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ARTICLE INFO ABSTRACT
Keywords: Most in vitro chemical safety workflows are performed in ambient air, although many human tissues experience
New Approach Methodologies substantially lower physiological oxygen levels. This mismatch can alter redox tone, stress-response signaling,

Animal-free chemical safety assessment
Physiological oxygen

Redox biology

Nrf2

and interpretation of chemical effects. Here, we present R3ACT (Redox & Antioxidant Capacity Tracker), an
animal-free, oxygen-controlled live-cell NAM for mechanistic profiling of redox perturbation and antioxidant-
response activation. In human HaCaT keratinocytes adapted to 5 kPa Oz, R3ACT combines viability-gated
concentration selection, oxygen-controlled plate-reader measurements, high-content microscopy, and deep-
learning-assisted single-cell analysis. The workflow integrates cytosolic and mitochondrial HyPer7.2 bio-
sensors for H20: dynamics with POINTER, an Nrf2 transcriptional reporter, to assess antioxidant-response
engagement. As proof of concept, four exposure-relevant materials were profiled in the main screen, with iron
formulations assessed as additional pharmaceutical case examples. Zinc oxide produced the strongest repro-
ducible Nrf2 activation across two independent runs, confirmed by single-cell microscopy. Polystyrene nano-
plastics likewise showed reproducible, microscopy-confirmed Nrf2 activation, whereas perfluorooctanoic acid
showed a borderline response that was not confirmed by microscopy. Salicylic acid induced Nrf2 activation
under physiological oxygen and was interpreted as antioxidant-response engagement rather than skin-
sensitization classification. HyPer7.2 provided compartment-specific mechanistic context, but often revealed
transient fluctuations rather than consistent material-induced H20: increases. Together, these data position
R3ACT as an early-stage, oxygen-controlled NAM that may support animal-free chemical and drug-screening
workflows by generating mechanistic redox/Nrf2 response profiles for compound prioritization. Further
benchmarking, predefined performance criteria, and inter-laboratory studies are required before regulatory
applicability can be assessed.
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Introduction

Safety assessment aims to identify and mitigate potential toxic effects
of chemicals, pharmaceuticals, and consumer products to protect human
health and the environment. Traditionally, this process has relied
heavily on animal models (Kimber and Weisenberger, 1989). This
approach raises ethical concerns and suffers from limited cross-species
predictivity, high costs, and low throughput (Schmeisser et al., 2023).
The principles of Replacement, Reduction, and Refinement (3Rs)
established a foundation for more humane and scientifically sound
testing strategies (Hubrecht and Carter, 2019). Regulatory actions have
further accelerated this transition, including the EU ban on animal
testing for cosmetics and the REACH regulation (Fischer, 2015; Fentem
et al,, 2021). More recently, the U.S. FDA Modernization Act 2.0
formally enabled the use of non-animal methods in drug development
(Han, 2023). Together, these developments have driven the adoption of
New Approach Methodologies (NAMs), such as in silico models,
high-throughput screening, and advanced in vitro systems, to support
next-generation risk assessment (Schmeisser et al., 2023).

Keratinocytes are relevant sentinels for chemical exposure because
skin is a major interface with consumer products, cosmetics, environ-
mental chemicals, and pharmaceutical formulations. Existing
keratinocyte-based NAMs have contributed substantially to non-animal
safety assessment, particularly through pathway-focused readouts such
as Keap1-Nrf2 activation in KeratinoSens™ and LuSens™ assays (Emter
et al., 2010; Ramirez et al., 2014, 2016; OECD, 2024, 2025). However,
for roadmap-oriented animal-free chemical safety assessment, there is a
complementary need for mechanistic workflows that do not only classify
a single endpoint but also provide interpretable information on early
cellular stress biology. In this context, redox perturbation and
antioxidant-response activation are useful mechanistic dimensions
because they can inform compound prioritization, follow-up testing, and
NGRA-oriented (Next-Generation Risk Assessment) weight-of-evidence
assessment. This transition is now moving from isolated method devel-
opment toward roadmap-based implementation, where NAMs must
provide reproducible, interpretable, and human-relevant evidence that
can support chemical safety decisions across sectors. While many in
vitro methods represent major advances, they rely on a single functional
readout that captures antioxidant pathway activation without parallel
information on the underlying intracellular redox state (Nwachukwu
et al., 2021; Murphy et al., 2022). Consequently, redox perturbations
and adaptive antioxidant responses cannot be disentangled, limiting
mechanistic insight and interpretability (Murphy et al., 2022). An
improved strategy would therefore integrate complementary readouts
that report on both intracellular redox dynamics and downstream
antioxidant capacity.

A critical, yet often underappreciated, determinant of redox biology
in vitro is oxygen tension (Keeley and Mann, 2019). Oxygen level is a
key regulator of cellular physiology, redox balance, and stress-response
signaling (Stuart et al., 2018). Culture under supraphysiological oxygen
conditions can disrupt redox homeostasis, increase reactive oxygen
species (ROS) formation, alter mitochondrial function, and activate
non-physiological stress pathways, thereby modifying cellular sensi-
tivity to pharmacological compounds (Tiede et al., 2011; Stuart et al.,
2018; Sevimli et al., 2022; Altun et al., 2024; Barakat et al., 2025;
Miri et al., 2025). This is particularly relevant for skin-based in vitro
models, as epidermal and dermal cells normally reside in low-oxygen
microenvironments. Appropriate oxygen control may therefore
improve physiological relevance and reduce oxygen-driven artifacts in
non-animal test systems (Chettouh-Hammas and Grillon, 2024).

