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(SR) Ca2+ leak)57, L-type Ca2+ channels (ICaL; inward Ca2+ current)58 and SR 
Ca2+ ATPase pumps (SERCA; decreased Ca2+ reuptake)59–61. Physiologi-
cal effects of these perturbations can include changes in specific CaT 
phenotypes, such as baseline Ca2+ levels, CaT amplitudes, time to peak 
(TtP; on-kinetics) and Ca2+ transient duration 90% (CaTD90; completion 
of 90% of one CaT period). We tested how auranofin-induced acute 
oxidative stress perturbs Ca2+ dynamics. Previous studies reported 
auranofin-induced Ca2+ increases in some cell types62,63. Indeed, 
auranofin (5 µM) induced increased H2O2 (Fig. 4e) during the 20-min 
imaging period, accompanied by an increase in basal Ca2+ levels (Fig. 4f). 
Next, we extracted the CaT profiles from the Fluo-4 imaging data for fur-
ther characterization (Fig. 4g,h). Compared to the vehicle control, CaTs 
of auranofin-treated hiPS cell-CMs exhibited the following phenotypes: 
elevated CaT peak amplitude and prolonged TtP and CaTD90 (Fig. 4i).

Modeling the impact of oxidative stress on CaTs of hiPS cell-CMs
Here, we used a previously described ‘generalized’ computational 
model64 for hiPS cell-CM electrophysiology to explore mechanisms 
of how oxidative stress leads to the observed CaT phenotypes (that 
is, increased amplitude, TtP and CaTD90). Aligned with the reported 
effect of oxidative stress on the Ca2+ transporters discussed earlier, 
we modeled oxidative stress by modifying parameters corresponding 

to Ca2+ uptake from the cytoplasm to the SR via SERCA, SR Ca2+ leak 
amplitude and ICaL conductance. Perturbing SR Ca2+ leak did not alter 
CaT profiles, while modifying ICaL and SERCA levels elicited changes 
in CaT (Fig. 5a–c). We thus performed a bivariate analysis to deter-
mine how CaT phenotype depended on SERCA and ICaL levels. This 
revealed that CaT phenotypes aligned with experimental observa-
tions only emerged when synergistic perturbations were modeled 
(Fig. 5d). CaT profiles were generally more sensitive to changes in ICaL 
than SERCA (Fig. 5e), consistent with previous reports identifying ICaL 
as the primary CaT driver in hiPS cell-CMs due to the functional imma-
turity of SR-associated Ca2+ transporters65–69. However, steady-state 
beating frequencies from the modeled perturbations ranged from 
0.479 to 0.846 Hz, with a trend toward faster activity, aligning with 
experimental findings where auranofin increased frequency in two 
of three replicates (Supplementary Fig. 9a). To verify that observed 
changes in CaT phenotypes stemmed from parameter modifications 
rather than changes in intrinsic beating rate, we ran additional simula-
tions (Supplementary Fig. 9b) by overdrive pacing the baseline model 
(0.5 Hz) up to 0.85 Hz. This resulted only in minor or opposite changes 
in CaT metrics (CaT amplitude decreased with pacing but increased 
under modifications simulating oxidative stress). Thus, although the 
CaT phenotypes in hiPS cell-CMs are more responsive to changes in 
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Fig. 4 | Multiparametric analysis of the acute effect of auranofin on H2O2, 
redox potential and Ca2+. a–c, Dual monitoring of intracellular EGSH and H2O2. 
a, Normalized fluorescence change in GRX1–roGFP2 (green, EGSH sensor) and 
oROS-HT635 (magenta) coexpressed in HEK293 cells in response to 10 µM H2O2 
(at the gray line, n > 100 cells, collected from 3 wells). Ex, excitation. b, Traces 
of auranofin-induced changes in GRX1–roGFP2 and oROS-HT635 in HEK293 
cells. oROS-HT635 response (magenta) is shown as relative fluorescence change 
from the baseline (F/F0). GRX1-roGFP2 response (green) is shown as intensity 
ratio from 405/488 (nm) excitation. The dashed trace for each sensor plot 
represents responses to vehicle treatment (n > 100 cells per condition collected 
from 3 wells); AUR, auranofin; VEH, vehicle. c, Translocation of NRF2 (in 
nuclear:perinuclear ratio) quantified from immunofluorescence staining of 
NRF2 in HEK293 cells exposed to 1 µM auranofin for 30 min or negative controls 
(n > 100 cells collected from 5 wells per condition). Detailed analysis methods 

are described in Supplementary Fig. 8. d–i, Dual imaging of Ca2+ and H2O2 in 
hiPS cell-CMs in response to 5 µM auranofin (n = 12 for auranofin and n = 11 for 
vehicle conditions; regions of interest from 3 wells), d, Representative traces. 
Peaks (black dots) and troughs (red crosses) of CaTs are labeled. e, Fluorescence 
change (F/F0) of oROS-HT635. f, Resting fluorescence change (∆Baseline) of Fluo-
4. g, Representative CaT changes over time. h, Schematic description of CaT 
phenotypes; Cai, intracellular Ca2+. i, Extracted CaT phenotypes. Left: amplitude 
(amplitude of CaTs at the peak). Middle: TtP, time-to-peak. Right: CaTD90. Error 
bars and bands in the plots represent the 95% bootstrap (n = 1,000) CI of the 
mean calculated using the statistical plotting package Seaborn (v0.13.2). Box 
plots show median, IQR, whiskers (extending to 1.5× IQR) and outliers. Data in c, 
e, f and i were analyzed by two-sided independent t-test; *P < 0.05, **P < 0.01 and 
****P < 0.0001.
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ICaL, the experimentally observed CaT profiles only arise when both 
plasma membrane and SR components are synergistically perturbed. 
In other words, perturbations of both ICaL and SERCA were sufficient 
to recapitulate the observed phenotypes. These results highlight the 
complex nature of the effect of oxidative stress on Ca2+ dynamics in 
cardiomyocytes, further emphasizing the need for systemic studies 
on the influence of oxidative stress on specific Ca2+ transporters and 
their synergistic interactions.

