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Abstract

3D-printing increased in significance for biotechnological research as newapplications

like lab-on-a-chip systems, cell culture devices or 3D-printed foods were uncovered.

Besides mammalian cell culture, only few of those applications focus on the cultiva-

tion of microorganisms and none of these make use of the advantages of perfusion

systems. One example for applying 3D-printing for bioreactor development is the

microbial utilization of alternative substrates derived from lignocellulose, where dilute

carbon concentrations and harmful substances present a major challenge. Further-

more, quickly manufactured and affordable 3D-printed bioreactors can accelerate

early development phases throughparallelization. In thiswork, a novel perfusionbiore-

actor system consisting of parts manufactured by fused filament fabrication (FFF) is

presented and evaluated. Hydrophilic membranes are used for cell retention to allow

the application of dilute substrates. Oxygen supply is provided by membrane diffu-

sion via hydrophobic polytetrafluoroethylenemembranes. An exemplary cultivation of

Corynebacterium glutamicum ATCC 13032 supports the theoretical design by achiev-

ing competitive biomass concentrations of 18.4 g L−1 after 52 h. As a proof-of-concept

for cultivation of microorganisms in perfusion mode, the described bioreactor system

has application potential for bioconversion ofmulti-component substrate-streams in a

lignocellulose-based bioeconomy, for in-situ product removal or design considerations

of future applications for tissue cultures. Furthermore, this work provides a template-

based toolbox with instructions for creating reference systems in different application

scenarios or tailor-made bioreactor systems.
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1 INTRODUCTION

Additive manufacturing or 3D-printing is a novel manufacturing tech-

nique that has advanced from a tool for creation of demonstration

models to real world industrial applications.[1] Its main benefits in

comparison to conventional manufacturing methods are high flexibil-

ity regarding design choices and short manufacturing times.[2] There

are different 3D-printing technologies available like laser sintering,[3]

stereolithography or fused filament fabrication (FFF).[2] This work

focused on the FFF technology, which describes the manufacturing of

objects by applying layers of molten plastic through a heated extrusion

nozzle. In comparison to the other mentioned 3D-printing methods,

FFF printing is less expensive, and a wide range of different materials

are available.[4,5]

Recently, the technological advancement of 3D-printing has led to

increased interest of research for applications in the biotechnologi-

cal context. The development of cultivation devices for mammalian

cell cultures, where special geometries are necessary to induce cell

differentiation and tissue formation is an example.[6–8] It is also

applied for manufacturing of lab-on-a-chip systems,[9,10] cell immo-

bilization devices or individualized labware.[11,12] The most recent

applications even include 3D-printed foods or artificial organs for

clinical studies.[13–16] Nevertheless, there are only a few studies

available on 3D-printed bioreactors for bacterial cultivation. They

either focus on microbioreactors or combine commercially available

glass vessels with 3D-printed holders and components, which limits

design freedom.[17,18] Nowadays, research on utilization of alter-

native substrates for sustainable bioproduction is increasing and

3D-printing can be used to develop new reactor concepts for tailor-

made applications.[19,20] Themajor challenges for bacterial cultivation,

however, is the high content of non-fermentable, potentially harmful

substances that inhibit bacterial growth as reported byArnold et al.[21]

Usingperfusion systems is a possible solution toutilize such substrates,

since the continuous flow of the medium through the bioreactor pre-

vents the accumulation of inhibitors.[6,21] Additionally, the retention

withmembranes reduces the risk towash-out the bacterial cells, allow-

ing dilute concentrations to be used at higher flow rates. 3D-printed

perfusion bioreactors also offer benefits for optimization experiments

or kinetic studies through parallelization. Because of the lowmanufac-

turing times and the affordable price, multiple bioreactors can easily

be produced by 3D-printing and operated in parallel.[6,22] This enables

simultaneous examination of different parameters, thus speeding up

process development times.

With these applications in mind, a new concept for a 3D-printed

perfusion bioreactor system is presented in this study. The bioreac-

tor system with a volume of ∼50 mL utilizes a hydrophilic flat sheet

membrane for cell retention. It includes a circulation line for diffu-

sive transfer of oxygen to the medium via a module that includes

hydrophobic membranes for separation of gaseous and liquid phases.

An electric heat exchanger combined with a PID-controller is used for

temperature control. To evaluate the suitability of the system for bac-

terial cultivation, themixing timesandoxygen transfer coefficientwere

determined. Finally, a cultivation with Corynebacterium glutamicum

ATCC 13032 on glucose was performed as proof-of-concept, which

showed that the cultivation process can be maintained for at least

52 h up to a biomass concentration of 18.4 g L−1 without membrane

blockage. In this way, this study provides a template of a 3D-printed

perfusion bioreactor that facilitates the exploitation of alternative

substrates without the need for expensive commercial equipment.

2 MATERIALS AND METHODS

2.1 Analytics and chemicals

If not stated otherwise, the chemicals used in this work were obtained

from Carl Roth GmbH (Karlsruhe, Germany). Morpholino propanesul-

fonic acid (MOPS, order number 1081) as buffering agentwas obtained

from GERBU Biotechnik GmbH (Heidelberg, Germany). Enzymatic

assay kits from R-biopharm AG (Darmstadt, Germany) were obtained

for analysis of glucose (Cat No. 10716251035) and lactate (Cat. No.

