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Abstract

A new type of resorufin-based dual-functional fluorescent probe whose
fluorescence emission features are sensitive to thiol compounds and redox
homeostasis was developed. Thiols-triggered nucleophilic substitution of the probes
transfers the nonfluorescent probe to highly fluorescent resorufin moiety; the released
resorufin not only enables fluorescence signaling specific for thiol compounds but
functions as redox indicator with sensitive colorimetric and fluorescence emission
change upon redox variation. The preliminary fluorescence imaging experiments have
revealed the biocompatibility of the as-prepared probes and validated their

practicability for thiols sensing and redox homeostasis mapping in living cells.

1 Introduction

Thiols-containing biological molecules, such as cysteine (Cys), homocysteine
(Hey) and glutathione (GSH), play crucial roles in many physiological processes,
especially in maintaining the biological redox homeostasis through the equilibrium of
free thiols (RSH) and disulfides (RSSR). Cysteine (Cys) deficiency is often involved
in retarded growth in children, hematopoiesis decrease, leukocyte loss, skin lesions,
liver damage, and weakness.'> Homocysteine (Hcy) is a risk factor for cardiovascular
and Alzheimer’s disease, inflammatory bowel disease, neural tube effect, and
osteoporosis.* > Glutathione (GSH) is the key factor for the protective and detoxifying
functions of the cell in maintaining the proper thiol-disulfide status of proteins,
preventing serious damage to DNA, proteins, and lipid membranes by scavenging
reactive free-radical species;”™ and alteration of the optimum cellular thiols-disulfide

zhstatus has been amalgamated with disturbance of physiological functions such as
1
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heart disease, stroke, and other neurological disorders. Thus, it is of significant
importance to develop efficient methods to detect thiols for investigating their
functions in cells and disease diagnosis. It is known that a delicate redox homeostasis
plays critical roles in numerous physiological functions of cells-the alterations in the
redox homeostasis induced by exogenous stimuli or endogenous stress or both exerts
significant influence on a host of cell functions, including but not limited to growth,
differentiation, metabolism, cell cycle, stress responses, communication, migration,
gene transcription, ion channels, and immune responses.”’> For instance, redox
homeostasis acts as an important modulator in the self-renewal and differentiation of
stem cells.'*"? Additionally, redox homeostasis is a pivotal index for disease diagnosis
because redox imbalance induced by oxidative stress may lead to an oncogenic
stimulation, defective cell death and aberrant proliferation, and eventually contribute
to the development of cancer.””*' Beyond doubt, it is critical to monitor the redox
state of a cell and its oscillation for an accurate evaluation of the cellular functioning

and/or exploration of the relationship between the disturbances in the redox

homeostasis and some diseases like cardiovascular diseases, Alzheimer’s, and cancers.

However, increasing evidence is now supporting the notion that informative
measurement of cellular redox state might be more challenging than previously
realized and the lack of effective strategy for measuring the status of intracellular
redox homeostasis has been a profound limitation for basic research and practical
clinical diagnosis.”> Owing to their apparent advantages in terms of ultrahigh
sensitivity, excellent spatiotemporal resolution, simplicity of manipulation and
applicability to intracellular detection over other strategies, such as high performance
liquid chromatography (HPLC), capillary electrophoresis (CE), electrochemical
techniques, mass spectrometry, fluorescence-based approaches have played active
roles at the forefront of thiols detections in recent years.”> Most fluorescent probes for
thiols developed so far are based on a salient feature of thiols, namely their strong
nucleophilicity, which inherently enables high binding affinity of thiols toward
specific metal ions, such as Hg®", and specific reactions between thiols and probes,
such as Michael addition, cyclization reaction with aldehyde and thiols-triggered
cleavage reactions. The binding of metal ions to thiols and the thiols-mediated
chemical reactions of the probe result in the change in detectable fluorescence signal
of the probes, which forms the basis of fluorescence-based thiols detections.”>°

