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A B S T R A C T

It is estimated that 10% of the worldwide population suffers from chronic kidney disease (CKD) with a rising
tendency. Patients with CKD have limited treatment options and novel therapies that could halt or even reverse
the progression of CKD are urgently needed.

Bioprinting is considered one of the most promising approaches to generate novel 3D in vitro models and organ-
like constructs to investigate underlying pathomechanism of kidney diseases. This study aimed at establishing a
method to isolate primary renal cells in an easy and reproducible way. These cells were used in a new bioprinting
platform laying the foundation for the development of a 3D renal tubulointerstitium model for in vitro studies.
Primary murine tubular (pmTECs), endothelial and fibroblast cells were successfully isolated, but further opti-
mization is required for the culture and expansion of primary endothelial cells. Therefore, an endothelial cell line
(HUVECs) and pmTECs were combined with polysaccharide biomaterial ink solutions and processed with a
microfluidic 3D bioprinter, leading to high cell viability and metabolic activity. Core-shell bioprinted constructs
with HUVECs and pmTECs were manufactured mimicking tubules.

In conclusion, microfluidic bioprinting strategy could be used to build a novel 3D kidney in vitro model.
1. Introduction

It is estimated that 10% of the worldwide population suffers from
CKD [1]. Among these, 10–20% of the patients experience a progressive
loss of renal function, leading to end-stage renal disease (ESRD) [1,2].
ESRD patients undergo life-saving renal replacement therapies such as
haemodialysis and peritoneal dialysis, while waiting for a suitable donor
organ. Kidney transplantation is the ultimate therapy but the low avail-
ability of matching donor organs limits this approach. Furthermore, after
transplantation there is still a high risk of organ rejection, cardiovascular
complications and cancer, the latter one enhanced by the use of immu-
nosuppression [3]. Because of the limitations in current conventional
therapies, it is of utmost importance to develop new strategies to study in
vitro the renal disease progression [1].

Kidney fibrosis is considered the best predictor of progression and
irreversibility of CKD [4,5]. Fibrosis is the pathological endpoint of CKD,
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in which activated mesenchymal cells replace the functional parenchyma
and an excessive accumulation of extracellular matrix (ECM) is normally
observed. The underlying mechanism of this cascade of events is still not
clear [4,5]. It has been shown that fibrosis is triggered by an orchestrated
cross-talk of a multitude of cell types, in particular epithelial, endothelial,
immune cells and mesenchymal cells such as fibroblasts [6]. Tubular
epithelial cells (TECs) make up the majority of renal parenchyma and
react sensitively to a wide range of stress stimuli. TECs have a high
regenerative capacity and mild tubular injuries are normally repaired.
However, severe or repetitive injuries lead to permanent damage up to
tubular atrophy and is associated with renal fibrosis. Tubular injury leads
to an activation and increase of fibroblasts, the resident mesenchymal
cells in the renal tubulointerstitium. Several mechanisms for the increase
of these activated fibroblasts, so called myofibroblasts, are described in
the literature. The major proposed mechanisms for the myofibroblast
increase is the proliferation of resident fibroblasts [7]. Other sources for
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myofibroblasts are described, such as the transformation from tubular
epithelial cells to mesenchymal cells, known as
epithelial-to-mesenchymal transition (EMT) [8,9]. Further sources of
myofibroblasts have been associated to endothelial cells of peritubular
capillaries undergoing endothelial-to-mesenchymal-transition (EndMT)
and circulating fibrocytes [6]. Due to this complex interplay of different
cell types, animal models are currently the only option to investigate the
development of kidney diseases and the progression to renal fibrosis [3].

Alternatives toanimalmodels reflecting thecomplexcellular structuresof
the kidneys are required, but currently missing. Compared to traditional 2D
cell culture, 3D models can mimic more closely the renal physiology.
Generally, in 3Dmodels the cell morphology, polarization, expression of key
transporters and themetabolic activity ismore preserved, and the expression
of cell injury markers is normally reduced [10,11]. Currently, in vitro 3D
culturemodelsof kidneycompartments areunder investigation. The simplest
method is the co-culture of different cell types in a 3D casted hydrogel. A
recent example of such 3D culture approach was used to combine human
renal proximal tubular cells andfibroblastswith a collagen type I hydrogel to
confirm the hypothesis of EMT in fibrosis [12]. Human dermal fibroblasts
were used in this model instead of renal fibroblasts, which would be more
relevant to investigate kidney fibrosis. Additionally, this model lacked other
cell types, e.g. leukocytes or macrophages that play an important role in the
development of renal fibrosis. Another recently developed method relies on
kidney organoids, which are capable of spontaneously organise into struc-
tures resembling nephron rudiments. These nephrons are not fully differen-
tiated and they lack a vital vasculature [3]. The third option is bioprinting,
considered one of the most promising techniques to create renal 3D in vitro
models. Biomaterial inks and cells are combined to formbioink formulations
and these are selectively dispensed in a predesigned architecture [13]. Bio-
printing enables a gradual build-up of complex structures as found in the
kidney. Some initial literature reports aimed at the bioprinting of renal
tubular models but, inmost cases, no cells were included in the process, thus
the full potential of bioprinting is yet to be demonstrated [11,14,15]. Only
recently, a reported study used core-shell bioprinting strategies to manufac-
ture tubular constructs containing cells to create endothelial and epithelial
tubular compartments [16]. Inaddition, the screeningand testingof different
cell types from different origin and biomaterial inks to produce such bio-
printed renal in vitromodel is largely missing.

The aim of this study was to establish a robust protocol for the
isolation of primary murine kidney cells and to test their suitability for
bioprinting. As tubular epithelial cells are the major cell type in the
kidney, we aimed to start with these cells and used for isolation a
transgenic K8-YFP reporter mouse. We established a method to isolate
primary murine tubular epithelial cells (pmTECs), fibroblast and endo-
thelial cells (ECs), but further culturing was only successful for pmTECs
and fibroblasts. Therefore, we used an endothelial cell line (HUVECs) for
further bioprinting experiments, implementing a new microfluidic bio-
printing platform. The processing parameters to bioprint polysaccharide-
based biomaterial inks were optimized. We tested our optimized bio-
printing protocol with bioinks containing pmTECs and HUVECs, inves-
tigating cell survival and metabolic activity of the bioprinted constructs.
Bioinks were processed in a core-shell arrangement to mimic the tubu-
lointerstitium, where the peritubular capillaries wrap the renal tubule. In
summary, the primary isolated cells are suitable for the improved
microfluidic bioprinting process offering future possibility to investigate
cell behaviour within the bioprinted constructs without the need for
further stainings. This study lays the basis for an alternative 3D in vitro
model for the investigation of mechanisms, potential therapies and the
development of renal fibrosis.

