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ABSTRACT: Highly fluorescent surface modified polyacrylo-
nitrile nanoparticles (PAN NPs) of SO nm diameter were
fabricated for selective Cu®" sensing. After surface modification,
the PAN NPs were converted to amidine/Schiff base dual-
modified PAN nanoparticles (tPAN NPs) with a Cu®" sensing
property and high QY (0.19). The selectivity of tPAN NPs for
Cu’" is much higher than that of other metal ions due to the
fact that amidine group on the surface of tPAN NPs has a
higher binding affinity with Cu®". The effect of other metal ions
on the fluorescence intensity of the tPAN NPs was also studied,
and other metal ions showed a low interference response in the
detection of Cu®". Furthermore, as a metal ion chelator,
ethylenediaminetetraacetate can competitively interact with
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Cu®* to recover the quenched fluorescence of tPAN NPs. The tPAN NPs are easily introduced into cells and exhibit low toxicity,
enabling their use as a fluorescence sensor for Cu** in living cells. The tPAN NPs provide a new direction for the development of

copper ion sensors in living cells.
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B INTRODUCTION

The copper ion, an essential metal ion for human life, is
required in various physiological processes and metabolism for
all organisms." Copper ion plays important roles in enzymes
cofactor, bone formation, cellular respiration, and connective
tissue development.” However, unlike these bound copper ions,
free copper ions can generate reactive oxygen species (ROS),
inducing apoptosis in cells.”* Moreover, the accumulation of
free copper ions leads to gastrointestinal disturbance, liver or
kidney damage, and neurodegenerative diseases such as
Alzheimer’s, Parkinson’s, and prion diseases.>® Therefore,
sensitive measurement of copper ions in biological systems
and environmental monitoring are important for human health
and environmental protection.”®

To detect and visualize free copper ions in living cells, many
efforts have been devoted to the fabrication of fluorescent
sensor with strong fluorescence and high sensitivity/selectiv-
ity.”™" In particular, quantum dots (QDs) have received
attention as a copper ion sensor probe due to their unique
optical properties such as wideband excitation, narrow
emission, and high quantum yield."*"> The heavy metal ions
containing QDs, however, have intrinsic limitations such as
potential toxicity, luminescence blinking, and chemical
instability.'® In order to solve these problems, heavy-metal-
free QDs such as carbon quantum dots or graphene quantum
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dots have been fabricated and applied in copper ion sensors.
They, as fluorescent probes for copper ions, exhibit better
biocompatibility but still have low limit of detection.'”'® They
also have common disadvantages of a complicated synthetic
process and functionalization. Hence, novel nanomaterials with
low toxicity, high fluorescence, and easy preparation are needed
for the detection of copper ions.

As alternatives for QDs, polymer fluorescent nanomaterials
have attracted a great deal of interest due to their low
cytotoxicity, easy surface functionalization, and high price
competitiveness.'>° However, they have not been explored
until recently due to the difficulty of fabrication of
nanostructures.”’ We synthesized fluorescent polyacrylonitrile
nanoparticles (PAN NPs) and applied them as bioimaging
agents and fluorescent sensor probe for ROS, monosaccharide,
and anthrax detection."”™>* They possessed blue fluorescence,
low cytotoxicity, and abundant surface functional groups, which
enable their modification using various moieties.”

Herein, we fabricated amidine/Schiff base dual-modified
PAN NPs (tPAN NP) for copper ion detection in living cells.
Both amidine and Schiff base can be introduced on the surface
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of the PAN NPs by a simple treatment. Amidine group is well-
known as an effective functional ligand for removing copper
ions from aqueous solution.”®> Moreover, Schiff base group can
enhance the fluorescence of the tPAN NPs. Therefore,
amidine/Schiff base modification provides increased fluores-
cence and excellent detecting performance for the copper ions.
To the best of our knowledge, this is the first report using
fluorescent polymer nanoparticles for detection of copper ions
in vitro.

B EXPERIMENTAL SECTION

Materials. Hydrogen chloride and diethyl ether were purchased
from Samchun Chemical. The following chemicals purchased from
Aldrich: acrylonitrile monomer, dodecylsulfacte, cerium sulfate,
nitroacetic acid, ammonia solution, ethylenediaminetetraacetate,
AI(NO;);, AgNO;, CdCl, CoCl,, CuCl,, FeCl;, FeCl, HgCl,
MgCl,, MnCl,, NiCl,, Pb(NOs;),, ZnCl,, NaCl, KCl, and CaCl,.