Redox-sensitive genetically encoded green fluorescent proteins (GFP) and yellow
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fluorescent protein (YFP) were developed, generally by integrating a dithiol-disulfide
pair into the structures of YFP and GFP, respectively, and used as probes for imaging
of intracellular redox potential.zz’ 2730 Very recently, Tang and co-workers reported
small-molecular-weight fluorescent probes for real-time reversible imaging of redox
status changes in vivo and mapping of superoxide anion fluctuations in live cells and
in vivo, respectively, which clearly demonstrates the salient features of the
synthesized probes in terms of sensitivity for mapping redox homeostasis and

molecular events involved in redox regulation.*'*
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Scheme 1. Synthesis of the dual-functional probes and their sequential responses to

thiols and redox homeostasis.

In the present work, a new type of dual-functional probe capable of sequential
thiols detection and redox homeostasis evaluation was developed by nucleophilic
substitution of hexafluorobenzene with two resorufin units at para position, as shown
in Scheme 1. The as-prepared probes underwent thiol-mediated cleavage of the strong
electron-withdrawing tetrafluorobenzene group, which converts nonfluorescent
resorufin-based ether to fluorescent resorufin units and therefore enables thiols
sensing.”® It deserves mentioning that, in this work, the thiols-mediated release of
resorufin not only enables fluorescence signaling specific for thiols but also generates
redox indicator for redox homeostasis evaluation because the fluorescent resorufin
serves as an electron acceptor and can be reduced to nonfluorescent dihydroresorufin,
which can be reoxidized to resorufin.* It is known that, as a typical strategy, sulfonate
ester and sulfonamide derivatives have been developed as probes for thiols sensing
based on thiol-triggered removal of the strong electron-withdrawing
2,4-dinitrobenzenesulfonyl group from the probes and release of fluorophores such as

fluorescein, naphthalimide, benzoxadiazole derivatives, and resorufin for fluorescence
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signaling.*****® Resorufin derivatives have been used as probes for enzyme activity,
glucose oxidase-catalyzed oxidation of glucose, oxygen® and hydrogen peroxide.*
However, the exploitation of resorufin-based dual-functional probes for sequential
thiols detections and redox homeostasis evaluation has been unexplored to date. The
applicability of the as-prepared probes for thiols sensing and redox homeostasis
mapping in live cells was confirmed, which is the first paradigm where a single probe

functions for intracellular thiols sensing and redox homeostasis mapping.
2 Experimental

2.1 Chemicals

NaHS and other metal ion inorganic salts used in the experiments were obtained
from Shanghai Shenbo Chemical Co., Ltd., China. Acetonitrile (CH3;CN) and other
organic reagents were purchased from Aladdin Chemistry Co., Ltd., China. Biological
reagents were purchased from Acros and Aldrich. All the reagents were analytical
reagent grade and used without purification. All solutions were freshly prepared

before use. Milli-Q ultrapure water (18.2 MQcm) was used in all experiments.

2.2 Apparatus

The structural information of the probe was obtained in transmission mode on a
Fourier-transform infrared spectrophotometer (FT-IR, American Nicolet Corp. Model
170-SX) using the KBr pellet technique. 'H NMR spectra were measured on a
Brucker DMX-400 spectrometer at 400 MHz in CDCl; with tetramethylsilane as the
internal standard. Fluorescence emission spectra were recorded with a Fluoromax-4

spectrofluorometer instrument.

2.3 Synthesis

To a mixture of hexafluorobenzene (37.2mg, 0.2mmol) and resorufin sodium salt
(105.8mg, 0.45mmol) in DMF (10mL) in ice-water bath, NaOH (16mg, 0.4mmol)
was added and the resulting mixture was stirred at room temperature for 12 h until the
completion of the reaction confirmed by TLC. Water (10 mL) was subsequently added
and the mixture was extracted with ethyl acetate (30 mL), washed with brine (30 mL),
and dried with anhydrous magnesium sulfate and then concentrated in vacuum. After
solvent removal, the crude product was purified by silica gel column chromatography
to give yellow product 78mg, yield: 68%. The structure of compound was confirmed
by mass spectrometry, IR spectra, and 'H -NMR spectroscopy. FT-IR (KBr) v (cm'l):
2961, 1726, 1600, 1514, 1284, 1123, 1076, 787. '"H-NMR (300 MHz, CDCl;): & (ppm)

4
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7.71 (d, J=1.2, 2H), 7.65 (d, J=4.8, 2H), 7.63 (s, 2H), 7.57 (s, 2H), 7.53 (d, J=1.5, 2H),
7.48 (d, J=4.8, 2H). MALDI-TOF MS: 572.1(M").

