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ABSTRACT: Various biopolymers, including gelatin, have already
been applied to serve a plethora of tissue engineering purposes.
However, substantial concerns have arisen related to the safety and
the reproducibility of these materials due to their animal origin and
the risk associated with pathogen transmission as well as batch-to-
batch variations. Therefore, researchers have been focusing their
attention toward recombinant materials that can be produced in a
laboratory with full reproducibility and can be designed according to
specific needs (e.g., by introducing additional RGD sequences). In
the present study, a recombinant protein based on collagen type I
(RCPhC1) was functionalized with photo-cross-linkable methacry-
lamide (RCPhC1-MA), norbornene (RCPhC1-NB), or thiol
(RCPhC1-SH) functionalities to enable high-resolution 3D printing
via two-photon polymerization (2PP). The results indicated a clear
difference in 2PP processing capabilities between the chain-growth-polymerized RCPhC1-MA and the step-growth-polymerized
RCPhC1-NB/SH. More specifically, reduced swelling-related deformations resulting in a superior CAD-CAM mimicry were
obtained for the RCPhC1-NB/SH hydrogels. In addition, RCPhC1-NB/SH allowed the processing of the material in the presence of
adipose tissue−derived stem cells that survived the encapsulation process and also were able to proliferate when embedded in the
printed structures. As a consequence, it is the first time that successful HD bioprinting with cell encapsulation is reported for
recombinant hydrogel bioinks. Therefore, these results can be a stepping stone toward various tissue engineering applications.

1. INTRODUCTION

Animal-derived gelatin, especially the methacrylamide-modi-
fied derivative (Gel-MA), can be considered the gold standard
within the field of tissue engineering and biofabrication as
reflected by numerous articles published to date.1−5 However,
the use of animal-derived materials has raised increasing
concerns due to the occurrence of batch-to-batch variations
resulting in issues with reproducibility as well as the possibility
for disease transmission toward humans.6−9 Therefore,
researchers have recently shifted their attention toward
recombinant proteins as an attractive alternative. As these
recombinant materials are produced in a controlled laboratory
process, the drawbacks associated with animal-derived
materials can be eliminated.6,7 In literature, both transgenic
crops and eukaryotic organisms are described to produce
heterotrimeric human recombinant type I collagen, which can
be used for tissue engineering purposes.6,10 Furthermore,
recombinant self-assembling peptides can be used as a
biomaterial.11 In the present study, a recombinant protein
based on human collagen type I (RCPhC1) was modified to
allow the light-based processing of the polymer. RCPhC1 is

produced by a yeast fermentation process and contains no
animal-derived components. Furthermore, the protein is highly
reproducible and is enriched with arginine−glycine−aspartic
acid (RGD) tripeptides within its backbone, which contributes
to its excellent cell interactivity. Previously, our group has
already shown that RCPhC1 can be modified with
methacrylamide functionalities.12 In the present work, we
explored the RCPhC1 processing via HD bioprinting using
two-photon polymerization (2PP), while the effect of cross-
linking chemistry on the 2PP processing capabilities was also
evaluated. 2PP is a HD 3D-printing technique that enables the
production of scaffolds with a spatial resolution in the
submicrometer range due to the nonlinear nature of the 2PP
process, thereby often using near-infrared femtosecond pulsed
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laser irradiation.13 In addition, we also investigated whether
the recombinant protein could potentially be applied as a
bioink, which implies the production of 3D constructs
produced in the presence of living cells.14 To this end,
RCPhC1 was functionalized with different photo-cross-linkable
functionalities, including methacrylamide, norbornene, and
thiol moieties, which can be cross-linked via chain-growth
(methacrylamide) versus step-growth (thiol-norbornene)
polymerization in the presence of a suitable photoinitiator
upon irradiation using a tightly focused femtosecond laser. In
the literature, there are already several reports focusing on 2PP
processing of different animal-derived gelatin derivatives
including methacrylamide, norbornene, thiol, and methacryla-
mide-aminoethylmethacrylate moieties.5,13,15,16 However, to
the best of our knowledge, this is the first time that RCPhC1
derivatives are processed via 2PP while exploring their use as a
bioink.

