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Abstract: Currently, it is an ongoing challenge to develop fluorescent nanosphere detectors that are
uniform, non-toxic, stable and bearing a large number of functional groups on the surface for further
applications in a variety of fields. Here, we have synthesized hairy nanospheres (HNs) with different
particle sizes and a content range of carboxyl groups from 4 mmol/g to 9 mmol/g. Based on this,
hairy fluorescent nanospheres (HFNs) were prepared by the traditional coupling method (TCM)
or adsorption-induced coupling method (ACM). By comparison, it was found that high brightness
HEFNSs are fabricated based on HNs with poly (acrylic acid) brushes on the surface via ACM. The
fluorescence intensity of hairy fluorescent nanospheres could be controlled by tuning the content of
5-aminofluorescein (5-AF) or the carboxyl groups of HNs easily. The carboxyl content of the HFNs
could be as high as 8§ mmol/g for further applications. The obtained HFNs are used for the detection
of heavy metal ions in environmental pollution. Among various other metal ions, the response to Cu
(I) is more obvious. We demonstrated that HFNs can serve as a selective probe and for the separation
and determination of Cu(ll) ions with a linear range of 0-0.5 utM and a low detection limit of 64 nM.

Keywords: fluorescent nanosphere; 5-aminofluorescein; copper ion detector; coupling

1. Introduction

Heavy metal ion determination and removal are becoming more and more important. Copper
(Cu(1l)), a crucial cofactor for multiple enzymes, plays an critical role in bone formation together with
certain proteins [1,2], but it is considered a pollutant when the concentration is over a critical level in the
environment. It is easy for Cu(Il) to form a complex that can change the molecular structure of a protein
and break hydrogen bonds. As a result, biological reactions and the human body, including the kidneys,
liver skin, bones and teeth, are affected by Cu(Il) [3,4]. The allowable limit of Cu(Il) ions in potable
water is 2 mg/L (World Health Organization, WHO), but the maximum permissible level restricted
by the United States of Environmental Protection Agency (USEPA) is only 1.3 mg/L [5-7]. Thus, it is
essential to develop effective technologies to detect Cu(Il) from waste water before discharging it into
the environment to safely protect the community health [8].

Over the last decade, many analytical approaches for Cu(Il) ions quantification have been noted
according to the detection methods, such as atomic absorption spectroscopy (AAS) [9], colorimetric,
fluorescent methods [10], strip and magnetic resonance imaging (MRI) sensor ensemble materials [11].
The fluorescent methods, especially fluorescent nanosphere probes, are promising candidates due to
the excellent selectivity, easy operation and fast analysis of the fluorescence techniques.
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Fluorescent nanospheres (FNs) that can excite fluorescence under the stimulation of external
energy have become of interest in many fields, particularly in ion detection [12-15]. Recently, many
groups have been devoted to preparing FNs by different methods, such as encapsulating fluorescent
molecules or quantum dots into the matrix spheres [16-18] and placing nanoparticles on the surface of
matrix spheres [19,20]. In consideration of differentiated application environments, FNs are fabricated
based on different matrices, including polystyrene [21], polymethyl methacrylate [22], silica [23],
polylactic acid [24], melamine formaldehyde [25], sodium alginate [26], conjugated microporous
polymers [27] and nanocellulose [28]. Each type of matrix spheres and preparation methods has
advantages and disadvantages, with respect to the cost-effectiveness, properties and stability of FNs,
as shown in Table 1. Seeking effective preparation methods based on a given matrix with special
properties to meet the requirements of desired properties is of great significance.

Table 1. The pros and cons of different matrix spheres.

Matrices Performances Disadvantages Reference
Polystyrene Chemical stability Surface modification required 21
Polymethyl methacrylate Biocompatible Uneven size 22
Silica High biocompatibility Uneven size 23
Polylactic acid Biocompatible Poor hydrophilicity 24
Melamine formaldehyde High stability Complicated steps 25
Sodium alginate High biocompatibility Complex preparation process 26

Conjugated microporous Mechanical rigidity and e .

Polymers Chemical stability Surface modification required 27
Nanocellulose Eco-friendly and cost-efficient Instability 28

Hairy nanospheres (HNs) based on polymer brush structure, typically spherical poly (acrylic acid)
brushes [29,30], have attracted much interest by virtue of their properties, including high stability in
various hydrophilic systems and abundant functional carboxyl groups. HNs with ultrahigh surface
carboxyl groups can be coupled to fluorophores directly without introducing reactive groups on the
surface, and residual carboxyl groups are convenient to use in other preparation processes or in the
application of FNs. Therefore, HNs with rich carboxyl groups [31] and special three-dimensional
structures can be considered as promising host materials for FNs and have broad application prospects
in the field of ion detection.

In this paper, we report an effective method for fabricating hairy fluorescent nanospheres (HFNs)
using hairy nanospheres (HNs). The HFNs were well characterized and the fluorescence intensity
was controlled and optimized. The method presented here can be considered as a general method to
other fluorescent molecules with functional groups. The extra carboxyl groups of HFNs can be used in
further applications like enzyme immobilization, antibody coupling etc. Here, HFNs with abundant
extra carboxyl groups could be used as the detector for Cu(I).

2. Materials and Methods

2.1. Materials

N-hydroxy-succinimide (NHS), potassium persulfate (KPS), hydrochloric acid (HCl), sodium
hydroxide (NaOH), sodium dodecyl sulfate (SDS), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC) and 2-(N-morpholino) ethanesulfonic acid (MES) were bought from Adamas-beta
(Shanghai, China). 5-Aminofluorescein (5-AF) was obtained from Aladdin (Shanghai, China).
Sodium hydrogen phosphate and sodium dihydrogen phosphate were obtained from sinopharm
(Shanghai, China).

Styrene (St) and acrylic acid (AA) were purchased from Aladdin (Shanghai, China) and reserved
to use after distillation under reduced pressure. Phosphate buffer (PB, pH = 7.2) and 2-(N-morpholino)
ethanesulfonic acid buffer (MES, pH = 5.5) were formulated before the coupling experiments.
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2.2. Synthesis of Hairy Nanospheres (HNs)

Narrowly distributed hairy nanospheres (HNs) were prepared by the combination of conventional
emulsion polymerization and photoemulsion polymerization according to our previous work [32-34].
First, a photoinitiator was generated on the core under the conditions of avoiding light. The system was
purified by ultrafiltration using deionized water until the conductivity was no longer changed. Then the
calculated doses of the monomer AA were added into a photoreactor containing a purified polystyrene
core with a photoinitiator, and the entire system was illuminated by UV—visible radiation with constant
stirring under a dark environment. After completion of the polymerization, the hairy nanospheres
(HNs) were purified by dialysis using pure water until the conductivity no longer changed.

