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Abstract 

Bioinspired 3D microfluidic systems that combine vascularization with extracellular matrix 
architectures of organotypic geometry, composition and biophysical traits can help advance our 
understanding of microorgan physiology. Here, two-photon stereolithography is adopted to fabricate 
freestanding perfusable 3D cell scaffolds with micrometer resolution from gelatin methacryloyl 
hydrogel derived from extracellular matrix protein. As a proof of concept, we introduce an ultracompact 
bio-hybrid chip layout to demonstrate perfusion and cell seeding of double-digit µm proteinaceous 
channels. This perfusion chip consists of a standardized microfluidic interface fabricated from standard 
resin and a GM10 bioink channel printed atop of this interface. In addition, we demonstrate that 
algorithmic design synthesis can recapitulate intact alveoli and capillary networks with tunable design 
parameters to implement vascularized alveolar tissue models. This approach will allow for a systematic 
investigation of cell-cell and tissue dynamics in response to defined structural, mechanical and bio-
molecular cues and is ultimately scalable to fabricate organ-on-a-chip systems.  

 

 

 

Introduction 

Organ-on-a-chip systems that mimic relevant aspects of human tissue physiology have emerged as 
powerful tools to study complex inter and intra tissue phenomena[1],[2]. Such microfluidic systems 
combine biological structures with perfusion to control and manipulate cellular microenvironments and 
to ensure sufficient nutrient supply for short and long term culturing[3],[4]. Prominent microfluidic 
materials, such as glass, PDMS, or thermoplastics, however, have only limited utility to realize the 
specific biomechanics and biochemistry required for complex cellular functions, such as growth, 
proliferation and differentiation. In addition, soft lithography and injection molding based 2D 
fabrication constrain the possible 3D geometrical conformance of organ-on-a-chip systems to their target 
tissue. 3D microfabrication and bioprinting of spatially defined protein matrices seek to overcome this 
bottleneck in organ-on-a-chip systems.  
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Additive manufacturing techniques are increasingly used to fabricate 3D microfluidics. However, 
despite their general design freedom, attainable 3D print resolution imposes practical limits[5]. Two-
photon stereolithography (TPS) is one of the few techniques that can provide free-form structures at 
sub-micron accuracy, thereby enabling performance improvements to microfluidic applications[6],[7]. 
Previous TPS fabricated 3D microfluidics include nozzles and mixers for serial crystallography[7],[8], in-
chip scaffolds to study cell migration[9], filters[10],[11] and enzyme reactors[12]. 

3D-printed biomimetic in vitro models combine microfluidic perfusion with organotypic 3D cell 
niches fabricated with natural hydrogels[1],[13]. By tuning hydrogel properties, the effect of selected 
mechanical and bio-chemical cues on cells can be investigated in vitro to further our understanding of 
differences between healthy and pathological conditions[14]. Hydrogel based liver[15]–[17], heart[18],[19], 
lung[20] and kidney[21] as well as complex organoids[22],[23] without perfusion of a vascular network have 
already been realized[13],[14],[24]. Adding minute control of perfusion on the micro scale to such in vitro 
models can help to further our understanding of complex 3D tissue environments, such as the intricately 
branched lung alveoli. These cellularized sub-millimeter air filled sacs circumscribed by a less than 10 
µm thin membrane mediate O2 and CO2 exchange with the vascular capillary network[2],[25]. Alveolar 3D 
structure, as well as their biophysical and biochemical properties are pivotal for respiration and to 
maintain lung health[26].  

Complex organ-on-a-chip architectures can be fabricated by stereolithography[27], laser induced 
forward transfer (LIFT) [28]–[30], inkjet printing[31] and extrusion based methods[1],[15],[32]–[34]. However, 
enhanced resolution at the sub-cellular level is required to ultimately recapitulate the complete 3D in 
vivo ultrastructure. While one-photon stereolithography and volumetric bioprinting achieve sufficient 
fabrication rates to generate clinically sized tissue structures with a two-digit µm scale resolution[35],[36], 
TPS can further enhance the resolution of structured hydrogels down to the sub-micrometer scale[37],[38]. 
By initiating a two-photon absorption process within photo-activatable materials, complex 3D structures 
can be polymerized[39]. Such structures fabricated with synthetic resin materials have been shown to 
guide cell adhesion[40] and differentiation[41] when functionalized with cell-mediating bio-molecules. In 
addition, photoactivatable protein-based resins, can be used to realize biomimetic structures with the 
appropriate biochemical and biophysical cues[37],[39],[42]. Recent TPS based organ-on-chip devices printed 
with protein based resins include a biomimetic placental barrier model, separating the fetal from the 
maternal compartment[43], as well as microvascular structures[44]. Nevertheless, both of these 
proteinaceous cell scaffolds were printed within predefined microfluidic channels limiting possible 
growth and expansion of the biological structures. Also, the proteinaceous microchannels were so far 
not individually interfaced to the microfluidic periphery, but fluid flow within channels was achieved 
by flushing the entire microfluidic encasement. Strategies to 3D-print free-standing proteinaceous 
micro-structures which can be readily and selectively interfaced to microfluidic devices and perfused, 
e.g. with cell culture medium or blood substitutes, are still missing today.  

Another limitation, when it comes to 3D printed biomimetic structures with micrometer and sub-
micrometer precision are computer aided design (CAD) programs. Existing CAD software is usually 
based on “manual” step-by step design principles intended and suitable for subtractive and formative 
manufacturing methods rather than organic designs for additive manufacturing. The resulting structures 
can hence deviate strongly from their natural tissue counterparts and small design changes of complex 
designs usually result in time consuming workflows[45]–[48]. Alternatively, tissue imaging dataset derived 
designs have been used[37],[47],[49] to recapitulate native geometries accurately, but lack systematic 
variation and adjustment of individual design parameters[45]. Algorithmic design based on parametric 
and algorithmic modelling provides an alternative and allows to efficiently explore and optimize 
geometries based on a set of logical operations and user defined rules[50]–[52]. Algorithmic design and 
topology optimization algorithms can yield hierarchical branching patterns resembling those found in 
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nature[48],[53]. Voronoi tessellation can mathematically describe for instance the alveoli through a unit 
cell geometry and a labyrinth connecting individual cells for ventilation[25],[54],[55]. Iterative algorithmic 
design approaches can emulate natural evolutionary strategies[47] to achieve topology optimized designs 
with biomimetic appearances[47],[50]. Algorithmic design principles have already been successfully 
harnessed in architecture[56],[57], aerospace[58]–[60], medical implant[61],[62] or bone scaffold[48],[53],[55] design 
generation, and recently, simplified algorithmic models of alveolar tissue have been used to simulate 
their mechanical loading in computer modelling[25]. Algorithmic design of functional biomimetic shapes 
is hence also a promising avenue for organoid and organ bioprinting applications.  

Here we present an ultracompact bio-hybrid chip with a freestanding perfuseable micro channel 
that was printed from ECM-derived protein. The chip contains a plastic base of about one mm3 in size 
that provides a robust fluidic connection between a nutrient media reservoir and the ‘micro-vasculature’ 
channel. Perfusion and cell seeding of the channel is demonstrated for an 80 µm diameter microchannel 
geometry fabricated from gelatin methacryloyl (GM10)[63]. In contrast to previous organ-on-a-chip 
devices, our configuration does not encapsulate the cultured biological system within a rigid casing, but 
rather allows it to potentially grow and expand beyond its initial confinement. Alveolar scaffolds of 
varying size, wall thickness and degree of vascularization were then designed using a generative 
algorithm and 3D-printed with two-photon stereolithography, demonstrating that a generative design 
together with high resolution 3D printing indeed allows to create complex biomimetic 3D structures. 
Taken together, this approach opens new avenues to design and 3D-print integrated organotypic 3D 
microtissues. 
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2. Results and Discussion 

2.1 Ultracompact 3D bio-hybrid chip – design and assembly 

To connect individual hydrogel scaffolds containing simple channels or complex, biomimetic 
microtissues, we first constructed and 3D-printed an adapter to seamlessly interface the hydrogel 
scaffolds with standard microfluidic equipment (Figure 1, SI Design 1). In a proof-of-principle 
experiment, a 400 x 215 x 160 µm GM10 gelatin methacryloyl[37],[63] block (SI Design 2) containing an 
80 µm diameter channel and a minimal wall thickness of 67.5 µm was printed onto the adapter. The 
channel was curved to position both in- and outlet at the interface between GM10 block and adapter at 
a distance of 70 µm. For the adapter we chose IP-S, a commercial acrylate based TPS resin. Channel 
sockets of the adapter measured 100 µm diameter to interface hydrogel caps and 368 µm diameter to 
receive 360 µm outer diameter glass capillary tubing[7]. Mounted glass capillaries where usually 10 cm 
long. Both the GM10 channel and the adapter were 3D printed via two-photon stereolithography using 
a 25x / 0.8 NA objective.  

