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ARTICLE INFO ABSTRACT

Keywords: Reactive oxygen species (ROS) have different properties and biological functions. They contribute to cell
ROS signaling and, in excessive amounts, to oxidative stress (OS). Although ROS is pivotal in a wide number of
Cell f’iability physiological systems and pathophysiological processes, direct quantification in vivo is quite challenging and
Multiplex assay mainly limited to in vitro studies. Even though advanced in vitro cell culture techniques, like on-a-chip culture,

rgan-on-a-chip have overcome the lack of crucial in vivo-like physiological aspects in 2D culture, the majority of in vitro ROS

Antioxidant
Oxidative stress quantification studies are generally performed in 2D. Here we report the development, application, and vali-
Angiogenesis dation of a multiplexed assay to quantify ROS and cell viability in organ-on-a-chip models. The assay utilizes

three dyes to stain live cells for ROS, dead cells, and DNA. Confocal images were analyzed to quantify ROS probes
and determine the number of nuclei and dead cells. We found that, in contrast to what has been reported with 2D
cell culture, on-a-chip models are more prone to scavenge ROS rather than accumulate them. The assay is
sensitive enough to distinguish between different phenotypes of endothelial cells (ECs) based on the level of OS
to detect higher level in tumor than normal cells. Our results indicate that the use of physiologically relevant
models and this assay could help unravelling the mechanisms behind OS and ROS accumulation. A further step
could be taken in data analysis by implementing Al in the pipeline to also analyze images for morphological
changes to have an even broader view of OS mechanism.

1. Introduction

Reactive Oxygen Species (ROS) are charged, uncharged or free
radical oxidants mainly produced by oxidative metabolism [1]. ROS are
involved in physiological [2] and pathological processes [3,4]. At low
concentrations they act as signaling molecules [3,5-7], through oxida-
tive post-translational modifications [8] they regulate cell proliferation,
hypoxic environment adaptation [9] and cell shape [10]; they play a
role in vascular tone [11] and angiogenesis regulation [12,13]. At high
levels, ROS are harmful molecules which oxidize macromolecules and
provoke structural cell damage which can lead to cell apoptosis [8]. This
condition is called oxidative stress (OS) and is characterized by an in-
crease in oxidants together with a depletion of antioxidant responses
[14]. Intracellular ROS accumulation can contribute to endothelial
dysfunction [15] and ischemic neo-vascularization [16]; it is implicated
in atherosclerosis [17], endothelial mesenchymal transition [18], aging
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[19], hypertension [20], and cancer [13]. In angiogenesis, higher ROS
levels are expected compared to quiescent endothelial cells (ECs) but
lower compared to pathological angiogenesis as in cancer. In cancer it is
known that the cause of increase in ROS is the uncontrolled angiogenesis
and inflammatory state typical of this condition [13], while for other
processes [21] such neurodegenerative diseases [22] the role played by
OS is still not completely understood.

Quantification of ROS is a pivotal tool to understand the role of OS
and ROS in pathological and physiological processes. Unfortunately,
ROS quantification is quite challenging, mainly due to their highly
reactive nature, short half-life, and localization in discrete sub-cellular
compartments which limit their direct quantification generally to in
vitro studies [5,23,24].

To overcome the limitation to directly quantify ROS in vivo, the use of
physiologically relevant in vitro models is necessary. Advanced in vitro
cell culture techniques, like 3D cell culture [25-27] or organ-on-a-chip,
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which include perfusion, extracellular matrix interactions, and a 3D
structure, better mimic the complexity and physiology typical of the in
vivo situation compared to traditional 2D cell culture [28]. While effects
of ROS accumulation have been already studied in on-a-chip models to
investigate the effect of ROS on barrier integrity in a blood-retinal model
[29] or on cell viability in B lymphocyte [30], quantification of ROS has
been realized only in 2D cell cultures where ROS content is often
measured to study the effect of oxidant or antioxidants [31-36] in
parallel with cell viability [37].

Here we report the development, validation and application of a
scalable multiplexed versatile live-cell and image-based assay to quan-
tify ROS accumulation or depletion together with cell viability in 3D
organ-on-a-chip in vitro models. The ROS-viability assay utilized dihy-
drorhodamine 123 (DHR123), Hoechst and propidium iodide (PI) to
stain for intracellular ROS, DNA and dead cells, respectively. Fluores-
cence intensity of ROS, normalized against cell count, and cell viability
were quantified from the images acquired with a high-content (HC)
fluorescence microscopy. We utilized a vasculature-on-a-chip model
[38] to optimize exposure time and concentration of control to enhance
ROS content with tert-butyl hydroperoxide (TBHP), we used the assay to
quantify TBHP ECs in the accumulation mode and gallic acid, tocoph-
erol, resveratrol and curcumin to test the assay in depletion mode and to
quantify the ICsq of these antioxidants. To validate the assay we tested
standard media, TBHP, with and without curcumin and 0.1% of DMSO
in gut [39] and angiogenesis-on-a-chip [40] models. The latter was also
used to compare ROS content between quiescent and angiogenic EC to
show a low-throughput (LT) application of the assay. With this work we
show a new assay to quantify ROS multiplexed with a cell viability
readout in physiologically relevant on-a-chip models to use in studies
with different throughput.

