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Abstract
Scalable fabrication concepts of 3D kidney tissue models are required to enable their application in
pharmaceutical high-throughput screenings. Yet the reconstruction of complex tissue structures
remains technologically challenging. We present a novel concept reducing the fabrication demands,
by using controlled cellular self-assembly to achieve higher tissue complexities from significantly
simplified construct designs. We used drop-on-demand bioprinting to fabricate locally confined
patterns of renal epithelial cells embedded in a hydrogel matrix. These patterns provide defined
local cell densities (cell count variance <11%) with high viability (92± 2%). Based on these
patterns, controlled self-assembly leads to the formation of renal spheroids and nephron-like
tubules with a predefined size and spatial localization. With this, we fabricated scalable arrays of
hollow epithelial spheroids. The spheroid sizes correlated with the initial cell count per unit and
could be stepwise adjusted, ranging from Ø= 84, 104, 120–131 µm in diameter (size variance
<9%). Furthermore, we fabricated scalable line-shaped patterns, which self-assembled to hollow
cellular tubules (Ø= 105± 22 µm). These showed a continuous lumen with prescribed
orientation, lined by an epithelial monolayer with tight junctions. Additionally, upregulated
expression of kidney-specific functional genes compared to 2D cell monolayers indicated increased
tissue functionality, as revealed by mRNA sequencing. Furthermore, our concept enabled the
fabrication of hybrid tubules, which consisted of arranged subsections of different cell types,
combining murine and human epithelial cells. Finally, we integrated the self-assembled fabrication
into a microfluidic chip and achieved fluidic access to the lumen at the terminal sites of the tubules.
With this, we realized flow conditions with a wall shear stress of 0.05± 0.02 dyne cm−2 driven by
hydrostatic pressure for scalable dynamic culture towards a nephron-on-chip model.

1. Introduction

Novel 3D cell culturemodelswith enhanced physiolo-
gical properties are desirable to increase predictabil-
ity of organ responses in vitro compared to 2D cell
monolayers or animal models [1, 2]. In the context
of drug screening applications, the modeling of the
kidney is in focus because of its role in metaboliza-
tion and clearance of drugs, and its susceptibility to
drug-associated cytotoxicity. In particular, the mod-

eling of the nephron tubule, which is the smallest
functional unit, is considered to hold great prom-
ise for future improvements in assays for drug devel-
opment, testing, and treatment optimization [3]. In
sum, key structural objectives for the reconstruc-
tion of an artificial nephron tubule are (a) a hol-
low lumen in an extracellular matrix material, lined
by (b) a closed renal epithelial cell layer, and (c)
optional culture with luminal flow, to fully simulate
physiological conditions. This is achieved by integ-
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ration into microfluidic devices, as nephron-on-chip
models [4–6]. Furthermore, for successful in vitro
application, the models must be (d) scalable, repro-
ducible, and parallelizable, with appropriate techno-
logical effort to fabricate large numbers of replicates.

State-of-the-art tissue engineering approaches
achieved 3D tissue architectures by two main
approaches, as reviewed in [4]. The first approach
takes advantage of cellular self-assembly leading to
the formation of epithelial cell spheroids [7–9] or
tubular networks [10, 11] from randomly distributed
epithelial cells within extracellular matrix materials
(ECMs) without external intervention. The achieved
structures provide high degrees of tissue complexity,
meeting some of thementioned tissuemodel require-
ments, and have shown increased sensitivity to neph-
rotoxic treatments [7, 8, 12]. The most important
advantage of this approach however, stems from the
fact that self-assembly increases the tissue complexity
intrinsically leading to physiologically defined tissue
structures. Thus, the complexity in this case does
not need to be defined by technological means but
is created by spontaneous self-assembly of the cells.
This provides more easy handling, fabrication, and
hence suitability for high-throughput applications
[13]. However, the structures occur both spatially
and temporarily undefined, with high variations and
non-uniform size distribution of spheroids or tubules
[7]. Different approaches make use of bioprinting, an
additive manufacturing tool for controlling the spa-
tial distribution of cells to fabricate 3D cellular con-
structs for tissue engineering. 3D-bioprinting allows
for precise deposition of cell containing bioink and
artificial ECMs. It was successfully used to estab-
lish various types of kidney models [14–16]. Most
prominent models are based on hollow fluidic chan-
nels created in a hydrogel ECM, in which cells are
seeded subsequently [14, 15, 17]. The renal epithelial
cells attach to the channel walls and form an epi-
thelial barrier after several days in culture. A fluidic
connection can be established for perfused kidney-
on-chip devices [15, 16]. However, this approach
requires highly complex fabrication technologies,
multiple manual processing steps, and specific sac-
rificial materials, thereby limiting the scalability of
such models. Furthermore, the minimum diameter
of the tubules is limited to∼200 µm [16] by the seed-
ing process and allows for one cell type per tubule,
only. The microchannel geometry decisively defines
the final architecture and does not allow physiolo-
gical mechanisms to adapt the geometry. All men-
tioned approaches either rely on immortalized cell
lines, such as renal proximal tubule epithelial cells
(RPTEC) [10, 15], or cells derived from induced
pluripotent stem cells [18–21]. Prospectively, induced
cell lines will provide great advantages, as these stem
from accessible cell sources, such as fibroblasts, and
therefore hold great promise for fabrication of human
personalized tissue models in the future.

1.1. Bioprinting with integrated cellular
self-assembly
Current bioprinting technologies provide automated
solutions for handling of preformed 3D tissues as
‘building blocks’, such as spheroids [22] or larger
organoids, such as tubules or strands [23]. All of
these approaches aim for establishing the final tissue
structure by controlled deposition and arrangement
of the building blocks. In contrast to these meth-
ods, we present a novel fabrication concept, which
integrates cellular self-assembly as essential element
into the bioprinting fabrication approach. The cap-
ability of cells to form physiological microstructures
spontaneously under certain conditions, is exploited
actively to generate tissues with higher complexity
and smaller micro features. Thereby no preforma-
tion and handling of 3D tissues is necessary. We
generate higher tissue complexities directly in a 3D
hydrogel scaffold, by self-assembly from simplified
printing designs. Bioprinting combined with cellu-
lar self-assembly provides powerful mechanisms to
generate complex artificial tissues for various tar-
get tissues and cell types [24, 25]. In general, post-
printing cellular reorganization hast to be considered
when establishing new bioprinting processes, as by
definition, the cellular components form an active
part of the final tissue construct. Cellular reorgan-
ization adds substantial complexity to the printed
tissues on both the morphological and the cellular
and subcellular level, while not increasing the tech-
nological challenges of the printing process. As nicely
reviewed in [26, 27], there are a variety of opportunit-
ies, such as tissue maturation and cell differentiation,
but also some major challenges arise when using self-
assembly in biofabrication. These are limited (spa-
tial) control of cellular assembly on the micro-scale
below the printing resolution, a reasonable reprodu-
cibility of the self-assembly and printing process and
the scalability of the whole process to allow for a
significant throughput. A major achievement of the
present study is the successful and controlled applic-
ation of the self-assembly mechanisms on a cellu-
lar level, through fabrication of well-defined active
local microenvironments. We achieved those with
drop-on-demand (DoD) bioprinting, which is used
to fabricate simplified epithelial cell patterns with
defined size and high cell density in a hydrogel ECM.
With this, we investigated the fabrication of epithelial
cell spheroids and nephron-like tubules systematic-
ally. All experiments were carried out with human
RPTECs, a well-established reference cell line, and
with a directly reprogrammed cell line derived from
murine fibroblasts, induced renal tubular epithelial
cells (iRECs) [7]. The cellular self-assembly concept
was confirmed to work in number of different bioact-
ive ECM materials, such as Collagen I, Matrigel, and
Fibrin, and should be easily transferable to other (epi-
thelial) cell types upon adjustment of the biomaterials
to the respective cells.
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2. Materials andmethods

