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ARTICLE INFO ABSTRACT

Keywords: Eu-coordinated semiconducting polymer nanopaiticles (SPNs-Eu) were developed for bimodal analysis of copper
Wo'readO‘ft (1) ions (Cu?") over a wide dynamic range (UM to pM). In this sensing system, the first readout mode is based on
Single particle ICP-MS the fluorescence signal of SPNs-Eu. A significant quenching of the fluorophore is selective for the presence of
Fluorescence 24

Cu*' due to the aggregation of SPNs-Eu. The aggregations are caused by chelation of Cu*' with carboxylate
groups on SPNs-Eu and the amount of aggregation can be quantified by the 153gy signal of SPNs-Eu using single-
particle inductively coupled plasma mass spectrometry (sp-1CPMS). This signal is the second readout mode of
these nanoparticles, which can be calibrated for sub-pM determination of Cu®'. Compared with the mono-
disperse SPNs-Eu reagent, aggregation in the presence of cu®! significantly decreases the number of detected
particles or particle clusters within a sampling period of the sp-ICPMS measurement. The fluorescence readout
vields a facile and rapid detection method with a rather limited linear range from 2 pM to 50 pM and a limit of
detection (LOD) of 0.29 pM. In contrast, the sp-1CPMS readout provides a far more sensitive analysis method with
a linear range from 1 pM to 10 pM and a LOD of 0.42 pM.

Semiconducting polymer nanoparticles
Copper ion

1. Introduction

A series of spectroscopic methods, including atomic absorption/
emission spectromenry (AAS/AES), inductively coupled plasma mass
spectrometry (ICPMS), fluorescence spectrometry etc., have been
developed to sartisfy different requirements or scenarios of analysis
[1-6]. Basically, most of the approaches choose a specific signal to
quantify the amount of analyte. For example, the mass spectrometry
focused on the masses of analytes to obtain the concentration informa-
tion [7]. The colorimetry collects the absorption of light to evaluate the
content of analyre [8]. However, given the instinct disadvanrages in
each method, all the informarion obtained from one signal is insufficient
to meet the requirement of accuracy, repeatability, and limit of detec-
tion in a complicated condition with high background noise or low an-
alyte concentration. To overcome the proposed problems, researchers
have introduced more signals in one method of the corresponding
sensing system. For example, a group of ratiometric optical oxygen
sensing probes were designed to contain two signals, which could be
achieved by a dual emission signal involved system with two different
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luminophores, one emits oxygen-insensitive fluorescence as reference
peak and the other emits oxygen-quenchable phosphorescence [9]. The
extra signal of reference peak generates superiorities including high
sensitivity as well as inherent reliability [9]. Furthermore, dual signal
sensors have also been applied in electrochemical analysis and bio-
imaging. Combining ferrocene and thionine current readout together,
Hou's group designed a dual-signal aptamer sensor which exhibited high
sensitivity to malathion [10]. Up to now, most of the improvements
were chosen to bring in more signals to create more information for data
analysis within one sertled detection method. However, if the method
itself has instinctive limitations, this idea might have little break
through on the limir of detection and dynamic range. Therefore, scien-
tists tended to merge signals from various methods together. For
example, combining magnetic resonance imaging (MRI) with fluores-
cent molecular tomographic (FMT), Chen’s group could obtain both
three-dimensional multimodal images of living mouse brains and
monitor the tumor morphology as well as protease activity [11]. Xuetal.
designed a dual-readout biosensor that combined the colorimetric signal
and photothermal signal rogether to quantify a rumor biomarker. The
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Table 1

Operation parameters used for sp-ICPMS measurements.
Parameters Value
Radio frequency power (W) 1550.00
Cooling gas flow rate (L min 1) 14.00
Nebulizer gas flow rate (L min D] 1.09
Spray chamber temperature (°C) 2.70
Sampling depth 5.00
Peristaltic pump speed (rpm) 20,00

two signals from this biosensor not only validated each other to improve
the accuracy and reliability of the test, bur also provide the two ap-
proaches for determination under different conditions. Colorimetric
analysis could be performed by eye with low sensitivity but the photo-
thermal signal provided significantly enhance sensitivity for trace
analysis [12]. Recently,  Chiu's  group  developed a
lanthanide-coordinated semiconducting polymer dots for single cell
analysis using flow cytometry and mass cytometry with both fluores-
cence and mass readouts, respectively. The advantages of these
dual-readout probes included the capability of rapid and sensitive cell
analysis by flow cytometry and multiplex analysis by mass cytometry
[13]. Moreover, integration of the fluorescence and ICP-MS signals of
these bimodal probes allowed a more thorough and precise discrimi-
nation of the target analytes in a complex sample matrix.

