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ABSTRACT: The induction of oxygen radicals and oxidative stress are major pathways through which nanomaterials cause adverse
health effects. Dynamic monitoring of redox processes in living cells exposed to nanomaterials is currently limited due to the
inadequacy of conventional methods. Herein, we construct a Grx1-roGFP2 (glutaredoxin 1 fused with redox-sensitive Green
Fluorescent Protein 2) protein sensor expressed in Madin-Darby Canine Kidney (MDCK) cells that allows dynamic analysis of
metal oxide (MOx) nanoparticle-induced oxidative stress. We selected eight representative MOx as test objects, ranking their toxicity
potentials according to the overlap degree of their band gap energies with cellular redox potentials and their ability to release metal
ions to catalyze the generation of oxygen radicals. The sensor demonstrates high sensitivity in detecting MOx-induced intracellular
redox fluctuations, operating within a 6−200 mg/mL range and a 30-min response time, while maintaining sustained sensitivity over
24 h. The sensor utilizes an oxidation/reduction ratio curve to precisely characterize the unique pattern of oxidative stress induced
by each MOx, encompassing the stress’s intensity (curve slope), amplitude (curve plateau), features (curve shape), and accumulation
of oxygen radicals (curve area integral). These results highlight that the developed Grx1-roGFP2 sensor holds more advantages over
traditional probes, showing extensive application prospects in higher standards of nanotoxicological evaluation.

1. INTRODUCTION
The expanding application fields and commercial production
of artificial nanomaterials have continuously intensified
people’s emphasis on the toxicological aspects of nanomateri-
als.1−3 Metal oxide (MOx) nanoparticles constitute a
significant class of nanomaterials, and the semiconducting
characteristics of MOx nanoparticles make them valuable as
catalysts in both engineered and natural redox reactions.4,5

However, throughout their lifecycle, from synthesis to
application and eventual disposal, MOx nanoparticles pose
potential public health risks, necessitating sensitive nano-
toxicological assessments to manage them and safeguard
human health.6−8 In contrast to traditional toxicological
studies that emphasize dosage, chemical composition, and
exposure pathways, nanotoxicology testing requires additional
consideration of the distinctive physicochemical properties of
nanoparticles, encompassing size effects, quantum effects,
ultralarge area-to-volume ratio, and high reactivity.9−11 Thus,

complex nanotoxicological effects are in urgent need of a
comprehensive and authoritative evaluation system.

The induction of oxygen radicals and oxidative stress by
MOx nanoparticles is the principal route through which they
have adverse impacts on health.7,12,13 For the multimembered
MOx family, Burello and Worth proposed a theoretical
framework linking cellular redox potential to MOx band gaps
to explain the oxidative stress and toxicity of certain
materials.14,15 This band gap hypothesis suggests that the
oxidative stress potential of MOx nanoparticles can be
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predicted by comparing their band gap energies to the cellular
redox potential. When biological and material energy states
align, electron transfer is likely to occur, interfere with the
antioxidant system, facilitate the generation of reactive oxygen
species (ROS), and trigger oxidative stress. Beyond the
potential role of surface energy states of MOx nanoparticles,
it is crucial to account for the impact of particle dissolution and
metal ion release on their toxicity.16,17 The propensity for
dissolution is governed by the solubility of the metal in the
specific biological milieu and the concentration gradient from
the particle surface to the surrounding solution. In the case of
highly soluble materials such as ZnO and CuO nanoparticles,
their primary toxicological concern stems from the liberation of
metal ions.18,19 However, for materials with lower solubility,
both the catalytic activity of the nanoparticle surface and the
release of ions may contribute to toxicity and the production of
ROS. Therefore, the determination of ROS is gradually
becoming an important indicator for evaluating the toxicity
of MOx.

Determination of oxygen radicals currently relies on two
principal methodologies: indirect assessment of redox markers,
such as NADPH, ascorbic acid, and GSH, through techniques
like HPLC or gel electrophoresis; and direct ROS detection,
which includes fluorescent probes and electron spin resonance
methods.20−22 Indirect methods risk artifactual oxidative
damage due to cell disruption and extraction processes. Direct
detection, while less invasive, is prone to interference from
substrate absorption and cell permeability issues, and
fluorescent reagents may introduce cytotoxicity and irrever-
sibility concerns, limiting their in vivo application.23,24

Consequently, to enhance specificity and reduce nonspecific
interactions in complex biological systems, developing targeted
probes to achieve real-time and dynamic monitoring of ROS
constitutes a practical requirement for nanotoxicological
evaluation and mechanism exploration.

Recent advances in redox-sensitive GFP (roGFP) probes
have achieved the goal of monitoring ROS at a subcellular
resolution level.25,26 The roGFP probes contain an engineered
dithiol/disulfide switch on their surface that can sense redox
equilibrium by measuring the change in fluorescence ratio
converted by the engineered switch.26 The glutathione redox
pair (GSH/GSSG) and hydrogen peroxide (H2O2) are crucial
links in redox homeostasis and redox signaling.27,28 Impor-
tantly, roGFP2 can be directly fused to glutaredoxin (Grx),
thereby increasing the specificity of glutathione redox potential
measurements. Advances in gene editing technology have
made it possible for fused Grx-roGFP2 to monitor redox
homeostasis under different scenarios, such as cell types,
subcellular compartments, developmental stages, and environ-
mental conditions.26,29−31 Similarly, roGFP can also be
coupled with multiple enzymes involved in the antioxidant
system to fabricate diverse reactive oxygen species probes,32,33

e.g., roGFP is coupled with peroxidase 1 (Orp1) to become a
H2O2-specific probe.34 Thus, the roGFP-based probes show
great potential in nanotoxicological assessments involving
oxidative stress.