Imaging intracellular and extracellular H2O2 induced by 
menadione
Intracellular H2O2 generation is potentially localized and function-
ally differentiated in aerobic organisms70, which calls for monitoring 
of H2O2 in a spatially resolved manner20 (for example, in subcellular 
compartments; Fig. 6a and Supplementary Fig. 10). Growing evidence 
demonstrates the substantial contribution of NADPH oxidase-sourced 
O2

− and H2O2 in redox signaling and disease progression71–75. The oxi-
dase generates H2O2 on the extracellular side of the cellular plasma 
membrane76, constituting an extracellular pool of H2O2 (ref. 77). Fur-
thermore, its intracellular distribution is achieved through autocrine 
(aquaporin-mediated diffusion of H2O2 (refs. 78,79) into cells) and par-
acrine80 mechanisms. We fused oROS-HT635 to a PDGFR transmembrane 
domain-based trafficking sequence (pDisplay vector; Invitrogen) for 
extracellular membrane localization. Its coexpression with oROS-G, 

a sensitive and equivalently fast green variant of oROS that we previ-
ously engineered30, was well tolerated in HEK293 cells (Fig. 6b). We 
measured increases in H2O2 in both the extracellular and intracellu-
lar space following application of 25 µM menadione. Intriguingly, we 
found that the extracellular H2O2 response detected by oROS-HT635 
(inverse response sensor) was faster than oROS-G (direct response 
sensor) in cells where both sensors responded to menadione. This 
supports previous observations that menadione increases H2O2 in 
the extracellular space, potentially via NADPH oxidase-sourced H2O2 
(refs. 81–84; Fig. 6c,d).

Monitoring spatially controlled H2O2 diffusion
We visualized spatiotemporally resolved diffusion of H2O2 by combin-
ing subcellular variants of oROS-HT635 with compartment-specific 
chemogenetic and optogenetic H2O2-generating methods. We first 
targeted d-amino acid oxidase (DAAO)14 to the mitochondrial matrix 
(dMito-DAAO), which generated H2O2 in response to d-alanine (50 mM) 
supplementation. H2O2 generated in the matrix was tracked in different 
compartments using subcellular oROS-HT635 at the source (dMito), 
the intermembrane space (IMS) and the inner plasma membrane (via 
CAAX sequence). As expected, the sensors captured the time course 
of H2O2 diffusion from the mitochondria to the inner plasma mem-
brane (5–95% ∆F/F0 (min ± s.d.): dMito (1.89 ± 0.21), IMS (3.86 ± 0.60) 
and CAAX (7.81 ± 0.39)), thereby revealing buffering along the path 
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Fig. 5 | Modeled interplay between ICaL and SERCA reveals oxidative 
stress-induced Ca2+ dysregulation. a–c, Effects of oxidative stress-induced 
perturbation on ICaL conductance (a), SERCA uptake (b) and SR Ca2+ leak (c) 
were simulated using a modified version of the hiPS cell-CM computational 
model by Kernik et al.64 (total simulation time = 100 s, with baseline beating 
frequency of 0.5 Hz calibrated to match the experimental data). The plots display 
cytoplasmic CaTs at steady state from each simulated condition. Red dashed 
lines represent simulations without perturbation. d, Synergy map showing the 
degree of difference in CaT phenotypes in each simulated condition compared 

to conditions with no perturbation (∆phenotype/phenotype1.0). Phenotype1.0 is 
within the red dotted boundary. The grid boxes within the black dotted boundary 
denote conditions whose direction of phenotypic change (+ or –) matches the 
CaT phenotypes (∆Baseline, ∆Amplitude, ∆TtP and ∆CaTD90) observed in Fig. 
4d–i. e, CaT influence map (ICaL versus SERCA) derived from an additive weighting 
of absolute influence on each phenotype (|∆phenotype/phenotype1.0| from 
∆Baseline, ∆Amplitude, ∆TtP and ∆CaTD90). Synergistic perturbation of both 
ICaL and SERCA was sufficient to recapitulate the experimentally observed CaT 
phenotypes.
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exemplified by the longer temporal delay of diffusion from the IMS to 
the inner plasma membrane than from the matrix to the IMS (Fig. 6e). 
In addition, mitochondrial H2O2 from dMito-DAAO diffused outside 
of cells. We detected this paracrine diffusion of H2O2 in cocultures of 
dMito-DAAO+ cells expressing cytosolic oROS-G (50% activation at 
~20.3 min) and dMito-DAAO– cells expressing cytosolic oROS-HT635 
(50% activation at ~36.5 min; Supplementary Fig. 11). Furthermore, 
we used the photosensitizer miniSOG, which produces singlet oxygen 
and O2

− following 488-nm excitation and subsequently dismutates to 
H2O2 via physiological mechanisms such as superoxide dismutase85,86. 
By targeting miniSOG to two major endogenous H2O2 sources (the 
mitochondrial matrix (via dMito) and the outer plasma membrane 
(via pDisplay)), we assessed H2O2 diffusion toward the inner plasma 
membrane using CAAX-oROS-HT635. Both mitochondrial and outer 
plasma membrane miniSOG induced detectable increases in H2O2 at the 
inner plasma membrane. However, the mitochondrial matrix miniSOG 
produced a faster and more substantial response (first 488-nm pulse, 
minimum ∆F/F0 (%) ± s.d.: pDisplay –2.46 ± 0.55 and dMito –13.19 ± 3.34; 
second 488-nm pulse, minimum ∆F/F0 (%): pDisplay –7.38 ± 2.14 and 
dMito –26.52 ± 5.17; Fig. 6f). Combining dual-color H2O2 imaging and 

plasma membrane-specific expression of oROS-HT635, as demonstrated 
here, could aid in the study of interactions between H2O2 sources and 
intracellular and extracellular targets with subcellular resolution.