2. MATERIALS AND METHODS
2.1. Materials. RCPhC1, commercially available as Cellnest, was

kindly provided by Fujifilm Manufacturing Europe B.V. Methacrylic
anhydride, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC),
N-acetyl-homocysteine thiolactone, ethylenediaminetetraacetic acid
(EDTA), 5-norbornene-2-carboxylic acid, ortho-phthalic dialdehyde
(OPA), and sodium hydroxide (NaOH) were purchased from Sigma-
Aldrich (Diegem, Belgium). Dimethyl sulfoxide (DMSO), N-
hydroxysuccinimide (NHS), potassium phosphate monobasic
(KH2PO4), and sodium phosphate dibasic (Na2HPO4) were obtained
from Acros Organics (Geel, Belgium). All 1H-NMR spectra were
recorded in deuterium oxide (D2O) purchased from Euriso-top
(Saint-Aubin Cedex, France). The photoinitiator tetrapotassium 4,4′-
(1,2-ethenediyl)bis[2-(3-sulfophenyl)diazenesulfonate] (DAS) was
prepared according to the protocol reported earlier by Tromayer et
al.17 The dialysis membranes, Spectra/Por (molecular weight cutoff
(MWCO) 12,000−14,000 g/mol), were obtained from Polylab
(Antwerp, Belgium).

2.2. Development and Characterization of RCPhC1-MA,
RCPhC1-NB, and RCPhC1-SH. Methacrylamide-modified RCPhC1
(RCPhC1-MA) was developed according to the protocol for Gel-MA
published by Tytgat et al.,12 which is based on the Gel-MA protocol
reported by Van Den Bulcke et al.18 Briefly, a 10 w/v % RCPhC1 (1
g, 0.65 mmol amines) solution was prepared using a 0.1 M phosphate
buffer (pH 7.8) at 40 °C. Subsequently, 1 equiv methacrylic
anhydride with respect to the number of primary amines present in
RCPhC1 was added dropwise to the solution followed by the reaction
during 1 h under continuous mechanical stirring at 40 °C (Figure 1).
The excess of unreacted methacrylic anhydride together with
methacrylic acid formed during the reaction was removed via dialysis
(MWCO 12,000−14,000 g/mol) against distilled water for 24 h at 40
°C. Finally, the materials were frozen at −20 °C and lyophilized using
a Christ freeze-dryer alpha I-5. 1H-NMR spectroscopy was applied to
evaluate whether the modification was successful and to determine the
degree of substitution (DS). RCPhC1-MA was dissolved in D2O and
measured at 40 °C using a Bruker Avance (500 MHz) spectrometer.

Norbornene-functionalized RCPhC1 (RCPhC1-NB) was devel-
oped using a protocol described earlier by Van Hoorick et al., for
norbornene-modified animal-derived gelatin type B (Gel-NB).16 5-
Norbornene-2-carboxylic acid (2.5 equiv with respect to the primary
amines present in RCPhC1) was dissolved in 75 mL dry DMSO at
room temperature. Subsequently, 2 equiv EDC and 3 equiv NHS
were added to the reaction mixture. The reaction was performed
under an inert argon atmosphere during 25 h to form the succinimidyl
ester of norbornene (Figure 2). In a next step, the latter solution was
heated to 50 °C for 1 h, and 15 g RCPhC1 was dissolved in 225 mL
dry DMSO. Subsequently, the mixture containing the succinimidyl
ester of norbornene was added to the RCPhC1 solution (12 h, 50 °C,
argon atmosphere), allowing the primary amines to react with the
succinimidyl ester of norbornene resulting in norbornene-modified
RCPhC1 (Figure 2). Afterward, the mixture was precipitated in a
tenfold excess of acetone. The precipitate was filtered using a Büchner
filter (pore size: 12−15 μm) and washed again with acetone. The
remaining residue was dissolved in double-distilled water (resistivity
of 18.2 MΩ) and dialyzed against distilled water for 24 h at 40 °C.
Finally, the materials were frozen at −20 °C and lyophilized. 1H-
NMR spectroscopy was applied to evaluate whether the modification

Figure 1. Schematic overview of the modification of RCPhC1 with methacrylamide functionalities (RCPhC1-MA).

Figure 2. Schematic overview of the development of RCPhC1-NB. (A) Formation of a reactive succinimidyl ester starting from 5-norbornene-2-
carboxylic acid. (B) Reaction of the primary amines of RCPhC1-NB with the formed succinimidyl ester to obtain RCPhC1.

Figure 3. Schematic overview of the development of RCPhC1-SH using N-acetyl-homocysteine thiolactone.
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was successful and to calculate the DS. RCPhC1-NB was dissolved in
D2O and measured at 40 °C using a Bruker Avance (500 MHz)
spectrometer.
Thiolated RCPhC1 (RCPhC1-SH) was developed using a protocol

