; Qu et al., 2017), in which aromatic
Schift bases show higher stability to maintain the mechanical
properties compared to aliphatic Schiff bases (Zhang et al., 2011).
Zhang et al. synthesized a dibenzaldehyde-terminated telechelic
poly(ethylene glycol), namely difunctionalized PEG (DF-PEG),
to form self-healing hydrogel through aromatic Schiff bases
between benzaldehyde groups of DF-PEG and amino groups
of chitosan (Zhang et al., 2011). The hydrogels were prepared
rapidly under mild conditions at 20°C within 60 s, and they could
be degraded by acidic pH, amino acids, vitamin B6 derivatives,
and enzymes. The hydrogels were developed for 3D cell culture
and cell delivery due to their cytocompatibility and injectability
(Yang et al, 2012; Li et al, 2017; Zhang, Y. L. et al, 2017).
Acylhydrazone and oxime are derivatives of imine with great
stability, which have also been developed to synthesize the self-
healing hydrogels (Deng et al., 2010; Grover et al, 2012; Lin
etal,, 2013; Mukherjee et al., 2015). For example, the self-healing
hydrogel was prepared by adding oxidized sodium alginate
into the mixture of N-carboxyethyl chitosan and adipic acid
dihydrazide via dynamic imine and acylhydrazone bonds (Wei
et al., 2015).

The reversible boronate ester bond is formed by complexation
of boronic acid and diol, and its stability is dependent on
pH-value and glucose concentration. Boronic acid and its
derivatives, such as phenylboronic acid or phenylboronic acid-
incorporated polymers, have been widely developed to prepare
self-healing hydrogels. Yesilyurt et al. mixed phenylboronic acid

and diol-modified poly(ethylene glycol) to form self-healing
hydrogel that exhibited pH-responsive tunable mechanical
properties, and glucose-responsive size-dependent release of
proteins (Yesilyurt et al., 2016). The hydrogel was cytocompatible
in vitro, and it showed a typical foreign body reaction in
vivo without chronic inflammation. He et al. prepared self-
healing hydrogel via complexation of a catechol-modified
polymer and 1,3-benzenediboronic acid, which demonstrated
high stability under alkaline conditions and low stability under
acidic conditions (He et al., 2011). Another self-healing hydrogel
was fabricated using the mixture of poly(ethylene glycol)
diacrylate, dithiothreitol, and borax via permanent thiol-ene
Michael addition and dynamic borax diol complexation in one-
pot approach (He et al., 2015). The hydrogel can be injected with
cells to form branched tubular channels for vascularization in
vitro and easily removed by immersion in cell culture medium
(Tseng et al., 2017).

The reversible coordinate bond between catechol and
iron has been developed to prepare self-healing hydrogels.
The reversibility of catechol-iron coordination bond can be
controlled by adjusting pH conditions (Krogsgaard et al., 2013).
When the environmental pH is raised from acidic to basic values,
a rapidly self-healing hydrogel with high strength may form.
Li et al. incorporated iron oxide (Fe3O4) nanoparticles with
the catechol-modified polymers to form a self-healing hydrogel
via reversible coordination bonds at the nanoparticle surface
(Li et al., 2016). Self-healing hydrogel based on catechol-Fe3O4
nanoparticles structures exhibited magnetic properties and solid-
like mechanics, in comparison with the fluid-like hydrogel by
catechol-Fe(III) crosslinking.

The disulfide exchange provides dynamic covalent bonds
to form self-healing hydrogels, which are sensitive to pH or
redox potential (Wei, Z. et al., 2014). Recently, 1,2-dithiolane-
functionalized polymers were synthesized to form self-healing
hydrogels with rapid sol-gel transition via the disulfide exchange
between the 1,2-dithiolane and dithiols (Barcan et al., 2015; Yu
etal., 2017; Zhang and Waymouth, 2017). The disulfide exchange
of 1,2-dithiolane can reform under neutral or weakly alkaline
conditions, which can be further controlled by temperature.

Another important dynamic covalent chemistry in self-
healing hydrogels is the thermally reversible Diels-Alder reaction
(Liu and Chuo, 2013; Zhao et al.,, 2016; Shao et al., 2017).
However, the biomedical applications of Diels-Alder reaction are
limited because Diels-Alder bonds need a high temperature and a
long duration to cleave and reform for self-healing properties. In
recent reports, Diels- Alder chemistry was developed to form self-
healing hydrogels combining with other reversible interactions,
such as electrostatic interaction (Banerjee and Singha, 2017;
Ghanian et al., 2018), coordination bond (Li et al., 2018a), imine
bond (Li et al., 2018b), and acylhydrazone bond (Yu et al.,, 2015).

Non-covalent Interactions

Self-healing hydrogels can be produced through non-covalent
interactions, such as hydrogen bond, electrostatic interaction,
and hydrophobic interaction. The non-covalent interactions are
less stable and more sensitive to environmental conditions (such
as pH and temperature) compared to covalent interactions.
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FIGURE 1 | Self-healing chemistries and mechanisms for various self-healing hydrogels, including dynamic covalent bonds, non-covalent interactions, and
multi-mechanism interactions.

However, robust self-healing hydrogels can still form based on  shear-thinning and self-healing hydrogel based on extensive
non-covalent interactions via special manufacturing procedures  hydrogen bonds of gallol-gallol and gallol-HA (Shin and Lee,
or nano- and micro-structures. 2017). The hydrogel was resistant to enzymatic degradation
The hydrogen bonding is an attractive interaction between by protein (i.e., hyaluronidase) immobilization through non-
the hydrogen atoms and electronegative atoms, in which the  covalent interactions between gallols and proteins.
hydrogen atom is bound to a high electronegative atom, such Hydrophobic interactions occur as a consequence of
as nitrogen, oxygen, and fluorine. The polyvinyl alcohol-based = aggregative hydrophobes in aqueous media. In many cases of
self-healing hydrogels were developed using the freezing/thawing  self-healing hydrogels based on hydrophobic interactions, the
method via hydrogen bonding (Zhang et al., 2012; Zhang, Z.  surfactant micelles (Gulyuz and Okay, 2015; Liu, Y. et al., 2018)
et al, 2017). Moreover, hydrogen bonding-based self-healing  or liposomes (Rao et al., 2011; Hao et al., 2013) are employed as
hydrogels were frequently reported with incorporations of  crosslinking points to construct the polymer chains comprising
various chemical moieties, such as 2-ureido-4-pyrimidone (UPy)  both hydrophilic and hydrophobic monomers. For example, the
moieties (Cui and del Campo, 2012; Dankers et al, 2012;  self-healing hydrogel could form via micellar copolymerization
Cui et al, 2013; Bastings et al, 2014; Chirila et al., 2014;  of hydrophobic monomer stearyl methacrylate and hydrophilic
Hou et al, 2015; Zhang et al, 2016), nucleobase moieties = monomer acrylamide in the aqueous solution of sodium dodecyl
(Ye et al, 2017), deferoxamine moieties (Xu et al, 2017), sulfate (SDS) micelles (Tuncaboylu et al, 2011, 2012a,b). In
and gallol moieties (Shin and Lee, 2017). In a recent work, these cases, the addition of salt into aqueous SDS solutions leads
the cytosine- and guanosine-modified hyaluronic acid (HA)  to micellar growth and solubilization of hydrophobes within
formed self-healing hydrogel by Watson-Crick base pairing  SDS micelles. The hydrogel containing SDS micelles with the
between the nucleobases through hydrogen bonding (Ye et al,,  time-dependent dynamic moduli exhibited high elongation
2017). The hydrogel exhibited pH-stimulated sol-gel transition  ratio and good self-healing ability, while after extraction of
where the hydrogel exhibited gel state in pH 6-8 and sol  SDS, the hydrogel with time-independent dynamic moduli
state in pH < 6 or > 8. In another example, Shin and showed high mechanical strength and no self-healing ability.
Lee synthesized gallol-conjugated HA and added a gallol-  Self-healing hydrogel can also be prepared based on surfactant-
rich crosslinker (i.e., oligo-epigallocatechin gallate) to form a  free hydrophobic associations via solvent evaporation of an
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aqueous polymer solution above a critical polymer concentration
(Owusu-Nkwantabisah et al., 2017).

Self-healing hydrogels can form through reversible
electrostatic interactions occurring in charged polymers
and ions (Wei et al., 2013; Wei, H. et al., 2014), polyelectrolytes
(Huang et al., 2014; Luo et al., 2015; Ren et al., 2016; Li, J. et al.,
2017), polyampholytes (Ihsan et al., 2013; Sun et al., 2013), and
zwitterionic fusions (Bai et al., 2014). For example, self-healing
hydrogel was synthesized through reversible polyelectrolyte
complexes of alginate and 2-hydroxypropyltrimethyl ammonium
chloride chitosan (Ren et al., 2016). The two polymers were
mixed to form self-healing hydrogel at charge neutrality followed
by precipitation for 12h. In addition to self-healing ability,
the hydrogel exhibited shear-thinning property, high adhesive
behavior, and cytocompatibility. Meanwhile, the polyampholytes
can form self-healing hydrogels with tunable mechanical
properties via electrostatic interactions between randomly
dispersed cationic and anionic repeating groups in polymers
(Sun et al., 2013). In analogy to double-network hydrogels,
the tough polyampholyte hydrogels contained ionic strong
bonds and weak bonds to maintain the shapes and enhance the
shock absorbance and self-healing abilities, respectively. Besides,
the more hydrophobic polyampholyte hydrogels exhibited
the robust and poor self-healing properties, whereas the less
hydrophobic polyampholyte hydrogels exhibited the soft and
good self-healing properties (Sun et al., 2013).

Multi-mechanism Interactions
Supramolecular chemistry is widely applied to prepare self-
healing hydrogels through various non-covalent interactions,
such as host-guest interaction and protein-ligand recognition.
In addition, hybrids of non-covalent interactions and/or
permanent/dynamic covalent bonds were developed to prepare
self-healing hydrogels for rapid recovery, long-term stability,
high mechanical property, and/or multi-responsive behavior.

Host-guest interactions occur when two or more chemical
species assemble via non-covalent interactions, such as van
der Waals force, hydrogen bond, electrostatic interaction,
and hydrophobic interaction. In host-guest chemistry, the
macrocyclic host moiety is inserted inside the guest moiety to
form a unique structure of the inclusion complexation. Host-
guest interactions are used popularly to prepare the self-healing
hydrogels, and many such hydrogels rely on external stimuli,
such as temperature (Zheng et al., 2012), light (Yamaguchi et al.,
2012), pH (Zheng et al., 2013), and redox potentials (Nakahata
et al,, 2011; Miyamae et al., 2015), to trigger the healing process.
Meanwhile, host-guest hydrogels have also been developed to
recover themselves without the need of external stimuli (Appel
et al., 2012; Kakuta et al., 2013; Rodell et al., 2013; McKee
et al, 2014). For example, the self-healing HA hydrogel was
prepared based on the host-guest interactions of p-cyclodextrin-
modified HA (host macromer) and adamantane-modified HA
(guest macromer) (Rodell et al., 2013). The hydrogels exhibited
shear-thinning property and rapid recovery at 25°C.

Catechol and gallol are polyphenolic moieties commonly
distributed in organisms as important functional groups, which
can form various covalent and non-covalent bonds, such

as Michael addition or Schiff base reaction with thiol and
amine, coordination bonds with metals, hydrogen bonds, and
aromatic interactions (Lee et al., 2007; Sileika et al., 2013).
Li et al. developed a novel self-healing hydrogel by self-
assembly of an ABA tri-block copolymer through the catechol-
mediated hydrogen bonding and aromatic interaction, where the
catechol-functionalized poly(N-isopropylacrylamide) (PNIPAM)
and poly(ethylene oxide) (PEO) were each selected as A
and B blocks for synthesis (Li et al, 2015). The hydrogel
exhibited a thermo-responsive sol-gel transition and recovered
its mechanical properties after repeated damages owing to
PNIPAM moiety and catechol-mediated interaction, respectively.
Moreover, Birkedal and coworkers prepared a self-healing and
pH-responsive hydrogel using tannic acid (TA), metal ions,
and polyallylamine (PAA) in one step (Krogsgaard et al,
2014a). Below pH 8, the hydrogel was crosslinked mostly by
reversible hydrogen bonds, covalent crosslinks between TA
and PAA, and coordination bonds between TA and iron ion;
while above pH 8, irreversible bonds predominantly enhanced
the gel modulus and hindered self-healing. Likewise, self-
healing hydrogels were developed based on interactions between
3,4-dihydroxyphenylalanine-modified PAA (DOPA-PAA) and
metal ions [such as AI(III), Ga(IIl), In(III), and Fe(III) ions;
(Krogsgaard et al., 2014b)].

Dupin and coworkers reported for the first time the formation
of self-healing hydrogels using gold(I) ions-crosslinked thiol-
terminated PEG via metallophilic attractive forces (Casuso
et al, 2014). The hydrogel exhibited cytocompatibility and
mimicked the synovial fluid of the human joint in rheological
properties under physiological conditions. Afterward, a series
of self-healing hydrogels with tunable mechanical properties
were prepared using HAuCly (or AgNO3) and 4-arm thiol-
terminated polyethylene glycol [(PEGSH)4] in different ratios
based on metal(I)-thiolate/disulfide exchange (Casuso et al,
2015). These hydrogels showed reversible mechanical properties
and frequency-dependent stiffness/shock-absorbing properties
at the physiological pH due to the metal(I)-thiolate/disulfide
exchange. The potential of the hydrogel as an artificial nucleus
pulposus for the intervertebral discs was demonstrated via a
bovine ex vivo model using axial compression-tension cycles
at different frequencies followed by creep experiments and
WCT analysis (Pérez-San Vicente et al, 2017). Moreover, the
hydrogels incorporating bioactive glass nanoparticles led to the
stiffer properties for bone regeneration (Gantar et al, 2016).
Meanwhile hydroxyapatite was formed after degradation of the
nanoparticles.

On the basis of dynamic acylhydrazone and disulfide bonds,
self-healing hydrogels with pH/redox dual responsive transitions
have been developed (Deng et al., 2012). The hydrogel displayed
self-healing properties in acidic and basic conditions based on the
acylhydrazone and disulfide bonds, respectively. Additionally,
acylhydrazone bonds were activated by the catalytic aniline
in neutral conditions, and disulfide bonds were responsive
to the redox conditions. Recently, the self-healing hydrogel
was prepared from the mixture carboxyethyl cellulose-graft-
dithiodipropionate dihydrazide and DF-PEG under 4-amino-
DL-phenylalanine (4a-Phe) catalysis (Yang et al,, 2017). The

Frontiers in Chemistry | www.frontiersin.org

38

October 2018 | Volume 6 | Article 449


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Liu and Hsu

Self-healing Hydrogels

gelation time of the hydrogel could be controlled by varying
the total polymer content or the 4a-Phe concentration. The
hydrogel was applied for controlled release of doxorubicin and
3D culture of L929 cells because of pH/redox responsiveness and
cytocompatibility.

BIOMEDICAL APPLICATIONS OF
SELF-HEALING HYDROGELS

Self-healing hydrogels have received increasing attentions in
biomedical applications, such as wound healing (Gaharwar et al.,
2014; Han et al,, 2016; Zhao et al., 2017; Zhu, S. K. et al., 2017;
Li et al., 2018; Liu, B. et al., 2018), drug delivery (Huebsch et al.,
2014; Liu et al., 2016; Wang et al., 2016; Xing et al., 2016; Wang J.
Y. et al,, 2017; Xia et al., 2017; Yavvari et al., 2017; Zhu, C. et al.,
2017; Hong et al., 2018), tissue engineering (Dankers et al., 2012;
Bastings et al., 2014; Gaffey et al., 2015; Rodell et al., 2015a,b;
Loebel et al., 2017), surface coating (Canadell et al., 2011; Yoon
et al.,, 2011; Yang et al,, 2015), 3D printing (Highley et al., 2015;
Darabi et al., 2017; Loebel et al., 2017; Wang et al., 2018), and soft
robot (Shi et al., 2015; Darabi et al., 2017; Han et al., 2017; Liu, B.
etal., 2018; Liu et al., 2018). In these cases, dibenzaldehyde-based,
UPy-based, catechol-based, and host-guest-based self-healing
hydrogels are highlighted due to many evaluations of in vivo
experiments. As summarized in Table 1, some animal models
have been used to verify the biocompatibility and efficacy of
self-healing hydrogels. Besides the biocompatibility, self-healing
hydrogels require injectability and long-term stability for drug
delivery, tissue engineering, and 3D printing; and toughness and
conductivity for soft robot.

Drug Delivery

Self-healing hydrogel based on host-guest interactions between
p-cyclodextrin-modified PEI and adamantane-modified PEG was
developed for local siRNA release (Wang et al., 2018). The
modified polymers assembled with siRNA to form polyplexes,
which could improve the transfection efficiency and the viability
of cells. When injected into the myocardium, the hydrogel with
siRNA encapsulation enhanced the uptake of Cy5.5-siRNA and
maintained the silencing of GFP for 1 week in a GFP-expressing
rat.

Xing et al. reported an injectable and self-healing collagen-
gold hybrid hydrogel with adjustable mechanical properties
(Xing et al, 2016). This hydrogel was prepared through
electrostatic interaction between positively charged collagen
chains and negatively charged tetrachloroaurate ([AuCly]™)
ions, and further non-covalent interactions between subsequent
biomineralized gold nanoparticles and collagen. The hydrogel
was developed for localized delivery and sustained release of
the photosensitive drug. By combinatorial photothermal and
photodynamic therapies, the significantly enhanced antitumor
efficacy was demonstrated through an in vivo antitumor test
using the subcutaneous mouse model.

Self-healing hydrogels based on glycol chitosan and DF-
PEG (GC-DP) have been developed for intratumor therapy
in vivo. GC-DP hydrogel containing antitumor drug was

injected into the disease position with a steady release in situ
(Yang et al, 2017). Moreover, the ionic GC-DP hydrogel
exhibited microwave susceptibility to produce high-temperature
hyperthermia for tumor ablation (Wang J. Y. et al, 2017).
A multi-antitumor system was developed based on GC-DP
hydrogel containing doxorubicin/docetaxel-loaded poly(lactic-
co-glycolic acid) (PLGA) nanoparticles and iron oxide for
chemotherapy and magnetic hyperthermia (Xie et al., 2017). The
system showed the greater in vivo antitumor efficacy under the
alternative magnetic field compared to the hydrogel containing
doxorubicin/docetaxel-loaded PLGA nanoparticles.

Tissue Engineering

Self-healing host-guest hydrogels have been developed to
treat the myocardial infarction. The self-healing hydrogel,
formed through host-guest interactions of adamantine- and
B-cyclodextrin-modified HA, was injected into the ischemic
myocardium encapsulating endothelial progenitor cells (EPCs)
(Gaffey et al, 2015). A rodent model of acute myocardial
infarction was employed to confirm that a significant increase in
vasculogenesis was noted with the hydrogel encapsulating EPCs,
compared to the treatment of EPCs alone or hydrogel alone.
Moreover, the hydrogel was designed using adamantane/thiol-
modified HA and cyclodextrin/methacrylate-modified HA
through host-guest interaction and Michael addition (Rodell
et al, 2015a). The reversible host-guest interaction and
permanent Michael addition provided shear-thinning injection
and high retention, respectively. Epicardial injection of the
hydrogel in a rat myocardial infarction model showed significant
improvement of the outcome compared to the untreated group
and the hydrogel without Michael addition.

Self-healing hydrogels were designed as injectable carriers
for growth factors using PEG end-functionalized with four-fold
hydrogen-bonding ureidopyrimidinone (UPy) moieties. UPy-
modified PEG hydrogel incorporated with antifibrotic growth
factor was delivered in a pocket introduced under the kidney
capsule of rats (Dankers et al, 2012). The kidney capsule
was loosened from the kidney to create a small pocket. After
injection of growth factor-containing hydrogels, the number of
myofibroblasts stayed the same to the contralateral (healthy)
kidney, while significantly increased with the injection of saline
or hydrogel alone. In another example, growth factors were
delivered by UPy-modified PEG hydrogel to repair the infarcted
myocardium (Bastings et al., 2014). This pH-switchable hydrogel
could be injected through the long and narrow lumen of
the catheter mapping system, and rapidly formed a hydrogel
in contact with tissue. The growth factor-containing hydrogel
reduced scar collagen in a chronic myocardial infarction pig
model.

Self-healing hydrogels based on GC-DP was prepared for
tissue repairs. In the application of central nervous system (CNS)
repair, neurosphere-like progenitors showed better proliferation
and differentiation in GC-DP hydrogel, and injection of GC-
DP hydrogel combining neurospheres promoted functional
recovery in a zebrafish CNS impaired model (Tseng et al., 2015).
Moreover, the GC-DP hydrogel combining the optogenetic
method was developed as a temporal-spatial approach to treat
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TABLE 1 | Examples of self-healing hydrogels evaluated by animal models.

Self-healing mechanisms

Materials

Animal model evaluation

References

Boronate ester bonds
Coordination bonds
Coordination bonds

Coordination bonds and electrostatic interactions

Electrostatic interactions

Hydrogen bonds

Hydrogen bonds

Hydrogen bonds

Hydrogen bonds

Hydrogen bonds and aromatic interactions

Hydrogen bonds and aromatic interactions

Host-guest interactions

Host-guest interactions

Host-guest interactions

Host-guest interactions

Imine bond
Imine bond

Imine bond

Imine bond

Imine bond

Imine bond

Imine bond

Imine bond
Imine bond
Imine bond

Alginate-boronic acid
Dexamethasone phosphate and Ca(ll)
Chitosan-catechol and Fe(lll)
Collagen and gold

Silicate nanoplatelets and gelatin
Polyglutamic acid and lysine
Ureidopyrimidinone-PEG
Ureidopyrimidinone-PEG

Gelatin methacrylate and tannic acid
Polydopamine nanoparticles and
poly(N-isopropylacrylamide)
Polydopamine, graphene oxide, and
polyacrylamide

B-Cyclodextrin-PEl and
adamantane-PEG

Adamantane/thiol-HA and
cyclodextrin/methacrylate-HA

Adamantane-HA and
B-cyclodextrin-HA

Adamantane-HA and
B-cyclodextrin-HA

DF-PEG and chitosan-aniline tetramer

Chondroitin sulfate-aldehyde and
N-succinyl-chitosan

DF-PEG-co-poly(glycerol sebacate)
and chitosan-polyaniline

Aldehyde-xanthan and
carboxymethyl-chitosan

DF-PEG and glycol chitosan

DF-PEG-co-poly(glycerol sebacate)
and Chitosan-polyaniline

DF-PEG, glycol chitosan, fibrinogen,
and thrombin

DF-PEG and glycol chitosan
DF-PEG and glycol chitosan

DF-PEG, glycol chitosan, fibrinogen,
and thrombin

Oral administration for drug retention
Subcutaneous injection for drug delivery
Cancer model for drug delivery

Cancer model for drug delivery

Liver bleeding model for hemostasis

Skin defect model for wound healing
Kidney implantation for tissue repair
Myocardial infarction model for tissue repair
Gastric incision model for wound closure
Skin defect model for wound healing

Osteochondral defect model for tissue repair

Myocardium injection for drug delivery

Myocardial infarction model for tissue repair

Myocardial infarction model for tissue repair

Chronic kidney disease model for drug delivery

Subcutaneous injection for cell retention

Subcutaneous injection for material
degradation

Skin defect model for wound healing

Abdominal wall defect model for tissue repair

Cancer model for drug delivery
Liver bleeding model for hemostasis

Hindlimb ischemia model for tissue repair

Zebrafish neural injury model for tissue repair
Zebrafish neural injury model for drug delivery
Zebrafish embryos injection for angiogenesis

Hong et al., 2018

Liu et al., 2016
Yavvari et al., 2017
Xing et al., 2016
Gaharwar et al., 2014
Zhu, S. K. etal.,, 2017
Dankers et al., 2012
Bastings et al., 2014
Liu, B. et al., 2018
Han et al., 2016

Han et al., 2017
Wang L. L. et al,,
2017

Rodell et al., 2015a
Gaffey et al., 2015

Rodell et al., 2015b

Dong et al., 2016
LGetal., 2015

Zhao et al., 2017

Huang et al., 2018

Xia et al., 2017
Zhao et al., 2017

Hsieh et al., 2017

Tseng et al., 2015
Hsieh et al., 2018
Hsieh et al., 2017

neurodegenerative diseases (Hsich et al., 2018). The hydrogel
containing bacteriorhodopsin plasmid and neural stem cells
was injected into CNS impaired zebrafish where the neural
repair was observed, particularly under green light exposure.
Besides, GC-DP hydrogel was also used to induce blood capillary
formation. With the incorporation of fibrin gel, a composite
hydrogel could form with an interpenetrating polymer network
(i.e., double network) of GC-DP and fibrin (Hsieh et al., 2017).
The hydrogel induced vascular endothelial cells to form capillary-
like structures, and injection of the hydrogel alone promoted
angiogenesis in zebrafish and rescued the blood circulation in
ischemic hindlimbs of mice.

Other Applications
Self-healing hydrogels, based on the host-guest interaction of
p-cyclodextrin- and adamantine-modified HA, were used in

the 3D printing of high-resolution structures through printing
of shearing-thinning ink hydrogel into self-healing support
hydrogel (Highley et al., 2015). The multicellular structures could
be expediently patterned, such as printing of mesenchymal stem
cells within an ink hydrogel into a support hydrogel containing
3T3 fibroblasts. The channel-like structure was achieved by
writing the ink hydrogel into the methacrylate-modified support
hydrogel, followed by UV irradiation for secondary covalent
crosslinks of support hydrogel, followed by removal of the
physical (i.e., host-guest) ink hydrogel. Meanwhile, the self-
supporting structure was obtained by covalently crosslinking the
ink hydrogel and removing the non-covalent support hydrogel.
This system supported the patterning of multiple inks, cells, and
channels in 3D space.

A tough self-healing hydrogel was synthesized as cell
stimulators and implantable bioelectronics (Han et al., 2017). In
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the study, graphene oxide was partially converted to conductive
graphene through polydopamine reduction, and acrylamide
monomers were polymerized in situ to form the hydrogel
by interactions between graphene oxide, polydopamine,
and polyacrylamide. Meanwhile, the free catechol groups
on polydopamine imparted self-healing property and tissue
adhesion to the hydrogel via various non-covalent interactions.
The hydrogel could be used not only as an adhesive electrode
or motion sensor but also as an in vitro cell stimulator and
in vivo implantable intramuscular electrode. For example, the
hydrogel electrodes were implanted into the rabbit dorsal muscle
and connected to a signal detector using the transcutaneous
wires. The electrodes could record the electromyographic

signal when the rabbit was interfered with external
stimulation.
CONCLUSIONS

Self-healing hydrogels can be classified as robust and soft
hydrogels according to mechanical properties in biomedical
applications. Robust self-healing hydrogels are used as soft
robots (such as implantable or wearable biosensors) with
extended lifetime and mechanical performance due to repairing
of the damages or fatigues. Soft self-healing hydrogels with
shear-thinning properties are used in cell/drug delivery and
3D printing due to injection through narrow needles and
retention at target sites. To facilitate biomedical applications in
the future, self-healing hydrogels need to address several major
concerns including (1) designing self-healing hydrogels with
good biocompatibility and appropriate mechanical properties;
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A common problem existing in wound dressing is to integrate the properties of against
water erosion while maintaining a high water-uptake capacity. To tackle this issue, we
imbedded one layer of hydrogel nanofibrous mat into two hydrophobic nanofibrous
mats, thereafter, the sandwich structural membrane (SSM) was obtained. Particularly,
SSM is composed of three individual nanofibrous layers which were fabricated through
sequential electrospinning technology, including two polyurethane/antibacterial agent
layers, and one middle gelatin/rutin layer. The obtained SSM is characterized in terms
of morphology, component, mechanical, and functional performance. In addition to
the satisfactory antibacterial activity against Staphylococcus aureus and Escherichia
coli, and antioxidant property upon scavenging DPPH free radicals, the obtained
SSM also shows a desirable thermally regulated water vapor transmission rate. More
importantly, such SSM can be mechanically stable and keep its intact morphology
without appearance damage while showing a high water-absorption ratio. Therefore, the
prepared sandwich structural membrane with hydrogel nanofibrous mat as inner layer
can be expected as a novel wound dressing.

Keywords: sandwich structure, hydrogel nanofibrous mat, antibacterial activity, antioxidant activity, wound
dressing application

INTRODUCTION

Hydrogel-based wound dressings are effective materials for the treatment of chronic wound due
to the excellent exudates absorption and retaining properties, which allow them to modulate the
fluid balance at the site of wound bed and maintain an microenvironment close to that present in
native tissue (Fan et al., 2014; Sun et al.,, 2017; Zhao et al., 2017). Currently, most hydrogels are
synthesized in terms of film, powder, particle and bulk 3D constructs. However, some drawbacks
existing in those types of hydrogels when applying them as wound dressing materials, such as low
gas and liquid permeation, insufficient surface area, poor structural integration (Ravichandran
et al,, 2014; Chen et al, 2015; Sun et al, 2017). Recently, hydrogel nanofibrous mats which
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can combine the advantages of both nanofibers and hydrogels
have received increasing attention due to their desirable
gas/liquid permeability, high surface area, highly porous
structure, and excellent water uptake capacity(Brunelle et al.,
2017; Sun et al., 2017; Zhao et al., 2017).

Electrospinning is an efficient and versatile technique to
produce diversified nanofibers, and hundreds of polymers and
their composites have been successfully processed into fibrous
structure through electrospinning (Lin et al., 2012; Valizadeh and
Mussa, 2014; Ahmed et al., 2015). Recently, several electrospun
hydrogel nanofibrous mats, e.g., poly(vinylalcohol) (Bhowmick
and Koul, 2016; Oh et al., 2016), Poly-(N-vinyl-2-pyrrolidone)
(Kurniawan et al., 2016), poly(acrylic acid)-silica (Wang et al.,
2016), poly(N-isopropylacrylamide) (Wen et al., 2015; Yao et al,,
2015) have been reported, and the obtained hydrogel nanofibrous
mats were mostly proposed to be applied as wound dressing
and tissue scaffold. Nevertheless, the maintenance of intact
hydrogel nanofibrous structure should be further improved
during the functions performing due to the intrinsic poor
mechanical stability (Fan et al., 2014; Gonzalez et al., 2014;
Wang et al,, 2015; Wu et al, 2017), thus additional bottom
and top protection barriers for hydrogel nanofibrous layer are
necessary (Xia et al., 2015; Kim et al., 2017). Regarding the wound
dressing application, susceptible to water erosion and bacterial
infection are fatal for wound healing, the membranes possessing
two hydrophobic surfaces and one inner hydrophilic layer
have greatly promising prospects in wound dressing application
accordingly, while each layer can have and perform its own
function separately, such as antibacterial property, high water
uptake capacity, water resistance against erosion (Fan et al,
2014; Xu et al, 2015; Zhao et al, 2017). In other words,
sandwich structure may be an ideal candidate for wound dressing
fabrication. However, the conventional electrospun nanofibrous
membrane is single layer or double layers. Obviously, the former
type has the same wettability for its both surfaces, and the
problem of relatively low adhesive force between two individual
layers exists in latter type (Tan et al., 2015¢; Trinca et al., 2017).
Therefore, the fabrication of sandwich structural membrane with
hydrogel nanofibrous mat may address the above concerns.

Both electrospun polyurethane and gelatin are popular
materials for wound dressings application (Li et al., 2016; Resmi
et al., 2016; Sahraro et al., 2016; Nian et al., 2018). Polyurethane
(PU) currently is one of the most widely applied synthetic
polymers. Compared with conventional polymers, PU possesses
comprehensive excellent performances on following aspects,
including hydrophobic property, easy preparation, recyclability,
and good mechanical features, such as the stretching capability
and elasticity (Janik and Marzec, 2015; Kucinska-Lipka et al.,
2015); Gelatin (GE) is a natural protein which is derived from
the partial and irreversible hydrolysis of collagen, and it also
has been extensively employed as a hydrogel polymer (Zhao
et al,, 2015, 2018), but the poor intrinsic mechanical property of
gelatin hinders its application, and the primary way to exert the
functions of gelatin is to combine with other polymers (Tan et al.,
2015¢; Feng et al., 2016; Trinca et al., 2017).

Herein, we put forward the concept of fabricating one
novel sandwich structural membrane (SSM) consisting of

two hydrophobic electrospun PU layers as bottom and top
surfaces, respectively, and one hydrophilic inner layer of gelatin
hydrogel nanofibrous mat. Additionally, in order to accelerate
the potential wound healing process, both antibacterial activity
and free radicals scavenging capacity are introduced into such
SSM. We demonstrate that the facilely fabricated SSM shows
good performance on antibacterial activity, antioxidant property,
water vapor transmission rate, mechanical and water uptake
capacity. Therefore, the fabricated SSM in this study can be highly
recommended as an ideal cover dressing for promoting wound
healing.

MATERIALS AND METHODS

Materials

Polyurethane and antibacterial agent N-halamine (N-chloro-
2,2,6,6-tetramethyl-4-piperidinyl,  Ca) synthesized
according to the previous reports, and the synthesis information
of Ca is presented in Figure S1 (Tan et al., 2015a; Dong et al.,
2017). Rutin was purchased from Shanghai Aladdin Biochemical
Polytron Technologies Inc.; Gelatin (Type A) from porcine skin
was purchased from Sigma Aldrich. N, N-dimethylacetamide
(DMAc) and other solvents were purchased from Chengdu
Kelong reagent company and used directly without further
purification. Dehydrated polycaprolactone diol (PCL, Mn =
4,000 g/mol) was obtained from Perstop U.K. Ltd (United
Kindom). 4,4-methylene bis(phenylisocyanate) (MDI), 1,4-
Butanediol (BDO) and dibutyltin dilaurate (DBTDL) were
purchased from Sigma Aldrich (Unnithan et al., 2015).

were

Synthesis of Polyurethane

The applied polyurethane used for electrospinning in this study
was synthesized according to our previous method. In particular,
the obtained PU composed of PCL, MDI, and chain extender
BDO. The reaction to prepare prepolymer was conducted in a
1,000 mL conical flask equipped with a mechanical stirrer. PCL
(~492 g) mixed with MDI (~24 g) for 2h at 80°C, and followed
by the chain extension reaction with BDO (~100 g) for another
2h under same temperature. The whole isocyanate group content
was excessive by 3 mol%, and the hard segment content is around
20%. All the chemicals used in the synthesis process should be
dehydrated with 4 A molecular sieves in advance (Tan et al.,
2015a).

Preparation of Gelatin-Rutin (GE-R) and
Polyurethane-Antibacterial Agent (PU-Ca)

Solution

Firstly, 24 wt% gelatin solution was prepared by dissolving gelatin
powder into a binary solvent consisting of water and formic
acid with the mass ratio of 8:2 accordingly and the homogenous
solution was obtained after stirring at room temperature for
3 h; Thereafter, a calculated amount of rutin powder (10 wt%
of gelatin) was added to the solution for another 2h stirring
under the same condition. Similarly, PU-Ca dissolved in DMAc
was prepared under constant stirring at 80°C for 4h, the
concentration of PU was fixed at 20 wt%, and the ratio of Ca was
10 wt% of PU content.
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Fabrication of Electrospun Sandwich
Structural Membrane (SSM)

SSM was prepared using a manual assembly electrospinning
system. The bottom and top layers were fabricated by spinning
PU-Ca solution, and the inner hydrogel nanofibrous layer was
made from GE-R solution, two voltage gradients of around
1.0 and 1.8 kV/cm were applied for PU-Ca solution and
GE-R solution, respectively, and the feeding rate of 1 mL/h
was fixed during electrospinning process under an ambient
condition (Relative humidity = 50 £ 5%, Working temperature
= 22~26°C). In the course of spinning process, we controlled
the thickness of the electrospun membrane through feeding

ratio, spinning time and the width for nanofiber collection,
and the thickness was measured with the aid of a micrometer
(Mitutoyo, Japan). The PU-Ca/GE-R/PU-Ca sandwich structure
was constructed through sequential electrospinning. In our
study, two SSMs were prepared by adjusting the thickness ratio
among the three layers, particularly including 1:4:1 and 2:2:2, and
we named such two SSMs in short as “SSM141” and “SSM222,
respectively. In addition, the PU-Ca and GE-R nanofibrous mats
were prepared as comparisons. SSM141, SSM222, and GE-R
nanofibrous mats were crosslinked by saturated glutaraldehyde
vapor for 15 min and followed by placing in a vacuum desiccator
to remove residual crosslinker.
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FIGURE 1 | Surface images and fibers diameter distribution (ImageJ) of GE-R (A,C), and PU-Ca (B,D), and cross-sectional images of SSM141 (E), and SSM222 (F).
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Characterizations

The surface and cross-section morphologies of nanofibrous
mats were characterized by scanning electron microscope (SEM,
Hitachi SU3500, Japan), and all specimens were sputter-coated
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FIGURE 2 | FT-IR spectrum of each component of SSM.

with gold for 20s before observation. Nanofiber diameter
distribution was determined by measuring the diameters of 100
randomly selected nanofibers in SEM images with the aid of
Image] software; The chemical structure and conformation of
nanofibrous mats were analyzed by attenuated total reflectance
model based Fourier transform infrared (ATR-FTIR, Tracer-100,
Japan) spectroscopy in the range of 650-4,000 cm~! at room
temperature; Thermal decomposition behavior was investigated
by thermogravimetric analysis (DTG-60, Shimadzu, Japan) with
a heating scan from 30 to 800°C, and the flow rate of nitrogen gas
was fixed at 50 mL/min; Mechanical properties was investigated
using an electronic single yarn strength meter (YMO061,China).
The width of specimens employed was 3 mm and the distance
between two clamps was 20 mm, the stretching speed was 10
mm/min, and each sample was measured at least 10 times, the
average values of breaking force (cN) and elongation at break
(%) were recorded; Water contact angle (WCA) of the fabricated
membranes surface was measured through a contact angle tester
(Harke-SPCAX1, China) using the sessile drop method, and at
least five individual values were collected and averaged.