Fabrication of Polyacrylonitrile Nanoparticles (PAN NPs).
The PAN NPs (50 nm) were fabricated by microemulsion
polymerization. To fabricate PAN nanoparticles, acrylonitrile (AN;
1.5 g) monomer was dissolved in distilled water with 0.5 g of sodium
dodecyl sulfate (SDS). After the introduction of cerium sulfate and
nitroacetic acid, the microemulsion polymerization of the AN
monomer proceeded for 10 min. The resulting product was washed
with ethanol three times.

Fabrication of Amidine/Schiff Base Modified PAN NPs (tPAN
NPs). The tPAN nanoparticles were achieved by surface modification.
This was followed by treatment with hydrogen chloride and then
ammonia under nitrogen to form amidine and Schiff base groups on
the PAN nanoparticles. First, 0.5 g of PAN NPs in ethanol (10 mL)
was added into 1 M HCl in diethyl ether (20 mL) at 0 °C for 72 h in
round-bottomed flasks under N, reflux. Then, the product was washed
with ethanol. The product was treated with ammonia solution (20
mL) under a nitrogen purge for 3 h. The product was washed with
ethanol three times.

Characterization. The transmission electron microscope (TEM)
and scanning electron microscope (SEM) images were taken with a
JEOL JEM-2100 and JEOL 6330F, respectively. Fourier transform
infrared (FT-IR) spectra were collected with a Thermo Scientific
Nicole 6700 FT-IR spectrophotometer. The samples for IR detection
were prepared by potassium bromide (KBr) pellet method. The
powder sample grounded with KBr was pressed to form a pellet. The
pellet samples were investigated by IR spectroscopy transmission
mode. The fluorescent emission spectra of tPAN nanoparticles were
obtained with a JASCO FP-6500 spectrofluorometer.

Quantum Yield. The quantum yield of tPAN particles was
obtained by comparing the fluorescence emission of a reference dye
and that of tPAN NPs. 7-Amino-4-methylcoumarin is blue-emitting
dye with a high quantum yield (® = 0.88), which is used as standard
reference. The quantum yield of tPAN particles was calculated by the
following equation:

A,
@Pzix—DxCDD
AP FD

where @ is the fluorescence quantum yield, F is the integrated area of
emitted fluorescence spectra, and A is the absorbance at the excitation
wavelength. The subscript P and D implied tPAN particles and 7-
amino-4-methylcoumarin, respectively.

Cell Culture. Human breast cancer SK-BR-3 cells (American Type
Culture Collection, Manassas, VA) were cultured in RPMI-1640
medium with 10% fetal bovine serum and 1% penicillin-streptomycin
solution. They were maintained in a 75T flask at 37 °C in humidified
5% CO, atmosphere and passaged at 70—80% confluence.

Observation of tPAN NPs-Treated Cells. SK-BR-3 cells were
seeded at a density of 3000 cells per well in 8-well Lab-Tek II
chambered coverglass (Nunc, Thermo Fisher Scientific, USA) and
inserted with 10 ug mL™' of tPAN NPs. After 24 h, the cells were
washed twice with 0.1 M phosphate buffered solution (PBS), and

treated with 10 uM CuCl, for 20 min at 37 °C. As control experiment,
excess ethylenediaminetetraacetate (EDTA, 100 uM) was incubated
for 20 min to remove Cu** from the culture medium. The cells were
washed again and analyzed with a Delta Vision RT imaging system
(Applied Precision, Issaquah, WA). To obtain images, we used a
Cascade II electron multiplying charge-coupled device camera.

Viability Test. For cell viability, Cell-Titer glow luminescent cell
viability assay (Promega, Madison, WI) was used. SK-BR-3 cells were
seeded in white opaque 96-well plates at a density of 1.5 X 10* cells
mL™" for 24 h, and various concentration of tPAN NPs (5, 10, 50, 100,
and 250 ug mL™") were inserted for another 24 h. Then, the culture
medium was eliminated, and following steps were performed by
manufacturer’s instructions. The luminescence (595 nm) was detected
by Victor3Multilabel Readers (PerkinElmer, Boston, MA). The
viability was calculated by dividing the ATP content of tPAN NPs-
treated cells by that of untreated cells (negative control).

