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Reversible and Selective Fluorescence Detection of Histidine
Using a Naphthalimide-Based Chemosensing Ensemble

Qingtao Meng,*™ Hongmin Jia,”) Xue Gao,” Yue Wang,” Run Zhang,*"® Renjie Wang,” and

Zhigiang Zhang"

KAbstract: We described a new ensemble-approach-based
chemosensor, NCH-Cu?", for highly selective and reversible
detection of histidine (His) in aqueous solution and live cells.
The ligand NCH exhibited specific binding with Cu®>" ions
over other metal ions, accompanied with a 92.2% fluores-
cence quenching. The decomplexation of NCH-Cu>* ensem-
ble by His led to the liberation of the fluorophore, NCH, and
thus the fluorescence was recovered. The specific fluores-
cence enhancement of NCH-Cu’" towards His showed

\

a good linearity with a detection of limit at 70 nm. Quantifi-
cation of intracellular His at the single cell level was ach-
ieved by microscopy and flow cytometry. Besides the UV/Vis
and emission titration, reversibility of the NCH-Cu?* towards
His was further confirmed by imaging and cytometry analy-
sis. In addition, microscopy studies revealed that NCH-Cu?*
was distributed in the lysosome of live cells, where it could
be employed as a fluorescent biosensor for imaging of His
at subcellular level.

/

Introduction

Histidine (His), a building block of protein, is an essential bioac-
tive amino acid in humans and other mammals.” It has been
reported that His serves as a neurotransmitter or a neuromodu-
lator in the mammalian central nervous system, and plays very
crucial role in controlling metal transport in biologically impor-
tant bases.”? Recently, studies indicated that persistent defi-
ciency of His may cause chronic kidney disease and pulmonary
diseases.”! On the other hand, overexpression of His in biologi-
cal systems is associated with stress and psychological disor-
ders.”? Therefore, rapid, selective quantification of His in aque-
ous solution, especially in biological samples, is of great impor-
tance.

In the past few years, considerable efforts have been devot-
ed to the development of methods for the detection of His, in-
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cluding liquid chromatography,” capillary electrophoresis,”
electrochemistry,® UV/Vis” or fluorescence spectroscopy.”
Among these methods, spectrometric analysis using biosensors
has been recognized as one of the most useful analytical tech-
nologies due to the high sensitivity and specificity, easy availa-
bility of instruments, capability of results interpretation even
by naked eyes, and the potential for commercialization.”)
Thereby, quite a few biosensors have been developed in
recent years,"” including specific reaction-based chemodosi-
meters,®" ensemble-approach-based chemosensors,"? and
metal ions-modulated nanosensors.®'¥ Nevertheless, a biosen-
sor which could be employed as an imaging probe for the spe-
cific and quantitative detection of intracellular His, especially at
subcellular level, remains a challenge for researchers.

Recently, the ensemble approach has emerged as a new
platform for chemosensing and fluorescent imaging because
of its unusual properties." This strategy relies on the use of
a dye bound to a receptor via a noncovalent interaction to
form a new complex, ensemble. The replacement of the recep-
tor by the analyte gives major variations in the optical features.
In our previous research, by exploitation of the paramagnetic
fluorescence quenching ability of Cu’", we also developed
a series of ensemble-approach-based fluorescent chemosen-
sors for the detection of anions in aqueous solution and suc-
cessfully demonstrated their application in biological and envi-
ronmental samples."™ In the present work, we shifted our in-
terest to the development of a fluorescent chemosensor for
the discrimination of His from other amino acids in biological
systems by using such a sensing-ensemble approach.

Therefore, a new Cu?* ensemble, NCH-Cu®", has been de-
signed and facilely synthesized for the quantitative detection
of His in living cells with high specificity in this work

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Schematic illustration of the His chemosensor based on the NCH-
Cu’" ensemble.