The complete adapter was larger than the field of view of the objective and hence printed as a 
sequence of 300 x 300 x 200 µm blocks (Figure 2A). Stitching interfaces between the blocks resulted in 
a rectangular line pattern on the surface, noticeable in scanning electron microscopy. To reduce printing 
time, the adapter was designed with minimal excess material and contained flat surfaces to limit lensing 
artifacts in microscopy imaging of internal channels. This also facilitated subsequent dip-in mode 
protein hydrogel scaffold printing on the adapter, which in theory can realize complex designs with 
arbitrary dimensions. The glass capillary ports of the adapter were placed in parallel to ease handling. 
L-shaped alignment features help orienting the hydrogel segment onto the adapter. After printing, the 
adapter units were developed in PGMEA solvent, rinsed in isopropanol, dried and then centered on 
22 x 22 x 0.17 mm microscope cover glass slides and secured in position with polyimide adhesive tape 
(Figure 2B). Glass capillaries were then carefully inserted into the respective adapter ports under a 
stereomicroscope. Five-minute epoxy glue was mixed for one minute, further cured for another 30 
seconds, and then applied to seal the capillaries into the adapter. Glue was applied dropwise using a 
capillary and allowed to cure for at least 10 minutes[7]. 

In a final step, the glass slides holding the assembled adapters were reinserted into the TPS printer 
(Figure 2, C) by fixing them onto the sample holder using adhesive tape (green) and applying a drop of 
approximately 25 µL GM10 resin. The adapter unit was centered in the printer using L-shaped alignment 
marks to correctly place and seal the GM10 channel segment[8]. After printing, the GM10 channel was 
developed in PBS buffer and visually inspected in a stereomicroscope (Figure 2D). The completed bio-
hybrid perfusion chip was then connected to a pressure-based flow control unit via the glass capillaries 
using MicroTight (IDEX Health & Science LLC) connectors and tubing for perfusion experiments 
(Figure 2E). 

 

2.2 Shape fidelity and smallest continuous protein channel 

Reference scaffolds were designed and printed to identify the lowest attainable channel diameter 
for the used GM10 TPS recipe. A hallmark of organ homeostasis is continuous oxygen and nutrient 
supply and waste material removal through branched vasculature. Distal microvasculature in human 
ranges between ~5 – 30 µm in vessel diameter[44],[64]. To confirm suitable imaging conditions, blocks of 
70 x 70 x 290 µm that enclosed an empty void with a 10 µm thick wall of polymerized GM10 protein 
resin were printed in petri-dishes and stored submerged in PBS to prevent drying. All scaffolds were 
imaged with a 20x / 0.95 NA objective using two-photon excited fluorescence microscopy to derive x/z 
cross sections from recorded z-stacks. To identify PBS content within the void, we imaged the scaffold 
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submerged in 0.5 mg/mL FITC-CM-dextran solution (Fluoresceinisothiocyanat-Carboxymethyl-
Dextran) with 150 kDa average molecular weight and a radius of gyration of order 8 nm[65]. The scaffold, 
which has been printed using a GM10 ink doped with 0.5 mg/ml rose bengal as a fluorescent stain was 
excited with a two-photon excitation wavelength of 1034 nm while FITC-CM-Dextran was exited at 
780 nm (Figure 3A). The peak absorption and emission wavelengths were 559 nm and 571 nm for rose 
bengal, as well as 491 nm and 516 nm for FITC-CM-dextran. Hence emission filters to transmit between 
610 - 900 nm for rose bengal and 468 - 552 nm for FITC-CM-Dextran were chosen. This configuration 
could image both fluorophores separately with minimal cross talk between both detection channels. 
Superimposed rose bengal / FITC images reveal only negligible FITC fluorescence within the closed 
void, confirming that FITC-CM-dextran solution cannot permeate the polymerized protein hydrogel 
(Figure 3B). 

Next, for channel print-fidelity evaluation reference scaffolds were fabricated that contain hollow 
channels with diameters ranging from 5 to 60 µm (Figure 3C). Observed channel cross sections revealed 
non-spherical, nearly elliptical channels, which may be attributed to the fact that TPS and two-photon 
microscopy both have an elongated point spread function in z-direction, resulting in an increased 
polymerization and fluorescence detection volume along the z-axis. Fuzzy edges at the top of the 
structure with lower intensities compared to the bottom side most probably hails from absorption of the 
excitation laser, as it passes the scaffold from the bottom located at the glass slide surface to the scaffold 
top in the inverted microscope. Superimposed fluorescence images and intensity curves reveal FITC-
CM-dextran in all channels from 60 µm to 10 µm. The 5 µm channel in turn was barely recognizable in 
the fluorescence images. Diffusion of FITC-CM-dextran into channels down to approx. 10 µm in 
diameter suggests that these channels can be perfused, rendering them suitable to cover a wide range of 
microvasculature dimensions in microfluidic devices. These results are in agreement with Dobos et al. 
who fabricated thiolated gelatin and gelatin-norborene channels down to 10 µm diameter using a 
comparable TPS configuration[44]. Nevertheless, to recapitulate also the smallest entities of the native 
microvasculature, a future reduction of channel diameters to below 10 µm seems desirable[66]. This may 
be achieved by using higher numerical aperture writing objectives as well as suitable photoabsorbing 
resin additives such as tartrazine [35] to further increase print resolution. 

 

2.3 Active perfusion and cell seeding in ultracompact bio-hybrid chip 

After evaluating shape fidelity and printing resolution, we now focus on liquid transport through the 
channels as well as the possibility of seeding cells within the channels. First, we demonstrate perfusion 
of an individual 80 µm diameter hydrogel channel, which is convenient to fabricate and large enough to 
avoid the risk of clogging with cells. Perfusion was tested by pushing PBS liquid from a reservoir into 
a connected chip using 345 mbar pressure (Figure 4, Movie S1). Inflowing PBS buffer successively 
removed air bubbles from the channel until the entire system was bubble free after a few seconds. The 
evacuation of air bubbles confirmed a water tight seal between the IP-S contact chip and the protein 
channel, implying sufficient adhesion and precise fitting between both materials for the applied pressure 
gradient. In the future, perfusion of smaller diameters will be tested by decreasing the port dimensions 
on the adapter. To mimic interveined microvasculature, the complexity of perfusion chips can be 
enhanced to entail several channels, which can be individually contacted. Hierarchically branched 
vasculature may be recapitulated within protein scaffolds starting from the 80 µm inlets and gradually 
decreasing protein channel diameters.  

In the next step, assembled bio-hybrid chips were seeded with GFP labelled human mesenchymal 
stem cells (hMSCs) of the SCP1 cell line[67], a comparably robust cell line. Chips were connected to a 
pressure controlled pump to load hMSCs together with cell type specific culture media into the 80 µm 
diameter GM10 channel segment. Combined bright field and epifluorescence microscopy was used to 
confirm cell seeding inside the GM10 channel. However, high auto fluorescence of the 3D printed, 
acrylate based adapter (Figure 5, left) required thresholding and background subtraction to resolve 
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individual cells within the GM10 channel (Figure 5, right). While cells could be introduced into the 3D 
printed proteinaceous channel without clogging, future experiments should investigate cell adhesion to 
the hydrogel channel walls during long-term cultivation under perfusion. Especially the response of 
epithelial cells native to the capillaries will be interesting to access in this regard. Also, lower auto-
fluorescent resins could be advantageous for specific application scenarios[68].  

 

2.4 Reusability of assembled adapters and hydrogel biodegradability 

Recycling of sub-components can reduce the fabrication effort for multi-step assemblies. To evaluate 
the reusability of the adapter chip, the hydrogel block was carefully stripped away from the adapter 
using a plastic pipette, followed by thoroughly rinsing with ddH20. The glass capillaries for liquid supply 
were left intact in the adapter. Electron microscopy of a stripped adapter revealed only minor gelatin 
residuals remaining on the adapter surface as well as a protein gel thread inside one of the two hydrogel 
contact ports (Figure 6). Simple mechanical cleaning can hence suffice to reuse adapters and may be 
complemented by enzymatic degradation of the biomaterial. Ultrasonic cleaning or washing with 
sodium hydroxide compromised the integrity of the glued glass capillary seal.  

