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Abstract 

The importance of metal nanoclusters (MNCs) and their remarkable opto-physical 

properties as inorganic fluorescent quantum dots for bio-imaging and applications in 

medical diagnosis were studied. Their significance as good replacements for oftentimes, 

less-effective organic analogues was demonstrated. Silver and copper nanoclusters were 

prepared by reducing their metal ions with sodium borohydride in aqueous solutions. 

Atomic force microscopy results showed that silver and copper nanoclusters with an 

average size of approximately 1.40 nm were synthesized from their salts. The presence of 

these MNCs was confirmed by confocal microscopy which also illustrated their 

luminescent and photostability properties. Fluorescence spectroscopy results showed that 

these samples possessed emissions at 435 and 617 nm for the AgNCs, and at 636 nm for 

the CuNCs excited at 315 and 255 nm respectively. Electrospray ionization mass 

spectrometer confirmed the presence of species with a metal core of Ag4 and Cu7 having a 

molecular mass of 529 and 559. Cyclic voltammetry data confirmed the presence of Ag (I) 

ions and Ag (0) in the sample solution. XPS similarly confirmed the elemental presence of 

these metals. Fluorescent quantum yield was ≈70 % which is remarkable for quantum dots. 

It was recommended that MNCs can present better effects as fluorescent probes for both 

bio-imaging and medical diagnosis. 

 

Keywords: Fluorescence quantum dots, metal nanoclusters, quantum yield, AFM, 

bandgap. 

 

1. INTRODUCTION 

 

Metal nanoclusters (MNCs) have gained a rave reputation for their unique optical 

properties. Their molecular-like sizes confer them with remarkable physical 
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properties which are different from their bulk analogues. These metal nanoclusters 

(MNCs) are often less than 2 nm in size which is less than the Fermi wavelength 

of electrons (Cheng et al., 2014; Oyem, 2018; Yeh et al., 2011).  

At these nanoscale sizes, these MNCs have large bandgaps as a result of their low 

density of state (Ahmed and Al-Baidhani, 2022; Teunis, Dolai and Sardar, 2014; 

Xie et al., 2015; Xu and Suslick, 2010). The presence of these bandgaps enables the 

electronic transition from the valence to the conduction band according to Franck-

Condon’s principle upon interaction with requisite portions of the electromagnetic 

radiation. They therefore display absorption and emission properties which are 

characteristic of the bandgap (energy difference, ∆E) between the valence and the 

conduction bands. The bandgap determines the wavelength of light absorbed and 

emitted during electronic transitions.  

Medical sciences thrives on early detection and accurate diagnosis of infections 

and disease conditions. The essence of proper diagnosis is accompanied by 

effective treatment and management of patients, but all of these start at the point 

of detection which is key to effective healthcare delivery. Several disease detection 

methods presently available could do with some modification for effective 

healthcare administration in line with our contemporary times. One of these areas 

where such modification is required in the use of fluorescent dyes for imaging. 

Often times, a number of such dyes are deleterious and have been classified as 

either mutanogens or cancerous (Statements, 2017). An example is ethidium 

bromide which has been classified as a mutagen and toxic (Rationale, Health, 

Controls, Information, and Characterisation, 2020) but is widely used in DNA 

staining (Galindo-murillo and Cheatham, 2021). Whereas many methods of 

disease diagnosis tilt towards qualitative detection and less on the quantitative. 

Even then, the limits of detection is usually in the region of the microscale (10-6).  

The application of nanoscience and technology to medical science brings with it 

the properties of precision and sensitivity which are crucial to accurate detection 

of diseases and diagnosis even at femto- and atto-scales (10-15 and 10-18) 

respectively (Liyanage et al., 2018). The application of fluorescent nanoclusters 

(NCs) to medical science has the potential to replace the use of fluorescein and 

other quantum dots which in many instances are often poisonous and have low 

quantum yields with small Stokes shifts. Similarly, MNCs also possess these 

remarkable properties in addition to being photostable and less toxic (Malola et al., 

2023; Matus and Häkkinen, 2023; Santillán et al., 2020; Xiao et al., 2021) and can be 

applied to both in vivo and in vitro diagnosis. The metal ions can be attached to 

biomolecules to form complexes which can then be reduced to form nano-

biomolecules with unique optical activities. The essence of this paper is to 

highlight the optical credentials and diagnostic advantages of MNCs of Ag and 

Cu over quantum dots and other fluorophores. 
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2. MATERIALS AND METHODS 

