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The aim of this studywas to develop injectable and sprayable visible-light crosslinked Kappa-carrageenan (κCA)
hydrogel and to investigate the role of polymer concentration (2, 4 and 6 wt%) and degree of methacrylation (6
and 12%) on its properties. It was found that, the average pore sizes, water content and swelling ratio of hydrogel
were tunable by changing themethacrylate κCA (KaMA) concentration andmethacrylation degree. Furthermore,
the mechanical properties of KaMA could be noticeably modulated, depending on the formulation of hydrogel.
Tensile and comprehensive modules were enhanced from 68 to 357 kPa and from 213 to 357 kPa, respectively,
by increasing KaMA concentration from 2 to 6 wt% and methacrylation degree from 6 to 12%. Furthermore,
with increasing methacrylation degree and polymer content, the absorbed energy and energy loss were in-
creased. Moreover, recovery significantly enhanced from 27.3% to 74.4% with increasing polymer content from
2 to 6wt%. Finally, visible-light crosslinked KaMA hydrogels not onlywas biocompatible, but also could promote
HaLa cell and fibloblasts function. The visible-light crosslinked KaMA is thought to be an exclusive biomaterial as
a sprayable hydrogel being able to cover skin injuries or to inject as a bio-printingmaterial to in situ heal soft tis-
sue damages.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, hydrogel-based constructs have beenwidely employed for
the regeneration of soft tissues such as skin, blood vessel, muscle and fat
[1,2]. Hydrogels are three-dimensional biocompatible and biomimetic
structures which could encapsulate therapeutic agents, cells and bio-
macromolecules such as proteins, nucleotides, and peptides [3,4]. Be-
tween them, injectable and sprayable hydrogels transmute hydrogels
to the unique biomaterials for suture-less closure of wounds, bio-
printing and in-situ soft tissue reconstruction applications [5–7]. In-
situ forming gels reveal various advantages consisting of invasive treat-
ment reduction, ease of use, simple cell embedding and cost reduction
[8]. In-situ forming hydrogels are synthesized by using different physi-
cal and chemical crosslinking strategies such as photo-crosslinking,
thermo-crosslinking and ionic-crosslinking [9,10]. Many researches
have been conducted in using non-toxic chemical photo-initiators to
crosslink the hydrogels under ultraviolet (UV) light [7,10]. However,
UV light has some drawbacks in tissue engineering applications such
as DNA damage, immunosuppression, cell death, accelerating tissue
aging and cancer induction [11]. These issues motivated researchers to
use a safer wavelength of light like visible lights [11,12]. Visible light
could reduce the DNA damages and increase cell viability chance
[13,14]. Additionally, visible light could penetrate in the depth of tissues
with lower energy than UV light. Thereafter, visible light crosslinkable
hydrogels are appropriate choices to develop injectable and sprayable
materials for tissue engineering applications.

The limited types of visible-light crosslinked hydrogels based on nat-
ural (e.g. polysaccharides and gelatin methacryloyl [15]) and synthetic
(e.g. poly(ethylene glycol) diacrylate [16]) polymers and their combina-
tions have been developed. In a study, Smeds and Grinstaff [15] synthe-
sized in-situ photocrosslinkable methacrylated alginate (AA-MA) and
methacrylated hyaluronan (HA-MA) hydrogel using Eosin Y and
triethanolamine (TEA) as the photoinitiator and co-initiator, respec-
tively, via 30 s argon ion laser exposure. In another study, Noshadi
et al. [17] synthesized visible-light crosslinked gelatin methacryloyl
(GelMA) hydrogels using Eosin Y, TEA and N-vinylcaprolactam (VC) as
photoinitiator, co-initiator and co-monomer, respectively. The results
proved the cytocompatibility of gel both in vitro and in vivo. Moreover,
they revealed that different concentrations of TEA could influence me-
chanical strength, dramatically. In another study, Annabi et al. [11] uti-
lized GelMA and methacryloyl-substituted recombinant human
tropoelastin (MeTro) in order to fabricate a sprayable composite
MeTro/GelMA hydrogels through visible light-mediated crosslinking
for wound dressing applications. They found that as-prepared spray
promoted healing of wounds with no harmful side effects.

Kappa-carrageenan (κCA), a natural linear water-soluble polysac-
charide with one sulfated group per disaccharide (25 to 30% ester
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sulfate content), is one of the appropriate biopolymer in tissue engi-
neering. κCA mimics biomimetic property and resembles the natural
glycosaminoglycan structures [18–21]. Mihaila et al. [10] synthesized a
dual-crosslinkable hydrogel based on κCA for tissue engineering appli-
cations by using potassium ions and UV exposure. They employed κCA
methacryloyl (KaMA) with different methacrylation degrees (low, me-
dium and high) and revealed the formation of hydrogels with different
mechanical properties depending on the methacrylation degree. How-
ever, the mechanical properties and injectability of KaMa were not sat-
isfied. In order to overcome these issues, various researches based on
nanocomposite hydrogels consisting of various types of nanoparticles
(e.g. Nanosilicates [18], ZnO, CuO [22], silver [23], gold [24] and mag-
netic nanoparticles [25]) have been developed. For instance, we re-
cently synthesized nanocomposite hydrogels based on KaMA-
graphene oxide and found the significantly improvedmechanical prop-
erties and injectability of KaMA hydrogel [26]. All of these nanocompos-
ite hydrogels were synthesized based on UV-crosslinking process and
did not reveal any sprayable properties. Moreover, they consisted of
the secondary components to provide injectability. According to the
author's knowledge, sprayable κCA hydrogel via visible-light
crosslinking process with no harmful side effects has not been reported
yet.

In this study, a sprayable and injectable hydrogel based on visible-
light crosslinked κCA is synthesized. In this regard, after synthesis of
KaMA with various methacrylation degrees (6 and 12% (v/v)), Eosin Y,
TEA and VC are applied to develop visible light-mediated
photocrosslinking hydrogel system for soft tissue engineering. More-
over, the role of various methacrylation degrees as well as various con-
centrations of KaMA (2, 4 and 6 wt%) on the physical, mechanical and
biological properties of visible-light crosslinked KaMA are investigated.
Finally, the spray-ability and injectability of visible-light crosslinked
KaMA are investigated.

2. Materials and methods

2.1. Materials

Kappa-Carrageenan (κCA), a linear polysaccharide made of repeti-
tive 1,3-linked β-D-galactopyranose and 1,4-linked 3,6-anhydro-D-
galactopyranose segments (MW = 3 × 105 g/mol), was obtained from
Sigma-Aldrich (22048). The 3,6-AnGal/Gal ratio was reported about
1:1.03. Moreover, methacrylic anhydride (MA) (C8H10O3) (Sigma-Al-
drich, 64100) and sodium hydroxide (NaOH, Merck Co) were supplied
to synthesis KaMA. Photoinitiator Eosin Y (C20 H8 Br4 O5) (Sigma-Al-
drich, 230251), co-initiator triethanolamine (TEA) (N(CH2CH2OH)3,
Merck), co-monomer N-vinylcaprolactam (VC) (C8 H13NO) (Sigma-Al-
drich, 415464) and potassium chloride (KCl, Merck) were purchased
to fabricate visible-light crosslinked KaMA. In addition, Irgacure D-
2959 (2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone)
(Sigma) was purchased to prepare UV-crosslinked KaMA as control. Di-
alysis membranes with cut-off ~12–14 kDa was also purchased from
Betagen Co, Iran. In addition, double distilled water (DDW)was applied
in whole investigates.

