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Self-assembly of magnetically recoverable
ratiometric Cu®* fluorescent sensor and adsorbent
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A mesoporous shell containing a fluorescence resonance energy transfer (FRET) type of ratiometric Cu?*
fluorescent sensor was coated around a cetyltrimethylammonium bromide (CTAB) stabilized
Fes04@SiO, core. All of the units comprising the sensor composite, including the Cu®* ligand, signal
reference and reporter units, are independent of each other and without a direct covalent linkage
between them, and are site-selectively self-assembled into the pore framework or channel of the
mesoporous silica matrix through the electrostatic interaction between CTAB porogen and silicates. The
coordination of Cu?* and its ligand leads to the variation of fluorescence energy transfer efficiency
between neighboring FRET pairs benefiting from the nanosized pore system of the mesoporous matrix,

. 4 24th Feb 2014 which finally results in the ratiometric detection of Cu?*. Investigation of Cu®* adsorption performance
eceive th February Lo ) - . . . . 1
Accepted 26th March 2014 indicated rapid removal efficiency, with a maximum adsorption capacity of 17.86 mg g . FezO4

nanoparticles were introduced as a core to make the sensor system magnetically recyclable after

DOI: 10.1039/c4ra015992 sensing and adsorption. Finally, the disassembly and reassembly of the Cu?* sensor were achieved by
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Introduction

Surfactant chemistry has regained its youth since the rise of
nanomaterial science, attributed to its indispensable role in
stabilization of nanometer-sized metal or metal oxide and
excellent performance on assembly of an all-in-one multifunc-
tional system. A typical example is a core-shell type of nano-
particle composed of a metal or metal oxide core and
mesoporous shell, which is assembled from a surfactant-stabi-
lized core and a surfactant-templated mesoporous shell.™ In
this system, the surfactant perfectly plays the role of bridging
two or more different functional units, which actually can be
freely alternated according to the application purpose. Up to
now, using core-shell nanoparticles (NPs) with a mesoporous
silica shell as examples, a library of nano-assembly NPs has
been fabricated - for example, Au@mSiO,, Fe;0,@mSiO,,
QD@mSIO,, etc.>” In addition to its recent application in
nanoscience, a surfactant is traditionally recognized by its
excellent ability to decrease surface tension and solubilize
hydrophobic organics.® For example, by adopting a system
composed of surfactant and hydrophobic metal ion ligands,
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extracting and reintroducing the units in CTAB micelles, making the sensing system reproducible.

cloud point extraction technology is often used for the
concentration and separation of metal ions.*™*

Here, with the help of the clever combination of old and new
surfactant science, we develop a novel one-pot self-assembly
method for the fabrication of a magnetically recyclable ratio-
metric Cu®" fluorescent sensor and adsorbent based on meso-
porous silica. Fluorescent sensors are well-known for their
advantages such as real-time, in site, convenience and accuracy,
and have been elaborately designed and synthesized for the
detection of ions and molecules in the environmental and
biological fields.*" However, they are obstructed from prac-
tical applications by disadvantages such as low sensitivity,
complicated procedures for molecular fabrication, and poor
hydrophilicity.”**® Much effort has been devoted to simplifying
the synthesis procedure and improving the sensing perfor-
mance. For example, detection sensitivity can be improved by
combining an organic sensor with nanoparticles, owing to the
improved contact efficiency between sensor and target.””*

However, the fabrication process, especially for ratio-
metric sensors, is still complicated and requires multiple
steps to covalently link different functional groups. It is still
desirable to establish a simpler and more convenient method
for sensor synthesis. We previously reported a pH ratiometric
sensor using mesoporous silica as matrix and two commer-
cially available fluorophores as signal reference and reporter
units, where the detection sensitivity was greatly improved.*®
In this paper, we have further developed a simple way for
fabrication of a multifunctional system assembling sensing,
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adsorption and magnetic recovery in one NP through artfully
combining the old and new chemistry of surfactants. We
adopted a cetyltrimethylammonium bromide (CTAB) stabi-
lized Fe;0,@SiO, NP as the core and coated a fluorescent
mesoporous shell around it, which was self-assembled
through the electrostatic force between cationic CTAB con-
taining a Cu®" ligand and fluorescein derivative and anionic
silicates encapsulated with anthracene. All of the units are
just simply mixed in the synthesis system, and then ulti-
mately select the sites they tend to occupy in an autonomous
way, which is actually driven by multiple forces including
electrostatic, “like-dissolves-like”, and silicate condensation.
The basic purpose of this paper is to simplify the trouble-
some fabrication process of the traditional fluorescent
sensor and improve its detection performance by multi-
functionalization with the aid of versatile surfactant chem-
istry, and then ultimately present a good example and means
for fabrication and assembly of novel materials.

