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Abstract; Hydrogen peroxide( H,0,) is the main marker of reactive oxygen species and closely related to various
diseases such as neurodegenerative diseases. In this work, we presented an enzymatic nanosensor for fluorescence
sensing of intracellular hydrogen peroxide. The nanosensor consisted of a biocompatible shell of poly-l-lysine and
horseradish peroxidase( HRP) , and an oxygen sensing core from a porous polymeric matrix containing oxygen probes.
H,0, was catalyzed by HRP to yield the product of oxygen, which was reported by the sensing core in the form of
quenched fluorescence. The enzymatic nanosensors had a hydrodynamic size of about 270 nm, a zeta potential of
- 18 mV and good biocompatibility. Their fluorescence were highly sensitive to H,0, in both ratiometric and the
time-resolved fluorescence. Moreover, the nanosensors can be efficiently internalized by live cells, thereby intracellu-
ar H,0, was sensitively detected with TRF modality. These results suggest that our enzymatic nanosensors may be

used for monitoring H, O, -related cellular events, such as oxidative stress.

Key words: H,0,; nanosensor; time-resolved fluorescence( TRF) ; ratiometric fluorescence; oxidative stress

CLC number; TP212 Document code: A DOI: 10.37188/{gxh20204107. 0826

FENC L A N R A 5 1 T 25 B P e

] 2 2 %
= ﬁ , M ENA, St
- R RIE RS R S IREER 2R, dLaT 100081 ;

2. Rt g fﬁ%f‘ﬁ;, bt 100081; 3. JbEUHEH R B+ TR, dtat  100876)

PR oA (H,0,) R EI A FEARERY , 5 S i ZGR AT B B UM OG . ASCRET T
— R I A P SR AL R POL IS AL R NOK AL IR . X FRAOR AL ke il 5 2 O AR A
Tl 4 LE AR BRSNS R S AT AR B ) 2 AL R S W B AL B U, BORGE A A W (HRP) 4L H, 0,
A AR, BRI S SO R IR AT HRI XK AL AR 1WA Bl 1 27 RSF 2978 270 nm, zeta HL( N - 18
mV , B R AR AR . B RPOE AR 73 B0 H,0, MU, AN Z AR E AR T L
B 20 AT A5 A B, AT AT U TRE J77 2 SR St A D00 4 S P9 B9 1, O, R ,n%i%% ARSI il 7 A RN
KAl g A B — 2 F T I H, O, ARG AR AR R RO, A A

X B AL AR, GOREEE MR FEOL, RIS, S

Wrim HEA: 2020-03-20; 21T HH#A: 2020-05-02
BETA: FREARBIEIS (61775245) 5 IR 111 T g Bhsi 5
Supported by National Natural Science Foundation of China(61775245) ; MUC 111 Project



557 1]

NIE Fang, et al. ;: Ratiometric Fluorescent Enzymatic Nanosensors for Intracellular Hydrogen Peroxide 827

1 Introduction

Hydrogen peroxide (H,0,) is the signaling''™’

and homeostasis molecules **' to maintain the funda-
mental biochemical processes in living organism.
Moreover, H,0O, is the most important molecular and
marker of reactive oxygen species ( ROS)*®' The
intracellular ROS

known as oxidative stress, is mainly pernicious to

overbalancing concentration ,

DNA") | lipids and proteins'**’ , which leads to many
diseases, such as cancer'® | cardiovascular disea-
ses'”) and neurodegenerative diseases'® . Therefore,
sensitive detection of intracellular H,0, is helpful
not only to understand fundamental pathological
processes but also to diagnose related diseases.

Up to now, various approaches have been de-
veloped to detect H,0, including titration'' | chro-

]

motography'""! and electrochemical sensors'?'. 1In

terms of in vitro and in vivo sensing, optical detec-
tion methods are widely used owing to the merits of
sensitivity , noninvasiveness and accuracy' . Gen-
erally there are two strategies utilized to sense

H,0,, i. e. chemical reaction stimulated chemilumi-

[14-16

nescence' "“'*! and fluorescent probe based photolu-

[17]

minescence' . In particular, fluorescence modality

are more popular and a plenty of fluorescent probes

have been constructed for intracellular H,0,, such

as lipophilic cationic molecular probes''

[19]

, genetic

encoded fluorescent proteins™ ', cobalt/carbon nano-

1 and graphitic carbon

[21]

tube hybrid nanocomplex'
nitride and silver oxide nanocomposite Since
most fluorescent probes need to react with H,0, to
change their emissions, their selectivity remains
questionable as other ROS also are highly reactive.
It is known that horseradish peroxidase ( HRP) spe-
cifically converts H,0, into oxygen. Hence detection
of oxygen can real-time report the concentration of
H, 0, indirectly. Previously, we have reported a se-
ries of fluorescent oxygen nanosensors' >’ . Thus it is
occurred to us that the combination of HRP and oxy-
gen nanosensors may result in a highly sensitive en-
zymatic H, O, nanosenros.