Discussion
This study introduces a bright far-red chemigenetic indicator for H2O2, 
oROS-HT635. To fully exploit the brightness of the JF635 rhodamine dye, 
we optimized the inverted-response sensor for higher brightness and 
dynamic range. Because oROS-HT635 maintains bright fluorescence in 
the sensor activation range (for example, partially oxidized state), it 
detects high-fidelity signals at physiological H2O2 levels (Fig. 2g). By 
incorporating a chemigenetic reporter system (cpHaloTag-JF635), 
we achieved oxygen-insensitive, pH-resistant and photochromic 
artifact-free imaging, extending its application range (Fig. 3).

Harnessing the multiplexing capability of oROS-HT635, we per-
formed dual-color imaging paired with green fluorescence-based redox 
potential, Ca2+ and pH reporters, allowing monitoring of H2O2 levels 
simultaneously with changes in redox potential, Ca2+ or pH (Figs. 3d,e 
and 4). Auranofin, a treatment for rheumatoid arthritis, is gaining atten-
tion from the cancer community as a potential therapeutic candidate 

0 50

488 nm C199S488 nm

100 150 200

Time (s)

–30

–20

–10

0

dMito-miniSOG (matrix)
pDisplay-miniSOG (outer PM)

DAAO

0 2.5 5.0 7.5 10.0

Time (min)

–1.00

–0.75

–0.50

–0.25

0

∆
F/
F 0

 (n
or

m
al

iz
ed

)

Matrix
3.86 ± 0.60
7.81 ± 0.39

1.89 ± 0.21

D-Alanine

IMS
Inner PM

5–95% (min)dMito-DAAO
dMito (matrix)
IMS (IMS)
CAAX (inner PM)

H2O2

+D-Alanine
oROS-HT635

dMito (matrix)

CAAX-oROS-HT635
(inner PM)

pDisplay (outer PM)
H2O2

O2
–

miniSOG + blue light (488 nm)e

4

1 2 3 4

3
2
1

S
S

OxyR

SH

SH

OxyR

SH

SH

H 2O
2 S

S

OxyR

cpHT

(JF
635)

OxyR

Intracellular

Extracellular

ba

miniSOG

miniSOG

IMS-oROS-HT635

Mitochondria
(IMS)

dMito-oROS-HT635

Mitochondria
(matrix)

oROS-HT635-CAAX

Plasma membrane
(intracellular)

LifeAct-oROS-HT635

Actin filament

oROS-G

oROS-H
T

0

100

200

Ti
m

e 
(s

) a
t 5

0%

*

0 2 4

Intracellular
oROS-G

Menadione

Extracellular
oROS-HT635

0

0.25

0.50

0.75

1.00

N
or

m
. F

/F
0

∆
F/
F 0

 (%
)

Time (min)

c d

f

Plasma membrane

H2O2
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of oROS-HT635 was achieved by labeling peptide sequences for actin (LifeAct), 
mitochondrial matrix (dMito), mitochondrial IMS and the intracellular side of 
the plasma membrane (CAAX). HEK293 cells expressing each trafficking variant 
were live imaged using a confocal microscope; scale bars, 10 µm. b, Schematic 
and confocal z-stack images of HEK293 cells coexpressing pDisplay–oROS-HT635 
(extracellular side of the plasma membrane) and cytosolic oROS-G; scale bars, 
10 µm. c,d, Change in fluorescence in HEK293 cells expressing pDisplay–oROS-
HT635 and cytosolic oROS-G in response to 25 µM menadione imaged with an 
epifluorescence microscope. Both sensors were imaged every second.  
c, Representative trace of oROS-HT635 and oROS-G from a single cell. d, Time (s) 

at 50% sensor activation (n = 25 cells from 4 biological replicates). e, Activation 
kinetics of chemogenetically induced mitochondrial H2O2 to the mitochondrial 
matrix (matrix), IMS and inner plasma membrane (inner PM; 3 biological 
replicates, ±s.d. for 5–95% time). f, miniSOG generated O2

− and H2O2 following 
488-nm stimulation and was expressed at the outer plasma membrane or the 
mitochondrial matrix. CAAX-oROS-HT measured optogenetically induced H2O2 
diffusion to the inner plasma membrane (three biological replicates). Error bars 
and bands in the plots represent the 95% bootstrap (n = 1,000) CI of the mean 
calculated using the statistical plotting package Seaborn (v0.13.2). Data in d were 
analyzed by two-sided independent t-test; *P < 0.05.
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due to its dose- and cell-dependent multifaceted mode of action87,88. As 
a thioredoxin reductase/glutathione peroxidase inhibitor, auranofin 
attenuates intracellular antioxidant capacity, which increases oxidative 
stress. Intriguingly, recent studies aimed to repurpose auranofin as a 
potential cancer therapeutic revealed a more nuanced role of auranofin 
as increasing cellular oxidative stress can activate regulators such as 
NRF2 to boost cellular antioxidative capacity87,88. Here, we showed in 
real time how low-dose auranofin initiates transient oxidative stress, 
followed by a GRX-independent reversal of H2O2 levels. The time course 
of the reversal correlated with increased NRF2 translocation into the 
cell nucleus in HEK293 cells, supporting observations from previous 
studies (Fig. 4b,c).

Auranofin-induced antioxidative perturbations also altered 
dynamic CaTs in hiPS cell-CMs, which we correlated with an increased 
level of H2O2. These observations could be recapitulated in our com-
putational simulation of the effect of oxidative stress on two key Ca2+ 
transporters ICaL and SERCA56,57,61 (Figs. 4d–i and 5). Our findings align 
with previous work showing a close link between oxidative stress and 
Ca2+ transport across various cell types. We want to acknowledge the 
intricate nature of Ca2+ and redox interactions, which may become more 
pronounced in fully developed cardiomyocytes. This study focused 
on ICaL and SERCA changes to replicate the observed responses in hiPS 
cell-CMs. However, in mature heart cells, factors like cardiac dyad 
structure, mitochondrial function and NCX activity may amplify the 
effects of reactive oxygen species on Ca2+ dynamics. These complexi-
ties require further exploration of how these interactions evolve with 
cellular development to better understand the roles of oxidative stress 
in Ca2+ handling across diverse cell types and developmental stages.

