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In this work, copper nanoclusters (CuNCs), in which cysteine served as both a reducing agent and a protection
ligand, were synthesized, and impregnated into a nanogel of glycol chitosan (GC), forming a CuNCs@GC nanocomposite. The stability of CuNCs incorporated into a nanogel was signiﬁcantly improved, while their photoluminescence (PL) intensity of CuNCs@GC could be tuned by controlling the pH of the system. The nanocomposite was used as a platform for the “turn on” detection of Zn2+, making use of the eﬀect of aggregation
induced emission (AIE) enhancement. By adjusting the pH of the system to 7.4, the PL of CuNCs@GC was turned
down so as to minimize the background signal. In the presence of Zn2+, the nanoclusters in CuNCs@GC changed
from the dispersed state to the aggregated state, which resulted in an increase of the PL intensity. A linear
response between the PL intensity and the concentration of Zn2+, in the range from 1.5 μM to 750 μM, was
obtained, achieving a detection limit of 1.0 μM. Furthermore, the CuNCs@GC nanocomposite was found to be
applicable to live cell imaging, owing to the high biocompatibility and protective eﬀects of GC.

1. Introduction
Zinc ions (Zn2+) are one of the trace elements that are essential to
human health. They have been implicated in several biological processes, from growth and development to neurotransmission. The
National Research Council of the US National Academy of Sciences has
enacted a dietary guideline for zinc intake, since a deﬁciency of Zn2+
may hamper immune functions, retard the wound healing process, and
delay growth and development [1,2]. Moreover, maintaining the
normal level of Zn2+ can help to sustain proper functions of the brain
and is therapeutic to patents showing depressive symptoms [3,4].
Therefore, it is important to establish a rapid, sensitive and selective
method for the detection of Zn2+. Some traditional methods, including
ﬂame atomic absorption spectrometry [5], inductively coupled plasma

atomic emission spectroscopy [6], ultraviolet-visible (UV–vis) spectrophotometry [7], high performance liquid chromatography [8], electrochemical sensors [9], and atomic absorption spectroscopy [10], have
been used to detect Zn2+, but they often require tedious sample pretreatment and a series of expensive instruments. Importantly, many of
these methods cannot be directly applied to detect Zn2+ in living cells.
Photoluminescence (PL) based methods provide a promising alternative
because of their high sensitivity, simplicity, high selectivity, and short
detection time. As far as a typical PL detection method is concerned, the
most important part is the luminescent probe, which should ideally be
highly biocompatible, oﬀer high PL quantum yield (QY), and low
background signals [11–13].
Metal nanoclusters have recently emerged as luminescent materials,
which not only are small in size and photostable but also possess a large
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Scheme 1. Schematics showing formation of the CuNCs@GC nanocomposite, and the detection principle of Zn ions.
Fig. 1. TEM images of (A) CuNCs and (B)
CuNCs@GC (1 mg/mL). (C) The diameter distribution of the CuNCs and CuNCs@GC (1 mg/
mL). (D) Survey XPS spectrum of CuNCs@GC.
Inset: XPS spectra of Cu2p electrons in CuNCs
(black line) and CuNCs@GC (red line), the blue
dash line represents the binding energy of Cu
(II).(For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)

detection, which result in a poor detection sensitivity.
To tackle these issues, in this work, stable CuNCs were synthesized
by impregnating cysteine (Cys) protected CuNCs into the nanogel of
glycol chitosan (GC) to form the CuNCs@GC nanocomposite (Scheme
1). Compared with the bare CuNCs, a 3-fold enhancement on the PL
intensity was observed for CuNCs@GC, which emitted intense orange
light under UV excitation. The stability improvement for CuNCs was
attributed to the protective eﬀect of GC against oxidizing species. In
addition, the PL intensity of CuNCs@GC could be adjusted by controlling the pH of the system. A rather weak PL was obtained after adjusting
the pH to 7.4, which could be greatly enhanced after the addition of a
trace amount of Zn2+. Based on this concept, a sensitive Zn2+ detection
method was proposed, and a linear response between the PL intensity of
CuNCs@GC and the concentration of Zn2+, in the range from 1.5 μM to
750 μM, was obtained, with the detection limit being 1.0 μM. The

