IS APPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

A Turn-on Fluorescent Nanoprobe for Selective Determination of

Selenium(lV)

Song Liang, Jiao Chen, David T. Pierce, and Julia Xjaojun Zhao*

Department of Chemistry, University of North Dakota, Grand Forks, North Dakota 58202, United States

ABSTRACT: A turn-on fluorescent nanoprobe was developed
for selective determination of selenium(IV). A trace amount of
selenium, as an essential nutrient, plays an important role in
human health. It has been proven that a selenium deficiency
will result in serious health problems. The developed
nanoprobe is capable of in situ detection of selenium with
target-induced signaling, and no separation step is needed. The
nanoprobe consists of a silica nanoparticle core and a coating

layer containing selenium(IV)-induced fluorescent molecules, 3,3’-diaminobenzidine (DAB). The nanoprobes have no
fluorescence signals if they are not exposed to selenium(IV). However, the nanoprobes will be “turned on”, with fluorescence,
when they bind to the targets of selenium(IV). With this strategy, the selenium(IV) are first collected and enriched on a small
domain of the nanoprobes. Then, with an excitation at 420 nm, the nanoprobes emit fluorescence signals at 530 nm. The
fluorescence intensity is proportional to the selenium concentration. A fluorescence microscope was used to monitor the process
of enriching and collecting of the selenium(IV) by the nanoprobes. The optimal conditions for the determination of
selenium(IV) using the nanoprobe were investigated including pH, solvent, and linear range. The interference from common
metal ions was studied as well. This study is expected to shed light on how to design turn-on fluorescent nanoprobes for in situ

monitoring of a wide variety of targets in biological processes.
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1. INTRODUCTION

A trace amount of selenium, as an essential nutrient, plays an
important role in human health.' ™ Usually, in human bodies
selenium presents in the form of selenoproteins that are involved
in a multitude of cellular proliferation processes.” It has been
proven that a selenium deficiency will result in serious health
problems, such as a decrease in immune and thyroid function,
high risk of some cancers’ * including breast cancer* and
prostate cancer,” and Keshan and Kaschin—Beck diseases.
Recently, research results have also demonstrated preventive
effects of selenium on cancers.

Although selenium is an essential element, it will become toxic
if its concentration exceeds a safe limit. In general, selenium is
required by the human body in the range of 0.10—0.30 ug/kg. A
higher concentration of selenium, such as 2.00 to 10.00 ug/kg,
produces chronic toxic symptoms including liver carcinoma,
cirrhosis, loss of teeth, and paralysis. In the United States, the
recommended dietary allowance of selenium for adults is 55.00
pg/day.?

Due to this biological significance, the monitoring of selenium
concentration is very important. Currently, several methods have
been used to determine trace amounts of selenium, such as
ﬂuorometry,ﬁ’7 atomic spectrometry,s_12 mass spectrometry,13
and stripping voltammetry."*"> Some of these methods can
detect selenium with very high sensitivities. However, in situ
detection is a challenge since these methods all are based on off-
line detections. In situ detection of selenium is very important for
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some cellular and food samples. Thus, the development of in situ
methods for selective determination of selenium is needed.

Fluorescent nanomaterials are revolutionary materials for
sensitive and selective determination of trace amounts of
targets.lé_18 So far, several types of fluorescent nanomaterials
have been developed, such as quantum dots,"*~>" fluorescent
polymer nanoparticles,”>*® and fluorescent silica nanopar-
ticles.”*™*® Fluorescent nanoparticles have been widely used in
biomedical applications as substitutes for molecular fluoro-
phores. Compared to the traditional fluorescent molecules, these
fluorescent nanomaterials demonstrate excellent photostabilities
and high sensitivities for signaling trace amounts of targets.
Among the above fluorescent nanomaterials, silica-based
fluorescent nanoparticles have been studied with great interest.
Fluorescent silica nanoparticles are synthesized by encapsulating
dye molecules inside the silica matrix or attaching dye molecules
on their surfaces. Collecting thousands of dye molecules, a
fluorescent silica nanoparticle is much brighter than a single
fluorophore. It has been proven that fluorescent silica nano-
particles are excellent labelin§ reagents for the sensitive detection
of several biological species.”” "