For many applications, defined biodegradability of proteinaceous scaffolds is important. Ideally, 
artificial scaffolds can provide shape and mechanical strength until cells have secreted and modeled 
their own natural ECM, which then replaces the artificial material. Figure 6B shows GM10 scaffold 
degradation by hMSCs (SCP1 cell line) over the course of 12 days after cell seeding. While after 4 days, 
the scaffold still seems to be mostly intact, cells are able to remove small chunks from the scaffold by 
day 12, demonstrating that the cross-linked GM10 can be resorbed by the hMSCs. This is in agreement 
with Van Hoorick et al., who demonstrating enzymatic biodegradation of cross-linked gelatin 
scaffolds[69]. 

 

2.5 Biomimetic design synthesis of perfusable protein scaffolds 

Alveoli are air filled sacs that exchange gas with a highly branched microvasculature at the distal ends 
of the lung[70],[71]. A thin membrane lined with pneumocytes regulates O2 and CO2 exchange between red 
blood cells and the gas phase (Figure 7A)[2],[72]. Alveoli diameters range from approx. 58 µm in mice[73] 
to approx. 200 µm in humans[74]. In a previous study, we cellularized precision 3D printed scaffold 
geometries, derived by imaging native alveoli tissue[37]. This imaging based approach failed however to 
generate intact perfusable capillaries within these alveoli tissue templates. In addition, the design could 
not be adapted to varying shapes and sizes, such as wall thickness or alveoli size.  

To experimentally realize perfusable biomimetic microtissue, we now designed an alveoli 
network using algorithmic design. Interconnected alveoli design synthesis (Figure 7B) was initiated by 
defining an air path using lattice beams[58], followed by a spherical foam map defined to mimic the 
alveoli through a set of minimum and maximum sphere radii and gap dimensions between individual 
spheres within a bounding geometry. Multiple spheres were joint by defining an offset from each 
spherical surface and connected with the initial air path contour. This was followed by a sequence of 
offset and smoothing commands to hollow the geometry and to achieve the final alveolar configuration. 
Design synthesis of the bounding capillary network proceeded through creating polygonal cells seeded 
from random input points on a 2D canvas that were derived using a Voronoi algorithm, followed by 
conversion to a 3D cylindrical arrangement and integration of a variable radius, a spine and variable 
beam thickness along the height, as well as curving of edges. Subsequently, the cylindrical Voronoi 
mesh was partially snapped onto the previously designed alveolar base and interpolated, before trimming 
in- and outlets to their final lengths. Resulting alveoli were hollow and surrounded by a capillary 
network. Both alveoli and capillaries can be contacted through distinct in- and outlets for cell seeding, 
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medium perfusion and tidal ventilation. In addition, all desired alveoli in-/outlets are located in one plane 
to interface matching ports of the IP-S adapter chip (Movie S2). 

Contrary to conventional CAD, our algorithm easily accommodates artificial randomness at all 
design stages (Figure 7C), as each parameter may be set to a defined value or left to permutate within 
the defined constraints. Here we left total construct size and air path constant, while capillary paths and 
individual sphere locations were randomly distributed. The resulting geometries hence vary slightly in 
their design along defined parameters. In addition, this algorithmic design approach allows for deliberate 
design permutations such as alveoli size, degree of vascularization and wall thickness (Figure 7D, Figure 
S1). 

Using dip-in mode TPS printing, the computational design was printed both with acrylate-based 
IP-S resin and imaged with scanning electron microscopy (Figure 7E, left), as well as with gelatin-based 
GM10 resin and imaged with two-photon fluorescence microscopy (Figure 7E, right, Movie S3). Our 
approach of designing a biomimetic alveoli model includes features to recapitulate breathing dynamics 
and controlled medium distribution in accordance with the bioinspired alveolar models from Grigoryan 
et al.[35] with diameters of ~1 mm for alveoli and ~300 µm for vasculature realized in single photon 
stereolithography. Our higher resolution TPS process achieve diameters ranging from 80-170 µm for 
alveoli, capillary inner diameters of ~15 µm and minimal wall thicknesses of ~6 µm in plastic prints and 
50-100 µm, ~10 µm and 4 µm for GM10 bioink respectively. We hence could experimentally realize 
scaffolds that match in scale to human[74] and mouse[73] alveoli. By adjusting design parameters, 
templates can be personalized, adapted to specific murine or human lung tissue features or adjusted to 
mimic pathological tissue to for instances investigate fibrotic complications[75]. In the future, the direct 
interface between alveoli walls and capillaries way serve as an organotypic 3D in vitro environment to 
explore direct interactions between alveoli specific pneumocytes and capillary specific endothelial cells. 
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3. Conclusion and Outlook  
The high complexity across all scales renders it difficult to fully recapitulate in vivo organ and tissue 
structure in all details encountered in vitro. Classic organ-on-a-chip approaches focus on cell biological 
aspects such as the influence of varying levels of oxygen concentration, corresponding to different zones 
throughout the human airways[76],[77]. 

More organotypic microfabrication can help to advance our understanding of 3D cellular 
dynamics and microtissue physiology in their native context. Our bio-hybrid engineering approach 
combines microsystems engineering of hydrogel-based 3D geometries and design synthesis. TPS 
allowed fabrication of both, hydrogel scaffolds with low µm channel diameters, as well as plastic 
adapters to seamlessly interface standard microfluidic equipment. Using a dip in TPS printing approach 
enables proteinaceous microscaffolds with arbitrary heights[37] and high precision, due to reduced 
spherical aberrations during the printing process[37],[44]. Other high-resolution imaging techniques such 
as high resolution serial sectioning electron microscopy[78] or X-ray tomographic phase-contrast imaging 
for non-destructive 4D imaging of perfused soft microtissues constructs[7],[79] can give detailed insights 
into the dynamics of 3D printed micro-vasculature models rendering our ultracompact design beneficial. 

Further refining cell biological and biophysical properties[37] of the ultracompact ECM hydrogel 
perfusion chip will enable systematic studies to elucidate the role of context specific tissue 
microstructures, e.g. in tumor heterogeneity or developmental programs. Tailored photoresin 
formulations may realize select biodegradability or provide local stimuli for cell specific cell attachment 
or differentiation under for instances curvotactic influence[80]–[82]. Integrating pressure sensors and 
actuators to the microfluidic circuit can further improve control over flow dynamics and shear stress to 
optimally recapitulate in vivo conditions[83]. 

The algorithmic design principles used here are well suited to realize biomimetic microtissue 
models allowing for selective topography variations and artificial randomness. Increasingly detailed 3D 
imaging data may be incorporated into the algorithmic design process and profoundly improve our 
capacity to 3D print organotypic tissue. In the future, algorithmically derived print templates will hence 
not only include geospatial data, but also local print parameters such as laser intensity distributions, to 
realize e.g. biophysical (stiffness) or biochemical (composition) gradients within complex designs.  

The design freedom inherent to additive manufacturing offers other tantalizing avenues for the 
design and system architectures presented here. These may include algorithmic design synthesis of 
efficient bioreactors or multimaterial nozzles for bioprinting approaches[84].  
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4. Material and Methods 
Unless stated otherwise, all chemicals and cell culture reagents were purchased from Sigma-Aldrich (St. 
Louis, MO, USA). 

High-Resolution 3D Printing: All adapters and GM10 scaffolds were designed with SolidWorks 2020 
(Dassault Systèmes). Designs were exported as STL files and converted to print job instructions using 
Describe followed by selective exposure performed with the Nanoscribe GT Photonics Professional 
operating in dip-in mode with an erbium-doped femtosecond laser source and a center wavelength of 
780 nm. Power amounted to 150 mW using a 25× (NA 0.8) objective. Adapters were printed using IP-
S resin (all Nanoscribe GmbH) while cell scaffolds were printed using GM10 resin. Scaffolds which 
were not connected to TPS printed adapters were printed within 35 mm glass bottom petri dishes 
(MatTek) as previously described[37].  

GM10-based resin Gelatin methacryloyl was synthesized and characterized as previously discussed 
using gelatin type B (Limed, bovine bone, 232 g Bloom, viscosity: 4.5 mPa s, Gelita, Germany), 
yielding GM10 (degree of methacrylation:1.07 mmol g−1)[63]. GM10 stock solution was prepared by 
dissolving GM10 in PBS. Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, >95% purity) stock 
solution was prepared by dissolving LAP in ddH2O with a stock concentration of 340 mM. Rose bengal 
(>95% purity) was dissolved in PBS buffer to yield a stock concentration of 85 mM. The rose bengal 
stock solution was centrifuged for 5 min at 13 × 103 rpm to sediment undissolved impurities. GM10 
stock solution was mixed with LAP and RB stocks resulting in final concentrations of 25 wt% GM10, 
68 mM LAP and 0.5 mM RB as previously described[37]. 

