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ABSTRACT: A novel type of organic—inorganic hybrid periodic . PRV N I
mesoporous materials based on 1,8-dihydroxyanthraquinone & rrooao0 M

(DHAQ-PMOs) was synthesized in a ternary deep eutectic solvent
(DES). In the process of the material synthesis, an organosiloxane
precursor (DHAQ-Si) and tetraethylorthosilicate (TEOS) were used

as the mixed Si source, and cetyltrimethylammonium bromide @< :
(CTAB) was used as the structure directing agent. The DES formed 53

by choline chloride (ChCl), urea (U), and ethylene glycol (EG) was Fluorestence off ) D e 7
used as a green solvent. The water needed for the hydrolysis of o/ Fuorescence on Y

DHAQ-Si and TEOS was provided from free water in the sodium
hydroxide solution. As characterized by small-angle X-ray scattering,
nitrogen adsorption/desorption isotherms, and high-resolution
transmission electron microscopy, the obtained mesoporous
materials exhibit a two-dimensional hexagonal (P6mm) structure.
DHAQ possesses double fluorescence emission peaks at ca. 520 and 580 nm due to the effect of the excited-state intramolecular
proton transfer (ESIPT). For DHAQ-PMOs, the silica framework can provide a rigid environment that makes the fluorescence
properties more stable and the fluorescence emission peak appears to red-shift obviously. The DHAQ-PMOs have high selectivity
and sensitivity in a wide pH range that can be used to detect Cu®*, and the limit of detection (LOD) is as low as 2.39 X 107 M.
Fluorescence polarization experiments, high-resolution mass spectrometry, and Fourier transform infrared spectroscopy were used to
study the coordination interaction between DHAQ and Cu?*. The density functional theory (DFT) was used to further prove the
coordination ability and interaction between DHAQ and Cu?*. XPS spectra were also done to prove the coordination of DHAQ and
DHAQ-PMO-10 with Cu**. In addition, confocal fluorescence microscope images exhibit that DHAQ-PMOs can detect Cu** in
living cells. The results show that DHAQ-PMOs have great application potential as a sensor for the detection of Cu*".
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1. INTRODUCTION

Mesoporous silica has a tunable pore size, controllable pore

2,6-pyridine dicarboxamide and grafted with lanthanides,
which show a selective response to Pb** and Cr**.'® Wang et

structure, and large surface area.' The introduction of organic
groups, which were embedded in the framework through
covalent bonds, makes periodic mesoporous organosilicas
(PMOs) not only have the excellent characteristic of
mesoporous materials but also have the unique properties of
organic groups. Active sites provided by organic groups make
PMOs have a wide range of applications, such as catalysis,”™"*
adsorption,s_7 drug delivery,g’9 sensing,lo’ll and so on.
Especially, PMO materials have been used as fluorescence
sensors to detect many metal ions, such as Cu®",'? Co*,"
Zn**,'* etc. Our group synthesized PMOs based on rhodamine-
6G Schiff derivative-bridged organosilanes (RS-Si), a bis-
(rhodamine Schiff-base derivative) bridged precursor with four
silyl groups (BRH-Si,), and a (tetraylnitrilomethylidyne-
hexaphenyl (TH))-derived tetrasiloxane precursor (TH-Si,),
respectively.”” "7 These PMOs show excellent fluorescence
properties and good optical stability and can be used to
specifically detect Cu®". Kaczmarek and Van Der Moort
synthesized PMOs based on N,N-bis(trimethoxysilylpropyl)-
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al. synthesized PMOs by covalently binding Schiff base 3-((4-
aminophenyl)imino)-5-fluoroindolin-2-one (APIFI) with ep-
oxypropoxyl groups in the siliceous walls to detect Sn** with
high selectivity and sensitivity."

Quinones have a highly conjugated structure and show
different colors, so they are often found in nature as pigments
in animals, plants, and microorganisms. 1,8-Dihydroxyanthra-
quinone (DHAQ) is a member of the anthraquinones and
usually found in some dyes and industrial raw materials.*’
DHAQ is a highly conjugated compound with two hydroxyl
groups at positions 1 and 8 and two quinone bonds at
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Scheme 1. The Schematic Diagram of the Synthesis Process of DHAQ-Si
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Scheme 2. The Schematic Diagram of the Synthesis Process of DHAQ-PMOs
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positions 9 and 10 in the anthraquinous ring, which can emit
fluorescence under ultraviolet light based on the excited-state
intramolecular proton transfer (ESIPT) and intramolecular
charge transfer (ICT) fluorescence emission mechanisms.
There are also many fluorescence emission mechanisms that
have been reported by researchers, such as photoinduced
electron transfer (PET), chelation-enhanced fluorescence
(CHEF), and so on. Yan et al. synthesized a novel fluorescence
probe, N’-((1-hydroxynaphthalen-2-yl)methylene)-
isoquinoline-3-carbohydrazide (NHMI), based on the ESIPT
and PET mechanisms, which showed a distinctive “turn-on”
fluorescence signal toward AP* and Mg*.”' Yadav et al.
designed and developed a new chemical sensor to monitor the
fluoride in water. This sensor showed a “turn-off” fluorescence
response toward F~ due to the enhanced PET and ICT process
with a low limit of detection.”” Zhang et al. designed a new
multiresponse pyrazoline-based fluorescent sensor, which
exhibited high sensitivity for detecting Zn** and Cd*' in an
ethanol aqueous solution based on the ICT and CHEF
effects.”

Deep eutectic solvents (DESs) are a new type of solvent that
are gradually replacing toxic organic reagents. The concept of
DESs was first described by Abbott et al. in 2003.”* DESs are
composed of a hydrogen bond donor (HBD) and hydrogen
bond accepter (HBA) through hydrogen bond interactions
with a much lower melting point than any individual
component.”> For DESs themselves, their toxicity is non-
existent or very low, and their biodegradability and
biocompatibility are good,”*”** which make them environ-
mentally benign alternatives for synthesis. Most DESs are
liquid and can be stored at room temperature, but the viscosity
is higher. Therefore, a ternary DES composed of choline
chloride (ChCl), urea (U), and ethylene glycol (EG) is utilized
as the solvent for the preparation of PMOs, in which the
viscosity of the DES is lower than that of ordinary DESs.
Recently, some researchers have used DES as the templating

agent to synthesize mesoporous materials. For instance, Lee et
al. reported a new method for synthesizing mesoporous
materials using the DES of ChCl/U as the solvent and
templating agent.”
polysaccharide/sol—gel composites with ChCl-based DESs as
the templating agents.”

