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A B S T R A C T

The intracellular redox balance, which is determined by the relative levels of oxidants and reductants, plays a 
crucial role in regulating various cellular processes. Genetically encoded redox-sensitive green fluorescent pro
teins (roGFPs) are invaluable tools for spatiotemporally monitoring intracellular redox potential. However, the 
relatively low fluorescence intensity and weak response of existing sensors have restricted their applications in 
subcellular organelles, such as the Golgi apparatus, and in living animals. In this study, we rationally engineered 
an enhanced roGFP variant (eroGFP1.2), which exhibited a more than fivefold increase in fluorescence bright
ness and a 50% greater dynamic range compared to the wild-type roGFP1 in both E. coli and HeLa cells. Using the 
eroGFP1.2 sensor, we calibrated redox potential across different subcellular compartments within HeLa cells. 
Furthermore, when fused to human glutaredoxin-1 (Grx1), the chimeric sensor enabled specific and sensitive 
detection of glutathione redox dynamics in living cells. We also employed eroGFP1.2 to monitor a reactive 
oxygen species (ROS) burst at the wound site following tailfin transection in larval zebrafish. This work advances 
our understanding of GFP-based biosensor optimization and provides a powerful, high-sensitivity tool for 
investigating thiol-disulfide redox regulation in live cells and intact organisms.
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1. Introduction

Redox homeostasis is tightly regulated to support a wide range of 
essential cellular functions, including cell signaling, mitosis, immune 
response, cell death, and metabolism [1–6]. This sophisticated control 
system maintains an appropriate balance between oxidants and re
ductants (the redox poise) within distinct subcellular compartments, 
which is critical for their specific functions. For instance, the cytosol and 
mitochondria exhibit a relatively reduced environment, characterized 
by a high reduced glutathione/oxidized glutathione (GSH/GSSG) ratio. 
This protects cysteine residues in proteins from oxidative damage and 
supports reductive biochemical reactions [7,8]. Conversely, the endo
plasmic reticulum (ER) maintains a more oxidized redox potential, 
essential for the correct formation of disulfide bonds during the folding 
of secreted and membrane proteins [9]. This compartmentalization 
underscores the importance of accurately measuring redox potential 
differences across organelles to understand their unique physiological 
and pathological roles [10–12].

Genetically encoded redox-sensitive green fluorescent proteins 
(roGFPs) provide a powerful non-invasive method for spatially and 
temporally resolving intracellular redox status [13]. Their function is 
based on a conformational change induced by disulfide formation (or 
reduction) between two engineered cysteine residues (C147 and C204) 
located on adjacent β-strands of the β-barrel structure in GFP. The dy
namics of the disulfide bond alter the chromophore's protonation state, 
causing a measurable shift in its excitation spectrum [14]. By targeting 
roGFPs to specific organelles, it becomes possible to quantify redox 
potential based on excitation ratio measurements [15]. However, 
detecting redox potential dynamics within subcellular organelles and in 
vivo remains a significant challenge, primarily due to the low fluores
cence intensity and limited dynamic range of currently available roGFP 
sensors.

In this study, we rationally engineered a bright and highly responsive 
redox-sensitive biosensor, eroGFP1.2, by incorporating reported muta
tions from Superfolder GFP (sfGFP; namely S30R, S39R, N105T, I171V, 
A206V) and pHluorin3 (L220F) into the roGFP1 scaffold via targeted 
mutagenesis [16,17]. We demonstrated that eroGFP1.2 is effective in 
monitoring redox equilibrium dynamics in Escherichia coli (E. coli) and 
in calibrating compartment-specific redox potentials in HeLa cells. We 
also engineered a Grx1-eroGFP1.2 fusion construct that functions as a 
selective biosensor for detecting dynamic changes in the intracellular 
glutathione redox state. Furthermore, we showed that eroGFP1.2 en
ables visualization of ROS bursts at zebrafish wound sites, mediated by 
NADPH oxidase activity.

2. Results

2.1. Rational design enhanced roGFP mutants

To improve the properties of roGFP, we drew inspiration from the 
development of Superfolder GFP (sfGFP) [16] and the optimization of 
GFP-based pHluroin sensors [18–21]. The mutation sites used to create 
sfGFP are common among various GFP-based fluorescent protein pal
ettes, such as sfBFP, sfCFP and sfYFP [16]. These mutations can reduce 
folding hindrance in roGFP and accelerate chromophore formation [16]. 
For the GFP-based pH sensor, pHluorin is a pH-responsive indicator with 
similar structure to roGFPs. Several enhanced pHluorin variants, such as 
pHluorin2 [18], iR-pHluorin [20,21] and pHluorin3 [17], have 
demonstrated increased fluorescence intensity and a stronger response, 
providing valuable insights for optimizing roGFP [21].

We hypothesized that the mutations F46L and M153T, derived from 
iR-pHluorin [20], might also be effective on roGFP1 (Supplementary 
Fig. 1A). We introduced the two mutations into roGFP by site-specific 
mutagenesis, and the resulting plasmids were transformed into BL21 
(DE3), where they were subjected to a redox challenge. However, both 
mutations failed to enhance either fluorescence intensity or response 

(Supplementary Fig. 1B and 1C).
Based on the rationale that the L220F mutation in pHluorin3 en

hances its pH response, we introduced this single mutation into roGFP1 
(Fig. 1A). Subsequent measurement of fluorescence in bacterial sus
pensions revealed that the L220F variant led to a 1.6-fold increase in the 
maximal response; however, fluorescence intensity was reduced by half 
when compared to the parent roGFP1 (Fig. 1B and C). This mutant was 
designated enhanced roGFP (eroGFP1.0, Supplementary Table 1). We 
hypothesized that the large aromatic amino acid might interact with the 
chromophore to amplify the response but also impair protein folding.

