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ABSTRACT: Near-infrared (NIR) fluorescent sensors have
emerged as promising molecular tools for imaging biomole-
cules in living systems. However, NIR fluorescent sensors are
very challenging to be developed. Herein, we describe the
discovery of a new class of NIR fluorescent dyes represented
by 1a/lc/le, which are superior to the traditional 7-
hydroxycoumarin and fluorescein with both absorption and
emission in the NIR region while retaining an optically tunable
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hydroxyl group. Quantum chemical calculations with the B3LYP exchange functional employing 6-31G(d) basis sets provide
insights into the optical property distinctions between 1a/1c/1e and their alkoxy derivatives. The unique optical properties of the
new type of fluorescent dyes can be exploited as a useful strategy for development of NIR fluorescent sensors. Employing this
strategy, two different types of NIR fluorescent sensors, NIR-H,0, and NIR-thiol, for H,O, and thiols, respectively, were
constructed. These novel sensors respond to H,0O, or thiols with a large turn-on NIR fluorescence signal upon excitation in the
NIR region. Furthermore, NIR-H,0, and NIR-thiol are capable of imaging endogenously produced H,0O, and thiols,
respectively, not only in living cells but also in living mice, demonstrating the value of the new NIR fluorescent sensor design
strategy. The new type of NIR dyes presented herein may open up new opportunities for the development of NIR fluorescent
sensors based on the hydroxyl functionalized reactive sites for biological imaging applications in living animals.

B INTRODUCTION

Fluorescence imaging is a very powerful technique for
localization and dynamic monitoring of biomolecules in living
systems.' > The development of new fluorescent imaging
sensors has facilitated the recent significant advances in cell
biology and medical diagnostic imaging.*® Near-infrared
(NIR) light (650—900 nm) is advantageous to be employed
in biological imaging due to minimum photodamage to
biological samples, deep tissue penetration, and minimum
interference from background autofluorescence by biomole-
cules in the living systems.””” However, small-molecule NIR
fluorescent sensors are very challenging to be constructed.
Thus, innovative strategies for development of NIR fluorescent
sensors are actively sought after.

The traditional 7-hydroxycoumarins and fluorescein dyes
contain a characteristic hydroxyl group (Figure 1), which can
be modified to regulate their optical properties. This feature of
the optically tunable hydroxyl group renders 7-hydroxycoumar-
ins and fluorescein extensively employed in biochemical assays,
optical sensing, and molecular optical imaging.'® However, the
absorption and emission wavelengths of the classic 7-
hydroxycoumarin and fluorescein dyes only locate in the UV
to visible region. Thus, they are not amenable for living animal
imaging, in which the absorption and emission in the NIR
region are highly desirable.

In this study, we described the discovery of a new class of
NIR fluorescent dyes represented by 1a, 1c, and le (Figure 1).
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Significantly, the new class of NIR fluorescent dyes is superior
to the traditional 7-hydroxycoumarin and fluorescein with
absorption and emission in the NIR region while retaining an
optically tunable hydroxyl group. In other words, the new type
of fluorescent dyes enjoys the advantages of integrating tunable
optical properties with NIR absorption and emission. This
unique feature can be exploited for development of NIR
fluorescent sensors for living animal imaging applications.
Based on the design strategy, two innovative NIR fluorescent
sensors for H,0, and thiols were constructed. We demonstrate
the utility of the novel NIR sensors in living animal imaging,
highlighting the value of the new NIR fluorescent sensor design
strategy.

B RESULTS AND DISCUSSION

Synthesis of Fluorescent Dyes 1a—g. Unexpectedly,
treatment of chloro-substituted cyanine 2a or 2b with resorcin
3a in the presence of a base, NaH or triethylamine, at S0 °C for
4 h in DMF did not furnish the straightforward nucleophilic
substitution product, but instead 2,3-dihydro-1H-xanthene-6-ol
la or lc (Scheme 1), respectively, was obtained. Similarly,
compound 1le, the analogue of compound 1a with a chlorine
atom nearby the phenolic alcohol, was also synthesized by the
same route. The structures of compounds 1a, 1c, and le were
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Figure 1. The chemical structures of the classic and new dyes bear an optically tunable hydroxyl group. The chemical structures and absorption/
emission wavelengths of the classic dyes, such as 7-hydroxycoumarin and fluorescein, and the new NIR dyes reported herein (represented by 1a, ¢,
and le) with an optically tunable hydroxyl group.

Scheme 1. Structures and Synthesis of Compounds la—g*

2a: Ry =Et 3a:R;=H,R,=0OH, Y =H 1a:X=0, Ry =H, Y =H, Ry = Et )b
2b: R; = Me 1b: X=0, Ry =Et, Y =H, Ry =Et
1¢:X=0,R;=H, Y =H, Ry = Me )c
1d: X=0,R;=Me, Y = H, Ry = Me
3b:R;=H,R,=0H,Y=Cl 1e:X=0,Ry=H, Y =Cl Ry = Et
3C:R1=H,R2=NH2,Y=H 1f: X=N ,R1=H,Y=H,R3=Et
3d: Ry =CH;, Ry = NH,, Y = H 1g: X =NH, R; = Me, Y = H, R; = Et

“Conditions: (a) alkali, H,0, and/or heating; (b) CH;CH,], Cs,COj; and (c) CH;l, Cs,CO;.

Scheme 2. A Proposed Reaction Mechanism for the Unique Formation of 2,3-Dihydro-1H-xanthene-6-ol Dyes Represented by
la

retro-Knoevenagel
reaction

2 + 3a

characterized by 'H and *C NMR and HRMS (ESI). temperature (25 °C) for 2 h to afford compound 4 (Schemes
Representative 2D COSY NMR spectra of compound 1lc
further confirms the structure (Figure S1 and its description).

To get insight into the likely mechanism of the formation of
the new compounds exemplified by 1a, a number of control
experiments were performed: 1) Compound 2a was reacted the presence of a base, resulting in formation of product 1a

with resorcin 3a under the basic conditions at a lower (Scheme S1). Thus, the results of these control experiments

2 and S1), the product arising from the straightforward
nucleophilic substitution of chlorine atom; 2) The product 4

was isolated in pure form and further heated at 50 °C for 2 h in
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Scheme 3. Synthesis of Compounds 1c and 1d“
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“Using a rational synthetic route based on the retrosynthesis analysis (Scheme SS5) to corroborate the structures of this new type of compounds.
Conditions: (a) EtOH, AcOH, piperidine, reflux; (b) Ac,0, 50 °C; (c) BBr;, CH,CL, 0 °C.
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Figure 2. Absorption (A) and fluorescence emission spectra (B) of compounds 1a (A, blue), 1b (M, green), 1c (@, purple), 1d (%, black), le (@,
red), 1f (A, orange, open), and 1g (O, green, open) (10 4M) in pH 7.4 PBS/MeOH (1:1). (C) Fluorescence emission spectra of compounds la
(A, blue), 1b (M, green), 1c (@, purple), 1d (%, black), and le (®, red) (10 uM) in pH 7.4 PBS/MeOH (1:1). The emission spectra were
obtained by excitation at the maximum absorption wavelength (B) or 690 nm (C), respectively. (D) pH-dependence of the absorption spectra of
compound la (10 yM) with the arrows indicating the change of the absorption intensities with pH enhancement from 2.3 to 7.4.

suggest that compound 4 is the possible intermediate in the
mechanistic pathway.

Based on the above key findings, a plausible mechanistic
pathway for the formation of 2,3-dihydro-1H-xanthene-6-ol
dyes represented by la is proposed in Scheme 2. We
hypothesized that under stringent conditions, cyanine 4 could
lose its Fischer’s base by a retro-Knoevenagel reaction to give a
putative half cyanine enol intermediate L. This hypothesis is
based on the chemistry of cyanine dye formation that a half
cyanine enol intermediate could condensate with Fischer’s base
to yield a cyanine dye,'' and the Knoevenagel-type
condensation reaction is reversible. The enol intermediate L
could then undergo cyclization and dehydration reactions to
furnish a much more stable product la. Although the enol
intermediate L was not isolated likely due to the facile
subsequent steps of cyclization and dehydration, the similar
chloro-substituted half cyanine enol could be furnished through

a retro-Knoevenagel reaction by heating cyanine 2a at 50 °C
under the basic conditions (Schemes S2 and S3). This further
supports the proposed mechanism.

Additionally, the chloro-substituted half cyanine enol
generated by heating cyanine 2a at S0 °C under the basic
conditions was isolated (Scheme S2). Then, the chloro-
substituted half cyanine enol in pure form was further treated
with resorcin 3a in the presence of a base at 50 °C, which did
not afford product la (Scheme S4). Thus, this observation
excludes the possibility that chloro-substituted half cyanine enol
is the intermediate in the formation of product la, in good
agreement with the proposed mechanism as shown in Scheme
2. The conversion of compound 4 to the product la upon
further heating at a higher temperature (Scheme S1) is
interesting, indicating the delicate nature of cyanine chemistry
that the reaction conditions can dramatically affect the
structures of final products. Importantly, the formation of 2,3-
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dihydro-1H-xanthene-6-ols 1a, 1¢, and 1e from cyanines 2a and
2b provides a unique pathway for the preparation of a wide
variety of 2,3-dihydro-1H-xanthene-6-ol derivatives from the
classic cyanines. It is worthy to note that this synthetic pathway,
to our best knowledge, is unprecedented.

