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ABSTRACT: Rapid and naked-eye detection of water-borne con-
taminants using molecularly precise nanomaterials has emerged as a
promising strategy to reduce the impact of chemical pollution. This
study presents a luminescence-based arsenic (As) sensor, eliminating
the need for sample preparation. Incorporating red-emitting spheroidal
cluster-assembled superstructures (CASs), comprised of Cu17 nano-
clusters (Cu17NCs), coprotected by L-cysteine (L-Cys) and 1,2-
bis(diphenylphosphino) ethane (DPPE) ligands, the sensor exhibits
notable sensitivity toward arsenite (As3+) and (As5+) ions. A detection
limit of 1 ppb in tap water was achieved through luminescence-based
quenching. Remarkably, it demonstrates selective detection of As
amidst common interfering metal ions such as Cd2+, Hg2+, Fe3+, Pb2+,
Cu2+, and Cr3+. A sensor disc made of CASs coated on nonwoven
polypropylene (PP) mats has been devised for practical field applications. Electron microscopy reveals disrupted morphology of the
spheroids due to As interaction. Moreover, the CASs exhibit significant antibacterial efficacy against Gram-negative Escherichia coli
and Gram-positive Staphylococcus aureus and antibiofilm properties against Bacillus subtilis. This research highlights the effectiveness
of atomically precise clusters for a practical application with direct societal relevance.
KEYWORDS: Nanocluster assembly, Cu17 nanoclusters, Red luminescence, Arsenic, Sensing, Antibacterial, Antibiofilm

1. INTRODUCTION
One-third of the human population is deprived of access to
safe drinking water.1 Contaminants in water include metal ions
and microorganisms, such as bacteria, fungi, protozoa and
viruses. Arsenic (As) is one of the most hazardous heavy metals
(although semimetal technically) prevalent in diverse water
sources, which is identified as the largest mass poisoning in the
history of humanity.2,3 Most regulating agencies have fixed the
As limit at 10 ppb in drinking water.4,5 Quantifying As at ppb
levels using portable, solid-state sensors has also been
challenging.6 Lack of an efficient sensing system which is
selective, affordable, and easy to handle, particularly in the
field, persists.7 Also, it is crucial to develop sensing systems
capable of detecting both ionic states, considering that
inorganic As exists as arsenite (As3+) and arsenate (As5+)
ions. As3+ is predominant in water at reducing conditions such
as groundwater, whereas As5+ is present in surface waters.8

Recently, several promising heavy metal sensing systems based
on nanoclusters (NCs) have been developed.9−11 NCs are a
new class of atomically confined materials carrying fewer atoms
than nanoparticles and consequently have a higher surface-to-
volume ratio with interesting chemical and photophysical

properties.9−13 To date, gold and silver are the preferred NCs
due to their facile synthesis, wide range of photophysical
properties and stability in ambient conditions.14 Copper NCs
(CuNCs) are nonprecious metal alternatives, more econom-
ically viable than NCs of gold, silver, and platinum, exhibiting
many versatile applications and are highly biocompatible.9,14

They are more readily available and have fascinating optical
properties.14 CuNCs-based luminescence sensors have advan-
tages, such as enhanced quantum yield and tunable excited
states.15 Affordability in the field is an important criterion,
especially in resource-limited situations. Aggregation-induced
emission (AIE) often observed in CuNCs enhances the
emission brightness, structural stability, and sensitivity of
CuNCs-assembled solids.16,17 Some reports on metal NCs
based sensors for As detection are available, explicitly involving
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electrochemical18,19 and luminescence20,21 responses. A recent
report from our group demonstrated that cobalt NCs-
assembled plates detect As3+ in water electrochemically, with
high sensitivity and selectivity.19 However, luminescence
sensors generally offer higher sensitivity toward the analytes
over other techniques.22 Luminescent gold and silver NCs
have been demonstrated to show selective detection of As at
levels far below the permissible limits.20,21 To our knowledge,
there is no report of CuNCs for As sensing.23 In this study, we
present a sensor composed of red-emitting cluster-assembled
superstructures (CASs) of Cu17NCs, which can detect both
As3+ and As5+ ions in tap water at the ppb level with high
selectivity. CASs showed disrupted morphology upon exposure
to As and subsequent change in emission, forming the basis of
sensing.
Besides heavy metal ions, microbial organisms cause