Users can also exploit the remarkable subcellular targeting of 
oROS-HT635 to monitor H2O2 with higher spatial resolution closer to or 
farther from its sources. GEHIs have been pivotal in unraveling cellular 
H2O2 topology by enabling optical monitoring of H2O2 dynamics in a 
spatially resolved manner heavily focused on cytoplasmic and mito-
chondrial spaces14,89. oROS-HT635 can aid users in studying H2O2 biology 
by revealing the H2O2 dynamics near plasma membrane spaces72,90,91 
and paracrine H2O2 (ref. 80), allowing a more nuanced and systemic 
understanding of H2O2 dynamics in biological systems. Specifically, 
membrane-tagged oROS-HT635 provides opportunities to investigate 
H2O2 topology proximal to the plasma membrane81–84 (Fig. 6).

The JF635-based design of oROS-HT635 led to critical advantages 
such as bright far-red fluorescence, oxygen independence and reduced 
pH dependence. Because the dye covalently conjugates with the sensor, 
the fluorescence is not dependent on free dye concentration once the 
conjugation occurs. However, dependency on the exogenous dye creates 
a potential disadvantage of oROS-HT635 over existing cpFP-based H2O2 
sensors. The oROS-HT635 readout in this publication relies on intensio-
metric measurements, which makes signals inherently qualitative. Nev-
ertheless, the sensor provides precise temporal and spatial correlations 
between H2O2-generating events and subsequent physiological phenom-
ena. For steady-state measurements, different sensor expression levels 
must be accounted for, for example, by including a control fluorophore.

The next iteration of oROS-HT635 could be optimized for other JF 
dyes with shifted emission spectra ranging from 494 nm to 722 nm, 
further enhancing its flexibility in multiplexed optogenetic applica-
tions. Another possible avenue for future oROS-HT635 development 
is maximizing its in vivo application capability. As a trade-off to its 
exceptional fluorogenicity, the bioavailability of JF635 dye can be a 
challenge for animal application in vivo. We envision two paths for 
optimizing the use of oROS-HT635 in live animals. First, introducing 
the dye into brain tissue can be aided by engineered solutions such 
as injection cannulas or drug delivery systems92,93. Alternatively, as 
recently described by Farrants et al., optimization of oROS-HT635 with 
highly bioavailable dyes (for example, JF669)94,95 can be explored for 
efficient animal applications. Adapting the sensor’s reporting mecha-
nism to be more prone to quantum yield change could also improve 

fluorescence lifetime imaging microscopy compatibility for more 
quantitative measurement of H2O2 in situ.

In conclusion, oROS-HT635 enables the monitoring of H2O2 with 
high spatiotemporal resolution, offering flexibility in its multiplexed 
application with existing optogenetic tools. The rapid kinetics and 
robust subcellular targeting capabilities of oROS-HT635, particularly at 
the outer and inner surfaces of the plasma membrane, render it an inval-
uable tool for investigating H2O2 topology near the plasma membrane. 
When used with fluorescent sensors for various analytes, oROS-HT635 
facilitates a dynamic, multiparametric analysis of H2O2 dynamics and 
physiological responses in real time with precise spatial information, 
enhancing the contextual understanding of H2O2 in cell physiology.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41589-025-01891-7.
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Methods
Ethics statement
This study was performed in strict accordance with the recommenda-
tions in the Guide for the Care and Use of Laboratory Animals of the 
National Institutes of Health. All animals were handled according to 
the approved Institutional Animal Care and Use Committee protocols 
4422-01 and 4383-02 of the University of Washington and followed the 
National Institute of Health and the Association for Assessment and 
Accreditation of Laboratory Animal Care International guidelines. The 
University of Washington has an approved Animal Welfare Assurance 
(A3464) on file with the National Institute of Health Office of Laboratory 
Animal Welfare, is registered with the US Department of Agriculture 
(certificate 91-R-0001) and is accredited by the American Association 
for Accreditation of Laboratory Animal Care International.

Statistics and reproducibility
Most experiments were conducted with at least three independent bio-
logical replicates (n ≥ 3), ensuring robustness and reproducibility. Raw 
data and descriptive statistics for all presented analyses are also avail-
able on figshare (https://doi.org/10.6084/m9.figshare.28306691)96, 
and automated quantification methods were used where possible 
to minimize user bias. Data processing and statistical analyses were 
performed using Python (NumPy, SciPy and Seaborn), with Seaborn 
v0.13.2 used for statistical visualization. Error bars and bands in the 
plots represent the 95% bootstrap (n = 1,000) CI of the mean, estimated 
through resampling, whereas box plots display the median, IQR, whisk-
ers (extending to 1.5× IQR) and outliers. A two-sided independent 
t-test was used for statistical comparisons. The complete minimal raw 
dataset and code for downstream analyses and visuals generated for 
this study are publicly available on figshare (https://doi.org/10.6084/
m9.figshare.28306691)96 to facilitate reproducibility. Data distribu-
tion was assumed to be normal but was not formally tested. Although 
data collection and analysis were not performed blind to experimental 
conditions, we used a high-throughput computational pipeline for 
unbiased extraction of fluorescence data using FUSE v0.1.0-alpha97.