2.1 Materials 

Silver nitrate (AgNO3, 99.0 %) and sodium borohydride (NaBH4, 99.0 %) from 

Sigma Aldrich, U.S.A. Copper nitrate (Cu(NO3)2.3H2O, 98.0 %) Fluka Chemika, 

United Kingdom. Sodium bis-(2-ethyl hexyl) sulfosuccinate (AOT) (C2H37Na07S) 

from Sigma Aldrich, U.S.A, and 2,2,4-trimethylpentane (isooctane, 99.8 %) also 

from Sigma Aldrich, U.S.A. P-type silicon (111) wafer from Virginia 

Semiconductors, Virginia U.S.A. Nanopore water obtained from Millipore 

Diamond Barnstead series 1370, model D11931, operated at 100 – 240 V with a 

resistivity of 18.2 MΩ-cm manufactured by Barnstead International, Iowa, USA. 

2.2 Synthesis of aqueous solution of silver nanoclusters 

0.5 mM of AOT was dissolved in 5 mL isooctane in a beaker and the mixture was 

placed on a sonicator for 5 minutes. The resulting solution was shared into two 

halves; and 50 μL aqueous solution of 100 μM AgNO3 and another 50 μL of 100 

μM of NaBH4 were added to either of the two portions of the AOT/isooctane. Then, 

the NaBH4-AOT/isooctane was gradually added into the AgNO3-AOT/isooctane 

portion and constantly stirred on a magnetic stirrer until the solution changes 

colour. 

2.3 Synthesis of aqueous solution of copper nanoclusters 

0.5 mM of AOT was dissolved in 5 mL isooctane and sonicated for 5 minutes. The 

sonicated solution was then shared into two halves into which 50 μL aqueous 

solution of 100 μM of Cu(NO3)2 and another 50 μL of 100 μM of NaBH4 were added 

to either of the two portions of the AOT/isooctane. Then, the NaBH4-

AOT/isooctane portion was gradually added into the AgNO3-AOT/isooctane 

portion while constantly being stirred under a magnetic stirrer set at 350 rpm until 

the solution changes colour. 

2.4 Preparation of samples for fluorescence microscope imaging 

3 -5 mL deionized water was added to the as-synthesized nano-sized material in 

water-in-oil emulsion to break the emulsion system and effect a separate oil and 

water phase. The aqueous phase is separated from the oil phase using a separating 

funnel. The aqueous phase is passed through a chromatographic cartridge by 

Restek Corporation, USA containing reverse phase hydrophobic silica-based 

adsorbent capable of extracting non-polar substances from polar substrates, this 

was used to remove excess AOT surfactant under a vacuum pump. 1 – 2 μL 

portions of the eluted aqueous samples are drop-cast on a 1 m2 silicon wafer 

previously cleaned with piranha solution and blow-dried using a stream of Argon 
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gas. The piranha-cleaned silicon chip containing the analyte sample was allowed 

to air-dry under vacuum condition in a fume cupboard overnight before obtaining 

fluorescence imaging using a ZEISS Axioskop2 plus model confocal microscope 

with equipped with a 100 W halogen lamp for transmitted light and a 50 W 

mercury arc lamp which reflected fluorescence light source; the instrument was 

operated at 240 V maximum. 

2.5 Atomic Force Microscopy  

From the cartridge eluted sample above, another 1 – 2 μL is withdrawn onto 

another clean silicon wafer and similarly air-dried overnight before running on a 

Brukker Multimode 8 High-performance AFM instrument with High-Speed 

ScanAsyst at peak force tapping mode using a Vecco Incorporated Nanoprobe 

tips. Images were analyzed using Gwyddion 2.41 software. 

2.6 Electrospray Mass Spectroscopy 

From the cartridge-separated aqueous phase sample, 1 μL aliquot portion was 

withdrawn into a micro-pipette and diluted 200 μL with deionized water to obtain 

a 1:200 dilution factor. This was then run through a Waters LCT Premier 

Electrospray ionization mass spectrometer for molecular mass analysis with a 

Masslynx 4.1 software and a time-of-flight analyzer. 

