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A B S T R A C T

This study describes low dose UV curable and bioprintable new bioink made of hydrogen bond donor-acceptor
adaptor molecule 2-isocyanatoethyl methacrylate (NCO)modified gelatin (NCO-Gel). Our theoretical calcula-
tions demonstrate that insertion of 2-isocyanatoethyl methacrylate doubles the interaction energy (500 meV)
between gelatin chains providing significant contribution in interchain condensation and self-organization as
compared to methacrylic anhydride modified gelatin (GelMA). The NCO-Gel exhibits peak around 1720 cm−1

referring to bidentate hydrogen bonding between H-NCO and its counterpart O]CNeH. These strong interchain
interactions drive chains to be packed and thereby facilitating UV crosslinking. The NCO-Gel is exhibiting a
rapid, 10 s gelation process by the exposure of laser (3 W, 365 nm). The dynamic light scattering character-
ization also reveals that NCO-Gel has faster sol to gel transition as compared to GelMA depending on the UV
curing time. The NCO-Gel was found to be more firm and mechanically strong that provides advantages in
molding as well as bioprinting processes. Bioprinted NCO-Gel has shown sharp borders and stable 3D geometry
as compared to GelMA ink under 10 s UV curing time. The cell viability tests confirm that NCO-Gel facilitates cell
proliferation and supports cell viability. We foresee that NCO-Gel bioink formulation provides a promising
opportunity when low dose UV curing and rapid printing are required.

1. Introduction

Biofabrication of suitable biomaterials for applications in bio-
technology and biomedicine requires several aspects such as mimicking
the nature of original tissues and compatibility to tissues. Hydrogels
emergeas good candidates for such applications by their excellent
biocompatibility, functionality, responsiveness and excellent chemical
and physical properties. They are highly preferred in many fields like
biomedicine, pharmaceutical industry, biotechnology and tissue en-
gineering [1–4] as therapeutic agent delivery systems [5–7], biosensors
[8–10], diagnostic and imaging tools [11–13] and tissue scaffolds
[14–16] for many tissue and organ models. Recently we summarize the
properties and applications of biomimetic and synthetic hydrogels that
provide general perspective for hydrogel based materials [17]. A major
challenges for hydrogels in 3D bioprinting has been extensively en-
countered for instance; arranging cells, functionalization of biologically