To improve the folding ability of eroGFP1.0, we sequentially intro
duced substitutions described in sfGFP (S30R, S39R, N105T, Y145F, 
I171V, A206V) into eroGFP1.0 (Fig. 1A, Supplementary Fig. 1D and 
Supplementary Table 1). This led to the creation of two novel bright 
sensors: eroGFP1.1 (incorporating all six sfGFP-specific mutations) and 
eroGFP1.2 (which omits the Y145F mutation present in eroGFP1.1). 
Both mutants displayed significantly enhanced baseline fluorescence, 
approximately 3.5-fold and 5-fold higher baseline fluorescence versus 
roGFP1, respectively (Fig. 1B and D and Supplementary Note 1, 2). 
Moreover, the maximal response was increased by about 50% relative to 
roGFP1 expressed in bacteria (Fig. 1C and Supplementary Fig. 1G). 
Additionally, compared to roGFP2, eroGFP1.2 exhibited a similar fluo
rescence level at 488 nm excitation and an ~8-fold greater intensity at 
400 nm excitation (Supplementary Fig. 1E–F). Western blot analysis 
revealed similar total protein levels across the roGFP variants 
(Supplementary Fig. 1H and 1I), confirming that the enhanced fluores
cence of eroGFP1.2 arises from improved folding efficiency mediated by 
the introduced Superfolder mutations.

To determine whether this approach could be applied to other roGFP 
variants, we introduced the same mutations into roGFP2. However, 
roGFP2-L220F showed a decrease in both fluorescence intensity and 
response (Supplementary Fig. 1J and 1K). As expected, incorporating 
the Superfolder substitutions to roGFP2 dramatically increased its 
fluorescence, resulting in eroGFP2.2 (Fig. 1E). Additionally, the Y145F 
mutation, which reduces polarity, impaired chromophore maturation 
and consequently decreased fluorescence, similar to what was observed 
in eroGFP1.1.

2.2. In vitro characterization of eroGFP

The eroGFP sensor proteins were purified using NTA affinity chro
matography and subsequently characterized in vitro. The fluorescence 
spectra of eroGFPs closely resembled that of the parental roGFP1, 
exhibiting two excitation peaks near 400 nm and 480 nm, with a shared 
emission peak at approximately 510 nm (Fig. 2A). Upon oxidation, the 
reduced form of eroGFP showed more than a sixfold decrease in fluo
rescence at ex480 nm and a ~20% increase in fluorescence at ex400 nm 
(Fig. 2B and C and Supplementary Table 2). The resulting dynamic 
range, defined as the maximal fluorescence change of the excitation 
fluorescence ratio R400/480 between the fully oxidized and reduced states 
(i.e. R400/480ox/R400/480red), reached up to ~6.0-fold for eroGFP1.1 and 
~6.5-fold for eroGFP1.2 (Fig. 2D and Supplementary Fig. 2A).

Redox titration further revealed midpoint redox potentials of − 264 
mV for eroGFP1.1 and − 266 mV for eroGFP1.2 (Fig. 2E and Supple
mentary Table 2), which are slightly more oxidizing than that of roGFP1 
(− 285 mV). Notably, the fluorescence excitation ratios of the eroGFPs 
remained stable across a broad pH range of 5.5 to 8.5 (Fig. 2F and 
Supplementary Fig. 2B–D) and less pH sensitivity than roGFP2 
(Supplementary Fig. 2E–I), confirming robustness against physiological 
pH fluctuations.

Given that model organisms can thrive across wide temperature 
ranges [22–24], we evaluated the temperature dependence of roGFP 
sensor responses. The maximal changes in the excitation ratios of roGFP 
sensor (R400/480) under oxidation and reduction state remained un
changed between 25 ◦C and 40 ◦C (Supplementary Fig. 2J). Remarkably, 
we observed that the roGFP sensors demonstrated moderate resistance 
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Fig. 1. Rational design of enhanced roGFP mutants. (A) Schematic representation of eroGFP1.2. The residues in the wild-type roGFP1 are shown in black, while 
the mutated residues are highlighted in red. (B) The baseline brightness of constructed mutants expressed in Escherichia coli. F400 and F485 are defined as the emission 
fluorescence intensity captured under excitation at 400 nm and 485 nm, respectively. Both excited channel fluorescence of roGFP1 sensor were normalized to 1.0. (C) 
The dynamic changes were calculated using the excitation ratio of the fully oxidized sensor divided by that of the fully reduced sensor, which were performed by 
adding 0.1 mM diamide and 5 mM dithiothreitol (DTT) into the bacterial suspensions and monitored by the fluorescence plate reader. (D) The representative 
fluorescence images of roGFP1 and the enhanced variants in bacterial colony on LB plates. All indicators were transfected into E.coli and cultured at 37 ◦C overnight. 
The images were taken 20 h post-transfection using In-Vivo Multispectral System FX with two excitation filters 400/10 (left) and 480/10 (right) and an emission filter 
of 530 nm. (E) The fluorescence of roGFP2, eroGFP2.1 and eroGFP2.2 expressed in bacteria. The detection conditions are the same in (B). Data are from three 
independent experiments (n = 3). Error bars indicate standard deviation of the mean. Two-way ANOVA was used for paired comparisons in B, C and E. Unpaired one- 
tailed Student's t-test was used for C. For statistical analysis, *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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to high temperatures ranging from 60 ◦C to 90 ◦C. Under these extreme 
conditions, eroGFP1.2 retained approximately 40% of its fluorescence 
signal after 30 min at 90 ◦C, compared to only ~20% retention by 
roGFP1 (Fig. 2G, Supplementary Fig. 2K and 2L), indicating improved 
thermal stability.

