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A B S T R A C T   

Nanosensors based on surface-enhanced Raman spectroscopy (SERS) have emerged as a class of promising op
tical tools for the ultrasensitive quantification of metal ions of environmental and biological interest. A central 
bottleneck in this field is the availability of suitable surface receptors able to convert the selective binding with 
these vibrationless analytes into measurable SERS signals. In this work, we tackle this issue by employing a 
hybrid substrate comprising a highly SERS-active plasmonic core and a ZIF-8 metal-organic framework (MOF) 
shell. The ZIF-8 shell firmly captures aromatic receptors close to the plasmonic structure regardless of their 
intrinsic affinity for the metallic surface and without altering their ability to coordinate metal ions. Furthermore, 
it imparts molecular sieving abilities enabling the direct use of the SERS sensing platform in complex media such 
as biological fluids. This was demonstrated by using different classes of chromogenic reagents (bathocuproine, a 
2,6’:2′,2″-terpyridine derivative, and Arsenazo III) which were exploited for the SERS detection of both transition 
and alkaline earth metal ions (i.e., divalent copper, cobalt and calcium ions). Notably, we successfully applied 
this approach for the detection of Cu(II) in untreated urine samples for Wilson’s disease diagnosis. Overall, we 
believe this class of multifunctional hybrid substrates will serve as a valuable material for expanding the 
applicability of SERS spectroscopy in real-life environmental and biomedical metal ions analysis.   

1. Introduction 

Metal contamination, especially that resulting from transition 
metals, has been causing increasing ecological and public health con
cerns due to the growing human exposure to dangerous levels of these 
non-biodegradable elements [1,2]. The specific chemical nature of each 
metal element determines the resulting toxicological impact and, thus, 
both tolerated dose and exposure time [1,2]. For instance, guidelines for 
drinking water quality released by World Health Organization, the Eu
ropean Union, and the Environmental Protection Agency recommend 
acceptable concentrations of copper, cobalt, and mercury in the 1.3–2 
mg/L, 20–200 μg/L and 1–6 μg/L ranges, respectively [2]. 

On the other hand, metal ions are also fundamental elements in 
many biochemical reactions and cell functioning. As the homeostasis of 
metal ions (e.g., iron, copper, zinc, and calcium) is required for main
taining normal physiological functions, abnormal levels of these species 
are responsible for the emergence of many diseases (e.g., carcinogenesis, 
and neurodegenerative and growth disorders) [3–6]. A paradigmatic 
example is represented by Wilson’s Disease (WD), a genetic disorder 

leading to an accumulation of copper in various body tissues [7]. If left 
untreated, WD leads to progressive liver and neurological dysfunction 
and, eventually, death [8]. Thus, early diagnosis is central for improving 
the patient’s prognosis but it is often challenged by the lack of specific 
symptoms [7]. As a result, the quantification of copper in biofluids 
became an important analytical tool for WD diagnosis [7,8]. 

Overall, the central roles of metal ions as environmental pollutants as 
well as in biology and medicine make the quantification of these species 
an extremely active and interdisciplinary field of research. Established 
analytical methods typically rely on spectroscopic techniques such as 
atomic absorption (AAS) and atomic emission (inductively coupled 
plasma, ICP) which, when respectively coupled to a graphite furnace 
(GFAAS) or a mass detector (ICP-MS), can afford limits of detection in 
the ppb/ppt levels [9]. However, these techniques are often expensive 
and destructive, require large volumes of samples, or employ toxic gases. 
Most remarkably, these methodologies cannot be implemented 
remotely, thus requiring the samples to be stored and, typically, 
pre-treated before analysis which can eventually lead to analyte losses 
and sample alterations [10]. As a result, there has been an increasing 
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interest in developing novel optical methods to address the limitations of 
conventional approaches [11–14]. Notably, the synergistic combination 
of optical methods with the extraordinary properties of nanoscale ma
terials has been paving the way for the design and fabrication of highly 
sensitive, versatile, and specific nanosensors [15–17]. 