for thiolated animal-derived gelatin (Gel-SH) as reported by Van
Vlierberghe et al.19 Briefly, 10 g RCPhC1 was dissolved under
continuous magnetic stirring in a 100 mL carbonate buffer (pH 10)
under an inert argon atmosphere (40 °C). To avoid the oxidation of
the thiols into disulphide bonds, 1.5 mM EDTA was added to chelate
divalent metals present in solution.20 Subsequently, 5 equiv of N-
acetyl-homocysteine thiolactone with respect to the primary amines of
RCPhC1 was added to the mixture (Figure 3). The solution was
allowed to react for 3 h at 40 °C under continuous mechanical
stirring. The mixture was dialyzed under an inert argon atmosphere at
40 °C for 24 h using dialysis membranes (Spectra/Por MWCO
12,000−14,000 g/mol). Lastly, the obtained RCPhC1-SH was frozen
and lyophilized.
To determine the DS of RCPhC1-SH, a spectrophotometric OPA

assay was applied as reported by Tytgat et al.21 Briefly, a first stock
solution was prepared by dissolving 20 mg OPA in 10 mL ethanol and
diluting it to 50 mL by adding double-distilled water. Subsequently, a
second stock solution was prepared by dissolving 25 μL of 2-
mercaptoethanol to 50 mL of a borate buffer (0.1 molar; pH 10).
First, a calibration curve was obtained by measuring the absorbance
(at 335 nm) of a reference sample (1 mL double-distilled water, 0.5
mL stock solution 1, and 1.5 mL stock solution 2) to a sample
containing 50 μL n-butylamine standard solutions (0.002 M, 0.006 M,
and 0.01 M), 0.95 mL double-distilled water, 0.5 mL stock solution 1,
and 1.5 mL stock solution 2. Unmodified RCPhC1 and RCPhC1-SH
were dissolved in double-distilled water at a concentration of 25 mg/
mL. Next, 50 μL RCPhC1 solution was added to 0.95 mL double-
distilled water, 1.5 mL stock solution 2, and 0.5 mL stock solution 1.
All measurements were performed in triplicate at 37 °C.
2.3. Molecular Weight Determination Using MALDI-TOF/

TOF. The molecular weight (MW) of pristine RCPhC1 and the
RCPhC1 derivatives was measured using an AB SCIEX 4800+
proteomics matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF/TOF) analyzer (SCIEX, Framingham, MA, USA).
The measurements were performed in positive ion linear mode (2000
scans). The material was dissolved in water (1 mg/mL), and 1 μL of
each sample was spotted on the target plate and mixed with 1 μL
matrix HCCA (10 mg/mL water/ACN (30:70) and 0.1% formic
acid).
2.4. Gel Fraction Determination. Gel fraction of 2D hydrogel

films was determined on punched out discs (diameter 8 mm). To this
end, hydrogel films were made in the presence of 2 mol % Li-TPO
and UV cross-linked (30 min UV-A exposure at 10 mW/cm2). The
discs were lyophilized, weighed, and incubated in phosphate buffered
saline (PBS) at 37 °C for 24 h. Subsequently, the discs were freeze-
dried and weighed again. The gel fraction is defined as follows:

= ×Gel fraction
Wde
Wd0

100

where Wd0 is the freeze-dried weight before swelling and Wde is the
freeze-dried weight following equilibrium swelling. These calculations
were repeated at least five times per sample.
2.5. Mass Swelling Ratio Determination. Hydrogel films were

made as described above and punched out (discs 8 mm diameter).
The discs were weighed following 24 h of incubation in PBS for 24 h
at 37 °C. Subsequently, the discs were lyophilized and weighed again.
The mass swelling ratio was defined as follows:

= W
W

Mass swelling ratio(q)
s
d

,

where Ws is the weight of the swollen discs and Wd is the weight of
the lyophilized discs following swelling.
2.6. In Situ Rheological Assessment. A rheometer (Physica

MCR-301; Anton Paar, Sint-Martens-Latem, Belgium) was used to
evaluate the gelation kinetics of the hydrogels. The measurements

were done through dynamic oscillation of two parallel plates to
determine the storage modulus (G’).

Each solution of 300 μL containing 2 mol % Li-TPO-L was placed
between the plates with a gap set to 0.3 mm to monitor the UV-
induced cross-linking kinetics of the hydrogels in situ. Silicone grease
was applied to seal the edges to avoid dehydration of the gel. An
oscillation frequency of 1 Hz was applied with a strain of 0.1%. The
solutions were cooled to 5 °C to induce physical gelation, which was
monitored for 10 min followed by the exposure to UV-A light (EXFO
Novacure 2000 UV light source at 365 nm using an intensity of 3500
mW/cm2) to evaluate the G’ of the dual cross-linked hydrogels. The
storage modulus of chemically cross-linked hydrogels was determined
by exposing the solutions to UV-A light during 440 s at 37 °C.

