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ABSTRACT: Zinc is one of the most important transition
metal of physiological importance, existing primarily as a

divalent cation. A number of sensors have been developed for 0

Zn(Il) detection. Here, we present a novel fluorescent nano- T

sensor for Zn (1) detection using a derivative of 8-aminoquino- It -

line (N-(quinolin-8-y1)-2-(3 (triethoxysilyl) propylamino)acetamide ;(8 ¢ .
(QTEPA) grafted on silica nanoparticles (SiNPs). These func- w757 ";{\ - At
tionalized SiNPs were used to demonstrate specific detection of % , ”wo J @ A . \”QS"( )

Zn(11) in tris-HCl buffer (pH 7.22), in yeast cell (Saccharomyces

cerevisiae) suspension, and in tap water. The silane QTEPA, SiNPs and final product were characterized using solution and solid state
nuclear magnetic resonance, Fourier transform infrared, ultraviolet—visible absorption spectroscopy, transmission electron
microscopy, elemental analysis, thermogravimetric techniques, and fluorescence spectroscopy. The nanosensor shows almost
2.8-fold fluorescence emission enhancement and about 55 nm red-shift upon excitation with 330 £ S nm wavelength in presence of
1 4M Zn(II) ions in tris-HCI (pH 7.22). The presence of other metal ions has no observable effect on the sensitivity and selectivity of
nanosensor. This sensor selectively detects Zn(II) ions with submicromolar detection to a limit of 0.1 #M. The sensor shows good
applicability in the determination of Zn(II) in tris-HCl buffer and yeast cell environment. Further, it shows enhancement in
fluorescence intensity in tap water samples.
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1. INTRODUCTION

In the past decade, there has been a growing interest in the
development of optical molecular chemosensors using nanoma-
terials for cations and anions.' ~® However, there is still a lack of
highly selective and sensitive molecular chromo or fluorogenic
sensors for a number of target species. Early investigations for
sensing metal ions were carried out on the neuromodulatory
roles of common biological metal ion K(I)° and Ca(1I).'° The
d-block metal ions, such as Mn(II),"" Fe(1I),"”* Cu(1I),"* and
Zn(11),"* also play an important role in neurobiology, metabo-
lism, and catalysis.”> Among them, designing and fabricating
fluorescent nanomaterials for the detection of zinc cation has
drawn more attention.'® Zn(II) is one of the most important
transition metal ions found in the human body, and it plays
multiple roles in both extra- and intracellular functions, such as in
gene transcription'” and metalloenzymes.'® In addition to having
a beneficial role in the human body, it is closely related to severe
pathological diseases, such as Alzheimer’s and Parkinson’s
diseases,"” in synaptic neurotransmission,”® and in mediating

in the past few years,”* >° which can selectively detect Zn(1II) in
solution. However, the advantage of functionalized nanomater-
ials over “naked” sensors is the reduction of interference by
protein binding or membrane binding of the latter.***” Addi-
tionally, the organic—inorganic framework of nanomaterial may
provide protection of the sensor probe. Therefore, functionalized
nanomaterial sensors would also be a useful and a needed tool for
metal ion detection in extra- and intracellular environment.
Most of the Zn(II) sensors reported over the years have been
developed from quinoline derivatives, such as 6-methoxy-(8-p-
tolunesulphonamido) quinoline (TSQ),*® Zinquin® ' and
TFLZn (TSQ analogue). These aryl sulfonamides of quino-
lines incorporate macro cyclic Zn(II) binding units, and were
used for fluorescence imaging upon Zn(II) binding. Nonetheless,
the supramolecular system of quinolines, especially 8-aminoqui-
noline, offer an attractive option for developing highly selective
Zn(II) sensors even over other possible competing cations.”
The simplest example of the use of 8-aminoquinoline derivative
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neuronal exotoxicity.