2.7 X-ray Photoelectron Spectroscopy 

This sample was prepared following similar protocol as was the case with the 

fluorescence imaging. 1 – 2 μL of the aqueous-separated portion from the Restek 

cartridge was drop-casted onto a clean silicon wafer and air-dried overnight. The 

dried sample was put into a Kratos AXIS Nova X-ray photoelectron spectrometer 

manufactured by Kratos Analytical, Manchester, United Kingdom with a 1486.6 

eV X-ray energy and a delay line detector (DLD). Data obtained were analysed 

using a CasaXPS software from casaxps.com. 

2.8 Cyclic Voltammetry 

Cyclic voltammograms of silver nitrate aqueous solution were done using PSTrace 

4.7 software with EnStat3 interphase by PalmSens BV, Electrochemical sensor 

interfaces, Netherlands. 
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3. RESULTS AND DISCUSSION 

3.1 Absorbance 

a) 

 

b) 

 
Figure 1a & b: Absorbance charts of Ag NCs and Cu NCs respectively formed 

from the emulsion system.  

Figures 1a & b are absorbance charts of Ag NCs and Cu NCs respectively formed 

from the emulsion system. The absorbance (ABS) spectra shown above are distinct 

by the absence of surface plasmon resonance (SPR) bands for Ag and Cu. Usually, 

these resonance bands appear as a consequence of the formation of large NPs. 

Only large NPs whose sizes are already above 2 nm display SPR bands upon 

interaction with the uv-vis energy of the electromagnetic wave. Invariably, the 

absence of these SPR signals in the ABS spectra in Figures 1a & b is a testament to 

the absence of NPs of Ag and Cu. Instead, these spectra suggest the formation of 

NCs of Ag and Cu in emulsion systems. MNCs do not produce SPR due to their 

remarkable sizes which are indicative of molecular-size properties rather than 

bulk properties (Xu and Suslick, 2011). It’s obvious from the ABS spectra of the 

samples in Figure 1, that Ag NCs and Cu NCs have been formed from their metal 

salts. The peak at 240 nm (asterisked) in Figure 1b is attributed to the d → d 

transitions of Cunm+ species which are present in the aqueous solution (Kolwas and 

Derkachova, 2020; Li et al., 2021; Lyu et al., 2023). 
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3.2 Fluorescence 

a) 

 

b) 

 
 

c) 

 

d) 

 
Figure 2a, b, c & d: Photoluminescence spectra of the as-synthesized a) Ag NCs; 

and b) of Cu NCs; while c) and d) are excitation spectra for Ag NCs and Cu NCs 

excited at 430 and 343 nm respectively; the red arrow at 380 nm indicates Raman 

peak for water. 

From Figure 2a & b, we can readily discern the presence of multiple bands of 

fluorescence species. The spectrum in Figure 2a is that of Ag NCs showing 

emission bands at 315, 435, and 615 nm respectively. The band at 315 nm has been 

ascribed to signals from Ag42+ (Antoku, 2007; Oyem, 2018; Oyem et al., 2022). These 

species are often formed immediately preceding the nucleation process of NCs/NP 

formation and growth (Antoku, 2007; Oyem, 2018). The band at 435 nm is 

attributed to emission signals due to Ag4 – Ag6 NCs (Oyem, 2018; Oyem et al., 

2022). This band is not as intense as the first but broader with a higher full-width-

at-half-maximum (FWHM). The third band at 615 nm is easily assigned to larger 

NCs of Ag from basic theory. Theoretically, the longer the wavelength of emission 

the larger the particle size. However, inadequate proportions of stabilizing ligands 
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can result in ineffective orbital overlap between resulting molecular orbitals. This 

can manifest in several vibrational states and the resultant deep trapped states 

with the consequence of long lifetimes in the excited states and loss of a significant 

amount of energy in non-radiative vibrational relaxation. In the end, only a small 

amount of residual excited energy is radiated as luminescence which expectedly 

occurs at longer wavelength with lower quantum yield.  