2.4 UV-visible absorption and fluorescence spectral study

Stock solutions of Cys, GSH and NaHS, respectively, in distilled water and the
probe in acetonitrile (CH3CN) were prepared before UV-visible absorption and
fluorescence emission measurements. In a typical spectral measurement, aqueous
sample of the probe was prepared by adding small aliquots of the probe/CH3CN stock
solution into a cuvette with 2 mL of 0.2 M 3-(N-morpholine) propanesulfonic acid
(MOPS) bufter (pH 7).

2.5 General procedure for cell imaging

Macrophages were cultured in media (GIBCO RPMI 1640 supplemented with
10%FBS, 100 units/mL of penicillin and 100 units/mL of streptomycin) at 37 C ina
humidified incubator, and culture media were replaced with fresh media every day.
The cells were treated with ImM NEM (N-ethylmaleimide) in culture media for 30
min at 37°C and then washed with phosphate buffered saline (PBS) before
experiment. The cells were further incubated with 5 uM of probe in culture media for
15min at 37°C and then washed 3 times with warm PBS buffer before cell

fluorescence imaging experiments with confocal laser scanning microscopy.

3. Results and discussion

The target probe was synthesized via a facile nucleophilic substitution reaction
of hexafluorobenzene with resorufin in the presence of NaOH with relatively high
yield, approximately 68%. The aqueous solution of the target probe (4uM) is nearly
colorless, as shown in Figure 1A. To evaluate the response of the as-prepared probe to
thiol, UV-Vis absorption and fluorescence measurements of probe in 0.2 M MOPS
buffer were performed in the absence and presence of thiol and its inorganic
counterpart, NaSH salt (Figure 1). It was found that aqueous sample of probe displays
weak absorption in the ultraviolet region. Upon addition of NaSH, significant
absorption increase in the region of 475-600 nm with maximum peak at ~571 nm was
clearly observed. As a result, the aqueous sample turned from nearly colorless to a
vivid pink color (Figure 1A). The fluorescence emission features of the probe sample
also exhibited obvious change upon addition of NaSH. Specifically, emission intensity
of the sample at 583 nm dramatically augmented 13-fold upon addition of 3 equiv of

NaSH and the sample presented a bright orange fluorescence color in contrast to the

5
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weak fluorescence of the sample prior to addition of NaHS (Figure 1B).

To evaluate the ability of the as-prepared probe for biothiols sensing, the
fluorescence emission features of the probe were investigated in the presence of
cysteine (Cys) with the result illustrated in Figure 1C. It can be seen that the emission
intensity at 583 nm gradually increased with increasing the amount of Cys. Figure 1D
displays a plot of (/-1y)/Iy against the concentration of Cys ranging from 0 to 50 uM
and the corresponding linear fit (R* = 0.998) to the experimental data. Iy is the
emission intensity at 583-nm of the probe in the absence of Cys and [/ is the
counterpart intensity in the presence of different concentrations of Cys. From
titrations, a detection limit of ~0.52 uM of the as-prepared probe for Cys sensing was
determined based on the 3-sigma method, suggesting the possibility of quantitative

detection of biothiols using the as-prepared probe.
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Figure 1. (A, B) Evolution of UV-Vis absorption and emission spectra of probe in the
CH3;CN-H,0 mixed solvent upon the addition of NaHS. Insert: photographs of
aqueous sample of probe before (left) and after (right) addition of NaHS under room
light (A) and 365-nm light (B) illumination. (C) Evolution of emission spectra of
probe in the CH3CN- H,O mixed solvent upon the addition of Cys. (D) A plot of the
ratio of /-1y over I as a function of Cys concentration. The red line is a linear fit to the
data (R*=0.998). [probe] = 4uM. A= 510nm.

