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Abstract

This paper highlights an innovative, low-cost rapid-prototyping method for generating microfluidic chips with extraordi-
nary short fabrication times of only a few minutes. Microchannels and inlet/outlet ports are created by controlled deposi-
tion of aqueous microdroplets on a cooled surface resulting in printed ice microstructures, which are in turn coated with a
UV-curable acrylic cover layer. Thawing leaves an inverse imprint as a microchannel structure. For an exemplary case, we
applied this technology for creating a microfluidic chip for cell-customized optical-cell analysis. The chip design includes
containers for cell cultivation and analysis. Container shape, length, position, and angle relative to the main channel were
iteratively optimized to cultivate and analyze different cell types. With the chip, we performed physiological analyses of
morphologically distinct prokaryotic Corynebacterium glutamicum DM1919, eukaryotic Hansenula polymorpha RB11
MOX-GFP, and phototrophic Synechocystis sp. PCC 6803 cells via quantitative time-lapse fluorescence microscopy. The
technology is not limited to rapid prototyping of complex biocompatible microfluidics. Further exploration may include
printing with different materials other than water, printing on other substrates in-situ biofunctionalization, the inclusion of
electrodes and many other applications.
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1 Introduction But why yet another method when there are many other

technologies to fabricate microfluidic chips? PDMS-based

What is so fascinating about seeing an igloo, an intricate ice
sculpture or a snowflake through microscope lens for the first
time? One of the reasons may be the idea that something so
prevalent in everyday life as water in its liquid state has been
used to create something unusual, practical and beautiful in
solid one. Indeed, ice is abundant, easy to sculpt and at the
same ephemeral. Using its properties of solidity and eva-
nescence, we take ice to the microfluidics field to “sculpt”
microfluidics chips.
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microfluidics is the most well-known option and has con-
tributed greatly to the growth of this field, due to several
key factors inherent to replica-molding techniques—low-
cost set-up for fabrication in a university setting, biocom-
patibility, optical transparency, gas permeability, conformal
sealing between PDMS and other surfaces, and elasticity of
PDMS (Sackmann et al. 2014). However, even though some
properties of PDMS allow for a great variety of microfluidic
devices to be created, other properties hinder the adaptation
of microfluidic technology to mainstream practice. Leaching
of uncrosslinked oligomers of PDMS into solution, as well
as absorption of organic solvents, small molecules, proteins
and nanoparticles, vapor permeability are named as culprits
for that (Chalfie et al. 1994; Cubitt et al. 1995; Dusny et al.
2015; Griinberger et al. 2013). The modifications to PDMS-
based chips to avoid these problems often call claimed bio-
compatibility into question (Sackmann et al. 2014). Another
drawback of PDMS soft lithography is the low feasibility
for scaling-up, and transfer of results to standard plastic
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materials used for mass production is difficult. Many other
microfabrication methods exist, such as silicon microma-
chining, in situ injection molding, micromolding of ther-
moplastic polymers, and laser ablation of polymer surfaces
(Beebe et al. 2002). While these methods are capable of
large-scale production, they often require expensive equip-
ment, are not flexible for design changes, involve many
steps, and are prone to error, and time-consuming (Beebe
et al. 2002; Ho et al. 2015). Because of these and other
reasons, researchers are still exploring alternative options
for chip fabrication. Thermoplastics such as polycarbonate
(PC), poly(methyl methacrylate) (PMMA), polystyrene (PS),
and polysulfone (PSU) coupled with solvent imprinting and
bonding provide rapid prototyping technologies with fabri-
cation times from 2 h down to 15 min per design (Jiang et al.
2015; Sun et al. 2007).

Another promising alternative for the fabrication of
microfluidic devices is three-dimensional (3D) printing,
whose advantages, challenges and recent advances were
extensively discussed in several reviews (Amin et al. 2016;
Au et al. 2016; Nielsen et al. 2020; Waheed et al. 2016).
Designs can be adapted reprinted easily, making 3D-print-
ing suitable for prototyping and testing-based optimiza-
tion, and implementation of the third dimension allows for
highly sophisticated and complex structures. Common 3D
printing methods used for creating millifluidic devices are
stereolithography (SLA), PolyJet (PJ) and fused deposition
modelling (FDM). Regarding small channels (< 100 um),
digital light processing (DLP)-based SLA is the most prom-
ising field so far (Nielsen et al. 2020). Further development
in this field focus on improvement of the SLA 3D printers
and customized resins for producing channels < 50 um. New
approaches, which allow for high-speed stereolithographic
printing, involve continuous liquid interface printing (CLIP)
(Tumbleston et al. 2015) and computed axial lithography
(CAL) (Kelly et al. 2019), which, in case of CAL, allow
for the construction of structures in centimeter-scale in less
than one minute.

