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Introduction

Nanoparticles present a growing field within the industrial and
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Translation of advanced cell-based assays exhibiting a higher degree of automation, miniaturization, and
integration of complementary sensing functions is mainly limited by the development of industrial-relevant
prototypes that can be readily produced in larger volumes. Despite the increasing number of academic
publications in recent years, the manufacturability of these microfluidic cell cultures systems is largely
ignored, thus severely restricting their implementation in routine toxicological applications. We have
developed a dual-sensor integrated microfluidic cell analysis platform using industrial specifications,
materials, and fabrication methods to conduct risk assessment studies of engineered nanoparticles to
overcome this academic-industrial gap. Non-invasive and time-resolved monitoring of cellular oxygen
uptake and metabolic activity (pH) in the absence and presence of nanoparticle exposure is accomplished
by integrating optical sensor spots into a cyclic olefin copolymer (COC)-based microfluidic platform.
Results of our nanotoxicological study, including two physiological cell barriers that are essential in the
protection from exogenous factors, the intestine (Caco-2) and the vasculature (HUVECs) showed that the
assessment of the cells’ total energy metabolism is ideally suited to rapidly detect cytotoxicities. Additional
viability assay verification using state-of-the-art dye exclusion assays for nanotoxicology demonstrated the
similarity and comparability of our results, thus highlighting the benefits of employing a compact and cost-
efficient microfluidic dual-sensor platform as a pre-screening tool in nanomaterial risk assessment and as a
rapid quality control measure in medium to high-throughput settings.

resulting unique mechanical, magnetic, and electric properties,
as well as the strong surface reactivity, make nanomaterials
highly valuable in various fields, including electronics,

medicinal sectors because of their wide spectra of advantageous
properties. Due to their small nanometer dimensions,
nanomaterials display a high surface-to-volume ratio, causing
the properties of the surface layer to dominate over those of the
bulk material, altering the material's intrinsic properties." The
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cosmetics, diagnostics, drug delivery, and the food industry.>”
Unfortunately, the often-unknown effects of nanoparticles on
human health are still restricting their broader application,
especially within the food industry and cosmetics, where their
usage is still highly debated.” One of the main problems is that
collateral toxic health effects associated with nanoparticle
exposure are impossible to predict based on their
physicochemical properties alone. Consequently, toxicological
testing has therefore been highly recommended for all
nanomaterials®® to better understand the interrelationship
between nanoparticle exposure and human health.’
Conventional methods for testing the safety of nanomaterials
include in vivo animal models, which, apart from pressing
ethical concerns, present a labor-, time-, and cost-intensive
endeavor. Additionally, pre-existing genotypic and phenotypic
differences between humans and animals, eg, rodents,
decrease the tests' validity and translatability."® Alternatively,
in vitro, cell-based assays, e.g., MTT, calcein-AM/PI, or WST-1
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assays, are performed to assess the impact of nanoparticle
exposure on cell viability, which in addition can be supported by
morphological analysis."" Since standard in vitro cell-based
assays are performed in microtiter plates, they are limited to
static cultivation conditions and time-consuming (45 min-4 h),
invasive endpoint analysis. The absence of fluid flow, moreover,
can result in the gravitational settling of nanoparticles,
ultimately favoring nanoparticle aggregation, which has been
linked to the creation of physiochemical stress as well as cell
death."" In other words, reported cytotoxicities using static cell
culture conditions may not represent the actual toxicity levels of
the investigated nanomaterials. This methodological limitation
impacts the predictability of nanotoxicological evaluations, as
uptake, accumulation, and biopersistence of nanoparticles
in vivo are primarily governed by dynamic microenvironments.

We have recently demonstrated that nanoparticle uptake
and thus toxicity is strongly modulated by fluid flow, resulting
in a strong increase in endocytosis mediated nanoparticle
uptake with increasing flow rates up to a critical maximum flow
rate above which nanoparticle uptake is severely restricted.'*

Its inherent ability to provide precise spatial and temporal
control over fluid dynamics, coupled with low sample volumes
and a high degree of flexibility, has rendered microfluidics a
promising tool in nanotoxicology, as it allows for the
recapitulation of physiological scenarios such as the dynamic
nanoparticle exposure of cells within the human body in
custom-made platforms.'*"* In addition, the option to integrate
electrical or optical sensors further equips microfluidics with
the ability to non-invasively monitor various critical parameters
such as cell-to-cell, cell-to-substrate interactions as well as
metabolic activity.'*™'® Herein, the combinatorial monitoring of
oxygen consumption rates (OCR) and acidification rates (ECAR)
has proven to be a powerful strategy as it enables the
assessment of metabolic shifts or, more specifically, of
cytotoxicological effects exerted upon the cell by the uptake of
nanoparticles.

While several commercial and academic platforms (see ESIf
Table S1) that allow for the assessment of the two physiological
parameters OCR and ECAR have been developed, including the
Agilent's MitoXpress assay, the Agilent's Seahorse XF analyzer
platform, the O2k-FluoRespirometer (Orobos), the SC 1000
Metabolic Chip (Bionas), and the Biochip D (Cellasys), these
platforms often fail to account for essential aspects such as
dynamic microenvironments, low-production costs, high
throughput as well as manufacturing scalability. Among these
commercially available platforms, only one technology allows
for the integration of the biophysical stimuli fluid flow.
Unfortunately, the broad applicability of this system is
hampered by the use of an electrochemical sensing approach,
low throughput (n = 6) coupled with a comparatively large
footprint. The use of an electrochemically based read-out also
constitutes one of the most significant disadvantages of current
academic strategies,””™* as these approaches have been
associated with complex integration procedures, the dependency
on reference electrodes as well as potential interferences
through the consumption of the analyte of interest.
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Optical sensing strategies, on the other hand, provide a
great alternative as they combine easy miniaturization,
integration, and external read-out with low manufacturing
costs. Furthermore, optical sensor spots have already shown
great promise in determining several essential cell functions,
including cell cycle stage, viability, apoptosis, and necrosis, by
detecting pericellular concentrations of dissolved oxygen.'® In
addition to cellular respiration, the metabolic activity of cells
defined by the accumulation of acidic products such as lactic
acid and carbonic acid (e.g., pH-shift) can be monitored using
dye-impregnated sensor beads.”®> We have recently
demonstrated that luminescent oxygen and pH sensor spots
can readily be integrated into microfluidic devices and are
capable of monitoring cellular responses to different drug
exposure scenarios in a dynamic microenvironment.>' As
such, optical sensing strategies provide the optimal basis for
the assessment of crucial cellular parameters such as
metabolic activity in the context of industrially relevant
nanotoxicological screening platforms.