Fluorometric analysis has been regarded as a rapid and simple
method for metal-ion determination. A wide range of fluorescent probes
have been used in this field, such as organic dye molecules, quantum
dots, nanoclusters and semiconducting polymer dots [14,15]. The pro-
cedure of fluorometric analysis is flexible and can be performed with
low-cost instruments. Therefore, it is suirable for quick quantificarion
and field-screening applications, such as monitoring the roxic metals in
environmental samples [16]. However, it is a noticeable disadvantage
that fluorometric analysis of metal ions is relatively low sensitivity,
narrow detection range, and background interference from the sample
matrix. In contrast, single particle inductively coupled plasma-mass
spectrometry (sp-ICPMS) has been reported as a promising analytical
approach for the analysis of metal-containing nanoparticles albeit
coupled with more complex sample preparation and relatively high cost.
The technology of sp-ICPMS is originally from the regular ICPMS, which
shows excellent features of the regular ICPMS including ultra-high
sensitivity, broad dynamic range, and low limit of detection for the
analysis. More importantly, it could also provide comprehensive infor-
mation on the physical properties of nanoparticles such as size, size
distribution, particle density, particle number concentration, and
aggregate status in solution [17]. In the profile of the sp-ICPMS mea-
surement for this work, the signal for a single particle (SPN-Eu) is
measured as a single pulse within the time-based data set. Consequently,
the number of pulses detected within the set is dependent on the con-
centration of the nanoparticles or nanoparticle clusters in the sample.
Moreover, the count intensity of the pulse is directly proportional to the
amount of metal element doped in a single nanoparticle or present in the
nanoparticle cluster. Because sp-ICPMS is a “particle by particle”
detection process, the particle solutions are analyzed at an extremely
low concentration, which provides high sensitivity for any
target-specific aggregation of the nanoparticle probes. Typically, the
number of detected pulses decreases while pulse intensity concomitantly
increases compared to the original probe solution. However, if the probe
agglomeration is severe and clusters precipitate from the solution, only a
decreased pulse number will be observed because the precipitated
clusters will not be introduced into the sp-ICPMS.

Inspired by the previous work of the trace analysis and the above-
mentioned technology, the signal of fluorometric methods and the
signal sp-ICPMS could be merge together as a two readout nanoprobe.
To the best of our knowledge, this two-readout metal-containing poly-
mer nanoparticles based on the technology of fluorometry and sp-ICPMS
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for metal ion analysis has not been reported. In this system, Eu-
coordinated fluorescent semiconducting polymer nanoparticles not
only provide a fluorescence quenching signal due to aggregation
induced by the target ion, but also offer an '>Eu signal by the sp-ICPMS.
Compared to other types of metal elements, such as alkali metals and
transition metals, investigated by sp-ICPMS, the instrument is more
sensitive to rare lanthanide elements due to their seldom found in the
earth. To test the applicability of this two-readout nanoprobe, the cop-
per(I1) ion (Cu®*) was chosen as a target analyte. Copper, as an essential
human nutrient, is involved in various physiological functions in bio-
logical activities, especially in cell generation and enzymatic processes
[18,19]. However, copper at high levels caused deleterious physiolog-
ical effects [20-22] and its environmental contamination has been
considered as a serious safety issue due to its wide and long-term effect
[23,24].

For copper detection, there are already plenty of well-known
methods, such as, atomic absorption spectra, surface plasma reso-
nance, colorimetric assay, electrochemistry methods, DNA enzyme
methods, and fluorometric detection [25-30]. Among all these single
signal methods, this two-readour SPN-Eu sensing probe combined two
method signals into one system, merging both fast and simple advan-
tages from fluorometric methods, also uniting the accuracy and low LOD
advantages from sp-ICPMS. In this way, the SPN-Eu has broken through
the limitations of mono modal signal sensor in some perspectives of
sensitivity, dynamic range and limirt of detection.

In this article, Eu*"-coordinated MEH-PPV semiconducring polymer
nanoparticles (SPNs-Eu) were designed for the detection of Cu®'. This
nanoprobe SPN-Eu could be investigated under two different methods.
One readout is the fluorescence signal emitted by SPNs composed of red
fluorescent semiconducting polymer, MEH-PPV. The other readout is
based on the Eu mass signal from the Eu®* coordinated on the PSMA
polymer. In the presence of Gu®', efficient chelaring between the
carboxylate groups on SPNs-Eu and Cu®" results in the aggregation of
SPNs-Eu, which induces a significant fluorescence quenching as well as a
decreased in nanoparticle pulses detected in the sp-ICPMS profile.
Therefore, both the fluorescence and sp-ICPMS signals are responsive to

the concentration of Cu®",

2. Experimental sections
2.1. Materials and instrumenis

Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]
(MEH-PPV, average molecular weight is 40,000-70,000 Da), poly
(styrene-co-maleic anhydride) (PSMA), europium(Ill) chloride, 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonicacid (HEPES, 99.5 %, ACS
grade), copper(ll) sulfate, potassium chloride, sodium chloride, mag-
nesium(Il) sulfate, zine(Il) sulfare, manganese(ll) dichloride, lead(II)
sulfate and tetrahydrofuran (THF, 99.9 %, inhibitor-free, ACS grade)
were purchased from Sigma Aldrich Inc. Deionized (DI) water (18.2
MQ-cm) used in all experiments was obtained using a Milli-Q Millipore
water purification system.