active factors for multilayer fabrication of artificial tissue models
[18–24]. Bertassoni et al. achieved bioprinting of cell-laden gela-
tinmethacrylamide (GelMA) bioinks for fabrication of 3D constructs
containing hepatocyte and fibroblast cells. Printability of GelMA hy-
drogels mainly depends on concentration of GelMA bioink. Below 7%
GelMA, printing process has not been achieved. Whereas the cell den-
sity and UV exposure time affect the reproducibility of the printing,
they produced 3D constructs using 10% GelMA showing good cell
viability and proliferation [25]. To improve the printability of gelatin
based materials, Skardal et al. synthesized methacrylatedethanolamide
derivative of gelatin (GE-MA) and methacrylated hyaluronic acid (HA-
MA) hydrogels as bioink. They printed the polymer bioink at tubular
geometry with good mechanical properties and enough sites for cell
attachments. But the printed tubular structures had thick walls and not
interconnected pores which should be improved [26]. Shin et al. de-
veloped a conductive bioink including GelMA, deoxyribonucleic acid
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(DNA) and carbon nanotube (CNT) as an applications for wearable
electronics. The printed constructs showed high flexibility and con-
ductivity even if the construct were folded, bent, or stretched [27].
Weitao et al. fabricated a cell-responsive bioink with GelMA, sodium
alginate, and 4-arm poly (ethylene glycol)-tetra-acrylate (PEGTA) as
well as HUVECs and human mesenchymal stem cells (MSCs). The bio-
printed scaffold was crosslinked in two steps as ionic crosslinking of
alginate and covalent photocrosslinking of GelMA and PEGTA. The
removal of alginate from the scaffold gives vascular channels showing
the applicability of the proposed scaffold as blood vessel mimics [21].
Skardal et al. bioprinted amniotic fluid-derived stem cells (AFS) and
bone marrow-derived mesenchymal stem cells (MSCs) within fibrin-
collagen hydrogel as wound healer and skin regenerative scaffold.
Whereas AFS cell and MSCs treated wounds formed ordered epidermal
layer and high re-epithelialization on a mice model, the printed cells
did not observed in regenerating tissue [28]. In another interesting
approach, Kang et al. developed a 3D bioprinter system named as; in-
tegrated tissue–organ printer (ITOP) for designing of human scale tissue
constructs using cell carrier material; a mixture of gelatin, fibrinogen,
HA, glycerol, PCL, tricalcium phosphate (TCP), and Pluronic F127 as
bioink. The printed calvarial bone model was implanted into Spraque
Dawley rats with bone defects and vascularized bone tissue was formed
with blood vessels in the implants treated with bioprinted scaffold as
compared with nontreated tissue [29]. Also, Yin et al. mixed GelMA
with gelatin to increase the printability and biocompatibility of GelMA
as a bioink. Without gelatin, GelMA could not be printed below 15%
(w/v), while 2% gelatin/10%GelMA bioink printed. Some compositions
of the bioink were not extrudable like 10% gelatin/10% GelMA. The
obtained scaffold of 5/8% GelMA/gelatin showed good cell viabilities
of Bone marrow stem cells (BMSCs) [30]. Levato et al. utilized a bioink
of GelMA hydrogels cultured with articular cartilage-resident chon-
droprogenitor cells (ACPCs), bone marrow mesenchymal stromal cells
(MSCs) and chondrocytes for cartilage regeneration. All cell lines were
proliferated in bioprinted zonal-like constructs, they differentiated and
produced cartilage matrix on the scaffold after long-term culture. In the
study, the mechanical strength of the hydrogel should be increased to
that of adult articular cartilage [31]. In overall, high water solubility
and easy modification of gelatin leads the scientist to modify gelatin
with different chemical strategies and obtain a variety of gelatin-based
polymers and hydrogels for tissue engineering applications. One of the
most commonly used methods is chain growth polymerization. The
obtained material undergoes photocrosslinking with only suitable in-
itiator without any other crosslinker. Gelatin is modified with different
functional groups like acrylic anhydride [32], PEG-acrylate moiety [33]
and a benzophenone group [34] to increase photocrosslinkable groups
on the polymer backbone. The several modification strategies attempt
to increase the photocrosslinking ability, mechanical properties and
biocompatibility of gelatin-based hydrogels. The bioink, printed mate-
rial, should mimic the nature of native tissues. GelMA was found to be
main component of bioink materials to hold cells and other additives to
provide convenient structure and function of scaffold. A functional
bioink hydrogels should be printable and protect its printed structure.
However methacrylic anhydride modification of gelatin exhibits two
major drawbacks i) retention in gelation which limits precision printing
ii) low mechanical strength that effect structural integrity of resultant
tissues. On the other hand, Kim et al. synthesized silk hydrogels using
silk fibroin modified with 2-isocyanatoethyl methacrylate. The photo-
crosslinking and gelation time of silk fibroin methacrylate was observed
as very short time between 39 and 58 s depending on the modification
degree. The obtained silk methacrylate hydrogels showed high elasti-
city. The biocompatibility, high elasticity and fast gelation times of silk
fibroin methacrylate hydrogels make them a suitable material for fur-
ther uses in 3D printing and other biomedical applications [35]. Jung
et al. reviewed advantages of light sensitive materials and techniques
for designing of 2D, 3D and 4D materials. 3D and 4D printed materials
made of stimuli responsive polymer have been fabricated by light

mediated printing processes. Fabricated materials have exhibited un-
ique properties such as mimicking the natural tissues and organs, good
biocompatibility and high mechanical properties, thanks to spatio-
temporal control of light during printing process [36].

In this study we describe modification of gelatin with 2-iso-
cyanatoethyl methacrylate (NCO) that serves as low dose UV curable
and bioprintable new bioink. Our theoretical calculations demonstrate
that insertion of 2-isocyanatoethyl methacrylate doubles the interaction
energy (500 meV) between gelatin chains providing significant con-
tribution in interchain condensation and self-organization as compared
to methacrylic anhydride modified gelatin (GelMA). Our postulation is
that strong interchain interactions drive chains to be packed and
thereby facilitating UV crosslinking. The NCO-Gel was found to be more
firm and mechanically strong that provides advantages in molding as
well as bioprinting processes. We foresee that NCO-Gel bioink for-
mulation provides a promising opportunity when low dose UV curing
and rapid printing are required.