Many optical chemosensors have been developed on the basis
of organic fluorophores and organofunctionalized nanomaterials
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Scheme 1. (i) Absolute EtOH (0.8 mmol); [DIW]/[TEOS]; Sonicated for 2 h at 45 °C and 28-30% aq NH; (1.87 mmol) Solution
Was Added Dropwise (0.03 mL/min) and Sonicated for 8 hat 45 + § °C. (ii) 8-Aminoquinoline (8 mmol); Chloroacetyl Chloride
(9.6 mmol); Pyridine (11.2 mmol); CH,Cl, (50 mL); 0 °C to rt, 2 h. (iii) 3-Aminopropyltriethoxysilane (2.5 mmol); Anhyd.
K,COj3 (3.41 mmol) and 4 (2.27 mmol), Dry CH;CN (40 mL) rt to A for 4 h. (iv) SiNPs (100 mg); Anhyd. Toluene (40 mL); 0.015
mmol of 5, A for 8 h; Addition of Zn(II) Ions in the Suspension of 6 Results in Enhancement of Fluorescence Intensities II
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for Zn(I1) detection was recently described by Zhang et al.** and
Dong et al.*®

The operation of these sensors is mostly based on signal
amplification as a result of binding Zn(II). This phenomenon,
also termed chelation enhanced fluorescence (CHEF), operates on
the mechanism of photoinduced electron transfer (PET).2636~%
In the case of 8-aminoquinoline, the lone pair of electrons of the
8-amino residue is transferred to the 77-system of the fluorophore
upon excitation, which, in turn, results in suppressing the
fluorescence intensity. The involvement of the lone pair of
electrons in binding the metal ions inhibits the PET process,
resulting in the increase of fluorescence intensities. This phe-
nomenon is preferred as it is visually perceptive. This principle is
applied in most of the Zn(II) sensors, a process that is well-
studied and explained in several reviews.***

In this study, we selected a chloroacetyl derivative of 8-ami-
noquinoline as the fluorophore, supported on silica nanoparticles
(SiNPs) as sophisticated hosts, for binding Zn(II). However, we
have recently reported the use of ordered mesoporous silica
MCM-41 functionalized with the same fluorophore, N-(quinolin-
8-yl)-2-(3-(triethoxysilyl)propylamino )acetamide (QTEPA),
for fluorescent detection of Zn(II)** (Scheme 1). But, the
current study is an extension of the previous one in order to
explore the effect of difference in morphology between MCM-41
and SINPs on the overall performance of the sensor. The SiNPs
provide their outer surface for modification as against the limited
functionalization (depending on the size of the organic moiety)
of inner channels in MCM-41. Further, silica nanoparticles are
particularly attractive as they are easy to synthesize, are aqueous
solution friendly, and can be easily engineered to various sizes
and shapes.** These QTEPA functionalized SiNPs, to the best of
our knowledge, are the first to be reported for the selective and
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sensitive fluorogenic detection of Zn(Il) in tris-HCl buffer
solution, and in yeast (Saccharomyces cerevisiae) cells.

2. EXPERIMENTAL SECTION

2.1. Materials. All the chemicals and reagents were purchased from
Sigma Aldrich, St. Louis, MO, USA, and Fisher Scientific, New Jersey,
and used without further purification. The solvents used for reactions
were stored in brown bottles with appropriate drying agents, and freshly
distilled before use. NaCl, KCl, CaCl,, MgCl,, MnCl,, FeCl,, FeCl;,
CoCl,, NiCl,, CuSO,+ SH,0, CdCl,, HgCl,, PbNO;, TINO,, ZnNOs,.
6H,0, ZnSO,-7H,0, Zn(CH,CO),-2H,0, Zn(CN),, Zn(ClO,)s.
6H,0, ZnCl,, ZnBr,, and Znl, were of analytical grade. Doubly distilled
deionized water (DIW) was used for all experiments, and the solution
NMR was carried out in DMSO-dg, Tetraethylorthosilicate (TEOS)
99.9% and absolute ethanol (99.5%) were purchased from Sigma-
Aldrich. All the glassware was cleaned using aqua-regia for 16 h at rt,
rinsed several times with DIW followed by treatment with 10% HF/
DIW solution overnight at rt and rinsed several times with DIW
and EtOH.

2.2. Instruments. '"H NMR and "*C NMR on solution samples,
and *’Si NMR and *C NMR on solid samples were measured on a
Bruker Avance 500 MHz spectrometer. All of the solid state NMR
spectra were measured using a4 mm (0.d.) zirconia rotor with Kel-F cap.
Solid state **Si NMR was performed under magic-angle spinning (MAS)
conditions with a pulse delay of 1 min and a spinning rate of 12 kHz. For
solid *C NMR, cross-polarization (CP) along with MAS was used with
pulse delay of 2 s and spinning rate of 7—8 Hz. Chemical shifts for MAS
*Si NMR were referenced to the external standard TMS. All solid and
solution NMR experiments were performed at room temperature.

