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ABSTRACT: Hydrogen peroxide (H202) is an important reactive oxygen species
(ROS). Maintaining the H202 concentration at a normal level is critical to achieve the
normal physiological activities of cells, otherwise might trigger various diseases.
Therefore, it is necessary to develop new and practical multi-signaling sensors for both
visualization of intracellular H2O2 and accurate detection of extracellular H.Oz. In this
paper, a novel multichannel signaling fluorescence-electrochemistry combined probe 1
(FE-H202) is presented here for imaging and detection of H2O> in living cell systems.
In our design, the probe FE-H202 consists of H20: reaction site and
4-ferrocenyl(vinyl)pyridine unit which affords chromogenic, fluorescent and
electrochemical signals. These structural motifs yield a combined chromogenic,
fluorescent and redox sensor in a single molecule. Probe FE-H202 showed “Turn-On”
fluorescence response to H2O2, which can be used for monitoring intracellular H20> in
vivo. Furthermore, the electrochemical response of probe FE-H202 was decreased after
the addition of H.O2, which can be applied for accurate detection of H.O> released from
living cells. Combined fluorescence imaging method with electrochemical analysis
technology, the well-designed multi-module probe is hopeful to serve as a practical tool
for the understanding of the metabolism and homeostasis of H>O in complex biological

system.
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INTRODUCTION

Hydrogen peroxide (H20>), as an important reactive oxygen species (ROS), plays
an essential role in maintaining the physiological balance of organisms in living
systems. Aberrant production or accumulation of H.O, would bring about severe
damage for proteins and DNA, thus further causing serious human diseases including
cancer, diabetes, neurodegenerative Alzheimer’s, Parkinson’s, and Huntington’s
diseases.?® Considering the widespread impacts of H,O, homeostasis on human health
and disease, it is necessary to develop an effective method for sensitive detection of
H20- level under physiological conditions as well as further visualization of localized
production and accumulation of H2O: in living cells.

Up to now, various analytical methods such as photocolorimetry,’®
fluorescence, % chemiluminescence, and electrochemical technologies!®® have been
employed for H2O. detection. Among them, fluorescence sensing method combined
with confocal laser imaging technology has emerged as one of the most powerful and
versatile tools for monitoring the localization, and transportation of vital bio-molecules
within the context of living systems.?2! Although many fluorescent probes have been
developed for bioimaging intracellular H.O, dynamics, they still have some limitations
for the quantitative detection of the released extracellular H.O> levels due to the
relatively low sensitivity.?>?* To solve this problem, the electrochemical sensor is
considered as the most promising candidate due to its high sensitivity, low detection
limit, as well as high convenience.?®3! Recently, based on TiO.@Cu.0,* Au

Nanoparticles-nitrogen-doped graphene quantum dots,® PtPb/graphene,® and so on,
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excellent performance has been achieved in nanocomposite-based electrochemical
sensors. These electrochemical analysis platforms can be used for high-sensitivity
detection of H2Oz released from living cells even with the detection limit as low as nM.
Therefore, it is a good idea to combine fluorescence imaging method with
electrochemical analysis technology and design the multichannel signaling probes,
which can not only realize biological imaging analysis of intracellular H.O> but also
fulfill the real-time detection of H2O. released from living cells. Using this multichannel
signaling method, we can have more clear understanding of the metabolism and
homeostasis of HO> in the complex biological system. However, to the best of our
knowledge, the reported multichannel signaling receptors for H20O- sensing are still rare
and thus developing new and practical multi-signaling sensors for both visualization of
intracellular H,O2 and accurate detection of extracellular H,Ox is still a challenge.®®
Recently, a hemicyanine-based fluorescent probe was developed by our group for
monitoring and imaging of mitochondrial H-0- in living cells.*® Based on the previous
work, a novel fluorescence-electrochemistry combined probe 1 (FE-H202) was
presented here as a multichannel signaling sensor for imaging and detection of H>O: in
living cell systems (Scheme 1). In our design, z-conjugate moiety of 4-vinylpyridine
salt, widely used to synthesize dyes and fluorescent probes, was utilized as fundamental
fluorescence skeleton. Based on the unique oxidative activity of H,O2 for boronate,*” a
p-pinacolborylbenzyl group was selected as the reaction site for HO». In addition, a
ferrocene unit was introduced here not only as part of the fluorescent conjugate

