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Aggregation-induced emission luminogens (AlEgens) with a definite structure—activity relationship play
important roles in site-specific bio-imaging and applications. However, the lack of a clear structure—
activity relationship for the excited-state intramolecular proton transfer (ESIPT) molecules, which are a
series of powerful AlEgens, restricts their biological applications. Herein, the cell-penetrating capability
of 4-N,N-dimethylaminoaniline salicylaldehyde Schiff-bases (DSS) with different substituents was investigated.
The diethylamino functionalized ESIPT Schiff base (DSS-4-DEA) displayed high cell-penetrating capacity,
making this simple AlEgen turn into a more powerful fluorescent functional material in biosystems. The DSS-
4-DEA was successfully used for a fluorescence assay of the intracellular Cu?*. Besides, the DSS-4-DEA
could also be used as an efficient transmembrane carrier to drastically enhance the internalization of DSS-5-Cl
to achieve two-color imaging. In addition, the DSS-4-DEA could be used to improve the transportation
of anticancer drug curcumin (Cur) into Hela cells, leading to increased apoptosis. The complete
exploration of the structure—activity relationship of ESIPT molecules might supply lots of new applica-
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Introduction

Since the aggregation-induced emission (AIE) concept was
coined by Tang in 2001, this photophysical phenomenon and
the corresponding AIE luminogens (AIEgens) and materials have
received extensive attention in various fields,> including
optoelectronic systems,>* biological imaging,”” sensing,®™°
biomedicine,"'™** and so on. Compared with the traditional
fluorescent dyes with aggregation-caused quenching (ACQ)
properties, the AlEgens usually have many advantages in the
bio-imaging, such as large Stokes shift, high brightness, excellent
photostability and biocompatibility. Besides, AIEgens are always
non-emissive in the molecularly dissolved state, but when used in
drug delivery systems, the AlEgens can emit intensely in this
aggregated state. Obviously, they can play vital roles in tracing the
biodistribution and indicating the release of drugs based on the
widely used energy transfer.

“College of Pharmaceutical Sciences, Southwest University, Chongqing 400715,
China. E-mail: chhhu@swu.edu.cn

b Engineer Research Center of Chongqing Pharmaceutical Process and Quality
Control, Chongqing 400715, China

1 Electronic supplementary information (ESI) available: Supplementary figures

including the optical characterization of the AIEgens, cell-penetrating ability and

reason investigation, the response of DSSs to metal ions and the mechanism

study etc. See DOI: 10.1039/c9gmo00089e

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019

tions of AIE materials in biological systems.

As a rising star among the AIEgens, the excited-state intra-
molecular proton transfer (ESIPT) fluorescent molecules'® have
recently entered the game of organic solid-state luminescent
materials’®?° and sensing.>'*® The ESIPT molecules usually
have several features, which are important for their wide range
of applications. Firstly, the ESIPT molecules always display two
emission peaks in the fluorescence spectra because of the
mutual conversion of their enol- and keto-forms, which is
essential for probes with significant change in emission
color.”™*® Secondly, ESIPT molecules are suitable for pH
sensing based on the protonation and deprotonation of the
molecules® or the hydrolysis of the imine bond in the salicyl-
aldehyde Schiff bases.”® Besides, in the structure of ESIPT
molecules, especially the salicylaldehyde Schiff bases, there is
always an efficient coordination site, for example the adjacent
imine and hydroxyl, which is important for ESIPT molecular
probe-based metal ion sensing.>>*"*®

ESIPT molecules have proven to be effective fluorescent
probes for various analytes and imaging agents both in abiotic
systems®'**?%3% and in cells, bacteria and other biological
systems.?’ > But, until now, only few reports are related to
the structure-activity relationship of ESIPT molecules; for
example, different membered rings adjust the effectiveness of
intramolecular proton transfer in the excited state structure,*®
and the substituent regulated pH-response.>* Compared to the

Mater. Chem. Front., 2019, 3, 1151-1158 | 1151


http://orcid.org/0000-0002-9882-9700
http://orcid.org/0000-0001-6878-6597
http://orcid.org/0000-0002-8889-711X
http://crossmark.crossref.org/dialog/?doi=10.1039/c9qm00089e&domain=pdf&date_stamp=2019-04-23
http://rsc.li/frontiers-materials
https://doi.org/10.1039/c9qm00089e
https://pubs.rsc.org/en/journals/journal/QM
https://pubs.rsc.org/en/journals/journal/QM?issueid=QM003006

Published on 15 April 2019. Downloaded on 11/10/2025 10:54:53 PM.