Experimental
Materials

FITC and bischloromethylanthracene were acquired from
Amresco. (Boc),0, CF;00H, 1-bromodecane and glycine ethyl
ester hydrochloride were supplied by Shanghai Kayon Biological
Technology Co. Ltd. CTAB, absolute ethanol, TEOS and
ammonium hydroxide were purchased from Shanghai Sino-
pharm Chemical Reagent Co. Ltd., China. APTS was supplied by
Shanghai Yaohua Chemical Plant. Distilled deionized water was
used for the preparation of all aqueous solutions. All starting
materials and solvents were used as received without further
purification.

Preparation of bis-silylated anthracene

H
cl N~ Si(OEt);

LYY APTS, K,CO,

cl CHyCN.Reflux (EtO);Si™~"N
1 2

To a solution of 1 (0.548 g, 2 mmol) and K,CO; (1.09 g, 8
mmol) in anhydrous CH;CN (40 mL) solution, APTS (0.96 mL, 4
mmol) was added dropwise. The mixture was then heated to
reflux for 48 h under a N, atmosphere. After the reaction was
completed, the solvent was removed under reduced pressure.
The crude product was then purified by chromatography on a
silica gel column (ethyl acetate) to give the target product as a
pale yellow liquid (192 mg, 15% yield); "H NMR (400 MHz
CDCl;) 6 0.68 (t, 4H, CH,), 1.19 (t, 18H, CH;), 1.68-1.74 (m, 4H,
CH,), 2.54 (s, 2H, NH), 2.88 (t, 4H, CH,), 3.79 (q, 12H, CH,), 4.71
(s, 4H, CH,), 7.52 (t, 4H, ArH), 8.38 (d, 4H, ArH); *C NMR
(100 MHz CDCl,) 6: 8.05, 18.32, 23.39, 45.89, 53.43, 58.38,
124.94, 125.60, 126.46, 126.89, 127.59, 130.13, 132.20.
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Preparation of intermediate 2. Glycine ethyl ester hydro-
chloride (8.84 g, 40 mmol) was added to a solution of 1-bro-
modecane (8.84 g, 40 mmol) and triethylamine (2.75 mL,
19.6 mmol) in 50 mL of ethanol. The reaction mixture was
refluxed for 6 h. After this time, the mixture was cooled to
room temperature, 150 mL of CHCl; was added, and the
organic phase was extracted with 0.5 M HCI (3 x 150 mL), a
10% NaHCO; solution (3 x 150 mL), and water (3 x 150 mL).
The organic phase was dried (Na,SO,), and the solvent was
evaporated. The crude product was purified by chromatography
on a silica gel column (CH,Cl,) to give the target product as a
yellow liquid (2.4 g, 25% yield); '"H NMR (400 MHz CDCl;),
6: 0.88 (t, 3H, J = 3.2 Hz), 1.27 (t, 17H, ] = 11.2 Hz), 1.49 (d, 2H,
J = 5.6 Hz), 1.67 (s, 1H), 2.59 (m, 2H, J = 4 Hz), 3.39 (d, 2H,
J=6.4Hz),4.19 (m, 2H, J = 3.6 Hz); "*C NMR (100 MHz, CDCl;),
o: 14.13, 22.58, 27.16, 29.45, 29.99, 31.82, 49.58, 50.95, 60.52,
172.46.

CH,Cl, o~
0] — - "» CgH 7N
CgH19 N/\ﬂ/  + (BOC)ZO " 919 /\n/
2 3

Preparation of intermediate 3. A solution of di-ter¢-butyl
dicarbonate (1.89 g, 1.05 mmol) in 10 mL of CHCI; was added
dropwise to a solution of the above N-alkylamino ester (2.2 g,
1 mmol) in 50 mL of CHCl;. The reaction mixture was stirred
at room temperature overnight, and then extracted with a 5%
solution of Na,COj;. The organic phase was dried (Na,SO,),
and the solvent was evaporated to yield the proper N-tert-
butoxycarbonyl-N-alkylglycine ethyl ester as a yellow oil
(2.99 g, 98% yield). "H NMR (400 MHz CDCl,), 6: 0.88 (t, 3H,
J =3 Hz), 1.27 (t, 17H, J = 11.2 Hz), 1.43 (t, 4H, J = 2 Hz),
1.48 (d, 4H, J = 2 Hz), 1.53 (t, 3H, J = 2.8 Hz), 3.27 (m, 2H,
J = 6.8 Hz); ">C NMR (100 MHz CDCl3;), 4: 14.04, 22.62, 26.73,
27.35, 28.26, 29.50, 31.84, 48.34, 48.69, 49.32, 60.84,
79.84, 170.14.

