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Abstract

Hydrogen peroxide (H,05,) is a major component of oxygen metabolism in biological systems
that, when present in high concentrations, can lead to oxidative stress in cells. Non-invasive
molecular imaging of H,O» using fluorogenic systems represents an effective way to detect and
measure the accumulation of this metabolite. Herein, we detail the development of robust H,O»-
sensitive fluorescent probes using a boronic ester trigger appended to the fluorophore via a benzyl
ether linkage. A major advantage of the probes presented here is their synthetic accessibility, with
only one step needed to generate the probes on the gram scale. The sensitivity of the probes was
evaluated in simulated physiological conditions, showing micromolar sensitivity to H,O,. The
probes were tested in biological model systems, demonstrating effective imaging of unstimulated,
endogenous H,0, levels in RAW 264.7 cells and murine brain tissue.
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Introduction

Reactive oxygen species (ROS) encompass a wide array of endogenously produced
intermediates that directly result from oxygen metabolism in biological systems.[X] The
chemical biology of ROS, especially hydrogen peroxide (H205), is rather complex, as recent
studies show that controlled generation of HyO5 is necessary to maintain cellular functions
such as growth, proliferation, and immune system function.[2] However, misregulation in the
production of ROS can lead to significant oxidative damage due to the inability of cells to
effectively manage oxidation-reduction equilibrium.[!: 31 It is the specific cellular
localization and concentration that alter the role of ROS from one of cell signaling to that of
oxidative stress and disease.[22 2¢] Indeed, H,0, is a major ROS byproduct and has been
studied as a common indicator for oxidative stress in a number of pathologies including
cancer,[] cardiovascularl®] and neurodegenerativel8] diseases, and diabetes.[] It is therefore
crucial to understand the roles and implications of H,O, generation in biological systems.

Molecular imaging of H,O, with reaction-based fluorescent probes is a non-invasive
approach used to monitor the chemistry of this particular ROS in living systems. In this way,
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the specific spatial and temporal distribution of H,O, can be elucidated within cells and
tissues. Several selective probes have been reported for the detection of a number of ROS
including nitric oxide,[®! peroxynitrite,[%] superoxide,[19 singlet oxygen,[11] and others. The
Chang laboratory has pioneered the development of H,O5 sensitive and selective
fluorophores (Figure 1). In an elegant series of studies, aryl boronic ester-derivatized
fluorophores were prepared that are selectively cleaved by H,0, to generate the
corresponding phenol, leading to a fluorescent turn-on event.l*2] A similar study
demonstrated that the direct installation of a boronic ester trigger on a coumarin-based
molecule can be effective for H,O, imaging, further illustrating the generality of this
approach.[23] Collectively, these reports have established boronic esters as the triggering
motif of choice for H,O, over other biologically relevant ROS.[12. 14]

When designing a fluorescent probe for biological imaging, several key factors must be
considered including the following: synthetic ease, aqueous solubility and stability, kinetic
rates of deprotection, and fluorescent turn-on response. Ideally, a probe should also have the
ability to image biologically relevant levels of H,O, with and without external stimulation.
The seminal studies by Chang and coworkers have inspired other groups, including ours, to
address the following remaining challenges: a) visualization of unstimulated, basal levels of
endogenous H,0,;[12: 14-151 b developing readily synthesized probes, making them more
accessible to the broader research community for biological studies. With respect to the first
point above, many of the reported probes image H,0, after adding exogenous H,0O,, or by
adding H,0O, stimulants such as phorbol myristate acetate (PMA) or epidermal growth factor
receptor (EGFr). Hence, these probes can visualize exogenous or upregulated levels of H,0,
(such as in oxidative-mediated cell signaling), but have not been shown to visualize nominal
biological levels of H,05.