Aqueous solution of resorufin sodium salt displays intense absorption band in the
region of 475-600 nm and therefore presents a vivid pink color. It is noted that the

resorufin anion possesses typical intramolecular push-pull character and therefore
6
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electron delocalization over the molecular skeleton that responsible for the intense
absorption in the visible region. Owing to the strong electron-withdrawing property of
tetrafluorobenzene (TFB) moiety, derivatization the 7-OH of resorufin with TFB is
expected to sequestrate the negative charge of phenolate anion (Ph-O) and
consequently weakens the push-pull character”* ***® As a result, the electron
delocalization of resorufin moiety decreases and the weak absorption and
fluorescence features in the visible region of the probe were observed. The addition of
thiols and HS" triggers the nucleophilic aromatic substitution reaction of the probe and
eventually leads to cleavage of the ether bond of probe and the release of resorufin
moiety. Consequently, push-pull character of resorufin moiety was recovered and the
retrieved intense absorption features in the visible region and clear fluorescence

enhancement were observed.
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Figure 2. Evolution of the emission intensity (at 583-nm) of the probe (10uM) in the
presence of 100 equiv. of Cys (A) and NaHS (B) in 0.2 M MOPS buffer of pH 7.0.

As demonstrated in Figure 1, both Cys and HS™ were capable of retrieving the
fluorescence of resorufin moiety by triggering the cleavage of the ether bond of probe.
However, the fluorescence emission features of the probe exhibited distinct dynamic
changes upon addition of Cys and HS’, respectively. As shown in Figure 2A,
fluorescence intensity of the probe exhibited a ~10-fold enhancement 200 s after the
addition of excess amount of Cys and approached a maximum of ~24-fold increase
after 20 min. In sharp contrast, fluorescence intensity of the probe exhibited an
enhancement of more than 10-fold in 5 s after addition of excess amount of HS™ and
reached a plateau after 160 s with 28-fold fluorescence enhancement. Such
discrepancy in the response of the probe to HS™ and Cys suggested the difference in
reaction rate of the probe with different thiol compounds. Specifically, the release of
fluorescent resorufin moiety from the probe is based on thiol-mediated rupture of the

C (TFB)-O bond and nucleophilic aromatic substitution reaction of probe, in which
7
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the Cys component was expected to suffer from stronger steric hindrance effect owing
to its large size as compared to that of HS".

To evaluate the sensing selectivity of the as-prepared probes for Cys, the probes
were tested against various other typical essential amino acids such as Ser, Gly, Leu,
Glu, Arg, Lys, Ala, Pro, Phe, and Tyr as well as the thiol-containing GSH. The
response time of the probe to Cys and various other amino acids were 5 min. As
illustrated in Figure 3, upon addition of these reference amino acids or GSH with
identical concentrations, the fluorescence emission intensities of the probes nearly
kept unchanged in the cases of reference amino acids or minimally affected in the
case of GSH as compared to the original probe sample. In sharp contrast, the addition
of Cys with identical concentrations induced ~5-fold fluorescence enhancement.
These results suggest a high selectivity of the as-prepared probes for thiols over other
amino acids and indicate the diagnostic potential of the probes for thiols sensing in

biological samples.
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Figure 3. Fluorescence response of probe (10 uM) to typical essential amino acids and

GSH (10 uM). [y and I represent the fluorescence intensity (at 583-nm) of the probe in
the absence and presence of the corresponding amino acids or GSH.