Here, a new periodic mesoporous organosilica material
(DHAQ-PMO) was prepared in the ternary DES of ChCl/U/
EG. First of all, DHAQ and 3-isocyanatopropyltriethoxysilane
(IPTES) were used to form the organosiloxane precursor
(DHAQ-Si) (Scheme 1). Then, in alkaline conditions of the
DES, DHAQ-PMOs were prepared through hydrolysis and
polycondensation, in which DHAQ-Si and tetraethyl orthosi-
licate (TEOS) were the mixed silicon sources and

Ferreira et al. also synthesized mesoporous

cetyltrimethylammonium bromide (CTAB) was the structure
directing agent. The water needed for the hydrolysis of
DHAQ-Si and TEOS was provided from free water in the
sodium hydroxide solution. Subsequently, in the ternary DES,
thermal treatment was carried out in a sealed reactor at an
elevated temperature, in which the internal pressure of the
sealed reactor was lower than that under thermal treatment
conditions using lots of water and other solvents.”’ Therefore,
DES provides a method for the synthesis procedure with
higher safety and economic feasibility. The resulting hybrid
mesoporous silica was modified by DHAQ_groups that were
grafted into the mesoporous silica pore walls (Scheme 2).
Moreover, DHAQ-PMOs exhibit a good mesoporous structure
and excellent fluorescence properties, which can be used to
detect Cu®" with high selectivity and high sensitivity. The limit
of detection (LOD) can be as low as the nanomolar
concentration range. To the best of our knowledge, there are
no reports on the use of the ternary DES for the synthesis of
PMO bridged DHAQ as a solid chemosensor to detect Cu".
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Figure 1. (a) The FTIR spectra of the ternary DES prepared by ChCl/U/EG. (b) The SAXS pattern of inorganic mesoporous materials prepared

with different contents of CTAB.
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Figure 2. (a) SAXS patterns of DHAQ-PMOs (left) before and (right) after the extraction of CTAB. (b) N, adsorption/desorption isotherms and
(c) pore size distribution curves of DHAQ-PMO-X (X = 0, 2, S, 10). (d) **Si MAS NMR spectrum of DHAQ-PMO-10.

2. RESULTS AND DISCUSSION

2.1. The FTIR Spectra of DES, DHAQ, DHAQ-Si, and
DHAQ-PMOs. The hydrogen bond network exists in the DES
due to U and EG together as the co-HBD and ChClI as the
HBA. Figure la shows the FTIR spectra of the ternary DES
system. The DES has a broad and high intensity band between
3700 and 3000 cm™!, which belongs to the intramolecular
hydrogen bond. The peaks at 2941 and 2876 cm™" belong to
the stretching vibration of saturated alkanes in the ternary
DES. The peaks at 1624 and 1620 cm™" can be assigned to the
stretching vibration of —C=0 and the bending vibration of
—N-—H. The peak at 1451 cm™" can be ascribed to the C—N
stretching vibration. For ChCl, the broad peak at 3255 cm™" is
assigned to the stretching vibration of —OH. The peaks below
3000 cm™' belong to the —C—H stretching vibration of
saturated alkanes. The peaks at 1477 and 1090 cm™" belong to
the C—N stretching vibration and the —CH, rocking
vibration.>’ For U, the saddle-shaped peaks at 3445 and
3349 cm™! are attributed to the stretching vibration of —NH,
in the molecule. The peaks at 1680 and 1616 cm™" belong to
the stretching vibration of —C=0 and the bending vibration
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of —NH. The peak at 1464 cm™" can be ascribed to the C—N
stretching vibration.”> As for EG, the stretching vibration of
—OH is at 3435 cm™'. The symmetric and antisymmetric
stretching vibration peaks of —CH,— are at 2950 and 2880
cm™". The peak at 1106 cm™" belongs to the —COH stretching
vibration.”> When the ternary DES is formed, blue-shifts are
observed for the stretching vibration peak of —OH in ChCl
and the stretching vibration and bending vibration of —NH, in
U. At the same time, the intensity of the —OH in EG is
enhanced, which indicated that they are all involved in the
formation of the large number of hydrogen bonds (N—H---C],
O-H:-0, O—H---C], etc.) in the DES.****

The FTIR spectra of DHAQ, DHAQ-Si, and DHAQ-PMOs
are shown in Figure Sla. The characteristic peaks of DHAQ
are displayed at 3073 and 1627 cm™", which correspond to the
—OH stretching vibration and —C=O stretching vibration.
The characteristic peaks at 3353, 2900—2800, 1634, 1560,
1093, and 772 cm™' of DHAQ-Si belong to the —NH
stretching vibration,—CH stretching vibration, —C=0 stretch-
ing vibration, —NH bending vibration, —C—N stretching
vibration, and —CH out-of-plane bending vibration, respec-
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Table 1. Mesoporous Structure Properties of DHAQ-PMOs

sample q (nm™) dyo0 (nm) ay (nm)“
DHAQ-PMO-0 1.53 4.10 4.73
DHAQ-PMO-2 1.48 4.24 4.90
DHAQ-PMO-5 1.41 4.45 S.14
DHAQ-PMO-10 1.35 4.65 5.37

“a,: lattice parameter. bSppr: BET surface area. “V: total pore volume.

method. “b: wall thickness, b = ay — Dy, where a, = 2d(100)/\/3.