This study aims to determine whether the non-invasive
monitoring of the two metabolic parameters cellular respiration
and acidification can be suited to detect nanotoxicological
effects in a dynamic microenvironment. Specific focus of the
study is directed towards the applicability of non-invasive
monitoring as a rapid tool for cellular viability assessments. To
that end, a cost-efficient, automatable, dual-sensor integrated
microfluidic cell analysis platform compatible with industrial
mass manufacturing strategies has been developed adhering to
industrial specifications (e.g, aspect ratios, angles, etc.),
materials (e.g,, thermoplastic such as COC) and fabrication
methods (e.g:, injection molding). First, measurement protocols
for non-invasive and real-time monitoring of the two metabolic
markers were established and optimized using a highly
metabolically active cell line (A549), originating from the alveoli
of the lung. Practical application of our industrial-relevant
prototype is demonstrated by investigating the two main entry
routes of nanoparticles, including the gut barrier in the case of
oral exposure as well as the circulatory system via the
endothelial barrier.”” Established cell barrier models based on
immortalized cell lines originating from the small intestine
(Caco-2 intestinal epithelial cells) and primary endothelial cells
(human umbilical vein endothelial cells, HUVEC) were used.""**
Finally, SiO, nanoparticles were selected as reference
nanomaterials due to their extensive usage in agriculture,
cosmetics, health applications as well as targeted drug
delivery.** Assay verification was performed using state-of-the-
art dye exclusion assays as a benchmark to demonstrate the
comparability and benefits of employing a microfluidic dual-
sensor platform as a rapid nanotoxicological pre-screening tool
in medium-throughput to high-content settings.

Materials and methods

Cell culture

A549 human lung carcinoma cells (ATCC® CCL-185™) were
cultured in RPMI 1640 Medium (Gibco) supplemented with

This journal is © The Royal Society of Chemistry 2021
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10% fetal bovine serum (Sigma Aldrich), L-glutamine (Sigma
Aldrich), and 1% antibiotic/antimycotic solution (Sigma
Aldrich). Human umbilical vein endothelial cells (HUVECs,
PromoCell) were cultured in fully supplemented endothelial
cell growth medium 2 (EGM-2, PromoCell) with 5% fetal calf
serum up to passages 5-9. Caco-2 (ATCC® HTB-37™) cells
were cultured in Eagle's minimum essential medium
supplemented with 20% fetal bovine serum (Sigma Aldrich)
and 1% antibiotic/antimycotic solution (Sigma Aldrich). All
cell cultures were incubated in a humidified atmosphere with
5% CO, at 37 °C.

Nanoparticles

Silica nanoparticles (SiO,-NPs, NM200-JRCNM02000a) with a
particle size of 14-23 nm (batch-to-batch variation) and a
specific surface area of 189 m> g™ were kindly provided from
the Nanomaterials Repository of the Joint Research Centre
(JRC, Ispra, Italy). The silica nanoparticles were dispersed in
ddH,O0 at a concentration of 10 mg mL™" by sonication for 30
min. To mitigate errors associated with SiO, precipitation
within the stock suspension, the nanoparticle solution was
vortexed for 1 minute prior to dilution in cell culture medium
in the presence or absence of 10% FCS depending on the
conducted experiment. The stock solution (10 mg mL™) was
stored at 4 °C.

Microfluidic platforms

1. Academic prototype. Due to its disadvantageous gas
permeability properties that render PDMS undesirable for

A

Seeding and On-Chip Cultivation

Excitation

Inlet Outlet
m Emission 4
LIl = — |H
OpSensor —| | ]
T e eSS =
Inlet Outlet
Excitation
H Emission
LI
Nanoparticles — | ° L

4;*._- —p

:i;"*:( e 3?”:‘:

Nanotox Exposure

— | — Effectof

View Article Online

Paper

precise oxygen measurement applications, a xurography based
approach was selected for the fabrication of the prototype.
Xurography is a rapid prototyping technique that allows for
further reduction in iteration periods in chip fabrication
compared to standard photolithography.>*® Using this
approach a microfluidic device (25 mm x 75 mm x 2.2 mm)
consisting of a pre-structured adhesive tape (ARcare 8259 and
ARseal 90880, Adhesive Research, Ireland) layered between two
glass slides (VWR) was fabricated as previously described.””
Glass was selected as bottom and top substrate to limit
unwanted gas transfer during on-chip oxygen measurements.
Each biochip layout (see Fig. 2A) features four inlets (drilled
diameter 1 mm) that extend into 400 um wide channels and
split into two channels, resulting in 8 cell culture chambers of
0.22 cm® area and 300 um height in total (total volume of 6.6
pL). Luminescent sensors (r = 0.5 mm) were spotted at different
locations inside the cell culture chambers as previously
described.””*® Additionally, fixtures to house the microfluidic
chip and optical fibers were designed using the CAD software
(AutoCAD 2017), 3D printed (Original Prusa i3 MK2, Prusa
Research), and assembled onto the microfluidic chip.

