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Microfluidic valve systems show great potential to automate mixing, dilution, and time-resolved reagent
supply within biochemical assays and novel on-chip cell culture systems. However, most of these systems
require a complex and cost-intensive fabrication in clean room facilities, and the valve control element
itself also requires vacuum or pressure sources (including external valves, tubing, ports and pneumatic
control channels). Addressing these bottlenecks, the herein presented biocompatible and heat steam
sterilizable microfluidic valve system was fabricated via high-resolution 3D printing in a one-step process —
including inlets, micromixer, microvalves, and outlets. The 3D-printed valve membrane is deflected via
miniature on-chip servomotors that are controlled using a Raspberry Pi and a customized Python script
(resulting in a device that is comparatively low-cost, portable, and fully automated). While a high mixing
accuracy and long-term robustness is established, as described herein the system is further applied in a
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proof-of-concept assay for automated ICsq determination of camptothecin with mouse fibroblasts (L929)
monitored by a live-cell-imaging system. Measurements of cell growth and ICsq values revealed no
difference in performance between the microfluidic valve system and traditional pipetting. This novel
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design and the accompanying automatization scripts provide the scientific community with direct access
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1. Introduction

Acting on the micro- to nanometer scale, microfluidic systems
have enabled researchers to precisely study or manipulate
cells, viruses, and/or proteins by using microbioreactors,
microfluidic cell separators,”> micromixers,” integrated
biosensors,* and/or novel organoid/organ-on-a-chip
systems.>® Unfortunately, relatively low accessibility and the
considerable costs of clean room facilities (which are required
for standard lithographic fabrication of microfluidic chips)
have heretofore prevented this technology from being
imported to industrial application on a large scale.”® 3D
printing of microfluidics has started to rise in popularity -
since that approach results in drastically reduced -chip
prototyping times and decreased acquisition costs - and
printing resolution has advanced to the point where printing
on the micrometer or even nanometer scale is now
feasible.”** The tantalizing promise of rapid prototyping,

“ Institute of Technical Chemistry, Leibniz University Hannover, Hannover,
Germany

b Institute of Physics, University of Augsburg, Universititsstrafie 1, 86159 Augsburg,
Germany. E-mail: janina.bahnemann@uni-a.de

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d21c00629d

4656 | Lab Chip, 2022, 22, 4656-4665

to customizable full-time reagent control of 2D cell culture, or even novel organ-on-a-chip systems.

considerably higher complexity in the third dimension,
customizability, and the ability to use and incorporate several
different materials (including biocompatible,">"*  cell
adherable'® or heat-resistant polymers'?) have all piqued the
interest of researchers.

Automated liquid control for multiplexing and assaying
within microfluidic systems is often accomplished by using
microvalves that are directly integrated during the fabrication
process to create microfluidic valve systems. Such systems
have demonstrated to be capable of effectively managing
assay operations in high-throughput by using microvalve
arrays.'®> However, compared to established pipetting robots
and high-throughput screening in the pharmaceutical
industry, microfluidic valve systems are typically not superior
in throughput, but in performing complex protocols with
programmed queues of reactants. For instance, such systems
have been used to automate and parallelize on-chip cell
seeding and facilitate the cultivation of human umbilical vein
endothelial cells (HUVECs) in a modular plug-and-play
microfluidic valve system.'® While pipetting systems are
usually fixed to a certain plate design, microfluidic valve
systems are more versatile and can be plugged to other
microfluidic systems that have complex architectures at the
micro-scale. For instance, one microfluidic platform was used

This journal is © The Royal Society of Chemistry 2022
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to immobilize tumor organoids inside microgrooves and was
in turn combined with a second microfluidic system for
combinatorial and dynamic drug screening.”

On the other hand, there are high-end pipetting systems
available that have been combined with live-cell-imaging
systems via robotics and automated incubators to fully
automate cell culture handling and monitoring."®"'® However,
apart from the high costs, these systems are severely limited
to standard well-plates and perfusion of sophisticated 3D cell
culture systems is not possible. In contrast, microfluidic valve
systems are highly customizable and can be interfaced with
microfluidically controlled 3D cell culture systems, such as
organ-on-a-chip systems and vascularized (3D-printed)
hydrogels, which have the potential to become important
research platforms for drug discovery and tissue engineering
in the near future.*?°>?