However, the fluorescence of these nanomaterials is intrinsic,
and their fluorescence intensity does not change accordingly as
the targets are bound to the nanomaterials. Thus, these
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fluorescent nanomaterials can only serve as a fluorescent labeling
reagent, but not an in situ probe for target binding. Moreover,
because the fluorescence is permanent and not “turned on” in the
presence of analytes, a separation procedure is needed to remove
unbound fluorescent nanomaterials from the analyte matrix.
Complete removal of unbound fluorescent nanomaterials from
the detection system remains as a major impediment for further
reduction in background signals.

In this work we have developed a new type of fluorescent
nanomaterials, a turn-on fluorescent nanoprobe, with an ability
of target-induced signaling for in situ detection of selenium, and
no separation step is needed. This nanoprobe was designed by
immobilizing of a large number of 3,3'-diaminobenzidine (DAB)
molecules on the surface of a carboxyl group modified silica
nanoparticle. DAB molecules alone have little fluorescence signal
since DAB does not have large conjugated planar 7 bonds. Upon
capturing of Se(IV), a fluorescent complex of DAB—Se, 3',4'-
diaminophenylpiazselenol, is formed.® Due to a large number of
DARB on a single nanoparticle, the nanoprobe can be “turned on”
with strong fluorescence when they bind to the target of
selenium (IV). The fluorescence intensity is variable based on the
amount of selenium bound to the nanoprobe; thus, the in situ
monitoring of selenium can be achieved using this nanoprobe.
Meanwhile, the nanoprobe showed no or low fluorescence signal
in the absence of target selenium. Thus, no separation process is
needed to reduce the fluorescence background signals. This
study is expected to shed light on how to design turn-on
fluorescent nanoprobes for in situ monitoring of a wide variety of
targets in biological processes.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Apparatus. Triton X-100 (polyethylene glycol
p-(1,1,3,3-tetramethylbutyl)phenyl ether), tetraethyl orthosilicate
(TEOS, 99.999%), N-((trimethyloxy)silylpropyl)ethylenediamine tri-
acetic acid trisodium salt (TOETAT, 45% in water); 2-(N-morpholino)-
ethanesulfonic acid (MES); 1-ethyl-3-(3-dimethylaminopropyl) carbo-
diimide hydrochloride (EDC); N-hydroxysuccinimide (NHS); 1,000
ppm Se(IV) standard solutions (in HNO;); and 3,3’-diaminobenzidine
(DAB) were purchased from Aldrich Chemical Co. Inc. Toluene,
isopropanol, cyclohexane, n-hexanol, potassium phosphate dibasic,
sodium phosphate monobasic, sodium chloride, and aqueous ammonia
solution (NH,OH, 29%) were purchased from Fisher Scientific Co.
Ultrapurified water (18.3 MQ-cm) used in the all experiments was
obtained from a Milli-Q Millipore system.

A Shimadzu UV-250PC UV—vis spectrophotometer was used to
measure the absorbance of sample solution. A Jobin Yvon Horiba
Flourolog-3 spectrofluorometer was employed to obtain the fluo-
rescence emission and excitation spectra. A Hitachi 4700 field emission
scanning electron microscope (SEM) was used to take SEM images. An
Olympus IX71 fluorescence microscope with a C9100 EM-CCD digital
camera (Hamamatsu) was used to obtain bright field and fluorescence
images. An Eppendorf 5804 centrifuge was used for separation of the
nanoparticles from supernatant. A PQ ExCell ICP-AES was used for the
elemental analysis with the experimental conditions of auxiliary flow rate
of 0.79 L/min and nebulizer pressure of 2.56 bar.