In this regard, surface-enhanced Raman spectroscopy (SERS) has 
emerged as one of the most intriguing nanoscale analytical techniques 
[18,18–21]. Indeed, SERS exploits the excitation of localized surface 
plasmon resonances (LSPRs) at nanostructured metallic substrates to 
largely amplify the Raman signals from molecular scatterers located in 
their close proximity. In recent years, the focus has been put on inte
grating SERS into multifunctional systems to facilitate the transition 
from basic proof-of-concept studies on simple artificial matrices to 
routine analysis of real-life samples [15,22,23]. For instance, within the 
field of SERS-based metal ion detection, multidisciplinary strategies 
have been developed to engineer a diverse range of hybrid platforms (e. 
g., capillary, microfluidic, magnetic, and paper-based SERS sensors) 
affording sample handling, processing capabilities (e.g., filtration, 
pre-concentration, and separation) and miniaturized system for remote 
analysis [15,22–25]. Notably, a pivotal aspect in the design of a SERS 
platform for the quantification of vibrationless analytes is the avail
ability of appropriate molecular receptors (i.e., chemoreceptors) to be 
used as SERS transducers. In this context, the chemoreceptor simulta
neously (i) interacts with the analyte and (ii) provides an intense SERS 
spectrum that undergoes major spectral changes upon interaction with 
the target, thereby converting the selective binding to metal ions into 
measurable SERS signals [25,26]. Combining into a single molecular 
entity these two functions improves the robustness of the sensor 
response while reducing the complexity of its design since chemosensors 
can intrinsically provide an internal standard for ratiometric SERS 
analysis [25]. For the most part, chemoreceptors are chosen among 
those equipped with a mercapto or disulfide group can firmly attach the 
metallic surfaces via formation of the strong metal-sulfur bond [25,27]. 
It is not surprising, then, that the large majority of metal ion SERS 
sensing studies reported in the literature focused on the determination of 
Hg(II). On the one hand, mercury contamination is a major public health 
and environmental problem; on the other, various selective thiolated 
chemoreceptors for Hg(II) are commercially available or amenable to 
simple chemical synthesis and a la carte modifications (e.g., 
thymine-rich aptamers) [28,29]. In principle, the classical qualitative 
colorimetric analysis can offer an untapped wealth of potential SERS 
chemoreceptors for selective discrimination of inorganic species that 
could significantly increase the number of possible targets, facilitate 
multiplex detections, and even enable speciation analysis. However, 
their exploitation in SERS has been considerably restricted mainly by (i) 
the impossibility or difficulty of equipping the receptor with mercap
to/disulfide groups and/or (ii) the direct binding to the metallic sub
strate via the same functional groups that are involved in the 
coordination to the inorganic target, a condition that suppresses their 
function as chemoreceptors [25]. Our group previously demonstrated 
that this issue can be partially circumvented by exploiting the inter
calative binding of small aromatic ligands into duplex oligonucleotides 
[30]. In this study, the intercalation of alizarin red S (ARS) into short 
double-stranded DNAs allowed for retaining the ARS chelation capa
bilities toward Fe(III) and Al(III) which we exploited to detect these ions 
in spiked tap water using DNA-modified silver nanoparticle clusters 
[30]. However, this strategy is viable only for those molecules that 
efficiently intercalate between duplex base pairs while, at the current 
stage, this approach is also restricted to the use of positively-charged 
colloids as plasmonic substrates. 

Metal-organic frameworks (MOF) are inorganic–organic hybrid 
crystalline materials exhibiting ultrahigh and very defined porosity 
which are formed by the coordination of organic linkers and metal nodes 
[31]. Further, the physicochemical properties of MOFs can be tuned by 
changing the organic ligand and/or the inorganic cation units. These 
characteristics make MOFs excellent candidates to be combined with 

plasmonic nanostructures [31–39] as they provide to the plasmonic 
counterparts with chemical and size selectivity as well as enhanced 
thermal, chemical, and colloidal stability [31,33,36]. In this regard, we 
have very recently described the fabrication of a novel multifunctional 
sensing platform comprising highly SERS-active silver nanoparticles 
(AgNPs)-decorated polystyrene beads (PS) wrapped within a shell of 
zeolitic imidazolate framework (ZIF-8) to yield hybrid microparticles 
(referred to as PS@AgNPs@ZIF-8) [40]. The high adsorption capacity of 
ZIF-8 has been exploited to firmly entrap bathocuproine (BC), a 
well-known chromogenic reagent for the colorimetric analysis of copper 
species [41,42], and the resulting SERS sensing system was successfully 
used for Cu(II) quantification in freshwaters [40]. 