Molecular biology
oROS-HT variants were all cloned based on the pC1 plasmid back-
bone from pC1-HyPer-Red (Addgene ID 48249) and insertion from 
pAAV-synapsin-HaloCaMP1a-EGFP (Addgene ID 138327). Primers 
for point mutations or fragment assembly required to generate the 
oROS-HT screening variants were designed for the In Vitro Assembly 
cloning technique98, and they were ordered from Integrated DNA 
Technologies. All gene fragment amplification was performed using 
SuperFi-II polymerase (Invitrogen, 12368010). Amplification of DNA 
fragments was verified by agarose gel electrophoresis. Thirty minutes 
of DpnI enzyme treatment was performed on every PCR product to 
remove the plasmid template from PCR samples. Circularization or 
assembly of the PCR products was achieved with the In Vitro Assembly 
cloning technique, and linear DNA products were transformed into 
competent E. coli cells (DH5ɑ or TOP10) and grown on agar plates 
that contained kanamycin selection antibiotic (50 µg ml–1). Follow-
ing colony formation, single colonies were picked and grown in 5-ml 
cultures containing LB broth (Fisher BioReagents, BP9723-2) and selec-
tion antibiotic (kanamycin; 50 µg ml–1) overnight (37 °C, 230 rpm). 
DNA was isolated using Machery Nagel DNA prep kits (Machery 
Nagel, 740490.250). Sanger sequencing (Genewiz) or whole-plasmid 
Nanopore sequencing (Plasmidsaurus) of isolated plasmid DNA 
was used to confirm the presence of the intended mutation. Genes 
encoding the final variants were cloned into a CAG-driven backbone, 
pCAG-Archon1-KGC-EGFP-ER2-WPRE (Addgene, 108423), using the 
methods described above. All subsequences were verified by Sanger 
sequencing (Genewiz) or whole-plasmid Nanopore sequencing (Plas-
midsarus). Additionally, pC1-CMV-mito-DAAO (Addgene ID 141132) and 
pC1-SypHer3s-IMS (Addgene ID 108120) were generously provided by 

Addgene. The miniSOG1 gene fragment was ordered from Twist Biosci-
ence based on miniSOG-C1 (Addgene ID 54821) and replaced oROS-HT 
in pC1-dmito-oROS-HT and pDisplay-oROS-HT.

Protein structure prediction and analysis
Protein structure analysis and plotting were performed using 
Chimera-X-1.7.1. Oxidized (PDB ID 1I6A) and reduced (PDB ID 1I69) 
crystal structures of ecOxyR were imported from the PDB. Pairwise 
residue distance between reduced and oxidized ecOxyR structures was 
determined by aligning both structures using a matchmaker algorithm 
that superimposes protein structures by creating a pairwise sequence 
alignment and then fitting the aligned residue pairs to derive pairwise 
residue distances. The structure of variant 213–214 was predicted 
using ColabFold29 (msa_method = mmseqs2, homooligomer = 1 or 2, 
pair_msa = false, max_msa = 512:1,024, subsample_msa = true, num_
relax = none or 1, use_turbo = true, use_ptm = true, rank_by = pLDDT, 
num_models = 3 or 5, num_samples = 1, num_ensemble = 1, max_recy-
cles = 6, 24, 48, tol = 0, is_training = false, use_templates = false). The 
putative position of JF635 was incorporated into the ColabFold predic-
tion of variant 213–214 to report the JF635-bound cpHaloTag structure 
(PDB ID 6U2M) with the matchmaker algorithm.

Chemicals
HaloTag ligands of JF ( JF-HTLs) 635 and 585 described in this paper were 
generously provided by Janelia Materials. Stock solutions of JF-HTLs 
were prepared in 100% DMSO at 200 µM. Cells described in this study 
were incubated in 200 nM JF-HTL for 1 h before imaging unless speci-
fied. Although washout of the dyes is not required, we switched the 
cells into imaging medium before imaging. H2O2 working solutions 
were freshly prepared before every experiment from 30% (wt/wt) 
H2O2 solution in water (Sigma-Aldrich, H1009). A stock solution of 
menadione (Sigma-Aldrich, M9429) was prepared in 100% DMSO at 
50 mM. A stock solution of auranofin (Tocris Bioscience, 46-005-0) 
was prepared in 100% DMSO at 50 mM.

Protein purification
oROS-HT was expressed in the New England Biolabs BL21(DE3) E. 
coli strain using the pET29b vector. An overnight LB culture, started 
from a single colony, was diluted 1:100 in TBII (MpBio) medium sup-
plemented with 50 μg ml–1 kanamycin. A total of 1,500 ml of expres-
sion culture was grown at 37 °C for 4 h, followed by induction with 
isopropyl-β-d-thiogalactopyranoside and continued culturing at 
18 °C for 24 h with shaking at 225 rpm. Cells were then collected by 
centrifugation at 4,000g and resuspended in 50 mM Tris (pH 8.0), 
300 mM NaCl, 20 mM imidazole, 1 mM PMSF, 100 μg ml–1 lysozyme 
(Sigma-Aldrich) and 10 μg ml–1 DNase (Sigma-Aldrich). Cells were 
lysed by sonication and centrifuged at approximately 18,000g for 
30 min. The soluble fractions were purified using immobilized metal 
affinity chromatography with gravity columns packed with Ni-NTA 
agarose resin (Qiagen). Columns were washed with a buffer containing 
20 mM imidazole, and proteins were eluted with a buffer containing 
300 mM imidazole and 1.5 mM DTT. Proteins were further purified 
by size-exclusion chromatography using an ÄKTA FPLC instrument 
equipped with a Superdex 200 Increase 10/300 GL column (GE Health-
care Life Sciences) equilibrated with 25 mM Tris (pH 8.0), 150 mM NaCl 
and 1.5 mM DTT.

Fluorimetry of oROS-HT635 following attachment with 
JF635-HTL
Experiments to determine the quantum yield of oROS-HT635 were con-
ducted using a FluoroMax-4 spectrofluorometer (Horiba). Before 
measurements, oROS-HT635 (1.5 μM) was incubated with JF635-HTL 
(2 μM) in a solution containing 25 mM Tris (pH 8.0), 150 mM NaCl 
and 1.5 mM DTT at room temperature for 1 h. To determine the quan-
tum yield of fluorescence of oROS-HT635, the emission spectra of the 
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fluorescence excited at 635 nm were measured and compared to Nile 
blue dye as a standard.