2. Industrial prototype. Two microfluidic layouts V1 and V2,
were designed wherein version 1 (V1), in addition to the Mini
Luer connectors at the four inlets and eight outlets, an
integrated optical fiber holder (height 10 mm, width 5 mm,
diameter 2 mm) was added to stabilize the fibers during
luminescent lifetime measurements. The industrial COC-based
microfluidic prototypes were manufactured using a high-
precision injection molding machine (Engel V200 90 Tech,
Arburg) and sealed by bonding a microscope slide with a 142
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Fig. 1 Set-up and working principle of microfluidic nanotoxicological assessment and on-chip luminescence-based oxygen and pH sensing. A)
Schematic representation of the main components during the microfluidic nanotoxicological assessment. Cells are seeded through the inlet of the
microfluidic chamber to form a confluent monolayer. Light emitted from the FireSting oxygen/pH meter is guided through the optical fibers and
excites the oxygen and pH sensors spots located on the upper part of the chamber. The sensor spots generate oxygen and pH concentration-
dependent light signals (emission), which are guided back through the optical fibers and detected by the oxygen/pH meter. B) To measure OCR
and ECAR, medium perfusion through the chip (Q, 10 ul min™) was stopped (to), and the decrease in oxygen pressure and pH within a specific time
frame (t; — to) was measured, enabling the determination of metabolic rates within a few minutes. OCR (ApO,) and ECAR (ApH) were measured
before cell seeding, after overnight cell adhesion and proliferation, and after three h nanoparticle exposure. After the on-chip nanotoxicological

assessment, cell viability was controlled with live/dead staining.
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Fig. 2 Characterisation of the oxygen pressure in the microfluidic cell
culture chambers. A) Characterisation of the oxygen pressure along
microfluidic cell culture chambers in glass prototype. Four oxygen
sensor spots were positioned in line along the flow direction to
optimize the flow for a homogenous oxygen pressure. B) Measured
oxygen gradients in cell culture chamber with a monolayer of A549
cells at different flow rates of medium with flow rates above 10 nl
min~%, a homogenous oxygen pressure was obtained in the upper 3/4
part of the chambers (sensor 1-3) while the cells at the lower part
never received fully oxygenized medium (sensor 4).

pum thick pre-cut (GS-24 Desktop Cutter, Roland DGA
Corporation, Germany) adhesive film (ARseal 90880, Adhesive,
Research, Ireland) to the microfluidic COC biochip layer. Before
bonding, two ~250 pm small pockets were drilled inside the
cell chambers using a 0.8 mm drill mounted on a micro-
milling-CNC machine (from BZT (PFK0603) equipped with a
milling motor from Kress (1050FME)) to (a) reliably locate the
two sensor spots and (b) to enhance the adhesion of the sensor
material to the chip. Chemiluminescent oxygen and pH
sensors were spotted into the separate 800 um wide pockets
using a microdispenser (MDS3200+, Vermes) equipped with a
70 um nozzle and a tungsten tappet was used (tip diameter of
0.7 mm).

Luminescent oxygen and pH sensor integration

For the glass prototype, oxygen sensor microparticles
(polystyrene-silicone rubber composite matrix with embedded
palladium(n) or platinum(n) meso-tetra(4-fluorophenyl)-
tetrabenzoporphyrin  (PATPTBPF and PtTPTBPF)) were
integrated into the academic prototype by manually pipetting

4240 | Lab Chip, 2021, 21, 4237-4248
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1 pL of the particle solution directly onto the glass substrate
before bonding. Sensor spots were positioned directly above
the cell culture chambers. Fabrication and characterization
of the oxygen sensor microparticles are described in the work
by Ehgartner et al’® For the industrial COC prototype
fabrication, the oxygen sensor formulation consisted of 82.5
mg poly-tert-butylstyrene particles, stained with 2% PtTPTBPF,
which were suspended in 1650 mg of a hydrogel Hydromed
D4 solution (5%) in isopropanol/water (3 + 1), leading to a
relative PtTPTBPF concentration of 1% after solvent
evaporation. In turn, for the pH sensor formulation 0.33 mg
of an aza-BODIPY pH indicator dye 4-(5,5-difluoro-7-(4-
hydroxyphenyl)-1,9-diphenyl-5H-514,6A4-dipyrrolo[1,2-c:2',1"f -
[1,3,5,2]triazaborinin-3-yl)-N-dodecylbenzamide were combined
with 54.8 mg of a microcrystalline silanized Egyptian Blue as
reference.”’ Both luminophores were suspended in 1380 mg
of a solution of hydrogel Hydromed D4 (8% w/w) in THF/
water (9 + 1), leading to an indicator dye concentration of
0.2% w/w and a reference compound concentration of 33.3%
w/w after evaporation of the solvents. Homogenization of the
sensor formulations was accomplished utilizing a sonifier
(Branson) with ten pulses (1 s) and nine seconds cooldown
intervals.

CFD modeling of microfluidic flow profiles

To ensure that the microfluidic platform allows for the
establishment of uniform flow profiles and thus uniform cell
seeding as well as nanoparticle distribution, computational
fluid dynamic (CFD) simulations were performed. To that
end, 3D models of the microfluidic channel network and
cultivation chambers were established for the industrial
COC-based prototype using the CAD software Fusion 360.
Subsequently, the CFD software Autodesk CFD 2019 was used
to simulate flow profiles, velocities, and pressures at the
bifurcation points and along the cultivation chambers using
a channel height of 342 um. The cell culture medium was
approximated using the physical properties of water (dynamic
viscosity # = 10-3 Pa s, density p = 1 g mL™", 37 °C). The
medium flow rate at the inlet was set to a volumetric flow
rate of 10 ul min™ to match the external pumping parameter
during on-chip nanoparticle flow experiments. The mesh size
was automatically generated by the software and optimized
after each iteration step. To further support the results
obtained by the CFD simulations, microfluidic studies
employing fluorescently labeled particles (¢ 4.8 pm) were
conducted. The analysis of particle speed was performed
using the TrackMate Plugin® and the software Image].