11112821035).

2.2 The 3D-printed perfusion bioreactor system
and its operating conditions

The main flow through the system is generated by two syringe pumps

(Cetoni neMESYS 290N, Cetoni GmbH, Corbussen, Germany) with

10 mL single-use syringes (Omnifix 10 mL with Luer Lock, B.Braun

AG, Melsungen, Germany). A 1-to-10 valve module (Cetoni Qmix V

Ex, Cetoni GmbH, Corbussen, Germany) allows switching between

different feeding or sterilization solutions (Figure 1A). In front of

the main entrance to the bioreactor a pressure probe and a 3-2-way

valve were installed to monitor the pressure of the system followed

by the main bioreactor module (Figure 1B) with ports for different

probes, a sample port and the cell retention membrane as described

in detail in Section 2.1.1. With the latter, the permeate leaves the

bioreactor and is collected in a bottle. Stirring is used for mixing the

reactor content (Figure 1C). Besides themain flow through the reactor,

a six-channel peristaltic pump (Peristaltic Pump peRISYS-S, Cetoni

GmbH, Corbussen, Germany) in combination with two 2-stopper

flexible tubing (2.7 mm iD) is used to generate a circulation flow. The

circulation flow is used for oxygen supply viamembrane diffusion by an

oxygen transfer module (Figure 1D) as well as for temperature control

via a heat exchanger module (Figure 1E). Polytetrafluoroethylene

(PTFE)-tubing with 1.6 mm inner diameter (iD) and 3.3 mm outer

diameter (oD) in combination with corresponding ¼″−28 flat bottom

fittings and ferrules were used to connectmostmodules of the system.

To connect the PTFE-tubing to flexible tubing female Luer to ¼″−28
male adapters were used. All pumps, valves and pressure probes

were controlled and monitored via the software Qmix elements

(Cetoni GmbH, Korbussen, Germany). The corresponding 3D-models

are provided in the supplementary information as .stl-files. A flow

diagram and render pictures of the different modules are shown in

Figure 1.
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F IGURE 1 Layout and render pictures of the perfusion bioreactor system. (A) Flow chart of the bioreactor system. (B) Render picture of the
bioreactor main body (1), the cap (2), cell retentionmembrane support (3+ 4) and probe connectors (5); (C) render picture of the 3D-printed
stirrer frame; (D) render picture of half of the oxygen transfer module with connectors for gas tubing (8), a stabilizer (7), the liquid compartment,
that has spiral flow channels on both sides which are covered by circular membranes (6), and amiddle compartment with connectors for gas tubing
(9). (E) Render of half of the heat exchangemodule, consisting of an encasing (10), a fitting with connections to fill the outer tube (11) and a cap for
connection to the flow system of the culture broth (12). The brass tubing as well as the thin capillary in themiddle are not 3D-printed.

2.2.1 The main bioreactor module

The main component of the system is the bioreactor module shown

in the exploded view in Figure 1B. The main bioreactor module has

an oD of 41 mm and an iD of 24 mm. The lower half of the tube is

horizontal, while the upper half has an outward slope with an angle

of 4.4◦ (Figure S1, supporting information). At the reactor end, the

tube splits and narrows into two 2-mm channels with two tap holes

for ¼″−28 threading (Figure 1B1). At this point the circulation flow

starts. The main inlet into the reactor (Figure 1B2) consists of a socket

with M27 threading, in which a hydrophilic polyvinylidene difluoride

(PVDF) membrane (Durapore, 0.22 μm pore size, 47 mm oD, Merck

KGaA, Darmstadt, Germany), with 24 mm diameter, and a stabilizing

grid are placed. The inlet is closed by the reactor capwith two tap holes

for ¼″−28 threading. Starting from the inlet-membrane the inner tube

of the bioreactor module has a height of 7.7 mm. Together with the

iD of 2.4 mm this results in height-to-diameter ratio of 3.2 which is

close to the typical ratio of ∼3 for microbial bioreactors allowing best
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mixing conditions.[23] Figure 1B3 shows the cavity, in which another

hydrophilic PVDF membrane (diameter = 47 mm) with wide bearing

area of 4 mm (effective membrane area of 12 cm2) is placed for cell

retention. The membrane is kept in place by the membrane support

(Figure 1B4), which is fixedwith sixM3.5 screws and nuts. It was incor-

porated into thebioreactor’smantle tooffer ahighenough surfacearea

to keep the pressure in the system caused by the transmembrane pres-

sure low and to lower the risk of pressure spikes caused by membrane

fouling as shown byDarcy’s law: [24]

Q =
k ∗ A
𝜂

∗
dP
L

(1)

Q= flow rate inmLmin−1, k= permeability in Darcy, A=membrane

area in cm2, dP = pressure difference in bar, η = dynamic viscosity in

kgm−1 s−1, L=membrane/filter thickness in m.

