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Precision 3D-Printed Cell Scaﬀolds Mimicking Native Tissue
Composition and Mechanics
Amelie Erben, Marcel Hörning, Bastian Hartmann, Tanja Becke, Stephan A. Eisler,
Alexander Southan, Séverine Cranz, Oliver Hayden, Nikolaus Kneidinger,
Melanie Königshoﬀ, Michael Lindner, Günter E. M. Tovar, Gerald Burgstaller,
Hauke Clausen-Schaumann, Stefanie Sudhop,* and Michael Heymann*
Cellular dynamics are modeled by the 3D architecture and mechanics of the
extracellular matrix (ECM) and vice versa. These bidirectional cell-ECM
interactions are the basis for all vital tissues, many of which have been
investigated in 2D environments over the last decades. Experimental
approaches to mimic in vivo cell niches in 3D with the highest biological
conformity and resolution can enable new insights into these cell-ECM
interactions including proliferation, diﬀerentiation, migration, and invasion
assays. Here, two-photon stereolithography is adopted to print up to
mm-sized high-precision 3D cell scaﬀolds at micrometer resolution with
deﬁned mechanical properties from protein-based resins, such as bovine
serum albumin or gelatin methacryloyl. By modifying the manufacturing
process including two-pass printing or post-print crosslinking, high precision
scaﬀolds with varying Young’s moduli ranging from 7-300 kPa are printed and
quantiﬁed through atomic force microscopy. The impact of varying scaﬀold
topographies on the dynamics of colonizing cells is observed using mouse
myoblast cells and a 3D-lung microtissue replica colonized with primary
human lung ﬁbroblast. This approach will allow for a systematic investigation
of single-cell and tissue dynamics in response to deﬁned mechanical and
bio-molecular cues and is ultimately scalable to full organs.
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1. Introduction
Understanding the interactions between
cells and the extracellular matrix (ECM) of
respective tissue has been a decades-long,
still ongoing eﬀort by a broad interdisciplinary community. In particular, new
methodological advances ranging from
high-resolution imaging[1,2] over proteomics and transcriptomics[3,4] to computational modeling[5] have expanded our understanding of the molecular composition
and architecture of the ECM. Micro-scale
ECM properties have been identiﬁed as
being pivotal in controlling and guiding cellular growth, migration, and diﬀerentiation,
to ultimately deﬁne tissue architecture.[6,7]
Besides mechanical and biochemical signals, the geometry of the ECM is essential
to direct cellular response.[8–11] While this
is the case for every organ type, there
are speciﬁc tissues that emphasize the
importance of highly resolved structures
within the human body. These include
for example the organization of individual
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cell layers within retinal tissue,[12] the basal membrane separating maternal from fetal blood in the placenta[13] or the alveoli
located within the lung at the ends of the branched respiratory
tract. In the latter example, the thin air-blood membrane separating perfused capillaries from oxygen-ﬁlled air sacs enables a
suﬃcient gas exchange which ensures adequate oxygenation of
the blood.[14]
The aim to use high-resolution insights of cell and tissue
architectures is currently prompting a resolution revolution in
the ﬁeld of biofabrication. This quest, to ultimately recreate
the in vivo matrix in all its detail, continues to inspire new
fabrication method developments.[15–17] Initially limited to 2D
micro-patterning, such as elastomere stamps,[18,19] spotted DNA
microarrays,[20] or polyacrylamide gels,[21] additive manufacturing increasingly expanded the capacity to engineer cell and tissue environments in vitro.[22] In particular, one-photon stereolithography and volumetric bioprinting achieved fast fabrication
of clinically relevantly sized tissue constructs of protein-based
resins at two-digit µm scale resolution.[23,24] To ultimately recapitulate in vivo 3D tissue ultrastructure, further resolution improvements to bellow the single cell size are required.[22] Excitation
of two photons in spatial and temporal proximity can increase
resolution in additive manufacturing, as was initially explored
in microscopy.[25] Two-photon stereolithography (TPS) of complex sub-micrometer resolved geometries were shown to guide
cell adhesion[26] and cardiomyocyte diﬀerentiation,[27] when synthetic resins were functionalized with appropriate cell-mediating
biomolecules. Extending TPS to accurately structure proteinbased resins that attain essential in vivo biochemical and biophysical properties oﬀers tantalizing avenues for tissue engineering,
cell, and developmental biology.
However, the experimental realization of TPS using proteinbased resins poses several challenges. First, in voxel-based additive manufacturing the spatial resolution and print time are inversely linked to each other and are restricted by the 3D voxel
size, making it diﬃcult to scale-up printing results.[23] Uncon-
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trolled water evaporation can quickly, within minutes, degrade
protein-based resin quality during the printing process, limiting
available printing times to under an hour. Alternatively, print volumes are contained in microﬂuidic perfusion chambers.[13] Furthermore, the accurate mechanical characterization of micronsized protein-based scaﬀolds remains challenging and the absence of universal analysis standards limits the comparability of
results between labs.
Beginning with bovine serum albumin (BSA) and rose bengal (RB), various photoactivatable protein-based resins have been
introduced to TPS[28] to print scaﬀolds for subsequent colonization with cells (Table S1, Supporting Information).[29–31] Other
commonly used ﬂuorescent photo-initiators, such as methylene
blue, eosin Y or rhodamine B have also been used in combination with BSA.[32,33] While ﬂuorescent cell scaﬀolds might be beneﬁcial for speciﬁc applications, the intensity of residual photoinitiators such as RB within printed structures evokes high ﬂuorescent background signals in the range from green to red
often exceeding the signal of ﬂuorescently labeled cells within
scaﬀolds.[29,34] Furthermore, BSA is not native to the ECM and is
therefore not ideal for cell cultivation. Hence, several groups have
explored ECM proteins for their compatibility to a broad range of
bioprinting methods,[35,36] including gelatin methacryloyl derivatives for TPS.[13,37–39] Despite beneﬁcial cell adhesion properties
of commercially available gelatin methacryloyl (GelMa), the gelation of GelMa at room temperature makes it diﬃcult to achieve
structures higher than the available objective working distance
without a heated printing chamber. Hence, Engelhardt et al. explored gelatin methacrylamide (Gel-MAAm) with a high degree
of methacrylation at amino and hydroxyl groups, preventing gelation at room temperature.[9] A similar approach was pursued by
Van Hoorick et al. by introducing Gel-MOD-AEMA with modiﬁcations of amino and carboxyl groups for TPS.[13,40] Both gelatin
derivatives are characterized by their good TPS processivity and
resulting shape ﬁdelity.
Bioprinting seeks to replicate the broad range of stiﬀnesses exhibited in native tissues, as for example the lung (0.2–2 kPa) and
cartilage (500–1700 kPa).[41,42] Various biofabrication techniques
have achieved these mechanical properties using gelatin and its
derivatives.[35,43] To realize an equally broad spectrum of mechanical properties in TPS printed ECM derived scaﬀolds would hence
be highly desirable. This requires accurate mechanical analysis
of small TPS samples. The Young’s modulus (YM) of micro- to
nanoscale structures has been estimated by nanoindentation,[44]
laser Doppler vibrometry[45] or indentation-type atomic force microscopy (IT-AFM).[33,46] AFM is a versatile approach to measure both the topography as well as the mechanical properties
of materials and is applied throughout the materials and life
sciences.[47–50] It is particularly valuable for biological samples,
as measurements can be conducted in a physiological environment. For the mechanical characterization of microscopic hydrogel probes, IT-AFM has emerged as the method of choice
and several groups reported speciﬁc values for the YM for TPS
protein scaﬀolds,[33,51] including gelatin based resin for 2–7 kPa
scaﬀolds.[52] AFM analysis provides nanometer spatial resolution
and senses pN forces. Thus, AFM is ideally suited to determine
the mechanical properties of TPS printed scaﬀolds to ultimately
provide each mammalian cell type, including primary cells, with
the optimal ECM environment.
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Here, we introduce a custom dip-in setup for a TPS proteinbased resin workﬂow to achieve up-scaled construct sizes while
maintaining high-resolution features. The setup allows for a continuous working distance adjustment and simultaneously provides humidity to the printing environment. As a result, the
printing time window with deﬁned resin composition is signiﬁcantly extended. Using our TPS protein-based resin containing GM10, as a gelatin derivative with a high degree of
methacrylation[53] and the photo-initiator LAP (lithium phenyl2,4,6-trimethylbenzoylphosphinate), we achieve robust room
temperature prints with low auto ﬂuorescence and YM ranging
from 7 to 300 kPa. AFM analysis of these scaﬀolds reveals the
dependence of the Young’s modulus on diﬀerent manufacturing
aspects, such as objective magniﬁcation, laser power, and postcrosslinking. By colonizing resulting 3D printed high-precision
cell scaﬀolds with human mesenchymal stem cells (hMSCs),
mouse tendon stem/progenitor cells (mTSPCs), murine NIH3T3
ﬁbroblast wildtype cells (NIH3T3 WT), human umbilical vein endothelial cells (HUVECs), and primary human lung ﬁbroblasts
(phLFs) we demonstrate good cell compatibility and universal applicability of our constructs. Finally, our high-precision scaﬀolds
colonized with C2C12 mouse myoblast cells or phLFs serve as
an in vitro model to demonstrate the utility of our constructs to
simultaneously investigate the eﬀects of 3D spatial conﬁnement
and mechanical properties on cell alignment.

