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Abstract: Tubular structures contribute to essential organ functions. Therefore, controlling tubu-
logenesis is essential for bottom-up tissue engineering approaches. Tissue engineering strategies to 
form tubular structures utilize extracellular matrix (ECM) components and micropatterned molds. 
To improve the tubular formation rate, we studied the substrate stiffness’s influence on the tubu-
logenesis of murine inner medullary collecting duct (mIMCD) cells. mIMCD cells were seeded in 
micropatterned molds with different compositions of polydimethylsiloxane (PDMS) (1:5, 1:10, 1:15, 
1:20, 1:30) and agarose (1%, 2%, % 5%). We established the Young’s modulus of the PDMS and aga-
rose substrates and determined the ideal substrate stiffness for tube formation to be between 277 
kPa and 2610 kPa. Within our parameters, optimal tube formation was observed at 439.9 kPa, a 
value similar to the Young’s Modulus found in the basement membrane of the murine renal tubular 
compartment. We also found that different substrate concentrations of agarose or PDMS are associ-
ated with different expression levels of the apical polarization marker Zonula occludens 1 (ZO-1) in 
the generated tubular structures. In addition to the substrate stiffness, we observed that the tube 
formation differed based on the substrate material, with agarose showing a generally greater tube 
formation rate. While previous research demonstrated that ECM stiffness influences cellular behav-
ior towards tube formation, our results suggest that the stiffness of the substrate influences tubular 
formation independently of the ECM. 

Keywords: tissue engineering; kidney development; tubulogenesis; organogenesis; developmental 
engineering; stiffness; biomechanics; PDMS; agarose 
 

1. Introduction 
Tissue engineering aims to generate functional cell-based composites that are analo-

gous to native structures or tissues to replace or improve injured tissues or organs. At-
tempts have been made to create various tissues and organs, from tissue-engineered oral 
mucosa [1] to engineered heart valves [2] and lymphoid organs [3].  

Tubular structures are the central elements within a tissue that enable the function 
of organs such as the lung, the mammary gland, blood vessels, and components of the 
urogenital- and digestive systems. During tube formation, epithelial cells polarize and 
connect via tight- and adherence junctions to form tube-like structures that contain a lu-
men [4]. Evolution gave rise to various mechanisms to form tubular structures that have 
a continuous lumen. For example, the vertebrate neural tube is generated by the invagi-
nation of a sheet of polarized cells, while the heart tube in Drosophila is formed by the 
entrapment of extracellular space by non-polarized cells [5]. In mammary glands, the 
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lumen is generated by the apoptosis of centrally located cells [5]. In the kidney, the lumen 
containing the ureteric bud, and its subsequent branches, are formed by a mesenchymal-
to-epithelial transition (MET) driven invagination of the mesonephric duct (Wolffian 
duct) [6]. Lumen formation in nephrons, which develop from the metanephric mesen-
chyme, seems to follow a cord hollowing mechanism, where the lumen is formed de novo 
within a cord of cells [7]. 

Micropatterned molds have been used to provide spatial cues to generate structures 
and tissue analogs from a wide variety of cells [8]. For example, Nelson et al. used a mi-
cropatterned gel to induce tube formation in mammary epithelial cells and control the 
tubes’ branching geometry [9]. Using micropatterned gels, tubular structures can be gen-
erated in different diameters, as Raghavan et al. reported [10]. In a previous study, we 
reported the controlled formation of tubes using ureteric bud cells in combination with a 
micropatterned gel [11].  

Developmental tissue engineering approaches the generation of tissues and organs 
by mimicking the processes of organogenesis and morphogenesis using the embryo’s 
functional and morphological clues [12]. Studies have demonstrated that tube formation 
can be facilitated by extracellular matrix components and physical cues such as micropat-
terned molds [13]. While PDMS is commonly used as a first-choice polymer to generate 
micropatterned molds or microfluidic devices, the hydrophobic surface makes it difficult 
to handle small volumes of liquid outside of a microfluidic system. Therefore, for tubular 
formation, we aimed to find a better suited substrate. For example, the basement mem-
brane component collagen is processed and used by seeded cells, enabling tubular lumen 
formation [14]. Alginate-based hydrogels commonly maintain progenitor stem cells and 
lineage-specific cells [15]. Cells do not form a cell-substrate interaction with alginate, 
which can be beneficial to help with the polarization of cells during tubular and lumen 
formation. Agarose-based hydrogels have been used in tissue engineering approaches to 
support the formation of the vascular tissue with morphological similarity to in vivo tissue 
[16]. In addition, a collagen and agarose composite has been shown to promote the for-
mation of tubular vascular networks [17].  