A rapid and inexpensive approach combining cutting of
PET-PVA with a craft cutter and lamination to generate micro-
fluidic chips was reported by Levis et al. (Levis et al. 2019).
The chips were prepared within 15 min from design to use and
applied in high-resolution imaging of cells and organs as well
as multi-layered devices for chemical and mechanical actua-
tion for biomechanical studies. The capabilities of alternative
approaches, such as cryo-printing, are still unexplored; until
now, ice-printing combined with adhesive sealing was used
to create a pre-sealed drug delivery chip, a pre-sealed mixing
reactor as well as a microcapsule array for multitarget assay
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(Zhang et al. 2014, 2015). Furthermore, the technology was
used for the fabrication of glucose detection chips (Zheng et al.
2018). We, improve on this technology by decreasing produc-
tion time to only a few minutes and coupling it with high-reso-
lution printing to create rapidly designed biocompatible micro-
fluidic chips for cell analysis. Chips with customized designs
can be fabricated in less than 10 min featuring channels of
approximately 100 um width, with an ability to specify print-
ing position down to 1 um on x and y axes. With this method,
2D and simple 3D volumetric geometries like wells and ports
can be printed, although more complex 3D structures can-
not be realized. A fully functioning cryo-printing setup costs
approximately 50,000 €, while the materials and chemicals
used amount to less than 1$ per chip. We applied cryo-printing
to create customized microfluidic bioreactors for isolating, cul-
tivating, and analyzing microbial cells. Different microfluidic
chips were developed and successfully used for cell cultivation
and analysis under changing environmental conditions with
time-resolved bright-field and fluorescence microscopy. The
goal was to create an alternative solution to another in-house
created single-cell analysis device such as the “Envirostat”
(Dusny and Schmid 2015; Rosenthal et al. 2015), which offers
excellent environmental control and convection-only-based
mass transfer. Compared to the latter, cryo-printing technology
has low costs per chip, offers a much higher degree of struc-
tural flexibility and easier handling. Three different types of
microbial cells being morphologically and physiologically dis-
tinct were cultivated and analyzed, namely prokaryotic amino
acid-producing Corynebacterium glutamicum DM1919, the
eukaryotic yeast Hansenula polymorpha RB11 MOX-GFP,
and the phototrophic cyanobacterium Synechocystis sp. PCC
6803. The chips included a cell chamber per one channel net-
work to catch, cultivate, and analyze approximately 30 single
cells in parallel; two of such networks were included on a sin-
gle chip. It offered both diffusion and convection-based, quick
medium exchange, which enabled dynamic experiments. In
addition to quantitative growth experiments of Corynebacte-
rium glutamicum DM1919, cell-to-cell heterogeneity in pro-
tein production capacity could be monitored in individual H.
polymorpha RB11 MOX-GFP cells. Finally, the ability of a
pHluorin-equipped Synechocystis sp. PCC 6803 cyanobacte-
rium to report the extracellular pH was tested under dynamic
pH conditions. Growth rates and cell physiology in the chips
were comparable to shake-flask cultivations of the respective
strains and approve the biocompatibility of the produced chips.
Our results demonstrate the potential of cryo-printing for the
rapid-prototyping of customized microstructured chips for
cell-based biomicrofluidics.
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2 Methods
2.1 The cryo-printer
2.1.1 Principle of the cryo-printing approach

The basic principle of the presented cryo-printing technol-
ogy included a two-step process of aqueous ice-channel
printing followed by encapsulation of these channels with
acrylate. The ice channels were printed by the deposition
of water droplets on a cooled substrate. Upon contact with
the cold substrate, ice beads were formed; a string of such
partially overlapping beads formed one continuous channel.
The inlet and outlet ports of the printed channel structures
were made by successive printing of ice beads on top of each
other to form a “cylinder” higher than the deposited acrylate
cover layer. In the second step, the printed ice structures
were covered with a liquid mixture of acrylic monomers and
a photoinitiator. Finally, the acrylic mixture was cured using
a UV-LED (395 nm), resulting in the desired microfluidic
channel structure with integrated inlet and outlet ports after
thawing.

A)
Nozzle for acrylate-dosing —_—

=

UV Lamp

2.1.2 Set-up of the cryo-printer

The cryo-printer was installed in a closed box with acrylic
glass walls and a top cover (Fig. 1). The substrate on which
the channels were printed was clamped onto a thermoelectric
module (Quick-Ohm Kiipper & Co. GmbH, Wuppertal, Ger-
many) installed on a two-axis motorized linear stage (New-
port Corporation, Irvine, USA). Before and during the print-
ing, the box was constantly flushed with nitrogen through
two square-shaped copper pipes placed at the top and the
bottom of the box to exclude water vapor from it. Residual
humidity inside the printer box was constantly monitored by
a humidity sensor (B&B Thermo-Technik GmbH, Donau-
eschingen, Germany) connected to an Arduino controller.
The temperature of the Peltier element, whose hot side was
cooled with a thermostat chiller JULABO GmbH, Seel-
bach, Germany), was controlled via a PID process control-
ler JUMO DICON 500, JUMO GmbH & Co. KG, Fulda,
Germany). The printing was initiated by executing a cho-
sen trajectory file from the personal computer, which con-
trolled both the 50 um micro-dispenser system (Microdrop
Technologies GmbH, Norderstedt, Germany) as well as
the motion controller (Newport Corporation) steering the
two-axis robotic driver long-travel translation stages. The
channels were printed by moving the mounted substrate at
the given trajectories under the micro-dispenser head which
was turned on and off. The droplet frequency was set by an