(Scheme 1). The unique ligand, 1, 8-naphthalimide-based
NCH" was employed for specific capture of Cu*>" ions to form
a non-fluorescent complex (K,=3.12x10°m™"), NCH-Cu®>" en-
semble. Subsequent effective snatching of Cu®*" ions from the
NCH-Cu®" ensemble in aqueous solution or biological samples
by a Cu?"-His binding can switch ON the fluorescence of the
sensing ensemble via liberation of fluorophore, NCH. NCH has
low cytotoxicity, and can enter the live cells through a tempera-
ture-dependent pathway. Confocal microscopy imaging in live
U-343 MGa and MDA-MB-231 cells revealed that NCH is distrib-
uted in the lysosome after intracellular uptake. In addition,
quantitative fluorescence detection of His was achieved by
confocal microscopy and flow cytometry analysis.

Results and Discussion
Spectroscopic studies of NCH in the presence of Cu*"

Firstly, the interaction of NCH with Cu®’" was investigated by
UV/Vis spectrophotometric titration in HEPES buffer (THF:
H,0=3:7, 20 mm, pH 7.4). As shown in Figure 1A, NCH dis-
plays a major absorption band with a maximum absorption
peak at about 510 nm in HEPES buffer. Upon an increase in the
concentration of Cu?" (0-2 equiv), a decrease in the absorb-
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ance peak at 510 nm with a hypochromatic shift of about
65 nm was observed, implicating the formation of a NCH-Cu®*
ensemble. In addition, the Cu*" titration solution of NCH ex-
hibited an obvious visible color change from pink to yellow
(Figure 1A) insert), indicating that NCH can serve as a “naked-
eye” Cu®" ions indicator in aqueous medium. The selective
binding of NCH to Cu®" was then examined by UV/Vis absorp-
tion spectrum (Figure S4 and S5, Supporting Information). Neg-
ligible changes of UV/Vis absorption spectrum and color were
observed upon the addition of other competitive metal ions,
including Ag™®, Co**, Ni?*, Cd**, zZn®*, Fe**, Cr*, APY, LiT,
Ca’*, Mg®*, Ba**, K", Na*, and Li".

To get further insight into the binding of Cu®" with NCH,
the fluorescence spectra of NCH with different equivalents of
Cu** were recorded (Figure 1B). NCH displayed strong fluores-
cence emission maximum at 523 nm in HEPES buffer (¢,=
0.575). Upon increasing the concentration of Cu®" ions (0-
20 pum), NCH exhibited significant quenching in the fluores-
cence intensity (¢, =0.075) with a 12 nm bathochromic shift of
the maximum emission. Job's plot evaluated from the fluores-
cence intensities of the titration solution showed the maxi-
mum at 0.33 (Figure S6, Supporting Information), which indi-
cated that the NCH-Cu’" binding has a 2:1 stoichiometry.
Based on the 2:1 binding mode, the association constant (K,)
was evaluated using the Benesi-Hildebrand method and was
found to be 3.12x10°m™" (Figure S7, Supporting Information).
Furthermore, the fluorescence changes of NCH at 523 nm ex-
hibited a linear correlation to Cu®" ions in the concentration
range from 0 to 12 um (R*=0.995) (Figure S8, Supporting Infor-
mation). The detection limit for Cu?>* ions was estimated to be
10 nm based on a 3p/slope.™ Fluorescence emission intensity
changes upon addition of equal amounts of various cations in-
cluding Ni?*, Pb?*, Zn**, Fe**, Fe’*, Ag™, Cd**, Co’", CPT,
Cu®™, APT, Mg?*, Ca’*, Ba’™, K¥, LiT, and Na™ as nitrate salts
in HEPES buffered at pH 7.4 were then studied. As shown in
Figure S9, in the presence of 2.0 equiv of Cu?" ions, the fluo-
rescence of NCH (10 um) was almost completely quenched
(quenching efficiency at 523 nm, (Fy—F)/F;%x100% =92.2%),
which could be ascribed to a paramagnetic quenching effect
of Cu?* ions."**<d Nevertheless, no obvious changes of fluores-
cence intensity was observed in the presence of Ni**, Pb*",

Zn”, Ag*, Cd“, C02+, CI’H,
A|3+’ M92+’ Ca”, Ba2+’ K+’ Li+l

Absorbance
Intensity (a.u.)

and Na* at the same conditions.
In addition, further addition of
20 um Cu** ions to the above
solution gave rise to a significant
fluorescence quenching in ac-
cordance with the addition of
equal amount of Cu’" ions
alone, indicating that Cu®"-spe-
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cific response was not disturbed
by the competitive cations.