Compounds 1b and 1d (Scheme 1), the ethyloxy and
methyloxy derivatives of compounds la and lc, respectively,
were synthesized as controls to investigate the role of the
hydroxyl group on the modulation of absorption/emission
profiles. Reaction of compound 1a or 1c with iodoethane or
iodomethane, readily afforded compound 1b or 1d, respec-
tively. In addition, we also prepared compounds 1f and 1g
(Scheme 1), in which the hydroxyl/methoxy group is in the
tetrahydroacridine ring. Compounds 1f and 1g could be used as
references for compounds la—e to examine the potential effect
of different heteroatoms at the X-position on the optical
properties.

To further corroborate the structures of this new type of
compounds, we wondered whether they could also be
independently prepared by a “rational” synthetic route based
on a retrosynthesis analysis (Scheme SS). We envisioned that
the intermediate oxonium 8 is unstable, thus these new dyes
may be synthesized in one pot without isolation of the
intermediate 8. For a representative case, as shown in Scheme
3, reaction of commercially available hydroxylbenzaldehyde 6
and ketone 7 in EtOH with a few drops of AcOH and
piperidine as the catalysts afforded a yellow residue, which was
further treated with the commercially available Fisher aldehyde
5 in Ac,O to give compound 1d. Removal of the methyl group
of 1d by BBr; readily afforded compound 1c. To verify that the
compound 1c synthesized from the different routes (unique
route in Scheme 1 and rational route in Scheme 3) is the same
compound, an equivalent mixture of them was taken via "H and
3C NMR spectra. As shown in Figures S2 and 3, the mixture
shows a single NMR spectrum. The same phenomenon is
observed for compound 1d (Figures S4 and S). Furthermore,
the mass, absorption, and emission spectra of compounds 1c
and 1d synthesized from the different routes are essentially
identical (Figures S6 and 7), further supporting that this class
of new compounds can be obtained by different routes.
Significantly, the observation that compounds 1c and 1d could
be independently prepared by distinct synthetic routes (unique
route in Scheme 1 and rational route in Scheme 3), further
substantiating the structures of the new class of dyes.

Photophysical Properties of Fluorescent Dyes 1a—g.
The absorption and emission profiles of compounds la—g are
shown in Figure 2, and the photophysical data are compiled in
Table 1. Gratefully, compound 1a displays both absorption and
emission peaks in the NIR region with maximum at 690 and
716 nm, respectively, in pH 7.4 PBS/MeOH (1:1).
Importantly, compound 1a has a fluorescence quantum yield
of 0.36, which is relatively large for a NIR dye. Furthermore, the
Stokes shift of compound 1a is 26 nm, comparable to typical
cyanines. Thus, compound 1a appears to be a promising NIR
dye. On the other hand, the maximal absorption and emission
peaks of the reference 1b are at 656/606 and 677 nm,
respectively, which are significantly blue-shifted when com-
pared to those of compound 1a. Furthermore, the fluorescence
quantum yield of compound 1b is only 0.007, much less than
that of compound la. This is attributed to the alkyloxy
substituent of 1b which reduces the electron-donating ability of
the oxygen atom' and thus forbids the formation of the
zwitterionic resonance form. Thus, these data suggest that the

Table 1. Photophysical Data of the Dyes la—g in pH 7.4
PBS/MeOH (1:1)

Aw/nm? g (10* M ' em™) A,/ nm? @F pKad
la 690 79 716 0.36 5.6
1b 656/608 5.4/4.9 677 0.007 —
1c 690 8.7 716 0.37 5.6
1d 654/608 4.9/53 677 0.006 —
le 698 7.9 718 0.30 4.5
1f 454 1.5 565 0.009 5.1; 74
1g 454 2.0 565 0.006 S.1

“The maximal absorption of the dye. “The maximal emission of the
dyes. “@;is the relative fluorescence quantum yield estimated by using
indocyanine green (ICG, ®;= 0.13 in DMSO) for la—e or rhodamine
6G ((Df = 0.95 in water) for 1f—g as a fluorescence standard.** “The
pK, was calculated according to the Henderson—Hasselbach-type mass
action equation.”'

optical properties of new NIR dye la can be regulated by
alkylation on the hydroxyl group. Like compounds 1a and 1b,
the absorption and emission spectra of dyes 1c—d exhibit the
similar changes. Interestingly, compounds 1b/1d exhibit a
shoulder peak in the emission profiles, which may be attributed
to the existence of distinct species in the ground state due to
charge localization.®"™ Notably, compounds 1a, 1c, and le
display strong fluorescence when excited at 690 nm, while
compounds 1b and 1d show almost no fluorescence when
excited at 690 nm (Figure 2C). The large fluorescence
difference (>200-fold) between these fluorophores (la/le vs
1b or 1c vs 1d) implies a method to develop a new NIR
fluorescence turn-on switch by breaking the C—O bond
through a chemical reaction.

To further understand the role of the hydroxyl group playing
on the photophysical properties, we investigated the pH effect
on the absorption/emission profiles of compound 1a. As shown
in Figure 2D, with the enhancement of pH from 2.3 to 7.4, the
absorption bands at around 656/608 nm, ascribed to the
phenolic form of 1a, undergo a red-shift to a peak at around
690 nm, attributed to the phenolate form of 1a (Scheme S6).
There is a well-defined isosbestic point at 662 nm in the
absorption spectra, indicating the equilibrium of the phenolic
and phenolate forms of la. The pH-dependence of the
emission profiles of compound 1la is consistent with that of
the absorption profiles. When excited at 690 or 645 nm,
enhancement of pH from 2.3 to 7.4 leads to a fluorescence
turn-on (Figure S8) or ratiometric (with a red-shift) response
(Figure S9), respectively. The pK, of compound la was
calculated to be 5.6 based on the Henderson—Hasselbach-type
mass action equation.'” Like compound 1a, compounds 1c and
le also exhibit the absorption and emission peaks in the NIR
region (Figure 2 and Table 1) and show the similar pH-
dependent absorption (Figures S10 and S12) and fluorescence
(Figures S11 and S13) changes. However, the pK, of
compound le was calculated to be 4.5, which is significantly
lower when compared to that of compound 1a. This indicates
that the pK, of 2,3-dihydro-1H-xanthene-6-ol-based NIR
merocyanine dyes can be readily tailored by introducing
electron-withdrawing groups nearby the phenolic alcohol.

We also examined the absorption/emission properties of
tetrahydroacridines 1f and 1g (Figure 2 and Table 1). However,
compounds 1f and 1g show absorption and emission only in
the visible region in pH 7.4 PBS/MeOH (1:1). This
phenomenon may be ascribed to the pH-dependent equili-
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brium between the neutral and the ionic forms of push—pull
chromophores 1f and 1g (Scheme S7). In pH 7.4 PBS/MeOH
(1:1), the neutral form is dominant. The neutral form may have
relatively short absorption/emission wavelengths due to the
weak push—pull system.> However, with the decrease of pH
values, the ionic forms which have the strong push—pull system
may become dominant, and a red-shift in absorption/emission
is thus observed (Figures S14—15). Since tetrahydroacridines
1f and 1g only exhibit emission in the visible region at pH 7.4
and we were interested in the development of NIR dyes with
potential for in vivo imaging applications, we decided to focus
on 2,3-dihydro-1H-xanthene-6-ols 1a, 1c, and le for further
studies, as they have emission in the NIR region at pH 7.4.

Significantly, the above findings that there is a striking
distinction between the optical properties of compounds 1a/le
vs 1b or 1c vs 1d indicate that the new class of NIR fluorescent
dyes represented by 1a, 1c, and 1e may be exploited as a novel
strategy to design NIR fluorescent sensors by easy
modifications on the hydroxyl group. By sharp contrast,
regulation of the emission properties of the classic cyanines
by photoinduced electron transfer (PET) is very challenging
based on the Rehm—Weller equation.”