The type and operation principles of the microvalves
utilized are essential, since they pre-define many features of
the  microfluidic ~ valve  system (e.g,  footprint,
manufacturability, fabrication costs, operating hardware,
complexity in set-up and control, ezc.). Typically, they include
a flexible membrane - such as Quake-style,*® doormat** or
plunger®® valves - that is deformed for channel closure or
opening.>® While microvalves can be actuated in many
different ~ ways (e-g., mechanically, = magnetically,
electrostatically, acoustically, thermally or piezoelectrically,
etc.), pneumatic actuation is most commonly used for
microfluidic automatization.?” In that approach, pressure or
the creation of a vacuum for membrane deformation is
distributed to the valves via a microfabricated control
channel layer on top of the flow channel layer. In the
simplest case, one control channel operates a single flow
channel. More advanced systems for increased throughput
use microfluidic multiplexing, where the number of total
valves is increased to reduce the number of total control
channels to 2 log, of n flow channels.>® However, aside from
the fact that most pneumatically driven microfluidic valve
systems are difficult to fabricate, further major drawbacks
include a more complicated set-up and control. While the
microfluidic chip relies on additional pneumatic control
channels and pressure/vacuum inlet ports, the whole system
requires extra tubing, external solenoid valves, and at least
one pressure/vacuum source - all of which combine to
substantially increase complexity, cost, system footprint, and
the overall statistical risk of failure. Accordingly, the actual
use of these systems is still generally limited to a small
fraction of micro-engineers.

In an attempt to address these limitations, a 3D-printed
microfluidic valve system for spatiotemporal reagent control
that is operated by miniature servomotors has been
developed. This compact on-chip microvalve control
mechanism is connected to a Raspberry Pi computer, which
enables automatization and allows the system to function as
a portable, remotely controllable, and low-cost device. As a
novelty, inlets, outlets, micromixer, microvalves and even
valve membranes were entirely fabricated in a single part via
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3D printing using a biocompatible and autoclavable material.
All of these elements were easily plugged to the servomotors,
thereby eliminating the need for the sort of complex
fabrication and/or set-up procedures typically required by
conventional microfluidic valve systems. While a sufficient
mixing accuracy and valve robustness is shown, its
applicability for programmable assaying in cell culture is
demonstrated as a proof-of-concept. Ultimately, in view of
the rapid customization abilities already well known through
published 3D models, we envision this device as a dynamic
reagent control system suitable for use with more complex
microfluidic cell culture systems, like organ-on-a-chip
devices.

2. Materials and methods

2.1. Fabrication, post-processing and sterilization of 3D-
printed parts

All 3D-printed parts were designed using SolidWorks 2020
(Dassault Systems Deutschland GmbH, Stuttgart, Germany)
and are published as .sldprt computer-aided design (CAD)
files with this work. The microfluidic chip and printed
adapters were fabricated using a high-resolution MultiJet 3D
printer (ProJet® MJP 2500 Plus, 3D Systems, Rock Hill, SC,
USA). The 3D printing material VisiJet® M2S-HT90 and the
VisiJet® M2 Sup were used as build material and support
material, respectively. The detailed chemical composition of
the build material is not provided by the manufacturer.
However, from the safety data sheet it can be concluded that
the raw material contains several hazardous chemicals, while
the printed polymerized build material is specified as
polyacrylate.”® The material is suitable for cell culture
applications as it is heat resistant for sterilization and
biocompatible with 1929 cells according to the
manufacturer's USP class VI and a recent study in accordance
with the international standard ISO 10993-12:2021(E)."*?° For
removal of the support material, parts printed using the
ProJet® MJP 2500 Plus were post-processed in accordance
with the protocols identified and described in recent
publications."® However, the protocols were slightly modified
here by flushing each microchannel in the beginning of each
post-processing step. For cell culture applications, the chip
was connected to the fittings and tubes as described in
chapter 0, and then heat-steam sterilized.