An essential factor besides extracellular components and geometric cues are the 
physical properties of the materials used, such as stiffness [18]. For example, Alderfer and 
colleagues demonstrated the effect of matrix stiffness on lymphatic tube formation [19]. 
In this study, we aimed to elicit the influence of matrix stiffness on the tube formation of 
ureteric bud-derived tubular cells in PDMS or agarose-based micropatterned molds. 

2. Materials and Methods 
2.1. Measuring Physical Characteristics of Agarose and PDMS Molds 

To characterize the Young’s modulus of the PDMS substrate, nanoindentation tests 
were performed using the Hysitron PI 85L SEM Picoindenter (Bruker Corporation, Biller-
ica, MA, USA) that was equipped with a cube-corner diamond tip inside a focused ion 
beam (FIB), FEI Nova 600 DualBeam (FEI Inc., Hillsboro, OR, USA). A displacement-con-
trolled loading mode was selected for all experiments, and the indentation on the sample 
was performed at a constant displacement rate of 60 nm/s to a depth of 2–2.5 µm. The data 
acquisition rate was selected for each experiment based on the displacement rate. Load 
displacement data were obtained from the Picoindenter Software (Bruker Corporation, 
Billerica, MA, USA), and, using the Oliver-Pharr method, the reduced modulus was sub-
sequently calculated as follows: 𝐸 = 𝑆√𝜋2√𝐴 

where S is the slope of the unloading curve near the start of unloading, and A is the contact 
area for the cube corner tip. The PDMS elastic modulus (E_PDMS) is then obtained from 
the reduced elastic modulus as  



Appl. Sci. 2023, 13, 4510 3 of 14 
 

 

1𝐸 = 1 − 𝜈𝐸 + 1 − 𝜈  𝐸  

where ν_PDMS and ν_tip are Poisson’s ratio of the PDMS and the diamond tip, respec-
tively. Since, E_tip≫E_PDMS, the above equation is simplified to 𝐸 = 0.75𝐸   

Because agarose cannot be subjected to a strong vacuum, nanoindentation tests can-
not be performed with the Hysitron PI 85L Picoindenter. Therefore, we conducted uniax-
ial compression tests to characterize the Young’s modulus of the agarose molds. The sam-
ples were loaded by an uniaxial testing machine, an Instron 5966 (Instron Corporation, 
Norwood, MA, USA) equipped with a 50 N load cell at a loading rate of 0.2 mm/s. Their 
nominal stress-strain relations were obtained. We modeled the materials according to the 
following incompressible neo-Hookean model 𝑊 =  𝜇2 [𝑡𝑟 (𝐹𝐹 ) − 3] + 𝑝 [det(𝐹) − 1] 
where W is the strain energy density function, µ is the initial shear modulus, F is the de-
formation gradient tensor, and p is the hydrostatic pressure. The nominal (first Piola-
Kirchoff) stress under uniaxial compression is then given by 𝑆 =  𝜇 [ 1(1 − 𝜀 ) − (1 − 𝜀 ) 

where S11 and ε11 represent the nominal stress and strain along the loading direction, re-
spectively. We fitted the above equation to the experimental data using the linear least-
square method, yielding the initial shear modulus µ. The Young’s modulus is µ. 