2. Results and Discussion
2.1. Dip-In TPS for Precision Large Scale 3D Bioprinting
To fabricate highly resolved structures mimicking native tissue,
we used confocal microscopy data to generate a 3D printing template for TPS. As a proof of principle, we chose a decellularized
mouse lung and digitized a 300 × 300 × 300 µm3 section representing the lung’s parenchymal alveolar tissue.[41] Available 3D
confocal microscopy data in VRML2 ﬁle format was converted
and exported to printable STL format using the open-source
MeshLab rendering software (Figure 1A).[54] In a bottom-up TPS
conﬁguration, in which the laser was focused through an inert
immersion oil to polymerize resin on the distal substrate interface, the maximal structure height which we could achieve for
protein-based resins was of order 14 µm (Figure 1B). This was
well below the available mechanical clearance of the used objectives which is about 200 µm above the microscope slide surface, indicating extensive scattering losses across the various interfaces, as well as the previously printed scaﬀold layers themselves. To increase achievable print heights, we converted the
set-up to allow for dip-in printing of protein-based resins (Figure 1C). In dip-in mode, the resin simultaneously acts as immersion medium.[25] By applying 15 µL of protein-based resin
directly to the 40× objective lens (numerical aperture (NA) 1.2),
we were able to fabricate a 222 × 222 × 104 µm3 alveolar section
in about 37 min printing time. However, due to the prolonged
printing time a continued solvent evaporation from the hydrogel
resin resulted in resin gelation and laser-induced bubble formation that we attribute to local heating due to the laser-induced
exothermic cross-linking reaction. As even subtle variations in
resin composition severely altered resulting scaﬀold mechanics,
we set out to prevent evaporative loss throughout the print job.
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In bottom-up print mode, evaporation can easily be prevented by
using a resin cover, such as a silicon lid or a microﬂuidic device,
that contains the resin drop.[29] For dip-in mode, we 3D printed a
ﬂexible water reservoir with conventional stereolithography that
seals around the objective and the 35 mm cell culture dish. The
design allows for objective translations while also maintaining
humidity around the resin drop during printing. As a result, we
achieved intact large-scale prints (Figure 1C). We thus continued
to use this custom dip-in conﬁguration for all subsequent fabrications. To further reduce printing times, we switched from a 40×
objective to a 25× objective (NA 0.8). This allowed adjustment of
the distance between individual layers (slicing) from 0.3 to 1 µm
and x/y spacing between voxels from 0.2 to 0.5 µm, reducing the
print time for the 222 × 222 × 104 µm3 alveolar section to 6 min
(Table S2, Supporting Information). Taken together, the dip-in
approach in combination with our humidiﬁed printing chamber
allowed for 3D printing of scaﬀolds exceeding millimeter sizes
while preserving low micron resolution when printing directly
into standard cell culture petri dishes.

2.2. Optimized Biopolymer Resin for Non-Fluorescent
Biocompatible 3D Scaﬀolds
The ideal resin for TPS conveys the highest possible chemical
and biomechanical similarity with native ECM, without introducing undesired ﬂuorescent background from residual photoinitiators. Due to the widespread use of BSA-RB and gelatin
methacryloyl for TPS and related bioprinting studies in the
past,[30,37,46,55] we benchmarked our results against both of these
systems using our dip-in setup (Table S1, Supporting Information). A mesh structure with 5 µm holes underpinned by several posts was designed with the CAD software SolidWorks (Figure 2A1) and then 3D printed from BSA-RB resin using a 25×
objective (Figure 2A2–A4, green). BSA resin is an easy-to-use
composition for TPS applications producing highly resolved, biocompatible scaﬀolds.[56] However, it is not a natural component
of the ECM’s matrisome and thus only poorly supports cellular
attachment. Therefore, scaﬀolds were coated with the ECM glycoprotein ﬁbronectin,[57] which provided molecular attachment
sites for cells most likely mediated by integrin receptors. Subsequently, the coated scaﬀolds were colonized with hMSCs. In
time lapse microscopy we observed a successful attachment of
hMSCs to scaﬀolds as well as initial spreading, followed by active
cellular migration (Movie S1, Supporting Information). After 2.5
days of incubation, hMSCs were ﬁxed and the actin cytoskeleton
was stained with ATTO 594 phalloidin (Figure 2A2–A4, red). Top,
side, and bottom view confocal 3D images demonstrated that hMSCs were located on top of the scaﬀold’s mesh structure as well
as on the glass substrate in between the posts. This implies that
the hMSCs were actively migrating through the 5 µm holes and
arranged themselves within the spatial architecture of 3D printed
scaﬀolds, consistent with previous reports using, for example,
foreskin ﬁbroblasts (Table S1, Supporting Information).[37]
To further increase the biochemical similarity of the scaffolds with respect to the natural ECM composition, commercially available GelMa has already been used in TPS. GelMa
has cell adhesive properties comprising arginine-glycine-aspartic
acid tripeptides,[21,35,43] providing integrin-based cell attachment
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Figure 1. Workﬂow and dip-in setup for biological resins. A) Every organ has a highly speciﬁc and complex microstructure, such as the lung with alveoli
at the distal ends of the respiratory tree. High-resolution 3D imaging of these microstructures, for example, by confocal or light sheet microscopy
can be utilized to generate 3D print templates. Through selective exposure, two-photon stereolithography can generate a geometric tissue analogue
in vitro by polymerizing photo-activatable, protein-based resin in a layer-by-layer fashion. B) Two-photon 3D printing of aqueous protein-based resins
is predominantly done in bottom-up mode, in which the laser is focused through an immersion oil to polymerize voxels on the opposite side of the
cover slip substrate. In this setup, the evaporation of resin can easily be prevented through a water-proof containment sealing the resin drop with the
glass slide. However, this printing mode is limited in height by the working distance of the used objective and by light-scattering at already processed
sample layers. C) In dip-in mode, the resin simultaneously acts as immersion medium, allowing for a constant adjustment of the working distance to
obtain structures of in principle any height. In the case of hydrogel resins, however, the printing process is quickly compromised by solvent evaporation,
imposing a temporal limit on permissive print volumes. By means of a dedicated objective seal, resin evaporation was prevented for hours allowing
long-term dip-in mode printing to obtain printed structures in the range of mm into standard 35 mm cell culture petri dishes (Table S2, Supporting
Information, n > 25).