2. Materials and methods

2.1. Healthy and disease animal models

Animals were housed under standard conditions in a light, tempera-
ture- and humidity-controlled environment with free access to tap water
2

and standard rodent chow. All animal protocols were approved by the
local government authorities (Landesamt für Umwelt und Ver-
braucherschutz Nordrhein Westfalen AZ 84-02.04.2014.A518). Trans-
genic K8-YFP (n ¼ 3) (kindly provided by the research group of Prof.
Rudolf Leube and Dr. Nicole Schwarz, RWTHAachen University, Aachen,
Germany) and wildtype mice (n ¼ 3) underwent unilateral ureter
obstruction (UUO) and were sacrificed after 5 days. Upon sacrifice, both
healthy contralateral and UUO kidneys were harvested. 5/6 of the kid-
neys were used to isolate primary cells, the rest of the kidney was fixed
for 4 h in 3% PFA, equilibrated in 30% sucrose overnight and stored in
TissueTek for cryosections.
2.2. Cell isolation and culture

Primary murine tubular epithelial cells (pmTEC), endothelial cells
and fibroblasts were isolated from K8-YFP transgenic mice as shown in
Figure S1. In short, kidney were removed and kept in Dulbecco’s Modi-
fied Eagle Medium/Ham’s F-12 (Gibco, DMEM/F-12) supplemented with
1% penicillin and 1% streptomycin. After encapsulation, kidneys were
digested for 30 min at 37 �C in Collagenase IV (1 mg/ml). Digestion was
stopped with the addition of 0.1% fetal calf serum (FCS) and sieved to
remove large vessels and tissue pieces. After washing in PBS, cells were
seeded in cell-specific media for selective cell growth or further pro-
cessed for FACS sorting.

PmTECs were cultured in advanced Dulbecco’s Modified Eagle Me-
dium/Ham’s F-12 (Gibco, DMEM/F-12) supplemented with 0.1 μg/ml
reconstituted mouse recombinant epidermal growth factor (Gibco,
rEGF), 0.2% v/v hydrocortisone (Sigma-Aldrich, H6909), 1.4% v/v 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid buffer solution (Gibco,
HEPES) and 1% v/v L-Glutamine (Gibco). Cells were cultured in T25 cell
culture flasks (Thermo Scientific) coated with a mixture of a 0.02% v/v
gelatin solution (Sigma-Aldrich, type B, prepared in ultrapure water) and
fibronectin (5 μg/ml) from bovine plasma (Sigma-Aldrich). Coating was
performed by incubating the mixture for 1 h at 37 �C with subsequent
removal of the liquid.

Primary fibroblasts were cultured in DMEM high glucose with 10% v/
v FCS. Primary endothelial cells and human umbilical vein endothelial
cells (HUVEC, EGM-2, cryo amp, from Lonza, catalog #C2519A) were
cultured in endothelial cell growth medium 2 (EGM-2, bio-connect C-
22011). All cell types were cultured in an incubator at 37 �C, 5% CO2.

2.3. Fluorescence activated cell sorting (FACS)

Flow cytometry of single cell suspension, freshly isolated from the
tissue, was prepared as described under cell isolation. After filtering the
digest with a 70 μm cell strainer, cell suspension was transferred to a 50
ml syringe and pushed through a 27 Gauge needle 3 to 5 times. Finally,
single cell suspension was spilled through 40 μm cell strainer and divided
in lots. For detection of the endogenous signal of K8-YFP of the pmTECs,
the cell suspension was left untreated. For sorting of endothelial cells,
cells were stained with CD31-PE (BD Bioscience). Flow cytometry was
performed on a BD FACSAria II ™ and on a BD FACSCalibur™ (BD
Biosciences, Heidelberg, Germany). Whole procedure was performed
with minimal exposure to light to prevent alterations to the fluorescent
signal.

2.4. Immunofluorescence and immunocytochemistry

Frozen renal tissue was cut into 5-μm sections and mounted on a glass
slide. After 30 min of drying at room temperature, the tissue was hy-
drated with PBS and counterstained with DAPI. Finally, samples were
mounted with Immu-Mount™ (Thermo Scientific, Rockford, USA). For
immunocytochemical analysis, cells cultured on cover slips pre-coated
with 2 μg/cm2 collagen IV in 24-well plates were stained as previously
described [17].
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2.5. Biomaterial ink preparation

Different biomaterial inks were used: a commercially available algi-
nate solution (AG-10™ Matrix, Aspect Biosystems, Canada) hereafter
defined as C_alginate, an in-house alginate solution (Sigma-Aldrich,
alginic acid sodium salt from brown algae, low viscosity) hereafter
defined as IH_alginate, a gelatin solution (Sigma-Aldrich, gelatin from
bovine skin, type B) and a pectin solution (Herbstreith& FOX, Germany).
C_alginate solution was provided ready to use, autoclaved, and prepared
in a milliQ water-based saline solution. IH_alginate solution and the
gelatin solution were prepared in Dulbecco’s phosphate buffered saline
(PBS, without calcium chloride and magnesium chloride, sterile) on a
stirring plate at room temperature until a homogenous solution was
obtained. The pectin solution was produced following a protocol by
Neves et al. [18]. Briefly, 1 wt% pectin solution was prepared in 0.1 M
2-(N-morpholino) ethanesulfonic acid (MES, Sigma-Aldrich) buffer so-
lution (0.1 M MES, 0.3 M NaCl buffer) in milliQ water, with the pH
adjusted to 6, using 1 M NaOH (Sigma-Aldrich). Purification was per-
formed using 2 wt% activated charcoal (Sigma-Aldrich), followed by
centrifugation, filtration and lyophilization. The pectin biomaterial ink
solution was prepared by dissolving the lyophilized pectin in 0.9 wt%
NaCl in milliQ water on a stirring plate, at room temperature, until a
homogenous solution was obtained. The prepared biomaterial ink solu-
tions were sterile filtered using a 0.22 μm filter. A CaCl2-based cross-
linker solution (CAT-2™ crosslinker, Aspect Biosystems, Canada) and a
saline buffer solution (Aspect Biosystems, Canada) were used as received,
if not differently indicated.

2.6. Material characterization

IH_alginate and pectin solutions were characterized in terms of dy-
namic viscosity using an Ubbelohde viscometer (SI Analytics, type no.
530 20). For the pectin biomaterial ink, a study on the effect of the so-
lution pH on the viscosity was performed [19–23]. A comparison be-
tween the pectin without pH correction (pH ¼ 3.54) and with the pH
correction (pH ¼ 6) was performed. The pH was measured using a pH
meter (Mettler Toledo-FiveEasy Plus). All the measurements (n¼ 3) were
done at room temperature (21.5 �C).

In addition, the molecular weight of C_alginate and IH_alginate was
measured by means of liquid chromatography (Shimadzu Prominence LC
equipped with RU and PDA detectors), setting the temperature to 25 �C
and the pressure to 34 bar. Samples were prepared dissolving 1 mg of
lyophilized alginate in 1 ml of 0.1 M NaNO3.

2.7. Parametric study of processing parameters and manufacturing of 3D
structures

A commercial microfluidic bioprinter (RX1 Aspect Biosystems, Can-
ada) was used (Fig. 2a). The bioprinter main dispensing technology is
based on microfluidic principles, with a disposable printhead. A dual
biomaterial printhead (DUO printhead, Aspect Biosystems, Canada)
designed to process up to two materials enables an accurate combination
of multiple flow streams of the two biomaterial inks or bioinks and
crosslinker or buffer solutions (Fig. 2a). Air pressure is the driving force
that controls the opening/closure of the valves of the printhead and the
pressurization of the reservoirs containing the individual solutions. The
combination of biomaterial inks or bioinks with the crosslinker triggers a
fast ionic physical gelation, forming a filament before leaving the nozzle
of the printhead. Furthermore, the crosslinker involves the filament
acting as a shielding fluid minimizing the shear stress on the encapsu-
lated cells.