2.2. Synthesis of Carboxyl Group Modified Silica Nano-
particles. A reverse microemulsion method was employed to
synthesize COOH-modified silica nanoparticles.’> An aliquot was
prepared by mixing together 7.5 mL of cyclohexane, 1.8 mL of n-
hexanol, and 1.77 mL of Triton X-100 (surfactant). To form an isotropic
and thermodynamically stable microemulsion, 480 uL of water was
added to the mixture. In the presence of S0 uL of TEOS, a
polymerization reaction was initiated by adding a small amount of
29% NH,OH (60 uL). After continuous stirring for 24 h, silica
nanoparticles were formed in the microemulsion. Then, a postcoating
process was carried out by adding S0 L of TEOS and 50 uL of 45%
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TOETAT to the microemulsion. The mixture was stirred continuously
for another 24 h. Finally, an outer layer containing carboxyl groups was
formed on the silica nanoparticle surface. Then, acetone was added to
break the microemulsion to release the nanoparticles. To remove the
surfactant from the nanoparticles, the products were washed with
acetone and ethanol three times.

2.3. Surface Functionalization of Silica Nanoparticles Using
DAB Molecules. DAB molecules were immobilized onto the silica
nanoparticle surface through the reaction of amine groups with carboxyl
groups on the silica nanoparticles. The carboxyl groups were activated
before the reaction. In the activation step, an aliquot was prepared by
mixing together 2.5 mL of 100 mg/mL NHS, 2.5 mL of 100 mg/mL
EDC, and 2.0 mL of 0.013 mg/mL carboxyl group modified
nanoparticle solution. The mixture was allowed to react for 30 min.
After the reaction, the products were washed with pH 7.4 buffer (PBS).
Then, 100 4L of 2.14 mg/mL DAB solution was added. The mixture was
stirred for 3 h, and the products were washed with the PBS buffer.

2.4. Determination of Selenium(lV) in Solution Using DAB
Molecules. An aliquot of 0.10 mL of 0.05 M DAB solution (in 0.10 M
HCI) was diluted to 5.0 mL using 0.10 M HCl. The DAB solution was
heated in a 50.0 °C water bath for 5.0 min. Then, the Se(IV) solution
was added to the DAB solution, which was left in the water bath for one
hour. After 1.0 h of the reaction in the water bath, the pH of the solution
was adjusted to 6—8 by adding HCI and NaOH solutions. Finally, an
organic solvent, toluene, was added to the reaction solution. The DAB—
Se complex was extracted to toluene from the aqueous solution. The
fluorescence intensity of the DAB—Se complex in toluene was measured
with a spectrofluorometer at 580 nm with an excitation wavelength of
420 nm.

2.5. Determination of Selenium in Real Samples Using SiNP—
DAB Nanoprobes. Selenium(IV) in a real sample (cell culture
solution, DMEM with 10% FBS) was determined using the developed
nanoprobes. A 100 L aliquot of DAB—NPs (1 mg/mL) was spiked
with various concentrations of Se(IV) (final concentration, 8—64 ppm),
and then the pH was adjusted to 4.5 using HCl and NaOH. The reaction
procedure was the same as that of the Se determination using pure DAB.
After the reaction, the pH of the mixture was adjusted to 6—8. To
separate nanoparticles from the solution, the solution was filtered using a
porous membrane with a pore size of 50 nm in diameter. The fluorescent
nanoparticles were then dissolved in 2.5 mL of isopropanol—water
mixture (1:1) for fluorescence measurements on the excitation
wavelength of 420 nm.

2.6. Monitoring of Turn-on Fluorescence Signal Process
under a Fluorescence Microscope. The fluorescence turn-on
process was monitored under a fluorescence microscope. Glass slides
were pretreated in a 10.0 M NaOH solution overnight, followed by
thoroughly washing. The nanoprobes were mixed with selenium
solution, and the mixture was placed on a glass slide after a certain
period. After the samples were dried, the fluorescence images were taken
using a 60X objective and a combination filter (exciter, XF1301,
41SWB100; emitter, HQS535/50; splitter, QSOSLP).