Nanotoxicological reference examination

Before the conduction of the microfluidic toxicology assays,
nanotoxicological reference experiments were performed
using a conventional Presto Blue (Invitrogen) viability assay
in a 48well plate format with a protocol adapted from
Rothbauer et al.® Toxic effects of increasing concentrations
of SiO,-nanoparticles were asessed using the two epithelial

This journal is © The Royal Society of Chemistry 2021
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cell lines A549 and Caco-2, as well as the endothelial cells
line HUVECs. Cells were seeded at a density of 3 x 10* cells
per well and cultivated under standard conditions (37 °C,
5% CO,) until an 80% confluency was reached. Since
serum supplements in cell culture media can alter the
bioactivity of nanoparticles, nanoparticle exposure was
performed in both serum-free and serum-supplemented
media (5-20% FCS).> The medium was changed to serum-
free cell media for 60 minutes prior to nanoparticle
administration. SiO, nanoparticles were diluted/prepared in
cell culture medium specific for each cell type, with and
without serum, at 7 different concentrations (0 pg mL™,
15.6 ug mL™, 31.3 pug mL™', 62.5 pg mL™, 125 pg mL™",
250 pug mL™", 500 ug mL™).**** Cell culture medium was
aspirated and replaced with medium containing SiO,
nanoparticles and incubated for 4 hours to induce
nanotoxicity. After incubation, the nanoparticles were
aspirated, and the solution was replaced with medium
containing serum to allow for cellular regeneration (18 h).
Subsequently, medium containing 10% Presto Blue (Thermo
Fischer Scientific) solution was added, and the plates were
incubated for another 2 h at 37 °C. The fluorescence of
each well was measured (560 nm and 590 nm) on a
microplate reader (PerkinElmer multimode EnSpire 2300).
Viability was determined by comparing the fluorescence
signal of exposed cells to that of the negative control (non-
exposed).

Microfluidic set-up

The microfluidic set-up comprised the sensor-integrated
microfluidic platforms mounted on top of a heated glass
plate (ThermoPlate® Tokai-hit, Japan) within an inverted
microscope (IX70, Olympus), connected (Marprene Manifold
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Tubes 0.25 mm, Watson-Marlow and Tubing FEP Nat 1/16 X
0.030, Idex Health and Science) to a peristaltic pump (205S/
CA manual control variable speed pump, Watson Marlow) as
well as 16 optical fibers (length 1 m, outer diameter 2.2 mm,
fiber diameter 1 mm, Pyroscience) via four FireSting optical
oxygen meters (2x FireStingO2, 2x FSPRO-4, Pyroscience,
Germany).

The cell culture medium and the nanoparticle solutions
were preconditioned employing a desktop incubator,
connected to the peristaltic pump using FEP tubing (Tubing
FEP Nat 1/16 x 0.030, Idex Health and Science). Both the
oxygen meters and the microscope were connected to a
workstation enabling the interaction through the respective
interfaces  (Cellsens, Olympus and  OxygenLogger,
Pyroscience). Fig. 3 comprises a schematic representation of
the microfluidic set-up.

Nanotoxicological assessment

Prior to nanotoxicological experiments, the COC microfluidic
prototypes were sealed with micro plugs (Hard Tubing
Connector, Micro Fluid Connector, and Micro Plug, ThinXXS)
and sterilized for 30 minutes using UV light. Microfluidic
ports and tubing were sterilized in 70% ethanol before
connection to the chip, followed by extensive rinsing with
PBS (Sigma Aldrich). Before cell seeding, the chip was coated
with 5% collagen type I (Sigma-Aldrich) solution for 1 hour at
37 °C and rinsed with sterile PBS (Sigma Aldrich). The heated
microscope plate was set at 37 °C, and the microfluidic chip
was connected to either cell culture medium or nanoparticle
solutions (15 mL and 50 mL, Falcon, Fisher-Scientific)
located and preconditioned inside a desktop incubator (37
°C). The cell culture medium that was used during on-chip

cultivation  (until nanotoxicological assessment) was
C Microfluidic Set-Up
Pump
X Waste
Medium Reservoir
| Optic Fibers
: Inlet N Outlet
N
\ / Tubing

Sensorspots

Microfluidic Device

—— N
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Microscope

Industrial prototype of the microfluidic chip with integrated sensors. A) 3D CAD designs (V1 and V2) of the top layers of the 8-chamber

chip, including inlets, fluidic splitter, culture chambers, and outlets. V1 (upper panel) displays integrated holders for the optical fibers. B)
Photograph of the manufactured chip, (V1), injection-molded in COC and bonded to a glass substrate. C) Overview of the microfluidic set-up
comprised of the microfluidic platform mounted on top of a heated microscope stage. D) A sketch illustrating the integration process of the
luminescent sensor spots into the top part of the microfluidic device, as well as a schematic illustrating the working principle of the individual

sensor spots.
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supplemented with 0.5% 2-[4-(2-hydroxyethyl)-1-piperazinyl]-
ethanesulfonic acid (HEPES, Sigma Aldrich). Oxygen and pH
monitoring was performed at a sampling frequency of 1 Hz
and an LED intensity of 80x. For the calibration of 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 culture medium to account for slight environmental
changes. This calibration was used for all oxygen sensor
spots. Anoxic conditions were established by adding NaSO3,
air saturated conditions by shaking the medium right before
measurement. To calibrate the pH sensor spots, the signal of
each spot was recorded after exposing each chamber with
buffers of 8 different pH values ranging from pH 4-10. The
cotangents of the measured signal were plotted against the
pH values, and the calibration function was obtained by
fitting with a Boltzmann sigmoidal equation (as previously
described®") in a data analysis program (GraphPad Prism).
Following cell seeding (5.5 x 10° cells per chamber) and
an attachment period of three hours, medium perfusion (5
uL min~') was initiated and maintained for at least 16 hours
(e.g., overnight proliferation) before nanoparticle exposure.
Time-resolved measurements of the oxygen consumption and
acidification rates were conducted sequentially by halting the
flow for 5-10 minutes once every hour. OCR (AO,) and ECAR
(ApH) were calculated by employing the following equations:

