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Abstract

Ratiometric sensors generally couple binding events or chemical reactions at a distal site to
changes in the fluorescence of a core fluorophore scaffold. However, such approaches are often
hindered by spectral overlap of the product and reactant species. We provide a strategy to design
ratiometric sensors that display dramatic spectral shifts by leveraging the chemoselective reactivity
of novel functional groups inserted within fluorophore scaffolds. As a proof-of-principle,
fluorophores containing a borinate (RFgp) or silanediol (SIOH2R) functionality at the bridging
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position of the xanthene ring system are developed as endogenous H,O, sensors. Both these
fluorophores display far-red to near-infrared excitation and emission prior to reaction. Upon
oxidation by H,0O5 both sensors are chemically converted to tetramethylrhodamine, producing
significant (=66 nm) blue-shifts in excitation and emission maxima. This work provides a new
concept for the development of ratiometric probes.

Graphical abstract

Ratiometric sensors: A novel method for designing ratiometric sensors termed chemoselective
alteration of fluorophore scaffolds (CAFS) is disclosed. Two proof-of-concept hydrogen peroxide
sensors with large excitation and emission shifts (= 66 nm) were obtained using this approach.

‘ E SI IJ
t1|nm|M‘l
ietati
i E €83 m
Em BEInm

Keywords
bioorthogonal reaction; fluorescent probes; reactive oxygen species; sensors; signal transduction

Strategies that are often employed for the development of ratiometric probes involve the
appendage of species capable of intramolecular charge transfer (ICT) or fluorescence
resonance energy transfer (FRET) to existing fluorophores (Scheme 1).[1] These types of
sensors have found applications in the detection of small molecules[*-2] in complex
biological systems. Despite the advantages of these approaches, challenges in ratiometric
sensor design remain. For example, the sensitivity of current approaches can suffer from
spectral overlap of product and reactant species. Furthermore, the rational design of probes
that undergo changes in both excitation and emission in response to analyte detection
remains difficult. To address these issues, we set out to develop a design approach in which a
novel functional group capable of undergoing a chemoselective reaction with an analyte is
placed directly within a fluorophore scaffold. We envisioned that reaction with a target
analyte would then chemically alter the identity of the fluorophore producing robust changes
in both excitation and emission maxima of the product (Scheme 1). We term this approach
Chemoselective Alteration of Fluorophore Scaffolds (CAFS).

For the initial demonstration of CAFS we chose the xanthene scaffold since this structure
has found extensive application due to its relative brightness (e x ¢) and photostability.[?]
Recent work has shown that introduction of new atoms or groups at the bridging position of
the xanthene ring can produce significant effects on the photophysical properties of the
resulting fluorophores.[4] For example, replacing the oxygen atom of tetramethylrhodamine
(TMR) with dimethyl silicon results in a new fluorophore SiR (Figure 1) with a 90 nm red-
shift of the emission maxima while maintaining the brightness of the parent scaffold.[40]
Indeed, even longer emission shifts can be achieved by incorporating phosphorus[4al or
sulfur(4d] at the analogues position. Interestingly, our studies have shown that a simple
hydrolysis of a bridging phosphinate ethyl ester can yield a 37 nm blue-shift in the emission
of the corresponding fluorophore.[®] This experimental observation led us to ask whether
chemoselective reactions of novel functional groups in xanthene-based fluorophores could
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be utilized to afford ratiometric chemodosimeters displaying large shifts in both excitation
and emission.

To explore this idea, we introduced a borinate functionality into the xanthene scaffold with
the goal of leveraging the selective chemical reactivity of this group to afford a ratiometric
sensor for H,O», termed Rachael Fluor gog (RFgpg) (Figure 1 and Scheme 2). Hydrogen
peroxide is a reactive oxygen species (ROS) and is now recognized as a critical signaling
molecule involved in the reversible oxidation of proteins.I8] Thus, there is a need to evaluate
the amount of H,O5 in living cells in order to understand protein function and cellular redox
mechanisms. Leveraging the chemoselectivity of the borinate functionality in RFgpq, we
envisioned the ability to generate TMR in situ upon reaction with H,O,. Under
physiological conditions (10 mM PBS, pH 7.4, with 0.1% DMSO), RFgyq exhibited
excitation and emission maxima at 620 and 636 nm, respectively. The overlap of TMR
emission and RFgpq excitation provide the possibility for future FRET applications in
settings in which these fluorophores are held in close proximity. Importantly, this
corresponds to a 70 nm (excitation) and 66 nm (emission) red-shift relative to TMR. In
addition, RFgpg (& = 109000 M~1 cm™1, ¢ = 0.36) was 1.7-fold brighter than TMR (e =
74500 M~1 cm™1, ¢ = 0.31) under the same buffer conditions (Figure 2). Analysis of RFg2g
fluorescence as a function of pH revealed a quenching of fluorescence with decreasing pH,
with an observed midpoint of 4.36 (Figure S1 in the Supporting Information). Nonetheless,
RFgx0 remained highly fluorescent under physiological conditions (pH 7.4). We also
observed an interaction of RFgyg with polyols such as fructose and glucose (Figures S2 and
S3). Upon binding, the RFgyg—fructose complex displayed a red-shift in its excitation (638
nm) and emission (654 nm). The disassociation constant was determined to be 14 mM
(Figure S2). Similar results were obtained for a borinate-containing xanthene fluorophore
reported during the preparation of this manuscript.[”]