Herein, we develop a Grx1-roGFP2 fusion protein sensor
expressed in MDCK cells, which enables the fluorescence
switch of the oxidized/reduced state of the roGFP2 protein
through the transfer of Grx1 disulfide bonds during the redox
process. With the aid of a high-content cell imaging system,
this sensor enables real-time dynamic monitoring of fluctua-
tions in glutathione redox potential in living cells. We selected

eight representative MOx with different band gap energies and
metal ion solubilities as test objects. Thus, we employed the
constructed Grx1-roGFP2 sensor to assess the oxidative stress
induced by the different MOx nanoparticles. By mapping the
fluorescence ratio signal, we monitored the response perform-
ance of the sensor under exposure to different MOx
nanoparticles, thereby obtaining the unique profile of oxidative
stress induced by each MOx nanoparticle. In short, the
developed Grx1-roGFP2 sensor offers a feasible and effective
strategy for nanotoxicological assessment.

2. MATERIALS AND METHODS
2.1. Materials. MOx nanoparticles were purchased from

UG. NANO (Suzhou, China). Anti-Bax polyclonal antibody,
Anti-Bcl2 polyclonal antibody, and β-actin polyclonal antibody
were purchased from Bioss (Beijing, China). Madin-Darby
canine kidney (MDCK) cells were purchased from the
Institute of Materia Medica, Chinese Academy of Medical
Sciences, Beijing. Dulbecco’s Modified Eagle’s Medium
(DMEM), penicillin−streptomycin, and fetal bovine serum
(FBS) were sourced from GIBCO, Invitrogen Corp. (Carlsbad,
CA, USA). The FITC-Annexin V Apoptosis Detection Kit was
purchased from BD Biosciences (New York, USA). The CM-
H2DCFDA Assay Kit was purchased from MACKLIN
(Shanghai, China). The MTS tetrazolium compound was
purchased from Promega Corp. (Madison, WI, USA). All other
reagents were of analytical grade from commercial sources.
2.2. Cell Culture. MDCK cells were cultured in 25 cm2 cell

culture with DMEM supplemented with 10% FBS and
streptomycin-penicillin (100 μg/mL and 100 U/mL, respec-
tively) at 37 °C in a humidified atmosphere of 5% CO2. Cells
were passaged at 70−90% confluency using 0.25% (w/v)
trypsin-0.02% (w/v) EDTA solution.
2.3. Construction of pLV-Grx1-roGFP2 Lentiviral

Vector. The pLV-Grx1-roGFP2 lentiviral vector was con-
structed to achieve overexpression of the GRX1-roGFP2 gene.
The Grx1-roGFP2 gene coding sequence (CDS) was amplified
using polymerase chain reaction (PCR) with specific primers
designed to introduce restriction sites Mlu I and Not I, as well
as a Kozak sequence to enhance gene expression. The primer
sequences were as follows: Grx1-roGFP2-F: 5′-AAT-
T A C G C G T G C C A C C A T G G C C T C -
CACTCGTGTCCTCGCCTC-3′ and Grx1-roGFP2-R: 5′-
TTAAGCGGCCGCTCACTTGTACAGCTCGTC-
CATGCCGAGAGT-3′. The PCR product was then double-
digested with Mlu I and Not I, and ligated into the pLV-puro
vector that had been predigested with the same enzymes. The
ligation mixture was transformed into DH5α competent cells
and plated on LB agar plates containing ampicillin for
selection. Positive clones were identified by PCR using primers
as follows: pEGFP-N-5′: 5′-TGGGAGGTCTATATAAGCA-
GAG-3′ and PGK-R: 5′-GGAGGAGTAGAAGGTGGCG-3′,
and subsequently confirmed by sequencing at Zhongmei Taihe
Company.
2.4. Construction of the Grx1-roGFP2 Sensor. The

pLV-Grx1-roGFP2 plasmid was extracted from bacterial
cultures using a Qiagen Plasmid Plus Midi Kit (QIAGEN,
Germany), and its concentration was determined using a UV
spectrophotometer. Furthermore, HEK293V cells were seeded
in 35 mm dishes. Upon reaching 90−95% confluence,
HEK293V cells were transfected with the pLV-Grx1-roGFP2
vector along with packaging plasmids at pH1 and pH2. The
cell culture supernatant was collected 48 h post-transfection,
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filtered to remove cell debris, and the virus was purified using
the PEG lentiviral purification kit. Subsequently, MDCK cells
were infected with the lentiviral suspension and incubated for
24 h. Following infection, cells were trypsinized and seeded
into 96-well plates with puromycin at a final concentration of 2
μg/mL to select monoclonal cells. Total RNA was extracted
from the cells, reverse transcribed, and real-time PCR was
performed to quantify the expression of the Grx1-roGFP2 gene
using the following primers: Grx1-roGFP2-qF: 5′-
GTAAACGGCCACAAGTTCAGCG-3′ and Grx1-roGFP2-
qR: 5′-AGGTCAGGGTGGTCACGAGGGT-3′. The expres-
sion levels were normalized to the housekeeping gene GAPDH
using the following primers: GAPDH-qF: 5′-ATGTTTGT-
GATGGGCGTGAACC-3 ′ and GAPDH-qR: 5 ′ -
CGGTCTTCTGGGTGGCAGTGAT-3′.
2.5. Performance Evaluation of the Grx1-roGFP2

