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Bioink Platform Utilizing Dual-Stage Crosslinking of
Hyaluronic Acid Tailored for Chondrogenic Differentiation of
Mesenchymal Stromal Cells

Julia Hauptstein, Leonard Forster, Ali Nadernezhad, Hannes Horder, Philipp Stahlhut,
Jürgen Groll, Torsten Blunk,* and Jörg Teßmar*

3D bioprinting often involves application of highly concentrated polymeric
bioinks to enable fabrication of stable cell-hydrogel constructs, although poor
cell survival, compromised stem cell differentiation, and an inhomogeneous
distribution of newly produced extracellular matrix (ECM) are frequently
observed. Therefore, this study presents a bioink platform using a new
versatile dual-stage crosslinking approach based on thiolated hyaluronic acid
(HA-SH), which not only provides stand-alone 3D printability but also
facilitates effective chondrogenic differentiation of mesenchymal stromal
cells. A range of HA-SH with different molecular weights is synthesized and
crosslinked with acrylated (PEG-diacryl) and allylated (PEG-diallyl)
polyethylene glycol in a two-step reaction scheme. The initial Michael addition
is used to achieve ink printability, followed by UV-mediated thiol–ene reaction
to stabilize the printed bioink for long-term cell culture. Bioinks with high
molecular weight HA-SH (>200 kDa) require comparably low polymer content
to facilitate bioprinting. This leads to superior quality of cartilaginous
constructs which possess a coherent ECM and a strongly increased stiffness
of long-term cultured constructs. The dual-stage system may serve as an
example to design platforms using two independent crosslinking reactions at
one functional group, which allows adjusting printability as well as material
and biological properties of bioinks.
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1. Introduction

In recent years, biofabrication evolved as a
promising and fast-growing field for appli-
cations in general life sciences as well as
in regenerative medicine. Cell-compatible
3D fabrication methods such as bioprinting
are used for precise patterning of bioinks
consisting of living cells and bioactive hy-
drogel materials. Therefore, a special inter-
est of the field focuses on hydrogels which
combine cell-supportive properties with ad-
equate 3D printability.[1–5] To facilitate the
generation of 3D printed constructs with
sufficient shape fidelity, frequently highly
concentrated polymeric hydrogels are used
as cell supportive matrices.[4,6] However, the
resulting high network density and material
stiffness can negatively affect cell bioactivity
and the homogeneous distribution of newly
produced extracellular matrix (ECM).[4,6] As
an alternative approach to increased shape
fidelity, thermoplastic polymers such as
poly(𝜖-caprolactone) may be used as sup-
port structures for very weak hydrogels to
achieve mechanically more robust compos-
ite constructs. However, the necessity of

integrating these thermoplastic materials reduces the degrees of
freedom in the design of an application and can distinctly im-
pair the development of a coherent tissue within the construct.[4]

Thus, a major challenge of the field is the development of hydro-
gels that can be applied in low polymer concentrations provid-
ing favorable conditions for the incorporated cells, but can also
be adequately 3D printed into constructs without further support
structures.[4,6]

For biofabrication of cartilage, hyaluronic acid (HA) repre-
sents an attractive basis for a suitable hydrogel as it is one of
the major components of the extracellular matrix in human ar-
ticular cartilage.[7–9] In previous non-printed approaches of HA
hydrogels for cartilage engineering, ECM deposition with only
limited spatial distribution depended mainly on hydrogel net-
work density.[10–14] Reduction of the polymer concentration has
led to an improved ECM distribution,[10–12] but this has yet to be
transferred to printable systems. For 3D bioprinted constructs,
several differently modified HA-based bioinks were used that
were not stand-alone printable and needed an additional support

Macromol. Biosci. 2022, 22, 2100331 2100331 (1 of 15) © 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmabi.202100331&domain=pdf&date_stamp=2021-11-25


www.advancedsciencenews.com www.mbs-journal.de

Figure 1. Dual-stage crosslinking of the hyaluronic acid-based bioinks. Mechanism: HA-SH (blue) pre-crosslinks with PEG-diacryl (green) in a spon-
taneous Michael addition at neutral pH to a 3D printable ink. Final crosslinking of the printed constructs is performed by UV-induced thiol–ene click
chemistry between the remaining HA-SH thiol groups and PEG-diallyl (red) in the presence of the photoinitiator Irgacure (I2959). Workflow: All bioink
components are mixed with MSCs in a low viscosity suspension. After appropriate pre-crosslinking, the viscoelastic bioink can be printed with improved
shape fidelity. Final crosslinking is achieved via UV initiated thiol–ene click reaction leading to stable constructs, which subsequently can be subjected
to cell culture.

structure for construct stabilization.[15–18] However, flexible
stand-alone HA hydrogel systems which show a high initial
shape stability after printing as well as favorable conditions with
regard to viability of mesenchymal stromal cells (MSC) and long-
term chondrogenic differentiation are still rare. Recent publica-
tions confirmed the general interest in such HA bioinks for MSC
culture and demonstrated printability. However, biological char-
acterization mostly did not exceed visual demonstration of cell
viability.[7,19,20] A promising approach to enable support-free bio-
printing appears to be dual-stage crosslinking of HA, as it pro-
vides an extrudable ink after a first weak or reversible crosslink-
ing step and terminal construct stability after final crosslinking.
Similar approaches have already been studied also for hydrogels
used for wound closure applications.[21] In previous studies at-
tempting dual-stage crosslinking of bioinks, printability has been
achieved via thermo reversible gelation,[22] reversible guest-host
assembly,[23] or weak enzymatic pre-crosslinking of attached ty-
rosine units,[24] each followed by a final crosslinking step via UV
or visible light irradiation to guarantee the required network sta-
bility for cell culture. Again, these approaches presented print-
able materials, but lacked extended biological characterizations,
as they analyzed only short-term viability of embedded cells.

Therefore, in this study we aimed to develop a new versa-
tile HA bioink platform based on a dual-stage crosslinking ap-
proach, which provides not only stand-alone 3D printability after
the first crosslinking step but also favorable conditions after ter-
minal crosslinking for long-term chondrogenic differentiation of
MSCs, with a focus on the distribution of newly produced ECM. A
range of thiolated HA (HA-SH) with different molecular weights
was synthesized and crosslinking was achieved in two stages, uti-
lizing adjustable amounts of polyethylene glycol-diacrylate (PEG-

diacryl) for pre-crosslinking and polyethylene glycol-diallyl carba-
mate (PEG-diallyl) for thiol–ene mediated post-crosslinking after
3D printing. In general, a distinctly lower total polymer content
was needed for the more viscous high molecular weight HA-SH
(>200 kDa), to achieve an optimal 3D printability of the inks, as
compared to low molecular weight HA-SH (≈50 kDa). In long-
term cell culture over 21 d, MSCs were demonstrated to dif-
ferentiate chondrogenically in all bioprinted constructs. Bioinks
with 51 kDa HA-SH required a high polymer content for good
printability but resulted in only pericellular ECM distribution
and overall weak mechanical properties of the final constructs
after chondrogenic differentiation. In contrast, constructs made
from 230 and 410 kDa HASH, needing only a low polymer con-
tent for 3D printing, exhibited higher GAG and collagen (COL)
contents, a homogeneous ECM distribution throughout the con-
structs, and strongly improved stiffness after chondrogenic dif-
ferentiation. The study contributes to effective bioink develop-
ment leading to improved biological properties of bioprinted con-
structs.