In this work, HRP modified poly-1-lysine ( HRP-

PLL) was firstly synthesized, assisted by which
H, 0, nanosenros were then facilely prepared via a
modified reprecipitation-encapsulation method" .
Herein, Pt( I )-meso-tetra ( pentafluorophenyl ) por-
phine (P{TFPP) and coumarin 6 (C6) were doped
into the sensing particle core as oxygen probe and
reference dye, respectively. As is expected, the as-
prepared fluorescent nanosensors were highly sensi-
tive to H,0,. Moreover, the nanosensor can detect
H, 0, level with two robust approaches of ratiometric
fluorescence and the time-resolved fluorescence

(TRF).
2 Materials and Methods

2.1 Materials

Coumarin 6 (C6), Pt ( II )-meso-tetra ( pen-
tafluorophenyl ) porphine ( PtTFPP ), 4-morpholin-
oethanesulfonic acid ( MES) , polystyrene ( PS, M
280 ku), poly-l-lysine( PLL, M, 30 —70 ku) , 1-ethyl-
3-( 3-dimethylaminopropyl ) carbodiimide hydrochlo-
ride (EDC) and phosphate-buffered saline (PBS) of
pH 7.4 were purchased from Sigma-Aldrich. 3-(4,
5-dimethyl-2-thiazolyl ) -2, 5-diphenyl-2 H-tetrazolium
bromide ( MTT) and dimethylsulfoxide (DMSO) were
purchased from MP biomedicals and Ameresco, re-
spectively. Dodecyltrimethoxysilane ( DTS) was ob-
tained from Jiaxing Sicheng Chemicals Co. Ltd ( Jia-
xing, China). Tetrahydrofurane (THF) and mineral
oil ( pure ) were obtained from J&K ( Beijing, Chi-
na). All reagents were used as received without fur-
ther purification. Ultra pure water( UP) was used in
all experiments. Standard cell culture 96-well plates
were from Corning Inc. , and black 96-well plates
were from WHB ( Shanghai, China). Fetal bovine
serum( FBS) was obtained from Zhejiang Tianhang
Bio-Technology Co. Ltd( Huzhou, China).
2.2 Modification of PLL with HRP( HRP-PLL)

Modification of PLL with HRP (HRP-PLL) was
realized by the conjugation between the carboxylates
of HRP and amines of PLL. Specifically, PLL was
dissolved at a concentration of 10 mg + mL.™" in 0. 1
mol + L™ MES buffer. Then HRP was dissolved in 0. 1
mol + L™" MES buffer at a concentration of 10 mg -
mL™". We added HRP solution to the PLL solution,
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and kept the mixture at less 10-fold molar excess of
HRP to the PLL. Then EDC was added into the
above mixture to obtain at least a 10-fold molar ex-
cess of EDC to the HRP. After reacting overnight
using rotary platform in a dark place, the samples
were purified by centrifugal ultrafiltration to remove
the unreacted molecules and the potential self-poly-
merization.
2.3 Synthesis of HRP Coated NPs( HRP-NPs)
HRP-NPs were prepared by the modified repre-
cipitation-encapsulation method assisted by HRP-
PLL molecules. Briefly, C6, PtTFPP, PS and DTS
were dissolved in THF at 2: 1:48: 50 weight ratios.
500 pL of
the above solution was rapidly added into 8 mL 60 pg-
mL ™" PLL-HRP solution (pH 9, adjusted by ammo-

nia) under ultrasound surrounding. The sample was

The total concentration was 200 x 10 ~°.

stood for 2 h and then dialyzed against water for 24 h.
2.4 Cell Culture and Staining with HRP-NPs