Micro-dispenser head
Microfluidic chip

Fig. 1 Setup of the cryo-printer. A Representation of the setup. B Microfluidic chip being driven under the UV lamp. C Microfluidic chip under

micro-dispenser during printing
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external digital pulse generator (Stanford Research Systems,
Sunnyvale, USA), while the droplets were observed by a
high-speed (150 fps) camera (FLIR Systems Inc., Orlando,
USA) coupled to the computer. Once the printing was done,
the motorized stage moved the substrate under the acrylate-
dispenser nozzle, where the acrylic monomer-mixture with
photoinitiator was dosed either manually or using a low-
pressure syringe pump system to cover the channels with an
acrylic layer. The acrylate was polymerized using a 395 nm
UV-LED (12 W/cm?, Phoseon FireJet™, IGB-tech GmbH,
Friedelsheim, Germany).

2.2 Microfluidic chip fabrication
2.2.1 Cover layer acrylate mixture

As cover layer acrylate, an in-house developed low-vis-
cosity mixture was used, containing 80 wt% monofunc-
tional cycloaliphatic acrylate monomers (Arkema, Diissel-
dorf, Germany), 15 wt% tetrafunctional polyether acrylate
crosslinker (Allnex, Frankfurt am Main, Germany), 5 wt%
acidic acrylate adhesion promoter (Allnex) and 3 wt% pho-
toinitiator Omnirad TPO-L (IGM Resins, Waalwijk, Nether-
lands). Usually, 30 g batches were prepared by weighing the
desired amounts of monomers and photoinitiator and mixing
them on a vortex shaker. The mixture was left for some time
before use, as the adhesion promoter was added in excess,
and kept dark in order to prevent polymerization.

Adhesion of the UV-crosslinked acrylate to glass was
evaluated on coated glass plates (10 cm X 10 cm, cured
acrylate layer thickness 150-230 um) by incubation in water
at room temperature for up to 14 days as well as cross-cut
test according to ISO 2409.

Samples for the in vitro cytotoxicity test were prepared
according to ISO 10993-12 and tested according to ISO
10993-5 using cell line L929 and XTT test (for further
details, see SI 1.1).

2.2.2 Preparation of coverslips for cryo-printing

As the fabricated microfluidic chips were later used
for cell analysis using oil-immersion microscopy, thin
24x60x0.17 mm glass coverslips (Carl Roth GmbH,
Karlsruhe, Germany) were chosen as a chip substrate. Good
adhesion of the acrylic layer to the glass surface of the cov-
erslip was crucial to obtain well-performing microchips. For
that reason, the glass coverslips were silanized with 3-(tri-
methoxysilyl)propyl methacrylate (Evonik, Rheinfelden,
Germany) before the printing process. First, the coverslips
were cleaned in a mixture of 1 M NaOH (Sigma Aldrich,
Steinheim, Germany) and 35% H,0, solution (Merck KGaA,
Darmstadt, Germany) (50:50 vol%) for 30 min, washed with
distilled water and dried in a compartment drier for 60 min

@ Springer

at 80 °C. They were subsequently silanized by immersion
in a microscope slide staining jar filled with a solution of
3-(trimethoxysilyl)propyl methacrylate in ethanol (VWR
International, Leuven, Belgium) (5:95 vol%, MEMO: EtOH
absolute) for 60 min and dried in a compartment drier over-
night at 80 °C.

2.2.3 Cryo-printing of the microfluidic chip

A 3D-printed flexible supporting structure was attached
to the coverslip (Fig. 2A). It served two functions: (1) to
protect the fragile coverslip and (2) to contain the liquid
acrylic mixture, which was poured onto the coverslip later
in the printing process. Then, the coverslips were clamped
onto the thermoelectric module. A thin oil layer between
the coverslip and the thermoelectric module was used for
more efficient heat dissipation to be able to cool the cover-
slip quicker and more evenly. After the chip was mounted,
the box was flushed with nitrogen until the humidity inside
reached 0%. Only then the cooling system was turned on,
and the coverslip was cooled down to approximately — 30° C
at 100% thermoelectric module cooling capacity (it was
essential to reach 0% humidity level before turning on the
cooling; otherwise, ice-crystals would have begun to form
on the substrate glass). The printing was initiated through
the propriety computer software delivered together with
the motion controller. The channels were printed by turn-
ing the water-droplets producing micro-dispenser nozzle on
and off while the x,y-motorized stage drove the trajectories
(Fig. 2B). The stage coordinates could be specified down to
1 um. The driver speed was set to 3.75 mm/s, while the drop-
lets were generated at a frequency of 120 Hz. For inlet/outlet
holes, hollow cylinder-like structures were created by print-
ing multiple circles on top of each other until the required
height was achieved (Fig. 2C). Afterward, the coverslip was
moved under the acrylate dispensing nozzle, where approxi-
mately 0.3 mL of acrylate mixture with photoinitiator was
dispensed manually to cover the area inside the supporting
structure (Fig. 2D). Once the acrylic mixture was spread
evenly, the cover slide was moved under the UV-LED, where
the acrylate was irradiated for 2 s at a wavelength of 395 nm
(Fig. 2E). Finally, the cooling was turned off, the ice chan-
nels melted at room temperature, resulting in a microfluidic
chip with the desired channel network with integrated ports.