2.2. Platform assembly

The 3D-printed system was controlled via a custom Python
script using the open-source software Python 3.5.3 (Python
Software Foundation, Delaware, USA) and Thonny 3.1.0
(Institute of Computer Science of University Tartu, Tartu,
Estonia), which was run on a Raspberry Pi 3 Model B V1.2
(Raspberry Pi Foundation, Cambridge, UK) with a Raspbian
GNU/Linux 9 operating system (Raspberry Pi Foundation,
Cambridge, UK). A pulse-width modulation (PWM) controller
(SparkFun Servo pHAT for Raspberry Pi; SparkFun Electronics
Inc., Niwot, USA) was mounted directly on the Raspberry Pi
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and connected to four 17 x 6.2 x 16 mm Goteck GS-D1083
Micro Servos (Dong Yang Model Technology Co., Ltd.,
Huizhou, China). Furthermore, a HLSSL-DV3V-S-C relay
(Ningbo Helishun Electron Co., Ltd., Ningbo, China) was
interposed between the servos and the board in order to
enable a shutdown of the servos. Aladdin AL1000 syringe
pumps (Word Precision Instruments LLC, Sarasota, USA)
were connected to the Raspberry Pi via USB, and to the chip
via standard chromatography PTFE tubing (@ 0.5 mm) and
fittings. Prior to running experiments, the 3D-printed
microfluidic valve chip was prepared by inserting M5x6
setscrews into the threads above each valve, which were very
gently hand-tightened to insure a snug fit. Each of these
contained a 3D-printed adapter as the connection of the
servomotors to the M5 setscrews. In turn, servos were
connected to a 3D-printed housing using standard M1
screws, and were set to the starting position at servo position
= 60° and mounted on the adapters. Closure of the valve
occurred at the servo position = 90° and opening of the value
occurred at —15°, respectively. The servos were switched off
when not being operated in order to avoid a permanent load
on the servo during the closed state of the valve.

2.3. Long-term robustness

For the long-term stability determinations, the valves were
successively and repeatedly opened and closed by the servos
as a stress test over a total time period of 4-5 days. For each
opening event, one valve was opened while the rest of the
valves remained closed, and the valve was then rinsed off for
10 s at 500 uL min~' with ddH,O using an Ismatec IPC
peristaltic pump (Cole-Parmer GmbH, Wertheim, Germany).
Including the time taken to open/close the valve, the time
from the opening of the first valve to the opening of the
second valve was estimated by the script to be 10.12 s. Failure
of the valve or servo was determined by observing leakage
from the valve diaphragm or insufficient closing/opening of
the valve, resulting in discharge at an incorrect outlet. The
entire experiment was permanently recorded by camera and
the number of actuations until failure was determined as a
quotient of the elapsed time until failure and the time
between two opening events. Experiments were performed
with four distinct valves/servos (n = 4) each for a normally
post-processed chip, an additionally heat-steam sterilized
chip (121 °C, 30 min), and a heat-steam sterilized and
incubated chip (ddH,0O, 37 °C, 4 weeks). The script and the
Ismatec pump commands - including the automatization
script and variables that were used - can be found as .py files
in the ESL}

2.4. Rinsing volume determinations

At first, one channel was filled with an Allura Red AC (Merck
KGaA, Darmstadt, Germany) food dye stock solution in ddH,-
O with an absorbance of 20 a.u. at 494 nm after opening a
single valve. Then, this solution was constantly removed by
ddH,O0 using an Aladdin AL-1000 syringe pump (Waukesha-
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Pearce Industries, South Main, USA) at a flow rate of 500 pL
min~', and each drop with an average volume of 26.2 + 0.3
pL was individually collected at the outlet in standard 0.2 mL
PCR tubes. If necessary, the droplets were diluted to the
proven linear absorbance range at <2 a.u. and absorbance of
each solution was determined in a NanoDrop 1000
spectrophotometer (Thermo Fisher Scientific Inc., Waltham,
USA). The droplet containing 100% food dye solution was
measured three times and used for normalization. The whole
experiment was performed three times (n = 3), with three
distinct channels and valves.

