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Swelling-Dependent Shape-Based Transformation of a
Human Mesenchymal Stromal Cells-Laden 4D Bioprinted
Construct for Cartilage Tissue Engineering

Pedro J. Díaz-Payno,* Maria Kalogeropoulou, Iain Muntz, Esther Kingma, Nicole Kops,
Matteo D’Este, Gijsje H. Koenderink, Lidy E. Fratila-Apachitei, Gerjo J. V. M. van Osch,*
and Amir A. Zadpoor*

3D bioprinting is usually implemented on flat surfaces, posing serious
limitations in the fabrication of multilayered curved constructs. 4D
bioprinting, combining 3D bioprinting with time-dependent stimuli-induced
transformation, enables the fabrication of shape-changing constructs. Here, a
4D biofabrication method is reported for cartilage engineering based on the
differential swelling of a smart multi-material system made from two
hydrogel-based materials: hyaluronan and alginate. Two ink formulations are
used: tyramine-functionalized hyaluronan (HAT, high-swelling) and alginate
with HAT (AHAT, low-swelling). Both inks have similar elastic, shear-thinning,
and printability behavior. The inks are 3D printed into a bilayered scaffold
before triggering the shape-change by using liquid immersion as stimulus. In
time (4D), the differential swelling between the two zones leads to the
scaffold’s self-bending. Different designs are made to tune the radius of
curvature and shape. A bioprinted formulation of AHAT and human bone
marrow cells demonstrates high cell viability. After 28 days in chondrogenic
medium, the curvature is clearly present while cartilage-like matrix production
is visible on histology. A proof-of-concept of the recently emerged technology
of 4D bioprinting with a specific application for the design of curved
structures potentially mimicking the curvature and multilayer cellular nature
of native cartilage is demonstrated.
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1. Introduction

3D bioprinting is a powerful and ver-
satile technology for the fabrication of
biomimetic tissue constructs, enabling an
unprecedented level of control over the
composition and geometry of the printed
structures. This technology supports the
fabrication of highly engineered scaffolds,
capable of closely recapitulating the hetero-
geneity and complexity of native tissues.[1–3]

In 3D bioprinting, cell-laden hydrogels, col-
lectively known as “bioinks”, are used
for the fabrication of living scaffolds in
a layer-by-layer manner.[4] There are sev-
eral bioprinting techniques that can be
categorized as follows: i) extrusion-based,
including mechanical or pneumatic;[5]

ii) jetting-based, including inkjet, mi-
crovalve, laser-assisted or acoustic;[6] and
iii) vat polymerization-based, including
stereolithography, digital light processing
or two-photon polymerization.[7] Among
these different approaches, particular
focus has been placed on extrusion-based
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bioprinting,[8,9] due to its distinct advantages including
multi-head systems for simultaneous use of one or more
biomaterials.[10] During extrusion-based bioprinting, a bioink
is pushed through a nozzle and is deposited on the printing
platform using a predetermined printing pattern, in successive
2D layers, until the 3D scaffold is fabricated. While 3D bioprint-
ing appeared as a promising tissue engineering (TE) approach,
it has significant limitations in the engineering of complex
out-of-plane features and shapes, and temporally varying multi-
material constructs.[11] These limitations are particularly evident
in the fabrication of tubular or curved living structures and
usually require the use of sacrificial materials and supports,
introducing additional post-printing processing steps and, thus,
increasing the total fabrication time.[11,12] For instance, standard
3D bio/printing would need a significant number of print-head
changes, involving complex coding, to be able to fabricate both
a porous multi-layered and curved scaffold. Moreover, optimal
tissue formation often requires temporal changes in the geome-
try and properties of the biomaterial. These spatial and temporal
complexities can be best addressed with 4D (4D = 3D + time)
bioprinting as the next generation of biofabrication technologies.

4D bioprinting uses the same fabrication principles as 3D
bioprinting whilst introducing a time-dependent post-printing
transformation during which the application of one or more
stimuli triggers the transformation of the printed structure, in-
troducing time as the 4D.[13–15] 4D bioprinting enables the fab-
rication of more sophisticated configurations, which may bet-
ter mimic tissue complexity (e.g., organ shape, multilayer na-
ture), as well as the capability to reshape the structure of a con-
struct over time for practical needs (e.g., minimally invasive scaf-
folds). The most commonly used transformation in 4D print-
ing is based on shape-change, and can be used for the fabrica-
tion of self-bending constructs.[16] The applied stimuli can be
a temperature change,[17] immersion in aqueous solutions,[18]

electric potential,[19] or magnetic stimulation,[20] as well as light
irradiation.[21–23] Though still in its infancy, 4D bioprinting has
already been used in a few studies, yielding promising re-
sults and potential applications in tissues such as cartilage,[22–24]

trachea,[18] muscle,[19] kidney,[21] or vascular/neural network.[25]

However, most of these studies fail to tackle the fundamental
questions regarding the relation between the printing design and
the limitations of the 4D bioprinting systems to build complex
structures. These questions need to be answered to better under-
stand the capabilities of this new technology. In addition, some
of these studies present limitations regarding the relatively short-
term in vitro evaluation (a few days), therefore lacking informa-
tion on whether the shape-change is stable over time, or on what
are the long-term effects of shape transformation on cell differ-
entiation and cell-derived matrix deposition. Finally, some of the
fabrication strategies or stimuli used (heat, UV) can cause poten-
tial cell damage, which is often overlooked.[22,23,26–28]

Nature-derived hydrogels are often chosen as cell carriers due
to their cytocompatibility, water storage or swelling capacity, and
their ability to support tissue deposition. It is, therefore, key to
find 4D strategies that are compatible with the current hydrogel-
based bioink systems. Out-of-plane transformations (i.e., 2D to
3D shape-shifting) can be created through the differential growth
of a bilayer made from two materials with different stimulus-
response behaviors.[29,30] Various classes of hydrogels have inher-

Figure 1. 4D printing concept based on swelling-based differential growth.
a) A schematic drawing of the two inks 3D printed into a bilayer: high
swelling (bottom layer, in orange) and low swelling (top layer, in blue).
b) The scaffold is then crosslinked to obtain a solid construct. c) Finally,
a swelling-based stimulus is applied on the construct, which triggers the
construct’s shape-based transformation behavior over time (4D).

ently different swelling behaviors, which can be harnessed for
4D bioprinting. Recently, the use of a bioink made of hyaluro-
nan functionalized with a tyramine-group (HAT) was proposed
as a promising biomaterial for TE,[31] and especially for carti-
lage TE.[32–35] Alginate is another natural hydrogel which is exten-
sively used in bioprinting in general[36–41] and in cartilage engi-
neering in particular.[39,42–44] That is because it is non-toxic,[45,46]

low-immunogenic,[47] and can gelate into a 3D structure upon
exposure to Ca2+ ions.[48,49]

Here, we report an advanced 4D biofabrication method based
on the differential swelling of a multi-material smart hydrogel-
based bioink, with a special focus on cartilage TE. This approach
allows the fabrication of bilayered scaffolds made from a bottom
part of a HAT precursor and a composite hydrogel top part made
of alginate mixed with HAT (AHAT), capable of self-bending
upon immersion in aqueous solutions due to swelling-based dif-
ferential material growth. The mechanism behind this growth
is the volume increase of the material due to water absorbtion
capacity, which is different in each material and triggers the bi-
layer to curve. The degree of obtained curvature was adjusted
by tuning a range of parameters including the infill density and
printing angle, the thickness of each layer, the CaCl2 crosslinking
time, as well as the type of the swelling solvent. The incorpora-
tion of human bone marrow-derived stromal/stem cells (hMSCs)
in the composite hydrogel allowed for the fabrication of living,
self-bending scaffolds that could support high cell viability and
cartilage-like tissue deposition after 28 days in culture. Hence,
this is one of the very few studies considering 4D bioprinting
and the implications of the design in the final curvature to report
the incorporation of human-derived cells in a self-bending bilay-
ered scaffold made from two commonly used natural hydrogels
in cartilage TE and cultured for such a duration in vitro.