Sensor. The PE Operetta high-content cell imaging system
(PerkinElmer, USA) was employed to assess the performance
of the Grx1-roGFP2 sensor in measuring oxidative stress from
H2O2 treatment. MDCK cells expressing the Grx1-roGFP2
sensor were added with 30 μM H2O2, and images were
collected at 30-minute intervals for the remaining 24 h. The
Grx1-roGFP2 biosensor was excited sequentially at 405 and
488 nm wavelengths, with emission light collected using a 525/
30-nm bandpass filter for each excitation. Consistent laser
power and pixel dwell time settings were applied across all
experiments, while gain adjustments were optimized for each
specific trial. Regions of interest (ROIs) were identified and
circumscribed around randomly selected individual cells within
the field of view. Throughout each experiment, a consistent set
of 9 ROIs was monitored. To compare the Grx1-roGFP2
sensor with traditional ROS probes, wild-type MDCK cells
were exposed to 30 μM H2O2, and fluorescence was measured
at desired time using a commercial ROS Assay Kit with CM-
H2DCFDA.
2.6. Characterization of MOx Nanoparticles. Eight

MOx nanoparticles (ZnO, CuO, NiO, CeO2, In2O3, Mn2O3,
Co3O4, and Cr2O3) were selected based on their band gap
energies and solubility. All MOx nanoparticles were provided
in powdered form. Transmission electron microscopy (TEM,
FEI Tecnai G2 T20 U-Twin, USA) was used to observe the
nanoparticles’ shapes and primary sizes. Samples were
prepared by placing a drop of aqueous nanoparticle suspension
onto a carbon-coated TEM grid and dried naturally. Hydro-
dynamic diameters and zeta potential of MOx in various media
were measured using a Zetasizer Nano ZS Malvern

(Worcestershire, U.K.), and all measurements were carried
out at 25 °C.
2.7. Application of the Grx1-roGFP2 Sensor for MOx-

Induced Oxidative Stress. MDCK cells expressing the Grx1-
roGFP2 sensor were cultured in 96-well plates and allowed to
reach a confluence of 70%. Subsequently, the cells were
subjected to an incubation period with six distinct concen-
trations (6, 12, 25, 50, 100, and 200 mg/mL) of MOx
nanoparticles for a duration of 24 h. The PE Operetta high-
content cell imaging system was employed to capture images
and record fluorescence values at intervals of every 30 min.
The HCS parameters were standardized as per the
experimental protocol previously established,35,36 ensuring
consistency and reliability in data acquisition.
2.8. Cell Viability Assay. The colorimetric MTS assay was

employed to assess MDCK cell viability in the presence of the
MOx nanoparticles. MDCK cells, seeded at a density of 5 ×
105 cells/mL, were exposed to varying concentrations of MOx
nanoparticles (6, 12, 25, 50, 100, and 200 mg/mL) and
cultured in 96-well plates for durations of 6, 12, and 24 h. After
treatment, the medium was aspirated, and the wells were gently
rinsed with phosphate-buffered saline (PBS), then 10 μL of 5
mg/mL MTS solution (PBS) was added to each well and
incubated for another 4 h at 37 °C. Cell survival relative to
control wells was calculated by measuring the absorbance at
570 nm using a microplate reader.
2.9. Cell Apoptosis Assay. Cell apoptosis was performed

using the Annexin V-FITC Apoptosis Detection Kit. Wild-type
MDCK cells were seeded in six-well plates at a density of 1 ×
105 cells per well and allowed to reach 70−80% confluence.
The cells were then exposed to varying concentrations of MOx
nanoparticles (6, 12, 25, 50, 100, and 200 mg/mL) for 6, 12,
and 24 h. Cells were harvested and washed three times with
cold PBS, then resuspended in 200 μL of binding buffer and
incubated with 10 μL of Annexin V-FITC in the dark at 37 °C
for 15 min. Subsequently, 5 μL of PI in 300 μL of binding
buffer was added to stain the cells, and flow cytometry was
employed for the analysis of stained cells.
2.10. Western Blot Analysis. Expression of apoptosis-

related marker proteins was analyzed by western blotting
(WB) after the treatment of MDCK cells with MOx
nanoparticles. MDCK cells were pretreated with 100 mg/mL
of different MOx nanoparticles for 24 h in serum-free DMEM.
The cells were lysed in a buffer containing protease inhibitors
to prevent degradation, and the total protein concentration was
quantified by using the bicinchoninic acid (BCA) assay.
Electrophoresis was implemented using 12% (w/v) SDS-

Figure 1. Diagram illustrating the principle of Grx1-roGFP2 sensor for oxidative stress induced by MOx. (a) The selected representative MOx
nanoparticles based on their band gap energies and dissolution. (b) Fusion of Grx1 with roGFP2 (Grx1-roGFP2) ensured specificity and rapidity of
thiol−disulfide exchange between roGFP2 dithiol and GSH/GSSG pair.
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PAGE and then transferred to PVDF membranes (Roche,
USA). Densitometric analysis was performed with ImageJ
software (v1.8.0).
2.11. Statistical Analysis. The data are expressed as the

mean ± standard deviation (SD), and all values were obtained
from at least three independent experiments. Statistical
significance was evaluated using the Student’s t test.

