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Abstract

Amine-functionalized silicon nanoparticles (A-SiNPs) with intense green fluorescence and photostability are synthesized via a
one-step, low-cost hydrothermal method under mild conditions using 3-aminopropyl triethoxysilane (APTES) as a silicon source
and L-ascorbic acid (AA) as a reducing reagent. The amine-rich surface not only improves water dispersability and stability of the
A-SiNPs but also offers a specific copper(Il) ion (Cu®*) coordination capability. The as-prepared A-SiNPs can be directly
employed for Cu®* detection in “turn-off” mode, resulting from Cu®* coordination-induced fluorescence quenching effect.
Under optimal conditions, Cu®* detection was accomplished with a linear range from 1 to 500 uM and a limit of detection
(LOD) at 0.1 uM, which was much lower than the maximum level (~20 uM) of Cu®* in drinking water permitted by the US
Environmental Protection Agency (EPA). In addition, the A-SiNPs were successfully used to detect Cu”* in spiked river water,
demonstrating its good selectivity and potential application for analysis of surface water samples.

Keywords Amine-functionalized silicon nanoparticles - Cu** detection - Fluorescence quenchingeffect - Environmentmonitoring

Introduction

Cu** is a kind of essential trace element, which plays an impor-
tant role in various biological processes [1, 2]. Cu** in water or
soil can be directly ingested by human beings or indirectly
taken through the food chain. However, over-accumulation of
Cu** in human body resulted from high level of Cu** exposure
can cause serious physiological damage and various disorders.
It has been reported that many neurological diseases such as
Alzheimer’s and Wilson’s disease are related to the toxicity of
copper. Cu>" has been listed as a priority pollutant by the US
Environmental Protection Agency (EPA) [3]. Elevated
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concentration of Cu”* is often found in environment or food
due to the wide use of copper in industry, thus resulting in
serious and worldwide Cu** pollution [4]. Therefore, Cu**
identification and detection is of great importance to monitor
and prevent from its pollution.

Currently, Cu** is mainly determined by atomic absorption
spectroscopy (AAS), atomic emission spectrometry (AES), and
inductively coupled plasma mass spectrometry (ICP-MS) [5-7].
Although these spectral analysis and mass spectrometry analysis
offer high sensitivity and good specificity, those techniques require
large and expensive instruments and the detection processes are
very time-consuming. It is highly desirable for a simple, reliable,
and sensitive method for Cu®* detection that does not require
advanced instruments and experienced professionals. With the
explosive development of nanoscience and nanotechnology, more
and more nanomaterials have been designed, synthesized, and
applied in bio/chemical sensing. ZnS and manganese-doped ZnS
quantum dots are utilized as highly selective fluorescent probes for
determination of cyanid [8] and sulfur ions [9]. High luminescent
carbon dots have been applied as optical probe for Cu?* and Cr®*
detection [10]. In addition, sequential sensing of Cu®*, pyrophos-
phate, and alkaline phosphatase activity was realized with fluores-
cent upconversion nanoparticle as an optical probe [11].

Silicon nanoparticles (SiNPs), an alternative fluorescent
probe, have attracted broad attention in chemical and biological
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research fields owing to its intrinsic advantages, such as low cost,
intense fluorescence, low toxicity, good photostability, and water
dispersibility [12, 13]. Water-dispersible SiNPs have been pre-
pared via a variety of methods including microwave irradiation,
UV irradiation, hydrothermal reaction, and chemical/
electrochemical etching treatment [14—16]. Among of them,
one-step synthesis of water-dispersible SiNPs under mild condi-
tion is the most attractive approach. Heparin sensing and cell
imaging have been successfully accomplished using the one-
step synthesized amine-functionalized SiNPs (A-SiNP) as an
optical probe [17, 18]. Inspired by these works, we synthesized
amine-functionalized SiNPs via the one-step green method and
directly applied for fluorescent Cu®* determination for the first
time, eliminating any surface modification with bio-chemical
recognition ligands. In this design, Cu”* is recognized by the
amine group on A-SiNP surface through the specific amine-
Cu** chelation. A Cu®* can coordinate with four amine groups
on a same or different A-SiNPs, forming a Cu®*-amine complex
at a ratio of 1:4 (Fig. 1). The chelation complex formed on A-
SiNP surface results in fluorescence quenching by the capture of
excited carriers and the interruption of the radiative recombina-
tion process [19, 20]. The simple synthesis and surface
modification-free merits of the A-SiNPs overcome the challenges
faced by the reported nanomaterial-based Cu®* sensor.

