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A novel one- and two-photon fluorescent probe CB1 has been developed for discriminating Cys and Hcy

in a successive manner with high selectivity. The discrete time-dependent fluorescent responses enable

us to sequentially detect Cys and Hcy in different time windows. Two-step reaction and kinetic modes

were used to explain the sensing mechanism. As a promising biosensor for cell imaging, CB1 has been

confirmed to exhibit membrane permeability to intact cells, low cytotoxicity to viable cells and photo-

stability to ultraviolet light excitation. Furthermore, the results from the control assay have shown that
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the one- and two-photon fluorescence of CB1 within cells is associated with intracellular mercapto bio-

molecules but yet there is little interference with physiological pH value, viscosity and common bio-

DOI: 10.1039/c30b4 1414k

www.rsc.org/obc presented.

Introduction

Discriminative detection of analogous molecules in biological
systems is of great significance. For example, cysteine (Cys) and
homocysteine (Hcy) are homologues except that Hcy possesses
an additional methylene on the side-chain. But Cys and Hcy play
distinctive roles in a series of biological processes."”” Cys is an
indispensable amino acid in various proteins and peptides.*>™
A high level of Cys is clinically relevant to rheumatoid arthri-
tis,® Parkinson’s disease,” Alzheimer’s disease’® and adverse
pregnancy outcomes.'® As for Hcy, the excess of Hcy has also
been proved to be a risk factor for diabetes'"'? and cardio-
vascular diseases.”*® Very importantly, a number of studies
in the past decade indicate that Hcy is a graded, independent
risk factor for myocardial infarction, stroke and venous
thromboembolism.'®™® Up to now, a few strategies such as
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analytes. Finally one- and two-photon fluorescent images of CB1 within living SiHa cells have been

high performance liquid chromatography,®® gas chromato-
graphy-mass spectrometry,”’ capillary electrophoresis sepa-
rations,”” electro-chemical assays,” and plasmon enhancement
based on the interaction between Au nanorods,>* nano-
particles® and synthetic reporters®® have been carried out for
thiol detection. Among these techniques, the optical assay
based on fluorescent probes has been extensively studied due to
its advantages including high sensitivity, low cost, facile oper-
ation, visual signal transduction, real-time in situ responses,
and suitability for in vivo analysis.

However, it is a challenging task to discriminatively detect
Cys over Hcy or vice versa with fluorescent probes. The bottle-
neck is ascribed to the deficient molecular design of the fluo-
rescent probes. Cys and Hcy have identical reactive groups that
can be used for chemical linking to fluorophores. Conse-
quently, most fluorescent probes that have been developed so
far can simultaneously react with both Cys and Hcy, and some-
times with other biomolecules containing thiol groups, such
as glutathione (GSH) and N-acetyl-i-cysteine (NAC).”’** For
example, since the pioneering work of Strongin and col-
leagues,® fluorophores bearing aldehydes and/or acrylates
have been used as fluorescent probes for the detection of Cys
and Hcy. Usually, this strategy allows the detection of the total
content of Cys and Hcy because of the similar reactivity of the
amino-thiol groups on Cys and Hcy with aldehydes.*®

The mechanistic investigations indicated that the reaction
between the aldehyde-functionalized fluorophore and Cys/Hcy
is associated with the cyclization reaction of amino and thiol
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groups with aldehydes to form thiazolidines/thiazinanes.?”°