Research Article

R
A

|
7 oM

=N

Q0

-

Q5B

N
4H =
& 4-OCH3 so N
4-DEA ;
i = Br-
£
OH >
& OCHa % OH
N e a SN
© OH OH ©
N N OH SN I
o o o O
Dss DSS-5-Br
N NS

DSS-4-MO 2N

DsSS-5-Cl
DSS-4-DEA

Scheme 1 4-N,N-Dimethylaminoaniline  salicylaldehyde  Schiff-base

(DSS) ESIPT molecules with different substituents.

much clearer structure-cell localization relationships of
commonly used AlEgens for bio-imaging and sensing applications,
such as the mitochondria targeting ones with cationic and lipo-
philic characteristics,*”° and the lipid droplet-specific imaging
ones with donor-accepter systems and hydrophobicity,**™* the cell
substructure specific imaging and penetration performance
of ESIPT molecules is indeed important for their biological
applications, but rarely researched.

Herein, we chose a series of simple ESIPT molecules with the
basic structure of 4-N,N-dimethylaminoaniline salicylaldehyde
Schiff-bases (DSS, Scheme 1), to investigate the substituent
regulated cell-penetrating capability. These ESIPT molecules all
exhibited AIE or aggregation enhanced emission (AEE) properties.
We discovered that the substituents influenced the penetration
capacity drastically and the DSS-4-DEA possessed superior pene-
tration capacity to the other four molecules. Combined with
its abundant active sites, DSS-4-DEA can be used as a suitable
intracellular fluorescent probe for Cu®*, and a useful trans-
membrane carrier for intracellular molecule transport, such as
other AlIEgens and drugs with poor cell-penetrating ability. The
high cell-penetrating capability of DSS-4-DEA is an important
foundation for the multifunction and wide applications of this
simple AIE molecular material.

Results and discussion

The five ESIPT dyes were prepared by one-pot aldimine con-
densation (see the nuclear magnetic resonance (NMR) charac-
terization results shown in Fig. S1 and S2 (ESIt), and high
resolution mass spectra (HRMS) characterization results shown
in Fig. S3, ESIt). The obvious shoulder peaks on the fluores-
cence spectra corresponded to the classical enol and keto forms
(Fig. 1a, b and Fig. S4, ESIT). Besides, they all exhibited large
Stokes shift up to about 200 nm (Fig. 1b and Fig. S4, ESIY).
Compared to the fluorescence intensity in pure organic solvents,
the DSS and four derivatives all showed enhanced fluorescence
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Fig. 1 4-N,N-Dimethylaminoaniline salicylaldehyde Schiff-base (DSS) ESIPT
molecules with different substituents.

intensity in high water fractions, so they exhibited AIE or AEE
properties. The narrow full width at half maximum (FWHM) of
the emission spectra (Fig. 1c, d and Fig. S5, ESIT) and the good
biocompatibility (up to 100 uM, Fig. S5, ESIT) were suitable for
bio-imaging and related applications. Herein, the firstly red-shift
of the emission spectra in Fig. 1c and Fig. S5a and c (ESI}) was
attributed to the enhanced twisted intramolecular charge transfer
(TICT) effect along with increased solvent polarity, and the
following blue-shift of the emission spectra was attributed to
decreased degree of distortion during the aggregation process
(as indicated by the arrow in Fig. 1c). This is a classic phenomenon
in AIE processes.**

The penetration capacity of these dyes in cell imaging was
firstly investigated with human cervical cancer (HeLa) cells.
The DSS-4-DEA exhibited a high penetration capacity and the
HelLa cells could be stained brightly when the concentration of
DSS-4-DEA was larger than 25 uM (Fig. S9, ESIt). The penetra-
tion capacity of the other four dyes was poor and the cells
couldn’t be stained with them in 25 uM (Fig. 2), except that the
cells could be lit up with DSS-5-Br in 100 uM (Fig. S7-S11, ESIf).
Three other cell lines, mouse embryonic fibroblast (C3H10 T1/2)
cells, human hepatocyte (LO2) cells, mouse macrophage
(RAW 264.7) cells were also used to further investigate the
penetration capacity of DSS-4-DEA. The results indicated that,
at 25 uM concentration, the DSS-4-DEA also exhibited better
cell-penetrating capacity than the other four derivatives in all
the above three cell lines (Fig. S12-S14, ESIt). Interestingly, the
DSS-5-Br also exhibited slightly higher cell-penetrating ability
than DSS, DSS-4-MO and DSS-5-Cl.