Microfluidics: Fully assembled adapters containing precision printed 3D protein scaffolds were 
connected to pressure-based flow control (FlowEZ, 345 mbar, Fluigent) by MicroTight adapters to 
interface 1/32inch tubing (IDEX Health & Science LLC) with 360 µm OD HPLC capillary tubing 
(PolyMicro).  

Cell handling: Human mesenchymal stem cells (hMSCs) 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. Cell culture media was 
exchanged every 2-3 days and cells were split 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 1:6 in T175 cell culture flasks (83.3912.002, Sartstedt AG und Co.). 

Stereomicroscopic imaging: Adapter assembly and stereomicroscopic images were conducted with a 
Wild M450 Epimicroscope (Leica Microsystems GmbH).  

Epifluorescence microscopy: Live cell fluorescence imaging of hMSCs was conducted on a 
AxioObserver.Z1 (Zeiss) using ZEN blue software (Zeiss, 2009) with 10x (NA: 0.3) and 32x (NA: 0.45) 
objectives.  

Scanning electron microscopy was used to image 3D prints fabricated in IP-S resin prints. After 
sputtering approximately 1 nm platinum coated using a Cressington 208HR prints were imaged on a 
LYRA3 (Tescan Orsay Holding) at 4.0 kV in high vacuum.  

Two photon microscopy: A homebuilt two-photon excited fluorescence microscope was used for 
diffraction-limited 3D imaging of printed scaffolds under live cell conditions. Compared to linear 
fluorescence microscopy methods, multiphoton microscopy can achieve higher-resolution and deeper 
penetration depths while maintaining low photo toxicity. A Nikon Eclipse Ti2 body was modified with 
custom 3D printed parts to adopt it for a broad variety of multiphoton and nonlinear microscopy 
techniques. A 100 mW, 95 fs laser pulsed at 80 MHz (FemtoFiber Dichro Design, TOPTICA Photonics 
AG) with wavelengths of	𝜆# = 1034	nm and 𝜆+ = 780	nm was used as excitation source. The two 
beams were combined by a dichroic mirror (F38-825, AHF Analysentechnik) before they were coupled 
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into a resonant-galvo scanner system (Multiphoton Essential Kit, Thorlabs). A 20x, 0.95 NA water 
immersion objective lens (CFI Apo MRD77200, Nikon) was used for laser scanning. Fluorescence light 
from the sample is collected by the same objective lens in epi direction, before it is separated from the 
illumination beam path by a dichroic mirror (FF825-sDi01, Laser2000) and quantified in a non-
descanned configuration with two InGaAsP photomultiplier tubes (Multiphoton Essential Kit, 
Thorlabs). A dichroic mirror (F76-735, AHF Analysentechnik) in the detection path separates the 
fluorescence signal in blue (F76-594, AHF Analysentechnik) and red (F32-600A, AHF Analysetechnik) 
spectral emission ranges. Two multiphoton filters (F39-745, AHF-Analysentechnik) block out scattered 
excitation light for low background signal and noise. 

Image datasets were recorded individually for each excitation wavelength. The sample stage 
installed in the microscope was synchronized with the image acquisition software by a self-written 
program. For each z-position, a cumulated image was calculated based on 100 single images. 
Cumulative images were recorded at subsequent axial positions, leading to an optically sectioned 3D 
image after image reconstruction. Image analysis was performed using ImageJ Fiji [85] and self-written 
Matlab scripts. 

To visualize accessible microchannels inside hydrogel 0.5 mg/ml FITC-CM-Dextran 
(Fluoresceinisothiocyanat-Carboxymethyl–Dextran, average molecular weight 150 kDa, Sigma-
Aldrich) in PBS buffer. All PBS inside the petri dish containing 3D printed proteinaceous scaffolds were 
then replaced with 3 ml of stain solution and imaged after at least 10 min. 

Algorithmic design: Algorithmically derived vascular alveoli print templates were designed in 
Hyperganic 2.0 software (Hyperganic Group GmbH). Obtained designs are available in STL format 
through University Stuttgart DaRUS data repository https://doi.org/10.18419/darus-2612 . 

Statistical analysis: Proteinaceous channels were printed onto custom adapters and perfused using PBS 
(n = 3) or cell suspension (n = 2). Scaffolds to determine channel resolution were printed using TPS (n 
= 3) and imaged using two-photon microscopy. Computational alveoli templates were printed using 
acrylate-based IP-S resin (n = 3) or proteinaceous GM10-based resin (n = 5). 

 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 18, 2022. ; https://doi.org/10.1101/2022.03.16.484492doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.16.484492
http://creativecommons.org/licenses/by-nc-nd/4.0/


Acknowledgements 
Funding from the Bavarian State Ministry of Science and the Arts through the “Bavarian Research 
Institute for Digital Transformation (bidt)” fellowship to AE, the “BayWISS-Kolleg Ressource 
Efficiency and Materials” and the Bavarian Research Focus “Herstellung und biophysikalische 
Charakterisierung von dreidimensionalen Geweben (CANTER), as well as the Ministry of Science, 
Research and Arts of Baden-Württemberg and the University of Stuttgart within the "Leistungszentrum 
Mass Personalization" (https://www.masspersonalization.de/) and 3R-Netzwerk-BW 
(https://www.the3rs.uni-tuebingen.de /) is gratefully acknowledged.  

We thank Alexander Southan, Jana Grübel and Anastasia Tsianaka (IGVP, University of 
Stuttgart) for providing the GM10 used in this study, Conny Hasselberg-Christoph (CANTER, Munich 
University of Applied Sciences) for comprehensive cell culture support, Petra Schwille and Frank 
Siedler (MPI of Biochemistry) for generous microfabrication lab access and support, Hyperganic Group 
GmbH including Lin Kayser and Markus Finke for providing early access to Hyperganic software, and 
Oliver Hayden (Biomedical Electronics, Technical University Munich). 

 

Author contributions 
AE and MH designed research with contributions from HCS and SS. AE performed chip design, 
microfabrication and characterization. JL and AE implemented parametric design synthesis of 
vascularized alveoli. TK and TH performed two-photon imaging and data processing. CE performed 
SEM imaging. MH, HCS and SS supervised research, interpreted data and acquired funding. AE and 
MH wrote the manuscript with contributions from JL, TK and revisions from HCS and SS. All authors 
approved the final manuscript.  

 

References 
[1] Fetah, K., Tebon, P., Goudie, M. J., Eichenbaum, J., Ren, L., Barros, N., Nasiri, R., Ahadian, S., 

Ashammakhi, N., Dokmeci, M. R., Khademhosseini, A. The Emergence of 3D Bioprinting in 
Organ-on-Chip Systems. Progress in Biomedical Engineering 2019. https://doi.org/10.1088/2516-
1091/ab23df. 

[2] Dellaquila, A., Thomée, E. K., McMillan, A. H., Lesher-Pérez, S. C. Lung-on-a-Chip Platforms 
for Modeling Disease Pathogenesis; Elsevier, 2019. https://doi.org/10.1016/B978-0-12-817202-
5.00004-8. 

[3] Castiaux, A. D., Spence, D. M., Martin, R. S. Review of 3D Cell Culture with Analysis in 
Microfluidic Systems. Analytical Methods 2019. https://doi.org/10.1039/c9ay01328h. 

[4] Wu, Q., Liu, J., Wang, X., Feng, L., Wu, J., Zhu, X., Wen, W., Gong, X. Organ-on-a-Chip: 
Recent Breakthroughs and Future Prospects. BioMedical Engineering Online 2020. 
https://doi.org/10.1186/s12938-020-0752-0. 

[5] Au, A. K., Huynh, W., Horowitz, L. F., Folch, A. 3D-Printed Microfluidics. Angewandte Chemie 
- International Edition 2016. https://doi.org/10.1002/anie.201504382. 

[6] Gissibl, T., Thiele, S., Herkommer, A., Giessen, H. Sub-Micrometre Accurate Free-Form Optics 
by Three-Dimensional Printing on Single-Mode Fibres. Nature Communications. 2016. 
https://doi.org/10.1038/ncomms11763. 