2.1. Cell culture
Immortalized renal proximal tubule epithelial cells
(RPTEC/TERT1, #CRL-4031) were cultured in
DMEM:F-12medium (#30-2006) supplementedwith
hTERT Immortalized RPTEC growth kit (#ACS-
4007, all ATCC) and G 418 bisulfate salt solution
(G8168, Sigma-Aldrich) up to passage p 20. iRECs
were cultured in DMEM (#41966029, Gibco) supple-
mented with 2 mML-glutamine (#25030024, Gibco),
1% v/v penicillin/streptomycin (#P4333, Sigma),
10% v/v fetal bovine serum (#F9665, Sigma) from
passage p 8 after isolation and expansion after direct
reprogramming of fibroblasts [7]. During all con-
ducted experiments, iRECs were cultivated in renal
epithelial growth medium (#CC-3190, Lonza).

2.2. Hydrogel materials
We used different hydrogels as artificial ECM mater-
ials and for the bioink formulation. Matrigel and
Collagen I, as well as Matrigel-Collagen I blends
were used as ECM materials. Fibrinogen was used
as a liquid carrier to suspend epithelial cells for
the bioink formulation. Matrigel (Growth Factor
Reduced, Phenol Red-free, LDEV-free, #356231,
Corning) was used as artificial ECM material in con-
centrations of 100%, 66% and 33%. For printing,
the Matrigel substrate was used in un-cross-linked
state and cross-linking times of 30 min at 37 ◦C were
used. Collagen I (#345236, Corning) was used as
artificial ECM material in concentrations of 6, 3,
and 1.5 mgml−1. From the acidic stock solution,
a neutral pH was adjusted by mixing with sodium
hydroxide (1 mM, NaOH), double distilled water,
and PBS (10×, Sigma-Aldrich) at 4 ◦C. The neutral-
ized solution was kept at 4 ◦C for a maximum of 1 h.
Cross-linking was thermally induced by increasing
the solution temperature to 37 ◦C for 30 min. When
used as substrate material, the Collagen I hydrogel
was cross-linked before printing. Matrigel/Collagen
I blends were obtained by mixing the neutralized
Collagen I solution (6 mg ml−1) 1:1 with Matrigel
100% at 4 ◦C. Cross-linking for 30 min was con-
ducted after printing. Fibrin was obtained from Fib-
rinogen (20 mg ml−1, human plasma, #341576, Cal-
biochem). By mixing with Thrombin (20 U ml−1,
human plasma, #605190, Calbiochem) cross-linking
was induced. For use as ECMmaterial Fibrinogen and
Thrombinweremixed 1:1 and cross-linked for 30min
at 37 ◦C. For use as bioink carrier liquid, the cell pel-
lets were suspended in Fibrinogen, and, after depos-
ition, cross-linking was induced by Thrombin, con-
tained in the substratematerial. To prevent enzymatic
digest of Fibrin we added Aprotinin (20 µg ml−1

working concentration, A1153, Sigma-Aldrich) to the
cell culture medium during incubation as described
in [28].

2.3. Bioink preparation
The bioink was prepared from semi-confluent cell
cultures of RPTECs or iRECs. The cells were trypsin-
ized (TrypLE, #12604013, Gibco) and centrifuged
(200 g, 5 min). The supernatant was removed, and
the pellet was resuspended in PBS (1 ml). The cell
concentration and viability were measured by mixing
the cell suspension (10 µl) with trypan blue (10 µl)
and adding the stained solution to a disposable cham-
ber slide which was inserted into an automated cell
counter (CountessTM II, Thermo Fisher). The cells
were centrifuged (200 g, 5 min) again, and the pel-
let was resuspended in Fibrinogen (FN, #341576,
Calbiochem, 5 mg ml−1) as carrier fluid of the
final bioink. The amount of Fibrinogen volume was
adjusted to achieve cell concentrations of 1 × 106–
2.5 × 107 cells ml−1. With typical droplet volumes
during the bioprinting process of 10 nl, the cell con-
centrations were leading to droplets containing 10–
250 cells, respectively.

2.4. Bioprinting
For bioprinting, we used a customized DoD
bioprinter equipped with a commercial piezo driven
dispenser (PipeJet®, BioFluidix GmbH, Germany).
Detailed application descriptions can be found else-
where [24, 29]. A schematic construction image of
the dispenser is shown in (figure 1(a)). Disposable
sterile polymer capillaries (Capillary pipes, #200-
SC, BioFluidix) were mounted on the dispenser. The
capillary was directly connected to pipet-tips to load
the bioink. This allowed deposition of single bioink
droplets with adjustable volumes between 5 and 20 nl,
using a capillary nozzle diameter of 200 µm. The
droplet volume can be defined in the dispenser soft-
ware (BioFluidix) within the described range. Ideal
piezo parameters were automatically adjusted for
a stable formation of single, satellite-free droplets,
with a software controlled stroboscopic camera setup
(BioFluidix). The dispenser was positioned vertically
above a prepared hydrogel substrate with a software
controlled three-axis robotic stage, whichwasmoving
to a user defined set of XYZ coordinates. For optim-
ized printing performance the Z-distance between
dispenser nozzle and substrate surface was <5 mm.
Higher distances between nozzle and substrate sur-
face were leading to partial droplet displacements,
resulting in inaccurate printing. After deposition
on a hydrogel substrate, the cell containing bioink
droplets formed cell patterns, which we referred to as
on-site cell clusters. The single droplet clusters could
be combined by overlap printing to fabricate struc-
tures in any desired design, such as lines and curves
(figure 1(c)). A detailed process schematic diagram is
shown in figure 1(d). First, a hydrogel layer was pre-
pared as substrate (Layer I) on which bioink droplets
were deposited, leading to on-site patterns of loosely
arranged cells, as shown in the cut view schematics.
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Figure 1. Bioprinting process schematics. (a) Drop-on-demand dispenser used for bioprinting of (i) droplets with adjustable
volume and cell count, resulting in (ii) spatially confined cell patterns (clusters) in hydrogels. (b) Schematic of cellular
self-assembly processes observed post-printing. (c) Our fabrication concept aims to control cellular self-assembly to achieve
increased tissue complexities from simplified print patterns. Experimental setups investigate the influence of cell count variations
on self-assembly of renal spheroids and overlap print patterns to achieve nephron-like tubules. (c) Schematic of the three-step
fabrication concept including (1) Bioprinting and layer-by-layer hydrogel embedding, (2) incubation and controlled cellular
self-assembly leading to lumen formation, and (3) fluidic integration in a chip housing for perfusion culture as organ-on-chip.
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The printed patterns were then covered with a second
hydrogel layer (layer II) for encapsulation and incub-
ation. For both, Layer I and Layer II, pure Matrigel,
Collagen I, or blends of both materials were used.
Also, Fibrin is applicable for the described process.
Prior to printing all materials were cross-linked for
30 min at 37 ◦C.