Herein, we first build on this recent finding to demonstrate the great 
analytical potential of this class of particles as a low-cost Wilson Disease 
diagnosis tool via rapid SERS detection of Cu(II) in unprocessed human 
urine samples. Secondly, we assess the nature of the hybrid plasmonic 
particles as flexible carriers for a diverse range of conventional organic 
chemoreceptors to be used in the SERS detection of different classes of 
metal ions. We believe that this constitutes a major finding for bolstering 
the analytical application of SERS in metal ion sensing in real-life 
environmental and biomedical samples. 

2. Materials and methods 

2.1. Materials 

Silver nitrate (99%, AgNO3), L-ascorbic acid (99%, AA), sodium 
citrate tribasic dihydrate (≥98%), zinc acetate dihydrate (98%, Zn 
(CH3COO)2⋅2H2O), 2-methylimidazole (2-MeIm, 99%, C4H6N2), poly 
(allylamine hydrochloride) (PAH, MW = 15,000 Da), sodium chloride 
(≥99.5%, NaCl), potassium chloride (≥99%, KCl), sodium phosphate 
dibasic (≥99%, Na2HPO4), sodium phosphate monobasic (≥99%, 
NaH2PO4), cobalt(II) nitrate hexahydrate (98%, Co(NO3)2⋅6H2O), cop
per(II) chloride dihydrate (≥99%, CuCl2⋅2H2O), calcium chloride 
dihydrate (≥99%, CaCl2⋅2H2O) and ethanol (99.5%) were purchased 
from Sigma-Aldrich (Germany). Bathocuproine (98%, BC), and 4’-(4- 
bromophenyl)-2,6’:2′,2″-terpyridine (98%, p-tpy) were purchased from 
Fisher Scientific. Polystyrene bead solution (~500 nm diameter, AJ50) 
was purchased from Ikerlat Polymers (Spain). Hexadecyl
trimethylammonium bromide (CTAB) (≥99%) was purchased from 
Acros Organics (Germany). All reactants were used without further 
purification. Milli-Q water (18 MΩ cm− 1) was used in all aqueous so
lutions, while all glassware was cleaned with aqua regia before the 
experiments. 

2.2. Synthesis of silver nanoparticles (AgNPs) 

Silver colloids were prepared as previously described [43]. An 
aqueous mixture of ascorbic acid (100 μL, 0.1 M) and sodium citrate 
tribasic dihydrate (1.364 mL, 0.1 M) was added under strong magnetic 
stirring to 100 mL of boiling water. 1 min later, a mixture of 0.1 M 
AgNO3 (298 μL) and 0.1 M MgSO4 (224 μL), previously incubated for 5 
min, was added to the boiling solution. After additional 30 min boiling, 
the sample was left to cool down at room temperature and, then, sub
mitted to one centrifugation-washing cycle (6500 rpm, 15 min) to 
remove the excess of citrate molecules from the medium. The pellet was 
finally redispersed in Milli-Q water (final Ag0 concentration = 1.4 mM). 