2. Results and Discussion

This study presents a new category of hyaluronic acid-based
bioinks for 3D printing using a novel dual-stage crosslinking
mechanism (Figure 1), based on thiol-modified hyaluronic acid
(HA-SH) and the cross-linkers PEG-diacryl and PEG-diallyl. The
cells are suspended in the ink precursor solution containing
HA-SH and both cross-linkers. The first crosslinking step (pre-
crosslinking) is a spontaneous Michael addition at pH = 7.4,
where HA-SH is partially crosslinked with PEG-diacryl at 37 °C
to a shear thinning and 3D printable ink (Figure 1). The viscoelas-

Macromol. Biosci. 2022, 22, 2100331 2100331 (2 of 15) © 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH



www.advancedsciencenews.com www.mbs-journal.de

tic properties of the ink and the shape fidelity of the printed con-
structs can be adjusted by altering the molecular weights of HA-
SH and PEG-diacryl or by shifting the HA-SH/PEG-diacryl ra-
tio. Depending on the ink composition, the 3D printing process
can be started after 1 h of pre-crosslinking and conducted within
a processing window of around 2 h. After printing, the second
crosslinking step is induced in presence of the photoinitiator Ir-
gacure I2959 by using UV light at 365 nm. This initiates the thiol–
ene click reaction of remaining HA-SH thiol groups and PEG-
diallyl, resulting in stably crosslinked constructs (Figure 1).

2.1. Synthesis and Characterization

2.1.1. Synthesis of 3,3′-Dithiobis(propanoic dihydrazide) (DTPH)

DTPH, required for subsequent modification of hyaluronic acid,
could be synthesized in 100 g scales according to literature,
with only minor changes in the purification steps as described
before.[25] NMR analysis was performed in d6-DMSO and con-
firmed successful synthesis and purification (Figure S1b, Sup-
porting Information).

2.1.2. Synthesis of Thiolated Hyaluronic Acid

Educts used in the literature for HA-SH synthesis are almost ex-
clusively of low molecular weight nature (<100 kDa), with a high
solubility and low viscosity in concentrations below 1.5%, and
have mostly resulted in substituted HA-SHs of <50 kDa.[16,26] To
facilitate the generation of hydrogels with comparably low poly-
mer content, HA-SH of larger molecular weights were synthe-
sized (Figure S1a, c, Supporting Information). Therefore, trans-
fer of the published reaction conditions[16,26] to starting materi-
als with up to 1.4 MDa and the associated very high viscosity of
1% solutions had to be adapted to yield appropriate thiol mod-
ification and high product quality. Educts and products used in
this study are listed in Table S1 (Supporting Information). Prod-
uct quality was substantially improved by addition of N-hydroxy
succinimide (NHS) which prevents formation of an N-acylureate.
This byproduct would inhibit accurate determination of the de-
gree of substitution (DS) via NMR (Figure S1d,e, Supporting
Information) and has unknown effects on hydrogel formation
and cell biology.[27] Constant reaction parameters (pH, temper-
ature, mixing) and thus reproducibility were achieved by using a
Sørensen buffer system and a thermostated incubator.

2.1.3. Synthesis of Polyethylene glycol-Diacrylate (PEG-Diacryl)

The acrylation of linear PEG and its purification was carried out
as described in literature[28] (Figure S2a, Supporting Informa-
tion). Complete acrylation was possible, but contrary to the de-
scribed purification, precipitation in diethyl ether was ineffective.
Instead, recrystallization in ethanol led to the desired pure prod-
uct and was suited to remove the organic salts formed during syn-
thesis. Successful acrylation was demonstrated by the absence of
TFA ester signals in 1H-NMR (Figure S2c, Supporting Informa-
tion). Molecular weights of the obtained products reflected well
the used educts and showed only slight polymerization during
recrystallization (Figure S2b, Supporting Information).

2.1.4. Synthesis of Polyethylene glycol-Diamine (PEG-NH2)

The conversion of PEG-OH to PEG-NH2 was straightfor-
ward with respect to the literature (Figure S3a–c, Supporting
Information).[29] Higher yields were achieved by omitting the pu-
rification of the mesylate intermediate and by processing under
constant cooling.

2.1.5. Synthesis of Polyethylene glycol-Diallyl carbamate
(PEG-Diallyl)

For the synthesis of PEG-diallyl derivative, the reaction condi-
tions for the alloc protection of amino groups in peptide synthe-
sis were applied to the previously prepared linear PEG-diamine
(Figure S3a, Supporting Information).[30] The obtained products
exhibited a narrow molecular weight distribution and high pu-
rity due to volatile byproducts (Figure S3b,c, Supporting Infor-
mation). Quantitative conversion was demonstrated by 1H-NMR
using the same analysis as for PEG-diacryl (Figure S3d, Support-
ing Information).

2.2. Ink Development

2.2.1. Influence of HA-SH and PEG-Diacryl Properties on 3D
Printability

As a first step of bioink development, the pre-crosslinking mech-
anism via Michael addition (Figure 1) was established for HA-SH
batches of different molecular weights with 6 kDa PEG-diacryl.
The aim was to get stably printable inks after a cell-compatible
crosslinking time. Therefore, HA-SH and PEG-diacryl were
mixed in varying concentrations, and the solutions were exam-
ined for their viscosity over time in handling experiments by
pipetting or extrusion at a bioprinter, revealing an optimal print-
ability when mixing HA-SH and PEG-diacryl in similar weight
percentages. These results were further supported with extrud-
ability experiments at the Z010 universal testing machine. Here,
several hydrogel formulations were extruded after 1 h of pre-
crosslinking at a constant feed rate and the required force as well
as the obtained strands were recorded. In the following, all poly-
mer concentrations are labeled as % and indicate weight percent.
For extrudability experiments, the HA-SH (230 kDa) content was
kept constant at 0.5% and the PEG-diacryl (6 kDa) concentration
was varied between 0.1% and 2.0% (Figure 2). Ink formulations
with 0.4% PEG-diacryl and below showed no increase in viscosity,
but 0.5% or more resulted in hydrogels with increased viscosity.
Thereby, the correlation between acrylate content and hydrogel
viscosity was not of linear nature. Instead, the stiffness increased
rapidly between 0.5% and 1.0% and then converged toward an
upper limit at 2.0%, which corresponds to the quantitative satu-
ration of the present thiols. Within the range of hydrogel forming
formulations, only hydrogels with 0.5% and 0.75% PEG-diacryl
were found to be proper-gelled and thus suitable for printing,
whereas the hydrogel formulations with higher acrylate content
were already over-gelled and resulted in strands of visibly sheared
microgel particles. As a lower polymer content was expected to
be more beneficial for the cell performance, the formulation with
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Figure 2. Force–distance diagram for an extrudability test of 230 kDa HA-SH (0.5%) hydrogels formulations with different 6 kDa PEG-diacryl contents
after 1 h of incubation. Pictures indicate different strand examples for each gelation state.

a 1:1 ratio (0.5% HA-SH + 0.5% PEG-diacryl) was used in further
experiments. This corresponded to a HA-SH thiol saturation of
around 30%. In the following, an extended series of formulations
was investigated with a constant 1:1 ratio but different polymer
contents (0.1%–3.25% each), based on six differently sized HA-
SH batches (MW = 51–410 kDa) and 6 kDa PEG-diacryl, in which
the components were mixed, and the viscosity was assessed over
time. Figure 3a represents a summarized overview of the inves-
tigated formulations with different HA-SH/PEG-diacryl concen-
trations and the suitability for 3D printing. Each line of the graph
represents 16 different pre-crosslinking approaches, which were
analyzed separately over 5 h, and all formulations resulting
in sufficient strand formation already after a cell-compatible
pre-crosslinking time of 1 h were defined as printable. An
exemplary more detailed analysis table is presented in the Sup-
porting Information, showing the relevant HA-SH/PEG-diacryl
concentrations tested with the 410 kDa HA-SH batch (Figure S4,
Supporting Information). The dependence of the processing win-
dow on the polymer content was also similarly found for all other
tested HA-SH batches. Summarizing Figure 3a, a clear trend was
observed: With increasing molecular weight of the HA-SH com-
ponent (top to bottom), a decreasing total polymer content was
necessary for optimal 3D printability of the inks. HA-SH batches
with the lowest molecular weight (around 50 kDa) required a total
polymer content of at least 4.5% (2.25% HA-SH + 2.25% PEG-
diacryl), whereas those with molecular weights over 200 kDa re-
quired a significantly lower total polymer content to be printable
after 1 h of pre-crosslinking. This was in line with observations
in the literature in which the effect of the Mw of unmodified
hyaluronic acid on the viscosity in aqueous solutions has been
investigated.[31] Interestingly, no further reduction of polymer
content was possible when increasing the Mw from 230 kDa
to the highest achieved Mw of 410 kDa.