[7] Knoška, J., Adriano, L., Awel, S., Beyerlein, K. R., Yefanov, O., Oberthuer, D., Peña Murillo, G. 
E., Roth, N., Sarrou, I., Villanueva-Perez, P., Wiedorn, M. O., Wilde, F., Bajt, S., Chapman, H. 
N., Heymann, M. Ultracompact 3D Microfluidics for Time-Resolved Structural Biology. Nature 
Communications 2020. https://doi.org/10.1038/s41467-020-14434-6. 

[8] Bohne, S., Heymann, M., Chapman, H. N., Trieu, H. K., Bajt, S. 3D Printed Nozzles on a Silicon 
Fluidic Chip. Review of Scientific Instruments 2019. https://doi.org/10.1063/1.5080428. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 18, 2022. ; https://doi.org/10.1101/2022.03.16.484492doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.16.484492
http://creativecommons.org/licenses/by-nc-nd/4.0/


[9] Olsen, M. H., Hjortø, G. M., Hansen, M., Met, Ö., Svane, I. M., Larsen, N. B. In-Chip 
Fabrication of Free-Form 3D Constructs for Directed Cell Migration Analysis. Lab on a Chip 
2013. https://doi.org/10.1039/c3lc50930c. 

[10] Amato, L., Gu, Y., Bellini, N., Eaton, S. M., Cerullo, G., Osellame, R. Integrated Three-
Dimensional Filter Separates Nanoscale from Microscale Elements in a Microfluidic Chip. Lab 
on a Chip 2012. https://doi.org/10.1039/c2lc21116e. 

[11] Wang, J., He, Y., Xia, H., Niu, L. G., Zhang, R., Chen, Q. D., Zhang, Y. L., Li, Y. F., Zeng, S. J., 
Qin, J. H., Lin, B. C., Sun, H. B. Embellishment of Microfluidic Devices via Femtosecond Laser 
Micronanofabrication for Chip Functionalization. Lab on a Chip 2010. 
https://doi.org/10.1039/c003264f. 

[12] Iosin, M., Scheul, T., Nizak, C., Stephan, O., Astilean, S., Baldeck, P. Laser Microstructuration of 
Three-Dimensional Enzyme Reactors in Microfluidic Channels. Microfluidics and Nanofluidics 
2011. https://doi.org/10.1007/s10404-010-0698-9. 

[13] Yu, F., Choudhury, D. Microfluidic Bioprinting for Organ-on-a-Chip Models. Drug Discovery 
Today 2019. https://doi.org/10.1016/j.drudis.2019.03.025. 

[14] Park, J. Y., Jang, J., Kang, H. W. 3D Bioprinting and Its Application to Organ-on-a-Chip. 
Microelectronic Engineering 2018. https://doi.org/10.1016/j.mee.2018.08.004. 

[15] Bhise, N. S., Manoharan, V., Massa, S., Tamayol, A., Ghaderi, M., Miscuglio, M., Lang, Q., 
Zhang, Y. S., Shin, S. R., Calzone, G., Annabi, N., Shupe, T. D., Bishop, C. E., Atala, A., 
Dokmeci, M. R., Khademhosseini, A. A Liver-on-a-Chip Platform with Bioprinted Hepatic 
Spheroids. Biofabrication 2016. https://doi.org/10.1088/1758-5090/8/1/014101. 

[16] Lee, H., Cho, D. W. One-Step Fabrication of an Organ-on-a-Chip with Spatial Heterogeneity 
Using a 3D Bioprinting Technology. Lab on a Chip. 2016, pp 2618–2625. 
https://doi.org/10.1039/c6lc00450d. 

[17] Zhang, J., Chen, F., He, Z., Ma, Y., Uchiyama, K., Lin, J. M. A Novel Approach for Precisely 
Controlled Multiple Cell Patterning in Microfluidic Chips by Inkjet Printing and the Detection of 
Drug Metabolism and Diffusion. Analyst 2016. https://doi.org/10.1039/c6an00395h. 

[18] Colosi, C., Shin, S. R., Manoharan, V., Massa, S., Costantini, M., Barbetta, A., Dokmeci, 
Mehmet Remzi Dentini, M., Khademhosseini, A. Microfluidic Bioprinting of Heterogeneous 3D 
Tissue Constructs Using Low Viscosity Bioink. Advanced Materials 2016. 
https://doi.org/10.1002/adma.201503310. 

[19] Zhang, Y. S., Arneri, A., Bersini, S., Shin, S.-R., Zhu, K., Goli-Malekabadi, Z., Aleman, J., 
Colosi, C., Busignani, F., Dell’Erba, V., Bishop, C., Shupe, T., Demarchi, D., Moretti, M., 
Rasponi, M., Dokmeci, M. R., Atala, A., Khademhosseini, A. Bioprinting 3D Microfibrous 
Scaffolds for Engineering Endothelialized Myocardium and Heart-on-a-Chip. Biomaterials 2016. 
https://doi.org/10.1016/j.biomaterials.2016.09.003. 

[20] Horvath, L., Umehara, Y., Jud, C., Blank, F., Petri-Fink, A., Rothen-Rutishauser, B. Engineering 
an in Vitro Air-Blood Barrier by 3D Bioprinting. Scientific Reports 2015. 
https://doi.org/10.1038/srep07974. 

[21] Homan, K. A., Kolesky, D. B., Skylar-Scott, M. A., Herrmann, J., Obuobi, H., Moisan, A., 
Lewis, J. A. Bioprinting of 3D Convoluted Renal Proximal Tubules on Perfusable Chips. 
Scientific Reports 2016. https://doi.org/10.1038/srep34845. 

[22] Kaushik, G., Ponnusamy, M. P., Batra, S. K. Concise Review: Current Status of Three-
Dimensional Organoids as Preclinical Models. Stem Cells 2018. 
https://doi.org/10.1002/stem.2852. 

[23] Bock, C., Boutros, M., Camp, J. G., Clarke, L., Clevers, H., Knoblich, J. A., Regev, A., Rios, A. 
C., Stegle, O., Stunnenberg, H. G., Teichmann, S. A. The Organoid Cell Atlas : A Rosetta Stone 
for Biomedical Discovery and Regenerative Therapy. 2020. 

[24] Miri, A. K., Mostafavi, E., Khorsandi, D., Hu, S. K., Malpica, M., Khademhosseini, A. 
Bioprinters for Organs-on-Chips. Biofabrication 2019. https://doi.org/10.1088/1758-
5090/ab2798. 

[25] Roth, C. J., Yoshihara, L., Wall, W. A. A Simplified Parametrised Model for Lung 
Microstructures Capable of Mimicking Realistic Geometrical and Mechanical Properties. 
Computers in Biology and Medicine 2017. https://doi.org/10.1016/j.compbiomed.2017.07.017. 

[26] Reuten, R., Zendehroud, S., Nicolau, M., Fleischhauer, L., Laitala, A., Kiderlen, S., Nikodemus, 
D., Wullkopf, L., Nielsen, S. R., McNeilly, S., Prein, C., Rafaeva, M., Schoof, E. M., 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 18, 2022. ; https://doi.org/10.1101/2022.03.16.484492doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.16.484492
http://creativecommons.org/licenses/by-nc-nd/4.0/


Furtwängler, B., Porse, B. T., Kim, H., Won, K. J., Sudhop, S., Zornhagen, K. W., Suhr, F., 
Maniati, E., Pearce, O. M. T., Koch, M., Oddershede, L. B., Van Agtmael, T., Madsen, C. D., 
Mayorca-Guiliani, A. E., Bloch, W., Netz, R. R., Clausen-Schaumann, H., Erler, J. T. Basement 
Membrane Stiffness Determines Metastases Formation. Nature Materials 2021. 
https://doi.org/10.1038/s41563-020-00894-0. 

[27] Zhang, R., Larsen, N. B. Stereolithographic Hydrogel Printing of 3D Culture Chips with 
Biofunctionalized Complex 3D Perfusion Networks. Lab on a Chip 2017. 
https://doi.org/10.1039/c7lc00926g. 

[28] Zhang, J., Hartmann, B., Siegel, J., Marchi, G., Clausen-Schaumann, H., Sudhop, S., Huber, H. P. 
Sacrificial-Layer Free Transfer of Mammalian Cells Using near Infrared Femtosecond Laser 
Pulses. PLoS ONE 2018. https://doi.org/10.1371/journal.pone.0195479. 