The bioprinting process parameters, i.e. crosslinker pressure, material
pressure, translation velocity, and offset (distance between the nozzle
and the cell culture plate inserts) were investigated for the alginate
(C_alginate and IH_alginate) and pectin biomaterial inks solutions. The
influence of these parameters on the bioprinted construct was studied by
3

varying one individual parameter and keeping the remaining ones con-
stant. We investigated how a single process variable can influence the
diameter of the bioprinted filament and the stability. For this purpose, a
rectangular volume with 0.2 � 0.2 � 40 mm was created on the bio-
printer’s software and the deposition pattern was generated to allow the
manufacturing of single filaments with 40 mm length. The influence of
the different process parameters on the filament diameter was evaluated
on samples (n ¼ 3) manufactured for the different combinations of the
process parameters. The bioprinted filaments were washed with PBS and
analysed under the microscope (Nikon Eclipse Ts2 Inverted Microscope).
The filament diameter was measured in multiple regions (n ¼ 4) by
analysing the acquired images with ImageJ 1.52 K software. When the
optimal bioprinting parameters in terms of deposition and the filament
diameter of approximately 200 μm were obtained, the manufacturing of
3D structures was investigated. Structures such as hollow cylinders (6
mm height, external diameter of 15 mm, internal diameter of 14.8 mm)
and cubes (6 � 6 � 6 mm3) were manufactured. These structures were
bioprinted in cell culture plate inserts (ThinCert™, Greiner Bio-one) with
a pore size of 8 μm, allowing the removal of the crosslinker and buffer
solution excess. The 3D bioprinted structure was imaged using a ste-
reomicroscope (Nikon, smz 25).

2.8. Bioprinting and cell viability assay

The previously described bioprinter allows the design of multiple
deposition strategies by dispensing precisely individual or simulta-
neously the bioinks during the biofabrication of the 3D constructs. The
system was installed in a class II biosafety laminar flow cabinet to ensure
the sterility necessary for the bioprinting process while maintaining the
operator safe. In this study, pmTECs and HUVECs were used and indi-
vidually combined with the biomaterial inks with a cell density of 2 �
106 cells/ml [15]. The centrifuged cell pellet was pipetted into the
biomaterial ink solution and mixed thoroughly to ensure uniform
dispersion of the cells. Cubic structures were extruded on the cell culture
plate inserts, undergoing a post-crosslinking for 5 min, by immersing the
constructs in a sterile filtered 125 mM CaCl2 solution prepared in milliQ
water. Each bioprinted condition was conducted alongside with the
production of 20 μl droplets, i.e. manually micropipetted bioinks, which
were used as a control to test the influence of the bioprinting process on
the cell viability. The droplets were crosslinked using the commercial
crosslinker, followed by the same post-crosslinking procedure performed
to the bioprinted structures. A cell viability assay was performed on the
bioprinted constructs and droplets. The live/dead staining was per-
formed using three fluorescent dyes: calcein blue AM (ex/em 322/435
nm), calcein green AM (ex/em 495 nm/515 nm) and ethidium homo-
dimer (EthD-1) (ex/em 495 nm/635 nm), from ThermoFisher Scientific.
Calcein AM is a cell-permeant dye that marks enzymatic active and
membrane intact cells, being retained in viable cells, emitting an inten-
sive green/blue fluorescence signal. EthD-1 is impermeable in viable cells
and its affinity to bound to DNA expresses a high red fluorescence signal.
Live/dead assay was performed on day 1, 3 and 7. Hanks’ balanced salt
solution (HBSS, modified, with calcium, with magnesium,
Sigma-Aldrich) was used to dilute the stock solutions of the dyes pro-
duced following the supplier recommendations. Live/dead images were
acquired using a live cell microscope (Nikon eclipse Ti, Japan) equipped
with a Zyla camera and an OXO incubator to keep the samples at 37 �C,
5% CO2 during the image acquisition. The obtained images were pro-
cessed using NIS software (Nikon) and ImageJ 1.52 K software.

2.9. Metabolic activity

A resazurin-based cell metabolic activity assay (PrestoBlue™, Ther-
mofisher Scientific) was used to evaluate the activity of pmTECs and
HUVECs in different culturing conditions (Table 1). Cells were seeded in
2D at a cell density of 10000 cells/cm2 in a non-treated multiwell pre-
viously coated, as previously described for the expansion of pmTEC. The



Table 1
Different combination of cells and culture medium used for co-culture condition
screening with metabolic activity assay.

Cell type Culture medium Nomenclature

pmTEC DMEM/F-12 supplied with growth
factors

pmTEC in DMEM-GF

HUVEC endothelial cell growth medium HUVEC in EGM-2
pmTEC endothelial cell growth medium pmTEC in EGM-2
HUVEC DMEM/F-12 supplied with GF HUVEC in DMEM-GF
50:50 pmTEC-
HUVEC

DMEM/F-12 supplied with GF 50:50 pmTEC-HUVEC in
DMEM-GF

50:50 pmTEC-
HUVEC

endothelial cell medium 50:50 pmTEC-HUVEC in
EGM-2

pmTEC 50:50 DMEM/F-12 supplied with
GF:endothelial cell medium

pmTEC in 50:50 DMEM-
GF:EGM-2

HUVEC 50:50 DMEM/F-12 supplied with
GF:endothelial cell medium

HUVEC in 50:50 DMEM-
GF:EGM-2
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resazurin-based solution was incubated and metabolized by viable cells
and converted into a red fluorescent solution that can be detected using
fluorescence or absorbance measurements. Triplicates for each condition
were measured on day 1, 3, 7 and 14. Incubation period of 30 min and 2 h
were evaluated. Resazurin-based solution was used as control and the
measured fluorescence levels were subtracted to the tested cellular
conditions.

Furthermore, a secondmetabolic study was performed on 3D droplets
(n¼ 3) of C_alginate, IH_alginate and pectin containing HUVECs cultured
in EGM-2 for 1, 3 and 7 days, at a cell density of 2 � 106 cell/ml. At each
timepoint samples were incubated for 2 h with resazurin-medium solu-
tion and the fluorescence of the supernatant measured. Hydrogel droplets
incubated with resazurin-based solution were used as control and the
measured fluorescence level were subtracted to the tested droplets with
encapsulated cells.

The measurements were made using a plate reader (CLARIOstar-
BMG, Labtech), using an excitation wavelength of 550 nm and an
emission wavelength of 590 nm.
2.10. Core-shell microfluidic bioprinting

A novel core-shell printhead, a prototype version of the CENTRA
printhead (Aspect Biosystems, Canada) was used to bioprint core-shell
filaments (Fig. 2a). A 2% w/v gelatin solution prepared in PBS was
mixed with pmTEC (25 � 106 cells/ml) and bioprinted as filament core
and a commercial alginate/fibronectin (200:1) with HUVECs (4 � 106

cells/ml) was bioprinted as filament shell. A post-crosslinking process for
5 min was performed, by immersing the constructs in a sterile filtered
125 mM CaCl2 solution prepared in milliQ water. HUVECs were stained
in blue using a cell tracker (ThermoFisher Scientific, blue CMAC dyes) to
facilitate the imaging analysis or the bioprinted core-shell filaments. The
bioprinted filaments were then imaged on different days, i.e. day 0 (right
after bioprinting), 1, 2, 7, 14, 21 and 28, using the SlideScanner micro-
scope (Nikon eclipse Ti, Japan). On each timepoint, a new sample was
investigated.