sites in the resin itself. In our experiments, resin compositions
containing 25 wt% GelMa and RB in the ratio 9:1 were only
processable at room temperature in a gelled state. As gelation
prevented the objective from dipping in, we explored printing
into about 200–300 µm thin GelMa gel layers, whose height
was well below the objective working distance. With a diluted
photo-initiator pre-mix as immersion ﬂuid, the objective travel
was thus not constrained by gelled GelMa. However, printing
large structures proved diﬃcult following this approach, as the
deposited gelatin continuously dissolved in the aqueous immersion medium during printing, consequently diluting the resin
composition and limiting the total printing time. In an alterna-
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tive approach, we therefore supplemented the BSA pre-mix solution with 25 wt% GelMa pre-mix solution in the ratio 4:1 before adding RB, resulting in ﬁnal concentrations of 28.8 wt%
BSA and 4.5 wt% GelMa. This was the highest GelMa concentration that could still be processed at room temperature.
phLFs adhered to all scaﬀolds fabricated with above mentioned
resin compositions (Movie S2 and Figure S1, Supporting Information). However, in the case of GelMa-BSA-RB resin, the
number of cell-attaching and matrix metalloproteinase responsive peptide motifs[35] could not be increased further by increasing the proportion of GelMa without resin gelation at room
temperature.
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To achieve large-scale gelatin-based high-precision cell scaffolds, we thus explored the highly substituted gelatin derivative
GM10[58,59] together with RB as a photo-initiator. This gelatin derived protein is modiﬁed to be liquid at room temperature[53]
and is therefore suitable for dip-in printing. Such good TPS characteristics of the GM10-RB resin allowed for the fabrication of
scaﬀolds with higher design complexity. Therefore, we inserted
a double-layered mesh including 5 µm holes at the top and
2.5 µm holes at the bottom, whereas the posts were arranged in
a hexagon layout (Figure 2B, insert). Just as the BSA scaﬀolds,
these were also coated with ﬁbronectin directly after printing.
hMSCs were allowed to colonize the high-precision 3D scaﬀolds
for 2.5 days, before they were ﬁxed and stained for their actin
cytoskeleton and cell nuclei. A 3D confocal orthoview revealed
that the applied cells successfully colonized throughout the entire mesh structure (arrows in Figure 2B). Additionally, we observed cells that attached to the outer scaﬀold wall perpendicular
to the glass surface (arrowheads in Figure 2B) as well as to the
glass substrate enclosed by the scaﬀold (Movie S3, Supporting
Information).
Next, by confocal microscopy we observed that phLFs colonized GM10-RB scaﬀolds coated with ﬁbronectin (Figure 2C1)
more eﬃciently compared to uncoated ones (Figure 2C2). This
ﬁnding was further corroborated by 48 h live-cell imaging, indicating that a higher number of cells attached to the ﬁbronectincoated scaﬀolds. Furthermore, these cells displayed higher migratory activity compared to uncoated controls (Movie S3 and
Figure S1, Supporting Information). In agreement with previous
studies, we conclude that coating with[13] or an integrated printing of ECM[29] proteins are imminent for the successful colonization of cells in bioprinted 3D scaﬀolds.
All scaﬀolds printed with protein-based resins containing RB
as photo-initiator displayed a strong inherent auto-ﬂuorescence
after sample development that interfered with subsequent ﬂuorescence microscopy. As good ﬂuorescence imaging quality is
crucial for biocompatibility assessment, we investigated LAP
(Lithium phenyl-2,4,6-trimethylbenzoylphosphinate) as a photoinitiator for GM10 printing to substitute RB. By introducing high
protein and photo-initiator concentrations[13,37] of 25 wt% GM10
and 68 mM LAP ﬁnal concentration and by tuning the laser parameters (laser power and scan speed), we achieved accurate and
stable scaﬀolds for scan speeds ranging from 5 to as high as
95 mm s−1 (Figure S2, Supporting Information), which is equivalent to the maximum available galvo-scanner movement in our
TPS system. The high cross-linking eﬃciency of the resin composition is important for further upscaling of the entire workﬂow and a further reduction of printing times (Table S2, Supporting Information). The biocompatibility of GM10-LAP scaﬀolds
coated with ﬁbronectin was successfully tested by colonization
with diﬀerent cell types: hMSCs, mTSPCs, NIH3T3 WT, HU-

VECs and primary human ﬁbroblasts (Figure 2). These cells were
colonized on 280 × 280 × 15 µm3 scaﬀolds with 35 µm high
frames and various imprinted geometries (Table S3, Supporting
Information, designs D3–D6). Here, hMSCs spread well on scaffolds containing compartments with 100, 75, and 45 µm in width
indicating eﬃcient cell adhesion. In contrast, mTSPCs were cultivated on rectangular, free hanging scaﬀolds, supported by posts
at each corner and adhered only in small numbers. Also, NIH3T3
WT cells spread eﬃciently on scaﬀolds containing wave patterns
(top: 20 µm wavelength, bottom: 10 µm wavelength) and 100, 75,
and 45 µm wide compartments. Last, the observed morphology of
HUVECs indicated their successful adherence to scaﬀolds containing hexagonal towers.
Altogether, these results demonstrate the ﬂexibility of highprecision 3D printed structures regarding structure design and
successful colonization with various cell types. This strongly suggests that our GM10-LAP biopolymer formulations are highly
biocompatible as well as applicable for complex and advanced tissue engineering applications. The outstanding advantage of using LAP as photo-initiator is its optical transparency and low ﬂuorescent background in the visible spectrum (Figure 2D), which is
invaluable for imaging and subsequent analysis of ﬂuorescently
labeled cells.

2.3. Mechanical Characterization of Biological Microscaﬀolds
with IT-AFM
IT-AFM has been used extensively to characterize native[60,61] and
artiﬁcial tissue constructs[62,63] and several groups have already
reported YM values of biological resin compositions processed
with TPS (Table 1).[46,52] Here, the TPS printed protein-based scaffolds were indented with a cantilever tip (Figure 3A), and the
YM was extracted from the resulting force-indentation curve (Figure 3B), as described in the Experimental Section. For the specimen printed with GM10 and LAP with a 25× objective, we were
able to detect two distinct sections with diﬀerent curvatures in the
force-indentation curves, indicating two regions of the material
with distinct YM. In Figure 3B, an exemplary force-indentation
curve with a softer region at ≈0–0.5 µm indentation depth with
a YM of 3 kPa, here referred to as interface, and a stiﬀer bulk
material from ≈0.5 µm indentation depth onward with a YM of
26 kPa is displayed. Figure 3C shows the corresponding distribution of YM values of interface and bulk material obtained from
400 measured points within a 20 × 20 µm2 area, in two overlaid
histograms. Mean YM values (𝜇) were 1.93 and 20.49 kPa for interface and bulk material, respectively. This ﬁnding is in accordance to Roether et al., who described signiﬁcantly lower local
elasticities of proteinaceous, cryogelated scaﬀolds in comparison
to the bulk modulus.[64]