The functionalized SiNPs were characterized using Nicolet AVATAR
370DTGS FTIR model (Thermo Electron Corporation) and spectra
were analyzed using OMNIC 7.4.127; Ul Smart Performer software.

dx.doi.org/10.1021/am2002394 |ACS Appl. Mater. Interfaces 2011, 3, 1731-1739
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Figure 1. TEM images of (A) unmodified SiNPs and (B) modified SINPs 6, where the scale bar =100 and 250 nm, respectively.

Ultrasonic cleaner (FS30H; 42 kHz =+ 6%) from Fisher Scientific was
used for synthesis of silica NPs. TEM images were obtained on a JEOL
1200 EX II TEM equipped with LaB6 gun with 0.5 nm resolution.
Thermogravimetric analysis (TGA) was carried out on a TGA Q50 V6.7
instrument. All TGA experiments were carried out under nitrogen
atmosphere at a heating rate of 10 °C/min from 22 to 800 °C. An
Exeter CE440 elemental analyzer was used to determine the C, H,and N
content. Fluorescence and absorption spectra were acquired with a
FluoroMax-3 spectrometer (Jobin Yvon Horiba) and a Shimadzu
UV—vis spectrophotometer, respectively.

2.3. Synthesis of 6. The synthesis and characterization of 2 to 6
have been well-explained in the Supporting Information

2.4. Fluorescence Studies for Metal lon Detection. Each
detection of metal ion was measured in 0.01 M tris-HCI buffer at pH
7.22. The stock solution of modified SiNPs 6 was prepared in DIW (10.0
mg/2.0 mL). The concentration of 6 in the test solutions for fluores-
cence measurements was kept at a constant value of 100.0 £4g/2.0 mL.
Stock solutions of 0.1 M concentration of ZnNO;-H,0, NaCl, KCI,
CaCl,, MgCl,, MnCl,, FeCl,, FeCl;, CuS0O,.5H,0, CoCl,, NiCl,,
CdCl,, HgCl,, PbNOs3, and TINO; were prepared in DIW. Necessary
dilutions were made according to each experimental set up. All
fluorescence spectra were recorded at 22 °C with the excitation
wavelength of 330 £ S nm.

2.5. Yeast Strain/Growth Condition and Florescence Mea-
surement. Yeast (S. cerevisiae; Baker Yeast)** was obtained from local
retailer and used as a cell model. Before use, it was dispersed in YPD
medium (1% yeast extract, 4.0% peptones, 2.0% glucose, 0.2%
(NH,4),SO,4) and incubated for 12 h at 37 °C. The incubated yeast
cells were mixed with SiNPs 6 at a final concentration of 100 xg/2 mL
and incubated further for 1 h at 37 °C. The same experiment was
performed with preheated (100 °C for 10 min) yeast cell suspension.
The fluorescence emission measurement was carried out as described in
above section.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of 6. The study de-
scribed here is based on design and development of a fluores-
cence optical sensor containing SiNPs functionalized with a
metal jon chelating group. The surface of silica nanoparticles
was modified by the organosilane QTEPA S, as shown in
Scheme 1. The structural information of the fluorophore on
the surface of silica nanoparticles was studied by solid-state

characterization techniques: TEM imaging, TGA, elemental
analysis, FT-IR, and NMR.

The TEM image of the SiNPs used in this study is shown in
Figure 1A. The shape of these SiNPs was close to spherical with
an average particle diameter of about 40 & 10 nm. But, after
treating the SiNPs with the silane $, the two undergo copolym-
erization, giving the final composite in the range of 200—300 nm
size particles, which comprises a network of irregular shaped
SiNPs as shown in Figure 1B.

The TGA weight loss curves for modified and unmodified
SiNPs (Figure 2) provide a qualitative comparison of the changes
induced after modification. The unmodified SiNPs (Figure 2A)
exhibit a weight loss at about 71 °C corresponding to the loss of
physically adsorbed water, suggesting the surface to be hydro-
philic in nature.***” With increase in temperature the weight loss
remains constant, indicating no appreciable condensation of
silanol groups on the surface. There is a significant change in
the weight loss curve with modification of SiNPs (Figure 2B).
The resulting pattern in the weight loss curve depends on the
nature of the ligand, and the step transition shows the decom-
position of the bonded organosilane with the height being
roughly proportional to the carbon content.*® In Figure 2B, a
major weight loss region is seen between 265 and 546 °C,
indicative of decomposition of the organic ligand chemically
bonded to the surface. Further, the presence of the organic
moiety on the surface was quantified using elemental analysis.
The result gives the C/N molar ratio as 4.73 (Table 1 in the
Supporting Information), which is almost the same as that of the
organosilane $ having released the three ethoxy groups, C/N =
4.66.* This is an indication that the functional group is grafted
on the surface and did not decompose during the modification
process.

