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ARTICLE INFO ABSTRACT

Keywords: Luminescent chemical sensors have been proven to be a valuable asset in cell cultures and generally in micro-
Luminescent optical sensor biological studies. We present microfluidic cell culture devices with integrated optical chemical sensors. The
O:Iygen pO2 integrated sensors offer the possibility to monitor dissolved oxygen and pH levels and enable the measurement of
P:

respiration and acidification rates. The cell metabolism was observed using this method by temporarily stopping
the incubation flow, barely influencing the cell culture. A thermoplastic polymer is used as oxygen impermeable
chip material to enable the measurement of respiration rates, which is not possible with widely used PDMS-based
microfluidics. Hence, an innovative fast prototyping strategy is utilized to enable the replication of small series of
thermoplastic microfluidic chips. We were able to demonstrate the suitability of this measurement method by
monitoring the metabolic response of a human lung carcinoma epithelial-like cell line (A549) to the exposure of
FCCP (Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone), a drug known for its up-regulating effect on
respiration and acidification rates. This universal measurement approach can potentially be deployed in all sorts
of microfluidic devices and help to retrieve valuable data from inside those systems beyond classical end-point
detection methods. It therefore complements modern 3D cell cultures and organ-on-chip research with a
powerful analytical technology for gathering information about ongoing cell metabolism.

Online-monitoring
Perfused cell culture
Metabolism

1. Introduction

The past decade has seen the rapid development of microfluidic
technology in different fields, ranging from lab-on-a-chip applications to
organ-on-chip technology. To fully take advantage of the controlled and
well-defined microfluidic environment, sensor integration into those
systems is essential [1]. To date, mainly end-point detection methods,
like cell viability assays, are available which only allow characterization
of highly toxic compounds causing permanent cellular changes [2].
Gathering real-time information from inside microfluidic chips is
therefore crucial for the evaluation of metabolism and functional

parameters. This task has proven to be challenging and only limited
technologies exist, especially with regards to parallelization and
multi-parameter read-out. Moreover, most microfluidic devices are
designed as a single use platform and therefore cost-efficient sensors are
essential for a wider use.

One common method to gather information from living cell tissue is
the measurement of the activity of muscle tissues by observing the
bending of flexible pillars. This method does not only measure present
forces, but can also evaluate cardiac beat dynamics via pixel analysis of
image data as assessment for cardiac health, instead of classical cell
viability [3-5]. Another method is the utilization of microelectrode
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arrays (MEAs) to assess electrophysiological dynamics of neuronal and
cardiac tissues [3,6-8]. The integrity of barrier tissues, like the blood
brain barrier, gastrointestinal tract and skin, can be investigated with a
similar technique noninvasively via transepithelial/endothelial elec-
trical resistance (TEER) measurements [9-12].

Integration of electrochemical sensors has been utilized for moni-
toring external parameters in microfluidic systems. For example,
detection of dissolved oxygen has been shown with miniaturized elec-
trodes, implemented via inkjet printing technique [13]. Further pa-
rameters, like pH [14] and temperature [2], have also been realized as
electrochemical sensors. There have also been huge advances in the
development of electrochemical immune-biosensors for monitoring
soluble biomarkers in recent years [15,16]. In general, those electro-
chemical sensors are difficult to integrate, require a reference electrode
and in some cases even consume the analyte.

However, this is not the case for optical detection methods and
luminescent optical sensors have proven to be a good approach since
they are easy to miniaturize, can be read out externally and can be
produced at a low cost. Optical oxygen measurements have been suc-
cessfully integrated in various applications reaching from micro-
bioreactors to cell cultures in static chambers or microfluidic devices
[17-22]. Even a pesticide detection module, based on the respiration of
algae, has been realized [23]. Luminescent pH measurements are more
difficult, due to a lack of stable and bright pH indicators, and are so far
mainly done via absorption measurements of phenol red present in the
incubation media [2]. However, absorption measurements of the media
are intrinsically difficult to scale down to small channel heights for true
microfluidic systems since a certain pathlength is required to gain
distinguishable signal changes.