Finally, the core-shell constructs were fixed with 4% PFA and imaged
using the confocal microscope (Leica TCS SP8 STED) to observe the
reorganization of cells inside the hollow filament over the culture period.
2.11. Statistical analysis

The statistical analysis was performed using the software GraphPad
Prism8 (version 8.2.0). A statistical significance study was conducted
performing a one-way ANOVA test, with a Tukey’s multiple comparisons
test. A P value smaller than 0.05 (P < 0.05) was considered statistically
significant (*).
4

3. Results and discussion

3.1. Primary cell isolation and characterization

Most studies use cell lines or immortalized cells for 3D in vitro systems
as they are generally highly proliferative and easier to culture [24]. In
contrast to cell lines, primary cells which are directly isolated from tissue,
have a finite lifespan and limited expansion capacity. But primary cells
have in contrast to cell lines a normal cell morphology and maintain
many of important markers and functions [25]. Primary cells isolated
from tissue exhibit not only normal physiology, whereas cells immor-
talized with adenoviruses expressing EBV, SV40 T antigens, p53 or
hTERT showed no signs of senescence, but also give the possibility to
analyse further factors such as age, medical history, and sex. With a
growing trend towards personalizedmedicine, such donor variability and
tissue complexity can only be achieved with use of primary cells and are
difficult to replicate with cell lines that are very systematic and uniform
in nature and do not capture the true heterogeneity of a living tissue.
Because primary cells are more relevant and reflect the in vivo situation
better, we decided to isolate primary cells for our 3D in vitro model.
Although primary human cells would be the best to build an artificial
kidney-like 3D in vitro model to explore pathomechanisms of human
renal diseases, the isolation possibilities are limited. One of the most
important reasons is the low availability of tissue. Furthermore, the only
possibility to get tissue (e.g. from healthy patients) is during tumour
enucleation or from organs not suitable for transplantation. Both of these
cases occur rarely, which limits the procurement of healthy tissues. In
addition, tubular cells are highly vulnerable to hypoxia therefore time
until the isolation has to be short. Murine animal models are frequently
used in research to analyse renal diseases. Therefore, we have started
with murine primary cells with the advantage of the availability of
cell-specific reporter mice.

The focus of this study was to bioprint renal tubular epithelial cells as
these are the major cell type present in the kidney, sensitive to several
injuries and with a high regenerative capacity. Keratins (K) are inter-
mediate filaments specifically expressed in epithelial cells, including the
renal tubular cells, and are therefore widely used as specific epithelial
biomarkers. Taking advantage of this, a transgenic K8-YFPmice was used
to isolate several primary murine cells with focus on tubular cells
(pmTECs) [26]. This presence of K8-YFP allowed to prove the origin of
the cells and facilitated the visualization of the cells inside a complex
structure without fixation or staining of the cells. Further, K8 reporter
cells enabled a monitoring over the culturing period.

To prove the functionality of the transgenic mice, transgenic and
wildtype animals underwent unilateral ureteral obstruction (UUO) as a
model of renal fibrosis. K8-YFP expression was analysed in cryosections
and compared to immunohistochemistry for K8 expression in wildtype
mice. The expression pattern of K8-YFP was specifically confined to
tubular epithelial cells in both healthy and fibrotic kidneys. The K8
expression pattern of the reporter mice was the same as in wildtype mice.
We have shown previously that keratins are early markers of tubular
injury and become significantly upregulated in UUO [27]. Confirmatory,
K8-YFP expression was also increased in fibrotic UUO kidneys similar the
K8 expression in wildtype mice (Fig. 1a). For isolation of several different
cell types at once a combination of different isolation protocols was
tested. After tissue lysis and sieving, selection of different cell types was
performed by selective media or by FACS sorting (Figure S1a). FACS
sorting for endothelial cells was performed with antibodies against CD31
as an endothelial specific marker. Some cells could be sorted by this
method, but were not viable (data not shown).

FACS sorting of the freshly isolated YFP-cells was tested (Figure S1b).
Interestingly, only 5.8% of kidney cells were YFP-positive and the signal
intensity was weak. Analysis of the K8-YFP cells directly after the isola-
tion procedure and during 15 days revealed a strong loss of signal directly



Fig. 1. Characterization of primary renal tissue of healthy and fibrotic kidneys: a) wildtype and K8-YFP mice underwent unilateral ureter obstruction (UUO) for 5
days. Immunohistochemisty of keratin (K) 8 in wildtype mice showed increased expression in fibrotic kidney compared to healthy contralateral kidney. Similar in-
crease was found in K8-YFP mice analysing the K8-YFP fluorescence signal (Green). Scale bar ¼ 100 μm. b) Primary murine Fibroblasts (pmFibroblasts) and primary
murine tubular epithelial cells (pmTECs) have been isolated by selective media from K8-YFP mice. Isolated K8-YFP pmTECs showed stable epithelial phenotype and
typical keratin distribution pattern with strong fluorescent signal, whereas isolated primary (pmFibroblasts) showed no K8-YFP expression and a spindle shaped
appearance. Scale bar ¼ 100 μm. Epithelial characteristics such as cobble stone growth and microvilli were also visible in electron microscopy (scale bar ¼ 5 and 50
μm). c) Isolated pmTECs from healthy kidneys showed fine fibers of the keratin network, clear cell borders and cobblestone formation, whereas primary murine TECs
isolated from fibrotic UUO day 5 demonstrate already a morphological change to a more spindle shaped appearance of the cells and a keratin network with bundled
fibers. Scale bar ¼ 100 μm. d) Compared to pmFibroblasts isolated with the same method, pmTECs were positive for all tested epithelial markers, including Keratin 8
(K8), Keratin 18 (K18) and E-cadherin and were negative for α-SMA and PDGFR-β representing markers for fibroblasts, whereas pmfibroblasts were only positive for
α-SMA and PDGFR-β. Negative control for each staining is depicted in the inlay in the right corner. Scale bar ¼ 25 μm.
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Fig. 2. Microfluidics 3D bioprinter and
printheads used, and viscosity characteriza-
tion of investigated biomaterial ink solu-
tions. a) RX1Bioprinter (Aspect Biosystems).
Schematic of the two printheads used, i.e.
DUO and a prototype version of CENTRA
core-shell printhead and cross section of the
nozzle during bioprinting. Each bioprinting
session is conducted by co-extruding mate-
rial 1/shell, material 2/core with the cross-
linker for the DUO/prototype CENTRA
printheads respectively. At the end of the
bioprinting session, the buffer solution is
extruded. b) Viscosity of the in-house algi-
nate (IH_alginate) solution as function of
concentration, c) viscosity of pectin solution
as function of concentration and pH. The red
dash line indicates the average viscosity of
the commercial alginate (C_alginate)
solution.
after isolation, which starts to gradually recover after the first 24 h
(Figure S1c). This suggested potential inactivation of the fluorescent
reporter protein, perhaps due to the rearrangement of the intermediate
filaments during the isolation process. Therefore, FACS-based isolation
seemed not to be useful isolation technique, also due to additional cell
stress during the FACS. To check if loss of YFP signal can also be observed
during normal cell passaging, K8-YFP cells were monitored during the
trypsinization (Figure S1d). In contrast to the isolation procedure, adding
trypsin did not alter the signal. In some detached cells, the K8-YFP signal
was even stronger most probably due to a condensed intermediate fila-
ment network.