2.2. Synthesis of visible-light crosslinked KaMA hydrogel

KaMA with two different degree of methacrylation (low
methacrylation: 6% (v/v) and high methacrylation: 12% (v/v)) was pri-
marily synthesized by following our previous work [26]. Briefly, 1 wt%
κCA solution in 100ml DDWwas prepared at 50 °C to achieve a homog-
enous solution. Consequently, 6.4 and 13.6mlMAwas added to two dif-
ferent κCA solutions, separately, and homogenized at 50 °C. Then, 5 M
NaOH solution was added drop-wise in order to control the pH value
of solution to 8. The solution was subsequently dialyzed against DDW
using dialysis membrane for 7 days at 4 °C to eliminate the unreacted
MA. Finally, KaMA solution was lyophilized and subsequently was
stored at−20 °C for further experiments.

To create visible-light crosslinked KaMA hydrogel, different concen-
trations of lyophilized KaMA (2, 4 and 6 wt%) with two degree of
methacrylation were dissolved in DDW at 80 °C in oven. Consequently,
0.75wt% TEA and 1.25wt%VCwere added to KaMA solution and the so-
lutionwasmixedwith 0.5mMEosin Y solutionwith volume ratio of 4:1.
Consequently, 10 μl of final solution was injected on a glass coverslip
and exposed under white LED light (100Mw.cm−2) for 180 s to change
the hydrogel color from pink towhite transparent. Finally, 5 wt% KCl so-
lution was gently sprayed on the chemical crosslinked gel to initiate
physical crosslinking. In order to compare visible-light mediated
KaMA with UV crosslinked one, as control, a sample containing 4 wt%
KaMA with high methacrylation degree was also prepared using
Irgacure D-2959 as photoinitiator under UV exposure following our pre-
vious procedure [26].

2.3. Characterization of visible light crosslinked KaMA hydrogel

The chemical modification or methacrylation of κCA was studied by
H NMR spectroscopy (Bruker Avance, 500 MHz). H NMR spectra of κCA
and KaMAwere provided in deuterium oxide (D2O), and a frequency of
500 MHz. Furthermore, Fourier transform infrared spectroscopy (FTIR,
Bruker tensor) was applied to evaluate the chemical composition of
KaMA samples and characterization of dual-crosslinked hydrogel
bonds. In addition, ultraviolet–visible spectroscopy at a range of
200–600 nm was employed to optimize initiator concentrations. For
this purpose, primary solutions of initiators were diluted 10 times and
their light absorbancewas detected. Additionally, scanning electronmi-
croscopy (SEM, Philips) was employed to investigate the hydrogel mi-
crostructure. The samples were lyophilized for 24 h, before imaging.
Consequently, theywere gold coated to provide acceptable images. Fur-
thermore, SEM imageswere applied to evaluate the average pore size of
samples (n = 40) using ImageJ software.

2.4. Physiological stability assessment of visible-light crosslinked KaMA

The role of KaMA concentration and methacrylation degree on the
equilibrium water content (EWC), mass swelling ratio (MSR) and deg-
radation rate of hydrogels (n = 3) were investigated. The samples
were lyophilized, weighted (W1) and, consequently, soaked in phos-
phate buffer solution (PBS) at 37 °C for 1 h. Following being wiped off,
the hydrogels were weighted (W2) and the EWC and MSR were esti-
mated, using Eqs. (1) and (2), respectively [10]:

EWC ¼ W2−W1ð Þ
W2

� 100 ð1Þ

MSR ¼ W2

W1
� 100 ð2Þ

Moreover, in order to investigate the degradation rate of hydrogels
(n = 3), the samples were lyophilized, weighed (W1) and soaked in
5 ml PBS. After 3, 7 and 14 days of incubation at 37 °C, the samples
were lyophilized and were subsequently weighed (W2). Lastly, the
weight loss of samples was considered regarding to Eq. (3) [18]:

Weight loss %ð Þ ¼ W1−W2ð Þ
W1

� 100 ð3Þ

2.5. Mechanical property evaluation of visible-light crosslinked KaMA
hydrogel

Hydrogels (n=3)were injected in a cylindermoldwith diameter of
11 mm and thickness of 5 mm and dual-crosslinked via light exposure
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and subsequently KCl solution. After 1 h immersing in PBS solution, the
hydrogels were compacted by a tensile tester (Hounsfield H25KS) using
a load cell capacity of 500 N. The strain ratewas kept at 1mm/min. Con-
sequently, according to the stress-strain curves, compressive strength
and modules as well as toughness were estimated. The cyclic compres-
sive test was also performed at a rate of 0.5 mm/min as 1st complete
loading-unloading cycle until 60% of strain. After 24 h soaking in PBS,
2nd comprehensive cycle was performed. The energy lost throughout
the cycle was assessed via calculation of the area between the loading
and unloading cycle. Lastly, the recovery of hydrogels was determined
via comparison of 1st and 2nd loading curves, according to theMokhtari
et al. research [26].

In order to evaluate tensile properties, the hydrogels were injected
in a rectangular mold (15 mm × 5 mm × 1 mm), crosslinked and incu-
bated in PBS for 1 h. Consequently, the samples were placed on a piece
of tape within tension grips of tensile tester (Hounsfield H25KS, United
Kingdom) by a strain rate of 1mm/min. In addition, elasticmoduluswas
considered by finding the slope of the stress-strain curves in linear
region.

2.6. Rheology evaluation of visible light crosslinked KaMA hydrogel

In order to study injectability and spray-ability of KaMA solution,
rheological test was applied by a viscometer (HAAKE RV12). Initially,
flow test was completed to estimate the viscosity of polymer solution
while shear rate was changed from 0.01 to 100 1/s, at 37 °C. Conse-
quently, to evaluate the exact gelation time, the viscosity of primary hy-
drogel solution was measured during white LED light exposure at the
shear rate of 100 1/s. Moreover, in order to clarify injectability of gel,
the primary KaMA hydrogel was printed via an extrusion 3D bio-
printing. Moreover, spray-ability was elucidated through spray the pri-
mary gel on a smooth substrate and the pictures are present.