Figure 2. Generation of biocompatible high-precision 3D printed cell scaﬀolds. A1) A mesh structure with 5 µm holes supported by posts was designed
with CAD software, printed in dip-in mode using BSA-RB (green) and seeded with hMSCs. The actin cytoskeleton of hMSCs was stained with ATTO 594
phalloidin (red) and the cells were imaged from three diﬀerent perspectives: A2) top, A3) side, and A4) bottom. Arrows indicate scaﬀold orientation
in all three spatial directions. Cells can be detected on the top and on the bottom of the scaﬀold. B) A scaﬀold with higher design complexity (insert)
composed of two stacked meshes and hole sizes of 2.5 µm (bottom mesh) and 5 µm (top mesh) were 3D printed with GM10-RB (pink), seeded
with hMSCs and imaged by confocal microscopy (n = 1). Arrows indicate hMSCs attached to mesh structures, whereas arrowheads point to hMSCs
spreading along the outer scaﬀold surface. On GM10-RB scaﬀolds with C1) ﬁbronectin coating we observed increased cell attachment of primary human
lung ﬁbroblast (phLFs) compared to C2) uncoated ones (n = 2). D) The scaﬀold geometry can easily be modiﬁed and various cell types successfully
adhered to GM10-LAP scaﬀolds showing low auto-ﬂuorescence of printed structures (scale bars top: 100 µm, bottom: 25 µm, each n = 3).
Adv. Healthcare Mater. 2020, 2000918
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Table 1. Literature overview of Young’s modulus values of protein-based scaﬀolds printed with TPS and quantiﬁed with AFM. Photo-initiators were
methylene blue (MB), ﬂavin adenine dinucleotide (FAD), rose bengal (RB) and lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP). Hydrogels were
gelatin, silk ﬁbroin, albumin, lysozyme, avidin, poly-(ethylene) glycol-modiﬁed hyaluronic acid (PEG-HA-SH), and bovine serum albumin (BSA).
Young’s modulus

Material

2–7 kPa

Gelatin

TPS Objective

AFM tip

63× (NA 1.4)

Ref.

glass spheres (k: 0.05 N

m−1 )

m−1 )

220.000 kPa

Silk ﬁbroin

60× (NA 1.35)

silicon nitride (k: 42 N

50–8.000 kPa

Albumin and MB

100× (NA 1.4)

tip-less AFM cantilevers
(k: 0.03 N m−1 , k: 2.6 N m−1 )

600–9.000 kPa

Lysozyme and MB

200–12.000 kPa

Avidin & MB

[52]
[92]
[51]

15.9 kPa

PEG-HA-SH

32× (NA 0.85)

n.a.

[93]

500–2.500 kPa

BSA and FAD

100× (NA 1.4)

sphere (radius < 10 nm,
k: 0.2 N m−1 )

[33]

1 500 kPa

BSA and RB

60× (NA 1.0)

(k: 4−6 N m−1 )

[46]

30 kPa

BSA and RB

40× (NA 1.3)

Tip with plateau (≈1.8 µm)
(k: 0.06 N m−1 )

[94]

Four-sided pyramid (k: 0.03 N m−1 )

This Study

100–300 kPa

BSA and RB

63× (NA 1.4) top-down

5–10 kPa

BSA and RB

25× (NA 0.8) bottom-up

20–30 kPa

GM10 and LAP

Figure 3. Indentation type AFM workﬂow to analyze the Young’s Modulus (YM) of microscaﬀolds. A) Schematic of an AFM setup: A cantilever tip is
probing a protein-based cell scaﬀold on the substrate. B) The cantilever deﬂection is recorded through a reﬂected laser beam on a segmented photodiode
and converted to force-indentation curves. Our microscaﬀolds printed with GM10-LAP were best ﬁtted by combining two ﬁt curves, indicating a stiﬀer
bulk regime for 0.5–2 µm indentation depths and a softer interface region at the print surface (n = 3). C) Plotting all measured YM values of the bulk
material within the sampled region revealed a homogeneous spatial distribution which can be plotted as a histogram.

We also used IT-AFM to determine the inﬂuence of various 3D
printing parameters on resulting protein scaﬀold YM (Figure 4).
For this, BSA-RB as a TPS benchmark (white) and our GM10LAP resin (grey) were tested regarding their reproducibility and
stability as well as the inﬂuence of fabrication parameters and
post-processing with the natural cross-linker genipin on their respective YM. Test scaﬀolds were printed in dip-in mode with a
25× objective from GM10-LAP resin. The mean YM values (µ) of
the bulk within measurement series of each 100, 400, and 1600
points, all obtained from the same scaﬀold, were 21.3, 21.9, and
22.2 kPa. They showed a maximal deviation of 0.9 kPa and a maximal standard deviation (𝜎) of 2.0 kPa (Figure 4A). Comparing
four diﬀerent measurements obtained from four diﬀerent positions within one scaﬀold revealed mean YM values of the bulk
of 21.4, 21.5, 20.5, and 21.3 kPa and a maximum standard deviation of 1.2 kPa (Figure 4A, positions). For BSA-RB resin printed
bottom-up with a 63× objective, we tested the stability of the
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bulk’s YM of TPS printed samples over the course of 7 days. 1 day
after printing (day 1) these samples had a mean YM of 97.9 kPa.
The mean YM of samples stored in cell culture medium containing Dulbecco’s Modiﬁed Eagle Medium (DMEM) supplemented
with 1% penicillin-streptomycin, 10% fetal calf serum and 1%
GlutaMAX at 37 °C and 5% CO2 for 7 days was 103.7 kPa (Figure 4A, cell culture conditions). In respect to the standard deviation of ≈22 kPa, the YM of these samples remained stable over the
course of 7 days. In comparison, a decrease of the bulk’s YM was
observed for samples stored in phosphate-buﬀered saline (PBS)
at 4 °C from initially 97.9 kPa at day 1 over 65.0 kPa at day 2 to
47.0 kPa at day 7 (Figure 4A, PBS).
To investigate the inﬂuence of the fabrication parameters on
the mechanical properties of high-precision 3D-printed scaﬀolds,
we varied scan speed, laser power, number of laser passes and
objective magniﬁcation and quantiﬁed the YM for all parameter
settings tested. The top graph in Figure 4B (scan speed and laser
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Figure 4. Impact of the 3D printing process on the Young’s modulus (YM) of protein-based high-precision scaﬀolds quantiﬁed by IT-AFM. AFM measurements performed on 3D printed scaﬀolds fabricated with TPS using BSA-RB (white) and GM10-LAP (grey) resin compositions. Histograms display mean values (𝜇) and standard deviations (𝜎) of the YM. A) AFM-based YM quantiﬁcation is robust in a range of 100 to 1600 measurement
points per sample and at diﬀerent measurement positions within one sample. The temporal stability of samples when stored in cell culture conditions and in PBS at 4 °C was also examined. B) Fabrication parameters, including number of repeated laser passes, laser power, and scan speed, as
well as objective magniﬁcation, inﬂuence the protein-scaﬀold’s YM and hence require careful optimization to attain desired YM values. C) Post-print
chemical crosslinking using genipin can be used to increase the scaﬀold’s YM. The density of additional cross-linking with genipin is sensitive to the
protein-based resin. Additional details regarding individual samples, measurement replicates and indentation depths are listed in Table S4, Supporting
Information.