2.5. Mixing accuracy

At first, all channels were filled with ddH,0. Then, after
opening a single valve, one channel was filled with mixtures
of ddH,O and Allura Red AC food dye stock solution by
variation of the flow rates of two distinct Aladdin AL-1000
syringe pumps. For the experiments using mixtures ranging
from 20% to 100% dye, a stock solution with absorbance = 2
a.u. at 494 nm was used. For experiments at higher dilutions
(from 1.25-20% dye), a stock solution with absorbance of 20
a.u. at 494 nm was used instead, in order to keep the
absorbance  above the detection limit of the
spectrophotometer. The mixtures were pumped at a total flow
rate of 500 uL min~' with varying rinsing volumes. The
absorbance of the dye containing mixtures was determined
in a NanoDrop 1000 spectrophotometer. The whole
experiment was performed three times (n = 3), with three
distinct channels and valves.

2.6. Cell culture conditions

1929 cells (DSMZ-German Collection of Microorganisms and
Cell Cultures GmbH, Braunschweig, Germany, No. ACC2)
were routinely cultivated in 75 cm® cell culture flasks
(Corning, CellBind Surface, Corning, NY, USA) in Dulbecco's
Modified Eagle's Medium (DMEM; Sigma-Aldrich Chemie
GmbH, Steinheim, Germany), supplemented with 10% fetal
calf serum (Sigma-Aldrich Chemie GmbH, Steinheim,
Germany) and 1% penicillin/streptomycin (Sigma-Aldrich
Chemie GmbH, Steinheim, Germany) in a 5% CO,,
humidified atmosphere at 37 °C (Heracell 240 incubator,
Thermo Fisher Scientific Inc., Waltham, USA). For passaging,
cells were harvested at 70-85% confluence using a Trypsin/
EDTA solution (Biochrom GmbH, Berlin, Germany).

2.7. IC5, determinations of camptothecin

The cytotoxic effect of the anti-cancer drug camptothecin
(CPT) was used to induce a concentration-dependent growth
rate and to thereby compare the resulting ICs, values of
assays created either using the valve system, on one hand, or
by manual pipetting, on the other. CPT acts as DNA
topoisomerase I inhibitor by preventing DNA replication
during S phase, and its toxic effect primarily stems from
lethal collision of the DNA cleavage complex with replication
forks.**

This journal is © The Royal Society of Chemistry 2022
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Prior to an assay, cells were seeded in 96-well plates
(Sarstedt AG and Co. KG, Niirnbrecht, Germany) at a density
of 3500 cells per well in a 100 pL cell culture medium. To
ensure a uniform distribution of these cells, the plate was
maintained at room temperature for 20 min before transfer
to the incubator. After 24 + 2 h, assays were performed both
via manual pipetting and also by using the microfluidic valve
system on the same cell culture plate.

For the manually pipetted assay, a 1 mM stock solution
of CPT (Merck KGaA, Darmstadt, Germany) in >99.7% pure
DMSO (Carl Roth GmbH, Karlsruhe, Germany) was
prepared. The stock solution was used for creating pre-
dilutions in DMSO from which each 1 pL was transferred to
the respective wells. Finally, 100 puL of cell culture medium
was added to each well, resulting in a total volume of 200
puL and a 0.5% DMSO concentration (including the control
without CPT).

View Article Online
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In turn, the pre-sterilized and assembled microfluidic
valve system was placed on top of the same cell culture plate,
with the outlets pointing to their respective wells. Two 10 mL
syringes with 0.5% DMSO, containing cell culture medium
both with and without 10 uM CPT, were then connected to
the chip. The automated microfluidic assay was started, and
100 pL of a respective mixture was added to each well.
Rinsing volumes in between each step, as well as other
parameters related to these experiments, are summarized in
Table S3 and contained in the .py and .xlsx files of the ESLf
All CPT concentrations were performed with three technical
replicates for each of these methods.