As a next step, the impact of PEG-diacryl molecular weight on
ink printability was assessed. Therefore, three HA-SH batches
(51, 230, and 410 kDa) were selected. The HA-SH concentra-
tion was fixed while concentrations of 6, 10, and 20 kDa PEG-
diacryl were varied. Figure 3b shows exemplarily the results for

the 410 kDa HA-SH batch. The PEG content needed for ad-
equate 3D printability increased with the molecular weight of
PEG-diacryl. The same trend was also observed for the 51 and
230 kDa HA-SH batches (Figure S5, Supporting Information).
These observations can be explained by the fact that PEG-diacryl
with increased molecular weight requires a higher concentration
to provide the same amount of acrylate groups. Accordingly, stoi-
chiometric calculations revealed again around 30% HA-SH thiol
saturation for all printable formulations.

2.2.2. Thiol–Ene Crosslinking of the Printed Bioink Using PEG-Diallyl

The final crosslinking of printable ink formulations (Figure 1,
second viscosity increase) was conducted with 6 kDa PEG-diallyl
in the presence of the photoinitiator Irgacure (I2959) at 365 nm.
The concentrations of PEG-diallyl were determined by stoichio-
metric calculations to achieve a complete thiol saturation for
the different HA-SH batches. For the following detailed physico-
chemical and biological characterizations, three inks with differ-
ent HA-SH batches (51, 230, and 410 kDa) were produced. Each
HA-SH was pre-crosslinked with 6 kDa PEG-diacryl and finally
gelated with 6 kDa PEG-diallyl. The exact ink compositions were
in accordance with the printability studies shown in Figure 3 and
are listed in Table 1. In the following, these inks are termed as
51, 230, and 410 kDa HA-SH inks. To evaluate potential effects
of each crosslinking process, MSC cell viability was analyzed after
pre-crosslinking as well as after final UV irradiation. Quantifica-
tion revealed 95%–98% cell survival for both crosslinking steps
in all three bioinks without significant differences between the
conditions (Figure S6, Supporting Information), demonstrating
no detrimental influence of the crosslinking processes.

2.2.3. Rheological Characterization of the Dual-Stage Crosslinking

Rheological properties of the inks play a significant role in their
applicability to extrusion-based bioprinting. In this context, vis-
coelastic features of the hydrogels are highly dependent on the
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Figure 3. Processing windows of different HASH/PEG-diacryl molecular weights and concentrations. All mixtures resulting in sufficient strand formation
after a cell-compatible pre-crosslinking time of 1 h are defined as printable. The general printability is visualized by a color code (green = printable, red =
not printable (either too liquid, viscous, stiff, or too solid) and yellow marks the transition region). The legend depicts exemplary printed grids for each
condition. Scale bars represent 5 mm. a) Six different HA-SH batches (MW = 51–410 kDa) were tested with PEG-diacryl (6 kDa) in 1:1 ratios (0.1%–
3.25% each) and printability of the resulting polymer solutions was analyzed over 5 h. b) Influence of PEG-diacryl molecular weight on ink printability.
0.5% HA-SH (410 kDa) was mixed in different ratios with PEG-diacryl (6, 10, and 20 kDa) and printability of the resulting solutions was analyzed over
5 h.

Table 1. Compositions of inks used in all further experiments. All values are represented as % (wt V−1).

HA-SH batch (kDa) c(HA-SH) (%) c(PEG-diacryl) (%) c(PEG-diallyl) (%) c(Irgacure) (%)

51 2.5 2.5 5.0 0.05

230 0.5 0.5 1.0 0.05

410 0.5 0.5 1.0 0.05

molecular weight as well as polymer content of the ink formula-
tions. Moreover, progression of crosslinking reactions and kinet-
ics of gel formation depend on chain mobility and availability of
functional groups. A series of rheological experiments was per-
formed to investigate the kinetics of the gelation in different ink
formulations and to evaluate the processing window for applica-
tion of such inks (Figure 4). Pre-crosslinking via Michael addition
at 37 °C for the three different inks, 51, 230, and 410 kDa HA-SH
led to increased storage and loss moduli after an initial induction
period (Figure 4a). The molecular weight of HA-SH as well as
the polymer content played a significant role in the reaction ki-
netics. Decreasing the molecular weight at the same concentra-
tion (410 kDa vs 230 kDa, Table 1) resulted in slower crosslink-
ing kinetics. This could be explained by the availability of func-

tional groups per polymer chain, considering that the degree of
substitution in both ink formulations was nearly identical (Ta-
ble S1, Supporting Information). Thus, decreasing the molecular
weight of the polymer caused smaller number of available thiols
per polymer chain for the Michael addition, which in turn formed
less long-range entanglement of chains due to lower probabil-
ity of network formation. On the other hand, increasing the con-
centration, and consequently the number of available functional
groups, resulted in faster kinetics of network formation in 51 kDa
HA-SH, despite having a significantly shorter chain length. In
comparison to experimental observations that all inks were print-
able after only 1 h of incubation, obtained time sweeps showed
slightly different gelation points and thus possible printability.
This was explained by obvious differences in hydrogel formation.
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Figure 4. Rheological characterization of the different HA-SH bioinks. a) Time sweep measurements to identify the kinetics of the Michael addition
and identification of the processing window of the bioinks. b) Shear rate dependence of the viscosity of HA-SH formulations before and after pre-
crosslinking via Michael addition. c) Frequency sweeps of the different inks before (circle) and after (square) exposure of UV light. d) Close-up of the
change in storage modulus during the 60 s UV exposure period. Dashed region indicates the initial rapid rise in elastic properties of the formed networks
during photo-crosslinking.

While rheological studies were performed under almost station-
ary conditions, in extrudability experiments the hydrogel formu-
lations were frequently mixed during incubation and thus, had
a higher probability of network formation. For all tested bioinks,
a steady slow increase in G′ was observed after the initial steep
rise, which was attributed to the formation of additional disulfide
bonds from unsaturated thiols. Disulfide formation is a sponta-
neous process in systems based on thiol chemistry that is much
slower than Michael addition between free thiols and acrylates of
PEG-diacryl.[32] Furthermore, the growing noise in G″ after 3 h of
incubation could be related to such disulfide formation resulting
in hydrogel shrinkage during the measurements. Hydrogel pre-
cursor solutions showed only very weak dependency of the viscos-
ity on applied shear, which is a characteristic of diluted polymer

solutions (Figure 4b). The shear-thinning indices of pre-gel solu-
tions were 0.88, 0.96, and 0.86 for formulations based on 51, 230,
and 410 kDa HA-SH, respectively. The shear-dependent viscosity
behavior of formulations after the first stage of crosslinking was
more evident, as all the formulations showed strong pseudoplas-
tic behavior with flow indices of 0.33, 0.38, and 0.58 for formu-
lations based on 51, 230, and 410 kDa HA-SH, respectively. This
behavior confirmed the shear rate dependency of the viscosity
of the bioinks after the first stage of crosslinking, which would
facilitate an appropriate extrusion through a fine nozzle with a
sufficient shape fidelity.