2.7. 2PP Processing. The 2PP experiments were performed using
a previously reported in-house-developed setup.13 The device consists
of a tunable laser (MaiTai eHP DeepSee; Spectra-Physics) delivering
70 fs pulses at a repetition rate of 80 MHz, which is placed behind the
10x/0.3 Zeiss microscope objective (Plan-Apochromat, Oberkochen,
Germany). The central wavelength was set to 720 nm for the present
experiments. High-resolution printing was obtained using a motorized
microscope stage and a dual-axis galvanometric scanner to position
the sample and the laser, respectively. The CAD model was sliced
with a layer spacing of 0.5 μm and hatched with a 0.5 μm line spacing.
The focal spot of the laser was scanned in every layer in a XY
alternating fashion. Writing speeds of 100, 500, and 1000 mm/s and
average laser powers varying between 10 and 100 mW with 5 mW
increments were applied for printing. The 7.5 and 10 w/v % hydrogel
precursor solutions containing RCPhC1-MA or RCPhC1-NB/SH in
an equimolar thiol-ene concentration and 2 mol % DAS with respect
to the photo-cross-linkable functionalities were dissolved in PBS.
Approximately 30 μL of each solution was pipetted into a glass
bottom dish (μ-Dish, 35 mm; Ibidi) where two glass plates were
separated by a 1 mm-thick silicone spacer. The bottom glass plate was
functionalized with methacrylate functionalities according to the
protocol previously described by Dobos et al. to enable sufficient
attachment between the glass and the produced structures.13 The
residual nonpolymerized material was removed using 2 mL PBS
followed by incubation of the samples at 37 °C.

2.8. Equilibrium Swelling Assay. Laser scanning microscopy
(Zeiss, Oberkochen, Germany) was employed to characterize the
postproduction swelling of the materials/hydrogels.13 For each
RCPhC1 derivative, an array of cubes (100 μm × 100 μm × 100
μm) was printed using different laser powers and writing speeds. For
every condition, three replicates were produced. The cubes were
placed in an incubator at 37 °C to allow equilibrium swelling in PBS
(24 h). Fluorescence imaging using a confocal laser scanning
microscope was possible after adding 1 mg/mL of 2000 kDa FITC-
labeled dextran (TdB Consultancy AB, Sweden) to the PBS solution.
Afterward, a semiquantitative swelling ratio was obtained by
measuring the surface area of the top of the CAD model (ACAD)
and comparing it with the surface area of the top layer of the printed
structure (ACube). The surface swelling ratio was calculated by the
following equation:

=
−

×
A A

A
Surface swelling ratio 100Cube CAD

CAD (1)

2.9. Direct Cell Encapsulation Using 2PP. A hTERT-
immortalized human adipose tissue−derived stem cell line (ASC/
TERT1) (Evercyte) was transfected with green fluorescent protein
(GFP) to obtain permanently transfected green-labeled cells following
a previously established protocol.22 ASCs-GFP were cultured in
endothelial cell growth (EGM-2) media (Lonza) supplemented with
10% fetal bovine serum (Sigma). The cells were maintained in an
incubator (high humidity, 5% CO2, 37 °C), and the medium was
changed every second day. To enable printing in the presence of living
cells, the cells were trypsinized with 0.5% trypsin−EDTA and
resuspended at 1 x 106 cells/mL in 7.5 and 10 w/v % RCPhC1-NB/
SH solution supplemented with 2 mol % DAS with respect to the
photo-cross-linkable functionalities. The solution was pipetted into a
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silicone mold in the glass bottom methacrylated Ibidi dishes. Cubes of
200 μm × 200 μm × 200 μm were printed using a writing speed of
1000 mm/s and laser powers of 50, 70, and 100 mW. The
proliferation rate was determined by counting the cells in the cubes
after days 1, 3, and 6, and the data were normalized to day 1. To this
end, ImageJ software was used to assess maximum intensity imaging
of Z-stacks. The cells were manually counted. A total of 4 replicates
were used per sample.
2.10. Statistical Analysis. A two-tailed Student t-test was

performed when two groups were compared. When more groups
were analyzed, statistical analysis was performed using a one-way
unifactorial analysis of variance (ANOVA). The values were
considered statistically significant, if the p-value was <0.05.

3. RESULTS AND DISCUSSION

3.1. Development and Characterization of RCPhC1
Building Blocks. The different hydrogel precursors were
modified to introduce photo-cross-linkable moieties. In

summary, the primary amines of RCPhC1 were modified
with either norbornene (RCPhC1-NB), or thiol (RCPhC1-
SH), or methacrylamide (RCPhC1-MA) functionalities using
5-norbornene-2-carboxylic acid, N-acetyl-homocysteine thio-
lactone, or methacrylic anhydride, respectively, to subsequently
enable thiol-ene photoclick (step-growth) or chain-growth
polymerization in the presence of a suitable photoinitiator.