2. Experimental

2.1. Materials

Gelatin (Type A, 225 bloom from porcine skin) was purchased from
Bioshop. Methacrylic anhydride (MA), 2-Isocyanatoethyl methacrylate
(NCO), 2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone
(Irgacure 2959) and Dimethyl sulfoxide (DMSO) were purchased from
Sigma Aldrich. UVP CL 1000 UV crosslinker with 365 nm wavelength
tubes were used for fabrication of hydrogels. NIH 3T3 mouse fibroblast
cells were purchased from ATCC, CRL-1658, DMEM, L-Glutamine, 10%
FBS and 1% penicillin/streptomycin were purchased from GIBCO,
Thermo Fisher Scientific. MTT reagent; thiazolyl blue tetrazolium
bromide was obtained from Sigma Aldrich, and Live/Dead reagents;
CytoCalcein™ Green and Propidium Iodide (PI) were obtained from
AAT Bioquest. All chemicals were used as received.

2.2. Synthesis of NCO-Gel polymer

Gelatin was modified with 2-isocyanatoethyl methacrylate (NCO)
with different modification degrees. The modification process of gelatin
is represented in Fig. 2A. Basically, 1 g gelatin (1g) was dissolved in
DMSO (27 ml) at 50 °C. While stirring, NCO was added slowly in the
amount shown in Table 1. The reaction was allowed to proceed for 6 h
at 50 °C under the nitrogen atmosphere. The white solid product was
precipitated with the addition of an excess amount of cold isopropanol
to the reaction solution. This solution was centrifuged (2000 rpm,
5–10 min). By pipetting solvent phase at top of the solid NCO-Gel solid
product was decanted. The white solid was freezed at −80 °C for sev-
eral hours and lyophilized for 1 day. The produced polymer is named as
NCO-Gel. The lyophilized polymer is stored at −80 °C to protect from
light and moisture until use.

2.3. Synthesis of GelMA polymer

GelMA polymer was synthesized using the protocol [37] with minor
changes. Table 1 shows the composition of GelMA polymers. Briefly,
gelatin (1 g) is dissolved in ultrapure water (10 ml) at 45 °C. Pre-
determined amount of Methacrylic anhydride (MA) was added to the
solution and the reaction was allowed to proceed for 3 h at 45 °C under
the nitrogen atmosphere. The reaction was finished by diluting the
synthesis solution with three volumes of preheated (45 °C) UltraPure
water. The resulting solution was put into −80 °C and freezed for
several hours. After that, the frozen reaction solution was lyophilized
until the polymer was fully dehydrated (2–3 days). The produced
polymer is named as Gelatin methacryloyl, GelMA as shortly. GelMA
powder was stored at −80 °C to protect from light and moisture until
use.
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2.4. FTIR-ATR analysis

The lyophilized polymers were characterized using FTIR-ATR in-
struments with diamond/ZnSe crystal (Perkin Elmer-UATR TWO). The
analysis was conducted between 650 and 4000 cm−1 wavenumber
range with a resolution rate of 4 cm−1 and scan number of 20. The
obtained data were plotted using graphing software OriginPro
(Northampton, MA).

2.5. Dynamic light scattering analysis (DLS)

To figure out the physical and chemical gelation of the polymers, we
investigated microrheology of NCO-Gel and GelMA polymers. During
the analysis, the polymer solutions were analyzed at 30 °C to prevent
physical gelation (GelMA and NCO-Gel polymers are known to form
physical gels under 30 °C) and UV is applied to initiate the chemical
crosslinking of vinyl bonds on the polymer backbone. The UV light
(3 W, 365 nm) was applied sequentially and in very narrow intervals
like 5, 10, and 20 s. After each curing the solution was analyzed again.
The process was finished when polymer solutions get complete gela-
tion. The raw correlation data was obtained and analyzed in graphing
software OriginPro (Northampton, MA).