Experimental
Chemicals and reagents
Cu (NO3)2'3H20, AgNO:;, Ba (NO3)2, Zn (N03)2'6H20, Mg

(NO3),6H,0, Ca (NOs),'4H,0, Al (NO3)3°9H,0, Fe (NO3);-
9H20, MHSO4‘4H20, Co (NO3)2'6H20, Cr (NO3)3‘9H20, Hg

o’
e
*:;. @

(NOs),-2H,0, Cd (NO3),4H,0O, NaCl, ascorbic acid (AA),
and 3-aminopropyl triethoxysilane (APTES) were purchased
from Sigma-Aldrich (Shanghai, China). All of these reagents
are of analytical grade and used as received without further
purification. Deionized (DI, 18 M(2) water used in all exper-
iments is produced by a water purification system (Q-Grad®1,
Millipore).

Synthesis of A-SiNPs

A-SiNPs were synthesized with a one-step hydrothermal
method using APTES as a silicon source and AA as a reduc-
ing reagent (Fig. 1) [18]. Specifically, 1.0 mL of APTES was
mixed with 4.0 mL DI water under magnetic stirring. 1.25 mL
of 0.1 M AA was then injected into the above mixture, fol-
lowing by stirring for 10 min. Finally, the total mixture was
incubated under 40 °C for 5 h in a water bath. Continuous
magnetic stirring was applied throughout the incubation pro-
cess. The resultant A-SiNPs were purified through a dialysis
procedure to remove the residual APTES and AA, which
could affect the follow-up experiments.

A-SiNP characterization

Excitation and emission spectrum of the prepared A-SiNPs
was recorded with a fluorescence spectrometer (Shimadzu,
RF-5301PC). Fourier transform infrared (FT-IR) spectra were
examined by an FT-IR spectrophotometer (Thermo-Fisher,
Nicolet 6700). Ultraviolet-visible (UV-vis) absorption spectra
were collected by Shimadzu UV-2550 spectrophotometer.
Size and shape of the A-SiNPs were characterized using a
transmission electron microscopy (TEM) (JEOL, JEM-2100)
with an accelerating voltage of 200 kV. Photostability of the

Fig. 1 Schematic illustration of one-step synthesis strategy of A-SiNPs and Cu®* detection
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prepared A-SiNPs was evaluated under UV irradiation
(365 nm). Specifically, 1 mL of the A-SiNP solution in a
quartz cuvette was put into a UV analyzer (365 nm, 24W,
ZF-20D), where the sample was exposed to UV for 0.5-3 h.
The sample was taken out at every half an hour for recording
its emission spectrum. A spectrum from the sample without
exposure to UV was recorded as a negative control.

Selectivity of the A-SiNP-based Cu®* detection
under different pH

Selectivity of the A-SiNP-based Cu?* detection was first eval-
uated by testing the signal response to different metal ions
including Cu®*, Ag*, Ba**, Zn®*, Mg**, Ca®*, AI’*, Fe’*,
Mn?*, Co?*, Cr’*, Hg”*, and Cd**. Since Hg”* have a signif-
icant influence on the experimental results, C1~ with no effect
on Cu®* detection is introduced to mask its interference. A
given amount of A-SiNPs was added into the above metal
ion solutions, respectively, resulting in a final concentration
at 100 uM. The pH effect on the signal response was also
investigated under pH 4.0, 5.0, and 6.0. Under a given pH
value, two spectra were recorded from the buffer solutions
with and without each testing metal ion, respectively. The
signal response is calculated by F) — F, where F|, is the fluo-
rescence intensity observed from the negative control (without
metal ions) and F is the intensity from the sample with metal
ions.