1H-NMR spectroscopy was applied to determine the DS of
RCPhC1-NB and RCPhC1-MA by comparing the character-
istic peaks of norbornene (cfr. endo form at 6.41 and 6.08
ppm; exo form at 6.36 and 6.34 ppm) and methacrylamide
(cfr. 5.8 and 5.5 ppm) with the reference peak corresponding
to the hydrogen atoms of the chemically inert Leu, Ile, and Val
amino acids at 1.0 ppm (Figure 4).16 During the modification
of norbornene-functionalized RCPhC1, 2.5 equiv 5-norbor-
nene-2-carboxylic acid, 3 equiv NHS, and 2 equiv EDC were
added, yielding 0.55 mmol norbornene groups per gram

Figure 4. 1H-NMR spectra of (A) RCPhC1-NB and (B) RCPhC1-MA. The characteristic peaks associated with norbornene (both the endo-form
(6.41 and 6.08 ppm) and the exo-form derivatives (6.36 and 6.34 ppm)) and methacrylamide (5.8 and 5.5 ppm, which correspond to the vinyl
protons of the methacrylamide functionalities introduced) are highlighted, respectively.

Figure 5. MALDI-TOF/TOF spectra of (A) RCPhC1, (B) RCPhC1-NB, (C) RCPhC1-MA, and (D) RCPhC1-SH.
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RCPhC1, which resulted in a DS of 83%. For the development
of RCPhC1-MA, 1 equiv methacrylic anhydride was added to
the reaction mixture, which resulted in 0.62 mmol double-
bond functionalities per gram RCPhC1. The latter corresponds
to a DS of 93%.
The DS of thiolated RCPhC1 was calculated using a

spectrophotometric assay that was based on the difference
between the number of primary amines of RCPhC1 before and
after modification using OPA. During the modification, 5 equiv
of N-acetyl-homocysteine thiolactone was added, resulting in
0.48 mmol thiol groups per gram RCPhC1, corresponding to a
DS of 73%.
Furthermore, the MW of the RCPhC1 derivatives was

determined using the MALDI-TOF/TOF analyzer. The results
indicated that the MW of RCPhC1 was 51 kg/mol, while the
MW of RCPhC1-MA, RCPhC1-NB, and RCPhC1-SH was 53,
55, and 55 kg/mol, respectively (Figure 5). The MW of the
RCPhC1 derivatives increased with respect to the starting
material RCPhC1 after introducing photo-cross-linkable
moieties onto the material backbone. The results indicated
that a higher molecular weight (crf. 55 kg/mol) is obtained
when more bulky functionalities including norbornene (121 g/
mol) and thiol (160 g/mol) groups are incorporated, while for
RCPhC1-MA only a molecular weight increase of 2 kg/mol
was observed due to the lower molecular weight of the
methacrylamide moieties (69 g/mol). These MW results

obtained for the RCPhC1 derivatives are in close accordance
with the DS determined via 1H-NMR spectroscopy or the
fluorometric assay, taking into account that there are 34
primary amines present in one RCPhC1 chain. The DS,
determined via MALDI-TOF/TOF, of RCPhC1-MA,
RCPhC1-NB, and RCPhC1-SH is 94, 85, and 67%,
respectively. The small differences between the DS can be
explained by the fact that for 1H-NMR spectroscopy and the
fluorometric OPA assay, the average information is used,
whereas MALDI-TOF/TOF provides a more in depth
explanation of each of the compound under study. Small
deviations can thus be observed as other components can
cause deviation of the average DS. Similar observations were
already found by Xin et al., who observed changes based on a
rise of the molar ratio applied for 1H-NMR spectroscopy
results, but no obvious change was seen using the MALDI-
TOF/TOF analyzer.23

Moreover, a broader peak can be observed for RCPhC1-NB
and RCPhC1-SH compared with the RCPhC1-MA (Figure 5).
The presence of the broad peak highlights the presence of
several forms of the recombinant protein, namely, with a
different amount of modified lysines.

3.2. Physicochemical Characterization of the RCPhC1
Derivatives. The gel fraction of the hydrogel films developed
was determined in order to evaluate whether stable hydrogels
were formed. Similar gel fractions exceeding 90% were

Figure 6. (A) Gel fraction and (B) mass swelling ratio determined in PBS of 7.5 and 10 w/v % RCPhC1-NB/SH and RCPhC1-MA. Significant
differences are indicated with an (*) asterisk. (C) In situ photorheology on 7.5 and 10 w/v % solutions of RCPhC1-NB/SH and RCPhC1-MA in
the presence of 2 mol % Li-TPO-L at 37 °C.
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obtained for all hydrogels indicating successful hydrogel film
formation. The results are in agreement with the gel fractions
reported earlier for the animal-derived gelatin counterparts.
For example, Van Nieuwenhove et al. obtained a gel fraction of
98% for 10 w/v % Gel-MA DS95.24 Furthermore, Van Hoorick
et al. observed no significant difference between 5 and 10 w/v
% Gel-MA DS97.15 The water uptake capacity of the hydrogels
developed was evaluated to gain insight into their ability to
mimic the aqueous environment of the ECM of native tissue.