2.5. Conservation of printed cell patterns
The printed pattern of cell clusters was conserved
by cross-linking of the bioink (with Fibrinogen as
carrier liquid), which was catalyzed by Thrombin
contained in the substrate hydrogel layer. Without
Fibrinogen cross-linking, the printed pattern was
scattered when the second hydrogel layer was applied,
as shown in the supplemented figure S2(a) (avail-
able online at stacks.iop.org/BF/13/035019/mmedia).
Bioink-FNwasmandatory to conserve the cell pattern
structure during this process step. This was achieved
by local FN-crosslinking enzymatically induced by
Thrombin (TH, 10 U ml−1), which was contained
in the first substrate hydrogel layer. During incuba-
tion, the loose cell clusters self-assembled and formed
cellular tubules. Due to the contact-free printing
process (DoD) the process could be conducted on-
chip (figure 1(d)), with open bottom chip designs.
After housing and sealing, the cells self-assembled to
tubules, and the lumen was connected for fluidic per-
fusionwith self-assembled funnel structures at the in-
and outlet connector ports.

2.6. mRNA extraction and sequencing
Messenger RNA (mRNA) was extracted from printed
iRECs and iRECs seeded in 2D after 7 d of incubation.
Each experiment was performed three times at inter-
vals of 2.5 weeks, corresponding to passages p35, p43
and p52. For each condition, eight identical samples
were seeded at day 0 with 6000 cells each. mRNA was
extracted using the Trizol based RNeasy Plus Univer-
sal Mini Kit (Qiagen, #73404) with slight modific-
ations as suggested by Khetan and Burdick for 3D
hydrogels [30]. mRNA samples were sequenced on an
IlluminaHiSeq platform and 150 bp paired-end reads
were generated (Novogene, HK).

2.7. Transcriptomic analysis
Sequenced datasets were uploaded to the Galaxy plat-
form [31]. After a quality check with FastQC (version
0.72), paired reads were trimmed with Trim Galore!
(version 0.4.3) and aligned to the reference mouse
genome mm10 with RNA STAR (version 2.6.0b-1)
[32]. Reads were counted with featureCounts (ver-
sion 1.6.3) [33] and differential expression analysis
was run with DESeq2 (version 1.22.1) [34] consid-
ering each microenvironment and individual rep-
licate as a factor. As all samples passed the quality
control, further bioinformatic analysis was conduc-
ted on Rstudio (version 1.1.456). When referring to
kidney specificity, gene expression in mouse kidney

with respect to the median of the other mouse tissues
were compared, according to the RNA sequencing
based expression analysis from [35]. The gene onto-
logy (GO) enrichment analysis was run with cluster-
Profiler (version 3.10.1) with a p-value cutoff of 0.01,
correctedwith the Benjamini–Hochbergmethod, and
a q-value cutoff of 0.05 [36]. Volcano plots and heat-
maps were made with R packages ggplot2 (version
3.2.1) and heatmap.plus (version 1.3).

2.8. Fluidic chip integration
The perfusion chip setup consisted of amilled PMMA
base, with six parallel open channel cavities in which
the substrate hydrogel was prepared for on-site cell
clustering by bioprinting. Immediately after printing
the base was housed with a commercial open bottom
perfusion chip (sticky-Slide VI 0.4, ibidi GmbH, Ger-
many) and sealed with an adhesive interlayer. Then
the printed cell patterns were covered with a second
hydrogel layer by pipetting and incubated in cell cul-
ture medium. Photographs of all parts are shown in
supplemented figure S3(c).

2.9. Imaging
Brightfield (BF) and fluorescence of green fluores-
cent protein (GFP) microscope images were acquired
with an inverted microscope (Axio Observer 7, Carl
Zeiss) with a 10×/0.30 objective (EC Plan Neofluar,
Zeiss). BF images were acquired with TL Halogen
Lamp illumination. For fluorophore (GFP) excita-
tion, LED transmission illumination was used with
filter wavelengths of 473–496 nm (excitation) and
511–528 nm (emission). Confocal microscopy was
performed using a laser scanning microscope (LSM-
I-NLO, Carl Zeiss) equipped with a 40×/0.80 W
objective (Achroplan, Zeiss). Fluorophore excitation
was performed with a single-photon laser at 488 nm
(GFP) and 561 nm (Cy 3). For image analysis, ZEN
Blue (Version 2.6, Zeiss) and ImageJ software were
used. Amajor challenge of confocal imaging was high
background noise, caused by the biopolymer hydro-
gels, and low signal intensities, due to the increased
thickness and absorption of 3D constructs, compared
to 2D cell monolayers. Also the antibody staining
protocol had to be adapted to these conditions, as
described in [24].

2.10. Data acquisition and statistics
Presented microscope images are representative from
at least three independent experimental runs. Spher-
oid size measurements were conducted for 49 struc-
tures per experiment, with three individual experi-
mental runs. A schematic of the experimental setup
is shown in supplemented figure S3(a). The spher-
oid size was determined from fluorescence micro-
scope images (threshold below 96.5%, 8 bit gray val-
ues). From this, mean values and standard deviations
(SD) were calculated for each experimental run. The
error of the mean was calculated from the individual
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SD values. The width of nephron-like tubules was
determined for at least five samples, at three positions
along the tubules. Mean Day 0 cell cluster extensions
and volume were determined from four independent
confocal Z-scans in three independent experimental
runs (ZEISS ZEN blue 3.1). The spheroid forma-
tion rate was determined from fluorescence images;
spheroids were considered as successfully formed
when geometrical (roundness >70%) and morpho-
logical criteria were met, e.g. one single, continu-
ous cell aggregate with membrane-like boundary to
the ECM was formed. In contrast, spheroid forma-
tion was considered to be not successful when cells
remained singularized, spread or aggregated in mul-
tiple smaller fractions. Datasets were tested for nor-
mal distribution using Saphiro–Wilk, rejecting the
null hypothesis for p-values < 0.05 (OriginPro 2019).
To analyze variances between non-normal distributed
datasets, these were compared with Kruskal–Wallis
ANOVA (OriginPro 2019), with a significance prob-
ability threshold of χ2 < 0.05.