SgeT (m? g'l)b Vi (em? g_l)c Dgjn (nm)d b (nm)®
1098 1.03 2.82 191
739 0.86 2.77 2.13
530 0.65 2.65 2.49
250 0.35 2.48 2.89

dDBJH: pore diameter, calculated from the absorption branches by the BJH

tively. Compared to those of DHAQ and DHAQ-Si, the
DHAQ-PMOs show bands at 3446, 3000—2900, 1630, 1560,
1073, and 798 cm ™. The band at 3446 cm™ is assigned to the
stretching vibration of —SiOH. The bands between 3000 and
2900 cm™! are attributed to the aliphatic C—H stretching
vibration. The bands at 1630 and 1560 cm™" are due to the
stretching vibration of the —C=O bond and the bending
vibration of the —NH bond. The peaks at 1073 and 798 cm™
are attributed to the Si—O-—Si stretching vibration and Si—O
frameworks.*® These results indicate that DHAQ-Si has been
successfully introduced into the pore walls of DHAQ-PMOs.

2.2. '"H NMR of the Ternary DES. '"H NMR was used to
further characterize the hydrogen bond network in the ternary
DES (Figure S2). The chemical shifts of —OH in EG and
—NH, in U move downfield (at 4.00 and 6.04 ppm,
respectively), and the chemical shift of —OH in ChCl moves
upfield to 5.07 ppm.””*® This phenomenon means that the
intramolecular hydrogen bonds between CI” and —OH in
ChCl are weakened, while intermolecular hydrogen bonds
between CI~ and —OH in EG and —NH, in U are formed.”
These results imply that they are involved in the formation of
the hydrogen bond network in the DES.

2.3. Effect of CTAB in the Ternary DES on the Pore
Structure. Studies have shown that when the concentration of
the surfactant in ChCl/glycerol and ChCI/EG is above 45%, a
hexagonal liquid crystal phase is formed.** Figure 1b shows the
effect of CTAB contents on the structure of mesoporous
materials in the ternary DES by small-angle X-ray scattering
(SAXS). When the content of CTAB in the DES is low, there
is no scattering peak in the small angle range (<10), indicating
the existence of only a micellar phase in the DES. However, at
4 g of CTAB, that is, the mass fraction of CTAB in the system
is up to 42%, there are four scattering peaks that appear in the
small angle range. These peak positions meet the ratio of
1:/3:2:1/7 corresponding to the four crystal planes (100),
(110), (200), and (210), respectively, which demonstrate the
formation of mesoporous materials with a two-dimensional
hexagonal (P6émm) structure. With the increase of CTAB
content, the third peak on the SAXS pattern fades away and
the fourth becomes blurry. These indicate that the mesoporous
structural ordering of the mesoporous materials gradually
decreases.

2.4. Mesoporous Structure and Morphology of
DHAQ-PMOs. The SAXS patterns of DHAQ-PMOs before
and after extraction of CTAB are shown in Figure 2a, which
was used to characterize the pore structure of DHAQ-PMOs.
As we can see from the figure, all the materials show scattering
peaks in the small angle range. It demonstrates that these
materials have formed an ordered mesoporous structure. For
DHAQ-PMO-0, there are four scattering peaks at 1.53, 2.66,
3.08, and 4.03 nm™’, respectively. These peak positions meet
the ratio of 1: 3:2:\/ 7 corresponding to the four crystal
planes (100), (110), (200), and (210), respectively, which
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indicate the formation of a P6émm structure. As for DHAQ-
PMO-2, there are two peaks at 1.48 and 2.56 nm™, which
conform to the ratio of 1:\/ 3. The result shows that DHAQ-
PMO-2 also has a P6émm structure. With the increase of
DHAQ-Si content in the mixed silica source, the scattering
peaks of materials gradually broaden and the intensity
gradually decreases, the scattering peaks corresponding to
the (200) and (210) crystal plane gradually disappear, and the
scattering peak corresponding to the (110) crystal plane is
blurred, which means that the degree of order of the
mesoporous structure of DHAQ-PMOs is greatly reduced. In
addition, the g values assigned to the (100) crystal planes of
DHAQ-PMO-0, DHAQ-PMO-2, DHAQ-PMO-5, and
DHAQ-PMO-10 are 1.53, 1.48, 1.41, and 1.35 nm™'. And
the d-spacing values are 4.10, 424, 445, and 4.65 nm
calculated from g values. The d-spacing values gradually
increase with the addition of the DHAQ-Si content. It
illustrates that the pore walls are gradually thicker to overcome
the increase of the DHAQ-Si content in the DHAQ-PMOs.*!
The mesoporous structure of the materials can still be
maintained after the surfactant is extracted.

To investigate the pore structure properties of DHAQ-
PMOs, the nitrogen adsorption/desorption isotherms are
shown in Figure 2b. All these materials show type IV
adsorption/desorption isotherms and obvious H,; hysteresis
loops, which are the typical characteristics of mesoporous
materials.** The production of H, hysteresis loops is due to the
capillary condensation of nitrogen in the cylindrical meso-
pores.*” In addition, Figure 2¢ shows uniform and narrow pore
size distributions of DHAQ-PMOs. The mesoporous structure
properties are shown in Table 1. The surface areas (Sppy) are
calculated by the Brunauer—Emmett—Teller (BET) method,
and pore sizes are calculated by the Barrett—]Joyner—Halenda
(BJH) method through the branching of the absorption curves,
respectively. From Table 1, it can be concluded that the
specific surface area, pore volume, and pore diameter decrease
with the addition of the DHAQ-Si content. The reason for this
phenomenon is that the organosiloxane precursors are
embedded in the pore wall of the materials and occupy a
certain channel.’ These results show that DHAQ-Si has been
successfully bonded to the materials and reduced the ordering
of the mesopore structure to some extent.