To this end, the equilibrium mass swelling ratio in PBS was
determined for the different RCPhC1 derivatives at a
concentration of 7.5 and 10 w/v % (Figure 6). The results
indicated that all hydrogels were able to absorb large quantities
of water. As anticipated, a higher mass swelling ratio was
obtained for the hydrogel films produced starting from the
lowest RCPhC1 concentration. The latter can be explained by
considering the mechanical properties of the hydrogels, which
showed that the G’ of the hydrogels composed of 7.5 w/v % is

Figure 7. (A) Evaluation of processing window of both RCPhC1 derivatives (7.5 and 10 w/v %) via 3D Z-stacks (maximum projection) of 100 ×
100 × 100 μm3 cubes printed at different laser powers and writing speeds. (B, C) Semiquantitative analysis of the swelling properties of the
RCPhC1-NB/SH- (squares) and RCPhC1-MA- (triangles) printed cubes by comparing the surface area of the top layer to the same layer of the
CAD model for a concentration of 10 and 7.5 w/v %.
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lower than 10 w/v % hydrogels, implying that a less densely
cross-linked network is formed, which is able to absorb more
water. In addition, for both concentrations, a significant
difference (p < 0.001) between the mass swelling ratio of
RCPhC1-NB/SH and RCPhC1-MA was observed. The thiol-
ene photoclick hydrogels swelled to a greater extent compared
with the chain growth cross-linked hydrogels. The latter was
also observed earlier for Gel-NB/SH versus Gel-MA scaffolds
produced via extrusion-based 3D printing.21 Herein, the
greater swelling properties of the norbornene/thiol hydrogels
were attributed to the step-growth polymerization mechanism,
which resulted in a more homogeneous network compared
with the heterogeneous network based on hydrophobic oligo-
methacrylamide chains formed during chain-growth polymer-
ization. Bertlein et al. observed the same trend for their
swelling results based on allylated gelatin (Gel-AGE) cross-
linked with dithiothreitol (DTT) and compared with Gel-MA
hydrogels.25 They recorded a higher mass swelling ratio for
thiol-ene photoclick cross-linked hydrogels versus free-radical
conventional chain-growth-polymerized materials.
In situ photorheology experiments were performed in order

to evaluate whether step-growth polymerization has an effect
on the reactivity and the mechanical properties of the
hydrogels compared with chain-growth cross-linked hydrogels.
The results indicated that a higher reactivity was obtained for
the thiol-ene photoclick hydrogels compared with the
RCPhC1-MA hydrogels, revealing a clear benefit of step-
growth cross-linking over conventional free-radical cross-
linking (Figure 6). The latter is due to the fact that step-
growth polymerization is not inhibited by oxygen, which
means that the radicals formed can immediately start the cross-
linking mechanism and do not have to consume the inhibiting
oxygen first as is the case for chain-growth polymerization.
These observations are in agreement with the results obtained
by Van Hoorick et al., who investigated the reactivity of Gel-
NB combined with 0.5 equiv DTT and compared it to Gel-MA
DS65.16

Furthermore, the results showed that higher storage moduli
were obtained when a higher concentration was applied due to
the higher number of photo-cross-linkable functionalities
present, thereby contributing to a stronger network.12,26,27

For the concentrations 7.5 and 10 w/v %, the G’ of RCPhC1-
NB/SH was 8700 and 16,000 Pa, respectively, while they were
2500 and 10,000 Pa for 7.5 and 10 w/v % RCPhC1-MA,
respectively (Figure 6). Indeed, the RCPhC1-NB/SH hydro-
gels formed a stronger network than the RCPhC1-MA
hydrogels in the relaxed state (Figure 6). The latter is due to
the fact that in step-growth polymerization, each norbornene
functionality will only react with one thiol moiety, thereby
resulting in a homogeneous network, while on the other hand,
in a free-radical chain-growth polymerization, different
methacrylamide functionalities will react with each other,
thereby forming short oligo-methacrylamide chains resulting in
multiple cross-links per junction knot. In addition, the
methacrylamide moieties of one chain can also react with
each other, thereby creating a heterogeneous and therefore
weaker network in the relaxed state. From the literature, it is
known that when Gel-NB is cross-linked with a bifunctional
thiolated cross-linker, the mechanical properties of the
hydrogels are lower than that of Gel-MA.16 However, when
a tetrafunctional thiolated cross-linker is applied, the storage
modulus is roughly five times higher, which indicates that
increasing the functionality of the cross-linker results in a

stronger network.28 In our study, a multifunctional thiolated
cross-linker is used, and therefore, higher storage moduli are
obtained compared with those for RCPhC1-MA.