3. RESULTS
3.1. Design of the Grx1-roGFP2 Sensor. The con-

struction of the Grx1-roGFP2 sensor and its principle of
sensing oxidative stress induced by MOx nanoparticles are
schematically illustrated in Figure 1. Herein, eight representa-
tive MOx nanoparticles (ZnO, CuO, NiO, CeO2, In2O3,
Mn2O3, Co3O4, and Cr2O3), which exhibit a spectrum of band
gaps and varying levels of metal dissolution, were selected to
evaluate the sensing performance of the developed Grx1-
roGFP2 sensor (Figure 1a). Six MOx nanoparticles (NiO,
CeO2, In2O3, Mn2O3, Co3O4, and Cr2O3) were specifically
chosen based on their ability to engage in electron transfer
processes with biological redox couples (−4.12 to −4.84 eV),
which are essential for cellular homeostasis.15 In addition, ZnO
and CuO were included in the evaluation due to the
recognition that solubility is a key determinant of the toxicity
of MOx, independent of energy band structure.

For the Grx1-roGFP2 sensor design (Figure 1b), roGFP2
contains two engineered cysteine residues that can form a
reversible disulfide bond. The reduced and oxidized states of
roGFP exhibit maximum excitation wavelengths at 488 and

405 nm, respectively, which are determined by their distinct
protonation tendencies. Grx1 catalyzes the reaction between
roGFP2 and the glutathione redox couple (GSH/GSSG) via
thiol−disulfide exchange reactions. The sensing efficiency of
roGFP2 alone is limited because its equilibration with the
cellular redox system is too slow and lacks selectivity. Thus, the
sensor prepared by fusing Grx1 with roGFP2 (Grx1-roGFP2)
can significantly improve the specificity and rapid thiol−
disulfide exchange rate between roGFP2 and GSH/GSSG
conjugates.26 Consequently, the developed Grx1-roGFP2
sensor allows dynamic live imaging of the glutathione redox
potential (EGSH) with high sensitivity and temporal resolution.
The sensor’s response to redox equilibrium impairment is
achieved by calculating the fluorescence ratio in the channel
(520 nm), excited with 405 nm (oxidized Grx1-roGFP2) and
488 nm (reduced Grx1-roGFP2) lasers in MDCK cells.
3.2. Characterization of MOx Nanoparticles. TEM

analysis provides high-resolution nanoscale images of the eight
MOx nanoparticles, revealing their size, shape, and surface
structural characteristics (Figure S1). DLS analyses revealed
the hydrodynamic sizes of the eight MOx nanoparticles in
three different media: water, DMEM, and DMEM supple-
mented with 10% FBS (Table 1). The results indicated that all
nanoparticles exhibited hydrodynamic diameters below 300
nm. Notably, the nanoparticle size in the DMEM medium
enriched with 10% FBS was slightly larger compared to those
in the other two conditions, which was attributed to the
adsorption of the protein corona. The primary sizes of MOx
nanoparticles exhibited significant discrepancies compared to

Table 1. Sizes of MOx Nanoparticles in Experimental Dispersion Conditions

MOx Primary Water DMEM MEM + 10%FBS

Mn2O3 46.8 ± 12.9 275.8 ± 8.0 283.9 ± 16.4 299.3 ± 15.1
CuO 22.5 ± 9.2 279.0 ± 8.5 266.2 ± 6.5 292.5 ± 4.1
ZnO 19.8 ± 6.7 214.2 ± 21.6 263.6 ± 9.0 281.2 ± 17.5
Cr2O3 78.9 ± 20.2 273.8 ± 14.8 264.9 ± 8.8 299.0 ± 8.7
NiO 10.1 ± 3.7 257.7 ± 9.4 280.3 ± 9.0 296.1 ± 28.8
CeO2 56.2 ± 27.2 239.1 ± 16.5 241.6 ± 7.9 267.4 ± 3.2
Co3O4 22.6 ± 13.1 268.8 ± 15.5 268.3 ± 13.9 290.2 ± 10.3
In2O3 52.1± 20.6 241.1 ± 33.3 234.9 ± 7.6 278.2 ± 11.9