Fluorescence quantum yield, ɸ = 
𝑃ℎ𝑜𝑡𝑜𝑛 𝑒𝑚𝑖𝑡𝑡𝑒𝑑

𝑃ℎ𝑜𝑡𝑜𝑛 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑
             (1) 

             ɸ = 
2.85 𝑒𝑉

3.94 𝑒𝑉
 

             ɸ = 0.72 

The quantum yield of 0.72 for the Ag NCs above is significant and shows that 

about 72 % of the photon absorbed/received is emitted after a short dark-phase 

lifetime. This underscores the credentials of these MNCs as a high-yielding 

fluorophore for fluorescence imaging and optical diagnosis. It is seldom to observe 

fluorescence quantum yields of more than 45 % with other fluorophores, 

especially of organic constituents.  

The same explanation goes for the Cu NCs in Figure 2b where there are two bands 

of emission. This spectrum shows emission at 340 and 636 nm attributed to species 

of Cu NCs. The band at 340 nm is assigned to nucleated species of Cunm+ species, 

while the band at 636 nm is suspected to be the Cu NCs band. The intensity and 

size of this 636 nm band is indicative that the Cu NCs population of this species is 

low concentration-wise.  

Meanwhile, Figures 2c & d display the excitation spectra of the two Ag & Cu NCs. 

These spectra illustrate the excitation wavelengths of the excitons in the NCs. The 

peaks in these spectra typify the various exact excitation wavelengths of 

absorption for these MNCs. However, it is pertinent to note that the peak at 380 

nm (indicated in red arrow) in Figure 2c is the Raman peak for water; this is not 

connected with the excitation wavelengths of the NCs. In general, the excitation 

wavelengths of the samples fall within the ultra-violet region of the 

electromagnetic spectrum which is synonymous with high energies, these 

translate that the “particles” are small (nanoscale) and also suggest that they 

possess large bandgaps (Cheng et al., 2022; Xu and Suslick, 2010). Put together, the 

appearance of luminescence is a veritable conclusion of the fact that NCs rather 

than NPs have been formed; the latter would not exhibit any luminescence. This 

inference is supported by the results already explained in Figure 1 above where 

the usual SPR of large NPs was conspicuously absent. 
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3.3 Fluorescence microscopy 

a) 

 

b) 

 

Figure 3a & b: Confocal microscopy images of the as-synthesized nano-materials, 

a) Ag NCs and b) Cu NCs. 

 

The images in Figures 3a & b above are those of Ag and Cu NCs which are 

fluorescing. These are confocal microscope images which further confirms that the 

samples are luminescent. Again, the observation of luminescence from these 

samples is a testament to any claims that indeed NCs have been produced. 

Fluorescence microscopy is an important analytical tool used in nanoscience and 

nanotechnology. It combines both microscopy and luminescence techniques 

which enables researchers to observe the presence of particles as well as 

luminescence at the same time.  

From the images in Figure 3, we can observe particles of Ag and Cu scattered about 

on clean silicon wafers of approximately 1 m2. The image in Figure 3a is zoomed 

out at 200 μm and the small dots of Ag NCs can be seen fluorescing in the 

background. From the scale of this image, the sizes of these clusters can be 

resolved approximately to be in the nanoscale. The Cu NCs are zoomed in four 

times that of the Ag NCs image in Figure 3a, therefore the “particles” are bigger. 

Nonetheless, their larger sizes are linked to the agglomeration of several clusters 

in an attempt to reduce their larger surface-to-volume ratio. Similar agglomerated 

particles can be observed in the atomic force microscopy (AFM) images in Figure 

4 below for the Ag NCs. The fact that these large particles are fluorescing is 

undoubtedly a confirmation of the fact that they are only a combination of 

individual clusters; otherwise, they wouldn’t be fluorescing at their sizes. 

Both Ag & Cu NCs had close to 60 s exposure time during the process of imaging 

the samples without photobleaching. These exposure time values indicate that the 
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samples are photostable and are advantageous compared with other quantum 

dots; these further highlight their credentials for optical imaging in life science. 

3.4 Atomic Force Microscopy 

a)  

 

b) 

 

 

Figure 4a & b: AFM image of the Ag NCs sample obtained on a clean p-type silicon 

wafer showing straight lines which are used to obtain the height measurement; b) 

is the height chart (nm) of the same Ag NCs from the AFM instrument. 