An alternative isolation method for pmTEC, endothelial cells and fi-
broblasts from healthy K8-YFP mice using selective media promoting
growth of the specific cell types was tested. A culture media supple-
mented with EGF and without FCS to select for epithelial cells was used.
In parallel, cells were cultured in DMEM supplemented with 10% FCS to
promote fibroblast growth and in EGM2 medium to promote endothelial
cell growth. Cells cultured for three passages in the EGF supplemented
media showed the typical cobblestone shaped of epithelial cells growing
in a confluent monolayer, whereas fibroblasts cultured in the FCS sup-
plemented media showed typical spindle-shaped morphology and non-
confluent growth (Fig. 1b). Endothelial cells cultured in EGM2 medium
were divergent in shape and appearance and stopped proliferating
already before the first passaging (data not shown).

Analysis of the fluorescence signal of K8-YFP after three passages
revealed more than 99% of the cells in the rEGF supplemented media
were positive, confirming the specificity of this isolation technique for
pmTECs. In the FCS supplemented media, less than 2% were YFP-
positive, confirming the predominance of non-epithelial cells. Electron
microscopy showed typical features of epithelial cells such as microvilli.
Both cell types could be grown over several passages (>9).

Additionally, it was tested if isolation of primary cells was possible
6

also from diseased fibrotic kidneys. For future work primary cells isolated
from a fibrotic environment will be a relevant cell source to further un-
derstand molecular pathways leading to disease progression. Due to the
K8-YFP reporter mice focus was on the TECs. Cells from a healthy kidney
showed the expected cobblestone shape in brightfield and a fine, regular
filament network in fluorescent microscopy (Fig. 1c). Tubular cells iso-
lated from the fibrotic kidney showed less cobblestone and more spindle-
shaped appearance, in line with the morphological appearance of injured
tubules in the UUOmodel, with a more irregular filament network. These
morphological changes could already hint to an activated or injured state
of the pmTECs, which would be expected after UUO.

Confirmation of the specific isolation of pmTECs and fibroblasts using
the selective media was performed by staining for epithelial markers such
as Keratin 8, Keratin 18 and E-Cadherin, and classical fibroblast marker
alpha-smooth muscle actin (αSMA) and platelet-derived growth factor
receptor beta (PDGFR-β) (Fig. 1d). Taken together, we established a
relatively fast and easy method to isolate pmTECs and fibroblasts in
parallel and further optimization is necessary for the culture of endo-
thelial cells. K8-YFP pmTECs seem to be a useful tool to prove the
epithelial origin and to visualize the cells during the experiment, which
might be particularly suitable for in vitromodels to monitor the cells over
the culture period. Changes in the K8 filament network can also hint to
cellular stress as a potential direct read-out in such models. Therefore, we
used K8-YFP pmTECs to establish our bioprintingmethod. These cells can
be monitored continuously to evaluate cell organization inside bio-
printed constructs without the need for further staining. For future work,
transgenic mice with several reporter genes each specific for the cell type
of interest are envisaged.

3.2. Characterization of the biomaterial ink

The microfluidic 3D bioprinter (Fig. 2a) uses air pressure as a driving
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force for the extrusion of the solutions. Therefore, viscosity is one of the
most important parameters to be tested to ensure printability. The vis-
cosity of IH_alginate and pectin was compared to the viscosity of
C_alginate. The latter viscosity was used as reference (dashed line in
Fig. 2b and c) for the production of IH_alginate and pectin, ensuring the
extrusion of solutions, avoiding the clotting of the printhead. The vis-
cosity of the IH_alginate was tested in a concentration range of 0.5 – 3 wt
%. For the pectin solutions, a concentration range of 0.25–1 wt% and two
pH conditions (pH 6 and pH 3.54) were tested (Fig. 2c). Concentrations
above 0.5 wt% prepared with a pH of 3.54 showed a high viscosity
outside of the measurable range. For the alginate, the pH was not
investigated as the viscosity is not greatly affected as reported in litera-
ture [28]. The investigated ranges were selected to determine the ideal
concentrations to mimic the viscosity of C_alginate. A 1 wt% IH_alginate
solution exhibited a similar viscosity as the reference C_alginate solution
(Fig. 2b). However, the stability of the filaments produced with 1 wt%
IH_alginate was low. Therefore, a 2 wt% formulation was further used,
even if the viscosity was 2-fold higher in comparison to the commercial
solution. The difference in crosslinking between these two IH_alginate
concentrations used may be explained by the higher dispersion of mol-
ecules in solution, which require a longer exposure to the crosslinker to
obtain a stable filament. The relatively short period of contact between
the biomaterial ink and the crosslinker solutions in the printhead might
explain the insufficient stability of the filaments manufactured with 1 wt
% IH_alginate solution.

Whereas the dynamic viscosity of the IH_alginate solution demon-
strated an exponential-like behaviour in relation to the concentration
(Fig. 2b), confirming results found in literature, the pectin solution
showed a more linear-like increase (Fig. 2c). This result is in line with the
literature showing that the viscosity of pectin increases as the concen-
tration increases [20,23,29]. The influence of pH on the viscosity of
pectin solution in our experiment was also comparable to published re-
sults showing that an increase in pH resulted in a decrease of viscosity
[21]. It is well documented that the polymeric chain breaks down at
higher pH leading to degradation of the pectin, and thereby to decreased
viscosity and stability [19,22]. With increasing pH the charge density of
pectin molecules increases as well, resulting in higher electrostatic
repulsion among pectin molecules which limits the gel formation [30]. A
pH of 6 was shown to provide a good hydrogel formation with a good
scaffold stability and high cell viability up to 21 days [18]. For all further
experiments a pectin solution of 1 wt% with pH ¼ 6 was used.

Alginate biomaterial inks molecular weight (MW) and polydispersity
index (PDI) was measured. PDI is the measure of the molecular weight
distribution and it is calculated with the ratio between weight average
molar mass and number average molar mass. The MW and PDI of
C_alginate was equal to ~186 kDa and 2.12, whereas the IH_alginate was
~210 kDa and 2.65, respectively. Both biomaterial inks show a similar
MW and PDI correlating with the close bioprinting resolution observed
for both as reported below. In literature, similar bioprinted approaches
have used alginate with a MW of ~33 kDa [31,32]. This lower MW
alginate was blended with PEG and fibrinogen [31], or GELMA and
methacrylate hyaluronic acid [32] to ensure suitable rheological prop-
erties for bioprinting. Having a higher MW alginate generally increases
the viscosity of the biomaterial ink solution, thus affecting the micro-
fluidic bioprintability of the biomaterial ink. In this study, an
alginate-only solution, i.e. not blends, was selected to have a better
control on the bioprinting process.