The plate was transferred to an IncuCyte S3 (Sartorius AG,
Gottingen, Germany) live-cell-imaging system that was
operated in a 5% CO,, humidified atmosphere at 37 °C, and
thereafter it was monitored automatically by the system using
phase contrast with a 20x objective creating four pictures per

A

Servomotor
Housing

Adapter

M5 Screws

Servomotors

Waste M5 Screw

Outlet

3D-printed

Valve Seat Membrane

Fig. 1 A) CAD illustration of the fully assembled microfluidic valve system. The 3D-printed microfluidic chip includes two inlets compatible to
standard HPLC fittings, a micromixer, nine microvalves, eight outlets for mixture distribution, and a waste outlet. The complex 3D structures of the
3D-printed HC-shaped micromixer (published by Enders et al.®) ensure rapid mixing. The valves are operated by 6.2 mm wide servomotors, each
of which is connected via a 3D-printed adapter to a M5 setscrew. The membrane is pressed into the valve seat by servo-driven setscrew rotation,
resulting in the closure of the valve. All motors are integrated into a servomotor housing to enable quick attachment to the 3D-printed microfluidic
chip. B) Picture of the 3D-printed and fully assembled microfluidic valve system during assay operation under the safety cabinet.

This journal is © The Royal Society of Chemistry 2022
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well every two hours. All microscopic images were analyzed
automatically using the corresponding software IncuCyte
2021C (Sartorius AG, Goéttingen, Germany). For determination
of confluence, an image mask was created on three respective
images using the parameters in Table S1.f The data of the
mean confluence of each well was exported and normalized
to the control, and then ICs, values for each time point were
determined wusing logarithmic CPT concentrations in
OriginPro 2019b (OriginLab Corporation, Northampton, USA)
via non-linear fits using the intrinsic dose response function
with weights and the top asymptote fixed to 100%. Finally,
the mean IC;, values and standard deviations were calculated
from three distinct experiments (n = 3).

3. Results and discussion

3.1. Design and operation principle of the 3D-printed,
servomotor-controlled microfluidic valve system

The design of the microfluidic valve system itself is presented
in Fig. 1, while the assembly and operation are explained in
the videos in the ESIf The 3D-printed chip contains two
inlets, a HC-shaped micromixer, nine plunger microvalves,
and nine outlets including the waste outlet. A more detailed
illustration of the chip design can be found in a technical

96 Well Plate

View Article Online
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drawing in Fig. S1 of the ESL{ The inlets allow waterproof
connection to standard chromatography fittings and tubing,
and are connected to the channel system with 500 x 500 um
channels.

The HC-shaped micromixer - based on the design by
Enders et al® - ensures rapid mixing of the prevailing
laminar flow. Therefore, the mixer creates a chaotic flow in
combination with the principle of “split-and-recombine” by
using complex 3D structures — that can only be produced at
great expense with other fabrication techniques. The valve
design is a slightly down-scaled redesign of a normally-open
plunger valve reported in Au et al,** and it consists of both
inlet and outlet channels, a valve seat, and a 100 um thin 3D-
printed membrane with a 4 mm @ circular area. While most
microfluidic systems depend on pneumatically controlled
valve actuation (which includes additional control channels,
control channel connectors, tubing and fittings, external
valves, and at least one pressure source), the valve closure of
this 3D-printed valve system is managed on chip solely by
low-cost miniature servomotors. The motors are connected to
M5 setscrews using a 3D-printed adapter, and membrane
deflection is realized via rotation of the setscrews inside 3D-
printed threads. Finally, all motors are attached to a 3D-
printed housing which allows for quick plugging into and/or

Raspberry Pi

00000000

(N

Fig. 2 Automatization set-up and operation principle of the microfluidic valve system. Alternation in flow rates of two syringe pumps allows
variation of mixtures of two selected liquids that are delivered to the valve system and distributed into the respective wells of a 96-well plate via a
servomotor-controlled valve opening. One outlet of the chip is connected to a waste reservoir allowing rinsing steps. The servomotors and the
pumps are connected to a Raspberry Pi computer and controlled through the use of a customized Python script.
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release from the (pre-sterilized) microfluidic chip (see Fig.
S27 for technical drawings). The cost for a single servomotor
is $3-10, depending on the supplier, whereas the cost of the
3D printing material is $10 per chip. While the presented
microfluidic chip is designed to automate a specific proof-of-
concept assay (as described in chapter 0), it can readily be
rearranged and/or extended with additional inlets, mixers,
valves, or even new functional units.