Although diethylamino has been reported to play interesting
roles in the AIE properties and biocompatibility of ATEgens,**>*®
there is no special functional group in the DSS-4-DEA for
specific cell recognition, so the physical and chemical properties
might play important roles in the regulation of the penetration
capacity. As is well-known, positively charged nanomaterials
can always be efficiently internalized due to the negatively

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Fig. 2 Fluorescence images of Hela cells stained with the DSS and the
other four derivatives (25 pM). Scale bar 100 pm.

charged cell membrane.”” "' So we determined the potential of

the aggregates of DSS and four derivatives (DMSO/water, water
fraction 99%), and found that all the five AlEgens showed weak
negative charge (mainly between —10 and 0 mV, Fig. S15, ESIT).
As a result, the surface charge of the five AlEgens should not be
an important reason for the significantly different penetration
capacity. Besides, the size of the particles has been reported to
have important effects in regulating the cell-penetration and
internalization, and particles with a size of about 50 nm are
easy to be internalized; however, when the size increases again,
the uptake will be decreased.*>”® We measured the size of the
aggregates of the five ESIPT dyes in the DMSO/Imaging medium
(water fraction 99%), and found that the sizes of all five ESIPT
dyes were small (DSS 80.5 + 8.3 nm, DSS-4-MO 123.8 + 12.0 nm,
DSS-4-DEA 81.6 + 8.8 nm, DSS-5-Cl 156.1 £+ 21.5 nm, DSS-5-Br
153.2 + 15.9 nm, Fig. S16, ESIt). There was no obvious corre-
spondence between the size and the cell-penetrating capability.
It has been reported that the cell penetrability of the dyes
containing donor-acceptor structures would turn weak with the
increased electron-withdrawing ability of the acceptor.*® From
this perspective, in the five ESIPT dyes, only weak donor-
acceptor interaction existed in the DSS-5-Cl and DSS-5-Br. The
DSS-4-DEA doesn’t have an obvious acceptor, so the cell penetr-
ability should not be affected mainly by this factor. The high
hydrophobicity or high log P (n-octanol/water partition coeffi-
cient) value has been confirmed to be important in the imaging
of lipid droplets.*® The calculated log P (Clog P) value can be
estimated by using ChemBioDraw 14.0. The ClogP value of
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Fig. 3 Fluorescence images of the DSS-4-DEA (25 uM)-Hela cells treated
with 0.3 mM sodium oleate and 0.15 mM methyl palmitate, which can
induce significant neutral lipids in the cells. (a) Bright field image. (b)
Fluorescence image. Cell 1 contains few lipid droplets, and cell 2 contains
obvious lipid droplets. Scale bar 50 pm.

DSS-4-DEA is 4.76, which is the highest. The DSS-5-Br and
DSS-5-Cl have a little weak ClogP, 4.63 and 4.36. The Clog P
values of DSS and DSS-4-MO are 3.80 and 3.67. The ClogP
values of the five ESIPT dyes are all below 5, although that of
DSS-4-DEA is 4.76. HeLa cells with some lipid droplets were
used to investigate whether DSS-4-DEA could stain the lipid
droplets. The results showed that the lipid droplets in the cells
were not co-located with the fluorescence signal (Fig. 3), and no
matter whether the cell had obvious lipid droplets (cell 2) or not
(cell 1), the fluorescence signals were nearly the same and
showed whole cell distribution. As a result, the DSS-4-DEA
was not at the location of lipid droplets to stain the cells. But
the ClogP should play important roles in the penetration
capacity. The DSS-5-Br, which had an approximative ClogP to
DSS-4-DEA indeed exhibited a better penetration capacity in a
high concentration, 100 pM (Fig. S11, ESIt). And the reduced
penetration capacity of DSS-5-Br compared to DSS-4-DEA might
be attributed to the weak donor-acceptor interaction.*’