A UV/VIS/NIR spectrometer (Lambda 1050, PerkinElmer) was used
to measure the absorption spectra of samples. Fluorescence measure-
ments were performed on a RF-6000 fluorophotometer (Shimadzu,
Japan). The excitation wavelength was set to be 480 nm and the emis-
sion was recorded from 500 nm to 700 nm. The fluorescence intensity at
560 nm was selected to evaluate the performance of SPNs-Eu probe for
copper ion detection. The widths of excitation and emission slits were set
as 10.0 nm. All the experiments were carried out at room temperature. A
Zetasizer particle analyzer (Nano-ZS, Malvern) was used to measure
hydrodynamic diameters and surface charges of nanoparticles. A Hitachi
7500 transmission electron microscope (Hitachi, Tokyo, Japan) was
used to obrain the morphology of the synthesized nanoparticles. A FTIR
Spectrum ATR iD5 spectrometer (ThermoFisher Scientific, Waltham,
UK) was used to collect the Fourier transform infrared (FTIR) spectra of
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Scheme 1. Schematic illustration of the preparation of SPNs-Eu for the detection of Cu®"
SPN-Eu. M, 60 pM and 80 pM) of copper ions for 1.0 h in a HEPES buffer so-
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An iCAP Qc ICPMS (Thermo Scientific, Bremen, Germany) was used
for all sp-ICPMS measurements. Samples were introduced using a Tel-
edyne CETAC ASX560 autosampler (Omaha, NE), a 4-channel 12-roller
peristaltic pump, a microflow perfluoroalkoxy nebulizer and a Peltier-
cooled quartz cyclonic spray chamber. The sample flow rate was set to
be — 0.20 mL/min. The ICPMS was tuned daily for maximum 2**U and
minimum 140(39160/140(39 oxide level (< 0.03) with THERMO-4AREV
(Thermo Scientific) standard solution in STDs mode. Detailed informa-
tion about the sp-ICPMS operation parameters were provided in Table 1.
The dwell time and dara collection time for all the sp-ICPMS measure-
ments were 10 ms and 180 s. [sotope 135gy intensity was recorded using
Qtegra™ software (version 2.8.2944.202).

2.2. Synthesis of the SPNs-Eu

To prepare the SPNs-Eu, PSMA requires a pre-treatment to form the
carboxyl groups. Briefly, 0.05 g PSMA was dissolved into 1.0 mL THF
followed by injecting into an aliquot of 10 mL water. With mild stirring,
the above solution was dried to collect white powder, which was
designated as PSMA-COOH. After that, the powder was re-dissolved into
THF to produce a final solution of 1.0 mg/mL PSMA-COOH. For SPNs-Eu
synthesis, an aliquot of 15 pL of EuCls solution (10.0 mg/mL in THE/
EtOH) was first mixed with 4.4 mL of THF, followed by adding 500.0 pL
of 1.0 mg/mL PSMA-COOH solution and stirred for 2 h. Then, an aliquot
of 50.0 pL of 0.5 mg/mL MEH-PPV polymer was added into the previous
solution to reach the final volume of 5.0 mL. Finally, the mixed THF
solution was quickly injected into 10.0 mL of DI water under ultra-
sonication in the ice bath for about 1.0 min. THF was evaporated
through heating on a hot plate. The solution was filtered with a 0.45-pm
cellulose membrane filter to remove the large aggregations. Lastly, the
ultracentrifugation with 100 KDa cut-off was used to remove free metal
ions from the SPNs-Eu and concentrate the solution.

2.3. Copper detection using the fluorometric method and sp-ICPMS

For Cu(ll) detection using fluorometric method, an aliquot of final
concentration of 1.0 mg/L of SPNs-Eu solution was incubated with
different concentrations (0 pM, 2 pM, 5 pM, 10 pM, 20 pM, 40 puM, 50

lution (20 mM, pH 7.0) to reach a total volume of 1.0 mL at room
temperature with regular shaking. Then, the fluorescence spectra of
above solution were recorded at the excitation wavelength of 480 nm.
The fluorescence intensity at 560 nm was plotted with the concentra-
rions of copper ions. As for detecting Cu(ll) using sp-ICPMS, the same
aliquot of final concentration of 1.0 mg/L of SPNs-Eu solution was
incubated with a series of extremely low concentrations (0, 1.0 pM, 10.0
pM, 100.0 pM, 1.0 nM, 10.0 nM, 100.0 uM, 1.0 pM, 10.0 pM, 100.0 pM,
and 1.0 mM) for the same reaction time. Before injecting into the sp-
ICPMS, the above prepared SPNs-Eu were addressed with a series of
dilution. The mass concentration could be transferred into particle
number concentration. The diameter of the SPN-Eu was determined by
Zetasizer particle analyzer. Assuming the state of polymer nanoparticles
are suspended in the solution (the density of SPN-Eu to be 1 mg/mL) and
SPN-Eu is spheric, the volume of SPN-Eu could be calculated, thus the
average molar mass (M) of SPN-Eu could be calculated (M = NxVp). The
mass concentration could be transferred into molarity and correspond-
ing particle number concentration. After optimizing the particle number
concentration, the known concentration should be diluted to 10% par-
ticles/mL with DI water.

