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研究成果の概要（和文）：我々は、EPR、MRI、および光イメージングを用いて、生体内の酸化還元能力や酸化ス
トレスを追跡するための2つの量子センサーを開発した。いずれもTPP基を結合させた常磁性CD-TEMPOまたは反磁
性CD-TEMPOHを被覆した量子ドットで構成され、TPP基は細胞内導入とミトコンドリアへの局在化を実現する。こ
のセンサーは異なる増殖能を持つ単離細胞を用いた生体外での細胞内酸化還元状態のEPR/opticalイメージング
や，腎機能障害を持つマウスを用いた生体内での酸化ストレスを検出するMRI実験に応用された。詳細は
Analytical Chemistry 2021年に掲載され報道発表された。

研究成果の概要（英文）：We developed two-set Qdot sensors for tracking total redox capacity and/or 
oxidative stress in living biological objects using EPR, MRI, and optical imaging: (i) QD@CD-TEMPO, 
and (ii) QD@CD-TEMPOH. Both sensors are composed of small-size QDs, coated with paramagnetic 
CD-TEMPO or diamagnetic CD-TEMPOH conjugated with triphenylphosphonium (TPP) groups. The TPP groups 
achieve intracellular delivery and mitochondrial localization. Nitroxide residues interact 
simultaneously with various oxidizers and reducers, and the sensors are transformed from 
paramagnetic form into diamagnetic form and vice-versa due to nitroxide redox cycling. Sensors were 
applied for EPR/optical imaging of intracellular redox-status in vitro on isolated cells with 
different proliferative indexes, as well as for noninvasive MRI of severe oxidative stress in vivo 
on mice with renal dysfunction. Details are described in Anal Chem 2021 and press-released.

研究分野：生物化学
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  ３版

令和

研究成果の学術的意義や社会的意義
Chemical structures are original. They allow analysis of intracellular superoxide in absolute units,
 which is impossible using conventional fluorescent/luminescent probes. Sensors are appropriate for 
diagnostics and control of therapy of free-radical diseases.

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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1. Background at the beginning of research 
(1) Oxidative stress (OxiStress) and total redox capacity (TRC) of cells, tissues and body fluids are 
crucial factors in pathogenesis of variety of diseases, as well as in chemo- and radiotherapy. They are 
recognized as new diagnostic markers in clinic. In this context, development of new low/zero toxic 
synthetic or genetically encoded redox-sensitive contrast probes and kits for TRC/OxiStress detection has 
a high clinical and social significance. 

(2) All analytical methods, using already developed contrast probes (fluorescent, chemiluminescent, 
magnetic resonance, nuclear and ultrasound), allow partial evaluation of OxiStress and TRC due to 
information, obtained only for one or several redox-active compounds. These probes can not sense the 
total balance between oxidizers and reducers in biological object – major reason for controversial 
conclusions. 
(3) We had a substantial background in development of biocompatible quantum dot-based probes, 
nitroxide-based contrast probes, and redox imaging. 

 
2. Purpose of research 

To develop new redox-sensitive contrast probe(s), which overcome the limitations of already existed on 
a market and/or reported in the literature for: (i) Quantitative Oxidative stress (OxiStress) In Vitro Assay 
& OxiStress In Vivo Mapping; (ii) and Quantitative Total Reducing Capacity (TRC) In Vitro Assay & 
TRC In Vivo Mapping; using fluorescence spectroscopy/imaging, EPR spectroscopy/imaging, and MRI 
– on living cells, body fluids, and experimental animals. 
 

3. Research methods 
(1) Synthesis of nanoparticles and their characterization – DLS, fluorescence spectroscopy, EPR 
spectroscopy, MRI on phantoms; 

(2) Biochemical analyses on model (cell-free) systems and cultured cells – fluorescence spectroscopy 
and microscopy, EPR spectroscopy, MRI on phantoms; 
(3) Chemical (cell-free) model systems for detection of reduction and oxidation of both sensors; 
(4) Cellular models of redox-imbalance and oxidative stress on isolated cells – with different 
proliferative activity (non-proliferating, slow-proliferating, rapidly proliferating); 
(5) Animal model pf redox-imbalance and oxidative stress – kidney dysfunction on wild type mice, 
induced by hypercholesterolemia and accompanied by severe inflammation. 