We further examined the photophysical properties of
compounds 1la, lc, and le in biological media. Although
compounds 1a, 1c, and le appear to have limited solubility in
water, they exhibit micromolar solubility in biological media.
For example, compounds 1a, 1c, and le have a solubility of
approximately 6, 10, or 6 M, respectively, in pure newborn calf
serum (without addition of any co-organic solvent) estimated
from the corresponding absorption spectra (Figure S16). In
addition, these NIR dyes show strong fluorescence in pure
newborn calf serum solution (Figure S17) with good
fluorescence quantum yields over 0.2 (Table S1). The living
cell fluorescence images and in situ (in cellulo) emission spectra
of compounds 1a, 1¢, and le are shown in Figure S18. These
results indicate that the new NIR dyes are cell permeable and
have strong NIR fluorescence in living cells. Notably, the in situ
(in cellulo) excitation and emission spectra of compounds 1a,
1¢, and le in HeLa cells resemble those of compounds 1a, 1c,
and le in pH 7.4 PBS/THF (1:1) (Figures S19-21),
suggesting that the NIR emission of compounds 1la, 1c, and
le in living cells can be attributed to the single molecule of
dyes. To demonstrate the feasibility of developing water-soluble
NIR dyes, we have further synthesized compound 1h, which
bears several water-soluble groups (Schemes 4 and S8). As

Scheme 4. Structure of the Water-Soluble NIR Dye 1h

expected, dye 1h is soluble in pure PBS and newborn calf
serum (without addition of any co-organic solvent) with a
solubility of at least 2 mM in PBS and 3 mM in newborn calf
serum. The spectral properties of 1h in pure PBS and newborn
calf serum (Figures $22—23 and Table S1) resemble those of
la.

Theoretical Calculations. To get insight into the optical
properties of the new functional dyes 1la—g, density functional
theory (DFT) calculations with the B3LYP exchange functional
employing 6-31G(d) basis sets using a suite of Gaussian 09
programs were performed. Figures 3 and S24—28 show the
representative optimized structures and molecular orbital plots
(LUMO and HOMO) of the dyes la—g. The C—C (N or O)
bond lengths (in pm) of 1la—g determined by DFT calculations
are depicted in Tables S2—11. In the case of la (phenolate
form), the indolium moiety is essentially coplanar and
conjugated with the 2,3-dihydro-1H-xanthene core (Figure
3). It is worthy to note that all the C—C bond lengths of the
conjugated 2,3-dihydro-1H-xanthene-indolium backbone are
very similar, at around 140 pm (Table S2). This value is the
intermediate between the typical carbon—carbon single (154
pm) and the double (134 pm) bonds, attributed to the strong
electronic delocalization and the partial decrease in the
carbon—carbon bond length alternation (BLA, difference
between consecutive single and double bonds) along the z-
conjugated system.'® This is further corroborated by the studies
of the terminal C—N and C—O bond lengths in the conjugated
system. The bond length of C14—N15 is 138 pm, which is the
intermediate between the lengths of C—N bond (single bond,
around 147 pm) and the iminium C=N (double bond, around
128 pm). The bond length of C1—017 is 127 pm, which is
relatively closer to C=O (double bond, around 121 pm) than
C—O (single bond, around 144 pm), indicating that the O17
atom contributes pronouncedly to the z-conjugated system of
the dye 1a (phenolate form). The 7 electrons on the HOMO of
la (phenolate form) are mainly located on the whole #-
conjugated 2,3-dihydro-1H-xanthene-indolium framework (in-
cluding the O17 atom), but the LUMO is mostly positioned at
the center of the conjugated 2,3-dihydro-1H-xanthene-vinyl
bridge including the N15 atom (Figure 3), where the BLA is
minimal. This distribution pattern of the 7 electrons on the
HOMO/LUMO is a typical feature of cyanine dyes. Cyanines
in the “cyanine limit” state feature a relatively sharp and intense
absorption band in the NIR spectral range in light of the
reduced vibronic contribution in the nonalternating (minimal
BLA) structure.®> Thus, the DFT calculation results are
consistent with the absorption spectrum of la (Figure 2A).
The C1-017 bond length of the compound 1b is 135.3 pm
(Table S3), which is longer than that (126.8 pm) of C1-017
of the compound 1a (phenolate form). This weakens the p—x
conjugation between the O17 atom and the #z-conjugated
xanthene—indolium framework, and the energy levels of both
HOMO and LUMO of the compound 1b decrease relative to
those of the compound 1a (Figure 3). Upon close examination
reveals that the 7 electrons on the HOMO and LUMO of 1b
are primarily located on the 7z-conjugated xanthene—indolium
framework and the conjugated 2,3-dihydro-1H-xanthene-vinyl
bridge, respectively. When compared to compound 1a, the O17
atom of compound 1b contributes less to the HOMO/LUMO.
This suggests that the alkylation on the O17 atom indeed
decreases the electron-donating ability of the oxygen atom, and
compound 1b loses its “cyanine limit” structure to some extent.
In other words, the alkylation on O17 atom hinders the
resonance between the O17 atom and the xanthene—indolium
core. In addition, time-dependent DFT (TDDFT) calculations
indicate that the excitation HOMO—-LUMO energy gap
between the S, state and the S, excited state of 1b (2.27 or
2.09 eV based on the optimized S, or S; state geometry) is
markedly higher than that of 1a (phenolate form) (2.13 or 2.02
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Figure 3. DFT optimized structures and molecular orbital plots (LUMO and HOMO) of dyes 1a (phenolate form), 1b, and 1e (phenolate form) in
MeOH based on the optimized ground-state geometry (S,). In the ball-and-stick representation, carbon, nitrogen, and oxygen atoms are colored in

gray, blue, and red, respectively.

eV based on the optimized S, or S, state geometry) (Figure
$24), which is in good agreement with the observation that the
measured absorption and emission wavelength of 1b is shorter
than that of 1a. The pH-dependence of the absorption spectra
of compound la (Figure 2D) can be explained in a similar
manner (Figure $25 and Tables S4). In addition, the drastic
distinction between the optical properties of the dyes 1c and 1d
also can be rationalized analogously (Figure $26 and Tables SS
and S6).

The dye 1le is the analogue of la with an electron-
withdrawing chlorine (Cl18) nearby the O17 atom. However,
the energy levels of HOMO/LUMO of le (phenolate form)
are relatively lower than those of 1a (phenolate form) due to
the electron-withdrawing effect of chlorine, which stabilizes the
aromatic system by electron delocalization (Figure 3). This may
explain the above observation that the dye 1e has a lower pK,
value than dye la. In addition, TDDFT calculations indicate
that the presence of the electron-withdrawing chlorine on the
aromatic system also decreases the excited-state energy (about
0.03 eV), which corresponds to a bathochromic shift of 7 nm in
the absorption maximum of le with respect to la (Table 2).
Interestingly, this red-shift between compounds le and 1la
obtained based on the TDDFT calculations is in good
agreement with the value (8 nm) acquired experimentally
(Table 2).

Dyes 1f and 1g, the tetrahydroacridine derivatives, show the
pH-dependent equilibrium between the neutral and the ionic
forms of push—pull chromophores (Scheme S7). DFT
calculation indicates that the C9—C11 bond (148 pm) in the
neutral form of the dye 1f is relatively closer to the carbon—
carbon single bond (154 pm) than the carbon—carbon double
bond (134 pm) (Figure S27, Table S8) and that the x electrons
on the LUMO of 1f (neutral form) are principally located on
the whole 7-conjugated tetrahydroacridine moieties, but the
HOMO is mostly positioned at the indolium—vinyl bridge
moieties. Thus, at pH 7.4, when compared to la (phenolate
form), 1f (neutral form) loses the cyanine limit to some extent.
By contrast, in the ionic form of the dye 1f, all the C—C bond
lengths of the conjugated tetrahydroacridine—indolium back-

13515

Table 2. TDDFT Excitation Energies (and Corresponding
Excitation/Absorption Wavelengths) and Experimental
Absorption Wavelengths of the Dyes la—g in MeOH

theory” experiment

form AE, eV® Agby DM Aqbey DM
la phenolate 2.13 583 690
phenolic 2.29 542 608
1b 2.27 547 606
1c phenolate 2.13 583 690
phenolic 2.29 543 608
1d 227 546 606
le phenolate 2.10 590 698
phenolic 227 545 610
1f neutral 2.59 479 454
ionic form 2.33 533 578
1g neutral 2.58 480 454
ionic 2.32 535 582

“The calculations are determined using B3LYP/6-31G(d) exchange—
correlation functionals and basis sets. “The excitation HOMO—
LUMO energy gap.

bone are very similar, at around 140 pm (Figure S27 and Table
S9), ascribed to the strong electronic delocalization and the
partial decrease in the carbon—carbon BLA along the 7-
conjugated system.'® Furthermore, the 7 electrons on the
HOMO of 1f (the ionic form) are mainly located on the whole
m-conjugated tetrahydroacridine—indolium framework, but the
LUMO is mostly positioned at the center of the conjugated
tetrahydroacridine—vinyl bridge (Figure S27), where the BLA is
minimal. In addition, TDDFT calculations indicate that the
excitation HOMO—LUMO energy gap of 1f (neutral form,
2.59 eV) is significantly higher than that of 1f (ionic form, 2.33
ev) (Table 2), which is in good agreement with the observation
that 1f exhibits a red-shift at lower pH values (Figure S14). The
pH-dependent absorption spectra of 1g (Figure S15a) also can
be explained in a similar manner (Figure S28 and Tables S10—
11).
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Scheme 5. Design and Synthesis of NIR Fluorescent Turn-on H,0, Sensor NIR-H,0,
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Figure 4. (a) Fluorescence spectra of NIR-H,0, (1 yM) in the presence of various concentrations of H,0, (0—250 M) in phosphate buffer (pH
7.4, 1% DMSO) with excitation at 690 nm. Inset: Fluorescence intensity of NIR-H,0, (1 M) at 708 nm vs H,0, concentration (0—250 uM). (b)
Fluorescence intensity (at 708 nm) of NIR-H,0, (1 4M) with excitation at 690 nm in the presence of various species (250 yM): 1, blank; 2, H,0,;
3, CH,COOOH; 4, HOCJ; 5, 0, 6, NO; 7, -OH; 8, Fe**; 9, GSH; 10, NO,™; 11, NO,™; 12, TBHP; 13, vitamin C; 14, -O'Bu.