Figure 2. Construction of the engineered MDCK cell line expressing Grx1-roGFP2 sensor. (a) Schematic procedure of preparing stable transfected
MDCK cell lines using lentiviral vector. (b) The expression levels of Grx1-roGFP2 fusion gene in screened engineered MDCK cells quantified by
qPCR. (c) Fluorescence imaging of the engineered MDCK cells, where green fluorescence indicated the reduced Grx1-roGFP2 sensor and red
fluorescence indicated the oxidized Grx1-roGFP2 sensor.
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their hydrated counterparts, with dimensional variations
ranging from several-fold to several dozen-fold. These
pronounced size disparities are hypothesized to correlate
with the dispersion characteristics of these nanomaterials in
aqueous solutions, a phenomenon that has received empirical
validation through systematic literature review.15,37,38 Fur-
thermore, the zeta potential analysis demonstrated that these
MOx nanoparticles predominantly bear a negative surface
charge (Table S1). Compared with the heterogeneous
distribution in water, the zeta potential of MOx exhibited
more uniform profiles in both DMEM and DMEM containing
10% FBS.
3.3. Construction of the Grx1-roGFP2 Sensor. The

process of preparing stably transfected MDCK cell lines
expressing a Grx1-roGFP2 sensor with lentiviral vectors is
schematically illustrated in Figure 2a. The target gene (Grx1-
roGFP2) was obtained by fusing roGFP2 with the human Grx1
gene. The target gene (Grx1-roGFP2) was cloned into the
lentiviral vector pLV puro and then infected with MDCK cells.
Stable MDCK cell lines were screened using puromycin. All
primer sequences used in this study are listed in Table S2. The
expression of Grx1-roGFP2 mRNA was quantified by real-time
PCR, and clone 4 was selected for subsequent studies due to its
highest expression level of Grx1-roGFP2 mRNA among
engineered MDCK cells (Figure 2b). Furthermore, fluores-

cence imaging was performed on the engineered MDCK cells
expressing the Grx1-roGFP2 sensor. As shown in Figure 2c, in
the absence of any oxidative stress inducer, a robust green
fluorescence signal (reduced state, 488 nm excitation wave-
length) was observed in the cytoplasm, while almost no red
fluorescence signal (oxidized state, 405 nm excitation wave-
length) was detected. Thus, an engineered MDCK cell line
expressing the Grx1-roGFP2 sensor for real-time monitoring of
redox equilibrium was successfully constructed.
3.4. Performance Evaluation of the Grx1-roGFP2

Sensor. To investigate the redox-sensing performance of the
developed Grx1-roGFP2 sensor, MDCK cells expressing the
engineered sensor were subjected to a 30-μM H2O2 challenge
and conducted a continuous 24-h monitoring. The engineered
MDCK cells were excited with 405 nm and 488 nm lasers, and
imaging was recorded with emission in the green channel
(∼520 nm). Three replicate experiments were conducted.
Figure 3a,b illustrates the imaging sequence of a representative
ROI at multiple time points, while additional images were
presented in Supplementary Figure S2. The results showed
that the two fluorescence signals generated by the biosensor
had obvious dynamic changes over time (Figure 3a,b). The
excitation spectra of Grx1-roGFP2 in reducing and oxidizing
states are shown in Figure 3c. Specifically, the fluorescence
intensity corresponding to the reduced state (green) showed a

Figure 3. Performance evaluation of the Grx1-roGFP2 sensor in response to H2O2 exposure. MDCK cells expressing Grx1-roGFP2 sensor were
treated with 30 μM H2O2 and monitored continuously for 24 h. (a) The fluorescence images of MDCK cells expressing Grx1-roGFP2 were
captured with 488/520 nm used as excitation/emission wavelengths (Ex/Em). (b) The fluorescence images of MDCK cells expressing Grx1-
roGFP2 were captured with 405/520 nm used as Ex/Em wavelengths. (c) The excitation spectra of Grx1-roGFP2 in its reduced and H2O2-induced
oxidized states. (d) fluorescence intensities under 405 and 488 nm excitation. (e) The ratio of 405/488 nm fluorescence intensities, representing
the oxidized (red) to reduced (green) states, was calculated from the average fluorescence intensity of all ROIs. (f) Wild-type MDCK cells were
treated with 30 μM H2O2, and ROS levels were quantified at desired time using CM-H2DCFDA assay.
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gradual decrease, whereas that of the oxidized state (red) was
gradually enhanced (Figure 3d). Furthermore, the fluorescence
ratio of 405/488 nm was plotted to quantitatively reflect the
oxidative environment fluctuations in MDCK cells after H2O2
treatment. The results (Figure 3e) showed that H2O2-induced
oxidative stress led to an initial surge of the fluorescence ratio
intensity within 30 min, followed by a subsequent attenuation
in the rate of increase, and finally culminated a relatively stable
plateau at 10 h. These findings indicated that the constructed
sensor can respond rapidly to H2O2-induced oxidative stress
with considerable sensitivity and temporal resolution.