2. Results

2.1. Short-term exposure and high concentrations of TBHP are required
to enhance ROS production

A vasculature-on-a-chip model was used to develop a scalable live-
cell image-based scalable assay to quantify intracellular ROS and cell
viability. The model consisted of human ECs (HUVEC), cultured against
a rat tail collagen I ECM in a tubular structure (Fig. S 1A) which was
maintained under gravity driven perfusion [38]. The ROS-viability assay
utilizes DHR123, PI, and Hoechst to stain cells for ROS, dead cells, and
DNA, respectively. Images of stained cultures were acquired with a HC
fluorescence microscope; ROS were quantified based on the fluorescent
signal produced by the oxidized version of DHR123, the fluorescent
rhodamine 123 (Rh123), normalized against the number of nuclei [41].
Cell viability was determined through the total number of nuclei and of
dying cells, stained with Hoechst and PI respectively.

To make the assay scalable, we developed what we termed the top-
bottom approach. To acquire the entire micro-vessel more than 30 im-
ages of the x-y plane, acquired at different heights along the z-axis (Fig. S
1 B, C), are required. The majority are low-content images, to visualize
the side of the micro-vessel (Fig. S 1C) while 6 are high-content images,
with the bottom and top of the micro-vessel. The top-bottom approach
focused only on these high-content images. We demonstrated (Fig. S 1D,
E) that the ROS measured were comparable, in terms of trend and sta-
tistics, to the one obtained with the entire micro-vessel. From now on,
unless specified, top-bottom approach was used to generate the results.

Different exposure times (0.5, 1, 2 and 5.5 h) and concentrations
(0.1, 1 and 10 mM) of TBHP were tested to select the condition for the
control which strongly enhances ROS content without affecting cell
viability or nuclei counts (Fig. S 2). Overall high concentrations (1 and
10 mM) combined with short-term exposure (0.5 h) were the most
effective conditions to enhance ROS production between 10 and 20-fold
compared to standard media. On the contrary, the low concentration
(0.1 mM) did not induce an effect in ROS content. All conditions did not
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affect cell viability. Based on these results 0.5 h was selected as the
optimal time for control exposure and from now on, unless specified, 0.5
h was used as exposure time.

An NO probe, DAF-FM diacetate (DA), was tested with and without
TBHP 1 and 10 mM (0.5 h) to confirm that with TBHP and the assay
different redox species are generated rather than ROS. no DAF-FM DA
staining was detected (Fig. S 3).

To quantify TBHP ECs, test the assay in accumulation mode, and
further optimize the concentration to use as control, 8 concentrations,
from 10 pM to 20 mM, were tested (Fig. 1). TBHP treatment caused a
clear concentration dependent increase in ROS (Fig. 1A, ROS-green)
without affecting dead (Fig. 1A PI-red) or nuclei count (Fig. 1A, DNA-
blue). There was a small but significant decrease in the cells count at
3 and 5 mM (Fig. 1B) and no effect for cell viability (Fig. 1C). In terms of
ROS content (Fig. 1D) the inefficacy of concentrations below 1 mM was
confirmed as well as the strong increase above 1 mM (p-value<0.0001).
Fluorescence intensity normalized against number of nuclei increases
with a sigmoidal trend and a linear range between 1 and 10 mM, where
the signal reached the upper plateau (Fig. 1E). The EC5¢ was 4.2 mM and
parameters of the fitted equation, are shown in Fig. 1E.

Because cell viability did not decrease over the concentration tested,
trans-endothelial electrical resistance (TEER) was measured for the same
concentrations for 0.5 and 1.5 h exposure (Fig. S 4). Overall, there was a
high variability in the response also without treatment, anyway for all
concentrations and exposure times TEER decreases but the effect was
not dose-dependent.

Taken together 10 mM TBHP was the most effective concentration
which can be used as positive control to study ROS accumulation, as
cells are still viable after the treatment, TEER is affected as much as with
the rest of concentration and its signal is stable and clearly different from
any autofluorescence observed in the media control.

2.2. Mitochondrial source of ROS detected in the assay

To exclude that ROS quantified in the assay derived only from
mitochondria, Antimycin A and Rotenone were tested separately and in
combination (Fig. S 5), together with 10 mM of TBHP for 0.5 h. Rote-
none seems to induce a decrease in nuclei count, except for untreated
cells, all the treatments induced similar level of ROS, while dead cells
were comparable between all conditions (Fig. S 5A). The decrease in
nuclei count induced by rotenone 20 pM or in combination with
antimycin-A was significantly different compared to untreated culture
(p-value = 0.0012 and 0.0436; Fig. S 5B). While the content of ROS
(Fig. S 5C) was similar besides the treatment with inhibitors. It was
possible to notice that rotenone, alone or with antimycin-A, induced also
a change in morphology of the DHR123 staining and tubule seems
disrupted.