ROS Production. For the measurement of ROS, 2’,7'-dichlor-
odihydrofluorescein diacetate (H2DCF-DA; Invitrogen, Grand Island,
NY) staining was performed. SK-BR-3 cells were spread in black
opaque 96-well plates at a concentration of 1.5 X 10* cells mL™" for 24
h and treated with tPAN NPs (5, 10, 50, 100, and 250 g mL™") for
another 24 h. They were washed with 0.1 M Hank’s buffered salt
solution and treated with 10 uM H2DCF-DA for 30 min at 37 °C.
Fluorescence intensity was detected by Victor3Multilabel Readers (4.,
= 485 nm, A,, = 535 nm).

B RESULTS AND DISCUSSION

PAN NPs were fabricated by ultrasonic mediated emulsion
polymerization, as reported previously.'* Ultrasonic irradiation
formed emulsion phase by dissolving sodium dodecyl sulfate
and acrylonitrile monomer in distilled water. After introducing
cerium sulfate and nitroacetic acid into the solution as co-
initiators, additional ultrasound was administered for the
polymerization of acrylonitrile monomer. AS shown in Scheme
1, as-prepared PAN NPs were modified by hydrogen chloride

Scheme 1. Schematic Diagram of Fabrication of tPAN NPs
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and ammonia under nitrogen purge. Fabrication of the PAN
NPs and their surface modification do not require complicated
procedures and careful regulation of temperature, as opposed to
the preparation of QDs."*~"” Due to the change of the surface
functional group, tPAN NPs can detect copper ions by amidine
group, and Schiff base can enhance the fluorescence of tPAN
NPs. The PAN and tPAN NPs had a narrow size distribution,
largely in the range of 40—50 nm as determined by TEM and
SEM images (Figure 1). Furthermore, high-resolution TEM
(HRTEM) images (Figure S1, Supporting Information)
showed that the shape and size of PAN NPs and tPAN NPs
were still maintained after surface modification.

Formation of the PAN NPs and the tPAN NPs was
confirmed by FT-IR spectrometry (Figure 2). FT-IR spectra of
the PAN NPs showed characteristic PAN peaks, including the
C=N stretching bands at 2244 cm ™', the C—H stretching peak
at 2948 cm™’, and the C—H deformation peak at 1451 cm™.
These peaks revealed successful polymerization of the PAN
NPs by ultrasonic mediated emulsion polymerization. For the
tPAN NPs, new double peaks related to the primary amine
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Figure 1. (a and c) SEM images (insets, TEM images) and (b and d)
size distribution histograms of (a and b) PAN NPs and (c and d)
tPAN NDPs.
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Figure 2. FT-IR spectra of (black) PAN NPs, (red) tPAN NPs, and
(blue) tPAN NPs + Cu?*.

group appeared, including peaks at 3593 and 3654 cm™'. The
peaks related to Schiff base increased, including the Schiff base
peak at 1626 cm™' and C=0 stretching at 1730 cm™"."” On
the basis of these data, amidine/Schiff base were successfully
introduced on the PAN NPs surfaces.

The optical properties of PAN NPs and tPAN NPs were
studied by UV—vis absorption and photoluminescence (PL)
spectroscopy. The UV—vis absorption spectrum of the tPAN
NPs had absorption enhancement in the UV region (200—300
nm) with a peak at 260 nm, compared to that of the PAN NPs
(Figure 3). This 260 nm band peak represented a 7—z*
transition of the C=N group, which is in accordance with FT-
IR data.*® Inset images in Figure 3 illustrate the fluorescence
color change from blue (PAN NPs) to bright blue (tPAN NPs)
by surface modification. The fluorescence intensity of the tPAN
NPs is 11 times higher than that of the PAN NPs (Figure 4a).
Their fluorescence quantum yield was calculated as ca. 0.19
using the standard reference 7-amino-4-methzylcoumarin, which
is also higher than that of the PAN NPs.'”****?% The increased
fluorescence of the tPAN NPs is caused by Schiff base on the
surface of the tPAN NPs, which is consistent with other
precedent research (Figure S2, Supporting Information).>**’
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Figure 3. UV—vis absorption spectra of PAN NP and tPAN NPs.
(Inset) Photographs of PAN NPs and tPAN NPs under UV light (365
nm).
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Figure 4. (a) Fluorescence spectra of PAN NP and tPAN NPs. (b)
Fluorescence spectra of tPAN NPs under different excitation
wavelength.

We further analyzed excitation dependent emission of the
tPAN NPs by changing excitation wavelength from 260 to 320
nm (Figure 4b). The maximum emission intensity of the tPAN
NPs was achieved at 410 nm (4., = 290 nm), which is optimal
excitation wavelength for the experiments. Considering these
data, tPAN NPs can be used as an intracellular fluorescence
sensing probe due to enhanced PL properties.