Figure 1. (A) Changes in the UV/Vis absorption spectra of NCH (10 um) in HEPES buffer (THF:H,0=3:7, 20 mwm,

pH 7.4) with various amounts of Cu®* ions (0-20 um). Inset: the color change of NCH upon added of 20 um Cu®*;
(B) fluorescence changes of NCH (10 um) in HEPES aqueous buffer with different amounts of Cu®* ions (0-30 pum).
The inset exhibits a fluorescence titration profile at 523 nm upon the addition of Cu?" ions, excitation at 430 nm.
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Fluorescence response of NCH-Cu®>* towards His

The UV/Vis absorption response of NCH-Cu*" ensemble to-
wards His was then investigated by titration analysis. As shown
in Figure 2A, the absorption band at 510 nm increased gradu-
ally after the addition of 30 um His to the NCH-Cu?* ensemble
solution. The final absorption spectrum of the titration is as
same as that of chemosensor NCH at the identical condition.
Moreover, the color of NCH-Cu®" ensemble solution recovered
to pink from yellow upon the addition of His (Figure 2A,
insert), suggesting that NCH-Cu?** ensemble can serve as
a “naked-eye” His visual indicator in aqueous media. In addi-
tion, the results on the UV/Vis spectra of NCH-Cu?* ensemble
with other important competitive species showed no obvious
response, demonstrating that NCH-Cu>* ensemble is selective
towards His (Figure S10, Supporting Information).

Fluorescent response titration analysis was further examined
in HEPES buffer to demonstrate the capability of NCH-Cu** en-
semble as a chemosensor for His in detail. As shown in Fig-
ure 2B, upon the addition of increasing concentrations of His,
the fluorescence was gradually recovered and the emission in-
tensity of NCH-Cu>" ensemble at 523 nm remained constant
when up to 30 um His was added (Figure S11, Supporting In-
formation). The intensity and overall pattern of the emission
spectrum closely match those of native NCH state (¢;=0.527),

CHEMISTRY

AN ASIAN JOURNAL
Full Paper

indicating the liberation of ligand, NCH in the presence of His.
The fluorescence increase showed a good linearity with the
concentrations of His in the range of 0-5 um. The detection
limit was estimated to be 70 nm based on a 3p/slope by re-
ported method (Figure S12, Supporting Information).">?

Next, the selectivity of NCH-Cu?" ensemble towards His was
evaluated in HEPES buffer by the examination of fluorescence
intensities of NCH-Cu?" ensemble with His and other physio-
logical important amino acids, Hcys, GSH, and anions, includ-
ing lle, Ala, Arg, Asp, Cys, Glu, Gly, Hcys, Lue, Lys, Met, Phe,
Pro, Ser, Thr, Try, Val, Asn, GIn, ADP, AMP, ATP, Cl-, HCO;",
HSO,”, NO,”, NO,~, Pi, S*, and His. As shown in Figure 2C,
significant fluorescence enhancement was observed only when
the NCH-Cu?" ensemble was treated with His. In addition, all
of the potentially competitive amino acids, thiols and anions
exhibited no obvious effect on the fluorescence response of
NCH-Cu*" ensemble towards His. The results demonstrated
that NCH-Cu®" is a His-specific fluorescence chemosensor even
in complicated samples.