2.3. AgNPs assembly on polystyrene beads (PS@AgNPs) 

Firstly, polystyrene beads (PS) of ~500 nm diameter were coated 
with a positively charged polymer (PAH) as described as follows. 10 mg 
of PAH were added to 10 mL of NaCl aqueous solution (0.5 M). The 
mixture was sonicated for 30 min before being combined with 100 μL of 
PS bead solution (100 mg/mL). The sample was stirred for 30 min at 
500 rpm and, then, submitted to three centrifugation-washing cycles 
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(10500 rpm, 30 min) with Milli-Q water to remove unbound PAH 
molecules. The resulting PS@PAH beads were redispersed in 50 mL of 
Milli-Q water (PS concentration = 0.2 mg/mL). To this sample, 10 mL of 
Ag colloids ([Ag0] = 1.4 mM) were added dropwise under sonication. 
The mixture was immediately stirred (300 rpm) for another 30 min. 
Three centrifugation-washing cycles (4500 rpm, 15 min) with Milli-Q 
water were carried out to remove unbound AgNPs from the medium. 
The so-formed PS@AgNP beads were redispersed in 10 mL of Milli-Q 
water (PS concentration = 1 mg/mL). 

2.4. Synthesis of ZIF-8 coated PS@AgNP beads (PS@AgNP@ZIF-8) 

PS@AgNP@ZIF-8 particles were prepared as previously described 
[40]. Briefly, 3 mL of PS@AgNP suspension (1 mg/mL) were combined 
with 157.9 μL of a 10 mM CTAB aqueous solution (final CTAB concen
tration = 0.5 mM). 3 mL of 2-MeIm aqueous solution (1.32 M) were then 
added under stirring (500 rpm). 10 min later, 3 mL of Zn(CH3COO)2 
aqueous solution (24 mM) were also added under stirring. After 5 mi
nutes, the stirring was interrupted and the sample was left to incubate at 
room temperature for 3 h. Afterward, the sedimented PS@AgNP@ZIF-8 
particles were separated from the whitish supernatant and redispersed 
in 10 mL of Milli-Q water (pH 7.8). Two centrifugation-washing cycles 
(4500 rpm, 5 min) were performed to selectively remove pristine ZIF-8 
particles. The PS@AgNP@ZIF-8 pellet was finally redispersed in 50 mL 
of Milli-Q water (pH 7.8, PS concentration = 0.2 mg/mL). 

2.5. Sample preparation for SERS analysis 

500 μL of PS@AgNP@ZIF-8 (0.2 mg/mL) were added to 10 mL of an 
ethanolic solution of bathocuproine (BC, 10 μM), 4’-(4-bromophenyl)- 
2,6’:2′,2″-terpyridine (p-tpy, 10 μM), or Arsenazo III (AZ, 100 μM). The 
mixtures were incubated overnight and then submitted to two 
centrifugation-washing cycles (4500 rpm, 5 min) with Milli-Q water (pH 
7.8). The chromophore-loaded PS@AgNP@ZIF-8 particles were finally 
redispersed in 1 mL of Milli-Q water (pH 7.8). An identical protocol was 
applied for PS@AgNP particles when indicated. For metal ion detection, 
100 μL of chemoreceptor-loaded PS@AgNP@ZIF-8 particles (PS con
centration = 0.2 mg/mL) were added to 1 mL of sample. Samples of 
aqueous solutions of metal ions at different concentrations were pre
pared in PBS buffer (pH 7.8) or by spiking urine samples. Urine was 
acquired from a healthy volunteer for 24 h and stored in a copper-free 

bottle, following the methodology of traditional clinical tests that 
quantify the levels of 24 h urinary copper excretion [8]. 

2.6. Instrumentation 

Material characterization was performed using UV–Vis spectroscopy 
(Agilent Technologies, Cary 8454), transmission electron microscopy 
(JEOL JEM 1010, operating at an acceleration voltage of 100 kV), ζ 
potential (Malvern Zetasizer Nano ZS). SERS spectra were acquired on 
colloidal suspensions using a Renishaw inVia Reflex system equipped 
with a 2D-CCD detector, a Leica confocal microscope, and a 532 nm 
frequency doubled Nd:YAG/Nd:YVO4 diode laser. A macrolens was used 
to focus the laser on the sample (power at the sample = 17.1 mW, 
exposure time = 10 s, accumulations = 3). 