structure but also to afford electrochemical signals. The reaction of FE-H202 with H20>
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under physiological conditions, which caused the oxidation of the boronate moiety of
FE-H20: and 1,6-rearrangement elimination reaction, can release Dye 2.3%3° As a result,
these structural motifs yield a combined chromogenic, fluorescent and redox sensor in a
single molecule. In the chromogenic channel, the addition of H2O to a buffer solution
of FE-H202 caused obvious change of color from light-red to colourless, which can be
used for a “naked-eye” detection of H20O: effectively. In the fluorescent channel, a
“Turn-On” fluorescence response was observed for H>O> determination, which can be
applied to monitor intracellular H20- by cell fluorescence imaging. In the redox channel,
the electrochemical response of Fe''/Fe!"! redox couple was decreased after the addition
of H20., which can be used as a convenient method to detect the trace level of H.O;
released from live cells. In light of these desired properties, such as highly selective
“Turn-On” fluorescence response, good biocompatibility and low electrochemical
detection limit, the multi-signaling probe FE-H20: was successfully applied for
monitoring and imaging of H>O: in living cells and meanwhile for the accurate

detection of H20> released from living cells.

Scheme 1. Design of Probe FE-H,0O; and Its Reaction with H.0,
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EXPERIMENTAL SECTION

Materials and Apparatus. All reagents were purchased from Sigma-Aldrich and
used as received without further purification. All the solvents used were of analytical
grade. RAW 264.7 macrophage cells were obtained from the Cell Bank of Type Culture
Collection of the Chinese Academy of Sciences (China). Ultrapure water from a
Millipore Direct-Q system was used throughout the experiment.

'H NMR and 3C NMR spectra were recorded using a Varian INOVA 400 MHz
spectrometer. High-resolution electrospray ionization (ESI) mass spectra were recorded
on a Waters micrOTOF-Q 11 mass spectrometer. Absorption spectra were measured on a
PerkinElmer Lambda 35 spectrophotometer. Fluorescence measurements were recorded
on a PerkinElmer LS 55 fluorescence spectrophotometer using quartz cuvettes with a
path length of 1 cm. Fluorescence images were obtained with confocal laser scanning
microscope (Olympus Fluoview FV1200). A Sartorius basic pH-Meter was used for the
pH measurements. Cytotoxicity assays were performed in an Epoch ELISA plate reader
(BioTek, Winooski, Vermont).

Measurement of Fluorescence Quantum Yield. Fluorescence quantum yield
(Pn) was determined using fluorescein (@s = 0.90, in 0.1 M NaOH) as standard and
calculated according to the following equation:®

PyAmPIe = pystandard. ppgstandard 5 Esample] /- A pygsample s pstandard]

Here, @q*2™" and @2 gre the fluorescence quantum yields of the sample and
standard, respectively. Abs®®™'® and Abs*2"%d gre the respective optical densities of the

sample and the reference solution at the wavelength of excitation. X[F] denotes the
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integrated fluorescence intensity.

The synthetic routes for probe FE-H202 were shown in Scheme 2.

1) Synthesis of Compound 3. Formylferrocene was synthesized according to the
reported method.3® Dimethylformamide (14.6 g, 0.2 mol) was added to a solution of
ferrocene (18.6 g, 0.1 mol) in 75 mL of dry chloroform and the resulting mixture was
stirred in an ice-bath under nitrogen atmosphere for 10 min. Then, phosphoryl chloride
(30.6 g, 0.2 mol) was added dropwise to the mixture. The reaction mixture was kept
stirring at 60 °C for 20 h. Chloroform was evaporated and the residue was transferred
into water. Solid precipitate was filtered off and the filtrate was extracted repeatedly
with ether. The ether extract was washed with water, and the solvent was removed to
yield the crude product which was purified by recrystallization from a mixed solvent
(dichloromethane/hexane, 3/1, v/v) to afford pure compound 3 (15.2 g, 71%) as
reddish-brown crystals. MS (ESI): Calcd for CiiHioFeO: 214.0081, found: m/z
236.9972 [M+Na]".