Ap Olpostsioz - Ap Olno,ccns

Cell viability (%) — 100
Ap OZpreSiOZ ~ApO2,,_cu,

ApH
ApH

ApHpostSiOZ B
ApH

no_cells

Cell viability (%) = 100

preSio, no_cells

For ApO,, and ApH,, cens the measured variation in

0_cells

oxygen pressure and pH in chambers without cells during
the stop phase was used (n = 3). In total, three recordings
were taken during each period to estimate the mean (n = 3)
difference in oxygen pressures (referred to as AO, in the
result section) before and after exposure to the nanoparticle
suspensions. Increasing concentrations of SiO, nanoparticles
in serum-free medium without HEPES at a flow rate of 10 pL
min~' were added for a period of 3 h, and oxygen
consumption and acidification rates were monitored. For
each cell type, the microfluidic nanotoxicity assessment has
been repeated a minimum of 6 times using different
passages of cells and batches of microfluidic chips. At the
end of each experiment, cell viability was determined
employing a LIVE/DEAD® Viability/Cytotoxicity Assay kit (Life
Technologies, Vienna, Austria), Hoechst 33258 solution
(94403, Sigma Aldrich) and a fluorescent microscope (IX83
Olympus LifeCell). Staining solutions were prepared
according to the manufacturer's instructions and incubated
for 15 min at 37 °C. Cells were analyzed and counted with
the image analysis software Fiji or Image], respectively. In
addition, phase-contrast images were taken before and after
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nanoparticle exposure to assess cell

morphology.

any impact on

Statistical analysis

Cell viability and extracellular acidification rate data were
expressed as mean + SD or mean + SEM. The statistical
comparisons of means were performed employing a one-way
analysis of variance (ANOVA) test using the biostatistical
analysis software GraphPad. Significances were depicted as
follows: <0.0332 (*), <0.0021 (**), <0.0002 (***). Estimation
of the inhibition concentration 50 and 90 (ECsy, ECqo) wWas
performed using the SigmaPlot software.

Results and discussion

From the academic prototype and design optimization to
industrial prototyping

As a starting point of our design optimization strategy, a
previously published microfluidic chamber design®” (9 x 3 x
0.3 mm per cell culture area 0.22 cm”, 6.6 uL volume) was
used to evaluate on-chip luminescence-based oxygen and pH
sensing (see Fig. 1) as a novel tool for rapid nanotoxicological
assessments. Initial experiments determined the dissolved
oxygen distribution within our microfluidic cell culture
chambers to estimate dissolved oxygen levels along the 9 mm
long confluent cell layers. To monitor oxygen gradients along
the entire length of the culture chamber in the presence of
increasing flow rates, four oxygen sensor spots were
distributed evenly along the flow direction (see Fig. 2A) and
alveolar lung cells (A549), known for their high metabolic
activities, were used in this study. Results are shown in
Fig. 2B, pointing at a clear flow velocity-dependent oxygen
distribution along the cell cultivation chamber. In other
words, in the presence of lower flow rates such as 2.5 to 5.0
uL min~', a significant cell-induced oxygen level drop from
160 hPa to 50 hPa or 3.4 fold reduction and 190 hPa 110 hPa
or 1.7 fold reduction are apparent between sensor 1 and 4.
Continuous cellular oxygen uptake resulted in (a) linear
dissolved oxygen gradient along the chamber at 2.5 uL min™"
flow rate, (b) a linear increase of oxygen levels from 160 hPa
to 200 hPa at the upstream sensor 1 location in the presence
2.5, 3.0, 4.0, 5.0 and 10 mL min~* and (c) oxygen saturation
(200 hPa) at locations 1, 2 and 3 in the presence of 10 pL
min~'. This means that volume flow rates above 10 uL min™"
are needed to ensure comparable (+1.5% variation) oxygen
tensions throughout our measurement chambers. As an 11%
lower dissolved oxygen level between upstream sensor 1 and
downstream sensor 4 was still present even at flow rates of
50 uL min ' (data not showed), it was concluded that the
chamber length needs to be reduced to ensure a homogenous
oxygen pressure in the entire chamber.

To ensure that the design of the microfluidic device allows
for an even distribution of volume flow, a prerequisite for
uniform nanoparticle exposure and thus comparability and
reproducibility, a CFD simulation was performed (ESIt Fig.
S1). A flow velocity of 10 uL min™* (at the T-junction and cell
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culture chambers (5 uL min™")), which was selected based on
the initial oxygen distribution experiments, revealed a
uniform volume flow suggesting even nanoparticle
distribution throughout the chip covering the entire cell
culture area. Microfluidic studies employing fluorescently
labeled particles were conducted to further support the
results obtained by the CFD simulation. As expected, particle
distribution throughout the cell culture chamber revealed an
even flow as well as particle distribution.

Based on the above results, two minor design
optimizations were performed prior to the industrial-relevant
prototyping, including the reduction of the cell culture
chamber length by 20% (from 9 mm to 7.2 mm) to ensure
similar and homogenous oxygen pressure distribution along
the entire cell culture area under measurement conditions.
In addition, the channel width of the inlets and outlets were
narrowed from 1 mm to 0.5 mm to restrict unwanted cell
growth in the inlet that may compromise optimal oxygen
availability. Moreover, the spatial distance between individual
cell culture chambers was adapted to a microtiter plate
format (e.g, 9 mm center-to-center). Fig. S1t shows the
industrial prototype's final design and dimensions that
employ the oxygen impermeable material cycloolefin
copolymer (COC). While the microfluidic top layer (total
volume of 6 pL), including Mini Luer connectors, sensor
grooves, and optical fiber ports, was fabricated using hot
embossing technology, a glass microscope slide was bonded
to the microfluidic COC layer using an adhesive film ARseal
90880. Fig. 3 depicts the two configurations of the industrial-
relevant prototypes where design V1 features additional
guiding ports as a simple plug-in system for the optical
cables needed for the chemiluminescent oxygen and pH
measurements. Oxygen and pH sensors were spotted into the
circular grooves before the device assembly. Microfluidic
chips were stored in light-impermeable containers before
usage up to 24 months without any stability loss, sensor
drifts, and a decrease in signal (data not shown).