Solid-state ?Si MAS NMR measurement was used to further
characterize the condensation degree and silicon environment
in the silica framework of the DHAQ-Si (Figure 2d). DHAQ-
PMO-10 exhibits two types of signals from —50 to —67 and
from —84 to —134 ppm, respectively. The signal peaks at —S$
and — 62 ppm are respectively attributed to silicon resonances
of T? and T° (T": RSi(0Si),(OH);_,, R: organic group) sites,
which are due to the hydrolysis and polycondensation between
DHAQ-Si and TEOS, while the signal peaks at —90, —100, and
—110 ppm correspond to Q% Q° and Q' (Q": Si-
(0Si),(OH),_,), respectively. These results indicate that the

https://doi.org/10.1021/acsomega.2c01944
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(d

Figure 3. The (a, b, ¢) SEM and (d, e, f) HRTEM images of (a, d) DHAQ-PMO-2, (b, e) DHAQ-PMO-$, and (c, f) DHAQ-PMO-10 after the
extraction of CTAB. Inset is the Fourier transform pattern image of the HRTEM.
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Figure 4. (a) The UV—vis absorption and (b) fluorescence emission spectra of DHAQ in different solvents.
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Figure S. (a) The UV—vis absorption spectrum of DHAQ-Si in the CH;OH solution and UV—vis diffuse reflectance spectrum of DHAQ-PMO-10.
(b) UV—vis diffuse reflectance spectra of DHAQ-PMO-2, DHAQ-PMO-S, and DHAQ-PMO-10.

DHAQ-Si has been successfully incorporated into the
frameworks of PMOs through Si—O covalent bonds.**

Figure S1b shows the TGA and DSC curves of DHAQ-
PMO-10. The data are used to comprehend the thermal
stability of this material. There are four main mass losses. The
first mass loss of about 6.5% below 120 °C is due to the loss of
physically adsorbed water. The second weight loss of about 7%
between 120 and 200 °C is attributed to the elimination of
crystal water. The decomposition of organic groups in the
sample occurs from 200 to 340 °C. The quality loss of this part
is about 16%. The last mass loss between 340 and 800 °C of
about 10% corresponds to the further condensation of residual
silanol to form the Si—O—Si network. These data prove that
the sample can maintain good thermal stability up to 200 °C.

Figure 3 exhibits the SEM and HRTEM images of DHAQ-
PMO-2, DHAQ-PMO-S, and DHAQ-PMO-10 to show the
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structural characteristics of the materials more intuitively. In
Figure 3a—c, the materials are spherical particles in shape with
a regular structure and the average particle diameter is about
150 nm. However, with the increase of the DHAQ-Si content,
the shape gradually becomes irregular and the particles are
aggregated together. Figure 3d—f clearly shows a mesoporous
structure with ordered mesoporous channels of about 2.60 nm.
The hexagonal diffraction points of the (100) crystal plane can
prove the existence of space group Pémm of the mesoporous
structure (Figure 3d inset). In the same way, as the content of
DHAQ-Si increases, the shape of the channels of the material
becomes disordered, but the mesoporous channels still exist.
2.5. Optical Properties of DHAQ, DHAQ-Si, and
DHAQ-PMOs. The optical properties of DHAQ, DHAQ-S;,
and DHAQ-PMO-10 were studied by UV—vis absorption and
fluorescence emission spectra (Figure 4, Figures S3 and S4).
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Figure 6. Fluorescence emission spectra in the CH;OH solution of (a) DHAQ-Si and DHAQ-PMO-10. (b) DHAQ-PMO-2, DHAQ-PMO-5, and

DHAQ-PMO-10.

—~
~
=

Intensity (a.u.)

~
=
~

Il DHAQ-PMO-10+Metal ions
[ ] DHAQ-PMO-10+Cu’+Metal ions

Intensity (a.u.)

SN

TN O

(©) )
5x10°M

3 \ 3

& 1x10°M =

b <z

= = >

-E e R*=0.998
C = $,=207.0548

G
600 700 800 00 02 04 06 08 10

Wavelength (nm)

Concentration (Cu’"/uM)

Figure 7. Fluorescence emission spectra of DHAQ-PMO-10 (10™* g/mL) in the CH;OH/H,0 (1:9, v/v, 10 mM HEPES buffer, pH = 7.4)
solution with (a) different metal ions (10™° M). (b) Single different metal ion (black bar) and in the mixture of Cu®* and other metal ions (red
bar). (c) Different concentrations of Cu®** (5 X 1078~1 x 107 M). (d) Linear relationship between fluorescence intensities at 656 nm of DHAQ-

PMO-10 (10™* g/mL) and the concentration of Cu**.

DHAQ has a broad absorption band at 432 nm with the
shoulder peak at 400 nm, which belongs to the n — #*
electronic transition in Figure 4a.*> There are double
fluorescence emission peaks at ca. 520 and 580 nm, which
are attributed to the keto and enol emission of DHAQ (Figure
4b), respectively, due to the ESIPT effect. Because of poor
solubility in water, the intensity of UV—vis absorption and
fluorescence emission spectra is very low for DHAQ. Figure S3
shows the UV—vis absorption and fluorescence emission
spectra of DHAQ-Si in different solvents. They are similar to
those of DHAQ compared with each other.

The UV—vis absorption spectra of DHAQ-Si in the CH;OH
solution and UV—vis diffuse reflectance spectra of DHAQ-
PMOs are shown in Figure S. A red-shift (~96 nm) from 430
to 526 nm is observed for the absorption band, and the peak
shape becomes wider for DHAQ-PMOs compared with that of
DHAQ-Si. The reasons for this phenomenon are as follows:

strong alkaline conditions, the nucleophilic addition reaction of
hydroxide ions to carbonyl groups of isocyanate moieties in the
materials results in a significant increase of the ICT process,
producing a significant red-shift in the absorption and
fluorescence emission spectra of the materials.” In Figure
Sb, the intensity of absorption bands is gradually increased
with the addition of DHAQ-Si content in the materials,
indicating that DHAQ-Si has been successfully anchored into
the pore walls of the mesoporous materials. And the shape of
absorption bands does not change significantly, which
demonstrates that the introduction of DHAQ-Si into
mesoporous materials does not affect the molecule structure
of DHAQ.