To identify the capability of the tPAN NPs as sensor for
copper ion, we evaluated the selectivity of the tPAN NPs by
screening various metal ions at a concentration of 10 uM
(Figure Sa). The fluorescence of the tPAN NPs was only
quenched by the addition of copper ions (26% quenching upon
addition of 10 uM Cu?"), while no significant quenching effect
was observed with other metal ions (Ag", AI’, Ca**, Cd*',
Co*", Fe**, Fe’', Hg*!, K', Mg®", Mn*, Na*, Ni*, Pb**, and
Zn**). In general, copper ions have a tendency to be
coordinated with amidine group due to unshared electrons of
the nitrogen atoms on the amidine group.”**® Because of its
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Figure 5. (a) Selectivity of tPAN NPs (10 ug mL™") for different metal ions (10 uM), (inset) possible sensing mechanism of tPAN NP for Cu’*. (b)
Fluorescence emission spectra of tPAN NPs in the presence of Cu*" at different concentrations (0—100 u#M). (c) On the basis of the Figure Sb, the
relationship between emission fluorescence intensity of tPAN NPs and concentrations of Cu?* was calculated. I and I, are the emission fluorescence
intensities of the tPAN NPs at 410 nm (4., = 290 nm) in the presence and absence of Cu®*, respectively; (inset) the linear region. (d) Representative
fluorescence spectra with the addition of Cu** and EDTA in the quenching recovering; (inset) fluorescence photographs of tPAN NPs, tPAN NPs +

Cu®, and tPAN NPs + Cu®* + EDTA under UV light (365 nm).

paramagnetic property and unfilled d shell, only copper ion
could strongly quench the fluorescence of the tPAN NPs
through electron transfer processes.”’ >' To determine the
interference effect of tPAN NPs coexisting with other metal
ions in copper ion detection, we investigated the effect of other
metal ions on the fluorescence intensity (Figure S3, Supporting
Information), and we found that the emission intensity of the
tPAN NPs to copper ions was almost unchanged in the
presence of other metal ions. The interaction between tPAN
NPs and copper ions was confirmed by FT-IR analysis. Figure 2
revealed that the peaks of tPAN NPs at 3593 and 3654 cm™
were shifted to 3368 and 3461 cm™" after copper ion treatment.
These changes meant free copper ions were bound with the
primary amine groups on the surface of the tPAN NPs. The
C=N bond at the 2244 cm™" was not changed, implying that
the nitrile group on the tPAN NPs was not included in the
detection of copper ions. However, as shown in Figure S4
(Supporting Information), there are no peak shifts of tPAN
NPs after the addition of some metal ions (Fe**, Fe**, Hg2+,
and Zn*"), which indicates that copper ions have higher binding
affinity with amidine group on the surface of tPAN NPs than
other metal ions. The interaction between tPAN NPs and metal
ions was also studied by UV—vis absorption (Figure SS,
Supporting Information). The binding ability of tPAN NPs
with various metal ions (Ag®, AI**, Ca**, Cd*", Co**, Fe**, Fe¥,
Hg*, K', Mg*", Mn**, Na*, Ni’, Pb**, and Zn**) showed a
selective response toward Cu®* ions. As shown in Figure SS
(Supporting Information), the addition of Cu®* resulted in a
significant change indicating that the tPAN NPs have higher
binding affinity toward Cu®* than other metal ions. All these
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results demonstrate that the tPAN NPs are highly selective for
copper ion detection. On the basis of these analyses, possible
interaction between tPAN NPs and copper ions is depicted in
the inset images in Figure Sa. As displayed in Figure Sb, the
fluorescence intensity of the tPAN NPs (10 ug mL™')
decreased by adding copper ions, and the peak was blue-
shifted from 410 to 370 nm (4., = 290 nm). On the basis of
Figure Sb, fluorescence intensity change of the tPAN NPs was
calculated versus copper ion concentration (Figure Sc). The
fluorescence intensity remarkably decreased with increasing
copper ion concentration. The inset graph showed a linear
correlation between the emission intensities and the concen-
tration of copper ions (0—100 nM; adjusted R* = 0.991). The
limit of detection was 10 nM (36 of the reagent blank signal),
which is 2—3 orders of magnitude lower than previous
reports.'”'® Additionally, in the physiological concentrations,
the minimum concentration of intracellular copper ions is 10
UM, suggesting that the tPAN NPs are suitable as a sensitive
detection probe for copper ions under the physiological
conditions.'” As a control experiment, ethylenediaminetetraa-
cetate (EDTA) was inserted into the solution containing
copper ions and tPAN NPs (Figure 5d). EDTA can chelate
with metal ions in a 1:1 ratio, which induces removal of the
metal ions from the solution.®’ The quenched fluorescence of
the tPAN NPs in the presence of copper ion was recovered into
strong fluorescence by EDTA treatment (inset images in Figure
5d). Taking these facts into account, tPAN NPs are proper
sensors for copper ion detection with high sensitivity and
selectivity against other metal ions.
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The sensing ability of the tPAN NPs was systematically
investigated in vitro. SK-BR-3 cells were incubated with 10 ug
mL™' tPAN NPs for 24 h (Figure 6a). The amidine group of