3. RESULTS AND DISCUSSION

3.1. Fabrication of the Nanoprobe. A wide variety of
materials has been employed as matrices to fabricate various
nanoprobes. Silica is one of the popular traditional materials used
as a matrix for incorporating functional molecules.*® The most
attractive features of silica include nontoxicity,”* high thermal
stability, and effective transparency.®® In recent years, nanoscale
silica particles have been frequently used as a supporting matrix
for making new nanomaterials, such as fluorescent tags, sensors,
catalysts, etc.””*¢~*} Most importantly, the well established silica
surface chemistry provides convenient pathways for immobiliza-
tion of functional molecules onto the silica surface for probing
target molecules. Thus, in this work, silica nanoparticles were
chosen as a supporting matrix to make the selenium probe.

To make the turn-on fluorescent probe for selenium, the key
step is to select a selenium-induced fluorescence molecule to turn
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Figure 1. Schematic diagram of fabrication of the turn-on fluorescent nanoprobe for determination of selenium(IV). (A) Carboxyl group modified silica
nanoparticle. (B) Nanoprobe for selenium. (C) The nanoprobe turned-on fluorescence signal when Se(IV) was present.

on the fluorescence signal when selenium is present. 3,3'-
Diaminobenzidine (DAB) was previously used to signal
selenium.** That study has proven that DAB can selectively
react with selenium and produce a fluorescent complex of 3',4'-
diaminophenylpiazselenol.** Thus, in this work, DAB was
chosen as a selenium probe molecule to make the nanoprobe.

After the matrix and probe molecules were selected, the
immobilization of the probe molecules onto the silica nano-
particle surface is the essential step to make the nanoprobe. A
DAB molecule has two pairs of amine groups on different sides,
which makes immobilization of DAB to the nanoparticle surface
possible. Based on the knowledge of chemical reactions, carboxyl
groups can easily react with amine groups. Thus, bringing
carboxyl groups onto the silica nanoparticle surface will be the
next key step for fabrication of designed nanoprobes.

The carboxyl group modified silica nanoparticles have been
developed in our previous work.*® First a bare silica nanoparticle
was synthesized using a reverse microemulsion method based on
the polymerization of TEOS. Then, the silica nanoparticle was
used as a core and the carboxyl groups were formed in an outer
layer through a postcoating step. In this step, the polymerization
of TOETAT was carried out, resulting in a COOH group layer
on the silica nanoparticle surface.* The schematic diagram of the
carboxyl-coated silica nanoparticle is shown in Figure 1A.

To initiate the reaction of carboxyl groups on the nanoparticle
surface with amine groups on DAB molecules, the activation of
carboxyl groups on the nanoparticles is necessary. 1-Ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride (EDC) was
chosen for this activation since EDC can form o-acylisourea
intermediates with the carboxyl groups on the surface of the
nanoparticles. Afterward, N-hydroxysuccinimide (NHS) was
applied to increase coupling efficiency of carboxyl groups with
amine groups by forming active ester intermediates, which are
more stable than o-acylisourea intermediates. Then DAB reacted
with the intermediates and replaced the EDC and NHS. When
the ratio of nanoparticles to DAB molecules was controlled
properly, one amine pair group on a DAB molecule can link to
the nanoparticle surface. Thus, the selenium nanoprobe was
formed (Figure 1B). The other amine pair group on the DAB
molecule can then bind to the target selenium and produce
fluorescent complex (Figure 1C).