2.7. Protein adsorption of visible light crosslinked KaMA hydrogel

The adsorption of bovine serum albumin (BSA) on the visible-light
crosslinked KaMAhydrogelswas investigated via batch contactmethod.
Briefly, following 3 h soaking in PBS, the hydrogels (n = 3) were
weighted and subsequently were soaked in 0.2wt% BSA solution. To de-
termine the residual BSA in solution, as-prepared supernatantswere an-
alyzed using UV–vis spectrophotometer at 289 nm. The amount of
adsorbed protein (mg/ml) was considered based on Eq. (4) [27]:

Adsorbed BSA mg=gð Þ : C0−Ca

W
V ð4Þ

Inwhich C0 and Ca are the concentrations of BSA (mg/ml) before and
after adsorption, respectively. Moreover, W and V are the weight of
swollen hydrogels (g) and the volume of BSA solution (ml),
respectively.

2.8. Cell culture

HeLa and L929 Fibroblasts cell lines fromNational Cell Bank of Iran at
the Pasteur Institute, were used to evaluate cellular behavior of KaMA
hydrogels with different degree ofmethacrylation and polymer concen-
trations. Disk-like specimens with the thickness of 3 mmwas prepared,
rinsed with PBS (Bioidea, Iran), followed by sterilization in 70% ethanol
and 3 hUV-exposure. Cells were incubated in Dulbecco'sModified Eagle
Medium (DMEM, Gibco) supplemented with 10% (v/v) fetal bovine
serum (FBS, Gibco) and 1% (v/v) streptomycin/penicillin (Gibco) at 37
°C under 5% CO2. Finally, the cells with a density of 10,000 cells/well
were seeded on the samples as well as tissue culture plate (TCP) (con-
trol) and were incubated at 37 °C under 5% CO2 for 5 days.

Live/dead kit, supplied by Biotium, UK, was performed by HeLa cells
according to the manufacturer protocol to study the role of hydrogel
concentration andmethacrylation degree on the viability of cells seeded
on the hydrogels. In this regard, a staining solution consisting of
ethidium homodimer (EthD-III) and calcein AM was added to the cell-
seeded hydrogels, and incubated at 37 °C for 1 h. The dead and live
cells stainedwith EthD-III and calcein-AM, respectively, were presented
in red and green color under fluorescence microscopy, respectively. Fi-
nally, viability of HeLa cells was calculated by determining the percent-
age of green cells over total cell number. Moreover, in order to evaluate
cell proliferation on the samples, 4, 6-diamidino-2-phenyl indole
dihydrochloride (DAPI) staining was done. After 2 h fixation of the
cell-seeded hydrogels by 4% (v/v) paraformaldehyde solution (Sigma
Aldrich), the cells were permeabilized in 0.1% Triton X-100 (Sigma Al-
drich). After washing with PBS, a 1:1000 dilution of DAPI solution
(sigma-Aldrich, Germany) was added to samples to stain cell's nuclei.
After 5 min soaking, the stained samples were considered using a fluo-
rescence microscopy (Nikon TE 2000-U, Nikon instruments Inc., USA).

The relative survival of both cells (HeLa and fibroblasts) was also de-
termined using MTT assay (Sigma Aldrich). After 1, 3 and 5 days of cell
culture, the cell seeded samples and control were covered withMTT so-
lution (0.5 g/ml). After 3 h incubation, the DMSO (Merck) was applied
to dissolve the formazan crystals. Finally, the optical density (OD) of
the dissolved formazan solution was estimated using a microplate
reader (Biotek) against DMSO (blank) at 490 nm and finally the relative
cell survival (% control) was estimated according to Eq. (5) [28]:

Relative cell survival %controlð Þ : XSample−Xb

Xc−Xb
ð5Þ

where XSample, Xb and Xc are the absorbance of the sample, blank
(DMSO) and control (TCP), respectively.

2.9. Statistical analysis

One-way ANOVA technique was utilized to analyze data. To estab-
lish a statistical significance between various sample groups, Tukey-
Kramer post-hoc test was performed and P-value b0.05 was described
as the statistical significant.

3. Results and discussion

3.1. Methacrylation of κCA

In this research, we proposed a new sprayable and injectable KaMA
hydrogel to repair soft tissue damages. In this regard, κCA was
methacrylated to synthesis KaMA with photo-polymerization potential
(Fig. 1a). In addition, to verify successfulmethacrylation of κ-CA, HNMR
(500 MHz) spectra were taken from KaMA with different
methacrylation degree (Fig. 1b). In this research, we employed 6% (v/
v) and 12% (v/v)methacrylic anhydride as lowMAandhighMA, respec-
tively. In agreement with literature [29,30], H NMR spectrum of κCA
comprised of the next chemical shifts: H NMR δ = 4.97 (H1), δ =
3.95–4.06 (H4), δ = 3.73–3.80 (H3), δ = 3.62 (H5, H6) and δ = 3.42
(H2). However, the spectrum of KaMA contained the methyl group (—
CH3) related peak and vinyl group (−CH=CH₂) double-peaks
corresponded to the methacrylate groups at δ = 1.9–2 and
5.5–6 ppm, respectively. It could be concluded that the methacrylation
of κCA at two different methacrylation degree (low-MA and high-MA)
was performed. Furthermore, FTIR spectroscopy was applied in order
to validate methacrylation procedure with different degrees. According
to Fig. 1c, KaMA spectrum consisted of the characteristic peaks at
1530 cm−1, 1620 cm−1and 1730 cm−1 related to C\\C, C_C and
C_O, respectively. These peaks were not identified in the spectrum of
κCA confirming the successful methacrylation process. Additionally, a
slight shift could be detected at the position of the sulfate groups of
κCA was (at 1215 cm−1 (O=S=O antisymmetric vibration) and



Fig. 1. Synthesis of visible-light crosslinkable KaMA hydrogel: a) the schematic representation the methacrylation of κCA, b) H NMR spectra and c) FTIR spectra of κCA and KaMA with
different degree of methacrylation. d) Incorporation of photoinitiator, co-initiator and co-monomer to KaMA solution and consequently dual-crosslinking process under visible light
exposure and KCl ions results in the formation of KaMA hydrogel. e) UV–vis spectra of different initiator ratios (EY: Eosin Y).
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1023 cm−1 (O=S=O symmetric bond)) confirming that the sulfate
group of κCA was not changed during the methacrylation process.
3.2. Structural characteristics of visible-light crosslinked KaMA hydrogel