Cys may form generally more favored 5-/7-membered ring het-
erocycles upon reaction with aldehydes and acrylates, in com-
parison to the less favored 6-/8-membered ring heterocycles
that result from Hcy. Due to the difference in activation
energy, the cyclization reaction rate showed a difference. This
difference has been used in the discriminative detection of Cys
over Hey and significant progress has been achieved. Represen-
tative work was reported by Strongin’s group. They exploited
the conjugate addition of Cys/Hcy to acrylates to generate
thioethers, which can additionally undergo intramolecular
cyclization to yield 7-/8-membered ring heterocycles. In kinetics,
the formation of an 8-membered ring is disfavored relative to
the formation of a 7-membered ring. Thus, by linking an
a,p-unsaturated carbonyl moiety to 2-(2-hydroxyphenyl) ben-
zothiazole (HBT), a fluorescent probe for the discrimination of
Cys and Hcy based on their different rates of intramolecular
cyclization and the excited-state intramolecular photon-trans-
fer process of HBT has been realized.*® Similarly, the kinetic
difference in the formation of differential-membered hetero-
cycles by the reaction of Cys/Hcy with aldehydes has also been
used to design fluorescent probes for the selective detection of
Cys and Hcy. Lin and co-workers reported a ratiometric fluo-
rescent probe constructed by attaching an o,f-unsaturated
aldehyde moiety onto a coumarin fluorophore, which showed
a specific fluorescent response to Cys over Hcy and GSH with
evident distinction in the kinetic profiles.>® Mei et al. modified
tetraphenylethene (TPE) and silole-based fluorophores with
two aldehydes.*>*" The formation of thiazinane/thioazolidine
led to aggregation of the fluorophores, which induced strong
emission from the aggregates. The difference in reaction rates
determined the appearance of aggregation-induced emission
at different times for Cys and Hcy. Other thiols did not
undergo the cyclization reaction, and thus did not interfere
with the detection process.

In our previous work, we reported a fluorescent probe (CA1,
Chart 1) for the discriminative detection of Cys over Hey.**> We
also carried out the bioimaging experiments in living cells by
using CA1 as a fluorescent probe and the results indicated that
the fluorescence turn-on probe showed high staining efficiency
to living SiHa cells and good imaging contrast. Here, we report
the amelioration to fluorescent probe CA1. The chemical struc-
ture of the new probe is shown in Chart 1 (CB1)§. We keep the
basic structure of CA1 unchanged in order to conserve the
membrane permeability of the fluorescent probe into living
cells. We will confirm that CB1 is a promising biosensor for
cell imaging with good membrane permeability and low cyto-
toxicity to intact cells. The bioimaging property has not been
studied by Strongin and colleagues and Mei et al. in their
work.*®**%*! In addition, the insertion of an ethene group
between the carbazole and aldehyde moieties would not evi-
dently change the electronic structure of CA1. As a result, CB1
should possess strong two-photon excited fluorescence (TPEF),

§CB1 is available free.
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Chart 1 Chemical structure of CA1 and CB1.

which allows the bioimaging process to be inspected by two-
photon microscopy (TPM), a technique that enjoys higher
spatial resolution and lower photo-bleaching in comparison
with the commonly used confocal microscopy technique. Up
to now, only a few TPEF probes have been developed for the
detection of Cys and Hcy.>*>**™** More importantly, the replace-
ment of a monoaldehyde on CA1 by an a,f-unsaturated alde-
hyde moiety may bestow the derivative CB1 with an amplified
kinetic rate difference, which enables us to clearly discrimina-
tively detect Cys over Hcy or vice versa in different time
windows.

Results and discussion
Time dependent fluorescence responses of CB1 to Cys and Hcy