2.3. Synthesis of HFNs by Traditional Coupling Method

Typically, for the traditional coupling methods (TCM), 10 mg of hairy nanospheres (HNs) were
added into 10 mL buffer (MES, Ph = 5.5), then 80 mg NHS and 120 mg EDC were dispersed into the
buffer. The mixture was incubated for 15 min under shaking at room temperature. 5-AF, ranging
from 0.5 wt.% to 4 wt.%, was dispersed into 10 mL PBS buffer (pH = 7.2), then HNs after activation
of carboxyl were quickly added into the solution containing 5-AF under sonication. The solution
was allowed to react for 10 h under gentle shaking at room temperature. The HFNs were purified by
dialysis using pure water until the conductivity was no longer changed.

2.4. Synthesis of HFNs by Adsorption-Induced Coupling Method

For the adsorption-induced coupling methods (ACM), the 10 mg HNs were dissolved in buffer
(MES, pH = 5.5) and 5-AF, ranging from 0.5 wt.% to 16 wt.%, was added. The mixture was subjected to
physical adsorption for 2 h at room temperature and then coupled with 80 mg EDC on a shaker for 10 h
to obtain narrowly dispersed hairy fluorescent nanospheres (HENs). After the coupling was completed,
the HFNs were purified by dialysis using pure water until the conductivity was no longer changed.

2.5. Characterization

The hydrodynamic diameter of particles was measured by dynamic light scattering (DLS
NANO-590). Intensity-average size and polydispersity index (PDI) were obtained for analysis.

Fluorescence images of HFNs was obtain by laser confocal microscope calorimetry (LEICA TCS
SP8, excitation with 488 nm excitation, emission range from 500-550 nm).

Morphology of particles were characterized by scanning electronic microscopy (SEM), the voltage
of the instrument is about 5 kV.

The carboxyl content of the polyelectrolyte brush was calculated by conductivity instrument
(METTLER-T50). The titrant is NaOH and its concentration is 0.1 mol/L.

The fluorescence intensity of all HFNs were measured by the constant wavelength synchronous
fluorescence method (Spectrofluorometer FS5). In our study, we chose a constant-wavelength (AA)
equal to the Stokes shift (the excitation wavelength is 490 nm, emission wavelength is 517 nm, AA =
Aem - Aex = 27 nm).

2.6. Fluorescent Assays

The probability of HFNs as a fluorescent detector for metal ions was investigated at a normal
temperature. Some metal ions solutions, including Cr(III), Cu(II), Cd(II), Ca(Il), Mg(II), Pb(II), Ni(II)
and Ag(I),were mixed with FHNs respectively with same concentrations (10 pM of metal ions and 2 X
1010 particles mL~! of FHN’s at most).

The quantity of HFNs in aqueous solution can be calculated from the formula (1) [35].

The quantity of HFNs per mL = 3w/(47R%p) 1)
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where, w is the grams of polystyrene core in the HFNs added per milliliter, R is the average radius
of the polystyrene core, 35.5 nm, and p is the density of the polystyrene core, 1.05 g/cm>. In order
to detect Cu(Il) accurately, metal ions with different concentrations were mixed with HFNs at room
temperature (the concentration of HFNs was kept at 2 x 10'Y particles mL ™).

After shaking for 3 min at normal temperature, fluorescent signals were recorded by using the
synchronous fluorescence method (Spectrofluorometer FS5).

3. Results and Discussion

3.1. Synthesis and Characterization

As shown in the Figure 1a, HFNs with rich fluorescent molecules were obtained in this work.
Morphology of corresponding nanospheres are shown in the Figure 1b, the obtained HFNs have
a narrow distribution and uniform particle size. In fact, SEM could not reflect the true size of the
polymer brush layer in the aqueous solution, because the dry state of the polymer brush plus the
fluorescent molecules can hardly be seen in SEM; however, the DLS could provide a hydrodynamic
size of the nanospheres and was depicted in the illustration inserted in the SEM of Figure 1b. From the
Fourier transform infrared spectrometer (Figure S1 in Supplementary Materials) and confocal laser
scanning microscope (CLSM), the changes in the infrared absorption peaks and the appearance of green
fluorescence could be clearly observed, indicating the successful coupling of fluorescent molecules in
the polymer brush structure.

(a)
Acrylic acid
—
W
PS core HNs HFNs
(b)
SEM SEM SEM CLSM

_/}‘fr\\

Figure 1. (a) Schematic illustration for preparation of hairy fluorescent nanospheres (HFNs); (b) Size
and morphology of corresponding nanospheres characterized by SEM and confocal laser scanning
microscope (CLSM, excitation with 488 nm excitation). 5-Aminofluorescein (5-AF).

3.2. Effect of Coupling Method

In this work, hairy nanospheres and polystyrene-poly (acrylic acid) (PS-PAA) were selected as
a carrier. The core of HNs used here is 157 nm, and the thickness of the PAA chain is 57 nm. The
amino of 5-AF and carboxyl of HNs can be fixed together by typical NHS/EDC coupling. However, the
process may greatly sacrifice the potential of the PAA brushes due to the special three-dimensional
structure of the HNs. Therefore, two methods for preparing HFNs were designed, i.e., the traditional
coupling method (TCM) and adsorption-induced coupling method (ACM).

The proposed mechanism for TCM is described in Scheme 1. After the addition of EDC and NHS
(Scheme 1a), the carboxyl groups of the HNs were transferred into an ester intermediate immediately
under the activation of EDC, and in the next step, the ester intermediate was reacted with the amino
group on the 5-AF to form a stable amide bond [36—40]. The 5-AF was first coupled to the binding site
of the outer layer of the HNs, which reduced the electrostatic property of HNs and the extra 5-AF in
the solution was difficult to diffuse into the inner layer of PAA with the electrostatic driving force. On
the other hand, the steric hindrance produced by 5-AF coupled to the outer layer of HNs could also
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retard the diffusion of 5-AF and dramatically affect the coupling process. In a word, 5-AF could only
form a monolayer coupling at the out layer of FNs, and residual 5-AF would be removed during the
dialysis process and could not contribute to the fluorescence intensity even if the original dosage of
5-AF is at a high level.

Traditional coupling method (TCM)

14 U,

5-AF

Adsorption-induced coupling method (ACM) R:

Scheme 1. Schematic diagram of (a) the traditional coupling method (TCM) and (b) adsorption-induced
coupling method (ACM).