ESI-MS study was conducted to further investigate the pro-
posed displacement mechanism of NCH-Cu?* towards His. As
shown in Figure S13, upon the addition of 2.0 equiv of Cu®"
ions into the HEPES buffer of NCH, the peaks at m/z=978.2
and 1010.5 were found, which can be attributed to [NCH-Cu +
H]* and [NCH-Cu-+CH;OH+H]™", respectively. This result re-
vealed that 2:1 stoichiometry
complex between NCH and Cu**
ions. Upon addition of His, ESI-

0

“ — NcH B MS displayed the peaks at m/z=
5 150 *:z::‘;::mﬁ 976.2, which could be assigned
" E to [NCH-Cu-H]". While, the
2 =100 peaks at m/z=457.1, 479.2 can
§ be attributed to [NCH—H]~, and
= 501 [NCH+Na—2H]~, and the peaks
= . at m/z=372.0, 410.1, 432.2 to be
300 3o 400 430 500 530 600 350 500 550 600 630 700 assigned to His-Cu products (Fig-
Wavelength (nm) Wavelength(nm) ure S14, Supporting Informa-
T 200 tion). Therefore, the results indi-
21C B NCH-CU™ + X+ His T D cated that the binding of His
10+ ~150- 9 and Cu" led to the liberation of

8 3 i i fluorophore, NCH.
1° 6l =100 The proposed chemosensor,
B o E /\\/\\ NCH-based ensemble, NCH-Cu**
3 504 \ was considered to be a reversible
21 = > > & fluorescence chemosensor to-
. 0 : : . . wards His in aqueous solution.
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Figure 2. Changes in the UV/Vis absorption spectra (A) and emission spectra (B) of NCH-Cu®* (10 um) in the pres-
ence of various amounts of His (0-30 um) in HEPES buffer; (C) normalized fluorescence responses of NCH-Cu?®*
(10 pm) to various amino acids, bioactive anions, and thiols in HEPES buffer. The red bars represent the changes
of fluorescent intensities of NCH-Cu®" in the presence of competitive species of interest (all are 30 um). The green
bars represent the changes of the intensities that occur upon the subsequent addition of 30 um of His to the
above solution. a1 =lle; a2 =Ala; a3 =Arg; a4 =Asp; a5=Cys; a6 =Glu; a7 =Gly; a8 =Hcys; a9 =Lue; a10=Lys;
all=Met; a12=Phe; a13=Pro; al14=>Ser; a15=Thr; a16=Try; al7=Val; a18 =Asn; a19=GlIn; a20=ADP;
a21=AMP; a22 =ATP; a23=Cl"; a24=HCO, ; a25=HS0, ; a26=NO, ; a27=NO;; a28 =Pi; a29=5""; a30 =His.

ternate addition of Cu®>* and His,
“ON-OFF-ON" changes in fluores-
cence intensity were observed,
and these changes could be re-
peated more than 5 times, indi-
cating that NCH can be devel-
oped as a reversible and renewa-
ble fluorescence chemosensor

(D) Fluorescence intensity of NCH (10 pm) in HEPES buffer upon the alternate addition of Cu®*/His to several con-

centration ratios (0:0, 20:0, 20:30, 40:30, 40:60, 70:60, 70:120, 130:120 pMm, respectively). The intensities were re-

corded at 523 nm, excitation at 430 nm.
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for His detection. Moreover, the
effects of pH on the fluorescence
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intensities of NCH and NCH-Cu** was evaluated in HEPES
buffer with different pH from 4.5-11.0 (Figure S15, Supporting
Information). The results suggested that the NCH-Cu*" ensem-
ble can be employed as a fluorescent chemosensor for His de-
tection in weakly acidic, neutral, and basic buffer.

Fluorescence detection of His in live cells

Prior to the confocal microscopy imaging and flow cytometry
analysis, the long-term cellular toxicity of NCH was evaluated
by a MTT assay in human neuronal glioblastoma (U-343 MGa)
and breast carcinoma (MDA-MB-231) cell lines 24 h post incu-
bation."” As shown in Figure 3, upon incubation with different
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Figure 3. MDA-MB-231 (light grey) and U-343 MGa (grey) cell viability values
(%) assessed using an MTT proliferation test versus incubation concentra-
tions of NCH.

concentration of NCH (0, 0.5, 2, 5, 10, and 20 um), U-343 MGa
cell viabilities remained approximately 87 9%, and MDA-MB-231
cell viabilities remained more than 83% even with an incuba-
tion time of 24 h at the high concentration of 20 um. The re-
sults demonstrated that NCH has low cytotoxicity both at low
and high concentration and will not kill the U-343 MGa and
MDA-MB-231 cells being probed.