To examine the kinetic rate difference between the reactions of
CB1 with Cys and Hcy, we monitored the time-dependent
changes of the fluorescence features of CB1 upon the addition
of Cys and Hcy in EtOH-PBS buffer solution, and the recorded
data are shown in Fig. 1. CB1 displays a very weak and broad
fluorescence band with a peak at around 463 nm, and the fluo-
rescence intensity has no measurable change with time-lapse.
After adding Cys into the buffer solution, the fluorescence
intensity of the mixture (CB1 + Cys) is enhanced gradually.
Meanwhile, the emission band becomes narrower and the
emission peak (I,63) becomes more and more pronounced
(Fig. 1A and S17). I3 reaches the maximum within 40 min
and then the time-dependent fluorescence intensity curve
levels off (Fig. 1A). By further extending the reaction time from
2 to 8 h, I3 declines slightly. Then I,6; undergoes a fast
decrease and the mixture becomes faintly emissive in about
16 h (Fig. 1B). The images showing the fluorescence changes
are shown as the inset in Fig. 1B.
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Fig. 1 Time-dependent fluorescence intensity changes of CB1 (10 uM) at 4 =
463 nm upon adding Cys and Hcy (600 uM) in EtOH-PBS buffer solution (v/v
4:1, 20 mM, pH 7.4) at room temperature. A: 0-90 min and B: 0-40 h, dex =
365 nm. Inset B: photos under UV light (Zex = 365 nm), 40 h.
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Under the same conditions, the addition of Hcy into CB1
buffer solution can also result in changes of fluorescence fea-
tures. But the CB1 + Hcy system shows distinct time-dependent
features in comparison with the CB1 + Cys system. The fluo-
rescence intensity of the CB1 + Hcy system increases slowly in
the earlier stage (0-40 min, Fig. 1B). After reaction for 2 h, the
fluorescence intensity grows to its maximum for the CB1 + Cys
system, about 12 times higher than that recorded for CB1. But
the fluorescence intensity for the CB1 + Hcy system in 2 h
grows only to half of its maximum. In about 10 h, the fluo-
rescence intensity approaches the maximum, and the fluo-
rescence is sustained for a long time and only a small decrease
is recorded after 35 h. We also checked the changes in UV-
visible spectral features for the reaction mixtures of CB1 with
Cys and CB1 with Hcy, but little changes were observed
(Fig. S2A and S2BY).

Mechanistic investigation

The different time-dependent fluorescence responses of CB1
to Cys and Hcy suggest that the reactions of CB1 with Cys and
CB1 with Hey undergo different kinetic processes. Based on
the literature results®”~>° and our previous investigations,**™*?
we propose a tentative mechanistic explanation as illustrated
in Scheme 1. The thiol and amino groups on Cys attack the
o,p-vinyl and the aldehyde groups on CB1, respectively, and a
CB1-Cys adduct of a 7-membered ring heterocycle with a
Schiff base structure is generated. In the neutral buffer solu-
tion, the CB1-Cys adduct has different isomers. The zwitterio-
nic isomer A is the component that contributes to the
recorded fluorescence, because the protonation of the pyridi-
nyl moiety has altered the electronic structure of CB1 and
made the resulting product efficiently emissive. The formation
of a 7-membered ring heterocycle is not as favourable as that
of 5- and 6-membered rings, and thus the reaction of CB1 with
Cys is not as quick as that observed for the reactions of CA1

CB1+2Cys

Scheme 1 Proposed mechanism for the reaction between CB1 and Cys.
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with Cys*® and aldehyde-functionalized tetraphenylethene
with Cys.*®*!

The CB1-Cys adduct is an intermediate, which can react
with the excess Cys through the addition of the residual thiol
to the Schiff base in the 7-membered heterocycle. As a result, a
new adduct of CB1-2Cys is produced. Upon this addition reac-
tion, a secondary amine is transformed from the Schiff base
and it is a stronger base that can seize the proton from the
pyridyl moiety. Consequently, the fluorescence from the
isomer A of the CB1-Cys adduct is quenched, just as displayed
in Fig. 1.

It should be noted that the concentration of Cys (600 pM) is
much higher than that of CB1 (10 pM) as well as the CB1-Cys
adduct. The second addition reaction must be a slower step.
Otherwise, the CB1-Cys adduct generated from the first
addition would be quickly consumed by the second addition;
thereby no fluorescence enhancement could be observed. In
fact, the addition of thiol to the C=N double bond in Schiff
base is much slower than the thiol-ene addition between thiol
and the C=C double bond that is activated by aldehyde or car-
boxylic ester and anhydride groups.*®> Reasonably, the accumu-
lation of the CB1-Cys adduct by the first addition of the thiol
of Cys to the a,p-unsaturated aldehyde moiety of CB1 exceeds
its consumption by the second addition of the thiol of Cys to
the Schiff base. Therefore, the fluorescence is enhanced gradu-
ally with the accumulation of the CB1-Cys adduct. When CB1
has been largely reacted, the consumption rate is lower than
the accumulation one and the fluorescence intensity reaches
the maximum. Then, the consumption has a pronounced
effect, and the fluorescence intensity begins to decline. Once
CB1 has been completely consumed, the fluorescence intensity
decreases quickly. As a direct proof, Fig. 1B demonstrates that
the rate of fluorescence quenching is slower than that of fluo-
rescence ascending.