Pheochromocytoma cells (PC12) were cultured
in high glucose Dulbecco’s Modified Eagle medium
(H-DMEM ) containing 10% fetal bovine serum
(FBS) in CO, incubator containing 5% CO, at 37
C. The cells were then incubated in the medium
dispersed with a 10 wg - mL™" of HRP-NPs for 24
h. After that, the stained cells were washed twice
with PBS to eliminate the outside nanosensors.
2.5 Characterization

The TEM images were obtained by Hitachi H-
800 at 120 kV acceleration voltage. The NPs aque-
ous dispersion was placed on the TEM specimen
support( cuprum ). Zeta potentials and hydrodynam-
ic sizes were determined by photon correlation spec-
troscopy and by dynamic light scattering ( DLS)
using a Zetasizer Nano instrument ( Malvern Instru-
ments, www. malvern. com). UV-Vis absorption was
recorded on a UV-3101PC spectrophotometer ( Shi-
madzu ). Steadystate photoluminescent spectra were
read by an F-4600 fluorescence spectrophotometer
(Hitachi) .

Time-resolved fluorescence ( TRF) was recorded
by a commercial plate reader( Victor x4, Perkin-El-
mer). Firstly, cells were incubated on microplates

with HRP-NPs aqueous solution( 10 g + mL™") for

24 h (in separate wells). Then, the treated cells
were washed once and measured in PBS using the
Rapid
(RLD) "' was performed by time-resolved fluores-
cence (TRF) model **.

tensities were recorded under delay times of 30 s

plate  reader. lifetime  determination

Specifically, two TRF in-

(t,) and 70 ws (t,), with a gating time of 100 s
(A, =340 nm, 642 nm emission filters). After-
wards, the two TRF intensity signals were converted
into lifetime (7) values through the following equa-
tion: 7= (¢ —t,)/In(F,/F,), where F| and F,
correspond to the integrated signals over 100 s ob-
tained at delay times ¢, and ¢, , respectively.

Intracellular fluorescencei maging was per-
formed with a confocal laser scanning microscope
(A1Rsi, Nikon). PC12 cells were cultured at a 1 x
10° cells density for 24 h in 35-mm confocal culture.
The cells were cultured with HRP-NPs solution ( 10
pg - mL™") for 1 d, and then measured using con-
focal laser scanning microscope. For HRP-NPs un-
der 405 nm excitation, the emission from C6 was
collected between 480 nm and 520 nm.
2.6 Cytotoxicity of HRP-NPs

The MTT colorimetric assay was used to assess
the cytotoxicity of HRP-NPs. The cells were cultured
in 96-well micotiter plate at 1 x 10° cells in per well
for 1 d. Then, 0, 20, 30, 40, 50 pg - mL™" of
HRP-NPs solution were added into the culture medi-
um at 37 C. After 1 day later, 10 pL. MTT (5 mg -
mL ™" in PBS solution) solution was added into the
treated wells and incubated for 4 h at 37 C. After-
wards, 100 uL of dimethylsulfoxide ( DMSO) was
added into above wells. Optical density (OD) was
read in an ELISA measurer ( BioTek, EL x 800 ).
The value of Cell viability (% ) was calculated by
the following equation: Cell viability = OD ( test)/
OD( control) x 100% . When the dosages were be-
low 20 wg » mL™", the cells exhibit high viability
(cell viability >90% ).

3 Results and Discussion

3.1 Synthesis and Characterization of Hydro-
gen Peroxide Nanosensors

As a prerequisite to prepare the enzymatic
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H,0, nanosensors, HRP modified poly-l-lysine
(HRP-PLL) was firstly synthesized. This conjuga-
tion is based on a EDC-catalyzed carbodiimide reac-
tion between the carboxylic acids of HRP and amines
of PLL, as depicted in Fig. 1 (a). The conjugation
of HRP to PLL can be demonstrated by their absorp-
tion spectra ( Fig. 1 (¢) ), wherein PLL and HRP-
PLL have the same absorption band peaking at 400
nm. With the assistance of HRP-PLL, the H,O,
nanosensors were prepared by a modified reprecipita-
tion-encapsulation method *'. Briefly, a THF solu-
tion of PITFPP, C6, PS and DTS were rapidly injec-
ted into water solution containing PLL-HRP under
ultrasonication. These hydrophobic molecules aggre-

gated to form particles due to the quick change of

(a)

(b) DTS S0 -
-0 0
PS H
C—CH; .
v ‘ ~ n A,
— | - -~ \l‘. >
c6 [ L1
H:C”N™ 70" "0 -
H;C CeF's

P RN

T
PUTFPP N N={

Reprecipitation-

encapsulation

PLL-HRP

environmental polarity, and HRP-PLL molecules
were adsorbed onto the surface of particle by electro-
static forces between amino and silanol groups, re-
sulting in a core-shell structured H,0, nanosensors
( HRP-NPs).