3.2. Characterization of the Nanoprobe. The morphol-
ogy of the nanoprobes was characterized using a scanning
electron microscope (SEM). First, the SEM images of the
carboxyl group modified silica nanoparticles were taken. The
results showed that the size of the silica nanoparticles was
uniform (91 + 6 nm in diameter, Figure 2A). The size of the silica
nanoparticles is variable by changing the synthesis conditions.>
After immobilization of DAB molecules on the nanoparticle, the
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Figure 2. SEM images of carboxyl group- modified nanoparticles (A)
and DAB functionalized nanoparticles (B).

size and shape of the nanoparticles have no significant changes
(Figure 2B).

To verify if the DAB molecules have been immobilized on the
nanoparticle surface, UV—vis absorption spectrometry was
employed to characterize the nanoprobes. The characterization
was carried out from two angles. The first angle was to measure
the amounts of DAB in solution both before and after it reacted
with nanoparticles to investigate if the amount of DAB in the
solution was decreased. A pure DAB aqueous solution was
equally divided into two aliquots. One was used as a control
whose absorption spectrum was obtained as shown in Figure 3A,
curve a. Meanwhile, the other aliquot of DAB solution was used
to react with silica nanoparticles. When the reaction was
completed, the nanoparticles were filtered. The absorption
spectrum of the DAB in the filtrate solution was obtained (Figure
3A, curve b). Compared to the control, curve a, the absorbance of
DAB in the filtrate was obviously lower, indicating that some
DAB molecules were immobilized onto the nanoparticles.
According to the knowledge of chemical reaction, this was likely
that the amine groups of DAB molecules had reacted with
COOH groups on the silica nanoparticles.

To further verify this immobilization of DAB onto the
nanoparticles, an additional experiment was carried out to
measure the nanoparticles. Here, a pure silica nanoparticle
solution was divided into two aliquots. One was used as a control,
and the other was used to react with DAB molecules. After the
reaction, the nanoparticles were filtrated and thoroughly washed.
The absorption spectrum of pure silica nanoparticles is shown in
Figure 3B, curve a. The absorption spectrum of DAB-reacted
nanoparticles is shown in Figure 3B, curve b. To minimize the
scattering from the silica nanoparticles, curve a was subtracted
from curve b (inset in Figure 3B). In the differential spectrum,
the DAB-reacted nanoparticles showed a clear absorption peak at
about 320 nm and a shoulder at 290 nm, which were the featured
absorption of DAB molecules. It appeared that the DAB
molecules were successfully immobilized onto the silica
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Figure 3. (A) UV—vis absorption spectra of DAB molecules in aqueous solution. (a) Pure DAB solution as a control. (b) After the DAB solution reacted
with nanoparticles. (B) UV—vis absorption spectra of the nanoparticles. (a) Pure nanoparticle solution as a control (0.04 mg/mL). (b) Nanoparticle
solution after reaction with DAB molecules. Inset: Curve a was subtracted from curve b.

nanoparticles, and thus a selenium nanoprobe was produced.
There was a red-shift from about 20 nm. It could be caused by the
formation of electron-withdrawing amide groups. The con-
jugation changed the symmetry of DAB’s structure; this may
contribute to the absorption change of immobilized DAB
molecules. The number of DAB molecules on a single nanoprobe
is controllable by changing the ratio of DAB molecules to silica
nanoparticles.

3.3. In Situ Monitoring of Selenium-Induced Fluo-
rescence Using the Turn-on Fluorescent Nanoprobe. The
in situ monitoring of selenium(IV) using the developed
nanoprobe was initially conducted in a selenium solution. As
described in the Experimental Section, a fluorescence micro-
scope was used to monitor the process of selenium-induced
fluorescence. Before the nanoprobes reacted with the selenium
solution, both a bright field image (Figure 4Al) and a
fluorescence image (Figure 4A2) of the nanoprobes were
taken. When these two images were combined, the merged
image (Figure 4A3) clearly showed that the nanoprobes had no
detectable fluorescence signals. As the nanoprobes started
reacting with selenium, the fluorescence signal was turned on
(Figure 4 B). As the reaction proceeded, more fluorescence
signals appeared (Figures 4C—E). As the reaction time reached 2
h, all nanoprobes fluoresced (Figure 4F3). In this experiment, to
clearly observe the in situ turn-on fluorescence of the
nanoprobes, the selenium amount was in excess.