Water-Absorption Ratio and Water Vapor

Transmission Rate (WVTR) Investigation
WAR was evaluated by immersing samples in PBS buffer (pH
= 7.4) for 12h, and then weighted them after removing the
surface water using wiping paper; WVTR was determined based
on evaporation of water vapor through the testing nanofibrous
mats under the temperature of 21 and 37°C with a continuous
% RH, including 35, 55, and 75%. WVTR was monitored by
measuring the weight loss (mg) of the cups by functions of unit
area (cm?) and time (h), the cups without samples were applied
as comparisons. Tests of both WAR and WVTR were performed
in triplicate.

Antibacterial Activity Assessment

Antibacterial activity of SSM against Staphylococcus aureus and
Escherichia coli was investigated based on agar disk diffusion
susceptibility. The samples were cut into discs with the size of
1.5%1.5 cm?, and sterilized by ultraviolet irradiation 15 min for
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FIGURE 3 | Thermal decomposition (A) and DTG (B) curves of different electrospun membranes.
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both surfaces separately in a laminar flow hood. Gram-negative
E. coliand Gram positive S. aureus were selected as representative
bacteria and were cultivated overnight in an incubator, and the
sterilized samples were placed on the surface of agar plates coated
with the E. coli and S. aureus already diluted by PBS buffer.
Subsequently, the plates were incubated at 37°C overnight, and
then inhibition zones were observed and photographed.

DPPH Radical Scavenging Activity
The antioxidant activity of SSM were determined according
to 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical-scavenging
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—— SSM222
—— GE-R
80 | ——PU-Ca
z
L
@
£60F
=
=
o0
£
Z401
<
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20
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FIGURE 4 | Stress-strain curves of different membranes.

TABLE 1 | The average tensile strength, thickness, elongation at break of different
membranes.

Sample Membrane Breaking Elongation at
thickness/pm force/cN break/%
GE-R 47.40 + 0.89 32.66 +£ 0.19 3.89 £ 0.88
SSM141 47.60 + 1.58 60.36 + 1.51 29.6 + 4.67
SSM222 49.20 + 1.22 95.57 + 4.44 99.22 +6.05
PU-Ca 48.40 + 1.58 98.67 + 0.40 140.60 + 4.57

assays. Specifically, a piece of nanofibrous mat with the size of
1.5%1.5 cm? was immersed in 4 mL DPPH ethanol solution (1.5
mg/mL), scavenging activity assay was carried out by recording
the absorbance at 516 nm of DPPH solution at six specific time
points, including 2, 4, 8, 16, 32, and 64 min after the mixture
reaction, and the lower average absorbance value indicates better
antioxidant activity.

RESULTS AND DISCUSSION
Morphological Analysis

SEM images of surface and cross-section of electrospun
nanofibrous membranes are presented in Figure 1. Firstly, all the
as-fabricated nanofibrous mats show desirable fiber morphology
and size homogeneity without beads (Figures 1A-D), while slow
evaporation of DMAc, bending deformation, entanglement of the
nanofibers and resulted in the compacted homogenous structure
(Figure 1B), and the average diameter of GE-R and PU-Ca are
127 and 131 nm, respectively. Secondly, the obvious sandwich
structure can be observed, and the distinct boundary exists
between the adjacent two layers, while interconnected porous
structure due to the entanglement of nanofibers are visible from
the cross-sectional sites (Figures 1E,F). Unlike the conventional
bilayered nanofibrous mats, such kind of sandwich structure
can ensure the integration of nanofibrous membrane during the
application, in other words, under the protection of bottom and
top layers which are hydrophobic and materials-homogenous,
such SSM can prevent the mutual stripping, collapse and effusion
under the circumstance of water erosion or others. Additionally,
the highly porous structure is highly beneficial to the circulation
of oxygen gas and water vapor. More importantly, the wound
exudates can freely access to the inner hydrogel nanofibrous layer
through the porous pathway and stay inside the layer up to the
saturated absorption.

FT-IR Characterization and Thermal

Property Investigation
As shown in Figure 2, the typical strong peaks of relevant
bonds indicate the blending and electrospinning process did

' 108.50+3.99°

FIGURE 5 | Water contact angle images of different membranes PU-Ca (A) and GE-R (B).

l 58.08+2.76°
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FIGURE 6 | WAR of different electrospun membranes under ambient
condition.

not influence the structure of each component. Particularly, it
can be clearly observed that the characteristic peak at ~1,642
cm ™! represents the C=0 stretching vibration of peptide bonds
in the backbone of gelatin, and the peak at ~1,536 cm™!
corresponds to the N-H bending and C-N stretching vibration;
Additionally, the sharp peaks at ~1,722 cm~! and broad peak
at 2,942 cm™! can be ascribed to C=O stretching vibration
of urethane groups and stretching vibration of -NH and -
OH groups of PU, respectively (Tan et al., 2015b). After they
blended with rutin or antibacterial agent Ca, and even after
the formation of SSM, the above typical peaks did not shift,
thus, it can be concluded that all the components maintain
their own native structure after the physical blending and
electrospinning.

The thermal decomposition behavior was also studied, and
the decomposition curves are shown in Figure 3, Figures S2A,B.
Regarding the semi-decomposition temperature (SDT) and
maximum decomposition temperatures (MDT), 167, 374, 396°C
and 181, 382, 408°C are recorded for Ca, PU-Ca, and PU,
that means the thermal stability of PU decreases over 20°C
after blending with Ca; In contrast, the stability of gelatin was
significantly improved after blending with rutin in terms of SDT
and MDT, e.g. the MDT of GE-R reach to 326°C, while only
276°C was recorded for the MDT of gelatin (Figures S2C,D).
Additionally, from Figures 3A,B, both SSMs shows desirable
thermal stability with near 400°C of SDT and above 400°C
of MDT. In addition, there is no obvious difference between
SSM141 and SSM222 in terms of SDT and MDT, indicating
that the change of the thickness ratio of each layer has little
influence on the thermal stability of the sandwich structural
nanofibrous membranes, and such desirable thermal stability
can endow the possible thermal sterilization of SSM before
use.

Mechanical Properties

A certain mechanical strength can cater to the motorial
behavior of skin, while weak mechanical strength may cause
the collapse of wound dressings and then fail to protect

the wound bed. Figure4 shows the representative stress-
strain curves of different electrospun membranes. In this
study, breaking force and elongation were recorded to evaluate
the mechanical properties, and the data were summarized
in Table1. Obviously, GE-R has the lowest breaking force
(~33 cN) as well as the breaking elongation (~4.0%), thus
gelatin in combination with other polymers, e.g., PU, for
wound dressing application is preferable. From the testing
results, SSMs show much better mechanical property compared
with that of GE-R electrospun membrane, the reason can be
mainly attributed to the presence of PU-Ca layers, and higher
composition ratio of PU-Ca endows SSM better mechanical
property, i.e., SSM222 have desirable breaking force of around
96 cN and elongation of around 99%. Thus, the obtained SSM
can withstand the mechanical deformation resulted from the
motorial behavior.

Surface Wettability

Surface wettability is an important property for wound dressing
which can influence not only the biological response but the
defense performance against water erosion. Figure 5 shows the
WCA values of two individual layer surfaces which consist the
final SSMs, and the layer of PU-Ca is hydrophobic with a
WCA value of 108.50 & 3.99°, while the hydrogel nanofibrous
layer of GE-R exhibits relative hydrophilic with a WCA value
of 58.08 £ 0.76°. The WCA values of SSM141 and SSM222
were shown in Figure S3, and they have little difference with
pristine PU-Ca layer, indicating that the inner layer of the
hydrogel nanofiber has no significant effect on the surface
wettability of SSM. Consequently, the bottom and top layers of
the fabricated SSMs can effectively defense the water or wound
fluids erosion and keep the structural integrity of SSMs during the
application, and the inner hydrogel nanofibrous layer can absorb
the wound fluids which can freely access through the nanofibrous
pathway.

WAR and WVTR Study

Both WAR and WVTR are critical factors for the wound
management, and both of them play their own role separately
and synergistically. Particularly, WAR is applied to evaluate
the exudates retaining capacity of the wound dressing,
and WVTR will influence the wounds dehydration or
accumulation of exudates. In virtue of desirable WAR and
WVTR, an ideal moisture microenvironment will exist around
the site of wound bed, thus promote the wound healing
process.

WAR and WVTR are calculated according to following
Equation (1) and Equation (2). In Equation (1), W represents
the weight after the suction, and Wy represents the original
weight of the sample.

W; —

w
WAR(%) = % % 100% 1)

0

WVTR(mg.cmfz.hfl) =
Water weight change (mg)

2

Exposure area (cm?) x exposure time(h)
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TABLE 2 | WVTR and WAR of different electrospun membranes.

Samples  Thickness (j.m) WVTR/21°C (mg/cm2.h~1) WVTR/37°C (mg/cm?2.h~1) WAR(%)
Humidity(%) Humidity(%)
35% 55% 75% 35% 55% 75%
GE-R 47.40 £+ 0.89 6.59 £ 0.17 4.86 £ 0.13 3.08 £ 0.03 18.09 £+ 0.21 14.67 £ 0.02 9.84 + 0.07 659.32 + 32.15
SSM141 47.60 + 1.58 6.62 £ 0.12 4.86 + 0.05 3.10 £ 0.02 18.28 £ 0.09 156.51 £ 0.09 10.08 + 0.09 282.49 £ 2.83
SSM222 49.20 +£1.22 7.30 &+ 0.005 5.26 + 0.06 3.15 + 0.03 19.13 £ 0.04 15.63 £ 0.04 10.10 £ 0.15 118.8600.50
PU-Ca 48.60 + 1.58 7.35 4+ 0.03 5.34 + 0.01 3.18 £ 0.02 19.22 £ 0.03 15.86 + 0.04 10.11 £0.17 56.11 + 3.20
Control NA 8.80 £ 0.16 6.12 + 0.07 3.8+ 0.07 2323+0.26  20.33+0.55 13.10 £ 0.22 NA
A 100y B 10
N O i g 85.29+1.20
i, Rt TS
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FIGURE 8 | Antioxidant performance of different electrospun membranes. (A) Scavenging rate-time curve of different membranes; (B) Scavenging rate histogram of
different membranes.

The thickness of the obtained nanofibrous membranes are
around 50 pm. As shown in Figure 6, the WAR values of PU-
Ca, SSM222, SSM141, and GE-R are around 56, 119, 282,
and 659%, respectively. The WAR of SSM222 and SSM141
increased by 2 and 5 times higher than that of PU-Ca membrane,
which indicates the incorporation of hydrogel nanofibrous mat
can significantly increase the WAR, and the thicker of GE-
R layer incorporated in such sandwich structural membrane
renders higher WAR owning to the intrinsic hygroscopicity of
gelatin. Therefore, the accumulation of exudates around the
wound beds can be avoided and the risk of potential bacteria
infection will be reduced. Whatever normal skin or injured
skin, body fluid will evaporate through the micropores of skin,

while the injured skin normally shows higher WVTR of 1.16-
21.41 mg.cm~2.h~! compared to that of normal skin (Saeed et al.,
2017). Thus, porous structure with suitable WVTR of wound
dressing is essential and required. Figure 7 and Figure S$4 show
the successive recorded WVTR values of different electrospun
membranes under different temperature and humidity. It can be
clearly seen that the WVTR values for all electrospun membranes
reasonably increase with temperature increasing under constant
humidity, while WVTR decreases with increasing the ambient
humidity. From Table 2, all WVTR values of SSMs, lowest value
of 3.10 & 0.02 mg/cm®.h~! and the highest value of 19.13 &
0.04 mg/cm?.h™!, are within the body fluids evaporation range of
injured skin, which can indicate that the fabricated SSM can meet
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against S. aureus (C) and E. coli (F) as the comparisons.

FIGURE 9 | Antibacterial activity investigation results. SSM141against S. aureus (A) and E. coli (D). SSM222 against S. aureus (B) and E. coli (E), and pristine PU

the requirement on managing the wound fluids as a qualified
wound dressing.

Antioxidant Property

Antioxidant property of the fabricated sandwich structural
membrane was evaluated in term of the capacity on
scavenging free radicals, and the scavenging ratio of DPPH
free radicals (SRDPPH) was calculated according to the
following Equation (3):

Ao — A
% % 100% (3)

0

SRDPPH(%) =

Where A is the original absorbance of DPPH, A; is the
absorbance of the DPPH at the specific measuring time.
Antioxidant property refers to the ability of scavenging free
radicals, and it should be a crucial property for wound
dressing which can protect human skin or wound bed from
free radicals damage. Antioxidant performance was monitored
through measuring the absorbance of DPPH-contained solution
at 516 nm, which was also accompanied by a color change from
deep purple to yellow. Figure 8 demonstrates the antioxidant
activity of SSM prepared with different contents of rutin, and
higher content of rutin renders the higher SRDPPH, that means

higher content of GE-R layer can be incorporated to prepare
SSM with better antioxidant performance. In addition, the
SRDPPH was recorded by the function of time (Figure 8B),
and the slope of the curve can reflect the scavenging rate
of DPPH free radicals. We can clearly observe that the
oxidant performance of all the samples include one initial
fast SRDPPH stage with a sharp slope and one slower stage.
In other words, the electrospun membranes can initially
scavenge the DPPH free radicals quickly then reach a plateau
gradually.

Antibacterial Activity

Antibacterial activity is essential to a qualified wound dressing,
that’s because a longer healing process will be required once
the wound bed is infected by bacteria. Figure9 shows the
antibacterial activity of two SSMs against E. coli and S. aureus.
Compared with the pristine PU membrane, PU-Ca (Figure S5),
SSM141 and SSM222 have satisfactory antibacterial activity
by the evidence of obvious inhibition zones. In addition, we
observed that the inhibition zones against E. coli is slightly
larger than those against S. aureus, the possible reason can be
attributed to the thicker cell wall of the Gram-positive negative
bacteria, and thus the encapsulated antibacterial monomer
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N-halamine (Ca) can more effectively kill the Gram-negative
bacteria.

CONCLUSION

In this study, we have successfully fabricated a novel type of
electrospun SSM with a hydrogel nanofibrous mat as the inner
layer through lay-by-layer deposition. The obtained SSM has
two hydrophobic surfaces (PU-Ca) which can prevent the water
erosion, and simultaneously has a high water-uptake capacity
because of the hydrophilic hydrogel nanofibrous layer (GE-R),
thus the structural integrity can be effectively maintained during
the application. Additionally, the SSM also displays favorable
antibacterial activity against E. coli and S. aureus, antioxidant
activity in terms of scavenging capacity of DPPH free radicals,
and a desirable thermally regulated WVTR. More importantly,
the functions and properties can be highly adjusted owing to the
nanofibrous sandwich structure, and the incorporated functions
can be also performed individually, such as the thickness of inner
hydrogel nanofibrous layer, wettability of each layer, mechanical
strength and antioxidant period. We believe that such type of
SSM can work competently as a wound dressing, and more
functional SSMs can be prepared based on this concept.
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Hydrogels are three-dimensional cross-linked polymer networks which can absorb
and retain large amount of water. As representative soft materials with tunable
chemical, physical and biological properties, hydrogels with different functions have
been developed and utilized in a broad range of applications, from tissue engineering
to soft robotics. However, conventional hydrogels usually suffer from weak mechanical
properties and they are easily deformed or damaged when they are subjected to
mechanical forces. The accumulation of the damage may lead to the permanent
structural change and the loss of the functional properties of the hydrogels. Therefore,
it is important to develop mechanically robust hydrogels with autonomous self-healing
property in order to extend their lifespan for various applications. In this mini review,
we focus on the discussion about the appropriate molecular design of the hydrogel
network for achieving self-healing and excellent mechanical properties, respectively as
well as the corresponding self-healing and toughening mechanisms. We conclude with
perspectives on the remaining challenges in the field as well as the recommendations for
future development.

Keywords: hydrogels, synthesis, self-healing, tough hydrogels, functional hydrogels

INTRODUCTION

Hydrogels are three-dimensional networks consisting of cross-linked polymer chains, which form
matrices with high water content (Annabi et al., 2014). Over the past few years, significant progress
has been achieved in the development of functional hydrogels with tunable chemical, physical
and biological properties for various applications, including tissue engineering (Eke et al., 2017;
Wang J. et al., 2017), controlled drug delivery systems (Zhang et al., 2011; Chen et al., 2018),
sensors and actuators (Lei et al., 2017; Yuk et al., 2017), soft electronics (Lin et al., 2016; Cai et al.,
2017), etc. However, conventional hydrogels usually suffer from poor mechanical properties and are
easily deformed or damaged when they are subjected to mechanical forces. The propagation and
accumulation of the damage would affect the integrity of the hydrogels and cause the loss of the
functionalities, which may limit the lifespan of the hydrogels. Therefore, it is desirable to develop
mechanically robust hydrogels possessing the self-healing capability in order to not only prolong
the life-time of the materials but also increase the durability and the reliability of the hydrogels in
certain applications by avoiding accumulation of cracks or damages (Graphical Abstract).
Self-healing hydrogels are the hydrogels which can automatically heal damages and restore
themselves to normality without the intervention of an external stimuli (Taylor and In Het Panhuis,
2016). Based on different self-healing mechanisms, the self-healing hydrogels can be divided into
two categories, chemically and physically self-healing hydrogels. Different design strategies can
be employed for fabricating hydrogels with self-healing ability. Chemically self-healing hydrogels
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reform the network through dynamic covalent bonds
or reversible chemical reactions, commonly including
phenylboronic ester bonds (Wang et al., 2016; Guo et al,
2017), dynamic imine bonds (dynamic Schiff base) (Zhao
et al., 2017; Liu et al, 2018), disulfide bonds (Yang X. et al,
2017; Yu et al., 2017), reversible radical reaction (Ida et al.,
2016), Diels-Alder reaction (Shao et al., 2017), etc. Physically
self-healing hydrogels re-establish the structure through
dynamic non-covalent interactions such as hydrogen bonding
(Ren et al, 2017), hydrophobic interaction (Xiong et al,
2017), host-guest interaction (Zhang M. et al, 2012), metal-
coordination (Andersen et al, 2018), or a combination of
multiple intermolecular interactions (Liao et al., 2017; Shao et al.,
2018). For both types of self-healing hydrogels, special functional
groups are required to be incorporated into the polymer chains
for desirable chemical reactions or physical interactions, which
mediate the self-healing process, to occur in the damaged region.

Conventional hydrogels are considered to be mechanically
weak (toughness <10] m™2), which limits certain applications
such as tissue engineering (cartilages or tendon), since these
tissues are natural hydrogels possessing high toughness (1,000
m~2) and high tensile strength (30 MPa) (Taylor and In
Het Panhuis, 2016). The brittleness (low toughness) of the
conventional hydrogels comes from two reasons. Conventionally,
hydrogels are synthesized by free radical polymerization of water-
soluble monomers and cross-linkers. Due to the difference in
reactivity between the reagents, highly random (heterogeneous)
cross-linked network is typically produced. The heterogeneity
will lead to uneven stress distribution and stress localization
when the hydrogel experiences force loading, which accounts
for the brittleness (Naficy et al., 2011). Besides, the conventional
hydrogels lack of mechanisms which allow the mechanical energy
to be dissipated through the hydrogel upon force loading, which
is another reason for the brittleness (Chung et al., 2017). It
is generally agreed that the hydrogels with tensile strength
of 0.1-1 MPa and fracture energy of 102-10° ] m~2 can be
considered as tough hydrogels (Chen et al., 2016). To improve
the mechanical properties of the conventional hydrogels, one
can either increase the homogeneity of the cross-linked network

[tetra-PEG hydrogels (Ishii et al., 2017; Yang N. et al., 2017),
radiation cross-lined hydrogels (Xu et al., 2018)] or design the
hydrogels with special structure (double network (DN) hydrogels
(Lietal,2016; Liu and Li, 2016), nanocomposite hydrogels (Jiang
etal., 2017; Qin et al., 2017)etc., which allows mechanical energy
to be dissipated through the hydrogel.

In this mini-review, we briefly discuss different design
strategies for developing self-healing and tough hydrogels,
respectively. Examples from recent literature will be illustrated
accordingly. Finally, we conclude with a perspective on
remaining challenges in the field and the recommendations for
future development.

DESIGN STRATEGIES FOR SELF-HEALING
HYDROGELS

Chemically Self-Healing Hydrogels

In conventional hydrogels, the polymer networks are usually
cross-linked by covalent bonds which are irreversible and too
stable for dynamic chemistry to occur for self-healing (Wei
et al, 2014). The chemically self-healing hydrogels reform
the network through dynamic covalent bonds or reversible
chemical reactions, typically including phenylboronic ester
bonds, dynamic imine bonds (dynamic Schiff base), disulfide
bonds, reversible radical reaction, Diels-Alder reaction, etc.
(Figure 1A).

Phenylboronic Ester Complexation

Phenylboronic ester is the dynamic complex formed based on
boronic acid-diol interaction. The dynamic nature (self-healing
ability) of the complexation strongly depends on the pK,value of
various phenylboronic acids. Langer et al. reported an injectable
self-healing glucose-responsive hydrogel which was constructed
by phenylboronic acid-terminated four-armed poly(ethylene
glycol) (PEG) and diol-terminated four-armed PEG (Yesilyurt
et al,, 2016). It was found that the self-healing behavior and the
mechanical property of the hydrogels are closely associated with
the pK,value of the terminal phenylboronic acid group. When
the hydrogel was formed at pH greater than the pK,value of
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FIGURE 1 | Different strategies for designing self-healing hydrogels. (A) Chemically self-healing mechanisms, including phenylboronic ester complexation, dynamic
imine bond (dynamic Schiff base), disulfide bond, Diels-Alder reaction and reversible radical reaction, (B) Physically self-healing mechanisms, including hydrogen
bond, hydrophobic interaction, host-guest interaction and multiple intermolecular interactions.

the terminal phenylboronic acid group, the gel was rigid and  polymer chains. Schiller et al. determined binding constants
brittle and the self-healing ability was found to decrease with  between phenylboronic acid and different polysaccharides with
increasing the pH. However, when the hydrogel was formed  different diol conformations (Axthelm et al., 2017). It was found
around the pK, value of the terminal phenylboronic acid group,  that phenylboronic acid has a higher affinity for the cis-diol
the hydrogels showed excellent self-healing ability. When the  groups than that for the trans-diol groups. Therefore, the self-
pH is below the pK, value, there is no gel formation observed.  healing ability of the hydrogel is expected to be enhanced when
The stability (self-healing ability) of phenylboronic ester complex  cis-diol is incorporated into the polymers used to construct
also depends on the conformation of the diol groups in the  hydrogel network since the boron-cis-diol complexation is more

Frontiers in Chemistry | www.frontiersin.org 57 October 2018 | Volume 6 | Article 497


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Wang et al.

Self-Healing Tough Hydrogels

thermodynamically stable and more likely to be reformed after
being destructed. The self-healing hydrogels which based on
phenylboronic ester complexation have been applied to a wide
range of biomedical applications. Narain et al. developed a series
of self-healing hydrogels for applications such as glucose sensing
(Kotsuchibashi et al., 2013), drug delivery (Chen et al., 2018) and
3D cell cultivation (Wang et al., 2016).

Dynamic Imine Bond (Schiff Base)

Dynamic imine bonds (dynamic Schiff base) are formed between
the aldehyde groups and the primary amine groups. Wei et al.
reported a series of self-healing hydrogels based on dynamic
Schiff base during the past few years (Zhang et al., 2011; Tseng
etal., 2015; Hsieh et al., 2017; Yang X. et al., 2017; Zhang Y. et al.,
2017). In most of their work, a benzaldehyde-difunctionalized
poly(ethylene glycol) (DF-PEG) was synthesized. Self-healing
hydrogels with different properties and applications can be
constructed by simply mixing the DF-PEG solution with either
natural polymer solutions or synthetic polymer solutions such
as glycol chitosan solution (Zhang et al., 2011), amine-modified
carboxyethyl cellulose solution (Yang X. et al, 2017), etc.
Such self-healing hydrogels can be used in wide biomedical
applications such as 3D cell cultivation (Zhang Y. et al., 2017),
controlled release of biomolecules (Zhang et al., 2011), blood
capillary formation (Hsich et al., 2017), central nervous system
repair (Tseng et al, 2015), etc. Guo et al. also developed
self-healing hydrogels which employs dynamic Schift base for
biomedical applications such as cutaneous wound healing (Zhao
et al, 2017), cell delivery carrier for cardiac cell therapy
(Dong et al.,, 2016) and drug delivery carrier for hepatocellular
carcinoma therapy (Qu et al, 2017). Interestingly, similar to
the phenylboronic ester complex, the self-healing ability of the
hydrogels based on dynamic Schiff base is also pH dependent.
Therefore, appropriate pH condition needs to be met when
constructing the hydrogel with desirable self-healing property.

Disulfide Bond

Disulfide bond is another dynamic covalent bond which is often
adopted to make the hydrogel self-healable. The dynamic feature
of the disulfide bond is based on the thiol/disulfide exchange
reactions which are sensitive to heat, photo-irradiation and
mechanical stress. Waymouth et al. developed a self-healing
hydrogel which was constructed by an ABA triblock copolymer
(Zhang and Waymouth, 2017). The A-block of the polymer
contains pendent dithiolane groups which can be cross-linked
through reversible ring opening polymerization induced by
disulfide exchange reactions between the 1,2-dithiolanes and
dithiols. The as-prepared hydrogel underwent reversible sol-gel
transition in the presence of external stimuli such as temperature
and pH. The hydrogel was able to restore itself after rheological
deformation up to a strain value of 800%. Such hydrogel is a
promising candidate for stimuli-responsive drug delivery. Wang
et al. developed a self-healing hydrogel coating which based on
disulfide bond with antibacterial and antifouling properties (Yang
etal,, 2015). The as-prepared hydrogel coating has great potential
as an effective and durable coating in long-term applications for
biomaterials.

Other Dynamic Chemical Bonds and Reactions
Diels-Alder reaction is one of the “click chemistry” which occurs
between a diene and a dienophile (Gregoritza et al, 2017;
Guaresti et al., 2018). Yang et al. reported a self-healable cellulose
nanocrystal-poly(ethylene glycol) (CNC-PEG) nanocomposite
hydrogel via Diels-Alder reaction. The hydrogel possessed both
excellent self-healing property and mechanical properties, which
can be potentially used for tissue engineering (Shao et al., 2017).
Chen et al. reported that the self-healing hydrogel based on Diels-
Alder reaction was completely self-healed after 7h (Wei et al,
2013). For the self-healing hydrogels based on the reversible
radical reaction, functional groups such as trithiocarbonate
(TTC) units (Amamoto et al., 2011), thiuramdisulfide (TDS)
units (Amamoto et al., 2012), etc., need to be integrated into the
polymer network. The reversible radical reaction can be triggered
by external stimuli such as photo irradiation for the hydrogels to
be self-healed (Wei et al., 2014).

Physically Self-Healing Hydrogels

This section focuses on designing physically self-healing
hydrogels based on dynamic non-covalent interactions,
including hydrogen bonds, hydrophobic interaction, host-guest
interaction and multiple intermolecular interactions (Figure 1B).

Hydrogen Bond

Hydrogen bonding is one of the most commonly used strategies
to construct physically self-healing hydrogels. Zhao et al.
prepared a poly(vinyl alcohol) (PVA) hydrogel through facile
freezing/thawing method (Zhang H. et al,, 2012). It was found
that the hydrogel showed excellent self-healing behavior only
when the polymer concentration is >35 wt %, which indicates
that sufficient number of hydroxyl groups are required to
promote the regeneration of enough hydrogen bonds across the
interface for the hydrogel to be self-healed. The conformation
of hydrogen bond donors and acceptors is another factor which
may affect the formation of hydrogen bonds and influence
the self-healing performance. Wang et al. designed a self-
healing hydrogel which contains ureido pyrimidinone (UPy)
moieties (Zhang G. et al, 2017). The UPy moieties can be
dimerized through quadruple hydrogen bonds. The hydrogel
showed excellent self-healing performance due to the multiple
hydrogen bonds formed in the network. Gu et al. prepared a self-
healing hydrogel which was formed through hydrogen bonding
between the cytosine (C) and guanosine (G) modified hyaluronic
acid (HA) (Ye et al,, 2017). The as-prepared hydrogel could be
applied for short-term injectable drug delivery, tissue engineering
and regenerative medicine.

Hydrophobic Interaction

Hydrophobic interaction serves as another strategy to
design physically self-healing hydrogels. In these hydrogels,
hydrophobic monomers are incorporated into the hydrogel
network together with the hydrophilic monomers. Hydrophobic
associations or hydrophobic domains will be formed within
the hydrogel through self-assemble. By carefully controlling
the hydrophobe content in the hydrogel, the resulting hydrogel
can be self-healed through strong hydrophobic interactions.
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Okay et al. reported several self-healing hydrogels which were
based on hydrophobic interactions and the resulting hydrogels
showed excellent self-healing properties (Tuncaboylu et al., 2011;
Mihajlovic et al., 2017). Owusu-Nkwantabisah et al. developed
a thermoresponsive self-healing hydrogel which incorporated
poly(N-isopropylacrylamide) (PNIPAM) nanogels (Owusu-
Nkwantabisah et al., 2017). The as-prepared hydrogel showed
rapid self-healing behavior through hydrophobic interaction
upon raising the temperature. Such hydrogel can be potentially
applied for temperature sensors, thermo-switchable windows in
biomedical applications.

Host-Guest Interaction

Host-guest interaction is one of the supramolecular interactions
which is also widely employed to construct physically self-
healing hydrogels. The interaction usually involves two or
more molecules forming complex through various dynamic
non-covalent interactions such as hydrogen bonds, electrostatic
interactions, van der Waals forces, etc., (Wei et al., 2014). Typical
examples of the host molecules including, cyclodextrin (CD)
(Loebel et al., 2017), cucurbituril (CB) (Xu et al., 2017), crown
ether (CE) (Zhang M. et al., 2012), etc., which have been used
to make self-healing hydrogels for different applications. The
internal cavity of these molecules allows them to accommodate
various guest molecules with different binding affinity (Nakahata
et al., 2011). Therefore, one should carefully choose the host-
guest pair since the self-healing ability strongly depends on the
binding affinity between the host and guest molecules. Guo
et al. developed several conductive self-healing hydrogels which
are based on host-guest interaction. Such hydrogels can be
potentially used for a wide range of biomedical applications
where electroactivity is in need such as bio sensors (Deng et al.,
2018) and carriers for therapeutic agents (Wu et al., 2014).

Multiple Intermolecular Interactions

In order to achieve shorter self-healing time and higher
self-healing efficiency, multiple intermolecular interactions are
employed to endow the hydrogel with self-healing property.
Mussel-inspired self-healing hydrogels are typical examples
which contain polydopamine (PDA) within their structure. PDA
based materials are well known for their remarkable adhesive
property through synergestic effect of various interactions
such as hydrogen bonds, metal-catechol coordination, cation—
T interactions, -7 interactions, etc., (Li et al., 2015b). Zeng
et al. reported several mussel-inspired self-healing hydrogels with
antifouling and antimicrobial properties (Li et al., 2015¢, 2017).
The hydrogels showed excellent self-healing performance and
such hydrogels have great potential in wound healing application.

DESIGN STRATEGIES FOR TOUGH
HYDROGELS

Homogeneous Tough Hydrogels

Tetra-PEG hydrogel is a typical example of homogeneous
hydrogels (Figure 2A). Sakai et al. did pioneering work on
developing tetra-PEG tough hydrogel (Sakai et al, 2008). In

o
<

Functional tetra-PEG Tetra-PEG hydrogel

B

1% network

2" petwork Double network (DN) hydrogel
Cc

Nanostructured materials

S

Polymer matrix Nanocomposite hydrogel

FIGURE 2 | Typical strategies for designing tough hydrogels. (A) Tetra-PEG
hydrogel, (B) double network hydrogel (DN hydrogel), (C) nanocomposite
hydrogel (NC hydrogel).

2008, the first tetra-PEG hydrogel was developed. Two tetra-
PEG macro-monomers with the same arm length and different
end group were synthesized. The hydrogel was fabricated by
simply mixing two tetra-PEG solutions to allow crosslinking
reactions between the end groups. The mechanical property
of the developed hydrogel was compared with that of agarose
gel and acrylamide gel by compression test. It was found that
tetra-PEG hydrogel prepared at 1:1 mole ratio of two macro-
monomers experienced the highest compression strength of ~2.5
MPa. The enhanced toughness of the hydrogel results from the
homogenously cross-linked network, which can not only avoid
stress concentration in certain regions but also allows the stress
to be distributed evenly (Naficy et al., 2011).

Homogeneously cross-linked hydrogels can also be fabricated
through radiation cross-linking method instead of chemical
cross-linking method. Wang et al. synthesized a polyacrylic
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acid (PAA) and polyacrylamide (PAAm) hydrogel throughy-
radiation-induced polymerization (Wang et al.,, 2011). It was
found that the mechanical property of the PAA-PAAm hydrogel
was superior to those produced by the classical chemical
polymerization using a crosslinking agent. This may be due
to the non-selective initiation effect of the monomers when a
high-energy irradiation source is in presence, which could lead
to a more homogeneous hydrogel network and improve the
mechanical properties of the hydrogel.

Double-Network Tough Hydrogels (DN
Hydrogels)

Double-network hydrogels (DN hydrogels) are considered as
one class of tough hydrogels which employ mechanical energy
dissipation mechanism (Figure 2B). The high strength and
toughness of the DN hydrogels are resulted from their unique
contrasting network structure and strong network entanglement
(Chen et al, 2016). The first network is often designed to
be tightly cross-linked and serves as the minor component
of the DN hydrogel. The second network is designed to be
loosely cross-linked and it is the major component of the DN
hydrogel (Gong, 2010). Gong et al. reported the first DN hydrogel
in 2003 (Gong et al., 2003), in which the poly(2-acrylamido-
2-methylpropanesulfonic acid)/poly(acrylamide) (PAMPS/PAM)
DN hydrogel showed fracture stress of 17.2 MPa which is
20 times higher than that of either PAMPS or PAM single
network hydrogel. Brown and Tanaka proposed the toughening
mechanism of the DN hydrogel (Brown, 2007; Tanaka, 2007).
During the fracture process, the tightly cross-linked PAMPS
network is firstly fragmented into micro-clusters and they
act as the cross-linking points which are able to hold and
stabilize the loosely cross-linked PAM network. The brittle
PAMPS network serves as the “sacrificial bonds” which allows
energy to be dissipated during the formation of the micro-
cracks. However, the largest disadvantage of the DN hydrogel
developed by Gong et al. is that the brittle PAMPS network is
irreversibly cross-linked and the fracture of the PAMPS network
is permanent. Such DN hydrogel will lose its toughness once
the first polymer network is ruptured. Later, Suo et al. reported
a DN hydrogel which composed of a dynamically cross-linked
alginate network based on the ionic interactions between Ca?™
and carboxylic groups (COOH™) on the alginate as the first
“sacrificial network” and a chemically cross-linked PAM network
as the second network (Sun et al., 2012). The DN hydrogel not
only showed superior mechanical property but also recovered
most of its mechanical properties after first force loading. Due
to the excellent mechanical properties, DN hydrogels attract
great interest in biomedical applications. Guo et al. developed
biocompatible functional hydrogels with excellent mechanical
properties for potential applications of tissue implantation (Li
etal., 2015a) and drug delivery (Zhao et al., 2014).

Nanocomposite Hydrogels (NC Hydrogels)

Nanocomposite  (NC  hydrogels) are the hydrogels
formed between nano-scaled materials and polymer chains
(Figure 2C). The concept of NC hydrogel was established by
Haraguchi and Takehisa (2002). In this work, they developed a

novel NC hydrogel which contains clay and poly(N-isopropyl
acrylamide) (PNIPAM) chains. The hydrogels was formed by
in-situ free radical polymerization of the NIPAM monomers in
well-dispersed clay aqueous solution without using chemical
cross-linkers. A mechanism was proposed for the hydrogel
formation: First, the initiator could bind to the surface of
clay through electrostatic interactions which allows polymer
chains to be grafted from the clay nanosheets. In addition, the
nucleophilic N(H)CO in PNIPAm chains could coordinate
with the Si on the clay. Therefore, the clay nanosheets can
act as multifunctional cross-linkers which allow multiple
polymer chains to be attached through various interactions. The
clay/PNIPAM NC hydrogels possessed excellent mechanical
properties with tensile stress of 0.109 MPa and elongation ratio
of 1,424%. The outstanding mechanical properties of the NC
hydrogel is due to the synergistic effect of the multiple reversible
intermolecular interactions between nanomaterials and polymer
chains for mechanical energy dissipation (Haraguchi, 2007) and
the homogeneity of the well-dispersed nanomaterials within the
hydrogel network for even distribution of stress (Chung et al.,
2017).