Figure S4 shows the UV—vis absorption and fluorescence
emission spectra of DHAQ-PMO-10 in different solvents. In
aprotic solvents, the absorption and emission spectra have little
change in wavelength. But in protic solvents, such as CH;OH

On the one hand, it may be attributed to the degree of and C,H;OH, the fluorescence emission spectra are obviously
conjugation or coplanarity of the anthraquinone ring in red-shifted and have large Stokes shifts (>100 nm). This
DHAQ-PMOs being enhanced after the introduction of phenomenon can be explained by the fact that the excited state
DHAQ-Si into the silica framework.”* On the other hand, in is more stabilized by intermolecular hydrogen bonding in
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protic solvents.***” Based on these reasons, we choose
CH;OH as the follow-up test solvent.

Figure 6 shows the fluorescence emission spectra of DHAQ-
Si and DHAQ-PMOs in the CH;OH solution at room
temperature. The emission wavelengths appear at 586 nm for
DHAQ-Si and at 648 nm for DHAQ-PMO-10. A large red-
shift in wavelength (62 nm) is present for DHAQ-PMO-10
compared to that of DHAQ-Si. The reason for this
phenomenon is similar to the red-shift of the UV absorption
spectra. Moreover, the fluorescence emission spectra of
DHAQ-PMOs do not show any significant change in the
shape and position with increasing DHAQ_ content, which
illustrate that the silica skeleton does not influence the
fluorescence properties of DHAQ-Si in the excited state. At the
same time, the intensity of fluorescence is gradually increased
along with the increase of the amount of DHAQ-Si, which
attributes that more DHAQ-Si are introduced into the
materials, and make the fluorescence emission enhance.

The fluorescence lifetime experiment was performed by
time-dependent single photon counting. Figure S5 shows the
normalized decay curves of DHAQ-Si and DHAQ-PMOs. The
decay curves of all materials can be fitted by a double-
exponential equation, which means that two fluorescence
decay mechanisms exist in DHAQ-PMOs.”>”' The short
lifetime (7,) belongs to the monomer emission, and the long
lifetime (t,) is produced by the interaction between DHAQ
molecules due to a radical complex. For DHAQ-S], the average
lifetime (7) is 0.74 ns. And as for DHAQ-PMOs, 7 is 2.02 ns
for DHAQ-PMO-2, 1.60 ns for DHAQ-PMO-5, and 1.29 ns
for DHAQ-PMO-10, respectively (Table S1). Also, the
fluorescence quantum vyields (@), fluorescence radiative
decay rate constant (k;), and nonradiative decay rate constant
(k,;) of DHAQ-Si and DHAQ-PMOs are listed in Table S1.
For DHAQ-Si, ® is 0.81%, k¢is 1.09 X 107 s™!, and k,, is 13.1
X 10% s7!. Compared with those of DHAQ-Si, ®, 7, and k; of
DHAQ-PMOs are increased; however, k,, is decreased, which
means that the materials can improve the luminescent
efficiency of DHAQ after DHAQ molecules are inserted into
the framework of PMOs.””

2.6. DHAQ-PMO-10 as a Sensor for the Detection of
Cu®'. To investigate the fluorescence response of DHAQ-
PMO-10 to various metal ions, we selected the solvent used in
the testing process first. On the basis of basically maintaining
the fluorescence properties, the integrity of the peak shape and
the friendliness to the environment are taken into account. The
CH;O0H to H,O ratio of 1:9 was chosen as the solvent for the
test (Figure S6). A HEPES buffer was added to the solvent to
maintain the pH stability of the solvent during the test. The
DHAQ-PMO-10 shows a fluorescence emission peak centered
at 656 nm in the CH;OH/H,0 (1:9, v/v, 10 mM HEPES
buffer, pH = 7.4) solution in the absence of any metal ions
(blank sample in Figure 7a). Different metal ions were added
to the blank sample, respectively, including Ag®, AP, Ba*',
C32+, Cd2+, C02+, CI'3+, Cll2+, Fe2+, Fe3+, Hg2+) K+, Mg2+) Ml’l2+,
Na*, Ni**, Pb**, and Zn*". Only Cu®" significantly quenched
the fluorescence emission of DHAQ-PMO-10. The fluores-
cence quenching of DHAQ-PMO-10 may be attributed to the
formation of the DHAQ-Cu®* complex. In addition, to study
the influence of other interfering metal ions in the detection of
Cu’*, we detected the fluorescence emission spectra when
Cu®* and other metal ions both exist in the CH;OH/H,O
(1:9, v/v, 10 mM HEPES buffer, pH = 7.4) solution (Figure
7b). It was found that Cu®" can still quench the fluorescence
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emission of DHAQ-PMO-10 even in the presence of other
interfering metal ions with little change of the fluorescence
intensity. These results show that DHAQ-PMOs have a good
selective recognition behavior toward Cu®* in the solution of
CH;0H/H,0 (1:9, v/v, 10 mM HEPES buffer, pH = 7.4)
without any interference of other metal ions. To further prove
the excellent selectivity of DHAQ-PMOs, higher concen-
trations of interfering metal ions (107, 1073, and 107> M)
were added to the solution of DHAQ-PMO-10 containing
100 M Cu?', and the fluorescence intensities of these
solutions were detected (Figure S7). As we can see from the
figure, the results exhibit that DHAQ-PMO-10 still has high
selectivity for Cu**. However, the anti-interference ability of
the material decreases to some extent when the concentration
of interfering metal ions increases, especially when the
concentration is in the 107> M range.

Sensitivity is another very significant parameter to estimate
the presentation of a fluorescence chemosensor. We did the
titration experiments to study the sensitivity of the chemo-
sensor. By the successive addition of Cu®* to the solution
containing DHAQ-PMO-10, the fluorescence emission in-
tensities present a linear decrease with the increase of Cu®*
concentration in the range of 5 X 10781 x 107 M (R? =
0.998) (Figure 7c,d). The detection limit (LOD) is calculated
to be 2.39 X 10~° M by the equation LOD = 3Sy/k, where S, is
the standard deviation of the blank solution and k is the slope
of the calibration curve (Figure 7d). Compared with the LOD
of the original organic compound DHAQ for Cu®" (1.11 X
10~® M, Figure S8), the LOD of DHAQ-PMO-10 is lower,
which reaches the level of the nanoscale concentration. There
are also some sensors that can detect Cu*" in previous reports,
but DHAQ-PMOs still have the advantage in terms of LOD
(Table S2). The reason for this phenomenon may be due to
the silica framework of PMOs that improves the fluorescence
emission of DHAQ.