Inspired by these boronic ester based H,0, fluorophores, our group reported the first
example of H,0, activated prodrugs using a related protecting group strategy.[16] The
boronic ester trigger was appended to the phenolic moiety of the metal-binding group
(MBG) of a known metalloenzyme inhibitor via a benzyl ether linkage. In the presence of
H»0,, the boronic ester is cleaved by nucleophilic attack of H,O,, leading to a spontaneous
1,6-benzyl elimination reaction to generate the active MBG, thus turning on metalloenzyme
inhibition.[16] Similar carbonate and carbamate linkage strategies have been applied to
dendritic self-immolative systems[17] as well as some prodrugs[8] to link various triggers to
the desired reporter or drug. Carbonate and carbamate linkages are much more common in
the literature due to the thermodynamic driving force of the release of CO5 in the
elimination reaction, leading to fast rates of reaction.[19] Studies on our boronic ester-benzyl
ether linkage indicated superior aqueous stability to that of the corresponding carbonate
ester, with similar cleavage kinetics.[20] Our initial studies have led to the development of
biocompatible polymeric nanoparticles that undergo desired cargo release in response to
H,0, [21] as well as new H,0, activated prochelators.[22] Shortly after our report, Chang
and coworkers reported an HoO»-responsive bioluminescent probe for the detection of
hydrogen peroxide in a murine tumor model using the benzyl ether linkage to couple a
boronic acid trigger to a fluorophore.[23] All of these systems demonstrate that the benzyl
ether linked boronic ester system has advantages when compared to other linkage
approaches. Therefore, in this report, the boronic ester-benzyl ether linkage strategy is used
to prepare synthetically accessible fluorescent probes for H,O, imaging. These probes
overcome both of the aforementioned limitations, namely, the detection of endogenous
H,0, and a one-step, highly accessible synthetic procedure that allows for gram scale
preparation using routine synthetic techniques.
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Development of H,O»-Sensitive Probes
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Having elucidated the benefits of the benzyl ether linked system with respect to kinetics and
hydrolytic stability, fluorescein was selected as an inexpensive and widely used dye for
cellular imaging due to its high quantum yield, low toxicity, and excellent water
solubility.[24]

A protected fluorescein compound, FBBBE (fluorescein bis(benzyl boronic ester)), was
synthesized in one step from commercially available starting materials as shown in Figure 2.
Many of the previously reported H,O, probes employing the boronic ester trigger required
3-4 challenging and relatively low yielding synthetic steps.[14-15] Additionally, the
synthesis of FBBBE can be conducted on the gram scale (ESI), while most other reports
describe quantities of probes in the low milligram range. FBBBE has pinacol boronic esters
installed via a benzyl ether linkage to the fluorophore at both the 3" and 6” positions. The
boronic ester moiety was chosen over the boronic acid in an attempt to enhance lipophilicity
and thus cellular permeability. In order to evaluate the sensitivity of these probes to H,O», a
control compound was synthesized (FBn, Figure 3).

To investigate the synthetic generality of this approach, a coumarin-based molecule
(umbelliferone or 7-hydroxycoumarin) was protected with the boronic ester motif attached
via the benzyl ether linkage in a similar way (Figure 3, CBBE). The corresponding control
compound lacking the boronic ester trigger was also synthesized for evaluation (Figure 3,
CBn). It should be noted that a similar benzyl ether linked boronic acid to 7-
hydroxycoumarin was reported by Shabat et al. for H,O, detection involving dendritic chain
reactions; however, no details on this probe were provided.[2°] Both CBBE and FBBBE
were quite soluble in aqueous buffer, using only ~1% DMSO (by volume) when preparing
samples at micromolar concentrations.

FBBBE and CBBE were evaluated for H,0, sensitivity under simulated physiological
conditions (50 mM HEPES, pH 7.5). For FBBBE, the installation of the benzyl protecting
group forces the compound to remain in the closed lactone form, rendering FBBBE (and
FBn) nonfluorescent. UV-Vis spectroscopy reveals a baseline absorption profile in the
visible region for FBBBE (Figure S1). Upon addition of H,O, to FBBBE, a large increase in
fluorescence is observed with a maximum A¢n = 521 nm (Figure 4). Along with the
observed fluorescence increase, the absorption spectrum of FBBBE considerably changes
upon H,0» addition with a large increase in the visible absorption band (Amax = 494 nm).
The final spectrum recorded is identical to that of an authentic sample of fluorescein,
providing additional proof that the probe is undergoing complete deprotection to the desired
product (Figure S1). The fluorescent response of FBBBE was characterized over a wide
range of H,O, concentrations to demonstrate a linear relationship in relative emission
response (Figure 4). To do this, FBBBE was incubated with different concentrations of
H,0, for 15 min and then the emission spectrum was collected. The spectra obtained were
integrated between 500-700 nm and the relative emission area was plotted vs. H,0,
concentration, which showed a linear correlation (Figure 4). As expected, FBn does not
show any changes in the emission or absorption spectra upon treatment with excess HoO»
(Figure S2).

To determine whether the cleavage of one or both benzyl ether protecting groups from
FBBBE is necessary to generate fluorescence, a second fluorescein derivative (in the free
carboxylic acid form, FBBE), was synthesized that showed absorption in the visible region
(Figure S3). Emission spectroscopy reveals that this compound is highly fluorescent with an
emission profile identical to that of fluorescein (data not shown). After treating this probe

Chembiochem. Author manuscript; available in PMC 2014 March 18.



1duosnuey Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Daniel et al.