Despite the rapid expansion of NAMs, many screening workflows still
depend on simplified endpoint measurements (e.g., viability or a single
marker at a single time point), which can miss early hazard signals,
constrain mechanistic interpretation, and weaken confidence in trans-
lating in vitro findings to human risk (Franzosa et al., 2021; Lu, 2024).
Genetically encoded fluorescent biosensors are well aligned with NAM
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principles because they enable time-resolved, multiparametric readouts
in human-relevant cell models, supporting more information-rich deci-
sion-making in toxicology and drug discovery (Potekhina et al., 2020).
Yet, despite their utility, biosensors are not routinely integrated into
standard screening pipelines to the same extent as conventional assays
(Eroglu, 2024). Redox biosensors demonstrate how compounds and
xenobiotics can be evaluated for oxidative stress liabilities directly in
living cells, and ongoing sensor engineering continues to expand
screening-ready reporters for cellular stress and metabolism (Pang et al.,
2021). Importantly, this direction is reinforced by regulatory mo-
mentum: the FDA is explicitly advancing alternative methods/NAMs to
improve predictivity while reducing animal use, and recent
policy-focused discussions highlight accelerating adoption of such ap-
proaches for safety assessment (Westmoreland et al., 2022).

Building on this concept, we introduce R3ACT (Redox & Antioxidant
Capacity Tracker), an oxygen-controlled, biosensor-based NAM for
mechanistic profiling of chemical-induced redox perturbation and Nrf2-
dependent antioxidant-response activation. R3ACT combines HyPer7.2
(Pak et al., 2020), a genetically encoded reporter of intracellular H202
dynamics, with POINTER (Miri et al., 2025), an oxygen-insensitive Nrf2
transcriptional reporter for antioxidant-response engagement. R3ACT is
intended as an early-stage animal-free screening and prioritization
workflow for chemical safety assessment. The present study establishes
the feasibility of integrating physiological oxygen control, live-cell
biosensors, viability-gated concentration selection, high-throughput
screening, high-content microscopy, and deep-learning-assisted sin-
gle-cell analysis into a roadmap-relevant NAM workflow.

2. Materials and Methods
2.1. Cell Culture

HaCaT human keratinocytes (cat. no. 300493, Cytion, Germany)
were maintained according to the manufacturer’s recommendations.
Cells were cultured in high-glucose Dulbecco’s Modified Eagle Medium
(DMEM,; Gibco, USA) supplemented with 10% fetal bovine serum (FBS;
Wisent, Canada) and 1 x antibiotic-antimycotic (Gibco, USA). For
passaging, Trypsin/EDTA (0.25% trypsin, 0.1% EDTA) with phenol red
and Dulbecco’s PBS without Ca?*/Mg** were used. Cells were kept at
37°C in a humidified atmosphere. Under room-air conditions, cells were
maintained in an incubator set to 5% CO.. For physiological oxygen
conditions, cells were cultured in an oxygen-regulated incubator set to
5% COz and 5% O2. To support adaptation to physiological oxygen
levels, cells were cultured at 5% O: for at least 5 days before experi-
mentation. Cells were routinely passaged at 70-80% confluence. For
live-cell imaging-based reporter characterization, cells were seeded into
6-well plates containing 30-mm No. 1 glass coverslips (Glaswarenfabrik
Karl Knecht Sondheim, Germany). For high-content microscopy confir-
mation of selected plate reader responses, approximately 50,000 cells
per well were seeded onto 24-well glass-bottom plates (cat. no. 801006,
NEST, China). The current workflow used FBS-containing medium to
maintain comparability with standard HaCaT culture conditions.
Because FBS is animal-derived, future refinement of R3ACT will eval-
uate chemically defined or human-derived alternatives, including
serum-free keratinocyte media, human serum, or human platelet lysate,
while monitoring viability, reporter baseline, oxygen adaptation, and
biosensor dynamic range.

2.2. Generation of Stable Cell Lines

Cells were used between passages 25-40 after thawing. Cell identity
was based on the documented cell source (cat. no. 300493, Cytion,
Germany). Additional in-house Short Tandem Repeat (STR) profiling
test authentication was not performed before the present experiments.
The HyPer7.2 plasmid was a kind gift from Vsevolod Belousov, whereas
the POINTER sensor was recently developed in our laboratory (Miri
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et al., 2025). HyPer7.2 was used in both cytosolic (NES-tagged) and
mitochondria-targeted variants. For stable expression, pLenti-based
vectors encoding the biosensors were used, and lentiviral particles
were produced by transient co-transfection of HEK 293T packaging cells
with the transfer vector and standard packaging plasmids as described
previously (Secilmis et al., 2021). In brief: viral supernatants were
collected and purified by sucrose cushion ultracentrifugation to
concentrate viral particles. Purified lentivirus was then used to trans-
duce target cells in the presence of polybrene (Sigma-Aldrich, USA) at a
final concentration of 10 pg/mL to enhance infection efficiency.
Following lentiviral transduction, biosensor-expressing cells were
enriched by fluorescence-activated cell sorting (FACS) using a BD Influx
Cell Sorter (BD Biosciences, USA). Cells were first gated based on for-
ward- and side-scatter parameters to exclude debris and aggregates, and
sensor-positive populations were subsequently identified and sorted
using a 488 nm laser and a 530/40 nm band-pass filter, with gates
defined relative to non-transduced control cells. Sorted cells were
expanded and used for subsequent experiments. Post-sort enrichment
was confirmed by FACS profiles (Supplementary Fig. S1) and fluores-
cence microscopy, but absolute post-sort purity was not quantified for
the HyPer7.2 and POINTER reporter lines.

2.3. Buffers and Solutions

All chemicals were purchased from NeoFroxx (Germany), exceptions
are stated respectively. Live-cell imaging was performed in HEPES-
buffered saline containing 2 mM CaCl,, 5 mM KCl (cat. no.
960.033.1000, ISOLAB, Germany), 138 mM NaCl (cat. no.
106404.1000, Merck, Germany), 1 mM MgCl>, 10 mM HEPES, and 10
mM D-glucose (cat. no. 600-035 LG, Wisent, Canada). The pH was
adjusted to 7.42 with 1 M NaOH. Stock solutions of HyO» were freshly
prepared in imaging buffer. Auranofin (cat. no. 15316, Cayman Chem-
ical, USA) and perfluorooctanoic acid (PFOA; cat. no. T9333, TargetMol,
USA) were dissolved in DMSO to prepare 7.37 mM and 100 mM stock
solutions, respectively. Polystyrene-based nanoparticles (cat. no. 43302-
5ML-F, Sigma-Aldrich, USA) were used directly after resuspension in cell
culture medium. Salicylic acid (cat. no. 247588, Sigma-Aldrich, USA)
was prepared as a 15 mM stock solution in culture medium. Zinc oxide
(ZnO, cat. no. 108849, MERCK, Germany) was prepared as a 1 mg/mL
stock solution in acidic PBS, followed by pH adjustment to 7.4. Iron
sucrose (IS, Venofer®, Abdi Ibrahim Pharmaceuticals, Tiirkiye) and
ferric carboxymaltose (FCM, Inferject®, Abdi Ibrahim Pharmaceuticals,
Tiirkiye) were prepared as 2 mg/mL and 5 mg/mL working solutions in
culture medium, respectively. A vehicle-control experiment was per-
formed using 1% DMSO for 6 h and 24 h, corresponding to the HyPer7.2
and POINTER assay time points, respectively. Under these conditions,
1% DMSO did not alter the measured HyPer7.2 or POINTER responses
compared with untreated controls. Final DMSO concentrations did not
exceed 1% DMSO unless explicitly stated. For compounds prepared
directly in culture medium, medium-only controls were included.