The stirrer (Figure 1C) consists of a 3D-printed frame covering a

magnetic stirrer bar (7 mm diameter, 20 mm long) and is placed above

the membrane. In addition, Figure 1B5 marks two ports for pH or DO

probes. The probe adapters are connected via M20 threading. Fur-

thermore, on the sides of the reactor module five connections for

¼″−28 threading are placed. Another connection with a 3 mm chan-

nel is reserved for a Pt100 temperature probe. Three connections are

used for the sample port and the pH-correction solutions (1 M HCl

and 4 M NaOH), the last one as inlet for the circulation flow. For the

pH-correction solutions, PTFE tubing with an oD of 1.6 mm was used,

which couldbepushed through thechannels directly into the interiorof

the bioreactor to prevent contact between NaOH and the 3D-printing

material. For the sample port, a Luer 3-2 way valve was added with a

sterile filter at one end and a syringe on the other. In total, the reac-

tor contains a volume of 39 mL. All probes, the bioreactor cap and the

membrane support were sealed with o-ring gaskets.

2.2.2 Liquid-gas membrane contactors for oxygen
supply

For the reactor setup chosen in this work bubble aeration is not

suitable, as the gas flowwould have to be strictly controlled to prevent

liquid expulsion from the reactor. Additionally, bubble aeration could

cause foam formation, which leads to the same problem. Accordingly,

oxygen supply via diffusion was chosen and an oxygen transfer module

was constructed (Figure 1D), relying on hydrophobic PTFEmembranes

for separation of liquid and gaseous phases. One module consists of

several compartments. The liquid compartment (Figure 1D6) with

flow channels for the culture broth is equipped with two tap holes

for ¼″−28 threading. The liquid follows spiral patterns on each side

of the module, which are connected in the middle. The rectangular

channels (1 mm deep and 2.3 mm wide) are covered by hydrophobic

PTFE-membranes with an oD of 47 mm, a pore size of 0.22 μm and

85% porosity (Fluoropore membrane filter, Merck KGaA, Darmstadt,

Germany) resulting in an effective membrane area of 8.7–9.0 cm2.

To seal the liquid compartment, a ring socket with 42 mm iD and

47.5 mm oD surrounds the spiral flow pattern, in which silicone

gaskets with a strength of 2 mm are placed beneath the membrane.

A plastic grid (Figure 1D7) that mimics the flow channels is placed

on top of the membrane to prevent it from warping outwards. The

module was set up in a way that allows increasing the membrane

area by stacking multiple liquid and gas compartments (Figure 1D8

and D9) onto each other. Each liquid compartment contains a volume

of∼1mL.

2.2.3 Heating module for temperature control

The heat exchange module follows the principle of a double pipe heat

exchanger. The outside pipe is a brass pipe (19 mm length, 25 mm oD,

1 mm strong) that is covered by an electric heating element (Thermo

Tech Polyester heating foil, 30 W, 24 V). It is filled with water as heat

transfermedium. The inner pipe is a stainless-steel pipe (21mm length,

0.5 mm strength) with 2.1 mm iD, through which the culture broth

is pumped. Brass was chosen as metal for the outer pipe, due to its

superior thermal conductivity compared to stainless steel. The heat-

ing element as well as a PT100 temperature probe were connected

to a PID controller (ITC-100VL PID Temperature Controller 12–24 V,

Inkbird, China) for temperature control. The temperature probe was

placed into the bioreactor to measure the temperature at the main

reaction compartment. 3D-printed holders (Figure 1E10) and a 3D-

printed encasing (Figure 1E11) were used to separate the tubes and

isolate the heating element from external factors. The heat exchange

module adds 0.8mL to the total reactor volume.

2.3 Design and fabrication of the 3D-printed
components

All 3D-printed components were constructed using the computer-

aided design (CAD) software Solidworks 2018 (Dassault Systèmes

SolidWorksCorporation,Waltham,USA). ThedesignedCAD-fileswere

then exported to .stl files (see supporting information for a list and

description of included models) that could be imported and con-

verted by the slicing-application for 3D-printers Cura (Ultimaker BV,

Utrecht, Netherlands). Cura is an open-source software that con-

verts 3D-objects into layer-based files, which can be used by most

3D-printers for manufacturing real objects. In this study, the FFF 3D-

printers Ultimaker 3 andUltimaker 3 extended (Ultimaker BV, Utrecht,

Netherlands) outfitted with AA 0.4 mm brass nozzles were used. The

Ultimaker 3 is equipped with a dual extrusion print head allowing the

use of two different filament types at the same time. Additionally,

the printing chambers of both printers were encased. This allowed

higher temperatures on the inside of the printer and prevented dis-

turbances from the outside, which is necessary for printing with most

technical filaments. The 3D-printing filaments acrylonitrile butadiene

styrene (ABS), CPE+, CPE from Ultimaker and nGen flex from Color-

Fabb (ColorFabbB.V., Belfeld, Netherlands)were used in this study. For
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the Ultimaker materials, printing profiles were available in Cura, which

were used as templates with some modifications. For nGen flex, the

profile of CPE+ was used as template. The settings used for printing

the different materials are given as part of the supporting information

(Table S1).

Only threading with a size of M20 or higher could be printed when

the tap hole had a vertical orientation. For all other threading-types

special cutting tools (taps) were used. Since 3D-printing using the

FFF principle often produces rough and porous surfaces, but clean

surfaces are needed for sealing and waterproof prints, two methods

were applied for smoothing. The first method is only applicable for

ABS-prints, for which acetone vapor was used.[25] In detail, the

objects to be treated were placed into a 1 L glass beaker filled with

30–50mL of acetone, whichwas then heated to a temperature of 80◦C

for 25 min to generate the vapor. A glass inlet was used to prevent

the objects from touching the liquid acetone. The top of the beaker

was closed with aluminum foil. The second method was material

independent and contained treatment of sealing surfaces with a

two-component epoxy resin (XTC-3D, Smooth-On, Inc, Macungie,

Pennsylvania).