[29] Zhang, J., Byers, P., Erben, A., Frank, C., Schulte-Spechtel, L., Heymann, M., Docheva, D., 
Huber, H. P., Sudhop, S., Clausen-Schaumann, H. Single Cell Bioprinting with Ultrashort Laser 
Pulses. Advanced Functional Materials 2021. https://doi.org/10.1002/adfm.202100066. 

[30] Xiong, R., Chai, W., Huang, Y. Laser Printing-Enabled Direct Creation of Cellular Heterogeneity 
in Lab-on-a-Chip Devices. Lab on a Chip 2019. https://doi.org/10.1039/C9LC00117D. 

[31] Mi, S., Yang, S., Liu, T., Du, Z., Xu, Y., Li, B., Sun, W. A Novel Controllable Cell Array 
Printing Technique on Microfluidic Chips. IEEE Transactions on Biomedical Engineering 2019. 
https://doi.org/10.1109/TBME.2019.2891016. 

[32] Hamid, Q., Wang, C., Snyder, J., Williams, S., Liu, Y., Sun, W. Maskless Fabrication of Cell-
Laden Microfluidic Chips with Localized Surface Functionalization for the Co-Culture of Cancer 
Cells. Biofabrication 2015. https://doi.org/10.1088/1758-5090/7/1/015012. 

[33] Lind, J. U., Busbee, T. A., Valentine, A. D., Pasqualini, F. S., Yuan, H., Yadid, M., Park, S. J., 
Kotikian, A., Nesmith, A. P., Campbell, P. H., Vlassak, J. J., Lewis, J. A., Parker, K. K. 
Instrumented Cardiac Microphysiological Devices via Multimaterial Three-Dimensional Printing. 
Nature Materials 2017. https://doi.org/10.1038/nmat4782. 

[34] Ma, J., Wang, Y., Liu, J. Bioprinting of 3D Tissues/Organs Combined with Microfluidics. RSC 
Advances 2018. https://doi.org/10.1039/c8ra03022g. 

[35] Grigoryan, B., Paulsen, S. J., Corbett, D. C., Sazer, D. W., Fortin, C. L., Zaita, A. J., Greenfield, 
P. T., Calafat, N. J., Gounley, J. P., Ta, A. H., Johansson, F., Randles, A., Rosenkrantz, J. E., 
Louis-Rosenberg, J. D., Galie, P. A., Stevens, K. R., Miller, J. S. Multivascular Networks and 
Functional Intravascular Topologies within Biocompatible Hydrogels. Science 2019. 
https://doi.org/10.1126/science.aav9750. 

[36] Bernal, P. N., Delrot, P., Loterie, D., Li, Y., Malda, J., Moser, C., Levato, R. Volumetric 
Bioprinting of Complex Living-Tissue Constructs within Seconds. Advanced Materials 2019. 
https://doi.org/10.1002/adma.201904209. 

[37] Erben, A., Hörning, M., Hartmann, B., Becke, T., Eisler, S. A., Southan, A., Cranz, S., Hayden, 
O., Kneidinger, N., Königshoff, M., Lindner, M., Tovar, G. E. M., Burgstaller, G., Clausen-
schaumann, H., Sudhop, S., Heymann, M. Precision 3D-Printed Cell Scaffolds Mimicking Native 
Tissue Composition and Mechanics. 2020. https://doi.org/10.1002/adhm.202000918. 

[38] Serien, D., Takeuchi, S. Fabrication of Submicron Proteinaceous Structures by Direct Laser 
Writing. Applied Physics Letters 2015. https://doi.org/10.1063/1.4926659. 

[39] Lemma, E. D., Spagnolo, B., De Vittorio, M., Pisanello, F. Studying Cell Mechanobiology in 3D: 
The Two-Photon Lithography Approach. Trends in Biotechnology 2019. 
https://doi.org/10.1016/j.tibtech.2018.09.008. 

[40] Richter, B., Hahn, V., Bertels, S., Claus, T. K., Wegener, M., Delaittre, G., Barner-Kowollik, C., 
Bastmeyer, M., Richter, B., Hahn, V., Bertels, S., Bastmeyer, M., Wegener, M., Claus, T. K., 
Delaittre, G., Barner-Kowollik Preparative Macromolecular Chemistry, C., Barner-Kowollik, C. 
Guiding Cell Attachment in 3D Microscaffolds Selectively Functionalized with Two Distinct 
Adhesion Proteins. 2017. https://doi.org/10.1002/adma.201604342. 

[41] Silbernagel, N., Körner, A., Balitzki, J., Jaggy, M., Bertels, S., Richter, B., Hippler, M., Hellwig, 
A., Hecker, M., Bastmeyer, M., Ullrich, N. D. Shaping the Heart: Structural and Functional 
Maturation of IPSC-Cardiomyocytes in 3D-Micro-Scaffolds. Biomaterials 2020. 
https://doi.org/10.1016/j.biomaterials.2019.119551. 

[42] Tong, M. H., Huang, N., Zhang, W., Zhou, Z. L., Ngan, A. H. W., Du, Y., Chan, B. P. 
Multiphoton Photochemical Crosslinking-Based Fabrication of Protein Micropatterns with 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 18, 2022. ; https://doi.org/10.1101/2022.03.16.484492doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.16.484492
http://creativecommons.org/licenses/by-nc-nd/4.0/


Controllable Mechanical Properties for Single Cell Traction Force Measurements. Scientific 
Reports 2016. https://doi.org/10.1038/srep20063. 

[43] Mandt, D., Gruber, P., Markovic, M., Tromayer, M., Rothbauer, M., Adam Kratz, S. R., Ali, S. 
F., Van Hoorick, J., Holnthoner, W., Mühleder, S., Dubruel, P., Van Vlierberghe, S., Ertl, P., 
Liska, R., Ovsianikov, A. Fabrication of Biomimetic Placental Barrier Structures within a 
Microfluidic Device Utilizing Two-Photon Polymerization. International Journal of Bioprinting 
2018. https://doi.org/10.18063/IJB.v4i2.144. 

[44] Dobos, A., Gantner, F., Markovic, M., Hoorick, J. Van, Tytgat, L. On-Chip High-Definition 
Bioprinting of Microvascular Structures. Biofabrication 2020. https://doi.org/10.1088/1758-
5090/abb063. 

[45] Ozbolat, I., Gudapati, H. A Review on Design for Bioprinting. Bioprinting. 2016, 
https://doi.org/10.1016/j.bprint.2016.11.001. 

[46] Junk, S., Burkart, L. Comparison of CAD Systems for Generative Design for Use with Additive 
Manufacturing. Procedia CIRP 2021. https://doi.org/10.1016/j.procir.2021.05.126. 

[47] du Plessis, A., Broeckhoven, C., Yadroitsava, I., Yadroitsev, I., Hands, C. H., Kunju, R., Bhate, 
D. Beautiful and Functional: A Review of Biomimetic Design in Additive Manufacturing. 
Additive Manufacturing 2019. https://doi.org/10.1016/j.addma.2019.03.033. 

[48] Gómez, S., Vlad, M. D., López, J., Fernández, E. Design and Properties of 3D Scaffolds for Bone 
Tissue Engineering. Acta Biomaterialia. 2016, https://doi.org/10.1016/j.actbio.2016.06.032. 

[49] Szojka, A., Lalh, K., Andrews, S. H. J., Jomha, N. M., Osswald, M., Adesida, A. B. Biomimetic 
3D Printed Scaffolds for Meniscus Tissue Engineering. Bioprinting 2017. 
https://doi.org/10.1016/j.bprint.2017.08.001. 

[50] Pasetti Monizza, G., Bendetti, C., Matt, D. T. Parametric and Generative Design Techniques in 
Mass-Production Environments as Effective Enablers of Industry 4.0 Approaches in the Building 
Industry. Automation in Construction 2018. https://doi.org/10.1016/j.autcon.2018.02.027. 

[51] Chen, X. A., Tao, Y., Wang, G., Kang, R. Forte : User-Driven Generative Design. 2018. 
https://doi.org/https://doi.org/10.1145/3173574.3174070. 

[52] Oh, S., Jung, Y., Kim, S., Lee, I., Kang, N. Deep Generative Design: Integration of Topology 
Optimization and Generative Models. Journal of Mechanical Design, Transactions of the ASME 
2019. https://doi.org/10.1115/1.4044229. 

[53] Fantini, M., Curto, M. Interactive Design and Manufacturing of a Voronoi-Based Biomimetic 
Bone Scaffold for Morphological Characterization. International Journal on Interactive Design 
and Manufacturing. 2018, https://doi.org/10.1007/s12008-017-0416-x. 