3.3. Optimization of the processing parameters and manufacturing of 3D
structures

A multitude of bioprinting techniques is nowadays available. Micro-
fluidic bioprinting has several advantages, i.e. high monodispersity, high
reproducibility, the possibility to bioprint different shaped-constructs
composed of filaments ranging from 0.1 to 1 mm in diameter and the
versatility in the co-extrusion of different biomaterial inks or bioink
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formulations [1,33]. Furthermore, with the microfluidic bioprinting
systems used in this study, a shield fluid is used to reduce the shear stress
applied to the cells, as these are not in direct contact with the inner
surface of the printhead nozzle.

To evaluate the influence of the diverse processing parameters on the
obtained filament diameter, quality of the filaments and overall struc-
tures, a parametric study was performed for the three tested biomaterial
inks (Fig. 3). The following processing parameters were analysed: i)
crosslinker pressure ii) material pressure, iii) translation velocity and iv)
offset. With an increase of the crosslinker pressure or the translation
velocity, a decrease in the diameter of the extruded filament was
observed for all three analysed biomaterial inks. Conversely, an increase
in the material pressure induced an increase in the filament diameter,
also independently of the biomaterial ink. An increased offset resulted in
the production of filaments with a smaller diameter for the pectin and the
C_alginate solution, whereas no clear trend was observed for the IH_
alginate (Fig. 3b). The offset in the current system is manually set,
increasing the possibility of user-dependent errors. Hence, the possible
limitation of observing a clear trend on the influence of the offset
parameter.

The obtained results for the four processing parameters were ex-
pected due to the nature of the bioprinting process. The DUO printhead
has fixed channel dimensions, nozzle diameter and the dimension of the
bioprinted filaments is depending on the processing parameters evalu-
ated. The pressure and volume flow are dependent of the solution vis-
cosity. A laminar fluid flow is maintained inside the printhead nozzle
ensuring a uniform filament diameter while ensuring a relatively accu-
rate deposition. Furthermore, the stability of the filaments produced with
C_alginate with an offset below 190 μmwas limited, thus the handling of
such filament for analysis was impossible (Fig. 3a). For the pectin solu-
tion, a material pressure below 20 mbar allowed the manufacturing of
filaments of smaller diameter, although these were not stable enough to
be analysed (Fig. 3c).

Previous studies tested in-house multichannel coaxial extrusion sys-
tem [31,32,34–38]. This system is equipped with a microfluidic print-
head, allowing a rapid deposition and switching among multiple
biomaterial inks or bioinks. The main difference among the microfluidic
printheads used in literature is how the crosslinker is extruded, either
perpendicular or concentrically to the nozzle. Syringe pumps that are
connected to the inlet of the printhead in the coaxial extrusion nozzle
control the extrusion flow rate. The microfluidic bioprinter used in this
study has a built-in pressure controlled system, which induces the flow of
the biomaterial inks or bioink from the reservoirs to the printhead. In the
literature, the same commercial microfluidic bioprinter was used and the
obtained filaments had a dimension of approximately 300 μm [39]. These
diameters were obtained by bioprinting C_alginate doped with either
collagen I or intestinal decellularized extracellular matrix (dECM),
together with a commercial crosslinker and applying a pressure of 45
mbar to each channel [39]. Similarly, a mixture of alginate-GelMA
(viscosity of 80 mPa/s) was bioprinted using a different microfluidic
bioprinter, where the mixture is crosslinked with a 300 mM CaCl2 so-
lution. This resulted in filaments with a diameter in the range of
150–300 μm depending on the deposition speed, 1 mm/s and 6 mm/s
respectively [36]. Finally, a coaxial extrusion system was reported to
fabricate alginate fibers with 200 μm diameter [40]. The interplay be-
tween processing parameters and the results obtained herein are there-
fore in line with the literature.

An average filament diameter of approximately 200 μmwas aimed to
ensure suitable nutrient/oxygen diffusion across the filament without a
present vascularization to ensure cellular viability and metabolic activity
[35,41]. The bioprinting parameters obtained from this parametric study
to produce filaments with 200 μm for the different biomaterial inks are
reported in Table 2. These optimized parameters were used to bioprint
3D structures, such as cylinders and cubes, proving the capability to
bioprint different macro sized-constructs. These layer-by-layer structures
are obtained extruding continuously the filament with the optimized



Fig. 3. Evaluation of the influence of the bioprinting parameters on the diameter of the extruded filaments for: a) commercial alginate (C_alginate), b) in-house
alginate (IH_alginate) and c) pectin. d) CAD 3D representation of the hierarchical structures manufactured with optimized conditions made of e) C_alginate, f)
IH_alginate and g) pectin. Statistically significant differences (*) for p < 0.05 are highlighted. Scale bar ¼ 1 mm.

Table 2
Optimal bioprinting parameters obtained for the bioprinting of commercial
alginate (C_alginate), in-house alginate (IH_alginate) and pectin biomaterial inks.

Biomaterial
inks

Crosslinker
pressure [mbar]

Material
pressure
[mbar]

Velocity
[mm/s]

Offset
[μm]

C_alginate 80 10 10 220
IH_alginate 80 10 10 220
Pectin 80 20 20 210
processing parameters. These structures showed the capability to
manufacture large-size 3D structures, in the mm range (Fig. 3d, e, f, g). As
the construct builds up in size and thickness, an instability over the
filament deposition is observed reducing the accuracy of the obtained
constructs. The structures manufactured with C_alginate, IH_alginate,
and pectin showed filaments deposited with some visible defects and
with a limited identification of the woodpile structure initially designed.
These artefacts could be induced with an accumulated error of the
interlayer offset or the accumulation of the crosslinking solution while
the constructs build up in thickness. Furthermore, the limited degree of
shape fidelity might be due to low chosen viscosities of the biomaterial
inks (Fig. 2), since it is known that higher-viscosity materials (>30
8

mPa*s) provide better structural support for the manufactured structures
[42]. However, these high viscosities show limited processability in the
microfluidic bioprinter with the printhead used in this study. It has been
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reported that for these high viscosity values some degree of clotting of
the biomaterial inks inside the printhead can occur [39,43].

3.4. Cell viability on bioprinted constructs

Analysis of cell viability was performed on bioprinted 3D structures
and on droplets, containing either primary isolated tubular cells from K8-
YFP mice or HUVEC cells. Both cell types were tested in combination
with the three different biomaterial inks, C_alginate, IH_alginate and
pectin (Fig. 4). The bioprinted structures were bioprinted using the DUO
printhead. The manually pipetted droplets served as controls to evaluate
cell viability of unprocessed bioinks.

The live/dead assay demonstrated a high viability in bioprinted
constructs (Fig. 4b, d) as well as in droplets (Fig. 4a, c). No noticeable
difference in viability was observed between HUVEC and pmTEC cells as
shown in Fig. 4a and b vs. Fig. 4c and d respectively. Both cell types had
viability above 91% for the alginate solutions and above 82% for the
pectin solution on day 7. In literature, viability of 91.65 � 6.85% on day
6 was reported for bioprinted constructs with hiPSC-derived neural ag-
gregates in fibrin-based scaffolds, using the same microfluidic bioprinter
platform [43]. This demonstrates that primary isolated cells, at least
pmTECs, are useable for bioprinting and show similar viability as cell
lines. To the best of our knowledge, this is the first time bioprinting of
primary tubular epithelial cells is reported. In previous reported studies,
immortalized proximal tubular epithelial cells were bioprinted [14,16],
or human primary glomerular microvascular endothelial cells have been
used [11].