2.4 Determination of mixing time

Typically, the t95 value is determined to characterize the mixing effi-

ciency (time to reach 95% of complete homogenization). In this work,

a decolorization method based on iodometry was used.[26] Therefore,

a 0.05 g L−1 starch solution colored by addition of 12 mL L−1 1%

iodine/potassium iodide solution was filled into the bioreactor system.

After a stable circulation flow was achieved, 4 mL L−1 0.1 M sodium

thiosulfate heptahydrate solution was added via syringe for decol-

orization. The time until complete decolorization of the starch solution

is then defined as t95. A camera was used to document the mixing

experiments.

2.5 Determination of oxygen transfer rates

The dynamic gassing-out method according to Van’t Riet was used for

determination of oxygen transfer rates.[27] First, oxygen was removed

from the solution by nitrogen aeration. Subsequently, aeration was

switched to pure oxygen and the dissolved oxygen (DO) wasmeasured

with a probe. The oxygen transfer ratewas calculated from the slope of

the DO curve according to equation 1:

ṀO2 = VR ∗
cO2 (t) − cO2 (t0)

t − t0
(2)

ṀO2 = oxygen mass transfer in mg h−1, cO2(t) = oxygen concentra-

tion and cO2,s = oxygen solubility in mg L−1, VR = Reactor volume in L,

t= time in h.

A 35 g L−1 NaCl-solution was used as substitute for typical media,

since solubilities for this solution are available.[28]

2.6 Cultivation conditions

2.6.1 Bacterial strain and cultivation medium

The bacterial wildtype strain C. glutamicum ATCC 13032 was used for

all cultivations performed in this study. The inoculum and media were

prepared as described in an earlier publication, with the difference

that glucose instead of acetate was used as the sole carbon source.[29]

The medium composition CGXIIF was used for shake flask cultivations

and as batch medium for cultivations in the perfusion bioreactor with

a pH value of 7.[29] For experiments with the perfusion bioreactor,

CGXIIPerfusion was used as feedmedium during the continuous phase:

5 g L−1 glucose, 0.5 g L−1 KH2PO4, 0.5 g L−1 K2HPO4, 0.13 g L−1

MgSO4 × 7H2O, 0.01 g L
−1 CaCl2 × 2H2O, 21 g L

−1 MOPS, 0.2mg L−1

D-biotin and 0.5mL L−1 trace element solution (TES).

In comparison to the medium composition CGXIIF most concentra-

tions (besides CaCl2 and D-biotin) were halved to prevent precipita-

tion.

2.6.2 Determining the effects of 3D-printed
filaments on cell growth

Shake flask cultivationswere performed to determine potential effects

on the cell growth of C. glutamicum caused by the presence of 3D-

printing materials. Therefore, the different 3D-printing filaments used

during this study, ABS, CPE+, nGen flex, were cut to 1–2 cm pieces,

sterilized by autoclaving and added to 500 mL shake flasks containing

50mLCGXIIF medium. For each filament, 10 g of pieces were added to

one shake flask. Additionally, the experiment was also performed with

pieces of CPE+ covered in epoxy resin. As control, a cultivation with-

out filaments was performed. All cultures were inoculated to a starting

optical density (OD600nm) of 1.

2.6.3 Cultivation in the perfusion bioreactor

For bioreactor cultivations, the 3D-printed perfusion bioreactor sys-

tem described before was used. For measurement of DO and for

pH-control, the reactor was equipped with a DO (VisiFerm DO 225;

Hamilton Hamilton Company, Reno, USA) and a pH probe (EasyFerm

Bio K8224; Hamilton Company, Reno, USA), which were connected to

a data station of a 2 L bioreactor (Labfors 4, Infors AG, Bottmingen,

Switzerland). The pumps and the pH controller of the Labfors were

used for addition of pH-control solutions. At the beginning of the cul-

tivation, air was used for oxygen transfer. When the DO concentration

became limiting, pure oxygen was used instead. The cultivation tem-

perature was controlled at 30◦C by using a PID controller connected

to a temperature probe and to the heating module described before.

To start a cultivation, the culture broth was inoculated to a starting

OD600nm of 1 using the sample port. The pH control was set to a value

of 7.0 with the pH control solutions 1MHCl and 4MNaOH.
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Sterilisation of the main bioreactor compartment and the fluidic

control system was performed with 70% ethanol using the peristaltic

pump of the circulation line. After filling, the ethanol solution was

connected to the syringe pumps and pumped through the perfusion

system at a flow rate of 1 mL min−1. At the same time, the peristaltic

pump was set to 30 mL min−1 for distributing the ethanol through the

system. After 1 h of sterilization, the bioreactor module was discon-

nected from the pumps, manually rinsed, and filled again with sterile

water beneath the laminar flow. After reconnecting, an additional vol-

ume of 400 mL sterile water was pumped through the system to rinse

off all remaining traces of ethanol at a flow rate of 0.5 mL min−1. The

oxygen transfer module was sterilized separately from the remaining

bioreactor system. For sterilization of the oxygen transfer module, 1M

NaOH was used and incubated for 1 h at room temperature beneath

the laminar flow, followed by careful rinsing with 50 mL of sterile

water.