High sensitivity nanotoxicity assessment based on combined
oxygen consumption and extracellular acidification rates

Before on-chip experiments, the cytotoxicity of silicon oxide
nanoparticles (SiO, diameter 25.0 + 3.66 nm) was
characterized using standard static culture plates to
determine their suitability as a reference nanomaterial. Initial
experiments (see Fig. S31) show dose-response curves for
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lung, gut, and endothelial cells using decreasing
concentrations of nanosilica (500-250-125-62.5-31.3-15.6 ug
mL™") in the presence and absence of serum protein. This
study revealed that a 4-hour exposure in the absence of
serum protein is sufficient to induce significant cytotoxic
effects, thus confirming the mitigating effect of protein
corona at the surface of nanoparticles.*® Interestingly, a
significant cell type-dependent shift in MIC values from 9 g
mL™" to 23 pg mL™"' to 180 pug mL™"' was found for
endothelial, lung, and gut cells, respectively. The observed
differences in dose-response curves between the selected cell
types highlight the importance of including various cell types
in nanotoxicological evaluations. Table 1 lists the calculated
ECs, values obtained from our nanotoxicology study and
compares previously published values. As a result of our pre-
screening study, subsequent microfluidic nanotoxicity
assessments were conducted using 50 ug mL ™" nanosilica for
A549 (used in initial prototype study), 100 ug mL™ and 500
ug mL™" for HUVECs as well as 50 ug mL ™" and 500 pg mL ™"
for Caco-2 cells.

Next, the additive effect of nanoparticle perfusion, which
has been linked to an increase in nanoparticle uptake and
intracellular accumulation, on cytotoxicity was investigated in
more detail. In a comparative study, differences in cellular
viability among static and dynamic exposure scenarios were
evaluated. Viability results using live/dead staining are shown
in Fig. S61 and point at increased toxicities in the presence of
fluid flow. For instance, a decrease of viability by 13% (50 pg
mL™) and 25% (500 ug mL™") was observed in the dynamic
model compared to the static model for Caco-2 monolayers.
In the case of HUVECS, a decrease of 14% (100 ug mL™") and
25% (500 pg mL™") was observed for the dynamic exposure
scenario compared to the static exposure scheme. Table 2 lists
the calculated cell viabilities for each scenario and cell type,
as well as a comparison thereof. The modulatory effects of
fluid flow on nanotoxicity seen in the current work are in line
with previous investigations of our group and other
microfluidic studies on uptake and toxicity of nanoparticles
for epithelial and endothelial models, where dynamic
conditions increase cytotoxicity even for nanoparticle species
with low toxicity (e.g, Au nanoparticles)."**”° This
observation can be explained by a combination of i) increased
endocytosis mediated uptake under physiological shear stress
as well as ii) an overall higher dosage of nanoparticles at a
dynamic exposure scenario compared to a static exposure
scheme at the same concentrations.

Table 1 Calculated ECsq and ECqq values of SiO,-NP (25.0 + 3.66 nm) after 4 h treatment with A549, Caco-2, and HUVEC

Cell EC;, values from literature
type ECso (ug mL™) ECo (ug mL ™) (ng mL™", 0% serum)
A549 56 (0% serum) 419 (0% serum) 50 (60 nm)**
>500 (10% serum) >500 (10% serum)
Caco-2 >500 (0% serum) >500 (0% serum) >256 (55 nm)**
>500 (10% serum) >500 (10% serum)
HUVEC 20 (0% serum) 49 (0% serum) <50 (ref. 33)

97 (5% serum)

This journal is © The Royal Society of Chemistry 2021
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Table 2 Calculated cell viabilities for Caco-2 cells and HUVECs after 3 h
static and dynamic exposure scenarios with silica nanoparticles inside the
microfluidic COC prototype. Cell viabilities are derived from live/dead
assays and expressed as mean value + SD (n = 3-9). The difference in the
viability of the dynamic scenario compared to the static is shown under
“static vs. dynamic”
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The impact of cell type and number on cellular
acidification rates was investigated in subsequent
experiments using the industrial-relevant prototype to

determine optimum assay conditions. In a series of
experiments, Caco-2 cells and HUVECs were seeded with
increasing seeding densities (1 x 10°, 5 x 10°, and 1 x 10°

Caco-2 . . .
cells per mL), and pH shifts were monitored during cell
NP concentration Viability Viability Static vs. . .
X ; : adhesion and  spreading  processes. Extracellular
(0% serum) static dynamic dynamic o .
" acidifications rates, expressed as changes in pH, were
- 0, [ 0, . .
0 ng mL - 96.8 £ 1% 98.9= 1% 2.19%  measured every hour following a 20 min stop of flow. Results
50 pg mL 90.8 + 1% 79.5 £ 9% -12.45% L ; . .
500 pg mL™* 78.5 + 1% 58.8 + 2% —25.07%  Shown in Fig. 4A/B reveal a linear decrease in pH values in
the presence of increasing Caco-2 and HUVEC cell seeding
HUVECs densities after a 3 h cultivation period. Additionally,
NP concentration Viability Viability Static vs. luminescence-based = pH  measurements showed a
o X : :
(5% serum) statie dynamic dynamic significantly stronger (3-fold) metabolic activity of Caco-2
0 pgmL™" . 98.7 £ 0.5 95.5 +3.0 -3.11% cells over HUVECS (see Fig. 4C) already during cell seeding,
100 pg mL 97.5£05 84066 ~13.85% thus highlighting the ability of integrated microfluidic pH
500 pg mL 82.9+ 6.2 41.1 + 14.9 ~50.50% . ) .
sensing to detect even minor metabolic differences. To
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Fig. 4 Impact of cell density and cell type on ECAR. A) Cell number-specific acidification of Caco-2 cells during 3 hours of adhesion. B) Cell

number-specific acidification of HUVECs during 3 hours of adhesion. C) Calculated ECAR during 3 hours of adhesion for Caco-2 cells and HUVECs.
D) Cell number specific acidification of Caco-2 cells during stop flow phase 4 hours after cell seeding. E) Cell number specific acidification of
HUVECs during stop flow phase 4 hours after cell seeding. F) Calculated ECAR during stop flow phase 4 hours after cell seeding for Caco-2 cells