2.3. ROS depletion assay set-up to screen for antioxidant compounds

After selecting the optimal dose of TBHP to enhance ROS signal we
investigated ROS depletion using a dose-response study with curcumin,
resveratrol, gallic acid and tocopherol to screen for antioxidants. Be-
tween 8 and 9 concentrations of antioxidants were tested to quantify
ICsp based on ROS signal depletion, and to select a reference control for
this set-up. To exclude the possibility that TBHP and the antioxidant
reacted in solution with the consequent decrease in concentration of the
oxidant (TBHP) applied to the cells, we compared qualitative results
from separate and combined exposure of oxidant and antioxidant. In
both cases a comparable decrease in the ROS signal compared to the
TBHP control could be observed (Fig. S 7). The combined exposure was
used for all further experiments.

The highest concentration was determined based on the tolerance of
cells to vehicle used to solubilize the antioxidant compound (0.1% for
DMSO and 1% for EtOH both v/v). The ranges used were 0.01-67 pM for
curcumin, 0.001-1000 pM for resveratrol, 10 pM to 1.1 mM for gallic
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Fig. 1. Accumulation set-up assay. Micro-vessels of HUVECs cultured against ECM, were treated with different concentrations of TBHP (0, 0.01, 0.1, 1, 3, 5, 10 and
20 mM) for 0.5 h and stained for DNA with Hoechst (blue), for ROS with DHR123 (green) and dead cells with PI (red) (A) Representative images of bottom part of the
micro-vessel of HUVEC (i) sum-projection of all condition (ii) Max-projection of a part of micro-vessel treated with TBHP 10 mM captured at 20x magnification. Scale
bar is 100 pm (i) and 40 pm (ii). Graphs of (B) Cells count (C) cell viability expressed as percentage (D) ROS content in a log scale expressed as fluorescence intensity
normalized against the number of cells count (E) Non-linear regression analysis on ROS level over log scale concentration of TBHP. The table above the graph
includes information of the model to fit the data. Data are expressed as average + standard deviation (STD) with N = 3 and n = 2-10 replicates. Difference between
results were evaluated by one-way ANOVA with Tukey’s multiple comparison (graph in B) or Dunnett’s test (graph in D). P-value < 0.05 was considered statistically
significant * p < 0.05, ****p < 0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

acid and 0.001-10000 pM for tocopherol. Images of chips cultured in control.

standard media, which in this set-up act as positive control, were used to Based on the images, except for tocopherol, the rest of the com-
qualitatively ensure that the culture was healthy, (Fig. 2A). Both cell pounds (Fig. 2A) showed a concentration dependent decrease in ROS.
viability (Fig. 2B) and ROS content (Fig. 2C) are expressed as percent- While there was no effect for cell viability (Fig. 2B). To compare the
age, for ROS, 100% is the negative control (TBHP) and 0% is the vehicle potency between antioxidants to reverse ROS accumulation we
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Fig. 2. Depletion assay set-up. Micro-vessel of HUVEC, cultured as micro-vessel in the OrganoPlate 3-lane 40 against the ECM, were treated for 30 min simulta-
neously with TBHP (10 mM) and different concentrations of antioxidants: curcumin (i), resveratrol (ii), gallic acid (iii) and tocopherol (iv). The culture was stained
for DNA with Hoechst (blue), for ROS with DHR123 (green) and dead cells with PI (red) (A) Representative images of sum-projection of bottom part of the micro-
vessel. N indicates negative, V vehicle and P positive control. (B) Cell viability over concentration of antioxidant. (C) Dose-response curve of ROS content expressed as
percentage with 0% indicating vehicle control and 100% negative control, against concentration of antioxidants in log scale. ICs, values, quantified based on the ROS
depletion, are indicated in each graph as a green line with confidence interval (95% grey area delimited by dotted lines) and as a number. Data are expressed as
average + STD, data in pink are N (on the left) and V (on the right) controls and data in black are samples data (D) Table with the different controls selected per set-
up of assay. Data are expressed as average + STD and in terms of replicates for curcumin N = 3, n = 2-4, for gallic acid n = 2-5, for tocopherol n = 1-5 and for
resveratrol N = 2 and n = 1-5. All scale bars are 100 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

quantified the ICsg (Fig. 2C) which was in the range of pM for all except
for tocopherol (n.d.). Curcumin was the most potent with an IC5g of 17.3
pM (13.3-22.5 CI 95%), followed by resveratrol with 23.4 pM
(12.8-41.8 CI 95%) and gallic acid with 352.7 pM (236-516.6 CI 95%).
Based on these results as reference control condition we selected the
highest concentration of curcumin (67 pM) and TBHP (10 mM). Taken
together these results show that the assay can be used to measure ROS
depletion and is sensitive enough to measure over a range of concen-
trations. Importantly the setup was validated using multiple
antioxidants.

