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Abstract

Bioreactors enabling direct perfusion of cell suspensions or culture media through

the pores of 3D scaffolds have long been used in tissue engineering to improve cell

seeding efficiency as well as uniformity of cell distribution and tissue development. A

macro-scale U-shaped bioreactor for cell culture under perfusion (U-CUP) has been

previously developed. In that system, the geometry of the perfusion chamber results

in rather uniform flow through most of the scaffold volume, but not in the periph-

eral regions. Here, the design of the perfusion chamber has been optimized to provide

a more homogenous perfusion flow through the scaffold. Then, the design of this

macro-scale flow-optimized perfusion bioreactor (macro-Flopper) has been miniatur-

ized to create a mini-scale device (mini-Flopper) compatible with medium-throughput

assays. Computational fluid dynamic (CFD) modeling of the new chamber design,

including a porous scaffold structure, revealed that Flopper bioreactors provide highly

homogenous flow speed, pressure, and shear stress. Finally, a proof-of-principle of

the functionality of the Flopper systems by engineering endothelialized stromal tis-

sues using human adipose tissue-derived stromal vascular fraction (SVF) cells has been

offered. Preliminary evidence showing that flow optimization improves cell mainte-

nance in the engineered tissueswill have to be confirmed in future studies. In summary,

two bioreactor models with optimized perfusion flow and complementary sizes have

beenproposed thatmight beexploited toengineer homogenous tissues and, in the case

of themini-Flopper, for drug testing assayswith a limited amount of biologicalmaterial.
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1 INTRODUCTION

Direct perfusion bioreactors used in tissue engineering approaches

rely on convective transport to push a liquid phase (e.g., cell suspension

and/or medium) through the pores of three-dimensional (3D) scaffolds

or the interstitial tissue space. In comparison to static cultures, direct

perfusion flow offers several advantages to engineer in vitro 3D tis-

sues. For example, it increases cell seeding efficiency on the scaffolds,

facilitates the transfer of oxygen, nutrients, and waste products to

and from the cells, and exposes the forming tissue to physiological-like

shear stress.[1,2]

We previously designed and validated a macro-scale perfusion

bioreactor that enhances the seeding efficiency and uniformity of dif-

ferent mesenchymal cell types in 3D scaffolds.[3,4] In the last two

decades, this system (hereafter referred to as U-CUP; U-shaped biore-

actor for cell culture under perfusion, Cellec Biotek AG) has been

applied to engineer and/or culture in vitro different macro-scale tis-

sues such as osteogenic and vasculogenic grafts,[5–9] cartilaginous

grafts,[10,11] bone marrow,[12–15] colorectal cancer,[16,17] muscle,[18]

breast cancer,[19,20] pericardium,[21,22] periodontal pocket,[23] fat,[24]

meninges,[25] and thymus.[26] However, the acute expansions in the

rectangular geometry of theU-CUP flow chambermight cause nonuni-

form flow speed areas in the periphery of the scaffold.[27] Further-

more, from the size perspective, the dimensions of this bioreactor

(35 cm high, 5 cm deep, and 10 cm wide) and the volume of medium

required (normally 8 ml per bioreactor) limit its use in medium-

throughput assays to culture tiny biopsies in the context of precision

medicine.[17,19]

Here, we first revised the U-CUP macro-scale bioreactor by engi-

neering a new chamber design to provide Flow-optimized perfusion

(macro-Flopper) through the scaffold.Next,weminiaturized thedesign

of the macro-Flopper to create a mini-scale bioreactor (mini-Flopper).

Finally, we aimed at providing a first proof-of-principle of the function-

ality of these new bioreactor models by engineering endothelialized

stromal tissues, previously referred to as “angiogenic niches”[9] using

human adipose tissue-derived stromal vascular fraction (SVF) cells

seeded on collagen-based scaffolds.

2 EXPERIMENTAL SECTION

2.1 Design of the macro-scale flow-optimized
perfusion bioreactor (macro-Flopper)

Themacro-Flopper bioreactorwas similar to theU-CUP system except

for the perfusion chamber (Figure 1A, colored in brown, and Figure

S1, Supporting Information). In the inner part of the U-CUP chamber,

there was an URD08H04 adapter (cup holding the scaffold) and two

ETFE grids, leaving a scaffold space of 8 × 3 mm (diameter × height).