It is worth mentioning that through special design of NC
hydrogels, one can fabricate hydrogels with both outstanding
mechanical properties and excellent self-healing properties. Lu
et al. adopted mussel-inspired surface chemistry to modify
the surfaces of the nanomaterials with polydopamine (PDA)
and developed a series of tough self-healing NC hydrogels
for various applications such as reduced graphene oxide
(rGO)/polyacrylamide (PAM) NC hydrogels for implantable
bioelectronics (Han et al., 2017b), nanoclay/PAM NC hydrogels
for wound healing (Han et al., 2017a), carbon black nanoparticle
(CBNP)/PAM NC hydrogels for electricity conduction (Han
et al, 2017d), etc. With the modification of PDA, multiple
reversible intermolecular interactions from PDA are introduced
into the hydrogel system, which not only improve the mechanical
properties but also endow the hydrogel with self-healing
capability. Similarly, Shao et al. developed a tough self-healing
NC hydrogel which based on tannic acid-coated cellulose
nanocrystals (TA@CNCs) for wearable strain sensor (Shao et al.,
2018). The TA@CNCs act as dynamic bridges in the hydrogel
network, which lead to rapid self-healing performance as well as
reliable mechanical properties of the as-prepared hydrogel.

CONCLUDING REMARKS

Mechanically robust hydrogels with self-healing properties
present many advantages over conventional hydrogels as they can
be utilized in a broad range of areas such as stretchable electronics
(Pu et al., 2017; Jing et al., 2018; Hong et al., 2019), sensors and
actuators (Francis et al., 2017; Tudor et al., 2017), cartilage repair
(Han et al., 2017¢; Lolli et al., 2018), with extended life-time and
enhanced durability and reliability. Although the field of study
shows great promise, there are still challenges to be tackled.
Generally, the self-healing ability of the hydrogels weakens
and the time required for the healing process increases with the
improvement of the mechanical properties of the hydrogels as
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summarized by Panhui et al. (Taylor and In Het Panhuis, 2016).
Therefore, the development of mechanically robust hydrogels
which can be self-healed on the time scale of seconds or minutes
should be considered. One possible approach is to introduce
multiple chemically or physically self-healing mechanisms
into the NC hydrogels/DN hydrogels in order to enhance
the self-healing efficiency without sacrificing the mechanical
properties.

The fundamental understanding of different self-healing
and toughening mechanisms is crucial for designing and
optimizing the self-healing tough hydrogels. Both theoretical and
experimental studies are needed to understand the self-healing
and toughening mechanisms at the atomic-scale or molecular-
scale. For instance, Zeng et al. used a surface forces apparatus
(SFA) to quantitatively study the polymer interactions which
account for the self-healing behavior of the hydrogel (Yan et al.,
2017). Such non-destructive in situ testing method is highly
needed for elucidating the molecular interaction mechanisms of
various hydrogel materials.

It is also necessary to develop self-healing tough hydrogels
into multifunctional “smart” materials, which should integrate
other properties such as electrical conductivity (Wu et al., 2017),
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Tissue engineering (TE) has been used as an attractive and efficient process to restore
the original tissue structures and functions through the combination of biodegradable
scaffolds, seeded cells, and biological factors. As a unique type of scaffolds, hydrogels
have been frequently used for TE because of their similar 3D structures to the native
extracellular matrix (ECM), as well as their tunable biochemical and biophysical properties
to control cell functions such as cell adhesion, migration, proliferation, and differentiation.
Various types of hydrogels have been prepared from naturally derived biomaterials,
synthetic polymers, or their combination, showing their promise in TE. This review
summarizes the very recent progress of hydrogels used for TE applications. The
strategies for tuning biophysical and biochemical properties, and structures of hydrogels
are first introduced. Their influences on cell functions and promotive effects on tissue
regeneration are then highlighted.

Keywords: functional hydrogels, tissue engineering, physical properties, chemical properties, microstructures

INTRODUCTION

Tissue engineering (TE) has emerged as a useful approach to treat tissue damages caused by diseases
and trauma, which has shown many advantages as compared to conventional treatment strategies.
To afford desirable therapeutic outcome, scaffolds prepared from various kinds of biomaterials have
been used for TE to accommodate sufficient amount of cells and to control cell functions (Chen and
Kawazoe, 2016a,b; Chen et al., 2018).

Among of different types of scaffolds, hydrogels have attracted more and more attention in the
TE field owing to their similarity to in vivo cellular microenvironment and tunable physiochemical
properties (Drury and Mooney, 2003). Hydrogels are generally prepared by translating hydrophilic
polymers solution into 3D network structure via physical or chemical crosslinking. During this
process, hydrogels can encapsulate cells homogeneously and provide cells a 3D microenvironment
similar to the native extracellular matrix (ECM) (Tibbitt and Anseth, 2009). Cell behaviors and
functions in vivo are affected by the stimuli that are produced by the surrounding ECM. In a similar
way, the structures and physiochemical properties of hydrogels provide critical cues to control the
functions of embedded cells and thus guide tissue regeneration.

The structures and physiochemical properties of hydrogels can be designed and controlled
through selecting different biomaterials, crosslinking methods and fabrication strategies. This
review summarizes the latest developments of functional hydrogels for TE applications. At first, the
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materials and crosslinking methods used for hydrogel
preparation are introduced. And then, the approaches to
tune the structure and physiochemical properties of hydrogels
and their effects on cell functions and tissue regeneration are
compared. Finally, the challenges and future perspectives of
functional hydrogels are discussed.

MATERIALS AND CROSSLINKING
METHODS FOR FUNCTIONAL
HYDROGELS PREPARATION

There are several criterias to prepare hydrogels for TE
applications. Firstly, the materials and crosslinking agents should
be compatible toward living cells and biological factors (e.g.,
growth factors). Secondly, the preparation process should be
easily occured under mild conditions. Thirdly, the products from
hydrogel degradation should be non-toxic to cells and tissues.
The materials and crosslinking methods used for hydrogel
preparation for TE are summarized in Table 1.

Hydrogel Construction Materials

Materials used to prepare TE hydrogels can be briefly
classified into natural and synthetic polymers. Hydrogels
prepared from natural polymers possess intrinsic advantages,
such as high biocompatibility, biodegradability and similar
microenvironment to that of native tissues. Natural polymers
used for hydrogel preparation include protein-based materials
(such as gelatin, collagen, fibrin, and silk fibroin) and
polysaccharide-based materials (such as hyaluronic acid (HA),
chondroitin sulfate (CS), alginate, chitosan and so on). Collagen,
as the main ECM component of various tissue, is an attractive
material for hydrogels preparation (Heo et al, 2016). Its
derivative, gelatin, is also a frequently used protein-based
material for hydrogel formation, which has higher solubility and
lower cost when compared with collagen (Zhao et al., 2016).
Gelatin-based hydrogels are good candidates for various TE. For
example, injectable gelatin methacryloyl (GelMA) hydrogels are
prepared for cartilage TE (Li et al., 2016). The chondrocytes 3D
cultured in these hydrogels have shown excellent viabilities and
desirable functions. HA as a glycosaminoglycan is commonly
prevalent in body liquid and native ECM (Shendi et al.,, 2016).
Therefore, it has been used to prepare various kinds of hydrogels
for cartilage, skin, and many other TE. For example, it has
been reported that HA molecular can bond with mesenchymal
stem cells (MSCs) through CD44 receptors and promote the
chondrogenesis (Chung and Burdick, 2008). CS is a sulfated
glycosaminoglycan with a linear structure existing in cartilage
tissue ECM (Levett et al., 2014). Chondrocytes cultured in CS
hydrogels have round morphology, enhanced gene expression,
and secretion of cartilaginous ECM (Levett et al., 2014; Zhu et al.,
2014). Other polysaccharide-based materials, such as alginate
(obtaining from bacteria and brown seaweed) and chitosan
(derived from chitin that is produced from the shells of crabs
and shrimps), are also commonly used for hydrogel preparation
due to their biocompatibility, degradability and easy modification
(Kim et al., 2016; Hunt et al., 2017).

On the other hand, synthetic polymers have also exhibited
wide usage due to their controllability, reproducibility,
and good mechanical properties (Guan et al, 2017).
Representative synthetic polymers used for TE hydrogels
include poly(ethylene glycol) (PEG), poly(vinyl alcohol)
(PVA),poly (N-isopropylacrylamide) (PNIPAM) (Haq et al,
2017), and polyacrylamide (PAM) (Darnell et al, 2013).
PEG and PVA have low toxicity, making them widely used
for cell-laden hydrogels and drug carriers (Kim et al., 2016;
You et al., 2018). However, due to the lack of biological
activity, the biocompatibility of these synthetic polymers is
compromised relative to natural materials. Hybridization with
natural materials is an efficient and easy-going approach to
integrate the advantages of natural and synthetic component.
It has been reported that the biocompatibilities of PAM, PVA,
PNIPAM, and PEG hydrogels are significantly improved
after blend with gelatin (Gao et al, 2015; Kim et al.,, 2016;
Navaei et al., 2016b; Han et al., 2017). The cell spreading, and
proliferation in these hybrid hydrogels are enhanced compared
with the cells 3D cultured in synthetic hydrogels. Besides, the
hybridization of different natural materials can also exhibit novel
attractive properties. For example, alginate is interpenetrated
and crosslinked into photopolymerized gelatin hydrogel network
to generate alginate/gelatin hybrid hydrogel (Pacelli et al., 2018).
Such a hydrogel is confirmed to have the function of promoting
bone tissue regeneration due to the good biocompatibility and
enhanced mechanical property.

Crosslinking Methods

There are various methods for crosslinking of hydrophilic
polymers chains to form hydrogels, which usually are selected
depending on the materials chemistry and expected functions.
In general, they can be classified into physical and chemical
crosslinking methods.

Physical Crosslinking Methods

Physically crosslinked hydrogels can be prepared at very mild
conditions without the utilization of crosslinking agents that
often cause toxicity to cells or may affect the activity of
biological molecules encapsulated in hydrogels (Hennink and
Van Nostrum, 2012). There are many methods to prepare
physically crosslinked hydrogels for TE applications, such as
ionic interaction, guest-host interaction and thermo-gelation.

Ionic crosslinking

Ionic crosslinking method is frequently used to encapsulate cells
and drugs due to the mild crosslinking procedures (Goosen
et al., 1985; Gombotz and Wee, 2012). The most representative
hydrogels formed by ionic crosslinking is alginate hydrogel.
The crosslinking is through the exchange of sodium ions from
guluronic acid units with divalent cations such as calcium to
form junction zones (Gacesa, 1988). This physically crosslinked
alginate hydrogel not only has shown a biocompatible property
but also has many other functions, such as self-healing and stress
relaxation, due to the reversible dissociation and re-bonding
between a-L-guluronic acid in alginate and calcium ions.
However, the stability of ionic hydrogel should be considered
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TABLE 1 | Materials and crosslinking methods for functional hydrogels preparation.

Materials Crosslinking methods TE applications References
Characteristics Physical Chemical
crosslinking crosslinking
Natural Materials ~ Gelatin Guest-host Cartilage TE Feng et al., 2016
GelMA Photo Cartilage, tendon TE Yang et al., 2016; Li et al.,
2017b
GelMA Thermal Photo Corneal TE Rizwan et al., 2017
Gelatin-hydroxyphenylpropionic Enzymatic Cartilage TE Wang et al., 2014; Le Thi
acid (Gtn-HPA) etal., 2017
Collagen Photo Meniscus TE Heo et al., 2016
HA Adamantane-functionalized HA Guest-host Cartilage TE Wei et al., 2016
HA-vinyl sulfone Michael addition Neural engineering Shendi et al., 2016
Maleimide-functionalized HA and Diels-Alder Adipose TE Fanetal., 2015a
furan-functionalized HA
Methacrylated HA (MeHA) Photo Meniscus, nucleus Kim et al., 2015; Koh
pulposus TE etal., 2017
Chondroitin Furfurylamine grafted chondroitin Diels-Alder Bone TE Bai et al., 2017
sulfate sulfate
Methacrylated chondroitin sulfate Photo Cartilage TE Levett et al., 2014;
Abbadessa et al., 2016
Alginate lonic Cartilage, retinal and Chaudhuri et al., 2016;
bone TE Hunt et al., 2017; Lee
etal., 2017
Methacrylated alginate Photo Bone TE Ho et al., 2016
Dextran Dextran bifunctionalized with Photo Vascular TE Liu and Chan-Park, 2009
methacrylate and aldehyde
Azadibenzocyclooctyne-modified Alkyne-azide Cartilage TE Wang et al., 2017b
dextran and azide-modified dextran
Agarose Thermal Osteochondral, skin TE ~ Sheehy et al., 2013;
Miguel et al., 2014
Chitosan Chitosan-g-poly(N- Thermal Cardiac, cartilage TE Baei et al., 2016; Mellati
isopropylacrylamide) etal., 2017
Methacrylated glycol chitosan Photo Bone TE Kim et al., 2016
Synthetic and PEG Norbornene-terminated PEG Michael addition Cartilage, vascular TE Mahadevaiah et al., 2015;
Hybrid Materials Sridhar et al., 2015; Wang
etal., 2017a
Thiol-norbornene PEG, PEG Photo Cartilage TE Zhang et al., 2015;
diacrylate (PEGDA) Heart valve TE Neumann et al., 2016
PAM/Gelatin PAM and GelMA Photo Cartilage TE Han et al., 2017
PVA/Gelatin Thermal Cartilage TE Kim et al., 2016
PNIPAM/Gelatin -~ PNIPAAM-based copolymer, Thermal Michael addition Cardiac TE Navaei et al., 2016b
thiol-modified gelatin
PEG/Gelatin PEG dimethacrylate, GelMA Photo Bone, cartilage TE Gao et al., 2015
PEG/Chitosan Glycol chitosan, benzaldehyde Schiff-base Neural engineering, Tseng et al., 2015; Hsieh
functioned PEG vascular TE etal., 2017
PEG/HA Amino-terminated PEG, aldehyde Schiff-base Adipose TE Fan et al., 2015b
HA
Furylamine and tyramine functional Diels-Alder/ Cartilage TE Mahadevaiah et al., 2015
HA; Dimaleimide PEG Enzymatic
Gelatin/HA GelMA/MeHA Photo Skin, neural TE Eke et al., 2017;
Magarinos et al., 2018
Gelatin/Alginate  Oxidized alginate, gelatin Schiff-base Muscle TE Baniasadi et al., 2016
GelMA and alginate Photo Bone TE Lewandowska-tancucka
etal., 2017
GelMA, alginate lonic Photo Bone TE Pacelli et al., 2018
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when using under physiological conditions. For instance, calcium
crosslinked alginate hydrogel will lose stability in 0.9 wt% sodium
chloride solution due to the exchange of calcium ions by sodium
ions (Martinsen et al., 1989).

Guest-host chemistry

The guest-host chemistry holds great potential for hydrogels
preparation, because the low cytotoxicity and specific selectivity.
In this reaction, host molecules can selectively recognize
and physically bind to certain guest molecules to form
crosslinked network. The interaction includes hydrophobic
association, hydrogen bonding, electrostatic interaction, van
der Waals forces, and so on (Steed et al., 2007). Cyclodextrin,
as one macrocycle, has hydrophobic interior cavities that
have a high affinity for specific hydrophobic guest moieties.
Specifically, guest-host pair, adamantane (guest) and f-
cyclodextrin (host), is widely used to synthesize corresponding
macromers. The guest-host bonding can translate mixed
solution into hydrogels easily (Rodell et al., 2016). In another
study, acrylate P-cyclodextrin can build guest-host binding
with the benzene ring of gelatin to form supramolecular
hydrogels. These hydrogels have very good bio-adhesive
property and sustainable release of hydrophobic drugs, which
is promising for TE of bone, cartilage and tendon (Feng et al.,
2016).

Thermo-gelation

Thermo-gelation is to build a physically crosslinked network
by altering the temperature. For example, the crystalline nature
of PVA has been applied to fabricate physically crosslinked
hydrogel by several repeating cycles of freezing and thawing
(Hassan and Peppas, 2000). These physically crosslinked PVA
hydrogels are reported to have many characteristics, such as
high swelling degree and mechanical strength. Gelatin solution
becomes hydrogel due to the intermolecular hydrogen bonding
formation when the temperature drops below the upper critical
solution temperature (UCST). In contrast, some other macromer,
such as PNIPAM, becomes hydrogel when temperature increases
above the lower critical solution temperature (LCST) due to
the balance between hydrogen bonding and hydrophobic effects
(Ashraf et al, 2016). These temperature-responsive polymers
can transform phases between sol and gel near physiological
temperature, which enables the hydrogels injectable. PNIPAM-
based injectable hydrogel has been used to encapsulate
cardiomyocytes and the encapsulated cells exhibit high viability
and mature phenotypes (Navaei et al., 2016b).

Chemical Crosslinking Methods

Chemically crosslinked hydrogels have a better performance at
stability than physically crosslinked hydrogels due to stronger
binding energy and substantially improved flexibility. Hydrogel-
forming water-soluble polymers have many functional groups,
such as OH, COOH, and NH,. 3D network can be established
by covalent bonding between these functional groups using
glutaraldehyde and EDC/NHS (Balakrishnan et al, 2013;
Omobono et al.,, 2015; Cheaburu Yilmaz et al., 2017). However,
the toxicity of crosslinking agents and process limit the TE

applications. For example, small molecular crosslinkers like
glutaraldehyde and carbodiimides have been reported to be
toxic and are not recommended to fabricate cell-laden hydrogels
(Balakrishnan, 2016). To meet the requirements for TE, several
available strategies for functional hydrogel preparation will be
discussed below.

Photopolymerization

Photopolymerization has been widely used for hydrogel
fabrications due to its biocompatibility and spatiotemporal
controllability. ~Usually, macromers are modified with
photoreactive moieties, such as methacrylate or acrylate groups.
The photoreactive macromer solution with photoinitiator can be
crosslinked under UV or visible light. The photoinitiators can
generate free radicals that are transferred to the photoreactive
carbon double bond groups in the modified macromers to start
chain polymerization. However, under high photo exposure,
photoinitiator will generate a large number of free radicals which
may react with intracellular molecules to induce cell damage.
This problem can be addressed by decreasing the light energy
and amount of photoinitiator (Bryant et al., 2000; Fedorovich
et al., 2009). High density of methacrylate groups has been
reported to protect encapsulated cells by quenching free radicals
(Bartnikowski et al., 2015). The method can be used for the
preparation of hydrogels from various kinds of polymers and a
variety of cell types can be encapsulated into the hydrogels for
TE applications (Park et al., 2003; Chen et al., 2018). One of the
most frequently used macromers is GelMA, which retains cell
adhesive peptide sequence (arginine-glycine-aspartic acid, RGD)
and matrix metalloproteinase (MMP) degradable peptide (Yue
et al., 2015).

Enzyme-enabled crosslinking

Enzyme-enabled crosslinking is highly selective for a specific
enzyme and can be achieved under mild physiological conditions
(Ulijn, 2006). Transglutaminase and horse radish peroxidase
are two commonly used enzymes. Transglutaminase catalyzes
trans-amidation reaction that introduces N e-(y- glutamyl)lysine
cross-links in proteins, converting protein solution into 3D
hydrogel network (Chen et al., 2003). Horse radish peroxidase
can build networks between polymers by oxidative coupling
of hydroxyphenylpropionic acid moieties (Wang et al., 2014).
Besides selectivity, this enzyme-mediated crosslinking approach
also exhibits rapid gelation and easily tunable mechanical
properties by varying the concentration of horse radish
peroxidase and H,O, (Ren et al., 2015).

Click chemistry

Click chemistry has the characters of high efficiency, high
yield, and proceeding with no side products, which make the
method wildly studied. TE application requires the reaction
to proceed under physiological conditions. The typical click
reaction is thiol-ene radical reaction which is hindered by
inhibitory capacity of oxygen and shows complicated volume
relaxation and stress development compared with classical
radical photopolymerization (Hoyle and Bowman, 2010). Other
representative chick chemistry includes Diels-Alder reaction,
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azide-alkyne cycloaddition chemistry (Xu and Bratlie, 2018) and
Michal addition. Strain-promoted azide-alkyne cycloaddition
(SPAAC) click chemistry has drawn increasing attention recently
due to the mild reaction conditions and bioorthogonality (Xu
et al, 2014). An injectable and degradable PEG-based hydrogel
has been prepared via the bioorthogonal SPAAC click chemistry
(Jiang et al., 2015). Michael addition reaction is the nucleophilic
addition of a carbanion or a nucleophile to an «, B-unsaturated
carbonyl compound. Michael addition-mediated hydrogels can
be prepared under physiological conditions, making this kind
of hydrogels injectable (Sun et al, 2017). For example, HA
with thiol functional groups can form a 3D network with PEG
vinysulfone macromers via Michael addition. The gelation time
can be controlled by the degree of functionalization and the ratio
of the two functional groups (Jin et al., 2010).

Schiff base reaction

Schiff base reaction has been widely used to form hydrogels via
the coupling between aldehyde and amine groups in polymer
chains. These hydrogels have been reported to have self-healing
capacity due to the dynamic equilibrium of the linkages. For
example, glycol chitosan and benzaldehyde functioned PEG have
been synthesized and used to form a hydrogel with self-healing
property for central nervous regeneration (Tseng et al., 2015).
Proliferation rate and differentiation tendency of neurosphere-
like progenitors are enhanced in the self-healing hydrogel.

The above-described materials and crosslinking reactions
have their respective merits and demerits. While, rational
combination of natural and synthetic polymers or different
crosslinking methods may afford an optimized approach to
improve the hydrogel functions. For example, enzymatic
crosslinking and Diels-Alder click chemistry can be induced into
HA/PEG hydrogels for cartilage TE (Mahadevaiah et al., 2015).
Both biocompatibility and mechanical property are improved by
blending of HA and PEG polymers. The enzymatic crosslinking
provides a suitable gelation speed for injectability, while the
click reaction generates second crosslinking that renders an
outstanding shape memory and anti-fatigue property. All these
characters are required for cartilage TE.

CONTROL OF PHYSICAL PROPERTIES

Physical properties of hydrogels, such as mechanical strength,
stiffness, stress relaxation, self-healing, and degradation, can be
controlled at different levels to meet the specific requirements
for TE. These physical properties have obvious effects on cell
functions, and thus should be investigated and reviewed. The
hydrogels prepared with different physical properties, and their
effects on cell functions, as well as their applications for TE are
summarized in Table 2.

Mechanical Strength and Stiffness

Conventional hydrogels normally possess breakable characters
that will decrease their stability and thus cannot be utilized for
specific tissue application such as bone, cartilage and tendon. To
overcome this issue, two effective strategies have been developed.
One is the hybridization of hydrogels with other polymers,

nanoparticles or nanofibers. For example, regenerated silk fibroin
and chitin nanofiber have been used to improve the mechanical
strength of GelMA hydrogels by B-sheet folding and self-
assembly, respectively. The hydrogel elastic modulus increases
by one-thousand folds and strain-to-failure enhances by around
200% after chitin nanofiber assembly (Hassanzadeh et al., 2016).
The hydrogels also demonstrate good cell viability, promotive cell
differentiation and stable vasculature formation. Collagen-based
hydrogels with a 10-fold increase in stiffness have been realized
after mixing with very low amount of chemical functionalized
nanoparticles working as crosslinker epicenters to make collagen
chains crosslinked on the surface of nanoparticles (Jaiswal et al.,
2015). Due to the interaction between nanoparticles and polymer
chains, the mechanical properties of hybrid hydrogels can be
enhanced. The other strategy is to prepare interpenetrating
polymer network (IPN) hydrogels with high resistance to wear
and high fracture strength, which has gained a lot of attention
recently (Dragan, 2014). Double networks (DN) are introduced
in hydrogels to enhance mechanical property for cartilage TE
(Gong et al., 2003; Yasuda et al., 2009; Fukui et al., 2014).
The feature of DN hydrogels is the formulation of first densely
crosslinked hydrogel and second loosely network. The first
network serves as sacrificial bonds to disperse the stress, while
the second polymer chains work as hidden length that can extend
to sustain large deformation (Haque et al., 2012). Similarly, ionic
crosslinked chitosan with low molecular weight is used to work
as the second crosslinking component to enhance the mechanical
strength of the UV initiated PAM hydrogel (Yang et al., 2018).
Macroscopically, the mechanical property is important to
maintain the scaffold stability to bear loads and fulfill the
defects. Meanwhile, at microscopic level, the mechanical signals
play a critical role in affecting cell activities and fates. For
example, matrix stiffness has been reported to affect cell
spreading, migration, proliferation and differentiation (Wen
et al., 2014). Stiffness of hydrogels can be tuned by changing
the crosslinking density, crosslinker length and molecular weight
of the precursors (Slaughter et al., 2009; Li et al., 2016, 2017b).
Differentiation of mesenchymal stem cells (MSCs) cultured on
2D matrix surface depends on substrate stiffness (Engler et al.,
2006). MSCs cultured in hydrogels with stiffness of lower (0.1-
1 kPa), intermediate (8-17 kPa) or higher ranges (34 kPa) can
differentiate into neural, myogenic or osteogenic phenotypes,
respectively. However, the microenvironment provided to the
cells in 3D culture differs from that in the traditional 2D
system (Baker and Chen, 2012). Osteogenic differentiation of
murine MSCs is enhanced in RGD modified alginate, agarose
and PEG diacrylate (PEGDA) with intermediate stiffness (11-30
kPa) (Huebsch et al., 2010) (Figure 1A). Influence of stiffness on
chondrogenic, vascular and neural differentiation has also been
studied (Banerjee et al.,, 2009; Bian et al,, 2013; Mahadevaiah
et al., 2015). For instance, to investigate the influence of stiffness
on the maintaining of chondrocyte phenotype, GelMA hydrogels
with different stiffness but the same RGD density are prepared
by changing the degree of methacryloyl substitution while using
the same GelMA concentration. Bovine articular chondrocytes
are encapsulated and cultured in the GelMA hydrogel with low,
medium and high stiffness. The chondrocytes encapsulated in
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TABLE 2 | Physical properties of hydrogels and their performance as TE scaffolds.

Physical Materials Approaches Applications and performance References
properties
Mechanical GelMA Chitin nanofibers, Nanoparticles Strain-to-failure increased 200% after chitin Jaiswal et al., 2015;
strength blending nanofiber assembly; stiffness of collagen-based Hassanzadeh et al.,
hydrogel increased 10-fold after addition of 2016
functionalized nanoparticles.
PAMPS/PDMAAM Double network High strength PAMPS/PDMAAM gel could induce Yasuda et al., 2009;
spontaneous hyaline cartilage regeneration in the Fukui et al., 2014
osteochondral defect.
Stiffness RGD modified alginate, Tuning of Ca2* or polymer Intermediate stiffness promoted the osteogenic Huebsch et al., 2010
agarose, and PEGDA concentration differentiation of murine MSCs.
Four-arm By using different PEG The proliferation, self-renewal and vascular Mahadevaiah et al.,
maleimide-functionalized concentration differentiation of stem cells were enhanced in lower 2015
PEG and four-arm stiffness hydrogel.
thiol-functionalized PEG
MeHA Tuning of macromer Low stiffness of HA hydrogel promoted Bian et al., 2013
concentration or UV exposure chondrogenic differentiation of MSCs. Highly
time crosslinked HA hydrogel promoted hypertrophic
conversion of encapsulated MSCs.
Gel-HPA Altering macromer and/or HoOo Medium stiffness showed superior stimulus for Wang et al., 2014
concentration maintaining of chondrogenic phenotype, high
stiffness promoted collagen type Il gene expression.
GelMA Using the same macromer High stiffness environment was beneficial for Lietal, 2016
concentration with different maintaining of chondrogenic gene expression.
methacryloyl substitution
Stress RGD-alginate Tuning of stress-relaxation by Fast stress relaxation promoted MSC spreading and Chaudhuri et al., 2016
relaxation using alginate with different osteogenic differentiation.
molecular weight or PEG spacer
Alginate Same as above Slow relaxing environment restricted cell volume Leeetal., 2017
expansion, up-regulated the gene related to matrix
degradation and cell death.
HA, Collagen | Dynamic crosslinking of HA-ALD Fast relaxation promoted cell spreading and focal Louetal., 2018
and HA-BLD, combined with adhesion formation.
collagen
Self-healing Glycol chitosan, Reversible Schiff-base reaction Self-healing hydrogel could increase proliferation Tseng et al., 2015;
benzaldehyde functioned and neural differentiation of neural stem cells, and Hsieh et al., 2017
PEG enhanced capillary inducing capacity of vascular
endothelial cells.
Dynamic acylhydrazone bond Increasing the viability, decreasing apoptosis of LU etal., 2017
and DA click covalent MSCs and promoting bone regeneration
crosslinking
Degradation GelMA Collagenase degradable Valvular interstitial cells had more spreading Benton et al., 2009
photocrosslinked gelatin morphology in collagenase treated GelMA hydrogel
hydrogel than untreated hydrogel.
Sulfated HA Slowing the degradation of HA The low degradation was beneficial for Feng et al., 2017

HA functionalized with
both maleimide and
methacrylate

PEG-derivative

PEG-derivative

hydrogel by sulfated modification
Thiol-ene crosslinking via MMP
degradable crosslinker and
photocrosslinking

Hydrogel crosslinked by PEG
derivative containing nitrobenzyl
ether moieties could be
degradable by photo exposure.
Modification of ends of PEG with
oligo (lactic acid) and acryloyl,
hydrolysis of the ester bonds
altered the degradation

chondrogenesis of MSCs.

Differentiation of MSC was directed by
degradation-mediated cellular traction.

MSC spreading was enhanced after
photodegradation.

The high degradation enhanced osteogenesis of
MSCs.

Khetan et al., 2013

Kloxin et al., 2010

Peng et al., 2018
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FIGURE 1 | Control of stiffness and stress relaxation of hydrogels and their influence on cell functions: (A) MSC differentiation affected by the stiffness of
RGD-modified alginate (i), RGD-modified agarose (i), and RGD-modified PEGDA (jii) hydrogels. Alkaline phosphatase (ALP) activity (fast blue; osteogenic biomarker,
blue) and neutral lipid accumulation (oil red O; adipogenic biomarker, red) staining of MSCs after 1 week of culture. Osteocalcin (OCN, green) and nuclear counterstain
4/ 6-diamidino-2-phenylindole (DAPI, blue) staining in alginate hydrogel (iv). Scale bars: (i) 100 wm, (i)—(ii) 50 wm and (iv) 20 wm, respectively. Reproduced with the
permission from Huebsch et al. (2010), Copyright © 2010, Springer Nature. (B) Stress relaxation properties of living tissues and prepared hydrogels (). Decreasing
molecular weight (MW) of alginate and coupling PEG spacers both are predicted to increase the rate of stress relaxation (ji). MSCs cultured in hydrogels at indicated
initial modulus and timescale of stress relaxation undergo adipogenic and osteogenic differentiation (Oil Red O staining and alkaline phosphatase staining) for 7 days
(ili). Scale bars are 25 pm. Reproduced with the permission from Chaudhuri et al. (2016), Copyright © 2016, Springer Nature.

high stiffness hydrogel exhibit round cell morphology and high elastic substrates (Chaudhuri et al., 2015). The stress relaxation
chondrogenic gene expression, while chondrocytes cultured in  of covalently crosslinked PAM hydrogel, physically crosslinked
low stiffness counterparts show elongated morphology and low  collagen hydrogel and living tissues like adipose, liver, brain

chondrogenic gene expression (Li et al., 2016). and an initial fracture haematoma are compared by measuring
the stress change when fixing the strain at 15% (Chaudhuri
Stress Relaxation et al.,, 2016). The results indicate that the stress relaxation of

Stress relaxation is another important mechanical property for ~ collagen hydrogel is faster than that of living tissues and PAM
hydrogels, which also is a common behavior of tissue matrix. It ~ hydrogel, while that of PAM is slowest. RGD coupled alginate
has been reported that ionic and covalent hydrogels both exhibit ~ with different molecular weights and PEG spacers are used
stress relaxation through uncoupling-reforming of crosslinks  to prepare hydrogels with different stress relaxation properties
and migration of water, respectively (Zhao et al., 2010). Ionic  independent of initial elastic modulus and matrix degradation.
hydrogels have faster stress relaxation and easier modulation than ~ Fast stress relaxation enhances cell spreading, proliferation and
that of covalent hydrogels. Sodium alginate has been commonly  osteogenic differentiation of stem cell through integrin-RGD
used to form hydrogels with tunable stress relaxation. In a  binding and clustering (Figure 1B). Stress relaxation has also
previous study, RGD modified alginate has been used to prepare ~ been demonstrated to have the capability to alter chondrocyte
soft but highly stress-relaxing substrate. Cells cultured in this  phenotype and matrix deposition via modulating cell volume
substrate spread similarly to the cell on the surface of stiff  expansion (Lee et al., 2017). Slow relaxing environment restricts
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cell volume, leading to interleukin-1f secretion increase, which
in turn up-regulates the genes related to matrix degradation and
cell death. To fully mimic the mechanical and structural cues of
native ECM, HA crosslinked with dynamic covalent bonds and
fibrillar collagen type I are used to prepare IPN hydrogel with
tunable stress relaxation (Lou et al., 2018). Cell spreading, fiber
remodeling and focal adhesion formation are enhanced in the
faster relaxation hydrogels.

Self-Healing

Self-healing hydrogel is able to intrinsically and automatically
heal the breaks, making itself back to original shape and
mechanical property. This property is directly based on the
reversible or dynamic crosslinking chemistry (Taylor and in
het Panhuis, 2016). One of the representative self-healing
hydrogels is prepared by glycol chitosan and benzaldehyde
functionalized PEG via Schiff-base reaction (Tseng et al,
2015). The proliferation rate and differentiation tendency
of neurosphere-like progenitors cultured in this self-healing
hydrogel are enhanced (Figure2A). Thrombin crosslinked
fibrinogen can build a 3D network structure, which is used to
prepare IPN structure after mixing with the above-mentioned
chitosan-PEG hydrogel (Hsieh et al, 2017). This hydrogel
encapsulated with vascular endothelial cells shows excellent
self-healing and capillary-inducing capacity. Injection of this

hydrogel promotes angiogenesis in zebrafish and mice. Dynamic
acylhydrazone bond and Diels-Alder click covalent crosslinking
are combined to prepare self-healing hydrogels with desirable
mechanical property (Lii et al., 2017). These hydrogels increase
the viability, reduces apoptosis of MSCs, and enhances bone
regeneration in cranial bone defects. Guest-host crosslinking has
also been used to prepare self-healing hydrogels. Cyclodextrin
conjugated in one polymer backbone can work as the host
to engulf hydrophobic moieties of another polymer chain to
achieve self-healing. This self-healing property can further be
selectively improved when the stimuli-responsive moiety, such as
polyacrylamide-ferrocene with a reversible hydrophobic-charge
transition at reduced/oxidized state, is included in the above
hydrogels (Nakahata et al., 2011).

Degradation

Covalently crosslinked hydrogels can undergo degradation
through ester hydrolysis, enzymatic hydrolysis or photolytic
cleavage of the polymer chains (Kharkar et al., 2013). Based
on these mechanisms, hydrogels could be designed with good
biodegradability and desirable degradation rate, working as
temporary supports and being degraded and replaced by
the regenerating tissues gradually (Bryant et al, 2004). For
example, the photocrosslinkable PVA/PEG hybrid hydrogels with
controlled degradation profiles have been used for cartilage TE.
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FIGURE 2 | The influence of hydrogel self-healing and degradation on cell functions: (A) Self-healing hydrogel formed by crosslinking of benzaldehydes at both ends
of difunctionalized PEG (DF-PEG) with glycol chitosan (j). The expressions of neuronal-related genes (nestin, f-tubulin, and Map2) of cells after 3 and 7 days of culture
in 3D gels, *p < 0.05 (ii). Reproduced with the permission from Tseng et al. (2015), Copyright © 2013, John Wiley and Sons. (B) (i) Schematic of sequential
crosslinking of MeMaHA using a primary addition and secondary radical polymerization to create -UV and DO UV hydrogels. (i) Percentage of hMSCs toward
osteogenic or adipogenic differentiation in -UV or DO UV hydrogels (#p < 0:005, t-test). Reproduced with the permission from Khetan et al. (2013), Copyright © 2013,
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The degradation time can be tuned from less than 1 to 34 days
by altering the ratio of PVA to PEG. The results show that the
DNA and GAG contents increase with culture time and the
neocartilaginous tissue at 6 weeks is homogeneously distributed
in the PVA/PEG hydrogel with the ratio of 1:3, indicating the
importance of degradation for TE (Martens et al., 2003). When
implanted in vivo, HA-based hydrogel often shows too fast
degradation to meet the requirement for cartilage tissue repair.
To solve this limitation, sulfate groups are conjugated to HA
to decelerate the hyaluronidase degradation rate. Sulfated HA
displays slow degradation and enhances protein binding ability,
promoting chondrogenesis of hMSCs with reduced hypertrophy
(Feng et al., 2017).