In order to achieve a visible-light-mediated photo-crosslinking hy-
drogel, Eosin Y, TEA and VC were added to the initial polymeric solu-
tions as a photo-initiator, co-initiator and co-monomer, respectively.
Following the spraying the solutions on a substrate and exposing
underwhite LED lamp for chemical crosslinking, KCl was sprayed gently
as an ionic crosslinking agent (Fig. 1d). In order to optimize the concen-
tration of photo-polymerization agent, light absorbance of photo-
initiator, co-initiator and co-monomer with different ratios were char-
acterized to minimize gelation time. According to Fig. 1e, while Eosin
Y revealed a width absorbance peak at 450–550 nm, TEA did not have
any absorbance under white light. Bahney et al. [16] similarly found
that incorporation of TEA in Eosin Y aqueous solution not only restricted
absorbance limitation but also reduced light absorbancewith increasing
the concentration of TEA from 0.75 wt% to 1.5 wt%. In another hand, in
order to evaluate VC concentration on the gelation time, two various
concentrations of VC (1.25 and 3.75wt%)were added to the initiator so-
lution (0.75 wt% TEA and 0.5 mM Eosin Y solution (volume ratio of
4:1)). Results revealed that although the incorporation of VC to the ini-
tiator solution reduced themaximum absorbance at 520 nm, the absor-
bance was not significantly changed in the presence of different
concentrations of VC. Furthermore, color changing of two different pri-
mary hydrogel solutions was considered, separately. The time of color
changing frompink to glassywas reduced from240 to 180 s for 10 μl so-
lution,when the VC concentration decreased from3.75wt% to 1.25wt%.
Therefore, 0.75 wt%, 1.25 wt% and 0.5 mM were selected as the opti-
mized concentrations of TEA, VC and Eosin Y, respectively, for the next
experiments.
After selection of the optimized components, the visible-light
crosslinked KaMA hydrogel was prepared and characterized. According
to the photos of hydrogel containing 4wt% KaMAwith low and high de-
gree of methacrylation (Supplementary Fig. S1a), the color of hydrogel
cylinders was changed to bright yellow after visible light exposure.
Moreover, the appearance of hydrogels was independent with polymer
concentration andmethacrylation degree. In order to characterize dual-
crosslinked hydrogels containing 4wt%KaMAwith low and high degree
of methacrylation, FTIR spectroscopy was applied (Supplementary
Fig. S1b). Both spectra consisted of vinyl (−CH=CH2) and methyl (—
CH3) functional groups which are more intensive in the hydrogel with
higher degree of methacrylation. The methacrylation functional groups
are remarked with C\\C, C_C and C_O bonds at 1550 cm−1,
1620 cm−1and 1720 cm−1 respectively, which are penetrate to each
other as a result of chemical bonds formation after visible light expo-
sure. Moreover, the vinyl peaks in both samples were stronger than
vinyl peaks in the lyophilized KaMA spectrum, due to incorporation of
VC as a co-monomer which promoted the chemical crosslinking effi-
ciency. On the other hand, although all κCA characteristic peaks were
presented in both spectra, their intensity was different, depending on
the methacrylation degree. Results revealed that increasing
methacrylation degree enhanced the interaction between κCA branches
with functional methacrylation groups which decreased κCA character-
istic peak intensity. Mihaila et al. [10] similarly studied dual crosslinked
κCAwith different degrees of methacrylation and found the reduced in-
tensity of κCA characteristics peaks with increasing methacrylation de-
gree of κCA. Moreover, as κCA undergo a transition of coil-helix
conformation, gelation also occurred in the presence of KCl as an
ionically crosslinking agent [18]. Our results revealed that the physical
crosslinking density was higher in the hydrogels with lower
methacrylation degree. With increasing methacrylation modification
degree, the side chain interactions reduced leading to double helix con-
figuration reduction [10].



Fig. 2. Physical evaluation of visible-light crosslinkable KaMA hydrogel: a) SEM images of the 2-LM, 2-HM, 4-LM, 4-HM, 6-LM and 6-HM hydrogels. b) The average pore size of lyophilized hydrogels. c) EWC and d) MSR of KaMA hydrogels after 1 h
drenching in PBS solution at 37 °C. e) The degradation of KaMA hydrogels during 14 days of incubation in PBS (*: P b 0.05).
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SEM images of hydrogels containing various concentrations of KaMA
precursors (2, 4 and 6wt%) at two different low (2-LM, 4-LM and 6-LM,
respectively) and high (2-HM, 4-HM and 6-HM) methacrylation de-
grees are presented in Fig. 2a. Results showed the clumping of the hy-
drogel and destruction of the structural organization with increasing
KaMA concentration due to stronger chain linkages. This behavior was
noticeable at the higher methacrylation degree of KaMA. Moreover,
Fig. 2b revealed that the average pore size of the hydrogels decreased
with rising methacrylation degree from 6% (low) to 12% (high). For in-
stance, at 4 wt% KaMA sample, the average pore size reduced from 74±
3 μm to 49± 11 μmby increasingmethacrylation degree. This behavior
originated from higher chemical crosslinking density due to high
methacrylation degree [10]. Similar result was reported by Guo et al.
[31] on collagen/chondroitin sulfate/hyaluronan hydrogel who found
that the porosity distribution and morphology order obstructed by in-
creasing methacrylation degree due to a denser crosslinked structure.
Furthermore, the effect of KaMA concentration on the wall widths and
pore size was evaluated. Fig. 2b demonstrated that increasing KaMA
content in hydrogel matrix resulted in the wall-widths thickening and
shrinking pores. For example, the average pore size dropped from 79
± 15 μm to 34 ± 3 μm by increasing KaMA content from 2 to 6 wt% in
low methacrylation group. Moreover, in high methacrylation class, the
average pore sizes stepped down from 55±14 μm to 26±10 μmby in-
creasing KaMA concentration from 2 wt% to 6 wt%. Similarly, Shi et al.
[32] found that with increasing polymer concentration in hydrogel ma-
trix, polymer structure became denser. Higher polymer content net-
work highly condensed polymer chains leading to diminished pore
sizes in hydrogel network [32]. Porosity is an essential feature for hydro-
gel based scaffolds in tissue engineering to facilitate cell encapsulation
and proliferation, vascularization, boost nutrients transportation and
omit waste products [9,33]. For instance, in order to engineer un-
mineralized organic component of bone (osteoid), muscle and skin
and tissues, the required porosity size are in the range of 40–100 μm,
50–100 μm and 25–40 μm, respectively [34–36]. Our results demon-
strated that KaMA hydrogel could be applied for various tissue engi-
neering applications, depending on the KaMA concentration and
methacrylation degree.

Additionally, equilibrium water content (EWC) and mass swelling
ratio (MSR) were determined after 1 h incubation in PBS at 37 °C
(Fig. 2c–d). Our results indicated higher methacrylation degree caused
lower mass swelling and water content in hydrogel. In addition, the
presence of higher KaMA content in hydrogel matrix decreased mass
swelling ratio and water content. For instance, EWC dropped from 95
± 1% to 91 ± 1% by increasing KaMA concentration from 2-HM to 6-
HM. It could be due to role of methacrylation degree and KaMA concen-
tration on the crosslinking density and pore sizes (Fig. 2b). Similar re-
sults were reported by Nichol et al. [37] on GelMA hydrogels with
different degree of methacrylation and polymer concentrations. Their
results revealed the mass swelling of gels was dependent on the pore
size. They found that higher methacrylation degree and more polymer
concentration in a hydrogel network resulted in pore size reduction
leading to less water molecule penetration in structure leading to
lower EWC and MSR [10,37].