Page 4

with H,O», the absorption spectra shifts to that of one matching fluorescein (Figure S3).
Taken together, these data suggest only one H,O,-mediated deprotection event is necessary
to turn on fluorescence for FBBBE. However, as shown by absorption spectroscopy,
treatment of FBBBE with H,0, quickly converts the compound to fluorescein (Figure S1),
showing negligible accumulation of FBBE. This suggests that FBBE is a short-lived
intermediate that does not contribute significantly to the sensors response.

The coumarin-based compound, CBBE, is nonfluorescent in the absence of H,O,. The
quenched fluorescence of CBBE quickly turns on in the presence of H,O,, with a maximum
Aem =453 nm (Figure S4). A calibration plot similar to that of FBBBE was obtained for
CBBE, showing a linear correlation between H,O, added and observed fluorescent response
(Figure S5). Absorption spectroscopy also shows a shift in absorbance after H,O, addition
to CBBE, with the resulting spectrum matching an authentic sample of 7-hydroxycoumarin.
(Figure S6). The control compound, CBn, shows no change in the emission or absorption
spectra after treatment with excess H,O», as expected (Figure S7).

Additional studies were performed to quantify the fluorescence turn-on for each probe to
directly compare the sensitivity to H,O,. FBBBE shows a 52-fold increase in fluorescence
in response to excess HoO», while CBBE shows a 57-fold increase (Figure S8 and S9).
These fluorescent turn-on responses are excellent when compared with similar fluorophores
reported for endogenous imaging of H,0, (3-50 fold turn on),[12] further demonstrating the
value of these probes for sensing H,O5. To determine the sensitivity of these probes in a
more quantitative fashion, pseudo first-order kinetic measurements were performed using
UV-Vis absorption spectroscopy. The observed rate constants for FBBBE and CBBE
activation by Hy0, were Agps = 3.1 x 1072 s7L and Agps = 4.6 x 1073 571, respectively. It was
determined that the deprotection of CBBE was much faster than FBBBE, likely due to the
fact that FBBBE contains two boronic ester triggers that are required for complete release of
the fluorophore. Recently, it has been shown that boronic ester based probes can be sensitive
to other biologically relevant ROS, such as hypochlorite (OCI7).[26] It was confirmed that
FBBBE can also react with OCI~, but is far less sensitive to OCI~ when compared to H,0,
(Figure S10).

Cellular Imaging Studies

With a clear understanding of the chemistry of these probes in vitro, FBBBE was examined
for H,O, detection in biological samples via confocal microscopy. Murine macrophage
RAW 264.7 cells were treated with PBS buffer (unstimulated cells), lipopolysaccharide
(LPS, stimulated cells), or with exogenous H,0,, followed by incubation with either
FBBBE (Fig. 5a—c) or FBn (Fig. 5d—f). The inflammatory effects of LPS in macrophages are
well established and result in a burst of reactive oxygen species and reactive nitrogen
intermediates among other inflammatory signatures.[27] Fluorescence from activated

FBBBE was observed in all cells (Fig. 5a—c), and quantification of the signal output reveals
that mean fluorescence for cells treated with PBS or H,0, (2 equiv) is not statistically
different; however, the mean fluorescence of PBS or H,0,-treated cells is both statistically
different (p <0.001) than those treated with LPS (Figure S11). The observed results indicate
that FBBBE is responsive to intracellular, endogenous levels of H,O, (note: cells are
washed and fixed prior to incubating with the probe). Experiments using the control probe
FBn show no turn on of fluorescence in any of the cells (Fig. 5d—f). Statistical analysis also
shows a significant difference between the mean fluorescence signal output between FBBBE
and FBn, as expected (Figure S11).
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Tissue Imaging Experiments

The results obtained from the cellular studies inspired us to extend our studies to a more
physiologically relevant model for H,O, detection. H,O5 is particularly active in the brain
and neuronal tissue, triggered by the metabolism of neurotransmitters.[28] The brain and
spinal cord from 3-4 week old female C57BL/6J mice were excised, frozen in OCT
medium, and 10 pm sagittal cryosections were prepared for staining with FBBBE and FBn.
At this age, the mice are undergoing extensive neuronal development and remodeling, which
is associated with higher levels of neurotransmitter activity and ROS in both neurons and
microglial cells in the brain. Consistent with the previous experiments, the sections were
either incubated with PBS (unstimulated) or H,O, (Figure 6). Similar to the cell studies,
endogenous levels of H,O, were sufficient to activate the probe (FBBBE), and the
exogenous addition of H,O, did not alter the fluorescence levels observed (Figure 63, d).
The probe appears to be activated intracellularly, based on its proximity to a nuclear stain
(ESI, Figure 6¢, f). Quantitative analysis of FBBBE in the brain tissue treatments reveals
that the mean fluorescence for tissues treated with PBS and those treated with H,O5 is not
statistically different, consistent with the cellular studies (Figure S12). When identical
studies using the control FBn were performed, no fluorescence turn on was observed (Figure
S13). Additionally, control studies in the absence of the probe showed no fluorescence.