In the inner part of the macro-Flopper perfusion chamber, the adapter

(from here referred as cup) was made of two assembled silicone parts

(Figure 1B; upper in red and bottom in blue) with integrated ETFE grids

(Figure 1B; white), also generating a scaffold space of 8 × 3 mm (diam-

eter × height). A two-components shell formed the outer part of the

perfusion chamber to keep the silicone cup under pressure, ensuring

sealing and sterility of the culture environment (Figure 1C–D). In both

bioreactor systems, the closure of the chamber induced a compression

of the scaffold to reach a final size of 8× 2mm (diameter× height).

The chamberwas connected to the tubing through three-way valves

and ULN 1/4″–28 threadings. The top and bottom parts of the cup

in the macro-Flopper were made by pouring silicone in polylactic

acid (PLA) 3D-printed molds (upper part, Figure 1E; bottom part,

Figure 1F) with glued ETFE grids (SEFAR Fluortex #09-590/47; white

in Figure 2E,F). Once the siliconewas cured, the cup partswerewashed

in water and ready to use. Blender 2.82 was used to design and gen-

erate the .stl files, Cura 4.6 was used to generate the Gcode. An

Anycubic mega 3D printer was used to print the molds in PLA with a

wall/bottom/top thickness of 2mm and an infill of 20%with a step size

of 100 μm. The shell parts of the macro-Floppers were designed, and

STEP files were sent to the company Xometry (https://xometry.eu/de/)

to bemachined using polyether ether ketone (PEEK).

2.2 Design of miniaturized flow-optimized
perfusion bioreactor (mini-Flopper)

The mini-Flopper bioreactor (Figure 2A) was designed to fulfill the

following requirements: modular, autoclavable, compatible with sam-

ple sizes of 6–113 mm3 (2–4-mm diameter and 3–36-mm high) and

medium volumes of 750 μl–3 ml, and easy to operate under sterile

conditions (Figure S1, Supplementary Information). The core consisted

of three main parts (upper, middle, and bottom parts; Figure 2B–D)

fixed with connectors, hinges, and clippers (Figure 2E–G), in which

4-mm-round steel rods were inserted as hinge pins (Figure 2H). The

flow channels were sealed at the upper part with 0.2-μm filters (Sarst-

edt) (Figure 2I). The perfusion chambers consisted of six silicone cups

(Figure 2J) that were introduced in the flow channels of the bioreactor

main body and connected by pairs through silicone inlets and tubing

(Figure 2K) at the bottom part. The silicone cups were made of two

assembled parts (upper (red) and bottom (blue)) forming the chamber

between grids (arrow in Figure 2J). The bioreactormain bodywas then

placed on a stand (Figure 2L).

Since in the mini-Flopper, each of the three flow channels had two

silicone cups, one or two scaffolds could be placed per flow chan-

nel (maximum of six scaffolds in total). The scaffolds were inserted

between the grids by unclipping the middle and the bottom part

(Figure 2C,D). Medium could be added and removed with pipettes by

unclipping the top and the middle part (Figure 2B,C). To induce perfu-

sion flow in each channel, a syringe pump outlet was attached to one

of the filters in the upper part (asterisks in Figure 2A), while the other

filterwas left at atmospheric pressure. The syringe pump induced pres-

sure differences that pushed/pulled the medium in each pair of flow

channels interconnected with the inlets and tubing at the bottom part.

The upper part (Figure 2B), which has six ULN 1/4″–28 thread-

ings, the middle part (Figure 2C), and the bottom part (Figure 2D)

of the bioreactor main body were 3D-printed using two autoclavable

 18607314, 2023, 2, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/biot.202200405 by PO

L
IT

E
C

N
IC

O
 D

I M
IL

A
N

O
, W

iley O
nline L

ibrary on [26/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://xometry.eu/de/


BORN ET AL. 3 of 11

F IGURE 1 Components of themacro-Flopper bioreactor. (A) Assembledmacro-Flopper bioreactor with the new perfusion chamber colored in
brown.Medium is simulated in red. (B) Cross-section of the 8-mm-diameter macro-Flopper silicone cup (upper part in red and bottom part in blue)
with integrated nylon grids (white). (C, D) Technical drawings to design the (C) upper and the (D) bottom parts of the outer shell that protects the
silicone cup in themacro-Flopper bioreactor. (E, F) Polylactic acid (PLA) molds used to generate the (E) upper and (F) bottom parts of the silicone
cup in themacro-Flopper bioreactor