As the superior cell-penetrating capacity of DSS-4-DEA had
been confirmed, next we tried to investigate the stimulus-
response property of DSS-4-DEA. The ESIPT dyes had a coordi-
nation site which should be able to react with metal ions.
Firstly, the stability of the fluorescence signal of DSS-4-DEA
(DMSO/water, water fraction 99%) was investigated and the
results showed that the signal increased in the first two
minutes, which could be attributed to the formation process
of the stable aggregates. After two minutes, the signal was
almost at a steady state (Fig. S17, ESIf). So the DSS-4-DEA
aggregates, after a stabilization of three minutes, were used as
the probes. Then, the DSS-4-DEA was screened with fourteen
metal ions, and the fluorescence emission was drastically
decreased in the case of Cu®', with An. at about 515 nm
(Fig. 4a). And the fluorescence quenching was found to occur
at small concentrations of Cu®" (below 10 uM). Then the
quenching efficiency of Cu®" was finely determined, and the
results showed that the response concentration range of Cu**
was 1-10 uM. When the concentration of Cu®>" was larger than
10 pM, the fluorescence was almost quenched completely
(Fig. 4b). The fluorescence intensity was linearly related and
the concentration of the added Cu®", and the regression equation
could be expressed as lg F = 3845.62 — 0.46¢c,2+ (R” = 0.990) with a
linear range from 1-10 uM (Fig. 4c). And the determined limit of
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Fig. 4 (a) Cu®* (0-200 pM) induced fluorescence quenching of DSS-4-
DEA (100 pM) after 3 minutes of stabilization. (b) Finely measured Cu®*
(0.1-100 pM) induced fluorescence quenching of the DSS-4-DEA. (c)
Fluorescence intensity against the concentration of Cu?*. (d) Metal ion
induced fluorescence quenching of the DSS-4-DEA (1 Ca’*, 2 Cd?*
3 Co®, 4 Crt, 5 Cu*t, 6 Fe?t, 7 Fe®*, 8 K*, 9 Mg?*, 10 Mn?*, 11 Na*, 12 Ni?*,
13 Pb?*, 14 Zn?*, 15 all metal ions 1-14, 16 all metal ions 1-14 except Cu?*).

detection (LOD) was 0.14 puM (30). For the other four dyes, the
Cu® also induced the fluorescence quenching in a similar
manner (Fig. 4d and Fig. S18, ESIt), indicating that Cu®" should
react with the same basic structure in the DSSs. According to the
previous reports, the hydroxyl and nitrogen atoms in the imine,
which had a suitable spatial distribution, were the binding
site.>>** The coexisting metal ions didn’t quench the fluores-
cence, but they could coordinate with the DSS structure and
compete with Cu®*. This should be the reason for the weakly
reduced fluorescence quenching efficiency of the composite metal
ions containing Cu®* compared to Cu*" alone.

The coordination is usually reversible, so the DSS-4-DEA/
Cu”* complex may be disintegrated when the stronger chelating
agents are added. Disodium ethylenediaminetetraacetate
(EDTA-2Na) is a well-known chelating agent, which is usually
used as an efficient masking agent to eliminate interference
from many metal ions. Herein, we used EDTA-2Na to investi-
gate the fluorescence recovery and to confirm that the mecha-
nism of Cu*" induced fluorescence quenching was through a
coordination mechanism. The EDTA-2Na could react with the
Cu®* quickly, so, after the addition of EDTA-2Na, the fluores-
cence signal was continuously determined in 20 minutes.
Three different EDTA-2Na/Cu”" ratios were investigated, and
the results showed that when the ratio was up to 10:1, the
fluorescence could be recovered efficiently (higher than 90%,
Fig. 5a, ¢ and Fig. S19, ESI}).

Besides, the pyrophosphate ion (PPi), another efficient
chelating agent for many metal ions, was also used to investigate
the fluorescence quenching mechanism. As the coordination
capability of PPi was weaker than EDTA-2Na, the fluorescence
recovery efficiency was not as high as the EDTA-2Na, even the

1154 | Mater. Chem. Front., 2019, 3, 1151-1158

View Article Online

Materials Chemistry Frontiers

o
g

o

g

10: DSS-DEA DSS.DEA

1400 E0TA 2N - Cut [ p o g /\/

FL Intensity (a.u.)
FL Intensity (a.u.)