NaOH,C,HsOH

CoHqg N/\[( —>r.t. ch1g/\N/Y

0
3 BoC 4 BoC

Preparation of intermediate 4. A 2 M solution of NaOH (10
mL, 20 mmol) was added to a solution of this Boc-protected
derivative (0.72 g, 2 mmol) in MeOH (10 mL). The reaction
mixture was stirred for 3 h at room temperature, and then the
pH of the solution was adjusted to about 7 with 1 M HCI, and
the product was collected by filtration as a white solid (0.45 g,
99% yield). 'H NMR (400 MHz CDCl,), 6: 0.88 (t, 3H, ] = 6.8 Hz),
1.25 (s, 14H), 1.42 (s, 11H), 3.18 (t, 2H, J = 6.8 Hz), 3.61 (s, 2H);
3C NMR (100 MHz CDCly), 6: 14.09, 22.68, 26.91, 28.41, 29.60,
31.94, 48.55, 51.46, 79.38, 156.97, 177.19.
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Preparation of intermediate 5. A solution of the above N-
tert-butoxycarbonyl-N-alkylglycine (0.66 g, 2 mmol) in CH,Cl,
was added to hydroxybenzotriazole (HOBt, 284 mg, 2.1
mmol), N-(3-dimethylaminopropyl)-N-ethylcarbodiimide
(EDC, 402 mg, 2.1 mmol), glycine ethyl ester hydrochloride
(280 mg, 2 mmol) and triethylamine (280 pL, 2 mmol) in
anhydrous CH,Cl, (20 mL). The reaction mixture was stirred
at room temperature overnight. After that, 30 mL of ethyl
acetate was added, and the mixture was extracted with a 0.5 M
citric acid solution (2 x 30 mL), a 5% NaHCOj solution (2 x
30 mL), and water (2 x 30 mL). The organic phase was dried
with Na,SO,, and the solvent was removed to yield the proper
protected N-alkyl dipeptide as a yellow oil (0.82 g, 99%) and
without further purification for the next step; "H NMR (400
MHz CDCl,), 6: 0.88 (t, 3H, J = 6.8 Hz), 1.29 (t, 17H, ] = 7 Hz),
1.47 (s, 8H), 1.53 (t, 3H,J = 7 Hz), 3.28 (t, 2H, ] = 7.4 Hz), 3.42
(s, 2H), 3.90 (s, 2H), 4.20 (m, 2H, J = 7.2 Hz), 7.06 (s, 1H); **C
NMR (100 MHz CDCl;), é: 13.94, 22.52, 26.58, 28.11, 29.39,
31.74, 41.01, 50.04, 50.70, 61.23, 169.86.

H O (CF4C0),0 H O
N
Cgng/\N/\n/ \)LO/\ CQHW/\N/\H/N\)J\O/\
| .0 r.t.,CH,CI H
BoC Ly 212 O
5 6

Preparation of intermediate 6. The protected N-alkyl dipep-
tide (0.83 g, 2 mmol) was dissolved in 10 mL of a 1 : 1 CH,Cl,—
trifluoroacetic acid solution. The mixture was stirred at room
temperature for 4 h, and then the pH was adjusted to 7 with a
10% Na,COj3 solution. The aqueous phase was extracted with
CHCl; (5 x 10 mL), the organic solution was dried, and the
solvent was removed under vacuum. The crude product was
purified by chromatography on a silica gel column (CH,Cl,) to
give the product as a pale yellow liquid (0.79 g, 99% yield); "H
NMR (400 MHz CDCl;), 6: 0.88 (t, 3H,J = 6.8 Hz), 1.28 (m, 17H, J
= 7.8 Hz),1.72 (s, 2H), 3.06 (s, 2H), 3.16 (m, 1H, J = 3.0 Hz), 3.99
(s, 4H), 3.15 (m, 2H, J = 7.2 Hz), 8.75 (s, 1H); "*C NMR (100 MHz
CDCly), 6: 13.93, 22.58, 25.86, 26.43, 28.97, 29.26, 31.78, 41.18,
45.79, 48.19, 61.43, 80.41, 169.54.