and HUVECs.
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determine the minimum assay time needed to identify
differences in cellular metabolism, acidification rates are
recorded after 3 h post-seeding for every two minutes in the
presence of increasing cell numbers. Fig. 4D shows pH shifts
induced by the metabolic activity of Caco-2 cells over a period
of 20 min resulting in a total ApH of 0.13 + 0.04, 0.56 + 0.09,
0.845 + 0.06 after 3 hours of cell adhesion (for 1 x 10° 5 x
10°, and 1 x 10° cells per mL, respectively). The above cell
densities were selected to achieve either a confluent
monolayer of cells (1 x 10° cells per mL), 50% surface
coverage (5 x 10> cells per mL) and 10% confluency in the
presence of 1 x 10° cells per mL. Similar results were
obtained using HUVECs, where a total ApH of 0.22 + 0.02
and 0.37 + 0.01 was obtained for higher cell densities (see
Fig. 4E). In other words, metabolic differences can be readily
detected within 10 min during stop-flow conditions (see
Fig. 4F). To further investigate whether pH changes can be
identified during continuous flow conditions, cellular
acidification rates were constantly monitored during
nanoparticle exposure. Fig. 5 shows calculated pH values over
a period of 1 hour in the absence and presence of increasing
nanoparticle concentrations. While measured pH values in
control chambers containing no cells but NPs remained
stable, the chambers containing monolayers of Caco-2 cells
all revealed a time-dependent pH change. While in the
absence of nanoparticles, an almost linear pH decrease was
evident, chambers perfused with nanoparticle concentrations
of 50 ug mL™ and 500 ug mL™ revealed lower metabolic
activities that decreased over nanoparticle exposure time.
Similar results were observed in repeated experiments

Medium
[ Opg/mL
[ 50 pg/mL
[ 500 pg/mL
|
55

Fig. 5 Representative graph of extracellular pH in chambers with
monolayers of Caco-2 cells during nanoparticle exposure. While in the
control chamber (0 pg ml™Y), the ECAR of cells is higher than the
exchange of new medium, for both chambers exposed to
nanoparticles (50 and 500 pg ml™), a decrease in metabolic rate
(increasing pH) is observed, visualizing the toxicological effect of
nanoparticles.

Non-invasive Monitoring of pH
After Exposure to Nanoparticles

15 20 25 30 40 45 50

Time [min]
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Table 3 Change in extracellular pH for Caco-2 after 3 h perfusion with

silica nanoparticle at different concentrations expressed as mean values *
SD (n = 3-6)

Nanoparticle concentration ApH

0 pg mL™? -0.063 + 0.07
50 ug mL™" 0.288 + 0.04
500 pg mL ™ 1.282 + 0.25
Medium 0.018 + 0.01

displaying the same trend for each nanoparticle scenario.
Table 3 shows ApH presented as the difference in pericellular
pH between the start and after 3 h perfusion at a flowrate of
5 uL min~". Overall, the ability to rapidly obtain information
on dynamic cellular metabolic changes in a time-resolved
manner further supports the application of acidification rates
as a reliable and robust indicator of cell viability. However, to
increase the sensitivity of the integrated pH sensor solely,
stop-flow measurement conditions are used in all subsequent
experiments.

To finally verify the ability to detect induced metabolic
shifts in the presence of 50 pg mL™ and 500 pg mL™
nanosilica, in the case of Caco-2 cells as well as 100 pg mL™"
and 500 pug mL™" nanosilica in the case of HUVECs, oxygen
consumption rates, and extracellular acidification were
monitored. Fig. 6 shows raw data before and after exposure to
silicon oxide nanoparticle suspensions. Oxygen consumption
and acidification were recorded in triplicates before cell
seeding, after overnight adhesion before nanoparticle
exposure, and again after 3 hours of nanoparticles exposure.
During the stop-flow measurement period (pump off), an
immediate decrease in pericellular oxygen pressure (see
Fig. 6G) and extracellular pH (see Fig. 6H) was noticeable for
both cell types. In fact, obtained metabolic changes correlated
well with obtained cell viabilities using state-of-the-art dye
exclusion assays and morphological evaluations using phase-
contrast micrographs (see also Fig. S5f). While in the
presence of 10 uL min™' flow rates, oxygen and pH levels
remained stable, reduced oxygen depletion rates and pH
shifts (see insets) were already detected for Caco-2 cells in the
presence of 50 ug mL ™" silica nanoparticles. To evaluate the
comparability of on-chip metabolic sensing to standard cell-
based nanotoxicological assays, cell viabilities obtained from
oxygen, pH sensing, and live/dead staining in the presence of
increasing silica oxide nanoparticle concentrations were
compared between Caco-2 cells and HUVECs.