F IGURE 2 Components of themini-Flopper bioreactor. (A) Assembledmini-Flopper bioreactor with simulatedmedium in the flow channels
(red). (B) Upper (C) middle and (D) bottom parts of the bioreactor main body. Connectors (E), hinges (F), clippers (G), and steel rods (H) used to fix
the threemain parts of themini-Flopper. (I) 0.2-μm-filters seal the flow channels at the upper part. (J) Cross-section of a 2-mm diameter silicone
cup composed by an upper part (red), a bottom part (blue), and nylon grids (white) to delimitate the area containing the sample. (K) Silicone inlets
with fused silicone tubing used to connect each pair of flow channels. (L) Bioreactor stand. Polylactic acid (PLA) molds used to generate the (M)
upper and (N) bottom parts of the silicone cups. (O) PLAmold used to generate the silicone inlets
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photopolymer resins: one as core material to build up test bodies

(MED610, Stratasys Ltd., Minneapolis, USA) and the other as a water-

soluble support material (SUP705, Stratasys Ltd., Minneapolis, USA).

The connectors, hinges, clippers, and the stand (Figures 1L and 2E–G))

were 3D-printed using standard fused deposition modeling in PLA

(green in Figure 2). The upper (red) and bottom (blue) parts of the cups

were manufactured by pouring autoclavable medical-grade silicone in

PLA 3D-printed molds (Figure 2M,N). These were cuboids with a 2-

mm-wide slit at the side and a centered cylindrical void. The mold for

the upper part of the cup (red) had a cone-shaped adapter on one side

and a flat-end adapter on the other side (Figure 2M). The mold for the

bottom part of the cup (blue) had two flat-end adapters on both sides

(Figure 2N). The flow path space was generated using round steel rods

asmolds (black cylinders in Figure 2M,N). Round steel rods to generate

2 × 3 mm (diameter × height) chambers were used in this study. How-

ever, thanks to its modularity, the size of the perfusion chamber might

be easily increased for different applications by simply using round

steel rods with bigger diameters (up to 4 mm). The scaffold height was

determined by the distance between the round steel rods during the

manufacturing of the bottom cup. ETFE grids (white in Figure 2J,M,N)

were glued with soluble water glue to the end of the round steel rods

to form the meshes that held the sample in the chamber. The glue

prevented the poured silicone from entering the chamber. Once the

silicone was cured, the cups were washed and ready to be inserted

into the bioreactor. As previously described for themacro systems, the

scaffolds were also compressed in the mini-Flopper bioreactor once

the chamber was sealed to reach a final size of 2 × 2 mm (diameter ×

height).

The silicone inlets were generated by pouring silicone in PLA 3D-

printed molds (Figure 2O) that were inserted in the bottom part of the

mini-Flopper and connected to silicone tubing (0.8 mm × 2.4 mm (ID ×

OD)) via 1-mm nylonmonostring.

Blender 2.82 software was used to design and generate the .stl files.

Cura 4.6 software was used to generate the Gcode. The autoclavable

parts of the bioreactor main body were printed with a PolyJet desktop

3D printer (Objet 30 Prime, Stratasys Ltd., Minneapolis, USA). An Any-

cubic Mega 3D printer was used to generate all the PLA parts with a

wall/bottom/top thickness of 2mm and an infill of 20%with a step size

of 100 μm.