Cellular brightness comparison
Experiments comparing the cellular brightness of oROS-HT635 and 
HyPerRed were conducted using HEK293 cells expressing eGFP tandem 
fusions (C termini) of each sensor. Imaging was performed on a Stel-
laris Falcon Confocal system (Leica Microsystems) with an HC PL APO 
CS2 ×20/0.75-NA dry objective. Consistent imaging parameters were 
used across all measurements, including unidirectional scan speed 
(400 Hz), pixel dwell time (1.41 µs) and photon counting mode via the 
HyD X detector. To minimize autofluorescence artifacts, pixels were 
Tau gated for fluorescence lifetimes of 1.04–8 ns. Image segmentation 
was performed using Cellpose, enabling downstream analysis of aver-
age photon counts per cell. For 10-nm spectral peak bandpass-based 
brightness comparisons between HyPerRed (excitation of 575 nm 
and emission of 600–610 nm) and oROS-HT635 (excitation of 640 nm 
and emission of 650–660 nm), photon counts were normalized to 
their respective tandem eGFP (excitation of 488 nm and emission of 
508–518 nm) fluorescence. All three fluorophores were excited with 
~49-µW laser power from a white-light laser (Leica; set to 85% maximum 
power). Extracted average photon counts per cell were further cor-
rected for spectral effects (that is, shorter wavelengths correspond to 
higher energy photons) and the published photon detection efficiency 
of the HyD X detector97. Lambda scans of oROS-HT635 (excitation of 
640 nm and emission of 650–800 nm, 10-nm bandpass) and HyPerRed 
(excitation of 575 nm and emission of 585–735 nm; 10-nm bandpass) 
were performed using identical arbitrary laser power settings. These 
scans were normalized to the actual excitation photon flux measured 
with an optical power meter. Finally, photon counts from the lambda 
scans were normalized to those of each sensor’s tandem eGFP.

Organized smooth endoplasmic reticulum assay
CytERM-mTurquoise2 (Addgene ID 98833) and CytERM-dTomato 
(Addgene ID 98834) were used as negative and positive controls, 
respectively, to perform the OSER assay and compare monomericity of 
oROS-HT635 and HyPerRed. Both sensors were cloned into the CytERM 
plasmid for expression in HEK293 cells via lipofection. Images for OSER 
assessment were acquired using a Leica SP8 confocal microscope from 
the Imaging Core in the Institute of Stem Cell and Regenerative Medi-
cine. Cells with or without whorl structures were manually counted to 
derive the OSER ratio.

Mammalian cells
HEK293 cells (ATCC, CRL-1573) were cultured in DMEM supplemented 
with GlutaMAX (Gibco, 10569-010) and 10% fetal bovine serum (Bio-
west, S1620). When cultures reached 85% confluency, the cultures 
were seeded at 150,000 or 75,000 cells per well in 24- or 48-well plates, 
respectively. Twenty-four hours after cell seeding, the cells were trans-
fected using Lipofectamine 3000 (Invitrogen, L3000015) at 1,000 
or 500 ng of DNA per well of a 24- or 48-well plate, according to the 
manufacturer’s instructions. For dual-transfection experiments, 1:1 
(equiv. mass) plasmid cocktails were made for the transfection. Pri-
mary cortical neurons were prepared as previously described99,100 and 
maintained in Neuronal Basal Medium (Invitrogen, 10888022) supple-
mented with B-27 (Invitrogen, 17504044) and glutamine (Invitrogen, 
35050061) every 3 days and transduced with crude AAV9-CAG-oROS-HT 
produced by the Fred Hutchinson Cancer Research Center Vector 
Production Core.

Brain slice imaging
Organotypic whole-hemisphere rat brain slice preparation. Male 
rats on postnatal day 10 were administered an overdose intraperitoneal 
injection of pentobarbital (120–150 mg per kg (body weight)). Animals 
were then quickly decapitated, and whole brains were extracted, cut 

into hemispheres and placed into ice-cold dissecting medium consist-
ing of 0.64% (wt/vol) glucose, 100% HBSS and 1% penicillin–strepto-
mycin. Whole-hemisphere live slices (300 μm) were obtained using a 
tissue chopper, as previously described101. Slices were then transferred 
to 35-mm, 0.4-μm-pore membrane inserts in six-well plates and cul-
tured in 1 ml of 5% heat-inactivated horse-serum slice culture medium 
consisting of 50% MEM, 45% HBSS, 1% GlutaMAX and 1% penicillin–
streptomycin. Slices were cultured in a sterile incubator at a constant 
temperature (37 °C), humidity and CO2 level (5%).

Adeno-associated virus transduction and confocal imaging. 
After 1 day in vitro, a crude AAV9-CAG-oROS-HT preparation was 
added to the brain slices. At the end of the 3-day incubation, 1 μM 
JF635-HTL was added to the slices for an additional 48 h. Organotypic 
whole-hemisphere brain slices were transferred to 35-mm confocal 
dishes (VWR, 75856-742). Confocal images were acquired at ×10 (Nikon 
Plan Apo ×10/0.45-NA objective) and ×20 (Nikon Plan Apo ×20/0.75-NA 
objective) magnifications (Nikon Corporation). Brain slice tile scans 
were obtained with the Cy5 channel before multiple representative 
images were acquired from both the cortex and striatum of each slice. 
Image acquisition settings were kept consistent before and after stimu-
lation with 300 µM H2O2.

Differentiation of stem cell-derived cardiomyocytes and 
neurons
Human induced pluripotent stem cell culture and cardiomyocyte 
differentiation (diffusion study). Undifferentiated IMR90 (WiCell) 
hiPS cells were maintained on Matrigel-coated (Corning) tissue culture 
plates in mTeSR1 (Stemcell Technologies). Cardiomyocyte-directed 
differentiation was performed using a modified small-molecule 
Wnt-modulating protocol using Chiron 99021 and IWP-4 as previ-
ously described102,103. Lactate enrichment was performed following 
differentiation to purify hiPS cell-CMs104.