The possibility of monitoring these extrinsic parameters is already a
huge progress in terms of reliable cell conditioning and understanding
cell activity. However, it still does not enable analysis of cell metabolism
and only to a certain extent examination of non-lethal effects of poten-
tially toxic substances. In this regard, the measurement of respiration
and acidification rates is a much more powerful tool, since those mea-
surements lead to a better understanding of the ongoing cell meta-
bolism. Papkovsky and Dmitriev [24] have summarized the importance
of luminescent oxygen sensing for biological detection, especially for
determination of respiration rates. So far, such rates were determined
predominantly in static cell cultures. Systems for their measurement
have been commercialized and are considered as benchmarks [25,26].
Agilent’s MitoXpress platform utilizes standard 96-well plates, sealed
with mineral oil, in which oxygen and pH probes are dispersed to
determine acidification and respiration rates. The assay volume (150 pL)
of this system leads to assay times between 30-60 min and the potential
extraction of lipophilic substances into the mineral oil layer is prob-
lematic. Agilent’s XF analyzer platform uses a special microplate, where
a cartridge is pressed down to seal off a small chamber (7 pL) at the
bottom of the well. Additionally, the system has four injector ports to
deliver reagents to the well. Nevertheless, it cannot constantly deliver
fresh cell media and it is not possible to simulate concertation profiles
and gradients. Both described systems apply static cell culturing con-
ditions, which mimic physiological conditions only to a certain extent
and lack resemblance in terms of shear stress or biomarker concentra-
tion. This leads to a demand in sensor technology capable to perform
such experiments in microfluidic cell cultures and organ-on-chip
applications.

Nowadays, the majority of such systems utilize PDMS as substrate for
microfluidic chips. The problem with this material is, next to its known
absorbance properties for biomarkers and drugs due to its lipophilic
nature [27,28], its high oxygen permeability which does not allow
viable oxygen or respiration measurements. For this purpose, thermo-
plastic polymer materials with low oxygen permeability, like poly-
ethylene terephthalate (PET), polycarbonate (PC), cyclic olefin
copolymer (COC), or even polystyrene (PS), are required as chip mate-
rial. Prototyping of thermoplastic materials is however quite challenging
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and are usually fabricated with industrial techniques such as injection
molding.

Herein, we present a microfluidic chip made from thermoplastic COC
with low gas permeability via an innovative prototyping strategy,
equipped with luminescent oxygen and pH sensor spots. With these
sensor spots, it is not only possible to monitor the pH and the oxygen
concentration inside the microfluidic cell chamber, but via stop/flow
measurements, also determine the respiratory and acidification rates of
mammalian cells.

2. Material and methods
2.1. Sensor material

The aza-BODIPY pH indicator dye 4-(5,5-difluoro-7-(4-hydrox-
yphenyl)—l,9—diphenyl—5H—57\4,6)\4—dipyrrolo[1,2—c:2’ ,1'-f111,3,5,2]tri-
azaborinin-3-yl)-N-dodecylbenzamide (compound 5; OHC12) [29] and
microcrystalline powder of silanized Egyptian Blue [30], were synthe-
sized in our lab as previously described. Poly-tert-butylstyrene particles
(ptBS particles) stained with 2 % (w/w) oxygen sensitive platinum
(II)-meso-tetra(4-fluorophenyl)tetrabenzoporphyrin (PtTPTBPF) were
prepared as described elsewhere [31]. Hydromed D4, a polyurethane
based hydrogel, purchased from AvanSource biomaterials was used as
matrix polymer. Buffer substances were bought from Carl Roth GmbH
and used without further purification.

2.2. Microfluidic chip

2.2.1. Microfabrication

A master of the microfluidic chip was 3D printed, consisting of four
channels with two cell chambers each. With a channel height of 280 pm
and a surface area of 18 mm? for each chamber, this leads to a chamber
volume of 5 pL (for further details of the chip dimensions see supporting
info Figure SI1). Via electroplating and resulting Ni deposition, a
negative master copy was produced. This negative master has the di-
mensions of standardized optical media (CD’s, DVD’s) and was inserted
in regular injection molding machines used for their production. COC
was used for the performed experiments due to its low oxygen perme-
ability, high transparency and low auto-fluorescence over a wide spec-
tral range [32]. Post-processing of the obtained green bodies is
necessary, since with this fast prototyping technique no structures
deeper than 250 pm can be produced.