NaOH,C,H5OH

H O H O
CQH‘QAH/\'O]/N\)LO/\ CgH19/\u/\gN\)LOH

rt.
6 7

Preparation of target compound (Cu”* ligand). A 2 M solu-
tion of NaOH (10 mL, 20 mmol) was added to a solution of
compound 6 (0.8 g, 2 mmol) in MeOH (10 mL). The reaction
mixture was stirred for 3 h at room temperature, then the pH of
the solution was adjusted to about 7 with 1 M HCI, and the
product was collected by filtration as a white solid (0.53 g, 99%
yield). 'H NMR (400 MHz D,0), 6: 0.94 (t, 3H, CH;), 1.38 (m, 14H,
CH,), 1.74 (m, 2H, CH,), 3.07 (t, 2H, CH,), 3.88 (s, 2H, CH,), 4.03
(s, 2H, CH,); *C NMR (100 MHz D,0), é: 13.93, 22.58, 25.86,
26.43, 28.97, 29.26, 31.78, 41.18, 45.79, 48.19, 80.41, 169.54.
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Preparation of fluorescent reporter unit in 2 steps

HO. o o)
‘ = ‘ MeOH
0 >
O Con. H,S0,
OH

Preparation of fluorescein methyl ester. Concentrated H,SO,
(2.5 mL) was added dropwise to a suspension of fluorescein
(3.32 g, 10 mmol) in methanol (10 mL) and the resulting
suspension was refluxed for 14 h. The mixture was then cooled,
and ice (3 g) followed by NaHCO; (10 g) was added. The
suspension was filtered and washed three times with water and
2% NaHCO; solution, respectively. The pellet obtained was
resuspended in 1% acetic acid, filtered, washed with water, and
finally dried at 110 °C for 1 h to give a red powder (3.3 g, 95%
yield) without further purification for the next step. 'H NMR
(400 MHz CDCl,) 6: 3.94 (s, 3H, CH,), 5.21 (s, 1H, OH), 6.798
(d, 2H, ArH), 6.79 (d, 2H, ArH), 7.30 (d, 2H, ArH), 7.65 (d, 1H,
ArH), 7.66 (t, 1H, ArH), 7.71 (t, 1H, ArH), 8.23 (d, 1H, ArH).

Br/\/Br

HO. 0. o)
L0
O Y DMF
o—

Preparation of fluorescent reporter unit. A mixture of
ethylene dibromide (197 mg, 91 pL, 1.05 mmol), K,CO; (288 mg,
2.1 mmol) and N,N-dimethylformamide (DMF, 10 mL) was
added to the fluorescein methyl ester (345 mg, 1 mmol), and
heated to 60 °C for 3 h. After that, saturated NaCl solution (40
mL) was added to produce a precipitate. The filtered precipitate
was washed with water, 1% NaOH solution and water, and
finally dried to yield an orange powder without further purifi-
cation for the next step (443 mg, yield 90%). 'H NMR (400 MHz
CDCl;) 6: 3.65 (s, 3H, CH3), 3.68 (t, 2H, CH,), 4.40 (t, 2H, CH,),
6.45 (s, 1H, ArH), 6.54 (d, 2H, ArH), 6.75 (d, 1H, ArH), 6.84 (d,
1H, ArH), 6.90 (d, 1H, ArH), 6.95 (s, 1H, ArH), 7.31 (d, 1H, ArH),
7.67 (t, 1H, ArH), 7.74 (t, 1H, ArH), 8.25 (d, 1H, ArH); *C NMR
(100 MHz CDCl;) é: 28.25, 52, 44, 68.33, 101.11, 155.88, 113.53,
115.36, 117.91, 129.03, 129.75, 130.05, 130.24, 131.18, 132.75,
134.56, 149.94, 154.1, 158.89, 162.31, 165.58.

Synthesis of Fe;0, particles. FeCl;-6H,0 (0.85 g), trisodium
citrate dehydrate (0.48 g), and sodium acetate (1.75 g) were
dissolved in ethylene glycol (30 mL) under magnetic stirring.
The obtained homogeneous yellow solution was transferred to a
Teflon-lined stainless-steel autoclave with a capacity of 40 mL.
The autoclave was heated to 200 °C and maintained for 10 h,
and then it was cooled to room temperature. The obtained black
magnetite particles were washed five times with water and
ethanol. The particles were conserved in the ethanol.