2.4. Selectivity investigation for Cu>* detection

With the fluorometric method, the selectivity of the SPNs-Eu on
different meral ions was investigared by incubating a final concentration
of 1.0 mg/L of SPNs-Eu solution (20 mM HEPES buffer, pH 7.0) with
different metal ions (Co®*, Fe?*, Fe?*, P2+, Mg®", Cd®', Ag®, Zn®",
Al¥*, Mn?", and cu®"). The concentrations of the metal ions were fixed
at 50 pM. After 1 h incubation at room temperature, the fluorescence
spectra of the solurions were recorded. For the selectivity investigation
with sp-ICPMS method, the samples were performed at the sample re-
action condition but with a series of metal ions at the concentration of
1.0 uM. Before injecting into the sp-ICPMS, the concentration of SPNs-Eu
was diluted down to 10* particles/mL with DI water.



X. Liu et al.

Sensors and Actuators: B. Chemnical 344 (2021) 130194

da . ' ~ b C
prFr - . =
s ~‘. | _ E B SPN-Eu
- “t g a SPN
k — ’ — 04
* & o ff 5000m 200 nm 10 100 1000
Size (nm)
d e
10 F S 104
s
08 | _ SPN-Eu ‘%‘" 08 — SPN-Eu
2 SPN g —— SPN
o £
06 4
ﬁ g 0.6
3 3
E 04} O 04
2 3
02t L 024
8
00 § 0.0
i 1 " 1 " 1 " 1 " 1 zO - . T - T T
300 400 500 600 700 800 500 550 600 650 700 750
f - ring stretching
101 ——SPN-Eu

-

o

(=]
I

w
(=]
I

3336

Transmittance(%)

95 1

C-0 atretching

. 1 . . | . 1
4000 3500 3000 2500 2000

Wavenumber(cm™)

1 . I
1500 1000

Fig. 1. (a) TEM image of SPNs-Eu (scale bar is 500 nm). (b) The enlarged TEM image of SPNs-Eu (scale bar is 200 nm). (c) Size distribution (pH 7.0, 20 mM HEPES)
of SPNs and SPNs-Eu measured by DLS.(d) (A) Normalized Absorption of SPN and SPN-Eu. (e) Normalized emission spectra of SPN and SPN-Eu. (f) The FT-IR spectra

of SPN-Eu.

3. Results and discussion
3.1. Design of the SPNs-Eu for Cu?* detection

In this work, we designed an SPNs-Eu for Cu®" detection with two
readouts modes, including signals in fluorometric spectrometry and
pulse signals in sp-ICPMS. To construct the SPNs-Eu nanoprobe, poly
(styrene-co-maleic anhydride) (PSMA) was first hydrolyzed to form
the carboxyl-functionalized polymer (PSMA-COOH), then followed by
adding EuCl; THF/ethanol solution with vigorous stirring for 2 h
(Scheme 1a). During this period, PSMA served as a highly efficient
absorbent, Europium ions could be chelated with PSMA-COOH through
the abundant carboxyl groups [13]. After the immobilization, MEH-PPV
polymer was blended into the above solution. After mixing with fluo-
rescent MEH-PPV polymer in THF, the mixture was immediately

injecred into warer to form SPNs-Eu (Scheme 1b). During the warer in-
jection process, the polymer chains of MEH-PPV and PSMA would shrink
into ball-shaped nanoparticles due to the hydrophobic interaction,
however, carboxylic groups would stay in the surface for their high
hydrophilic properties.

As one of the rare metal elements, Eu®" is suitable to be applied in sp-
ICPMS analysis because of its low background signal. Compared with
LOD of another transition metal element such as Bu (LOD: 3.00 x 1073
pg/L), the LOD of sp-ICPMS instrument of rare earth element Eu is lower
with 0.17 x 107> pg/L. Considering a suitable matrix to combine both
sp-ICPMS signal and fluorescence signal, semiconducting polymer
nanoparticles (SPNs) would be a great choice to fulfill the purpose.
There are three main advantages for using SPNs. First, SPNs could be
designed to contain a large amount of metal ions that would enhance the
sp-ICPMS signal. Second, SPNs exhibit superior fluorescence properties,
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Fig. 2. (a) Fluorescence emission spectra of 1.0 mg/L SPNs-Eu without (curve 1) and with (curve 2) 100 pM Cu?'. (hex = 480 nm). sp-1ICPMS profile of 1.0 = 10% P/
mL SPNs-Eu without (b) and with (c) 100 pM Cu®". The signal of ***Eu isotope was recorded in 180 s with a dwell time of 10 ms. The figures showed a period of

105" spectra.

such as high quantum yield, large Stokes shift, and high photostability.
Third, the synthetic process of lanthanide doped SPNs is simple, withour
a tedious synthesis protocol compared to other lanthanide-containing
nanoparticles, such as upconversion nanoparticles [31]. Considering
these features, a novel two-readout nanoprobe based on SPNs-Eu for
Cu** detection was constructed.