Having demonstrated the high biocompatibility of NCH, we
then evaluated its capability of cellular uptake in live U-
343 MGa and MDA-MB-231 cells. The amphiphilicity of the pro-
posed fluorescence imaging probe, NCH, was examined by
measuring the partition coefficient (logP,,,) between 1-octanol
and water."® The result showed that the logP,,, of NCH was
0.67, indicating NCH could be a cell membrane permeable
probe.

To further understanding the cellular entry pathway of NCH,
subsequent investigation in detail was conducted under condi-
tions of different temperatures and in the presence of meta-
bolic and endocytic inhibitors."® ! First, the uptake of NCH
was examined when the active transport pathway was blocked
by incubation at 4°C. As determined by the confocal microsco-
py analysis (Figure S16A, S17A, Supporting Information), the
intracellular fluorescence intensity was significantly suppressed
when the live U-343 MGa and MDA-MB-231 cells were incubat-
ed with 2 um NCH at 4°C.l"¥ Considering the fact that cell me-
tabolism and physiological activities would be suppressed
under low-temperature condition, we reasoned that energy-
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dependent pathways could be involved in the cellular uptake
of NCH. It is well-known that endocytosis is a common energy-
dependent uptake route that can be hampered under low
temperature. Therefore, we then examined the effect of endo-
cytic inhibitors, NH,Cl and chloroquine, on the cellular uptake
of NCH. As can be seen from the microscopy imaging analysis
(Figure S16B, C; S17B, C, Supporting Information), relative
strong intracellular fluorescence was observed in both U-
343 MGa and MDA-MB-231 cells. Additionally, long incubation
times are required for the endocytotic pathway. Thus, the re-
sults indicated that endocytotic pathway is not responsible for
the cellular uptake of NCH.

Then, the reversible fluorescence response of NCH-Cu®" to-
wards His was evaluated in U-343 MGa and MDA-MB-231 cells
by confocal microscopic and flow cytometric analysis. U-
343 MGa and MDA-MB-231 cells were incubated with NCH for
30 min at 37°C in a humidified, 5% CO,/95% air (v/v) incuba-
tor, and then were sequentially treated with Cu®>" and His. As
shown in Figure 4A, strong green fluorescence was observed
when the U-343 MGa cells were incubated with 2 um NCH for
30 min. When the NCH-loaded cells were treated with 10 um
Cu®" for 30 min, the intracellular fluorescence become dim
(Figure 4B), implying that the non-fluorescent NCH-Cu** en-
semble was generated in U-343 MGa cells through complexa-
tion of Cu*" ions with NCH. Further incubation of the cells
with 100 um His recovers the fluorescence signal, which sug-
gest the decomplexation of NCH-Cu?™ by the addition of His
(Figure 4C). Then, the reversibility of NCH towards His was fur-
ther examined in U-343 MGa cells by the sequential treatment
with Cu?™ and His. The fluorescence was quenched when the
cells were treated with Cu”>*, and significantly enhanced when
the cells were further incubated with His again (Figure 4D, E).
The reversible fluorescence response towards His was further
confirmed by confocal microscopy imaging in live MDA-MB-
231 cells by sequential incubation with Cu?>* and His (Fig-
ure S18, Supporting Information). By the complexation/decom-
plexation interaction modulated by Cu?*-His, the intracellular
His level could be visualized by using NCH-Cu?* as a chemo-
sensor.