We also investigated the impact of chloride ion concentration on 
sensor performance. The fluorescence emission ratios of eroGFPs 
remained largely unaffected across varying chloride levels 
(Supplementary Fig. 2M), suggesting that these sensors can be used into 
various subcellular organelles [25,26].

Taken together, the improved eroGFP1.2 with enhanced brightness, 
broad pH insensitivity, thermal resilience, and expanded dynamic range 
is a powerful tool for accurate and sensitive detection of redox potential 
in living systems.

2.3. Imaging of cytosolic redox changes with eroGFP1.2

To determine whether eroGFP1.2 functions in mammalian cells, we 
subcloned it into the pcDNA3.1 vector and expressed it in HeLa cells 
(Fig. 3A). Upon expression, eroGFP1.2 exhibited intense fluorescence 
throughout the cell cytoplasm (Fig. 3B and Supplementary Fig. 3A). 
Quantitative analysis showed that eroGFP1.2 fluorescence intensity 
(F407 and F482) was higher than roGFP1 and roGFP2 (Fig. 3B and Sup
plementary Fig. 3A–C). Fluorescence ratio imaging (F407/F482) revealed 
no significant differences in signal between the cytosol and nucleus 
(Fig. 3C), suggesting similar basal redox potentials in these 
compartments.

We monitored the baseline fluorescence of eroGFP1.2-positive cells 
for 3 min (Fig. 3C and D, and Supplementary Fig. 3D and 3E). Upon 
administration of 0.1 mM diamide, a potent oxidizing agent, the cells 

exhibited a rapid and robust oxidative response, with the fluorescence 
ratio increasing approximately 3-fold within 2 min (Fig. 3C and D, and 
Supplementary Fig. 3D and 3E). Subsequently, treatment with 5 mM 
dithiothreitol (DTT), a reducing agent, effectively reversed the oxidized 
sensor back to a reduced state, even lower than the initial baseline state 
(Fig. 3C and D, and Supplementary Fig. 3D and 3E). The fluorescence 
response of eroGFP1.2 was larger than roGFP1 and roGFP2, demon
strating the improved dynamic range in mammalian cells 
(Supplementary Fig. 3F and 3G).

To characterize the cytosolic redox potential with eroGFP1.2, we set 
the excitation ratios in cell under treatments of reductant (5 mM DTT) 
and oxidant (0.1 mM diamide) as the minimum and maximum ratios in 
situ, respectively (Fig. 3E and Supplementary Fig. 3F). We found that the 
oxidation fraction of cytosolic sensor was ~8.3% in physiological HeLa 
cells (Fig. 3F), implying a basal redox potential of − 328 mV after fitting 
to the in vitro calibration curve (Fig. 3G), consistent with previously 
reported value in mammalian cells [14].

These findings demonstrate that eroGFP1.2 functions effectively in 
living mammalian cells, enabling dynamic, reversible monitoring of 
intracellular redox changes. Its enhanced fluorescence intensity and 
quantitative response make it a valuable tool for real-time redox po
tential calibration and imaging in situ.

2.4. Calibration redox potential in compartments of HeLa cells

We next investigated whether the enhanced eroGFP1.2 enables 
detection of redox potential within specific subcellular compartments of 
mammalian cells. We targeted eroGFP1.2 to multiple organelles using 
validated localization signals for the mitochondrial matrix, plasma 
membrane (PM), golgi apparatus (Gol) and endoplasmic reticulum (ER) 

Fig. 2. Fluorescent properties of eroGFPs. (A–C) Fluorescence spectra of fully oxidized and reduced eroGFP1.2 in the presence 0.1 mM diamide and 5 mM DTT, 
respectively. Excitation spectrum has two peaks at 400 nm and 480 nm (A). Emission spectra upon excitation at 400 nm (B) and 480 nm (C). (D) Dynamic excitation 
ratio 400/480 was measured in vitro with a fluorescence plate reader. F400/F480 of reduced roGFPs was normalized to 1. Data as follows are treated with the same 
manner if not mentioned. Error bars represent SEM. (E) Redox titration were determined by plotting the fraction of oxidized protein versus the equivalent redox 
potential values. The mid-point redox potential values of the roGFPs were calculated by fitting data. (F) The dynamic ranges of roGFP1, eroGFP1.1 and eroGFP1.2 in 
response to DTT and diamide at different pH values. The buffer contained 100 mM MES (pH 5.5-6.5) or HEPES (pH 7.0-8.0) or TRICINE (pH 8.5), 100 mM sodium 
chloride. (G) The residual dual-channel fluorescence of roGFP sensors after heat treatment at 90 ◦C for 30 min. Two-way ANOVA was used for paired comparisons in 
D and G. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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(Table 1). Fluorescence imaging and colocalization experiment 
confirmed the proper localization patterns for each construct 
(Fig. 4A–D).