The post-processing step includes the manual cutting of the top part
(= structured part) of the microfluidic chips from the discs and drilling
of holes (2 mm) for positioning. Further, the surface of the microfluidic
chip was scratched with a drill and the chip holder used as a stencil to
mark the exact positions of the sensor spots and increase their adhesion.
This led to a pattern of two spots per chamber, which was later matched
by the arrangement of the optical fibers via the optic block of the chip
holder. After sensor integration (described in 2.3) holes with a diameter
of 2.5 mm were drilled and pieces of Tygon R3607 tubing (2.33 mm OD,
0.51 mm ID; Ismatec, IDEX Corporation, Switzerland) were glued into
the holes in order to provide ports for the microfluidic system.

2.2.2. Chip bonding

Chips were bonded using 80 pm thick double-sided adhesive tape
ARcare 90445 (Adhesive Research). The microfluidic channels were cut
out using a CAMM-1 Gs24 cutting plotter (Roland, Germany) equipped
with carbide blades (ZEC-U3017; Roland, Germany). The structured
tape was removed from the substrate liner, aligned with the structured
part of the microfluidic chip (upper half) and manually laminated to
ensure proper bonding. After removal of the remaining protective lining
layer, the chips were sterilized with the UV lamp of a lamina flow
workbench and sealed with a 240 pm thick Topas COC foil (Denz
Biomedical GmbH, Austria) under aseptic conditions.
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2.3. Sensor integration

A microdispenser MDS3200+ from VERMES Microdispensing
GmbH, equipped with a 70 pm nozzle and a tungsten tappet with a tip
diameter of 0.7 mm, was used for sensor integration. It was mounted on
a custom-made CNC platform, which was controlled via Linux CNC and
allowed exact positioning of the sensor spots. The used printing pa-
rameters for oxygen and pH sensors spots are shown in table SI1 in the
supporting information.

The pH sensor formulation consists of 0.33 mg of OHC12 dye and
54.8 mg of Egyptian Blue which were suspended in 1380 mg of a solu-
tion of hydrogel Hydromed D4 (8 % w/w) in THF/water (9 + 1). Ho-
mogenization was done with a Sonifier from Branson with ten pulses (1
s) with nine second cooldown intervals. After evaporation of the solvents
the resulting sensor spot consisted of 0.2 % w/w indicator dye (OHC12),
33.3 % w/w reference dye (Egyptian Blue) and 66.5 % w/w host poly-
mer (hydrogel Hydromed D4).

For the O3 sensor formulation 82.5 mg ptBS particles, stained with 2
% PtTPTBPF, were suspended in 1650 mg of a hydrogel Hydromed D4
solution (5 % w/w) in isopropanol/water (3 + 1). The mixture was
homogenized with a Sonifier from Branson and the resulting sensor
consisted of 50 % w/w ptBS particles and 50 % w/w hydrogel Hydromed
D4 after evaporation of the solvents leading to a relative Pt-dye con-
centration of 1 % w/w.

2.4. Sensor stability

Sensor stability was tested for the pH sensor spots by submerging an
unclosed microfluidic chip with the chip holder into a beaker containing
a buffer solution made from 10 mM Tris, 10 mM BisTris, 150 mM NaCl
and 1.5 mM NaNs (preventing microbiological growth). The buffer was
kept at 37 °C and alkaline solution (300 mM NaOH with 10 mM Tris and
10 mM BisTris) and acidic solution (300 mM HCI with 10 mM Tris and
10 mM BisTris) were added automatically with a Cavro Centris pump
from Tecan to adjust the pH. The pH was measured with a glass pH
electrode and a NaCl filled reference electrode from Idronaut. The sta-
bility test ran for 10 days at pH 7.5 and once a day a calibration between
pH 5 and 9 was done with 18 distinct pH values. The read-out of the
sensor spots was conducted with a miniaturized phasefluorimeter
(Firesting) from Pyroscience equipped with 1-meter-long, polished POF
1/2.2 mm fibers. The measurement settings can be found in table SI2
(supporting info). The cotangents of the measured phase angles were
plotted against the pH values and the calibration function was obtained
by fitting with a Boltzmann equation (Eq. 1) where A represents the top
value under acidic conditions, B the bottom value under basic condi-
tions, pK, the apparent pK, value and slope the slope at the pK, value.