2.6. Biofabrication of the hydrogels

NCO-Gel and GelMA hydrogels were fabricated in a variety of ways.
Polymers were dissolved in 1% Irgacure solution to final concentrations
5%, 7.5%, 10% and 15%(w/v) at 50 °C. To analyze the morphology and
the swelling characteristics, hydrogels were produced in a 1 ml syringe.
The syringe was put into UVP CL 1000 UV (365 nm) crosslinker cabin
and cured until gelation. The hydrogels were ejected from the syringe
and cut into small pieces. To observe moldability and complete gelation
times of GelMA and NCO-Gel polymers, a molding technique was used.
Molds were prepared from Polymethyl methacrylate (PMMA) with
exact shapes like square, circle, star and honeycomb models. Polymer

solutions (50 μl) were cast into the molds and UV (3 W, 365 nm led)
cured until complete gelation. The gelation of NCO-Gel polymers is very
fast and complete crosslinking in 10 s while GelMA gets gelation in
210 s. After gelation, hydrogels were removed from the molds. The
hydrogels were examined in fluorescent microscopy. Also, the hydro-
gels were produced by bioprinting technique using Axolotl Biosystems
Ltd. Axo A2 Bioprinting System. The NCO-Gel1 polymer solution was
prepared at 5% (w/v) concentration and printed at 8 °C at 16.8 psi in 5
layers without pregelation. The printed construct was polymerized
under UV light for maximum 10 s. 5% (w/v) GelMA2 hydrogel was
printed at 25 psi and room temperature after 1.45 min UV cure for
pregelation. After the printing process, GelMA2 hydrogel was cross-
linked under 10 min UV cure. Although pregelation step is performed
for all GelMA hydrogels (GelMA1, GelMA2 and GelMA3), only GelMA2
hydrogel was found to be printable therefore GelMA2 has been used for
comparative studies.

2.7. Morphological analysis of hydrogels

To characterize morphology, hydrogels were frozen at −80 °C and
freeze-dried after synthesis to remove water absorbed within a gel. The
dried samples were cut into fragments, fixed on carbon bands and
coated with a thin gold layer under argon gas (Emitech K550X). The
samples were observed by scanning electron microscopy (FEI Quanta
250 FEG (Oregon, USA)) in varied magnifications. The pore size of the
hydrogels was determined using ImageJ Software (NIH) by averaging
data from at least 100 points on the surface.

2.8. Atomic force microscopy (AFM) analysis

AFM analysis was applied to determine elastic modulus of NCO-Gel
and GelMA hydrogels at 5% (w/v). Hydrogels were formed as a very
thin layer on a clean glass slide and dried in desiccator for 2 days and
analyzed in NanosurfCoreAFM using contact mode tip with 0.2 N/m
spring constant. The analysis was done using dried hydrogels due to the

Fig. 1. The interaction energy profile of GelMA and NCO-Gel functional groups. Arg: arginine, Asp: aspartate, Glu: glutamate, Lys: lysine.

B. Koksal, et al. European Polymer Journal 141 (2020) 110070

3



difficulty of analysis of soft materials in AFM. Force-distance curves
were obtained using raw data in the AtomicJ program. After analysis,
we obtained Elastic modulus of dried hydrogels.

2.9. Cell culture and viability analysis

NIH 3T3 mouse fibroblast cells were cultured in high glucose DMEM
containing L-glutamine and supplemented with 10% FBS and 1% pe-
nicillin/streptomycin. The cells were cultured up to ~90% confluency
in a humidified environment (5% CO2, 37 °C) and harvested cells were
used for further cell viability studies. For Live/Dead and MTT assays,
gels were conditioned with complete medium prior to cell seeding, and
1x104 cells/well were used to evaluate cytotoxicity. Live/Dead and
MTT assays were utilized to analyze cell viability and proliferation for
long-term cultures (1/7/14/21 day) of NCO-Gel1, NCO-Gel2, NCO-

Gel3, GelMA1, GelMA2, and GelMA3 scaffolds. For Live/Dead analysis,
CytoCalcein™ Green and PI were used in equal proportions after cell
culture and cells were stained at 37 °C, 30 min. Then, visualization was
performed using a fluorescence microscope (Zeiss Axio Observer). For
MTT analysis reagent was added (5 mg mL−1) to wells and incubated
for 2–4 h followed by solubilizing formazan salt via DMSO.
Measurements were carried out by Multiskan™ GO Microplate
Spectrophotometer (Thermo Fisher Scientific). All data were evaluated
as 4 replicates.

2.10. Theoretical calculations

In order to determine the structural properties and the interaction
energies between the groups, density functional theory (DFT) calcula-
tions were carried out using Vienna ab-initio Simulation Package
(VASP) with projector-augmented wave (PAW) potentials [38–41].
Generalized gradient approximation (GGA) was taken as the exchange-
correlation functional. DFT-D3 method with Becke-Jonson damping
was used in the van der Waals corrections [42]. As convergence criteria,
total energy difference of 10−5 eV between consequent steps was taken.
The kinetic energy cutoff of the plane-wave basis set was 400 eV in all
total energy optimization calculations.