The increase of fluorescence signals from image Figure 4A to
image Figure 4F indicated that more and more selenium(IV)
were collected onto the nanoparticles, which meant that the
nanoprobe was able to collect and enrich the target selenium
onto the small domain of the nanoprobe. If this reaction was in
solution, after the collection of target selenium, the nanoprobes
could be separated from the solution by centrifuge. Thus, in
addition to in situ monitoring of selenium, the nanoprobe could
concentrate trace amount of target selenium. To verify the
enriching target ability of the nanoprobe, a trace amount of
selenium was reacted with the nanoprobe. After the reaction, the
nanoprobes were collected and analyzed using an ICP-AES. The
results showed that 0.077% (by weight, figure did not show) of
selenium was presented in a single nanoprobe.

3.4. Determination of Selenium Using the Nanop-
robes. The determination of selenium(IV) using DAB
molecules has been studied previously.® These studies showed
that several experimental conditions significantly affected
fluorescence signals of the DAB—Se complex; in particular,
solvent and pH considerably affected the fluorescence measure-
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ments. We repeated the literature method using DAB molecules.
The results were similar to those reported in the literature. Since
the nanoprobe provided a different environment for fluorescence
measurement than the bulk solution, the optimization of
experimental conditions was critical for application of the
developed nanoprobe. The effects of solvent and pH were
chosen as two major factors to study in this work. In addition,
inferences of some common ions were studied.

Selection of an Optimal Solvent for the Nanoprobe. The
fluorescence of the DAB—Se complex highly depended on the
solvent polarity. The DAB—Se complex exhibited no fluo-
rescence signal in pure water (Figure SA, curve a). When the
solvent was changed to a less polar organic compound, the
DAB—Se complex could emit fluorescence. Toluene was
commonly used as an effective solvent for the determination of
Se(IV) with DAB. In toluene, DAB—Se showed a fluorescence
emission peak at 580 nm with the excitation wavelength of 420
nm (Figure SA, curve b). However, silica nanoparticles are
hydrophilic. When the surface of the nanoparticles is not fully
covered by DAB molecules, the solubility of the nanoprobes in
toluene is problematic. Thus, it is necessary to select an effective
organic solvent for the determination of selenium using the
nanoprobe.

To choose an optimal solvent for this nanoprobe, three factors
were considered as major criteria. In addition to the solvent
harmfulness and fluorescence signal intensity of DAB—Se
complex in the solvent, the amphiphilic property of the solvent
is very important. A number of solvents were investigated for the
nanoprobe based on these criteria. The results showed that
isopropanol met the requirements well. The harmfulness of
isopropanol is low; in fact it is lower than that of toluene.
Meanwhile, isopropanol is partially amphiphilic, and DAB
molecules have no fluorescence signals in isopropanol (Figure
SA, curve c), but DAB—Se complex fluoresces in isopropanol
(Figure SA, curve d). Compared to the fluorescence emission
spectrum of DAB—Se complexes in toluene, a blue shift of the
emission peak from 580 to 550 nm was observed in isopropanol.
The nanoprobe—Se showed a greater blue shift to 530 nm in
isopropanol (Figure S B). The blue shift is a common
phenomenon of fluorophore aggregates. The phenomenon
suggests a high density of the DAB molecules on the particle
surface.