Results in Fig. 6G/H not only show a dose-dependent
viability decrease in the presence of increasing nanosilica
concentrations but also highlight the similarity of
calculated%-viability values. For instance, viability of Caco-2
cells after exposure to a nanoparticle concentration of 50 ug
mL™ decreased to 79.5 + 8.9% (live/dead), 79.4 + 6.1%
(oxygen consumption rates), and 77.1 + 9.2% (extracellular
acidification rates). In the presence of 500 pg mL™"
nanoparticles cell viability decreased to 58.8 + 2.4% (live/
dead), 52.3 + 5.2% (oxygen consumption), and 58.9 + 2.7%
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Fig. 6 Nanotoxicity assessment after three h perfusion in microfluidic cell culture chambers with different validation methods. A) Cell viability of
Caco-2 cells calculated with live/dead staining, oxygen consumption, and acidification rates. B) Cell viability of HUVECs calculated with live/dead
staining, oxygen consumption, and acidification rates. C) Fluorescence images of a live/dead assay of Caco-2 cells after 3 hours of nanoparticle
exposure. Scale bar: 50 pm. 20x magnification. D) Fluorescence images of a live/dead assay of HUVECs after 3 hours of nanoparticle exposure.
Scale bar: 50 um. 20x magnification. E) Phase-contrast micrographs of Caco-2 cells after (i) over-night proliferation in standard culture medium,
(ii) after 3 h perfusion of medium (control), (iii) after 3 h perfusion with 50 ug ml™ SiO,-NP (arrows depict detaching and disruptions in the cell
monolayer) and (iv) and 500 ug ml™* SiO,-NP (highlighted images present sections of detaching and fragmented cells). Scale bar: 100 um. 10x
magnification. F) Phase-contrast micrographs of HUVECs after (i) over-night proliferation in standard culture medium, (ii) after 3 h perfusion of
medium (control), (iii) after 3 h perfusion with 100 ug ml™ SiO,-NP (inlets display zoomed in picture sections of rounded/detaching cells and
apoptotic bodies) (iv) and 500 pg ml™ SiO,-NP. Scale bar: 100 pm. 10x magnification. Representative graphs of pH and oxygen measurements
during stop phase (pump off) and return to the baseline during the flow phase (10 ul min™) in microfluidic cell culture chambers before and after
nanoparticle exposure. The related flow profile is shown under each graph. G) Oxygen consumption of Caco-2 cells measured in three different
chambers with increasing nanoparticle concentration (green lines: before nanoparticle exposure, orange lines: after nanoparticle exposure). H)
Extracellular acidification of Caco-2 cells measured in three different chambers with increasing nanoparticle concentration (green lines: before
nanoparticle exposure, orange lines: after nanoparticle exposure).
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(acidification). Similar comparability was found using
HUVECs where 3 h exposure to 100 ug mL ™" nanoparticles
resulted in a cell viability decrease to 84.0 + 6.6% (live/dead),
81.6 * 6.3% (oxygen consumption), and 79.7 + 4.3%
(acidification), respectively, while 500 ug mL™" concentration
revealed a viability of 41.1 + 14.9% (live/dead), 37.6 + 11.6%
(oxygen consumption), and 36.1 + 11.6% (acidification).

In fact, data analysis (see Fig. S47) has shown that by
using this sensor-based microfluidic analysis approach,
cellular viabilities can be readily detected after 20 seconds,
resulting in a 90-720x reduction in assay time, compared to
conventional viability assays. Examples from live/dead
staining images after nanoparticle exposure are depicted in
Fig. 6C (Caco-2) and D (HUVECs). It is also important to note
that microfluidic culture conditions, including the assay
protocol, did not have a significant adverse effect on cell
viabilities since control measurements yielded viabilities
around 100 + 5%. Since morphological evaluations are also
routinely conducted to assess adverse effects of
nanoparticles, phase-contrast images are also provided in
Fig. 6E/F. As an example, before NP-perfusion, Caco-2 cells
formed a confluent monolayer exhibiting a cobblestone
morphology typical of epithelial cells (Fig. 6Ei), which
changed following the exposure to 50 and 500 ug mL™"
nanoparticles, wherein Caco-2 cells displayed a disrupted
monolayer, detaching as well as fragmented cells (Fig. 6Eiv).
Similar morphological changes were observed in HUVECs,
which initially showed elongated cells (Fig. 6Fi), leading to
rounded cell morphology, characteristic for detaching cells,
as well as indications of cellular fragmentation (Fig. 6Fiii).
After exposure with the highest concentration (500 pg mL™),
cell density reduction, irregular shape, and cellular shrinkage
(apoptotic cells) were observed (Fig. 6Fiv).

Conclusions

In the current work, we have developed an industry-
compatible microfluidic multi-sensor integrated prototype to
accelerate the transition from academic prototyping to large-
scale production of next-generation microfluidic systems
containing integrated optical microsensors. It is essential to
highlight that a wide range of academic prototypes can either
not be fabricated by large-scale microfluidic producers or
need significant re-engineering, thus resulting in long
development times and accumulation of costs. This
academic-industrial development gap can primarily be
associated with the different materials and methods,
including design specifications used for rapid prototyping in
academic and industrial settings. While academic
prototyping moves from soft lithography using PDMS to 3D
printing technologies, industrial manufacturers are still
limited to hot embossing and injection molding using
thermoplastic polymers (e.g., COC, PMMA, PE). This means
that material choice and properties, as well as
manufacturable aspect ratios, wall angles, and other features,
are predefined by industrial standards.

This journal is © The Royal Society of Chemistry 2021
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We have employed a two-step engineering strategy to
reduce the overall microfluidic development time needed to
go from academic prototyping to industrial prototypes to
piloting to mass production. While in the first step,
xurography is used to optimize geometries of the microfluidic
network, two injection-molded substrates using COC are
fabricated in a second step to produce industrial-relevant
prototypes. Although device assembly, surface modification,
and sensor integration are still performed manually, a
medium number (above 100) of fully functional biochips can
be readily built and tested prior to a final design freeze
needed for large-volume production using automated
assembly streets. In our study, we demonstrated the ability to
non-invasively monitor cellular metabolic activities, including
oxygen consumption and acidification rates, in real-time
using our industrial-relevant prototypes. Our results show
that oxygen consumption and extracellular acidification rates
linearly depend on increasing cell densities but significantly
differ between cell types featuring higher (e.g., cancer cells)
or lower (e.g., primary cells) metabolic activities. In a final
practical application, our dual-sensing microfluidic platform
was used to reliably and reproducibly determine the
cytotoxicity of SiO, nanoparticles on epithelial (Caco-2) and
endothelial (HUVEC) cells. Results of our microfluidic
nanotoxicological screening study further revealed that rapid,
non-invasive monitoring of nanomaterial-biology interactions
provides similar outcomes than recommended endpoint cell-
based assays using dye-exclusion principles, while
significantly reducing assay times by a factor of 90-720x. In
summary, the developed chip system is ready to be directly
translated into mass production due to the fast and time-
efficient prototyping strategy, manufacturability of the
industrial-relevant prototypes combined with the easy
operation and integration of sensors spots.
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