power) summarizes our ﬁndings regarding scan speed and laser
power and displays the observed YM values as a function of deposited laser energy per length. The standard deviation is displayed as error bars. As expected, we achieved an increase in the
mean YM for increasing laser power and decreasing scan speed
ranging from 120.4 kPa (𝜎 = 24.3 kPa) at 40 mW laser power (LP)
and 30 mm s−1 scan speed (SS) to 278.6 kPa (𝜎 = 69.68 kPa) at
50 mW LP and 10 mm s−1 SS. Furthermore, the scaﬀold’s YM
was sensitive to multiple laser exposures of the geometry. For
GM10-LAP resin (gray), exposing the scaﬀold geometry twice led
to an ≈5 kPa increase of the bulk’s YM from 7.5 to 12.5 kPa. With
0.9 kPa, the YM of the interface region increased by 0.22 kPa and
remained softer than the bulk region. Hence, while the bulk YM
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increased by 66.6 % with the second laser scan, the YM of the
interface region increased only by 32.9 % (Figure 4B, number of
laser passes). Also, the choice of objective magniﬁcation had a
major impact on the mechanical properties. For BSA-RB resin
(white) printed with a 25× objective in dip-in mode we measured
a bulk YM of 7.5 kPa, in comparison to 123.8 kPa for scaﬀolds
printed with a 63× objective in bottom-up mode. For increasing
YM, associated standard deviation increased up to 23-fold (Figure 4B, objective magniﬁcation).
The mechanical properties of the scaﬀolds can not only be
adjusted by the printing parameters, but also by applying additional cross-linking agents post-printing. We determined the
time-dependent increase in YM during incubation at room tem-

2000918 (8 of 15)

© 2020 The Authors. Published by Wiley-VCH GmbH

www.advancedsciencenews.com

www.advhealthmat.de

perature when incubating with 10 mM of the cross-linker genipin
for a range of resin compositions (Figure 4C). IT-AFM measurements were continuously carried out during genipin incubation
on a given sample. The most signiﬁcant YM modulation occurred
on BSA scaﬀolds containing 20% GelMa, where it increased from
initially 15.5 kPa (𝜎 = 4.6 kPa) to 288.7 (𝜎 = 75.9 kPa) after 24
h incubation, constituting a 270 kPa or almost 20-fold increase.
For GM10-LAP (gray) and BSA-RB (white) resins, the increase
during post-cross-linking was far less eﬃcient. We observed an
increase of the mean YM of the bulk region from 7.5 to 21.9 kPa
on BSA-RB scaﬀolds after 7 h of genipin incubation and from
19.3 to 22.4 kPa on GM10-LAP scaﬀolds after 3.15 h.
Our IT-AFM results showed100 measurement points to be sufﬁcient for conclusive YM determination, since the mean YM obtained from 1600 points only diverged by 3%, which we found to
be insigniﬁcant. Observing deviations of protein-based scaﬀold
mechanics over time can reveal information about the aging of
cross-linked hydrogels and can, therefore, indicate degradation
processes or swelling.[64] This is especially important to consider
when conducting cell experiments over several days or weeks.
BSA-RB scaﬀolds stored in cell culture conditions were stable,
while a softening was observed when stored in PBS at 4 °C (Figure 4A). Mechanical properties of protein-based hydrogels also
depend on the fabrication parameters (Figure 4B). By increasing the numerical aperture and magniﬁcation of the objective,
the voxel size decreases resulting in higher laser intensities and
higher numbers of cross-linking events within the polymerizing
voxel.[65] Note that because of the two-photon absorption mechanism of the photo-initiator, the resulting cross-linking density
depends on the laser intensities in a highly non-linear way.[66]
A higher cross-linking density ultimately results in a more rigid
polymer network with higher YM values. In addition to increasing the YM by enhancing laser exposure, the YM can also be increased by introducing additional cross-links post printing, such
as by the incubation with genipin (Figure 4C). This facile adjustment of scaﬀold YM during and after TPS fabrication may be
used to locally adapt scaﬀolds to speciﬁc cellular requirements
to deliberately guide cellular maturation and functions. In addition to batch to batch variations of resin components, the storage conditions of samples and the time between printing and
measurement may have a signiﬁcant impact on obtained results.
Print settings such as laser power, scan speed, objective magniﬁcation, and the number of subsequent laser scans have a major inﬂuence on mechanical properties of the protein-based scaffolds and should, therefore, be considered when comparing such
values.

2.4. Tunable High-Precision Scaﬀolds for Myoblast Actin Fiber
Alignment and Lung Fibroblast Colonization of In Vivo Derived
3D-Topographies
3D printed scaﬀolds with deﬁned mechanical properties have
been designed to guide cellular growth and diﬀerentiation,[67]
and substrate topography can stimulate actin ﬁlament alignment
within single cells[68] and enhance tissue maturation.[69] While it
has been shown that both the rigidity and the shape of the ECM
inﬂuences cell development, both aspects have not yet been optimized within the same in vitro assay. TPS is a versatile tool
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to print high-precision 3D scaﬀolds with a high freedom in design regarding a desired topography and rigidity. Thus, this fabrication method is capable of generating high-precision scaﬀolds
with tunable YM and geometries. The immortalized mouse myoblast cell line (C2C12) is a widely used model to study the biomechanics of single cells[70,71] and diﬀerentiating tissues[72] on substrates that mimic the ECM in natural conditions of myocytes
(YM ≈12 kPa).[73] Regulation and maintenance of muscle mass is
facilitated by the diﬀerentiation of skeletal muscles to myotubes
and an optimal muscle function is accompanied by the alignment of actin ﬁlaments. C2C12 can proliferate, form conﬂuent
tissues and diﬀerentiate into myotubes under the right cell culture conditions in vitro.[68,74,75] Using actin ﬁlament orientation
maps (AFOM), which color code the actin ﬁlament alignment angles, we used our protein-based TPS scaﬀolds to show that 3D
spatial conﬁnement and substrate topography together with natural mechanical matrix properties (rigidity) enhance actin alignment.
Figure 5A shows a typical conﬂuent C2C12 cell layer cultured
on a glass substrate without tissue speciﬁc topography and YM
(YMglass ≈ 50 GPa). The cellular actin cytoskeleton was stained
with Alexa 594 phalloidin, the nuclei appear blue by DAPI staining. While individual clusters of cells formed well-aligned actin
ﬁlaments, a strong diversity of cell alignment was observed on
a larger scale due to missing guidance of the ECM on the glass
substrate, as illustrated by the respective AFOM (Figure 5B). To
investigate cells under topographical constraints, we colonized
C2C12 cells on high-precision 3D scaﬀolds with designs containing compartments or ﬁne wave patterns (Table S3, Supporting Information (D4 and D5)). The scaﬀolds were printed with
GM10-LAP resin in the dip-in setup. The individual compartments within these scaﬀolds were 100, 75, and 45 µm wide and
300 µm long and were thus equal to or greater than the size of
an individual adhered cell. The second design included wave patterns with wavelengths of 10 and 20 µm and these patterns were
extruded over the length of 300 µm. The actin alignment was
quantiﬁed using the nematic order parameter <S>. While <S> =
1 states perfect alignment of all ﬁlaments, <S> = 0 states homogeneously distributed ﬁlament directions. Here, we found that
<S>, which corresponds to actin ﬁlament alignment, increased
with increasing width of the chambers imprinted on 3D scaﬀolds
(Figure 5C). While the width of the spatial conﬁnement clearly
dictated cell alignment, it was possible to increase the spatial
alignment by altering the substrate topography. Figure 5D shows
a 300 × 300 µm2 scaﬀold chamber, expecting <S> ≈ 0. However,
an order parameter of <S> = 0.33 was obtained due to the wavepatterned substrate topography. While this topography triggered
actin ﬁlament alignment, no signiﬁcant diﬀerence in <S> was
observed between the top (10 µm wavelength) and bottom part
(20 µm wavelength) of the scaﬀold. Yet, the cells in the bottom
part of the chamber lead to a narrower ﬁlament alignment distribution, as shown by the histograms. This could indicate an enhanced eﬀect for ﬁligree patterned substrates below the single
cell size of adhered cells. The optical analysis of actin ﬁber orientation on high-precision 3D scaﬀolds was only possible because
of the low auto-ﬂuorescence of the GM10-LAP resin.
To demonstrate cell colonization on fabricated 3D microscaffolds, an excerpt of in vivo mouse lung parenchymal tissue containing entire alveoli was printed with TPS with GM10 and LAP
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Figure 5. Scaﬀold topography confers growth phenotypes of mouse muscle cells. A) Conﬂuent C2C12 cell layer without spatial conﬁnement on glass.
Shown are actin ﬁlaments (green) and nuclei (blue). The right image shows a close up of the left image (white dashed line). B) Actin orientation
quantiﬁcation map of images shown in (A). Color coding indicates actin ﬁlament orientation angle, 𝜃. C,D) Cellular response to spatial conﬁnement
in GM10-LAP scaﬀolds. From left to right: 3D rendered chamber illustration, actin ﬁlament stained cell layer (n = 1), actin orientation quantiﬁcation
map, and the respective probability density distributions quantiﬁed with the nematic order parameter <S>. C) Cell layers in compartments with diﬀerent
widths (top: 100 µm, middle: 75 µm and bottom: 45 µm). D) Cells on scaﬀolds with two diﬀerent wave-pattern substrates (top: coarse wave pattern with
20 µm wavelength; bottom: ﬁne wave pattern with 10 µm wavelength).