After bothmoduleswere sterilized, theywere reconnected beneath

the laminar flow cabinet and the pH and DO probes were installed.

Finally, the whole system was flushed and filled with medium at a flow

rate of 3mLmin−1 for 1 h using the syringe pumps.

2.7 Sampling and offline analytics

During cultivations, samples were taken every 2 h. The OD600nm

was determined using a spectrophotometer (BiochromWPA CO8000,

Biochrom Ltd., Cambrigde, United Kingdom) to monitor the cell

growth. The biomass concentration was determined with a OD600nm

correlation factor of 4.3, determined in a previous study.[29] A volume

of 0.5 mL of cell-free supernatant was prepared by centrifugation of

each sample for 10 min at 14,000 rpm and 4◦C (5430 R, Eppendorf

AG,Hamburg,Germany). The supernatantswere stored at−20◦C.Glu-

coseand lactate concentrationsweredeterminedusing a spectrometer

(Genesys 150 UV/Vis, Thermo Fisher Scientific GmbH, Braunschweig,

Germany) and enzymatic assays from R-biopharm AG (Darmstadt,

Germany), according to themanufacturer’s protocols.

2.8 Data analysis

Data analysis was performed using Microsoft Office Excel (Microsoft

Corporation, Redmont). Maximum specific growth rates μmax [h−1]

were determined by linear regression of a semi-logarithmic plot of

OD600nm against time with at least four sample points and a R2 higher

than 0.99. Biomass yields YX,S [gbiomass/gglucose] were calculated by

linear regression of the accumulated biomass (dmx) and the mass of

glucose consumed during the same time (dms). At least four sample

points were included with a R2 higher than 0.95. Linear regression

was also used for determining oxygen transfer rates by plotting DO

against timeasdescribed in Section2.5.During theexperimentDOwas

recorded every 5 s until saturation. R2 was higher than 0.99 for all con-

ditions tested. Standard deviations were calculated using the “STDEV”

function ofMicrosoft Excel.

F IGURE 2 Time course of optical densities for C. glutamicum
ATCC 13032 grown in the presence of 3D-printing filament pieces.
10 g of filament pieces were added to 50mL of CGXIIF-medium using
10 g L−1 glucose as carbon source.

3 RESULTS

3.1 Selection of 3D-printing filaments

Different types of plastic filaments are available for 3D-printers fol-

lowing the FFF-principle. The filaments used in this work were chosen

based on their chemical resistance and thermal stability according to

the manufacturers’ technical data sheets. Accordingly, the following

materials were chosen for manufacturing the bioreactor: Ultimaker

ABS (deformation temperature (TD) of 87
◦C) and Ultimaker CPE+ (TD

of 100◦C). Colorfabbs nGen flex was also considered as an additional

material because it is autoclavable. But since printed objects were not

waterproof, it was not used for the final bioreactor.

Instead, CPE+ was used as 3D-printing material for the bioreac-

tor’s main body and for smaller parts like Y- or T-connectors due to its

superior mechanical stability, when compared to ABS. The main body

was exposed to increased tension because of the high number of con-

nections via threading. One drawback of CPE+ was its intolerance for

NaOH, which was intended to be used as sterilization agent because

heat sterilization was not applicable. Ethanol, as alternative, wets the

hydrophobic PTFE membranes of the oxygen transfer modules, mak-

ing them permeable for aqueous solutions. Accordingly, ABS was used

formanufacturing the oxygen transfermodule, as it proved to be toler-

ant for contactwith 1MNaOHeven for extended periods of time (over

24 h). The different modules were sterilized independently from each

other according to Section 2.8 and reconnected aseptically.

To examine the impact of the 3D-printing materials on bacterial

growth, shake flask cultivations with C. glutamicum ATCC 13032 were

performedwith pieces of the different filaments (CPE+, ABS, nGen flex

or CPE+ covered with hardened epoxy resin, see Figure 2). Compared

to the control all cultures with filaments showed a reduction of 10% in
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μmax (from 0.42± 0.01 1 h−1 to 0.36± 0.01 1 h−1), while themaximum

biomass concentration was unaffected (4.9 ± 0.4 g L−1). Altogether,

even though a small reduction in cell growthwas determined, sufficient

μmax of 0.36± 0.01 1 h−1 was achieved.

3.2 Evaluation of oxygen transfer

The construction of the oxygen transfer module was based on model

equations for diffusive mass transfer of oxygen into a moving liquid

basedonFick’s law.[30] In this study, a hydrophobic, non-wettablePTFE

membrane was used. A high solubility of oxygen in PTFE, a porosity of

85% and the low solubility of oxygen in water (8.3 mg L−1 at 25◦C) led

to the assumption that the mass-transfer-resistance on the liquid side

is limiting for oxygen supply.[30–32] Accordingly, Equation (3) was used

for calculating themass transfer of oxygen into a flowingmedium ṀO2,

considering only themass transfer coefficient on the liquid side βL:

ṀO2 = 𝛽L ∗ A ∗ cO2,s (3)

βL = liquid mass transfer coefficient in cm/s.