Degradation of the hydrogel is a chemical process, but it
can work as a dynamically physical stimulus to affect cell
behaviors and functions for cell-matrix interaction, such as cell
spreading, migration, proliferation, and differentiation, to further
mimic the native ECM and improve the tissue regeneration. For
example, photo-responsive hydrogels can be prepared from PEG
derivatives containing nitrobenzyl ether photolabile moieties.
When human mesenchymal stem cells (hMSCs) are cultured in
the photodegradable hydrogel, cell spreading is enhanced after
light exposure (Kloxin et al., 2010). Degradation of hydrogel
is always accompanied with decrease of stiffness, making it
complicated to discriminate the influences of degradation and
stiffness. To decouple the influence from mechanical property of
degradable hydrogels, hydrogels are designed to degrade while
their mechanical properties remain unchanged. For example, HA
functionalized with both maleimide and methacrylate is used to
prepare hydrogels by thiol-ene crosslinking via MMP degradable
crosslinker and photo-initiated crosslinking of the methacrylate.
The MMP-cleavable peptide crosslinker permits cell-mediated
degradation. The photo-initiated crosslinking can dynamically
control the secondary crosslinking at the very beginning or

after a period of cultivation. The stiffness of hydrogels with
or without UV exposure is controlled at the same level by
changing the molecular weight of HA macromers. When hMSCs
are cultured in the tuned hydrogels, they exhibit different
osteogenic and adipogenic differentiation. The results indicate
that hMSCs differentiation is directed by degradation-mediated
cellular traction, independent of the matrix mechanics. (Khetan
etal, 2013) (Figure 2B).

CONTROL OF CHEMICAL PROPERTIES

The composition of hydrogels can highly affect the cell
behaviors including viability, adhesion, spreading, proliferation,
and differentiation (Ruoslahti and Pierschbacher, 1987).
Hydrogel composition can be controlled by choosing different
precursors and preparation methods. The methods used to tune
chemical properties of functional hydrogels are summarized in
Table 3.

Cell adhesion ligand is a crucial biochemical component
in ECM, because many types of cells have to adhere to their
microenvironment through cell surface integrin to perform the
relative functions and maintain their viability (Huettner et al.,
2018). Naturally derived proteins, like collagen and gelatin,
retain many cell adhesion ligands. However, polysaccharide-
based natural materials and synthetic polymers are lack of
these ligands. Hence, bioactive peptide modification has been
used to improve the biochemical property of non-adhesive
hydrogels. RGD peptide, as one of the potent adhesion
ligands, plays an important role on cell adhesion and other
functions. To study the impact of dynamic presentation of
RGD in matrix on cell functions, a light-responsive PEGDA
hydrogel is synthesized, in which a protecting group is used
to temporally and spatially control the RGD presentation
by transdermal light exposure (Figure 3A). PEGDA hydrogels

TABLE 3 | Control of chemical properties of hydrogels for TE applications.

Original Approaches Applications and Performance References
hydrogels
HA, alginate, Modifying hydrogel precursors with Promoted cell adhesion and viability, enhanced cell Lee et al., 2015; Kim et al.,

chitosan, and PEG RGD peptides

proliferation and differentiation

2016; Long et al., 2017; Sun
etal.,, 2017

Polyacrylamide Hybridization with GelMA Improved biocompatibility of synthetic hydrogels Han et al., 2017
PEG Hybridization with HA Increased chondrocyte number and sGAG and Skaalure et al., 2014; Fu et al.,
collagen production 2017
PEG Covalently tethered transforming Increased chondrogenic matrix deposition by Sridhar et al., 2014; Mao et al.,
growth factor-beta 1 (TGF-B1) to PEG immobilization of TGF-B1 2017
hydrogel through thiol-ene reaction
GelMA Hybridization with nanosilicates Promoted osteogenic differentiation of Xavier et al., 2015
preosteoblasts in a growth-factor-free
microenvironment
GelMA Hybridization with multiwalled CNTs Improved cell adhesion and maturation; enhanced Shin et al., 2013; Navaei et al.,

Collagen/Alginate Gold nanorod

cardiac tissue regeneration, exhibiting strong

2016a; Izadifar et al., 2018

spontaneous and stimulated synchronous beating

Polyacrylamide Hybridization with graphene oxide

Enhanced proliferation and myogenic differentiation

Joetal, 2017

of C2C12 cells, and combining electrical stimulation
further enhanced myogenic gene expression
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with RGD peptides and light-induced uncaged RGD peptides
support high number of adherent cells. On the other hand,
PEGDA hydrogels without RGD modifications or with caged
RGD support few adherent cells and the cells have round
morphology. Besides, it has been reported that RGD peptides
can be introduced to polymers, such as HA (Lee et al,
2015), alginate (Sun et al, 2017), chitosan (Kim et al,
2016), and PEG (Long et al., 2017), by chemical binding to
fabricated bioactive hydrogels. These functionalized hydrogels
show improved biological properties to promote cell adhesion,
spreading, proliferation, and differentiation. For instance, RGD
peptides promote the survival of MSCs in PEG hydrogels and
induce the chondrogenic differentiation (Salinas and Anseth,
2008). RGD ligands in hydrogels increase the chondrogenic gene
expression when the hydrogel matrices are loaded with dynamic
mechanical force (Steinmetz and Bryant, 2011). Moreover, RGD
density affects the redifferentiation of chondrocytes (Schuh et al.,
2012).

Hybridization with natural polymers is another facile way to
tune the biochemical property of hydrogels, which can change

the composition of hydrogels in favor of promotion of cell
function and TE. For example, GeIMA is used to hybridize
with PAM to prepare a photopolymerized hydrogel for cartilage
tissue regeneration. Cells cultured in the hybrid hydrogel exhibit
higher viability and proliferation rate than those cultured in pure
PAM hydrogel (Han et al., 2017). What’s more, HA/PEG hybrid
hydrogel prepared via the SPAAC crosslinking shows excellent
biocompatibility (Fu et al,, 2017), which may be due to the
fact that HA can bond to some receptors on cell membrane to
affect both chondrocyte survival pathway and apoptotic pathway
(Knudson and Knudson, 2004).

Besides hybridization with natural polymers or modification
with biological moieties to improve the biochemical properties
of hydrogels for TE, loading of growth factors and nanoparticles
have been frequently adapted to improve hydrogel functions.
Growth factors play important roles in cell growth, cell function
determination, tissue regeneration, and organ development
(Parker et al., 2016; Yan et al., 2018). Therefore, immobilization
of growth factors in hydrogels will significantly improve
the functionality of hydrogels. There are two strategies for
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FIGURE 3 | The effects of RGD peptides and growth factors in hydrogels on cell functions: (A) Schematic representation of the activation of caged RGD peptides in
PEGDA hydrogels under light exposure (i). Cell adhesion and spreading can be enhanced after culture in hydrogels with RGD peptides and UV-light-exposed caged
RGD peptides (ii). Reproduced with the permission from Lee et al. (2015), Copyright © 2015, Springer Nature. (B) ECM production of chondrocytes is enhanced after
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immobilizing growth factors in hydrogels, namely physical, interconnected porous structures. What’s more, the presence
and chemical immobilization (Nguyen and Alsberg, 2014).  of hydroxyapatite nanoparticles can provide osteoblast cells
Heparin can bind many types of growth factors through the  adhesion and bioactive attachment sites compared with pure
strong electrostatic interactions. The immobilization of fibroblast ~ PEG hydrogels (Gaharwar et al., 2011). For cardiac tissue
growth factor-2 and vascular endothelial growth factor in  regeneration, conductive nanoparticles like carbon nanotubes
heparin-modified PEG hydrogels has been shown to boost are added into GelMA hydrogels, resulting in improved cell
angiogenesis (Zieris et al., 2010). Compared with physical  adhesion and maturation (Shin et al., 2013). The percentage of
immobilization, chemical immobilization can further improve  cell retention and viability on carbon nanotubes nanocomposite
the stability, prolong the release of growth factors, and reduce ~ GelMA hydrogel is higher than those on pristine GeIMA. The
the required amount. For example, transforming growth factor- ~ mature cell/hydrogel sheet with very good electrophysiological
beta 1 (TGF-B1) is covalently tethered to PEG hydrogel through ~ and mechanical properties exhibits strong spontaneous and
thiol-ene reaction (Sridhar et al, 2014; Mao et al, 2017).  stimulated synchronous beating.

Chondrocytes cultured in PEG hydrogel immobilized with

TGF-B1 show higher DNA content and chondrogenic matrix  STRUCTURAL CONTROL OF HYDROGELS
production than the cells cultured in PEG hydrogel with soluble

TGF-p1 (Figure 3B). Microstructure is another critical factor to affect cell activities

A variety of nanoparticles have also been incorporated into  and functions because the optimized architecture of engineered
different kinds of natural or synthetic polymer networks to  tissue has the function to organize multiple cell types for TE
prepare nanocomposite hydrogels for TE. The incorporation of  (Stevens et al, 2013). Hydrogels with microarchitectures are
nanoparticles can provide not only higher mechanical properties,  briefly classified into microporous, channel-bearing, double-ring,
but also the possibility to tune biochemical characteristics of  multilayered, and hierarchically structured ones. The structure

the 3D network. For examples, nanosilicates are incorporated  types of functional hydrogels and their influence on cell functions
into GelMA hydrogels to obtain a bioactive nanocomposite  and tissue regeneration are summarized in Table 4.

(Xavier et al, 2015). Not only the mechanical strength

of the hydrogel is enhanced, osteogenic differentiation of Microporous Hydrogels

preosteoblasts is also promoted (Figure4). In another study,  The structure of bulk hydrogels is dense polymers with absorbed
nanosized hydroxyapatite is incorporated into a PEG hydrogel ~ water and nano-sized pores within the network (Hoffman,
aiming to produce highly tough matrix for bone TE. After  2012), in which, the nano-sized pores are too small to promote
incorporation, the morphologies of these hydrogels show highly  cell migration, proliferation and ECM diffusion. Thereby,
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FIGURE 4 | Schematic illustration of fabrication of nanocomposite hydrogels from GelMA and nanosilicates by photocrosslinking (A). Nanosilicate-loaded gelatin
hydrogels can support cell adhesion and spreading (live/dead staining) and enhance inorganic calcium deposition in normal and osteoconductive media (Alizarin Red
S staining) (B). Reproduced with the permission from Xavier et al. (2015), Copyright © 2015, American Chemical Society.
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TABLE 4 | Structural control of hydrogels and TE applications.

Structural Materials Approaches Applications and Performance References
hydrogels
Porous Alginate Mixing with gelatin particles prepared by Chondrogenic matrix secretion and gene Fan and Wang, 2015;
structure HA water/oil emulsion expression were improved in alginate and Leong et al., 2016
HA porous hydrogels.
GelMA Mixing with gelatin cubes prepared by Chondrocytes migration and proliferation Lietal, 2017a
mesh-cutting were enhanced in porous structures.
GelMA Gelatin, alginate, and HA porogens Increased cell proliferation and spreading, Han et al., 2013
prepared by water/oil emulsion can be and enhanced type Il and X collagen
degraded to specific stimuli including production happened in the hydrogel with
temperature, chelating and enzymatic dynamic pore formation
digestion, respectively.
Channel 2-hydroxyethyl Embedding PVA sacrificial templates High cell viability in bulk hydrogel was Tocchio et al., 2015
structure methacrylate, agarose achieved by this channel structures.
or GelMA
Gelatin Embedding and dissolving solvent-spun Lee et al., 2016
PNIPAM microfibers
Agarose/alginate/PEG/ Carbohydrate-glass fibers were 3D printed Good biocompatibility and enhanced Miller et al., 2012
Fibrin/Matrigel and removed after surround hydrogel nutrition diffusion.
formation.
Double-ring GelMA and Osteon-like concentric double-ring HUVECs and MG63s were encapsulated Zuo et al., 2015; Wei
structure hydroxyapatite structure was prepared via in the inner and outer ring, working as etal, 2017
photolithography and self-assembly. blood vessel tubule and bone, respectively.
Bilayered Transglutaminase Chondrocytes and MSCs were Endochondral bone or stable cartilage can Stidle et al., 2018
structure factor XIlI crosslinked encapsulated in different hydrogel layers be developed at an ectopic site without
PEG hydrogels functionalized with TGF-p3 or BMP-2. the need of a predifferentiation process
in vitro.
Agarose Chondrocytes and MSCs were Coculture of chondrocytes and MSCs in Sheehy et al., 2013
encapsulated in the top and bottom layer different environment showed potential for
agarose hydrogel for osteochondral TE. osteochondral TE.
PEG-derivative Top layer with low RGD concentration and Spatial presentation of physiochemical Steinmetz et al., 2015
soft stiffness was designed for cues combined with dynamic mechanical
chondrogenesis of MSC; bottom layer was stimulation could regulate the
prepared with high RGD concentration and differentiation of MSCs.
high stiffness for osteogenesis of MSC.
Hierarchical PEG-derivative Hierarchical vessels were fabricated by Human bone marrow-derived hS5 stromal Arakawa et al., 2017
structure multiphoton lithography. cells exhibited high viability for a long

POMaC and collagen

POMaC made scaffold with nanopores
and micro-holes was prepared by using
3D stamping technique.

culture period.

The incorporation of nanopores and
micro-holes enhanced permeability, and
permits intercellular crosstalk and
extravasation.

Zhang et al., 2016

microporous structures have been proposed. The effects of
different pore structures and pore size ranges have been studied
for cell culture and TE (Zhang et al., 2014; Chen et al., 2016).
Various technologies including solvent casting, particle leaching,
freeze-drying, and gas foaming can be used to adjust hydrogel
porosity (Annabi et al., 2010). Among them, stimuli-responsive
porogens, such as gelatin, alginate and HA, are used to create
cell-laden hydrogels with tunable porosity. These porogens
can be removed by specific stimuli including temperature,
chelating, and enzymatic digestion, respectively (Han et al,
2013). Similarly, gelatin microspheres fabricated by water/oil
emulsion are used to generate micropores in alginate (Leong
et al.,, 2016) and HA (Fan and Wang, 2015) hydrogels. Plenty

of micropores are left after gelatin microbeads are dissolved
at 37°C. Chondrocytes cultured in the porous hydrogels show
high proliferation and ECM secretion. Gelatin microparticles
have also been used to prepare microporous hydrogels for bone
TE (Vo et al,, 2016). The pore-forming gelatin microparticles
can be used not only for generation of micropores, but also
for introduction of living cells in the micropores. Cell-laden
gelatin microcubes are prepared by a mesh-cutting method
and used to prepare microporous hydrogels with promotive
capacity of cell proliferation (Li et al., 2017a). Chondrocytes
cultured in the microporous hydrogels show high proliferation
and cells prefer to migrate into the microporous cavities
(Figure 5A).
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Channel-Bearing Hydrogels

Cells must reside with 100-200 um from adjacent capillary
blood vessels to remain viable or else they will undergo
necrosis due to insufficient oxygenation and nutrition
diffusion (Carmeliet and Jain, 2000). Therefore, hydrogels
with micro-channels are highly needed to vascularize artificial
tissue or study cell behaviors in a vascular structure, in
particular for the regeneration of large and complex tissues
and organs. Multiple strategies and techniques have been
developed for preparation of channel-bearing hydrogels for TE
applications.

PVA-based sacrificial templates are fabricated into branched
fluidic architectures by casting (Tocchio et al., 2015). The
architecture obtained after washing exhibits promoted
regeneration of hierarchically branched endothelium and
high cell viability inside bulk hydrogels formed by 2-
hydroxyethyl methacrylate, agarose or GelMA. To prepare

a complex capillary-like micro-channel vascular structure,
solvent-spun PNIPAM microfibers are fabricated and used
as temperature-responsive templates (Lee et al., 2016). The
PNIPAM microfibers are spun and maintained at a temperature
above 32°C. Cell-suspended gelatin precursor solution is kept at
37°C prior to embedding the templates. After complete gelation
of the gelatin hydrogel, the PNIPAM microfibers are removed
by immersion in cell culture medium at room temperature to
generate the capillary-like micro-channel vascular structure.
Cell viability is higher than 96% during 7 days of cultivation
in the perfused micro-channel hydrogel. Carbohydrate-glass
microfibers are printed to induce vascular architecture in
bulk hydrogels, which can be removed by cell medium
perfusion (Miller et al., 2012). The micro-channel hydrogels
demonstrate good biocompatibility and enhanced nutrition
diffusion. Combination of carbohydrate glass material with
3D printing provides independent control of vascular network
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geometry, endothelialization, and extravascular tissue formation
(Figure 5B).

Double-Ring Structural Hydrogels

Osteon-like concentric double-ring structure is prepared
with hybrid hydrogels of GelMA and hydroxyapatite via
photolithography technology and self-assembly (Zuo et al,
2015). Human umbilical endothelial cells (HUVECs) are
encapsulated in the inner ring to mimic blood vessel tubules,
while human osteoblast-like cells (MG63s) are located in the
outer ring as bone part (Figure 6A). Expression of angiogenesis-
related and osteogenesis-related genes is promoted. Osteon-like
fibers with HUVECs and MG63s separately encapsulated
are constructed with the combination of photolithography

and microfluidic chip techniques (Wei et al, 2017). RGD
modified alginate precursor with photoreactive functionalization
is used for the hydrogel preparation because the modified
alginate possesses cell adhesive sites and UV/Ca?" crosslinkable
properties. This not only satisfies cell proliferation but enhances
the relative gene expression and protein secretion in the
osteon-like architecture.

Multilayered Hydrogels

ECM composition and structure of cartilage and bone tissues
have an obvious difference. The biochemical and biophysical
microenvironments surrounding the cells in cartilage and
bone are also different. To regenerate full-thickness articular
cartilage defects, bilayered hydrogel architecture is designed.
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FIGURE 6 | Fabrication of double-ring and hierarchically structural hydrogels and the effects on cell functions. (A) Fabrication of hydrogels with osteon-like
double-ring structure by photolithograph and self-assembly. Cell viability of MG63s and HUVECs encapsulated in the outer ring and inner ring of the osteon-like
module. Reproduced with the permission from Zuo et al. (2015), Copyright © 2015, American Chemical Society. (B) Degradation of the hydrogel through oNB
photocleavage (). Creation of hydrogels with hierarchical vascular structure by programmable photodegradation (ji). Reproduced with the permission from Arakawa
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For example, bilayered agarose hydrogels are prepared for
osteochondral tissue repair (Sheehy et al., 2013). The top
hydrogel layer is encapsulated with chondrocytes, while
the bottom layer is seeded with MSCs. After 49 days of
in vitro cultivation, the top layer promotes production of
cartilaginous ECM, while the hypertrophy of MSCs encapsulated
in the bottom layer is decreased. The results indicate the
bilayered structure has a great potential for spatially separated
coculture of chondrocyte and MSCs and osteochondral
tissue regeneration. Bilayered structure can also provide
tunable biochemical and mechanical microenvironment for
differentiation of MSCs. For example, the top hydrogel layer
fabricated with low RGD concentration and soft matrix can
promote chondrogenesis of MSCs, while, the bottom layer
designed to have high RGD amount and stiff mechanical
property can promote osteogenesis of MSCs (Steinmetz et al.,
2015).

Hierarchically Structured Hydrogels
Hierarchical architecture exists in living tissues. For example,
blood vessels possess many scales of size to adapt to tissue
requirements. They include large arteries, smaller arterioles
and smallest capillaries, which have the functions to permit
large blood volume flow and support mass transport via
diffusion (Michiels, 2003). The above mentioned methodologies
for channel structures have limitations to introduce such
hierarchical structures in cell-laden hydrogel constructs,
especially for the size of diameter less than 150 um (Lee
et al, 2014). Multiphoton lithography-assisted photoscission,
as a cytocompatible fabrication strategy, is used to create
hierarchical vessels spanning nearly all the size ranges in
the human body (Arakawa et al, 2017) (Figure 6B). The
hydrogel network is crosslinked by azide-alkyne cycloaddition
between PEG tetrabicyclononyne and diazide-functionalized
peptide. The photo degradation is based on the ortho-
nitrobenzyl ester (oNB) moiety that undergoes photolysis
upon exposure to pulsed near-infrared light (DeForest and
Tirrell, 2015). Human bone marrow-derived hS5 stromal cells
are encapsulated inside the hydrogel, followed by preparation
of photodegradable vessels. The hS5 cells are viable during the
whole culture period. This complex and hierarchical structures
can maintain cell viability and functions, which is essential
for regeneration of heterogeneous tissues. Furthermore, the
hierarchical vascular structure is promising for investigation of
endothelialization and blood-capillary interaction in the various
environments.

3D stamping technique can also be used to prepare hydrogels
with hierarchical structures. AngioChip with hierarchical
vascular and porous architecture is prepared by this method
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Thermal-sensitive hydrogel based on chitosan (CS) and B-glycerophosphate (GP) has
shown good biocompatibility and biodegradability. But the application of such hydrogel
is limited due to its poor mechanical property. Recently, graphene oxide(GO) is widely
used as a reinforcement agent to prepare nanocomposites with different polymers for
improving the properties of the materials. In this study, CS/GP-based hydrogels with
different weight ratio of GO/CS (0.5, 1, 2%) were fabricated. The gelation time of the
hydrogels at body temperature was evaluated by tube inverting method. The gelation
process during heating was monitored by rheological measurement. The morphology,
porosities, chemical structure, swelling properties of the lyophilized hydrogels were
investigated by scanning electron microscopy, liquid displacement method, Fourier
transform infrared spectroscopy and gravimetric method. Mechanical property of the
hydrogels was analyzed by rheological measurement and unconfined compression test.
MC3T3-E1 mouse pre-osteoblast cell line was used to assess the biological properties
of the hydrogels. The results obtained from those assessments revealed that the addition
of GO into CS/GP improved the properties of the prepared hydrogels without changing
the high porous and interconnected microstructure and swelling ability of the hydrogels.
The gelation time at body temperature was significantly reduced by nearly 20% with the
addition of small amount of GO (0.5% weight ratio of CS). The mechanical properties of
the hydrogels containing GO were improved significantly over that of CS/GP. The storage
(G"/loss (G”) moduli of the hydrogels with GO were 1.12 to 1.69 times that of CS/GP at
the gelling temperature. The Young'’s modulus of 0.5%G0O/CS/GP hydrogel is 1.76 times
that of CS/GP. Moreover, the 0.5%GO/CS/GP hydrogel revealed remarkable biological
affinity such as cellular attachment, viability and proliferation. All of these results suggest
that 0.5%G0O/CS/GP hydrogel has great potential for practical application in biomedical
field.
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INTRODUCTION

Hydrogels have some unique physical properties, which make
them widely used in biomedical fields such as tissue engineering,
wound dressing and drug delivery systems (Bhattarai et al.,
2010). A good candidate to form hydrogel is chitosan
(CS), a copolymer of P[1,4]-linked 2-acetamido-2-deoxy-D-
glucopyranose and 2-amino-2-deoxy-D-glucopyranosea. This
biopolymer with polycationic structure is generally obtained by
alkaline deacetylation from chitin which is the second most
abundant polysaccharide in nature after celluse (Rinaudo, 2006).
Because of its non-toxicity, biocompatibility, biodegradability,
antibacterial ability, and low immunogenicity, chitosan has
attracted large interest in biological application such as tissue
engineering, drug delivery and wound healing (Riva et al., 2011;
Zhao et al.,, 2015, 2018; Dong et al.,, 2016). These admirable
characteristics of chitosan is ascribed to its unique chemical
structure. For example, the polysaccharide unit of chitosan
resembles the structure of glycosaminoglycans (GAGs), which is
the major component of the extracellular matrix (ECM) of bone
and cartilage (Khor and Lim, 2003). The cationic character of
chitosan enables it to form complexes with anionic molecules,
including proteoglycans, GAGs, growth factors, receptors and
adhesion proteins that help to regulate cellular activity (Lehr
et al., 1992; Dutta et al, 2011). In addition, chitosan can
create networks with highly porous and interconnected pore
structure which is helpful for cell adhesion, proliferation, and
differentiation as it enhances the diffusion of nutrients and
provide room for neovascularization (Dutta et al., 2011). Hence,
chitosan can be used to form hydrogels as scaffolds or substrate
for tissue engineering.

Generally, chitosan hydrogels can be prepared by either
covalently or jonically crosslinking methods with the addition of
different crosslinkers. Covalently cross-linked hydrogels possess
a stable and permanent network structure as irreversible
chemical bonding are formed. However, covalent cross-linkers
such as glutaraldehyde are usually toxic to organism. And the
chemical crosslinking makes hydrogels hard to degrade. On
the other hand, ionically cross-linked hydrogels are formed
by reversible links and generally considered biocompatible,
exhibiting a higher swelling sensitivity to pH changes compared
with covalently cross-linked chitosan hydrogels (Berger et al.,
2004). Because chitosan is a polycationic polymer, one of
the anionic molecules—p-glycerophosphate (GP) can be used
as an ionic crosslinking agent. It is an organic compound
naturally found in the body and has been used as an osteogenic
supplement for culturing human bone marrow stem cells (Zhou
et al., 2015). Chitosan/B-Glycerophosphate (CS/GP) is an in
situ thermal-sensitive gelling system, which maintains fluidity
at low temperature (room temperature or below) and becomes
gel at higher temperature (body temperature) (Berger et al,
2004; Zhou et al., 2015). With this characteristics, CS/GP
hydrogel has attracted great attention as it does not require an
surgical operation when implanted (Zheng et al., 2010). However,
the usage of the material is usually limited due to its poor
mechanical properties. Hence, many studies aimed at improving
its mechanical functionality by blending CS/GP system with

other nanomaterials, such as nano-attapulgite (Wang and Chen,
2016), nano-hydroxyapatite (Huang et al,, 2011; Chen et al,
2016), nanosilver (Tsai et al., 2011), carbon nanotubes(CN'Ts)
(Gholizadeh et al., 2017) and etc.

In addition to those nanofillers, a recently attractive material
has yet not been studied as a reinforcing agent in CS/GP system—
graphene. Graphene is expected for application in various fields
because of its exceptional physico-chemical properties (Zhu et al.,
2010). It is considered as a promising nanofiller as it possesses
high aspect ratio which is a very useful parameter for improving
the properties of materials, such as thermal, electrical and
mechanical properties (Stankovich et al., 2006; Cote et al., 2009;
Salavagione et al., 2009; Vickery et al., 2009). Compared with its
allotrope CNTs, graphene offers enhanced mechanical properties
to the composite, due to the planar structure and the aspect ratio,
which allows better stress transfer within the host medium during
the loading process (Mittal et al., 2015). Moreover, graphene-
based materials promote stem cell attachment and growth, and
enhance osteogenic differentiation, indicating its application as
an alternative material for bone regeneration research (Dubey
et al., 2015). A widely used form of graphene is graphene
oxide (GO), which is amphiphilic due to the multiple oxygen-
containing groups such as hydroxyls, epoxides, and carboxyls on
its surface (Li et al., 2008; Marcano et al., 2010). These functional
groups (oxygen-containing) allow GO to disperse at an individual
sheet and highly negatively charged in aqueous solution, which
makes it possible to form special interaction between GO and
protonated polymers such as CS. Meanwhile, these functional
groups (oxygen-containing) as well as the large aromatic (m-
configuration) interface endow GO with the ability to interact
with proteins, peptides, or DNA via chemical bonding or physical
adsorption (Shin et al., 2016). Adding GO into CS to form films or
scaffolds have been reported with improved properties, including
mechanical strength in both wet and dry state, storage modulus,
and thermal stability (Fan et al., 2010; Yang et al., 2010; Depan
et al., 2011; Han et al., 2011; Dinescu et al., 2014). Because of the
advantages of graphene and its derivatives and previous studies
of CS and GO mentioned above, we considered adding graphene
oxide into CS/GP system to improve the properties of CS/GP
hydrogel.

In the present work, GO/CS/GP hydrogels with different
GO/CS weight ratios were prepared as the amount of GO
in nanocomposites plays an important role to the properties
of materials. Meanwhile, the physical, chemical and biological
properties of each hydrogel were evaluated. We expect to
develop a composite hydrogel of GO/CS/GP with suitable
mechanical properties while maintaining biological functionality
for biomedical applications.

MATERIALS AND METHODS

Materials

B-Glycerophosphate disodium salt was obtained from Sigma-
Aldrich Co.(US). Medium molecular weight chitosan(molecular
weight~21,0000 Da, deacetylation degree>95%) was purchased
from Tokyo Chemical Industry Co., Ltd. Acetic acid (chemical
reagents of analytical grade) was provided by Baoxin
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Bio-Technology Co., Ltd. (Chengdu, China). Single-layered
graphene oxide, purity>99%, diameter of 0.5-5pum, thickness
of 0.8-1.2nm was purchased from Nanjing/Jiangsu XFNANO
Materials Tech Co., Ltd. (Nanjing, China).

Preparation of the Hydrogels

To prepare 10 mL GO/CS/GP hydrogel, the following steps were
implemented. Firstly, 200 mg CS powder was dissolved in 6 mL
acetic acid (0.75%v/v) and vigorously stirred for 1h; prescribed
amount (1, 2 or 4mg) of GO sheets were dispersed in 2mL
distilled water and treated by ultrasonication for 1h; 600 mg GP
was dissolved in 2 mL distilled water. Secondly, GO dispersion
was added into the CS solution and stirred for 1 h until complete
mixture. Finally, the GP solution was added dropwise to the
GO/CS mixed solution under constant stirring. As the control
group, the CS/GP hydrogel was prepared following the same
steps above except that the GO dispersion was replaced by 2 mL
distilled water. According to the weight ratio of GO and CS, the
samples were grouped as CS/GP, 0.5%GO/CS/GP, 1%GO/CS/GP,
and 2%GO/CS/GP. The total concentrations of the components
in each hydrogel groups were shown in Table 1.

Gelation Time Determination

Appropriate gelation time of the hydrogel is of much importance
for the clinical or biomedical application. The test tube inverting
method was used to measure the gelation time at constant
temperature of 37°C in a water bath (Zhao et al, 2009;
Mirahmadi et al., 2013). One milliliter of each sample (n = 5)
was added into test tubes at room temperature, then incubated
in the water bath. The fluidity of the samples was observed every
30 s by tilting the tube. The time at which flow stopped was taken
as the gelation time and the values were recorded.

Rheological Measurement

To analyze the rheological properties of the hydrogels in the
gelling process, rheology tests was performed with a rheometer
(HAKKE Viscotester IQ Air 260-100, Thermofish, US), which
required about 2mL of the solution per sample. Samples
of all groups were inserted into the rheometer. Oscillatory
measurements were performed at 1 Hz, while the temperature
was elevated at the rate of 2°C/min from 10 to 60°C. During
the gelling process, the dynamic rheological properties such as
the dynamic elastic (storage) modulus (G’) and the viscous (loss)
modulus (G”) were measured by oscillatory shear measurement.
The gelation temperature was determined as the crossover point
of the elastic (G’) and viscous (loss) moduli (G”) (8§ = 45°).

TABLE 1 | Total concentrations of component in each hydrogel group.

Scanning Electron Microscopy (SEM)

After gelation, all samples were frozen in a refrigerator at —20°C
for 2h and then lyophilized in a freeze drier at —80°C for
24h. Afterwards, the samples were sputter coated with gold
and scanning electron microscopy (SEM) (Inspect F50, FEI,
Hillsboro, OR, US) was used to evaluate the surface morphology,
pore morphology, and pore size distribution of the samples. The
average pore size of each sample were obtained using the software
Digimizer, 20 pores were considered.

Porosity Determination

The porosities of the hydrogels were measured using liquid
displacement method. Briefly, initial weight and volume of the
lyophilized hydrogels (n = 5) were measured and recorded (W
and V, respectively). Then, the gels were immersed in dehydrated
alcohol for 24h until they were fully saturated. After removal
of the surface liquid, the gels were weighted again (W’). The
porosities were calculated using the equation below (Gholizadeh
etal, 2017):

Porosity(%) = [(W — W)/(V x p)] x 100%
Where p is the density of alcohol.

Fourier-Transform Infrared (FTIR)

Spectroscopy

The FTIR spectra of CS, GO, GP and all the lyophilized
samples were recorded in KBr pellets with a Nicolet FT-IR 6700
spectrophotometer (Thermo Nicolet Corp., Madison, WI, US).
An IR spectral range of 400-4,000 cm ™! was analyzed.

In vitro Swelling Kinetic Analysis

The water uptake ability of the hydrogels was measured by
classical gravimetric method (Mirahmadi et al., 2013; Gholizadeh
et al, 2017). Each sample (n = 5) of lyophilized hydrogels was
weighed (Wy) and immersed into the distilled water at 37°C for
12 h. At appropriate intervals (10, 20, 30 min, 1, 2, ... 12h) ,
samples were retrieved and blotted with filter paper to remove
the surface solution and weighed again (Wy). The water uptake
ratio (Ey) at each interval was calculated as below (Mirahmadi
et al., 2013; Gholizadeh et al., 2017):

Ey = [( Wy — Wd)/ Wd]

Mechanical Properties

The compressive mechanical property of the hydrogels was tested
by a universal tensile testing machine (SANS CMT4000) at room
temperature under a 9N load cell. Dimensions of the samples
were measured carefully using a digital caliper. The state of

Group Chitosanwt % GOwt% GO/CS weight GP wt %
ratio % the hydrogel samples was examined with crosshead speed of 2
mm/min until reaching 20% strain. At least four specimens were
cs/GP 2 0 0 6 tested for each group. Force and deformation data were collected
0.5%GO/CS/GP 2 0.01 05 6 by the test instrument and were converted to stress and strain
1%GO/CS/GP 2 0.02 1 6 values. Elastic modulus was determined from the slope of the
2%GO/CS/GP 2 0.04 2 6 linear portion of the stress—strain curve for all samples.
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Cell Studies

The cell studies were conducted using the mouse pre-osteoblast
cell line MC3T3-El. Alpha-minimum essential medium (a-
MEM, HyClone, USA) supplemented with 10% fetal bovine
serum (FBS, HyClone, USA) and 1% penicillin-streptomycin was
used to culture the cells.

Sterile hydrogels were prepared according to the steps
mentioned above (Preparation of the hydrogels) in aseptic
environment. The CS powder and GO sheets were sterilized
by ultraviolet ray radiation before dissolved in acetic acid and
dispersed in distilled water. The GP solutions and acetic acid were
sterilized by using 0.22 pm filtration.

The hydrogel solutions were placed in 24-well plates (0.5 mL
for each well) and incubated in a humidified incubator at 37°C.
After gelation, all the hydrogels were washed three times with
cell culture medium every 30 min and then MC3T3-E1 cells were
seeded into the hydrogels (5 x 10* cells/well). 1 mL complete
medium was added to each well. Culture medium was changed
every 2 days.

Cell Attachment

SEM was used to study the attachment and morphology of the
cells on the hydrogels. The culture medium was removed from
the cell-gel constructs after cells were cultured on the gels for 24 h.
The cell-gel constructs were washed twice with PBS, followed
by fixation with 2.5 vol.% glutaraldehyde for 2h at 4°C. After
removing the fixatives, the constructs were dried with a graded
series of ethanol and sputter coated with gold. Then the samples
were observed by SEM.

Cell Proliferation

CCK-8 test was used for cell proliferation assessment. After
culturing for 1, 4, and 7 days, cell culture medium of the
samples(n = 4) was removed and 350 pL fresh culture
medium with 35 pL CCK-8 reagent was added to each sample.
After incubated at 37°C for 2h, 100 wL medium of each
well was transferred to 96-well plate. The absorbance values
were measured using a microplate reader (Bio-Rad, USA) at
wavelength of 450 nm. The results obtained were expressed as
optical density (OD) after blank subtraction.

Cell Viability and Morphology

Fluorescent inverted microscopy was used to study the viability
and morphology of MC3T3-E1 on the hydrogels using live/dead
staining kit Calcein-AM/Propidium iodide (Calcein-AM/PI,
Sigma, USA). Cells were cultured on the gels for 1 d and 5 d,
then culture medium was removed and cell-gel constructs in each
well were washed twice with PBS. Onemilliliter dye (10 pg/mL
in PBS) was added into each well. After incubation for 45 min,
the dye was removed and the constructs were washed once
with PBS. The samples were observed with fluorescence inverted
microscope (IX 71, Olympus, Japan) under blue fluorescent
light (490 nm) and green fluorescent light (545 nm), respectively.
Live cells were stained green and nucleus of dead cells were
colored red.

Statistics

At least three samples were tested for each experiment and
all data were reported as mean £ SD. Statistical analysis was
carried out using one-way analysis of variance (ANOVA) for
the comparison of groups and results were set as significant for
p < 0.05.

RESULTS

Gelation Time

Figure 1 showed the gelation time of the hydrogels at 37°C.
All the samples were converted to gels around physiological
temperature in <10 min but the time durations were different.
CS/GP became gel in 9 £ 0.41min, while 0.5%GO/CS/GP
became gel in 7.25 £ 0.29 min. The gelation time was reduced
about 20% (p < 0.05) by adding a small amount of GO (0.5%
weight ratio of CS) into the CS/GP. Gelling time appeared
to display an apparent decrease with the increase of GO/CS
ratio. 1%GO/CS/GP and 2%GO/CS/GP became gels in 6.63 £
0.25 min(1%GO/CS/GP) and 4.88 £ 0.25 min(2%GO/CS/GP),
respectively.