However, in the adsorption-induced coupling method (ACM), both the HNs and the 5-AF were
dispersed in the MES buffer; therefore, it was easier for 5-AF to enter the inside of the HNs and
carry on electrostatic adsorption owing to the unique electrostatic adsorption of the polyelectrolyte
brushes [41-43]. The HNs with plentiful carboxyl groups were considered specifically advisable for this
method, as the steric hindrance was no longer dominant in this process. Physical adsorption [44—46]
could enable the 5-AF to enter the inside of the hairy nanospheres easily, and their positions in the
polyelectrolyte could be rearranged. Therefore, a large amount of 5-AF could be embedded in the PAA
structure by the electrostatic driving force. Once the EDC was added in the next step, the carboxyl
groups at these unfavourable sites were activated immediately to form a strong amide bond due to
high activity of EDC in the buffer at pH = 5.5.

To confirm the speculation, the two coupling methods were carried out and compared. As a start,
the traditional coupling method (TCM) was employed to introduce 5-AF into the monodisperse HNs
bearing poly(acrylic acid) (PAA) shell with thickness of 57 nm.

The concentration of the 5-AF was firstly set to 0.5 wt.%, which is a typical dye content in
fluorescent nanospheres obtained by other methods [47,48], as shown in Figure 2a. The 5-AF content
was then increased up to 4 wt.% to make full use of the abundant carboxyl groups. The fluorescence
intensity of the hairy fluorescent nanospheres (HFNs) obtained by the TCM method increases slightly
as the 5-AF dosage increases. Thus, the 5-AF could not contribute to the fluorescence intensity even
the original dosage is at a high level. It is difficult for the TCM method, in which NHS/EDC was used
as the coupling agent, to take full advantage of the ultrahigh functional groups on the HN surface.
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Figure 2. (a) The fluorescence intensity of HFNs by different coupling methods in aqueous solution; (b)
digital photographs of HFNs in 1 mL centrifuge tubes under 365 nm UV lamp radiation.

We then changed to an alternative coupling process [46] (adsorption-induced coupling method,
ACM) to improve the coupling efficiency. Then HFNs with 4 wt.% 5-AF were obtained and there is a
remarkable increase in the fluorescence intensity when compared to TCM (Figure 2b). The selected
PAA thickness is 50 nm in this study, and the fluorescence intensity of HFNs synthesized by the
adsorption-induced coupling method (ACM) is 200% of the traditional coupling method. Table 2 shows
the diameters of the HFNs obtained by different methods. When the same content of 5-AF is added,
the particle size of the HFNs obtained by the TCM is smaller than before, and the PDI distribution
becomes wider. The diameter of the HFNs obtained by ACM is larger than by TCM, and the PDI
distribution is basically unchanged. This is in line with our previous theory: 5-AF could be embedded
in the PAA structure easily by the electrostatic driving force for ACM. Uniformly developed and stable
ultrabright HFNs are obtained in the work. Then, ACM was selected as the suitable coupling method
for further study of optimization of the fluorescence properties of HFNs with various PAA thicknesses
in different HNs or various 5-AF dosages in the coupling process.

Table 2. Diameter of hairy nanospheres (HNs) synthesized by different methods.

Entry 5-AF wt% Methods Diameter (nm) ! PDI !

0 0 / 264.4 0.037
1 0.5 TCM 205.0 0.126
2 1 TCM 360.3 0.256
3 TCM 214.9 0.108
4 4 TCM 226.1 0.157
6 0.5 ACM 250.3 0.032
7 1 ACM 253.2 0.024
8 2 ACM 262.0 0.019
9 4 ACM 249.5 0.048

! Polydispersity index (PDI), measured by dynamic light scattering (DLS) and taking the average as the result.

3.3. Effect of the Carboxyl Content of HNs

Fluorescein is connected to the carboxyl in the HNs. Therefore, the fluorescein immobilization
amount is closely related to the carboxyl content, so the effect of carboxyl content on fluorescence
intensity was explored in the further study. HNs with different PAA thickness were used and their
characteristic parameters are shown in Table 3. the polystyrene core was 77 nm with a narrow PDI of
0.052 (the DLS profile is shown in Figure 3a) and the PAA thickness ranged from 34 nm to 139 nm. The
conductivity change of the HNs was then measured by conductometric titration. The titration curve is
shown in Figure 3b.
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Table 3. Parameters of HNs with various PAA thicknesses.

Sample Core HN1 HN2 HN3 HN4 HN5
1 Hydrodynamic Diameter (nm) 77 144 242 267 302 355
2 PAA thickness (nm) 0 34 84 95 113 139
PDI 0.05 0.06 0.13 0.11 0.12 0.12
! Measured by DLS and took the average as the result. 2 Calculated using HNs diameter minus core diameter and
then divided by two.
(a) 1004 Core HN1 HN2 HN3 HN4 HN5 (b)
80 g AN
Tg HN2
2 604 g
] 40 E
£ ] HN5
® 204 B
o
0 Q
100 1000 0.0 05 10 15
Diameter (nm) Vnaon (ml)

Figure 3. (a) DLS of HNs; (b) conductivity of HNs.

The carboxyl content of the HNss is calculated according to formula (2).
Carboxyl content (mmol/g) = (V, — V1)/m C (2)

where C is the concentration of the titrant (HCl), V; and V; are the volumes consumed by sodium
hydroxide, which are the turning points at the low conductivity after the addition of the NaOH and m
is the amount of added HNss (g).

The conductometric titration curves of HNs with various PAA thickness was shown in Figure 3b.
It was calculated that the carboxyl content ranges from 4 mmol/g to 9 mmol/g. A fixed dosage of 5-AF
(4 wt.%) was used to couple with HNs with various PAA thickness in the ACM method. As shown
in Figure 4a, with a fixed 5-AF dosage, the fluorescence intensity of HFN increases as the carboxyl
content of the HNs increase. The reason for the increase is that thickened HNs reduce the number of
fluorescent molecules per unit volume, meaning that the distance between the 5-AF molecules is larger
after the process of physical adsorption, avoiding the occurrence of possible self-quenching [49]. At the
same time, the increase in the thickness of HNs increases the capacity for fluorescent molecules on the
HNs. Therefore, for HNs with the same core size, the thicker the PAA, the higher the carboxyl content
and the higher the fluorescence intensity of the obtained HFNs, as shown in Figure 4b. HNs with the
largest particle size of 355 nm were then selected as the carrier of 5-AF to understand the relationship
between the 5-AF dosage and the fluorescence intensity of HFNs.