βL can be calculated from the Sherwood number Sh, a dimensionless

number describing the ratio of convective to diffusive mass transfer

according to Equation (4):

Sh =
dh ∗ 𝛽L

D
(4)

Sh= dimensionless Sherwood number, dh = characteristic diameter

in m,D= diffusion coefficient in cm2/s.

The analogy between heat and mass transfer was used for calcula-

tion of Sh, Thus, dimensionless Nusselt-numbers were replaced with

Sherwood-numbers and Prandtl-numbers with Schmidt-numbers. As

no equations for heat transfer with forced convection in non-circular

channels were available, heat transfer in a narrow slit was used as an

approximation.[33]

The Reynold‘s number Re and the characteristic diameter for a

narrow slit dh were calculated to determine the flow pattern of the

medium in the channels according to Equations (5–7). The flow is con-

sidered laminar for Re < 2300 and turbulent for Re > 105. The flow

pattern strongly influences substance transfer as it effects the thick-

ness of boundary layers, the degree of radial mixing between flow

layers as well as the distribution of flow speed.

dh = 2 ∗ s (5)

Re =
dh ∗ u
𝜗

(6)

u =
Q

Across
=

Q
60 ∗ s ∗ b

(7)

s = channel height in cm, Re = dimensionless Reynolds number,

u= flow velocity in cm/s, ϑ= kinematic viscosity in cm2/s,Across = chan-

nel cross area in cm2, b= channel width in cm.

Restrictions caused by the 3D-printer and pumping equipment used

in this work limited the range of flow rates and channel sizes to ranges

where a laminar flow pattern is achieved. Thus, Equations (8–11) for

the laminar flow through a narrow slit were used for calculating the

mean Sh.

Sh =
(
Sh3

1
+ Sh3

2

)1∕3
(8)

Sh1 = 4.861 (9)

Sh2 = 1.841 ∗

(
Re ∗ Sc ∗

dh
l

)1∕3

(10)

Sc = 𝜗∕D (11)

Sc= dimensionless Schmidt number, l= channel length in cm.

Equation (8) is valid in case that mass transfer only takes place from

one side of the rift. This is true for the oxygen transfer module since

oxygen can only be transferred from the membrane side but not from

the channel bottom. Combining Equations (3–11) allows estimation of

the oxygen mass transfer rate. Solubilities of oxygen can be found in

literature.[34] Figure 3A shows a comparison between measured val-

ues of the oxygen permeability for the module as described in Section

2 and the values calculated with the equations above for different

flow rates (10, 20, 30, 40, and 50 mL min−1). For this experiment 3.5%

NaCl-solution in water was chosen to mimic typical medium osmo-

larity. Two liquid compartments with an effective membrane area of

35.7 cm2 were used. Pure oxygen was used for the gaseous phase and

the temperature was controlled to 30◦C, which is the typical cultiva-

tion temperature forC. glutamicum.[35] The experimentally determined

mass flow coefficients correlated well with the coefficients calculated.

This proves that the Sherwood correlation for thin channels was suited

as a first approximation,whenusing rectangular channels. As expected,

the highest mass transfer coefficient of 2.1 g h−1 m−2 bar−1 was deter-

mined with the highest flow rate of 50 mL min−1. This resulted in a

maximumoxygen transfer rate (OTR) of 161.6mg L−1 h−1. As expected

for diffusion-based aeration, this is lower than the OTR achieved with

typical stirred tank bioreactors, which can be as high as 9000 mg L−1

h−1 atmaximum stirring and aeration rate (1200 rpm, 4 vvm).[36] Ways

to increase theOTRare to increase themembraneareaor the flow rate.

With the pump used in this work, the maximum possible flow rate was

50mLmin−1. Switching, for example, to amembrane pumpwould allow

application of higher flow rates. For the test cultivations with C. glu-

tamicumATCC13032, it was planned to use two of the oxygen transfer

modules in series to increase the oxygen transfer rate to 236.0 mg L−1

h−1.

3.3 Determination of the perfusion bioreactor’s
mixing time

Table 1 shows a summary of important process parameters of the per-

fusion process, includingmixing time t95.Mixing time refers to the time
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F IGURE 3 Summary of important process parameter. Comparison of oxygen transfer coefficients and rates experimentally obtained to
mathematically estimated versions at different flow rates. Experimental conditions were 30◦C, 35 g L−1 NaCl-solution as liquidmedium and
aeration with pure oxygen.

TABLE 1 Summary of important process parameters of the
3D-printed perfusion bioreactor.