Human induced pluripotent stem cell culture and cardiomyocyte 
differentiation (auranofin study). Undifferentiated hiPS cells (WTC11, 
male) were maintained on Matrigel-coated (Corning) tissue culture 
plates in mTeSR1 (Stemcell Technologies). Cardiomyocyte-directed 
differentiation was performed using the Roswell Park Memorial Insti-
tute (RPMI) medium, bovine serum albumin and ascorbic acid)-based 
modified method as previously described105. Spontaneous contraction 
was observed on day 8 after induction. On day 12 after induction, the 
medium was reduced to 1 ml in preparation for 45 min of heat shock at 
42 °C on day 13. After heat shock, the medium was changed to 1 ml of 
fresh RPMI + B-27 + insulin. On day 14, cells were dissociated with 0.05% 
Trypsin (Thermo Fisher) and frozen in BAMBANKER for storage in liquid 
nitrogen. The cardiomyocytes were thawed in 90% RPMI + B-27 + insulin 
and 10% Knockout Serum with 10 μM ROCK inhibitor and plated on 
Matrigel-coated plates. Twenty-four hours after thawing, the medium was 
replaced with fresh RPMI + B-27 + insulin and changed every other day.

Human induced pluripotent stem cell culture and cortical neuron 
differentiation. Cortical cultures were generated from the previously 
characterized wild-type J. Craig Venter background hiPS cell line106–108. 
Neural progenitor cells (NPCs) from this cell line were differentiated 
from hiPS cells using dual-SMAD inhibition, and NPCs were differ-
entiated into neurons as previously described107,108. Briefly, for cor-
tical culture differentiation from NPCs, NPCs were expanded into 
10-cm plates in basal neural maintenance medium (1:1 DMEM/F12; Life 
Technologies, 11039047) + glutamine medium/neurobasal medium 
(Gibco, 21103049), 0.5% N2 supplement (Thermo Fisher Scientific, 
17502-048), 1% B-27 supplement (Thermo Fisher Scientific, 17504-
044), 0.5% GlutaMAX (Thermo Fischer Scientific, 35050061), 0.5% 
insulin–transferrin–selenium (Thermo Fisher Scientific, 41400045), 
0.5% nonessential amino acids (Thermo Fisher Scientific, 11140050), 
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0.2% β-mercaptoethanol (Life Technologies, 21985023) and 20 ng m–1 
fibroblast growth factor (R&D Systems). Once the NPCs reached 100% 
confluence, they were switched to neural differentiation medium (basal 
neural maintenance medium + 0.2 mg ml–1 brain-derived neurotrophic 
factor (PeproTech, 450-02) + 0.2 mg ml–1 glial cell-derived neurotrophic 
factor (PeproTech, 450-10) + 0.5 M dbcAMP (Sigma-Aldrich, D0260)). 
Neural differentiation medium was changed twice a week for 21 days, 
at which point the differentiation was considered finished. To isolate 
neurons from cortical cultures, we performed bead sorting purifica-
tion (BD BioSciences, 557899) selecting against CD44+, CD184+ and 
CD271+ cells (550989, 557145 and 557196, respectively, BD BioSciences). 
Purified neurons were plated in a 96-well plate at a density of 200,000 
cells per well.

Immunofluorescence staining
Immunofluorescence staining of NRF2 was performed using polyclonal 
anti-NRF2 (PA5-27882, Invitrogen) and donkey anti-rabbit IgG Alexa 
Fluor 488 (A21206, Invitrogen). HEK293 cells for each condition were 
fixed in 4% paraformaldehyde for 15 min and permeabilized in 0.2% 
Triton X-100 solution for 1 h. After blocking the fixed cells for 1 h with 
0.5% bovine serum albumin blocking buffer in Tris-buffered saline with 
Tween 20, cells were then incubated with primary antibody diluted 
(1:200) in blocking buffer overnight at 4 °C. The next day, cells were 
washed three times with PBS and incubated in a solution containing 
secondary antibodies diluted (1:1,000) in 0.5% bovine serum albumin in 
PBS overnight at 4 °C. Counterstaining was performed with VECTASH-
IELD containing DAPI (Vector Labs).

Microscopy
Imaging experiments described in this study were performed as follows 
unless specifically noted. Epifluorescence imaging experiments were 
performed on a Leica DMI8 microscope (Semrock bandpass filter: GFP 
ratio excitation/emission: FF01-391-23/FF01-520-35, GFP excitation/
emission: FF01-474-27/FF01-520-35, RFP excitation/emission: FF01-554-
23 or FF01-578-21/FF01-600-37, far-red excitation/emission: FF01-635-
18/FF01-680-42) controlled by MetaMorph Imaging software, using a 
sCMOS camera (Photometrics Prime95B) and a ×20 magnification lens 
(Leica HCX PL FLUOTAR L ×20/0.40-NA CORR) or ×10 objective (Leica 
HC PL FLUOTAR L ×10/0.32-NA). Confocal imaging experiments were 
performed on a Leica SP8 confocal microscope located in the Imaging 
Core at the Institute of Stem Cell and Regenerative Medicine. Cells 
were imaged in live-cell imaging solution with 10 mM glucose (LCIS+, 
Gibco, A14291DJ).

Hypoxic oROS-HT635 sensor maturation in HEK293 cells
Two days after seeding of HEK293 cells in 24-well plates (150,000 
cells per well), culture medium was swapped from complete DMEM 
medium (as mentioned above) to complete Fluorobrite DMEM 
(A1896701, Gibco) with 20 mM HEPES. After 2 h of acclimation, cells 
were transfected (Lipofectamine based, as described above) with 
pC1-oROS-HT-C199S (loss of function) with 100 nM JF635-HTL. Imme-
diately after transfection, transfected cells were either incubated at 
37 °C in an atmospheric environment or under hypoxic conditions. 
For hypoxic conditions, culture plates were transferred into a sealable 
chamber. The chamber was flushed with N2 for 10 min at a flow rate of 
10 l min–1 before being placed into the incubator. Approximately 18 h 
later, epifluorescence imaging was performed as described earlier.