3.4. Effect of Dosage of 5-AF

The fluorescence intensity of the HFNs also depends on the dye content. A high content of 5-AF
coupled to the carboxyl groups may lead to fluorescence quenching, which is adverse to obtaining
a cost-effective use of 5-AF. We studied the relationship between the 5-AF dosage and fluorescence
intensity of the HFNs. The core of HNs used here is 77 nm and the thickness of PAA chain is 139 nm.
As shown in Figure 5a, continuous fluorescence enhancement and a red shift of the peak from 482 to
486 nm were observed upon the addition of 5-AF from 0.5 wt.% to 8 wt.%.

As shown in Figure 5b, when the dosage of 5-AF was less than 4 wt.%, a quasi-linear relationship
between the reacted carboxyl content and the dosage of 5-AF was found in this study. As we continued
to increase the dosage of 5-AF, the reacted carboxyl content slightly increased. When the dosage of
5-AF was less than 8 wt.%, the fluorescence intensity of HFNs increased with the increase of 5-AF
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dosage. When the dosage of 5-AF was 16 wt.%, the fluorescence intensity suddenly decreased at 3
mmol/g of reacted carboxyl content, which is not consistent with the consumed carboxyl groups. With
the increase of 5-AF, it was found that the reacted carboxyl content of HNs gradually increased and
reached a plateau near 3 mmol/g. When the dosage of 5-AF was doubled (from 8 wt.% to 16 wt.%), the
consumption of carboxyl groups did not increase significantly, i.e., the majority of the added 5-AF did
not react with the carboxyl groups.

Ct (mmol/g)
6

4 10

(a) 10} (b) 1.0 ® Ct (mmol/g) ‘ ®
A -
<4 Relative intensity
08} NH5@5-AF - ®
= 2 |
7] NH4@5-AF ‘wm 09}
& 0.6 S <
or NH3@5-AF
'E ¢ £ 0.8 < o
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Figure 4. (a) The relative fluorescence intensity of HFNs in aqueous solution; (b) the relationship
between PAA thickness, total carboxyl content (Ct) of HNs and the fluorescence intensity of HENs. The
synchronous fluorescence spectrum spectra were recorded at 25 °C.
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Figure 5. (a) The relative fluorescence intensity of HFNs with different contents of 5-AF in aqueous
solution; (b) the relationship between the 5-AF dosage, reacted carboxyl content (Cr) and the fluorescence
intensity of HFNs. (The core of HNs used here is 77 nm and the thickness of PAA chain is 139 nm). The
synchronous fluorescence spectrum spectra were recorded at 25 °C.

The saturated reaction amount of carboxyl groups is 3 mmol/g, which is near one-third of
the total carboxyl groups. When the 5-AF dosage continues to increase from 8 wt.% to 16 wt.%,
the fluorescence intensity sharply decreased, which is most likely as the result of the fluorescence
aggregation quenching effect. The spacing between the fluorescent molecules reaches the critical point
of fluorescence quenching due to the further increase of 5-AF. When the PAA thickness is 139 nm with
the 8 wt.% 5-AF, the highest fluorescence brightness HFNs can be obtained.

We then calculated that up to two-thirds of the carboxyl groups were still free after adequate
coupling of 5-AF, which could be used as the functional groups in applications including ion detection
and removal.

3.5. Fluorescence-Based Detection of Cu(Il) Ions

In this work, HFNs (HN5 with 8 wt.% 5-AF) were selected as a detector to detect Cu(Il). The
fluorescence intensity of HFNs versus the concentration of Cu(lIl) (original fluorescence spectra is
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shown in Figure 6a). As we continued to increase the concentration of copper ions, the fluorescence
intensity of HFNs decreased gradually. As shown in Figure 6b, the quenching efficiency (Fy — F)/Fy was
found to be linear with respect to the concentration of Cu (II) (0-0.5 uM, R? = 0.997). Therefore, HFNs
can be used as a sensitive fluorescence detector for detecting the concentration of Cu(II). There is a good
linear relationship between the fluorescence enhancement of Cu(II) loaded HFNs (HFNs@Cu(II)) and
the concentration of S(-IT) (0-0.5uM, R? = 0.970). The recovery of HFNs from HFNs@Cu(II) could be
realized by further adding sulfide anion S(-II) [50] into the HFENs@Cu(II) system. (Figure 6¢,d). Apart
from the sensitivity, it is also necessary to analysis the probability of reusability of the fluorescence
detector [49] at a cost-effective point of view. Six sequential recovery/quenching cycles were successfully
performed to remove Cu(ll) from the HFNs by using S(-II) (Figure 6e). The results showed that the
HEFN still remained 60% of the original fluorescence intensity after six cycles.
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Figure 6. (a) The fluorescence intensity of HFNs in the presence of Cu(II) (aqueous solution); (b) the
relationship between Fy — F/Fy of HFNs in the presence of Cu(II); (c) the fluorescence intensity of
HFNs@Cu(II) in the presence of S(-II), 2 x 1010 particles mL~1 of nanospheres at most (2-(N-morpholino)
ethanesulfonic acid (MES) buffer pH = 5.5); (d) the relationship between Fy — F/F( of HFNs @ Cu(II) in
the presence of Cu(II); (e) the cycle order of S(-IT) (MES buffer pH = 5.5); (f) the fluorescence intensity
decrease of HFNs in the presence of various metal ions (10 uM of metal ions in aqueous solution and
2 x 1010 particles mL~! of HFNs (HN5 with 8 wt.% 5-AF) at most). The synchronous fluorescence
spectrum spectra were recorded at 25 °C.
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The detection performance of HFNs was good compared to other reported results concerning
the fluorescence sensors for the detecting of Cu(ll) or S(-II) as shown in Table 4. Similar to most
fluorescence detectors that have been reported in the literature, it is selective for target ions during the
detection of metal ions. The HFNs provide a lower detection limit. They have a significant advantage
in terms of both recovery and reusability. These data indicate that HFNs have excellent performance in
detecting Cu(Il), and the detection limit of copper in aqueous solution is 64 nm, which is much lower
than the standard set by WHO. HFNs@Cu(Il) could be recovered by S(-1I) for recyclable use.

Table 4. Comparison of some fluorescence sensors for the determination of Cu(II) and S(-II).