Rheological Measurement

The results of rheology tests were showed in Figure 2. There
were three regions in the curves according to the temperature
range upon the heating process. In region 1, the samples
showed a viscoelastic fluidlike behavior (G'< G”), and both
G’ and G” moduli decreased as the temperature increased,
which is the common behavior of a polymer solution. In the
next region (region 2), both storage modulus (G) and loss
modulus (G”) abruptly increased during heating due to the
fast formation of the three-dimensional network. However, the
growing rate of G’ was much larger than that of G” in this region,
indicating that the development of the gel structure contributed

Gelation time(min)

T U S S S SO SO S SO S e S

| T T
0.5%GO/CS/GP  1%GO/CS/GP 2%GO/CS/GP

Groups

FIGURE 1 | The gelation time of the hydrogels with different content of GO at
37°C.
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FIGURE 2 | Storage modules (G') and loss modulus (G”) of the hydrogels during gelation process. The crossover points are indicative of gel formation as G’ becomes

to the stiffening of the system. The gelation temperature was
determined at the crosspoint of storage (G) and loss (G”) moduli
ranging from 35.7 to 37.0°C. The slight difference of gelation
temperature of the hydrogels may attribute to the existence of
graphene oxide. At the gelling point, the storage (G)/ loss (G”)
moduli showed a positive correlation with the amount of GO.
The storage (G')/ loss (G”) moduli of CS/GP, 0.5%GO/CS/GP,
1%GO/CS/GP and 2%GO/CS/GP at the gelling point were 3.86,
4.33, 5.75, and 6.52 Pa, respectively. In the last zone (region
3), the gelation process became much slower because of the
lower diffusivity resulted from the increasing viscosity during the
network formation.

Morphology Observation

The high porous homogeneous and interconnected structure of
the lyophilized hydrogels were revealed by scanning electron
microscopy (Figure 3). The microstructure of the hydrogels
containing GO were similar to that of CS/GP, irrespective of the
amount of GO. The average pore sizes of each hydrogel were
presented in Table 2. The average pore size of CS/GP was 56.61
=+ 18.82 wm, while the average pore size of 0.5%GO/CS/GP was
58.83 £ 19.85 wm. With the adding amount of GO, the average
pore sizes were substantially increased to 65.26 £ 15.32pum

(1%GO/CS/GP) and 69.61 £ 19.72pm (2%GO/CS/GP). The
interconnecting pores and canals of the hydrogels were uniform
and coherent, which makes fast liquid convection. Porosity
measurement was conducted by liquid displacement method
and the results are presented in Table2. All the hydrogels
had porosities in the range 80% to 90%. The porosity of the
CS/GP was the lowest (81 & 3%), whereas, by the addition of
small amount of GO (0.5% weight ratio of CS) into the gelling
system, the porosity was increased to 83 =+ 2%. The porosities of
1%GO/CS/GP and 2%GO/CS/GP were 84 & 3% and 88 % 3%,
respectively.

Water Uptake

The water uptake abilities of the hydrogels were displayed in
Figure 4. The swelling ratios of all the four hydrogels showed
a similar trend of time-dependent increasing in the initial 4h
and then remained unchanged in the following 8h, which
indicated the hydrogels had reached their equilibrium state.
In general, the water uptakes ratios of all the hydrogels were
above 8 after immersion for 10 min and increased with time.
At equilibrium state, the E, of CS/GP was 9.23 £ 0.83, while
E, of 0.5%GO/CS/GP was 8.68 + 0.33. However, there was no
significant difference among E, values of the groups.

Frontiers in Chemistry | www.frontiersin.org

November 2018 | Volume 6 | Article 565


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Qin et al. Hydrogel of Graphene Oxide/Chitosan/p-Glycerophosphate

/GP
v

CS/GP 0.5%GO/CS

!

1%GO/CS/GP o ~ 2%GO/CS/GP

FIGURE 3 | Scanning electron micrographs of CS/GP (A,B), 0.5%G0/CS/GP (C,D), 1%GO/CS/GP (E,F) and 2%GO/CS/GP (G,H) hydrogels illustrating the porous
and interconnected microstructure.

TABLE 2 | Summary of the physical properties of lyophilized hydrogels. MEChanical Testing

Grovp/properties Average pore diameter () Porosity (%) Results of unconfined compression test on the hydrogels were
shown in Figures 6, 7. Stress-strain profiles (Figure 6) showed

CS/GP 56.61 + 18.82 8143 that all the hydrogels exhibited a linear strain-stress relationship

0.5%G0/CS/GP 58.83 4+ 19.85 8342 from 0 to 20% strain. Determination of the linear modulus

19%G0/CS/GP 65.96 4+ 15.32 8443 (Figure 7) revealed that 0.5%GO/CS/GP hydrogel was 1.76 times

2% GO/CS/GP 69.61 £ 19.72 8843 stiffer than CS/GP hydrogel (p < 0.05). 0.5%GO/CS/GP hydrogel

had a modulus of 6.96 £ 0.43 kPa while CS/GP hydrogel had
the modulus of 3.95 £ 0.68 kPa. The modulus of the hydrogels
displayed a positive correlation with the content of GO as the
modulus of 1%GO/CS/GP and 2%GO/CS/GP were 8.21 & 0.49
and 11.61 % 2.19 kPa, respectively.

FTIR Spectra of the Hydrogels

The differences in chemical structures of GP, GO, CS, CS/GP,
0.5%GO/CS/GP, 1%GO/CS/GP, and 2%GO/CS/GP determined
by FTIR were shown in Figure5. In the spectrum of GO,
the peaks at 1,730 and 1,628 cm™! represented C=0 stretch ~ Cellular Assay

of the carboxylic group and the C-C stretching mode of the = The SEM micrographs in Figure 8 illustrated cellular attachment
sp? carbon skeletal network, respectively. In regard to CS, two  on the surface of the hydrogels. The porous structure could not
characteristic absorbance bands centered at 1,653 and 1,597  be observed as the dehydration treatment before SEM made the
cm ™! corresponded to the C=0 stretching vibration of -NHCO-  hydrogel shrink to a film. Most of the cells on the surface of the
(amide I) and the N-H bending of -NH, (amide II), respectively. =~ CS/GP and 0.5%GO/CS/GP hydrogels showed a spindle shape,
The spectrums of all the lyophilized hydrogels were similar, ~ which was the typical morphology of MC3T3-El, indicating that
showing lower wavenumbers of amide I (1,643 cm™!) and the cells were still spreading and growing. While there were more
amino groups (1,550 cm™!). This could be interpreted by the  cells on the surface 1%GO/CS/GP and 2%GO/CS/GP hydrogels
electrostatic interaction between protonated CS and negative  that showed a spherical shape, indicating the cells were not
charged GP (Zhou et al, 2008; Assaad et al, 2015). For the  completely attached to the substrate.

hydrogels containing GO, the disappearing of the peak at 1,730 The results of CCK-8 assay of the samples at day 1, 4, and 7
cm ™! which related to C=0 stretch could be explained by the  were shown in Figure 9, revealing the proliferation of cells grown
synergistic effect of H-bonding between CS and the oxygen-  in all the hydrogels over the incubation period. However, there

containing groups in GO and electrostatic interaction between  were differences among the OD values of groups at 4 d and 7 d,
polycationic CS and the negatively charged GO (Yang et al,  indicating the proliferation of cells was influenced by GO. At day
2010). 1, there was no significant difference of the OD values among the
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Results of live/dead (Figure 10) staining revealed that most
FIGURE 5| The FTIR spectrum of GS/GP, 0.5%GO/CS/GP, 1%GO/GS/GF, cells survived in all hydrogels, but there was no obvious difference
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FIGURE 8 | Scanning electron micrographs of cellular adhesion on CS/GP(A),
0.5%G0O/CS/GP(B), 1%G0O/CS/GP(C), and 2%GO/CS/GP(D) after incubation
for 24 h. White arrows indicate cells with spindle shape, black arrows indicate
cells with spherical shape.

After 5 days, it could be observed that cells in CS/GP and
0.5%GO/CS/GP spread better and showed a typically spindle-
shaped morphology. There were less live cells in 1%GO/CS/GP
and 2%GO/CS/GP and the proportion of spherical-shaped cells
was higher. These images suggest that hydrogel containing small
amount of GO (0.5%) showed no difference in cell attachment,
viability and proliferation compared with CS/GP hydrogel.
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FIGURE 9 | CCK-8 cellular proliferation assays of CS/GP 0.5%GO/CS/GP,
1%GO/CS/GP and 2%GO/CS/GP. *Statistically significant differences existing
among the groups.

DISCUSSION

In the present study, chitosan/B-Glycerophosphate hydrogels
with different content of graphene oxide were fabricated through
thermal-induced gelation at physiological pH and temperature,
indicating that such materials can be possibly used as injectable
in situ scaffold for tissue engineering.

Mechanism of Gel Formation

GP is a key factor for gel formation. Previous studies reported
that higher content of GP induced faster hydrogel formation
or gelation at lower temperature (Cho et al., 2006). However, it
has also been suggested that high concentrations of GP can be
detrimental to cell viability and proliferation (Ahmadi and de
Bruijn, 2008; Wang and Stegemann, 2010). The reason may be
that high concentrations of GP avoidably dissolves and diffuses
into the surrounding culture medium or tissue fluid, causing
osmosis pressure change, which will lead to cell activity decrease
or even cell death (Song et al., 2017). In order to initiate the
gelling process at body temperature while avoiding causing
cytotoxicity, the concentration of 6 wt% GP was chosen to
prepare hydrogel in this work. The gelation mechanism of CS/GP
system has been explained by many studies in literature. Briefly,
there are three effective interactions involved in the sol/gel
transition: (1) the electrostatic attractions between chitosan
and B-glycerolphosphate via amino and the phosphate groups,
respectively, (2) the chitosan interchain hydrogen bonding, and
(3) the chitosan-chitosan hydrophobic interactions which could
be enhanced by the structuring action of glycerol on water
(Cho et al., 2006; Ahmadi and de Bruijn, 2008; Zhou et al,
2015). When adding GO, the molecular mechanism of gelation
involves multiple interactions between CS, GP, GO and water
(Figure 11). In addition to the three interactions mentioned
above, in GO/CS/GP system, electrostatic attraction, hydrogen
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FIGURE 10 | Fluorescence micrographs stained by Calcein-AM/PI illustrating the cellular viability on the hydrogels after incubation for 1 day and 5 days. Live cells
were stained green and nucleus of dead cells were colored red.
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FIGURE 11 | Schematic illustration of gel formation at 37°C. GO and CS were interacted by H-bonding and electrostatic bonding in the homogeneous codispersion.
With the addition of GP, the repulsion of pronated CS was weakening due to the CS-GP electrostatic attractions via amino and the phosphate groups. When the
temperature rises, the hydrophobic effect of CS chains becomes dominant. CS chains entangle with each other and the gel forms. GO sheets reinforce the
hydrophobic effect, inducing the faster gelation.
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bonding and hydrophobic interaction also exist between GO and
CS. When mixing GO dispersion and CS acetic acid solution,
because of polycationic nature of CS in acid media and the
negative charge on the surface of GO, electrostatic attraction
can be achieved. Hydrogen bonding can be formed between the
amino and hydroxyl groups in the unit of CS and the oxygen-
containing groups on the GO. These two interactions between CS
and GO could induce the truly homogeneous codispersion on the
molecular scale (Yang et al., 2010). It has been confirmed that the
hydrophobic effect is the main driving force for the heat-induced
gelation of CS/GP system since the ratio of -NHJ in chitosan
and -OPO(O7)? in GP reduces and the hydrogen bonding are
not predominant (Zhou et al., 2015). In the presence of GO, the
sp? bonded substrate could reinforce the hydrophobic effect of
the system upon heating. As it shown in the rheological test and
gelation time determination, hydrogel containing more GO had
lower gelation temperature and faster gelation process.

Properties of the Hydrogels

The results of rheological tests revealed that the gelling process
of all groups started around the body temperature and the results
of gelation time indicated that all the hydrogels could be formed
in several minutes at 37°C, which is of much importance in
clinical application. When injecting the heat-induced in situ
gelling system into irregular-shaped bone defect (e.g., oral and
maxillofacial region), the material could well adjust to defect
zone due to its fluidity. Appropriate gel formation speed gives
the practitioner enough time to inject or shape the gel to an
ideal form. And the practitioner does not have to waste too
much time on waiting for the gelation before the next surgery
step. The gelation time of the hydrogels (several minutes) in this
study was approximately equal to or less than the time needed
for putting bone substitute into the bone defect and laying a
membrane above it, which is a routine procedure of guided bone
regeneration (GBR) technique in oral implantation. From the
perspective of operability, the thermal-sensitive hydrogels offer a
more convenient and less time-consuming alternative procedure
compared with traditional treatments.

The SEM images demonstrated highly porous structure of
the hydrogels. The interconnecting and stable internal channel
system provides space for embedded cells (Mirahmadi et al.,
2013). Appropriate pore size, porosity and desirable water uptake
ability are beneficial for cell adhesion, ingrowth and proliferation.
The pore diameters and porosities in all the types of hydrogels
in this study were found to be appropriate for bone tissue
engineering applications (Amaral et al., 2009; Depan et al,
2011). An interesting phenomenon was that the average pore
diameters and the porosities of the hydrogels were not in relation
to the water uptake abilities. The former two were in positive
correlation to the amount of GO, while the latter was not.
Nevertheless, the results of water uptake proved satisfactory
water-absorbing ability of the hydrogels.

Proper mechanical properties are required for scaffolds in
order to maintain their structure for tissues ingrowth. Previous
studies reported the elastic modulus of CS/GO composite film
prepared by solution casting method was increased even by
adding a small amount of GO compared with the pure CS film as

control (Fan et al., 2010; Han et al., 2011). In this work, results
of rheological measurement and unconfined compression test
revealed that the mechanical properties of the hydrogels were
improved by the addition of GO. The storage (G')/loss (G”)
moduli of the hydrogels with GO evaluated by rheology test
were 1.12 to 1.69 times that of CS/GP at the gelling temperature.
The elastic modulus of hydrogels containing different amounts
of GO have been increased by 1.76 to 2.94 times compared
with pure CS/GP hydrogel. GO has a large specific surface to
volume ratio and a unique two-dimensional structure which
probably imposes a higher degree of geometric constraint with
regard to the mobility of polymer chains, influencing binding
interactions between molecules and subsequently enhances
elastic modulus (Han et al., 2011). The properties of GO/CS/GP
(including 0.5, 1, 2%) were acceptable for tissue engineering
applications.

Biological Assays

Besides physical and chemical properties, the cytocompatibility
of biomaterials is of much importance for tissue engineering as
scaffolds are expected to promote cellular adhesion, proliferation
and differentiation. CS is a well-known biopolymer for its
biocompatibility and biodegradability. Because of its ability to
support cell growth and to integrate with surrounding ECM,
chitosan has been widely studied in biomedical field. GP is an
organic compound naturally found in the body and has been
shown as an osteogenic supplement for culturing bone marrow
stem cells (Zhou et al., 2015). However, it has also been reported
that high concentrations of GP, in particular above 10wt% can be
detrimental to cell proliferation (Zhu et al., 2010). In this study,
the concentration of GP was relatively low (6 wt%), and all the
hydrogels were immersed in complete cell culture medium for
three times, half an hour for each time before seeding cells into
them in order to remove the diffused GP, preventing possible
toxicity caused by GP. Results of the biological assessment in this
study revealed that the CS/GP promoted cellular adhesion and
proliferation for MC3T3-E1. However, the cytocompatibility and
toxicity of GO are controversial. Some investigators indicated
that GO demonstrated biocompatibility in a number of studies
aiming for biomedical applications while the other reported
adverse biological responses and cytotoxicity (Gurunathan and
Kim, 2016; Ou et al,, 2016). In current study, results of CCK-
8 assay showed that cells kept proliferating in the incubation
with the hydrogels but there was a difference among the
groups. Cells incubated in the hydrogel with low content of
GO (0.5%GO/CS/GP) exhibited a similar proliferation rate with
cells in the hydrogel without GO, while the hydrogels with
higher contents of GO (1%GO/CS/GP and 2% GO/CS/GP) had
an inhibiting effect on the cell attachment and proliferation.
The live/dead staining images of samples also revealed that
there were less live cells on the hydrogels with higher content
GO (1%GO/CS/GP and 2% GO/CS/GP) after 5 days. The
concentrations of GO in each hydrogel sample were 100 jug/mL
(0.5%GO/CS/GP), 200 pg/mL (1%GO/CS/GP) and 400 pg/mL
(0.5%GO/CS/GP), respectively. For cell incubation, the final
concentrations of GO in each well of the culture plate were
one third of those in hydrogels as the volume of culture
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medium been calculated. The results were consistent with studies
concerning the dose-dependent toxicity of GO. A study reported
that GO nanosheets at the concentration of 20 ug/mL had
no toxicity in A549 within 2h, but a higher concentration
(85g/mL) reduced the cellular viability to 50 % within 24 h
(Chang et al., 2011). Another study also demonstrated that GO
had no obvious cytotoxicity at low concentrations for 96h on
human neuroblastoma SH-SY5Y cell line, but the viability of
cells sharply decreased to 20 % after treatment with 100 mg/mL
GO for 96 of incubation (Lv et al., 2012). It is important to
bear in mind that the toxicity of GO is influenced by many
physicochemical properties such as lateral dimensions, surface
area, surface chemistry, surface charge, layer number, purity,
particulate state and shape. In this study, the dose-dependent
adverse effects of GO on the cellular viability and proliferation
cells may be attributed to the dispersed GO. As the physical
interactions between GO and CS can be interrupted by water,
different ions and molecules of the culture medium or released
from cells, the GO sheets would disperse in the medium again.
Given that the lateral diameter of GO used in this work was
too large to be taken up by the cells, the dispersed GO may
influence the growth of cells by cutting through cell membranes
directly or binding with the proteins of the medium through =-
T stacking, preventing them absorbed by the cells (Akhavan and
Ghaderi, 2010; Zhou and Gao, 2014). For the GO entangled by
CS, there would be less opportunity to expose its sharp margin
and hexagonal lattice. Hence, hydrogels with higher content of
GO that may release more dispersed GO had an adverse effect
on cell viability. The cytocompatibility of 0.5%GO/CS/GP was
acceptable for biomedical application.

CONCLUSION

The thermal-sensitive chitosan/B-glycerophosphate hydrogels
reinforced by graphene oxide were fabricated at physiological
pH and temperature. The hydrogels possessed highly porous
structure with good ability of water uptake, which favors
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The covalent functionalization of type | atelocollagen with either 4-vinylbenzyl or
methacrylamide residues is presented as a simple synthetic strategy to achieve
customizable, cell-friendly UV-cured hydrogel networks with widespread clinical
applicability. Molecular parameters, i.e., the type of monomer, degree of atelocollagen
functionalization and UV-curing solution, have been systematically varied and their effect
on gelation kinetics, swelling behavior, elastic properties, and enzymatic degradability
investigated. UV-cured hydrogel networks deriving from atelocollagen precursors
functionalized with equivalent molar content of 4-vinylbenzyl (F45c = 18 &+ 1 mol.%) and
methacrylamide (Fpa = 19 & 2mol.%) adducts proved to display remarkably-different
swelling ratio (SR = 1963 + 58-5202 + 401 wt. %), storage modulus (G’ = 17 £+ 3-390 +
99 Pa) and collagenase resistance (i = 18 + 5-56 + 5 wt.%), similarly to the case of
UV-cured hydrogel networks obtained with the same type of methacrylamide adduct,
but varied degree of functionalization (Fya = 19 + 2 — 88 + 1mol.%). UV-induced
network formation of 4VBC-functionalized atelocollagen molecules yielded hydrogels
with increased stiffness and enzymatic stability, attributed to the molecular rigidity of
resulting aromatized crosslinking segment, whilst no toxic response was observed
with osteosarcoma G292 cells. Although to a lesser extent, the pH of the UV-curing
solution also proved to affect macroscopic hydrogel properties, likely due to the altered
organization of atelocollagen molecules during network formation. By leveraging the
knowledge gained with classic synthetic networks, this study highlights how the type of
monomer can be conveniently exploited to realize customizable atelocollagen hydrogels
for personalized medicine, whereby the structure-property relationships can be controlled
to meet the requirements of unmet clinical applications.

Keywords: type | atelocollagen, covalent network, UV-curing, monomer, 4-vinylbenzyl chloride, methacrylic
anhydride

INTRODUCTION

As a simple mimetic of the extracellular matrix (ECM) of biological tissues hydrogels have
been widely applied in the biomedical field (Zhang and Khademhosseini, 2017), for applications
including regenerative medicine (Heller et al., 2013), wound care (Konieczynska et al., 2016), and
controlled drug delivery (Chen et al., 2017). The high swelling in aqueous medium makes hydrogels
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inherently soft, so that molecular manipulation of their
constituent building blocks (Nimmo and Shoichet, 2011) is key
to enable customized properties and functions for personalized
medicine.

At the molecular scale, hydrogels typically consist of
hydrophilic polymer networks, crosslinked via either physical
or covalent linkages, whilst short amino acidic sequences have
also been proven to generate water-swollen supramolecular
structures (Koch et al., 2018). Although various synthetic
polymers have been employed (Aggeli et al., 2003; Fairbanks
et al, 2009; Bulman et al., 2015; Qin et al, 2015, 2018;
Sridhar et al, 2015; Gharaei et al, 2016), a great deal of
attention has recently been paid to the use of natural, ECM-
extracted, biopolymers as building blocks of multifunctional
hydrogels (Van Vlierberghe et al., 2011; Head et al., 2016). The
selection of biopolymer-based building blocks is attractive since
it ensures that the resulting material has biomimetic features
from the molecular up to the macroscopic scale, due to the
presence of cell-binding sequences, fiber-forming biopolymer
capability (with resulting fiber dimensions comparable to the
ones found in the ECM) (Younesi et al., 2014), and the
water-swollen macroscopic state, respectively. In comparison to
synthetic polymers, however, ensuring customization and reliable
structure-property relationships in biopolymer-based systems is
highly challenging, due to the inherent batch-to-batch variability
and the hardly-controllable secondary interactions between
biopolymer chains (Salchert et al., 2004; Yang et al, 2016).
Leveraging the knowledge gained with classic polymers, the
synthesis of covalently-crosslinked hydrogel networks made of
linear biopolymers, e.g., hyaluronic acid (Burdick and Prestwich,
2011), has been successful aiming to achieve defined structure-
property relationships (Tronci et al., 2010). Other than linear
biopolymers, such a level of customization is still hardly realized
when employing biopolymers with increased organizational
complexity, such as collagen, because of the inherently-limited
chemical accessibility and solubility. Customization of these
building blocks would on the other hand enable the formation
of systems with superior biofunctionality and widespread clinical
applicability. Type I collagen is one the most abundant structural
proteins of connective tissues, and it constitutes the main organic
component of bone, skin and tendon (Grant et al, 2009).
As the most abundant collagen in humans, type I collagen-
based hydrogels have been widely employed for therapeutics and
diagnostics, with multiple commercial products being routinely
used in the clinic (Neel et al., 2013). Other than its hierarchical,
water-insoluble organization found in biological tissues, collagen
ex vivo is predominantly extracted in the form of a water-soluble
triple helix, due to the extraction-induced breakdown of covalent
crosslinks of collagen found in vivo. To enable applicability of
the extracted water-soluble product in physiological conditions,
restoration of in vivo-like covalent crosslinks ex vivo is a
promising strategy. Reaction of side chain terminations with
bifunctional segments, e.g., diisocyanates (Olde Damink et al,
1995a; Kishan et al., 2015), diacids (Duan et al., 2014; Tronci
et al, 2015b), and dialdehydes (Olde Damink et al., 1995b;
Haugh et al, 2011), or carbodiimide-induced intramolecular
crosslinking (Everaerts et al., 2008; Yunoki and Matsuda, 2008)
proved to induce some adjustment in the mechanical properties

of resulting collagen materials. At the same time, the use of
toxic reagents and the relatively-long reaction time prevent
the application of these synthetic strategies for the delivery
of cell-friendly, in-situ forming hydrogels (Lee et al., 2013)
or to achieve material customization at the bed side. Another
challenge associated with above-mentioned strategies is that the
enzymatic degradability of resulting collagen materials is still
relatively quick, so that the requirements of specific clinical
application, e.g., in guided bone regeneration, cannot be entirely
fulfilled (Calciolari et al., 2018). Ultimately, above-mentioned
crosslinking strategies are often associated with unwanted side
reactions, so that defined structure-property relationships are
hardly-developed (Yunoki and Matsuda, 2008; Tronci et al., 2010;
Duan et al., 2014).

Rather than one-step crosslinking reactions, photoinduced
network formations mechanisms have been recently investigated
for the development of in situ-forming, cell-encapsulating
collagen hydrogels (Brinkman et al., 2003). Derivatization of
collagen triple helices with photoactive, e.g., methacrylamide,
groups has been widely demonstrated to rapidly generate
covalent networks via photoinduced free radical crosslinking
(Gaudet and Shreiber, 2012) and UV-induced thiol-ene (Holmes
et al., 2017) click reactions. Although resulting systems proved
to display varied storage modulus (Gaudet and Shreiber, 2012;
Ravichandran et al., 2016), collagen hydrogel customization
often relies on the incorporation of a synthetic copolymer,
e.g., polyethylene glycol (PEG), in the crosslinked network.
Whist this approach affords wide tailoring in macroscopic
properties, incorporation of the synthetic phase may affect
the biofunctionality of resulting system. In an effort to
expand the customizability of collagen hydrogels and avoid
the use of copolymers, functionalization of collagen with 4-
vinylbenzyl residues has recently been reported. UV-cured
4VBC-functionalized collagen triple helices proved to display
significantly increased compression properties with respect to
methacrylated variants (Tronci et al, 2016a), whereby the
introduction of 4VBC aromatic rings was found to impact
on the activity of matrix metalloproteinases (MMPs) in vitro
(Tronci et al., 2016b; Liang et al., 2018). Although insightful,
these studies did not systematically investigate the effect of the
type of monomer and respective degree of functionalization on
the macroscopic properties of resulting hydrogels, due to the
limited chemical accessibility of the protein backbone. On the
other hand, systematic investigations on the effect of covalently-
coupled monomer and respective degree of functionalization on
network properties could open up new avenues aiming to develop
simple synthetic routes yielding customizable collagen systems
for personalized medicine.

This study therefore is focused on the synthesis of photoactive
atelocollagen precursors and consequent UV-cured networks,
whereby the effects of (i) type of monomer, (ii) the degree
of atelocollagen functionalization, and (iii) UV-curing aqueous
solution were addressed. Pepsin-solubilized type I telopeptide-
free collagen, i.e., atelocollagen, was selected as a purified,
minimally-antigenic building block with comparable chemical
composition, and dichroic properties with respect to acid-
extracted type I collagen (Lynn et al., 2004; Tronci et al., 2016b).
Firstly, photoactive atelocollagen precursors with comparable
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molar content, but different type of photoactive adduct, i..,
either 4-vinylbenzyl or methacrylamide adduct, were considered.
Secondly, photoactive atelocollagen precursors with varied molar
content of the same type of photoactive, i.e., methacrylamide,
adduct were addressed. Ultimately, the aqueous solution
employed for the solubilization of functionalized atelocollagen,
i.e,, hydrochloric acid, acetic acid and phosphate buffered
saline solution, was also varied during network formation to
investigate the effect of environmental conditions on resulting
hydrogels. Hydrogel networks were prepared via UV-induced
free radical crosslinking of photoactive atelocollagen precursors
in the presence of 2-hydroxy-1-[4-(2-hydroxyethoxy) phenyl]-2-
methyl-1-propanone (12959), which was used as a water-soluble,
cell-friendly photoinitiator (Holmes et al., 2017). Resulting UV-
cured hydrogel networks were characterized with regards to
their gelation kinetics, swelling and compression properties,
enzymatic degradability, and cytotoxicity, aiming to establish
defined structure-property relationships, and systematic material
customization.

MATERIALS AND METHODS

Materials

Pepsin-extracted type I bovine atelocollagen (AC, 6 mg-mL™})
solutions in 10 mM hydrochloric acid (HCI) were purchased from
Collagen Solutions PLC (Glasgow, UK). 4-vinylbenzyl chloride
(4VBC), methacrylic anhydride (MA), and triethylamine (TEA)
were purchased from Sigma-Aldrich. 12959 and deuterium
oxide were purchased from Fluorochem Limited (Glossop, UK).
Ninhydrin 99% was supplied by Alfa-Aesar (Massachusetts,
USA). Polysorbate 20, absolute ethanol and diethyl ether were
purchased from VWR internationals. All other chemicals were
purchased from Sigma-Aldrich unless specified.

Synthesis of Photoactive Precursors

To achieve the MA-functionalized products, AC solutions (6
mg-mL~! in 10 mM HCI) were diluted to a concentration of 3
mg-mL~! via addition of 10 mM HCl and equilibrated to pH 7.5.
MA and TEA were added at varied molar ratios with respect to
the molar lysine content in AC ([MA][Lys]~! = 0.1-25). When
an MA/Lys molar ratio of 0.1-1 was selected, TEA was added
with a 10 molar ratio with respect to the collagen lysine content.
When an MA/Lys molar ratio of 25 was selected, an equimolar
monomer content of TEA was added ([TEA] = [MA]). After
24 h, the functionalization reaction was stopped by precipitating
the reacting mixture in 10-volume excess of absolute ethanol.
Following at least 8-h incubation in ethanol, the reacted, ethanol-
precipitated product was recovered by centrifugation and air
dried. The 4VBC-functionalized AC was prepared following the
above protocol, whereby polysorbate 20 (PS-20) was added prior
to the functionalization reaction in order to mediate the solubility
of 4VBC in water. Hence, the diluted (3 mg~mL_1) and pH-
equilibrated AC solution was supplemented with 1 wt.% PS—20
(with respect to the weight of the diluted AC solution) prior
to addition of 4VBC and TEA at a fixed molar ratio of 25
([4VBC]-[Lys]~! = 25; [4VBC] = [TEA]).

Characterization of Reacted AC Products
TNBS assay (n = 3) was used to measure the derivatization
of amino to vinyl groups and respective degree of AC
functionalization, as previously reported (Tronci et al., 2016b;
Liang et al., 2018). Briefly, 11 mg of dry samples was mixed with
1 mL of 4 wt.% NaHCO3 and 1 mL of 0.5 wt.% TNBS solution.
The mixture was reacted at 40°C for 4h, followed by addition
of 3mL of 6N HCI for one more hour to induce complete
sample dissolution. The solution was then cooled down to room
temperature, diluted with 5mL of distilled water, and extracted
(x3) with 15 mL diethyl ether to remove any non-reacted TNBS
species. An aliquot of 5mL was collected and diluted in 15mL
of distilled water and the reading was recorded using an UV-Vis
spectrophotometer (Model 6305, Jenway) against the blank. The
molar content of primary free amino groups (largely attributed to
the side chains of lysine) was calculated via Equation 1:

mol(Lys) _2x Abs (346 nm) x 0.02

1
g(AC) 1.46 x 104 x b x x M

where Abs (346 nm) is the UV absorbance value recorded at
346 nm, 2 is the dilution factor, 0.02 is the volume of the sample
solution (in liters), 1.46 x 10% is the molar absorption coefficient
for 2,4,6-trinitrophenyl lysine (in M~ cm™!), b is the cell path
length (1 cm), and x is the weight of the dry sample. The degree
of functionalization (F) was calculated via Equation 2:

F:(l— >><100

where mol(Lys)ac and mol(Lys)fum.represent the total molar
content of free amino groups in native and functionalized
atelocollagen, respectively.

Further confirmation of AC functionalization was assessed via
Ninhydrin assay (n = 3). Briefly, 10 mg of the dry sample was
mixed with 4 mL of distilled water and 1 mL of 8 wt.% Ninhydrin
solution in acetone. The mixture was reacted at 100°C for
15 min and the reaction terminated by cooling in ice and adding
1 mL of 50% ethanol (v/v). The molar content of amino groups
was measured by reading the absorbance at 570 nm against the
blank. A standard curve calibration was prepared by measuring
solutions containing known amount of atelocollagen.

TNBS and ninhydrin assays were ultimately coupled with 'H-
NMR spectroscopy (JEOL ECA, 600 MHz). 'H-NMR spectra
of native, MA- and 4VBC-functionalized AC were recorded
following dissolution of 5mg of dry sample in 1 mL of 10 mM
deuterium chloride.

Synthesis of UV-Cured AC Networks

Either MA- or 4VBC-functionalized AC products were dissolved
at a fixed concentration of 0.8 wt% in either 10mM HCI
(pH 2.1), 174mM acetic acid (AcOH, pH 3.4) or 10mM
phosphate buffered saline (PBS, pH 7.5) solutions supplemented
with 1 wt.% 12959 photo-initiator. Resulting AC solutions (0.8
wt.% functionalized AC, 0.992 wt.% 12959) were centrifuged at
3000 rpm for 5min to remove any air bubble and then cast
onto a 24 well plate (Corning Costar, 0.8g per well). Well

mOI(LyS)funct.

mol(Lys) 4c @
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plates were irradiated with a UV lamp (346 nm, 8 mW cm ™2,

Spectroline) for 30 min on both top and bottom side, leading to
the formation of hydrogels. Irradiation intensities were measured
with an International Light IL1400A radiometer equipped with a
broadband silicon detector (model SEL033), a 10x attenuation
neutral density filter (model QNDS1), and a quartz diffuser
(model W). The UV-cured hydrogels were carefully removed
from the plate and washed in distilled water (15min, x3),
followed by dehydration via an ascending series of ethanol and
air drying.

Quantification of Swelling Ratio and Gel

Content
Dry UV-cured samples (n = 4) of known mass (m,;) were
individually incubated in PBS (10 mM, pH 7.5, 1.5 mL) at room
temperature for 24 h. The swelling ratio (SR) was calculated by
Equation 3:

Ms =M 100

ms

SR = (3)
where m; is the mass of the PBS-equilibrated UV-cured sample.
The gel content (n = 4) was measured to investigate the
overall portion of the covalent hydrogel network insoluble in
17.4 mM acetic acid solution (Liang et al., 2018). Dry collagen
networks (m,;: 10 mg—20 mg) were individually incubated in
2mL of 17.4 mM AcOH for 24 h. Resulting samples were further
air dried and weighed. The gel content (G) was calculated by
Equation 4:
mi

G=— x 100
mgq

(4)
where m is the dry mass of collected samples.

Compression Test

PBS-equilibrated hydrogel discs (@: 14mm; h: 5-6mm, n =
3) were compressed at room temperature with a compression
rate of 3 mm-min~! (Instron ElectroPuls E3000). A 250 N load
cell was operated up to complete sample compression. Stress-
compression curves were recorded and the compression modulus
quantified as the slope of the plot linear region at 25-30% strain.

Degradation Tests

Dry samples (n=4) of either UV-cured AC network or native
AC were incubated for 4 days (37°C, pH 7.5) in 1 mL of 50 mM
[tris(hydroxymethyl)-methyl-2-aminoethane sulfonate] (TES)
buffer containing 0.36 mM calcium chloride and supplemented
with 5 CDU of collagenase type I from Clostridium histolyticum
(125 CDU-mg ™ !). Following 4-day incubation, the samples were
washed in distilled water, dehydrated via an ascending series
of ethanol solutions and air dried. The relative mass (i,¢) of
samples was determined according to Equation 5:

my
Upel = — % 100 (5)
mgq

where my4 and my are the masses of the dry partially-degraded
and dry freshly-synthesized samples, respectively.

UV-Curing Rheological Measurements

The UV-induced kinetics of network formation (n 3)
was measured by a modular compact rotational rheometer
(MCR 302, Anton Paar, Austria) equipped with a UV
curing module (Ominicure 1500, Excelitus Technologies).
Functionalized atelocollagen products (0.8 wt.%) were dissolved
in 12959-supplemented aqueous solutions (1 wt.% 12959),
followed by time sweep measurement at a strain of 0.1%
and frequency of 1Hz. Values of storage (G') and loss (G”)
modulus were recorded during time sweep measurements under
irradiation with UV light. The oscillatory shear was applied to a
transparent glass parallel plate (@ 25 mm) and the gap between
the plates was 300 um. UV light (365nm, 8 mW-cm™2) was
initiated after 5s of shear oscillation at 21°C. The gelation time
(r) was determined by the temporal interval between the UV
activation and complete gelation.

Cell Culture Study

G292 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM), supplemented with 10% fetal bovine serum (FBS),
1% glutamine, and 2.5 mg:-mL~! penicillin-streptomycin, in a
humidified incubator at 37°C and 5% CO;. Cells were passaged
every 3 days with 0.25% trypsin/0.02% EDTA. UV-cured samples
were individually synthesized on to a 24-well plate, extensively
washed in distilled water and dehydrated in an ascending series
of ethanol-distilled water [0, 20, 40, 60, 80, (3x) 100 vol.%
EtOH] to remove any acidic or ethanol residues. Prior to cell
seeding, hydrogels were disinfected in a 70 vol.% ethanol solution
under UV light and washed in PBS (3x, 10 min) to remove any
acidic or ethanol residues. G292 cells (8-10° cells-mL~!) were
seeded on top of the sample (following UV disinfection) and
incubated at 37°C for up to 7 days. After incubation, samples
(n = 6) were washed with PBS (x3) and transferred to a new
24-well plate before adding the dying agent of Calcein AM and
Ethidium homodimer-1. The sample plate was then incubated for
20 minutes away from light. Live /dead stained hydrogels were
placed onto a glass slide for fluorescence microscopy imaging
(Leica DMI6000 B).Cells grown on tissue culture treated plastics
were used as positive control (Nunc, UK). Other than live/dead
staining, cell viability was assessed at selected time points using
Alamar Blue assay (ThermoFisher Scientific, UK) according to
the manufacturer’s guidance. VP-SEM (Hitachi S-3400N VP)
combined with Deben cool stage control (Model: LT3299) was
also employed for high resolution imaging of cell attachment
on hydrated samples after 7-day incubation under low pressure
(60-70 Pa).