2. Results

The basic concept of this study is a 4D printing approach based on
the differential volumetric swelling creating a differential growth
of a bilayer printed with two different inks (Figure 1). For the bot-
tom layer, a highly swellable HAT was selected as ink. For the top
layer, the AHAT composite with lower swelling compared with
bottom layer was selected. Once printed into a bilayer, the scaf-
fold was ionically crosslinked to form a solid construct, which

Adv. Healthcare Mater. 2023, 12, 2201891 2201891 (2 of 17) © 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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was then allowed to swell (stimulus) for a certain period of time.
These materials had different swelling ratios after being ioni-
cally crosslinked, which caused the differential growth and self-
bending of the scaffolds.

2.1. Rheological Characterization of the Novel Inks
Demonstrates Suitability for Extrusion-Based 3D Printing

Rheological properties are key to extrusion printing, therefore,
we first characterized the relevant rheological features of the new
ink and compared them to those of HAT ink.[50] Immediately
after pre-crosslinking, the time-progress of the pre-crosslinking
process to produce the shear-thinning inks was monitored. The
storage or elastic moduli (G’) of both inks showed an almost lin-
ear, sharp increase before reaching a plateau value at ≈ 20 min,
which indicated the end of crosslinking (Figure 2a). A similar be-
havior, though less pronounced due to the magnitude difference,
was also observed for the loss or viscous moduli (G“) of both inks.
The prevalence of the elastic over the viscous component was ob-
served in both inks, as their G’ plateau values (G’(AHAT) = 203 Pa;
G’(HAT) = 190 Pa) were at least 8 times greater than their corre-
sponding G” values (G“(AHAT) = 23.6 Pa; G”(HAT) = 7.9 Pa) (Fig-
ure 2b). The calculated damping factor (tan 𝛿 = G“/G’; Table 1)
was higher for the AHAT ink than for the HAT ink, revealing the
presence of a higher viscous component in the AHAT ink (tan
𝛿(AHAT) = 0.116 vs tan 𝛿(HAT) = 0.041). Nevertheless, the tan 𝛿 of
either ink was below unity, indicating that the inks are in a gel
state.[43] The strain sweep tests confirmed an elastic, gel-like be-
havior for both inks (Figure 2c), as the G’ was higher than the
G” in the linear viscoelastic regions of the G’(𝛾) and G“(𝛾) curves
(where G’ and G” values are independent of the applied defor-
mation). In addition, it was observed that both inks had a similar
yield strain (≈ 103%) and yield stress point (≈ 600 Pa; Figure 2d).
The frequency dependence of the viscoelastic behavior of the inks
is illustrated in Figure 2e. The G’ values were consistently higher
than the G" values, showing that the elastic behavior of the two
inks was dominant (Figure 2e). The storage moduli of both inks
showed a slight frequency dependence, while the loss moduli
showed a stronger frequency dependence. This suggested that,
although the inks demonstrated a gel-like behavior,[59] the viscous
component of the inks has a major influence on the material’s
behavior when the inks are exposed to higher frequency defor-
mations. The viscosity curve (steady flow tests) revealed that the
viscosity of both inks displayed a pronounced shear rate (𝛾) de-
pendence, indicating shear thinning behavior (Figure 2f). Based
on the value of the material parameter, n, which was determined
using the Ostwald-de Waele power law equation,[51] the inks were
confirmed to have a shear-thinning behavior (n < 1, Table 1). To
allow layer-by-layer 3D printing, the materials should be capa-
ble of quickly recovering their elastic behavior after extrusion. To
test this, we performed a thixotropy test where a constant strain of
0.5% was kept for the first and last step; while for the second step,
the stress was increased from 1 Pa to 5 kPa logarithmically in 51
steps (Figure S1, Supporting Information). In both inks, the stor-
age modulus G’ prevailed during the low strain phase, while the
loss modulus G" dominated in the high strain phase, as the mate-
rial starts to flow. The response of both inks to the final, low-strain
step, demonstrated a fast structural recovery, reaching 100% in

the case of HAT within 10 min. For AHAT, the storage modulus
G’ reached ≈ 65% of its initial value (Figure 2g). For HAT, the
storage modulus G’ recovered ≈ 100% of the initial value (Fig-
ure 2h).

2.2. 3D Printed AHAT Scaffolds are Stiffer and Swell less than
HAT Scaffolds after Ionic Crosslinking

After rheological analyses, the inks were used in the bioprinter
(Figure 3a). The printability of the inks was tested by printing
a rectilinear pattern (Figure 3b). The printing optimization was
performed at different speeds while keeping a constant pressure
of ≈45 kPa. For the used pressure, a print head speed of 10 mm
s−1 was determined to be the best writing speed, leading to an
apparent higher fidelity-ratio for both inks (Figure 3c). Single-
material rectangular 3D constructs of 4 layers (Figure 3d) made
from the AHAT or HAT inks were printed to measure their in-
dividual responses under compressive loading as well as their
swelling behaviors. Based on previous work,[39] a rectilinear pat-
tern obtained by varying the degree of patterning 90 degrees from
layer to layer was chosen to print the scaffolds (Figure 3d).

The post-printing ionic crosslinking of the AHAT construct
with 200 mm CaCl2 for 10 min resulted in a threefold increase
in the compressive modulus (≈6.7 kPa) relative to the HAT scaf-
fold as determined by unconfined compression (Figure 3e,f).
Moreover, the AHAT constructs swelled less than the HAT con-
structs after 24 h (Figure 3g,h). After 2 h of immersion in a saline
medium containing 0.9% NaCl and 2 mm CaCl2, the swelling ra-
tio of AHAT was ≈2.5, while it was 2.6 after 24 h. On the other
hand, the HAT scaffolds exhibited a pronounced increase in the
swelling ratio from ≈3.2 measured after 2 h of immersion to ≈5.7
after 24 h, indicating that the HAT scaffolds absorbed at least two
times more liquid than their AHAT counterparts (within 24 h).

2.3. 4D Printing Constructs with a Lower Infill Density Results in
a Higher Bending Curvature

To achieve shape transformation in 4D printing, we used a bi-
layer made of two materials with differential swelling behavior
upon stimulus exposure: a rectangular bilayered scaffold consist-
ing of a top layer of AHAT and a bottom layer of HAT. Since the
swelling ratio of AHAT was lower than the swelling ratio of HAT
(Figure 3h), the bending of the bilayer upon immersion was ex-
pected to be concave upward, towards the top AHAT layer. We
varied the infill density and the printing angles of the layers and
evaluated the effects of these parameters on the curvature (Fig-
ure 4a,b). Figure S2, Supporting Information, presents some fur-
ther schematics of the scaffold designs. The greatest curvature
value (0.125 mm−1) was observed for the scaffolds printed with
40% infill and 90/0/90/0 pattern after 24 h of immersion (Fig-
ure 4c, top). For the same infill values, a change in the printing
direction (0/90/0/90) resulted in a significantly lower curvature
of 0.074 mm−1 after 24 h (Figure 4c, bottom). The scaffolds with
50% infill density and 90/0/90/0 printing angle had the lowest
curvature (i.e., 0.029 mm−1) (Figure 4d, top). For the same infill,
the 0/90/0/90 pattern led to an increase in the curvature to 0.042
mm−1 after 24 h (Figure 4d bottom). For the scaffolds with an
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Figure 2. The rheological characterization of the inks made of Alginate/Hyaluronan- Tyramine (AHAT) and Hyaluronan-Tyramine (HAT) for extrusion-
based 3D printing. a) The time dependence of the linear storage (G’) and loss modulus (G”) of AHAT (blue) and HAT (orange). The shaded area
represents the standard deviation. b) The plateau values of G’ and G” for AHAT (blue) and HAT (orange). c) The amplitude strain sweep for the AHAT
(blue) and HAT (orange) inks. The storage moduli, G’, are plotted as circles while loss moduli, G”, are plotted as squares. d) The yield stress values
of AHAT (blue) and HAT (orange) determined by large amplitude oscillatory shear. e) The frequency dependence of the storage (G’) (circles) and loss
moduli (G”) (squares) of the AHAT (blue) and HAT (orange) inks. f) The shear rate, 𝛾˙, dependence of the shear viscosity, 𝜂, of the AHAT (blue) and HAT
(orange). g) The oscillatory thixotropy tests for AHAT and h) HAT, where the shaded area represents the second step in which the stress was increased
from 1 Pa to 5 kPa logarithmically, while the non-shaded area was kept at a constant strain of 0.5% (Figure S1, Supporting Information).