 
4. Research results 

Details are described in our recently published paper in Analytical Chemistry 2021. The data were 
released in the press (in Japanese and English). 

 



 

Figure 1. (A) Schematic presentation of quantum sensors: TRC sensor (QD@CD-TEMPO) and OxiStress 
sensor (QD@CD-TEMPOH). (B) Fluorescence spectra and (C) EPR spectra of QD@CD-TEMPOH (0.1 
mM) and QD@CD-TEMPO (0.1 mM). Fluorescence spectra were recorded at λex=365 nm. EPR spectra 
were recorded at the conditions, described in “Materials and Methods”. (D) T1W MRI on phantoms, 
containing: (1) deionized water; (2 and 3) QD@CD-TEMPO in 1 mM and 2 mM, respectively (dissolved 
in PBS); (4) phosphate-buffered saline (PBS); (5 and 6) mito-TEMPO in 1 mM and 2 mM, respectively 
(dissolved in PBS). 



 

Figure 2. (A) Dynamics of EPR signal of QD@CD-TEMPOH (0.1 mM) in the presence of 
different oxidizers: 1 mM potassium superoxide; 1 mM hydrogen peroxide; 0.5 mM xanthine plus 
0.1 U/mL xanthine oxidase (X/XO). (B) Dynamics of fluorescent signal of QD@CD-TEMPOH 
(0.1 mM) in the presence of different oxidizers: 1 mM potassium superoxide; 1 mM hydrogen 
peroxide; 0.5 mM xanthine plus 0.1 U/mL xanthine oxidase (X/XO). In (B), the data are presented 
as a percentage from the initial fluorescence signal of QD@CD-TEMPOH in deionized water (in 
the absence of oxidizer). (C) Dynamics of EPR signal of QD@CD-TEMPO (0.1 mM) in the 
presence of different reducers: 0.1 mM ascorbate (ASC); 0.1 mM NADPH; 0.1 mM NADH. (D) 
Dynamics of fluorescent signal of QD@CD-TEMPO (0.1 mM) in the presence of different 
reducers: 0.1 mM ascorbate (ASC); 0.1 mM NADPH; 0.1 mM NADH. In (C), the data are 
presented as a percentage from the initial EPR signal of QD@CD-TEMPO in deionized water (in 
the absence of reducer). The experiments were performed in deionized water, except for X/XO 
reaction, which was performed in 10 mM phosphate-buffered saline (pH 7.4), containing 25 μM 
DTPA to prevent Fenton’s reactions. All data are Mean±SD from three independent experiments. 

 

 
Figure 3. (A) Dynamics of EPR signal of QD@CD-TEMPO (0.1 mM) in cells with different 
proliferative index (1×106 cells/mL), within 6-hours of incubation. Data are presented as a 
percentage from the initial EPR signal of QD@CD-TEMPO in cell-free cultured medium, which 
was considered 100%. Cell viability did not change at 6-hours incubation and was ~91-94% (for 
normal cells) or 97-99% (for cancer cells). (B, C) Representative EPR spectra of QD@CD-
TEMPO, recorded in cultured medium (0 min) and 60 min after addition to normal cells and cancer 
cells, respectively. (D, E, F). Total reducing capacity (in uric acid equivalents) and basic 
intracellular levels of superoxide (analyzed by DHE assay) and hydroperoxides (analyzed by DCF 
assay) in cells (1×106 cells/mL) with different proliferative index. In (A), (D), (E), and (F), the data 
are means±SD from three independent experiments. 

 



 
Figure 4. Representative images of extracted nitroxide-enhanced MRI signals in the kidneys of 
healthy mice (A) and mice with redox imbalance and severe oxidative stress (B), obtained by 
processing the original T1W images using ImageJ. The images were obtained 3 min after 
intravenous injection of QD@CD-TEMPO in the tail vain. The green arrows indicate the kidney 
area. The blue arrows indicate the area outside the kidney. Redox imbalance and oxidative stress 
were induced by development of hypercholesterolemia and subsequent kidney dysfunction. (C) 
Normalized MRI signal intensity in the kidney area of healthy mice and mice with renal 
dysfunction, accompanied by redox imbalance. Data are means+/-SD from three mice in each 
group. ***p<0.01 (two-tiled p-value calculated by Student’s t-test). 
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