[54] Koshiyama, K., Wada, S. Mathematical Model of a Heterogeneous Pulmonary Acinus Structure. 
Computers in Biology and Medicine 2015. https://doi.org/10.1016/j.compbiomed.2015.03.032. 

[55] Renold Elsen, S., Mahendran, T., Atkare, P. P., Bhosale, A. A. Fabrication of Bio-Scaffold by 
Additive Manufacturing Technique for Bone Synthesis Using Generative Design. IOP 
Conference Series: Materials Science and Engineering 2021. https://doi.org/10.1088/1757-
899x/1123/1/012068. 

[56] Roudavski, S. Towards Morphogenesis in Architecture. International Journal of Architectural 
Computing 2009. https://doi.org/10.1260/147807709789621266. 

[57] Caetano, I., Santos, L., Leitão, A. Computational Design in Architecture: Defining Parametric, 
Generative, and Algorithmic Design. Frontiers of Architectural Research 2020. 
https://doi.org/10.1016/j.foar.2019.12.008. 

[58] Blakey-Milner, B., Gradl, P., Snedden, G., Brooks, M., Pitot, J., Lopez, E., Leary, M., Berto, F., 
du Plessis, A. Metal Additive Manufacturing in Aerospace: A Review. Materials and Design. 
2021. https://doi.org/10.1016/j.matdes.2021.110008. 

[59] Hahn, J. Hyperganic Uses AI to Design 3D-Printed Rocket Engine. 2020. 
https://doi.org/https://doi.org/10.1145/3173574.3174070. 

[60] Aage, N., Andreassen, E., Lazarov, B. S., Sigmund, O. Giga-Voxel Computational 
Morphogenesis for Structural Design. Nature. 2017, https://doi.org/10.1038/nature23911. 

[61] Sharma, N., Ostas, D., Rotar, H., Brantner, P., Thieringer, F. M. Design and Additive 
Manufacturing of a Biomimetic Customized Cranial Implant Based on Voronoi Diagram. 
Frontiers in Physiology. 2021. https://doi.org/10.3389/fphys.2021.647923. 

[62] Jiang, L., Chen, S., Sadasivan, C., Jiao, X. Structural Topology Optimization for Generative 
Design of Personalized Aneurysm Implants: Design, Additive Manufacturing, and Experimental 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 18, 2022. ; https://doi.org/10.1101/2022.03.16.484492doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.16.484492
http://creativecommons.org/licenses/by-nc-nd/4.0/


Validation. 2017 IEEE Healthcare Innovations and Point of Care Technologies 2017. 
https://doi.org/10.1109/HIC.2017.8227572. 

[63] Claaßen, C., Claaßen, M. H., Truffault, V., Sewald, L., Tovar, G. E. M., Borchers, K., Southan, 
A. Quantification of Substitution of Gelatin Methacryloyl: Best Practice and Current Pitfalls. 
Biomacromolecules 2018. https://doi.org/10.1021/acs.biomac.7b01221. 

[64] Cassot, F., Lauwers, F., Fouard, C., Prohaska, S., Lauwers-Cances, V. A Novel Three-
Dimensional Computer-Assisted Method for a Quantitative Study of Microvascular Networks of 
the Human Cerebral Cortex. Microcirculation 2006. https://doi.org/10.1080/10739680500383407. 

[65] Armstrong, J. K., Wenby, R. B., Meiselman, H. J., Fisher, T. C. The Hydrodynamic Radii of 
Macromolecules and Their Effect on Red Blood Cell Aggregation. Biophysical Journal 2004. 
https://doi.org/10.1529/biophysj.104.047746. 

[66] Tromayer, M., Dobos, A., Gruber, P., Ajami, A., Dedic, R., Ovsianikov, A., Liska, R. A 
Biocompatible Diazosulfonate Initiator for Direct Encapsulation of Human Stem Cells: Via Two-
Photon Polymerization. Polymer Chemistry 2018. https://doi.org/10.1039/c8py00278a. 

[67] Böcker, W., Yin, Z., Drosse, I., Haasters, F., Rossmann, O., Wierer, M., Popov, C., Locher, M., 
Mutschler, W., Docheva, D., Schieker, M. Introducing a Single-Cell-Derived Human 
Mesenchymal Stem Cell Line Expressing HTERT after Lentiviral Gene Transfer. Journal of 
Cellular and Molecular Medicine 2008. https://doi.org/10.1111/j.1582-4934.2008.00299.x. 

[68] Flamourakis, G., Kordas, A., Barmparis, G. D., Ranella, A., Farsari, M. Low-Autofluorescence, 
Transparent Composite for Multiphoton 3D Printing. Optical Materials Express 2020. 
https://doi.org/10.1364/ome.418269. 

[69] Van Hoorick, J., Gruber, P., Markovic, M., Tromayer, M., Van Erps, J., Thienpont, H., Liska, R., 
Ovsianikov, A., Dubruel, P., Van Vlierberghe, S. Cross-Linkable Gelatins with Superior 
Mechanical Properties Through Carboxylic Acid Modification: Increasing the Two-Photon 
Polymerization Potential. Biomacromolecules 2017. https://doi.org/10.1021/acs.biomac.7b00905. 

[70] Thannickal, V. J., Henke, C. A., Horowitz, J. C., Noble, P. W., Roman, J., Sime, P. J., Zhou, Y., 
Wells, R. G., White, E. S., Tschumperlin, D. J. Matrix Biology of Idiopathic Pulmonary Fibrosis: 
A Workshop Report of the National Heart, Lung, and Blood Institute. American Journal of 
Pathology 2014. https://doi.org/10.1016/j.ajpath.2014.02.003. 

[71] Knudsen, L., Ochs, M. The Micromechanics of Lung Alveoli: Structure and Function of 
Surfactant and Tissue Components. Histochemistry and Cell Biology 2018. 
https://doi.org/10.1007/s00418-018-1747-9. 

[72] Baldassi, D., Gabold, B., Merkel, O. M. Air À Liquid Interface Cultures of the Healthy and 
Diseased Human Respiratory Tract : Promises, Challenges, and Future Directions. 2021. 
https://doi.org/10.1002/anbr.202000111. 

[73] Chang, S., Kwon, N., Kim, J., Kohmura, Y., Ishikawa, T., Rhee, C. K., Je, J. H., Tsuda, A. 
Synchrotron X-Ray Imaging of Pulmonary Alveoli in Respiration in Live Intact Mice. Scientific 
Reports 2015. https://doi.org/10.1038/srep08760. 

[74] Ochs, M., Nyengaard, J. R., Jung, A., Knudsen, L., Voigt, M., Wahlers, T., Richter, J., 
Gundersen, H. J. G. The Number of Alveoli in the Human Lung. American Journal of Respiratory 
and Critical Care Medicine 2004. https://doi.org/10.1164/rccm.200308-1107oc. 

[75] Sacchi, M., Bansal, R., Rouwkema, J. Bioengineered 3D Models to Recapitulate Tissue Fibrosis. 
Trends in Biotechnology 2020. https://doi.org/10.1016/j.tibtech.2019.12.010. 

[76] Skolimowski, M., Weiss Nielsen, M., Abeille, F., Skafte-Pedersen, P., Sabourin, D., Fercher, A., 
Papkovsky, D., Molin, S., Taboryski, R., Sternberg, C., Dufva, M., Geschke, O., Emnéus, J. 
Modular Microfluidic System as a Model of Cystic Fibrosis Airways. 2012. 
https://doi.org/http://dx.doi.org/10.1063/1.4742911. 

[77] Park, D. Y., Lee, J., Chung, J. J., Jung, Y., Kim, S. H. Integrating Organs-on-Chips: 
Multiplexing, Scaling, Vascularization, and Innervation. Trends in Biotechnology 2020. 
https://doi.org/10.1016/j.tibtech.2019.06.006. 

[78] Grothausmann, R., Knudsen, L., Ochs, M., Mühlfeld, C. Digital 3D Reconstructions Using 
Histological Serial Sections of Lung Tissue Including the Alveolar Capillary Network. American 
Journal of Physiology - Lung Cellular and Molecular Physiology 2017. 
https://doi.org/10.1152/ajplung.00326.2016. 

[79] Borisova, E., Lovric, G., Miettinen, A., Fardin, L., Bayat, S., Larsson, A., Stampanoni, M., 
Schittny, J. C., Schlepütz, C. M. Micrometer-Resolution X-Ray Tomographic Full-Volume 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 18, 2022. ; https://doi.org/10.1101/2022.03.16.484492doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.16.484492
http://creativecommons.org/licenses/by-nc-nd/4.0/


Reconstruction of an Intact Post-Mortem Juvenile Rat Lung. Histochemistry and Cell Biology 
2020. https://doi.org/10.1007/s00418-020-01868-8. 