The FT-IR spectra of modified and unmodified SiNPs are
shown in Figure 3. In Figure 3A, the broad band centered at
3458.5 cm™  represents the surface silanols, and any adsorbed
moisture on the surface of unmodified SiNPs. The band at
1642.7 cm ™' represents the bending mode of O—H vibrations.
The intense band centered at 1081.7 cm ' is assigned to
structural Si—O—Si vibrations, whereas the Si—OH vibration
band is shown in the region 790—970 cm '. Compared to
modified SiNPs 6 (Figure 3B), the silanol band disappears,
whereas the N—H vibration band appears at 3273 cm™ . The

1733 dx.doi.org/10.1021/am2002394 |ACS Appl. Mater. Interfaces 2011, 3, 1731-1739
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Figure 2. TGA weight-loss curves of (A) unmodified SiNPs (solid line) and (B) modified SiNPs 6 (dashed line).
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Figure 3. FTIR spectra of (A) unmodified SiNPs (gray line) and (B) modified SiNPs 6 (black line).

band at 1528.4 cm™ ' is attributed to the C=C aromatic stretch,
while the carbonyl band is observed at 1684.4 cm™ . The region
1325—1488 cm ' corresponds to aliphatic C—H stretching
bands. The FT-IR spectra clearly indicate the presence of the
silane 5 on the surface of SiNPs. Further, the presence of silane as
part of the SiNPs is confirmed by solid-state '*C and *°Si NMR,
shown in Figures SI4 and SIS, respectively, in the Supporting
Information.

Comparative UV—vis absorption spectra are shown in Figure
SI10 in the Supporting Information. The absorption maxima of

1734

8-aminoquinoline 3 appears at 330 nm, whereas those of the
chloroacetyl derivative 4 and the silane § show almost the same
absorption maxima in the region around 315 nm. The UV—vis
absorption spectrum of 6 shows similar maximum from 320 to
340 nm, indicating that grafting of 5 on SiNPs does not affect the
inherent property of the 8-aminoquinoline fluorophore. The
UV—vis spectrum of unmodified SiNPs does not show any band
in the fluorophore region and serves as a negative control. The
excitation wavelength of 6 and 6+Zn(II) samples in tris-HCl
buffer were also measured as shown in Figure SI11 in the

dx.doi.org/10.1021/am2002394 |ACS Appl. Mater. Interfaces 2011, 3, 1731-1739
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Supporting Information. The excitation and UV—vis absorption
spectra correspond with each other and shows a broad band
between 300 and 345 nm with the max at 330 nm. On the basis of
these results, we selected the excitation wavelength of 330 & S nm
for all the fluorescence experiments.

3.2. pH Effect on Sensor. The performance characteristic of
the sensor system was monitored for its sensitivity toward
different pH conditions. It is essential for the sensor to perform
satisfactorily at physiological pH for its application toward
biological sensing. The response of the sensor toward Zn(II) at
different pH values is reported in Figure 4. A 100.0 1g/2.0 mL
stock solution of modified SiNPs 6 containing 1.0 #M Zn(II)
solution was used for the experiment and different pH solutions
were prepared as reported in the literature.*® In acidic environ-
ments, the response is low due to protonation of the amino group
in the fluorophore, which, in turn, shows low affinity toward
Zn(11).*° The fluorescence intensity, however, increases with
increasing pH and a small plateau was observed between pH 7.0
to pH 8.0, and fluorescence emission intensity increases further
in basic conditions up to pH 12. This increase could be attributed
to deprotonation of the amino group of the fluorophore, thereby
increasing its affinity toward Zn(II). The pH study shows that the
use of the sensor is feasible under physiological pH (7.2—7.4).

10.0 5
8.9 4 []

7.8 -

6.7 -
5.6 -
1 [
4.4
3.3
2.2
11 —T
3 4 5 6 7 8 9 10 11 12 13

Normalized | (a.u.)

Figure 4. Fluorescence emission response of 6 (100 ug/2.0 mL) at
different pH (4—12), when treated with 1.0 4M Zn(II) solution.