immediate and severe health issues worldwide. The Centres
for Disease Control and Prevention has expressed that the
world is entering a “postantibiotic era”, where mortality will be
primarily due to resistant-bacterial diseases.24,25 With chal-
lenges faced in disinfection, NCs are emerging as novel
antimicrobials. Silver26 and CuNCs possess high antibacterial
activity.27 Very few studies on CASs are available.27,28 The
CASs reported here exhibit excellent antibacterial activity
against Gram-negative and Gram-positive bacteria in water,
showcasing their potential applications as broad-spectrum of
antibacterial coatings. They also exhibit biofilm resistance.

2. METHODS AND MATERIALS
Materials and Reagents. Copper iodide (CuI), sodium

borohydride (NaBH4, 98%) and L-cysteine (L-Cys) were
procured from Sigma-Aldrich chemicals. DPPE was supplied
by Rankem Chemicals. Solvent-grade dichloromethane
(DCM), acetonitrile and methanol (99.5%) were purchased
from Finar, India. Sodium arsenite and sodium arsenate were
purchased from Aldrich Chemicals. Nutrient agar (NA) and
Luria−Bertani (LB) Broth were purchased from Himedia.
Experimental Procedures. The Cu17NCs were synthe-

sized from Cu18NCs using the (Ligand-exchange- induced
structural transformation) LEIST method (Figure 1a).29

Details of the syntheses of Cu18 and Cu17NCs are furnished
in Text S1 and S2, respectively. The sensing experiments are
discussed in Text S3.
Details of the antibacterial experiments and analytical

methods used in this work are presented in Texts S4 and S5,
respectively.

3. RESULTS AND DISCUSSION
Arsenic Sensing Ability of Cu17NCs CASs. The synthesis

of the Cu17NCs through a ligand exchange reaction starting
from Cu18NCs is schematically shown in Figure 1a and
characterization of the Cu17NCs is discussed in Text S6 and
Figures 1b-d, Figures S1−3. To create the As-sensing films,
Cu17NCs solution was drop-cast onto nonwoven Polypropy-
lene (PP) discs and left to dry at room temperature. The inset
of Figure 1d displays photographs of Cu17NCs coating on PP
discs under daylight and UV light. Bright red luminescence was

Figure 1. (a) Schematic representation of the synthesis of L-Cys and DPPE-protected Cu17NCs and the self-assembly of the cluster in
DCM:methanol (1:1, v/v) solvent mixture. (b) Comparative UV−vis absorption spectra of L-Cys, Cu18, and Cu17NCs. Inset shows the
photographs of the respective clusters. (c) Full range ESI MS spectrum of the Cu18NCs and the Cu17NCs in positive ion mode. The inset matches
the isotopic distribution of the experimental (blue) and theoretical (red) spectra of Cu17NCs. (d) Photoluminescence excitation and emission
spectra of Cu17NCs covered on a PP disc. The inset shows the photograph of the CASs coated on PP mats under daylight (left) and UV light
(right).
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observed for the coatings under UV light, which was weak in
the NCs solution. Upon investigating the Cu17NCs coatings
through a photoluminescence (PL) spectrophotometer, an
emission maximum at 643 nm was observed with an excitation
at 472 nm (Figure 1d). The spectral maximum of Cu17NCs in
DCM: Methanol (1:1) solution is blue-shifted (613 nm)
compared to the coating (Figure S4). The emission intensity
was also observed to be lower in solution. This indicated the
AIE enhancement in the coatings compared to the as-prepared
NCs.
The Cu17NCs coating exhibited sensitivity to As, displaying

a quenching of the red luminescence upon exposure to As3+ or
As5+ in water (insets of Figures 2a and 2b). The sensor
demonstrated the ability to detect both the analytes down to 1
ppb, starting from 106 ppb (Figures 2a and b). The correlation
coefficient values are R2 = 0.98 and 0.99 for As3+ and As5+,
respectively (Figures S5 a and b). The performance of
Cu17NCs in As sensing has been compared in Table S1 with
the existing reports, and the sensors’ affordability is discussed
in Text S6.
To further investigate the sensing ability toward As X-ray