2.2. SU-8 Mold Fabrication 
Photocatalytic lithography was used to generate a micropatterned platform (mold) 

on a SU-8 waver as described previously [11]. Briefly, AutoCad software (Autodesk, San 
Francisco, CA, USA) was used to design the mold pattern and outline an optical mask. 
The photomask was printed by CAD/Art Service, Inc. (Bandon, OR, USA). Molds were 
fabricated with SU-8 2050 (Microchem, Newton, MA, USA) on silicon wafers (Silicon Val-
ley Microelectronics, Inc., Santa Clara, CA, USA). After speed coating the SU-8 on the sil-
icon wafer, the polymer was soft baked at 65 °C for 3 min and then at 95 °C for 7 min. 
After cooling down, the hardened SU-8 was exposed to UV light through the designed 
mask using a UV-KUB 2 (KLOE, France), following the manufacturer’s processing guide-
lines. UV-exposed SU-8 polymerized, and formed the SU-8 mold, while the unexposed 
region was removed during the development phase. After post-exposure baking (1 min 
at 65°C and 6 min at 95 °C), development, and hard-baking (1 h at 200 °C) phases, the 
mold was ready to use. The mold holds 63 rectangular-shaped patterns sized 125 µm × 3 
mm with a depth of 50 µm (Figure 1A). 
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Figure 1. (A) Size, shape, and arrangement of the micropatterned mold used for tube formation. 
Each micropatterned mold holds three rows with 21 tube patterns. (B) Orientation of the tubes dur-
ing the seeding process of forced gravity via centrifugation was established, as shown (F—centrifu-
gal force, A—rotation axis). 

2.3. Polymer and Agarose Based Micropatterned Mold 
Agarose gels were produced with 1, 2, 3, and 5% concentrations of agarose (Sigma-

Aldrich, St. Louis, MO, USA) dissolved in culture media (DMEM or MEM/F12) absent of 
fetal bovine serum (FBS—Sigma Aldritch), under sterile conditions. The agarose was 
crosslinked by the physical method. It was melted by heating it in a microwave. The 
melted agarose was then transferred to a 65 °C incubator until the temperature was equil-
ibrated. After cooling to 65 °C, the agarose was transferred to the SU-8 mold, where it 
polymerized to room temperature during the cooling. Micropatterned gels were removed 
from the SU-8 based casting mold under sterile conditions in a biosafety cabinet using 
sterile forceps and a scalpel and immediately used or stored in an air-sealed container at 
4 °C. 

Micropatterned PDMS polymers were produced using a Silicone Elastomer Kit, Syl-
gardTM 184 Silicone Elastomer (Dow Corning Corp., Midland, MI, USA). The curing 
agent and the silicone base component were mixed in ratios of 1:5 (one part curing agent 
and five parts silicone base), 1:10, 1:15, 1:20, and 1:30 and was then homogenized by stir-
ring. Bubbles were removed by exposure of the mixture to a 10% vacuum for 10 min. The 
polymer mixture was applied to the SU-8 mold and cured at 85 °C for two hours. After 
polymerization, potential contamination of the micropatterned polymers was removed by 
washing in 70% ethanol, followed by rinsing in sterile PBS and air drying in a biosafety 
cabinet. 

2.4. Cells and Cell culture 
The murine inner medullary collecting duct (mIMCD) cell line was obtained from the 

American Type Culture Collection (ATCC; Manassas, VA, USA). Cells were cultured in 
high glucose DMEM/F12 media (Gibco, Invitrogen Corporation, Carlsbad, CA, USA) sup-
plemented with 10% FBS (Sigma-Aldrich) and antibiotics (Pen/Strep, Sigma-Aldrich) in 
non-pyrogenic-10 cm Petri dishes (Corning, Lowell, MA, USA) at standard conditions 
(37°C, 5% CO2 and 100% humidity). Growth media were changed between 48–72 hours, 
and cells were sub-cultured before reaching ~75% confluency. 
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2.5. Tubular Formation 
Dispersed mIMCD cells were suspended in a neutralized collagen I solution and 