Comparative analysis revealed significantly higher fluorescence in
tensity for eroGFP1.2 compared to roGFP1 in all targeted compartments 
(Supplementary Fig. 4A–D). Specifically, eroGFP1.2 exhibited at least a 
5-fold increase in brightness in mitochondria, ER and PM. In the Golgi 
apparatus (Supplementary Fig. 4A, 4B and 4D), eroGFP1.2 fluorescence 
was approximately 2.5-fold higher than roGFP1 (Supplementary 
Fig. 4C).

We next performed redox calibration in each compartment using the 
same in situ titration protocol established for the cytosol (Fig. 4E and F 

and Supplementary Fig. 4E). The ER-localized eroGFP1.2 appeared to be 
almost fully oxidized (~97%), indicating a strongly oxidizing environ
ment (− 221 mV). The measured oxidation level of eroGFP1.2 in the 
Golgi apparatus was approximately 70%, corresponding to a redox po
tential of − 187 mV, based on an assumed luminal pH of 6.2 consistent 
with the previous report [27]. It is important to note that if a neutral pH 
had been used in the calculation, the estimated redox potential would 
have been significantly different and closer to that of ER [28].

The redox status of plasma membrane is close to that of cytosol with 
9.5% oxidation percentage and − 324 mV. The mitochondrial matrix 
maintained more reduced redox state (− 350 mV) than other subcellular 
organelles. This observation aligns well with previous findings [15,29], 
supporting the reliability of eroGFP1.2 for compartmental redox 
mapping.

Collectively, these findings demonstrate that eroGFP1.2's high signal 
intensity enables its effective targeting, visualization, and quantitative 
assessment of distinct redox potentials across multiple subcellular lo
cations in mammalian cells.

2.5. Visualization of redox changes in zebrafish tissue

To enable in vivo visualization of redox changes, we co-microinjected 
mRNAs encoding eroGFP1.2 and HyPerRed (a red fluorescent H2O2 
sensor) [30,31] into one-cell-stage zebrafish embryos (Fig. 5A). Both 
sensors were efficiently co-expressed (Fig. 5B and C and Supplementary 
Fig. 5A and 5B), and their fluorescence signals were clearly detectable in 
zebrafish larvae by 2 days post-fertilization (dpf). Following tailfin 
injury, eroGFP1.2 revealed a pronounced cytosolic oxidation at the 
wound margin within 25 min (Fig. 5B). Simultaneously, HyPerRed 

Fig. 3. Monitoring of cytoplasmic redox dynamics of HeLa cells. (A) Schematic of the detection of cytosolic eroGFP sensor in HeLa cells by imaging. (B) The 
representative images of HeLa cells expressing roGFP1 (left) and eroGFP1.2 (right). (C) HeLa cells expressing eroGFP1.2 were treated with 0.1 mM diamide at 0 min, 
followed by addition of 5 mM DTT 15 min later. Pseudocolored ratio images of the cells at indicated time points exemplify the response kinetic of eroGFP1.2. (D) In 
this experiment, the time course of excitation ratios of eroGFP1.2 was averaged and plotted using ten individual cells. The addition of diamide and DTT were 
indicated by arrows. (E) The normalized F407/F482 of eroGFP1.2 sensor in cells without perturbance (Ctrl), under DTT treatment (Reduced) or diamide treatment 
(Oxidized). (F) The oxidized fraction of cytosolic eroGFP1.2 sensor under control condition. (G) The calculated cytosolic redox potential is approximal − 328 mV. 
Scale bars, 10 μm. Unpaired one-tailed Student's t-test was used for E. **, P < 0.01; ****, P < 0.0001.

Table 1 
Redox potential calibration in different subcellular organelles with eroGFP1.2

Localization Signal 
peptide

Indicator Topology Solubility Maximal 
response

Mitochondria N-ter: 
Tandem 
Cox VIII

Mito- 
Tracker 
Red 
CMXRos

Matrix Soluble 4.82

Plasma 
membrane

C-ter: 
CAAX

Dil Membrane 
(Cytosol)

Membrane 4.34

Golgi 
apparatus

N-ter: 
GalT4

Golgi- 
Tracker 
Red

Lumen Soluble 3.87

Endoplasmic 
reticulum

N-ter: 
IgH; C- 
ter: 
KDEL

ER- 
Tracker 
Red

Lumen Soluble 4.10
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Fig. 4. Subcellular targeting and functional calibration of the eroGFP1.2 sensor. (A–D) Confocal microscopy images demonstrating the specific localization and 
functionality of eroGFP1.2 in different subcellular compartments of HeLa cells. For each compartment, the left panel shows eroGFP1.2 fluorescence (green), the 
middle panel shows the respective organelle-specific tracker (red; Mito-Tracker Red for mitochondria, Dil for plasma membrane, Golgi-Tracker Red for golgi 
apparatus, ER-Tracker Red for endoplasmic reticulum), and the right panel shows the merged image with yellow indicating co-localization. Scale bars: 10 μm. The 
robust co-localization confirms correct targeting. (E) Calculation of the oxidized fraction of the redox sensor located in different subcellular compartments of HeLa 
cells. The experiments were performed similarly with that of cytosolic eroGFP1.2. (F) Estimations of the redox poise level in four organelles of HeLa cells are detailed 
in the Materials and Methods section.