Adv. Healthcare Mater. 2023, 12, 2201891 2201891 (4 of 17) © 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Table 1. The rheological properties of Alginate+Hyaluronan-Tyramine (AHAT) and Hyaluronan-Tyramine (HAT) inks (n = 6) performed at 21 °C.

Ink Storage Modulus [G’] Loss Modulus [G’’] tan 𝛿 Yield Stress [Pa] K [Pa sn] n R2

AHAT (1% A; 2.5% HAT) 203 ± 13 23.6 ± 3 0.116 574 ± 22 2467 0.2683 0.9995

HAT (2.5%) 190 ± 38 7.9 ± 1 0.041 595 ± 7 2351 0.1541 0.9996

Figure 3. The characterization of the stiffness and swelling ratio of the 3D printed scaffolds after ionic crosslinking. a) The BioX Cellink printer used for
the studies (reproduced with Cellink permission). b) The pattern design of one layer (40% infill rectangle) used to optimize the printing parameters of
the biomaterial inks. c) Representative images of one layer printed at different speeds (i.e., 2, 5, and 10 mm s−1) using the design in (b) for both inks.
d) Top: Schematic drawing of the 3D scaffolds containing 4 layers fabricated with either the AHAT or HAT ink and the printing pattern design of the
scaffolds organized in the raster angles of 90/0/90/0 degrees for each layer. e) The load versus displacement curve of the 3D scaffolds under unconfined
compression test. The standard deviation is depicted using a shadowed color (both groups, n = 3). f) The Young’s modulus of the 3D scaffolds obtained
from the strain versus stress curve (n = 3). g) Representative images of the ionically crosslinked 3D printed scaffolds using the designs in (d), for each
ink: either AHAT (blue) or HAT (orange) at different time-points: post-fabrication, 2 and 24 h after immersion in 0.9% NaCl. h) The swelling ratio of each
ionically crosslinked 3D printed type of scaffold after 2 and 24 h of immersion (n = 3).

Adv. Healthcare Mater. 2023, 12, 2201891 2201891 (5 of 17) © 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 4. The effects of the printing angle and infill density on the degree of curvature. a) The design of the printing patterns used for the layers with
different printing angles (either 90° or 0°) and different infill densities (i.e., 40, 50, or 60%). b) Schematic drawing of the 3D bilayered scaffolds showing
the 4 sublayers: the two top sublayers were made of AHAT (blue, a1) while the two bottom sublayers were made of HAT (orange, a2). The two printing
pattern designs of the 3D bilayered scaffolds with different printing angles (90/0/90/0° and 0/90/0/90°) are also presented. c) Representative images
of the scaffolds printed with an infill density of 40% and starting either at a printing angle of 90° or at 0°. The photographs were taken either 2 h or 24 h
after the application of the stimulus. AHAT is colored in blue, while HAT is translucent (or orange in the schematic drawing). d) Representative images
of the scaffolds with an infill density of 50%. e) Representative images of the scaffolds with an infill density of 60%. f) The degree of curvature (1/mm)
measured from the pictures of the scaffolds in (c), (d), and (e) (n = 3). The scale bar in all sub-figures corresponds to a length of 10 mm.

infill density of 60%, the 90/0/90/0 pattern led to similar values
of curvature for 2 and 24 h (i.e., 0.055 and 0.06 mm−1, respec-
tively) (Figure 4e, top). On the other hand, the scaffolds with the
0/90/0/90 pattern took a long time to reach their final curvature
of 0.025 and 0.05 mm−1 for 2 and 24 h, respectively (Figure 4e,
bottom). Although the 90/0/90/0 scaffolds with an infill of 40%
had pronounced self-bending, the scaffolds were less robust in
comparison with their 60% counterparts. The latter design was,
therefore, selected for further experiments. The infill density had
a significant effect on the degree of curvature, while the printing
angle effect was more evident in the constructs designed with a
lower infill density than those with a higher infill density (Fig-
ure 4f). Other infill densities such as 30% and 70% were prelimi-
nary tested (data not shown). However, the scaffolds printed with
30% infill were too weak and unstable to be handled for further
analysis and the prints with 70% infill density resulted in com-
promised 3D structures having too much material due to high
spread ratio of the printed filaments.

2.4. The Ratio of AHAT:HAT in 3D Printed Bilayer Constructs
Modulates the Degree of Curvature

Next, we studied whether the ratio of the number of the AHAT
layers (low swelling) to that of the HAT (high swelling) layers
and the total height of the scaffold had an influence on the
degree of curvature achieved by the system. First, the number
of the top AHAT layers (thickness) was varied from 2 to 1 layers,
while keeping the number of the bottom HAT layers constant
at 2 layers (AHAT:HAT ratio 2:2 vs 1:2, Figure 5a). After 2 h of
stimulus application, the bilayer scaffolds of both groups had a
similar curvature. After 24 h of stimulus application, the bilayer
scaffolds with a higher ratio of AHAT:HAT (2:2) exhibited a
significantly lower curvature than the scaffolds with a lower ratio
(1:2), that is, 0.06 versus 0.13 mm−1, respectively (Figure 5b,c).
In addition, from 2 to 24 h, only the scaffolds with a lower ratio
(1:2) exhibited a significant increase in the curvature of the
scaffolds.
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Figure 5. The effects of the bilayer ratio (AHAT:HAT) on the degree of curvature. a) Schematic drawing of the 3D printed biphasic scaffolds made of
either 2 layers of each material (left) or 1 layer of AHAT and 2 layers of HAT (right), and the corresponding printing patterns starting with the same
printing angle (90°) and infill density (60%). b) Representative images of the scaffolds after 24 h of stimulus application. c) The degree of curvature
(1/mm) measured from the pictures of the scaffolds at two different time points (n ≥ 3). d) Schematic drawing of the 3D printed biphasic scaffolds
made with three configurations: 1 layer of each material (left), 1 layer of AHAT with 2 layers of HAT (middle), or 1 layer of AHAT and 3 layers of HAT
(right). The corresponding printing patterns starting with the same printing angle (90°) and infill density (60%) are also presented. e–g) Representative
images of the scaffolds with different AHAT:HAT layer ratios after 2 and 24 h of stimulus application. h) The degree of curvature (1/mm) measured from
the photographs of the scaffolds at two different time-points (n = 3). The scale bars in all the sub-figures correspond to 10 mm.

Adv. Healthcare Mater. 2023, 12, 2201891 2201891 (7 of 17) © 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Then, we evaluated the influence of varying the number of the
bottom HAT layers (1, 2, or 3 layers), while keeping a constant
number of 1 top AHAT layer (AHAT:HAT ratio 1:1 vs 1:2 vs
1:3; Figure 5d). 2 h post-stimulus, the 1:1 scaffolds had a higher
curvature (0.12 mm−1) than the scaffolds with the ratios of 1:2
(0.068 mm−1) and 1:3 (0.07 mm−1). After 24 h, however, the
curvature of the 1:2 and 1:3 scaffolds had notably increased,
reaching 0.13 and 0.11 mm−1, respectively, which was similar
to the curvature of the 1:1 scaffolds. Although the 1:1 scaffolds
showed a fast self-bending behavior that was evident as early
as 2 h post-immersion, they were very fragile and prone to
tearing when manipulated with a spatula. At the other end of
the spectrum, the HAT phase of the 1:3 scaffolds swelled sub-
stantially, to the extent that it easily separated from the AHAT
layer during the scaffold handling as it was “sticking” to the
tools. Therefore, the 1:2 thickness ratio was selected for further
experiments.