A-SiNP-based fluorescent detection of Cu®*

A given amount of A-SiNPs was mixed with different levels
of Cu®*, resulting in final Cu®* concentrations at 0.01, 0.05,
0.1, 0.5, 1, 5, 10, 50, 100, and 500 uM. Subsequently, the
mixtures were incubated for 30 min at room temperature to
allow the coordination between amine at the surface of A-
SiNPs and Cu®*. The dilution buffer containing same level
of A-SiNPs was applied as a negative control. A series of
emission spectra were recorded under excitation at 370 nm
from the above mixtures. Slit width of 5 nm was chosen for
both excitation and emission.

Results and discussion
Characterization of the synthesized A-SiNPs

Excitation (a curve) and emission (b curve) spectra of A-
SiNPs are shown in Fig. 2a, where a strong excitation peak
at 370 nm and a strong PL emission peak at 480 nm are
observed, shows that broad absorption in the wavelength re-
gion <400 nm is observed from UV-vis spectrum (Fig. 2a, ¢
curve). The insert is an optical picture of the A-SiNPs under
365 nm UV illumination. The observed blue-green color is in

good agreement with the emission spectrum with a peak at
around 480 nm. The luminescent properties of the A-SiNPs
mainly result from quantum confinement of excitons [21] and
defect states [22]. When excited by energy higher than its
band gap, electrons are excited from the ground state to the
excited state, and photons are generated due to the radiative
recombination process. In the A-SiNP nanocrystal, the
electron-hole recombination rate increases due to the in-
creased overlap of the electron and hole wave functions con-
fined in the nanodot, while the nonradiative recombination
rate is reduced at the same time, thus resulting in enhanced
fluorescence emission. In addition, defect states at interface or
in the nanocrystal also play a critical role in A-SiNP emission
[16]. These defect states mainly come from incomplete
hydrolization of APTES, the low crystallinity of silicon core,
and the doping of impurities.

Size and morphology of the as-prepared A-SiNPs was first
characterized by TEM. As shown in Fig. 2b, the synthesized
A-SiNPs are monodispersed particles with reasonably uni-
form size and spherical shape. Based on statistical analysis,
average diameter of the A-SiNPs is around 13.7 nm.
Elemental analysis of the A-SiNPs was carried out using
energy-dispersive X-ray (EDX) spectroscopy. Figure 2¢
shows that Si, C, N, H, and O elements are observed from
the synthesized A-SiNPs. Zeta potential, which is closely re-
lated to surface charge of the nanoparticles in a liquid solution,
of the prepared SiNPs is measured with Nano-ZS Zetasizer
ZEN 3600 (Malvern Instruments Ltd., UK). A positive zeta
potential + 15.4 mV is observed from the A-SiNPs, indicating
that positive charges present on their surface. It is obviously
attributed to the amine groups coming from APTES. An FT-
IR spectrum was recorded from the synthesized SiNP to de-
termine functional groups on its surface (Fig. 2d). The broad
feature between 3000 and 3500 cm ™" should be assigned to
the —OH stretching. The bands at 2870 and 2920 cm ' are
attributed to the stretching vibrations of CH,. The sharp ab-
sorbance peak at 1000-1200 cm ™' corresponds to the vibra-
tional stretch of Si—O—-Si bonding. The strong bands at 1565
and 1632 cm™ are assigned to asymmetric and symmetric
bending of the primary amine (-NH,), confirming the pres-
ence of amine group on the synthesized A-SiNPs.