In the presence of H,0, the formation of TMR was observed, corresponding to 70 and 66
nm blue-shifts in excitation and emission maxima, respectively (Scheme 2). Kinetic studies
revealed that the rate of fluorescence quenching of RFgyg was 7.96 + 0.22 M1 s71 53-fold
faster than the rate of TMR formation (0.15 + 0.003 M~1 s71) under physiological conditions
(Figure S4). These data indicate a stepwise oxidation and the existence of a relatively stable
intermediate. UV/Vis experiments clearly showed the appearance of a species with
absorbance at 580 nm during the course of the reaction (Figure S5). The structural identity
of this intermediate is currently under investigation. Importantly, the chemoselectivity of
RFgo0 Was confirmed by assessing the formation of TMR in the presence of a panel of ROS
including H,0,, superoxide, zertbutyl hydrogen peroxide (TBHP), HOCI, NO, -O'Bu, and
-OH. These experiments yielded a robust 1720-fold increase in the TMR/RFgyq emission
ratio after 3 hours incubation with H,O,, while all other ROS species tested did not
significantly influence the TMR/RFgyq ratio (Figure S6). Incubation of HeL a cells with 10
UM RFgyq and subsequent addition of 80 pM H,O5 resulted in a dramatic, 870-fold increase
in the TMR/RFgq emission ratio (Figure S7). Furthermore, stimulation of endogenous
H,0, production in HeLa cells with phorbol 12-myristate 13-acetate (PMA)l or human
epidermal growth factor (EGF)[®] resulted in 16- and 14-fold increases in the TMR/RFg20
ratio, respectively (Figure 3). TMR generation was abolished in the presence of ebselen, a
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known H,0, scavenger,[19] validating the selectivity of RFgyg in cells (Figure 3).
Colocalization experiments indicated that TMR fluorescence was generated in the
mitochondria (Figure S8, Pearson’s coefficient = 0.93). In addition, no cellular toxicity was
observed from RFgpg at the concentrations used in these experiments (Figure S9). Taken
together, the RFgyg probe provides the initial proof-of-principle for the ability of CAFS to
afford robust ratiometric sensors.

Building upon these results, we next asked whether we could further increase the shifts in
excitation and emission wavelength upon reaction with H,O» using the CAFS approach. The
Tamao oxidation has been well-established as a strategy to liberate hydroxy functionalities
masked with a silane group.[*1] Upon reaction with an oxidative reagent like H,0, or
peroxyacids, the C-Si bond is oxidized to a C-O bond. Importantly, computational
calculations indicated that a xanthene-based dye containing a silanediol functional group,
termed SIOH2R (Figure 1), would display a red-shifted absorption relative to RFgpg (Figure
S10). We hypothesized that CAFS might be employed with SIOH2R, in order to yield a
ratiometric HoO, probe with an increased excitation and emission shift upon reaction with
H,0, (Scheme 3). Indeed, the resulting SSIOH2R fluorophore displayed excitation and
emission maxima at 663 and 681 nm, respectively (Figure 2). Moreover, SSOH2R retained
the brightness of the parent TMR scaffold (Figure 2), no appreciable binding to polyols was
observed (Figure S11), and no significant change in fluorescence upon varying the pH from
3 to 8 was observed (Figure S12). Upon oxidation, SSOH2R displayed a dramatic color
change from cyan to pink and a fluorescence emission change from far-red to yellow
(Scheme 3 and Figure S13). Gratifyingly, the shift in excitation and emission wavelengths
were 113 and 111 nm, respectively. While investigating the kinetics of this reaction, we
observed an increase in reaction rate with increasing pH. The apparent second-order rate
constant for TMR formation increased linearly from 0.01 M1 s~ at pH 7.0t0 0.22 M1 571
at pH 8.5 (Figure S14). This result is consistent with the mechanism of the Tamao oxidation,
which proceeds through a hypervalent silicone intermediate.[*2] To demonstrate the
necessity of a reactive functional group in CAFS, a control experiment was conducted by
exposing SiR (Figure 1) to HyO2. No TMR formation was observed in this experiment
(Figure S15), indicating the requirement for specially tuned reactive functional groups in
CAFS. The chemoselectivity of the silanediol was demonstrated by incubation with a panel
of ROS, these experiments demonstrated the selectivity of SIOH2R for H,0O, (Figure S16).