2.4. Live-Cell Imaging

Live-cell fluorescence imaging was carried out using a Zeiss Axio
Observer Z1.7 inverted widefield epifluorescence microscope (Carl Zeiss
AG, Germany) equipped with Plan-Apochromat 20 x /0.8 NA dry and
Plan-Apochromat 40 x /1.4 NA oil-immersion objectives, and an Axi-
ocam 503 monochrome CCD camera, and camera binning was set to 4 x
4. For characterization of HyPer7.2 dynamics, cells were stimulated
with 100 uM H,0; during time-lapse imaging, acquired at 3-s intervals.
As light emitting diode (LED) light sources, either Cool LED or Colibri 5/
7 was used and exposure time usually ranged between 50 to 800 ms
according to the expression rate and fluorescence intensity. Imaging was
performed in a perfusion chamber (NGFI, Graz) connected to a custom
pump-driven perfusion system enabling rapid buffer exchange. For
visualization of HyPer7.2, excitation was alternated between 423/44
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nm and 469/38 nm using a motorized filter wheel equipped with FT455
and FT495 dichroic beamsplitters, corresponding to the HyPer “low”
and “high” excitation channels. Emission was collected through a 525/
50 nm bandpass filter, allowing ratiometric quantification of Hy0»-
dependent fluorescence changes. For detection of Nrf2 activity using the
POINTER biosensor, excitation was set to 480 nm and emission was
recorded at 525 nm. All imaging experiments were performed in a
custom in-house oxygen-regulated glove box using a Zeiss A-Plan 40 x
/0.65 NA air objective, except for microscopy confirmation of selected
responses, for which a Zeiss C-Apochromat 40 x /1.2 NA water-
immersion objective was used. System control and fluorescence data
acquisition were performed using ZEN Blue 3.1 Pro software (Carl Zeiss
AG).

For co-localization of HyPer7.2 and MitoTracker Red and Hoechst, a
laser scanning confocal microscope (LSM 880, Carl ZEISS) equipped
with a Plan-Apochromat 40x/1.3NA oil immersion objective, 380 nm,
488 nm, 594 nm excitation lasers, and Airyscan detector for Hoechst,
GFP, and MitoTracker, respectively was used. To stain mitochondria and
nuclei, cells were incubated with 100 nM MitoTracker Red CMXRos
(Thermofisher) and 1,5 pM Hoechst 33342 (Hello Bio, HB0787),
respectively in imaging buffer for 10 minutes at 37°C and washed af-
terward with imaging buffer.

2.5. Cell Viability Assay

Cell viability was assessed by flow cytometry using TO-PRO-3 lodide
stain (Thermo Fisher Scientific, USA) as a membrane-impermeant dead-
cell marker. Cells were seeded at a density of 50,000 cells per well in 24-
well plates and allowed to attach and recover for 2 days, followed by 24
h treatment with auranofin (AF; O, 3, 5, 6, 7, 8, 10, 20 uM), per-
fluorooctanoic acid (PFOA; 0, 10, 30, 50, 100, 300, 500, 1000 uM),
polystyrene nanoplastic (PS-NP; 0, 5, 10, 30, 50, 100, 300, 500 pL/mL),
bulk ZnO (0, 3, 5, 10, 30, 50, 100, 200 pug/mL), or salicylic acid (0, 0.1,
0.3, 0.5, 1, 2, 3, 5 mM). Following treatment, culture supernatant was
collected and cells were washed with 300 ul PBS, trypsinized, added to
the collected supernatant, and centrifuged at 300 x g for 5 minutes. The
resulting cell pellets were resuspended in FACS buffer (5% FBS in PBS),
and TO-PRO-3 was added to a final concentration of 50 nM. Samples
were incubated on ice for 5-10 minutes immediately prior to acquisi-
tion. Flow cytometry was performed using a BD FACSymphony A1l Cell
Analyzer equipped with a 640 nm red laser, and TO-PRO-3 fluorescence
was detected in the far-red channel. Cellular debris and doublet cells
were excluded by FSC vs SSC and FSC-A vs FSC-H respectively. Cell
viability was determined based on TO-PRO-3 exclusion, with TO-PRO-
3-positive cells classified as non-viable. Data were analyzed using
FlowJo (10.10.0), and percentage viability was calculated by normal-
izing the fraction of TO-PRO-3-negative cells in each condition to the
corresponding control group.

2.6. R3ACT pilot characterization and proof-of-concept response
classification

Reporter kinetics were first characterized in pilot experiments using
auranofin (AF) and exogenous H:0: to define suitable measurement
windows for the R3ACT workflow. Based on these experiments,
HyPer7.2 responses were assessed after 6 h treatment and POINTER/
Nrf2 responses after 24 h treatment. AF experiments were performed
under both room-air and 5 kPa O: conditions to evaluate oxygen-
dependent reporter behavior, whereas subsequent proof-of-concept
screening experiments were performed in cells adapted to 5 kPa Oa.