Effect of different parameters on A-SiNP fluorescence

The water-dispersible A-SiNPs were synthesized through a
facile one-step hydrothermal method with APTES as a pre-
cursor, which was reduced by the reducing agent AA. At a
given concentration of APTES and AA, the incubation time
plays a very important role in the synthesis. We synthesized
six batches of A-SiNPs by varying the incubation time from
0.5 to 5 h. With the prolongation of incubation time, the solu-
tion color changes from pink to red to orange as shown in
Fig. 3a, while the fluorescence intensity increases gradually
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Fig. 2 a Fluorescent

excitation/emission spectra (a/b
curve) and UV-vis absorption(c
curve) of the A-Si NPs. Insert:
optical picture of the A-SiNP
suspension under 365 nm illumi-
nation. b TEM image of the A-
SiNPs. ¢ EDX pattern of the A-
SiNPs. d FT-IR spectra of the A-
SiNPs
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and the highest intensity is observed at 5 h. Theoretically, the
incubation time is closely related to the reaction efficiency.
Under continuous stirring, more and more A-SiNPs are pro-
duced in the solution with the prolongation of incubation time,
thus resulting in the color become deeper and deeper. In addi-
tion, size and shape of the synthesized A-SiNPs become more
and more uniform with the increase of reaction time, indicat-
ing that crystallization of the A-SiNPs is improved. The time-
dependent increase of fluorescence intensity is apparently as-
cribed to the gradual accumulation and the improved crystal-
lization of A-SiNPs. As shown in Fig. 3b, with the increase of
excitation wavelength from 370 to 450 nm, the fluorescence
intensity of the A-SiNPs gradually decreases, and at the same
time, a red shift of the emission peaks is clearly observed.
Based on above results, 370 nm is considered as the optimal
excitation [23, 24]. Thus, excitation at 370 nm is chosen in the

1:0 125 2.0 2.5 3.0 500 10’00 15‘00 20’00 25’00 30‘00 35’00 4000

Energy(keV) ‘Wavenumber cm’)

following experiments. Photostability of the synthesized A-
SiNPs was investigated by UV irradiation for a given time
from 0.5 to 3 h. Although the fluorescence intensity decreases
gradually with the increase of irradiation time, more than 60%
of the original signal intensity still remains after 3 h UV irra-
diation (Fig. 3¢), indicating its reasonably good photostability.

In order to explore the effect of buffer acidity on the A-
SiNP emission, diluted hydrochloric acid was applied to ad-
just pH of the A-SiNP solution. A series of pH values ranging
from 2.0 to 10.0 was achieved. Then fluorescence spectra and
signal intensities were recorded from the above samples via
fluorescence spectrometer and microplate reader. Figure 4a
shows that peak values of the emission recorded by the fluo-
rescence spectrometer increase first and then decrease with pH
increment from 2.0 to 10.0. The highest signal intensity is
observed at pH 6.0. Similar results are achieved by use of
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Fig. 3 a Fluorescence spectra recorded from the A-SiNP solutions ob-
tained at 0.5, 1, 2, 3, 4, and 5 h incubation. Insert: optical image of the
resulted A-SiNP solution. From left to right, the incubation time is 0.5, 1,
2, 3,4, and 5 h. b Emission spectra of the A-SiNPs observed under
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Fig. 4 pH-dependent fluorescence emission from A-SiNPs. After stirring
for 5 h at 40 °C, fluorescence emissions are measured from the obtained
samples under pH 2.0, 4.0, 6.0, 8.0, and 10.0. pH-dependent fluorescence

microplate reader (Fig. 4b), further confirming the pH effect
on A-SiNP fluorescence properties. This phenomenon is prob-
ably ascribed to the different protonation ratio of amine group
at various pH. The lower solution pH is, the higher lever
protonation of amine group is resulted, leading to decrease
of fluorescence emission. However, the protonation ratio of
surface amine group decreases gradually with further increase
of solution pH (pH > 6.0). In this case, net surface charge
could be reduced due to the low protonation ratio, resulting
in possible A-SiNP aggregation and poor fluorescence emis-
sion. Therefore, the highest fluorescence emission is observed
from A-SiNP solution with a pH 6.0 [25].