a) tPAN

Figure 6. Live cell differential interference images of tPAN NPs-
treated SK-BR-3 cells; (a) before treatment of Cu?*, (b) 20 min after
treatment of 10 ug/mL Cu®', and (c) 20 min after treatment of 100
ug/mL EDTA. Scale bars = 50 pm.

the tPAN NPs possess a positive surface charge, leading to
adhesion between tPAN NPs and the plasma membrane of the
cells.*® Internalized tPAN NPs exhibited blue fluorescence in
the cytoplasm, making tPAN NPs possible to detect copper
ions in cells. Then, the copper ions were inserted into the
culture medium for 20 min, and the blue fluorescence of the
tPAN NPs was turned off in the presence of copper ions
(Figure 6b). Upon addition of the same concentration of
copper ions (Figure S6, Supporting Information), the intensity
of the blue emission from the tPAN NPs distinctively
decreased, which agreed well with a change of the blue
fluorescence observed in SK-BR-3 cells. Then, excess EDTA
was added to the culture medium containing copper ions in
order to eliminate copper ions. The strong fluorescence of
tPAN NPs reappears, as shown in Figure 6¢. These data implies
that tPAN NPs is easily introduced into cells and can be used as
a fluorescence sensor for copper ions in living cells.

Low cytotoxicity of the tPAN NPs is required for the use of
tPAN NPs as an intracellular sensor probe. Cytotoxicity of the
tPAN NPs was determined by two methods (Figure 7);
adenosine triphosphate (ATP) based viability test and
generation of ROS by tPAN NP treatment. First, ATP
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Figure 7. (Blue) Viability of SK-BR-3 cells incubated with tPAN
nanoparticles for 24 h. The viability was calculated relative to a
negative control. (Red) ROS production by SK-BR-3 cells after being
incubated with tPAN. H,0, (0.02%) was used as a positive control.
Values exhibit mean + SD, and each experiment was performed in
triplicate.

concentrations of tPAN NP treated SK-BR-3 cells were
measured by transformation of luciferin to oxyluciferin. Until
a concentration of 10 ug mL™', tPAN NPs have no significant
effect on the cell viability. The viability was over 80%, even at a
high concentration of the tPAN NPs (100 ug mL™") for 24 h
incubation. We also evaluate production of ROS in tPAN NP-
added SK-BR-3 cells by 2',7'-dichlorodihydrofluorescein
diacetate (H,DCF-DA) staining. After tPAN NP treatment,
compared to the negative control, ROS production increased
within the margin of error. Collectively, tPAN NPs can be
applied as an intracellular copper ion detector without
significant viability decrease or ROS production. Therefore,
tPAN NPs offer a selective detection probe for copper ion in
living cells with low toxicity.

B CONCLUSIONS

In conclusion, amidine/Schiff base dual-modified PAN nano-
particles (tPAN NPs) were fabricated for the sensitive and
selective detection of free copper ions in vitro. PAN NPs were
synthesized by sonication mediated emulsion polymerization,
and further modified with amidine/Schiff base through
hydrogen chloride and ammonia treatment without careful
regulation of temperature. The tPAN NPs exhibited excellent
selectivity for copper ions in aqueous solution and mammalian
cells, based on the quenching effect. Moreover, the detection
limit of the tPAN NPs is improved, compared with other
strategies for Cu** detection. Considering these observations,
the fluorescent tPAN NPs with biocompatibility offer a new
direction for selective recognition of copper ions in living cells.
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Schematic diagram of Schiff base reaction. This material is
available free of charge via the Internet at http://pubs.acs.org.
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