Sensor Target Solvent Linear Range LOD Ref

SFIC NMPs Cu(ID) Tris—HCI buffer 0.01-10 mM 5.99 uM 54

PMTPA-ATP Cu(Il) Sodium acetate buffer ~ 0.015-0.25 mM 50 uM 51

P(NIPAM-co-RHBBA) Cu(ID) Aqueous solution 0-20 uM 0.18 uM 55

BMSA Cu(ID) CH3OH-Tris buffer 1.0-10 uM 0.54 uM 53
HFNs Cu(II) Aqueous solution 0-0.5 uM 64 nM This work

BMSA-Cu(Il) S(-1I) CH;3O0H-Tris buffer / 1.4 uM 53
HFNs@Cu(II) S(-1I) MES buffer! 0-0.5 uM 0.013 uM This work

1 MES buffer (pH = 5.5).

Various metal ions [51,52] were selected to study their sensitivity to HFNs and the results are
shown in Figure 6f. We found that the intensity of HFNs is very sensitive to Cu(Il) compared with
the other metal ions, which is also reported elsewhere [53-55]. The fluorescence selectivity was
investigated to understand the behavior of HFNs and HFNs dispersed in different cation Ag(I), Cd(I),
Cu(1l), Ca(Il), Cr(IlI), Mg(II), Ni(II) and Pb(II) solutions. While most cations caused slight quenching in
the intensity of HFNs, dramatic fluorescence quenching can be observed after the addition of Cu (II)
(Figure 6f). The results also suggested the selectivity of the HFNs towards Cu(Il) ions. The reason
that Cu(Il) ions were sensitively preferred by HFNs is that the ions in the ligand nitrogen are more
attractive to Cu(ll), resulting in a more stable complex in Cu(ll) ion adsorption [56], which may give a
reasonable mechanism of Cu(Il) ion and the HFNs active site at the specific conditions.

4. Conclusions

In summary, a new adsorption-induced coupling method (ACM) for the preparation of fluorescent
nanospheres has been developed. The ACM makes full use of the abundant carboxyl groups, which
means that it is efficient, simple and easy to control the fluorescence intensity of HFNs. When the PAA
thickness is 50 nm, the fluorescence intensity of HFNs obtained by the adsorption-induced coupling
method (ACM) is 200% of the traditional coupling method (TCM). The thicker the PAA, the higher
the carboxyl content, and the higher fluorescence intensity at the same 5-AF dosage. For HNs with
the same PAA thickness, 5-AF dosage could be higher, up to 8 wt.%, without obvious fluorescence
quenching, which is almost one magnitude higher than that produced by other routes. HFNs with
abundant extra carboxyl groups could be used as detectors for Cu(Il). Extra carboxyl groups on the
surface of HFNs can also be used for further applications, and the method proposed here can be
considered as a general method for other fluorescent molecules with functional groups. By adjusting
the 5-AF content and the PAA thickness, fluorescent-coded beads can be formed for biological analysis.
At the same time, HFNs provide useful guidance for understanding the principles of fluorescence
tuning and designing novel fluorescent nanospheres in the fields of labeling, detection and biosensing.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/3/577/s1,
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Author Contributions: Conceptualization, K.C., Y.Q.; methodology, Q.W.,, K.C.,, K.L,, and Y.Z.; software, K.C,;
investigation, Q.W.; data curation, K.L., Y.Z., Q.W. and E.F,; writing-original draft preparation, Q.W.; writing-review
and editing, Q.W., K.C. and Y.Q. All authors have read and agreed to the published version of the manuscript.


http://www.mdpi.com/2073-4360/12/3/577/s1

Polymers 2020, 12, 577 11 of 13

Funding: This research was funded by the National Natural Science Foundation of China (21504052 and 21404068).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Fang, X.; Zheng, Y,; Duan, Y.; Liu, Y.; Zhong, W. Recent Advances in Design of Fluorescence-Based Assays
for High-Throughput Screening. Anal. Chem. 2019, 91, 482-504. [CrossRef] [PubMed]

Taki, M.; Iyoshi, S.; Ojida, A.; Hamachi, I.; Yamamoto, Y. Development of Highly Sensitive Fluorescent Probes
for Detection of Intracellular Copper(I) in Living Systems. J. Am. Chem. Soc. 2010, 132, 5938-5939. [CrossRef]
[PubMed]

Tang, L.; Cai, M.; Huang, Z.; Zhong, K.; Hou, S.; Bian, Y.; Nandhakumar, R. Rapid and highly selective relay
recognition of Cu(II) and sulfide ions by a simple benzimidazole-based fluorescent sensor in water. Sens.
Actuators B Chem. 2013, 185, 188-194. [CrossRef]

Awual, M.R;; Yaita, T.; El-Safty, S.A.; Shiwaku, H.; Suzuki, S.; Okamoto, Y. Copper(Il) ions capturing from
water using ligand modified a new type mesoporous adsorbent. Chem. Eng. J. 2013, 221, 322-330. [CrossRef]
Yin, H.; Kuang, H.; Liu, L.; Xu, L.; Ma, W.; Wang, L.; Xu, C. A Ligation Dnazyme-Induced Magnetic
Nanoparticles Assembly for Ultrasensitive Detection of Copper Ions. Acs Appl. Mater. Interfaces 2014, 6,
4752-4757. [CrossRef]

Awual, M.R. New type mesoporous conjugate material for selective optical copper(II) ions monitoring &
removal from polluted waters. Chem. Eng. J. 2017, 307, 85-94. [CrossRef]

Awual, M.R,; Eldesoky, G.E.; Yaita, T.; Naushad, M.; Shiwaku, H.; AlOthman, Z.A.; Suzuki, S. Schiff based
ligand containing nano-composite adsorbent for optical copper(II) ions removal from aqueous solutions.
Chem. Eng. J. 2015, 279, 639-647. [CrossRef]

Cho, S.W,; Rao, A.S.; Bhunia, S.; Reo, Y.J.; Singha, S.; Ahn, K.H. Ratiometric fluorescence detection of Cu(II)
with a keto-dipicolylamine ligand: A mechanistic implication. Sens. Actuators B Chem. 2019, 279, 204-212.
[CrossRef]

Giuriati, C.; Cavalli, S.; Gorni, A.; Badocco, D.; Pastore, P. Ion chromatographic determination of sulfide and
cyanide in real matrices by using pulsed amperometric detection on a silver electrode. J. Chromatogr. A 2004,
1023, 105-112. [CrossRef]

Qing, Z.; Zhu, L.; Yang, S.; Cao, Z.; He, X.; Wang, K.; Yang, R. In situ formation of fluorescent copper
nanoparticles for ultrafast zero-background Cu2+ detection and its toxicides screening. Biosens. Bioelectron.
2016, 78, 471-476. [CrossRef]