2) Synthesis of Compound 4. A mixture of 4-methylpyridine (1.4 mmol, 0.13 g)
and 4-(Bromomethyl)-benzeneboronic acid pinacol ester (1.7 mmol, 0.5 g) in toluene
was refluxed at 110 °C for 12 h. The obtained white powdery solid was filtered, washed
with toluene and dried in vacuo to afford pure compound 4 (0.27 g, 63%). 'H NMR
(CD3CN, 400 MHz) 6: 8.71 (d, 2H, pyridine-H), 7.86 (d, 2H, pyridine-H), 7.77 (d, 2H,
Ar-H), 7.46 (d, 2H, Ar-H), 5.73 (s, 2H, CH>), 2.61 (s, 3H, CHs), 1.31(s, 12H, CHs). *C

NMR (CDsCN, 400 MHz): ¢ 21.8, 24.7, 63.9, 75.2, 84.9, 128.4, 128.8, 129.5, 135.4,
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135.9, 136.9, 144.2. MS (ESI): Calcd for [Ci9H2sBNO2]*: 310.1982, found: m/z
310.1808 [M]".

3) Synthesis of Probe FE-H202 (1). Compound 3 (1 mmol, 0.21 g) and compound
4 (1 mmol, 0.31 g) were mixed in ethanol (20 mL), and then piperidine (0.05 mL) was
added to the solution. The reaction mixture was refluxed with stirring for 1 h and then
evaporated in vacuo. The resulting solid was dissolved in CH.Cl», and the organic layer
was washed three times with water, dried over anhydrous MgSQO4, and evaporated in
vacuo. The crude product was purified by silica gel column chromatography using
CH.CI2/MeOH (10/1, viv) as the eluent, resulting in FE-H202 (1) (0.13 g, 26%) as a
purple solid. *H NMR (CDsCN, 400 MHz): 8.53-8.56 (m, 4H, pyridine-H), 7.85-7.89
(m, 5H, ferrocene-H), 7.77-7.81 (m, 4H, ferrocene-H), 7.41-7.45 (m, 4H, Ar-H), 6.86 (d,
2H, vinylic), 5.60 (s, 2H, benzyl-CH), 1.31 (s, 12H, CHs). **C NMR (CDsCN, 400
MHz): 6 24.0, 48.9, 69.3, 72.3, 74.6, 119.4, 123.0, 128.1, 135.4, 143.6, 144.8, 154.3.

MS (ESI): Calcd for [C3oH33BFeNO2]*: 506.1959, found: m/z 506.1952 [M]".

Scheme 2. Synthesis of Probe FE-H,0; (1)
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Electrochemical Measurements. Electrochemical experiments were conducted on
a CHI660C electrochemical workstation (CH Instruments, Shanghai Chenhua
Instrument Corporation, China) in a conventional three-electrode configuration. A bare
glass carbon electrode (GCE), a platinum wire and a Ag/AgCl (3 M KCI) electrode were
used as the working electrode, auxiliary electrode and reference electrode, respectively.
Before the measurement, the bare GCE (3 mm) was carefully polished with 1.0, 0.3 and
0.05 um alumina slurry, and cleaned by ultrasonic treatment in 50% nitric acid, water
and acetone for 5 min, respectively. 20 mM phosphate buffer solution (PBS, pH 7.4)
was used as the supporting electrolyte and deoxygenated by bubbling with high-pure
nitrogen for 30 min before electrochemical experiments. The cyclic voltammetric and
differential pulse voltammetric measurements were performed in a potential range of
0-1.0 V and the current was recorded after the addition of different concentrations of
H>0> into 5 mL of CH3CN/PBS (1:9 v/v) containing 0.1 mM FE-H20:..

Computational study. Geometry optimizations for gas-phase molecules were
performed with the Gaussian 09 software package by using density functional theory
(DFT) calculations. The adopted exchange-correlation functional was B3LYP with
Becke’s three parameter form,*%4! in which the nonlocal correlation was expressed by
Lee-Yang-Parr functional,*? and the local correlation part was by the Vosko-Wilk-Nusair
[11 functional.*® The basis set of 6-311+G** was used in DFT calculations.