4 d 1600
c L5l
1400 - 201

[ 100:1

800

600

FL Intensity (a.u.)

a
8
3

N
8
8

10 15 0 15 20

7!/ min 7/ min

Fig. 5 (a) EDTA-2Na induced fluorescence recovery in 20 minutes
(EDTA-2Na:Cu?* 10:1). (b) PPi induced fluorescence recovery in
30 minutes (PPi:Cu?* 100:1). (c) The recovery trend of the EDTA-2Na
at different EDTA-2Na/Cu?* ratios induced fluorescence recovery of the
DSS-4-DEA/Cu®* complex. (d) The recovery trend of the PPi at different
PPi/Cu?* ratios induced fluorescence recovery of the DSS-4-DEA/Cu?*
complex.

PPi/Cu”" ratio was up to 100:1 (Fig. 5b, d and Fig. S20, ESI?).
When the PPi/Cu®" ratio was from 20: 1 to 100: 1, the fluorescence
recovery ratio only enhanced from about 51% to about 64%.
Although the chelation ability of EDTA-2Na and PPi was signifi-
cantly different in this system, the similar fluorescence recovery
results indicated that the Cu®>" induced fluorescence quenching
was mainly through the coordination mechanism.

By taking advantage of the high cell-penetrating capability
and the efficient fluorescence response to Cu®', intracellular
fluorescent assay applications of DSS-4-DEA were investigated
by imaging of different concentrations of intracellular Cu*",
which is exogenously added. Thirty minutes after the addition
of Cu®" (1 nM-100 pM) into the pre-stained HeLa cells with
25 pM DSS-4-DEA, the gradually enhanced quenching of the
fluorescence signal was observed and imaged. The obvious
fluorescence quenching appeared from 100 nM of Cu**, and
when the concentration of Cu®" was up to 10 pM, the fluores-
cence turned significantly weak (Fig. 6). Because of the reduced
DSS-4-DEA concentration used in the intracellular fluorescent
assay, and the partially internalized DSS-4-DEA, a lower response
concentration of Cu®*" than the spectral analysis, 100 nM, was
achieved. In addition, a wider response concentration range of the
Cu®" was obtained because of the lower interacting efficiency
between the DSS-4-DEA and Cu®" in the complex intracellular
environment. This model of intracellular qualitative imaging
analysis applications of DSS-4-DEA displayed the importance of
its high cell-penetrating capability for intracellular sensing.

Then, the application of DSS-4-DEA as a transmembrane
carrier for improving the cell-penetration of other dyes was inves-
tigated. The DSS-5-Cl, which had a poor cell-penetrating capability
and red color fluorescence, was chosen as the model cargo.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019


https://doi.org/10.1039/c9qm00089e

Published on 15 April 2019. Downloaded on 11/10/2025 10:54:53 PM.

Materials Chemistry Frontiers

Bright field Fluorescence Merged

Control

Fig. 6 (a) EDTA-2Na induced fluorescence recovery in 20 minutes
(EDTA-2Na: Cu®* 10:1). (b) PPi induced fluorescence recovery in 30 minutes
(PPi: Cu?* 100:1). (c) The recovery trend of the EDTA-2Na at different
EDTA-2Na/Cu?* ratios induced fluorescence recovery of the DSS-4-DEA/
Cu?* complex. (d) The recovery trend of the PPi at different PPi/Cu?* ratios
induced fluorescence recovery of the DSS-4-DEA/Cu?* complex.

The obvious difference between the fluorescence colors of the
DSS-4-DEA and the DSS-5-Cl confirmed the resolution. After
the blending with DSS-4-DEA, the DSS-5-Cl showed signifi-
cantly enhanced internalization. And the co-localized red and
green fluorescence suggested that the transport of the intra-
cellular DSS-5-Cl was indeed attributed to the DSS-4-DEA (Fig. 7).
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Fig. 7 Fluorescence images of the DSS-4-DEA enhanced intracellular
internalization of DSS-5-Cl. Experimental conditions: Hela cell, Cpss-4-pea
50 uM, cpss-s-c1 25 uM, time 30 minutes. Scale bar 50 um.
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of DSSs (50 uM) with Cur to Hela cells. All the tested time is 24 h.