2.4. Higher baseline level in Caco2 cell line and the barrier integrity is
affected

Our results so far indicate that the assay can be used both to study
accumulation and depletion of intracellular ROS together with cell
viability in vasculature-on-a-chip models. To validate the assay and
show its application to characterize on-a-chip models, selected controls
(see Fig. 2D) were tested in gut-on-a-chip model (Fig. 3) [39]. Also in
this model Caco2 were culture with a tubular structure against ECM,
under perfusion (Fig. 3A). Gut-on-a-chip showed 3-fold and 4-fold
higher baseline of ROS with media and DMSO respectively (Fig. 3B)
compared to what generally found with vasculature-on-a-chip, but
overall the trend between controls and the effect on cell viability
(Fig. 3C) were the same.

As we did for the vasculature model, the effect of TBHP was tested on
the barrier integrity by measuring TEER (Fig. S 6) over the same

concentrations (10 pM-20 mM) and exposure time (0.5 and 1.5 h) used
with HUVEC. For short exposure time and concentration above 1 mM
there was a decrease which did not depend on dose and the TEER was
still above the 50% of the effect. For longer exposure for 1 mM and
higher concentration the drop in TEER was drastic (p-value < 0.0001).

Overall the assay is validated to be used in accumulation and
depletion with gut-on-a-chip model and we showed that Caco2 cells
present a higher level of ROS compared to HUVEC and short exposure
time are crucial to not compromise the integrity of gut-on-a-chip barrier.

2.5. Differences in ROS levels between angiogenic and quiescent ECs

The assay was further validated in angiogenesis on-a-chip models
(Fig. 4) [40], established by stimulating a micro-vessel to generate
perfusable sprouts in the adjacent microfluidic channel with ECM, by
adding a solution of pro-angiogenic factors [42] to the channel opposite
to the micro-vessel. As with the vasculature-on-a-chip also in this model
(Fig. 4A), no accumulation was registered with media and DMSO, TBHP
enhanced almost 20-fold ROS content compared to media, and
curcumin-TBHP was in between (Fig. 4B). While for the cell viability
(Fig. 4C) there was a small difference with TBHP treatment even if it was
still reasonably high.

To show a LT application of the assay, the entire Z-stack was ac-
quired, to characterize the model in detail. ROS content was quantified
in 2 different areas: in the micro-vessel, which contains quiescent ECs,
and in the sprouts area, which contains angiogenic ECs. In Fig. 4D in
media, DMSO and curcumin-TBHP treatment condition there is a



C. Soragni et al.

A

Gut-on-a-chip — Caco2

0.1% i
DMSO Media

tBHP +
Curcumin

TBHP

Media

0.1% DMSO

Redox Biology 57 (2022) 102488

Cell viability (%)
3

o
L

TBHP + Curcumin TBHP

Fig. 3. Application and validation of multiplex ROS-cell viability assay for HT studies in gut-on-a-chip model with Caco2 cultured as a tubule in the OrganoPlate 3-
lane 40 against ECM. Gut-on-a-chip models were treated with standard media or 0.1% of DMSO or TBHP 10 mM with and without curcumin 67 uM, and stained for
DNA with Hoechst (blue), for ROS with DHR123 (green) and dead cells with PI (red) (A) Representative sum-projection images of bottom part of tubule of Caco-2
with a zoom-in on the cells below. (B) ROS content in a log scale expressed as fluorescence intensity normalized against the number of cells count (C) Cell viability
expressed as percentage. Data are expressed as average + STD and derived from 3 separate experiments (N = 3) with n = 3-7. Difference between results were
evaluated by one-way ANOVA with Tukey’s multiple comparison. P-value < 0.05 was considered statistically significant ***p = 0.0003, ****p < 0.0001. All scale
bars are 100 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

slightly stronger ROS signal in the angiogenic ECs compared to quies-
cent ECs. This increase in ROS was also significantly different between
angiogenic and quiescent ECs with all conditions and except for DMSO
(p-value = 0.0024), the rest had a p-value lower than 0.0001 (Fig. 4E).

Taken together we validate the assay also for angiogenesis-on-a-chip
models and show a different application in LT context where it was
possible to capture different ROS level in quiescent and angiogenic ECs.

3. Discussion

The quantification of ROS production is generally conducted in 2D in
vitro cell culture due the limitations of quantifying ROS in vivo, where
they are estimated by indirect measurements. The creation of new in
vitro models that are more complex and resemble more physiologically
relevant environments requires an adaption of assays to measure ROS. In
the majority of the 2D studies which quantify ROS, cell viability is also
monitored. Monitoring ROS in complex 3D models which can concur-
rently measure pathophysiology adaptations will provide a way to help
decipher how oxidative stress regulates mechanistic pathways and pave
the way to develop new therapeutics. With this in mind, we developed a
scalable multiplex versatile image-based assay to quantify intracellular
ROS and cell viability in organ-on-a-chip models with a tubular
structure.