Detection of H202 Released from Cells. The RAW 264.7 macrophage cells were
grown to 90% confluence at 37 °C in 5% CO> in 75 cm? flasks and the number of cells

was about 3x10°. Then the cells were washed by PBS (pH 7.4) for three times and
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dispersed into 2 mL PBS accompanied by 1 uM PMA injection. After cultivation for
different time (0 min, 30 min, 45 min, 60 min, 75 min and 90 min), the supernant was
sucked out and added to 0.1 mM FE-H20: for differential pulse voltammetry (DPV)
experiments in a potential range of 0-1.0 V and the recorded peak current was obtained.
Then, the concentration of H>O> released from cells was calculated by the obtained
calibration equations.

Cytotoxicity Assays. The cell viability was measured by CCK-8 assay technique.
The RAW 264.7 macrophage cells were seeded in 96 well plates and incubated in 200
uL fresh medium with or without various concentrations of FE-H202 for 24 h. Then, the
medium was removed and replaced with 100 pL fresh medium adding 10 uL. CCK-8
assay agents for 4 h. Subsequently, the fluorescence intensity of the solution with 450
nm excitation was measured in an ELISA Epoch plate reader. Four separate

measurement results were analyzed using Gen5 data analysis software (BioTek).

RESULTS AND DISCUSSION

Chromogenic and Fluorescent Response of Probe FE-H20: to H202. The
determination of H2.O> with probe FE-H202 was investigated in CH3CN/PBS (1:99 v/v,
20 mM, pH 7.4) at room temperature (25°C). Probe FE-H20: displayed two major
absorption band centered at 360 nm and 540 nm respectively. When H>O> was added to
the solution of probe FE-H202, the absorption band of 360 nm was slightly red-shifted
and the long-wave absorption at 540 nm was almost disappeared, due to the

H20--induced oxidation of probe FE-H20: to release Dye 2. Meanwhile, a prominent
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color change from light-red to colourless was observed (Figure 1A), which suggested

H20> can be detected with “naked-eye” in the chromogenic channel.
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Figure 1. Absorption (A) and fluorescence (B) spectra of probe FE-H20; (10 uM, black line), and
the reaction mixture (red line) of 10 uM probe FE-H2O, with 50 uM H20, in CH3CN/PBS (1:99 vlv,
20 mM, pH 7.4), Xex = 360 nm with slit: 10 nm, 10 nm. The inset shows the color change (A) and
fluorescence change (B) of probe FE-H,O; in the absence and presence of H,O, under visible light
or UV light at 365 nm.

In the fluorescent channel, probe FE-H202 (®n = 0.0034) featured a negligible
emission at 512 nm. However, a dramatic increase of fluorescence intensity at 512 nm
(13-fold fluorescence increase) was triggered upon addition of H20O; to the solution of
FE-H202, accompanied by the emergence of an obvious green-colored fluorescence
(Figure 1B and Figure S7). The results indicated that probe FE-H20:2 displayed a good
sensitivity for H.O2 detection in abiotic systems.?# In addition, the emission titration
experiments of probe FE-H202 (10 uM) with H2O. at varied concentrations were
performed. The fluorescence intensity of the system was enhanced with the increase of

H20- concentration, and there was a good linearity between the emission intensity at

512 nm and the H2O> concentrations in the range from 2.0 to 50 uM (Figure S8).
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Figure 2. (A) Fluorescence intensity of 10 uM probe FE-H20O- with the addition of 50 uM H0O at
various pH values. (B) Fluorescence responses of 10 uM probe FE-H,O; to 50 uM various reactive
oxygen species (ROS), reactive nitrogen species (RNS), ascorbic acid, glucose, GSH and cysteine.
The error bars represent standard deviation of three measurements.

Effects of pH and Selectivity Studies. The pH-dependence of probe FE-H202
was next investigated in the detection of H202. As shown in Figure 2A, the fluorescence
intensity dramatically increased when the pH value was higher than 5.0 and reached a
peak value about 9.0. It is mainly because arylboronic acids can only react with H>O>
under mild alkaline conditions to generate phenols and the phenomenon has been
demonstrated by other groups.®®*® Besides, the fluorescent emission of the probe alone
was changeless at various pH, which convinced the stability of probe FE-H20:.