The changes of intracellular fluorescence intensities were
further quantified by the flow cytometry assay by measuring
the fluorescence of 10000 cells from each population. The
shifts of histogram and the mean fluorescent intensity were re-
corded when the U-343 MGa and MDA-MB-231 cells were se-
quentially treated with Cu** and His. As shown in the bottom
of Figure 4, S17, both U-343 MGa and MDA-MB-231 cells incu-
bated only with NCH for 30 min showed a significant fluores-
cence from the histogram. Further incubation with Cu?" shifts
the histogram in the direction of non-fluorescent. However,
the histogram shifts to the direction of strong fluorescence in
the presence of His. Quantitative fluorescence intensity assay
was achieved by the measurement of mean fluorescence in-
tensity (Figure 5). The results demonstrated that reversible
fluorescence response of NCH towards His could be achieved
at single intact cell level.

We noticed that the spherical vesicles with bright green
fluorescence diffused in the cytoplasm. This observation en-
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Figure 4. Confocal microscopy and flow cytometry analysis of reversible fluorescence response of NCH in live U-343 MGa cells. U-343 MGa cells were incubat-
ed with 2 um NCH for 30 min, and then sequentially treated with Cu®* (10 pum) and His (100 um) for 30 min. The shifts of histograms of flow cytometric analy-
sis represent the intracellular fluorescence intensity changes after U-343 MGa cells were treated with Cu?" and His. Scale bar, 20 pum.
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Figure 5. Mean fluorescence intensity per U-343 MGa (grey) and MDA-MB-
231 (light grey) cell of different incubation conditions were examined by
flow cytometric analysis.

couraged us to believe that NCH has organelle specificity prob-
ably lysosome, and could be potentially explored in targeted
bioimaging studies. Thus, the colocalization assay was con-
ducted in both live U-343 MGa and MDA-MB-231 cells by co-
staining cells with NCH and commercial LysoTracker Red DND-
99. As shown in Figure 6, S19, obvious overlap between the
green fluorescence of NCH and the red luminescence of Lyso-
Tracker Red DND-99 was observed in both cell lines. The inten-
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sity profiles of the linear regions of interest across U-343 MGa
and MDA-MB-231 cells stained with NCH and LysoTracker Red
DND-99 also vary in close synchrony (Figure 6 E, S19E, Support-
ing Information). The Pearson’s correlation coefficients are
0.733 for U-343 MGa cells, 0.725 for MDA-MB-231 cells, and
the Mander’'s overlap coefficients are 0.844 for U-343 MGa
cells, 0.835 for MDA-MB-231 cells. All of the coefficients are
close to 1, which represents high colocalization of NCH and Ly-
soTracker Red DND-99 in both U-343 MGa and MDA-MB-
231cells. In addition, a high correlation was found in the inten-
sity scatter plot of Ch1 and Ch2 (Figure 6F, S19F, Supporting
Information), suggesting the accumulation in the lysosome of
NCH. Selecting a rectangular area on the intensity scatter plot,
the corresponding white pixels on stimulated images were ob-
tained in accordance with the overlay image, which corrobo-
rated that NCH is lysosome localized.

Then, we examined the utility of NCH-Cu?>" ensemble for
the detection of His in live MDA-MB-231 and U-343 MGa cells
by microscopy imaging and flow cytometry analysis. MDA-MB-
231 and U-343 MGa cells were pretreated with 100 um His for
2 h, followed by the further incubation with 2 um NCH for an-
other 30 min. Cells without His treatment were employed as
the control group. As shown in Figure 7 and Figure S20, re-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Confocal fluorescence colocalization imaging of intracellular distribution of NCH with LysoTracker Red DND-99 in live U-343 MGa cells. Images of U-
343 MGa cells were incubated with NCH (A: channel 1, 1,,=473 nm, A, =490-525 nm), and further stained with LysoTracker Red DND-99 (B: 4., =559 nm,
Aem=560-620 nm;). (C) Overlay of (A) and (B). (D) Merged images of C with its bright field. (E) Fluorescence intensity profiles of the linear region of interest
across U-343 MGa cells in image C. (F) Intensity correlation plot of U-343 MGa cells that were colocalized with NCH and LysoTracker Red DND-99. (G) Simulat-
ed images (the white pixels represented by the intensity correlation plot (F) were highlighted by selecting the points with a white rectangular selection. Scale