Meanwhile, to compare the performance of the developed
biosensor with that of traditional fluorescent probes, wild-type
MDCK cells were treated with the same concentration of
H2O2 at different time intervals, and their fluorescence
intensity was measured using a CM-H2DCFDA assay. Unlike
the sensitive performance of the Grx1-roGFP2 sensor, the
fluorescence intensity detected by the CM-H2DCFDA assay
did not deviate significantly from that of the blank control,
despite showing an increasing trend (Figure 3f). The above
results highlighted the superiority of our developed Grx1-
roGFP2 system over traditional CM-H2DCFDA methods in
terms of sensitivity and real-time dynamic monitoring of
cellular redox homeostasis.
3.5. Application of the Grx1-roGFP2 Sensor for MOx-

Induced Oxidative Stress. For the evaluation of MOx
nanoparticle-induced oxidative stress with the Grx1-roGFP2
sensor, the engineered MDCK cells were treated with eight
representative MOx nanoparticles (Mn2O3, CuO, ZnO, Cr2O3,
Co3O4, NiO, CeO2, and In2O3) across a spectrum of
concentrations and at various time points. Representative
snapshots of the reduced Grx1-roGFP2 and oxidized Grx1-
roGFP2 at each time point are provided in Figures S3−S8. The
ratio of the 405/488 nm fluorescence intensity was plotted to
quantitatively reflect the fluctuating oxidative environment

within the engineered MDCK cells (Figure 4a−f). Overall,
MOx nanoparticle-induced oxidation levels showed a positive
correlation with the concentration and actuation duration of
MOx nanoparticles. The differences in oxidation levels resulted
from MOx nanoparticles were closely related to their band gap
energies and solubility. Specifically, MOx nanoparticles with
band gap energies overlapping biological redox potential
(Mn2O3, Cr2O3, and Co3O4) led to a rapid increase in the
405/488 fluorescence ratio; MOx nanoparticles with band gap
energies not overlapping biological redox potential (NiO,
CeO2, In2O3) resulted in a limited increase in the 405/488
fluorescence ratio; MOx nanoparticles (CuO and ZnO) with
high solvation activity (capable of releasing metal ions) also
significantly improved the 405/488 fluorescence ratio. These
findings were largely in line with the current toxicological
studies regarding MOx nanoparticles, which generate oxygen
radicals and oxidative stress.

Notably, the developed Grx1-roGFP2 sensor, with its
sensitive and dynamic monitoring pattern, provided us with
more detailed information not available from previous research
methods. The fluorescence-ratio signal depicts a characteristic
map of oxidative stress induced by each MOx nanoparticle.
The results (Figure 4a−f) showed that the fluorescence-ratio
plots generated by MOx nanoparticles were either parabolic,
concave, or close to a straight line, which were closely related
to the MOx nanoparticles’ concentrations and action duration.
Presented in ascending order of the degree of induced
oxidative stress: the oxidation state change induced by
Mn2O3 was closer to a linearly ascending mode, with the
amplitude being most pronounced among all MOx nano-
particles. In contrast, the Cr2O3-induced changes demon-
strated a significant delay, and the amplitude was significantly
lower than that of Mn2O3 nanoparticles. The fluorescence ratio
induced by CuO and ZnO (which can release metal ions)
showed a certain degree of attenuation after increasing beyond

Figure 4. Response of Grx1-roGFP sensor to various MOx nanoparticles. The engineered MDCK cells expressing Grx1-roGFP sensor were
exposed to eight different MOx nanoparticles with a range of concentrations for desired time: (a) 6, (b) 12, (c) 25, (d) 50, (e) 100, and (f) 200
mg/mL. MOx nanoparticle-induced changes in oxidation levels were assessed by calculating the ratio of fluorescence intensities excited at 405/488
nm. The fluorescence values prior to ratio calculation were normalized relative to the initial fluorescence values at the 0 min time point for each
sample.
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a certain level. Co3O4 nanoparticles did not show the
anticipated high level despite their band gap energy coinciding
with the cellular redox potential, implying possible toxico-
logical mechanisms apart from oxidative stress. Unexpectedly,
CeO2 and In2O3 existed at maximum induced concentrations
of 50 and 100 mg/mL, respectively. All materials exhibited a
plateau after prolonged exposure to high concentrations,
indicating a maximum oxidation level induced by MOx
nanoparticles. The dynamic characteristics provided by the
fluorescence-ratio plot implied different mechanisms by which
different MOx nanoparticles induced cellular oxidative stress.
In summary, the developed Grx1-roGFP2 sensor was fully
capable of sensitive, dynamic, and quantitative detection of
MOx nanoparticle-induced changes in cellular redox homeo-
stasis.
3.6. Cellular Toxicity Testing Associated with

Oxidation Levels. Cell viability and apoptosis, as down-
stream events of MOx-induced oxidative stress, were further
investigated. First, after treating MDCK cells with MOx
nanoparticles at different doses (0−200 mg/mL) for 6, 12, and
24 h, cell viability was assessed using the MTS assay. The

results Figure 5a−c showed that Mn2O3, CuO, and ZnO
significantly reduced cell viability, whereas other MOx
nanoparticles had less effect. The magnitude of the MOx
nanoparticle-induced decrease in cell viability was consistent
with their ability to increase cellular oxidation levels.
Furthermore, flow cytometry combined with Annexin V/
Propidium Iodide (PI) double staining was used to assess the
cell apoptosis response to various MOx nanoparticles (Figures
S9−S11 and Figure 5d−f). MDCK cells were treated with
eight MOx nanoparticles at a concentration of 100 mg/mL for
6, 12, and 24 h. Generally, the proportions of apoptosis (both
early and late apoptosis) caused by the MOx nanoparticles
were consistent with their ability to elevate cellular oxidation
levels. The apoptosis rate caused by four MOx nanoparticles
(Mn2O3, ZnO, CuO, and Cr2O3) was particularly significant,
regardless of treatment for 6 h (Figure 5d), 12 h (Figure 5e),
and 24 h (Figure 5f). Corresponding to the high 405/488 nm
fluorescence ratio (Figure 4e, 100 mg/mL MOx), after 24 h,
total apoptosis increased to 85.7% for ZnO, 78.7% for CuO,
76.5% for Mn2O3, and 52.6% for Cr2O3 (Figure 4f). Notably,
Mn2O3, which caused the highest cellular oxidation level, did