To clarify the mechanism, the presence of the intermediate
of the CB1-Cys adduct should be identified. Based on our
experimental results, most of the CB1 has been converted to
the intermediate and the intermediate has been partially con-
sumed by the second addition reaction at 2 h in the time
course. We analyzed the reaction system at 2 h by utilizing
high resolution mass spectroscopy (HRMS) and "H NMR spec-
troscopy. The data of HRMS clearly show two pronounced
peaks at m/z values of 456.1746 and 577.1961 (Fig. S3AT),
which can be precisely assigned to CB1-Cys + H" and CB1-
2Cys + H', respectively. We further examined the resulting
mixture with HRMS at 24 h, where the CB1 and CB1-Cys com-
ponents are assumed to be completely consumed. As expected,
the spectrum only shows a single peak at 577.1920 (Fig. S3Bt),
indicating the sole presence of CB1-2Cys. Moreover, "H NMR
spectroscopic characterization provides further evidence. As
shown in Fig. S4A,} the signals corresponding to § = 9.69 and
5 = 6.89 ppm are assigned to the aldehyde protons (marked as
H?) and double-bond (marked as H", J = 15.72 Hz) of CB1.
After reaction for 2 h, the peaks of these two protons are much
weakened. Meanwhile, two new multiplet-peaks (marked as
H¢ & = 5.35 ppm) appear and they can be assigned to the
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proton on the carbon atom of the Schiff base moiety in the
7-membered ring (Fig. S4BY). As the reaction time was prolonged
to 24 h, peaks of H® completely disappeared (Fig. S4CT), which
could be associated with the second addition of Cys to the CB1-
Cys adduct, which changes the chemical shift of H® to a high-
field position (5 < 5.35 ppm). Therefore, both HRMS and 'H NMR
data indicate the presence of CB1-Cys and CB1-2Cys adducts.

Another key point in the proposed mechanism is the pres-
ence of the equilibrium between the isomers. Assuming that
isomer A is the fluorescent species, the removal of the proton
on the pyridyl moiety will decrease the fluorescence intensity.
We compared the fluorescent behavior of the CB1 + Cys system
at different pH values after reaction for 2 h, and the results are
shown in Fig. S5A.t As expected, the fluorescence intensity of
the mixture descends monotonously with the increase of pH
value from 7 to 9. Rationally, ascending the acidity should
increase the fluorescence intensity. But it leads to an evident
decrease of the fluorescence intensity by further decreasing the
PH to 4 (Fig. S5Af). This observation can be explained by the
fact that the Schiff base is unstable in acidic aqueous solutions.
At pH 4, the formation of the CB1-Cys adduct is greatly retarded.
As a result, the fluorescence enhancement is not apparent.

As for the CB1 + Hcy system, the reaction mechanism is
similar to that described for the CB1 + Cys system, except for
the difference in the reaction kinetic rates. Scheme S1t illus-
trates the proposed reaction route. By adding a methylene unit
to the residual part of Cys, the formation of an 8-membered
ring becomes more disfavoured, and the reaction of CB1 with
Hcy is much slower than that of CB1 with Cys. Based on the
time course shown by Fig. 1B, we used the HRMS technique to
analyze the resultants of the CB1 + Hcy system after reaction
for 24 and 36 h. The mass spectra show that the peak at m/z
470.1889 is stronger while the peak at m/z 605.2227 is rather
weak (Fig. S6A and S6BT). The "H NMR spectra at 24 and 36 h
of this system are shown in the ESLT At 24 h, the 'H NMR
spectrum of the reaction system resembles that of Cys at 2 h:
H® of aldehyde and H" of the C—C double bond become
weaker, while H® of the C=N double bond on an 8-membered
ring appears (Fig. S7AY). It is noticeable that H still exists after
reaction for 96 h (Fig. S7BY), indicating the slowness of the
addition of the second Hcy to the CB1-Hcy adduct.