bar, 10 pm.
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Figure 7. Confocal fluorescence imaging and flow cytometric assay of His in live U-343 MGa cells. (A, D) U-343 MGa cells were incubated with 2 um NCH-Cu?”
for 30 min before (A) and after (D) treatment with 100 pm His for 2 h. (B, E) ImageJ 3D interactive intensity analysis of luminescence images of A and D; (C,
F) merged images of A and D with their bright-field images. (G) Flow cytometry analysis results of live U-343 MGa cells (1, free cells; 2, NCH-Cu?>* loaded cells;
3, cells pre-treated with His and then stained with NCH-Cu?"). (H) Mean luminescence intensity per U-343 MGa cell of (G1), (G2) and (G3) measured by flow

cytometer. Scale bar, 20 pm.

markable fluorescence enhancement was observed from the
fluorescence images and 3D interactive intensity analysis. And
the increase of the fluorescence intensity was evaluated by the
flow cytometry analysis by measuring the fluorescence intensi-
ties of 10000 cells. 4.8-fold, and 3.3-fold of fluorescence en-
hancement were obtained after the U-343 MGa and MDA-MB-
231 cells were pretreated with 100 pm His (Figure 5G, H, S20G,
H).
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Conclusions

In summary, by exploration of the ensemble based strategy,
a 1,8-naphthalimide-based fluorescent chemosensing ensem-
ble, NCH-Cu?*, has been developed for the highly selective
and reversible detection of His in aqueous solution and living
systems. The ensemble was derived from the complexation of
NCH and Cu®" ions, accompanied by a significant fluorescent
quenching and an obvious shift of absorption wavelength
which enables the detection to be performed by naked eyes.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemasianj.org

In the presence of His, fluorescence and absorption recovery
were observed due to the effective shatching of Cu®" ions
from NCH-Cu®*" ensemble. The detection limit of NCH-Cu®" to
His was estimated to be 70 nm. Low cytotoxicity of NCH was
confirmed by the MTT analysis. Confocal microscopy imaging
studies revealed that NCH could be transferred into the live
MDA-MB-231 and U-343 MGa cells through an energy-depen-
dent pathway. Sensitive, reversible and quantitative fluores-
cence detection of intracellular His was achieved by the confo-
cal microscopy and flow cytometry analysis. Furthermore, co-
localization analysis displayed that NCH is located in lysosomes
after entering the live cells. We envisioned that such a NCH-
Cu*" ensemble could be further applied as a useful chemosen-
sor for monitoring of His distribution in vivo.

Experimental Section
Synthesis of NCH

To a solution of 4-hydrazine-1, 8-naphthalimide (0.141 g, 0.5 mmol)
in methanol (20 mL) was added 1.2 equiv of 4-diethyllaminosalicy-
laldhyde (0.116 g, 0.6 mmol), the reaction mixture was heated to
reflux for 7 h. After cooling down to R. T, the red turbid solution
was filtered and washed with methanol (5 mL) for three times to
get NCH in 90% yield. Mp: 199.1-200.6°C. 'H NMR ([Ds]DMSO,
500 MHz): 6=0.91 (t, 3H), 1.11 (m, 6H), 1.34 (m, 2H), 1.59 (m, 2H),
334 (m, 4H), 4.02 (m, 2H), 5.14 (s, 1H), 6.16 (s, 1H), 6.30 (t, J=
85Hz, 1H), 743 (t, J=4.0Hz, 1H), 749 (t, /=43 Hz, 1H), 7.74 (s,
1H),8.34 (d, /=85Hz, 1H), 846 (d, /=7.0Hz, 1H), 878 (d, J=
8.0 Hz, TH), 10.21 (s, 1H), 11.22 ppm (s, 1H). *C NMR ([D]DMSO,
125 MHz): 6=167.88, 163.78, 155.86, 155.42, 149.97, 149.37,
149.27. 135.05, 132.66, 132.03, 131.07, 129.00, 122.90, 121.82,
118.28, 110.53, 106.85, 106.70, 58.51, 49.36, 42.99, 29.86, 21.60,
18.35 ppm. IR: ©#=3737.55, 3419.51, 2965.70, 1583.55, 1387.04,
1519.53, 1287.36, 1121.63, 1237.86, 881.07, 773.08 cm'. API-ES
spectra (negative mode, m/z): Calcd for C,,H;N,O;: 458.2 [NCH];
Found: 457.2 [NCH <M->H]"). Elemental Analysis: Calculated: C,
70.72; H, 6.59; N, 12.22. Found: C, 70.63; H, 6.73; N, 12.25.