Figure 5. Cellular toxicity testing of MOx nanoparticles in MDCK cells. The MDCK cells were treated with MOx nanoparticles at concentrations
ranging from 0 to 200 mg/mL for 6, 12, and 24 h. (a−c) MTS assay for cell viability. (d−f) Quantitative analysis of apoptosis/necrosis in MDCK
cells after exposure to different concentrations of MOx nanoparticles for 6, 12, and 24 h; these analyses correspond to the flow cytometry data of
Figures S8−S10. (g−i) Western blot analysis was performed to determine the expression levels of the pro-apoptotic protein BAX and the
antiapoptotic protein BCL-2. Results are depicted as mean ± SD, n = 3, *p < 0.05, and **p < 0.01, compared to the control group.
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not lead to the greatest apoptosis, suggesting a complex
toxicological mechanism outside of oxidative stress. As
expected, ZnO and CuO (capable of releasing metal ions)
induced remarkable apoptotic rates. The MTS assay and the
Annexin V/PI apoptosis assay assess distinct biological
processes, with the former reflecting cellular metabolic activity
and the latter being specifically designed to detect apoptosis
and its stages. Consequently, minor divergences were observed
between the two measurements for certain MOx materials.

Correspondingly, western blot (WB) analysis was employed
to assess the expression levels of the pro-apoptotic protein
BAX and the antiapoptotic protein BCL-2. Following 24-h
exposure to 100 mg/mL of eight MOx nanoparticles, WB
images (Figure 5g) and the corresponding densitometric
analysis (Figure 5h for BAX and Figure 5i for BCL-2) showed
that Mn2O3, CuO, ZnO, and Cr2O3 notably upregulated BAX
expression and concurrently downregulated BCL-2 expression,
which were consistent with these MOx-induced apoptosis
trends. The above results indicate that the Grx1-roGFP sensor
constructed in this study has great potential for application as a
promising cellular assessment model for nanotoxicology.

4. DISCUSSION
Over the past decades, nanomaterials have been widely used in
medical, cosmetic, food, and engineering fields.39−41 With the
increasing use of nanomaterials, their toxicological effects on
the human body and the environment have gradually attracted
people’s attention.1−3 Previous studies have demonstrated that
the induction of oxidative stress by MOx nanoparticles
constitutes one of the main mechanisms by which they
damage organisms. Thus, MOx nanoparticles are chosen as the
analysis targets in this study. MOx nanoparticles enter cells and
induce cytotoxicity through the accumulation of oxygen
radicals and alteration of the antioxidant system. Oxygen
radicals are associated with many diseases, causing cell and
tissue damage by inducing DNA denaturation, protein
oxidation, and the release of pro-inflammatory cytokines.42

Considering that oxygen radicals are characterized by a short
lifespan, rapid conversion rate, high reactivity, and low
concentration, the development of probes capable of real-
time in situ monitoring is of great significance for studying the
biological functions of oxygen radicals. However, the relevant
probes and auxiliary methods developed so far suffer from
problems such as destructive invasion, imposed oxidative
damage, background interference, insufficient tissue penetra-
tion, toxicity, and complex operation, which limit their
application in nanotoxicology studies. For this work, we
developed a redox-sensitive GFP sensing strategy with the aim
of establishing an efficient oxidative stress monitoring system
for nanotoxicological assessments.

In this study, we constructed a Grx1-roGFP2 fusion protein
expressed in MDCK cells, in which Grx1 catalyzes the
equilibrium between glutathione and roGFP2, thereby
enabling real-time monitoring of changes in cellular redox
potential. By plotting the real-time fluorescence ratio signal
graph, the response of the sensor to H2O2-induced oxidative
stress can be observed, demonstrating outstanding sensitivity
and resolution in monitoring the subtle fluctuations of
intracellular redox equilibrium (Figure 3c). In contrast, the
conventional CM-H2DCFDA method lacks sensitivity because
it fails to detect changes in intracellular redox equilibrium at
most time points (Figure 3d). Although CM-H2DCFDA
remains a widely employed fluorescent probe for ROS

detection, its inherent limitations manifest as compromised
sensitivity, nonspecific signal interference, and dependence on
esterase-mediated signal transduction, coupled with fluoro-
phore quenching artifacts. To address the limitations of CM-
H2DCFDA, an optimization strategy that integrates multiplat-
form analysis techniques, including mass spectrometry and
flow cytometry, can enhance the accuracy and sensitivity of
ROS detection. However, this approach also introduces
additional complexity to the analysis. On this basis, the
developed Grx1-roGFP2 sensor is subjected to tests with eight
representative MOx nanoparticles having different band gap
energies and metal ion release profiles.