The synthesis of HRP-NPs is schematically dis-
played in Fig. 1 (b). The as-prepared HRP-NPs
have an average hydrodynamic size of 237 nm,
which is slightly larger than that obtained for TEM
image (Fig.1(d)), and a zetal potential of —18.1
mV. In order to confirm the presence of HRP on
nanosensors, NPs with PLL only ( without HRP)
were prepared as a control. It is found that the PLL-
NPs have a smaller hydrodynamic size of 180 nm, and

more positive zetal potential of 49.2 mV. Obviously

HRP-PLL

sp—4 Pt G .
Lbkﬁ;\}_\f‘?kN,{ﬁ ofs b
LA LS
N _
CFs
. 1000
(¢) 08— pLL-HRP () 59 (e)
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Fig. 1 Schematic illustration of the synthesis of PLL-HRP(a) and HRP-NPs(b). (c¢)UV-Vis absorption of HRP, PLL and
HRP-PLL in water. (d)DLS data and TEM(inset) of HRP-NPs. (e)Emission spectrum of HRP-NPs suspended in wa-

ter(A,_ =393 nm).
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HRP molecules are attached to the surface of
nanosensors, which not only enlarge the diameter of
NPs, but also consume the positively charged amine
groups of PLL. Since the sensing core is doped with
both oxygen probe PiTFPP and the reference dye
C6, the as-prepared H,0, nanosensors give a two-
wavelength emission under a single excitation ( Fig.
1(e)). The 650 nm red emission is attributed to Pt-
TFPP, while the 500 nm green emission to C6,
which endows the enzymatic nanosensors with the
capacity of ratiometric fluorescence detection. It is
instructive to point out that PtTFFP is more photo-
stable than unfluorinated conuterparts, and thus is
widely used as fluorescent oxygen probe.

3.2 Hydrogen Peroxide Detection Based on Ra-

tiometric Fluorescence

Firstly, fluorescence response of HRP-NPs to-
wards H,0,(0.1 mmol + L™") was tested by meas-
uring their time-evolved emissions. It can be seen
clearly from Fig. 1 (b) that, after the addition of
H,0,, the 650 nm emission of PtTFPP decreases
gradually whilst the 500 nm emission of C6 keeps
rather constant. It is evidently that our enzymatic
fluorescent nanosensors work as being designed;
HRP catalyzed H,0, to produce oxygen, thereby flu-
orescence of oxygen probe is quenched by elevated
oxygen concentration; as the reference dye, fluores-
cence of C6 is barely affected by oxygen.

The kinetic fluorescence response of HRP-NPs
was then recorded against different concentrations of
H,0,(0.1, 0.5, 1.5, 10, 20, 50, 100 wmol -
L™"). By defining R as the intensity ratio of 650 nm
emission to 500 nm emission, a ratiometric sensing
modality is thus available for H,0, detection. Since
single-intensity based sensing is affected by the con-
centration of probes, the ratiometric method gives
more robust signals due to the built-in calibration
nature. It should be noted that R vaies with the
reaction time, and the generation rate of oxygen is
proportional to the concentration of H,0,. So a se-
ries of calibration plots can be obtained with differ-
ent determination times. Fig.2(b) displays a char-
acteristic calibration plot with 16 min determination

time. The Y-axis is defined as R;/R, where R and

R, denote the intensity ratio with and without the
presence of H,0, at certain concentrations, respec-
tively. The experimental data can be fitted by the
Allometric function, which is consistent with the en-

1 It needs to note

zymatic catalytic mechanism
that oxygen-quenching based calibration plot usually
follows a Stern-Volmer equation. Herein the power-
function type procession against H,0, indicates the
enzymatic nature of our nanosensors. From the figure
it can be deduced that the ratiometric nanosensors
are very sensitive to H,0, in the range of 0 =5 pmol -
L~", but become insensitive in 5 =20 pmol - L',
Limit of detection ( LOD) of HRP-NPs was deter-
LOD =