Stokes shift and a reasonably strong PL [14–16]. Compared with those
extensively reported precious metal (Au, Ag)-based nanoclusters, Cu
nanoclusters (CuNCs) are cheap to produce from the earth-abundant
precursors, low-toxic, and can be easily surface-functionalized by a
variety of diﬀerent ligands, including DNA, amino acids, peptides and
thiols [17–21]. Another attractive property of CuNCs is their aggregation induced emission (AIE), the phenomenon which has been ﬁrst
discovered in organic compounds by Tang’s group in 2001 and later on
reported for metal NCs [22–24]. In particular CuNCs with thiol-containing ligands show pronounced AIE properties, which may provide a
powerful tool for analytical chemistry [25–28]. Zhao’s group has used
glutathione capped CuNCs for detecting Zn2+ and also for imaging
Zn2+ in living cells [29]. However, the poor stability of CuNCs has
severely limited their applications in vivo and in living cell detection. In
addition, the PL of CuNCs may appear as background signals during
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Fig. 2. (A) UV–vis absorption spectra of Cys
(blue line), CuNCs (black line) and CuNCs@GC
(red line). (B) FT-IR spectra of Cys (a), CuNCs
(b)
and
CuNCs@GC
(c).
(C)
PLE
red
line)
and
PL
(λem = 605 nm,
(λex = 405 nm, red line) spectra of CuNCs, and
PLE (λem = 615 nm, black line) and PL
(λex = 387 nm, black line) spectra of
CuNCs@GC. Inset: photographs of CuNCs (left)
and CuNCs@GC (right) aqueous solutions
under 365 nm UV irradiation. (D) Change of
the PL intensity of CuNCs (black dots) and
CuNCs@GC (red dots) with pH = 5 kept under
daylight for 12 h. (For interpretation of the
references to colour in this ﬁgure legend, the
reader is referred to the web version of this
article.)

proposed method was further adapted to detect Zn2+ in living cells, and
beneﬁted from high stability, low toxicity and high biocompatibility of
CuNCs@GC.

redissolved into 5 mL ultrapure water and then kept at 4 °C for further
use.
2.4. Fabrication of CuNCs@GC

2. Experimental section
High concentrated GC solution was prepared by dissolving 50 mg
GC into 10 mL of water under water-bath heating for 15 min, and then
diluted to diﬀerent concentration with ultrapure water after cooling to
room temperature. Next, 0.1210 g Cys was added into 2.5 mL of different concentration of GC solution under ultrasonic treatment, followed by mixing 2.5 mL of CuSO4 aqueous solution (40 mM). The
mixture was kept for 30 min under gentle stirring, and developed an
orange-red emission under irradiation of UV light. In the same way, the
obtained mixture was washed with ultrapure water and centrifuged
three times at 6000 rpm for 5 min, and the ﬁnal precipitate was redissolved into 5 mL ultrapure water and then kept at 4 °C for further use.

2.1. Reagents
Cys, L-glutathione (GSH), dopamine (DA), uric acid (UA), L-ascorbic
acid (AA), chitosan, and GC were purchased from Sigma-Aldrich.
Glucose monohydrate, lactate, and CuSO4·5H2O, NaOH were obtained
from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). Amino
acids (glycine, alanine, phenylalanine, valine, histidine, etc.) were obtained from Aladdin Chemistry Co., Ltd (Shanghai, China).
2.2. Instruments

2.5. Procedure for in vitro Zn2+ detection

Transmission electron microscopy (TEM) images were obtained on a
JEM-2010 TEM (200 kV). X-ray photoelectron spectroscopy (XPS) data
were collected on a Thermo ESCALAB 250XI (USA). UV–vis absorption
spectra were recorded on a 2450 UV–vis spectrometer (Shimadzu,
Japan). Fourier transform infrared (FT-IR) spectra were recorded on a
Nicolet 5700 FT-IR spectrometer (USA). A ﬂuorescence spectrophotometer (Cary Eclipse, Varian) was used to collect PL spectra.
Dynamic light scattering (DLS) and Zeta potential analysis were carried
out on a Zetasizer Nano-ZS90 (Malvern). The humidiﬁed incubator
(Thermo Scientiﬁc 3111) was used for culturing cells.