Multiplexed experiments
oROS-HT635/SypHer3s. HEK293 cells with pC1-oROS-HT/pC1-SypHer3s 
or pC1-oROS-HT-C199S/pC1-SypHer3s co-transfection were imaged 
using an epifluorescence microscope. Described pH experiments 
were performed in PBS (10010001, Gibco) prepared at the reported 
pH. Fluorescence levels for GFP and far-red profiles were captured at 
0.67 Hz or 0.5 Hz.

oROS-HT635/GRX1–roGFP2. HEK293 cells co-transfected with 
pC1-oROS-HT and pC1-GRX1-roGFP2 in live-cell imaging solution with 
10 mM glucose (LCIS+, Gibco, A14291DJ) were imaged using an epif-
luorescence microscope. For the sequential response of oROS-HT/
GRX1–roGFP2 to 10 µM H2O2, fluorescence levels for GFP and far-red 
profiles were captured every second. To assess responses to auranofin, 
fluorescence levels for GFP ratio, GFP and far-red profiles were captured 
every minute.

oROS-HT635/Fluo-4. hiPS cell-CMs were incubated with Fluo-4 (Inv-
itrogen, F14201) at 5 µM and JF635-HTL in RPMI + B-27 + insulin for 1 h 
before imaging. To assess responses to auranofin, fluorescence levels 
of GFP (10 Hz) and far-red (0.1 Hz) profiles were acquired every 10 s for 
hiPS cell-CMs in HEPES-buffered RPMI + B-27 + insulin.

oROS-HT635/oROS-G. Menadione-induced responses of pDisplay- 
oROS-HT and cytosolic oROS-G-expressing HEK293 cells 
(co-transfection) were imaged at 1 Hz. Fluorescence responses from 
responsive cells were extracted for downstream analysis. Visualization 
of paracrine H2O2 using oROS-HT- and oROS-G-expressing HEK293 
cells (coculture of cells expressing each sensor) was imaged at 0.25 Hz.

oROS-HT635/miniSOG. To induce light-sensitive generation of super-
oxide using miniSOG, HEK293 cells expressing both miniSOG (dMito 
or pDisplay tagged) and CAAX-oROS-HT were exposed to two separate 
5-s-long illuminations (~8.15 mW mm–2) with GFP excitation profiles 
described above.

Analysis
Analysis of cell fluorescence imaging data was performed using FUSE, 
a custom cloud-based semiautomated time series fluorescence data 
analysis platform written in Python. First, the cell segmentation qual-
ity of the selected Cellpose109 model was manually verified. For the 
segmentation of cells expressing cytosolic fluorescent indicators, 
model ‘cyto’ was selected as our base model. If the selected Cellpose 
model was low performing, we further trained the Cellpose model 
using the Cellpose 2.0 human-in-the-loop system110. Using an optimized 
segmentation model, fluorescence time series data were extracted for 
each region of interest. This allows for unbiased extraction of change 
in cellular fluorescence information for a complete set of experimental 
samples. Extracted fluorescence data were normalized as specified 
in the text using a custom Python script. For subcellular-targeted 
oROS-HT635, pixels positive for sensor expression were extracted to 
minimize bias from background pixels, which may arise due to varying 
morphology. The specific method and code for the NRF2 translocation 
assay are described in Supplementary Fig. 8 and on figshare (https://
doi.org/10.6084/m9.figshare.28306691)96.

Computational cell-scale modeling
We used an existing model of iPS cell-CM membrane kinetics64 with one 
modification. Based on experimental observations, the spontaneous 
beating of the iPS cell-CMs was observed to be around 0.5 Hz. To reflect 
this observation in our computational simulations, we increased the 
maximal value of the inward rectifier potassium (IK1) by a factor of 
1.71484375 in the baseline version of the model. This change resulted 
in a decrease in spontaneous beating rate from 1.1 Hz to 0.5 Hz. The 
Kernik model comprises representations of major ionic currents, 
channels and pumps (intracellular ionic species tracked: Na+, K+ and 
Ca2+). The SR is modeled as a distinct Ca2+-rich intracellular compart-
ment; trafficking of Ca2+ ions between the SR and the cytosol is medi-
ated by three ionic fluxes: Jup (SR Ca2+ reuptake via the SR Ca2+ ATPase 
(SERCA2a)), Jrel (SR Ca2+ release via RyR2) and Jleak (passive Ca2+ leak from 
the SR into the cytosol). To simulate reactive oxygen species effects 
on iPS cell-CMs, we ran simulations in which we modified parameters 
corresponding to maximal efflux via SERCA2a, SR leak amplitude and 
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maximal conductance of the ICaL. The scaling factor for Jup (SERCA2a 
efflux) varied from 0.1 to 1.0 in steps of 0.1. Scaling factors for Jleak and 
ICaL ranged from the default level (1.0) to 2.0 in steps of 0.1. Simulations 
of bioelectrical activity were conducted using openCARP111, a cardiac 
electrophysiology modeling software that is freely available for non-
commercial use (see http://opencarp.org/). All simulations were run 
for 100 s of simulated time, which we systematically confirmed was 
long enough for each perturbed version of the model to achieve a 
steady state (that is, zero beat-to-beat variability in membrane volt-
age or CaT shape). Simulated Cai time series values were postanalyzed 
with custom-written Python scripts. Scripts and files used to run all 
simulations can be found on figshare (https://doi.org/10.6084/m9.f
igshare.28306691)96.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The complete minimal raw dataset from the experiments, repre-
sentative images, downstream analysis and visualizations generated 
for this article are available on figshare at https://doi.org/10.6084/
m9.figshare.28306691 (ref. 96). Plasmids for oROS-HT and its 
loss-of-function (C199S) and subcellular targeting variants described 
in this paper are available through Addgene at pC1-lifeact-oROS-HT 
(216420), pC1-IMS-oROS-HT (216419), pC1-dmito-oROS-HT (216418), 
pC1-oROS-HT-CaaX (216417), pDisplay-oROS-HT (216416), AAV2_CAG_
oROS-HT(C199S)_WPRE (216415), AAV2_CAG_oROS-HT_WPRE (216414), 
pC1_oROS-HT (216413) and pC1_oROS-HT_LF(C199S) (216412). We 
will also provide plasmids upon request. The study accessed the PDB 
database (1I6A, 1I69 and 6U2M) for structural analysis. Source data are 
provided with this paper.

Code availability
Source code for simulation, data extraction, analysis and visualization is 
available on figshare at https://doi.org/10.6084/m9.figshare.28306691 
(ref. 96).
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