A—B

cot(dp) = B+ ——=r [€))
1+ 10"

For the oxygen sensor spots no distinct durability tests were per-
formed since their stability has been shown in previous reports [17,19,
23].

2.5. Setup

A chip holder was constructed in order to guarantee a good align-
ment of the optical fibers from the read-out device with the sensor spots
in the microfluidic channels. The holder consists of a frame holding the
chip and an optic block which positions the fibers. The optic block can be
removed in order to allow visual inspection of the cells in the fluidic
chamber via microscope. A CAD drawing of the holder can be found in
the supporting information (Figure SI2). Since eight chambers, with two
spots each, were incubated in parallel on one chip, read-out was done
with four separate four-channel Firesting phasefluorimeters from
Pyroscience equipped with 1 m polished POF 1/2.2 mm fibers. The
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optical fibers were used to guide the sinusoidal modulated 620 nm
excitation light to the sensor spot and collect the delayed emission light
(NIR) simultaneously. The chip holder with the microfluidic chip was
placed on a heated stage with integrated temperature control, which was
set to 37 °C. For fluid transport, a four-syringe KDS 250 syringe pump
(KD Scientific, USA) was used with 20 mL glass syringes (ILS, Germany)
connected to 1/32” PEEK tubing (ID = 0.015”, Ismatec, Germany) via 4-
way PEEK valves (IDEX Health & Science, USA). A microfluidic bubble
trap system, comprising of nine circular 1 mm diameter trapping wells
(250 pm height), was connected via 50 cm long 1/32” PEEK tubing used
as preheating, as well as bubble trapping unit. The bubble trap was then
further connected with the cultivating chambers via 4 cm long 1/32”
PEEK tubing. This led to a total dead volume before the cell chamber of
around 65 pL. A picture of the assembled set-up is shown in Figure SI3
(supporting information).

2.6. Calibration

2.6.1. Oy

Since the used sensor material was the same used by Nacht et al.
[31], their calibration data were used as factory setting for the oxygen
sensor spots. A two-point calibration at anoxic conditions and
air-saturated conditions was performed for one spot at 37 °C in cell
medium to account for the slight changes environment and used for all
oxygen sensor spots. Anoxic conditions were established by adding
NaSOgs, air saturated conditions by shaking the medium right before
measurement. The measurement settings for the phase fluorimeter can
be found in table SI2 (supporting information).

2.6.2. pH

Calibration of the pH sensor spots was performed with 10 % FCS
supplemented cell culture medium (Gibco) spiked with 10 mM of a
buffer substance (acetate, MES, TRIS or glycin) between pH 4.5 and pH
10. The buffer substance with the appropriate pK, value was dissolved in
the media, the pH adjusted with 1 M NaOH or 1 M HCI at 37 °C and
afterwards filtered through a 0.45 pm sterile filter (VWR, Austria). A list
with the used buffers and their pH can be found in table SI3 in the
supporting information. The buffers were transferred under aseptic
conditions within a laminar-flow cabinet into 20 mL glass syringes and
manually flushed through the microfluidic chip. The measurement set-
tings for the phasefluorimeter can be found table SI2 (supporting
information).

2.7. Cell seeding

2.7.1. Pretreatment

In order to get aseptic surfaces in the microfluidic chips, the struc-
tured parts, containing the sensor spots, were treated with UV light
(A~250 nm) from the laminar flow workbench for 15 min prior to chip
bonding. Microfluidic tubing, valves, the double adhesive tape and the
COC foil were disinfected with 70 % ethanol. In a second step, the COC
foil was treated with ambient oxygen plasma for 10 min using a plasma
chamber (Harrick Plasma, USA) equipped with an Equinox pressure
control unit (Blackhole Lab, France) for 2 min at 450 mTorr to enhance
cell adhesion on the polymer surfaces. The chip was bonded according to
Section 2.2.2. at aseptic conditions. To promote cell adhesion, the cell
culture chambers were treated with a 1% collagen I (Sigma Aldrich)
solution in PBS (Sigma Aldrich) for one hour. In the next step, the chips
were flushed with supplemented RPMI 1640 medium (Gibco) and the
sensor spots were calibrated as described in Section 2.6.