3.3. Zn(ll) Sensing. All the metal ion detection experiments
performed in this study were carried out using 100 ug of 6 in
2 mL of solvent. The amount of fluorophore on 100 g of SiNPs
was calculated by fluorescence method as described by Fang
etal.* In this method, a calibration curve showing the relationship
between the fluorescence intensity and the concentration of
8-chloroacetylaminoquinoline 4 in a solvent mixture of tris-HCI
and acetonitrile (see Figure SI1 in the Supporting Information) is
used to calculate the loading density of the ligand on the surface.
Using the equation of a straight line (inset in Figure SI1 in the
Supporting Information), and the intensity value of 4.76 x 10°
corresponding to 100 ug of 6/2.0 mL solvent gives the fluo-
rophore concentration to be 154 &+ 1.5 uM.

The detection limit of the sensor toward Zn(II) was deter-
mined by the fluorescence titration data recorded under a narrow
concentration range from 0.01 to 100.0 uM (Figure SA,B). A
sharp increase in the fluorescence intensity is observed for the
Zn(Il) concentration of 40 uM, after which a slow increase in
intensity is seen until a Zn(Il) concentration of ~80 uM, at
which point a saturation effect is observed. We hypothesize a
complex formation in a 1:2 mol ratio of Zn(1I) to the fluorophore

Blank Zn2* Na* K* Ca2* Mg?*Mn2*Fe?*Fe3* Co? Ni2* Cu?* Cd2*Hg?*Cs TI* Pb2*

Figure 6. Bar graph of fluorescence emission intensity for sixteen
different metals showing metal selectivity profile of 6 (100 ug/
2.0 mL) in tris-HCI (0.01 M, pH= 7.22) with the concentration of 1.0
UM for each metal.
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Figure S. (A) Fluorescence emission spectra, (B) titration curve of 6 (100 4g/2.0 mL) in tris-HCI (0.01 M, pH 7.22) in the presence of Zn(II) from 0.01
to 100 uM, and (C) hypothetical figure showing capture of one Zn(II) by two fluorophores grafted on SiNPs.
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(Figure SC). This may be explained on the basis of: 1) the ligand
concentration on 100 ug SiNPs is 154 ¢¢M, which is approximately
twice the amount of Zn(I), and 2) moreover, a Job’s plot (see
Figure SI2 in the Supporting Information), which exhibits a
maximum mole fraction of Zn(II) approximately at 0.67 M,
further suggests the formation of a 1:2 complex. The association
constant value of log K = 3.97 was obtained, which was calculated by
a method developed by Descalzo et al.*> The detection limit of the
sensor was observed to be 0.1 M of Zn(II) as shown in Figure 6A,
whereas the fluorescence emission intensity increases almost 3-fold
at 1 uM of Zn(II) and approximately 8-fold at 100 uM.

The UV—vis titration data of 6 with Zn(II) (0.01—100 uM
concentration range) are shown in Figure SI12 in the Supporting
Information. UV—vis absorption maxima increase from 0 to 4
UM concentration of Zn(Il), gradually decreases from 4 to 10
UM of Zn(I), and again further increases between 10 to 100 #M
of Zn(II). Absorption maxima shows a red-shift of 45 £+ S nm
(from 310 to 35S nm) in the range of 4 - 100 uM of Zn(II)
concentration. There are four isosbestic points at 230, 240, 268,
and 335 nm, but are not very well resolved. The UV—vis graph
clearly show the change in the fluorophore absorption as con-
centration of Zn(II) increases in the solution.

The mechanism of fluorescence emission enhancement in
both emission and absorption wavelength upon binding Zn(II)
with the fluorophore is well-explained on the basis of electron
transfer process.”®***¢~3? Similar results are observed with our
system, which indicates that the 8-aminoquinoline derivative $
exhibit similar fluorescence emission and UV—vis absorption
properties as compared to solution phase derivative and does not
alter upon grafting on SiNPs.