In order to achieve scalability certain levels of resolution were
sacrificed like with the top-bottom approach which utilize only a part of
the tubule to drastically speed up the acquisition and reduce the amount

of data to store, which is a critical parameter for HT application like
screening. Fluorescence microscopy was selected as technique because it
is both multiplex and scalable friendly as it is used for high-content
screening. The choice of multiplexing ROS with cell viability was
made to understand the degree of the OS insult. As probe to stained for
DNA, ROS and dead cells we opted for Hoechst, DHR123 and PIL
DHR123 was selected because the intracellular loss of Rh123, a posi-
tively charge and lipophilic molecule, is much lower compared to
DFCDA [43], another extensively used probe. It is important that the
DHR123 probe does not leak out from cells, as incubation time can last
for 30mins before measurements obtained. To develop the assay we used
a vasculature model as it is the system which can well recapitulate ROS
as signaling or damaging molecules [44].We chose angiogenesis and gut
model to validate the assay as the first one has a different 3D structure
compared to vasculature model and the second one is a different organ.

The assay was also designed to be versatile, to study ROS accumu-
lation and depletion and so controls were optimized to maximize the
separation between the highest and the lowest signal. As a control to
induce ROS, we used tert-butyl hydroperoxide ((CH3)3CO2H TBHP)
because it is chemically similar to hydrogen peroxide but more stable
and it was already used to induce OS in previous studies [45-51]. The
assay showed to be reliable to be performed in accumulation (Fig. 1) and
depletion (Fig. 2) set-up. As control condition to enhance ROS without
affecting cell viability short-exposure time and high concentration were
selected. High concentration was expected as generally used with
organ-on-a-chip models to induce ROS [29,30,52,53]. Short-term
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against ECM under perfusion and stimulated to generate sprouts were treated with TBHP 10 mM with and without curcumin 67 pM, standard media or 0.1% of DMSO
and stained for DNA with Hoechst (blue), for ROS with DHR123 (green) and dead cells with PI (red) (A) Representative images of max-projection of entire micro-
vessel (B) ROS content in a log scale expressed as fluorescence intensity of DHR123 normalized against the number of cells count (C) Cell viability expressed as
percentage (D) LT application on angiogenesis-on-a-chip: representative images of max-projection of entire Z-stack of quiescent (micro-vessel) and angiogenic
(sprouts) ECs. Zoom-in on the angiogenic part of the angiogenesis-on-a-chip model treated with 10 mM of TBHPTBHP and 67 pM of curcumin (E) ROS content in
angiogenic and quiescent ECs, expressed as ratio between ROS fluorescence intensity and nuclei count in a log scale. Data are expressed as average + STD and in
terms of replicates graph in (B) and (C) N = 3 and n = 2-7 while graph in (E) N = 1 and n = 3-7. Difference between results in graph (B) and (C) were evaluated by
one-way ANOVA with Tukey’s multiple comparison P-value < 0.05 was considered statistically significant * p = 0.0245, **p = 0.0014, ****p < 0.0001. While in
graph (E) two-way ANOVA with Sidak’s test was used to compare ROS content in angiogenic and quiescent ECs, p-value < 0.05 was considered statistically sig-

nificant **p = 0.0024, *** = p = 0.0009 **
referred to the Web version of this article.)

exposure were also expected to avoid affecting cell viability, in fact
previous studies run in 2D with HUVEC, showed that for exposure of 1 h,
TBHP did not induce a decrease below 50% up to 500 pM [48], and for
long-term exposure of 6 h the ICsg was generally in a range of hundreds
of pM [49,51].

The signal generated by TBHP treatment and detected by DHR123
staining seems specific for ROS and not include RNS, as a NO specific
probe did not yield staining (Fig. S 3). Furthermore, the DHR123 signal
was attenuated with antioxidant treatment (Fig. 2). The exact source of
ROS was not confirmed based on the location and shape of the DHR123
staining it is likely that (Fig. 1A(ii)) it is both from mitochondria and
endoplasmic reticulum. However the TBHP-induced ROS signal was not
affected by inhibitors of mitochondrial respiratory chain complexes I
and III (Fig. S 5). A possible explanation is that mitochondria contribute
with other complexes, or that ROS detected in the assay derive from a
secondary reaction of the ROS directly produced from mitochondria.

As we expected high concentration to induce ROS we hypothesize
the same for antioxidants to reverse the effect, based on 2D literature,
where generally the same magnitude of concentration is applied for
oxidant and antioxidant [49,51]. On the contrary with
vasculature-on-a-chip much lower concentrations of antioxidant
compared to TBHP (x100 less, Fig. 2) are effective to reverse the effect,
indicating that cells are more prone to scavenge ROS rather than accu-
mulate them. These results also suggest that on-a-chip culture are less
prone to experience OS than 2D as which was previously shown by a
direct comparison of level of metabolic products induced by OS in

“p < 0.0001. All scale bars are 100 pm. (For interpretation of the references to color in this figure legend, the reader is

on-a-chip and 2D culture [54]. This difference in level of ROS accu-
mulated and in experiencing OS between 2D and on-a-chip could be
explained by the presence of physiological features absent in 2D such as
the flow which has already been reported to affect the way cells expe-
rience OS, and accumulate ROS [55].