For the second crosslinking stage, involving a thiol–ene click
reaction, the network viscoelasticity before, after, and during the
photo-crosslinking by UV light was monitored (Figure 4c,d). The
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Figure 5. Shape fidelity of 3D-printed HA-SH inks. a) 3D printed grids with different HA-SH ink compositions, leading to viscous, printable, stiff, and
solid inks, respectively (images were also used in the legend of Figure 3). Scale bars represent 5 mm. b) Quantification of the strand intersection
diagonal of printed grids in (a). c) G-code and filament fusion tests of 51, 230, and 410 kDa HA-SH inks. Scale bars represent 2 mm. Strand distance of
the printed filament is indicated next to the G-code. d) G-code and printed grids of the same inks. Scale bars represent 2 mm. e) Quantification of the
strand thickness. f) CAD model of the human right femur condyles (left) and the real construct exemplarily printed with 410 kDa HA-SH in 21 layers
(middle: top view, right: side view). Scale bars represent 5 mm.

frequency sweeps prior to and after the photo-crosslinking stage
showed a distinct increase of the storage modulus, i.e., an en-
hancement in viscoelastic properties of inks, through develop-
ment of longer interaction ranges, as well as shifting of the relax-
ation time of the network to higher frequency values (Figure 4c).
Two distinguishable regions within the period of UV light expo-
sure were identified (Figure 4d). The increase in storage modulus
within the first 15 s of exposure was higher compared to the re-
maining exposure period, and the difference was greater for inks
with longer HA-SH chains. The initially differing growth rates
for the different inks converged in the second region, resulting
in a steady increase of the storage modulus until the end of UV
exposure. This corresponds to the quantitative thiol saturation
via thiol–ene reaction and thus to the intended terminal plateau
of viscoelasticity in the workflow of ink processing (Figure 1).
The higher increase rate for G′ of longer polymer chains in Fig-
ure 4d was attributed to a higher number of available thiol groups
per polymer chain, which resulted in more efficient polymer im-

mobilization and consequently, entanglement and formation of
long-range interactions.

2.3. Printability Assessment

In the following, a detailed printability characterization of the
platform bioinks was performed. At first, the strand intersec-
tion diagonal of grid constructs printed with a viscous, print-
able, stiff, and solid ink composition—corresponding to the color
code in Figure 3—was analyzed and quantified (Figure 5a,b). 3D
printing of viscous and solid inks was characterized by a large
and inconsistent intersection diagonal, while printable and stiff
inks yielded uniform constructs with an intersection diagonal
of around 1.3 mm. The printable compositions of 51, 230, and
410 kDa HA-SH inks (Table 1) were furthermore printed in a
filament fusion test, with narrowing strand distances of 2, 1.5,
1, 0.75, and 0.5 mm (Figure 5c). Only the smallest distance of
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Figure 6. a) Pore structure visualization selected inks by cryo-SEM imaging. Scale bars represent 2 μm. b) Analysis of diffusion of FITC-labeled dextrans
(40, 500, and 2000 kDa) into the HA-SH constructs. Data are represented as mean ± standard deviation (n = 3). Significant differences are marked
as follows: *p < 0.05, **p < 0.01, and ***p < 0.001. a) Significantly different to the corresponding group incubated in 500 kDa FITC-dextran solution,
b) significantly different to the corresponding group incubated in 2000 kDa FITC-dextran solution (at least p < 0.05).

0.5 mm led to strand fusion. All other distances were well print-
able using a 330 μm nozzle. The same inks were also printed in
grid structures (Figure 5d) and the resulting strand thickness was
quantified (Figure 5e). No significant differences between the dif-
ferent inks were detected. All printed strands yielded an average
thickness between 630 and 730 μm. Finally, a large construct with
21 layers was printed with the 410 kDa HA-SH ink as a proof-of-
principle experiment resembling human femoral condyles (Fig-
ure 5f).

2.4. Impact of Ink Formulation on Construct Stability, Pore
Structure, and Diffusion

Construct stability of 51, 230, and 410 kDa HA-SH inks was de-
termined in a swelling study. Therefore, constructs were pre-
pared as described above and incubated for 21 d in phosphate-
buffered saline (PBS). Weight measurements were performed,
and the wet weight deviation at a specific time point compared
to the weight directly after preparation was calculated (Figure S7,
Supporting Information). After an initial swelling due to PBS in-
flow, all constructs decreased in wet weight again and reached an
equilibrium weight at day 3 (≈145% for 51 kDa and ≈100% for
230 and 410 kDa). In general, all constructs maintained a con-
stant wet weight between 3 and 21 d, indicating a stable network
without degradation. The polymer content and network density

can distinctly impact macromolecular diffusion within hydro-
gels, which in turn may modulate nutrient supply and decisively
influence the ECM distribution, newly produced by incorporated
cells.[10,11,15] To assess the pore structure of 51, 230, and 410 kDa
HA-SH inks, cryo-scanning electron microscopy (cryo-SEM) im-
ages were taken directly after gel preparation (Figure 6a). The
high concentrated 51 kDa ink has distinctly smaller pores than
the low concentrated 230 and 410 kDa HA-SH inks. Further-
more, the impact of polymer content on diffusivity in these inks
was analyzed with fluorescein isothiocyanate (FITC)-labeled dex-
trans of different sizes (Figure 6b). Hydrogel cylinders were incu-
bated in three different FITC-labeled dextran solutions (40 kDa,
on the order of growth factors; 500 and 2000 kDa, on the order
of ECM molecules and aggregates), and diffusion into the con-
structs was analyzed after 24 h. Quantification in the constructs
revealed unimpaired diffusion of 40 and 500 kDa FITC-labeled
dextrans into the constructs with low polymer content (230 and
410 kDa HA-SH), while diffusion into the constructs with high
polymer content (51 kDa HA-SH) was slightly reduced for the
40 kDa and strongly impaired for the 500 kDa FITC-labeled dex-
trans. The 2000 kDa dextran diffusion was reduced in all ink com-
positions, but again a significantly higher diffusion into the 230
and 410 kDa HA-SH constructs was detected. These results were
well in agreement with the cryo-SEM images indicating a looser
network with increased diffusivity in constructs with low polymer
content (230 and 410 kDa).
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Figure 7. Histological and immunohistochemical (IHC) staining of ECM components produced by MSCs during 21 d of chondrogenic culture in 3D
printed 51, 230, and 410 kDa HA-SH constructs. a) Safranin O staining of total glycosaminoglycans and b) IHC staining of aggrecan. c) Picrosirius
red staining of total collagens and IHC staining of d) collagen type II. Nuclei were counterstained with DAPI (blue). Scale bars represent 100 μm.
Histomorphometric analysis of e) aggrecan and f) collagen type II distribution at day 1 and 21. Data are represented as mean ± standard deviation
(n = 10). Significant differences are marked as follows: *p < 0.05, **p < 0.01, and ***p < 0.001).

2.5. Differential Chondrogenic Differentiation of MSCs in
Platform Bioinks

2.5.1. Histological and Immunohistochemical Analysis

The three selected ink compositions were examined regarding
chondrogenic differentiation of MSC. Constructs made from 51,

230, or 410 kDa HA-SH bioinks showed good cell survival on
day 1 as well as after 21 d of chondrogenic differentiation, with
no distinct differences between the conditions (Figure S8, Sup-
porting Information). The production of cartilaginous ECM was
supported by all constructs, which was visualized by histology
and immunohistochemistry after 21 d (Figure 7a–d; compare Fig-
ure S9, Supporting Information, images at day 1). Safranin O
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staining of glycosaminoglycans (GAG) and picrosirius red stain-
ing of collagens revealed mainly intra- and pericellular ECM de-
position in the 51 kDa HA-SH gels, while the 230 and 410 kDa
HA-SH constructs presented a homogeneous matrix distribu-
tion. Immunohistochemistry of the specific ECM components
aggrecan and collagen type II showed similar results, and im-
munohistomorphometric quantification of aggrecan and colla-
gen type II staining verified the visual observations (Figure 7e,f).
Only 15% of the total area was stained for aggrecan in 51 kDa
HA-SH constructs, but homogeneous distribution was observed
in 230 and 410 kDa HA-SH gels (92% and 95%). A similar trend
was detected for collagen type II, with 12% distribution in 51 kDa,
67% in 230 kDa, and 77% in 410 kDa HA-SH gels. The fibro-
cartilage marker collagen type I was also produced, albeit to
a low extent (Figure S10, Supporting Information). In general,
the strongly improved distribution of large ECM components in
bioinks with low polymer content (230 and 410 kDa HA-SH) was
well in accordance with the increased diffusion and the analyzed
pore structure of these gels (Figure 6), as compared to constructs
with high polymer content (51 kDa HA-SH). The small differ-
ences between aggrecan and collagen type II distribution can be
explained by different sizes of the ECM components (length of
collagen: 4–12 μm vs aggrecan: 0.5–4 μm) and the positive charge
of collagens,[33] which might impact the free diffusion in the neg-
atively charged HA-SH gels.