To further investigate whether FBBBE is activated by truly endogenous levels of H,O,, our
efforts focused on evaluating the probe in the spinal cord. It is well established that the
spinal cord consists primarily of white matter (myelinated axons), gray matter (axons), glial
cells and some fibrous tissue with few axon terminals and activated macrophages. The
presence of ROS is ubiquitous at axon terminals associated with neurotransmitter activity
and metabolism.[28] Thus, in a healthy, uninjured spinal cord, the presence of ROS such as
H,0 is not typical.[27¢] Spinal cord sections were either incubated with PBS (unstimulated)
or H,0,, in a manner identical to the brain tissue studies. Confocal fluorescence images of
the unstimulated spinal cord tissue treated with FBBBE show that the probe remains
essentially inactive with a weak fluorescence signal observed (likely due to tissue
autofluorescence) confirming that in areas of low ROS levels, the probe remains latent. The
addition of exogenous H,0, to the spinal cord tissue shows a minimal amount of
fluorescence when compared to the brain tissue (Figure S14). The lack of fluorescence
signal from the H,0,-treated samples may be due to an inability of FBBBE to penetrate the
spinal cord tissues, which is then subsequently washed away before the image is taken.
Alternatively, FBBBE may be getting into the spinal cord tissues, but the externally added
H»0, is impermeable to the spinal cord cells and hence unable to activate FBBBE. In both
tissues it appears that the exogenous addition of H,O, does not potentiate the fluorescence
signal, implying that probe activation may be caused by endogenous H,O5 activity in the
brain not present in the spinal cord. These experiments suggest that the turn-on response of
FBBBE is not found indiscriminately in all tissues types.

Conclusion

In summary, we have reported the synthesis, reactivity, and imaging properties of a new
class of fluorescence-based molecular probes for detecting endogenous H,O, in biological
systems. By appending the H,O»-sensitive boronic ester to a fluorophore via a benzyl ether
linkage, these fluorescent probes can be accessed in a single synthetic step using two
commercially available starting materials. We have demonstrated, under simulated
physiological conditions, that both fluoresceinand coumarin-based probes are sensitive for
the detection of H,O5 in the biologically relevant micromolar concentration range. The
fluorescein-based probe was particularly effective in imaging endogenous H,0 levels with
and without stimulation in murine macrophage cells using confocal miscroscopy and ex vivo
imaging of endogenous H,0, was effectively demonstrated in mouse brain. Overall, the
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combined synthetic ease, stability, solubility, fast reaction kinetics, and relatively high
fluorescent turn-on response of these probes in comparison to other fluorophores illustrate
the potential of the compounds reported here as accessible tools for molecular imaging for a
wide range of researchers interested in the chemistry and biology of H,0,.

Experimental Section

Full experimental details are described in the Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
General design and activation of boronic ester-based H,0,-sensitive fluorescent probes
pioneered by the Chang laboratory.
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Synthesis of FBBBE, a derivatized fluorecein compound with a H,O,-sensitive boronic
ester trigger appended via a benzy! ether linkage (top). Scheme of deprotection and
fluorescence activation of FBBBE in the presence of H,O, (bottom).
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Figure4.
Fluorescent response of 50 uM FBBBE to H,0, (5 eq, 250 uM). The dotted line represents
the initial spectrum and subsequent spectra were recorded every 4 min after the addition of
H,0,. Fluorescent response of 10 uM FBBBE to various concentrations of added H,O,

(insert). Spectra were collected after incubation with H,O5 at room temperature for 15 min.
The collected emission was integrated between 500-700 nm (Agxc = 480 nm). Spectra were
acquired in 50 mM HEPES (pH 7.5).
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Figure5.

Molecular imaging of H,O, in RAW 264.7 cells. Confocal fluorescence image of cells
treated with (a) PBS and 50 .M FBBBE (b) 1 pg/mL LPS for 24 h and 50 .M FBBBE (c)
100 M H,05, for 1 h and 50 M FBBBE (d) PBS and 50 .M FBn (e) 1 pg/mL LPS for 24
h and 50 .M FBn (f) 100 uM H,0, for 1 h and 50 .M FBn.
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Figure6.
Confocal fluorescence images of H,O, in mouse brain treated with FBBBE for 1 h. Brain

tissue treated with PBS (a—c) or 100 M H,0, (d—f). Images on the left (a, d) are with 50
M FBBBE; images in the middle (b, e) are nuclear staining with DAPI (4" ,6-diamidino-2-
phenylindole, blue); and images on the right (c, f) are an overlay of the FBn and DAPI
staining.
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