Sequential detection of Cys and Hcy, selectivity and sensitivity

According to the experimental data and the proposed detec-
tion mechanism, we chose 40 min and 24 h as two time
windows to inspect the feasibility of sequentially detecting Cys
and Hcy by using CB1 as the fluorescent probe. The experi-
mental data are shown in Fig. 2. At 40 min, free CB1 is faintly
fluorescent, while the CB1 + Cys system is highly fluorescent
and a sharp contrast can be seen from the emission images
shown by the inset of Fig. 2A. In the same time span, the CB1
+ Hcy system is still weakly fluorescent. Comparing the fluo-
rescence intensity at the emission peak (I,43) of CB1, CB1 +
Cys and CB1 + Hcy, the relative I3 values are 1, 14.1 and 3.7,
respectively. After reaction for 24 h, the data changed mark-
edly. The relative 1,63 values are 1, 2.2 and 14.5 for CB1, CB1 +
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Fig. 2 SPEF of CB1 only and its mixtures with Cys, Hcy, GSH, NAC in EtOH-PBS
buffer solution (v/v 4:1, 20 mM, pH 7.4) at room temperature. Concentration,
[CB1] = 10 uM, [Cys] = [Hey] = [GSH] = [NAC] = 600 pM. e = 365 nm. Action
time: A 40 min and B 24 h. Inset: photos under UV light (dex = 365 nm), A:
40 min and B: 24 h.
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Fig. 3 SPEF of CB1 (10 uM) to various bioanalytes (600 pM) in EtOH-PBS
buffer solution (v/v 4:1, 20 mM, pH 7.4) at room temperature. From left to
right: 1-Blank, 2-Cys, 3-Hcy, 4-Arg, 5-Asn, 6-Asp, 7-1-Ala, 8-p-Ala, 9-DTT, 10-Gln,
11-GSH, 12-Glu, 13-Gly, 14-His, 15-lle, 16-Lys, 17-Leu, 18-Met, 19-NAC, 20-Pro,
21-Phe, 22-Ser, 23-Tyr, 24-Thr, 25-Trp, 26-Val. Aex = 365 nm. Action time: A,
40 min and B, 24 h. Inset: photos under UV light (1ex = 365 nm), A: 40 min and
B: 24 h.

Cys and CB1 + Hcy, respectively (Fig. 2B). The discrete time-
dependent fluorescent responses enable us to sequentially
detect Cys and Hcy in different time windows.

The selectivity of a probe is of fundamental importance for
its practical application. Considering that other intracellular
mercapto biomolecules may interfere with the detection of Cys
and Hcy in bioassay application, we also checked the fluo-
rescence responses of CB1 to GSH, the most plentiful mer-
capto biomolecule in living cells, as well as to the protected
Cys, or NAC. The results are also shown in Fig. 2A and 2B. It is
clear that GSH and NAC have little interference with the detec-
tion processes at both time windows. The fluorescent images
offer visual inspections (insets of Fig. 2A and 2B). In addition
to GSH and NAC, the responses of CB1 to various amino acids
other than Cys and Hcy were examined under the same detect-
ing condition as Cys and Hcy, and the obtained results are dis-
played in Fig. 3A and 3B, corresponding to reaction for 40 min
and 24 h, respectively. All these results indicate that, with the
aid of two clear-cut time windows, we can sequentially detect
Cys and Hcy with high selectivity and low interference by the
fluorescent responses to CB1.