2.5. Increasing the Time of the Ionic Crosslinking (200 mm
CaCl2) has Limited Effect on the Material Swelling and Stiffness,
and on the Curvature of the Bilayer Scaffolds

Since the curvature is affected by the elastic modulus of the
biomaterial, the effect of varying the time of ionic crosslinking
was investigated as another potential mechanism for controlling
the degree of bending. First, the swelling ratio and compression
modulus of the single-material scaffolds made of either AHAT
or HAT were studied after ionic crosslinking for different dura-
tions (Figure 6a). For all crosslinking times (10, 15, 20, and 25
min), the AHAT scaffolds had a swelling ratio of 2.5 after 2 and
24 h (Figure 6c), while the HAT scaffolds crosslinked for 10 and
15 min showed differences in the swelling ratio from ≈3.5 at 2 h
to ≈6 at 24 h (Figure 6d). After crosslinking for 20 and 25 min,
the HAT scaffolds had a swelling ratio of ≈4 and ≈7 at 2 h, re-
spectively, which was maintained after 24 h. Thus, the longer the
crosslinking time, the faster the swelling of the HAT scaffolds.
In addition, the compression tests revealed that the elastic mod-
ulus of AHAT (≈6–9 kPa) was not significantly affected by the
crosslinking time. As expected from the results obtained earlier
(Figure 3), regardless of the crosslinking time, the AHAT scaf-
folds had a significantly higher compression modulus (≈6–9 kPa)
than the HAT group (≈2 kPa) (Figure 6e). With no significant dif-
ferences either in the swelling ratio or stiffness of the AHAT part
and a higher swelling ratio of the HAT as compared to AHAT
in all conditions, the curvature of bilayered scaffolds crosslinked
for different times is expected to be similar. The measured curva-
tures of the bilayered scaffolds (Figure 6f) after 24 h of swelling
were, indeed, found to be independent of the crosslinking time
(0.13–0.16 mm−1) (Figure 6g,h). For all four conditions, a signif-
icant increase in the curvature was observed from 2 to 24 h of
swelling.

2.6. The Bilayer Approach Enables the Fabrication of Complex
Self-Bending 4D Printed Structures

To demonstrate the possibilities of this 4D printing approach,
complex geometries other than rectangular scaffolds (Figure 7a)

were fabricated, including cross- (Figure 7b), star-(Figure 7c),
or flower-shaped scaffolds (Figure 7d). The designed bilayers
yielded out-of-plane structures upon swelling (see Video S1, Sup-
porting Information). In all cases, the bilayers made of a bot-
tom HAT layer and a top AHAT layer resulted in concave-up
bent structures. Inverting the order of the biomaterial inks in
the alternating regions of the rectangular scaffold (HAT/AHAT–
AHAT/HAT– HAT/AHAT; 1st layer/2nd layer) resulted in S-
shaped scaffolds (Figure 7e).

2.7. 4D Bioprinting of Self-Bending Bilayered Scaffolds Allows for
the Localized Positioning of Cells in the Layers Mimicking Native
Multicellular Curved Tissues

While crosslinking time did not have a significant effect on the
curvature, the high ionic strength may adversely affect cell via-
bility. We investigated the effects of exposure to different CaCl2
concentrations (100, 200, and 300 mm) for different times (10,
15, 20, and 25 min) on a monolayer of human mesenchymal
stem/stromal cells (hMSCs) (Figure 8a). Results indicated that
cell viability is higher for lower calcium chloride concentrations
and lower treatment times (Figure 8b,c). When using 100 mm
CaCl2, the viability was affected after more than 20 min of expo-
sure whereas for 200 mm CaCl2, the viability was affected after
15 min of exposure. Finally, with 300 mm CaCl2, the viability was
affected for all the time-points.

Next, bilayers were fabricated from the AHAT bioink (mixed
with hMSCs) and the HAT ink (without cells). To ensure both
alginate crosslinking as well as high cell viability, the bilayers
were exposed to 200 mm CaCl2 for 10 min (Figure 8d). The
constructs were then supplemented with DMEM-based chondro-
genic medium and cultured for 14 days. It was noted that dif-
ferent solutions (saline or DMEM) were found to have an effect
on the swelling behavior of the inks and the curvature of the
scaffolds (Figure S3, Supporting Information). The high viability
was apparent up to 14 days after the application of the 4D print-
ing stimulus (Figure 8e,f). Moreover, the metabolic activity of the
cells, as measured with the Presto blue assay, was observed to
increase from day 1 to day 14 (Figure 8g).

Then, we assessed whether the cells remain within the layer
they were originally printed in after the shape transformation.
The cells were pre-labeled with either a green or red long-term
fluorescent marker before mixing them into the two different lay-
ers of the AHAT bioinks. The majority of the cells were found to
be in their original layer 24 h post-printing and after the devel-
opment of the curvature (Figure 8h, Figure S5, Supporting Infor-
mation, for better visualization).

2.8. Cartilage Tissue Engineering by Using the Self-Curved 4D
Bioprinted Constructs made with AHAT/HAT Bioinks: A Proof of
Concept

4D bioprinted scaffolds containing hMSCs were cultured for 4
weeks in a chondrogenic medium to assess the scaffold’s curva-
ture and matrix development. After 28 days of culture, the cells
were visible throughout the 4D bioprinted construct and its cur-
vature was still present (Figure 9a), albeit the curvature of the
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Figure 6. The effects of ionic crosslinking time on the degree of curvature. a) Schematic drawing representing the post-printing ionic crosslinking
treatment with 200 mm CaCl2 for 10 to 25 min. b) Schematic drawing of a single-material 3D printed scaffolds made of either AHAT (blue) or HAT
(orange). c,d) The swelling ratio of either AHAT or HAT 3D printed scaffolds with different crosslinking times, after 2 or 24 h of stimulus application.
e) Young’s modulus of the HAT scaffolds after 10 min of crosslinking and of the AHAT scaffolds after different crosslinking times (n = 3). f) Schematic
drawing illustrating the post-printing crosslinking treatment with 200 mm CaCl2 for 10 min of the biphasic 3D printed scaffold with 1 top layer of stable
AHAT (blue) and 2 bottom layers of swellable HAT biomaterial ink (orange). g) The curvature of each scaffold crosslinked at different times, after 2 or
24 h of stimulus application. h) Representative images of the scaffolds crosslinked with different times, after 2 and 24 h of stimulus application. Scale
bar for all pictures: 10 mm.

Adv. Healthcare Mater. 2023, 12, 2201891 2201891 (9 of 17) © 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 7. Structurally different constructs exhibiting different types of shape transformation. Representative images of the construct post-printing, and
after 24 h of stimulus application for the biphasic scaffolds made of one top layer AHAT and two bottom layers of HAT ink in the shape of: a) A (standard)
rectangular construct, b) a cross-shaped construct, c) a star-shaped construct, d) a flower-shaped construct, and e) a scaffold designed with alternating
regions HAT/AHAT–AHAT/HAT– HAT/AHAT to create S-shaped structures. The scale bars in all sub-figures correspond to 10 mm.

scaffolds exhibited a non-significant time-dependent decreasing
trend (Figure 9b). Quantification of the thickness in the images of
the HE staining of the scaffolds showed a significant thinning of
the scaffolds during the 28 days of culture, perhaps due to the hy-
drogel being digested or dissolved over time (Figure 9c). Impor-
tantly, after 28 days in culture, the cells were observed to deposit
cartilage-containing molecules such as sulfated glycosaminogly-
cans (sGAGs) and collagen in the curved AHAT/HAT scaffolds,

as visualized by Alcian blue and Picrosirius red staining (Fig-
ure 9d,e).