The fluorescence quantum yield of 6 was calculated to be
0.043 in tris-HCl buffer (pH 7.22), which was determined by
using quinine bisulphate (0.1 M H,SO,, ® = 0.58) as the
standard. The fluorescence emission intensity of 6 increases
approximately 2.8-fold with a redshift of 55 nm upon addition of
1.0 uM Zn(II), and the quantum yield of the Zn(II) complex was
calculated to be 0.1204. Within the ligand framework, the excited
state proton transfer in combination with intramolecular PET
causes the fluorescence to suppress, resulting in a low quantum
yield."*?%%* Zn(1I), however, can interrupt this excited state
proton transfer in 8-aminoquinoline and its derivatives, and by
blocking the PET process a fluorescence enhancement is ob-
served along with an increase in the quantum yield. Zn(II), as
against other late transition metals, is not capable of one-electron
redox activity and, having a filled d-shell, cannot participate in
electron transfer or energy transfer mechanisms.*®

3.4. Metal Screening Experiments. A total of sixteen differ-
ent metal ions were used for spectrofluorometric titration with
the sensor 6 to establish selectivity. The metals were chosen on
the basis of their biological availability, common biological
elements such as sodium, potassium, calcium, magnesium, and
iron, along with other late first-row transition metal ions and
toxic heavy metals such as cadmium, mercury, lead, cesium, and
thallium. In the first set of experiments, the fluorescence intensity
was measured separately for the individual metal ions by using 1.0
UM concentration of all metal ions. The maximum fluorescence
intensities are plotted in the bar graph, as shown in Figure 6. This
shows the selective response for Zn(II), while the other metal
ions show no or little response. The corresponding fluorescence
spectrum is shown in Figure SI3 in the Supporting Information.
The late transition metals from Fe to Cu exhibit slight quenching
of fluorescence. These transition metals, with partially filled 3d
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Blank 2Zn2* Na* Zn?*+Na* K* Zn2*+K* Ca* Zn2*+Ca?*Mg* ZnZ*+Mg?*

Figure 7. Relative fluorescence emission intensity of 6 (100 ug/
2.0 mL) in tris-HCI (0.01 M, pH 7.22) with different metal ions in
the presence of Zn(II) (A) equimolar concentrations of 1.0 #M and (B)
1.0 uM Zn(11) with other metals at 5.0 mM.

shells, exhibit redox activity, and electron exchange is possible
between the fluorophore and the metal ions, resulting in the
quenching of the fluorophore via nonradiative energy transfer."*

The competition of these metal ions in the presence of Zn(II)
was studied in the second set of experiments. This information is
essential as some of these metal ions are present at much higher
concentration than Zn(1II) in biological systems. Spectrofluoro-
metric experiment with metal mixtures of Zn(II) with the other
metal ions in equimolar concentrations (1.0 #uM) were carried
out as shown in Figure SI4A in the Supporting Information. The
maximum intensities are plotted in a bar graph as shown in
Figure 7A. Although, transition metals Fe through Cu compete
with the binding sites, there is an overall increase in the
fluorescence intensity with binding Zn(II). It should also be
noted that these metal ions, with the exception of Fe(Il) or
Fe(III), are present in low concentration or not present in vivo.

In the third set of experiments, the concentration of the
common metal ions such as Na*, K*, Ca®", and MgZJr are at
5.0 mM, whereas maintaining the concentration of Zn(II) at 1.0
uM (Figure 7B). The higher concentration of the other metal
ions does not affect the selectivity and sensitivity of the fluo-
rophore toward Zn(II). This is clearly demonstrated from

1736 dx.doi.org/10.1021/am2002394 |ACS Appl. Mater. Interfaces 2011, 3, 1731-1739
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spectrofluorometric emission spectra as shown in Figure SI4B.
Each experiment for the metal ion detection was performed in
triplicate, and the value reported is the average with the standard
deviations (0 < 2—5%) presented in the bar graphs.
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Figure 8. Fluorescence emission spectra of 6 (100 xg/2.0 mL) in tris-

HC1(0.01 M, pH 7.22) after incubating with yeast cells (top two curves)
and only 6 (third highest), with negative controls (lower three curves).
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Figure 9. Fluorescence emission spectra of 6 (100 #g/2.0 mL) in the
presence of Zn(II) ions from 0.1 #M to 100 mM in tap water (drinking water).

To test the application of the sensor toward Zn(II) detection
in biological environment, we carried out a preliminary study
with 6 in presence of yeast cells (S. cerevisiae). These cells are
involved in the uptake and release of Zn(Il) during the growth
process and the use of these cells as a model for Zn(II) sensor has
been previously reported.>* Our sensor was also tested in yeast
cell environment for qualitative monitoring of Zn(II). The
functionalized SiNPs 6 shows enhancement of fluorescence
emission in the presence of normal yeast cells and in heated
cells. The control (6, yeast cells only, and solvent tris-HCl buffer)
did not show any emission enhancement (Figure 8). The
increase in the fluorescence intensities from samples suggests
that shows the fluorophore could be capturing the released
Zn(1I) from the yeast cells. Although, using the UV—vis excita-
tion wavelength at 330 &= S nm may be potentially toxic to the
living cells.