Fig. 5. Simultaneous visualization of redox potential and H2O2 dynamics in wound margin by co-expression of eroGFP1.2 and HyPerRed in zebrafish larvae. (A) 
Schematic of transgenic zebrafish procedure. (B–C) Simultaneous visualization of redox potential and H2O2 dynamics in wound margin by co-expression of 
eroGFP1.2 and HyPerRed in zebrafish larvae with or without 0.1 mM DPI. Tail-fin cut was performed at the 0-min time point. Scale bars, 50 μm.
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signal intensity increased significantly, showing precise spatial and 
temporal colocalization with the eroGFP1.2 oxidation signal (Fig. 5B).

These observations align with our previous findings that tissue 
wounding rapidly declines intracellular NADPH level [32], thereby 
promoting H2O2 generation via NADPH oxidase activity. To further 
validate this mechanism, we pretreated larvae with diphenyleneiodo
nium (DPI), a selective inhibitor of NADPH oxidases. DPI treatment 
completely abolished the eroGFP1.2-detected cytosolic oxidation and 
the HyPerRed-quantified H2O2 increase at the wound site (Fig. 5C), 
confirming the NADPH oxidase-dependent nature of this redox response.

Collectively, these results establish eroGFP1.2 as a robust and reli
able sensor for capturing dynamic intracellular redox changes in vivo, 
particularly in the context of injury-induced oxidative signaling.

2.6. Grx1-eroGFP1.2 serves as a specific sensor for glutathione redox 
potential

The established Grx1-roGFP2 fusion protein enables specific live 
imaging of glutathione redox potential. To evaluate the glutathione 
specificity of the eroGFP1.2 scaffold, we generated a corresponding 
fusion with human Grx1 (Grx1-eroGFP1.2) and performed a comparison 
with Grx1-roGFP2 (Fig. 6A and Supplementary Note 3).

Using purified proteins, we found that oxidized Grx1-eroGFP1.2 was 
rapidly reduced by GSH and efficiently re-oxidized by GSSG, demon
strating its reversible responsiveness to the glutathione redox couple, 
similar to Grx1-roGFP2 (Fig. 6B and Supplementary Fig. 6A). In 
contrast, unfused eroGFP1.2 showed only subtle fluorescence response 
(Fig. 6B), confirming that glutathione specificity is conferred by the 
Grx1 moiety (Fig. 6A).

In bacterial assays, Grx1-eroGFP1.2 exhibited slightly faster H2O2 

response kinetics, but a smaller dynamic range compared to Grx1- 
roGFP2 (Supplementary Fig. 6B–C). When expressed in HeLa cells, 
Grx1-eroGFP1.2 displayed significantly higher fluorescence intensity 
upon 407 nm excitation than Grx1-roGFP2 (Fig. 6C). Following H2O2 
treatment in HeLa cells, both sensors exhibited similar response kinetics 
and comparable dynamic ranges (Fig. 6E, Supplementary Fig. 6D).

Taken together, these findings indicate that the Grx1-eroGFP1.2 is a 
reliable and specific biosensor for monitoring glutathione redox dy
namics, suitable for both in vitro and live-cell applications.

3. Discussion

In this study, we developed an enhanced redox sensor, eroGFP1.2, by 
integrating beneficial mutations from sfGFP and pHluorin3 into the 
roGFP1 scaffold. This rational engineering strategy yielded a sensor with 
markedly improved brightness, an expanded dynamic range, and robust 
performance for quantitative and spatiotemporal imaging of redox dy
namics in both mammalian cells and live zebrafish. The intrinsic ratio
metric properties of eroGFP1.2 minimize artifacts arising from 
variations in sample thickness, photobleaching, or expression levels, 
thereby enabling robust and reliable measurements across diverse bio
logical contexts. When compared to the widely used roGFP2, eroGFP1.2 
demonstrates superior fluorescence intensity at 400 nm excitation, 
comparable intensity at 480 nm, reduced pH sensitivity, and a larger 
redox-dependent signal change at 480 nm, making it a better alternative 
for redox potential detection for both one- and two-photon microscopy.

Despite advances in redox sensor design over the past decade, the 
fluorescence intensity and response range of roGFPs remain critical 
constraints [33,34], limiting applications in whole organisms and 
challenging subcellular compartments like golgi apparatus. While 