(grey), and subsequently coated with ﬁbronectin (Figure 6). The
print template was extracted as 3D mesh from confocal image
stacks, as previously described in Section 2.1 (Figure 1A). phLFs
were colonized on scaﬀolds for 96 h and stained with ALEXA 594
phalloidin (red) and DAPI (white) after ﬁxation. Again, confocal
3D ﬂuorescence imaging of an excerpt of a 888 × 888 × 104 µm
(4 × 4 prints, each with 222 × 222 × 222 µm, n = 3) printed scaffold produced an orthoview (Figure 6A) and a 3D rendered volume (Figure 6B and Movie S4, Supporting Information), which
both clearly revealed a spatial 3D distribution of colonized cells.
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Strikingly, the partially observed ﬂat and round morphologies of
pHLFs found in alveolar areas were highly reminiscent to morphologies of ﬁbroblasts found in recolonized decellularized 3D
ex vivo lung tissue scaﬀolds (Figure 6C).[41]

3. Conclusion
Functional tissue is based on the interaction of numerous factors including tissue architecture, mechanics, and biochemical factors. All these stimulate organotypic cellular dynamics.
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Figure 6. 3D printed alveolar scaﬀolds colonized with primary human lung ﬁbroblasts (phLFs). Alveolar in vivo tissue geometry printed with TPS using
GM10 and LAP colonized with phLFs for 3 days and stained for the actin cytoskeleton with ALEX 594 phalloidin (red) and cell nuclei with DAPI (white).
A) An orthoview of a stitched patch containing a 4 × 4 array of 222 × 222 × 104 µm scaﬀolds, clearly showing a 3D distribution of colonized cells in the
fabricated lung microstructure (n = 3). B) 3D rendering of a confocal z-stack shown in (A) and (C) close up images of pHLF cell morphology in alveolar
regions.

To further unravel these complex cell-ECM interactions in 3D, we
need fabrication methods that provide precise control of the contributing factors, such as topography, biochemical composition
(e.g., adhesion sites) and Young’s modulus on the micrometer
scale.
Here, we demonstrated a dip-in setup for TPS using a humidiﬁed printing chamber to fabricate protein-based scaﬀolds up to
mm sizes. We introduced a GM10-LAP resin formulation to remove auto-ﬂuorescence, which is essential for high-resolution
3D ﬂuorescence imaging of cell-scaﬀold interaction. These fabrication method improvements allowed us to fabricate and colonize scaﬀolds with various cell-lines, including myoblast on
alignment substrates and lung ﬁbroblasts on in vivo derived 3Dtopographies. Through IT-AFM we conﬁrmed that resulting scaffold’s Young’s moduli are in the range of 7–300 kPa, matching
those of many biological tissues. However, numerous experimental details of the fabrication process, storage conditions, and even
storage time can profoundly aﬀect resulting Young’s moduli. Engineering novel resins or even negligible process revisions, such
as introducing a new cell culture medium, should hence be stringently validated.
High-resolution, non-destructive microscopy of ever larger
3D tissue segments, imaged by advanced microscopy[76] or
microCT[77] will provide detailed geometric instruction for more
complex microtissue replicas in the future and will also be essential for monitoring tissue maturation on such 3D printed scaffolds. A printed perfusion system mimicking the vasculature may
supply such tissue replicas with nutrients to facilitate long-term
cultivation.[24] Also, a combination of several resins can allow for
multi-material,[33,78] protein-based scaﬀolds selectively adapted to
individual cell preferences within co-cultures. These include a
systematic permutation of the Young’s modulus within a geometry. Spatially detailed bio-mechanical information from IT-AFM
or Brillouin microscopy[79] will increasingly inform on how to optimize in vitro ECM rigidities.
TPS is a powerful tool to fabricate scaﬀolds mimicking the extracellular matrix in its geometrical, biochemical, and physical
properties. Nevertheless, this method is bound by the trade-oﬀ
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between accuracy and printing speed which impedes the fabrication of large scaﬀolds while maintaining a high resolution. Further tuning resin chemistry such as the photo-initiator[95] and
improved TPS instrumentation will increase fabrication rates of
protein-based resins to eventually print full organs at the desired
resolution in a high-throughput process.[80]
To ultimately recreate the ECM in all its essential biological
details as an in vitro experimental platform requires careful optimization of all relevant details. These include high spatial resolution in geometry, mechanics and biochemistry, constant quality
control of fabricated structures, non-destructive high-resolution
3D imaging, and non-destructive monitoring of the maturation
processes. Given the interdisciplinarity nature of this task, a platform similar to the protein data bank or the human cell atlas, could accelerate the development of such functional microtissue, by expanding and integrating available multiscale information including spatial proteomics and genomics data.[8196]
Such a common resource could facilitate downstream analysis
via common-vetted algorithms, as well as automated visualization pipelines.