Before attaching the port olives, the chip was optionally
flushed with attachment factor solution using a disposable
tapered curved tip syringe. The stand-alone female olive
ports (Microfluidic ChipShop, Jena, Germany) were glued
onto the inlets and outlets of the chip by double-sided adhe-
sive tape rings of 1 mm inner diameter (Microfluidic Chip-
Shop), and subsequently, epoxy resin adhesive was placed
at the base around the olives to make it leak-proof. After
the silanization of the glass surface, the whole fabrication
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Fig.2 Fabrication of a cryo-printed microfluidic chip. A Attaching
3D-printed plastic support onto the pretreated cover slip. B Printing
of ice-channels on the cooled coverslip using the micro-dispenser
nozzle. C Continuing printing the cylinder-like structures for inlets/

process, including the attachment of port olives, took 50 min
per chip at maximum for it to be ready to use for experi-
ments, with 40 min needed to glue the olives and for the
epoxy adhesive to harden. Alternatively, a customized chip
holder with drillings for connectors could be used, cutting
down the preparation time of a microfluidic chip to approxi-
mately 5 min.

2.3 Scanning electron microscopy

To prepare the SEM samples, the microfluidic chips were
broken perpendicular to the direction of the channel. The
samples were sputter-coated with an approximately 20 nm
thin gold layer. The samples were imaged in a high voltage
mode of 5 kV using an Ultra-55 SEM (Carl Zeiss Micros-
copy GmbH, Oberkochen, Germany).

2.4 Medium exchange in the cell container
The medium exchange in the cell container of the micro-

fluidic chip was tested by attaching two 10 mL syringes
connected to an in-the-chip integrated Y-piece — one with

(B)

(D)

(F)

outlets. D Covering the printed channels with acrylate mixture. E
Curing of the acrylic layer with UV-LED. F Attaching the olives onto
inlets/outlets

water and one with 0.1 mM fluorescein solution—to the
single inlet of the microfluidic chip. Flow rates of water
and fluorescein were varied stepwise between 50 and 250
pL/h with a neMESYS low-pressure syringe pump system
(CETONI GmbH, Korbussen, Germany; see SI 1.2 for spe-
cific flow rates) with a switching frequency between them
of 2 per hour. The images of the cell container were taken
via time-lapse microscopy at 10 s imaging intervals with
100 x magnification using a 470 nm TL-LED at 25% inten-
sity. The exposure time was 30 ms, binning was set to 1 X 1
(Zeiss Observer Z1, Carl Zeiss Microscopy GmbH, Jena,
Germany). Analysis of fluorescence intensities was carried
out via Zeiss Zen Blue (Carl Zeiss Microscopy GmbH, Jena,
Germany).

2.5 Cell preparation and cultivation

The chip was flushed manually with Millipore water for all
experiments until the residual air bubbles in the cell con-
tainer were dissolved. In the next step, the chip was flushed
with 1 mL of the cell-specific medium used in the biological
experiments. The cells were deposited by attaching the cell
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suspension-containing syringe to the chip and manual flush-
ing (see Sect. 3.1.3). When the cell container was loaded, the
chip was attached to the medium-containing syringe, and the
remaining cells were flushed out at a flow rate of 3000 uL/h
before lowering it down to the experiment-specific flow rate.
For automated pumping of liquids, low-pressure neMESYS
syringe pumps were used (Cetoni GmbH, Korbussen, Ger-
many). The microfluidic cultivation experiments were moni-
tored via time-lapse microscopy (Zeiss Observer Z1, Carl
Zeiss Microscopy GmbH, Jena, Germany) with 1000 X total
magnification and at an imaging frequency of 30 min. For
specific information on cell preparation and cultivation, see
SI1.3.

3 Results and discussion
3.1 Design of the microfluidic chip
3.1.1 Channel design

A microfluidic cryo-printed chip was designed to enable the
cultivation and analysis of various types of microorganisms
at the single-cell level. The chip design used for the micro-
fluidic cultivation experiments is shown in Fig. 3. Two inde-
pendent channel networks were integrated into one microflu-
idic chip, which allowed for carrying out two independent
experiments simultaneously. In principle, the networks can
be scaled up to enable at least four independent cultivation
experiments per chip. One channel network consisted of an
inlet, a cell container, and an outlet. For experiments that
required flushing the chip with two or more different liquid
media, a different channel design with a printed Y-channel
junction and two inlets per channel system or an external
Y-piece adapter was used. Both SEM scans and microscopy
bright-field images showed the channel width to be between
100 and 160 pm (Fig. 3C-E), resulting from different micro-
dispenser settings for droplet generation during the print-
ing. The height of the channels was approximately 60 um
(Fig. 3E-F). While the size of the micro-dispenser nozzle is
the determining factor in respect to the size of the channel,
a more detailed study of different settings is yet to be car-
ried out. At the point of junctures, where two channels over-
lapped, the total height was higher (Fig. 3D). The channel
surface displayed characteristic ripples due to the nature of
the printing process in which channels are created by frozen
water droplets overlapping over each other (Fig. 3C, D, F).
While it would have been possible to mitigate the creation
of ripples to some extent by choosing different printing set-
tings, it was printed in the present form with the intention to
help to avoid cells sticking to the channel walls. They had no
measurable effect on the character of the flow.
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3.1.2 Cover layer acrylate

The composition of the acrylate mixture serving as cover
layer in the cryo-printing process was extensively optimized
to gain functioning microfluidic chips on the one hand, and,
making it even more challenging, chips that are suited for
performing optical cell experiments at single-cell resolution
on the other hand.