2.5.2. Biochemical Quantification and Gene Expression Analysis of
ECM Components

The main cartilage ECM components were quantified in printed
hydrogels in biochemical assays. Substantial amounts of GAG
and COL were detected in all constructs after 21 d of chondro-
genic culture, but significantly more in the 230 and 410 kDa gels,
as compared with the 51 kDa HA-SH gels (Figure 8a,c). When
normalized to DNA content, also distinctly higher GAG and COL
amounts were detected for the 230 and 410 kDa bioinks (Fig-
ure 8b,d). Thus, quantification of ECM components well reflected
the histological observations.

Furthermore, gene expression analysis of MSCs in 3D printed
51, 230, and 410 kDa HA-SH gels was performed on days 1, 7, and
21 of chondrogenic culture. The expression of the transcription
factor SOX9, the genes of the main ECM components aggrecan
(ACAN) and collagen type II (COL2A1) as well as the fibrocar-
tilage marker collagen type I (COL1A1) were assessed by quan-
titative real-time PCR (qRT-PCR) and confirmed chondrogenic
differentiation under all conditions (Figure 8e–h). In general, in-
creased expression over culture time was detected for all genes
and in all constructs, showing the proceeding MSC differenti-
ation. Comparison of the constructs with low polymer content
(230 kDa vs 410 kDa HA-SH gels) revealed no significant dif-
ferences for all analyzed genes. SOX9 and ACAN expression on
day 7 and 21, as well as COL1A1 expression on day 7, was higher
in the 51 kDa HA-SH gels compared to the 230 and 410 kDa con-
structs. This may be attributed to the HA content in the gels, as
51 kDa HA-SH constructs contained 2.5% hyaluronic acid, while
230 and 410 kDa gels only contained 0.5%. MSC can bind to HA,
e.g. via CD44 and CD168 receptors, and a higher HA concentra-
tion may increase the probability of receptor binding and thereby

may promote chondrogenic gene expression.[11,34–36] Initially, the
gels with high polymer content (51 kDa HA-SH) were signifi-
cantly stiffer than the low concentrated ones (Figure 9), which
also may have an impact on MSC differentiation.[10,37] Neverthe-
less, increased gene expression in constructs with higher poly-
mer content did not result in increased GAG and collagen pro-
duction (Figure 8a–d), which has also been reported previously in
other studies for non-printed hydrogels[11] and printed constructs
with thermoplastic support structure.[15]

2.6. Construct Stiffness in the Context of ECM Distribution

Another important feature of engineered cartilage is the con-
struct stiffness of this load-bearing tissue. For this reason, the
Young’s moduli of printed 51, 230, and 410 kDa HA-SH con-
structs with embedded MSCs were analyzed on day 1 and 21 of
chondrogenic differentiation. Exemplary stress–strain curves of
constructs on day 21 are shown in Figure 9a and the calculated
average Young’s moduli on day 1 and 21 in Figure 9b. The initial
Young’s modulus of the gels with high polymer content (51 kDa
HA-SH) was 5.1 kPa and significantly higher than that of both
gels with low polymer content (0.7 kPa for 230 and 410 kDa HA-
SH). However, after 21 d of chondrogenic culture, the 230 and
410 kDa HA-SH gels exhibited a strong increase of the Young’s
modulus to 52.6 and 54.6 kPa, respectively, while the 51 kDa
HA-SH gels were markedly weaker (4.2 kPa). This corresponded
to a 0.8-fold decreased 51 kDa HA-SH construct stiffness, but
a significantly increased constructs stiffness of around 73- and
74-fold over 21 d of culture time for the 230 and 410 kDa HA-
SH gels (Figure 9c). The initially higher stiffness of the 51 kDa
HA-SH gels was attributed to the higher polymer content (10%)
(Table 1) and the resulting high crosslink density, whereas the
gels with low polymer content (2%) with their loosely crosslinked
networks appeared softer. Within 21 d of chondrogenic differen-
tiation, MSCs produced considerable amounts of cartilaginous
ECM under all conditions, but significantly more in 230 and
410 kDa HA-SH gels (Figures 7 and 8a–d). Even more impor-
tantly, a homogeneous ECM distribution was observed in 230
and 410 kDa HASH gels (Figure 7), facilitated by a looser hydro-
gel network and an enhanced diffusivity (Figure 6). This allowed
for increased interaction of the produced macromolecules which
is considered a likely explanation for the strong increase in con-
struct stiffness, as shown previously.[11,15] In contrast, ECM de-
position in 51 kDa HA-SH gels appeared only pericellularly (Fig-
ure 7) due to the high polymer content, which resulted in a tight
network and low diffusivity (Figure 6). This prevented the distri-
bution of ECM molecules and an increase of the Young’s mod-
ulus over time. The results underscored the correlation between
diffusivity, distribution of cartilaginous ECM, and construct stiff-
ness, which has also been demonstrated in a recent study that
indicated a homogeneous distribution to be even more impor-
tant for construct stiffness than the bare amounts of produced
ECM components.[15]

3. Conclusion

In this study, we established a flexible platform of hyaluronic
acid-based bioinks for 3D printing of hMSCs which facilitated
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Figure 8. Quantification of glycosaminoglycan (GAG) and collagen (COL) production of MSCs cultured in 3D printed 51, 230, and 410 kDa HA-SH
constructs at day 1 and after 21 d. GAG content was quantified a) in the constructs and b) per DNA. Likewise, COL production was quantified c) in the
constructs and d) per DNA. Chondrogenic gene expression of MSCs in the same constructs determined by qRT-PCR. Samples at day 1, 7, and 21 were
analyzed for e) SOX9, f) ACAN, g) COL2A1, and h) COL1A1 gene expression and normalized to the housekeeping gene GAPDH and to gene expression
of 2D MSCs at day 0. a) Significant differences to 230 kDa HA-SH gels at the same day, and b) significant differences to 410 kDa HA-SH gels at the
same day (at least p < 0.05). Data for both studies are represented as mean ± standard deviation (n = 3). Significant differences are marked as follows:
*p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 9. a) Representative stress–strain curves at day 21 and b) Young’s modulus of 3D printed 51, 230, and 410 kDa HA-SH constructs with embedded
MSCs on day 1 and after 21 d of chondrogenic culture. Data are represented as mean ± standard deviation (n = 7). Significant differences are marked
as follows: Stars (***) above bars of groups at day 21 indicate significant differences to the corresponding values of the same group at day 1, p < 0.001.
a) Significant differences to 230 kDa HA-SH gels at the same day, and b) significant differences to 410 kDa HA-SH gels at the same day (at least p < 0.05).
c) Fold-change in Young’s modulus during 21 d of chondrogenic differentiation.