4. Experimental Section
Unless stated otherwise, all chemicals and cell culture reagents were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
Hydrogel resins—RB Photo-Initiator Preparation: 85mM RB was prepared by dissolving RB (>95% purity) in ddH2 O. The solution was centrifuged for 5 min at 13 × 103 rpm to sediment undissolved impurities.
Hydrogel resins—LAP Photo-Initiator Preparation: Lithium phenyl2,4,6-trimethylbenzoylphosphinate (LAP) with >95% purity was dissolved
in PBS to prepare a stock solution with a ﬁnal concentration of 340 mM,
yielding a milky suspension. The nominal solubility of LAP is of order
100 mM and full solubilization is only achieved after admixing LAP stock
to the protein resin.
Hydrogel resins—BSA Resin Preparation: Lypholized Bovine Serum Albumin (>98% powder) was dissolved in 20 mM 4-(2-hydroxyethyl)-1piperazineethanesulfonic acid (HEPES) containing 15.4 wt% dimethyl sulfoxide (DMSO) to a ﬁnal concentration of 40 wt% and stored at 4 °C until
further processing. The hydrogel solution was vortexed for 5 h until BSA
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was fully dissolved. Final BSA-RB resin was obtained by mixing selected
BSA stock solution with RB stock solution in the ratio 9:1 and immediately
used for 3D printing.
Hydrogel resins—GelMa Hydrogel Preparation: Gelatin methacryloyl
(gel strength 300 g Bloom, degree of substitution 60%) was dissolved
in PBS solution (Dulbeco, w/o Ca2+ , w/o Mg2+ , Biochrom GmbH) while
heating to 30 °C to a ﬁnal concentration of 25 wt%. For ﬁnal resin composition, GelMa stock solution was mixed with RB stock solution at a
9:1 (GelMa-RB). Alternatively, GelMa:BSA 1:4 protein stock solution was
mixed with RB stock in the same 1:9 ratio (BSA&GelMa-RB). This equated
to ﬁnal concentrations of 22.5 wt% GelMa or 4.5 wt% GelMa and 28.8 wt%
BSA, respectively.
Hydrogel resins—GM10 Preparation: Gelatin methacryloyl was synthesized and characterized as previously described using gelatin type B
(Limed, bovine bone, 232 g Bloom, viscosity: 4.5 mPa s, Gelita, Germany),
yielding GM10 with a degree of methacrylation of 1.07 mmol g−1 .[58]
GM10 was dissolved in PBS and mixed with LAP stock for ﬁnal concentrations of 25 wt% GM10 and 68 mM LAP photo-initiator (GM10-LAP).
High-Resolution 3D Printing: All 3D cell scaﬀolds were fabricated by
converting STL ﬁles to print job instructions using Describe followed by
selective exposure carried out with the Nanoscribe GT Photonics Professional operating in dip-in mode using protein-based resins equipped with
an erbium-doped femtosecond laser source with a center wavelength of
780 nm and a power of about 150 mW and a 25× (NA 0.8) or 63× (NA 1.4)
objective (all Nanoscribe GmbH). All prints for cell culture were carried
out in 35 mm petri dishes (MatTek) each containing an embedded, 160–
190 µm thick glass slide (No. 1.5) in the center of the dish. The bottom side
of the petri dish was taped onto the bottom side of the substrate holder
with double-sided adhesive tape. Thus, the petri dish was circumferentially aligned with the circular notch of the substrate holder. The ﬂexible
water reservoir was designed in CAD software SolidWorks (Dassault Systèmes, 2017) to ﬁt objective and petri dish dimensions, and printed with
a Form2 3D printer using the ﬂexible resin (both Formlabs GmbH). AFM
samples were printed onto 170 µm thick, 22 × 22 mm glass substrates.
Prints were thoroughly rinsed with PBS to remove unpolymerized resin
and subsequently stored in PBS containing 1% penicillin-streptomycin at
room temperature.
Cell Handling: Unless stated otherwise, all cells were handled as follows: Cells were cultured in DMEM (BS.FG 0445, Bio&SELL GmbH)
supplemented with 1% penicillin-streptomycin (BS.A 2213, Bio&SELL
GmbH), 10% fetal calf serum (F7524-500mL, Sigma-Aldrich Chemie) and
1% GlutaMAX (35 050 038, Life Technologies GmbH) under humidiﬁed
conditions at 37 °C and 5% CO2 . Medium was changed every 2–3 days
and cells were passaged at 80–90% conﬂuency using 0.5% trypsin-EDTA
solution (BS.L 2163, Bio&SELL GmbH), centrifuged at 500 rpm for 5 min
at room temperature and ﬁnally seeded in a ratio of 1:5 or 1:6 in T175 cell
culture ﬂasks (83.3912.002, Sartstedt AG und Co.). Deviations were made
for following cell lines:
Cell Handling—Primary Cell Culture and Human Tissue and Ethics Statement: Primary human lung ﬁbroblasts (phLFs) were isolated by outgrowth from human lung tissue derived from lung explants or tumorfree areas of lung resections. Cells were cultured in Dulbecco’s Modiﬁed Eagle Medium F-12 with 20% (v/v) special processed fetal bovine
serum (PAN Biotech) and 100 International Units Penicillin per mL and
100 µg per mL Streptomycin. Cells were used for experiments until passage 7. Human biomaterial and clinical data was kindly provided from
the CPC-M bioArchive and its partners at the Asklepios Biobank Gauting, the Klinikum der Universität München and the Ludwig-MaximiliansUniversität München. Participants provided written broad consent to participate in this study, in accordance with approval by the local ethics committee of the LMU, Germany (Project 333-10, 454-12).
Cell Handling—NIH3T3 WT: Lifeact-RFP expressing (rLV-Ubi-LifeAct
Lentiviral Vectors, ibidi GmbH) murine NIH3T3 ﬁbroblast wildtype (WT)
cells were kindly provided by Prof. Christof Hauck and Timo Baade
(University of Konstanz). Cells were cultured in DMEM growth medium
(Biochrom) supplemented with 10% fetal calf serum (FCS) (Biochrom),
1% GlutaMax (Gibco) and 1% Penicillin/Streptomycin (Biochrom) at 37 °C
and 10% CO2 in a humidiﬁed cell culture incubator.
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Cell Handling—mTSPC: Mouse tendon stem/progenitor cells originally isolated from WT and Tnmd KO tail tendons at 6, 9, 12, and 18
months of age[82,83] were kindly provided by Prof. Dr. Denitsa Docheva
and Manuel Delgado Cáceres (University of Regensburg). mTSPC were
cultured in DMEM/HAMs F-12 (Biochrom F4815) supplemented with
1% GlutaMAX (Thermo Fisher Scientiﬁc), 10% fetal bovine serum
(Biochrom), 1% Non-essential amino acids (REF 11140-035, gibco),
1% Penicillin/Streptomycin (Biochrom) and ascorbic acid 2-phosphate
(5.8 mL of 36 mg mL−1 ).
Cell Handling—C2C12: Mouse myoblast cells (<20 passages, SigmaAldrich) were cultured in DMEM (D6046, Sigma-Aldrich) supplemented
with 10 wt% fetal bovine serum (F4135, Sigma-Aldrich), and 1% penicillinstreptomycin (P0781, Sigma-Aldrich) under humidiﬁed conditions at 37 °C
and 5% CO2 . The cells were treated with trypsin to enzymatically cleave
their adhesion proteins to detach them from the culture ﬂask as well as
from each other, using trypsin–EDTA solution (0.25%, T4049, Sigma).
Cells were cultured 2–4 days until conﬂuency was reached.[70,84]
Cell Handling—HUVEC: Human Umbilical Vein Endothelial Cells
(HUVEC, pooled donors, cryopreserved, C-12203) and respective growth
medium (Endothelial Cell Growth Medium 2) were obtained from PromoCell GmbH.
Cell Handling—Scaﬀold Seeding: Scaﬀolds were coated with 50 µL of
100 µL mL−1 ﬁbronectin (AppliChem GmbH) for 30 min at room temperature to improve cell adherence. After washing with PBS, petri dishes
were ﬁlled with 2 mL DMEM (D6046, Sigma-Aldrich) and seeded with 100–
500 µL of cell suspension with a concentration of 5 × 106 cells mL−1 .
For muscle tissue constructs, ﬁbronectin from human plasma (300
µL, 5 µg mL−1 , Sigma) was applied to the substrates, and allowed to
react for at least 3 h at 37 °C prior cell seeding. Thereafter C2C12 cells
were counted and seeded with a cell density of 1.6 × 104 cells µm−2 onto
ﬁbronectin-coated substrates.
Cell Handling—Cell Staining: Colonized scaﬀolds were ﬁxed with 3.7%
or 4% PFA for 15 min (37% paraformaldehyde, CP10.1 Carl Roth GmbH
+ Co. KG), rinsed with PBS, permeabilized with 0.1% Triton-X-100/PBS
(Sigma Aldrich, Lot. SLBM1396V/Lot. SLBM1396V) for 2–10 min, again
rinsed with PBS and then stained with 10% ATTO 594 phalloidin/PBS
(ATTO-TEC, Lot. SA02T25F8) for 15 min at or Alexa 594 phalloidin 1h at
room temperature (dark) and 10% DAPI (AppliChem, Lot. 7QD13667) for
15 min. Scaﬀolds were then rinsed with PBS between each work step and
rinsed three times after staining and coated with a drop of Abberior Mount
Solid Antifade (Abberior, Lot. MM-2013-2 × 15 mL). All procedures were
conducted at room temperature. For staining of C2C12 cells, cell-loaded
scaﬀolds were quenched with 1 M Glycine in PBS for 5 min after ﬁxation
with PFA and blocked with 5% FCS in PBS for 30 min after permeabilization. Additional DAPI staining: DAPI (5 mg mL−1 stock; ﬁnal concentration 300 nm) was added during the last washing step and incubated for
5–10 min at RT. Thereafter, probes were rinsed three times with PBS.
Imaging: Bright-ﬁeld and ﬂuorescence imaging of hMSCs, HUVECs,
mTSPCs, and NIH3T3 WT cells was conducted with AxioObserver.Z1
(Zeiss) and digitalized with ZEN blue software (Zeiss, 2009). During time
lapse, cells were kept in respective medium in humidiﬁed conditions at
37 °C and 5% CO2 in a PM S1 incubator chamber (Carl Zeiss) or Incubator PS compact with heating incubation insert (Pecon GmbH). Time-lapse
images in various intervals were acquired by using an EC Plan-Neoﬂuar
DICI 10× (NA 0.3, Carl Zeiss) objective.
The confocal z-stack of the ﬁxed mesh-like structure containing hMSCs as well as C2C12 cells were imaged with an inverted confocal Spinning Disk Microscope (Zeiss AxioObserver SD) equipped with Yokogawa
CSU-X1 Spinning Disk UnitFastScan Confocal Fluorescence Microscope,
using 20× (ZEISS Plan-APOCHROMAT 20×, NA 0,8) and 40× objectives (ZEISS Plan-APOCHROMAT 40×, NA 1,4 Oil Dic (UV) VIS–IR) and
an EMCCD camera (Photometrix Evolve 512). DAPI was excited with a
405 nm diode laser combined with a 450/50 nm emission ﬁlter, Alexa594
was excited with a 561 nm diode laser combined with a 600/50 nm
emission ﬁlter. Image tiles of up to 4 × 4 with a 10% overlap were
recorded and reconstructed using ZEN (Vers. 2.3). For tiled images the ImageJ BaSiC shading correction plugin was applied (Figure S3, Supporting
Information).[71]
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Atomic Force Measurements: A measure for the stiﬀness of a material is the YM, which is the ratio of the applied uniaxial stress (𝜎) and the
resulting strain (𝜖). In IT-AFM, the material is indented with a small tip positioned at the end of a cantilever spring. The resulting deﬂection of a laser
beam which is reﬂected from the backside of the bent cantilever can be detected by a segmented photodiode. Using this quantiﬁed beam deﬂection,
the force needed to indent the material to a certain extent can be calculated and plotted as a force-indentation curve. By applying a ﬁt model of
the modiﬁed Sneddon–Hertz[85] to the obtained force-indentation curves,
YM can be estimated. Here, AFM indentation measurements were performed using an MFP-3D Bio (Asylum Research, Oxford Instruments, Goleta, CA, USA) on printed blocks measuring 90 µm × 90 µm × 11 µm. Structures fabricated from varying hydrogel resin compositions were printed on
glass coverslips and ﬁxed on objective slides with thermostable wax. AFM
indentation experiments were carried out in PBS at room temperature using MLCT cantilevers (Bruker Corporation, Billerica, MA, USA; Cantilever
D) with a nominal spring constant of 0.03 N m−1 . GM10-LAP measurements were performed by 20 × 20 force-distance curves recorded in a 20 ×
20 µm scan area, at a z-piezo velocity of 8 µm s−1 , if not stated otherwise.
A sampling rate of 25 kHz, a 2 V trigger point and a full z-piezo travel distance of 6 µm was used. For BSA-RB measurements the z-piezo velocity
was reduced to 5 µm s−1 at a sampling rate of 3.5 kHz, full z-piezo travel
distance to 5 µm and 16 × 16 points were measured on a 40 × 40 µm
surface. The Young’s modulus was derived from the indentation part of
the curves, as described previously.[47,86] The actual cantilever force constant was determined for each cantilever individually, using the thermal
noise method.[87] Data acquisition was performed with the Igor Pro software (version: 6.3.7.2) and the data analysis with custom-made MATLAB
scripts (Mathworks).[88] Histograms were plotted in Spyder (version 4)
using python 3.7. Mean Young’s modulus values (µ) and standard deviations (𝜎) of all data points were calculated. For visualization, a Gaussian
curve deﬁned by 𝜇 and 𝜎 was plotted. For additional cross-linking, scaffolds where incubated in10 mM Genipin (>98% HPLC powder, Sigma,
G4796) dissolved in PBS.
Actin Filament Orientation Maps: Actin ﬁlament stained confocal images of C2C12 tissues were used to calculate actin ﬁlament orientation
maps using a custom MATLAB script (Mathworks) following previous
studies on single cells.[70,89,90] Original images were convoluted with elongated Laplace of Gaussian (eLoG) kernels, which were obtained by convolving a Laplacian ﬁlter 0,−1,0; −1,+4,−1; 0,−1,0] and n = 15 diﬀerently
rotated anisotropic Gaussians (𝜎 x = 3𝜎 y = 1). The maximum response
images were calculated for each pixel, as