transferred to the micropatterned molds, as described previously [11]. Confluent mIMCD 
cells were washed with phosphate-buffered saline (PBS) and incubated with 0.05% tryp-
sin/EDTA to detach. Growth media were added to the detached cells and centrifuged at 
400× g for 3 min. The cells were resuspended in collagen I solution (2.4%) (BD Bioscience, 
Bedford, MA, USA) according to the manufacturer’s recommendations. Droplets in the 
size of 70–100 µL of the mIMCD cells suspended in collagen (12 × 106 cells/mL) were then 
pipetted onto the micropatterned gels and incubated for 20–30 min at 4 °C to allow the 
cells to settle into the pattern by gravity. After passive gravity seeding, the micropatterned 
gels were centrifuged (1200 rpm, 10 min, 4 °C) in a microplate carrier (GS-6R, Beckman 
Coulter, Fullerton, CA, USA) to force seed mIMCD cells and remove the excess cells in 
suspension. The optimal centrifugation angle of 90° of the agarose mold patterns relative 
to the centrifugation axis, and an angle of 45° of the PDMS gels, were established by test-
ing angles 0°, 45°, and 90° (Figure 1B). The seeding procedure and the progress of tubular 
formation were observed by light microscopy. The micropatterned molds of PDMS and 
agarose holding mIMCD cells were then transferred via forceps, and each mold was 
placed into a well of a 12-well plate. After incubation for 15 min at 37 °C to allow polymer-
ization of the neutralized collagen I solution, the molds were carefully submerged in 
growth media and incubated at standard conditions (37 °C, 5% CO2, 100% humidity). 

2.6. Confocal microscopy 
We used an Olympus FV1000 laser confocal fluorescence microscope (Olympus Life 

Science Solutions, Center Valley, PA, USA) in combination with Olympus Fv10-ASW 0.4 
imaging software to generate 3D-stack images from fluorescent stained tubular aggre-
gates. Images (1024 × 1024 pixels) were generated using a 10× objective (NA 1.4) (Olym-
pus) and a sampling speed of 40.00 µs/pixel. 

The ZO-1 antibody (Abcam 59720, Abcam, Cambridge, UK) was used in a dilution of 
1:200, with anti-rabbit IgG-Alexa 597 conjugated antibody (Abcam) in a dilution of 1:200. 
Nuclei were stained with DRAQ5 (1:1000). 

Z-stack projections of each scanned tubular structure were quantified for ZO-1 ex-
pression levels using Fiji—Image J software, Image J2 (Wayne Rasband, National Institute 
of Health, Kensington, MD, USA). 

2.7. Scoring of Tubular Formation and Statistic Analysis 
The efficiency of tube formation was scored by grades (from low to high) as −− (2N), 

− (1N), + (1P), ++ (2P), and +++ (3P). For 2N structures, cells grow on a single layer or form 
small cell aggregates with no tubular shape. For 1N structures, cells form small tubular-
shaped aggregates. Those structures do not form one long single tubular structure in each 
mold. For 1P (+), 2P (++), and 3P (+++), cells form a single long tubular structure in each 
mold. The degree of maturity of the tubular structures was assessed based on its position 
in the mold: 1P for structures that remained in the mold, 2P for structures that start to exit 
from the mold, and 3P for structures outside the mold, based on our previous results [11]. 
Scoring was performed in a blinded manner. Experiments were repeated at least four 
times, and the results per gel concentration were given as mean ± standard deviation (SD). 
Statistical comparisons were made using analysis of variance (ANOVA) for multiple com-
parisons with the Tukey-Kramer post hoc test for multiple comparisons and the Student’s 
t-test for paired comparisons. Specifically, ANOVA tests were used to analyze differences 
between substrate stiffness, and Student's t-tests were used to compare paired substrates 
with similar stiffness. A p-value of ≤ 0.05 was considered significant.  
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3. Results 
3.1. Polymer Characteristics 

The nominal stress-strain relations of the agarose molds are shown in Supplementary 
Data Figure S2. Measurements of the mechanical properties of the different agarose sam-
ples showed an elastic behavior, and the characterization of the Young’s moduli resulted 
in an average Young’s modulus ranging from 78 kDa to 1388 kDa for agarose gels ranging 
from 1% to 5% agarose, respectively (Figure 2A), which is in the same range as previously 
reported [20]. As expected, we observed that Young’s modulus increased exponentially 
(R2 = 0.9921) with the increase in the percentage of agarose. 

 
Figure 2. Elastic moduli of (A) agarose and (B) polydimethylsiloxane (PDMS). (C)The elastic moduli 
of the agarose substrate at 3% and 5% overlaps with the PDMS substrate generated in a 1:30 and 
1:20 ratio. 