2.7.2. Seeding and incubation

A549 human lung carcinoma epithelial-like cell line (ATCC Nr.: CCL-
185) were cultured in a RPMI 1640 Medium (Gibco) supplemented with
10 % fetal bovine serum, L-glutamine, and 1 % antibiotic/antimycotic
solution. The trypsinized cells, with a concentration of 10° cells/mL,
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were seeded into the calibrated microfluidic chips and adhesion was
observed under the microscope. The oxygen concentrations within the
chambers were monitored via the sensor spots, to prevent oxygen lim-
itation. After 4 h, cell seeding was complete and a confluent cell layer
was formed. The cells were cultivated within the chip at a temperature
of 37 °C and with constant perfusion of media of 10 pL/min, which
represents a flow velocity of 11.9 pL/min*mm?. Cell density was eval-
uated by counting cells stained with Hoechst 33342 fluorescent dye with
ImageJ software after the end of the experiments.

2.8. Acidification and respiration rate measurement

The acidification and respiration rate of the cells were analyzed by
stopping the flow for approximately 30 min. Afterwards the flow was
turned on again (10 pL/min) and the chip flushed with fresh media until
the oxygen saturation and pH level returned to normal.

In order to detect a change in the metabolism, the cells were treated
with FCCP (Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone
from Sigma Aldrich) which leads to an upregulation of the respiratory
rate and the acidification rate [24]. The cells were incubated with media
spiked with 0.5, 5 and 20 pM FCCP for 5.5 h and the acidification rates
and respiration rates measured multiple times. At end of the experiment
the cell density was evaluated, as previously described, and the con-
sumption rates corrected for the determined cell count.

3. Results & discussion
3.1. Sensor materials

The sensor materials are chosen according to previous experiences
and reports and are immobilized in a hydrogel matrix (Hydromed D4).
This swell able material is FDA approved and designed in a way so
proteins do not adhere to it. Therefore, it is not possible for cells to grow
on it, effectively shielding the sensitive dyes from the cells and elimi-
nating otherwise possible interactions. No adverse effects of the sensor
material to the cells thus has been observed so far (Figure SI6, sup-
porting information).

Oxygen measurements are performed with polymer particles stained
with PtTPTBPF since they have proven their stability and suitability for
measurements in biological systems multiple times [17,23,31]. They can
be excited with red light (620 nm) and emit in the near infrared (NIR)
part of the electromagnetic spectrum. The lifetime of the excited dye
molecule is proportional to the oxygen partial pressure and is used as a
robust, intensity independent parameter.

The pH sensitive OHC12 dye has a reported apparent pK, value of
7.59 in hydrogel Hydromed D4 [29] and is therefore perfectly suited to
monitor the decrease in pH in cell culture media from pH 7.5 to pH 6.5.
It is used together with inert and phosphorescent Egyptian Blue parti-
cles, which serve as reference material due to similar spectral properties,
to enable dual-lifetime referenced (DLR) measurements [33,34]. This
technique is reportedly more robust than simple intensity measurements
and therefore small changes in pH can be detected more reliably. The pH
indicator and the reference material both can be excited with red light
(620 nm) and emit light in the NIR part of the electromagnetic spectrum.
The stability of the pH sensor spots at 37 °C was investigated over 10
days. The daily calibration points are fitted with a Boltzmann equation
(Eq.1) and the respective curves are shown in Fig. 1. The resolution of
the pH sensor spots has been calculated to be 0.003 pH units with a
response time tgs of around 30 s for a pH shift of 0.5 pH units from pH 7
to pH 7.5. A slight drift of about 0.01 pH units per day can thereby be
observed at the point of inflection. This drift is acceptable, keeping in
mind that only the relative change of the pH over two minutes is
measured to determine the acidification rate.
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Fig. 1. Sigmoidal calibration curves of a pH sensor spot in the course of 10
days. A shift in the apparent pK, of around 0.01 pH unit per day can
be observed.