For proof-of-concept R3ACT screening, cells stably expressing cyto-
solic HyPer7.2, mitochondrial HyPer7.2, or POINTER were seeded in 96-
well plates at 10,000 cells per well and cultured for 2 days before
treatment. Concentration ranges (Table 1) were selected from prior
viability testing to focus on conditions with limited cytotoxicity. Unless
otherwise stated, treatments and measurements were conducted at 5 kPa



J. Armouch et al.

Table 1
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Viability-gated concentration levels used for proof-of-concept R3ACT screening. For compounds that did not reach the corresponding cytotoxicity level within the
tested range, concentrations were selected from experimentally tested non-cytotoxic concentrations rather than interpreted as true interpolated IC values. For salicylic acid, the
listed concentrations should therefore be interpreted as tested non-cytotoxic concentration levels rather than confirmed IC-derived cytotoxicity levels unless supported by the fitted

viability model.

Viability-gated level (%) 1.5 3 5 7 10 20 30 50

AF (uM) 0.076 0.155 0.263 0.378 0.555 1.25 2.14 5.00
PFOA (uM) 3.31 27.03 46.01 65.79 97.12 218.53 347.61 874.10
PS-NP (uL/mL) 0.79 3.64 6.20 8.87 13.09 29.45 50.46 117.80
Salicylic acid (uM) 76.14 145.60 263.16 376.30 555.50 1250.00 2142.00 5000.00
ZnO (ug/mL) 0.89 1.81 3.08 4.41 6.51 14.65 25.11 58.58

O: using the atmospheric control unit.

A confirmed R3ACT response was defined as a treatment condition
within the predefined low-cytotoxicity window that showed a statisti-
cally significant increase versus control in the same biosensor readout
and the same response direction in two independent screening runs.
Responses detected in only one run, or not reproduced in the same or
adjacent concentration range, were classified as borderline and were not
interpreted as confirmed responses. Where microscopy confirmation
was performed, plate reader responses were considered supported only
if the same readout showed a significant increase at single-cell level.

Raw values were normalized to a 0-100 scale using min-max
normalization (Supplementary Note 1). Heatmap-style response sum-
maries were generated in Python using pandas, numpy, and matplotlib.
Non-significant responses are shown in grayscale to visualize response
magnitude without classifying them as confirmed responses. Confirmed
or borderline responses are indicated using the corresponding biosensor
color code: green for HyPer7.2/H20: readouts and red for POINTER/
Nrf2 readouts.

2.7. Plate-reader biosensor measurements

Fluorescence was recorded using a CLARIOstar Plus microplate
reader (BMG LABTECH, Germany). For HyPer7.2, fluorescence signals
corresponding to the reduced (HyPer Low) and oxidized (HyPer High)
excitation states were acquired at 400/15 nm (dichroic 458.8; emission
530/40; gain 1500) and 490/15 nm (dichroic 503.8; emission 530/40;
gain 2000), respectively, and the HyPer7.2 ratio was calculated as HyPer
High/HyPer Low. For POINTER, measurements were acquired using
excitation at 450/15 nm (dichroic 473.2; emission 499/20; gain 2200).
All readouts were measured under controlled oxygen and carbon dioxide
levels using the atmospheric control unit (ACU).

2.8. Statistical analysis

Statistical analyses were performed using GraphPad Prism. Data are
presented as mean + SD unless otherwise stated. For comparisons be-
tween two groups, unpaired two-tailed Student’s t-tests were used. For
multiple-group comparisons, one-way ANOVA followed by Dunnett’s or
Tukey’s post hoc test was applied as indicated. For oxygen-dependent
dose-response analysis, two-way ANOVA was performed using oxygen
condition and compound concentration as factors. A confirmed R3ACT
response required a statistically significant increase versus the corre-
sponding control in the same biosensor readout and response direction
across two independent screening runs using one-way ANOVA followed
by Dunnett’s post hoc test. Throughout, N denotes the number of in-
dependent replicates and n denotes the number of individual cells
analyzed per replicate; corresponding values are given in each figure
legend. Statistical significance is denoted as follows: ns, p > 0.05; *, p <
0.05; **, p < 0.01; *** p < 0.001; and ****, p < 0.0001.

2.9. Deep Learning-Based Image Processing and Single-Cell
Quantification

All image analysis scripts were developed in Python (v3.9) using the

PyCharm IDE and executed on a GPU-enabled workstation (NVIDIA RTX
3070 Laptop GPU) to accelerate segmentation. Live-cell fluorescence
images were acquired on a Zeiss microscope and saved as .czi files,
including single-channel readouts and dual-excitation ratiometric sen-
sors (cytosolic and mitochondria-targeted HyPer7.2) in transgenic ker-
atinocytes. Cells were segmented using Cellpose (Stringer et al., 2021), a
deep learning-based cyto-family model, applied to a normalized copy of
the fluorescence image (0-1 scaling with contrast rescaling), while raw
fluorescence images remained unprocessed for quantification. The
Cellpose flow_threshold parameter was selected by trial-and-error using
representative training images from our keratinocyte datasets to balance
sensitivity and mask quality. For each Cellpose label (cell) and each
channel, the mean raw intensity inside the mask was measured; back-
ground was estimated as the median raw intensity in non-cell regions,
and background-subtracted intensity was defined as (cell mean —
background). To reduce inclusion of unhealthy cells and segmentation
artifacts, objects were filtered using morphology-based quality control,
excluding small objects (minimum area threshold) and highly circular
objects (circularity threshold, computed as 4nA/P?). For dual-channel
datasets, per-cell ratios were computed from background-subtracted
values as HyPer-high/HyPer-low. For traceability and manual QC if
needed, each retained cell was assigned a sequential ID (Cell_ID_kept),
and the same ID was printed on the segmentation overlay image to
directly match cells to their corresponding rows in the per-cell spread-
sheet. The pipeline exported two Excel tables per experiment: a per-cell
table (snap name, condition path, cell ID, background-subtracted in-
tensities, ratio) and a per-image table summarizing cell count and mean
background-subtracted intensities and ratios for each snap. The NumPy,
pandas, scikit-image, tifffile, matplotlib, aicspylibczi, Cellpose, and
openpyxl Python libraries used were used for image analysis.