By confirming the overall trend between controls found with the
vasculature model we validated the assay with gut (Fig. 3) and
angiogenesis-on-a-chip models (Fig. 4). We also showed the capability of
the assay to distinguish between different ROS content in different types
or phenotypes of cells. The fact that higher level of ROS was detected in
untreated Caco2, a cell line isolated from tissue affected by colorectal
adenocarcinoma, compared to untreated HUVEC, which are primary
cells, indicates that the assay can capture different ROS for tumor or
normal cells. It can also distinguish between different level of ROS in
physiological processes as with the angiogenesis-on-a-chip model
(Fig. 4E) where sprouts have higher level of ROS compared to quiescent
ECs. Higher level of ROS in certain physiological and pathological pro-
cesses, such as cancer and angiogenesis [44], have already been shown
but generally not with a direct quantification of ROS, in a highly phys-
iologically relevant in vitro model.

In conclusion, we developed a scalable, sensitive, versatile, multiplex
image-based ROS-viability assay to use with organ-on-chip models. We
showed that the assay is reliable and versatile as it can be used to detect
inhibition or stimulation of ROS content and is validated with epithelial
and endothelial cells. It is sensitive enough to distinguish between
different ROS level of physiological processes such as in migrating
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endothelial cells in an angiogenesis-on-a-chip model and to capture
higher level in pathological cells. Taken together the application of this
assay could help understanding mechanism of redox signaling, devel-
oping models with the right OS profile and screen for new antioxidant
therapeutics.

4. Material and methods
4.1. Reagents and cell

Primary human umbilical vein endothelial cells (HUVECs from
Lonza, #C2519AS), EBM-2 medium (Lonza, #CC-3156), supplemented
with EGM-2 SingleQuots (Lonza, #CC-4176), Human epithelial colo-
rectal adenocarcinoma cells (Caco2 from Sigma-Aldrich, #86010202),
rat tail collagen I (Corning, #354249), Acetic acid (Sigma-Aldrich,
#A6283, >99%), HEPES buffer saline solution (Lonza, #CC-5024), so-
dium bicarbonate (NaHCO3; from Sigma-Aldrich, #S5761), Hanks’
Balanced Salt Solution (HBSS from Gibco, #55037C), Phosphate-
Buffered Saline (PBS from Gibco, #70013065), Vascular Endothelial
Growth Factor (VEGF rhVEGF-164 PeproTech, #100-20-1 mg),
Sphingosine-1-phospate (S1P from Sigma-Aldrich, #73914), Phorbol
myristate acetate (PMA from Sigma Aldrich, #P1585-1 MG), Dime-
thylsulfoxide (DMSO from Sigma Aldrich, #D8418), Ethanol absolute
(VWR, #BAKR8025.2500), MilliQ water (Obtained with Millipore Vent
filter 12FC ZFREO12FC), tert-butyl hydroperoxide solution (TBHP from
Sigma, #458139, 70% in H20 w/w), Dihydrorhodamine 123 (DHR123
from Sigma-Aldrich, #D1054), Hoechst 33342 (ThermoFisher, #H3570,
10 mg/mL in H20), Propidium Iodide (PI from ThermoFisher, #P3566,
1 mg/mL in H20), 3,4,5-Trihydroxybenzoic Acid Hydrate (Gallic acid
hydrate from TCI, #G0011), 3,4’,5-Trihydroxy-trans-stilbene (Resvera-
trol from Sigma Aldrich, #R5010), (E,E)-1,7-Bis(4-hydroxy-3-methox-
yphenyl)-1,6-heptadiene-3,5-dione (Curcumin from TCI, #C0434),
(£)-a-Tocopherol (Sigma Aldrich, #T3251), 4-Amino-5-methylamino-
2',7'-difluorofluorescein diacetate (DAF-FM DA from Sigma-Aldrich,
#D2321, 5 mM in DMSO), Rotenone (Sigma-Aldrich, #R8875), Anti-
mycin A from Streptomyces sp. (Sigma-Aldrich, #A8674).

4.2. Microfluidic cell culture

We used the OrganoPlate 3-lane 40 (4004-400B, MIMETAS BV) to
establish the organ-on-a-chip cultures. A plate comprises 40 microfluidic
chips printed on image quality glass on the back of a 384 micro-titer well
plate. Each chip includes 3 channels, the middle one, called the gel
channel, is generally filled with ECM and the other two, called perfusion
channels, are used to culture cells with a tubular structure. Each channel
has dedicated inlets and outlets. There are two phaseguides™ to sepa-
rate the channels and culture cells in direct contact with ECM in a barrier
free system [56]. The culture is maintained under a gravity driven
perfusion by using the Organoflow® (MIMETAS BV) a customized
rocking platform. For all models used in this work the perfusion setting
were 7° and 8 min interval. In all the experiments ECM and cells seeding
were handled by a pipetting robot (Biomek i5, Beckman Coulter).