The criteria for the selection of MOx nanoparticles are as
follows: ZnO and CuO are capable of releasing metal ions in
large quantities (metal ion solubility of more than 13.05%),
and previous studies have confirmed that dissociated metal
ions catalyze the production of H2O2 and hydroxyl radicals
(OH), which has led to ZnO and CuO being categorized as
highly toxic nanoparticles. In contrast, other less soluble MOx
nanoparticles can be classified and ranked based on their
bandgap energies.14,15 Mn2O3, Cr2O3, and Co3O4, whose
bandgap energy overlaps with the cellular redox potential range
(−4.12 to −4.84 eV), can interact more effectively with cellular
redox systems, thereby endowing them with high toxicity.
Whereas MOx nanoparticles with band gap energies located
outside the cellular redox potential interval (NiO, CeO2 and
In2O3) are served as controls for the low toxicity category.
Impressively, the developed Grx1-roGFP2 sensor demonstrates
outstanding performance in monitoring changes in the
intracellular redox equilibrium triggered by MOx nanoparticles.
The measurement outcomes of the Grx1-roGFP2 sensor not
only revalidate previous conclusions but also provide more
detailed information through the plotted fluorescence-ratio
signal, which is inaccessible through previous research
approaches. Figure S12 illustrates a schematic representation
of the parameters in the fluorescence ratio curve that signify
the ROS response. This encompasses the generated stress
intensity (curve slope), the characteristics (curve shape),
degree (curve plateau), and the accumulation of oxygen
radicals (curve area integral), reflecting the unique pattern of
oxidative stress induced by different MOx nanoparticles
(Figure 4a−f). These patterns facilitate the elucidation of
subsequent nanotoxicological effects and underlying mecha-
nisms, such as cell viability and apoptosis induced by MOx
nanoparticles (Figure 5).

Encouragingly, the fusion strategy of roGFP with interest
proteins is extremely scalable, resulting in the generation of
diversified genetically encoded reporters for oxidative stress
that have been designed and applied in different model
systems.26 The antioxidant system of an organism is a complex
network system composed of antioxidant enzymes and/or
nonenzymatic antioxidants working together to resist potential
oxidative damage.43 The thiol-dependent antioxidant system is
a powerful antioxidant defense system against potential
oxidative threats, mainly composed of glutathione (GSH),
thioredoxins (Trxs), glutaredoxins (Grxs), and peroxiredoxins
(Prxs).44,45 The fusion of roGFP with Trxs, Grxs, and Prxs, key
enzymes of the sulfhydryl-dependent antioxidant system, has
been successfully developed and applied as oxidative stress
monitoring probes.26,29−33,46,47 Similarly, based on the
importance of H2O2 as a central molecule in maintaining
redox homeostasis, roGFP variants have been fused to H2O2-
specific responsive enzymes, which have been demonstrated to
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monitor intracellular H2O2 levels in vivo with unprecedented
sensitivity.26,34 The development of these engineering probes is
of great significance for in-depth clarification of the mechanism
of nanooxidative damage and for taking effective intervention
measures.

Furthermore, it is an incontrovertible fact that the
interaction process between nanomaterials and the human
body is highly intricate.48,49 Nanomaterials can enter the
human circulation through multiple exposure routes, involving
skin, respiratory system, digestive system, or direct intravenous
injection.50,51 Different exposure pathways determine the
specific tissue distribution and differentiated toxicological
effects of the nanomaterials. After long-term practice, scientists
have found that the interactions between nanoparticles and
organisms are affected by a variety of factors, such as particle
size, surface charge, shape, and surface coatings, forming a
complex pattern of nanoparticle-induced oxygen radicals and
oxidative stress.9−11 Encouragingly, advances in gene editing
technology allow for the easy construction of roGFP fusion
sensors in tissue and cell interests, providing the required
information on oxygen radicals and oxidative stress. Con-
sequently, our proposed genetically engineered sensing
strategy, which fuses roGFP with sulfhydryl-dependent
antioxidant enzymes, is a noninvasive sensing technology
with excellent sensitivity and resolution in real-time monitoring
of intracellular redox homeostasis fluctuations, emerging as a
potent tool for nanotoxicological studies with promising
applications.

5. CONCLUSION
In summary, the developed Grx1-roGFP2 sensor can
dynamically respond to fluctuations in cellular oxidative
homeostasis triggered by MOxx nanoparticle exposure. The
morphology of the fluorescence-ratio curve output from the
sensor, including shape, slope, highest plateau, and area
integral, dynamically portrays the specific patterns of MOx-
induced oxidative stress, providing key information for
subsequent toxicological effect assessment and potential
mechanism studies. Gene-editing-based sensing strategies
hold significant promise in nanotoxicity research. Multidimen-
sional innovations, such as enhanced multimodal detection,
improved spatiotemporal resolution, optimized dynamic
monitoring, and integration with artificial intelligence (AI) or
high-throughput screening, are poised to substantially advance
the accuracy and safety assessment of nanotechnology systems,
thereby supporting nanomaterial development and industrial-
ization.
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