photoelectron spectroscopy (XPS) analysis was performed on
the NCs exposed to As3+ and As5+ ions. Before and after
exposure to As, the NCs were loaded onto clean XPS stubs.
The recorded survey spectrum displayed all the elements in the
Cu17NCs (Figure S6a). Detailed scans reveal peaks corre-
sponding to Cu 2p3/2 and Cu 2p1/2 at 932.9 and 952.8 eV,
respectively, indicating zero oxidation state of Cu in the NCs
(Figure 2c).30 Upon interaction with As3+ and As5+, Cu 2p3/2
peak shifted toward lower binding energy (931.3 and 931.1 eV,

respectively), indicating oxidation of Cu. Similar shifts were
observed in the Cu 2p1/2 peak upon exposure to As3+ and As5+
(from 952.8 to 951.3 and 950.9 eV, respectively), along with
substantial broadening, confirming oxidation. Peaks of N 1s, P
2p3/2 and P 2p1/2 showed broadening, indicating their
involvement in As sensing (Figures 2d and 2e). Figure 2f
shows the presence of As in the cluster after adding As3+ and
As5+, compared to the Cu17NCs. Sulfur exhibits a similar effect
on adding As, wherein it undergoes oxidation (Figure S6b).
Oxygen 1s region shows slight shifts, confirming the impact of
As on oxygen present in the protecting ligands in the NCs
(Figure S6c). Previous reports on As-specific sensing systems
highlighted the role of amino groups in binding with As.31 ,32

XPS data confirmed the interaction of both the ligands, DPPE
and L-Cys, to As. This comprehensive investigation revealed
that exposure to As alters the Cu core and ligands of the NCs.
Furthermore, Fourier-transform infrared (FTIR) analysis

was conducted to elucidate the binding interaction between As
and Cu17NCs. The FT-IR spectrum of the NCs revealed a set
of vibrational features at 1574 and 1617 cm−1 corresponding to
the stretching and bending vibrations of C�O and NH2
groups, respectively, of the L-Cys ligand.33 These peaks exhibit
decreased intensity and broadening following interaction with
As3+ (Figure S7a) or As5+ ions (Figure S7b). The peak at 1724
cm−1, corresponding to the C�O stretching mode, similarly
displays a declining intensity trend, confirming the interaction
with As. Additionally, a decrease in intensity was observed for
C−O at 1190 and 1250 cm−1 upon exposure to As. Powder X-
ray diffraction (PXRD) of the Cu17NCs before and after
interaction with As3+ reveals significant shifts in the diffraction

Figure 2. Comparative PL spectra with increasing concentrations of (a) As3+ and (b) As5+ ions showing the gradual quenching of PL intensity of
the PP disc coated with Cu17 NCs. Correlative XPS spectra of Cu17 NCs having (c) Cu 2p, (d) N 1s, (e) P 2p, and (f) As 3d regions.
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peaks and a notable decrease in intensity, particularly at 2θ
values of 8.3°, 9.76° and 28° (Figure S8). While these peaks
cannot be assigned in greater detail in the absence of the
crystal structure, the observed peak shift and intensity
reduction suggest a discernible alteration in the microcrystal-
line nature of Cu17NCs.30

Impact of As on the Morphology of CASs. The
formation of CuNC aggregates induced by solvophobic effect
was monitored through dynamic light scattering (DLS)
studies. The maximum aggregate size reached was ∼500 nm
after 90 min of methanol addition to CuNCs solution in DCM
(Figures S9a and b). Several reports exist on the prompt
formation of aggregation-induced superstructures in
CuNCs.17,34,35 Time-dependent PL studies showed a maxima
intensity at 643 nm due to the formation of aggregates after
120 min of LEIST reaction. (Figures S10a and b). Examining
through field emission scanning electron microscope
(FESEM), the CuNCs were observed to be self-assembled
into a stable film composed of CASs, as shown in Figure 3a.
Figure 3d provides a zoomed-in view of CASs. Nearly uniform
spheroidal structures of approximately 500 nm were observed
in the Cu17NCs coating. These superstructures form due to the
solvent interactions leading to aggregation, resulting in AIE in
several systems. Similar solvent-induced aggregation has been
reported by Jash et al. in forming superstructures of phosphine-
protected Au−Ag alloy NCs.36