The pH of CuNCs and CuNCs@GC was adjusted to 7.4 using NaOH
solution (1 M), respectively. Then, 200 μL of Zn2+ solution with different concentrations was added into 400 μL of CuNCs and CuNCs@GC
aqueous solution, respectively. The mixed solutions were diluted to
1 mL with ultrapure water, before PL measurements.
2.6. Cell toxicity assay
MTT (3-(4,5dimethylthiazolyl)-2,5dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide) assay was used to assess the cytotoxicity of
CuNCs@GC. A549 cells were seeded into a 96-well cell culture plate at
a ﬁnal density of 8000 cells/well. Diﬀerent volumes of as-prepared
CuNCs@GC solution (1, 2.5, 5, 7.5, 10, 15 μL) were added to the wells.
The cells were then incubated for 24 h at 37 °C under 5 % CO2.
Subsequently, MTT was added to each well (ﬁnal concentration of
5 mg mL−1), and the plate was incubated for 4 h at 37 °C under 5 %
CO2. Then, formazan crystals were dissolved in 150 μL of DMSO. The
amount of MTT formazan was quantiﬁed by measuring the absorbance

2.3. Synthesis of CuNCs
CuNCs were synthesized by dissolving 0.0605 g Cys into 5.0 mL of
CuSO4 aqueous solution (20 mM) with ultrasonic treatment, the color of
the solution gradually changed from brown to light yellow in the process. The mixed solution was stirring gently for 10 min, and then
formed the suspension with an orange emission at room temperature.
The obtained suspension was washed with ultrapure water and centrifuged three times at 6000 rpm for 5 min, and the ﬁnal precipitate was
3
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Fig. 3. (A) PL intensity of CuNCs@GC
(pH = 2) as a function of the concentration of
Cys. (B) PL intensity of CuNCs@GC in dependence of the concentration ratio of GC and
Cu2+. (C) PL intensity of CuNCs (blue line) and
CuNCs@GC (red line) as a function of the reaction time. (D) PL intensity of CuNCs (blue
line) and CuNCs@GC (red line) as a function of
the pH value. Inset: photographs of CuNCs (1)
and CuNCs@GC (2) at diﬀerent pH values
(changing from acidic to basic values from left
to right) under 365 nm UV irradiation. The
stability of the CuNCs (E) and CuNCs@GC (F)
in the presence of various concentrations of
NaCl solution. (For interpretation of the references to colour in this ﬁgure legend, the reader
is referred to the web version of this article.)

chitosan that is soluble at neutral pH, to form CuNCs@GC via the
electrostatic interaction, several morphological changes were observed
(Fig. S1). Because the isoelectric point of Cys is 5.05, during nanocomposite fabrication, GC ﬁrst interacted with the negatively charged
Cys resulting in an electrostatic binding. Subsequent addition of aqueous CuSO4 solution led to Cu-S interactions between copper ions and
the pre-formed ionic nanogel for nanocomposite generation. The
amount of GC inﬂuenced the PL intensity of nanocomposites, and the
maximum was observed at the concentration of 1 mg mL−1 (Fig. S2).
CuNCs could be coated incompletely with an insuﬃcient amount of GC
(Fig. S1A), while an excessive amount of GC would cause severely aggregation of polymer itself (Fig. S1C, D) [17]. Therefore, a proper
amount of GC could change the loose aggregation state of CuNCs into
the dense aggregation state, which not only promoted the system stability but also enhanced the PL intensity, forming a self-assembled
structure (Figs. 1B, S1C).
At the same time, the data of dynamic light scattering (DLS) was
recorded to characterize other properties of CuNCs and CuNCs@GC.
Fig. 1C displayed that the average size of CuNCs was around
2.8 ± 0.6 nm, while the average size of CuNCs@GC was increased to
around 102.3 ± 7.9 nm after CuNCs were impregnated into the GC
matrix. The XPS spectrum was used to conﬁrm the composition and