a distinct modulation of the quality of cartilaginous constructs.
The bioink platform uses a novel dual-stage crosslinking mecha-
nism based on a single type of modified hyaluronic acid (HA-SH)
with two independent polymeric PEG cross-linkers for Michael
addition (pre-crosslinking) and thiol–ene click chemistry (final
crosslinking). In contrast to formulations with low molecular
weight HA-SH, bioinks prepared with high molecular weight
HA-SH yielded low concentrated hydrogels with a loose porous
network and allowed for enhanced macromolecular diffusion.
This led to a homogeneous distribution of key ECM components
aggrecan and collagen type II throughout the constructs and,
thereby, resulted in a marked increase of Young’s modulus over
time. The principle that HA hydrogels with low polymer content
allow for an improved ECM distribution compared to gels with
high polymer content has been previously shown for non-printed
hydrogels[10,11] and for constructs printed with an additional PCL
support structure.[15] The current study transferred this to 3D
constructs that are printable without the requirement of an ad-
ditional thermoplastic support, which is regarded as a distinct
extension of the biofabrication window.[4,6]

Taken together, these platform bioinks combine 3D printabil-
ity with chondrogenic differentiation of MSC, characterized by
homogeneous ECM distribution and distinctly increased con-
struct stiffness, and therefore represent a promising perspective
for cartilage regeneration. Based on the established bioink plat-
form, future studies may include investigation of the effects of
different PEG-acryl geometries or other acrylated polymers on 3D
printability, and different molecular weights or geometries (e.g.,
four-arm or eight-arm PEG-allyl) or other allylated polymers to
fine-tune the resulting hydrogel stiffness after irradiation. Over-
all, the developed dual-stage system may serve as an example to
design bioink platforms using two independent crosslinking re-
actions at one functional group, which allows adjusting 3D print-
ability as well as material and biological properties of the printed
bioinks in a wide range. Here, the presented platform based on
thiolated HA was tailored for cartilage engineering but may pro-
vide a high flexibility also for other applications in biofabrication.

4. Experimental Section
Materials: All chemicals were purchased from Sigma Aldrich

(St. Louis, MO) if not stated differently. Acryloyl chloride stabilized

with phenothiazine (abcr GmbH, Karlsruhe, Germany), 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide HCl (EDC, Biosynth
CarboSynth, Compton, UK), 1,4-dithiothreitol (DTT, Biosynth Car-
boSynth, Compton, UK), 2-hydroxy-1-[4-(hydroxyethoxy)-phenyl]-
2-methyl-1-propanone (I2959; BASF, Ludwigshafen, Germany), 4-
(dimethylamino)benzaldehyde (DAB; Carl Roth, Karlsruhe, Germany),
basic fibroblast growth factor (bFGF; BioLegend, London, UK),
chloroform-d1 (Eurisotope, St-Aubin Cedex, France), DAPI mounting
medium ImmunoSelect (Dako, Hamburg, Germany), deuterium oxide
(Deutero GmbH, Kastellaun, Germany), regenerated cellulose dialysis
tubes MWCO 3500 Da (Carl Roth, Karlsruhe, Germany), diethylether
(Chemobar University of Würzburg, Würzburg, Germany), dimethyl-
3,3′-dithiodipropionate (TCI Chemical Industry Co. Ltd., Tokyo, Japan),
di-potassium hydrogen phosphate (Merck KGaA, Darmstadt, Germany),
di-sodium hydrogen phosphate (Merck KGaA, Darmstadt, Germany),
Dulbecco’s modified Eagle’s medium high glucose 4.5 g L–1 (DMEM;
Thermo Scientific, Waltham, MA), DMEM/F12 (Thermo Scientific,
Waltham, MA), ethanol (99%, TH Geyer, Renningen, Germany), fetal calf
serum (FCS; Thermo Scientific, Waltham, MA), formaldehyde (37%, Carl
Roth, Karlsruhe, Germany), hyaluronic acid sodium salt (Mw 1–2 MDa;
0.2–0.5 MDa; 0.08–0.1 MDa; Biosynth CarboSynth, Compton, UK),
hydrochloric acid (HCl; 32%, 37%, Merck KGaA, Darmstadt, Germany),
isopropanol (VWR, Radnor, PA), ITS+ premix (Corning, New York,
NY), l-hydroxyprolin (Merck KGaA, Darmstadt, Germany), live/dead
cell staining kit (PromoKine, Heidelberg, Germany), methanol (Fisher
Scientific, Schwerte, Germany), N-hydroxysuccinimide (NHS, Biosynth
CarboSynth, Compton, UK), papain (Worthington, Lakewood, CA),
penicillin-streptomycin (PS; 100 U mL–1 penicillin, 0.1 mg mL–1 strep-
tomycin; Thermo Scientific, Waltham, MA), perchloric acid (60%, Merck
KGaA, Darmstadt, Germany), PBS (Life Technologies, Carlsbad, CA),
potassium dihydrogen phosphate (Merck KGaA, Darmstadt, Germany),
Proteinase K (Digest-All 4, Life Technologies, Carlsbad, CA), sodium
hydrogen carbonate (Merck KGaA, Darmstadt, Germany), sodium hy-
droxide (Merck KGaA, Darmstadt, Germany), Tissue Tek O.C.T. (Sakura
Finetek, Tokyo, Japan), toluene (Fisher Scientific, Schwerte, Germany),
transforming growth factor 𝛽1 (TGF-𝛽1; BioLegend, London, UK),
tris(carboxyethyl)phosphine HCl (TCEP, Biosynth CarboSynth, Compton,
UK), and trypsin-EDTA (0.25%, Life Technologies, Carlsbad, CA).

Methods: Synthesis of DTPH: The synthesis was performed accord-
ing to Vercruysse et al.[25] with slight modifications. Dimethyl-3,3′-
dithiodipropionate (82 mL, 1 eq.) was dissolved in 1 L methanol at rt.
The clear solution was cooled to 0 °C by an ice bath and an excess of
hydrazine monohydrate (8.0 eq.) was added. The clear, yellowish reac-
tion solution was stirred at 0 °C for 4 h and then stirred overnight at rt
to form a shiny, yellowish suspension. Afterward, the clear, yellow super-
natant was discarded, and the precipitate was washed with methanol. Re-
maining methanol was removed by washing the precipitate with an excess
of diethyl ether. The final product was dried in vacuo at rt to give a shiny,
white solid.
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Synthesis of Thiolated Hyaluronic Acid: The synthesis was performed
according to Stichler et al.[16] with several modifications. HA of different
molecular weights (3 g, 1.0 eq.) (Table S1, Supporting Information) was
dissolved in 300 mL deionized water overnight at 37 °C to give a viscous,
clear solution. NHS (4.0 eq.) and DTPH (4.0 eq.) were dissolved in 300 mL
Sørensen buffer (0.2 m, pH 5.5) at rt and mixed with the HA solution. After
the addition of EDC (7.5 eq.) the pH was adjusted to 4.0 with 10% HCl and
the mixture was incubated for 4 h at 37 °C. The pH of the resulting clear
gel was raised to over 8.5 with 2 n NaOH and DTT (5.0 eq.) was added.
The mixture was incubated overnight at 37 °C to form a clear, brownish
solution. Afterward, the pH was adjusted to 3.0 with 10% HCl, and the
mixture was dialyzed (MWCO 1 kDa) against K2HPO4/HCl buffer (0.3 ×
10−3 m, pH 5.0) with the addition of ascorbic acid/TCEP (each 1 g/15 L) for
3 d, then against K2HPO4/HCl buffer (0.3 × 10−3 m, pH 5.0) 2 d without
TCEP. The obtained clear solution was freeze-dried to give a white foamy
solid.