3.3. In vitro stability assessment of visible light crosslinked KaMA hydrogel

One of the fundamental characteristics of hydrogel is their controlla-
ble degradation in physiological environment. In order to investigate
degradation behavior of KaMA in vitro, the samples were incubated in
PBS at 37 °C for different time periods (3, 7 and 14 days). The degrada-
tion trends, during a 14-day period, are depicted in Fig. 2e. Results dem-
onstrated that the degradation rate of all samples enhanced with
increasing incubation time. However, between the samples, the highest
KaMA concentration (6 wt%) resulted in a more stable hydrogel over a
period. For instance, the 6-HM sample degraded b5% over the incuba-
tion period. Moreover, higher methacrylation degree resulted in
reduced hydrogel degradation in PBS. Noticeably, degradation rate of
6-LM hydrogel significantly reduced from 10.6 ± 3.6% to 4.7 ± 1.6%
with increasing the methacrylation degree. The denser and packed hy-
drogel networks could degrade and dissolute more slowly than
hydrogels with wider pores due to less entrance of water molecules
and swelling ratios [10]. A similar degradation trend was obtained by
Mihaila et al. [10] based on UV-crosslinked KaMAhydrogels with differ-
ent methacrylation degrees in PBS and DMEM environments.

3.4. Mechanical properties of visible light crosslinked KaMA hydrogel

Mechanical characteristics of hydrogels were studied through com-
pression and tensile tests. According to Fig. 3a, the concentration of
KaMA significantly affected the elastic modulus of hydrogel. For exam-
ple, the elastic modulus of 2-HM and 2-LM samples increased 2.5 and
8-times, respectively, with increasing KaMA concentration to 6 wt%
(6-HM and 6-LM, respectively). Annabi et al. [11] reported a similar
trend for a sprayable MeTro/GelMA gel. They demonstrated that the
elastic modulus significantly enhanced with increasing the MeTro/
GelMAconcentration from15 to 20wt%.However, themaximumelastic
modulus of MeTro/GelMA gel was reported about 32 kPa, which was
significantly less than that of the present research. On the other hand,
we found that at the specific concentration of KaMA, the elasticmodulus
of KaMAhydrogel enhancedwith increasing themethacrylation degree.
This behavior was likely due to formation a firmer hydrogel matrix dur-
ing polymerization by increasing chain aggregations and crosslinking
density [11,37]. Moreover, the mechanical properties of visible-light
crosslinking hydrogels applied for soft tissue engineering are crucial
after spray on objective organ to avoid failure due to the mechanical
mismatch. Our results demonstrated that the elastic modules of
visible-light crosslinked KaMA was in the range of many soft tissues
such as skin (80–300 kPa), liver (300–800 kPa) and tendon
(30–50 kPa), confirming the potential of this sprayable and injectable
hydrogel for soft tissue engineering [38,39].

Additionally, compression stress-strain test was performed until the
sample failure. The samples were destroyed in 85–95% strain, depend-
ing on the methacrylation degree and polymer concentrations. The
samples which have more KaMA concentration and higher
methacrylation degree failed at higher strains. For instance, 6-HM sam-
plewas devastated at the 95% strain. The stress- strain curves of samples
were also plotted until 60% strain (Fig. 3b). The inset Fig. 3b shows the
stress-strain curves at the 5–15% strain region. According to the me-
chanical curves, the compressive strength and modulus as well as
toughnesswere calculated (Fig. 3c–e). According to Fig. 3c, compressive
strength of hydrogels was influenced dramatically by KaMA concentra-
tion and degree of methacrylation. For instance, the degree of
methacrylation noticeably promoted compressive strength of KaMAhy-
drogel from388±11kPa to 602±19kPa in 4-LMand 4-HMhydrogels,
respectively. Moreover, at a constant methacrylation degree, the me-
chanical strength of KaMA enhanced with increasing the concentration
of KaMA. For example, the compressive strength significantly enhanced
from 114 ± 13 kPa (2-HM) to 900± 29 kPa (6-HM) when the concen-
tration of KaMA enhanced from 2 to 6 wt% (P b 0.05). Similar result was
discussed by Nichol et al. [37] on GelMA with three different
methacrylation degree (low, medium and high) and polymer concen-
trations (5, 10 and 15 wt%). Moreover, compressive modulus was mea-
sured from the slop of compressive strain- stress curves through 5–15%
strain (Fig. 3d). Results indicated that the compressivemodulus of dual-
crosslinked hydrogels was considerably improved with rising KaMA
concentration and degree of methacrylation. Additionally, toughness
was calculated from the compressive stress-strain curves (Fig. 3e). A
similar trendwas detected in toughnessmeasurements. Results demon-
strated that the highest toughness of KaMA hydrogel was obtained
when the concentration of polymer and methacrylation degree were
adjusted to 6wt% and 12% (v/v)MA. Noticeably, at higher polymer con-
centrations, increasing methacrylation degree significantly enhanced



Fig. 3.Mechanical characteristics of visible-light crosslinkable KaMA hydrogel: a) elastic modulus of the 2-LM, 2-HM, 4-LM, 4-HM, 6-LM and 6-HM samples, b) the compressive stress-
strain curves of samples, c) compressive strength (at 60% strain), d) compressive modulus and e) toughness of visible light-crosslinkable KMA hydrogels as well as UV-crosslinkable
KaMA hydrogel. All values are described as corresponding to the averages (n = 3) ± standard deviation (*: P b 0.05).
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compressive modulus and toughness. It could be due to stronger chem-
ical crosslinking and deeper chain integration. Generally, photo-
crosslinking potential of κCA provided via methacrylation process due
to creation of vinyl (−CH=CH2) and methyl (—CH3) groups which
are the photoinitiator targets. Therefore, the hydrogels with higher
methacrylation degree are more likely to photo-crosslink under light
exposure leading to a stronger gel network with smaller pore size
[10,40]. Similarly, Mihaila et al. [10] found that the methacrylation de-
gree and concentration of KaMA enhanced the crosslinking density
leading to integration of polymer chains and consequently enhanced
compressive modules. In addition, the mass swelling ratio is crucial in
the mechanical properties of the hydrogels. The penetration of water
molecules in the hydrogel structure resulted in the loosening the
chain-chain interactions. Our results confirmed that the mechanical
strength of the sprayable KaMA was significantly higher than previous
ones. For instance, 12.5 wt% GelMA hydrogel provided compressive
modulus in the range of 5–56.5 kPa depending on photo-initiator con-
centrations [17]. In another study, the modulus of MeTro/GelMA gel
was considered about 60 kPa after exposure under visible light [11]. Ac-
cordingly, 6-HM sample has the highest elastic modulus, mechanical
strength and toughness which cannot match with a wide range of soft
tissue mechanical properties. On the other hand, the presence of 2 wt
% KaMA in hydrogel structure could not provide enough mechanical
stiffness for hydrogel network. Subsequently, 4-HMand6-LMhydrogels
which approximately have similar mechanical properties are more ap-
propriate for different soft tissue engineering.