The influence of the curing ratio on the compression strength of PDMS is presented 
in Supplementary Data S2. Measurements of the mechanical properties of the different 
PDMS samples showed an elastic behavior, and the analysis using the Oliver-Pharr model 
resulted in an average Young’s modulus ranging from 680 kDa to 8920 kDa for a PDMS 
ratio of 1:30 and 1:5, respectively (Figure 2B), similar to what was reported previously 
[21]. As anticipated, the Young’s modulus increases exponentially (R2 = 0.9946) when the 
Curing Agent: Pre-Polymer ratio decreases. The data also showed a difference in the load-
ing and unloading forces, and large variations in both curves for PDMS ratios of 1:15, 1:20, 
and 1:30 (Supplementary data Figure S2), which may be due to the increased stickiness of 
the PDMS at these ratios. The agarose substrates of 3% and 5% exhibit similar mechanical 
properties as PDMS generated in 1:30 and 1:20, as observed by overlapping elastic moduli 
(Figure 2C). 

3.2. Cell Seeding 
We tested different angles to optimize the seeding process. The results showed that 

centrifugation angles of 90° for the agarose and 45° for PDMS mold patterns, relative to 
the centrifugation axis are optimal for cell seeding (Figures 1B and S3).  

3.3. Tube Formation on Agarose 
After 24 h of culture, the tubular formation was scored according to the categories 

listed in Figure 3, following our previous findings [11]. Figure 4A,B illustrates the percent-
age of tubes in the function of the agarose concentrations. We observed that better tube 
formation (2P and 3P) occurred in the agarose mold with higher concentrations (3% and 
5%), while either no tubes or small tubes (2N and N) formed in agarose with the lowest 
concentrations (1%), and no significant differences were observed between the different 
tube status in 2% agarose molds. When agarose concentration increases, we observed that 
the number of 2N tubes remained constant (no significant difference) at lower concentra-
tions (1% and 2%) but dramatically decreased at concentrations between 2% and 3% and 
remained low at concentrations between 3% and 5%. Similarly, the number of N tubes 
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rapidly decreased (from 1% to 2%), and remained low when the agarose concentration 
increased (from 2% to 5%). We did not observe significant differences in the number of 
tubes remaining in the mold (P tubes) at low concentrations (1% and 2%, 28.6% and 34.5%, 
respectively) and high concentrations (3% agarose and 5% agarose, 4% both). However, 
differences between both groups were significant. The number of 2P tube formations in-
creased and then decreased with stiffness, with a peak at 3% agarose (21%). The percent-
age of 3P tubes quickly increased with the agarose concentration from 2 ± 3.4% (on agarose 
1% mold) to reach 74.5 ± 5.4% on 3% agarose mold, and remained constant (65.8 ± 11.7%, 
with no significant difference between 3% and 5%). 

 
Figure 3. The efficiency of tube formation was graded after 24 h of culture along the characteristics 
shown in the panels. Tube formation was scored by grades (from low to high) as 2N (−−), 1N (−), 1P 
(+), 2P (++) and 3P (+++). 

 
Figure 4. Percentage of tube formation on agarose (A,B) and PDMS (C,D) molds. Data are repre-
sented in function of the (A,C) substrate composition and (B,D) the tube formation’s grade. Symbols 
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indicate the p-value of the ANOVA test: p < 0.05 (*), p < 0.005 (**), p < 0.0005 (†), p < 0.00005 (††), p < 
0.000005 (‡), p < 0.000001 (‡‡), and no differences (nd). A compact letter display is used to indicate 
non-significant differences from post hoc analysis (where a similar letter indicates no significant 
differences). 