at 570 nm using a microplate reader (Tecan, Austria).
2.7. Living cell imaging
A549 cells were cultured in a medium with 10 % fetal bovine serum
(FBS) and 1 % penicillin/streptomycin (100 units mL−1) at 37 °C in a
humidiﬁed incubator with 5 % CO2 for 24 h. After that, the cells were
washed twice with freshly prepared phosphate buﬀer solution (PBS,
10 mM, pH = 7.4). The cells were then incubated at 37 °C for 2 h in
1 mL of the cell medium (containing 10 μL of CuNCs@GC (5 mg mL−1)
solution) mentioned above. For Zn2+ detection, CuNCs@GC solution
(containing 500 μM of Zn2+) was used instead of pure CuNCs@GC solution. After rinsing ﬁve times by PBS, cell imaging was carried out with
an excitation at 405 nm under a ﬂuorescence microscope system.
3. Results and discussion
3.1. Morphology characterization of CuNCs and CuNCs@GC
The TEM image in Fig. 1A shows that CuNCs were dispersed in
aqueous solution with an uneven and loose state of aggregation. After
impregnated them into GC, which is a biocompatible derivative of
4
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Fig. 4. (A) Zeta potential of CuNCs and
CuNCs@GC at pH = 7.4. PL spectra of CuNCs
(B) and CuNCs@GC (C) after adding Zn2+ in
the concentration range of 100 μM–10 mM and
0.1 μM–750 μM, respectively. (D) Linear relationships between the PL intensity diﬀerence
and various concentrations of Zn2+ for CuNCs
(a) and CuNCs@GC (b).

consecutively exposed to UV irradiation and daylight for diﬀerent
times. Fig. 2D shows that the photostability of CuNCs@GC was indeed
superior to pure CuNCs after exposure to sunlight for 12 h, as well as to
UV irradiation for 2 h (Fig. S5). Considering that the O2 might aﬀect the
stability of CuNCs and CuNCs@GC, the prepared CuNCs@GC and
CuNCs solution were respectively exposed to N2 for 5 min to remove O2,
and then the changes of ﬂuorescence were recorded every two hours.
Fig. S6 showed that the stability of the CuNCs was better in the absence
or the low level of O2, however, this had little eﬀect on the CuNCs@GC,
which was attributed to the protective eﬀect of GC against oxidizing
species.

valence state of elements in CuNCs and CuNCs@GC. C, O, N, S, and Cu
were observed in CuNCs@GC (Fig. 1D), as well as in CuNCs (Fig. S3A),
indicating that the addition of the GC nanogel did not induce change of
elements in the CuNCs@GC system. Inset of Fig. 1D showed that the
peaks at 932.4 and 952.5 eV were attributed to Cu2p3/2 and Cu2p1/2 of
Cu(0), respectively, and there was no satellite peak at 943.7 eV, indicating that Cu(II) was almost absent in the system [30]. It should be
noted that counts of Cu2p had a diﬀerence of 1 mg mL−1 between
CuNCs (black line) and CuNCs@GC (red line). This may be related to
the electrostatic interaction of CuNCs with GC [22]. As shown in Fig.
S3B, with an increasing concentration of GC, the counts of Cu2p were
decreased. It was reported that binding energies of Cu(0) and Cu(I)
diﬀer by 0.1 eV approximately, therefore, the valence of Cu in the
product was most likely between 0 and +1 [23].
Fig. 2A displays the UV–vis absorption spectra of CuNCs (black line)
and CuNCs@GC (red line). Both of them showed a wide absorption
band at 284 nm. However, pure Cys (blue line) had no characteristic
absorption band in 200–300 nm, indicating that Cu2+ could catalyze
autoxidation of Cys to form the Cu(I)-Cys complex [31]. The FT-IR
spectra were used for molecular structure analysis and identiﬁcation. As
shown in Fig. 2B, the characteristic peak at 2525 cm−1, which was from
the SeH stretching vibration mode of free Cys, disappeared in the
CuNCs (b) and CuNCs@GC (c), suggesting that the Cys as stabilizing
ligands was modiﬁed on the CuNCs surfaces through CueS bonding
[32].
As shown in Fig. 2C, the excitation and emission of CuNCs (red line)
were peaked at 405 nm and 605 nm respectively, while CuNCs@GC
(black line) showed a strong emission peak at 615 nm under excitation
at 387 nm, indicating that CuNCs embedded in GC not only had a large
Stokes shift but were also easier to be excited. Moreover, wrapped GC
could protect CuNCs from unwanted relaxation, so that CuNCs@GC
emitted saﬀron yellow light rather than yellow PL under UV irradiation
at 365 nm, as shown in the inset of Fig. 2C. PL spectra of CuNCs@GC
exhibited diﬀerent intensities with no signiﬁcant peak shift under the
excitation wavelength of 310–410 nm in Fig. S4. This indicated that
CuNCs@GC obeyed the Kasha-Vavilov rule of excitation independent
emission [33]. In order to further clarify the superiority of CuNCs after
the incorporation of the GC nanogel, CuNCs and CuNCs@GC were