2.3 Computational fluid dynamics (CFD) model

A CFD simulation of the flow within each channel was performed

with the commercial solver ANSYS Fluent v19.1 (ANSYS Inc., Canons-

burg, PA, USA). Briefly, the .stl geometries of the three bioreactor

designs (i.e., themini-Flopper, themacro-Flopper and theU-CUP)were

imported intoANSYS and discretized into tetrahedral elements to gen-

erate the 3D meshes. For each mesh, a boundary layer consisting of

three prismatic elements was included, to better capture the fluid

dynamics in proximity to the wall of the channel. The resulting meshes

consisted of 5.8 × 105, 2.7 × 105, and 3.0 × 105 elements for the mini-

Flopper, the macro-Flopper, and the U-CUP model, respectively. Plug

velocity profile and zero pressure were assigned as boundary condi-

tions at the inlet and outlet of the channel, respectively. The no-slip

conditionwas set at thewalls. Inflowvelocity and flow regimes for each

bioreactor systemwere listed inTable S1 (Supporting Information). The

medium was modeled as a homogeneous, incompressible Newtonian

fluid (density ρ = 1 g cm−3, viscosity μ = 1 cP). The scaffolds were

modeled as porous media[28] introducing a sink term Si in the momen-

tum equation, accounting for viscous and inertial loss: Si = − (RVμvi +
0.5RIρ|v|vi), where vi is the ith velocity component, RV is the viscous

resistanceandRI is the internal resistance.When simulating thedimen-

sions of the scaffold for each bioreactor system, the compression in the

high of the scaffold upon chamber sealing was assumed. Therefore, a

8 × 2-mm (diameter × high) scaffold was simulated for the macro sys-

tems (U-CUP and macro-Flopper), while a 2 × 2-mm (diameter × high)

scaffold was simulated for themini-Flopper.

For flow at Reynolds (Re) < 1, RV was obtained with the Kozeny–

Carman equation[29]: RV = 150(1 − ε)2(ϕ2D2ε3)−1, where ε is the

porosity, ϕ the sphericity, and D the average diameter of the pores; RI
was neglected. For flow at Re> 1,RV was obtained as the inverse of the

absolute permeability RV = − v(μ∇p)−1, while RI was defined through

the Ergun equation[30]: RI = 1.75L(1 − ε)(ϕDε3)−1. The terms in the

equations were obtained from image processing, when possible, or lit-

erature. L is the width of the scaffold, equal to 2 mm. The porosity ε,
defined as the void to total volume ratio of the scaffold, was computed

processing micro-computed tomography (μCT) scans. Briefly, the Otsu

thresholding algorithmwas used to identify the void fraction of volume

in each slice. The porosity was evaluated on each slice. The average

porosity overall (0.9) was used as medium porosity in the simulations.

Sphericity ϕwas set equal to 0.85, according to Perry’s Chemical Engi-

neers Handbook. Average diameter of the pores was estimated from

μCT by calculating in ImageJ the number and the area (A) of the pores

on each slice; the diameter of each pore was approximated as D =

√(4A/π).

2.4 Micro-computed tomography (µCT)

μCT scans of the ZimmerCollagen Patch (Zimmer Biomet, cat# 0101Z)

scaffolds were acquired using a SkyScan 1275 (Bruker) with 0.5-mm

aluminum filteredX-rays (voltage 35 kV; current 350 μA). Transmission

images were acquired during a 360◦ rotational scan with an incremen-

tal rotation step size of 0.25 grades. 3D reconstructions were made

using a modified Feldkamp algorithm at an isotropic voxel size of 5 μm
in NRecon software. ImageJ software (Fiji) was then used to calculate

the thresholds in the resulting image stacks and determine the void to

total ratio (ε, porosity).

2.5 Cell seeding and culture in bioreactors

SVF cells, isolated from human liposuctions as previously described,[7]

were seeded under perfusion on collagen type Ι-based scaffolds

crosslinked with elastin (Zimmer Collagen Patch; Zimmer Biomet, cat#
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0101Z) at a cell density of 104 cells mm−3 in each bioreactor model.

The perfusion flow contributed to distribute the cells in thewhole scaf-

fold volume. For themacro-Flopper andU-CUP systems, scaffoldswith

8-mm diameter and 3-mm high were seeded with 1.5*106 SVF cells

at a superficial speed of 1000 μm s−1 (3 ml min−1) for 32 h. For the

mini-Flopper system, six scaffolds with 2-mm diameter and 3-mm high

were seeded with 9.4*104 SVF cells at a superficial speed of 100 μm
s−1 (0.029 ml min−1) for 32 h. The superficial speed was reduced in

the mini-Flopper to maintain the shear stress in the same range as the

macro systems. It was estimated by scaling down the speed for the

macro-Flopper and U-CUP systems according to the ratio of the flow

channels diameters in the different systems.