Parameter Unit Value

Total volumea mL ∼50

Circulation flow rate mLmin−1 30–50

Main flow rate mLmin−1 0.25

t95 s 63.3± 6.4

t95, stirrer
b s 3.5± 0.6

Oxygen transfer ratec mg/h 6.3–7.4

Oxygenmass transfer coefficient gm−2 bar−1h−1 1.5–2.1

Membrane area, oxygen transferc cm2 35.4

Membrane area, cell retention cm2 12.0

μmax
d 1 h−1 0.34

Max. biomass concentrationd g L−1 18.4

aFinal volume depending on tubing length.
bWith 300 rpm stirring speed.
cDeterminedwith two liquidmodule parts.
dDeterminedwith C. glutamicumATCC 13032.

until 95% of total homogeneity is achieved. It was determined with the

decolorization method described in Section 2.7. In a first configuration

of the bioreactor systemwithout stirrer, wheremixingwas achieved by

circulation of themedium, a highmixing time of 63.3± 6.4 s was deter-

mined. This was due to the laminar flow conditions in the bioreactor at

a circulation flow rate of 30mLmin−1. To improvemixing, themagnetic

stirrer and 3D-printed stirrer frame (see Figure 1C)were implemented

into the bioreactor system, leading to a strongly reducedmixing timeof

3.5 ± 0.6 s. The design of the stirrer resembles a plate impeller, a type

of stirrer which is known to cause strong turbulences. It was placed

directly above the membrane, as early perfusion experiments resulted

in cells depositing on the membrane and forming a biofilm. The stirrer

placement aswell as the turbulences causedby it, prevented this effect.

The unusual direction of the rotary axis (90◦) was necessary to position

themagnetic stirrer close enough to the stirring plate.

3.4 Cultivation of C. glutamicum as
proof-of-principle

To evaluate the suitability of the perfusion system for bacterial culti-

vation, a test cultivation was performed with the bacterial wildtype

strain C. glutamicum ATCC 13032 on glucose as carbon source. In the

beginning, a batch phase with 10 g L−1 of glucose was performed until

a biomass concentration of 2.8 g L−1 was reached and 55%of the avail-

able glucose was consumed. At that point, a continuous feed with a

flow rate of 0.25 mL min−1 was started, containing 5 g L−1 of glucose.

Regarding oxygen transfer, pressurized air was initially used for diffu-

sive oxygen transfer to prevent oxygen stress for the bacteria during

the early growth phase. The circulation flow was set to 30 mL min−1

and themagnetic stirrer to300 rpm.ForpHcontrol, 4MNaOHandHCl
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(A)

(B)

(C)

F IGURE 4 Cultivation data of a batch-perfusion hybrid cultivation of C. glutamicumATCC 13032 performed in the 3D-printed perfusion
bioreactor. The batch phase started with an initial glucose concentration of 10 g L−1. At a biomass concentration of 3.1 g L−1, the continuous feed
containing 5 g L−1 glucose was started with a flow rate of 0.25mLmin−1. Temperature was set to 30◦C and pH to 7. (A) Time courses of glucose,
biomass, and lactate concentration. Error bars show the standard deviation for a technical triplicate. (B) Time courses of temperature and pressure
at the entrance to the bioreactor system. C) Time courses of the pH-value andDO.

were used to adjust the pH to 7.0. The time course of the cultivation

data is provided in Figure 4.

While the bacteria were still adapting to the new medium com-

position, the air was sufficient for diffusive oxygen supply. When cell

growth started after 1.4 h, the DOwas quickly decreasing (Figure 4C).

At a DO of 15.0%, pure oxygen was used for oxygen transfer, result-

ing in a DO-peak. After 4.8 h of cultivation, the DO started to decrease

again and was depleted about 3.0 h later. During the time until oxy-

gen depletion, the biomass concentration increased exponentially to

2.7 g L−1 (Figure 4A) with a μmax of 0.34 1 h−1. Overall, the oxygen

supply was sufficient to allow an exponential growth until a biomass

concentration of 3.3 g L−1 was reached after 9 h of cultivation. As quick

consumption of the remaining glucose was expected after this time

point, continuous feed was started with a flow rate of 0.25 mL min−1.

To allow strong mixing and turbulent flow conditions inside the main

bioreactor module, the stirring rate was increased to 400 rpm. Growth

of C. glutamicum continued with a gradual decrease to 0.05 1 h−1 until

the process was stopped at a biomass concentration of 18.4 g L−1 after

51.5 h.

During the batch phase, growth of C. glutamicum resulted in a max-

imum biomass yield of 0.51 g g−1 glucose. After the feeding phase

was started, the biomass yield decreased to 0.24 g g−1, as oxygen

depletion led to partially anaerobic conditions. This is shown by the

drop in DO close to 0%. Nevertheless, the added glucose was com-

pletely consumed, as can be seen in Figure 4. Besides biomass, glucose

was transformed to lactate, a side product which is typically produced
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by C. glutamicum under anaerobic conditions.[37] In literature it was

stated that C. glutamicum shows neglectable growth under anaero-

bic conditions and instead converted glucose to lactate, acetate and

succinate.[38,39] While lactate was produced at the end of the batch

phase during this cultivation, cell growth continued at a reduced rate

of 0.05 1 h−1. This suggests that cell growth was not completely under

anaerobic conditions, as the oxygen transfer module still supplied the

mediumwith oxygen, resulting in micro-aerobic conditions.

The pressure in the system is another important parameter espe-

cially for perfusionprocesses.During cultivations, it is a direct indicator

for the degree of clogging of the cell retention membrane and thus

of process stability. During the first 15 h after starting the continu-

ous feed the pressure was stable at 0.2 bar. Subsequently, the pressure

increased and peaked at 1 bar after 21 h. This peakwas caused by clog-

gingof the inletmembrane, potentially becauseof precipitatedmedium

components and entrapped air bubbles. By removing the inlet mem-

brane, the pressure could be reduced to 0.2 bar, proving that the main

cell retention membrane was still free of blockage. Following this, the

pressure remained constant until the end of the process after 44 h of

feeding.