Viscosity of the acrylate precursor mixture was kept
low to enable covering of the printed structures in a rea-
sonable time and, more particularly, under cooling at
— 30 °C. This was achieved by using low viscous mono-
mers as main compounds, e.g., isobornyl acrylate, which
also provided excellent adhesion properties. Viscosity
of the acrylate mixture was determined to be 3.8 mPa-s
(shear rate 1000/s, 25 °C). Double bound conversion was
optimized in order to reduce toxic effects by leaching and
ranged from 96 to 100% (ATR-IR, measured on both sides
of the acrylate layer). Proper adhesion of the cover layer
to the glass substrate was crucial to obtain functioning
microchips, therefore, adhesion was evaluated on coated
glass plates by incubation in water at room temperature as
well as cross-cut test. It was found, that a prior silanization
of the glass substrate was necessary to obtain a covalent
acrylate-to-glass bonding. Without silanization, all tested
acrylate mixtures detached from glass during storage in
water within few minutes to hours, while it remained sta-
ble for at least 14 days when silanized glass was used. This
was also confirmed by SEM images taken from the cross-
sections of printed microfluidic chips: prior silanization
of the glass led to good bonding at the interface between
glass and acrylate layer (Fig. 3E), while delamination
occurred at the edges of the channel without silanization.
The cross-cut test showed a significant improvement as
well: classification 5 without vs. classification 1 with prior
silanization. Regarding optical properties, a high optical
transmittance and a low autofluorescence of the material in
the visible range of light was essential. Transmittance was
determined to be in the range of 85-91% for wavelengths
between 420 and 800 nm. This is slightly lower compared
to elastomeric PDMS-based microfluidics, which are
highly optical transparent over the near UV-Vis with a
transmittance of > 90% (Reidy et al. 2019; Stankova et al.
2016). Microfluidic devices fabricated from thermoplastic
polymer materials, e.g. PMMA, PC, PS, COC and COP,
show comparable transmittance values in the visible range
(microfluidic ChipShop). Regarding 3D-printed micro-
fluidic devices, reported transmittances are significantly
lower, namely in the range of 60% (Morgan et al. 2016;
Shallan et al. 2014). Fluorescence microscopy was per-
formed at excitation wavelengths of 410 nm and 488 nm.
Autofluorescence of the cured acrylate layer was negli-
gible for excitation at 488 nm and slightly increased for
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Fig.3 Cryo-printed microfluidic chip as used in the experiments dis-
cussed in this paper. A A photograph of the chip. Red area is repre-
sented by image (B). B Bright-field image of two cell containers in
the middle, one inlet in the bottom and one outlet at the top. Red area
is represented by image (C). C Bright-field image of two cell contain-
ers, with focus set on the top of the channels. Red area is represented

excitation at 410 nm, which could be attributed to the
photoinitiator, but without having a negative effect on the
detection of the cells. In vitro cytotoxicity test was per-
formed according to ISO 10993-5 and indicated a high
biocompatibility of the cured acrylate: relative cell viabil-
ity was 109% (standard error of mean of =9%, n=3) com-
pared to the control (see SI 1.1 for more details). From this
point of view, the acrylate material was expected to not
affect cell growth, e.g., due to leaching of toxic substances.

by image (D). D Bright-field image of one cell container with loaded
H. Polymorpha RB11 MOX-GFP cells. E SEM image of the micro-
fluidic chip channel’s cross-section with well bonding to a silanized
glass cover slip. F SEM image of the microfluidic chip channel’s
cross-section without the glass cover slip (color figure online)

3.1.3 Rapid prototyping and optimization of cell container
and cell loading

The centerpiece of the microfluidic chip for cell analysis
was the container, i.e., the “dead end” part of a channel
intersection (see Fig. 4). Container arrangement, length
and angles were optimized iteratively, as modified chip
designs could be tested out within short time periods due
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(A)

D) ()

Container with cells

Flow direction

(G)

Loading cells into the
cell-container

Fig.4 A-C Different types of cell containers. Black arrows show the
direction of the flow. A The first design of the cell containers. B The
second design of the cell containers. C The third final design. D-F
Angles of 45°, 60° and 30° between the cell container and the chan-
nel towards the outlet, respectively. G-H Loading of the cells into the

to the fast prototyping (Fig. 4A-F, see SI 1.4 for more
details on the process). The cell container was approxi-
mately 300 um long, of which only the last 100 um were
used to “catch” the cells for cultivation and analysis
(Fig. 4G-H). The cells were loaded by combining cell
inertia from acceleration in the channel right before the
dead end and creating circular flow within the dead end by
increasing pressure in the system. The loaded cells sedi-
mented on the glass at the bottom of the cell container.
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Flow direction
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(F