3. Results and discussion 

Scheme 1 outlines the key features of substrate fabrication and 
sensing application in complex aqueous media. The hybrid plasmonic/ 
ZIF-8 particles (PS@AgNP@ZIF-8) were prepared as previously 
described [40]. Firstly, positively-charged PS beads (~500 nm diam
eter) coated with poly(allylamine hydrochloride) were decorated with 
negatively-charged silver nanoparticles (AgNPs, ~50 nm diameter) via 
electrostatic assembly to yield PS@AgNPs materials (Fig. 1A and B). The 
assemblies were then redispersed into a cetyltrimethylammonium bro
mide (CTAB) aqueous solution to promote the formation of the surfac
tant double layer at the metallic interface. Such surface modification is 
critical to facilitate the subsequent direct growth of a well-defined sin
gle-crystalline ZIF-8 outer shell (Fig. 1A, C) [44]. The final 
PS@AgNPs@ZIF-8 hybrid particles (~850 nm diameter) exhibit a pos
itive ζ potential (+17 mV) and a surface area (SBET) of ~1000 m2/g [40]. 

3.1. Quantification of Cu(II) in unprocessed human urine for Wilson’s 
disease diagnosis 

Nitrogen-containing ligands are major components in coordination 
chemistry as they profit from the lone pair electrons of aromatic nitro
gens to coordinate with various transition metal cations [45]. For 
instance, cuproine molecules are well-known reagents for copper 
detection [42]. Among those, bathocuproine (BC), especially in its 
water-soluble form bathocuproine disulphonate, has been extensively 

Scheme 1. Outline of the main features of the hybrid plasmonic/MOF particles (PS@AgNPs@ZIF-8) and their application in metal ion detection in complex aqueous 
media using conventional non-thiolated chromogenic reagents as SERS chemosensors. 
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used as a highly specific colorimetric ligand for Cu(I) and Cu(II) [41,42]. 
As the nitrogen atoms of two BC molecules coordinate copper ions 
forming a metal ion complex, major alterations in the photophysical 
properties of the ligand occur, as revealed by the reshaping of its elec
tronic absorption profile (Fig. 2A). In the same fashion, SERS spectra of 
BC-loaded on PS@AgNPs@ZIF-8 have shown to undergo extensive 
changes upon Cu(II) chelation [40]. In particular, the intensities of the 
spectral features centred at 1375 and 1424 cm− 1, ascribed to in-plane 
ring vibrations involving N–C stretching and CCH bending modes 
[46], were selected as spectral markers for ratiometric (I1424/I1375) 
quantification of copper ions, with a limit of detection of ~20 nM in PBS 
(pH 7.4) [40]. This has shown that the specificity for copper ion binding 
of BC molecules sequestered in the MOF shell of PS@AgNPs@ZIF-8 is 
maintained. 

Primary biochemical investigations for Wilson’s Disease (WD) 
diagnosis include urine tests that quantify urinary copper excretion 
during 24 h [8]. Thus, ~1 L of urine (pH 7.0) was collected from a 
healthy volunteer for 24 h in a copper-free container. Known amounts of 
CuCl2 were then spiked in different urine aliquots to achieve the range of 
concentrations that is clinically relevant for WD diagnosis (from 0.1 μM 
to 4 μM). Currently, free Cu(II) levels above 0.6 μmol/24 h are consid
ered strongly indicative of the disease while 1.6 μmol/24 h is the cut-off 
value for diagnosis [7,47]. SERS spectra of BC-loaded PS@AgNPs@ZIF-8 
in human urine samples spiked with Cu(II) are illustrated in the spectral 
range of interest in Fig. 2B. Differently to freshwater samples [40], the 
urine matrix originates an extensive fluorescence background upon 
excitation with a 532 nm laser (Fig. S1) which, however, does not pre
vent the acquisition of intense and well-defined SERS features after 
baseline correction (Fig. 2B). The corresponding I1424/I1375 values as a 
function of the spiked Cu(II) content are plotted in Fig. 2C and compared 
with those extracted from the identical target concentrations in PBS (pH 
7.4). As it can be observed, very minor discrepancies are detected 