3. Results

3.1. Intended context of use and R3ACT workflow for animal-free
chemical safety assessment

R3ACT was developed as an early-stage animal-free NAM workflow
for mechanistic profiling of chemical-induced redox perturbation and
antioxidant-response activation under physiological oxygen. The
intended context of use is compound prioritization and mechanistic
support within chemical safety assessment, rather than standalone reg-
ulatory hazard classification. The workflow uses three human HaCaT
reporter cell lines expressing cytosolic HyPer7.2, mitochondrial
HyPer7.2, or POINTER/Nrf2. Cells are adapted to 5 kPa O: before
screening to reduce oxygen-driven artifacts. Candidate compounds are
first evaluated by viability testing to define a low-cytotoxicity concen-
tration window. Within this window, plate reader measurements iden-
tify reproducible changes in HyPer7.2 or POINTER/Nrf2 readouts.
Selected responses are then assessed by oxygen-controlled high-content
microscopy and Cellpose-assisted single-cell analysis. This two-stage
structure is intended to generate interpretable mechanistic informa-
tion that can support NAM-based prioritization and future NGRA-
oriented workflows (Fig. 1).
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R3ACT - Redox & Antioxidant Capacity Tracker Assay
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Fig. 1. Schematic of the R3ACT workflow for redox and antioxidant capacity tracker assay. (1) Sample preparation and adaptation: Immortalized human kerati-
nocytes (HaCaT cells) stably expressing the HyPer7.2 redox biosensor (mitochondria- and cytosol-targeted) and the POINTER reporter (for Nrf2 pathway activity),
respectively, are cultured at physiological oxygen (5 kPa) for at least five days prior to screening. (2) High-throughput screening: The oxygen-adapted cells are
treated with test compounds within a predefined low-cytotoxicity concentration range, established by prior viability testing, and biosensor fluorescence signals are
recorded in an oxygen-controlled plate reader environment. (3) Response classification: A dedicated analysis pipeline identifies treatment conditions that produce
reproducible increases in HyPer7.2 and/or POINTER/Nrf2 readouts within the low-cytotoxicity test window. (4) High-content imaging: Selected treatment condi-
tions are imaged at single-cell resolution under physiological oxygen conditions (5 kPa) to capture detailed HyPer7.2 and POINTER signals within mitochondria and
cytosol. (5) Post-image data analysis: Deep-learning-based analysis of the single-cell imaging data is used to profile distinct redox and antioxidant response patterns

across the cell population.
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Fig. 2. Functionality test of stable HaCaT lines under physiological oxygen conditions. Red = cells adapted 5 days to 5 kPa Oz; black = cells kept in room air (~20
kPa 02). (A) High-resolution representative images of HaCaT cells stably expressing Cytosolic HyPer7.2-cytosol (left), mitochondrial HyPer7.2 (middle), or POINTER
(right) after adaptation to the indicated pericellular O: levels. Scale bar = 20 pm (B) Live-cell imaging of HyPer7.2-cytosol after 100 uM H-0: administration. Bars:
basal ratio (middle) and maximal response (right). Statistics: unpaired two-tailed Student’s t-test. Data are mean + SD. (C) Live-cell imaging of mitochondrial
HyPer7.2 after 100 uM H202 administration, with basal and maximal responses quantified as in (B). Same statistics and data presentation as (B). N = 3. (D) POINTER
adaptation to 5 kPa Oz. Left: time course of mean fluorescence (+ SD) during days 0-16 versus room-air controls. Right: mean intensity at baseline, after 5 kPa O:
adaptation, and after re-adaptation to room air O2. Left panel comparison between 5 kPa and room air via the unpaired two-tailed Student’s t-test, N/n = 3/20. Right
panel used the one-way ANOVA with Tukey's post hoc. (E) POINTER response to 1 pM auranofin (AF) in room-air versus 5 kPa Oz-adapted cells. Asterisks mark
between-group differences, one-way ANOVA Tukey’s post-test (***P < 0.001).N/n = 3/20. (F) Viability of room-air and 5 kPa O»-adapted HaCaT cells across AF
doses, assessed by TO-PRO-3 staining and flow cytometry (ICso shown on the plot).). N = 3/20,000 All error bars represent mean +SD.
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3.2. Characterizing the R3ACT biosensor cell lines under physiological
oxygen conditions

We first generated transgenic HaCaT cell lines using lentiviral vec-
tors for HyPer7.2 targeted to the cytosol or mitochondria (Fig. S2), and
the POINTER reporter for Nrf2 pathway activity. High resolution wide
field imaging confirmed robust expression and appropriate subcellular
localization of each reporter in cells maintained in room air (~20 kPa
02) or after adaptation to physiological oxygen (5 kPa O2) (Fig. 2A). We
next tested whether oxygen adaptation alters biosensor performance.
Upon acute administration of 100 uM H202, cytosolic HyPer7.2 showed a
rapid ratiometric increase under both oxygen conditions, indicating that
reporter responsiveness was maintained after 5 kPa adaptation (Fig. 2B).
Basal cytosolic HyPer7.2 ratios showed a modest oxygen-dependent
difference in the analyzed dataset, whereas maximal responses to
exogenous H20» were comparable. Mitochondrial HyPer7.2 did not
show a significant oxygen-dependent difference in basal ratio or
maximal response under the same challenge conditions (Fig. 2C).
Moreover, because Nrf2 signaling is sensitive to ambient oxygen, as
shown in previous work (Miri et al., 2025), we quantified POINTER
behavior during oxygen adaptation. POINTER baseline fluorescence
decreased during adaptation to 5 kPa O2 compared with room-air con-
trols, consistent with oxygen-dependent regulation of basal Nrf2

A
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reporter activity (Fig. 2D). Because absolute fluorescence intensity can
vary between experimental days POINTER responses were interpreted
using within-experiment controls. Finally, we evaluated assay respon-
siveness using auranofin (AF) as a model redox-active compound. AF at
1 uM induced a clear POINTER/Nrf2 reporter response in both room-air
and 5 kPa-adapted cells (Fig. 2E), confirming that antioxidant-response
activation remained detectable under physiological oxygen. In parallel,
AF dose-response viability testing revealed an oxygen-dependent cyto-
toxicity shift, with greater sensitivity at 5 kPa Oz (ICso = 4.028 pM)
compared with room air (ICso = 5.968 uM) (Fig. 2F). This increased
sensitivity at 5 kPa Oz was also observed for additional compounds
including a non-sensitizer (salicylic acid, SA), a strong sensitizer
(4-methylaminophenol sulfate, Metol), and an extreme sensitizer
(1-chloro-2,4-dinitrobenzene, CDNB) (Supplementary Fig. S3).
Together, these data establish functional reporter lines for R3ACT and
support oxygen tension as an important experimental variable that can
influence not only the reporter baseline and response interpretation but
also the drug/compound sensitivity.