Upon exposure to 100 ppb of As, morphological changes
were induced in the CASs, disrupting their shape. This
alteration occurred after exposure to both As3+ (Figure 3b and
zoomed-in view in Figure 3e) and As5+ (Figure 3c and
zoomed-in view in Figure 3f). Energy-dispersive spectroscopy
(EDS) maps of the CASs before (Figure 3g) and after adding

As3+ (Figure 3h) and As5+ (Figure 3i) were recorded to
confirm the composition of CASs and their interaction with As.
The EDS maps illustrate the spatial distribution of Cu, S, O, N,
P, and As elements. Cu of the cluster core was observed along
with S, O, N and P present on the L-Cys and DPPE ligands.
The spread of As on the disrupted CASs after exposure is
evident from the EDS maps in Figures 3h and 3i.
Selectivity toward As. The CASs were found to be

selective toward As, while they were unaffected by interfering
heavy metal ions commonly present in contaminated water
samples. The CASs were individually exposed to 100 ppb of
Mn2+, Cu2+, Hg2+, Pb2+, Fe2+, Cr2+, Cd2+, As3+ and As5+ in
Milli-Q water. Photoluminescence (PL) was recorded after the
exposure to individual ions of 100 ppb concentration (Figure
S11a). The CASs exhibited emission quenching in the
presence of As3+ and As5+, as observed in Figure S11b. On
the other hand, emission intensities remained constant when
exposed to the interfering ions. The integrity of the
microstructures in the presence of the interfering ions, such
as Cr3+, Fe2+ and Hg2+, was examined through FESEM studies.
The results, depicted in Figures S11c-f, revealed that the
spheroidal morphology remained unaffected. A similar study
on interfering ions involved tap water spiked with 100 ppb of
Zn2+, Pb2+, Hg2+, Cu2+, Cd2+, As3+ and As5+. The recorded PL
spectra showed that the emission intensity remained unaltered
in the presence of the interfering ions, while quenching
occurred solely in the presence of As, as shown in Figure S12.
Additionally, Figure S12 displays photographs of the CASs-
coated PP discs under UV light, captured after exposure to tap
water containing ions of interest. This sensor interacts strongly
with phosphate ions, but does not respond toward organic
triphenyl arsine (TPA). (Figure S13). Phosphate removal

Figure 3.Morphological evolution induced by the As exposure to the CASs spheroids. FESEM micrographs showed (a) as prepared CASs and their
disruption induced by the presence of (b) As3+ and (c) As5+. Enlarged FESEM images show (d) smooth CASs and disrupted spheres after the
exposure of (e) As3+ and (f) As5+. EDS elemental maps of (g) untreated CASs spheres and after the exposure to (h) As3+ and (i) As5+.
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agents will facilitate the practical application of the sensor in
field samples.
Antibacterial and Antibiofilm Activity. The impact of

CASs on both Gram-positive Bacillus subtilis and Gram-
negative Escherichia coli was investigated. After interaction with
the CASs coating, the number of viable bacterial cells was
determined through colony counting (Figures S14a-d). The
CASs-coated PP discs showed high bactericidal efficiency
against E. coli and B. subtilis cells. The antibacterial activities
observed against E. coli MTCC 443, E. coli MTCC 739, and B.
subtilis were 97.8%, 98% and 95%, respectively (Figures S14e-
g). At the same time, bare PP discs and PP discs coated with
CuI, L-Cys, and solvent (methanol and DCM in 1:1 ratio) had
significantly less or no effect on the bacteria. Environmental
scanning electron microscope (ESEM) analysis was performed
to understand the impact of CASs on bacterial cells. E. coli
MTCC 443 cells exposed to CASs coating for 1 h (Figure
S14h and zoomed in view in Figure S14i) showed cell
membrane damage in comparison to control cells (Figure S14j
and zoomed in view in Figure S14k) The cells exposed to
CASs formed ghost cells as their contents appear to be
released. Cell membrane damage was observed on the Gram-
positive bacteria − Staphylococcus aureus and B. subtilis also
(Figures S15 and S16, respectively). Several mechanisms have
been reported for the antibacterial properties of NCs.37 The
thiolated ligand metal interface of the NCs induces higher
antibacterial activity than free thiols, as they are prone to
oxidation and tend to lose their stability.27