Fig. 2. Schematic representations of A) Modification of gelatin with Karenz and Methacrylic Anhydride to obtain NCO-Gel and GelMA polymers respectively. B)
Crosslinking mechanism of NCO-Gel in the presence of Irgacure 2959 as photoinitiator.

Table 1
Compositions of synthesized NCO-Gel and GelMA polymers.

NCO-Gel NCO(µl/1 g Gelatin) GelMA MA(µl/1 g Gelatin)

NCO-Gel1 74.6 GelMA1 100
NCO-Gel2 149.2 GelMA2 200
NCO-Gel3 268.6 GelMA3 400
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3. Results and discussion

Here we propose that insertion of 2-isocyanatoethyl methacrylate
group causes collective chain-chain interactions by its hydrogen bond
donor acceptor character which promotes effective condensation of
gelatin chains. In order to provide an atomic-level explanation to how
the condensation is formed, we perform state of the art ab initio cal-
culations. The interaction energy between hydrogen bonding pairs of 2-
isocyanatoethyl methacrylate modified and methacrylic anhydride
modified peptides is calculated according to the formula
Eint = Eab − Ea − Eb where Ea (Eb) is the total energy of the isolated

molecule and Eab is the total energy of the molecules in interaction.
Therefore, the attractive interaction between pairs takes place when
Eint < 0. The interactions are found to be maximum in five different
amino acid residues which are Arg-Arg, Lys-Lys, Asp-Asp, Glu-Glu and
Lys-Asp/Glu by means of OeHN and NeOH hydrogen bonds. The in-
teraction energy is calculated 475–563 meV for 2-isocyanatoethyl me-
thacrylate modified gelatin whereas it is found to be 210 meV for
methacrylic anhydride gelatin (Fig. 1). The 2-isocyanatoethyl metha-
crylate group insertion are considered to increase the interaction energy
throughout the additional hydrogen bonding and therefore drives
condensation of gelatin backbone to gel state.

Fig. 3. Images of; A) Lyophilized polymers NCO-Gel and GelMA (first), NCO-Gel and GelMA hydrogels after synthesis (second) and after swelling of the hydrogels in
water (third) and fluorescent images of the hydrogels after synthesis in mold (fourth). B) SEM images of lyophilized hydrogels of NCO-Gel and GelMA at different
magnifications. C) Pore sizes of the hydrogels at different concentrations and hydrogel formulations.
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We anticipate that 2-isocyanatoethyl methacrylate group modulates
hydrogen bonding pairs of gelatin and intensifies these interactions
nearly three folds as compared to the commonly used methacrylic an-
hydride and therefore expediting assembly of macromolecular chains.
Fig. 2A illustrates functionalization of Gelatin by two crosslinkers; 2-
isocyanatoethyl methacrylate (NCO) and methacrylic anhydride (MA).
As shown, GelMA contains solely amide groups whereas NCO-Gel
contains urea and urethane groups on its backbone which is expected to
drive rapid condensation of chains and gelation more effectively.
Fig. 2B illustrates crosslinking of NCO-Gel bioink in the presence of the
photoinitiator Irgacure 2959 by UV exposure (Irgacure dissociates to
radical precursors and attacks the double bonds of NCO-Gel that eventually
generates gel).

After, 2-isocyanatoethyl methacrylate (NCO) and methacrylic an-
hydride (MA) modification, gels were carefully separated from reaction
medium and rinsed to eliminate unreacted chemicals then freeze-dried
for easy handling in further processes. Images of lyophilized NCO-Gel
and GelMA polymers are shown in Fig. 3A, and NCO-Gel exhibits foamy