4.3. Vasculature-on-a-chip

To establish the vasculature-on-a-chip HUVEC culture against
Collagen I were used. To prepare the ECM Collagen I (20 mM in acetic
acid), was diluted to 7.5 mg/ml, mixed with 1 M HEPES and 37 g/L
NaHCOs (ratio 8:1:1), and 2 pL were dispensed in the middle channel of
the chips. ECM was left polymerize in a cell culture incubator at 37°C
with 5% CO for 15 min and then hydrated by adding 30 pL HBSS to the
inlet of the middle channel and 3 pL HBSS to inlets of both perfusion
channels. OrganoPlates were placed back in the incubator for 24 h and
then HUVEC in EGM-2 media were seeded in the top perfusion channel
with a cell density of ~8000 cells/pL. To seed the cells we used the
method of passive pumping as already described in the literature [57].
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We aspirated HBSS from the inlets of the middle channel. A volume of
50 pL EGM-2 medium was added to the inlet of the top perfusion channel
and a droplet of 1.25 uL. HUVECs was added to the corresponding outlet
to attain 10000 cells/chip.

The OrganoPlates were placed at 75° degree angle using a holder
inside a cell culture incubator at 37°C with 5% CO» to allow HUVECs to
attach to ECM in the middle channel. After 2.5 h 50 pL. EGM-2 medium
was added to the outlets of the top perfusion channels. The OrganoPlates
were placed back in the cell culture incubator on an OrganoFlow. It took
2 days to develop stable micro-vessels, medium was replaced every 2
days and only in the top perfusion channel. Assays were performed from
day 2.

4.4. Angiogenesis-on-a-chip

To establish angiogenesis-on-a-chip vasculature-on-a-chip was
cultured for 3 days before applying a mixture of growth factors to
stimulate sprouts. The mixture was prepared with 50 ng/mL of VEGF,
50 nM of Sphingosine-1-Phosphate, and 2 ng/mL of PMA in EGM-2 [42].
The mixture was added to the bottom channel opposite to the one with
cells and refreshed every other day as well as EGM-2 media in the top
perfusion channel. Assays were run from day 6 when sprouts were
completely formed.

4.5. Gut-on-a-chip

To establish the gut-on-a-chip Caco-2 culture against Collagen I were
used. To seed ECM and cells, we followed the same procedure as for the
vasculature-on-a-chip, with the differences that cells were seeded
directly after ECM polymerization, in EMEM medium (with 10% FBS
heat-inactivated (HI), 1% nonessential amino acids, 1% pen-
icillin-streptomycin (10,000 U/ml)) with a cell seeding density of
10000 cells/pL to obtain 12500 cells/chip. Medium was added in top
and bottom perfusion channels and refreshed it every other day. Assays
were performed from day 5.

4.6. Multiplexing ROS and cell viability assay

4.6.1. ROS-cell viability accumulation set-up

The assay consists in a series of exposures and washing steps. For
each step unless otherwise specified, 50 pL of solution are added in each
inlet and outlet of the channel with cell (100 pL/chip). For all the
washing steps the following scheme was used: all inlet and outlets were
aspirated, 100 pL of HBSS were added in the inlet of the top channel and
50 pL in the rest of the in/outlet wells (400 pL/chip). As a first step,
culture was exposed to controls (see table in Fig. 2D) for 0.5 h. A
washing step was performed, followed by a 15 min incubation of a so-
lution of DHR123 (5 pM,from stock solution of 5.8 mM in DMSO, ~0.5
pmol/cell) in standard culture media to stain for ROS. Two washing steps
were performed before the last exposure of 15 min to a solution of
Hoechst 33342 (0.005 mg/mL diluted from stock solution of 10 mg/mL
in water) and PI (0.005 mg/mL from stock solution of 1 mg/mL in water)
in HBSS to stain for DNA and dead cells, respectively. All incubations
were performed in a cell culture incubator at 37°C with 5% CO5 An
ImageXpress confocal microscope was used to acquire images of the
micro-vessel at 10x magnification, unless specified. DAPI (Ex/Em: 359/
461 nm), FITC (Ex/Em: 490/525 nm) and TexasRed (Ex/Em: 595/620
nm) were acquired.

4.7. ROS-cell viability depletion set-up

The assay works as in the accumulation set-up the only difference is
in the type of controls (see table in Fig. 2D) and to that during the first
exposure the culture was simultaneously exposed to 10 mM TBHP
together with the compounds under investigation. For the remaining
steps we followed the same scheme as for the accumulation set-up. To
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test the assay we used 4 antioxidant compounds curcumin, resveratrol,
gallic acid and tocopherol. Curcumin, resveratrol, gallic acid and
tocopherol stock solution were made in absolute ethanol or DMSO and
the sample diluted to obtained the different concentration in standard
media.

4.8. High-throughput (HT) application

For HT application we used the top bottom approach where we ac-
quired and analyzed only 3 z-slices (z-step increment of 5 pm) of the top
and of the bottom of the micro-vessel. To acquire an entire plate in
around 6-8min instead of 40, and to work with light file (~4 GB instead
of ~35).

4.9. Low-throughput (LT) application

For LT application we acquired the entire z-stack (33 z-slices, with a
Z-step increment of 5 pm) but for a small amount of chips (max 8 at the
time).