Coatings with cationic charges possess antibacterial effect on
bacteria by electrostatic binding to the cell envelope, damaging
the cells.38 As discussed previously (Text S6), electrospray
ionization mass spectrometry (ESI MS) analysis of the
Cu17NCs revealed their cationic nature, which could
contribute to the net positive charge on the CASs surface.
This was further analyzed through electrochemical impedance
spectroscopy (EIS). We applied Mott−Schottky (M-S)
analysis at the interface of the CASs-coated glassy carbon
electrode (GCE) and the electrolyte (Figure S17a). The
inverse square capacitance (1/Csc

2) plot of CASs-coated film
decreases with increasing potential.39,40 From Figure S17b, it is
evident that there is a sharp decrease of 1/Csc

2 value with an
increase of the potential from −1 to +0.8 V, and the negative
slope of the plot indicates that the coating is positively charged.
However, the bare GCE shows a positive slope, indicating its
negative charge. The extent of cell damage on the Gram-
positive bacteria is lesser than that of E. coli. which carry a
higher negative charge on the membrane of E. coli.41,42

Further, the antibiofilm-forming ability of the CASs was
investigated using Gram-positive B. subtilis through ESEM.
The bacteria formed biofilms on blank PP discs after 4 days
(Figure S16a). On the other hand, biofilm was absent on
CASs-coated PP discs (Figure S16b). The cell membrane
damage inhibits anchoring of the cells to surfaces, preventing
growth and the formation of biofilm-supporting extracellular
matrices.
Such antibacterial and antibiofilm activity of CASs can also

be attributed to their unique morphology. Nanostructures in
the range of 500 nm prevent the growth of bacteria through
size-induced effects.43−45 This explains the adverse impact on
E. coli cells and B. subtilis compared to S. aureus, whose cells are
smaller and show comparatively lesser cell membrane damage
under ESEM. Heckmann et al., in their experiments on
nanostructures45 showed that nanopillar arrays of polydime-

thylsiloxane possess bactericidal activity on E. coli, while S.
aureus was repelled but not killed. Thus, it is evident that
besides the surface charge and chemical composition, the
morphology of the CASs plays a significant role in the
antibacterial activity.

■ IMPLICATIONS
We present a novel application of CASs composed of Cu17NCs
exhibiting distinctive red luminescence as highly selective
sensors for As in water. The sensitivity is extremely promising
as it reaches one ppb. The CASs displayed remarkable
specificity and selectivity toward As in water, showcasing
their potential as efficient and affordable sensors for ensuring
water safety on a global scale. In an era marked by increasing
concerns about antibacterial resistance, our study also
introduces a promising avenue for applying CASs systems as
antibacterial surface coatings. These coatings exhibit a broad
spectrum of killing efficiency attributed to the positive surface
charge on the clusters, thiol functionalization, and nano-
spherical structures. This unique combination contributes to
their antibacterial efficacy and positions them as excellent
antibiofilm platforms. While our findings represent a pioneer-
ing observation, suggesting the potential of Cu17 super-
structures for detecting ultratrace levels of As and their
application in antibacterial and antibiofilm-forming coatings,
there is a need for additional studies on the temporal stability
and applications in diverse conditions. We estimate that one
water quality analysis using such a paper sensor would cost ∼
US $ 0.01 per test. Future research endeavors are essential to
unravel the full spectrum of possibilities and refine the
applications of CASs in addressing critical issues related to
water safety and antibacterial resistance.
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