Cells were seeded and cultured in pro-angiogenic completemedium

for 8 days (AM), consisting of α-Minimum Essential Medium (MEM)

(Gibco; cat# 22571-020) with 10% fetal bovine serum (FBS) (Gibco;

cat# 10270-106), 1% HEPES (1 M) (Gibco; cat# 15630-056), 1%

sodium pyruvate (100 mM) (Gibco; cat# 11360-039), 1% of Penicillin-

Streptomycin-Glutamine (100X) (Gibco; cat# 10378-16) and 5 ngml−1

fibroblast growth factor-2 (R&D system; cat# 233-FB). While macro-

Flopper and U-CUP bioreactors were loaded with 8 ml of AM, each

flow channel of the mini-Flopper system was loaded with 1 ml of AM.

Therefore, the ratio between cells seeded and volume of medium was

also similar between the three bioreactormodels (188*103 cells ml−1).

After 32 h, the superficial velocity was lowered to 100 μm s−1 (0.3 ml

min−1) in the larger devices (macro-Flopper and U-CUP bioreactors)

and 10 μm s−1 (0.0029 ml min−1) for the mini-Flopper bioreactors.

The medium was changed every third day. All bioreactors were kept

in a humidified 37◦C incubator with 5% CO2 during the entire cul-

ture, except during themediumchanges. Theperfusionwasestablished

with syringe pumps (HARVARD apparatus PHD 2000 programmable)

displacing air at one side of each flow channel.

After 8 days of culture, the tissues were digested for 1 h under

perfusion with 0.3% collagenase II (Thermofischer; cat# 17101015)

solution. Subsequently, cellularity was measured, and cell suspensions

were split for flow-activated cell sorting (FACS) andQ-PCR analyses.

2.6 Flow-activated cell sorting (FACS)

Cells were stained for 45 min at 4◦C with the following antihuman

antibodies diluted in PBS with 2% FBS and 2.5-mM filtered EDTA

(FACS buffer) (Sigma; cat# 139-33-3): PerCP-Cy5.5 anti-CD45 (BD

Biosciences; cat# 563429), APC-Cy7 anti-CD31 (BD Biosciences; cat#

563653), PE-Cy7anti-CD146 (BioLegend; cat#342009), andAPCanti-

CD90 (BDBiosciences cat# 559869). Stained cellswere acquired using

a LSR II FORTESSA SORP (BD Biosciences) cell analyzer. The analyses

were performed using FlowJo 10.7.1.

2.7 Immunofluorescence staining

Tissues harvested from bioreactor systems were fixed in 4% PFA and

embedded in paraffin. Five micrometers sections were obtained using

amicrotome (Microm,HM430, ThermoScientific). ForDAPI-Phalloidin

staining, sections were rehydrated and washed twice in PBS. Sam-

ples were permeabilize with 0.1% Triton X-100 for 10 min. After a

wash in PBS, samples were incubated with Alexa Fluor 488 phalloidin

(Invitrogen; cat# A12379) for 1 h. Samples were then washed in PBS

and incubated with DAPI for 10 min. Finally, samples were mounted

using Fluoromount Aqueous Mounting Medium (Sigma; cat# F4680)

and acquired using a Nikon AXR confocal microscope.

2.8 Q-PCR

Cells were resuspended in RNA lysis buffer and stored at −80◦C

until analysis. RNA extraction was performed using the Quick-RNA

MiniPrep (Zymoresearch; cat# R1055) according to manufacturer

instructions. SuperScript III Reverse Transcriptase (Invitrogen cat#

18080044) with random primers (Promega; cat# C1181) was used to

retrotranscribe the RNA into cDNA. Real-time PCR (Q-PCR) was per-

formed using TaqManUniversal PCRMasterMix (Applied Biosystems;

cat# 4305719) in combination with the following “Assay on demand”

TaqMan probes (Thermofisher): MKI67 (Hs01032443), MMP13

(Hs00233992), COL1A1 (Hs00164004), VCAM1 (Hs01003372), and

VWF (Hs01109446). Ninety-six-well plates were acquired using the

ABIPrism 77000 Sequence Detection System (Perkin Elmer/Applied

Biosystem, Rotkreuz, Switzerland). Gene expression values were

normalized toGAPDH (Hs02786624_g1) expression.

2.9 Statistical analysis and reproducibility

The total cell number and composition of the different cell populations

were determined using a Neubauer chamber and FACS, respectively.