Selectivity of A-SiNP-based Cu** detection

Anti-interference capability is one of the most important per-
formances of chemo/biosensors. In this case, pH not only
affects fluorescence emission of the A-SiNPs, as discussed
in the “Effect of different parameters on A-SiNP fluores-
cence” section, but also influences the chelation ability of
amine group to metal ions. Amine groups are unable to form
complex with Cu** under pH < 3.0 because of the over pro-
tonation, while Cu* is unstable in alkaline solutions (pH >
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b
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intensity of A-SiNPs excited at 380 nm is recorded by a fluorescence

spectrometer (a) with detection range of 0—1000 and by a microplate
reader (b) with detection range of 0—55000

7.0) due to its hydrolysis. As we know, Ksp[Cu (OH),] is 2 x
107"°, when the pH value is 6.0, the Oc value (solubility
products) of Cu®* at 100 uM is 1 x 102, Oc < Ksp.
Therefore, the precipitation of Cu?* is not possible at concen-
tration of 100 1M under pH 6.0. To explore the best pH value
in Cu** detection, interference from various metal ions includ-
ing Ag*, Ba®*, Zn**, Mg**, Ca®*, AI’*, Fe’*, Mn**, Co**,
Cr’*, Hg”*, and Cd** was investigated under pH 4.0-6.0.
Figure 4 shows that Cu”* results in the highest quenching
effect of the A-SiNPs over other metal ions under all pH
values from 4.0 to 6.0. An obvious response to Hg>* is also
observed from the sensing platform. In order to inhibit the
interference form Hg?*, CI~ with no effect on Cu®* detection
was introduced to the sensing system to mask Hg>*. As shown
in Fig. 5, only a negligible response is observed from Hg** in
the group treated with Cl™ in comparison to the test without
CI". The result indicates that Hg”* interference is efficiently
masked by the introduction of CI". Although HgCl, is soluble
in water, a chelation complex [HgCl,]*~ can be formed in the
presence of abundant Cl™ [26], resulting in significant de-
crease of free Hg2+ level in the detection system. Therefore,
the Cl -induced making effect is apparently attributed to the
formation of [HgCl4]*". The change percentage in the signal
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Fig. 5 Different metal ion-induced quenching effect of A-SiNPs under pH 4.0 (a), 5.0 (b), and 6.0 (c). The concentration of all metal ions is 100 uM
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Fig. 6 a Emission spectra of A-SiNPs in presence of Cu®* with concen-
trations at 0.01, 0.05,0.1,0.5, 1, 5, 10, 50, 100, and 500 uM. b The plot of
Fy— F at 480 nm against Cu?* concentrations at 0.01,0.05,0.1,0.5,1,5,

intensity for these interfering metal ions has been presented in
Table S1 in the Electronic Supplementary Material (ESM).
Taking into account of pH effect, the lowest interference is
observed from the metal ions Ag*, Ba®*, Zn**, Mg**, Ca®*,
AP*, Fe’*, Mn**, Co**, Cr’*, and Cd** under pH 6.0 (Fig.
5c), which is chosen as an optimal condition in following
experiments.

A-SiNP-based Cu?®* detection in lab buffer

In order to investigate performance of the developed sensing
strategy, Cu®* with concentrations ranging from 0 to 500 uM
is analyzed by use the SiNPs as an optical probe under the
optimal condition. As shown in Fig. 6a, fluorescence intensity
of the A-SiNPs gradually decreases with the increase of Cu**
concentration. The quenching effect is ascribed to the inner
filter effect of Cu**-amine complexes formed at the surface of
the A-SiNPs which absorbs both excitation at 370 nm and
emission light of the A-SiNPs at 480 nm [27]. The quenching
effect is described with Fy — F, where F is the fluorescence
intensity recorded from the control sample and F is the inten-
sity observed from the testing samples. Figure 6b shows a

10, 50, 100, and 500 uM. Insert: the plot of ¥y — F" at 480 nm against cu**
concentrations at 1, 5, 10, 50, 100, and 500 uM

dose-dependent curve plotted with ) — F as a function of
Cu”* concentration in the range from 0.1 to 500 (M.