Copper, as a pivotal metal in human life, is involved in various
physiological functions in biological activities, especially in cell gener-
ation and enzymartic processes. However, copper exhibits high roxiciry if
over-ingested. For example, through the food chain, it will be a direct
reason to cause multiple serious neurodegenerative diseases, such as
Wilson and Parkinson’s. Copper pollution has been considered as a
serious safety issue due to its wide and long-term effect. Therefore, fast
and sensitive detection of copper ions is highly significant. The mech-
anism of this novel nanoprobe is based on efficient chelating interactions
between Cu(Il) and carboxylic groups on the nanoparticles, which
causes a significant fluorescence quenching. This could be explained by
Irving-Williams series. Comparing with other transition metals, Cu’"
tends to form more stable bonding interactions the abundant carboxylic
groups electron donors on the GQDs, which would cause aggregarion
accompanied with self-fluorescence quenching. It has been reported rhart
carboxylic functional groups modified semiconducting polymer nano-
particles could also be quenched by Cu®* through the same mechanism
of strong interaction induced self-quenching [32,33]. As shown in
Scheme 1c, in the presence of Ccu®*, SPNs-Eu started to aggregate
together due the coordination interactions between the carboxyl groups
on the surface of SPNs-Eu and Cu?*. The aggregarion process not only
resulted in the fluorescence quenching of SPNs-Eu, but also decreased
the spike numbers recorded in sp-ICPMS measurement, in which one

spike stood for single nanoparticle or single aggregate unit. Using the
variations of these two signals before and after the addition of Cu®", a
two-readout sensing nanoprobe was fabricated for the detection of Cu®™,
We anticipated that these two readouts would be used in different sce-
narios due to their different detection sensitivities and costs. For the
applications that require quick measurement and low-cost and
compatible with low sensitivity, the fluorescence readout might be the
best option. However, for the accurate measurement of trace amount of
Cu™, the sp-ICPMS method might be the one to use, which would ensure
a lower detection limit and broad dynamic range. Therefore, we believe
that this two-readout SPNs-Eu will provide comprehensive detection
method for Cu®* with different requirements.

3.2. Synthesis and characterization of SPNs-Eu

In our previous work, different lanthanide ions have been doped into
SPNs composed of carboxyl-functionalized poly[(9,9-dioctylfluorenyl-
2,7-diyl)-co-(1,4-benzo-{2,10,3}-thiadazole)] polymer to form the
lanthanide-doped SPNs with the signals fluorescence and rare-earth
isotopes [13]. However, the synthesis of carboxyl-modified semi-
conducting polymers were complicated and the fluorescence quantum
yield of SPNs was sacrificed through rhe carboxyl modification. In order
to solve the limitations of laborious synthesis and expand the fluorescent
emission of the lanthanide-doped SPNs, a similar carboxyl-modified
polymer structure was fabricated from the hydrolysis of PSMA, which
cotuild be obtained commercially at low-cost and be used to chelate with
metal ions. This carboxyl-modified PSMA (PSMA-COOH) simplified the
synthesis of SPNs-Eu through nanoprecipitation method. With this
method, different fluorescent semiconducting polymer could be blended
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with PSMA-COO-Eu to form SPNs. In this work, we chose Poly
[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV), a
red color fluorescent polymer, as an example to prepare the SPNs-Eu.
The morphology and size of SPNs-Eu was characterized with a regular
transmission electron microscope (TEM) and dynamic light scartering
(DLS). As shown in Fig. 1a and b, TEM images showed round-shaped,
well-dispersed SPNs-Eu. The diameter of SPNs-Eu was measured to be
76.3 £+ 11.1 nm from the TEM images. We found that the hydrodynamic
diameter of SPNs-Eu was much larger that the pure SPNs without doping
of Eu®*. The SPNs-Eu showed a hydrodynamic diameter of 80.0 & 2.7
nm, which is slightly larger than the diameter measured by TEM. The
pure SPNs possessed a hydrodynamic diameter of 20.2 + 0.2 nm, which
is consistent with previous report. After optimizing the ratio berween the
Eu’* and PSMA-COOH, we prepared the largest SPNs-Eu with the best
stability, which provided the highest Eu®* isotope signal from a single
SPNs-Eu. Moreover, the zeta potential of SPNs-Eu and SPNs were
measured to be both lower than —20 mV, we did the calculation of the