3.4. Tube Formation on PDMS 
After 24 h of culture, the tubular formation was scored according to the categories 

listed in Figure 3, following our previous findings [11]. Figure 4C,D illustrates the per-
centage of tubes in function of the PDMS ratio. We observed that the number of 2N tubes 
is maximal when cells are cultured at a conventional PDMS ratio (1:10; 57.7 ± 14.6%). The 
percentage of 2N tubes decreases when the PDMS ratio was decreased (1:5; 32.1 ± 6.7%) 
or increased (1:15, 1:20, 1:30; 0.4 ± 0.7%, 2.2 ± 3.7%, and 3.3 ± 2.0%, respectively). However, 
the percentage was significantly lower when the ratio was higher than when the ratio was 
lower. In addition, no significant differences were observed in the higher PDMS ratio 
(1:15, 1:20, and 1:30). Interestingly, N tube percentages were also higher on the lower 
PDMS ratio (1:5 and 1:10) than on higher ratios (1:15, 1:20, and 1:30). However, we noticed 
that the percentage, which was the lowest on 1:15 PDMS molds, increased with the ratio 
(from 1.3 ± 2.2% to 19.0 ± 7.7% for 1:15 and 1:30 ratio, respectively). Percentages of P tubes 
were consistent through the different PDMS conditions, and no significant difference was 
observed. Both 2P and 3P tubes were more numerous on higher PDMS ratio molds (55.2 
± 13.2%, 37.6 ± 20.9%, and 34.6 ± 11.5% for 1:15, 1:20, and 1:30 ratios, respectively, and 21.1 
± 11.6%, 26.6 ± 14.7%, and 12.3 ± 11.5% 3P tubes for 1:15, 1:20, and 1:30 ratios, respectively) 
compared to lower ratios (5.9 ± 6.4% and 2.8 ± 2.8% 2P for 1:5 and 1:10 ratios, respectively) 
where no 3P tubes were observed. Statistical analyses indicate that the number of 2P tubes 
remains constant and low for lower PDMS ratios, increasing with the PDMS ratio with a 
maximum value for PDMS 1:15. Fully formed tubes (3P) were not observed on stiff sub-
strates (1:5 and 1:10 ratios), but were observed on softer substrates (1:15, 1:20, and 1:30). 
However, a significant decrease was observed between the highest ratio (1:30) and the 
lower ratio (1:5, 1:10, and 1:20). 

3.5. Comparison of Both Materials with Similar Stiffness 
We compared the percentages of formed tubes on agarose molds and PDMS molds 

with similar Elastic moduli, i.e., 3% (440 kDa) and 5% (1388 kDa) agarose and 1:30 (680 
kDa) and 1:20 (1440 kDa) PDMS (Figure 5). When comparing 3% agarose and 1:30 PDMS, 
no significant differences were observed for 2N tubes and 2P tubes formation, but signif-
icant differences were observed for N tubes (p < 0.05), P tubes (p < 0.05), and 3P tubes (p < 
0.001). When comparing 5% agarose and 1:20 PDMS, no significant differences were ob-
served for 2N, N, and 2P tubes. Differences were observed for P tubes (p < 0.05) and 3P 
tubes (p < 0.005). 
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Figure 5. (A) Number of each tube stages (from 2N to 3P) in function of the Young’s modulus cul-
tured on agarose (plain line) or PDMS (dotted line). (B) Close-up of the percentage of tube for-
mation in the function of overlapping Young’s modulus from agarose and PDMS substrates. Over-
lap areas are indicated by rectangles with dashed lines in (A). Symbols indicate p < 0.05 (*) and p < 
0.005 (†). 

3.6. Polarization Marker 
To see if improved tube formation is correlated with a change in the expression of 

polarization markers, we stained tubes generated on agarose (1, 2, 3, and 5%) or PDMS 
(1:5, 1:10, 1:15, 1:20, and 1:30) for Zonula occludens 1 (ZO-1). ZO-1 is an apical polarization 
marker and a prerequisite for tubular lumen formation [22]. To compare the expression 
levels of ZO 1 in the tubes, we scanned the stained tubes with a confocal microscope and 
quantified the longitudinal Z-stack projections using Image J software 1.52(Figure 6). 
Comparing the mean intensity values (n = 5) of each condition, we found that tubes gen-
erated on different agarose concentrations showed significantly different expression lev-
els. Tubes generated on 1% agarose showed a very low ZO-1 expression level, signifi-
cantly different from 2, 3, and 5%. In addition, the expression of ZO-1 in tubes from 3% 
agarose was significantly different from the ZO-1 expression on 2% agarose. Tubes from 
3% agarose showed the highest ZO-1 expression levels. 
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Figure 6. (A) Representative confocal image of the tubular structure stained for polarization marker 
ZO-1 (red) and DRAQ5 (blue). Longitudinal Z-stack projection on the right panel. Tubes were har-
vested after 24 h from agarose substrates of different stiffness and stained for ZO-1 (red) and meas-
ured using Image J2 software 1.52 (B) A representative longitudinal Z-stack projection of ZO-1 (red) 
stained tubes generated on agarose and PDMS substrates of different concentrations or dilutions, 
respectively. The ZO-1 intensity was measured using Image J. 