In addition, the applicability of DHAQ-PMO-10 in solutions
was studied under different pH values from 1 to 13 (Figure
S9). As we can see from these figures, DHAQ-PMO-10 has
stable fluorescence properties in the range of pH 3—13. At the
same time, Cu" also shows a sensitive quenching response in
this range of pH. Under light stimulation, the fluorescence
intensities of DHAQ-PMO-10 are relatively constant within 60
h (Figure S10a). Moreover, DHAQ-PMOs as a fluorescence
chemosensor show excellent reversibility (Figure S10b) as
confirmed by the alternating addition of Cu®**/EDTA’" to the
solution. EDTA?™, known as a hexadentate chelating ligand,
can chelate with various metal ions. We did six sets of parallel
cycle tests to prove the reproducibility of the materials. When
the strong metal chelator EDTA?” was added to the
suspension solution, the fluorescence of DHAQ-PMO-10
quenched by Cu®* can be restored to its initial fluorescence,
which is due to the formation of a complex between Cu** and
EDTA*" leaving DHAQ-PMO-10 free. Once the Cu®" was
added to the suspension solution again, the fluorescence of
DHAQ-PMO-10 can still be quenched. After six cycles, the
fluorescence intensity of DHAQ-PMO-10 has no significant
change. These results show that the DHAQ-PMOs have good
stability and cycle reusability for the detection of Cu’*.

2.7. Mechanism of the Combination Interaction
between DHAQ-PMOs and Cu?*. The fluorescence polar-
ization experiment was done to prove the coordination of
DHAQ-PMOs and Cu’**. A study has proved that the
fluorescence polarization value (P) of the probe binding to
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Table 2. The Fluorescence Polarization Values of DHAQ-PMO-10/DHAQ-PMO-10 + Cu**

Ty §* () Ty §° (Iy) G 5 (G) P s (P)
DHAQ-PMO-10 3161.9 4295 3583.6 58.77 0.88 0.015 0.12 0.017
DHAQ-PMO-10 + Cu* 224.7 16.21 883.7 39.02 0.25 0.016 0.88 0.015
“S is the standard deviation.
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Figure 8. The FTIR spectra of DHAQ (a) before and (b) after adding Cu*".

the AuNP surface increased significantly in the presence of
metal ions.”> The reason for this phenomenon is that the
fluorophore is free in the solution and rotates very fast, and it
has a small P value. After forming a complex with metal ions,
the rotation speed of the complex decreases, showing a higher
P value.”*** The P is calculated according to the following
equation:

P = (Iyy — Glyy)/(Iyy + GLyy)where Ly and Iy are the
fluorescence intensities of the emission polarizer in the vertical
and horizontal direction when the excitation polarizer is in the
vertical direction. G is the correction coeflicient calculated by
G = Lyy/ Iy (Igy and Iy are the fluorescence intensities in the
vertical and horizontal direction with the excitation polarizer in
the horizontal direction, respectively).”® Herein, the P values of
DHAQ-PMO-10 and DHAQ-PMO-10 + Cu*" were detected
10 times and then averaged (Table 2). The results show that
when Cu®* was added to the DHAQ-PMO-10 solution, the P
value actually increases, which indicates that there is a
coordination interaction between DHAQ-PMO-10 and Cu®".

Job’s plot experiment was performed to determine the
binding ratio between DHAQ and Cu®* (Figure S11). By
controlling the total concentration of DHAQ and Cu®*
maintained a constant at 1.0 X 107* M, change the molar
ratio of Cu?* in the total concentration. The fluorescence
intensity reaches the minimum emission intensity when the
molar faction of Cu®" is 0.5, which indicates that DHAQ and
Cu?* form a stable coordination structure with a ratio of 1:1.
HRMS can further prove this result (Figure S12). The highest
fragment peak at 282.28 is derived from [DHAQ-2H" + Cu?*'
— H,0], and the small peak at 318.30 belongs to [DHAQ-2H*
+ Cu?* + H,0]. Thus, the molar ratio of DHAQ to Cu®* is 1:1
according to the m/z values of the two fragment peaks.

To determine binding sites between DHAQ and Cu*', the
FTIR spectra of DHAQ and DHAQ-Cu?" are shown in Figure
8. The FTIR spectra of DHAQ before and after the addition of
Cu®* change a lot. The band at 3073 cm™" of the hydroxyl
group of DHAQ shifts to 3462 cm™". The band at 1627 cm™!
of the carbonyl group shifts to 1623 cm™" upon the addition of
Cu?", and the band shape further becomes sharper, ascribed to
the vibration of the compound being limited by the
introduction of Cu?*.*” Thus, it can be inferred that DHAQ
may coordinate with Cu®* through phenolic hydroxyl oxygen
and carbonyl oxygen atoms of DHAQ.
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DEFT calculations were also performed to further understand
the binding mode of DHAQ and Cu®". The Gaussian 09
software package was used, and the theoretical level was
B3LYP/6-31+G(d, p). The optimized geometry, the highest
occupied molecular orbital (HOMO), and the lowest
unoccupied molecular orbital (LUMO) of DHAQ and
DHAQ-Cu*" are presented in Figure 9. For DHAQ, the
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Figure 9. The DFT calculation results from B3LYP/6-31+G(d, p).

electron cloud transfers to the electron-deficient carbonyl
group and anthraquinone ring (LUMO) from the hydroxyl
group and its benzene ring (HOMO), which suggests that
there exists an ICT effect. After coordination with Cu?, the
electron cloud on the HOMO of DHAQ is partially transferred
to the carbonyl group and Cu®*; however, the electron cloud
on the LUMO is mostly transferred to Cu®* and the two
oxygen atoms involved in the coordination. When DHAQ is
coordinated with Cu®*, the energy gap of DHAQ-Cu**
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Scheme 3. The Possible Complex Mechanism between DHAQ-PMOs and Cu**
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Figure 10. (a) XPS survey spectrum, (b) C 1s, (c) O 1s, (d) Si 2p, (e) N 1s, and (f) Cu 2p spectra of the coordination of DHAQ-PMO-10 with