3.2. Microfluidic chip fabrication and sensor integration

PDMS is the most common material for microfluidic chips for cell
conditioning. The material is known for its ease of fabrication and its
excellent oxygen permeability, leading to air-saturated conditions in the
cell media. However, PDMS is also known for its unspecific binding of
substances due to the lipophilic character of the material [27,28]. In
order to be able to perform respiration measurements, an oxygen
impermeable chip material was used. COC has an oxygen permeability
of 18.52 cm®*mm/m? day atm [35], very good optical properties and
good biocompatibility and is consequently a suitable material for
respiration measurements of cells in a microfluidic device. Therefore,
the injection molded structured part of the chip, as well as the cover foil
is fabricated from this material. However, processing of thermoplastic
materials is significantly more effort when, due to small chip numbers,
fabrication methods for mass production are not an option. This problem
is addressed by utilizing a novel fast prototyping method.

The method allows the fabrication of microfluidic green bodies made
from thermoplastic materials, utilizing conventional injection molding
machines for optical media such as compact discs. Manufacturing of the
needed inlays comes at reasonable costs even for small series of proto-
type chips. Therefore, a master chip gets covered with nickel via elec-
troplating, forming the inlay yielding a negative master of the chip
structure. The technique is compromised by a limited structural height
of 250 pm and therefore no possibility for holes. Fig. 2b shows the 200
pm deep structure of the designed chip, whereas in Fig. 2c a ready-made
green body can be seen. Subsequently, the chips have to be cut out from
the disc and holes for positioning and the fluidic ports have to be drilled
during post-processing. Further the substrate was scratched with a drill
and the chip holder used as a stencil at the exact locations where the
sensor spots are afterwards placed. This marks enable the exact posi-
tioning of the spots and subsequently allow the alignment with the op-
tical fibers. Moreover, the rough mark improves the adhesion of the
hydrogel-based sensor spot to the smooth COC surface by enhancing
the mechanical link between the two materials.

The sensor material is deployed into the chambers of the chip via so
called microdispensing. This technique utilizes a piezoelectrically
driven tappet to mechanically force the sensor formulation through a
nozzle. With this method, viscos solutions and dispersions can be pro-
cessed. This is key for processing the pH sensor formulation, since it
needs to be quite viscous to prevent fast sedimentation of the ceramic
reference particles. It allows using particle sizes up to 10 pm in diameter
and is capable of printing into chambers and channels of microfluidic
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Fig. 2. Different development stages of the microfluidic chip; (a) Utilized concept of the microfluidic chip; (b) Sketch of the prototype after which the 3D print is
modeled; (c) Green body of the chip in shape of an optical media after injection molding; (d) Structured part of the chip after drilling of positioning holes and sensor
integration; (e) Fully assembled microfluidic chip with ports before collagen treatment.

devices, which cavities can be as deep as 5 mm. Depending on the set-
tings and sensor formulation, sensor spots as small as 500 pm can be
printed. The dispenser is mounted on a custom-made CNC platform
allowing exact positioning of the sensor spot. Since the optical fibers
used for read-out have an inner diameter of 1 mm, the goal is to produce
spots, which are smaller, so the entire spot contributes to the signal and
inhomogeneities within one spot do not affect it. Therefor the print
parameters were optimized in a way to produce spots with an average
size of 0.8 mm and an approximate height of 4 pm (in the dry state)
fulfilling this requirement. Fig. 2d shows the chip after sensor integra-
tion and allows for a size comparison between the optical fiber and the
sensor spot.

The simple port system is fabricated utilizing pieces of Tygon tubing.
They are glued into holes drilled in the structured part of the chip. The
inner diameter (0.51 mm) of this flexible material is a little bit smaller
than the outer diameter (0.79 mm) of the PEEK tubing, used for con-
necting the fluidic system, allowing a tight fit. The chips are closed using
a double-sided adhesive tape from which the structure of the micro-
fluidic channels has been previously removed. It is 80 pm thick and
contributes to the total height of the microfluidic structure. After lami-
nating the tape onto the structured part of the chip it is disinfected with
UV light. The COC cover foil is treated with ambient oxygen plasma to
disinfect it and activate its surface at the same time. The chip is

afterwards assembled in a laminar flow workbench, treated with
collagen and the ports are closed with disinfected plugs. The chips are
stored this way until they are calibrated right before use. An assembled
chip right before the collagen treatment is shown in Fig. 2e. The ho-
mogeneity of the flow conditions inside the microfluidic cell chamber
has been calculated with Autodesk CFD 2019 and is displayed in the
supporting information (Figure SI8).