TDDEFT calculations suggest that the maximal absorption
bands of la—g are attributed to the S;«S, transition and that
the maximal emission bands of 1a—b are attributed to the Sy«
S, transition. The calculated maximum of absorption or
emission is shorter than that obtained experimentally (Table
2 and Figure S24), which is consistent with the previous report
that TDDFT calculations may underestimate the excitation or
emission wavelength due to the limitation of the exchange—
correlation functional.'> However, the deviations between the
experimental values and TDDFT data are often systematic and
can be corrected using appropriate linear scaling approaches.
Indeed, for la—g, as illustrated in Figure S29, the under-
estimated absorption maximum is rather systematic, and the
linear regression is characterized by a correlation coefficient
close to one. The experimental values and TDDFT data can be
well correlated by the following expression:

= —618.532 + 2.245 X dyenry (1)

Development of a New NIR Fluorescent Turn-on
Sensor for H,0, and the Applications for Biological
Imaging in Living Mice. Reactive oxygen species (ROS) play
important roles in many physiological and pathological
processes.'® Hydrogen peroxide (H,0,), one of the key ROS,
is produced by activation of NADPH oxidase complexes during
cellular stimulation with cytokines, neurotransmitters, and

. 16e—h . . .
peptide growth. H,0, serves as a signaling molecule in a
wide variety of signaling transduction processes, an oxidative
stress marker in aging and disease, and a defense agent in
.. 16e—h,17

response to pathogen invasion. However, aberrant
production of H,0, is associated with various diseases
including cancer, diabetes, neurodegenerative disorders, and

: 18,19 o . .
cardiovascular. " Thus, it is of importance to monitor

experiment
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generation and dynamic fluctuation of H,O, in living systems.
The construction of fluorescent sensors for H,O, has attracted
great attention.”®*' However, the development of fluorescent
H,0, sensors with both maximal absorption and emission
wavelengths in the NIR region (650—950 nm) is very
challenging, although it is highly desirable for biological
imaging of H,O, in living animals.

Herein, employing the approach established above based on
the optical property studies of the new type of NIR fluorescent
dyes, we present NIR-H,0, (Scheme $) as an innovative NIR
fluorescent sensor for H,0,. The key features of NIR-H,0,
include absorption and emission in the NIR region, a very large
fluorescence turn-on response, high selectivity for H,O,, and
suitability for imaging H,O, in both living cells and living mice.

Figure 4a shows the changes in the fluorescence emission
spectra when H,0, was added in phosphate buffer containing
the sensor NIR-H,0, (1 uM). The free sensor is almost
nonfluorescent in the absence of H,0O, when excited at around
690 nm. However, upon addition of increasing concentrations
of H,0, (0—250 uM), a large fluorescence turn-on response
(up to 180-fold enhancement at 708 nm) was observed (Figure
4a). Notably, this is a great enhancement factor for an NIR
fluorescent sensor. The changes in the absorption spectra
(Figure S30) are consistent with the variations in the emission
profiles. Notably, the NIR sensor NIR-H,0, can respond to
H,0, in pure newborn calf serum (without addition of any co-
organic solvent) (Figure S31).

Kinetics measurements of reaction of NIR-H,0, (1 uM)
with H,0, (100 4uM) under the pseudo-first-order conditions
give an observed rate constant of k., = 2.95 X 107> s7". As
exhibited in Figure 4b, NIR-H,0, is highly selective to H,0,
over other typical ROS and biorelevant species, such as
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Figure S. Images of HeLa cells treated with the sensor NIR-H,O,. (a) Brightfield image of HeLa cells incubated with only NIR-H, O, (1 M) for 30

min; (b) fluorescence image of (a); (c) brightfield image of HeLa cells incubated with NIR-H,0, (1 #M) for 30 min and then further treated with
H,0, (10 yuM); and (d) Fluorescence image of (c).

Figure 6. Imaging of H,0O, in living cells. (a) Fluorescence image of RAW 264.7 macrophages cells costained with NIR-H, O, for 60 min from red
channel. (b—h) Fluorescence images of RAW 264.7 macrophages cells stimulated with PMA (3.0 yg/mL) and costained with NIR-H,0,, Hoechst
33258 (4.5 uM), and MitoTracker green for 60 min: (b) from blue channel (nuclear staining); (c) from green channel (mitochondria staining); (d)

from red channel; (e) overlay of the green and red channels; (f) overlay of the blue and green channels; (g) overlay of the blue and red channels; and
(h) overlay of the blue, green, and red channels.
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Figure 7. Representative fluorescent images (pseudo-color) of in vivo H,O, production from the peritoneal cavity of the mice with NIR-H,0, during
an LPS-mediated inflammatory response: (a) Neither LPS nor NIR-H,0, was injected for the negative control; (b) saline was injected in the ip
cavity of mice, followed by ip injection of NIR-H,0, (160 nanomoles); and (c) LPS was injected into the peritoneal cavity of the mice, followed by
ip injection of NIR-H,0, (160 nanomoles).The mice were imaged using a FMT 2500 LX quantitative tomography in vivo imaging system with an
excitation filter of 670 nm and an emission range of 690—740 nm 30 min after the NIR-H,0, injection. (d) Quantification of fluorescence emission
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CH,COOOH, HCIO/~0Cl, 0,™, NO, -OH, Fe**, GSH,
NO,~, NO;~, tert-butyl hedroperoxide (TBHP), vitamin C, and
-O'Bu. The high selectivity and the sensing mechanism of the
sensor NIR-H,0, to H,0, may be attributed to the unique
chemical properties of H,0,, as described previously by
Chang’s group.20d

We proceeded to evaluate the ability of the sensor NIR-
H,0, to operate in live cells. HeLa cells incubated with NIR-
H,0, (5 uM) for 30 min at 37 °C provide almost no
fluorescence (Figure Sb). However, when the living HeLa cells
loaded with NIR-H,0, were further treated with H,O,, they
gave strong fluorescence (Figure Sd). These results imply that
NIR-H,0, is cell membrane permeable and responsive to
H,0, in the living cells. In addition, the in situ (in cellulo)

emission spectrum of the sensor NIR-H,0, in the presence of
H,0, in HeLa cells resembles to that of compound le in pH
74 PBS/THF (1:1) (Figure S32), suggesting that the NIR
emission of the sensor NIR-H,0, in living cells can be
attributed to the single molecule state.

Encouraged by the above promising results, we decided to
further examine the feasibility of the sensor NIR-H,O, to
detect endogenously produced H,O, in living macrophage
cells. When stimulated by phorbol myristate acetate (PMA),
macrophage cells may produce endogenous H,0,.”* The living
RAW264.7 macrophage cells loaded with only the NIR sensor
NIR-H,0, (1 uM) display almost no fluorescence (Figure 6a).
However, the macrophage cells coincubated with PMA (3.0
ug/mL) and the sensor NIR-H,0, (1 yM) exhibit a dramatic
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Scheme 6. Design and Synthesis of NIR Fluorescent Turn-on Thiol Sensor NIR-Thiol

NIR-Thiol

enhancement in the red emission (Figure 6d). These data
indicate that the new NIR sensor NIR-H,0, is capable of
fluorescent imaging of endogenously produced H,O, in the
living RAW264.7 macrophage cells. Notably, the MTT assays
(Figure $33)*° indicate that NIR-H,0, of concentrations
below 60 M have no marked cytotoxicity. In addition, the
mitochondria staining experiments (Figure 6¢c,e,h, and Figure
S34) suggest that the sensor mainly associates with the
mitochondria of RAW264.7 macrophage cells.