Confident in the sensing mechanism of SIOH2R, we further investigated its usefulness in
living systems. For these experiments, we found that serum starvation decreased background
signal and allowed for increased resolution of TMR formation from SIOH2R. Hela cells
incubated with exogenous H,0, (80 uM) yielded a 5000-fold increase in the TMR/SIOH2R
emission ratio, clearly demonstrating the ability to detect H,O, (Figure S17). To investigate
the ability to detect endogenous H,O5,, HelL a cells were stimulated with PMA. These
experiments yielded a clear 4.26-fold increase in the TMR/SIOH2R emission ratio (Figure
4). Colocalization experiments indicated that TMR fluorescence was observed in the
mitochondria (Figure S18, Pearson’s coefficient = 0.94). Importantly, ebselen abolished
TMR generation in these experiments (Figure 4) and no cell toxicity was observed at the
concentrations of SIOH2R used in these experiments (Figure S19). Taken together, SOH2R

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2018 April 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhou et al.

Page 5

displays a relatively large shift in both excitation and emission upon reaction with H,O,,
providing evidence for the ability to rationally tune ratiometric sensors using the CAFS
approach.

In conclusion, we have demonstrated the ability of CAFS to yield robust and tunable
ratiometric sensors. Two proof-of-concept H,0, sensors (RFgyg and SIOH2R) were
designed and validated using this method. The relatively large excitation and emission shifts
generated by these probes allows the signal of the product to be easily distinguished from
reactant. In addition, to the best of our knowledge, we have demonstrated the first example
of the Tamao oxidation for the detection of a biologically relevant signaling molecule. We
envision utilizing CAFS to afford multiplexable sensors with orthogonal selectivity to
biologically important species.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Structures of RFgpp, SOH2R, TMR, and SiR.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2018 April 03.

Page 6



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Zhou et al.

Page 7
a b
4 1 -4
g 10 ™R 8, g_ TMR
0.9 —RF, T —RF,
g0s —siorer § 081 — SIOH2R
507 : E 0.74 :
206 S 0.6
0.51 05
0.4 E 0.4
= 0.3 = 0.3
Eo2 £02
&
450 500 550 600 650 700 750 "500 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)
c
Dyes Amax (M) Aem (nm) & (Mcm’) (] exd(M'em?)
TMR 550 570 74,500 0.31 23,095
RFes20 620 636 109,000 0.36 39,000
SiOH2R 663 681 105,000 0.43 45,150

Figure 2.

Comparison of the photophysical properties of TMR, RFgpg, and SIOH2R. All experiments
were conducted in PBS (10 mM, pH 7.4 with 0.1% DMSO). a) Absorption spectra. b)
Emission spectra. ¢) Summary of photophysical parameters.
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Figure 3.
RFg0 can detect endogenous production of H,O, in living cells. a) Confocal fluorescence

microscopy imaging of living HeLa cells incubated with 10 uM RFgyg for 30 min, washed
(3x) and incubated with i. blank, ii. PMA (1 pgmL™1), iii. PMA (1 pgmL~1) with ebselen (5
um), iv. EGF (500 ngmL~1) or v. EGF (500 ngmL1) with ebselen (5 um) for 90 min. b)
Comparison of the normalized ratio between TMR and RFgyq emission. Scale bar: 25 pm.
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Figure 4.
SIOH2R can detect endogenous H,O5 in living cells. a) Serum starved HeLa cells were

incubated with i. 0 pggmL~1 PMA 30 min, ii. 1 pgmL~1 PMA 30 min, and iii. 1 pgmL~1
PMA 30 min followed by washing and addition of 5 uM ebselen. Cells were washed (3%)
and further incubated with 10 um SIOH2R for 1 h. ¢) Comparison of the normalized ratio
between TMR and SIOH2R emission. Scale bar: 25 pm.
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Scheme 1.
A comparison between common ratiometric sensor designs and the CAFS approach.
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Scheme 2.
Synthetic scheme for RFgyq and its absorbance and fluorescence change upon oxidation by

H»0, under physiological conditions.
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Scheme 3.
Synthetic scheme for SOH2R and its color and fluorescence change upon Tamao oxidation

with H,O, under physiological conditions.
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