Preparation of core-shell Fe;0,@nSiO, particles. Typically,
the Fe;O, particles (40 mg) were dispersed in an ethanol
(200 mL) and water (50 mL) solution, followed by the addition of
ammonia aqueous solution (3.0 mL, 25 wt%) and TEOS
(200 pL). After stirring at 25 °C for 10 h, the Fe;0,@nSiO,

This journal is © The Royal Society of Chemistry 2014
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spheres were obtained and washed three times with water and
ethanol, respectively.

Preparation of core-shell Fe;0,@nSiO,@mSiO, spheres.
Typically, the Fe;0,@nSiO, particles (10 mg) were dispersed in
an ethanol (10 mL) and water (30 mL) solution containing 75
mg CTAB, followed by the addition of aqueous ammonia solu-
tion (0.27 mL, 25 wt%), TEOS (100 pL) and bis-silylated
anthracene (10 pL). After stirring at 25 °C for 10 h, the
Fe;0,@nSi0,@mSiO, spheres were obtained and washed three
times with water and ethanol, respectively.

Preparation of Cu®* fluorescent sensor using Fe;0,@nSiO,
NP as the core. The magnetically recoverable sensor system was
prepared by the same procedure with anthracene containing
Fe;0,@nSi0,@mSiO, apart from mixing fluorescein derivative
and the ligand in the CTAB ethanol and water solution before
the addition of the silica source.

Influence of pH value on the fluorescence emission of the
sensor system. The pH value of the fluorescent sensor solution
was adjusted using different buffer solutions. The specific
operation was as follows: (1) preparation of a series of aqueous
solutions with various pH values from 2 to 12 using different
buffer solutions; (2) 100 pg of fluorescent Fe;0,@nSi0,@mSiO,
(FFNM) was added to the above solutions (5 mL) and the fluo-
rescent intensity was recorded after equilibrating for 5 min.

Cu** detection. The detection procedure was as follows: (1)
preparation of 50 pug mL~' Hepes buffer aqueous solution
(50 mM, pH 7.2) of Cu®" sensor; (2) different amounts of Cu®" were
added to a solution of FFNM-based Cu** sensor (3 mL), and the
fluorescent intensity was recorded after equilibrating for 5 min.

Adsorption of Cu”*. The experiments to determine the
adsorption isotherms were conducted as follows: 2 mg of FFNM
was added into a solution which was equilibrated with various
concentrations of Cu** (10 mL). The concentrations of Cu**
ranged from 1 to 30 mg L™ with an initial pH of 7.0.

Disassembly and reassembly of Cu®>* sensor. FFNM-based
Cu** sensor was dispersed in ethanol for 1 h, then washed with
water and magnetically recovered. The disassembly was verified
by investigating the I540/I,,5 ratio. The reassembly was achieved
by dispersing FFNM particles in a 5% EtOH water solution
containing the ligand and fluorescein, where the addition of a
small amount of EtOH was to ensure the dissolution of hydro-
phobic ligand and fluorescein in water solution.

Characterization

X-ray powder diffraction (XRD) patterns of all samples were
recorded on a Rigaku D/MAX-2550 diffractometer using Cu Ka
radiation at a wavelength of 0.154 nm, operated at 40 kV and
100 mA. UV-visible absorbance spectra were obtained with a UV-
visible spectrophotometer (Varian, Cary 500). The fluorescence
spectra of all samples were recorded with a Cary Eclipse fluo-
rescence spectrophotometer. Scanning electron microscopy
(SEM) images were obtained with a JEOL JSM-6360LV micro-
scope at an accelerating voltage of 15 kV. Transmission electron
microscopy (TEM) images were collected on a JEOL JEM 2010F,
and the electron microscope was operated at an acceleration
voltage of 200 kV. "H and '*C NMR spectra were obtained on a

This journal is © The Royal Society of Chemistry 2014
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Bruker AVANCE DMX500 spectrometer in CDCl; with tetrame-
thylsilane (TMS) as internal standard. Electron impact mass
spectra were recorded on an Agilent 5973N MSD instrument,
and ESI mass spectra were recorded on an Agilent 11100-Fin-
nigan instrument. The Zn>" concentrations were recorded on a
Varian-710-ES instrument with ICP/AES data.