The AFM technique is an advancement over transmission electron microscopy 

(TEM), scanning electron microscopy (SEM) and confocal microscopy. Whereas 

the TEM and SEM techniques are limited in their provision of two-dimensional (2-

D) data, the AFM has the unique property of providing three-dimensional (3-D) 

information on materials. One of the added information provided by the AFM 

machine amongst others is the height data of materials. This gives an accurate 

measurement of the size of materials, especially nanoparticles in the field of 

nanoscience and nanotechnology–material science. It obtains information by 

scanning through the material using the scan Assyst technology with a nanotip 

(Cantilever). As the Cantilever scans through the material, the force of repulsion 

between the material and the tip of the Cantilever is proportional to the height of 

the material being analyzed.  

In Figure 4a above, we can see images of small clusters of Ag as well as several 

more conspicuous agglomerated Ag NCs earlier mentioned in the previous section 

above. These further give credence that NPs (indeed NCs) have been formed. 

Moreover, the more important information which necessitated the use of this 

device is presented in Figure 4b in the height data. Careful observation of this 

height chart shows that the majority of the particles are of an average size of < 2 

nm. By dragging a line across several particles as shown in Figure 4a, a modal 

value of 1.40 nm was obtained for the cluster sizes. There are also apparently more 
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conspicuous larger particle sizes in the range of approximately 5 nm; that is, 

measuring from the 0 nm point (baseline). Three particles can be seen in the 10 to 

15 nm size range which represents the large agglomerated NCs previously 

mentioned. Meanwhile, the AFM of the Cu NCs is not presented. 

In Figure 5 below, the mass spectroscopy data of both the Ag NCs and Cu NCs are 

presented (Figure 5a & b respectively). This information was provided from the 

time-of-flight (TOF) electrospray ionization mass spectrometry analysis of the 

samples scanning at the negative mode of the instrument. The split patterns in 

Figures 5a & b are synonymous with Ag4 and Cu7 NCs. Their mass-to-charge (m/z) 

ratios of approximately 529 and 559 respectively also confirm their molecular 

masses (MMs). Whereas Ag4 has an MM of 432, for Cu7 it is 445; the balance is 

accounted for by the MM of the passivating ligand molecules around the cluster 

core acting as stabilizing agents. In this study, the following ligands were 

determined from the ESI-MS analyses to be the molecular formula of the ligands: 

B3O4 (MM=97), and B3O5 (MM=113) for the Ag and Cu NCs respectively. The 

presence of these functional groups was confirmed by an infrared 

spectrophotometer (Figure 6a, b & c). 

3.5 Electrospray mass spectroscopy 

a) 
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b) 

 
Figures 5a & b: ESI-MS data for a) the Ag NCs with a molecular mass of 529, and 

b) Cu NCs with a molecular mass of 559. The horizontal axes show the m/z ratio, 

while the vertical axes represent the isotopic abundance. 

 

3.6 Fourier Transform Infrared Spectroscopy 

For the purpose of characterizing and confirming the ligand shell around the metal 

core of the NCs, Fourier Transform Infrared spectroscopy (FT-IR) data of the 

samples were obtained and presented in Figure 6a, b & c.  

 

 

 

c) 

 
Figure 6a, b & c: FT-IR spectra of the ligand shell of the NCs showing signals of 

the various functional groups present in the ligand shell; a) 100 μM b) 1 mM 

(optimized sample). IR spectra of the NCs are identical; c) IR spectrum of calcium 

borate nanoparticles by Erfani et al., (2012). 
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Since the signals in the original samples is weak, it was necessary to optimized 

these signals by increasing the sample concentration and therefore obtain better 

resolution; this was shown in the spectrum in Figure 6b above.  Several weak 

bands can be discerned in the fingerprint region of the spectrum in Figure 6b 

representing various types of bending and stretching vibrations. However, the 

bands relating to the borate group (B3O5) and associated with the various B-O 

bonds in the molecule can be seen at 524, 617, 735, 861, 1006, 1192, 1242, and 1395 

cm-1 representing various bending and stretching vibrational bands of the B2O3 

ligand. This result is consistent with similar values reported by (Erfani et al., 2012; 

Gautam et al., 2012) on the IR spectrum of calcium borate nanoparticles in Figure 

6b above. This confirms the presence of borates as the passivating ligands of the 

Ag and Cu NCs in this study. Meanwhile, the bands at 1800 and 3150 cm-1 are 

typical bands corresponding to the C=Ostr and C─Hstr vibrations which are 

associated with the surfactant (AOT) molecule. 