Another probable application of the sensor may be for water
quality monitoring of Zn(II). In order to explore this option, a
second preliminary experiment was carried out in tap water. The
suspension of 6 in tap water were spiked with different concen-
trations of Zn(II) (0.1 #uM to 100 mM) and the fluorescence
emission spectra were recorded as shown in Figure 9. A constant
increase in fluorescence intensity was observed from lower to
higher concentration of Zn(II).

The effect of different counterions on the sensor performance
was also evaluated using eight different zinc salts like NO;
$O,*", CH;COO,CN~, ClO s, Cl, Br ,and I at u1 M
concentration. The Figure 10A shows the fluorescence emission
intensity of NPs 6 with eight different zinc salts, and the bar graph
of the ratio of emission intensity is shown in Figure 10B. The
maximum emission intensity was observed in case of ZnCl,,
which is about 7.8% is higher than the average of eight salts.
Overall, the effect of different counterions on the sensor system,
as compared with the nitrate counterion used for the studies, is
not more than 8%.

4. CONCLUSION

A novel optical fluorometric sensor has been developed using
organosilane and silica nanoparticles for sensitive and selective
detection of Zn(Il) in aqueous suspension. A derivative of
8-aminoquinoline was used as a metal ion chelator and fluo-
rescent signal probe. The results of fluorescence experiments
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1x10° 4

T T T T T T
350 400 450 500 550 600
Wavelength (nm)

3.0

B

2.54

Figure 10. (A) Fluorescence emission spectra and (B) bar graph of ratio of fluorescence emission intensity, of 6 (100 ug/2.0 mL) with different zinc
ions at 1 uM of concentration, where a = 6, b = 6+ZnNO;.6H,0, ¢ = 6+ZnS0,.7H,0, d = 6+Zn(CH;CO),.2H,0, e = 6+Zn(CN),, f =
6+Zn(ClO,),.6H,0, g = 6+ZnCl,, h = 6+ZnBr,, and i = 6+Znl, in tris-HCl buffer.
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show about 2.8-fold Zn(Il) enhancement in the emission in-
tensities along with a redshift of 55 nm. The detection limit of 0.1
UM Zn(Il) in tris-HCl buffer (pH 7.22) is observed. The
presence of other metal ions does not affect the selectivity of
the sensor, even in the presence of high concentrations (5.0 mM)
of Na*, K", Ca®", and Mg*" along with Zn(II). Two preliminary
experiments were performed to explore the applications of the
sensor: (1) to detect Zn(II) in the extracellular environment,
where yeast cells (S. cerevisiae) were used as a model and (2) to
detect Zn(II) in tap water, where tap water samples were spiked
with different concentrations of Zn(II). Further, eight different
counterions of zinc do not affect the performance of sensor. This
sensor shows selective detection of Zn(II) and can be used for
Zn(1I) detection in physiological environment and water quality
monitoring. The performance of the sensor 6 is similar to the one
we previously reported on MCM-41,* but higher surface loading
in the former results in higher fluorescence emission intensity and
quantum yield. The presence of the fluorophore on the outer
surface provides better accessibility to the metal ion, which may be
diffusion dependent in MCM-41, because of functionalization of
the inner channels. This difference may prove to be advantageous
in favor of functionalized SiNPs 6 to be used as a Zn(II) sensor.

B ASSOCIATED CONTENT
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synthesis of 2 to 6, 'H, 13C, 2°Si NMR of §; solid-state >C, *°Si
NMR 6; fluorescence emission intensity of calibration curve of §,
fluorescence emission spectrum of 6 with 15 metal ions, job’s plot
of 6, fluorescence emission spectrum of 6 with 15 metal ions +
Zn(I1), fluorescence emission spectrum of 6 in the presence of
high concentration of metal ions, UV —vis absorption spectra of 2
to 6, fluorescence excitation spectra of 6, and UV—vis absorption
titration analysis of 6 with Zn(II) (PDF). This material is
available free of charge via the Internet at http://pubs.acs.org/.
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