To facilitate the operation of complex assays, this system
was automated as schematically illustrated in Fig. 2. The chip
is designed to fit onto a standard 96-well plate, with eight of
the outlets pointing into respective wells of one column.
Modulation of the pump ratio of two syringe pumps at the
chip inlets is used to create different mixtures, while control
of the servomotors ensures the correct distribution to
designated outlets. A waste outlet allows for rinsing of the
main flow channel with a new mixture prior to the delivery to
its desired outlet. While the valves are closed via setscrew
rotation, membrane deflection during valve opening is
achieved only via flow pressure. Since the membranes do not
equally deflect during opening - resulting in distinct flow
resistances and rates - the valve system is actually operated
with a single valve opened at a time. Furthermore, all servos
are switched off between two operations in order to prevent a
permanent load on the servomotor and potentially induce its
early failure. In terms of automatization, the servomotors
and the pumps are connected to a compact Raspberry Pi
single-board computer and are thereby controlled using a
customized Python script. The Python script includes
variables for various alternating parameters - including
starting times, pump channels, pump rates, valve numbers,
and incubation times. All of these parameters can be very
quickly adapted for matching new assay protocols or
modified chip designs.

3.2. Characterization of the microfluidic valve system

3.2.1. Long-term robustness. Since the 3D-printed valve
system contains delicate elements (such as thin valve
membranes, small thread profiles, and miniature servos), the
long-term stability of the system was thoroughly investigated.
To be suitable for use in cell culture, the chip - including the
valve membranes - also needs to withstand heat-steam
sterilization. Although not required for subsequent proof-of-
concept cell culture assay, the system must withstand several
weeks of humid conditions in an incubator to be applicable
to customized cell culture systems, such as organ-on-a-chip
devices. Heat may cause deformation of the valve membrane,
while moisture may be absorbed and cause the material to
swell - which could affect its overall stability. Therefore, three
chips (without electronic components) were pre-treated under
different conditions: A normally post-processed chip, a heat-
steam sterilized chip, and a chip that was both heat-steam
sterilized and also incubated for four weeks (ddH,O, 37 °C).
Experiments were performed with four distinct valves/servos
(n=4).

This journal is © The Royal Society of Chemistry 2022
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After inducing continuous and repetitive actuation of the
valves over the course of 4-5 days as a stress test, with at
least 5806 opening and closing events occurring per valve, no
failure of either the valve membrane or the threads was
observed in any of the tested chips. Accordingly, it is
concluded that this system is well-suited for extended use in
humid and warm conditions enabling cell culture assay
automatization for several weeks. Furthermore, the stability
of the polymer membrane might actually be increased at
these conditions, since the deformability of the membrane is
expected to improve at moderate to high temperatures. Nor
was any distribution of the liquid to an unintended outlet
ever observed during these tests — leading to the conclusion
that sufficient force of the servos and stability of the 3D-
printed threads has also been established. Surprisingly, the
servos of the system were actually identified as the relative
weak spot, since 8 out of the 12 servos malfunctioned after
approximately 1500-4200 opening and closing events (as
summarized in Table S2t). This weakness may be shored up
by using higher quality servos or motors, instead of the
lowest priced servos that were used in our experiments.
Nonetheless, the stability of all parts is deemed to be
generally sufficient for both short-term and long-term use,
and we conclude that this valve system enables the
automatization of simple chemical or biochemical assays or
even - due to its compatibility with heat steam sterilization -
full-time reagent control for mammalian cell cultures directly
inside an incubator.