MSCs cultured in microtissues or pellets (250 000 cells
pellet−1) under the same chondrogenic conditions were used as
positive controls. After 21 days of culture, the cells were observed
to deposit cartilage-like matrix such as sGAGs and collagen,
visualized by HE, Alcian blue, and Picrosirius red staining
(Figure 10).

Adv. Healthcare Mater. 2023, 12, 2201891 2201891 (10 of 17) © 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 8. The effects of ionic crosslinking and 4D bioprinting on cell viability. a) Schematic drawing of the CaCl2 treatment on a monolayer of hMSCs. b)
Live/dead fluorescent images showing alive cells in green and damaged/dead cells in red after exposure to different concentrations of CaCl2 at different
times (emulating potential scaffold crosslinking treatments). c) The heat-map plot quantifying the live/dead ratio in (b). d) Schematic drawing of the 4D
bioprinting process from post-printing ionic crosslinking with 200 mm CaCl2 for 10 min to 4D stimulus application via subsequent exposure to DMEM
medium. e) The live/dead fluorescent representative images of the cell-laden scaffolds (5 × 106 cells mL−1) after 1, 7, and 14 days of stimulus application.
f) The quantification of the % of viable cells from (e). g) The metabolic activity was determined by applying the Presto blue assay to the cell-laden scaffolds
at different time-points. The data were normalized with respect to the day 1 values. h) Top: Schematic drawing of the biphasic scaffolds illustrating two
cell-laden AHAT layers and two cell-free HAT layers. The cells from the top AHAT layer were labeled green, while the cells from the second AHAT
layer were labeled red (colorized in purple for color-blind aid); bottom: the images of the shape-shifted scaffold 24 h post-ionic crosslinking following
bioprinting. The sub-figure includes a schematic drawing of the colored-labeled cell-laden scaffolds and the corresponding confocal microscopy images
at two different magnifications.
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Figure 9. Self-curved 4D bioprinted constructs made with AHAT/HAT
bioinks for cartilage TE. Histology of 4D bioprinted constructs cultured
under chondrogenic conditions. a) Representative histological images of
hematoxylin-eosin (HE staining) at two different magnifications at 14, 21,
and 28 days of culture. The squared boxes represent a zoomed-in region
of interest. White arrows indicate the stained hMSCs. b) Curvature of the
scaffold at 14, 21, and 28 days of culture. c) Thickness of the scaffolds at
14, 21, and 28 days of culture. Representative histological images of d)
Alcian blue staining for sGAG in dark blue and e) Picrosirius red staining
for collagen in dark pink at two different magnifications at 14 and 28 days
of culture. The squared boxes represent a zoomed-in region of interest.

3. Discussion

In this study, we report an advanced 4D biofabrication method
based on the differential swelling of a multi-material hydrogel-
based bioink. This approach allowed for the controlled fab-
rication of bilayered scaffolds made from an alginate and
hyaluronan-tyramine composite ink (AHAT) and a hyaluronan-
tyramine alone ink (HAT), capable of self-bending upon immer-
sion in aqueous solution due to differential swelling. This study
focuses on cartilage as the target tissue due to the curved nature
of cartilage in locations such as the ear[52] or the condyle.[53,54]

In addition, cartilage, specifically articular cartilage, is a graded
tissue with different layers that differ in cell phenotype and den-
sity, among other parameters.[39] The incorporation of hMSCs in

Figure 10. Chondrogenesis of human MSCs. Representative histological
images of hematoxylin and eosin, alcian blue, and picrosirius-red stain-
ing of MSC pellets cultured for 2 and 21 days in chondrogenic conditions
at two different magnifications. The yellow box represents the magnified
region of interest for the subfigures below each pellet.

the composite hydrogel allowed for the fabrication of living, self-
bending scaffolds that could support multi-layered high cell via-
bility and cartilage-like matrix deposition, demonstrating a proof-
of-principle for the potential application of 4D bioprinting for car-
tilage TE.

Both inks used revealed their compatibility with extrusion-
based 3D printing. Namely, they exhibited a shear-thinning be-
havior. HAT inks with similar H2O2 and HRP concentrations
have been reported to show good printability during extrusion.[50]

The pre-crosslinking of these inks with H2O2 was complete after
≈20 min, in line with the previous studies.[55] The addition of algi-
nate resulted in an AHAT composite ink with increased loss mod-
ulus, in line with previous studies where alginate was mixed with
other biomaterial-based inks, such as gelatin.[56,57] This might be
due to the increased concentration of uncrosslinked polymer and
a decreased ability to recover after exposure to high strain values,
which has been associated with a lower structural integrity, but
an increased extrusion uniformity.[56,57] Moreover, the addition
of alginate also resulted in an increase in the damping factor.
This, in turn, led to the need to increase the printing pressure
(see experimental section/methods) to achieve similar printing
patterns. Overall, the rheological characterization helped to pre-
dict the printability of both inks and to understand the differ-
ences in the values of the printing parameters (printing pressure)
used for each ink. The inks used for the rheology measurements
were cell-free and, thus, the influence of cell encapsulation on
the viscoelastic properties and the printability of the hydrogels
were not investigated. Previous studies have reported that cell
embedding can have an effect on the rheological properties of
hydrogel-based bioinks for cell densities varying between 2.5 ×
106 and 500 × 106 cells mL−1.[31,58,59] However, in these studies,
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the cells were added prior to preparing the ink, which can affect
the pre-crosslinking step of the ink and its final viscosity (and
other rheological properties).[31] The direct effects of the cells on
the rheological properties of the bioink cannot, therefore, be de-
coupled from the effect of the cells on the chemical formulation
of the ink itself. For this reason, we decided to mix the cell sus-
pension with the AHAT ink after the enzymatic pre-crosslinking
was completed. In this study, no significant effects were observed
on the printability between ink without cells and bioink contain-
ing cells. Nevertheless, further experiments to elucidate the direct
effects that cells may have on the bioink rheological properties
could provide valuable information for the bioprinting process.

Making use of the differential swelling properties of the
two inks used, we studied the effects of a wide range of fac-
tors on scaffolds curvature, namely the infill density, printing
angle, layer thickness, the CaCl2 crosslinking time, as well as
the type of swelling solution. The HAT scaffolds swelled at
least two times more than the AHAT composite. The lower
liquid absorption by the AHAT composite hydrogel may be
due to its higher crosslinking degree after gelling in presence
of Ca2+ ions[48,49,60] post-printing. Previously, a decrease in the
concentration of the crosslinking agent divinyl sulfone[61] or a
decrease in photocrosslinking time[50] has been reported to cause
a significant increase in the swelling ratios of HA hydrogels.
Indeed, the alginate-based ink was expected to have a swelling,
and thus shape-shifting behavior, that is dependent on Ca2+

cations up to saturation of the crosslinkable sites. Whereas a
previous study reported that increasing the exposure time to
100 mm CaCl2 led to a decrease in the diameter of self-folding
tubes (or more pronounced folding) made from methacrylated
alginate and HA,[25] this behavior was not observed for the
AHAT/HAT bilayer, where after immersion in 200 mm CaCl2
and increasing the crosslinking time of the constructs from 10
to 15, 20, and 25 min, no effect on the swelling behavior and
mechanical properties were observed. A possible explanation for
this difference could be the different CaCl2 concentrations used
in each study. In addition, we noted that different solutions,
such as saline or DMEM (alfa MEM was found to dissolve the
scaffolds) had an effect on the swelling behavior of both inks
and, consequently, on the curvature of the self-bent scaffolds
(Figure S3, Supporting Information). Although, both saline and
DMEM used have a similar Ca2+ concentration (≈2 mm), the
difference in swelling behavior may be due to the different ionic
strengths of the swelling solutions. The ionic crosslinking of
the AHAT composite and its higher total polymer concentration
(2.5% for HAT vs 3.5% for AHAT) are also responsible for its
higher compression modulus as compared to the HAT scaffolds.
The swelling ratio and curvature experiments were carried out
using a solution containing 0.9% NaCl with 2 mm CaCl2. It has,
however, been reported that the storage modulus of sodium algi-
nate hydrogels in this solution results in a significant decrease in
both their compressive and shear moduli after 15 h, presumably
due to the leaking of Ca2+ ions from the alginate.[60] There-
fore, the properties of our AHAT bioink during the swelling
experiments as well as during the culture studies may deviate
from those measured immediately after CaCl2 crosslinking
and this is expected to influence shape-shifting behavior. These
results highlight the importance of the careful selection of the
swelling, storing, and culture conditions of the scaffolds, partic-

ularly when the shape-shifting is based on differential swelling
properties.