Awual, M.R;; Hasan, M.M.; Khaleque, M.A.; Sheikh, M.C. Treatment of copper(I) containing wastewater by
a newly developed ligand based facial conjugate materials. Chem. Eng. ]. 2016, 288, 368-376. [CrossRef]
Song, X, Sun, H,; Yang, S; Zhao, S; Liao, F Synthesis of photoluminescent
o-phenylenediamine-m-phenylenediamine copolymer nanospheres: An effective fluorescent sensing
platform for selective and sensitive detection of chromium(VI) ion. J. Lumin. 2016, 169, 186-190. [CrossRef]
Yan, Y,; Zhang, K,; Yu, H.; Zhu, H.; Sun, M.; Hayat, T.; Alsaedi, A.; Wang, S. Sensitive detection of sulfide
based on the self-assembly of fluorescent silver nanoclusters on the surface of silica nanospheres. Talanta
2017, 174, 387-393. [CrossRef] [PubMed]

Yang, C.; Qin, Y,; Jiang, D.; Chen, H.-y. Continuous Fluorescence Imaging of Intracellular Calcium by Use
of Ion-Selective Nanospheres with Adjustable Spectra. Acs Appl. Mater. Interfaces 2016, 8, 19892-19898.
[CrossRef] [PubMed]

Su, X.; Cheng, K.; Wang, C.; Xing, L.; Wu, H.; Cheng, Z. Image-guided resection of malignant gliomas using
fluorescent nanoparticles. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2013, 5, 219-232. [CrossRef]
[PubMed]

Rigler, P.; Meier, W. Encapsulation of Fluorescent Molecules by Functionalized Polymeric Nanocontainers:
Investigation by Confocal Fluorescence Imaging and Fluorescence Correlation Spectroscopy. J. Am. Chem.
Soc. 2006, 128, 367-373. [CrossRef]

Xiao, P; Ke, Y; Lu, J.; Huang, Z.; Zhu, X.; Wei, B.; Huang, L. Photoluminescence immunoassay based on
grapefruit peel-extracted carbon quantum dots encapsulated into silica nanospheres for p53 protein. Biochem.
Eng. J. 2018, 139, 109-116. [CrossRef]


http://dx.doi.org/10.1021/acs.analchem.8b05303
http://www.ncbi.nlm.nih.gov/pubmed/30481456
http://dx.doi.org/10.1021/ja100714p
http://www.ncbi.nlm.nih.gov/pubmed/20377254
http://dx.doi.org/10.1016/j.snb.2013.04.109
http://dx.doi.org/10.1016/j.cej.2013.02.016
http://dx.doi.org/10.1021/am405482a
http://dx.doi.org/10.1016/j.cej.2016.07.110
http://dx.doi.org/10.1016/j.cej.2015.05.049
http://dx.doi.org/10.1016/j.snb.2018.09.122
http://dx.doi.org/10.1016/j.chroma.2003.10.001
http://dx.doi.org/10.1016/j.bios.2015.11.057
http://dx.doi.org/10.1016/j.cej.2015.11.108
http://dx.doi.org/10.1016/j.jlumin.2015.08.041
http://dx.doi.org/10.1016/j.talanta.2017.06.027
http://www.ncbi.nlm.nih.gov/pubmed/28738597
http://dx.doi.org/10.1021/acsami.6b05406
http://www.ncbi.nlm.nih.gov/pubmed/27408988
http://dx.doi.org/10.1002/wnan.1212
http://www.ncbi.nlm.nih.gov/pubmed/23378052
http://dx.doi.org/10.1021/ja056719u
http://dx.doi.org/10.1016/j.bej.2018.08.012

Polymers 2020, 12, 577 12 of 13

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

He, X; Shen, X,; Li, D.; Liu, Y;; Jia, K,; Liu, X. Dual-Mode Fluorescence and Magnetic Resonance Imaging
Nanoprobe Based on Aromatic Amphiphilic Copolymer Encapsulated CdSe@CdS and Fe304. Acs Appl. Bio
Mater. 2018, 1, 520-528. [CrossRef]

Zhang, ].; Shikha, S.; Mei, Q.; Liu, J.; Zhang, Y. Fluorescent microbeads for point-of-care testing: A review.
Microchim. Acta 2019, 186, 361. [CrossRef]

Aranda, P.R.; Messina, G.A.; Bertolino, EA.; Pereira, S.V.; Fernandez Baldo, M.A.; Raba, ]J. Nanomaterials in
fluorescent laser-based immunosensors: Review and applications. Microchem. J. 2018, 141, 308-323. [CrossRef]
Wang, Y.; Liu, X.; Deng, G.; Wang, Q.; Zhang, L.; Wang, Q.; Lu, J. Multifunctional PS@CS@Au-Fe304-FA
nanocomposites for CT, MR and fluorescence imaging guided targeted-photothermal therapy of cancer cells.
J. Mater. Chem. B 2017, 5, 4221-4232. [CrossRef]

Wang, Y.; Varadi, L.; Trinchi, A.; Shen, J.; Zhu, Y.; Wei, G.; Li, C. Spray-Assisted Coil-Globule Transition for
Scalable Preparation of Water-Resistant CsPbBr3@PMMA Perovskite Nanospheres with Application in Live
Cell Imaging. Small 2018, 14, 1803156. [CrossRef] [PubMed]

Wang, Y.; Shi, W.; Wang, S.; Li, C.; Qian, M.; Chen, J.; Huang, R. Facile incorporation of dispersed fluorescent
carbon nanodots into mesoporous silica nanosphere for pH-triggered drug delivery and imaging. Carbon
2016, 108, 146-153. [CrossRef]

Niu, X.; Liu, Z; Hu, J; Rambhia, KJ; Fan, Y; Ma, PX. Microspheres Assembled from
Chitosan-Graft-Poly(lactic acid) Micelle-Like Core—-Shell Nanospheres for Distinctly Controlled Release of
Hydrophobic and Hydrophilic Biomolecules. Macromol. Biosci. 2016, 16, 1039-1047. [CrossRef] [PubMed]
Wu, Y,; Liu, J.; Ma, J.; Liu, Y,; Wang, Y.; Wu, D. Ratiometric Nanothermometer Based on Rhodamine
Dye-Incorporated F127-Melamine-Formaldehyde Polymer Nanoparticle: Preparation, Characterization,
Wide-Range Temperature Sensing, and Precise Intracellular Thermometry. Acs Appl. Mater. Interfaces 2016, 8,
14396-14405. [CrossRef] [PubMed]