3.3. Set-up characterization

In order to gain stable signals, a good alignment between the optical
fiber and the sensor spot must be guaranteed. Therefore, a chip holder
was manufactured, consisting of a frame for positioning the microfluidic
chip and an optical block, which supports the polished POF fibers. The
frame features a pocket at the bottom in which the microfluidic chip is
positioned with four pins. The pocket has the same height as the chip
and therefore presses it down when assembled on a heated stage. The
window in the frame is big enough to enable microscopic inspection of
the cell chambers and allow connection of the tubing to the chip. The
optic block is positioned with four bolts and screw nuts in the optical
window. It holds up to 16 POF fibers (two for each cell chamber) and
presses them onto the topside of the chip right above the sensor spots.
The CAD drawing of the chip holder is shown in figure SI2 (supporting
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information).

In order to minimize bubble formation during incubation, all culture
media is degassed at 37 °C and stored in glass syringes. Further, a bubble
trap is deployed right before the cell chamber in order to preheat the
media and capture bubbles before entering the microfluidic chamber
during incubation.

The pH sensor spots are calibrated by fitting the measurement points
with the Boltzmann equation (Eq.1). Fig. 3 shows the calibration curves
for all eight pH sensor spots of one microfluidic chip. The maximal value
under acidic conditions (top value A) is different for each spot due to
small variations in the ratio between the indicator dye and the reference
particles. These inhomogeneities of the sensor material are caused
during the microdispensing process of the dispersion due to the density
difference between the polymer solution and the ceramic reference
particles. However, the fluctuation of the top value barely influences the
apparent pK, (values displayed in Fig. 3) leading to similar sensor
characteristics. The pH measurements of the cell cultures are carried out
between pH 7.5 and 6.8 and are therefore perfectly covered by the pH
sensors linear range.

3.4. Cell cultivation

The microfluidic chip is treated with collagen after assembling to
guarantee a fast cell adhesion. (<4 h). The oxygen levels during the
seeding procedure are monitored with the oxygen sensor spots to ensure
a sufficient O supply. The oxygen concentration did not decrease under
22 hPa (£ 10 % air saturation). During cell seeding, the calculated ox-
ygen consumption per 10° cells was 0.024 = 0.015 hPa/min compared
to 0.85 + 0.12 hPa/min after cell attachment (time = 0, Fig. 7a). During
adhesion, the cells are in a state of low metabolic activity, which ex-
plains the low oxygen consumption rate before cells are attached to the
surface [36]. Fig. 4a shows a microscopic image of A549 cells just before
starting the incubation flow 3.5 h after seeding, confirming a dense layer
of adhered cells combined with non-adhered excess cells.

A549 human lung carcinoma epithelial-like cell line is a robust
model system with a high metabolic activity and is therefore a suitable
model for toxicological screening [37].

3.5. Acidification and respiration rate measurements

The cells are incubated with a flow of 10 pL/min, guaranteeing air
saturation of the cell media and therefore a sufficient oxygen supply for
the cells. The incubation flow is interrupted for the acidification and
respiration measurements and the decrease in oxygen and pH is moni-
tored. Fig. 5 shows four consecutive measurements conducted 44 h after
cell seeding. The flow of culture media is stopped for approximately 30
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Fig. 3. Sigmoidal calibration curves of eight pH sensor spots located in one
chip showing different top values but similar apparent pK, values.
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min, without letting the oxygen concentration decrease below 10 % air
saturation (22 hPa). As confirmed by the microscopic images, the cell
concentration in the second chamber (pO, Ch 2—2) is higher than in the
first chamber (pOy Ch 2-1) leading to a faster decrease of pO,,
respectively a steeper slope. Interestingly, the oxygen saturation in the
second chamber does not reach air saturation, even during the incuba-
tion flow. This is probably due the respiratory behavior of the cells in the
first chamber and shows how oxygen impermeable the used system is.
The effect of metabolic activity of the cells in the first chamber can also
be observed through the slightly lower pH during incubation flow in the
second chamber. However, this effect is way less pronounced for pH.