indicating the ability of BC-loaded PS@AgNPs@ZIF-8 to retain the 
sensing performance even in such a complex medium. We ascribed this 
remarkable feature to the ZIF-8 microporosity that prevents large bio
molecules (e.g., proteins) and particulates to interact with the inner 
silver nanoparticles while permitting the rapid diffusion of small cations 
across the outer shell (i.e., molecular sieving properties) [48,49]. The 
ability of the ZIF-8 shell to act as an integrated filter obviates the need 
for a pre-filtration step upon sample collection, which is typically per
formed in trace analysis of heavy metal ions via conventional analytical 
methods to remove interfering particulates (e.g., ion chromatography, 
colorimetry, ICP-MS, ICP-AES, flame ASS, and graphite furnace ASS). 
Notably, in the absence of the outer ZIF-8 shell, no SERS signal of BC can 
be detected on PS@AgNPs, further highlighting the key role of the MOF 
shell in mantaining the organic ligands close to the plasmonic surface. 

This proof-of-concept study demonstrates the applicability of BC- 
loaded PS@AgNPs@ZIF-8 particles for the rapid, simple, and low-cost 
detection of free Cu(II) in unprocessed human urines to help in WD 
diagnosis. It must be stressed that the BC content on PS@AgNPs@ZIF-8 
has been approximately optimized to yield intense SERS signals with a 
high signal-to-noise ratio, which improves the accuracy and robustness 
of the SERS response, while maintaining the ligand concentration suf
ficiently low to meet the specific sensitivity requirements for clinical 
testing. The same approach will be applied to each chemoreceptor 
investigated in this study. 

3.2. Hybrid plasmonic/MOF particles as an efficient and flexible platform 
for the SERS detection of various metal ions using conventional 
chromogenic reagents 

Intrigued by these very promising results, we decided to test the 
suitability of PS@AgNPs@ZIF-8 particles as a general platform for 
entrapping other types of organic ligands to be used as SERS 

Fig. 1. Representative TEM images of (A, B) PS@AgNP and (A, C) PS@AgNP@ZIF-8 particles.  
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chemoreceptors for metal ions detection. To this end, we selected two 
other classes of well-known commercially available metal-binding 
molecules: a 2,2′:6′,2″-terpyridine derivative and Arsenazo III. 

2,2′:6′,2″-terpyridine (tpy) derivatives represent a class of N-con
taining ligands widely used in coordination chemistry. Notably, these 
NNN-tridentate ligands show a high affinity for first-row transition 
metal ions forming “closed-shell” octahedral tpy2-M2+ complexes [45]. 
Upon metal ion coordination, tpy units adopt a nearly planar geometry 
transitioning from a transoid to a cisoid conformation [50]. The elec
tronic structure of the tpy moiety in the metal complex depends strongly 
on the nature of the chelated species [50], which explains why the co
ordination with different metal ions causes distinct photophysical 
changes. In our previous work [51], these peculiar tpy properties were 
used to design a SERS-based method for the simultaneous determination 
of Cu(II) and Co(II). To this end, we have specifically synthesized a 
terpyridine derivative equipped with a dithiocarbamate (DTC) func
tionality introduced at the opposite side of the tpy moiety. Notably, the 
DTC derivatization of the synthetic tpy precursor was performed in situ 
and immediately before the mixing with silver colloids, due to the 
intrinsic instability of the DTC group. The introduction of the DTC 

functionality was required to promote both the strong binding to the 
silver surface via covalent Ag–S bonds and the adoption of a tilted 
orientation locating the pyridine units toward the bulk solution. Indeed, 
preventing the direct interaction of the active binding site with the 
plasmonic surface is critical for retaining the metal chelating capability 
of the receptor [30]. 

Herein, we selected 4’-(4-bromophenyl)-2,6’:2′,2″-terpyridine (p- 
tpy, Fig. 3A) as a representative tpy ligand to demonstrate that complex 
synthetic procedures to equip such ligand with mercapto or 

Fig. 2. (A) Absorption spectra of BC (10 μM) and BC + Cu(II) mixture (10 μM 
and 5 μM, respectively) in ethanol. The molecular structure of BC is also 
depicted. (B) SERS spectra of BC-loaded PS@AgNPs@ZIF-8 suspension in the 
1200–1590 cm− 1 spectral range upon immersion into urine samples spiked with 
different concentrations of Cu(II). (C) SERS intensities ratio I1424/I1375 vs Cu(II) 
concentration for PBS (pH 7.8) and spiked urine samples. 