Statistical Analysis

Data are presented as mean = standard deviation (SD). Statistical
analysis was carried out with the Student’s ¢-test. A p value lower
than 0.05 was considered to be significantly different.

RESULTS AND DISCUSSION

In the following, the synthesis and characterization of UV-
cured hydrogel networks made of either 4-vinylbenzylated
or methacrylated atelocollagen is presented. The effects
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of covalently-coupled monomer, degree of atelocollagen
functionalization and UV-curing aqueous solution was
investigated, aiming to draw controlled structure-property
relationships. The synthesis of the covalent networks was linked
to the degree of functionalization of respective photoactive AC
solutions, whilst respective UV-induced gelation kinetics was
assessed in either acidic or basic conditions. Resulting UV-
cured networks were characterized with regards to rheological
properties, gel content, swelling ratio, compression modulus,
enzymatic degradability, and cellular tolerability.

The sample nomenclature is as follows: functionalized AC
samples are coded as “XXXYY,” where “XXX” identifies the type
of monomer introduced on to the AC backbone, i.e., either 4VBC
or MA; and “YY” describes the monomer/Lys molar ratio used
in the functionalization reaction. UV-cured samples are coded as
“XXXYY(Z)*) where “XXX” and “YY” have the same meaning
as previously discussed; “Z” indicates the UV-curing aqueous
solution used to dissolve the functionalized AC sample, i.e., either
10 mM HCI (H), 17.4 mM acetic acid (A) or 10 mM PBS (P); “*”
identifies a UV-cured hydrogel sample.

Synthesis of Functionalized AC Precursors
Following reaction with either 4VBC or MA, the degree of
functionalization (F) consequent to the covalent coupling of
photoactive adducts on to the AC backbone was determined.
Since network formation was pursued via UV-induced free
radical crosslinking mechanism, the introduction of photoactive
adducts was expected to be directly related to the crosslink
density and macroscopic properties of respective AC networks.
The reaction of AC with selected monomers proceeds via
lysine-initiated nucleophilic substitution (Figure S1) leading
to the consumption of free amino groups and derivatization
with either 4-vinylbenzyl or methacrylamide adducts. TNBS
(Bubnis and Ofner, 1992) and ninhydrin (Starcher, 2001)
assays are two colorimetric assays widely employed for the
determination of amino groups in proteins. Both assays have
recently been employed for the characterization of reacted
gelatin (Billiet et al., 2013; Kishan et al., 2015) and acid-
solubilized collagen (Ravichandran et al, 2016; Tronci et al.,
2016a,b; Liang et al, 2018) products, proving to correlate
well with 'H-NMR spectroscopy. Both TNBS and ninhydrin
assays were therefore selected in this study to measure the
molar content of free amino groups in both native and reacted
pepsin-solubilized AC samples, so that F could be indirectly
quantified.

An overall content of primary amino groups of 2.89-10~%
mol-g~! was recorded on native atelocollagen via TNBS assay.
Both colorimetric methods revealed a comparable and decreased
molar content of amino groups in both MA- and 4VBC-reacted
atelocollagen samples (Table 1), in line with previous reports
(Jia et al., 2012; Tronci et al., 2016b); whilst monomer-related
geminal protons could not be clearly detected in 'H-NMR spectra
of sample MAO0.3 and 4VBC25 due to the overlapping with AC
species (Figure S2). The range of MA/Lys molar ratio selected
during the functionalization reaction proved to directly impact
on the degree of atelocollagen methacrylation (Fpqs =4 £ 1 - 88
#+ 1 mol.%), whilst an insignificant variation in the molar content

TABLE 1 | TNBS assay quantification of the amino group molar content and
degree of functionalization (F) in atelocollagen products (n = 2) following reaction
with either 4VBC or MA at varied monomer/Lys molar ratios.

Sample ID Molar ratio / Amine groups/ F /mol.% (@)
[Mon«:)mer][Lys]_1 mol-g_1 (x10_4)
TNBS Ninhydrin
4VBC25 25 238+ 0.02 2.38+0.01 18 £ 1
MAO.1 0.1 2.77 £ 0.08 n.a. 4 +£1
MAO.3 0.3 234 £0.06 240+0.13 19+ 2
MAO0.5 0.5 2.07 £ 0.14 n.a. 28+ 5
MA1 1 1.63 £ 0.11 n.a. 44 + 4
MA25 25 0.36 + 0.01 0.44 +£ 0.04 88 +£ 1

The quantification of amino group molar content was confirmed via Ninydrin assay
(n = 2). n.a., not applicable.

@ Fwas calculated considering an overall molar content of amino groups of 2.89 x 107
mol-g~" in native AC, as revealed by TNBS assay.

of covalently-coupled 4VBC adducts (F4ypc = 18 &= 1 mol.%) was
observed in respective products (data not shown). The different
trend in degree of functionalization observed in MA- with respect
to 4VBC-reacted samples is attributed to the decreased reactivity
and solubility of 4VBC in aqueous environment, as reported in
previous publications (Tronci et al., 2016a), which was partially
mitigated in this study by the addition of PS-20 in the reacting
mixture.

Despite the different reactivity of MA with respect to 4VBC,
the range of F observed in resulting MA-functionalized AC is in
line with the results reported in previous publications (Brinkman
etal., 2003; Gaudet and Shreiber, 2012; Ravichandran et al., 2016)
with collagen-based materials.

Billiet et al. analyzed the covalent coupling of (meth)acrylic
anhydride to bovine type B gelatin and achieved up to ca.
80 mol.% methacrylation (Billiet et al., 2013). Ravichandran et al.
reported a degree of porcine collagen methacrylation of 57—
87 mol% (Ravichandran et al., 2016), and similar results (F
= 39-86mol.%) were obtained by Chaikof et al. with acid-
soluble rat tail collagen (Brinkman et al., 2003). Compared to
the latter case, the results presented in this work with pepsin-
soluble collagen suggest that the removal of telopeptides does
not significantly impact on the molar content of free amino
groups and functionalization capability of resulting atelocollagen
product, in line with a previous report (Tronci et al., 2016b).

In order to systematically investigate how above-mentioned
differences at the molecular scale of AC precursors were
reflected on the macroscale of resulting UV-cured networks,
it was therefore of interest to systematically vary either the
type of covalently-coupled monomer (whilst keeping respective
degree of AC functionalization constant) or the degree of
functionalization (with the same type of covalently-coupled
monomer). Accordingly, samples MA0.3 (Fpa = 19 £ 2 mol.%),
4VBC25 (Fyypc = 18 £ 1mol.%), and MA25 (Fysa = 88 =+
1 mol.%) were selected for further investigations, and dissolved
in either hydrochloric acid, acetic acid or PBS, as commonly-used
solvent for collagen, prior to UV curing.
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UV-Induced Network Formation and

Time-Sweep Photorheometry

AC samples functionalized with methacrylamide residues
(Figure 1A) formed a clear solution in both acidic and PBS
solutions, whilst sample 4VBC25 (Figure 1B) could only be
dissolved in 10mM HCI (pH 2.1) and 17.4mM AcOH (pH
3.4). The insolubility of the 4VBC-Functionalized AC product
in PBS agrees with previous reports (Tronci et al, 2015a)
and may be attributed to secondary interactions developed
between aromatic 4-vinylbenzyl residues following atelocollagen
functionalization and sample drying. Aromatic rings can mediate
m-m stacking interactions as well as act as hydrogen bond
acceptor in aqueous environment (Levitt and Perutz, 1988).
Resulting -7 stacking interactions developed between 4VBC-
functionalized AC molecules are likely to be broken down
at decreased rather than basic pH, supporting the observed
complete dissolution of sample 4VBC25 in both HCl and AcOH
solutions.

All  photoactive solutions successfully yielded hydrogel
networks when treated with UV light, irrespective of the type of
monomer introduced on to AC (Figures 1C,D). To confirm the
formation of a UV-cured hydrogel network and to explore the
effect of methacrylamide and 4-vinlybenzyl residues on gelation
kinetics, time sweep photorheometry was carried out prior to
and during UV irradiation of AC photoactive solutions, and
changes in viscosity (1) as well as storage (G') and loss (G”)
modulus recorded. Prompt increase of G’ and G” was observed

(CVRE.
Ac:"Nj‘/K

O

’ \/@A\ (D)
Ac”

AC: atelocollagen

(©)

(B)

FIGURE 1 | (A,B) Structural formula of methacrylamide (A) and 4-vinylbenzyl
(B) residues following covalent coupling to atelocollagen. (C,D) Digital
macrographs of UV-cured networks MAQ.3(H)* (C) and 4VBC25(H)* (D) in
both dry (left) and water-equilibrated (right) states. Scale bar: 5 mm.

following activation of the atelocollagen mixtures with UV light,
in contrast to the case of the same sample being tested in the
absence of UV light (Figure 2). Comparable values of G’ and
G” were also measured in the latter case, providing indirect
evidence of the absence of a crosslinked network at the molecular
level (Table 2). Both the gelation, i.e., the time required for the
storage and loss moduli to equate, and plateau in storage modulus
were reached within 12s and 180s, respectively (Table 2). The
photoinitiator concentration (1 wt.%) selected to prepare gel-
forming AC solutions proved key to reduce gelation time and to
generate hydrogels with increased elastic modulus with respect
to gel-forming AC solutions supplemented with decreased (0.5
wt.%) photoinitiator concentration (Figures 2B,C).These results,
together with the fact that the final values of G’ were significantly
higher compared to the values of G’ (Table 2), successfully
indicate complete conversion of the photoactive solution into a
UV-cured covalently-crosslinked network (McCall and Anseth,
2012). The obtained gelation kinetics curves are comparable to
the ones described by thiol-ene collagen- poly(ethylene glycol)
mixtures (Holmes et al., 2017), whereby gel points were recorded
within ~7s of UV activation. This observation is interesting
given that the orthogonality and oxygen-insensitivity of the UV-
induced thiol-ene, with respect to the free-radical, crosslinking
reaction, should be corelated with decreased gelation times (Van
Hoorick et al., 2018).

Figure 3 and Table 2 describe the gelation kinetic profiles
of samples 4VBC25, MA0.3, and MA25 when dissolved in
either 10mM HCI, 17.4mM AcOH or 10mM PBS solutions
supplemented with 1 wt.% 12959, whilst an atelocollagen control
sample was also tested following solubilization in a 17.4 mM
acetic acid solution supplemented with 1 wt.% 12959. Overall,
sample MA25 was found to generate networks with the highest
loss and storage modulus (G = 618 =+ 87 - 18897 =+
4793 Pa) and fastest gelation kinetics (z ~ 65), followed by
samples 4VBC25 (G’ = 73 &+ 22 - 390 + 99 Pa) and MA0.3
(G 17 £ 3 - 85 £ 1Pa). In contrast, only a marginal
increase of G’ was observed following UV activation of the
control atelocollagen solution, likely due to the much lower
radical-induced crosslinking of amino acidic residues (Heo
et al., 2016) with respect to the complete UV-induced network
formation achieved with functionalized atelocollagen precursors.
This result therefore demonstrates the importance of selected
functionalization routes in ensuring the synthesis of full covalent

1000
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atelocollagen solutions. UV light was activated 5 s following shear oscillation.
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FIGURE 2 | Rheograms of functionalized atelocollagen solution (0.8 wt.%) of sample 4VBC25 in 17.4 mM acetic acid supplemented with either 1 wt.% 12959 (A,C) or
0.5 wt.% 12959 (B). (A) Storage (G’, black) and loss (G”, red) modulus recorded in the absence of UV light. (B,C): UV-induced gelation kinetics of functionalized
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TABLE 2 | Viscosity () and gelation time (t) of hydrogel-forming solution as well as storage (G’) and loss (G”) moduli of UV-cured hydrogel networks following complete

gelation.
Sample ID n /mPa.s (1 G’ max /Pa G max /Pa /s
AC 1777 £ 20 16 + 1 13 £ 1 2245
4VBC25(H)* 900 + 70@) 73 £ 2200 20 + 30 10 + o@d)e)
4VBC25(A)* 1820 =+ 80 390 + 99 247 8+0@
MAO.3(H)* 390 + 20@)©) 17 + 3@ 8 + 5@ 12 + 109))
MAO.3(A)* 240 + 20@) 58 + 5@ 17 + 30 1141
MAO.3(P)* 240 + 200) 85 + 1@ 24 4 26@)d) 1141
MA25(H)* 1200 £ 130 12967 + 265@) 42 + 4@0) 6 +10©
MA25(A)* 920 + 1001 618 + 87@0) 8 £ 1)) n.a.
MA25(P)* 1400 £ 190 18897 + 47930 146 + 366 6+0
Data are presented as mean + SD (n = 3).
() Viscosity of hydrogel-forming AC solutions.
@ Atelocollagen (0.8 wt. %) solution control prepared in 17.4 mM acetic acid supplemented with 1 wt.% 12959.
@& < 0.007; Op < 0.01; p < 0.05.
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FIGURE 3 | Kinetics of network formation studied via UV-equipped rheometry on samples 4VBC25 (A), MA0.3 (B) and MA25 (C), when dissolved (0.8 wt.%) in either

* *
s ,

10 mM hydrochloric acid, 17.4 mM acetic acid or 10 mM PBS solution (each supplemented with 1 wt.% 12959). UV light was activated following 5 s shear oscillation.
(A): (): 4VBC25(H); (—): 4VBC25(A)". (B): (--): MAO.3(H); (—): MAO.3(A)"; (- — -): MAO.3(P)". (C): (-): MA25(H); (—): MA25(A)"; (- — -): MA25(P)". A solution of
atelocollagen (0.8 wt.%) in 17.4 mM acetic acid (supplemented with 1 wt.% 12959) was also tested and respective G’ profile reported in each plot (light gray curve).

* *
s ,

networks and provides additional evidence of the covalent
coupling of selected monomers to atelocollagen. Other than the
variation in elastic modulus, the viscosity of respective network-
forming AC solutions was also recorded, whereby the sample
MAZ2S5 proved to generate highly viscous solutions in all solutions
investigated (7 = 920 % 100 - 1400 & 190 mPa-s). The variations
observed in loss and storage modulus and gelation kinetics
support the trends in degree of functionalization recorded at
the molecular scale of the atelocollagen precursors, whereby
sample MA25 exhibited the highest molar content of photoactive
residues with respect to the other two samples. Given that
the covalently-coupled photoactive adducts mediate the UV-
induced free-radical crosslinking reaction, the increased storage
and loss moduli as well as decreased gelation time measured
in these samples therefore provide indirect confirmation
that changes in the degree of AC functionalization directly
impact on the crosslink density, gelation kinetics and elastic
properties of resulting UV-cured networks. The increased
solution viscosity recorded with MA25 also correlates with
respective degree of methacrylation, due to the increased
molar content and molecular weight of derivatized lysine
terminations.

Together with the effect of varied degrees of functionalization,
equimolar functionalization of AC with distinct photoactive
adducts, i.e., either methacrylamide or 4-vinylbenzyl residues,
was also found to play a detectable effect on the macroscopic
properties of resulting UV-cured hydrogels (Table2). Both
networks 4VBC25(H)* and 4VBC25(A)* displayed significantly
increased storage and loss moduli with respect to the
methacrylated equivalents (prepared in the same solvents).
Also in this case, the trend in mechanical properties was
supported by direct variations in respective network-forming
solutions, whereby significantly-increased solution viscosity and
decreased gelation times were measured with sample 4VBC25 (n
=900+ 70 - 1820 £ 80 mPa-s; 7 =8 £ 0 - 10 =+ 0s) compared
to sample MAO0.3 (7 =240 +20 - 390 =20 mPa-s; 7 =11+ 1 -
12+ 1s).

The significant difference in storage and loss modulus
measured in UV-cured aromatized atelocollagen networks with
respect to equivalent methacrylated variants gives evidence of
the major role played by the monomer covalently-coupled to,
and resulting photocrosslinked segment between, AC molecules.
Aromatic interactions have been exploited for the formation of
physically-crosslinked, self-assembled peptides (Birchall et al.,
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2011), and for the controlled delivery of hydrophobic drugs (Li
et al., 2010). The above-mentioned increased viscosity, storage
modulus and loss modulus measured on 4VBC-functionalized
atelocollagen solutions and corresponding UV-cured networks
can mostly be attributed to -7 stacking interaction capability
and increased molecular rigidity of aromatic 4VBC moieties and
consequent UV-cured aromatized segment, respectively. Other
than that, the decreased gelation time recorded in solutions
of sample 4VBC25 with respect to solutions of sample MA0.3
seems to correlate with the increased segment length of the 4-
vinylbenzyl, with respect to methacrylamide, moiety (Figure 1A),
so that crosslinking-hindering steric effects are less likely in the
former compared to the latter system. Rather than the typical
variation of the molar content of photoactive groups, these results
therefore demonstrate the possibility of adjusting the mechanical
properties of atelocollagen hydrogels by simply varying the type
of monomer covalently-coupled to the AC backbone.

Other than the degree and type of functionalization, the
effect of the UV-curing aqueous solution was also explored as
an additional parameter to control material behavior (Figure 2,
Table 2). Hydrochloric acid solutions (10 mM, pH = 2.1) of AC
precursors functionalized with equimolar content of either 4VBC
or MA adducts yielded crosslinked hydrogels with the lowest
storage (G'4vBc2s = 73 £ 22 Pa; G'pa03 = 17 £ 3 Pa) and loss
(G"4vBc2s = 20 & 3 Pa; G”pra03 = 8 £ 5Pa) moduli, compared
to hydrogels prepared from atelocollagen solutions in acetic acid
(174mM, pH 3.4) and PBS (10mM, pH 7.5). Interestingly,
similar trends were observed in the case of 4VBC-functionalized
AC solutions, whereby significantly-increased viscosities were
measured when the photoactive precursor was dissolved in
hydrochloric acid (7 = 900 £ 70 mPa-s) compared to acetic acid
(n = 1820 £ 80 mPa-s) solutions (Table 2), whilst an opposite
trend was observed in acidic solutions prepared with samples
MAO0.3 and MA25.

The solution-induced effect observed in AC products
functionalized with equivalent molar content of methacrylamide
and 4-vinylbenzyl residues is in agreement with the results
reported by Ratanavaraporn et al. (2008), whereby increased
solution viscosity and hydrogel compressive modulus were
measured when native type I collagen was dissolved in aqueous
solutions of decreased acidity. It is well known that the
molecular organization of native collagen molecules can be
altered depending on environmental factors, such as pH,
ionic strength and salt concentration, given their effect on
the ionization of amino acidic terminations and consequent
secondary interactions (Salchert et al., 2004; Yunoki and
Matsuda, 2008; Grant et al., 2009; Neel et al., 2013). The above-
mentioned variations in network elastic properties suggest that a
similar effect can still be observed in the case of functionalized
atelocollagen with decreased F. Whilst fibrillogenesis was not
expected during network formation (T < 37°C), the electrostatic
repulsion of native atelocollagen molecules is expected to be
increased in solutions of increased acidity (Ratanavaraporn
et al, 2008; Li et al, 2009). Obviously, the degree and
type of monomer adds further complexity to the solution-
induced variability of protein organization, given that the
atelocollagen functionalization is achieved by the consumption

of ionisable lysine terminations and that selected covalently-
coupled adducts can mediate further secondary interactions, i.e.,
m-m stacking interactions and hydrogen bonds. The opposite
pH-induced variation in solution viscosity measured with
samples 4VBC25, on the one hand, and MA0.3 and MA25,
on the other hand, reflects these considerations, given that
aromatic interactions between 4-vinylbenzyl moieties are likely
to be decreased at increased pH, whilst an opposite trend is
expected with regards to the hydrogen bonding capability of
methacrylamide residues. Whilst a solution pH-induced effect
was clearly observed in hydrochloric and acetic acid solutions,
the presence of salts in the PBS-based UV-curing system was
likely to alter the capability of covalently-coupled moieties
to mediate secondary interactions, explaining why no direct
relationships between solution pH, on the one hand, and solution
viscosity and hydrogel properties, on the other hand, could be
observed.

Swelling, Gel Content and Compression

Properties

Following the characterization of functionalized AC precursors
and gelation kinetics, the gel content (G), swelling ratio (SR)
and compressive properties were quantified to further elucidate
the molecular architecture and assess the structure-property
relationships of obtained UV-cured atelocollagen networks.

All UV-cured networks displayed an averaged gel content
of at least 80 wt.%, with the exception of sample MA0.3(H)*
(G =56 £ 13 wt.%) (Figure 4). Samples MA25* displayed the
smallest variation in gel content when prepared in either HCI,
AcOH, or PBS solutions, whilst the effect of the UV-curing
solution was more visible in samples of MA0.3* and 4VBC25*.
The high, and small solution-induced variation of, gel content
measured in samples MA25* confirms that precursors with
increased degree of functionalization generate highly crosslinked
network, regardless of the type of UV-curing solution and
solution-induced secondary interactions, as indicated previously
(Tables 1, 2).

In comparison to sample MA25%, networks 4VBC25(H)*,
and MAO.3(H)* prepared in HCI solutions revealed the lowest
gel content within the same sample group, whilst increased G
values were measured in networks prepared in either AcOH,
i.e., 4VBC25(A)* and MAO0.3(A)*, or PBS, ie., MAO0.3(P)*.
Given the comparable degree of functionalization in the network
precursors (Table 1), these solution-induced variations in gel
content seem to correlate with the above-mentioned results in
UV-curing solution viscosity (Table 2), whereby an increase of
solution pH from 2.1 (in 10 mM HCI) to 3.4 (in 17.4 mM AcOH)
proved to generate hydrogels 4VBC25* with increased storage
modulus (Table 2). An increase in solution viscosity is likely to
be associated with an increased vicinity between atelocollagen
molecules and respective crosslink-forming photoactive residues,
so that increased chances of free-radical crosslinking reaction
and minimized steric hindrance effects can be expected. Similar
effects were also reported with collagen hydrogels prepared
from solutions with decreased viscosity, whereby decreased
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mechanical properties and increased pore size was observed
(Ratanavaraporn et al., 2008).

Previously-discussed results in gel content proved to support
the trends in swelling ratio (Figure5), whereby UV-cured
networks described an inverse relationship between G and SR.
For example, samples 4VBC25(H)* (SR = 3769 + 111 wt.%)
and MAO0.3(H)* (SR = 5202 =+ 401 wt.%) displayed the highest
swelling ratio, confirming the higher water uptake capability of
these materials with respect to sample variants prepared in AcOH
solutions, reflecting above-discussed gel content trends.

Among the methacrylated groups, networks MA25* displayed
the lowest value of SR (Table 1, Figure5). Samples MA25*
UV-cured in both AcOH and HCI solutions proved to display
significantly decreased SR with respect to the ones of respective
sample MAO0.3%, in line with previous gel content data. On
the other hand, an opposite trend was observed in networks
synthesized in PBS, whereby sample MA25(P)* displayed higher
SR with respect to sample MA0.3(P)*, despite the comparable gel
content between the two samples (Figure 4) and the significantly
higher degree of functionalization displayed by the former
compared to the latter network precursor. Given that the swelling
ratio was determined in PBS, the reason for this finding is
likely explained by the fact that the increased molar content of
methacrylamide moieties covalently-coupled to sample MA25
results in additional secondary interactions of the resulting
network with PBS species, in line with the viscosity trends
measured with the hydrogel-forming solutions (Table 2).

Overall, the water uptake capability of these atelocollagen
networks was found to be comparable to the one of purely
synthetic UV-cured PEG-based hydrogels (DiRamio et al., 2005)

and may be exploited for the design of multifunctional wound
healing devices with enhanced exudate regulation capability
(Bulman et al., 2015; Tronci et al, 2016b). The possibility
to adjust the swelling properties of this atelocollagen system
by simply varying the UV-curing solution rather than by the
synthesis of new photoactive precursors is appealing aiming to
expand material applicability yet minimizing additional time-
consuming reactions.

Following characterization of the swelling behavior, the
compressive properties of resulting UV-cured hydrogels were
investigated. Typical stress-compression curves are reported
in Figure 6, depending on the network architecture and type
of UV-curing solvent employed. All samples revealed a J-
shaped curve during compression, similarly to the case of
previously-reported collagen hydrogels (Yunoki and Matsuda,
2008). Networks MA25* proved to display lower values of
compression at break compared to both networks 4VBC25*
and MAO0.3* (Figure?7), in line with the increased degree
of functionalization (F 88 =+ 1mol.%) of the former
network precursors, yielding highly crosslinked networks (G
=86 + 3 - 92 &+ 3 wt.%). When comparing systems with
comparable degrees of functionalization, samples 4VBC25*
displayed a detectable increase in compression modulus (E.
= 69 = 8 - 126 £ 46 kPa) when compared to samples
MA0.3* (E. = 9 &£ 1 - 62 &+ 13 kPa), in all environmental
conditions investigated. Among the different aqueous media,
UV-curing in HCI solutions was confirmed to yield networks
with the lowest compression modulus (Figure 7), supporting
previous rheological (Table2), and gel content (Figure4)
measurements.
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10 mM PBS solution. **p < 0.01 and *p < 0.05.
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FIGURE 4 | Gel content (G) of atelocollagen networks 4VBC25* (A), MA0.3* (B), and MA25* (C) prepared in either 10 mM hydrochloric acid, 17.4 mM acetic acid, or
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FIGURE 7 | Compressive modulus (Ec) of atelocollagen hydrogels 4VBC (A), MA0.3 (B), and MA25 (C), prepared in varied solvents. Data are presented as mean +
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FIGURE 8 | Relative mass (14.¢)) recorded following 4-day hydrogel incubation
in a collagenase-containing aqueous solution (5 CDU, 37°C, pH 7.5). AC is the
control sample of native atelocollagen. Data are expressed as mean + SD (n =
4). **p < 0.001.
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Remarkably, sample 4VBC25(H)* proved to display an
averaged compressive modulus of about 70 kPa, despite an
averaged swelling ratio of more than 3700 wt.%. In comparison,
an equivalent methacrylated network exhibited a much lower
averaged compressive modulus of less than 9 kPa, supporting the
low gel content (G = 56 £ 13 wt.%) and high swelling ratio (SR
= 5202 £ 401 wt.%). The uniquely high compressive modulus
and swelling ratio of networks 4VBC25* provides additional
evidence of the key role played by the molecular stiffness of the

4VBC-based crosslinking segment, in comparison to equivalent
methacrylated atelocollagen networks obtained from precursors
with comparable degree of functionalization.

When comparing systems with varied degree of
functionalization, samples MA25* proved to display significantly
increased compressive modulus with respect to samples MA0.3*
(and 4VBC25%), confirming the previous trends in storage
modulus (Table 2). The effect of the solvent in samples MA25*
proved to be less obvious, as indicated by the variation of gel
content and swelling ratio. On the one hand, the significant
increase in molar content of methacrylamide residues is likely to
generate UV-cured networks with increased crosslink density.
On the other hand, significant atelocollagen methacrylation is
expected to alter the protein capability to mediate secondary
interactions, potentially resulting in altered structure-function
relationships. Therefore, rather than aiming at increased degree
of methacrylation, these results suggest that the introduction of
a limited amount of stiff 4-vinylbenzyl moieties is preferable in
order to achieve defined mechanically-competent atelocollagen
hydrogels.

Enzymatic Degradability

A degradation study was carried out in enzymatic conditions
in order to investigate how variations in network architecture
were linked to the temporal stability of the hydrogel in near-
physiologic conditions. Atelocollagen networks UV-cured in
HCI solutions were selected for this investigation, due to the
significant differences observed between samples 4VBC25(H)*
and MAO.3(H)*. Figure 8 describes the relative mass results
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FIGURE 9 | Alamar blue assay on G292 cells cultured on freshly-synthesized hydrogels 4VBC25(A)* and MAO.3(A)* at day 1 (A), 4 (B), and 7 (C). Cells seeded on
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FIGURE 10 | (A,B) Live/ dead staining of G292 cells following 7-day culture
on hydrogels 4VBC25(A)*. (C,D): Cell attachment was confirmed by cool stage

SEM on the same sample at the same time point of cell culture.

recorded following 4-day network incubation in an aqueous
medium containing collagenase. As expected, samples of native
atelocollagen revealed the highest enzymatic degradation with
less than 10 wt.% remaining mass, followed by networks
MAO.3H* (j1, = 18 + 5 wt.%) and 4VBC25H* (1,4 = 56 +
5 wt.%), whilst the highest proteolytic stability was displayed by
sample MA25H* (i,) = 95 £ 1 wt.%).

Chemical crosslinking of collagen has been described as a
promising strategy to increase the enzymatic stability of collagen,
since the covalent crosslinks between protein molecules can be
insensitive to collagenases and affect the availability of tripe
helical segments recognizable by enzymes (Olde Damink et al.,
1995a; Haugh et al., 2011; Van Vlierberghe et al., 2011; Lee et al.,
2013; Duan et al., 2014; Tronci et al.,, 2016b; Calciolari et al.,
2018). Therefore, aforementioned degradation data successfully
support the effect played by the network architecture on
the enzymatic stability of the hydrogel, both in terms of
type of covalently-coupled monomer as well as consequent
degree of atelocollagen functionalization. Samples MA25(H)*
displayed the highest enzymatic stability given the high degree of
functionalization and gel content measured in network precursor
and resulting crosslinked network, respectively. Other than that,

controlled enzymatic degradation can still be achieved by simply
varying the type of monomer introduced, i.e., 4-vinylbenzyl with
respect to methacrylamide residue, whilst keeping the degree of
functionalization constant, in resulting photoactive precursors.
The introduction of 4VBC moieties is likely to mediate secondary
interactions with the exposed zinc site of active collagenases
(Tronci et al., 2016b), so that consequent proteolytic inactivation
explains the prolonged stability of sample 4VBC(H)* with respect
to the equivalent variant MA0.3(H)*.

Similarly to the case of linear biopolymers (Lee et al., 2013),
the manipulation of the atelocollagen network architecture is
therefore proven to generate customizable hydrogels, whose
degradation profiles can be combined with specific mechanical
and swelling properties, depending on specific environmental
(e.g, pH) and molecular parameters selected during
UV-curing.

Cytotoxicity Evaluation

Following evaluation of the enzymatic degradability, the cellular
tolerability of freshly-synthesized networks 4VBC25(A)* and
MAQO.3(A)* was exemplarily evaluated by culturing osteosarcoma
G292 cells in direct contact with the hydrated material. Cellular
metabolism was measured by Alamar blue assay at day 1, 4, and
7 (Figure 9).

Over the period of 7 days, G292 cells seeded on TCPs
displayed significantly increased proliferation at all time points
investigated. Between the group of 4VBC25(A)* and MA0.3(A)*,
no significant difference was found at day 1; however, the
proliferation rate of cells cultured on hydrogel 4VBC25(A)*
was much higher than the one of cells cultured on hydrogel
MAO0.3(A)* at both day 4 and day 7. The dramatic turnover of
cells on sample MA0.3(A)* was mainly due to the shrinkage of
the hydrogel microstructure observed already following 1-day
cell culture, in line with the fast enzymatic sample degradability
measured following 4-day incubation in collagenase medium
(Figure 8). Unsurprisingly, TCPs showed the highest rate of
proliferation compared to 4VBC25(A)*; this observation is
mainly due to the fact that the porous 3D structure of
the 4VBC25(A)* hydrogel network induced low cell seeding
efficiency and cellular penetration in comparison to 2D surfaces
(Vunjak et al., 1998).

We also confirmed the cytotoxicity of the hydrogels via
Live/Dead staining of G292 cells following 7-day culture
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(Figures 10A,B). Almost no dead cell was found on hydrogel
4VBC(25)A*, indicating cellular tolerability in agreement with
previously-discussed metabolic activity data. Besides Live/Dead
staining, cool-stage SEM was also carried out on 7-day cultured
hydrogel 4VBC25(A)*, as reported in Figures 10C,D, whereby
full cellular attachment and complete surface cell coverage were
observed, supporting previous findings. When the same SEM
investigations were carried out on 7-day cultured hydrogel
MAO0.3(A)*, no cell attachment was observed (Figure S3), in
line with Alamar blue results (Figure 9) and the fast enzymatic
sample degradability (Figure 8).

Overall, these results prove that selected functionalization
and network formation strategies did not affect atelocollagen
biocompatibility, whilst proved successful in enabling systematic
customization of the pristine building block.

CONCLUSION

The introduction of either 4-vinylbenzyl or methacrylamide
adducts onto type I atelocollagen proved successful to enable
the synthesis of customizable UV-cured hydrogel networks,
depending on the type of monomer, degree of atelocollagen
functionalization, and UV-curing solution. Reaction with MA
led to highly tunable degree of atelocollagen functionalization
(Fpa: 4 £ 1 - 88 & 1mol.%), in contrast to the reaction
carried out with 4VBC (Fsypc: 18 £+ 1mol.%), although
rapid gelation (r = 6-12s) was still achieved with both
precursors as confirmed by photorheometry. Introduction of
4-vinylbenzyl groups proved to yield atelocollagen networks
with significantly increased compression modulus (E.= 69 =+
8 - 126 =+ 46 kPa), storage modulus (G = 73 £+ 22 -
390 £ 99Pa) and 4-day enzymatic stability (i, = 56 £ 5
wt.%), with respect to methacrylated equivalents, due to the
increased molecular stiffness of, and secondary interactions
mediated by, the aromatized UV-cured crosslinking segments.
Comparable variations in material properties were also observed
when UV-curing atelocollagen precursors functionalized with
varied content of methacrylamide functions (F = 19 =+
2 - 88 =+ 1mol%), supporting the direct relationships

REFERENCES

Aggeli, A., Bell, M., Boden, N., Carrick, L. M., and Strong, A. E. (2003). Self-
assembling peptide polyelectrolyte B-sheet complexes form nematic hydrogels.
Angew. Chemie. Int. Ed. 42, 5603-5606. doi: 10.1002/anie.200352207

Billiet, T., Van Gasse, B., Gevaert, E., Cornelissen, M., Martins, J. C., and Dubruel,
P. (2013). Quantitative contrasts in the photopolymerisation of acrylamide and
methacrylamide-functionalised gelatin hydrogel building blocks. Macromol.
Biosci. 13, 1531-1545. doi: 10.1002/mabi.201300143

Birchall, L. S., Roy, S., Jayawarna, V., Hughes, M., Irvine, E., Okorogheye,
G. T, et al. (2011). Exploiting CH-p interactions in supramolecular
hydrogels of aromatic carbohydrate amphiphiles. Chem. Sci. 2, 1349-1355.
doi: 10.1039/c0sc00621a

Brinkman, W. T., Nagapudi, K., Thomas, B. S., and Chaikof, E. L. (2003).
Photo-cross-linking of type i collagen gels in the presence of smooth muscle
cells: mechanical properties, cell viability, and function. Biomacromolecules 4,
890-895. doi: 10.1021/bm0257412

between the degree of functionalization of network precursors
and resulting network crosslink density. The solution pH
proved to affect the viscosity of respective atelocollagen
solutions, whereby the monomer capability to mediate secondary
interactions was found to play a role. UV-curing solutions
with decreased acidity proved to generate networks with
increased compression and storage modulus, as well as
decreased swelling ratio, whilst no toxic cellular response was
observed. These findings demonstrate the monomer-induced
customizability of presented UV-cured atelocollagen hydrogel
networks, whereby structure-property relationships can be
controlled to enable applicability in personalized medicine and
to fulfill the requirements of complex and unmet clinical
needs.

AUTHOR CONTRIBUTIONS

HL and GT conceived and designed the experiments; HL
performed the experiments. DW and SR assisted in the
preparation of the manuscript. GT and HL wrote the paper. All
authors analyzed the data.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the financial
support provided by the EPSRC Centre for Innovative
Manufacturing in Medical Devices (MeDe Innovation), the
University of Leeds MRC Confidence in Concept scheme, the
University of Leeds EPSRC Impact Acceleration Account, as well
as the Clothworkers Centre for Textile Materials Innovation
for Healthcare (CCTMIH). Mrs. Jackie Hudson and Dr. Sarah
Myers are gratefully acknowledged for their kind technical
assistance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fchem.
2018.00626/full#supplementary-material

Bubnis, W. A., and Ofner, C. M. III. (1992). The determination of e-amino groups
in soluble and poorly soluble proteinaceous materials by a spectrophotometrie
method using trinitrobenzenesulfonic acid. Anal. Biochem. 207, 129-133.
doi: 10.1016/0003-2697(92)90513-7

Bulman, S. E., Goswami, P., Tronci, G., Russell, S. J., and Carr, C. (2015).
Investigation into the potential use of poly(vinyl alcohol)/methylglyoxal fibres
as antibacterial wound dressing components. J. Biomater. Appl. 29, 1193-1200.
doi: 10.1177/0885328214556159

Burdick, J. A., and Prestwich, G. D.
hydrogels for biomedical applications. Adv.
doi: 10.1002/adma.201003963

Calciolari, E., Ravanetti, F., Strange, A., Mardas, N., Bozec, L., Cacchioli, A.,
et al. (2018). Degradation pattern of a porcine collagen membrane in an
in vivo model of guided bone regeneration. J. Periodont. Res. 53, 430-439.
doi: 10.1111/jre.12530

Chen, L., Yao, X, Gu, Z, Zheng, K., Zhao, C., Lei, W, et al. (2017).
Covalent tethering of photo-responsive superficial layers on hydrogel surfaces

(2011).  Hyaluronic acid
Mater. 23, H41-H56.