Synthesis of Polyethylene glycol-Diacrylate: The acrylation of PEG was
identically performed for all three linear PEGs (6, 10, 20 kDa) according to
Cruise et al.[28] First, PEG (100 g, 1.0 eq.) was molten at 110 °C and high
vacuum was applied for 2 h to remove residual water. The clear melt was
dissolved in 1 L of dry toluene under argon atmosphere. Dry triethylamine
(3.0 eq.) was added, followed by a stepwise addition of freshly distilled
acryloyl chloride (3.0 eq.). The turbid, yellow reaction solution was stirred
overnight at rt to form an orange suspension. After centrifugation, the sed-
iment was discarded and the clear, orange supernatant was cooled to 0 °C.
The resulting precipitate was obtained by centrifugation and recrystallized
in ethanol until discoloration of the solid phase. The purified product was
dried in vacuo at rt and a white solid was obtained.

Synthesis of Polyethylene glycol-Diamine: The amination of PEG was
carried out according to Iijima et al.[29] with slight modifications. Lin-
ear PEG (100 g, 1.0 eq.) was dried under high vacuum at 110 °C for
2 h, cooled to rt under argon atmosphere, and dissolved in 900 mL dry
dichloromethane. Triethylamine (3.0 eq.) was added, and the clear so-
lution was cooled to 0 °C in an ice bath. After the stepwise addition of
methanesulfonyl chloride (3.0 eq.), the clear, yellow reaction solution was
stirred for 1 h at 0 °C and then 4 h at rt. The solvents were removed with a
rotary evaporator at 50 °C and the orange solid dissolved in 100 mL deion-
ized water. 500 mL of a 30% ammonium hydroxide solution were added,
and the clear, yellow reaction solution was stirred 3 d at 0 °C followed by
1 d at rt. Remaining ammonia was evaporated overnight in the fume hood
and the clear solution was alkalified to pH 9–10 with 2 n NaOH. The aque-
ous layer was washed with diethyl ether (3 × 150 mL) and then extracted
with dichloromethane (6× 150 mL). The combined organic layer was dried
over MgSO4, concentrated in vacuo, and precipitated in cold diethyl ether.
The sediment was dried in high vacuum to give a yellowish solid.

Synthesis of Polyethylene glycol-Diallyl carbamate: Linear PEG-diamine
(10 g, 1.0 eq.) was dissolved in 100 mL deionized water and 8.67 mL 2 n
NaOH (5.0 eq.) were added. Allyl chloroformate (1.6 eq.) was added, and
the resulting two-phase system was stirred intensively for 4 h at 0 °C. Af-
ter washing with diethyl ether (2 × 100 mL), the aqueous layer was ex-
tracted with dichloromethane (5 × 75 mL), the organic layers were com-
bined, dried over MgSO4, and filtered. The yellowish product solution was
concentrated, precipitated in cold diethyl ether, and the sediment dried
under high vacuum at rt. The purified product appeared as white solid.

NMR Analysis: 1H-NMR measurements of DTPH were performed at
a 400 MHz Bruker Avance III HD using d6-DMSO and 1H-NMR measure-
ments of all polymers were performed at a 300 MHz Bruker Biospin spec-
trometer (Bruker, Billerica, MA) using CDCl3 (PEG), and D2O (HA-SH) as
solvents. The solvent peak was set to the chemical shift 𝛿 = 2.50 ppm for
DMSO, 7.26 ppm for CDCl3, and 4.79 ppm for D2O to which all chemical
shifts refer. The percentage of thiol groups per repetition unit of HA-SH
was determined by the ratio of the integrals of the thiol-carrying modifica-
tion and an internal reference, the acetyl signal together with the anomeric
protons of the saccharide backbone. The quantitative PEG-modification
was verified by the absence of a change in the spectra after the addition of
trifluoroacetic anhydride to the NMR sample solution.

GPC Analysis: A GPC System (Gel Permeation Chromatography) en-
tirely made from Malvern (Herrenberg, Germany) with a triple detection

containing a refractive index detector (VE 3580), a viscometer (270 dual
detector), and a multi-angle light scattering detector (SEC-MALS 20) was
used for the GPC analysis. Depending on the molecular weight of the sam-
ple, different column sets (Malvern, Herrenberg, Germany) were used. For
HA-SH samples, two A6000M mixed-bed columns and for PEG samples,
a set of A2000/A3000 columns were chosen. The eluent was made from
deionized water containing 8.5 g L–1 NaNO3 and 0.2 g L-1 NaN3 and the
columns were calibrated with PEG standards (Malvern, Herrenberg, Ger-
many) with a range of 150 Da to 660 kDa using a MALS calibration. All
HA-SH samples were dissolved in deionized water with 0.5 g L−1 TCEP
over 6 h at rt and PEG samples were dissolved in deionized water over 6 h
at rt.

Extrudability Test: For the extrudability experiments, HA-SH/PEG-
diacryl solutions were prepared in syringes with a 1:1 ratio of the functional
groups in different concentrations in the range of 0.1%–2.0%. After 1 h in-
cubation at 37 °C, the syringes were placed in a custom-made setup inside
a Z010 universal testing machine from Zwick Roell (Ulm, Germany) with
a 2.5 kN load cell. By applying a constant crosshead displacement rate of
10 mm min−1, the solutions/hydrogels were extruded through a 250 μm
steel needle and the required force and the obtained hydrogel strands were
monitored.

Rheological Analysis: Rheological properties of different hydrogel for-
mulations were characterized using an Anton Paar MCR 702 rheometer
(Anton Paar, Austria) with a 25 mm parallel plate geometry at a 0.5 mm
gap. A solvent trap was used to minimize evaporation throughout the
experiments. All experiments were performed by loading the freshly
prepared hydrogel precursors on the measurement plate pre-heated at
37 °C. Four categories of experiments were performed to characterize
different aspects of the hydrogels: Time sweep measurements with 0.5%
strain at 10 rad s–1 angular frequency were conducted to identify the
processing window of the inks. Shear rate sweeps from 1.0 to 100 s–1 were
performed to evaluate the shear thinning properties. Frequency sweeps
from 100 to 1.0 rad s–1 were performed before and after exposure to
UV light. Photo-crosslinking measurements were performed by exposure
to UV light (bluepoint 4, Dr. Höhnle AG, Gräfelfing, Germany) for 60 s
after slightly different incubation times at 37 °C, depending on the rate
of Michael reaction progression in different inks (Table S2, Supporting
Information).

MSC Isolation and Expansion: For isolation of MSCs, bone marrows
were recovered from the explanted femoral heads of patients undergoing
elective hip arthroplasty as previously described.[16] The procedure was
performed after informed consent of all patients and with the approval of
the local ethics committee of the University of Würzburg (186/18). Cells
were expanded at 37 °C and 5% CO2 in DMEM/F12 supplemented with
10% FCS, 1% PS, and 3 ng mL−1 bFGF.

Hydrogel Preparation, 3D Printing, and MSC Culture: HA-SH was dis-
solved in HEPES buffer (154 × 10−3 m, pH = 7.6) to sustain a suitable pH
of 7.4 for Michael addition. All other hydrogel components (PEG-diacryl,
PEG-diallyl, Irgacure I2959) were dissolved in PBS and mixed in a range
of different concentrations for the establishment of the necessary ratio
of thiol to acryl/allyl groups for pre-/final crosslinking. Printability was as-
sessed by manual extrusion using a displacement pipette (Gilson, Middle-
ton, WI) or a Cellink+ 3D bioprinter (Cellink, Boston, MA). For 3D print-
ing, G-codes for grids and filament fusion tests were generated with the
HeartWare software of the same manufacturer. Strand thickness measure-
ments were performed with the NIH ImageJ Fiji software (version 1.52a).
The CAD file of the femoral condyles of a human right leg was obtained
from MakerBot Thingiverse (object 5820, created by BME_Sundevil) and
sliced with the HeartWare software. Hydrogel solutions were mixed with or
without MSCs (passage 3–4, 20 × 106 cells mL−1) and transferred to 3 cc
printing cartridges (Nordson EFD, Westlake, OH), pre-crosslinked for 1 h
at 37 °C, and extruded through a 330 μm steel nozzle at a printing pressure
of 40–200 kPa, depending on the ink formulation. Constructs were finally
crosslinked for 10 min at 365 nm (1 mW cm–1, UV hand lamp with filter, A.
Hartenstein, Würzburg, Germany). MSC-laden constructs prepared with
51, 230, and 410 kDa HA-SH bioinks were incubated for 21 d at 37 °C and
5% CO2 in differentiation medium (DMEM high glucose medium sup-
plemented with 1% ITS+ premix, 1% PS, 0.1 × 10−6 m dexamethasone,
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50 μg mL–1 l-ascorbic acid 2-phosphate sesquimagnesium salt hydrate,
40 μg mL–1 l-proline and 10 ng mL−1 TGF-𝛽1).