3.3. Pilot characterization of response kinetics and conservative response
classification

AF was used as a model redox-active compound to characterize
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Fig. 3. R3ACT screening readouts and decision workflow illustrated. (A) Time-course responses of the biosensors following treatment with auranofin (AF; 1 uM) in
stable HaCaT reporter lines. Curves show HyPer7.2 responses in the cytosol and mitochondria and the POINTER Nrf2 reporter signal over hours. Measurements were
performed under room air and physiological oxygen (5 kPa O2) conditions; red curves indicate data from 5 kPa Oz-adapted cells (room-air curves shown for
comparison. # indicates a significant difference between 5 kPa Oz and room air at the same concentration and * indicates a significant difference within the 5 kPa O,
condition (red curve) compared with the baseline (time 0) (one-way ANOVA with Tukey’s multiple-comparisons test).. Error bars represent +SD. (B) Output of the
custom-built R3ACT statistical analysis pipeline. Heatmap-style summary of concentration-dependent effects within the predefined low-cytotoxicity concentration
range defined from viability measurements. Green boxes indicate HyPer7.2/H20: readouts, red boxes indicate POINTER/Nrf2 readouts, and blue boxes indicate
viability loss determined by flow cytometry in separate range-finding experiments. For each readout, upper rows show results obtained in room air, and lower rows
show responses after adaptation to 5 kPa O:. Asterisks denote statistical significance relative to control using one-way ANOVA with Dunnett’s multiple-comparison
test. Confirmed responses required reproducibility across independent runs as described in the Methods. (C) Decision algorithm for executing R3ACT as described in
the text. All error bars represent mean £SD. N = 3.
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reporter kinetics and define measurement windows for the proof-of-
concept workflow (Fig. 3A, Supplementary Fig. S4). In the present
setup, AF induced a stronger and more reproducible POINTER/Nrf2
response than HyPer7.2 responses. Cytosolic HyPer7.2 changes were
detectable but smaller in magnitude, whereas mitochondrial HyPer7.2
responses were limited. These observations informed the use of 6 h as
the HyPer7.2 measurement window and 24 h as the POINTER/Nrf2
measurement window for subsequent proof-of-concept screening.

We next applied a conservative response-classification workflow to
convert multiparametric dose-dependent data into interpretable
screening summaries (Fig. 3B,C). Viability testing was performed sepa-
rately before reporter screening and was used to define the low-
cytotoxicity concentration window. Within this window, HyPer7.2 and
POINTER/Nrf2 responses were measured by plate reader and summa-
rized as heatmap-style response maps. A confirmed R3ACT response
required a statistically significant increase versus control that was
reproduced in the same readout and same direction across two inde-
pendent screening runs. Responses detected in only one run, or not
reproduced in the same or adjacent concentration range, were classified
as borderline. Selected confirmed or borderline responses were then
assessed by oxygen-controlled high-content microscopy and Cellpose-
assisted single-cell analysis. This workflow is intended for proof-of-
concept mechanistic prioritization and should not be interpreted as a
validated prediction model.

A B
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3.4. Proof-of-concept screening of exposure-relevant materials under
physiological oxygen

Based on the oxygen-dependent reporter behavior observed in the
pilot experiments, proof-of-concept R3ACT screening was performed in
cells adapted to 5 kPa O. The selected materials were used as exposure-
relevant examples rather than as a formal sensitization reference panel.
They included PFOA as a representative PFAS, polystyrene nano-
particles (PS-NP) as a particulate exposure model, ZnO as a metal oxide
material relevant to consumer-product exposure, salicylic acid as a non-
sensitizer with known relevance in skin-assay discussions, and two
intravenous iron formulations as pharmaceutical case examples.
Viability-guided concentration selection was performed before
biosensor screening, and the corresponding viability curves are shown in
Supplementary Fig. S5. HyPer7.2 responses in the cytosol and mito-
chondria were quantified at the standardized 6 h endpoint, and
POINTER/Nrf2 responses were quantified at 24 h. All plate reader ex-
periments were performed in at least two independent rounds with
technical triplicates per compound per round. Reproducible responses
were dominated by POINTER/Nrf2 activation, whereas HyPer7.2 re-
sponses were smaller and did not consistently meet the confirmed-
response criterion across the tested materials. PFOA showed non-
reproducible responses and was therefore classified as borderline. Sali-
cylic acid induced POINTER/Nrf2 reporter activation under physiolog-
ical oxygen; because salicylic acid is not considered a skin sensitizer, this
response was interpreted as antioxidant-response engagement rather
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Fig. 4. Proof-of-concept R3ACT screening and microscopy confirmation of selected responses. (A, B) Heatmap-style plate reader summaries show HyPer7.2
and POINTER/Nrf2 responses in cells adapted to 5 kPa O: within the predefined low-cytotoxicity test range. Grayscale indicates non-significant response magnitude,
while colored squares indicate statistically significant increases versus vehicle control in the corresponding run. Green indicates HyPer7.2/H-0: readouts and red
indicates POINTER/Nrf2 readouts. Responses were classified as confirmed only when reproduced in the same readout and same direction across independent runs;
non-reproducible responses were classified as borderline. All plate reader experiments were performed in at least two independent rounds. (C) High-content mi-
croscopy confirmation was performed for selected conditions versus control. Bars show mean + SD, with dots indicating 3 independent replicates. Statistical analysis
was performed using one-way ANOVA with Dunnett’s post hoc test. Actual tested concentrations are indicated in the panels or in Table 1. All error bars represent

mean +SD. N=3.
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than as a sensitization-positive classification. Selected confirmed or
borderline responses were assessed by high-content microscopy versus
control (Fig. 4C). Borderline plate reader responses were not supported
at single-cell level, including the PFOA/POINTER response.