3. Results and discussion

To establish a process that provides reproducible, spa-
tial, and temporal control over epithelial cell self-
assembly of three-dimensional (3D) spheroids and
nephron-like tubule structures, we investigated a
compatible set of a scaffold material for an artificial
ECM, a technology for bioprinting that enables the
precise and automated deposition of cells, and a suit-
able cell containing bioink for printing. To provide
proof of transferability of all presented results, these
refer to corresponding experiments conducted with
murine directly reprogrammed iREC and human
primary RPTEC cell lines.

3.1. Matrigel, Collagen I and Fibrin promote
epithelial cell self-assembly
We selected suitable materials for the artificial ECM
with respect to cell related physicochemical properties
and bioprinting process compatibility. This implied
mechanical stability, degradation and hydrogel bio-
activity, which promotes the appearance of desired
morphologies of embedded epithelial cells, such as
self-assembly of spheroids and tubules. Second, the
materials were tested for compatibility with the
intended layer-by-layer bioprinting process, which
includes cross-linking mechanisms, bulk and surface
homogeneity, and low batch-to-batch variations. We
tested common hydrogel materials, in different con-
centrations, which showed good cyto-compatibility
in previous studies: Matrigel (100%, 66%, 33%) [7],
Collagen I (3, 1.5mgml−1) [37], Fibrin (10mgml−1)
[38, 39], and Collagen/Matrigel blends (1.5 mgml−1,
50%), respectively. To test the cell related properties,
epithelial cells were suspended in the un-cross-linked
materials to achieve a random and isotropic cell dis-
tribution in the scaffold with a final concentration

of 1 × 105 cells ml−1. After cross-linking, we incub-
ated the constructs for 7 d for microscopic obser-
vation of cell morphologies (supplemented figure
S1). Previous studies have shown that within such
constructs, depending on cell density and spatial
cell distribution, the hydrogel embedded epithelial
cells randomly self-assemble to complex spheroids,
or tubular networks, with nephron-like cell polariza-
tion and localized expression of membrane transport
proteins [7, 10]. Here, we were able to reproduce
these processes in three tested materials at differ-
ent concentration conditions. Epithelial cells showed
changing morphologies compared to Day 0, with
self-assembly of spheroid-like structures in Matri-
gel, Collagen and Fibrin with all tested concentra-
tions. The spheroids were randomly distributed in the
hydrogel and showed high size variances. These res-
ults coincided with previous studies in pure Matri-
gel [7]. In contrast, inert materials, such as Agarose
and Alginate, showed unchanged single cells, with
round cell morphologies during the entire incuba-
tion period (data not shown). Fibrin showed fast and
complete enzymatic degradation in the presence of
embedded epithelial cells, which could be evaded by
addition of Aprotinin (20 µg ml−1), however bear-
ing potentially unknown adverse treatment effects.
In terms of physical properties a comprehensive and
systematic overview of rheological parameters of the
hydrogels including a head-to-head comparison of
dynamicmechanical storage and lossmoduli was pre-
viously conducted and presented in [40, 41]. In gen-
eral, the mechanical stability is increasing with the
biopolymer concentration. Of the suitable materi-
als, Matrigel provides the highest storage modulus
(100%, 85 Pa), followed by Collagen I (3 mg ml−1,
33 Pa) and Fibrin (10 mg ml−1, 16 Pa). For all mater-
ials, the tested concentrations mainly affected the
mechanical stability of the constructs, while the epi-
thelial cell morphology could be considered inde-
pendent from that parameter. The dynamic elastic
moduli of the used ECM materials are considerably
low compared to the stiffness of physiological tissues,
which should be considered in the range of 1–10 kPa
[42, 43]. Although these values are not fully compar-
able as they are determined by very different meas-
uring methods, a deviation was to be expected, since
a high proportion of ECM volume is still acellular
in our models. The approximation of matrix stiff-
ness to physiological conditions and the research on
its impact on cell behavior are important points for
future studies, but beyond the scope of this work.
For subsequent experiments, we therefore used the
highest possible concentration tomaximize construct
stability and integrity, and to enable fluidic integra-
tion into chip housings for perfusion. With respect
to the bioprinting process compatibility, temperature
induced cross-linking mechanisms of Matrigel and
Collagen I provide a flat and chemically homogen-
eous hydrogel surface composition.We identified this
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Table 1. Overview of drop-on-demand process parameters. Five bioinks with varying concentrations (cx) or induced renal epithelial
cells (iREC) were printed, to achieve droplets with defined target cell counts (∗ideal droplet volume of 10 nl). Mean measurement values
with standard deviations (SD) of three individual experiments are shown. The actual cell count per droplet was calculated from the
measured cell concentration of 100 droplets (diluted in 10 µl). The respective cell count accuracy was calculated relative to the target
values. Post-printing cell-viability was determined by Trypan-blue staining.

Target
cell count

(cells drop−1)

Required
bioink

concentration∗

(cells ml−1)

Measured cell
concentration± SD

(100 drops in
10 µl) (cells ml−1)

Calculated
actual cell
count∗

(cells drop−1)

Mean cell
count

accuracy
Mean cell
viability

c1 10 1× 106 9.2× 104 ± 2.4× 104 9.2± 2.4 79± 26% 92%
c2 50 5× 106 5.0× 105 ± 8.8× 104 49.8± 8.8 87± 18% 92%
c3 100 1× 107 1.2× 106 ± 5.5× 104 115.3± 5.5 85± 5% 91%
c4 150 1.5× 107 1.9× 106 ± 4.8× 104 185.1± 4.8 77± 3% 91%
c5 250 2.5× 107 2.9× 106 ± 6.8× 104 293.4± 6.9 83± 2% 93%
Overall Mean± Error of the Mean 82± 6% 92± 2%

as key property to establish a stable and reproducible
layer-by-layer bioprinting process. Especially the wet-
ting behavior of the bioink printed onto hydrogel sur-
faces was homogeneous and reproducible for these
materials. In contrast, the two-component-induced
cross-linker Fibrin showed uneven surface geomet-
ries or chemically inhomogeneous surface properties,
leading to unpredictable bioink wetting and limited
reproducibility of print patterns.