Cu*.

between HOMO and LUMO (2.8584 eV) is lower than the
energy gap of DHAQ between HOMO and LUMO (3.3662
€V), which means that the whole system of DHAQ-Cu®" is
more stable than that of DHAQ. This phenomenon provides a
strong evidence for the formation of a complex between
DHAQ and Cu**. We also calculated the possible binding
modes of DHAQ-Si and Cu®* listed in Table S3. The results
indicated that other binding modes are not stable enough.
Based on these results, the mechanism of recognizing Cu**
may be the coordination interaction between Cu** and two
oxygen atoms, i.e., one oxygen from the hydroxyl group and
another from the carbonyl group of DHAQ (Scheme 3).
X-ray photoelectron spectrum (XPS) experiments were
performed to analyze the elements and chemical bonds in
DHAQ (Figure S13), DHAQ-Si (Figure S14), and DHAQ-
PMO-10 (Figure S15), respectively. For DHAQ, the survey
spectrum (Figure S13a) shows that there exist C and O
elements. And the C 1s peaks at 284.7, 285.9, and 287.2 eV
belong to C—C/C=C (carbons in anthraquinone ring), C—O,
and C=0 bonds.”®*” Peaks at 531.2 and 532.7 €V of O Is
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correspond to C=0 and C—O bonds.”* As for DHAQ-PMO-
10 (Figure S15), there exist C, N, O, and Si elements. The C
1s peaks at 283.8, 284.6, 285.4, 286.0, and 287.0 eV belong to
C—Si, C—C/C=C (carbons in anthraquinone ring), C—N,
C—0, and C=0 bonds.®* The three peaks at 530.8, 531.9,
and 532.9 eV confirm the presence of C=0, C—0, and Si—O
bonds in the O 1s spectrum.’” The N 1s peaks at 399.3 and
402.2 €V are attributed to N—C and N—C=0 bonds.®> The
Si 2p peaks at 102.0 and 103.4 eV belong to Si—C and Si—O
bonds.”" And DHAQ-Si has the same elements and chemical
bonds as those of DHAQ-PMO-10 (Figure S14). The above
results demonstrate that DHAQ molecules are embedded into
the silica framework of the PMOs in the molecular level.
XPS spectra of the coordination of DHAQ and DHAQ-
PMO-10 with Cu** are shown in Figure S16 and Figure 10,
respectively. As we can see from the O 1s spectrum of Figure
S16, there exist three peaks, which are located at 530.7, 531.4,
and 532.3 eV, respectivelgr, confirming the presence of Cu—O,
C=0, and C—0 bonds.”* For the Cu 2p spectrum, the peaks
at 932.3 (Cu 2p;/,) and 952.1 eV (Cu 2p, ;,) correspond to the
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Figure 11. Confocal fluorescence microscope images of (a) HepG2 cells. (b) HepG2 cells incubated with DHAQ-PMO-10 (100 pg/mL) for 4 h.
(c) HepG2 cells incubated with Cu®* (10 uM) for another 4 h after incubation with DHAQ-PMO-10 for 4 h.

2p orbital of Cu®".%® The satellites followed by Cu 2p;), prove
the existence of the Cu—O bond.®®®” For the coordination of
DHAQ-PMO-10 with Cu*, there exist four peaks of the O 1s
spectrum, which belong to Cu—O (530.2 eV), C=0 (531.4
eV), C—0 (532.2 eV), and Si—O (533.4 eV) bonds. The Cu
2p spectrum of the coordination of DHAQ-PMO-10 with Cu**
(Figure 10) has the same peaks as that of DHAQ. These
results prove that Cu** has coordinated with DHAQ and
DHAQ-PMO-10, respectively.

2.8. Intracellular Sensing Application of DHAQ-PMO-
10. To demonstrate the application value of DHAQ-PMO-10,
a fluorescence imaging experiment was performed with HepG2
cells. The HepG2 cells were incubated with DHAQ-PMO-10
(100 pug/mL) for 4 h and then incubated with Cu®* (10 uM)
for another 4 h. The image of HepG2 cells incubated with
DHAQ-PMO-10 show a bright red fluorescence. Very
significant attenuation of the bright red fluorescence is
exhibited with the addition of Cu®" to HepG2 cells (Figure
11). The results show that DHAQ-PMO-10 can be used to
detect Cu®* in intracellular sensing.

3. CONCLUSIONS

In conclusion, a novel organic—inorganic hybrid periodic
mesoporous material with DHAQ-Si and TEOS as the mixed
silicon source and CTAB as the structure directing agent was
synthesized in the ternary DES composed of ChCl/U/EG.
DHAQ-PMOs have an obvious two-dimensional hexagonal
structure. DHAQ itself has double fluorescence emission peaks
at ca. 520 and 580 nm, respectively. After it is embedded into
the mesoporous silica material, the silica framework provides a
rigid environment to make the fluorescence properties of
DHAQ more stable. And the luminescent efficiency of DHAQ
is significantly improved, which makes DHAQ-PMOs as a
fluorescence sensor detect Cu** with high selectivity and
sensitivity in a wide pH range, and the limit of detection
(LOD) can reach the nanomolar range. Moreover, the results
of DFT and XPS further prove the coordination ability and
interaction between DHAQ and Cu?*. DHAQ-PMOs can also
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detect Cu®" in living cells by confocal fluorescence microscope
experiments.

4. EXPERIMENTAL SECTION

4.1. Materials. All of the reagents and solvents were
obtained from commercially available sources and used
without further purification, unless otherwise specified. The
DHAQ, triethylenediamine (TEDA), acetonitrile (CH;CN),
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
ethylene glycol (EG), and cetyltrimethylammonium bromide
(CTAB) were purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. Tetraethylortho-silicate (TEOS) and
anhydrous copper chloride were provided by Shanghai Macklin
Biochemical Technology Co., Ltd. 3-Isocyanatopropyltriethox-
ysilane (IPTES) was bought from Shanghai D&B Biological
Science and Technology Co., Ltd. Dimethyl sulfoxide
(DMSO), n-hexane, methanol, and ethanol were obtained
from Tianjin Fuyu Reagent Company. Sodium hydroxide
(flaky) was available from Sinopharm Chemical Reagent Co.,
Ltd. Choline chloride (ChCl) was obtained from Adamas
Reagent Co., Ltd. Urea (U) was bought from Tianjin
Guangcheng Chemical Reagent Co., Ltd.