A very good linear relationship (R* = 0.998) is achieved in
the range from 1 to 500 pM (Fig. 6b, insert). An LOD is
determined to be 0.1 puM according to the definition of
Mb + 3Sd, where Mb and Sd is the mean signal and standard
deviation of the negative control, respectively. The LOD is
much lower than the maximum level of Cu®* (~20 uM) in
drinking water permitted by US Environmental Protection
Agency (EPA). In addition, intra-day and inter-day statistical
tests for A-SiNP-based Cu®* detection were carried out re-
spectively to evaluate the sensing reliability. The variations
for both intra-day and inter-day tests are less than 5% (ESM,
Fig. S1), indicating a good reliability of the sensing platform.
In terms of dynamic range and LOD, the proposed method
shows a better performance in comparison with previously
reported works. A detailed comparison is listed in Table 1.

Cu?* detection in river water

Applicability of the A-SiNP-based Cu®* sensing system for
practical application is further validated by accomplishing
Cu®* detection in surface water collected from the Jialing

Table 1 A comparison of the sensing performance between the proposed method and reported ones

Detection method LOD Dynamic range ~ pH Response time  Selectivity Ref.
Atomic absorption spectroscopy 0.102 uM  0.1-20 uM pH=9 60 min Cu*", Hg*", Fe**  [28]
Atomic emission spectrometry 1 uM 1-20 uM pH=4 15 min Cu*, AP, Mn®*  [29]
Inductively coupled plasma mass spectrometry ~ 0.154 pM~ 0.15-4 uM pH=6 30 min Cu*, Pb**, Th*™  [30]
CdSe/ZnS quantum dots 1.1 uyM 1-40 uM pH=55 10 min Cu*t, Hg** [31]
Cyclam-functionalized carbon nanoparticles 0.1 uM 0.14 uM pH=74 5 min Cu?, §* [32]

ZnO nanoparticles 157 uM 10-1000 pM pH=92 30 min Cu?t, Hg** [33]
A-SiNP-based detection 0.1 M 0.1-500 uM pH=6 30 min Cu?t, Hg** This work
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Table 2 Cu”* detection in spiked
river water by the proposed Added Found by proposed method Found by ICP-MS Recovery RSD (n=3)
method and ICP-MS

S1 0 147.41 nM 147 nM 100.21% 0.53%

S2 50 uM 50.94 uM 50.26 uM 101.35% 1.47%

S3 200 uM 203.21 uM 204.42 uM 99.42% 1.68%

River (Chongqing, China). The standard addition method is
applied in this experiment. To avoid the interference from
particulate matters or impurities, the river water is first filtered
through a 0.22-uM membrane and then centrifuged for 20 min
at 13000 rpm. The effect of filtration and centrifugation on the
final results was evaluated by detection of Cu?* in treated and
non-treated river water. Negligible effect was observed from
the treatment (ESM, Fig. S2). Three samples including river
water (S1), river water + 50 pM Cu?* (S2), and river water +

200 uM Cu?* (S3) were then measured by the proposed meth-
od and the well-known ICP-MS. Experimental results are pre-
sented in Table 2. Recoveries of 99.42—101.35% and RSD of
0.53-1.68% are achieved from these measurements (Table 2),
demonstrating that the proposed method is applicable for Cu**
detection in real water samples.

Conclusions

In conclusion, a sensitive and selective determination of Cu**
is accomplished based on fluorescent A-SiNPs, which are
synthesized by a green, low-cost, and one-pot method under
mild condition. The A-SiNPs demonstrate good water
dispersibility, intense fluorescence, and high photostability.
Cu”*-induced selective quenching phenomenon is observed
due to the filter effect from Cu®*-amine complexes formed
at the surface of A-SiNPs, providing a new and reliable optical
probe for fluorimetric Cu** sensing in aqueous media. Under
optimal condition, a dynamic range from 1 to 500 uM and an
LOD at 0.1 uM is determined, respectively. Furthermore, a
real water sample from the Jialing River is successfully ana-
lyzed using the developed fluorescent A-SiNP probe, demon-
strating its great potential for practical applications.
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