These results suggested that, besides the role of the intracellular
sensing, the DSS-4-DEA could also be used as a powerful carrier to
significantly enhance the cell-penetration of some other fluores-
cent dyes to achieve multi-color imaging.

Finally, the application of DSS-4-DEA for drug delivery was
also investigated. Herein, the anticancer drug curcumin (Cur)
was chosen as the model drug. Cur has multiple pharmacologic
effects, such as anti-inflammatory, and antiproliferative. How-
ever, its poor absorption, rapid metabolism, and rapid systemic
elimination always leads to poor bioavailability.>® Cur at large
concentrations, for example 50 uM, began to lead to obvious
recognizable cytotoxicity to the HeLa cells (Fig. 8a). To improve
the anticancer efficiency of Cur, some drug delivery systems
have been established, for example, organophilic carbon dots,
which can match the hydrophobic nature of Cur well and
enhance the transportation of Cur into the cell and accelerate
the apoptosis of HeLa cells.’® DSS-4-DEA can form aggregates at
high water fractions. So the DSS-4-DEA might also be used to
load Cur to form complex aggregates. When the Cur (15, 25 and
50 uM) and DSS-4-DEA (50 uM) worked together, enhanced
cytotoxicities were obtained at all three concentrations, although
both Cur and DSS-4-DEA showed much lower cytotoxicity alone in
these conditions. Besides, the other 4 DSSs didn’t bring discernible
enhancement to the cytotoxicity of Cur (Fig. 8b). Obviously, the
enhanced cytotoxicity was attributed to the DSS-4-EDA and its high
cell-penetrating ability. As a result, the simple AIE molecular
material, DSS-4-DEA, with high cell-penetrating ability, displayed
multiple bio-applications.

Conclusions

In summary, the effect of substituents on the cell-penetrating
capability of AIEgens with ESIPT properties was investigated for
the first time. This is an important supplement to the struc-
ture-property research category of AlEgens. Interestingly, the
diethylamino functionalized ESIPT molecule, DSS-4-DEA,
exhibited superior performance in terms of penetration
capability than four other analogues, in both HeLa cells and
three other cell lines. Combining the fluorescence response to
Cu”', the DSS-4-DEA was successfully used for intracellular
fluorescence detection of Cu®" in a wide linear range. Besides,
the DSS-4-DEA could be used to carry other molecules into the

Mater. Chem. Front., 2019, 3, 1151-1158 | 1155
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cells to achieve dual-color imaging. Furthermore, the successfully
enhanced cytotoxicity of curcumin suggested the important appli-
cation of DSS-4-DEA in drug delivery. We expect that this work
might motivate scientists to explore the use of AlEgens with
specific targeting capability to some subcellular structures, such
as the lipid droplets, mitochondria and lysosomes, to carry and
delivery drugs precisely. Considering the abundant excellent
properties, such as the tunable dual emission, pH-response and
strong coordination capability, further exploration of the stable
and deterministic cell-penetrating and bio-imaging capability of
ESIPT molecular materials is still urgently needed.

Experimental
Materials

The following reagents were commercially available and used
without further purification. The chemicals for the preparation
of the 4-N,N-dimethylaminoaniline salicylaldehyde Schiff-bases
(DSS) and four derivatives were obtained from J&K Chemical
Co., Ltd (Beijing, China). The metal salts and curcumin were
from Aladdin Chemistry Co., Ltd (Shanghai, China), Chuandong
Chemical Reagent Co., Ltd (Chongqing, China) and Kelong
Chemical Reagent Co., Ltd (Chengdu, China). Human cervical
cancer (HeLa) cells, human hepatocyte (LO2) cells, mouse macro-
phage (RAW 264.7) cells, and mouse embryonic fibroblast
(C3H10 T1/2) cells were obtained from the cell culture center
(Institute of Basic Medical Sciences of Chinese Academy of
Medical Sciences). All solutions were prepared using ultra-pure
water (Millipore, 18.2 MQ).