3.2. DoD bioprinting enables precise and gentle
handling of cell suspension bioinks
For controlled deposition and embedding of cells
within the artificial ECM material, we formulated
a cell suspension bioink with fibrinogen as liquid
carrier and applied DoD bioprinting technology.
To determine cyto-compatibility and the precision
of the process, we first characterized key technolo-
gical and cell-related parameters, as summarized in
table 1. The first important technological parameter
was considered as the droplet volume, for which
we determined a coefficient of variation (CV). The
droplet volume was set to a target volume of 10 nl
by adjusting the piezo parameters of the DoD dis-
penser. We optically determined the droplet volume
of single droplets containing 2.5 × 107 cells ml−1

in a stroboscopic setup, revealing a mean volume
of Vdroplet = 10.96 ± 1.01 nl, with a respective
CV = 9.25% (n = 7000). This variation could be
related to the presence of high amounts of cells and
biopolymers in the bioink, which cause inhomogen-
eity of the bioink properties, which directly affects
the droplet formation at the nozzle. To evaluate cell-
related printing parameters, we measured the cell
viability and cell count accuracy. We printed 100
droplets (1 µl total volume), with five different cell
concentrations, in three independent experiments,
respectively. The accumulated volume of 100 droplets
was diluted (1:10) to 10 µl total volume and mixed
with Trypan Blue for counting of dead and viable
cells, which was measured using an automated cell
counter. The measurements showed a high post-
printing cell viability of 92 ± 3%, without influence

of the cell concentration in the bioink. The high viab-
ility could be related to the comparably low viscosit-
ies of the processed bioink of 1.6–38.5 mPa s (shear
rate dependent), thus, low shear stresses occur dur-
ing the printing process. The cell countmeasurements
revealed a calculated overall mean cell count accuracy
of 82± 6%with respect to the desired cell number per
droplet. The absolute cell count variation was in the
same order of magnitude for all cell concentrations.
However, the relative variation from the target value
was highest for low absolute cell counts per droplet,
where CVs of ±26% (10 cells) and ±18% (50 cells)
were calculated. The three higher concentrations var-
ied±5% or lower.

Major error sources of the droplet accuracy are
related to the preparation and adjustment of the
bioink cell concentration, which is again based on
previous cell count measurements and dilution steps.
Additionally, the droplet volume CV, and cell sedi-
mentation in the bioink can influence the cell count
accuracy but were not investigated separately. In
sum, the characterized DoD bioprinting technology
allows to deposit well-defined bioink droplets with
adjustable cell counts per droplet and high cell viab-
ility.

3.3. DoD bioprinting allows on-site cell
aggregation for spatially controlled self-assembly
After characterizing the process parameters of the
used DoD bioprinting technology, we tested its cap-
ability to spatially control epithelial cell self-assembly
and to achieve reproducible spheroid formation at
defined positions within an artificial ECM. Therefore,
we printed bioink droplets containing iRECs on a first
hydrogel layer for on-site cell clustering with defined
cell density and embedded themwith a second hydro-
gel layer for incubation and microscopic observa-
tion. Each droplet thereby formed one separated cell
cluster. A representative microscope image of a cell
cluster is shown in figure 2(a) (Day 0). Both cell types,
iRECs and RPTECs, and Matrigel and Matrigel/Col-
lagen blends as ECM materials were used to confirm
the presented results. For systematic measurements,
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Figure 2. Self-assembly of renal spheroids. Bioink droplets (∼10 nl) containing induced renal epithelial cells (iREC, green), were
printed and embedded in Matrigel, forming spatially defined cell clusters. (a) Microscope time-lapse images showing cellular
self-assembly to spheroids during incubation. (b) Array designs of such spheroids can be used for systematic investigations of
spheroid morphology. (c) and (d) Confocal microscopy images of the 3D cell distribution at different time points, showing
formation of a hollow lumen lined by a tight layer of epithelial cells (Day 3) from initially loosely clustered cells (Day 0).
(e) Variation of cell counts (c1–c5) within the clusters determined success of self-assembly. The spheroid formation rate was
calculated from clusters, which did not self-assemble (neg.), caused by ∗1: cells remained separated, ∗2: multiple structures
formed, or roundness <70%, with respect to the total number of aggregates per array. (f) The size of successfully assembled
spheroids (pos.) correlated with the cell count and was highly reproducible. Bioink cell concentrations below c2 did not lead to
spheroid formation.

we implemented an array design with a defined drop-
to-drop distance (pitch) of pArray = 500 µm, as shown
in figure 2(b).

Immediately after fabrication (Day 0) the clusters
consist of spatially confined, loosely arranged cells
in a spheroidal shape. In Matrigel 100%, a mean

lateral extension of WMatrigel = 180 ± 10 µm, and
a mean vertical extension of h = 79 ± 2 µm, with
a corresponding volume of VCluster = 1.4 ± 0.1 ×
106 µm3 were determined from confocal microscopy
scans, as shown in figure 2(c) (n = 4). The volume
was significantly reduced to 14 ± 1% compared to
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the initial droplet volume, which is mainly related to
a vertical compression and lateral extension (surface
wetting) of the droplet volume during the impact on
the surface. Depending on the used substrate mater-
ial this effect is altered, as for Collagen I the lateral
width is increased toWCollagen= 285± 81µm.Micro-
scopic time-lapse images showed post-printing cellu-
lar reorganization, which can be summarized as a cel-
lular densification process. A schematic description
of the underlying processes is shown in figure 1(b).
This resulted in cell aggregation with decreasing over-
all volume, mainly caused by decreasing lateral size,
and in the formation of inter-cellular contacts. This
included the formation of a sharp, membrane-like
boundary to the ECM within the first day of incub-
ation, the formation of cell-cell contacts and a res-
ulting closed epithelial cell layer. The aggregate sizes
continuously decreased within the first 7 d of incub-
ation. The subsequent incubation period until Day
14 did not lead to a significant decrease in aggregate
size. To confirm successful self-assembly of spheroids,
we characterized the final cell arrangement at Day 7
of incubation by confocal microscopy scans, show-
ing the formation of a spheroid structure, compris-
ing a lumen, lined by a continuous epithelial cell layer
(figure 2(d)). These observations coincide well with
described renal spheroid formation in literature [20].
The cell count per spheroidwas determined by count-
ing positively stained nuclei. The cell count at Day 7
correlated well with the initially printed cell count at
Day 0 (n = 3). These results are in line with state-
of-the art reports, showing self-assembled spheroids
in Matrigel, with high degrees of renal marker gene
expression [7]. Here, we advanced the self-assembly
process by gaining control over spatial appearance
within a hydrogel scaffold. Furthermore, the on-site
aggregation and self-assembly directly led to hydrogel
embedded spheroids, which provided a 3D environ-
ment. This provides additional benefits over hanging
drop or suspension culture formation [9], as no fur-
ther complex spheroid handling is required for 3D
ECM embedding.