The major advantage of the new NIR-H, 0, over the sensors
based on traditional 7-hydroxycoumarin and fluorescein is that
our NIR-H,0, has both absorption and emission in the NIR
region. Thus, the unique NIR properties of NIR-H,O, render
NIR-H,0, highly favorable for fluorsecence imaging of
endogenously produced H,0, in living animals. To examine
this possibility, the sensor was treated with living mice. The
H,0, production in vivo was generated by activated macro-
phages and neutrophils in a lipopolysaccharide (LPS) model of
acute inflammation.”®> The ICR mice were divided into three
groups: Group one was untreated as the control group; the
second group was given saline (400 uL) in the peritoneal
cavity, followed by intraperitoneal (ip) injection with the sensor
NIR-H,0, (160 nanomoles); and the third group was given an
ip injection of LPS (1 mg in 400 uL saline) and followed by ip
injection with the sensor NIR-H,0, (160 nanomoles) after 4 h.
The mice were anaesthetized, and the abdominal fur was
removed. The mice were imaged using a FMT 2500 LX
quantitative tomography in vivo imaging system 30 min after
the sensor injection. The mice treated with both LPS and the
sensor exhibit a significantly higher fluorescence readout
(pseudo-color) (Figure 7c) than the mice untreated (Figure
7a) or treated with only the sensor (Figure 7b). The fluorescent
intensity from the abdominal area of the mice was quantified,
and the data indicate that the mice loaded with LPS and the
sensor have approximately 10- and 20-fold higher fluorescence
intensity than the mice loaded with saline and the sensor and
the mice loaded with saline, respectively (Figure 7d). Thereby,
these results demonstrate that the new NIR sensor NIR-H,0,
is suitable for imaging endogenously produced H,O, in the
living animals.

Development of a Novel NIR Fluorescent Turn-on
Sensor for Thiols and the Applications for Biological
Imaging in Living Mice. To further test the robust nature of
the approach for NIR sensor development, we constructed
NIR-thiol (Scheme 6) as a novel NIR fluorescent thiol sensor.
Small molecular weight biological thiols play a critical role in
many biological processes. However, abnormal levels of thiols
are implicated in a variety of diseases including liver damage,
skin lesions, and slowed growth.“’25 Thus, it is of high interest
to monitor biological thiols. A number of fluorescent thiol

sensors have been developed.26 However, the applications of
them have been largely limited to cell culture, thin specimens,
and blood specimens, owing to the need for ultraviolet or
visible light excitation. Thus, the development of NIR
fluorescent thiol sensors with both absorption and emission
in the NIR for imaging of thiols in living mice remains a major
challenge in the field of optical imaging. Toward this end, we
prepared compound NIR-thiol as a novel candidate of NIR
fluorescent thiol sensor by modifications on the hydroxyl group
of NIR dye la with 2,4-dinitrobenzenesulfonate moiety”’
(Scheme 6) for optical imaging of endogenous thiols in living
mice for the first time.

As designed, the free sensor NIR-thiol is essentially
nonfluorescent in PBS buffer (Figure 8). However, the addition
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Figure 8. Fluorescence spectra of NIR-thiol (10 4M) in the presence
of various concentrations of Cys (0—70 uM) in pH 7.4 PBS/CH,CN
(7:3) with excitation at 690 nm. Inset: Fluorescence intensity of NIR-
thiol (10 uM) at 716 nm vs Cys concentration (0—70 uM).

of representative thiol, cysteine (Cys), elicited a dramatic
change in the fluorescence spectra. A strong new emission peak
at 716 nm appeared with a 50-fold enhancement. As displayed
in the inset of Figure 8, low-micromolar thiols can be readily
detected. Thus, the sensor should be sensitive enough to
monitor intracellular thiols, which typically are in the millimolar
level. The changes in the absorption spectra (Figure S3S) are
consistent with the variations in the emission profiles. The time
course of the fluorescence intensity at 716 nm in the absence or
presence of Cys was exhibited in Figure S$36. Upon
introduction of Cys, a significant enhancement in the emission
intensity was noted, and the intensity essentially reached
maximum within 60 s. This indicates that NIR-thiol responds
very rapidly to thiols, and the sensor may have potential for
monitoring of thiols in real time. Notably, the free sensor NIR-
thiol is stable in the assay conditions over 24 h (Figure S36B),
and the free sensor in the solid form can be stored for more
than one year. As shown in Figure S37, NIR-thiol is highly
selective to typical small molecular weight biological thiols
(Cys, Hey, and GSH) over other biorelevant species, such as
Phe, Gly, Arg, Lys, Tyr, Leu, glucose, Ser, and Val, suggesting
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..

Figure 9. (a—c) Live Bel 7702 cells co-incubated with NIR-thiol (S #M) and Hoechst 33258 (4.5 M) for 30 min. (a) Emission from the blue
channel (nuclear staining); (b) emission from the red channel; and (c) overlay of the blue and red channels. (d) Fluorescence image (red channel)
of Bel 7702 cells pretreated with N-ethylmaleimide (1 mM) for 30 min and then incubated with NIR-thiol (5 #uM) for 30 min.
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Figure 10. Representative fluorescence images (pseudo-color) for the mice ip injected with a different amount [(a) 0, (b) 20, (c) 40, or (d) 160
nanomoles] of NIR-thiol. (e) Quantification of the fluorescence intensities from the mice (ip) injected with a different amount (0, 20, 40, or 160
nanomoles) of NIR-thiol. The images were obtained 10 min after the injection of NIR-thiol into the ip cavity of the mice. The mice were imaged
using a FMT 2500 LX quantitative tomography in vivo imaging system, with an excitation filter of 670 nm and an emission filter of 690—740 nm.

that the sensor is promising for applications in living systems.
Furthermore, NIR-thiol can respond to thiols in pure newborn
calf serum solution (without addition of any co-organic
solvent) (Figure S38). The sensing mechanism of the sensor
NIR-thiol can be attributed to the cleavage of the dinitrophenyl
moiety by thiols.””

To assess the ability of the sensor NIR-thiol for NIR imaging
of thiols in living cells, the sensor was incubated with living
HeLa or Bel 7702 cells, and bright fluorescence was observed
(Figures 9b, S39B). By contrast, in a control experiment, the
HeLa or Bel 7702 cells were pretreated with N-ethylmaleimide
(a thiol-reactive agent) and further incubated with NIR-thiol,
where almost no fluorescence was noted (Figures 9d, S39D),
suggesting the selective reaction of the sensor with thiols. Thus,
the sensor appears to be cell membrane permeable and capable
of NIR imaging of thiols in living cell. The NIR bioimaging is
advantageous over visible bioimaging in terms of negligible
background fluorescence of native cellular species. The in situ
(in cellulo) emission spectrum of the sensor NIR-thiol in HeLa
cells is very similar to that of compound 1la in pH 7.4 PBS/
THF (1:1) (Figure S40), suggesting that the NIR emission of
NIR-thiol in living cells can be attributed to the single molecule
state. In addition, the MTT assays (Figure $41)*® indicate that
NIR-thiol of concentrations below 50 yM does not show
noticeable cytotoxicity.

Thus, the prominent features of NIR-thiol include NIR
absorption and emission, rapid response, high sensitivity,
excellent selectivity, good cell membrane permeability, and
low cytotoxicity. These desirable attributes prompted us to
further examine the suitability of the sensor for visualizing
endogenous thiols in living animals. A different amount (0, 20,
40, or 160 nanomoles) of NIR-thiol was injected into the ip
cavity of mice. The mice were imaged using a FMT 2500 LX
quantitative tomography in vivo imaging system 10 min after
the NIR-thiol injection. As shown in Figure 10b, strong
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fluorescence (pseudo-color) was noted for the mice injected
with 20 nanomoles of NIR-thiol, whereas almost no
fluorescence was observed in the control mice without being
injected with the sensor (Figure 10a). In addition, the mice
injected with a higher amount (40 or 160 nanomoles) of NIR-
thiol provided brighter fluorescence (pseudo-color) (Figure
10c,d). Quantification of the fluorescence intensities from the
mice (ip) injected with a different amount (0, 20, 40, or 160
nanomoles) of NIR-thiol reveals a dose-dependent increase in
signal as a function of the sensor amount (Figure 10e). A very
large signal-to-noise contrast ratio (ca. 700-fold enhancement)
was observed for the mice injected with 20 nanomoles of NIR-
thiol. In addition, the signal-to-noise contrast ratio jumped to
ca. 2900- or 7400-fold enhancement when the mice were
injected with 40 or 160 nanomoles of NIR-thiol, respectively.
Taken together, these data indicate that NIR-thiol is a robust
imaging agent for visualizing endogenous thiols in the context
of living mice for the first time.

Previously, we have developed a class of NIR dyes, Changsha
(CS) NIR dyes, which are superior to the traditional rhodamine
dyes with both absorption and emission in the NIR region
while retaining the rhodamine-like fluorescence on—off switch-
ing mechanism.* Notably, there are drastic distinctions
between the CS NIR dyes and the novel type of NIR dyes
reported herein. First, the design strategies for these two types
of dyes are largely different. The CS NIR dyes were rationally
designed based on the “integration” of a benzoic acid moiety
with a merocyanine unit inspired by the fact that the electronic
pulling pathway for the CS NIR functional dye spirocyclization
highly resembles that of the traditional rhodamine dye
spirocyclization. By sharp contrast, the new type of NIR dyes
described herein was constructed based on the new reaction
between chloro-substituted cyanine with resorcin under basic
conditions. In addition, the mechanistic studies reveal that the
new reaction likely involves a cascade sequence of putative
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retro-Knoevenagel, cyclization, and dehydration. Second, the
CS NIR dyes may be “considered” as the NIR surrogates of the
classic rhodamine dyes. By contrast, the new type of NIR dyes
described herein appear to be the NIR surrogates of the
traditional fluorescein/7-hydroxycoumarin dyes. Thus, more
importantly, the distinction between the CS NIR and the new
NIR dyes is in their use as platforms for fluorescent sensor
design. Just like the rhodamine platform,”™ the CS NIR dyes
are mainly applicable for the design of fluorescent sensors based
on the carboxylic acid functionalized reactive sites (Scheme 7).