In addition to selectivity, sensitivity is another crucial para-
meter of a fluorescent probe. We evaluated the sensitivity of
CB1 to Cys and Hcy in the defined buffer solutions with fluo-
rescent spectroscopic titration experiments. 40 min and 24 h
were selected as the time windows for the detection of Cys and
Hcy, respectively. The changes in fluorescence intensity at

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 SPEF spectral changes of CB1 (10 pM) upon addition of Cys and Hcy
(0-500 puM) were recorded at 40 min and 24 h in EtOH-PBS buffer solution (v/v
4:1,20 mM, pH 7.4) at room temperature. Aex = 365 nm. Action time: A 40 min
and B 24 h. Insets A and B: the photos of CB1 in the presence of Cys (40 min)
and Hcy (24 h) with various concentrations (from left to right: 0 uM, 25 pM,
50 pM, 75 uM, 100 uM, 125 uM, 150 pM, 200 pM, 300 pM, 400 pM, 500 pM)
under UV light (1ex = 365 nm).

463 nm (I463) with Cys concentration in the defined medium
are shown in Fig. 4A. I,4; increases linearly with the variation
of Cys concentration from 0 to 300 pM. By further increasing
the Cys concentration from 300 to 500 pM, the fluorescent
titration curve levels off. According to work by Lin et al. and
our previous work, intracellular Cys/Hcy could be detected
when the corresponding fluorescence intensity is more than 3
times as strong as that of the probe only.*>*? Thus, fluorescent
responses were linearly fitted in a concentration range of Cys
from 0 to 300 pM and a regression equation was obtained.
Setting the fluorescent intensity to 3 times as strong as that of
CB1 only, the detection limit of Cys was calculated to be
59.8 pM according to the equation (Fig. S8f). Similarly, the
detection limit of Hey by CB1 was calculated to be 58.6 uM
(Fig. 4B and S97).

Two-photon excited fluorescence (TPEF) properties

An essential aim of the transformation of the fluorescent
probe from CA1 to CB1 is to make use of the TPFE property of
the CA1 backbone. The TPFE technique enjoys the advantages
of low photo-injury to living entities, large penetration depth,
and high spatial resolution; thus it is a better technique than
confocal microscopy in imaging living specimens.*®*® various
TPEF probes have been investigated intensively and extensively
by many researchers.**”>! However, so far, there are only a few
known TPEF sensors for detecting the total amount of Cys and
Hcy,****** including our reported TPEF probe of CA1.**

To confirm the transformation of CA1 to CB1, we investi-
gated the TPEF performance of CB1 in all aspects according to
the conventional single-photon excited fluorescence (SPEF).
Firstly, the TPEF behavior of CB1 itself and the TPEF responses
of CB1 to four mercapto biomolecules (Cys, Hcy, GSH and
NAC) have been examined in the same procedures as the
measurements for SPEF. The results are displayed in Fig. 5A
and 5B. The TPEF peak of free CB1 appears at 583 nm and its
intensity is rather low (Fig. 5A). In the time window of 40 min,
the TPEF intensity of CB1 + Cys obviously increases
accompanied by a blue-shift of the emission peak from 583 to
463 nm. The TPEF of CB1 + Hcy also blue-shifts to 463 nm
from 583 nm, but the intensity is not enhanced. Similar to the

This journal is © The Royal Society of Chemistry 2013
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Fig. 5 TPEF of CB1 only and its mixtures with Cys, Hcy, GSH, NAC in EtOH-PBS
buffer solution (v/v 4:1, 20 mM, pH 7.4) at room temperature. Concentration,
[CB1] = 10 pM, [Cys] = [Hey] = [GSH] = [NAC] = 600 pM. Zex = 760 nm. Action
time: A, 40 min and B, 24 h.
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Fig. 6 TPEF of CB1 (10 puM) to various bioanalytes (600 puM) in EtOH-PBS
buffer solution (v/v 4:1, 20 mM, pH 7.4) at room temperature. le, = 760 nm.
Action time: A, 40 min and B, 24 h. All the bioanalytes are the same as Fig. 3.