4.2. Characterization. The 'H NMR spectra were
determined by means of a Bruker Avance III 400 MHz
spectrometer, and DMSO-d; was used as the solvent. The
HRMS spectra were recorded from an Agilent Q-TOF 6510
mass spectrometer. The FT-IR spectra were obtained on a
Nicolet 700 FTIR spectrometer (Thermo-Fisher Scientific,
Inc, Waltham, MA) with KBr flakes. Small-angle X-ray
scattering (SAXS) was collected using the SAXSess mc* by
Anton Paar; the sample—detector distance was set to 264.5
mm. TGA/DSC was carried out in a N, atmosphere using a
METTLER TGA/DSC 3+ with a heating rate of 10 °C/min in
the temperature range from room temperature to 800 °C. *°Si
magic angle spinning nuclear magnetic resonance (**Si MAS
NMR) spectra were obtained on a Bruker 400 MHz
spectrometer (spin speed 10 kHz, prescan delay 6.5 pus).
Scanning electron microscope (SEM) pictures were taken by
S-4800 with an accelerating voltage of 5 kV. High-resolution
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transmission electron microscope (HR-TEM) pictures were
taken using an FEI Tecnai G2 F20 with an operating voltage of
200 kV. Nitrogen adsorption/desorption isotherms were
acquired on a Micromeritics ASAP 2460-4MP surface area
and porosity analyzer at 77 K. The entire UV—vis studies were
carried out on an Agilent UV—vis—NIR spectrophotometer by
using matched quartz cells. Fluorescence spectra were recorded
by a Horiba FluoroMax-4 fluorescence spectrophotometer,
which used a monochrome Xe lamp as the excitation source.
Time-resolved fluorescence spectra were measured using an
Edinburgh FLS920 fluorescence spectrophotometer. Intra-
cellular fluorescence imaging was tested on a Leica SP8 laser
scanning confocal microscope.

4.3. Synthesis. 4.3.1. The Preparation of the DHAQ
Bridged Organosiloxane Precursor (DHAQ-Si). DHAQ (0.24
g, 1 mmol) and IPTES (0.742 g, 3 mmol) were dissolved in
dry DMSO (100 mL). And then TEDA (0.045 g, 0.4 mmol)
was added to the solution. The mixture was refluxed at 105 °C
for 48 h in a dry N, atmosphere. After the reaction, the solvent
in the mixture was removed by rotary evaporation. The
obtained solid was washed three times with n-hexane, after
which DHAQ-Si was collected (yield, 68%). "H NMR (400
MHz, DMSO-d,) & (ppm) 7.67 (t, ] = 7.9 Hz, 2H), 7.57 (d,
= 7.3 Hz, 2H), 7.24 (d, ] = 8.3 Hz, 2H), 5.79 (t, ] = 5.9 Hz,
2H), 3.84—3.57 (m, 12H), 2.93 (dd, J = 12.9, 6.6 Hz, 4H),
1.40 (d, J = 7.2 Hz, 4H), 1.20—1.04 (m, 18H), 0.54—0.47 (m,
4H) (Figure S17). HRMS found that the highest fragment
peak at 469.28 belonged to [DHAQ-Si — IPTES — H,0]. The
small fragment peak at 891.50 was ascribed to [DHAQ-Si +
2DMSO + H]*.%® According to the m/z values of the two
fragment peaks, the molecular weight of DHAQ-Si was 734.29
(Figure S18).

4.3.2. The Synthesis of Inorganic Mesoporous Materials
with Different Contents of CTAB in the Ternary DES. First,
ChCl (3.5 g, 0.025 M), U (3 g, 0.05 M), and EG (2.8 mL, 0.05
M) were mixed and stirred vigorously for 30 min at 80 °C until
a uniform and transparent liquid was formed, and stirring was
continued for 30 min to stabilize the DES. Then, CTAB (1, 2,
3,4, S, and 6 g), as the structure directing agent, was added to
the DES, respectively, and stirred vigorously. Next, S mL of
TEOS was added to the solution drop by drop. After heating
and stirring the above solution for 2 h, 3 mL of 40% NaOH
was added to make the pH of the solution reach 10, and
heating was turned oft. The solution was transferred to a
Teflon-lined autoclave after the solution cooled to room
temperature. The autoclave was put in an oven and reacted at
120 °C for 12 h. After cooling to room temperature, the
product was filtered, washed alternately with ethanol and water
three times, and dried in a vacuum to obtain the product.

4.3.3. The Preparation of DHAQ-PMOs. The synthesis
method of DHAQ-PMOs was similar to the above method for
inorganic mesoporous materials. Among them, the content of
CTAB was determined to be 4 g. Mixed silicon sources of
DHAQ-Si-X (X is the mass fraction of DHAQ-Si in the mixed
compound, X = 0, 2, S, and 10%) and TEOS (5 mL) were
added to the DES together. Finally, the surfactant template
CTAB was removed by Soxhlet extraction for 20 days using
ethanol as the extract solvent.

4.3.4. Cell Culture and Fluorescence Imaging. The HepG2
cells were placed in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum and cultured in
an incubator at 37 °C with 5% CO, and 95% air. For
fluorescence imaging, the cells were seeded in six-well plates at

a density of 1 X 10° cells/mL and cultured in DMEM
containing 10% fetal bovine serum at 37 °C and 5% CO, for
24 h. Then DHAQ-PMO-10 (100 ug/mL) was added and
cultured for 4 h. Then Cu** (10 M) was added and cultured
for another 4 h. All of these were washed with a PBS buffer.
Photographs were obtained by a laser confocal microscope.
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