3.4. Control of local cell density allows
reproducible fabrication of size-defined spheroids
To test the hypothesis thatwe can spatially control and
guide the cellular self-assembly process, we fabricated
clusters with varying cell numbers, as schematically
shown in figure 1(c), embedded them in a Matri-
gel ECM and investigated the resulting epithelial cell
spheroid formation. This was achieved by bioprinting
of droplets with five different bioink cell concentra-
tions as summarized in table 1, resulting in a single
confined clusters with well-defined cell counts. Dur-
ing culturing of these arrays, we measured the indi-
vidual spheroid sizes, in correlation to the initial cell
count per cluster. Furthermore, we determined the
spheroid formation rate as the number of positively
formed spheroids (pos.) over the total number of

printed clusters, shown in figure 2(e). Mean val-
ues from 49 individual spheroids, from three inde-
pendent experiments, with an observation period of
7 d, are shown in figure 2(f). The initially bioprinted
clusters showed a mean size of 179 ± 4 µm at Day
0, with no significant difference between all tested
cell concentration conditions (p = 0.34). All clusters
aggregated and decreased in size during the first day
of incubation, indicating a cellular densification pro-
cess. However, depending on the used cell concentra-
tion, some aggregates did not successfully form spher-
oids. At Day 1 the three highest cell concentrations
showed a spheroid formation rate of >90%. Themean
size correlated to the absolute cell number and was
determined to 155 ± 7 µm (250 cells per aggregate),
137± 8 µm (150 cells), and 112± 10 µm (100 cells),
respectively. The two lower concentrations showed
a spheroid formation rate of <60% without size to
cell number correlation, caused by aggregates with
reduced densification, andmean sizes of 130± 21µm
(50 cells) and 125 ± 16 µm (10 cells). At Day 3, the
size further decreased for all conditions. At this time
point, the four highest cell count conditions showed
significantly differing sizes, in correlation with dif-
ferent cell numbers with 137 ± 7 µm (250 cells),
122 ± 7 µm (150 cells), 105 ± 6 µm (100 cells), and
84 ± 13 µm (50 cells). Between Day 7 and Day 14
no significant change in spheroid size was detected
for all conditions (p > 0.05), leading to final spheroid
sizes of 131 ± 11 µm (100%, 250 cells), 120 ± 7 µm
(100%, 150 cells), 104 ± 6 µm (100%, 100 cells),
84± 13 µm (75%, 50 cells) with significant cell num-
ber to spheroid size correlations. These sizes are in
good accordancewith the expected size to cell number
correlation from a theoretical spheroid model, which
is illustrated in supplemented figure S3(b). Moreover,
the observed spheroid dimensions cover the reported
size range in literature [7, 9, 20]. For the lowest cell
count we found a final size of 120 ± 17 µm (45%,
10 cells). We assume that the used cell concentra-
tion resulted in aggregates below a critical minimum
cell density, leading to ineffective spheroid formation.
The increased size compared to higher cell concentra-
tions was related to deficient densification andmigra-
tion, causing unguided cell growth of individual cells.
Overall, the results confirmed, that DoD bioprint-
ing enabled the fabrication of size defined spher-
oids with defined cell numbers. From these aggreg-
ates, self-assembly lead to the formation of spheroids
with pre-defined final sizes. Furthermore, from the
five tested cell concentrations, we defined a critical
initial cell number of Ncells(c2) = 50 ± 9 cells in a
volume of VAgg., resulting in a critical local cell con-
centration of ccritical = 3.7 ± 0.2 × 107 cells ml−1

necessary for cells within one aggregate to interact
and self-assemble to a single spheroid. However, to
absolutely define the critical cell concentration value,
a bioprinting technology with higher spatial resol-
ution and cell count accuracy would be beneficial,
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ideally providing single-cell resolution. Additionally,
the cell count might be altered during incubation by
necrosis, apoptosis or cell proliferation. However, as
the key success or failure for self-assembly was already
determined within the first 24 h of incubation, and
the cell count between Day 0 and Day 7 did not sig-
nificantly differ, we assume that these effects can be
neglected.

3.5. Line shaped patterns self-assemble to
nephron-like tubules
To realize customizable and scalable tissue designs
beyond spheroids, we combined single droplets by
overlap printing (figure 1(c)). For this, we defined
an ideal substrate material and corresponding over-
lap pitch. First attempts failed, based on Matri-
gel 100% substrates, as the overlap printing resul-
ted in discontinuous patterns. This was potentially
caused by local penetration and encapsulation of the
individual deposited droplets into the semi-liquid,
Matrigel surface. Furthermore, Matrigel 100% sur-
faces were partly non-adhesive for deposited droplets
and therefore unsuitable for successful patterning
by bioprinting (supplemented figure S2(b)). Altern-
atively, we tested Collagen I (3 mg ml−1) and
Matrigel/Collagen I (3 mg ml−1/50%) blends to
improve the surface properties of the substratemater-
ial. For both material compositions, we achieved the
desired continuous fusion of building blocks when
printed with an overlap pitch of 200 µm. In a first
step, we fabricated line-shaped cell patterns with a
length of 15 mm by overlapping 75 droplets. This
resulted in spatially confined cell clusters with a
cylindrical shape. Within the clusters we found a
homogeneous cell distribution (figure 3(a)), sim-
ilar to the previously described spherical distribu-
tion (figure 2(c)). During the first days of incub-
ation, the clusters aggregated and showed identical
cellular reorganization mechanisms as described for
the spheroids, including cell migration, densification,
formation of a membrane-like boundary, and cell-
to-cell contacts, as shown in the time-lapse micro-
scope images. As a result, a tube-shaped cell aggreg-
ate was formed. We hypothesize that the underlying
self-assembly mechanisms are characteristic of many
epithelial cell lines, as observed in previous studies
[7, 37]. Furthermore, these cells tend to form tubules
in decellularized kidneys showing the capacity to self-
organize to a high-dimensional cell assembly, as also
observed in tissue morphogenesis from renal progen-
itor clusters [44]. A remaining challenge, which was
not in the scope of this work, was the identification
of specific cellular mechanisms that were involved
in this process. Based on our fabrication concept, as
well-controlled platform technology, future invest-
igations could include long-term live confocal cell
imaging, active gene regulation, cell migration and
apoptosis. In this work, we identified a correlation of
initial cell density on the successful self-assembly of a