To evaluate the function of visible-light crosslinking method on the
mechanical performance of KaMA hydrogel, a dual-crosslinked KaMA
hydrogel synthesized via two-step UV crosslinking and consequently
ionic crosslinking process. In this regard, the KaMA hydrogel containing
4wt% KaMAwith highmethacrylation degreewas UV crosslinked using
Irgacure D-2959 as photo-initiator. In this regard, mechanical strength,
compressivemodulus and toughnessweremeasured through compres-
sive stress-strain test. As depicted in Fig. 3c, the compressive strength of
ionic and UV-crosslinked KaMA hydrogel was approximately 9-times
lower than 4-HM sample. In addition, the compressive modulus
(Fig. 3d) and toughness (Fig. 3e) of KaMA dramatically decreased in
UV mediated KaMA compared to those of 4-HM specimen. Similarly,
Bahney et al. [16] confirmed that the poly(ethylene glycol) diacrylate
(PEGDA) hydrogel fabricated by visible light polymerization had con-
siderably higher chemical crosslinking density than PEGDA hydrogels
formed by Irgacure D-2959 with UV light which led to the construction
of a weaker hydrogel network under UV light exposure.

3.5. Viscoelastic behavior of visible light crosslinked KaMA hydrogel

To investigate the viscoelastic properties of the engineered
hydrogels, cyclic compressive test with a maximum strain of 60% for
2 cycles were performed (Fig. 4a). Between 2 cycles, the specimens
were soaked in PBS for 24 h. Subsequently, by plotting both first and
second cycle loading, the recovery curve was discovered (Fig. 4a). Our
results demonstrated that the strength of specimens enhanced with in-
creasing polymer content and methacrylation degree, in both first and
second cycles. However, strength of the samples in the second cycle
was less than first one, which could be due to the breaking of some
chemical bonds in the first cycle, while others stood out until 60% strain.
However, with increasingmethacrylation degree, these chemical bonds
enhanced, leading to improved mechanical strength of high
methacrylated series (2-HM, 4-HM and 6-HM) compared to that of
the low methacrylated series (2-LM, 4-LM and 6-LM), at both first and
second cycles. Furthermore, the number of unbroken chemical bonds
enhancedwith increasing polymer content, leading to superior strength
at the second cycle. In another word, ionic crosslinking, based on K+

ions and H-bonding along the primary carbohydrate structure of poly-
mer, were dissipated part of energy by breaking these bonds [41]. Un-
likely, part of ionic broken bonds was healed in PBS, leading to
enhanced strength of samples at the second cycle.Moreover, the energy
loss was calculated based on the area of loading and unloading and is
presented in Fig. 4b. In the first cycle, with increasing methacrylation
degree of hydrogel containing 2wt% KaMA, the energy loss significantly



Fig. 4. Cyclic compression test for compressive properties of KaMA hydrogels: a) cyclic stress-strain curves of KaMA hydrogels. The hydrogels were compressed until 60% strain, preserved in PBS solution for 24 h and, subsequently, prepared for the
second cycle. Recovery was estimated by comparison of area under the first and second loading curves by the cycle test, b) energy loss at the first and second loading cycles of hydrogels (*P b 0.05). The energy loss during the cycles calculated by
defining the area between loading and unloading cycles of curves, c) recovery and energy loss/toughness of hydrogel through cyclic tests (*P b 0.05). d) The pictures showing the recovery properties of 4-HM hydrogel.
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increased from 12 ± 1 kJ/m3 (for 2-LM) to 21 ± 1 kJ/m3 (for 2-HM).
However, in the second cycle, the energy loss difference between 2-
LM and 2-HM was not significant which might be due to the weak
crosslinking process of 2 wt% hydrogel. At this sample, the majority of
chemical bonds were broken leading to a similar behavior for 2-HM
and 2-LM hydrogels. However, at the highest concentration of KaMA
hydrogel (6 wt%), energy loss significantly increased from 99 ±
2 kJ/m3 (for 6-LM) to 146 ± 2 kJ/m3 (for 6-HM) with increasing
methacrylation degree, in the first cycle. This significant increase was
also detected in the second cycle. In anotherword, energy loss to tough-
ness ratio was calculated for each specimen (Fig. 4c). While this ratio
was not changed at less concentrations of KaMA (both 2-LM and 2-
HM), it was significantly decreased from 81.7% (1st cycle) to 46.5%
(2nd cycle) at 6-LM hydrogel. A significant decrease was also detected,
between first and second cycle for 6-HM. Generally, all specimen was
dual-crosslinked; chemical crosslinking by producing covalent bond
and ionic crosslinking with intra- and inter-chain hydrogen bonds and
interaction between SO4

−3 groups and K+ ions. At lower polymer con-
centration (2-LM and 2-HM), after breaking of weak hydrogen bonding,
the chemical bonds were broken dramatically by destructive strain.
Consequently, after 24 h soaking in PBS, the predominant ionic re-
crosslinking was enhanced while energy loss to toughness ratio was
not significantly changed. However, at higher polymer concentration
(6-LM and 6-HM), while ionic bonds were broken mostly, in the first
cycle, the covalent bonds were not significantly affected. Therefore,
the predominant covalent bonds played themain role and subsequently
energy loss to toughness ratio was decreased, considerably. The recov-
ery percentage of samples (Fig. 4c) was also acceleratedwith increasing
polymer concentration for all specimens. The recovery significantly en-
hanced from27.3% for 2-HM to 74.4% for 6-HMwith increasing polymer
concentration.Moreover, except 2-LM and 2-HMhydrogels, recovery of
hydrogels considerably enhanced with increasing methacrylation de-
gree. Recovery is usually a result of recreating some of broken bonds
in the hydrogels developed with ionic crosslinking process. Fig. 4d
shows that 6-HM hydrogel not only could recover its mechanical prop-
erties, but also could nearly recover its initial shape after 24 h immers-
ing in PBS solution and following the severe strain. Mihaila et al. [10]
similarly reached the dual-crosslinked hydrogels formed by Irgacure
D-2959. Compared to our 6-HM hydrogels, the mechanical strength of
Mihaila's hydrogel was 6.5 times lower than 6-HM, but its recovery in
2 cycles was 96.5%. In conclusion, with increasing methacrylation de-
gree and polymer content, the absorbed energy (due to the mechanical
stringent) and energy loss increased. Moreover, recovery significantly
enhanced with increasing polymer content. Although recovery in-
creased, with increasing methacrylation degree, in low polymer con-
tent, the significant change was not detected.

Effect of different photoinitiator (visible-light mediated crosslinker
and UV-mediated crosslinker) on viscoelastic behavior was also evalu-
ated (Supplementary Fig. S2). The results showed that energy loss in
4-HM was 7.5–times and 5–times greater than ionic and UV-
crosslinked KaMA hydrogel, in first and second cycle, respectively. Our
results demonstrated that visible-light crosslinked KaMA provided a
stronger hydrogel network. However, the recovery increased from
52% to 66%, when the photoinitiator changed to Irgacure D-2959. It
might be due to the more effective role of covalent bonds on the me-
chanical properties of 4-HM than UV-crosslinked one.