carboxylic groups and Eu®' in the PSMA-COOH used for the synthesis
SPN-Eu. Under the optimized condition, the ratio between the COOH
groups in the used PSMA-COOH and Eu®* was calculated to be around
75:1, which means there would be a lot of free COOH groups in the
synthesized SPN-Eu even all the Eu®* had been coordinated into the
SPN-Eu. Therefore, we believe the negative surface zeta potential not
only come from the COOH groups, bur also due to the oxygen related
defects formed on the polymer chains during the process of forming
nanoparticles, which assured the stability of the SPNs-Eu through the
electrostatic repulsion. In Fig. 1(d), the absorption peak of SPN is
overlapped by that of SPN-Eu, which implies the existence of the
MEH-PPV polymer chain in SPN-Eu after nanoprecipitarion, the fearure
peak is ar 480 nm, which has been reported in other relative SPN
research. In Fig. 1(e), the emission wavelength of both SPN and SPN-Eu
was at 560 nm, which demonstrated that the source of the fluorescence
signal is from MEH-PPV fluorescence polymer. FTIR of SPN-Eu was used
to demonstrate the existence of various functional groups. As shown in
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Fig. 1f, the peaks at 750 em %, 1250 em %, 1500 em ! suggested the
presence of the C—H bending, CO— stretching and ring stretching in
SPN-Eu. The presence of C=C non-aromatic bonds was proved by the
broad peak area at 1600 cm™' and the presence of C=0 bonds was
showed in the sharp peak at 1720 em*. The CO= bonds on the anhy-
dride rings is flat, which demonstrate most of the anhydride rings have
hydrolyzed and chelated with Eu®"; These stretching vibration peaks at
3200 — 3500 cm ! has been reported, which demonstrate the existence
of MEH-PPV polymer.

3.3. Feasibility investigation of Cu* detection

After we prepared and characterized the SPNs-Eu, we investigated
the fluorescence intensity response and variation of spike numbers in sp-
ICPMS of SPNs-Eu before and after the addition of Cu®*. As shown in
Fig. 2a, the fluorescence intensity of SPNs-Eu decreased by about 82 %
in the presence of 100 pM Cu?*. Also, the response of SPNs-Eu to Cu’"
was also investigated by the sp-ICPMS method (Fig. 2b & c). The results
showed that the spike numbers in the 180 s collection time decreased
from 3590 to 864 in the presence of 100 uM Cu®". Obviously, there was
about 76 % decrease of the spike numbers detected in the sp-ICPMS
method. The results demonstrated the feasibility of SPNs-Eu nanop-
robe for Cu®* detection in these two detection modes.

3.4. Optimization of the concentration of SPNs-Eu for sp-ICPMS
measurement

The concentration of nanoparticles injected into the sp-ICPMS is
extremely important to obtain the best sensitivity and accuracy. If the
concentration is too low, not enough single particle events will be
collected in a certain period of collection time. However, if the con-
centration is too high, continuous signals were collected, of which a
single spike in each dwell rime mighr stand for multiple events rather
than one individual eventr. Also, the background noise might be
increased, which decreased the sensitivity of the method. Therefore, we
optimized the injecting concentration of SPNs-Eu for sp-ICPMS mea-
surement. As shown in Fig. 3, a series of concentration of SPNs-Eu
including 0, 5.0 x 10% 1.0 x 10% 2.0 x 10 to 5.0 x 10* P/mL was
introduced into the sp-ICPMS, and each sample was collected for 180 s
with a dwell time of 10 ms. With the increasing of particle number
concentration of SPNs-Eu, the number of spike peaks increased as well.
However, when the concentration of SPNs-Eu was equal or higher than
2.0 x 10" P/mL, multiple nanoparticles were observed in each dwell
rime, indicated by the continuous spikes instead of individual spikes.
Furthermore, when the concentration reached 5.0 x 10% P/mL, the
baseline from isotope Eu dramatically increased as well, showing the
enhanced background noise in the measurement. From this tendency,
we found out that increasing the particle number concentration intro-
duced in the plasma would increase the signals from dissolved Eu ions.
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Considering the interference from dissolved Eu ions and the identifica-
tion of particle events in signals, the sp-ICPMS profile of SPNs-Eu with
the concentration of 1.0 x 10* P/mL obtained both low background
noise and high spike number of individual spikes. Therefore, we chose
the optimal injecting concentration of SPNs-Eu as 1.0 » 10% P/mL for the
following sp-ICPMS measurenients.

3.5. Optimization of the reaction conditions for Cu* detection

To sensitively detect the copper ions, several reaction conditions
were optimized, including the concentration of SPNs-Eu for reacting
with C112+, reaction rime, and the pH of the reaction solution. As these
optimal conditions for detecting Cu®* should be consistent regardless of
the final signal readout method, fluorescence method was used to
optimize these conditions because of its simplicity. As shown in Fig. 4a,
the concentrations of SPNs-Eu were optimized ranging from 0.05 mg/L
to 5.0 mg/L. The fluorescence intensity of a certain concentration of
SPNs-Eu without the addition of Cu®>* was defined as Fy. The fluores-
cence intensity of the same concentration of SPNs-Eu with the addition
of Cu®* (100 uM) was recorded as F. The results showed that the ratio of
F/Fg decreased when the concentration of SPNs-Eu increased from 0.05
mg/L to 1.0 mg/L, and then increased from 1.0 mg/L to 5.0 mg/L. The
lowest ratio of F/Fp at 1.0 mg/L demonstrated the optimal concentration
of SPNs-Eu for the detection of copper ions with the highest detection
sensitivity, which was used in the followed experiments.