Significant differences of ZO-1 expression levels were also found in tubes cultured 
on the PDMS substrate. The expression of ZO-1 was significantly different in tubes from 
1:30 compared to tubes from 1:20 and 1:10. Tubes generated in PDMS 1:20 were signifi-
cantly different from those generated in PDMS 1:15. Tubes cultured on 1:10 PDMS exhib-
ited the strongest ZO-1 expression (Figure 7). 

 
Figure 7. (A) The diagram represents the measured mean intensity (n = 5) of the stained tubes for 
polarization marker ZO-1. Tubes were harvested after 24 h from agarose substrates of different stiff-
ness and stained for ZO-1 and measured using Image J. (B) Mean intensities of the ZO-1 staining of 
tubes (n = 5) from PDMS substrates of different stiffness. Symbols indicate p < 0.005 (*) and p < 0.0005 
(†). A compact letter display is used to indicate non-significant differences from post hoc analysis 
(where a similar letter indicates no significant differences). 

4. Discussion 
In this work, we report the generation of tubular structures in micropatterned gels 

with different elastic moduli or stiffness. Tubular structures are basic in most organs and 
tissues, such as blood vessels, lungs, and urogenital and digestive systems. Therefore, the 
capacity to create tubular structures is critical for the bottom-up approach of tissue engi-
neering, which aims to develop basic structures and combine them to create more complex 
in vivo-like tissues.  

We previously demonstrated that tube structures could be constructed successfully 
using micropatterned molds [11]. To see if we can further improve the ratio of formed 
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tubular structures, we investigated tubular formation depending on the substrate stiff-
ness. 

Native tissues and organs, as well as ECM molecules in vivo, possess different de-
grees of stiffness [23], from 200 Pa to 2–4 GPa [24], and 1 MPa to 4 GPa [23], respectively. 
The stiffness of tissues and basement membranes is an essential mechanical factor that can 
influence the phenotype of a cell in vitro [25,26], and it has been shown to have a role in 
morphogenesis in vivo [27,28]. Basement membrane stiffness has recently been suggested 
to be a critical factor in organ development, homeostasis, aging, and diseases [29], such as 
metastasis [30]. 

Our current work investigated the influence of matrix stiffness on tube formation by 
using micropatterned molds that we previously developed for tube formation [11]. We 
also tested the difference between two substrates, i.e., PDMS and agarose. Changing the 
fabrication process allowed us to test a range of substrates with an elastic modulus be-
tween 79 kPa to 8.9 MPa (Figure 2). 

We observed that stiffness influences tubular structure formation on both agarose 
and PDMS molds. Similar to our previous observation, the aggregate starts forming from 
one end of the micropatterned molds, independently of the substrate stiffness [11]. When 
cultured in PDMS molds, the percentage of formed tubes is greater when tubes were cul-
tured in molds with a higher PDMS ratio (1:15, 1:20, and 1:30), i.e., a lower elastic modulus, 
than in molds with a lower PDMS ratio (1:5, and 1:10), i.e., a higher elastic modulus. When 
cultured in agarose-based micropatterned molds, the rate of tube formation was found to 
be positively correlated with agarose concentrations, and therefore stiffness, with optimal 
agarose concentrations, is best at 3% and 5%. Our results are in accordance with results 
previously reported in a study showing that stiffness regulated the tubulogenesis of lym-
phatic tubes and components of the vascular system [19,31]. 