 

3.7 Cyclic Voltammetry 

a) 
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b) 

 

Figure 7a & b: Cyclic Voltammograms of a) 100 μM AgNO3 and b) 1 mM AgNO3 

aqueous solutions at a scan rate of 0.5 s. 

Samples of the AgNO3 were photo-reduced in a Rayonet photochemical reactor 

manufactured by the South England Ultraviolet company, USA; the instrument 

has a mercury source light with an emission wavelength set at 254 nm. Figure 7a 

is the cyclic voltammograms of the 100 μM of the AgNO3 showing a weak 

reduction peak at 0.270 V. This shows that the sample contained Ag (I) ions in the 

aqueous solution which were reduced to metallic Ag. However, since the peak 

obtained for the 100 μM sample in Figure 7a was weak which is expected since the 

electrochemical technique is one of the most sensitive and reliable analytical tools, 

however, for emphasis, the analysis was repeated using a 1 mM sample as 

indicated in Figure 7b for emphasis to highlight the fact that samples contained 

Ag (I) ions which were reduced to Ag (0) even though the 100 μM AgNO3 

voltammogram in Figure 7a still shows small traces of Ag (I) ions in solution. More 

so, since in cyclic voltammetry, the area under the peak is directly proportional to 

the concentration of the analyte. Cyclic voltammetry scans between a given range 

of reduction potential and then switches in the reverse direction this time scanning 

through the same range of electrode potentialsto obtain the oxidation potentials of 

the electrochemical species in the solution.                                                                    . 
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3.8 X-ray photoelectron spectroscopy 

a) 

 

b) 

 

Figure 8a & b: X-ray photoelectron spectroscopy data of a) the Ag NCs and, b) Cu 

NCs samples. 

In order to confirm the presence of the Ag and Cu species in the samples, it was 

necessary to carry out an elemental analysis using the X-ray photoelectron 

spectrometry (XPS) technique. The XPS technique works by hitting an analyte 

sample with incident X-rays, this ejects electrons from their orbitals and the kinetic 

energy (in eV) of the ejected electrons is measured as this provides information 

about the particular shell from which these electrons are domiciled in a given atom 

of an element. Diluted portions of the sample which were used for the microscopic 

studies were presented for XPS analyses. Data from this instrument obtained for 

the samples are presented in Figure 8a & b. Although, the resolution of the chart 

is poor owing to the extremely dilute nature of the sample which accounts for the 

high noise background as the instrument is concentration sensitive; signals 

corresponding to Ag 3d5/2 and Ag 3d3/2 can be resolved at approximately 368.5 and 

378.5 eV from Figure 8a. These are in tandem with XPS values for Ag reported in 
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the literature (Firet et al., 2019; Mikhlin et al., 2011; Mikhlin et al., 2018; Simon et al., 

2022). Similarly, values of 933 and 953 eV can be observed corresponding to Cu 2p 

3/2 and Cu 2p1/2 respectively and matching with data reported for Cu by researchers 

in the National Institute of Standards and Technology (NIST) database (Naumkin 

et al., 2023).  

These results invariably confirm that the particles on the silicon wafer which we 

have seen from the various microscopic images already displayed in this study are 

indeed Ag and Cu NCs. XPS data were also obtained which confirmed the 

presence of signals of boron and oxygen, however, these are not presented here. 

 

4. CONCLUSİON 

The credentials of MNCs as veritable candidates for fluorescence imaging in 

medical diagnostics were highlighted in this study. Results showed their strengths 

over other quantum dots particularly of organic sources, especially in terms of 

their photostability, cost and relative toxicity. The fluorescence quantum yield of 

these MNCs is among the highest and typifies low Stokes shift and short lifetimes. 

MNCs in addition to possessing the advantage of precision offer the combined 

attributes of selectivity and sensitivity in the detection and quantification of 

analytes in analytical studies. In vitro and in vivo studies would certainly benefit 

from the unique optical properties of these MNCs in the field of sensors and 

medicine. 
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