4.10. Control optimization

Vasculature-on-a-chip models were exposed to 0, 0.1, 1 and 10 mM
of TBHP in EGM-2 media for 0.5, 1, 2 and 5.5 h. The multiplex assay
(ROS and cell viability) in accumulation set-up for HT application was
used. Once selected 0.5 h as exposure time a calibration curve was
realized by exposing vasculature model to 0, 0.01, 0.1, 3, 5, 10 and 20
mM of TBHP in standard culture media.

4.11. NO quantification with DAF-FM DA

Vasculature-on-a-chip models were exposed to TBHP 1 and 10 mM
TBHP or standard culture media for 0.5 h. As for the ROS-cell viability
assay, for each step unless otherwise specified, 50 pL of solution were
added in each inlet and outlet of the channel with cell (100 pL/chip). For
all the washing steps the following scheme was used: all inlet and outlets
were aspirated, 100 pL of HBSS were added in the inlet of the top
channel and 50 pL in the rest of the in/outlet wells (400 pL/chip).

Cells were washed with HBSS and exposed to DAF-FM DA 1 pM (from
stock solution of 5 mM in DMSO) for 15 min (100 pL per chip), washed
twice with HBSS and the exposed stained for DNA. All incubations were
performed in a cell culture incubator at 37°C with 5% CO2 An
ImageXpress confocal microscope was used to acquire images of the
micro-vessel at 10x magnification, unless specified. DAPI (Ex/Em: 359/
461 nm), FITC (Ex/Em: 490/525 nm) and TexasRed (Ex/Em: 595/620
nm) were acquired.

4.12. Barrier integrity measurement with TEER

Vasculature-on-a-chip and gut-on-a-chip models were exposed to
TBHP 0.01, 0.1, 3, 5, 10 and 20 mM or standard culture media for 0.5 h
under perfusion in a cell culture incubator at 37°C with 5% COa.
Treatment solutions were replaced in all the inlet and outlet well of the
OrganoPlate with standard culture media and the plate was left for 0.5 h
at room temperature before performing the TEER measurement. In
parallel electrodes were sprayed with 70% EtOH and left dry out for 0.5
h, before starting the first measurement. Standard media was removed
and the TBHP treatments replace for an additional exposure of 1 h, and a
second measurement was repeated in same way as the first one.

4.13. Inhibitors of electron chain reaction

Vasculature-on-a-chip cultures were exposed to 10 mM TBHP with
and without antimycin (5 and 10 pM), rotenone (20 and 40 pM), rote-
none (40 pM) together with antimycin (10 pM) or standard media for
0.5 h, we followed the procedure for the depletion set-up assay for HT
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application.

4.14. ROS depletion assay set-up application

Vasculature-on-a-chip models, were exposed to 4 different antioxi-
dants: curcumin (67, 45, 25,10, 5, 0.5, 0.05, 0.005 and 0.0005 pM di-
lutions prepared from a stock solution of 67 mM in DMSO), resveratrol
(1000, 500, 100, 30, 10, 1, 0.1, 0.01 and 0.001 pM dilutions prepared
from a stock solution of 219 mM in EtOH), gallic acid (1128, 940, 470,
94, 9, 0.9, 0.09, 0.009, 0.0009, 0.00009 pM dilutions prepared from a
stock solution of 94 mM in EtOH) and tocopherol (10, 1, 0.1, 0.01,
0.001, 0.0001, 0.00001, 0.000001 pM dilutions prepared from 100%
tocopherol). Once established the vasculature we exposed the culture to
Curcumin, Resveratrol, Gallic acid or tocopherol together with TBHP
and we followed the procedure for the depletion set-up assay for HT
application. In this assay set-up 10 mM TBHP acted as negative control,
0.1% DMSO or 10 %EtOH as vehicle controls, depending on the vehicle
used to dissolve the antioxidants and standard EGM-2 media as positive
control.

4.15. Assay validation with angiogenesis and gut-on-a-chip

To validate the assay, we tested the controls selected for accumula-
tion and depletion set-up (table in Fig. 2D) which were standard media,
0,1% DMSO, 67 pM Curcumin +10 mM TBHP (curcumin-TBHP) and 10
mM TBHP in gut and angiogenesis-on-a-chip. For both model we applied
the HT application and for a subset of the angiogenesis data we used the
LT application.

4.16. Data analysis & statistics

Raw data were processed in imageJ/FIJI where we made montages
of each channels. Images on DAPI and TexasRed channel were used to
quantify the nuclei count of live and dead cells. Images on FITC channel
were used to quantify fluorescence intensity. For both quantification we
used two macro developed in-house. Data were analyzed in excel to
express ROS content and cell viability. ROS content was quantified with
fluorescence intensity normalized against nuclei count. We always
include a cell free chip to subtract intensity of background. Values are
given as average + standard deviation. Data were generated in at least 2
independent experiments, unless specified. The notation “N” indicates
number of independent experiments, while “n” number of chip per
condition per independent experiment. Statistical analyses were per-
formed with Graphpad. Multiple comparisons were made by 1-way
ANOVA followed by Tukey’s or Dunnett’s multiple comparison test or
by 2-way ANOVA followed by Dunnett’s or Sidak’s test, as specified in
the legend or in the graphs. P-values are specified in the legend of each
graph.
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