Similarly, the impact of reaction time of SPNs-Eu with Cu®* ions was
analyzed by measuring the fluorescence intensity of SPNs-Eu with or
withour the addition of 100 pM Cu?" in 20 mM HEPES at pH 7.0 by
different reaction periods (Fig. 4b). The fluorescence ratio of F/Fp
consistently decreased with the increased reaction time, and reached a
plateau after 1.0 h. Therefore, the optimal reaction time of 1.0 h was
utilized.

The pH was also an important factor in the aggregation reaction
between the Cu®" and SPNs-Eu because pH regulated the forms of the
carboxyl groups on the SPNs-Eu. The fluorescence intensity of SPNs-Eu
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period of 108" spectra.

mixed with/without Cu?* at different pH were recorded to assess the
optimal pH condition. As shown in Fig. 4c, the ratio of F/Fy decreased as
the pH value increased from 1.0 to 7.0 and slightly increased from pH
7.0 10 11.0. Therefore, pH 7.0 was chosen as the optimal pH condition
for the detection of Cu?™.

3.6. Detection of Cu’" by fluorometric method

To evaluate the detection limit of the SPNs-Eu for Cu®* using fluo-
rometric method, we performed a titration experiment. Under the
optimal conditions, various concentrations of Cu?™ (0 pM, 2 uM, 5 pM,
10 pM, 20 pM, 40 pM, 50 pM, 60 pM and 80 pM, respectively) was mixed
with 1.0 mg/L SPNs-Eu for 1 h at room temperature in 20 mM HEPES
buffer at pH 7.0. The corresponding fluorescence spectra were recorded.
As the concentration of Cu" increased, the fluorescence intensity at 560
nm reduced gradually (Fig. 5A), indicating the fluorescence quenching
in the presence of Cu®*. The fluorescence intensity of SPNs-Eu was

plotted against the cu?t concentration (Fiz. 5b and c). The results
showed that the dynamic range was from 0 pM to 80 pM (Fig. 5b), with a
linear range from 2 pM to 50 pM (Fig. 5¢). The calibration curve showed
a regression equation of ¥ = —139.824X -+ 8442.559 with a correlation
coefficient of 0.992 (Fig. 5¢). The limit of detection (LOD) for the
detection of Cu®* using the fluorometric method was calculated to be
0.29 pM based on the slope of the equation (3c/s), where ¢ was the
standard deviation of three blank fluorescence intensities and s was the
slope of the calibration curve. Even this is a relatively high LOD, it could
ensure the applicability of the method for the detection of Cu?" in river
or drinking water.

3.7. Selectivity of SPNs-Eu by fluorometric method

A selectivity study for Cu®t over different metal ions was performed
using the fluorometric method. As shown in Fig. 6, Ni%t, Co?t, Fe?®,
Fe®*, pb2t, Mg?™, Cd2, Ag™, Zn?t, AP, Mn®" were selected in this
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Table 2
Spike recovery level of sp-ICPMS and fluorometric methods for Cu® ' detection in
river water (n = 3).

Methods Samples Spiked Detected Recovery of this
method (26)
SPNs-Eu FL signal Eiver water 10.0 103 +£1.8 103 £18
(Red river) M (pM)
River water 10.0 8.3+ 041 8341
Conventional ICP- (Red river) pM (pM) -
M5 River water 100 89.0 £ 0.6 89 1
(Red river) nM (nM) -
SPNs-Eu 5?- River \.‘vater 100 1148 = 115 & 23
ICPMS signal (Red river) nM 23.3(nM)

study. The concentration of these ions was fixed at 50 pM, which were
added into 1.0 mg/L of the SPNs-Eu solution in pH 7.0, 20 mM HEPES
for 1.0 h. The fluorescence spectra were recorded in the range of 480
nm-700 nm using an excitation wavelength of 480 nm. Compared with
other metal ions, the results showed more than 60 % fluorescence
quenching when SPNs-Eu were treated with Cu?", which demonstrated
that SPNs-Eu were selective for Cu®" over other metal ions. More
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interestingly, we found out that both ¢d*" and Pb?" showed a lirtle
enhanced intensity response instead of decrease. This might be artribute
to the bovine serum albumin residues brought in from the filtration
process. BSA is a single polypeptide chain containing tryptophan and
tyrosine, which have strong affinity to Pb®* and cd®* [34]. For Pb?", it
can be attributed to the coordination of Pb2* with the pendent carbox-
ylic groups and Nitrogen atoms in BSA, which favors the efficiency of & -
¥ transition [35]. For Cd2+, it could combine with the surface sulfhy-
dryl groups of BSA@SPN-Eu to form Cd-S bonds, which might facilitate
the efficiency of m — n* transition from excited state to ground state [36].