Jia, X.; Pei, M.; Zhao, X,; Tian, K.; Zhou, T.; Liu, P. PEGylated Oxidized Alginate-DOX Prodrug Conjugate
Nanoparticles Cross-Linked with Fluorescent Carbon Dots for Tumor Theranostics. Acs Biomater. Sci. Eng.
2016, 2, 1641-1648. [CrossRef]

Xu, M.; Wang, T.; Gao, P.; Zhao, L.; Zhou, L.; Hua, D. Highly fluorescent conjugated microporous polymers
for concurrent adsorption and detection of uranium. J. Mater. Chem. A 2019, 7, 11214-11222. [CrossRef]
Ruiz-Palomero, C.; Benitez-Martinez, S.; Soriano, M.L.; Valcarcel, M. Fluorescent nanocellulosic hydrogels
based on graphene quantum dots for sensing laccase. Anal. Chim. Acta 2017, 974, 93-99. [CrossRef]

Katja, H. Directed motion of proteins along tethered polyelectrolytes. Phys. Rev. Lett. 2008, 100, 158301.
[CrossRef]

Qu, Z.; Hu, F; Chen, K,; Duan, Z.; Gu, H.; Xu, H. A facile route to the synthesis of spherical poly(acrylic acid)
brushes via RAFT polymerization for high-capacity protein immobilization. J. Colloid Interface Sci. 2013, 398,
82-87. [CrossRef]

Jiang, W.; Lu, Y.; Wang, H.; Wang, M.; Yin, H. Amperometric biosensor for 5-hydroxymethylcytosine based
on enzymatic catalysis and using spherical poly(acrylic acid) brushes. Microchim. Acta 2017, 184, 3789-3796.
[CrossRef]

Chen, K,; Zhu, Y.; Zhang, Y.; Li, L.; Lu, Y.; Guo, X. Synthesis of Magnetic Spherical Polyelectrolyte Brushes.
Macromolecules 2011, 44, 632—639. [CrossRef]

Wang, X.; Guo, X.-h.; Zhu, Y;; Li, L.; Wy, S.; Zhang, R. Synthesis of thermo- and pH-sensitive polyelectrolyte
brushes by combining thermo-controlled emulsion polymerization and photo-emulsion polymerization.
Chin. ]. Polym. Sci. 2011, 29, 490-496. [CrossRef]

Zhang, R.; Hou, X,; Cang, Y.; Yu, Z.; Shen, Z.; Zhou, Z.; Guo, X.; Wang, J.; Zhu, X. Efficiently amplified
ultrasonic degradation of spherical polyelectrolyte brushes by a magnetic field. RSC Adv. 2016, 6, 24549-24556.
[CrossRef]

Qu,J.-B,; Li,S.-H.; Xu, Y.-L; Liu, Y;; Liu, J.-G. Inherently fluorescent polystyrene microspheres as a fluorescent
probe for highly sensitive determination of chromium (VI) and mercury (II) ions. Sens. Actuators B Chem.
2018, 272, 127-134. [CrossRef]

Tsai, T.-C.; Liu, C.-W.; W, Y.-C.; Ondevilla, N.A.P; Osawa, M.; Chang, H.-C. In situ study of EDC/NHS
immobilization on gold surface based on attenuated total reflection surface-enhanced infrared absorption
spectroscopy (ATR-SEIRAS). Colloids Surf. B Biointerfaces 2019, 175, 300-305. [CrossRef]


http://dx.doi.org/10.1021/acsabm.8b00240
http://dx.doi.org/10.1007/s00604-019-3449-y
http://dx.doi.org/10.1016/j.microc.2018.05.024
http://dx.doi.org/10.1039/C7TB00642J
http://dx.doi.org/10.1002/smll.201803156
http://www.ncbi.nlm.nih.gov/pubmed/30444554
http://dx.doi.org/10.1016/j.carbon.2016.07.009
http://dx.doi.org/10.1002/mabi.201600020
http://www.ncbi.nlm.nih.gov/pubmed/26987445
http://dx.doi.org/10.1021/acsami.6b03366
http://www.ncbi.nlm.nih.gov/pubmed/27197838
http://dx.doi.org/10.1021/acsbiomaterials.6b00443
http://dx.doi.org/10.1039/C8TA11764K
http://dx.doi.org/10.1016/j.aca.2017.04.018
http://dx.doi.org/10.1103/PhysRevLett.100.158301
http://dx.doi.org/10.1016/j.jcis.2013.02.001
http://dx.doi.org/10.1007/s00604-017-2401-2
http://dx.doi.org/10.1021/ma102337c
http://dx.doi.org/10.1007/s10118-011-1050-x
http://dx.doi.org/10.1039/C5RA27405B
http://dx.doi.org/10.1016/j.snb.2018.05.087
http://dx.doi.org/10.1016/j.colsurfb.2018.12.009

Polymers 2020, 12, 577 13 of 13

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Fischer, M.].E. Amine Coupling Through EDC/NHS: A Practical Approach. In Surface Plasmon Resonance:
Methods and Protocols; Mol, N.J., Fischer, M.].E., Eds.; Humana Press: Totowa, NJ, USA, 2010; pp. 55-73.
[CrossRef]

Liu, Z.E.; Wang, J.; Li, Y.,; Hu, X,; Yin, J.; Peng, Y,; Li, Z.; Li, Y.; Li, B.; Yuan, Q. Near-Infrared Light Manipulated
Chemoselective Reductions Enabled by an Upconversional Supersandwich Nanostructure. ACS Appl. Mater.
Interfaces 2015, 7, 19416-19423. [CrossRef]

Sam, S.; Touahir, L.; Salvador Andresa, J.; Allongue, P,; Chazalviel, ].N.; Gouget-Laemmel, A.C.; Henry de
Villeneuve, C.; Moraillon, A.; Ozanam, F; Gabouze, N.; et al. Semiquantitative Study of the EDC/NHS Activation
of Acid Terminal Groups at Modified Porous Silicon Surfaces. Langmuir 2010, 26, 809-814. [CrossRef]

Wang, C.; Yan, Q.; Liu, H.-B.; Zhou, X.-H.; Xiao, S.-]. Different EDC/NHS Activation Mechanisms between PAA
and PMAA Brushes and the Following Amidation Reactions. Langmuir 2011, 27, 12058-12068. [CrossRef]
Wittemann, A.; Ballauff, M. Interaction of proteins with linear polyelectrolytes and spherical polyelectrolyte
brushes in aqueous solution. PCCP 2006, 8, 5269-5275. [CrossRef]