Container with cells

Flow direction

(H)

Loaded cells —_

Flushing out the rest of
the cells from the chip

microfluidic chip. G Manually loading the cells from the syringe with
cell suspension into the cell container by increasing the pressure in
the system. H Flushing out the rest of the cells from the chip with
medium while loaded cells staying in the cell container

3.1.4 Medium exchange in the cell container

Because the cells in the cell container were not directly
exposed to the liquid flow but were instead incubated in
a 300 pm long side cell container, it was essential to study
the medium exchange. Since the fluorescence intensity is
linearly correlated to the concentration of fluorescein, the
medium exchange was analyzed by flushing the chip with
0.1 mM fluorescein and measuring the fluorescence inten-
sity in the cell container. Figure 5 shows the fluorescence
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Fig.5 Medium exchange in the cell container. A Fluorescence image
with marked points at 0 pm, 150 um and 300 um distance from the
container inlet, at which measurements were taken. B-D The data
collected at flow rates of 50 pL/h, 150 pL/h and 250 pL/h, respec-

intensities measured in the container at a distance of O um,
150 um and 300 pm from the container inlet at five different
flow rates of 50, 100, 150, 200, and 250 pL/h.

With an integrated Y-piece, the dead volume of the sys-
tem was approximately 0.035 puL and therefore negligible
at any flow rate. When using an external Y-piece, the dead
volume was approximately 2.5 pL, causing a delay of 3 min
at the lowest flow rate of 50 uL/h. After the initial flushing
with water at 50 pL/h, for each profile, the chip was flushed
with fluorescein at the specific flow rate for 30 min, followed
by flushing with water at the same rate for another 30 min.
The data at a distance of 300 um from the container inlet
is of particular interest since the loaded cells were located
there. Our results indicate that the maximum concentra-
tion, and hence full medium exchange, was achieved within
10 min after switching from water to 0.1 M fluorescein solu-
tion at all flow rates (see 5.0 min to 15.0 min in the graphs
of Fig. 5). For the switching back from fluorescein solution
to water, comparable switching rates were obtained. The
differences in maximum fluorescence intensity between the

6000
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tively. In all cases the medium was changed from water to fluorescein
solution after 5.0 min and back to water after 35.0 min. The back-
ground fluorescence intensity was at least 100 units

three detected positions could be attributed to differences
in channel heights. The data also show that the fluorescein
concentration at a distance of 300 pm from the container
inlet was almost not affected by fluctuations in the rest of the
system (represented by the point at 0 um), which are espe-
cially noticeable at the lowest flow rate of 50 uL/h and are
caused by the mechanics of the used low-pressure syringe
pump system. In summary, the medium exchange in the cell
container proved to be suitable for dynamic cell experiments
described in the following section.

3.1.5 Functionalization of the cell container

During the silanization of the coverslips in preparation for
the cryo-printing, the normally hydrophilic glass surface
turned to hydrophobic. In contrast, H. polymorpha RB11
MOX-GFP cells did adhere to such hydrophobic glass sur-
face very well (cf. Fig. 7), C. glutamicum DM1919 and
Synechocystis sp. PCC 6803 proved to require hydrophilic
surface characteristics for proper adhesion. For cultivation
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experiments with these two cell types, the channel surface
had to be re-functionalized. Two substances were tested as
attachment promoters: poly(vinyl alcohol) and poly-L-lysine.
Preparation with 1% poly(vinyl alcohol) solution resulted
in a thin coating of poly(vinyl alcohol) which “peeled off”
the channel walls and finally blocked the channels at the
beginning of the experiments, deeming this method unus-
able. Re-functionalization with 0.04% poly-L-lysine solu-
tion, on the other hand, was effective — nearly 80% of loaded
cells of both C. glutamicum DM1919 and Synechocystis sp.
PCC 6803 were immobilized at the surface of the container,
which enabled time-resolved experiments. However, the
immobilization efficiency was decreasing along with chip
usage time and chip age.

3.2 Cell cultivation experiments

The proposed microfluidic chip was tested with three physi-
ologically different microorganisms—rod-shaped bacteria
C. glutamicum DM 1919, methylotrophic yeast H. polymor-
pha RB11 MOX-GFP, and unicellular phototrophic cyano-
bacteria Synechocystis sp. PCC 6803 to explore the range of
cell applications that are possible with cryo-printed chips.
All three microorganisms could be cultivated successfully
for a few generations. Additionally, GFP production was
induced in H. Polymorpha RB11 MOX-GFP by changing
cultivation conditions, and the stability of GFP variant
pHluorin2 was tested in Synechocystis sp. PCC 6803 pHluo
in a separate experiment by varying the pH of the medium.