Fig. 3. (A) Absorption spectra of p-tpy and p-tpy + metal ions (10 μM and 20 
μM, respectively) in ethanol. The molecular structure of 4-phenyl-2,6’:2′,2″- 
terpyridine (p-tpy) is also depicted. (B) Normalized SERS spectra of p-tpy (5 
μM) on PS@AgNPs@ZIF-8 upon immersion into 20 μM Cu(II) solution (1270 
μg/L) or 20 μM Co(II) solution (1178 μg/L) in PBS buffer (pH 7.4). Spectra were 
arbitrarily normalized to the band at 1366 cm− 1. Excitation wavelength = 532 
nm. (C) SERS spectra of p-tpy loaded PS@AgNPs@ZIF-8 suspension in the 
1480-1700 cm− 1 spectral range upon immersion into Co(II) solution in PBS 
buffer (pH 7.4) at different cobalt concentrations (from top to bottom: 0, 2.1, 
2.9, 6.0, 12, 21, 29, 59, 118, 206, 294, and 589 μg/L). (D) SERS intensity ratio 
I1613/I1590 vs. Co(II) concentration (N = 3). 
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dithiocarbamate functionalities are not necessary when the receptor is 
used in combination with PS@AgNPs@ZIF-8 particles. p-tpy is a widely 
commercially available chemical that can be produced in large batches 
with high purity [52]. Fig. 3A shows the absorption spectra of p-tpy and 
its Cu(II) and Co(II) complexes. Notably, the electronic spectrum of 
p-tpy comprises one group of bands arising from internal π→π* transi
tions (below 400 nm) and a second set associated with charge-transfer 
transitions between the ligand and the specific chelated ion (400–700 
nm) [53]. PS@AgNPs@ZIF-8 particles (0.1 mg) show the ability to fully 
capture p-tpy (50 nanomols) from a 5 μM ethanolic solution, as sug
gested by the absence of the ligand contribution from the optical spec
trum of the collected supernatant (Fig. S2). The resulting SERS spectrum 
of p-tpy loaded PS@AgNPs@ZIF-8 particles (Fig. 3B) displays the 
characteristic vibrational pattern of 4-phenyl-2,6’:2′,2″-terpyridine 
chemoreceptor [53]. Here, the set of bands can be broadly classified in 
the following spectral regions: (i) 500-950 cm− 1, mainly ascribed to δCH 
and δCCN vibrations; (ii) 950-1400 cm− 1, due to mixed contributions of 
νCC, νCN, and δCH modes; and (iii) 1400-1700 cm− 1, assigned to 
distinct CC stretching vibrations of phenyl, central pyridyl unit or pe
ripheral pyridyl groups [53]. Upon immersion into Cu(II) or Co(II) 
buffer solutions (ligand:metal molar ratio = 2:1), the SERS signal un
dergoes important spectral changes generating two well-discernible 
vibrational patterns (Fig. 3B) which can be exploited to simulta
neously quantify and discriminate the two cations. In particular, major 
spectral alterations are clustered in the ring-breathing spectral region 
around 1000 cm− 1 and, even more so, in the νC=C bands at longer 
wavelengths (ca. 1500-1700 cm− 1). Fig. 3C illustrates the normalized 
SERS spectra obtained at increasing Co(II) content. The 1613 and 1590 
cm− 1 features were selected as the spectral markers for free and coor
dinated ligands, respectively. In this case, both bands experience an 
overall increase in absolute intensities as the cobalt content is progres
sively augmented (Fig. S3). This also includes the 1590 cm− 1 feature 
which one could have expected to weaken as a larger fraction of p-tpy 
molecules coordinates the metal cation. Such outcome can be tentatively 
ascribed to the resonance excitation of metal-to-ligand charge transfer 
transitions under 532 nm illumination (Fig. 3A). Resonance Raman 
condition preferentially promotes the selective enhancement of those 
vibrational features of the chromophore that are primarily involved in 
the electronic transition, which indeed includes the considered CC 
stretching modes of p-tpy [54]. In this case, thus, the intensity ratio 
I1613/I1590 was directly used to quantitatively monitor the Co(II) con
centration (Fig. 3D), yielding a linear response in the ~ 3–300 μg/L 
range (r2 = 0.996) and a LOD of ~6 μg/L. The SERS intensity of p-tpy 
loaded hybrid particles remains unchanged after multiple centrifuga
tions and washing cycles (Fig. S4), corroborating the ability of the ZIF-8 
shell to efficiently entrap such ligand. 