The compared groupswere set similarly in all procedures. Resultswere

scored blindly. Data showed in figures were means ± standard devia-

tion (SD); “n” values were indicated in the figure legends. Parametric

one-way ANOVA and Tukey comparison were used for multiple group

comparisons. The data met the assumptions of the tests. Significant

statistical differences between groups were indicated as: *p < 0.05;

**p < 0.01; ***p < 0.001. Statistical analyses and graphics were carried

out with GraphPad Prism software versions 5 and 9.

3 RESULTS

3.1 Flopper bioreactors show homogenous flow
speed, pressure, and shear stress throughout the
perfused scaffolds

We took advantage of computational fluid dynamics (CFD) modeling

to evaluate the perfusion flowwithin the different bioreactor systems.

Based on the μCT analysis, the scaffolds were simulated with a poros-

ity of 0.9. Cross-sections of the velocity maps showed irregular flow

speeds at the edges of the perfusion chamber of the U-CUP model;
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F IGURE 3 Computational flow dynamics modeling of themini-Flopper, macro-Flopper, and U-CUP bioreactors. Color contour-maps
representing the cross-section of (A–C) the flow velocity profile, (D–F) the velocity vector direction profile, (G–I) the wall shear stress, and (J–L)
the pressure (indicated as “P”) profile in the flow channel (including the scaffold; red-dotted box) of each bioreactor model

however, the flow speed was homogenous in the whole perfusion

chamber of themini- andmacro-Flopper devices and reduced flowwas

observed only very close to the border of the chamber (Figure 3A–C).

The visualization of the flow velocity vectors revealed straight and

parallel flow in themini- andmacro-Flopper bioreactors (Figure 3D–F).

We next evaluated the wall shear stress. The results of the simula-

tions showed uniform distribution for both mini- and macro-Flopper

bioreactors,with values around3*10−2 and2.65*10−3 Pa, respectively.

As for the flow speed, the wall shear stress was only slightly reduced

very close to the borders of the chamber (Figure 3G,H). In the U-CUP

system, thewall shear stress oscillated between6 *10−3 and6*10−2 Pa

(Figure 3I).

Pressure maps showed that the short-axis pressure-drop distri-

bution was constant along the scaffold length only in the Flopper

bioreactors (Figure 3J–L).

3.2 The mini-Flopper bioreactor offers efficient
cell maintenance during 3D culture

To provide a proof-of-principle of the functionality of the new biore-

actor models, we assessed their capacity to support 3D cell culture,

using the U-CUP bioreactor as reference. We designed an experimen-

tal setup for engineering endothelialized stromal tissues using SVF

cells isolated from the adipose tissue of a patient. 1.5*106 SVF cells

were seeded on 150 mm3 (8-mm diameter and 3-mm high) collagen

scaffolds (Zimmer Collagen Patch) and cultured for 8 days in pro-

angiogenic medium within the U-CUP and macro-Flopper bioreactors.

9.4*104 SVF cells were seeded on each of the 9.4mm3 (2-mmdiameter

and 3-mm high) collagen scaffolds of the mini-Flopper bioreactor. At

the end of the culture, samples were enzymatically digested and pro-

cessed for FACS or Q-PCR analyses, as described below (Figure 4). We

first measured the ratio between the number of cells harvested at the

end of the culture (day 8) and number of cells seeded (day 0) in the

different systems. This ratio was similar (around 1.5) for the macro-

Flopper and U-CUP bioreactors and higher (2.1) for the mini-Flopper

bioreactor (Figure 5A). Interestingly, the increased ratio in the mini-

Flopper bioreactor was not accompanied by increased expression of

the cell proliferation markerMKI67 (Figure 5B) nor in cell morphology

as revealed by DAPI/Phalloidin staining (Figure 5C–E). Altogether, our

results suggest a better cell maintenance in themini-Flopper system.