The potential interfering effect of various reactive oxygen species (ROS) and
reactive nitrogen species (RNS) on the reaction of probe FE-H202 with H,O, was also
evaluated. As shown in Figure 2B, only H20: induced a dramatic fluorescence
enhancement, while other ROS (HOCI, O>", *OH, *OtBu, TBHP), RNS (ONOO", NO),
ascorbic acid, glucose, GSH and cysteine triggered no or very minor changes. The
excellent selectivity was ascribed to the H20»-specific boronate deprotection reaction

and the ambiphilic properties of H202.
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Figure 3. (A) CVs of bare GCE in No-saturated 20 mM PBS in the absence (a) and presence (b) of
100 uM FE-H,0; at a scan rate of 100 mVs . (B) CVs of bare GCE in Nj-saturated CH3CN/PBS
(2:9 v/v) containing 100 uM FE-H20; in the presence of different concentrations of H,O; (0, 0.1,
0.2,0.3,04,05,1,15,2,25,3,4,5,6,7, 8, 13, 18, 23, 28 and 33 uM) at a scan rate of 100 mV/s.

Electrochemical Detection of H202. In the redox channel, cyclic voltammetry
was firstly used to investigate the recognition ability of FE-H202 towards H.O..
Compared with the cyclic voltammogram (CV) of bare GCE in Nz-saturated 20 mM
PBS, a pair of redox peaks attributed to one-electron redox process of FE-H202 were
observed when 100 uM FE-H20: was injected. The anodic and cathodic peak potential
of FE-H202was around 0.46 V and 0.38 V, respectively (Figure 3A). When H20, was
added to the solution of FE-H202, both the anodic and cathodic peak currents decreased
with the increase of the concentrations of H20. with slight peak potential shifts (Figure
3B). The obvious changes of CVs were ascribed to the oxidation reaction of FE-H202
with H20- and the release of Dye 2.

We next used differential pulse voltammetry to investigate the reaction between

FE-H202 and H.O,. Differential pulse voltammograms (DPVs) of bare GCE with

successive addition of different concentrations of H».O»> were recorded in 5 mL of
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CHsCN/PBS (1:9 v/v) containing 100 uM FE-H202. As observed in Figure 4A, the
peak current gradually decreased with the addition of H.O», which was similar to the
result of CV experiments. Exponential fitting curve of the peak current to H20>
concentration was obtained in the range of 0 to 83 uM (Figure 4B). The detection limit
toward H20. using FE-H202 probe was determined to be 0.1 uM, which was lower than

most reported fluorescence methods for H,O- detection. 64
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Figure 4. (A) DPVs of bare GCE in N-saturated CH3CN/PBS (1:9 v/v) containing 100 uM
FE-H,0; in the absence and presence of different concentrations of H,O from 0 to 83 uM. (B) The
exponential fitting curve between the peak current and the concentration of H»O..

Mechanism Studies and Density Functional Theory (DFT) Calculation. The
high resolution mass spectroscopy analysis of the reaction solution of FE-H202 with
H20- was conducted to confirm the reaction mechanism (Figure S19), and the observed
peak at m/z 290.0651 [M+H]" was reasonably assigned to Dye 2. Furthermore,
4-ferrocenyl(vinyl)pyridine (Dye 2) was synthesized and characterized by *H NMR and
ESI-MS analysis (Figure S17 and Figure S18). The absorption spectra, fluorescence

spectra, CV and DPV of Dye 2 were also detected (Figure S1-S4). The comparison of

the experimental results between the pure Dye 2 and the reaction product of FE-H20:2
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with H>O, showed that the proposed reaction mechanism is valid (Scheme 1).

Molecular geometry optimizations were performed with the Gaussian 09 software

oNOYTULT D WN =

9 package by using density functional theory (DFT) methods with B3LYP hybrid
12 exchange—correlation functional and the B3LYP/6-311+G** basis set. As shown in
Figure 5, the LUMO energy level of 4-(pinacolboryl)benzyl pyridine cation moiety
17 (-6.33 eV) of probe FE-H202 was much lower than that of ferrocene unit (-0.37 eV),
and thus probe FE-H202 (®n = 0.0034) displayed quenched fluorescence due to the
22 PET process. As for the reaction product Dye 2, the LUMO energy level of the pyridine
25 moiety (-1.13 eV) was comparable to that of ferrocene unit (-0.37 eV). Therefore, the

PET process was prohibited, and product Dye 2 (&n = 0.17) should be fluorescent.