Frontiers in Chemistry | www.frontiersin.org

December 2018 | Volume 6 | Article 626


https://www.frontiersin.org/articles/10.3389/fchem.2018.00626/full#supplementary-material
https://doi.org/10.1002/anie.200352207
https://doi.org/10.1002/mabi.201300143
https://doi.org/10.1039/c0sc00621a
https://doi.org/10.1021/bm0257412
https://doi.org/10.1016/0003-2697(92)90513-7
https://doi.org/10.1177/0885328214556159
https://doi.org/10.1002/adma.201003963
https://doi.org/10.1111/jre.12530
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Liang et al.

UV-Cured Atelocollagen Hydrogels

for photo-controlled release. Chem. Sci. 8, 2010-2016. doi: 10.1039/C6SCO
4634G

DiRamio, J. A., Kisaalita, W. S, Majetich, G. F., and Shimkus, J. M.
(2005). Poly(ethylene glycol) methacrylate/dimethacrylate hydrogels for
controlled release of hydrophobic drugs. Biotechnol. Progr. 21, 1281-1288.
doi: 10.1021/bp0495670

Duan, L., Liu, W., Tian, Z., Li, C,, and Li, G. (2014). Properties of collagen gels
cross-linked by N-hydroxysuccinimide activated adipic acid deriviate. Int. J.
Biol. Macromol. 69, 482-488. doi: 10.1016/j.ijbiomac.2014.06.005

Everaerts, F., Torrianni, M., Hendriks, M., and Feijen, J. (2008). Biomechanical
properties of carbodiimide crosslinked collagen: Influence of the formation of
ester crosslinks. J. Biomed. Mater. Res. 85A, 547-555. doi: 10.1002/jbm.a.31524

Fairbanks, B. D., Schwartz, M. P., Halevi, A. E., Nuttelman, C. R., Bowman,
C. N, and Anseth, K. S. (2009). A versatile synthetic extracellular matrix
mimic via thiol-norbornene photopolymerization. Adv. Mater. 21, 5005-5010.
doi: 10.1002/adma.200901808

Gaudet, I. D., and Shreiber, D. I. (2012). Characterization of methacrylated
type-I collagen as a dynamic, photoactive hydrogel. Biointerphases 7:25.
doi: 10.1007/s13758-012-0025-y

Gharaei, R., Tronci, G., Davies, R. P., Gough, C., Alazragi, R., Goswami, P., et al.
(2016). A structurally self-assembled peptide nano-architecture by one-step
electrospinning. J. Mater. Chem. B 4, 5475-5485. doi: 10.1039/C6TB01164K

Grant, C. A., Brockwell, D. J., Radford, S. E., and Thomson, N. H. (2009). Tuning
the elastic modulus of hydrated collagen fibrils. Biophys. J. 97, 2985-2992.
doi: 10.1016/j.bpj.2009.09.010

Haugh, M. G., Murphy, C. M., McKiernan, R. C., Altenbuchner, C., and O’Brien,
F.J. (2011). Crosslinking and mechanical properties significantly influence cell
attachment, proliferation, and migration within collagen glycosaminoglycan
scaffolds. Tissue Eng. Part A. 17, 1201-1218. doi: 10.1089/ten.TEA.2010.0590

Head, D. A,, Tronci, G., Russell, S. J., and Wood, D. J. (2016). In silico modeling of
the rheological properties of covalently cross-linked collagen triple helices. ACS
Biomater. Sci. Eng. 2, 1224-1233. doi: 10.1021/acsbiomaterials.6b00115

Heller, D. A., Levi, Y., Pelet, J. M., Doloff, J. C., Wallas, J., Pratt, G. W., et al.
(2013). Modular ‘click-in-emulsion’ bone-targeted nanogels. Adv. Mater. 25,
1449-1454. doi: 10.1002/adma.201202881

Heo, J., Koh, R. H., Shim, W., Kim, H. D., Yim, H.-G., and Hwang, N. S.
(2016). Riboflavin-induced photo-crosslinking of collagen hydrogel and its
application in meniscus tissue engineering. Drug Deliv. Transl. Res. 6, 148-158.
doi: 10.1007/s13346-015-0224-4

Holmes, R., Yang, X.-B., Dunne, A., Florea, L, Wood, D., and Tronci, G.
(2017). Thiol-ene photo-click collagen-PEG hydrogels: impact of water-soluble
photoinitiators on cell viability, gelation kinetics and rheological properties.
Polymers 9:226. doi: 10.3390/polym9060226

Jia, Y., Wang, H., Wang, H.,, Li, Y., Wang, M., and Zhou, J. (2012). Biochemical
properties of skin collagens isolated from black carp (Mylopharyngodon piceus).
Food Sci. Biotechnol. 21, 1585-1592. doi: 10.1007/s10068-012-0211-1

Kishan, A. P., Nezarati, R. M., Radzicki, C. M., Renfro, A. L., Robinson, J.
L., Whitely, M., et al. (2015). In situ crosslinking of electrospun gelatin for
improved fiber morphology retention and tunable degradation. J. Mater. Chem.
B 3,7930-7938. doi: 10.1039/C5TB00937E

Koch, F., Miiller, M., Koénig, F., Meyer, N., Gattlen, J., Pieles, U.,, et al
(2018). Mechanical characteristics of beta sheet-forming peptide hydrogels are
dependent on peptide sequence, concentration and buffer composition. R. Soc.
Open Sci. 5:171562. doi: 10.1098/1rs50s.171562

Konieczynska, M. D., Villa-Camacho, J. C., Ghobril, C., Perez-Viloria, M.,
Tevis, K. M., Blessing, W. A, et al. (2016). On-demand dissolution of a
dendritic hydrogel-based dressing for second-degree burn wounds through
thiol-thioester exchange reaction. Angew. Chem. Int. Ed. 55, 9984-9987.
doi: 10.1002/anie.201604827

Lee, Y., Woo Bae, J., Oh, D. H., Park, K. M., Chun, Y. W,, and Park, K.
D. (2013). In situ forming gelatin-based tissue adhesives and their phenolic
content-driven properties. J. Mater. Chem. B 1, 2407-2414. doi: 10.1039/c3tb
00578

Levitt, M., and Perutz, M. F. (1988). Aromatic rings act as hydrogen bond
acceptors. J. Mol. Biol. 201, 751-754. doi: 10.1016/0022-2836(88)90471-8

Li, F, Zhu, Y., You, B, Zhao, D., Ruan, Q. Zeng, Y. et al. (2010).
Smart hydrogels co-switched by hydrogen bonds and m-m stacking for

continuously regulated controlled-release system. Adv. Funct. Mater. 20,
669-676. doi: 10.1002/adfm.200901245

Li, Y., Asadi, A., Monroe, M. R, and Douglas, E. P. (2009). pH effects on collagen
fibrillogenesis in vitro: electrostatic interactions and phosphate binding. Mater.
Sci. Eng. C 29, 1643-1649. doi: 10.1016/j.msec.2009.01.001

Liang, H., Russell, S. J., Wood, D. J., and Tronci, G. (2018). A hydroxamic acid-
methacrylated collagen conjugate for the modulation of inflammation-related
MMP upregulation. J. Mater. Chem. B 6, 3703-3715. doi: 10.1039/C7TB0
3035E

Lynn, A. K., Yannas, I. V., and Bonfield, W. (2004). Antigenicity and
immunogenicity of collagen. J. Biomed. Mater. Res. B Appl. Biomater. 71,
343-354. doi: 10.1002/jbm.b.30096

McCall, J. D., and Anseth, K. S. (2012). Thiol-Ene photopolymerizations provide
a facile method to encapsulate proteins and maintain their bioactivity.
Biomacromolecules 13, 2410-2417. doi: 10.1021/bm300671s

Neel, E., Bozec, L., Knowles, J. C., Syed, O., Mudera, V., Day, R., et al. (2013).
Collagen—emerging collagen based therapies hit the patient. Adv. Drug Deliv.
Rev. 65, 429-456. doi: 10.1016/j.addr.2012.08.010

Nimmo, C. M., and Shoichet, M. S. (2011). Regenerative biomaterials that
“click”: simple, aqueous-based protocols for hydrogel synthesis, surface
immobilization, and 3d patterning. Bioconjugate Chem. 22, 2199-2209.
doi: 10.1021/bc200281k

Olde Damink, L. H. H., Dijkstra, P. J., Van Luyn M., Van Wachem, P. B,
Nieuwenhuis, P., and Feijen, J. (1995b). Glutaraldehyde as a crosslinking
agent for collagen-based biomaterials. J. Mater. Sci. Mater. Med. 6, 460-472.
doi: 10.1007/BF00123371

Olde Damink, L. H. H., Dijkstra, P. J. M.,Van Luyn, J. A.,, Van Wachem, P. B,,
Nieuwenhuis, P., and Feijen, J. (1995a). Crosslinking of dermal sheep collagen
using hexamethylene diisocyanate. J. Mater. Sci. Mater. Med. 6, 429-434.
doi: 10.1007/BF00120286

Qin, X.-H., Labuda, K., Chen, J., Hruschka, V., Khadem, A., Slezak, P., et al. (2015).
Development of synthetic platelet-activating hydrogel matrices to induce
local hemostasis. Adv. Funct. Mater. 25, 6606-6617. doi: 10.1002/adfm.2015
01637

Qin, X.-H., Wang, X., Rottmar, M., Nelson, B., and Maniura-Webe J. K. R.
(2018). Near-infrared light-sensitive polyvinyl alcohol hydrogel photoresist for
spatiotemporal control of cell-instructive 3D microenvironments. Adv. Mater.
30:1705564. doi: 10.1002/adma.201705564

Ratanavaraporn, J., Kanokpanont, S., Tabata, Y., and Damrongsakkul, S. (2008).
Effects of acid type on physical and biological properties of collagen
scaffolds. J. Biomater. Sci. Polym. Ed. 19, 945-952. doi: 10.1163/156856208784
613505

Ravichandran, R., Islam, M. M., Alarcon, E. I, Samanta, A., Wang, S., Lundstrom,
P., et al. (2016). Functionalised type-I collagen as hydrogel building block for
bio-orthogonal tissue engineering applications. J. Mater. Chem. B 4, 318-326.
doi: 10.1039/C5TB02035B

Salchert, K., Streller, U., Pompe, T., Herold, N., Grimmer, M., and Werner,
C. (2004). In vitro reconstitution of fibrillar collagen Type I assemblies at
reactive polymer surfaces. Biomacromolecules 5, 1340-1350. doi: 10.1021/bm04
99031

Sridhar, B. V., Brock, J. L., Silver, J. S., Leight, J. L., Randolph, M. A., and
Anseth, K. S. (2015). Development of a cellularly degradable PEG hydrogel
to promote articular cartilage extracellular matrix deposition. Adv. Healthc.
Mater. 4,702-713. doi: 10.1002/adhm.201400695

Starcher, B. (2001). A ninhydrin-based assay to quantitate the total protein content
of tissue samples. Anal. Biochem. 292, 125-129. doi: 10.1006/abio.2001.5050

Tronci, G., Grant, C. A., Thomson, N. H., Russell, S. J., and Wood, D. J. (2015a).
Multi-scale mechanical characterization of highly swollen photo-activated
collagen hydrogels. J. R. Soc. Interface 12:20141079. doi: 10.1098/rsif.2014.1079

Tronci, G., Grant, C. A, Thomson, N. H., Russell, S. J., and Wood, D. J.
(2016a). Influence of 4-vinylbenzylation on the rheological and swelling
properties of photo-activated collagen hydrogels. MRS Advances 1, 533-538.
doi: 10.1557/adv.2015.11

Tronci, G., Kanuparti, R. S., Arafat, M. T., Yin, J., Wood, D. J., and Russell, S.
J. (2015b). Wet-spinnability and crosslinked fibre properties of two collagen
polypeptides with varied molecular weight. Int. J. Biol. Macromol. 81, 112-120.
doi: 10.1016/j.ijbiomac.2015.07.053

Frontiers in Chemistry | www.frontiersin.org

December 2018 | Volume 6 | Article 626


https://doi.org/10.1039/C6SC04634G
https://doi.org/10.1021/bp0495670
https://doi.org/10.1016/j.ijbiomac.2014.06.005
https://doi.org/10.1002/jbm.a.31524
https://doi.org/10.1002/adma.200901808
https://doi.org/10.1007/s13758-012-0025-y
https://doi.org/10.1039/C6TB01164K
https://doi.org/10.1016/j.bpj.2009.09.010
https://doi.org/10.1089/ten.TEA.2010.0590
https://doi.org/10.1021/acsbiomaterials.6b00115
https://doi.org/10.1002/adma.201202881
https://doi.org/10.1007/s13346-015-0224-4
https://doi.org/10.3390/polym9060226
https://doi.org/10.1007/s10068-012-0211-1
https://doi.org/10.1039/C5TB00937E
https://doi.org/10.1098/rsos.171562
https://doi.org/10.1002/anie.201604827
https://doi.org/10.1039/c3tb00578j
https://doi.org/10.1016/0022-2836(88)90471-8
https://doi.org/10.1002/adfm.200901245
https://doi.org/10.1016/j.msec.2009.01.001
https://doi.org/10.1039/C7TB03035E
https://doi.org/10.1002/jbm.b.30096
https://doi.org/10.1021/bm300671s
https://doi.org/10.1016/j.addr.2012.08.010
https://doi.org/10.1021/bc200281k
https://doi.org/10.1007/BF00123371
https://doi.org/10.1007/BF00120286
https://doi.org/10.1002/adfm.201501637
https://doi.org/10.1002/adma.201705564
https://doi.org/10.1163/156856208784613505
https://doi.org/10.1039/C5TB02035B
https://doi.org/10.1021/bm0499031
https://doi.org/10.1002/adhm.201400695
https://doi.org/10.1006/abio.2001.5050
https://doi.org/10.1098/rsif.2014.1079
https://doi.org/10.1557/adv.2015.11
https://doi.org/10.1016/j.ijbiomac.2015.07.053
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Liang et al.

UV-Cured Atelocollagen Hydrogels

Tronci, G., Neffe, A. T., Pierce, B. F., and Lendlein, A. (2010). An entropy-
elastic gelatin-based hydrogel system. J. Mater. Chem. 20, 8875-8384.
doi: 10.1039/c0jm00883d

Tronci, G., Yin, J., Holmes, R. A,, Liang, H., Russell, S. ., and Wood, D. J. (2016b).
Protease-sensitive atelocollagen hydrogels promote healing in a diabetic wound
model. J. Mater. Chem. B, 4, 7249-7258. doi: 10.1039/C6TB02268E

Van Hoorick, J., Gruber, P., , Markovic, M., Geert-Jan, M. R., Vagenende, G.
M., Tromayer, M., et al. (2018). Highly reactive thiol-norbornene photo-
click hydrogels: toward improved processability. Macromol. Rapid Comm.
39:1800181. doi: 10.1002/marc.201800181

Van Vlierberghe, S., Dubruel, P., and Schacht, E. (2011). Biopolymer-
based hydrogels as scaffolds for tissue engineering applications: a review.
Biomacromolecules 12, 1387-1408. doi: 10.1021/bm200083n

Vunjak, G., Obradovic, N. B., Martin, I, Bursac, P. M., Langer, R., and Freed,
L. E. (1998). Dynamic cell seeding of polymer scaffolds for cartilage tissue
engineering. Biotech Progr. 14, 193-202. doi: 10.1021/bp970120j

Yang, Z., Hemar, Y., Hilliou, L., Gilbert, E. P., McGillivray, D. J., Chaieb, S. M.,
et al. (2016). Nonlinear behavior of gelatin networks reveals a hierarchical
structure.  Biomacromolecules 17, 590-600. doi: 10.1021/acs.biomac.

5b01538

Younesi, M., Islam, A., Kishore, V., Anderson, J. M., and Akkus, O. (2014).
Tenogenic induction of human MSCs by anisotropically aligned collagen
biotextiles. Adv. Funct. Mater. 24, 5762-5770. doi: 10.1002/adfm.201400828

Yunoki, S., and Matsuda, T. (2008). Simultaneous processing of fibril
formation and cross-linking improves mechanical properties of collagen.
Biomacromolecules 9, 879-885. doi: 10.1021/bm7012058

Zhang, Y. S., and Khademhosseini, A. (2017). Advances in engineering hydrogels.
Science 356:eaaf3627. doi: 10.1126/science.aaf3627

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Liang, Russell, Wood and Tronci. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Chemistry | www.frontiersin.org

109

December 2018 | Volume 6 | Article 626


https://doi.org/10.1039/c0jm00883d
https://doi.org/10.1039/C6TB02268E
https://doi.org/10.1002/marc.201800181
https://doi.org/10.1021/bm200083n
https://doi.org/10.1021/bp970120j
https://doi.org/10.1021/acs.biomac.5b01538
https://doi.org/10.1002/adfm.201400828
https://doi.org/10.1021/bm7012058
https://doi.org/10.1126/science.aaf3627
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

'." frontiers
in Chemistry

MINI REVIEW
published: 18 December 2018
doi: 10.3389/fchem.2018.00621

OPEN ACCESS

Edited by:
Weifeng Zhao,
Sichuan University, China

Reviewed by:

Xibo Pei,

Sichuan University, China

Ning Cheng,

University of North Carolina at Chapel
Hill, United States

*Correspondence:
Zhuojun Dai
zj.dai@siat.ac.cn

Specialty section:

This article was submitted to
Polymer Chemistry,

a section of the journal
Frontiers in Chemistry

Received: 27 August 2018
Accepted: 30 November 2018
Published: 18 December 2018

Citation:

Dai Z and Huang S (2018) Functional
Dynamics Inside Nano- or Microscale
Bio-Hybrid Systems.

Front. Chem. 6:621.

doi: 10.3389/fchem.2018.00621

Check for
updates

Functional Dynamics Inside Nano- or
Microscale Bio-Hybrid Systems

Zhuojun Dai* and Shuqgiang Huang

Institute for Synthetic Biology, Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences, Shenzhen, China

Soft nano- or microgels made by natural or synthetic polymers have been investigated
intensively because of their board applications. Due to their porosity and biocompatibility,
nano- or microgels can be integrated with various biologics to form a bio-hybrid system.
They can support living cells as a scaffold; entrap bioactive molecules as a drug carrier
or encapsulate microorganisms as a semi-permeable membrane. Especially, researchers
have created various modes of functional dynamics into these bio-hybrid systems. From
one side, the encapsulating materials can respond to the external stimulus and release
the cargo. From the other side, cells can respond to physical, or chemical properties
of the matrix and differentiate into a specific cell type. With recent advancements
of synthetic biology, cells can be further programed to respond to certain signals,
and express therapeutics or other functional proteins for various purposes. Thus, the
integration of nano- or microgels and programed cells becomes a potential candidate in
applications spanning from biotechnology to new medicines. This brief review will first talk
about several nano- or microgels systems fabricated by natural or synthetic polymers,
and further discuss their applications when integrated with various types of biologics. In
particular, we will concentrate on the dynamics embedded in these bio-hybrid systems,
to dissect their designs and sophisticated functions.

Keywords: nano/microgels, synthetic biology, fabrication technology, bio-hybrid system, dynamics

INTRODUCTION

Hydrogels are polymeric materials that consist of crosslinked three-dimensional (3D) networks.
Due to their porosity and high water content, they can serve as ideal matrices for controlled release
of biomolecules, cells encapsulation and delivery, as well as scaffolds in tissue engineering (Minh
and Lee, 2010; Naderi et al., 2011; Smeets and Hoare, 2013; Suo et al., 2018). Stimulus-sensitive
hydrogels, in particular, can swell or shrink in response to multiple modes of external stimulus
such as temperature, pH, ionic strength, and light (Gorelikov et al, 2004; Gu et al, 2013;
Trongsatitkul and Budhlall, 2013). Compared with macrogels (millimeters to a few centimeters),
nano- or microgels (several nanometers to hundreds of microns) can respond more quickly to
environmentally-triggered changes, enabling their uses in controlled and regulated applications
(Dai and Ngai, 2013; Smeets and Hoare, 2013; Headen et al., 2014). Additionally, their small size
allows administration by various routes (e.g., injection) (Liu and Garcia, 2016). These features
provide numerous opportunities for versatile applications.

On the other hand, synthetic biology has emerged as a powerful approach for engineering
systems with predicted applications (de Lorenzo, 2008; Ye and Fussenegger, 2014; Din et al.,
2016). Advances in programming single cell or cell populations with well-characterized functions
have demonstrated their potentials in broad areas spanning from biotechnology to new medicines
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(Bacchus et al., 2013; Cao et al, 2017; Karig, 2017; Tay
et al.,, 2017; Villarreal et al., 2018). A key focus for synthetic
biology is engineering bacteria for medical and environmental
related applications (Ye and Fussenegger, 2014; Slomovic et al.,
2015; Higashikuni et al., 2017; Karig, 2017). However, these
engineered cells need to be trapped and separated from the
surrounding tissues and environment to avoid side effects
(Chang, 2005; Auslander et al, 2012). Microgels mediated
encapsulation provides a solution since the porous structure
allows permeability of small molecules, such as oxygen, nutrients,
growth factors, and signaling molecules. At the same time, it
prevents large molecules, such as immunoglobulins and immune
cells (high molecular weight complexes) from reaching the
encapsulated cells, and encapsulated cells from reaching tissues
and environment (Auslander et al., 2012; Ye and Fussenegger,
2014).

By far, the researchers have successfully integrated the nano-
or microgels and biologics to demonstrate a broad range of
applications. Nano- or microgels are integrated with therapeutics
to treat diabetes and cancer (Das et al., 2006; Sung et al., 2012;
Gu et al,, 2013; Kanamala et al., 2016), or assembled with stem
cells in the tissue engineering (Das et al., 2014; Caldwell et al.,
2017). Recently, the integration of nano- or microgels with
engineered cells has proven their superiority in diseases detection
and treatment (Shao et al., 2017; Xue et al,, 2017; Wang et al.,
2018). We will start from the basic characteristics, crosslinking
strategies, and synthesis scheme of several nano- or microgels
systems, and later discuss their applications when integrated with
various biologics. In particular, we will focus on the functional
dynamics inside the bio-hybrid systems, from either materials or
cells side.

NANO- OR MICROGELS SYSTEMS

Both natural and synthetic polymers have been used to synthesize
the nano- or microgels (Silva et al., 2004; Oh et al.,, 2008; Kim
et al., 2014). Although the source and batch variations provide
limitations, natural polymers are generally bio-compatible,
biodegradable, and have been successfully used in clinical
applications (Dhandayuthapani et al, 2011). In comparison,
nano- or microgels made by synthetic polymers normally have
predictable and reproducible physical and chemical properties.
The systems made by either natural or synthetic polymers can
be further tailored for special purposes, such as sensing and
targeting (Gan et al., 2005; Pich and Richtering, 2010). In this
section, we will review several well-known and widely used
natural and synthetic polymer systems, including their physical
and chemical properties, as well as crosslinking strategies.

Natural Polymer Systems
Natural polymers include proteins (silk, collagen, etc.),
polysaccharides (alginate, chitosan, cellulose, etc.), and
polynucleotides (DNA and RNA). Especially, two natural
polysaccharides: alginate and chitosan, are widely utilized in
biomedical and bioengineering fields.

Alginate

Alginate is an anionic polysaccharide (¢-D-mannuronic acid and
B-L-guluronic acid) derived from seaweed, and has been broadly
used due to its biocompatibility, flexibility in modifications, and
mild crosslinking conditions (Lee and Mooney, 2012; Szekalska
et al, 2016). Divalent cations are the most frequently used
crosslinking agents to prepare alginate nano- or microgels. The
gel structure forms when the divalent cations bind to guluronate
blocks of one alginate chain and the other adjacent chain (Lee and
Mooney, 2012). Calcium chloride is commonly used as a divalent
cation related crosslinking agent. However, its high solubility
and fast diffusion in aqueous solution typically lead to rapid but
poorly controlled gelation. To control the gelation rate in order
to attain a more uniform gel structure and better mechanical
integrity, one approach is to use a buffer system containing
phosphates. The phosphate groups will compete with carboxyl
groups from alginate for calcium ions and slow down the overall
gelation rate. Calcium sulfate and calcium carbonate, because of
their lower solubility, can also be used to control the gelation rate
and derive a more uniform crosslinking structure (Augst et al.,
2006; Lee and Mooney, 2012).

The major concern about the ionically crosslinked alginate
nano- or microgels is their limitation in long-term stability, since
monovalent cations will gradually replace divalent cations and
dissociate the network in the physiological condition. Therefore,
cationic polymers such as poly (L-lysine) (PLL), have been
utilized to coat the surface of alginate nano- or microgels based
on their electrostatic interactions (polyanions and polycations)
to enhance the overall stability. In another approach, chemical
crosslinking (covalent bonding) can be applied parallelly with
ionic crosslinking. For example, a photo crosslinked alginate-
methacrylate microgel was prepared by integrating the ionic
and chemical crosslinking strategies (Li et al., 2017). Ionic
crosslinking was used in extrusion process for beads formation
due to its fast gelation speed. Photo-crosslinking, which proceeds
much slower, was used to increase the stability of beads due to the
irreversibility of covalent bonding.

Chitosan

The positively charged polysaccharide chitosan is essentially
composed of PB-(1,4)-linked glucosamine units (2-amino-2-
deoxy-B-d-glucopyranose) together with some proportion
of N-acetylglucosamine units (2-acetamino-2-deoxy-B-d-
glucopyranose), and prepared by partial deacetylation of
the natural polymer chitin (Anitha et al., 2014). Chitosan is
biocompatible, degradable and has been tested for biomedical
applications ranging from wound dressing, drug delivery to
tissue engineering (Lopez-Leon et al., 2005; Anitha et al., 2014).
It is typically dissolved in acidic media (e.g., acetic acid) due to
the existence of amine groups and high crystallinity.

Chitosan can form hydrogels by either chemical or ionic
crosslinking. The most frequently used chemical crosslinkers
for chitosan are dialdehydes, such as glutaraldehyde (Suh and
Matthew, 2000; Berger et al., 2004). The reaction between amine
groups (chitosan) and aldehyde groups (dialdehydes) forms
covalent imine bonds. Although the reaction can proceed in
gentle conditions (aqueous media, room temperature), there are
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concerns due to the toxicity of dialdehydes (Berger et al., 2004).
Alternatively, other chemical crosslinkers, such as genipin, which
possesses similar crosslinking properties with glutaraldehyde, but
without corrosiveness, cytotoxic and carcinogenic side effects, are
preferably developed and applied in recent studies (Skop et al.,
2013).

Compared with chemical crosslinking, ionic crosslinking
of chitosan is much simpler and milder, and therefore
applied widely in medical or pharmaceutical applications. The
networks form due to the electrostatic interactions between
positively charged amine groups from chitosan backbones and
the negatively charged crosslinkers. Both polyanions, such as
heparin, or anionic molecules, such as tripolyphosphate (TPP)
or phytic acid (PA) can be applied as ionic crosslinkers (Gan
et al., 2005; Lee et al., 2011). To reinforce the stability and
mechanical property of the chitosan network, the chemical
and ionic crosslinking strategies can also be integrated. For
example, Skop et al. has demonstrated the fabrication of genipin
covalently crosslinked chitosan-heparin complex microspheres
(Skop et al., 2013). These microspheres were shown to be a more
stable system. Fine tuning in the size, surface charge or other
characteristics of nano- or microgels can be obtained by varying
compositions and preparation conditions (Gan et al., 2005).

Synthetic Polymer Systems

Multiple synthetic polymers have been used to construct nano-
or microgels. Especially, we discussed two synthetic polymers:
poly(N-isopropylacrylamide) and poly (ethylene glycol), due to
their stimulus responsiveness and bio-compatibility.

poly(N-isopropylacrylamide)
Poly(N-isopropylacrylamide) (pNIPAM) nano- or microgels
systems have been one of the most widely studied systems due
to its unique thermal sensitivity. Nano- or microgels made of
pNIPAM have a lower critical solution temperature (LCST) at
approximately 32°C (Wu and Zhou, 1996; Dai and Wu, 2010).
The nano- or microgels swell or shrink when temperature is
below or above the LCST, with their size changing by more than
an order of magnitude (Dai and Wu, 2010). The incorporation of
other monomers, such as acrylic acid (AA) or methacrylic acid
(MAA) further equips the system with pH and ionic strength
responsiveness (Gan et al., 2009; Dai et al., 2015).

pNIPAM nano- or microgels are usually prepared by
precipitation polymerization (Acciaro et al., 2011; Li et al,
2012; Dai and Ngai, 2013). The NIPAM monomers, N, N-
methylenebis-acrylamide (MBA) crosslinkers, and free radical
initiators (e.g., potassium persulfate) are all dissolved in water,
and the polymerization is initiated by heating the system
to 60-70°C. Besides pNIPMA, various comonomers (such as
acrylic acid) can be co-polymerized into the nano- or microgels
networks during the synthesis process, and the nano- or
microgels size can be controlled from tens of nanometers to
microns (Karg and Hellweg, 2009; Dai and Ngai, 2013).

Poly (Ethylene Glycol)
As another typical synthetic polymer, poly (ethylene glycol)
(PEG) nano- or microgels are also widely studied and used.

Especially, its utilization has been approved by FDA (The U.S.
Food and Drug Administration) due to its biocompatibility,
low protein adhesion, and non-immunogenicity (Chang et al.,
2017). The end hydroxyl groups of PEG molecules can be readily
modified with organic functional groups, such as carboxyl, thiol
and acrylate, which greatly facilitates the nano, or microgels
assembly, as well as the bioactive agents conjugation (Chang
et al, 2017). PEG nano- or microgels can be fabricated
by either batch or continuous fashions. For example, Tan
et al. fabricated a PEG-protein nanogels by mixing PEG
(modified with benzaldehyde end groups) and protein molecules
(lysine residues) in a batch manner (Tan et al, 2012). In
another work, Guerzoni et al. used a microfluidic device to
generate PEG microgel capsules in a continuous way (Guerzoni
et al., 2017). The resultant PEG microgels had a hollow core
facilitating the bioactive molecules loading, while the shells were
assembled by photo-crosslinking six-armed acrylated star-shaped
PEG.

NANO- OR MICROGELS FABRICATION

Various synthesis routes are available to generate nano-
or microgels (Figurel; Liu and Garcia, 2016). Emulsion
or precipitation  polymerization techniques involving
polymerization in bulk solution are the most frequently
used methods, especially for synthetic polymers (Saunders
and Vincent, 1999; Pich and Richtering, 2010). Lithographic
technique utilizes a master template or mask to control the
size and morphology of nano- or microgels (Helgeson et al.,
2011). Microfluidic polymerization by a microfluidic device
is a continuous synthesis route, which offers precise control
over nano- or microgels size, morphology, and polydispersity
(Wheeldon et al., 2010; Eydelnant et al., 2014). Electrospray
technique can also be utilized to fabricate microgels, and
the technique is convenient to encapsulate the living cells
(Tapia-Hernandez et al., 2015).

Emulsion Polymerization and Precipitation

Polymerization

Emulsion polymerization generally involves an aqueous phase
containing surfactants, an oil phase containing monomers and
crosslinkers, and initiators to start the radical polymerization
process (Figure 1A; Tobita et al., 2000). The system is then
homogenized to generate droplets of monomer in oil phase,
surrounded by the water phase. The surfactants stabilize the
droplets and prevent them from aggregation. By initiating the
reaction (e.g., heating the system for a thermal initiator), the
initiators react to form free radicals that start the polymerization
process. In a variant of this technique (inverse emulsion
polymerization), the aqueous phase contains the monomers
and crosslinkers while the initiators can be in either of two
phases. The particle size can be tuned by adjusting parameters
such as the homogenization speed and the reaction temperature
(Tobita et al., 2000). Biologics, such as functional proteins or
drugs can be loaded by incubation with collected nano- or
microgels after synthesis (Liu and Garcia, 2016). The system
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FIGURE 1 | Nano- or microgels can be fabricated by multiple methods. (A) Emulsion polymerization (oil-in-water). Droplets of monomers (the oil) are emulsified (with
surfactants) in a continuous phase of water. The initiators (often thermally-activated) start the radical polymerization process and form the nano- or microgels.

(B) Precipitation polymerization. Precipitation polymerization begins initially as a homogeneous system in a continuous phase, where the monomers and initiators are
completely soluble. Upon initiation, polymer networks precipitate, and growth of microgel particles proceeds with the absorption of monomers and initiators. No
surfactants or stabilizing agents are needed for precipitation polymerization. (C) Imprint lithography. Hydrogel precursors are filled into a template that acts as a mold.
UV light is then used to photo-polymerize the precursors inside the mold. (D) Microfluidic polymerization. Multiple phases (e.g., monomers in the aqueous phase,
crosslinkers in the oil phase) meet in a junction geometry (e.g., T-junction) where droplets form. Crosslinking occurs after the formation of these droplets.

(E) Electrospray. The polymer solution is pushed through a syringe pump. An electrostatic potential is applied between the nozzle or syringe needle and the
crosslinking solution. The formed nano- or microdroplets further crosslink in the crosslinking solution.

Crosslinking
Solution

for emulsion polymerization may also be adjusted to remove
the heating step, or the surfactants, to facilitate the biologics
loading.

Resembling  emulsion  polymerization,  precipitation
polymerization also proceeds in a batch process. However,
precipitation polymerization starts in a continuous phase,
where the monomers and initiators are completely soluble, and
no stabilizing agents are needed (Figure 1B). After initiating
the reaction (e.g., increasing the system temperature), a
spontaneous nucleation process occurs and polymerization
proceeds.

Lithographic Processes

Lithographic technique fabricates nano- or microgels by
templating hydrogels at nano- or micro-scale level. This method
needs a template to control both the size and morphology
of the product (Helgeson et al, 2011). For example, imprint
lithography utilizes a template that acts as a mold for the hydrogel
precursors, and UV light is then applied to polymerize the
precursors inside the mold (Figure 1C). Nano- or microgels are
recovered from the mold, typically by mechanical delamination
post-synthesis. Biologics are often loaded by incubation with
collected nano- or microgels after polymerization to avoid the
UV light exposure. Alternatively, biologics can also be mixed
with the hydrogel precursors if the crosslinking condition is mild.
Lithographic technique provides a precise control over particle
size, morphology, and monodispersity by tuning the template
characteristics.

Microfluidic Polymerization

Microfluidic synthesis technique requires a lithographically
fabricated microfluidic device (typically manufactured by
polydimethylsiloxane), and generates nano-, or microgels
droplets one at a time in a continuous manner. Taking
emulsion-based microfluidic system as an example, multiple
phases (monomers in aqueous, crosslinkers in oil, etc.) meet
in a junction geometry and droplets form. Crosslinking will
occur right after the formation of these droplets (Figure 1D).
The biologics are often loaded by mixing with the monomers
in the aqueous phase. Characteristics of nano- or microgels,
including size, morphology, and size distribution can be precisely
controlled by several parameters, such as the nozzle diameter and
flow rate (Headen et al., 2014).

Electrospray Fabrication

In the electrospray, the liquid flows from a capillary nozzle
through an electric field that disrupts a large droplet into nano-
or microdroplets. The nano- or microdroplets are then collected
and homogenized in the crosslinking solution (Figure 1E). When
an electric field is applied to a droplet, the electric charge
generates an electrostatic force into the droplet. Nano- or
microdroplets will form when the electrostatic force overcomes
the cohesive force of the droplet. The particle size and the
size distribution can be tuned by adjusting parameters, such as
the flow rate of the solution and the applied electric potential
(Tapia-Hernandez et al., 2015). Electrospray has been developed
into a mature technology with encapsulation systems (e.g.,
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alginate/Ca®"), and is particularly convenient to encapsulate
medicines, foods, and microorganisms.

DYNAMICS INSIDE BIO-HYBRID SYSTEMS

Nano- or microgels systems have been widely used in diverse
fields. When integrated with drugs, proteins and living cells, these
bio-hybrid systems are endowed with various desired functions.
Especially, researchers have created multiple modes of functions
related dynamics inside these bio-hybrid systems, either from the
side of materials or cells.

Controlled Release Systems—Response

From Materials

Besides the general requirements for a drug delivery system,
such as optimum loading capacity and biocompatibility, effective
delivery of drugs at correct time and location is always
considered a big challenge. It requires the system to sense the
signals (environmental sensitivity) and actively respond to them
(controlled release). Nano- or microgels are potential candidates
since the materials can be engineered to sense the environmental
cues, while the release of the drugs can be triggered by the volume
change of materials (Figure 2A), or the pH induced hydrolysis
(Liu et al., 2014; Yu et al., 2016).

Responsive nano or micro-drug delivery systems have been
extensively studied in cancer therapy. Due to the weak acidic
micro-environment of tumors, pH-responsive nano, or microgels
carriers with acid-cleavable bond are usually designed to ensure
the controlled drug release. Xiong et al. reported a drug carrier,
poly(N-isopropylacrylamide-co-acrylic acid) nanogel with dual
temperature and pH sensitivity (Xiong et al, 2011). The
system precipitated on the heated cancer tissues (~42°C, local
hyperthermia) due to the hydrophilic to hydrophobic transition
when temperature was higher than its LCST. The anti-cancer
drug doxorubicin (DOX) was covalent linked to the nanogel
via an acid-cleavable bond, which could be released efficiently
in the acidic microenvironment of tumor tissues. The system
utilized both the temperature and pH sensitivity of the materials,
as well as acid-cleavable design to ensure the controlled release
missions.