Apparatus

'H NMR (400 MHz) and *C NMR (100 MHz) spectra were
recorded on a Bruker Advance DMX 400 spectrophotometer
using CDCI; as a solvent and tetramethylsilane (TMS) as an
internal standard. Proton signal multiplicities are given as s
(singlet), d (doublet), t (triplet), q (quartet), and m (multiplet).
High resolution mass spectra (HRMS) were recorded on a
Bruker impact 1110200 mass spectrometer. MTT assay was
performed on a Bio-Rad Model 680 microplate reader. Zeta
potential measurements were carried out with a Malvern Nano-ZS
Zetasizer. The cell-penetrating capability investigation was performed
on a PerkinElmer operetta CLS011021 high content analysis
system. Fluorescence imaging of intracellular Cu®*" was per-
formed on an Olympus IX-71 fluorescence microscope. Fluores-
cence spectra were determined on Hitachi F-7000 fluorescence
spectrometer.

Preparation of DSS and the four derivatives

The general synthetic procedure of DSS is as follows. 2 mmol
4-N,N-dimethylaminoaniline and 2 mmol salicylaldehyde were
dissolved in 20 mL of absolute ethanol. The mixture was stirred
and heated to 80 °C. 100 pL of acetic acid was added as the
catalyst. Then, the reaction mixture solution was stirred at
80 °C for 12 h. The formed precipitates were filtrated and
washed with absolute ethanol. The products could be further
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purified by recrystallization. For the preparation of the other
four derivatives of DSS, the salicylaldehyde was replaced by the
corresponding salicylaldehyde derivatives.

Cell penetration capability investigation

Firstly, HeLa cells were used to investigate the penetration
capability of the five ESIPT dyes. For each dye, different con-
centrations (0-100 uM) were all used to stain the cell for
30 minutes. Then, the extra dyes were washed with PBS three
times before the following high content fluorescence imaging
analysis.

For LO2, RAW 264.7, and C3H10 T1/2 cell lines, 25 uM of all
the five dyes were used to stain the cell. This concentration was
chosen from the imaging results of the HeLa cell imaging.

Characterization of the ESIPT dyes

DSS. 'H NMR (400 MHz, CDCl;) 6 (ppm) 13.77 (s, 1H), 8.61
(s, 1H), 7.38-7.22 (m, 4H), 6.99 (d, J = 8.2 Hz, 1H), 6.90 (t, ] =
7.5 Hz, 1H), 6.74 (d, J = 9.0 Hz, 2H), 2.99 (s, 6H). >C NMR
(100 MHz, CDCl;) & (ppm) 160.91, 157.64, 149.91, 137.09,
132.03, 131.53, 122.20, 119.77, 118.83, 117.04, 112.76, 40.63.
HRMS (EI): calculated for C;5H,,N,0: [M + H]" 241.1335, found
241.1333.

DSS-4-MO. "H NMR (400 MHz, CDCl;) § (ppm) 14.30 (s, 1H),
8.51 (s, 1H), 7.29-7.19 (m, 3H), 6.80-6.71 (m, 2H), 6.52-6.42
(m, 2H), 3.84 (s, 3H), 2.98 (s, 6H). ">C NMR (100 MHz, CDCl;) §
(ppm) 163.95, 163.26, 157.10, 149.56, 137.06, 132.78, 121.82,
113.52, 112.91, 106.68, 101.14, 55.42, 40.70. HRMS (EI): calcu-
lated for C16H;oN,0,: [M + H]' 271.1441, found 271.1431.

DSS-4-DEA. "H NMR (400 MHz, CDCl;) § (ppm) 14.23 (s, 1H),
8.39 (s, 1H), 7.23-7.16 (m, 2H), 7.12 (d, = 8.7 Hz, 1H), 6.78-6.71
(m, 2H), 6.26-6.15 (m, 2H), 3.39 (q,J = 7.1 Hz, 4H), 2.96 (s, 6H),
1.20 (t, J = 7.1 Hz, 6H). >°C NMR (100 MHz, CDCl;) § (ppm)
164.26, 156.96, 151.25, 149.02, 137.96, 133.05, 121.44, 113.18,
109.44, 103.44, 98.05, 44.55, 40.86, 12.76. HRMS (EI): calculated
for C19H,N;0: [M + H]" 312.2070, found 312.2070.