Becker, A.L.; Henzler, K.; Welsch, N.; Ballauff, M.; Borisov, O. Proteins and polyelectrolytes: A charged
relationship. Curr. Opin. Colloid Interface Sci. 2012, 17, 90-96. [CrossRef]

Wang, S.; Chen, K,; Li, L.; Guo, X. Binding between proteins and cationic spherical polyelectrolyte brushes:
Effect of pH, ionic strength, and stoichiometry. Biomacromolecules 2013, 14, 818-827. [CrossRef] [PubMed]
Koenig, M.; Bittrich, E.; Kénig, U.; Rajeev, B.L.; Miiller, M.; Eichhorn, K.-J.; Thomas, S.; Stamm, M.; Uhlmann, P.
Adsorption of enzymes to stimuli-responsive polymer brushes: Influence of brush conformation on adsorbed
amount and biocatalytic activity. Colloids Surf. B Biointerfaces 2016, 146, 737-745. [CrossRef] [PubMed]
Holt, A.P; Bocharova, V.; Cheng, S.; Kisliuk, A.M.; White, B.T.; Saito, T.; Uhrig, D.; Mahalik, J.P.; Kumar, R.;
Imel, A.E; et al. Controlling Interfacial Dynamics: Covalent Bonding versus Physical Adsorption in Polymer
Nanocomposites. ACS Nano 2016, 10, 6843-6852. [CrossRef]

Qu, Z; Chen, K,; Gu, H.; Xu, H. Covalent immobilization of proteins on 3D poly(acrylic acid) brushes:
Mechanism study and a more effective and controllable process. Bioconjug Chem. 2014, 25,370-378. [CrossRef]
Gao, X.; He, J.; Deng, L.; Cao, H. Synthesis and characterization of functionalized rhodamine B-doped silica
nanoparticles. Opt. Mater. 2009, 31, 1715-1719. [CrossRef]

Lu, X.; Hou, Y.; Zha, J.; Xin, Z. Facile Synthesis of Rhodamine B-Doped Poly(3-mercaptopropylsilsesquioxane)
Fluorescent Microspheres with Controllable Size. Ind. Eng. Chem. Res. 2013, 52, 5880-5886. [CrossRef]
Nian, L.; Hu, Y.; Fu, C.; Song, C.; Wang, J.; Xiao, J. Fluorescence self-quenching assay for the detection of
target collagen sequences using a short probe peptide. Talanta 2018, 176, 492-498. [CrossRef]

Wan, M,; Schroder, C.; Peiffer, S. Fe(IlI):S(-II) concentration ratio controls the pathway and the kinetics of
pyrite formation during sulfidation of ferric hydroxides. Geochim. Cosmochim. Acta 2017, 217, 334-348.
[CrossRef]

Yao, Z.; Huang, B.; Hu, X,; Zhang, L.; Li, D.; Guo, M.; Zhang, X.; Yuan, H.; Wu, H.C. Colorimetric detection
of copper ions based on a supramolecular complex of water-soluble polythiophene and ATP. Analyst 2013,
138, 1649-1652. [CrossRef]

Li, Z.; Guo, S.; Lu, C. A highly selective fluorescent probe for sulfide ions based on aggregation of Cu
nanocluster induced emission enhancement. Analyst 2015, 140, 2719-2725. [CrossRef] [PubMed]

Liu, H.; Zhang, B.; Tan, C,; Liu, F;; Cao, J.; Tan, Y.; Jiang, Y. Simultaneous bioimaging recognition of Al(3+)
and Cu(2+) in living-cell, and further detection of F(-) and S(2-) by a simple fluorogenic benzimidazole-based
chemosensor. Talanta 2016, 161, 309-319. [CrossRef] [PubMed]

Zhang, Y.; Wang, W.; Li, Q.; Yang, Q.; Li, Y,; Du, J. Colorimetric magnetic microspheres as chemosensor for
Cu(2+) prepared from adamantane-modified rhodamine and beta-cyclodextrin-modified Fe304@SiO2 via
host-guest interaction. Talanta 2015, 141, 33-40. [CrossRef] [PubMed]

Li, G,; Tao, F; Wang, H.; Li, Y.; Wang, L. A novel reversible colorimetric chemosensor for rapid naked-eye
detection of Cu2+ in pure aqueous solution. Sens. Actuators B Chem. 2015, 211, 325-331. [CrossRef]
Awual, M.R.; Hasan, M.M.; Rahman, M.M.; Asiri, A.M. Novel composite material for selective copper(II)
detection and removal from aqueous media. J. Mol. Lig. 2019, 283, 772-780. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/978-1-60761-670-2_3
http://dx.doi.org/10.1021/acsami.5b05633
http://dx.doi.org/10.1021/la902220a
http://dx.doi.org/10.1021/la202267p
http://dx.doi.org/10.1039/b609879g
http://dx.doi.org/10.1016/j.cocis.2011.10.001
http://dx.doi.org/10.1021/bm301865g
http://www.ncbi.nlm.nih.gov/pubmed/23402270
http://dx.doi.org/10.1016/j.colsurfb.2016.07.015
http://www.ncbi.nlm.nih.gov/pubmed/27447452
http://dx.doi.org/10.1021/acsnano.6b02501
http://dx.doi.org/10.1021/bc400530s
http://dx.doi.org/10.1016/j.optmat.2009.05.004
http://dx.doi.org/10.1021/ie302556t
http://dx.doi.org/10.1016/j.talanta.2017.08.042
http://dx.doi.org/10.1016/j.gca.2017.08.036
http://dx.doi.org/10.1039/c3an00151b
http://dx.doi.org/10.1039/C5AN00017C
http://www.ncbi.nlm.nih.gov/pubmed/25697240
http://dx.doi.org/10.1016/j.talanta.2016.08.061
http://www.ncbi.nlm.nih.gov/pubmed/27769411
http://dx.doi.org/10.1016/j.talanta.2015.03.015
http://www.ncbi.nlm.nih.gov/pubmed/25966377
http://dx.doi.org/10.1016/j.snb.2015.01.105
http://dx.doi.org/10.1016/j.molliq.2019.03.141
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of Hairy Nanospheres (HNs) 
	Synthesis of HFNs by Traditional Coupling Method 
	Synthesis of HFNs by Adsorption-Induced Coupling Method 
	Characterization 
	Fluorescent Assays 

	Results and Discussion 
	Synthesis and Characterization 
	Effect of Coupling Method 
	Effect of the Carboxyl Content of HNs 
	Effect of Dosage of 5-AF 
	Fluorescence-Based Detection of Cu(II) Ions 

	Conclusions 
	References