The overall structural stability of the bioprinted constructs gradually
decreased during culture due to the gradual depletion of Ca2þ ions
(Figure S2). Taking into consideration the low concentration of alginate
and pectin solutions used to produce the bioink, a gradual migration of
cells to the surface was observed during culture (Fig. 4). After seven days
in culture, the constructs were still stable, but the change of culture
medium gradually reduced the crosslinking of the constructs, and some
signs of low stability areas were observed.

IH_alginate was produced in PBS, as ideal environment in terms of
osmotic balance and pH stability for the cells while bioprinting. The
stability of the bioink can be overcome by increasing the crosslinking
concentration, the crosslinking time and eventually performing different
crosslinking periods along with the culture. Other strategies such as
increasing the polymer concentration might as well reduce the degra-
dation rate and increase the stability of the constructs during long-term
cultures. Accordingly, an increase of concentration can rise the viscos-
ity of the bioink, and this can be a limit in microfluidic 3D bioprinter as
previously described. Furthermore, the use of alginate solution in PBS is
contradictory in literature. It is known the phosphates present in PBS
bind to the calcium ions reducing alginate mechanical integrity [44],
while other studies report no issue in terms of stability of alginate scaf-
folds in PBS [45].

For the pectin, the concentration of 1 wt% used was smaller when
compared with previously reported studies where 2.5 wt% was used to
produce disc hydrogels [18]. Furthermore, in the same report a
CaCO3/GDL crosslinker solution where the GDL hydrolyses with time,
triggering the slow release of Ca2þ from CaCO3 molecules, whereas the
CaCl2 commercial crosslinker lacks this sustained release of calcium ions
[18]. Other examples report a post-crosslinking after bioprinting during a
period of 5 min allows the increase of the construct stability over the
culture period, without affecting the viability of the bioprinted cells [46].

As the formation of pectin hydrogels can be largely affected by pH
variations, evaluating the results obtained with the live/dead assay, it
was clear that the buffer solutions can negatively affect the stability and
integrity of the bioprinted constructs. As upon completion of the bio-
printing process, a washing step of the printhead inner channel is auto-
matically done in the deposition area of the construct. This step might
have reduced the overall exposure of the bioprinted construct to the
crosslinker. However, we were able to maintain stability over seven days
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of culture. Additional post-crosslinking strategies could further increase
the stability of the bioprinted constructs if longer culturing periods are
aimed.

3.5. HUVECs and pmTECs co-culture conditions

To manufacture core-shell constructs with HUVECs and pmTECs in
parallel, an initial screening to identify suitable culture conditions for the
co-culture was performed. Metabolic activity and cell morphology eval-
uation were performed during 14 days of culture (Fig. 5, Figure S3,
Figure S4). The cell morphology was monitored by brightfield (HUVECs,
pmTEC) and fluorescence imaging (pmTEC) at the day 1, 3, 7 and 14
(Figure S3).

The standard culture medium for pmTECs (DMEM-GF, DMEM sup-
plemented with the growth factor EGF) and the endothelial cell growth
medium (EGM-2) as well as a 50:50 mixture of both media were tested
for both cell types alone or in a 50:50 co-culture. A limited growth and a
gradual death of HUVECs when cultured in tubular-specific DMEM-GF
was observed. This was also confirmed by the absence of a measurable
metabolic activity (Fig. 5, Figure S3f and Figure S4). This can be
explained due to the lack of vascular endothelial growth factor (VEGF) in
the DMEM-GF, which is essential for HUVECs proliferation. Conversely,
pmTECs were able to proliferate in the endothelial specific EGM-2 me-
dium and maintain the keratin expression for the 14 days in culture,
although with lower metabolic activity when compared with DMEM-GF
medium (Fig. 5, Figure S4). EGM-2 medium contains EGF, explaining the
capability of the pmTEC to proliferate in this medium. This could also
explain why separation of primary endothelial cells with EGM-2 medium
was not sufficient and several different cell morphologies were detect-
able. HUVECs culture in a 50:50 mixture of the two different culture
media showed no statistically significant difference when compared with
only EGM-2 medium on day 14. The pmTEC metabolic activity in the
50:50 mediummixture was within the same range of endothelial-specific
DMEM-GF alone. For co-culture conditions of both cell types in a 50:50
ratio, the metabolic activity in DMEM-GF was significantly lower than in
EGM-2 medium (Fig. 5, Figure S4). Taken together, we concluded that
HUVECs require their specific medium to grow, with VEGF as a funda-
mental growth factor, confirming the results of published studies [47].
These results allowed us to identify the best culture conditions to culture
the bioprinted core-shell filaments following described. Further analyses
should be performed to evaluate if cell phenotypes are preserved in these
culture conditions.

The metabolic activity of encapsulated cells was initially evaluated on
droplets containing HUVECs with the resazurin-based assay (Figure S5).
This condition was selected as the values measured with HUVECs culture
with EGM-2 showed the highest metabolic activity. The values of fluo-
rescence were drastically reduced on encapsulated cells due to the
reduced diffusion of the resazurin-medium solution and the resorufin
through the hydrogels. Furthermore, the fluorescence per number of cells
was measured for the HUVECs cultured in EGM-2, on day 1, after 2 h
incubation period. The difference of detected signal between the cells
cultured in the droplets and monolayers was investigated for all three
bioinks (Figure S6). The IH_alginate was shown to be the bioink with the
lowest diffusion of resazurin and metabolized resorufin (Figure S6a), in
which the encapsulated cells metabolized and excreted the resorufin
showing a fluorescent signal 700 times smaller than the fluorescence
values measured for the HUVECsmonolayer (Figure S6b). Further studies
to analyse other conditions of cells cultured in droplets and monolayers
were not investigated due to the reduced fluorescent intensity observed
in the tested condition of HUVECs cultured in EGM-2.

3.6. Core-shell bioprinting

The novel prototype version of the CENTRA printhead allowed to
accurately manufacture core-shell filaments with the possibility to con-
trol the deposition of the bioprinted cells, the overall filament size and



Fig. 4. Cell viability assay performed on droplets and bioprinted constructs (viable HUVECs were stained with calcein green AM and pmTEC stained with calcein blue
AM and with EthD-1 for dead cell for all the conditions) manufactured with commercial alginate (C_alginate), in-house alginate (IH_alginate) and pectin: a) HUVEC in
droplets, b) HUVEC in bioprinted scaffolds, c) pmTEC in droplets, d) pmTEC in bioprinted scaffolds. The white arrows highlight dead cells. Images represent a
deconvoluted z-stack maximum intensity projection. Scale bar ¼ 100 μm.
the core-shell dimensions by varying the process parameters such as the
pressure for each channel. To allow continuous monitoring of the bio-
printed filaments during culture, HUVECs (stained in blue) were homo-
geneously distributed in the commercial alginate-fibronectin bioink in
the outer shell, while the pmTECs (stained in green) were mixed with
gelatin to form the core bioink. The C_alginate was used as it
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demonstrated improved stability of the constructs over the culture
period, as highlighted before (Fig. 4). The combination of C_alginate and
fibronectin was chosen considering the composition used to culture
pmTECs in 2D and to circumvent the lack of adhesion sites in the algi-
nate. Gelatin was chosen to exploit its sol-gel transition at 37 �C, giving
the stability to form a core-shell filament during the bioprinting process



Fig. 5. Metabolic activity measurements testing different combinations in terms of cell types and cell media (Table 1), with a fixed incubation period of 2 h.
Measurements were made on day 1, day 3, day 7 and day 14. a) Analysis of the metabolic activity for the culture of HUVEC; b) analysis of the metabolic activity for the
culture of pmTEC. Only positive values of fluorescence are plotted. Statistically significant differences (*) for p < 0.05 are highlighted.
at room temperature (21.5 �C) and then being gradually washed away
once placed in the incubator at 37 �C, possibly forming a hollow filament.
This would allow mimicking the renal tubule.