3.3. Optimization of the 2PP Processing Parameters
of the RCPhC1 Derivatives. The 2PP structuring perform-
ance of RCPhC1-NB combined with RCPhC1-SH in
comparison with RCPhC1-MA was evaluated by structuring
cubes (100 × 100 × 100 μm3) in both material types, dissolved
in PBS at different concentrations using DAS as the
photoinitiator.29,30 The processing window was established
by printing at different writing speeds (100, 500, and 1000
mm/s) and laser powers (10−100 mW). Due to the applied
photoinitiator DAS, a wavelength of 720 nm was used
throughout the experiments. Laser scanning microscopy
(LSM) is a useful technique to gain semiquantitative insight
into the structuring performance and the swelling character-
istics of the printed RCPhC1-based structures by comparing
the surface area of the top layer to the same layer of the CAD
design (Figure 6). The results indicated that both RCPhC1
materials could be processed via 2PP. However, there is a clear
difference in processing performance between RCPhC1-NB/
SH and RCPhC1-MA. Indeed, upon increasing the writing
speed, the structuring threshold increased from 20 to 40 mW
for 10 w/v % RCPhC1-NB/SH, while it increased from 30 to
50 mW for the same concentration of RCPhC1-MA, indicating
that stable RCPhC1-NB/SH-based structures could be
produced with lower laser powers compared with RCPhC1-
MA. Van Hoorick et al. observed a similar trend upon printing
cubes of animal-derived Gel-MA, Gel-MA-AEMA, and Gel-NB
combined with DTT using different polymer concentrations
(5−15 w/v %).15,16 These results are intuitive, as thiol−
norbornene reactions are characterized by much lower
initiation thresholds (at least 10 times lower than chain-
growth polymerization) and fast reaction kinetics due to the
absence of reaction conditions, ring strain relief, and a fast
proton transfer.5

Furthermore, the postproduction swelling assay indicated a
lower swelling degree for the structures printed in RCPhC1-
NB/SH at each writing speed and concentration compared
with RCPhC1-MA, thereby resulting in less swelling-related
deformations and thus a superior CAD-CAM mimicry (Figure
7).
Due to postproduction swelling or shrinkage, the CAD

model can undergo morphological changes resulting in
limitations regarding 3D-printing resolutions. By minimizing
these swelling-related deformations, for example, by applying a
superior material, a superior, more ideal CAD/CAM mimicry
can be obtained and thus no pre-emptive corrections need to
be performed to obtain the desired CAD-CAM mimicry.15,31

An opposite trend in swelling properties between both
materials was observed upon increasing the writing speed.
Indeed, for RCPhC1-NB/SH, the cubes printed at 1000 mm/s
exhibited a reduced swelling in comparison with the structures
printed at 100 mm/s, while for RCPhC1-MA, a higher swelling
degree was obtained for constructs printed at 1000 mm/s
compared with 100 mm/s (Figure 7B,C). In addition, the
results indicated that the swelling degree of the RCPhC1-NB/
SH cubes increased at higher laser powers, whereas it
decreased for the RCPhC1-MA cubes. We hypothesize that
this behavior is a consequence of the cross-linking mechanism.
More specifically, one of the characteristics of chain-growth
polymerization is the fact that the reaction is inhibited by
oxygen. Therefore, more energy is required to produce

Biomacromolecules pubs.acs.org/Biomac Article

https://dx.doi.org/10.1021/acs.biomac.0c00386
Biomacromolecules 2020, 21, 3997−4007

4003

pubs.acs.org/Biomac?ref=pdf
https://dx.doi.org/10.1021/acs.biomac.0c00386?ref=pdf


sufficient radicals to initiate cross-linking because some of the
radicals will be consumed by oxygen. The latter is achieved by
printing at lower writing speeds and higher laser powers. On
the other hand, step-growth polymerization is not oxygen-
inhibited. Therefore, at 100 mm/s and high laser powers, a
high amount of energy will be supplied, resulting in the
formation of a high number of thiol radicals, which increases
the chance of termination reactions to occur between two thiol
radicals, thereby resulting in disulfide bonds.5,13 The latter will
lead to a nonequimolar thiol-ene ratio, resulting in a less cross-
linked network with a higher swelling degree.32 Significant
differences were observed between RCPhC1-MA and
RCPhC1-NB/SH cubes for each laser power assessed in
both a 7.5 and 10 w/v % concentration. Furthermore, it could
be observed that for higher laser powers (exceeding 50 mW),