To calculate the acidification and respiration rates, the slopes of the
decrease after stopping the incubation flow, are analyzed. The first 60
measurement points (e.g. two minutes) show the most stable results and
are therefore optimal to determine the respiration and acidification rates
(see figure SI4 and SI5, supporting information). Fig. 6 shows two sets of
measurements from channel 2, conducted 18 and 44 h after seeding with
multiple measurements conducted at each point. Evidently, the repeat-
ability of the measurement is high and only minor differences are
visible, showing the robustness of this method. Within each set, a
measurement was done every 30 min. Since the cell concentration was
different between the two chambers, the respiration and acidification
rates are different as well. Interestingly, the gap between the difference
in acidification rate and respiration rate is not equal. This is probably
due to a varying buffer capacity of the media in the chamber originating
from a different initial pH value.

To show the potential of the oxygen and pH sensor spots for the
evaluation of the metabolism of viable cells, A549 cells are incubated
with FCCP and their response is monitored. FCCP is a compound known
for is upregulating effect on the respiration and acidification rate [24].
This effect can be reproduced in the conducted toxicity study shown in
Fig. 7. After seeding and an initial growth phase, three chambers are
incubated with different concentrations of FCCP. A strong increase in
the acidification and respiration rate can be observed for the concen-
trations of 0.5 and 5 pM. However, for the chamber incubated with 20
uM the respiration rate decreased with time during perfusion while the
acidification rate remained as before FCCP treatment. FCCP is known to
disrupt ATP synthesis [38], which could be an explanation to the
decrease in pH at concentrations of 0.5 and 1 pM. At 40 pM, FCCP causes
complete disruption of cellular microtubules leading to a disruption of
the ATP synthesis in mitochondria as well as the induction of apoptosis
[39]. These changes in cell viability are reflected by the decreased ox-
ygen consumption rate during perfusion with 20 pM.

4. Conclusion and outlook

In conclusion, we were able to introduce luminescent pH and oxygen
sensors into microfluidic systems, which are sensitive enough to mea-
sure the acidification and respiration rate of cell cultures. Moreover,
they showed excellent stability and can be used for at least 10 days
without major drift. Further, the sensor material and the measurement
had no effect on the cells and it can therefore be considered a non-
invasive method. As shown in a previous work [18] the developed
methodology can be used to monitor not only immortalized cell lines but
also primary human cells such as human umbilical vein endothelial cells
(HUVEC) and adipose-derived stem cells (ASC). By culturing cells under
dynamic conditions, physiological stimulus similar to in-vivo conditions
can be emulated and thus create more physiologically relevant models.
Since this sensor technology can quite easily be implemented to other
thermoplastic microfluidic systems and enables monitoring of cell
metabolism, it can pave the way to a more standardized and controlled
way of monitoring culture conditions within cell-based microfluidics
and organs-on-a-chip systems. In this aspect, the usage of industrial
manufacturing techniques for sensor integration is key, since it allows
reproducible measurements for a large number of experiments. Micro-
dispensing has shown its potential in this regard and can lead to the



B. Miiller et al.

Sensors and Actuators: B. Chemical 334 (2021) 129664

Fig. 4. Microscopic image of A549 cells in microfluidic cell chamber (a) before starting incubation flow 3.5 h after seeding and (b) after 12 h of incubation. The pH
sensor spot, which is located at the topside of the chamber, is visible (out-of-focus) at the top of both images. Scale bar: 1 mm. 20x magnification.
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Fig. 5. Stop/flow measurements for the determination of acidification and
respiration rates. Two consecutive chambers of one channel 44 h after seeding
are shown.

integration of even more parameters in a single microfluidic unit. These
complementary datasets are crucial for gaining deeper insights into cell
metabolism and a better understanding of cell-drug interactions.
Further work will focus on the enhancement of the microfluidic
system, improving channel dimensions, the port system, fabrication

02 respiration rate

with more advanced techniques such as injection molding and improved
bonding methods. Moreover, the optimization of the spotting process for
pH sensors will enable a simpler calibration routine with 2-point or 1-
point calibration. Overall, the goal is to improve the reliability and
ease-of-use of the system to enable high-throughput data collection and
subsequent comparison with existing data. On the long run, additional
sensor spots for temperature, glucose and lactate should be developed
and integrated in various microfluidic set-ups, enabling an even closer
look into metabolic processes. This is of tremendous interest for 3D cell
cultures and organ-on-chip systems, since there is a lack of inline
analytical methods for the determination of the cell metabolism and
monitoring of culture conditions.
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