texture while GelMA is mostly in powder form. The dry residues of
NCO-Gel and GelMA were dissolved in water then transferred in molds
to conduct UV initiated crosslinking reaction which yielded hydrogels
shown in Fig. 3A. When these hydrogels of NCO-Gel and GelMA were
immersed in water, swelling occurred via water uptake. Here, the shape
of NCO-Gel was found to be protected while GelMA lost its circular
shape upon swelling. Moreover the fluorescent images of the hydrogels
shown in Fig. 3A revealed that penetration of fluorescent dyes into
NCO-Gel is in higher extent as compared to GelMA. These results refer
that NCO-Gel is firm but might be made of interconnected domains
therefore provide free diffusion of small molecules in hydrogel structure
whereas GelMA exhibits loose hydrogel properties beacuse of lack of
extra hydrogen bonding. Fluorescent image of GelMA hydrogel may be
evidence of its lesser interconnectivity which limits the free diffusion.
The SEM images shown in Fig. 3B give an idea about morphologies of
the dried NCO-Gel and GelMA. As seen, both materials have porous
surface however pore sizes were found to be relatively higher in NCO-
Gel (40 to 160 μm) as compared to GelMA (20 to 120 μm). In general,

Fig. 4. A) FT-IR spectra of pure Gelatin (black), NCO-Gel (red) and GelMA (blue). B) Correlograms of NCO-Gel and GelMA with different times of UV curing. C)
Correlation equation data of NCO-Gel and GelMA with different times of UV curing, τ (µs) is relaxation time and A is percentage. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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GelMA exhibits smaller pores sizes as compared to NCO-Gel. The
Fig. 3C summarizes the pore size variation for increasing initial gel
content. As seen in Fig. 3C increasing gel content increases pore size for
NCO-Gel while no clear trend observed for GelMA except pore size of
GelMA hydrogels decreases as the methacrylation degree of gelatin
increases regardless of the polymer concentration. In general, the pore
size of both hydrogels were not found to be controlled by variation of
initial concentrations.

The Fig. 4A shows IR spectra of NCO-Gel (red traces) and GelMA
(blue traces), displaying characteristic bands of 3500, 2900 and
1650 cm−1 that correspond to OeH, CeH, C]O stretches respectively.
The peaks at 1633, 1540 and 1237 cm−1 were assigned to the C]O
stretching vibrations of the amide group, NeH bending vibrations of
amide (II) and NeH bending of amide (III). CeH stretching gives signals
at 953 and 943, 853 cm−1 for NCO-Gel and GelMA respectively. The
very sharp difference between spectra of GelMA and NCO-gel is the
peak at 1718 cm−1 that refers to intermolecular hydrogen bonding of
urea/urethane groups. As discussed by Eckes et al. the peaks at
1710–1720 cm−1 refer to self-organization of chains via intermolecular

hydrogen bonding in peptides. Martin et al. has also reported similar
observation for peaks at 1690–1720 cm−1 corresponds to hydrogen
bonding in gels [43,44]. These results assure that NCO-Gel is able to
facilitate intermolecular hydrogen bonding through urea and urethane
moieties as compared to GelMA. Other distinctive feature of the NCO-
Gel spectra was the peak at 1166 cm−1 refers to CeO ether stretching in
ether bond (CeOeC) which was typical for urethanes. Here urea and
urethane groups are foreseen to increase hydrogen bonding between
chains thereby increasing the interchain interactions as well as chain
condensation which might significantly expedite gelation. This as-
sumption has been tested by monitoring the gelation time. Fig. 4B
shows DLS analysis results of NCO-Gel and GelMA polymers while
chemical gelation under UV light. The DLS analysis showed that the
transition from sol to gel phase via UV curing is faster in NCO-Gel than
GelMA. In Fig. 4C, correlation equation data of NCO-Gel and GelMA
with different times of UV curing has shown here τ (µs) is relaxation
time and A is weighted percentage. Prior to UV triggered gelation
process, both NCO-Gel and GelMA exhibited bimodal τ distributions
(NCO-Gel = τ1: 52.5 µs, τ2: 1523.6 µs and GelMA = τ1: 39.6 µs, τ2:

Fig. 5. A) Percent swelling ratios of NCO-Gel and GelMA hydrogels in water. B) Topographic AFM image of NCO-Gel (left) and GelMA (right) C) Young’s modulus
distributions and Force Distance curves of NCO-Gel and GelMA hydrogels.
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3719.5 µs) indicating that more than one species were exist. The five
second curing process has triggered formation of large sized assembly
with τ1: 2382.9 µs whereas GelMA exhibited no substantial change.
This indicates gelation already started for NCO-Gel while GelMA is at
still solution state. DLS analysis showed that the longer the UV curing
the larger the size of the objects for both NCO-Gel and GelMA. However
NCO-Gel has showed monomodal τ distribution which corresponds to
interconnected single object whereas GelMA still shows three relaxation
time components after 900 s curing. We concluded that NCO-Gel ex-
hibits faster gelation process than GelMA.