To further assess whether oxygen tension influenced concentration-
dependent biosensor behavior, dose-response profiles were compared
between room air and 5 kPa Oz-adapted cells using two-way ANOVA
with oxygen condition and compound concentration as factors (Sup-
plementary Fig. S5). This analysis showed that oxygen tension modu-
lated the concentration—-response relationship for several readouts, with
oxygen x concentration interactions observed most prominently in the
Nrf2 reporter arm. In contrast, HyPer7.2 responses were generally
smaller and showed fewer oxygen-dependent changes across the tested
concentration ranges.

A similar proof-of-concept workflow was applied to iron formula-
tions (Supplementary Fig. S6). Iron sucrose (IS) and ferric carbox-
ymaltose (FCM) were screened within the predefined low-cytotoxicity
concentration range and assessed by microscopy at selected concentra-
tions based on the viability-gated workflow. Single-cell analysis was
performed using the Cellpose-based workflow described in the Methods
(Supplementary Fig. S8).

4. Discussion

In this study, we present R3ACT as an early-stage, animal-free NAM
workflow for mechanistic profiling of chemical-induced redox pertur-
bation and antioxidant-response activation under physiological oxygen.
The workflow combines viability-gated concentration selection, genet-
ically encoded live-cell biosensors, oxygen-controlled plate reader
screening, high-content microscopy, and Cellpose-assisted single-cell
analysis (Stringer et al., 2021). In the context of the roadmap toward
animal-free chemical safety assessment, the main contribution of R3ACT
is not regulatory hazard classification, but the generation of interpret-
able mechanistic information that can support compound prioritization,
follow-up testing, and NGRA-oriented weight-of-evidence approaches
(Berggren et al., 2017; Nelson et al., 2024).

Existing regulatory non-animal sensitization assays such as Kera-
tinoSens™ (OECD, 2024) are built around a single pathway readout
(ARE-Nrf2) using a luciferase reporter, in which signal detection re-
quires addition of a luciferase substrate and is typically measured as a
luminescence endpoint rather than a continuous, live-cell, multipa-
rameter readout (Emter et al., 2010). While this is powerful for a stan-
dardized hazard call, it leaves a clear technology gap for mechanistic,
time-resolved profiling of redox biology—distinguishing early ROS
generation from later corresponding antioxidant transcriptional activa-
tion and resolving whether ROS arises in the cytosol or mitochondria. A
second limitation is that these assays, like most cell-based screening, are
usually performed under atmospheric room-air oxygen, even though
physiological tissue O is far lower and strongly shapes redox tone and
stress signaling (Keeley and Mann, 2019). This is particularly relevant
for skin models, where oxygen levels in the epidermal microenviron-
ment are low and standard "normoxic" incubator conditions can drive
non-physiological oxidative stress and altered cell function
(Chettouh-Hammas et al., 2023). R3ACT is designed to close both gaps:
it profiles compartment-resolved H,O5 dynamics and Nrf2 activation in
parallel, in live cells, under physiological oxygen. This distinction is
important because roadmap-oriented animal-free safety assessment will
likely require multiple forms of evidence, including mechanistic,
exposure-relevant, and context-specific information, rather than reli-
ance on a single assay endpoint (Westmoreland et al., 2022; Nelson
et al., 2024; OECD, 2025).

The present data support oxygen tension as an important experi-
mental variable in redox- and Nrf2-based NAM workflows. Cells main-
tained under room air and cells adapted to 5 kPa O, differed in POINTER
basal reporter behavior and response kinetics, indicating that ambient
oxygen can influence assay interpretation. Consistent with this, cells
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adapted to 5 kPa O, showed lower basal HyPer7.2 signals. However, this
baseline shift more likely reflects an adapted antioxidant network set-
point under physiological oxygen, of which lower basal HyO5 is only
one component. (Keeley and Mann, 2019; Chettouh-Hammas et al.,
2023; Chettouh-Hammas and Grillon, 2024).

Importantly, the value of physiological oxygen extends beyond Nrf2
itself to the broader antioxidant regulatory network. Ambient air also
biases the redox state of Nrf2 regulators such as the repressor Bachl,
whose redox-sensitive DNA binding is better preserved under physio-
logical oxygen (Chapple et al., 2016; Tossounian et al., 2025).
Low-oxygen conditions therefore may better reflect the native regula-
tion of antioxidant-response (Chettouh-Hammas et al., 2023). These
findings support the need to control and report oxygen conditions when
developing animal-free in vitro methods for chemical safety assessment.

AF was useful as a pilot compound to characterize response kinetics
and define measurement windows, particularly for POINTER/Nrf2
activation (Dunigan et al., 2018). Also, AF inhibits thioredoxin reduc-
tase, thereby impairing thioredoxin-dependent peroxide detoxification
and promoting intracellular HoO5 accumulation. Consistent with this
mechanism, we previously showed that acute AF administration in-
creases the HyPer7.2 ratio in hCMEC/D3 cells (Miri et al., 2025), and in
EA.hy926 cells (Altun et al., 2024). This is consistent with our data
where we further show that AF incubation increases the HyPer7.2
response in HaCaT cells. After confirming AF's effect on both readouts,
characterizing its response kinetics defined the measurement windows
for R3ACT. These kinetics indicated that Nrf2 activation and H5O5
elevation occur before 48 h, so a fixed late endpoint could miss transient
or earlier redox-associated events. R3ACT therefore uses a 6 h HyPer7.2
readout to capture earlier compartment-resolved HoO5 changes and a 24
h Nrf2 readout to assess downstream antioxidant-response activation.

In the present experimental setup, the tested compounds elicited
prominent POINTER responses, whereas HyPer7.2 signals remained
negligible. This does not indicate lower sensitivity of HyPer7.2, but
rather the absence of transient H.O: generation in response to these
compounds. The two reporters differ fundamentally in mechanism and
timescale: HyPer7.2 is a direct, reversible, real-time sensor of instanta-
neous intracellular HyO,, whereas POINTER is a transcriptional reporter
that integrates and amplifies a downstream antioxidant-response signal
over many hours. A modest but sustained HyO, change can therefore
produce a non-significant HyPer7.2 readout while still driving a strong,
amplified POINTER response.