3.6. Rheological behavior of KaMA solution

Injectability and spray-ability of hydrogels are two distinctive char-
acteristics which facilitate in-situ recruitment of damaged organs. In
order to evaluate injectability and spray-ability of primary KaMA solu-
tions containing photoinitiator, the 4-HM and 6-HM samples were ana-
lyzed due to their similar mechanical characteristics and proper
physical property for soft tissue engineering. Fig. 5a revealed that the
viscosity of primary KaMA solutions decreased with increasing shear
rate. In this regard, the viscosity of 4-HM sample decreased from
3390.0 to 12.2mPa.s, while in the case of 6-LM sample, the viscosity re-
duced from 17,123.1 to 257.3 mPa.s, once the shear rate boosted from
0.01 to 100 1/s. These trends illustrated the shear thinning behavior of
KaMA solutions which could be appropriate for injection [26]. In addi-
tion, increasing the methacrylation degree resulted in the reduced pri-
mary solution viscosity over the shear rate period (0.01–100 1/s). It
could be due to the role of enhanced methacrylation modification de-
gree on the reduction of side chain interactions leading to reduced dou-
ble helix configurations [10].

Injectable and sprayable visible-lightmediated hydrogels are unique
materials which could be easily in-situ applied in tissue engineering
without any harmful side effect that associated with UV crosslinking
systems. In this research, Eosin Y, TEA and VC were added to the
KaMA solution as a photoinitiator, co-initiator and a co-monomer, re-
spectively to encourage visible-light crosslinking process. The gelation
time could be considered via measurement of the gel viscosity during
different periods of UV radiation under white LED light. In this regard,
the 4-HM and 6-LM samples were analyzed at the shear rate of 100 1/
s. Fig. 5b revealed that there was a gelation point in both samples in
which the viscosity jumped dramatically due to the additional polymer-
izationmechanism. According to Fig. 5b, there was no significant differ-
ence in gelation time (90 s) of two samples. Although the degree of
methacrylation was higher in the 4-HM sample, the higher concentra-
tion of KaMA content in 6-LM hydrogel resulted in reduced gelation
time to that of 4-HM sample. According to Fig. 5c, in this mechanism,
the crosslinking process was performed via free radical addition reac-
tions from unsaturated monomers. At a distinguished point, the poly-
mer chains terminate by joining to each other leading to gelation.
Moreover, the visible light stimulates Eosin Y from the zero state to tri-
ple, which abstracts hydrogen atoms from TEA. Consequently, the
deprotonated TEA radicals trigger the radical point formation in the
methacryloyl groups of KaMA hydrogels. In addition, the presence VC
enhances the vinyl group concentration and the number of radicals,
during visible-light gelation leading to enhanced gel formation rate
[11,17]. Based on this gel formation process, increasing methacrylation
degree enhanced the formation of radical target groups which acceler-
ated the gelation time. On the other hand, polymer concentration also
influenced gelation time. Presence of more polymer content in a distin-
guished hydrogel volume reduced gelation time due to the presence of
more groups for photo-reactions, as similarly reported in previous re-
searches [42,43]. In anotherword, spray-ability of hydrogels could be fa-
cilitatedwith lower viscosity of primary solution due to the reduction of
droplet size after pumping spray [44]. Therefore, according to above re-
sults (Fig. 5a), it could be found that 4-HMsample could be a proper bio-
material for in-situ sprayable hydrogels to rapidly heal and repair
injuries (Fig. 5d). In this regard, the adhesive strength of this hydrogel
was evaluated through tensile test, according to ASTM F2255–05 stan-
dard and Kim et al. work [45], using cow skin (Fig. 5e). Briefly, the
skin with size of 1 × 1 cm was stuck to a metal sheet by a double side
glue and 4-HM solution was applied to the surface of skin. Fig. 5f
shows the adhesive strength of 4-HM hydrogel compared to commer-
cial tissue adhesives (Evicel and Coseal and fibrin glue). It could be con-
cluded that the adhesive strength of 4-HM (39.6 ± 8.8 kPa) was
significantly higher than that of two tissue adhesives. In addition, 4-
HM hydrogel has competitive adhesive strength with other adhesive
hydrogels such as MeTro/GelMA (45 kPa), GelMA (40 kPa) and
Chitosan–poly(ethylene glycol)–tyramine (CPT) (17–97 kPa). The
strong adhesion characteristics of the KaMA hydrogel could be related
to various types of crosslinking process consisting of hydrogen bonding
originated from the free hydroxyl groups [46], interconnection between
hydrogel and tissue [47] as well as covalent interaction with radicals
produced through crosslinking [48]. The visible-light crosslinked
KaMA hydrogels provide numerous advantages compared to commer-
cial adhesives, consisting of their favorable changeable properties de-
pending on the polymer concentration and methacrylation degree as



Fig. 5. a) Viscosity evaluation of 4-HMand 6-LM samples at different shear rates (1/s), b) gelation point of 4-HMand6-LMhydrogels at the shear rate of 100 1/s. c) The schematic of visible-
light crosslinking mechanism using Eosin Y, TEA and VC. d) The spray-ability of 4-HM primary solution. e) The pictures of adhesive strength system for 4-HM sample. f) The average
adhesive strength of 4-HM hydrogel compared to three commercial types of adhesives. g) The print-ability of 6-LM primary solution.
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well as greater adhesive strength to native tissue. In addition, the ability
to easily modulate degradation rate, swelling ratio and mechanical
properties of visible-light crosslinked KaMA hydrogel making it being
a promising candidate for suture-less adhesives. In another word, ac-
cording the viscoelastic properties (Fig. 5a), the 6-LM sample could be
a more suitable material for injection and printing due to its higher vis-
cosity at all shear rated than 4-HM. Also, the viscosity of this hydrogel
decreased slightly with increasing shear rate, confirming the viscoelas-
tic and shear tinning behavior which enable passing primary hydrogel
solution throughout the needle. Thus, this hydrogel could be a proper
choice in 3D bio-printing technology (Fig. 5g).

3.7. Protein adsorption evaluation

The role of various chemical and physical properties of the visible-
light crosslinked KaMA hydrogel on the BSA adsorption was evaluated.
BSA adsorption of hydrogel surfaces is the former stage of thrombosis
on the surface of biomaterials. Generally, the enrichment of BSA adsorp-
tion indicates superior thrombotic characteristic [27]. In addition, BSA
adsorption could significantly affect the cell function. In the body envi-
ronment, biomaterial surfaces are immediately covered with protein
from biological fluids influencing the cell adhesion, proliferation and
migration [49] According to Fig. 6a, the amount of BSA adsorption on
4-HM hydrogel (9.4 ± 1.5 mg/g) was significantly greater than that of
on the 6-LM sample (6.5± 0.9 mg/g), whichmight be due to difference
in chain integration and structure stiffness. As discussed in Fig. 3a and d,
elastic modulus and compressive modulus of 4-HM sample was lower
than 6-LM hydrogel, leading to higher protein adsorption on 4-HM sur-
face. This result was in agreement with the previous research of Wu
et al. [50]. They discovered out that the significant BSA adsorption
took place by lower stiff polymer. In contrast, stiffer polymer was less
susceptible to fouling by protein adsorption.