In next step we have studied the swelling capabilities of the hy-
drogels given in percent swelling ratio (SR %) graph versus hydrogel
concentration (Fig. 5A). %SR of the NCO-Gel hydrogels show a down-
ward pattern from NCO-Gel3 to NCO-Gel1. In the NCO-Gel backbone,
the number of amino groups rises after modification of gelatin with 2-
isocyanatoethyl methacrylate (see Fig. 2A). Since the swelling of the
hydrogels occurs via capture of H+ by amino groups, swelling ability of
NCO-Gel hydrogels with higher modification rises from NCO-Gel1 to
NCO-Gel3. As an example, NCO-Gel3 has nearly 1900% while NCO-
Gel2 and NCO-Gel1 have nearly 1100% and 900% swelling ratio re-
spectively in 5% (w/v) polymer concentration. In addition, swelling
ability of NCO-Gel hydrogels declines when polymer concentration
increases. For instance, NCO-Gel1 hydrogels have nearly 918%, 676%,
568% and 461% swelling ratios in 5, 7.5, 10 and 15% (w/v) polymer
concentrations respectively. NCO-Gel2 and NCO-Gel3 hydrogels follow
the same decreasing trend in swelling capacity in response to increasing
polymer concentration. As seen, %SR decreases from GelMA1 to
GelMA3 in all GelMA concentrations due to increasing methacrylation
degrees. This trend in %SR is reverse of that of NCO-Gel hydrogels.
Methacrylation of gelatin proceeds through NH2 groups on gelatin

backbone so the increasing MA on backbone decreases free amino
groups. Amino groups are able to capture H+ and polymer chains get
far from each other, absorbing water into the gap between polymer
chains and hydrogel swells in water. For example in 5% (w/v) polymer
concentration, GelMA1, GelMA2 and GelMA3 has nearly 1155%, 615%
and 421% swelling capacities respectively. This decreasing trend is also
seen in 7.5%, 10% and 15% polymer concentrations. As clearly seen
from the graph, methacrylation decreases the swelling ability of GelMA
hydrogel whereas polymer concentration in hydrogel affects swelling
ratio positively. In GelMA1, swelling ratio decreases from 1155% to
1041% when polymer concentration increases from 5% to 15% (w/v).
In GelMA2, 5% (w/v) gel has nearly 615% and 15% gel has nearly
557% swelling ratio. The same trend can be seen in all GelMA con-
centrations except some deviations in swelling ratio. The Fig. 5B and
show AFM imaging of both gels on solid substrate. Gels shows no dis-
tinct topographical features. The adhesion map shown in Fig. 5C shows
nanomechanical analysis of both GelMA and NCO-Gel, in which NCO-
Gel has steeper slope in force distance curve as compared to GelMA gel.
Kuhori et. al has recently discussed significant changes in stiffness of
gel-polyelectrolyte composites by characterizaiton of slope of force-
distance curves [45]. As described, steeper slopes refer to stiffer gels.
Therefore, we also concluded that slight upward change in slope of
force-distance curve refers to deformation is lesser extent in NCO-Gel as
compared to GelMA. This may be attributed to the increase in hydrogen
bonding in NCO-Gel. Therefore comparison to GelMA hydrogels, NCO-
Gel was found to be slightly stiffer [46,47].

The biofabrication of hydrogels is done using molding and bio-
printing techniques as shown in Fig. 6A. PMMA mold is prepared with
honeycomb shape and a pregel solution is immersed into the mold
following UV cure is applied for crosslinking. The solution mixtures of

Fig. 6. A) Molding and BioPrinting of NCO-Gel and GelMA hydrogels fabricated at different shapes, B) Large size molding of NCO-Gel in different geometries. C)
Fluorescent images of fabricated NCO-Gel hydrogels. Scale bars: 200 μm, the hydrogels are stained with Rhodamine during gelation.
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NCO-Gel and GelMA have been exposed to UV radiation till no fluid
content remains and gelation times were found to be 10 and 210 s for
NCO-Gel and GelMA respectively. These results indicate that NCO
modified gelatin is readily transformed to the gel state by the NCO
molecule has an accelerating effect of NCO molecule on chain

condensation. The most significant features of NCO-Gels are fast gela-
tion, rigid features and also being easy to shape. Molded hexagon shape
gels made of NCO-Gel have sharp, homogenous edges as compared to
GelMA made gels. Moreover, during bioprinting method, NCO-Gel
polymer protects its shape after being printed onto substrate while