3.3 Stromal tissue niches engineered in optimized
Flopper bioreactors might be enriched in vascular
cells

We next investigated by FACS the presence of endothelial

(CD45−CD31+CD146−) cells, pericytes (CD45−CD31−CD146+)

and mesenchymal stromal cells (CD45−CD31−CD146−CD90+) in

the stromal tissues engineered within the three bioreactor sys-

tems (mini-Flopper, macro-Flopper, and U-CUP). Interestingly, the

percentages of endothelial cells and pericytes in the Flopper sys-

tems (both mini and macro) were significantly higher than in the

U-CUP model (Figure 6A,B), whereas the mesenchymal stromal cell

(CD45−CD31−CD146−CD90+) compartment was comparable in all

systems (Figure 6C). At gene expression level, von Willebrand factor

(VWF), an endothelial cell marker, and vascular cell adhesion protein

1 (VCAM1) tended to be upregulated in the Flopper models, though

to a reduced extent (Figure 6D,E). Finally, in order to evaluate the
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BORN ET AL. 7 of 11

F IGURE 4 Experimental setup illustrating the protocol to engineer endothelialized stromal tissues using the three bioreactor models. Stromal
vascular fraction (SVF) cells, including vascular andmesenchymal cells, were seeded on collagen scaffolds (Zimmer Collagen Patch) and cultured
for 8 days in pro-angiogenic medium. At final analysis, tissues were digested and processed for flow-activated cell sorting (FACS) and gene
expression (Q-PCR) analyses.

extracellular matrices generated within the bioreactor models and

their remodeling activity, we measured, respectively, the expression

of genes such as Collagen 1 (COL1A1) and Matrix Metalloproteinase

13 (MMP13). Both genes were highly expressed in the stromal tissues

generated in the mini-Flopper bioreactor (Figure 6F,G), suggesting

the presence of abundant extracellular matrix and high remodeling

with the optimized flow. Taken together, these preliminary biological

assays suggest that Flopper bioreactors favor the maintenance and/or

expansion of cellular elements of stromal tissues.

4 DISCUSSION AND CONCLUSIONS

Most perfusion bioreactors apply nonuniform flow and shear stress to

the biologicalmaterial because of the geometry of the sample chamber

and/or flow channel. Acute expansions or nonrotationally symmetrical

geometries tend to generate irregular flow speed areas in the periph-

ery of the sample chamber.[27] This implies that adjusting the medium

flow to an average condition results in some sample areas being

exposed to little and others to excessive flow and shear stress, which

may affect cell proliferation and differentiation.[31,32] To circumvent

this limitation, we first created a new bioreactor chamber (by design-

ing new adapters) and ensembled it to the U-CUP tubing to generate

a macro-scale flow-optimized perfusion bioreactor (macro-Flopper).

This new bioreactor model ensured a homogenous and parallel flow at

the peripheral areas of the perfusion chamber, even when filled with a

scaffold material.

To adapt the Flopper system tomedium throughput assays, we then

designed and manufactured a miniaturized bioreactor system (mini-

Flopper) that allows the 3D culture of small tissues (6–115 mm3) with

minimalmedium consumption (750 μl per flow channel). Through in sil-

icoCFDmodeling,we showed that the design of the perfusion chamber

in the Flopper bioreactors guarantees uniform flow speed, pressure,

and shear stress throughout the sample.
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8 of 11 BORN ET AL.

F IGURE 5 Cell maintenance was higher in themini-Flopper bioreactor. (A) Ratio between the number of cells harvested at the end of the
culture and the number of cells seeded at day 0. (B) Gene expression of the proliferationmarkerMKI67 in the harvested cells at the end of the
culture. DAPI (blue)-Phalloidin (green) staining in the stromal tissues engineeredwithin the (C) U-CUP, (D) macro-Flopper, and (E) mini-Flopper
bioreactors. Scale bar, 50 μm. Data are plotted asmeans± standard deviations; n= 3–6; **p< 0.01, ***p< 0.001. One-way ANOVAwith Tukey’s
multiple comparison tests

To provide a proof-of-principle of the functionality of the Flop-

per bioreactors to engineer 3D tissues in vitro, we assessed their

capacity to generate endothelialized stromal tissues using human adi-

pose tissue-derived SVF cells using the U-CUP system as reference.