Fig. 6. Grx1-eroGFP1.2 facilitates the specific detection of glutathione. (A) Schematic illustration of the working model for Grx1-eroGFP1.2 (Created in Bio
Render. Ma, Z. (2026) https://BioRender.com/sxijwh5). (B) Oxidized forms of Grx1-eroGFP1.2, eroGFP1.2 were treated with 20 mM GSH to initiate reduction, 
followed by reoxidation with 5 mM GSSG after 10 min. The incomplete reduction of Grx1-roGFP2 by GSH is attributable to trace GSSG. (C–D) Representative 
fluorescence images (C) and quantitative analysis (D) of HeLa cells expressing Grx1-roGFP2 and Grx1-eroGFP1.2. Scale bar: 10 μm. (E) Fluorescence response 
trajectories of HeLa cells expressing Grx1-roGFP2 or Grx1-eroGFP1.2 upon treatment with 0.1 mM H2O2. Unpaired one-tailed Student's t-test was used for E. ns*, P <
0.01; ****, P < 0.0001.
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eroGFP1.2 achieves hyper-fluorescence in the ER, mitochondria, and 
plasma membrane, its signal in the Golgi apparatus remains suboptimal. 
To address this, future iterations could incorporate folding-enhancing 
mutations from advanced GFP variants, such as extra-Superfolder GFP 
and mGreenLantern [35,36], to improve stability and brightness in these 
environments. Furthermore, although eroGFP1.2 accurately reports the 
highly oxidized baseline of the ER (~100% oxidized in resting HeLa 
cells), its saturation in this compartment precludes monitoring further 
oxidative shifts. For ER-specific applications, integrating design princi
ples from specialized sensors like roGFP-iL [37] or roGFP-iX [38], which 
exhibit shifted redox sensitivity, into the eroGFP1.2 scaffold could yield 
an optimized ER sensor with enhanced dynamic range and signal fi
delity. Another critical consideration for redox calibration is the pH of 
different subcellular organelles. Accurate pH measurement is essential 
for correct redox potential calculation, as an incorrect assumption (e.g., 
using a neutral pH for the acidic Golgi lumen) can lead to a significant 
artifact [27]. This is particularly important for calibrating sensor in 
other acidic compartments, such as various endosomes within the 
exocytosis pathway.

The practical utility of eroGFP1.2 was confirmed by visualizing 
cytosolic oxidation dynamics during the wound response in zebrafish. 
This highlights the sensor's potential for in vivo applications. We antic
ipate that eroGFP1.2 and its derivatives will be valuable tools for 
investigating redox dynamics within specific subcellular organelles 
during diverse physiological and pathological processes, such as cell 
protrusion formation [39].

Beyond its use as a stand-alone cytosolic sensor, the enhanced 
brightness of eroGFP1.2 makes it an ideal scaffold for targeted bio
sensors. We demonstrated that fusion with Grx1 confers specificity for 
the glutathione redox couple. It would be interesting to explore fusions 
with other redox-active proteins, such as orp1 [40] and tsa2 for 
hydrogen peroxide [41], Thioredoxin-1 (Trx1) for Trx1 redox state [42], 
which could generate novel sensors illuminating specific redox couples 
or oxidant species. This strategy would significantly expand the toolkit 
for dissecting redox poise and its regulatory mechanisms.

Our rational design strategy, leveraging mutations from bright, sta
ble GFPs, demonstrates broad applicability across redox sensor optimi
zation. For instance, we successfully applied this approach to engineer 
eroGFP2.2 (this study), which exhibits enhanced brightness analogous 
to eroGFP1.2. Similarly, the incorporation of sfGFP mutations into 
roGFPs resulted in the creation of sfroGFP2 [43] and an endoplasmic 
reticulum-specific sensor, ERroGFP-S4 [44], further demonstrating the 
broad applicability of this approach. Moreover, this optimization strat
egy has been applied for cpFP-based sensors, such as iATPSnFR [45] and 
GRIT [46] sensors. Thus, we expect this strategy to be applicable for 
optimizing other GFP-based sensors [18,20,47], and cpFP-based sensors 
[32,47].

In summary, we have engineered a bright, sensitive redox-sensitive 
GFP variant, eroGFP1.2. Experimental validation confirms its efficacy 
as a powerful tool for investigating compartment-specific redox poten
tial in vitro and in vivo. We believe this rational design approach, 
leveraging mutations from optimized fluorescent proteins, provides a 
streamlined and effective strategy for accelerating the development of 
biosensors targeting previously challenging or unelucidated metabolites 
and cellular processes.

4. Materials and Methods

4.1. Rational design and plasmids construction

To generate a property enhanced roGFP sensor, we have introduced 
L220F, M153T, F46L alterations and Superfolder mutation sites (S30R/ 
S39R/N105T/Y145F/I171V/A206V) into roGFP1. All variants were 
constructed via inverse PCR using Prime Star DNA polymerase on 
pRSETb vector. For cytosolic expression in HeLa cells, the cDNA encoded 
eroGFP1.2 was digested with BamHI and HindIII and ligated to 

pcDNA3.1(+). To express eroGFPs in mitochondrial matrix, a duplex 
mitochondrial signal peptide of cytochrome c oxidase subunit VIII was 
fused at the N-terminus. Other plasmids harboring specific subcellular 
signals were obtained from Addgene, and we directly replaced initial 
genes with the eroGFP sensor (Table 1).

4.2. Protein expression and purification

The constructed plasmids were expressed in Escherichia coli BL21 
(DE3) and induced by 1 mM isopropyl-β-thiogalactopyranoside (IPTG). 
The recombinant protein was purified by nickel affinity chromatography 
(GE healthcare) following the manufacturer's protocol. In brief, cell 
pellets were re-suspended in binding buffer (100 mM sodium phosphate, 
500 mM sodium chloride, and 50 mM imidazole, pH 7.4) and sonicated 
for 10 min. The cell free lysate was centrifuged at 9000 g for 30 min and 
applied to a pre-equilibrated Ni-NTA column, followed by washing the 
column with binding buffer and eluted with the buffer containing 
300 mM imidazole. The purified proteins were concentrated by filtration 
(Centricon 10; Amicon) and desalted (Sephadex G25, GE Healthcare) 
into a standard HEPES buffer (100 mM HEPES, 100 mM sodium chlo
ride; pH 7.4).