continuous tubule with predefined geometry. Bioink
concentrations below 100 cells ml−1(c3) resulted
in discontinuous, partly undefined tubule geomet-
ries after self-assembly (supplemented figure S2(c)).
Continuous tubules were achieved with bioink cell
concentrations c3, c4 and c5. However, the result-
ing tubule diameter was not significantly influenced
by that parameter. With successfully self-assembled
nephron-like tubules, we performed confocal laser
scan microscopy to reveal the 3D cell arrangement.
This showed that cellular self-assembly led to a
compact tubular construct at Day 1, with a closed
cell arrangement in a tubular form, but without
a central lumen. Again, as observed for spheroid
assembly, cellular migration led to an aggregation
and densification of the cell distribution compared
to Day 0, where the line width was determined to
wDay 0 = 267 ± 4 µm (figure 3(b)). Self-assembly
included the formation of cell-to-cell contacts, shown
in figure 3(c), causing a decreased lateral size distri-
bution on Day 1 (wDay 1 = 153 ± 76 µm). The size
variation along the tubules was relatively high, indic-
ating that the self-assembly process was still ongo-
ing. Subsequent incubation days led to a more uni-
form size, and a change in the construct organ-
ization. We observed the formation of a lumen,
present from Day 4 (figure 3(c)) and a final width
wDay 4 = 98± 13 µm.We hypothesize, that cell polar-
ization induced a disintegration of apical cell-to-cell
contacts, thereby formation of a cellular monolayer
lining the lumen. A single layer of epithelial cells lined
the hollow lumen, which was in good accordance
to described self-assembly of nephron-like tubules
in literature, with coinciding sizes [10]. The formed
epithelium showed continuous tight junctional con-
nections, as demonstrated by positive ZO1 stain-
ing (figure 3(d)), also coinciding with reported self-
assembled 3D cell polarization and functionalization
[7]. Further incubation up to Day 28 did show signi-
ficant changes in tubule width. We conclude that the
shrinking of the tubular diameter is a consequence of
cellular re-organization mechanisms after the print-
ing process, when the tubule adopts its final and
highly ordered morphological structure.

3.6. DoD enables fabrication of custom cellular
designs and hybrid cell models
To demonstrate the range of possible designs, which
can be realized with the presented DoD bioprinting
process, we fabricated tissue designs beyond spher-
oid arrays and line-shaped tubular constructs. For
this we defined an arbitrary and scalable perimeter,
representing the desired design, and subdivided it
by a set of coordinates with a constant pitch of
200 µm, to realize a continuous and homogeneous
drop-to-drop overlap.With this, we fabricated convo-
luted tubular constructs consisting of 545 combined
single droplets and a corresponding total length of
100mm. The fabricated cell pattern again successfully
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Figure 3. Self-assembly of renal nephron-like tubules. (a) Fluorescence microscope images of a bioprinted line pattern of induced
renal epithelial cells (iREC) with CDH16-GFP (green), embedded in a Collagen|Matrigel (3 mg ml−1 | 50%) hydrogel (Day 0)
and subsequent self-assembly of nephron-like tubules. (b) Mean width of tubules during self-assembly until Day 11 of incubation.
(c) Confocal scan images show cell organization and lumen formation between Day 1 and Day 4. (d) Immunostaining shows
positive formation of tight-junctions. (e) Self-assembled convoluted tubule design fabricated with drop-on-demand bioprinting.
(f) Hybrid tubule comprising of combined sections of human RPTEC (unstained) and murine iREC (green).
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self-assembled and formed a convoluted tubule struc-
ture (figure 3(e)). With this, we could show that our
DoD bioprinting approach allows fabrication of sim-
ilar designs as previously shown with extrusion based
bioprinting approaches [15]. However, besides the
method used for patterning, the here described self-
assembly mechanism would also be applicable for
extrusion-based dispensing technologies, which was
not in the scope of this work. To highlight an exclusive
advantage of DoD bioprinting over extrusion-based
and cell seeding based approaches, we fabricated
tubular patterns comprising more than one cell type.
A discontinuous cellular arrangement was achieved
by combining droplets containing different cell types
(iREC and RPTEC), in one hybrid tubular construct.
Therefore, the printer setup was equipped with a
second dispenser channel. The two dispenser reser-
voirs were filled with the respective bioink (Bioink 1:
iREC, Bioink 2: RPTEC, both c= 1× 107 cells ml−1)
and assigned to an individual set of coordinates,
respectively. With this, a line shaped aggregate with
15 mm total length was fabricated, consisting of two
subsections of iRECs and RPTECs, with a cell trans-
ition located in the center (figure 3(f)). The entire
aggregate self-assembled and formed a tubular con-
struct, as described before. The two cell types merged
at the transition and formed a continuous hybrid cell
layer. This shows that murine and human renal epi-
thelial cell types can be combined in hybrid cell mod-
els. Prospectively, such an approach could be used to
fabricate renal tubule constructs and to reproduce the
subsections of a whole nephron, including e.g. prox-
imal tubule, loop of Henle, distal tubule, and collect-
ing duct. The technological challenge of this approach
is the complex spatial alignment of different DoD
dispensers, which deposit the respective cell types at
prescribed coordinates, in order to achieve continu-
ous overlap and transition regions of different cell
types. Furthermore, different types of cells require
optimized culture media compositions, which must
be developed for hybrid cell models.

3.7. Bioprinted self-assembled tubules show
upregulated kidney-specific functional genes
To determine how cellular processes are affected on
a molecular level in the bioprinted self-assembled
tubules, we subjected self-assembled tubules of iRECs
and conventionally plated iRECs in 2D monolay-
ers to RNA-Seq analysis. The transcriptome of self-
assembled tubule samples showed a total of 481
significantly (Padj < 0.05) differentially expressed
genes (figure 4(a)). We found that 379 genes (78.8%)
were upregulated, while only 102 genes (21.2%)
were downregulated in bioprinted and self-assembled
iREC tubules. GO-term analysis revealed enrichment
in cellular processes, such as response to fibroblast
growth factor and organic anion transport, both of
which are relevant to the formation of tubular kid-
ney structures in vivo (figure 4(b)) [45–47]. Among

the robustly up-regulated transcripts (log2FC> 1), we
found 34 to be enriched in the kidneys with a median
expression level two times higher than in other tis-
sues (figure 4(c)). Among these kidney specific genes
are transcripts that encode for the sodium bicar-
bonate cotransporter Slc4a4, the glucose responsive
transcription factor Mlxipl, and Ramp3, involved in
renal calcium excretion. In addition, we detected an
increased expression of kidney specific transmem-
brane proteins, transporters and regulators, such as
Slc6a12, Slc5a6, Srcin1, Ksr2, Tmem229a, Tspan8,
Sgms2 and Fetub. Consistent with the observation
that tubules in the printed samples formed tight epi-
thelial junctions, we observed strong upregulation of
Scel, present in epithelia with barrier properties, and
Cldn4, a claudin family member at tight junctions.
Interestingly, printing and guided tubule formation
promotes up-regulation of Ugdh, a gene participat-
ing in the biosynthesis of glycosaminoglycans, com-
mon components of the extracellular matrix. These
results show that bioprinted directly reprogrammed
renal cells not only retained their state of differen-
tiation, but that the kidney specific gene signatures
were enhanced.