Regarding the effects of infill density and printing angle on
curvature, the findings revealed that infill densities lower than
40% produced fragile scaffolds, difficult to manipulate and char-
acterize post-printing. On the other hand, when the infill density
was increased up to 60% the printed filaments started to touch
without affecting the shape of the scaffold. A lower infill density
(40%) resulted in a more pronounced bending. Several mecha-
nistic explanations can be presented for this behavior. First, in-
creasing the inter-filamentous distance that is associated with a
decreasing infill density causes the top and bottom surfaces of
the scaffold to acquire a patterned profile, which could enhance
the ability of the structure to bend, acting like a “backbone”. This
is in line with previous research in which the surface pattern-
ing of a silk fibroin in paralleled regions has been reported to
enhance the scaffold’s self-folding.[18] Furthermore, an increased
distance between adjacent filaments results in an increased sur-
face area that is in direct contact with the swelling solvent. This
mechanism could explain why scaffolds printed with the 40% in-
fill density, which has a more “striated pattern”, showed a higher
curvature from as early as 2 h after immersion.

Another design parameter to control curvature is the thick-
ness of the different layers. A higher ratio of AHAT to HAT lay-
ers in the biphasic scaffolds resulted in a lower curvature. This
could be due to physical limitations of the system in which the
swelling force is not able to compensate for the ‘thick’ stiff AHAT
to bend the structure further. Previous studies have pointed out
that the selection of stimuli-responsive materials is, in practice,
a trade-off between the amount of expansion and the material
stiffness.[62] Materials with a high elastic modulus often have
small expansion values while the opposite holds true for materi-
als with large expansion coefficients. On the other hand, a lower
ratio of AHAT to HAT layers in the biphasic scaffold did not seem
to significantly affect the obtained curvature. This behavior may
be explained by the anisotropic swelling of the hydrogels, as the
swelling behavior of different printed layers may not be identi-
cal. For instance, the first printed layer, located at the bottom of
the structure, has a higher surface area in direct contact with the
swelling solvent and, thus, may more easily expand towards that
direction, whereas a layer located in the middle of the scaffold
might exhibit a more pronounced swelling towards its sides. In-
terestingly, this effect may suppress the curvature obtained and
even slow down the bending of the structures as it happens with
the lower ratios of AHAT to HAT. In addition, increasing the lay-
ers can also have an effect on the curvature. This is in line with
the previous research that has shown that thicker bilayer scaffolds
made of polycaprolactone-poly(glycerol sebacate) and methacry-
lated hyaluronic acid led to higher tube diameters (i.e., decreased
curvature).[63] These results underline the importance of the scaf-
fold design for 4D printing, as relatively small changes in the
3D structure can have a significant impact on the shape-change
transformation.

Once printability, self-bending, and curvature control were
achieved, the 4D approach was further pushed to explore the
fabrication of highly complex shapes, other than a rectangular
bilayer, such as a cross, a star, or a flower. The successful curva-
ture of these scaffolds clearly demonstrates the potential of 4D
printing and it is important to highlight that the fabrication of
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these structures using standard 3D printing would be extremely
challenging.

As a proof-of-concept, the incorporation of hMSCs into the 4D
bioprinted scaffolds was then explored. Only the AHAT ink was
mixed with cells, while the HAT phase of the scaffold was left cell-
free and was exclusively used to trigger the shape transformation.
Leaving the HAT cell-free allowed circumventing issues with the
lower stability of these phase over time in culture, which may be
related to the thinning of the scaffolds over time. Future stud-
ies could solve stability issues by adding a stabilizing secondary
photocrosslinking step using the free tyramine groups.[31,50,55]

A high and sustained cell viability (≈75%) and an increase in
the metabolic activity of the cells were measured in the 4D bio-
printed constructs over 14 days of culture. The cell viability was
further confirmed by histology after 28 days of culture. The ap-
plied printing pressure was compatible with the concept of the
“biofabrication window” which describes the trade-off between
bioink printability and cell viability.[64,65] High cell viability has
been reported in the extrusion bioprinting of hepatocarcinoma
cell-laden gelatin, using significantly higher pressures (1–2 bar)
as well as for nozzles with smaller inner diameters (200 μm).[58]

Since viability can be affected by the extrusion, but also by expo-
sure of cells to the encapsulation process, concentration of CaCl2,
concentration of hydrogel, size of the constructs, as well as cell
phenotype, the combination of all these parameters needs to be
considered for each application.

Our approach also enables the spatial distribution of cells in
the 4D bioprinted scaffolds, as the cells remained in their orig-
inal layer post-stimulus. This demonstrates the potential of 4D
bioprinting to fabricate complex multilayer curved structures. For
instance, this could be used to 4D bioprint a scaffold mimicking
both the curvature and cell density typical of the native articular
cartilage,[39] or mimicking the organization of different cell types
present in tissues such as blood vessels[12] or the liver.[66] Few
studies[14] have investigated 4D multicellular systems although
none were actually stimulus-triggered 4D bioprinting but rather
tissue maturation-dependent[67,68] or tissue self-organization 3D
bioprinting.[69]

In addition to controlling the spatial distribution of cells, we
demonstrated that after 28 days of culture, the curvature of the
scaffolds was still clearly present and cartilaginous matrix depo-
sition was observed. Further research is needed to characterize
the folding rate over time and the influence of scaffold biodegra-
dation on the curvature (as it can be speculated that the faster
degradation of the HAT material could unbend the scaffold),
and to optimize tissue regeneration by generating a zonally or-
ganized structure. Previous studies have explored the addition
of collagen,[55] fibrin,[70] fibroin,[71] RGD peptides,[72] or growth
factors[73] to alginate and hyaluronan-based scaffolds to enhance
the production of cell-derived matrix, as well as application of dif-
ferent cell types or cell densities in different layers.[39,74–77] These
results pave the way for further experiments to study and opti-
mize tissue development over time in 4D bioprinted self-bending
scaffolds.

4. Conclusions

In conclusion, a 4D bioprinting approach for the fabrication of
bilayered scaffolds capable of self-bending upon soaking in an

aqueous solution was presented. In this study, a novel smart
multi-material system with biomaterials commonly used in TE
was developed to enable the shape-change transformation of 3D
scaffolds into self-bending constructs. The 4D bioprinted struc-
tures generated curved structures that were capable of maintain-
ing a high cell viability and allowed for hMSC-derived cartilagi-
nous matrix deposition. Although still in its infancy, 4D bioprint-
ing offers an unparalleled potential to unlock new strategies for
cartilage TE and other structurally complex multicellular layered
tissues.