In another work, Song et al. developed a responsive nanogel
system to deliver both a chemotherapeutic drug (paclitaxel)
and a cytokine (interleukin-2) to combat tumors (Song et al.,
2017). They first modified the chitosan into two oppositely
charged chitosan derivatives. The nanogels were then assembled
by mixing these two chitosan derivatives, and further photo-
crosslinked with addition of hydroxypropyl-B-cyclodextrin
acrylate. The pH responsiveness of nanogel to a weak acidic
tumor microenvironment could be fine-tuned by adjusting
the formulation, while incorporation of hydroxypropyl-p-
cyclodextrin acrylate increased the encapsulation efficiency
of paclitaxel (very low solubility in aqueous phase). This
responsive bio-hybrid nanogel system integrated chemotherapy
and immunotherapy, and significantly enhanced the antitumor
activity with improved calreticulin exposure and antitumor
immunity.

These responsive nano- or microscale biohybrid system are
also widely used in controlled diabetic therapeutic delivery. For
example, Sung et al. developed a pH-responsive system consisting
of chitosan and poly(y-glutamic acid) for oral insulin delivery
(Sung et al., 2012). Poly(y-glutamic acid) was incorporated since
it could conjugate with insulin via Zn?* to enhance the loading
efficiency. The acidic environment of gastric medium in the
stomach stabilized the system due to the ionization of chitosan
backbones. At intestine (pH ~ 7.0-8.0), the chitosan chains were
deprotonated and collapsed. The swollen to shrunk transition of
the encapsulating materials enabled the insulin release.

The stimulus-responsive features of nano- or microgels can
be further coupled with other biologics, such as an enzyme,
to achieve a more sophisticated signal-sensing capability. Gu
et al. reported an injectable microgels for controlled glucose-
responsive release of insulin by integrating a pH-responsive
chitosan matrix, enzyme nanocapsules and insulins (Gu et al,,
2013). The enzyme converted the glucose into the gluconic
acid at the hyperglycemic condition, and therefore swelled the
chitosan matrix due to the protonation of the chitosan networks.
Consequently, these microgels were self-regulating and able to
release insulins at the basal or higher rate based on normal or
hyperglycemic conditions.

Controlled Release Systems—Response

From Cells

Not only materials, engineered cells can also respond to the
external signals accordingly (Figure2B). Indeed, cell-based
therapies are considered as one of the most promising next
generation medicines. Various synthetic gene circuits have
been assembled to treat diverse diseases, including metabolic
disorders, cancer and immune diseases (Bulter et al., 2004;
Higashikuni et al., 2017; Xue et al,, 2017).

Wang et al. reported a pain management strategy based
on microencapsulated cell-engineering principles (Wang et al.,
2018). The engineered cells can respond to volatile spearmint
aroma and produce an analgesic peptide (huwentoxin-IV) that
selectively inhibits the pain-triggering voltage-gated sodium
channel. Engineered cells were encapsulated in alginate capsules
(400 wm). Their results showed that mice (chronic inflammatory
and neuropathic pain model) implanted with the capsules
demonstrated reduced pain-associated behaviors on oral or
inhalation-based intake of spearmint essential oil, with negligible
cardiovascular, immunogenic, and behavioral side effects.

In another example, Shao et al. demonstrated a smartphone-
assisted treatment of diabetes in mice by microgel encapsulated
cells (Shao et al, 2017). In their design, the implanted
capsules carried both optogenetically engineered cells and
wirelessly powered far-red light (FRL) LEDs (light-emitting
diodes). The far-red light LEDs were remotely controlled
by smartphone programs or bluetooth-active glucometer in
a glucose-dependent manner. Optogenetically engineered cells
could respond to FRL based on the bacterial light-activated cyclic
diguanylate monophosphate (c-di-GMP) synthase, and activate
the expression of mouse insulin. The mouse insulin would then
diffuse out from the capsules to control the glucose level in blood.

Frontiers in Chemistry | www.frontiersin.org

December 2018 | Volume 6 | Article 621


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Dai and Huang

Dynamics Inside Bio-Hybrid Systems

Stimulus

@

Material
response

Physical
confinement

Quorum
sensing

¢ Signaling molecules

to the interactions between the cells and materials.

A Expression driven by QS S
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signals and express the functional proteins. Engineered cells encapsulated in polymeric microgels can sense certain signals, such as small molecules and respond
accordingly due to the synthetic gene circuit (blue circle). The polymeric capsules trap the cells, but allow the free diffusion of the signaling molecules and functional
proteins expressed by cells. (C) Cells carrying quorum sensing (QS) circuit can sense their density inside microgels. Quorum sensing bacteria produce and release
chemical signaling molecules called autoinducers (red dot), which accumulate in concentration as a function of cell density and regulate gene transcription (blue
triangle) as a response. The hybrid of microgels and cells provides a man-made system that exhibits behavior analogous to QS. (D) Cells can respond to chemical or
physical properties of the scaffolds with different morphogenesis, proliferation or differentiation behaviors. Nano- or microgels can be assembled into 2D or 3D
scaffolds. The physical or chemical features of the nano- or microgels will affect their interactions with cells and direct morphogenesis, proliferation or differentiation of
cells. The blue circle presents the nano- or microgels. The MSCs imbedded in the scaffold made by the microgels are able to differentiate into a different cell type due

B Input

(@ 3 Stimulus
Q Cell
Output

response

Differentiation

_

Physical Confinement—Response From

Engineered Bacterium by Quorum Sensing
Quorum sensing (QS) refers to the ability of organisms to detect
and respond to the population density with a specific behavior
(Figure 2C; Scott et al., 2017; Shuma and Balazs, 2017). QS
plays an essential role in the life cycle of bacteria, yeast, as
well as social insects. Designing a man-made system mimicking
QS behavior, that is sensing and responding to the system
size and density is important but challenging (Ford and Silver,
2015; Li et al., 2017; Shuma and Balazs, 2017). In this notion,
polymeric microgels can be integrated with QS cells, since the
microgels provide a natural spatial segregation in differentiating
the interior and exterior environments. Therefore, the cell
populations in individual microgel are effectively insulated from
the surrounding environment and other microgels. The porous
structure traps the cells, but allows the free diffusion of nutrients
and signaling molecules.

In this notion, Huang and Lee demonstrated an engineering
safeguard to prevent unintended proliferation by coupling
collective survival and environment sensing of bacteria
(Lopatkin et al,, 2016). Programmed by an engineered
circuit, the «cells can produce beta-lactamase (BlaM),
which is able to degrade beta-lactam antibiotics, such as
carbenicillin (Cb) only at a sufficiently high density regulated
by QS. At the same time, sufficient cells were required to
produce and secrete enough BlaM for population survival.
Consequently, the cells inside the microgel can sense the physical
confinement, produce BlaM and get rescued due to their
high densities. Those escaping from microgel, instead, will be
eliminated.

Interactions With Cells as

Scaffold—Response From Cells
Nano- or microgels have been used as building blocks
for scaffolds due to its several advantages including ease
of fabrication and rapid response to stimulus (Gan et al.,
2009; Dhandayuthapani et al., 2011). Cell adhesion on two-
dimensional surface or three-dimensional scaffold has been a
focus of biophysical research (Dai and Ngai, 2013). Multiple
physical or chemical features of the nano- or microgels can
dictate their interactions with cells, including the composition,
physical properties (porosity, stiffness, etc.) and topography
(Leach and Whitehead, 2018). These interactions will direct cells
morphogenesis, proliferation, or even differentiation.

Mesenchymal stem cells (MSCs) have been a focus in cell-
based therapies for tissue repair and regeneration because of their
multilineage differentiation potentials (Augello et al., 2010; Boeuf
and Richter, 2010). Growth factors and other chemical inductive
cues can effectively induce MSCs differentiation. However,
this approach suffers from its own restrictions including the
potential off-target effects when treated in large dosages, and
long-term maintenance of phenotype after the removal of these
cues (Leach and Whitehead, 2018). It has been proven that
extracellular matrix (ECM) can direct the MSCs fate through
the physical interactions (Engler et al., 2006). Multiple studies
have used nano- or microgels as building blocks to assemble the
extracellular matrix (ECM) and investigate their effects on the
MSCs differentiation (Figure 2D).

From composition perspective, Dai et al. demonstrated that
the interactions between MSCs and pNIPAM-AA (poly-N-
isopropylacrylamide-acrylic acid) microgels can have a direct
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effect on osteogenesis of MSCs. Due to the existence of carboxyl
groups in the microgels, supplementing microgels could either
absorb the free calcium ions and prevent the osteogenesis
(supplementing during early osteogenesis), or bind the calcium
deposited cells (supplementing during the late osteogenesis) to
further promote the osteogenesis through its interactions with
cells.

In another work, Caldwell et al. assembled the PEG
(polyethylene glycol) microgels into a microporous, covalently
linked material, and seeded the human mesenchymal stem cells
(hMSCs) into the porous scaffold (Caldwell et al., 2017). To
assemble the scaffold, two PEG microgels functionalized with
DBCO (dibenzocylcooctyne) or azide groups were separately
prepared, and then mixed for crosslinking. Especially, they used
two conditions (low shear and high shear) to generate microgels
with different sizes. Microgels formed using low shear (votex)
had a mean particle diameter of 120 pm (PEG microgels with
DBCO) and 130 um (PEG microgels with azide). Microgels
formed using high shear (sonication) were an order of magnitude
smaller, with average particle sizes of 16 um (PEG microgels
with DBCO), and 15pum (PEG microgels with azide). While
cells showed high survival rate in both cases, their morphology
differed significantly in two scaffolds made by small or large
microgels. The cells seeded in the networks made of small
microgels had only small protrusions into the matrix, with only
diffuse actin fibers present. Comparatively, in the networks made
by the big microgels, hMSCs spread and exhibited visible actin
fibers.

CONCLUSIONS

Nano- or microgels with tunable properties and sensitivities to
external stimulus, have served not only as ideal model systems
to explore fundamental questions in physical science, but also as
suitable matrixes for diverse applications. With the fast growth
in the area of synthetic biology, the integration of engineered
microorganisms and polymeric carriers open another door to
address both the fundamental problems in population dynamics
and evolution, and the real challenges in biotechnology and
medicines. This brief review covers several commonly used
natural and synthetic nano- or microgels systems, and some
of their applications when integrated with diverse biologics
spanning from protein drugs, microbiome to mammalian cells.
Especially, the dynamics inside the integrated systems to realize
the desired function, either from the side of materials or the living
organisms, are highlighted.
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Micro-Patterning of PEG-Based
Hydrogels With Gold Nanoparticles
Using a Reactive
Micro-Contact-Printing Approach

Cigdem Yesildag, Zhaofei Ouyang, Zhenfang Zhang* and Marga C. Lensen*

Nanopatterned Biomaterials, Department of Chemistry, Technische Universitét Berlin, Berlin, Germany

In this work a novel, relatively simple, and fast method for patterning of gold
nanoparticles (Au NPs) on poly(ethylene glycol) (PEG)-based hydrogels is presented. In
the hereby exploited reactive micro-contact printing (reactive-i.-CP) process, the surface
of a micro-relief patterned PDMS-stamp is first functionalized with an amino-silane
self-assembled monolayer (SAM), which is then inked with Au NPs. The stamp
is subsequently brought into conformal contact with thiol-functionalized PEG-based
hydrogel films. Due to the strong gold-thiol interactions the Au NPs are adequately and
easily transferred onto the surfaces of these soft, multifunctional PEG hydrogels. In this
way, defined p-patterns of Au NPs on PEG hydrogels are achieved. These Au NPs
patterns allow specific biomolecular interactions on PEG surfaces, and cell adhesion
has been studied. Cells were found to effectively adhere only on Au NPs micro-patterns
and to avoid the anti-adhesive PEG background. Besides the cell adhesion studies,
these Au NPs p-patterns can be potentially applied as biosensors in plasmon-based
spectroscopic devices or in medicine, e.g., for drug delivery systems or photothermal
therapies.

Keywords: PEG hydrogel, Au NPs, micropatteming, cell adhension, multifunctional

INTRODUCTION

Hydrogels are three-dimensional networks of hydrophilic polymers, which can imbibe
high amounts of water relative to their own weight and are widely used in industry as care products,
agriculture, biology, and medicine (Drury and Mooney, 2003; Peppas and Hoffman, 2013). Recent
research fields are focused on applying specific functionality to the hydrogel (Haraguchi and
Takehisa, 2002; Schexnailder and Schmidt, 2009; Gaharwar et al., 2015; Motealleh and Kehr, 2017;
Ren et al,, 2017a; Yesildag et al., 2018a). Notably multi-functional hydrogels are highly desired
as biomaterials that simultaneously exhibit various beneficial properties (Tkachenko et al., 2003;
Sukhorukov et al., 2007; Chen et al., 2013; Li et al., 2017).

Biomaterials are natural or synthetic materials that are designed to augment or replace tissues,
organs, or functions of the body, in order to maintain or improve the quality of life of the individual
(Boretos and Eden, 1984; Williams, 1987). Examples for biomaterials are implants (Davis, 2003;
Saini et al., 2015), prosthesis (Davis, 2003), wound healing or tissue regeneration (Lee and Mooney,
2001; El-sherbiny and Yacoub, 2013), repairing or supporting materials (Seal et al., 2001; Davis,
2003), and also biochips (Ferrari et al., 2007; Vo-Dinh and Cullum, 2008; Veitinger et al., 2014)
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which can be used for example as biosensors (Ferrari et al.,
2007; Lee, 2008; Vo-Dinh and Cullum, 2008; Shruthi et al.,
2014; Sabr, 2016). For the successful design of biomaterials and
the (micro- or nano-)fabrication of biointerfaces, fundamental
understanding of interactions of the biomaterials with the
biological system (e.g., organic tissue or bodily fluid) is
required.

Precursors for hydrogels can have natural or synthetic
origins. Whereas, hydrogels from natural origin are intrinsically
cytocompatible, cytotoxicity can be an issue in the case
of hydrogels from synthetic precursors. On the other
hand, synthetic hydrogels may exhibit better mechanical
integrity (bio)chemical stability, defined pore sizes, while
the physical and chemical reactivity are easier to control.
Among others, especially poly(ethylene glycol) (PEG) based
hydrogels are highly desired in biological applications, due
to the non-toxicity, non-immunogenicity, and bio-inert
characteristics (Zalipsky and Harris, 1997). In our group,
particularly PEG macro-monomers with acrylate or vinyl sulfone
end-groups have been studied to have the ability to be cross-
linked by UV-photo-polymerization process to achieve PEG
hydrogels (see Table 1).

The mechanical properties of PEG hydrogels can be varied,
depending on the molecular weight, crosslinking density,
and synthetic procedure. Besides the tunable elastic property,
multiple functionalities to PEG-based hydrogels can be also
applied. In addition, star shaped or branched 6- or 8-
arm PEG derivatives with the appropriate end groups could
be polymerized by photo-polymerization and also by using
Michael type addition reactions (Zhang et al., 2014). Using the
latter approach, an ability for multifunctional PEG hydrogels
is achieved, where certain amounts of acrylate groups are
crosslinked and the others are left non-crosslinked for different
types of additional multiple functionalities. Thus, various
charged or non-charged functional chemical groups can be
anchored (Figure 1). Not only molecules but also inorganic
nanoparticles provide assorted amounts of functions. Especially
gold nanoparticles (Au NPs), which have unique size- and
shape -dependent optical properties via surface plasmons, little
toxicity, easy synthesis procedures, are desired materials not
only for industry, and catalysis but also for biology and
medicine (Ren et al., 2017a,b; Yesildag et al., 2017a, 2018a,b).

For providing cell adhesion on the bio-inert PEG surfaces,
several micro-fabrication techniques have been developed to
modify the surface properties and to promote cellular adhesion;
for example, applying patterns of surface nano- or micro-
topographies, patterns of elasticities, or chemical modifications.
Micro-fabrication techniques can be basically categorized into
two classes; the “top-down” and the “bottom-up” approaches.
Top-down approaches made by miniaturization of bigger
elements, such as photo-lithography, micro-contact printing,
micro-molding in capillaries (Kim et al, 1996), fill-molding
in capillaries (Kelleher et al, 2012), micro-contact deprinting
(Chen et al, 2009), and also electron-beam lithography (van
Dorp et al.,, 2000) are some examples. Examples for bottom-
up approaches are self-assembled monolayers (SAM); spin-
coating, dip-coating, dip-pen lithography (Piner et al., 1999),

block copolymer micelle nanolithography (Glass et al., 2003)
or supramolecular self-assembly (House et al., 2009). Reactive
micro-contact printing (reactive-ju-CP) is a combination of top-
down and bottom-up approaches and is a fast and relatively
simple process for patterning of large area on a surface in a
short period of time. Hereby the well-known micro-contact
printing process (j.-CP) which was developed by Whitesides
(Tien et al., 1998) group and the affinity contact printing (a-CP)
by Delamarche et al. (Renault et al., 2002) were used as a basis.
For the conventional -CP process usually a PDMS-stamp, an
ink solution and a substrate are required; first of all the stamp
is inked and after contacting of the hydrogel with the stamp the
ink is transferred onto the surface of the substrate. Whitesides
et al. further developed this process and introduced the reactive
.-CP process, where the substrate was made reactive toward the
ink molecules, so that a covalent binding among the substrate
and ink-molecules could be formed (Yan et al., 1998). In the
procedure of Delamarche et al. proteins were printed on surfaces
via specific functionalization of stamps with protein-anchoring
groups (Renault et al., 2002).

In this work we introduce a novel reactive-uCP process where
the reactivity of the surface of the stamp is additionally tuned
toward the Au NPs. For this process, first of all, a PDMS-stamp
was molded a micro- relief-patterned silicon master as template.
As shown in our previous publications, amino-silanized surfaces
can be effectively covered with citrate capped Au NPs with
high density (Ren et al., 2017a,b; Yesildag et al., 2018b). Hereby
the Au NPs were interacting electrostatically with the amino-
silane surface and they could be effectively transferred onto
PEG hydrogel surfaces by various methods, which we recently
published (Ren et al, 2017ab; Yesildag et al, 2017a,b,
2018a,b).

In this work a novel reactive micro-contact printing
approach for patterning of gold nanoparticles (Au NPs)
on poly(ethylene glycol) (PEG)-based hydrogels is presented.
In this reactive w-CP method the surface of the micro-
relief patterned PDMS-stamp is first functionalized with a
self-assembled monolayer (SAM) of amino-silane, exhibiting
amino groups at the surface that have affinity for Au
NPs, and subsequently decorated with citrate-capped Au NPs
via relatively weak, yet collective, electrostatic interactions.
The stamp is afterwards brought in conformal contact with
flat, functionalized PEG- hydrogels, and the Au NPs are
transferred onto the surfaces of these hydrogels. PEG-based
hydrogels are on the one hand made of short linear chained
PEG-precursors which result in relativelyrigid hydrogels and
on the other hand of 8-arm star shaped PEG-precursors
which yield softer and multi-functional hydrogels. On these
micro-patterned Au NPs—PEG-hydrogel—composites, mouse
fibroblast L929 cell adhesion was investigated. Our recent
studies have shown effective cell adhesion on Au NPs
layered surfaces even without prior bio-functionalization of
the Au NPs with specific proteins; proteins included in the
cell culture media were sufficient for aiding cells to guide
and adhere on the Au NPs patterns. Cells adhere only
on Au NPs micro-patterns and avoid the anti-fouling PEG
material.
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TABLE 1 | Examples of PEG-based macromonomers for preparing hydrogels.

Material PEG Diacrylate (PEG) 8-arm PEG Acrylate (8PEG) 8-arm PEG Vinyl Sulfone (8PEG-VS)
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FIGURE 1 | Schematic representation of PEG-based hydrogels prepared through amine-Michael type addition and modification via sulfur-Michael type addition.
8PEGacr (A) or 8PEGvs (B) based hydrogels prepared via amine-Michael type addition. (C) The preparation of both 8PEG-olefin and 8PEG-SH hydrogels. 8PEG,
8PEG-acr (A), or 8PEG-vs. (B), macromonomers could react with ammonia via amine-Michael type addition to create 8PEG-olefin hydrogels, which could be
modified via sulfur-Michael type addition to generate 8PEG-SH hydrogels (Ouyang, 2018).

MATERIALS AND METHODS

Preparation of PEG Hydrogels
Photo-Polymerization

For the UV-photo-polymerization process acrylated PEG
macromonomers were used. Linear PEG-diacrylate was
purchased from Sigma Aldrich and used without further
modification and the purchased 8-arm PEG macromonomer had
hydroxyl-end groups and was acrylated which is briefly described
in reference (Zhang, 2015). These PEG macromonomers with
acrylate end-groups (PEG diacrylate (Mw = 575 g/mol) or 8-arm
PEG acrylate) were crosslinked using the UV-photo-crosslinking
process. For the UV-photo-crosslinking process the liquid PEG
diacrylate or the at 60°C molten 8PEG acrylate was mixed
with 1% of photo-initiator (Irgacure 2959). For having a good

distribution of the photo-initiator the mixture was sonicated
for around 5min. Then the mixture was dispensed on a glass
slide and covered with a thin glass cover slip to achieve a
flat hydrogel sample. This liquid mixture was put under UV-
light source for 8 min and the glass cover slip was peeled off.
The result was a thin, flat hydrogel sample, as a stand-alone
films.

Crosslinking Via Michael-Type Addition
Reaction

20 wt% of ammonium solution (30% NHjz in H,O) were
added to the precursor solution of 8-arm poly(ethylene glycol)
vinyl sulfone (8PEG-VS) with 50 wt% water content at room-
temperature under vigorous magnetic stirring until the solution
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turned to a viscous liquid. The resulting liquids were deposited
on a glass slide and covered with a glass cover slip. After 30 min,

e e o B

FIGURE 2 | Structure of a silicon master.

the 8PEG-VS hydrogels were formed. After gel formation,
the transparent polymeric films formed with 5% NHj3; were
peeled oftf mechanically. The stand-alone films (250-300 pm
in thickness) were immersed in DTT solution (5 mg/mL) for
60 min. Afterwards, these hydrogels were washed thoroughly
with water for several times and stored in water before use (Ren
et al., 2017b).

Synthesis of Gold Nanoparticles (Au NPs)

The Au NPs were synthesized following the protocol of Bastus
et al. (2011) First of all, Au NPs seeds were synthesized. In
the next step the seeds were continuously grown to bigger
particles; in this work Au NPs with 25nm sizes are used. For
the seed synthesis 150 ml aqueous solution of trisodium citrate
(NazC¢H507) (2.2mM) (Sigma Aldrich, Germany) was boiled
for 15min. Then 1ml of HAuCly-solution (25mM) (Sigma

cl
CF3(CF2)sCHCH~Si—Cl
el

)%

120°C, 2h

PDMS-Stamp

b, +s. oLicn

CHy CHy "CHa

Silicon Wafer PDMS Stamp
FIGURE 3 | Schematic view of PDMS-Stamp preparation on perfluoro-silanized silicon wafers.
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FIGURE 4 | Schematic view of amino-silanization of PDMS-stamps and coating with Au NPs.
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FIGURE 5 | Schematic view of reactive micro-contact printing (- CP) process of Au NPs on PEG hydrogels.
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Aldrich, Germany) is injected at once. The color of the solution
was changed from yellow to bluish-gray and then finally to soft
pink within 10 min. For growing of bigger sized particles the
solution was cooled down to a temperature of 90°C. Into that
solution 1 ml sodium citrate (60 mM) and 1 ml of a HAuCly-
solution (25mM) was injected. After 30 min the reaction was
completed and again 1 ml of a HAuCly-solution (25 mM) was
added. Thirty minutes later the solution was diluted by taking
out 27.7ml of the Au NP solution and adding 27.6ml of
water.

Preparation of Silicon Masters
For the preparation of the stamps a micro relief patterned silicon
master was necessary. The sizes of the masters are described with
a three-numeric code: w-s-d = width of the grooves—spacing
between the grooves—depth of the grooves, as shown in Figure 2.
The surfaces of the silicon masters were made inert by
applying trichloro(1H, 1H, 2H, 2H-perfluorooctyl)silane (Sigma
Aldrich) molecules on its surface. For that the silicon masters
were cleaned with water, acetone, and isopropanol and dried
with a stream of nitrogen. For the activation of the surface, the
cleaned silicon masters were oxidized via immersion in a piranha

OH
HS
OH

SH SH SHSH SH

—/

l(r-uCP) l(r-uCP)
Pressing No-pressing

/ VS.
vrr VW

Non-functional ISEG

V‘V’P"/'

vy
SH-functional PEG

FIGURE 6 | Reactive micro-contact printing (- CP) on Non-functional vs.
SH-functional PEG.

solution (H,SOy4: HyOjy; 7: 3; v/v) for 30 min. Then the master
was washed with deionized water and isopropanol and dried with
a stream of nitrogen. After the activation of the surfaces, the
silicon masters were placed in a clean petridish and then placed
into a desiccator. Incidentally, in a small vial containing 1-2
drops of the silanizing agent perfluoro-silane agent was placed
into the desiccator together with the silicon masters. Then, the
desiccator was kept under vacuum for 2 h. After that, the silanized
silicon wafers were washed with toluene and isopropanol and
then dried under a flow of nitrogen.

Preparation of Au NPs Decorated
PDMS-Stamps

The inert silicon master was cleaned with water, acetone and
isopropanol and dried with a stream of nitrogen and is used as
tamplate for the PDMS-stamp.

The PDMS-stamp was prepared by using a mixture of Sylgard
184 silicone elastomer and curing agent (10:1; v/v). Then the
mixture was degassed in a desiccator and casted on the inert
silicon master using the micromolding process, cured for 2h at
120°C and finally was peeled off from the silicon master (see
Figure 3).

The as-prepared PDMS-stamps were oxidized in oxygen
plasma for around 10 min. Thereafter the oxidized PDMS-
stamps were silanized with aminopropyltrimethoxysilane (Sigma
Aldrich) in a desiccator using the vapor method; for that
the PDMS-stamps were placed in a desiccator containing
two drops of amino-silane agent and vacuum was kept for
2h. After the amino-silanization of the PDMS-stamps they
were immersed in Au NPs solutions for around 1h (see
Figure 4). Thereafter the stamps containing the Au NPs on their
surfaces were washed with water and dried under a stream of
nitrogen gas.

Reactive Micro-Contact Printing on PEG
Hydrogels

For the reactive micro-contact printing process, the free standing
PEG hydrogels were prepared following the procedures described
above. These hydrogels were then contacted with the Au NPs
coated PDMS-stamps (see Figure 5). Depending on the reactivity
of the PEG hydrogel the contact force is was varied: on the
hard and rigid PEG hydrogel the stamp was firmly contacted

FIGURE 7 | SEM images of amino-silanized PDMS-stamp (used master sizes was [20-10-5 um]) inked with Au NPs: (A) overview of the stamp surface; (B) enlarged
view of the topographical line; (C) enlarged view of the groove; (D) Au NPs distribution on the stamp surface. Scale bars: (A) 50 um; (B) 10 pm; (C) 3 wm; (D) 200 nm.
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with the PEG hydrogel in order to transfer the Au NPs from
the stamp onto the surface of hydrogels. For multifunctional
hydrogels from 8PEG precursors with thiol surface functions the
hydrogel was contacted only with a mere contact and the Au
NPs were readily transferred onto the surface of the hydrogel
through aided by strong and collective chemical interactions
(see Figure 6).

Cell Adhesion

Mouse fibroblasts L929 cells were cultured in the tissue culture
plate in RPMI 1,640 medium with addition of 10% Fetal Bovine
Serum (FBS) and 1% Penicillin/Streptomycin (PS) in a cell
culture plate in an incubator at controlled temperature (37°C)
and CO; atmosphere (5%).

First of all a confluency of at least 75% should be reached.
Thereafter the cells were washed with PBS, detached by using
trypsin and after the centrifugation process a new medium is
added on the cells and mixed properly. Ten microliter of this cell
medium solution is put on a cell counter chamber in order to
count the cell number by using an optical microscope and achieve
a concentration of 40,000 cells/ml. Depending on the counted cell
number the cell solution was mixed with a defined amount of new

FIGURE 8 | (A,B) Optical micrograph of Au NPs on PEG-hydrogel fabricated

by the reactive -CP process. Scale bars: (A,B) 50 pm.

medium. The samples were placed in a TCPS plate; two drops of
Au NPs solution or the washed and precut hydrogel. The samples
were then cultured within these cells for 24 h, at 37°Cin a 5% CO,
atmosphere.

Critical Point Drying

Critical point drying is an established method of dehydrating
biological tissues before the scanning electron microscopic
(SEM) imaging (Rostgaard and Christensen, 1975)'. In the
course of this work murine fibroblasts, which adhered on
specifically designed surfaces were inter alia measured by SEM.
For that after 24h of incubation the cells were prior fixed on
the sample on the sample using 4% formaldehyde for 30 min.
Then the medium is removed and replaced by PBS, which was
later stepwise exchanged by ethanol or acetone (30-100% v/v)
and the samples were placed in a critical point drying apparatus,
where ethanol or acetone was exchanged by CO,. The final dried
samples were sputtered with carbon.

Uhttps://www.emsdiasum.com/microscopy/technical/datasheet/critical_drying.
aspx

FIGURE 10 | (A,B) SEM images of cell adhesion on mico-patterned Au NPs
lines on PEG-hydrogel. Scale bars: (A) 300 um; (B) 100 pm.
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FIGURE 9 | AFM height image and cross section profile of: (A) Au NPs on silicon wafer; (B) Au NPs pattern on PEG hydrogel; used stamp size [15-50-15].
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Characterization Instruments

Optical images were taken with the Axio Oberserver.Z1 (Carl
Zeiss) and analyzed using the Axio Vision software (V4.8.2 Carl
Zeiss). Scanning electron images were taken with a Hitachi S-520
using an acceleration voltage of 20 kV and a working distance of
10 mm. Pictures were taken using the Digital Image Processing
System(2.6.20.1, Point Electronic).

RESULTS AND DISCUSSION

First of all PDMS-stamps were prepared by using a perfluorinated
silicon master that had topographical sizes of [w-s-d] = width of
the grooves—spacing between the grooves—depth of the grooves
of a relief pattern: [20-10-5 pum] (see Figure 3).

Thereafter, as schematically shown in Figure 4, the surface of
the PDMS-stamp was activated by oxidation in oxygen plasma for

around 10 min and silanized with amino-silane using the vapor
silanization method. Thereafter, the PDMS-stamp was inked with
Au NPs solution for 1 h and washed with water and dried with a
stream of nitrogen. The Au NPs-coated PDMS-stamp is shown in
the SEM images in Figures 7A-D.

In Figures 7B,C it can be observed that the Au NPs were
located on the topographical lines and also on the grooves
and Figure 7D shows the distribution of the Au NPs on the
stamp surface in an enlarged view; there it can be seen that
the surface coverage of the Au NPs was relatively high which
was also expected due to the electrostatic attractive interactions
between the citrate-capped Au NPs and the amino-silane
layer. Besides the well-resolved Au NPs there were also larger
(around 100-500 nm) white features observables, which might
be agglomerated Au NPs and/or uneven PDMS features where
the electrons couldn’t be conducted and caused a brighter image.
The thus Au NPs-inked PDMS-stamps were contacted with PEG

culture.

FIGURE 13 | Optical micrographs of cell adhesion on Au NPs patterned 8PEG hydrogel : (A) directly after seeding (0 min); (B) after 24 h, and (C) after 48h of cell
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FIGURE 14 | Live/dead assay on Au NPs decorated 8PEG hydrogel surface.

hydrogel surfaces; the process was schematically depicted in
Figure 5.

The Au NPs were then successfully transferred onto the
surface of the PEG hydrogels, which can be recognized by optical
microscopy, as evident from the micrographs in Figure 8.

Depending on the type of PEG-precursors (linear or 8PEG),
and availability of reactive functional groups on PEG-based
hydrogel surfaces, the transfer efficiency could be optimized,
which we have shown in our previous publications (Ren et al.,
2017a,b). The highest transfer yield was achieved on thiol-
functionalized PEG hydrogel derivatives. The interaction of
amino-silane surface among the PDMS-stamp and the Au NPs
were relatively weak electrostatic interactions which can be quite
easily released; also onto non-functional PEG hydrogels, Au NPs
could be transferred with applying certain forces. On the other
hand, the interaction of the Au NPs with the mercapto/thiol-
functionalised PEG hydrogels is strong; in that case, even without
applying any forces, i.e., just by slight contact, transfer of the Au
NPs pattern was effective. For this process, the interactions or
reactivity of all surfaces—stamp and PEG hydrogel—with the Au
NPs was precisely tuned.

In Figure 8 the darker lines represent the Au NPs micro-
pattern and the brighter area the non-contacted, pure PEG
hydrogel. As shown in Figure 7, the contact line pattern area of
the stamp had widths of 20 pm and distances of 10 wm. That
can be also seen in Figures 8A,B. Taking a closer look into
the micrograph in Figure 8, some white spots are visible. In
Figure 8B the edge of the contact area of the stamp with the PEG
hydrogel is seen. Nearly the original pattern size of the PDMS-
stamp was clearly printed on PEG hydrogel without showing
notable defect structures.

For an even more detailed characterization of the
transferred patterns of Au NPs, atomic force microscopy
(AFM) measurements were conducted. In Figure, the AFM
characterization of the Au NPs pattern on 8PEG hydrogel
is shown. The size of the particles can be recognized from
Figure 9A; the sizes of the particles were around 20nm. In
Figure 9B the pattern is shown, hereby the stamp had sizes

of [15-50-15], thus the stamped area was 50 um and the gap
between the contacts were 15 um, which is clearly observable in
the AFM image.

After having achieved a clear and documented micro-pattern
of Au NPs on PEG hydrogel surfaces, cell adhesion study was
investigated. Hereby murine fibroblast L929 cells were cultured
on the Au NPs patterned PEG hydrogels in a cell culture medium,
which contained 1% PS and 10% FBS, in a 5% CO; atmosphere
at 37°C for 24 h.

In Figures 10A,B SEM images of the cell adhesion results are
shown. In order to be able to image cells with SEM without losing
the original structure, the cells were fixed with formaldehyde
on the hydrogel for 30 min and dried via critical point drying
procedure. After sputtering the hydrogels with carbon the SEM
measurement was performed. In Figures 10A,B it can be seen
that the cells were adhering on the Au NPs patterned PEG
hydrogel surface; following the patterned Au NPs lines.

PEG materials are known to be inert to biomolecular
interactions. That was also observable on the micro-patterned
PEG Au NPs surfaces; the cells effectively avoided the pure
PEG hydrogel and only adhered on Au NPs layers. The hereby
chosen pattern sizes of 20pum for the Au NPs lines and
10um for the distances between the Au NPs lines allowed
cells bridging over the PEG lines and to have contacts with
two parallel Au NPs lines. This was observable in a few
cases, such as in Figure 11. In Figure 11A the bridge-over of
one whole cell happened via stretching of protrusions, while
in Figures 11B,C the bridging occurred via joining of a few
cells. Figure 11C is an enlarged view of the joined bridging
cells; on this SEM image it can be obviously seen that the
cells that had contacts with the Au NPs lines were spread
and show adherent protrusions, while on the bridging area
over the PEG hydrogel line no protrusions were visible; that
means that they didn’t have any adhesive contacts with this
line.

In the SEM images in Figure 12A the morphologies of some
adhered cells are shown; while some cells were adherent, yet only
stretched to around 110-150% of their original sizes, other ones
were elongated, and had lengths of around 300% of their original
sizes. After the cells were settled down they started forming focal
adhesions with their lamellipodia and show also some finger-like
protrusions, which is more clearly visible in the SEM images in
Figures 12B,C.

In Figure 13, a larger area of cell culture on the micro-
patterned hydrogels is shown, to give the overall impression
of selective cell adhesion to the micro-lines of Au NPs and
adaptation of the cell morphology, i.e., elongation.

As a subconclusion, it can be said that micro-patterning with
Au NPs on PEG based hydrogels was an effective way in order
to guide the cells to follow specific paths and have adhesions
only on these areas while avoiding unwanted areas; hence the cell
behavior could be effectively controlled.

Finally, and not less importantly, the viability of the cells
on these novel nanocomposite materials was investigated. In
Figure 14 the result of the live/dead assay is shown, manifesting
that at least 99% of the cells were alive.
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CONCLUSIONS

In this work a novel reactive micro-contact printing approach
for patterning of gold nanoparticles (Au NPs) on poly(ethylene
glycol) (PEG)-based hydrogels was presented. For this patterning
method, the surface of the micro-relief patterned PDMS-
stamp was functionalized with an amino-silane self-assembled
monolayer (SAM) and was subsequently decorated with citrate
capped Au NPs via electrostatic interactions. The stamp was
afterwards brought in conformal contact with flat PEG-based
hydrogels and the Au NPs were transferred onto the surfaces
of these functional hydrogels. Depending on the chemical
functionality on PEG hydrogel surfaces the transfer could be
facilitated. Stamping on non-functional PEG hydrogel surfaces
required certain force in order to transfer the Au NPs onto
its surface, while on specifically functionalized PEG hydrogel
surface with thiol-functions only a slight contact was sufficient
to transfer the Au NPs efliciently onto the surface of PEG
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