3.2. Optimization of experimental conditions of the formation of
CuNCs@GC composite
The concentration of Cys, the molar ratio of GC to Cu2+, the type of
nanogels, the reaction time, and the pH of the system were considered
and controlled in this work. As shown in Fig. 3, the optimal synthetic
conditions for the formation of CuNCs@GC were achieved by reacting
100 mM Cys, 1 mg mL−1 GC and 20 mM Cu2+ (molar ratio of GC to
Cu2+ of 5:1) for 5 h. Interestingly, the ﬂuorescence intensity of CuNCs
and CuNCs@GC was diﬀerent under diﬀerent pH value, Fig. 3D displayed that there was no ﬂuorescence signal was generated from the
system when the pH value of the CuNCs and CuNCs@GC solution kept
in the range 7.0–14.0, while they exhibited a strong ﬂuorescence when
the pH was in the acidic range. We ﬁrstly investigated the stability of
GC and chitosan under full range of pH values (Fig. S7). Compared with
GC solution, the chitosan solution turned into a white ﬂocculent suspension under alkaline pH, because chitosan is insoluble in water under
alkaline conditions [14]. It is assumed that the main force for the formation of the CuNCs@GC nanocomposite under acidic conditions was
came from the strong electrostatic interaction between GC polymer and
ligands of Cu-S complexes, and the reason for the strong electrostatic
interaction is that most of the amine groups of GC are protonated under
this conditions. When the pH increased to alkaline conditions, it has
been reported that the amine groups of GC are fully deprotonated, and
the CuNCs was existed in CuNCs@GC solution with the dispersed state,
resulting in the photoluminescence was disappeared. Therefore, the
5

Sensors & Actuators: B. Chemical 307 (2020) 127626

X. Gao, et al.

Fig. 5. (A, C, E) Selectivity and (B, D, E)
interference of CuNCs@GC toward different physiological substances. (A)
Selectivity of metal ions against Zn2+
(30 μM), and (B) competition experiments in the presence of Zn2+ (30 μM)
with the coexistence of interfering ions:
Zn2+, K+, Na+, Mg2+, Ca2+, Fe3+,
Cu2+, Cr3+, Mn2+, Ni2+, Al3+. The
concentrations of ions are 300 μM, except for Ar3+ (which is 30 μM) and K+,
Na+, Mg2+, Ca2+ (which are 1.5 mM).
(C) Selectivity of amino acids against
Zn2+ (30 μM), and (D) competition experiments in the presence of Zn2+
(30 μM) with the coexistence of interferences: 1 Zn2+, 2 glycine, 3 alanine, 4
phenylalanine, 5 valine, 6 histidine, 7
isoleucine, 8 arginine, 9 aspartic acid, 10
proline, 11 serine, 12 leucine, 13 tyrosinase, 14 tryptophan, 15 threonine, 16
asparagine, 17 glutamic and 18 methionine. The concentrations of all amino
acids are 300 μM. (E) Selectivity of biological species against Zn2+ and (F)
competition experiments in the presence
of Zn2+ with the coexistence of interfering substances: Zn2+ (30 μM), DA, UA
and AA (1.5 mM), GSH (600 μM), glucose
(3 mM), lactate (3 mM).