4 DISCUSSION

In this work, a novel perfusion bioreactor system based on membrane

diffusion for aeration and on hydrophilic flat sheet membranes for cell

retention was developed using 3D-printing as manufacturing method.

As described in Section 3.1 the 3D-printing materials CPE+ and ABS

were selected for manufacturing different parts of the bioreactor, due

to their respective mechanical stability and chemical resistances. The

10% reduction in specific growth rate μmax observed in shake flask

cultivations of C. glutamicum ATCC 13032 in presence of the differ-

ent materials, was either caused by volatile additives of the plastic

filaments,[40,41] or by the presence of solids and potentially hydropho-

bic surfaces, which is likely as all materials tested showed the same

effect. Still, anobservedμmax of 0.361h
−1 allows for acquisitionof data

in a meaningful range, and the materials thus considered suitable for

manufacturing the reactor.

Following the material selection, the oxygen transfer rate was eval-

uated, and the bioreactor’s mixing time determined. For construction

of the oxygen transfer module a combination of model equations for

diffusive mass transfer into a moving liquid based on Fick’s law and

Sherwood correlations for thin channels were used. In an experiment

the actual oxygen transfer rates at flow rates from 10 to 50 mL min−1

were determined and compared to the expected transfer rates, based

on the model equations. Experimentally determined oxygen transfer

rates of 80.0–161.6 mg L−1 h−1 aligned well with calculated values,

showing that the model equations offer an accurate representation

(Figure 3).

Regarding the mixing time, without a stirrer the mixing time t95

was 67 s and thus not efficient for providing a homogenous medium.

To improve mixing, a magnetic stirrer encased in a 3D-printed frame

was added, which reduced the mixing time to 3.5 ± 0.6 s at 300 rpm.

This was comparable to commercial small scale bioreactors, which can

achieve a mixing time between 5–20 s. [42] Besides a strong reduction

of t95, the addition of the magnetic stirrer also reduced cell sedimen-

tation and membrane fouling, as the stirrer was placed directly above

the membrane. Consequently, this contributes to the ability to sustain

longer process times.

The final step of the perfusion bioreactor’s evaluation was a

batch/perfusion hybrid cultivation of C. glutamicum ATCC 13032. Dur-

ing the batch phase, the specific growth rate μmax of 0.34 1 h−1 was

comparable to shake flask cultivations with the same medium com-

position in presence of 3D-printing materials (Section 3.1). Although

oxygen became limiting after 7.3 h, growth continued at a reduced rate

and a final biomass concentration of 18.4 g L−1 could be achieved after

51 h of cultivation. Furthermore, there was no clogging of themain cell

retention membrane, while the pressure in the system remained con-

stant at 0.2 bar for at least 44 h of feeding, indicating no or only limited

clogging of themembrane system.

While bacterial cell growth continued even after oxygen depletion,

depending on the intended application, it might be required to improve

the oxygen transfer rate. This can be done by increasing themembrane

area available for oxygen diffusion either by increasing the number of

oxygen transfer modules or by upscaling the module and membrane

size. In this respect, upscaling themodule size and the size of themem-

brane circles used seems to bemore efficient, as the increase in volume

would be lower than for the other approach. Another option would be

to switch to hollow fiber membranes. It should be considered however,

that the use of hollow fibers would likely bemore cost intensive.

In summary, a novel 3D-printed perfusion bioreactor system was

presented, and its functionality demonstrated. Using a magnetic stir-

rer with a 3D-printed frame, homogenous medium conditions could

be guaranteed in the main bioreactor, as shown by the mixing time

of only 3.6 s. While a mass transfer coefficient for oxygen of 2.1 g

h−1 m−2 bar−1 at a circulation flow rate of 50 mL min−1 was not

enough to offer aerobic conditions above a biomass concentration of

2.7 g L−1, it was still sufficient to support cell growth up to a biomass

concentration of 18.4 g L−1 using C. glutamicum ATCC 13032 as model

organism in a continuous cultivation experiment. Furthermore, pres-

sure in the bioreactor remained constant at 0.2 bar even after 44 h

of feeding in perfusion mode. This shows that only minor membrane

fouling occurred, offering the potential for prolonged cultivation times.

It should be considered however that perfusion processes come with

innate disadvantages, which should be taken into account during the

planning and design stage of a bioreactor system and process layout.

These disadvantages include high amounts of perfused liquid and con-

sequently diluted (extracellular) products, a potentially higher risk of

contamination and a lack of data and comparable processes during

the design stage of new processes. The described perfusion biore-

actor system has broad application potential, from multi-component

substrate-stream in a lignocellulose-based bioeconomy to in-situ prod-

uct removal of potentially high-value products or even considerations

of future applications for cultured meat by perfusion tissue cultures.

As such, this work offers researchers a low-cost template for perfusion

systems as well as a toolbox (all CAD files used or referred to in this
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study are included as .stl files and described in the supporting infor-

mation) with instructions for creating reference systems in different

application scenarios or tailor-made bioreactor systems.
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