observation in the case of SPEF, GSH and NAC do not interfere
with the TPEF behavior of CB1. Quantitatively, the fluorescence
intensity of CB1 + Cys is 4.3 and 11.4 times as strong as that of
CB1 + Hcy and free CB1, respectively. In the time window of
24 h, the TPEF response of CB1 to Hcy increases obviously and
a blue-shift of the emission peak from 583 to 463 nm is also
recorded (Fig. 5B). The fluorescence intensity of CB1 + Hcy is
5.1 and 8.2 times as strong as that of CB1 + Cys and free CB1,
respectively. The results indicate that both GSH and NAC have a
negligible effect on the emission property of CB1.

The TPEF responses of CB1 to other different bioanalytes in
the time windows of 40 min and 24 h are given in Fig. 6. The
results show that TPEF responses of CB1 to Cys are markedly
higher than those to Hcy and other bioanalytes at 40 min
(Fig. 6A), while at 24 h the TPEF responses of CB1 to Hcy are
much higher than those to bioanalytes including Cys, GSH
and NAC (Fig. 6B). The sensitivity of the TPEF responses of
CB1 to Cys and Hcy has also been studied. The two-photon
fluorescence titrations were carried out in the defined buffer
solution within the two preset time windows. The fluorescent
intensity at A = 463 nm (I,63) linearly increases on changing
the concentration of Cys or Hey from 0 to 300 pM (Fig. 7A and
7B). When the concentration of Cys or Hcy is higher than
300 pM, the intensity remains unchanged. The calculated
detection limits for Cys and Hcy by the TPEF technique are 3.2
and 4.8 pM respectively, much lower than the intracellular con-
centrations of Cys (30-200 pM)°? and Hcy (5-15 pM)>® (Fig. S10
and S11t). To summarize the above experimental data, it is
concluded that CB1 can afford the highly discriminative and
sensitive detection of Cys and Hcy by the TPEF technique.
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Fig. 7 TPEF spectral changes of CB1 (10 pM) upon addition of Cys and Hcy
(0-500 uM) were recorded at 40 min (A) and 24 h (B) in EtOH-PBS buffer solu-
tion (v/v 4:1,20 mM, pH 7.4) at room temperature. Aex = 760 nm.

Bioimaging for living cells

Combining the confirmed reaction mechanism, clear-cut time
windows for Cys and Hcy detection, good TPEF property, and
high selectivity for a target over various native cellular species,
CB1 seems to be an efficient fluorescent probe for bioimaging.
Before using CB1 to image living cells, we confirmed the exci-
tation wavelengths of SPEF and TPEF for CB1, which are 365
and 760 nm respectively, corresponding to the working wave-
length in wide-field and two-photon microscopes (TPM). Com-
petition experiments were also performed, and addition of
other bioanalytes did not result in the visible variation of SPEF
and TPEF intensities of CB1 + Cys at 40 min and CB1 + Hcy at
24 h (Fig. S121). In addition, at pH 4.0-8.0,"* a wide physiologi-
cal pH range representing an intracellular environment, the
free CB1 was weakly fluorescent, but CB1 + Cys at 40 min and
CB1 + Hcy at 24 h exhibit high fluorescence intensity under
neutral cytosol physiological conditions (pH 6.8-7.4)
(Fig. S57). Then, we checked the effect of environmental
viscosity on the fluorescent behavior of CB1. Commonly, the
viscosity of cytoplasm is 1 to 2 cp and that around the mem-
brane system is about 140 cp.”® Our experimental results
indicate that the interference in a viscosity range from 1.005
to 219 cp, covering the intracellular viscosity range, is also
negligible (Fig. S137).