Owing to its superior characteristics such as high extinction coefficient, high
fluorescence quantum yield, good water-solubility, good photostability, and
biocompatibility, resorufin has been used greatly for different detection schemes such

40, 41 2% and reactive oxygen species (ROS)** *°. Another salient

as proteases ', ions
feature of resorufin is its redox activity, namely it potential acting as a redox
indicators *. Specifically, the fluorescent resorufin can be reversibly reduced to
another colorless and nonfluorescent derivative of resorufin, dihydroresorufin, and the

latter can be reoxidized to resorufin by dissolved oxygen in alkaline aqueous milieu.
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Owing to its redox activity, resorufin has been used in anaerobic microbiology to
indicate contamination with oxygen’’, in glucose oxidase-catalyzed oxidation of
glucose as electron acceptor™, and in tracing dissolved oxygen™. Thus, thiol-triggered
cleavage of the ether bond of the probe in the present work not only imparted
fluorescence signaling for thiols sensing but also released active redox indicators for

subsequent redox mapping in a reversible manner.
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Figure 4. Evolution of UV-Vis absorption (A) and fluorescence emission spectra (B)
of probe in the CH;CN- H,O mixed solvent after NaHS treatment upon the addition of
glucose and glucose oxidase (GOXx). [probe] = 4uM. A= 550 nm. Insert: photographs
of aqueous sample of probe before (left) and after (right) treatment of glucose and
GOx under room light (A) and 365-nm light (B) illumination.

To evaluate the redox sensing ability of the probe, small aliquots of aqueous
GOx and glucose solution were added to the aqueous sample of the probe (4uM) after
thiols treatment and the UV-Vis absorption and fluorescence emission spectra of the
sample were then recorded. As shown in Figure 4A, the characteristic absorption with
maximum peak at ~571 nm gradually decreased upon increasing amount of glucose
and GOx added to the sample and the vivid pink color of the sample gradually faded
and regressed to colorless. Accompanying the obvious change in absorption features,
fluorescence emission of the probe sample underwent remarkable regression upon
addition of glucose and GOx, as shown in Figure 4B. Specifically, only ~5% of the
initial emission intensity of the aqueous probe sample remained after incubation with
25 equiv. of glucose and fluorescence of the sample became extremely faint from
bright orange color before reduction treatment. Such remarkable changes in
absorption and fluorescence emission features upon reduction treatment originate
from the difference in the electronic configuration between the resorufin and
dihydroresorufin. Specifically, reduction treatment on resorufin essentially deprived
resorufin of it push-pull character and led to the formation of dihydroresorufin with

limited electron delocalization features. As a result, significantly decreased absorption
9
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and fluorescence features in the visible region of the probe were observed.

Figure 5 displays the absorption and fluorescence emission features of the
aqueous probe sample after sequential thiols and reduction treatment upon following
addition of aqueous NaOH solution under aerobic conditions. It was found that the
colorless solution immediately changed to pink upon addition of small amount of
NaOH under aerobic conditions and a solution with nearly completely restored vivid
pink color was obtained when 2 equiv. of NaOH was added to the sample. As shown
in Figure 5A, upon increasing amount of NaOH added to the probe sample, the
characteristic absorption band centered at ~571 nm gradually increased and
meanwhile the fluorescence emission of the probe sample centered at ~583 nm
significantly augmented. Specifically, addition of 2 equiv. of NaOH to the sample led
to ~16-fold fluorescence enhancement and the aqueous sample eventually restored to
the bright orange fluorescence color from the faint fluorescence before re-oxidization
treatment. Contrary to the reduction treatment, oxidization of dihydroresorufin by
dissolved oxygen in alkaline milieu led to the recovery of resorufin and essentially

restored the push-pull character of the probe.
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Figure 5. Evolution of UV-Vis absorption (A) and fluorescence spectra (B) of probe in
the CH3CN-H,0 mixed solvent after NaHS and reduction treatment upon the addition
of NaOH under aerobic conditions. A= 550 nm. Insert: photographs of aqueous
sample of probe before (left) and after (right) addition of NaOH under room light (A)
and 365-nm light (B) illumination.