5. Experimental Section
Tyramine-Functionalized Hyaluronan (HAT) Synthesis: HAT was syn-

thesized as previously described.[31,50,55] Briefly, HA (280–290 kDa, 5
mm carboxylic groups, Contipro Biotech S.R.O.) was functionalized
via 4-(4,6-dimethoxy-1,3,55-triazin-2-yl)-4-mehtylmorpholini 2 μm chloride
(DMTMM, TDI) amidation with tyramine by mixing at a stoichiometric ra-
tio of 1:1:1. Functionalization was performed for 24 h at 37 °C. HAT was
precipitated by adding ethanol (96% v/v) dropwise, isolated using Gooch
filter no. 2, and dried into a powder. The degree of substitution was 6.6% as
determined by absorbance reading at 275 nm (Multiskan GO Microplate
Spectrophotometer; Thermo Fisher Scientific).

Preparation of Biomaterial Inks Made from Either Tyramine-Functionalized
Hyaluronan (HAT) or Alginate Mixed with Tyramine-Functionalized Hyaluro-
nan (AHAT): For the preparation of HAT ink, 2.5% w/v of HAT was recon-
stituted with 0.9% NaCl containing horseradish peroxidase enzyme (final
[HRP] = 0.1 U mL−1) overnight at 4 °C in a shaker at 300 rpm (Thermal
Shake lite, VWR, NL). The following day, the solution was mixed with H2O2
(final [H2O2] = 170 μm) via “female-to-female” luer-lock adapter and kept
in the dark for at least 30 min before using it for printing. For AHAT prepa-
ration, the same procedure was followed with the difference being the ad-
dition of 1% w/v of alginate (#4200001, Pronova UP LVG sodium alginate,
Novamatrix, Sandvika, Norway) to the initial formulation.

Rheological Characterization: The rheological properties of the AHAT
and HAT inks were measured using two Anton Paar Physica MCR 501
rheometers (Anton Paar, Graz, Austria) equipped with a thermostatic hood
and a Peltier element for temperature control. A cone-plate geometry (di-
ameter: 30 mm, angle: 1°) set at 21 °C was used to mimic the conditions
of pre-crosslinking and printing at room temperature. To prevent dehy-
dration, a low viscosity mineral oil (Sigma-Aldrich, viscosity ≈60 mPa s
at 40 °C) was deposited on the perimeter of the samples and milli-Q wa-
ter was added in the circular groove surrounding the measuring platform
to create a vapor-saturated environment. Five different tests (i–v) were
performed for each sample to measure the different rheological proper-
ties that can be essential in the different stages of 4D printing (Figure S4,
Supporting Information): i) Each hydrogel was mixed with H2O2 and was
immediately loaded on the rheometers. Pre-crosslinking progress of the
samples was recorded using a small-amplitude oscillatory test, by mea-
suring the time dependence of the storage and loss moduli (G′ and G″,
respectively). The duration of the test was set to 1 h (3600 s) with a 5 s
interval between the consecutive measurements (720 measuring points).
The frequency and strain were kept constant at 0.5 Hz (𝜋 rad s−1) and
0.5%, respectively. ii) The frequency dependence of the samples was in-
vestigated through a frequency sweep test by measuring G′ and G″ for
20 frequency values, logarithmically spaced in a range from 0.01 (0.02𝜋
rad s−1) to 10 Hz (20𝜋 rad s−1). Similar to the first test, the strain am-
plitude was kept constant at 0.5%. iii) Subsequently, a shear-stress ramp
from 0.01 Pa to 20 kPa with a slope of 20 points per decade was applied
to the sample in order to measure its viscosity, 𝜂, under increasing shear.
iv) Then a large amplitude oscillatory shear-stress test from 1 Pa to 5 kPa
(51 logarithmically spaced measuring points) was applied to the materi-
als to identify their yield stress as the point where the G′ and G″ curves
intersect. v) To allow for layer-by-layer 3D printing, the materials should
be capable of quick recovering their solid-like behavior after extrusion. To
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determine the strain-dependent behavior of the inks with respect to their
viscoelastic moduli, oscillatory thixotropy tests were performed. To mimic
the printing process, the thixotropy/elastic recovery step test consisted
of three steps: 1) an oscillatory 0.5% strain was applied to the material,
2) followed by a stress increase from 1 Pa to 5 kPa logarithmically in 51
steps (strain from 0.5% to 3.5 × 104%), and 3) before returning to the
original low oscillatory strain value. The frequency was set to 0.5 Hz for
both the strain sweep and the oscillatory thixotropy tests. The first three
measurements described above were performed on the same sample as
consecutive tests of the same process, using the RheoPus software (An-
ton Paar, Graz, Austria). After the shear stress sweep, the samples had
reached their breaking point and could not be used for further analyses.
Therefore, for the last two measurements, a new, fully crosslinked sample
of the same material was loaded on the rheometers. In total, three mea-
surements were performed for each material, using newly prepared inks
and employing both rheometers, yielding a total of six (n = 6) data sets per
test. The values of the material parameters, K and n (Table 1) were deter-
mined for both inks by fitting the linear regime of the viscosity-shear rate
curve using the Ostwald-de Waele power law equation[51] for the apparent
viscosity. The data were processed with MATLAB R2020b and were plotted
using GraphPad Prism version 9.1.1. for Windows (GraphPad Software,
SanDiego, California USA).

Multi-Material 4D Printing: HAT and AHAT biomaterial inks were used
for 3D printing bilayered scaffolds with several designs: i) rectangular, ii)
flower-, iii) star-, and iv) cross-shaped. The CAD models of the scaffolds
were designed using TinkerCAD (Autodesk, USA) and were exported as
Standard Tessellation Language files (.stl). Then, the stl files were sliced
using the Cura Ultimaker 4.7 and were exported as 3D objects (.3mf).
The slicing parameters used were as follows: layer height = 0.25 mm; wall
thickness = 0 mm for rectangular scaffolds and 0.25 mm for flower-, star-,
and cross-shaped scaffolds; infill density = 40, 50, or 60%; infill pattern =
zig-zag; infill line direction = [90°, 0°] and [0°, 90°] for rectangular scaf-
folds and [45°, 135°] for flower-, star-, and cross-shaped scaffolds; speed =
10 mm s−1. The 3mf files were then imported to CAMotics v.1.2.0 and the
g-code of each design was generated. Finally, the g-codes were imported to
a BIO-X 3D Bioprinter (Cellink, Sweden). A 25G conical nozzle (#7018391,
Nordson Benelux, Netherlands) was used to print the bilayered scaffolds
at room temperature. A pressure of 40 kPa was set for the HAT ink and
50 kPa for the AHAT ink. The printing speed was defined at 10 mm s−1 for
both materials. Directly after printing, the scaffolds were crosslinked in
3 mL 200 mm CaCl2 (#C8106, Sigma, Netherlands) for 10 min. Then, the
scaffolds were washed twice in 3 mL 0.9% NaCl for 5 min before allowing
to swell in 0.9% NaCl containing 2 mm CaCl2 at room temperature for 24 h.

Compression Test: After crosslinking, single-material scaffolds with the
dimensions of 10 × 4 × 1.5 mm3 were subjected to unconfined compres-
sion test performed at room temperature using a motorized compression
test stand (ESM303, Mark-10, USA) at a speed of 2 mm min−1. The stress
was calculated as the load output divided by the measured contact sur-
face of each scaffold and the strain was calculated based on the crosshead
travel of the instrument. A preload value of 0.005 N was used to define the
starting point of the compression tests. Finally, the compressive modu-
lus, E, was determined by linear fitting (R2 > 94%) in the region between
0–20% strain of the stress-strain curve. The samples were prepared in trip-
licate (n = 3) for each condition.