In an isopropanol—water mixture, the fluorescence intensity of
the DAB—Se complex depended on the ratio of the two solvents.
If the volume ratio of isopropanol to water was 9:1, the 1 X 107°
M complex exhibited intense fluorescence. With the same
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Figure 4. Monitoring of the fluorescence turned-on process when the nanoprobes interacted with selenium solution. Reaction time: (A) 0 min; (B) 15
min; (C) 30 min; (D) 60 min; (E) 90 min; (F) 120 min (F). (1) Bright field images, (2) fluorescence images, and (3) merged fluorescence and bright
field images.

concentration, the intensity of the DAB—Se complex decreased percentage should be as high as possible. However, a high
dramatically as the decrease of the isopropanol percentage in the isopropanol percentage might cause the solubility problem of the
solution (Figure 6). This result suggested that the isopropanol DAB modified nanoprobe. Although isopropanol is partially
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Figure 5. (A) Fluorescence emission of DAB—Se and DAB in various
solvents. (a) DAB—Se in toluene, (b) DAB—Se in 90% isopropanol, (c)
DAB—Se in water, (d) DAB in 90% isopropanol; (B) fluorescence
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Figure 6. Fluorescence intensities of DAB—Se in mixtures of
isopropanol with water.

amphiphilic, the solubility of the developed nanoprobes in
isopropanol was not good enough. To further improve the
solubility, a mixture of isopropanol and water was tested. The
result showed that, if the isopropanol percentage is higher than
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50%, the nanoprobes could be stably suspended in the
isopropanol—water mixture. Thus, to balance the solubility of
the nanoprobe and its fluorescence intensity, an optimal solvent
mixture with the ratio of isopropanol to water of 1:1 was selected.

pH Effect. The fluorescence property of the DAB—Se complex
is sensitive to the pH value of the solution. Acidic media give
higher fluorescence signals. However, high acidity will lead to
aggregation of the nanoprobes. Furthermore, the amide bonds
between the nanoparticles and DAB will be broken at high acidity
and thus damage the nanoprobe. Therefore, it is important to
determine an optimal pH for the determination of selenium
using the nanoprobe. A series of solution with various pH values
was tested for the detection of selenium using the nanoprobe
(Figure 7).
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Figure 7. The solution pH effect on the fluorescence intensity of the
nanoprobe—Se.

It was evident that the fluorescence intensity decreased as the
pH increased. In the ranges of pH 2.5 to 3.5 and pH 5.5 to 7.5, the
intensity changed dramatically. Meanwhile, obvious precipitation
of the nanoprobes could be observed when the solution pH was
lower than 4. However, in the range of pH 4.5 to S.5, the
fluorescence intensity remained constant. Thus, the pH range of
4.5 to 5.5 is suitable for determination of selenium using the
nanoprobes. In this work, a value of pH 4.5 was used.

Selectivity of the Nanoprobe for Target Selenium. The
selectivity of the developed nanoprobes for selenium was studied.
The response of the nanoprobe to some common metal ions
including Cu(II), Co(II), Zn(II), Pb(II), Mg(II), Hg(II), and
Ca(II) was measured under the same experimental conditions. A
concentration of 5.0 ppm was chosen for all common ions and
selenium. The fluorescence signals of the nanoprobes to these
common ions are shown in Figure 8. The fluorescence signal of
the nanoprobe for selenium was 27 times higher than that of
Hg(1I), which gave the highest interference.

The exhibition of no or low fluorescence response from these
metal ions only indicated that there was no positive interference
from these ions for the determination of selenium. However, if
negative interference existed to decrease fluorescence signals, the
performance of the nanoprobe would be affected. Since the
functional groups on the nanoprobe are amine groups, it is
possible that metal ions can react with amines to occupy the
Se(IV) binding sites, thus reducing the fluorescence signal. To
test this possibility, an additional experiment was conducted in
which common metal ions coexisted with selenium in the
solution. The results showed that the majority of common metal
ions had no negative interference for selenium determination.
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However, when Cu(Il) coexisted with selenium, the fluorescence
signal was significantly reduced by 62.4% (Figure 94, from curve
b to curve c). This result coincided with literature work.** To
minimize the interference of Cu(Il), ethylenediaminetetraacetic
acid (EDTA) was used as a metal ion buffer. The coordination of
EDTA with Cu(II) was strong enough to release the nanoprobe
from Cu(Il), resulting in an increase in fluorescence intensity
(Figure 94, curve d). The average results for Cu(II) interference
and EDTA coordination effect are shown in Figure 9B.
Therefore, if Cu(Il) potentially exists in samples, EDTA
coordination will be needed to reduce the interference.