To avoid overinterpretation of isolated statistical events, we applied
a conservative reproducibility rule. Responses observed in both inde-
pendent runs in the same readout and direction were classified as
confirmed, whereas responses observed in only one run or at inconsis-
tent concentrations were classified as borderline. This approach is
appropriate for a proof-of-concept workflow but should not be consid-
ered a validated prediction model. This limitation partly reflects the
absence of established reference thresholds for oxygen-controlled,
multiparametric redox/Nrf2 profiling under physiological oxygen.
Existing reference classifications and performance standards were
developed for established assay formats such as ARE-Nrf2 luciferase
methods (OECD, 2015, 2024), not for live-cell biosensor workflows
combining physiological oxygen control, compartment-resolved H20-
readouts, and Nrf2 reporter activation. Therefore, future studies should
establish R3ACT-specific acceptance criteria, quantitative response
thresholds, and reference-compound benchmarking before broader
screening or regulatory applicability can be assessed (Nelson et al.,
2024).

The selected materials should be interpreted as proof-of-concept and
exposure-relevant examples rather than as a formal sensitization vali-
dation panel. PFOA, PS-NP, ZnO, salicylic acid, and iron formulations
represent different chemical or material classes relevant to consumer-
product, environmental, or pharmaceutical exposure. Within this
limited set, reproducible responses were mainly observed in the
POINTER/Nrf2 arm. The salicylic acid response should be interpreted as
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antioxidant-response engagement under physiological oxygen, not as
evidence of sensitization potential. This distinction is central to the
intended context of use of R3ACT as a mechanistic profiling workflow
rather than a binary regulatory classifier (Chettouh-Hammas and
Grillon, 2024; OECD, 2024; Miri et al., 2025).

In R3ACT, iron sucrose (IS) showed reproducible POINTER/Nrf2
activation across two independent screening runs, and this response was
supported by high-content single-cell imaging at the selected low-
cytotoxicity concentration. In contrast, ferric carboxymaltose (FCM)
did not show a comparable Nrf2 response in the present workflow.
Neither formulation produced a reproducible increase in HyPer7.2 ratio
within the tested concentration window. However, IS increased cyto-
solic H20:2 levels compared with the control, suggesting a formulation-
dependent redox trend that did not meet the confirmed response crite-
rion. These findings illustrate how R3ACT can distinguish formulation-
dependent antioxidant-response engagement under physiological oxy-
gen, while also showing that Nrf2 activation can occur without a
confirmed HyPer7.2 response at the selected endpoint. The present
dataset also illustrates that Nrf2 activation and detectable H20: in-
creases do not necessarily coincide at the selected measurement end-
points (Miri et al., 2025). Many conditions produced POINTER/Nrf2
responses without reproducible HyPer7.2 increases. This is expected,
because the HyOo-Nrf2 relationship is not one-to-one: Nrf2 integrates
upstream signaling over time and can also be activated by
redox-independent routes that do not raise intracellular HyO». A tran-
sient or efficiently buffered HyO, change may therefore leave little
standing HyPer7.2 signal while still engaging Nrf2.

In its intended context of use, R3ACT functions as a mechanistic
prioritization tool rather than a hazard classifier, and the biosensor
readouts are therefore not used to label a compound as "safe" or "toxic."
Instead, four interpretable patterns can be distinguished. A combined
HyPer7.2*/POINTER" response indicates both an intracellular H,O5 in-
crease and downstream Nrf2 activation, the signature most consistent
with redox-driven antioxidant-response engagement and identifies high-
priority candidates for mechanistic follow-up on oxidative distress. A
HyPer7.2°/POINTER* pattern indicates Nrf2 engagement without a
confirmed H»0, increase; pointing toward antioxidant-response acti-
vation through routes that are not necessarily HyO2-mediated. Salicylic
acid is a candidate example of this pattern in the present dataset; a
plausible mechanism is the activation of AMPK by salicylic acid (Hawley
et al., 2012), which can in turn promote Nrf2-dependent transcription
through several routes (Fischhuber et al., 2020; Petsouki et al., 2023). A
HyPer7.2*/POINTER" pattern would indicate an intracellular HyO» in-
crease that has not, at the tested dose and timepoint, triggered a
measurable adaptive antioxidant response; this is not in itself an indi-
cator of toxicity, but flags a redox perturbation that may outpace or
bypass adaptive Nrf2 signaling and warrants follow-up on dose and ki-
netics. Finally, a HyPer7.2"/POINTER" result indicates no detectable
engagement of either readout within the non-cytotoxic window,
deprioritizing the compound for HyO2- and Nrf2-related mechanisms
under the tested conditions.

Within the NAM lifecycle, R3ACT is currently positioned at the
method-development and early application stage and is not presented as
a validated method. Moving R3ACT toward regulatory acceptance,
including potential OECD adoption, would require a formal validation
process addressing the elements established for such methods: defined
performance standards and acceptance criteria (for reporter dynamic
range, assay robustness, and reproducibility), harmonized SOPs for ox-
ygen control, cell adaptation, plate reader acquisition, image acquisi-
tion, and data analysis, fixed and versioned analysis scripts,
benchmarking against agreed reference chemical panels such as those in
the SkinSensDB database (Wang et al., 2017), and formal
inter-laboratory studies to establish reproducibility and quantify
between-laboratory variability. Only once these validation requirements
are met should regulatory applicability or integration into defined ap-
proaches be assessed.
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5. Conclusion

R3ACT provides an animal-free, oxygen-controlled live-cell work-
flow for mechanistic profiling of intracellular H.0> dynamics and Nrf2-
dependent antioxidant-response activation. The present study estab-
lishes feasibility of the workflow using human keratinocyte reporter
lines, viability-gated compound testing, plate reader screening, high-
content microscopy, and Cellpose-assisted single-cell analysis. In its
current form, R3ACT should be regarded as an early-stage NAM that can
support chemical prioritization and NGRA-oriented mechanistic evi-
dence generation, not as a validated regulatory assay. Further reference-
compound benchmarking, predefined performance criteria, serum-free
adaptation, and inter-laboratory studies will be required to assess its
role in future animal-free chemical safety assessment strategies.
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