The first step for the production of the core-shell filaments was the
optimization of the bioprinting parameters taking the values previously
optimized for the DUO printhead and changes in the channel diameter
into account (Fig. 3). Combinations of crosslinker pressure (200 mbar),
core pressure (150 mbar), and shell pressure (100 mbar) were used. The
capability to bioprint precisely the green-stained pmTECs in the core and
the blue-stained HUVECs in the shell is shown in Fig. 6a. The bioprinted
samples were cultured using only EGM-2, following the result obtained
for the metabolic activity study. The core-shell filaments were then
imaged using a confocal microscope, showing the formation of a hollow
filament over the culture period (Fig. 6b). In particular, the sample from
day 14 showed the distribution of cells in the core of the filament after
the remodelling of the gelatin supportive bioink used in the core.

The average external diameter of the core-shell filaments was 450.84
� 9.17 μm, bigger than the filaments obtained with the DUO printhead,
considering the core-shell printhead has a nozzle with a bigger diameter.
The core-shell filaments obtained herein are smaller than the filaments
11
reported in the literature, where diameters up to 2 mm were achieved,
showing an increased in resolution and accuracy in dimension of the
bioprinted filaments [16,48–50]. To our best knowledge, these are the
smallest core-shell filaments produced with a microfluidics bioprinter
reported in the literature, but further optimization is necessary to obtain
filaments within the range of the tubule diameter in the human kidney
[51].

The core-shell printhead was used to demonstrate the possibility of
manufacturing a concentric arrangement of the two different cell pop-
ulations envisioning an in vitro model able to mimic the proximal renal
tubule and the intricate exchange with the vasculature in the vicinity of
the tubules. In particular, the core-shell is the most appropriate
arrangement to produce a proximal tubule wrapped by endothelial cells
that upon appropriate stimuli can form a capillary network, maximising
the diffusion of oxygen and nutrients towards the epithelial cells,
mimicking the in vivo environment. The combination of murine and
human cells was used as a model for optimization of this approach as
reported in biofabrication literature, showing the capability to produce a
complex in vitro 3D model using a supporting bath [52].



Fig. 6. Core-shell bioprinted filaments made with blue-stained HUVEC as part of the shell and green-stained pmTEC as part of the core. a) Individual samples where
imaged on day 0 (after bioprinting), day 1, 2, 7, 14, 21 and 28. Images represent a merged z-stack previously deconvoluted and focused. b) Confocal images of the
core-shell filaments showing the formation of the hollow filament during the culture period, from day 0 to day 14. Scale bar ¼ 200 μm.
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4. Conclusion

We established a method to efficiently isolate and culture primary
tubular epithelial cells and fibroblasts from healthy and diseased murine
kidneys. A microfluidic 3D bioprinter was used to manufacture con-
structs with bioinks of epithelial cells and endothelial cells combined
with polysaccharides. A bioprinted core-shell hollow filament, manu-
factured with pmTECs and HUVECs was manufactured, to build an in
vitromodel. Further steps will be investigated in the future to build on the
complexity of the model close to the native structure of the renal tubu-
lointerstitium and with functionality assessment. This preliminary
microfluidic bioprinted model could be used in the future to investigate
underlying pathomechanisms in renal diseases and the progression of
renal fibrosis. Considering the currently limited number of in vitro
models, our approach might also help to reduce the number of animals
required for research.
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Appendix

FigS1. Cell isolation and validation. a) Schematic representation of isolation procedure for primary murine tubular epithelial cells (pmTECs), endothelial cells and
fibroblasts (pmFibroblasts) from K8-YFP mice. After sieving cells were cultured in selective media or used for FACS sorting. b) FACS analysis of the singe cell sus-
pension for K8-YFP fluorescence for FACS sorting revealed only a weak intensity of the signal and only 5.8% YFP-positive cells were detectable. c) Directly after the
13
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isolation procedure the YFP signal was analysed over a time period of 15 days. Signal was weak directly after isolation, but recovers over the first 24h. Scale bar ¼ 50
μm d) To analyse the signal intensity during cell passing fluorescence analysis of K8-YFP was performed during the trypsinization of the cells over a time period of
three hours. Scale bar ¼ 50 μm
FigS2. Representative brightfield images showing the overall structural stability over the seven day culture for the two culture mediums tested, i.e. EGM-2 and
DMEM-GF, where the overall stability increased for the scaffolds cultured with EGM-2. These scaffolds were bioprinted without cells using the IH_alginate solution.
The scaffolds were bioprinted in cell culture inserts to preserve the overall structure right after the bioprinting session. Outer top diameter of cell culture insert for 6
well plates: 27.85 mm.
FigS3. Representative morphological analysis showing combinations of pmTEC and HUVEC in the different culture media tested: a) pmTEC in a 50:50 mixture of
tubular-specific DMEM-GF and endothelial specific EGM-2 medium, Day 14, brightfield and fluorescence; b) HUVEC in 50:50 mixture of DMEM-GF:EGM-2, Day 14; c)
50:50 mixture pmTEC and HUVEC cells in DMEM-GF, Day 3, brigthfield and fluorescence; d) pmTEC in EGM-2, Day 14; e) 50:50 pmTEC:HUVEC in EGM-2, Day 3,
brightfield and fluorescence; f) HUVEC in DMEM-GF, Day 7. Scale bar ¼ 1 mm.
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FigS4. Metabolic activity measurements testing different combinations of cells and culture media (Table 1), with a fixed incubation period of 30 min. Measurements
were made on day 1, day 3, day 7 and day 14. a) Analysis of the metabolic activity for the culture of HUVEC; b) analysis of the metabolic activity for the culture of
pmTEC. Only positive values of fluorescence are plotted. Statistically significant differences (*) for p<0.05 are highlighted.
FigS5. Metabolic activity assay of HUVECs encapsulated in commercial alginate (C_alginate), in-house alginate (IH_alginate), and pectin evaluated on day 1, 3, and 7,
at 2 hours, in three independent experiments for each timepoint. Statistically significant difference (*) for p<0.05.
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FigS6. Metabolic activity assay of HUVECs in EGM-2 measured on day 1, after 2 hours of incubation of resazurin. Data presented as the measured fluorescence divided
by the number of cells. a) HUVECs encapsulated in droplets of commercial alginate (C_alginate), in-house alginate (IH_alginate) and pectin; b) monolayers of cells for
the different combinations of cells and media tested (Table 1). Statistically significant difference (*) for p<0.05.
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