Although previous reports have largely demonstrated that perfusion

flow enhances cell proliferation in 3D constructs,[33,34] we did not

detect an increase in the proliferative maker MKI67 in cells cultured

in the Flopper bioreactors in comparison to the U-CUP system, sug-

gesting that flow optimization at the edges of the perfusion chamber

has little impact on cell proliferation. The fact that cell maintenance

was significantly higher in the mini-Flopper than in the macro-Flopper

might indicate some size-dependent effects that require further inves-

tigations. One possibility is that the lack of steep angles and transitions

between valves and tubing in the design of the mini-Flopper system

reduces cell adhesion to these parts, allowing better cell mainte-

nance in the engineered tissues. In comparison to the U-CUP, Flopper

bioreactors allowed the generation of engineered angiogenic tissues

enriched in endothelial cells and pericytes, and promoted the expres-

sion of vascular-related genes. Interestingly, Flopper bioreactors also

showed higher average shear stress values, which can directly pro-

mote endothelial cell differentiation.[35,36] Indeed high shear stress

levels were shown to stimulate vascular cells differentiation and VEGF

secretion by human MSCs.[37] Finally, engineered tissues from mini-

Flopper bioreactors exhibited higher expression levels of COL1A1 and

MMP13, suggesting increased matrix production and remodeling upon

flow optimization as previously described.[38]

In past years, different perfusion bioreactor systems have been

developed taking into consideration the perfusion chamber geome-

try and the location of the scaffold within the chamber in an effort to

achieve efficient andhomogeneous cell seeding anddistribution.[39–41]

In line with our study, a bioreactor with conical diffusor geometry for

the medium inlet and outlet ports (lacking steep angles) was shown

to allow more homogeneous seeding of adipose derived cells than

the cylindrical shape. However, even with the conical connectors, this

model has a cylindrical perfusion chamber with acute expansions very

similar to those present in the U-CUP model.[42] Gabetti et al. demon-

strated through CFD simulations that a conical chamber geometry

very similar to the one of Flopper bioreactors avoid the formation

of flow recirculation regions, which were observed in a cylindrical

geometry chamber with acute expansions. Moreover, the flow veloc-

ity profile was more uniform, and low or null velocities were only

present in regions close to the walls of the chamber.[43] Our results

confirm these findings and further demonstrate that flow optimization

at these locations in the Flopper bioreactors has an impact on global

cellmaintenanceanddifferentiation.A similar chamberdesignwasalso

shown to promote hMSC proliferation and differentiation and better

recapitulated bonemetastatic prostate cancer cell behavior.[44]

Whilst some perfusion bioreactors with the optimized flow

have been proposed to engineer large bone, cartilage, or cardiac

grafts,[45–47] there are limited options to generate tissues at mini-

scale. Another miniaturized perfusion bioreactor similar to our

mini-Flopper systemwas previously engineered allowing the culture of

eight independent samples in parallel under physiological shear stress

and hydrostatic pressures,[48] which was then assessed to generate

osteogenic tissues from mesenchymal stem cells.[49] However, this

bioreactor could be only operated in a big and specialized incubator

system.Ourminiaturizedmodels are placed in conventional incubators

and connected to external programmable syringe pumps, reducing

drastically the space required. Other multichambered small-scale per-

fusion bioreactors showing similar characteristics than ours were also

proposed to generate 3D cell constructs in hydrogel,[50] and to study

the osteogenic commitment of stem cells on 3D chitosan-graphene

templates.[51]

Thanks to its simple and modular design, the mini-Flopper biore-

actor could be further miniaturized and/or optimized for higher-

throughputdrug testing assays in the context of personalizedmedicine,
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BORN ET AL. 9 of 11

F IGURE 6 Flopper bioreactors enriched engineered stromal tissues in endothelial cells and pericytes. (A–C) Flow cytometry data showing the
abundance of (A) CD45−CD31+CD146− endothelial cells, (B) CD45−CD31−CD146+ pericytes, and (C) CD45−CD31−CD146−CD90+ stromal
cells in the tissues engineeredwithin the different bioreactor models after 8 days in culture. (D–G) Gene expression of VonWillebrand factor
(VWF), vascular cell adhesionmolecule 1 (VCAM1), collagen 1 (COL1A1), andMatrixMetalloproteinase 13 (MMP13) in the engineered tissues at
the end of the culture (day 8). Data are plotted asmeans± standard deviations; n= 2–6; *p< 0.05, **p< 0.01. One-way ANOVAwith Tukey’s
multiple comparison tests

where the amount of material is limited and several different condi-

tions may need to be tested.
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