3.8. Self-assembled tubular structures can be
integrated in a chip for perfusion culture
Finally, we investigated options to access the lumen
of the self-assembled tubules and established fluid
flow conditions, which, to our knowledge, has not
yet been described in literature. Yet, luminal flow is
one of the key requirements to approach physiolo-
gical conditions in culture. To achieve this, we identi-
fied another self-assemblymechanismoccurring sim-
ultaneously with the above described self-assembly
of tubular geometries. With an appropriate construct
design, this second mechanism resulted in terminal
openings of the lumen at both ends of the tubules. By
predefining the orientation of the lumen, bioprint-
ing then allowed to connect input and output ports
of a chip housing. Schematic images of the conduc-
ted process steps are shown in figure 5(a). We used
bioprinting for on-chip clustering of epithelial cells
on a Collagen I substrate (COL layer I). The patterns
were designed as straight lines with 15 mm length,
which connected the inlet and outlet ports of the final
chip setup. Next, the substrates were housed with an
open cavity channel slide as counterpart (Sticky Slide
VI, Ibidi, Germany).We then applied un-cross-linked
Collagen I (COL layer II) to partly encapsulate the cell
patterns with artificial ECM material. A photograph
of the completed setup is shown in the supplemen-
ted figure S3(c). The terminal parts of the cell pat-
terns remained uncovered, i.e. they were not encap-
sulated by the second Collagen I layer, as schemat-
ically shown in figure 5(d). This was mandatory to
enable subsequent self-assembly of terminal lumen
access. After cross-linking, we applied cell culture
medium and incubated the housed constructs. With
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Figure 4. RNA sequencing analysis of gene expression in self-assembled nephron-like tubules. (a) Volcano plot of differentially
expressed transcripts between bioprinted and 2D plated iRECs. (b) Heat map of kidney specific significantly upregulated genes.
(c) GO-term analysis of significantly upregulated genes.

this, a cell to medium interface was generated. Dur-
ing the first days of incubation we observed the
described self-assembly process leading to the forma-
tion of nephron-like tubules. Along the tubules, some
cells formed protruding structures into the hydrogel
(figure 5(f)). These structures were present from Day
1 of incubation and did not significantly change their
shape during further incubation times. They might
be caused by cellular migration processes. We hypo-
thesize that this phenomenon was due to mechanical
and chemical cell–matrix interactions between tubu-
lar cells and the adjacent hydrogel. In consequence
of secreted proteases, the ECM might be locally
degraded, which allowed single cells to evade the tight
tubular organization.

Furthermore, matrix induced mechanical forces
might interact with the tight epithelial layer.
Although lateral protrusions were observed, the

tubules were stable during the time course of the
experiments and the phenomenon did not lead to
disintegration of printed structures or disruption of
lumen formation. As laminar flow was not affected,
we do not assume that the luminal epithelial cell
layer based on strong cell–cell interactions and tight
junctions was impaired by these basolateral migra-
tion processes. Additionally, the terminal freestand-
ing parts of the aggregates self-assembled to funnel
like openings of the lumen (figure 5(e)). The funnel
shape was generated by cells, which were mechanic-
ally retracting the ECM material in direction of the
tubules, caused by the cellular densification process.
With this effect, we achieved fluidic connection of
up to six separately accessible, self-assembled tubular
structures (figure 5(b)) after four days of incubation.
Fluid flow in the lumen was driven by hydrostatic
pressure (phydrostatic ≈ 2 mbar), which we generated
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Figure 5. Integration of self-assembled nephron-like tubules in microfluidic chips. (a) Schematic illustration of process steps
leading to the integration of self-assembled tubule structures including fluidic access and perfusion of the lumen in a chip design.
(b) and (c) Microscope overview of 6 parallel channels filled with self-assembled tubules from iREC (green) connecting
individual inlet and outlet ports. (d) and (e) The terminal parts of the bioprinted cell aggregates remain uncovered from hydrogel
to enable lumen access by self-assembly and mechanical gel retraction. (f) Hydrostatic pressure gradients between inlet and outlet
ports lead to laminar flow conditions in the lumen. The shown particle trajectories allow measurements of flow rates for
calculation of wall shear stress.

in the chip connector ports, serving as reservoirs. By
addition of polystyrene particles (Ø = 10 µm) to
the perfusate, we imaged the particle flow within the
lumen (SupplementVideoV1), to determine the fluid
flow conditions within the tubules. Therefore, we
measured the particle movement by determining the
respective positions in the image sequence (n = 25).
This revealed laminar flow conditions within the
completely unclogged lumen, as shown by straight

particle trajectories (figure 5(f)). The mean particle
velocity, representing the 3D flow profile within the
lumen, was determined to vmean = 396± 149 µm s−1.
From this we calculated a volumetric flow rate of
Q = 4.9 ± 1.8 × 10−3 µl s−1. The tubule geometry
was calculated from the measured height (63 µm)
and the width (250 µm) from microscopic images.
Based on the geometry and the determined flow rate
Q we calculated the maximum wall shear stress of
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τmax = 0.05 ± 0.02 dyne cm−2 (5 ± 2 × 10−3 Pa).
These values are in good accordance to reported
physiological flow conditions in rats, as described in
[48], and previously used conditions in nephron-on-
chip devices [15, 16]. We generated the hydrostatic
pressure by tilting the chip around the longitudinal
axis, leading to a height difference between inlet and
outlet ports filled with cell culture medium. This
simple method allows applying pressure gradients in
a scalable, parallel manner. Applications of higher
pressure values were leading to detachment of the
hydrogel construct from the channel walls. In ongo-
ing investigations, we aim to improve the hydrogel to
chip adhesion by chemical surface modification and
anchoring geometries.

4. Conclusion

Biofabrication with integrated cellular self-assembly
is a powerful concept to decrease the fabrication
demands, by increasing the tissue complexity intrins-
ically. We have shown that organ models with
enhanced structural complexity and physiology com-
pared to 2D monolayers can be fabricated from sim-
plified cell patterns in hydrogels. With bioprinting,
we gained control of self-assemblymechanisms, lead-
ing to scalable, size-defined and orientated epithelial
cell spheroids and nephron-like tubules compris-
ing a lumen, which are amenable to perfusion. This
is a key step towards successful applications of 3D
nephron models in screening applications, such as
nephrotoxicity studies, where scalability of fabrica-
tion processes is a limiting factor. Current challenges
of the presented concept are mainly related to the
robustness of the resulting constructs. This included
long-term mechanical stability of the hydrogel ECM
itself, and stability of the chemical adhesion of the
hydrogel to chip interface, which are under ongoing
optimization.
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