3S,/b, where S, is the standard deviation of y-inter-

mined by linear regression method, 1. e.

cept and b is the slope of the calibration curve. Ac-
cording to the fitting results as displayed in the inset to
Fig.2(b), LOD is calculated to be 48 nmol + L',

(a)
30
2 20
=10
1 1 | 1 I
450 500 550 600 650 700
A/nm
(b) m  Experimental data
3.0 e
— Fitting line
55l 7>0.975 8
R
= 20f :
1.6+
1.5¢
1.2F
1.0 I 0.81, | I
0 5 10 15 20
H,0, concentration/(pmol - L)
Fig.2 (a)Time-dependent emission spectra of NPs-HRP in

response to hydrogen peroxide(1 mmol + L™"). The
spectra were recorded at the time of 0, 1, 2, 3 min
after the addition of H,0, (A, =393 nm). (b)Ra-

tiometric  fluorescence intensity-based calibration
plot. The fitting function is y =a + bX°. The inset to
(b) is a linear fitting to obtain LOD, in which the
slop and standard deviation of y-intercept is 0. 014

and 0. 89, respectively.
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This value is comparable to the LOD of most repor-

ted fluorescent H,0, sensors, which ranges from 10

to 100 nmol « L,7'118:2021)

3.3 Hydrogen Peroxide Calibrations Based on
Time-resolved Fluorescence

Lifetime-based measurement is another robust
means in that it is free of not only fluctuation of
probe concentration but also of photobleaching. In
this work, lifetime of HRP-NPs was measured by
monitoring the luminescence of PtTFPP using a time-
resolved fluorescence microplate reader. Fig. 3 (a)
shows life-time based response of HRP-NPs against
the concentration of H,0,. It can be observed clear-
ly that lifetime decreases with the evolution of reac-
tion time as well as with the increase of H,0,. The
results are similar to the case of ratiometric fluores-
cence, i. e. elevation of dissolved oxygen quenches
(shortens ) the fluorescence ( lifetime ) of oxygen
probes. Since the evolution of lifetime is dependent
on both response time and H,O, concentration, vari-
ous calibration plots can be drawn. Considering the
sensitivity of our nanosensor, lifetime data with 10
min determination time were utilized for the calibra-
tion plot, as displayed in Fig. 3(b). The Y-axis is
defined as 7,/7, where 7 and 7, denote the lifetime
ratio with and without the presence of H,0, at cer-
tain concentrations, respectively. The experimental
data are well fitted by the Allometric function, which
give a dynamic range of 0 =5 wmol-L ™", similar to
that in ratiometric calibration.

Prior to the detection of intracellular H,0, , cy-
totoxicity of HRP-NPs was studied in advance with
MTT assay. The MTT assay is a colorimetric method
that measures the products of 3-(4,5-dimethylthia-
z0l-2-yl) -2 , 5-diphenyltetrazoliumbromide ( MTT )
reduced by mitochondrial succinate dehydrogenase.
As displayed in Fig.4(a), a dose of <40 wg/mL
gives a low inhibition of cells. Then the cellular up-
take of HRP-NPs was evaluated by confocal fluores-
cence imaging( Fig.4(b) ). It can be seen from the
figure that HRP-NPs are efficiently swallowed by
PC12 cells.

To PC12 cells loaded with HRP-NPs, lifetime
was monitored by TRF mode. Fig. 5 displays the

Fig. 3
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Cell viability/ %
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(a) Kinetic response of HRP-NPs to H,0, in life-
time. As indicated by the arrow, concentration of
H, 0, increases from 0 to 0.02, 0.2, 0.8, 2, 4,
10, 20 pwmol + L™'. (b) Lifetime-based calibration
plot of HRP-NPs. The data are obtained from Fig.

3(a) with the determination time of 10 min.

100 (a)

80

60+

401

0 20 30 40 50

Concentration/ (pg-mL™)

Fig. 4

(a) Viability of PC12 cells treated with different con-
centrations of HRP-NPs. (b) Confocal fluorescence
images of PC12 cells stained with HRP-NPs. The
central image is overly of left( fluorescence) and right
(DIC) images. The green fluorescence (C6) was
collected at 480 —520 nm under the excitation of 405

nm light.
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lifetime evolution of HRP-NPs against intracellular
H,0,. It can be observed that lifetimes only slightly
fluctuate with the absence of H,0, (¢ <8 min) , but
after the addition of H,0, (¢ >9 min) , decrease dif-
ferently proportional to respective concentrations.
The higher concentration of H,0,, the faster the de-
crease of lifetime. The results indicate that our
HRP-NPs are sensitive to intracellular H,0,, which

are very promising for detection of ROS-related cel-

lular events such as oxidative stress.