4.3. Fluorescence property measurement in vitro and in bacteria

Fluorescence spectra were collected on a Cary Eclipse spectrofluo
rimeter (Varian) at 37 ◦C. Samples consisted of 1 μM sensor in buffer 
with 10 mM DTT and 0.1 mM diamide to obtain reduced and oxidized 
status, respectively. For redox titration, probes were diluted in degassed 
HEPES buffer containing 1 μM protein and 10 mM DTT (mixture of 
oxidized and reduced forms, varied from 0:10 to 10:0 in 1 mM in
crements) as redox buffers and incubated at 30 ◦C for 1 h before 
measuring fluorescence excitation intensity. The thermal stability of 
redox sensors was performed by denaturation with a thermos cycler 
(Biometra, Germany) at 60-90 ◦C for 30 min and the brightness of de
natured sample was immediately collected with the microplate reader. 
The specific fluorescence responses of the Grx1-fused sensors to gluta
thione were evaluated by first treating the purified, oxidized proteins 
with 20 mM GSH for 11 min, followed by the addition of 5 mM GSSG for 
8 min.

The optical density of bacteria expressed roGFP was diluted to 0.05 
with HEPES buffer and fluorescence (excitation at 400 nm and 485 nm, 
emission at 528 nm) was measured in three replications. Response ki
netic of indicators in E. coli cells suspension was monitored by addition 
10 mM DTT and 0.5 mM diamide for 30 min. The response of bacteria 
expressing Grx1-roGFP sensors to hydrogen peroxide was assessed by 
adding 0.1 mM H2O2 (Sigma-Aldrich) to the cell suspension and moni
toring the fluorescence traces for 20 min.

F400 and F485 are defined as the emission fluorescence intensity 
captured under excitation at 400 nm and 485 nm, respectively. The 
ratiometric signal R400/485 is defined as the ratio of emission fluores
cence intensity under two excitation lights at 400 nm and 485 nm (F400/ 
F485). The dynamic range was calculated using the maximal excitation 
ratio under oxidation state (Rox) divided to the minimal excitation ratio 
under reduction state (Rred).

4.4. Western blot

For Western blot analysis, bacterial cultures of equal optical density 
(OD600) were harvested by centrifugation and lysed directly in 1 × SDS 
sample buffer supplemented with 1 mM PMSF (Beyotime Biotech
nology). Total protein lysates (10 μg per lane) were separated by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and 
subsequently transferred onto PVDF membranes via electroblotting. The 
membranes were then blocked and probed with the following primary 
antibodies: anti-His (Proteintech, Cat No. 66005-1-Ig; 1:5000) and anti- 
RpoB (Solarbio, Cat No. K013257RR). After incubation with horseradish 
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peroxidase (HRP)-conjugated secondary antibodies, protein bands were 
visualized using a chemiluminescence detection mixture (Roche) and 
imaged.

4.5. Cell culture and imaging

HeLa cells were maintained in Dulbecco's modified Eagle's medium 
(DMEM, hyclone) supplemented with 10% FBS (Gibco). Cells were 
digested and counted, then 40,000 cells were plated on a 4-well glass 
bottom dish (35 mm2) per well. The plasmids coding eroGFP1.2 were 
transfected using lipofectamine 2000 (Invitrogen) as the manual 
description. About 24 h after transfection, cells were subjected to im
aging in HBSS buffer (10 mM HEPES, 140 mM NaCl, 5 mM KCl, 4 mM 
NaHCO3, 0.45 mM KH2PO4, 0.35 mM NaHPO4, 1 mM CaCl2, 0.5 mM 
MgSO4, 10 mM D-Glucose, pH 7.4). Wide-field observations were per
formed on a Nikon Eclipse Ti-E automatic microscope (Nikon In
struments) with a PlanApo VC60, 1.20 numerical aperture (NA), water- 
immersion objective (Nikon). Filters used for dual-excitation ratio im
aging of eroGFP1.2 were purchased from Semrock: an 407/17 excitation 
filter, an 482/30 excitation filter, and one emission filters 535/40. The 
two excitation filters were alternated by Lambda 10-XL filter wheel 
(Shutter Instruments). Images were captured using 1280 × 1024 format, 
12 bit depth. We created pseudocolored images by dividing the 407 nm 
excitation image by the 480 nm excitation image of the same cell using 
ImageJ software.

To measure the fluorescence response of the roGFP sensors, HeLa 
cells expressing the sensors were treated with either 0.1 mM diamide or 
10 mM DTT. The fluorescence changes were recorded immediately 
following treatment. To specifically assess the kinetics of the Grx1- 
eroGFP1.2 sensor in response to hydrogen peroxide, 0.1 mM H2O2 was 
added to the cell culture medium, and fluorescence was monitored for 
15 min.