Swelling Analysis: For the determination of the mass swelling ratios
(SRm) of the inks, single-material test scaffolds were weighed using an
analytical balance (AA-160, Denver Instrument, US) directly after printing
(mprint). Subsequently, the scaffolds were crosslinked and washed before
allowing to swell for up to 24 h to reach a swelling equilibrium. Each sam-
ple was weighed at two time points (i.e., 2 and 24 h) after printing to de-
termine mswollen. The scaffolds were prepared in triplicate (n = 3) for each
condition. The SRm was then determined by the following formula:

SRm =
mswollen − mprint

mprint
(1)

Curvature Analysis: For the curvature analysis, the AHAT ink was dyed
before printing with alcian blue (1:100 volume ratio dye:ink) to help vi-

sualize the scaffolds in saline solution. There was no need for dye when
using the medium as swelling solution. Side-view photos of the scaffolds
in 35 mm petri-dishes were acquired after 2 and 24 h of immersion in the
swelling solvent. The images were processed using the Kappa plugin for
Fiji.[78] Three different curves were defined for each scaffold which were
traced manually using 10 points per curve. The curvature (𝜅) was calcu-
lated using a B-spline method where 𝜌 is the radius of the circular arc that
best approximates the curve of the scaffold. The average 𝜅 value of the
three curves was selected as the curvature of the scaffold. Three scaffolds
were used per condition (n = 3). The curvature, 𝜅, was defined then as:

𝜅 = 1
𝜌

(2)

Cell Expansion: Human bone marrow derived cells (MSCs) were pur-
chased at passage 2 (Lonza Bioscience, Netherlands) and were ex-
panded to passage 4 before further use in the expansion medium:[79]

𝛼MEM (#10712124, Thermo Fisher, Netherlands), 1.5 μg mL−1 fungi-
zone (#11510496, Thermo Fisher, Netherlands), 50 μg mL−1 gentamicin
(#11520506, Thermo Fisher, Netherlands), 10% v/v FBS (#15517, Thermo
Fisher, Netherlands), 100 μm ascorbic acid (#A8960, Sigma, Netherlands),
and 1 ng mL−1 fibroblast growth factor-2 (#PHP105, Bio-Rad, Nether-
lands). The medium was refreshed twice weekly. The cells at passage 5
were used for bioprinting.

Effect of CaCl2 on hMSCs: Before the start of the bioprinting experi-
ments, the effects of CaCl2 on hMSCs were investigated. Solutions of 100,
200, and 300 mm of CaCl2 in saline were prepared and sterile-filtered (0.2
μm syringe filters). hMSCs cultured in monolayers in a 48-well plate for 14
days were washed twice with 1× PBS for 5 min. Subsequently, hMSCs were
incubated at room temperature with 100 μL of the aforementioned CaCl2
solutions for 10, 15, 20, and 25 min (n = 3 per time-point and concentra-
tion value). The wells in saline without CaCl2 were used as the controls (n
= 3).

4D Bioprinting: The bioprinter was wiped with 70% ethanol and UV-
sterilized before moving it into the biosafety cabinet. The HAT and alginate
powders were UV-sterilized and the solutions were sterile-filtered prior to
biomaterial ink formulation. Once the inks were ready to use, the AHAT ink
was gently mixed with a suspension of ≈5 × 106 cells mL−1 MSCs in a vol-
ume of medium equal to 10% of the total bioink volume, while the HAT ink
was used acellular. Bilayer scaffolds were bioprinted as described before in
12-well plates. Subsequently, 3 mL of sterile 200 mm CaCl2 was added to
the scaffold-containing wells for 10 min. The solution was then discarded
and the scaffolds were washed twice with 3 mL of 0.9% NaCl for 5 min.
Finally, 3 mL of the expansion medium, made with DMEM (#11594446,
Thermo fisher) due to instability of the HAT material in 𝛼MEM (data not
shown), were added to each well. The samples were placed in an incuba-
tor at 37 °C, 5% CO2, and 90% humidity. The medium was refreshed twice
weekly.

Chondrogenic Conditions: To explore the chondrogenic differentia-
tion of hMSC in 4D bioprinted scaffolds, the constructs were cul-
tured in chondrogenic medium:[79] DMEM (#11574456, Thermo Fisher,
Netherlands), 1x ITS+ (#11593560, Thermo Fisher, Netherlands), 40
μg mL−1 L-Proline (#P5607, Sigma, Netherlands), 1 mm sodium pyru-
vate (#11530396, Thermo Fisher, Netherlands), 1.5 μg mL−1 fungi-
zone (#11510496, Thermo Fisher, Netherlands), 50 μg mL−1 gentamicin
(#11520506, Thermo Fisher, Netherlands), and freshly added to make,
10 ng mL−1 Transforming growth factor-𝛽1 (#10364313, Thermo Fisher,
Netherlands), 100 nm dexamethasone (#D4902, Sigma, Netherlands),
and 100 μm ascorbic acid (#A8960, Sigma, Netherlands). DMEM contains
2 mm CaCl2 among other salts. Six pellets of 250 000 MSCs cultured in the
chondrogenic medium were used as the controls for positive chondroge-
nesis.

Live/Dead Assay: The cell viability of the bioprinted constructs was
assessed at days 1, 7, and 14 after culture using live/dead staining
(#12353643, LIVE/DEAD Viability/Cytotoxicity Kit, ThermoFisher, Delft,
The Netherlands). Briefly, the samples were washed twice with saline for 5
min before supplementing the scaffolds with 2 mm ethidium homodimer-
1 (red, for dead cells) and 5 mm calcein-AM (green, for live cells) in saline.
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The samples were allowed to incubate for 30 min at room temperature in
the dark before being washed twice in saline and being imaged under a
fluorescent microscope (ZOE fluorescent cell imager, Biorad, Delft, The
Netherlands). For 2D monolayers of hMSCs exposed to CaCl2, PBS was
used instead of saline.

Metabolic Activity: The PrestoBlue assays were used after 1, 7, and 14
days of culture to measure the metabolic activity of the cells. The assay was
performed according to manufacturer’s instructions (#12083745, Thermo
Fisher, Netherlands). Briefly, PrestoBlue was added to 1 mL fresh medium
at a final concentration of 10%. The scaffolds (n = 3) were incubated in the
solution for 1 h at 37 °C (5% CO2, 90% humidity). Subsequently, 100 μL of
the medium for each sample was transferred into a 96-well plate in tripli-
cates (n = 3). The fluorescence (Relative Fluorescent Unit, RFU) was read
at 570 nm using a microplate reader (PerkinElmer, Massachusetts, US).
The corrected RFU was calculated by subtracting the average blank well
value (PrestoBlue with medium) from the measured values of the scaffold-
containing wells and were presented as mean ± standard deviation.

Histological Analysis: Samples were taken after 2, 3, and 4 weeks
of culture (n = 3), which were subsequently fixed overnight at 4 °C
with a tissue–fixing solution volume ratio of 1:20 in a solution con-
taining 2% PFA (#252549, Sigma, Netherlands), 2.5% Glutaralde-
hyde (#8206030100, Sigma, Netherlands), 0.5% Cetylpyridinum chloride
(#8400080100, Sigma, Netherlands), and 50 mm CaCl2 in 0.9% NaCl
solution. Then, the scaffolds were washed twice with saline and were
dehydrated with serial dilutions of ethanol and xylene prior to paraffin
wax-embedding (#39601006, Paraplast, Leica, Netherlands). The samples
were sectioned at a thickness of 6 μm. The sections were stained with
hematoxylin (HHS32, Sigma, The Netherlands) and eosin (HT110232,
Sigma, The Netherlands) to examine their cell distribution, with 1% Alcian
Blue at pH 1 (TMS-010-C, Sigma, The Netherlands) to analyze their sGAG
content, and with Picrosirius Red (365548, Sigma, The Netherlands) for
collagen deposition. The stained histological slices were imaged under a
DM500 optical Leica microscope.

Statistical Analysis: The samples were assessed in triplicate for each
condition and the acquired data were presented as mean value ± stan-
dard deviation. Two-way ANOVA followed by multiple comparisons test
was performed for grouped data, using GraphPad Prism version 9.1.1. for
Windows (GraphPad Software, San Diego, California USA). When only two
datasets were compared, the Welch’s t-test was used. A p value < 0.05 was
considered significant. ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001, ∗∗∗∗ p <

0.0001.
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