3.8. Cell culture

Based on our above researches, 4-HM and 6-LM hydrogels revealed
the optimized properties as sprayable/injectable hydrogels. Conse-
quently, the cyto-compatibility of these hydrogels was investigated via
in vitro viability, metabolic activity and proliferation of cells, via surface
seeding. Primarily, live/dead kit was applied to evaluate the role of
methacrylation degree and KaMA concentration on the viability of
HeLa cells, during 5 days of culture. The live (green) and dead cells
(red) were examining by fluorescence microscopy. Results revealed
that living cell number (green) was more in 4-HM sample than live
cells in 6-LM. Based on the live/dead images, the cell viability was eval-
uated regarding the number of live cells to total cells. Results showed
cell viability of 4-HM sample (98 ± 2%) was higher than 6-LM one
(81 ± 9%) (Fig. 6b–c). Similarly, the HeLa cell proliferation, estimated
using DAPI staining (Fig. 6d) on 4-HMhydrogel was significantly higher
than 6-LM sample. The cells were spread throughout the hydrogel sur-
faces. However, they severely agglomerated on some points of
hydrogels, depending on the sample type. According to stained nucleus,
the cell numbers were estimated after 1 and 5 days of culture (Fig. 6e).
While the number of cells after a day of culture was not different on the
two samples, it was significantly enhanced on 4-HM (521 ± 11 cells/
mm2) compared to 6-LM hydrogels (230 ± 15 cells/mm2), after
5 days of culture. The more biocompatibility of 4-HM sample than 6-
LM could be due to higher BSA adsorption on the 4-HM surface
(Fig. 6a). Generally, the main production of a foreign material to cells
is adsorbed proteins layer, in which the structure, composition and bio-
activity of samples offer a biological interpretation of the underlying
physicochemical characteristic [49]. Thus, the rate of protein adsorption
plays a critical role in cell behavior on hydrogel surface. Adsorption the
more content of protein aids cells to recognize hydrogel surface as a safe
biointerface to proliferate and migrate.

The metabolic activity of cells on the two different samples was also
investigated using MTT assay toward both HeLa and fibroblast cells,
after 1, 3 and 5 days of culture (Fig. 6f–g). The substantial enhancement
in cell survival during 5 days of culture on both 4-HM and 6-LM samples
toward both kinds of cells was detected (P b 0.05), confirming that the
samples were not cytotoxic and the cells proliferated over the incubation
period. On the other hand, after 5 days of culture, cell survival on the 4-
HM (145 ± 5%control) hydrogel was greater than that of on the 6-HM
sample (131 ± 5%) toward HeLa cells, which might be due to different
compressive and elastic modulus (Fig. 3a and d) of 4-HM and 6-LM
hydrogels, leading to different protein adsorption on hydrogel surfaces.
Similar trend was also detected toward fibroblast cells and the cell sur-
vival on the 4-HM (102 ± 7%control) specimen was significantly higher
than that of on the 6-HM hydrogel (89 ± 6%) after 5 days of culture.
Cells could compromise themselves straightforwardly with softer



Fig. 6. a) Protein adsorption of the surface of 4-HMand 6-LM samples, b) cell viability calculated based on number of live cells, c) illustrativefluorescence images of live/dead assay at day 5
of culture. The cellswere stained by Calcein AM(green) and EthDII (red), presented live and dead, respectively. d) Nuclei HeLa cells, cultured on 4-HMand 6-LMhydrogels for 5 days,were
stained by DAPI (blue) after 5 days of culture. e) The proliferation of cells calculated based on DAPI staining. The survival of f) HeLa and g) fibroblast cells on various 4-HM and 6-LM
hydrogels measured using MTT assays. The absorbance was normalized against the control (TCP) at each time interval (*P b 0.05).
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environments than stiffer hydrogels [51]. Consequently, cells adapted
morewith 4-HM sample than 6-LM due to lower elastic and compressive
modulus of 4-HM in comparison with 6-LM hydrogel. Similarly, Duan
et al. [51] investigated on visible-light crosslinked HA hydrogels and re-
ported that, the cells acclimated themselves more to softer hydrogel
than stiffer one.

Our results established that the visible-light crosslinked KaMA
hydrogels maintenance the attachment and proliferation of cells
in vitro. Recently, Mihailia et al. [10] found that UV-crosslinked KaMA hy-
drogel was biocompatible and could promote cell proliferation compared
to control. However, based on the cytotoxicity reports from Irgacure D-
2959 photoinitiator [16,52] and harmful side effects of UV exposure
[53], application of cell-compatible visible-light initiators in this study
could be helpful to promote cell function. In addition, visible-light
crosslinked KaMA hydrogel with significantly highermechanical stiffness
was developed. According to the efficient role ofmechanical properties of
the substrate on the protein adsorption and cell function [54], the role of
polymer concentration andmethacrylation degree of KaMAhydrogelwas
evaluated.Our results demonstrated that BSAadsorption and cell biocom-
patibility were higher on the softer hydrogel. So, 4-HM hydrogel with
proper mechanical property and biocompatibility could be an outstand-
ing biomaterial, in order to spray as a wound dressing in-situ.
4. Conclusions

In this study, a sprayable and injectable hydrogel based on visible-
light crosslinked methacrylate-Kappa-carrageenan (KaMA) was intro-
duced for in-situ soft tissue engineering. Results demonstrated that,
higher methacrylation degree and more polymer concentration led to
a denser crosslinked structurewith stronger chain integration, less deg-
radation rate, lower equivalent water content and mass swelling ratio.
The adhesive strength of the KaMA hydrogel was also comparatively
greater than commercially available tissue adhesives. Finally, the
visible-light crosslinked KaMA hydrogels could maintenance attach-
ment and proliferation of cells in vitro. Taken together, our results sug-
gest the significant potential of visible-light crosslinked KaMA
hydrogels for the engineering of soft tissues, suture-less adhesives and
bio-printing applicationswithout any harmful side effects which are as-
sociated with UV-light crosslinked hydrogel systems.
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Appendix A. Supplementary data

The Supporting information is composed of the hydrogel photos,
FTIR spectrumof crosslinked 4-HMand 6-LMhydrogels andmechanical
properties of UV-crosslinkable KaMA hydrogels. Supplementary data to
this article can be found online at https://doi.org/10.1016/j.ijbiomac.
2019.07.126.
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