3.8. Copper ion detection by sp-ICPMS

As we discussed previously, the LOD of SPNs-Eu for Cu®" was rela-
tively high (0.29 pM) using the fluorometric method, which could be
used in the scenario requiring quick and low-cost detection with relative
high concentration of Cu?*, such as in environmental monitoring.
However, the sensitivity of the fluorometric merhod could not sartisfy the
requirement of trace analysis of Cu?” in the concentration range of nM
to pM. In order to break through the limitation of the fluoromerric
method, we performed the detection of Cu®* using sp-ICPMS method.
The feasibility experiments have demonstrated that the number of SPNs-
Eu event detected during the sp-ICPMS data collection period (180 s)
was decreased in the presence of Gu" due to the formation of the ag-
gregarion (Fig. 2). Therefore, in order ro build the relationship between
the sp-ICPMS signal with the Cu®t concentration, the aggregation level
was defined as aggregation level ¢ in the following Eq. 1.

Number of SPNs ~ Eu detected after mixed with Cu’' (E)

1
Number of SPNs ~ Eu detected before mixed with Cu®* (£) (1)

p=1

As shown in Fig. 7(a-k), the raw sp-ICPMS profile demonstrated the
individual spikes in a wide range of the concentrations of Cu®*covering
from 0 nM to 1.0 x 10° nM. With the increase of the concentration of
cu®*, the spike number was dramatically decreased. However, we did
not find the obvious enhanced spike intensity, which was supposed to be
appeared with the aggregated nanoparticles. We believed thar the
reason might be the sedimenrt of the aggregated nanoparticles which did
not enter the sp-ICPMS system. We plotted the aggregation level with
the concentration of Cu?* (Fig. 8). The results showed a linear range of
1073 to 10* nM of Cu®". The regression equation was fitted as ¢ =
0.08327Log[Cu”'] + 0.3289 for Cu®" with a correlation coefficient of
0.9944 (Inset of Fig. 8). The LOD for Cu®" was calculated to be 0.42 pM
based on the slope of rhe equation (30/s), where ¢ was the standard
deviation of three blank ¢ value, and s was the slope of the calibration
curve. In conclusion, the sp-ICPMS readout showed a broad linear range
and an ultra low LOD for Cu®" detection.

3.9. Selectivity of SPNs-Eu by sp-ICPMS

The selectivity of the SPNs-Eu probe for Cu®* was also studied using
the sp-ICPMS method. A series of metal ions was evaluated including
co?t, et Fe?t, pb?t, Mg?t, cd?t, agh, zn?t, AP, Mn?t, and cu?t ar
a concentration of 1 pM. The results were shown in Fig. 9. Compared
with other monovalent, bivalent and trivalent metal ions, the aggrega-
tion level (¢) of SPNs-Eu in the presence of Cu® was the highest,
indicating the outstanding selectivity of this method for Cu®* detection
over other metal ions.

3.10. Analysis of the spiked samples

To test the applicability of SPNs-Eu for Cu®" detection, river water
samples were spiked with two different levels of Cu®* (10 pM and 100
nM), followed by detecting both fluorescence signal and sp-ICPMS
signal. The high concentration of 10 pM was in the middle of the
linear range with fluorometric analysis while nearly out of sp-ICPMS



X. Liu et al.

detection range. In contrast, 100 nM was in the linear range of sp-ICPMS
analysis and on the lower end of the linear range of fluorometric
method. We supposed to observe the difference in these two concen-
trations of Cu®* with two different readouts. The spike recovery results
from these two readouts are shown in Table 2. The standard traditional
ICP-MS method was used as a control. Both the fluorometric method and
sp-ICPMS merthods showed recoveries ranged from 103 % to 115 %,
indicating that these two readouts would be applicable to the detecrion
of with different concentrations and scenarios.

4. Conclusions

In conclusion, we have developed a two-readouts nanoprobe for
Cu’* detection by SPNs-Eu. The strong chelating interactions between
carboxylic groups and Cu®* induced the aggregation of SPNs-Eu, which
induced the fluorescence quenching and reduced spike numbers in sp-
ICPMS profile. This two-readouts nanoprobe could sarisfy the re-
quirements for the detection of Cu®* in an extremely large range from
pM to pM using different readout. Fluorometric method would provide a
cost-effective and rapid detection scheme, while sp-ICPMS method
would provide a ultras-sensitive and broad linear range detection ca-
pacity for Cu?" monitoring. The LODs with fluorometric and sp-ICPMS
methods were 0.29 uM and 0.42 pM, respectively. Finally, the SPNs-
Eu was also successfully applied for Cu?* detecrion in river warter,
demonstrating its applicability for real-sample analysis.
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