Scheme 7. Schematic Ilustration of the New NIR and CS
NIR dyes, Fluorescein/7-Hydroxycoumarin, And
Rhodamine As the Platforms for Fluorescent Sensor Design®
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“Notably, the relationship between the new NIR and CS NIR dyes is
just like that between fluorescein/7-hydroxycoumarin and rhodamine.
They are essentially complementary but not replaceable.

Whereas, just like the fluorescein/7-hydroxycoumarin plat-
form,'%2% the new NIR dyes are primarily applicable for the
design of fluorescent sensors based on the hydroxyl function-
alized reactive sites (Scheme 7). For instance, the CS NIR dyes
could be employed to design a NIR fluorescent sensor for
HOCI based on thiosemicarbazide chemistry (a carboxylic acid
functionalized reactive site),* but they are not suitable for
development of NIR fluorescent sensors for H,O, and thiols
based on the borate chemistry®*! and 2,4-dinitrobenzenesulfo-
nate chemistry”” (hydroxyl functionalized reactive sites). On
the other hand, the new NIR dyes could be used to construct
NIR fluorescent sensors for H,O, and thiols based on borate
chemistry**! and 2,4-dinitrobenzenesulfonate chemistry>’
(hydroxyl functionalized reactive sites) as described in this
work, but they are not applicable for development of an NIR
fluorescent sensor for HOCI based on thiosemicarbazide
chemistry (a carboxylic acid functionalized reactive site).*” In
other words, from the fluorescent sensor design point of view,
the novel type of NIR and the CS NIR dyes have different
scopes and limitations. They are essentially complementary but
not replaceable, just like the relationship between fluorescein/
7-hydroxycoumarin and rhodamine.

B CONCLUSION

Fluorescence microscopy with synthetic sensors offers a
powerful technique for studying biomolecules in their native
environment. NIR fluorescent sensors are advantageous over
visible light fluorescent sensors as NIR light leads to minimum
photodamage to biological samples, deeper tissue penetration,
and minimum interference from background autofluorescence.
Thus, robust strategies for design of NIR fluorescent sensors
are highly sought after. In this study, we have successfully
developed a new approach for ready construction of NIR
fluorescent sensors based on a novel class of NIR dyes
represented by 1la, 1lc, and le, which are superior to the
traditional 7-hydroxycoumarin and fluorescein while retaining
an optically tunable hydroxyl group. In addition, we have

performed quantum chemical calculations with the B3LYP
exchange functional employing 6-31G(d) basis sets to shed
light on the structure-optical properties of the new class of NIR
dyes. Moreover, we have demonstrated that the approach can
be easily employed to develop different types of NIR
fluorescent sensors for biological imaging applications in the
living animals: NIR-H,0, for endogenously produced H,O,
and NIR-thiol for endogenous thiols, highlighting the value of
the new NIR fluorescent sensor design approach. We expect
that the new NIR dyes described herein will serve as useful
fluorescent platforms for the development of fluorescent
sensors based on the hydroxyl functionalized reactive sites, a
useful complement to our previously reported CS NIR dyes,
which are mainly applicable for the design of fluorescent
sensors based on the carboxylic acid functionalized reactive
sites.

B EXPERIMENTAL SECTION

Synthesis of Compound 1a. Resorcin 3a (86.0 mg, 0.78 mmol)
and NaH (60% in mineral oil, 19.1 mg, 0.78 mmol) or triethylamine
(0.3 mL) were placed in a flask containing DMF (2 mL), and the
mixture was stirred at room temperature under nitrogen atmosphere
for 10 min. Compound 2a (200.1 mg, 0.31 mmol) in DMF (1.0 mL)
was introduced to the mixture via a syringe, and the reaction mixture
was heated at 50 °C for 4 h. The solution was then removed under
reduced pressure. The crude product was purified by silica gel flash
chromatography using petroleum ether/CH,ClL,/MeOH (25: 25: 1) as
eluent to give compound la as a blue-green solid (90.4 mg, yield
55.0%). '"H NMR (400 MHz, CDCL,): 6 1.41-1.45 (t, ] = 7.2 Hz,
3H), 1.69 (s, 6H), 1.88—1.91 (m, 2H), 2.63—2.66 (t, ] = 5.6 Hz, 2H),
2.69-2.72 (t, ] = 5.6 Hz, 2H), 407—4.12 (q, ] = 6.8 Hz, 2H), 5.92—
5.96 (d, J = 14.0 Hz, 1H), 6.97—7.00 (2H), 7.06—7.08 (d, ] = 8.0 Hz,
1H), 7.19-7.23 (t, J = 7.6 Hz, 1H), 7.24—7.26 (d, ] = 8.8 Hz, 1H),
7.35—7.39 (3H), 8.37—8.40 (d, ] = 14.0 Hz, 1H). *C NMR (100
MHz, CDCL): 6 12.09, 20.75, 24.35, 28.39, 39.29, 48.92, 97.80,
103.01, 107.87, 109.87, 114.85, 115.04, 121.25, 121.4S, 122.29, 124.57,
128.63, 129.35, 139.01, 139.79, 140.58, 141.89, 156.87, 162.32, 170.76.
HRMS (ESI) m/z caled for C,;H,sNO, (M'): 398.211S. Found:
398.2112.

Synthesis of Compound 1b. To a solution of compound 1la
(200.0 mg, 0.38 mmol) and iodoethane (592.8 mg, 3.80 mmol) in dry
DMF (2.0 mL), Cs, CO; (248.0 mg, 0.76 mmol) was added. The
mixture was stirred at room temperature for 1 h, and then the solvent
was evaporated under reduced pressure to give the crude product,
which was purified by silica gel flash chromatography using petroleum
ethyl acetate/acetone (3:1) as eluent to give compound 1b as a blue
solid (165.9 mg, 79.5%). '"H NMR (400 MHz, CDCL;): 1.40—1.48 (m,
6H), 1.74 (s, 6H), 1.87 (bs, 2H), 2.69 (bs, 4H), 4.11- 4.14 (q, ] = 7.2
Hz, 2H), 440- 443 (q, ] = 6.8 Hz, 2H), 630- 6.40 (dd, ] = 14.8, 5.0
Hz, 1H), 6.76 (s, 1H), 6.77—6.84 (dd, 1H), 7.30—7.41 (m, SH), 7.47—
749 (dd, J = 7.2, 2.0 Hz, 1H), 8.55-8.57 (d, ] = 142 Hz, 1H). *C
NMR (100 MHz, CDCl,): § 11.94, 13.6S, 19.31, 23.67, 27.30, 28.16,
40.39, 49.56, 63.81, 100.21, 102.19, 111.42, 112.69, 113.92, 114.72,
121.69, 126.11, 126.21, 128.07, 128.26, 133.56, 140.02, 140.71, 144.59,
153.51, 161.09, 161.60, 175.38. HRMS (ESI) m/z caled for
CyoH3,NO,* (M*): 426.2428. Found: 426.2436.

Synthesis of Compound 1c. Route A (shown in Scheme 1):
Resorcin 3a (275.6 mg, 2.48 mmol) and triethylamine (0.3 mL) were
placed in a flask containing DMF (2 mL), and the mixture was stirred
at room temperature under nitrogen atmosphere for 10 min.
Compound 2b (400.0 mg, 0.83 mmol) in DMF (1.0 mL) was
introduced to the mixture via a syringe, and the reaction mixture was
heated at 50 °C for § h. The solution was then removed under reduced
pressure. The crude product was purified by silica gel flash
chromatography using petroleum ether/ethyl acetate (2:1) to
CH,Cl,/ethanol (1:0 to 50:3) as eluent to give compound 1lc as a
blue-green solid (252.4 mg, yield 59.5%).
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Route B (shown in Scheme 3): Compound 1d (200.2 mg, 0.44
mmol) was placed in a flask containing anhydrous CH,Cl, (3 mL),
and the solution was stirred at 0 °C under nitrogen atmosphere for 30
min. BBry (1 mL BBry dissolved in 3 mL CH,ClL,) was slowly
introduced to the mixture via a syringe, and the reaction mixture was
warmed to room temperature and stirred at room temperature for 24
h. The mixture was added to a saturated NaHCOj solution (50 mL)
and was extracted with CH,Cl, (50 mL) three times. The organic
phases were combined and dried by anhydrous MgSO,. The solution
was then removed under reduced pressure. The crude product was
purified by silica gel flash chromatography using petroleum ether/ethyl
acetate (2:1) to CH,Cl,/ethanol (15:1) as eluent to give compound
1c as a blue-green solid (182.6 mg, yield 89.7%).