there were no significant differences observed between the
writing speeds of 500 and 1000 mm/s for 10 w/v % cubes for
both RCPhC1-MA and RCPhC1-NB/SH. Lastly, similar
observations were found for 7.5 w/v % hydrogels. More
specifically, when exploiting a laser power of 70 mW or higher,
no significant differences were observed at writing speeds of
500 and 1000 mm/s for each of the materials under evaluation.
Furthermore, the difference in swelling properties and thus

the CAD-CAM mimicry can also be observed in Figure 8.
Several logos were printed in either RCPhC1-NB/SH or
RCPhC1-MA using a writing speed of 1000 mm/s and a laser
power of 70 mW. The images of the logos obtained via LSM
showed a superior CAD-CAM mimicry for the thiol-ene
photoclick hydrogels (left panel) in comparison with the chain-
growth polymerized materials (right panel).

Figure 8. Different logos (TU Wien, B-PHOT, and PBM) were printed starting from 10 w/v % RCPhC1-NB/SH (left panel) versus 10 w/v %
RCPhC1-MA (right panel) using a laser power of 70 mW and a writing speed of 1000 mm/s. The logos were reproduced with the permission of
TU Wien, B-PHOT, and PBM.

Figure 9. LSM images of 200 × 200 × 200 μm3 RCPhC1-NB/SH-based cubes printed in the presence of living ASCs-GFP using 2 mol % DAS
with respect to the photo-cross-linkable functionalities (left). The cubes were printed using different concentrations and laser powers. Evolution of
the cell proliferation as a function of time (right).
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3.4. In Vitro Biological Evaluation. The potential of 2PP
processing in the presence of living cells was also evaluated
using the thiol-ene photoclick hydrogels. This experiment was
only performed in this type of hydrogels due to their fast cross-
linking kinetics and their excellent CAD-CAM mimicry. To
this end, cubes of 200 × 200 × 200 μm3 were printed at high
writing speeds, i.e., 1000 mm/s, using DAS that is a suitable
photoinitiator for direct cell encapsulation using 2PP.17

RCPhC1-NB/SH was processed together with GFP-labeled
ASCs to evaluate the potential of the RCPhC1 derivative to
function as a bioink. The results indicated that the cells
survived the printing process and were able to proliferate
within the printed hydrogel, which is also observed by Dobos
et al. (Figure 9).13 They showed that L929 mouse fibroblasts
in 7.5 w/v % animal-derived Gel-NB combined with equimolar
amounts of DTT also survived the 2PP encapsulation process
and started to proliferate over time, obtaining their desired
morphology.13 These findings are correlated to the material
stiffness with softer materials, resulting in an increased
proliferation and extended morphology of the fibroblasts.13

In addition, the cells were able to proliferate to a higher extent
in the cubes formed starting from a 7.5 w/v % polymer
concentration in comparison with the 10 w/v % concentration.
However, no significant differences were found. Furthermore,
when assessing the fluorescence images, it can be observed that
the cells mimic their innate stretched morphology to a greater
extent in 7.5 w/v % hydrogels. The latter is due to the fact that
a less densely cross-linked network is formed using a lower
polymer concentration, which results in a higher proliferation
and migration rate.33−35

Overall, based on these results, recombinant proteins can
offer a promising alternative for animal-derived materials.
Bearing in mind that the cost of these recombinant structures
is currently one of the limiting factors, research has been
focused on increasing the yield and investigating different
pathways to produce the recombinant proteins, such as
transgenic crops and the use of eukaryotic cells (such as
yeasts).8−10 Furthermore, advances in DNA manipulation have
been observed with the introduction of CRISPR,36 giving rise
to a potential cost reduction of these recombinant proteins in
the future.

4. CONCLUSIONS

The present study reports on the influence of chain- versus
step-growth polymerization by investigating the 2PP process-
ing capabilities of functionalized recombinant RCPhC1
hydrogels along with the materials’ potential to become 2PP
processed in the presence of living cells. A clear difference in
2PP processing capability was observed between both
RCPhC1 derivatives. Indeed, reduced swelling-related defor-
mations and thus a superior CAD-CAM mimicry were
obtained for RCPhC1-NB/SH, in contrast with RCPhC1-
MA. Furthermore, the swelling properties were also influenced
by the concentration, the writing speed, and the irradiation
dose applied. In addition, RCPhC1-NB/SH could be
processed in the presence of ASCs-GFP that survived the
encapsulation process and were able to proliferate inside the
printed structures. It can thus be concluded that the RCPhC1-
NB/SH hydrogels developed are processable via 2PP and
prove to be a perfect bioink alternative to the conventional
animal-derived equivalents to serve tissue engineering
applications.
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