Swelling Analysis: 51, 230, and 410 kDa HA-SH gels were prepared in a
defined cylindrical geometry (diameter: 5 mm, volume: 40 μL) and weighed
directly after preparation (d0). Samples were transferred to PBS and incu-
bated for 21 d at 37 °C. Weight measurements were performed after ex-
cessive PBS was removed carefully from the hydrogel surface using a filter
paper. At each time point (1, 3, 5, 7, 9, 12, 14, and 21 d), wet weight devi-
ation compared to the weight directly after preparation was calculated.

Analysis of FITC-Labeled Dextran Diffusion: 51, 230, and 410 kDa HA-
SH gels were prepared in a defined cylindrical geometry (diameter: 5 mm,
volume: 40 μL) to ensure comparable diffusion parameters. All constructs
were equilibrated in PBS overnight before replacing the buffer with FITC-
dextran solutions (40, 500, or 2000 kDa at 1 mg mL−1). Diffusion was
performed for 24 h at 37 °C in the dark. Afterward, constructs were briefly
washed in PBS and homogenized with a TissueLyser (Quiagen, Hilden,
Germany) for 5 min at 25 Hz. Fluorescence intensity was measured with
a spectrofluorometer (Infinite M200 Pro, Tecan, Crailsheim, Germany;
Ex/Em 495 nm/535 nm). Quantification was performed using a 40, 500,
or 2000 kDa FITC-dextran standard curve.

Pore Size Analysis via cryo-SEM: 51, 230, and 410 kDa HA-SH gels
were prepared as described above and directly used for cryo-SEM analy-
sis. Samples were fixed in a sandwich of 3 mm aluminum plates in a 2 mm
notch and slushed nitrogen at −210 °C was used for rapid freezing. An EM
VCT100 cryo-shuttle (Leica Microsystems) at −140 °C was used for all fol-
lowing transfer steps. One aluminum plate was knocked off to generate
a freshly fractured hydrogel surface and samples were freeze edged in an
ACE400 sputter coater machine (Leica Microsystems) under high vacuum
(<1 × 103 mbar) for 15 min at −85 °C. Afterward, samples were sputtered
with 2.5 nm platinum before placing them into the SEM chamber (Cross-
beam 340, Zeiss). Imaging was performed at −140 °C at an acceleration
voltage of 8 kV.

Cell Viability Analysis: 3D constructs with encapsulated MSCs were
washed with PBS before adding the live/dead staining solution (4 ×
10−6 m ethidium homodimer III (EthD-III) and 2 × 10–6 m calcein ace-
toxymethylester (calcein-AM) in PBS; PromoKine, Heidelberg, Germany).
After incubation for 45 min at rt in the dark, constructs were washed again
with PBS and images were taken at a fluorescence microscope (Olympus
BX51/DP71, Olympus, Hamburg, Germany). For quantification, three con-
structs per condition were imaged and living and dead cells were counted
manually on at least 12 images per condition with the cell counter plugin
of the NIH ImageJ Fiji software (version 1.52a).

Histological and Immunohistochemical Analysis: Histology and im-
munohistochemistry of MSC-laden 3D constructs were performed as pre-
viously described.[15] In brief, for all histological methods, sections with
8 μm thickness were mounted on SuperFrost plus glass slides (R. Lan-
genbrick, Emmendingen, Germany). Collagen was stained with picrosir-
ius red (0.1% direct red 80 in a saturated solution of picric acid), cells
were counterstained with Weigert’s hematoxylin. For staining of GAG,
0.1% safranin O was used, and cells were counterstained with 0.02%
fast green. For immunohistochemistry the following primary antibodies
were used: anti-aggrecan 969D4D11 (1:200; Thermo Scientific, Waltham,
MA); anti-collagen type I ab34710 (1:200; Abcam, Cambridge, UK); anti-
collagen type II clone II-4C11 (1:1000; Abnova, Taipei, Taiwan); and as a
secondary antibody: goat-anti-mouse Alexa488 111-545-003 (1:400; Jack-
son ImmunoResearch, Cambridge, UK); all diluted in 1% BSA/PBS. Sec-
tions were mounted with DAPI mounting medium and analyzed with a
fluorescence microscope. For quantification of the stained gel areas, cross
sections from all areas of the construct were used. The values represent
the average staining area of ten randomly taken images of each condition.
All microscopic images were transformed to binary images and analyzed
with the particle analysis function of the NIH ImageJ Fiji software (version
1.52p) using a 10% threshold of the maximal white value.[38]

Biochemical Analysis: MSC-laden 3D printed constructs, harvested on
day 1 or 21, were homogenized for 5 min at 25 Hz before digesting the sus-
pension with 3 U mL–1 papain for 20 h at 60 °C. Quantification of DNA,[39]

GAG,[40] and collagen content[41,42] was performed after established pro-
tocols, with slight alterations as previously described.[15] Additionally, for

quantification of total GAG and collagen production, culture supernatants
of three replicates per condition were harvested every 2 d during culture
and analyzed with the same protocols.

RNA Isolation and Gene Expression Analysis: RNA was isolated from
3D constructs with encapsulated MSCs on day 1, 7, and 21 using TRI-
zol reagent (Life Technologies, Carlsbad, CA) according to the manufac-
turer’s instructions. Yield and purity of resulting RNA samples were as-
sessed with a NanoDrop (Thermo Scientific, Waltham, MA) and cDNA
was transcribed with the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA). For qRT-PCR, a CFX96 Real-Time
System (Bio-Rad, Hercules, CA) and MESA GREEN qPCR Mastermix Plus
for SYBR Assay (Eurogentec, Liège, Belgium) was used. Sequences of self-
designed primer pairs for SOX9, ACAN, COL1A1, COL2A1, and GAPDH
expression analysis are listed in Table S3 (Supporting Information). Rela-
tive expression was calculated using the 2−∆∆CT method[43] and all sam-
ples were normalized to the housekeeping gene GAPDH and to gene ex-
pression of MSC 2D samples on d0.

Mechanical Analysis: Constructs were prepared in a defined cylindrical
geometry (diameter: 5 mm, volume: 40 μL) and six constructs per condi-
tion were analyzed at day 1 and 21 of chondrogenic differentiation with
a dynamical mechanical testing machine (ElectroForce 5500 test instru-
ment, Bose, Eden Prairie, MN) with a load cell of 250 g. Compression of
the constructs was performed with a constant crosshead displacement
rate of 0.001 mm s–1 to a final depth of 0.5 mm and the Young’s modulus
was determined as the slope of the true stress–strain curve in the linear
elastic range.

Statistical Analysis: Data are represented as mean ± standard devi-
ation of at least three replicates, and statistical analysis was performed
with GraphPad Prism 5 software. One-way ANOVA with a Bonferroni post
hoc test was performed when comparing multiple groups at one time
point. For comparing multiple groups at different time points, two-way
ANOVA with Bonferroni post hoc test was used. Significant differences
were marked as follows: *p < 0.05), **p < 0.01, and ***p < 0.001.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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