3.2.1 Corynebacterium glutamicum DM1919

In the first experiment, Corynebacterium glutamicum
DM19109 cells were cultivated using chips that were re-func-
tionalized with 0.04% poly-L-lysine solution as described
above. The goal was to determine the applicability of chips
for the cultivation of this type of bacteria. After loading the
cells, it took approximately 15 min for the cells to sediment
and adhere to the glass surface within the cell container (cf.
Fig. 6B). The cells were cultivated under perfusion for over
6 h using fresh CGXII medium with glucose as a carbon
source at a flow rate of 150 pL/h and 23° C temperature.
From the bright-field images taken every 30 min, several
cells (n=19) were chosen and counted. It was observed that
for the first 1.5 h, the cells increased in size without cell
division (cf. Fig. 6D, E). If r=1.5 h was set as a starting
point and =4 h at which the number of cells doubled, a
division rate of 1=0.28 h™! could be calculated. It is still
lower than other reported cell division rates of v=0.41 h™!
to v=0.79 h™! and cell growth rates of u=0.37-0.65 h™!
(Dusny et al. 2015; Griinberger et al. 2013). This can be
explained as follows: (1) lower cultivation temperature
(23° C in our case vs. 30° C in the sources), or (2) only those
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cells which adhered well to the surface of the cell container
throughout the entire time were counted, possibly leading
to a biased characterization of a subculture not representing
the entire cell sample. The experiment showed that it was
possible to cultivate and quantitatively analyze the growth
of C. glutamicum DM1919 on a single-cell level. Further
tests need to be made either using poly-L-lysine of differ-
ent molecular weights providing more attachment sites per
unit square in the cell container, repeating the process of
re-functionalization multiple times instead of one, or test-
ing out other kinds of attachment factors. This could lead
C. glutamicum DM1919 to grow in one layer during the
whole duration of the experiment.

3.2.2 Hansenula polymorpha RB11 MOX-GFP

A dynamic experiment was carried out with H. polymor-
pha RB11 MOX-GFP by cultivating the cells at 23° C
first for 4 h with SYN8 medium supplemented with 0.5%
glucose (w/v) at 200 pL/h and then switching to SYNS
medium without glucose for another 2.5 h to induce de-
repression of MOX-promotor that controlled GFP synthe-
sis. Its goal was to demonstrate the heterogeneity of MOX-
promotor activity and determine the general ability to
cultivate this cell type within the chip. The experiment was
monitored by time-lapse microscopy at 30 min intervals
with taking both bright-field and fluorescence images. The
data for the cell-growth phase is shown in Fig. 7, while
the GFP induction is depicted in Fig. 8. For the growth
phase during the first 4 h, the growth rate of 0.14 h™! was
determined from the cell count, during which the number
of cells nearly doubled (Fig. 7A). Specific growth rates of
0.29 h™" and 0.3 h™! were reported from cultivating the
same type of cells in shake flasks within SYNS8 medium
at 30 °C (Dusny and Schmid 2016). However, the cultiva-
tion in their case was carried out at 30° C, and the data
was taken from the exponential growth phase, whereas the
first 4 h indicate a similar curve slope, which is in close
correspondence to the cultivation data using our microflu-
idic chip. Thus, it could be stated that it was possible to
maintain the conditions present in the shake flasks using
the proposed microfluidic chip, while also observing the
cells on the single-cell level with a continuous medium
exchange in the cell container. After the growth phase, the
medium was switched to SYN8 medium without glucose
at the flow rate of 200 pL/h. According to the previously
described results of the medium-exchange experiment, the
set-up was left for 10 min to enable the medium exchange
in the cell container before starting the time-lapse micro-
copy monitoring. The results show that the onset of GFP
synthesis in H. polymorpha RB11 MOX-GFP cells already
begins only 30 min after the medium change (Fig. 8A),
which agrees with reported GFP maturation times reported
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Fig. 6 Cultivation of C. glutamicum DM1919. A Growth of picked 19
cells over the first 4.5 h of the experiment. B The cell container at the
beginning of the experiment after the cells sedimented on the bottom

(Chalfie et al. 1994; Cubitt et al. 1995). The maximum
intensity of cell fluorescence due to GFP synthesis was
reached at approximately 1.5 h. After that time, GFP inten-
sity began to decrease due to the depletion of glucose as
carbon and energy source. Nearly identical results were
reported from experiments using an alternative single-cell
based cultivation system with H. polymorpha RB11 MOX-
GFP being trapped directly in the flow of SYN8 medium
without any glucose (Dusny and Schmid 2016). Pheno-
typic heterogeneity in GFP synthesis increased along with

of the cell container, =0 h. C The cell container towards the end of
the experiment, at r=4.5 h. D-F An excerpt from a cell container at
t=0, =2 h and t=4.5 h, respectively.

GFP intensity, reached its maximum, and tapered off after
two hours of incubation (Fig. 8A, B).