As illustrated in Figure 1 and Figure 4, the probe sample underwent marked
augment in fluorescence emission upon addition of thiol species and the following
addition of redox species, i.e. GOx and glucose aqueous solution, conversely led to
remarkable decrease in fluorescence emission. For a real target sample with the
co-existence of thiol components and redox species, it is generally a concern whether
the existence of one component perturbs the sensing of another. Figure 6 A displays

the emission features of the probe prior to and after the addition of NaHS. It can be
10
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seen that the fluorescence intensity of the probe exhibited an ~11-fold enhancement
upon the addition of excess amount of NaHS. Figure 6 B displays the emission
features of the probe sample in the absence of thiol components and redox species and
of the sample in the co-existence of thiol components and redox species. It can be
seen that the fluorescence emission of the sample immediately displayed a ~7-fold
enhancement in the emission intensity at 583-nm as compared to the emission
spectrum of the sample before the addition of thiol components and redox species
(line 2). Upon the following 10-minute storage of the sample at 370, fluorescence
emission of the sample with remarkable regression was clearly observed (line 3). This
means that the probe sample is capable of sensing thiol components and redox species
in a sequential way even in the co-existence of them. Moreover, fluorescence
emission of the probe sample significantly augmented upon the following addition of
NaOH solution under aerobic conditions (line4), consistent with the change observed

from the aforementioned sequential sensing study results.
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Figure 6. (A) Fluorescence emission spectra of probe sample prior to and after the
addition of NaHS. (B) Fluorescence emission spectrum of the probe sample in the
absence of NaHS, glucose, GOx and NaOH (line 1), that of the sample acquired
immediately after the simultaneous addition of NaHS, glucose and GOx (line 2), that
of the sample acquired after 10-minute storage at 3707 following the acquisition of
line 2 (line 3), and that of the sample for acquisition of line 3 with the following

addition of aqueous NaOH solution under aerobic conditions (line 4).

Figure 7 displays the recoverability of fluorescence emission of the probe after
thiols treatment upon alternating reduction and re-oxidization. It can be seen that the
fluorescence intensity decreased significantly upon addition of glucose and GOx.
Upon the subsequent addition of aqueous NaOH solution under aerobic conditions,
such reduction-induced fluorescence decrease could be completely offset and the
fluorescence intensity reverted to the level prior to the addition of glucose and GOx.

The following reduction/oxidization cycle under sequential addition of glucose and
11



©CoO~NOUTA,WNPE

Analyst

GOx and NaOH also demonstrated recoverability of the fluorescence emission
features of the probe. For several cycles, at least, such reduction-induced fluorescence
decrease and then oxidization-induced fluorescence restoration were fully reversible,
as shown in Figure 7, suggesting the excellent photostability and the potential of such
probes for multiple-cycle redox mapping applications.
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Figure 7. Fluorescence change of the aqueous probe sample after thiols treatment
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Figure 8. Differential interference contrast (DIC) and fluorescence images of the

probe in intracellular thiols and redox sensing. (A and B) The DIC and fluorescence
images of cells after sequential incubations with NEM and the probe; (C) the
fluorescence image of cells shown in (B) after following incubation with NaHS; (D)
the fluorescence image of cells shown in (C) after following incubation with reductant
(glucose and GOx); (E) the fluorescence image of cells shown in (D) after following

incubation with NaOH under aerobic conditions. A= 561 nm.

The applicability of the as-prepared probes for thiols sensing and redox
homeostasis evaluation in live cells was also confirmed. The Macrophages cell lines

were used as the model because of their ability to efficiently endocytose cellular