3.2.2. Rinsing volume determinations. A significant rate of
replacement of a present solution by another is crucial to
avoid unwanted effects of residual substances at later steps
of an assay. Since laminar flow is present, rinsing with an
amount of the internal dead volume of the chip of 32-50 pL
(inlets to outlets) was deemed to be insufficient. Due to
friction on the channel walls, the fluid layers at the edges of
a channel are forced out of the channel much more slowly
than in the centre, resulting in axial mixing of old and new
solution. As a result, the rinsing volumes needed for
complete removal of a present solution are higher than
initially assumed and must be determined experimentally.
Thus, the dependence of ddH,O rinsing volume to the
fraction of a present red dye solution at the outlets of the
chip was investigated and is summarized in Fig. 3A. The dye
serves as a spectroscopically detectable substitute for
substances used in cell culture assays. As expected, the
percentage of the dye decreases significantly during the first
100 puL and approaches asymptotically to zero. Furthermore,
removal of 99% (1:100), 99.8% (1:500) and 99.9% (1:1000)
of the dye is achieved by around 150 pL, 300 pL, and 500 pL
rinsing volumes, respectively. In conclusion, the exchange of
a present mixture by another one using 300 pL rinsing
volume is likely to be sufficient for most applications - but if
necessary, the rinsing volume may be increased for assays
using highly active substances or large concentration ranges.

3.2.3. Mixing accuracy. The mixing accuracy determines
the systems resolution and operable concentration range for
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Fig. 3 A) Dye fraction spectroscopically determined at the outlets
after rinsing with ddH,O. 99.0%, 99.8%, and 99.9% of the dye was
removed after about 150 pl, 300 pL, and 500 pL rinsing volumes,
respectively. B + C) mixing accuracy of the microfluidic valve system
measured at the chip outlets, illustrating: B) absorbance of the dye
contained in mixtures generated with the valve system compared to
the expected ratio; and C) deviation from the ideal ratio of the
measured dye absorbance in dependence of two distinct rinsing
volumes passing through the system prior to the measurement,
showing high inaccuracies for too low rinsing volumes. All experiments
were performed three times (n = 3), with three distinct channels and
valves.

potential applications. Especially for dose-response assays,
such as the assay presented in section 3.3, high dilution
factors may be required. Regarding the microfluidic valve
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system, increasing dilution factors lead to a larger difference
between the two pump rates at the chip inlets and thus to
higher errors.

As presented in Fig. 3B, mixtures of red dye solution and
ddH,O show an expected linear dependency with mean
deviations of maximum 10% from the ideal ratios measured
at the chip outlet after pumped volumes of 200 pL. This
accuracy is assumed to be sufficient for many present assays
in research. However, at low ratios (such as 1.25%, 2.5%, or
5%), mixtures contain a significantly decreased amount of
dye with about 50% deviation from the ideal ratios (Fig. 3C).
Nonetheless, this deviation decreases for higher rinsing
volumes (such as 300 pL), indicating that at low flow rates of
the dye stock solution the dye is not adequately delivered to
the system. This may be explained by the high-pressure
differential that exists between the two pumps. As a
consequence, for assays with a higher concentration range,
an increased rinsing volume for low fractions of a substance
is recommended.

3.3. Proof-of-concept cell culture cytotoxicity assay

To evaluate the systems performance in a real-world
application, ICs, determination of the cytotoxin
camptothecin (CPT) with mouse fibroblasts (L929) was
performed as a proof-of-concept (POC) and the results were
compared to results obtained via traditional manually
pipetting. L929 fibroblasts were used as they are a cell line
recommended by standard organizations such as the
International Standard Organization (ISO) or the United
States Pharmacopeia  (USP)**** for cytotoxicity —and
biocompatibility assays, while CPT is a well-known anti-
cancer drug and serves as a widely used positive control for
cytotoxicity and apoptosis.*”