44 LUMO :-6.33 eV Probe FE-H,0, LUMO: -0.37 eV

LUMO : -1.13 eV Dye 2 LUMO : -0.37 eV

59 Figure 5. LUMO energy level comparison of probe FE-H20- and Dye 2.
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Real-time imaging intracellular H202 and detection of H202 released from
cells. As an important signal molecule, H.O> can penetrate through cell membrane and
the intracellular or extracellular H-O, concentration is in a dynamic balance.® Under
endogenous or exogenous stimuli, the physiological H>.O> concentration is everchanging
due to its continuous generation and degradation, resulting in different physiological

and pathological consequences.®! In this regard, probe FE-H202 can be effectively used

for both imaging intracellular H>O> and the detection of H2O: released from cells.
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Figure 6. Confocal fluorescence images of RAW 264.7 cells incubated with 10 uM probe FE-H,0;
for 30 min at 37 °C. Probe-stained macrophage cells stimulated with 1 pg/mL PMA for different
time: (A) 0 min, (B) 30 min, (C) 45 min, (D) 60 min, (E) Bright field of (D). The corresponding
DPVs of bare GCE in N2-saturated cells culture solution containing 100 uM FE-H0O, with different
stimulation time: (F) 0 min, (G) 30 min, (H) 45 min, (I) 60 min (the value of “I” was the peak
current after the deduction of baseline). (J) The change of H2O- released from macrophage cells with
the increasing of stimulation time.

We firstly examined the feasibility of probe FE-H20:2 to detect endogenous
produced H>O: in living macrophage cells. When stimulated by phorbol myristate
acetate (PMA), macrophage cells could produce endogenous H202.2%%3 The living RAW

264.7 macrophage cells loaded with only the probe FE-H202 (10 uM) displayed almost

no fluorescence (Figure 6A). However, when the pretreated macrophage cells were
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incubated with 1 pg/mL PMA for 30 min, obvious bright-green fluorescence was
observed. Furthermore, the fluorescence intensity was enhanced with the time
increasing from 30 min to 60 min (Figure 6B-6D). These results demonstrated that with
the increase of incubation time of cells with PMA, the intracellular H.O> was produced
and accumulated. The probe FE-H202 was capable of visualization the H>O, burst at
natural immune response levels.

In order to figure out the H>O, metabolism in the PMA-induced immune process,
FE-H202 was simultaneously utilized to detect H>O> released from RAW 264.7 cells
with electrochemical method. In the DPVs, the peak current decreased with the increase
of incubation time of cells with 1 pg/mL PMA. The phenomenon indicated that
different concentrations of H2O> were released from macrophage cells upon stimulation.
As observed in Figure 6G-61, the concentration of H2O> released increased with the time
and reached a peak at 60 min. And then, the concentration of H20> increased slowly and
maintained stable after 60 min (Figure 6J and Figure S9). In contrast, no current change
was observed without stimulation, indicating that there was no H>O> released from the
RAW 264.7 cells (Figure 6F). Notablely, the changes of H.O» released from
macrophage cells were approximately consistent with the fluorescence changes within
the cells, which revealed the dynamic changes of H>O in the immune process.
Moreover, the cytotoxicity assay was performed to evaluate the biocompatibility of the
probe FE-H202 (Figure S10). As the concentration of FE-H202 increased from 0.5 to 10
UM, no significant toxicities were showed, which meant the potential application of

FE-H20:2 in live cell systems.
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CONCLUSIONS

In summary, a new multi-module probe FE-H202 has been designed and constructed
here for imaging and detection of H20: in living cell systems. In the optical channel,
obvious color change from light-red to colourless was observed upon addition of H20-
to the buffer solution of FE-H202, which makes it possible for “naked-eye” detection of
H202. In the fluorescent channel, probe FE-H20: displayed highly sensitive and
selective “Turn-On” fluorescence response to H202, which can be applied to monitor
intracellular H>O activity using fluorescence sensing method with confocal laser
imaging technology. In the redox channel, the electrochemical response of probe
FE-H202 was decreased after the addition of H>O., which can be utilized as a
convenient method to detect the trace level of H2O; released from live cells. Therefore,
this multi-module multichannel probe is hopeful to serve as a practical tool for deeply
understanding of the metabolism and homeostasis of H.O> in complex biological system
and inspire the production of new specific fluorescence-electrochemistry combined

sensor devices.
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