In succession, we evaluated the cytotoxicity of CB1 in SiHa
cells by the MTT assay. The cell viability assay data of SiHa
cells treated with 1 pM CB1 during different incubation times
were quantified (Table S1f). SiHa cells showed nearly 100%
viability for 1 h and 93% for 24 h. Thus, CB1 could be con-
sidered a low-toxicity fluorescent probe. The photostability of
CB1 in the presence and absence of Cys and Hcy was also
examined in time windows of 40 min and 24 h. Though a
certain fluorescence decay was recorded in the first 10 min,
the fluorescence intensity of the CB1, CB1 + Cys and CB1 +
Hcy systems can be sustained for more than 90 min, indicating
the high photostability of CB1 and its adducts with Cys and
Hcy (Fig. S14-S167).

Relying on the above preliminary experiments, we incu-
bated living SiHa cells with CB1 (1 uM) for 40 min and 24 h,
and the differential interference contrast (DIC) images con-
firmed that the cells were viable throughout the imaging
experiments.”” SPEF and TPEF images were taken on the
instruments of the wide-field and two-photon microscopes,
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Fig. 8 Images of CB1 (1 pM) in SiHa cells with different incubation times. Wide
field fluorescence images through the blue channel (Aex = 330-385 nm; Aem >
410 nm). A: 40 min and B: 24 h; TPEF images (dex = 760 nm), C: 40 min and D:
24 h through the blue channel; E: TPEF images through three channels at 24 h:
blue (430-460 nm), green (510-540 nm) and red (=565 nm). Bar = 20 pm.

and the recorded cell images are displayed in Fig. 8. As shown
in Fig. 8A and 8B, fluorescent and merged photos demon-
strated that intracellular parts emitted bright fluorescence and
no fluorescence was observed in the extracellular regions.
Therefore, CB1 is a membrane-permeable probe. Furthermore,
no fluorescence was found inside the nuclei, and the blue fluo-
rescence existed only in certain parts of the cytoplasm. From
Fig. 8C and 8D, TPEF imaging results are similar to that of
SPEF, indicating CB1 as a qualified TPEF probe as well. Fig. 8B
and 8D give the images of cells that were incubated with CB1
for 24 h, and the DIC images clearly show that the cells were
still in good condition at that time.

To identify the source of intracellular emission, two strat-
egies were used. We firstly designed a control experiment and
the results are shown in Fig. S17.7 Blank images without CB1
at 40 min and 24 h show no detectable intracellular emission.
When SiHa cells were pretreated with thio-blocking reagent
N-ethylmaleimide (NEM) and then incubated with the probe,
SPEF and TPEF in the cells almost disappeared at 40 min
while becoming blurry at 24 h. Thus, intracellular fluorescence
is undetectable without either CB1 or biothiols. We also inves-
tigated the TPEF images at 24 h by means of three different
channels, including a blue channel, a green channel and a red
channel (Fig. 8E). As revealed by the fluorescent and merged
images, bright fluorescence was found from the blue channel,
while there was no emission from the green and red channels.
Associated with experiments in vitro, the emission is believed
to come from the reaction of CB1 with biothiols.

Conclusions

In summary, we report a novel one- and two-photon fluo-
rescent probe CB1 for discriminating Cys and Hcy in sequence
with high selectivity. A two-step addition reaction mechanism
has been confirmed by multiple spectroscopic characteriz-
ations and the mechanism can be used to reasonably explain
the observed fluorescent behaviors of CB1 and adducts of
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CB1-Cys and CB1-Hcy. The amplified difference in kinetic
rates allows the discriminative detection of Cys and Hcy in
different time windows. Furthermore, probe CB1 exhibits
other advantages such as little interference with changes of
pH value and viscosity, low cytotoxicity and high photo-
stability. Intracellular imaging wusing both wide-field
microscopy and TPM has been successfully achieved. Cell
images through three different channels and thiol-blocking
experiments confirmed the successful imaging of mercapto
biomolecules in living cells. The discovery of CB1 with these
excellent properties offers a feasible strategy to design fluo-
rescent probes for highly selective imaging of Hcy in living
cells with both conventional confocal microscopy and
advanced two-photon microscopy techniques.
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