Actin Filament Orientation Maps were obtained on one sample each
and evaluated with MATLAB. Controls consisted of three samples.
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Imax (n, x, y) = max [eLoG (n) × I (x, y)]
Thereafter Imax was processed by the binarized original images using
the Otsu’s thresholding method.[91] Fibers of the same rotational direction
with less than 7 pixels were removed. The obtained images were colorized
with a color scheme that corresponds to the local actin orientation angles,
𝜃 n . From each actin ﬁlament orientation map the nematic order parameter
was calculated, as
⟨S⟩ = ⟨cos 2 (𝜃n − 𝜃0 )⟩
where 𝜃 0 is the reference angle, here chosen as 90 degree that corresponds
to the direction of the wave pattern.
Statistical Analysis: Scaﬀolds mimicking alveolar tissue were printed
in dip-in mode and seeded with phLFs (n = 25).
AFM Data: 98 to 1002 independent measurements were obtained from
one to two samples (s) per condition with an indentation depth in the
range of 0–2 µm. Curves with a coeﬃcient of determination (R2 ) below 0.9
were disregarded. Additional information concerning numbers of individual samples, individual measurements and indentation depths is included
in Table S4, Supporting Information.
Data acquisition was performed with the Igor Pro software (version:
6.3.7.2) and the data analysis with custom MATLAB script.[88] Histograms
were plotted in Spyder (version 4) using python 3.7.
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