Lifetime/ s

Fig.5  Lifetime-based kinetic response of intracellular HRP-
NPs treated with different concentrations of H,0, (0,
0.01, 0.1, 1, 10, 100 wmol - L™"). The cells were
equilibrated for 8 min before the addition of respective

H, 0, solutions(time is indicated by the arrow).

References:

[ 1] GOUGH D R,COTTER T G. Hydrogen peroxide: a Jekyll and Hyde signalling molecule [ J].

2(10) :e213.

4 Conclusion

In summary, we prepared enzymatic fluorescent
H, 0, nanosensors HRP-NPs with a facile reprecipitati-
on-encapsulation method. HRP-PLL macromolecules
were firstly synthesized, and then adopted to assist the
The as-
prepared HRP-NPs had an average hydrodynamic size

formation of core-shell structured HRP-NPs.

of 237 nm and a zetal potential of —18.1 mV. Under a
single wavelength excitation, our nanosensors gave two
emissions; green emission peaking at 500 nm from the
reference dye C6 and red emission peaking at 650 nm
from the oxygen probe PtTFPP. The red emission was
sensitive to H,0, in both ratiometric fluorescence and
time-resolved fluorescence, decreased with the in-
crease of H,0,. Accordingly calibration plots were
constructed and fitted with the Allometric function,

-1
and a

yielding a dynamic range of 0 =5 pmol -
LOD of 48 nmol -
detected using HRP-NPs based on RTF mode, and

shortened lifetime was observed. Although sensitivity of

L™". Intraceullular H,0, was further

our H,0, nanosensor is not so high, they possess the
merits of good reversibility based on oxygen-quenched-
fluorescence which enables real-time monitoring and

good selectivity originated from enzymatic nature.

Cell Death Dis. , 2011,

[ 2 ] DICKINSON B C,CHANG C J. Chemistry and biology of reactive oxygen species in signaling or stress responses [ J].

Nat. Chem. Biol. , 2011,7(8) :504-511.

[ 3 ] WOOLLEY J F,STANICKA J,COTTER T G. Recent advances in reactive oxygen species measurement in biological sys-

tems [J]. Trends Biochem. Sci. ,

2013,38(11) :556-565.
[ 4 ] DEVASAGAYAM T P A, TILAK J C,BOLOOR K K, et dl. .

Free radicals and antioxidants in human health : current status

and future prospects [ J]. J. Assoc. Physiciansindia, 2004 ,52 :794-804.

[ 5 ] NAVARRO-YEPES J,BURNS M, ANANDHAN A, et al. .
2014,21(1) :66-85.

sus survival [J]. Antioxid. Redox Sign. ,

Oxidative stress,redox signaling,and autophagy: cell death ver-

[ 6 ] FINKEL T,SERRANO M,BLASCO M A. The common biology of cancer and ageing [ J]. Nature, 2007 ,448(7155) :767-774.

[ 7 ] SHAH A M,CHANNON K M. Free radicals and redox signalling in cardiovascular disease [ J]. Heart, 2004,90(5) :486-487.

[ 8 ] MILLER E W,DICKINSON B C,CHANG C J. Aquaporin-3 mediates hydrogen peroxide uptake to regulate downstream in-
tracellular signaling [ J]. Proc. Natl. Acad. Sci. USA, 2010,107(36) :15681-15686.

[ 9 ] KANVAH S,JOSEPH J,SCHUSTER G B, et al. .
2010,43(2) :280-287.

Oxidation of DNA ; damage to nucleobases [ J]. Acc.

Chem. Res.

s

[10] KLASSEN N V,MARCHINGTON D,MCGOWAN H C E. H,0, determination by the I3-method and by KMnO, titration



7 W NIE Fang, et al. : Ratiometric Fluorescent Enzymatic Nanosensors for Intracellular Hydrogen Peroxide 833

[J]. Anal. Chem. , 1994,66(18) :2921-2925.