Linear Range of the Nanoprobe for Determination of
Selenium. The fluorescence emission at 530 nm with an
excitation of 420 nm was chosen for the determination of
selenium using the nanoprobe in a 50% isopropanol aqueous
solution. The fluorescence intensity was proportional to the
Se(IV) concentration. The linear range of this detection was
1.0—10.0 ppm (Figure 10) with a calibration equation of y =
211.9 + 854.6x. The detection limit was 0.19 ppm (2.41 uM).
Both the linear range and the detection limit are not competitive
to the most sensitive method of ICP-MS. However, the feature of
in situ determination of selenium provides unique advantage of
the developed nanoprobes. The application of this nanoprobe for
in situ detection of selenium is in process.

Real Sample Detection. In certain practical samples, the
concentration of other metal ions or some unknown
contamination is significantly higher than that of Se(IV).
Therefore, in addition to evaluating the DAB—SiNP probes in
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Figure 10. Linear range of the nanoprobe for determination of
selenium(IV).

a lab water artificial system, we further investigated the
performance of the nanoprobe in a real sample detection, i.e.,
cell culture solution (DMEM with 10% FBS). Figure 11
compared the response of this nanoprobe upon reaction with a
blank cell culture solution and several cell culture samples spiked
with various concentrations of Se(IV) (8—64 ppm). Importantly,
this nanoprobe was inert toward the blank sample, which showed
a very low fluorescence signal. The result suggested that the
interference of other materials in the cell culture solution could
not affect the detection. Moreover, there is a good linear
relationship between the fluorescence intensity and the
concentrations of Se(IV) (R* = 0.9913).

4. CONCLUSIONS

In summary, a novel turn-on fluorescence nanoprobe for
determination of selenium was developed using silica nano-
particles as the matrix. The nanoprobe can selectively bind to
selenium(IV) and emit fluorescence signals in situ. The
fluorescence turn-on process was monitored using a fluorescence
microscope. The ICP-AES method was used to identify the
selenium that was collected by the nanoprobe. The fluorescence
intensity of the nanoprobe is proportional to the selenium
concentration. A solvent plays an important role for the
measurement of the fluorescence signal. A mixture of a 1:1
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Figure 9. Interference of Cu(II) for the determination of selenium. (A) Fluorescence spectra: (a) blank signals, (b) pure selenium solution, (c) 5.0 ppm
Cu(II) coexisting with selenium, and (d) EDTA + Cu(II) + Se(IV). (B) The influence of Cu(II) and the coordination effect of EDTA on the detected

fluorescence signal by using the developed Se(IV) nanoprobes.
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Figure 11. Fluorescence emission spectra of DAB—SiNPs in the
presence of different concentrations of Se(IV). Excited at 420 nm with
emission range from 500 to 600 nm. Slit: 2 nm. Inset: Linear fit of the
fluorescence signal.

ratio of isopropanol to water can give an optimal fluorescence
signal. The pH value significantly affects the detection.
Considering the precision and stability of the nanoprobe in the
process of the determination of selenium, pH 4.5-5.5 is a
favorable range. With optimal conditions, the detection limit for
selenium(IV) was 0.19 ppm (241 pM). The majority of
common metal ions have no interference for the nanoprobe.
Cu(II) can reduce the nanoprobe response to target, but EDTA
could be used as an ion buffer to minimize the interference from
Cu(II). Based on the optimum approach discovered in this study,
a wide variety of desirable functionalized nanoprobes could be
developed for enrichment and detection of various chemical and
biological analytes. This study is expected to shed light on how to
design turn-on fluorescent nanoprobes for in situ morning
targets in biological processes.
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