Comparing the rate of tube formation on agarose and on PDMS, we observed that 
mIMCD cells show optimal tube formation on substrates, with a stiffness ranging between 
277 kPa and 2610 kPa. Cells cultured outside this stiffness range failed to form tubes. Our 
results could be explained by previous results showing that matrix stiffness seems to reg-
ulate tubular cell polarization and proliferation [32], as well as tissue morphogenesis cor-
rection [28]. 

In our experiments, we found that the percentage of fully formed tubes was highest 
on agarose with an elastic modulus of 439.9 kPa (Figure 5A). Comparing this value to 
elastic moduli measured in native tissue, we found that this value is similar to the elastic 
modulus of the kidney tubular basement membrane (BM) (438 ± 54 kPa) [33]. Crest et al. 
demonstrated that the tubular BM possesses an instructive potential for tissue elongation 
[34]. Interestingly, our results differ from those of Hagelaars et al. who observed the api-
cal-basal polarization of Madin Darby Canine Kidney cells (MDCK) at a sub-physiological 
substrate stiffness of 1 kPa, while polarization was absent at supraphysiological condi-
tions of >10 kPa [35]. Although not specified in their paper, we suppose that they referred 
to the stiffness of the macroscale kidney (7 kPa) [36]. 

How stiffness influences cell behavior remains difficult to determine, because the bi-
omaterial potentially contributes to a certain behavior. To test if a specific material or stiff-
ness promotes earlier ZO-1 expression (a marker for tube maturation) than another, we 
stained ZO-1 in 1P tubes, which, in our grading system, correspond to the earliest and 
lowest tube maturation stage. We observed differences in the expression of ZO-1, a marker 
for tube maturation [22], in 1P tubes, depending on the culture substrate. When cultured 
on agarose, we observed that ZO-1 expression increases with the agarose concentration 
up to 3%, and then decreases (5%—Figure 6. When compared to the number of 2P and 3P 
tubes (Figure 4), we observed a similar evolution in function of the agarose concentration, 
suggesting that the stiffness influences ZO-1 expression, which, in return, influences the 
number of mature tubes. However, when cultured on PDMS, the PDMS ratio has less in-
fluence on the ZO-1 expression, and few differences were observed in the expression in-
tensity of ZO-1 in the function of the PDMS ratio. In addition, no similarity could be found 
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when comparing the quality of tube maturation, as shown by the ZO-1 expression (Figure 
6), and the number of mature tubes (2P and 3P), as shown in Figure 5. This suggests to us 
that PDMS influences tube maturation through other mechanisms that occur after ZO-1 
expression and that have yet to be identified. In addition, stiffness, which is different de-
pending on the observation level (molecular, tissue, organ) [23], seems to affect cell be-
havior on those different levels (molecular, tissue, organ), which could explain the differ-
ences between our findings and the findings of Hagelaar et al. [35]. 

Our results are in accordance with those of others. However, while previous research 
showed that cell differentiation, growth [32,37], and morphogenesis [19,31] are influenced 
by the stiffness of ECM, our current study suggests that stiffness alone is not the sole factor 
influencing tubulogenesis in our system. When comparing tube formation on agarose and 
PDMS molds with similar stiffness, i.e., agarose 3% vs. PDMS 1:30 (439.9 kPa and 680 kPa, 
respectively) and agarose 5% vs. PDMS 1:20 (1388.2 kPa and 1440 kPa, respectively), sig-
nificant differences were observed for the formation of 1N, 1P, and 3P tubes. These differ-
ences suggest that the composition of the substrate further influences tubulogenesis. Alt-
hough we can hypothesize that differences in cell or protein attachment onto the substrate 
or the presence of culture medium components in the agarose gel may have an influence, 
further experiments will be needed to determine additional factors that influence tubular 
formation. 

5. Conclusions 
In this paper, we demonstrated that substrate stiffness is important for controlling 

tube formation. Further experiments are needed to delineate how the stiffness of sub-
strates, that show limited or no cell adhesive properties [38,39], can influence tube mor-
phogenesis, and to clarify the cellular receptors or ligands involved in this process. 

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/app13074510/s1, Figure S1: Nominal Stress-Strain Curve for 
agarose; Figure S2: Force Displacement Plots for PDMS; Figure S3: Cell seeding based on PDMS 
mold orientation during centrifugation. 
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