To confirm the correct subcellular targeting of the roGFP sensors, 
HeLa cells expressing the sensors were co-stained with commercially 
available organelle markers (Beyotime), following the manufacturer's 
instructions. In brief, Mito-Tracker Red CMXRos (Cat No. C1049B, 
0.2 μM) for mitochondria, DiI (Cat No. C1036, 6 μM) for the plasma 
membrane, Golgi-Tracker Red (Cat No. C1043, 450 μM) for the Golgi 
apparatus, and ER-Tracker Red (Cat No. C1041S, 0.33 μM) for the 
endoplasmic reticulum. The roGFP signal (green) was excited with a 
488 nm laser and its emission was collected through a 500-550 nm 
bandpass filter. The organelle markers (red) were excited with a 561 nm 
laser, and the emission was collected through a 570-50 nm bandpass 
filter.

4.6. Intracellular redox potential calibration with eroGFP1.2 sensor

The calculations of the intracellular redox potential are described as 
previously reported [15,27,29]. In brief, the first step is to calculate the 
oxidized to reduced fraction. The ratio of the oxidized to reduced forms 
of the sensor was determined ratiometrically from the fluorescence in
tensities obtained at two excitation wavelengths (400 nm and 480 nm), 
correcting for the background. The fraction oxidized (F) was calculated 
using Equation (1): 

F=(R − Rred) / (Rox − Rred) (Eq. 1) 

Where R is the measured fluorescence ratio (F400/F480) of the sample, 
Rred is the ratio for the fully reduced state, and Rox is the ratio for the 
fully oxidized state.

The apparent redox potential (E) for the intracellular roGFP sensor 
was subsequently calculated using the Nernst equation as Equation (2): 

E=E0’ − (RT /2F) × ln((1 − Rox) /Rox) (Eq. 2) 

Here, E0 represents the midpoint potential of the specific roGFP sensor, 
which was determined experimentally by calibrating the sensor in situ 

with the reduced DTT and the oxidized DTT. R is the gas constant 
(8.315 J K− 1 mol− 1), T is the absolute temperature (303.15 K), n is the 
number of transferred electrons (2), and F is the Faraday constant 
(9.649 × 104 C mol− 1).

Redox potential depends intrinsically on pH. The pH dependence of 
the midpoint potential can be calculated as Equation (3). 

EpH
0 =E0’ − 60.1 × (pH – 7) (Eq. 3) 

4.7. In vitro transcription

The coding sequences of the enhanced redox-sensitive green fluo
rescent protein (eroGFP1.2) and the red hydrogen peroxide sensor 
(HyPerRed) subcloned into the pTol2 vector backbone, which includes a 
T7 promoter and an SV40 polyadenylation signal. Following PCR 
amplification, capped mRNA was synthesized in vitro using the mMES
SAGE mMACHINE kit (Qiagen), following the manufacturer's in
structions. Residual DNA templates were digested with 2 units of DNase 
I, and mRNA was purified by precipitation with lithium chloride at 
− 20 ◦C for 2 h.

4.8. Zebrafish husbandry and in vivo imaging

Zebrafish (Danio rerio) were maintained according to established 
protocols under standard laboratory conditions. All animal procedures 
were conducted in compliance with ethical regulations and were 
approved by the Institutional Animal Care and Use Committee of Xia
men University.

For dual imaging of H2O2 and redox dynamics, eroGFP1.2 and 
HyPerRed mRNAs were mixed at equal concentrations (final concen
tration: 50 ng/μl each). One nanoliter of the mixture was injected into 
one-cell-stage zebrafish embryos. Injected embryos were cultured at 
28 ◦C in egg water supplemented with 0.2 mM N-phenylthiourea (PTU; 
Sigma) to inhibit melanogenesis and ensure optical transparency. Em
bryos were raised under standard light/dark cycles for 2 days prior to 
imaging experiments. At 2 days post-fertilization (dpf), larvae were 
anesthetized in E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 
0.33 mM MgSO4, 0.6 mM Tricaine). Tail-fin tip amputation was per
formed under a stereomicroscope using a scalpel or microsurgical blade. 
Post-injury, larvae were embedded in 1% low-melting-point agarose in 
glass-bottomed dishes for subsequent imaging.

To assess the contribution of NADPH oxidase to ROS generation, 
larvae were pretreated with 0.1 mM diphenyleneiodonium (DPI; Sigma) 
for 30 min in E3 medium prior to tail-fin injury, as previously reported. 
Live imaging was conducted using a fluorescence microscope equipped 
with a Plan Apo 20 × /0.75 NA objective. The following excitation/ 
emission filter sets were used: eroGFP1.2: Excitation: 407/17 nm or 
482/35 nm; Emission: 535/40 nm; HyPerRed: Excitation: 560/40 nm; 
Emission: 630/60 nm.

Image processing and quantitative analysis were performed using 
standardized methods as described previously. All settings were kept 
constant throughout imaging sessions to ensure consistency across 
experimental conditions.

4.9. Statistics & reproducibility

Two-way ANOVA was used for paired comparisons. Paired or un
paired Student's t-test was used for group comparisons. No statistical 
method was used to predetermine sample size. For all experiments, the 
replicates are biological from independent experimental units or sub
jects. For all data, error bars or shaded regions indicate the SEM. For 
statistical analysis, *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, 
P < 0.0001. All statistical analyses and graphical representations were 
performed using Graphpad Prim (V9.5.1) or Sigmaplot12.5. The figures 
were compiled and finalized using Adobe Illustrator 2020. The sche
matic graphs were created using BioRender(Graphical Abstract, Created 
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in BioRender. Ma, Z. (2026) https://BioRender.com/slsqvkv).
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