12
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debris, pathogens, exogenous particles and molecules. To exclude the influence of
interfering cellular fluorescence originating from the reaction of endogenous thiol
compounds including Cys and GSH in cells with the probe, the cells were pretreated
by thiolblocking reagent N-ethyl maleimide (NEM), a trapping reagent of thiol
species prior to the incubation of cells with probe.** Specifically, the Macrophages
cells were incubated with NEM (1mM) for 30 min and then incubated with probe (20
pM) for 15 min before the acquisition of DIC and fluorescence images of the cells
(Figure 8A and B). Then Macrophages were pretreated with NaHS (20 uM) for 15
min and then the fluorescence images of the cells were acquired with confocal laser
scanning microscopy (Figure 8C). It can be clearly seen that the cells with
internalized probes in the absence of thiols exhibited negligible background
fluorescence. In sharp contrast, the cells after incubation with NaHS exhibited strong
fluorescence that clearly brightened their cellular contours (Figure 8C). Such dramatic
fluorescence brightness disparity between Figure 8 B and C clearly demonstrated the
usefulness of the as-prepared probe for intracellular thiols sensing. To evaluate the
intracellular redox sensing ability of the probe, the cells after NaHS treatment were
subsequently incubated with glucose (200 uM) and GOx (80 pg/mL) for 10 min and
then the fluorescence images of the cells were acquired. As shown in Figure 8D,
markedly decreased fluorescence brightness of the cells after reduction treatment was
observed, in consistent to the in vitro experiment results illustrated in Figure 4. It is
noted that as compared to the cells shown in Figure 8B, a little bit of cells shown in
Figure 8C exhibited faint fluorescence and their cellular contours were dimly visible.
Such faint fluorescence might be attributable to those residual resorufin moieties that
did not react with the reductant in cells. Following the reduction treatment and image
acquisition, 1pL of aqueous NaOH solution (10 mM) was added to the medium in cell
culture dish with inlet oxygen and the incubation was kept for 10 min before
fluorescence image acquisition. As illustrated in Figure 8E, fluorescence brightness of
the cells after the treatment of NaOH under aerobic conditions was completely
restored to the level prior to the reduction treatment (Figure 8C). Beyond doubt, such
excellent fluorescence recoverability of the probe in intracellular milieu upon the
redox reaction cycle suggests the usefulness of the as-prepared probes for cell redox

homeostasis mapping.
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Figure 9. DIC and confocal fluorescence images of Macrophage monoplast with
internalized probes. (A and B) DIC and fluorescence images of a monoplast after
sequential incubations with NEM and the probe; (C) the fluorescence image of the
cell shown in (B) after following incubation with NaHS; (D) the fluorescence image
of the cell shown in (C) after following incubation with reductant (glucose and GOx);
(E) the fluorescence image of the cell shown in (D) after following incubation with

NaOH under aerobic conditions. A= 561 nm.

Figure 9 displays the high magnification DIC and confocal fluorescence images
of a Macrophage monoplast that had been pretreated with NEM, subsequently
incubated with probes for thiols sensing and redox homeostasis mapping. The
fluorescence images acquired after NaHS treatment (Figure 9C) and oxidization
(Figure 9E) clearly indicate internalization of the probes by the Macrophage. It can be
seen that the spotted fluorescence light up the cytoplasm, cell organelles, and the
nuclear membrane area, indicating a good appetite of the cell for the probes.
Additionally, these images definitely demonstrate the sequential thiols sensing and
redox homeostasis mapping abilities of the probes in cells, which is consistent with
the cell imaging results shown in Figure 8. It also deserves mentioning that the probes
did not appear to exhibit appreciable cytotoxicity under the incubation time and

loading concentration in the cell imaging experiments in the present work.
4. Conclusion

To conclude, we have developed a new type of dual-functional fluorescent probe
whose fluorescence emission features are sensitive to thiol compounds and redox

homeostasis. Specifically, thiol compounds may induce the transfer of the
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resorufin-based nonfluorescent probe to highly fluorescent resorufin moiety; the
released resorufin not only enables fluorescence signaling specific for thiol
compounds but functions as redox indicator with sensitive colorimetric and
fluorescence emission change upon redox variation. A detection limit of 0.52 pM of
the as-prepared probes for Cys was determined and the preliminary fluorescence
imaging experiments have revealed the biocompatibility of the as-prepared probes and
validated their practicability for thiols sensing and redox homeostasis mapping in
living cells. This is first paradigm where a single probe functions for intracellular
thiols sensing and redox homeostasis mapping and is therefore potentially useful in

bioresearch and disease diagnosis in the future.
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