'H NMR (500 MHz, CDCL,): 6 1.67 (s, 6H), 1.87—1.92 (m, 2H),
2.62 (t, ] = 6.0 Hz, 2H), 2.67 (t, ] = 6.0 Hz, 2H), 3.36 (s, 3H), 4.07—
4.12 (q,J = 7.2 Hz, 2H), 5.60 (d, J = 13.5 Hz, 1H), 6.58 (s, 1H), 6.78
(dd, J = 9.0, 1.5 Hz, 1H), 6.84 (d, ] = 8.0 Hz, 1H), 7.05 (t, ] = 8.0 Hz,
1H), 7.21 (d, ] = 9.0 Hz, 1H), 7.26—7.29 (2H), 7.32(s, 1H), 8.08 (d, J
=13.0 Hz, 1H). ®*C NMR (125 MHz, CDCL,): § 21.34, 24.52, 27.96,
28.59, 29.70, 30.08, 47.98, 94.47, 103.61, 107.82, 116.36, 116.51,
116.71, 122.02, 122.29, 127.37, 128.13, 129.79, 132.43, 139.59, 140.06,
143.87, 159.02, 159.91, 166.07. HRMS (ESI) m/z calcd for
CoH,6NO,™ (M*): 384.1958. Found: 384.1971.

Synthesis of Compound 1d. Route A (shown in Scheme 1): To
a solution of compound 1c (200.0 mg, 0.39 mmol) and iodomethane
(110.9 mg, 0.80 mmol) in dry DMF (2.0 mL), Cs, CO; (248.0 mg,
0.76 mmol) was added. The mixture was stirred at room temperature
for 1 h, and then the solvent was evaporated under reduced pressure to
give the crude product, which was purified by silica gel flash
chromatography using petroleum/ethyl acetate (1:1) to CH,CL,/
ethanol (15:1) as eluent to give compound 1d as a blue solid (167.5
mg, 81.6%).

Route B (shown in Scheme 3): To a solution of 2-hydroxy-4-
methoxybenzaldehyde 6 (1.0 g, 6.6 mmol) and cyclohexanone 7 (1.3
g, 132 mmol) in ethanol (50.0 mL) was added piperidine (0.6 mL)
and acetic acid (0.2 mL). The mixture was heated and stirred at reflux
condition for 12 h, and then the solvent was evaporated under reduced
pressure to give a residue. The resulting residue was treated with
Fisher aldehyde § (2.8 g, 14.0 mmol) in acetic anhydride (10 mL), and
the mixture was heated and stirred at S0 °C for 8 h. Subsequently, the
solvent was evaporated under reduced pressure to give the crude
product which was further purified by silica gel flash chromatography
using petroleum/ethyl acetate (3:1) to CH,Cl,/ethanol (1: 0 to 15:1)
as eluent to afford compound 1d as a blue solid (547.6 mg, 19.5%).

'H NMR (400 MHz, CDCl;): 1.82 (s, 6H), 1.91—1.97 (m, 2H)
2.74-2.77 (t, ] = 6.0 Hz, 2H), 2.79-2.82 (t, ] = 6.0 Hz, 2H), 3.98 (s,
3H), 4.04 (s, 3H), 6.49—6.53 (d, ] = 14.8 Hz, 1H), 6.88—6.91 (2H),
729 (1H), 7.37-7.43 (3H), 7.46—7.51 (2H), 8.63—8.67 (d, ] = 152
Hz, 1H). *C NMR (100 MHz, CDCl,): § 20.41, 24.85, 28.36, 29.32,
29.78, 34.50, 50.61, 56.60, 100.90, 104.36, 112.69, 113.49, 115.33,
115.89, 122.51, 127.32, 127.44, 128.99, 129.30, 134,19, 141.55, 142.27,
145.73, 154.62, 162.02, 163.24, 177.52; HRMS (ESI) m/z calcd for
C,,H,yNO," (M*): 398.2115. Found: 398.2127.

Synthesis of Compound 1e. 4-chloro resorcin 3b (134.1 mg,
0.93 mmol) and triethylamine (0.3 mL) were placed in a flask
containing DMF (2.0 mL), and the mixture was stirred at room
temperature under nitrogen atmosphere for 10 min. Compound 2a
(200.0 mg, 0.31 mmol) in DMF (1.0 mL) was introduced to the
mixture via a syringe, and the reaction mixture was heated at 75 °C for
4 h. The solution was then removed under reduced pressure. The
crude product was purified by silica gel flash chromatography using
CH,CL,/EtOH (50:1) as eluent to give compound 1le as a blue-green
solid (60.7 mg, yield 35.0%). '"H NMR (500 MHz, CDCL,): 6 1.36—
1.39 (t, ] = 7.2 Hz, 3H), 1.67 (s, 6H), 1.89—1.92 (2H), 2.61-2.64 (t, ]
= 6.0 Hz, 2H), 2.68—2.70 (t, ] = 6.0 Hz, 2H), 3.89-3.93 (q, J = 7.2
Hz, 2H), 5.67—5.70 (d, ] = 13.5 Hz, 1H), 6.77 (s, 1H), 6.88—6.89 (d, ]
= 8.0 Hz, 1H), 7.08=7.11 (t, ] = 7.5 Hz, 1H), 7.29—7.33 (3H), 7.41 (s,
1H), 8.13—8.16 (d, J = 13.5 Hz, 1H). *C NMR (125 MHz, CDCL,): §
11.66, 21.19, 24.44, 28.07, 28.57, 38.24, 47.90, 94.74, 103.82, 108.23,
11522, 115.72, 117.54, 12224, 122.87, 127.26, 12827, 134.45, 139.19,
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139. 97, 142.70, 157.42, 160.57, 166.39. HRMS (ESI) m/z calcd for
C,,H,,NO,Cl (M*): 432.1725. Found: 432.1742.

Synthesis of Compound 1f. 3-aminophenol 3c (338.0 mg, 3.11
mmol) and compound 2a (197.8 mg, 0.31 mmol) were placed in a
flask containing DMF (3.0 mL). After heating for 4 h at 80 °C under
nitrogen, the solution was concentrated under reduced pressure. The
resulting crude product was purified by silica gel flash chromatography
using petroleum ether/CH,Cl,/MeOH (25:25:1) as eluent to give
compound 1f as a red solid (105.6 mg, yield 65.2%). "H NMR (400
MHz, CDCLy): § 8.33—8.36 (d, ] = 12.8 Hz, 1H), 7.63 (s, 1H), 7.49—
7.51 (d, ] = 8.8 Hz, 1H), 7.41 (d, ] = 2.4 Hz, 1H), 7.15—7.18 (m, 2H),
6.96—6.98 (dd, ] = 8.8, 2.4 Hz, 1H), 6.84—6.88 (t, ] = 7.2 Hz, 1H),
6.61—6.63 (d, ] = 7.6 Hz, 1H), 5.54—5.58 (d, ] = 12.8 Hz, 1H), 3.69—
3.74 (q, ] = 7.2 Hz, 2H), 2.87—2.90 (t, ] = 6.0 Hz, 2H), 2.76—2.78 (t, ]
= 5.6 Hz, 2H), 1.91-1.97 (m, 2 H), 1.71 (s, 6H), 1.24—1.28 (t, ] = 6.8
Hz, 3H). °C NMR (100 MHz, CDCl,) 158.65, 157.89, 155.47,
147.82, 144.06, 139.59, 134.28, 128.44, 127.93, 127.51, 127.15, 124.07,
121.68, 121.43, 119.66, 117.79, 109.29, 105.88, 92.75, 46.00, 36.83,
30.48, 2846, 26.51, 2241, 10.99; HRMS (EI) m/z caled for
C,HyN,O, [M—H] *: 396.2196. Found: 396.2193.

Synthesis of Compound 1g. 3-methoxyaniline 3d (381.2 mg,
3.10 mmol) and compound 2a (200.5 mg, 0.31 mmol) were placed in
a flask containing DMF (3.0 mL). After heating for 4 h at 150 °C
under nitrogen, the solution was concentrated under reduced pressure.
The resulting crude product was purified by silica gel flash
chromatography using petroleum ether/CH,Cl,/MeOH (25:25:1) as
eluent to give compound 1g as a red solid (81.6 mg; yield 48.9%). 'H
NMR (400 MHz, CDCl;, TMS) & 8.44 (d, ] = 12.8 Hz, 1H), 7.58 (s,
1H), 7.47—7.49 (d, ] = 8.8 Hz, 1H), 7.32 (s, 1H), 7.13—7.17 (m, 2H),
6.99—7.02 (m, 1H), 6.82—6.86 (m, 1H), 6.58—6.60 (d, ] = 8.0 Hz,
1H), 5.56—5.59 (d, J = 13.2 Hz, 1H), 3.94 (s, 3H), 3.66—3.72 (m,
2H), 2.85 (t, ] = 4.2 Hz, 2H), 2.76 (m, 2H), 1.87—-1.92 (m, 2H), 1.77
(s, 6H), 1.24 (t, ] = 42 Hz, 3H). *C NMR (100 MHz, CDCl,)
159.65, 157.48 155.47, 144.11, 139.16, 133.32, 129.90, 128.50, 127.51,
127.48, 125.24, 125.08, 121.80, 121.50, 119.29, 117.35, 107.69, 106.81,
105.62, 103.64, 100.76, 92.53, 55.26, 45.76, 36.61, 30.37, 28.60, 26.23,
22.32, 10.86. HRMS (EI) m/z caled for C,gH; N,O" [M—H] *:
410.2353. Found: 410.2344.