Results and discussion

Mesoporous and magnetic characteristics of fluorescent
Fe;0,@nSi0,@mSiO, (FFNM)

Fig. 1 shows TEM images of iron oxide nanoparticles before (A)
and after coatings of a nonporous inner silica layer (B, nSiO,)
and mesoporous outer silica layer (C and D, mSiO,). The
diameter of iron oxide nanoparticles is about 100 nm and the
radii of amorphous and mesoporous silica layers are about 35
nm and 50 nm, respectively, where all of particles are highly
dispersed. The mesoporous pore system diverges from the
center to the fringes (insert of Fig. 1) and has hexagonal mes-
opore symmetry (Fig. 2C) revealed by HRTEM and small angle
XRD pattern, respectively. The wide XRD pattern of FFNM
indicates that the iron oxide core is superparamagnetic Fe;Oy,,
and magnetization saturation values of Fe;0,, Fe;0,@nSiO,
and Fe;0,@nSi0,@mSiO, are 60, 40 and 30 emu g, respec-
tively (Fig. 2A, B and D). No remanence was detected in any of
the samples according to the hysteresis loop, further confirm-
ing the superparamagnetism of these particles.

Self-assembly of Cu>* fluorescent sensor

Scheme 1 shows the assembly process of Cu”" ligand, signal
reference and reporter units into the mesoporous shell using
CTAB stabilized Fe;0,@nSiO, NP as the core. We chose bis-

Fig. 1 FezO4 nanoparticles (A), FesO,@nSiO, particles (B) and fluo-
rescent Fez0,4@nSiO,@mSiO, particles (C and D). Insert is an
enlargement of the mesoporous shell.

RSC Adv., 2014, 4, 18660-18667 | 18663
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Fig. 2 Wide XRD patterns of FezO4 and Fez0,@nSiO, (A), wide XRD
pattern of Fez0,4@nSiO,@mSIiO, (B), small angle XRD patterns of
Fes0,4@nSiO, and Fes04@nSiO,@mSiO, (C), and magnetization
hysteresis loops of FezO4, Fes0,@nSiO, and Fez0,@nSiO.@mSiO;
(D), respectively.
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Scheme 1 Ratiometric fluorescent sensor composed of signal refer-
ence unit, signal reporter unit and ligand unit through the formation
process of mesoporous silica.

silylated anthracene® and fluorescein derivative as the signal
reference and reporter units, which are the energy donor and
acceptor of a FRET pair, respectively. They finally occupy the
silicate wall, and CTAB occupied the pore channel after the
formation of the mesoporous matrix through the electrostatic
interaction between cationic surfactant and anionic silicates.
Glycylglycine dipeptide is used as the ligand unit,*® and dwells
in the hydrophobic micelle with fluorescein derivative attrib-
uted to the “like dissolves like” principle. This system functions
as a Cu®" ratiometric sensor through the complex between Cu**
and its ligand and their influence on the FRET process of
the anthracene-fluorescein pair (Scheme 2). The traditional
synthesis of a FRET type ratiometric sensor requires a covalent
linkage between energy donor and acceptor to achieve effective
energy transfer. However, in this system, the covalent linkage
between donor and acceptor becomes unnecessary and even
the covalent linkage between ligand and fluorophore is avoided,
as a result of the effectively shortened distance between the
different units confined in the nanometer-sized pore system,
since the unit cell parameter of the mesoporous shell is only
4.5 nm.
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Scheme 2 Molecular structures of Cu?* ligand, fluorescent reporter
unit and the probable FRET response mechanism to Cu?*.

Sensing selectivity to Cu**

Fig. 3 shows the emission and excitation spectra of anthracene
and fluorescein derivatives, where the emission spectrum of
anthracene and the absorption spectrum of fluorescein show a
good overlap, making it possible for them to form a FRET pair.
When the composite assembled from anthracene and fluores-
cein is excited at 370 nm, where anthracene has obvious
absorption while fluorescein has negligible absorption, both
emissions from anthracene and fluorescein are observed
(Fig. 4A). The above results indicate that an effective FRET
process occurs between anthracene and fluorescein even
without a covalent linkage.

Fig. 4 shows the fluorescence spectra of the FFNM-based
Cu”" sensor prepared with different amounts of reporter unit.
The fluorescein concentration is finally fixed at 2 x 10~ mol for
the subsequent study in consideration of the fluorescence self-
quenching caused by excessively high molecular concentration
(Fig. 4A). Fig. 4B shows the ratiometric (I540/1425) fluorescence
response to the variation in pH value, where I54 and I,,5 refer to
the intensity of fluorescein and anthracene, respectively. It is
found that the I54/1,,5 value remains virtually unaffected in the
pH range from 6 to 10. The sudden decrease from 5 to 2 should
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Fig. 3 Emission and excitation spectra of anthracene and fluorescein
derivatives.
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Fig.4 (A) Fluorescence spectra of FFNM-based Cu?* sensor prepared
with different amounts of reporter unit; (B) fluorescence intensity
ratios between reporter and reference dyes plotted as /s40//425 at
various pH values; (C) responses of sensor to different metal ions
(50 uM) and (D) fluorescent response of sensor in the presence of
10 uM Cu?* and various metal ions (50 pM) (Agx = 370 nm, Agm = 425
and 540 nm).