[80] Baptista, D., Teixeira, L., van Blitterswijk, C., Giselbrecht, S., Truckenmüller, R. Overlooked? 
Underestimated? Effects of Substrate Curvature on Cell Behavior. Trends in Biotechnology 2019. 
https://doi.org/10.1016/j.tibtech.2019.01.006. 

[81] Baptista, D., Teixeira, L. M., Birgani, Z. T., van Riet, S., Pasman, T., Poot, A., Stamatialis, D., 
Rottier, R. J., Hiemstra, P. S., Habibović, P., van Blitterswijk, C., Giselbrecht, S., Truckenmüller, 
R. 3D Alveolar in Vitro Model Based on Epithelialized Biomimetically Curved Culture 
Membranes. Biomaterials 2020. https://doi.org/10.1016/j.biomaterials.2020.120436. 

[82] Ovsianikov, A., Deiwick, A., Van Vlierberghe, S., Pflaum, M., Wilhelmi, M., Dubruel, P., 
Chichkov, B. Laser Fabrication of 3D Gelatin Scaffolds for the Generation of Bioartificial 
Tissues. Materials 2010. https://doi.org/10.3390/ma4010288. 

[83] Chen, Y., Chan, H. N., Michael, S. A., Shen, Y., Chen, Y., Tian, Q., Huang, L., Wu, H. A 
Microfluidic Circulatory System Integrated with Capillary-Assisted Pressure Sensors. Lab on a 
Chip 2017. https://doi.org/10.1039/c6lc01427e. 

[84] Biedermann, M., Meboldt, M. Computational Design Synthesis of Additive Manufactured Multi-
Flow Nozzles. Additive Manufacturing 2020. https://doi.org/10.1016/j.addma.2020.101231. 

[85] Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., Preibisch, S., 
Rueden, C., Saalfeld, S., Schmid, B., Tinevez, J. Y., White, D. J., Hartenstein, V., Eliceiri, K., 
Tomancak, P., Cardona, A. Fiji: An Open-Source Platform for Biological-Image Analysis. Nature 
Methods 2012. https://doi.org/10.1038/nmeth.2019. 

 

  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 18, 2022. ; https://doi.org/10.1101/2022.03.16.484492doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.16.484492
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 
Figure 1: The bio-hybrid perfusion chip connects microscopic, precision 3D printed protein scaffolds with standard 
microfluidics. (A) A plastic adapter base (SI Design 1) bridges delicate channels embedded in proteinaceous 3D printed cell 
scaffolds (SI Design 2) with diameters of ~80 μm to glass micro capillaries with inner and outer diameters of 250 and 360 μm, 
respectively. (B) As a proof of concept, we designed an adapter holding two capillaries for in- and outwards flow. Inside the 
adapter, the channel diameter is reduced to seamlessly interface with channels embedded in proteinaceous cell scaffolds 
such as simple channels generated using conventional CAD or algorithmic, biomimetic designs mimicking e.g. the alveoli 
synthesized using algorithmic design.  
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Figure 2: (A) The adapter interfaces hydrogel channels via 100 μm diameter channel ports and two standard 360 μm outer 
diameter HPLC capillaries via 368 µm diameter ports (left). Scanning electron microscopy image of entire (middle) and cut-
open (right) adapters fabricated from IP-S show characteristic print block stitching lines, but otherwise unobstructed channels 
and ports. (B) After development, perfusion chips were secured to glass substrates using polyimide adhesive tape (1). 
Capillaries were inserted under a stereomicroscope (2) and epoxy glue was applied dropwise (3). After curing for 10 minutes, 
the adhesive tape was removed. (C) Glass slide holding an assembled chip with capillaries was reinserted and secured with 
adhesive tape on the two-photon stereolithography sample holder for (D) 3D printing of protein channels using GM10 resin. 
Schematic top view showing capillaries (brown), adapter (grey) and GM10 scaffold (pink) and corresponding micrograph of 
chip with GM10 scaffold. (E) Finished bio-hybrid perfusion chips were connected to a fluid reservoir and a pressure-controlled 
pump via standard fluid connectors. 
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Figure 3: Assessing resolved microchannel diameters in 3D printed proteinaceous GM10 resin. (A) Two-photon microscopy 
imaging used 780 nm or 1034 nm two-photon excitation for aqueous FITC-CM-dextran (blue) and 0.5 mM rose bengal stained 
scaffolds (red) and matching 468-552 nm and 610-900 nm bandgap emission filters. PBS washing buffer was exchanged with 
0.5 mg/mL FITC-CM-dextran to accessible internal channel sections after scaffolds were development via confocal sections 
and corresponding line plots (B) Large FITC-dextran of 150 kDa with a radius of gyration of order 8 nm, was not observed to 
permeate into the scaffold walls and central cavities remained non-fluorescent in both channels suggesting that the GM10 
hydrogel mesh size was large enough to facilitate rose bengal efflux during scaffold development but small enough to prevent 
FITC-Dextran influx. (C) A test scaffold containing channels with diameters of 5 to 60 μm, each 290 μm long was designed and 
printed. A x/z section was derived from imaged z-stacks to compare the printed structure with the CAD model. Fluorescence 
image of the central the x/y plane (middle). The x/y section of both channels are overlaid normalized intensities along the 
cross-section indicating FITC-CM-Dextran permeated all channels down to 10 μm fully. Scale bars 50 μm 
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Figure 4: Liquid flow in bio-hybrid perfusion chip. The adapter chip is submerged in PBS buffer to prevent drying induced 
damage to the proteinaceous GM10 hydrogel cap (white dashed line at t = 0s) while PBS buffer and air are flushed through 
it (Movie S1). Black arrows indicate flow direction, while white/blue arrows show the advancing air/PBS buffer meniscus. An 
air bubble was pinned inside the adapter chip (white arrows), but was flushed out when a continuous water column (blue 
arrows) progresses from the inlet capillary through the channel (t = 33-35 s) until the chip is air bubble free after 36 s. 

 
 
 

 
 
Figure 5: Bio-hybrid perfusion chip colonized with human mesenchymal stem cells that constitutively express GFP. Cell 
suspension (left) was introduced via the glass capillaries into the GM10 channel highlighted by a dashed white rectangle. A 
close up reveals green fluorescent hMSCs within the GM10 channel segment (right).  
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Figure 6: Protein hydrogel chip turnover. (A) Scanning electron microscopy images of adapter unit after mechanically 
removing GM10 block. A close up reveals a residual GM10 gel thread within one of the two adapter ports (white arrow). (B) 
Protein scaffolds (red) 4 and 12 days after colonization with human mesenchymal stem cells (hMSC, blue). After 12 days, cells 
have gradually degraded the scaffold.  
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Figure 7: Parametric design synthesis of vascularized alveoli. (A) Lung alveoli are air-filled sacs lined with pneumocytes to 
mediate CO2/O2 exchange. Algorithmic design can generate alveoli models (right) with biomimetic capillary networks (red) 
and interconnected air sacs (grey). (B) Algorithmic design computation proceeds in several stages: (1) The air path is 
defined through lattice beams. (2) A spherical foam map mimics alveolar sacs of pre-defined min./max. sphere sizes and 
gaps. (3) Sphere surfaces are connected by introducing offsets from individual spheres, before the air path is joined with 
the spherical foam map. (4) The external surface is then smoothed. (5) Starting from polygonal cells based on random input 
points on a 2D canvas, (6) a transformation to a 3D cylindrical assembly (7) is followed by defining variable radii, a spine, 
height variable beam thickness and edge curving. (8) This cylindrical Voronoi mesh is then partially snapped onto the 
previously designed alveolar base (9) using transition interpolation. (10) Final in- and outlets are trimmed. (C) Design 
features such as sphere layout or capillary paths can be randomized to select degrees. (D) Biomimetic algorithmic designs 
(Movie S2) allow to explore specific design parameter variations (Figure S1), such as alveoli size, degree of vascularization 
and wall thickness to systematically investigate single cell and tissue dynamics in response to context specific 3D design 
cues. (E) Parametrized alveoli templates were printed true-to-scale using two-photon stereolithography in both standard 
acrylic-based resin (scanning electron microscopy, left) and proteinaceous GM10 resin (Movie S3, two photon fluorescence 
microscopy, right). 
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