DSS-5-CL. "H NMR (400 MHz, CDCl;) § (ppm) 13.76 (s, 1H),
8.50 (s, 1H), 7.31-7.17 (m, 4H), 6.90 (d, J = 8.8 Hz, 1H), 6.74-6.67
(m, 2H), 2.98 (s, 6H). >C NMR (100 MHz, CDCl;) § (ppm)
159.44, 155.79, 150.18, 136.34, 131.66, 130.47, 123.35, 122.33,
120.59, 118.54, 112.64, 40.54. HRMS (EI): calculated for
C15H16CIN,O: [M + H]" 275.0946, found 275.0955.

DSS-5-Br. "H NMR (400 MHz, CDCl;) § (ppm) 13.79 (s, 1H),
8.50 (s, 1H), 7.43 (d,J = 2.4 Hz, 1H), 7.34 (dd, J = 8.8, 2.5 Hz, 1H),
7.28-7.21 (m, 2H), 6.86 (d, J = 8.8 Hz, 1H), 6.75-6.67 (m, 2H),
2.98 (s, 6H). >C NMR (100 MHz, CDCl;) § (ppm) 159.91, 155.66,
150.18, 136.30, 134.46, 133.45, 122.33, 121.23, 118.99, 112.64,
110.25, 40.54. HRMS (EI): calculated for C,5H;¢BrN,O: [M + H]"
319.0441, found 319.0451.

Fluorescent assay of Cu®" and the selectivity

Before the investigation, the fluorescence stability of the DSS-4-
DEA was firstly monitored. Then, DSS-4-DEA aggregates formed
after 3 minutes were chosen as the probes. Different concentrations
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of Cu®" were added to the formed DSS-4-DEA aggregates (100 UM,
pH 7.4 PB buffer). After 20 minutes, the fluorescence spectra were
measured.

Fourteen metal ions were used to investigate the fluores-
cence quenching efficiency of DSS-4-DEA (1 Ca”", 2 Cd**, 3 Co*",
4 cr*, 5 cu™, 6 Fe**, 7 Fe*', 8 K, 9 Mg**, 10 Mn**, 11 Na*,
12 Ni**, 13 Pb*', 14 Zn**, 15 all metal ions 1-14, 16 all metal
ions 1-14 except Cu**). The sixteen groups of experiments were
also used to confirm whether the Cu®>" induced fluorescence
quenching was a common phenomenon for all five ESIPT
dyes.

EDTA-2Na and PPi induced fluorescence recovery

100 uM DSS-4-DEA and 10 uM Cu®* were firstly mixed to form a
complex, which showed no obvious fluorescence. Then, three
concentrations of EDTA-2Na were added to the complex respec-
tively. The EDTA-2Na/Cu”" ratios were 1:1, 10:1 and 100: 1.
As the coordination capability of EDTA-2Na was strong, the
fluorescence spectra were monitored for 20 minutes. For PPi,
due to the weak coordination capability, the PPi/Cu** ratios
were 4:1, 20:1 and 100:1. And the fluorescence spectra were
monitored for 30 minutes.

Intracellular fluorescence assay of Cu®*

Firstly, HeLa cells were stained with 25 uM of DSS-4-DEA for
30 minutes. The extra DSS-4-DEA was washed with PBS. Then,
different concentrations of Cu** (0-100 pM) were added and
incubated for 30 minutes. The cells were imaged by an Olympus
IX-71 fluorescence microscope with 20x objective lens.

DSS-4-DEA enhanced intracellular internalization

HeLa cells were stained with four groups of dyes (1 control,
2 DSS-4-DEA 50 pM, 3 DSS-5-Cl 25 puM, 4 DSS-4-DEA 50 uM and
DSS-5-Cl 25 pM) for 30 minutes. After the extra dyes were
washed with PBS three times, high content fluorescence imaging
analysis was performed.

DSS-4-DEA enhanced cytotoxicity of Cur

Firstly, the cytotoxicity of different concentrations of Cur (0-100 pM)
to HeLa cells was tested. And the cell viability was obtained by
comparison to the control. Then, 15, 25 and 50 uM Cur were
selected to investigate the DSS-4-DEA enhanced cytotoxicity. For
all three groups, 50 pM DSS-4-DEA was used as the carrier.
Simultaneously, 50 uM of the four other DSSs were also used to
confirm that the DSS-4-DEA with high cell-penetrating ability
was indispensable. After staining with MTT at 37 °C for 4 h, the
culture medium was removed, and 150 uL DMSO per well was
added. Cell viability was assayed by measuring the absorbance
at 490 nm with a microplate reader.
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