Synthesis of Compound NIR-H,0,. Compound le (110 mg,
0.226 mmol) and CsCO; (130 mg,0.678 mmol) were dissolved in
CH,Cl,. The mixture was stirred at room temperature for 10 min, and
then compound 9 (180 mg, 0.678 mmol) was added. After overnight
reaction, the solvent was removed under reduced pressure. The
resulting residue was purified by a silica gel column (CH,Cl,/
C,H;OH = 10:1) to afford compound NIR-H,O, as a blue solid
(1029 mg, isolated yield: 65.7%): '"H NMR (500 Hz, MeOD): § =
1.37—-140 (t, ] = 7.5 Hz, 3H), 1.7 (s, 6H), 1.8—1.82 (t, ] = 6.0 Hz,
2H), 2.58—2.6 (t, ] = 6 Hz, 2H), 2.62 —2.65 (t, ] = 6 Hz, 2H), 4.30—
4.34 (d, ] =7 Hz, 2H), 5.25 (s, 2H), 6.41—6.44 (d, ] = 15 Hz, 1H), 7.0
(s, 1H), 7.11 (s, 1H), 7.37-7.50 (6H), 7.59—7.6 (d, ] = 7 Hz, 2H),
7.7-7.72(d, ] = 7.5 Hz, 1H),8.54—8.57 (d, ] = 14.0 Hz,1H). *C NMR
(125 Hz, MeOD): 10.22, 13.97, 19.6, 22.52, 26.00, 29.15, 31.14, 42.65,
53.24, 59.33, 71.78, 73.71, 103.89, 106.37, 112.19, 114.98, 116.88,
118.50, 122.60, 124.86, 128.32, 129.78, 130.12, 130.90, 131.34, 133.90,
136.45, 143.43, 144.84, 148.41, 155.06, 159.16, 163.10, 180.33. HRMS
(ESI) m/z caled for CyyH,,*B,CIN,0, ([M]): 565.2300. Found:
565.2317.

Synthesis of Compound NIR-thiol. To a solution of compound
la (100.0 mg, 0.19 mmol) and 2,4-dinitrobenzenesulfonyl chloride
(203.4 mg, 0.76 mmol) in dry CH,Cl, (10 mL), Cs, CO; (30.1 mg,
0.091 mmol) was added. The mixture was stirred at room temperature
for 30 min, and then the solvent was evaporated under reduced
pressure to give the crude product, which was purified on a basic Al,O;
column eluted with CH,Cl,/C,H;OH (100:1 to 30:1) to yield
compound NIR-thiol as a blue solid (85.9 mg, yield 60.0%). '"H NMR
(400 MHz, CDCl,): § 1.54—1.57 (t, 3H), 1.81 (s, 6H), 1.90 (2H),
2.72 (4H), 4.54—4.56 (q, ] = 7.2 Hz, 2H), 6.64—6.68 (d, ] = 15.2 Hz,
1H), 7.02—7.04 (2H), 7.21 (s, 1H), 7.37-7.39 (d, ] = 8.4 Hz, 1H),
7.46-7.50 (2H), 7.51-7.57 (2H), 8.23 (d, ] = 2.0 Hz, 1H), 8.26—8.29
(1H), 8.32—8.35 (d, J = 8.8 Hz, 1H), 8.38—8.40 (d, J = 8.8 Hz, 1H),
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8.60—8.66 2H), 8.68 (s, 1H). '*C NMR (125 MHz, CDCl,): § 13.16,
20.07, 24.11, 27.78, 28.93, 29.48, 41.69, 51.36, 106.68, 110.10, 113.31,
115.72, 118.23, 118.69, 120.52, 121.68, 122.74, 125.29, 127.42, 128.39,
128.81, 128.94, 129.46, 129.66, 130.91, 131.56, 131.86, 133.0S, 134.39,
140.79, 142.48, 145.36, 146.60, 147.45, 14821, 148.83, 149.49, 151.14,
152.92, 158.79, 167.79, 178.65. HRMS (ESI) m/z caled for
Cy3HyN;058" (M*): 628.1748. Found: 628.1749.

Spectroscopic Studies of the Sensor NIR-H,0,. Superoxide
(0, ™) was added as solid KO,. Hydroxyl radical and tert-butoxy
radical (OBu) were generated by reaction of Fe** with H,0, or
TBHP, respectively.”'® Nitric oxide (NO) was generated from DEA/
NONOate (stock solution 1 mM in 0.01 M NaOH).* Singlet oxygen
(*0,) was generated from ClO~ and H,0,3° A stock solution of
DEA/NONOate was prepared in 0.01 M NaOH solution. Various
analytes represented by H,0,, NO;~, NO,~, HCIO, O,™+, -OH, '0,,
CH,COOOH, NO, Fe*, GSH, TBHP, vitamin C,-O'Bu were added
to the solution of NIR-H,0, (final concentration, 1 M) in 0.1 M
PBS, pH 7.4 (containing 1% DMSO). The resulting solution was kept
at ambient temperature for 30 min, and then the fluorescence
intensities were recorded with excitation at 690 nm.

Raw 264.7 Murine Macrophages Culture and Imaging Using
NIR-H,0,. Raw 264.7 murine macrophages were obtained from a
Xiangya hospital and cultured in Dulbecco’s modified eagle medium
(DMEM) supplemented with 10% FBS (fetal bovine serum) in an
atmosphere of 5% CO, and 95% air at 37 °C. For detection of
endogenously produced H,O,, the living RAW 264.7 macrophages
were coincubated with PMA (1 ug/mL), NIR-H,0, (1 uM), Hoechst
33258 (4.5 uM), and mito tracker green (1 zM) for 60 min. Prior to
imaging, the cells were washed 3X with 1 mL of PBS, and the
fluorescence images were acquired through an Olympus fluorescence
microscopy equipped with a cooled CCD camera.

Fluorescent Imaging in Living Mice Using NIR-H,0,. ICR
mice, 20—25 g, were given an ip injection of LPS (1 mg in 400 uL
saline). After 4 h, the mice were anesthetized by an ip injection of
xylazine (10 mg/kg) and ketamine (80 mg/kg), and the abdominal fur
was removed with an electric shaver. Then, the mice were
intraperitoneally injected with NIR-H,0, (400 uM in 400 uL of 1:9
= DMSO:PBS). As a control, untreated (neither treated with LPS nor
NIR-H,0,) or unstimulated mice ip injected only with NIR-H,O,
(400 uM in 400 uL of 1: 9 = DMSO: PBS) were also prepared. The
mice were then imaged (30 min after the injection of NIR-H,0,) by
using a FMT 2500 LX quantitative tomography in vivo imaging system,
with an excitation filter of 670 nm and an emission filter of 690—740
nm.
Bel 7702 Cells Incubation and Fluorescence Imaging Using
NIR-thiol. Bel 7702 cells were cultured in DMEM supplemented with
10% FBS in an atmosphere of 5% CO, and 95% air at 37 °C. One day
before imaging, the cells were seeded in 24-well flat-bottomed plates in
an atmosphere of 5% CO,, 95% air at 37 °C for 24 h. The cells were
incubated with the sensor NIR-thiol (5 uM) and Hoechst 33258 (4.5
uM) for 30 min at 37 °C in PBS buffer (containing 1% DMSO) and
then washed with PBS buffer 3X. For the control experiment, the cells
were pretreated with PBS solution containing N-ethylmaleimide (1
mM) for 30 min, and then incubated with the sensor NIR-thiol (5
uM) in PBS (containing 1% DMSO) for 30 min at 37 °C.
Fluorescence imaging was then carried out after washing cells with
PBS. Fluorescence imaging of intracelluar thiols was conducted using a
Nikon eclipase TE300 inverted fluorescence microscope.

Fluorescent Imaging in Living Mice Using NIR-thiol. ICR
mice, 20—25 g, were ip injected with a different amount of NIR-thiol
(0, 20, 40, or 160 nanomoles) in 100 uL of 1:3 = DMSO:PBS.
Subsequently, the mice were anesthetized by ip injection of xylazine
(10 mg/kg) and ketamine (80 mg/kg), and their abdominal fur was
removed with an electric shaver. The mice were then imaged by using
a FMT 2500 LX quantitative tomography in vivo imaging system, with
an excitation filter of 670 nm and an emission filter of 690—740 nm.
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