So far, we have been investigating the combination of aromatic N- 
heterocyclic chemoreceptors with PS@AgNP@ZIF-8 for detecting tran
sition metal cations. Finally, to expand the range of structurally diverse 
potential chemoreceptors and targets, we chose Arsenazo III (AZ, 
Fig. 4A) as a chromogenic reagent and calcium as the target analyte. AZ 
is a water-soluble dye that is widely used as a reagent for the optical 
quantification of Ca(II) in natural waters as well as in biofluids [55]. On 
the other hand, calcium is a ubiquitous and very abundant alkaline earth 
metal for which no health-based guideline value has been proposed for 
drinking water. However, abnormal circulating calcium levels have 
been associated, among others, with neurodegenerative and cardiovas
cular diseases, preeclampsia, hypertension, and diabetes [56,57]. 
Fig. 4B shows the SERS spectra of AZ-loaded PS@AgNP@ZIF-8 particles 
before and after the immersion into a Ca(II) solution (200 μM). Similarly 
to what previously observed via conventional resonance Raman spec
troscopy [58], the vibrational pattern of the SERS signal also exhibits 
major spectral alterations in the aromatic ring modes region 
(1400-1600 cm− 1), hinting the formation of the AZ-Ca(II) complex 
within the ZIF-8 network. These vibrational changes can be associated 
with the involvement of the azo groups together with the phenolic 

moieties in the metal coordination. It is worth noting that AZ can bind 
Ca(II) in several different protonated forms depending on pH [59]. No 
distinguishable AZ vibrational features were detected on MOF-free 
PS@AgNP particles at 0.1 mM chemoreceptor concentration, which 
further emphasizes the role of ZIF-8 in enabling the use of molecules 
with minimal/null affinity for metallic surfaces as efficient SERS 
chemoreceptors. 

4. Conclusions 

In summary, we demonstrated the viability of our hybrid 
PS@AgNPs@ZIF-8 particles to be used as a novel class of efficient and 
flexible SERS substrates for ultrasensitive metal ion detection in com
plex aqueous media. While the inner PS@AgNPs core provides a stable 
source of high signal magnification, the outer MOF shell firmly entraps 
aromatic ligands close to the plasmonic surfaces regardless of their 
chemical nature while retaining their properties as chromogenic re
agents. Moreover, the ZIF-8 shell imparts molecular sieving abilities 
which enable the use of the sensing platforms in unfiltered urine samples 
(i.e., prefiltration steps are no longer necessary). These virtues were 
manifested by using various classes of molecular receptors targeting 
diverse metal ions as well as in the application of the sensing platform in 
the detection of copper in untreated urine samples for Wilson’s disease 
diagnosis. Overall, we believe this class of multifunctional hybrid sub
strate will serve as a powerful material for expanding the applicability of 
SERS spectroscopy in real-life environmental and biomedical metal ions 
analysis. 

Fig. 4. (A) Absorption spectra of AZ (10 μM) and AZ + metal ions (10 μM and 
20 μM, respectively) in PBS (pH 7.4). The molecular structure of AZ is also 
illustrated. (B) Detail of the 950-1690 cm− 1 spectral range of the normalized 
SERS spectra of AZ-loaded PS@AgNPs@ZIF-8 suspension upon immersion into 
200 μM Ca(II) solutions in PBS buffer (pH 7.4). 
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