Fig. 7. NIH 3T3 cell proliferation and viability profiles evaluated by; A) Live-dead analysis of NCO-Gel1, NCO-Gel2 and NCO-Gel3 for day1, 7, 14 and 21 (Scale bar:
200 µm), B) Live-dead analysis of GelMA1, GelMA2 and GelMA2 for day1, 7, 14 and 21 (Scale bar: 200 µm), C) Cell proliferation via MTT assay of 3D cultured cells
on NCO-Gel1, NCO-Gel2, NCO-Gel3, GelMA1, GelMA2, and GelMA3 for 14 days (n = 4).
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GelMA polymer spreads on substrate so it cannot protect printed shape
exactly. To exemplify a large scale biofabrication application we
showed the moldability of NCO-Gel hydrogels, the hydrogels are
molded at different shapes as shown in Fig. 6B. The hydrogels are
stained with Rhodamine during gelation. The hydrogel takes the shape
of mold easily and without any defect in its soft structure. Fig. 6C shows
fluorescent images of molded NCO-Gel hydrogels. As seen, the details
and corners of shapes like in star models are very clear and the hydrogel
protects the shape for a long time in air and in water. The resultant gel
in various geometries preserve their integrity throughout overall stiff-
ness of NCO-Gel which is provided by stronger intermolecular hydrogen
bonding.

To evaluate the cell proliferation, viability and toxicity, MTT and
live-dead analyses were done via culturing NIH 3T3 fibroblast cells on
varied formulations of 3D NCO-Gels. For comparison, similar for-
mulations of GelMA hydrogels were used. Cell viability and prolifera-
tion profiles were investigated via live-dead assay as shown in Fig. 7. As
given in Fig. 7A, rapid and homogeneous cell adhesion, and cell pro-
liferation was observed on day1 for all formulations of NCO-Gel.
Highest cell proliferation and viability was observed for NCO-Gel3
while NCO-Gel1 and NCO-Gel2 had lower cell proliferation and viabi-
lity profiles for long-term culturing up to day 21. Later cell viability and
proliferation results were also supported by MTT analysis (Fig. 7C).
Increasing cell proliferation was observed for all NCO-Gel during 14-
day cell culturing. For NCO-Gel3, cell proliferation increased 65% from
day 1 to day 14, while it was 50% and 25% increase for NCO-Gel1 and
NCO-Gel2, respectively. In parallel with live-dead analysis results,
NCO-Gel3 showed the highest cell proliferation and viability on day 14
compared to both NCO-Gel counterparts and GelMA controls. We have
showed that, newly formulated NCO-Gels were compared with GelMA
in terms of cell adhesion, proliferation and cell viability, since GelMA is
a well-known and well-characterized scaffold that had been used for
tissue engineering studies due to its biocompatible property and tun-
able physical characteristic [48–51]. The results emphasize that NCO-
Gel3 favors cellular adhesion which has led to higher cell proliferation.
Also, porous structure and interconnected pores of NCO-Gel3 allows
infiltration of cells to inner layers, which supports 3D cell culture for-
mation. Moreover, that results support that particularly NCO-Gel hy-
drogels would be suitable candidates as scaffold for tissue engineering
studies.

4. Conclusion

We have shown the synthesis of 2-isocyanatoethyl methacrylate
(NCO)modified gelatin that providing printable and biocompatible ink
for bioprinting applications. Our theoretical calculations demonstrated
that insertion of 2-isocyanatoethyl methacrylate doubles the interaction
energy (500 meV) between gelatin chains providing significant con-
tribution in interchain condensation and self-organization as compared
to methacrylic anhydride modified gelatin (GelMA). The NCO-Gel was
found to be more firm and mechanically strong that provides ad-
vantages in molding as well as bioprinting processes. Bioprinted NCO-
Gel has shown sharp borders and stable 3D geometry as compared to
GelMA ink under 10 s UV curing time. The cell viability tests confirm
that NCO-Gel facilitates cell proliferation and supports cell viability. We
foresee that NCO-Gel bioink formulation provides a promising oppor-
tunity when low dose UV curing and rapid printing are required.
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