pH = 7.4, which revealed that CuNCs were negatively charged and the
electrostatic repulsion led by the carboxylate ions (COO−) of Cys protected them from aggregation. The zeta potential of CuNCs@GC, on the
other hand, was positive, namely 28.9 mV, suggesting that the inversion
of overall charge through electrostatic interactions [17]. The zeta potential of CuNCs@GC in Fig. S9 experienced an obvious change with the
increasing concentration of Zn2+ increasing from 28.9 mV to 35.1 mV,
which suggests that Zn2+ could combine with COO− on the surface of
CuNCs@GC. Importantly, as a cross-linker, Zn2+ changed CuNCs@GC
from the dispersed state to the aggregated state, so that its PL intensity
became enhanced (Fig. S10A). TEM image illustrated an aggregation of
CuNCs@GC in the presence of Zn2+ (Fig. S10B), and the emission intensity greatly enhanced after the addition of Zn2+ in the comparison of
CuNCs@GC solution, which might be related to that the addition of
Zn2+ could lead to a density change of agglomerates, resulting in a
diﬀerent degree of scattering after being excited. In addition, upon
addition of Zn2+, there was no obvious change in the UV–vis absorption
and FT-IR spectra of CuNCs@GC as compared with pure CuNCs@GC
(Fig. S10C, D). This suggested that Zn2+ ions were not involved in any
chemical reaction with CuNCs@GC, but rather re-aggregated dispersed
nanoclusters in this composite, as a cross-linker. The above observations indicated that Zn2+ are able to cause the AIE eﬀect of CuNCs@GC,
similar to the ﬁndings in previous reports [29,36].

CuNCs@GC nanocomposite had strong PL intensity under acidic conditions [17,34,35]. Considering that pH 7.4 is the optimal pH for biological systems, we selected pH 7.0 as preferential experimental condition. The CuNCs@GC were subjected to pH cycling between pH 5.0
and 9.0 to evaluate the reversible response to the change of pH value.
As shown in Fig. S8, the ﬂuorescence intensity of CuNCs@GC was relatively stable after ﬁve consecutive repeated cycles, indicating that the
CuNCs@GC displayed well reversible response toward pH value. In
addition, the stability of CuNCs and CuNCs@GC under salinity conditions was investigated with diﬀerent concentrations of NaCl in this
work. As shown in Fig. 3E and F, the ﬂuorescence intensity of
CuNCs@GC remained almost unchangeable even the salt-containing
solutions was up to 100 mM. However, compared with the CuNCs@GC,
the PL intensity of CuNCs without GC showed an obvious ﬂuctuation
trend to some extent, indicating that the CuNCs@GC possessed excellent stability in a high ionic strength medium.
3.3. In vitro detection of Zn2+
Considering GC holds a large amount of amine groups, which may
cause the charge on the surface of CuNCs@GC to be diﬀerent from
CuNCs, it is expected to be able to further integrate it with Zn2+. As
shown in Fig. 4A, the zeta potential of CuNCs was −17.8 mV at
6
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Fig. 6. Confocal ﬂuorescence microscopy images (A, C) and the corresponding bright-ﬁeld transmission images (B, D) of A549 cells incubated in CuNCs@GCcontaining medium without Zn2+ (A, B) and with 500 μM Zn2+ (C, D).

The selectivity of the CuNCs@GC sensing system to Zn2+ was also
tested for various species that may interfere with the detection of Zn2+,
including metal ions, amino acids, and several other biological substances. For metal ions, those commonly found in living organism (K+,
Na+, Ca2+, Mg2+) that are 50 times higher in concentration than that
of Zn2+ (30 μM), and the trace metal ions (Fe3+, Cu2+, Cr3+, Mn2+,
Ni2+, Al3+) that exist in living cells and are 3–10 times higher in
concentration than that of Zn2+ (30 μM) except for Al3+ were separately added into the CuNCs@GC and CuNCs@GC + Zn2+ systems for
evaluation. As shown in Fig. 5A, although the same concentration of
Al3+ ions could also cause the enhancement of PL intensity, Zn2+ ions
could cause signiﬁcant enhancement of the PL intensity of the
CuNCs@GC. Fig. 5B shows that when Zn2+ and other metal ions coexisted in the CuNCs@GC system, those interfering ions had little inﬂuence on the eﬃciency of Zn2+ sensing. Next, amino acids were investigated as interfering substances; Fig. 5C shows that they did not
cause enhancement of the PL intensity of the CuNCs@GC system. When
Zn2+ coexisted with amino acids (Fig. 5D), the PL intensity of the
CuNCs@GC system was almost the same as the one where only Zn2+
was present. As other biomolecules (such as DA, UA, AA, GSH, glucose
and lactate) may interfere with Zn2+ detection, they were tested as
well. Fig. 5E and F shows that the eﬀects of these biological substances
on the eﬃciency of Zn2+ detection were almost negligible.
Table S1 demonstrates that the probe based on CuNCs@GC nanocomposites has a better sensitivity and a wider detection range for Zn2+
detection, compared with other reported probes based on PL materials
[40–45]. This makes it a promising sensor for applications in Zn2+
detection in living cells.