The results of the proof-of-concept assay are presented in
Fig. 4, as a function of the cell growth that was monitored
and analyzed by live-cell-imaging. After three days of
cultivation, a clear concentration-dependent increase in
confluence was observed (Fig. 4A). As expected, the growth
curve of cells in the control wells lacking CPT show a lag
(~0-20 h), an exponential (~20-60 h) and a saturation phase
(~80-140 h) (Fig. 4B), while cells in wells containing high
CPT concentrations show no growth at all. For comparison of
the valve system and the standard pipetting technique, the
ICso was used as reference value. Since the imaging system
allows the time-resolved quantification of the confluence,
IC5, values were calculated for each time point (illustrated in
Fig. 4C). The ICs, values - including the corresponding
standard deviations - decreased over time and became
constant after about 50 h. This result is neither unusual nor
unexpected, since cells require a certain amount of time to
grow and establish a concentration-dependent difference in
confluence. At very long -cultivation times, ICs, values
increase due to the control reaching 100% confluence, and
thus become unreliable. Importantly, at constant ICs, values
between 60-80 h - where the toxic effect has been established

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Results of the proof-of-concept assay for ICso determination of the cytotoxin camptothecin (CPT) with L929 cells. Illustrated are: A)
representative microscopic images (200x magnification) and analyzed cell confluence (yellow) of L929 cells after assaying with the 3D-printed
microfluidic valve system and three days of cultivation in the presence of varying CPT concentrations, monitored and analyzed by an IncuCyte S3
live-cell-imaging system; B) cell growth curves of L929 cells at different CPT concentrations for 6 d after assaying with the 3D-printed microfluidic
valve system, showing a clear concentration-dependent growth inhibition and a typical sigmoidal progression of the cell growth in absence of

CPT; and C) mean time-resolved ICsq values of three distinct experiments (n =

3) (errors indicated by area) of assays performed with the

microfluidic valve system and manually by pipetting. Initial ICso values become constant after 50 h with similar average ICsq values of 0.62 + 0.19

puM and 0.62 + 0.20 uM for the valve system and pipetting, respectively.

and the control does not reach 100% confluence - the
average ICs, values observed in this time period were highly
similar, with 0.62 + 0.19 uM and 0.62 + 0.20 uM for the
pipetted assay and for the assay automated by the
microfluidic valve system, respectively. Thus, we conclude
that the valve system does ensure a sufficient accuracy for
cellular dose-response experiments, and that the deviations
in mixing accuracy of the systems do not significantly affect
the results. The key result was confirmation that the
presented system affords researchers a real opportunity for
cell culture assay automatization within the safety cabinet
or even directly inside the incubator, using a portable point-
of-use device that can be rapidly adapted for the intended
use.

4. Conclusions

In contrast to pipetting robots (which represent the current
“gold standard” in liquid handling), microfluidic valve
systems facilitate far greater spatiotemporally-controlled
multiplexing at a compact design. Due to the on-chip valve
control by servomotors in the herein presented system,
features of pneumatically controlled actuation - such as

This journal is © The Royal Society of Chemistry 2022

control channels, connection ports, tubing, external valves,
and a vacuum/pressure supply - have been essentially
rendered obsolete. The presented 3D-printed microfluidic
valve system demonstrated a sufficient accuracy and long-
term robustness to allow for its realistic real-world
application in a majority of assays. Since a similar
performance of the microfluidic valve system and manual
pipetting in a proof-of-concept ICs, cell culture assay was
observed, this proof-of-concept demonstrates that this system
is appropriate and feasible for wuse in cell -culture
automatization. Importantly, the effort required to
reconfigure this system is negligible compared with other
manufacturing techniques, which renders direct integration
of microfluidic cell culture chambers (or even organ-on-chip
systems) realizable - thereby effectively enabling 24/7
operation even within unsterile environments. Finally, the
integration of the microfluidic valve systems into live-cell-
imaging systems illustrates a highly promising fusing of
liquid handling and cell microscopy, and, in combination
with machine-learning and online Al-based image
processing, potentially opens the door for fully automated
process optimization of adherent cell cultivation in the
future.
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