be the result of protonation of fluorescein derivative. Therefore,
for subsequent studies, we fixed the pH value at 7.2 using
HEPES buffer solution (20 mM). Fig. 4C shows the ratiometric
(Is40/1425) fluorescence variation of the sensor in the presence of
various metal ions. It can be seen that the I540/I4,5 value
dramatically decreases after the addition of Cu®" (107> M).
However, the addition of other metal ions such as Fe**, Pb*",
Cd*" and Ag" resulted in negligible change. Fig. 4D shows the
interference of other ions such as Li*, Na*, K", Mg>*, Ca**, Fe*",
Co™, Ni**, Zn*", ¢d**, Ag*, and Pb** (107" M) to the Iss0/Is5
value in the presence of Cu>* (107> M). No significant variation
of Is40/l4,5 is observed compared with the blank sample with
only Cu** added, which indicates that this system has an
excellent selective detection performance for Cu>".

Sensitivity of sensor to Cu”*

Subsequently, the sensitivity of the above sensor to Cu®" was
investigated, as shown in Fig. 5. It is evident that the emission
of the reporter unit at 540 nm gradually decreases with
increasing Cu”** concentration from 0 to 6 x 10~ ° M (Fig. 5A).
The detection limit is 5 x 10~% M by setting the confidence level
at 3, which indicates that the sensor is highly sensitive. On the
other hand, the reference unit shows a stable emission signal,
which is hardly affected by the variation in Cu*" concentration
and should be attributed to protection from the framework
shell since the encapsulation of anthracene molecules isolates
them from the surrounding environment.

The fluorescence before and after the addition of Cu®* can
be clearly observed with the naked eye under UV light irra-
diation, as shown in Fig. 5B. The above sensor system with
excellent sensing performance is carefully chosen from
FFNM particles loaded with different amounts of reporter

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Fluorescent spectra of sensor with different amounts of Cu?*
(A); ratiometric calibration curve (lsso/lazs) as a function of Cu®*
concentration (B) (insert: imaging of sensor solution before and after
the addition of Cu?").

and ligand units, which are prepared with 2 x 1077 mol of
ligand and 6 x 10”7 mol of signal reporter units (Fig. 6B).
Lower and higher amounts of ligand actually lead to
decreased sensitivity. The lower sensitivity of the system with
a lower amount of receptor (3 x 10~° mol, Fig. 6A) should be
attributed to the ineffective influence of coordinated Cu** on
remote fluorophores because of the inhomogeneous distri-
bution of the tiny amount of receptor units in the pore
channel. On the other hand, the lower sensitivity of the
system with a higher amount of ligand (1.2 x 10~° mol,
Fig. 6C) should be attributed to the part isolation of coordi-
nated Cu®>* surrounded by excessive complex units from
neighboring fluorophores. Moreover, it is also noted that
excessive amounts of reporter unit (Fig. 6D) would also result
in decreasing detection sensitivity due to the increasing self-
quenching caused by high concentrations of fluorophore.
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Fig. 6 Effect of loading amount of fluorescence signal reporter and
Cu?* receptor on detection sensitivity. (A) Ligand (0.1 mL, 3 x 10™* M),
fluorescent reporter (1 mL, 2 x 10~ M); (B) ligand (2 mL, 3 x 10~% M),
fluorescent reporter (1 mL, 2 x 10~* M); (C) ligand (4 mL, 3 x 107* M),
fluorescent reporter (1 mL, 2 x 10~* M); (D) fluorescent reporter (2 mL,
2 x 107* M), ligand (2 mL, 3 x 107* M).

RSC Adv., 2014, 4, 18660-18667 | 18665


http://dx.doi.org/10.1039/c4ra01599a

Published on 01 April 2014. Downloaded by University of Windsor on 22/10/2014 14:42:18.

RSC Advances

Adsorption performance

In addition to the sensing performance, we also investigated the
adsorption capacity of FFNM sensor for Cu®', calculated
according to the mass balance of Cu>* ion expressed as eqn (1),
where ¢. is the adsorption capacity (mg g~ '), C, and C. are the
initial and equilibrium concentrations of Cu®"ions (mg L"), M is
the mass of FFNM (g), and V is the volume of added solution (L).