Confocal fluorescence imaging in living cells

Reversible imaging of His in living cells: MDA-MB-231, U-343 MGa
cells were typically seeded at a density of 5x 10" cells per mL in
a 22 mm coverglass bottom culture dishes (ProSciTech, Australia)
for the confocal microscope imaging. After 24 h, the culture media
was replaced with fresh RPMI-1640 medium (MDA-MB-231, 2 mL
per dish), or DMEM (U-343 MGa, 2 mL per dish) containing 2 um
NCH. The cells were incubated at 37°C in a humidified, 5% CO,/
95% air (v/v) incubator for 30 min. After being washed with PBS
(3x2 mL/dish), the NCH-loaded cells were then sequentially treat-
ed with Cu®" (10 um) and His (100 um) for 30 min. The cells were
washed with PBS (2 mL per dish) for three times before subjecting
to confocal microscopy analysis.

Live cell imaging of NCH-Cu** towards His: MDA-MB-231, U-
343 MGa cells were incubated with 100 um His at 37 °C in a humidi-
fied, 5% CO,/95% air (v/v) incubator for 2 h. After being washed
with PBS (2 mL per dish) for three times, the cells were further
stained with 2 um NCH-Cu®" for another 30 min. Then, the cells
were subjected to confocal microscopy imaging after being
washed with PBS (2 mL per dish) for three times.
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Colocalization imaging of NCH in living cells: After being stained
with 2 um NCH for 30 min, washed with PBS (3x2 mL per dish),
the MDA-MB-231, U-343 MGa cells were further incubated with
100 nm LysoTracker Red DND-99 for 30 min. Then, the confocal mi-
croscopy images were recorded after being washed with PBS (3 x
2 mL/dish).

Cellular uptake of NCH. For examination of temperature-dependent
cellular uptake of NCH, MDA-MB-231 and U-343 MGa cells were
cooled at 4°C for 30 min, then incubated with 2 um NCH for
30 min under the same conditions. After being washed with PBS
(3x2 mL per dish), the cells were subjected to the confocal micros-
copy imaging. For studying the effect of endocytotic inhibitors on
cellular uptake of NCH, the cells were treated with NH,Cl (10 mm),
chloroquine (100 um) for 30 min before the incubation with 2 pm
NCH for 30 min at 37°C in a humidified, 5% CO,/95% air (v/v) in-
cubator. Before imaging, the cells were washed with PBS (2 mL per
dish) for three times.

Flow cytometry analysis

Reversible fluorescence response of His by the chemosensor NCH-
Cu’" was further assessed by means of flow cytometry analysis.
MDA-MB-231 and U-343 MGa cells (1x10°cells per mL) were
seeded into a six-chamber culture well and incubated for 24 h. For
the analysis reversible fluorescence response of His in living cells,
cells were incubated with 2 pm NCH for 30 min, washed with PBS
for three times, and then sequentially treated with Cu?** and His.
For the analysis of intracellular His, the cells were treated with
100 um His for 2 h before incubation with 2 um NCH-Cu®* for
30 min. Cells incubated with culture medium for 24 h were used as
the controls for all experiments. All cells were detached from the
well using 0.05% trypsin-EDTA solution and washed with PBS for
three times before flow cytometry analysis.
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