[11] GIMENO P,BOUSQUET C,LASSU N,et al. . High-performance liquid chromatography method for the determination of hy-
drogen peroxide present or released in teeth bleaching kits and hair cosmetic products [ J]. J. Pharm. Biomed. Anal. ,
2015,107 :386-393.

[12] UJJAIN S K, DAS A,SRIVASTAVA G, et al.. Nanoceria based electrochemical sensor for hydrogen peroxide detection
[J]. Biointerphases, 2014,9(3) :031011-1-11.

[13] PANARETAKIS T,KEPP O,BROCKMEIER U,et al.. Mechanisms of pre-apoptotic calreticulin exposure in immunogenic
cell death [J]. EMBOJ. , 2009,28(5) :578-590.

[14] SHENG Y Y,YANG H L,WANG Y ,et al.. Silver nanoclusters-catalyzed luminol chemiluminescence for hydrogen perox-
ide and uric acid detection [ J]. Talanta, 2017 ,166:268-274.

[15] WANG Z,DONG B,FENG G D,et al.. Water soluble Hemin-mPEG-enhanced luminol chemiluminescence for sensitive
detection of hydrogen peroxide and glucose [J]. Anal. Sci. , 2019,35(10) :1135-1140.

[16] JIAO L, XU W Q,YAN HY ,et al.. Fe-N-C single-atom nanozymes for the intracellular hydrogen peroxide detection [ J].
Anal. Chem. , 2019,91(18) :11994-11999.

[17] MEIER J,HOFFERBER E M,STAPLETON J A,et al.. Hydrogen peroxide sensors for biomedical applications [ J]. Che-
mosensors, 2019,7(4) :64-1-11.

[18] XU J,ZHANG Y,YU H,et al. . Mitochondria-targeted fluorescent probe for imaging hydrogenperoxide in living cells [ J].

Anal. Chem. , 2016,88(2) ;:1455-1461.

ENYEDI B,GEISZT M. 75-282. Imaging intracellular H, 0, with the genetically encoded PerFRET and OxyFRET probes

[M]. KNAUS U G,LETO T L. NADPH Oxidases. New York ;: Humana, 2019 .2

[20] QIAN P C,QIN Y N,LYU Y L,et al.. A hierarchical cobalt/carbon nanotube hybrid nanocomplex-based ratiometric fluo-
rescent nanosensor for ultrasensitive detection of hydrogen peroxide and glucose in human serum [ J]. Anal. Bioanal.
Chem. , 2019 ,411(8) :1517-1524.

[21] AHMED A,HAYAT A,NAWAZ M H,et al.. Construction of sponge-like graphitic carbon nitride and silver oxide nano-

[19

[

composite probe for highly sensitive and selective turn-off fluorometric detection of hydrogen peroxide [ J]. J. Colloid In-
ter. Sci. , 2020,558:230-241.

[22] WANG X H,PENG H S,YANG L,et al. . Targetable phosphorescent oxygen nanosensors for the assessment of tumor mito-
chondrial dysfunction by monitoring the respiratory activity [ J]. Angew. Chem. Int. Ed. Engl. , 2014,53 (46):
12471-12475.

[23] PENG H S,CHIU D T. Soft fluorescent nanomaterials for biological and biomedical imaging [ J]. Chem. Soc. Rev. ,
2015,44(14) :4699-4722.

[24] SCHAFERLING M, WU M,ENDERLEIN J et al.. Time-resolved luminescence imaging of hydrogen peroxide using sensor
membranes in a microwell format [ J]. Appl. Spectrosc. , 2003 ,57(11) ;1386-1392.

[25] ALCORN J,MCNAMARA P J. Ontogeny of hepatic and renal systemic clearance pathways in infants part I [ J]. Clin.
Pharmacokinet. , 2002 ,41(12) :959-998.

FF7(1992 - ), L, Wl Eg A A At
LAFSEA: 2017 4R 0 K
AR AL, EENF B IR
7 IR ISR o

E-mail ; 1483966602@ qq. com

Bk (1975 - ) 9 IRIRTT A
P LTS A R, 2007 4F T R5E
SPNE /RS L e A s N (REEL 7/ DS
AN G D A W B0V (O
LI FERRG ST BN BT
B CETR S5 BIBTSE
E-mail ; hshpeng@ bjtu. edu. cn