Under establishing optimal formation conditions, changes of PL
intensity of CuNCs@GC were studied with the addition of diﬀerent
concentrations of Zn2+. The evolution of PL spectra of CuNCs was also
tested for comparison. As shown in Fig. 4B and C, the PL intensities of
CuNCs and CuNCs@GC were enhanced when Zn2+ was added at a
concentration of 100 μM–10 mM, and 0.1 μM–750 μM, respectively.
Fig. 4D shows linear relationships with the concentration of Zn2+ for
both CuNCs (a) and CuNCs@GC (b). CuNCs@GC was found to be more
sensitive than CuNCs for the detection of Zn2+: The detection limit of
CuNCs was about 75 μM (S/N = 3) for Zn2+ in the range from 100 μM
to 10 mM, while the detection limit for CuNCs@GC was 1.0 μM in the
linear concentration from 1.5 μM to 750 μM, which is far lower than
76 μM, the permitted concentration of Zn2+ as set by World Health
Organization, in drinking water [37]. The linear regression equation for
CuNCs was ΔI = 14.54c – 0.28 (ΔI = I – I0, where I represents the PL
intensity in the presence of Zn2+, I0 represents the PL intensity of
CuNCs at pH = 7.4, and c represents the concentration of Zn2+) in the
concentration range from 0 to 800 μM, and for CuNCs@GC, the linear
regression equations were ΔI1 = 0.38c1 – 9.97 (1.5–100 μM) and
ΔI2 = 0.02c2 + 46.79 (100–750 μM). We also examined the change of
the PL intensity of the {CuNCs@GC + Zn2+} system over time. Fig. S11
shows that the {CuNCs@GC + Zn2+ (45 μM)} system was relatively
stable within three h, while the {CuNCs + Zn2+ (1 mM)} system was
found unstable for that period of time. The evolution of the PL spectra
of the three diﬀerent systems with Zn2+ in the concentration range
from 0 to 300 μM is shown in Fig. S12, from which the superiority of
CuNCs@GC was evident compared to both CuNCs and chitosan-coated
CuNCs. This means that GC-capped CuNCs are well protected from
structural looseness and relaxation, thus eﬀectively increasing the
contact area with Zn2+ and remaining stable [38,39]. The AIE eﬀect of
CuNCs@GC was then able to be triggered by Zn2+ as a cross-linker,
resulting in the strong and stable PL intensity.

3.4. Application of CuNCs@GC in live cell imaging
The cytotoxicity of CuNCs@GC was assessed by using the MTT
7
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method before live cell imaging. More than 90 % of the cells survived
after being treated with CuNCs@GC solution (Fig. S13). Fig. 6 displays
the microscopic images of the A549 cells treated with Zn2+. Compared
with the images of cells incubated in the absence of Zn2+ (Fig. 6A), the
brightness of the cells incubated with Zn2+ was much higher (Fig. 6C),
which shows that the CuNCs@GC is an excellent candidate for detecting
Zn2+ in living cells. Neither observable morphological changes nor
signs of cell damage (including cell detachment from the bottom as well
as cell debris) were detected for cells after incubation with this nanoprobe, which further conﬁrmed the negligible cytotoxicity of
CuNCs@GC during live cell imaging.

[9]

[10]

[11]
[12]

[13]

4. Conclusions
[14]

In summary, a PL method for Zn2+ detection was developed, based
on the Zn2+-triggered AIE eﬀect of CuNCs@GC, resulting in their
transition from the dispersed state to the aggregated state and thus the
enhancement of the PL intensity. The large amount of amine groups of
GC not only had a signiﬁcant eﬀect on the structural stability and PL
enhancement of CuNCs, but also eﬀectively stabilized the system via
crosslinking between Zn2+ and CuNCs. Compared with other reported
PL methods, the “turn-on” mode for the Zn2+ detection was demonstrated, with low toxicity, good biocompatibility, good sensitivity, and
good selectivity. Moreover, the nanoprobe based on CuNCs@GC was
successfully applied to the detection of Zn2+ in live cell imaging. It is
expected that this “turn-on” PL nanoprobe for Zn2+ detection could
have great application prospects in securing drinking water safety and
performing biological analysis.
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