Co—C)xV
R e (1)
¢ 1 G
== 4= 2
gde  bGm  gm @)

Fig. 7A shows the adsorption kinetics curve of the FFNM-
based sensor. It was found that the uptake of Cu** by FFNM
particles is a very fast process, which finishes in 1 min. This
rapid process is attributed to the porous structure of FFNM and
the strong affinity of the glycylglycine dipeptide ligand for Cu®*.
The adsorption capacity of FFNM for Cu®>" was investigated at
different initial metal concentrations (1-30 mg L~'). The
adsorption equilibrium data were fitted by the Langmuir
adsorption isotherm model as seen from eqn (2), where Ce, ¢, b
and ¢, are the equilibrium solution concentration (mg L),
equilibrium adsorption capacity (mg g~ '), Langmuir adsorption
equilibrium constant (L mg ') and maximum adsorption
capacity (mg g '), respectively. The experimental adsorption
data were fitted with the Langmuir isotherm equation and are
shown in Fig. 7B. It can be seen that the values of b and ¢, are
0.39 L mg " and 17.86 mg g, respectively. The R value of
0.9989 means that the adsorption process can be well described
by the Langmuir adsorption isotherm, which is dependent on
the amount of available adsorption sites on the pore surface of
the adsorbent.

Magnetic response and recycling sensing performance

As illustrated above, the FFNM particle is supermagnetic with a
saturation magnetization value of 30 emu g ', and can be
rapidly separated from water within 1 min when a magnet is
placed near the glass bottle (Fig. 8B). This result indicates that
FFNM particles can be easily recovered by applying an external
magnetic field after the sensing and adsorption of Cu*".
Subsequently, the recycling sensing performance of the
FFNM-based sensor was further studied through a disassembly
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- —— b=0.39
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05 pH=7 ©
10 °C 0.20 PH=7
0.0 Adsorbent dose: 0.2 g/L 10 °C
) C,=2.66 mg/L Adsorbent dose: 0.2 g/L
0 5 10 15 20 25 30 05 10 15 20 25 3.0 35
TIME/min Ce(mg/L)

Fig. 7 Adsorption kinetics curve (A) and Langmuir isotherm curve for
the adsorption of Cu®* by the FFNM sensor (B).
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Fig. 8 Water solution of FFNM particles (A) and their magnetic sepa-
ration (B).

Intensi

L] L] L)
Recovery times
Fig. 9 Reversibility of the fluorescence sensing performance of FFNM to
Cu?* (2 x 10~* mol) after the disassembly and reassembly of the sensor
system. I and /g refer to the original Is40/l425 ratio before and after
coordination with Cu?*. I;—/, correspond to the Is40/1425 ratios after the

disassembly—reassembly process. Iy—I4 correspond to the fluorescence
intensity of FFNM after reassembly and coordination with Cu®*.

and reassembly process. After the recycling of FFNM by
magnetic force, the ligand and signal reporter units in the CTAB
micelle were extracted by redispersing FFNM particles in
ethanol. The complete extraction was verified by the disap-
pearance of the fluorescence signal of the reporter unit. The
Is40/1425 value and the sensing ability to Cu®" can be recovered by
dispersing the particles in a 5% ethanol water solution con-
taining signal reporter units and the ligand, where the addition
of a small amount of EtOH was to ensure the dissolution of
hydrophobic ligand and fluorescein derivative in the water
solution. After repeating for 4 cycles, these particles still
preserve 90% of the original Is40/I4,5 value and their sensing
ability to Cu®" (Fig. 9). The loss of the fluorescence intensity
should be attributed to the loss of CTAB from the pore channel
during the ethanol extraction process, leading to the decrease in
enrichment ability for ligand and fluorescein.

Conclusions

We present a novel self-assembly route for the fabrication of a
FRET type of ratiometric fluorescent sensor by integrating the
preparation process for the sensor into a one-pot formation

This journal is © The Royal Society of Chemistry 2014
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process of core-shell mesoporous silica using CTAB stabilized
Fe;0,@nSi0, as the core, where all of the units composing the
sensor are elaborately arranged in different areas of the meso-
porous matrix and can effectively interact with each other even
without a direct covalent linkage between them. This nano-
composite system provides a robust platform for the design of
novel materials through appropriately utilizing the versatile
surfactant chemistry. In this paper, the fabrication and multi-
functionalization of the ratiometric fluorescent sensor process
is significantly simplified and no effort needs to be paid to
covalent bonding of the different sensor units, which should be
flexible and variable depending on the detection target.
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