3.2.3 Synechocystis sp. PCC 6803

The last series of experiments were run with Synechocystis
sp. PCC 6803 with a three-fold purpose: to examine the
chip’s suitability for bio-applications with phototrophic
types of microorganisms, test the stability of GFP protein,
and demonstrate its heterogeneity. The hydrophobicity of

@ Springer



5 Page12of17

Microfluidics and Nanofluidics (2023) 27:5

Fig.7 H. Polymorpha RB11
MOX-GFP growth experiment.
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the cell surface was similar to C. glutamicum DM1919,
and the chips, therefore, had to be re-functionalized with
0.04% poly-L-lysine solution to carry out the experiments.
In the first experiment, the cells were cultivated in YBG11
medium over 24 h at a light intensity of 75 uE m=2 57!
(Fig. 9). 2-3 cell divisions with a specific growth rate of
0.05 h~! were observed. In the second set of experiments,
the performance of a fluorescent ratiometric GFP-based
pH-sensor pHluorin2 (Mahon 2011) was tested by alter-
nating the pH of the PBS medium in the chip. The pH was
repeatedly changed from pH =6 to pH =9 in 30-min inter-
vals for 6 h as an example of another dynamic application
with this microfluidic chip. The results show high stabil-
ity of pHluorin2 throughout the entire experiment in that
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similar fluorescence intensity ratios are observed through
repeated pH change cycles (Fig. 10A). This is even though
below pH=15.5 and above pH=_8.5, the protein stops
responding to changes in pH, suggesting decreased stabil-
ity outside the pH range of 5.5-8.5 (Maresova et al. 2010;
Reifenrath and Boles 2018). It can also be observed that
there is a more significant variance between 488 to 410 nm
intensity ratios at pH =6 than at pH=9, with mean sample
standard deviation being 5§ = 0.02 and 5 = 0.08 respectively
(Fig. 10A, C). The reason for this tendency is that the cells
exhibit greater heterogeneity when excited at 488 nm and
pH =6 when compared to pH=9, while the excitation at
410 nm results in similar heterogeneity at both pH values
(Fig. 10B).
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Fig.8 Single-cell MOX-promotor activity in H. Polymorpha RB11
MOX-GFP. A GFP fluorescence intensities over the first 2.5 h. The
intensity at =0 h is reference GFP fluorescence intensity before
changing the medium without glucose to medium with glucose.
Data taken from two cell chambers, with total analyzed cell number

120

n=37. B The distribution of GFP fluorescence intensities at r=0.5 h,

(D)

t=1.5 h and t=2.5 h, respectively. Data corresponding to the previ-
ous graph (A). C Bright-field images of one of the two cell cham-
bers with H. polymorpha RB11 MOX-GFP at t=0.5 h, t=1.5 h and
t=2.5 h, respectively. D Corresponding fluorescence images of H.
Polymorpha RB11 MOX-GFP
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Fig.9 The cultivation of Syn- (A)
echocystis sp. PCC 6803 WT.

A The graph shows the growth
of Synechocystis sp. PCC 6803
WT over the period of 24 h.
B-D The bright-field images
correspond to the time points in
the graph of O h, 18 h and 24 h,
respectively. The numbers in the
images correspond to the group
numbers in the graph

Cell count []

0,5

24

4 Conclusion and outlook

This work demonstrates the cryo-printing technology as a
new method to rapidly fabricate microfluidic chips for cell
analysis. Although the development required many minor
modifications to the initial design of the chip, multiple
iterations were possible thanks to the rapid prototyping
nature of the method and the low cost per chip. As a result,
a microfluidic chip with specially designed containers for
analyzing three types of morphologically different cell
types was developed. C. glutamicum DM1919, H. Poly-
morpha RB11 MOX-GFP, and Synechocystis sp. PCC
6803 were successfully loaded into a cell container and
cultivated. Additionally, GFP production was induced and
measured in H. Polymorpha RB11 MOX-GFP by depleting
the glucose in the cell container to the minimum required
concentration to de-repress the MOX-promotor. Addition-
ally, the stability of GFP variant pHluorin2 was tested out
with Synechocystis sp. PCC 6803 pHluo over multiple
cycles of switching between buffers of different pH and
measuring pHluorin2 response. In all experiments, various
degrees of heterogeneity between cells were observable,
showing the microfluidic chip’s capability for cell analy-
sis at single-cell resolution. The experiments were pos-
sible due to quick medium exchange in the cell container,
which was explicitly tested beforehand. In summary, the
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cryo-printing technology proved to be applicable in this
field of research, although it is certainly not limited to it.

However, additional work is necessary to optimize the
produced chips for cell analysis. The re-functionalization of
the silanized glass surface needs to be optimized, allowing
for an even higher number of cell generations per experi-
ment to be analyzed. Modification to channel surface’s
smoothness during the printing process could be realized by
increasing the temperature slightly before curing the acrylic
layer with UV-LED.

The cryo-printing technology offers many possibilities
due to its high flexibility and adaptability. Microfluidic
structures can be printed on different substrates, enabling
a facile integration of different functionalities, e.g., elec-
trodes. We successfully tested a variety of substrates in
preliminary studies—polymer slides, foils, silicon wafers,
and metals. Additionally, functionalities can be generated
in-situ during the printing process by changing from water
to solutions containing biomolecules or polymerizable
monomers. In this way, for example, porous structures
can be integrated within the channels acting as filter or
membrane or biomolecule-functionalized reactors. Even
more advanced applications can be achieved using multi-
ple micro-dispenser nozzles of different diameters or with
different solutions. Finally, the cryo-printing process can
be easily upscaled and automized, which offers, despite
the rapid prototyping, a great potential for small-batch
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production and could be interesting for small-cap compa-
nies, e.g., in the field of microfluidic disposables.
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